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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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Two new results shown for the first time at ICHEP 2014:

1. B → D∗∗ ` ν̄

First observation of B → D π+ π− ` ν̄`, evidence for B →
D∗ π+ π− ` ν̄`.

Publication in preparation

2. D → π ` ν̄

Precision measurement of D → π e ν̄e in bins of q2 + Form
Factor analysis

To be submitted
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Exclusive B → Xc ` ν̄` and why D∗∗ are an elusive contribution

Motivation to know B → Xc ` ν̄` precisely

1. Access to |Vcb|
2. Test for new physics (B → Xc τ ν̄)

3. Important Bkg of B → Xu ` ν̄` (|Vub|)Outline
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Fig. 17.1.1. Illustration of semileptonic decay B− → X�−ν̄�.
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Decays into low mass Xc well known: D & D∗

Make up about 70% of total inclusive B → Xc ` ν̄` rate
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Decays into high mass Xc less well known: D2, D1, D ′1, D0

Make up about 15% of total inclusive B → Xc ` ν̄` rate, measured in D∗∗ → D∗ π

→ This leaves a gap of about 15% that is unknown, relevant background.

→ Measured D2, D1, D ′1, D0 in conflict with expectation from HQET
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The case for B → D(∗) π π ` ν̄`

There is some direct evidence that there should be a contribution with a
signature of B → D(∗) π π ` ν̄`:

* Belle and LHCb observed D1 → D ππ decays in hadronic B → D1X
production.

Phys. Rev. Lett. 94, 221805 (2005) and Phys. Rev. D 84, 092001 (2011)

* BABAR and LHCb observed new states compatible with the quantum
numbers for 2S states.

Phys. Rev. D 82, 111101 (2010) and Journal of High Energy Physics, Volume 2013, Issue 9

Overall interesting since such contributions would be a background for the
BABAR B → D(∗) τ ν measurement
(in tension with the SM, excludes pretty much all of 2DHM phase space by 99% CL)

Could ease the conflict between the measured D2, D1, D ′1, D0 branching
fractions this tension is called the 1/2 & 3/2 problem in the literature
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The elephant in the room

BABAR was a multi-purpose detector operated at the PEP-II B-Factory

* e+e− collider at
√
s = 10.58 GeV

* Physics focus: CP violation, τ , charm, CKM matrix, ...

BABAR Integrated luminosity: 432/fb corresponding to about 470 million BB̄ pairs

Introduction and motivation
Event selection

Fit
Results

Summary and outlook

BABAR detector: multi purpose experiment operated at PEP-II
asymmetric B Factory

collected ⇡ 470 ⇥ 106 of e+e� ! ⌥ (4S) ! BB events (atp
s = 10.58 GeV)
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Fig. 4.1 The PEP-II storage ring and the SLAC Linear Accelerator is shown. The low-
energy ring (LER) for the positrons is depicted in red. The high-energy ring for
the electrons (HER) is depicted in blue. The position of the BABAR detector is
marked with a blue asteriks. The illustration was taken from Ref. [56].
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Fig. 4.2 The recorded and delivered luminosities at BABAR for run periods 1 to 7 are shown.
The image was taken from [55].

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

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

52

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

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

4.2.1. The silicon vertex tracker

The silicon vertex tracker is the detector component closest to the beam pipe and consists
of five concentric cylindrical layers of double-sided silicon strip detectors, cf. Fig. 4.4, which
provide an accurate measurement of charged tracks. The inner three layers have six detector
modules. The two outer layers have 16 and 18 detector modules. The strips on the inner sides
of each module are orientated perpendicular to the beam direction and allows to measure the
z coordinate. The strips on the outer side are oriented along the beam direction, what allows
the determination of �. The three-inner most layers have a resolution of (10 � 55)µm, the
outer layers of (30 � 40)µm. The measured values for z and � can be extrapolated to precisely
determine the initial vertex of the charged particles. Low momentum charged tracks, i.e. from
particles with a transverse momentum of less than 100 MeV/c2 do not pass any other detector
compnent and are reconstructed by the silicon vertex tracker alone. For higher momentum
tracks, the information of the silicon vertex tracker is combined with other tracking information
to determine the kinematic of the charged particle.

53

(1) silicon vertex tracker; (2) drift chamber; (3) Cherenkov detector; (4) electromagnetic calorimeter; (5)

superconducting solenoid; (6) flux return and muon detector
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Event reconstruction: tag & recoil approach

Fully reconstruct one B meson via hadronic
decay modes:

Experiment B0 B̄0 B+ B−

BABAR 0.2% 0.4%
Belle 0.2% 0.3%

Table : Hadronic tag B reconstruction efficiencies as found
in 1406.6311 [hep-ex]

Seed based reconstruction with 2968 possi-
ble decay modes.
Seed: D, D∗, Ds , D∗s , J/ψ, supplemented with number of

charged and neutral pions or kaons.

Standard cuts on beam constraint energy
and mass.

recoil

tag

e+

e−

Υ(4S)

B

B̄

�

�

J/ψK
π

�

ν̄�

D∗∗ D
K

π

π

π
π

|∆E | = |EB tag −
√
s/2|; mES =

√
s/4−~p2

B tag
with (EB tag, vecpB tag) the four-momentum of the

reconstructed B and
√
s the centre-of-mass energy of the e+ e− pair.
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Signal side reconstruction

Reconstruct lepton (= e or µ) candidate and D or D∗ candidates:

* Allow for maximal n additional charged tracks in the event for
Breco → D(∗) n π± ` ν̄.

* In the case of many candidates select candidate with minimal beam
constraint energy |∆E |.

* For n, require ∆m = mD0 π± −mD0 > 0.16 GeV to veto contributions
from Breco → D(∗) (n − 1)π± ` ν̄.

* Fisher discriminants to reduce BB̄ and continuum e+ e− contributions.

Discriminating variable for Signal & Background fit built from reconstructed
neutrino four-momentum: Emiss − pmiss = EB tag − EB reco − |~pB tag − ~pB reco|
For a proper signal decay, this should peak at zero; missing particles cause a shoulder towards the positive side.

Unbinned maximum likelihood fits with PDFs built from simulated sampled
using Gaussian kernel estimators.
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Preliminary B → D(∗) π+ π− ` ν̄ results

Introduction and motivation
Event selection

Fit
Results

Summary and outlook

Fit to D(⇤)⇡+⇡�`⌫ samples
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channel signal yield ✏sig [units of 10�4] S ⌘
p

2�L Stot

D0⇡+⇡� 189 ± 39 0.989 ± 0.059 5.2 4.4

D+⇡+⇡� 57 ± 20 0.567 ± 0.046 3.1 2.6

D⇤0⇡+⇡� 75 ± 36 0.951 ± 0.058 2.1 1.9

D⇤+⇡+⇡� 58 ± 19 0.457 ± 0.041 3.3 2.9

(S = statistical significance; Stot = significance including systematic uncertainties; given uncertainties are
statistical only)

combined significance: D⇡+⇡�`⌫: Stot = 5.1; D⇤⇡+⇡�`⌫: Stot = 3.5
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Preliminary B → D(∗) π+ π− ` ν̄ results

Fitted signal yields:

Introduction and motivation
Event selection

Fit
Results

Summary and outlook

Fit to D(⇤)⇡+⇡�`⌫ samples
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First observation of B ! D(⇤)⇡+⇡�`⌫ decays
BABAR preliminary

channel signal yield ✏sig [units of 10�4] S ⌘
p

2�L Stot

D0⇡+⇡� 189 ± 39 0.989 ± 0.059 5.2 4.4

D+⇡+⇡� 57 ± 20 0.567 ± 0.046 3.1 2.6

D⇤0⇡+⇡� 75 ± 36 0.951 ± 0.058 2.1 1.9

D⇤+⇡+⇡� 58 ± 19 0.457 ± 0.041 3.3 2.9

(S = statistical significance; Stot = significance including systematic uncertainties; given uncertainties are
statistical only)

combined significance: D⇡+⇡�`⌫: Stot = 5.1; D⇤⇡+⇡�`⌫: Stot = 3.5
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Combined significance:

* 5.1σ for B → D π+ π− ` ν̄

* 3.5σ for B → D∗ π+ π− ` ν̄

Conversion into branching fractions via B → D(∗) ` ν̄ as normalization channels

B(B → D(∗) π+ π− ` ν̄)

B(B → D(∗) ` ν̄)
=

N
(∗)
nπ

Nnorm

εnorm

ε
(∗)
nπ

and for B(B → D(∗) ` ν̄) one can use then the world average from the PDG.
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Summary for the Gap

  [%]Branching Fraction

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

νlππ(*)
D

νl-π+π+D* 

νl-π+π0D* 

νl-π+π+D

νl-π+π0D

(isospin av.) νlπD*

(isospin av.) νlπD

  ) ν(K)l
(*)
s D→B(BF ) + ν)lπ((*)

 D→B(BF  ∑ - inclBF = BF∆

 preliminary BaBar ∫ -1 dt = 432 fbL

 ν) lπ (π(*)
 D→BHadronically tagged 

 with implicit isospin assumptionsππExtrapolation to 
→ BF∆

→ Can assign about 0.7% to B → D(∗) π π ` ν̄ production, reducing its significance from originally 7σ to 3σ.
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Two new results shown for the first time at ICHEP 2014:

1. B → D∗∗ ` ν̄

First observation of B → D π+ π− ` ν̄`, evidence for B →
D∗ π+ π− ` ν̄`.

Publication in preparation

2. D → π ` ν̄

Precision measurement of D → π e ν̄e in bins of q2 + Form
Factor analysis

To be submitted
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The D → π ` ν̄ Form Factor and its connection to |Vub|

Precision determination of D → π ` ν̄ interesting test for our understanding of
QCD:

* Form factor can be calculated as a function of 4-momentum transfer
squared of D → π system on the Lattice.

→ Can also confront

With form factor prediction for f+(q2 = 0) one can extract CKM matrix
element |Vcd |

Using lattice information one can relate D → π form factors with B → π form
factors and include the partial branching fractions into a global fit for |Vub|.

→ Adds information at high q2 where B → π ` ν̄` has limited precision

→ Trade off between this additional information and difficult to assess
’translation’ uncertainty between D → π and B → π.
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Event reconstruction

B-Factories are also cc̄ factories:

3.1 Factories and PEP-II 75

Table 3-1. Production cross-sections at . The cross-section is the effective
cross-section, expected within the experimental acceptance.

Cross-section (nb)

1.05
1.30
0.35
1.39
0.35
0.94
1.16

known properties and the beam-energy spread of the machine. Since the BABAR beam spread
is very close to being the same as it is for CLEO, we take the peak cross-section obtained in CLEO
and adjust for the slightly larger beam spread expected in BABAR. This yields a peak cross-section of
1.05 nb with an uncertainty of less than 0.1 nb (the BABAR TDR [2] used 1.15 nb for most analyses).

While in principle the cross-section can be calculated if the value of is known,
initial-state radiation assures that the value depends sensitively on the minimum value of center-
of-mass energy that is required in an analysis. Events with very hard radiated photons look more
like 2-photon processes than typical events. For most purposes in this book, it is only necessary
to know how to normalize the Monte Carlo samples that have been generated. In this case we use
the cross-section calculated from Jetset7.4 with the usual photon-energy cutoff of 0.99 ,
corresponding to a minimum center-of-mass energy of 1.06 GeV. This cross-section is found to be
3.39 nb.

3.1.2 Data Taking in the Continuum

It is intended to run PEP-II at the resonance, for the majority of its running. However,
off-resonance data are essential for all precision measurements of meson decays since Monte
Carlo simulations for decay backgrounds from the continuum are less reliable than their direct
determination from real data (the non- physics (charm, tau, . . . ) does not require any data
taking off the (4S) resonance since these data come simultanuously with events). For decays
with very little background, like with background/signal ratios a few %,
a very high fraction of data taking on the resonance gives the smallest error on the

REPORT OF THE BABAR PHYSICS WORKSHOP

Production cross sections at
√

s = 10.58 GeV from

BABAR physics book.

signal side

e+

e�

`

⌫̄`

⇡
⇡

cc̄

D⇤

D(⇤,⇤⇤)

D

Uses 80% of the total BABAR integrated luminosity.

Reconstruct D∗+ → D0 π+ with D0 → π− e+ ν:

* Reconstruct pD = pπ + pe + pν by using missing energy information from
rest of event

* Make use on kinematic constraints on mD and mD∗
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Signal side reconstruction

Use Fisher discriminants to reduce BB̄ and other cc̄ background.

As discriminating variable for Signal & Background use δm = mD∗ −mD in
bins of the observable(s) of interest

Four-momentum transfer squared of
the D to the π system reconstructed
as:

q2 = (pD − pπ)2

Cross check of method by recon-
structing cos θ∗e :

dΓ

d cos θe
∝

√
1− cos θ2

e

Exact in massless fermion limit.

11
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FIG. 1: Distributions of the Fisher discriminants; Left: Fbb for signal and BB events, Right: Fcc for signal and other cc events.
The vertical lines indicate the imposed cuts: Fbb > 1.2 and Fcc > 0.6.
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FIG. 2: Mass difference ∆(m) = m(D0π+
s ) − m(D0) after all

selection criteria and the additional requirement on the first
(open circles) and second (full circles) kinematic fits prob-
abilities. The distribution for MC-simulated signal and the
different background distributions are superimposed for the
final selections. These MC distributions are normalized to
data based on the integrated luminosity and have been cor-
rected to account for small differences between data and MC
distributions.

The remaining background from cc-events can be di-654

vided into a peaking at low ∆(m) and non-peaking com-655

ponents, extending to higher values of ∆(m). In the sig-656

nal region, the latter component amounts to 23% of the657

charm background. Peaking background events are from658

real D∗+ decays in which the slow π+
s is included in the659

candidate track combination. Backgrounds from e+e−
660

annihilations into light dd, uu, ss pairs and BB events661

are non-peaking.662

To improve the background simulation, simulated663

background distributions are corrected for observed dif-664

ferences between data and MC simulations for side-665

band events, most important among them is the two-666

dimensional distribution of the π+ momentum versus the667

missing energy in the signal hemisphere. These last cor-668

rections are discussed in Section V 4. As a result the669

measured ∆(m) distribution is well reproduced by the670

simulation and the systematic uncertainties of the signal671

yields are significantly reduced (for further details see672

Section V).673

The fraction of signal events is determined from the674

measured ∆(m) distribution as the excess of events above675

the sum of the corrected background distributions. Fig-676

ure 3 shows the q2 = (pD − pπ)
2
, distribution for events677

selected in the signal region. There are 9,926 signal can-678

didates containing an estimated number of 4,536 back-679

ground events. The selection efficiency as a function of680

q2 varies linearly, decreasing from 1.6% at low q2 to 1.0%681

at high q2.682

To obtain the true q2 distribution for signal events, the683

background-subtracted measured distribution is unfolded684

to correct for selection efficiency and resolution effects.685

We adopt the procedure employed in the D0 → K−e+νe686

analysis [1], and use the Singular Value Decomposition687

(SVD) [35] of the resolution matrix, keeping seven sig-688

nificant Singular Values. Table II lists the number of689

selected events, the estimated total background, and the690

BABAR preliminary
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Results for q2 and unfolding

Detector level prior background subtraction and unfolded q2 distribution:
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FIG. 3: The measured q2 distribution (data points) for events
selected in the ∆(m) signal region is compared to the sum of
the estimated backgrounds and of the fitted signal compo-
nents. Peaking and non-peaking background contributions
refer only to cc events.

unfolded signal event yields.691

TABLE II: Measured number of events in bins of q2: candi-
date events in data, estimated background events, and signal
events corrected for resolution and efficiency. The first uncer-
tainties are statistical, the second systematic, not including
those correlated with the D0 → K−π+ normalization sample.

q2 bin measured total unfolded signal
( GeV2) events background (×103)
[0.0, 0.3] 1, 319 293 ± 17 68.3 ± 3.5 ± 1.2
[0.3, 0.6] 1, 346 409 ± 21 63.3 ± 4.3 ± 2.0
[0.6, 0.9] 1, 257 366 ± 19 61.7 ± 3.9 ± 1.4
[0.9, 1.2] 1, 157 414 ± 21 51.9 ± 3.8 ± 1.3
[1.2, 1.5] 1, 053 471 ± 19 41.2 ± 3.6 ± 1.2
[1.5, 1.8] 1, 004 548 ± 22 36.1 ± 3.4 ± 1.5
[1.8, 2.1] 1, 030 675 ± 29 28.6 ± 3.2 ± 2.4
[2.1, 2.4] 859 645 ± 25 16.7 ± 2.7 ± 2.1
[2.4, 2.7] 570 494 ± 21 6.5 ± 2.4 ± 1.2
[2.7, 3.0] 331 307 ± 18 1.2 ± 0.8 ± 0.3
Total 9, 926 4, 623 375.4 ± 9.2 ± 10.1

V. SYSTEMATIC UNCERTAINTIES692

Systematic uncertainties in the total branching frac-693

tion and differential decay rates are expected to originate694

from imperfect simulation of c quark fragmentation and695

of the detector response, from uncertainties in the back-696

ground composition and the size of their contributions to697

the selected sample, and from the uncertainty in the mod-698

eling of the signal decay. We study the origin and size699

of various systematic effects, correct the MC simulation,700

if possible, and assess the impact of the uncertainty in701

the correction of the signal distributions. Many of these702

studies make use of standard BABAR measurements of de-703

tection efficiencies, others rely on data control samples,704

and the sample of D0 → K−π+ decays. In the following705

study of various form factor parameterizations, we adopt706

the observed changes as contributions to the systematic707

uncertainties.708

A list of the systematic uncertainties from the different709

sources (S1 to S20) in terms of variations in the numbers710

of unfolded signal events in each of the ten q2 intervals711

is presented in Table III. The total systematic uncer-712

tainty for each interval is derived assuming no correla-713

tions among the different sources.714

1. Charmed Meson Background (S1)715

Corrections are applied to improve the agreement be-716

tween data and MC for event samples containing an ex-717

clusively reconstructed decay of D0, D+, D+
s , or D∗+

718

mesons, based on a procedure that had previously been719

used in measurements of semileptonic decays of charm720

mesons [1, 36, 37]. We correct the simulation to match721

the data and, from the measured reduction of initial dif-722

ferences, we adopt a systematic uncertainty of typically723

30% of the impact of the corrections on the signal yield.724

2. D∗+ Production (S2)725

To verify the simulation of D0 meson production via726

c quark fragmentation, we compare distributions of the727

variables entering in the definition of the Fisher dis-728

criminants Fbb and Fcc−2 in data and MC samples of729

D∗+ → D0π+
s ; D0 → K−π+ events. We correct the730

simulation of the fragmentation process and, from the731

measured reduction of the differences, take as an esti-732

mate of the systematic uncertainty 30% of the observed733

change in the q2 distribution. Effects of this correction734

to the D∗+ production on the measurement of RD, the735

ratio of branching fractions for the two D0 decays, must736

be evaluated in a correlated way for D0 → K−π+ and737

D0 → π−e+νe decays. This is included in systematic un-738

certainties given in Table VI. Therefore, in Table III, we739

do not include the uncertainty due to this correction in740

the total number of fitted signal events.741

18

we obtain for the ratio of branching fractions,

RD = 0.0702 ± 0.0017 ± 0.0023, (19)

where the first uncertainty is statistical and the second is
systematic. Using the D0 → K−π+ branching fraction,
given in Eq. (15), we arrive at

B(D0 → π−e+νe) = (2.770±0.068±0.092±0.037)×10−3,
(20)

where the third error accounts for the uncertainty on the1013

branching fraction for the reference channel. This value1014

is slightly lower, but consistent with the present world1015

average of (2.89 ± 0.08) × 10−3 [2].1016

B. Differential Decay Rate and Normalization1017

Figure 7 shows the background-subtracted unfolded q2
1018

distribution. The unfolding takes into account detection1019

efficiency correction and resolution effects. Based on the1020

unfolded q2 distribution and the detailed analysis of the1021

systematic uncertainties as a function of q2 presented in1022

Table III, Table VI lists the partial differential branch-1023

ing fractions ∆B(D0 → π−e+νe) in ten q2 intervals, to-1024

gether with the statistical and systematic uncertainties1025

and the correlation coefficients. Correlations between1026

systematic uncertainties for neighboring q2 intervals are1027

sizable. Note that the partial decay branching fractions1028

in each q2 interval are corrected for radiative effects and1029

that the uncertainty on the normalization channel (see1030

Eq. (15)), which is common to all ten measurements, is1031

not included in the uncertainties in Table VI.1032

The overall decay rate is proportional to the square
of the product |Vcd| × fπ

+,D(q2), with the q2 dependence

determined by the form factor. Its value at q2 = 0 can
be expressed as,

|Vcd| × fπ
+,D(0) =

√
24π3

G2
F

B(D0 → π−e+νe)

τD0 I
, (21)

where τD0 = (410.1± 1.5)× 10−15 s [2] is the D0 lifetime

and I =
∫ q2

max.

0

∣∣p⃗∗
π(q2)

∣∣3 ∣∣fπ
+,D(q2)/fπ

+,D(0)
∣∣2 dq2. Based

on the z-expansion parameterization of the form factor,
we determine the integral I and obtain,

|Vcd|×fπ
+,D(0) = 0.1374±0.0038±0.0022±0.0009, (22)

where the third uncertainty corresponds to the uncer-1033

tainties on the branching fraction of the normalization1034

channel D0 → K−π+ and on the D0 lifetime.1035

From the measured branching fraction (Table VI) as1036

a function of q2 intervals, |Vcd| × fπ
+,D(q2) is derived and1037

shown in Figure 8, where the data are evaluated at the1038

center of each q2 bin (see Appendix D). The data are1039

compared to the fit based on the z-expansion parame-1040

terization of the form factor with three free parameters,1041

the normalization |Vcd|×fπ
+,D(q2 = 0) and the shape pa-1042

rameters r1 and r2. The correlation coefficients (ρij) are1043
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FIG. 7: Unfolded q2 distribution for D0 → e+π−νe decays.

ρ12 = −0.400, ρ13 = 0.572, and ρ23 = −0.966. The form1044

factor fit reproduces the data well, χ2 = 2.6 for 7 degrees1045

of freedom.1046

Using a recent unquenched lattice LQCD computa-
tions of the hadronic form factor, fπ

+,D(0) = 0.666±0.029

[26], we obtain a value for the CKM matrix element,

|Vcd| = 0.206 ± 0.007exp. ± 0.009LQCD, (23)

where the first uncertainty corresponds to uncertainties1047

on this measurement, summed in quadrature and the sec-1048

ond to the uncertainty of the LQCD prediction.1049

If, instead, we use the value of |Vcd| = |Vus| = λ, the
normalization of the hadronic form factor becomes,

fπ
+,D(0) = 0.610 ± 0.020exp. ± 0.005other, (24)

where the second error includes also the uncertainty on1050

|Vcd|.1051

The measurements presented here are compared in Ta-1052

ble VII with previous results from other experiments1053

which were also based on the three-parameter fit of the z-1054

expansion parameterization of the hadronic form factor.1055

The results are consistent within the stated uncertain-1056

ties. The sizable variation of the fitted shape parameters1057

r1 and r2 can be traced to the large experimental un-1058

certainties at high q2, the correlations are almost 100%1059

. In the comparison with LQCD estimates, the value of1060

|Vcd| = |Vus| = 0.2252 ± 0.0009 is used.1061

Figure 9 shows two fits to |Vcd|×fπ
+,D(q2) based on the1062

z-expansion, one for this analysis, the other for the HFAG1063

averaged measurements [38], both listed in Table VII.1064

BABAR preliminary BABAR preliminary

Unfolded with singular value decomposition (SVD) method

Events converted into branching fractions via D0 → K− π+ normalization
channel: B(D0 → π− e+ ν)

B(D0 → K− π+)
=

N
π− e+

Nnorm

εnorm

ε
π− e+
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Form Factor fits & |Vub|
Fit with z-expansion to determine form factor normalization × |Vcd |

|Vcd | × f+(q2 = 0) = 0.137± 0.004± 0.002± 0.001

Errors are statistical, systematic and from normalization channel

Heavy quark limit: b → q and
c → q look identical wrt light de-
gree freedom.

Finite quark masses and difference
between mb & mc break this degen-
eracy.

Lattice QCD input can be used to
relate the form factors to combine
experimental information to deter-
mine |Vub|

Method |Vub| × 10−3

Pole expansion 2.6± 0.2± 0.4
Direct Lattice ratio 3.65± 0.18± 0.40

Determined |Vub| when combined with available
BABAR B → π ` ν̄ information

 x Form factor fit in the z-expansion formalism: 

ICHEP 2014, Valencia  Arantza Oyanguren     8 

Form factor interpretation 

z-expansion 

t { q2 
|z| << 1 

o Model independent, based on QCD properties 
o aK parameters have no physics interpretation 

rk=ak/a0 

 x Normalization: 
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Form Factor fits & |Vub|
Fit with z-expansion to determine form factor normalization × |Vcd |

|Vcd | × f+(q2 = 0) = 0.137± 0.004± 0.002± 0.001

Errors are statistical, systematic and from normalization channel

Heavy quark limit: b → q and
c → q look identical wrt light de-
gree freedom.

Finite quark masses and difference
between mb & mc break this degen-
eracy.

Γ(B→π ` ν̄)
Γ(D→π ` ν̄)

= |Vub|2
|Vcd |2

mB
mD

(
f
B→pi

+

)2(
f
B→pi

+

)2

Method |Vub| × 10−3

Pole expansion 2.6± 0.2± 0.4
Direct Lattice ratio 3.65± 0.18± 0.40

Determined |Vub| when combined with available
BABAR B → π ` ν̄ information

Conclusions 

ICHEP 2014, Valencia  Arantza Oyanguren     15 

x Measurement of the D0oS-e+Q form factor and branching fraction at BaBar, 
competitive and in agreement with CLEO-c and BELLE. 
 
 
 
 
 

x Physics interpretation of the form factor:  
   - The form factor cannot be explained by the D* and D*’1 contributions. 
   - Description in terms of a “three“ poles model, being the 3rd pole effective,  
     agrees well with data. 
    
x Vub has been extracted using the information of  
charm sl data: 
oUsing a constant form factor ratio from Lattice. 
oUsing the “three“ poles model. 

 

  - Systematics of different origin, hope to be  
  reduced in future by Lattice calculations 
 
  

[�ĞēŝƌĞǀŝđ et al, arXiv:1407.1019 [hep-ph]] 
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Summary: Two new & nice results from BABAR

B → D(∗) π π ` ν̄`

* First observation of B → D ππ ` ν̄` and evidence for
B → D∗ ππ ` ν̄`

→ Important background for other B → Xc ` ν̄` analyses, helps
closing the gap between inclusive & exclusive.

D → π ` ν̄`

* Measurement of the D → π ` ν̄` partial branching fraction and
measurement of the form factor

→ Nice result by itself, explored possibility to combine D → π
information with B → π to extract |Vub|

→ Theory uncertainties very difficult to assess, but none the less a
very interesting avenue to test the consistency of different results.

Thank you!
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Charm Spectroscopy
7
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FIG. 1: The charmed meson spectrum. The solid lines are the GI quark model predictions and the

shaded regions are the expected mass ranges from some other relativistic quark models[19–21]. The

observed charmed states are also shown. The N and UN denote natural parity and unnatural parity,

respectively.

TABLE III: Possible assignments for the LHCb and BaBar charmed states based on masses and decay

modes

State Possible assignments

D(2550)/DJ(2580) D(21S0)

D∗(2600)/D∗
J(2650) D(23S1)

D(2750)/DJ(2740) D2(1D), D′
2(1D)

D∗(2760)/D∗
J(2760) D(13D1), D(13D3)

DJ(3000) D(31S0), D1(2P ), D′
1(2P ), D3(1F ), D′

3(1F )

D∗
J(3000) D(33S1), D(23P0), D(23P2), D(13F2), D(13F4)

Figure from arXiv:1407.3092 [hep-ph]
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D → π e ν̄e helicity angle distribution
16
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FIG. 5: Comparison of the measured event yields (black data points with statistical errors), as a function of cos (θe), with the
corrected sum of the expected signal and background distributions after all corrections. Left: observed events in data and in
simulation. Right: the ratio (Data - MC)/MC.

VI. RESULTS923

So far, we have presented the observed q2 (see Fig. 3)924

and helicity distributions in terms of cos (θe) (see Fig. 5).925

The background-subtracted q2 distribution is unfolded to926

take into account the detection efficiency and resolution927

effects (see Table II). The systematic uncertainties of928

the unfolded yields are evaluated in ten discrete intervals929

of q2 (see Table III). In the following, we discuss the930

measurements of the integrated branching fraction, the931

q2 distribution, and the measurement of the hadronic932

form factor.933

A. Branching Fraction Measurement934

As the primary result of this analysis we present the
ratio of branching fractions,

RD =
B(D0 → π−e+νe)

B(D0 → K−π+)
, (14)

i.e. the signal semileptonic decay D0 → π−e+νe mea-
sured relative to the hadronic decay D0 → K−π+. In
both channels the D0 originates from a D∗+ decay and
photons radiated in the final state are taken into ac-
count. The same ratio RD is obtained for simulated event
samples, many systematic uncertainties cancel. The sig-
nal decay branching fraction is obtained by multiplying

RD by the branching fraction for the hadronic decay
D0 → K−π+ [38],

B(D0 → K−π+)WA = (3.946 ± 0.023 ± 0.040 ± 0.025)%,
(15)

where the stated first uncertainty is statistical, the second935

systematic, and last includes the effect of modeling final936

state radiation. The measurement of the ratio RD is937

detailed in the following way,938

RD =
B(D0 → π+e+νe)data

B(D0 → K−π+)WA
(16)

= N(π−e+νe)
corr.
data

N(K−π+)MC

N(K−π+)data

L(data)Kπ

L(data)πeν

× 1

2 N(MC)Kπ
Rϵ

1

ϵhad.

1

P(c → D∗+)MC

× 1

B(D∗+ → D0π+)MC B(D0 → K−π+)MC
.

In this expression,939

• N(π−e+νe)
corr.
data = N(π−e+νe)data

ϵ(π−e+νe)MC
is the number of940

unfolded signal events (see Table II);941

• N(K−π+)MC and N(K−π+)data are the numbers942

of measured events in simulation and data, respec-943

tively;944

• L(data)πeν = 347.2 fb−1 and L(data)Kπ =945

92.89 fb−1 refer to the integrated luminosities an-946

BABAR preliminary BABAR preliminary

Helicity angle of the e± in the rest frame of the virtual W with respect to the W flight direction in the rest frame

of the D meson.
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