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With the ARGUS detector at the et e~ storage ring DORIS II, we have determined decay fraction and electron
momentum spectrum of the inclusive decay mode B — evX. Using lepton tags from the second B meson in 209 000
Y (4S) — BB decays, we could determine the spectrum for all electron momenta pe > 0.6 GeV/c. Including the small
extrapolation to p. > 0, we find the model-independent decay fraction B(B — evX) = (9.6 £ 0.5 + 0.4)%. Adding

D meson tags, our result is (9.7 + 0.5 £ 0.4)%.

Measurements of semileptonic B meson decays are
essentially the only way for a determination of the
CKM matrix elements ¥V and ¥V, which are two of
the 18 constants of Nature in the framework of the
Standard Model. For Vy, exclusive and inclusive de-
cays give comparable precision; recent results [1-9]
of the inclusive fraction B(B — ¢vX) are summa-
rized in table 1. All these results are obtained from
measurements of about half the lepton spectrum, re-
quiring p, to be larger than about 1.4 GeV/c if mea-
sured on the Y(4S) or similar p and p; cuts on the
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Table 1
Recent measurements of inclusive semileptonic decay frac-
tions B(B — £vX).

Experiment Energy Ref. Lepton Result(%)

ARGUS m(Y4sS) [1] eu 102+0.5+0.2
Crystal Ball m(Y4S) [2] e 11.7+£ 04+ 1.0
CLEO m(Y48) [3] eu 10.5+0.2+ 0.4
CUSB m(Y4s) [4] e 10.0+0.4+0.3
ALEPH m(Z% [5]1 eu 10.3+£0.7+0.5
DELPHI m(Z%) [6] weu 10.1 £0.7

L3 m(Z°) [7] eu 11.9+0.3+0.6
OPAL m(Z% [8,9] eu 10.6 £ 0.6

Z9 resonance. Extrapolations down to p; = 0 are per-
formed with the help of various models [10-14]; the
results in table 1 are dominantly obtained with those
models [10,11] which give the largest decay fraction.
Their average, (10.5 £ 0.3)%, is significantly lower
than expectations from spectator models which, even
with the largest conceivable QCD corrections [15],
give values above 12%.

There have been some theoretical efforts to explain
the discrepancy. Unexpected large non-spectator ef-
fects are discussed in ref. [15]. A hybrid model [16]
combines duality for large hadron masses in the fi-
nal state with bound state calculations for the low
masses. A model with two Higgs doublets [17] leads
to b — H™ ¢ decays with H- — 17~ v which decrease
B(B — erX) and B(B — uvX) but enhance B(B —
7vX). The discrepancy could, however, be an experi-
mental problem, i.e. the fraction of decay leptons with
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De < 1.4 GeV/c could be larger than assumed by the
extrapolation models used. Semileptonic decays with
baryons cannot solve the problem; their contribution
has been determined [1] to be negligible. We have
therefore tried to measure the lepton momentum spec-
trum down to the lowest accessible momenta, and in
this paper we describe the results obtained with elec-
trons down to 0.6 GeV/c.

Inclusive measurements of B decay leptons suffer
from two major background contributions at low mo-
menta, ¢ — fvX decays from either continuum c¢
quarks or from b — ¢ — ZvX cascades. Both back-
grounds can be considerably reduced by tags from the
second B meson in ete™ — Y'(4S) — BB events. Us-
ing electrons and muons in the momentum interval
between 1.4 and 2.3 GeV/c as tags, the first back-
ground from e*e~ — ¢C is strongly reduced, and the
cascade background is identified by its charge sign.
Electrons with a like-sign lepton tag are mainly cas-
cade electrons, and those with an opposite-sign lepton
tag are mainly primary. The main corrections arise
from BB oscillations and from events where both lep-
tons originate from the same B meson. The first of
these corrections is well known, and the latter can be
determined experimentally from the distribution of
the angle between the two leptons.

The experiment has been performed with the AR-
GUS detector at the e*e~ storage ring DORIS II at
DESY. The storage ring is described in ref. [18], AR-
GUS and its performance in ref. [19]. The data sam-
ple used for this analysis has been collected between
1983 and 1992. Its integrated luminosity is 246/pb on
the Y (4S) resonance, corresponding to 209 000 Y' (4S)
decays, and 97/pb in the nearby continuum. We re-
strict our lepton spectrum analysis to electrons be-
cause their identification extends to much lower mo-
menta than that of muons. In a multihadron environ-
ment, electrons are well identified down to 0.6 GeV/c,
whereas muon identification in ARGUS reaches a
comparable quality only above 1.3 GeV/c. The anal-
ysis of even smaller electron momenta would suffer
from the large hadronic background in BB events.

Multihadron events are selected by requiring Ny, +
N,/2 > 5.0, where N, is the number of charged par-
ticles and N, is the number of photons with E, > 80
MeV. Pairs from converted photons are not included
in Ny but are counted as one photon. Electron and
muon candidates are selected in the angular range
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| cos 8] < 0.90 and are identified by the standard AR-
GUS particle identification [19] requiring an elec-
tron or muon likelihood > 0.7. Contamination from
photon conversion is removed by eliminating e* and
e~ candidates which are partners in a pair with an
invariant mass of less than 100 MeV/c?.

The observed electron momentum spectra between
0.6 and 2.5 GeV/c with like-sign and opposite-sign
lepton tags (e or ) between 1.4 and 2.3 GeV/c are lin-
ear combinations of primary and secondary B-meson
decay electrons owing to BB oscillations. Before sep-
arating them into primary and secondary, the two ob-
served electron spectra have to be corrected for the
following six background contributions:

(1) electrons from non-Y'(4S) events;

(2) misidentified hadrons in the electron spectra as
well as in the ¢ and u tags;

(3) leptons from decays B — J/yX, J/w — £%¢-,
or with y (2S);

(4) leptons from cascades B — 7 — £ and B —
Ds — ¢

(5) photon conversion and 7° — ye*e~ decays if
only one electron of the pair is detected;

(6) cascade decays with both leptons from the same
B meson (only for the e spectrum with unlike-sign e
or u tags).

The main backgrounds are determined from the
data themselves, only the small contributions (3) and
(4) are estimated by a Monte Carlo simulation. The
cascade decays with both leptons from the same B
meson (6) would contribute a large background if we
would include all unlike-sign lepton pair events in our
analysis. However, the decay kinematics of these cas-
cade events favours opposite directions for both lep-
tons whereas the lepton pairs from two different B
mesons have an isotropic opening angle distribution.
The cascade background is reduced by a factor of 15 if
we apply a cut on the opening angle &, cos a (et £F) >
0, and the remaining contribution can be determined
from the data themselves from their opening angle
distribution. We therefore continue in the following
with the like-sign-tag electron spectra for all opening
angles and the unlike-sign-tag spectra with the condi-
tion cosa(e££F) > 0. In total, there are 1387 unlike-
sign pair candidates in our momentum and opening
angle range.

The continuum background (1) is subtracted by
scaling the observed off-resonance spectra with the
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Fig. 1. Electron momentum spectrum with opposite-sign tags
and cosa(e¥¢F) > 0 after background subtraction from
continuum and hadron misidentification (full circles). The
solid line shows the summed background from Ds and 7
decays, from y conversion, and from 7% — yete— decays.
The open circles give the background with both leptons from
the same B meson.

pertinent luminosity ratio. The momentum depen-
dent misidentification of hadrons as electrons (2) is
obtained from clean pion samples in K decays, kaon
samples in ¢ meson decays, and antiprotons in A°
decays. The observed hadron spectra in lepton-tagged
events are multiplied by these misidentification prob-
abilities and subtracted from the electron spectra.
Misidentification in the lepton tags is subtracted with
the help of electron-hadron events, where the hadrons
have a momentum between 1.4 and 2.3 GeV/c, and
the average misidentification rates of (0.4 + 0.2)%
for ¢ and (1.8 &+ 0.5)% for ux in this momentum
range. The electron spectrum with unlike-sign tags
after corrections (1) and (2) is shown in fig. 1.
Background (3) arises from J/y or ¢ (2S) — e¥e”
decays or from events with only one lepton from the
J/w or w(2S). The first contribution is negligible af-
ter the cut cosa (e*e™) > 0; the data contain only
three e*e™ events in the J/w mass region. The sec-
ond contribution is estimated by Monte Carlo simu-
lation. It contains 15 £ 4 events with the tag lepton
from J/w or y (2S) and 3 + 3 with the studied elec-
tron. The backgrounds (4) are also obtained from a
Monte Carlo simulation using the BSW model [12]
with B(B — wX) = (2.8 £0.2)% [20], B(t —
ev?) from ref. [21], B(B —» D:X) = (10.8 £1.8)%
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Fig. 2. Distribution of the opening angle between the
electron and the tag lepton for the momentum interval
pe = 0.6-0.8 GeV/c, after continuum and misidentifica-
tion subtraction, The dashed line shows the contribution
of lepton pairs from two different B mesons, the solid line
describes the lepton pairs from the same B meson.

[22], and B(Ds — evX) = (8.1 £0.9)%*' . Back-
ground from photon conversion (5) has been deter-
mined from the data using pair rates from B events
and the probabilites to detect only one electron from
radiative Bhabba events. Fig. 1 shows the sum of cor-
rections (3) to (5) as a solid line.

The contribution from lepton pairs originating from
the same B meson (6) is determined from the distri-
butions of the opening angle between the two leptons
as function of the electron momentum. As an example,
the opening angle distribution is shown in fig. 2 for the

electron momentum bin between 0.6 and 0.8 GeV/c
after continuum and fakes subtraction. Each of these
angular distributions in p. bins of 0.2 GeV /¢ width is
decomposed in a part with lepton pairs from the same
B and a part with pairs from two different B mesons.
This is achieved by a fit of two Monte Carlo distri-
butions [11] to the data in the whole angular range;
the background from the same B meson is strongly
peaked at cosa(e*¢F) = —1 whereas the signal dis-
tribution is constant. The angular range with cosa >
0 contains only a small background of pairs from the
same B meson. Its amount depends only weakly on

#1 This estimate is obtained from B(D+, D% — £vX) and
D+, DY, D; lifetimes [21] assuming equal semileptonic
decay rates.
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Event and background summary for the electrons above 0.6 GeV/c with both signs of tags.

Unlike-sign tags  Like-sign tags
cosa(ettF) >0 alla

total number of electrons 1387 £ 37 1319 + 36
backgrounds: (1) Continuum 193+£22+4 246 £25+ 5
(2) hadrons misidentified as electrons 45+ 1+6 90+ 2410
hadrons misidentified as lepton tags 37+ 219 65+ 4+15
B)B—-J/y(y2S)X, J/w(w(28)) - £+e- 21+ 3&5 36+ 6+ 7
(4) B— DsX, Dy — evX 34+ 7 6+ 2
B — (tvX)standards T — €YV 36+ 5 6+ 2
(5) photon conversion 18+ 6 55+ 11
70 — yete~ 54 3 17+ 6
(6) tag leptons from the same B 42+ 6£5
background subtracted numbers 956 £ 45+ 14 798 £ 46 + 20
dN (ex£F,cosa > 0) ne(p)
200 ]{/lveV/c F T T T T T T T T T ] dp = NBT”W
300 F 7 dB(b — evX
: + I x (% (1-x)
250 F E
i ] dB(b — c — evX)
20 | + :
| | s BloemeX),),
150 | .
f ] dN (e*tt,all a) — Nane(p)
100 F _+_ 4+ 1 dp = VBl Mag
50 —+ T+ ] y (dB(b —evX)
of , e, a
0 1 2
dB(b — ¢c— evX
Pe- (GeV /] 4 4Bl oe )(l—x)),

Fig. 3. Electron momentum spectrum with like-sign tags
after background subtraction from continuum, hadron
misidentification, y conversion, and 70 — ye+e~ decays.

the D** fraction in primary semileptonic B decays;
this dependence is included in the systematic error.
The results are shown as open circles in fig. 1. Above
DPe = 1.2 GeV/c, the background (6) is zero.

A summary of all background determinations is
given in table 2. The final corrected spectrum with
the like-sign tags is shown in fig. 3. The two electron
spectra after corrections (1) to (6) can be written as

dp

where Np is the number of B mesons in the data
sample, 7. is the momentum dependent electron ef-
ficiency, mug is the tagging efficiency integrated over
all 4 and ¢ momenta between 1.4 and 2.3 GeV/c,
and y describes BB oscillations, ¥ = foro with
fo = N (B"B%)/N(Y4S) = 0.50 and xo = B(B® —
£7X)/B(B® — ¢*X) = 0.171 + 0.048 [23]. The
product Nenug = Nigg is equal to the number of all
single lepton events with e and 4 momenta in our
tag range. It is obtained from the same data sample
using the same set of correction criteria (1) to (5) as
in the lepton-pair analysis. Dividing by Ny and re-
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Fig. 4. Final result for the electron spectrum of primary
B — evX decays, all backgrounds subtracted and corrected
for efficiency, momentum resolution, external and internal
bremsstrahlung. The solid line is the fit of the ACCMM
model to the data, the dashed line that of the ISGW model.
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Fig. 5. Final result for the electron spectrum of cas-
cade decays B — D — evX, all backgrounds subtracted
and corrected for efficiency, momentum resolution, and
bremsstrahlung. The curve represents the fit to a cascade
decay model as described in the text.

solving the linear equation set for dB(b — evX)/dp
and dB(b — ¢ — evX)/dp leads to the final results
as shown in figs. 4 and 5. The actual resolving pro-
cedure takes into account that there is also a small
number of tags, about 5%, from cascade leptons with
different tagging efficiencies and different oscillation
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dilutions for neutral and charged B mesons, and that
ne(p) is a matrix with bins of true momenta and
observed momenta. This efficiency matrix has been
determined by the Monte Carlo simulation using
external and internal bremsstrahlung, momentum
resolution of the detector, and electron reconstruc-
tion efficiencies as determined experimentally from
radiative Bhabha events.

Integration of the obtained electron spectrum in
fig. 4 leads to

B(B — evX, p. > 0.6 GeV/c) = (9.1£0.5+0.4)%,

where the statistical error takes into account corre-
lations between neighbouring bins arising from the
efficiency matrix and the systematic error is domi-
nated by contributions from the background determi-
nation (table 2) and the error on yo. The result is
independent of any B meson decay model. Extrapo-
lation to p. = 0 requires a model, but the momen-
tum region below 0.6 GeV/c turns out to contain only
(5.7£1.0)% of all electrons [10,11] owing to the con-
straint dB/dp = 0 at p = 0. Our final result

B(B —evX) = (9.6 0.5+ 0.4)%,

is therefore essentially model-independent.

The ACCMM model [10] with parameters as found
in our inclusive analysis [1] describes the data points
in fig. 4 very well. The x? value is 12.0 for 8 degrees of
freedom and the integral obtained by the fit is B(B —
evX) = (9.6 £ 0.5 = 0.4)%. With GSIW [11] we
obtain x> = 4.0 and B(B — evX) = (9.9+05+
0.4)%. Both fits are shown as curves in fig. 4.

The curve in fig. 5 is the fit of a model for secondary
decays to the data points. This model uses the mo-
mentum spectrum of inclusive D° and D* produc-
tion in B meson decays as observed by ARGUS [24]
and D — evX decays described by BSW [12]. The
fit gives a total secondary decay fraction

BB—-D—oe)=(79+£0.8x10)%,

where the systematic error contains the systematic er-
rors on the data points in fig. 5, the experimental er-
rors in the DY and D* spectra, and the BSW model un-
certainty in the electron spectrum of D — evX decays.
The result does not include secondary electrons of the
opposite sign from the decay chain B — DD,, Ds —
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etvX. Within errors, it is compatible with the expec-
tation B(B—=D —e~) = (9.8 + 1.4)%*2.

Our model-independent result for B(B — evX) as
well as the good agreement with the models which
were used so far for extrapolating the inclusive lepton
measurements [1-9] do not resolve the disagreement
with the QCD-inspired expectations for B(B — evX)
around 12% or higher. One of the non-Standard ex-
planations for the disagreement can be tested with the
help of the data presented here. The low momentum
part of the electron spectrum contains cascades B —
wX, T — ev”U. We have therefore fitted the spectrum
in fig. 4, where the cascades B — (tvX)swandards T —
ev7 are already subtracted [20], with a superposition
of B — evX and B — (tvX)non-standards T — €V7. As-
suming the same spectrum for both types of B — 1
decays, the result is

B(B — tX)non-sundara = (0.0 +3.2)%,

corresponding to a 90% CL upper limit of 5.2%. As-
suming this upper limit for B — tvX decays in ad-
dition to the standard tv X decays, the fit requires a
reduction of B(B — evX) to (8.8 £ 0.5+ 0.4)%. On
the other hand, a non-Standard B — 7 contribution at
a level of 5.2% reduces a 12% decay fraction of B —
erX to only 11.4%. We conclude that our observed
electron spectrum is inconsistent with the Higgs dou-
blet explanation of the lepton deficit in ref. [17]. The
same conclusion has recently been obtained by the
ALEPH Collaboration [25] which measured B(B —
wX) = (4.08+£0.76 £ 0.62)%.

We have tried an additional model-independent
method [26] for a determination of B(B — evX)
using D° and D** meson tags. With reconstructed
D° mesons in the decay mode K~ z* and D** in
the mode (K~ xn*)xnt, both with the momentum cut
Xp = p(D,D")/Pmax < 0.5, we obtain 237 £ 41 £ 12
electrons above 1.2 GeV/c, 213 + 42 £+ 13 muons
above 1.2 GeV/c, and 442 + 84 + 27 electrons in the
full momentum range including the small extrapo-
lation to p. = 0. These numbers are corrected for
acceptance and background; they originate only from

#2 This estimate is obtained from the assumptions B(b —
¢) = 0.98 not including b —» ¢, D% : D+ : Ac: Ds =
58 : 29 : 7 : 4, and semileptonic decay fractions from
ref. [21] constrained to the measured lifetime ratios.
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primary B — £vX decays. Averaging electrons and
muons, we obtain

BB — tvX, pr > 1.2 GeV/c)
B(B — evX, all p.)
= 0.51+£0.12+0.04.

The combination of this ratio with the efficiency-
corrected and luminosity-normalized number of in-
clusive electrons above 1.2 GeV/c leads to

B(B—evX) = (11.2+2.8+1.1)%.

To conclude, we have determined a model-
independent inclusive decay fraction B(B — evX)
with the help of tags from the second B meson in
events e*e~ — Y(4S) — BB. Both tag methods
used, inclusive semileptonic decays with lepton mo-
menta between 1.4 and 2.3 GeV/c and D° and D**
mesons from inclusive decays B — DX, are flavour-
specific and therefore distinguish between primary
and cascade electrons. The result with lepton tags,
(9.6 = 0.5 + 0.4)%, has significantly smaller errors
than the result with meson tags, (11.2+2.8+1.1)%.
The average of the two methods is B(B — evX) =
(9.7 + 0.5 + 0.4)%. This result confirms earlier
inclusive measurements [1-9] which had to rely
strongly on decay models for extrapolating into the
unobserved lepton momentum range and excludes a
semileptonic decay fraction of > 12% as expected by
the quark decay assumption even with large QCD
corrections [15]. One of the explanations for this
discrepancy, a non-Standard Higgs contribution to B
meson decays into 7 leptons [17], is excluded by our
electron spectrum.
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