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The first experimental indications of the 7 lepton ap-
peared in 1975,' and its existence was not firmly es-
tablished until 1978, after the discovery of anomalous
events in the ¥’ peak.? Nevertheless, many properties
of 7* are already well known. Such rapid progress was
achieved owing to the intensive research of some dozen
experimental groups at installations with colliding ¢*
and e~ beams, SPRAR at Stanford, DORIS and PETRA
at Hamburg. The present information about the 7 lepton
is based on statistics corresponding to the production
of tens of thousands of 7°7~ pairs.

Interest in the 7 lepton, as in the other leptons, has
also become stronger because the existence of quarks
has become generally accepted. In the Glashow-Wein-
berg-Salam theory, and all the more in models of the
“grand unification” of the strong, weak, and electro-
magnetic interactions, quarks and leptons are objects
on the same level of the microscopic world, and many
of their properties must be interrelated.

Here we give a brief description of new results on the
7 lepton and of prospects of further research on it.
Many theoretical processes associated with 7* and its
status up to the end of 1977 were given in an earlier
review” (see also Ref. 4). There are surveys®'® devoted
to the currently available data.

1. GENERAL PROPERTIES
a) The masses of 7 and v,

The energy dependence of the yield of eveuts caused
by the reaction

e*e™ — t¥1-, (1)

gives as the present most accurate value of the mass’

M, = 1782%2 Mev. (2)
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Information about the mass of the neutrino v, associat-
ed with 7 is obtained from the spectra of secondary
particles. The spectra of electrons from the decay of
7* give®

M, <250 MeV. (3)

If v, is stable, cosmological arguments give a much
stricter limit (cf., e.g., Ref. 9):

M, < 30 eV,

b) The spins of 7 and v,

The energy dependence of the reaction (1), which has
been measured over a wide range of energies from the
threshold to s'/2= 2E, , =32 GeV, also leads to the con-

clusion’ that the spin of the 7 lepton is
S, =1/2 (4)

An additional check on the value of S, and a determina-
tion of S, are obtained from comparison of the widths
of the decays 7" =77y, and 7~ = e v, V,. The experi-
mental value®

I'(v= > nv)'T (17 e vy,) = 052 = 007 (9)

agrees well with the theoretically expected value 0.6 for
S; =8, = 1/2. The possibility that one or both of these
spins could be 3/2 is completely excluded.

c) The structure of the electromagnetic vertex

If we assume that for the 7 lepton the vertex differs
from a point vertex by the factor

Fo(@®) =1 = ¢/(" — AL, (6)

then from the behavilor of the cross section for the reac-
tion (1) right up to s2 =32 GeV it follows that'®

A, > 61 GeV AL > 74 GeV, (6a)
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Accordingly, for the 7 lepton quantum electrodynamics
is confirmed at least down to distances ~ 107! cm. The
e —u—T7 universality of the electromagnetic inter-
actions is confirmed down to these same distances.

d) The structure of the weak vertex

The experimentally observed® spectrum of electrons
from the decay 7™~ ¢"v,v, agrees well with the V-4
structure of the 7, v, vertex, and excludes the V +A
form. The measured value of the Michel parameter is

Pexp = 0.72 + 0.45, )

Theoretically, p,_,=0.75 and py, ,=0. The types V or A
with py,,=0.375 are improbable. That the V -A type is
to be preferred is confirmed by measurements of the
quantity (E, /E,..,).® Assuming this type, one gets from
this spectrum the restriction (3) on M we

@) The lifetime

A standard calculation (cf., e.g., Ref. 3) from the
measured value of M, gives the theoretical lifetime

T, ~ 2.8-10-13 gec, (8)

From the limits on the decay width at SPRAR and DORIS
energies it could be concluded® that

T, < 23-10-¥ sec. (9)

Measurements on the PETRA machine at s/ =30 GeV
give'®

T, < 14-10-¥ sec. (9a)

If we introduce the constant g, for the coupling 7v,W,
the limit (9a) can be expressed in the form

ghv, >0.2¢2, (10)

where g is the usual coupling constant between W and
ev, Or pv,.

With increase of the initial energy in the reaction (1)
the decay length of 7* increases. It can be hoped that
in the range of energies of PETRA and of the PEP ma-

chine which has begun operation at Stanford the range
of the T particles will be sufficient even for measuring

T, at the level of the expected value (8).
2. THE DECAYSOF *

As is well known, the main decays of the heavy lepton
can be rather reliably calculated (see, for example,
Ref. 3). They all, and also some rarer decays, have
now been studied experimentally. Most of them have
even been measured by several groups.

The present results, averaging the data of various

groups, are presented in Table I (see Refs. 5, 6, 11-13).

This table also gives theoretical expectations based on
the calculations of Ref. 3 for M, =1.78 GeV and ¥3/4w
=2.3 (the constant y, gives the coupling of the p meson
and the photon). They correspond to the standard set
of assumptions: Universality of the weak interactions,

lyor references to earlier calculations see Ref. 3. New cal-
culations'4 agree with values given in Table 1. The discre-
pancies between different calculations show the degree of
theoretical uncertainty.
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TABLE 1. Relative probabilities of decays of T leptons.

Experimental - Theoretical
Decay channel value, % expectation, %

VeV 17,5411 18.5
IR 18.5+1.2 18
v 94411 11
K-v, <1.6 0.7
Pove 20.943.7 24

K* v, 1.26+0.49 1.3
A7vy 10.8+3.4 9
n-acntyve (without ¢ n-nt) <44

P (7 () =17, 07) o <14

Vet (= 3 charged perticles )+ (> (%) 28+6 17

N ]

a new lepton quantum number for 7 and v,, conserva-
tion of vector current, chiral symmetry, and so on.!
Obviously, there is good correspondence of experiment
with theory.

We shall make some more detailed comments on the
T decays.

1) The observed fractional probability of 7~ "V,
is close to the naive estimate ~ 1/5, which is obtained
by assuming that the two lepton decays and three quark
decays 7" ~e"V,v,, and 7~ ~duv, (allowing for three
color states of the quarks) are equally probable. When
the interaction of the quarks is taken into account by
means of quantum-chromodynamical corrections of the
order of a,/w, the quark decays are enhanced, lowering
the fractional probabilities of the lepton channels.'®

2) The ratio of the decays to ¢~ and u~ agrees with
e—p universality of the weak interactions, which leads
to

B (v = wv,v:)/ B (v =+ 67vv;) = 0,97, (11)

3) The ratio of the decays 7~ =77y, , 7" =K v, and
T~ —e v, is the one calculated most reliably; it re-
quires only the assumption that the weak decays are
universal and knowledge of the probabilities of the de-
cays p~=e Vv, "= p"v,, and K~ = u"v,. Therefore
the good agreement of the mean global value of
B(t ~7v,) with theory demonstrates the correctness of
the general ideas about the new leptons T and v,, in
particular about their spins (see Sec. 1). The limit on
the probability of the decay 7 - Kv, found by the DASP
group'? also does not contradict the expected value.

4) The decay 7~ - v,(37)" gives previously unobtain-
able information about the weak axial current of hadrons.
In particular, study of the channel 7~ — v (mp)~ allows
solution of the old problem of the A, resonance with
J¥¢ =1, whose existence one could not reliably es-
tablish in purely hadronic processes.

The results of the PLUTO group*' show that the final
state v, 7T~ comes mainly from the cascade 77~
T- =y, mp°% p’=7n"1*, Here the system 7 p° is pre-
dominantly in the S state, i.e.,J PC_1*-. The spectrum
of masses of the mp system gives evidence in favor of a
resonance with mass M~ 1 GeV and width '~ 0.4-0.5
GeV. This agrees with the values usually accepted for
the A, resonance.'® It can be expected that the question
of the existence of A, will be completely settled in the
very near future.
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5) The decay 7 - K*v, has been observed only by the
group MARK-II . The ratio of its probability to that
of the decay 7 —~pv, agrees with the value ~ (g%6.~ 0,06
which is expected in the usual Cabibbo scheme.

6) No one has succeeded in observing any exotic de-
cays of 7, i.e., decays that are abgent in the standard
model. Examples are the decays 7~ —-e~(1")y, e"e"¢',
etc. According to the existing data the probability of
such decays is not more than 1-2 percent. For a more
complete summary of the experimental limits on exotic
decays see Ref. 6.

3. OTHER LEPTONS AND THE NATURE OF 7 and v,

We list a number of results relating to the nature of
the new leptons.

1) The new neutrino v, can not be identical with one
of the “old” neutrinos, v, or v,. H it were, the proba-
bilities of the decays 7~ ~e~v,v, and 7~ = u"v, v, would
be different by a factor 2, and the 7v, vertex would have
the V +A structure. Both of these are in contradiction
with experiment (see Secs. 1, 2).

2) The 7 lepton is not produced in the interaction of a
v, beam with matter. If we introduce a constant &y,
for the vertex 7v,W, then’

g, < 0.025¢2, (12)

A comparison of Eq. (12) with Eq. (10) shows that v.
cannot be identical with v,.

3) Comparison of the restrictions (10) and (12) with
the results of the test of e~y universality in the decays
of 7 mesons excludes models in which M, >M_ and the
decay of 7 occurs owing to an admixture of v, and v, to
v, (see, for example, Ref. 5). The same result is ob-
tained if instead of (12) we use the universality of G,
in y decay and in B decays of hadrons.

4) The possibility that v, is identical with v, is so
far not excluded in principle. (The small probability of
the decay 7 ~ ey does not contradict this statement; see
the discussion in Ref. 3.) One could hope to exclude
this possibility with experiments on v, beams. But
there is another way, by using the production of 7 in
hadron collisions (for example, owing to the production
of heavy quarks and the appearance of Tv, pairs in
their weak decays). The neutrino events caused by
such v, neutrinos have characteristic peculiarities by
which they can be distinguished from the usual events
caused by v, or v,.'® Recently, the group CHARM , work-
ing in CERN, presented preliminary results'® of an ex-
periment on the detection of direct neutrinos when a
proton beam is absorbed by a target (the so-called
proton-dump experiment). Possibly these results al-
ready contain indications of the appearance of v,. Con-
firmation of this result would be a graphic demonstra-
tion that the T lepton possesses a new lepton number.

5) Searches for a still heavier charged lepton 7’ have
so far given no positive results. Under the standard
assumptions about its decays one gets from experi-
ments with the DORIS machine the limit

My > 4.3 GeV. (13)

Measurements on the PETRA machine up to energies
s1/2~ GeV'® make it improbable that new leptons exist
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with masses clear up to

M, ~ 14 GeV. (13a)

6) Searches are also being made for neutral heavy
leptons N,. For example, the possibility has been dis-
cussed that a decay 7~ - v, N e~ might occur and be
followed by decay of N, into three leptons® or into
I’m*.%2 I both cases comparison with the data ex-
cludes the range of masses My =1.2 GeV. Searches
for neutral leptons are also being conducted in other
processes, for example in neutrino reactions (see, for
example, Ref. 22).

7) Summarizing all the data, we can say that 7* most
probably has a new lepton quantum number, and other-
wise is analogous to the electron and the muon. The
question naturally arises, just how many types of lep-
tons are there in nature? Theory so far gives no an-
swer to this question, but there are already some ar-
guments. Thus, present cosmological ideas permit not
more than four to six types of stable neutrinos (see, for
example, Ref. 9), three of which are already known. In
the framework of the Glashow-Weinberg-Salam theory
and its simplest generalizations this must be the num-
ber of charged leptons, and also the number of doublets
of quarks. In these types of theory the numbers of
quarks and leptons must be equal in order to avoid the
so-called triangle anomaly.?® Therefore independent
considerations limiting the number of quarks are also
of interest for lepton physics. One of them comes from
the conditions for securing the asymptotic freedom of
the strong interactions (see the review articles, Ref.
24). It requires that the number of quark doublets be
not larger than eight. All such arguments indicate that
the number of different leptons (and quarks) in nature
is probably small.

4. FURTHER PROSPECTS

As can be seen from the foregoing, the degree to
which the 7 lepton has been studied already approaches
that for the “old” leptons. However, there are still
many interesting questions that require more detailed
investigation. We shall list some of them.

1) The lifetime T, must be measured. It could be
either larger or smaller than the standard value (8).
The former could be the case, for example, if a mixing
of leptons affects the decay. H, on the other hand, v,
and 7~ do not form a spinor representation in the
Glashow-Weinberg-Salam theory, but instead appear
along with some doubly charged lepton in a vector re-
presentation (v, 77, L™7),* T, would be only half the
value (8).

2) More precise determinations are also needed for
such properties as the masses of T and v, the struc-
ture of the weak vertex, the electromagnetic vertex
(in particular, the anomalous magnetic moment) and so
on. All these problems can be solved by means of
characteristic features of the spectra of secondary par-
ticles (see, for example, Ref. 26).

3) More exact measurements of the probabilities of
ordinary and exotic decays are also necessary. For
example, it is interesting to compare the decays
T~Kv, and T=7v,. In the standard model their widths
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can be calculated very reliably. But if the weak inter-
actions go not only via the exchange of “ordinary” w*
bosons, but also via Higgs bosons H *, the decay to Kv,
is enhanced more than that to mv,.*” There could be

an analogous (and, generally speaking, different) en-
hancement of the decay 7~ -~ 1"V, v, in comparison with
T -~ e‘l_l.,uT . In all previously studied processes the
Higgs exchange might not appear owing to the small
masses of the “old” leptons and quarks.

A search for exotic decays of 7 would help to clear
up the problem of the connections between leptons of
different “generations” (lepton quantum numbers, lep-
ton mixing, ete.).

4) It would be interesting to detect a manifestation of
a neutral weak current in the reaction (1).

5) In the hadronic decays of 7 one can distinguish the
contributions of vector and axial hadron currents. The
former produces an even number of 7 mesons, the lat-
ter, an odd number. The study of the vector current
will make it possible to check the hypothesis of con-
served vector current in much more detail than before.
The contribution of the axial current contains com-
pletely new evidence about hadrons not previously ac-
cesible to direct experimental study. One of the first
problems here is a careful investigation of the A,
meson.

The study of the contributions of the two currents is
also interesting for testing the influence of quantum
chromodynamics on the quark decays of 7. For ex-
ample, sufficiently accurate measurements, in parti-
cular the determination of B(T - {v,v,) to about one-
percent precision, would clearly make it possible to
distinguish the so-called power corrections associated
with the structure of the vacuum in quantum chromo-
dynamics.?®

8) By studying the two-photon production of 7*7~ pairs
in the reaction e*e™ = ¢*e™7'7~ one could test whether
the propagator of the 7 lepton deviates from the usual
Dirac form.

T) The search for new heavy leptons remains a stan-
dard problem. In the case of charged leptons L* one
could proceed as for the 7°, by looking for anomalous
ey events in ¢'e” amnihilation (~ 3.5 percent of all
events L'L™ over a wide range of masses M, ), and
also events of the type

¢'e”—=1* +jet of hadrons

(~ 40 percent of all events). In looking for neutral lep-~
tons it is convenient to use readily observable decays,
for example N,— I*1*. There may possibly be signifi-
cant progress in the search for new leptons, both
charged and neutral, when experiments in the Z-boson
peak become feasible.

8) There is much interest in new sources of 7 leptons.
One of them might be the decay of Higgs bosons. For
example, if the charged boson H* exists, then over a
wide range of masses M , there is a high probability
(30 to 50 percent) of the decay H* —7*v, the decay
H%—~7"1~ should also be appreciable.

It would be very interesting to find 7 leptons in decays
of new heavy hadrons. For example, the decays F*(cs)
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-7y, and B;(bc) -7V, might not be small in compari-
son with other decays of such mesons and could be quite
appreciable. Their widths are determined by the con-
stants frand fz, analogous to the well known constant

f+ which appears in the amplitude for the decay - uv.
Measurement of fr and f and comparison of them with
J. and fy would give new information about the quark
structure of mesons. From the estimate of fz described
in Ref. 3 it follows that B(F-7v,)= 3 percent, in agree-
ment with Ref. 18. An analogous estimate for F, gives
B(B,—~Tv;)~ 6 percent. There are also other estimates
in the literature that lead to still larger probabilities
for decays of heavy hadrons into 7v. (for example, Ref.
29). It may be that these are the decays that are the
source of direct v, particles (see Sec. 3). The decay
F*~ 1%, is also of interest because, owing to the small
energy release, it could give a good limit on the mass -
of v..

The writers are grateful to A.D. Dolgov, A.N. Rozanov,
V.D. Khovanskii, and M.A. Shifman for useful discus-
sions. :
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