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Abstract:

Charm data from 360 GeV/c #—p and 400 GeV/c pp interactions are used to give results on

D-meson branching ratios. The analysis is based on 438 charm events containing 608 spatially
resolved charm particle decays.
We present topological branching ratios, as well as the following inclusive branching ratios of

D-mesons into kaona:
B(D* — K¥ + anything) = 0.17+ 0.07,

B(D* — K*+ anything) =0.08330%,
B(D° — K4 mything) = 0.42+ 0.08,
B(D° — Kt + anything) = 0.031“3;82,
and the following semielectronic branching ratios of D-mesons:
B(D* — e* + anything) = 0.20+9:92,

B(D° — e* + anything) = 0.15 3 0.05.



In this paper we report measurements of branching ratios for charm D mesons produced by
x——proton interactions at 360 GeV/c and proton-proton interactions at 400 GeV/c.. Thesedata
come from experiment NA27 at the CERN SPS using the European Hybrid Spectrometer (EHS).
Preliminary results on branching ratios of D mesons, based on 30% of the total statistics have
already been published [1]. The results reported in this paper are final results based on the full
sample of charm data obtained by the experiment. The experimental set~up has been described in
detail elsewhere [2,3,4]. Briefly, it involves a large angle multiparticle spectrometer downstream of
the rapid cycling LExan Bubble Chamber (LEBC) with high resolution optics [3]. The spectrometer
includes the charged particle identifier ISIS [4] as well as lead-glass walls for electron and photon
detection. For the proton run of the experiment it also included the Forward Cerenkov detector (3]

for charged particle identification at high momenta.

The isolation of 114 events containing 183 observed charm decays from 265,000 » ~—proton
interactions seen in the bubble chamber and 324 events containing 425 observed charm decays from
1,015,000 proton—-proton interactions seen in the bubble chamber has been described in detail else-
where (see references [2] and [3] respectively). The selection procedure uses, for neutral decays with
two charged tracks and charged decays with one charged decay product, a transverse momentum
cut (p: > 250 MeV/c) to remove strange particle background. These two samples of decays are

described as the ‘full charm samples’ for the pion and proton runs respectively.

The topological branching ratios.

We first consider the topological branching ratios of neutral D mesons based on a specific
subsample of the ‘full charm sample’ for the proton run. An unbiased sample of 2, 4 and 6 prong
decays (V2, V4 and V6) is defined as all those clear (t) decays paired to a ‘trigger’ decay (a
decay displaying explicit characteristics of charm; high multiplicity or high p, decay products).
Neutral decays in our sample were further required to be contained within a cylinder of 200um
radius centred on the interacting beam track. All decays passing these cuts were assumed to be
D® decays. Our sample contained 90 2-prong and 21 4-prong decays; no 6—prong decay passes
our cuts. A similar analysis using the data in the ‘full charm sample’ for the pion run {1] yielded
& sample containing 49 2-prong decays, 12 4-prong decays and no 6~prong decays. Combining

these two samples and using the fraction of neutral decays extracted [5] from SPEAR results [6],

(1) The description ‘clear’ here refers to vertices not obscured (within Tum) by a track from the

primary interaction.



B(D® — 0 charged) = 0.14 & 0.04, we obtain:
l‘ B{D®° — 2 charged) = 0.69 + 0.04,
B(D® — 4 charged) = 0.17 + 0.03,
B(D®° —+ 6 charged) < 0.01 at 90% C.L.

In order to obtain the topological branching ratios of charged D mesons we defined an unbiassed
sample of 1-prong, 3—prong and 5-prong decays (C1,C3 and C5 respectively) as all those clear
decays, in the ‘full charm sample’ for the proton run, paired to a ‘trigger’ decay displaying the
explicit characteristics of charm. The decays in our sample were further required to be contained
within a cylinder of 600um radius centred on the interacting beam track. Further cuts, based on the
maximum impact parameter of the charged prongs from a decay (see figure 1), were applied to our
sample. These cuts were designed to remove background from a short lived component (A, baryons
and F mesons) and to correct for the low detection efficiency of one-pronged decays with low impact
parameters. Decays with a maximum impact parameter greater than a certain value where assumed
to be D* decays. Table 1 shows the number of decays in the different topologies passing our cuts,
for different values of the maximum impact parameter cut. We now consider a) how to correct for
the bias introduced in the sample.of D decays by this cut and b) the effectiveness of the cut in
removing short lived A, baryons. The distribution of maximum impact parameters in each topology
was simulated by Monte-Carlo using the experimentally determined zy and p: distributions of D
mesons in the proton run [7], a lifetime of r = 10.7 x 10~13s [8] and branching ratios extracted from
reference [9]. The results of the Monte—Carlo simulation were used to determine the acceptances
of the different values of the maximum impact parameter cut for each topology. These acceptances
which varied by +15% with topology for a given cut were then used to correct the numbers of decays
passing our cut in each topology and these corrected numbers of decays were then used to obtain
the topological branching ratios of charged D mesons. Table 2 shows the different values calculated
for the branching ratio; B(D* — 1 charged) and for the ratio of 5—prong decays to 3-prong decays
for different maximum impact parameter cuts. The distribution of maximum impact parameters for
A} decay in the C3 topology was simulated by Monte-Carlo assuming: A} production according
to (1 —zp)* and e~1-29!, 4 lifetime of r = 1 x 10-1% and using branching ratios extracted from
reference {9]. Our Monte—Carlo simulation shows that 79% of charged D meson decays compared
to only 12% of A, decays pass a 1004m maximurn impact parameter cut in the C3 topology. These
acceptances are 56% and 3% respectively in the C1 topology. Furthermore, with such impact -

parameters the detection efficiency is high for all topologies. We therefore required the maximum



impact parameter to be greater than 100um in our data sample. A previous calculation (1] based
on the data in the ‘full charm sample’ for the pion run yielded (1):

B(D* = C5)

_— = 0.05
B(DE—~c3) %

In order to obtain final results for the topological branching ratios of charged D mesons we combined
this result with the results shown in table 2 for a 100um impact parameter cut. Our calculation
gives:
B{D* — 1 charged) = 0.44 + 0.09
B(D* — 3 charged) = 0.53+0.09
B(D?* — 5 charged) = 0.03 + 0.01
Where the errors quoted are statistical only. There is a further, systematic error due to uncer-
tainty in the maximum impact parameter distributions predicted by our Monte—Carlo simulation.
This is mainiy due to the uncertainty in the D¥ lifetime. We estimated these systematic errors to

be negli gible relative to our statistical errors. These results are now independent of the results of

any other experiments.

The inclusive branching ratios.

To measure inclusive branching ratios to charged kaons and semilectronic channels we have
defined a charm sample with additional conservative selection criteria. This, the ‘fully reconstructed
charm sample’, is defined as all those decays in the ‘full charm samples’ for the pion and proton
runs excluding:

— all those decays whose vertices are obscured by a track from the primary interaction (this
cut excludes all unclear topologies and all cases of a charged decay which is also compatible
with a neutral decay superimposed on a primary track);

— all decays with multiplicity 3 or less for which any decay track is not reconstructed in the

spectrormeter,;

~ all decays with multiplicity 4 or more for which more than one decay track is not recon-
structed in the spectrometer;

— all decays with multiplicity less than 3 which were not paired to another decay displaying
the explicit characteristics of charm (high multiplicity or high p, decay products).

(f) Note that single prong, charged decays were ignored in this analysis since the systematic
detection problems in the C1 topology were not well understood.



All tracks originating from decay vertices satisfying these cuts and possessing reliable (1) ISIS
ionization informat;ion were included in our track sample. This contained a total (pion and proton
runs combined) of 534 tracks from 35 1-prong, 91 2-prong, 87 3-prong, 51 4-prong, 8 5-prong and
1 6-prong decays.

Figure 2 shows the dE/dz signals for the tracks in our sample as a function of momentum.
Typical error bars are also shown for three of the tracks. The measurements are seen to cluster
around the expected curves for e,x,k and p masses. In particular a number of clearly separated
electrons are seen. In many cases the x? probabilities for different mass assignments to the decay
tracks permit unique identification at the 1% level. Nevertheless, we have used a maximum likeli-
hood analysis to achieve bias free estimates with the smallest errors, of the proportions of different
masses in the decay prong sample. The likelihood function, L, of the number, n,, of particles of

each mass, q, is given by [10,11]:
_ 1 _O.SK(EBJ:_‘.H'.)S _
InL(ng) = Ej [In. [’ X E,, nge i E,, Na

Where Z,; is the logarithm of the measured ionization for the j** track, Z,; is the logarithm of
the expected ionization of this track if it were an electron, pion, etc...and o, is the resolution
of the logarithm of the ionization. The latter is given by o; = 8/ \/J\_r,-, where s is a resolution
parameter and N is the number of ionization measurements in ISIS [4]. The value of the resolution
parameter, s, was determined for the pion and proton data separately by plotting the maximum
value of InL(n,) against s for 937 tracks with reliable ISIS ionization information from the events
in the ‘full charm sample’ for the pion run and 2245 tracks with reliable ISIS ionization information
from the events in the ‘full charm sample’ for the proton run. Fér the pion data, the result was
& = 0.57 & 0.02, consistent with the known value of 0.56, previously obtained from an analysis of
strange particle decays [4]. The result was &8 = 0.62 £ 0.02 for the proton run data. The search for
the maximum likelihood solution was found to converge rather rapidly. For non-zero values of n,,
one standard deviation errors were taken from the values at which InL dropped by 0.5 from its peak

value (maximizing with respect to other n). In appropriate cases the 90% confidence level upper

() We excluded from our sample those tracks falling in the ‘beam region’ of ISIS [4] where there is
a pronounced localised loss of gas amplification due to local space charge. Unresolved double tracks
giving ionization values in the range I/I, = 2.0 to 3.2 were also excluded from our sample. We
further required the distribution of pulse heights along each track to be consistent with uniformity
at the 4 8.d. level which removes residual cases of partially overlapping tracks.



or lower limits were also calculated from a normalised plot of the likelihood function against n,.
These errors describe the combined effect of uncertainties in particle identification and statistical

fluctuations in the sample {11].

There is no significant evidence for muons in the ‘full charm samples’ for the pion and proton
runs. The likelihood method prefers 37 muons (compared with 561 1° electrons in the same sample)
but, because the muons and pions are barely separated, the 90% confidence level upper limit is more
than 120 muons. Removal of the muon hypotheses does not make any difference to the numbers of
electrons, protons and kaons or their errors as given by the maximum likelihood. Therefore in the

following we ignore muons.

The number of protons, kaons and electrons in the neutral and charged decay topologies are
shown in table 3. There is no evidence in our data for a neutral charm baryon. The figures
given in brackets in table 3 correspond to 90% confidence level upper limits. We estimate a 90%
confidence level upper limit of 0.2ub for the production cross-section of such a state with Feynman-
z greater than zero decaying inclusively to a proton (assuming a lifetime greater than 2 x 10-135).
The figure for the proton content of the charged decay track sample shows evidence for positively
charged charm baryons decaying inclusively to protons (or charge conjugates). In order to remove
this charm baryon background from our sample we used a 100pum maximum impact parameter
cut for our charged decays (as described in our topological branching ratio analysis). Table 4
shows the numbers of protons, kaons and electrons in the different decay topologies as given by
the maximum likelihood analysis after the maximum impact parameter cut was applied. Using our
Monte—Carlo simulated distribution of maximum impact parameters for A} decays we estimate
that a background of 1.6} 1 charm baryon decays remain in our sample of 89 charged D meson
decays (assuming inclusive branching ratios to protons of order 0.4).

To transform the numbers of table 4 into inclusive branching ratios for the decays D+ —
K¥+ X, D* - K*+ X and D° — K* 4 X we correct for the small bias due to the geometrical
acceptance of ISIS. This was estimated by Monte—Carlo simulation using the observed z 5 and p,
dependences for D mesons [2,7). There is a further systematic effect which can give rise to a small
bias in the figures of table 4; of the tracks within the acceptance of the ISIS fiducial volume the
hlgh momentum ones are more likely to lose their dE/dz measurements because of track overlap
or the limited storage capacity of ISIS for dE/dz measurements. Such high momentum tracks are
enriched in kaons and protons. This systematic effect was more significant in the proton run of

the experiment; for which the charged particle flux in the ISIS fiducial volume was higher. This



from 11 V4 decays and 35 V2 decays. An analysis analogous to the one previously described yielded
a result of B(D°® — K#* + X) = 0.4113:1}; which is clearly compatible with the value reported

above. The result cbtained for the inclusive branching ratio for the decay D° -+ K+ + X was:
B(D° — K+ + X) =0.03%3:33
To be compared with a previous world average of 0.08 £+ 0.03 [9].

The semielectronic branching ratios

The electron content for each topology is shown in table 4. Using our Monte—Carlo simulation
of the acceptance bias of ISIS we find that the number of electrons observed is expected to be
underestimated by 5% in the C1 topology, 4% in the C3 and C5 topologies and 6% in the V2 and
V4 topologies. These ‘acceptances’ biasses already combine the effect of the limited geometrical
acceptance of ISIS and the effect of the loss of ionization meé.surements through track overlap or
limited storage capacity. There is an underestimate of 4% in all topologies due to the difference
between the interaction length (1%) and the radiation length (5%) between the bubble chamber
and the centre of ISIS. In the C1 topology there is a further 1% overestimate due to the fact that
decays with light charged particles in the final state are more likely to pass our maximum impact

parameter cut. This effect was estimated to be negligible (< 0.5%) in the C3 and C5 topologies.

The figures for the electron content in table 4 were corrected for these small (relative to our

statistical errors) biasses and combining with the topological branching ratios we obtain:
B(D* — ¢* + X) = 0.2013.99,
B(D° — e* + X) = 0.15 £ 0.05.

While our result for the semielectronic branching ratio of charged D mesons is clearly compatible
with the result reported by Baltrusaitis et al. [12], B(D#* — e* 4 X) = 0.170+ 0.019 % 0,007, our
result for neutral D mesons is incompatible with the result reported by them, B(D°® — e + X) =
0.075£0.011 £ 0.004. Their value would lead us to expect 9 electrons in our sample of tracks from
neutral D meson decays. We have observed more than 13; a result with a probability less than 8%,
calculated on Poisson statistics.

We consider our total data sample more closely. The likelihood function for the number of
electrons in the V2 decay prong sample is shown in figure 3. Including the event in V4 with
an electron identified by the lead-glass detectors 1], the 90% confidence level lower limit for the

semielectronic branching ratio of neutral D mesons is 0.10, corresponding to the observation of 8.7
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effect was simulated in our Monte—Carlo by using observed distributions of the number of dE/dz
measurements per ﬁa.ck. From this Monte—Carlo simulation we estimate that the number of kaons
observed is too great by 9% in the V2 and V4 topologies and 10%, 10% and 11% in the C1,C3 and
C5 topologies respectively. There is a further correction in the charged decay topologies due to a
small decay mode dependence of the proportion of D meson decays passing our maximum impact
parameter cut. The magnitude of this correction was calculated using the Monte—Carlo simulated
maximum impact parameter distributions. We estimate this bias to be negligible (i.e. < 0.5%)
in the C3 and C5 topologies but in the C1 topology this leads to an underestimate of 7% in the
number of kaons.
Applying these corrections to the numbers in table 4 we find the following ratios:
D* — K¥in C3/all C3 =0.331313,

D° — K# in V2/all V2 = 0.47+0:10

D°— K% in V4/all V4 =0.58 £ 0.18,
D% — K# in C1/all C1 =0.19+313,
D* — K% in C3/all C3 < 0.08 at 90% C.L.,
and combining with the topological branching ratios given earlier:
B(D* - K¥ + X) = 0.17+0.07,
B(D° — K* + X) = 0.42+ 0.08,
B(D* - K* + X) = 0.0813:3¢.
We note that the D+ results refer to decay kaons of specified charge whereas the D° result refers to

K% regardless of charge. These results compare with previous world averages of 0.16+0.04, 0.52+
0.10 and 0.060 £ 0.033 respectively [9].

In order to obtain separate inclusive branching ratios for the decays D° — K+ + X and
D® — K= 4+ X we selected a sample of neutral decays of known charm. Qur sample was defined as
all those clear, neutral decays in the ‘full charm samples’ displaying the explicit characteristics of
charm (high multiplicity or high p, decay products) and paired to another charm decay candidate
in the same event. We restricted our analysis to those neutral decays whose charm signature was
known either because they were paired to a clear, charged charm decay candidate of unambiguous
charge or because they were paired to a charm decay candidate with an electron identified in the

spectrometer (). Our sample contained a total of 75 tracks with reliable ISIS ionization information

(1) Identified by the lead-glass detectors or uniquely identified at the 1% level from the ISIS

lonization measurement,
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decay of a charm particle if one of the tracks of the electron—positron pair is not identified in the
spectrometer. We“expect a background of 1.6 Dalitz conversions in our neutral D meson sample,
mainly in the high multiplicity topologies (s.c. V4 and V6). In fact two V4 decays and one V6 decay
have been identified as Dalitz events and removed from our sample. The remaining semileptonic Y4
contains an electron identified by the lead—glass detectors [1] and is not compatible with a Dalitz
event. It is therefore treated as a signal. In the charged D meson decay sample, the background
expected from asymmetric Dalitz pairs is less than 0.9 events. Furthermore, this background is

charge symmetric and there is no evidence in the figures in table 4 for ‘wrong sign’ electrons of the
type D —» eF+ X.
The semielectronic branching ratios we have obtained may be combined with previous NA27
results on D meson lifetimes (8],
r(D¥) =11.21]1 1071%,
r(D°) = 4.613% 107'%,
to give results on partial widths:
I'(D* — e* inclusive) = 1813 101% !,
I'(D° — e® inclusive) = 33*11 101%~1,
Since there are no simple, first order diagrams which are different for D° and D* semileptonic

decay, we expect I'(D° — e inclusive) to be equal to I(D* — e* inclusive).

In conclusion, we have reported results on D°/D° and D* topological branching ratios and
inclusive charged kaon and semielectronic branching ratios. The results are based on modest

statistics but have negligible systematic errors.
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electrons in the V2 track sample. That the electron content of our neutral decay prong sample
is not reliant on the likelihood analysis used was shown in our previous paper [1]. Monte~Carlo
simulation has shown that out of 12.7 electrons in our V2 track sample, 4.0 are expected to reach
the geometrical acceptance of the gamma detectors. In fact our V2 track sample contains 3 tracks

which are labelled as electrons by the gamma detectors.

There was no evidence in our sample of neutral decays of known charm signature for ‘wrong
sign’ electrons of the type D° — e~ + X; the 90% confidence level upper limit for the branching
ratio was B(D® — e~ + X} < 0.09.

We have carried out checks on the particle identification. First, the ISIS signals of 273 tracks
labelled as hadrons and 15 tracks labelled as electrons by the gamma detectors were analysed
separately using the maximum likelihood method. These were all the tracks identified by the
gamma detectors, which originated from decays contained in the events of the ‘full charm samples’
and which possessed reliable ISIS jonization information. The results of the likelihood analyses are
shown in table 5. The most likely number of electrons in our sample of gamma detector hadrons
was zero; also there was no significant evidence for any hadrons in our sample of gamma detectors
electrons. Secondly, the particle composition of four samples of tracks vetoed as electrons, pions,
kaons or protons by the Forward Cerenkov detector, was determined using the maximum likelihood
technique on ISIS ionization information. These samples were extracted from all the tracks in the
events of the ‘full charm sample’ for the proton run with particle identification by the Forward
Cerenkov detector and reliable ISIS ionization information. The results of the likelihood fits are
shown in table 6. We conclude that there is strong evidence that neither ISIS nor the analysis

procedure has misidentified hadrons as electrons.

Finally, we consider the background when tracks are genuine electrons. Any
electron—positron pair from y-conversion in the charm box could be misinterpreted as semilep-
tonic through wrong reconstruction in the spectrometer. In general such a candidate would appear
as an unpaired V2 semileptonic decay. A maximum likelihood fit to the prongs of all V2 decays
which survived our selection procedure but did not have a charm pair yields a 90% confidence
level upper limit of 9.5 semileptonic decays. The probability of a background event in paired V2 is
therefore less than 0.35%. The same argument applies to the background from genuine semileptonic
decay of strange particles. A similar calculation for the sample of C1 decay prongs yields an upper

limit for the probability of having a strange semileptonic C1 in the paired decay sample of 0.30%.

Another possible source of background are Dalitz conversions of neutral pions produced in the
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Table 1
Number of decays with maximum impact parameter
Topology greater than
7 80 100 120
Cl 51 35 82 2%
c3 68 61 56 53
Cs 3 3 3 3
Table 3
Maximum impact parameter greater than (um)
\
7 80 100 120
B.R.(D% —C1) 0.43 % 0.07 0.43£0.08 0.44+0.09 0.44 £0.09
B.R.(D% — C8)
BR(D* —Cs) 0.043 + 0.027 0.045 + 0.027 0.049 £+ 0.02¢9 0.051 £ 0.030
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Table 3.

We label the decays Cn and Vn; these stand for decays of charged and neutral particles
with n charged decay products respectively. For decays of charged particles the ‘likesign’
sample contains the decay tracks with the same charge as the parent particle and the
‘unlikesign’ sample the decay traks with charge of opposite sign to that of the parent
particle. The figures shown in brackets correspond to 90% confidence levels and blank
entries (-) imply that the value prefered by the likelihood function is sero.

Topology Nuraber Fraction Most likely number of:
of of decay tracks with
vertices vertices ionization protons kaons electzons
information
V2 84 (< 10.1)
V4 51 278/378 - 57.5%%% 14.1%%1
veé 1 7
Likesign
C1 36 178/234 58131 7.5+%% 19.3%53
C3 87
Cs 8 Unlikesign (< 74) (< 2.8)
60/103 1.9(1) 192454 -

(t) The likelihood function prefers this result rather than sero with a likelihood ratio of
12 to 1.
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Table 4
Topology Number Fraction Most likaly sumber of:
of of decay tracks with
vertices vertices ionization protons kaons electrons
information
(<5.3)
C1 23 23/23 - 44123 5.8%31
(<B5.9)
v2 84 134/168 - sl 12,1443
Likesign (< 3.0) (<s.7)
85/120 - - 49734
Cs 60
Unlikesign (<3.3) {<2.7)
34/60 - 12.3*43 -
(< 8.9) (<49)
Vi 51 140/204 - 22.3%%2 1.0 (3)
Likesign (< 2.1) (< 2.6) (<2.7)
18/21 - - -
Cs 7
Unlikesiga (< 4.0) (< 3.4) (< 3.1)
6/14 1.0 () - -
(< 2.5) (< ¢.4) {<1.9)
Ve 1 4 - - -

{t) There is one electron identified by the Jead-glass detectors and supported but not required by
jonisation {1). This bas been inserted by hand.

(3) The likelibood function prefers this result rather than serc with a likelihood ratio of 1.9 to 1.
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Table &
ISIS-Gamma Detector comparison

Gamma Number Most likely (ISIS info.} number of:
detector of
information tracks Electrons Pions Kaons Protons
Hadrons 213 .| oo 2288 | 408 .6
Electrons 15 1.3 ol 00 | 00
Table 8
ISIS-Forward Cerenkov comparison
Forward Number Most likely (ISIS info.) number of:
Cerenkov of
vetoed tracks Electrons Pions Kaons Protons
Electrons 20 0.2 7.7 | 211 0.0
Pions 17 0.0 0.0 17.0 0.0
Kaons 83 0.0 82.9 2.1 0.0
Protons 101 0.0 0.8 1.2 0.0
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Figure captions

Flgure 1
The impact parameter y, defined in the flm plane projection with unit magnifica-
tion to the chamber. The impact parameter shown corresponds to track 3. In the decay
ilustrated it is track 1 which has the largest impact parameter and it is to this which

wa refer to as the maximum impact parameter of the decay.

Figure 3
ISIS dE/dz signals as & function of momentum for the charm decay tracks from the
‘fully reconstructed charm sample’ discussed in the text. The curves show the expected
bebaviour for electrons, pions, kaons and protons. Typical errors are shown. Circles
are the dE/dz signals of the only tracks found to be sssociated with electromagnetic
showers of the correct energy (to within 20%) in the lead-glass detectors.

Figare 3

Likelihood function versus the number of electrons in the V2 sample for the pion
and proton runs combined. The shaded ares represents the region excluded at the 90%
confidence level. The corresponding values of the semielectronic branching ratio are also

shown.
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