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Abstract
We present preliminary results from CLEO on an investigation of weak annihilation in B →

Xu ` ν decay. This work is based on 9.7 fb−1 of data collected with the CLEO II and CLEO II.V
detectors at the Υ(4S) resonance.
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The element Vub of the Cabbibo-Kobayashi-Maskawa (CKM) matrix [1] remains one of the
most poorly constrained parameters of that matrix. Its magnitude, |Vub|, plays a central role
in unitarity tests of the CKM matrix, which combine inputs from CP–conserving processes
in the B meson system and CP–violating processes in the K and B systems to test the
internal consistency of the Standard Model’s CKM framework. These tests in turn factor
into precision searches for signs of physics beyond the Standard Model.

An accurate determination of |Vub| with well-understood uncertainties remains one of
the fundamental priorities for heavy flavor physics. Over the past few years, tremendous
progress has been made in inclusive determinations of |Vub| both experimentally, with the use
of fully- and partially-tagged B meson samples at BaBar [2] and Belle [3], and theoretically,
with the quantitative evaluation of leading and subleading contributions to calculations of
the partial B → Xu`ν width in restricted regions of phase space [4–8]. However, several
important issues remain, one of which concerns the size of the “Weak Annihilation” (WA)
contribution [9–11] to the total b → u`ν rate.

The term Weak Annihilation describes a particular four-quark operator that arises at
order (Λ/MB)3 in the heavy quark expansion for the charmless, semileptonic B partial
width. Its contribution to the total b → u ` ν rate is expected to be at the few percent level;
a typical estimate [10, 11] is

ΓWA/Γb→u ≈ 0.03

(
fB

0.2 GeV

)2 (
B2 −B1

0.1

)
. (1)

The difference of the non-perturbative matrix elements B2 and B1 parameterizes the vio-
lation of QCD factorization necessary to make the WA contribution non-zero, but little is
known about the scale (0.1 in the above estimate) of this violation since it is fundamentally
non-perturbative. WA is also expected to have a non-trivial distribution across phase space,

d ΓWA

d q2
∼ δ(q2 −m2

b), (2)

where q2 is the square of the hadronic momentum transfer in the decay. Thus while the
contribution to the total rate may in fact be small, the relative importance of WA can be
magnified by the hard kinematic cuts typically required to isolate the b → u signal from
a very large b → c background. Traditional analyses in restricted regions of the full b → u
phase space (which normally include the high q2 region) can therefore become quite sensitive
to the unknown contribution from WA. Independently limiting the contribution from WA is
therefore an important element in the precision extraction of |Vub|. The CLEO analysis [12]
described here places constraints on the size of these effects by fitting the q2 spectrum in
semileptonic B decays.

We use the 9.7 fb−1 of data collected at the Υ(4S) resonance with the CLEO II [13] and
CLEO II.V [14] detectors, and identify events with leptons (electrons and muons) above
1.5 GeV. We infer the q2 value for the signal semileptonic decay using event selection and
reconstruction based on the method of neutrino reconstruction that has been employed
in previous CLEO studies of inclusive semileptonic B decay [15, 16]. The event selection
procedure, similar to that in these previous works, will be described in depth in a forthcoming
publication. Here we focus on the search for a contribution, beyond the standard “shape
function” contribution, to B → Xu`ν decay that is concentrated at high q2. This scenario
would result in the largest bias in |Vub| from a lepton momentum endpoint analysis or the
restriction of phase space to large q2.
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FIG. 1: Generator-level distributions for different WA Monte Carlo samples. Fig. (a) shows the q2

distribution for six different values of the roll-off Λ with the choice x0 = 500 MeV. Fig. (b) shows,
for each WA sample, the fraction f2.2 of the WA rate that lies above an idealized lepton energy cut
at 2.2 GeV. (Each bin corresponds to a WA sample, and the bin content records the corresponding
value for f2.2.)

After selecting events with high momentum leptons and with characteristics that enhance
the association of the missing event momentum (~pmiss) with the neutrino momentum, we
reconstruct q2 = (p` + pν)

2, with pν = (|~pmiss|, ~pmiss). We then fit the observed q2 spectra
from three separate lepton momentum intervals to search for a concentrated enhancement
in rate near the point of zero hadronic recoil (large q2). The lowest lepton momentum bin
(1.5 < |~p`| ≤ 2.0 GeV/c) effectively determines the background B → Xc`ν normalization,
the middle (2.0 < |~p`| ≤ 2.2 GeV/c) and highest (|~p`| > 2.2 GeV/c) bins determine the total
B → Xu`ν yield, while the highest bin offers the greatest sensitivity to processes consistent
with WA.

We model the dominant b → c ` ν background with the standard CLEO model of B decay,
with events reweighted to reflect improvements in measured exclusive semileptonic form fac-
tors. Continuum e+e− → qq̄ backgrounds are obtained from a separate data sample collected
just below BB̄ threshold. Fake lepton contributions, in which hadrons are misidentified as
leptons, are obtained by combining a sample of nonleptonic events with measured hadronic
faking rates – under 0.1% for a hadron to fake an electron and about 1% to fake a muon.

We model the b → u ` ν component as the sum of (i) a hybrid model that combines
the HQET-based approach described by DeFazio and Neubert [17] with known exclusive
resonances, and (ii) a simple model for WA that respects the kinematics implied by Eqn 2.
The latter model is based on a simplified intuitive picture where the “valence” quarks in
the B meson annihilate and a soft non-perturbative hadronic system Xu materializes in
the debris. In this formulation, the lepton-neutrino pair carries most of the energy (q2 ∼
M2

B), while the hadronic system has kinematics at the non-perturbative scale ΛQCD. Our
Monte Carlo event generator implements this description as follows: we introduce a simple
probability density function (pdf) for the hadronic kinematics that is flat out to some cutoff
x0, and then begins an exponential roll-off with slope Λ. A WA decay is generated by first
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FIG. 2: The data q2 distribution for p` > 1.5 GeV/c compared to the fit results for the most
localized WA model. Top left: Data (points) compared to all components (shaded histograms)
for the nominal fit. Top right: continuum and fake lepton subtracted data (points) compared to
the envelope of results from the systematic variations of the B → Xc`ν modeling (histograms).
Bottom: Background-subtracted data (points) for nominal fit with B → Xu`ν (red histogram) and
WA (yellow histogram) fit components.

drawing the mass MX and momentum |pX | of the hadronic system independently from the
pdf just described; these values uniquely determine the kinematics of the hadronic system,
which is eventually hadronized into a system of n ≥ 2 particles. The kinematics of the
`ν pair are calculated assuming the V − A structure of the weak current and spin s = 0
for the hadronic system. In this fashion, we create a Monte Carlo sample of B decays
with kinematics consistent with our picture of weak annihilation. By choosing 5 × 6 = 30
different pairings of the parameters (x0, Λ) in the sub-GeV range, we arrive at 30 different
“realizations” of WA, or 30 different possibilities for how it might appear in our data. The
plots in Fig. 1 illustrate some of the properties of these different samples, and emphasize
the wide range of model space covered by our choice of parameter values.
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FIG. 3: Fractional size of WA for different hypothetical b → u analyses, computed from fit results
for each WA sample. Statistical errors are shown in red; the total error including systematic
uncertainties is shown in black. The top left plot shows the relative size of WA to the total
b → u ` ν rate, with no cuts applied. The remaining plots show the impact of the WA effects
when different sets of idealized cuts are applied at generator level, with the magnitude of WA as
constrained by the fit to the data: “Endpt” (|p`| > 2.2 GeV), “q2 and MX” (|p`| > 1.0 GeV,
q2 > 8.0 GeV2, MX < 1.7 GeV), and “MX” (|p`| > 1.0 GeV, MX < 1.55 GeV).

We perform separate χ2 fits for each of our manifestations of WA, floating the background
normalization, total b → u rate, and WA rate in each case. The continuum and fake lepton
components are absolutely normalized based on sample luminosity. The result of the fit for
the most concentrated WA model is shown in Fig. 2 integrated over the lepton momentum
bins, that is, for |~p`| > 1.5 GeV/c. A Kolmogorov-Smirnov test between the fit and observed
data yields a probability of 0.91.

For each version of WA, we compute the fractional size of WA from the fit results, defining
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the ratio R ≡ ΓWA/Γb→u; the denominator sums the contributions from our hybrid model
of “traditional” b → u and the WA component identified by the fit. We plot the resulting
constraint on the magnitude of WA parametrically in Fig. 3, against the mean hadronic
mass of each WA sample computed at generator-level, and summarize the results in Table I.
Statistical and systematic errors are included, including estimates of the sensitivity to the
b → c background modeling and the hybrid component of the b → u signal.

We examine the relative importance of WA effects for different inclusive b → u analysis
strategies by determining the fractional size of WA for a series of three different sets of
hypothetical analysis cuts. Modified “impact” ratios are computed assuming “perfect” ex-
perimental cuts applied at generator level. These quantities essentially indicate the extent

TABLE I: Summary of “impact ratios” for the different WA models considered, indexed by the
two model parameters x0 and Λ (see text). The average hadronic mass 〈MX〉 for each model is
also presented. All units are in GeV .

x0 Λ 〈MX〉 Rtot (%) Rendpt (%) Rq2Mx
(%) RMx (%)

0.30 0.01 0.293 1.27± 0.74± 0.45 6.14± 3.39± 1.98 2.86± 1.64± 0.96 1.64± 0.95± 0.56
0.30 0.05 0.328 0.73± 0.73± 0.38 3.56± 3.47± 1.77 1.66± 1.64± 0.84 0.95± 0.94± 0.48
0.30 0.10 0.377 0.44± 0.80± 0.37 2.08± 3.76± 1.70 0.99± 1.81± 0.83 0.57± 1.04± 0.47
0.30 0.20 0.476 0.42± 0.91± 0.42 1.90± 4.01± 1.82 0.97± 2.06± 0.94 0.55± 1.18± 0.54
0.30 0.30 0.574 0.77± 1.19± 0.62 2.95± 4.47± 2.29 1.75± 2.68± 1.38 1.00± 1.54± 0.80
0.30 0.50 0.773 0.98± 0.78± 0.46 4.77± 3.63± 2.08 2.22± 1.74± 1.00 1.27± 1.00± 0.58
0.40 0.01 0.342 0.51± 0.76± 0.36 2.48± 3.62± 1.68 1.16± 1.72± 0.80 0.66± 0.99± 0.46
0.40 0.05 0.369 0.35± 0.86± 0.42 1.63± 3.96± 1.92 0.80± 1.96± 0.95 0.45± 1.12± 0.54
0.40 0.10 0.409 0.47± 0.99± 0.48 2.03± 4.19± 2.01 1.08± 2.24± 1.08 0.61± 1.28± 0.62
0.40 0.20 0.498 1.02± 1.36± 0.75 3.73± 4.83± 2.59 2.31± 3.04± 1.64 1.32± 1.76± 0.95
0.40 0.30 0.593 0.63± 0.79± 0.38 3.00± 3.68± 1.76 1.42± 1.78± 0.85 0.81± 1.02± 0.49
0.40 0.50 0.784 0.38± 0.82± 0.41 1.79± 3.76± 1.86 0.87± 1.86± 0.92 0.50± 1.06± 0.53
0.50 0.01 0.392 0.37± 0.95± 0.44 1.64± 4.12± 1.88 0.85± 2.16± 0.99 0.49± 1.23± 0.57
0.50 0.05 0.416 0.53± 1.10± 0.55 2.15± 4.41± 2.16 1.21± 2.50± 1.23 0.69± 1.43± 0.71
0.50 0.10 0.452 1.33± 1.44± 0.83 4.50± 4.72± 2.63 3.01± 3.21± 1.79 1.73± 1.87± 1.05
0.50 0.20 0.534 0.80± 1.03± 0.53 3.38± 4.21± 2.11 1.83± 2.31± 1.16 1.04± 1.33± 0.67
0.50 0.30 0.621 0.70± 1.12± 0.57 2.81± 4.42± 2.21 1.58± 2.52± 1.26 0.90± 1.45± 0.73
0.50 0.50 0.806 0.83± 1.22± 0.65 3.08± 4.42± 2.30 1.88± 2.73± 1.42 1.07± 1.57± 0.82
0.60 0.01 0.442 1.35± 1.43± 0.92 4.56± 4.67± 2.91 3.04± 3.17± 1.98 1.75± 1.84± 1.16
0.60 0.05 0.465 2.27± 1.99± 1.23 6.39± 5.37± 3.20 5.04± 4.30± 2.56 2.92± 2.54± 1.52
0.60 0.10 0.499 1.12± 1.34± 0.79 3.91± 4.56± 2.63 2.50± 2.96± 1.71 1.43± 1.71± 0.99
0.60 0.20 0.574 1.17± 1.42± 0.74 3.92± 4.63± 2.34 2.62± 3.13± 1.59 1.50± 1.81± 0.92
0.60 0.30 0.660 1.40± 1.58± 0.82 4.37± 4.77± 2.40 3.12± 3.45± 1.74 1.79± 2.00± 1.01
0.60 0.50 0.836 2.34± 1.90± 1.12 6.53± 5.08± 2.88 5.12± 4.05± 2.29 2.96± 2.39± 1.36
0.75 0.01 0.518 3.17± 2.44± 1.33 7.54± 5.54± 2.88 6.85± 5.08± 2.62 4.00± 3.05± 1.59
0.75 0.05 0.539 1.93± 2.15± 1.30 4.81± 5.20± 3.08 3.98± 4.35± 2.57 2.30± 2.55± 1.52
0.75 0.10 0.570 2.21± 2.34± 1.33 5.29± 5.42± 2.98 4.53± 4.68± 2.57 2.63± 2.77± 1.53
0.75 0.20 0.641 3.61± 2.74± 1.86 7.97± 5.78± 3.76 7.23± 5.28± 3.44 4.26± 3.22± 2.11
0.75 0.30 0.719 3.74± 2.94± 1.97 7.67± 5.79± 3.74 7.43± 5.62± 3.61 4.38± 3.42± 2.22
0.75 0.50 0.886 5.05± 3.47± 2.47 9.06± 5.96± 4.07 9.74± 6.36± 4.31 5.82± 3.96± 2.71
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TABLE II: Summary of systematic contributions for the WA model with the most compact q2

distribution.
Change

Systematic Absolute Fractional (%)
γ efficiency 0.0018 14
tracking efficiency 0.0023 18
Eγ resolution 0.0008 6
ptrk resolution 0.0011 9
KL showering 0.0000 0
NKL

0.0001 1
hadronic shower modeling 0.0013 10
hadronic shower veto 0.0007 6
PID 0.0003 2
b → c → s`ν 0.0002 1
Expt total 0.0036 28
B → Xc`ν modeling 0.0022 18
B → Xu`ν modeling 0.0016 13
Total 0.0045 58

to which a rate measured in a particular inclusive analysis can be biased away from current
theoretical estimates because of a localized WA contribution, as constrained by our WA fit.
The other plots in Fig. 3 illustrate these quantities in a fashion analogous to the main result.
Note that while the hypothetical endpoint and hadronic mass analyses formally belong to
the shape function regime, where the local OPE in which the WA operator is identified
begins to break down, the combined q2–MX analysis steers clear of these complications. In
each analysis scenario, our results, which are currently statistically limited, set non-trivial
constraints on the possible contributions from bump-like WA effects.

The primary systematic uncertainties arise from experimental effects related to recon-
struction of the neutrino, such as the absolute KL and b → c → s`ν rates and spectra, the
efficiency and resolution for charged particle and photon detection, modeling and rejection
of charged hadronic showers, and charged hadron identification. Details of the variations can
be found in reference [18]. The combined experimental systematics are about one half the
statistical uncertainties, with small variations depending on the WA model and the region
of phase space considered. Modeling of B → Xc`ν is the next most important systematic,
but about 1/2 the size of the experimental systematics. This systematic estimate includes
variations of the branching fractions commensurate with recent measurements, and varia-
tion of form factors that are large (several standard deviations) compared to recent Heavy
Flavor Averaging Group (HFAG) results [19]. Modeling of B → Xu`ν contributes the final
systematic at about one half the level of the B → Xc`ν variations. The systematic studies
include variations of the inclusive shape function similar to those from the CLEO b → sγ
spectrum analysis for the lepton endpoint analysis [20], which are again conservative, and
variations of the Xu hadronization model. Because we consider ratios of the WA component
relative to the B → Xu`ν component, many common systematics related to luminosity, fake
rates, etc., largely cancel. The systematic contributions for the WA model with the most
localized q2 distribution are summarized in Table II.

8



Note that since these quantities reflect the relative size of WA in terms of rate, the frac-
tional impact for extraction of |Vub| is half as large. The results indicate that a contribution
to the B → Xu`ν process that is concentrated at large q2 introduces an uncertainty in an
extracted |Vub| at the level of order 5% in analyses biased towards large q2, and not at a
more pessimistic 10− 15% (see, for example, reference [21]). These results are preliminary.
We expect to fold in the ∼6 fb−1 of CLEO III BB̄ data before publication of a combined
analysis later this year.

We close by emphasizing that this analysis demonstrates the possibility of directly con-
straining the size of weak annihilation effects, albeit with an approach that can benefit from
both further sophistication and the larger data samples available at the B factories (or in
the charm sector). In particular, the approach described here is limited by the descrip-
tion of WA as a “bump” in the q2 spectrum; the true effects may in fact be more subtle
and much harder to sift from the data. Exploration of the moments of the q2 distribution
[22], for example, could provide a more model independent approach to limit the size of
WA contributions that could be employed using the cleaner tagged samples at the B facto-
ries. In general, understanding weak annihilation and its effects on the extraction of |Vub|
from semileptonic B decays will benefit from exploration along multiple avenues and across
different experiments.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent
luminosity and running conditions. We thank Zoltan Ligeti and Michael Luke for their
helpful discussions. This work was supported by the National Science Foundation and the
U.S. Department of Energy.
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