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We examine here reactions of the type

v(v)N f.~+ "anything" and l~N —Lo(L, ) + "anything"

v(y) +l~+vp l ~ +l' +v)ig,

where I. is a lepton heavier than the muon, and derive expressions for the inclusive cross
sections of the outgoing charged leptons. The phase-space integration is simplified by
neglecting the electron and muon masses, and the differential cross sections, with respect
to the transverse momentum of the charged leptons in the final state, are calculated. Using
a simple parameterization for the hadronic structure functions, results are presented for
several incident lepton energies, between 50 and 500 QeV in the lab frame, and, for heavy-
lepton masses ranging from 2 to 11 GeV, assuming the coupling constant of the heavy lepton
to be identical to that of the muon. A simple relation between the differential cross section
of the outgoing charged leptons along the beam axis and the total cross section is obtained.
Throughout these calculations the effects produced on the spectrum of the final charged lepton
by the polarization of the heavy lepton are fully incorporated.

I. INTRODUCTION

The existence of leptons, both charged and neu-
tral, heavier than the muon has been predicted by
several recent theories of weak interactions. ' A
number of experiments' for detection of these lep-
tons are currently in progess. Since these parti-
cles are expected to have a very short lifetime
(s10 "sec) experimentally one has to look for
their signatures in their decay products. The
characteristic effect of such a heavy lepton on
some aspects of the inclusive IN spectrum has
been examined by a number of authors, but effects
due to polarization of the heavy lepton have been
neglected. '4

In this work we take into account the polarization
of the heavy lepton produced weakly in /N inelastic
reactions and derive expressions for the cross
section of the outgoing charged leptons. We sim-
plify the phase-space integration by neglecting
the electron and muon masses and use a simple
parametrization for the hadronic structure func-
tions. ' The differential cross section do/dQ, ',
where Qt is the component of the final charged
lepton's momentum that is transverse to the di-
rection of the incident lepton beam in the labora-
tory frame, is computed for heavy lepton masses
of 2, 5, 8, and f1 GeV, taking the incident lepton
energy 8 =50, 100, 200, and 500 GeV and assum-
ing that the coupling constant of the heavy lepton
is identical to that of the muon. In the decay of a
neutral heavy lepton where there are two charged
leptons in the final state, we calculate the differ-
ential cross sections for both. Results are dis-

played graphically, taking the incident beam to be
p, , p, ', v, or v and assuming that the heavy lep-
ton couples via V- A or V+A. ' These results are
compared with a similar calculation where the
polarization of the heavy lepton is ignored.

We also show that as Qt -0, the remaining vari-
ables of the outgoing lepton can be integrated ana-
lytically, yielding a simple relation for
do/dq, '~q, given by

de 8
dQ' mat qt -p L

where cr~ is the cross section for production of
heavy leptons of mass mL, and B is the branching
ratio for the leptonic decay mode under considera-
tion.

II. CALCULATIONS

For definiteness, we concentrate on the reac-
tion' (see Fig. 1):

v(k)+N(P)- L (0')+ "anything"

where L is a heavy lepton and l may be e or p. .
In the limit when the electron and the muon masses
m„m„- 0, the expressions derived for (2) would
also apply to the reaction

(0)+N(P)- 6'(0')+ "anything"

v (&)+u'(0)+v„(&) (s)

p (K)+e'(Q)+v, (k). (4)
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FIG. 1. Feynman diagram for the process

vN —L +anything

p+l +v).

The intermediate line is taken to be the mass shell.
k and p are momenta of the incident v and N, respective-
ly, k' is the momentum of the heavy lepton L, K is the
momentum of the final v which is associated with the
leptonic current for L, and Q and k are the momenta
of l and v„respectively.

The corresponding expressions for incident v or
p,
' producing charged and neutral heavy leptons

can be trivially obtained from expressions for re-
action (2).

A. The production process

The amplitude A» for the production of a heavy
lepton of helicity A.

' from an incident neutrino of
helicity A. can be expressed as'

where J is the hadronic current, 6, is the analog
of the Fermi constant for the coupling of the heavy
lepton to the nucleon at the production vertex (see
Fig. 1), and h = +1 if the heavy lepton couples via
(V+A}, respectively. We describe the hadronic
vertex of the reaction in terms of the structure
functions defined by4

1 1
p" p" ' M p ~vW2 2M2c pl a8~uq~W3

1—~ qqq„W~ —
2 ~(Pqq„+P„q~}WS, (6)

where M is the mass of the target nucleon, and

q = k —k', the momentum transfer from the leptons
to the hadrons. The state of the produced lepton
L in its rest frame can then be described by a
(2 x2}density matrix of the form

po 1+0'

where the o's are 2x2 Pauli matrices, and the
vector BJA, gives the polarization of L in its rest
frame. In this frame, where k'=k-q=0, Bo is
expressed, for convenience in subsequent general-
ization to a covariant frame, in terms of the de-
pendent three-vectors, k, q, and p as

G, m~
I 2%'+—'+~ +~ ' + -2~Wk 1+h' ~W k---'"'p "=P -: - P"--'P-" -'--'

1+h2 W W W+j gk p —2~k q-~k p (6)

2k,W, +—a2(k, p' —2pp p)-~» (p, k q —q, k p)+a2(q'k, -2q, k q)

W+~2(k,P q-P, q k —q, k P),

where k„q„and p, are the zeroth components of
k, q, andP, and m~ is the mass of heavy lepton
L.

The cross section for production of heavy lep-
tons is directly related to the function Ao and is
given in the lab frame by

dc G '(1+&') - W 2h W W
dq'dv 8ME'r ' M'2k' kW, +~~(k'kp2 —2k'pk p)+ 2~2(k'qk p-k'pk ~ q)+~2(k' kq' —2k'qk q)1+h' llf' M

+~2(k'kP q —k'Pk q —k'qk P} (10)

where E is the incident lepton energy in the lab frame, and v =-q p/M.
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B. Decay of the heavy lepton

The amplitude for the decay of a heavy lepton L
of helicity A' to a v of helicity Xi via a reaction of
the iyye

L (k', X')- [p(K, Xi ) + l (Q) + vq ( K )

ls expressed as

d&r ), =~[V„(Kp Xi)y&(l+gy2)Ui(k'2 A.')]

x[ ~(Q) y„(1+y)V,,(k)],
where again g = +1 depending on whether I couples
via (V+A), respectively. '

In the rest frame of the heavy lepton, the decay
matrix for the process can be written as

(12)

The rate for the decay of a polarized heavy lepton
to leptons is then given by

1 1 d'Q d'K d'k
(2[[}s2m' 2Q, 2K, 2$,

x5~(k'- K—Q-k) ,'Tr-(p$0),

where p is any density matrix specifying the polar-
ization state of the heavy lepton.

C. Production and subsequent decay of the heavy lepton

Taking the trace of the matrix ( poDO) and gener-
alizing to a covariant form we get the required ex-
pression for the cross section for process of Fig.
1 as

where

yo=-32QI m&[(1+g) %0K'Q+(1 —g) @OK'h]

(13)

where

I
8(2w)'[(k p)'-m 'M']'"m I' (16)

pa=-32i"~~mi[(1+gpkK'Q+(1 —g) QK k] .
(14)

m, is the mass of the incident lepton, F is the
total width&0 of L an

(17)

2=24(1+qp)q 12(2W[2 hm' qk2+(1+2)'k'kk''2]+~[hhm (P k2-hk Pk P')
W

M

+ (1+k) k'K(k'kPI- 2k'Pk P}]

-—a[(l+hpk'k(k'pk q-k'qk p)+(1+hi)mi'(k qk p-k pk q)]

+-a2[2hmi'(q~k k 2k. qh q)+-(I+hPk'k(k'kq'-2k'qk q)]
W

M

+-k[22m, '(q Ph k-q PP k qkk P)+(1+hPk'k-(k'kp q )r'Pk q k'qk P)[I--'
+64(1 gpK k 2W [-1-2h m~' kg+(1 h) k "kk"-0]

++[ 2hm 2(P~k. q 2k PP ~ Q)+(1-hPk'Q(k'kP —2k'Pk P)l

~[(1 h)'k" q(k"qk P —O'Pk q)+(1+h')m *{kPq Q-k qP Q)]

+~[ 2hm '(q k q —2k qq Q)+(1 h)'k'Q(q k'k ——2k'qk q)]

,g[ 2hm (q,Pq). k P.Pq. () k. qP. ()) (1 hPk ()(k'hq P 2"Pk 2 2'. qk P)II . --
(18)
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It may be worth mentioning that expressions (16)
to (18}, for the cross section for production and

decay of charged heavy leptons I ' via reactions of
the type (2}, are exact. However, for the produc-
tion and decay of neutral heavy leptons, I or LP,

via reactions of types (3) and (4), the expressions
for the cross section obtained above is correct
only to the extent that the incident lepton mass
m, =0.

D. Phase-space integration and
the differential cross section

do' ' G C

dq dvdK, dK, 48(2w)omiIE MKo

x [(Aor + oAor)4r +A~w sln4w

+-,'A,
w sin(24 «)], (22}

where as before

koKo 2k& Et —ng
4g =cos

t t

The coefficients A«, A,E, and A,~ are also given
in the Appendix.

Neglecting the electron and muon mass the
phase-space integration, over the unobserved pair
of leptons in the decay products, is carried out
analytically yielding I of the general form

I =J, E(k" Q)8(-(O' —Q)'},

where p is a quadratic function of (O'Q) and is
given in the Appendix. Vfe next introduce a co-
ordinate system in the lab frame, shown in Fig.
2, in which the incident lepton beam with three-
momenta k is along the g axis, k' the three-mo-
mentum of the pr oduced heavy lepton lies in the
ZX plane, making an angle 8' with the Z axis, and

8 and 4 are the polar and azimuthal angles of Q,
the three-momentum of the charged lepton which
is under observation. Since I, in Eq. (19), is
quadratic in cosP, the integration over P can be
done trivially to yield

do 6,'G2

dq'dvdQ, 'dQ, 48(2w)'mr I'ME'Qo

X [(A oQ+ oAoQ)4Q +AJQ s1114Q

E. Differential cross section neglecting polarization of I.

The cross section dc', neglecting polarization
of the heavy lepton, is obtained by taking the prod-
uct of Aoyo instead of poDo from Eqs. (V) and (12)
and is given by

do'p - t i&2
dq odv dQ, 'dQ, 48(2 )'w~mI"ME'Qo

X [(A~+ oA(~}4Q+Ao~ sin4Q

+-,'A„sin(24Q)], (24)

where A~, Ao» and A~ are given in the Appendix.

F. Differential cross section along the beam axis

Along the beam axis Q, (or K, ) =0 and 4Q (or 4w)
= w; and since Qo =

( Q, ), K, =
[ K, (, the differential

cross section (20) f and (22)] becomes a linear
function of Q, (or K, ) which can be analytically
integrated to yield

=C (I-g}'+C,(l+g}', (25)
cfog dvdQ» ~ -pt

+-,'A,
Q sin(24Q)],

where Q, , Q, are the longitudinal and transverse
components of Q, A, Q and A, Q

are the coefficients
of cosp and (cosp), and A oQ is the term in (19)
that is independent of Q. These are given in the
Appendix, and Cz, the upper limit on fII}, is given

bylaw

i 2&oqo 2&l@--m,'
2k Qt t

For the decay of a neutral heavy lepton into two
charged leptons and a neutrino, as in (3) and (4),
one may also be interested in the differential cross
section of the other charged particle of three-
momentum K. This is the same in form as (20),
that is,

FIG. 2. The coordinate system used in the lab frame.
The incident lepton with three-momentum k is along the
Z axis, the heavy lepton wfith momentum k' makes an
angle 8' with the Z axis and lies in the ZX plane. The
outgoing charged lepton with momentum Q is defined by
the polar angles 8 and the azimuthal angle fIe}.
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an increase in m~. For example, for E = 100 GeV,
when the kinematical limit is m~ s 13 GeV, the
cross section drops from 5.7&10 ' cm for m~
=2 GeV to 3.0x10 ' cm' for m~=12 GeV, a drop
of -4 orders of magnitude over a 10-GeV increase
in mass.

The differential cross-section distribution with
respect to (transverse momentum)', assuming
(V-A) coupling for L, is shown in Figs. 4 and 5.
In Figs. 4(a) and 4(b) the incident particle is v or
a left-handed p. and in Figs. 5(a) and 5(b) the in-
cident particle is v or a right-handed p. '-. These
curves exhibit a very sharp drop with increase in
transverse momentum. In fact, a numerical esti-
mate of (Q, ') shows that for E = 100 GeV and m~
=5 GeV, (Q, ') =3.8 GeV' when the kinematical
limit is Q, 's45 GeV'. The cross section do/
dQ, ' again drops by 5 orders of magnitude over an
increase of Q,

' from 0 to 35 GeV' for E =100 GeV.

For (V-A) coupling of L, do/dQ, ' and do/dK, '
are identical as exhibited by (18).' Again, it may
be worth remembering that the branching ratio R
throughout these computations has been taken to
be 15k, and, in adapting these graphs to various
models for heavy leptons, one must normalize
them to the appropriate value of R given by the
individual models. "

In Figs. 6(a) and 6(b) we redraw Figs. 4(a) and
4(b) by normalizing do/dQ, ' to do/dQ, '~ o, using
Eq. (30). We plot

PQ —
d dQ 2 100

versus Q, '. These graphs are therefore indepen-
dent of the branching ratio and hence can be di-
rectly compared to an experimental curve of
(number of events with Q, '/number of events with

Q, =O) versus Q, '. In Fig. 6(a) we keep the energy

IO se

lo 57

( a) (V-A) COUPLING

v(or p,LH) INCIDENT

BRANCHING RATIO= I5%
E = 100 GeV

I mL = 2 GeV/c2

( b ) (V-A) COUPLING

v(or p. ) INCIDENT

BRANCHING RATIO = I5%
m&* 5 GeV/c

V

E

I
0-se

IO-»

Z0'
C9

IO~~

Oi

b
D D

Ol

b ~D D

IO-"

I
0-4(

I
0-40

0
IO»'

CFb

I
0-4'

6 I 2 l8 24 30 36

(TRANSVERSE MOMENTUM) [(GeV/0 ]

20 40 60 80
(TRANSVERSE MOMENTUM

IOO l20

havoc)')

FIG. 4. In these graphs L is assumed to couple through (&-A) interaction. These curves apply to reactions of the
type:

v(k) + N(P) —L (k') + "anything"

~(K)+~ (Q)+~ (k)

and

(Leak) + N(P) —L 0(k') + "anything"

~( (J0+('+(Q) +v&i,

where l&H is the left-handed electron or muon. For (V-A) coupling of L, do/dQ& =do/dKt as Eq. (18) reveals. In
(a), we compare the distributions of the final charged lepton by keeping the energy of the incident lepton beam fixed at
100 GeV and taking the mass of the heavy lepton mL, =2, 5, 8, and 11 GeV. In (b), ml is held fixed and we take the inci-
dent lepton energy E =50, 100, 200, and 500 GeV.
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v (or@.' ) INCIDENT
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FIG. 5. Here the incident particle is taken to be v or l ~ producing L+ or L~ and decaying via L+ v(K) +E'(Q)
+v, (k) or Lo l (K)+l' (Q)+vg (k). Again (V-A) coupling is assumed sothat do/dQg =do/dK] .

v(k)+N(P)- L (k')+ "anything"

v(K)+ I (Q)+v, (k). (2')

It can be seen that the heavy-lepton current for
reaction (2) is charge conjugate to the one in (2').

fixed at E =100 GeV and vary the mass m~ from 2
to 11 GeV, and, in Fig. 6(b) we keep the mass
fixed at 5 GeV and vary the energy from 50 to 500
GeV. Figure 6(a) exhibits a very strong depen-
dence of Po on m~ whereas Fig. 6(b) shows prac-

Qg

tically no dependence of Pz on E for the kinemat-
ically allowed values of Q, 2 for each E.

If the (V+A) coupling" is instead assumed for
L, then the differential cross section for incident
right-handed v or p, is shown in Fig. 7, and, for
incident left-handed v or p,

' the differential cross
section is shown in Fig. 8. For (V+A) coupling
do/d(e), e 0 dc/dK, ' and we therefore draw both the
distributions.

Throughout this work L is assumed to have the
same lepton number as v, and l . So one has, for
example,

v(k)+N(P)- L (k')+ "anything"

v(K)+I (Q) +(kv).

If instead one is to assume that L' has the same
lepton number as v, and l, as in certain gauge
models, then the reaction producing the same
charged final state as in (2) would be

Hence, the case of (V- A) coupling of L, i.e.,
g=h =1, for reaction (2) would correspond to
(V+A) current, i.e., g=h =-1, for reaction (2')
and vice versa.

The effects due to polarization of the heavy lep-
ton are shown in Fig. 9. The density matrix of
the heavy lepton, expressed in E(ls. (7), (8), and

(9), is very convenient for this purpose. The
polarization vector $ in the rest frame of L, given
by

A

where B„Acare given in E(ls. (8) and (9), is used
to obtain the degree of left-handedness P~„of L,
defined as

P„„=[ e (1 —S k ') X 100]%. (36)

Figure 9(a) shows P„„asa function of the heavy-
lepton energy k,', keeping the scattering angle L9'

fixed in the lab frame. The figure shows effects of
changing the scattering angle 8', which, inciden-
tally, has to be very small because of the con-
straint q' & 2Mv, the incident lepton energy E, and
the mass m~ of the heavy lepton.

The consequence of all these dependences of
S on ko, 6)', and E on the distributions of the
emerging charged lepton is shown in Fig. 9(b).
For this purpose we plot two functions Do and D»
where
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IO
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der/d Q

Pg X lOQ i%
d~/dQ, 'I, jt
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0 40t
2

IO

(b) (V-A) COUPLING, v (or )c-J INCIDENT,

( do/dQ

PG =~
E

X IOO
do/dQ I j
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35
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FIG. 6. This is the normalized version of Fig. 4. Since, for (V-A) coupling of L, do/dQt =(8/mz )v&R, such dis-
tributions are essentially normalized to the total cross section for a fixed value of mz and are free of the value of R,
unlike Fig. 4, and are, therefore, more readily comparable to an experimental graph of (number of events with Q+ )/
(number of events withQ~ =0) versus Qt .

and

«/dQ»'- «o/dQ)'
do/dQ, '

do/dQr —doA/dQ,
'

do/dQ, '

(S7)

(Sg)

APPENDIX

1. Coefficients A«, A, ~, and A & ~ of Eq. (20)

From (19),

Here do/dQ, ' is the distribution which incorpo-
rates all the polarization effects of the heavy lep-
ton, doo/dQ, ' is obtained by assuming the heavy
lepton to be completely unpolarized and de/dQ, '
assuming the heavy lepton to be completely left-
handed. In the region of experimental interest, '
Q, a 1.5 GeV, one finds that the polarization effects
are rather significant.

d'k' d'
F(k'Q}()(-(k'- Q}'},

ko Qo
(Al)

F(k ' Q) = BG - m~'AO,

where

(A2}

where F(k'. Q) is a quadratic function of (k'Q).
Hence we may rewrite this as a quadratic function
of cosp. We write, for convenience,

ACKNOWLEDGMENT

I am deeply indebted to Professor Norman Christ
for his sponsorship of this problem and for con-
stant encouragement and advice in the course of
this work.

Bq= B,+B,cosp+ 6, ( cos)4)

Aq Ap+A1 cosf
with

(AS}

(A4)
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FIG. 7. Here (V+A) coupling for L is assumed, so the incident lepton is right-handed and do/dQ& & do./dK t . The
two charged leptons in the final state of decay of L have significantly different distributions. In (a) we compare do/dQt
and do/dX& for fixed energy E =100 GeV and for mL =2 and 8 GeV. In (b), we hold m&=5 GeV fixed and compare
do/dQ&2 and der/dK, 2 for E =50, 200, and 500 GeV (see Ref. 14).
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FIG. 8. These diagrams are for ( V+A) coupling, assuming a lefthanded incident antilepton. Again in (a), we com-
pare do/dQ& and do'/dKt for fixed E and for mz =2 and 8 GeV. In (b), mL is held fixed at 5 GeV and E is taken to be
50, 200, and 500 GeV (see Ref. 14).
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FIG. 9. These figures show the polarization effects of L in the reaction v(k) +N(P)

v(k) +N(P) —L (k') + "anything"

~(k)+I (Q)+P~(k).

( V -A) coupling for L is assumed. In (a), we plot the degree of left-handedness of L, defined by PLs = [/(1-S k')
x100]%, where S is the polarization unit vector in the rest frame of L and k' is the three-momentum unit vector of L
in the lab frame, versus k 0 which is the energy of the heavy lepton in the lab frame, keeping the scattering angle 8'

fixed. The effects of the polarization of L on the spectrum of the final lepton under observation is shown in (b). The
figure shows the corrections Do and DI defined in Eqs. (37) and (38), as a function of the (transverse momentum)2 for
two different heavy-lepton masses mL = 5 and 8 GeV with E =100 GeV.

B,=k,'Q, [ Co+ C»k(Q, —Qo) —C»MQo

+ C, , (k,'Q, —k,'Q,}],
B2 =C„.k,' Q~

(A6)

(A I )

A, = kA, (Q, —Qo) —A» MQ, +A», (k,
'
Q, —ko Q,},

(A8)

Bo = (k,' Qg
—k »Qo) [ Co + C» k (Q, —Qo) —C» MQo

+ C», (k,'Q, —k,'Qo)], (A5)

A, q=B, —mL, A, ,

A2Q = B2

(A10}

So we need to Mow Co Cy Cp Cy and A y A p

A, , of Eqs. (A5) to (A9) above. These are given
below:

p ~ Q, and k'Q, respectively, and subscript 0 de-
notes the term independent of Q in p(k'Q).

The coefficients that appear in Eq. (20) are then
given as

A, =k,'Q, A„, . (A9)
C o2(1 g}+(1 h)+m~ Co, , (A11)

The subscripts k, P, k' in the coefficients C's and
A's imply that the latter are coefficients of k. Q, where
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Co, =2W,k'k+~~(k'kp —2k'pk p)
W

M

W 2h—~(k'pk q —k'qk p)
M 1+h'

+ ~»(k'kq' —2k'qk q)

+ ~2 [(k'kp q —k'pk q-k'qk p)];

C», = -4[3(l —gP(1 —h P + (1+gP(1+hP] C», ,

-4[(1+g)'(1+hP —3(1-gP(1—h)'] C, ,

+Shm~2[3(l-gP - (1+g) ]C»., (A17)

where

C, , =C„+~2 (k'Pk q —k'qk P), , (A18)~W, , 2h

C, = Shm~'[(1+gP —3(1 —g)'] C», ,

where

(A12)

(A13)

C„,, = ~2(k'qk P —k'Pk q), (A19)

C, = -Sm~'[(1+gP —3(1—gP] C„,
where

(A15)

W W 1+h2 W
C =2 —ak p+~ k q+~k q (A14)

M2

Next,

A» = 2hm~m[(1+gP —6(1 —gP] C», ,

A» = -2hm~'[(1+gP —6(1 -g)'] C», ,

(A21)

(A22)

+~(q p-k p)'W (A16)

=2~ + a p'+ ~ k p+ ~ (q' —2q k)W 2 W 1+h2 W

M2 M
A» = [6(l -g)'(1 —hP+ (1+gP(1+h)'] C, ,

+ [(1+k)'(1+g)' —6(1 -g)2(1-h)') C, ,

+2hm~ [(1+gP —6(1-gP] C, ,, (A23)

2. Coefficients Ao+, A, z, and A & ~ of Eq. (22)

These are obtained in the same general way outlined in Appendix A1.

A„»=(k,'K, —k,'Ko)C,» —(k,'K, —k,'Ko)B, , [2(k,'K, —k,'K,)+m~']+B»MK, [2(k,'K, —k,'Ko)+m~']

EKO(cos8—' —l)B, [2(k,'K, —k,'K,)+m~'],

A, =2k,'K, [C,» -4B,, (k,'K, k,'K,)+2MC, B,—2B»EK,(cos8'-1)] —m~'Bkt»K, ,

(A24)

(A25)

(A26)

where C«, B„B~, and B, are given below:

Co =-(1+k')m~'[(1+gp+(l-gp]CO, , (A27)

A,o
= —(1+h')Co, (k,' Q, —koQO)

x [9(1+g' —-', g)m~'

C„ is given in Eq. (A12), and

B, =2k[(1+g)' —(1-g)'] m~'C»t,

B» = -2h[(1+g)' —(1 -g)'] m~'C», ,

B, = —[(1+gP(1+hP+ (1 —g)'(1 —hP] C», ,

+ [(1-gP(1—h)' —(1+g)'(1+h)'] C„,,

+2h m~'[(1 —g)' —(1+g)']C„, ,

(A28)

(A29)

(A30)

+32(1+g' -g)(k,' Q, —ko Q,)],
Ao» =-16(1+h»)Co, k', »Q, (1+g -g),

where Co, is given in (A12).

(A32)

(A33)

4. C„C occurring in Eq. (25)

+ 16(1+g' -g)(k,' Q, —k,' Qo)), (A31)

Ao, =-(1+k')Co, k,' Q,

x [9(1 +g' ——,
' g)mi'

where Cks ~ C~„Ck, , and C, , are given in Ap-k'ty& k't3
pendix A 1.

3. Aoo ~ Aol, and A~ of Eq. (24)

These are again obtained the same way as those
in Appendix A 1:

C, =+ 2C(1 +h )m~'Co, ,

where

G, G2m
48(2»)'m rME'

and C„ is given in (A12).

(A34)

(A35)
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(A36)

where C», , C»„C» . . C. . . and C. ..are given in Eqe. (A16), (A14), (A18), (A19), and (A20).
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~Wherever in this paper the term "(V-A) coupling of the
heavy lepton" is used, it means that in Eqs. (6) and
(11) h =g =+1. Similarly, the term (V+A) coupling of
the heavy lepton implies h=g= —1.

We are assuming L to have the same lepton number as
v, and l . If instead L+ has the same lepton number as
v& and l, as happens in certain gauge models, our
graphs for (V-A) and (V+A) couplings of L, for the
differential cross sections of the same outgoing charged
lepton, wi11 just get interchanged. [Also see Eqs. (2)

and (2').]
We use P. q= p q-P()qo and in our notation

9Note that we are assuming ( V -A) coupling for the
(e, v, ) or (p, v&) currents even though L may couple
either via (V-A) or (V+A) currents.
We use the narrow-width approximation, that is,

1 2 r 6(k'2+ m~ ).
k 2+mg2-zm

4~ is the upper limit on Q. This results from the con-
straint (k' -Q) ~0.

2From (15),

~SSee Ref. 3. Assuming L' to have the same lepton
number as v, and l they estimate R (L,+-p' v &v, )=15%
and R (L, —e' v~ v~) = 30%, the difference coming from
the identity of the two neutrinos in the final state of
the second reaction. Throughout our numerical compu-
tations we are using R =15%.

~4For (V+A) coupling of the heavy lepton, i.e. , h=g=-1,
one needs right-handed incident leptons or left-handed
incident antileptons for the production of such heavy
leptons. In practice, right-handed v or left-handed v

are not avaQable; hence the graphs for these cases are
drawn here just for the sake of completion. (Also see
Ref. 7.)


