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I. INTRODUCTION 

DELCO has just completed its data-taking period of eighteen calendar 

months at SPEAR. The detector has distinguished itself from other '4~' 

spectrometers by emphasizing clean electron identification over a broad 

energy range at the expense of poorer momentum resolution. This character- 

istic allows a general purpose probe of both charm and r decays via the 

transitions c -f s e+v and T- + v e-3 e T e respectively. Both decays have the 

merit of large (2 10%) branching ratios and consequently we have accumulated 

relatively strong data samples (1K eX events from T decays and 5K multi- 

prong electron events from charm and -c decays). 

Most of our analysis so far has emphasized -c studies (which are dis- 

cussed in section V). However, I will also show you what we know from 

cross sectional measurements (section III) and from preliminary studies of 

D semileptonic decays at the $" (section IV). There will be very little 

discussion of the interesting subject of di-electron events (2 electrons + 

> 1 charged particle # e) since our analysis is in an early stage. 

Finally, I refer the reader to the excellent series of lectures by 

Stanley Wojcicki at this Summer Institute. These contain both a general 

discussion of how our measurements fit into the overall picture of weak 

decays and a far more thorough list of references on this broad subject. 

As a result I can, and will, primarily concentrate on simply presenting 

the experimental data. 
* 
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11. APPARATUS 

The apparatus (Figs. la) and 1b))consists of a tracking system of 
- 

cylindrical multiwire proportional chamber and planar magnetostrictive wire 

spark chambers (WSC) separated by a one-atmosphere ethane threshold Cerenkov 

The latter provides clean electron identification (P8 ~ e < 10 -3 counter. > 

down to a momentum of 0.2 GeV (below wh&ch the Cerenkov light images are 

displaced off the phototubes). A magnet provides an analyzing field inte- 

gral of 1.7 kG-m which results in a momentum accuracy of $/P = 8P (GeV)% 

due to measurement errors and 5.2% due to multiple Coulomb scattering. The 

outer-most detector layers are an array of Pb/scintillator shower counters 

which cover 60% of HIT steradians and a pair of Pb walls,followed by scintilla- 

tion counters and WSC,which allow IT/~ separation over 20% of HIT steradians. 

III. THE R AND Re PLOTS 

A. Hadronic Cross-Section 

Historically the R plot has been the single most fruitful measurement 

+- made in e e annihilations. (R is defined by R = o(e+e- -+ hadrons)/ 

o(e+e- + JJ'~-) and its variation is measured with centre-of-mass energy,) 

It was the first indicator of a new flavour, charm, it supports the colour 

hypothesis and measures the quark charges, it revealed an extra contribu- 

tion due to the -c lepton and led to the spectacular observations of the 

$ and $'. 

For the last couple of years or so it has been used as a R(oad) map 

to lead experimentalists to productive centre-of-mass energies. The most 

notable success has been the 9 ,,2) which is found just above charm threshold 

at E cM=3.77 GeV. At this energy 30% of the hadronic events are due to 
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pure DG initial states (roughly half DoDo>. Furthermore the D's have a 

low velocity (fP~O.14) so there are rather small differences between LAB 

and Gquantities. The studies of D semi-leptonic decays discussed in 

Section IV were made at this resonance. 

The value of R in the range 3.50 < ECM < 4.8 GeV,after removal of the 

$ and $' radiative tails, is shown in Fig. 2. No further radiative 

corrections have been applied to these data since they exagerate fluctua- 

tions which may be both statistical and authentic. This in turn leads to 

difficulties in identifying resonances and in making comparisons with 

other experiments. 

The hadronic detection efficiency has been determined from the 

+0.05 observed prong and photon distributions and is O.85-o 1o over this range. . 

The bars indicate only statistical errors and thereby do not reflect an 

overall systematic error of f15% due to model uncertainties, event losses -. 

and backgrounds such as those due to beam gas scattering. Any variation in 

systematic erros vs. E CM is smooth and so the statistical error bars are 

appropriate indicators of structure. 

The value of R below charm and 'c thresholds at E,,,=3.50 and 3.52 is 

2.0 f 0.1 f o.33) in good agreement with the coloured 

of 3(Q u2 + Qd2 + Qs2) = 2. The dashed line in Fig. 2 

WL 

quark prediction 

represents the cons- 

tant contribution from 'old physics' at higher energies. 

Beyond the resonance region, R again assumes an approximately con- 

stant energy dependence with the new value 4.4 f 0.2 f 0.6. From our T 

measurements we determine a contribution (indicated by the dot-dashed 

line) of 0.85 k 0.15 to this increase and thereby infer a residue due to 

charm of 4.4 - 2.0 (old physics) - 0.85(~) = 1.55 f 0.2 + 0.2. Once more 
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this is compatible with the quark model prediction of 4/3. 

TJe residual charm component of the hadronic cross section (R') is 

shown in Fig. 3. The data display considerable structure: sharp rises just 

above thresholds for production of DE (centered at 3.77 GeV), DE* (3.92 GeV) 

and D*D* (4.03 GeV) and a sharp dip at ECM = 4.25 GeV. The region between 

4.03 and 4.2 GeV is reasonably flat and the 4.4 GeV peak is rather modest 

4) in contrast with the observations of other experiments (Fig. 4). Part of 

these discrepancies is due to the afore-mentioned application of radiative 

corrections. The theoretical models for these structures include both 

s-channel poles due to a cc state 5, ( h c armonium) and bound states of two 

quarks and two anti-quarks 6, (Di', molecules). 

B. Multi-Prong Electronic Cross-Section 

Both the r and the lightest charmed particles will give rise to 

'prompt' single electrons since they have weak-decay lifetimes (Qfew 10 -13 set) 

which are much shorter than those familiar from kaon decay ($10 -8 see). 

Since electromagnetic sources produce electrons in pairs, which can thereby 

be identified and rejected, the study of inclusive electron production 

provides a sensitive technique for observing the new particles. 

The inclusive electron cross section is expressed as R = e 

0 (e+e- -+ * + L 2 charged particles)/o(e'e- + e v+?J-> * The variation of 

this quantity in the range 3.5 < E 
CM < 4.8 GeV is shown in Fig. 5. Events 

containing two or more prompt electrons have been excluded from these data. 

A prompt electron is identified as a single track which appears to originate 

from the interaction region and possesses in-time Cerenkov and shower counter 

pulses. The minimum pulse heights correspond to 0.7 photo-electrons for the 

Cerenkov counter and 0.3 minimum ionizing particles for the shower counter. 
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The track is required to have at least one hit in either the first 

(innermost) or second cylindrical proportional chambers in order to decrease 

photon zonversion backgrounds. 

We will now discuss the backgrounds to these data. The dominant 

electron source is pair production both by externally and internally con- 

verted photons from IT' decay. We can estimate this background assuming 

3 no's per hadronic event and a 1% beam-pipe radiator. The number of ex- 

ternal y conversions per hadronic event is 'L 6x .Ol x 0.5(Q) Q 0.03 

which is approximately equal to the charm signal rate ~(1.3/5)x2x0.1x0.5~0.03 

per hadronic event (assuming a semileptonic branching ratio of 0.1). Most 

Dalitz pairs and photons which convert in the beam pipe are removed by re- 

quiring that the candidate electrons are unaccompanied by another track of 

opposite charge and small relative ('opening') angle. A fake signal is also 

generated by the spatial coincidence of a charged track with a photon con- 

version in the 'blind' region at the entrance to the Cerenkov counter or 

in the ethane radiator itself. We measure this process to occur at the 

level (4.2+0.3)10-3 per hadronic event and have applied this correction to 

Fig. 5. The probability for a non-electron to be detected by the Cerenkov 

counter is (0.8f0.3)10B3, as determined from lJ+)I- events. This is con- 

sistent with the production rate of 6 rays above the electron Cerenkov 

threshold in ethane (14 MeV). This background is very small (~3% of the 

charm signal) since the majority of the pion momenta are below 500 MeV/c 

and thereby cannot give rise to 6 rays exceeding 14 MeV. 

After removal of these backgrounds, the value of Re at ECM=3.50, 3.52 

GeV is 0.03f0.01 which represents the residue from unsubtracted backgrounds 

such as asymetric Dalitz decays and two-photon electron production. Until 

we have a better understanding of the nature of this residual background 
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we will naively assume it has a constant energy dependence as indicated by 

the dashed line. Above the 'c and D thresholds the data exhibit a strik- 

ing in;rease and a structure similar to the hadronic production. These 

data contain alarge contribution from 'c decays (dot-dashed-line) according to 

measurements described in Section V. 

It is instructive to compare quantitatively the electron production 

from charm Rz (Fig. 6) with the total charm cross section (Fig. 3). This 

comparison is made by plotting the ratio Rz/R' (Fig. 7). The value at 

ECM=3.77 GeV provides a direct measurement of the semileptonic branching 

ratio, b D e, averaged over an equal flux of Do and D+. In a 4 MeV energy 

range which is centred on the $",we find RC =--0.97 f 0.02 and 

Rz = 0.192&0.021, where the quoted errors are statistical and events in- 

volving two detected electrons are excluded. We therefore measure, 

2b; (l-O.25 b;)= RC,/RC = 0.20f0.023 

i.e. bDe = 0.10fo.02. 

The final result includes an estimation of systematic errors. 

The data of Fig. 7 display, within systematic errors, a constant or 

perhaps slightly falling electron contribution from charm. It is especially 

interesting to note that electron production at the energies 4.16 and 4.4 

GeV,which are associated with F production,shows no significant departure 

from the D regions. This implies either a small F cross-section or semi- 

leptonic branching ratio similar to the D. 

C. Two-Electron Multiprong Cross Section 

Events which contain two prompt electrons in addition to hadrons 

cannot arise from the decay of a sequential heavy lepton pair but will be 

generated by the simultaneous semi-leptonic decays of a pair of charmed particles. 

As such they provide good sensitivity to certain features of the charm semi- 

leptonic decays despite a statistical reduction by a factor of 20 relative to 
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the one-electron events. 

The important backgrounds are x0 Dalitz decays, the 

cascade decays $' -+ X $ + e+e- and electrons from the two-photon process. 
- 

These are inhibited by the requirements that the e+e- pair mass exceed 

135 MeV/c2, the coplanarity angle $ee < 160' and that at least one non- 

electron track is present with a momentum above 200 MeV/c and with a polar 

angle 55' < 0 < 125'. 

After applying these restrictions there remain 75 events in the 

range 3.1 < ECM < 4.25 ($' excluded). The cross section RZe= o(e+e-+e+e-+ 2 1 

prong # e)/o(e+e--+ p+p-) is shown in Fig. 8. We have arbitrarily allowed the 

rate in the range 3.5 < EGM < 3.67 GeV to define the background level. 

The data are consistent with the charm production energy-dependence 

we saw earlier. At the $" we measure, 

R2 /Rc = (b;)2 = 0.015 --t 0.005 
e 

or, bD = 0.12 + 0.02 f 0.04 e 

where the second (systematic) error reflects model uncertainties. For 

example, if the dominant decay mode is D + Kev then the acceptance of D+D- 
- 

events is almost a factor of two lower than DoDo events. (This follows from 

the poor detection efficiency 
- 

equal contributions from DoDo 

rates; if we make the extreme 

+ then be = 0.14 f 0.02 f 0.04. 

This measurement can be 

semileptonic branching ratios 

the extreme case that bl~20% 

of neutral kaons.) The data of Fig. 8 assume 

and D+D- events and equal Kev and K*ev partial 

assumption that only D+D- events contribute 

used to set limits on the separate D + 
and Do 

(b; and bz, respectively). For example, in 

and b", 'LO%, the one-electron data at the $" 

would lead to a measurement b D = 10%. e However we would ,observe an anomalously 

large (by a factor of two) di-electron yield since this is proportional to 
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(bi)2 + (bzo2. Unfortunately, the present errors in RZe do not allow a 

usefurmeasurement. 

The presence of a charm-changing neutral current would result in the 

decay D -f e+e-X. The two-electron cross section therefore measures, 

(bi)2 + 2 bD,, = R2e/RC 

where b D ee is the branching ratio for D + e+e-X and we assume equal Do and 

D+ semileptonic branching ratios (given by b: = 0.10 + 0.02). At the $" 

we find, 

(.lO f .02)2 + 2 br, = .015 f .005 

or, bEe < 0.008 (95% CL). 

This measurement is an order-of-magnitude weaker than the limit 

determined by the Columbia-BNL group from the ratio p-e+e-/p-e" from v 
u 

interactions in the FNAL 15' bubble chamber. 7) 

IV. D SEMI-LEPTONIC DECAYS 

A. Electron Spectrum 

Since the basic charmed quark electronic decay is c -+ s et- ve we 

expect the following channels to contribute to the semi-leptonic decays 

of D mesons: 819) 

D + Kev 

D + K*(890) ev 

D + K**(1420) ev 

D + Q (1290) ev 

D -f K (nr) ev 
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The decays are unlikely to contain three kaons due to phase-space suppres- 

sion. This argument also applies to K **(1420) and Q(l290). The decays to 

K(nx)%ith n larger than 2 or so are not only suppressed by the available 

phase space but also by the low energy theorem which says that the semi- 

leptonic decay rate vanishes if any one of the pions is soft. 8) The anti- 
* 

cipated D semileptonic decays are therefore D -+ Kev, K ev and K(nn)ev (nL2), 

with some prejudice that the K-II channel is dominated by the K* pole. 

In addition there will be smaller contributions from the Cabibbo- 

suppressed modes: 
D + rev 

D + pev 

D +- Al ev 

Of these only the rev mode may be significant since, in contrast with the 

other decays, it benefits from a modest phase-space enhancement so that, 

I' (D + rev) 
7 (D + Kev) = 1.6 tan28 

C 

where 8 
C 

is the Cabibbo angle. 

The most direct experimental quantity which distinguishes between 

the various semi-leptonic decays is the electron momentum spectrum. The 

effect of decay to a higher-mass hadronic state is of course to soften the 

electron momenta (as illustrated in Fig. 9). 

The electron spectrum obtained in the multiprong events at the $" 

(Fig. 10) must be corrected for backgrounds before it can provide information 

about the D decays. The t background (dot-dashed line) is well-determined 

ana is tne predominant source of high-energy electrons.The residual 

hadronic background spectrum (dashed line) has been determined 

from data taken in the energy range 3.50 < ECM < 3.67 GeV (after removal of 

the 'c electrons) and from hadronic events at the $I'. The final spectrum 
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after removal of these backgrounds is shown in Fig. 11. 

We will use these data to determine the relative contributions from 

K*ev and Rev on the assumption that these are the dominant semi-leptonic 

decay zodes. The results of the fit (which includes a fixed rev: Kev frac- 

2 tion of 1.6 tan ec) are illustrated in Fig. 11 and provide the following 

measurements: 

I'(D -+ Kev)/r(D -f Xev) = 0.37 f 0.20 

and, I'(D -t K*ev)/r(D -f Xev) = 0.60 f 0.20 

where the errors include an estimate of systematic effects. Under the 

assumption that the major semi-leptonic decays are K*ev and Kev we therefore 

measure the branching ratios, 

BR (D + Kev) = (3.7 f 2.1)% 

and, BR (D -t K*ev) = (6.0 + 2.3)% 

These errors are, of course, highly correlated. 

In a separate fit we have varied the rev fraction while holding the 

K*ev: Kev ratio equal to 0.60:0.37. This sets a limit, 

r(D + rev)/r(D -f Xev) < 0.20 (95% CL) 

or, BR (D -f rev) < 2.0% (95% CL) 

B. D Lifetime 

We may combine the results obtained from the branching ratio determin- 

ations and the electron spectra to measure the lifetime of the D mesons. 

As input we need a theoretical calculation of the T(D + Kev) 819) . 

This decay can be fairly rigorously calculated in contrast with purely 

hadronic channels, as demonstrated by the successful analogous treatment 

applied to K and K 
e3 !J3 

decays. The result is T(D -+ Kev) = (1.4f0.3) 

lO"sec- where the error reflects farm factor uncertainties. 

If we make the assumption that the Do and D+ lifetimes (TV) are equal 

then by combining this theoretical calculation with our experimental 

branching ratio measurement we find, 
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'D = (0.037 + 0.021)/((1.4 f 0.3) loll) 

= (2.6 + 1.5) lo-l3 set 

However, it may be invalid to assume that the hadronic decay rate of the 

Doand the D+ are equal since the Do can decay to both 1=1/2 and 312 final 

states whereas the D+ can decay only to 1=3/2 states. The conjecture of 

several authors 10) in fact is that I'(D' -+ all) << r(D" -+ all). Since the 

semi-leptonic decay rates of both the D+ and Do must be equal we may test 

this hypothesis by measuring the separate semi-leptonic branching ratios. 

An alternative technique to that involving-the two- electron events 

is to compare single electron production at the $I" and in the range 

4.0 < ECM < 4.2. At each centre-of-mass energy we write, 

+ + R" bz + R be = Re 

where R" and R+ are, respectively, the Do and D+ cross sections. 

In principle therefore, the separate semi-leptonic branching ratios may be 

determined if R", R+ and Re are known at two centre-of-mass energies which 

involve different relative amounts of Do and D + . This is the case for 

EcM=3.77 and 4.03 GeV and the measurements are summarized in Table 1 Here 

we have used Mk I data 11) for the relative D':D+ production at EcM=4.03 GeV 

and our absolute cross-section measurements in order to provide cancella- 

tion of some systematic errors. 

Table 1 

Input Data Used to Determine the Do and 
D 8 Semileptonic Branching Ratios 
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The results are, 

b: = 0.10 zt 0.05 

and b + = 0.10 k 0.08 e 

The values are very sensitive to input assumptions and the 

errors are highly correlated. Clearly at present the data are unable to 

test the hypothesis that the D+ and Do lifetimes are different. This conclu- 

sion may be reversed after a more careful analysis has been completed on both 

these measurements and the detailed characteristics of the two-electron events. 

C. DoDo Mixing 
- - 

In analogy with the K"-K" system, it is expected that the Do and Do 

can transform into one another via intermediate states. However since 

4 
these states must have zero strangeness the process is inhibited by tan DC 

(s10B3)and the mixing will be negligible within the short Do lifetime. 
12) 

On the other hand, complete mixing occurs if lAcl=2 neutral currents exist 

at the level of > 10 
-3 of the normal weak coupling. A consequence of 

mixing is the observation of like-sign di-electron events resulting from 

the process, 

e+e-+X D o,+F + ------+ Do---+ Xe v 
e 

I + -+Xe v e 

In the D region (3.72 < ECM < 4.14 GeV) we observe 46 two-electron 

events which satisfy the cuts described earlier. Of these, 1 event has 

like-sign electrons. In the background region, below charm threshold, we 

observe 7 events of which 2 are like-sign. After adjusting for the relative 

luminosities we find the single like-sign event in the charm region is con- 

sistent with background. On the assumption that half of the observed 
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electrons are produced by neutral D decay we find, 

-h Probability 

V. r DECAYS 

A. Cross Sections 

(Do -f Do> < 0.05 (90% CL) 

Since a large fraction (70%) of T decays involve only one-charged 

particle, they have primarily been studied by means of the anomalous two- 

prong lepton events, ep, eX and PX. In our case we have isolated a sample 

of eX (X#e) events which have survived certain requirements in order to 

remove backgrounds. The most important of these are that the X particle 

does not possess either a Cerenkov tag or a large shower counter pulse-height 

and that both tracks are acoplanar by at least 20'. (The acoplanarity angle 

is defined as the angle between the two planes containing a track and the 

beam axis). A mirhnum momentum Of 0.3 GeV/c is allowed for the X particle and 

0.2 GeV/c for the electron in order to ensure efficient Cerenkov detection. 

These cuts result in a very clean sample of r events: the background from 

misidentified radiative e+e- events is about 4% and the charm contamination 

is <5%, averaged over the full energy range. 

2P The production cross section ratios, Rex = 

(cr(e+e- + eX)/o(e+e- -t ,;'p-)) for eX events with no detected photons are 

shown in Fig. 12a) and for all eX events in Fig. 12b). The data exhibit 

a sharp rise at threshold followed by a smooth increase up to a constant 

high-energy value. This is precisely the energy dependence expected from 

leptonic pair-production and is in striking contrast with the multi-prong 

electron data (Fig. 5) which characterizes a charmed hadronic origin, 
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The fitted curves indicate the (radiatively-corrected) cross section expected 

for a spin l/2 r lepton superimposed on a constant background term. The latter - 

predicts a background of (5f3)% due to particle misidentification in agree- 

ment with an independent shower counter pulse height study. 

The shape of the anomalous two-prong lepton cross-section has been a 

corner-stone in the argument for the existence of the r lepton. These data 

have been statistically limited until the past year and, given the proximity 

of the charm and two-prong lepton cross sections, the T was not considered 

to be completely established. The remaining doubts were eliminated by the 

observation 13) of eX events below charm threshold (ECM='2P$O=3726.6f1.8 MeV) 

An expanded view of the threshold behaviour of the eX events (Fig. 13) clearly 

distinguishes them from charm. 

The data of Fig. 13 are sufficient to exclude all r spin asignments 

other than J=1/2. 14) The solid line indicates a spin l/2 fit after account- 

ing for radiative corrections. These have the effect of reducing the 

annihilation centre-of-mass energy and thereby decreasing the cross-section 

(to a level which may reach zero for the collisions which suffer large 

radiative losses.). If these data result from a pair of integer spin particles 

then they must be produced in a relative p-state since a boson and its 

anti-particle have the same parity. The resultant gentle increase in 

cross section at threshold isin contradiction with observation. (An ex- 

ample of a pair of spin 1 particles is indicated by the dashed line.) 

However the data are well fit by the steep s-wave threshold resulting from 

half-integer spins. Spins other than J=1/2 are excluded since they lead 

to divergent high energy behaviour (an example, J=3/2, is illustrated by 

the dot-dashed line). 
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We have determined the precise threshold energy by fitting a radiative- 

ly-co-rrected spin l/2 curve and constant background term to the data of 

Fig. 12b). The x2 variation of this fit vs. threshold beam energy 

(Fig. 14) measures the T mass as, 

m T = 1782:: MeV/c2 

Although the two-prong electron data is relatively free of charm at 

all energies the same is certainly not true of the multi-prong electron 

data (Fig. 5). However there is a brief window between the T and charm 

thresholds where we can observe any T decay with zero charm contamination. 

The 'c cross-section is rather small (Rr; 5 0.3) and so the hadronic and 

two-photon backgrounds are substantial. A small systematic rise in the 

multi-prong electron production below charm threshold can be seen in Fig. 5. 

These data were selected automatically and a small improvement in background 

rejection is possible by manually scanning a computer reconstruction of 

each event. This has been carried out for events in the range 

3.50<ECM<3.725 GeV and the resultant Re plot (Fig. 15) provides direct evi- 

dencefor the existence of r decays into three-or-more charged particles. 

B. Branching Ratios 

The majority of the r decay rates can be calculated and so 

branching-ratio measurements test whether the standard weak current par- 

ticipates in T decays. The muon decay rate determines r(T--+e-GevT) and 

r(-r- -- +JJv I-r 
vr) and the pion lifetime measures r(r- -f r-vr). The experi- 

+- mental measurements of e e -+ nn (n-even) at&cm are related to 
T 

T -f (n7r)"v T ( n-even) via CVC. The r axial-vector decay rates involving 

odd numbers of pions are less well-known 



-16- 

but are estimated using Weinbergs sum rules. 16) The small decay rates 

Cnvolang strange particles are related to the multi-pion calculations via 

tan20 17) 
C’ 

Recent theoretical calculations, are summarized in Table 2 for 

T decays into one-charged-particle plus neutrals. 

Table 2 

T One-Pron Relative Rates and Branching Ratios 

eative Rate 

-- e ‘e 1.00 0.160 

li-$ 0.97 0.155 

IT- 0.59 0.094 

- 0 ITT 1.24 0.198 

C+22?l 0 0.27 0.043 

0.03 0.005 

Knn 0.05 0.008 

0.66 (Total) 
I 

The leptonic branching ratios are the most precisely measured among 

T decays. The branching ratio for T- -t e-3, vr (denoted be) is provided by 

the. j fit in Fig. 12a) which yields 2 b b 
e X,OY 

= 0.105f0.007, where b 
X>OY 

is the 

branching ratio for -r- + vr + 1 charged particle (Se) + no detected photons. 

The value of b 
X,OY 

requires theoretical input of the rates, relative to 
- - 

of the decay modes p- 3 Tr- v 
- 0 

T +e vv 
e T' 1-I 9 

andnn v. T T 
Approximate- 

ly one-third of the IT-IT' decays contribute, corresponding to events where 

both photons escape detection. After accounting for small contributions 

from decays involving larger pion multiplicities we determine, 
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be = 0.160 + 0.013 

.The e%or, which is largely systematic , is rather small since this deter- 

mination of the cross section is proportional to b 2 
e ' 

The validity of this approach depends on the existence of the three 

specified decay modes with the correct relative rates. Each are considered 

to be on solid theoretical ground and consequently the apparent absence of 

-r-+Tr v T' reportehg) by DASP at the Hamburg Conference last year, led 

to a variety of new descriptions of the nature of the T. 

The measurement of the branching ratio for T- + TT- v 
'I (d 

enotedba) 

clearly became an important goal. However, experimentally it is difficult 

since not only is the branching ratio low but also muon backgrounds must 

be removed, and this substantially reduces the data sample. 

The first step in our analysis involves the isolation Of a clean 

sample of T decays by selecting two-prong eX events according to the pre- 

vious criteria. In addition, the X particle is required to aim within a 

restricted sensitive area of the muon detector and have sufficient momentum 

to penetrate (typically 0.7 GeVjc). 

There are 54 events which survive the selection criteria,correspond- 

ing to a sample of 27,800 r+~- decays in the energy range, 3.57<ECM<7.4 GeV. 

We summarize these data in Table 3 according to particle composition. 
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Event 

Category 

Table 3 

Predicted and Observed Event Category 
of the eX events 

Predicted Events 
+- + 

~-tv ev T e 
T-3 VT Y 

y=y; y=lr- 

14.7 2.0 

0 0 

0.8 12.4 

0 0 

Y=p-,A;,K-etc. 

1.0 

1.0 

6.1 

6.4 

Total 

17.7 23 (0) 

1.0 2 (0) 

19.3 17.4(0.6) 

6.4 9.5(1.5) 

Observed 
Events 

(ee background 
previously 
subtracted) 

The predicted numbers of events in Table 3 are based on the previous 

branching ratios (Table 2) and include small additional contributions from 

multi-prong T decays (0.2 events) and charm semi-leptonic decays (0.3 

events). The experimental data show good agreement with the theoretical 

expectations. In particular, if the 'ITV 
T (and Kvr) decay modes are absent, 

the predicted signal of eT+Oy events would be 6.9-0.7 (Kvr) = 6.2 in con- 

trast to 17.4 events observed. The probability for this to be a fluctua- 

tion is << 10 -3 . 

We conclude that the decay 'I- + nr- vr exists and measure its branch- 

ing ratio, bn = 0.094 (17.4-6.9)/12.4 i.e. 

b 
w = 0.080 f 0.032 f 0.013 

Similarly we measure, b = 0.155 (23-3.0)/14.7 i.e. 
P 

bU = 0.21 f 0.05 f 0.03 

The observed 1~- and 71 momentum spectra (Figs 16a) and 16b) are consistent 

with those expected from T decays and in particular we observe that the 

pions do not cluster at the low momentum cut, which would suggest large 
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1~- or multipion contamination. Both these branching ratio measurements are 

consistent with the hypothesis that the r couples to the standard weak current. 

We will now consider b mp ' the branching ratio for r- -f v +_> T 

(3 charged particles)-. This has been determined in three independent ways. 

The fit to the data of Fig. 12b) determines 2b, (l-be-bmp) = 0.168+0.008 

which yields (for be = 0.160), 

b 
mp 

= 0.32 f 0.05 

The direct observation of multi-prong T decays (Fig. 15) gives a quanti- 

tatively somewhat weaker result, 2b b 
e mp 

= 0.092 f 0.021 or, 

b 
mp = 0.29 f 0.07 

Finally, we may plot (Fig. 17) the ratio of observed multi-prong to two- 

prong electron events, R' = N(e' + 2 2 -prongs)/N(e' + 1 prong) above a 

minimum electron momentum. This ratio falls as the cutoff momentum is 

raised reflecting the relatively soft electron spectrum resulting from 

charm decays. Above ~~1.1 GeV/~c momentum the ratio has the constant value of 

1.9 f 0.2 and indicates a common source for the electrons in both the 

multiprong and twoprong data. The value of b 
mp 

is given by (b mp "mp)' 

(bx cX) = 1.9 -f- 0.2, where E 
mpix 

are the appropriate detection efficiencies 

and bx= l-be-b 
6 

(Note that the electron detection efficiency cancels 

and the dependency on be is fairly weak.) The result is; 

brrp= 0.34 f 0.05 

All three determinations agree within errors and are averaged to give the 

final result, 
b 

mP 
= 0.32 f 0.04. 

At present we have not made detailed studies of the composition of the 

T multiprong decays. However it is clear from the uncorrected prong dis- 

tribution of multiprong electron data taken below charm threshold (Fig. 18a) 

that the majority involve only three charged particles. The total pion 
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multiplicity will require a measurement of no production as indicated by 

the obszrved photon distribution (Fig. 18b)). (In order to decrease back- 

grounds these data have the additional requirement that the electron momen- 

ta exceed one third of the beam energy). 

C. Characteristics of the r-v7-W Vertex 

So far we have seen that the data support the hypothesis that the T 

is a spin l/2 lepton which, according to branching ratio measurements, 

couples to the conventional intermediate vector boson. It is therefore 

natural to assume that the e-v, vertex in the decay 't + v ev 't e is pure 

V-A and to use the electron energy spectrum to measure the V, A structure 

of the T-V vertex. T The most general coupling is a linear combination of 

V and A amplitudes but, for a massless v T' the anticipated couplings are 

pure V-A or V+A which correspond, respectively, to a leftyhanded vr and a 

right-handed v . T 

The shape of the electron spectrum in the T rest frame is determined 

by the one-parameter Michel formula: 

dr(x) = Gl (3(1-x) + 2 P ($ x-l) + r (x)) x2 dx 

where Gl = G2 mr5/48r3 

and x = 2 pe/mT is the scaled energy of the electron 

(0 < x < l).,A V-A coupling is characterized by a Michel parameter, 
h 

P = 0.75 and results in the spectral shape, dr(x)a'(3-2x)x'dx. In the case 

of V+A, p=O and the electron spectrum becomes dr(x)a (l-x) x2 dx. We see 

that a V-A coupling results in the most probable electron energy at x=1 

(as familiar in p decay) whereas a V+A spectrum peaks at x=2/3 and is in- 

deed zero at x=1. (Physically, the reason for this zero is that a 
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right-handed VT leads to a total angular momentum 3/2 at x=1.) Other 

combinations of V and A are characterised by intermediate values of p e.g. 
4 

pure V or pure A, corresponding to equal left-right amplitudes, implies 

p = 318. 

The function r(x) accounts for radiative corrections to the standard 

spectral formula. Ali and Aydin") point out that the corrections can be 

approximately accommodated into the bare formula by using an effective 

Michel parameter, peff. They determine a substantial softening of the 

electron energies e.g. in the range 0.2 I x 5 0.95, peff = 0.66 for V-A 

and p eff = -0.18 for V+A. 

The experimental electron spectrum (Fig. 19a))has been obtained from 

a sample of 621 eX + _> Oy events in the range 3.57 I E CM 2 7.4 GeV 

(I/J" excluded). The spectrum observed below charm threshold (Fig. 19b)) is 

statistically weaker but benefits from a reduced Lorentz smearing and 

consequent higher sensitivity. The events were selected according to the 

criteria described earlier with a further requirement of at least one 

associated spark on the outer WSC for each track in order to provide a 

momentum measurement. In addition events were rejected if 

j$el+l?xl+j8e + rh,l > 0.85 Em in order to remove residual e+e-y and 

grossly mis-measured events. (The latter occur if a spark in the outer 

WSC is incorrectly assigned to a track in the MWPC.) 

We summarize in Table 4 the fit results2!Ar pure V-A and V-I-A and for 

2 the p parameter giving the minimum X . At this stage we have not explicit- 

ly included radiative corrections in the Monte-Carlo-generated spectra 

and so it is appropriate to compare the observed Michel parameter 

approximately with Peff s 0.64(V-A) and -0.17 (VI-A). 
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Table 4 

Summary of the Fits to the Data of Fig. 19 

We conclude that there is good agreement with a V-A coupling 

whereas Vi-A is completely excluded and pure V or pure A are disfavoured. 

It is interesting to note 21) that these data are the first to exclude 

the Pati-Salam integer-charged quark 22) interpretation of the anomalous 

two-prong lepton events. In this model the events arise by decay of a 

pair of unconfined, pointlike, spin l/2 quarks through intermediate real 

vector gluons in the process, 

+- +- 
ee -9 4 

v,V-+v e-3 e e 
-. 
ve v+ -f u 

The model is excluded on two counts: 

i> Below q threshold there should remain a signal of eX events, 

with an electron spectrum characteristic of two-body decay, arising from 

direct pair production of vector gluons, 

+- + 
e e -f V+V- 3 e v e u-3 ?J 

This contradicts the observations made at ECM= 3.50 and 3.52 GeV (Fig.13). 
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ii) The observed electron spectra (Fig. 19a) particularly below 

0.5 GeV/c, arein complete disagreement with gluon decay for any value of its 

m mass. 

The effect of a non-zero vr mass is to soften the electron spectrum. 

Since the V+A hypothesis is ruled out for any value of m we set the P 
VT 

parameter at 0.64 (V-A) and 0.86 (minimum x2) for this study. From the 

measured x2 variations with non-zero v masses 23) we determine, 
T 

m 
VT 

< 0.25 GeV/c2 (95% CL) 

To summarize, it appears that the 'c- couples to a neutral object 

which is consistent with being massless and purely left-handed. However 

before simply introducing a new neutrino it is important to investigate 

whether the 'v ' is actually one of the old neutrinos. Experimentally, 
T 

the assignment v =v 
T u 

has been excluded by neutrino experiments. Unfortu- 

nately, since ve beams are poor, they have not provided a test of the 

electron neutrino assignment. The latter possibility is unlikely since 

the branching ratio for -c- + e-y is small (5 2.6% (9O%CL) as measured by 

the SLAC-LBL group). 

The exclusion of the old-neutrino assignment assumes a full-strength 

r-vr-W vertex, In a heavy-neutrino model with mv > mr the r would decay 

24) T 
via a small mixing between ve, vp and V~ consistent with the experi- 

mental constaints from the neutrino experiments and p-e-8 universality. 

An immediate consequence is that the 'c lifetime (ro) is longer than 

that expected in the standard model, which predicts r. = r 1-I b,,/mT15 bea 

For an electronic branching ratio of 0.16 this lifetime is 2.6 10 -13 set 

which allows a flight path of about 0.1 mm at a beam energy of 3 GeV. 
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The experimental technique for measuring the lifetime is to determine 

the ap@rent origin of the individual prongs in the eX events. In order to 

increase the sensitivity, the following additional cuts are imposed. Only 

data above Em =6 GeV are considered and both tracks must be well-measured 

geometrically (1 5 hits in the MWPC and at least one WSC spark in the 

4 and 8 views) and have a minimum momentum of 300 MeV/c. Events are select- 

ed containing a high-energy prong (P > 1.35 GeV/c) and another track making 

a coplanarity angle between 60' and 140'. The high-energy prong presumably 

results from a forward decay of one r and can therefore define the direc- 

tion of the second T. The apparent projected flight path of the second T 

is determined by the distance of closest approach of the second prong from 

the beam centre. This technique has the merit of a known 'c flight direc- 

tion and, as a result of the angular cuts, the maximum sensitivity to a 

finite flight path. 

The 35 events which survive these criteriado not display a systematic 

displacement away from the beam centre.(Fig. 20b)). (The mean (p) 

of the distribution is p=0.025f0.19 mm). As a check of the procedure, the 

same analysis of multi-prong hadronic events (Fig. 2Oa)) also produced a 

centred distribution. (The latter check is really only meaningful in the 

absence of null result for the r.) From Monte-Carlo studies we determine 

that a true c"c value of 1 mm leads to projected flight distance of 0.37 mm 

integrated over the E 
CM range. We thereby determine the 'c lifetime limit, 

T 0 
< 2.8 lo-l2 set (95% CL) 

The heavy T-neutrino model assumes that the v -e and vu-u couplings 
e 

are reduced by factors (l-s, 2> and (l-cu2) due to a small coupling between 

the -c and the old neutrinos. The upper limit on the 'c lifetime provides a 
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lower bound on the coupling strength to ve and v given by, 
P 

.- 

4 

= 2.6 lo--l3 set T 
0 2 2 

& +E 
e lJ 

i.e. E2+E2 > 0.09 e 1-I 

The tight experimental limits on v-e-6 universality place upper 

bounds on the mixing amplitudes For example, the ratio of the coupling 

strengths (G'), 
G'(Ke3) +G-(014 B decay) 

= 1.003 f 0.004 
G'(p decay) 

This comparison removes the Cabibbo angle and indicates, 
2 & 

I-r 
= 0.003 f 0.004 

In addition, 

T(7r -f ev) 
l-(.J-r + vv> = theory x (1.03 f 0.02) 

2 2 i.e. c - c = 0.03 f 0.02 
!J e 

The combination of these two results measures, 

2 E = 0.003 f 0.004 and se2 = -0.027 zt 0.02 
1-1 

Therefore the total 'missing' coupling strength is 

e2 + E 2 E = -0.024 + 0.02 
1J 

We observe this is in contradiction with the lower bound provided by the 

r lifetime measurement and hence the heavy r neutrino possibility is excluded. 

In conclusion, there is now a very solid case for the existence of 

the third charged lepton, 'c, with all properties compatible with a coupling 

to its own massless neutrino and the standard intermediate vector boson. The 

r is indeed ready to receive that ultimate accolade, 'ready for the text-books'. 
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b) The observed photon distribution in the same energy range. 



100 

80 

p 60 
E- 
> 40 
w 

IO-778 

621 Events 
3.57 I Ec..& 7.4 (no !I? 

V-A 
--- V+A 

-\ \ 
01’ I i I ’ I I I ’ I ’ I G-+P---& -C *+ 

0 0.5 1.0 I.5 2.0 
ELECTRON MOMENTUM (GeVk) 3500AlO 

0 

lo-78 
3500All 

68 Events 
3.571 E, ,,, L 3.72 . . -I / / 

” 
/ / / / / 

V-A 
V+A 

0 0.5 
ELECTRON MOMENTUM (GeVk) 

1.5 

Fig. 19. a) The electron momentum spectrum of the eX events in the range 

3.57~E~37.4 GeV after excluding data taken at the $". 

b) The spectrum observed below charm threshold in the range 3.57~EG~~3.725 GeV. 

The solid (dashed) lines are V-A (V+A) fits with zero V~ mass and 

without radiative corrections. Events with p, > 1.0 GeV/c in spectrum 
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Fig. 20. The projected flight distances using a) a control sample of hadronic 

events and b) eX events. A measurable T fl.i.ght path would lead to a 

shift in the mean (?-I) of the lower distribution in the positive 


