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Once top quarks are found, because they are heavy they will allow many new tests of the standard
model and new probes of physics at the 100-GeV scale. In this paper we discuss the polarization of the
top quark produced in e e collisions for &S =0.5 and 1 TeV. The predictions of the top-quark polar-
ization arising from the interactions of QCD, the standard-model electroweak theory, and an elec-
troweak theory with dynamical symmetry breaking is examined.
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I. INTRODUCTION

Because the standard-model (SM) top quark is much
heavier than the other fermions, it is likely that by study-
ing the top quark one can probe for new physics. In a re-
cent work [1],we gave the helicity amplitudes of various
top-quark production and decay processes so that one
can implement these amplitudes in a Monte Carlo pro-
gram to study any physical observables. Among these
observables the transverse polarization of the top quark
was extensively discussed. (In this paper the transverse
polarization direction is the one which is perpendicular
to the scattering plane, unless otherwise specified. ) It was
first [2] pointed out by Kane, Pumplin, and Repko that
QCD can be tested beyond the tree level by studying the
transverse polarization of a heavy quark produced in
e e or hadron collisions. Recently, it was suggested [3]
that one can use the transverse polarization of the top
quark to probe the Higgs boson in the standard model.
As discussed in Ref. [3], in addition to the Higgs-boson
effects, one should also include the gauge-boson contribu-
tions, whose leading behavior in the high-energy limit
can be well represented by the Goldstone-boson interac-
tions according to the equivalence theorem [4]. Howev-
er, the work presented in Ref. [3] is incomplete. In con-
trast with the conclusion in Ref. [3], we show that the de-
gree of transverse polarization of the top quark due to the
SM electroweak corrections is smaller than the QCD
corrections for a 140-GeV top quark at the NLC (pro-

posed next linear e e+ collider at SLAC, &S =500
GeV). This is what we expect because the typical cou-
pling strength of the top quark with the Higgs boson is of
O((1/4')(m, /v )), where m, is the top-quark mass and
v the vacuum expectation value -246 GeV. Therefore,
for a 140-GeV top quark, this coupling is small by a fac-
tor of 3.9 compared with the typical QCD strength
o., -0.1.

In Ref. [1] we showed that the imaginary parts of the
form factors F]'" and F2' are responsible for the trans-
verse polarization of the top quark produced via the pro-
cess

In terms of these form factors F, ' and F2'", the helicity
amplitudes of the process (1.1) were also given in that
reference. Since our primary goal is to obtain the trans-
verse polarization of the top quark, only the imaginary
part of these form factors beyond the tree level will be
considered. In addition to the QCD and SM electroweak
radiative corrections, we also examine a chiral Lagrang-
ian [5], which allows the top quark to have some
nonuni versa1 gauge interactions.

This paper is organized as follows. In Sec. II we lay
out the procedures of calculating the transverse polariza-
tion of the top quark in the e e+~tt process and justify
the validity of using the equivalence theorem (ET) in this
application. In Sec. III the contribution to the transverse
polarization of the top quark from the QCD corrections
at the one-loop level is given. The contribution from the
SM electroweak radiative corrections is given in Sec. IV.
In Sec. V we discuss the polarization of the top quark in a
chiral Lagrangian proposed by Peccei and Zhang in Ref.
[5].Section VI contains some of our conclusions.

II. TRANSVERSE POLARIZATION
OF THE TOP QUARK

At tree level the top quark produced in an e e+ col-
lision cannot be transversely polarized because transverse
polarization can arise only from the interference of com-
plex helicity-Hip and -nonflip amplitudes, while at tree
level the amplitudes are relatively real.

Denote the helicity amplitudes of the process (1.1) as
(h, h +, h„h-, ), where h = —,+, respectively, indi-

cates a left- and a right-handed electron. The degree of
transverse polarization (P~sina) of the top quark perpen-
dicular to the scattering plane for the process (1.1) is
defined as [1]

TJ
P~sina = (color factor),

where

G = I(+ —++ ) I'+ I(+ —+ —) I'+ I(+ ——+ ) I'

+ I(+ ———
) I'+ I( —+++ ) I'+ I( —++ —

) I'

e e ~tt . +I( —+ —+)I'+I( —+ ——)I' (2.2)
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e +

Tj = —2 Im[(+ —++ )*(+—+ —)

+(+——+ )*(+———)

+( —+++ )'( —++—)

+( —+ —+)*(—+ ——)] . (2.5)

FIG. 1. The blob contains all the one-loop diagrams. The
line through the blob indicates to take the imaginary part of the
diagrams.

and

T~ =2 Im[(+ —++ )'(+ ——+ )

+(+—+ —)'(+ ———
)

+( —+++)'(—+ —+)
+(—++—)'( —+ ——)] . (2.3)

Tl
Pjsina= (color factor),

G
(2.4)

where

The function Im selects the imaginary part of the result.
The color factor in Eq. (2.1) for this process is Cz= —',
when considering the contribution to the transverse po-
larization of the top quark due to the QCD interaction.
[A factor of Nc (=3) comes from the Born amplitude
squared when calculating G and a factor of XCCF comes
from the interference term of the Born and the one-loop
diagrams when calculating Tj.] This color factor is 1

when considering the electroweak contributions. Similar-
ly, the degree of transverse polarization (P~sina) of the
top antiquark for the process (1.1) is e e+ —+ W W+,

e e+ Z'Z',
e e+ Zoa,
e e+~tt,
e e+~bb,

(2.6)

Ty = Tg for a CP-invariant theory.
The contribution to the transverse polarization of the

top quark due to the QCD corrections shall be discussed
in the next section. The rest of this section is devoted to
the discussion on how to obtain the one-loop radiative
corrections, arising from the electroweak interactions, to
the transverse polarization of the top quark.

At the one-loop level, the imaginary part of the helicity
amplitudes can be obtained by applying the Cutkosky
cutting technique [6]. Diagrammatically, it is shown in
Fig. 1. The blob contains all the one-loop diagrams. The
line through the blob indicates to take the imaginary part
of these diagrams. Some of these diagrams are shown in
Fig. 2. There the blob represents all the possible tree dia-
grams. Hence taking the imaginary part of the process
(1.1) is equivalent to considering all possible rescattering
processes in the intermediate state. In this paper we shall
only consider the 2—+2 rescattering process. For in-
stance, the first diagram in Fig. 2 can be thought of as
W W+ pair produced from the e e+ scattering, and
then the W boson scatters with the W+ boson to pro-
duce the tt pair in the final state. Some of the diagrams
contained in the first diagram of Fig. 2 are shown in Fig.
3. They can be self-energy, vertex, and box diagrams.

As shown in Fig. 2, this problem can be treated as a
final-state rescattering process. First of all, we need to
find the production rates of

W, Z W, Z z0 z0

w+ z' W+, Z

FIG. 2. Some representative diagrams contained in Fig. 1. Here the blob represents all the possible tree diagrams.
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etc. The third process does not exist if the Higgs boson is
too heavy to be produced on shell. Because of the rules
of the Cutkosky cutting technique, all of these final-state
partons are on mass shell and can be in any physical po-
larization states. Then these final-state partons rescatter
to produce tt as

8' W+~tt,
ZZ ~tt )

Z'a

bb ~tt,

(2.7)

etc.
Since we are interested in obtaining the degree of trans-

verse polarization of the top quark for a high-energy
e e+ collider, we can simplify the above procedures by
applying the ET to obtain the leading contributions
which are of O(g m, /Mii ). (We note that these leading
contributions do not always dominate numerically unless
the top quark is extremely heavy [7].) To obtain these
leading contributions of the processes (2.7}, we use the
efFective Lagrangian proposed in Ref. [8], which is the
SM Lagrangian in the limit of turning off the gauge cou-
pling g, i.e., in the limit of g ~0. In this limit it does not
matter whether the SM Lagrangian before taking the lim-
it of g~0 is in the 't Hooft —Feynman gauge or in the
Landau gauge. %e therefore consider this effective La-
grangian in the Landau gauge so that the unphysical
Higgs bosons are massless to further simplify our calcula-
tion. These unphysical Higgs bosons are the Goldstone
bosons in the limit of g~0. The rate of a heavy-top-
quark pair production in the first three processes of (2.7)
is dominated by the longitudinal W* or Z bosons [9].
Applying the ET, we can obtain the leading behavior of
the processes in (2.7) for a heavy top quark by consider-
ing the equivalent processes

/+hatt,
~o~o

PoH~tt,

bb ~tt .

(2.8)

The effective Lagrangian X,s used to obtain the leading
contributions to the transverse polarization of the top
quark produced via the processes in (2.8) is

(2.9)

with

Zf, „=(a„y+)(a~y-) +'( ay')' +'( „aH)' ——,'m„'H',
2

[H +((5 ) +2/+/ ]
8v

m~
H[H +(P ) +2/+/ ]

2U

,'&[H +(P ) +2/+—P—+2uH],

lVl b ilail bP+t(1+y, )b+ — P b(1 y—, )t
2u 2u

0 ty5t
m& imb

Hbb+ P by5b .

In X(;„and X~, we include a complete family of v„r, t,
and b, where the mass of b is kept for completeness, but
the mass of r is set to be zero X,tr. is valid in the limit of
g ~0 or M~~0. v is the vacuum expectation value, m&
is the Higgs-boson mass, and the 8'-boson mass
Ms, =gu /2. 5 is zero at tree level and gets renormalized
at the loop level. The small CP-violation effects from the
Cabibbo-Kobayashi-Maskawa mixing angles in the SM
are ignored in this work.

Because the leading contributions arise from the re-
scattering processes in (2.8), we only have to consider the
longitudinally polarized S'+—and Z in the first three pro-
cesses listed in (2.6) for the initial-state scattering. Name-
ly, we have to calculate

e e+~8'z Wz+

e e ZJ ZL

e e+~ZLH,

e e+~tt,
e e+ ~bb,

(2.11)

in the high-energy limit, which is the limit that the ener-

gy of the 8'boson, E~, is much bigger than M~ for a
longitudinally polarized W boson WL. (Here W can be
either W —or Z .) Based on the ET, we can obtain the
leading contributions of the first three processes listed in
(2.11) by considering the equivalent processes

+
y

—y+

+ yoyo

e e+ PH.
(2.12)

We note that the interaction Lagrangian used in calculat-
ing the amplitudes of these processes is the standard-
model Lagrangian in R

&
gauge, not the effective Lagrang-

ian given in (2.10). In (2.12) the amplitude of the second
process vanishes at the tree level if the mass of the elec-
tron is taken to be zero. As pointed out earlier, the third
process cannot happen if the Higgs boson is too heavy to
be produced on shell. Therefore, it will not contribute to
the imaginary part of the scattering amplitudes. When
the Higgs boson is light, we assume that m& is of the or-
der of M~ so that E~ is ahvays bigger than M~ in the
center-of-mass frame of e e+, and the equivalence be-
tween the third process in (2.11) and that in (2.12) holds.
But the amplitude of the third process in (2.12) vanishes
at the tree level for a massless electron. Therefore, here-

Xf;„=t(i 8 m—, )t +b(i 8 —mt, }b+vp8v„+ rior,
(2.10)

i&i t lNl tP+t(1 y—5)b — — P b(1+y, )t
2v 2u
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after we shall not consider the contributions from either
the P P or P I intermediate state. We note that all the
terms which are of O(Ms, /E~) smaller than the leading
contributions will be ignored in our calculation.

Fo11owing the procedures discussed above, we find that
in the limit of taking the electron mass to be zero the
only nonvanishing equivalent diagram corresponding to
those shown in Fig. 3 is the triangle diagram shown in
Fig. 4. The contribution from the self-energy diagram, as
shown in Fig. 5, vanishes because it is always proportion-
al to the momentum of the gauge boson which couples to
massless fermions. The box diagram also vanishes be-
cause the coupling of the Goldstone boson with e* is pro-
portional to the electron mass. Hence we only need to
consider the contributions from the four triangle dia-
grams shown in Fig. 6 to obtain the degree of transverse
polarization of the standard-model top quark produced
via the process (1.1).

IIL QCD CORRECTIONS

FIG. 4. Triangle diagram.

I v«=IS' y"(FiP +F&P-+)—
iu" k„

(FiP +F2P+ )

e e+~tt has been discussed in Ref. [1]. We follow the
notations used in that reference and present our results in
terms of those form factors A, 8, C, and D defined in Eq.
(6.4) of Ref. [1]. The V-r-t vertex then takes the form

The degree of transverse polarization of the top quark
arising from the @CD corrections for the process

lg y"(A —By )+ (C Dy )—
2 2

(3.1)

where k" is the momentum of the gauge boson V and is
taken by convention to be directed into the vertex. V can
be the Z gauge boson or photon A, and the F's are the
form factors for V. In Eq. (3.1), P+= —,'(1+y~), and t",

(t~2) is the momentum of the outgoing t (3t. In Ref. [1] we
have given the helicity amplitudes of the process (1.1) in
terms of these form factors; hence, we shall not repeat
them here.

At tree level these form factors are real because the
tree amplitudes are real, and

Re( A ) =2v, , Re(B)=2a, ,

Re(C) =0, Re(D) =0,
with

1
v, = [1—

—',sin 8~], and
4 cosOgr

(3.2)

1
Q

4 cosOp
for V=Z (3.3)

VV'i A~
e+ W+ t

v) 3sinO~, a, =o for V

0~ is the weak mixing angle. At the one-loop level, the
@CD corrections to these form factors can be obtained
by calculating the diagram shown in Fig. 7. Since we are
interested in the 0(a, ) contribution to the transverse po-

(ik„)

FIG. 3. Some of the diagrams contained in the first diagram
of Fig. 2. FIG. 5. Self-energy diagram.
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]ib
+ Q

FIG. 6. Standard-model electrovveak corrections.

larization of the top quark, we only consider the imagi-
nary part of these form factors. They are

O's
Im( 3)=u, (I„—6mP),

verse polarization of the top quark. If we regularize this
infrared singularity by a gluon mass m, then

SP +m

p m,'
2m( I+P )

Iln (3.6)

Im(D) =0 is due to the fact that QCD is a CP-invariant
theory [1].

Given these form factors, we can calculate the degree
of polarization, P~sinu, of the top quark using the formu-
las listed in Ref. [1). In Fig. g we show the distribution of
P~sina as a function of the top-quark polar angle 0, in
the center-of-mass frame of tt for various m, and &S.
They are of the order of a few percent. The leading con-
tributions, obtained from the Born process, to the degree
of the longitudinal polarization (P~~), and the degree of
the other transverse polarization (P~cosa) of the top
quark produced via the process (1.1) at the NLC can be
found in Fig. 10 of Ref. [1]. In Fig. 9 of that reference,
the 0, distribution in the center-of-mass frame of tt was
also given. The Born cross section of the process (1.1) for
a 140-GeV top quark is 0.64 pb at &S =0.5 TeV and
0.18 pb at 1 TeV. For a 200-GeV top quark, the cross
section is 0.49 pb at &S =0.5 TeV and 0.17 pb at 1 TeV.
The strategy of testing the predictions of these polariza-
tions can be found in Ref. [1]and the references therein.

IV. STANDARD-MODEL
ELECTROWEAK CORRECTIONS

As discussed in Sec. II, only four triangle diagrams,
shown in Fig. 6, need to be considered to obtain the
transverse polarization of the top quark produced via the
process (1.1) if the center-of-mass energy of e e+ is large
enough so that the calculation of using the ET is valid.
%e first express the loop integral in terms of the standard
three-point form factors [10], reduce them to the stan-

Im(8) =aI I„— (2+P~) (3.4)

a,
Im(C) =u,'

4m

—8~m,
Im(D) =0,

where
1/2

4m
and S=4E2 . (3.5)

E is the energy of the top quark in the center-of-mass
frame of tt. I„ is not infrared finite and will not appear
[2] in any physical observable, e.g. , the degree of trans-

3 ~ I I I I l I I I I I I I I I 1 I

0 50 100 150

FICx. 7. QCD corrections.

g, (in degrees)

FIG. g. P, sinu, arising from the QCD corrections, as a fttnc-

tion of the top-quark polar angle 0, in the center-of-mass frame

of tt for (a) &S =0.5 TeV, m, =140 GeV; (b) &S =0.5 TeV,

m, =200 GeV; {c)&S =1 TeV, m, =140 GeV; (d) &S =1 TeV,
m, =200 GeV.
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dard scalar form factors [11],then apply the on-shell con-
dition for t and t, and identify the terms which corre-
spond to the cutting diagrams. The leading corrections,
which are of O(m, /u ), to the imaginary part of those
form factors A, 8, C, and D, as defined in (3.1), are sum-
marized as follows. We use the subscripts b, P+, P, and
H to indicate the contribution from the first, second, and
third diagrams shown in Fig. 6.

From the first diagram of Fig. 6, we obtain

Im(Ab)=f 1+p — (1—2p +p')
4m 2p2 2p

1+P
1—

Im(D„)=0,

where

mf

4m

' 1/2
4m,

1f = (cos 8~ —sin 8&) for V=Z
2 cos8~

(4.2)

Im(8b ) = —Im( Ab ),
(4.1)

cx f 27Tm t 1Im(Cb)=f 3 —P2 — (3—2P —P )
4m SP' 2P

1+P
1 —P

f "=sin8~ for V= A .

We note that the validity of the ET does not require
sin8~=0 for the processes listed in (2.11) and (2.12).
One example is given in the Appendix.

Similarly, we obtain

Im(A +)=(—
vb

—ab)
1

] —3P — (1+2P —3P')In2 1+P' 4~ 2P' 2P 1—

Im(8 + ) = (
—

vb
—ab )

1
3 —P — (3—2P —P')In2 1+P' 4~ 2P' 2P 1 —P

(4.3)
cx] 27Tm

g

Im(C +)=(—
vb

—a„) 3 Pz" 4~ sp' (3—2P —P )in

Im(D +)=0,
where

1 4. 2
—1

vb
= [ —1+~4sin28~], ab =

4 COSH gr 4 cosOpr

—1 sin8~, a„=O for V= A;

for V=Z

(4.4)

Also,

and

Ctr
Im( A 0) = u, (mP),'4~

at
Im(8 0)= —a (m.P),po t4

a, 4mm,
Im(C, )=u,'4~ sp

rm(D, .) =O,

(4.5)

&r m 2 2mH 2 ma z SPIm(AH)=v, —P~ — + +P —P ln 1+'4mP S p S m
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+t 7T 2 ™H 2
2 2m~2

Im(BH ) =a, —3P —4+ + (1 P—z) Pz+'4~ P S p' S
~H Sp
g2 m2

H

(4.6)

at 12~mt 2mH
Im( CH ) =v, —1+'4~ s sp'

—1+ 1+ ln 1+
Spz m

Im(DH ) =0 .

Note that Im(D) =0 for all the diagrams shown in Fig.
6, becuase the standard model is a CP-invariant theory
when we ignore the small CP-violation effects arising
from the Cabibbo-Kobayashi-Maskawa mixing angles.
Consequently, the degree of transverse polarization of t is
the same in magnitude as that of t in the process (1.1),
&.e.,

P~sina = —Pzsina . (4.7)

In Figs. 9 and 10, we show Pzsina, due to the standard-
model electroweak corrections, as a function of the top-
quark polar angle 8t in the center-of-mass frame of tt for
various &S, rn„and mH. By comparing Figs. 8 and 9,
we conclude that the degree of transverse polarization of
the top quark arising from the SM electroweak correc-
tions is smaller than that from the QCD corrections for a
140-GeV top quark produced via the process (1.1) at the
NLC. But the SM electroweak corrections become more
important than the QCD corrections when the top quark
becomes heavier (m, =200 GeV) at &S =1 TeV. The
contribution to the transverse polarization of the top
quark due to the Higgs-boson-exchange interaction, as
shown in Fig. 6, can be estimated by the difference in

Pepsin+ between a theory with a 100-GeV Higgs boson
and the other with a 1-TeV Higgs boson. From Figs. 9
and 10, we And that the contribution of the Higgs-boson-
exchange interaction is small; it is typically of the order
of a percent. Hence it requires that the degree of trans-
verse polarization of the top quark be measured better
than a percent level in order to probe the Higgs boson by
this measurement. The strategies of measuring the polar-
ization of the top quark were discussed in Ref. [1]; we
shall not repeat them here.

V. NONSTANDARD ELECTROWEAK CORRECTIONS

A. Electromeak theory with dynamical symmetry breaking

In the SM, fermions are coupled via Yukawa interac-
tions to the Higgs doublet and acquire masses when the
Higgs field acquires a nonzero vacuum expectation value.
In general, this is not the case in an electroweak theory
with dynamical symmetry breaking. It was shown in Ref.
[5] that there exist some nonuniversal gauge interactions
when considering a coset space G/H with 6=SU(2)L
XU(1)r and H=U(1), . In this section we study the
top-quark polarization predicted by the theory proposed

1.0 1.0 I I I I

I

I I I I

I

I I I I

I

I I

WS= 0.5 TeV 0.5 SM-EW vS= 1 TeV

0.0

—0,5
(X)

0,0

~ ~ 0 5

C4
—1.0 —1.0

—1.5 —1.5

I. . . , I. . . , I

0 50 100 150

8, (in degrees)

0 I 1 I I. . . , I. . . , I I I

0 50 100 150

g~ (in degrees)

FIG. 9. Pepsin+, arising from the standard-model electroweak
corrections, as a function of 0, in the center-of-mass frame of tt
for (a) m, =140 GeV, and mB=0. 1 TeV; (b) m, =140 GeV,
mH=1 TeV; (c) m, =200 GeV, mH=0. 1 TeV; (d) m, =200
GeV, mH=1 TeV; at &S =0.5 TeV.

FIG. 10. P,sina, arising from the standard-model elec-
troweak corrections, as a function of 0, in the center-of-mass
frame of tt for (a) m, =140 GeV, mH=0. 1 TeV; (b) m, =140
GeV, mH=1 TeV; (c) m, =200 GeV, mH =01 TeV; (d)

m, =200 GeV, mH=1 TeV; at &S =1 TeV.
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in that reference.
We assume that the interactions of the leptons and

light quarks (u, d, s, c) are standard, and well described by
the SM model. However, the interactions of the heavy
quarks (b, t) are described by the chiral Lagrangian given

I

+CL +0++1
with

(5.1)

in Ref. [5]. The relevant chiral Lagrangian (CL) for our
study is

&O=q'L(i8)PL+'PR(i8)qiR 'PL—XM%R %—RM X qIL+ ,'U—,X,„X", ,

+1 +LXyp( L )X pLX3 pRyp( R ) PRX3 + pLXypr+( L )X +LX+

V'2qgLXy r (K C)tXtqi Xp V 2qiRy r+(KCC)qp Xp+ V 2qpRy r (KCC)tq/ Xp

(5.2)

where

Q Q2=exp i
Va

a=1,2, 3,

In order to obtain an effective Lagrangian, similar to
the one given in (2.10) for the SM, for this theory in the
high-energy limit, we expand Xc„in p, and keep the first
relevant terms with the fermion and/or Goldstone-boson
fields. Define

X,„= Tr(r, X D„X),
(5.5)

b b R

We obtain

t(iB m, —)t+ b(i 7ii m)b+—(B„P+)(8"P )

0 1 0 0
0 0 ' 1 0

m, 0

0 mb
r

7 Q

D„%,= 8„-ig R,„-sg'-,'Y„%, ,

(5.3)

+ —,'(B„P ) —
P b(1+y, )t

2v

im, im,+ — P+ t(1 y, )b —— P~iy, t
v2v

imb im&+ P b(1 y, )t — P+—t(1+y, )b
2U 2U

D 'PR = (~„ ig'gR I' )q'R,

+a ~, ~3
D X=8 X—ig W X+ig'X —YP ~ 2 QP 2 P

are the Goldstone-boson fields. r, are the Pauli ma-
trices. Since the U(1), symmetry is preserved, the vacu-
um expectation values v& =v2=v. But v3 in general does
not have to be equal to v if there is no additional SU(2)
custodial symmetry in the theory. O'R is an SU(2)L sing-
let. M is the quark-mass matrix. yz is the right-handed
quark charge, being —,

' for t and —
—,
' for b. The fields 8'3

and Yarerelated toZ and 3 via

lmb+ p bysb,
V3

1
(5.6)

— (~"p )by„[K"(1 y5)+—KR (I+ys)]t
2v

1 (8"p+ )ty„[KL (1—ys)+KRCt(1+y5)]b

1 (d"f )ty„[KL (1—ys)+KR (1+ys)]t .
2V3

The nonuniversal gauge couplings can be obtained
from X, in (5.2) in the unitary gauge X= l. The relevant
interaction Lagrangian is

cos8& si»& Zo

sln0 gr cosO g
with tane~ =—g

g

(5.4)

—W ty~[(KL +KR ) y5(KL KR )]b+Hc. —

If v3=v, then in the unitary gauge, corresponding to
X=1, the locally SU(2)I XU(1)„-invariant Lagrangian
obtained from Xo is that of the SM in the limit of
m~~cc. The nonuniversal interactions of the heavy
quarks are described by the parameters ai ~ and Kg g.
Based on the Hermiticity of the interaction Lagrangian,
~1 z have to be real. But aL~ in general can be complex.
(We note that KL R and KL R in general can be matrices in
flavor space [5].)

(5.7)

which should be compared with the standard couplings,
obtained from Xo in (5.2):

—W„+ty"(1 y5)b+H. c. —
2&2

+ g ZotyI' 1 ——sin 8~ —y, t . (5.&)
4 cosI9~ ' 3
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Hereafter, we shall take mb =0 and follow the assump-
tion made in Ref. [12] that Kz z is negligible compared
with KL z.NC

B. Top-quark polarization in the chiral Lagrangian theory

We shall consider the polarization of the top quark
produced via the process (1.1) in the chiral Lagrangian
theory discussed in Sec. V A.

For simplicity, we follow the assumption made in Ref.
[12] and take mb =0, U3

—U, KL =Kg =0, and

KL =Kg —K . (We have used the result obtained in
Ref. [12] that the current experimental bounds on these
nonstandard couplings are such that ~L is about equal to
Kg .) Under this assumption there is only one extra free
parameter ~ in this theory compared with the SM.
The nonstandard Z -t-t coupling is purely vectorlike.
We note that in this theory there is no Higgs-boson field;
therefore, the triangle diagram, as shown in Fig. 6, with
the Higgs boson being one of the internal lines does not
exist in this theory. The standard contributions to the
degree of transverse polarization of the top quark in this
theory can be obtained from the diagrams shown in Fig.
6. But the Higgs-boson-exchange diagram should not be
included. There are also some nonstandard contributions
arising from the nonstandard couplings of Z -t-t and

t t, as des-cr-ibed by Eqs. (5.6) and (5.7), in this theory.
Again, we follow the assumption made in Ref. [12] that
only the corrections linear in a. , i.e., terms of
O((a, /4m. )K ), are kept when we consider the non-

standard contributions in calculating P~sino. of the top
quark. The Feynman diagrams to be considered are
those shown in Fig. 11. The standard contributions to
the form factors A, B, C, and D in this theory can then be
obtained from (4.1), (4.3), and (4.5). The nonstandard
contributions from the sum of the second and third dia-
grams in Fig. 11 vanish. The first diagram in Fig. 11
gives

Im(A )=U (~p)
4~

Im(B o )= —a, (nP),

CX( 47Tmt
Im(C 0 )=U,

(5.9)

Im(D 0 ) =0,
where

NS
( NC+ NC)— NC

4 COSH' 2 cosO~

NS 1
(

NC NC) 0
4 cosOgr

(5.10)

In Fig. 12 we show Pepsin+ predicted by this theory as a
function of the top-quark polar angle 0, in the center-of-
mass frame of tt for various ~ with m, =200 GeV at
&S =1 TeV. We show the results for K = —1,0, 1.
(The upper bound on K as a function of m, and the
cutoff scale of the theory can be found in Ref. [12].) We
also show the SM prediction with mH =1 TeV in Fig. 12
for comparison. The diff'erence between the curves (e)
and (a) in Fig. 12 is due to the contribution from the 1-

TeV Higgs-boson-exchange diagram in the SM. Again,

1.0

0.5 LAG

0.0

—0.5

—1.0

—1.5

—2.0
0

I

50 100

0, (in degrees)

l

150

FIG. 11. Nonstandard contributions to P, sincx. The vertex
with dot indicates nonstandard coupling.

FIG. 12. P1sinn as a function of the top-quark polar angle 0,
in the center-of-mass frame of tt for (a) v =0, (b) sc =1, (c)

= —1, and (d) v = —0.2 in the theory with dynamical
symmetry breaking, and (e) in the SM with m» =1 TeV. We
take m, =200 GeV and &S = 1 TeV.
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coupling of 8'-t-b can be studied via the tree-level
photon- W fusion process [1]

e e+~y8'~e v tb or e+v tb . (5.1 1)

VI. DISCUSSIONS AND CONCLUSIONS

As discussed in Ref. [1], measuring the polarization of
the top quark produced via process (1.1) provides a
method to test the gauge coupling V-t-t. The coupling of
W-t-b can be tested by the polarization of the W boson
from the decay of the top quark or by studying the
photon-W fusion process (5.11). The strategies of
measuring the polarization of t and 8'were discussed in
our previous work [1]. Here we showed the degree of po-
larization of the top quark predicted by the QCD, the
standard model electroweak theory, and an electroweak
theory with dynamical symmetry breaking [5]. For the
transverse polarization P~sina of the top quark, we con-
sidered the radiative corrections of O(a, ) for QCD,
O(m, /v ) for SM, and O(m, /v, (m, /v )s ) for the
chiral Lagrangian. The calculation of obtaining the elec-
troweak corrections was simplified by applying the
equivalence theorem. As for the longitudinal polariza-
tion Pii and the other transverse polarization Picosa of
the top quark, we considered the Born process to calcu-
late the leading contributions in various theories.

We found that at the NLC the contribution to the
transverse polarization of the top quark arising from a
loop due to the electroweak exchange rather than the
gluon exchange is less than the QCD contribution for m,
of about 140 GeV. This includes Higgs-boson exchange,
whose effect in magnitude is less than 1%. We also ex-
amined the polarization of the top quark arising from an
electroweak theory [5] with dynamical symmetry break-
ing and conclude that the polarization of the top quark is
sensitive to ~, which is used to parametrize the
nonuniversal gauge coupling of Z -t-t. In this work we
used the result given in Ref. [5] and assumed that only
the vector part of the Z -t-t vertex has nonstandard con-
tributions.

In addition to the polarization of the top quark, we
also pointed out the importance of testing the CP proper-
ty of a theory in Ref. [1]. The strategies of testing the CP
prediction of a theory were also discussed in that refer-
ence. QCD is a CP-invariant theory. The CP-violation
effects in the standard model that arise from the
Cabibbo-Kobayashi-Maskawa mixing angles are small.
The electroweak theory with dynamical symmetry break-
ing considered in this paper can in principle have large
CP-violation effects arising from the complex matrices
(~L z );-, which parametrize the nonuniversal gauge cou-
pling of W-t-b. The subscripts i and j are the family in-
dices. If Im(D) does not vanish when considering a
theory with nonzero complex (vL ~ ),", then the degree of
transverse polarization of the top antiquark will be
different in magnitude from that of the top quark pro-
duced via (1.1), and the theory is CP violating. In this pa-
per we follow the assumption made in Ref. [12] and only
consider a CP-invariant theory. It is interesting to know

what the current experimental bounds on these nonstand-
ard couplings (s'r z );. are, and what the prediction of this
theory is in the CP-violation effects to appear in the top-
quark physics either at e e+ or hadron colliders. We
shall leave this for a future study [13].

CP-violation effects from other kinds of interactions,
e.g. , a two-Higgs-doublet model, are currently studied by
Peskin and Schmidt [14].
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APPENDIX: VALIDITY
OF THE EQUIVALENCE THEOREM

We give an example to demonstrate that the validity of
the equivalence theorem does not require sin8~ to be
zero, where 0~ is the weak mixing angle.

Let us consider the scattering process

e+e+ —+8'L 8'L (Al)

at the tree level. e+ denotes a right-handed e, WL a
longitudinal 8' . The helicity amplitude for this process
1s

16s1n Ow 1 1A~= (3E K —EK )sin8,
v S Mz S

in the high-energy limit E )M~, is

16sin L9~
A~=

1 11—
2cos 0~ S —Mz

L

1

S

X (EKM~)sine .

In the high-energy limit E )M~,

(A4)

Mz1+
S —M S S

Mw'
K=E 1—

2E
(A5)

Using the tree-level relation between the Z and 8'+
masses,

cosO~ 2 cosO~
(A6)

(A2)

where S =4E, K =(E M~)', and —8 is the angle be-

tween 8' and e in the center-of-mass frame of e e
The helicity amplitude of the equivalent process

(A3)
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we obtain

g sin op
A4=( —i) An, = — sin8,

2 cos Ogr
(A7)

in the limit of E & M~, Mz.
Hence we have shown that in the high-energy limit the

leading contributions of (Al) and (A3) are the same for
all sin6~.
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