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We calculate the correction to q§ — tt of order g?m?/M%,. This correction, proportional to the
square of the Higgs-boson Yukawa coupling to the top quark, arises from loops of Higgs bosons and
the scalar component of virtual vector bosons. The Yukawa correction to the total ¢ production
cross section at the Fermilab Tevatron in the standard Higgs model is found to be much less than
the theoretical uncertainty in the cross section. However, in a two-Higgs-doublet model, Yukawa
couplings are generally enhanced. The Yukawa correction can increase the total ¢t production cross
section in this model by as much as 20-35 %, which is potentially observable at the Tevatron.

PACS number(s): 13.85.Ni, 12.15.Cc, 12.15.Ji, 14.80.Gt

I. INTRODUCTION

In the standard electroweak model, the strength of the
weak interaction is comparable to that of the electro-
magnetic interaction at energies of the order of the weak-
vector-boson masses. However, the sector of the weak in-
teraction which generates the fermion masses my is char-
acterized by a coupling of strength gmy/Mw,, where g is
the weak coupling. This is the strength of the Yukawa
coupling of the Higgs boson to the fermions, as well as
that of real longitudinal vector bosons and the scalar
component of virtual vector bosons to the fermions. If
the top-quark mass is much greater than the W-boson
mass, this Yukawa-strength coupling is sufficiently large
that it could produce noticeable effects in processes in-
volving the top quark.

The generation of the fermion masses, as well as the
weak-vector-boson masses, is one of the outstanding puz-
zles of the electroweak theory. The top-quark coupling
to the Higgs boson is a remnant of the mechanism which
generates the top-quark mass. The observation of effects
produced by this coupling is therefore a window on the
top-quark mass-generating mechanism. The top quark
could provide us with the first clue towards solving the
mystery of mass generation.

In the standard Higgs model, a single Higgs doublet
provides masses to the fermions and the weak vector
bosons. Consequently, Yukawa couplings are fixed in
terms of the corresponding fermion mass and the W-
boson mass. However, in a two-Higgs-doublet model, the
Higgs bosons which come from the doublet which pro-
vides mass to a given fermion generally have enhanced
Yukawa couplings to that fermion. This results in a more
pronounced effect of the fermion mass-generating mech-
anism on physical processes.

In this paper we investigate the Yukawa-strength cor-
rection to top-quark production at the Fermilab Teva-
tron. With the Main Injector, it may be possible to
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detect a top quark as heavy as 250 GeV at the Teva-
tron. The dominant production mechanism for a heavy
top quark (m; > 150 GeV) at the Tevatron is quark-
antiquark annihilation [1]; we therefore restrict our atten-
tion to this process. The diagrams which contribute to
this correction are shown in Fig. 1. The dashed lines rep-
resent the Higgs boson and the unphysical scalar bosons,
in Landau gauge, associated with the vector bosons.
The Yukawa correction to the top-quark cross section is
proportional to g?m?/M%,, and dominates the ordinary
weak correction, of O(g?), in the large m; limit.

In the Landau gauge, the vector-boson propagator is
entirely spin one, and the scalar component of the vir-
tual vector boson is represented by the massless un-
physical scalar boson (Goldstone boson). In this gauge,
the interactions of Yukawa strength are isolated in the
Higgs-boson and unphysical-scalar-boson couplings to
the fermions. Real (but not virtual) longitudinal vector
bosons also effectively couple to fermions with Yukawa
strength.

The Yukawa correction to tf production in the stan-
dard Higgs model is discussed in Sec. II. In Sec. III we
discuss the correction in a two-Higgs-doublet model, both
in general and in the minimal supersymmetric model. We
present our conclusions in Sec. IV. Analytic expressions
for the loop corrections are given in an Appendix.
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FIG. 1. Diagrams which contribute to the Yukawa correc-
tion to gg — tf. The dashed lines represent the Higgs boson
and the unphysical scalar Z and W bosons in Landau gauge.
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II. STANDARD HIGGS MODEL

The Yukawa correction to the gqg — tf amplitude (see Fig. 1) is contained in the correction to the matrix element
of the top-quark color current. The general form for this matrix element, consistent with current conservation, is

i(ps)[*4v(ps) = —ig, [ﬂ(Ps)TAv"v(m)

2
1 e "
- ( gt ) ——a(p3)TA[VA* + Tio* q, + A(v*q® — 2meq*)ys + Pyso* g ]v(ps) |

oMy ) (4m)2

where ps and ps are the outgoing momenta of the top quark and top antiquark, ¢ = ps + p4, the form factors V,
T, A, and P are functions of ¢*> = s, T4 is an SU(3) matrix [Tr(TAT?) = 164P], and we have factored out the
couplings and loop factors. The chromoelectric-dipole form factor (P) is C'P violating, and vanishes at one loop. The
chromocharge (V'), chromomagnetic (T'), and chromoanapole (A4) form factors are given in an Appendix.

The differential cross section for ¢g — tf, summed over final and averaged over initial colors and spins, is

Re{2V|[(p1 - p3)® + (p2 - p3)® + mipy - p2] + mes®T},

do 81
o @aiﬁ [(Ih ‘P3)2 + (p2 ‘Pa)z + mt2p1 D2
__g'mi
64m2 M3,

where p; and p; are the incoming momenta of the
quark and antiquark, z is the cosine of the scatter-
ing angle between the quark and the top quark, and
B = (1—4m?/s)'/2. The parity-violating chromoelectric-
dipole (P) and chromoanapole (A) form factors do not
contribute to the unpolarized cross section at one loop.

In Fig. 2 we show the percentage change in the cross
section, as a function of the ¢f invariant mass, for m; =
150 GeV and My = 60, 200, and 800 GeV. The contribu-
tions of the Higgs boson and the unphysical scalar Z and
W bosons are shown separately. The Higgs-boson contri-
bution near threshold is large and positive for a relatively
light Higgs boson. This is due to the Yukawa potential
formed between the top quark and top antiquark by the
exchange of the Higgs boson, a phenomenon that has
been studied in ete™ — tf near threshold [2-4]. The ex-
change of the unphysical scalar Z and W bosons does not
lead to a similar effect, in the first case because the inter-
action is pseudoscalar, in the second because the interac-
tion changes the top quark to a bottom quark. Exchange
of the unphysical scalar Z boson produces a potential
which vanishes in the nonrelativistic limit, so its contri-
bution vanishes at threshold. The unphysical-scalar-W-
boson contribution is negative and almost constant over
the range shown. The Higgs-boson contribution is also
negative far above threshold.

To obtain the Yukawa correction to the top-quark pro-
duction cross section at the Tevatron, one convolutes the
subprocess cross section with parton distribution func-
tions. For completeness, one must also consider cor-
rections of order g?m2/M3, to the parton distribution
functions. The parton distribution functions are ex-
tracted from deep-inelastic scattering, Drell-Yan, and di-
rect photon production [5]. Terms of order g?m?2/MZ,
can potentially arise from the top-quark contribution to
weak-vector-boson vacuum polarization. However, when

r
charged-current processes are expressed in terms of G,
these terms are absorbed into the coupling, since the
same vacuum-polarization diagram occurs in muon de-
cay. Neutral-current processes do have corrections of
O(g*>m?2 /M%) via the p parameter [6],

g*m?

p=143-3 0
647r2M§V

but presently there are no neutral-current processes from
which information on the parton distribution functions
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FIG. 2. Change in the cross section for q@ — t%, due to the
Yukawa correction, as a function of the tf invariant mass, for
m: = 150 GeV. The contributions of the Higgs boson and the
unphysical scalar Z and W bosons are shown separately.
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is extracted. Thus there is no Yukawa correction to the
parton distribution functions at this time.

To obtain the correction to the total top-quark pro-
duction cross section at the Tevatron, we weight the cor-
rection to the subprocess cross section with the parton
distribution functions and integrate over all ¢f invariant
masses. The quark and antiquark distribution functions
are evaluated at =z ~ 2mt/\/§ ~ 0.1 — 0.2, where they
are well measured. We present our numerical results with
the Morfin-Tung leading-order parton distribution func-
tions [7]. The resulting change in the total cross section
is shown in Fig. 3 for m; = 150, 200, and 250 GeV, as
a function of the Higgs-boson mass. Because the parton
distribution functions and the subprocess cross section
fall off with increasing tf invariant mass, only the region
within a few hundred GeV of threshold is numerically sig-
nificant when we integrate over My;. The positive con-
tribution from the Higgs boson is largely compensated
by the negative contribution from the unphysical scalar
W boson, so the correction to the total cross section is
much smaller than the typical correction at fixed invari-
ant mass. The unphysical Z boson makes a negligible
contribution. The contribution from a very light Higgs
boson (Mg < 100 GeV) is reduced because the Yukawa
enhancement is peaked very close to threshold, where the
cross section is suppressed by phase space. The correc-
tion is largest for My = 125 GeV, but is at most +2.4%
for m; < 250 GeV.

The radiation of a real Higgs boson [8-10] or longi-
tudinal vector boson [9,10] from a top quark is also a
correction to top-quark production of Yukawa strength.
We have calculated these processes and found that they
are negligible at the Tevatron. The parton distribution
functions are steeply falling at large masses, so the emis-
sion of an additional massive particle is suppressed.

The uncertainty in the top-quark total cross section
at the Tevatron is due to the uncertainty in a, and the
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FIG. 3. Change in the total cross section, due to the
Yukawa correction, for pp — tf + X at the Tevatron, vs the
Higgs-boson mass.
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uncalculated next-to-next-to-leading order QCD correc-
tion [1,11]. The net uncertainty is estimated to be about
+20% [12], much greater than the Yukawa correction to
the total cross section. We conclude that the Yukawa
correction to the total cross section is unobservable at
the Tevatron for m; < 250 GeV.

Because the ordinary weak corrections to deep-inelastic
scattering, Drell-Yan, and direct-photon production are
not included in the extraction of the parton distribution
functions, the ordinary weak correction to the gz — tt
cross section does not represent a complete calculation
of the ordinary weak correction to the hadronic #f cross
section. The ordinary weak correction, as well as the
Yukawa correction which we have evaluated, was calcu-
lated in Ref. [13], and numerical results were given for
the correction to the g — t£ and gg — tf cross sections.
These results agree with ours in the region a few hundred
GeV above threshold, although the threshold region is
not shown in sufficient detail to allow a comparison. That
study notes that there is a large negative correction to
the cross sections at very large tf invariant masses. Since
we do not find such a result from the Yukawa correc-
tion, it is presumably due to the ordinary weak correc-
tion, enhanced by a large infrared logarithm, In> MZ2/s.
However, the large-invariant-mass region makes a negligi-
ble contribution to the total hadronic cross section. We
question the estimate of a negative 10-20% correction
to the ¢t production cross section at the CERN Large
Hadron Collider (LHC) for m; = 200 GeV quoted in
that work. At the LHC and the Superconducting Super
Collider (SSC) gg — tf is the dominant top-quark pro-
duction mechanism, so we cannot give a result for the
Yukawa correction at these machines.

The W-gluon fusion process, Wg — tb, is also a copi-
ous source of top quarks at the Tevatron, especially for
large m, [14]. However, once cuts are made in an effort
to identify the signal, the rate for top-quark production
via W-gluon fusion falls below that of ¢gg — ¢ [15,16].

The full weak correction to ete™ — t£, including the
Yukawa correction, is given in Ref. [17]. The correction
is comparable to the correction found here for fixed tt
invariant mass. The correction in the threshold region is
studied in Ref. [18].

III. TWO-HIGGS-DOUBLET MODEL

The simplest extension of the Higgs sector of the stan-
dard electroweak model that does not conflict with exper-
iment is a two-Higgs-doublet model [19]. The tree-level
relation p = M2, /(M2 cos? Oy) = 1 is satisfied automat-
ically, as in the one-doublet model [20]. In order to avoid
Higgs-boson-mediated tree-level flavor-changing neutral
currents, it is necessary to require that fermions of a
given electric charge receive their mass from only one of
the Higgs doublets [21]. Since M3, = $¢%(v} +v3), both
v; and ve must be less than v, the vacuum-expectation
value of the one-doublet model. The Yukawa couplings of
a given fermion to the Higgs scalars which come from the
doublet ¢; that provides mass to that fermion are pro-
portional to my /v;, and are therefore naturally enhanced.
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Thus one may obtain an enhanced Yukawa correction to
top-quark production in a two-Higgs-doublet model.

The two-Higgs-doublet model has five physical Higgs
bosons, in addition to the unphysical scalar Z and W
bosons. There are two scalars h and H, a pseudoscalar
A, and two charged scalars H*. With regard to their
coupling to the top quark, the pseudoscalar and charged
scalars are massive versions of the unphysical scalar Z
and W bosons, respectively, but with the coupling factors
given in Table I. It is conventional to choose ¢, to give
mass to the top quark, and to define tan 8 = va/vy; the
top-quark Yukawa couplings are therefore enhanced for
small 3. The two scalar Higgs bosons have the same
quantum numbers, and mix with a mixing angle a. The
couplings of the unphysical scalar Z and W bosons are
unchanged from the one-doublet model.

If 3 is sufficiently small, processes mediated by charged
Higgs bosons may be enhanced such that they conflict
with experiment. The strongest constraint appears to
come from the lack of observation of b — sv [22,23]. For
small 3, the upper limit on b — sv requires a charged-
Higgs-boson mass greater than several hundred GeV, de-
pending on the model and the top-quark mass [23]. To
avoid a large correction to the p parameter we must set
Ma = Mg+ [24], so the pseudoscalar Higgs boson must
also be heavy.

A sufficiently small value of 3 also yields a Yukawa cou-
pling which is so strong that perturbation theory is unre-
liable. Consider the zeroth partial wave of the ¢ elastic
scattering amplitude, keeping only the terms which are
enhanced for small 3 [25]:

3Gpm?s cos? a sin? a cos? 3
87r\/§sin2ﬁ S—M}% S—Mlz{ S—Mi

ag =

Applying the unitarity condition |Re ag| < 1/2 in the
energy regime MI%,H < s € M3 implies [26]

3Gpmt2
a7/2

This gives § > 0.21, 0.28, 0.36 for m,; = 150, 200, 250
GeV, respectively. Although 8 may be less than these
values in principle, we believe that they correspond to
the largest Yukawa correction that is physically allowed.

In order to ascertain the maximum Yukawa correction
to top-quark production at the Tevatron that one can ex-
pect in a two-Higgs-doublet model, we set 3 to its mini-
mum value and set Mg+ = M4 = 600 GeV. The contri-
butions of the Higgs bosons to the form factors are given

sin? 8 >

TABLE I. Factors associated with the top-quark Yukawa
couplings in a two-Higgs-doublet model.

htt Z?jg
Htf zﬁl{g
At an s
HY% —= 3

by the same expressions as in the one-doublet model, but
with Mg — Mp g, Mz — Ma, and Mw — Mg+, and
multiplied by the square of the associated coupling factor
in Table 1. Since the couplings of the unphysical scalar
bosons are not enhanced, their contribution is negligible.
As with the unphysical scalar Z boson in the one-doublet
model, the pseudoscalar-Higgs-boson contribution is neg-
ligible, for all M,4. Recall that in the one-doublet model
the positive contribution of the Higgs boson was largely
compensated by the negative contribution of the unphysi-
cal scalar W boson. For small 3, the charged Higgs boson
plays the role of the unphysical scalar W boson; however,
since it must be heavy, its (negative) contribution is sup-
pressed. Thus, as long as both Higgs scalars are rela-
tively light, or there is one light scalar whose coupling to
the top quark is not suppressed by the mixing angle a,
we can expect a large, positive Yukawa correction in the
two-Higgs-doublet model for small 3.

We show in Fig. 4 the maximum correction to the tf
total cross section at the Tevatron, for M; = My, as a
function of the common scalar-Higgs-boson mass. The
mixing angle o drops out for equal scalar masses. The
correction is increased considerably over the standard-
model correction, as large as +23%, +28%, +35% for
m = 150, 200, 250 GeV. These corrections to the total
cross section are potentially observable at the Tevatron,
and could be used to set limits on the parameters of a
two-Higgs-doublet model.

The Higgs sector of the minimal supersymmetric stan-
dard model is a special case of a two-Higgs-doublet
model, and is specified by just two parameters (at the
tree level), which we can take to be Mg+ and 3 [19]. For
large Mg+, a = 3—%, so that for small 3 the H Yukawa
coupling is enhanced while that of h approaches the one-
doublet-model value. For large Mg+, H is also heavy
(it is nearly degenerate in mass with the charged Higgs
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MA =600 GeV
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FIG. 4. Maximum change in the total cross section, due
to the Yukawa correction in a two-Higgs-doublet model,
for pp — tt + X at the Tevatron, vs the common
scalar-Higgs-boson mass.
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FIG. 5. Same as Fig. 4, but in the minimal supersymmet-
ric two-Higgs-doublet model, and vs the charged-Higgs-boson
mass.

boson), so its contribution is suppressed. Thus we do
not find as large a Yukawa correction to top-quark pro-
duction at the Tevatron in this model as in the generic
two-Higgs-doublet model.

We show in Fig. 5 the maximum correction to the total
top-quark production cross section at the Tevatron, as a
function of the charged-Higgs-boson mass, in the minimal
supersymmetric two-Higgs-doublet model, obtained by
setting 3 to its minimum value for each top-quark mass.
For a light charged Higgs boson, there is a cancellation
between the contribution of the charged Higgs boson and
the scalar Higgs bosons, as mentioned above. The dip at
Mg+ = my; is due to the rapid variation of the charged-
Higgs-boson form factor at the threshold for ¢ — bH ™.
The implied lower limit on the charged-Higgs-boson mass
from searches for Z — Z*h at LEP is indicated in the
figure [27]. The upper bound on b — sy [22] implies
Mg+ > 500 GeV [23,28], although the contribution of
supersymmetric particles to this process is not included
in this bound [29]. The correction to the total cross sec-
tion does not exceed 20% for any value of Mg+, and is
therefore unlikely to be observable at the Tevatron, un-
less there is significant progress in the calculation of the
total cross section. Furthermore, in the currently popu-
lar grand-unified supergravity models, tan 3 tends to be
large rather than small [30].

The full weak correction to ete™ — tf in a two-Higgs-
doublet model, including the Yukawa correction, is given
in Ref. [31], and the full weak correction near threshold
is given in Ref. [32].

IV. CONCLUSIONS

We have calculated the correction of Yukawa strength,
g’m?/M%Z,, to the total top-quark production cross sec-
tion at the Fermilab Tevatron. In the standard Higgs

model, the correction is less than +2.4% for m; < 250
GeV, much less than the theoretical uncertainty in the
cross section.

The Yukawa correction to the total top-quark produc-
tion cross section can be significantly enhanced in a two-
Higgs-doublet model, if the doublet which generates the
top-quark mass has a small vacuum-expectation value.
Corrections as large as +23%,+28%,+35% for m; =
150, 200, 250 GeV are obtained. Assuming a theoreti-
cal uncertainty in the cross section of £20% from QCD,
these corrections are potentially observable, and could be
used as evidence for, or to place restrictions on, a two-
Higgs-doublet model. A measurement of the total cross
section with systematic and statistical errors less than
420% would be required. If one specializes to the mini-
mal supersymmetric two-Higgs-doublet model, one finds
that the correction never exceeds 20%.

The top quark may provide a window on mass genera-
tion in the weak interaction. It is worthwhile to explore
the different signatures of the top-quark mass-generating
mechanism in top-quark production at the Tevatron. The
calculation of the Yukawa correction to the total top-
quark production cross section is a first step in this di-
rection.

Note added in proof. The upper bound on the inclusive
b — s+ branching fraction has recently been lowered to
5.4x107* [35]. This slightly increases the lower bound on
the charged-Higgs-boson mass for a given value of tan 8 <
1, and therefore does not alter the conclusions of this
paper.
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APPENDIX

Below we give the form factors for the matrix element
of the top-quark current. We separately list the contri-
bution from the Higgs boson and the unphysical scalar Z
and W bosons, of mass Mz and Mw ('t Hooft-Feynman
gauge). We set Mz and Mw to zero (Landau gauge) in
the numerical calculations, as described in the Introduc-
tion. In a two-Higgs-doublet model, the pseudoscalar-
Higgs-boson (A) and the charged-Higgs-boson (H*) form
factors are given by the unphysical scalar Z- and W-
boson form factors, with Mz — M4 and Mw — Mg,
and multiplied by the square of the associated coupling
factor in Table I. The same is true of the two scalar Higgs
bosons (h, H) of the two-Higgs-doublet model with re-
spect to the Higgs-boson form factor.

The form factors are written in terms of the usual one-,
two-, and three-point scalar loop integrals Ag, By, and
Coy [33]. The integrals were evaluated with the code F'F'
[34], whose notation we have adopted.
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1. Higgs boson (scalar Higgs bosons)

5 [Mf Bo(mi, M, m}) — Ao(Mf) + Ao(m{)] + (4mf — M) By(mi, M, m})

V(s —4m?)? = (s — 4m?)? [
+[Ao(MFy) — Ao(m))][=2(s — 4m)] + Bo(m], M, m{)[sMf; — 8sm — 16mi My + 32my]
+Bo(m2,m?, s) [——s + sM} + 10sm? + 8mZM% — 32m;
+Co(m2,m2, M%,s,m2 m2)[4s®m? + sMp; — 32sm} + 12smi M7 + 8mIMp — 48mi M} + 64my)

1
+§s(s —4m?),

T(s— 4mt)2 = [Ao(MF) — Ao(m?)] + 25+ 5M7F — 8mf]

1 2 B, 2 M2 2 M12'I

2m?(s—4mt)+ o(my, Mg, m;) _s2mf
3

+Bo(m2,m?,s) —53—3MH+6mt + Co(m?2,m?, M}, s,m?, m?)[-3sM% — 3Mz + 12mZM7]

1
'—'5(3—47'"12),

2. Unphysical scalar Z boson (pseudoscalar Higgs boson)
V(s — 4m?)? = (s — 4m3)? {2 S [M3 Bo(m?, M2, m?) — Ag(M3) + Ao(m?)] — M3By(m?, M3, m?)
+[Ao(MZ) — Ao(m?)][~2(s — 4m?)] + Bo(m?, MZ, m?)[sM} — 16m?M3]
1
+Bo(m?Z, m?,s) [—53 + sM% + 2sm? + SthZ]
1
+Co(m2,m2, M2, s,m? m2)[sMy + 4smIM% + 8mIM} — 16m;M3] + —s(s —4m?),

2

M
p (s = 4m?) + Bo(m?, M, mf) |~
mi

1
T(s — 4mi)? 5 = [Ao(M) — Ao(m)) + 53]
t

1
+Bo(m2,m2, 5) [~s 3MZ — 2m2| + Co(m?2, m2, MZ, 5, m2, m2)[—sMZ — 3M? + 4m? MZ]

2
—% (s — 4m?),
A=0
3. Unphysical scalar W boson (charged Higgs boson)
1
V(s —4m)? = (s — 4m})? [Zm [(m? + Miy)Bo(0, My, mi) — Ao(M)] + (m} — Miy) By (0, Mgy, m7)
t

+Ao(ME)[—2(s — 4m?)] + Bo(0, M, , m?)[sMy, — 3sm? — 16m; M3/]
1
+B(0,0, s) [—532 + sMZ, + Tsm? + 8mI M3, — 8m}
+Co(0,0, M, s,m2, m?)[s*m? + sMy, — 3sm} + 10sm? Mg, + 8mi My, — 16m{ M3, + 8m)

1
(s —amd),
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2
sMy,
2m?

1 1
T(s = 4m?)? 5 = Ao(Miy) g (s = 4m2) + Bo(0, My, m) [—

1
+58+ 5M3E, + mf]
1
+Bo(0,0,s) [—Es —3M3, — mf]
1
+Co(0,0, MZ,, s,m2, m?)[—2s M2, — sm? — 3My, + 2m2 M3, + mj] — 5(5 —4m?),

ME 1
s V2V +§S+M§V+mt2:]
t

1
t
1
+Bp(0,0,s) [——53 + ME — mf:l

1
+Co(0,0, M3, s,m2,m2)[—sm? + My, — 2m2M3, + mi] + -2—(3 — 4m?).

The first line of each expression for V is the contribution from top-quark wave function renormalization, with

1 1 (zB)? (zB)?
Bi(m2, M3 m?) = — | ——= A lnzB) -1},
0( ty B t) mtz :Bf——-’l:l_g m}_a - l'}_i +
1

B} (0, M%,,m?) =
0 t mt

where rg = M3/m? (B = H,Z,W), and

rw
— [TWln'rVV—_l_l] 3

1
wg =-[rg % (7'%3 — 4rB)1/2].
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