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Top quark production at future lepton colliders in the asymptotic regime
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The production of at t̄ pair from lepton-antilepton annihilation is considered for values of the center of mass
energy much larger than the top-quark mass, typically of a few TeV size. In this regime a number of simpli-
fications occur that allow us to derive the leading asymptotic terms of various observables using the same
theoretical description that was used for light quark production. Explicit examples are shown for the standard
model and the minimal supersymmetric standard model cases.
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I. INTRODUCTION

In a number of recent papers@1–3#, the production of
lepton-antilepton and quark-antiquark pairs from lepto
antilepton colliders was considered at the one-loop le
with special emphasis on the ‘‘asymptotic’’ leading behav
of various observables in the case of ‘‘light’’~i.e.,
u,d,s,c,b) quarks. This analysis was performed both for t
standard model~SM! and for the minimal supersymmetri
standard model~MSSM! cases, and the results are fully i
lustrated in Refs.@1–3#. In particular, it was stressed that th
leading asymptotic behavior is not provided by the kno
renormalization group~RG! logarithms alone, but from the
overall term which is obtained adding to the RG linear log
rithms those of the so-called ‘‘Sudakov-type’’@4#. The latter
ones are both of quadratic and of linear type in the SM,
only of linear type in the supersymmetric~SUSY! additional
contributions that appear in the extra relevant one-loop
grams. In the case of final bottom-quark–bottom-antiqu
production, it was stressed that important linear logarithm
contributions that are also proportional to the squared t
quark mass~and, for SUSY diagrams, also to the squar
bottom mass! cannot be neglected, and their numerical eff
was illustrated in several figures of Ref.@3#, where special
emphasis was given to the ‘‘asymptotic’’ energy region b
tween 3 and 5 TeV, which is supposed to be covered by
future CERN Linear Collider~CLIC! accelerator@5# and,
possibly, by a future muon collider@6#.

A very useful ingredient that was used in the theoreti
analysis of Refs.@1–3# is the possibility of exploiting an
approach in which several gauge-invariant combinations
one-loop quantities~self-energies, vertices, and boxes! are
‘‘subtracted’’ at theZ peak. This introduces as theoretic
input quantities~widths, asymmetries! that have been mea
sured with extreme precision at the CERNe1e2 collider
LEP1, and SLAC Linear Collider~SLC!. The reward is that
of decreasing systematically the number of theoretical
0556-2821/2001/63~5!/053013~14!/$15.00 63 0530
-
l,
r

-

t

-
k
c
-

t

-
e

l

f

-

rameters that appear in theoretical models beyond the
and of leaving, as one-loop functions, quantities that
from the beginning gauge invariant and finite@7#, as illus-
trated in previous references@8#. In principle, this approach
can only be used for final fermion-antifermion pairs that c
be physically produced at theZ peak. Because of this appa
ently rigid criterion, it was not applied until now to the cas
of final top-quark–top-antiquark production.

The aim of this preliminary paper is that of showing tha
if one only considers the ‘‘asymptotic’’ few TeV regime, it i
possible to treat top-quark–top-antiquark production by
same theoretical approach that was used to describe the
duction of bottom-quark–bottom-antiquark with the on
formal replacement, as a theoretical input, of the~forbidden!
Z decay width into top-quark–top-antiquark with the ava
ableZ decay into charm-anticharm. The only residual the
retical difference is that asymptotic regime description w
be provided by known and calculated one-loop vertices c
taining the squared top-quark~and bottom-quark! mass. This
will allow us to provide theoretical prediction for sever
observables of the process, in the few TeV regime, for b
the SM and the MSSM cases, thus completing the alre
available treatment given for ‘‘light’’ fermion production in
previous references.

Technically speaking, the paper will be organized as f
lows. Section II will contain a brief kinematical descriptio
of the process and of its simplifications in the asympto
regime. In Sec. III the relevant one-loop diagrams giving r
to the leading asymptotic contributions will be given for th
separate SM and MSSM cases. Section IV will contain
numerical predictions for various observables, and finall
short conclusive discussion is made in Sec. V. T
asymptotic expressions of the relevant quantities that de
mine the observables of the process are given in Appen
A; the definitions of the helicity amplitudes and of the o
servables specific to the finalt t̄ state can be found in Appen
dix B.
©2001 The American Physical Society13-1
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II. GENERAL DESCRIPTION OF t t̄ PRODUCTION
FROM l¿lÀ ANNIHILATION

In full generality,t t̄ production froml 1l 2 annihilation at
one-loop differs from light fermion production because tw
new structures appear in the theoretical description that a
consequence of the non-negligible top-quark mass. This
be visualized in two equivalent ways, either by considerin
‘‘conventional’’ formalism ~similar to that used in the ligh
quark case! or by introducing the helicity amplitudes@9#, that
are now experimentally more meaningful as the final to
quark polarization can be measured. To understand the o
of the extra structures, it will be sufficient to consider t
theoretical expansion of a one loop vertex similar to t
represented in Figs. 1 or 2, with either a photon or aZ en-
tering the bubble. In full generality, withCP-conserving in-
teractions one can associate to that diagram the quantity

Gm
X52eXFgm~gVt

X 2gAt
X g5!1

dX

mt
~p2p8!mG , ~2.1!

whereX5g, Z, eg5ueu, eZ5ueu/2sWcW andp, p8 represent
the outgoingt, t̄ momenta;gVt

X , gAt
X , dX areO(a) one-loop

contributions which in general areq25(p1p8)2 dependent.
The two new quantitiesdX enter because the top mass can
now be neglected and appear in the various theoretical
pressions at one loop, making the overall number of indep
dent amplitudes of the process to increase from four~in
massless fermion production! to six. This is because th
three independent coefficients of Eq.~2.1! will be combined
with the two independent coefficients (gVl

X , gAl
X ) of the initial

~massless! lepton vertex.
Starting from this general statement, it is now relative

easy to provide the expressions that appear at one loop,
in the helicity amplitudes formalism. This procedure, whi
would be essential for a general description at ‘‘modera
c.m. energies, will be fully developed in a dedicated for
coming paper@9#. But for the specific purposes of a
‘‘asymptotic’’ energy description, there will be a welcom
simplification. In fact, it is possible to see immediately fro
the structure of the one-loop Feynman diagrams that,in the
specific casesof the SM and in the MSSM, the coefficien
of the new extra Lorentz structure (p2p8)m vanish at large
q2 as 1/q2, while those of the ‘‘conventional’’ Lorentz struc
tures (gm, gmg5) can produce either quadratic or linear log

FIG. 1. Triangle SM diagrams contributing to the asympto
logarithmic behavior in the energy;f representt or b quarks,B
representW6, F6 or Z, G0, HSM . The arrow corresponds to th
momentum flow of the indicated particle.
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rithms. Therefore, the leading terms oft t̄ production at
‘‘asymptotic’’ energies are exactly those that would be co
puted in a ‘‘conventional’’ scheme in which the new ‘‘sca
lar’’ component of Eq.~2.1! has been neglected, andfour
independent gauge-invariant combinations survive that
formally, equivalent to those of the final light quark case.

At the one loop level, the amplitude of the processl 1l 2

→t t̄ receives corrections to the tree level contribution due
photon andZ exchange which consist in photon andZ self-
energy corrections, initiall 1l 2 and final t t̄ vertex correc-
tions ~including external fermion self-energies! and l 1l 2t t̄
box contributions. Following the procedure of Ref.@7#, we
combine these various contributions into four terms wh
have the same structure as the one loop photon andZ self-
energy corrections to the transverse propagators, usually
noted as

Pmn
i j ~q2!52gmnAi j ~q2![2gmn@Ai j ~0!1q2Fi j ~q2!# ~2.2!

( i , j referring to photon andZ), so that the asymptotic invari
ant scattering amplitude reads

Alt
(1)(V,A only)~q2,u!5 j t

m(g)F 1

q2 @12F̃ lt
gg~q2,u!#G j m,l

(g)

1 j t
m(Z)F 1

q22mZ
2S 12

Ãlt
ZZ~q2,u!

q22mZ
2 D G j m,l

(Z)

2 j t
m(Z)F 1

q22mZ
2

Ãlt
gZ~q2,u!

q2 G j m,l
(g)

2 j t
m(g)F 1

q22mZ
2

Ãlt
Zg~q2,u!

q2 G j m,l
(Z), ~2.3!

wherej l ,t
m(g,Z) are the conventional Lorentz structures used

a basis for the decomposition of the general amplitudes@7#

j m, f
(g) 52ueuQfgm , ~2.4!

j m, f
(Z) 52

ueu
2sWcW

gm~gV, f
0 2gA, f

0 g5! ~2.5!

with gV, f
0 5I f

3v f , gA, f
0 5I f

3 , v f5124uQf usW
2 .

The four quantitiesF̃ lt
gg(q2,u), Ãlt

ZZ(q2,u), Ãlt
gZ(q2,u),

and Ãlt
Zg(q2,u) are the generalized photon andZ one-loop

self-energies, defined in Ref.@7#, which contain also vertex
and box contributions@10#, and thus ensure the gauge inva
ance of the description.

Starting from these quantities one will now generalize
f 5t the treatment which was done in Ref.@7# in order to
construct the four ‘‘subtracted’’ gauge-invariant functio
D̃a,l f (q

2,u), Rl f (q
2,u), Vl f

gZ(q2,u), andVl f
Zg(q2,u). It is at

this point that one introduces the inputs,a(0) for the pure
photon part, as well as theZ partial widthsG(Z→ f f̄ ) and the
effective anglesW, f

2 ~obtained from the asymmetries in th

channell 1l 2→ f f̄ ), measured inZ-peak experiments, for the
pure Z and for the twog-Z and Z-g mixed terms as ex-
plained in Ref.@7#.

In fact for the photon componentD̃a,l t(q
2,u) the subtrac-

tion is still performed atq250, leaving as theoretical inpu
3-2



i-

nt

o
,

’
c-

ce
a
ro

fer-
,
of

ant

t

ral.
ght-
the

ark
s
ro-
fer-
m-

Y
th
al

or

TOP QUARK PRODUCTION AT FUTURE LEPTON . . . PHYSICAL REVIEW D63 053013
a~0! and one-loop quantities that will depend also onmt
2

~and, in principle, onmb
2):

D̃a,l t~q2,u!5F̃ lt
gg~0,u!2F̃ lt

gg~q2,u! ~2.6!

with

F̃ lt
gg~q2,u!5Flt

gg~q2!2~Gm,l
(g), j m,l

(g)!2~Gm,t
(g), j m,t

(g)!

2q2Agg,l t
(box)~q2,u!, ~2.7!

where the notation (G, j ) means the projection of the contr
bution to the initial or to the final vertexG „which, asymp-
totically, will be of the typegm@a(q2)2b(q2)g5#… on the
element j of the basis, as given by Eqs.~2.4!, ~2.5!, and
Agg,l t

(box)(q2,u) is the similar projection of thel 1l 2→t t̄ box
contribution on the elementj l

(g) j t
(g) of the basis@7#.

To illustrate the treatment of the three remaining qua
ties, we consider briefly the case ofÃlt

(ZZ)(q2,u) and write its
theoretical expression adding and subtracting the analog
quantity Ãlc

(ZZ)(q2,u). After straightforward manipulations
this will lead to the following situation.

~a! The theoretical input which will appear in the ‘‘Born’
term will be identical with that of charm-anticharm produ
tion, in the sense that it will contain the partial width ofZ
into cc̄, exactly as in Ref.@7# for f 5c.

~b! The residual one-loop quantity will be the differen
between the nonuniversal vertices and boxes of top-qu
production and the corresponding quantities of charm p
duction. In the notation of Ref.@7#, this will correspond to
the introduction of a ‘‘modified’’ gauge-invariantR̂lt func-
tion defined in terms of the generalizedZZ self-energy as

FIG. 2. Triangle diagrams with SUSY Higgs and with SUS
partners contributing to the asymptotic logarithmic behavior in
energy; f representt or b quarks;S represent charged or neutr

Higgs bosonsH6, A0, H0, h0, or GoldstoneG0; f̃ represent stop or
sbottom states;x represent charginos or neutralinos. The arrow c
responds to the momentum flow of the indicated particle.
05301
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R̂lt~q2,u!5Rlc~q2,u!2@Gm,t
(Z)~q2!2Gm,c

(Z) ~q2!, j m,t
(Z)#

2~q22mZ
2!@AZZ,l t

box ~q2,u!2AZZ,lc
box ~q2,u!# ~2.8!

with the c-quark function

Rlc~q2,u!5I Z,lc~q2,u!2I Z,lc~MZ
2 ,u! ~2.9!

involving the generalizedZZ function for the production of a
cc̄ pair

I Z,lc~q2,u!5
q2

q22MZ
2@ F̃ lc

Z ~q2,u!2F̃ lc
Z ~MZ

2 ,u!#. ~2.10!

A quite analogous procedure can be used for the inter
ence termsVgZ and VZg. Without entering the full details
this leads to the introduction in the theoretical input
forward-backward asymmetry of theZ decay into charm-
anticharm and to the introduction of a new gauge-invari
function

V̂lt
Zg~q2,u!5Vlc

Zg~q2,u!2@Gm,t
(Z)~q2!2Gm,c

(Z) ~q2!, j m,t
(g)#

2~q22mZ
2!@AZg,l t

box ~q2,u!2AZg,lc
box ~q2,u!#

~2.11!
with

Vlc
Zg~q2,u!5

Ãlc
Zg~q2,u!

q2
2

Ãlc
Zg~MZ

2 ,u!

MZ
2

, ~2.12!

Ãlc
Zg~q2,u!

q2
5

AgZ~q2!

q2
2

q22MZ
2

q2
@Gm,l

(g)~q2!, j m,l
(Z)#

2@Gm,c
(Z) ~q2!, j m,c

(g) #2~q22MZ
2!AZg,lc

(box)~q2,u!.

~2.13!

The other interference termVgZ does not require specific
tricks, as in the case of the photon componentD̃a,l t(q

2,u).
Its theoretical expression can be written in fact as

Vlt
gZ~q2,u!5

Ãlt
gZ~q2,u!

q2
2

Ãlt
gZ~MZ

2 ,u!

MZ
2

~2.14!

with

Ãlt
gZ~q2,u!

q2
5

AgZ~q2!

q2
2S q22MZ

2

q2 D @Gm,t
(g)~q2!, j m,t

(Z)#

2@Gm,l
(Z)~q2!, j m,l

(g)#2~q22MZ
2!AgZ,l t

(Box)~q2,u!

~2.15!

and in Eq.~2.15! no final ~top! vertices or boxes appear a
mZ

2 .
The previous equations that we wrote are quite gene

From their expressions one can now determine in a strai
forward way the related asymptotic behaviors. To obtain
latter ones, it will be sufficient to add to the ‘‘light’’c quark
functions, already computed in Refs.@1,3# the extra nonuni-
versal terms coming from the difference between top-qu
vertices and charm vertices~the difference between boxe
will vanish asymptotically since the latter ones are not p
ducing massive terms, as already illustrated in those re
ences!. This means that the only extra quantities to be co

e

-

3-3
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puted for the specific purposes of this paper are
asymptotic ‘‘Sudakov-type’’ linear logarithms proportion
to the squared top-quark and bottom-quark masses com
from the final top vertex. Their expressions will be given
the following section.

III. MASSIVE ONE-LOOP CONTRIBUTIONS
FROM FINAL TOP VERTICES

For the specific purposes of this paper we shall only
interested in those contributions to the process oft t̄ produc-
S
ub
nd

r.
re

05301
e

ng

e

tion that come from final top-quark vertices and are prop
tional either to the squared top-quark mass or~in practice,
only for the SUSY case! to the squared bottom-quark mas
These are coming from the diagrams shown in Fig. 1 for
SM and in Fig. 2 for the extra SUSY component of th
MSSM, that we consider separately in this paper. Using
conventional definitions@1# of the one-loop vertexiGm , we
derive the components of the leading asymptotic beha
that are proportional to the quark masses following the sa
procedure that was used in Ref.@3#. The results are given by
the following equations:
Gm
g ~SM, massive!→ ea

24pMW
2 sW

2 ln q2$mt
2@~gmPL!12~gmPR!#1mb

2~gmPL!%, ~3.1!

Gm
Z~SM, massive!→ ea

96pMW
2 sW

3 cW
ln q2$~324sW

2 !mt
2~gmPL!28sW

2 mt
2~gmPR!1~324sW

2 !mb
2~gmPL!%, ~3.2!

Gm
g ~x, massive!→ ea

24pMW
2 sW

2 ln q2$mt
2~11cot2 b!@~gmPL!12~gmPR!#1mb

2~11tan2 b!~gmPL!%, ~3.3!

Gm
Z~x, massive!→ ea

96pMW
2 sW

3 cW
ln q2$~324sW

2 !mt
2~11cot2 b!~gmPL!28sW

2 mt
2~11cot2 b!~gmPR!

1~324sW
2 !mb

2~11tan2 b!~gmPL!%, ~3.4!

Gm
g ~H !→ ea

24pMW
2 sW

2 ln q2$mt
2~cot2 b!@~gmPL!12~gmPR!#1mb

2~ tan2 b!~gmPL!%, ~3.5!

Gm
Z~H !→ ea

96pMW
2 sW

3 cW
ln q2$~324sW

2 !mt
2~cot2 b!~gmPL!28sW

2 mt
2~cot2 b!~gmPR!

1~324sW
2 !mb

2~ tan2 b!~gmPL!%, ~3.6!
l
rs
are

am-
where PL,R5(17g5)/2. ~H! denotes the contribution from
the SUSY charged and neutral Higgs bosons of the MS
~the contribution from the SM Higgs boson has been s
tracted! and (x) denotes the contribution from charginos a
neutralinos of the model.

Equations~3.1!–~3.6! are the new results of this pape
Note that the total MSSM massive contributions just cor
spond to the SM ones with themt

2 terms being multiplied by
2(11cot2 b) and the mb

2 terms by 2(11tan2 b), a rule
which had already been observed in Ref.@3#:

Gm
g ~MSSM, massive!→ ea

12pMW
2 sW

2 ln q2$mt
2~11cot2 b!

3@~gmPL!12~gmPR!#

1mb
2~11tan2 b!~gmPL!%, ~3.7!
M
-

-

Gm
Z~MSSM, massive!

→ ea

48pMW
2 sW

3 cW
ln q2$~324sW

2 !

3mt
2~11cot2 b!~gmPL!

28sW
2 mt

2~11cot2 b!~gmPR!

1~324sW
2 !mb

2~11tan2 b!~gmPL!%. ~3.8!

It should be stressed that, as already remarked in Ref.@3#,
in the leadingasymptotic SUSY ‘‘Sudakov’’ logarithms al
the details of the MSSM, in particular the mixing paramete
appearing in the chargino and neutralino mass matrices,
washed out in the largeq2 limit, and are ‘‘reshuffled’’ in
subleading constant terms. The only supersymmetric par
3-4
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TOP QUARK PRODUCTION AT FUTURE LEPTON . . . PHYSICAL REVIEW D63 053013
eter of the model that survives asymptotically is tanb. This
will affect the observables of top-quark–top-antiquark p
duction in a potentially interesting way that will be full
examined in the final discussion.

To obtain the expressions of the various observables
the processl 1l 2→t t̄ , one has to add the above massi
contributions to those coming from the massless quark s
ation ~in our case, that corresponding to charm productio!.
The overall terms are incorporated into the four gau
invariant quantitiesD̃a,l t , R̂lt , Vlt

gZ , V̂lt
Zg from which all the

observables at one loop can be built in the asymptotic reg
of the t t̄ production process. We have listed the various c
tributions in Appendix A, in the following order; first, th
SM contributions, universal~RG! terms, nonuniversal mass
less terms and nonuniversal massive (mt

2 andmb
2 dependent!

terms; secondly, the additional SUSY contributions split in
the same three groups.

Starting from the formulas of Appendixes A and B it
now possible to derive the theoretical predictions for
leading asymptotic behavior of the observables of the p
cess. These are exhibited in the following final Sec. IV.

IV. ASYMPTOTIC BEHAVIOR OF THE OBSERVABLES
OF t t̄ PRODUCTION

As compared to the light quark case, another new fea
of the processl 1l 2→t t̄ is the availability of a richer set o
observables which are experimentally measurable. The
quark essentially decays intoW1b and from the distribu-
tions of these final particles it is possible to reconstruct
polarization state. In general it can have longitudinal a
transverse~inside and normal to the production plane! com-
ponents@12#. It is convenient to describe this polarizatio
state and to compute the corresponding decay distribut
through the helicity formalism by constructing the spin de
sity matrix; see, for example, a recent discussion in R
@13#. Measurements of the corresponding polarization
grees would constitute new tests of the top-quark produc
mechanism.

So for the processl 1l 2→t t̄ we can consider two sets o
observables. First, we have computed the one-loop eff
for the same set previously considered in the case of l
05301
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quarks: the integratede1e2→t t̄ cross section denoted b
s t , the forward backward asymmetryAFB,t , the longitudinal
polarization asymmetryALR,t and its forward-backward po
larization asymmetry@11# At . Second, we have considered
new set of observables related to the top-quark polarizat
In the high-energy regime only the longitudinal compone
of the top-quark polarization survives, the transverse po
ization degree vanishes likemt /Aq2. So we have computed
the averaged top helicityHt , its forward-backward asymme
try Ht,FB , as well as the same two observablesHt

LR , Ht,FB
LR

in the case of longitudinally polarizedl 6 beams. Their defi-
nition in terms of the top-quark spin density matrix as well
the general expression of the helicity amplitudes are give
Appendix B; more details will be found in Ref.@9#.

The results for the asymptotic behavior of each obse
able are given by the following equations with the vario
terms grouped in the following order: first in SM, the R
with the mass scalem, followed by the linear and quadrati
Sudakov (W diagrams! terms, the linear and quadratic Sud
kov (Z diagrams! terms and finally the linear Sudakov ter
arising from the quadraticmt

2 contribution; then, in bold
face, the SUSY contributions, first the RG~SUSY! term with
the mass scalem, then the linear Sudakov~SUSY! mt- and
mb-independent term~scaled by the common massM ), the
linear Sudakov~SUSY! term arising from the quadraticmt

2

contribution ~scaled by a common massM 8) and in curly
brackets the same term to which themb

2 tan2 b contribution is
added successively for tanb510 and for tanb540. This
was done in order to show precisely the origin of the diffe
ence between the total SM prediction and the total SU
part.We have chosen to use for simplicity common m
scalesM and M 8 because of the present ignorance of t
physical masses of the charginos, neutralinos, and sferm
appearing in the triangle diagrams of Fig. 2 as well as th
of the charged and neutral Higgs bosons appearing toge
with the top quark and the bottom quark. A change of ref
ence scale is equivalent to the addition of an asymptotic
negligible constant term; see Refs.@3# and @9# for a discus-
sion of this point.

We first consider the four observables constructed fr
the differential cross section without measuring the final to
quark polarization. In the following equations the vario
‘‘subtracted’’ Born termsOB are defined in terms of the
Z-peak inputs as explained in Sec. II:
s t5s t
BH 11

a

4p F ~8.87N233.16!ln
q2

m2 1S 22.79 ln
q2

MW
2 25.53 ln2

q2

MW
2 D 1S 3.52 ln

q2

MZ
2 21.67 ln2

q2

MZ
2D

214.21 ln
q2

mt
21~4.44 N111.09!ln

q2

m2
210.09ln

q2

M2242.63$215.33%$227.48% ln
q2

M 82G J , ~4.1!

s t
B50.182 pb/q2~TeV2!, ~4.2!
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AFB,t5AFB,t
B 1

a

4pH ~0.45N24.85!ln
q2

m2 2S 1.79 ln
q2

MW
2 10.17 ln2

q2

MW
2 D 2S 1.26 ln

q2

MZ
2 10.06 ln2

q2

MZ
2D

10.61 ln
q2

mt
21~0.22 N11.29!ln

q2

m2
20.23ln

q2

M211.83$0.54%$20.68% ln
q2

M 82J , ~4.3!

AFB,t
B 50.607, ~4.4!

ALR,t5ALR,t
B 1

a

4pH ~2.06N222.43!ln
q2

m21S 14.75 ln
q2

MW
2 23.54 ln2

q2

MW
2 D 1S 0.40 ln

q2

MZ
2 20.49 ln2

q2

MZ
2D

13.79 ln
q2

mt
21~1.03 N15.95!ln

q2

m2
24.03ln

q2

M2111.36$3.36%$24.23% ln
q2

M 82J , ~4.5!

ALR,t
B 50.336, ~4.6!

At5At
B1

a

4pH ~1.82N219.77!ln
q2

m21S 8.68 ln
q2

MW
2 22.76 ln2

q2

MW
2 D 1S 0.09 ln

q2

MZ
2 20.45 ln2

q2

MZ
2D

13.69 ln
q2

mt
21~0.91 N15.25!ln

q2

m2
23.20ln

q2

M2111.06$3.27%$24.11% ln
q2

M 82J , ~4.7!

At
B50.164. ~4.8!
co
p-

,
fo
his
o
c

t

be

in
We have then considered the four other observables
structed from the final top-quark helicity and defined in A
pendix B. In the asymptotic regime~i.e., neglectingmt

2/q2

terms and new Lorentz structures! we notice that, if there
were no box contributions introducing extrau dependences
these four observables would be exactly related to the
previous ones. This is obvious from the fact that, in t
limit, there are only four independent combinations of ph
ton andZ coupling which describe the differential cross se
tion for any top-quark or top-antiquark helicity~denotedG1 ,
G2 , G4, and G5 in Ref. @14#!. The relations would be the
following ones:

Ht
no box[2

4

3
At

no box, ~4.9!

Ht,FB
no box[2

3

4
ALR,t

no box, ~4.10!
t

05301
n-

ur

-
-

Ht
LR,no box[2

4

3
AFB,t

no box, ~4.11!

Ht,FB
LR,no box[2

3

4
. ~4.12!

At nonasymptotic energies relations~4.10! and ~4.12!,
contrarily to Eqs.~4.9! and ~4.11!, should be affected no
only by box effects, but also bymt

2/q2 terms and by contri-
butions from the new Lorentz structures; more details will
given in Ref.@9#.

Taking the SM box contributions into account we obta
to the following results:
Ht5Ht
B1

a

4pH ~22.42N126.36!ln
q2

m21S 215.90 ln
q2

MW
2 13.67 ln2

q2

MW
2 D 1S 20.74 ln

q2

MZ
2 10.59 ln2

q2

MZ
2D

24.91 ln
q2

mt
21~21.21 N27.00!ln

q2

m2
14.27ln

q2

M2214.74$24.36%$15.49% ln
q2

M 82J , ~4.13!

HB520.219, ~4.14!
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Ht,FB5Ht,FB
B 1

a

4pH ~21.55N116.81!ln
q2

m21S 27.82 ln
q2

MW
2 12.65 ln2

q2

MW
2 D 1S 0.23 ln

q2

MZ
2 10.37 ln2

q2

MZ
2D

22.84 ln
q2

mt
21~20.77 N24.46!ln

q2

m2
13.02ln

q2

M228.52$22.52%$13.17% ln
q2

M 82J , ~4.15!

Ht,FB
B 520.252, ~4.16!

Ht
LR5Ht

LR,B1
a

4pH ~20.59N16.46!ln
q2

m21S 21.91 ln
q2

MW
2 10.23 ln2

q2

MW
2 D 1S 0.70 ln

q2

MZ
2 10.08 ln2

q2

MZ
2D

20.81 ln
q2

mt
21~20.30 N21.71!ln

q2

m2
10.31ln

q2

M222.44$20.72%$10.91% ln
q2

M 82J , ~4.17!

Ht
LR,B520.809, ~4.18!

Ht,FB
LR 5Ht,FB

LR,B1
a

4pH ~0!ln
q2

m21S 3.24 ln
q2

MW
2 1~0!ln2

q2

MW
2 D 1S 0.50 ln

q2

MZ
2 1~0!ln2

q2

MZ
2D 1~0!ln

q2

mt
2

1~0!ln
q2

m2
1~0!ln

q2

M21~0!ln
q2

M 82J , ~4.19!

Ht,FB
LR,B520.750. ~4.20!
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One can check that, indeed apart from the two SM co
ficients of ln(q2/MW

2 ) and ln(q2/MZ
2), affected by the box con

tributions, all other coefficients, as well as the ‘‘Born’’ term
satisfy the relations~4.9!–~4.12!. In particular Eq.~4.12! is
responsible for the appearance of the various zeros in
~4.19!. So the physical content of the four observables c
structed with the top-quark helicity is almost the same as
of the polarized differential cross section. The importance
the angular dependence in the SM box contribution can
appreciated from the size of the nonzero coefficients in
~4.19! and will be illustrated in a figure given below. A com
parison with experimental data on top quark polarizat
should be useful for a confirmation of the results obtain
from the cross section and the asymmetries and should
stitute a check of the model~SM or MSSM! and of the ab-
sence of unexpectedly large asymptotic contributions.

Equations~4.1!–~4.20! are the main result of this pape
To better appreciate their message, we have plotted in F
3–10, the asymptotic terms, with the following conventio
for the cross section, we show the relative effect; for asy
metries and helicities, the absolute effect. To fix a scale,
also write in the figure captions the value of the~asymptotic!
‘‘Born’’ terms and we have putm5MZ for the RG terms and
M5M 85mt for the SUSY terms. The plots have bee
drawn in an energy region between one and ten TeV.

We have plotted the overall SM value, the overall MSS
value for purposes of comparison, and the approximate
pressions that would be obtained by only retaining
asymptotic RG logarithms in both cases. From inspection
these figures a number of conclusions can be drawn. T
are listed in the final Sec. V.
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V. CONCLUSIONS

In this paper we have extended to the case of the pro

e1e2→t t̄ the study of the high-energy behavior of fou
fermion processes that we had undertaken in previous w
for the case of light fermions. First we have shown how t
Z peak subtracted representation can still be used to des
this process, by taking as inputs the measurements of
charm-anticharm process at theZ-peak, and by putting inside

FIG. 3. Relative effects ins t due to the asymptotic logarithmic
terms. The Born expression for largeq2 is 182 fb/(q2/TeV2).
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the subtracted functions the difference between thet t̄ and
thecc̄ one loop effects. We have then applied this method
order to obtain well-defined predictions for the high-ener
behavior of the various observables that can be experim
tally studied ine1e2→t t̄ . We have made illustrations with
the one loop effects that appear in the SM and in the MSS
The results of this investigation are now summarized.

~1! The leading electroweak effect at the one loop leve
quite sizeable in the TeV region in all observables, with
only ~expected! exception of the forward-backward asymm
try, where the squared Sudakov logarithms are practic
vanishing, as a consequence of a general rule already
cussed in Ref.@3#. The effect increases with energy, follow
ing a trend that is drastically different from that of th
smooth and much smaller pure RG approximation, an
appears therefore to be essentially governed by the var

FIG. 4. Absolute effects inAFB,t due to the asymptotic logarith
mic terms. The Born value for largeq2 is 0.607.

FIG. 5. Absolute effects inALR,t due to the asymptotic logarith
mic terms. The Born value for largeq2 is 0.336.
05301
n
y
n-

.
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e
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is-

it
us

logarithms of ‘‘Sudakov-type.’’
~2! The leading effects for top-quark production are sy

tematically larger than those in the corresponding lepton
‘‘light’’ ( u,d,s,c,b) quark production observables. This
valid both in the SM and in the MSSM situation. In the latt
case, top production exhibits also in the leading terms a d
tic dependence on tanb, much stronger than that of bottom
production~shown in Ref.@3#!.

~3! The validity of a one loop perturbative expansion f
top production seems to us neither too likely nor too unlike
in the TeV regime. Around one TeV, all the effects are su
stantially under control~e.g., below the 10% level, assume
to be a rough threshold for the reliability of the approxim
tion!. In the CLIC region~3–5 TeV! the 10% boundary is
systematically crossed, and the effect in the MSSM can re
values varying from 15–20 % in the cross section, depend
on tanb ~the SM effect is smaller in this case; an oppos

FIG. 6. Absolute effects inAt due to the asymptotic logarithmic
terms. The Born value for largeq2 is 0.164.

FIG. 7. Absolute effects inHt due to the asymptotic logarithmic
terms. The Born value for largeq2 is 20.219.
3-8
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situation characterizes the two polarization asymmetri!.
For the specific purposes of a very high precision test,
would strongly motivate a~hard! two loop calculation of the
most relevant~in practice, the logarithms of ‘‘Sudakov
type’’! effects@15#. On the other hand, one could argue th
possible neglected terms, e.g., constant ones, might so
how reduce the size of the effect. Our personal feeling, m
tivated by the previous experience for light fermion produ
tion @1,2#, is that in the SM case these extra terms can red
the effect, but not drastically~i.e., at the few percent reduc
tion level!. In the MSSM case, this feeling remains to
investigated in some more detail, although it is confirmed
a partial previous analysis performed in Ref.@3#. Certainly, if
one moves to the 10 TeV region, where the leading lo
rithms should provide a rather reliable approximation,
40% relative effect in the top cross section shown in Fig

FIG. 8. Absolute effects inHt,FB due to the asymptotic logarith
mic terms. The Born value for largeq2 is 20.252.

FIG. 9. Absolute effects inHt
LR due to the asymptotic logarith

mic terms. The Born value for largeq2 is 20.809.
05301
is

t
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ce
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3

appears hardly compatible with a one-loop truncation of
electroweak perturbative expansion.

~4! The strong dependence on tanb of the leading
asymptotic terms appears to be a special characteristic o
top-quark production in the TeV regime. This is a cons
quence of the ‘‘massive’’ linear logarithms of ‘‘Sudakov
type,’’ proportional tomt

2 ~and also in the SUSY case, t
mb

2) and generated by the final top-quark vertex. To visual
the numerical dependence, we have plotted in Figs. 11
the variation of the leading effects with tanb, at the ‘‘CLIC
reference point’’Aq253 TeV. As one sees, the numeric
dependence has some features that appear to us poten
interesting. Assuming a typical ‘‘visibility parameter’’ o
1%, that corresponds to an integrated luminosity of ab
103 fb21, we notice that:

~a! The effect should be largely visible~e.g., it is around

FIG. 10. Absolute effects inHt,FB
LR due to the asymptotic loga

rithmic terms~only SM box terms contribute!. The Born value for
largeq2 is 20.750.

FIG. 11. Relative effects ins t due to the asymptoticmt
2 andmb

2

logarithmic terms versus tanb, at Aq253 TeV.
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the 10% level when tanb varies from 1 to 10! in the case of
the cross sections t ; it remains less strongly but still poten
tially visible in the polarized asymmetriesAt

LR and At

~around the few percent level varying tanb from 1 to 10!; it
is irrelevant~10 times smaller! in At,FB .

~b! It varies from214 to25 and from25 to 29% in s t
and from14 to 11 and from11 to 21% in the polarized
asymmetriesAt

LR andAt when tanb varies from 1 to 10 and
from 10 to 40. Therefore, it is in principle sensitive to th
large tanb region.

These features, if retained by a more complete appr
mation, e.g., that includes possible constant terms, wo
make top-quark production in the CLIC regime a promisi

FIG. 12. Absolute effects inAt
LR due to the asymptoticmt

2 and
mb

2 logarithmic terms versus tanb, at Aq253 TeV.
05301
i-
ld

and, in a certain sense, unique ‘‘tanb detector.’’ A dedicated
analysis with this specific purpose is already being activ
performed@9#.
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APPENDIX A: ASYMPTOTIC LOGARITHMIC
CONTRIBUTIONS IN THE MSSM

1. SM contributions

In order to allow an easy comparison of the above SU
contributions with the SM ones we now recall, in the ne
three subsections, the results obtained in Refs.@1,2# for the
same four gauge invariant functions.

a. Universal SM contributions

D̃a
(RG)~q2,u!→ a~m2!

12p S 32

3
N221D ln S q2

m2D , ~A1!

R(RG)~q2,u!→2
a~m2!

4psW
2 cW

2 S 20240cW
2 132cW

4

9
N

1
122cW

2 242cW
4

6 D ln S q2

m2D , ~A2!

VgZ
(RG)~q2,u!5VZg

(RG)~q2,u!

→ a~m2!

3psWcW
S 10216cW

2

6
N1

1142cW
2

8 D ln S q2

m2D .

~A3!
b. mt,b-independent terms in SM nonuniversal contributions to l¿lÀ\tt̄ (same as in uū, cc̄)

D̃a,l f
(S) ~q2,u!→ 5a

4p
ln

q2

MW
2 1

a

12p
ln2

q2

MW
2 1

a~22v l
22v t

2!

64psW
2 cW

2 S 3 ln
q2

MZ
22 ln2

q2

MZ
2D 2

a

2p S ln2
q2

MW
2 12 ln

q2

MW
2 ln

11cosu

2 D
2

a

256pQfsW
4 cW

4 ~12v l
2!~12v t

2!ln
q2

MZ
2 ln

11cosu

12cosu
, ~A4!

Rl f
(S)~q2,u!→2

3a

4psW
2 S 12

5sW
2

3 D ln
q2

MW
2 2

a

4psW
2 S 12

sW
2

3 D ln2
q2

MW
2 2

a~213v l
213v t

2!

64psW
2 cW

2 S 3 ln
q2

MZ
2 2 ln2

q2

MZ
2D

1
acW

2

2psW
2 S ln2

q2

MW
2 12 ln

q2

MW
2 ln

11cosu

2 D 1
a

4psW
2 cW

2 v lv t ln
q2

MZ
2 ln

11cosu

12cosu
, ~A5!

VgZ,l f
(S) ~q2,u!→ a

8pcWsW
F ~3210cW

2 !ln
q2

MW
2 2S 11

2

3
cW

2 D ln2
q2

MW
2 G2Fav l~12v l

2!

128psW
3 cW

3 1
auQtuv t

8psWcW
G S 3 ln

q2

MZ
2 2 ln2

q2

MZ
2D

1
acW

2psW
S ln2

q2

MW
2 12 ln

q2

MW
2 ln

11cosu

2 D 1
a

32psW
3 cW

3 v t~12v l
2!ln

q2

MZ
2 ln

11cosu

12cosu
, ~A6!
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VZg,l f
(S) ~q2,u!→ a

8pcsF ~10sW
2 29!ln

q2

MW
2 2S 12

2

3
sW

2 D ln2
q2

MW
2 G2F av t~12v t

2!

128puQtusW
3 cW

3 1
av l

8psWcW
G S 3 ln

q2

MZ
22 ln2

q2

MZ
2D

1
acW

2psW
S ln2

q2

MW
2 12 ln

q2

MW
2 ln

11cosu

2 D 1
a

32pQtsW
3 cW

3 v l~12v t
2!ln

q2

MZ
2 ln

11cosu

12cosu
, ~A7!
io

-
,

utral
s

se

ns.
ms

otal
in
wherev l5124sW
2 , v t5124uQtusW

2 . In each of the above
equations, we have successively added the contribut
coming from triangles containing one or twoW, from tri-
angles containing oneZ, from WW box and finally fromZZ
box.

c. mt,b-dependent terms in nonuniversal SM contributions
to l¿lÀ\tt̄

D̃a,l t~q2!→D̃a,lc~q2!2
a

24psW
2

ln q2

3F ~322sW
2 !

mt
2

MW
2

12sW
2

mb
2

MW
2 G , ~A8!

Rlt~q2!→Rlc~q2!1
a

16psW
2

ln q2F S 11
4sW

2

3 D mt
2

MW
2

1S 12
4sW

2

3 D mb
2

MW
2 G , ~A9!

VgZ,l t~q2!→VgZ,lc~q2!2
acW

12psW
ln q2S mt

2

MW
2

2
mb

2

MW
2 D ,

~A10!

FIG. 13. Absolute effects inAt due to the asymptoticmt
2 andmb

2

logarithmic terms versus tanb, at Aq253 TeV.
05301
ns VZg,l t~q2!→VZg,lc~q2!2
a

16psWcW
ln q2S 12

4sW
2

3 D
3S mt

2

MW
2

2
mb

2

MW
2 D . ~A11!

2. Additional SUSY contributions

a. Universal (g,Z-self-energy) SUSY contributions

They arise from the bubbles~and associated tadpole dia
grams! involving internal L and R sleptons and squarks
charginos, neutralinos, as well as the charged and ne
Higgs and Goldstone bosons~subtracting the standard Higg
boson contribution!

D̃a
univ~q2!→ a

4p S 31
16N

9 D ln q2, ~A12!

Runiv~q2!→2
a

4psW
2 cW

2 F13226sW
2 118sW

4

6

1~326sW
2 18sW

4 !
2N

9 G ln q2, ~A13!

VgZ
univ~q2!5VZg

univ~q2!

→2
a

4psWcW
F13218sW

2

6
1~328sW

2 !
2N

9 G ln q2,

~A14!

whereN is the number of slepton and squark families. The
terms contribute to the RG effects.

We then consider the nonuniversal SUSY contributio
These are the contributions coming from triangle diagra
connected either to the initiall 1l 2 or to the finalt t̄ lines,
and containing SUSY partners, sfermionsf̃ , charginos or
neutralinosx i , or SUSY Higgs bosons~see Fig. 2!; external
fermion self-energy diagrams are added making the t
contribution finite. These nonuniversal terms consist
mt,b-independent terms and inmt,b-dependent terms~qua-
dratic mt

2 andmb
2 terms! given below.
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b. mt,b-independent terms in SUSY contributions to l¿lÀ\tt̄
(same as for uū, cc̄)

D̃a,l t~q2!→ a

p
ln q2

271182sW
2

72cW
2 , ~A15!

Rlt~q2!→ a

p
ln q2

27267sW
2 182sW

4

72sW
2 cW

2 ,

~A16!

VgZ,l t~q2!→ a

p
ln q2

632200sW
2 1 164sW

4

144sWcW
3 ,

~A17!

VZg,l t~q2!→ a

p
ln q2

812240sW
2 1164sW

4

144sWcW
3 .

~A18!

c. mt,b-dependent terms in SUSY contributions to l¿lÀ\tt̄

D̃a,l t~q2!→D̃a,lc~q2!2
a

24psW
2

ln q2

3F ~322sW
2 !~112 cot2 b!

mt
2

MW
2

12sW
2

mb
2

MW
2 ~112 tan2 b!G , ~A19!

Rlt~q2!→Rlc~q2!1
a

16psW
2

ln q2F S 11
4sW

2

3 D ~1

12 cot2 b!

3
mt

2

MW
2

1S 12
4sW

2

3 D mb
2

MW
2 ~112 tan2 b!G ,

~A20!

VgZ,l t~q2!→VgZ,lc~q2!2
acW

12psW
ln q2S mt

2

MW
2 ~112 cot2 b!

2
mb

2

MW
2 ~112 tan2 b!D , ~A21!

VZg,l t~q2!→VZg,lc~q2!2
a

16psWcW
ln q2S 12

4sW
2

3 D
3S mt

2

MW
2 ~112 cot2 b!2

mb
2

MW
2 ~112 tan2 b!D .

~A22!
05301
3. Nonuniversal massive MSSM contribution

Finally we find it interesting to sum up all the massivemt
2

andmb
2 terms appearing in the MSSM~SM and SUSY non-

universal massive contributions tol 1l 2→t t̄ ). We remark
that the net effect as compared to the SM result is a fa
2(11cot2 b) for the mt

2 term and a factor 2(11tan2 b) for

themb
2 one, a rule similar to the one observed in thebb̄ case

@3#:

D̃a,l t~q2!→D̃a,lc~q2!2
a

12psW
2

ln q2F ~322sW
2 !~11cot2 b!

3
mt

2

MW
2

12sW
2

mb
2

MW
2 ~11tan2 b!G , ~A23!

Rlt~q2!→Rlc~q2!1
a

8psW
2

ln q2F S 11
4sW

2

3 D ~11cot2 b!

3
mt

2

MW
2

1S 12
4sW

2

3 D mb
2

MW
2 ~11tan2 b!G , ~A24!

VgZ,l t~q2!→VgZ,lc~q2!2
acW

6psW
ln q2S mt

2

MW
2 ~11cot2 b!

2
mb

2

MW
2 ~11tan2 b!D , ~A25!

VZg,l t~q2!→VZg,lc~q2!2
a

8psWcW
ln q2S 12

4sW
2

3 D
3S mt

2

MW
2 ~11cot2 b!2

mb
2

MW
2 ~11tan2 b!D .

~A26!

APPENDIX B: HELICITY AMPLITUDES AND TOP SPIN
DENSITY MATRIX

A generic invariant amplitude

A5
e2

q2ū~ t !FgmgVt
g 1

dg

mt
~p2p8!mGv~ t̄ !• v̄~ l !gmgVl

g u~ l !

1
e2

4sW
2 cW

2 ~q22mZ
2!

ū~ t !Fgm~gVt
Z 2gAt

Z g5!

1
dZ

mt
~p2p8!mGv~ t̄ !• v̄~ l !gm~gVl

Z 2gAl
Z g5!u~ l ! ~B1!

leads to the helicity amplitude
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F~l l ,l t ,l t̄ !5~2l l !e
2Aq2H gVl

g

q2 FgVt
g ~2mt sinudl t ,l t̄

2Aq2~l t2l t̄ !cosu22l lAq2dl t ,2l t̄
!2

dg

mt
b t

2q2 sinudl t ,l t̄ G
1

gVl
Z 22l lgAl

Z

4sW
2 cW

2 ~q22mZ
2!

H gVt
Z @2mt sinudl t ,l t̄

2Aq2~l t2l t̄ !cosu22lAq2dl t ,2l t̄
#

1gAt
Z b tAq2

„cosudl t ,2l t̄
12l l~l t2l t̄ !…2

dZ

mt
b t

2q2 sinudl t ,l t̄J J , ~B2!
e

is

le

re

y

rk

f the
f.

he
wherel l[l l 2[2l l 156 1
2 , l t56 1

2 , l t̄56 1
2 and the nor-

malization is such that the differential cross section is giv
by

ds

d cosu
5

b tNt

64pq2 $~12PP8!@rU~1,1 !1rU~2,2 !#

1~P2P8!@rLR~1,1 !1rLR~2,2 !#% ~B3!

with b t5A124mt
2/q2. Nt is the color factor 3, times the

QCD correction factor. The top-quark spin density matrix
defined as

rU~l t ,l t8![
1

2
rL1R~l t ,l t8!

5
1

2 (
l t̄

FFS l l52
1

2
,l t ,l t̄ D

3F* S l l52
1

2
,l t8 ,l t̄ D1FS l l51

1

2
,l t ,l t̄ D

3F* S l l51
1

2
,l t8 ,l t̄ D G ~B4!

for unpolarizedl 6 beams, and

rLR~l t ,l t8![
1

2
rL2R~l t ,l t8!

5
1

2 (
l t̄

FFS l l52
1

2
,l t ,l t̄ D

3F* S l l52
1

2
,l t8 ,l t̄ D2FS l l51

1

2
,l t ,l t̄ D

3F* S l l51
1

2
,l t8 ,l t̄ D G ~B5!

for longitudinally polarizedl 2 and l 1 beams with degreesP
andP8, respectively.

From Eq.~B3! one constructs the usual four observab
s t , AFB,t , ALR,t , and At . But from the density matrices
Eqs.~B4!, ~B5! one can also construct other observables
lated to the final top-quark polarization.
05301
n

s

-

At largeq2 the top-quark polarization is only described b
its helicity ~the transverse polarization vanishes!. So one de-
fines the following observables.

~a! With unpolarizedl 1l 2 beams: the averaged top-qua
helicity

Ht5

E @rU~1,1 !2rU~2,2 !#d cosu

E @rU~1,1 !1rU~2,2 !#d cosu

. ~B6!

Its forward-backward asymmetry

Ht,FB5

E
F2B

@rU~1,1 !2rU~2,2 !#d cosu

E @rU~1,1 !1rU~2,2 !#d cosu

. ~B7!

~b! The same two quantities for the left-rightl 2 polariza-
tion asymmetry. The averaged polarized top helicity

Ht
LR5

E @rLR~1,1 !2rLR~2,2 !#d cosu

E @rU~1,1 !1rU~2,2 !#d cosu

, ~B8!

and its forward-backward asymmetry

Ht,FB
LR 5

E
F2B

@rLR~1,1 !2rLR~2,2 !#d cosu

E @rU~1,1 !1rU~2,2 !#d cosu

. ~B9!

These quantities can be measured through the decay o
top quark intoW1b, see, for example, the discussion in Re
@13#.

In the asymptotic regime, theZ-peak subtraction method
described in Sec. II implies the following expressions for t
effective photon andZ couplings to be used in Eq.~B2!:

ueugVl
g →A4pa~0!QeF11

1

2
D̃a,l t~q2,u!G , ~B10!
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ueugVt
g →A4pa~0!QtF11

1

2
D̃a,l t~q2,u!G ,

~B11!

ueu
2sWcW

gVl
Z →2

ṽ l

2
g l

1/2F12
1

2
R̂lt~q2,u!2

4sWcW

ṽ l

Vlt
gZG ,

~B12!

ueu
2sWcW

gAl
Z →2

1

2
g l

1/2F12
1

2
R̂lt~q2,u!G , ~B13!

ueu
2sWcW

gVt
Z → ṽc

2
gc

1/2F12
1

2
R̂lt~q2,u!2

8sWcW

3ṽc

V̂lt
ZgG ,

~B14!
C.

C.

.

.

uo

e-
,

05301
ueu
2sWcW

gAt
Z → 1

2
gc

1/2F12
1

2
R̂lt~q2,u!G , ~B15!

where ṽ f5124uQf usW, f
2 , sW, f

2 being the effective angle

measured atZ peak in the channell 1l 2→ f f̄ , and

g f[
48pG~Z→ f f̄ !

NZ fMZ~11 ṽ f
2!

, ~B16!

NZ f being the color factor 3, times the QCD correction fac
in the f f̄ channel at theZ peak. Complete results includin
nonasymptotic contributions and new Lorentz structures w
be given in a forthcoming paper@9#.
si,
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