
Recent results on semileptonic B-meson decays – at BABAR
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Fig. 17.1.1. Illustration of semileptonic decay B− → X�−ν̄�.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B → X�ν decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak effective Hamiltonian,

Heff =
4GF√

2

∑

q=u,c

Vqb (q̄γµPLb)(�γµPLν�) , (17.1.1)

where PL = (1 − γ5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The differential B decay rates take the
form

dΓ ∝ G2
F |Vqb|2

∣∣Lµ〈X|q̄γµPLb|B〉
∣∣2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the effective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b → q current.
The latter do not affect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element 〈X|q̄γµPLb|B〉 in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, different
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ∼ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D∗, π, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark effec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization effects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ∼ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant αs(mb) ∼ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ΛQCD/mb ∼ 0.1, with ΛQCD

a typical hadronic scale of order mB −mb ∼ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e− → �+�−(γ) with � = e, µ, or τ , and quark-antiquark
pair production, e+e− → qq(γ) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, ∆θthrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) − (
∑

i

Ei,
∑

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]
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Introduction
ø Semileptonic decays ⇔ Cabibbo-Kobayashi-Maskawa (CKM) matrix

Complex phase of CKM matrix source of SM CP violation.
Semileptonic decays: good exp. sensitivity and theoretical understanding to measure

∣∣Vqb

∣∣

I SM CKM Matrix: unitary 3× 3 matrix ⇒ unitarity represented as triangle

I Immense progress over the last decade in measuring CKM properties:
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The BABAR detector & Pep-II
ø BABAR was a multipurpose detector: focus CP violation, τ physics, ISR, b and c.
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Fig. 4.1 The PEP-II storage ring and the SLAC Linear Accelerator is shown. The low-
energy ring (LER) for the positrons is depicted in red. The high-energy ring for
the electrons (HER) is depicted in blue. The position of the BABAR detector is
marked with a blue asteriks. The illustration was taken from Ref. [56].

]
-1

In
te

gr
at

ed
 L

um
in

os
ity

 [f
b

0

100

200

300

400

500

Delivered Luminosity
Recorded Luminosity
Recorded Luminosity Y(4s)
Recorded Luminosity Y(3s)
Recorded Luminosity Y(2s)
Off Peak

BaBarRun 1-7
PEP II Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb

BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

BaBar
Run 1-7

PEP II Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb

BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

As of 2008/04/11 00:00

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

Fig. 4.2 The recorded and delivered luminosities at BABAR for run periods 1 to 7 are shown.
The image was taken from [55].

luminosity was taken below the �(4S) resonance at about 10.54 GeV. The latter recored events
are important for estimating and statistically subtracting contributions from e+ e≠ æ hadrons
productions. Run period 7 measured the � resonances beyond and below the �(4S) resonance.

4.2. The BABAR detector
The design of the BABAR detector was optimized for a maximal geometric acceptance with
respect to the directions of the produced B mesons in the laboratory system. In order to recon-
struct the decay products of the B mesons, an excellent vertex resolution, tracking system, and
particle discrimination are needed. Fig. 4.3 shows the sectional drawing of the BABAR detector
and the most important components of the detector are summarized in the following. It is con-

52

Fig. 4.3 The BABAR detector is shown: (1) silicon vertex tracker; (2) drift chamber; (3)
detector of internally reflected cherenkov light; (4) electromagnetic calorimeter;
(5) superconducting coil; (6) instrumented flux return. The illustration is from
Ref. [54].

venient to parametrize the detector with cylindrical coordinates, i.e. (z,„,fl) where z is defined
parallel to the beam axis, „ the azimuthal angle, and fl the radius of the cylinder with respect
to the beam axis. Further, ◊ denotes the polar angle with respect to z.

4.2.1. The silicon vertex tracker

The silicon vertex tracker is the detector component closest to the beam pipe and consists
of five concentric cylindrical layers of double-sided silicon strip detectors, cf. Fig. 4.4, which
provide an accurate measurement of charged tracks. The inner three layers have six detector
modules. The two outer layers have 16 and 18 detector modules. The strips on the inner sides
of each module are orientated perpendicular to the beam direction and allows to measure the
z coordinate. The strips on the outer side are oriented along the beam direction, what allows
the determination of „. The three-inner most layers have a resolution of (10 ≠ 55)µm, the
outer layers of (30 ≠ 40)µm. The measured values for z and „ can be extrapolated to precisely
determine the initial vertex of the charged particles. Low momentum charged tracks, i.e. from
particles with a transverse momentum of less than 100 MeV/c2 do not pass any other detector
compnent and are reconstructed by the silicon vertex tracker alone. For higher momentum
tracks, the information of the silicon vertex tracker is combined with other tracking information
to determine the kinematic of the charged particle.
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Fig. 4.1 The PEP-II storage ring and the SLAC Linear Accelerator is shown. The low-
energy ring (LER) for the positrons is depicted in red. The high-energy ring for
the electrons (HER) is depicted in blue. The position of the BABAR detector is
marked with a blue asteriks. The illustration was taken from Ref. [56].
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luminosity was taken below the �(4S) resonance at about 10.54 GeV. The latter recored events
are important for estimating and statistically subtracting contributions from e+ e≠ æ hadrons
productions. Run period 7 measured the � resonances beyond and below the �(4S) resonance.

4.2. The BABAR detector
The design of the BABAR detector was optimized for a maximal geometric acceptance with
respect to the directions of the produced B mesons in the laboratory system. In order to recon-
struct the decay products of the B mesons, an excellent vertex resolution, tracking system, and
particle discrimination are needed. Fig. 4.3 shows the sectional drawing of the BABAR detector
and the most important components of the detector are summarized in the following. It is con-

52

I (1) Silicon vertex tracker; (2) Drift chamber; (3) Cherenkov light detector; (4) Electromagnetic calorimeter; (5)
superconducting coil; (6) Flux return & Muon detection

I Operated at the Pep-II B-Factory at the Υ(4S) resonance of
√

s = 10.58 GeV; also at
√

s = 10.54 GeV for
background studies and for scans of Υ(3S − 5S).

I Optimized trigger system to recognize Υ(4S)→ bb̄ with an efficiency of > 99%. Main backgrounds from

off-resonance e+e− → f f̄
3 / 12



Experimental techniques at B-Factories

ø Several techniques to select and analyze B-mesons from Υ(4S)→ bb̄

I Identify lepton or exclusive final state; use rest of
the event to reconstruct neutrino

⌥(4S)

e�

e+

B

B

`

⌫̄`

identify

⇡�

‘Untagged’

High efficiency – low Purity

I Completely reconstruct one B meson; infer full
kinematics of recoiling B from this ’tag’

⌥(4S)

e�

e+

B

B

Xu

`

⌫̄`

recoil

⇡+

⇡�

. . .

tag

J/ 
µ+

µ�

K+
⇡�

‘Tagged’

Low efficiency – high Purity

Energy and momentum from initial states completely
determined due to properties of e+ e− system.
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|Vub| from q2 − Ee measurement (1/3)
ø New untagged measurement of |Vub| using the full BABAR data set.

to be submitted to PRD

I Select events with high energy electrons: Ee > 1.4 GeV; several ’event cleaning’ cuts to suppress
off-resonance and other backgrounds.

Neutrino kinematics inferred from rest of event:

pmiss = pΥ(4S) −
Nchg∑

i

pi
chg −

Nneut∑

i

pi
neut ⇒ pν = (F (|~pmiss|), ~pmiss)

F is a calibration function that maximizes the resolution.

4

is thus kept. Due to the larger misidentification rates
for muons, only events with electrons are selected for the
analysis. The signal electron is required to have an en-
ergy of Ee > 1.4 GeV in the Υ (4S) rest frame.
If the energy deposition of an electromagnetic shower in
the calorimeter extends over more than one crystal and
the energy deposition in one of those crystals exceeds
10 MeV, this group of crystals is called a cluster. Adja-
cent crystals are defined as part of a cluster if their energy
deposition is at least 1 MeV or if the sum of the energies
of associated crystals is larger than 3MeV. In case that
a cluster cannot be matched with a charged track in the
SVT or in the DCH, the cluster is defined as a neutral
cluster and considered to be caused by a neutral particle.
The identification of neutral particles requires at least
two crystals with a cluster energy Ecl

lab > 0.05 GeV and a
polar angle within 0.32 rad < θlab < 2.44 rad where both
quantities are measured in the laboratory frame. The
neutral cluster candidates lateral moment [31] has to be
Mlat < 0.6 and the cluster position has to be related to
the track’s impact point via

∆α = arccos(cos θcl cos θtr

+ sin θcl sin θtr cos (φcl − φtr)) > 0.08

where θcl,tr and φcl,tr denote the polar and azimuth an-
gle of the cluster’s position and the angle of the impact
point at the EMC surface of the nearest charged track,
respectively. Decays of neutral particles are identified by
the invariant mass of their decay products in the follow-
ing channels:

K0
s → π+π− with 0.4906 < mπ+π− [GeV/c2] < 0.5047

Λ → pπ− with 1.112 < mpπ− [GeV/c2] < 1.120

γ → e+e− with 0.0 < me+e− [GeV/c2] < 0.03

J/Ψ → �+�− with 2.5 < m�+�− [GeV/c2] < 3.3.

If the neutral particle passes the selection, it is kept in
the analysis but its daughter tracks are removed. Based
on BABAR particle-identification algorithms, a mass hy-
pothesis is assigned to each charged particle.
Combining the information of all reconstructed charged
(Nchg) and neutral particles (Nneut) in an event, the vis-
ible four-momentum pvis is formed and the missing four-
momentum is estimated to be

pmiss = pΥ (4S) − pvis (1)

= pΥ (4S) −
Nchg∑

i

pi
chg +

Nneut∑

i

pi
neut (2)

≡ (Emiss/c, �pmiss) (3)

exploiting the known properties of the initial Υ (4S)
state. If the neutrino from the B̄ → Xu�ν̄� decay is
the only missing particle in the event, the missing four-
momentum is a good approximation of the neutrino’s
four-momentum pν . Since |�pmiss| is the vector sum of
the single contributions of �pvis, vector cancellations may

occur and thus |�pmiss| is less sensitive to particles hav-
ing escaped detection than the missing energy Emiss.
Apart from the neutrino of the signal B̄ → Xu�ν̄� de-
cay, other neutrinos, K0

L mesons escaping detection or
misconstruction effects contribute to the missing energy
and momentum. Particles close to the beam pipe are re-
moved through a cut on the angle between the missing
four-momentum and the beam pipe. Therefore, the miss-
ing momentum is an imperfect estimator of the neutrino
momentum. The resolution of the missing momentum is
improved by calibrating the absolute value of the missing
momentum |�pmiss| with F (|�pmiss|) = 0.194+0.764 · |�pmiss|
leading to an estimate of the neutrino’s four-momentum

pν = pcorr
miss = (F (|�pmiss|), �pmiss) . (4)

The coefficient of the calibration function F (|�pmiss|) is161

a result of detailed Monte-Carlo simulation studies. The162

final distribution of the absolute value of the neutrino163

three-momentum |�pν | is shown in Fig. 1.164
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FIG. 1: Nominal |�pν | distribution for data after continuum
subtraction and Monte-Carlo simulation after the nominal se-
lection criteria. The nominal selection includes the require-
ments in ?? and the main selection criteria listed in Table ??.
The uncertainties on the data distribution are purely statisti-
cal. The lower plot illustrates the relative difference between
data and Monte-Carlo simulation Ndata/NMC − 1.
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To improve the neutrino reconstruction and further
suppress continuum events, the difference between the
missing energy and the absolute value of the missing mo-
mentum is required to lie within 0.0 GeV < Emiss − c ·
|�pmiss| < 0.8 GeV and the cosine of the missing three-
momentum with respect to the beam line is restricted
to −0.80 < cos θmiss < 0.64. In addition to the Bhabha
veto, a requirement depending on the number of charged

tracks in the event Ntrk ,
Ntrk∑

i

Ei
EMC/

∑
i

|c · �p i| < 0.9 with

the energy deposit in the EMC, EEMC, is made to re-
ject events where Bhabha electrons or positrons interact
with the detector material. A discrimination between
jet-like continuum events and isotropically distributed
BB events is achieved by selecting events where the co-

BAD 2247 v01

Measurement of the partial branching fraction of semileptonic B̄ → Xueν̄e decays and
an improved determination of |Vub| using the q2 − E� technique.

(Dated: July 16, 2013)

We present a determination of the partial branching fraction ∆B(B̄ → Xueν̄e) and of the CKM-
matrix element |Vub| based on the analysis of semileptonic B-meson decays, from a sample of ap-
proximately 454 million BB̄ decays collected with the BABAR detector at the PEP-II e+ e− stor-
age ring. Charmless semileptonic B-meson decays are selected using the electron energy and the
four-momentum transfer between the B meson and the hadronic final state Xu system. The neu-
trino kinematics is reconstructed from the decay products of the produced BB̄ system, and the
four-momentum transfer is reconstructed as the invariant mass of the electron and neutrino sys-
tem. For the partial branching fraction in the B rest frame with a cut on the electron energy,
E∗

e > 2.0 GeV, and the maximal invariant mass of the hadronic system, smax ∗
h < 3.5 GeV2, we

measure ∆B(B̄ → Xueν̄e) = (3.98 ± 0.22 +0.27
−0.20

+0.17
−0.05) · 10−4, where the uncertainties are statistical,

systematic, and from theory, and the partial branching fraction was unfolded for detector effects.
The value of |Vub| is determined using three different QCD calculations.

PACS numbers: xxxx

I. INTRODUCTION

The determination of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1, 2], plays an im-
portant role in testing our understanding of Charge −
Parity (CP) violation observed in nature. In the Stan-
dard Model (SM) of particle physics, CP violation is in-
troduced via an irreducible complex phase of the CKM
matrix.

The SM CKM matrix is a unitary 3 × 3 matrix, whose
matrix elements encode the weak coupling strength from
up-type to down-type quarks. The coupling strength of
b → u transitions, |Vub|, serves as an important input
to global fits, since it allows to constrain the size of the
complex phase. It can be measured by determining the
branching fraction of any b → u process. The advantage
of using semileptonic decays for such measurements are
the clear experimental signature of the missing neutrino,
a high energetic lepton, and the factorization of leptonic
and hadronic currents which allow a more precise deter-
mination of the decay rate from QCD calculations as e.g.
for purely hadronic b → u processes.

One of the experimental challenges is to isolate the
semileptonic B̄ → Xu�ν̄� decays from the much more
abundant B̄ → Xc�ν̄� decays, where Xu/c is the hadronic
final state system from the b → u or c transition, con-
taining one or more particles. In the present analysis,
this is done by employing the so-called q2 − E� tech-
nique, the first time used by [3] to measure |Vub| from
B̄ → Xueν̄e decays: the entire event topology is used
to measure the missing momentum originating from the
neutrino. In combination with the measured energy of
the final state lepton, the maximal allowed hadronic mass
of the Xu system is constrained. A cut on the hadronic
mass is chosen that rejects the much heavier hadronic
systems originating from b → c decays. In order to re-
duce the semileptonic b → c background decays further,

a multivariate classifier is employed to veto B̄ → D∗�ν̄�

decays. The remaining b → c contamination is care-
fully studied and its composition and normalization val-
idated using sidebands. The partial branching fraction
∆B(B̄ → Xueν̄e) is extracted from the yields of data
candidates after background subtraction and unfolded
for detector effects. Corrections are applied on the re-
construction efficiency εMC

u of signal B̄ → Xu�ν̄� de-
cays and to balance differences between data and Monte-
Carlo simulations. The most relevant updates superced-
ing Ref. [3] are the use of the multivariate classifier to
suppress B̄ → D∗�ν̄� background, the extension to the
full BABAR dataset, and the improved treatment of b → c
background decays. The value of |Vub| is determined us-
ing three different QCD predictions for the partial decay
rate: BLNP by Bosch, Lange, Neubert, and Paz [4–6];
DGE, the dressed gluon exponentiation by Andersen and
Gardi [7, 8]; and ADFR by Aglietti, Di Lodovico, Ferrara,
and Ricciardi [9]. In the BLNP calculation [4–6], the de-
cay rates for B̄ → Xu�ν̄� are interpolated smoothly be-
tween the kinematical regimes where local operator prod-
uct expansions and shape functions are applicable. A re-
summation and matching to the NLO result of the fully
differential B̄ → Xu�ν̄� decay rate in terms of hadronic
moments is undertaken in the framework of DGE [7, 8].
The ADFR calculation is based on an analytic timelike
coupling and soft-gluon resummation [9].

This manuscript is organized as follows: The next sec-
tion describes the experimental apparatus, simulation as-
pects, and the event selection of the analysis. The em-
ployed background suppression via a neural network is
also discussed. The last sections focus on the extraction
of the partial branching fractions, the systematics and
results followed by the discussion of the result.

preliminary

Neutrino 3-momentum after final selection

I Simulated B̄ → Xu e ν̄e signal

I Simulated B̄ → D e ν̄e , B̄ → D∗ e ν̄e backgrounds

q2 reconstruction

Four-momentum transfer of the B-meson to the
Xu system, q2, can be obtained by combining the
neutrino and Lepton information:

q2 = (pe + pν )2
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|Vub| from q2 − Ee measurement (2/3)
ø B̄ → D∗(↪→ Dπ) e ν̄e background suppressed via neural network
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FIG. 3: Nominal NNπ±
max distribution for data after contin-

uum subtraction and Monte-Carlo simulation. The uncer-
tainties on the data distribution are purely statistical. The
lower plot illustrates the relative difference between data and
Monte-Carlo simulation Ndata/NMC − 1.

rections are outlined in Section III A and the unfolding of
∆B(B̄ → Xueν̄e) for detector effects is detailed in III B.

A. Control sample and sideband correction

The reconstruction efficiency εMC
u of signal B̄ →

Xu�ν̄� decays depends on both signal and non-signal B
decays entering the neutrino reconstruction. By analyz-
ing a control sample with a similar topology, the extent
to which non-signal B decays influence the signal effi-
ciency differences in data and Monte-Carlo simulation
can be studied and corrected for. This is done by study-
ing B̄ → D0eν̄eX decays and a correction factor for
the signal efficiency is determined from this control sam-
ple (CS), F corr

D0eνe
= εdata

D0eνe
/εMC

D0eνe
, where the efficiency

εdata,MC
D0eνe

is the ratio of the B̄ → D0eν̄eX yields for pre-
selection and final selection requirements for data and
Monte-Carlo simulation, respectively. The D0 meson is
reconstructed through the channel D0 → K−π+ with the
invariant mass 1.825 GeV/c2 < mKπ < 1.905 GeV/c2

and a momentum of |�pD0 | > 0.5 GeV/c. To ensure
that the D0e pair originates from a B̄ → D0eν̄eX de-
cay with an additional X = γ, πs resulting from a D∗

or D∗∗ decay which was not reconstructed, the mass
of the D0e pair has to be mD0e > 3.0 GeV/c2 and
−1.5 < cos θB−D0e < 1.1. The requirements for both
preselection and fine selection are summarized in Table
IV where the electron energy criterion was adjusted to
have sufficient statistics in the control sample.

The yields entering the computation of the effi-

ciency εdata,MC
D0eνe

are determined in the signal region

1.840 GeV/c2 ≤ mKπ ≤ 1.888 GeV/c2 and are cor-
rected for underlying combinatorical background.
Figure 4 shows the distribution of the lepton energy of
B̄ → D0eν̄eX decays after preselection criteria.

Main selection Main CS selection

Pre Fine

0.0 < (Emiss − c · |�pmiss|)GeV < 0.8 × √

−0.80 < cos θmiss < 0.64 × √

Ntrk∑
i

Ei
EMC/

∑
i

|c · �p i| < 0.9 × √

−0.56 < cos θe−T < 0.64 × √

Ee > 2.0 GeV 1.4 GeV 1.9 GeV

smax
h < 3.52 GeV2 × ×

NNπ±
max < 0.208 × ×

NNπ0

max < 0.136 × ×

TABLE IV: Summary of the main selection criteria for the
nominal sample (left column) as well as preselection and fi-
nal selection requirements used in the control sample (CS)
(middle and right column, respectively).
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FIG. 4: B̄ → D0eν̄eX control sample Ee distribution for data
after continuum subtraction and Monte-Carlo simulation af-
ter the preselection criteria. The uncertainties on the data
distribution are purely statistical. The lower plot illustrates
the relative difference between data and Monte-Carlo simula-
tion, Ndata/NMC − 1.

The lepton energy of B̄ → D0eν̄eX decays after the
refined selection is illustrated in Fig. 5.

Disagreements between data and Monte-Carlo simu-
lation are corrected by applying a sideband-correction
factor F corr

SB to rescale the number of background events
NMC

bkg in the signal region reducing the overall system-
atic uncertainty. The correction factor F corr

SB equals the
ratio of the yields Ndata

SB and NMC
SB extracted from the

smax
h sideband 4.48 GeV2 < smax

h < 6.80 GeV2. Through
both misreconstruction and detector-resolution effects, a
certain fraction of B̄ → Xu�ν̄� events can reach into the
sideband region wherefore signal B̄ → Xu�ν̄� events were
removed iteratively. It may be noted that the background
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I. INTRODUCTION

The determination of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1, 2], plays an im-
portant role in testing our understanding of Charge −
Parity (CP) violation observed in nature. In the Stan-
dard Model (SM) of particle physics, CP violation is in-
troduced via an irreducible complex phase of the CKM
matrix.

The SM CKM matrix is a unitary 3 × 3 matrix, whose
matrix elements encode the weak coupling strength from
up-type to down-type quarks. The coupling strength of
b → u transitions, |Vub|, serves as an important input
to global fits, since it allows to constrain the size of the
complex phase. It can be measured by determining the
branching fraction of any b → u process. The advantage
of using semileptonic decays for such measurements are
the clear experimental signature of the missing neutrino,
a high energetic lepton, and the factorization of leptonic
and hadronic currents which allow a more precise deter-
mination of the decay rate from QCD calculations as e.g.
for purely hadronic b → u processes.

One of the experimental challenges is to isolate the
semileptonic B̄ → Xu�ν̄� decays from the much more
abundant B̄ → Xc�ν̄� decays, where Xu/c is the hadronic
final state system from the b → u or c transition, con-
taining one or more particles. In the present analysis,
this is done by employing the so-called q2 − E� tech-
nique, the first time used by [3] to measure |Vub| from
B̄ → Xueν̄e decays: the entire event topology is used
to measure the missing momentum originating from the
neutrino. In combination with the measured energy of
the final state lepton, the maximal allowed hadronic mass
of the Xu system is constrained. A cut on the hadronic
mass is chosen that rejects the much heavier hadronic
systems originating from b → c decays. In order to re-
duce the semileptonic b → c background decays further,

a multivariate classifier is employed to veto B̄ → D∗�ν̄�

decays. The remaining b → c contamination is care-
fully studied and its composition and normalization val-
idated using sidebands. The partial branching fraction
∆B(B̄ → Xueν̄e) is extracted from the yields of data
candidates after background subtraction and unfolded
for detector effects. Corrections are applied on the re-
construction efficiency εMC

u of signal B̄ → Xu�ν̄� de-
cays and to balance differences between data and Monte-
Carlo simulations. The most relevant updates superced-
ing Ref. [3] are the use of the multivariate classifier to
suppress B̄ → D∗�ν̄� background, the extension to the
full BABAR dataset, and the improved treatment of b → c
background decays. The value of |Vub| is determined us-
ing three different QCD predictions for the partial decay
rate: BLNP by Bosch, Lange, Neubert, and Paz [4–6];
DGE, the dressed gluon exponentiation by Andersen and
Gardi [7, 8]; and ADFR by Aglietti, Di Lodovico, Ferrara,
and Ricciardi [9]. In the BLNP calculation [4–6], the de-
cay rates for B̄ → Xu�ν̄� are interpolated smoothly be-
tween the kinematical regimes where local operator prod-
uct expansions and shape functions are applicable. A re-
summation and matching to the NLO result of the fully
differential B̄ → Xu�ν̄� decay rate in terms of hadronic
moments is undertaken in the framework of DGE [7, 8].
The ADFR calculation is based on an analytic timelike
coupling and soft-gluon resummation [9].

This manuscript is organized as follows: The next sec-
tion describes the experimental apparatus, simulation as-
pects, and the event selection of the analysis. The em-
ployed background suppression via a neural network is
also discussed. The last sections focus on the extraction
of the partial branching fractions, the systematics and
results followed by the discussion of the result.

preliminary

Neural network classifier

I Reconstruct slow pion from D∗ decay; use its
kinematics to infer D∗ kinematics

NN classifier input

|~pπ|; cos θB,D∗e ; cos θD∗,e ;

m2
miss = (pB − pD∗ − pe )2

I Simulated B̄ → Xu e ν̄e signal

I Simulated B̄ → D∗ e ν̄e backgrounds

ø The smax
h cut: Limits the mass of the hadronic Xu system to reject Xc
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sine of the angle between the flight direction of the sig-
nal electron with respect to the thrust axis, cos θe−T , is
−0.56 < cos θe−T < 0.64. Hereby, all final state particles
with exception of the signal electron enter the computa-
tion of the thrust axis. To suppress B̄ → Xc�ν̄� events,
the energy of the signal electron is required to be larger
than Ee > 2.0 GeV and the kinematical endpoint invokes
an upper limit of 2.8 GeV. The four-momentum transfer
squared of the B meson to the hadronic Xu system is re-
constructed combining the electron four-momentum and
the reconstructed neutrino four-momentum Eq. 4,

q2 = (p� + pν)
2

. (5)

A phase-space region in which B̄ → Xc�ν̄� decays are
kinematically suppressed is selected by restricting the
maximum of the kinematically allowed invariant mass
squared of the hadronic system to be smax

h < 3.52 GeV2.
The maximum of the kinematic allowed invariant mass of
the hadronic Xu system in a B̄ → Xu�ν̄� decay, is defined
as

smax
h = (pB − (pe + pν))

2
c2

= m2
Bc4 + q2c2 − 2mBc2

(
η∓E� − η±

q2c2

4E�

)
(6)

where pB = (EB/c, �pB) and pe denote the B meson and
electron four momentum, respectively. The second line
of Eq. 6 expresses smax

h in terms of the measured elec-
tron energy in the Υ (4S) rest frame, E�. The remain-
ing quantities are the mass of the B meson mB , and
η± = (1 ± β/1 ∓ β)1/2 - a boost factor depending on the
Lorentz velocity β = (1 − (2mB/mΥ (4S))

2)1/2 ≈ 0.06.

The resulting contour as a function of Ee and q2 is de-
picted in Fig. 2.

FIG. 2: The phase-space region occupied by signal B̄ →
Xu�ν̄� (left) and background B̄ → Xc�ν̄� (right) events in
the q2 − E� plane. The contours correspond to smax

h = m2
D

(violet) and smax
h = 0 (black). The figure was generated with

generator-level Monte-Carlo simulation.

The nominal selection criteria composed of the require-
ments above and the main selection criteria listed in Ta-
ble IV were optimized to minimize the total uncertainty
of the extracted signal yield.

D. Veto of B̄ → D∗�ν̄� decays

To suppress the most dominant charm background
coming from B̄ → D∗eν̄e events, a veto based on a
neural-network classifier is applied. D∗ mesons are par-
tially reconstructed in the decay channel D∗ → Dπ to
obtain a high reconstruction efficiency. The partial re-
construction method relies soley on information of the
slow pion from the D∗ decay. Charged pions are re-
quired to have a momentum in the center-of-momentum
frame in the range 0.05 GeV/c < |�pπ± | < 0.23 GeV/c.
The invariant mass of the neutral pion’s daughters is re-
quired to be within 0.115 GeV/c2 < mγγ < 0.150 GeV/c2

and the pion momentum has to be |�pπ0 | < 0.23 GeV/c.
To reduce combinatorial background, the daughter pho-
tons of the pion have to satisfy the condition Emax

γ <

0.38 GeV − Emin
γ as found in Monte-Carlo simulation

studies and the π0 efficiency is corrected momentum-
dependently.
The B̄ → D∗�ν̄� veto is defined using an artificial neu-
ral network trained on Monte-Carlo simulation for both
neutral and charged pions in the final state, using the
software of [32]. The neural network exploits the dis-
crimination power of the momentum of the slow pion in
the Υ (4S) rest frame and also the invariant mass squared
M2

miss = (pB − pD∗ − pe)
2/c2 depending on the four-

momenta of the B meson pB , of the D∗ meson pD∗ and
of the electron pe restricted to −7.0 GeV2/c4 < M2

miss <
10.0 GeV2/c4. Further, the artificial neural network re-
lies on information on the cosine of the angle between
the flight direction of the electron and the D∗. For the
discrimination of B̄ → D∗�ν̄� and B̄ → Xu�ν̄� events, the
variable

cos θBY =
2EBEY − (m2

B − m2
Y )c4

2|�pB | · |�pY |c2
(7)

with pY = pD∗ +pe is used in training where | cos θBY| <
10.

The neural-network classifier output from data and
Monte Carlo is shown in Fig. 3. The B̄ → D∗eν̄e veto
is then defined by the optimized cuts on the neural-

network classifier output distributions NNπ±
max < 0.208

for D∗ → Dπ± and NNπ0

max < 0.136 for D∗ → Dπ0

decays, respectively.

III. ∆B(B̄ → Xueν̄e) EXTRACTION

The partial branching fraction ∆B(B̄ → Xueν̄e) is
extracted from the yield of data candidates after back-
ground subtraction. The number of background events is
estimated from Monte-Carlo simulation and rescale with
the correction factor F corr

SB extracted from the smax
h side-

band 4.48 GeV2 < smax
h < 6.80 GeV2. A correction is

applied to the reconstruction efficiency εMC
u of signal

B̄ → Xu�ν̄� decays determined from an independent con-
trol sample containing B̄ → D0eν̄eX decays. Both cor-

simulation
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I. INTRODUCTION

The determination of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1, 2], plays an im-
portant role in testing our understanding of Charge −
Parity (CP) violation observed in nature. In the Stan-
dard Model (SM) of particle physics, CP violation is in-
troduced via an irreducible complex phase of the CKM
matrix.

The SM CKM matrix is a unitary 3 × 3 matrix, whose
matrix elements encode the weak coupling strength from
up-type to down-type quarks. The coupling strength of
b → u transitions, |Vub|, serves as an important input
to global fits, since it allows to constrain the size of the
complex phase. It can be measured by determining the
branching fraction of any b → u process. The advantage
of using semileptonic decays for such measurements are
the clear experimental signature of the missing neutrino,
a high energetic lepton, and the factorization of leptonic
and hadronic currents which allow a more precise deter-
mination of the decay rate from QCD calculations as e.g.
for purely hadronic b → u processes.

One of the experimental challenges is to isolate the
semileptonic B̄ → Xu�ν̄� decays from the much more
abundant B̄ → Xc�ν̄� decays, where Xu/c is the hadronic
final state system from the b → u or c transition, con-
taining one or more particles. In the present analysis,
this is done by employing the so-called q2 − E� tech-
nique, the first time used by [3] to measure |Vub| from
B̄ → Xueν̄e decays: the entire event topology is used
to measure the missing momentum originating from the
neutrino. In combination with the measured energy of
the final state lepton, the maximal allowed hadronic mass
of the Xu system is constrained. A cut on the hadronic
mass is chosen that rejects the much heavier hadronic
systems originating from b → c decays. In order to re-
duce the semileptonic b → c background decays further,

a multivariate classifier is employed to veto B̄ → D∗�ν̄�

decays. The remaining b → c contamination is care-
fully studied and its composition and normalization val-
idated using sidebands. The partial branching fraction
∆B(B̄ → Xueν̄e) is extracted from the yields of data
candidates after background subtraction and unfolded
for detector effects. Corrections are applied on the re-
construction efficiency εMC

u of signal B̄ → Xu�ν̄� de-
cays and to balance differences between data and Monte-
Carlo simulations. The most relevant updates superced-
ing Ref. [3] are the use of the multivariate classifier to
suppress B̄ → D∗�ν̄� background, the extension to the
full BABAR dataset, and the improved treatment of b → c
background decays. The value of |Vub| is determined us-
ing three different QCD predictions for the partial decay
rate: BLNP by Bosch, Lange, Neubert, and Paz [4–6];
DGE, the dressed gluon exponentiation by Andersen and
Gardi [7, 8]; and ADFR by Aglietti, Di Lodovico, Ferrara,
and Ricciardi [9]. In the BLNP calculation [4–6], the de-
cay rates for B̄ → Xu�ν̄� are interpolated smoothly be-
tween the kinematical regimes where local operator prod-
uct expansions and shape functions are applicable. A re-
summation and matching to the NLO result of the fully
differential B̄ → Xu�ν̄� decay rate in terms of hadronic
moments is undertaken in the framework of DGE [7, 8].
The ADFR calculation is based on an analytic timelike
coupling and soft-gluon resummation [9].

This manuscript is organized as follows: The next sec-
tion describes the experimental apparatus, simulation as-
pects, and the event selection of the analysis. The em-
ployed background suppression via a neural network is
also discussed. The last sections focus on the extraction
of the partial branching fractions, the systematics and
results followed by the discussion of the result.

q2−Ee for B̄ → Xu e ν̄e (left) and B̄ → Xc e ν̄e (right)

I Invariant mass of the Xu system:

smax
h = (pB − (pe + pν ))2

= m2
B + q2 − 2mB

(
η∓E` − η±

q2

4E`

)

The second line expresses the invariant mass in
terms of the measured electron energy in the Υ(4S)
system.

I Impose smax
h < 3.52 GeV2, corresponding to

X = D, the lightest charm system. 6 / 12



|Vub| from q2 − Ee measurement (3/3)
I Signal efficiency εsig corrected using B̄ → D0 X e ν̄e control sample.

I Background yields corrected using smax
h side band , which is enriched in B̄ → Xc e ν̄e background.

B̄ → Xu e ν̄e partial branching fraction extracted as:

∆B(̄̄B → Xu`ν̄`) =
Ndata

cand − F corr
SB · NMC

bkg

2NBB̄ F corr
D0eν̄e

· εsig

×
{

1 +

(
1

fu
− 1

) ε
sig

εsig

}−1

F corr
D0 eν̄e

is the ratio of MC and Data efficiency in the B̄ → D0 X e ν̄e , determined using the

pre-selection and the final-selection; F corr
SB is the ratio of NMC

SB and NData
SB in the side band.

ø Results for ∆B and |Vub|: ∆B unfolded from efficiency and resolution effects

I Extract |Vub| in the B rest frame using 3 QCD
calculations for the decay rate ∆ζ:

From ∆B to |Vub|

|Vub| =

√
∆B(B̄ → Xu e ν̄e )

τB ∆ζ

I Estimated full set of experimental systematics.

I Result will supersede [Phys.Rev.Lett.95, 2005]

10

Ferrara, and Ricciardi [9]. The results are presented in
Table IX.

�B(B̄ ! Xue⌫̄e) · 104 �B(B̄ ! Xue⌫̄e) · 104

E⇤
e > 2.0 GeV E⇤

e > 1.9 GeV
smax ⇤
h < 3.5 GeV2 smax ⇤

h < 3.5 GeV2

3.98 ± 0.22 +0.27
�0.20

+0.17
�0.05 4.48 ± 0.24 +0.31

�0.22
+0.29
�0.12

|Vub| · 103 |Vub| · 103

BLNP 4.44 +0.16
�0.22

+0.30
�0.35 4.35 +0.28

�0.45
+0.27
�0.31

DGE 4.11 +0.15
�0.20

+0.23
�0.27 4.11 +0.16

�0.23
+0.26
�0.25

ADFR 3.62 +0.13
�0.18

+0.17
�0.17 3.66 +0.15

�0.20
+0.17
�0.17

TABLE IX: Measured partial branching fractions �B(B̄ !
Xue⌫̄e) where the uncertainties are statistical, systematic and
from theory, respectively as well as the |Vub| results deter-
mined with di↵erent QCD calculations where the stated un-
certainties are experimental and theoretical.

For the determination of the theoretical uncertainties
on |Vub|, the procedure of [19] was adopted. The
computation of the normalized theoretical decay rate
⇠ in the BLNP [4–6] scheme gives rise to systematic
uncertainties due to the modeling of the subleading
shape functions, variations of the hard and intermediate
scales µh = mb/2 and µi = 1.5 GeV and weak annihila-
tion e↵ects. A theoretical uncertainty was assigned for
the uncertainties on the shape-function parameters in
the kinetic scheme mb = (4.588 ± 0.023 ± 0.011) GeV
and µ2

⇡ = (0.189 ± 0.041+0.020
�0.040) GeV2, both from [19],

and for the arbitrary choice of the shape-function
parametrization.

In the framework of DGE [7, 8], theoretical uncertain-
ties arise from weak annihilation e↵ects and the uncer-
tainties of the input parameters, namely from the mass

of the b quark in the MS scheme mMS
b = (4.194 ±

0.043) GeV/c2 [19] and the strong coupling constant
↵s(MZ) = 0.1176 ± 0.0020 [19]. Further uncertainties
are assigned for the choices of the renormalization scale
and for the parameters of the power corrections to the
quark distribution function in the B meson.

The theoretical uncertainty on |Vub| calculated with
the ADFR calculation includes the uncertainties of the
input parameters: the strong coupling constant ↵s(µ =
MZ) = 0.1176+0.0024

�0.0026, the mass of the B meson mB =

(5.2793 ± 0.0002) GeV/c2 [36], the masses of the c and b

quark in the MS scheme mMS
b = (4.194 ± 0.043) GeV/c2

[19] and mMS
c = (1.277 ± 0.026) GeV/c2 [19] as well as

the values of |Vcb| = (41.88 ± 0.73) [19] and the total
semileptonic branching fraction BSL = (10.76 ± 0.14) %
[37].

VI. CONCLUSION

The partial branching fraction �B(B̄ ! Xue⌫̄e) is
measured in the ⌥ (4S) rest frame and in B-meson rest
frame in one and two di↵erent phase-space regions, re-
spectively. The branching fractions were unfolded to cor-
rect for detector acceptance and migration. Currently,
no theoretical calculation exists wherewith |Vub| could be
extracted from a partial branching fraction in the ⌥ (4S)
rest frame. In the B rest frame with a cut on the elec-
tron energy, E⇤

e > 2.0 GeV, and the maximal invariant
mass of the hadronic system, smax ⇤

h < 3.5 GeV2, we mea-

sure �B(B̄ ! Xue⌫̄e) = (3.98 ± 0.22 +0.27
�0.20

+0.17
�0.05) · 10�4,

where the uncertainties are statistical, systematic, and
from theory. From the measurement in the B-meson rest
frame, the CKM-matrix element |Vub| is extracted in the
BLNP scheme [4–6], in the framework of DGE [7, 8] and
with the ADFR calculation [9]. The results are summa-
rized in Table IX and are in good agreement with the
world averages of [19] listed in Table X.

|Vub| · 103 from [19]

BLNP 4.40 ± 0.15 +0.19
�0.21

DGE 4.45 ± 0.15 +0.15
�0.16

ADFR 4.03 ± 0.13 +0.18
�0.12

TABLE X: World averages for |Vub| from [19] where the un-
certainties are from experiment and from theory.
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|Vub| from exclusive B̄ → Xu ` ν̄` (1/3)
ø untagged measurement of |Vub| using the full BABAR data set.

[Phys. Rev. D 86, 092004 (2012)]

I Select events with high energy electrons and muons with Ee > 0.5 GeV and Eµ > 1.0 GeV. Reconstruct

exclusive hadronic final state of interest: Xu =
{
π, η, η′, ω

}
.

Neutrino kinematics inferred from rest of event:

pmiss = pΥ(4S) −
Nchg∑

i

pi
chg −

Nneut∑

i

pi
neut ⇒ m2

miss = p2
miss

q2 reconstruction

Four-momentum transfer of the B-meson to the
Xu = h system, q2, can be obtained by combining
the B and light meson information:

q2 = (pB − ph)2

~pB from average over 4 directions.

I Neutrino kinematics used to suppress
background, e.g. for m2

miss/ (2Emiss)

|Vub| from exclusive B → Xu � ν̄� (1/3)
ø untagged measurement of |Vub| using the full BABAR data set.

[Phys. Rev. D 86, 092004 (2012)]� Select events with high energy electrons and muons with Ee > 0.5 GeV and Eµ > 1.0 GeV. Reconstruct

exclusive hadronic final state of interest: Xu =
{

π, η, η′, ω
}
.

Neutrino kinematics inferred from rest of event:

pmiss = pΥ(4S) −
Nchg∑

i

pi
chg −

Nneut∑

i

pi
neut ⇒ m2

miss = p2
miss

q2 reconstruction

Four-momentum transfer of the B-meson to the
Xu = h system, q2, can be obtained by combining
the B and light meson information:

q2 = (pB − ph)2

�pB from average over 4 directions.

� Neutrino kinematics used to suppress
background: m2

miss/ (2Emiss)

8

evidence for any remaining such events in our data set.
We restrict the reconstructed masses of the meson to lie
in the interval:

• for B+ → π0�+ν decays: 0.115 < mπ0 < 0.150
GeV,

• for B+ → ω�+ν decays: 0.760 < mω < 0.805 GeV,

• for B+ → η�+ν decays: 0.51 < mη < 0.57 GeV,

• for B+ → η′�+ν decays: 0.92 < mη′ < 0.98 GeV.

Backgrounds are further reduced by q2-dependent se-
lections on the cosine of the angle, cos θthrust, between
the thrust axes [26] of the Y and of the rest of the
event; on the polar angle, θmiss, associated with �pmiss;
on the invariant missing mass squared, m2

miss = E2
miss −

|�pmiss|2, divided by twice the missing energy (Emiss =
Ebeams −Etot); on the cosine of the angle, cos θ�, between
the direction of the virtual W boson (� and ν combined)
boosted in the rest frame of the B meson and the di-
rection of the lepton boosted in the rest frame of the
W boson; and on L2, the momentum weighted Legendre
monomial of order 2. The quantity m2

miss/2Emiss should
be consistent with zero if a single neutrino is missing. The
phrase “rest of the event” refers to all the particles left
in the event after the lepton and the meson used to form
the Y pseudoparticle are removed.

The q2-dependent selections are shown in the panels
on the left-hand side of Fig. 1, and their effects are illus-
trated in the panels on the right-hand side of the same
figure, for B0 → π−�+ν decays. A single vertical line
indicates a fixed cut, a set of two vertical lines represents
a q2-dependent cut. The position of the two lines corre-
sponds to the minimum and maximum values of the selec-
tion, shown in the left-hand side panels. The functions
describing the q2 dependence are given in Tables VIII-
XIII of the Appendix for the five decays under study. For
B+ → η�+ν decays, additional background is rejected by
requiring that | cos θV | < 0.95, where θV is the helicity
angle of the η meson [16].

The kinematic variables ∆E = (PB ·Pbeams − s/2)/
√

s

and mES =
√

(s/2 + �pB · �pbeams)2/E2
beams − �p 2

B are used
in a fit to provide discrimination between signal and
background decays.

√
s is the center-of-mass energy of

the colliding particles. Here, PB = Pmeson+P�+Pν must
be evaluated in the laboratory frame. We only retain
candidates with |∆E| < 1.0 GeV and mES > 5.19 GeV,
thereby removing from the fit a region with large back-
grounds. Fewer than 6.6% (12.5%, 7.2%, 7.4%, 1.9%) of
all π−�ν (π0�ν, ω�ν, η�ν, η′�ν) events have more than
one candidate per event. For events with multiple candi-
dates, only the candidate with the largest value of cos θ�

is kept. The signal event reconstruction efficiency varies
between 6.1% and 8.5% for B0 → π−�+ν decays, be-
tween 2.8% and 6.0% for B+ → π0�+ν decays, between
1.0% and 2.2% for B+ → ω�+ν decays, and between
0.9% and 2.6% for B+ → η�+ν decays (γγ channel), de-
pending on the value of q2. The efficiency is 0.6% for
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FIG. 1: (color online) Left panels: Distributions of the selec-
tion values for the q2-dependent selections on the variables
used in the analysis of B0 → π−�+ν decays. The vertical axis
represents the selection value for a given q2 value. We reject
an event when its value is in the shaded region. Right panels:
Corresponding distributions in the total fit region illustrating
the effects of the q2-dependent selections. The arrows indi-
cate the rejected regions, as explained in the text. All the
selections have been applied except for the one of interest. In
each panel, the signal area is scaled to the area of the total
background.
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Measurement of the partial branching fraction of semileptonic B̄ → Xueν̄e decays and
an improved determination of |Vub| using the q2 − E� technique.

(Dated: July 16, 2013)

We present a determination of the partial branching fraction ∆B(B̄ → Xueν̄e) and of the CKM-
matrix element |Vub| based on the analysis of semileptonic B-meson decays, from a sample of ap-
proximately 454 million BB̄ decays collected with the BABAR detector at the PEP-II e+ e− stor-
age ring. Charmless semileptonic B-meson decays are selected using the electron energy and the
four-momentum transfer between the B meson and the hadronic final state Xu system. The neu-
trino kinematics is reconstructed from the decay products of the produced BB̄ system, and the
four-momentum transfer is reconstructed as the invariant mass of the electron and neutrino sys-
tem. For the partial branching fraction in the B rest frame with a cut on the electron energy,
E∗

e > 2.0 GeV, and the maximal invariant mass of the hadronic system, smax ∗
h < 3.5 GeV2, we

measure ∆B(B̄ → Xueν̄e) = (3.98 ± 0.22 +0.27
−0.20

+0.17
−0.05) · 10−4, where the uncertainties are statistical,

systematic, and from theory, and the partial branching fraction was unfolded for detector effects.
The value of |Vub| is determined using three different QCD calculations.

PACS numbers: xxxx

I. INTRODUCTION

The determination of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1, 2], plays an im-
portant role in testing our understanding of Charge −
Parity (CP) violation observed in nature. In the Stan-
dard Model (SM) of particle physics, CP violation is in-
troduced via an irreducible complex phase of the CKM
matrix.

The SM CKM matrix is a unitary 3 × 3 matrix, whose
matrix elements encode the weak coupling strength from
up-type to down-type quarks. The coupling strength of
b → u transitions, |Vub|, serves as an important input
to global fits, since it allows to constrain the size of the
complex phase. It can be measured by determining the
branching fraction of any b → u process. The advantage
of using semileptonic decays for such measurements are
the clear experimental signature of the missing neutrino,
a high energetic lepton, and the factorization of leptonic
and hadronic currents which allow a more precise deter-
mination of the decay rate from QCD calculations as e.g.
for purely hadronic b → u processes.

One of the experimental challenges is to isolate the
semileptonic B̄ → Xu�ν̄� decays from the much more
abundant B̄ → Xc�ν̄� decays, where Xu/c is the hadronic
final state system from the b → u or c transition, con-
taining one or more particles. In the present analysis,
this is done by employing the so-called q2 − E� tech-
nique, the first time used by [3] to measure |Vub| from
B̄ → Xueν̄e decays: the entire event topology is used
to measure the missing momentum originating from the
neutrino. In combination with the measured energy of
the final state lepton, the maximal allowed hadronic mass
of the Xu system is constrained. A cut on the hadronic
mass is chosen that rejects the much heavier hadronic
systems originating from b → c decays. In order to re-
duce the semileptonic b → c background decays further,

a multivariate classifier is employed to veto B̄ → D∗�ν̄�

decays. The remaining b → c contamination is care-
fully studied and its composition and normalization val-
idated using sidebands. The partial branching fraction
∆B(B̄ → Xueν̄e) is extracted from the yields of data
candidates after background subtraction and unfolded
for detector effects. Corrections are applied on the re-
construction efficiency εMC

u of signal B̄ → Xu�ν̄� de-
cays and to balance differences between data and Monte-
Carlo simulations. The most relevant updates superced-
ing Ref. [3] are the use of the multivariate classifier to
suppress B̄ → D∗�ν̄� background, the extension to the
full BABAR dataset, and the improved treatment of b → c
background decays. The value of |Vub| is determined us-
ing three different QCD predictions for the partial decay
rate: BLNP by Bosch, Lange, Neubert, and Paz [4–6];
DGE, the dressed gluon exponentiation by Andersen and
Gardi [7, 8]; and ADFR by Aglietti, Di Lodovico, Ferrara,
and Ricciardi [9]. In the BLNP calculation [4–6], the de-
cay rates for B̄ → Xu�ν̄� are interpolated smoothly be-
tween the kinematical regimes where local operator prod-
uct expansions and shape functions are applicable. A re-
summation and matching to the NLO result of the fully
differential B̄ → Xu�ν̄� decay rate in terms of hadronic
moments is undertaken in the framework of DGE [7, 8].
The ADFR calculation is based on an analytic timelike
coupling and soft-gluon resummation [9].

This manuscript is organized as follows: The next sec-
tion describes the experimental apparatus, simulation as-
pects, and the event selection of the analysis. The em-
ployed background suppression via a neural network is
also discussed. The last sections focus on the extraction
of the partial branching fractions, the systematics and
results followed by the discussion of the result.

simulation
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|Vub| from exclusive B̄ → Xu ` ν̄` (2/3)
ø Number of signal events extracted as a function of q2 with 2D fits to beam constrained mass and energy:

mES

|Vub| from exclusive B ! Xu ` ⌫̄` (2/3)
ø Number of signal events extracted as a function of q2 with 2D fits to beam constrained mass and energy:

mES
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FIG. 6: (color online) Projections of the data and fit results
for the combined B0 ! ⇡�`+⌫ and B+ ! ⇡0`+⌫ decays, in
the signal-enhanced region: (a,b) mES with �0.16 < �E <
0.20 GeV; and (c,d) �E with mES > 5.268 GeV. The distri-
butions (a,c) and (b,d) are projections for q2 < 16 GeV2 and
for q2 > 16 GeV2, respectively.

the combined B(B+ ! !`+⌫) is: 1.17 ± 0.13 ± 0.09.526

We give in Table V three results for the ⇡`⌫ decay chan-527

nel: those for the B0 ! ⇡�`+⌫ decays, for the B+ !528

⇡0`+⌫ decays, and for the combined B0 ! ⇡�`+⌫ and529

B+ ! ⇡0`+⌫ decays. The B+ ! ⇡0`+⌫ result is used to530

confirm the B0 ! ⇡�`+⌫ result, using the ratio of the531

lifetimes of B+ and B0 decays, ⌧+/⌧0 = 1.079±0.007 [12],532

and the isospin symmetry relation:533

B(B0 ! ⇡�`+⌫) = B(B+ ! ⇡0`+⌫) ⇥ 2
⌧0
⌧+

= (1.43 ± 0.08 ± 0.06) ⇥ 10�4

a value compatible with the BF value obtained directly534

for the B0 ! ⇡�`+⌫ decays (see Table V). The com-535

bined B ! ⇡`+⌫ decays result is based on the use of all536

⇡`⌫ decay events where the neutral pion events in a given537

q2 bin are converted into equivalent charged pion events538

assuming the above isospin symmetry relation to hold for539

the total yield in each q2 bin, where we replace the BF by540

the yield. Using these combined events leads to a smaller541

statistical uncertainty on the BF value. The values of the542

present total BFs for the combined B ! ⇡`+⌫ decays,543

the B0 ! ⇡�`+⌫ decays and the B+ ! ⇡0`+⌫ decays544

are seen to be in good agreement with those reported545

earlier by BABAR, [8, 9] and Belle [10]. However, the546

present values are based on updated values of BFs and547

form-factor shapes compared to those in earlier BABAR548

work. In particular, we now have an improved model for549

the hybrid MC [24] distributions that describe the com-550

bination of resonant and non-resonant b ! u`⌫ decays.551

This model entails the use of the BGL parametrization 552

for the B ! ⇡`+⌫ decays [9], the Ball parametrization 553

for the B+ ! !`+⌫ decays and the BK parametriza- 554

tion for the B+ ! ⌘(0)`+⌫ decays, rather than the much 555

older ISGW2 [28] parametrization. The use of the model 556

leads to an increase of 3.5% in the total BF value for the 557

B0 ! ⇡�`+⌫ decays, going from a value of 1.42⇥10�4 as 558

established earlier [9] to the present value of 1.47⇥ 10�4. 559

This increase of 3.5% is significant in view of the to- 560

tal uncertainty of 5.1% obtained in the measurement of 561

the total BF. We intend to combine the present results 562

with those obtained in Ref. [8], once these earlier results 563

are reprocessed to take into account the significantly im- 564

proved hybrid MC model used in the present work. This 565

reprocessing will need to be done in a timely way. Once 566

this is done, we will compute an average total BF for 567

the combined B ! ⇡`+⌫ decays by taking the statistical 568

uncertainties to be uncorrelated and the systematic un- 569

certainties to be fully correlated, as was done in Ref. [9]. 570

The experimental �B(q2) distributions are displayed 571

in Fig. 8 for the B0 ! ⇡�`+⌫ decays and for the B+ ! 572

⇡0`+⌫ decays, where each point in the B+ ! ⇡0`+⌫ 573

distribution has been normalized assuming isospin sym- 574

metry. The two distributions are compatible. We show 575

the �B(q2) distributions in Fig. 9 for the combined 576

B ! ⇡`+⌫ decays, in Fig. 10 for the B+ ! !`+⌫ de- 577

cays, and in Fig. 11 for the B+ ! ⌘`+⌫ decays, together 578

with theoretical predictions. To allow a direct compari- 579

son with the theoretical predictions, which do not include 580

FSR e↵ects, the experimental distributions in these fig- 581

ures have been obtained with the e�ciency given by the 582

ratio of q2 unfolded events remaining after all the cuts 583

from a simulation which includes FSR to the total num- 584

ber of events present before any cut and with no FSR 585

e↵ects, i.e. with PHOTOS switched o↵. We obtain the 586

f+(q2) shape from a fit to these distributions. For all de- 587

cays, the �2 function minimized in the fit to the f+(q2) 588

shape uses the BGL parametrization [16]. Only the ⇡`⌫ 589

decays have a su�cient number of events to warrant the 590

use of a two-parameter polynomial expansion where val- 591

ues of |Vubf+(0)| can be obtained from the fit extrapo- 592

lated to q2 = 0. For !`⌫ and ⌘`⌫ decays we only use a 593

one-parameter expansion. The resulting values of the fits 594

are given in Table VI. The values of |Vubf+(0)| can be 595

used to predict rates of other decays such as B ! ⇡⇡ [29]. 596

We should note that the values of the BGL expansion 597

parameters obtained in this work (a1/a0 = �0.92 ± 0.20, 598

a2/a0 = �5.45 ± 1.01) di↵er somewhat from those ob- 599

tained in Ref. [9] (a1/a0 = �0.79± 0.20, a2/a0 = �4.4± 600

1.20). Repeating the complete analysis with this new 601

parametrization for the form-factor shape of the B ! 602

⇡`+⌫ decays results in only a slight change in B(B+ ! 603

⇡0`+⌫), going from 0.779 ± 0.044 to 0.773 ± 0.044, and 604

no change in B(B0 ! ⇡�`+⌫) and B(B ! ⇡`+⌫). 605

The q2 distribution extracted from our data is com- 606

pared in Fig. 9 to the shape of the form factors obtained 607

from the three theoretical calculations listed in Table VII: 608

the one based on Light Cone Sum Rules [3] for q2 < 12 609

mES =
q

(s/2 +~pB ·~pbeams)
2/Ebeams �~p2

B

�E
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FIG. 6: (color online) Projections of the data and fit results
for the combined B0 ! ⇡�`+⌫ and B+ ! ⇡0`+⌫ decays, in
the signal-enhanced region: (a,b) mES with �0.16 < �E <
0.20 GeV; and (c,d) �E with mES > 5.268 GeV. The distri-
butions (a,c) and (b,d) are projections for q2 < 16 GeV2 and
for q2 > 16 GeV2, respectively.

the combined B(B+ ! !`+⌫) is: 1.17 ± 0.13 ± 0.09.526

We give in Table V three results for the ⇡`⌫ decay chan-527

nel: those for the B0 ! ⇡�`+⌫ decays, for the B+ !528

⇡0`+⌫ decays, and for the combined B0 ! ⇡�`+⌫ and529

B+ ! ⇡0`+⌫ decays. The B+ ! ⇡0`+⌫ result is used to530

confirm the B0 ! ⇡�`+⌫ result, using the ratio of the531

lifetimes of B+ and B0 decays, ⌧+/⌧0 = 1.079±0.007 [12],532

and the isospin symmetry relation:533

B(B0 ! ⇡�`+⌫) = B(B+ ! ⇡0`+⌫) ⇥ 2
⌧0
⌧+

= (1.43 ± 0.08 ± 0.06) ⇥ 10�4

a value compatible with the BF value obtained directly534

for the B0 ! ⇡�`+⌫ decays (see Table V). The com-535

bined B ! ⇡`+⌫ decays result is based on the use of all536

⇡`⌫ decay events where the neutral pion events in a given537

q2 bin are converted into equivalent charged pion events538

assuming the above isospin symmetry relation to hold for539

the total yield in each q2 bin, where we replace the BF by540

the yield. Using these combined events leads to a smaller541

statistical uncertainty on the BF value. The values of the542

present total BFs for the combined B ! ⇡`+⌫ decays,543

the B0 ! ⇡�`+⌫ decays and the B+ ! ⇡0`+⌫ decays544

are seen to be in good agreement with those reported545

earlier by BABAR, [8, 9] and Belle [10]. However, the546

present values are based on updated values of BFs and547

form-factor shapes compared to those in earlier BABAR548

work. In particular, we now have an improved model for549

the hybrid MC [24] distributions that describe the com-550

bination of resonant and non-resonant b ! u`⌫ decays.551

This model entails the use of the BGL parametrization 552

for the B ! ⇡`+⌫ decays [9], the Ball parametrization 553

for the B+ ! !`+⌫ decays and the BK parametriza- 554

tion for the B+ ! ⌘(0)`+⌫ decays, rather than the much 555

older ISGW2 [28] parametrization. The use of the model 556

leads to an increase of 3.5% in the total BF value for the 557

B0 ! ⇡�`+⌫ decays, going from a value of 1.42⇥10�4 as 558

established earlier [9] to the present value of 1.47⇥ 10�4. 559

This increase of 3.5% is significant in view of the to- 560

tal uncertainty of 5.1% obtained in the measurement of 561

the total BF. We intend to combine the present results 562

with those obtained in Ref. [8], once these earlier results 563

are reprocessed to take into account the significantly im- 564

proved hybrid MC model used in the present work. This 565

reprocessing will need to be done in a timely way. Once 566

this is done, we will compute an average total BF for 567

the combined B ! ⇡`+⌫ decays by taking the statistical 568

uncertainties to be uncorrelated and the systematic un- 569

certainties to be fully correlated, as was done in Ref. [9]. 570

The experimental �B(q2) distributions are displayed 571

in Fig. 8 for the B0 ! ⇡�`+⌫ decays and for the B+ ! 572

⇡0`+⌫ decays, where each point in the B+ ! ⇡0`+⌫ 573

distribution has been normalized assuming isospin sym- 574

metry. The two distributions are compatible. We show 575

the �B(q2) distributions in Fig. 9 for the combined 576

B ! ⇡`+⌫ decays, in Fig. 10 for the B+ ! !`+⌫ de- 577

cays, and in Fig. 11 for the B+ ! ⌘`+⌫ decays, together 578

with theoretical predictions. To allow a direct compari- 579

son with the theoretical predictions, which do not include 580

FSR e↵ects, the experimental distributions in these fig- 581

ures have been obtained with the e�ciency given by the 582

ratio of q2 unfolded events remaining after all the cuts 583

from a simulation which includes FSR to the total num- 584

ber of events present before any cut and with no FSR 585

e↵ects, i.e. with PHOTOS switched o↵. We obtain the 586

f+(q2) shape from a fit to these distributions. For all de- 587

cays, the �2 function minimized in the fit to the f+(q2) 588

shape uses the BGL parametrization [16]. Only the ⇡`⌫ 589

decays have a su�cient number of events to warrant the 590

use of a two-parameter polynomial expansion where val- 591

ues of |Vubf+(0)| can be obtained from the fit extrapo- 592

lated to q2 = 0. For !`⌫ and ⌘`⌫ decays we only use a 593

one-parameter expansion. The resulting values of the fits 594

are given in Table VI. The values of |Vubf+(0)| can be 595

used to predict rates of other decays such as B ! ⇡⇡ [29]. 596

We should note that the values of the BGL expansion 597

parameters obtained in this work (a1/a0 = �0.92 ± 0.20, 598

a2/a0 = �5.45 ± 1.01) di↵er somewhat from those ob- 599

tained in Ref. [9] (a1/a0 = �0.79± 0.20, a2/a0 = �4.4± 600

1.20). Repeating the complete analysis with this new 601

parametrization for the form-factor shape of the B ! 602

⇡`+⌫ decays results in only a slight change in B(B+ ! 603

⇡0`+⌫), going from 0.779 ± 0.044 to 0.773 ± 0.044, and 604

no change in B(B0 ! ⇡�`+⌫) and B(B ! ⇡`+⌫). 605

The q2 distribution extracted from our data is com- 606

pared in Fig. 9 to the shape of the form factors obtained 607

from the three theoretical calculations listed in Table VII: 608

the one based on Light Cone Sum Rules [3] for q2 < 12 609

�E = (pB · pbeams � s/2) /
p

s

I It is pB = ph + p` + p⌫ with p⌫ = (|~pmiss| , pmiss)

I 2D distributions for signal h = ⇡, o↵-resonance background, and Xu background.
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FIG. 2: (color online) �E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 ! ⇡�`+⌫ decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of �2 for the overall fit region.

Decay mode ⇡�`+⌫ ⇡0`+⌫ ⇡`+⌫ �`+⌫ �`+⌫ ��`+⌫

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b ! u`⌫ 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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the combined B(B+ ! !`+⌫) is: 1.17 ± 0.13 ± 0.09.526

We give in Table V three results for the ⇡`⌫ decay chan-527

nel: those for the B0 ! ⇡�`+⌫ decays, for the B+ !528

⇡0`+⌫ decays, and for the combined B0 ! ⇡�`+⌫ and529

B+ ! ⇡0`+⌫ decays. The B+ ! ⇡0`+⌫ result is used to530

confirm the B0 ! ⇡�`+⌫ result, using the ratio of the531

lifetimes of B+ and B0 decays, ⌧+/⌧0 = 1.079±0.007 [12],532

and the isospin symmetry relation:533

B(B0 ! ⇡�`+⌫) = B(B+ ! ⇡0`+⌫) ⇥ 2
⌧0
⌧+

= (1.43 ± 0.08 ± 0.06) ⇥ 10�4

a value compatible with the BF value obtained directly534

for the B0 ! ⇡�`+⌫ decays (see Table V). The com-535

bined B ! ⇡`+⌫ decays result is based on the use of all536

⇡`⌫ decay events where the neutral pion events in a given537

q2 bin are converted into equivalent charged pion events538

assuming the above isospin symmetry relation to hold for539

the total yield in each q2 bin, where we replace the BF by540

the yield. Using these combined events leads to a smaller541

statistical uncertainty on the BF value. The values of the542

present total BFs for the combined B ! ⇡`+⌫ decays,543

the B0 ! ⇡�`+⌫ decays and the B+ ! ⇡0`+⌫ decays544

are seen to be in good agreement with those reported545

earlier by BABAR, [8, 9] and Belle [10]. However, the546

present values are based on updated values of BFs and547

form-factor shapes compared to those in earlier BABAR548

work. In particular, we now have an improved model for549

the hybrid MC [24] distributions that describe the com-550

bination of resonant and non-resonant b ! u`⌫ decays.551

This model entails the use of the BGL parametrization 552

for the B ! ⇡`+⌫ decays [9], the Ball parametrization 553

for the B+ ! !`+⌫ decays and the BK parametriza- 554

tion for the B+ ! ⌘(0)`+⌫ decays, rather than the much 555

older ISGW2 [28] parametrization. The use of the model 556

leads to an increase of 3.5% in the total BF value for the 557

B0 ! ⇡�`+⌫ decays, going from a value of 1.42⇥10�4 as 558

established earlier [9] to the present value of 1.47⇥ 10�4. 559

This increase of 3.5% is significant in view of the to- 560

tal uncertainty of 5.1% obtained in the measurement of 561

the total BF. We intend to combine the present results 562

with those obtained in Ref. [8], once these earlier results 563

are reprocessed to take into account the significantly im- 564

proved hybrid MC model used in the present work. This 565

reprocessing will need to be done in a timely way. Once 566

this is done, we will compute an average total BF for 567

the combined B ! ⇡`+⌫ decays by taking the statistical 568

uncertainties to be uncorrelated and the systematic un- 569

certainties to be fully correlated, as was done in Ref. [9]. 570

The experimental �B(q2) distributions are displayed 571

in Fig. 8 for the B0 ! ⇡�`+⌫ decays and for the B+ ! 572

⇡0`+⌫ decays, where each point in the B+ ! ⇡0`+⌫ 573

distribution has been normalized assuming isospin sym- 574

metry. The two distributions are compatible. We show 575

the �B(q2) distributions in Fig. 9 for the combined 576

B ! ⇡`+⌫ decays, in Fig. 10 for the B+ ! !`+⌫ de- 577

cays, and in Fig. 11 for the B+ ! ⌘`+⌫ decays, together 578

with theoretical predictions. To allow a direct compari- 579

son with the theoretical predictions, which do not include 580

FSR e↵ects, the experimental distributions in these fig- 581

ures have been obtained with the e�ciency given by the 582

ratio of q2 unfolded events remaining after all the cuts 583

from a simulation which includes FSR to the total num- 584

ber of events present before any cut and with no FSR 585

e↵ects, i.e. with PHOTOS switched o↵. We obtain the 586

f+(q2) shape from a fit to these distributions. For all de- 587

cays, the �2 function minimized in the fit to the f+(q2) 588

shape uses the BGL parametrization [16]. Only the ⇡`⌫ 589

decays have a su�cient number of events to warrant the 590

use of a two-parameter polynomial expansion where val- 591

ues of |Vubf+(0)| can be obtained from the fit extrapo- 592

lated to q2 = 0. For !`⌫ and ⌘`⌫ decays we only use a 593

one-parameter expansion. The resulting values of the fits 594

are given in Table VI. The values of |Vubf+(0)| can be 595

used to predict rates of other decays such as B ! ⇡⇡ [29]. 596

We should note that the values of the BGL expansion 597

parameters obtained in this work (a1/a0 = �0.92 ± 0.20, 598

a2/a0 = �5.45 ± 1.01) di↵er somewhat from those ob- 599
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1.20). Repeating the complete analysis with this new 601

parametrization for the form-factor shape of the B ! 602

⇡`+⌫ decays results in only a slight change in B(B+ ! 603

⇡0`+⌫), going from 0.779 ± 0.044 to 0.773 ± 0.044, and 604
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The q2 distribution extracted from our data is com- 606
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work. In particular, we now have an improved model for549

the hybrid MC [24] distributions that describe the com-550
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B0 ! ⇡�`+⌫ decays, going from a value of 1.42⇥10�4 as 558

established earlier [9] to the present value of 1.47⇥ 10�4. 559

This increase of 3.5% is significant in view of the to- 560

tal uncertainty of 5.1% obtained in the measurement of 561

the total BF. We intend to combine the present results 562

with those obtained in Ref. [8], once these earlier results 563

are reprocessed to take into account the significantly im- 564

proved hybrid MC model used in the present work. This 565

reprocessing will need to be done in a timely way. Once 566

this is done, we will compute an average total BF for 567

the combined B ! ⇡`+⌫ decays by taking the statistical 568

uncertainties to be uncorrelated and the systematic un- 569

certainties to be fully correlated, as was done in Ref. [9]. 570

The experimental �B(q2) distributions are displayed 571

in Fig. 8 for the B0 ! ⇡�`+⌫ decays and for the B+ ! 572

⇡0`+⌫ decays, where each point in the B+ ! ⇡0`+⌫ 573

distribution has been normalized assuming isospin sym- 574

metry. The two distributions are compatible. We show 575

the �B(q2) distributions in Fig. 9 for the combined 576

B ! ⇡`+⌫ decays, in Fig. 10 for the B+ ! !`+⌫ de- 577

cays, and in Fig. 11 for the B+ ! ⌘`+⌫ decays, together 578

with theoretical predictions. To allow a direct compari- 579

son with the theoretical predictions, which do not include 580

FSR e↵ects, the experimental distributions in these fig- 581

ures have been obtained with the e�ciency given by the 582

ratio of q2 unfolded events remaining after all the cuts 583

from a simulation which includes FSR to the total num- 584

ber of events present before any cut and with no FSR 585

e↵ects, i.e. with PHOTOS switched o↵. We obtain the 586

f+(q2) shape from a fit to these distributions. For all de- 587

cays, the �2 function minimized in the fit to the f+(q2) 588

shape uses the BGL parametrization [16]. Only the ⇡`⌫ 589

decays have a su�cient number of events to warrant the 590

use of a two-parameter polynomial expansion where val- 591

ues of |Vubf+(0)| can be obtained from the fit extrapo- 592

lated to q2 = 0. For !`⌫ and ⌘`⌫ decays we only use a 593

one-parameter expansion. The resulting values of the fits 594

are given in Table VI. The values of |Vubf+(0)| can be 595

used to predict rates of other decays such as B ! ⇡⇡ [29]. 596

We should note that the values of the BGL expansion 597

parameters obtained in this work (a1/a0 = �0.92 ± 0.20, 598

a2/a0 = �5.45 ± 1.01) di↵er somewhat from those ob- 599

tained in Ref. [9] (a1/a0 = �0.79± 0.20, a2/a0 = �4.4± 600

1.20). Repeating the complete analysis with this new 601

parametrization for the form-factor shape of the B ! 602

⇡`+⌫ decays results in only a slight change in B(B+ ! 603

⇡0`+⌫), going from 0.779 ± 0.044 to 0.773 ± 0.044, and 604

no change in B(B0 ! ⇡�`+⌫) and B(B ! ⇡`+⌫). 605

The q2 distribution extracted from our data is com- 606

pared in Fig. 9 to the shape of the form factors obtained 607

from the three theoretical calculations listed in Table VII: 608

the one based on Light Cone Sum Rules [3] for q2 < 12 609

�E = (pB · pbeams � s/2) /
p

s

I It is pB = ph + p` + p⌫ with p⌫ = (|~pmiss| , pmiss)

I 2D distributions for signal h = ⇡, o↵-resonance background, and Xu background.
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FIG. 2: (color online) �E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 ! ⇡�`+⌫ decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of �2 for the overall fit region.

Decay mode ⇡�`+⌫ ⇡0`+⌫ ⇡`+⌫ �`+⌫ �`+⌫ ��`+⌫

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b ! u`⌫ 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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FIG. 2: (color online) �E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 ! ⇡�`+⌫ decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of �2 for the overall fit region.

Decay mode ⇡�`+⌫ ⇡0`+⌫ ⇡`+⌫ �`+⌫ �`+⌫ ��`+⌫

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b ! u`⌫ 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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FIG. 2: (color online) �E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 ! ⇡�`+⌫ decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of �2 for the overall fit region.

Decay mode ⇡�`+⌫ ⇡0`+⌫ ⇡`+⌫ �`+⌫ �`+⌫ ��`+⌫

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b ! u`⌫ 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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∆E = (pB · pbeams − s/2) /
√

s

I It is pB = ph + p` + pν with pν = (|~pmiss| , pmiss)

I 2D distributions for signal h = π, off-resonance background, and Xu background.
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FIG. 2: (color online) ∆E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 → π−"+ν decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of χ2 for the overall fit region.

Decay mode π−"+ν π0"+ν π"+ν ω"+ν η"+ν η′"+ν

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b → u"ν 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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FIG. 2: (color online) ∆E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 → π−"+ν decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of χ2 for the overall fit region.

Decay mode π−"+ν π0"+ν π"+ν ω"+ν η"+ν η′"+ν

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b → u"ν 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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FIG. 2: (color online) ∆E-mES MC distributions, summed over all bins of q2, for the six categories of events used in the signal
extraction fit, after all the selections have been applied, in the case of the B0 → π−"+ν decay channel. Also shown is the
binning used for this decay mode.

TABLE II: Fitted yields in the full q2 range investigated for the signal and each background category, total fitted yield and
experimental data events, and values of χ2 for the overall fit region.

Decay mode π−"+ν π0"+ν π"+ν ω"+ν η"+ν η′"+ν

Signal 9297 ± 316 3204 ± 170 12448 ± 361 1861 ± 233 867 ± 101 141 ± 49

b → u"ν 15689 ± 664 7810 ± 334 23284 ± 796 3246 ± 293 2411(fixed) 242(fixed)

Other BB̄ 44248 ± 656 10795 ± 307 55350 ± 777 8778 ± 246 11167 ± 187 2984 ± 87

Continuum 9159 ± 459 4173 ± 236 13283 ± 537 2776 ± 270 2505 ± 155 493(fixed)

Fitted yield 78393 ± 507 25982 ± 228 104365 ± 531 16661 ± 172 16950 ± 153 3860 ± 71

Data events 78387 ± 280 25977 ± 161 104364 ± 323 16662 ± 129 16901 ± 130 3857 ± 62
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|Vub| from exclusive B̄ → Xu ` ν̄` (3/3)
I Unfold q2 distributions from detector effects and resolution, and use form factor predictions for

B̄ → π ` ν̄` and B̄ → ω ` ν̄` to obtain |Vub|.
I ∆ζ: Lattice (HPQCD, FNAL/MILC) valid in high q2 , Light-Cone sum rule (LCSR) in low q2 regime

Combined Data + Lattice fits

Lattice input can be used along with data to determine the
form factor parameters. This is done by minimizing a global
χ2 = χ2

data + χ2
theory using the BGL Parametrization and

the FNAL/MILC lattice points. [Phys. Rev. D80, 034026]
[Phys. Rev. D56, 303 (1997)]

From ∆B to |Vub|

|Vub| =

√
∆B(B̄ → Xu e ν̄e )

τB ∆ζ

|Vub| = (3.25± 0.31)× 10−3

I Unfolded q2 distribution for B̄ → π ` ν̄`: (top right) |Vub| from combined data+lattice fit; (bottom
right) |Vub| from lattice or LCSR.
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FIG. 11: (color online) Partial ∆B(q2) spectrum in 5 bins of
q2 for B+ → η"+ν decays. The data points are placed in the
middle of each bin whose width is defined in Table XXVII.
The smaller error bars are statistical only while the larger
ones also include systematic uncertainties. The data are also
compared to a LCSR calculation [4].

are given in Table VII for the combined B → π"+ν de-
cays. All three calculations are compatible with the data.
It should be noted that the theoretical curves in Fig. 9
have been extrapolated over the full q2 range based on
the BGL parametrization obtained over their q2 ranges
of validity. These extended ranges are only meant to il-
lustrate a possible extension of the present theoretical
calculations. As shown in Figs. 10 and 11, LCSR calcu-
lations [18] and [4] are compatible with the data for the
B+ → ω"+ν and B+ → η"+ν decays, respectively.

VII. DETERMINATION OF |Vub|

The magnitude of the CKM matrix element |Vub| is
determined using two different approaches [6, 8].

With the first method, we extract a value of |Vub| from
the combined B → π"+ν ∆B(q2) distributions using the
relation:

|Vub| =
√

∆B/(τB0∆ζ),

where τB0 = 1.519 ± 0.007 ps [12] is the B0 lifetime and
∆ζ = Γ/|Vub|2 is the normalized partial decay rate pre-
dicted using the form-factor calculations [3, 5, 6]. The
quantities ∆B and ∆ζ are restricted to the q2 ranges of
validity given in Table VII. The values of ∆ζ are inde-
pendent of experimental data. The values of |Vub| given
in Table VII range from (3.3− 3.5)× 10−3. These values
are in good agreement with the one obtained (Table VII)
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FIG. 12: (color online) Simultaneous fit of the BGL
parametrization [17] to our experimental data (black solid
points) and to four of the points of the FNAL/MILC predic-
tions [6] (magenta full triangles) for the B → π"+ν decays.
The shaded band shows the uncertainty of the fitted func-
tion. The remaining points of the FNAL/MILC predictions
(magenta empty triangles) are not used in the fit.

from the value of |Vubf+(0)| = (8.7 ± 0.3) × 10−4 mea-
sured in this work, using the value of f+(0) = 0.26+0.020

−0.023

determined in a recent LCSR calculation [34]. They are
also compatible with the value of |Vub| determined from
the B+ → ω"+ν data, as shown in Table VII. A value of
|Vub| is not extracted from the B+ → η"+ν decays be-
cause the theoretical partial decay rate is not sufficiently
precise for these decays.

With the second method, we perform a simultaneous
fit to the most recent lattice results [6] and our present
experimental data to take advantage of all the available
information on the form factor from the data (shape) and
theory (shape and normalization).

The χ2 function for the simultaneous fit is written as:

χ2 = χ2(data) + χ2(lattice)

=

nbins∑

i,j=1

∆data
i (V data

ij )−1∆data
j +

npoints∑

!,m=1

∆lat
! (V lat

!m )−1∆lat
m

where:

∆data
i =

(
∆B
∆q2

)data

i

− |Vub|2
∆q2

i

∫

∆q2
i

τB0G2
F

24π3
p3

π(q2)|f+(q2;α)|2dq2

∆lat
! =

G2
F

24π3
p3

π(q2
! ){|f lat

+ (q2
! )|2 − |f+(q2

! ;α)|2}

where GF is the Fermi constant, α denotes the set

17

TABLE VI: Fitted parameter values of the BGL parametrization for the exclusive semileptonic decays investigated in the present
work. a) experimental data points only, fit parameters: a0, a1, a2 (see Sect. VI); b) combined theoretical and experimental
points, fit parameters: a0, a1, a2, |Vub| (see Sect. VII).

Decay mode a1/a0 a2/a0 χ2/ndf Prob. (%) |Vubf+(0)| ×104

a) B0 → π−#+ν -1.15 ± 0.19 -4.52 ± 1.03 9.08/9 43.0 8.7 ± 0.4

a) B+ → π0#+ν -0.63 ± 0.30 -5.80 ± 1.24 3.26/8 91.7 9.1 ± 0.5

a) B → π#+ν -0.93 ± 0.19 -5.40 ± 1.00 4.07/9 90.7 8.7 ± 0.3

b) B0 → π−#+ν -1.25 ± 0.20 -3.93 ± 1.19 9.24/12 68.2 8.6 ± 0.5

b) B+ → π0#+ν -1.07 ± 0.28 -3.44 ± 1.46 4.13/11 96.6 9.4 ± 0.6

b) B → π#+ν -1.10 ± 0.20 -4.39 ± 1.11 4.58/12 97.1 8.8 ± 0.4

B+ → ω#+ν -5.98 ± 0.78 - 1.54/3 67.3 -

B+ → η#+ν -1.71 ± 0.87 - 0.88/3 83.1 -

TABLE VII: Values of |Vub| derived from the form-factor calculations (first three rows) and from the value of |Vubf+(0)| (fourth
row) for the combined B → π#+ν decays. Value of |Vub| derived from the form-factor calculations (last row) for the B+ → ω#+ν
decays. The three uncertainties on |Vub| are statistical, systematic and theoretical, respectively. (see Sect. VII)

q2 ( GeV2) ∆B (10−4) ∆ζ (ps−1) |Vub| (10−3) χ2/ndf Prob(χ2)

B → π#+ν

HPQCD [5] 16 − 26.4 0.37 ± 0.02 ± 0.02 2.02 ± 0.55 3.47 ± 0.10 ± 0.08+0.60
−0.39 2.7/4 60.1%

FNAL [6] 16 − 26.4 0.37 ± 0.02 ± 0.02 2.21+0.47
−0.42 3.31 ± 0.09 ± 0.07+0.37

−0.30 3.9/4 41.5%

LCSR [3] 0 − 12 0.83 ± 0.03 ± 0.04 4.59+1.00
−0.85 3.46 ± 0.06 ± 0.08+0.37

−0.32 8.0/6 24.0%

LCSR2 [34] 0 3.34 ± 0.10 ± 0.05+0.29
−0.26

B+ → ω#+ν

LCSR3 [18] 0 − 20.2 1.19 ± 0.16 ± 0.09 14.2 ± 3.3 3.20 ± 0.21 ± 0.12+0.45
−0.32 2.24/5 81.5%
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Summary for |Vub|

3 10×|
ub

 |V
2 2.5 3 3.5 4 4.5 5

UTFit
CKMFitter

ντ→B

ν l π→B

ADFR

DGE

BLNP HFAG

E
e

> 1.9 GeV, smax

h

< 3.5 GeV2

E
e

> 2.0 GeV, smax

h

< 3.5 GeV2

world average

HFAG world average

HFAG world average

[Phys. Rev. D 86, 092004 (2012)]
untagged

boosted in the rest frame of the

{Inclusive HFAG

E
e

> 1.9 GeV, smax

h

< 3.5 GeV2

E
e

> 2.0 GeV, smax

h

< 3.5 GeV2

world average

HFAG

E
e

> 1.9 GeV, smax

h

< 3.5 GeV2

E
e

> 2.0 GeV, smax

h

< 3.5 GeV2

world average

For B̄ → τν̄ the B meson decay constant of [arXiv:1302.2644], fB = 0.186(4) GeV, was used along with the

preliminary HFAG average. CKMFitter and UTFitter are the FPCP 2013 and the Moriond 2013 results.
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Outlook

ø Expect to finalize preliminary |Vub| result using smax
h cut soon.

ø Several other semileptonic BABAR analyses are being worked on:

tagged I B̄ → D(∗) τ ν̄τ
I B̄ → D∗ ` ν̄` for |Vcb|
I B̄ → D∗∗ ` ν̄`
I B̄ → ρ ` ν̄`

untagged I B̄ → D/D∗/D∗∗ ` ν̄` for global fit for |Vcb|
ø All of them address aspects with poor understanding and tensions;

analyses with BABAR data remain interesting until Belle II goes online and
has a sufficient large data sample to overtake the past B-Factory
experiments.

Thank you!
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