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1. Introduction

The magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element|Vcb| [1] can be
determined from semileptonicB decays to charmed final states. There are determinations using all
semileptonic final states in a given region of phase space (“inclusive measurements”), and analyses
based on specific final states only (“exclusive measurements”). As the theoretical and experimental
uncertainties are different for both approaches, consistency between inclusive and exclusive is an
important cross-check on our understanding.

The theory of the determination of|Vcb| from inclusive and exclusive decays is discussed
elsewhere [2]. In this article, first we briefly explain how to measure semileptonic B decays at the
B factory experiments Belle [3] and BaBar [4]. Then, recent analyses of inclusive and exclusive
B decays, mostly at theB factories, are reviewed and the world average values of|Vcb| are given.

2. Measuring semileptonicB decays

Belle and BaBar have both recorded large samples ofe+e− collisions at the center-of-mass
(c.m.) energy of theϒ(4S) resonance, containing several hundreds of millions ofBB̄ events. At
this energy, a pair ofBB̄ mesons is produced at threshold, leading to special kinematics that simplify
the reconstruction of semileptonicB meson decays in particular:

First, as no fragmentation particles are produced, theB meson energy in the c.m. frame is
equal to the beam energyEbeam. This allows to define two nearly independent variables for

selectingB signals, the beam-constrained massMbc =
√

E2
beam−~p2

B and the energy difference
∆E = EB−Ebeam, where~pB andEB are theB candidate 3-momentum and energy in the c.m. frame,
respectively. Then, by reconstructing oneB meson in the event, the 4-momentum of the otherB
is automatically known, even if the final state of the otherB decay contains undetected particles,
such as a neutrino. Finally, in the c.m. frame,BB̄ events are spherical while other hadronic events
e+e− → qq̄, q = u,d,s,c, are more jet-like. This allows to reject hadronic continuum by placing
requirements on event shape variables.

A technique commonly used in the analysis of semileptonicB decays istagging, i.e., the full
or partial reconstruction of the non-signalB meson in the event to reduce backgrounds or obtain
information on the signalB. The most extreme form of tagging is the full-reconstruction tag, where
the hadronic decay of oneB meson in the event is fully reconstructed. This allows to determine
the 4-momentum of the signalB meson and to virtually eliminate combinatorial background, as all
particles in the event stemming from the decay of the otherB can be identified. Of course, a full-
reconstruction tagged analysis is only feasable for very large data samples, as the tagging efficiency
is of O(10−3). The opposite approach,i.e., making no requirements on the non-signalB is known
as untagged analysis. This strategy yields the largest amount of signal events but obviously suffers
from combinatorial backgrounds and associated systematic uncertainties.

3. |Vcb| from inclusive semileptonicB decays to charm

3.1 Theoretical framework

To obtain the CKM matrix element|Vcb| from inclusive semileptonicB decaysB → Xcℓν , one
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Table 1: Non-perturbative parameters in the expressions derived inthe kinetic and 1S schemes.

kinetic scheme 1S scheme

O(1) mkin
b , mkin

c m1S
b

O(1/m2
b) µ2

π , µ2
G λ1, λ2

O(1/m3
b) ρ3

D, ρ3
LS ρ1, τ1, τ2, τ3

Table 2: Moments used in the HFAG global fit in the kinetic scheme.n is the order of the moment. In total,
there are 27 measurements from BaBar, 25 measurements from Belle and 12 from other experiments.

Experiment 〈M2n
X 〉 〈En

ℓ 〉 〈En
γ 〉

BaBar n = 1,2 [11] n = 0,1,2,3 [12] n = 1,2 [13, 14]
Belle n = 1,2 [15] n = 0,1,2,3 [16] n = 1,2 [17]
CDF n = 1,2 [18]
CLEO n = 1,2 [19] n = 1 [20]
DELPHI n = 1,2 [21] n = 1,2,3 [21]

uses calculations of the semileptonicB decay width based on the Heavy Quark Effective Theory
(HQET) and the Operator Product Expansion (OPE) [5, 6]. These predictions depend on|Vcb|

and a number of non-perturbative quantities such as heavy quark masses and expectation values
of local operators. The non-perturbative parameters can be determined experimentally through
measurements of other inclusive observables inB decays such as the lepton energyEℓ and the
hadronic massM2

X moments inB → Xcℓν and the photon energyEγ moments inB → Xsγ [5, 7, 8].
The moments are measured as a function of the minimum lepton or photon energy.In practice,
|Vcb| and the non-perturbative parameters are determined simultaneously from aglobal fit to all
relevant experimental data.

There are two independent calculations of the semileptonic branching fraction and of the mo-
ments inB → Xcℓν andB → Xsγ transitions that allow to perform this global analysis of inclusive
B decays. Refering to theb-quark mass definition used, the two sets of expressions are called 1S [5]
and kinetic scheme [6, 7, 8] calculations. In both frameworks, non-perturbative corrections have
been evaluated to theO(1/m3

b), Table 1.

3.2 Measurements of inclusiveB decays

The Heavy Flavor Averaging Group (HFAG) [9] has combined data fromBelle, BaBar and
other experiments and performed a global fit in the kinetic scheme using a totalof 64 measurements.
The moments used are shown in Table 2. In the following, we briefly review some of the analyses
quoted in this table:

BaBar has updated their measurement of the hadronic mass moments〈M2n
X 〉 [10] and obtained

preliminary results based on a dataset of 210 fb−1 taken at theϒ(4S) resonance [11]. In this
analysis, the hadronic decay of oneB meson inϒ(4S) → BB̄ is fully reconstructed (Btag) and the
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semileptonic decay of the secondB is infered from the presence of an identified lepton (e or µ)
within the remaining particles in the event (Bsig). The use of the full-reconstruction tag allows
to significantly reduce combinatorial backgrounds and select semileptonic decays with a purity of
about 80%. Particles used neither for the reconstruction ofBtag nor for the charged lepton are
considered to belong to theXc system, and the hadronic mass spectrumMX is calculated using
some kinematic constraints.

From this spectrum, BaBar calculates the hadronic mass moments〈Mn
X〉, n = 1, . . . ,6 for min-

imum lepton momenta in the c.m. frame ranging from 0.8 to 1.9 GeV/c. These moments are
however distorted by acceptance and finite resolution effects and an event-by-event correction is
derived from Monte Carlo (MC) simulated events. These corrections arelinear functions with coef-
ficients depending on the lepton momentum, the multiplicity of theXc system andEmiss− c|~pmiss|,
whereEmiss and~pmiss are the missing energy and 3-momentum in the event, respectively. Note
that this analysis measures also mixed mass and c.m. energy moments〈N2n

X 〉, n = 1,2,3, with
NX = M2

X c4 − 2Λ̃EX + Λ̃2 and Λ̃ = 0.65 GeV in addition to ordinary hadronic mass moments.
These mixed moments are expected to better constrain some non-perturbativeparameters though
they are not used in current global fit analyses yet.

Belle has recently measured the hadronic mass [15] and c.m. electron energy [16] spectra in
B → Xcℓν decays, based on 140 fb−1 of ϒ(4S) data. The experimental procedure is very similar to
the BaBar analysis,i.e., oneB meson in the event is fully reconstructed in a hadronic channel. The
main difference to the analysis discussed above is that detector effects in the spectra are removed by
unfolding using the Singular Value Decomposition (SVD) algorithm [22] with a detector response
matrix found from MC simulation. The moments are then calculated from the unfolded spectra.
The hadronic mass analysis [15] measures the first and second moments ofM2

X for minimum c.m.
lepton energies between 0.7 and 1.9 GeV.

In Ref. [16], Belle measures the partial semileptonic branching fraction and the c.m. elec-
tron energy moments〈En

e 〉, n = 1, . . . ,4, for minimum c.m. electron energies ranging from 0.4 to
2.0 GeV.

An interesting analysis of inclusiveB → Xcℓν decays is done by the DELPHI experiment [21]:
In this study, theb-frame lepton energy〈En

l 〉, n = 1,2,3, and the hadronic massM2n
X , n = 1, . . . ,5,

moments are measured without applying any selection on the lepton energy in theb-frame. This
is possible as DELPHI studiesb-decays inZ → bb̄ events. b-hadrons are thus produced with
significant kinetic energy in the laboratory frame, so that charged leptonsat rest in theb-frame can
be seen in the detector.

3.3 Results of the global fit

The HFAG global fit follows closely the procedure described in Ref. [23]. The results in terms
of |Vcb|, mb and µ2

π are quoted in Table 3 and Fig. 1, whereµ2
π is one of the non-perturbative

parameters describing the motion of theb-quark inside theB hadron. The total uncertainty in|Vcb|

is 1.7% with 1.0% due to the global fit, 0.2% from theB lifetime and 1.4% theoretical error in
the OPE expression of the semileptonic width [6]. Recently, concerns havebeen raised about the
inclusion ofB → Xsγ moments, as their prediction is not based on pure OPE but involves modeling
of non-OPE contributions using a shape function. We therefore also quote the results of a fit
including theB → Xcℓν data only (53 measurements).
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Table 3: Results of the HFAG fit. In the last column we quote theχ2 of the fit over the number of degrees
of freedom.

Dataset |Vcb| (10−3) mb (GeV) µ2
π (GeV2) χ2/ndf.

Xcℓν andXsγ 41.67±0.73 4.601±0.034 0.440±0.040 29.7/(64−7)

Xcℓν only 41.48±0.75 4.659±0.049 0.428±0.044 24.1/(53−7)
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Figure 1: ∆χ2 = 1 contours for the HFAG fit for|Vcb| andmb in the (mb, |Vcb|) and(mb,µ2
π) planes, with

and withoutB → Xsγ data.

4. |Vcb| from exclusive semileptonicB decays to charm

4.1 Differential decay rate

The extraction of|Vcb| from the exclusive decaysB → D(∗)ℓνℓ is based on the following ex-
pressions of the differential decay rates as a function ofw = v ·v′, wherev andv′ are the 4-velocities
of the initial and final state hadron in the decay [24],

dΓ
dw

(B → D∗ℓνℓ) =

G2
F

48π3 |Vcb|
2(mB −mD∗)2m3

D∗(w2−1)1/2(w+1)2×

[

1+
4w

w+1
m2

B +m2
D∗ −2wmBmD∗

(mB −mD∗)2

]

F
2(w) ,

(4.1)

dΓ
dw

(B → Dℓνℓ) =
G2

F

48π3 |Vcb|
2(mB +mD)2m3

D(w2−1)3/2
G

2(w) . (4.2)

Here,mD, mD∗ andmB are theD, D∗ andB meson masses, respectively. In the limit of infinite
heavy quark masses, heavy quark symmetry predicts the normalization of theform factorsF (w)

andG (w) at the zero recoil pointw = 1, F (1) = G (1) = 1 [24]. For finite quark masses, the form
factors atw = 1 can be calculated within lattice QCD, Table 4.
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Table 4: Form factor normalizations at zero recoil (w = 1) from lattice QCD.

Decay form factor

B → D∗ℓν F (1) = 0.921±0.013±0.020 [25]
B → Dℓν G (1) = 1.074±0.018±0.016 [26]

Experiments typically fit thew distribution over almost the entire phase space. The parameter-
izations of the form factorsF (w) andG (w) [27] depend on the parametersρ2

D∗ , R1(1) andR2(1)

for B → D∗ℓν , and onρ2
D for B → Dℓν .

4.2 Measurements ofB → D(∗)ℓν

Belle has recently shown a preliminary measurement ofB0 → D∗−ℓ+ν using 140 fb−1 of
ϒ(4S) data [28]. In this analysis theD∗+ meson and the charged lepton from the signalB decay
are reconstructed but no requirement is placed on the secondB in the event. In each selected event,
decay kinematics constrain the direction of the neutrino momentum to lie on a cone of known
opening angle around the~pD∗+ +~pℓ direction. The direction of the missing momentum is used to
choose a neutrino direction on this cone.

Once the neutrino momentum is obtained,w of Eq. 4.1 and three decays angles are calculated
(σ(w) ≈ 0.025) and a fit of these four quantities to theB → D∗ℓν decay width is performed as-
suming the Capriniet al. parametrization. This allows to extractF (1)|Vcb| and the quantitiesρ2,
R1(1) andR2(1) of the parameterization. The preliminary results are:F (1)|Vcb|= 34.4±0.2±1.0,
ρ2 = 1.293±0.045±0.029,R1(1) = 1.495±0.050±0.062 andR2(1) = 0.844±0.034±0.019.
For all these numbers, the first error is the statistical and the second is the systematic uncertainty.
Dominant systematic uncertainties are track reconstruction forF (1)|Vcb| and background estima-
tion for the form factor parameters.

A measurement of the decaysB → Dℓν andB → D∗ℓν using a novel method has recently
been published by BaBar [29]: In this analysis, onlyD0ℓ andD+ℓ pairs (l = e,µ) are constructed
in 207 fb−1 of ϒ(4S) data. The amounts ofB → D(∗)ℓν signal and background in the selected
sample are determined using a global fit to three kinematic variables: the c.m. frame momenta of
theD meson and of the charged lepton, and cosθDℓ. The later is the cosine of the angle between the
Dℓ and the parentB meson direction in the c.m. frame for signal decays, which can be calculated
from event kinematics. The main advantage of this approach is that systematicuncertainties from
slow pion reconstruction are completely avoided.

The global fit determines the branching fractions of the decaysB+ → D̄0ℓ+ν and B+ →

D̄∗0ℓ+ν and the slopesρ2
D andρ2

D∗ which enter the Capriniet al. parameterization. The semilep-
tonic decay widths ofB → Dℓν andB → D∗ℓν are assumed to be identical forB0 andB+. These
parameters can be converted into the product of|Vcb| times the form factor at zero recoil for
B → Dℓν decays,G (1)|Vcb| = (43.1±0.8±2.3)×10−3, and forB → D∗ℓν decays,F (1)|Vcb| =

(35.9±0.2±1.2)×10−3. The errors are statistical and systematic, respectively.

Finally, BaBar has shown a preliminary measurement of the decayB → Dℓν [30]: Using
417 fb−1 of ϒ(4S) → BB̄ events in which the hadronic decay of oneB meson is fully reconstructed
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Figure 2: ∆χ2 = 1 contours for the HFAG fit to|Vcb| times the form factor at zero recoil and the slope
parameterρ2 for B → D∗ℓν (left) andB → Dℓν decays (right).

(Btag), semileptonic decays of the otherB are selected by identfying a charged lepton and recon-
structing either aD0 or D+ meson from the remaining particles in the event. After applying all anal-
ysis cuts and subtracting backgrounds 2147±69B+ → D̄0ℓ+ν decays and 1108±45B0 → D−ℓ+ν
decays are found.

This tagged analysis minimizes background systematics, which were dominating inprevious
untagged measurements ofB → Dℓν . Performing a combined fit to both theB+ andB0 samples,
G (1)|Vcb| and the slopeρ2 are found to be(43.0±1.9±1.4)×10−3 and 1.20±0.09±0.04 re-
spectively. The stated errors refer to the statistical and systematic ucnertainties.

HFAG has averaged these and older measurements in the(ρ2
D∗ ,F (1)|Vcb|) and(ρ2

D,G (1)|Vcb|)

planes [31], Fig. 2. ForB → D∗ℓν , one obtainsF (1)|Vcb| = (35.49± 0.48)× 10−3 assuming
R1(1) = 1.37±0.064 andR2(1) = 0.845±0.038. ForB → Dℓν , the world average isG (1)|Vcb| =

(42.3± 1.5)× 10−3. While χ2/ndf. = 1.3/8 for the B → Dℓν combination is reasonable, the
measurements in theB → D∗ℓν average are barely consistent (χ2/ndf. = 39.6/21).

4.3 Summary

In this article, we have reviewed the status of the determination of the CKM matrix element
|Vcb| from both inclusive and exclusive semileptonicB decays to charm. The measurements and
combinations presented here are summarized in Table 5, which gives|Vcb| obtained fromB→Xcℓν ,
B → D∗ℓν andB → Dℓν decays. Note that the|Vcb| numbers given for exclusive decays include a
0.7% electroweak correction [32].

The most precise determination of|Vcb| is currently obtained from inclusive decays (1.7%
total uncertainty) followed byB → D∗ℓν (2.9%). There is however a discrepancy of 2.5 standard
deviations between these two numbers.
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Table 5: Determination of the CKM matrix element|Vcb| from inclusive semileptonicB decays to charm
and from exclusive decaysB → D(∗)ℓν .

|Vcb| (10−3)

B → Xcℓν inclusive 41.67±0.43( f it)±0.08(τB)±0.58(th)

B → D∗ℓν exclusive 38.3±0.5(exp)±1.0(th)

B → Dℓν exclusive 39.1±1.4(exp)±0.9(th)
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