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Abstract. The Crystal Ball detector at the e* e~ storage
ring DORIS II has been used to analyze exclusive semi-
leptonic decays of B mesons produced at Y(4S) energies.
The decay B — evD* has been observed with a branching
ratio of (7.0+1.841.4)% using the n°D decay mode of
the D*. In addition we have searched for the exclusive
semileptonic decay B* —e* vn®. We find an upper limit
on BR(B* —»e*vn% of 0.22% at the 90% CL.
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1 Introduction

Measuring the elements of the Cabibbo-Kobayashi-
Maskawa quark mixing matrix [1] in weak decays is
an important task in particle physics since the values
of these elements are fundamental parameters of the
standard model. In a previous paper [2] we have ana-
lyzed the inclusive electron spectrum from B meson de-
cays to charmed final states, resulting in a determination
of |V,,|. Theoretically one expects [3-8] the eclectron
spectrum to be dominated by the final states evD and
evD*, contributing approximately 30% and 60% to the
total width. A determination of the individual contribu-
tions may help to distinguish between different theoreti-
cal models.

Inclusive semileptonic B decays to non-charm final
states have been studied to extract | V,,|. In the beginning
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only upper limits could be derived [2, 9]. Recently both
CLEO [10] and ARGUS [11] reported signals from
b — u transitions in inclusive semileptonic decays result-
ing in a value [11] of | V,,|/| V., =20.10.

To determine |V,,| from an experimental measure-
ment, ¢.g., the branching ratio of semileptonic b — u tran-
sitions, the hadronic matrix element between the initial
state B meson and the final state meson has to be known.
While calculations of the b — ¢ hadronic matrix element
with different models give reasonable agreement for the
inclusive decay rate, the predictions for inclusive b —u
transitions are much more model dependent [3-8]. More
reliable results for |V,,| may come from measurements
of exclusive semileptonic B meson decays [12-15].

In this article we present two analyses of exclusive
semileptonic B meson decays. The paper is organized
as follows: Section 2 gives a short introduction to the
experimental setup. In Sect. 3 the observation and analy-
sis of the decay B —evD*, D* »n°D is reported. The
search for B* —e*yn® is presented in Sect. 4. Finally
we summarize our results on exclusive B decays.

2 Experimental setup

A detailed description of the Crystal Ball detector at
the DORIS II electron-positron storage ring at DESY
has been given elsewhere [2]. It is a non-magnetic calori-
metric detector consisting of 672 Nal(Tl) crystals of 16
radiation lengths thickness, covering 93% of the full solid
angle. The solid angle coverage is increased to 98% of
47 sr by Nal(Tl) endcap crystals. Four double layers
of chambers containing in total 800 drift tubes are used
to detect charged particles and to measure their direc-
tions. For the present analysis the detector’s ability to
identify and to measure the energy and direction of elec-
trons and photons from 10 MeV upwards is important.
The energy resolution for electrons and photons is given

4
by o5/E=(2710.2)%/]/E/GeV; their directions are
measured with an accuracy in the polar angle 3 with
respect to the beam axis of o= 1° to 3°, where the resolu-
tion is best for high-energy showers.

Neutral pions are reconstructed from their decay into
two photons. For n° energies below about 500 MeV,
these two photons are well separated in the calorimeter.
For more energetic n° mesons the showers of the two
photons can overlap in the calorimeter forming only one
cluster. At energies above 1.5 GeV n° candidates are se-
lected by analyzing the moments of the shower patterns
of neutral energy clusters [16].

3 Observation of the decay B — evD* - evn®D
We identify the semileptonic B meson decay chain
B—evD*sevn®D (1)

by a high-energy electron back-to-back with a slow n°.
Near the electron endpoint energy, the neutrino has low
energy and momentum. The semileptonic B decay then

resembles a two-body decay B — ¢D* with the D* recoil-
ing against the eclectron in the B rest frame. The D*
has a sizeable branching ratio for the decay D* — n°D.
Due to the small mass difference, M p.— Mp =~ 140 MeV,
the emitted n° has low momentum in the D* rest frame
(Pro~40 MeV/c). Boosted by the D* motion, the 7° pre-
serves approximately the D* direction. The pion is not
monochromatic, but still soft (p, <250 MeV/c) in the
laboratory frame. The observation of a soft n° recoiling
back-to-back with a high energy electron therefore iden-
tifies the decay chain (1). The event sample selected in
this way includes both charged and neutral B meson
decays.

There are four effects which lead to an opening angle
less than 180° between the directions of the electron and
the 7°:

® The momentum carried away by the neutrino. Since
the electron spectrum decreases rapidly towards the end-
point one has to compromise between event statistics
and the requirement that the electron and slow pion
be back-to-back.

® The boost resulting from the non-zero momentum of
the B mesons (pg=~ 340 MeV/c) produced in the reaction

ete” —148)— BB. 2

@ The transverse n° momentum relative to the D* direc-
tion.
@ The angular resolution of the detector.

Background arises from #n%s produced by the decays
of the D meson in reaction (1), by decays from the second
B meson in reaction (2) and from semileptonic BB decays
to D mesons.

3.1 Data preselection

The Crystal Ball data used in this analysis were taken
on the Y(4S) resonance, with most of the data (90%)
accumulated on the top of the resonance. The integrated
luminosity is 92 pb~!. This corresponds to Nz=(140.0
+2.8) x 10° produced B mesons [2], where the error is
dominated by the luminosity measurement. For back-
ground studies, 30 pb~! of data have been taken in the
continuum just below the Y(4S) resonance.

Hadronic events are first selected by criteria which
are the same as those applied in our inclusive analysis
of the electron spectrum [2]. Then we strengthen the
multiplicity and topology cuts as follows. Events orig-
inating from Y{4S) resonance decays are enhanced com-
pared to those from hadronic continuum production by
requiring a high multiplicity, i.e., at least 8 local energy
maxima in the calorimeter, and non-jetlike events by
a cut on the second Fox-Wolfram moment [17]:

Z,2,E;E;(3cos?a;—1)

H,= 35 En’

<0.40. 3

The E; ; denote the deposited energies assigned to single
particles and the a;; are the angles between these energy



deposits. While resonance events are selected with high
efficiency, these cuts suppress background from the con-
tinuum process e*e” —¢g. The remaining continuum
contribution is subtracted using continuum data to
which the same event selection criteria have been ap-
plied.

3.2 Particle identification and reconstruction

Energy depositions which lie within [cos $/<0.85 and
which are identified as charged by the proportional
chambers are treated as electron candidates. The lateral
pattern of their energy deposition in the Nal is required
to be consistent with that expected for a single electro-
magnetically showering particle. The continuum-sub-
tracted electron spectrum in Y{4S) decays for these iden-
tified electrons is displayed in Fig. 1.

Our analysis uses only electrons with energy E, in
the range 1800 MeV<E,<2300 MeV. The stringent
lower cut on the electron energy ensures that the neu-
trino in the semileptonic B decay is soft. Also B decays
to other charmed mesons heavier than the D* are sup-
pressed. After continuum subtraction the sample con-
tains N,=(12564-61) electrons from semileptonic B de-
cays.

This electron sample was checked for two different
sources of background, neither of which contributes sig-
nificantly. The continuum-subtracted distribution of
pulse heights in the drift tubes agrees with that for elec-
trons and allows only a negligibly small contribution
from pions [2]. The second source of background could
originate from converted decay photons of fast n%’s yield-
ing a single energy cluster similar to those from electrons.
This background is estimated by reanalyzing the data
with the same cuts as for electrons, but taking neutral
energy clusters instead of clusters tagged as electrons.
The continuum subtracted result is scaled down by the
conversion probability for the two photons from z° de-
cays (2x5%=10%). We find that only 2 background
events contribute to the sample of 1256 electrons.
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Fig. 1. The inclusive electron spectrum in Y{(4S) decays. Continuum
contributions have been subtracted bin by bin
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Fig. 2. The invariant mass distribution of all two-photon combina-
tions after the cuts on p,o and E, as given in the text. Superimposed
on the data is a fit with a line shape for the =° signal (cf. Sect. 3.3)
and a polynomial background
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Fig. 3. This distribution of the cosine of the angle between the
electron and the n° (data points) for the Y(4S) resonance data
and the continuum data below the Y{4S) (histogram). The integrat-
ed luminosities are 92pb~! and 30 pb~!, respectively. The B
—evD*, D* - %D events peak at cos(e, %)= —1

Slow n° mesons are reconstructed through the invar-
iant mass of the two photons from their decay. The later-
al shower distribution of the photons in the calorimeter
is required to be consistent with that of single electro-
magnetically showering particles. Next we require the
n° momentum p,, to be in the range 30 MeV/c<p,o
<240 MeV/c and the energies E, of both decay photons
to satisfy 30 MeV < E, < 190 MeV. The efficiency of these
cuts is above 90% for n° mesons produced in the decay
(1). However, these cuts reduce the contamination from
other processes substantially. The distribution of the in-
variant mass of the two-photon combinations is plotted
in Fig. 2. A 7° signal on a combinatoric background
is visible.

Since we aim to tag the D* mesons through the e — =°
angular correlation, we have to investigate the distribu-
tion of the cosine of the angle between the electron and
the n° cos(e, n°. The distribution of cos(e, n°) for all
yy-combinations with 110 MeV<m,, <160 MeV  is
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shown in Fig. 3. The cos(e, °) distribution for the con-
tinuum data taken just below the Y{4S) resonance is
also displayed in Fig. 3 as a histogram. The luminosity
ratio between the resonance and the continuum sample
is about 3:1. Only in the resonance sample do we observe
an enhancement of e—n° pairs at cos(e, n%~ —1. We
attribute this structure to B —evD* decays.

3.3 Background subtraction

Most of the background visible under the D* signal in
Fig. 3 is due to combinatoric background under the =°
peak in the M, distribution (see Fig. 2). We parametrize
this background N,, as a two-dimensional function of
cos(e, 7% and M,, in the form

dl Mg 2 3 o R
d cos(e, 7'[0) dMyv = igo J-;o aij Ci(COS (ea T )) CJ'(MYV)’ (4)

where C;, C; are Chebyshev polynomials and M,,=
2{(M,,— MP)/[(M7 — MM — 1. Thus the
cos(e, n°)-dependence is described by a quadratic polyn-
omial and the M, ,-dependence by a cubic polynomial.

The line shape of the =n° signal, L(M,,), was studied
with a Monte Carlo simulation of the reaction chain
B—evD* D*—-n°D. It was found that the n° shape
is well represented by a Gaussian with width ¢,0,=(8.5
+0.3) MeV/c?, modified at low and high M,, values by
power law tails. The lower-mass tail just reflects the
asymmetric photon line shape in the Crystal Ball calo-
rimeter [18], while the higher-mass tail results from the
overlap of photons with other energy depositions in high
multiplicity Y{4S) events. This line shape was then fitted
with a cos(e, n°)-dependent amplitude dN ,./d cos(e, n°)
on top of the background described above:

AN dNe  dL
dcos(e, n°)dM,, dcos(e, n°) dM,,
PN,
*a cos(e, n°)dM,,’ ()

This function is fitted by the maximum likelihood
method to the observed two-dimensional distribution
(14 bins of varying bin size in cos(e, n°) and 19 bins in
M,, of width 8 MeV). The dN,o/d cos{e, n°) distribution
resulting from the fit is plotted in Fig. 4.

There is still some background in this distribution
which we attribute to n%s not originating from D* de-
cays. This background was investigated with the help
of a Monte Carlo and was found to be flat over the
full cos(e, %) range. We thus fit the distribution in Fig. 4
in the full range of cos(e, z° by a flat background and
a contribution from B —evD* events. The shape of the
latter distribution is taken from the Monte Carlo simula-
tion described in the following section and is shown as
the histogram in Fig. 4. We find N,..=(71+18) events,
where N, is the number of observed B—evD*, D*
—7° D events. The total number of random e—n° pairs,
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Fig. 4. The distribution of the cosine of the angle between the elec-
tron and the n° (data points) after background subtraction of fake
7%s. A fit of the B — evD*, D* — = D contribution (histogram) plus
a flat background (dashed line) from uncorrelated e—=° pairs is
shown. The shape of the cos(e, z°) distribution for B — evD* events
is obtained by a Monte Carlo simulation based on the model in

3]

distributed uniformly over cos(e, 7°), is 193. Systematic
effects in the estimation of N,,c were studied by

® changing the binning of the data and varying fit
ranges (+ 13%),

@ replacing the n° line shape by a simple Gaussian
(£6%),

e using different theoretical models [3, 4, 19] for the
prediction of the cos(e, #°) distribution (+7%).

Adding these individual relative errors in quadrature,
we obtain a total systematic error on N, of +16%.

3.4 Detection efficiencies

The detection efficiencies were estimated using Monte
Carlo techniques. With the Lund string fragmentation
program version 6.2 [20], we simulated the decay chain:

Y(4S)—»BB, B;—evD*—evn®D; B,—anything. (6)
The energy and angular distributions in the decay of
the first B meson were taken from the predictions of
Grinstein et al. [3]. Decays of the D meson and of the
other B meson were performed by the standard Lund
Monte Carlo [20] with updated B, D and D, meson
branching ratios [21]. The generated events were then
passed through a complete detector simulation and sub-
jected to the same cuts as described above.

The electron selection efficiency as determined by
Monte Carlo is £,=(13.1 +0.7)%. This efficiency includes
the hadronic event selection (90%), the geometrical ac-
ceptance (85%), the electron identification in the
chambers and in the calorimeter (54%) and the efficiency
of our electron energy cut (32%). The 5% systematic
error on ¢, [2] does not include the uncertainty due
to the cut on the electron energy. The efficiency of this
cut depends on the theoretical input for the shape of



the electron spectrum in B— evD* decays. For example,
using the model of Wirbel et al. [4] instead of the model
of Grinstein et al. [3], changes our efficiency by 4e./e,
=—6.5%.

The reconstruction efficiency for a n° in events con-
taining an identified electron is e,0=(13.64+0.7)%. The
error is dominated by the uncertainties in modeling pho-
ton conversions and by accidental tagging due to ran-
dom chamber hits.

3.5 Results and discussion

The branching ratio for the decay B— evD* is obtained
from

Z\Ieno

*)_
BR(B—)@VD )_NB<BR(D*"")7TOD)>868”0’

™

where (BR(D* - n°D)> denotes the branching ratio for
D*—n°D transitions averaged over the different charge
states of D* mesons produced in Y'(4S) decays according
to (1) and (2). This quantity can be written as (BR(D*
—-n°D)>=wBR®+(1—w)BR™* with

e BR(Y(4S)—>B* B")
" BR(Y(4S)>B*B™)+BR(Y(45)— B° BY)

and BR*=BR(D** - n°D*), BR®=BR(D*°—n°D?).
For the branching ratios BR* and BR® we use weighted
means of the world averages [21] and the new MARK
ITI measurements [22]. This yields BR* =(27+3)% and
BR?=(5546)%. The ratio w has not yet been measured.
We follow standard practice [24, 26] and assume 0 =0.5.

With the above branching ratios we obtain the fol-
lowing result:

®

BR(B—evD*)=(70+1.8+14)%

where the first error is statistical and the second error
includes in quadrature all systematic errors in N, and
Ng, BR" and BRY, ¢, and ¢,,. This branching ratio refers
to a mixture of B mesons.

Our measurement is complemented by ARGUS [23]
and CLEO [24] measurements of B®°—[fyD*¥ in
which the decay of the D* ¥ was fully reconstructed. They
obtained (54+£09+1.3)% (ARGUS) and
(4.6+0.5+0.7)% (CLEO). Using an average of these
measurements and the result from our analysis, we esti-
mate the branching ratio BR(B* - e* vD*°) and obtain

BR(B* > ¢* vD*%)=(8.0+ 3.4)%.

Assuming equal leptonic widths for B* and B° mesons
the lifetime ratio for B mesons is given by 7(B*)/1(B°)
=BR(B* —»e*vD*%/BR(B°—e*vD*¥). Inserting the
above given numbers yields

1(B)/2(B%)=(1.7+0.8).

The lifetime ratio agrees with that obtained by ARGUS
[25] from a comparison of the yields of D% D~ and
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D*~ in semileptonic B decays: t(B*)/t(B%=(1.00
+0.27).

We cannot exclude the possibility of additional
sources of soft pions contributing to the B decay signal
seen in our analysis, e.g., B—evD*n, where the D*=n
may include a D** resonance contribution. ARGUS
finds no evidence for such decays [23], whereas CLEO’s
fit to their data is somewhat improved by a contribution
of (14 +8)% from such decays [24]. Theoretically, semi-
leptonic B decays to bound states heavier than D* are
expected to be essentially negligible after our electron
energy cut (E,>1800 MeV) [3]. In any case, this cut
acts to reduce the contribution from any hadronic state,
resonant or not, heavier than the D*. For example, we
have estimated that even if BR(B— evD**(2420)) is as
high as 20% of BR(B— evD*), it would contribute less
than 7% to our signal.

4 Search for the decay B — e* v’

Much effort has been put into searches for exclusive
b —u transitions which allow a direct measurement of
the CKM matrix element |V,;]. Most of the searches
have been performed using hadronic decay modes of the
B mesons. We have searched for the semileptonic chan-
nel

B* setvn® 9

by measuring the missing mass of the en® system. This
can be expressed as:

M\? = (Ev)2 - (pv)2
=(Ebeam_Ee_E1t0)2—(pB_pe_pno)z' (10)

The beam energy E,..., is known to a sufficient precision
and the momentum of the B mesons produced on the
Y(4S) resonance is negligible (pp= 340 MeV/c) so that
the reconstruction of an electron together with a high
energy n° leads to the identification of channet (9).

4.1 Data analysis

A major subset of the sample used in the analysis de-
scribed in the preceding section has been analyzed. The
integrated luminosity of this subsample taken on the
Y4 S) resonance amounts to 76 pb~ !, corresponding to
Npy=(128.44+2.6) x 103> produced B mesons. The data
sample as well as the hadronic event selection criteria
are identical to those used in our analysis of the inclusive
electron spectrum [2]. A continuum sample of 18.5 pb~!
integrated luminosity is used for background studies.
The suppression of continuum hadron production
compared to resonance production is achieved by the
following cuts (see Sect. 3.1): H,<0.50 and the number
of local energy maxima =8. Due to smaller expected
background, the cut on H, is chosen softer than that
in the previous analysis. The electron candidates are re-
quired to fulfill criteria similar to those imposed in our
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Fig. 5. The squared missing mass to the electron and the =n° for
B decays in Y{45) data

analysis of the decay B evD*. High energy n° mesons
are identified as neutral energy clusters in the calorime-
ter. The second moment of the shower distribution of
these neutral clusters has to be consistent with that ex-
pected for high energy neutral pions. We use only elec-
trons and pions with energies between 1500 MeV to
2600 MeV. A reduction of combinatoric background
with the decay products of the other B meson is achieved
by requiring cos(e, n°) to be less than —0.5. The resulting
missing mass spectrum is plotted in Fig. 5. There remain
(28 + 5) events in the range —5 GeV?/c* to +5 GeV?/c*.
From continuum data we expect (846) continuum
events in the same missing mass range after scaling by
the ratio of luminosities and squared beam energies. The
residual (20 + 8) events can be assigned to B decays.
Background studies have been done using a Monte
Carlo simulation. A sample of 61 x 10* Y(4S)— BB de-
cays, simulating the decay chain
Y(@4S)-» BB, B,-evX,, B,—anything, (1)
has been subjected to the analysis described above. Here
X, denotes a charmed meson state. After scaling to the
produced BB events we obtain (14+4) background
events from this sample in the missing mass range given
above. Thus only (6+9) events remain as possible B
—eyn® decays. Since the above-mentioned background
contributions have large statistical and systematic errors
we chose to determine an upper limit on the branching
ratio of the decay BR(B* — e* vx®) by a fit to the unsub-
tracted spectrum of Fig. 5.

4.2 Upper limit determination and discussion

The detection efficiency ¢ has been determined using a
Monte Carlo simulation of the decay searched for:

Y4S)»BB, B,—evr®; B,—anything. (12)

The missing mass spectrum for this data sample is shown
in Fig. 6, where the normalization corresponds to the
number of events expected in our event sample for a

[ [o5)
(@) o

Events / 0.5 (GeV/c?)?
=)

-5 0 5
(Missing mass)? [(GeV/c?)?]
Fig. 6. The squared missing mass to the electron and the z° for

Monte Carlo data. The Gaussian fit to this spectrum yields the
position and width to be used in the fit to the Y{4S) events

branching ratio of BR(B* — e* vn®) =3%. The detection
efficiency is calculated from a Gaussian fit to this spec-
trum, see Fig. 6. We obtain £=(3.9+-0.5)%, where statis-
tical and a systematic error of +7% (5% each from
g, and ¢,0, see Sect. 3.4) have been added in quadrature.

To determine the upper limit we fit the unsubtracted
spectrum of Fig. 5 with a Gaussian signal of position
and width derived from the Monte Carlo and a linear
function to account for background. A series of maxi-
mum likelihood fits to the unbinned spectrum is per-
formed with the signal amplitude fixed for each fit. This
yields the likelihood as a function of the signal strength.
Integrating the likelihood from 0 to 90% of its area
yields 5.4 events at the 90% confidence level.

To obtain the upper limit for the branching ratio
BR(B* - e* vn®%) = N/(wNp ) we must include the exper-
imental errors. We convolute the above likelihood func-
tion with a Gaussian centered at wNg¢ and with a width
obtained by adding in quadrature the errors ay,=2%
and 6,=13%. We obtain a 90% confidence level upper
limit of

BR(B* - e*vn%<0.22%.

For decays of neutral B mesons the ARGUS group [26]
has obtained BR(B®— [~ vn*)<0.09%.

As discussed in the introduction, a measurement of
this channel gives a constraint on the CKM matrix ele-
ment |V,,|. Using a factorization approach, Wirbel et al.,
[4] predict a partial width I'(B*—e*vr%)=79
x 1012|V,,|2s~ L. With BR(B* s e*vn®)=r(B*
—e*vn®) x 15z and the world average value for the B
meson life time [21], t5=(1.31%3:1%) x 107 1% s we obtain
the following limit on the CKM matrix element:

| Vsl <0.015. (13)

This result is comparable with limits obtained from other
exclusive searches for semileptonic b—u transitions
[26,27]. For example, ARGUS’ limit on the decay
BR(B® -1~ vrt) yields together with the model by Wir-
bel et al. a limit | V,;| <0.009. In addition we can deduce
a limit on the ratio |V,,|/|V.;| with our measurement of



[V,,| =0.05540.005 from an analysis of the inclusive elec-
tron spectrum [2] using the same model of Wirbel et al.
We obtain:

|Vsl/| Vsl <027 at the 90% CL.

This value is consistent with |V,,|/|V.,|~0.10 deduced
from the recently reported signals [10, 11] in inclusive
semileptonic b — u transitions.

As the value of |V,;] is now known [10, 11] one can
turn the argument around and deduce an upper limit
on the hadronic matrix element (usually given by I', de-
fined by Lyeim =1 x |V,p|* x 10711 GeV). We find

<53

which has to be compared with model calculations of
['=0.53 by [4] and a range of 0.0110 to 0.239 as com-
piled and evaluated by [28]. So the experimental data
samples have to be enlarged considerably to be able to
measure the important decay channel B* — n°e*y. One
has to be aware that the result for I is not an indepen-
dent measurement as for the evaluation of |V,,| from
the measurement of the inclusive electron spectrum the
same theoretical models have to be used, see [28].

5 Conclusions

The Crystal Ball group has analyzed exclusive B decay
channels containing electrons and #° mesons. In particu-
lar the decay B—evD* —evn®D has been observed for
a mixture of B* and B° mesons with a branching ratio
(using the model of Grinstein et al.) of (7.0+ 1.8 +1.4)%.
Together with measurements of the branching ratio
BR(B® > [*vD**) we obtain a first measurement of the
semileptonic decay of charged B* mesons using the neu-
tral pion decay of D*° mesons: BR(B* —e*vD*?)
=(8.04+3.4)%.

A search for exclusive charmless B decays has been
made by investigating the missing mass spectrum of the
en® system in the decay B* — e v7°. We obtain an 90%
confidence level upper limit of 0.22% on the branching
ratio. This results in a 90% CL upper limit |V,,]<0.015
using the hadronic matrix element predictions of Wirbel
et al. Combined with our analysis of the inclusive elec-
tron spectrum, we obtain an upper limit of 0.27 for
[ Vas)/| Vepl. Turning the argument around and using the
recent value for | V,,| we get an upper limit to the square
of the hadronic matrix element of ' <5.3.
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