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Semileptonic B Decays

Vera G. Lüth
SLAC National Laboratory Accelerator, Stanford University, USA

The following is an overview of the measurements of the CKM matrix elements |Vcb| and |Vub|
that are based on detailed studies of semileptonic B decays by the BABAR and Belle Collaborations
and major advances in QCD calculations. In addition, a new and improved measurement of
the ratios R(D(∗)) = B(B → D(∗)τ−ντ )/B(B → D(∗)ℓ−νℓ) is presented. Here D(∗) refers to
a D or a D∗ meson and ℓ is either e or µ. The results, R(D) = 0.440 ± 0.058 ± 0.042 and
R(D∗) = 0.332 ± 0.024 ± 0.018, exceed the Standard Model expectations by 2.0σ and 2.7σ,
respectively. Taken together, they disagree with these expectations at the 3.4σ level. The ex-
cess of events cannot be explained by a charged Higgs boson in the type II two-Higgs-doublet model.

I. INTRODUCTION

Over the past decade, the vast samples of B mesons
recorded at the B Factories at KEK and SLAC have
allowed detailed studies of semileptonic B decays.
In the Standard Model (SM), these decays proceed
via first-order weak interaction and are mediated by
the W boson. Decays involving electrons and muons
are expected to be free of non-SM contributions and
are therefore well suited for the determination of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements |Vcb| and |Vub|. They are fundamental param-
eters of the SM and have to be determined exper-
imentally. Decays involving the higher mass τ lep-
ton provide additional information on SM processes.
They are also sensitive to non-SM contributions, for
instance, from the exchange of a charged Higgs boson.
This presentation will combine a summary of the

current status of the measurements of the CKM ma-
trix elements |Vcb| and |Vub| from the Belle and BABAR

experiments with the first report on the observation
by BABAR of an excess of events beyond the SM ex-
pectations in B → D(∗)τ−ντ decays [1]. Here D(∗)

refers to the ground state charm mesons, D and D∗.

II. |Vcb| AND |Vub|

There are two experimental methods to determine
|Vcb| and |Vub|. The first is based on the study of ex-
clusive semileptonic B decays in which the hadron is
a D, D∗, D∗∗, π, or ρ meson. The second is based
on inclusive decays of the form B → Xℓν, where
X refers to either Xc or Xu, that is, to any allowed
hadronic final state with charm or without charm, re-
spectively. To extract |Vcb| or |Vub| from the mea-
sured partial decay rates, both approaches depend on
calculations of hadronic contributions to the matrix
element. Since the two methods rely on different ex-
perimental techniques and involve different theoreti-
cal approximations, they result in largely independent
measurements of |Vcb| and |Vub|.
The tables summarizing the results from the B Fac-

tories are taken from a recent report by the Belle and
BABAR Collaborations [2]. They include updates of
input parameter values and reflect the latest under-
standing of the theoretical uncertainties. The aver-
ages account for correlations among the various mea-
surements. In particular, all theoretical uncertainties
are considered to be correlated, as are the uncertain-
ties on the modeling of B → Xcℓν and B → Xuℓν
decays. Experimental uncertainties due to reconstruc-
tion efficiencies are fully correlated for measurements
from the same experiment, and uncorrelated for differ-
ent experiments. Statistical correlations are also taken
into account, whenever available. The averaging pro-
cedure was developed by the Heavy Flavor Averaging
Group (HFAG) [3].

A. |Vcb| from B → D(∗)ℓ−νℓ Decays

The ”exclusive” determination of |Vcb| relies on
studies of B → Dℓ−νℓ and B → D∗ℓ−νℓ decays,
where ℓ = e, µ. The differential rate for the decay
B → Dℓν can be written as

dΓ(B → Dℓν)

dw
=

G2
F

48π3
|Vcb|2KD(w) η2EW G2(w), (1)

where KD(w) is a known phase-space factor and
ηEW = 1.0066 refers to the one-loop electroweak cor-
rection [4] defined relative to GF from muon decay.
In the limit of small lepton mass mℓ, G(w) represents
a single vector form factor that depends on the ra-
tio of meson masses r = mD/mB and w = vB · vD,
the product of the four-velocities of the D and the B
mesons. w is related to the four-momentum trans-
fer q2 = (PB − PD)2 = (Pℓ + Pν)

2, namely w =
(m2

B +m2
D− q2)/(2mBmD) = ED/mD. The values of

w are limited by kinematics, 1 ≤ wD ≤ 1.59.
The same ansatz for the differential rate also holds

for B → D∗ℓν decays, except that the phase-space
factor KD∗(w) and w differ numerically. The form fac-
tor G(w) is replaced by F(w, θℓ, θV , χ), which depends
also on three angles, θℓ and θV , the helicity angles of
the lepton and the D∗, and χ is the angle between the
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FIG. 1: BABAR measurements, corrected for the recon-
struction efficiency, of the w dependence of the form
factors, with fit results superimposed (solid line): (a)
ηEWG(w)|Vcb| for B → Dℓν decays from tagged events [6],
and for comparison (b) ηEWF(w)|Vcb| for B → D∗ℓν de-
cays from untagged events [7].

decay planes of the D∗ and the W . F(w, θℓ, θV , χ)
contains a combination of three form factors (one vec-
tor and two axial vectors) related to the three helicity
states of the charm meson. The axial vector form
factor A1(w) dominates as w → 1, and therefore the
decay rate is usually expressed in terms of the ratios
R1(w) = V (w)/A1(w) and R2(w) = A2(w)/A1(w) .

In the limit of infinite b- and c-quark masses, heavy
quark symmetry predicts a universal form factor F(w)
with a normalization at zero-recoil, F(w = 1) =
G(w = 1) and a dependence on w which, with con-
straints from analyticity and unitarity, can be express
in terms of a single parameter ρ2D or ρ2D∗

[5].

The principal uncertainties for the determination of
|Vcb| stem from the form factors, both their shape and
normalization. The form factor parameters are deter-
mined from fits to the differential decays rates. For
B → Dℓ−νℓ decays, |Vcb| G(1) and the slope ρ2D can be

extracted from Γ(w) distribution. For B → D∗ℓ−νℓ
decays, |Vcb| F(1), the slope ρ2D∗ , R1(w = 1), and
R2(w = 1) are determined from fits to the decay distri-
bution Γ(w, θℓ, θV , χ). As an example, Figure 1 shows
the extraction of the form factor slope and normal-
ization from the efficiency-corrected decay rates for
B → Dℓ−νℓ and B → D∗ℓ−νℓ decays for two BABAR

analyses.

The results of recent form factor measurements for
B → Dℓ−νℓ and B → D∗ℓ−νℓ decays from Belle and
BABAR are listed in Table I. The branching fractions
quoted for B0 are based on B0 and B+ measurements,
combined under the assumptions that isospin relations
hold. The branching ratios are calculated using these
form factor parameters, taking into account correlated

systematic uncertainties. The errors are dominated by
the uncertainties in the detector performance.

For B → D∗ℓ−νℓ decays, only two of the four mea-
surements exploit the angular dependence of the form
factor F(w, θℓ, θV , χ). The most precise measurement
based on the full Belle data set [8] relies on a fit
to the 1-dimensional distributions of the four vari-
ables. BABAR [7] enhances the sensitivity to R1(1) and
R2(1) and also |Vcb| by combining the results with a fit
to the four-dimensional decay rate Γ(w, θℓ, θV , χ) [9].
The results from the two experiments agree well.
The average values R1(1) = 1.40 ± 0.03 ± 0.01 and
R2(1) = 0.86 ± 0.02 ± 0.01, have a precision of 3%,
and are used as input to measurements that are lim-
ited to the w dependence of the decay rate.

A precise determination of |Vcb| requires corrections
to G(1) and F(1) for finite quark masses and non-
perturbative effects. Table II summarizes the latest
results from lattice QCD (LQCD), heavy quark sum
rules (HQSR), and HQE calculation. The LQCD pre-
dictions for the two decay modes are about 5% higher
than the results from the other two QCD calculations.

While the results for the two decay modes agree
well, |Vcb| measured in B → D∗ℓν decays is more pre-
cise and will be considered as the main result. The
differences in the values for |Vcb| underline the fact
that the principal uncertainties stem from the form
factor normalization.

B. |Vcb| from Inclusive B → Xcℓν Decays

At the parton level, the inclusive decay rate for
b → cℓν can be calculated accurately: It is propor-
tional to |Vcb|2 and depends on the quark masses mb

and mc. To extract |Vcb| from the measured B meson
decay rate, the parton-level calculations have to be
corrected for effects of strong interactions. These cor-
rections are suppressed by powers of αs and ΛQCD/mb

(ΛQCD refers to the perturbative QCD scale). Thus,
the decay rate for inclusive semileptonic B decays can
be expressed in terms of a Heavy Quark Expansion
(HQE) in inverse powers of the b-quark mass and
with a limited number of non-perturbative parame-
ters. Due to confinement and non-perturbative ef-
fects, HQEs rely on the definition of the quark masses,
which depends on the coupling to the SM Lagrangian.

Calculations of the decay rates for B → Xcℓν are
available in the 1S mass scheme [19, 20] which is de-
rived from a perturbative expression for the mass of
the Y (1S) state, and the kinetic mass scheme [21, 22]
which is derived from heavy quark sum rules and en-
ters the non-relativistic expression for the kinetic en-
ergy of the b quark inside the B meson. In the fol-
lowing, we rely on calculations in the kinetic scheme
for which the total decay rate for B → Xcℓν can be
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TABLE I: Summary of the B Factory results for the B → Dℓ−νℓ and B → D∗ℓ−νℓ form factor parameters ηEWG(1)|Vcb|,
ηEWF(1)|Vcb|, ρ2D and ρ2D∗ , and the branching fractions. The measurements have been rescaled to the end of year
2011 values of the common input parameters [3, 10]. The stated errors correspond to the statistical and systematic
uncertainties.

B → Dℓ−νℓ ηEWG(1)|Vcb| (10
−3) ρ2D B(B0 → D−ℓ+ν) (%)

Belle [11] 40.8± 4.4± 5.0 1.12± 0.22 ± 0.14 2.07± 0.12 ± 0.52

BABAR DXlν [12] 43.4± 0.8± 2.1 1.20± 0.04 ± 0.06 2.18± 0.03 ± 0.13

BABAR tagged [6] 42.5± 1.9± 1.1 1.18± 0.09 ± 0.05 2.12± 0.10 ± 0.06

Average 42.7± 0.7± 1.5 1.19± 0.04 ± 0.04 2.14± 0.03 ± 0.10

B → D∗ℓ−νℓ ηEWF(1)|Vcb| (10
−3) ρ2D∗ B(B0 → D∗−ℓ+ν) (%)

BABAR D∗−ℓ+ν [7] 34.1± 0.3± 1.0 1.18± 0.05 ± 0.03 4.58± 0.04 ± 0.25

BABAR D̄∗0e+ν [13] 35.1± 0.6± 1.3 1.12± 0.06 ± 0.06 4.95± 0.07 ± 0.34

BABAR DXlν [12] 35.8± 0.2± 1.1 1.19± 0.02 ± 0.06 4.96± 0.02 ± 0.20

Belle [8] 34.7± 0.2± 1.0 1.21± 0.03 ± 0.01 4.59± 0.03 ± 0.26

Average 35.5± 0.1± 0.5 1.20± 0.02 ± 0.02 4.83± 0.01 ± 0.12

TABLE II: Normalization of the form factors for B →
Dℓ−νℓ and B → D∗ℓ−νℓ decays and the resulting values
of |Vcb| based on different QCD calculations.

B → Dℓ−νℓ

Calculation ηEWG(1) |Vcb| (10
−3)

LQCD [14] 1.081 ± 0.018 ± 0.016 39.46 ± 1.54 ± 0.88

HQE [15] 1.047 ± 0.020 40.79 ± 1.58 ± 0.78

B → D∗ℓ−νℓ

Calculation ηEWF(1) |Vcb| (10
−3)

LQCD [16, 17] 0.908 ± 0.005 ± 0.016 39.04 ± 0.55 ± 0.73

HQSR [18] 0.865 ± 0.020 40.93 ± 0.58 ± 0.95

expressed to O(1/m3
b) in a simplified way as

Γcℓν
∼= G2

Fm
5
b

192π3
|Vcb|2(1 +Aew)Apert(r, µ)

×
[

z0(r) + z2(r)

(

µ2
π

m2
b

,
µ2
G

m2
b

)

+ z3(r)

(

ρ3D
m3

b

,
ρ3LS

m3
b

)]

.

(2)

A more detailed ansatz can be found in the litera-
ture [22]. The dependence on the charm quark mass
mc is contained in the ratio r = mc/mb which en-
ters the phase space factors zi(r). The most rele-
vant scale for b → c transitions is the energy release
mb−mc. The electroweak corrections are estimated to
be 1 + Aew ≈ [1 + α/π ln(MZ/mb)]

2 ≈ 1.014 and the
perturbative contributions are Apert ≈ 0.91 ± 0.01.
The leading non-perturbative contributions arise at
O(1/m2

b) and are parameterized in terms of µ2
π(µ) and

µ2
G(µ), the expectation values of the kinetic and chro-

momagnetic dimension-five operators. At O(1/m3
b),

two additional parameters enter, ρ3D(µ) and ρ3LS(µ),
the expectation values of the Darwin and spin-orbital
(LS) dimension-six operators. These parameters, as
well as the quark masses mb and mc, depend on
the renormalization scale µ which separates short-
distance from long-distance QCD effects. For the ki-
netic scheme the chosen value is µ = 1 GeV [23].

Similar HQEs can be derived for moments of in-
clusive B → Xcℓν distributions; they also depend on
αs, mb and mc and the same perturbative parameters.
The leading terms are known to O(αs) and O(α2

sβ0)
(with β0 = (33−2nf)/3). Non-perturbative terms are
included to O(1/m3

b), and corrections to O(α2
s) have

recently been implemented.

Moment measurements are available from B →
Xcℓν decays for the lepton energy spectrum 〈En

ℓ 〉 with
n = 1, 2, 3, the hadronic mass distribution, 〈M2n

X 〉
with n = 1, 2, 3 These moments and the inclusive
semileptonic decay rate ∆B are measured for differ-
ent values of the minimum lepton energy Emin

ℓ in the
range of 0.6− 1.5GeV.

The HFAG has developed a fit procedure based on
the full O(α2

s) calculations of the moments in the ki-
netic scheme [24, 25]. This fit combines moment mea-
surements from the B Factories and determines |Vcb|,
the b-quark mass mb, and four higher order param-
eters in the OPE description of semileptonic decays.
The only external input is the averageB0 and B+ life-
time, (1.582± 0.007) ps [10].

Figure 2 shows the comparison of fitted HQE pre-
dictions in the kinetic scheme to some of the moments
measured by the Belle Collaboration [26] as a function
of the minimum lepton energy. Since the moments
are derived from the same distribution, in particular
those which differ only by the minimum lepton energy,
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FIG. 2: Comparison of the measured moments and the
fit to the HQE predictions (kinetic scheme) by the Belle
Collaboration [26] as a function of the minimum lepton or
photon energy: (a) branching fraction ∆B, (b,c) hadron
mass (MX), (d,e,f) and electron energy (Ee). The verti-
cal bars represent the experimental uncertainties and the
shaded bands show the theoretical uncertainties. Filled
(open) circles mark data used (unused) in the fit.

are highly correlated, only about half of the measured
data points are included in the fit. Similar fits have
been performed by the BABAR collaboration, includ-
ing also some mixed moments of different distribu-
tions, e.g., a combination of the hadronic mass and
lepton energy [27].
The fit to selected 44 moments measured by Belle

and BABAR has a χ2/NDF = 23.2/37, an indication
that the experimental and theoretical uncertainties
and estimated correlations among moments are not
fully understood. Correlations between the fitted pa-
rameters are generally small.
To enhance the precision on mb, a precise con-

straint on the c-quark mass mc(3 GeV) = 0.998 ±
0.029 GeV, was introduced, derived from low-energy
sum rules [28], one of several precise calculations of
quark masses [29, 30]. Fits in the kinetic scheme to
the Belle and BABAR moments result in

|Vcb|incl = (42.01± 0.47fit ± 0.59th)× 10−3,

mkin
b (1GeV) = (4.551± 0.025fit)GeV,

µ2kin
π (1GeV) = (0.499± 0.044fit)GeV2. (3)

The first error represents the combined experimen-

tal and theoretical uncertainty of the fit, and the
additional error on |Vcb| reflects the estimated un-
certainty of 1.4% for the expansion for the decay
rate. The fitted semileptonic branching fraction is
B(B → Xcℓν) = (10.51± 0.13)%. The result on |Vcb|
cited here agrees very well with the result of a fit to
the same moments based on the 1S mass scheme [2].

C. |Vub| from B → πℓν Decays

For the determination of |Vub| from exclusive charm-
less decays, the most promising decays, both experi-
mentally and theoretically, is B → πℓ−νℓ. Branch-
ing fractions for decays involving the pseudoscalar
mesons η and η′ and the vector mesons ρ and ω have
been measured, albeit with considerable uncertainties.
Thus, they currently provide only limited information
on form factors and therefore on |Vub|.
As for B → Dℓ−νℓ decays, the differential decay

rate for decays to low-mass charged leptons can be
written as

dΓ(B0 → π−ℓ+ν)

dq2
=

G2
F

24π3
|pπ|3|Vub|2|f+(q2)|2. (4)

Here f+(q
2) is the only form factor affecting the rate,

because in the limit of small lepton masses mℓ, the
term proportional to the second form factor f0(q

2)
can be neglected [31]. Since the rate depends on the
third power of pπ, the pion momentum in the B meson
rest frame, it is suppressed at high q2.
Among several parameterizations of the form fac-

tors, a model-independent approach based on the gen-
eral properties of analyticity, unitarity and crossing-
symmetry is preferred [32, 33]. The stringent con-
straints on the form factor are expressed in the form of
a rapidly converging series in the variable z(q2, q20) =

(
√

m2
+ − q2−

√

m2
+ − q20), with m± = mB±mπ. The

simplest functional form by Bourreley, Caprini, and
Lellouch (BCL) [34] is

f+(q
2) =

1

1− q2/m2
B∗

K
∑

k=0

bk(q
2
0)z(q

2, q20)
k. (5)

Here q20 is a free parameter, chosen to optimize the
convergence.
The principal goal of the studies of B → πℓ−νℓ de-

cays is a precise measurement of the branching frac-
tion and the determination of the q2 dependence of
the B → π form factor. The main experimental chal-
lenge is the reduction of the abundant background
from continuum events and from B → Xcℓν decays.
Also the isolation of the B → πℓν decays from the
other B → Xuℓν decays, where Xu is a charmless
hadronic final state, is difficult due to very similar de-
cay kinematics.
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FIG. 3: Missing mass squared distributution from a tagged
samples of B0 → π−ℓ+ν decays by the Belle Collabora-
tion [38].

Three analyses have been performed based on un-
tagged event samples, two by the BABAR [35, 36] and
one by the Belle [37] Collaboration. The measured
branching fractions show excellent agreements, the
average, taking into account correlations, B(B0 →
π−ℓ+ν) = (1.44 ± 0.03 ± 0.05)−4, is dominated by
systematic uncertainties, primarily related to the re-
construction of the missing neutrino derived from the
missing energy and momentum in the event, and the
backgrounds from continuum events at low q2 and
from B → Xuℓν decays at high q2.
A few months ago the Belle collaboration [38] pre-

sented first results on exclusive charmless decays in-
volving the pseudoscalar mesons π+, π0, η, and η′ and
the vector mesons, ρ+, ρ0, and ω. This analysis
is based on the full data sample and benefits from
a highly efficient selection of events tagged by the
hadronic decay of one of the B mesons in the event.
Figure 3 shows the missing mass distribution for a
selected B0 → π−ℓ+ν sample with a purity of about
65%. From a fit to this distribution, a signal of 468±28
B0 → π−ℓ+ν decays has been extracted. Prelimi-
nary measurements of the dΓ/dq2 distributions and
branching factions are fully consistent with the un-
tagged measurements (see Table III). While the sta-
tistical uncertainties are larger than for the untagged
analyses, the systematic uncertainties are much re-
duced due to the kinematic reconstruction of the full
event.
Currently, two principal methods are used to ex-

tract |Vub| from the measured differential decay rates.
The more conventional method relates the mea-
sured partial branching fractions to ∆ζ(q2min, q

2
max) =

∆Γtheory/|Vub|2, which is derived from QCD calcula-
tions integrated over specific q2 ranges, and

|Vub|2 = ∆B(q2min, q
2
max)/∆ζ(q2min, q

2
max)/τ0, (6)

where τ0 is the B0 lifetime. Table III lists the average

partial branching fractions, the values of ∆ζ, and the
|Vub| results relying on light cone sum rules (LCSR),
and two sets of LQCD calculations.
More recently, |Vub| has been determined from a si-

multaneous fit to unquenched LQCD calculations [39]
and the measured q2 spectrum. The BCL parame-
terization is used as parameterization for f+(q

2) over
the whole q2 range to minimize the form factor model
dependence. This method makes optimum use of the
measured shape of the whole q2 spectrum and normal-
ization from LQCD which results in a reduced uncer-
tainty on |Vub|.
Figure 4 shows the combined fit to the

FNAL/MILC lattice calculations and the data from
the three untagged measurements. To avoid high
correlations, only four of the twelve FNAL/MILC
points have been included in the fit. This reduction
of the theoretical input does not change the |Vub|
result but leads to a better agreement of the fitted
curve with the lattice points. The χ2 probability of
the fit is 2.2% (χ2/ndf = 58.9/31). The fit results
for the parameters in the BCL parameterization are
b1/b0 = −0.82± 0.20 and b2/b0 = −1.63± 0.62, and a
value of f+(0)|Vub| = 0.945± 0.028 is obtained, which
translates to f+(0) = 0.29 ± 0.03, in good agreement
with the LCSR result, f+(0) = 0.28± 0.02. The |Vub|
values obtained from fits to the individual untagged
measurements agree with each other within about
one standard deviation. The total uncertainty on
|Vub| is about 9%; 3% from the branching fraction
measurement, 4% from the shape of the q2 spectrum
determined with data, and 8% from the form-factor
normalization obtained from LQCD.
Table III summarizes various measurements of

|Vub|, based on different form factor normalizations.
In addition to the three untagged analysis, it also lists
the preliminary results by Belle using the new tagging
algorithm. All these results are fully consistent within
the stated uncertainties.

D. |Vub| from Inclusive B → Xuℓν Decays

The total inclusive rate for B → Xuℓν decays can
be expressed in terms of an OPE which has a simi-
lar structure as the one for B → Xcℓν decays, with
nonperturbative corrections occuring at O(1/m2

b) and
higher. Unfortunately, experimenters usually restrict
the phase space to reduce the large background from
Cabibbo-favored B → Xcℓν decays, and these restric-
tions spoil the HQE convergence. Perturbative and
non-perturbative corrections are drastically enhanced
and the rate becomes sensitive to the Fermi motion
of the b quark inside the B meson, introducing terms
that are not suppressed by powers of 1/mb. In prac-
tice, non-perturbative shape functions (SF) are intro-
duced, which to leading order in 1/mb should be sim-
ilar for b → u and b → s transitions. The form of the
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TABLE III: Overview of |Vub| measurements based on B → πℓν decays (for 3 untagged and 1 tagged samples) for various
q2 regions and form factor calculations: LCSR [40], HPQCD [41], FNAL/MILC [39]. The quoted errors on |Vub| are
due to experimental uncertainties and theoretical uncertainties on ∆ζ. The last column shows the |Vub| results of the
simultaneous fits to data and the FNAL/MILC prediction. Here the stated error represents the combined experimental
and theoretical uncertainty.

LCSR HPQCD FNAL/MILC FNAL/MILC fit

∆ζ (ps−1) 4.59+1.00
−0.85 2.02±0.55 2.21+0.47

−0.42 2.21+0.47
−0.42

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

Experiment |Vub| (10
−3)

BABAR (6 bins) [35] 3.54 ± 0.12+0.38
−0.33 3.22 ± 0.15+0.55

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

BABAR (12 bins) [36] 3.46 ± 0.10+0.37
−0.32 3.26 ± 0.19+0.56

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

Belle [37] 3.44 ± 0.10+0.37
−0.32 3.60 ± 0.13+0.61

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

BABAR/Belle untagged 3.47 ± 0.06+0.37
−0.32 3.43 ± 0.09+0.59

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

Belle tagged [38] 3.38 ± 0.17+0.37
−0.31 3.86 ± 0.25+0.53

−0.53 3.69± 0.24+0.39
−0.35 —
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the ∆B/∆q2 distributions for B → πℓν decays and to
four of the twelve points of the FNAL/MILC calculation
(magenta, closed triangles) The FNAL/MILC prediction
has been rescaled to the data according to the |Vub| value
obtained in the fit.

SF cannot be calculated from first principles, but has
to be constrained by data. SF parameterizations are
generally chosen such that their first and second mo-
ments are equal to Λ = mB−mb and µ2

π, i.e., they are
directly related to the non-perturbative HQE param-
eters and thus can be determined by fits to moments
of B → Xcℓν and B → Xsγ decays.

The extracted values of |Vub| are presented in Table
IV for both untagged and tagged BB samples. The
earlier untagged measurements placed cuts near the
kinematic limit of the lepton spectrum. Thus they
covered limited fractions of the total phase space and
had sizable experimental and theoretical uncertain-
ties. The most recent analyses by the Belle [46] and
BABAR [42] Collaborations are based on their full data
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FIG. 5: BABAR [42]: Projections of measured distributions
(data points) of (a) q2 and (b) MX for inclusive B →
Xuℓν decays, Upper row: comparison with the result of
a χ2 fit to the two-dimensional MX − q2 distribution for
the sum of two scaled MC contributions, signal (white)
and background (grey). Lower row: corresponding spectra
with equal bin size after background subtraction based on
the fit. The data are not efficiency corrected.

sample and use BB events tagged by the hadronic
decays of the second B meson and thus cover up to
90% of the phase space. The most precise results are
based on a fit to the two-dimensional q2 versus MX

(the mass of the Xu system) distributions. An ex-
ample of such a fit is shown in Figure 5. The av-
erage of the two partial branching fraction measure-
ments, assuming full correlation of the uncertainty in
the predicted signal spectrum, is ∆B(p∗ℓ > 1GeV) =
(1.87± 0.10± 0.11)× 10−3. Here p∗ℓ refers to the mo-
mentum of the charged lepton in the rest frame of the
B meson. The systematic uncertainties are dominated
by the simulation of the signal decays; in particular,
they are sensitive to the shape function and the b-
quark mass.
There is a high degree of consistency among the
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TABLE IV: Overview of |Vub| measurements based on inclusive B → Xuℓν decays analyzed in three untagged and 2
tagged data samples. The critical input parameters mb and µ2

π depend on the different mass schemes and have been
obtained from the OPE fits to B → Xcℓν hadronic mass moments in the kinetic mass scheme. For the BLNP and
DGE calculations, they have been translated from the kinetic to the shape function and MS schemes, respectively. The
additional uncertainties on mb and µ2

π are due to these scheme translations. The first error is the experimental and the
second reflects the uncertainties of the QCD calculations and the HQE parameters [3].

BLNP GGOU DGE

Mass scheme SF scheme Kinetic scheme MS scheme

mb (GeV) 4.588 ± 0.023 ± 0.011 4.560 ± 0.023 4.194 ± 0.043

µ2
π (GeV2) 0.189+0.041

−0.040 ± 0.020 0.453 ± 0.036 —

Experiment |Vub| (10
−3)

Belle [43] 4.88 ± 0.45+0.24
−0.27 4.75 ± 0.44+0.17

−0.22 4.79± 0.44+0.21
−0.24

BABAR[44] 4.48 ± 0.25+0.27
−0.28 4.29 ± 0.24+0.18

−0.24 4.28± 0.24+0.22
−0.24

BABAR[45] 4.66 ± 0.31+0.31
−0.36 — 4.32± 0.29+0.24

−0.29

Average untagged 4.65 ± 0.22+0.26
−0.29 4.39 ± 0.22+0.18

−0.24 4.44± 0.21+0.21
−0.25

Belle [46] 4.47 ± 0.27+0.19
−0.21 4.54 ± 0.27+0.10

−0.11 4.60± 0.27+0.11
−0.13

BABAR[42] 4.28 ± 0.24+0.18
−0.20 4.35 ± 0.24+0.09

−0.11 4.40± 0.24+0.12
−0.13

Average tagged 4.35 ± 0.19+0.19
−0.20 4.43 ± 0.21+0.09

−0.11 4.49± 0.21+0.13
−0.13

measurements and the results for different QCD cal-
culations show little variation. Based on results in
Table IV, we quote the unweighted arithmetic aver-
age of the tagged data samples as the overall result,

|Vub|incl = (4.42± 0.20exp ± 0.15th)× 10−3. (7)

E. Summary on |Vcb| and |Vub|

As a result of joint efforts by theorists and ex-
perimentalists, our understanding of semileptonic B-
meson decays has substantially advanced over the last
decade.

Substantial progress has been made in the applica-
tion of HQE calculations to extract |Vcb| and mb from
fits to measured moments from B → Xcℓν decays.
The total error quoted on |Vcb| is 1.8% and the intro-
duction of a c-quark mass constraint, mc(3GeV) =
(0.998 ± 0.029)GeV, has reduced the overall uncer-
tainty on mb to 25 MeV.

The measurement of |Vcb| based on the exclusive
decay B → D∗ℓνℓ has now a combined experimental
and theoretical uncertainty of 2.3%. Values of |Vcb|
differ by about 5%, depending on the choice of the
QCD calculation for the normalization of the form
factors; lattice calculations lead to lower values of |Vcb|
than heavy flavor sum rules.

Consequently the comparison of the inclusive and
exclusive determinations of |Vcb| depends on the choice
of the normalization of the form factors. For the
LQCD calculations, the values of the inclusive and
exclusive determination of |Vcb| differ at the level of

2.5σ,

|Vcb|excl = [39.04 (1± 0.014exp ± 0.019th)]× 10−3 ,

|Vcb|incl = [42.01 (1± 0.011exp ± 0.014th)]× 10−3 .

On the other hand, based on heavy flavor sum rule
calculations for the exclusive measurement, the value
is

|Vcb|excl = [40.93 (1± 0.014exp ± 0.023th)]× 10−3

and agrees very well with the inclusive measurement.
For inclusive measurements of |Vub|, experimental

and theoretical errors are comparable in size. The
dominant experimental uncertainties are related to
the limited size of the tagged samples, the signal sim-
ulation, and background subtraction. The theoretical
uncertainties are dominated by the error on the b-
quark mass; a 20-30MeV uncertainty in mb impacts
|Vub| by 2-3%.
Measurements of the differential decay rate as a

function of q2 for B → πℓν provide valuable in-
formation on the shape of the form factor, though
with sizable errors due to large backgrounds. Results
based on different QCD calculations agree within the
stated theoretical uncertainties. While the traditional
method of normalizing to QCD calculations in dif-
ferent ranges of q2 results in uncertainties of +17%

−10%,
combined fits to LQCD predictions and the measured
spectrum using a theoretically motivated ansatz [32–
34] have resulted in a reduction of the theoretical un-
certainties to about 8%.
The values of the inclusive and exclusive determi-

nations of |Vub| are only marginally consistent, they
differ at a level of 3σ,

|Vub|excl = [3.23 (1± 0.05exp ± 0.08th)]× 10−3

|Vub|incl = [4.42 (1± 0.045exp ± 0.034th)]× 10−3.
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III. STUDY OF B → D(∗)τ−ντ DECAYS

So far, we have focused on semileptonic decays in-
volving low-mass charged leptons, for instance, B →
D(∗)ℓ−νℓ decays which are well-understood SM pro-
cesses. Decays involving the higher mass τ lepton
provide an opportunity to search for contributions be-
yond the SM processes, for example, decays mediated
by a charged Higgs boson of the Two Higgs Doublet
Model (2HDM) of type II [47–52].
In the SM, the differential decay rate (integrated

over angles) for B → D(∗)τ−ντ decays can be written
in terms of helicity amplitudes as follows [53–55],

dΓτ

dq2
=

G2
F |Vcb|2|p|q2
96π3m2

B

[

1− m2
τ

q2

]2(
[

|H+|2 + |H−|2

+|H0|2
]

[

1 +
m2

τ

2q2

]

+
3

2

m2
τ

q2
|Hs|2

)

, (8)

where for simplicity, the q2 dependence of the helicity
amplitudes Hn has been omitted. The amplitudes H±

only receive contributions from helicity λD∗ = ± and
therefore are absent for B → Dτ−ντ decays. λD∗ = 0
contribute toH0 andHs. SM calculations [52, 56], up-
dated to account for recent FF measurements, predict
for the ratios of decay rates,

R(D)SM =
Γ(B̄ → Dτν)

Γ(B̄ → Dℓν)
= 0.297± 0.017,

R(D∗)SM =
Γ(B̄ → D∗τν)

Γ(B̄ → D∗ℓν)
= 0.252± 0.003.

These ratios are independent of |Vcb| and to a
large extent, insensitive to the parameterization of
the hadronic matrix element. Previous measure-
ments [57–59] have slightly exceeded these predic-
tions, though due to sizable statistical uncertainties
the significance of the measured excess was low.
The BABAR Collaboration reports results [60] of a

major update of its earlier measurement [58] of the ra-
tios R(D(∗)) for both charged and neutral B mesons.
They choose to reconstruct only the leptonic decays
τ− → ℓ−νℓντ , so that the final states of the signal
B → D(∗)τ−ντ and the normalization B → D(∗)ℓ−νℓ
decays contain the same particles, i.e., a charm meson
D(∗) and a charged lepton, e− or µ−. This leads to
a cancelation of various experimental uncertainties in
the ratios R(D(∗)).
The analysis relies on the reconstruction of the full

BB final state. In addition to the semileptonic de-
cay, the hadronic decay of the other B meson is fully
reconstructed.Compared to the previous BABAR anal-
ysis [58], the efficiency of the B tagging algorithm and
the reconstruction of the semileptonic decays has been
increased by a factor of three, and the size of the data
sample is doubled.

The events are divided into four subsamples iden-
tified by the charm meson from a semileptonic decay
candidate, D0ℓ,D∗0ℓ,D+ℓ,D∗+ℓ. The missing mass
m2

miss = (pe+e− −ptag−pD(∗) −pℓ)
2 separates the nor-

malization decays with m2
miss ∼ 0 (one neutrino) from

signal decays with much larger m2
miss (three neutri-

nos). The leptons in normalization decays have higher
momenta than the secondary leptons from τ decays,
and this feature is also utilized to separate the two
decay modes. Decays to higher-mass, excited charm
mesons, B → D∗∗ℓ/τν , enter the event selection,
whenever the low momentum pion from D∗∗ → D(∗)π
decays is undetected or incorrectly assigned to the
Btag. These higher-mass states are poorly understood
and their branching fractions are not well measured.
Therefore the fit includes four control D(∗)π0ℓ sam-
ples, enriched in B → D∗∗ℓ/τν decays, by adding a
π0 decay to the signal selection.
The background in these 8 samples is reduced by

applying multivariate methods (BDT) that make use
of variables describing the quality of the reconstruc-
tion, such as the mass of the reconstructed D(∗) and
∆E = Etag − √

s/2, where Etag and
√
s refer to the

Btag and the center of mass energy, respectively. Can-
didates with one or more additional charged tracks are
eliminated. The yields for semileptonic decay of the
four signal B → D(∗)τ−ντ decays and four normal-
ization B → D(∗)ℓ−νℓ decays are extracted by an ex-
tended, unbinned maximum-likelihood fit to the two-
dimensional m2

miss versus |p∗
ℓ | distributions. The fit

is performed simultaneously to the four D(∗)ℓ sam-
ples and the four D(∗)π0ℓ samples. The distribution
of each D(∗)ℓ sample is described as the sum of eight
contributions: Dτν, D∗τν, Dℓν, D∗ℓν, D∗∗ℓν, cross-
feed between B0 and B+ due to misreconstruction of
the Btag, and backgrounds from BB and continuum
events. The yields and shapes of these backgrounds
are taken from MC simulation and fixed in the fit. A
large fraction of B → D∗ℓν decays are reconstructed
in the Dℓν samples. A total of 56 two-dimensional
probability density functions (PDF) for the individ-
ual contributions to the samples are constructed from
large Monte Carlo samples by using Gaussian Kernel
Estimators (KEYS). The fitted distributions for Dℓ
and D∗ℓ samples are shown in Figure 6. The results
for charged and neutral B mesons are combined, as-
suming isospin relations. In total, there are 489 ± 63
B → Dτ−ντ compared to 2, 981 ± 65 B → Dℓ−νℓ
decays, and 888 ± 63 B → D∗τ−ντ compared to
11, 953± 122 B → D∗ℓ−νℓ decays.
The measured ratios, corrected for efficiencies and

branching fractions, are

R(D) = 0.440± 0.058± 0.042,

R(D∗) = 0.332± 0.024± 0.017.

The principal contributions to the systematic errors
are the uncertainties in the B → D∗∗ℓ/τν and con-
tinuum backgrounds and the limited size of the MC
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miss and |p∗

ℓ | projections of the isospin-
constrained fit to the signal samples. The |p∗

ℓ | projections
do not include the m2

miss peak at m2
miss < 1GeV2, which

excludes most of the normalization events [60].

samples. The measurements exceed the SM calcula-
tions by 2.0σ and 2.7σ. The combination of these
results, taking into account their correlation of -0.27,
excludes the SM at the 3.4σ level.

The charged Higgs boson H+ would only impact
the helicity amplitude Hs,

H2HDM
s = HSM

s

[

1− mb q
2

mb ∓mc

tan2 β

m2
H

]

. (9)

The negative sign applies to B → Dτ−ντ and the
positive sign to B → D∗τ−ντ decays. Depending on
the value of tanβ/mH+ , the ratio of two vacuum ex-
pectations values and the mass of the charged Higgs,
this term would either enhance or decrease the ratios
R(D(∗)) and affect the τ polarization.

Figure 7 shows the impact a charged 2HDM type II
Higgs boson [51, 61] would have on the measured ra-
tios R(D) and R(D∗) as a function tanβ/mH+ . This
assessment was made by reweighting the simulated
events to account for the changes in the matrix ele-
ment, including the τ polarization.

The measured values of R(D) and R(D∗) match
the predictions of this particular Higgs model for
tanβ/mH+ = (0.44 ± 0.02)GeV−1 and tanβ/mH+ =
(0.75 ± 0.04)GeV−1, respectively. The R(D) and
R(D∗) results together exclude the type II 2HDM
charged Higgs boson at at 99.8% confidence level,
or higher for larger values of tanβ/mH+ . This con-
clusion is only valid for values of mH+ greater than
15GeV [48, 51]. However, the region for mH+ ≤
15GeV has already been excluded by B → Xsγ mea-
surements [62], and therefore, the type II 2HDM is
excluded in the full tanβ–mH+ parameter space.
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FIG. 7: Comparison of the results of the BABAR analy-
sis (light grey, blue) [60] with predictions that include a
charged Higgs boson of type II 2HDM (dark grey, red).
The SM corresponds to tanβ/mH+ = 0.

IV. CONCLUSIONS AND OUTLOOK

While there has been tremendous progress, we have
not achieved the precision of 1% for |Vcb| or 5% on
|Vub|, goals many of us had hoped to reach before the
shutdown of Belle and BABAR experiments.
We are left with two puzzles:

• The puzzling difference, in the results of exclu-
sive and inclusive measurements of |Vub| and to
lesser extent of |Vcb|, if we rely on non-lattice
calculations, which challenge our current un-
derstanding of the experimental and theoretical
techniques applied.

• The excess of events in B → D(∗)τ−ντ de-
cays at the level of 3.4 standard deviations rel-
ative to the SM calculations, which might indi-
cate non-SM contributions. This excess cannot
be explained by contributions from a charged
Higgs boson of the 2HDM of type II. How-
ever, it has been pointed out in recent publi-
cations [63, 64] that this result can be accom-
modated in terms of other versions of the Two-
Higgs Doublet Model.

To resolve these puzzles a major effort will be re-
quired. It will take much larger tagged data samples
and a more detailed understanding of the detector per-
formance and background composition to reduce ex-
perimental uncertainties. It will also require further
progress in QCD calculations, based on lattice, heavy
flavor sum rules, or other methods, to reduce the un-
certainties of form factor predictions for exclusive de-
cays, to improve the detailed prediction of inclusive
processes, and to incorporate precision determinations
of the heavy quark masses.
Measurements of the D∗ and τ polarization and

forward-backward asymmetries as well as other kine-
matic distributions might be able to distinguish
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among various couplings of non-SM processes [65, 66]
and possibly lead to an explanation of the excess
events in B → D(∗)τ−ντ decays.
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