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Abstract:

Experimental evidence for the production of the heavy lepton <
in ete” annihilation and the determination of its properties are
reviewed. A1l data are in good agreement with the predictions

of the heavy lepton hypothesis.



‘THE NEW HEAVY LEPTON T

CONTENTS
I. Introduction 1
IT. Signatures for Heavy Leptons 2
1. Production 2
2. Decay 4
3. Competing Processes 5
III. Detectors 6
IV. Evidence for the Production of a New Heavy Lepton 9
1. Total Cross Section 9
2. Inclusive Lepton Data 9
a) Inclusive Muon Production 10
b} Inclusive Electron Production 11
3. Dilepton Events 12
4. Momentum Distributions 14
Y. Decay Properties of the New Heavy Lepton 15
1. Lifetime 16
2. Leptonic Decays 16
3. Semihadronic Decays 17
a) Vector Current 18
b) Axial Vector Current 19
¢} Strangeness 23
d) Hadron Continuum 23
4. Rare Decay Modes 24
5. Associated Neutrino 24

VI. Summary 26




I. INTRODUCTION

The problem of heavy leptons is as old as the discovery of the muon, the twin
brother of the electron. It is well known that these two particles - called
leptons - are identical except for their masses and their lepton numbers. The
latter manifesfs itself in as much as the neutral partners - the neutrinos -
associated with electrons and muons are different from each other. It has been
an ardent question in high energy physics, why the muon exists and whether

there are more even heavier leptons.

In the standard model of unified weak and electromagnetic interactions /1/

lTeft-handed leptons and quarks come in (iso} doubletts,

leptons Ve Vi quarks u c (1)
€ = de >
where dC =5 s1neC +d » cosec, S =S coseC -d . s1nec, ec = (Cabibbo angle.

This remarkable symmetry between these supposedly basic constituents of matter
was predicted in 1964 and further supported by the "GIM" mechanism /2/. Ten

years later with the discovery of "charm", this idea found its splendid confir-

mation /3/.

Although there are good reasons why the number of leptons and quarks should be
equal /4/ a deeper understanding of this symmetry - if it exists in nature - has
not been found yet. Nevertheless, one will be reluctant to abandon this symmetry
Just acquired.Therefore the discovery of new quarks or leptons will immediately
raise suspicion that the other "sector" may be Targer, as well. In fact, after
the discovery /5/ and confirmation /6/ of a new Tepton at SLAC and DESY between
1975 and 1977 it took less than two years to see first experimental hints to-
wards new quarks from a muon pair resonance at FNAL /7/. In May 1978 finally the

confirmation of this resonance in e'e” annihilation and thereby the discovery of



a new quark could be announced at DESY /8/. This new quark, which reveals itself
through a narrow resonance at 9.46 GeV, is most likely of the "beauty" type. The

above symmetry can now be tentatively extended to

leptons Ve v v quarks u C t (2)

e u T dc Se b

with the new quark flavours t {truth) and b {beauty).

The purpose of this paper is to collect the evidence for the new heavy lepton <t
/9,10,11,12/ and its decay properties at a time, where the experimental data present
a convincing and rather complete picture.

The paper is organized in the following way: After explaining possible signatures
for the new particle in Section II, a short description of relevant experiments

is given in Section II1. Experimental data are presented in Section IV showing

clear evidence for a new lepton. The decay properties of this new particle are then

discussed in Section V and the data are summarized in Section VI.

IT. SIGNATURES FOR HEAVY LEPTONS

1. Production

A variety of processes has been discussed for a potential production of heavy
leptons /9/. The simplest one is the electromagnetic pair production through a
virtual or real photon. Among many possible mechanisms 1ike photonand lepton
production, Drell-Yan process and efe” annihilation, the latter one offers se-

veral advantages.

The total cross section for e¥e”™ annihilation which sets the scale for back-
ground reactions is of the same order as the leptonic cross section, whereas it
is orders of magnitude higher in the other reactions. Together with the easy and
well defined production kinematics, this makes ete”™ machines a unigue tool to
search for heavy leptons, provided the center of mass energy is sufficiently

high.



e o —

Not only is the process of ete” annihilation into new Teptons simple from the
experimental point of view, it can also be predicted with certainty in all de-
tails by quantum electrodynamics (QED). For the production of a pair of point-

like spin 1/2 particles 17 ©~ we get

Q
1]

o o, ((38 - 8%)/2) (3)

where
S1/2

= (47 a®)/(3s) = 21.71 nb/E] (Ep /2 = beam energy)

u
[

. . 4+ - -
is the cross section foree - u+u and

g = (1 -wm/Epl/e (M_ = mass of )

1/2

is the velocity of . o . rises quickly from the threshold at s =2MT and

approaches S asymptotically. Therefore, one often uses the ratio

R = OTT/U

T Uy

to describe the cross section.

In this context, one should recall briefly the central role of S for all efe”
annihilation processes. According to common belief hadronic e¥e” reactions proceed
mainly through the production of a quark-antiquark pair which fragments into
hadrons. Since one assumes quarks to be pointlike spin 1/2 particles, the ha-

dronic production is given by
= 2 = 2
“had g O T O (2 Q) (5)
where the sum goes over all types of quarks. Again, the quantity
R = Opad/Oy, = é Qg | (6)

is frequently used to describe ee” annihilation into hadrons. The sum is readily
nredicted from the quark model. In table 1 R is calculated for different quark

flavours, with and without colour.



2. Decay
Many models with new heavy leptons have been described. Several of these will be

discussed later in the interpretation of data. The conceptually simplest and in

many ways most persuasive model of sequential heavy leptons - which will finally

turn out to offer the best description of the data - will be discussed in some

detail.

This "standard model" assumes a new heavy iepton continuing the sequence of elec-
tron and muon as described in the introduction. This new lepton participates in
the weak interaction in the same way as the other two. The leptonic weak current

in the Lagrangian

/2 4+ -
G/2 3, d, (7)

can then be written as

Joo T Ve Yoll mvghem v (1 - vg) w2 v (1 - vg) T (8)
assuming V-A structure of the new current and a new massiess neutrino.

In this model, Teptonic decays of T into e and u are readily calculated. If the
new particle is heavy enough+) it will also decay semihadronically. Table 2
gives the branching ratios /14/ for a lepton mass of 1.8 GeV/c?. Details of the

calculation will be discussed in section V.

Table 2 shows that most decays (about 70 %} are characterised by one single
charged particle in the final state. In nearly half of the cases these are elec-
trons or muons. Several neutrinos in each reaction will show up as large missing

energy. Consequently, the following signatures will be appropriate for a heavy

*) Previous measurements at ADONE /13/ limit the mass to >1.15 GeV/c?.



lepton search

(i) e’e - two charged particies + missing energy
(i1) ~» one charged lepton + missing energy (9)

(iii) > two charged leptons + missing energy

In this sequence, selectivity rises with falling cross section. The first evidence
for a new lepton came in fact from a special choice of dilepten events (iii},

namely /5/
+ —

efe” s> uT et missing energy. (10)

Most knowledge about the new particle, however, was later extracted from inclu-

sive lepton data (ii).

3. Competing processes

To understand the experimental problems a discussion of two kinds of processes
in e+e_ annihilation is necessary, which may fake the signatures of heavy lep-

tons.

QED

From quantum electrodynamics (QED) a number of reactions is known to contribute
to these signatures. Besides the collinear ee and uu final states, radiative pro-
cesses e e »etey, uuTy, eTe vy, and U+U-yy have to be eliminated. In addition
two-photon processes of the type e+e- s> e'e” + X have to be taken into account.
For instance the reaction e'e” » yuee may fake signature (10) if a pe pair es-

capes detection.

Charm

Another important source of competing processes is the production and decay of

charmed mesons /15/ above a threshold of about 3.7 GeV in 51/2.



A comparison of production and decay mechanisms yields considerable differences
between charm and heavy leptons. WhiTe feptons are produced elastically, only the
basic quark-antiquark process is elastic for charm mesons. The subsequent frag-
mentation will generally proceed through cascades of excited mesons and result in

an inelastic pair production of the weakly decaying charm meson ground state.

Consequently, the multiplicity will be larger and the mean energy of charm pavr-
ticles smaller than in the heavy lepton case. These differences will even be
enhanced by the weak decay process. Charm couples to s and d quarks according to
the GIM mechanism while the T couples to a neutrino in its weak current. This
tends to increase the differences in multiplicities. Furthermore, the leptonic
decay will be pointlike, whereas the charm decay involves a form factor. This
form factor and the larger mass of the decay products will result in a relatively

soft iepton spectrum in charm decays /16/.

In conclusion, mainly two criteria will be selective for heavy leptons against
charm,
Tow multiplicity and

hard Tepton spectrum.

III. DETECTORS

In this chapter experiments which have provided major contributions to the heavy
Tepton data will be discussed in some detail. They were performed at the double
storage ring DORIS at DESY and the SPEAR storage ring at SLAC, respectively.
Somewhat arbitrarily they will be grouped into those with prominent electron or

muon identification.

Muon identification

PLUTO

A cross section of the solenoidal detector PLUTO /17/ at DORIS is shown in Fig. 1.

_ The superconducting coil, which produces a magnetic field of 2 T, is filled with



a set of 14 cylindrical proportional chambers, allowing for track reconstruction
over 87 % of 4. A lead cylinder of .44 radiation lengths behind the 8th chamber
and anoiher one of 1.7 radiation lengths behind the 12th chamber provide photon
and electron identification. The outer lead cylinder followed by two proportional
chambers can specifically be used for shower recognition over 5% % of dw. Elec-
tron identification is thus accomplished with an efficiency of 85 % (above 600
MeV electron energy) and a hadron misidentification probability

P(h~e) = (3.5 0.7} %.
Additional proportional tube chambers outside the iron yoke allow for muon iden-
tification over 45 % of the polar angle range [cos®| <.75. Hadron misidentifica-
tion was measured to be

P(h > un) = (2.8 +0.7) %.

SLAC-LBL

Fig. 2 shows the SLAC-LBL detector /18/ at SPEAR, which is again of the solenoi-
dal type. The field of the warm coil is .4 T. Four double Tayers of spark chambers.
are used for track reconstruction over 70 % of the solid angle. A Tead scintilla-
tion shower counter outside the coil provides modest shower resolution and
therefore large hadron misidentification of P{h > e) ® 18 % over 65 % of 4.

Spark chambers outside the 20 cm thick iron yoke allow for muon identification

with P(h > 1) ~ 20 % at a momentum cutoff of 600 MeV/c.

The "muon tower" on top of the detector offers a much better muon identification

with P(h »~ u) = 2.8 % with a momentum cutoff of 900 MeV/c, over 8.8 % of 4.

Two other experiments at SPEAR have contributed to the t search, the Maryland-

Pavia-Princeton-Stanford Collaboration /19/ (MPPS) and the Ironball /20/.



Flectron Identification

Lead-Glass Wall

In 1977 the SLAC-LBL detector was operated in a modified version, the "Lead-Glass
Wall" extension /21/. Two layers of lead-glass counters interleaved with spark
chambers covered *20° in azimuthal and +30° in polar angie. Good energy resolu-
tion and accordingly low hadron misidentification of P(h - e} = 2 % were combined

with a good electron detection efficiency of 89% above 400 MeV/c momentum,

DASP

Fig. 3 shows the DASP detector /16,22/ at DORIS. The non-magnetic inner detector,
which is moved from its central position in the drawing, covers 70 % of 4n. It
consists of lead-scintillator and lead-proportional tube sandwiches. Two identical
spectrometers at large angles provide excellent momentum resclution and particie
identification through Eerenkov, time-of-flight, shower counter and range counter
techniques. This allows for electron identification down to 200 MeV/c momentum.
Tne solid angle is however restricted to two times 3.6 % of 4r.

DELCO

The DELCO detector /23/ shown in Fig. 4 was operated at SPEAR since 1977. It was
specially built for good electron identification, which is accomplished by Eéren- .
kov and shower counters over 65 % of the solid angle. This combination provides

an excellent hadron rejection of P(h - e) < 0.05 %. A small magnetic inner detec-

tor allows for reasonable momentum measurement over about 60 % of 4r.

DESY-Heidelberg

The DESY-Heidelberg detector /24/ (Fig. 5) is a powerful device for electron and

photon detection with sodium iodide and lead-glass counters covering 86 % of 4m.



Muons can be identified by traversing 4.6 collision Tength and being detected

in drift chambers over 55 % of 4mw. A small non-magnetic inner detector covers

86 % of the full sphere.

IV. EVIDENCE FOR THE PRODUCTION OF A NEW HEAVY LEPTON

In this chapter a survey of the relevant data will be given. The presentation
will not follow the historical development but rather proceed in order of in-

¢reasing evidence.

1. Total Cross Section

First of all let us see whether the total cross section data allow a new
particle. Asymptotically, a new lepton would contribute nearly one unit in R to
the hadronic cross section {pure leptonic events are expected at a level of less
than 10 %). Total cross-section data are available from the SLAC-LBL /25/, PLUTC
/26/ and DASP /27/ collaborations. As an exampie, the PLUTO data are shown in
Fig. 6. A comparison with the prediction of the guark model (Table 1) shows that '
above charm threshold the increase expected from a new guark is not sufficient
to describe the data. On the other hand, inclusion of a new lepton contribution
yields much better agreement. The remaining difference of .3 to .5 units in R
stays within the systematic uncertainties of the measurement and the prediction

(gluon  corrections) /28/. The other three experiments yield even higher cross

sections and therefore demand even more a new particle.

2. Inclusive Lepton Data

As shown in Table 2, the new lepton is expected to decay into electrons and
muons with considerable branching ratios. Consequently, it should show up in

an excess of "anomalous" lepton events above threshold.
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a) Inclusive Muon Production

Three collaborations - MPPS /19/, SLAC-LBL /29/ and PLUTO /6,30/ - have measured
inclusive muon production in the reaction

et e” - X, (11)
where X stands for at least one charged particle. The muon momentum cutoff
varies between 0.9 and 1.05 GeV/c. Experimental details are very similar for
all three sets of data. Since the strongest signal is expected at low multi-
plicities {section II}, data are subdivided intc a twoprong and a multiprong

sample. In the twoprong class, an acoplanarity cut+) is applied to suppress

QED contributions and cosmic ray background.

In both classes, events with lTow missing mass are removed, which again sup-

presses QED events and favours events with several neutrinos. The final sig-
nal events are thus
twoprongs: ete™ » 07 + 1 track + missing mass (12)

multiprongs: efe” > ui +22 tracks + missing mass (13)

These samples have still to be corrected for (smail) residual QED contribu-
tions /31/ and background of hadrons faking a muon by decay or by punching
through the iron. Contributions from J/vy production were studied in the PLU-

TO detector and turned out to be small /32/.

Fig. 7 shows the results for the remaining anomalous muon production in the
twoprong and multiprong class. The cross sections are scaled to the same mo-

mentum cutoff of 1 GeV/c (cf. figure caption). All data are in perfect agree-

+) The acoplanarity is defined by the difference in azimuthal angle between
the two tracks.
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ment. The curve is a fit of the "standard model" to the PLUTO data. It extra-
polates very nicely into the high energy point in the twoprong case. For mul-
tiprongs however, the 7 GeV point is considerably higher, probably due to
charm contributions at these energies. The energy dependence of the cross sec-
tion is in good agreement with the expectation for pair production of point-
Tike spin 1/2 particles and notably excludes boson pair production. From the
threshold behaviour of the inclusive muon data a rough determination of the
mass can be achieved with

Moo= (1.9 1) GeV/c?.

The error is mainly due to the high momentum cutoff which resuits in low sta-
tistics and large extrapolation uncertainties for the low energy part of the

momentum distribution. To do better, cone has to use electrons which allow for

a much Tower momentum cutoff.

b) Inclusive Electron Production

Inclusive electron production has been measured by four collaborations - DASP
/27/, DELCO /33/, Lead-Glass Wall /34/ and DESY-Hejdelberg /35/ (the Tatter
measured muon production as well). Electrons were identified by Eerenkov, time-
of-flight and different shower-counter techniques as described in Sec.III. The
lowest electron momenta thus available were 200 MeV/c (DASP), 300 MeV/c (DELCO),
400 MeV/c (SLAC-LBL) and 500 MeV/c (DESY-Heidelberg). Since geheralIy charm
decays will dominate low momenta and Targe multiplicities, only twoprong
events were considered. To suppress Bhabba scattering the events were reguired to

contain a second non-showering track. The signature chosen was thus
ete” > e+ non showering track + >0 photons (14)

(The DESY-Heidelberg group restricted its data sample to events

without photons.) For the same reason as discussed for muon events, large

missing mass and acoplanarity of the
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two tracks were required in all experiments. The remaining background from beam

gas events, charm production, QED events and electron misidentification is small,
typically 5 to 10%. The DASP group was the first one to show that T production is

present on the y'(3.7) resonance /27/. An excessive hadronic background and electrons
from cascade decays rendered this measurement more difficult than at higher '
energies. This DASP result was a major breakthrough not only for the mass de-

termination. Even more important it proved conclusively that the v is produced

below charm threshold and that an association with charm is definitely ex-

cluded. DESY-Heidelberg and DELCC followed quickly, measuring T production

even below the y' resonance /33,35/.

Figs.8, 9 and 10 show the energy dependence of the cross sections, for DASP,
DELCO and DESY-Heidelberg, respectively. (The Lead-Glass Wall experiment has
lower statistics near threshold). All results indicate a smooth behaviour of
the cross section, as expected from heavy lepton production. The DELCO data
in particular give a convincting account of the predicted energy dependence of
the cross section. Like for muons, the data again argue clearly against spin O
or spin 1 particle production. From these measurements the mass of the t is

determined to be (assuming V-A coupling of the 1 decay):

M_ = (1.807 + .020) GeV/c® DASP /27/
M_ = (1.790 + .007, - .010) GeV/c? DESY-Heidelberg /35/
M_ = (1.782 + .002, - .007) GeV/c? DELCO /33/

3. Dilepton Events

Another major source of information are dilepton events which occur through

the reaction

] 7 guv

et e’ o+ T L =e,uqu (15)

L—y 2uv i
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In particular the process

+ -—
et e ~ e’ + missing energy (16)

lead to the first observation /5/ of © production by its striking signature
of large missing energy and apparent lepton number non-conservation in the
observed ue final state. As an example Fig. 11 demonstrates the appearance of
such an event in the PLUTO detector. The signatures of a muon and an electron
and the momentum imbalance are clearly visible. Table 3 summarises the avail-
able data. The historically first sample of events from SLAC-LBL still suf-
fered from a relatively large background due to moderate e and u identifica-
tion (section II). Results from PLUTO /6/ and later from the Lead-Glass-Wall
/34/ and DASP /27/ were complementary to the SLAC-LBL data in the sense of
very low background at the expense of low statistics. They fully confirmed the
original interpretation of the data as originating from 1 production. Fig. 12
and 13 show the SLAC-LBL and PLUTO wne-cross section as a function of energy,
the latter again compared with the inclusive u data. They all show the expected

threshoid behaviour.

Undetected Particles

The high missing mass of pe events {typically MM? > 3 (GeV/czﬁ ) and the large

missing energy (typically > 51/2

/2) already suggest the presence of at least
two undetected particles (or one with high mass). Furthermore, from the momen-
tum spectra we concluded that the leptons are accompanied by two other partic-

les (section IV.4)}.

To determine the nature of those undetected particles experimentally, let us

consider reactions of the type
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+ -
et e » et X (17)

where X are >2 charged particles, photons or m%'s. 0f course, these events
should be absent, if the standard heavy lepton nypothesis is right. In fact,
from upper limits on these processes the probability can be estimated that the
eu events are faked by events of type (17) with X escaping the detector. The
PLUTO experiment gives the Towest upper limit of 9% (90% C.L.) including the

most dangerous case, where two K%'s are produced /6/.

Conseguently, in most of the events the additional particles have to be neutri-
nos or neutrons. From the shape of the momentum distribution, an upper 1imit of
250 MeV/c? can be set on the mass of the neutral particles involved (section
V.2). This excludes the neutron and we are only left with neutrinos to explain

the missing energy.

Collinearity

Elastic production of a pair of heavy particles is clearly supported by the ob-
served threshold behaviour. Another manifestation of this production mechanism
is that the decay products of the two heavy leptons are forced back to back by
the momentum boost. This 1is nicely demonstrated in Fig. 14 for the ue events
from SLAC-1BL /5/. The collinearity distribution of the two leptons in fact
shrinks with increasing energy, again in good agreement with the quantita-

tive predictions of the standard model.

4, Momentum Distributions

If the observed Teptons originate from the decay of heavy leptons, their de-
cay characteristics should be completely independent of the special type of

event.
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In particular, the lepton momentum distributions in reactions (12), (13}, (14)
and (16) should be the same. Moreover, the shape of the distributions can be

calculated /36/.

Figs. 15 to 19 show momentum distributions for both electrons and muons for all
event classes. In all figures, the full lines represent fits to the data with

the standard assumptions for heavy leptons.

The comparison is convincing: all data show in fact the same characteristics

the spectra are relatively hard (compared to spectra from charmed particles)

they are independent of the specific final state,

they are all well described by 3-body decay of the standard heavy

lepton model,

2-body decay is ruled out.

V. DECAY PROPERTIES OF THE NEW HEAVY LEPTON

Throughout section IV we have seen overwhelming evidence that a new pointlike
spin 1/2 particle t is produced in pairs in ete” annihilation. The mass of this

new heavy lepton is

+.002

2 007) GeV/c?. (19)

M= (1.782
T

This chapter will be devoted to a discussion of its decay properties. Data will
be compared with the predictions of a "standard model" of a heavy sequential lep-
ton of mass 1.8 GeV/c? taking part in the conventional weak interaction through

a (V-A) coupling to its own massless neutrino.
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1. Lifetime

In this model, the 1ifetime is calculated as /14/

-13
T, ® BR(T+evv)(Mu/MT)5 © T, 7 2.8X 10 s (20)

where T and @_ are the lifetime and mass of the muon. The corresponding de-
cay length is Tess than a tenth of a mm and cannot be measured in any of the
existing detectors. However, from a study of the closest distance at which

tracks approach the beam axis, an upper limit can be inferred:

t <11 «107% s (95 % C.L.)  SLAC-LBL /11/

1< 3.5.107% g

. (95 % C.L.) PLUTO /37/

2. Leptonic Decays

The partial width for leptonic decays (Fig. 20a)

T + € W

T > v
can be calculated in the standard model. They differ only by a small phase-
space correction. From a computation of the other semihadronic decays (section
V.3), the branching ratiosof Table 2 can be obtained. These branching ratios
have been determined in various experiments as Tisted in Table 4. The "world

average" of
BR{t>2wv} = (16.7 £1.0) % (21)

is in good agreement with the theoretical prediction. The relative strenaths
of u and e decays have been checked by DASP, PLUTO and SLAC-LBL and found to i

be equal within the rather large experimental errors: Bﬁ=BR(T*MVv), B =BR(t+ew)

8,/Bg = .92.32 DASP 127/ '
B /By = 9237 PLUTO  /6/ H
B /B, = 1.40 :.48 SLAC-LBL /38/ ’

Be/Bu 1.12 +.48  SLAC-LBL /38/



17

The form of the leptonic spectrum can be calculated from the standard model
as well, As we have seen in section IV, all distributions are in reasonable
agreement with the expectation. To be more specific, one can allow for an ar-

bitrary mixture of V and A pieces in the weak T current

Ju = v ya{%inﬁ(l - YS) + cos8{1 + y5)] T (22)

and for neutrino masses m, #0. Variations in § and m,, will show up in the de-
T T
tailed form of the leptonic spectra.

The SLAC-LBL /11/, PLUTO /6/ and DELCO groups have analysed their data with
respect to a V+A form of the weak interaction. A1l three experiments favour V-A.

The clearest evidence (Fig.16) is given by DELCO which measures the Michel para-

meter as _ -
§ = .66 +.13 DELCO /12/

compared to an expectation of .64 for V-A and -.17 for V+A (without radiative
corrections). Note, however, that pure V and A structures lie in between V=+ A

and cannot be ruled out by present data.

Upper 1imits on the neutrino mass have been determined by SLAC-LBL (< €Q0
MeV/c?) /29/ and PLUTO (< 300 MeV/c®) /39/. The best value, recently ob-
tained by DELCO, is

M < 250 MeV/c? (90 % C.L.) DELCO /12/.

3. Semihadronic Decays

Since the T mass is high enough to allow for semihadronic decays (Fig. 20B),
we have an excellent tool to check whether the new particles do in fact parti-

cipate in the conventional weak interaction of the standard model. If this
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is  the case, it should couple to two kinds of hadronic currents

vector currents JP = 1

axial vector currents L O
where JP is the spin parity of the hadronic final state. Due to the conserva-

tion of the vector current (CVC), no scalar final states occur in the vector

part.

a} Vector Current

The vector current with JP = 1 leads to the prediction of the decay
T > VP .
Assuming CVC the weak p coupling is inferred from the known yp coupling

The relative width of the Teptonic and the p decay is then given by /14/

(F(t = ve)/(T{t » vve)) = 37 coszec(l - (MD/MT)2)2(1+2(MD/MT)2)(MQ/MT)2' (23)

With BR(T + ewv)

16.8 %, Mp =.77 GeV/c? and MT = 1.8 GeV/c? this yields

BR(T -~ pv) 25.3 % Theory /14/.

DASP has studied this decay channel in the reaction

e" e > 1" +1 track + 2 photons, (24)

where the n was measured in one of the spectrometers and the other particles
were seen in the inner detector /40/. Events are retained if a n° can be fitted
to the photons. Fig. 21 shows the mass distribution of the w m° system and its
momentum distribution for events from the p band (.5 < M +0 < 1.0 GeV). Since
about 40 % of the events contain an electron (hatched in Fig. 21), multihadron

events cannot explain the data. On the other hand, the (v - vp) decay in

1 track
. i—wﬂ rac

e e - T
l—+\)p
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0

does explain both the electrons and the 7% momentum distribution. From events

above 1 GeV/c p momentum the preliminary value of
BR(T -~ vp) = (24 29) % DASP /40/

is obtained, in good agreement with theory.

b) Axial Vector Current

Since the axial vector current is not conserved, its divergence can also contri-

bute to the hadronic current. Therefore, JP = 0" and 17 final states are allowed.
Consequently, the T will decay into vr and vA; (if the A, exists) or other 07 and
17 states.

{t ~ vr) Decay

T T T ey
.

This decay plays a central rGle in the discussion of the weak current involved
in T decay since it constitutes the "inversion" of the 1 decay and can therefore

unambiguously be predicted from the pion coupling constant f_ (Fig. 20c,d).
The relative width is given as /14/

- 5 - 2 > 2 2
T(t = mu) / T{1t + ew) 127 fTr cos 6, /MT (26)

With BR(1 » ew) = 16.8 %, f_= .129 GeV/c” and M_ = 1.8 GeV/c? this yields

BR{t -+ V)

i}

9.5 % Theory /14/.

The PLUTO group studied inclusive pion production /41/ from the reaction:

™)

+_
e e - T T

L——+ 1 prong + no photons.

32 events of the signal class

et e > hadron + 1 charged track + no photon
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were seen in the 4 to 5 GeV energy range. On the other hand, only 8.9 +1.0
events were expected from hadron misidentification, T -~ pv decay and hadronic
sources. Fig. 22 shows the momentum spectrum of hadrons at 5 GeV coﬁpared to
muons with the same kinematical cuts. The hadron spectrum is indeed shifted to
larger momenta, as expected from a twobody decay. The PLUTO group obtains a
branching ratio of

BR{(t = mv) = (9.0 +2.9) % PLUTO /41/
with an additional systematic uncertainty of 2.5 %. Going along very similar
lines, the SLAC-LBL group ?ound a branching ratio of

BR(T > Tv) = (9.3 £3.9) % SLAC-LBL /12/ .
DELCO studied /12/ events of the type
e” e” » e + hadron + no photons.
They observed 10.7 events after background subtraction. 11.8 events are expected,
out of which only 2.8 events are due to other sources than = decay (mainly V) .

The resulting branching ratio is

BR(T + mv) =(8.3 £3.0) % DELCO /12/.

(1 . Alv) Decay

This second candidate for an axial vector piece in the hadronic current can only
be calculated if one introduces further assumptions about the relative size of
the axial and vector current (Weinberg sum rules). The width of

T -+ Al v
relative to the Teptonic width is then given by

2

r(t - Alv) /(T(t~ew) = 3/~ coszec(l - (MAlfMT)Z) .

(1 2(My /M )) (Mg /M)2
1

)Converse1y a measurement of BR(t + vA,) allows to determine the coupling
constant {'A and to check Weinbergs ;ul
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With BR(t ~ ew) = 16.8 %, M_= 1.8 CeV/c? and My = 1.07 Ge'/c? this yields
1
BR{(T ~ Alv) = 8.1% Theory /14/.

The PLUTO collaboration has searched /37,39,42/ for events from the reaction

(—-*+ evv, UV
+ -

e e - TTI (28)
+ o+ -
T M

in the energy range from 4 to 5 GeV. They found 54 events of the type

N (29)

which were kinematically consistent with reaction (28). Fig. 23 shows the mass
distribution of the two possible ata” combinations of each event. The p signal
sticks out most clearly in the high mass combination, which is hatched in the
histogram. 40 events are retained with at least one mtr mass in a o band of

.68 < Mwﬂ < .86 GeV/c?. There is an estimated background of 8.5 events in the

o band mainly from purely hadronic 4 prong events where one hadron misidentified
as electron or muon. The remaining 14 (hatched) events outside the ¢ band do not
exceed significantly the background estimate of 9.5 events. The PLUTO group there-

fore concludes that the whole signal is due to the decay

T > p MV
Assuming I = 1 for the pm system onecan determine a branching ratio of
BR(T + pmv) = (10.4 £2.4) % PLUTO /37,42/

with an additional systematic uncertainty of 2 %.

The existence of a pn final state with negative G-parity in itself proves that
an axial piece is present in the hadronic weak current in 1 decays, provided
only first class currents are presentf To get a statement independent of the
latter assumption, the spin parity of the pn system was studied. The density
distribution in a 3-dimensional Dalitz plot of the masses of the two i com-

binatiorms and the pm system was investigated. Only the JP = 17 s-wave and the

+By definition of first class currents /50/.



22

JP

= 2 p-wave gave an acceptable description of the data. Fig. 24a shows the
mass distribution of the_pw system together with the expectation from a Monte-
Carlo calculation for different partial waves. The p and d waves give a very
bad account of the data. Only the

JP = 17 s-wave
is acceptable. This proves again the existence of an axial part in the hadronic
current. In particular, there are no indications for a 1° s-wave from second

class axial currents.

The pm mass distribution is much better described by assuming a resonance of
M=1GeV and T = .475 GeV in the 1¥ s-wave (Fig. 24b). This indicates that
the observed decay may indeed be due to

T o> Ajv o> pTv, (30)

The evidence is not compelling, however.

The SLAC-LBL group has studied the reaction
+ A '
e e > u +7 7 m + >0 photons . (31)

From the momentum distribution of the muon and the 3w system they show that the

events originate from a process of type (28) with one t decaying into pions
T > V. L A (32)
The three pion-mass distributions are given in Fig. 25 for different numbers
of observed photons. The clear enhancement around a 3w mass of 1.1 GeV/c? contains

42 events (.95 -+~ M, < 1.25 GeV; ny < 2). Only few events are associated with

3m
kaons, proving that the signal does not originate predominantly from charm. The
branching.ratio is

9y = (16 +6) % .

- - + -
BR(t - vetm o omow 4T
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From a comparison of 0 v and 1,2 v data the purely charged decay mode can be
estimated
BR(T - v+ oA ) = (6 +4.5) %
in good agreement with the PLUTO result. An acceptable description of
the 37 mass distribution is again obtained from a fit assuming (T Alv) decay

= 200 MeV/c?.
1

= 1.1 GeV/c? and a width T
1

with M

A A

c. Strangeness
Since the T mass is below the charm threshold, decays invelving strange particles
should be suppressed by tgzeC = 5 %. The DASP group measured /27/ the ratio of
kaon to pion production in two-prong events with one electron, which are
dominated by T production. Their result -

(c(e+e' e+ K+ >0 #‘s))/(o(e+e- e+ 7w+ >0v's)) = (7 £6) % DASP /27/

is in accordance with theory.

d. Hadron Continuum

The remaining part of the semihadronic decay

T oot hadron continuum
can be calculated from the quark model. Using CVC, the quark model with colour
and assuming that the vector part is equal to the axial part one obtains the
value /14/ given in Table 2. Only a small fraction of the hadronic final states
is expected to contain a single charged particle /44/. Therefore, a rough test
of this number can be obtained from a comparison with experimental results on
muitiprong final states:

BR(t ~ vt >3 prongs)

1
(#8)
L]

+10) % PLUTO /6/
(35 +11) ¢ DASP  /27/
(32 + 5) % DELCO /33/



24
In fact the experimental results agree quite well with the theoretical predic-
tion of multiprong fiha] states, which is given by the sum of the continuum

and half the Al branching ratio.

4, Rare Decay Modes

Several decays, which are not allowed by the standard model, have been searched
for. None of them has been detected. A summary of upper limits is given in

Table 5.

5. Associated Neutrino

So far, data have been discussed in .the framework of the "standard model", where

the T has its own neutrino v » However, many other models have been

put forward, which very much resemble the standard model in their experimental
consequences. Without going into the details of any specific model /45/, I will
only discuss the phenomenological question, whether a distinct T neutrino exists

or whether it is identical to one of the known neutrinos.

Minimal Assumptions

The question has been discussed whether minimal assumptions with just one addi-
tional charged lepton Lt (no neutral partner) could explain the heavy lepton
data /46/. Due to Tepton number mixing, this model leads to neutral current
contributions with branching ratios:

BR(L ~+ 5 + hadrons) ~ .30

BR(L » 3 charged Teptons) ~ .05
which is excluded by the data of Table 5.
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Ortholeptons and Paraleptons

Liewellyn Smith has proposed a classification for models of new leptons with
old Tepton numbers /47/. Ortholeptons are particles with the quantum number
of an old lepton of the same charge, whereas paraleptons are those with the

guantum number of the oppositely charged electron or muon.

For paraleptons (with V +A and massless neutrino) there is a difference of a
factor of 2 in the statistical weight of muon and electron decay. Consequently

for the electron type lTepton £

BR(E™ - Ve © V)/BR(ET =+ Y GU) = 2 (32)

whereas for the muon type lepton this ratio is 0.5. This is excluded by the ex-

perimental data of Section V.2,

The simplest case of an ortholepton, where the T would be an excited e or u and

" would decay electromagnetically, is excluded by the data of Table 5. This does,

however, not exclude ortholeptons with only weak coupling /48/. For them,

a neutral current coupling can occur and - like above - produce semihadro-
nic and three charged lepton decays. Since the strength of this coupling de-
pends on the model, no general conclusion can be drawn from Table 5. We can

only exclude ortholeptons with conventional coupling strength.

The muonic case, however, can be ruled out completely, since the lower limit
of 13 % of the conventional strength deduced from the lifetime 1imit (section

v.1l) conflicts with an upper limit of 2.5 % from neutrino experiments /49/.

Consequently, the only possibility Teft beside the standard model is an elec-

tronic ortholepton with less than the conventional coupling strength.
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VI. SUMMARY
Since the first result about eu final stétes at SLAC in 1975 the evidence for
the existence of a new heavy lepton v has been increased steadily. Today,
the 1 is undoubtedly established as a new spin 1/2 particle of maés

+ .00¢2

_ 2
M= 1.782 Tt 05 Gev/ct

The data summarized in Table 6 agree with the expectation of the standard

model of a sequential lepton, which couples to the conventional weak inter- ;

action with its own spin 1/2 neutrino.
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Table 1 Predictions for R =

Ohad! Oy,

l without colour

with colour

3 quarks (u, d, s)

4 quarks (u, d, s, ¢)

2/3
11/9

of mass M. = 1.8 GeV/c?

decay mode

31/3

Table 2 Predicted branching ratios for a sequential heavy lepton

charged particles BR(t
T v e Gé 1 16.8 4
v_ vu 1 16.4 %
v T 1 9.5 %
T
v K 1 0.5 %
v, o 1 25.3 %
v KT 1 1.3 ¢
T
v AL 1.3 8.179%
T 1
v Q 1.3 0.3 %
v (hadron continuum) 1.3.5 21.8 %



Table 3 Summary of ue events /11/ e+e- > uie+' + missing energy

momentum cuts
collaboration | (GeV/c) events background reference
SLAC-LBL Pe > .65 190 46 5
P, > .65
PLUTO Pe > -25 23 <2 6
P, > 1.0
Lead-GTass-Wall Pe > 4 22 4 34
pu > .bb
DASP Pe > .2 13 1.2 +.4 27
i
Du >

Table &4  Summary of leptonic branching ratios. For the average, Be = B is
assumed and the statistical (first) and systematic H
(second) errors are added quadratically.

collaboration ! Be = BR(T » ew) [%J reference
Bu = BR{T > uuv)
SLAC-LBL By = Bu = 18.6 1.0 #2.8 29
Bu = 17.5 2.7 +3.0 29
PLUTO Bu = 15.0 3.0 6,30
Be = 16.5 5.6 6,30
Lead-Glass-Kall B, = Bu = 22.4 +3.7 #4.4 34
Ironball B, =22 17 11
MPPS Bu =20 <10 11
DASP Be = Bu = 18.2 +2.8 27
DELCO By = 16.0 +1.3 33
Worid Average By = Bu = 16.7 +1,0
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Figure Captions

Fig. 1 PLUTO detector, viewed along the beam.

Fig. 2  SLAC-LBL detector, exploded view.

Fig. 3 DASP detector, blow up picture. M = magnet, DK = proportional or
spark chamber, F = time-of-flight counters, S = shower counters,
R = range counters, Fe = iron, SR = beam pipe.

Fig. 4 DELCO detector, polar and azimuthal projections.

Fig. 5 DESY-Heidelberg detector, viewed along the beam.

Fig. © PLUTO: total cross section between 3.5 and 5 GeV center of mass
energy in terms of R = Uhad/guu‘

Fig. 7 MPP S , SLAC-LBL, and PLUTO: inclusive muon production in the 4
to 7 GeV CM energy range. The SLAC-LBL data are scaled to the 1 GeV/c

momentum cut using factors of .637, .744, .925 for 51/2 = 4.05,
4.4, 6.9. This assumes V-A and approximate cancellation of the dif-

ference between PLUTO and SLAC-LBL in acoplanarity and missing mass
cuts. The MPP S data are for P, > 1.05 GeV/c, extrapolated to tﬁe
full solid angle assuming an isotropic distribution of muons. The
full curve is a fit to the PLUTO data using the standard model
(m, = 1.9 GeV).

Fig. 8 DASP: cross section for incliusive electron production in the two-
prong class with any number of photons. The solid curves are fits
assuming pair production of pointlike particles with spin 0, 1/2
and 1.

Fig. 9 DELCO: inclusive electron production in the twoprong class with any
number of photons. The ratic of the electron to p pair production is
plotted versus CM energy. Data are compared with the prediction for

spin 0, 1/2 and 1 pair production.
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DESY-Heidelberg: observed cross section for electron and muon two-
prong events without photons. The full and dashed curves are fits

to the electron and muon data assuming T pair production.

PLUTO: example of a ue event.

SLAC-LBL: observed ue production cross section as a function of CM
energy. The full curves are fits for heavy

Tepton production with M_ = 1.8 and 2.0 GeV/c?.

PLUTO: energy dependence of the je cross section in comparison to
the inclusive twoprong and multiprong data. Cross sections are given
for muon momenta > 1 GeV/c. The solid line shows the prediction for
a heavy lepton with V-A coupling and M_ = 1.91 GeV/c2.

SLAC-LBL: collinearity distribution of the two leptons in eu events
at different energies.

DASP: electron momentum spectrum for events with an electron, a non-
showering track and any number of photcns. (Above 1 GeV/c momentum
also muons have been included with an appropriate weighting.}

DELCO: electron momentum distribution for twoprong events. Data are
compared with the prediction for V-A (solid curve) and V+A (dashed
curve} coupling of the 1.

SLAC-LBL: distribution of the scaled momentum r compared to different
hypotheses. The solid curves are for the standard model, V-A coupling,
with the neutrino mass indicated in the figure. The dashed curve is
for V+A coupling and massless neutrino.

r = (p- .65 GeV/Q/ - .65 GeV/c)

Pmax
PLUTO: momentum distribution of the muon in inclusive twoprong events

for three different energy bins.
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PLUTO: momentum distribution of the muon in inclusive multiprong

12 _ 5 gev.

events at s
Leptonic and semihadronic decays of the heavy lepton T.

DASP: p decay of the 7.

mass distributions for the ol system.

momentum distribution of the 7-n° system in the p band.

PLUTO: = decay of the <. Momentum distribution of the hadron
compared to the muon in twoprong events without photons at 5 GeV
CM energy.

PLUTO: om decay of the 1. The squares indicate the background.

Mass distribution of the = u system. The shaded area represents

the high mass combination.

PLUTO: onm decay of the 1. Data corrected for background and acceptance.

Mass distribution of the 3w-system in the p band

(.68 < Mn+ﬂ_< .86 GeV/c?). The curves represent phasespace calcu-
lations for different partial waves of the‘pw system.

The same mass distribution with a fit of a resonant s-wave with
MA1 = 1.0 GeV/c? and FAI = 475 MeV/c2.

SLAC-LBL: 37 decay of the t. Invariant mass distribution of the 3n

'system for events with no, one or two, or more than two photons.

The distributions are corrected for background from hadron to muon

misidentification.
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