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We present a numerical study of the collinearity-angle distribution for e and p, in the process ee ~LL and
the subsequent decay L ~vl + 1+v„ 1 = p, or e. V+ 3 as well as V —A couplings for the heavy lepton are
considered together with a nonvanishing mass for vL. A V+ A current with a massless or massive neutrino or
a V —A current with a massive neutrino gives rise to more ep, events at smaller collinearity angles than the
standard V —A sequential lepton with a massless neutrino. A smaller heavy-lepton mass and larger
experimental energy cutoff also give rise to smaller collinearity angles. It appears to be possible to distinguish
these dynamical and kinematical effects based on experimental data with better statistics than available at
present. We note that the experimental determination of the leptonic branching ratio is sensitive to the
coupling scheme and the neutrino mass. We present an expected collinearity-angle distribution for ln events
(1 = p. or e}, which may be conveniently used to fix the mass of vt. The efFects of the possible existence of
heavy leptons on the decreasing charged energy fraction in ee annihilation are also briefly discussed on the
basis of recent data. A heavy lepton with mass —1.8 GeV can account for the decrease up to 8'- 6 GeV. To
explain the further decrease in the charged energy fraction entirely in terms of heavy leptons, however,
another heavy lepton with mass —2.8 GeV accompanied by a massive neutrino is required. We comment on
the effects of such heavier leptons on the eiLL cross section.

I. INTRODUCTION

The most plausible interpretation of the ep
events recently reported by Perl et aL. ' is that
they are due to a (sequential) heavy lepton' L with
a mass of about 1.8 GeV and an associated neu-
trino v~. ' A charged heavy lepton in this mass
range also appears to be favored by the existing
data on the rising ratio R and the decreasing
charged energy fraction in ee annihilation. '

In the present paper we continue the investiga-
tion of the effects of the possible existence of
heavy leptons in ee annihilation. The sequential
heavy-lepton scheme' and its variant with an ar-
bitrary combination of V and A charged currents
will be adopted as the basis of our study. The ef-
fective Lagrangian is taken to be

L = (G/0 2)Ly" [sinn(l —y, ) + cosa(1+ y, )]v~

x v, y (1 —y, )f+H.c.,
with l =p, or e. The parameter & lies in —&m

~ a
~+-,v, and

I
a I=0 and &m correspond to V+A and

V-A currents, respectively. The coupling con-
stant G is assumed to be G = G~, the Fermi con-
stant, but only the lifetime is sensitive to the pre-
cise value of G. The neutrino accompanying the
heavy lepton may also have a nonvanishing mass.
We do not discuss those heavy leptons appearing in
various gauge models. 4 All the formulas in Secs.
III and IV are written for the general Lagrangian
(1.1), but numerically we always compare V+A
and V-A currents in the present paper.

II. DECAY BRANCHING RATIOS OF HEAVY LEPTONS
AND THE CHARGED ENERGY FRACTION IN e'e

Here we tabulate the expected decay properties
of heavy leptons and discuss the change in the
charged energy fraction in ee annihilation caused
by those heavy leptons. The decay properties are
also used in the following sections, where we dis-
cuss the dynamical properties of ep. and lm events.

A. Decay properties

Estimates for various heavy-lepton decay modes
have been discussed by many authors in the past. '
Onthebasis of this general formalism we evaluated
various decay modes elsewhere' and gave expected
charged energy fractions for a 1.8-GeV heavy lep-
ton. Here we extend this calculation to the case
where (i) the current for the heavy lepton may be
left- or right-handed, and (ii) the associated neu-
trino may be massive. The branching ratios are
independent of whether one assumes a right-handed
or a, left-handed current for the heavy lepton. The
charged energy fraction for the leptonic modes is
slightly modified if one changes V- A to V+A. The
charged energy fraction for hadronic modes is not
modified by adopting V+A instead of V- A in the
following approximate treatment. The result of
these efforts is shown in Table I.

We briefly summarize the major assumptions
involved in our estimates. ' The hadronic weak
spectral functions, p, and p„are defined by

2« I
J."«)I&)&& I~~(0)

I
0&(2~)'&(q —&.)

=p, (s)(Q,Q„Q'g„„)+p,(s)Q, Q„, (2.1)
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60 KA ZUO FU JIKAWA AND NOBORU KAWAMOTO 14

TABLE I. Relative decay width and charged energy fraction. The relative decay width is
normalized to F = G M L /192m, the electronic decay width with a vanishing vz mass for
each Mz. The charged energy fraction for each decay mode is shown inside the parentheses.
For leptonic decay modes, the first figure stands for a V-A current and the second for a
V+A current. The charged energy fraction xl is slightly smaller for a V+A current. All
the charged particles in the final state are assumed to be pions when we estimate the charged
energy fraction. The parameters xl and 6 are defined in Eq. (2.15).

L -vs+e+"L- v~+p+ v
P

L —vs+"
L —vt +K
L —VL+~
L v&+K*
L vL+Ai
L vz+ hadron continuum
Total

v&+ hadrons
r~(V -A)

I'(L v~+ e+ v )
I (L -all)

1.8 GeV
m =0

L

1.00 (0.35, 0.30)
1.00 (0.35, 0.30)
0.55 (0.50)
0.02 (0.46)
1.20 (0.30)
0.06 (0.25)
0.44 (0.46)
0.97 (0.44)
5.24

3.24 (0.40)
0.39
0.9

0.19

Ml =1.8 GeV

m, =0.54 GeV

0.52 (0.29, 0.26)
0.52 (0.29, 0.26)
0.41 (0.45)
0.017 (0.42)
0.86 (0.27)
0.04 (0.23)
0.24 (0.44)
0.25 (0.38)
2.86

1.82 (0.35)
0.34
0.9

0.18

ML, = 2.8 GeV

mv =1.4 GeVPg

0.16 (0.22, 0.20)
0.16 (0.22, 0.20)
0.10 (0.38)
0.004 (0.35)
0.22 (0.21)
0.01 (0.18)
0.08 (0.31)
0.13 (0.27)
0.86

0.54 (0.28)
0.27
0.9

0.19

and the following assumptions are made:
(i) The electron and muon masses can be ig-

nored.
(ii) Single-particle contributions can be estima-

ted on the basis of the parametrization: For
X=77,K,

and experimenta], values'.

f, = f»= 0.9 m„y, '/4v = 2.5,

sin6 = 0.22.

(2.6)

(2.7)

p, = 0, p, = f»'6(s —m»');

For X=p, K*,A„
p»= 2m»'/y»'5(s m»'), p»= 0,

together with the second Weinberg sum rule'

(2.2)

(2.3)

(iii) The hadronic continuum can be treated by
assuming conserved vector current (CVC), asymp
totic chiral symmetry, and asymptotic SU(3) [or
SU(4) j symmetry. ' Then

1
limp, (s)=, limR(s),

y, /m, ' = y„,/m„, ',
the Das-Mathur-Okubo sum rule'

y, /m, = y»*/m»g,

(2.4)

(2 5)

c(ee- hadrons)
R s)-= &(«- P P)

and we have'

(2 6)

I'(L —v~+ hadron continuum)
I'(I, - v~ + e+ v, )

(N-m)
ds A(M', m', s)sR(s) 2(M'+m —s)+ —[(M'+m')(M'+m —s) —4M m'], (2.9)

1
s

where

A(M' m', s) = (M4+ m'+s' —2M's —2m's —2M'm')' ' (2.10)

with M and rn the masses for L .and v~, respective-
ly. The parameter s, is the smallest invariant
mass of hadrons which contribute to the decay

mate. We also take'

R(s) —1.5 for 1 s (M —m)'. (2.12)

L - &~+ hadron continuum. (2.11)

The value of s, is taken at 1 (GeV)' in our esti-

Now we turn to the charged energy fraction in L
decay, which can be estimated from the known

decay modes of these particles. For the hadronic
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continuum, the neutrino is expected to carry away
an average energy

f '" "'""dEEg(E)R(M'+m' 2M—E)

dEg (E)R (M ' + m' —2 ME)
(2.13)

where (valid both for V-A and V+A couplings)

g(E) = (E' —m')' '[- 4E'+ 3(E/M)(M'+m') 2m~]

(2.14)

is the energy spectrum of the neutrino vL for the
lePtonic decay mode in the rest frame of L, and

R(s) is the ratio R in ee annihilation. The charged
hadrons are assumed to carry approximately 58%

of the residual energy. [See Eq. (2.16) below. ] The
charged energy fraction for the leptonic mode is
easily evaluated using the known energy spectrum
of charged leptons. A left-handed current tends to
give rise to more energetic p. or e.

B. Charged energy fraction in ee annihilation

As we have shown elsewhere, ' a heavy lepton
with a mass of = 1.8 GeV gives rise to a decrease
in the charged energy fraction in ee annihilation,
which is of the same order of magnitude as the
experimental decrease starting at W- 3.6 GeV. '
However, the newer data reported at the Stanford
conference" show a less dramatic change in the
charged energy fraction in the energy region. They
also indicate that the charged energy fraction con-
tinues to decrease beyond 5 GeV up to the maxi-
mum available energy W-8 GeV. Because of this
experimental development, we would like to re-
examine the effects of heavy leptons on the de-
creasing charged energy fraction.

The charged energy fraction is given by

rL=O 39 for m=0,

rL=0.34 for m=0. 3M.

(2.17)

(2.18)

ML, = 2.8 GeV,
(2.19)

yn„~ = 1.4 GeV.
L

The effects of these leptons on the e-p. cross sec-

See also Table I. We observe that the heavy lep-
ton with M = 1.8 GeV can almost account for the
decrease in the charged energy fraction up to
W-6 GeV. However, it is difficult to explain the
further decrease in the charged energy fraction
at higher energies on the basis of single-heavy-
lepton production. This may be an indication that
the charged energy fraction for hadronic events
also decreases with energy W, contrary to our
ansatz (2.16).

However, it is also interesting to ask whether
the further decrease of the charged energy frac-
tion can be explained entirely in terms of heavy
leptons by assuming another heavy lepton. In this
case Fig. 1 indicates that another heavy lepton with
a mass -2.8 GeV may be needed to explain the de-
parture of the theoretical values from the decreas-
ing values of the experimental charged energy
fraction. Another constraint on the mass assign-
ment comes from the experimental observation of
ep, events. If one assumes that the associated neu-
trino for L' at -2.8 GeV is massless, the experi-
mental e p. cross section must show a substantial
increase around W= 5.5 GeV. This is apparently
not the case. ' To satisfy these conditions, we
tentatively take the second set of h~avy leptons at

r„(W)R„(W)+r~ ,'P(3 —P')6-
Ra(W)+ ,'P(3 P')6—- (2.15)

where R„(W) is the hadronic contribution to the ra
tio R, and

r„(W) = charged energy fraction for the hadronic
events,

rL = charged energy fraction in the heavy lepton
for the decay modes hh, hp. , he, and p. p, ,

5= 0.9= total branching ratio for the above four
decay modes of L, and

P =(1 —4M'/W')' '

A

Q4-
UJ

LU

V 02—

b

r„(W) =0.58 for W~ 3.6 (2.16)

Here the p, h decay mode of L, e.g. , stands for the
combined process L'- p, '+ v + vL and L —vL

+hadrons, andtheprocess where L'and L are in-
terchanged.

In Fig. 1 we show the values of r„(W) which are
based on

0 I I I I I I

2 3 4 5 6 7 8
w (Gevi

FEG. 1. Expected decrease in the charged energy
fraction due to heavy leptons. (a) M= 1.8 GeV, m~L= 0,
(4) M=1.8 GeV, m„= 540 MeV. The dashed line
stands for the effects of L' with ML ~ =2.8 GeV and m~'
= 1.4 GeV. The data are taken from Ref. 10.
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2pl(3 pl2)6l (2.21)

The estimates of x~, and 5' are shown in Table I.
We show the charged energy fraction based on
(2.20) by a. dotted line in Fig. 1. The result now

appears to account for the decreasing charged
energy fraction up to W-8 GeV.

We close by noting that the global properties of
e'e (R and the charged energy fraction) are quite
consistent with the assumption that L'L are pro-
duced at present energies.

Note added in proof. After submitting the pres-
ent paper, we learned that Schwitters" states in
the written version of his talk at the Stanford Con-
ference that the data of the charged-energy frac-
tion are based on the events with more than two
charged prongs. This event criterion, which was
not clearly stated in Richter's talk at the London
Conference, ' has important effects on the analysis
of the charged energy fraction:

(a) Our estimate of the fraction of events with
more than two charged particles in heavy-lepton
pair production is about 40%%uo (or -20%%u() in the decay
rate of L). This lowers the parameter 6 in (2.15)
by a factor of 2. The effects of the possible exis-
tence of charged heavy leptons on the existing data
of the charged energy fraction therefore become
about one-half of our estimate.

(b) The nearly monotonic decrease of the
charged-energy fraction up to -8 GeV may partly
be due to this event criterion for purely hadronic

tion will be commented on in the next section. The
formula, for the charged energy fraction (2.15) is
now generalized to

r„(W)R„(W)+rr, ,'P-(3 —P')5+'r .—,'P'(3 P")6'
R),(W) + .'P(—3—P') 6+ ,'P—'(3—P")6'

(2.20)

and the observed value of the ratio R (see Refs.
10 and 11) is given by

R06 (W) = R„(W) + 2 p (3 —p') 6

events. At low energies, where the total multi-
plicity is small, the events with more than two
charged prongs mean that one selectively picks up
those events with a relatively large charged ener-
gy fraction. This bias gradually disappears at
higher energies.

We thank Professor H. Meyer for calling the
above event criterion to our attention.

A. Energy spectrum of the electron and the muon

The energy spectrum of the electron decaying
from a moving heavy lepton in Fig. 2 is given by

for

dI' 1 2x
dx P 1+P

= —F 1 — —F(&2) (3.1)

and

1
2 2

(1 P) & x--(1+P),

(3.2)

for

0&x& (1-P).1—
2

Here x is the Feynman x variable defined by
x =—2E/W = E/My. M, P, and y are the mass and the
Lorentz factors of the heavy lepton, respectively,
and & is the ratio of the v~ mass to the L mass,
e:—I/M. The lower end of the x distribution in
(3.2) is slightly modified for the case of the muon.
The function F(y) corresponding to the effective
Lagrangian (1.1) is given by

III. ANOMALOUS LEPTON PRODUCTION

Assuming that the ep, events in ee annihilation
reported by Perl et al. ' are due to production and
decay of a 1.8-GeV heavy lepton L, we discuss in
some detail the consequences of different weak-
coupling schemes on the experimental distributions.

F(y) = —cos'n[ —2y'+3(1~ 2e')y2 —6e2(2+ e')y+ 6e'1ny]
N

1+ 3q'
+ sin'n =',y'+ y'+ (1 —3e')y+ e (3 —e')1ny+ e'(3+ e')/y —a'/y'

2

sin2n
6[33 —6(1+ 26 )y+ 66 (2+ 6 )1 y 66Vy]I, (3.3)

where

N —=f(e) + sin2ng(e),

with

(3.4)

g(e) —= —2m[(1 —e')(1+ 10@'+@4)

+ 12m'(1+&2) inc] . (3.6)

f(e) —= (1 —e')(1 —8E + E ) —24m inc, (3.5) Incidentally, the leptonic width of L based on the
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FIG. 2. Heavy-lepton production in ee annihilation.
The coljinearity angle 8 is defined by cos~=——(y q)/
I oil ql.

for

(1 —z) &z&l —e .1 —P 2

1+P

(3.V)

In Fig. 3 we show the energy spectrum for M = 1.8
GeV and 8'=4.8 GeV. From this figure we ob-
serve the following:

(a) A neutrino v~ with a mass m z 500 MeV or so
does not significantly modify the energy spectrum.
However, the value of e = I/M =0.5 appears to be
too large, and it may be excluded by the present
experimental data. "

(b) The energy spectrum for a V -A. current
with c =0.3 and the energy spectrum for a V+A
current with c =0 are almost identical except at
the upper end of the spectrum.

1.5—
I I 1 f I I I I ) t I I I i

I I l

]0) asO
fb) as03

) 05

).0

0.5

0
0 ).0

E (GeV)

'J.5
I

2.0

FIG. 3. Electron energy spectrum for M= 1.8 GeV and
8' =4.8 GeV. The parameter e is the ratio of &I mass
to L mass, 6 =~p~/M.

Lagrangian (1.1) is given in terms of N in (3.4) as

I'(I - v~ + e + v, }= 1,N .c j/f'
192m'

Equation (3.1) assumes a scale-invariant form in
terms of z =2x/(I +P}, which approaches x at high
energies,

2P dI"

1+p dz
—= [E(1—s) —E(~') I

On the basis of property (a) above, we always
compare the cases e =0 and & =0.3 in the following.
Values of e much smaller than 0.3 give rise to re-
sults almost indistinguishable from e =0 for al-
most all the distributions in ep, events. Property
(b), which is valid at almost all energies [see
(3."I)], indicates that it may be difficult to dis-
tinguish a V+A current from a V-A current if
one allows a massive neutrino v~.

B. Collinearity-angle distribution

One of the dynamical quantities which character-
ize the -ep events is the collinearity-angle distri-
bution. '"" Some of the interesting properties
of this distribution have been reported elsewhere. '
An analytical formula, which may be useful at
high energies, has also been given. " Here we
present a detailed numerical analysis of this prob-
lem at lower energies.

As in Ref. 3, we assume a 4m detector and no
cutoffs in the collinearity angle in the following
discussions. The heavy lepton has a rather uni-
form angular distribution with respect to the in-
cident beam direction at low energies. The 4n-
counter approximation is therefoxe expected to be
good for the large solid angle detectors at SPEAR
and DORIS. ' An (approximate) 4w detector will
after all be required in future experiments if one
wants to make sure that there are no particles
other than e, p. , and neutrinos in the final state.
The noncoplanarity cutoff in the existing data'"
eliminates the collinearity-angle distribution for
6)~ 20', and it partly modifies the distribution for
cos8~ 0.7. As one can see in the following, it is
much easier to distinguish various dynamical ef-
fects if the experimental data with a noncollinear-
ity cutoff instead of the noncoplanarity cutoff be-
come available. %e note that our result in the
following is exact for any noncollinearity cutoff
with a 4m detector.

The assumption of a 4r detector means t at we
can calculate the normalized collinear ity-angle
distribution by first taking the average over the
directions of the inckfegt e'e with the final-state
configuration fixed. ' The effects of the polariza-
tion of the incident electron beam disappear dur-
ing this averaging procedure. This statement,
which is valid in the one-photon approximation,
can be proved by using the gauge invariance of
electromagnetic current operators. Our result
in the following, which is based on an unpolarized
beam, is also applicable to the case of a polarized
beam if one assumes an (approximate) 4v detector.

After this angular averaging, the normalized
distribution for p, and e in Fig. 2, based on the
Lagrangian (1.1), is given by (we neglect the muon
mass)



di'= g(&, +T,), 2 2
5((P -p)' —s)5({P'-q}'—s')dsds',

8 8 '
2p0 2Q'0

(3.8)

W +2M
T, = 2, E(s) E(s'), (3.9)

T, =4G(s}G(") M'(p. q) (P' -p)(P'q)-(P p)(P q). , {P p)(P q)
W -2M

I

with M and m the masses of I and v~, respectively, and
~ 2 PE2 2

E(s) =- {M' —s) (cos'o. (s -m') + 1 — (2s+ M'+m'+2m'M'/s) — "
mM 1—

6 8 2 8

sin Q sln2Q m'
G(s)=—cos'o. (s —m') — 1 ——(2s -M'+m' —2m'M'/s) — mM 1 ——

6 8 2 8

(3.10)

The normalization factor X is given by

N=- 2, 4 f E +sin2eg c

(3.13)

The functions f(e) and g(~) are given in Eqs. (3.5)
and (3.8). The definition of various momenta is
shown in Fig. 2, and the center-of-mass energy
squared is denoted by IV'=(P+P')' The v.ariables
8 and 8' correspond to the invariant mass of the
u~v„and v~ v, system, respectively. The eatmcl
phase-space boundaries are provided by

Pl «~ 8«~ M and PPl «~ s «~ M (3.14}

with M and m the masses of L, and v~, respective-
ly. T, in (3.8) stands for the spin alignment term
The formula (3.8) is applicable only to the relative
distributions among the final-state particles such
as the eg collinearity-angle distribution. The
collineaxity-angle distribution in cos6} is defined
by

(ii) The distributions given by a V -A current
for E, =0.65 GeV and e =0.3, and for E, =0.75
GeV and e =0 are very similar for N = 1.8 GeV
and IV =4.8 GeV (see Fig. 4). This relation also
applies to a V+A current in Fig 5(in. fact, these
two cases for a V+A current are hardly distin-
guishable). See also the lower end of the momen-
tum distribution in Ref. l.

(iii) The fraction of the ep, events with energy
greater than the cutoff energy E, is obtained by
integrating the collinearity-angle distribution

dl"f —=
d

d cos6. (3.18)

I I l & t I 1 l & ) & I I & { & I

This f is approximately proportional to the accept-
ance of the detector system. The values of f for
V-A and V+A currents at W =4.8 GeV respective-
ly are obtained from Figs. 4 and 5 as

dl'5 cos6+ p. q) )p q (3.15)

In Ref. 3, dI'/de instead of di'/d cos0 was given
following the convention in the preliminary anal-
ysis of the experimental data. ' In general one
can reduce the phase-space integration in (3.15)
to a two-dimensional angular integration when
one imposes energy cutoffs, P, & E, and qo» E,.
The remaining two-dimensional integration in
our case has been done numerically. A brief
discussion of phase-space constraints is given
in Appendix A. The numerical results are shown
in Figs. 4-8. We observe the following character-
istic properties:

(i) The distribution for a V+A current tends to
be concentrated toward smaller values of 8 com-
pared with that for a V-A, current if all other
parameters are identical.

, x=0

, c= 0
M

0
1.0 -3.0

FEG. 4. Collinearity-angle distribution of e and p for
a V-A current at W=4.8 GeV and M=l. 8 GeV. The
dashed line stands for the distribution corresponding to
(a) but without the spin-alignment term. E =m~ /M, and
&, stands for the cutoff energy in GeV.
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i I I i ) i I I I i
I I i i

0.5

) Eg-0.65, a=0
) Eg-0.65, a=0.3

3.0

dP
dcos8

2.0 GeV
1.6 GeV

= 2.0 GeV
=1.6 GeV

I

-Q5
cos9

-1.0
cos8

-0.5 -1.0

FIG. 5. Collinearity-angle distribution of e and y for
a V +A current at W = 4.8 GeV and M = 1.8 GeV. The
dashed line stands for the distribution corresponding to
(a) but without the spin-alignment term. e =m, /M, and

E, stands for the cutoff energy in GeV.

3.0—
I I 1 I

(
I i I i

(
I I I I

i
I I

————V-A

{a)Ec=o
{b) E, =0.65,

a=0
a =0.3

f =0.38 and 0.38 for Z, =0.65 GeV and e =0,

f =0.25 and 0.19 for E,=0.65 GeV and c =0.3,

f =0.38 and 0.19 for E,= 0. 15 GeV and e = 0.

(3.1'1)

Namely, a V-A current (the first figures) gives
rise to a larger ep. signal than a V+A current.
This is what we expect from the energy spectrum
in Fig. 3. This difference has an important physi-
cal consequence. The relative leptonic branching
ratio determined by the experimental observation
of ep. events is inversely proportional to the

FIG. 7. Mass dependence of the collinearity-angl. e
distribution of e and p at 5"= 4.8 GeV. The cutoff energy
is taken at Ee = 0.65 GeV. The area under the curve is
normalized to unity. e =m»/I = 0 for all the curves.

theoretical estimate of the counter acceptance.
This means that the experimental value of
r(L- v~+e+ v, )/1 (I.—all)=15% determined
from a V —A current with a vanishing neutrino
mass' is modified to

0.38 '~'=18%r(f. ~ +e+p, )/r(1. - all) =15 x

(3.18)

for a V+A current with c =0 or for a V-A current
with z =0.3. It is amusing that this modified value
is more consistent with our estimate in Table I.

(iv) To investigate the effects of the spin-align-
ment term" T, in (3.8), the results without the
spin-alignment term are shown by a dashed line in
Figs. 4 and 5. The effects of spin alignment are
small for a V- A current, ' but significant for a

2.0

V+A

E, = 0.65, e. = 0
i I i 1 j i I l i

(
l I i i

(
I i I i

----- V A

{g) M= 1.8GeV, m=0
(b) M = 2.8 GeV, e = 0.5

V+A

{c) M = 1.8 GeV, c = 0
{d) )v( = 2.8 GeV, e = Q5

Q I

1.0 Q5 0 -Q5
cos 9

I i I I i I I L I L i

-1.0
1.0

FIG. 6. Collinearity-angle distribution of e and p,

normalized to a unit area for %=4.8 GeV and M =1.8
GeV. The experimental data from Ref. O.) are al.so
shown for the sake of comparison. Our curves do not
include the effects of the noncoplanarity cutoff which
modify the theoretical curves for cos8g 0.7. e =m~ /M,
and E~ stands for the cutoff energy in GeV.

0
1.Q 0 -Q5

cos8
-1.0

FIG. 8. Collinearity-angle distribution of e and p at
W=7 GeV. The cutoff energy is taken at E~ =0.65 GeV,
q =I„ /M.
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V+A current. We note that both the shape and
magnitude of the collinearity-angle distributions
for V+A and V-A currents are different even
without the spin-alignment term. This is a reflec-
tion of the different lepton energy spectra in Fig.
3 which depend on V-A or V+A coupling. This
difference without the spin alignment term disap-
pears for the vanishing energy cutoff, E,= 0.

(v) To discriminate the V-A and V+A currents,
it may be convenient to normalize the area under
the collinearity-angle distribution. Namely we de-

finee

dI' 1 dl'
d cos8 f d cos8 (3.19)

with f in (3.18). These normalized distributions
are shown in Fig. 6. Here the experimental val-
ues' "are also shown. As one can see, the pres-
ent experimental data are not sufficient to make
any definite statement about the dynamics. (The
sharp decrease of the experimental values at
small 8 is due to the noncoplanarity cutoff at 8
=20 .) However, if one takes seriously the sup-
pression of the data for 8 & 90' (which was empha-
sized in Ref. 1), a V+A current or a V —A current
with & =0.3 agrees better with the data.

(vi) The collinearity-angle distribution is also
sensitive to the precise value of the heavy-lepton
mass. ' This is shown in Fig. V. It is therefoxe
important to first fix the heavy-lepton mass pre-
cisely before one discusses the dynamical informa-
tion contained in the collinearity-angle distribu-
tion.

(vii) The results at IV=7 GeV are shown in Fig.
8. Here we also show the distributions for the
case M~ =2.8 GeV and M„=1.4 GeV [see Eq.
(2.19)]. We see that the effects of the second set
of heavy leptons (2.19) on the e p, cross section
would be small even if they exist. At those ener-
gies, the analytical formula given in Ref. 14 can
give a good qualitative description of the collinear-
ity-angle distribution at small values of 8, where
the effects of the finite energy cutoff are small.

Finally, we would like to note that V-A and
V+A couplings gave rise to the different energy
spectra in (3.3) and the different collinearity-angle
distributions in (3.8) just because we assumed a
parity-violating current for the ordinary leptons
e and p, , namely, a V-A current in the Lagrangian
(1.1). If one assumes a V+A current for the or-
dinary leptons, which appears rather unlikely but
is not a priori excluded when the ordinary leptons
couple to the heavy lepton, the role of V-A and
V+A couplings for the heavy lepton in these dis-
tributions is interchanged. Namely, the parame-
ter n in Eqs. (3.3) and (3.8) is replaced by —,'z- n,
and a V-A current for the heavy lepton gives rise

to more e p, events at smaller values of 8 than a
V+A current. In this sense, one cannot determine
the absolute structure of the heavy-lepton current
on the basis of the energy spectrum and collinear-
ity- angle distribution alone. These considerations
also apply to the I,n events to be discussed in Sec.
IV.

(4.2)

See Eqs. (3.1) and (3.2) for the definition of various
parameters. This property of the pion spectrum
may be conveniently used to fix the mass of v~,
which is needed to discriminate V- A and V+A
couplings.

We are thus motivated to investigate the Ln ev-
ents"

ee -LT;- (v~+ I + v, ) + (vz+ w)

(4.3)

with /= p or e (see Fig. 9). The lepton spectrum
in (4.3) is the same as in e p events. The collinearity-
angle distributions for 1 and m can be evaluated on
the basis of a similar set of assumptions that we
made in Sec. III. In paxticular, we neglect the
pion mass.

The normalized distribution. for / and m in Fig. 9
is given by

L

P

L

FIG. 9. le production (l =p or e) via a heavy-lepton
pair in ee annihilation. The collinearity angl. e 0 is de-
fined by cosa—= —(p q)/Ipllq(.

~. Ar EVENTS

From Table I, we observe that the simplest de-
cay mode

(4.1)

is relatively important for the heavy lepton with a
mass of -1.8 GeV. The relative decay rate for
(4.1) also rapidly increases when the mass of v~
becomes nonzero. These properties, which are
characteristic of V and A couplings, can be utilized
to check the dynamics. Moreover, the energy
spectrum of the pion in (4.1) is uniformly distribut-
ed over the phase space
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"'=)~(""*)( .™)
2

&& 5((P- p)' —s)5((P' —q)' —m')ds . (4.4}

The matrix elements T, and T, corresponding to
the Lagrangian (1.1) and E(I. (2.2} are given by

dl
dcose

I I I j I I I I
j

I I I I j I I I I

----- Y A

(a) c= 0
(b) ~= 03
V+A

(c) E= 0
(d) E. = 0.3

(4.5)

4 cos2n G(s)
1 —q M 0

1.0 -0.5
cos 8

-1.0

&& M '( p q }—(P' p) (P' q) —(P p)(P q )+, PP P'q) (4.6)

FIG. 11. Collinearity-angle distribution of l and 7r for
M =1.8 GeV and 8'=4.8 GeV. The cutoff energy for l is
taken at 0.65 GeV and that for 7j at 1.0 GeU. Also, e
=m„/M.

where P(s} and G(s} are defined in (3.11) and
(3.12), respectively. The natural phase-space
boundary in (4.4) is

e &S&M2 2 (4.7)

The normalization factor N is given by

&& [f(e)+sin2ng(e)], (4.6)

with f(&) and g(e) in (3.5) and {3.6), respectively.
In (4.4) T, stands for spin-alignment term. Note
that T, vanishes for lo.

l

=-,'Ii, namely, for a pure
V or A current for the heavy lepton. The collin-
earity-angle distributions obtained from (4.4) at
W'=4. 8 GeV with suitable ener"gy cutoffs,

po~ E and qo ~E (4.9)

are shown in Figs. 10 and 11. Here we allow the
different cutoff energies for E and p. See Appendix
A for the phase-space constraints. The character-

istic features of these distributions are as follows:

2&f=0.75 and 0.69 (4.10)

for V-A and V+A couplings with e =0, respective-
ly. The factor 2 in (4.10) arised from the two
possibilities, E = p, or e. Combined with the sub-
stantial branching ratio for (4.1), this property
may make it easy to measure fp events, in particu-
lar, when the neutrino v~ is massive [cf. EII.
(3.17)].

(i) A V+A current again tends to give rise to
smaller values of the collinearity angle 8 compared
with a V-A current. The difference between
V-A and V+A currents is even more pronounced
in the present case than in e p, events. The effects
of the nonvanishing neutrino mass are also simi-
lar to those in e p. events.

(ii} The fraction f of the Iii events defined in
(3.16} is still substantial even with a cutoff energy
for the pion at R', =1 GeV (see Fig. 11). Namely

1.0—

df"
dcose

I I I j I I I I
j

I I I I j I I I I

V-A

(a) E=O
(b) 6= 03
V+A

(c) E= 0
(d) E= 03

An analytic formula for the lm events is discussed
in Appendix B.
Note added. After completing the present work, a
related work by S.-Y. Pi and A. L Sanda [Phys.
Rev. Lett. 36, 1 (1976); 36, 453 (1976) (E)] came
to our attention. Their conclusion concerning the
ep. events is similar to our s.
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APPENDIX A

m ~ s ~M —2MyE, (I-PZ),
m ~ s™M —2MyE,'(I-PZ')

(Al)

(A2)

for fixed angular variables Z and Z' when one
imposes the energy cutoffs

Here we briefly summarize the phase-space
constraints. The masses of the electron, muon,
and pion are all neglected. %e discuss only the
case of Eq. (3.8), but essentially identical con-
siderations apply to Eg. (4.4) as well. One can
first integrate over the energy variables P, and

q, by using the 5 functions in (3.8). The natural
phase-space boundaries (3.14) are modified to

Z", -Z cosa[Al-min, cos,&'&„„. )

Z~ «» Z~~ 1~

In Eqs. (A'1)-(AB), min and max stand for the
minimum and maximum, respectively. The last
two integrations have been performed numeri-
cally in our study.

APPENDIX 8

The collinearity-angle distribution for the lm

events without any energy and angular cutoffs
can be written at threshold W =2M as

F ~P and E (AS)
=-,' [1+-,' q(e, a)cos8],

d cos8

Here the variables Z and Z ale defined by (see
also Fig. 2)

Z-=(p p)/lpl Ipl and Z'=(i &')/liI I&'l. (A4)

M, P, and y are the mass and Lorentz factors of
I., respectively, and m is the mass of vl. In
terms of the colllneartty angle 8 ln (3.15) Z can
be written as

Z' = Zcos8+(1- Z')'~'sin8 cosQ. (A5)

The collinearity angle 8 is limited by

0 ~ 8 ~ min [w, cos 'Z, + cos 'Z,'],
where

Mz, -=max —y- (1-e*),-1I,
Py 2E

Z,'=-max —'

y —,(I-&')
P 2Et

with e -=m/M. For fixed 8, one can integrate over
P and Z within the boundaries

when one integrates over s and s' within the bound-
aries (Al) and (A2), the remaining phase space is
pl oportlonal to

where the parameter q(e, o. ) on the basis of the
Lagrangian (1.1) is given by

cos'o. f (e) + sin'n h(c) + sin2n g(e)
f (e) + sin2ng(e)

'q t, Q = cos2Q

(a2)

with

I (&) =-', [ (I -e')(I-l I e' —47''- Se')

—12m'(3 + 2e')inc], (aS)

and f (~) and g (e) defined in (3.5) and (3.6), re-
spectively. For e =m/M=0, we have

g(0, 0) = 1 for V+A,

q(0, —,'v) =--,' for V-A .
(134)

(85)

The corresponding parameters for the ep events
discussed in Ref. 14 are q(0, 0) =1 and q(0, —,'v) = &,
respectively. The asymmetry between V+A and
V-A is larger in the l~ events than in the e p,

events. The analytic formula for the ep events
given in Ref. I4 is also applicable to the lm events
if one replaces q(e) in Ref. 14 by ri(c, o. ) in (32).
The scaling property discussed there also holds
for the Em events at high energies, and asymmetry
between V+A and V-A wiH. be relatively large at
PEP and PETRA energies, e.g. , 8'=20-30 GeV.
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