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Measurement of B-Meson Semileptonic Decay
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Using the Columbia University —Stony Brook detector we have measured the production
of energetic electrons (E &1 GeV) in e e annihilations in the center-of-mass energy
range 10.4 to 11.4 GeV. We observe an enhanced electron signal at the &'"(4' reso-
nance, which we interpret as evidence for the P decay of a new flavor of quark, 5, bound

within a new flavor meson, B. We derive a branching ratio for B Xev of (13.6+2.5+3)%.
The observed energy spectrum of the electrons favors the decay b cev over b ue v.

PACS numbers: 13.20.Jf, 13.65.+ i, 14.40.Pe

A series of three narrow resonances' (Y, Y', Y")
and a fourth broader one (Y"' at 10.55 GeV) have
been observed recently in e'e annihilations at
the Cornell Electron Storage Ring (CESR)."' In
the quarkonium model these resonances are in-
terpreted as the 1'S„2'S„3'8» and O'8, bound
states of a bb quark system where b is a new

flavored quark. The quarkonium models have
been successful in predicting both the level posi-
tions and the ratios of leptonic widths for such
bound systems. 4 The first three states have nar-
row widths, as expected in these models. Once
the bare-flavor threshold is passed, however,
quasibound bb states will decay predominantly in-
to BB meson pairs which are stable bound states
of the b quark and light quarks The. Y"'(4S) has
an observed width of 23 MeV compared with the
machine resolution of approximately 11 MeV at
this energy. This indicates that it lies above
bare-flavor threshold and has strong decay chan-
nels.

The direct observation of B mesons through
structures in the multiparticle mass spectra is
difficult due to combinatorial background arising
from the high particle multiplicity (approximately
20) in BB events. Thus, evidence for the exis-
tence of b quarks can most readily be obtained

through the observation of the weak decay of a
new heavy, otherwise stable meson. The P decay
of the b quark (M = 5 GeV) produces electrons
lying mostly in the energy range 1-2.5 GeV where
electrons from other sources are scarce. Both
groups at CESR have reported enhanced produc-
tion of energetic electrons (E, & I GeV) at the 4Ss
The present paper details the analysis proce-
dures and results from the Columbia University-
Stony Brook (CUSB) nonmagnetic detector, and
includes recent measurements in the center-of-
mass energy range 10.56 to 11.4 QeV. The CUSB
electromagnetic shower detector, a segmented
NaI-Pb glass array surrounding drift chambers,
has been described elsewhere. ' Here we will
focus on those features which enable us to dis-
tinguish between electromagnetic and hadronic
final products in e'e annihilations, and to dis-
criminate against chance overlap of charged
tracks with electromagnetic showers.

Charged-particle trajectories are measured by
twelve planes of drift chambers which cover 70%
of the total solid angle. The drift-chamber wires
are parallel to the beam in six planes and at 7
for stereo reconstruction in the remaining six.
The resulting accuracy in track direction is 3
mrad in azimuth and 25 mrad in polar angle. Seg-
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mentation of the NaI and lead-glass arrays allows
measurements of both the longitudinal and trans-
verse shower development. Radially there are
four thin layers of NaI [each 1.12 r.l. (r.l. de-
notes radiation length)], a thicker NaI layer (4.1

r.l.), and finally a lead-glass layer (7 r.l.). Seg-
mentation of each NaI layer into 32 azimuthal and
2 polar sectors allows us to make an accurate
measurement of the azimuthal angle of a shower.
The lead-glass layer has 4 times finer segmen-
tation in polar angle and thus provides the best
measurement of the polar angle of the shower.

An electron shower is identified by a character-
istic pattern of energy deposition in the NaI and
lead glass. Selection criteria for electrons be-
tween 1 and 3 GeV were developed using a clean
electron sample from quantum electrodynamics
(QED) processes in which only one electron hit
the shower counters. The longitudinal require-
ments include a minimum energy deposition in
each layer, an energy-dependent requirement on
the maximum energy in the lead glass, and limits
on the relative energy in adjacent layers. The
transverse criteria require that most of the show-
er energy in a given layer be confined to one or
two adjacent NaI sectors. Finally, for a shower
to be designated as arising from an electron it is
required that the direction of the track associated
with the shower agree with the direction deter-
mined from the energy deposition in the shower
counters within an elliptical cone whose half-
opening angles are 4.5' in y and 7 in 8.

Table I shows the observed results in the mass

range 10.4 GeV (below 4S) to 11.44 GeV (above
4S). For each energy bin we show the integrated
luminosity; number of electron candidates;
R „,(e), the visible electron cross section divided
by o(e'e —p, 'p, ); and R „., (had), the visible cross
section for hadronic events divided by o(e "e
- p'p ). In the present analysis, we use only ha-
dronic events which pass our standard multi-
hadron-event criteria (see Ref. 2 for details)
which results in 57% acceptance for continuum
events and 74% acceptance for resonance events.
In addition, we require five or more detected
tracks and thrust' less than 0.95 in order to re-
ject ~r events. Approximately 81% of our con-
tinuum events and 92% of the resonance events
satisfy these cuts. These efficiencies were ob-
tained by generating events with a modified ver-
sion of the University of Lund Monte Carlo pro-
gram' and allowing these events to develop in our
detector. The va1idity of the calculation is demon-
strated by the good agreement between computed
and observed multiplicity, energy deposited in
the detector, and thrust distribution. Figure 1
shows the visible electron and hadron cross sec-
tions. In the 4S data sample we observe, after
subtracting the continuum contribution, 155.5
+ 21.4 electrons in 4541 resonance events or
0.0342+ 0.0047 electrons per event, compared
with 0.0115+0.0015 electrons per event in the
continuum and 0.0042+ 0.0013 electrons per reso-
nance event at the &, Y', and &". These electron
candidates include backgrounds from pion interac-
tions in the first layer of NaI, overlap of charged

TABLE I. Observed results in the mass range from 10.4 to 11.4 GeV/

c . The results for each energy bin include the integrated luminosity,
the number of electron candidates, the visible electron cross section di-
vided by o (e'e —p, p ), and the visible cross section for hadronic events
divided by o (e+e —@+p ) as described in the text.

Beam energy
JR

{nb ')
No.

10 R„~(e)

R y js (hadx one y

T & 0.95
charge multiplicity ~ 5)

5.166- 5.261 3482
'Continuum

52 1.88 + 0.3
4S region

1.85 + 0.06

5.261—5.270
5.270- 5.271
5.271 —5.272
5.272- 5.282

1836
1471
1310
1717

58
51
75
53

4.0+ 0.6
4.4+ 0.8
7.3+ 1.1
4.0 + 0.7

2.73 + 0.12
2.74+ 0.13
2.94~ 0.15
2.75+ 0.12

5.282 —5.720 2142 2.1+0.4 2.11+0.09

772



VOLUME 47, +UMBER II P H YSICAI. RKVI KW LKTTKR S I4 SEPTEMBER 1981

.07—

.06
A

.05
C
P 04
O
4)

.03

K
.02--

.Pl—

o R„;s (hadrons)

R yes (electrons)

7
EA

6
8.

5

— f

IV
Ql

.03

O
O

g,02

z~o
D

1.0
Ee (GeV)

2.0

5.20 5.21 5.22 5.23 5.24 525 5.26 5.27 5.28 5.49
beam (Gev)

FIG. 1. Rv;, for high-energy electrons and hadronic
events including all cuts described in text. Dashed
line through hadronic data points indicates the location
of the 4S resonance.

FIG. 2. Observed differential electron energy spec-
trum per B decay from 48 resonance data (continuum
subtracted and corrected for efficiencies) compared
with the expected spectra from B-ev(D, D*) (solid
curve) and B evX„(dotted curve) with M~ =1 GeV,
normalized to same area. See text.

tracks with photons, and photon conversions in
the beam pipe. %e have studied these backgrounds
using Monte Carlo simulations and find levels of
the order of half the total expected electron yield
from continuum events and &, &', and &" events.
We expect these backgrounds to contribute 5'%%uo of
the 48 resonance yield.

In order to determine the semileptonic branch-
ing ratio for B-Xev we use the following proce-
dure:

(i) The continuum contribution under the 4S peak
(10.522 GeV&M & 10.564 GeV) is subtracted with
use of our observed yield in the continuum below
4S, thus removing all background from ~ decays,
QED processes, and continuum e'e —cc events.

(ii) The remaining (5'%%uo) background is removed
by subtracting the electron spectrum, properly
normalized, observed in &, &', and &" events.

(iii) The electron detection efficiency is the prod-
uct of a geometric efficiency of 46%, a track re
construction efficiency of 88%, an electron identi-
fication efficiency of 36%%uo (averaged over the ener-
gy range), and 61/o for the acceptance of hadronic
events with a high-energy electron, multiplicity
-5, and thrust 0.95. The major source of inef-
ficiency in the selection criteria is the overlap of
the electron with other particles. A measurement
of this loss was obtained by the previously men-
tioned Monte Carlo simulation method. The total
efficiency for hadronic events with an electron de-
cay is (10.2+ 0.8)'%%uo and varies from 8.6/o to 10.7'%%uo

for 0.8 Ee].ectron 2.5 GeV.

(iv) The P decay of the B meson is due to two
couplings: b -cev and b- uev. In the former
case one expects charmed mesons (D's) to be
produced in B decays. D-meson leptonic decays
produce additional electrons, mostly below 1
GeV. In the latter case, D mesons and therefore
low-energy electrons, are absent. As a result of
the high energy available in the decay B-evX,
X mill, in general, be a more complex state than
the lightest pseudoscalar and vector mesons
which can be formed by a light qq pair, as could
be naively expected. Using the observed electron
spectrum for E&1.4 GeV we obtain from a fit M~
=1.8~0.3 GeV, a value in good agreement with
the D and D* meson masses and unreasonably
high for the b -u case. Figure 2 shows the ex-
pected spectra from 5 -cev, assuming 50%%uo B
—De v decay, 5(P/& B -D*ev decay, and including
electrons from the subsequent decay D-Kev,
and for B-eve„ from 0-uev assuming an aver-
age value of M~ =1 GeV, folded with our energy-
resolution function. Figure 2 also shows the
spectrum of observed electrons (continuum sub-
tracted and corrected for efficiencies). Our en-
ergy resolution at 2 GeV is v~/E about 3%, and
we estimate the uncertainty in absolute calibra-
tion to be less than 3% (see Mageras et al. ' for
further details on energy resolution}. For the
b -c case resulting in B- (D, D*)e v, 81/o of the
electrons from direct B decay lie above 1 GeV,
while 9% of the electrons from the cascade decay
B-D-Kev are in this energy region. Assuming
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that all Y"' resonances decay into a BBpair, we
obtain a branching ratio for B—(D, D*)ev of (13.6
+2.5)%. For the b-u case, 90% of the spectrum
is above 1 GeV and no extra contribution is ex-
pected, giving the same branching ratio. We
estimate that our Monte Carlo modeling of the
electron acceptance introduces a systematic un-
certainty on the value of the branching ratio of
the order of 20% of its value.

We also use our results to obtain upper limits
for the decay B-evX„ induced by a 5 -u coupling.
For this analysis we include electrons whose en-
ergy is greater than 800 MeV. The resultant
upper limit depends on the assumed (Mx) value.
We obtain for the ratio of branching fractions
B(B evX-„)/B(B-evD, D*) «0.23 for X„=50%
(s, r)) and 50%(p, co), &0.32 for Mx =1 GeV, and
&1.5 for Mx = 1.8 GeV, at 90% confidence level.
In all cases the best fit is obtained for B(B-evX„)
=0, with the fit for B-evD, D* having a value of
)('/D. F. = 0.96.

In conclusion, we have detected a strong en-
hancement of electron yield in multihadron events
at the 4$ peak giving evidence for the weak de-
cay of a new quark, b. The semileptonic branch-
ing ratio of B-Xev has been determined and the
observed energy spectrum of the electrons favors
b -cev.
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The elastic differential cross section of 5.75-GeV/c deuterons scattered from deuterium
has been measured over a range of 0.125& —t &2.0 (GeV/c) . The result shows a narrow
interference minimum at -t = 0.18 (GeV/c), but does not have a simple exponential be-
havior in the double-scattering region. The latter effect is attributed to constructive in-
terference between the two double-scattering amplitudes, which have different t depen-
dences. The results are compared to existing data and to a Glauber-model calculation.

PACS numbers: 21.30.+y, 13.75.Cs, 25.10.+s, 25.50.Dt

The multiple-diffraction model of Glauber' suc-
cessfully explains many of the major features of
elastic hadron-nucleus scattering. The model

treats the scattering process as a sequence of
individual collisions between the projectile and
the nucleons of the target, and its predictions de-
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