
t:-6~~ ... ; I' 
'i_	 UH-511-429-81 

February 1981 

DILEPTON PRODUCTION BY NEUTRINOS IN THE 

FERMILAB IS-FOOT BUBBLE CHAMBER "lfCTOI'S OfFICE 

JUL 13198J 
H.C. Ballagh, H.R. Bingham, T. Ltwry, 

G.R. Lynch, J. Lys, J. Orthel, 
M.D. Sokoloff, M.L. Stevenson, G.P. Yost 

Department of Physics and Lawrence Berkeley Lab
 
University of California, Ber~eley
 

Berkeley, California 94720
 

D. Gee, G. Harigel,2 F.R. Huson, E. Schmidt, W. Smart, E. Treadwell 

FERMILAB 
P.O. Box SOO 

Batavia, Illinois 60510 

R.J. Cence, F.A. Harris, M.D. Jones, 
S.!. Parker, M.W. Peters, V.Z. Peterson, V.J. Stenger 

Department of Physics
 
University of Hawaii at Manoa
 

Honolulu, Hawaii 96822
 

3 4T.H. Burnett, L. Fluri~ H.J. Lubatti, 6 
K. Moriyasu, D. Rees, G.M. Swider, B.S. Yuldashev, E. ~lln 

Visual Techniques Lab, Deparoment of Physics
 
University of Washington
 

Seattle, Washington 98195
 

U. Camerini, W. Fry, R.J. Loveless, P. McCabe, M. Ngai, D.D. Reeder 

Department of Physics
 
University of Wisconsin
 

Madison, Wisconsin 53706
 

1Now at TRW, Inc., Redondo Beach, California 

2Now at CERN, 1211 Geneva 23,	 Switzerland 

3A•P• Sloan Foundation Research Fellow 

~ow at Univ. de Neuchatel, Neuchatel, Switzerland 

SNow at DESY, Hamburg, Germany 

6Now at Physical Technical Institute, Tashkent, USSR 

FERMILAB-81-106-E



... ..
 

Abstraet 
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In an exposure of the Fermilab IS-foot neon-hydrogen bubble ehamber to a 

quadrupole triplet neutrino beam, 49 ~-e+ and 14 ~+e- events with e± momenta 

greater than 0.3 GeV/e have been observed, yielding ~e rates per eharged 

current event of (0.73±0.11)% and (1.1±0.3)% respectively. The ~-e+ rate 

shows no strong energy dependence in the range from 30 to 300 GeV. The 18 

neutral strange partieles observed in.the 63 events eontain 14 K~, 2A, and 

2A/K~ ambiguities, suggesting that the events are predominantly D meson 

production and decay and that theA~ + l~X branehing ratio is very small. The 

corrected numbers of neutral strange particles per ~-e+ and ~+e- event are 

1.2±0.3 and 0.6~g:~, respeetively. Properties of the events, including 

- ±strange-partiele production, are eompared to ~+p events in the same 

experiment and to a charm produetion and decay model, and good agreement is 

found, apart from a possible enhaneement at ~ 5-6 GeV/ez in the mass of the 

system recoiling against the ~+ in ~+e- (and ~+~-) events. As reported 

previously, four events show short-lived parUele decays, and D meson lifetime 

estimates are reevaluated using the final event sample. One ~+e+ and three 

~-e- events were observed. The ~-e- events are consistent with background and 

lead to a ~-e-/~-e+ ratio of less than 0.07 (90% confidence level) for e± 

momenta above 0.8 GeV/c. Five candidates for dilepton production by electron 

neutrinos and antineutrinos in the beam are consistent with approximately 1% 

rates. No good three lepton candidates and one, previously reported. four 

lepton candidate were found. 
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I. INTRODUCTION 

Opposite sign ~e events have been observed previously in several bubble 

chamber experiments. 1-9 These events and opposite-sign dimuon events observed 

by this 10 and some other bubble chamber experiments6t1lt1~ and by several 

counter experiments 13-1 7 have been interpreted as eVid~nce for the production 

and subsequent semileptonic decay of charmed particles. Additional evidence 

from bubble chambers for the charm hypothesis comes from the observation of 

neutral strange particle decays associated with these events at a rate 

significantly higher than the rate in charged current interactions. 

No evidence for electron neutrino-induced dilepton events has been 

reported previously, and only one experiment has reported evidence for ~-e

events. 1ij Both are expected from ~-e universality; ~-e- events insofar as ~-~

events have been detected in counter experiments. 19-20 

This experiment differs from many of the previous bubble chamber 

experiments in that the incident neutrino energy is relatively high (the 

average v event energy is 90 GeV) and the two-plane external muon identifier 

(EMI) makes muon identification very clean. The latter allows the study of ~e 

and ~~ dilepton events in the same experiment with high detection efficiencies 

for both muons and electrons. Apart from finite mass effects, the two 

processes should be the same. Experimentally the processes have different 

backgrounds and detection efficiencies, and it is advantageous to study both. 

An important limitation in experiments studying dimuon events, both with 

bubble chambers and with counters, is that for muon momenta below -4 GeV/c the 

detection efficiency becomes small and baCkground becomes large, 80 that 

results are given only for muon momenta above -4 GeV/c. In contrast, primary 

electrons can be detected in the bubble chamber with high efficiency and low 

background down to -0.3 GeV/c. In the present experiment the proportion of ~e 

events in which the electron momentum is below 4 GeV/ci8 about 40%. 
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Experimental details and results on dimuon events from this experiment 

have been reported previously.lO In the present paper, we give brief 
-. : ~ 'I 

descriptions of the apparatus (Section II) and muon identification (Section 

III) and then more detailed descriptions of electron identification (Section 

IV), electron background and losses (Section V), and detection efficiency and 

energy corrections (Section VI). In Section VII we present rates for ~-e+ and 

~+e- events, plus associated VO rates. Also in Section VII, we discuss 

evidence for e+e-, e-e+, and e-~+ events and for the like-sign channels, ~-e

and ~+e+. (Here and in general throughout the paper the first-named lepton is 

the "leading" lepton.) Finally in Section VII, we report on three and four 

lepton searches. In section VIII, we compare properties of the ~-e+ andl-L+e

events to a charm production and decay model; in looking at associated 

strange particle properties, we include ~-~+ and ~+~- events. In Section IX, 

we reexamine our earlier DO and n+ lifetime estimates that make use of ~. 

observed short-lived particle decays. Su~ry and conclusions are given in 

Section X. 

I I. APPARATUS 

The experiment was carried out using the Fermilab IS-foot bubble chamber 

plus a two-plane external muon identifier. 2l- 22 The bubble chamber liquid was 

a neon (47% atomic)-hydrogen mixture with a density, radiation length, and 

absorption length of 0.56 gtcm3, 53 cm, and 193 cm respectively •. The bubble 

chamber was exposed to the quadrupole triplet neutrino beam. In this beam, 

the ratio of neutrino- to antineutrino-induced events is about 6 to 1, and the 

average event energies are 90 GeV for neutrinos and 60 GeV for antineutrinos. 

The electron neutrino and antineutrino components of the beam are measuted to 

be 2% and 0.6% respectively. A total of 326,000 pictures was obtained, 

corresponding to 3.4x10 18 400 GeV protons on target. The fiducial volume used 

FERMILAB-81-106-E



PAGE 3
 

in the present study was 14.5 m3, giving a mass of 8.1 metric tons. 

III. MUON IDENTIFICATION 

Muons from events in the bubble chamber were identified using a 

combination of bubble chamber and EMI information. 21,22 To be classified as a 

muon, a traCk was required to leave the bubble chamber without interacting and 

to have time-coincident matches in both EM! planes with a combined two-plane 

confidence level greater than 1%. This confidence level describes the 

goodness of fit of the Eta matches. A typical muon traverses 7 to 11 

collision lengths of absorber. Only muons with momenta greater than 4 GeV/c 

were considered; at lower momenta the hadron contamination of muons becomes 

large and the EMI geometrical acceptance becomes small. With the 4 GeV/c cut, 

the hadron contaminations of ~- and ~+ are 0.2% and 1.5% respectively, while 

the product of EM! chamber efficiency and geometric acceptance is 0.72 for ~

and 0.78 for I!+. 

With the above muon criteria, totals of 8900 neutrino and 1493 

antineutrino charged current events were identified within the ~i~ucial 

volume. 

For the dimuon sample, a somewhat larger fiducial volume of 17.6 m3 was 

used (the minimum distance of events from the downstream wall of the bubble 

chamber was 50 em rather than 70 cm). Totals of 54 opposite sign dimuon 

candidates, 8 I!-I!- candidates and 0 I!+I!+ candidates were found, with estimated 

backgrounds of 18, 7 and 1 events respectively.lO 

For the ~ sample, the contamination due to v and v events with fakee e 

muons is quite small. For a hadron that does not interact in the bubble 

chamber and that extrapolates to intersect both EMI planes, the probability of 

being classified as a muon is 0.5%. The main contribution to this probability 

comes from unseen decays; punch thru and accidentals provide a much smaller 
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contribution. In the fiducial volume there are approximately 270 v and 70 Ye e 

events with identified electrons. The resulting estimates of e~ candidate 

events with a fake muon are 0.6, 0.3, 0.1~ and 0.1 for e-~+~ e-IJ.- ~ e+~- ~ and 

e+lJ.+ respectively. 

IV. ELECTRON IDENTIFICATION 

The IS-foot bubble chamber filled with a 47% atomic neon hydrogen mixture 

is an excellent electron detector. Tracks from events in the fiducial volume 

have a potential length of at least 1.3 radiation lengths; most tracks are 

several radiation lengths long. Thus, electrons with an energy of less than a 

few GeV often both visibly radiate photons, Which convert to e+e- pairs~ and 

spiral to an end in the chamber. High energy electrons create large showers 

of converted photons. 

All tracks from the primary vertex of each neutral induced event were 

followed to their endpoints. Interacting tracks were assumed to be hadrons. 

Other tracks were examined for the following signatures: 

1) visible change in curvature without change in direction; 

2) electron pair, triplet, or Compton electron tangent to the track; 

3) trident with energy greater than 10% of the energy of the track; 

4) delta ray with energy greater than 25% of the energy of the track; 

5) annihilation of positive track with tangent electron pair(s); 

6) spiraling to an end in the chamber. 

In order to reduce backgrounds, tracks classified as primary electrons 

were required to have two or more signatures and a momentum greater than 300 

MeV/c. The requirements to classify a track as part of a Dalitz decay (or 

close e+e- pair) were less stringent. Two tracks of opposite charge with one 

or more electron signatures each and with an invariant mass of less than 300 

MeV/c2 were classified as a Dalitz pair. Also, 1f a primary electron formed 
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an invariant mass of less than ISO MeV/c 2 with an oppositely charged leaving 

track (of less than 150 cm in length), the two tracks were classified as a 

Dalitz pair. 

The probability that an electron has at least two signatures was 

determined from a Monte Carlo and also from a study of electrons in electron 

pairs associated with events. The average probability rises rapidly with 

electron energy: 0.40 at 300 MeV, 0.75 at 800 MeV, and 0.95 for energy 

greater than 5 GeV. .A double scan of 50% of the events for electron 

candidates gives an overall electron scan efficiency of 0.95±O.05. Rates 

calculated for events with primary electrons are corrected for both the 

electron detection probability and the electron scan efficiency. 

In about 2% of the charged current events, it is not possible to 

determine if a direct electron is present, generally because of large 

multiplicity or poor visibility. We have used the observed distributions for 

~ and charged current events to estimate that ~ events are only about 1.2 

times more likely to be in this sample as are charged current events. Since 

the events lost are only slightly biased in favor of· ~ events and since the 

overall fraction is small, the correction to the ~ rates is small. 

Using the above selection criteria for events with primary electrons 

(which are not part of a Dalitz pair), we have identified 49 events with both 

a ~- and an e+, 16 events with both a ~+ and an e-, and one event with a ~+ 

and an e+. With the additional requirement that the momentum of the electron 

be greater than 0.8 GeV/c, we have 3 events with a ~- and an·e-. Three events 

were found with an e+ and an e- (momentum greater than 0.3 GeV/c) and an 

invariant mass of greater than 0.8 GeV/c2 and no muon of either charge. 
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V. ELECTRON BACKGROUNDS AND LOSSES 

The	 main sources of background in the primary e-+ are asymmetric Dalitz 

+pairs, asymmetric close gamma conversions, Compton electrons, 6-rays	 and K-e 3 
+decays. The estimated numbers of background e- from each source are given in 

Table I, for each ~e charge state and for two e-+ momentum intervals. Other 

sources considered and summed into "other" in the table are t3-decays of 

hyperons and neutral kaons and zero charged-prong nt-Neon interactions with an 

appropriate Dalitz pair or close gamma conversion. 

The background estimates assumed average rates, per ~- and ~+ event 

respectively, of 4.3 and 3.1 primary gammas, 0.17 and 0.15 primary IC'", .and 

0.11 and 0.06 primary K-. The rates and spectra of gammas followed from 

assuming that the 11° rates and spectra were equal to the averages of those for 

n+ and n-j similar results were obtained from the numbers of 

(non-Bremsstrahlung) e+e- pairs observed at 10-30 em pointing toward the 

primary vertex, and similar spectra were also obtained from the observed 

Dalitz pairs plus close gamma conversions. The K-+ rates were obtained from 

the observed K~ and 1\ rates, after assuming equal rates for AKo, -Juct", _I:~o and 

E¥ production and for the four Id< charge states and after allowing for 

strange particles resulting from charm decays. The K-+ spectra were assumed to 

be equal to the K~ spectra. The background estimates also assumed that the 

following cases were misidentified as primary e±: (a) asymmetric e+e- pairs 

pccurring less than 1 em f rom the primary vertex and with one partner having a 

momentum less than 5 MeV/c; (b) Compton electrons or 6-rays on primary 

hadrons occurring less than 2 cm from the primary vertex; 

decays with a projected angle between K± and e± of less than 4°. 

Uncertainties in these average distances and angles and in the K± rates lead 

to an estimated 30% uncertaln~y in the final background numbers. 

The numbers in Table I show that for e- the most important background 
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source is Compton electrons J while for e+ the most 'important source is 

asymmetric e+e- pairs at low e+ momentum and J.<f"+e+ decays at high momentum. 

Two causes of loss of good primary e-+ are: i) a close 6-ray on a primary 

track can make a primary e+ look like a partner in a Dalitz pair or a close 

e+e- pair; ii) a leaving primary hadron with length less than 150 cm and a 

small opening angle with a primary e-+ can appear to be a Dalitz pair partner 

(if the relevant effective mass is less than 150 MeV). Estimates of the 

resulting fractional losses of ~e events are given in Table II. For the 6-ray 

case it was assumed that on average a o-ray within 1.2 cm of the primary 

vertex and with a momentum greater than 5 MeV/c would be misidentified; the 

1.2 em was determined after studying events on the scanning table!" For' the 

leaving hadron case it was assumed that the distribution in angle between a 

primary e~ and a leaving hadron was the same as that between a primary n~ and 

+ a leaving hadron. In both cases the assumptions are appropriate if the e- is 

the non-leading lepton. For the leaving hadron case J the loss rates depend on 

the numbers of leaving hadrons of the appropriate charge; the ratio of 

positive to negative leaving hadrons is approximately 2 to 1 in ~induced 

events and approximately 1 to 1 in ~induced events. 'These losses had no 

significant momentum dependence. The estimated uncertainty in the loss rates 

is 3.0% of the loss. 

VI. DETECTION EFFICIENCIES, ELECTRON AND HADRON ENERGY CORRECTIONS 

Before determining rates J the detection efficiencies for charged-current 

and dilepton events must be determined. Because of correlations J the ~e 

efficiency is not a,simple product of ~ and e efficiencies. We have used a 

Monte Carlo program to move dilepton events and charged-current events 

randomly about the bubble chamber and rotate them randomly about the neutrino 

direction. The muon acceptance for each charged current event is then 
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determined from the fraction of Monte Carlo generated events where the 

extrapolated muon strikes the EMI. To determine the acceptance for a ~e 

event t the sum of the electron detection efficiencies for those Monte Carlo 

generated events where the extrapolated muon strikes the EMI is divided by the 

total number of generated events. The electron detection efficiency, which is 

the probability of obtaining two electron signatures (see Sec. IV), is 

obtained from a Monte Carlo generated lookup table, which is parametrized in 

terms of electron energy and path length to the bubble chamber wall. This 

table has been checked against an experimental determination of the electron 

detection efficiency using electrons and positrons from gamma conversions in 

the bubble chamber. The final efficiencies, including mron acceptance, EMI 

instrumental efficiency. and electron detection efficiency (where 

appropriate), for v~ and v~ charged-current events and ~-e+ and ~+e- events 

are 0.72. 0.78 t 0.60, and 0.62 respectively.l3 

The determination of electron momentum is complicated because of 

Bremsstrahlung. A procedure has been developed using the radius of curvature 

of the electron and measurement of the Bremsstrahlung gammasJe~e- pairs). 

The method used to determine the electron momentum is as follows: 

1)	 The length of track on the film is measured until either the 

track leaves the chamber, it turns through about 600 , a kink 

is observed, or a large Bremsstrahlung occurs. If necessary 

a track is further cut back in length until a spiral fit 

yields a normal rms deviation. This procedure puts an upper 

limit (up 1 t ) on the momentum of a Bremsstrahlunge ec ron 

occurring on all but the beginning of the track. The value of 

u is approximated by the fractional curvature error of the 

track. 

2) A helix fit is made to the track and is assumed to give 
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the momentum of the electron at the midpoint of the measured track. 

3) Gammas (e+e- pairs) within 2 radiation lengths of the 

primary vertex and pointing to the primary vertex and with 

momenta greater than approximately 50 MeV/c are measured. 

Any gamma that is consistent with being tangent to the 

primary electron at the initial vertex has its momentum added 

to that of the electron as a Bremsstrahlung. 

4) The momentum of the electron is corrected for ionization loss and 

for undetected low momentum Bremsstrahlung « 50 HeV) occurring 

between the midpoint of the track and the beginning, and 

for Bremsstrahlung gammas with 50 MeV/c <p <up 1 . e ectron 

which occur beyond the initial part of the track and before the 

midpoint of the track. An average correction is also made 

for Bremsstrahlung occurring in the initial part of 

the track that would not produce a gamma (e+e-) in 2 

radiation lengths. The initial part of the track is 

defined as that portion in which the track turns through an 

angle equal to twice the angle error. 

This method of determining electron momentum gives a peak at the 'lr 0 mass 

in yy mass distributions. 

To determine the neutrino energy, the dilepton events have been fully 

measured including neutral interactions, decays, and y'S within two radiation 

lengths of the primary vertex. The neutrino energy, Ev, is estimated by 

summing the momenta along the neutrino direction. In order to correct for 

missing neutrals (including any missing neutrinos), we have used an average 

correction obtained from our dimuon sample using mean transverse momentum 

imbalance 1 0 

lP~Jcorr ~ A P~ + B, 
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where p~ is the sum of the ~ongitudinal moment~ of all tracks excluding the 

muon, A = 1.28 ± 0.06, and B ~ 2.1 ± 0.6 GeV/c. This ~ltiplicative 

correction is somewhat larger for dimuon events than for normal charged 

current events (A = 1.16 ± 0~03; B = 3.3 ± 0.5 GeV/c) cons~stent with the 

hypothesis of a missing neutrino. We use the correction obtained from dimuon 

events since the momentum of the muon is better determined than that of the 

electron, and we can better compare the ~~ and ~e samples if we use the same 

correction.:l4 

VII. RATES 

A. l1-e+ Events 

We have found 8900 neutrino charged current events with EMI-identified 

muons. Of these, 49 contained an e+ with momentum, Pet above 300 MeV/c. 

Correcting for backgrounds and losses, electron scanning efficiency, and 

detection efficiencies, we find 

= (0.73 ± 0.11)% Pe >0.3 c-st« 

Removing events with electron momentum below 4 GeV/c, our rate becomes (0.44 ± 

0.08)%, which may be compared to the 11-~+ rate of (0.37 ± 0.10)% previously 

reported by this experiment. 1 U 

To investigate the energy dependence of this ratio, we divide the data 

into two samples and determine for Pe > 0.3 GeV/c, R(E < 100 Gev) = (0.66 ±v 

0.13)% and R(Ev > 100 GeV) = (0.87 ± 0.21)%. Removing events with electron 

momentum below 4 GeV/c, we obtain R(Ev < 100 Gev) = (0.34 ± 0.09)% and ReE > 

100 GeV} = (0.69 ± 0.18)%, also in agreement with the dimuon results of this 

experiment. 10 The 4 GeV/c requirement introduces a stronger energy dependence 

of the ratio. This is shown also in Figure I, where we have divided the data 
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up into finer bins. These results are summarized along with the dimuon 

results in Tables III and IY. They are in reasonable agreement with previous, 

lower-energy ~-e+ results. 1-9 

Of these 49 ~-e+ events, four have significant gap~ of 5 to 10 mm in 

space between the event vertex and the apparent origin of the e+ track. We 

interpret these gaps as decays of heavy short-lived particles such as charmed 

mesons. Further discussion of these events is presented in Section IX. 

Of particular interest is the strange particle rate in the dilepton 

events, since an enhanced rate is expected in the charm model. There are 15 

yO decays yielding good 3-constraint kinematic fits in the 49 p-e+ events: 13 

K~ + 1T+1T-, 1 l\ + p1T-, and 1 KOlA ambiguity. The fraction of p-e+ events 

containing a yO decay is (31 ± 7)% compared to (11 ± 2)% for neutrino charged 

current events. In order to correct for VO detection efficiency., we have 

weighted yO events to account for interactions before decay and for decays too 

close to the primary vertex (1 cm), outside the bubble chamber, or too close 

to the bubble chamber wall (20 cm). yO's are required to be at least one cm 

from the primary vertex because of the uncertain detection probabilities for 

yO's closer than this. We assume 100% scanning efficiency beyond this 

distance for yO's in dileptonevents. The average yO weight for our 15 events 

is 1.28. Weighting for detection and correcting for unseen decays, we find a 

ratio 

Treating the ~/l\ ambiguous event as a A, the corrected A rate becomes 

The combined neutral strange particle rate is 1.2 ± 0.3, which may be compared 

to our dimuon strange particle rate of 0.6 ± 0.3. 1 0 To see if the difference 
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between these values could be related to the 4 GeV/c cut in the muon mom~ntum. 

we have also determined the neutral strange particle rate for events with 

electron momentum greater than 4 GeV/c and find a rate of 1.2±0.4. The 

difference between the ~~ and ~e neutral strange particle rates is consistent 

with being statistical. The neutral strange particle rates are summarized in 

Table V. and further discussion of these rates will be found in Section 

VIII-C. 

We have identified 1493 antineutrino charged current events with theEMI. 

We found 16 events with a lJ+ and an e- with an expected background due to fake 

electrons (Pe > 0.3 GeV/c) of 1.8 events. However, we also expect a 

contribution due to electron neutrino charm production and subsequent decay 

into a lJ+ and electron neutrino events with fake muons. The separation of 

events into muon neutrino- and electron neutrino-induced events is discussed 

in Section D, where the electron neutrino contamination is found to be 

+2.32 1• -1.2 events. 

The di1epton rate correcting for backgrounds and losses, electron 

scanning efficiency, and detection efficiencies is 

= (l.1 ± 0.3)% > 0.3 GeV/cPe 

For electron momentum greater than 0.8 GeV/c, this ratio becomes (0.8 ± 0.3)%, 

which is somewhat larger than previous results at lower energies. 5, 8 

Anti-neutrinos are expected to produce c quarks from s quarks in the strange 

sea so a greater energy dependence of this ratio might be expected in v events ~ 

than in v events where production can take place from both valence and sea 

quarks. The average energy of our v dilepton events is 67 GeV. For electron 
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momentum greater than 4.0 GeV/c, the ratio becomes (0.5 ± 0.2)%, which agrees 

well lI1ith our P+\1- ratio of (0.5 ± 0.3)%.10 These results are also summarized 

in Table III. 

Three VO decays were found (a K~, a A, and a ~/A ambiguity), and the 

corrected neutral strange particle rate is 

= 0 6+0• 6 
.• -0.• 3 

assuming the ambiguous event is a A. It is not unexpected to detect A's since 

the spectator s quark can well end up in a A. A neutral strange particle rate 

of 1.8±0.7 was found at lower energy.8 

Because the background becomes large at low e momentum, only p-e- events 

with e- momentum above 0.8 GeV/c were considered. With this cut, the 

estimated background (corrected for detection efficiency) is 3.6 events. The 

number of events found was 3. In these events, the e- momenta were 1.5, 1.6, 

and 1.5 GeV/c, and no primary neutral-strange particles were observed. The 

observed events are consistent with being all background and lead to a 90% 

confidence level upper limit on the ratio p-e-X/\1-e+X of 7% (for Pe > 0.8 

GeV/c). Another experiment, using 10 GeV/c and 2 GeV/c momentum requirements 

on the muon and electron, respectively, has recently reported a ratio of 

(16±8)%.1~ With their cuts, we get a 90% confidence level upper limit of 4%. 

If our events are divided into two neutrino energy bins, the number of events 

observed (Pe ~ 0.8 GeV!c), the background estimate, and the 90% confidence 

level upper limit on the ratio \1-e-X/l1-e+x are respectively: 2 events, 1.6 

events, and 15% for Ev < 100 GeV; and 1 event, 2 events, and 12% for Ev > 100 

GeV. 

For e+ momentum greater than 0.3 GeV/c, 1 l1+e+ event was observed, while 

the estimated background (corrected for detection efficiency) is 0.3 events. 
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These numbers lead to a value for the ratio ~+e+X/~+e-X (Pe > 0.3 GeV/c) of 

(7+_ 6)%,, with a 90~h confidence 1eve1 upper 1imi t 0 f 36·h. Although the' one 

event is consistent with background, the e+momentum of 6.6 GeV/c is 

considerably higher than the median value for background events of 0.8 GeV/c. 

In fact, the background estimate for Pe > 4 GeV/c is 0.05 events. The event, 

which has a neutrino energy greater than 100 GeV, has no observed 

neutral-strange particle. 

D. e-ll+, e-e+, and e+e- Events
 

In addition to th~ v~ and v~ interactions produced by the quadrupole
 

-triplet beam, we have found approximately 270 ve and 70 ve interactions. 

These electron neutrinos, which are produced primarily by Ke3 decays, should 

interact the same as vll according to the hypothesis of ll-e universality. An 

important test of this universality is the production of charmed particles by 

Vee We have searched for dilepton events, ell and ee, produced in ve . 

interactions and have found two candidates for e-ll+, two candidates for e-e+, 

and one candidate for e+e-. 

To separate e-ll+ events and ~+e- events, we have employed a method 

sinilar to that which we used to separate ll+ll- and ll-ll+ dimuon events, 1 0 which 

assumes that all opposite-sign dilepton events involve single charmed particle 

production. This method is based on the idea that the lepton coming from 

charm decay will have limited transverse momentum relative to the hadron 

direction (~l GeV/c), while the primary lepton with a typical large transverse 

momentum relative to the neutrino direction has an even larger transverse 

momentum relative to the hadron direction. In Fig. 2, the transverse momentum 

of the electron versus ~hat of the muon relative to the hadron direction is 

shown for all lle events, where the hadron direction is determined by the sum 

of the momenta of all traCks excluding the muon and electron. All events with 

a ll- and e+ have the muon transverse momentum greater than the electron 

FERMILAB-81-106-E



PAGE 15 

transverse momentum and therefore occur to the right of the diagonal line thru 

the origin. According to the idea above, there are no clear candidates for 

e+~- events. The events with a ~+ and an e have a few events to the left of 

this line and have two events to the left of the diagonal line displaced 0.5 

GeV/c to the left of the line thru the origin. Since we observe many more ve 

interactions than ve interactions, we would expect to find more e-p+ events 

than e+p- events. We have used our charm production and decay Monte Carlo 

(described below) to estimate the separation of events about the leftmost 

diagonal line. For a muon momentum greater than 4 GeV/c, the Monte Carlo 

program predicts that 86% of e-p+ events will occur to the left of this line, 

while only 1.4% of p+e- events will occur there. Assuming that electron 

neutrino events with a false muon will separate in a similar fashion, we can 

break up our 16 events into the following classifications: 13.9 events Vp 

induced (12.5 p+e-. 1.4 background) and 2.1 events ve induced (1.6 e-p+, 0.5 

background). 

Table VI lists identification and kinematic quantities for the two e-p+ 

events. A further indication that these two candidates come from ve 

interactions is given by their t h angles. This angle is the angle between the 

electron momentum and the total hadron momentum in the plane perpendicular to 

the neutrino direction. The two e-p+ candidates have ~h approximately 1800 • 

characteristic of v interactions.e 

The muon background for e-p+ is 0.5 events (including detection 

efficiency), due largely to n+ + p+ decay. The rate corrected for background 

and acceptance is 

R=Rate(ve + N + e-p+x)/Rate(v + N + e-X)e 

-(0.7~~:~)% 

We have also found three events with an e+ and an e. We require the 
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e+e- invariant mass to be greater than 0.8 GeV/c 2 in order to eliminate n 

Dalitz decays (also p and W decays). Based on transverse momentum relative to 

the hadron direction, two of the events appear to be ve induced and one 

appears to be v induced. The properties of these events are also presentede 

in Table VI. The rates corrected for background, acceptance, and the e+e

invariant mass cut for these events are 

R=Rate(Ve + N + e-e+x)/Rate(ve + N + e-X) 

=(1.0~&:~)% 

R=Rate(Ve + N + e+e-X)/Rate(Ve + N + e+X) 

=(1.8~~:~)% 

These	 rates are given in Table III and are in agreement with our ~~ and ~e 

rates. No primary neutral strange particles were detected in the ve or ve 

induced events. 

We believe these events constitute the first evidence for charm 

production by electron neutrinos. 

E. Mu1ti1epton Events 

No tri1epton events (~~~, ~~e, ~ee, or eee in any charge combination) 

were found with p~ > 4 GeV/c, Pe > 0.3 GeV/c, and mass of any e+e- combination 

greater than 0.8 GeV/c2• 

One event was found with four outgoing leptons and a visible K~ decay, 

~+e-e+e-K~. The kinematics of this event make it probable that it originated 

from	 a muon antineutrino. MOre details can be found in a previous 

publication. 25 

VIII.	 COMPARISON WITH CHARM MODEL 

In the previous section, we determined the amount 'of di1epton production 

in various channels. In this section, we wish to examine the details of the 
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~e dilepton events and compare the events with what would be expected under 

the hypothesis of charm production and semileptonic decay. 

A. MOnte Carlo Program 

We have written a Monte Carlo program originally based on that of La12 6 

but extended to include other decay models. In the Monte Carlo calculation, 

charmed quarks (c) are produced ~ neutrinos from d quarks (rate « Sin26 ) andc
s quarks (rate u cos2eC)' and c quarks are produced by antineutrinos from i 

quarks (rate u cos2ec). Any mixing with a third quark doublet is neglected. 

The helicities involved in these couplings imply uniform y-distributions 

(y=v/Ev' v· Ev - E~) for both neutrinos and antineutrinos. Thresholds and 

experimental cuts, of course, modify this. Scaling is assumed to hold, and 

the Field-Feynman parametrizations2 7 are used to describe the momentum 
) 

distributions of quarks in the nucleon. However, to account for the mass 

corrections in the light to heavy quark transition, a rescaling variable is 

introduced l ij 

where me is the effective mass of the charmed quark (taken to be 1.5 GeV/cZin 

Lai's model), ~ is the nucleon mass, and x is the usualscal1ng variable (x = 

Q2/2Muv). 

After production, the charmed quark fragments into a charmed hadron, 

which carries a fraction z of the original charmed quark energy. Although 

fragmentation functions for light quarks decrease rapidly with z, as' z-l(l-z), 

the fragmentation function for a charmed quark may have little or no z 

dependence. 2 6 Our dimuon events are well represented ~ a uniform z 

distribution, 1 0 and we use this distribution here (unless otherwise noted) for 

comparison with our' ~e events. The charmed hadron is given a transverse 

momentum (Pt) relative to the direction of the charmed quark according to the 
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distribution 

Finally the charmed hadron is allowed to decay. Earlier. for comparison 

with the dimuon sample, 10 we used only the model of Lait~6 which treats the 

decay process approximately by the quark decay reactions 

c + sl+vl 

C + 81-"1 

where the Cabibbo suppressed modes are ignored. Now we also use a second 

model,29 where we form D mesons and allow them to decay one-half of the time 

-* -* by D + Kev and the other half by D + K ev. 30 Even if K production is not this 

frequent, the latter decay will simulate nonresonant multihadron decay 

approximately. The second model gives nearly identical results to the first 

model in most instances. To avoid confusion on the plots, only the Lai model 

prediction is shown when the two models are nearly identical. The same lepton 

momentum cuts are applied to the Monte Carlo events as to real dilepton 

events. 

B. Comparison with Data 

In Fig. 3 we present the energy distributions of the muons in the ~-e+ 

and lJ+e- events along with the predicted distributions from the Monte Carlo. 

The events have been weighted to correct for both electron and muon detection 

efficiencies. In Fig. 4 we show the corrected electron-energy distributions. 

The average value of the muon momentum divided by the average value of the 

electron momentum in ~-e+ (~+e-) events is 5.2 ±' 1.0 (8.9 ± 3.0). indicating 

that the events are inconsistent with being predominantly heavy lepton 

production and decay.31 Figure 5 shows the corrected neutrino energy 

distributions. The antineutrino energy spectrum is softer than the neutrino 
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spectrum, and this is reflected in the electron and muon energy distributions 

also. The average energies of the v-e+ and v+e- events are 91 and 67 GeV, 

respectively. In Fig. 6 the distributions in ¢Ie' which is the angle between 

the muon and the electron in the plane perpendicular to the 'neutrino, are 

shown. The events occur predominantly at large t e , in agreement with the 

Monte Carlo and supporting the interpretation that the origin of the electrons 

is hadronic. Figures 7 through 11 present x, y, Q2 (four-momentum transfer 

T-vsquared), W (invariant mass of the hadron system), and p~ (muon transverse 

momentum relative to the neutrino direction) distributions, respectively. As 

expected, the x distribution is broader for ~-e+ events (i-O.19±O.02) than for 

~+e- events (x-O.lO±O.03) since in the former case charm may be produced from 

valence quarks as well as sea quarks. 

In Fig. lOA there appears to be an excess of events with W - 5 GeV/c2 

compared to the prediction. Recently Armenise et al.l~ reported a peak near 6 

GeV/c 2 in Wwhich is correlated to a peak near 1.15 GeV/c in P~-v of the ~+ in 

v-produced dimuon events. They suggest that quasi-elastic two-body B-baryon 

production might explain part of the excess in W, however they' find that such 

a model does not predict a peak in P~-v. OUr v-induced dimuon events also 

hint of an excess in W, albeit with poor statistics. Combining our 14 ~+e

and 5 ~+~- events, we find 9 events with 5 < W < 6.5 GeV/c2• Our charm decay 

model normalized to 19 events and including ~+~- background predicts 3.5 

events in the range 5 < W < 6.5 GeV/c 2• However, our ~+e- events do not show 

a strong deviation from the charm model in other distributioqs that we have 

looked at. We also note that the correlation of Armenise et al. 1 2 between the 

W peak and Pt- V of the ~+ is not present in our ~+e- (nor ~+~-) events - see 

Fig. 11. 

The distributions of momenta perpendicular to the ~-V plane of the 

electrons and yO's are shown 1n Figs. 12 and 13, respectively.3~ The Monte 
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Carlo events are weighted to account for loss of VO's by interaction before 

decay and loss of decays within one cm of the primary vertex, outside the 

bubble chamber, and within 20 cm of the bubble chamber wall. The Monte Carlo 

predicts distributions for kaons from charmed particle decay only. Strange 

particles from associated production and spectator strange quarks are not 

accounted for. One must take this into consi4eration when comparing VO Monte 

Carlo distributions with the data. For completeness, we show the VO 

distributions for the ~+e- events as well as the ~-e+ events. The A's are 

shaded in the Va distributions. 

Figures 14 and 15 show the z distributions (ze~Ee/V and zVaEV/V) for 

electrons and VO's, respectively. These distributions do not measure the 

fragmentation function of the c quark directly since the electron and VO are 

only decay products of the charmed hadron and therefore carry only part of the 

energy. However, they are quite sensitive to the form of the fragmentation 

function. Also shown in these figures are the Monte Carlo predictions for 

z-l(l-z) and z(l+z) fragmentation functions, as well as those for the uniform 

fragmentation function. For a more complete discussion of fragmentation 

models, see Ref. 26. The,z and Zv distributions are consistent with thee 

Monte Carlo model using the uniform fragnentation function. 

Another variable which is useful in the study of fragmenting quarks is 

the rapidity of the particle 1n the quark's rest frame. 33 We def1ne 3 3 this in 

general as. 

·where 

= 0.5 1n[(E+p~)/(E-PH)]Y1a b 

for each particle and where E is the particle energy and PM is the momentum 
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parallel to the hadron direction. In Figs. 16 through 19, the rapidity: 

distributions of the electrons, VO's, positive hadrons, and negative hadrons 

are shown, respectively. 

In Fig. 20 we show the e-Vo invariant mass distributions for our ue 

events combined with the ~-Vo invariant mass distributions for our dimuon . 

events. On this figure, we show also the predicted distributions for pure D +-. -.Klv and D + K Iv. The ~-e+ data fit D + K Iv poorly but are consistent with 

- -.either pure D + Klv or the model which uses 50% D + K!v and 50% D + K Iv. The 

quark decay model of Lai does not fit well either, but this is partially 

explained by the fact that this model uses the bare quark mass of 1.5 GeV/c2 

rather than the D mass. 

In all of the figures, the agreement between the Monte Carlo-.distributions using 50% D+ Kev and 50% D + K ev and our data is good, except 

possibly for the W distribution for ~+e- events. This is demonstrated also in 

Table VII, where we present the means of the distributions shown in the 

figures and those predicted by the Monte Carlo distributions• 

C. K• Search 

We have also searched for direct evidence of K* production. in our ~-e+ 

and ~-~+ events. When a charmed particle decays, an s quark is expected in 

the Cabibbo-favored decay. This should lead to final states with negative 

* strangeness, so any K 's should appear in states with rand KO but not with 

~ or KO. We have plotted all possible Kn mass combinations where the Knl 

invariant mass is less than the D mass. The }("v+ and ~v- mass combinations 

are shown in Fig. 21. Since charged kaons are not usually identified in the 

bubble chamber, all tracks that are not uniquely identified as something else 

are plotted in the invariant mass plot as possible kaons.No strong peak is 

seen in the region of the K• on either plot. The excess of events at around 

1.1 GeV/c2 in the rn+ distribution in Fig. 21 corresponds to no known 
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resonance and appears to originate from nu1tip1e combinations from a few high 

multiplicity events. Using the J<i"n- mass plot to estimate background under 

-'II 

We have attempted to estimate how many K 's we might expect 

the ~n+ mass plot, we estimate 8±14 K +K-n+ events. No strong evidence fpr 

K*'s is seen on any other mass plot. 

-'II 
to see 

assuming that all production is due to D decay and that D decay proceeds 50% 

-'II
of the time through D + K e\/. Recent direct charmed particle lifetime 

measurements made in a Ferm11ab \/ emulsion experiment34 and semi1eptonic 

branching ratio measurements obtained at SPEAR35 indicate that the D+ 

semileptonic branching ratio is much greater than the DO ratio. There is also 

evidence in the emulsion experiment34 and in a BEBC experiment36 that 

production of D*'s, which decay into Dn, is quite important in charm 

production by neutrinos. We therefore assume that D+'s and DO's are produced 

in equal numbers and that D*+'s and D*o's are produced in equal numbers and 

calculate the i* production, as a function of the fraction of the final D's 

which are due to D* production. Using these assumptions, the D* branching 

ratios,37 the u+ and DO semi1eptonic branching ratios (taken to be 0.2 and 

0.02, respectively)34, the K* bra~ching ratios into final K1T states, and 

1TO'S,efficiencies for detecting KO's and we estimate that the number of ~1T+, 

K~1TO, K-no, and K~1f- events detected should be respectively: 24, 2, 0.6, and 

0.8 for no n* production; 22, 1.8, 1.1, and 1.5 for 50% n* production; and 

17.6, 1.5, 2.2, and 2.9 for 100% D* production. We are most sensitive to the 

-'II 
~1T+ state, and the number of ~1T+ events expected from K production varies 

slowly with the fraction of D* production. Clearly we cannot rule out (or 

-'II
confirm) D + K e\/ occurring 50% of the time. 

D. Neutral Strange Particle Rates in \/p D1lepton Eyents 

The neutral strange particle rates for ~-e+ events were determined in 

Section VII A and are summarized in Table V. The combined (KO + A) rate is 
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1.2±0.3. Assuming that strange particle production is the same in ~-e+ and 

ll-ll+ events, we obtain a combined neutral strange particle rate for the 

overall sample of l.0±0.2. We emphasize that most of the VO's are K~'s. 

Combining the ~-e+ and J..I-J..I+ events, we have 20~'s, 3 A's. and 1 ~/J\ 

ambiguity (which we count as a Ain rate determinations). The A rate in v 

induced dilepton events is the same as that in v charged current events. 

Recently, the BNL-Columbia experiment 1 ij reported dilepton neutral strange 

particle results in terms of the excess number of strange particles over that 

expected in charged current (CC) interactions. A comparison in terms of this 

excess, which is just the difference between the neutral strange particle rate 

in dilepton events and that in CC events, is better than comparing total 

strange particle rates since our experiment is at higher energy and finds an 

increased neutral strange particle rate in CC interactions compared to the 

~ BNL-Columbia experiment. However, this difference is not a proper measure of 

the strange particle contribution due to charm in di1epton events since the CC 

neutral strange particle rate includes a contribution due to charm (see 

below). The BNL-Columbia experiment finds a difference of 0.6±O.l5 neutral. 

strange particles per l1-e+ event, 18 which is in good agreement ",ith our 

difference of 0.8±0.3 (lJ-e+ only) or 0.6±0.2 (J..I-e+ and uu) neutral strange 

particles per event. However, they find a difference of 0.11±0.04 AO,s per 

event compared to our value of -O.Ol~g:gr (lJ-e+ only) or -O.Ol~:g~ (lJ-e+ and 

uu) AO's per event, although the disagreement is only 1.70. 

The second lepton-A invariant masses are 2.14, 7.0, 2.63, and 3.28 GeV/c2 

(for the J~/K ambiguity). Only one of these (a lJ-e+ event) is consistent with 

+ + .being a J~c decay. However, J\c production has been observed in v 

interactions. 31+, 3ij, 39 The J\+ + il.1f+ and A+ + KP signals seen in ac . c 

neutrino-deuterium experiment, 39 when combined with upper limits on the A~ 

branching ratios into these modes taken from an e+e- experlment,1+0 imply a 
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lower limit on the ratio (vD + ~-A~X)/(VD + ~-X) of 5%. If the fraction of A+

produced in our experiment is 5% (we note that deuterium is an isoscalar 

target and our neon-hydrogen mixture is nearly an isoscalar target and that 

the deuterium experiment's mean neutrino energy was 50 GeV, somewhat lower 

than ours), then the one possible A~ + l~+X decay observed here leads to a 90% 

confidence level upper limit on the J~~ branching ratio into Ae+X of 2.2%. We 

do not give an upper limit for A~+X because of the uncertain correction for 

the 4 GeV / c cut in muon momentum. 

The different D+ and DOsemileptonic branching ratios (see previous 

section) also alter the number of neutral strange particles expected; the 

naive assumption that semileptonic D decays will give an average of 0.5 KO's 

per decay is incorrect. For example, if all the decays are via n+ + iOe+v, 

then we would expect 1 KO per decay. If all the events are due to D+ decay 

-* and if 50% of the decays are D + K ev, then we would expect 0.67 KO,s per 

decay. Finally, using the assumptions of the previous section, we estimate 

the number of -KO's/decay to be 0.64 if there are no D*'s; 0.61 for 50% D* 
production; and 0.56 for 100% D* production. The ratio varies slowly with 

the fraction of n* production. Also, the ratio decreases by only 0.03 if the 

ratio of the n+ and DO semileptonic branching ratios is decreased bf a factor 

of two. In addition, we would get neutral-strange particles from spectator 

quarks and from associated production. Using a determination that 

approximately 40% ofv produced dilepton events are from strange sea quarks,ltl 

we expect approximately 0.4 strange particles per dilepton event from 

spectator s quarks and assume that half of these will be neutral. 

To determine the neutral strange particle associated production 

contribution in our v dilepton events , we make the following ~ssumptions: 

(1) the unassociated production contribution to the strange particle rate in 

non-charm CC events is negligible, (2) 10% of CC events are from charm, (3) 
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the number of decay and spectator strange particles in charm events is 

1.4/event, (4) 507. of these will be neutral, and (5) associated production in 

dilepton events will be the same as that in our non-charm CC events. 

Correcting for the charm contribution using the above assumptions lowers the 

CC neutral strange particle rate from 0.38/event (see Table V) to 0.31/event. 

The predicted dilepton neutral strange particle rate, including the 

contribution from charm decay, from the spectator s quark, and from associated 

production under the above assumptions, is 1.1 neutral strange particles per 

event. This 1s consistent.·withour experimental value (ll-ll+ and ll-e+) of 

1.0±0.2 neutral strange particles per event. 

IX. CHARM LIFETIME DETERMINATION 

As mentioned in the previous section, examination of our·sample of 

dilepton events revealed four events where the semileptonic decay of a 

short-lived particle was directly observed. These events are described in a 

previous publication. lt l The neutral decays (eventsNl and N2) are consistent 

with being nO decays; the charged decay (event Cl) is consistent with being a 

n+ decay. The charge of the decaying particle is undetermined in t.he fourth 

event (Ul). Because of the undetected neutrino from the semileptonic decay, 

we cannot conclusively identify the decaying particles but it is quite 

plausible that they are n mesons. Another likely dilepton event (C2) was 

found but is not included in our sample because of inadequate muon 

identification. This event has a i-prong charged decay yielding a 3 GeV e+. 

These observed decays together with the di.lepton events in which the 

decays are unseen allow one to determine the lifetimes of the decaying 

particles. The unseen decays effectively determine the upper limits and the 

seen decays determine the lower limits on the lifetimes. Our severe 

experimental bias against observation of close decays can be accounted for 
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using the maximum likelihood technique. We performed such an analysis 

previously.42 We update the lifetimes determination here because we now have 

more ~-e+ events and because new data suggests that the numbers of nO and n+ 

in the ~-e+ and ~-lJ+ samples may be significantly different from what we had 

assumed. 

Because the DO and D+ may have significantly different lifetimes, we 

attempt to determine the DO and D+ lifetimes separately by maximizing the 

likelihood functions that express the products of the probabilities (P s) for 

the seen decays and the probabilities (P u) for not detecting decays in events 

where none are seen. For this determination, events N2 and UI. with their 

somewhat uncertain decay distances, are treated as unseen decays. The 

probabilities are given by 

P = e-1/ncTItlc"(s 
-~/ncT

Pu = PB + (I-PB)[PDo(l-e ) + (I-PDo)] for 

and 

where 

n = estimated n momentum divided by n mass 

T = D lifetime (either LDo or t n+ where appropriate) 

£ decay distance for observed decays 

= maximum decay distance for an unseen decayt MAX
 

PB = probability that the event is background (has no
 

charmed particles)
 

PDQ = fraction of dilepton events having a nO
 

= fraction of dilepton events having a n+
PD+ 

and PI = probability that the D+ decays to only one charged 

particle (such decays are assumed to be undetectable) 
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We take PB = .35 for dimuon and PB = 0 for ~e events. The probability PI is 

taken to be 2/3; the upper limits for the n+ lifetime are reduced somewhat 

for values less than 2/3. Our previous analysis assumed POo a ... 0.5 Pn+ 

that is, we assumed that all dilepton events resulted from 00 orn+ decays and 

that the relative numbers of nO and n+ semileptonic decays were equal. We now 

discard the latter assumption and calculate lifetimes for a range of P 0 
n 

(equals 1 - P +) values. As noted earlier in this paper, deviations from the o 
naive POo • 0.5 value can result from n* production and from unequa~ 0+ and nO 

semileptonic branching ratios. 

Two major problems in this analysis are estimating ~MAX and the D 

momentum for each event with an undetected decay. The distance ~MAX is 

obtained by judging how far from the primary vertex a neutral decay into 2 

charged particles or a charged decay into 3 charged particles would have to 

occur in order that it is evident that not all tracks originate at the primary 

vertex. The median value of R. for our 86 events is 1.5 cm. The 0 momentum
MAX 

spectrum from our dilepton Monte Carlo is used to estimate average values for 
• 

the exponentLaf terms in the probabilities Ps and Pu• The averages are 

calculated by integrating. over the D spectrum· starting from t he momentum of 

the lepton for the unseen decays and from minimum D momentUll\ for the seen 

decays. The results from this technique are similar to those obtained by 

taking the D momentum. to be three times the lepton momentum. for unseen decays. 

We have studied the sensitivity of the likelihood functions to the 

estimates of and the D momenta for the unseen decays and to theR.MAX 

uncertainties in the decay distances and D momenta for the observed decays. 

The effects of the uncertainties in these quantities on the lifetimes are hard 

to estimate quantitatively but are small compared to the statistical 

uncertainties for reasonable variations in these quantities. Therefore, we 

have not attempted to include these effects in the quoted limits on the 
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lifetimes. Table VIII gives our lifetime results for three assumed P 0 
D 

values. The lifetimes are approximately linear with P 0 for values between 
D 

0.1 and 0.9. The difference between the variation of t 0 and t + with P is
D D DO 

due to the 2/3 of D+ decays which yield only one charged particle and are 

assumed to be undetectable. For P 0 = 0.5 the results are consistent with but 
D 

slightly less than those we determined previously due to the increased event 

sample. 

Our values may be compared to the values obtained by the emulsion 

+10 5 13 2 5+2• 2 -13experiments of 10.3_ 4:1 x 10- sec. (Ref. 34) or • -1.1 x 10 sec. 

(Ref. 43) for L
D
+ and 1.00!g:~i x 10-13 sec. (Ref. 34) or 0.53~:~; x 10-1 3 

sec. (Ref. 43) for L o. Agreement with the emulsion experiments improves as 
D 

P increases and is not u~reasonable for PDO~0.5. A value of PDO greaterDo 

than 0.5 would require a DO production rate larger than that for D+ because of 

the difference in the semileptonic branching ratios. Because of the 

difficulty in uniquely identifying the decaying particles (especially in 

sem1leptonic modes), another possibility is that the neutral decays we observe 

are not DO decays but are the semileptonic decays of some other short-lived 

particle--for example, a neutral charmed baryon. Some support for this 

possibility is given by the FERMILAB experiment.3~ Of their ten neutral 

decays, two have identified protons among the decay products and thus are 

presumably decays of a neutral, short-lived baryon. Also, it should be noted 

that their only semileptonic DO decay candidate has a decay time that is a 

factor of ten larger than the lifetime they would deduce from their six 

non-leptonic decays. 

x. SUMMARY AND CONCLUSIONS 

In an experiment using the Fermilab 15-foot Bubble Chamber exposed to a 

quadrupole triplet neutrino beam, we found 49 ~-e+ events and 14 ~+e- events 
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giving dilepton to single lepton ratios of (0.73±0.11)% and (l.I±0.3)% 

respectively for electron momentum greater than 300 MeV/c. The p-e+ rate per 

charged-current event shows no strong energy dependence in the range from 30 

to 300 GeV. Requiring the electron momentum to be greater than 4 GeV/c. we 

find good agreement with the dimuon results of this experiment. 

We observe 13 (l) KO,s and 2( 2) A in the \1-e+ (\1+e-) events and obtain s 

corrected rates of 1.2~0.3 lO.6~g:~) strange particles per event. 

Our \1-e- candidates are consistent with background. We find the 

\1-e-/\1-e+ rate to be less than 0.07 at the 90% confidence level. 

In addition to the v\1 dilepton events. we found 5 candidates for ve 

dilepton production: 2e-\1+, 2e-e+. and 1 e+e-. The ve dilepton rates are 

approximately 1%. in agreement with the v\1 rates. 

We have compared our \1-e+ and \1+e- events with a charm production and 

decay Monte Carlo and obtain good agreement. apart from a possible enhancement 

at ~6 GeV/cL in the mass of the system recoiling against the p+ in \1+e- (and 

lJ+\1-) events. For our events with W co 5-6 GeV/c'l.. we see no strong 

correlation with other kinematic quantities. The lepton-Vo invariant mass 

distribution (using both \1\1 and \1e events) is co~sistent with eitherD+Kev or 

- -.50% D+Kev and 50% D+K ev, 

We find no strong evidence for K* production in the Kn invariant mass 

-* distribution but can not rule out 50% D+K eVe 

Combining our \1e and \1\1 strange particle events, we note that most of the 

VO's are K~'s. suggesting that the events are predominantly D meson production 

and decay and that the J\~ + J\e+x branching ratio is very small. The combined 

neutral strange particle rate is 1.O±0.2 per/event. This is consistent with 

what is expected based on the charm model. 

Finally, we have redone our D+ and DO lifetime determinations using our 

visible decays and complete sample of dilepton events. Our values are in 
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reasonable agreement with those determined by emulsion experiments provided 

that at least 50% of dilepton events have nO decays. Because of the 

difficulty in uniquely identifying particles that decay semileptonicallYt it 

is also possible that the neutral decays we observe are not of nO but rather 

of a neutral charmed baryon. 
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Figure Captions 

Fig. 1 Ratio of ~-e+X to ~-X rates versus v energy. 

The solid error bars are events with Pe > 0.3 GeV/c; 

the dashed error bars are events with Pe > 4.0 GeV/c. The 

smooth curve is the charm excitation curve of Lai.l 6 with 

a semileptonic branching ratio of 0.1. 

Fig. 2 Plot showing the transverse momentum of the electron versus 'that of 

the muon relative to the hadron direction. The hadron direction 

is determined from the sum of the momenta of all tracks 

excluding the muon and electron. Dots are for events where the 

muon is negative, crosses (+) are for events where the muon is 

positive. The two events above the upper line are taken to be 

ve induced dilepton events (e-~+). 

Fig. 3 Number of events (weighted) versus the muon energy, Ep, in p-e+ and 

p+e- events. The events have been weighted for EM! and electron 

detection efficiency. In Figs. 3 through 17. the solid smooth 

curves are the Monte Carlo predictions using Lai' s (quark decay) 

model with a constant fragmentation function; the dashed 

smooth curves are the Monte Carlo prediction 

- -* using 50% D+Kev and 50% D+K ev. If the predictions of the two 

models are nearly the same, then only Lai's model is shown. 

Fig. 4 Number of events (weighted) versus corrected electron energy, Ee• 

For more detail, see caption of Fig. 3. 

Fig. 5 Number of events (weighted) versus corrected neutrino energy, Ev• 

For more detail, see caption of Fig. 3. 

Fig. 6 Number of events (weighted) versus ~e' the angle between the muon 

and electron in the plane perpendicular to the neutrino direction. 

See caption of Fig. 3. 
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Fig. 7 Number of events (weighted) versus x. x ... Q2/2l\tv~ where Q2 is 

the four-momentum transfer squared, Hti is the nucleon mass, and ~ 

v ... Ev - E.... See caption of Fig. 3. 

Fig. 8 Number of events (weighted) versus y, where Y'" VIE". 

Seecsption of Fig. 3•. 

Fig. 9 Number of events (weighted) versus Q2, the four-momentum transfer 

squared. See caption of Fig. 3. 

Fig. 10 Number of events (weighted) versus W, the invariant mas& of the 

hadron system. See Fig. 3 caption. The cross-hatched events 

have Pe < 0.8 GeV/c. 

Fig. 11 Number of events (weighted) versus the transverse momentum of 

the muon relative to the neutrino direction. See Fig. 3 caption. 

Fig. 12 Number of events (weighted) versus the momentum of the electron 

perpendicular to the plane formed by the neutrino and muon. 

See Fig. 3 caption. 

Fig. 13 Number of VO events (weighted) versus the VO momentum 

perpendicular to the ...-v plane. See caption of Fig. 3. 

The shaded events are A's. 

Fig. 14 Number of events (weighted) versus ze' ze =Ee/v. See 

Fig. 3 caption. In this figure and in Figs. 15-17, we also sho~ 

the Monte Carlo predictions for a z-l(l-z) fragmentation 

function (dash-dotted curve) and for az{l+z) fragmentation 

function (dotted curve)~ 

Fig. 15 Number of VO events (weighted) versus ZV' Zv ... Ev/v. 

The smooth curves are described in the captions of Figs. 3 and 

14. Shaded events are A's. 

Fig. 16 Number of events (weighted) versus the rapidity of the electron, Ye

The smooth cu~ves are described in the captions of Figs. 3 and 14. 
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Fig. 17 Number of VO events (weighted) versus the VO rapidity~ 

YV• The smooth curves are described in the captions of 

Figs. 3 and 14. Shaded events are A's. 

Fig. 18 Number of events (weighted) versus the rapidity of the positive 

hadrons. 

Fig. 19 Number of events (weighted) versus the rapidity of the negative 

hadrons. 

Fig. 20 Number of VO events (weighted) versus the lepton-Vo 

invariant mass using the combined ~e and~~ samples. The 

smooth curves shown are the Monte Carlo predictions of Lai's quark 

- -.decay model (solid curve)t D+Kev (dashed curve)~ D+K ev 

- -.(dash-dotted curve)~ and 50% D+Kev and 50% D+K eV 

(dotted curve). 

~ Fig. 21 Invariant mass combinations of ~w- and K-w+ for 

p-p+ and ~-e+ dilepton events. Only those combinations are 

plotted where the Kn-Iepton invariant mass is less than the 

D mass. No strong peak is seen in the region of •the K • 
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Table I 

± aBackground e in ~e	 events (numbers of events ) 

- - - + + - ++ 
~e charges	 1l e 1l e l.l e 1l e 

, 

P GeV/c	 .3-.8 >.8 .3-.8 >.8 .3-.8 >.8 .3-.8 >.8 e 

Asymmetric Da1itz pairs 0.3 0.1 0.3 0.1 0.1 0.0 0.1 0.0 

Asymmetric y~e 
+-e pairs 0.8 0.3 0.8 0.3 0.1 0.0 0.1 0.1 

Compton electrons 6.9 3.1 -- -- 0.9 0.4 -- -
a-rays 2.1 0.6 -- -- 0.2 0.1 -- -

± ±	 a
K -toe	 1T v decays 0.1 0.5 0.1 0.8 0.0 0.0 0.0 0.1 

bOther 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.0 

Total 10.3 4.7 1.3 1.4 1.3 0.5 0.2 0.2 

-
a... ±Not corrected for e scanning and two-signature inefficiencies. 

b See text. 

Table II 

Fractional losses of lle events 

- - - + +- ++ 
~e charges	 ~ e 1l e l.l e ~ e 

e+ + o-ra~e 
+-e pair -- .06 -- .06 

+ 
e- ++l~aving hadron .05 .02 .02 .02 
~ e pair. 
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Table III 

Dilepton to Single Lepton Ratios (%) 

The muon (electron) momentum is required to be greater than 4 GeV/c (0.3 
GeV/c unless otherwise stated). t 2 refers to the second lepton. 

Pt > 4.0 GeV/c
2----- 
0.44tO.08 

0.37tO.lO 

+- +).J e X/).J X 1.ItO.3	 0.StO.2 

0.S±O.3 

- +  +1.1e ).J X/e X	 O 7• -0.5 

- +  1 0+1.0e e X/e X • -0.5 

+ - + 1 8+3. 0 e e X/e X •	 -1.1 

r'"' 

Table .IV 

Energy Dependence of J.J- 1+X/J.J- X 

Ratio 12 momentum All E E < 100 GeV E > 100 GeV v v	 v 
(%) (%)	 (%) 

J.J - e+X/J.J - X > 0.3 GeV/c 0.73±0.11 o.66tO .13 0.87tO .21 

- + ..;.
J.J	 e X/lJ X > 4.0 GeV/c 0.44±O.O8 O.34tO.09 0.69±0.18 

- + lJ lJ xr« X > 4.0 GeV/c O.37±0 .10 0.27±0.13 o.S2±0. 21 
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Table V 

Corrected Neutral Strange Particle Rates (per event) 

OSample K A KO + A 

- + o 07+0• 07 }..I e X 1.1±0.3 1.2±0.3• -0.03 

o 06+0• 09 }..I}..IX 0.6±0.3 0.6±0.3 · -0.05 

- + o 07+0. Q6 }..I e X and }..I1JX 0.9 ± 0.2 1.0±0.2 · -0.03 

+ - o 6+0. 6 }..I e X . -0.3 

}..I-X 0.30 ± 0.06 0.08±0.02 0.38±0.07 

Table VI 

Electron Neutrino Di1epton Events 

E and pI-h are the lepton energy and momentum transverse to the hadron direction, 
respectively. ~h is the angle between the electron and hadron direction in the 
plane perpendicular to the neutrino direction. E is the corrected event energy, 
and x and yare the usual scaling variables. v 

,T-h T-hEvent, Type E E t E x y
P.~l P12 11 12 h v 

.(1112) (GeVIc) (GeV/c) (GeV) (GeV) (0) (GeV) 

14851214 e-}..I + 6.8 0.52 57.1 8.2 178 130 0.22 0.56 

- +16381805 e lJ 2.5 1.40 9.9 26.4 175 62 0.23 0.85 

- +15581662 e e 2.7 0.19 20.3 2.3 170 87 0.17 0.78 

- +16030177 e e 3.5 0.94 39.6 3.2 131 63 0.12 0.38 

+ 15270192 e e 6.3 0.25 50.0 4.4 161 94 0.17 0.47 
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Table VII 

Comparison of_mean values fO!*lle events and Monte Carlo events using a model 
with 50% D -+ Kev and 50% D-+ K ev and a uniform fragmentation function. Monte 
Carlo predictions marked with an * do not include contributions from spectator 
strange quarks or from associated production. 

- + +Variable 1.I e 1J e 

Data Me Data MC 

E (GeV) 41. 7±5.5 47 42±8 35 
1J 

E (GeV) 8.2±1.1 6.9 4.7±1.3 6.3 e 

E (GeV) 9l±7 95 67±8 75 
V 

4le 
(deg) l15±8 122 125±8 114 

x o.19±0 .02 0.19 0.10±0.03 0.11 

y 0.55±0.03 0.49 0.42±0.O5 0.53 

2/e 2)Q2 (Gev l8.8±2.5 15.3 5.5±1.3 8.0 

2W (GeV/e ) 8. 3±0.4 7.8 6.3±0.6 7.7 

T-V 
PlJ (GeV/ c) 2 .1±0.2 2.0 1.5±0.2 1.5 

.L 
P (GeV Ic) 0.32±0.05 0.29 0.25±0.07 0.29 e 

..!. 
P (GeV/e) O. 31±0 .07 0.31* 0.12±0.03 0.30'* 

v 

z 0.21±0.02 0.18 0.15±0.04 0.18 e 

* 
Zv 0.12±0.02 0.18* 0.13:1:0.02 0.18 

Y -o.94±O.12 -1.3 -0.70±O.18 -1.4 
e 

YV 
-1.9±0.2 -1.5 '* -2.3±O.4 -1.6* 

1.27±0.05 1.14 '* 1.7±D.3 1.14'* Mlepton-vo (GeV/c
2

) 
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Table VIII 

D+ and DO Lifetime Determinations 

Most Probable 2rJ Limits 
Particle Value Lower Upper 

-13
(10 sec) (10- 13 sec) 

1 8+1.7D
+ 

(PDQ = 0.1) 0.6 7.0
• -0.8 

7 5+9·5DO (P DO = O. 1) 1.5 42
• -4.3 

2 2+2. 3D+ (P Do = 0.5) 0.6 10 
· -1.1 

2 8+2• 2DO (P Do = 0.5) 0.9 8.0
• -1.3 

D+ (PDo = 0.9) 2 7+5• 1 0.6 27
• -1.5 

DO 1 9+1.1(P DO = 0.9) 0.7 4.5• -0.8 
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