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

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

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

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

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�
µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

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

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

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

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

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

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

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

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

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

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

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

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

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

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

17.1.1.3 Experimental Techniques

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

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

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

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

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

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

(Emiss,pmiss) = (E0,p0)� (
X

i

Ei,
X

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]
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Tagged versus untagged
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FIG. 3: Lepton momentum distributions for semileptonic B-meson decays: (a) B ! Xc`⌫, (b) B ! Xu`⌫. Plot
taken from (Aubert et al., 2006c).

The simplest case is the purely leptonic decay B ! `⌫̄.
The necessary matrix elements of a pseudoscalar ground
state B meson with valence-quark content q, b̄ are given
in terms of a single parameter

h0|q̄�µ�5b|B(pB)i = pµBfB , (17)

where fB is the so-called decay constant of the B meson.
If no argument is shown, the quark fields are taken at the
space-time point x = 0.

For the SM prediction, only the matrix element in
Eq. 17 is needed, but a possible BSM contribution could
involve also other currents such as a pseudo-scalar cur-
rent. However, all other non-vanishing matrix elements
can be expressed in terms of fB by using the equations
of motion of the quark fields

(i /D �mq)q = 0 and (i /D �mb)b = 0 . (18)

Thus the pseudoscalar density is given by

h0|q̄�5b|B(pB)i = M2
B

mb +mq
fB (19)

where MB is the mass of the B meson.
Exclusive semileptonic decays are described in terms

of form factors, which are functions of the leptonic mo-
mentum transfer q2. Looking first at the SM contribu-
tions only, we need to parameterize the matrix elements
of the vector and the axial-vector currents. For the de-
cays into the ground-state pseudo-scalar meson only the
vector current can contribute, which is parameterized in
terms of two form factors:

hP (pP )|q̄�µb|B(pB)i = f+(q
2)

✓
pµB + pµP � m2

B �m2
P

q2
qµ

◆

+ f0(q
2)

m2
B �m2

P

q2
qµ . (20)

For a vector final state V , both the vector and axial cur-
rents contribute, and one obtains

hV (pV , ✏)|q̄�µb|B(pB)i = V (q2) "µ�⌫⇢✏
⇤
�

2p⌫Bp
⇢
V

mB +mV
, (21)

hV (pV , ✏)|q̄�µ�5b|B(pB)i = i✏⇤⌫


A0(q

2)
2mV qµq⌫

q2
(22)

+ A1(q
2) (mB +mV )⌘

µ⌫ �A2(q
2)

(pB + pV )�q⌫

mB +mV
⌘µ�

�
,

where we have introduced the polarization vector ✏⌫ of
the vector meson with ✏pV = 0, and ⌘µ⌫ = gµ⌫ �qµq⌫/q2

is the transverse part of the metric.
For the case of heavy mesons like B and D(⇤) mesons it

is in the context of heavy quark methods useful to switch
to a description in terms of velocities (see Eq. 13) and to
define w-dependent form factors as

hD(v0)|c̄�µb|B(v)ip
mBmD

= h+(w) (vB + vD)µ (23)

+h�(w) (vB � vD)µ,

hD⇤(v0, ✏)|c̄�µb|B(v)ip
mBmD⇤

= hV (w) "
µ⌫⇢�vB,⌫vD⇤,⇢✏

⇤
�,(24)

hD⇤(v0, ✏)|c̄�µ�5b|B(v)ip
mBmD⇤

= ihA
1

(w) (1 + w)✏⇤µ (25)

�i [hA
2

(w)vµB + hA
3

(w)vµD⇤ ] ✏⇤ · vB .

D. Heavy-quark methods

Methods based on the fact, that some of the quark masses
are large compared to the QCD scale ⇤QCD have become
standard in B physics. These “Heavy Quark Methods”
have been developed over the last two decades and have
lead to a significant reduction of model dependences.

• Typical analysis reconstructs D & D* mesons 
• Problem for lowest mass state: easy mis-categorization due to missing 

particles which need to be modelled adequately.

• Can reduce background by reconstructing neutrino momentum 
• Makes sure that neutrino is the only missing particle
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• Challenging due to… 
• large background from ‘down-feed’ from D* 

• combinatorial background from wrongly reconstructed D-meson 
candidates 

• Tagged analyses have smaller background 

• Measurements from ALEPH (Buskulic et al, 1997), CLEO (Bartelt 
et al, 1999), Belle (Abe et al, 2002), BaBar (Aubert et al, 
2009,2010), … 
• Most precise published measurement is from BaBar 

• hadronic tag 

• branching fraction measured as a function of w = vB * vD 

• D-mesons reconstructed in a variety of decay modes 

• Signal & Background separation in m2
miss = (Emiss, pmiss)

2

39

FIG. 26: (Color online) Distributions of the velocity transfer w, the cosine of the angles ✓` and ✓V and the
magnitude of the angle � for the Belle analysis of B0 ! D⇤�`+⌫ decays (Dungel et al., 2010).

about 2.9�. Averaging the |Vcb| results from exclusive
and inclusive measurements yields

|Vcb| = (40.60± 1.54)⇥ 10�3. (100)

Because of the marginal agreement — the �2 probabil-
ity is 0.4% — the uncertainty has been scaled by a fac-
tor of

p
�2/ndf = 2.9, following the approach used in

Ref. (Olive et al., 2014).

4. B ! D⇤⇤`⌫

The charm-meson ground statesD andD⇤ have orbital
angular momentum L = 0. As mentioned in Sec. VII.A.2,
there are orbitally excited states with L = 1 and masses
higher than the D⇤ mass, which are collectively referred
to as D⇤⇤ states. An overview of the various charm-
meson states is given in Fig. 27. In the limit of infi-
nite charm-quark mass, the D⇤⇤ states can be grouped
into two doublets based on the total angular momentum
jlight = L±1/2 of the system consisting of the light quark
and gluons (”light degrees of freedom”). The states with
jlight = 1/2 have spin-parity JP = 0+ (D⇤

0) or 1+ (D⇤
1)

and decay predominantly through an S-wave transition.
These resonances are broad with widths of a few hun-
dred MeV. The states with jlight = 3/2 have spin-parity
JP = 1+ (D1) or 2+ (D⇤

2) and decay predominantly via
a D-wave transition. These resonances are narrow with
widths of a few ten MeV. The 0+ state decays into D⇡,
the 1+ states into D⇤⇡ and the 2+ state can decay into
both D⇡ and D⇤⇡.

Experimentally, the knowledge of B ! D⇤⇤`⌫ decays
is still rather poor, especially for the broad D⇤⇤ states.

FIG. 27: Excited charm-meson states with orbital
angular momentum L = 0 and L = 1. The shaded boxes
indicate the widths of the resonances. The lines show
the possible decays involving the emission of one or two
pions. The states collectively referred to as D⇤⇤ are:

D⇤
0(2400), D

⇤
1(2430), D1(2420), D⇤

2(2460).
From Bernlochner et al. (2012).

The narrow states D1 and D⇤
2 have been observed in

semileptonic B decays by Belle (Liventsev et al., 2008),
BABAR (Aubert et al., 2008c, 2009a), CLEO (Anas-
tassov et al., 1998), ALEPH (Buskulic et al., 1997b),
OPAL (Abbiendi et al., 2003) and D0 (Abazov et al.,
2005). The broad states D⇤

0 and D⇤
1 have been observed

by DELPHI (Abdallah et al., 2006), BABAR (Aubert
et al., 2008c) and Belle (Liventsev et al., 2008). Ta-
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function G(w).

decay rate and Isgur-Wise function for the quark potential model and the model-independent
Ansatz for a fixed value of the normalization and shape parameter are depicted in Fig. 5.8.
For the low-recoil region around w = 1, both Ansätze result in similar values for the di�er-
ential branching fraction, but the quark potential model deviates from the model-independent
parametrization significantly in the high w region, where relativistic corrections become impor-
tant.

In order to reweigh the mth Dl signal decay from Eq. (5.43) to Eq. (5.42), it needs to be
multiplied by a weight

W MC
lm = RD(fl2

D) J CLN
D (wm)

J ISGW2
D (wm)

, (5.44)

where wm denotes the ’true’ four-velocity transfer with which the decay was generated. The
normalization factor RD(fl2

D) is given by

RD(fl2
D) =

s wmax
1 dw

!
w2 ≠ 1

"3/2 J ISGW2
D (w)

s wmax
1 dw (w2 ≠ 1)3/2 J CLN

D (w)
, (5.45)

and ensures that the generated branching fraction (i.e. the number of generated events) is
left unchanged by the reweighing and furthermore wmax = m2

B+m2
D

2mBmD
. Fig. 5.9 depicts the w

dependence of the integral of weight Eq. (5.44) for a fixed value of the shape parameter fl2
D.

Rearanging Eq. (5.44) with respect to fl2
D results in

W MC
lm = RD(fl2

D)
5
W 1

m + W 2
m fl2

D + W 3
m

1
fl2

D

22
6

(5.46)

79
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certainties. The dominant background contribution is
due to B ! D⇤`⌫ decays, where the slow pion from the
D⇤ decay (D⇤ ! D⇡) is not detected (“down-feed ”).
Combinatorial background from wrongly reconstructed
D candidates also contributes. For this reason, the much
cleaner tagged measurements are more promising than
untagged measurements for this decay mode.

The B ! D`⌫ decay has been measured by
ALEPH (Buskulic et al., 1997a), CLEO (Bartelt et al.,
1999), Belle (Abe et al., 2002) and BABAR (Aubert et al.,
2009d, 2010c). The most precise B ! D`⌫ measure-
ment to date comes from BABAR (Aubert et al., 2010c).7

In this measurement, semileptonic decays are selected in
hadronic-tag BB events. This leads to a very clean event
sample and a precise reconstruction of the four-velocity
transfer w = vBvD. The decays of both neutral and

charged B mesons, B0 ! D�`+⌫ and B+ ! D
0
`+⌫, are

studied. The D meson is reconstructed in a large number
of decay modes (see e.g. Table III). The signal yields are
determined in a fit to the M2

miss distribution The fit is
performed in ten bins of w to measure the w dependence
of the form factor G(w).

The M2
miss distribution is shown in Fig. 23 for two dif-

ferent w intervals. Figure 24(a) presents the resulting
w spectrum after correcting for reconstruction e�ciency.
With a fit of the parameterization in Eq. 88 to this spec-
trum, the product ⌘EWG(1)|Vcb| in Eq. 81 and the form
factor slope parameter ⇢2D can be determined. Together
with a prediction for the form factor at w = 1, the prod-
uct ⌘EWG(1)|Vcb| can be translated to a value for |Vcb|.
The statistical precision decreases towards small values
of w, as the B ! D`⌫ di↵erential decay rate is propor-
tional to p3D and is thus suppressed at small w. This
makes the extrapolation to w = 1 more di�cult and lim-
its the precision of the |Vcb| determination.

An overview of the B ! D`⌫ branching fraction,
⌘EWG(1)|Vcb|, and ⇢2D results from various experiments
are given in Table XII. The current HFAG aver-
age (Amhis et al., 2014) yields

⇢2D = 1.19± 0.05,

⌘EWG(1)|Vcb| = (42.65± 1.53)⇥ 10�3.
(96)

The �2 probability of this combination is close to 100%,
indicating that the uncertainties on the measurements
may be overestimated.

7 Belle has recently presented preliminary results of a new
hadronic-tag B ! D`⌫ analysis (Glattauer, 2014), which has
a comparable systematic uncertainty, but is statistically more
precise than the BABAR analysis. The results are, however, not
yet published.
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of decay modes (see e.g. Table III). The signal yields are
determined in a fit to the M2

miss distribution The fit is
performed in ten bins of w to measure the w dependence
of the form factor G(w).

The M2
miss distribution is shown in Fig. 23 for two dif-

ferent w intervals. Figure 24(a) presents the resulting
w spectrum after correcting for reconstruction e�ciency.
With a fit of the parameterization in Eq. 88 to this spec-
trum, the product ⌘EWG(1)|Vcb| in Eq. 81 and the form
factor slope parameter ⇢2D can be determined. Together
with a prediction for the form factor at w = 1, the prod-
uct ⌘EWG(1)|Vcb| can be translated to a value for |Vcb|.
The statistical precision decreases towards small values
of w, as the B ! D`⌫ di↵erential decay rate is propor-
tional to p3D and is thus suppressed at small w. This
makes the extrapolation to w = 1 more di�cult and lim-
its the precision of the |Vcb| determination.

An overview of the B ! D`⌫ branching fraction,
⌘EWG(1)|Vcb|, and ⇢2D results from various experiments
are given in Table XII. The current HFAG aver-
age (Amhis et al., 2014) yields

⇢2D = 1.19± 0.05,

⌘EWG(1)|Vcb| = (42.65± 1.53)⇥ 10�3.
(96)

The �2 probability of this combination is close to 100%,
indicating that the uncertainties on the measurements
may be overestimated.

7 Belle has recently presented preliminary results of a new
hadronic-tag B ! D`⌫ analysis (Glattauer, 2014), which has
a comparable systematic uncertainty, but is statistically more
precise than the BABAR analysis. The results are, however, not
yet published.
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hadronic-tagged analysis of B ! D`⌫ decays by
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TABLE XII: Results of B ! D`⌫ and B ! D⇤`⌫ measurements and the current HFAG average (Amhis et al.,
2014). The branching fractions are quoted for B0 decays, also for the cases where B+ decays were measured or both
B+ and B0 measurements were combined using isospin relations. The uncertainties are statistical and systematic.

B ! D`⌫ B (%) ⌘
EW

G(1)|Vcb| (10�3) ⇢2D
CLEO untagged (Bartelt et al., 1999) 2.19± 0.16± 0.35 44.88± 5.96± 3.25 1.27± 0.22± 0.12

Belle untagged (Abe et al., 2002) 2.08± 0.12± 0.52 40.96± 4.39± 5.03 1.12± 0.19± 0.11

BABAR hadronic-tag (Aubert et al., 2010c) 2.14± 0.11± 0.08 42.45± 1.88± 1.02 1.18± 0.09± 0.06

BABAR global fit (Aubert et al., 2009d) 2.16± 0.03± 0.13 43.25± 0.80± 2.07 1.20± 0.04± 0.06

HFAG average (Amhis et al., 2014) 2.13± 0.03± 0.09 42.65± 0.72± 1.35 1.19± 0.04± 0.04

B ! D⇤`⌫ B (%) ⌘
EW

F(1)|Vcb| (10�3) ⇢2D⇤

CLEO untagged (Briere et al., 2002) 5.62± 0.18± 0.26 39.94± 1.23± 1.63 1.37± 0.09± 0.09

Belle untagged (Dungel et al., 2010) 4.56± 0.03± 0.26 34.60± 0.17± 1.02 1.21± 0.03± 0.01

BABAR untagged B0 ! D⇤�`+⌫ (Aubert et al., 2008b) 4.54± 0.04± 0.25 33.94± 0.30± 0.99 1.19± 0.05± 0.03

BABAR untagged B+ ! D
⇤0
`+⌫ (Aubert et al., 2008d) 4.97± 0.07± 0.34 35.22± 0.59± 1.33 1.13± 0.06± 0.06

BABAR global fit (Aubert et al., 2009d) 4.95± 0.02± 0.20 35.76± 0.20± 1.10 1.19± 0.02± 0.06

HFAG average (Amhis et al., 2014) 4.93± 0.01± 0.11 35.81± 0.11± 0.44 1.21± 0.02± 0.02

2. B ! D⇤`⌫

The decay B ! D⇤`⌫ has a larger branching frac-
tion than B ! D`⌫ due to the additional helicity de-
grees of freedom for the vector D⇤ meson as compared
to the pseudo-scalar D meson. It has been measured
by BABAR (Aubert et al., 2008b,d, 2009d), Belle (Dun-
gel et al., 2010) and CLEO (Briere et al., 2002) and by
the LEP experiments ALEPH (Buskulic et al., 1997a),
DELPHI (Abdallah et al., 2004; Abreu et al., 2001) and
OPAL (Abbiendi et al., 2000). Compared to B ! D`⌫
decays, there is significantly less down-feed background
from higher-mass charm states. In addition, the recon-
struction of the D⇤ meson via its characteristic decay
into a D meson and a slow pion allows for an e↵ective
reduction of combinatorial background.

A precise determination of the w spectrum at small val-
ues is important for the extrapolation to w = 1 needed
to determine |Vcb|. However, for small w — correspond-
ing to small D⇤ momenta — the reconstruction e�ciency
of the slow pion from the D⇤ decay is rather low at the
B-factory experiments, thus limiting the precision in this
region.8

The measurements by CLEO and the LEP experiments
as well as the first B-factory analyses of B ! D⇤`⌫ de-
cays determined the product ⌘EWF(1)|Vcb| and the form
factor slope parameter ⇢2D⇤ by measuring the di↵eren-
tial decay rate d�/dw as a function of w. They relied on
external measurements of R1(1) and R2(1). The fully dif-
ferential decay distribution gives access to the complete

8 The measurements of the LEP experiments su↵er from a poorer
w resolution due to the larger average B momentum, but have a
reconstruction e�ciency that varies only moderately with w.

set of form factor parameters for B ! D⇤`⌫ decays. The
first analysis that measured R1(1), R2(1), and ⇢2D⇤ was
performed by CLEO (Duboscq et al., 1996). The pa-
rameters R1(1), R2(1), ⇢2D⇤ and ⌘EWF(1)|Vcb| were de-
termined in a fit to one-dimensional projections of the
di↵erential decay distribution in four variables: w and
the three helicity angles ✓`, ✓V and �. The helicity an-
gles are defined as follows (see Fig. 25):

• ✓` is the angle between the directions of the lepton
in the virtual W rest frame and the virtual W in
the B rest frame;

• ✓V is the angle between the directions of the D in
the D⇤ rest frame and the D⇤ in the B rest frame;

• � is the angle between the W and D⇤ decay planes.

FIG. 25: Illustration of the helicity angles ✓`, ✓V and �
in the decay B ! D⇤`⌫, D⇤ ! D⇡.

Belle and BABAR have subsequently published measure-
ments of the branching fraction and form factor param-
eters of B0 ! D⇤�`+⌫ decays (Aubert et al., 2008b;

• Various measurement consistency:  
• Pretty good, the prob. is close to 1 (hinting that some uncertainties spoil the 

systematic interpretation of this number)

Systematic limited
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• Challenges 
• ‘down-feed’ from D** 

• slow pion (in)efficiency — problematic particularly at w ~ 1 (small D* momentum) 

• Measurements from ALEPH (Buskulic et al, 1997), CLEO (Dubosq et 
al 1996, Briere et al, 1997), OPAL (Abbiendi et al, 2000), BaBar 
(Aubert et al, 2008, 2009), Belle (Dungel et al, 2010), … 

• First fully differential analysis was from CLEO (Dubosq et al 1996) 
• Determined the parameters R1(1), R2(1), 𝜌D* in a fit to 1D projections of the 

four variables defining the differential rate taking into account statistical 
cross correlations. 
• (q2, 2 helicity angles & tilting angle between the decay planes) 

• BaBar and Belle followed measuring branching fraction and form 
factor parameters based on the same approach. 
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• Untagged results are competitive with tagged ones 
• Due to the unknown direction of the neutrino in untagged analyses, the 

helicity angles and w have to be approximated by averaging over all 
possible B-meson directions (which are constrained around a cone of 
the D*l system)

16

(a)

(b)

FIG. 9: (Color online) Illustration of the variable
cos ✓BY for B0 ! D⇤�`+⌫ decays: (a) reconstruction of
the angle ✓BY, (b) distribution of cos ✓BY for correctly
reconstructed B0 ! D⇤�`+⌫ decays (topmost, green

histogram) and various backgrounds (other histograms).
From Dungel et al. (2010).

unassociated photon candidates or energy deposits in the
calorimeter, allowing for beam background, calorimeter
noise, etc.

Hadronic B tagging is based on a full reconstruc-
tion of the Btag candidate in purely hadronic decay
mode. Knowing the Btag four-momentum, PB

tag

, the
four-momentum of the signal B meson, PB , can be in-
ferred from

PB = P⌥(4S) � PB
tag

, (48)

where P⌥(4S) is the four-momentum of the ⌥(4S), i.e.,
of the e+e� intial state. In addition, the charge and the
flavor of the signal B candidate are uniquely determined
from the charge and the flavor of the Btag candidate.

A large number of di↵erent decay modes, mostly with
a b ! c quark transition that lead to final states with
a D0, D+, D+

s or a J/ meson, are considered for the
Btag reconstruction. The charm meson is combined with
additional charmless mesons (⇡±, K±, ⇡0, K0

S) to re-
construct a large number of exclusive Btag decay modes.
The tagging e�ciency and purity depend on the num-
ber of charged and neutral particles in the decay and are
highest for decay modes with low-multiplicity final states.

Since the branching fractions of the individual hadronic
decays are small, typically of the order of 10�5 � 10�3,
the inclusion of higher-multiplicity final states is neces-
sary to reach a su�cient tagging e�ciency. The variables
�E and mbc introduced in Eqs. 45 and 46 can be used
to distinguish correctly reconstructed from combinatorial
Btag candidates and to estimate the tagging e�ciency
and purity.
Both Belle and BABAR updated their hadronic B-

tagging algorithms in the course of the experiment and
reached an improvement of about a factor of 2 in tagging
e�ciency at a comparable background level compared
with the previous versions. In the latest BABAR algo-
rithm, Btag candidates are reconstructed in nearly 1 800
decay modes. Mode-dependent selection windows in �E
and mbc are applied. If there are multiple Btag candi-
dates per event, the one reconstructed in the decay mode
with the highest purity is chosen. The recent Belle algo-
rithm uses a more hierarchical approach that is based on
a four-stage Btag reconstruction, as illustrated in Fig. 10,
and a sophisticated neural-network classification (Feindt,
2004). At the first stage, ⇡+, K+, K0

S , �, ⇡
0, e and µ can-

didates are reconstructed from tracks and from clusters
in the electromagnetic calorimeter. Then D, Ds, J/ 
candidates as well as D⇤ and D⇤

s candidates are formed.
At the last stage, the Btag candidates are reconstructed
and classified. At each stage, neural networks are used
to estimate the probability that the particles have been
correctly reconstructed. The neural-network outputs of
each stage are used as input to the next stage, where
the particles are combined to reconstruct parent parti-
cles. Additional input variables specific for each selec-
tion stage are, for instance, invariant masses of pairs of
particles, angles between particles, and vertexting infor-
mation. At the end, the kinematic consistency of the
Btag candidates with a B decay is checked using mbc.
The final neural-network output is used to rank the Btag

candidates, which allows for an easy selection of the best
candidate. Typical e�ciencies achieved for hadronic B-
tagging at the B factories are ⇠ 0.3% for B+B� and
⇠ 0.2% for B0B0 events for purities of ⇠ (10� 30)%.

FIG. 10: Illustration of the selection and classification
stages of the hadronic B-tagging algorithm in

Belle (Feindt et al., 2011).

• Eventually full 4D fit analyses appeared (Aubert et al, 2006) that did a fit 
to the fully differential decay rate. 

• In addition a global fit approach, that simultaneously extracted D & D* 
form factor parameters and normalizations also showed very good 
sensitivity (and has the smallest experimental uncertainties)
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0 = m2
ν = M2

B + M2
Y − 2EBEY + 2℘B℘Y cos θBY , (24)

where pY ≡ pD∗ + pℓ is the four momentum of the com-
bined D∗ and electron, M2

Y = p2
Y is the mass squared and

℘Y is the magnitude of the Y three-momentum. The B
meson energy EB and three-momentum magnitude ℘B

are known from the energies of the colliding beam parti-
cles, so we can solve for cos θBY :

cos θBY = −
M2

B + M2
Y − 2EBEY

2℘B℘Y
. (25)

Thus we can determine the angle between the B and
the direction (Ŷ = p⃗Y /℘Y , where p⃗Y is the three-vector
momentum of the Y ) of the D∗ − ℓ system, but we do
not know the azimuthal angle φBY . This is illustrated
in Fig. 3 where it can be seen that the direction of the
B must lie on the cone centered on Ŷ with the opening
angle θBY .

For each possible φBY we can compute the kinematic
variables w, cos θℓ, cos θV , and χ. Since the angle φBY

is not measured, we average over four points: two in the
D∗-electron plane corresponding to the azimuthal angles
φBY = 0 and π and two points out of the plane corre-
sponding to the angles ±π/2. Further, since BB̄ produc-
tion follows a sin2 θB distribution in the angle between
the B direction and the beam collision axis in the CM
(Υ (4S)) frame, we weight the kinematic variables evalu-
ated at each point by sin2 θB.

Fig. 4 illustrates the resolution achieved by this tech-
nique. The core widths for each resolution distribution
are small compared to the full range of each kinematic
variable. The resolution is dominated by the average
over the B direction; detector resolution makes a rela-
tively minor contribution. The low-side tail on cos θℓ can
be attributed to final state radiation.

The resolutions of the four kinematic variables are
highly correlated. Thus, we rely on Monte Carlo sim-
ulation to account for resolution effects.

The distributions of the reconstructed kinematic vari-
ables w, cos θℓ, cos θV , and χ from Monte Carlo sim-
ulation are displayed in Fig. 5. The shaded region is
the distribution of the background as estimated from the
Monte Carlo simulation using the method described in
Sec. VI below. The background contributions to the dis-
tributions are much smaller than the signal contribution
(on the order of 10-15%).

V. SIMULATION

This analysis is dependent on Monte Carlo (MC) simu-
lation to model the efficiency and the background distri-
butions. The degree to which the simulation reproduces
both the detector response and the underlying physics
processes largely determines the systematic errors.

The response of the BABAR detector is modeled us-
ing a GEANT4-based simulation. [17]. The simula-
tion has been extensively validated by comparison with
large data control samples (such as slow pions from
generic D∗→D0π decays for the slow pion helicity stud-
ies). Event generation and particle decay are modeled
using the package EvtGen [18].

A. Signal

To simulate the signal we use Eq. (5) for the distribu-
tion of the decay products. The MC samples are gener-
ated with the default parameters R1 = 1.180, R2 = 0.720
and ρ2 = 0.920 [19]. The MC generator uses a simple lin-
ear expansion (Eq. (10) taken to order (w − 1)), so we
must reweight the MC events to model a more complex
behavior such as that given by Eq. (11).

B. Detection of Slow Pions

Of particular importance to this analysis is the mod-
eling of the efficiency for detecting low-momentum pi-
ons. This task requires detailed simulation work since
low momentum pions are lost through the interplay of
acceptance, decay-in-flight, and stopping and scattering
in the beam pipe and vertex detector.

To test this modeling we examine a large control sam-
ple of inclusively produced D∗+ mesons. Fig. 6 shows the
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FIG. 4: Monte Carlo assessment of the experimental reso-
lution for the variables w, cos θℓ, cos θV , and χ. For each
variable the difference between reconstructed and generated
values is shown. The resolutions are small compared to the
kinematic ranges of the variables as shown in Fig. 5.
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TABLE XII: Results of B ! D`⌫ and B ! D⇤`⌫ measurements and the current HFAG average (Amhis et al.,
2014). The branching fractions are quoted for B0 decays, also for the cases where B+ decays were measured or both
B+ and B0 measurements were combined using isospin relations. The uncertainties are statistical and systematic.

B ! D`⌫ B (%) ⌘
EW

G(1)|Vcb| (10�3) ⇢2D
CLEO untagged (Bartelt et al., 1999) 2.19± 0.16± 0.35 44.88± 5.96± 3.25 1.27± 0.22± 0.12

Belle untagged (Abe et al., 2002) 2.08± 0.12± 0.52 40.96± 4.39± 5.03 1.12± 0.19± 0.11

BABAR hadronic-tag (Aubert et al., 2010c) 2.14± 0.11± 0.08 42.45± 1.88± 1.02 1.18± 0.09± 0.06

BABAR global fit (Aubert et al., 2009d) 2.16± 0.03± 0.13 43.25± 0.80± 2.07 1.20± 0.04± 0.06

HFAG average (Amhis et al., 2014) 2.13± 0.03± 0.09 42.65± 0.72± 1.35 1.19± 0.04± 0.04

B ! D⇤`⌫ B (%) ⌘
EW

F(1)|Vcb| (10�3) ⇢2D⇤

CLEO untagged (Briere et al., 2002) 5.62± 0.18± 0.26 39.94± 1.23± 1.63 1.37± 0.09± 0.09

Belle untagged (Dungel et al., 2010) 4.56± 0.03± 0.26 34.60± 0.17± 1.02 1.21± 0.03± 0.01

BABAR untagged B0 ! D⇤�`+⌫ (Aubert et al., 2008b) 4.54± 0.04± 0.25 33.94± 0.30± 0.99 1.19± 0.05± 0.03

BABAR untagged B+ ! D
⇤0
`+⌫ (Aubert et al., 2008d) 4.97± 0.07± 0.34 35.22± 0.59± 1.33 1.13± 0.06± 0.06

BABAR global fit (Aubert et al., 2009d) 4.95± 0.02± 0.20 35.76± 0.20± 1.10 1.19± 0.02± 0.06

HFAG average (Amhis et al., 2014) 4.93± 0.01± 0.11 35.81± 0.11± 0.44 1.21± 0.02± 0.02

2. B ! D⇤`⌫

The decay B ! D⇤`⌫ has a larger branching frac-
tion than B ! D`⌫ due to the additional helicity de-
grees of freedom for the vector D⇤ meson as compared
to the pseudo-scalar D meson. It has been measured
by BABAR (Aubert et al., 2008b,d, 2009d), Belle (Dun-
gel et al., 2010) and CLEO (Briere et al., 2002) and by
the LEP experiments ALEPH (Buskulic et al., 1997a),
DELPHI (Abdallah et al., 2004; Abreu et al., 2001) and
OPAL (Abbiendi et al., 2000). Compared to B ! D`⌫
decays, there is significantly less down-feed background
from higher-mass charm states. In addition, the recon-
struction of the D⇤ meson via its characteristic decay
into a D meson and a slow pion allows for an e↵ective
reduction of combinatorial background.

A precise determination of the w spectrum at small val-
ues is important for the extrapolation to w = 1 needed
to determine |Vcb|. However, for small w — correspond-
ing to small D⇤ momenta — the reconstruction e�ciency
of the slow pion from the D⇤ decay is rather low at the
B-factory experiments, thus limiting the precision in this
region.8

The measurements by CLEO and the LEP experiments
as well as the first B-factory analyses of B ! D⇤`⌫ de-
cays determined the product ⌘EWF(1)|Vcb| and the form
factor slope parameter ⇢2D⇤ by measuring the di↵eren-
tial decay rate d�/dw as a function of w. They relied on
external measurements of R1(1) and R2(1). The fully dif-
ferential decay distribution gives access to the complete

8 The measurements of the LEP experiments su↵er from a poorer
w resolution due to the larger average B momentum, but have a
reconstruction e�ciency that varies only moderately with w.

set of form factor parameters for B ! D⇤`⌫ decays. The
first analysis that measured R1(1), R2(1), and ⇢2D⇤ was
performed by CLEO (Duboscq et al., 1996). The pa-
rameters R1(1), R2(1), ⇢2D⇤ and ⌘EWF(1)|Vcb| were de-
termined in a fit to one-dimensional projections of the
di↵erential decay distribution in four variables: w and
the three helicity angles ✓`, ✓V and �. The helicity an-
gles are defined as follows (see Fig. 25):

• ✓` is the angle between the directions of the lepton
in the virtual W rest frame and the virtual W in
the B rest frame;

• ✓V is the angle between the directions of the D in
the D⇤ rest frame and the D⇤ in the B rest frame;

• � is the angle between the W and D⇤ decay planes.

FIG. 25: Illustration of the helicity angles ✓`, ✓V and �
in the decay B ! D⇤`⌫, D⇤ ! D⇡.

Belle and BABAR have subsequently published measure-
ments of the branching fraction and form factor param-
eters of B0 ! D⇤�`+⌫ decays (Aubert et al., 2008b;

• Overall picture of B-Factory results fairly consistent 
• Agreement fair, the probability is 0.15

Current world average (HFAG 2014)
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decays.
We reconstruct B− → D(∗)+π−ℓ−ν̄ℓ and B0 →

D(∗)0π+ℓ−ν̄ℓ decays starting from the corresponding
B → D(∗)Xℓ−ν̄ℓ samples and selecting events with only
one additional reconstructed charged track that has not
been used for the reconstruction of the Btag, the sig-
nal D(∗), or the lepton. For the B0 → D0π+ℓ−ν̄ℓ

and the B0 → D∗0π+ℓ−ν̄ℓ decays, we additionally re-
quire the invariant mass difference M(Dπ) − M(D) to
be greater than 0.18 GeV/c2 to veto B0 → D∗+ℓ−ν̄ℓ

events. To reduce the combinatorial background in the
B0 → D∗0π+ℓ−ν̄ℓ mode, we also require the total extra
energy in the event, obtained by summing the energy of
all the showers in the electromagnetic calorimeter that
have not been assigned to the Btag or the D(∗)ℓ− candi-
dates, to be less than 1 GeV.

The exclusive semileptonic B decays are identified
by the missing mass squared in the event, m2

miss =
(p(Υ (4S)) − p(Btag) − p(D(∗)(π)) − p(ℓ))2, defined in
terms of the particle four-momenta in the CM frame
of the reconstructed final states. For correctly recon-
structed signal events, the only missing particle is the
neutrino, and m2

miss peaks at zero. Other B semileptonic
decays, where one particle is not reconstructed (feed-
down) or is erroneously added (feed-up) to the charm
candidate, exhibit higher or lower values in m2

miss. To
obtain the B semileptonic signal yields, we perform a
one-dimensional extended binned maximum likelihood
fit [15] to the m2

miss distributions. The fitted data sam-
ples are assumed to contain four different types of events:
B → D(∗)(π)ℓ−ν̄ℓ signal events, feed-down or feed-up
from other B semileptonic decays, combinatoric BB and
continuum background, and hadronic B decays (mainly
due to hadrons misidentified as leptons). For the fit to the
m2

miss distributions of the B → D(∗)πℓ−ν̄ℓ channel, we
also include a component corresponding to other misre-
constructed B → D∗∗(D∗π)ℓ−ν̄ℓ decays. We use the MC
predictions for the different B semileptonic decay m2

miss

distributions to obtain the Probability Density Functions
(PDFs). The combinatoric BB and continuum back-
ground shape is also estimated by the MC simulation,
and we use the off-peak data to provide the continuum
background normalization. The shape of the continuum
background distribution predicted by the MC simulation
is consistent with that obtained from the off-peak data.

The m2
miss distributions are compared with the results

of the fits in Fig. 1 for each of the B → D(∗)(π)ℓ−ν̄ℓ

channels. The fitted signal yields and the signal efficien-
cies, accounting for the Btag reconstruction, are listed in
Table I.

To reduce the systematic uncertainty, the exclusive
B(B → D(∗)(π)ℓ−ν̄ℓ) branching fractions relative to the
inclusive semileptonic branching fraction are measured.
A sample of B → Xℓ−ν̄ℓ events is selected by identifying
a charged lepton with CM momentum greater than 0.6
GeV/c and the correct charge-flavor correlation with the
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FIG. 1: (Color online) Fit to the m2
miss distribution for a)

B−
→ D0ℓ−ν̄ℓ, b) B−

→ D∗0ℓ−ν̄ℓ, c) B0
→ D+ℓ−ν̄ℓ, d)

B0
→ D∗+ℓ−ν̄ℓ, e) B−

→ D+π−ℓ−ν̄ℓ, f) B−
→ D∗+π−ℓ−ν̄ℓ,

g) B0
→ D0π+ℓ−ν̄ℓ, and h) B0

→ D∗0π+ℓ−ν̄ℓ: the data
(points with error bars) are compared to the results of the
overall fit (sum of the solid histograms). The PDFs for the
different fit components are stacked and shown in different
colors.

Btag candidate. In the case of multiple Btag candidates
in an event, we select the one reconstructed in the decay
channel with the highest purity, defined as the fraction of
signal events in the mES signal region. Background com-
ponents peaking in the mES signal region include cascade
B meson decays (i.e., the lepton does not come directly
from the B) and hadronic decays, and are subtracted
by using the corresponding MC distributions. The total
yield for the inclusive B → Xℓ−ν̄ℓ decays is obtained
from a maximum likelihood fit to the mES distribution
of the Btag candidates using an ARGUS function [16]
for the description of the combinatorial BB and contin-
uum background, and a Crystal Ball function [17] for the
signal. Additional Crystal Ball and ARGUS functions
are used to model a broad-peaking component, included
in the signal definition, due to real B → Xℓ−ν̄ℓ decays
for which, in the Btag reconstruction, neutral particles

Tagged analyses 
have very high purity 

Systematic limited
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FIG. 39: (Color online) Comparison of the determinations of (a) |Vcb| and (b) |Vub| based on exclusive and inclusive
decays. Due to the marginal compatibility of the exclusive and inclusive results, the uncertainty on the average has
been scaled by a factor of

p
�2/ndf = 2.9 for |Vcb| and 3.3 for |Vub|. The uncertainty bar on the average corresponds

to the unscaled uncertainty, while the band represents the scaled uncertainty.

the dominating contribution is at tree level. An excep-
tion are extensions of the Higgs sector with additional
charged scalars that can mediate additional charged cur-
rent interactions. The simplest case is the type-II two-
Higgs-doublet model, which is also the Higgs sector of the
MSSM. One may speculate if the tension in |Vub| (and
maybe also |Vcb|) as well as the findings in B ! D⌧⌫
and B ! D⇤⌧⌫ can be interpreted in terms of new
physics. However, the simplest version of the type-II two-
Higgs-doublet model is disfavored by the current data,
which seem to require more sophisticated models of new
physics.

Since 2009, the LHC experiments have recorded huge
samples of b hadrons in proton-proton collisions. Over
the last few years, in particular the dedicated b-hadron
experiment LHCb has produced an impressive number of
B-physics results. Due to the neutrino in B ! `⌫ and
B ! X`⌫ decays, these decays are a domain of the e+e�

B factories and their measurements in hadron collisions
is challenging. Likewise, measurements of inclusive de-
cays are basically impossible at a hadron collider. While
semileptonic b-hadron decays have mostly been used in
LHCb for the measurement of the bb̄ production cross
section and studies of b-hadron production fractions and
CP violation in B-meson mixing, also measurements of
specific exclusive semileptonic decays are starting to ap-

pear. It will be interesting to see further measurements of
semileptonic b-hadron decays from LHCb in the future,
and possibly also results on the CKM matrix elements
|Vcb| and |Vub|.
The next-generation high-luminosity B-factory, Su-

perKEKB at KEK in Japan, is scheduled to start op-
eration in 2017/18 and is supposed to deliver about 40
times more data than its predecessor KEKB. The Belle
detector is currently being upgraded to the Belle II de-
tector, which will be able to cope with the higher inter-
action rate and radiation levels. With the data sample
expected at Belle II, precision measurements of leptonic
B decays will become feasible, in particular through the
use of hadronic-tag measurements. The leptonic decay
B ! µ⌫ can be observed with the first ⇠ 5 fb�1 of data,
probably already within the first two years after the start
of data taking with Belle II. The study of semileptonic B
decays will benefit from the larger data samples in terms
of an improved precision for form factor shape measure-
ments and the possibility to precisely study angular dis-
tributions in decays to vector mesons, also for the less
frequent charmless decays. In combination with progress
in form factor calculations, this should lead to a signifi-
cant improvement in our knowledge of the CKM matrix
elements, in particular |Vub|.
With the start of the Run II at the LHC in 2015 and
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used is the expansion proposed in Ref. (Caprini et al.,
1998),

G(w) = G(1)⇥1� 8⇢2Dz + (51⇢2D � 10)z2 (88)

�(252⇢2D � 84)z3
⇤
,

which basically relates all higher derivatives of G(w) to
the slope parameter ⇢D. The values quoted below are
extracted using this parameterization.

The decay B ! D⇤`⌫̄ is treated along the same lines.
The di↵erential decay rate as a function of w is given by

d�(B ! D⇤`⌫̄)

dw
= (89)

G2
Fm

5
B

48⇡3
|Vcb|2(w2 � 1)1/2P (w)|⌘EWF(w)|2,

where P (w) is a phase space factor,

P (w) = r3(1� r)2(w + 1)2 (90)
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with r = mD⇤/mB . The form factor F(w) is a combi-
nation of the form factors hV (w) and hAi(w) defined in
Sec. II.D and is given by

P (w)|F(w)|2 = |hA
1

(w)|2 (91)
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where the ratios R1 and R2 are given by

R1(w) =
hV (w)

hA
1

(w)
, R2(w) =

hA
3

(w) + r hA
2

(w)

hA
1

(w)
.

(92)
In the heavy-quark limit for the b and the c quark, the
form factor F(w) is normalized to unity at w = 1; fur-
thermore, here the leading nonperturbative corrections
are of order 1/m2

c .
The ratios R1 and R2 are both unity in the heavy-

quark limit for the b and the c quark (see Sec. II.D),
independent of w. Estimates of the w dependence at
finite quark masses yield indeed a weak dependence, so
for many practical purposes R1 and R2 can be taken as
constants. However, fits indicate significant deviations
from the value obtained in the heavy-mass limit.

The value of F(1) has been estimated using various
approaches. LQCD simulations compute the deviation
of this form factor from unity and obtain for finite quark
masses (Bailey et al., 2014)

F(1) = 0.906± 0.013, (93)

while estimates using QCD sum rules at zero recoil tend
to yield a smaller value (Gambino et al., 2010, 2012),

F(1) = 0.86± 0.03. (94)

It is interesting to note that the sum rule used in
Ref. (Gambino et al., 2010) also yields an upper bound
F(1)  0.92, which is almost saturated by the lattice
value.
Finally, for the extrapolation to w = 1 one uses again a

parameterization of the form factor based on the confor-
mal variable z defined in Eq. 87. Frequently used is the
parameterization introduced in (Caprini et al., 1998),

F(w) = F(1)⇥ ⇥
1� 8⇢2A1z + (53⇢2A1 � 15)z2 (95)

�(231⇢2A1 � 91)z3
⇤
,

where ⇢A1 is the slope parameter of the form factor hA
1

.

2. Semileptonic B decays to excited charm mesons

Treating the charm quark as heavy, the excited states
can be classified using the heavy-quark spin symmetry.
In the limit mc ! 1, all charm hadrons fall into spin-
symmetry doublets, which are related by the rotation of
the heavy-quark spin. The heavy-quark spin decouples in
this limit, which means that the total angular momentum
of the light degrees of freedom in the heavy hadron, jlight,
becomes a good quantum number.
The lowest-lying excited states are the states with one

unit of angular momentum, which can be coupled to the
spin of the light quark to either jlight = 1/2 or jlight =
3/2. Thus one expects to see an almost degenerate pair
of states with quantum numbers JP = 0+ and 1+ and
another almost degenerate pair with 1+ and 2+.
The decays into theses states have been investigated

in some detail (Colangelo et al., 1992; Leibovich et al.,
1998); the general expressions involve a significant num-
ber of new form factors, which, however, gets reduced in
the heavy-quark limit for both b and c quarks. Similar
as for the ground states, there is only a single form fac-
tor for each spin-symmetry doublet, ⌧1/2(w) and ⌧3/2(w),
describing these decays.
Not much is known about these form factors; heavy-

quark symmetries do not supply normalizations for these
form factors, nor any information on their w dependence.
Sum-rule estimates have been performed for these quan-
tities, leading to simulations for the decay rates, which
are still quite uncertain (Colangelo et al., 1992).
Corrections to the heavy-mass limit will lead to a mix-

ing of the four states, in particular among the two 1+

states belonging to the two di↵erent spin-symmetry dou-
blets. Whether this can solve the puzzles related to theses
decays is still an open question.

B. Measurements

1. B ! D`⌫

The measurement of B ! D`⌫ decays is challenging
because of large backgrounds and their associated un-
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VII. EXCLUSIVE SEMILEPTONIC B DECAYS TO
CHARM MESONS

The decays B ! D`⌫ and B ! D⇤`⌫ into ground-state
charm mesons are the most frequent semileptonic decays
of the B meson. The determination of |Vcb| from these de-
cays involves theoretical predictions of the hadronic form
factors and serves as an independent cross-check of the
|Vcb| determination with inclusive decays. In this chap-
ter, we first introduce the relevant form factor calcula-
tions and then turn to the measurements of semileptonic
B decays to D, D⇤ and excited charm states. We present
the status of |Vcb| determinations from these decays and
discuss how well we understand the composition of the
total B ! Xc`⌫ rate.

A. Theory

Exclusive semileptonic B decays into charm mesons are
overall under very good theoretical control, since the
leading contribution may be obtained from the infinite-
mass limit for both the b and the c quark. Using the
normalization of the form factors at zero recoil (v = v0),
one may extract from these decays a competitively pre-
cise value of |Vcb|. In addition, heavy quark symmetries
constrain also the form factors for decays into excited
states.

It is interesting to note that the decays into the two
ground-state D mesons (D and D⇤) already make up
more than 70% of the inclusive rate. However, the known
exclusive modes, including the lowest orbitally excited
states, do not add up to the inclusive rate.

1. B ! D`⌫̄ and B ! D⇤`⌫̄

We first consider the decays into the ground-state charm
mesons D and D⇤. These two mesons constitute the
lowest-lying spin-symmetry doublet, since a spin rota-
tion of the (heavy) charm quark rotates the D into a D⇤

(see Sec. II.D). Treating both b and c quarks as heavy
quarks, it is convenient to use the velocities of the mesons
as the kinematical variables. Using the form factor defi-
nitions in Eq. 23 of Sec. II.C, we obtain for the B ! D`⌫
di↵erential decay rate

d�(B ! D`⌫̄)

dw
= (81)

G2
F

48⇡3
|Vcb|2(mB +mD)2m3

D(w2 � 1)3/2|⌘EWG(w)|2 ,
where the form factor G is given by

G(w) = h+(w)� mB �mD

mB +mD
h�(w) . (82)

The factor ⌘EW represents the electroweak corrections
discussed below and w = vv0 is the scalar product of the
four-velocities.

Due to heavy quark symmetries, the form factor G is
normalized at w = 1, since h+(1) = 1 and h�(1) =
0. In order to obtain a precision determination of |Vcb|,
one needs to consider on the one hand the corrections
to the normalization of G, on the other hand one also
needs information on the shape of G to extrapolate to
the kinematic point w = 1.
From the form of G given in Eq. 82 it is clear that

the corrections to the normalization of G will be of order
1/mc, since h�(1) = O(1/mc). To this end, it has been
argued that the determination of |Vcb| from B ! D⇤`⌫̄
decays is more precise, since in this case the corrections
to the normalization turn out to be O(1/m2

c).
Aside from the nonperturbative power corrections,

there are also QED as well as QCD perturbative correc-
tions. The QED corrections involve also photons radi-
ated o↵ the charged lepton and hence cannot be lumped
into the form factor. The main contributions are the cor-
rections involving the large logarithm ln(M2

W /m2
b) which

can be expressed as a multiplicative factor ⌘EW appear-
ing in Eq. 81. These corrections turn out to be small
(Sirlin, 1982),

⌘EW = 1.007 . (83)

The correction at the zero-recoil point w = 1 has been
investigated in detail, based on lattice simulations as well
as on the basis of the heavy-quark limit. LQCD simula-
tions yield (Qiu et al., 2014)

G(1) = 1.081± 0.025 , (84)

while the estimates based on HQE methods yield a
slightly lower central value (Uraltsev, 2004)

G(1) = 1.04± 0.02 . (85)

In order to extrapolate to the point w = 1 one also
needs an ansatz for the w dependence of G(w). The
maximum value of w is about 1.4, so one may consider a
simple linear extrapolation

G(w) = G(1)[1� ⇢2D(w � 1) + · · · ] , (86)

where ⇢2D is the slope parameter. However, the data are
more precise and require the inclusion of higher terms of
this expansion.

Since form factors are subject to constraints from uni-
tarity and analyticity, a di↵erent expansion has been sug-
gested, which is based on a parameter z (Caprini and
Neubert, 1996),

z =

p
w + 1�p

2p
w + 1 +

p
2
, (87)

motivated by a conformal mapping used in the discussion
of analytical properties of the form factors. Frequently

Fermilab/MILC: Qui et al, 2014Fermilab/MILC: Bailey et al, 2014
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used is the expansion proposed in Ref. (Caprini et al.,
1998),

G(w) = G(1)⇥1� 8⇢2Dz + (51⇢2D � 10)z2 (88)

�(252⇢2D � 84)z3
⇤
,

which basically relates all higher derivatives of G(w) to
the slope parameter ⇢D. The values quoted below are
extracted using this parameterization.

The decay B ! D⇤`⌫̄ is treated along the same lines.
The di↵erential decay rate as a function of w is given by

d�(B ! D⇤`⌫̄)

dw
= (89)

G2
Fm

5
B

48⇡3
|Vcb|2(w2 � 1)1/2P (w)|⌘EWF(w)|2,

where P (w) is a phase space factor,

P (w) = r3(1� r)2(w + 1)2 (90)
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with r = mD⇤/mB . The form factor F(w) is a combi-
nation of the form factors hV (w) and hAi(w) defined in
Sec. II.D and is given by

P (w)|F(w)|2 = |hA
1

(w)|2 (91)
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where the ratios R1 and R2 are given by
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In the heavy-quark limit for the b and the c quark, the
form factor F(w) is normalized to unity at w = 1; fur-
thermore, here the leading nonperturbative corrections
are of order 1/m2

c .
The ratios R1 and R2 are both unity in the heavy-

quark limit for the b and the c quark (see Sec. II.D),
independent of w. Estimates of the w dependence at
finite quark masses yield indeed a weak dependence, so
for many practical purposes R1 and R2 can be taken as
constants. However, fits indicate significant deviations
from the value obtained in the heavy-mass limit.

The value of F(1) has been estimated using various
approaches. LQCD simulations compute the deviation
of this form factor from unity and obtain for finite quark
masses (Bailey et al., 2014)

F(1) = 0.906± 0.013, (93)

while estimates using QCD sum rules at zero recoil tend
to yield a smaller value (Gambino et al., 2010, 2012),

F(1) = 0.86± 0.03. (94)

It is interesting to note that the sum rule used in
Ref. (Gambino et al., 2010) also yields an upper bound
F(1)  0.92, which is almost saturated by the lattice
value.
Finally, for the extrapolation to w = 1 one uses again a

parameterization of the form factor based on the confor-
mal variable z defined in Eq. 87. Frequently used is the
parameterization introduced in (Caprini et al., 1998),

F(w) = F(1)⇥ ⇥
1� 8⇢2A1z + (53⇢2A1 � 15)z2 (95)

�(231⇢2A1 � 91)z3
⇤
,

where ⇢A1 is the slope parameter of the form factor hA
1

.

2. Semileptonic B decays to excited charm mesons

Treating the charm quark as heavy, the excited states
can be classified using the heavy-quark spin symmetry.
In the limit mc ! 1, all charm hadrons fall into spin-
symmetry doublets, which are related by the rotation of
the heavy-quark spin. The heavy-quark spin decouples in
this limit, which means that the total angular momentum
of the light degrees of freedom in the heavy hadron, jlight,
becomes a good quantum number.
The lowest-lying excited states are the states with one

unit of angular momentum, which can be coupled to the
spin of the light quark to either jlight = 1/2 or jlight =
3/2. Thus one expects to see an almost degenerate pair
of states with quantum numbers JP = 0+ and 1+ and
another almost degenerate pair with 1+ and 2+.
The decays into theses states have been investigated

in some detail (Colangelo et al., 1992; Leibovich et al.,
1998); the general expressions involve a significant num-
ber of new form factors, which, however, gets reduced in
the heavy-quark limit for both b and c quarks. Similar
as for the ground states, there is only a single form fac-
tor for each spin-symmetry doublet, ⌧1/2(w) and ⌧3/2(w),
describing these decays.
Not much is known about these form factors; heavy-

quark symmetries do not supply normalizations for these
form factors, nor any information on their w dependence.
Sum-rule estimates have been performed for these quan-
tities, leading to simulations for the decay rates, which
are still quite uncertain (Colangelo et al., 1992).
Corrections to the heavy-mass limit will lead to a mix-

ing of the four states, in particular among the two 1+

states belonging to the two di↵erent spin-symmetry dou-
blets. Whether this can solve the puzzles related to theses
decays is still an open question.

B. Measurements

1. B ! D`⌫

The measurement of B ! D`⌫ decays is challenging
because of large backgrounds and their associated un-
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VII. EXCLUSIVE SEMILEPTONIC B DECAYS TO
CHARM MESONS

The decays B ! D`⌫ and B ! D⇤`⌫ into ground-state
charm mesons are the most frequent semileptonic decays
of the B meson. The determination of |Vcb| from these de-
cays involves theoretical predictions of the hadronic form
factors and serves as an independent cross-check of the
|Vcb| determination with inclusive decays. In this chap-
ter, we first introduce the relevant form factor calcula-
tions and then turn to the measurements of semileptonic
B decays to D, D⇤ and excited charm states. We present
the status of |Vcb| determinations from these decays and
discuss how well we understand the composition of the
total B ! Xc`⌫ rate.

A. Theory

Exclusive semileptonic B decays into charm mesons are
overall under very good theoretical control, since the
leading contribution may be obtained from the infinite-
mass limit for both the b and the c quark. Using the
normalization of the form factors at zero recoil (v = v0),
one may extract from these decays a competitively pre-
cise value of |Vcb|. In addition, heavy quark symmetries
constrain also the form factors for decays into excited
states.

It is interesting to note that the decays into the two
ground-state D mesons (D and D⇤) already make up
more than 70% of the inclusive rate. However, the known
exclusive modes, including the lowest orbitally excited
states, do not add up to the inclusive rate.

1. B ! D`⌫̄ and B ! D⇤`⌫̄

We first consider the decays into the ground-state charm
mesons D and D⇤. These two mesons constitute the
lowest-lying spin-symmetry doublet, since a spin rota-
tion of the (heavy) charm quark rotates the D into a D⇤

(see Sec. II.D). Treating both b and c quarks as heavy
quarks, it is convenient to use the velocities of the mesons
as the kinematical variables. Using the form factor defi-
nitions in Eq. 23 of Sec. II.C, we obtain for the B ! D`⌫
di↵erential decay rate

d�(B ! D`⌫̄)

dw
= (81)

G2
F

48⇡3
|Vcb|2(mB +mD)2m3

D(w2 � 1)3/2|⌘EWG(w)|2 ,
where the form factor G is given by

G(w) = h+(w)� mB �mD

mB +mD
h�(w) . (82)

The factor ⌘EW represents the electroweak corrections
discussed below and w = vv0 is the scalar product of the
four-velocities.

Due to heavy quark symmetries, the form factor G is
normalized at w = 1, since h+(1) = 1 and h�(1) =
0. In order to obtain a precision determination of |Vcb|,
one needs to consider on the one hand the corrections
to the normalization of G, on the other hand one also
needs information on the shape of G to extrapolate to
the kinematic point w = 1.
From the form of G given in Eq. 82 it is clear that

the corrections to the normalization of G will be of order
1/mc, since h�(1) = O(1/mc). To this end, it has been
argued that the determination of |Vcb| from B ! D⇤`⌫̄
decays is more precise, since in this case the corrections
to the normalization turn out to be O(1/m2

c).
Aside from the nonperturbative power corrections,

there are also QED as well as QCD perturbative correc-
tions. The QED corrections involve also photons radi-
ated o↵ the charged lepton and hence cannot be lumped
into the form factor. The main contributions are the cor-
rections involving the large logarithm ln(M2

W /m2
b) which

can be expressed as a multiplicative factor ⌘EW appear-
ing in Eq. 81. These corrections turn out to be small
(Sirlin, 1982),

⌘EW = 1.007 . (83)

The correction at the zero-recoil point w = 1 has been
investigated in detail, based on lattice simulations as well
as on the basis of the heavy-quark limit. LQCD simula-
tions yield (Qiu et al., 2014)

G(1) = 1.081± 0.025 , (84)

while the estimates based on HQE methods yield a
slightly lower central value (Uraltsev, 2004)

G(1) = 1.04± 0.02 . (85)

In order to extrapolate to the point w = 1 one also
needs an ansatz for the w dependence of G(w). The
maximum value of w is about 1.4, so one may consider a
simple linear extrapolation

G(w) = G(1)[1� ⇢2D(w � 1) + · · · ] , (86)

where ⇢2D is the slope parameter. However, the data are
more precise and require the inclusion of higher terms of
this expansion.

Since form factors are subject to constraints from uni-
tarity and analyticity, a di↵erent expansion has been sug-
gested, which is based on a parameter z (Caprini and
Neubert, 1996),

z =

p
w + 1�p

2p
w + 1 +

p
2
, (87)

motivated by a conformal mapping used in the discussion
of analytical properties of the form factors. Frequently
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Experimental tests of the CLN parametrization

FIG. 11: Results of the fit of the helicity amplitudes (red crosses) compared to the prediction
obtained by using the parametrization prescription by Caprini et al. [3] (solid black line). The left

plot shows the results for Γ00
i , the right one for ΓT

i . Only the statistical error is shown.

B. Results

Given the very high amount of background in the D0 → K−π+π−π+ mode, we use only
the Kπ, e and Kπ, µ channels to determine the partial decay widths for each of the helicity
components. Tables V and VI give the results of the fits, where the systematic errors quoted
in these tables stem from the same sources as given in the breakdown in Table IV. It is
dominated by the track reconstruction errors of the three charged tracks ℓ, π, K and the
uncertainty of the π0

s reconstruction. The χ2 of the fit is in good statistical agreement
with the number of degrees of freedom, we obtain χ2/ndf = 82.6/60 or a χ2 probability of
Pχ2 = 2.8%. The results are shown in Fig. 11. There is good agreement with the results of
the parametrized fit.

VI. SUMMARY AND DISCUSSION

We have reconstructed about 27,000 B+ → D̄∗0ℓ+νℓ decays in the 140 fb−1 of Belle
Υ(4S) data. A fit to the theoretical expression for the four-dimensional differential decay
width (Eq. 10), assuming the parameterization of the helicity amplitude given by Caprini
et al. [3] yields a measurement of |Vcb| times the form factor normalization at zero recoil,
F(1)|Vcb| = (35.0± 0.4± 2.2)× 10−3. At the same time we determine the parameters of the
Caprini et al. parameterization, ρ2 = 1.376 ± 0.074 ± 0.056, R1(1) = 1.620 ± 0.091 ± 0.092,
R2(1) = 0.805 ± 0.064 ± 0.036. The branching fraction of the decay B+ → D̄∗0ℓ+νℓ is
measured to be (4.84 ± 0.04 ± 0.56)%. For all numbers quoted here, the first error is
the statistical and the second is the systematic uncertainty. All results are preliminary.
These measurements are in agreement with previous investigations of the decay B+ →
D̄∗0ℓ+νℓ [6, 7, 8].

A direct, model-independent determination of the form factor shapes has also been carried
out and shows good agreement with the HQET based form factor parametrization by Caprini
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A. Fit procedure

From Eq. 10 we can obtain the double differential decay width d2Γ/dw d cos θV by inte-
gration over cos θℓ and χ.

If we define

FΓ =
3 G2

F (mB − mD∗)2 m3
D∗

45π4
(21)

and

γ±±(w) =
√

w2 − 1(w + 1)2h2
A1

(w)|Vcb|2
1 − 2wr − r2

(1 − r)2

{

1 ∓
√

w − 1

w + 1
R1(w)

}2

,

γ00(w) =
√

w2 − 1(w + 1)2h2
A1

(w)|Vcb|2
{

1 +
w − 1

1 − r
(1 − R2(w))

}2

, (22)

the double differential width becomes

d2Γ(B+ → D̄∗0ℓ+νℓ)

dw d(cos θV )
=

16π

3
FΓ

(

sin2 θV

(

γ++ + γ−−
)

+ 2 cos2 θV γ00
)

. (23)

The quantities γkk correspond to the w-dependence of the different helicity combinations,
times kinematic factors. The one dimensional distribution, as given in Eq. 11, depends only
on the sum of these three combinations,

dΓ(B+ → D̄∗0ℓ+νℓ)

dw
=

64π

9
FΓ

(

γ++ + γ−− + γ00
)

. (24)

The bin contents of the two dimensional histogram in w vs. cos θV can be obtained by
integration of Eq. 23 over the corresponding bin area and considering the reconstruction
efficiencies and detector response as described in Eq. 18. Each bin content can be given as
the linear combination of two linearly independent parts. The integration of the angular
distributions is executed analytically, as described in Sect. III E, the integration with respect
to w defines a set of free parameters,

Γkk
i =

wi+1
∫

wi

dw γkk, (25)

where wj = {w1, w2, . . . , w7} = {1, 13/12, . . . , 1.5} are the bin boundaries of the 6 bins in w.
Additionally we define γT = γ++ + γ−− and ΓT

i = Γ++
i + Γ−−

i .

We define the χ2 function χ̃2
w,θV

=
∑6

i=1

∑6
j=1

(

Nobs
ij −Nexp

σNexp

)2

, which depends only on the

parameters ΓT
i and Γ00

i . Here Nobs gives the number of events observed in on-resonance
data, N exp the number of expected events, as defined in Eq. 18, and σNexp the uncertainty in
the expected number of events, as given in Eq. 19. This expression is minimized numerically
using MINUIT to determine the partial integrals.

Investigation of dedicated sets of toy Monte Carlo showed the reliability of the procedure
described above. The results show no indication of bias in either the mean or the errors.
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TABLE X: Systematic uncertainties on fitted parameters, given in %. Numbers are negative when the fitted value decreases
as input parameter increases.

Electron sample Muon sample
item ρ2

D ρ2
D∗ B(Dℓν) B(D∗ℓν) G(1)|Vcb| F(1)|Vcb| ρ2

D ρ2
D∗ B(Dℓν) B(D∗ℓν) G(1)|Vcb| F(1)|Vcb|

R′
1 0.44 2.74 0.71 −0.38 0.60 0.71 0.50 2.67 0.74 −0.40 0.63 0.70

R′
2 −0.40 1.02 −0.18 0.30 −0.32 0.49 −0.45 0.96 −0.19 0.30 −0.33 0.48

D∗∗ slope −1.42 −2.52 −0.07 −0.09 −0.82 −0.87 −1.42 −2.58 −0.10 −0.10 −0.77 −0.92
D∗∗ FF approximation −0.87 0.33 −0.12 0.19 −0.54 0.20 −0.99 0.59 −0.12 0.21 −0.59 0.30
B(B− → D(∗)πℓν) 0.28 −0.27 −0.22 −0.80 0.04 −0.49 0.59 −0.32 −0.13 −0.86 0.24 −0.54
fD∗

2
/D1

−0.39 0.16 −0.38 0.16 −0.41 0.13 −0.50 0.17 −0.41 0.18 −0.47 0.15
fD∗

0
Dπ/D1D∗

2
−2.30 1.12 −1.53 0.97 −2.07 0.85 −3.13 1.23 −1.53 1.02 −2.41 0.93

fD′

1
D∗π/D1D∗

2
1.82 −1.14 1.30 −0.65 1.65 −0.70 2.44 −1.15 1.35 −0.72 1.91 −0.75

fDπ/D∗

0
−0.88 −1.28 0.36 0.17 −0.31 −0.34 −0.83 −1.23 0.31 0.18 −0.27 −0.33

fD∗π/D′

1
−0.21 −0.05 −0.13 0.21 −0.18 0.09 −0.30 −0.04 −0.15 0.23 −0.23 0.10

NR D∗/D ratio 0.58 −0.16 0.11 −0.09 0.38 −0.04 0.66 −0.16 0.11 −0.09 0.40 −0.03
B(B− → D(∗)ππℓν) 1.19 −1.97 0.25 −1.28 0.78 −1.28 1.98 −1.71 0.40 −1.20 1.20 −1.18
X∗/X and Y ∗/Y ratio 0.61 −1.15 0.09 −0.27 0.39 −0.52 0.74 −1.02 0.08 −0.24 0.42 −0.47
X/Y and X∗/Y ∗ ratio 0.76 −0.83 0.21 −0.65 0.52 −0.60 1.09 −0.76 0.25 −0.63 0.68 −0.57
D1 → Dππ 2.22 −1.54 0.74 −1.08 1.63 −1.05 2.74 −1.48 0.76 −1.06 1.81 −1.03
fD∗

2
−0.14 −0.01 −0.10 0.07 −0.12 0.03 −0.16 −0.01 −0.10 0.07 −0.13 0.03

B(D∗+ → D0π+) 0.73 −0.01 0.43 −0.34 0.62 −0.17 0.80 −0.00 0.41 −0.33 0.61 −0.17
B(D0 → K−π+) 0.69 0.02 −0.21 −1.63 0.29 −0.80 0.92 0.12 −0.27 −1.68 0.35 −0.80
B(D+ → K−π+π+) −1.46 −0.42 −2.17 0.30 −1.89 0.01 −1.43 −0.42 −2.10 0.28 −1.77 −0.01
τB−/τB0 0.26 0.16 0.63 0.27 0.46 0.19 0.22 0.16 0.58 0.28 0.41 0.19
f+−/f00 0.88 0.43 0.66 −0.53 0.82 −0.12 0.91 0.48 0.57 −0.52 0.75 −0.10
Number of BB events 0.00 −0.00 −1.11 −1.11 −0.55 −0.55 0.00 −0.00 −1.11 −1.11 −0.55 −0.55
Off-peak Luminosity 0.05 0.01 −0.02 −0.00 0.02 0.00 0.07 0.00 −0.02 −0.00 0.02 −0.00
B momentum distrib. −0.96 0.63 1.29 −0.54 −1.15 0.48 1.30 −0.10 1.27 −0.64 1.31 −0.35
Lepton PID eff 0.52 0.16 1.21 0.82 0.90 0.46 3.30 0.06 5.11 5.83 1.99 2.90
Lepton mis-ID 0.03 0.01 −0.01 −0.01 0.01 −0.00 2.65 0.70 −0.59 −0.50 1.06 −0.01
Kaon PID 0.07 0.80 0.28 0.23 0.18 0.38 1.02 0.71 0.35 0.29 0.70 0.39
Tracking eff −1.02 −0.43 −3.35 −2.00 −2.25 −1.15 −0.63 −0.28 −3.37 −2.09 −2.02 −1.14
Radiative corrections −3.13 −1.04 −2.87 −0.74 −3.02 −0.71 −0.76 −0.61 −0.82 −0.25 −0.79 −0.33
Bremsstrahlung 0.07 0.00 −0.13 −0.28 −0.04 −0.14 0.00 0.00 0.00 0.00 0.00 0.00
Vertexing 0.83 −0.64 0.63 0.60 0.78 0.09 1.79 −0.76 0.97 0.54 1.41 0.01
Background total 1.39 1.12 0.64 0.34 1.07 0.51 1.58 1.09 0.67 0.38 1.16 0.49
Total 6.25 5.66 6.01 4.03 5.99 3.20 8.12 5.47 7.35 7.07 6.06 4.23

B → D0Xℓν and B → D+Xℓν combinations, is com-
plementary to previous measurements. In particular, it
does not rely on the reconstruction of the soft transition
pion from the D∗ → Dπ decay.

The results obtained here, which are given in Ta-
ble IV, can be combined with the existing BABAR mea-
surements listed in Table XI. For B → D∗ℓν, we com-
bine the present results with two BABAR measurements
of ρ2

D∗ and F(1)|Vcb| [9, 10] and four measurements of
B(B → D∗ℓν)[6, 9, 10]. We neglect the tiny statistical
correlations among the measurements and treat the sys-
tematic uncertainties as fully correlated within a given
category (background, detector modeling, etc.). We as-
sume the semileptonic decay widths of B+ and B0 to
be equal and adjust all measurements to the values of
the Υ (4S) and D decay branching fractions used in this

article to obtain

B(B− → D∗0ℓν) = (5.49 ± 0.19)% (31)

ρ2
D∗ = 1.20 ± 0.04 (32)

F(1)|Vcb| = (34.8 ± 0.8) × 10−3. (33)

The associated χ2 probabilities of the averages are
0.39, 0.86 and 0.27, respectively. The average of the
B(B → Dℓν) result with the two existing BABAR mea-
surements [6] is

B(B− → D0ℓν) = (2.32 ± 0.09)% (34)

with a χ2 probability of 0.88.
The simultaneous measurements of G(1)|Vcb| and

F(1)|Vcb| allow a determination of the ratio G(1)/F(1)
which can be compared directly with theory. We find

Measured : G(1)/F(1) = 1.20 ± 0.09 (35)

Theory : G(1)/F(1) = 1.17 ± 0.04, (36)
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TABLE II: Systematic uncertainties in the measurement of G(1)|Vcb|, ρ2 and the branching fraction for B → Dℓ−ν̄ℓ decays.
We report the relative error (in %) for G(1)|Vcb| and branching fraction, and the absolute error on ρ2.

Systematic uncertainty on |Vcb|, ρ2 and BF

D0ℓ−ν̄ℓ D+ℓ−ν̄ℓ Dℓ−ν̄ℓ

|Vcb|(%) ρ2 BF (%) |Vcb|(%) ρ2 BF (%) |Vcb|(%) ρ2 BF (%)
Tracking efficiency 0.5 0.008 0.7 1.1 0.003 1.4 0.7 0.004 1.0
Neutral reconstruction 1.0 0.003 1.2 0.8 0.006 0.9 0.9 0.004 1.2
Lepton ID 1.0 0.009 1.0 0.9 0.009 0.8 0.9 0.009 0.9
Final State Radiation 0.1 0.005 0.2 0.1 0.005 0.2 0.1 0.005 0.2
Cascade B → X → ℓ− decay background 0.6 - 1.2 1.0 - 2.0 0.8 - 1.5
B0 − B± cross-feed 0.2 0.003 0.2 0.2 0.003 0.2 0.2 0.003 0.2
B → D∗ℓ−ν̄ℓ form factors 0.6 0.008 0.5 0.2 0.003 0.2 0.4 0.006 0.3
B → D∗∗ℓ−ν̄ℓ form factors 0.2 0.007 0.2 0.3 0.006 0.2 0.3 0.007 0.1
D branching fractions 1.0 - 2.0 1.4 - 2.7 1.1 - 2.2
B(B → D∗∗ℓ−ν̄ℓ) 1.2 0.023 0.6 1.0 0.011 0.9 1.1 0.019 0.6
B(B → Xℓ−ν̄ℓ) 0.9 - 1.9 0.9 - 1.9 0.8 - 1.7
Btag selection 1.1 0.021 0.6 1.8 0.036 0.8 1.5 0.028 0.8
B → Xℓ−ν̄ℓ fit 0.7 - 1.4 1.1 - 2.2 0.8 - 1.7
B → Dℓ−ν̄ℓ fit 1.3 0.018 1.1 1.1 0.027 0.6 1.3 0.020 0.8
B meson lifetime - - 0.7 - - 0.6 - - 0.6
Total systematic error 3.1 0.04 4.1 3.6 0.05 5.0 3.3 0.04 4.3

TABLE III: Fit results for |Vcb|G(w) extracted at different value of w. In order to reduce any fit model dependence, we fit
the data interpolating few bins around w. In particular we use 4 bins between w = 1.00 and w = 1.24 to extract |Vcb|G(w) at
w = 1.03, 1.05 and 1.10, and 4 bins between w = 1.06 and w = 1.30 to extract |Vcb|G(w = 1.20). The statistical correlation
between the measurement at w = 1.20 and the others is ρcorr = 0.57, instead the systematic uncertainties can be assumed
correlated at 100%. In the last column we report the results for |Vcb| obtained using the results for the G(w) computed in G.M.
de Divitiis et al., Phys. Lett. B655, 45 (2007).

w |Vcb| · G(w) · 103 G(w) |Vcb| · 10
3

1.03 40.9±5.7±1.3 1.001±0.019 40.9±5.7±1.3±0.8
1.05 40.2±5.0±1.3 0.987±0.015 40.7±5.1±1.3±0.6
1.10 38.3±3.3±1.3 0.943±0.011 40.6±3.5±1.4±0.5
1.20 35.3±1.1±1.2 0.853±0.021 41.4±1.3±1.4±1.0

B → D**
D Decays Detector Performance

QED FSR Cascades
B → X SL background
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TABLE I: m2
miss selection criteria.

Mode Selection Criteria
B−

→ D∗+π−ℓ−ν̄ℓ −0.25 < m2
miss < 0.25 GeV2/c4

B−
→ D+π−ℓ−ν̄ℓ −0.25 < m2

miss < 0.8 GeV2/c4

B0
→ D∗0π+ℓ−ν̄ℓ −0.2 < m2

miss < 0.35 GeV2/c4

B0
→ D0π+ℓ−ν̄ℓ −0.15 < m2

miss < 0.85 GeV2/c4

D(∗)0π+ℓ−ν̄ℓ decays starting from the corresponding
Btag + D(∗)ℓ− combinations. We select events with
only one additional reconstructed charged track, cor-
rectly matched to the D(∗) flavor, that has not been used
for the reconstruction of the Btag, the signal D(∗), or the
lepton. D(D∗) candidates are selected within 2σ (1.5-
2.5σ, depending on the D∗ decay mode) of the D mass
(D∗ −D mass difference), where the resolution σ is typi-
cally around 8 (1-7) MeV/c2. For the B0 → D(∗)0π+ℓ−ν̄ℓ

decay, we additionally require the invariant mass differ-
ence m(D0π+)−m(D0) to be greater than 0.18 GeV/c2

to veto B0 → D∗+ℓ−ν̄ℓ events.
Semileptonic B → D∗∗ℓ−ν̄ℓ decays are identi-

fied by the missing mass squared in the event,

m2
miss =

[

p(Υ (4S)) − p(Btag) − p(D(∗)π) − p(ℓ)
]2

, de-
fined in terms of the particle four-momenta. For correctly
reconstructed signal events, the only missing particle is
the neutrino, and m2

miss peaks at zero. Other B semilep-
tonic decays, where one particle is not reconstructed
(feed-down) or is erroneously added to the charm candi-
date (feed-up), exhibit higher or lower values in m2

miss [7].
In feed-down cases where both a D and a D∗ candidate
have been reconstructed, we keep only the latter candi-
date.

The m2
miss selection criteria are listed in Table I. The

m2
miss region between 0.2 and 1 GeV2/c4 for B →

Dπℓ−ν̄ℓ events is dominated by feed-down from B →
D∗∗(→ D∗π)ℓ−ν̄ℓ semileptonic decays where the soft
pion from the D∗ decay is not reconstructed. In order
to retain these events we apply an asymmetric cut on
m2

miss for these modes.
The signal yields for the B → D∗∗ℓ−ν̄ℓ decays are

extracted through a simultaneous unbinned maximum
likelihood fit to the four m(D(∗)π) − m(D(∗)) distribu-
tions. With the current statistics, validation studies on
MC samples show that our sensitivity to non-resonant
B → D(∗)πℓ−ν̄ℓ decays is limited. Including hypothe-
ses for these components results in a fitted contribution
that is consistent with zero. Thus we assume that these
non-resonant contributions are negligible. The probabil-
ity that B → D∗∗(→ D∗π)ℓ−ν̄ℓ decays are reconstructed
as B → D∗∗(→ Dπ)ℓ−ν̄ℓ is determined with the MC sim-
ulation to be 26%(59%) for the B−(B0) sample and held
fixed in the fit.

The Probability Density Functions (PDFs) for the
D∗∗ signal components are determined using MC B →
D∗∗ℓ−ν̄ℓ signal events. A convolution of a Breit-Wigner
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FIG. 1: (Color online) Fit to the m(D(∗)π) − m(D(∗)) dis-
tribution for a) B−

→ D∗+π−ℓ−ν̄ℓ, b) B−
→ D+π−ℓ−ν̄ℓ, c)

B0
→ D∗0π+ℓ−ν̄ℓ, and d) B0

→ D0π+ℓ−ν̄ℓ: the data (points
with error bars) are compared to the results of the overall fit
(sum of the solid distributions). The PDFs for the different
fit components are stacked and shown in different colors.

function with a Gaussian, whose resolution is determined
from the simulation, is used to model the D∗∗ resonances.
The D∗∗ masses and widths are fixed to measured val-
ues [5]. We rely on the MC prediction for the shape
of the combinatorial and continuum background. A non-
parametric KEYS function [18] is used to model this com-
ponent for the D∗πℓ−ν̄ℓ sample, while for the Dπℓ−ν̄ℓ

sample we use the convolution of an exponential with
a Gaussian to model the tail from virtual D∗ mesons.
The combinatorial and continuum background yields are
estimated from data. We fit the hadronic Btag mES dis-
tributions for B → D∗∗ℓ−ν̄ℓ events as described in [7],
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for the reconstruction of the Btag, the signal D(∗), or the
lepton. D(D∗) candidates are selected within 2σ (1.5-
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p(Υ (4S)) − p(Btag) − p(D(∗)π) − p(ℓ)
]2

, de-
fined in terms of the particle four-momenta. For correctly
reconstructed signal events, the only missing particle is
the neutrino, and m2

miss peaks at zero. Other B semilep-
tonic decays, where one particle is not reconstructed
(feed-down) or is erroneously added to the charm candi-
date (feed-up), exhibit higher or lower values in m2

miss [7].
In feed-down cases where both a D and a D∗ candidate
have been reconstructed, we keep only the latter candi-
date.
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miss region between 0.2 and 1 GeV2/c4 for B →

Dπℓ−ν̄ℓ events is dominated by feed-down from B →
D∗∗(→ D∗π)ℓ−ν̄ℓ semileptonic decays where the soft
pion from the D∗ decay is not reconstructed. In order
to retain these events we apply an asymmetric cut on
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miss for these modes.
The signal yields for the B → D∗∗ℓ−ν̄ℓ decays are

extracted through a simultaneous unbinned maximum
likelihood fit to the four m(D(∗)π) − m(D(∗)) distribu-
tions. With the current statistics, validation studies on
MC samples show that our sensitivity to non-resonant
B → D(∗)πℓ−ν̄ℓ decays is limited. Including hypothe-
ses for these components results in a fitted contribution
that is consistent with zero. Thus we assume that these
non-resonant contributions are negligible. The probabil-
ity that B → D∗∗(→ D∗π)ℓ−ν̄ℓ decays are reconstructed
as B → D∗∗(→ Dπ)ℓ−ν̄ℓ is determined with the MC sim-
ulation to be 26%(59%) for the B−(B0) sample and held
fixed in the fit.

The Probability Density Functions (PDFs) for the
D∗∗ signal components are determined using MC B →
D∗∗ℓ−ν̄ℓ signal events. A convolution of a Breit-Wigner
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FIG. 1: (Color online) Fit to the m(D(∗)π) − m(D(∗)) dis-
tribution for a) B−

→ D∗+π−ℓ−ν̄ℓ, b) B−
→ D+π−ℓ−ν̄ℓ, c)

B0
→ D∗0π+ℓ−ν̄ℓ, and d) B0

→ D0π+ℓ−ν̄ℓ: the data (points
with error bars) are compared to the results of the overall fit
(sum of the solid distributions). The PDFs for the different
fit components are stacked and shown in different colors.

function with a Gaussian, whose resolution is determined
from the simulation, is used to model the D∗∗ resonances.
The D∗∗ masses and widths are fixed to measured val-
ues [5]. We rely on the MC prediction for the shape
of the combinatorial and continuum background. A non-
parametric KEYS function [18] is used to model this com-
ponent for the D∗πℓ−ν̄ℓ sample, while for the Dπℓ−ν̄ℓ

sample we use the convolution of an exponential with
a Gaussian to model the tail from virtual D∗ mesons.
The combinatorial and continuum background yields are
estimated from data. We fit the hadronic Btag mES dis-
tributions for B → D∗∗ℓ−ν̄ℓ events as described in [7],



Can we rule out all new operators? New Physics in b ! c`⌫`: model independent approach

Here "Model independent" includes following assumptions:
No right-handed neutrino; charged lepton current remains left handed.
V � A structure of the lepton current is well established and we keep it as
such:

Lµ
= `�µ

(1 � �
5

)⌫`

b ! c`⌫` can then be described by a general effective Hamiltonian:

H
e↵

=

GFp
2

Vcb

⇥
(1 + gV )c�µb + (�1 + gA )c�µ�

5

b + gS i@µ(cb) + gP i@µ(c�
5

b)

+ gT i@⌫(ci�µ⌫b) + gT5

i@⌫(ci�µ⌫�
5

b)
⇤
⇥ Lµ

=

GFp
2

Vcb HµLµ

gV,A ⇠ O
✓

�2

⇤

2

NP

◆
, gS,P,T,T5

⇠ 1

�
O

✓
�2

⇤

2

NP

◆

NB: the pseudotensor operator is not independent of the tensor one due to the relation

c�µ⌫�5b = � i
2 ✏µ⌫↵�c�↵�b, but it is convenient to keep this operator.
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We should aim to have this plot :-)
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FIG. 32: (Color online) Fits of the BCL
parameterization (with three parameters) to the

B ! ⇡`⌫ q2 spectrum: (a) Comparison of the BCL fit
to data (solid, red line with shaded uncertainty band)
compared with theoretical form factor predictions from
LCSR (Khodjamirian et al., 2011), HPQCD (Dalgic

et al., 2006) and ISGW2 (Scora and Isgur, 1995). The
extrapolations of the predictions from their regions of
validity to the full q2 range are indicated as dashed

lines. (b) Simultaneous BCL fit to data and
FNAL/MILC LQCD predictions. The normalization of

the LQCD results has been rescaled to the data
according to the |Vub| value derived from the fit.

agreement of the fitted curve with the LQCD predictions.
Using the HPQCD calculation instead of FNAL/MILC
gives similar fit results. However, no information on
the correlations between the HPQCD points is presently
available and therefore only one point can be used in the
fit to determine the normalization of the decay rate, lead-
ing to a larger uncertainty on |Vub|. The FNAL/MILC
collaboration has very recently presented a preliminary
update of their B ! ⇡ form factor calculation and a BCL

fit to data and their updated lattice results, which gives a
⇠ 10% higher |Vub| value (Bouchard, 2014). The results
are still preliminary and not yet published.
We quote the value obtained from the simultaneous

BCL fit to the BABAR and Belle data combined with the
FNAL/MILC calculation as the result for |Vub| from B !
⇡`⌫ decays in this article:

|Vub| = (3.28± 0.29)⇥ 10�3. (115)

Future improvements for |Vub| will rely on progress in
form factor calculations based on LQCD or LCSR and
on more precise experimental determinations of the q2

spectrum. In particular an improved precision in the
high q2 region, where LQCD predictions exist, would
be important. This will require a better understanding
of the composition and dynamics of B ! Xu`⌫ decays,
which form the most problematic background at high
q2, and significantly larger data samples to perform
precision studies with tagged event samples.

The |Vub| result from B ! ⇡`⌫ is significantly lower
than that obtained from inclusive decays. The di↵er-
ence between the exclusive and inclusive determinations
corresponds to about 3.3�. Nevertheless, we compute
the weighted average of the exclusive and inclusive |Vub|
determinations, assuming uncorrelated experimental and
theoretical uncertainties, and obtain

|Vub| = (4.02± 0.59)⇥ 10�3. (116)

Because of the marginal agreement between the two re-
sults – the �2 probability is 0.1% – the uncertainty on the
average has been scaled up by a factor of

p
�2/ndf = 3.3.

4. Other charmless semileptonic B decays

Semileptonic B decays to other charmless final states
have been measured for the pseudo-scalar mesons ⌘ and
⌘0 and the vector mesons ⇢±, ⇢0 and !. An overview
of the most recent analyses of these decays is given in
Table XVIII.
For B+ ! !`+⌫, B+ ! ⌘`+⌫, and B+ ! ⌘0`+⌫

decays, the agreement between di↵erent measurements
is good. The B ! ⇢`⌫ results, however, show size-
able di↵erences. The branching fraction results of the
BABAR untagged analysis (del Amo Sanchez et al., 2011)
are lower than the ones of the Belle hadronic-tag anal-
ysis (Sibidanov et al., 2013) by ⇠ 2� for B0 ! ⇢�`+⌫
decays and ⇠ 3.5� for B+ ! ⇢0`+⌫. As the ⇢ resonance
is broad (�⇢ ⇡ 149 MeV), the backgrounds in B ! ⇢`⌫
analyses are sizeable, especially for untagged analyses,
and it is di�cult to control the background under the ⇢
mass peak. In particular, a potential contribution from
non-resonant ⇡⇡ states could so far not be experimentally
constrained. Therefore, this decay mode benefits most



And we are getting there
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|Vcb| × 103

Gambino & Schwanda ’13, B → Xc inclusive

Fermilab/MILC ’14 + HFAG ’14, B → D*, w = 1

Fermilab/MILC ’15 + HFAG ’14, B → D, w = 1

Fermilab/MILC ’15 + BaBar ’09, B → D, w ≥ 1

FIG. 12. Comparison of exclusive and inclusive determinations of |V
cb

|⇥ 103. Triangles denote an
extrapolation to zero recoil, while squares use data over a wide kinematic range. The color code
is black, blue (dark gray), and orange (light gray) for B ! D`⌫, B ! D

⇤
`⌫, and B ! X

c

`⌫,
respectively.

From this value we obtain |V
cb

| = (40.0 ± 0.3
QCD

± 1.4
exp

± 0.2
QED

) ⇥ 10�3. This error is
smaller than that from the analysis at nonzero recoil, thanks to the additional experimental
information, but only by about 10%. Thus combining lattice data at nonzero recoil with a
single experiment reduces the error on |V

cb

| by almost as much as adding zero-recoil data
from several experiments. Clearly the error on |V

cb

| from B ! D`⌫ at nonzero recoil can be
further reduced via a joint fit of the lattice form-factor data with additional experimental
measurements once correlations are available.

An interesting byproduct of our combined z-expansion fit to obtain |V
cb

| is an improved
determination of the B ! D form factors f

+

(q2) and f

0

(q2). Because the lattice form factors
are most accurate at high q

2, while the experimental measurements are most accurate at
low q

2, they provide complimentary constraints on the form-factor shape. Table XI provides
the z-fit coe�cients and correlation matrix from our preferred combined lattice-experiment
fit used to obtain our result for |V

cb

| quoted in Eq. (6.1). These represent our current best
knowledge of f

+

(q2) and f

0

(q2) for B ! D semileptonic decays, and can be used in other
phenomenological applications. Here we use the results in Table XI to update our calculation
of the ratio B(B ! D⌧⌫)/B(B ! D`⌫) in the Standard Model [15]. We obtain

R(D) = 0.299(11) , (6.2)

which agrees with our previous determination R(D) = 0.316(12)(7) in [15], but is 2.0�
lower than the BaBar measurement R(D) = 0.440(58)(42) [51]. The error in our new
determination of R(D) is about 20% smaller than in Ref. [15], primarily due to the inclusion
of the experimental information on the shape of f

+

from the joint z-fit.

The dominant errors in the lattice form factors come from statistics, matching, and the
chiral-continuum extrapolation, and can be reduced through simulations at smaller lattice
spacings and at physical quark masses and from further study of the matching factors. The
MILC Collaboration is currently generating (2+1+1)-flavor HISQ ensembles with physical
light quarks [52], which we anticipate using for future calculations of B ! D

(⇤) form fac-
tors. Heavy-quark discretization errors are also important. They can be reduced with a
more improved heavy-quark action such as that proposed in Ref. [53], and work on this is
underway [54, 55].
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FIG. 10. Left: One sigma contour plots showing the correlation between the normalized slope
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and normalized curvature a
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from N = 3 z-expansion fits to either the BaBar
experimental data alone, our lattice QCD results alone, and a joint fit to both. Right: vector form
factor f

+

obtained from separate z-expansion fits of the 2009 BaBar experimental data (hatched
band) and lattice form factors (solid band).

TABLE X. Best-fit values of the z-expansion parameters for di↵erent truncations N from a joint
fit to experimental data and lattice values. For completeness, the inferred value and error in a

0,0

is quoted. We also show the zero-recoil form factor G(1) and |V
cb

|.

N = 2 N = 3 N = 4

a

+,0

0.01260(10) 0.01261(10) 0.01261(10)

a

+,1

�0.096(3) �0.096(3) �0.096(3)

a

+,2

0.37(8) 0.37(11) 0.37(11)

a

+,3

� �0.05(90) �0.05(90)

a

+,4

� � �0.0(1.0)

a

0,0

0.01140(9) 0.01140(9) 0.01140(9)

a

0,1

�0.059(3) �0.059(3) �0.059(3)

a

0,2

0.18(9) 0.19(10) 0.19(10)

a

0,3

� �0.3(9) �0.3(9)

a

0,4

� � �0.0(1.0)

G(1) 1.0527(82) 1.0528(82) 1.0528(82)

|V
cb

| 0.0396(17) 0.0396(17) 0.0396(17)

�

2

/df 8.4/10 8.3/10 8.3/10

28

Fermilab/MILC: arXiv:1503.07237 

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0 0.02 0.04 0.06

f +
(z
)

z

Lattice QCD
BaBar 2009

FIG. 10. Left: One sigma contour plots showing the correlation between the normalized slope
a

+,1

/a

+,0

and normalized curvature a

+,2

/a

+,0

from N = 3 z-expansion fits to either the BaBar
experimental data alone, our lattice QCD results alone, and a joint fit to both. Right: vector form
factor f

+

obtained from separate z-expansion fits of the 2009 BaBar experimental data (hatched
band) and lattice form factors (solid band).

TABLE X. Best-fit values of the z-expansion parameters for di↵erent truncations N from a joint
fit to experimental data and lattice values. For completeness, the inferred value and error in a

0,0

is quoted. We also show the zero-recoil form factor G(1) and |V
cb

|.

N = 2 N = 3 N = 4

a

+,0

0.01260(10) 0.01261(10) 0.01261(10)

a

+,1

�0.096(3) �0.096(3) �0.096(3)

a

+,2

0.37(8) 0.37(11) 0.37(11)

a

+,3

� �0.05(90) �0.05(90)

a

+,4

� � �0.0(1.0)

a

0,0

0.01140(9) 0.01140(9) 0.01140(9)

a

0,1

�0.059(3) �0.059(3) �0.059(3)

a

0,2

0.18(9) 0.19(10) 0.19(10)

a

0,3

� �0.3(9) �0.3(9)

a

0,4

� � �0.0(1.0)

G(1) 1.0527(82) 1.0528(82) 1.0528(82)

|V
cb

| 0.0396(17) 0.0396(17) 0.0396(17)

�

2

/df 8.4/10 8.3/10 8.3/10

28

[11] is just such a parameterization. It builds in constraints from analyticity and unitarity.
It is based on the conformal map

z(w) =

p
1 + w �p

2p
1 + w +

p
2
, (5.1)

which takes the physical region w 2 [1, 1.59] to z 2 [0, 0.0644]. It pushes poles and branch
cuts relatively far away to |z| ⇡ 1. Form factors are then parameterized as

f

i

(z) =
1

P

i

(z)�
i

(z)

1X

n=0

a

i,n

z

n

, (5.2)

where the P
i

(z) are the “Blaschke factors” containing explicit poles (e.g., a B

c

or B⇤
c

meson)
in the channel variable q2, and the �

i

are the “outer functions”, whose purpose is described
below. The only unknown parameters are the polynomial coe�cients a

i,n

. In this work, we
do not introduce any pole, so P

i

(z) = 1.2 The choice of outer functions is arbitrary as long
as they are analytic functions that do not introduce poles or branch cuts; the �

i

just a↵ect
the numerical values of the series coe�cients, a

i

. For f
+

and f

0

, we use

�

+

(z) = �
+

(1 + z)2(1� z)1/2[(1 + r)(1� z) + 2
p
r(1 + z)]�5

, (5.3)

�

0

(z) = �
0

(1 + z)(1� z)3/2[(1 + r)(1� z) + 2
p
r(1 + z)]�4

, (5.4)

such that, numerically, �
0

= 0.5299 and �
+

= 1.1213 [11]. With this choice, the bound on
the series coe�cients from unitarity takes a particularly simple form:

NX

n=0

|a
i,n

|2  1 , (5.5)

where this bound holds for any N . This bound, in combination with the small range of |z|,
ensures that only a small number of coe�cients is needed to parameterize the form factors
over the entire kinematic range to high precision.

To implement the z expansion, we start from the synthetic data for f
+

and f

0

at z values
corresponding to w

j

= 1, 1.08, and 1.16, choose a truncation N and fit to determine the
coe�cients a

i,n

for n = 0, . . . , N . These coe�cients are then used to parameterize the form
factors over the full kinematic range. We find we need only the first few coe�cients in the
expansion to obtain a stable fit with a good p value. The kinematic constraint requires
f

+

= f

0

at q2 = 0 where z ⇡ 0.0644. It is interesting to fit the data without the constraint
to see to what extent it is automatically satisfied. The result for N = 3 in the left panel
of Fig. 8 shows that the data satisfy the constraint much better than our statistics would
suggest. Nonetheless, in subsequent fits, we include the constraint to reduce the form-factor
errors at q2 = 0. The constraint is imposed by expressing the parameter a

0,0

in Eq. (5.2) in
terms of the other series coe�cients. Table VIII shows the series coe�cients and goodness-
of-fit obtained for fits of the lattice form-factor data imposing the kinematic constraint with
N = 2–4. For the fits at cubic and quartic order in the z expansion, we have more parameters
than data, but the unitarity bound in Eq. (5.5) justifies imposing a prior with central value
0 and width 1 on the coe�cient(s) of the cubic (and quartic) term(s).

2 We have checked that including a pole located at the theoretically-predicted B

⇤
c mass [43] does not

appreciably change the z-fit result.
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Bs
Bs ! D(⇤)

s ` ⌫̄`



Experimental Recap Bs ! D(⇤)
s ` ⌫̄`

• Very interesting channel… 
• could be used to test predicted SU(3) flavour symmetry 

• better from a theory point of view due (s versus u,d quark) to calculate form 
factors 

• First measurement of semi-inclusive rates by Belle by Oswald et al 
• Very challenging environment due to Y(5S) decay structure (fs ~ 0.2)

2.3 Semileptonic decays

(a) (b)

Figure 2.5: Arrangement of pseudoscalar mesons in geometrical structures. (a) Two-dimensional rep-
resentation of the light spin 0 mesons (“eightfold way”). The blue axes are the z-component of the
isospin, Iz and the strangeness, S. (b): Extended version with “beauty”, B, as third dimension. Figures
adapted from material available in the public domain.
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Figure 2.6: Ds meson mass spectrum. The centre of the grey rectangles represents the mass of the state
and the height corresponds to twice the width.
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5 Event reconstruction

Figure 5.1: Event display of a simulated semileptonic Bs decay in the Belle II detector. For technical
reasons, the Belle II software was used to generate this event display, but the event topology looks
similar in the Belle detector. The thin, curved lines represent the generated particle trajectories. The
inner region shows the vertex detector and the CDC hits. The inner blue ring represents the TOF
counters. The energy deposited in the ECL is shown as red histograms. The outer blue ring is the KLM.
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(a) Semi-inclusive analysis. (b) Inclusive analysis.

Figure 5.2: Approaches to study semileptonic Bs decays.
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Experimental Recap Bs ! D(⇤)
s ` ⌫̄`

6 Semi-inclusive studies: Bs ! D(⇤)
s X`⌫
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Figure 6.3: Simulated momentum distribution in the centre-of-mass frame of the e+e� collision for B⇤s
mesons (red) and Bs mesons (black). The three peaks correspond from left to right to the three produc-
tion modes B⇤sB̄⇤s, BsB̄⇤s and BsB̄s. Orange line: expected B⇤s momentum for the B⇤sB̄⇤s production mode
using the nominal MC B⇤s mass, mB⇤s = 5412.0 MeV. Blue line with green uncertainty band: Expected B⇤s
momentum for the B⇤sB̄⇤s production mode using the B⇤s mass from the PDG [8], mB⇤s = (5415.4+2.4

�2.1 )MeV.

Wrong-side Other Signal Signal yield
Dse 1.020 ± 0.039 1.000 ± 0.199 1.062 ± 0.038 4470 ± 161
Dsµ 1.061 ± 0.038 0.939 ± 0.158 1.086 ± 0.040 4411 ± 161
D⇤se 0.89 ± 0.12 1.66 ± 0.71 1.00 ± 0.11 724 ± 79
D⇤sµ 0.96 ± 0.12 1.50 ± 0.58 1.13 ± 0.12 804 ± 86

Table 6.7: Scale factor for the MC components extracted by minimising the �2 defined in Eq. 6.18. The
quoted errors are the statistical uncertainties of the data and the MC sample. The signal yields are de-
termined by integrating over all three counting regions. The backgrounds yields are given in Tables 6.5
and 6.6.

✏D(⇤)
s
[%] Nsig✏�1 Nsig✏�1B�1

recoN�1
BsB̄s

[%]

Dse 16.9± 0.1 26403± 951 8.14± 0.29
Dsµ 16.3± 0.1 27012± 986 8.33± 0.30
D⇤se 4.6± 0.1 15805± 1725 5.18± 0.56
D⇤sµ 4.6± 0.1 17537± 1876 5.74± 0.61

Table 6.8: Efficiencies, efficiency-corrected yields and measured branching fractions. The quoted uncer-
tainties are purely statistical.
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Bs*Bs* Bs*Bs BsBs

momentum of Bs or Bs* 

6 Semi-inclusive studies: Bs ! D(⇤)
s X`⌫

from which follows

Best(Bs ! DsX`⌫) = Best(Bs ! Xc`⌫) �B(Bs !⇢⇢DsX`⌫) = (8.6± 0.5)% . (6.3)

The LHCb and D0 experiments have measured the branching fractions with a Ds1(2536) or
a Ds2(2573) meson in the final state (cf. Table 1.1). These measurements, reconstruct the decay
Bs ! DsX`⌫ and then use an estimate of B(Bs ! DsX`⌫) to determine number of Bs mesons in
their data. Therefore, they cannot be considered for the calculation of Best(Bs ! DsX`⌫).

6.1 Analysis overview

The semi-inclusive measurements are based on samples of D�s `+ and D⇤�s `+ pairs, where the
D�s meson is reconstructed in the channel D�s ! �⇡�; � ! K+K� and the D⇤�s meson in the
channel D⇤�s ! D�s � as described in the preceding chapter. The yields of correctly reconstruc-
ted D�s and D⇤�s decays are determined from fits to the mKK⇡ and Dm = mDs� � mDs distri-
butions, respectively. The D(⇤)�

s `+ samples where the D(⇤)
s is correctly reconstructed contain

miscellaneous signal and background contributions:

1. Continuum background from the process e+e� ! cc̄;

2. B! D(⇤)
s K`⌫ decays;

3. Wrong-side combinatorial background where the lepton candidate is paired with a D(⇤)
s

from the other B(s) in the event. The lepton candidate can be either a primary lepton
coming directly from a B(s) decay, a secondary leptons stemming from the decay of a B(s)
decay product, or a hadron misidentified as a lepton;

4. Other backgrounds where a D(⇤)
s meson is combined with either a secondary lepton or a

misidentified hadron from the decay of the same B(s) meson;

5. Signal decays. The D�s `+ sample contains Bs ! Ds`⌫ and Bs ! D⇤s`⌫ as well as Bs !
D⇤⇤s `⌫ decays where the D⇤⇤s meson decays to a Ds meson. The D⇤�s `+ sample comprises
Bs ! D⇤s`⌫ decays as well as Bs ! D⇤⇤s `⌫ decays where the D⇤⇤s meson decays to a D⇤s
meson.

The expected yields of each component at the different steps of the selection are listed in
Table 6.1 for the D�s `+ samples, and in Table 6.2 for the D⇤�s `+ samples. The continuum back-
ground (1) is estimated from the off-resonance data sample and subtracted from the selected
data sample. The small amount of B ! D(⇤)

s K`⌫ decays (2) is estimated from a dedicated MC
sample. The yields of the remaining three components (3-5) are estimated from kinematic
distributions. The kinematic variables are calculated in the centre-of-mass frame of the e+e�
collision. In this reference system, the Bs meson is approximately at rest as its typical mo-
mentum is only p⇤Bs

⇡ 0.43 GeV1. The analysis uses two variables: the lepton momentum, p⇤`,
and the variable

Xmis =

p
s/4� (E⇤vis + p⇤vis)
q

s/4�m2
Bs

, (6.4)

1 The “⇤” will denote in the following that a variable is calculated in the e+e� centre-of-mass frame.
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6.2 The variable Xmis
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Figure 6.1: Illustration of the three counting regions with simulated D�s e+ events. From left to right:
Xmis distribution of the full sample; p⇤e distribution of the subsample with Xmis � �1; expected event
yields for the three counting regions. The vertical lines represent the boundaries of the counting re-
gions. The small B! DsK`⌫ component is omitted in the distributions shown in this Figure.
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Figure 6.2: Xmis distribution of reconstructed D�s `+ pairs, ` = e and µ, obtained by K+K�⇡+ mass fits
to the U(5S) data sample (black data points). The stacked histograms represent the MC expectations
after applying the scale factors estimated from the event yields in the three counting regions (see text).
Figure (a) shows the generated distribution and Figure (b) shows the MC distribution after applying
the B⇤s mass correction (cf. Eq. 6.10). The legend explaining the colour code can be found in Fig. 6.1.
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Figure 6.2: Xmis distribution of reconstructed D�s `+ pairs, ` = e and µ, obtained by K+K�⇡+ mass fits
to the U(5S) data sample (black data points). The stacked histograms represent the MC expectations
after applying the scale factors estimated from the event yields in the three counting regions (see text).
Figure (a) shows the generated distribution and Figure (b) shows the MC distribution after applying
the B⇤s mass correction (cf. Eq. 6.10). The legend explaining the colour code can be found in Fig. 6.1.
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➡ Eventual 3 category analysis

PDG Bs* mass

from lepton and Ds

width 
depends on 

Bs* mass



Prospects for Belle II

B Bs
B ! D ` ⌫̄`
B ! D⇤ ` ⌫̄`

Bs ! D(⇤)
s ` ⌫̄`

• Could be interesting given.. 

• A sizeable dataset is available 
(due to fs ~ 0.2) 

• And the experimental difficulties 
can be brought under control.

• Will be interesting if.. 

• we do the legwork and improve on 
our understanding of the D** 

• get lattice points beyond w = 1 also 
for D* (I presume in the making) 

• we provide (unfolded) measurements 
that allow for a later analysis as 
theory progresses. 
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Fig. 3.6 The photon energy distribution and multiplicity with a cut on E“ > 30 MeV
is shown for B0 æ D≠ e+ ‹l “ and B0 æ D≠ µ+ ‹l “ are shown: the red curve
is the prediction obtained from the exponentiation of the soft factorization from
the algorithm of Ref. [19, 20], and the blue curve shows the next-to-leading order
prediction O(k0 –em GF) as determined by Eqs. (3.73) and (3.74). The ratio shows
the relative deviation from both algorithms, cf. caption Fig. 3.5. The multiplicities
show a feature of the exponentiation approach: the algorithm of Ref. [19, 20]
simulates up to five real photon final states.

43

B0 æ D≠ e+ ‹l (“)

LO
PHOTOS
NLO

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

|p | in the e+e� rest frame

1 � t
ot

d� d |
p

|[
G
eV

�
1 ]

0 0.5 1 1.5 2 2.5

-0.15
-0.1
-0.05

0
0.05

0.1
0.15

|p | [GeV]

LO
PHOTOS
NLO

0

0.02

0.04

0.06

0.08

0.1

0.12

|pD| in the e+e� rest frame

1 � t
ot

d� d |
p D

|[
G
eV

�
1 ]

0 0.5 1 1.5 2 2.5

-0.02
-0.01

0
0.01
0.02

|pD| [GeV]

B0 æ D≠ µ+ ‹l (“)

LO
PHOTOS
NLO

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
|p | in the e+e� rest frame

1 � t
ot

d� d |
p

|[
G
eV

�
1 ]

0 0.5 1 1.5 2 2.5

-0.15
-0.1
-0.05

0
0.05

0.1
0.15

|p | [GeV]

LO
PHOTOS
NLO

0

0.02

0.04

0.06

0.08

0.1

0.12

|pD| in the e+e� rest frame

1 � t
ot

d� d |
p D

|[
G
eV

�
1 ]

0 0.5 1 1.5 2 2.5

-0.02
-0.01

0
0.01
0.02

|pD| [GeV]

Fig. 3.5 The predicted normalized di�erential branching fraction for B0 æ D≠ e+ ‹l (“) and
B0 æ D≠ µ+ ‹l (“) are shown: The black curve corresponds to the tree-level B0 æ
D≠ l+ ‹l decay, the red curve is the prediction obtained from the exponentiation of
the soft factorization from the algorithm of Ref. [19, 20], and the blue curve shows
the next-to-leading order prediction at O(k0 –em GF) as determined by Eqs. (3.73)
and (3.74). The ratio depicts the relative deviation from Ref. [19, 20], i.e. d‚�≠d‚�Õ

d‚�+d‚�Õ

where d‚� = 1
�

d�
dp denotes the normalized di�erential decay rate with respect to p

and the unprimed decay rate is the next-to-leading order prediction of this work.
The shaded yellow region shows the statistical uncertainty of Ref. [19, 20].
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q2 = (pB � pD(⇤))
2 = (p` + p⌫ + p�)

2


