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The lepton-number assignment of the charged heavy leptons (suggested by the SLAC-LBL JLf, e events) has

definite signatures which can be tested experimentally. We study the signatures and calculate the decay rates

when the neutral currents are also contributing.

I. INTRODUCTION

The discovery of the "anomalous" IJ, 'e' events
at SLAC' has aroused a lot of theoretical specu-
lation. One of the possible explanations is that
such events come from the pair production of
oppositely charged heavy 1cptons, L', and their
subsequent decays into leptons, e.g.

I. - v~+ v, &, &+ e (v. ) .
If this turns out to be the case, then one im-

mediately asks what the lepton number is of the
heavy leptons, L'—whether these heavy leptons
carry the lepton numbers of p,

' and e' or a new
lepton number. The question is obviously of
fundamental importance. The purpose of this
note is to study this question.

First we remark that if L (L') has the same
lepton number as p. (p, '), it could be produced
by the v, (v, ) beams available at Fermilab and
CERN. Albright has argued from present neutrino
data that it is unlikely to be the candidate for the
"anomalous" JU. e events in e'e annihilation. '
Moreover, the mass of negatively charged muon-
type heavy lepton is set experimentally above
8 GeV. ' Since no v, ( v, ) experiment is presently
available, no such experimental constraint is im-
posed if L' has the electronic lepton number. 4

We shall concentrate below on the difference be-
tween charged heavy leptons, L', carrying the
electronic lepton number and those carrying a
new lepton number. (The latter case is usually
referred to as a sequential heavy lepton. )

If L' has the electronic lepton number, ' one has
two alternative assignments: I has the lepton
number as either e' or e with the respective de-
cays

L -v~ye + v, ,
L- - vs+ e-+ v

I'(L —v~ + v, + e ) = 21"(L - v~ + v, + V. ) .
It follows then that

II. EXPERIMENTAL TESTS FOR THE LEPTON NUMBER
OF CHARGED HEAVY LEPTONS

If L has the quantum number of e, then, in
addition to the charged-current decay modes

v~+ v, +e, v~+ v„+p, (2.1)

e(e'e ):e(W'e +u e):~(V'V )::4:4:1
where

v(l, l,) =o(e'e -L'L -l, l, + ~ ) .

The present SLAC data. are consistent with the
above ratios being I:2:1.' The data indicate
that the L' do not carry the e' lepton numbers.
Thus the possibilities left are the following: either
L' have the same quantum number as e' or else
they carry a new lepton number. If the latter is
true, there exists then a, new neutrino (massive
or massless). If the former is true, one may or
may not have a new neutrino. We devise tests
to distinguish between these two assignments.
The tests essentially consist of measuring the
transitions L'- e'+X, where X can be either
lepton(s) or hadron(s). We shall also comment
on how to distinguish such decays from the heavy-
hadron decays, which can also simulate the heavy-
lepton decays.

The paper is organized as follows: In Sec II
we discuss the qualitative features of the two L'
lepton-number assignments. These properties
are testable experimentally and should be looked
for. In Sec. III we calculate starting from a phe-
nomenological Lagrangian all the leptonic and
semileptonic decays of L' involving nondiagonal
neutral-current transitions L'- e'+ X. Section
IV contains remarks.

In the first case, one finds by Fermi statistics L —v~+ hadrons, (2.2)
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it can also decay via neutral-current modes,

L -e +e'e, e +p. 'p. , e + v, v„
e ~ v, v„, e + v~vz, (2.3)

'K, p, ld . . .

L -e yhadrons, (2.4)

e'e -p'e'7j', p, 'e'p'

2y m

, p. 'e'(o', p. 'e'q, . . .
(2.5)

In the case of a single hadron in the final states,
the e' and the hadron must have a unique invariant
mass equal to m~ if due to L' decay and will not
do so if due to new hadron decay —in the latter
case, the hadron follows three-body decay (see
Fig. 2). Thus these two cases can be distin-

where in (2.3) (see Fig. 1) v~ = v, if m(v~) = 0, other-
wise it is a different particle with the same lepton
number as v,. The decay rates and branching ra-
tios for (2.1) and (2.2), assuming only charged
currents, already exist in literature' but will
have to be modified if nondiagonal neutral cur-
rents are present. These modifications together
with the decay rates for (2.3) and (2.4) are pre-
sented in Sec III.

If L is a sequential heavy lepton, then only
(2.1) and (2.2) are possible decay modes' with
v~&v, , even if m(v~) =0. In principle, the mass
of the neutral heavy lepton, v~, can be measured
by the cross section and momentum distributions
of e'e -I'I —p, 'e'+ neutrinos.

The nondiagonal neutral- current processes will
have one of the following signatures:

(1) Events of the type e'e -p'e'+ hadrons
+ missing momentum' cannot come from the decays
of sequential heavy leptons. They can arise either
by heavy-lepton decays involving (2.3) and (2.4) or
by leptonic and semileptonic decays of heavy had-
rons. These two mechanisms can be disentangled
by looking at the energy-momentum distribution
of the final states. (For example, p.

' from I' de-
cay must follow three-body decay. ) One should
particularly look for the processes

(a)
e

, p, (d. .

guished.
(2) lf I carrys electronic lepton number, then

the branching ratio for L -p. + v„+ v~ and
L - e + v, + v~ could differ owing to the neutral-
current contribution. Thus (a small) deviation
in the ratio of anomalous e'e and p'p, cross
sections from one could indicate a nonzero neu-
tral- current contribution.

(3) For four- charged-lepton production in e'e
annihilation, observation of the following pro-
cesses and narrow e e'e resonance in

e'e —p, 'e'+ e'e (p. 'p, )+ missing momentum

(2.6)

(b)

FIG. 2. Schematic diagrams for e+e e p + miss-
ing momentum+7to, po, cu, . . . due to (a) charged-heavy-
lepton pair decays and (b) charged-hadron pair decays.

(a)

(b)

(a) charged-current contribution to L, decays;
{b) neutral-current contribution to L decays.

of order G~' will prove that L has the same lepton
number as e . Moreover, o(p, 'e'+e'e ) =2o(p, 'e'
+ p, 'p, ). Let us give a word of caution: The
strengths of leptonic decays (2.3) and semileptonic
decays (2.4) are a Priori unrelated; thus it is nec-
essary to check both (1) and (3) experimentally.

In conclusion, in order to establish that the
charged heavy lepton is sequential, one must
check that the signatures (1)-(3) are not found.
On the other hand, a clean signature (even one or
few events) of (1)-(3) would prove that f. isanon-
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sequential charged heavy lepton. In the latter
case, one must further check the following:

(4) If L carrys electronic number, no processes
of the kind e'e - p. 'p. +haChons+ missing momen-
tum are allowed.

III. NEUTRAL-CURRENT CONTRIBUTION
TO HEAVY-CHARGED-LEPTON DECAYS

We start with the following weak-interaction
Hamiltonian:

f" [ Jwn
(g (+)J+w (0) +Jz, In(+) +42]G

ff

J'w, hadgonic (pig f2 gilgf2) cosP + (+ 44i5 g44gf5) sing

(3.2)

The neutral weak currents are parametrized as
follows:

J 2'""'""= oP,y„z(I —y, )v, + Pv~y, —,(l —y, )v,

+ eyo[a~2(l —y, )+ as2(1+ y, )]e

+ ey, [f,—.'(I —y,)+f,—,'(I+ y, )]I.+ ~ ~ ~

+H. c.+le-ii, , I. -M, v, ~- v

where Gz = 1.05 && 10 'm~ ' is the Fermi coupling
constant. J~~ and J~ are the charged and neutral
weak currents resyectively. The charged currents
are defined by

and

J '"a Io""=8 V ' +I V(8)+h V~ '
3 0 8 0 0

(3 3)

~ ' ' """= v 'y, (1 —y5)e+ v„yo (1 —y5)W

+ vf y„[gf -2'(I —y, ) +gffz'(I+ y,)]L,
(3.1)

+u x&')+u x"'+ ~ ~ ~
V 8 (3 4)

where the superscripts refer to the SU'(3} trans-
formation property of the hadronic currents. The
leptonic widths are [neglecting O(m, /m~) terms]

' '""
=( )'(I-,(lg,

l

+ lg,
l

&+ lgl —,(In,
l

+ lnl))f (z,)+gR~ (g,g,)f-, (z)& (3.6)

, ,-, „,-, —, =-,( ') (I "I*'I"1*&(ln.i" in. l*& (3.6)

The expression for I - e p, p. and I - p, P v~ can be written immediately from the above two equations,
neglecting O(m /m~} terms. Fermi statistics then gives

2I (L - e + ii'ii, ) = 1 (L - e + e'e ),
and the absence of neutral-current contribution leads to

c „. ", ;.— =( ') (-'(Ig I'+ lg. l')f, (z)+»~(l(g".g.))f.(z)), (3 6)

where Z= m(v~)/m(L) and

f,(Z) = (1 —Z')(Z' —BZ'+ 1)+ 24Z' ln—1

(3.9)

g &0I~:3')'l»&&l~:f.f&" I0&'«-&.)(")'

(3.10)

f,(Z) = 4Z(1 Z')' —6Z(l+ Z') 1- Z —4Z' ln—1

The neglect of O(m„/m~) terms does not introduce
any appreciable effect if m~&1.5 GeV.

we obtain, if the hadrons have invariant mass v f,
dl

(L,'- e'+ hadrons—)dt

A. Hadronic decay modes

Defining the spectral functions p, and p, for the
charged weak currents and p, , and p, for the neu-
tral weak currents by where

G,'~, , ~ t~, t'+ l~~t'

(3.11)
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2t 2

g,*(t)=p*, (t)(&+ ', ', +q*, (t) t
WLg All Pl I

I
].im "' ""' ""-'- = constan

8+8™tt+ IJ

(3.19)

B. Hadronic continuum contribution

To estimate the hadronic continuum contribution,
we shall invoke the notion of asymptotic chiral
symmetry' and asymptotic U(3) symmetry, "
which is probably a reasonable assumption when
t is large (t&1 GeV'). Expressing pf, (t) in terms
of the parameters introduced through Eq. (3.4),

p'«) = Iu. l'p"«)+ Iu. l'p"(»+ Iu. l'p «)

Iu I'p"«)" Iu. I'p"(t)

p,'(t) =
I
u, I'p",„(t)+

I
u, I'p,'„'(t),

the asymptotic chiral SU(3) &&SU(3) symmetry can
now be formulated as follows:

(3.14)

(3.12)

The semileptonic decays of I', involving charged
weak currents, have been studied in detail in the
literature, ' and we shall not discuss them here.
The hadronic continuum contribution and the sin-
gle-particle contribution involving the neutral cur-
rent can be calculated in an analogous way and are
given below.

u= fu, f'+ lu, f'+ fu, f'+ fu, f'+ fu, f', (3.20)

A2 A2 A6 As
2+ (3.21)

C. Single-particle contributions

The various single-particle contributions can
be obtained from (3.11) by using the following
pole-dominated forms of the various spectral
functions. (The superscript refers to the inter-
mediate state saturating the spectral function. )
The p ~ (n, P = 0, 8) are evaluated by assuming the
usual SU(3) breaking;

where A is the threshold for estimating the hadron
continuum (usually taken to be -1 GeV). For com-
parison, the charged- current contribution to the
hadron continuum is given by

I'(I. - v~+ hadronic continuum)
1 (I - vz+ p, + v„)

(3.22)

limp, '„'(t)=0, i,j =3, 8
t

(3.15)
p'f) p8

'
0

p', = .'Z, '6(t m—,') .
limp, '„'(t) = lim p,"„(t). i, j= 3, 8
g ~ oo t WOO

(3.16)

With asymptotic U(3) symmetry, spectral functions
of different U(3) components are related (to the
spectral function of electromagnetic currents), and
one has

The formula for p," and p," is similar, with
I', -I'„, m, -m„, etc. :

2

lim poo~(t) = lim psst(t)

= lim p,"v(t) p~y = 2(m f s cos8s) 6(t —m ),
/

llm e+e" hadrons

Sp g- 0',+,-„„p- (3.17)
3

p~p — ~(B1 ~f s cos8s)(m f sln8 )6(t —m ),
where o,',, „„,d„„, denotes the hadronic total cross
section excluding the heavy-lepton contribution.
We get [using (3.10)—(3.17)]

p,"~ ~ =-,'(m„'f, 'cos8, )'6(t —m, '), (3.23)

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

=-;ace(- *,
)

08
p,
" ~ = (m„'f, 'cos8, )(m„'f ~~sin8~)6(t —m„') .1V

where

f~, f'+ f~, t'
( I g~ I

'+
I gz I ')f, (2) + 2 Re( g„*g~)f,(Z), '

(3.18)

We refer to Ref. 11 for the definition of various
coupling constants and mixing parameters used in
Eq. (3.23). The decay rates using (3.23) are
listed in Table I, where we have normalized with
respect to the charged-weak- current process
I,'- w'+ vz(vi);
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TABLE I. Two-body decay rates of charged heavy leptons by neutral weak currents. 0~,0~, and f~, f~ are, respec-
tively, the cu-Q mixing angles and coupling constants introduced in Ref. 11.

I'(Qk ~~k +g0)
1'{L v+s )

2

I'(L V+m } 2 E„2 yPZL2

- "'-"-'" '(.'''. )'('-= )'("'='')
",;, ,

'=~(™')'(i-™;)'(i ~ '",') la~~~"","

I (L, ' e'+ &) ~y' ' ~y' ' 2m'' 2 cos'g&
r(L, - —v+&-) IL f 2

"'=-':"-" '"'(:')'(' = ')("-'::)

1&
12ccs ss+2 &s(g„g 1sineqcosss0@280 ff

P 12
sU1 es

2 ~ (~ g~ )
ccssys1118s

0 y

+ &a

Q 2 3 2

I'[L'-~'+ v, (v,)j= '; '
I.-'(Is&I'+ Ig, I')f,(»+»e(-'(ega, )Y.(z)]

=3x].0" sec ' for gL=1 go=0 ~L= 1'8 (3.24)

Terms of order I,'/m~' and m, '/m~' are ne-
glected in all the equations. Z and f, ,(Z) are de-
fined previously.

D. Leptonic branching ratios

For practical purposes we have calculated the
leptonic branching ratios as follows (settingI = 0):PL

*="':J" (~- '.)e(~),

2

2t
g,'(f) = p', (f) I+ ~L SPEAL

(3.29)

(3.30)

I"(I. —p, v, v, ) (3.25)It t i 2+51 pl + 267 +X+ 5y

(3.26
I"(L -e v, v~) I+ &I pl'

2+ 51PI'+-,'5y+x+ 5y
'

I'(I. -e e'e )
2+ 51PI'+ s5y+x+ 5y

'

p, ', (f) are the spectral functions defined through
(3.10). We emphasize that the parameter y which
enters in the weak contribution to the process
e'e -e'e can be, in principle, very different
owing to the different masses of the heavy bosons
mediating e'e - e'e and L'-e'e'e .

I'(L —e p, 'p ) = sI'(I, -e e'e ),

I &L I
'+

I b„l '
/2+ Ig I2

y= I"I'+
I
"I'

(3.28) IV. REMARKS

After discussing methods to test the quantum
numbers of the new charged heavy lepton and cal-
culating the decay rates in previous sections, we
list in Table II some possible lepton schemes. ""
Definite features can be used to rule out or dis-
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TABLE II. Classifications of lepton models.

Lepton
representations Charged

Heavy leptons

Neutral

Doublets = SU(2) && U{1) models

Triplets: (a) Three triplets
with Han-Nambu
charge struc-
ture~3

Triplets: (b) Arbitrary charge
structure~4

Quadruplets with electron and
muon lepton number (or more)

Most models have only one sequential
charged heavy lepton, produced
only in e+e annihilation

Two sequential charged heavy leptons
produced in e+e annihilation

Flexible

Two (or more) nonsequential, produced
in e+e annihilation and neutrino
scattering

One or more, but not produced by ordinary
neutrino scattering in most models

One produced by && scattering and one
produced by t ~ scattering

Flexible

Two {or more}, produced by ordinary
neutrino scattering

tinguish different models. " Future experiments
may soon narrow down the alternative possibilities.
In the framework of gauge theories, "quark-lepton
symmetry" has been conjectured —if leptons and
quarks can be embedded in a unified framework.
If this conjecture makes sense, the lepton spec-
trum may shed light on the quark spectrum. An-
other interesting and yet unsolved problem is the

m, /m, mass ratio. Attempts in the past to calcu-
late the I,/m„mass ratio have failed in simple
renormalizable models. It would give us hope if
the actual lepton spectrum were to become known.
It may be meaningful to talk about this "symmetry
of the leptons" if their spectrum can be experi-
m entally established.

Finally, we like to comment on the magnitudes
of neutral currents. At present, no data on the
various processes (in Sec. II) which can test the
lepton number of the heavy lepton are available.
No events of the kind (1)-(3) of Sec. II are re-
ported which are inconsistent with being back-
ground. But one notes that the SLAC-LBL data
have uncertainties in hadron-lepton identification
and (thus) in the estimate of the background. The
fact that no large cross sections of neutral-cur-
rent-induced processes have been seen can be in-
terpreted as an indication that the neutral-current
contribution is small. Even if it is small, it is
important to look for the signals we have sug-
gested. A few clean events of processes (1)-(3)
in Sec. II would establish the nonsequential nature
of the heavy lepton and the existence of neutral
currents coupling to I. and e .

The present data taken at face value gives the
following limit on the neutral- current contribution:

(1) The "anomalous" cross section for p, 'p, ,

p'e + e'p, , and e'e being consistent with the ratio
3.:2:1would suggest that the branching ratios for
B(L - p, + v, + v~) and B(L -e + v, + v~) are ap-
proximately equal. From (3.25) and (3.26), one

would conclude that

6g &1. (4.1)

F(L - e (iJ. ) + v~+ v, &»)
~ total & exp

= 0.17. (4 3)

If only charged currents contribute, as in the
case of the sequential heavy leptons, one finds by
theoretically estimating the semileptonic decay
rates that"

I'(L -e (iL )+ v~+~v, , )
I' t.t~

(4 4)

For nonsequential charged- heavy- lepton decay
one concludes from (3.25) and (3.26) with the aid
of (4.1) (4.3) that 6y/x cannot be large. Because
of the uncertainties in the present data as well as
in theoretical estimates definite conclusions can-
not at present be drawn.
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(2) Four- charged-lepton production with all
lepton momenta «0.65 GeV is not seen at a com-
parable rate as the p, 'e' cross section. But one
notes that most of. the leptons are restricted by
phase space and will not satisfy the above momen-
tum criteria. A careful search for the four-
charged- lepton events is needed. Lack of such
events would suggest from (3.27) and (3.28) that

(4.2)

(3) The cross section of p,
'e' events assuming

a one-photon cross section for charged-heavy-
lepton pair production gives the following branch-
ing ratio":
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