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E. Anderson et a/. , Phys. Rev. Lett. 22, 1390 (1969).
Logarithmic dependence of da/du' on u' has been

observed in Reaction (2) (Ref. 6); i.e., do/du'= exp(Bu'),
where B= 2.6 for background events and B~ 4 for
resonances. . Consequently, a u' cut is expected to en-
hance resonance states relative to the background.

The Lorentz-invariant phase space is weighted by
the square of the matrix element proportional to
exp(-BPP~ i2) where i extends over all final-state par-
tic1es. The value of B is obtained by comparing p tt

and p~ distributions in the data, for all four-constraint
final states, with the predicted distributions obtained
with the Monte Carlo program, A value of B = 2.5
represents a good average value to describe most of
the qualitative features of the data.

9Using der/du' = exp(4u') for backward resonance
production (see Ref. 7), we estimate that in accepting
protons within 50 mrad of the beam direction, about
70% of possible resonances in this chan~el are in-
cluded.
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I propose a test for the existence of stable or unusually long-lived neutral heavy lep-
tons usirg a beam-dump experiment with precise timing. The technique can also be used
to measure the lepton mass. Several reactions which can help to determine the couplings
of such a lepton and can serve as new probes of hadronic structure are discussed.

An old and intriguing question in particle phys-
ics is the following: Are the only stable leptons
the ones of which we are already aware, namely
e and also, if massless, v„v„, and v„or are
there others 9 From recent work on unified mod-
els of weak and electromagnetic interactions'
there is indeed some reason to think that a stable
neutral massive lepton may exist. Such an ab-
solutely (or effectively) stable lepton will be de-
noted E'. In this paper I shall propose a model-
independent test for the existence of stable or un-
usually long-lived E 's. I shall also outline the
features of several reactions involving such lep-
tons.

The test which I propose utilizes a beam dump
followed by a massive electronic target calori-
meter with muon and, ideally, also electron
spectrometers. At present it is, we believe, the
most, and probably the only, practical way to
search for (effectively stable) E"s. The crucial
aspect of the experiment is the use of timing to
an accuracy of -1 nsec in order to discriminate
between the arrival of massless and massive neu-
tral leptons and to select the latter. Beam-dump
experiments have been carried out in the past as
a means of searching for a leptonic signal from
short-lived hadrons, or for unstable leptons';
however, they have not used timing methods as
proposed here. In particular, the searches of
Ref 2for the. decay I.' ii' (e')+ s' do not bear
on my suggested test, which is sensitive to long-
er-lived leptons. Precise timing has been used

previously in the experiment of Alspector et al. '
to measure the difference in p, and v„velocities,
but this was not a beam-dump experiment and
hence was not optimized to search for E"s.

A beam-dump experiment is uniquely sensitive
to the leptonic decay products of short-lived had-
rons containing heavy quarks. These decays will
yield v„v„, and, for sufficiently heavy hadrons,
v,. They may also yield stable or long-lived neu-
tral heavy leptons. This possibility is present,
independent of any specific models; however, in
particular, the SU(3) SU(1) theory' predicts that
the lightest of the set of quarks heavier than c,
viz. Q =t or h, will decay 100/0 of the time into
(E"'s: t-(d or s)+(e' or ii')+E' or 5 -u+(e
or )i )+E~. The production of heavy hadrons is
Zweig suppressed relative to light hadrons; the
suppression factor is roughly 10 ' for charm and
correspondingly smaller for heavier quarks.
This will be reflected in the E flux. However,
with the timing discrimination there are essen-
tially no significant backgrounds to our suggested

(H ~ (-Jsearch; in particular v„v„, (massless) v„and
muon halo do not constitute backgrounds. ,Thus
the test is sensitive to a very small signal.

The proposed test makes crucial use of the rf
structure of a pulse of protons from the acceler-
ator. At Fermilab, a pulse consists of a large
number of individual bunches of protons, each of
width -1 nsec, separated by 18.8 nsec. This rf
structure is preserved by neutrinos from the
dump, given the existing upper bounds on their
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masses" and the fact that the path length l s 1
km. A timing signal from the accelerator can be
used to determine the time at which the neutrinos
will arrive at a particular point in the detector.
If these points were the same for a massless and
massive lepton then the latter mould lag behind
the former by 6t=(l/c)(P ' —1). These leptons
will in general interact at different points, but
this can be taken into account in measuring the
relative flight times. The two main sources of
error in the time measurement relative to the
true time are (1}the finite width of the proton
bunches and (2) the measurement error of the
longitudinal point of interaction in the detector:
together, these produce a total error estimated
to be ™1.5 nsec. This in turn determines the
maximum value of P which can be distinguished
from unity; it is given by P

' —1 = e, where e
=0.5 x10 ' [l/(1 km) j '. This corresponds to a
minimum value of y ' = m~/E [where E (m~} is
the E' energy (mass}] which can be distinguished
from zero: y '=[2m(1+ e/2)]~'/(I+ e). In some
of the E '-induced reactions (type-1 charged cur-
rent; see below) it is possible to determine E
with an accuracy comparable to that in a regular
neutrino experiment. Together with the measure-
ment of y from At, this enables one to compute
the E' mass. To the extent that some energy is
missed, E&,&E and hence (m~)~, & m~; thus m~
~ [(m~)„.,],„. Taking E =20 GeV as a rough
value below which the 8 ' flux would be signifi-
cantly reduced, we find, finally, that the pro-
posed test is capable of discovering an E' of mass
m~a0. 6 GeV (or even less if l&l km). For refer-
ence, the mass of an absolutely stable E' is
bounded according to m~ s 40 eV or m~ e 1-4
GeV '

In order to use this timing method to assign an
approximate value of y to the delayed leptons, one
must know from which bunch of protons they came.
This requires that the time delay ht be less than
the 19-nsec separation between these bunches and
consequently sets a lower bound on P and y and an
upper bound, for a given E, on the mass m~
which can be observed by the experiment. To
sample leptons with smaller y's within the re-
quired maximum time delay one could reduce l.
We stress, however, that the observation of a de-
layed lepton signal would represent a major new
discovery in weak interactions, even if it were
not possible to assign a definite y and approxi-
mate re~ to it.

The designation "effectively stable lepton" in-
cludes, of course, an unstable lepton which de-

cays with sufficiently long lifetime 7 that yPc7 &l.
The discovery of such a lepton would in itself be
almost as exciting as that of a truly stable lepton,
for the following reason. A typical decay rate of
a massive lepton L is I'-MVGF'm~'/193m', where
A denotes the number of available decay channels
kinematically unsuppressed by phase space and A.

represents a possible dynamical suppression fac-
tor. In order that ypcv & l for l ™1km, we find
that A s (2 &&10 ')yP[m~/(1 GeV)] '. Thus although
a positive delayed lepton signal would not defi-
nitely indicate the existence of a stable lepton, it
would at least indicate one whose decay rate is
suppressed far below its natural weak level. A
second comment concerns Higgs scalar bosons.
Since such bosons have semiweak decay rates,
they will decay long before reaching the detector,
even for Higgs mass values several orders of
magnitude below the level which could be dis-
cerned experimentally.

The delayed arrival of the E 's can be estab-
lished by the use of a target-calorimeter muon
spectrometer similar to the ones which have been
employed in high-energy counter neutrino experi-
ments at Fermi National Accelerator Laboratory
(FNAL) and CERN. The interaction of the E "s
with the target will be signaled by hadronie en-
ergy deposition together, in some of the charged-
current (CC) reactions, with an outgoing e or p.
Most conventional counter experiments cannot dis-
tinguish an electron from a hadronic shower, so
that such CC events, as well as those in which a
heavy charged lepton is produced and decays into
an E ' plus hadrons, would appear as neutral-
current (NC) events. A bubble chaniber could not
be used for our proposed test because it is inca-
pable of the precise nanosecond timing required.
However, counter experiments which have been
built or proposed to search for leptonic neutral-
current reactions would be able to achieve such
precision of timing and also detect the scattered
electron in delayed lepton events. In passing,
we note that a similar beam-dump experiment
with precise timing can be used to search for ef-
fectively stable charged heavy leptons (denoted

}
We proceed to consider the various E -in-

duced reactions. The kinematics of these reac-
tions is qualitatively new since they involve a
heavy incident lepton. In contrast to high-energy
CC muon reactions, which are helicity suppressed
if p couples only via weak charged currents of a
single (left-handed) helicity, E ' reactions will
not be similarly suppressed, even in a theory
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such as that of Ref. 1, where E' has only right-
handed weak couplings. This is a consequence of
the greater mass of the E and the much greater
importance of multipion semileptonic, as opposed
to two-body leptonic, decay modes of heavy mes-
ons. Moreover, the lightest spin--, Q-flavored
baryon will probably have only weak decays since
presumably m~ —m„& m„, where N (M) denotes
nucleon (Q-flavored pseudoscalar meson); these

(-)0,
will serve as another source of E "s with arbi-
trary helicities.

Among unstable but long-lived neutral heavy
leptons an especially interesting possibility is
that the Perl neutrino v, is not massless, or,
more precisely, that m~oc0, where L' is the
mass eigenstate corresponding to v, in the nota-
tion of Ref. 5. If l~1 km, then, given the pres-
ent mass limit mio&0. 6 GeV, ' the proposed test
would not be able to distinguish such a massive
lepton from a massless one; however, for l a 1
km this would be feasible. ' With these values of
m~0 and l, together with the factor a3 &&10' sup-
pression in the L' decay, ' it would appear stable.

It is general property of any model with a sta-
ble E' that in the reaction E"+ T-L+ X, where
T, L, and Xdenote, respectively, the target par-
ticle, scattered lepton, and the other particles
comprising the final state, it is necessary that
m~ & m~+ m~+ m~. Hence inclusive semileptonicE(~ 1'

CC E -induced reactions must involve the produc-
tion of (1) a heavy lepton, (2) a heavy quark, or
(3) both (1) and (2). The dominant elementary CC

i

type-1 (CC-1) reactions are probably the most
amenable to experimental study. In the SU(3)
I81 U(1) model they include E~'+d~-I„+ t~ and

E~'+ui-l~'+bi, where l=e, p, and the sub-
scripts refer to chiral components. By measur-
ing y, the energy E'and scattering angle 6I of the
l', together with the hadronic energy deposition
E~, one can fully reconstruct the kinematical vari-
ables for this type of .reaction: E'+E„=E (really
E~,), m~=y 'E, v=E —E', and q'=me' —2E'(E
—Ip Icose).

The new feature of these reactions is that q'
can be timelike (positive); (q'),„sms'. If most
of the square of the center-of-mass energy is
provided by m~', then most of the physical re-
gion has q'&0. With these reactions one can thus
probe hadronic structure in a kinematic region
never before accessible to scattering (as opposed
to annihilation) reactions. Because heavy-quark
production occurs, the cross section exhibits
nonscaling threshoMgffects; these can be incor-
porated by the use of a smeared threshold factor
8(W- Wz), where W and Wc are the invariant had-
ronic mass and its minimum value for Q produc-
tion, and by the use of an effective scaling vari-
able' g, which is equal to the momentum fraction
of the struck quark: ( ~(-q'+ mo')/2m„v=x
+ ms'/2m+„where x=-q'/2m„v, y= v/E, and

m„(mo) is the nucleon (heavy-quark) mass.
The differential cross section for CC -1 reac-

( )Oqtions with incident E 's which have the favorable
helicity to interact via a chiral leptonic vertex is

8'o GF'm+ + y(m~ + m, ) F 1 2m„Exy+ m~2+ m, '

+ m'1 —y —m, ' F,

where x represents a scaling factor to take into
account the difference in effective coupling
strength of gauge bosons which mediate the reac-
tion, and for generality the mass m, of the scat-
tered lepton is retained. The CC-1 cross section
for a particular experiment is the weighted sum
of Eg. (1) and the contribution from wrong-helici-
ty E "s (which vanishes), weighted according

(—)0,
to the polarization state of the incident E s at
a given energy. The F,($, Q') are the structure
functions for the relevant (presumably isoscalar
nucleon) target, and the s sign for the F, term
corresponds to like and opposite lepton and quark

helicities. Using the parton-model relations F,
=2(F„)F,=F2, F4=0, and )F, =F2 in Eq. (1),
one finds that the new term proportional to m~'
in the curly brackets is (m~'/4m+) [(2 —y+y)/$
—m„/E]. If m~' z2m+, this term significantly
changes the behavior of the cross section, es-
pecially at small g. In the SU(3) 8 U(1) model r
=cos'p (sin'p) for E '+ E-e' (p')+X, where
Ez"=cosPE„'+sinPMz' and M„"=—sinPE~'
+ cosPM„' are the gauge-group eigenstates, and
in Eq. (1) the upper sign applies for both E' and
E~ reactions.
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If ms&mo (but still less than the mass of a,ny
possible decay state) then ( can vanish and be-
come negative. Since for a stable E, m~ can
never be much larger than mo, -$ is limited to
small values, and since (q') ~» =mE' corresponds
to small E', the events with $ &0 will be hard
to observe experimentally. Nevertheless, they
do enable one in principle to measure the struc-
ture functions in the new region of negative (.
Moreover, in the case of a long-lived E, it is
possible that ms»mo (Q could be a light quark)
and -$ could be of order unity. The singularities
at ) = 0 in the cross section expressed in terms of
E, are only apparent since neither the analysis of
Ref. 8 nor the parton-model relations used above
are applicable at )=0. The heavy quark produced
in (stable E') CC-1 reactions has a significant
semileptonic branching ratio. Accordingly, one
expects dilepton events of the form p, p., pe, e p,,
and ee.

Type-2 CC reactions also occur in the SU(3)
3 U(1) theory, via exchange of a regular W boson;
the elementary transitions are E„+d~ -L~ + u~
and E„'+u~-L„'+d~, where L =E, M . These
reactions can be observed by the p, which may
occur among the decay products of the L . If the
L decays into E' (or e, in a conventional counter
experiment) plus hadrons, then the event will ap-
pear to be an NC event. The y and y~ distribu-
tions will be shifted toward smaller and larger
values of y and y~, respectively. The differen-
tial cross section is given by Eq. (1) with m, =mo-
or m„- and $=x. In the theory of Ref. 1, r=cos'P
(sin'p) for E ~'+N-E~' (Ms')+X, and the lower
(upper) sign for E, applies for incident E (E').
The CC-2 reactions in which L -(e or p. )+ ~ ~

can be distinguished on a statistical basis from
CC-1 reactions because in the former (latter) (1)
the e or p arises from L decay (is produced di-
rectly); (2) y is small (large); and (3) W&m~
(W& Wo25m~). Further, CC-2 reactions yield
dilepton and trilepton events in which the leptons
emerge from the leptonic vertex, in contrast to
charm or CC-I dileptons. The CG-2 and CC-1
dileptons can be distinguished by their different
energy, opening-angle, and azimuthal-angle dis-
tributions.

As is evident, the CC reactions of ~E~"s will
in general involve gross p, — and e-type lepton-
number nonconservation. This could be estab-

lished experimentally by observing both e and p.

produced directly by ~E in CC-1 reactions. How-

ever, to do this it would be crucial to show that
the e and p did not arise from L decay in CC-2
processes.

Although the (apparent) NC signal is an impor-
tant test for delayed leptons, the experimental
study of ~E -induced NC reactions will be diffi-
cult because, in contrast to regular neutrino ex-
periments, it is not possible to select E"s or E"s
by the usual meson-focusing methods, and hence
the measured cross section will represent in gen-
eral an unknown mixture of E and E contribu-
tions. A more detailed discussion of these and
the other E -induced reactions will be given
elsewhere. '

Finally, we note that the production and interac-
tion of (necessarily rather light) ~E "s may con-
tribute in part to the apparent excess of e' and

p,
' events observed in recent CERN and FNAL

beam-dump experiments. ' This possibility can
be decisively tested by the timing method dis-
cussed above
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