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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,
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I.a Introduction
* Measurements of the partial branching fractions of charmless inclusive

semileptonic decays offer a way to measure |Vub| (which is independent from

exclusive or leptonic channels)

* Inclusive semileptonic B → Xu ` ν̄` decays characterized by

q2 = (pB − pX )2 =
(
p` + pν̄`

)2
: 4-momentum transfer

mX : hadronic mass

P+ = EX − |~pX |: light-cone momentum
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* Abundant B → Xc ` ν̄` important Bkg.

* Inclusive decay rate dΓtheory/
(
dE` dmX dq2

)
can be predicted by QCD:

Calculations: ADFR [EPJC:59;831], BLNP [NPB:699;335], DGE [JHEP:0601097], GGOU[JHEP:0710:058],

BLL [PRDD64:113004]

Differ significantly in their treatment of pert. corrections and the parameterization of non-pert. effects.

* Large B → Xc ` ν̄` and other Bkgs present↔ only partial branching fraction ∆B can be measured
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II.a Tag and Recoil

∗ Desirable to measure ∆B in B-rest frame

∗ Useful to reconstruct hadronic Xu system

→ Full reconstruction of 2nd B meson
to separate hadronic b → u system from the rest

of the event

∗ Candidates for recoil and tag side
(→ Illustration)

If properly assigned one can reconstruct ...

1. pX =
∑

i p
track
i +

∑
i p

clust.
i (→ mX )

2. ~pBrecoil = −~pBtag

3. pν = pBrecoil − pX − p` (→ m2
miss)

4. q2 = (pBrecoil − pX )2 = (p` + pν)2

⌥(4S)

e�

e+

B

B

Xu

`

⌫̄`

recoil

⇡+

⇡�

. . .

tag

J/ 
µ+

µ�

K+
⇡�

Illustration of tag & recoil side of e+e− →
Υ(4S)→ BB.
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II.b mbc/mES and ∆E

→ Beam constraint mass (mbc/mES) and energy difference (∆E) help to
distinguish random assignments from true tag candidates.
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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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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)

∆E = E∗B − E∗beam/2 mES/mbc =
√

E∗2
beam/4 − ~p∗2

B

Formulae in CM frame: E∗beam denotes the beam energy, and (E∗B ,~p
∗
B ) the 4-momentum of the B meson.

→ # of true B mesons on tag side evaluated via binned or unbinned LH fits
using these variables.

→ Slight difference between the B-Factories in what reference frame they
are calculated: Lab ( BABAR ) vs CM ( Belle)
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II.c Tagging Algorithmes at the B-Factories

K

0
s ⇡

0

⇡

+
e

+
µ

+
K

+
�

J/ D Ds

D

⇤
D

⇤
s

Particle Identification

B

Cut based candidate selection 

Reconstruction of B meson candidate

Cut Based approach

Reconstruction of prompt charmed state of 
the weak b       c transition (’Seed’)

O(thousand modes)

εtag (in %) BABAR cut based Belle cut based Belle multivariate

B+
tag 0.40† 0.14 0.28

B0
tag 0.21† 0.10 0.18

† = contributions from all modes, including low purity ones.

recently Belle showed multi-

variate tagging More about

this later.
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III.a Simulation of B → Xu ` ν̄`
→ Crucial to simulate B → Xu ` ν̄` as accurate as possible.

* Need MC for efficiencies (e.g. q2 − E` type analyses).
* Need actual MC shape for fits (e.g. inclusive analyses).

b®u Mass Spectrum
Π, Η, Η', Ρ, Ω
Inclusive
Hybrid incl.

scaled inclusive component

Π Η

Η'

Ρ,w

0 0.5 1 1.5 2 2.5 3 3.5 4
mX @GeVD

A
rb

itr
ar

y
U

ni
ts

Sketch of the mix of exclusive and inclusive B → Xu ` ν̄` in mX to create ’Hybrid’ signal Monte Carlo.

→ Simulation done in a four step procedure:
1 Simulate inclusive b → u ` ν̄`; Hadronization via JETSET.

2 Reweigh in (mX , q
2, E`) to match the inclusive B → Xu ` ν̄` QCD calculations (cf. slide 3)

3 Simulate exclusive B → h ` ν̄` for h = π, ρ ω, η, η′;
4 Mix the two to create ’Hybrid MC’. In the resonant region (mX < 1.4 GeV) the inclusive

prediction is scaled down in (mX , q
2, E`) so that B(B → Xu ` ν̄`) is conserved.
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IV.a Overview: |Vub| measurements

Measurement Variable Cut Reference Year
CLEO E` 2.1 GeV < E` < 2.6 GeV [Phys.Rev.Lett.88:231803] 2002

Belle (mX , q
2) mX < 1.7 GeV, q2 > 8 GeV2 [Phys.Rev.Lett.92:101801] 2004

Belle E` 1.9 GeV < E` < 2.6GeV [Phys.Lett.B621:28-40] 2005
BABAR E` 2.0 GeV < E` < 2.6 GeV [Phys.Rev.D73:012006] 2006

BABAR (E`, s
max
h ) 2.0 GeV < E`, smax

h < 3.5 GeV2 [Phys.Rev.Lett.95:111801] 2005

Belle (mX , q
2) E` > 1.0 GeV [Phys.Rev.Lett.104:021801] 2010

BABAR (mX , q
2) E` > 1.0 GeV [Phys.Rev.D86,032004] 2012

E` E` > 1.0 & E` > 1.3
mX mX < 1.55 GeV & mX < 1.7 GeV

q2 mX < 1.7 GeV & q2 > 8 GeV2

P+ P+ < 0.66 GeV

List of measurements considered by HFAG for |Vub| averages.

→ Clear trend to increase the acceptance and measure larger fractions of the
accessible phase space
(E.g. first measurement covered ≈19%, the latest ≈89% of the available phase space)

→ Will only cover [Phys.Rev.Lett.104:021801] & [Phys.Rev.D86,032004]
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IV.b Analyses side-by-side

Belle [Phys.Rev.Lett.104:021801]:

∗ 605 fb−1 analyzed using
cut-based hadronic tag

tag side mbc (calculated in CM frame)

∗ Multivariate recoil selection
using a Boosted Decision
Tree (BDT) Purity v 22 %

∗ Measures ∆B
i.e. normalize with # of tagged events

∗ pB∗
` > 1.0 GeV; analyzed via

2D fit in (mX , q
2)

IV.x

BABAR [Phys.Rev.D86,032004]:

∗ 426 fb−1 analyzed using
cut-based hadronic tag

tag side mES (calculated in lab frame)

∗ Cut based recoil selection
Purity v 18 %

∗ Measures ∆B
B(B→X ` ν̄`)

i.e. through normalization mode

∗ pB∗
` > 1.0 GeV; analyzed via

2D fit in (mX , q
2)

∗ Further phase-space regions
considered using 1D fits:
p`, mX , q2, P+
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IV.c Belle [Phys.Rev.Lett.104:021801]

∗ BDT trained to separate B → Xu ` ν̄` from other BB̄ Bkg decays.
Selection of highest discriminative variables:

Variable Comment∣∣∑
i Qi

∣∣ Net charge correlated with track multiplicity

# of K b → u + ss̄ popping vs b → c → s

m2
miss Peaks at zero for SL event, missing particles create a tail towards pos. values

m2
miss D∗ D∗ momentum infered from slow pions in event.

∗ Cut on BDT classifier optimized with respect to total uncertainty
(stat+sys+theo) and lower threshold of pB∗

` > 1.0 GeV imposed

Tag Fit to mbc to subtract non-BB̄ Bkg (comb. + continuum)

Recoil χ2 fit in (mX , q
2) which floats

1. B → Xu `ν̄`
2. B → Xc `ν̄`
3. Secondary and Fake leptons

χ2/ndf = 24/17; P-Value = 12%

∗ ∆B =
N∆
b→u

2ε∆
b→u

Ntag

N∆
b→u #, ε∆

b→u : signal yields + eff.

Ntag: number of tag B

torial background). This background peaks in the signal
region of Mbc. We derive the shape of the combinatorial
background from Monte Carlo (MC) calculations as in
Ref. [15], with the yield normalized to the on-resonance
data Mbc sideband (Mbc 2 ð5:20; 5:25Þ GeV=c2) after the
subtraction of non-B !B (continuum) backgrounds. The con-
tinuum background is scaled by the integrated on- to off-
resonance luminosity ratio, taking into account the cross-
section difference. There are 116 732 9# 5412stat B can-
didates in the signal region (Ntag), after continuum and

combinatorial background subtraction.
Electron and muon candidates decaying from Bsig are

required to originate from near the interaction vertex and
pass through the barrel region of the detector, correspond-
ing to an angular acceptance of !lab 2 ð35$; 125$Þ (!lab 2
ð25$; 145$Þ) for electrons (muons), where !lab denotes the
polar angle of the lepton candidate with respect to the
direction opposite to the positron beam. We exclude tracks
used in the reconstruction of the Btag and multiple recon-

structed tracks generated by low-momentum particles spi-
raling in the drift chamber. We consider the lepton with the
highest momentum in the B rest frame to be prompt. The
lepton identification efficiencies and the probabilities to
misidentify a pion, kaon, or proton as a lepton have been
measured as a function of the laboratory momentum and
angles. The average electron (muon) identification effi-
ciency and hadron misidentification rate are 97% (90%)
and 0.7% (1.4%), respectively, over the full phase space. In
Bþ tagged events, we require the lepton charge to be
consistent with a prompt semileptonic decay of Bsig. In

B0 events, we make no requirement on the lepton charge.
For semileptonic B decays to electrons, we partially re-
cover the efficiency loss due to bremsstrahlung as in
Ref. [15]. The lepton momenta are calculated in the B
meson rest frame (p&B

‘ ). Events with leptons from J=c
decays, photon conversions, and "0 decays are rejected
using the invariant mass of prompt lepton candidates in
combination with an oppositely charged lepton; for elec-
tron candidates additional photons are included in the veto
calculation.

The B ! Xu‘# selection criteria are based on a non-
linear multivariate analysis technique, the boosted decision
tree (BDT) method [16], which takes into account various
observables to form one event classification variable. A
total of 17 discriminating variables are used to form a BDT
classifier, separating B ! Xu‘# decays from other kinds of
B decays. These include quantities based on the kinematics
of the candidate semileptonic decay, discrete quantities
such as the number of kaons, and quantities correlated to
the quality of the event reconstruction, such as Mbc. A
description of the highest discriminating quantities fol-
lows. The absolute value of event net charge is found to
be correlated to track multiplicity, which tends to be higher
for b ! c transitions. The kinematic variables associated
to the hadronic current, MX and Pþ (invariant mass, and
energy-momentum of the hadronic system, Xu, respec-

tively) are calculated from the measured momenta of all
charged tracks and neutral clusters that are not associated
to Btag reconstruction or used as lepton candidates. The
lepton current four-momentum is calculated as q ¼
p"ð4SÞ ( pBtag

( pX. Missing momentum attributed solely

to prompt neutrinos should have a missing mass consistent
with zero. Thus we calculate the missing mass squared,
m2

miss, of the events from the missing four-momentum
Pmiss. The missing momentum is estimated from the
four-momenta of the tagside B and all reconstructed
charged particles and photons that pass selection criteria
on the signal side: Pmiss ¼ P"ð4SÞ ( PBtag

(P
chargedP(P

neutralP. To reduce contamination from B ! D&‘#
events, we search for low-momentum pions from D&þ !
D0"þ and calculate the momentum of the D&þ and miss-
ing mass squared, m2

missðD&Þ ) ðPBsig
( PD& ( P‘Þ2. The

presence of kaons in semileptonic B meson decay is usu-
ally an indication of a b ! c transition, although b ! u
decays with kaons from s!s popping in the final state have
been observed. Such decays are far less abundant than the
charm cascade production of kaons; thus, the number of
charged kaons and K0

S mesons are considered in the multi-
variate analysis. We set an event selection threshold crite-
rion for the BDT classifier that is optimized with respect to
both the systematic uncertainty from the background nor-
malization fit and phase space dependent theoretical un-
certainties. We set a lower threshold on p&B

‘ of 1:0 GeV=c.
The backgrounds that remain after the BDT selection

criteria are subtracted as described below. The continuum
and combinatorial backgrounds follow the NB !B determina-
tion procedure described earlier in this Letter. All remain-
ing backgrounds arise when the fully reconstructed B is
correctly tagged, but the decay is either a charmed semi-
leptonic B decay, a secondary decay process that produced
a high momentum lepton or is a misidentified hadron. The
shapes of the charmed semileptonic B decay contribution,
described in detail in Ref. [15], and the secondary contri-
bution, are determined from MC simulation. We estimate
the overall normalization of these remaining backgrounds
by fitting the observed inclusive spectra to the sum of the
MC simulated signal and background contributions, after
continuum and combinatorial background subtraction.
There are three free parameters in the fit, corresponding
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IV.c Belle [Phys.Rev.Lett.104:021801]

* Leading systematic uncertainty are due to B → Xu ` ν̄` modeling and due
to PID and the BDT:

Source ∆B/B (%)
B → Xu ` ν̄` (SF) 3.6

B → Xu ` ν̄` (g → ss̄) 1.5
B → Xu ` ν̄` exclusive 4.0
B → Xu ` ν̄` other 2.9

All B → Xu ` ν̄` 5.8
B → Xc ` ν̄` 1.7

PID and reconstruction 3.1
BDT 3.1
Other 2
Total 8.1

* Determined values of |Vub| and the partial branching fraction:

∆B(pB∗` > 1.0GeV) [10−3] BLNP |Vub| [10−3] GGOU |Vub| [10−3] DGE |Vub| [10−3]

1.96± 0.17± 0.16 4.47± 0.27+0.19
−0.21 4.54± 0.27+0.10

−0.11 4.60± 0.27+0.11
−0.13
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IV.c BABAR [Phys.Rev.D86,032004]

∗ Cut based B → Xu ` ν̄` selection.
Selection of cuts and the corresponding efficiencies for signal and background

Variable B → Xu ` ν̄` B → Xc ` ν̄` Other
Only one lepton 99.3% 98.1% 95.8%

Total charge Q = 0 65.5 % 52.9 % 49.1%

m2
miss 44.2 % 17.8 % 17.8 %

m2
miss D∗ veto 34.8 % 6.3 % 9.1 %
Kaon veto 33.8 % 2.2 % 4.7 %

Tag unbinned LH fit to mES to subtract non-BB̄ Bkg (comb. + continuum)

Recoil

Many regions of phase-space considered:

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, pB ∗` > 1.0 GeV

6) pB ∗` > 1.0 GeV

7) pB ∗` > 1.3 GeV

* χ2 fit in (→ List) which floats
1 B → Xu ` ν̄`
2 Bkg (mainly B → Xc ` ν̄`)

Fit quality for e.g.

5.) χ2/ndf = 31.0/29, P-Value= 37%

6.) χ2/ndf = 21.6/14, P-Value= 9%
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FIG. 2: Resolution for MC simulated for signal B → Xu!ν̄ events passing all event selection criteria, (left) MX reco − MX true,
(center) q2

reco − q2
true, and (right) P+,reco − P+,true. The curve shows a fit results for the sum of two Gaussian functions.

of the mES distribution which depends on the beam en-
ergy, and ξ determines the shape of the function. Nbkg

refers to the total number of background events in the
distribution.

For signal events, the mES distribution resembles a
resolution function peaking at the B meson mass with
a slight tail to lower masses. Usually the peak of the
mES distribution is empirically described by a Crystal
Ball function [53], but this ansatz turned out to be in-
adequate for this dataset because the Breco sample is
composed of many individual decay modes with different
resolutions. We therefore follow an approach previously
used in BABAR data [54] and build a more general func-

tion, using a Gaussian function, fg(x) = e−x2/2, and the
derivative of tanh x, ft(x) = e−x/(1 + e−x), to arrive at

fsig(∆) =





C2

(C3−∆)n if ∆ < α
C1

σL
ft(

∆
σL

) if α ! ∆ < 0
r
σ1

ft(
∆
σ1

) + 1−r
σ2

fg(
∆
σ2

) if ∆ " 0.

(4)

Here ∆ = mES − mES, where mES is the maximum of
the mES distribution. C1, C2 and C3 are functions of the
parameters mES, r, σ1, σ2, σL, α, and n, that ensure the
continuity of fsig.

Given the very large number of parameters, we first
perform a fit to samples covering the full kinematic range
and determine all parameters describing fsig and the AR-
GUS function. We then repeat the fit for events in each
bin of the kinematic variables, with only the relative nor-
malization of the signal and background, and the shape
parameter ξ of the ARGUS function as free parameters.
Figure 3 shows the mES distribution for the inclusive
semileptonic sample, separately for charged and neutral
B mesons.

Finally, we correct for the contamination from cascade
background in the number of neutral B mesons, due to
the effect of B0-B0 mixing, in each bin of the kinematic
variables. We distinguish neutral B decays with right-
and wrong-sign leptons, based on the flavor of the Breco

decay. The contribution from cascade decays is sub-
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FIG. 3: 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.

tracted by computing the number of neutral B mesons
NB0 as

NB0 =
1 − χd

1 − 2χd
NB0

rs
− χd

1 − 2χd
NB0

ws
, (5)

where NB0
rs

and NB0
ws

are the number of neutral B mesons
with right and wrong sign of the charge of the accompa-
nying lepton, and χd = 0.188 ± 0.002 [40] is the B0-B0

mixing parameter.
The performance of the mES fit has been verified using

MC simulated distributions. We split the full sample in
two parts. One part, containing one third of the events,
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.

mES for B+ and B0 of normalization channel

IV.c BABAR [Phys.Rev.D86,032004]

∗ Cut based B → Xu � ν̄� selection.
Selection of cuts and the corresponding efficiencies for signal and background

Variable B → Xu � ν̄� B → Xc � ν̄� Other
Only one lepton 99.3% 98.1% 95.8%

Total charge Q = 0 65.5 % 52.9 % 49.1%

m2
miss 44.2 % 17.8 % 17.8 %

m2
miss D∗ veto 34.8 % 6.3 % 9.1 %
Kaon veto 33.8 % 2.2 % 4.7 %

Tag unbinned LH fit to mES to subtract non-BB̄ Bkg (comb. + continuum)

Recoil

Many regions of phase-space considered:

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, pB ∗
� > 1.0 GeV

6) pB ∗
� > 1.0 GeV

7) pB ∗
� > 1.3 GeV

* χ2 fit in (→ List) which floats
1 B → Xu � ν̄�
2 Bkg (mainly B → Xc � ν̄�)

Fit quality for e.g.

5.) χ2/ndf = 31.0/29, P-Value= 37%

6.) χ2/ndf = 21.6/14, P-Value= 9%

Normalization mode:
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FIG. 2: Resolution for MC simulated for signal B → Xu�ν̄ events passing all event selection criteria, (left) MX reco − MX true,
(center) q2

reco − q2
true, and (right) P+,reco − P+,true. The curve shows a fit results for the sum of two Gaussian functions.

of the mES distribution which depends on the beam en-
ergy, and ξ determines the shape of the function. Nbkg

refers to the total number of background events in the
distribution.

For signal events, the mES distribution resembles a
resolution function peaking at the B meson mass with
a slight tail to lower masses. Usually the peak of the
mES distribution is empirically described by a Crystal
Ball function [53], but this ansatz turned out to be in-
adequate for this dataset because the Breco sample is
composed of many individual decay modes with different
resolutions. We therefore follow an approach previously
used in BABAR data [54] and build a more general func-

tion, using a Gaussian function, fg(x) = e−x2/2, and the
derivative of tanh x, ft(x) = e−x/(1 + e−x), to arrive at

fsig(∆) =
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Here ∆ = mES − mES, where mES is the maximum of
the mES distribution. C1, C2 and C3 are functions of the
parameters mES, r, σ1, σ2, σL, α, and n, that ensure the
continuity of fsig.

Given the very large number of parameters, we first
perform a fit to samples covering the full kinematic range
and determine all parameters describing fsig and the AR-
GUS function. We then repeat the fit for events in each
bin of the kinematic variables, with only the relative nor-
malization of the signal and background, and the shape
parameter ξ of the ARGUS function as free parameters.
Figure 3 shows the mES distribution for the inclusive
semileptonic sample, separately for charged and neutral
B mesons.

Finally, we correct for the contamination from cascade
background in the number of neutral B mesons, due to
the effect of B0-B0 mixing, in each bin of the kinematic
variables. We distinguish neutral B decays with right-
and wrong-sign leptons, based on the flavor of the Breco

decay. The contribution from cascade decays is sub-
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FIG. 3: 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.

tracted by computing the number of neutral B mesons
NB0 as

NB0 =
1 − χd

1 − 2χd
NB0

rs
− χd

1 − 2χd
NB0

ws
, (5)

where NB0
rs

and NB0
ws

are the number of neutral B mesons
with right and wrong sign of the charge of the accompa-
nying lepton, and χd = 0.188 ± 0.002 [40] is the B0-B0

mixing parameter.
The performance of the mES fit has been verified using

MC simulated distributions. We split the full sample in
two parts. One part, containing one third of the events,
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.

mES for B+ and B0 of normalization channel

∆B(B → Xu � ν̄�)/B(B → X � ν̄�) (→ many systematics cancel)
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∗ Cut based B → Xu � ν̄� selection.
Selection of cuts and the corresponding efficiencies for signal and background

Variable B → Xu � ν̄� B → Xc � ν̄� Other
Only one lepton 99.3% 98.1% 95.8%

Total charge Q = 0 65.5 % 52.9 % 49.1%

m2
miss 44.2 % 17.8 % 17.8 %

m2
miss D∗ veto 34.8 % 6.3 % 9.1 %
Kaon veto 33.8 % 2.2 % 4.7 %

Tag unbinned LH fit to mES to subtract non-BB̄ Bkg (comb. + continuum)

Recoil

Many regions of phase-space considered:

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, pB ∗
� > 1.0 GeV

6) pB ∗
� > 1.0 GeV

7) pB ∗
� > 1.3 GeV

* χ2 fit in (→ List) which floats
1 B → Xu � ν̄�
2 Bkg (mainly B → Xc � ν̄�)

Fit quality for e.g.

5.) χ2/ndf = 31.0/29, P-Value= 37%

6.) χ2/ndf = 21.6/14, P-Value= 9%
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FIG. 2: Resolution for MC simulated for signal B → Xu�ν̄ events passing all event selection criteria, (left) MX reco − MX true,
(center) q2

reco − q2
true, and (right) P+,reco − P+,true. The curve shows a fit results for the sum of two Gaussian functions.

of the mES distribution which depends on the beam en-
ergy, and ξ determines the shape of the function. Nbkg

refers to the total number of background events in the
distribution.

For signal events, the mES distribution resembles a
resolution function peaking at the B meson mass with
a slight tail to lower masses. Usually the peak of the
mES distribution is empirically described by a Crystal
Ball function [53], but this ansatz turned out to be in-
adequate for this dataset because the Breco sample is
composed of many individual decay modes with different
resolutions. We therefore follow an approach previously
used in BABAR data [54] and build a more general func-

tion, using a Gaussian function, fg(x) = e−x2/2, and the
derivative of tanh x, ft(x) = e−x/(1 + e−x), to arrive at

fsig(∆) =





C2

(C3−∆)n if ∆ < α
C1

σL
ft(

∆
σL

) if α � ∆ < 0
r
σ1

ft(
∆
σ1

) + 1−r
σ2

fg(
∆
σ2

) if ∆ � 0.

(4)

Here ∆ = mES − mES, where mES is the maximum of
the mES distribution. C1, C2 and C3 are functions of the
parameters mES, r, σ1, σ2, σL, α, and n, that ensure the
continuity of fsig.

Given the very large number of parameters, we first
perform a fit to samples covering the full kinematic range
and determine all parameters describing fsig and the AR-
GUS function. We then repeat the fit for events in each
bin of the kinematic variables, with only the relative nor-
malization of the signal and background, and the shape
parameter ξ of the ARGUS function as free parameters.
Figure 3 shows the mES distribution for the inclusive
semileptonic sample, separately for charged and neutral
B mesons.

Finally, we correct for the contamination from cascade
background in the number of neutral B mesons, due to
the effect of B0-B0 mixing, in each bin of the kinematic
variables. We distinguish neutral B decays with right-
and wrong-sign leptons, based on the flavor of the Breco

decay. The contribution from cascade decays is sub-
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FIG. 3: 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.

tracted by computing the number of neutral B mesons
NB0 as

NB0 =
1 − χd

1 − 2χd
NB0
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− χd

1 − 2χd
NB0

ws
, (5)

where NB0
rs

and NB0
ws

are the number of neutral B mesons
with right and wrong sign of the charge of the accompa-
nying lepton, and χd = 0.188 ± 0.002 [40] is the B0-B0

mixing parameter.
The performance of the mES fit has been verified using

MC simulated distributions. We split the full sample in
two parts. One part, containing one third of the events,
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.
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∗ Cut based B → Xu � ν̄� selection.
Selection of cuts and the corresponding efficiencies for signal and background

Variable B → Xu � ν̄� B → Xc � ν̄� Other
Only one lepton 99.3% 98.1% 95.8%

Total charge Q = 0 65.5 % 52.9 % 49.1%

m2
miss 44.2 % 17.8 % 17.8 %

m2
miss D∗ veto 34.8 % 6.3 % 9.1 %
Kaon veto 33.8 % 2.2 % 4.7 %

Tag unbinned LH fit to mES to subtract non-BB̄ Bkg (comb. + continuum)

Recoil

Many regions of phase-space considered:

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, pB ∗
� > 1.0 GeV

6) pB ∗
� > 1.0 GeV

7) pB ∗
� > 1.3 GeV

* χ2 fit in (→ List) which floats
1 B → Xu � ν̄�
2 Bkg (mainly B → Xc � ν̄�)

Fit quality for e.g.

5.) χ2/ndf = 31.0/29, P-Value= 37%

6.) χ2/ndf = 21.6/14, P-Value= 9%

Normalization mode:
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FIG. 2: Resolution for MC simulated for signal B → Xu�ν̄ events passing all event selection criteria, (left) MX reco − MX true,
(center) q2

reco − q2
true, and (right) P+,reco − P+,true. The curve shows a fit results for the sum of two Gaussian functions.

of the mES distribution which depends on the beam en-
ergy, and ξ determines the shape of the function. Nbkg

refers to the total number of background events in the
distribution.

For signal events, the mES distribution resembles a
resolution function peaking at the B meson mass with
a slight tail to lower masses. Usually the peak of the
mES distribution is empirically described by a Crystal
Ball function [53], but this ansatz turned out to be in-
adequate for this dataset because the Breco sample is
composed of many individual decay modes with different
resolutions. We therefore follow an approach previously
used in BABAR data [54] and build a more general func-

tion, using a Gaussian function, fg(x) = e−x2/2, and the
derivative of tanh x, ft(x) = e−x/(1 + e−x), to arrive at
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Here ∆ = mES − mES, where mES is the maximum of
the mES distribution. C1, C2 and C3 are functions of the
parameters mES, r, σ1, σ2, σL, α, and n, that ensure the
continuity of fsig.

Given the very large number of parameters, we first
perform a fit to samples covering the full kinematic range
and determine all parameters describing fsig and the AR-
GUS function. We then repeat the fit for events in each
bin of the kinematic variables, with only the relative nor-
malization of the signal and background, and the shape
parameter ξ of the ARGUS function as free parameters.
Figure 3 shows the mES distribution for the inclusive
semileptonic sample, separately for charged and neutral
B mesons.

Finally, we correct for the contamination from cascade
background in the number of neutral B mesons, due to
the effect of B0-B0 mixing, in each bin of the kinematic
variables. We distinguish neutral B decays with right-
and wrong-sign leptons, based on the flavor of the Breco

decay. The contribution from cascade decays is sub-
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FIG. 3: 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.

tracted by computing the number of neutral B mesons
NB0 as

NB0 =
1 − χd

1 − 2χd
NB0

rs
− χd

1 − 2χd
NB0

ws
, (5)

where NB0
rs

and NB0
ws

are the number of neutral B mesons
with right and wrong sign of the charge of the accompa-
nying lepton, and χd = 0.188 ± 0.002 [40] is the B0-B0

mixing parameter.
The performance of the mES fit has been verified using

MC simulated distributions. We split the full sample in
two parts. One part, containing one third of the events,
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.

mES for B+ and B0 of normalization channel

∆B(B → Xu � ν̄�)/B(B → X � ν̄�) (→ many systematics cancel)
12 / 22

(→ many systematics cancel ) 12 / 22

12 / 24



IV.c BABAR [Phys.Rev.D86,032004]IV.c BABAR [Phys.Rev.D86,032004] 14

-100
0

0 2 4

100
200
300

0

1000

2000

3000 (a)

MX(GeV)

En
tri

es
/0

.3
1 

G
eV

En
tri

es
/b

in

0

200

1000

2000

3000

0

420
P+(GeV)

En
tri

es
/0

.2
2 

G
eV

En
tri

es
/b

in

(b)

0

100

200
0

200

400

600

0 10 20
q2(GeV2)

En
tri

es
/2

 G
eV

2
En

tri
es

/b
in

(c)

MX<1.7 GeV

MX<1.7 GeV

0

100

200

0

500

1000
(d)

1 1.5 2 2.5
p* (GeV)

En
tri

es
/0

.1
 G

eV
En

tri
es

/0
.1

 G
eV
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with the result of the χ2 fit with varying bin size for the sum of two scaled MC contributions (histograms), B → Xu�ν̄ decays
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row: corresponding spectra with equal bin size after background subtraction based on the fit. The data are not corrected for
efficiency.
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the partial branching fractions:

N0
meas = PB0

true→B0
reco

N0
true + PB−

true→B0
reco

N−
true,

N−
meas = PB0

true→B−
reco

N0
true + PB−

true→B−
reco

N−
true,

where the cross-feeds probabilities, PB−
true→B0

reco
and

PB0
true→B−

reco
, are computed using MC simulated events

and are typically of the order of (2 - 3)%.

Figure 6 shows the q2 distributions of B → Xu�ν̄
events after background subtraction, for charged and
neutral B decays, with MX < 1.7 GeV. Fitted yields,
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the partial branching fractions:
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where the cross-feeds probabilities, PB−
true→B0

reco
and

PB0
true→B−

reco
, are computed using MC simulated events

and are typically of the order of (2 - 3)%.

Figure 6 shows the q2 distributions of B → Xu�ν̄
events after background subtraction, for charged and
neutral B decays, with MX < 1.7 GeV. Fitted yields,

↑
a) mX < 1.55 GeV or mX < 1.70 GeV

b) P+ < 0.66 GeV

c) mX < 1.70 GeV & q2 > 8 GeV2

d) pB ∗
� > 1.0 GeV or pB ∗

� > 1.3 GeV

← a) & b) mX − q2, pB ∗
� > 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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and are typically of the order of (2 - 3)%.

Figure 6 shows the q2 distributions of B → Xu�ν̄
events after background subtraction, for charged and
neutral B decays, with MX < 1.7 GeV. Fitted yields,
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FIG. 4: Measured distributions (data points) of (a) MX , (b) P+, (c) q2 with MX < 1.7 GeV, and (d) p∗
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the partial branching fractions:

N0
meas = PB0

true→B0
reco

N0
true + PB−

true→B0
reco

N−
true,

N−
meas = PB0

true→B−
reco

N0
true + PB−

true→B−
reco

N−
true,

where the cross-feeds probabilities, PB−
true→B0

reco
and

PB0
true→B−

reco
, are computed using MC simulated events

and are typically of the order of (2 - 3)%.

Figure 6 shows the q2 distributions of B → Xu�ν̄
events after background subtraction, for charged and
neutral B decays, with MX < 1.7 GeV. Fitted yields,

↑
a) mX < 1.55 GeV or mX < 1.70 GeV

b) P+ < 0.66 GeV

c) mX < 1.70 GeV & q2 > 8 GeV2

d) pB ∗
� > 1.0 GeV or pB ∗

� > 1.3 GeV

← a) & b) mX − q2, pB ∗
� > 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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↑
a) mX < 1.55 GeV or mX < 1.70 GeV

b) P+ < 0.66 GeV

c) mX < 1.70 GeV & q2 > 8 GeV2

d) pB ∗` > 1.0 GeV or pB ∗` > 1.3 GeV

← a) & b) mX − q2, pB ∗` > 1.0 GeV

(White) B → Xu ` ν̄`; (Cyan) B → Xu ` ν̄`
contamination from outside signal region;

(Grey) Bkg: B → Xc ` ν̄` & other
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IV.c BABAR [Phys.Rev.D86,032004]

* Leading systematic uncertainty are due to B → Xu ` ν̄`, PID and tracking:

Source ∆B/B (%) Belle ∆B/B (%)
B → Xu ` ν̄` (SF) 5.6 3.6

B → Xu ` ν̄` (g → ss̄) 2.7 1.5
B → Xu ` ν̄` exclusive 1.9 4.0

B → Xu ` ν̄` unmeasured - 2.9
All B → Xu ` ν̄` 6.5 5.8
B → Xc ` ν̄` 2.7 1.7

PID and reconstruction 3.4 3.1
BDT - 3.1
Other 2.1 2
Total 8.4 8.1

∗ Determined values of |Vub|:

Measurement BLNP |Vub| [10−3] GGOU |Vub| [10−3] DGE |Vub| [10−3]

(mX , q
2); pB ∗` > 1.0 GeV 4.28± 0.23+0.18

−0.20 4.35± 0.24+0.09
−0.10 4.40± 0.24+0.12

−0.13

pB ∗` > 1.0 GeV 4.30± 0.28+0.18
−0.20 4.36± 0.30+0.09

−0.10 4.42± 0.30+0.13
−0.13

Belle [Phys.Rev.Lett.104:021801] 4.47± 0.27+0.19
−0.21 4.54± 0.27+0.10

−0.11 4.60± 0.27+0.11
−0.13

→ Good agreement with Belle [Phys.Rev.Lett.104:021801]:
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IV.x Summary of inclusive |Vub|
* Tagged and untagged world averages:

Measurement BLNP |Vub| [10−3] GGOU |Vub| [10−3] DGE |Vub| [10−3]

BABAR [Phys.Rev.D86,032004] 4.28± 0.23+0.18
−0.20 4.35± 0.24+0.09

−0.10 4.40± 0.24+0.12
−0.13

Belle [Phys.Rev.Lett.104:021801] 4.47± 0.27+0.19
−0.21 4.54± 0.27+0.10

−0.11 4.60± 0.27+0.11
−0.13

Average Tagged [PBF] 4.35± 0.19+0.19
−0.20 4.43± 0.21+0.09

−0.11 4.49± 0.21+0.13
−0.13

Average Untagged [PBF] 4.65± 0.22+0.26
−0.29 4.39± 0.22+0.18

−0.24 4.44± 0.21+0.21
−0.25

Average All [PBF] 4.40± 0.15+0.19
−0.21 4.39± 0.15+0.12

−0.14 4.45± 0.15+0.15
−0.16

[Phys.Rev.D86,032004] is the (mX , q
2); pB ∗` > 1.0 GeV result; average untagged calculated from

untagged results on slide 9. All averages are from the Physics of the B-Factory Book.

→ Good agreement between different QCD calculations.

* But poor agreement with exclusive measurements from B → π ` ν̄`
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Table 17.1.15. |Vub| derived from B ! ⇡`⌫ decays for various q2 regions and form factor calculations: LCSR (Khodjamirian,
Mannel, O↵en, and Wang, 2011), HPQCD (Dalgic et al., 2006), FNAL/MILC (Bailey et al., 2009). The quoted errors on
|Vub| are due to experimental uncertainties and theoretical uncertainties on �⇣. The last column shows the |Vub| results of the
simultaneous fits to data and the FNAL/MILC prediction. Here the stated error represents the combined experimental and
theoretical uncertainty.

LCSR HPQCD FNAL/MILC FNAL/MILC fit

�⇣ (ps�1) 4.59+1.00
�0.85 2.02±0.55 2.21+0.47

�0.42 2.21+0.47
�0.42

q2 range (GeV2) 0 � 12 16 � 26.4 16 � 26.4 16 � 26.4

Experiment |Vub| (10�3)

BABAR (6 bins) 3.54 ± 0.12+0.38
�0.33 3.22 ± 0.15+0.55

�0.37 3.08 ± 0.14+0.34
�0.28 2.98 ± 0.31

BABAR (12 bins) 3.46 ± 0.10+0.37
�0.32 3.26 ± 0.19+0.56

�0.37 3.12 ± 0.18+0.35
�0.29 3.22 ± 0.31

Belle 3.44 ± 0.10+0.37
�0.32 3.60 ± 0.13+0.61

�0.41 3.44 ± 0.13+0.38
�0.32 3.52 ± 0.34

BaBar+Belle 3.47 ± 0.06+0.37
�0.32 3.43 ± 0.09+0.59

�0.39 3.27 ± 0.09+0.36
�0.30 3.23 ± 0.30

Tagged 3.10 ± 0.16+0.33
�0.29 3.47 ± 0.23+0.60

�0.39 3.32 ± 0.22+0.37
�0.31 3.33 ± 0.39
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Fig. 17.1.16. Simultaneous fit of the BCL parameterization
to the measured q2 spectra and to four of the twelve points of
the FNAL/MILC calculation (magenta, closed triangles) The
FNAL/MILC prediction has been rescaled to the data accord-
ing to the |Vub| value obtained in the fit.

mass MX below the mass of the lightest charm meson,
MX . mD. In this phase-space region nonperturbative
corrections are kinematically enhanced, and as a result the1310

nonperturbative dynamics of the decaying b quark inside
the B meson becomes an O(1) e↵ect.

In addition to the lepton energy, E`, convenient vari-
ables to describe the decay kinematics are the hadronic
variables

p+
X = EX � |pX | , p�X = EX + |pX | , (17.1.51)

where EX and pX are the energy and momentum of the
hadronic system in the B-meson rest frame. In terms of
these, the total hadronic and leptonic invariant masses are

given by

M2
X = p+

Xp�X , q2 = (mB � p+
X)(mB � p�X) . (17.1.52)

The fully di↵erential decay rate is given by

d3�

dp+
X dp�X dE`

=
G2

F |Vub|2
192⇡3

Z
dk C(E`, p

�
X , p+

X , k) F (k)

+ O
⇣⇤QCD

mb

⌘
. (17.1.53)

The coe�cient C(E`, p
�
X , p+

X , k) describes the partonic quark
decay b ! u`⌫ and can be computed in QCD perturbation
theory. The “shape-function” F (k) is a nonperturbative1315

function, which has its dominant support for k ⇠ ⇤QCD.
It describes the momentum distribution of the b quark
in the B meson (Bigi, Shifman, Uraltsev, and Vainshtein,
1994; Neubert, 1994). For p+

X ⇠ k ⇠ ⇤QCD, which in-
cludes a large portion of the small MX region, the full1320

nonperturbative shape of F (k) is necessary to obtain an
accurate description of the di↵erential decay rate. On the
other hand, in the limit p+

X � k ⇠ ⇤QCD, only the first
few moments of F (k) are needed. Typically, the experi-
mental measurements can lie anywhere between these two1325

kinematic regimes.
There are several sources of uncertainties in the the-

oretical predictions that must be considered. First, there
are perturbative uncertainties in the calculation of C due
to unknown higher-order corrections. Second, there are1330

parametric uncertainties due to the imprecise knowledge
of input parameters, in particular the b-quark mass and
F (k). With the reduction in the uncertainty of the mb, its
uncertainty is less dominant. The total decay rate scales
like m5

b , while partial rates restricted to the small MX1335

region typically exhibit an even stronger dependence on
mb. The first few moments of F (k) are determined by mb

and the expectation values of local operators that are con-
strained by the fits to B ! Xc`⌫ moments. A substantial
part of the mb dependence enters indirectly via the first1340

moment of F (k). Depending on the kinematic cuts, the

Fit result to the FNAL/MILC points, and untagged
BaBar and Belle measurements:

[Phys.Rev.D.79.054507],[Phys.Rev.D.83.032007],

[Phys.Rev.D83.052011],[Phys.Rev.D.83.071101]

|Vub| [10−3] 3.23± 0.30

→ tension of about 2.2 - 2.9 σ
(BLNP average, with and w/o 100% core. of sys.)
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Hint for new physics?
or

Are we underestimating our
uncertainties?

Three thoughts and what’s next :

New physics, b → c, the shape function, and multivariate B tagging
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Thought #1: Is there new physics hiding in |Vub| ?

New physics observable via right-handed currents? |Vub| =
∣∣V L

ub

∣∣ f (ε′R = εR<VR
ub

V L
ub

)

Standard Model ®

B ® XulΝ
B ® Τ Ν
B ® Π lΝ

HFAG GGOU
HFAG + new Belle
HFAG Avg. with Lattice

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
2

3

4

5

6

7

ΕR'

ÈV
ub

L
È

´
10

3

f (ε′R ):

B → π ` ν̄`: 1 + ε′R
B → τν̄τ : 1− ε′R
B → Xu ` ν̄`: 1 + ε′2R

Proposed by

[hep-ph/0505166]
[arXiv:0907.2461]
[arXiv:1007.1993]

Private Fit

Dashed: All
Input: see Backup

Fit Scenario |V L
ub| ε′R Tension wrt SM χ2/ndf P-Value

B → π, Xu , τ (dashed) 4.07± 0.16 −0.17± 0.06 2.8σ 2.8/1 0.09
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Thought #1: Is there new physics hiding in |Vub| ?

New physics observable via right-handed currents? |Vub| =
∣∣V L

ub

∣∣ f (ε′R = εR<VR
ub

V L
ub

)

Standard Model ®

B ® ΡlΝ
B ® ΩlΝ
B ® XulΝ
B ® Τ Ν
B ® Π lΝ

prel. Belle tagged
BaBar untagged
HFAG GGOU
HFAG + new Belle
HFAG Avg. with Lattice
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ÈV
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3

f (ε′R ):

B → π ` ν̄`: 1 + ε′R
B → τν̄τ : 1− ε′R
B → Xu ` ν̄`: 1 + ε′2R

Proposed by

[hep-ph/0505166]
[arXiv:0907.2461]
[arXiv:1007.1993]

Private Fit

Solid: All
Dashed: w/o ρ & ω
Input: see Backup

Fit Scenario |V L
ub| ε′R Tension wrt SM χ2/ndf P-Value

B → π, Xu , τ (dashed) 4.07± 0.16 −0.17± 0.06 2.8σ 2.8/1 0.09
B → π, Xu , τ + ω, ρ (solid) 3.94± 0.15 −0.12± 0.06 1.9σ 9.0/3 0.03
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Thought #2: The problem with B → Xc ` ν̄`...
∗ Inclusive vs exclusive ’Gap’:
B(B → Xc ` ν̄`)−B(B → D(∗) ` ν̄`)−B(B → D(∗) π ` ν̄`) = (1.61± 0.25) % [private+HFAG11]

Often ’gap’ is filled with NR and B → D∗∗ ` ν̄`; [Phys.Rev.D86,032004] applies a further correction of:

λD∗∗ =
B(B→D∗∗ ` ν̄`)+BNR (B→D(∗) ` ν̄`)

B(B→D(∗) ` ν̄`)+B(B→other)
= 0.73± 0.08

→ Not the culprit for |Vub| tension, but could contribute to the difference:
need an ad-hoc increase of this systematic by a factor of 5 eases the tension to ≈ 2σ

But need to study this ’gap’ for
further progress in |Vub|

∗ Which are the missing D∗∗

modes?
∗ 3-body D∗∗ (Observed for

D1 → Dππ by Belle)
∗ radial excit.

[Phys.Rev.D.85.094033]?

⇒ Sascha Turczyk’s talk on
Sunday.
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Thought #3: The shape function
∗ So far the shape-function forces us to measure the partial branching

fraction ∆B where experimental uncertainties are large.

→ Most discriminating regions with low systematic uncertainties are not being used.

∗ Complementary to the increase in acceptance, we should make sure to
push for having a global fit that combines all available information to
determine |Vub|

Λ=0.5 GeV
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The shape function with absorbed ΛQCD/mb corrections from fits to selected B → Xsγ spectra is shown.

→ Talk on Sunday about SIMBA and the status of global fits for |Vub|
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What’s next? Multivariate Tagging (with NeuroBayes)Tagging Algorithmes at the B-Factories

Classifier #1

Classifier #2

Classifier #3

K

0
s ⇡

0

⇡

+
e

+
µ

+
K

+
�

J/ D Ds

D

⇤
D

⇤
s

B

Multivariate approach

dE/dx tracking shower shape
...

Classifier #4

Classifier #5

Reconstruction of stable and unstable 
particles

Reconstruction of prompt charmed state of 
the weak b       c transition (’Seed’)

Reconstruction of B meson candidate

}
}

II.x NeuroBayes performance

→

13
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Fig. 7.4.1. The mES (= mbc) distribution of hadronic B+
tag

(top) and B0
tag (bottom) samples obtained by Belle with cut-

based (red) and NB selection (blue) (Feindt et al., 2011). In
case of the B+

tag sample the cut on the network output in the
NB selection is chosen to give equal purity as the cut-based
selection in mES > 5.27 GeV. In case of the B0

tag sample the
cut on the network output in the NB selection is chosen to
give equal B meson signal yield as the cut-based selection.
These cuts are arbitrary and are chosen only for the purpose
of comparing the NB and cut-based Btag selections.

one including continuum suppression. The highest possi-775

ble efficiency that can be achieved with the NB selection
at Belle is around 0.28% for B+

tag and 0.18% for B0
tag with

around 10% purity. This corresponds to an improvement
in efficiency by roughly a factor of 2 comparing to Belle’s
cut-based Btag selection.780

7.4.2 Semileptonic tag B reconstruction

This method of semi–exclusive B reconstruction involves
the selection of a D meson and suitable lepton candidate,
�, which are then combined into a D� candidate.

The Btag is reconstructed in the set of semileptonic B785

decay modes B− → D0�−ν̄�X, where � denotes an e or
µ, and X can be either nothing or a transition particle
from a higher mass charm state decay, which one does not
necessarily need to reconstruct. This methodology natu-
rally includes the B− → D0�−ν̄� and B− → D∗0�−ν̄�790

modes and also retains those modes with excited D me-
son states which decay, via the emission of soft transitions
particles, to a D0. The technique can be similarly applied
to the tagging of neutral B mesons where one would recon-
struct B̄0 → D(∗)+�−ν̄� for a combination of all possible795

B̄0 → D+�−ν̄� and B̄0 → D∗+�−ν̄� states reconstructed
exclusively. The main loss in efficiency arises from the B
and charm decay branching fractions while further selec-
tion criteria must be applied in order to suppress non-B
decay backgrounds (continuum) and fakes from hadronic800

B decays.

The D0 decay is reconstructed by BABAR in the four
cleanest hadronic decay modes: K−π+, K−π+π−π+, K−π+π0,
and K0

s π+π−. The K0
s is reconstructed only in the mode

K0
s → π+π−. Belle reconstructs D0 candidates in ten de-805

cay modes (Hokuue, 2007): in addition to the four de-
cay modes above, the K0

s π0, K0
s π+π−π0, K−π+π+π−π0,

K+K−, K0
s K+K− and K0

s K−π+ modes are also included.
The added benefit of reconstructing the low momentum
transition daughter in D∗0 decays is to provide a more810

complete and exclusive tag B selection. Indeed if one ne-
glects to reconstruct these π0 or γ daughters (from D∗0 →
D0π0/γ) then they will be considered in the reconstruc-
tion of the signal B target mode. However, it is observed
that the semi-exclusive reconstruction of B → D0�νX815

provides a higher efficiency with some loss of purity.

For neutral B tags the selection becomes that of either
B̄0 → D+�−ν̄� or B̄0 → D∗+�−ν̄�. The D+ decays are
reconstructed at Belle in seven decay modes K−π+π+,
K0

Sπ+, K−π+π+π0, K0
Sπ+π0, K0

Sπ+π+π−, K0
SK+ and820

K+K−π+ (Hokuue, 2007), while BABAR uses only the first
two decay modes. The D∗+ decays can be reconstructed
as both D0π+ and D+π0. The mass difference between D∗

and D provides a powerful constraint as does the invariant
mass of the D0 or D+ candidate.825

The center of mass lepton momentum (p∗
� ) for both

electrons and muons is selected to be greater than 0.8
(1.0) GeV/c at BABAR (Belle). This is the lower end of
muon identification for the current B Factories and there
is commonly non-B background below p∗

� ∼1 GeV. The830

reconstructed D mesons are required to be within ±3σ
(±2.5σ) at BABAR (Belle) of their nominal mass value. As
explained in section 7.2 the cosine of the angle between
the B meson and the D(∗)� candidate momenta, cos θB,D�

(defined in Eq. 7.2.2), is a powerful discriminant. In the835

event that the D� and the neutrino are the only decay
products of the B then cos θB,D� must lie in the physical
region between ±1. If additional decay products from the
cascade of a higher mass charm state down to the D0 go
unreconstructed then this will force the value of cos θB,D�840

to be smaller. In order to retain such candidates events
where cos θB,D� falls between −2.5 and +1.1 are com-
monly retained. The positive limit is allowed to be slightly
outside of the physical region to account for detector and
reconstruction effects. Of course, for the reconstruction845

of exclusive channels (B− → D0�−ν̄�, B− → D∗0�−ν̄�,
B̄0 → D+�−ν̄� and B̄0 → D∗+�−ν̄�), the selection should
be tightened to only consider the physical region.

A typical B− → D0�−ν̄�X selection at BABAR yields
an efficiency of approximately 6 × 10−3 with a mode de-850

pendent purity which averages to ∼ 60%. For the neutral
B reconstruction the efficiency is typical half that of a
similar charged B selection.

[Physics of the B-Factory Bookt]

4 / 5

Same Purity

Same Efficiency

⇒ Impressive performance demonstrated by Belle at the summer conferences.
[Nucl.Instrum.Meth. A654, 432-440 (2011), arXiv:1102.3876.] 21 / 24



V. Summary and Conclusions

* Presented a review of the two latest inclusive |Vub| measurements.

* Persisting gap between inclusive and exclusive |Vub| remains an issue.

* Are right-handed currents playing a role?

* Are we underestimating some uncertainties? The treatment of
B → Xc ` ν̄` is not satisfying, granted. Could it cause trouble?

* New multivariate tagging looks like a very promising tool for tagged
inclusive analyses. We are looking forward to see new results from Belle.
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Backup
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a. Input for ε′R and
∣∣V L

ub

∣∣ fit

* B → τ ν̄τ : Private HFAG + Belle average from Phillip Urquijo ICHEP12
talk
Vub = (4.21± 0.43)× 10−3

* B → Xu ` ν̄`: HFAG End of 2011 GGOU result
Vub = (4.39± 0.21)× 10−3

* B → π ` ν̄`: HFAG End of 2011 combined Lattice+Data result
Vub = (3.23± 0.30)× 10−3

* B → ω ` ν̄`: untagged BaBar result shown at ICHEP12
B(full q2 range) = (1.15± 0.19)× 10−4

* B → ρ ` ν̄`: uncertainty weighted average of ρ0 and ρ+ Belle results
shown at ICHEP12
B(full q2 range) = (3.3± 0.3)× 10−4
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