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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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Overview

I. Why explore the Flavor sector of the Standard Model in the first place?

II. Inclusive measurement of B → Xu ` ν̄`
[arXiv:1112.0702]

III. Exclusive measurements for B → h ` ν̄` with h = π, ω, ρ, η, η′

[PRD:83032007], [arXiv:1205.6245], 2× [to be submitted]

IV. |Vub| from both approaches

V. The status of charmless semileptonic decays at BABAR
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I.a Motivation
Why explore the Flavor sector of the Standard Model (SM) and measure
charmless semileptonic decays?
[cf. Backup A.a for a slightly longer introduction]

I. Charmless semileptonic decay rate allows
determination of |Vub|
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II. |Vub| important input for global CKM fits.
a What are the contributions from the Flavor sector to CP violation in the Universe?

b Violation of CKM unitarity⇔ new physics

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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III. Inclusive vs Exclusive measurements:
a Fairly independent experimental and theoretical methods

b Probe our understanding of non-perturbative and perturbative QCD
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I.b Semileptonic decays
Semileptonic b → u decays are characterized by

a q2 = (pB − pX )2 = (p` + pν̄ )2

b θ: Angular variables (helicity,. . . )

c mX : Invariant hadronic mass

B(B → Xu ` ν̄`) ∝ |Vub|2 × ’Something we can predict from Theory’

Outline
2

Vqb

W −

�−

ν̄�

b
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a Challenges:

⇒ Much more abundant b → c ` ν̄` decays:
Force e.g. inclusive measurements into regions with larger theory

uncertainties. Orbital or other modes poorly known.

⇒ Very low signal yields

b Experimental techniques:

⇒ Neutrino reconstruction:

(Emiss, ~pmiss) = (Ebeam, ~pbeam) −
∑
i

(Ei , ~pi )

Missing mass squared: MM2 = E2
miss − |~pmiss|2

⇒ Beam constraints: ∆E and mES(
E∗B ,~p

∗2
B

)
= pX + p` + pmiss or inferred from the tag side if

present; ∗ = in Υ(4S) rest frame; E∗beam beam energy

∆E = E∗B − E∗beam/2
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Recently, tag e�ciencies have been increased as much as
a factor of three by the addition of other hadronic decay220

modes, and by simultaneous constraints on the semilep-
tonic signal decay in a given event, and by e↵ectively se-
lecting the best of several candidates per event.

Tag e�ciencies in the range of 1� 3% can be obtained
using semileptonic B decays. As for hadronic tags, the225

achievable tag e�ciencies and purities are strongly depen-
dent on both the tag decay and the decay of the signal
B recoiling against the tag. In comparison with fully re-
constructed hadronic tags, events tagged by semileptonic
decays provide looser kinematic constraints on the recoil-230

ing B and result in a less accurate measurement of the
missing neutrino and higher combinatorial backgrounds.

17.1.2 Exclusive Decays B � D(⇤)`⌫

17.1.2.1 Theoretical Overview

In the following, we discuss exclusive decays to D or D⇤

meson. The transition matrix elements of the weak cur-
rent (Eq. (17.1.2)) are decomposed into Lorentz-covariant
forms, built from the independent four-vectors of the de-
cay, and form factors multiplying them. For a pseudoscalar
final state, only the vector current contributes,
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✓
pµ

B + pµ
P � m2

B � m2
P

q2
qµ

◆

+ f0(q
2)

m2
B � m2

P

q2
qµ, (17.1.6)

mES =
√

E∗2
beam/4 − ~p∗2

B

4

0 1 2

Ev
en

ts 
 (0

.04
 G

eV
2 )

0

40

80

120

160 ν Dl→B 
ν D*l→B 
ν D**l→B 

Continuum + BB
Fake Lepton

(a)

-1 0
M2miss  (GeV2)

1 2
0

100

200

300
(b) (c)

1-2011
8809A6

-1 0 10

20

40

60

80

Fig. 17.1.2. Distributions of the missing mass squared for exclusive B ! Xc`⌫ candidates in BB̄ events tagged by a hadronic
decay of the second B meson (Aubert, 2008a), a) B� ! D0`�⌫`, b) B0 ! D

⇤+`�⌫`, and c) B� ! D⇤+⇡�`�⌫`. The
contributions from various exclusive decay modes are marked by color shading.

mES  (GeV)

ΔE (GeV)ΔE (GeV)

5.10 5.15 5.20 5.250

200

400

0-1.0 -0.5 0 0.5 1.0

200

400

Ev
en

ts/
10

 M
eV

Ev
en

ts/
10

5 M
eV

2

1

0
5.20

(a) (c)

(d)(b)

5.24
mES  (GeV)

5.28

0.2

0

0.4

0.6

-0.1 0 0.1

10
3  E

ve
nts

/2.
4 M

eV
10

3  E
ve

nts
/2.

4 M
eV

1-2011
8809A4

Fig. 17.1.3. Distributions of mES and �E for a,b) hadronic B decays above combinatorial continuum and BB̄ background
(blue) (Mazur, 2007), and c,d) selected B0 ! ⇡�`+⌫ decays (del Amo Sanchez, 2011b) in the q2 range of 4 � 8GeV2, above
a variety of backgrounds contributions, specifically B ! Xu`⌫ (red), various B ! Xc`⌫ decays (yellow), and continuum
background (blue). For both samples, the distributions are restricted to events in the signal bands, i.e., mES is shown for events
in the peak region for �E and �E is restricted to events in the peak region for mES .

Recently, tag e�ciencies have been increased as much as
a factor of three by the addition of other hadronic decay220

modes, and by simultaneous constraints on the semilep-
tonic signal decay in a given event, and by e↵ectively se-
lecting the best of several candidates per event.

Tag e�ciencies in the range of 1� 3% can be obtained
using semileptonic B decays. As for hadronic tags, the225

achievable tag e�ciencies and purities are strongly depen-
dent on both the tag decay and the decay of the signal
B recoiling against the tag. In comparison with fully re-
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forms, built from the independent four-vectors of the de-
cay, and form factors multiplying them. For a pseudoscalar
final state, only the vector current contributes,

hP |q̄�µb|B̄i = f+(q2)

✓
pµ

B + pµ
P � m2

B � m2
P

q2
qµ

◆

+ f0(q
2)

m2
B � m2

P

q2
qµ, (17.1.6)
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II. New inclusive measurement
[arXiv:1112.0702]

At a glance:

- Full BABAR dataset of 467.8× 106 BB̄

- Inclusive B → Xu ` ν̄` using hadronic
tags to reconstruct pB , require lepton

- pX =
∑

i p
tracks
i +

∑
j p

calo
j

The sum excludes the lepton and all tracks and calo.

clusters associated with the tagged B

- Cut based Bkg suppression, e.g. MM2, total

charge, D∗ veto based on partial reco.

- q2 = (pB − pX )2; m2
X = p2

X ; p`:
P+ = EX − |~pX |

tag Unbinned LH Fit in mES for comb. &
continuum Bkg (→ top plot)

recoil χ2 Fit (→ List) for signal and BB̄ Bkg
Step 1 Fit # of B → Xu ` ν̄` evts. in given bins
Step 2 Determine # of B → X ` ν̄` evts. in reco sample
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FIG. 2: The mES distribution for the inclusive semileptonic
sample, for fully reconstructed hadronic decays of B− (left)
and B0 mesons (right). The solid line shows the result of
the maximum-likelihood fit to signal and combinatorial back-
grounds; the dashed line indicates the shape of the back-
ground described by an ARGUS function.

is treated as data, and is similar in size to the total data
sample. The remaining two thirds represent the simu-
lation. The fit procedure, described in Section IV, is
applied to these samples and yields, within uncertain-
ties, the charmless semileptonic branching fraction that
is input to the MC generation.

IV. SIGNAL EXTRACTION AND PARTIAL
BRANCHING FRACTION MEASUREMENT

A. Signal yield

Once continuum and combinatorial BB backgrounds
have been subtracted and the mixing correction has been
applied, the resulting differential distributions of the
kinematic variables are fitted using a χ2 minimization
to extract Nu, the number of selected signal events. The
χ2 for these fits is defined as

χ2 =
∑

i

[N i − (CsigN i,MC
u + CbkgN

i,MC
bkg )]2

σ(N i)2 + σ(N i,MC)2
, (6)

where, for each bin i of variable width, N i is the num-

ber of observed events, and N i,MC
u and N i,MC

bkg are the
number of MC predicted events for signal and back-
ground, respectively. The statistical uncertainties σ(N i)
and σ(N i,MC) are are taken from fits to the mES distribu-
tions in data and MC simulations. The scale factors Csig

and Cbkg are free parameters of the fit. The differential
distributions are compared with the sum of the signal and
background distributions resulting from the fit in Figs. 3
and 4. For the B → Xu#ν̄ signal contributions we distin-
guish between decays that were generated with values of
the kinematic variable inside the restricted phase space

regions, and a small number of events, Nout
u , with values

outside these regions. This distinction allows us to re-
late the fitted signal yields to the theoretical calculations
applied to extract |Vub|.

B. Partial branching fractions

We obtain partial branching fractions for charmless
semileptonic decays from the observed number of signal
events in the kinematic regions considered, after correc-
tion for background and efficiency, and normalization to
the total number of semileptonic decays B → X#ν̄ ob-
served in the Breco event sample. For each of the re-
stricted regions of phase space under study, we calculate
the ratio

∆Ru/sl =
∆B(B → Xu#ν̄)

B(B → X#ν̄)
=

N true
u

N true
sl

=
(Nu)/(εuselε

u
kin)

(Nsl − BGsl)

εsl! ε
sl
tag

εu! ε
u
tag

. (7)

Here, N true
u and N true

sl refer to the true number of signal
and normalization events. The observed signal yield Nu

is related to N true
u by Nu = εuselε

u
kinε

u
l ε

u
tagN

true
u , where εusel

is the efficiency for detecting B → Xu#ν̄ decays in the
tagged sample after applying all selection criteria, εkin is
the fraction of signal events with both true and recon-
structed MX , P+, q2, or p∗

! within the restricted region
of phase space, and εul refers to the efficiency for select-

ing a lepton from a B → Xu#ν̄ decay with a momentum
p∗

! > 1 GeV in a signal event tagged with efficiency εutag.

Similarly, N true
sl is related to Nsl, the fitted number of

observed Breco accompanied by a charged lepton with
p∗

! > 1 GeV, through N true
sl = (Nsl −BGsl)/ε

sl
! ε

sl
tag. Here,

BGsl is the remaining peaking background estimated
from MC simulation and Nsl is obtained from the mES

fit to the selected semileptonic sample and εsl! refers to
the efficiency for selecting a lepton from a semileptonic B
decay with a momentum p∗

! > 1 GeV in an event tagged
with efficiency εsltag. We obtain Nsl = 237, 433 ± 838 and
BGsl = 20, 705 ± 132.

The ratio of efficiencies in Eq. (7) accounts for dif-
ferences in the final states and the different lepton mo-
mentum spectra for the two classes of events, and their
impact on the tagging. The efficiencies for Breco tagging
and lepton detection are not very different, and thus the
efficiency ratio is close to one.

We convert Eq. (7) to partial branching fractions by
using the total semileptonic branching fraction, B(B →
X#ν̄) = (10.75 ± 0.15)% [40].

The regions of phase space, fitted event yields, efficien-
cies introduced in Eq. (7), and partial branching fractions
are listed in Table III; the regions are one-dimensional in
MX , P+, or p∗

! , or two-dimensional in the plane MX ver-
sus q2. In the following, we will refer to the latter as
MX – q2. Two fits have been performed with no addi-
tional kinematic restrictions, apart from the requirement

Signal regions of phase-space:

1) mX < 1.55 GeV

2) mX < 1.70 GeV

3) P+ < 0.66 GeV

4) mX < 1.70 GeV & q2 > 8 GeV2

5) mX − q2, p∗` > 1.0 GeV

6) p∗` > 1.0 GeV

7) p∗` > 1.3 GeV

∗ = B rest frame

⇒ Measure ratio ∆B(B → Xu ` ν̄`)/B(B → X ` ν̄`) (→ many systematics cancel)
6 / 21



II. New inclusive measurement
[arXiv:1112.0702]
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p∗
! > 1 GeV: a fit to the lepton momentum spectrum and

a fit to the two-dimensional histogram MX – q2. Since
the same events enter both fits, the correlation is very
high. The fact that the results are in excellent agreement
indicates that the distribution of the simulated signal and
background distributions agree well with the data.

Correlations between the different analyses are re-
ported in the entries above the main diagonal of Table IV.

In addition, a series of fits to the lepton momentum
spectrum has been performed with the lower limit on
p∗

! increasing from 1.0 GeV to 2.4 GeV. The results
are presented in Section VI; the measurement at p∗

! >
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p∗
! > 1 GeV: a fit to the lepton momentum spectrum and

a fit to the two-dimensional histogram MX – q2. Since
the same events enter both fits, the correlation is very
high. The fact that the results are in excellent agreement
indicates that the distribution of the simulated signal and
background distributions agree well with the data.

Correlations between the different analyses are re-
ported in the entries above the main diagonal of Table IV.

In addition, a series of fits to the lepton momentum
spectrum has been performed with the lower limit on
p∗

! increasing from 1.0 GeV to 2.4 GeV. The results
are presented in Section VI; the measurement at p∗

! >

↑
a) mX < 1.55 GeV or mX < 1.70 GeV

b) P+ < 0.66 GeV

c) mX < 1.70 GeV & q2 > 8 GeV2

d) p∗` > 1.0 GeV or p∗` > 1.3 GeV

← a) & b) mX − q2, p∗` > 1.0 GeV

(White) B → Xu ` ν̄`; (Cyan) B → Xu ` ν̄`
leakage into signal region; (Grey) Bkg from

B → Xc ` ν̄` and other sources
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II. New inclusive measurement
[arXiv:1112.0702]

- |Vub| =
√

∆B
τB ∆Γtheory

with ∆Γtheory from
ADFR [EPJC:59;831], BLNP [NPB:699;335], DGE [JHEP:0601097],

GGOU[JHEP:0710:058]

- mX − q2, p∗` > 1.0 GeV vs p∗` > 1.0 GeV

Events overlap completely; Very nice agreement between theory

predictions and signal regions→ large region of phase space, very

reduced sensitivity to non-pert. corrections (=̂ shape function)

- mX − q2, p∗` > 1.0 GeV vs mX < 1.7 GeV
Large overlap, cut on mX increases sensitivity to non-pert.

corrections (=̂ shape function)

|Vub| × 103 p∗l > 1.0 GeV mX − q2 mX < 1.7 GeV

ADFR 4.3± 0.3+ 0.2
−0.2 4.3± 0.2+ 0.2

−0.2 3.7± 0.2+ 0.2
−0.2

BLNP 4.3± 0.3+ 0.2
−0.2 4.3± 0.2+ 0.2

−0.2 4.0± 0.2+ 0.2
−0.2

DGE 4.4± 0.3+ 0.1
−0.1 4.4± 0.2+ 0.1

−0.1 4.2± 0.2+ 0.3
−0.2

GGOU 4.4± 0.3+ 0.1
−0.1 4.4± 0.2+ 0.1

−0.1 3.9± 0.2+ 0.2
−0.2

GGOU

CKMFitter

q2-MX ; El>1 GeV

El>1 GeV

ÈVubÈ Inclusive

ΒΓ

Α

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-0.5

-0.3

-0.1

0.1

0.3

0.5

Ρ

Η

GGOU

CKMFitter

q2-MX ; El>1 GeV

MX < 1.70 GeV

ÈVubÈ Inclusive

ΒΓ

Α

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-0.5

-0.3

-0.1

0.1

0.3

0.5

Ρ
Η

The apex of the UT from the Moriond 2012 CKMFitter result is compared to the constraints from the new

BABAR inclusive measurement as determined by the QCD calculation from [JHEP:0710:058], A = 0.812± 0.022,

and λ = 0.22543± 0.00095. → other calculations in Backup
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III.a New B → h ` ν̄` measurement
[to be submitted]

At a glance:

- Full BABAR dataset of 467.8× 106 BB̄

- B → h ` ν̄` with h = π, η, η′, ω

- Untagged; loose neutrino reconstruction

- q2 = (pB − ph)2, pB from average over
directions; resolution unfolded

- q2 dependent selection → Figure

- Binned LH Fit in ∆E −mES − q2:
h = π: Signal in 12 bins of q2; Bkg in two bins of q2

h = ω: Signal in 5 bins of q2; Bkg in one q2 bin

h = η: Signal in 5 bins of q2; fixed or in one q2 bin

h = η′: Signal in 1 bins of q2; Bkg fixed

- ∆E −mES Signal & Background PDFs :
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FIG. 1: (color online) Left panels: Distributions of the selec-
tion values for the q2-dependent variables used in the analysis
of B0 → π−"+ν decays. The vertical axis represents the se-
lection 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 indicate the rejected
regions. 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

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

s 251

and mES =
√

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

B are used 252

in a fit to provide discrimination between signal and 253

background decays. Here,
√

s is the center-of-mass en- 254

ergy of the colliding particles and PB = Pmeson +P!+Pν , 255

in the laboratory frame. We only retain candidates with 256

|∆E| < 1.0 GeV and mES > 5.19 GeV, thereby remov- 257

ing a region with large backgrounds from the fit. Fewer 258

than 6.6% (12.5%, 7.2%, 7.4% and 1.9%) of all π−#ν 259

(π0#ν, ω#ν, η#ν, η′#ν) events have more than one can- 260

didate per event. For events with multiple candidates, 261

only the candidate with the largest value of cos θ! is kept. 262

The signal event reconstruction efficiency varies between 263

6.1% and 8.5% for B0 → π−#+ν decays, between 2.8% 264

and 6.0% for B+ → π0#+ν decays, between 1.0% and 265

2.2% for B+ → ω#+ν decays, between 0.9% and 2.6% for 266

B+ → η#+ν decays (γγ channel), depending on the value 267

of q2. It is 0.6% for both B+ → η#+ν (π+π−π0 channel) 268

and B+ → η′#+ν decays. The efficiencies are given as a 269

function of q2 in Tables XXIII-XXVII of the Appendix. 270

IV. BACKGROUNDS AND SIGNAL 271

EXTRACTION 272

Backgrounds can be broadly grouped into three main 273

categories: decays arising from b → u#ν transitions 274

(other than the signal), decays in other BB events (ex- 275

cluding b → u#ν) and decays in continuum events. The 276

“other BB” background is the sum of different contri- 277

butions, mostly (> 75%)due to B → D/D∗/D∗∗ de- 278

cays. For the B0 → π−#+ν, B+ → π0#+ν and combined 279

B → π#+ν modes, in which there are many events, each 280

of the first two categories is further split into a back- 281

ground category where the pion and the lepton come 282

from the decay of the same B meson (“same B” cate- 283

gory), and a background category where the pion and 284

the lepton come from the decay of different B mesons 285

(“both B” category). 286

We use the ∆E-mES histograms, obtained from the 287

MC simulation, as two-dimensional probability density 288

functions (PDFs) in an extended maximum-likelihood 289

fit [23] to the data to extract the yields of the signal and 290

backgrounds as a function of q2. It should be noted that 291

this fit method incorporates the statistical uncertainty 292

from the finite MC sample size into the fit uncertainty. 293

The ∆E-mES plane is subdivided into 34 bins for each 294

bin of q2 in the fits to the π−#+ν, π0#+ν and π#+ν de- 295

cay data where we have a reasonably large number of 296

events, and into 19 bins in the fits to the ω#+ν, η#+ν 297

and η′#ν decay data. The ∆E-mES distributions for the 298

B0 → π−#+ν decay channel are shown in Fig. 2. The 299

binning used in this case is also displayed in the figure. 300

As can be seen, the size of each bin is varied. This is 301

done to ensure we have a reasonable number of events in 302

each bin for the fit to converge. The parameters of the 303

fit are the scaling factors of the MC PDFs. Their val- 304

ues, obtained in this work, are presented in Table XIV 305
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FIG. 1: (color online) Left panels: Distributions of the selec-
tion values for the q2-dependent variables used in the analysis
of B0 → π−"+ν decays. The vertical axis represents the se-
lection 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 indicate the rejected
regions. 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

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

s 251

and mES =
√

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

B are used 252

in a fit to provide discrimination between signal and 253

background decays. Here,
√

s is the center-of-mass en- 254

ergy of the colliding particles and PB = Pmeson +P!+Pν , 255

in the laboratory frame. We only retain candidates with 256

|∆E| < 1.0 GeV and mES > 5.19 GeV, thereby remov- 257

ing a region with large backgrounds from the fit. Fewer 258

than 6.6% (12.5%, 7.2%, 7.4% and 1.9%) of all π−#ν 259

(π0#ν, ω#ν, η#ν, η′#ν) events have more than one can- 260

didate per event. For events with multiple candidates, 261

only the candidate with the largest value of cos θ! is kept. 262

The signal event reconstruction efficiency varies between 263

6.1% and 8.5% for B0 → π−#+ν decays, between 2.8% 264

and 6.0% for B+ → π0#+ν decays, between 1.0% and 265

2.2% for B+ → ω#+ν decays, between 0.9% and 2.6% for 266

B+ → η#+ν decays (γγ channel), depending on the value 267

of q2. It is 0.6% for both B+ → η#+ν (π+π−π0 channel) 268

and B+ → η′#+ν decays. The efficiencies are given as a 269

function of q2 in Tables XXIII-XXVII of the Appendix. 270

IV. BACKGROUNDS AND SIGNAL 271

EXTRACTION 272

Backgrounds can be broadly grouped into three main 273

categories: decays arising from b → u#ν transitions 274

(other than the signal), decays in other BB events (ex- 275

cluding b → u#ν) and decays in continuum events. The 276

“other BB” background is the sum of different contri- 277

butions, mostly (> 75%)due to B → D/D∗/D∗∗ de- 278

cays. For the B0 → π−#+ν, B+ → π0#+ν and combined 279

B → π#+ν modes, in which there are many events, each 280

of the first two categories is further split into a back- 281

ground category where the pion and the lepton come 282

from the decay of the same B meson (“same B” cate- 283

gory), and a background category where the pion and 284

the lepton come from the decay of different B mesons 285

(“both B” category). 286

We use the ∆E-mES histograms, obtained from the 287

MC simulation, as two-dimensional probability density 288

functions (PDFs) in an extended maximum-likelihood 289

fit [23] to the data to extract the yields of the signal and 290

backgrounds as a function of q2. It should be noted that 291

this fit method incorporates the statistical uncertainty 292

from the finite MC sample size into the fit uncertainty. 293

The ∆E-mES plane is subdivided into 34 bins for each 294

bin of q2 in the fits to the π−#+ν, π0#+ν and π#+ν de- 295

cay data where we have a reasonably large number of 296

events, and into 19 bins in the fits to the ω#+ν, η#+ν 297

and η′#ν decay data. The ∆E-mES distributions for the 298

B0 → π−#+ν decay channel are shown in Fig. 2. The 299

binning used in this case is also displayed in the figure. 300

As can be seen, the size of each bin is varied. This is 301

done to ensure we have a reasonable number of events in 302

each bin for the fit to converge. The parameters of the 303

fit are the scaling factors of the MC PDFs. Their val- 304

ues, obtained in this work, are presented in Table XIV 305

cuts(q2) for MM2/(2Emiss) and the cosine of

the lepton helicity angle cos θl . The shaded

region is excluded.
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FIG. 14: (color online) ∆E mES distributions 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 in this particular
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III.b New B → h ` ν̄` measurement
[to be submitted]

∆B(B → π ` ν̄`)/∆q2; ∆B(B → ω ` ν̄`))/∆q2; ∆B(B → η ` ν̄`))/∆q2
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include systematic uncertainties. The solid black curve shows
the result of the fit to the data of the BGL [16] parametriza-
tion. The data are also compared to unquenched LQCD cal-
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|Vub| from B → π ` ν̄` two methods:

a Sum rule or lattice based QCD prediction of decay rate:

q2/GeV2 |Vub| × 103

[PRD:73074502] > 16 3.47± 0.13+ 0.60
−0.39

[PRD:830904021] < 12 3.46± 0.10+ 0.37
−0.32

[arXiv:1203.1359] 0 3.34± 0.11+ 0.29
−0.26

b Combined lattice and data fit of whole q2 range with
model independent form factor parametrization:

|Vub| = 3.25± 0.31× 10−3

[PRD:56303],[PRD:80034026],[PRD:79054507]

CKMFitter

Lattice+BGL

LCSR

HPQCD

ÈVubÈ from B® Π l Ν

ΒΓ

Α

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
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[CKM Fitter Moriond 2012]
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BABAR charmless overview:
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III.c New B → ω ` ν̄` measurement
[arXiv:1205.6245]At a glance:

- Full BABAR dataset of 467.8× 106 BB̄

- Untagged B → ω ` ν̄`; loose neutrino
reconstruction.

- q2 = (p` + pmiss)
2

- Neural Network based selection to suppress
continuum and B → Xc ` ν̄`

- BB̄ comb. Bkg from ω-mass sideband

9

ω BB and qq̄ sources are taken from MC samples, we
choose to represent the dominant combinatoric-ω back-
ground by the distributions of data events in the m3π

sidebands, thereby reducing the dependence on MC sim-
ulation of these backgrounds. The normalization of these
background data is taken from a fit to the 3-π mass dis-
tribution in the range 0.680 < m3π < 0.880 GeV. To ob-
tain a sample corresponding to the combinatoric-ω back-
ground from BB and qq̄ events only, we subtract the MC
simulated m3π contribution of the small combinatoric-ω
B+ → ω#+ν signal sample. The resulting m3π distri-
bution is fitted to the sum of a relativistic Breit-Wigner
convolved with a normalized Gaussian function, and the
combinatoric background described by a second degree
polynomial. The resulting fit to the m3π distribution for
the all-q2 sample is shown in Fig. 2. The χ2 per num-
ber of degrees of freedom (NDF) for the fits are within
the range expected for good fits. The fitted background
function is used to determine the weights to apply to the
upper and lower sidebands to scale them to the expected
yield of combinatoric-ω BB and qq̄ background in the
m3π peak region. The peak and two sideband regions
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FIG. 2: Fit to the distribution of m3π for data from the all-
q2 sample, with MC combinatoric-ω signal subtracted. The
dashed (red) and dotted (blue) curves describe the fitted
peaking and combinatoric background functions, respectively,
and the solid (black) curve is their sum. The peak and side-
band regions are also indicated.

are chosen to have a width of 46 MeV, with gaps be-
tween them of 23 MeV, also shown in Fig. 2. Since the
normalization of the combinatoric-ω signal contribution
depends on the fitted signal scale factor, which is a pri-
ori unknown, this component is rescaled for multiple fit
iterations until the signal scale factor converges.

B. Fit Results

The fitting procedure has been validated on pseudo-
experiments generated from the MC PDFs. We find no
biases and the uncertainties follow the expected statisti-

cal distribution. The yields of the signal, true-ω BB,
and true-ω qq̄ components obtained from the binned
maximum-likelihood fit to ∆E-mES are presented in Ta-
ble III. The uncertainties for true-ω qq̄ in q2 bins 2–5
are derived as the same fractional uncertainty on qq̄ in
q2 bin 1. The uncertainties on the combinatoric-ω back-
ground are calculated from the m3π fit errors. The sig-
nal yield from the fit to the full q2 range is consistent
within the uncertainty with the signal yields summed
over all five individual q2 bins. However, the true-ω
qq̄ and BB yields for the single q2 fit differ significantly
from the sum of the five q2 bins; this can be explained by
the large anti-correlation between these two components.
The fixed combinatoric-ω background yield accounts for
83% of all backgrounds. Projections of the fitted distri-
butions of mES for the all-q2 fit and for the five q2 bins
fit are shown in Fig. 3. The agreement between the data
and fitted MC samples is reasonable for distributions of
∆E, mES, and q2, as indicated by the χ2/NDF proba-
bilities listed in Table III. The correlations among the
parameters are listed in Table IV. The strongest cor-
relation is between the qq̄ and BB components, which
have relatively similar ∆E-mES shapes. Fixing the qq̄
component leads to a larger correlation between signal
and background in the five q2 bins fit than in the all-
q2 fit. The branching fraction, B(B+ → ω#+ν), av-
eraged over electron and muon channels, is defined as
B(B+ → ω#+ν) =

∑
i(N

sig
i /εsigi )/(4f±NBB), where N sig

i
refers to the number of reconstructed electron and muon
signal events in q2 bin i, εsigi is the reconstruction ef-

ficiency, f± is the fraction of B+B− decays in all BB
events, and NBB is the number of produced BB events.
The factor of 4 comes from the fact that B is quoted as
the average of # = e and µ samples, not the sum, and the
fact that either of the two B mesons in the B+B− event
may decay into the signal mode. The partial branching
fractions are listed in Table V.

V. SYSTEMATIC UNCERTAINTIES

Table VI summarizes the contributions to the system-
atic uncertainty. The largest systematic uncertainties are
related to the event reconstruction, and are determined
with procedures similar to those described in a recent
BABAR analysis [8]. These uncertainties are primarily
a consequence of the neutrino reconstruction, which de-
pends on the detection of all of the particles in the event.
To assess the uncertainty from the track reconstruction,
the analysis is repeated, eliminating tracks at random
with a probability determined by the uncertainty in the
tracking efficiency. Similarly, we evaluate the uncertainty
from photon reconstruction efficiency by eliminating pho-
tons at random as a function of the photon energy. Since
a K0

L leaves no track and deposits only a small fraction
of its energy in the calorimeter, the reconstruction of the
neutrino is impacted. The uncertainty on the K0

L MC
simulation involves the shower energy deposited by the

- Binned LH Fit in ∆E −mES − q2
(→ Plot )

q2/GeV2 |Vub| × 103

[PRD:71014029] < 12 3.41± 0.28± 0.38

Signal in 5 bins of q2; BB̄ Bkg with true ω in 5 bins of q2

10

TABLE III: Yields from the five q2 bins and all-q2 fits, with the fit χ2/NDF and corresponding probability. Components listed
in bold have scale factors that are fixed in the fit; the uncertainties on their yields are determined separately from the fit.

q2 range ( GeV2) 0–4 4–8 8–10 10–12 12–21 0–21
all signal 263 ± 77 185 ± 56 175 ± 41 224 ± 40 252 ± 63 1041 ± 133

true-ω signal 244 163 147 173 144 804
comb.-ω signal 19 22 27 51 108 237

BB (true-ω) 111 ± 110 305 ± 77 124 ± 63 51 ± 63 530 ±102 852 ± 250
qq̄ (true-ω) 394 ± 144 139 [± 51] 62 [± 23] 33 [± 12] 61 [± 22] 1048 ± 280
comb.-ω bkgd. 1742 [± 44] 1820 [± 47] 1241 [± 34] 1520 [± 37] 3908 [± 61] 10222 [± 102]
Total 2509 2449 1601 1827 4752 13163

χ2/NDF 21.7/17 20.6/18 12.7/18 23.6/18 19.4/18 15.2/17
Prob(χ2, NDF) 20% 30% 81% 17% 37% 58%
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FIG. 3: Distributions of mES after the fit, for five separate q2 bins and the full q2 range, in the ∆E signal band, −0.25 < ∆E ≤
0.25 GeV, and the ratio of the data to the fitted MC prediction. The points represent data in the m3π peak, while the histogram
represents the sum of source components, signal (white), true-ω BB (light gray), true-ω qq̄ (dark gray), and combinatoric-ω
background (diagonal lines).

K0
L

in the calorimeter, the K0
L

reconstruction efficiency,
and the inclusive K0

L production rate from BB events.
We assign an uncertainty on the identification efficiency
of electrons and muons, as well as on the lepton and kaon
vetoes of the ω daughter pions. These uncertainties are
derived from studies of the selector performance on data
control samples. The uncertainty in the calculation of
the LCSR form factors impacts the uncertainty on the
branching fraction because the signal efficiency depends

on the predicted distribution in q2. We assess the change
in the signal efficiency as the form factors are varied
within their uncertainties. We include the uncertainty on
the branching fraction of the ω decay, B(ω → π+π−π0) =
(89.2±0.7)×10−2 [24]. To evaluate the uncertainty from
radiative corrections, candidates are reweighted by 20%
of the difference between the spectra with and without
PHOTOS [26], which models the final state radiation of
the decay. The uncertainty on the true-ω backgrounds
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FIG. 4: Partial branching fractions (points with error bars)
with respect to q2. The data are compared with the predic-
tions from light-cone sum rules (LCSR) [9] and a quark-model
calculation (ISGW2) [10]. The uncertainty band (shaded) is
given for the LCSR calculation.

uncertainties, the χ2/NDF of the measured distribution
relative to the LCSR prediction [9] is 6.9/5, correspond-
ing to a χ2 probability of 23%; relative to the ISGW2
prediction [10] the χ2/NDF is 7.9/5, with a χ2 proba-
bility of 16%. Within the large experimental uncertain-
ties, both the LCSR and ISGW2 form factor calculations
are consistent with the data. The uncertainties of the
ISGW2 form factor calculation are not available. The
uncertainties of the LCSR calculation were estimated by
the authors to vary linearly as a function of q2; i.e.,
σdB/dq2/(dB/dq2) = 21% + 3% × q2/(14 GeV2), for the
B → ρ$ν decays [28]. It is assumed that this estimate
is also valid for B+ → ω$+ν decays. The value of |Vub|
can be determined from the measured partial branching
fraction, the B+ lifetime τ+ = (1.638±0.011) ps [24], and
the integral ∆ζ of the differential decay rate:

|Vub| =

√
∆B(q2

min, q
2
max)

τ+ ∆ζ(q2
min, q2

max)
,

∆ζ(q2
min, q2

max) =
1

|Vub|2
∫ q2

max

q2
min

dΓtheory

dq2
dq2 . (3)

Table VII lists the values of ∆ζ and |Vub| for LCSR
and ISGW2 in different ranges of q2. LCSR calculations
are more accurate at low q2, while ISGW2 predictions
are more reliable at high q2. Both form factor calcula-
tions arrive at very similar values for |Vub|. These val-
ues of |Vub| are consistent with |Vub| determined from
B → ρ$ν decays [8], and smaller than those determined
from B → π$ν decays [29]. The value of B(B+ → ω$+ν)
measured in this analysis supersedes the previous BABAR

measurement [6] based on a smaller data sample. The
two results are in close agreement; the principal difference

TABLE VII: |Vub|, determined from two form factor calcula-
tions of ∆ζ, in different ranges of q2. The first uncertainty
is experimental (the sum in quadrature of statistical and sys-
tematic); the second uncertainty is from theory, and is only
available for LCSR.

q2 ( GeV2) ∆ζ( ps−1) |Vub| (×10−3)
0–12 7.8 ± 1.8 2.41 ± 0.20 ± 0.27

LCSR [9] 12–21 6.4 ± 1.5 1.99 ± 0.27 ± 0.24
0–21 14.2 ± 3.3 2.23 ± 0.18 ± 0.26
0–12 7.3 2.51 ± 0.20

ISGW2 [10] 12–21 6.8 1.92 ± 0.27
0–21 14.1 2.24 ± 0.18

between this analysis and the previous one is that the
combinatoric-ω background is taken from the sideband
of the data m3π distribution rather than from MC simu-
lation. Although the dominant systematic uncertainties
from event reconstruction cannot be avoided, this proce-
dure substantially reduces the reliance on the MC simu-
lation to model the composition of this largest source of
background. Currently, the QCD predictions of the form
factors, and in particular their uncertainties, have limited
precision for B+ → ω$+ν and B → ρ$ν decays. Further-
more, the form factor uncertainties impact |Vub| derived
from B(B+ → ω$+ν). Form factor calculations with re-
duced uncertainties combined with improved measure-
ments would also enable tests and discrimination among
different predictions as a function of q2, and thereby im-
prove measurements of |Vub|.
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III.c New B → ω ` ν̄` measurement
[to be submitted]At a glance:

- Full BABAR dataset of 467.8× 106 BB̄

- Tagged measurement of B → ω ` ν̄`

- Partial reconstruction of secondary B meson
kinematic via B → D(∗) ` ν̄`

- Kinematics of B-mesons inferred from beam
constraints + D(∗) ` and ω ` candidates

- q2 = (pB − pω)2, meas. in B rest frame.

- Binned LH fit in cosφ2
B − q2:

π0, and K− π+ π+ π− decays. Neutral pions are recon-
structed as π0 → γγ with the requirement 115 < mγγ <
150 MeV/c2. Masses of D candidates are required to be
within 20 (30) MeV/c2 of their nominal value for the K−

π+ and K− π+ π+ π− (K− π+ π0) modes. We require
the charged secondary tracks to originate from a common
vertex. We reconstruct D∗0 mesons as D0π0. The mass
difference between the D∗0 candidate and its correspond-
ing D0 must be within 5 MeV/c2 of its expected value.
Candidate D(∗) mesons are paired with a charged lepton
with absolute momentum (in the CM frame, denoted by
a *) |#p ∗

" | > 0.8 GeV/c to form a Y = D(∗)$ candidate.
The electron energy is corrected for bremsstrahlung pho-
tons emitted and detected close to the electron direction.
The lepton and the kaon from the D decay must have
the same charge. Assuming that the B− → Y ν̄ decay
hypothesis is correct, the angle θBY between the direc-
tions of the (measured) Y and its parent B is given by

cos θBY =
2EBEY − m2

B − m2
Y

2|#pB||#pY | (1)

where EB , mB, and |#pB| (EY , mY , and |#pY |) are the
energy, mass, and absolute momentum of the B meson
(Y system). In the CM frame, energy and momentum
of the B meson can be inferred from initial beam en-
ergies. If the B− → Y ν̄ hypothesis is correct, then
| cos θBY | ≤ 1, up to experimental resolution; because
cos θBY is strongly correlated with our discriminating
variable cos2 φB (described below), we impose the loose
requirement | cos θBY | ≤ 5.

After identifying the tag B, we require the remaining
particles in the event to be consistent with a B+ → ω$+ν
decay, i.e. there should be exactly three additional
tracks, one of them being identified as a charged lepton.
We require the additional lepton to have an absolute CM
momentum |#p ∗

" | > 0.8 GeV/c. The remaining tracks (as-
sumed to be pions and required to come from a common
vertex) and neutral pions in the event are combined to
form ω candidates with an invariant mass between 0.75
and 0.81 GeV/c2. These ω candidates are then paired
with the lepton (including photons consistent with hav-
ing originated from bremsstrahlung from it) to form a
X = ω$ candidate. The angle θBX is defined analo-
gously to θBY , and we require | cos θBX | ≤ 5. Since the
signal decay is charmless, the momenta of the daugh-
ter particles tend to be relatively large; we thus require
|#p ∗

ω | + |#p ∗
" | > 2.5 GeV/c, where |#p ∗

ω | is the absolute CM
momentum of the ω candidate. The two leptons in an
event are required to have opposite charge.

We also reject events containing lepton pairs kinemati-
cally and geometrically consistent with having originated
from the decay of a J/ψ meson. If the two leptons are
an e+e− pair, we require them not to be consistent with
γ → e+e− conversion.

For each combination of D(∗)$−andω$+ candidates, we
require that there be no additional tracks in the event and
less than 200 MeV of neutral energy (i.e. photon candi-

γ

B
φBYθ

BXθY
p*

X
p*

tagB
p*

sigB
p*

FIG. 1: Event kinematics of a double-semileptonic decay. The
various angles and momenta are described in the text.

dates) not associated with the D(∗)$− or ω$+ candidates.
In the case that more than one D(∗)$− − ω$+ pair satis-
fies all requirements for a given event, a single candidate
is chosen by the following method: if a Y = D∗$− is re-
constructed, all Y = D$− candidates reconstructed with
the same D are discarded. Among the remaining multi-
ple Y = D∗$− or Y = D$− candidates, those with the
reconstructed D mass closest to the nominal value are
selected. If several candidates fall into this category (i.e.
events with multiple X = ω$+ candidates), we select that
candidate with the smallest absolute value of cos θBY and
cos θBX , in that order.

The two momentum vectors of the reconstructed Y and
X systems together define a plane. The angles between
either system and its corresponding B meson, θBY and
θBX , are calculated in the CM frame using the known
beam energies, so that the possible B directions are con-
strained to two cones around #p ∗

Y (X) with angles θBY (BX),

respectively. This information, together with the require-
ment that tag and signal B mesons emerge back-to-back
in the CM frame, determines the direction of either B
meson up to a two-fold ambiguity. A schematic of the
event kinematics is shown in Fig. 1. The angle between
the Y − X plane and either #p ∗

B possibility, denoted by
φB, is given by:

cos2 φB =
cos2 θBY + 2 cosγ cos θBY cos θBX + cos2 θBX

sin2 γ
(2)

where γ is the angle between the X and Y momenta.
Events consistent with the hypothesis of two semileptonic
B → Y (X)ν decays have cos2 φB ≤ 1, up to resolution
effects.

We extract the signal yield from an extended binned
maximum-likelihood fit to the measured cos2 φB distribu-
tion. The data are described as a sum of three contribu-
tions, dN/d cos2 φB = NsigPsig +NbkgPbkg +NcontPcont,
where these Ni and Pi are the yield and probability

cosφB : angle of tag B 3-momentum and the plane spanned by

the D(∗)(n π) ` and ω ` 3-momenta

q2/GeV2 |Vub| × 103

[PRD:71014029] full 3.39± 0.32± 0.65

density functions (PDF) of: signal (“sig”), BB̄ back-
ground (“bkg”) and background from continuum events
(“cont”). The signal PDF, Psig, is modelled as a thresh-
old function (constant between zero and one, vanishing
elsewhere) with finite resolution and an exponential tail.
The BB and continuum background PDFs are modelled
as an exponential with a non-negative constant term.
The continuum yield is fixed to the observed yield in
continuum MC, rescaled to the on-peak luminosity. The
PDF parameters are fixed to the ones obtained from the
fit to MC signal and background events, and the differ-
ent yields are obtained with an unbinned maximum like-
lihood fit (see Figure 2) of dN/d cos2 φB to the data. We
find 103 ± 16 signal events. The most dominant contri-
bution to background events comes from B+ → Xc"

+ν
events, with most of the B+ → Xu"

+ν background elim-
inated through the cut on extra neutral energy. The
B+ → ω"+ν reconstruction efficiency is determined from
MC signal events and given in Table I; it includes the
tagging efficiency of 4.4%, and the lepton ID efficiency of
92% for electrons and 80% for muons, respectively.
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FIG. 2: Distribution of cos2 φB. Points represent data, the
curves are stacked fit results for “cont” (dashed), “bkg” (dot-
ted), and “sig” (solid) PDFs, as defined in the text.

We also measure the partial branching fraction dB/dq2

in bins of the invariant-mass squared of the lepton-
neutrino system, q2. For a B+ → ω"+ν decay, q2 is
calculated in the approximation that the B is at rest,
i.e., q2 = (mB −Eω)2 −p2

ω, where Eω and pω are, respec-
tively, the energy and momentum of the ω meson. We
divide the data into three bins: q2 < 7, 7 ≤ q2 < 14 and
q2 ≥ 14 GeV2/c2, in each of which the yield is extracted
separately. In Figure 3, the measured partial branching
fractions are compared to the predicted q2 dependence
by Ball-Zwicky [9–11], and ISGW2 [14] calculations, nor-
malized to the measured total branching fraction. Table I
summarizes the measured partial branching fractions.
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FIG. 3: The partial branching fractions ∆B(B+ → ω#+ν!) in
q2 bins. The points with error bars are the measurements.
The histograms are predictions by Ball-Zwicky (dark), and
ISGW2 (light) calculations, each scaled to the measured total
branching fraction.

TABLE I: Signal yields, reconstruction efficiencies, and par-
tial branching fractions ∆B(B+ → ω#+ν!) in three bins of q2.
The uncertainties are statistical and systematic, respectively.

q2 bin signal yield efficiency ∆B(B+ → ω#+ν!)
(GeV2/c2) (10−4) (10−5)

q2 < 7 35 ± 8 10.6 3.6 ± 0.8 ± 0.4
7 ≤ q2 < 14 39 ± 10 7.91 5.4 ± 1.4 ± 0.5

q2 ≥ 14 28 ± 9 6.81 4.5 ± 1.6 ± 0.5
Total 103 ± 16 8.41 13.4 ± 2.1 ± 1.0

The B− → D(∗)"−ν̄" reconstruction efficiency is deter-
mined via an analogous cos2 φB study of “double tag”
events, i.e., events reconstructed as BB with both B
mesons decaying as B → D(∗)"ν".

The systematic errors on the measured branching frac-
tion are listed in Table II . They are estimated by varying
the detection efficiencies or the parameters that impact
the modelling of the signal and the background processes
within their uncertainties. The complete analysis is then
repeated and the differences in the resulting branching
fractions are taken as the systematic errors. The total
systematic error is obtained by adding in quadrature all
listed contributions.

Uncertainties due to the reconstruction of charged par-
ticles and photons are evaluated by varying their recon-
struction efficiencies and the energy depositions of pho-
tons in the simulation, and comparing the resulting ef-
ficiencies to the original ones. As double tag events are
used to determine the D(∗)"ν reconstruction efficiency,
detector simulation uncertainties are applied only to par-

density functions (PDF) of: signal (“sig”), BB̄ back-
ground (“bkg”) and background from continuum events
(“cont”). The signal PDF, Psig, is modelled as a thresh-
old function (constant between zero and one, vanishing
elsewhere) with finite resolution and an exponential tail.
The BB and continuum background PDFs are modelled
as an exponential with a non-negative constant term.
The continuum yield is fixed to the observed yield in
continuum MC, rescaled to the on-peak luminosity. The
PDF parameters are fixed to the ones obtained from the
fit to MC signal and background events, and the differ-
ent yields are obtained with an unbinned maximum like-
lihood fit (see Figure 2) of dN/d cos2 φB to the data. We
find 103 ± 16 signal events. The most dominant contri-
bution to background events comes from B+ → Xc"

+ν
events, with most of the B+ → Xu"

+ν background elim-
inated through the cut on extra neutral energy. The
B+ → ω"+ν reconstruction efficiency is determined from
MC signal events and given in Table I; it includes the
tagging efficiency of 4.4%, and the lepton ID efficiency of
92% for electrons and 80% for muons, respectively.
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FIG. 2: Distribution of cos2 φB. Points represent data, the
curves are stacked fit results for “cont” (dashed), “bkg” (dot-
ted), and “sig” (solid) PDFs, as defined in the text.

We also measure the partial branching fraction dB/dq2

in bins of the invariant-mass squared of the lepton-
neutrino system, q2. For a B+ → ω"+ν decay, q2 is
calculated in the approximation that the B is at rest,
i.e., q2 = (mB −Eω)2 −p2

ω, where Eω and pω are, respec-
tively, the energy and momentum of the ω meson. We
divide the data into three bins: q2 < 7, 7 ≤ q2 < 14 and
q2 ≥ 14 GeV2/c2, in each of which the yield is extracted
separately. In Figure 3, the measured partial branching
fractions are compared to the predicted q2 dependence
by Ball-Zwicky [9–11], and ISGW2 [14] calculations, nor-
malized to the measured total branching fraction. Table I
summarizes the measured partial branching fractions.
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FIG. 3: The partial branching fractions ∆B(B+ → ω#+ν!) in
q2 bins. The points with error bars are the measurements.
The histograms are predictions by Ball-Zwicky (dark), and
ISGW2 (light) calculations, each scaled to the measured total
branching fraction.

TABLE I: Signal yields, reconstruction efficiencies, and par-
tial branching fractions ∆B(B+ → ω#+ν!) in three bins of q2.
The uncertainties are statistical and systematic, respectively.

q2 bin signal yield efficiency ∆B(B+ → ω#+ν!)
(GeV2/c2) (10−4) (10−5)

q2 < 7 35 ± 8 10.6 3.6 ± 0.8 ± 0.4
7 ≤ q2 < 14 39 ± 10 7.91 5.4 ± 1.4 ± 0.5

q2 ≥ 14 28 ± 9 6.81 4.5 ± 1.6 ± 0.5
Total 103 ± 16 8.41 13.4 ± 2.1 ± 1.0

The B− → D(∗)"−ν̄" reconstruction efficiency is deter-
mined via an analogous cos2 φB study of “double tag”
events, i.e., events reconstructed as BB with both B
mesons decaying as B → D(∗)"ν".

The systematic errors on the measured branching frac-
tion are listed in Table II . They are estimated by varying
the detection efficiencies or the parameters that impact
the modelling of the signal and the background processes
within their uncertainties. The complete analysis is then
repeated and the differences in the resulting branching
fractions are taken as the systematic errors. The total
systematic error is obtained by adding in quadrature all
listed contributions.

Uncertainties due to the reconstruction of charged par-
ticles and photons are evaluated by varying their recon-
struction efficiencies and the energy depositions of pho-
tons in the simulation, and comparing the resulting ef-
ficiencies to the original ones. As double tag events are
used to determine the D(∗)"ν reconstruction efficiency,
detector simulation uncertainties are applied only to par-

Fitted cosφB and q2 spectrum
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IV. Comparison of |Vub| from both approaches
I. Good agreement between |Vub| from different exclusive measurements.

Unquenched Lattice predictions for form factors for B → ω ` ν̄` and B → ρ ` ν̄` highly desirable,

considerable width of ρ might make the ω easier target.

II. Tension between exclusive vs inclusive |Vub|
Many ideas floating in the room: poorly understood QCD (→ SIMBA), new physics (e.g. right-handed

currents), poorly understood backgrounds (e.g. B → Xc ` ν̄` which has its own mysteries), experimental

uncertainties underestimated, etc.
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|Vub| from the combined data-lattice fit from page X for B → π ` ν̄` is compared to the values for B → ω ` ν̄` and

B → ρ ` ν̄` determined using the Sum rule calculation of [PRD:71014029]; The right-hand side shows the inclusive result

from page Y for two phase-space regions and using the QCD calculation from [JHEP:0710:058].
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V. Summary: The status of charmless decays and |Vub|

I. Measurements using the full BABAR dataset for 4 exclusive modes
Understand what makes up ≈ 44% of the inclusive B → Xu ` ν̄` spectra for mX < 1.55 GeV

II. Inclusive b → u ` ν̄` measurement using the full BABAR dataset

Tension between inclusive and exclusive values of |Vub| remain:
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Inclusive |Vub| from [arXiv:1112.0702] from GGOU with q2 − mX fit with E∗l > 1.0 GeV is compared with the

combined B → π ` ν̄` data-lattice fit from slide 10. The CKMFitter result is from Moriond 2012 result.

Future plans at BABAR : tagged B → ρ ` ν̄`; B → hh̄ ` ν̄` with h = p,K , pi , ...
Studies for a better understanding of exclusive b → c ` ν̄` background.
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A.a Motivation
Flavor sector of Standard Model (SM):

L =
g2√

2
W+
µ ū′L γ

µVCKM d′L + h.c.

VCKM couples Weak and Mass eigenstates

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


VCKM VCKM

† = 1→ 6 triangle equations, e.g.

Unitary triangle: VudV
∗
ub + VtdV

∗
tb + VcdV

∗
cb = 0

Complex phase of VCKM: (ρ̄ + i η̄)

a
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Semileptonic b → q decays:
2

Vqb

W�

`�

⌫̄`

b

ū q

ū

Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

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`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/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 di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi
��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective 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 a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi 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, di↵erent
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⇤,⇡, ....
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 e↵ec-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 e↵ects. 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 ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

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� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) 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, �✓thrust, 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) � (
X

i

Ei,
X

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,

Characterized by:

q2 = (pB − pX )2 = (p` + pν̄ )2

mX : Invariant hadronic mass
θ: Angular variables

Decay rate for b → u ` ν̄`:

dΓ ∝ |Vub|2 ×
∣∣∣A(q2, θ)

∣∣∣2 dq2 dθ (dmX )

mX -Spectrum: Inclusive vs Exclusive states
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⇒ ’Hybrid’ simulation of b → u ` ν̄`
⇒ Amplitudes can be predicted using QCD; fairly inde-
pendent approaches for Inclusive vs Exclusive
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A.b Experimental Methods
Reconstruction of q2:

q2 = (pB − pX )2

= (p` + pmiss)2

→ Tagged: full or partial reconstruct second
B-meson:

pB =
(
EBtag ,−~pBtag

)
Incl.: pX from

∑
over recoil side particles

Excl.: pX = ph from h = π, ... candidate

→ Untagged: average over unknown direction
of B-meson using beam constraints

or p` + missing 4-momentum pmiss of event.

Isolation of signal decays:
∆E = E∗B − E∗beam mES =

√
E∗2

beam
−~p∗2
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Fig. 17.1.2. Distributions of the missing mass squared for exclusive B ! Xc`⌫ candidates in BB̄ events tagged by a hadronic
decay of the second B meson (Aubert, 2008a), a) B� ! D0`�⌫`, b) B0 ! D

⇤+`�⌫`, and c) B� ! D⇤+⇡�`�⌫`. The
contributions from various exclusive decay modes are marked by color shading.
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(blue) (Mazur, 2007), and c,d) selected B0 ! ⇡�`+⌫ decays (del Amo Sanchez, 2011b) in the q2 range of 4 � 8GeV2, above
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background (blue). For both samples, the distributions are restricted to events in the signal bands, i.e., mES is shown for events
in the peak region for �E and �E is restricted to events in the peak region for mES .

Recently, tag e�ciencies have been increased as much as
a factor of three by the addition of other hadronic decay220

modes, and by simultaneous constraints on the semilep-
tonic signal decay in a given event, and by e↵ectively se-
lecting the best of several candidates per event.

Tag e�ciencies in the range of 1� 3% can be obtained
using semileptonic B decays. As for hadronic tags, the225

achievable tag e�ciencies and purities are strongly depen-
dent on both the tag decay and the decay of the signal
B recoiling against the tag. In comparison with fully re-
constructed hadronic tags, events tagged by semileptonic
decays provide looser kinematic constraints on the recoil-230

ing B and result in a less accurate measurement of the
missing neutrino and higher combinatorial backgrounds.

17.1.2 Exclusive Decays B � D(⇤)`⌫

17.1.2.1 Theoretical Overview

In the following, we discuss exclusive decays to D or D⇤

meson. The transition matrix elements of the weak cur-
rent (Eq. (17.1.2)) are decomposed into Lorentz-covariant
forms, built from the independent four-vectors of the de-
cay, and form factors multiplying them. For a pseudoscalar
final state, only the vector current contributes,

hP |q̄�µb|B̄i = f+(q2)

✓
pµ

B + pµ
P � m2

B � m2
P

q2
qµ

◆

+ f0(q
2)

m2
B � m2

P

q2
qµ, (17.1.6)
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⇤+`�⌫`, and c) B� ! D⇤+⇡�`�⌫`. The
contributions from various exclusive decay modes are marked by color shading.
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background (blue). For both samples, the distributions are restricted to events in the signal bands, i.e., mES is shown for events
in the peak region for �E and �E is restricted to events in the peak region for mES .

Recently, tag e�ciencies have been increased as much as
a factor of three by the addition of other hadronic decay220

modes, and by simultaneous constraints on the semilep-
tonic signal decay in a given event, and by e↵ectively se-
lecting the best of several candidates per event.

Tag e�ciencies in the range of 1� 3% can be obtained
using semileptonic B decays. As for hadronic tags, the225

achievable tag e�ciencies and purities are strongly depen-
dent on both the tag decay and the decay of the signal
B recoiling against the tag. In comparison with fully re-
constructed hadronic tags, events tagged by semileptonic
decays provide looser kinematic constraints on the recoil-230

ing B and result in a less accurate measurement of the
missing neutrino and higher combinatorial backgrounds.

17.1.2 Exclusive Decays B � D(⇤)`⌫

17.1.2.1 Theoretical Overview

In the following, we discuss exclusive decays to D or D⇤

meson. The transition matrix elements of the weak cur-
rent (Eq. (17.1.2)) are decomposed into Lorentz-covariant
forms, built from the independent four-vectors of the de-
cay, and form factors multiplying them. For a pseudoscalar
final state, only the vector current contributes,

hP |q̄�µb|B̄i = f+(q2)

✓
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B + pµ
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P
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◆

+ f0(q
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m2
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P
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qµ, (17.1.6)

(
E∗B ,~p

∗2
B

)
= pX + p` + pmiss; ∗ = Υ(4S) rest frame;

E∗beam beam energy

Loose neutrino reconstruction:
(used in untagged )

Infer neutrino kinematics from missing 4-momentum:

(Emiss,~pmiss) = (Ebeam,~pbeam)−
∑
i

(Ei ,~pi )

sum runs over reconstructed particles from all
charged tracks and unmatched calorimeter clusters
in event.

Missing mass squared MM2 = E2
miss − |~pmiss|2

→ MM2/(2Emiss) has better resolution

→ Multivariate techniques (NN); cut; or cut(q2)

Other Backgrounds
e+ e− → qq̄ cuts or NN; validation with off-resonance

e+ e− → bb̄ cuts or NN; validation with sidebands

→ Semileptonic b → c ` ν̄`

50− 500× more abundant than signal decays

mX > 1.85; lower lepton energy endpoint

Measurements in phase space regions where
b → c strongly suppressed or forbidden

→ inclusive decays: model dependence due to
unknown parton distribution function
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B.a New inclusive |Vub| gallery
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B.b New inclusive |Vub| gallery
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