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1. Introduction

The magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elervgsit[fl] can be
determined from semilepton® decays to charmed final states. There are determinations using all
semileptonic final states in a given region of phase space (“inclusiveursasnts”), and analyses
based on specific final states only (“exclusive measurements”). Asdbeetiical and experimental
uncertainties are different for both approaches, consistency betiweleisive and exclusive is an
important cross-check on our understanding.

The theory of the determination d¥,| from inclusive and exclusive decays is discussed
elsewhere[[2]. In this article, first we briefly explain how to measure setoiigpB decays at the
B factory experiments Belld][3] and BaBdj [4]. Then, recent analy$&sctusive and exclusive
B decays, mostly at thB factories, are reviewed and the world average valug¥gf are given.

2. Measuring semileptonicB decays

Belle and BaBar have both recorded large samplesef collisions at the center-of-mass
(c.m.) energy of ther(4S) resonance, containing several hundreds of millionBBfevents. At
this energy, a pair B mesons is produced at threshold, leading to special kinematics that simplify
the reconstruction of semileptorimeson decays in particular:

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

selectingB signals, the beam-constrained madg, = ,/Egeam— p2 and the energy difference
AE = Eg — Epeam Wherepg andEg are theB candidate 3-momentum and energy in the c.m. frame,
respectively. Then, by reconstructing oBaneson in the event, the 4-momentum of the otRer
is automatically known, even if the final state of the otBettecay contains undetected particles,
such as a neutrino. Finally, in the c.m. franB®& events are spherical while other hadronic events
ete” — qq, g = u,d,s,c, are more jet-like. This allows to reject hadronic continuum by placing
requirements on event shape variables.

A technigue commonly used in the analysis of semilept@nitecays igagging, i.e., the full
or partial reconstruction of the non-sigralmeson in the event to reduce backgrounds or obtain
information on the signd8. The most extreme form of tagging is the full-reconstruction tag, where
the hadronic decay of ori®@ meson in the event is fully reconstructed. This allows to determine
the 4-momentum of the signBlmeson and to virtually eliminate combinatorial background, as all
particles in the event stemming from the decay of the oBhean be identified. Of course, a full-
reconstruction tagged analysis is only feasable for very large data saraplihe tagging efficiency
is of ¢(1073). The opposite approache., making no requirements on the non-sigBas known
as untagged analysis. This strategy yields the largest amount of sigmés dwut obviously suffers
from combinatorial backgrounds and associated systematic uncertainties.

3. V| from inclusive semileptonicB decays to charm

3.1 Theoretical framework

To obtain the CKM matrix elemeffis,| from inclusive semileptoni8 decaysB — X.¢/v, one
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Table 1: Non-perturbative parameters in the expressions derivélaeikinetic and 1S schemes.

kinetic schemg 1S scheme
o | M |
(1/mg) HE, MG A1 Az
(1/md) P, p3s p1, T1, T2, T3

7
7

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

Experiment|  (M2") (E]) (ED)
BaBar n=12[M1] n=0,1,23[12] n=12[[3 14
Belle n=12[M8] n=0,123[[A4] n=212[7]
CDF n=1,2[18]

CLEO n=1,2 [19] n=1[R0]
DELPHI | n=12[E1 n=1,23[g]]

uses calculations of the semileptoldalecay width based on the Heavy Quark Effective Theory
(HQET) and the Operator Product Expansion (OFE)]5, 6]. Thesdigtions depend ofVg|
and a number of non-perturbative quantities such as heavy quark srexsdexpectation values
of local operators. The non-perturbative parameters can be detetreiperimentally through
measurements of other inclusive observable8 idecays such as the lepton enefgyand the
hadronic mas#Z moments irB — X.¢v and the photon enerds, moments irB — Xsy [B, [1.[8].
The moments are measured as a function of the minimum lepton or photon ehemwyctice,
IVep| @and the non-perturbative parameters are determined simultaneously fgtwba fit to all
relevant experimental data.

There are two independent calculations of the semileptonic branchint@framd of the mo-
ments inB — X:/v andB — Xgy transitions that allow to perform this global analysis of inclusive
Bdecays. Refering to tHequark mass definition used, the two sets of expressions are call§ld 1S [5]
and kinetic schem¢][§] 7] 8] calculations. In both frameworks, non-itive corrections have
been evaluated to th&(1/ng), Table[]L.

3.2 Measurements of inclusiveB decays

The Heavy Flavor Averaging Group (HFAG] [9] has combined data fBetle, BaBar and
other experiments and performed a global fit in the kinetic scheme using aftétaimeasurements.
The moments used are shown in Tgle 2. In the following, we briefly revienesaf the analyses
guoted in this table:

BaBar has updated their measurement of the hadronic mass mo(rldéﬁ)s{] and obtained
preliminary results based on a dataset of 210'ftaken at theY(4S) resonance[[11]. In this
analysis, the hadronic decay of oBaneson inY(4S) — BB is fully reconstructedBg) and the
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semileptonic decay of the secoBds infered from the presence of an identified lepterof u)
within the remaining particles in the ever3s(;). The use of the full-reconstruction tag allows
to significantly reduce combinatorial backgrounds and select semilepteo&ysd with a purity of
about 80%. Particles used neither for the reconstructioBygf nor for the charged lepton are
considered to belong to th& system, and the hadronic mass spectidgis calculated using
some kinematic constraints.

From this spectrum, BaBar calculates the hadronic mass morfdgisn=1,...,6 for min-
imum lepton momenta in the c.m. frame ranging from 0.8 to 1.9 GeWhese moments are
however distorted by acceptance and finite resolution effects and abtey@vent correction is
derived from Monte Carlo (MC) simulated events. These correctiongaar functions with coef-
ficients depending on the lepton momentum, the multiplicity ofXheystem andEmiss— €| Brisg,
where Eniss and Priss are the missing energy and 3-momentum in the event, respectively. Note
that this analysis measures also mixed mass and c.m. energy mofNéfitsn = 1,2,3, with
Ny = MZc* — 2AEx + A2 and A = 0.65 GeV in addition to ordinary hadronic mass moments.
These mixed moments are expected to better constrain some non-pertupbasimeeters though
they are not used in current global fit analyses yet.

Belle has recently measured the hadronic mpgs [15] and c.m. electrory gb@fgpectra in
B — X.lv decays, based on 140thof Y(4S) data. The experimental procedure is very similar to
the BaBar analysis,e., oneB meson in the event is fully reconstructed in a hadronic channel. The
main difference to the analysis discussed above is that detector effeatssipetttra are removed by
unfolding using the Singular Value Decomposition (SVD) algoritiinj [22] witkegedtor response
matrix found from MC simulation. The moments are then calculated from the wddgdectra.
The hadronic mass analys[s]15] measures the first and second momtgg@fminimum c.m.
lepton energies between 0.7 and 1.9 GeV.

In Ref. [16], Belle measures the partial semileptonic branching fractiahtiae c.m. elec-
tron energy moment&ED), n=1,...,4, for minimum c.m. electron energies ranging from 0.4 to
2.0 GeV.

An interesting analysis of inclusii@— Xc/v decays is done by the DELPHI experimgni [21]:
In this study, théb-frame lepton energyg"), n= 1,2, 3, and the hadronic mass’, n=1,...,5,
moments are measured without applying any selection on the lepton energytiirtmee. This
is possible as DELPHI studidsdecays inZ — bb events. b-hadrons are thus produced with
significant kinetic energy in the laboratory frame, so that charged lepttorest 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 Hel].[ZBe results in terms
of [Vep|, My and p2 are quoted in Tabl€] 3 and Fifj. 1, wheud is one of the non-perturbative
parameters describing the motion of tixguark inside thd3 hadron. The total uncertainty Ng|
is 1.7% with 1.0% due to the global fit, 0.2% from tBdifetime and 1.4% theoretical error in
the OPE expression of the semileptonic width [6]. Recently, concernsiermeraised about the
inclusion ofB — Xsy moments, as their prediction is not based on pure OPE but involves modeling
of non-OPE contributions using a shape function. We therefore alste dhe results of a fit
including theB — Xc/v data only (53 measurements).
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Table 3: Results of the HFAG fit. In the last column we quote Kfeof the fit over the number of degrees

of freedom.
Dataset Vep| (1073) m, (GeV) Uz (GeV?) Xx?2/ndf.
Xcfv andXsy | 41.67+0.73 4601+0.034 Q440+0.040 297/(64—7)
Xcfvonly | 4148+0.75 4659+0.049 Q428+0.044 241/(53—7)
— F w i T
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Figure 1: Ax? = 1 contours for the HFAG fit fofVp| andmy, in the (my, [Vgp|) and (my, u2) planes, with
and withoutB — Xsy data.

4. |Vgp| from exclusive semileptonidB decays to charm

4.1 Differential decay rate

The extraction ofV,| from the exclusive decayB — D™ ¢y, is based on the following ex-
pressions of the differential decay rates as a functiomefv-V, wherevandv are the 4-velocities
of the initial and final state hadron in the decfy| [24],

S—VFV(BHD*EVZ):
Gt 2 2.3 1/2 2 4w mg+mp. —2wmgmp- |
2 Vool (M — Mo 2B, (WP — )Y E(w 1) |14 T SRR | FEW)
4.1)
dr GE 2 208 (W2 — 1)3/242
divv(B_) Dlv) = chb! (Mg +Mp) “mp (W* — 1)~ “F*(w) . (4.2)

Here,mp, mp- andmg are theD, D* andB meson masses, respectively. In the limit of infinite
heavy quark masses, heavy quark symmetry predicts the normalization foftinéactors.# (w)
and¥ (w) at the zero recoil poinv = 1, .7 (1) = (1) = 1 [24]. For finite quark masses, the form
factors atw = 1 can be calculated within lattice QCD, Taﬂe 4,
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Table 4: Form factor normalizations at zero recai & 1) from lattice QCD.

Decay form factor
B— D*v | #(1) =0.9214+0.013+0.020 [25]
B—D/v | 9(1)=1.074+0.018+0.016 [26]

Experiments typically fit thev distribution over almost the entire phase space. The parameter-
izations of the form factors? (w) and¥ (w) [B7] depend on the parametgug., Ri(1) andRx(1)
for B — D*/v, and onp3 for B — D/v.

4.2 Measurements o8 — D*) ¢y

Belle has recently shown a preliminary measuremenBbf- D*~¢+v using 140 fbo! of
Y(4S) data [2B]. In this analysis thB** meson and the charged lepton from the sighaecay
are reconstructed but no requirement is placed on the séganthe event. In each selected event,
decay kinematics constrain the direction of the neutrino momentum to lie on a ¢dmwn
opening angle around th@y«+ + P, direction. The direction of the missing momentum is used to
choose a neutrino direction on this cone.

Once the neutrino momentum is obtainedbf Eq.[4.] and three decays angles are calculated
(o(w) =~ 0.025) and a fit of these four quantities to tBe— D*/v decay width is performed as-
suming the Caprinét al. parametrization. This allows to extragt(1)|Vq| and the quantitiep?,
Ri1(1) andRy(1) of the parameterization. The preliminary results a#@(1)|Ve,| = 34.4+0.2+ 1.0,

p? = 1.2934 0.045+ 0.029,R; (1) = 1.495+ 0.050+ 0.062 andR,(1) = 0.844+ 0.034+0.019.
For all these numbers, the first error is the statistical and the second igstieenstic uncertainty.
Dominant systematic uncertainties are track reconstructio(t) |Ve,| and background estima-
tion for the form factor parameters.

A measurement of the decafgs— D/v andB — D*/v using a novel method has recently
been published by BaBaf [29]: In this analysis, oB¢ andD*/ pairs ( = e, i) are constructed
in 207 fb ! of Y(4S) data. The amounts @& — D™*)¢v signal and background in the selected
sample are determined using a global fit to three kinematic variables: the cmne fnmmenta of
theD meson and of the charged lepton, and@gs The later is the cosine of the angle between the
D/ and the parenB 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 systemegicainties from
slow pion reconstruction are completely avoided.

The global fit determines the branching fractions of the ded@ys— D°*v and BT —
D*0¢*+v and the slopepd andp?. which enter the Caprinit al. parameterization. The semilep-
tonic decay widths oB — D¢v andB — D*/v are assumed to be identical B andB*. These
parameters can be converted into the produci\gf| times the form factor at zero recoil for
B — D/v decays¥(1)|Ve| = (43.1+0.842.3) x 1073, and forB — D*/v decays,Z (1)|Vep| =
(35.940.2+1.2) x 10~3. The errors are statistical and systematic, respectively.

Finally, BaBar has shown a preliminary measurement of the d&cay D¢v [B{]: Using
417 fb1 of Y(4S) — BB events in which the hadronic decay of dBeneson is fully reconstructed
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Figure 2: Ax? = 1 contours for the HFAG fit tdVy| times the form factor at zero recoil and the slope
parametep? for B — D*/v (left) andB — D/v decays (right).

(Btag), semileptonic decays of the othBrare selected by identfying a charged lepton and recon-
structing either &° or D* meson from the remaining particles in the event. After applying all anal-
ysis cuts and subtracting backgrounds 23460 B — D%y decays and 110845B° — D~ ¢*v
decays are found.

This tagged analysis minimizes background systematics, which were dominapneyious
untagged measurements®f— D/v. Performing a combined fit to both th&" andB° samples,
4(1)|Vep| and the slopg? are found to bg43.0+ 1.9+ 1.4) x 102 and 120+ 0.094 0.04 re-
spectively. The stated errors refer to the statistical and systematic uotiega

HFAG has averaged these and older measurements {pghe? (1)|Ve|) and(p3,% (1)[Vep|)
planes [31L], Fig[]2. FoB — D*/v, one obtainsZ (1)|Vep| = (35494 0.48) x 103 assuming
R1(1) = 1.374+0.064 andR;(1) = 0.8454+0.038. ForB — D/v, the world average i¥(1)|Vep| =
(4234 1.5) x 10°3. While x?/ndf. = 1.3/8 for the B — D¢v combination is reasonable, the
measurements in tH& — D*/v average are barely consistegf(ndf. = 39.6/21).

4.3 Summary

In this article, we have reviewed the status of the determination of the CKM médrixeat
IVen| from both inclusive and exclusive semileptofalecays to charm. The measurements and
combinations presented here are summarized in ﬂible 5, which|giyesbtained fronB — X/v,

B — D*/v andB — D/v decays. Note that th¥,| numbers given for exclusive decays include a
0.7% electroweak correctiof [32].

The most precise determination Pfy| is currently obtained from inclusive decays (1.7%
total uncertainty) followed b8 — D*/v (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 elemef| from inclusive semileptoni® decays to charm
and from exclusive decayd— D) ¢v.

|Vcb| (103)
B — Xc¢v inclusive | 41.67+0.43(fit) £0.08(1g) + 0.58(th)
B — D*/¢v exclusive 38.3+0.5(exp) +1.0(th)
B — D/v exclusive 39.1+1.4(exp) £ 0.9(th)
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