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We report on a high-statistics bubble-chamber experiment using the Fermilab 15-ft bubble
chamber filled with a heavy neon/hydrogen mixture exposed to a wide-band neutrino beam. In a
sample of 106000 v& interactions 249 events with a positron (P + & 0.3 GeV/c) and a negative muone+
were observed. After corrections, the rate for opposite-sign dilepton production for v„charged-
current events is (0.52+0.09)%. The E„dependence of this rate from threshold to =200 CseV is

presented. The kinematic distributions and strange-particle content of the dilepton events are con-
sistent with those expected from charm-particle production in neutrino interactions. A total of 58
neutral strange particles (A~pm, Es—+m+m ) are observed in these events, where less than 16 are
expected from conventional charged-current interactions. The presence of a significant excess of A s
is evidence for substantial charmed-baryon production.

I. INTRODUCTION

The observation of opposite-sign dilepton events in neu-
trino interactions was first reported' in 1975. Since then
other counter experiments and a number of bubble-
chamber experiments ' have reported similar events.
The present data are consistent with the semileptonic de-
cay of charmed particles produced in accordance with the
Glashow-Iliopoulos-Maiani (GIM) mechanism. Howev-
er, little detailed info'rmation is actually available on
charm production in neutrino interaction. This is in part
due to the high-momentum cuts on the leptons and the
lack of specific final-state information in counter experi-
ments. Bubble-chamber experiments suffer from lack of
statistics but have detailed final-state information.

We report here on the results of a relatively-high-
statistics bubble-chamber experiment. ' A total of 249
opposite-sign dileptons (p e+ ) were obtained in the
analysis of 132000 pictures of neutrino interactions in a
heavy Ne/H2 mixture. There are essentially no momen-
tum cuts on the tracks. Consequently, the dilepton rate as
a function of energy is a measurement of the charm-
production cross section in neutrino interactions. The
strange-particle content of these events is consistent with
that expected in the GIM model. There is a clear excess
of both K 's and A's compared to the number one would
expect in normal charged-current interactions. This signi-
fj.cant A excess indicates the production of charmed
baryons. One of the dilepton events has an e+ which

clearly does not extrapolate directly back to the primary
vertex. This event is an example of a charm particle
which decays after traveling an observable distance (=1
cm) in the bubble chamber. The limits on the charm life-
time obtained from this observation are quite consistent
with more recent determinations of the lifetimes in emul-
sion experiments or e+e collisions.

In Sec. II the beam and detector are described. Details
on the scanning and selection of dilepton candidates are
discussed in Sec. III. Possible background sources of
dilepton events are evaluated in Sec. IV. A detailed
analysis of the p e+ events is presented in Sec. V. Vari-
ous parameters of these events and kinematic quantities
are discussed and the production rate is calculated. The
strange-particle content of the events is explored and
effective-mass distributions are examined for the the pres-
ence of resonances in the charm-particle decays. Finally,
the new information on charm production provided by
this experiment is summarized in Sec. VI.

II. EXPERIMENTAL PARAMETERS

The experiment was performed in the Fermilab 15-ft
bubble chamber filled with a heavy Ne/Hz mixture (64%
atomic neon by volume). The radiation length in the
liquid is 40 cm and this provides excellent electron identi-
fication. The interaction length is 125 cm. Most hadrons
will interact in the chamber while muons leave the
chamber without interacting.
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The beam used was the double-horn-focused wide-band
neutrino beam. This is the most intense neutrino beam at
Fermilab. The spectrum peaks at =30 GeV and extends
from threshold to =200 GeV. For neutrino production
the horn is set to focus positive mesons (n+, K+). Since
mesons with negative charge are defocused by the horn,
the contamination of other neutrino types in the beam is
relatively small. The calculated relative event rates for
the major neutrino types in the beam are

vpevpeve tv e 1000301 sos 1 0

A total of 132000 pictures was taken in three runs of
approximately equal length. The average number of pro-
tons per pulse on target in each of the three runs was
0.8X10', 1.5X10', 1.3&&10', a total of 1.5)&10' pro-
tons on target. The estimated number of candidate
charged-current events in the film is 106000.

III. DATA SELECTION

The film was scanned for events with an electron or
positron candidate coming from the primary vertex. A
minimum ionizing track was identified on the scan table
as an e —candidate if it spiraled or had bremsstrahlung
with a visible y~e+e conversion. The selected events
were measured and reconstructed by the program TvGp.
The events were then examined by physicists to verify the
e — identification, to determine whether the measured
charged tracks interacted or left the chamber without in-
teraction, and to search for any additional components of
the events such as V candidates, y conversions, or neu-
tron interactions which were missed on the original scan.
Only events where the e +—was identified by at least two
signatures and had a momentum greater than 300 MeV/c
were retained for further analysis.

The requirement of two signatures greatly reduces the
probability that hadron tracks will accidentally be identi-
fied as e+—tracks. On the other hand, most. genuine e—+ 's
will yield two signatures. This e — detection efficiency
was determined by examining converted photons in the
chamber. The detection efficiency above 300 MeV/c is
on average greater than 80% and for tracks above 1

GeV/c is close to unity. The 300-MeV/c cut was im-
posed to reduce the background from asymmetric Dalitz
pairs as is discussed below.

An event was identified as a v„charged-current event if
it had a negative track which left the chamber without in-
teracting. If there was more than one leaving negative
track, the fastest was identified as the muon candidate.
The calculation of the background from fake charged-
current events due to noninteracting hadrons is discussed
below. The final event sample contained 321 events with
an e+ candidate, of which 249 also had a muon candi-
date.

The scanning efficiency was determined from a rescan
of 50% of the film to be (75+5)%.

The total number of charged-current events in the film
was determined by measuring all events on approximately
2% of the frames selected uniformly throughout the film.
This normalization sample contains 2000 events. All visi-
ble neutral energy ( V,y, n) in these events was measured

and in the analysis the e — and normalization samples
were handled in a similar manner.

From an examination of the normalization frames it
was determined that (10+5)% of the events were con-
fused to the point where one could not identify an e+-

track if it were present. The major source of the con-
fusion was hadronic interactions or the presence of high-
energy electromagnetic showers (presumably from photon
conversions) very close to the vertex.

IV. BACKGROUNDS

The major background sources for p e+ events are v,
interactions where a m leaves the chamber without in-
teracting, v, Ne —+e++ . . ., and v& charged-current
events with an asymmetric Dalitz pair in which the e
track is too low in energy to be visible. Other back-
grounds such as leptonic decays of hadrons near the ver-
tex or accidental electromagnetic signatures on hadron
tracks are negligible.

The background due to fake p (m punchthrough) is
obtained from a comparison of interacting and nonin-
teracting tracks of both signs. This calculation is made
using the complete e+ event sample.

On the average, leaving tracks travel —', interaction
lengths so 75% of all hadrons should interact. However,
this number is strongly momentum dependent. The in-
teraction probability for hadrons as a function of momen-
tum is determined as the ratio of noninteracting to in-
teracting positive tracks (excluding recoil protons). The
actual ratios used were determined from a neutrino
narrow-band exposure in the identical liquid because the
statistics are better and potential problems from antineu-
trino contamination are significantly reduced. The result-
ing numbers are consistent with those determined using
the present data. From the observed number of interact-
ing negative tracks, the expected number of noninteract-
ing negative mesons of a given momentum can be calcu-
lated. The number of real muons is obtained by subtract-
ing the calculated number of leaving hadrons from the
number of observed leaving negative tracks in that
momentum region. For the sample of events containing
an e+, the calculated average background from m

punchthrough is (13+5)%. The probability, for the sam-
ple of events containing an e+, that the leaving negative
particle selected as the muon candidate is a good muon is
shown in Fig. 1(a). Within statistics this probability is in-
dependent of the event energy. This is not surprising
since the background source is v, interactions which have
a similar energy spectrum to v& interactions. The same is
not true for the charged-current-normalization data sam-
ple [Fig. 1(b)]. The predominant background source here
is low-energy neutron and neutral-current interactions.
Consequently, while the average ~ punchthrough is
(20+3)%, this is strongly dependent on the energy of the
event varying from 28% at low energies to a few percent
above 100 GeV.

The p e+ background due to asymmetric Dalitz pairs
has been experimentally determined to be (4.4+2.5)%.
Here a Dalitz pair signifies either a true Dalitz pair or an
external y~e+e conversion which on the scanning
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y's the probability that an e+e pair has a e+ satisfying
our selection criteria and does not have a visible e was
measured to be 0.3%%uo. Consequently 2.6X10 of the
charged-current sample will have an asymmetric Dalitz
pair where the e is not visible and the e+ passes the
selection criteria. This corresponds to 8 charged-current
events or 4.4%%uo of the p e+ sample.

A similar result can be obtained by a direct calculation.
If one assumes that the n momentum spectrum is the
same as in the m+ spectrum and that there are on average
2m per event, it is straightforward to calculate the expect-
ed number of asymmetric Dalitz pairs and the number of
close conversions which appear to originate at the vertex.
In this calculation it is assumed that e tracks with
momentum greater than 5 MeV/c are visible and that on
average conversions more than 0.5 cm from the vertex are
separable. The resultant spectrum is shown in Fig. 2.
The rate for asymmetric Dalitz pairs with a track of
momentum greater than 300 MeV/c is 14.7)&10 per
charged-current event in good agreement with the mea-
sured value of 12.6&& 10

The total background in the p e+ sample is (17+6)%%uo.
Since the dominant background is m punchthrough from
v, events one can directly calculate the background con-
tribution to any distribution. From the ratio of leaving to
interacting tracks one can determine the probability that a
leaving negative track of a given momentum is a genuine
muon. Each event with a muon candidate is then as-
signed an appropriate weight and the corrected kinematic
distributions are generated.

V. OPPOSITE-SIGN DILEPTONS
A. Kinematic distributions

The positron momentum and muon momentum distri-
butions for the p e+ events are shown in Figs. 3(a) and
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FIG. 1. Muon probability (probability that the leaving nega-
tive particle selected as the muon is a genuine muon) for (a)
events containing an e+; and (b) normalization events, as a
function of the corrected neutrino energy.

table appears to originate at the vertex. The observed rate
for such Dalitz pairs with an energy greater than 300
MeV/c is 4.2%. In addition, from a study of converted
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FICx. 2. Momentum spectrum for positrons from asymmetric
Dalitz pairs and close photon conversions.
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FICx. 3. Raw and corrected momentum spectra for (a) positions, (b) muons, and (c) incident neutrinos. The solid curve displays the
raw distribution and the dashed curve is the background-subtracted distribution after weighting the muon momentum by the probabil-
ity that it is genuine.

3(b), respectively. The electron momentum is obtained by
a curvature measurement except in a few events where
there is obvious early severe brernsstrahlung loss. In these
cases the converted y~e+e energies from the brems-

strahlung are included in the electron momentum.
The visible energy E„, comprises all charged and con-

verted neutral energy (m. 's, neutrons, etc.) which is judged
to be associated with the primary vertex (y —&e+e con-
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versions which do not point to the primary vertex or are
tangent to the e+ track are not included). To reduce the
effects of missing neutral particles in calculating the
kinematic variables a corrected neutrino energy (E ) was
determined using an event-by-event correction method de-
rived by Grant. The correction is based on a calculation
of the component of the observed hadron jet momentum
(Z, ) which is in the muon-neutrino plane and is perpen-
dicular to the true hadron momentum direction. It is ap-
plied on an event-by-event basis, after the determination
of a global constant which centers the average Z, at zero.
This global constant was determined separately for the
charged-current and dilepton samples. It gave an average
hadron-energy correction of (23+3)% [corresponding to a
(10+1)% correction to the measured E„] for the
charged-current events and an average hadron-energy
correction of (51+8)% [(27+5)% in E„] for the dilepton
events. This implies that, in the dilepton event sample,
the missing neutrino from the semileptonic charm decay
carries off (19+5)% of the hadron energy or (13+4)% of
the incident neutrino energy. Comparable measurements
in other experiments yield (24+9)% of the hadron ener-
gy' and (12+1)% of the incident neutrino energy. The
corrected neutrino energy distribution for the p e+
events is shown in Fig. 3(c).

The average positron momentum is much lower than
the muon momentum. After correcting for background
the ratio of their average momenta is (P& —)/(P, + )
=6+1.5. This implies that neutral-heavy-lepton decays
cannot contribute significantly to the data sample. If
the e +—comes from a charm decay then it should be asso-
ciated with the hadron vertex. This can clearly be seen in
the P distributions (Fig. 4). Here P is the angle between
the projections of any two vectors in a plane normal to the
neutrino direction. The projection of the momentum vec-
tor of the hadron system (all tracks except the'p and e+
candidates) and of the e+ track peaks backwards with
respect to the muon while the distribution for the e+ and
the hadron vector is uniform.

The conventional kinematic variables are calculable
once the muon energy (E&), the muon scattering angle
(8&), and the neutrino energy (E„)are known.

The measured distributions of the variables

Q =2E E~(1—cos8p),

x =Q /2mqv,

y =v/E„,
JF =m~ +2m&v —Q

where v=E„—E& and mz is the proton mass, are shown
in Fig. 5. Perhaps the most interesting distribution is x.
In the GIM model charged-current neutrino interactions
which do not produce charm particles occur predominant-
ly by interactions on a d quark (vd~p u. . . ) with a
strength proportional to cos 8c (where 8& is the Cabbibbo
angle) or to a much lesser extent by interactions on a sea s
quark (vss ~p us) with a strength proportional to
sin 8C(sin 8c-0.05). Consequently the x distribution is
essentially a d quark distribution. In this same model
charmed particles are produced either by interactions on a

B. Rate for p e+ production

The rate for opposite-sign dilepton production relative
to normal charged-current production is quite sensitive to
the momentum cut imposed on the second (e+) lepton
track. It is relatively insensitive to the momentum cut on
the leading (p ) lepton since this cut is applied both to
the dilepton and charged-current samples. The only cut
imposed in this experiment is the requirement that the e+
momentum be larger than 300 MeV/c. The effect of this
cut, while small, could affect the measured rate, especially
at low neutrino energy.

The rate is calculated using a restricted fiducial volume
containing 84% of the p e+ events. In determining this
rate the following corrections for efficiencies have been
used: (i) scanning efficiency (75+5)%, (ii) identification
of the e+ (85+5)%, (iii) loss due to obscured events
(10+5)%, and (iv) other miscellaneous losses such as a
good single e+ from the vertex appearing as a Dalitz pair
because it is almost tangent to a leaving track (5+5)%.

A total of 77000 charged-current candidates are within
the fiducial volume. After background subtraction this
reduces to 61 600 charged-current events or an average of
0.47 charged-current events per picture in the fiducial
volume.

The resulting dilepton rate is

vp+N~ ~p +e +
vp+X~ ~P + '

= (0.52+0.09)%%uo .

There is no discernible high-energy threshold in the
data. The effect of the 300-MeV cut on the e+ momen-

d quark (vd —+p c. . . ) with a strength proportional to
sin 8c or by interactions on a sea s quark
(vss~p cs. . . ) with a strength proportional to cos 8C.
Here the d quark contribution is suppressed by the Cabib-
bo mixing angle, and consequently one might expect a
.substantially different x distribution from that observed
in charged-current interactions where few charm particles
are produced. If one uses the d- and s-quark distributions
determined in other experiments, a fit to the measured x
distribution gives a ratio of s /( d tan 8C ) =0.76+0.29.

Since charm particles decay predominantly into strange
particles (the c~s decay is =0.95 of all decays) when
charm is produced from the d quark there will be approx-
imately one strange particle per event, whereas in charm
production from s quarks there will be approximately two
strange particles. From the experimental ratio
s/d tan 8c ——0.76+0.29 one expects 1.38+0.09 strange
particles per p e+ event arising from the charm-
production mechanism. This rate does not include
strange particles which might arise from ss pairs which
appear in the hadronization of the remaining target frag-
ments. It should be noted that in either charm-production
mechanism a c quark (not c) is produced. Compared to
noncharm events these charm events contain an extra c
quark and sometimes an extra s quark. Since the A con-
tains an s quark, excess A's must arise from the dominant
c-quark decay (c—+s) and, consequently, most likely come
from charmed-baryon decays. Both of these aspects of
strange-particle production are discussed below.
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turn will be to preferentially decrease the rate at lower en-
ergies. Figure 6 shows the ratio of opposite-sign (p l+;
1=e,p, ) events to normal charged-current events as a
function of the incident neutrino energy for this experi-

ment and for other experiments in which the momentum
cut applied to the second lepton is 300 MeV/c (Refs. 8
and 16) or for which the effect of the momentum cut has
been corrected using a Monte Carlo simulation assuming
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charmed-D-meson production. ' Counter experiments
in general require both leptons (p p+) to have momenta
greater than 4 GeV/c. If the same lepton momenta cuts
are applied to this experiment, then the overall dilepton
rate drops to (0.16+0.03)%. The rate as a function of
neutrino energy is shown in Fig. 7. As expected the effect
of the momentum cuts is to sharply reduce the production
rate at low energy. The equivalent distributions as mea-
sured in other high statistics experiments are also shown
in Fig. 7. The agreement is quite good.
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FIG. 6. Ratio of opposite-sign dilepton events per charged-
current event as a function of the incident neutrino energy.

C. Strange-particle content

The p e+ sample has been examined very carefully for
possible associated V 's (i.e., neutral-strange-particle de-
cays Kz~m+m. , A~pm, A~pm+). Kinematic fits to

the primary vertex were attempted for all vee candidates.
As a result of this fitting 58 V 's were obtained: 6 events
have 2 V 's and 46 have a single V . Of the 58 V 's, 34
fit to a single mass hypothesis; 25 are Ks~m+m, 8 are
A —+pm, and 1 is A —+pm+. The remaining 24 have am-
biguous fits; 18 to A and Kz and 6 to A and Kz. It is'
possible to resolve the kinematically ambiguous solutions
in a number of essentially equivalent ways. For example,
if one assumes there are no genuine A produced, then the
6 ambiguous Ks/A imply that 6 of the 18 Ks/A ambigu-
ous fits are Kq. More precisely, if the overlap between the
Ks and A fits is the same as that between the Ks and A
fits, then it is possible to resolve the ambiguities using the
observed unique fits. The ambiguous Ks/A fits are
resolved into 4.3 K~ and 13.7 A; the ambiguous Kz/A are
resolved into 4.3 K& and 1.7 A. One can also consider the
distribution of ln(P+/P ) where P+ (P ) is the momen-
tum of the positive (negative) track of the V (Fig. 8).
For true E —+a+~ decays this distribution should beS

~ 0symmetric. Therefore 7 of the ambiguous Ks/A events
are true Kq's. Alternatively one can look at the angle
(cos*8) between the positive track and the Ks direction in
the Kz rest system. If there were no ambiguities this dis-
tribution would be flat. Using the (=5000) strange-
particle decays in this experiment produced in normal
charged-current interactions an event-by-event Ks/A am-
biguity resolution (based on the relative Kz and A fit
probability) was determined so that the resulting cos8
distribution for the selected Ks was flat. If these
kinematic-fit criteria are applied to the ambiguous V s in
the p e+ sample 6 are selected as K~ decays and the
remaining 12 are A s. In the strange-particle distributions
discussed below the ambiguous events are resolved event
by event using the relative-fit probabilities. After resolv-
ing ambiguities in the fits there are 37 Kz~m m, 20
A —+pm, and 1 A~pm+.

The observation of 58 V 's in 249 p e+ events is to be
contrasted with the strange-particle content in charged-
current events. If the same criteria as are used for the
p e+ events are applied, the rate for strange particles in
charged-current events is 0.066 visible strange particles
per event. Consequently, in 249 p e+ events one would
expect only 16 V 's but the p e+ sample has 58 V 's.
After resolving V fit ambiguities in the charged-current
data one would expect in 249 events to observe 9
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Kz~~+m, 7 A~pm, and 1 A~p~+ decays from as-
sociated strange-particle production. The excess V 's in
the p e+ events then are 28 X~, 13 A, and 0 A. This ex-
cess of strange particles is a clear indication of charm pro-
duction. It is difficult to precisely determine the number
of strange particles per event due to charm production in
the p e+ data sample. The observed strange particles in
normal charged-current events arise both from associated
strange-particle production (ss production) and from
charm production (d —+c~s) (ss~sc~ss). If one as-
sumes the average semileptonic decay for charm particles
is = 10% then the total charm cross section at these ener-
gies is =5% of the total charged-current cross section.
The visible strange content in charged-current events due
to nonleptonic charm decays would then be approximately
0.012 or 18%%uo of the observed 0.066 strange particles per
charged-current event. A lower limit on the number of
strange particles per p e+ event due to charm production
can be obtained by using the excess of 28 Kz and 13 A
calculated above. Correcting for the neutral decay modes
of the Ks and A and their detection efficiencies one finds
that the excess number of E 's produced is 101+25 and
the excess number of A's is 23+9. In other words, the ex-
cess number of neutral strange particles per p e+ event is
(0.6+0.15). If the expected number of charged strange
particles in the p e+ events is equal to the measured
number of neutral strange particles (i.e., no. of IC = no.
of K, etc.) the strange-particle excess in the sample is
=1.2. If one takes 0.054 (not 0.066) for the visible
strange-particle rate per charged-current event and repeats
the same calculation, a value of 1.3 strange particles per
p e+ event is obtained. These estimates are clearly con-
sistent with the charmed-model prediction from the x dis-
tribution that there should be 1.38+0.09 strange particles
per event.

Some features of the strange-particle content should be
noted. The strange-particle content is not strongly depen-
dent on the energy of the dilepton event (Fig. 9). The
number of observed A's is 20, whereas at most 7 are ex-
pected from associated production. Since A's can only
arise in the charm mechanism from c-quark decay this
significant excess of A's can only arise from the produc-
tion of charmed baryons in the neutrino interactions.
Second, the ratio of A to IC in the p e+ events is 0.23.
This suggests that in the energy region of this experiment
charmed-baryon production is significant. However it is
not possible at this time to determine the charmed-
baryon-to-charmed-meson production ratio since the
relevant branching ratios, such as 8(A, ~If. . . ), are not
well established.

D. Effective-mass distributions

Since it is clear that most of the V in the p e+ events
are associated with charm production, it is interesting to
examine effective-mass distributions for possible strange-
particle resonances in the charm decays.

The Ae+ effective-mass distribution is shown in Fig.
10. As expected, most A are consistent with being from
charm decays [m(Ae+) &m(A,+)]. It is interesting to
note that almost all the events with P + &4 GeV/c have
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inantly the result of the semileptonic decay of produced
charm particles. However the details of charm produc-
tion are still unclear. High-statistics counter experiments
yield good information on the relative contribution of
sea-quark and valence-quark interactions to the rate. The
major contribution of the present experiment lies in its
ability to study the details of the final state and in the
measurement of the excitation curve with minimal cuts on
the lepton momenta. The rate of strange-particle produc-
tion is quite consistent with that expected from charm
production with the admixture of sea-quark and valence-
quark production determined from the x distribution.
The significant excess of strange baryons (A) established
that charm baryons are being produced. In addition from
the A/Ks ratio of =0.23 it is clear that charmed-baryon
production is significant at these energies. However with
present data it is difficult to understand completely all the
details of charm production by neutrinos.

A final data-taking run on this experiment is now being
analyzed. This will more than double the present statis-
tics. The new data was taken using the external muon
identifier (EMI) with the 15-ft bubble chamber and this
will greatly reduce the hadron-punchthrough background,
which is a serious problem in the present analysis. Since
the event rate per picture was lower on average in this last
run it will afford a good test for possible scanning or
analysis biases in the original film. It is expected that this
new data will contribute significantly to our understand-
ing of the final states in opposite-sign dilepton events.
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