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The process e+e ~ 8'+ 8' is reexamined with the inclusion of mixing between ordinary lep-

tons and exotic leptons of the types (i) mirror, (ii) vector doublet, and (iii) vector singlet. The effects

of mixings are discussed in terms of the expected relative deviations from the standard-model pre-
dictions for the total cross section, the forward-backward asymmetry, the differential angular distri-

bution for unpolarized W's, and the inclusive angular distributions for longitudinally (L) and trans-

versely (T) polarized W's with and without charge identi6cation at energies of the CERN collider
LEP II (&s =190GeV). These deviations are evaluated for three extreme cases of mixing: (I) mix-

ing in the neutral-lepton sector only, (II) mixing in the charged-lepton sector only, and (III) equal
mixings in both sectors. The expected relative deviations are presented as a function of the scatter-
ing angle 9 as well as the exotic-neutrino mass mz and the square of the mixing angle sin P. For
case (I), all three types of exotic leptons have identical mixing effects. For a run of 500-pb data,
with m~ ~ 250 GeV and 1(

= 10', the expected relative deviations are more than one standard devia-

tion (SD) error in do(8), da T(8) for all values of 8, in do»(0) for cos0~0.4, and in do.L(8) for
~cos8~ ~ 0.6. For case (II), the deviations are almost the same for mirror and vector singlet type of
exotic leptons. Further, the deviations in do, do T, do.r, do. T&, and do.Lz. +TL are not sensitive to
m~ and e. For a run of 500-pb ' data, and for m„~ 50 GeV with sin'(=0. 03, the expected devia-

tions are more than 2 SD error. For case (III), the mixing effects are negligible for vector doublet

type of exotic leptons. For mirror and vector singlet leptons with m& ~ 50 GeV and presently al-

lowed upper limits sin /=0. 01-0.06, the deviations in do, dcrr, do L, do rr, and dcrLr+rL are be-

tween —7.9%%uo and —18.3%, which would be discernible for a run of 500-pb ' data.

I. INTRODUCTION

In recent years, the process e+e ~8'+8' has at-
tracted a good deal of attention' because of its experi-
mental accessibility at the forthcoming collider LEP II at
CERN. The production cross section reaches its max-
imum ( =20 pb) at &s =200 GeV, and one expects to ob-
serve =10 8'-pair events per year, with a yearly in-4

tegrated luminosity of =500 pb '. This has motivated
the study of effects of non-standard-model physics in this
process and had led to many evaluations of the possible
deviations from standard-model (SM) predictions. For
instance, the deviations caused by (i) anomalous moments
tc or A. connected with WWZ or WWy vertices, ' (ii)
the extra Z boson predicted by superstring theory, (iii)
mixing of a new spin-1 state (strong electroweak sector)
with ordinary gauge vector bosons, (iv) inclusion of
heavy fermions at the one-loop level, and (v) residual
e+e Vv' contact interactions and new intermediate
states have been discussed in the recent literature. In
this context, we report in this paper the possible devia-
tions from SM results that would occur for this process
due to the inclusion of mixing between ordinary and exot-
ic leptons.

The exotic leptons, such as mirror leptons and vector
doublet and vector singlet leptons with noncanonical
SU(2)XU(1) transformation properties are predicted in
many of the possible theories of new physics beyond the
SM. ' The mirror leptons appear in several theories of
current interest, such as those involving family

unification, extended supersymmetry, Kaluza-Klein
theories, ' and superstring-inspired models. " These lep-
tons have opposite SU(2) assignments from those of the
ordinary (known) leptons; i.e., they are left-handed sing-
lets and right-handed doublets under SU(2). The vector
doublet leptons, for which both the left- and right-handed
fields are doublets, occur in E6 grand unified theories. ' '
On the other hand, vector singlet leptons, for which both
the left- and right-handed fields are singlets under SU(2),
are required in models incorporating a universal seesaw
mechanism for the generation of masses of the leptons in
the SM. ' Theoretically, it is possible to construct exten-
sions of the SM that may contain any one type of exotic
lepton at a ~ 100-GeV scale and at the same time be con-
sistent with known low-energy phenomenology. ' ' In
models containing the known and new leptons, the mass
eigenstates of the leptons are, in general, mixtures of the
weak-interaction eigenstates by some mixing angle 1( (see
Ref. 15). The phenomenological consequences of the
mixings among the known and new leptons in low-energy
processes (such as it iv e vv; r~trv, K v, e vv, pvv;
tr, K~ev, pv; and vl elastic scattering) have been studied
previously, ' ' and these provide useful constraints on
the mixing angles. In the best cases, the bounds on the
square of the mixing angle sin ltj are typically'
~0.02 —0.06 (for the first generation), ~0.002 —0.005
(for the second generation), and ~0. 10—0.22 (for the
third generation).

For the process e e ~8'+8', which in the SM
occurs at the tree level through the dominant s-channel
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TABLE I. Possible types of new leptons (Ref. 15). Pairs of
leptons enclosed in parentheses are SU(2) doublets, while other
leptons (not enclosed) are SU(2) singlets. N, and E, refer to the
first generation of any new leptons with charge 0 and —1, re-
spectively. The superscript 0 is used to indicate that these are
weak-interaction eigenstates.

(a) Mirror

N,

(b)
W

0 0
NeL~ EeL~ E, R

FIG. 1. (a) Lowest-order contributions to the process
e+e ~ W+ W in the standard model (SM) and (b) additional
contribution due to exotic-neutrino mixing.

(b) Vector doublets

N, N,

y, Z-exchange and t-channel neutrino- ( v, ) exchange
Feynman diagrams [Fig. 1(a)], the inclusion of mixing be-
tween ordinary and exotic leptons results in two effects:
(i) The Wev, and Zee couplings are modified and (ii) an
additional Feynrnan diagram involving exotic-neutral-
lepton (N, ) exchange [Fig. 1(b)] occurs (see Sec. II). We
evaluate the effects of these modifications on various ex-
perimentally accessible parameters.

The plan of the paper is as follows. In Sec. II, for the
sake of completeness and defining our notation, we dis-
cuss the exotic-lepton mixing model and obtain the
mixing-modified 8'ev„Zee couplings along with the
mixing-induced FeN, couplings. Then the helicity am-
plitudes for the process, with definite helicities for all the
particles involved and with the inclusion of the effects of
exotic-lepton mixings, are presented. In Sec. III, we
evaluate, for unpolarized e+e beams, the effects of
exotic-lepton mixings on (i) total cross section, (ii) the
differential cross section for unpolarized W's, (iii)
forward-backward asymmetry, (iv) inclusive differential
cross sections for the production of transversely and lon-
gitudinally polarized 8 s assuming the possibility of W
charge identification, and (v) inclusive angular distribu-
tions for the detection of any one W (i.e., no charge
identification) with longitudinal or transverse polariza-
tion, at LEP II (&s =190 GeV) energies. The results are
presented in terms of the expected relative percentage de-
viations from the SM predictions. The conclusions are
summarized in Sec. IV.

II. EXOTIC-LEPTON MIXINGS
AND HELICITY AMPLITUDES

A. Mixing model and modified couplings

The mixings between the presently known lepton fields
and new lepton fields shown in Table I have been dis-
cussed recently, in a general framework, in Ref. 15. All
left-handed SU(2)-doublet fields and right-handed SU(2)-
singlet fields are defined to be ordinary, while all left-
handed singlet fields and right-handed doublet fields are
exotic. For the sake of simplicity and in order to reduce
the number of free parameters, we assume that the first
generation (and similarly the other generations) contains,

(c) Vector singlets

0 0 0 0
NeL & NeR & EeL & EeR

0

in addition to the ordinary fields' '
( o)L, equi, and v, it,

one new type of lepton field shown in Table I. Then, for
the enriched first generation, the SU(2) X U(1) interaction
Lagrangian involving electromagnetic, weak charged,
and weak neutral currents of the charged leptons,
relevant for ascertaining the Wev„We%„and Zee cou-
plings, is given by

X;„,=eJ)MA„+ —(Jg W„+H.c. )+ JgZ„,
2 cos8w

where, in the weak-eigenstate basis,

JgM= —(e y"e +E y"E ),
Jg, =2[v,L y "et +X,L y "( 2t 3L )Et-

+& eRy"( —2t3ti )Et't ]

Jg = eLy"e—t +E y"(2t )E +E „y"(2t )E
—2sin OwJSM

(2a)

(2b)

(2c)

with fL~ti~= —,
' [1—(+)y~]f for f =e, v„X,, or E .

The t 3L and t &z are the T3 eigenvalues of the new lepton
fields EL and Ez, respectively. It should be noted that
the use of t3t (g) in Eq. (2b) (the charged-current cou-
plings) is only strictly correct when the relevant fermions
are in singlet or doublet representations (as is the case
here). However, the Clebsch-Gordan coefficient associat-
ed with the isospin-raising operator is not linearly related
to t 3L ( g ) for a representation of higher dimension, e.g. ,
fermions in isotriplets. '

Once we allow for the mixing among leptons, then, the
mass eigenstates are not necessarily the same as the
weak-interaction eigenstates. At present, the absence of
any evidence of new charged as well as neutral leptons
implies that they must be heavy (mass & 30 GeV). Fur-
ther, in the lepton sector, there are stringent limits on the
generation-changing neutral currents. We, therefore,
consider the mixing among the 1eptons for each genera-
tion separately. Defining'
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0
&e e'

0 0
9L,R = xrO ~ 6L,R = wO

~~e L,R I L, R
(3)

eL R
—U(4L R }ELR' 'qL R

—U(pL R }PL R (4)

the mass eigenstates (terms without superscript 0) are ob-
tained from the unitary transformations

Vw CL CL 2t 3LsLsi —2t 3R SR SR

~ w CLCL 2t3LSLSL +2t3R SR SR 7

N v e E v e E v e
Vw = —sL CL

—2t 3L CL SL 2t 3R CR SR

A w
——SLcl —2t 3LCLSL +2t 3R CRS

(9b)

(9c)

where the mixing matrices U(P') and U(P') diagonalize,
respectively, charge —1 and charge 0 mass matrices We
choose, for simplicity,

Ct2 St2

U(P,') =
Ct2

(5)

JIM = —er"e

JS =rir" [(1—rs}[«'}«t', )
—2t (Q"}'(Q'}]

+(1+rs)[—2t3R(QR) (Qz)]je,

(6a)

(6b)

JP =er"[(2 sin 8w —
—,'+ —,'rs)+(1 —rs)(tst, + —,

'
)

X(QL ) (Qr)+(1.+rs)tstt(gtt ) (Qa )]e, (6c)

with c,' =cos(p,'), s,' =sin(p,'), for i =e or v and a =L or
R. Then, in the mass-eigenstate basis, the currents in
Eqs. (2) are given by

B. Helicity amplitudes

The helicity amplitudes for the process

e (k, o. )+e+(k, o )~W (q, i.)+ W+(q, A, ) (10)

Af —~g(8)=&2e At —~~(8)dg gg(8)

where

(where the symbols in parentheses represent the four-
momentum and helicity of the respective particles),
without the inclusion of mixing between ordinary and ex-
otic leptons, have been discussed by Hagiwara et al. '

Following the notation of Ref. 1 (neglecting the electron
mass in comparison to the beam energy &s/2), we
separate the contributions of the amplitude At zz(8) for
the process [Eq. (10)] as'

where the matrices K and Q are At =At ~+At z+At "+At N (12}

for i =e, v and a =L,R. The row matrices IC and Q are
introduced for the sake of convenience in Eqs. (6). K K
and Q Q are 2X2 matrices whose off-diagonal terms in-
duce the eN, W, v, EW eEZ, and v, N, Z couplings. We
note that (i) the electromagnetic current [Eq. (6a)] and (ii)
the first term in square brackets in Eq. (6c), which de-
scribes the standard model weak neutral currents, remain
diagonal in the mass-eigenstate basis and do not contain
effects of the exotic-lepton mixing. In weak charged
currents [Eq. (6b)] the exotic-lepton mixings not only
modify the left-handed currents but also induce the
right-handed currents admixture. Similarly, there occur
mixing-induced left- and right-handed contributions in

Jg [Eq. (6c)]. The off-diagonal terms in Jg induce WeN,
couplings which allow an additional t-channel exotic-
neutral-lepton-exchange contribution for the process
e+e ~ W+ W [Fig. 1(b)]. Parametrizing the mixing-
modified Zee, We v„and mixing-induced WeN, cou-
plings as

~ '= —
p&i~-i, ~~ lx&J, , ~

(13a)

At =PG "A — 5acr gg 2 J0, 1
s —mz

(13b)

&2 &~~&~, 2 Jo '

sin 8w 1+P —2P cos8 2 sin 8wP

1+P —2P cos8
(13c)

is the sum of the respective contributions from y, Z, v,

and N exchange diagrams (see Fig 1). d. z' t,&(8) are the
d functions, b A, = A, —A, , b o = ( o —o ) /2 (lepton helici-
ties are normalized to +1},Jo™xi~ho ~, ~b, A, ~), and 8
denotes the c.m. scattering angle of W with respect to
the e direction. With the inclusion of mixing-modified
We v„Zee couplings, and mixing-induced WeN, cou-
plings, we find that the explicit form of the four contribu-
tions in Eq. (12) are given by

lg
1 z„=

2 8
r"( Vz Azr s»—

2 cosOw

lg
1 w,.= —r"( ~w —A wr s»

2 2

where n =v„N„we find, using Eqs. (6) and (7),

(8a)

(8b)

~ N 1

1+P +g~r —2P cos8

5J0, 1

X G~ - 2 6lax!,2+ . zsin 8w
' 2 sin 8wP

X [(1+P —2P cos8)X~~ —C z~]
Vz=2sin 8w —

—,'+(t3t. + —,')(st ) +t f„(s„')

Az ', +(t3j+—,')(sL—) —t3g tt)

(9a) 1 , 8'Ne+
v

—
2 Go 0N+tg2»n w

(13d)
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G~"= [[Vz —(bo )Az]/2sin ewI5 (14a)

where gN
=m N /m w, y =&s /2m w, P= ( 1 —4m w /s )

' TABLE III. Coefficients l)~~ for the helicity amplitudes

,-~(0).

G ~
"'=

—,
' [( Vw ) + ( A w ) —2( b o ) Vw A w]6~~ ~, , (14b)

GiWNe ] [(VN )2 ( A N )2]g
t

(14c)

with n =v or X, and Vs and A's are given by Eqs. (9).
The coefficients Azrz, A &&, Xz&, and Cz& are the same as

those given in Ref. 1 and are reproduced in Table II. The
explicit form of the additional coefficient 2)&z is given in

Table III. It may be noted that in the limit of no rnix-

ing between the ordinary and exotic leptons, i.e., s,' =0,
c,' = 1 for i =e, v and a =L,R, the various couplings
given by Eqs. (14) reduce to the SM values, namely,

0
0

+1
+1

(++),( ——)

(00)
{+0),(0+ )

(
—0), (0—

)

(1+o A. cosO)/y
—

) (1+p' —2pcose)
(p+o)
(p —er )

d cr Tr(8)
d cost9

do(A, , A, , 8)
d cos0

1

do&L(8) do'(0, 0, 8)
d cosO d cosO

(19a)

(19b)

Zqq ~60, —1

(Gacr )sM ficta~~, l
2 Sln 0~

)SM ~~a

(G WNe
) 0 (G'WNe )

(lsa)

(15b)

(15c)

do TL(8)

d cos0

dcrL, (8).
d cosI9

do(A, ,0, 8)
d cos0

der�(0,

A, e),
d cose

(19c)

(19d)

III. EFFECTS OF MIXINGS ON CROSS SECTIONS
AND ANGULAR DISTRIBUTIONS

With unpolarized e+e beams, we evaluate the effects
of exotic-lepton mixings on the following parameters:

(i) The total cross section o(e+e ~ W W ).
(ii) The differential cross section for unpolarized W's:

do T(8)
d cosi9

dcrTT(8) dcrTL(8)+
dz dz z =cosO

(v) The inclusive angular distributions for transversely
polarized W's (with no charge identification of W's to-
gether with nondistinguishability of the two transverse
polarizations):

do(8) do(A, , A, , 8)
d cose — d cose

l 7

(16)
do„(e) do„(e)+ +

dz dz z = —cos0
(20a)

where the nine differential cross sections are given by

do(k)l, , e) P ~ ~~ (8)~2
d cost9 128ms

CT, 0

with Af zz(8) given by Eq. (11).
(iii) The forward-backward asymmetry AF~.

(17)

dcrL(8)

d cosO

do IL(8) do I r(8)+
dz dz

, z =cos0

z = —cos(9

doIL(8) do TL, (8)+ +
dz dz

(20b)

f do(8)/d cos8 —f dcr(8)/d cose
0= m. f2

f do(8)/d cose+ f do(8)/d case
0=0 9= sr/2

(iv) The inclusive cross sections (with the charge
identification of W+, 8', but the two transverse polar-
ization of W's, i.e., k, A, = +, —,are not distinguished):

TABLE II. Coefficients A~~~, M~~, and C~~ for the helicity

amplitudes Jk ' "-'(0).

For numerical evaluation, we set the left and right mix-

ing angles equal [i.e., PL =P'„—:P„PL =Pa =—P„] and

consider three extreme cases of mixings:

case I, P, =0,

case II, P, =g, $„=0,
case III,

(21)

where g is an arbitrary positive angle. Case I corre-
sponds to the mixing in the neutrino sector only. Case II,
perhaps less probable, corresponds to the mixing in the
charged-lepton sector only. Case III corresponds to mix-

ing in both the sectors. For the sake of reducing the
number of free parameters, we have taken equal mixing
angles for case III. We use

1
—1

0
0

(+0),(0—)

(0+),( —0)
(++) ( ——)

(00)

2y
2y

1

2y +1

2y
2y

1

2y'

2(1+P))
2(1 —p)y

1/y
2/y 2

a(mz, )=—„', (Ref. 28),

mz =91.17 GeV (Ref. 29),

m w
= 80.0 GeV (Ref. 30),
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8'= w j z
2 = — 2 2 (22)

where m ~ and mz refer to the physical masses.
The effects of exotic-lepton mixing on the total cross

section (tr) for mixing case I is shown in Fig. 2. We
evaluate the mixing effects in terms of the expected rela-
tive deviations from SM predictions. The relative percen-
tage deviation b ( cr ) is defined through the relation

b, ((T ) = [((r —o sM ) /cysM] X 100 .

We separate the deviation into two parts:

(23)

b(o ) =b,, (o )+&,((7), (24a)

where

+(y+Z+v)(y+Z+v) with mixing +SM
b, o}=

&SM
(24b}

is the percentage deviation caused by the mixing-induced
changes in the Zee and 8'ev couplings of Fig. 1(a), and

NX (y+Z+ ))Vv
O. +0.

+SM
(24c)

mN =50—300 GeV (Refs. 31 and 32} .

sin /=0. 01—0.06 (Refs. 15 and 33) .

For sin 0~, we use the Marciano-Sirlin defining rela-
tion

mass of the exotic neutral lepton (m)v), and the square of
the mixing angle (sin 1(), for mixing cases I, II, and III,
respectively, are shown in Figs. 3—5. For mixing case I
(Fig. 3), all three types of exotic leptons, i.e., mirror, vec-
tor doublet, and vector singlet, have identical effects. For
&s =165—600 GeV, m)v ~250 GeV, and sin $~0.06,
b, t(o) is positive; i.e., o increases due to an extra t
channel diagram. However, b,,(o. ) is negative and is the
dominant deviation, effectively decreasing the total cross
section. Thus the delay in the cancellation expected due
to the extra t-channel diagram is masked by the dominant
b, , (o ). For mixing case II (Fig. 4), the deviations b, t(cr),
b,,(o ), and b, (cr ) depend on the type of mixed exotic lep-
tons. For this mixing case the negative b, , ((7) also is
dominant over the positive b ) (o ) and the total cross sec-
tion decreases due to mixing. For mixing case III (Fig.
5), for mirror and vector singlet types of exotic leptons,
ht(cr) is positive and small, while b, (o ) is negative and
dominant for the range of &s, m)v, and sin 1( considered
here. However, for vector doublet types of exotic lep-
tons, the sign of h, (o ) and b, t(cr) reverses at high ener-
gies [see Fig. 5(a)]. At &s =190 GeV, for heavy exotic
neutral leptons (m)v=100 —300 GeV), the expected rela-
tive deviations h(o ), b,,(o ), and b, t(o. ) are shown in
Table IV for a mixing angle /=10'. The magnitude of
these deviations increases with the increase in the mixing
angle.

The effects of exotic-lepton mixings on the differential
cross section for mixing case I are shown in Fig. 6. For
the differential cross section also we define the relative
percentage deviation from SM expectations as

is the percentage deviation induced by the t-channel
exotic-neutral-lepton (N, ) exchange [Fig. 1(b)] and its in-

terference with the y, Z, and v exchange amplitudes.
The variation of 6((T), b,, (o ), and b, t(o ) with &s, the

x~ X»

25

20— 200 300 400 500
Js(GeV)

600

CL

15—

l~ 1P

4 ] 1 t (-8
100 200 3 00

m„(Ge Y )

(a)

—46

CJ

-12

(b)

0.02 004 0.06
5 1 rl~ ltd

p I

200 300 400
rs (Gev)

I

500 600

FIG. 2. Total cross section for e+e ~$'+8' as a function
of the c.m. energy. The solid curve is for SM, and the dashed
curve is for mixing case I (/=10' and mx, =250 GeV}. The
curves for the three types of exotic leptons coincide.

FIG. 3. Variation of the expected relative percentage devia-
tions in h(o. ) (solid curve), h, (o. ) (dot-dashed curve), and A, (o. )

(cross-dashed curve) for mixing case I with (a) &s and (b) mz
(first column) and sin'1t (second column). For (a) m)v =250 GeV
and @=10' and for lb} &s = 190 GeV and 1(i= 10' for curves in
the first column and m,& =250 GeV for the curve in the second
column. The curves for mirror, vector doublet, and vector sing-
let mixings coincide in this case.
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b(da )= . do
d cosO

do
d COSH SM

X 100.
d cosO sM

(25)

We separate again the deviation into two parts:

6(d cr ) = b, , ( d cr ) +b, ( d cr ), (26a)

where

(da( +z+„xr+z+„)„;,h ~;„;„s/d cos8) —(da/d cos8)sM
b, , (der ) = X100

( d a' /d cos8 )sM
(26b)

is the percentage deviation caused by the mixing-induced changes in the Zee and We v, coup1ings of Figs. 1(a), and

(dcrNN+(r+z+v)N/d cos8) —(da /d cos8)sM
b, (der)= X100

(der /d cos8)sM
(26c)
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TABLE IV. Exxpected relative percentap ge deviations 6( )

, a in total cross secti = e
/=10' with exotic-II

ec ion at &s = 190 GeV
t

'
o =100-300 GeV.
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Case

I
II
III

Mirror

—3.4 to —4.2
—6.3

—9.5 to —10.3

Vector doublet

—3.4 to —4.2
—3.6 to —4.4

Vector singlet

—3.4 to —4.2
—6.1

—9.3 to —10.1

section are also more in the backward direction in com-
parison to those in the forward direction, thereby rnask-
ing the effects of b, (do ) and effectively increasing the
asymmetry. The variation of b(AF~) with &s, m~. , and
sin g is shown in Figs. 11(a) and 11(b). We note that the
percentage deviation in the asymmetry b, ( AF~ ) at a given
V's depends on mIv and sin I)'j. Typically, for &s =190

10

TABLE V. Expected relative percentage deviations in

diff'erential cross section [5(dIT)] at cos8=0.9 for &s =190
GeV and /=10' with exotic-neutrino mass m~ = 100—300 GeV.

GeV, /=10', for mixing case I, b(AF~) is negative (AF~
decreases) for light m,v and positive (AF~ increases) for
heavy m&-. The range of h(AFs) for (a) m&=10—100
GeV and (b) mIt, =100—300 GeV, at &s =190 GeV, and
/=10', for the three cases of mixing is shown in Table
VI. The magnitude of these deviations increases with the
increase in the mixing angle.

The effects of exotic-lepton mixings on the inclusive
angular distributions [Eqs. (19) and (20)] for mixing case I
at &s =190 GeV are shown in Fig. 12. The relative per-
centage deviations in the inclusive angular distributions
are also defined like h(do. ) in Eq (2.5). The variation of
expected relative percentage deviations in the inclusive
angular distributions, i.e., A(doTT) '~(do LT+TL )

&(doLL ), b, (do L ), and h(do T ), with &s, mIv, and sin p,
are shown in Figs. 13—17, respectively. At &s =190
GeV, for m~. =100—300 GeV and g= 10', the range of ex-
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10-

08—

04—

for mz =250 GeV and /= 10', the expected relative devi-
ations in do (8} and der r(8) are in error by more than
one standard deviation (lo ) for all values of 8. In
d o TT(8) these deviations are in error by more than lo in
the forward direction (cos8&0.4), and in doL (8) the de-
viations are more than 1o. in the range —0.6 & cos0~0.6.
However, in dirLL(8) and dc7z T+TI (8} the expected de-
viations are within 10. of error and would be difficult to
discern with 500-pb ' data. Furthermore, for a light ex-
otic neutrino (mz ~ 50 GeV), for a run of 500-pb ' data,

02-
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FIG. 10. Forward-backward asymmetry for e+e ~ 8'+ 8'
as a function of &s. The description of the curves is the same
as that in Fig. 2.

~2P

4 0.0

pected relative deviations for the mirror, vector doublet,
and vector singlet exotic-lepton mixings for the three
cases I, II, and III is given in Table VII. The deviations
range from —4.4% to —11.2%%uo for do. TT at cos8=0.9,
from —4.0% to —11.0% for dcrz at cos8=0.9, from
—5.0% to —16.0% for do L at cos8=0, from —2.7% to
—18.3% for dcrLT+zL at cos8= —0.7, and from —4.6%
to —16.3%%uo for dorz at cos8= —0.5 except for case III
of vector doublet type where these deviations are small.

For the specific mixing cases I—III, we notice the fol-
lowing.

Case I: Mixing among neutral leptons only. In this
case, the couplings given by Eq. (9) reduce to
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As such, all three types of exotic leptons have identical
mixing effects. This is reflected in Figs. 2, 3, 6, 7, and
10-17. For a run of 500-pb ' data at &s =190 GeV and
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TABLE VI. Expected relative percentage deviation in the
forward-backward asymmetry [h(AFs)] at &s =190 GeV and

$= 10', for (a) m N
= 10-100 GeV and (b) m& = 100—300 GeV.
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Case

I
II
III

I
II
III

Mirror

—0.2 to 0.3
—1.1 to —0.7
—1.3 to —0.5

0.3 to 2.1
—0.7 to —0.1
—0.5 to 1.9

Vector doublet

(a)
—0.2 to 0.3
—0.8 to 0.0
—0.7 to 0.3

(b)
0.3 to 2.1

0.0 to 2.3
0.3 to —0.3

Vector singlet

—0.2 to 0.3
—0.4

—0.6 to —0.1

0.3 to 2. 1
—04

—0.1 to 1.6

(b)

FIG. 11. Variation of the expected relative percentage devia-
tion in the forward-backward asymmetry 6( AFz ) due to
exotic-lepton mixings, with (a) &s and (b) m~ and sin'it. The
solid, dashed, and dotted curves are, respectively, for mirror,
vector doublet, and vector singlet type of exotic-lepton mixings.
For (a) mq =250 GeV and /=10', and for (b) v's =190 GeV,
and g= 10' for the curves in the first column and m~ =250 GeV
for the curves in the second column.



the expected deviations are within 1o. of error in all angu-
lar distributions.

Case II: Mixing among charged Ieptons only. In this
case, we note that the expected relative percentage devia-
tions in the various parameters are almost the same for
mirror and vector singlet types of exotic leptons. In the
total cross sections, the deviations have a weak depen-
dence on m~ and Vs. In the differential angular distri-
butions do(8), doL(8), doT(8), dorT(8), and
do I T+TL (8) the deviations for mirror and vector singl ting e

ypes of exotic leptons are not sensitive to m~ and cos8
see Figs. 8, 13, 14, 16, and 17). For a heavy exotic neu-

trina (m~ —250 GeV) and 1(=10', the de
d0 I 8 and do I T+ TL (8) are within Icr of error for a run
of 500-pb ' data at &s =190 GeV, but are in error by
more than lo in do(8), dt7T(8), and dtTTT(8~0). We
note that the deviations in (i) do(8) at cos8=0.9 [Fig.
8(b)] and (ii) 1c7T(8) at cos8=0.9 [Fig. 17(b)], for
m& ~50 GeV and sin /=0. 03, are in error by greater
than about 20 for a run of 500-pb ' data at &s =190
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ror, vector doubletr ou et, and vector singlet lepton mixings. For case
I, the three types coincide. For (a) m~=250 GeV and /=10',
and the error bars re rp esent one-standard-deviation error for a
run of 500- b-p data. For {b) cos8=0.9 and /=10' for the
curves in the first column and m =250 GeV f
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e or the curves in
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FIG. 12. Differential cross section (do/d cosO) and the in-

clusive angular distributions (do.«/d cosO), (do. »/d cosO),
d ~LT+ TL ld cosO) ( d o L /d cosO), and (d o T ld cosO) for pro-
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&s =19=190GeV. The solid curves are for the SM, and the dashed
curves are for mixing case I with /=10' and m,v =250 GeV
(curves for the three types of exotic leptons coincide).
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GeV. As such it would be of interest to look for exotic-
lepton-mixing effects in these decay parameters.

Case III: Equal mixing in the charged- and neutral-
lepton sectors. In this case, the mixing effects of vector
doublet types of exotic leptons are negligible, and the de-
viations are less than 1.8% even for a heavy exotic neutri-
no ( m~ =250 GeV) and large mixing (sin / =0.06).
Therefore, the effects of vector doublet types of mixed
heavy exotic neutrinos are unlikely to be discernible.
However, for the mixing of mirror or vector singlet types
of exotic leptons, the deviations are quite large (i.e., in the
range from —7.9% to —18.3%), as shown in Tables
IV—VII. For heavy exotic neutrinos (m~ ~ 100 GeV) and

sin 1(
~ 0.02, the deviations in do, doT. , 1oI., der TT, and

do. LT+ Tl are in error by greater than 10. SM for a run of
500-pb ' data. To be specific, for m~ ~ 100 GeV,
g= 10', and V's = 190 GeV, the deviations are

(i) l&(~)l ~9.2%,
(ii) id[do(cos8=0. 9)]i ~9.3%,

(iii) id[do T(cos8=0.9)]i ~9.7%,
(iv) id [der TT(cos8=0 9)].i ~ 10.1%,
(v) id [dor(cos8=0)]i ~ 10.1%,
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FIG. 14. Variation of 5(dcrLT+ TL ) at &s =190 GeV with (a)
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bars represent one-standard-deviation error in the second bin
( —0 8 ~ cosO —0 6) for a data of 500 pb '. The other
description of the curves is same as that in Fig, 13.

FIG. 15. Variation of h(do. «) at &s =190 GeV with (a)
cos0 and (b) m~ and sin'l(. The error bars represent one-
standard-deviation error for a run of 1000-pb ' data. For (b)
cosO = —0.5 and the error bars represent one-standard-
deviation error in the third bin ( —0.6 ~ cosL9~ —0.4). The oth-
er description of the curves is the same as that in Fig. 13.
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TABLE VII. Expected relative percentage deviations in the inclusive distributions [d(dcrLL ), n(daTT ), 6(dnLT+ TL ), &(do'L ), and b(dtr T )] at

+s = 190 GeV and f= 10 with exotic neutrino mass m& = 100—300 GeV.

cosO
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three
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Case II
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Vector
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for mirror and vector singlet types of mixed exotic lep-
tons. This allows the possibility of discerning the mixing
effects of mirror and vector singlet types of mixed exotic
leptons in these decay parameters.

As a final remark, we may point out that the radiative
corrections introduce deviations from tree-level SM
predictions. The biggest contribution would be from
initial-state radiation which is a pure QED effect and de-
pend on the actual experimental condition. At LEP II
energies (v's =190 GeV), the one-loop, bremsstrahlung,
and renormalization term corrections are typically =2%
to 5% (for Higgs-boson mass mH =10—1000 GeV). The
logarithmic and heavy-quark one-loop corrections pro-
duce no drastic change in the total cross section even for
m, =300 GeV. For &s = 180—300 GeV and with

m, =150 GeV, these corrections are ~2.7%. Therefore,
for light exotic neutrinos (m~ 100 GeV), the radiative
corrections would mask the exotic-lepton mixing effects.

IV. CONCLUSIONS

In this paper we have considered the process
e+e ~8'+8' with the inclusion of mixing between
ordinary and exotic leptons of (i) mirror, (ii) vector dou-
blet, and (iii) vector singlet types. The effects of mixings
on (i) the total cross section (0 ), (ii) differential cross sec-
tion [da ( 8) /d cos8], (iii) forward-backward asymmetry
( AFs ), and (iv) inclusive cross sections doLL (8)/d cos8,
dcrTT(8)/d cos8, dcrLT+TI(8)/d cos8, dor(8)/d cos8,
and doL (8)/d cos8 for the production of longitudinally
(L) and transversely (T) polarized W's have been evalu-
ated for the presently allowed upper limits on mixing an-

gles (sin /=0. 02—0.06) and heavy exotic neutrinos
(m&=50—300 GeV). We have considered three extreme
cases of mixings [Eqs. (21)]. Our conclusions at &s = 190
GeV and for an expected run of 500-pb ' data are as fol-
lows.

For case I of mixing, i.e., mixing in the neutral-lepton
sector only, we find that all three types of exotic leptons
have identical mixing effects. For a heavy exotic neutrino

mz 100 GeV, the expected deviations in the differential
cross section da (8) and der T(8) are more than Icr for the
currently allowed upper limits on mixing angles at all an-
gles 8. In the case of do TT(8), the expected deviations
are more than 1o. only in the forward directions
(cos8~0.4). However, in daII (8) and do LT+TI (8), the
expected deviations are within 1o..

For case II of mixing, i.e., mixing in the charged-lepton
sector only, for heavy exotic neutrinos (m~ ~ 150 GeV),
the effects of mixing of mirror, vector doublet, or vector
singlet are almost the same. For mz ~ 100 GeV and with
the presently available upper limits on the mixing angle,
the deviations in do(8), dcrl (8), do. T(8), do TT(8), and

daLT+TL(8) are almost independent of cos8 and are
more than 10.. As such, it would be of interest to look
for the exotic-lepton mixing effects in these angular dis-
tributions.

For case III of mixing, i.e., equa1 mixing in the
charged- and neutral-lepton sectors, the effects of vector
doublet type of mixed exotic leptons are very small. The
expected deviations are less than 1o in all the parameters
studied. As such, it would be difficult to discern this type
of mixing effect. For the mirror and vector singlet type
of mixed exotic leptons, the expected deviations in do
(cos8=0.9), do rT (cos8=0.9), der T (cos8=0.9), and doL
(cos8=0) have an error even larger than 2o. As such, it
would be of interest to look for the mixing effects in the
measurements of these differential parameters. However,
since the effects of mirror and vector singlet mixings are
of the same order (see Figs. 9—17), it would not be possi-
ble to distinguish between the type of mixed exotic lep-
tons. '
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