VoLUME 35, NUMBER 23

PHYSICAL REVIEW LETTERS

8 DECEMBER 1975

“Energy Crisis’’ and Heavy Leptons

Kazuo Fujikawa
Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

and

Noboru Kawamoto*
Department of Physics, Tokyo Institute of Technology, Ookayama, Tokyo 152, Japan
(Received 10 July 1975)

A pair of heavy leptons with a mass of 1.8 GeV can explain the step-function—like behav-
ior of the charge-particle energy fraction in e*e” annihilation except for the resonance
region around 4.1 GeV, The preliminary result of the e-u events reported by Perl, in
particular the effects of spin alignment, are discussed in terms of this heavy lepton. We
comment on a possible way to distinguish the heavy lepton from heavy hadrons.

It has been suggested by several authors' that
the possible existence of heavy leptons might be
responsible for the peculiar phenomena observed
in e*e” annihilation such as the rising ratio R
=g(e*e” —hadrons)/o(e*e” - p*un").2 Another in-
teresting aspect in e*e” annihilation is the neu-
tral-particle energy excess, which is often refer-
red to as the “energy crisis.”® In this paper we
discuss the effects of the possible existence of a
heavy lepton with a mass of 1.8 GeV on the ener-
gy crisis and the rising ratio R. We show that
the heavy lepton can explain the step-function—
like behavior starting at vS=3.6 GeV in the ener-
gy-crisis curve.?

More specifically we assume a special kind of
heavy leptons which are generally referred to as
“sequential heavy leptons.”® The sequential lep-
tons consist of the heavy charged leptons (L~,L*)
and the associated massless neutrinos (v, ,v.).
The weak and electromagnetic interactions are
assumed to actone, u, and L universally. The
mass of the heavy lepton is taken as M; =1.8
GeV. Based on this mass asignment we repeated
the evaluation of various decay modes, and the
ratio of these decay modes relative to the lepton-
ic one is shown in Table I. A general calcula-
tional scheme of this problem has been given by
several authors.® Here we briefly comment on
the basic assumptions and experimental parame-
ters used in this estimation.

(i) The electron and muon masses are neglect-
ed.

(ii) Single-particle contributions are estimated
on the basis of the parametrization found in Ref.
(5). The unknown coupling constants such as A,
and K* couplings are estimated by using the sec-
ond Weinberg sum rule and the Das-Mathur-Oku-

1560

bo sum rule.’

(iii) The hadronic continuum is treated by as-
suming conservation of vector current, asump-
totic chiral symmetry, and asymptotic SU(3) sym-
metry.*5 In our calculation, we assume that the
hadron continnum starts around 1 GeV and we
used the averaged experimental value of R(S) in
e*e” annihilation,®

R=1.5for 1.8 GeV=VS=>1 GeV. (1)

From the total width given in Table I, the life-
time of this heavy sequential lepton is estimated
at ~3.0x107*® sec.

(iv) We estimate the energy fraction carried by
charged particles in L decay. This calculation
for single-particle contributions is rather straight-
forward because the decay modes of the parti-

TABLE I, Partial decay rates normalized to the lep-
tonic mode and the energy fraction carried by charged
particles. (All the charged particles in the final state
are assumed to be pions,)

Charged-particle

Decay mode Ratio energy fraction
L—vp +y, +e 1.00 0.35
vp v, U 1.00 0.35
v +T 0.55 0.50
v +K 0.02 0.46
v +p 1.20 0.30
g, +K* 0.06 0.25
vy +A, 0.44 0.46
vz, +hadron continuum 0.97 0.44
vy +all hadrons? 3.24 0.40
Total rate 5.24

2Sum of all the hadronic modes.
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cles involved are well known. In the case of the
hadronic continuum, the neutrino carries away
the average energy

E= [ "Eg(E)dE /[ ¢(E)dE =0.45 GeV, (2)

where g(E) is the energy spectrum of the neutri-
no for the leptonic decay mode in the rest frame
of L [in Eq. (2), scaling is assumed]. The charged
hadrons carry approximately 0.59 times the re-
sidual energy. It is assumed that all the hadrons
in the final state are pions. The energy fraction
carried by charged particles in the decay of L
thus evaluated is shown in Table I.

On the basis of the above decay properties of
the heavy lepton, we next discuss the effects of
the heavy lepton on the neutral to charged-parti-
cle ratio in e*e” annihilation. The energy frac-
tion carried by charged particles for the “back-
ground” hadronic events is estimated at

74(S) =~ 0.59 (3)

from the experimental data up to vVS=3.6 GeV.2
The observed value of 7., above the heavy-lepton
threshold is then given by

’}’h(S)R h(s)+7’L%B(3 —Bz)b
R,(S)+2B(3-p%5

p=(1-4M 2/S)"2, (4)

Tob(s)=

where 7, (~0.39) stands for the averaged energy
fraction carried by charged particles for the de-
cay modes hh, hy, he, and pp in the L*L™ de-
cay. Here the gz mode, e.g., stands for the com-
bined process L* —u* +v,+v, and L~ = v, +had-
rons, and the process where L* and L~ are inter-
changed. The parameter 6 (0.89) is the total
branching ratio for these four decay modes. The
experimentally observed ratio R ,i(S)=0(e*e”

-~ hadrons)/o(e*e” = u*1L") is given by

R () =R ,(S) +325(3 - B?)5. (5)

The theoretical prediction of the energy frac-
tion carried by charged particles obtained from
Egs. (3) and (4) is shown in Fig. 1. The result
appears to be consistent with experiment® except
for the value around VS =4.1 GeV, where R ,i(S)
shows a feature characteristic of a hadronic res-
onance. Our result may indicate that 7 ,(S) cannot
be a constant in this region. In Fig. 1, we count-
ed the es mode as hadronic events. If a part of
this mode is excluded, the result is slightly mod-
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FIG. 1. Energy fraction carried by charged particles
[see Ref. (3)]. The prediction given by Eq. (4) is shown
by the solid curve.

ified.

We note that a slight increase in R ,i(S), start-
ing atVS=3.6 GeV,? is well accounted for by Eq.
(5). The ratio R ,i(S) at 4.6 GeV, where the ef-
fect of the resonance at 4.1 GeV is small, is also
consistent with the value given by Eq. (5) with
R,(S)~R (3.6 GeV) ~ 2.55 0.25,

R (4.6 GeV)~ 3.2-4.2, (6)

The rapid increase of R ,,(S) above 4.6 GeV ? may
be due to the opening of new particle-production
channels. The rather stable behavior of 7 ,i(S)
around this energy indicates that these particles
cannot be the heavy leptons with the conventional
decay properties we assumed above.

We next discuss the preliminary experimental
result of ey events in e*e” annihilation reported
by Perl.® He indicates that a heavy lepton with
a mass of 1.8 GeV is consistent with the experi-
mental result. One of the characteristic features
of the ey events is that the collinearity angle dis-
tribution is limited within 90°. If one takes the
heavy-lepton interpretation of these ey events,
some effects of spin alignment on the collinearity
angle 6. are expected.® In the following we ex-
amine this problem. To simplify the calculation
we assume 4r-sr counters and no noncoplanarity
cutoffs, which is not the case in the actual exper-
iment. Because of this limitation our result can-
not exactly reproduce the experimental situation.
We can, however, still discuss the qualitative
features of the spin-alignment effects.

The normalized distribution for the process

et +e” =L(P)+L(P") = p(p)+ vy +T, +e*(q) +7y +v, (7)
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is readily evaluated as (after integrating over neutrino variables)

1 d3p dSq ’ Jo?
al'=% {T1+T2}E 2, (P -p)P-s)o((P'-q)*-s")dsds’, (8)
where
2 2
T1=<Q_—2%>(P-p)(P'-q)(MLZ+28)(ML2+2S'), (9)
L
QZ - ZJW 2
T,=Mp%-2s)(M° —2S’){ML2(q-p) - (b P)g-P') - (p* P P)+ ~—5 =% (p-P)(q-P’)}, (10)
L
N= ggm2M;Q%+2M,?), Q=P +P’, (11)
tion for 6.,1;> 90° is further reduced. (iii) The
and - . . 1
spin-alignment term gives a contribution of 4—
0<s<M?, 0<s’'<M2, S =@ (12) 5% to the total distribution. It is positive for

Here T, is the spin-alignment term arising from
the parity nonconservation in the weak decay. In
writing (8), the calculation was simplified by
first taking an average over the direction of the
incident electrons with the final-state configura-
tion fixed. This is justified if one assumes 47-
sr counters. The distributions of cosf,

=~ (pq)/Ipl Iql obtained from Eq. (8) for inci-
dent energies VS =4.8, 6.8, and 8.8 GeV with
various cutoffs E,, p,2E,., and ¢,=E, are shown
in Fig. 2. The main features of this calculation
are as follows: (i) By reducing the heavy-lepton
mass from 2 to 1.8 GeV, the distribution for
8co11>90° can be substantially reduced. (ii) The
distribution is also rather sensitive to E,. If

one takes E, =0.75 GeV instead of the experiment-
al value 0.65 GeV at VS =4.8 GeV, the distribu-
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FIG. 2. Normalized collinearity-angle distribution
of the eu events via a heavy lepton pair without any
noncoplanarity cutoffs. Solid curves include the ef-
fects of spin alignment. Dashed curve is without the
spin alignment term for vS=4,8 GeV, M; =1,8 GeV,
and E;=0,65 GeV. The values of VS, My, and E, in
GeV are, for curve a, 4.8, 1.8, and 0.65; for curve b,
4.8, 2.0, and 0.65; for curve ¢, 4.8, 1.8, and 0.75;
for curve d, 6.8, 1.8, and 1.2; for curve e, 8.8, 1.8,
and 1.5.
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6c011<60° and negative for 6.,;;> 60° at v§ =4.8
GeV and E, =0.65 GeV. The effects of the spin
alignment are therefore small for this configura-
tion. Under certain conditions, however, the
spin alignment becomes important. For example,
at VS=8.8 GeV and E, =3 GeV it gives rise to
about 20% of the total distribution.

So far we have attempted to interpret the step-
function—-like behavior in the energy-crisis curve
and the ey events in terms of a heavy lepton. It
might also be possible to explain these phenomena
in terms of heavy exotic hadrons such as charmed
or colored mesons. It is therefore very impor-
tant to find a possible way to distinguish the heavy
leptons from heavy hadrons. For this purpose,
we come back to Fig. 2. The normalized distri-
bution in Fig. 2 indicates that we have a substan-
tial number of ey events even with E,=1.2-1.5
GeV for VS=6.8-8.8 GeV. It is generally be-
lieved that the strong interaction induces a rather
small transverse-momentum cutoff. One can
therefore expect that those events with energetic
e and [ would not increase so much with increas-
ing VS if the parent particles for e and u are
strongly interacting particles. On the other hand,
heavy leptons carry exactly one half of VS for
arbitary S. This means that more and more en-
ergetic decay products such as e and u are ex-
pected for increasing VS. It is, in principle, pos-
sible to distinguish heavy leptons from heavy
hadrons on the basis of this VS and E, depen-
dence. A jet of hadrons from the energetic heavy
lepton is also expected at high energies.

A discussion of lepton schemes other than the
sequential lepton will be given elsewhere.

We thank our colleagues at the Institute for
Nuclear Study, in particular H. Terazawa, for
helpful discussions.

Note added —After submitting our Letter, we
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recognized the following interesting properties.
The following three different cases at vS =4.8

GeV and M =1.8 GeV all produce almost identi-
cal 6,11 distributions: (i) M,, =0, E; =0.75 GeV,
and V —A current for the heavy lepton (see Fig.
2); (ii) My, =0.5 GeV, E_, =0.65 GeV, andV —-A;
and (iii) M, =0, E; =0.65 GeV, and V +A current
for the heavy lepton. A somewhat related obser-
vation has been made independently by Park and
Yildiz.” See also the newer data of Perl ef al.®
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The n-n angular correlation for neutrons emitted in spontaneous fission of 252Cf has been
measured. Discrepancies are observed when these and other experimental observations
are compared with Monte Carlo calculations based on the evaporation model. It is sug-
gested that the discrepancies could be attributed to enhanced neutron emission along the

fission axis.

It is well established ? that a large fraction
(75-90%) of the neutrons emitted promptly in
spontaneous or thermal-neutron fission can be
accounted for in terms of evaporation from the
fully accelerated fission fragments. However the
origin of the remaining 10-25% of the neutron
emission remains in question and it has been sug-
gested that these neutrons may be emitted at the
instant of scission® % or during the acceleration
period of the fragments.® Models of the neutron
emission rest mainly on experimental observa-
tions of the velocity and angular distributions of
the prompt neutrons, the angular distributions
being referred to the axis defined by the direc-
tion of the light fragment.

Another observable in the neutron emission
process is the neutron-neutron angular correla-
tion, that is the n-n coincidence rate as a func-
tion of angle between emitted neutrons. Such a
measurement was reported for thermal-neutron

fission of **°U by De Benedetti et al.* in 1948,
However no further measurement of this observ-
able appears to have been reported since then.
The n-n angular correlation experiment does not
require the detection of fission fragments, and
hence stronger and thicker sources may be used
than in angular distribution measurements. On
the other hand, the observations are automatical-
ly averaged over all orientations of the fission
axis, which implies some loss of detail. The
correlation is nevertheless sensitive to the char-
acteristics of neutron emission and provides a
useful additional method for testing models of
emission process. We have measured the n-n
angular correlation of prompt neutrons from the
spontaneous fission of ?2Cf. In order to compare
results with predictions based on the evaporation
model we have also made Monte Carlo calcula-
tions simulating our experiment and the measure-
ment of the neutron angular distribution.®
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