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Leptonic-Decay Distributions for Heavy-Lepton Pairs Produced by Colliding Beams
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We present a general differential cross section, in the colliding-beam rest frame, for
pe-pair production by leptonic decays of a heavy spin-2 lepton pair, themselves assumed
to be produced via one-quantum annihilation. Our results hold for general &&&,~,T,J'
couplings and depend neither on the pe-universality assumption nor on the absence or pres-
ence of neutral-current effects. We also present distributions relevant to the events re-
ported by a Lawrence Berkeley Laboratory-Stanford Linear Accelerator Center group.

Recently, a Lawrence Berkeley Laboratory-
Stanford Linear Accelerator Center (LBL-SLAC)
group has announced' the existence of anomalous
lepton events in electron-positron collisions:
Events of the form e'+e -e'+ p. '+ missing mo-
mentum have been observed at a rate far beyond
that expected from any conventional processes
leading to such a signature. One of the most ex-
citing explanations' for these events is that they
are due to pair production of some new heavy lep-
ton, which subsequently decays into an electron
or a muon and neutrinos. If a new heavy lepton
indeed exists, general investigations similar to
those performed for the decay properties of the
muon' should be repeated. While there are cer-
tain theoretical anticipations on the weak-decay
properties of heavy leptons, each such property
should undergo a thorough examination; for ex-
ample, lepton-number conservation, p, e univer-
sality, the vector and axial-vector structure of
the interactions, the masslessness of neutrinos
involved in the decay, and effects of weak neu-
tral currents must all be scrutinized.

Assuming that a new heavy spin--', lepton, U,
exists, ' we have studied general methods of anal-
ysis of the correlated purely leptonic decays of
U'-U pairs produced in the electron-positron

colliding beams. We assume that the production
e'+e —U'+ U proceeds via a one-photon inter-
mediate state and that the decays U'-L'+ v, + vU

and U - l + v, + vU (where l stands for e or p, )
are governed by a general local weak Hamil-
tonian. We restrict' ourselves to the case of un-
polarized electron-positron beams and neglect
all masses except that of U'.

We first present the differential cross section
for the process'

e'+ e - "y"—U'+U

-e +v, + vo

from which any desired distribution can be de-
rived. In order to demonstrate how such distri-
butions can be used, we give expressions for
some quantities which permit analytic evalua-
tions. We also give a few predictions which de-
pend only on the local nature of the weak-interac-
tion Hamiltonian. Finally we present distribu-
tions relevant to the events reported by the LBL-
SLAC group and compare them with the data, .

We shall use the most general local Hamilto-
nian governing the decay U -l+ v, + vU which can
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be written in the form'

H, =(1/v 2)g, J.d'x g, (x)Opv(x)(1), , (x)(g, ;O, +g, , 'y, O,.)(, (x)+H c. (2)

where 0; =1,y„y„,y, y„,o„„.We define parameters" p„)„5,in the same way as those occurring in the
electron-energy distribution for the polarized-muon decay. We further introduce the following defini-
tions: M is the mass of U' and y=1/(1 —P')'"=E/M, where E is the beam energy. k» stands for the
momentum of I' evaluated in the rest frame of U'. The direction of the positron beam is defined to be
along the z axis. dQ, =d cosody, where 0 and y give the direction of U' momentum. B, is the branch-
ing ratio for the decay U —I+ v, + vU. Finally, y, = 2k, /M.

The theoretical decay distribution of $' in U' decay can of course be copied from the textbooks' but
that is not what we are after. Rather, for practical purposes it is important to give the differential
cross section for p, 'e' production in the colliding-beam rest frame, taking into account correlations
between those two leptons dictated by the one-photon production process of the U'U pair. We present
in our next formula the key differential distribution from which (barring electron-positron beam-polar-
ization effects and neutrino-mass effects to which we shall return elsewhere) all relevant information
can be extracted directly in the frame just mentioned'.

—$,$))O(v„&,)O(y&, &[))[k,,(1+cos'0 —y 'sin'8) —k, ,k&, P'sin'0

+k, „k„„(1+yR) sin'8 —(k, „k&,+k, ,k„,„)y 'sin'8]], (3

where G(y, p) =1 —y+ 2p(~ y —1). Using Eq. (3), certain quantities can be evaluated analytically. We
give some examples: Let k, ' be the laboratory momentum of I, x, =k, '/E, 8, is equal to the angle be-
tween k, ' and the positron-beam direction, and cos0„»= —k, 'k„'/k, 'k„'. Then, (a)

(cos'0, &
= [5(1+2 r')] ' I3+ 4y' - p

' » [(1+p)/(1 —p)]]. (4

Note that for a given P, (cos 0,) is uniquely fixed. It is independent of the detailed structure of the
Hamiltonian. Furthermore, (cos'0, ) depends only weakly on p. Namely, (cos'0, ) = —, for 0 &p &0.7 and
it increases from 0.34 to 0.40 between P = 0.7 and 1. (b)

( o 0, , )=p ([z(p)1 +$,(„[p (2 +1)1 'f(1+p )y [z(p) —p 1 + —'[z(p)1 ']'), (5)

where Z(p) = p —2 y ln[(1+ p)/(1 —p)]. With the p, e-universality assumption, 0&[,)„&1, in which case
the sign of (cos8„») as well as its upper and lower bounds can be predicted. Also, we note that
(cos0„»)-0.16$,)„as P-0. Since), $„&0 is a sign of pe-universality violation, (cos0„») near the pro-
duction threshold should be measured. (c)

dCr 4m+2 1

where

If„(x,p) =A„(x) -A„„(x)+2 p[ 3A„„(x)-A„(x)]

The energy distribution' of the electron and muon will give information on p. This is in analogy with
the electron-energy distribution in muon decay which gives the value of the Michel parameter. If JILe

universality is valid, dv/dx, =do/dx„ for all x, =x» or equivalently, p, =p„. (d)

1 dv 1 der da

e P e

2 2 —1= —144(,(„—,(, I [K,(x„4,)—2x, K, (x., if, )][lC,(x„,4„)—2x„K,(xx, 4„)).8 )) 2 2y2~1 (7)
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Note the factorization property off,(x„x„).We
therefore have a prediction that r(x„x,',x„)
=f2(x„x&)/f2(x, ',x„) depends only on x„x,', and

or equivalently 5, = 5&.
The predictions given above are not directly

comparable with the existing data. This is be-
cause the present experiment, as it is for most
pioneering experiments, is not suitably designed
for the detailed investigations under present con-
sideration. The limitation in acceptance of the
LBL-SLAC magnetic detector is such that, if the
anomalous events are due to heavy-lepton produc-
tion, only a small fraction of such events are ac-
tually detected.

We have evaluated da/d cos6» and dv/dk nu-
merically including all cuts due to the acceptance
of the apparatus. Before we present our results,
we remark that if all events were accepted by the
apparatus, the normalizations of these two quan-
tities are completely fixed in terms of the branch-
ing ratios B, and B„. In particular, the areas
under do/d cose„» and do/dk are easily seen to
be independent of the parameters p, $, and 5. In
practice, however, the normalization does de-
pend on the values of these parameters because
of the acceptance of the apparatus. We have nor-

malized the calculated distributions so that the
areas under the distributions are the same as
those for the experimental distributions. Our re-
sults, with some representative values for the
parameters, "are shown in Figs. 1 and 2. Opera-
tionally, we have found that, for any value of
mass M between 1.6 and 2 GeV and for any value
of p, the theoretical predictions are contained in
the band defined by the two outermost curves in
Figs. 1 and 2.

From the present data, it is impossible to draw
any conclusions on the nature of the anomalous
lepton events. As the statistics improve, how-
ever, if the anomalous lepton events are due to
heavy-lepton production, we conclude that the
peak present in the data for da/d cos6» at
coso„» = 0.5 should move to a larger value of
cos 0 ~o) ) ~

In conclusion, if heavy leptons exist, we can
not stress enough the importance of general in-
vestigations on their properties. There is no
doubt that such explorations will eventually en-
hance our understanding of weak interactions to
a completely new level.
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FlG. 1. The laboratory electron and muon energy
distribution for 2E=4.8 GeV. Operationally, the theo-
retical predictions are contained in the bound defined
by the two outermost curves for 1.6 GeV-M-2 GeV,
and 0&p& l.
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FIG. 2. The cosO~&I distribution.



VOLUME 36, NUMBER I PHYSIGAL REVIEW LETTERS 5 JANUARY 1976

and Miss S. Staple for their help in numerical
computations. We also thank Professor A. Pais
for his careful reading of the manuscript.

One of the authors (A.I.S.) thanks Professor
S. D. Drell and Professor H. Joos for their hos-
pitality at SLAC and DESY, respectively, where
part of this work was carried out. The other
(S.Y.P.) would like to thank Professor L. Brown
for his hospitality at the Summer Institute for
Theoretical Physics, University of Washington,
where part of this work was done.

*Work supported by the U. S. Energy Research and
Development Administration under Grant No. E(11-1)-
22828.

M. L. Perl et al. , SLAC Report No. SLAC-PUB-1626,
1975 (unpublished), and LBL Report No. LBL-4228,
1975 (unpublished) .

See, for example, S. Kallen, Elementary &article
PAysics (Addison-Wesley, Reading, Mass. , 1964), and
references therein.

Here we use the name suggested by Perl tM. L. Perl,
SLAC Report No. SLAC-PUB-1592 (unpublished)] to
stand for a heavy lepton in general.

~A general analysis relaxing these restrictions will be
presented elsewhere.
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S. Kawasaki, T. Shirafuji, and S. Y. Tsai, Prog. Theor.

Phys. 49, 1656 (1978); K. Fujikawa and ¹ Kawamoto,
Institute for Nuc1ear Studies Report No. INS-Bep-289
(to be published); S. Y. Park and A. Yildiz, to be pub-
lished; T. C. Yang, University of Maryland Technical
Report No. 76-025 (unpublished). These authors have
assumed p, e universality, and presence of only charged
V- A current (or V —A and V+A. currents in case of
Park and Yildiz) in the weak-interaction Hamiltonian
for the U decay.

Bef. 2. Also, T. Kinoshita and A. Sirlin, Phys. Bev.
107, 598 (1957).

pg
——3(bg + 2cg)/(ag + 4bg + 6cg), $ g

——(3ag' —4bg' —14cg')/
(3ag+12bg+1), bg

——9(bg'+2cg')/( —3ag'+4bg'+14cg'),
where ag = lgg, sl'+ lg'g, s'I'+ Igg, g I

+ 1 bg = Igg vl + Igg „'Ig

+lag
~
Al'+ lgg ~

A'I' c=lgg
~
rI'+leg

~

r'I' ag'=»e(gg, s''
"Sg,g )+2He(gg

~ s kg, g *), bg'=2Re(gg v*gg, A ) +2Be

(g& z' g& z*), c&' ——2 Re(g& z*g& z') . As usual, 0 & p& & 1.
Using schwartz s inequality lggl&1 and I)g angl&1. For
V-A interactions p =4, g=&, and g=~ and for V+A in-
teractions p = 0, 6 = 0, $ = 1.

By pe universality we mean g~; =g», g, =g»'
for all i. The process under consideration, Eq. (1), is
particularly suited for the test of this hypothesis since
p~=p&, 6~=0&, and $~$& -0 can all be checked with this
single process.

9This reduces to the result of S. Y. Tsai when pe uni-
versality and current-current interaction with V-A
charged current for the U decay is assumed.

We found that these results are not very sensitive to
the particular choice of $~, $&, 6~, and 6&. We there-
fore choose these parameters arbitrarily to be the val-
ues shown in Figs. 1 and 2.


