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QCD corrections to spin correlations in top quark production at lepton colliders
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Spin correlations, using a generic spin basis, are investigated to leading order in QCD for top quark
production at lepton colliders. Even though these radiative corrections induce an anomalousg/Z magnetic
moment for the top quarks and allow for single real gluon emission, their effects on the top quark spin
orientation are very small. The final results are that the top quarks~or top antiquarks! are produced in an
essentially unique spin configuration in polarized lepton collisions even after including theO(as) QCD
corrections.@S0556-2821~98!06823-4#

PACS number~s!: 14.65.Ha, 12.38.Bx, 13.88.1e
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I. INTRODUCTION

The discovery of the top quark, with a mass near 175 G
@1,2#, provides us with a unique opportunity to better und
stand electroweak symmetry breaking and to search for h
of physics beyond the standard model. It has been known
some time that top quarks decay electroweakly before h
ronization@3,4# and that there are significant angular cor
lations between the decay products of the top quark and
spin of the top quark@5#. Therefore if the production mecha
nism of the top quarks correlates the spins of the top qu
and top antiquark, there will be sizable angular correlatio
between all the particles, both incoming and outgoing,
these events.

There are many papers on the angular correlations for
quark events@6,7# produced both ate1e2 colliders @8# and
hadron colliders@9,10#. In most of these works, the top qua
spin is decomposed in the helicity basis. Recently, Mah
and Parke@10# have proposed a more optimal decomposit
of the top quark spin which results in a large asymmetry
hadron colliders. Parke and Shadmi@11# extended this study
to e1e2 annihilation process at the leading order in the p
turbation theory and found that the ‘‘off-diagonal’’ basis
the most efficient decomposition of the top quark~antiquark!
spin. In this spin basis the top quarks are produced in
essentially unique spin configuration. Since this result is
great interest, it is of crucial importance to estimate the
diative corrections to this process which are dominated
QCD effects.

The QCD corrections to top quark production can be c
culated perturbatively at energies sufficiently above the p
duction threshold of the top quark pairs. The analytical stu
of QCD radiative corrections to heavy quark production w
pioneered in Ref.@12# ~see, e.g., Ref.@13# for a recent ar-
ticle!. Polarized heavy quark production, in the helicity bas
has also been investigated by many authors@14,15#.

In this article, we present an analytic differential cro
section for polarized top quark production at the QCD o
loop level. We focus on the issue of what is the optim
0556-2821/98/59~1!/014023~16!/$15.00 59 0140
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decomposition of the top quark spin fore1e2 colliders.1 We
have calculated the cross section in a ‘‘generic’’ spin ba
which includes the helicity basis as a special case. The
diative corrections, in general, add two effects to the t
level analysis: the first is that a new vertex structure~anoma-
lous g/Z magnetic moment! is induced by the loop correc
tions to the tree level vertex and the second is that a~hard!
real gluon emission from the final quarks can flip the sp
and change the momentum of the parent quarks. There
compared to the radiative corrections to physical quanti
which are spin independent, it is possible that spin-depend
quantities maybe particularly sensitive to the effects of QC
radiative corrections.

The article is organized as follows. In Sec. II, we exami
the QCD corrections to the polarized top quark~antiquark!
production in the soft gluon approximation. The aim of th
section is~1! to estimate the numerical effects from the ne
vertex structure on the spin correlation found in the tree le
analysis and~2! to show that we can use the off-diagon
basis as a optimal basis also at the QCD one-loop leve
Sec. III, we present our analytic calculations of the full on
loop corrections to the polarized top quark production in
generic spin basis. We give the numerical results both in
helicity, beamline, and the off-diagonal bases in Sec.
Here we compare the full one loop results with those of
tree level and soft gluon approximations. Finally, Sec.
contains the conclusions. The phase space integrals w
are needed in Sec. IV are summarized in Appendix A. T
unpolarized total cross section for top quark pair producti
using our results, is given in Appendix B as a cross chec

II. SPIN CORRELATIONS IN THE SOFT
GLUON APPROXIMATION

In this section we derive the first order QCD correct
spin dependent, differential cross section for top quark p

1The physics of top quark production at muon colliders ande1e2

colliders is identical provided the energy is not tuned to the Hig
boson resonance.
©1998 The American Physical Society23-1
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production in the soft gluon approximation~SGA!. It is in-
structive to first consider the soft gluon approximation b
cause in this approximation only the QCD vertex correctio
modify the spin correlations of the top quarks. The full on
loop analysis will be given in the next section. We use
same generic spin basis as in Ref.@11#. In this paper we do
not consider transverse polarization of the top quarks2 since
we are interested in how QCD corrections modify the t
level spin correlations and which spin basis is the most
fective for spin correlation studies. Therefore we use a
neric spin basis with the spin of the top quark and anti-
quark in the production plane. We define the spins of the
and top antiquarks by the parameterj as given in Fig. 1. The
top quark spin is decomposed along the directionst in the
rest frame of the top quark which makes an anglej with the
top antiquark momentum in the clockwise direction. Sim
larly, the top antiquark spin states are defined in the
antiquark rest frame along the directionst̄ having the same
anglej from the direction of the top quark momentum. W
use the following notation in this paper: the statet↑ t̄↑ (t↓ t̄↓)
refers to a top quark with spin in the1st (2st) direction in
the top quark rest frame and a top antiquark with s
1st̄ (2st̄) in the top antiquark rest frame.

The one-loop QCD correction to the cross section is giv
by the interference between the tree and one-loop vertex
grams in Fig. 2. At the one-loop level, theg2t2 t̄ and Z

2t2 t̄ vertex functions can be written in terms of three for
factorsA,B,C as follows:

Gm
g 5eQtF ~11A!gm1B

tm2 t̄ m

2m
G , ~1!

Gm
Z5

e

sinuW
F $Qt

L~11A!1~Qt
L2Qt

R!B%~gL!m

1$Qt
R~11A!2~Qt

L2Qt
R!B%~gR!m

1
Qt

L1Qt
R

2
B

tm2 t̄ m

2m
1

Qt
L2Qt

R

2
C

tm1 t̄ m

2m
g5G ~2!

2It is known@7# that the transverse top quark polarization becom
nonzero when the higher order QCD corrections are included
that this transverse polarization is very important and related to
phenomena ofCP violation.

FIG. 1. The generic spin basis for the top quark~top antiquark!
in its rest frame.st(st̄) is the top quark~top antiquark! spin axis.
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whereQt5
2
3 is the electric charge of the top quark in uni

of the electron chargee,uW is the Weinberg angle, andm
andtm ( t̄ m) are the mass and the momentum of the top qu
~top antiquark! „gR/L

m [gm@(16g5)/2#…. The top quark cou-
plings to theZ boson are given by

Qt
L5

324 sin2uW

6 cosuW
, Qt

R52
2 sin2uW

3 cosuW
. ~3!

After multiplying the wave function renormalization facto
~we employ the on-shell renormalization scheme!, the
‘‘renormalized’’ form factors read

A5âsF S 11b2

b
ln

11b

12b
22D ln

l2

m2
2413b ln

11b

12b

1
11b2

b H 1

2
ln2

11b

12b
1 ln2

11b

2b
2 ln2

12b

2b

12Li2S 12b

11b D1
2

3
p2J G , ~4!

B5âs

12b2

b
ln

11b

12b
, ~5!

C5âsF ~21b2!
12b2

b
ln

11b

12b
22~12b2!G , ~6!

whereb is the speed of the produced top quark~top anti-
quark! and the strong coupling constant isâs
[@C2(R)/4p#as5@C2(R)/(4p)2#g2 with C2(R)5 4

3 for
SU~3! of color. We have introduced an infinitesimal massl
for the gluon to avoid infrared singularities. In the abo
expressions, we have shown only the real part of the fo
factors because~1! the Z width is negligible in the region o
center-of-mass~c.m.! energyAs far above the production
threshold for top quarks and~2! we are not considering the
transverse polarization for the top quarks. The contribut
from C can be neglected since it is proportional to the el
tron mass.

The differential cross section at the one loop level is giv
by

s
d
e

FIG. 2. The tree and the QCD one-loop contributions to

e2e1→t t̄ process.
3-2
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ds

d cosu
~eL

2eR
1→t↑ t̄ ↑!

5
ds

d cosu
~eL

2eR
1→t↓ t̄ ↓!

5S 3pa2

2s
b D ~ALRcosj2BLRsinj!

3@~ALRcosj2BLRsinj!~112A12B!

22~g2ALRcosj2B̄LRsinj!B#, ~7!

ds

d cosu
~eL

2eR
1→t↑ t̄ ↓ or t↓ t̄ ↑!

5S 3pa2

2s
b D ~ALRsinj1BLRcosj6DLR!

3@~ALRsinj1BLRcosj6DLR!~112A12B!

22~g2ALRsinj1B̄LRcosj6D̄LR!B#. ~8!

Here, the angleu is the scattering angle of the top quark wi
respect to the electron in the zero momentum frame,a is the
QED fine structure constant, andg51/A12b2. The quanti-
ties ALR ,BLR ,B̄LR ,DLR and D̄LR are defined by

ALR5@~ f LL1 f LR!A12b2sinu#/2,

BLR5@ f LL~cosu1b!1 f LR~cosu2b!#/25B̄LR~2b!, ~9!

DLR5@ f LL~11b cosu!1 f LR~12b cosu!#/25D̄LR~2b!,

with

f IJ52Qt1Qe
I Qt

J 1

sin2uW

s

s2MZ
2

,

whereMZ is theZ mass~as mentioned before, we neglect th
Z width! and I ,JP(L,R). The electron couplings to theZ
boson are

Qe
L5

2 sin2uW21

2 cosuW
, Qe

R5
sin2uW

cosuW
.

The cross sections~7!, ~8! contain an infrared singularity
~in the form factorA) that will be canceled by the contribu
tions from the real gluon emission. In the soft gluon appro
mation, it is very easy to calculate the real gluon contrib
tion. As is well known, the amplitude for the soft gluo
emissions can be written in the factorized form proportio
to the tree amplitude. This means that the soft gluon em
sion does not change the spin configurations or momen
of the produced heavy quark pairs from the tree level valu
Therefore the QCD radiative corrections enter mai
through the modifications of the vertex parts~1!, ~2!. The
cross section for the soft gluon emissions can be written
01402
-
-

l
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s

ds

d cosu
5JIR

ds0

d cosu
, ~10!

where the subscript 0 denotes the tree level cross sec
The soft gluon contributionJIR is defined by

JIR[24pC2~R!asEk05vmax d3kW

~2p!32k0S tm

t•k
2

t̄ m

t̄ •k
D 2

,

wherevmax is the cut-off of the soft gluon energy. This in
tegral can be easily performed and we obtain

JIR52âsH S 11b2

b
ln

11b

12b
22D ln

4vmax
2

l2
1

2

b
ln

11b

12b

2
11b2

b F2Li2S 2b

11b D1
1

2
ln2

11b

12bG J .

By adding the one loop contributions~7!,~8! and the soft
gluon ones~10!, one can see that the infrared singularitie
ln l, are canceled out and the finite results are obtained
replacing 2A by

2A1JIR52âsF S 11b2

b
ln

11b

12b
22D ln

4vmax
2

m2

241
213b2

b
ln

11b

12b
1

11b2

b

3H ln
12b

11bS 3ln
2b

11b
1 ln

2b

12b D
14Li2S 12b

11b D1
1

3
p2J G

in Eqs.~7!,~8!. The cross sections foreR
2eL

1 can be obtained
by interchangingL,R as well as↑,↓ in the above formulas.

Since we are interested in maximizing the spin corre
tions of the top quark pairs we must vary the spin anglej to
find the appropriate spin basis. At tree level, it is known th
there exists the ‘‘off-diagonal’’ basis which makes the co
tributions from the like-spin configuration vanish@11#. At
orderO(as), we find that definition of the off-diagonal bas
for eL

2eR
1 scattering is not modified by QCD correction

with the spin angle,j, satisfying the tree level relationship

tanj5
ALR

BLR
5

~ f LL1 f LR!A12b2sinu

f LL~cosu1b!1 f LR~cosu2b!
. ~11!

The first order QCD corrected cross sections in this basis

ds

d cosu
~eL

2eR
1→t↑ t̄ ↑ and t↓ t̄ ↓!50, ~12!
3-3
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ds

d cosu
~eL

2eR
1→t↑ t̄ ↓ or t↓ t̄ ↑!

5S 3pa2

2s
b D ~AALR

2 1BLR
2 7DLR!

3F ~AALR
2 1BLR

2 7DLR!~11SI !

22S g2ALR
2 1BLRB̄LR

AALR
2 1BLR

2
7D̄LRD SII G , ~13!

where

SI52A1JIR12B, SII 5B.

A similar result holds foreR
2eL

1 scattering.
In Fig. 3 we show the differential cross sections in t

off-diagonal basis, Eq.~11!, for As5400 GeV. The follow-
ing values for the parameters of the standard model w
used:

m[M top5175 GeV, MZ591.187 GeV,

a5
1

128
, as~MZ

2!50.118, sin2uW50.2315.

We useAs as the renormalization scale and the pole mass
the top quark. ForeL

2eR
1 scattering the up-up (t↑ t̄ ↑) and the

down-downt↓ t̄ ↓ components are identically zero. The tot
cross section is more than 99% up-downt↑ t̄ ↓ and less than

FIG. 3. The cross sections in the off-diagonal basis, Eq.~11!, at
As5400 GeV, vmax510 GeV for the e2e1→t t̄ process:t↑ t̄ ↓
~UD!, t↓ t̄ ↑ ~DU!, andt↑ t̄ ↑1t↓ t̄ ↓ ~UU1DD!. The suffix ‘‘tree’’ and
‘‘SGA’’ mean the differential cross-section at the tree level and
the one-loop level in the soft gluon approximation. It should
noted that DU~UD! component for theeL

2e1(eR
2e1) process is

multiplied by 100.
01402
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1% down-upt↓ t̄ ↑ . For eR
2eL

1 scattering the up-up (t↑ t̄ ↑) and

the down-downt↓ t̄ ↓ components are nonzero because
have used the off-diagonal basis foreL

2eR
1 scattering. How-

ever the down-upt↓ t̄ ↑ component is still more than 99% o
the total cross section.

Although there exists a magnetic moment modification
the g/Z2t2 t̄ vertex from QCD corrections, this does n
change the behavior of the spin dependent cross section
the off-diagonal basis. The QCD corrections, however, m
the differential cross sections larger by;30% compared to
the tree level ones at thisAs. Thus the off-diagonal basis
continues to display very strong spin correlations for the
quark pairs even after taking the QCD corrections into
count, at least in the soft gluon approximation.

In the previous paragraph the cutoff energy for the s
gluon has been chosen asvmax510 GeV. The results, of
course, depend on the value ofvmax. Thevmax dependence
of the cross section is examined in Fig. 4. The cross sec
behaves quite uniformly as the value ofvmax is changed thus
the above conclusions remain qualitatively the same for
reasonable value ofvmax.

III. SINGLE SPIN CORRELATIONS IN e1e2 PROCESS

The soft gluon approximation used in the last section
two shortcomings. First, soft gluon emission cannot cha
the spin of the heavy quarks and second the heavy qu
pairs are always back to back. Neither of these approxim
tions is valid for hard gluon emission. Hence it is possib
that the full O(as) QCD corrections might completely
change the conclusions of the previous section. Therefore
this section, we investigate the fullO(as) QCD corrections.
Since, in the presence of a hard gluon, the top quark and
antiquark are not generally produced back-to-back, it is m
sensible to consider the single heavy quark spin correlatio
namely, the inclusive cross section for the production of

t

FIG. 4. Thevmax dependence of the cross sections in the o
diagonal basis atAs5400 GeV. The DU~UD! component for the
eL

2e1(eR
2e1) process is multiplied by 100.
3-4
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QCD CORRECTIONS TO SPIN CORRELATIONS IN TOP . . . PHYSICAL REVIEW D 59 014023
top quark~or top antiquark! in a particular spin configura
tion. We have organized this section as follows. After defi
ing the kinematics and our conventions, we give the po
ized cross section for the top quark using a generic spin b
closely related to the spin basis of the previous section.
numerical analysis will be relegated to the next section.

A. Amplitudes and kinematics

The principle result of this section will be the inclusiv
cross section for polarized top quark production,e1e2

→t↑ or t↓1X, whereX5 t̄ or t̄ g. ~The cross section fo
the top antiquark inclusive production can be easily obtai
from the results in this section.! Since the vertex correction
are the same as in the previous section all that is require
the full real gluon emission contributions. The real glu
emission diagrams to leading order inas are given in Fig. 5.
This figure also defines the momenta of particles. We w
use the spinor helicity method for massive fermions@10# to
calculate the squares of these amplitudes for a polarized
quark. The top quark momentumt is decomposed into a sum
of two massless momentat1 , t2 such that in the rest fram
of the top quark the spatial momentum oft1 defines the spin
axis for the top quark:

t5t11t2 , mst5t12t2 ,

wherest is the spin four vector of the top quark.
The amplitude for Fig. 5 is given by

M ~eL
2eR

1→ta t̄ bg!

5 v̄↑~ q̄!gL
mu↓~q!ūa~ t !F 1

2 t̄ •k
S aLL

2
gL

m1
aLR

2
gR

mD
3~2 t̄/2 k̄/1m!gn 1

1

2t•k
gn~ t/1k/1m!

3S aLL

2
gL

m1
aLR

2
gR

mD GTavb~ t̄ !«a
n~k!, ~14!

wherea,b are the spin indices for quarks and« is the po-
larization vector of the gluon.Ta is the color matrix. The
coupling constantsaLI are defined as follows:

aLI

2
5

e2g

s
f LI .

FIG. 5. The real gluon emission contributions to top quark p
production.
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The expressions for the squares of the amplitudes gi
below have been summed over the spins of the unobse
particles~the top antiquark and gluon! as well as the colors
of the final state particles. Let us write the square of
amplitude for the top quark with spin ‘‘up’’ as

uM ~eL
2eR

1→t↑ t̄ g!u2

5NcC2~R!F 1

~ t̄ •k!2
T11

1

~ t̄ •k!~ t•k!
T21

1

~ t•k!2
T3G .

~15!

After some calculation, we find

T154uaLLu2@~ t̄ •k!~q•k!2m2q•~ t̄ 1k!#~ t2•q̄!

14uaLRu2@~ t̄ •k!~ q̄•k!2m2q̄•~ t̄ 1k!#~ t1•q!

2$aLLaLR* @~ t̄ •k!1m2# Tr~v1t1t2q̄q!1c.c.%,

T25uaLLu2@4~ t• t̄ !~ t̄ •q!~ t2•q̄!1~ t2•q̄! Tr~v1qkt t̄!

1~ t̄ •q! Tr~v2t2q̄k t̄ !#1uaLRu2

3@4~ t• t̄ !~ t̄ •q̄!~ t1•q!1~ t1•q!

3Tr~v2q̄kt t̄ !1~ t̄ •q̄! Tr~v1t1qk t̄!#1aLLaLR*

3@~ t• t̄ ! Tr~v1t1t2q̄q!2~k•q! Tr~v1t1t2q̄k!

1 1
2 Tr~v1t2t1qktq̄!1 1

2 Tr~v1t1t2q̄qk t̄!#

1aLL* aLR@~ t• t̄ ! Tr~v2t2t1qq̄!2~k•q̄!

3Tr~v2t2t1qk!1 1
2 Tr~v2t1t2q̄ktq!

1 1
2 Tr~v2t2t1qq̄k t̄ !#1c.c.,

T352uaLLu2$2m2~k•q̄!22@m21~ t•k!#~ t2•q̄!

12@~ t1k!•q̄#~ t2•k!%~ t̄ •q!12uaLRu2$2m2~k•q!

22@m21~ t•k!#~ t1•q!12@~ t1k!•q#~ t1•k!%~ t̄ •q̄!

2
m2

2
@aLLaLR* $2Tr~v1t1t2q̄q!

1Tr~v1kt2q̄q!1Tr~v1t1kq̄q!%1c.c.#,

where v6[(16g5)/2 and all momentump under the Tr
operator are understood to bep” . By interchanging thet1 and
t2 vectors in the above expressions, we can get the ampli
square for the top quark with spin ‘‘down.’’ Since we negle
the Z width in this paper, all the coupling constantsaLI are
real.

To define the spin basis for the top quark we natura
extend the spin definition of the previous section to t
present case. The top quark spin is decomposed along
directionst in the rest frame of the top quark which makes

r

3-5
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angle j with the sum of the top antiquark and the gluo
momenta in the clockwise direction, see Fig. 6.

To calculate the cross section from Eq.~15!, we take the
c.m. frame in which thee1e2 beam line coincides with thez
axis:

q5
As

2
~1, 0, 0, 1!, q̄5

As

2
~1, 0, 0, 21!.

We specify the variablesx, y, andz which are related to c.m
energies of the gluon, top quark and top antiquark by

x[12
2k•~q1q̄!

s
, y[12

2t•~q1q̄!

s
,

z[12
2 t̄ •~q1q̄!

s
.

The momenta of the final state particles, in terms of th
variables, are

k5
As

2
@12x, ~12x!k̂#, t5

As

2
@12y, a~y! t̂ #,

t̄ 5
As

2
@12z, a~z! t̂̄ #,

where a caret means the unit space vector and

a~y![A~12y!22a, a~z![A~12z!22a

FIG. 6. The spin basis for the top quark in the processe2e1

→t t̄ g.

FIG. 7. The momentum~unit vectors! configuration of the top
quark and top antiquark in the c.m. frame. The momentum
e2(e1) is in the1z(2z) direction.
01402
e

with a[4m2/s. Figure 7 defines the orientation of the to
quark and top antiquark momenta and by energy-momen
conservation the momentum of the gluon is also determin3

One can easily obtain the spin four vector of the top quark
the c.m. frame by boosting the spin vector characterized bj
in the top quark rest frame in the direction of top qua
momentum byb(y) ~the speed of the top quark in the c.m
frame!. The explicit form fort1(t25t2t1) is given by

t1
05

m

2
$g~y!@12b~y!cosj#%,

t1
15

m

2
$g~y!@b~y!2cosj#sinu cosw1sinj cosu cosw%,

~16!

t1
25

m

2
$g~y!@b~y!2cosj#sinu sinw1sinj cosu sinw%,

t1
35

m

2
$g~y!@b~y!2cosj#cosu2sinj sinu%,

where

Aag~y!512y, Aag~y!b~y!5a~y!.

If we eliminate the gluon momentumk using the energy
momentum conservation and use the angular variablesx, f
in Fig. 7 to specify the orientation of the top antiquark~if one
eliminates the top antiquark momentum, one can procee
the similar way by introducing other angular variables!, the
square of the amplitude Eq.~15! can be written as

uM ~eL
2eR

1→t↑ t̄ g!u2

5
s

8
NcC2~R!@aLL

2 M11aLR
2 M21aLLaLRM3#,

~17!

whereMi are the functions ofy, z, angles defined above an
the spin orientationj.

3Our Fig. 7 contains an extra degree of freedom,f, compared to
Fig. 3 of the first paper in Ref.@15#. These works of Tunget al.
correspond to setting ourf5p/2. Because of this difference w
have been unable to reproduce their results. Our variablef corre-
sponds to the variablef12 in the first paper of Ref.@12#.
f

3-6



QCD CORRECTIONS TO SPIN CORRELATIONS IN TOP . . . PHYSICAL REVIEW D 59 014023
M15
2

yz
@~12y!21a2~y!cos2u1~12z!21a2~z!cos2ū #2aS 1

yz
1

1

y2D @12y21a2~y!cos2u#

2aS 1

yz
1

1

z2D @12z21a2~z!cos2ū #12S 222y2a

yz
2

a

y2D a~y!cosu22S 222z2a

yz
2

a

z2D a~z!cosū

1
1

yz2
@12z2a~z!cosū #$y@12a~z!cosū #2z@12a~y!cosu#%~dt• t̄ !2

1

yz2
@12z2a~z!cosū #

3$y2z1~y1z!@z2a~z!cosū #%@dt•~ q̄1q!#1
a

yzS 1

y
1

1

zD $y@12a~z!cosū #1z@11a~y!cosu#%~dt•q̄!

2
2

yz
$@12y1a~y!cosu#1~12y2z!@12z2a~z!cosū #%~dt•q̄!,

M25M1~cosu→2cosu, cosū→2cosū, dt→2dt !,

M352aH 4

yz
2

4

y
2

4

z
2

~y1z!2

yz
1

~y1z!2

yz
cos2ukJ 22a2S 1

y
1

1

zD 2

1
a

yzS 1

y
1

1

zD @ya~z!cosū2za~y!cosu#@dt•~ q̄1q!#

2
2

yz
@a~y!cosu1~12y2z!a~z!cosū #@dt•~ q̄1q!#1aS 1

y
1

1

zD 2

@dt•~ q̄2q!#

1
2

yz
@z~y1z!22~12y2z!#@dt•~ q̄2q!#1

2

yz
@~12y!a~z!cosū1~31z!a~y!cosu#~dt• t̄ !.
b

o

se

d

In the above equations,uk is the angle between thez axis and
the gluon momentum

~y1z!cosuk52a~y!cosu2a~z!cosū,

anddt is defined as

dt[
4

s
~ t12t2!.

Using Eq.~16! we find that the products ofdt with momenta
q, q̄, and t̄ are

dt•q5$~12y!cosu2a~y!%cosj1Aa sinu sinj,

dt•q̄5$2~12y!cosu2a~y!%cosj2Aa sinu sinj,

dt• t̄ 5$2~12z!a~y!1~12y!a~z!cosx%cosj

1Aaa~z!sinj sinx cosf.

The unpolarized top quark production process is given
dropping the spin dependent parts~terms proportional todt)
in Eq. ~17!. As a check we have reproduced the results
Ref. @12# by puttingaLL5aLR52(2e2g/s)Qq .
01402
y

f

The cross section is given by

ds~eL
2eR

1→t↑ t̄ g!5
1

2s
uM ~eL

2eR
1→t↑ t̄ g!u2~PS!3 , ~18!

where (PS)3 is the three particle phase space:

~PS!35
d3t

~2p!32t0

d3 t̄

~2p!32 t̄ 0

d3k

~2p!32k0

3~2p!4d4~ t1 t̄ 1k2q2q̄!.

We introduce a small massl for the gluon to regularize the
infrared singularities. It is easy to rewrite the above pha
space integral as

E ~PS!35
s

~4p!5Ey2

y1

dyE
z2~y!

z1~y!

dzE dV d cosxdf

3dS cosx2
y1z1yz1a2122al

a~y!a~z! D ,

wheredV5d cosudw is the solid angle for the top quark an
al[l2/s. The integration regions overy and z are deter-
mined by the conditionucosxu<1,
3-7
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y1512Aa, y25Aaal1al ,

z6~y!5
2

4y1aFyS 12y2
a

2
1alD

1al6a~y!A~y2al!22aalG .
The integration over the anglef is not difficult if one uses
the relation

cosū5cosu cosx1sinu sinx cosf.

The integrals we need are the following:

E cosū df52p cosu cosx,

E cos2ū df52pFcos2u1
1

2
~123 cos2u!sin2xG ,

E cos2uk df52pFcos2u1
1

2

3~123 cos2u!
a2~z!

~y1z!2
sin2xG ,

E cosū cosf df5p sinu sinx,

E cos2ū cosf df52p sinu cosu sinx cosx.

Due to thed function in the phase space integral, the anglex
is a function ofy andz:

cosx5
y1z1yz1a21

a~y!a~z!
,

sin2x5
4yz~12z2y!2a~y1z!2

a2~y!a2~z!
,

where we have putal to be zero since thel→0 limit does
not produce any singularities in the~squared! amplitude. The
remaining integrals to get the cross section are over the v
ablesy andz. According to the type of integrand, we grou
the phase space integrals~after the integrations over the an
gular variables! into four distinct classes$Ji%, $Ni%, $Li%,
and $Ki% @15#. The individual integrals of these classes a
summarized in Appendix A.
01402
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B. Cross section in the generic spin basis

We write the inclusive cross section for the top quark
the following form:

ds

d cosu
~eL

2eR
1→t↑X!5

3pa2

4s (
klmn

~Dklmn1âsCklmn!

3cosku sinlu cosmj sinnj, ~19!

whereDklmn are the contributions from the tree and the on
loop diagrams andCklmn are from the real emission dia
grams. Let us first write down theDklmn ,

D00005b@ f LL
2 1 f LR

2 12a fLL f LR#~11âsVI !

2b@2~ f LL1 f LR!22b2~ f LL2 f LR!2#âsVII ,

D20005b3~ f LL
2 1 f LR

2 !~11âsVI !1b3~ f LL2 f LR!2âsVII ,

D100052b2~ f LL
2 2 f LR

2 !~11âsVI !,

D00105b2~ f LL
2 2 f LR

2 !~11âsVI !,

D20105b2~ f LL
2 2 f LR

2 !~11âsVI !,

D10105b@~ f LL1 f LR!21b2~ f LL2 f LR!2#~11âsVI !

22b@~ f LL1 f LR!22b2~ f LL2 f LR!2#âsVII ,

D01015
b

Aa
~ f LL1 f LR!2@a~11âsVI !2~11a!âsVII #,

D11015
b2

Aa
~ f LL

2 2 f LR
2 !@a~11âsVI !2~12a!âsVII #,

with

b5b~0!5A12a, âsVI52A12B, âsVII 5B.

A, B are defined in Eqs.~4!,~5!.
For theCklmn we find
3-8
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C000052~ f LL
2 1 f LR

2 !@JIR
1 2~42a!J31~21a!J21aJ11 1

4 R1#14a fLL f LR@JIR
1 24J32J22J11 1

4 R2#,

C200052~ f LL
2 1 f LR

2 !@~12a!JIR
1 2~42a!J31~22a!J22aJ12 3

4 R1#14a fLL f LR@J21J12 3
4 R2#,

C100052~ f LL
2 2 f LR

2 !@~12a!JIR
2 1aN1022~423a!N92~425a!N822N712N616N312N2#,

C00105
1
2 C10001~ f LL

2 2 f LR
2 !@24N62aN42aN32aN21~42a!N11 1

2 R3#,

C20105C001022~ f LL
2 2 f LR

2 !R3 ,

C10105~ f LL
2 1 f LR

2 !@2~22a!JIR
1 12aJ422~825a!J322a~12a!L822a~12a!L722~413a!L6

12~423a!L512aL41a~102a!L31~826a2a2!L222~423a1a2!L1#

12a fLL f LR@2JIR
1 28J314L614L51aL31aL222~22a!L1#,

C01015
Aa

2
~ f LL

2 1 f LR
2 !@4JIR

1 2~81a!J32~82a!~12a!L72~121a!L622aL512aL4

1~81a!L31~425a!L214~22a!L1#1Aa fLL f LR@4JIR
1 2~162a!J32a~12a!L7

1~41a!L612aL51aL32~423a!L212aL1#,

C11015
Aa

2
C10001Aa~ f LL

2 2 f LR
2 !F2aN1029aN912N722N62

1

2
~121a!N31

a

2
N22~121a!N12a~11a!K8

1a~12a!K719a~12a!K623a~51a!K52~121a!K41~425a!K323~415a!K213~41a!~12a!K1G ,
where we have defined

JIR
1 5~22a!J62aJ5 ,

JIR
2 52~22a!N132aN122aN11,

R1524a~12a!L724~22a!L628~12a!L51a2L41a~213a!L32a~22a!L21~828a13a2!L1 ,

R2524L624L52aL32aL212~22a!L1 ,

R35a2N1013a~21a!N914aN322aN218~11a!N112a2K82a2~12a!K723a~12a!~21a!K6

16a~112a!K512~413a!K41~a216a28!K313a~81a!K2212a~12a!K1 .
is

a
for
Note that the integralsJIR
1 , JIR

2 , namely,J5 , J6 , N11, N12,
and N13 contain the infrared singularity. This singularity
exactly canceled out in the sum Eq.~19! by the contributions
from Dklmn . We are now ready to discuss our numeric
results.
01402
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IV. NUMERICAL RESULTS

We are now in the position to give the cross section
polarized top quark production for anye1e2 collider. Since
we did not specify the spin anglej for the top quark, we can
3-9
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predict the polarized cross section for any top quark sp
The spin configurations we will display are the helicity, t
beamline and the off-diagonal bases for center of mass e
giesAs5400, 800, and 1500 GeV. Table I contains the v
ues of the maximum center of mass speed, the runningas ,
the tree level cross section, the next to leading order c
section, and the fractionalO(as) enhancement of the tre
level cross section (k) for top quark pair production ineL

2e1

scattering. AtAs5400 GeV the QCD corrections enhan
the total cross section by;30% compared to the tree leve
results whereas at higher energies, 800 and 1500 GeV
enhancements are at the;5% level. First we will show the
numerical values for the coefficients (Dklmn1âsCklmn) in
Eq. ~19!. Since the dominant effect of theO(as) corrections
is a multiplicative enhancement of the tree level result
have chosen to write

Dklmn1âsCklmn[~11k!Dklmn
0 1Sklmn .

The (11k)Dklmn
0 terms are the multiplicative enhanceme

of the tree level result whereas theSklmn give theO(as)
deviations to the spin correlations. The numerical value
these coefficients are given in Table II. The ratiosSklmn /
(11k)Dklmn

0 are never larger than 10% and are typically

TABLE I. The values ofb, as , tree level, and next to leadin
order cross sections andk for eL

2e1 scattering.

As 400 GeV 800 GeV 1500 GeV

b 0.484 0.899 0.972
as(s) 0.0980 0.0910 0.0854
s total tree ~pb! 0.8708 0.3531 0.1047
s total O(as) ~pb! 1.113 0.3734 0.1084
k 0.2783 0.05749 0.03534

TABLE II. The values of (11k)Dklmn
0 and Sklmn for eL

2e1

scattering.

As 400 GeV 800 GeV 1500 GeV

(11k)D0000
0 1.511 1.722 1.671

(11k)D2000
0 0.2404 1.241 1.526

(11k)D1000
0 0.7809 2.126 2.406

(11k)D0010
0 0.3905 1.063 1.203

(11k)D2010
0 0.3905 1.063 1.203

(11k)D1010
0 1.751 2.963 3.197

(11k)D0101
0 1.452 1.100 0.6186

(11k)D1101
0 0.3416 0.4650 0.2807

S0000 20.002552 0.0005645 0.01172
S2000 0.007655 20.001682 20.03516
S1000 0.02154 0.01224 20.02085
S0010 0.01094 0.01586 0.008357
S2010 0.01059 20.006158 20.03614
S1010 0.004433 20.02030 20.06134
S0101 20.006564 20.04413 20.04952
S1101 0.007920 20.01270 20.02047
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order a few percent. Hence theO(as) corrections make only
small changes to the spin orientation of the top quark.

To illustrate the different spin bases we present the
quark production cross section in the three different s
bases discussed in Ref.@11#. One is the usual helicity basi
which corresponds to cosj511. The second is the beamlin
basis in which the top quark spin is aligned with the positr
in the top quark rest frame@j for the beamline basis is ob
tained from Eq.~11! with f LR50]. The third corresponds to
the off-diagonal basis which has been defined in Eq.~11!.
Note that asb→1, all of these bases coincide. Therefore,
an extremely high-energy collider, there will be no signi
cant difference between these bases.

In Fig. 8 we give the results forAs5400 GeV for both
eL

2e1 andeR
2e1 scattering using the helicity, beamline, an

off-diagonal spin bases. This figure shows the tree le
SGA, and the full QCD results for all three spin bases. Sin
the results in the SGA almost coincide with the full QC
results the probability that hard gluon emission flips the s
of the top quark is very small. Clearly, the qualitative fe
tures of the cross sections remain the same as those in
leading order analysis. That is the top quarks are produ
with very high polarization in polarizede1e2 scattering.

TABLE III. The fraction of theeL
2e1 cross section in the sub

dominant spin atAs5400 GeV for the helicity, beamline, and off
diagonal bases. For the soft gluon approximation~SGA! vmax

5(As22m)/5510 GeV.

As5400 GeV Helicity Beamline Off diagonal

Tree 0.336 0.0119 0.00124
SGA 0.332 0.0113 0.00129
O(as) 0.332 0.0115 0.00150

FIG. 8. The cross sections in the helicity, beamline, and o
diagonal bases atAs5400 GeV. Here we use a ‘‘beamline basis
in which the top quark axis is the positron direction in the top qu
rest frame, for botheL

2e1 andeR
2e1 scattering. For the SGA curve

we have usedvmax510 GeV.
3-10
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In Table III4 we give the fraction of the top quarks in th
subdominant spin configuration foreL

2e1 scattering,

s@eL
2e1→t↓X~ t̄ or t̄ g!#/sL

total

for the three bases. Similar results also hold foreR
2e1 scat-

tering.
In Figs. 9 and 10 we have plotted the similar results

800 and 1500 GeV colliders. The fraction of top quarks
the sub-dominant spin component foreL

2e1 is given in
Tables IV and V.

4In the SGA the fractions in Tables III–V have a very sm
dependence onvmax.

FIG. 10. The cross sections in the helicity, beamline, and
diagonal bases atAs51500 GeV.

FIG. 9. The cross sections in the helicity, beamline, and o
diagonal bases atAs5800 GeV.
01402
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Our numerical studies demonstrate that the QCD corr
tions have a small effect on the spin configuration of t
produced top quark~or top antiquark! for any spin basis. The
off-diagonal and beamline bases are clearly more sensitiv
the radiative corrections than the helicity basis. However
the off-diagonal basis, the top quark~and/or top antiquark!
are produced in an essentially unique spin configuration e
after including the lowest order QCD corrections.

V. CONCLUSION

We have studied theO(as) QCD corrections to top quark
production in a generic spin basis. The QCD corrections
troduce two effects not included in the tree level approxim
tion. One is the modification of the coupling of the top qua
and top antiquark tog andZ bosons due to the virtual cor
rections. The another is the presence of the real gluon e
sion process. First, we consider the QCD corrections in
soft gluon approximation to see the effects of the modifi
g/Z2t2 t̄ vertex. Using this approximation, we find the tre
level off-diagonal basis continues to make the like spin co
ponents vanish and that the effects of the included ano
lous magnetic moment are small.

Next we analyzed the full QCD corrections at one lo
level. When we consider the three particle final state, the
quark and top antiquarks are not necessarily produced b
to back. So we have calculated the inclusive top quark~top
antiquark! production. In this paper we have given an exa
analytic form for the differential cross section with an arb
trary orientation of the top quark spin.

Our numerical studies show that theO(as) QCD correc-
tions enhance the tree level result and only slightly modifi
the spin orientation of the produced top quark. In the kin
matical region where the emitted gluon has small energy
is natural to expect that the real gluon emission effects in
duce only a multiplicative correction to the tree level resu
Therefore only ‘‘hard’’ gluon emission could possibl
modify the top quark spin orientation. What we have foun

-

-

TABLE IV. The fraction of the eL
2e1 cross section in the

subdominant spin atAs5800 GeV for the helicity, beamline, an
off-diagonal bases. For the soft gluon approximationvmax

5(As22m)/5590 GeV.

As5800 GeV Helicity Beamline Off diagonal

Tree 0.168 0.0690 0.0265
SGA 0.164 0.0679 0.0272
O(as) 0.165 0.0708 0.0319

TABLE V. The fraction of theeL
2e1 cross section in the sub

dominant spin atAs51500 GeV for the helicity, beamline, an
off-diagonal bases. For the soft gluon approximationvmax5(As
22m)/55230 GeV.

As51500 GeV Helicity Beamline Off diagonal

Tree 0.132 0.0978 0.0466
SGA 0.130 0.0973 0.0472
O(as) 0.133 0.101 0.0552
3-11
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by explicit calculation, is that this effect is numerically ve
small. The size of the QCD corrections to the total cro
section and the enhancement of the tree level results ca
read off from the values ofk in Table I. At As
5400 GeV, the enhancement is;30% whereas at highe
energies, 800 and 1500 GeV, it is at the;5% level. Near the
threshold, the QCD corrections have a singular behavio
b, the speed of the produced quark, this factor enhances
value of the correction at smaller energy. The size of th
corrections is reasonable for QCD, on the other hand,
change of the orientation of top quark spin are quite sm
The deviation from the enhanced tree level result is less t
a few percent. We can, therefore, conclude that the resul
the tree level analysis are not changed even after includ
QCD radiative corrections except for a multiplicative e
hancement. This means that for the beamline and
diagonal bases, the top quark~and/or top antiquark! are pro-
duced in an essentially unique spin configuration. Actua
the fraction of the top quarks in the dominant~up! spin con-
figuration foreL

2e scattering is more than 94% at all energi
we have considered.
01402
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As has been discussed in many articles, there are st
correlations between the orientation of the spin of the p
duced top quark~top antiquark! and the angular distribution
of its decay products. Therefore, measuring the top qu
spin orientation will give us important information on the to
quark sector of the standard model as well as possible p
ics beyond the standard model.
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APPENDIX A: PHASE SPACE INTEGRALS OVER y AND z

The phase space integrals necessary to derive the cross section are summarized in this Appendix. Although man
have already appeared in the literature@14,15#, we will list all of them below for the convenience of the reader. After t
integration over the angular variables, we are left with the following four types of integrals:

Ji5E dy dz fi~y,z!, Ni5E dy dz

A~12y!22a
f i~y,z!, Li5E dy dz

~12y!22a
f i~y,z!, Ki5E dy dz

$~12y!22a%3/2
f i~y,z!.

The infrared divergences are regularized by the small gluon massl andb5A12a5A124m2/s. For the typeLi integrals,

a shorthand notationv5A(12Aa)/(11Aa) is used. TheKi integrals have a spurious singularity at the upper bound of
y integral,y1512Aa. Since this singularity turns out to be canceled out in the cross section, we regularize each inte
deforming the integration region asy1→12Aa2e @14#. Li2 is the Spence function.

ClassJ integrals:

J15E dy dz5
1

2
bS 11

1

2
aD2

1

2
aS 12

1

4
aD lnS 11b

12b D ,

J25E dy dz
y

z
5E dy dz

z

y
52

1

4
bS 52

1

2
aD1

1

2S 11
1

8
a2D lnS 11b

12b D ,

J35E dy dz
1

y
5E dy dz

1

z
52b1S 12

1

2
aD lnS 11b

12b D ,

J45E dy dz
y

z2
5E dy dz

z

y2
5

2

a
b2 lnS 11b

12b D ,

J55E dy dz
1

y2 5E dy dz
1

z252
2b

a S ln
l2

s
12 lna24 lnb24 ln 212D12S 12

3

aD lnS 11b

12b D ,

J65E dy dz
1

yz
5S 2 ln

l2

s
2 ln a14 lnb12 ln 2D lnS 11b

12b D12FLi2S 11b

2 D2Li2S 12b

2 D G13FLi2S 2
2b

12b D2Li2S 2b

11b D G .
ClassN integrals:
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N15E dy dz

A~12y!22a
512Aa2

1

2
a lnS 22Aa

Aa
D ,

N25E dy dz

A~12y!22a

z

y
52

1

2
ln a1 ln~22Aa!1

2

22Aa
22,

N35E dy dz

A~12y!22a

y

z
52b lnS 12b

11b
D 2 lnS 11b

2
D lnS 12b

2
D 1S 22

a

2
D lnS 22Aa

Aa
D

1
1

4
ln2

a

4
2Aa111Li2S 11b

2
D 1Li2S 12b

2
D 22Li2S Aa

2
D ,

N45E dy dz

A~12y!22a

y2

z2 5
2

a
~12Aa!2,

N55E dy dz

A~12y!22a
y5

1

16
@2a2 ln a12a2 ln~22Aa!14~22Aa!224~22a3/2!#,

N65E dy dz

A~12y!22a
z5

1

32F122~21a!22
21Aa

22Aa
a212~82a!a ln

Aa

22Aa
G ,

N75E dy dz

A~12y!22a

y2

z

5S 11
1

2
aD FLi2S 11b

2 D1Li2S 12b

2 D22Li2S 1

2
AaD1

1

4
ln2S 1

4
aD2 lnS 11b

2 D lnS 12b

2 D G
13b lnS 12b

11b D1
1

8
~181a!2

1

8
~202a!Aa1S 32a1

1

16
a2D lnS 22Aa

Aa
D ,

N85E dy dz

A~12y!22a

1

y
52 lnS 22Aa

Aa
D ,

N95E dy dz

A~12y!22a

1

z

5Li2S 11b

2
D 1Li2S 12b

2
D 12Li2S 2

Aa

22Aa
D 1

1

4
ln2a1 ln2S 22Aa

2
D 2 ln~11b!ln~12b!,

N105E dy dz

A~12y!22a

y

z2 5
4

a
~12Aa!,

N115E dy dz

A~12y!22a

1

y25
2

aF2 ln
l2

s
1 ln a12 ln~12Aa!24 ln~22Aa!12 ln 222G ,

N125E dy dz

A~12y!22a

1

z25
2

aF2 ln
l2

s
2 ln a12 ln~12Aa!2

11b2

b
lnS 11b

12b D12 ln 2G ,
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N135E dy dz

A~12y!22a

1

yz

5
1

b
lnS 12b

11b D F ln
l2

s
1

1

2
ln a14 ln~22Aa!24 ln~2b!22 lnS 12b

11b D G
1

1

b
ln2S ~12b!2

Aa~22Aa!
D 1

2

b
lnSAa~22Aa!

2 D lnS 2Aa~12Aa!

~12Aa2b!2D 1
2

bFLi2SAa~22Aa!

~11b!2 D
2Li2F S 12b

11b D 2G1Li2S ~12b!2

Aa~22Aa!
D G1

1

bFLi2S 11b

2 D1Li2S 2
2b

12b D2~b→2b!2
p2

3 G .

ClassL integrals:

L15E dy dz

~12y!22a
52

12a

42a
lnS 11b

12b D ,

L25E dy dz

~12y!22a

z

y
5S 211

12

42a
2

24

~42a!2D lnS 11b

12b D2
2b

42a
,

L35E dy dz

~12y!22a

y

z

5
1

2
lnS 11b

12b
D F1

2
ln a1 ln~21Aa!2 ln~11Aa!22 ln 2G1

12Aa

Aa
FLi2~v!1Li2S 21Aa

22Aa
v D 2~v→2v!G

1FLi2S 11v

2
D 1Li2S ~21Aa!

11v

4
D 1Li2S 2Aa

~21Aa!~11v!
D 2~v→2v!G ,

L45E dy dz

~12y!22a

y2

z2 5
2

aF lnS 11b

12b D22b G ,

L55E dy dz

~12y!22a
y52S 11

1

2
a2

6

42aD lnS 11b

12b D2b,

L65E dy dz

~12y!22a
z52

3a

42aS 12
2

42aD lnS 11b

12b D1
2b

42a
,

L75E dy dz

~12y!22a

1

z
5

1

Aa
FLi2~v!1Li2S 21Aa

22Aa
v D 2~v→2v!G ,

L85E dy dz

~12y!22a

y

z2 5
2

a
lnS 11b

12b D .
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ClassK integrals:

K15E dy dz

$~12y!22a%3/2
5

2~12Aa!

Aa~22Aa!2
ln

2Aa~12Aa!

e~11Aa!
2

4a

~42a!2
ln

~11Aa!~22Aa!2

2Aaa
,

K25E dy dz

$~12y!22a%3/2
y5

2~12Aa!2

Aa~22Aa!2
ln

2Aa~12Aa!

e~11Aa!
1

a2

~42a!2
ln

~11Aa!~22Aa!2

2Aaa
1 ln

2Aa

~11Aa!
,

K35E dy dz

$~12y!22a%3/2
z

5
2~12Aa!2

~22Aa!3
ln

2Aa~12Aa!

e~11Aa!
1

a~a2120a232!

2~42a!3
ln

~11Aa!~22Aa!2

2Aaa
2

1

2
ln

2Aa

~11Aa!
1

2a~12Aa!

~42a!~22Aa!2
,

K45E dy dz

$~12y!22a%3/2
yz

5
2~12Aa!3

~22Aa!3
ln

2Aa~12Aa!

e~11Aa!
1

a2~1227a!

2~42a!3
ln

~11Aa!~22Aa!2

2Aaa
2

1

2
ln

2Aa

~11Aa!
1

2

~42a!Fa
~12Aa!2

~22Aa!2
1Aa21G ,

K55E dy dz

$~12y!22a%3/2

y

z

5
2~12Aa!

a~22Aa!
ln

2Aa~12Aa!

e~11Aa!
1

~423a!

a~42a!
ln

~11Aa!~22Aa!2

2Aaa
2

1

a
ln

2Aa

~11Aa!
1

4~12Aa!

a~22Aa!
2

2b

a
lnS 11b

12b D ,

K65E dy dz

$~12y!22a%3/2

1

z

5
2

a~22Aa!
ln

2Aa~12Aa!

e~11Aa!
1

~41a!

a~42a!
ln

~11Aa!~22Aa!2

2Aaa
2

1

a
ln

2Aa

~11Aa!
1

4

a~22Aa!
2

2

ab
lnS 11b

12b D ,

K75E dy dz

$~12y!22a%3/2

y

z2
5

2

aAa
ln

2Aa~12Aa!

e~11Aa!
,

K85E dy dz

$~12y!22a%3/2

y2

z2
5

2~12Aa!

aAa
lnS 2Aa~12Aa!

e~11Aa!
D 1

4

a
lnS 2Aa

11Aa
D .

APPENDIX B: TOTAL CROSS SECTION

Let us examine the unpolarized total cross section including the top quark pairs using our formulas. It is given by

sT~e2e1→t1 t̄ 1X!5 1
4 @sT~eL

2eR
1→t1 t̄ 1X!1sT~eR

2eL
1→t1 t̄ 1X!#.
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Note that onlyk50,2 andl ,m,n50 terms in Eq.~19! contribute to the total cross section. Integrating over the angleu, we get

sT~eL
2eR

1→t1 t̄ 1X!5
pa2

s
bF ~ f LL1 f LR!2~32b2!S 11âsH VI2

6

32b2
VII 1

2

b
JIR

1 2
8

b
J31

8

b~32b2!
J2J D

12~ f LL2 f LR!2b2S 11âsH VI12VII 1
2

b
JIR

1 2
8

b
J31

2~32b2!

b3
J21

2a

b3
J1J D G .

The cross section for the processeR
2eL

1 is obtained by interchanging the coupling constantL↔R in the above expression
Parametrizing the total cross section as

Rt~s![S 1

spt
DsT~e2e1→t1 t̄ 1X!5Rt

~0!~s!1
as~s!

p
C2~R!Rt

~1!~s!1•••,

wherespt54pa2/3s, we get the following numerical results at the c.m. energiesAs5400,500,1500 GeV:

As ~GeV! Rt
(0)(s) C2(R)Rt

(1)(s)

400 1.0083 8.9963
500 1.4190 6.0267
1500 1.7714 2.2911

These are consistent with the results in Ref.@16#.
.

ys

,

r-

t
r-

.
.
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