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Using the ARGUS detector at the e*e~ storage ring DORIS-II, we have measured the inclusive semileptonic decays of B-
mesons into electrons and muons. The data originate from 220.5 events/pb on the Y(4S) resonance. We find
BR(B-e*vX)=(10.3+0.6+0.2)% and BR(B— p*v,X) = (10.0£0.6 +0.2)% using the mode! of Altarelli et al. for extrapolat-
ing over all lepton momenta, and BR (B—e*v.X)=(9.910.6)%, BR(B-> p*v,X)=(9.7£0.6)% using the model of Grinstein et
al. For semileptonic decays into baryons, we obtain an upper limit of BR (B—pe*vX) <0.16% (90% CL).

Semileptonic B-meson decays are sensitive to fun-
damental parameters of the standard model and to
hadronisation properties of quarks. The momentum
spectrum of inclusive decays D—2vX probes the ra-
tio of the Cabibbo-Kobayashi-Maskawa matrix ele-
ments V,,, Vg, and the space-time structure of the
b—-cW, b—»uW vertices. The absolute decay rate
B—#vX is determined by the absolute values of | V|
and |Vy|. The branching fractions BR(B—£vX)
probe the total rate of nonleptonic B-meson decays;
spectator models for these decays with QCD correc-
tions lead to expectations of BR(B—2vX) between
0.12and 0.17 [1].

Experimentally, semileptonic B-meson decays have
already been studied by several groups [2-8]. We re-
port here on the inclusive analysis of decays collected
with the ARGUS detector [9] at the e*e~ storage
ring DORIS-II at DESY. This analysis uses inte-
grated luminosities of 220.5 events/pb on the Y (45)
resonance and 80.7 events/pb in the nearby contin-
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uum. Cuts to suppress continuum events are kept on
a modest level in order to ensure minimum bias on
the determination of V. As a consequence, the in-
formation on V, in this analysis is small since con-
tinuum events dominate the V,,-sensitive lepton mo-
mentum region between 2.35 and 2.6 GeV/c. A
different approach has been taken in an accompany-
ing analysis [ 7] with very drastic cuts against contin-
uum, leading to the observation of a non-zero result
on | Vipl.

In both the Y(4S) and the nearby continuum sam-
ple, multihadron events are selected by requiring
nen >4 and ng, +n,/2> 6, where ng, is the number of
charged particles from the interaction region within
radial and longitudinal distances from the interac-
tion centre of <1.5 cm and <35 cm, respectively,
which fit to a common main vertex. n, is the number
of photons with E, > 50 MeV. Converted photons are
excluded from this counting of charged particles and
included as neutrals. The only additional cuts against
continuum, yy, and beam—gas or beam-wall events
are the following: Events are rejected if they contain
a photon of visible energy above 3.3 GeV or a charged
particle, identified as a hadron, with p>2.8 GeV/c
(which are, taking into account the experimental res-
olution, well above the kinematic limit for Y'(4S) de-
cays). They are also rejected if X p;/ \/5 >
2.5 % p2%,/s+0.35 or if an electron (positron) occurs
in coincidence with Q. cos 8,,;s<0.95, where p; and
p..; are the momenta and their z-components of all
charged and neutral particles observed, s in EZy, Q.
is the charge of the detected electron (positron), and
Oumiss 18 the polar angle of the missing momentum vec-
tor in the event. After these cuts, 697 810 events re-
main on the Y(4S) resonance and 194 741 events in
the continuum. The continuum subtraction, per-
formed with the help of both the integrated luminos-
ities from Bhabha events and the number of events
with charged particles of p>2.8 GeV/c leads to



Volume 249, number 2

N(Y(4S))=186000+9 000. We assume that all
Y (4S) decay to BB.

Electrons and muons are selected in the detector
barrel region, |cos @] <0.7. Electrons are identified
by specific ionisation in the drift chamber, by time-
of-flight, and by the energy deposition as well as the
lateral energy distribution in the shower counters [9].
In the momentum range between 1.4 and 3.0 GeV/c,
the identification has an efficiency of (89t2)%
and a hadron misidentification probability of
(0.4%0.2)%. The efficiency has been determined
from radiative Bhabha events (91%) corrected for
overlaps in high-multiplicity events (2%). The misi-
dentification is determined from direct Y(1S) de-
cays. In the momentum range as given above, there
are 16 069 electron candidates in the Y(4S) sample,
with a momentum spectrum as shown in fig. 1, and
2 257 in the continuum sample.

Muons are identified with the help of the ARGUS
muon chambers [9]. At least one hit in the two outer
layers of the muon chambers close to the extrapo-
lated track of the muon candidate is required. Be-
tween 1.4 and 3.0 GeV/c, there are 18 142 muon can-
didates in the on-resonance sample and 2802 in the
continuum sample. The efficiency has been studied
by radiative muon pair events and cosmic rays. Above
2 GeV/c it has a constant value of (81+3)%. The
hadron misidentification probability is (1.5+0.3)%,
again determined from direct Y'(1S) decays.

The momentum spectra of electron and muon can-
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Fig. 1. Momentum distribution of electrons at the Y'(4S) energy.
The various expected contributions are illustrated.
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didates in the continuum sample are shown in fig. 2.
A polynomial function dN/dp=exp(2;_oa,p") has
been fitted to both distributions between 1.4 and 3.0
GeV/c. The best fits are also shown in the figure.
These functions, taking properly into account the er-
ror matrices on (ao...as), are then used to describe
the continuum contributions to electron and muon
candidates in our fit of the on-resonance sample.
Misidentified hadrons in continuum events are au-
tomatically included in this description. The contin-
uum scaling factors o;(i=e, u) in

an; [on resonance ]
dp

_ W
o

[Y(48)]+«; ‘11];’ [ off resonance ]

can be obtained from the number of electron and
muon candidates above 2.8 GeV/c. We find
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Fig. 2. Momentum distribution of electrons (a) and muons (b)
in the continuum below the Y (4S) energy. The solid lines give
the results of the fit described in the text.
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a.=2.6710.07 and a,=2.6110.12 compared to
apg=2.6310.04 used for the determination of the
number of BB events. Detailed trigger and track
chamber efficiency studies have not given any evi-
dence for a difference between the three « values. We
use a conservative common constraint of 2.63 +0.12
in the fit of the on-resonance data. We also include
contributions of misidentified hadrons from B-de-
cays and of secondary leptons from B—J/y—£2 and
B-D-{ cascades *'. Fig. 1 shows all contributions
for electrons. After additional corrections for effi-
ciency and in the electron case for external and inter-
nal bremsstrahlung #* one obtains the final momen-
tum spectra ** in the Y'(4S) rest frame as shown in
fig. 3.

For a determination of the inclusive branching
fraction BR(B—QvX) and the branching ratio
I'(b—uf~v)/I'(b-cR~V), we have to use hadroni-

% We use BR(B-D%X, D°-»2X)=(3.410.5)%, BR(B»D*X,

D*-0X)=(4.2%£0.7)%, BR(B-D/X, D,—»¢X)=(09%
0.5)%, BR(B-J/yX, J/y—22)=(0.1510.05)%, BR(B—>
X, 12X ) = (0.40£0.05)%. The momentum dependence of
D-vX is taken from ref. [10] and is in good agreement with
experimental data. )

The prompt photon radiation in b—ce~vy was taken into ac-
count [11] in analogy to p~— v,e~vy [12] with a massive v,,.
The effect is equivalent to external bremsstrahlung in a radia-
tor of 0.015 radiation lengths.

#3 Tables of dN/dp can be obtained from the authors.

#2
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Fig. 3. Corrected momentum distribution of electrons and muons
from Y (4S) decays. The solid and dashed lines are the fits of the
GISW model to the electron and muon data respectively.
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sation models to extrapolate to low momenta, since
leptons form the cascade decays contribute signifi-
cantly to the lepton spectrum below p,=1.4 GeV/c,
introducing large uncertainties due to the not very
well known branching ratios. We consider two classes
of models: Exclusive descriptions of B-Dgyv,
B-D*Rv and other decays with the help of form fac-
tors [10,13,14] and the inclusive description of b—
cfv, b-ufv including the b-quark motion in the B-
meson rest frame and gluonic radiation [15]. In ad-
dition we have to take into account the experimental
momentum resolution and the B-meson motion in the
Y (4S) rest frame.

We have fitted the lepton momentum spectra of
four models, together with the continuum and back-
ground contributions described above, to the elec-
tron and muon spectra on resonance. The models of
Wirbel et al., WSB [10], and K&rner and Schuler,
KS [13], include only the lightest hadron states D,
D*, mand p. We therefore restrict the fit range to 1.9-
3.0 GeV/c. The models of Grinstein et al., GISW
[14], and Altarelli et al., ACM [15], are fitted over
the full momentum range of 1.4-3.0 GeV/c. In the
WSB, KB, and GISW models all parameters are fixed.
ACM has been fitted with three free parameters, the
c-quark mass m1,, the u-quark mass m,, and the Fermi
momentum pg of the b-quark in the B-meson. The fit
results are given in tables 1 and 2. In the following,
we first comment on table 1 and the determination
of | V!, and then on table 2 with | V,,/Vep!.

All four models fit the experimental momentum
spectra well, i.e. the spectra are consistent with the
V —A structure of b-quark decays. WSB and KS fit
well above 1.9 GeV /¢ where D and D* should domi-
nate the b—c transitions. In this momentum range,
we can approximate for these two models

T'(B-2vX,) = (B=Dgv) +I'(B-D*2v)
= Vs |2[(B->Dv)+(B->D*v)]

and use the reduced rates /" together with the experi-
mental B-meson mean life of (1.13£0.15)ps [16]
for determinations of | ¥, |. The obtained | V| val-
ues are given in table 1. the error on the B-meson
mean life increases the erroron | V| to £0.003. The
table gives also the extrapolated branching fractions
BR(B-e*v.X) and BR(B—p*v,X) for these two
models, where X is only the sum of D, D*, p/w and



Volume 249, number 2

Table 1

PHYSICS LETTERS B

18 October 1990

Results on B.=BR(B—e*vX), B,=BR(B-p*vX) and ¥, for different theoretical models. The quoted errors are statistical and system-
atic, added in quadrature. The additional error in the ACM case is due to the free parameters in this model. The errors on V,, are from
B. and B, alone, additional uncertainties are discussed in the text. The B, and B, values have different meaning for the four models; they

include the final states as given in column 2.

Model X states Sample E2/d.f. B, B, Ve

included (best fit) [%] [%]
WSB 2P D* D,p/o, n etu 34.1/33 (8.6x0.7) (8.8+0.7) 0.051+0.001
KS 2> D* D, p/w,=® e+p 33.8/33 (8.3+£0.7) (8.5+0.7) 0.047£0.001
GISW d)e) 1S, 28, 1P etp 48.8/53 9.9+0.6 9.9+0.6 0.046 +0.001
ACM 9.0 cu e+u 47.1/51 10.3+0.6+0.2 10.0+0.6 £0.2 0.047+0.001

2) these models are fitted to leptons with p> 1.9 GeV/c. » Ref. [10]. ¢ Ref. [13].
4 these models are fitted to leptons with p> 1.4 GeV/c. © Ref 1141 D Ref [15].

Table 2

Results on R, .=I"(B-2*vX,)/I'(D-2*vX,) from ARGUS data for different theoretical models.

Model States Sample DPumin (b—¢) Prmin (b—u} Ry | Vin/ Vol
included [GeV/c] [GeV/c]

GISW & 1§, 2§, IP e 1.40 1.40 0.003+0.015

U 1.40 1.40 0.032+£0.017

et+p 1.40 1.40 0.014+0.011

e+p 1.40 2.35 0.022+0.015 0.14£33%2
WSB ® D*D,p/o, 1t e+p 1.90 1.90 0.011+0.009

et+u 1.90 2.35 0.012£0.010 0.10+38¢
KS© D*, D, p/o,n e+p 1.90 1.90 0.010£0.006

e+p 1.90 2.35 0.011+0.007 0.10+3%
ACM ¥ c,u e+u 1.40 1.40 0.018£0.006

et+p 1.40 2.35 0.017+0.013 0.09+332
2 Ref. [14]. ®Ref. [10]. “Ref. [13]. 9Ref. [15].

. The GISW model includes all important final
states, and fits the full momentum range of fig. 3. In-
cluding the B mean life error and the quoted model
uncertainty [14], we obtain

| Vo | =0.046 £0.006 (GISW) .

The ACM model describes semileptonic b-quark de-
cays. For b—cv it gives the following lepton energy
spectrum in the b-quark frame:

dI'(b—cf—Vv) V|2 Gimg
dx Tl 9p3
(xz(l—-rg—x)z[(l—x)(3—2x)+(3—x)r§]
X
(1-x)°
+G(x)),

where x=2E,/my, r.=m./m, and G(x) is a gluon-
radiation correction. The b—ufVv decays are de-
scribed accordingly. For the spectrum in the B-me-
son rest frame, the model describes the b-quark mo-
tion with a variable b-quark momentum distributed
as

fip)= -2 2/p2
p)—ﬁp%exp(—p /D%) ,

where pg is the Fermi momentum. The spectator
quark mass is fixed to be m,,=0.15 GeV/c2. The b-
quark mass is variable with

(myy=my—(/m&H+p*> .

The observed spectrum is insensitive to m, since
| Vao/ Veo| << 1. The parameters m. and pr are fitted
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to be m.=(1.6510.07) GeV/c? and pp=(0.26%
0.06) GeV/c with a strong correlation as shown in
fig. 4. The pg result corresponds to {(m,> =(4.95%
0.07) GeV/c?, and the quark mass difference, taking
into account the correlation, is {(m,)—m. =
(3.30+0.02) GeV/c2 The CKM matrix element V,
is obtained from the integral over the energy spectrum

Gimg,
192x3

I'(B-vX) = (el Ve 12+ L1 Vo 1?)

using the approximation [17]
> (1—8r2—12rdlnr)

2 a(mi
x(l— 2 e [(nz—%)(l—rq)2+%1),

where r,=m,/my,. The r, parameters obtained from
the fit at the lepton spectra result in f;=0.38 £0.03
and 0.80 <, <0.82 for 0 <m,<0.4 GeV/c? using o
=0.23. For evaluating | V,| one has to take into ac-
count a correlation between m3 and f.. Assuming an
error of £0.3 GeV/c? on (my), but keeping the
above error of £0.02 GeV/c? on (my,) —m,, we
obtain

[V | =0.0471£0.004 (ACM),

including the error from the B-meson mean lifetime.
The agreement with the GISW result is remarkable.
The large continuum contribution in the momen-
tum region above 2.35 GeV/c (see fig. 1), leads to
only a weak V,, sensitivity of the inclusive analysis.

T 1 T
Pr
[GeVv/c]
0.30 | -
0.25 -
0.20 -
1 1 L
1.60 1.65 1.70
me [GeVv/c

Fig. 4. Best fit and 1o contour for pg and m. in the ACM model.
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Table 2 shows the fit results of the four models for
R, .=I'(B-X2*v)/I'(B-»X{&"v). The results agree
with those of the ARGUS analysis with drastically re-
duced continuum [ 7], but the errors are much larger.
As shown explicitly for the GISW case, electrons and
muons give slightly different results, but agree within
1.3 standard deviations. The meaning of X, and X,
is different for the different models. For WSB and
KS we have X, =D+D* X, =n+p, for GISW any-
thing evaluated on the meson level, and for ACM an-
ything on the quark level. The quotient | V,,/ Vel
follows from R,.=F,.|Vu/ V!> where F,. is the
model-dependent ratio of reduced rates. This ratio is
F,.=f/f.=2.1 for ACM, F,.=I(all u-mesons)/
[(all c-mesons)=1.05 for GISW, and F,.=([,+
I/ (Fps+p)=1.12 for WSB and 1.18 for KS.

Within the obtained sensitivity, | ¥,/ Ve | does not
depend on m, in the range between 0 and 0.4 GeV/
¢?. The results also agree with each other if the V,,
part is fitted above 2.35 GeV/c or in the full momen-
tum range. There is a slight tendency of larger | V|
results above 2.35 GeV/c in the form-factor models.

The branching fraction results B, and B, in table 1
are much lower than the expected value in quark-
spectator models [1]. This could imply that there are
contributions to the lepton spectrum in the range be-
low 1.4 GeV/c which is not accessible in this experi-
ment. One mechanism which would lead to low mo-
mentum leptons is the decay of B mesons into a lepton
and a baryon. In the following we describe a search
for these decays.

In multihadron events with n.,>4 and n,>2 we
have selected antiproton candidates with 0.4 <p<1.2
GeV/c, |cosf] <0.9, p, >0.06 GeV/c and Ar<15
cm. The chosen momentum range ensures almost
unique identification by time-of-flight and dE/dx.
The cut on Ar, the distance of closest approach of the
p track to the main vertex, is weak enough to keep all
p from hyperon decays, but reduces considerably
backscattered protons from the outer detector. This
study was restricted to antiprotons because of the very
high proton background from interactions in the vac-
uum pipe and the drift chamber walls.

In events with a p, we demanded in addition two
oppositely charged leptons from the primary vertex,
an electron or muon with 1.5<p, ,<2.3 GeV/c and
an electron with 0.4 <p.<1.5 GeV/c. For kinematic
reasons, only the low momentum lepton can come
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from B— baryon +lepton decays. The search for those
leptons has to be limited to electrons, because of
the rapid decrease of the muon efficiency below 1.5
GeV/c. We further demanded |cos .| <0.85 and
|cos 8,| <0.65 to minimize misidentification, and
[cos(p, 2 )| <0.9, —0.5<cos(2F, e¥) <0.9 against
background from continuum events.

After these cuts, there remain two candidate events.
The slow electrons in these events have momenta of
0.55 GeV/cand 0.57 GeV/c, respectively. Both fast
leptons are electrons with m(e*e~)#m(J/y). Both
events are consistent with BB events, but a semilep-
tonic B decay into baryons is not the only possibility
to explain their properties. Semileptonic A, and D
decays are not fully removed by the cuts, and there is
also a small background from faked leptons or anti-
protons. We estimate the background to be of the or-
der of one event. In deriving a conservative upper
limit, we regard the two observed events as semilep-
tonic B decays into baryons. After acceptance correc-
tion we obtain BR(B—pe*X) < 1.0Xx 10-3 for elec-
trons with 0.4 <p<1.5 GeV/c. The extrapolation to
the full lepton momentum range requires a model for
the baryon-antibaryon system. As a conservative
lower limit for the acceptance, we use a heavy mass
system like £.(2500)A(1232), which leads to a frac-
tion of 63% for p.>0.4 GeV/c. We thus obtain
BR(B-pe*vX)<0.16%(90% CL). This value is
very low compared to the inclusive branching frac-
tions BR(B—e*v.X) as obtained by the GISW and
ACM model extrapolations in table 1. These values
can therefore be considered inclusive even with the
presence of baryons in the final state.

To conclude, an inclusive study of leptons from
direct Y'(4S) decays has led to results on BR(B—
e*v.X), BR(B-pu*v,X), BR(B>pe*X) and V.
The extracted values for V,, are model-dependent, but
the hadron form factor model of GISW and the quark
decay model of ACM lead to the consistent results of
[ V| =0.046 £0.006 and 0.04710.004, respec-
tively. The obtained branching fractions are smaller
than in previous experiments [2,3,5,8]. The elec-
tron-muon average BR(B—2vX) is
(10.2£0.5%+0.2)% in the ACM model extrapolation
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and (9.8+0.5)% in the GISW model extrapolation.
These values are outside of the expected range of the
spectator model [ 1] and indicate that nonleptonic B-
meson decays are not yet well understood.
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directorate for the support and kind hospitality ex-
tended to them.

References

[1]R. Riickl, Habilitationsschrift (Munich 1983).
[2] CUSB Collab., C. Klopfenstein et al., Phys. Lett. B 130
(1983) 444.
[31 CLEO Collab., A. Chen et al., Phys. Rev. Lett. 52 (1984)
1084,
CLEO Collab., S. Behrends et al., Phys. Rev. Lett. 59 (1987)
407.
[4] CLEO Collab., R. Fulton et al., Phys. Rev. Lett. 64 (1990)
16.
[5]S. Weseler (ARGUS Collab.), Dissertation, Heidelberg
report IHEP-HD/86-2 (Heidelberg 1986).
[6]J. Spengler (ARGUS Collab.), in: Proc. XXIV Intern. Conf.
on High energy physics {Munich, 1988), eds. R. Kotthaus
and J.H. Kiihn, p. 505;
J.C. Gabriel (ARGUS Collab.), Dissertation, Heidelberg
report, IHEP-HD/89-1 (Heidelberg 1989).
[71 ARGUS Collab., H. Albrecht et al., Phys. Lett. B 234 (1990)
409.
[8] Crystal Ball Collab., K. Wachs et al., Z. Phys. C 42 (1989)
33.
[9] H. Albrecht et al., Nucl. Instrum. Methods A 275 (1989) 1.
[10] M. Wirbel, B. Stech and M. Bauer, Z. Phys. C 29 (1985)
637.
[11] W. Wetzel, private communication.
[12] P. Kalyniak and J.N. Ng, Phys. Rev. D 25 (1982) 1305.
[13]).G. Korner and G.A. Schuler, Z. Phys. C 38 (1988) 511.
[14] N. Isgur, D. Scora, B. Grinstein and M.B. Wise, Phys. Rev.
D 39 (1989) 799.
[15] G. Altarelli, N. Cabibbo, G. Corbd, L. Maiani and G.
Martinelli, Nucl. Phys. B 208 (1982) 365.
[16]L. Lyons, A. Martin and D. Saxon, Phys. Rev. D 49 (1990)
982.
[17]C.S. Kim and A.D. Martin, Phys. Lett. B 225 (1989) 186.

365



