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We report on the measurements of B-meson semileptonic decays at BABAR. The studies include precision
measurement of |Vep| by a combined HQE fit to hadronic mass and electron energy spectral moments in inclusive
B — X lv decays, measurements of |Vy| in inclusive and exclusive B — X, v decays, and measurements of

B — (m, p)fv decay rates.

1. Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix elements V., and V,p, the couplings of the
b quark to the ¢ and u quarks, are fundamen-
tal parameters of the Standard Model. With the
increasingly precise measurements of decay-time-
dependent CP asymmetries in B-meson decays,
in particular the angle 3, improved measurements
of Vi and Vp, will allow for stringent experimen-
tal tests of the Standard Model mechanism of CP
violation and searches for new physics processes.

B-meson semileptonic decays are especially
suitable for measurement of the |Vip| and |Vyl,
because the leptonic current cleanly factorizes
and thus theoretical uncertainties of relations be-
tween the semileptonic decay rates and values of
CKM matrix elements are relatively small.

The analyses presented here are based on data
recorded with the BABAR detector [1] at the PEP-
II asymmetric-energy e e~ storage rings. Most of
the analyses are based on a dataset of about 80
million BB events.

2. Measurement of |V,p| in inclusive B —
X v decays

To relate inclusive semileptonic B-meson de-
cay rate to |Vp|, the parton-level calculations
must be corrected for effects of strong interac-
tions. Heavy-Quark Expansions (HQEs) [2] have
become a powerful tool for calculating perturba-
tive and non-perturbative QCD corrections and
their uncertainties. We have chosen the kinetic-
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mass scheme [3,4] for expansions in 1/m; and
as(my), the strong coupling constant. To or-
der O(1/m3) there are six parameters: the run-
ning kinetic masses of the b and ¢ quarks, my(p)
and m.(u), and four non-perturbative parame-
ters: 2 (1), p& (1), pH(1), and pj g(p), the ex-
pectation values of the kinetic, chromomagnetic,
Darwin, and spin-orbit operators, respectively.
All these parameters depend on the scale u sepa-
rating short-distance from long-distance QCD ef-
fects.

We determine these HQE parameters from a
fit to the moments of the hadronic-mass and
electron-energy distributions in B — X v de-
cays, averaged over charged and neutral B
mesons. The moments are measured as functions
of a lower limit on the lepton energy E.,:.

The hadronic-mass distribution is measured in
events tagged by the fully reconstructed hadronic
decay of the second B meson [5]. The hadronic-
mass moments are defined as MY (E..) =
(M%) Ey>B., with n = 1,234, The electron-
energy distribution is measured in events tagged
by a high-momentum electron from the second B
meson [6]. We define the first energy moment as
M{(Ecut) = (Et)E,>E.,, and higher order mo-
ments as Mﬁ(Ecut) = ((Ee— Mf(Ecut))n>Ez>Ecm
with n = 2,3. We fit also the partial branching
ratio M{(Eeut) = [ Pff”f (dB.s /dEy) dE;.

The fit results (f0r4 the mass scale p = 1 GeV)
are the following:
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|Vip|=(41.4 £ 0.4 £ 0.75) 10~3;

Beey=(10.61 £ 0.16 & 0.06)%;
mp=(4.61 £ 0.05 + 0.04) GeV/c?;
me=(1.18 & 0.07 £ 0.06) GeV/c?;
$2=0.45 + 0.04 & 0.04 GeV?;
(12,=0.27 £ 0.06 + 0.04 GeV?;
p3=0.20 +0.02 + 0.02 GeV?;

p3 g=—0.09 & 0.04 £ 0.07 GeV?; and

my — me=(3.436 £ 0.025 £ 0.018 & 0.010) GeV/c2.

The first error is experimental and the second is
an HQE uncertainty. Beyond the statistical,
systematic and HQE uncertainties that are in-
cluded in the fit, the uncertainties from various
perturbative and higher-order non-perturbative
corrections introduce an additional 1.5% [4] er-
ror on |V, included in the stated HQE error.
The fit results are fully compatible with inde-
pendent estimates of p2, = (0.35 4 0.07) GeV?,
based on the B* — B mass splitting [4], and of
pig = (—0.15 4 0.10) GeV?®, from heavy-quark
sum rules [7].

3. Measurement of |V,5| in B — X, fv de-
cays

The |Vip| can be extracted with small theoret-
ical uncertainty from the total inclusive charm-
less semileptonic decay rate, but measurement of
the total B — X, fv branching ratio is a diffi-
cult experimental task due to high background
from CKM-favored B — X v decays. The |V,]
can be extracted from the differential decay rates
integrated over phase space regions, where dom-
inant B — X fv decays are kinematically sup-
pressed, for example with lepton energy above
B — X v decay endpoint, or with the hadronic
mass below charm threshold. But theoretical es-
timations of the corresponding partial decay rates
have larger uncertainties due to non-perturbative
effects, which include Fermi motion of the b quark
in B meson, described in terms of shape functions
(SF), weak annihilation, subleading shape func-
tions, etc. The SF properties can be extracted
from B — X¢v and B — X {v decays.

The exclusive charmless semileptonic decays
can be extracted with higher signal to background
ratio, but the decay rates depend not only on |V,|
but also on form factors. The statistics of exclu-

sive decay modes is lower than of inclusive decays.
Comparison of V,,;;, measurements in inclusive and
exclusive decays is an important test of the ac-
curacy of theoretical description of heavy quarks
weak decays.

3.1. ¢?>-E. analysis with neutrino recon-
struction [§]

We select hadronic events containing identi-
fied electron with 2.1GeV < E. < 2.8GeV.
For each event we form a missing 4-momentum
Pmiss = Pete— — Puvis where Pmiss is the 4-
momentum of the initial state. We require 0.0 <
(Ermiss — Pmiss) < 0.8 GeV; where E, ;55 is a miss-
ing energy in the event; |pmiss| < 2.4 GeV/e.

Since the measured |pm;ss| differs from the true
neutrino momentum due to additional particles
that escape detection, a bias correction derived
from simulation is applied. Because the resolu-
tion in pmiss is higher than that for F,,;ss, the
neutrino 4-momentum is set to (|p,|,p,). The
quality of neutrino reconstruction was evaluated
using control sample of B — D%7(X) with X
system typically no more than a pion or photon
from a D* — DYX transition.

For a given E. and ¢® = (p. + p,)? the maxi-
mum allowed hadronic mass squared can be cal-
culated. We require 5% < 3.5GeV? ~ mio to
reject B — X ev events. The total number of se-
lected events is 51304150 while the estimated BB
background is 3176 + 35 events. Using observed
event yields and detection efficiency from MC
simulation we get the following partial branching
ratio: AB(2.0,3.5) = (3.5440.3340.34) x 1074,
where the uncertainties are statistical and sys-
tematic, respectively.

We extract |Vip| = [AB/ACTE]Y? using 75 =
1.60440.023 ps [9]. The normalized partial decay
rate A( is taken from Ref. [10], in which the lead-
ing terms in the HQE of the B — X, eV are com-
puted at next-to-leading order, and power cor-
rections are included at O(as) for the leading SF
and at tree level for subleading SFs. The values
for HQE parameters m;, = 4.61 + 0.08 GeV and
p2 = 0.15 £ 0.07 GeV? with a correlation coeffi-
cient of —0.4 are based on fits to B — X (7 de-
scribed above translated from the kinetic to shape
function scheme according to Ref. [11].



We find V| = (3.954+0.26 1555 40.25) x 1073
for electron energy in the B-meson rest frame
above 2 GeV. The errors represent experimental,
HQE parameters, and theoretical uncertainties,
respectively. The latter includes estimates of the
effects of subleading SFs, variations of matching
scales, and weak annihilation [12]

3.1.1. Measurement of B — w(p)fv decay
rates, untagged analysis [13]

Signal decays are identified by presence of an
electron or muon with c.m.s. momentum py, >
1.3 GeV, final state 7(p) meson, and |[pmiss| >
1.3 GeV. Charged leptons are then combined with
tracks from 7(p) and charged tracks are fitted to
a common vertex to form signal decay candidate.

The neutrino 4-momentum is inferred from
the difference between total 4-momentum of
the colliding-beam particles and the sum of 4-
momenta of all detected particles in the event.
Assuming, that neutrino is the only missing par-
ticle in the event we can fully reconstruct the sig-
nal event. As a discriminating variable we use
cos(fpy), where gy is an angle between mo-
menta of the B meson and 7(p)¢ system (“Y”):
cos?(0py) = (2EpEy —m% —m2.)/(2pppy). Al-
lowing for detector resolution we required the sig-
nal candidates to have |cos(fpy)| < 1.1 and a
missing mass compatible with zero.

To extract signal yields we perform binned ex-
tended likelihood fit [14] to the AE = Ef —+/s/2
and mgs = E% — \/s/2 distributions for the
four selected samples simultaneously. We as-
sumed the validity of isospin relations between
BY — 7= (p~)¢*v and BT — 79(p°)¢*v decay
rates. Remaining are nine free parameters: five
for signal yields for five ¢° intervals for B — mlv
decays, three for the signal yields in three ¢ in-
tervals for B — pfv decays, and one for common
scale factor for the b — cfv background, shared
among all signal modes and ¢? regions.

The extracted partial branching fractions are
shown in Fig. 1. Our results on the total branch-
ing fractions are the following:

By, = (1.384+0.10 £ 0.16 + 0.08) x 1074,
B+, = (214 £0.21 £ 0.48 £ 0.28) x 1074,
Using fitted partial decay rates, lattice QCD form
factor calculations for g2 > 15 GeV? [19,20], and

the extrapolation of LQCD calculations to lower
q? [15] we obtained the following result on |Vy:
V| = (3.824£0.14 £ 0.22 +0.11 T5:588) x 102

Here the errors represent the statistical, system-
atic and form factor shape errors, respectively.
Fourth error on |V,;| reflects the form factor nor-
malization uncertainty.
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Figure 1. Measurements of dB(B — 7~ {*v)/dq?
by BABAR [13,18], CLEO [16], and Belle [17].

3.2. Measurement of B — mwfr decay rates
using semileptonic tag from recoil B-
meson [18]

This analysis is based on a data sample cor-
responding to integrated luminosity of 211 fb™*
for BYB~ and 81 fb™' for B°B° events. The
candidate BB events are required to have
semileptonic B — D®)/v decay on one side.
The D mesons are reconstructed in several
Kn, K27, K3® modes, the D* decay in Dm
modes. The signal events contain two neutri-
nos, one from each B-decay. As discriminat-
ing kinematic variables we use cos(dpy) and
cos(0pre) in the YT(4S) frame, where the an-
gles Opy and Opr¢ are between the momenta
of D1 (“Y”) system and B meson, and be-
tween w¢ system and B meson, respectively. For



signal events these variables should be within
[—1,1] interval and widely distributed for back-
ground. Additional discriminating variable is an
angle between B momentum and the (py,pre)
plane: cos?(pp) = (cos?(fy) + cos®(0r¢) +
2 cos(fy ) cos(f¢) cos(y))/ sin?(y), where v is an
angle between Y and 7¢ momenta.

We extract B® — 7 (*v signal yield from
fit to the cos®(pp) distributions in three bins in
q®> = (p¢ + p,). From the signal yields and detec-
tion efficiencies evaluated using simulation cor-
rected for known data-MC differences we obtain
the following preliminary results on total branch-
ing fractions:

B(B° — 7= ¢*tv) = (1.03 £ 0.25 £ 0.13) x 1074,
B(Bt — 7%*v) = (1.80 £ 0.37 £ 0.23) x 1074,
The partial branching fractions of the B —
7 4Tv decay in three ¢ intervals: ¢?> < 8,
8 < ¢2 < 16, and ¢> > 16 GeV? are shown in
Fig. 1. Using measured partial branching ratios
and theoretical calculation of the decay form fac-
tor [20] we extracted the following |V,;| value:
V| = (3.34£0.440.2 708) x 1073 (preliminary).
Here the first error is statistical, the second is sys-
tematic, and the third is an uncertainty of form
factor calculation.

4. Summary

The semileptonic B — X v and B — X, fv
decays were measured by BABAR in several in-
dependent inclusive and exclusive analyses, us-
ing both tagged and untagged techniques. Pre-
cision data on |V| and non-perturbative HQE
parameters was obtained. The measurements of
|Vup| in different approaches give consistent re-
sults. The measurements of the exclusive charm-
less semileptonic modes become sensitive to de-
cay form factor ¢? dependence, which permits
comparison with different theoretical predictions.
Further improvement of accuracy of these mea-
surements will permit to test consistency of differ-
ent theoretical approaches for extraction of |V,]
from the decay data. We plan to extend most of
the analyses described here to larger data samples
and to extend the scope of observables under con-
sideration according to recent theoretical studies.

REFERENCES

1.

2.

10.
11.
12.
13.
14.

15.

16.

17.

18.

19.
20.

B. Aubert et al. [BABAR Collaboration],
Nucl. Instr. Meth. A 479, 1 (2002).

M. Voloshin and M. Shifman, Sov. J. Nucl.
Phys. 41, 120 (1985); J. Chay, H. Georgi, and
B. Grinstein, Phys. Lett. B 247, 399 (1990);
I. I. Bigi, and N. Uraltsev, Phys. Lett. B 280,
271 (1992).

I. I. Bigi, M. Shifman, N. Uraltsev, and
A. Vainshtein, Phys. Rev. D 56, 4017 (1997).
D. Benson, I. I. Bigi, T. Mannel, and
N. Uraltsev, Nucl. Phys. B 665, 367 (2003);
P. Gambino and N. Uraltsev, Eur. Phys. J.
C 34, 181 (2004); and N. Uraltsev, hep-
ph/0403166.

B. Aubert et al. [BABAR Collaboration],
Phys. Rev. D 69, 111103 (2004).

B. Aubert et al. [BABAR Collaboration],
Phys. Rev. D 69, 111104 (2004).

I. I. Bigi, M. A. Shifman, and N. G. Uraltsev,
Ann. Rev. Nucl. Part. Sci. 47, 591 (1997).
B. Aubert et al. [BABAR Collaboration],
hep-ex/0506036.

S. Eidelman et al., Phys. Lett. B 592, 1
(2004).

B.O. Lange, M. Neubert and G. Paz, hep-
ph/0504071 (2005).

M. Neubert, Phis. Lett. B 612, 13 (2005).
M.B. Voloshin, Phys. Lett. B 515, 74 (2001).
B. Aubert et al. [BABAR Collaboration],
hep-ex /0507003 (2005).

R.J. Barlow and C. Beeston Comp. Phys.
Comm. 77, 219 (1993).

P.Ball, R.Zwicky, Phys. Rev. D 71, 014015
(2005), P.Ball, R.Zwicky, Phys. Rev. D 71,
014029 (2005).

S.B. Athar et al. [CLEO Collaboration], Phys.
Rev. D 68, 072003 (2003).

K. Abe et al. [Belle Collaboration], hep-
ex/0408145 (2004).

J. Walsh, [BABAR Collaboration], talk pre-
sented at the 40th Rencontres de Moriond on
QCD and High Energy Hadronic Interactions,
12-19 March 2005.

J.Shigemitsu et al. hep-lat/0408019.
M.Okamoto et al. hep-lat/0409116.



