Chapter 6 Top Quark Physics
1

Introduction

The linear collider, operating near the tt production threshold and at higher energies, can carry out a comprehensive program of top quark physics. Measurements
at the threshold include the determination of the top quark mass, mt , and width, Γt ,
as well as the top quark Yukawa coupling, gtth . The quantities mt and gtth can also
be measured at higher energies, together with the couplings of the top quark to the
electroweak gauge bosons. In this chapter we present a brief summary of our current
understanding of top quark physics at a linear collider.
The top is unique among the quarks in that it decays before nonperturbative
strong interaction eﬀects can inﬂuence it. Its large mass gives it stronger coupling to
many proposed new physics eﬀects that try to explain electroweak symmetry breaking
and/or the origin of particle masses. Thus, precise measurement of the parameters
of the top quark would provide important insights into physics beyond the Standard
Model.

2
2.1

Physics in the threshold region
Introduction

One of the primary goals of a high-energy e+ e− linear collider is the study of
sharp features in the cross section for e+ e− annihilation to hadrons. The tt threshold
is an excellent example of such a structure. The cross section for e+ e− → tt is
expected to rise by an order of magnitude with only a 5 GeV change in center-ofmass energy around 350 GeV. Careful study of this tt threshold structure can precisely
measure many parameters of the top quark, including its mass and width, and the
top quark Yukawa coupling. In this section we brieﬂy summarize the current status
of tt threshold studies. More comprehensive discussions can be found in [1–3].
2.2

QCD dynamics and cross section

It is well known that, because of the large top quark width (Γt ≈ 1.4 GeV 
ΛQCD ), a top-antitop pair cannot form narrow toponium resonances. Instead, the
cross section is expected to have a smooth line-shape showing only a moderate 1S
peak. The dynamics of the top quark in the threshold region is described by perturbative QCD. The top quark width serves as an infrared cutoﬀ. As a result, nonperturbative QCD eﬀects (as measured, for example, by the inﬂuence of the gluon
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Figure 6.1: The normalized cross section Rt = σ(e+ e− → tt)/σ(e+ e− → µ+ µ− ) as a func√
tion of s, computed in QCD perturbation theory at various levels. These are theoretical
curves that do not include initial state radiation, beamstrahlung, or beam energy spread.
(Left:) The normalized cross section computed with the pole mass mpole
= 175 GeV, at
t
LO (dashed-dotted lines), NLO (dashed lines), and NNLO (solid lines). Each pair of the
curves corresponds to the two diﬀerent soft normalization scales µ = 30 GeV (upper curve)
and µ = 60 GeV (lower curve). (Right:) The normalized cross section computed with
the 1S mass m1S
t = 175 GeV, at LL order (dotted), NLL order (dashed) and NNLL order
in QCD (solid). The calculation includes the summation of logarithms of the top quark
velocity, and at each order curves are shown for ν = 0.15, 0.2, 0.4, where ν is the so-called
subtraction velocity.

condensate) are small [4], allowing us, in principle at least, to calculate the cross
section from QCD with high accuracy.
The convergence of QCD perturbation theory in the threshold region depends on
the quark mass deﬁnition used. The simplest deﬁnition of mt is the position of the
pole in the top quark propagator. This ‘pole mass’ is similar to the kinematic mass
observed in top quark pair production above threshold, and similar to the mass deﬁnition used by the CDF and DØ experiments in the original papers on the top quark
discovery [5,6]. Unfortunately, with this choice of the mass deﬁnition, the NNLO corrections are uncomfortably large [1] and shift the 1S peak by about 0.5 GeV, spoiling
the possibility to extract the top quark mass with high accuracy. The threshold cross
sections computed at successive order in QCD are shown in the left-hand graph in
Fig. 6.1. The instability of this perturbation series is caused by the fact that the
pole mass has a renormalon ambiguity, that is, it obtains an additive correction from
nonperturbative QCD eﬀects.
To remove this diﬃculty, one can use a diﬀerent mass deﬁnition that refers only
to short-distance QCD physics. For example, a possible deﬁnition of the mass, called
the 1S mass, is one-half of the mass of the lowest toponium bound state computed
in the hypothetical limit of zero top quark width [7]. Three other mass deﬁnitions
have been considered in the literature. The PS mass [8] is deﬁned via the top quark
self-energy. The LS (‘low scale’) mass is given in terms of perturbative evaluations
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of matrix elements of operators in the heavy quark eﬀective theory that describe the
diﬀerence between the pole mass and a ﬁctitious T meson mass [9]. Finally, the PS
(‘potential-subtracted’) mass is deﬁned by
+
mPt S (µ) = mpole
t

1
2


|k|<µ

d3 k
4 αs
VC (k) = mpole
−
µ + ...
t
3
(2π)
3 π

(6.1)

where µ is the soft renormalization scale. All of these mass deﬁnitions, collectively
called ‘threshold masses’ have the property that they are free of the O(ΛQCD ) renormalon ambiguity [10,11]. These masses also have the property that they are connected
to the MS top quark mass by a convergent QCD perturbation series.
The position of the 1S peak becomes much more stable at higher orders of QCD
if threshold masses are used. The shifts from order to order are less than 100 MeV.
However, a large theoretical normalization uncertainty of about 10% remains. The
normalization uncertainty can be reduced to a few percent by resumming terms logarithmic in the top velocity. The convergence for the 1S mass deﬁnition is shown in
the right-hand graph of Fig. 6.1 [12]. Simultaneous accurate measurements of the top
mass and other quantities thus appear feasible, as discussed further below.
2.3

Top width

The scan of the tt threshold will allow a direct measurement of the top quark
width, Γt . The cross section at the 1S quarkonium bound state energy is proportional
to 1/Γt . Realistic studies, which include initial state radiation and other eﬀects, show
that Γt can be measured with an experimental precision of a few percent [2], now
that higher-order QCD corrections appear to be under control [12].
Γt can also be measured using the forward-backward asymmetry [13]. The tt
vector coupling to γ and Z produces mainly S-wave states, while the axial-vector
coupling from the Ztt vertex produces tt in a P state. The top quark width causes
the S and P states to overlap and allows these states to interfere in the ﬁnal angular
distribution. This produces a forward-backward asymmetry. Since the top quark
width controls the amount of S-P overlap, the asymmetry is sensitive to Γt . Realistic
studies are needed to better quantify the experimental sensitivity.
2.4

Top quark Yukawa coupling

In addition to the QCD potential, the tt pair interacts via a Yukawa potential
associated with Higgs boson exchange
2
e−mh r
gtth
,
(6.2)
4π
r
where mh is the Higgs boson mass and gtth is the Yukawa coupling. Therefore, top
threshold measurements can also be used to determine gtth if the Higgs boson is light.

Vtth = −
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A SM Higgs boson with a mass of 115 GeV enhances the normalization of the cross
section by 5–8% at energies near the threshold. The theoretical uncertainty of the
cross section in this region is 2–3% when the summation of logarithms of the top
quark velocity is taken into account [12]. A precision measurement of the tt threshold
cross section thus will be sensitive to the top Yukawa coupling. If we ﬁx all other
parameters and assume mh = 115 GeV, then varying the SM Yukawa coupling by
±14% gives a ±2% variation in the normalization of the cross section near the 1S
peak [14]. For larger values of mh , the sensitivity to gtth is expected to decrease.
Again, realistic experimental studies that make use of recent theoretical advances in
understanding the threshold cross section are needed.
2.5

Experimental issues

The experimental situation of the tt threshold is fairly well understood, and there
has not been much progress since the experimental methods were reviewed at the
1999 Sitges meeting [15]. It is expected that the top mass can be measured with a
statistical uncertainty of 40 MeV in a modest scan of 10 fb−1 , a small fraction of a year
at typical design luminosities. A longer scan of about 100 fb−1 can determine the top
width to 2%. A key experimental issue for the threshold study is the measurement of
the dL/dE spectrum, but many complementary methods have been proposed. The
issues are similar to and less severe than the measurement of the dL/dE spectrum
needed for a precision W mass measurement from the W + W − threshold, discussed
in Chapter 8, Section 2. The limitations are likely to come from the uncertainty
in machine-generated backgrounds and from the theoretical understanding of the
Bhabha cross section. The impact of a precision top quark mass measurement can
be seen in [16] and [17], which show how the current knowledge of the top mass and
precision electroweak measurements limit the range of the Higgs mass and anomalous
W and Z couplings caused by new physics.

3
3.1

Physics above the top threshold
Determination of the top quark–Higgs Yukawa coupling

3.1.1 Introduction
If there is a light Higgs boson, this particle is likely to be discovered at the Tevatron or
the LHC. The role of a high-energy e+ e− linear collider is then to test the connection
of this particle to the physics of mass generation by accurately measuring its mass,
width, and couplings to bosons and fermions. The top quark provides a unique
opportunity to measure the Higgs Yukawa coupling to fermions through the process
e+ e− → tth. For a light Higgs boson, the Higgs decays dominantly to bb. Assuming
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BR(t → W b) = 100%, this leads to multi-jet event topologies involving 4 b-jets in the
ﬁnal state. Therefore, one of the crucial experimental aspects will be ﬂavor tagging.
3.1.2 Basic scenario
The rate for e+ e− → tth has been calculated to O(α√
s ) and is less than 1 fb at
√
s = 500 GeV. The total cross section decreases
at
low
s because of limited phase
√
space and approaches a constant at high s.√The maximum of the cross section (for
a 100–150 GeV Higgs boson) occurs around s 700–800 GeV.
Since the Yukawa coupling is determined from the cross section measurement, it is
straightforward to estimate the statistical and some systematic uncertainties on gtth
for a selection with eﬃciency  and purity ρ, with an integrated luminosity L:




∆gtth
1
√
,
=
2
gtth stat
Sstat (gtth ) ρL




∆gtth
1 − ρ ∆σBeﬀ
1
1 ∆L ∆
⊕
=
⊕
,
2
gtth syst
Ssyst (gtth
)
ρ σBeﬀ
ρ L


(6.3)
(6.4)

where (∆gtth /gtth )syst accounts for the uncertainties in the eﬀective background crosssection (after selection), the integrated luminosity and the selection signal eﬃciency.
2
2
Sstat (gtth
) and Ssyst (gtth
) are deﬁned as:








1  dσtth 
1  dσtth 
2
 2 , Ssyst (gtth
 2 .
=√
)=
(6.5)

σtth  dgtth 
σtth  dgtth
√
Sstat reaches
whereas Ssyst is essentially independent
√
√ a ‘plateau’ for s ≥ 700 GeV,
1/2
of s. At s = 800 GeV, Sstat
3.09 fb and Ssyst
1.92. Therefore, assuming
 = 5% √
and ρ = 50%, a statistical precision of around 6.5% could be achieved in
g√tth for s ≥ 700 GeV and L = 1000 fb−1 . The case is considerably worse at
s = 500 GeV where Sstat = 0.9 fb1/2 , leading to a statistical uncertainty of 22%
on the Yukawa coupling measurement (with  = 5% and ρ = 50%). The systematic
uncertainty is dominated by the uncertainty in the background normalization, if one
assumes that both the signal selection eﬃciency and integrated luminosity can be
known at the 1% level or better [18].
2
Sstat (gtth
)

3.1.3 Analysis
We consider the process e+ e− → tth → W + W − bbbb in both semileptonic and fully
hadronic W decay channels. In spite of the apparently clean signature of both channels (≥ 6 jets in the ﬁnal state, with ≥ 4 b-jets and multi-jet invariant mass constraints), the measurement has many diﬃculties. Among these are the tiny signal
with backgrounds about 3 orders of magnitude larger, the limitations of jet-clustering
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Figure 6.2: Parton level signal and backgrounds to e+ e− → tth at

√

s = 500 GeV.

algorithms in properly reconstructing multi-jets in the ﬁnal state, and the degradation
of b-tagging performance due to hard gluon radiation and jet mixing.
The dominant electroweak background to the semi-leptonic decay is [18–20]:
e+ e− → ttZ → ZW + W − bb → bbbb± νqq  .
The largest background is from radiative top quark decays:
e+ e− → tt → gW + W − bb → bbbb± νqq  .
This background has been calculated at the parton level [20] and is shown in Fig. 6.2.
Since the b jets resulting from the gluon splitting are logarithmically enhanced at
low energy, cuts on the jet energy are√eﬀective at eliminating this background. A
preliminary study of e+ e− → tth at s = 500 GeV included statistical, but not
systematic errors and found that the top quark-Higgs Yukawa coupling could be
measured with ∼ 21% accuracy with perfect b-tagging
and L = 1000 fb−1 [19].
√
The case for a 120 GeV Higgs boson and s = 800 GeV with L = 1000 fb−1
has been considered in [18], with events processed through a simulation of a detector
for TESLA. In this analysis, the b jets are deﬁned as those four jets with the lowest
probability to originate from the primary vertex. The analysis applies a standard
preselection in order to remove as much background as possible while keeping a high
eﬃciency for the signal. Then, in order to improve the statistical sensitivity further, a
multivariate analysis using a Neural Network (NN) is performed. After preselection,
the overall eﬀective cross section for the background is 17.60 fb, while for the signal it
is only 0.61 fb. This translates into such a poor sample purity (ρ ∼ 3.3%), that any
uncertainty in the background normalization completely erases the signiﬁcance in the
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signal. After the NN analysis [18], the statistical error is reduced to 5.1%, and the
systematic error to 3.8%, leading to an overall uncertainty of 6.3% for the Yukawa
coupling measurement in the semi-leptonic channel. Combining this with the analysis
for the hadronic channel gives a total uncertainty of 5.5%.
3.1.4 Conclusion
The reaction e+ e− → tth allows a direct determination of the top quark-Higgs Yukawa
−1
coupling. For mh = 120 GeV and L = 1000
√ fb , a total uncertainty of roughly
5.5% on the top-Higgs Yukawa coupling at s = 800 GeV can be obtained. Preliminary
studies show that the anticipated precision is about a factor of 4 worse at
√
s = 500 GeV. The dominant systematic uncertainty is from the overall background
normalization, pointing to the importance of a complete 2 → 8 background calculation.
3.2

Top mass reconstruction

The top quark mass in e+ e− collisions can not only be measured in a threshold
scan, but also at center-of-mass energies above the tt threshold. A recent study [21]
has shown that a statistical precision of 200 MeV or better may be reached for the top
mass from a full kinematical reconstruction of e+ e− → tt → W + bW − b → + νb− νb
events. It should be noted that the mass measured from ﬁnal-state shape variables is
the pole mass, which is subject to a theoretical uncertainty of O(ΛQCD ); this point
was explained in Section 2.2. Here we give a brief status report of a new study that
focuses on extracting the top quark mass from the the b- invariant mass distribution
dσ/dmb , where  is the lepton from the W decay, and the b-quark energy spectrum,
dσ/dEb .
The extraction of the top mass from ﬁnal-state shape variables is best done using
templates, using a method similar to that described in [22]. It depends crucially on
the modeling of the multiparton radiation that is associated with the top production
and decay stages. Standard Monte Carlo event generators simulate multiple emission
in the soft or collinear approximation and leave empty regions of the phase space
corresponding to hard and large-angle gluon radiation (“dead zones”), which can be
populated using the exact matrix element (“matrix-element corrections”). Matrixelement corrections to top decays t → bW (g) [23] have been implemented in the
most recent version of the HERWIG event generator, HERWIG 6.2 [24], which is
used in the following. These corrections were found to have a signiﬁcant eﬀect on jet
observables and on the top mass measurement at lepton and hadron colliders [23,25].
The mb distribution, within the precision of the Monte Carlo integration, is independent of the hard-scattering process and of the center-of-mass energy. mb is a
Lorentz-invariant observable and is therefore insensitive to the boost from the top
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Figure 6.3: a) Invariant mass mb distributions for mt = 171 GeV (dotted line) and mt =
√
179 GeV (solid line). b) b-quark energy distribution at s = 370 GeV, for mt = 179 GeV
(solid), 175 GeV (dashed) and 171 GeV (dotted).

quark rest frame to the laboratory frame. In Fig. 6.3a we plot the mb distribution
for mt = 171 GeV and 179 GeV. As mt increases, the peak position of the mb distribution is shifted towards larger values. The average value mb  is proportional to
the top quark mass. The best ﬁt is:
mb  = 0.756 mt − 37.761 GeV,  = 0.002 GeV,

(6.6)

where  is the mean square deviation in the ﬁt. Solving Eq. (6.6), one ﬁnds ∆mt ≈
1.32 ∆ mb , where ∆ mb  is the uncertainty on the measurement of mb . No
detailed study of the precision that can be achieved with this method has been carried
out yet.
In contrast to mb , the b-quark energy Eb is not a Lorentz-invariant observable.
One therefore expects that the Eb distribution does depend on the boost from the top
rest frame to the laboratory frame, and hence on the center-of-mass energy. Since
of Eb on
the tt pair is produced almost at rest at the tt threshold, the dependence
√
the top mass is maximized in this region. The Eb distribution for s = 370 GeV
and several
√ values of mt is shown in Fig. 6.3b. For mt approaching the threshold
value of s/2, the Eb distribution becomes very narrow. The half-maximum width
on the top mass. The best polynomial ﬁt to
σb therefore shows a strong dependence
√
express σb in terms of mt for s = 370 GeV is found to be:
σb = −0.081 m2t + 26.137 mt − 2048.968 GeV,  = 0.393 GeV.

(6.7)

For a top quark mass in the range 171 GeV <
∼ mt <
∼ 179 GeV, the induced uncertainty
on mt is ∆mt ≈ 0.35 − 0.65 ∆σb , where ∆σb is the uncertainty on the half-maximum
width. Eb thus may be an interesting observable to reconstruct the top mass at
energies slightly above the tt threshold. It is probably less useful at higher energies.
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3.3

Anomalous couplings

At present, the couplings of the top quark to gluons and the electroweak gauge
bosons are largely untested. A linear collider provides an ideal tool to probe the couplings of the top quark to the electroweak gauge bosons. It is important to note that
the neutral electroweak couplings are accessible only at lepton colliders, because top
quarks at hadron colliders are pair-produced via gluon exchange. Since the charged
electroweak current is involved in the top decay, tt production in e+ e− collisions is
sensitive to both the neutral and charged gauge boson couplings of the top quark.
Because the top quark width, Γt , is much larger than ΛQCD , the decay process is not
inﬂuenced by fragmentation eﬀects and decay products will provide useful information.
The most general (γ, Z)tt couplings can be written as [26,27]


Γµtt γ,Z

= ie



γ,Z
γ,Z 5
γ µ F1V
+ F1A
γ +

( pt − pt )µ  γ,Z
γ,Z 5
F2V + F2A
γ
2 mt

,

(6.8)

where the only form factors diﬀerent from zero in the SM are
γ
F1V

2
1
Z
= , F1V
=
3
4 sin θW cos θW



8
1 − sin2 θW
3



Z
, F1A
=−

1
4 sin θW cos θW

. (6.9)

γ
(e/mt ) · F2A
is the CP-violating electric dipole moment (EDM) form factor of the top
γ,Z
Z
is the weak electric dipole moment (WDM). (e/mt ) · F2V
are
quark and (e/mt ) · F2A
the electric and weak magnetic dipole moments (MDM).
In the SM, the EDM and WDM terms violate CP and receive contributions only
at the three-loop level and beyond. The CP-conserving form factors are zero at tree
level but receive non-zero O(αs ) QCD corrections.
The most general W tb couplings can be parametrized in the form [27]

ΓµtbW

g
= − √ Vtb
2





γ µ f1L PL + f1R PR −


i σ µν
(pt − pb )ν f2L PL + f2R PR
MW

,

(6.10)
and
vanish. In the SM, at tree
where PR,L = (1 ± γ5 )/2. In the limit mb → 0,
L
level, f1 = 1, and all other form factors are zero. Similarly, the W tb vertex function
L,R
L,R
L,R
.
can be parametrized in terms of form factors f 1,2 . If CP is conserved, f 1,2 = f1,2
In Table 6.1, we present the 1σ sensitivity limits for the real parts of the (γ, Z)tt
+ −
±
form
√ factors obtained from a recent analysis of the process e e → tt →  + jets
at s = 500 GeV. Only one coupling at a time is varied. Top quarks are selected
and reconstructed, and b quarks are tagged using the LCD fast simulation package
for the L detector conﬁguration. The combined eﬃciency is 20%, and the purity after
γ,Z
γ,Z
selection is 88%. To extract limits on F1V
and F1A
, the angular distribution of
γ,Z
γ,Z
the reconstructed top quark is used. F1V and F2V are derived from the left-right
f1R
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Coupling
γ
F1A
Z
F1A
γ
F1V
Z
F1V
γ
F2A
Z
F2A
γ
F2V
Z
F2V

LO SM Value P(e− )
0
±0.8
−0.6
−0.8
2/3
±0.8
0.2
±0.8
0
+0.8
0
+0.8
0
±0.8
0
±0.8

Ldt (fb−1 )
100
100
200
200
100
100
200
200

1σ sensitivity
0.011
0.013
0.047
0.012
0.014
0.052
0.038
0.009

Table 6.1: The 1σ statistical uncertainties for the real parts of the (γ, Z)tt form factors
√
obtained from an analysis of the process e+ e− → tt → ± + jets for s = 500 GeV. Only
one coupling at a time is varied.
γ,Z
polarization asymmetry, and F2A
from the angular distribution of the reconstructed
top quark and the decay angles of the t and t.
The limits shown in Table 6.1 could be strengthened if positron beam polarization
becomes available, mostly from the increased tt cross section. If P(e+ ) = 0.5, the tt
+
cross section is about a factor 1.45 larger than that obtained with P(e
√ ) = 0. This
improves the bounds by up to 25%. Increasing the CM energy to s = 800 GeV
improves the limits by a factor 1.3–1.5 [28].
to a (V + A) top decay, can be measured
The decay form factor f2R , corresponding
√
with a precision of about 0.01 for s = 500 GeV and Ldt = 500 fb−1 if electron and
positron beam polarization are available [27]. This quantity can also be measured at
the LHC, though the expected limit is a factor three to eight weaker than the limit
we project for a linear collider [29].
Many models predict anomalous top quark couplings. In technicolor models and
other models with a strongly-coupled Higgs sector, the CP-conserving couplings may
be induced at the 5–10% level [30–32]. In supersymmetric and multi-Higgs models, the
γ,Z
CP-violating couplings F2V,A
may be induced at the one-loop level, with predictions
γ,Z
in the range F2V,A = O(10−3 − 10−2 ) [17]. A measurement of the (γ, Z)tt couplings
at a linear collider will thus be sensitive to interesting sources of non-SM physics.

3.4

QCD and electroweak radiative corrections
√
For s = 500 GeV and an integrated luminosity of 500 fb−1 , the statistical error
of the e+ e− → tt → νjjbb cross section is well below 1%. In order to match
this experimental accuracy with robust theoretical predictions, precision calculations
beyond tree level are required. Such theoretical accuracy is needed both when top
itself is the subject of study and when top is a background to other physics of interest.
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QCD corrections can have important eﬀects in top events. Jets from radiated gluons can be indistinguishable from quark jets, complicating identiﬁcation of top quark
events from the reconstruction of the top decay products. In addition, real emission
may occur either in the top production or decay processes, so that radiated gluons
may or may not themselves be products of the decay. Subsequent mass measurements can be degraded, not only from misidentiﬁcation of jets but also from subtle
eﬀects such as jet broadening when gluons are emitted near other partons. Virtual
corrections must also be included to predict correct overall rates.
Most calculations of QCD corrections in e+ e− → tt to date have been performed
for on-shell top quarks. In this approximation, corrections to the production and
decay processes can be computed separately. A calculation of the QCD corrections
to the production process e+ e− → tt, which includes real gluon emission from the t
and t and virtual gluon exchange between the t and t has been presented in [33]. A
discussion of the QCD corrections to the decay t → W b can be found in [34]; QCD
O(α )
corrections are found to reduce the tree-level width of 1.55 GeV to Γt s = 1.42 GeV
after all the known QCD and EW corrections are taken into account.
Because of the large width of the top quark and the fact that it does not hadronize
before decaying [35], it is necessary to compute corrections to the entire production
and decay process, including oﬀ-shell eﬀects. In the soft gluon approximation, real
gluon corrections for the process e+ e− → tt → W W bb with the top allowed to be oﬀshell were calculated in [36]. Interference eﬀects of gluons radiated in the production
and decay stages were found to be sensitive to the top width Γt , with the eﬀects
being largest for gluon energies comparable to Γt . Similarly, real gluon radiation in
top production and decay is sensitive to top width eﬀects [37].
Since the process observed experimentally is
e+ e− → b W + b W − ,

(6.11)

it is desirable to take into account all Feynman diagrams that contribute to (6.11).
This has not been done yet. At next-to-leading order, it is suﬃcient to take into
account only the QCD corrections to the diagrams containing an intermediate top and
antitop quark, as has been done in the computations discussed here. This approach
uses the double pole approximation (DPA), in which only the double resonant terms
(due to top and antitop propagators) are kept. Work done in this area follows closely
the treatment of the W pair production process at LEP II [38].
Radiative corrections to e+ e− → tt → bW + bW − are usually split into two classes:
corrections to particular subprocesses (production and decay), also called factorizable
corrections, and corrections involving interference between these subprocesses (nonfactorizable corrections). In most approaches, the factorizable corrections are computed using the on-shell approximation for the top quarks; either using the on-shell
phase space, or making an on-shell projection from the exact phase space [39,40]. In
the latter the on-shell projection restricts the eﬀect of the oﬀ-shell particles to the
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2Ebeam
σ0
on−shell
σ1
σ1DP A

360 GeV
0.386 pb
0.737 pb
0.644 pb

500 GeV 1000 GeV
0.565 pb 0.172 pb
0.666 pb 0.186 pb
0.652 pb 0.191 pb

Table 6.2: Cross sections (tree level, on-shell NLO and DPA NLO) for top production and
decay at a linear collider [41]; results do not include ISR, beamstrahlung or beam energy
spread.

interference terms. These interference terms are computed in DPA, for virtual as well
as for real gluons. As a consequence, interference terms do not contribute to the total
cross section.
In [41], a diﬀerent approach is used. Instead of starting with the on-shell computation and adding the nonfactorizable corrections, the starting point is the exact
amplitudes for the oﬀ-shell process from which terms that are not doubly resonant
are dropped. Also, the real gluon contributions are treated exactly (as in [37]); as
a consequence, the cancellation between virtual gluon and real gluon interference is
no longer complete. Table 6.2 summarizes the total cross section results. The QCD
corrections are found to increase the tt production cross section by up to a factor two
near the threshold, and by about 11–13% in the continuum.
Electroweak O(α) corrections for top processes at linear colliders have also been
computed so far only to on-shell tt production and top decay. The electroweak O(α)
corrections can be naturally subdivided into two gauge-invariant subclasses, QED and
weak corrections. The QED corrections depend on the cuts imposed on the photon
phase space and thus on the experimental setup. As discussed in [42], initial-state
O(α) QED corrections can signiﬁcantly reduce the cross section because of large
logarithms of the form α/π ln(s/m2e ) with s  m2e . These terms arise when photons
are radiated oﬀ in the direction of the incoming electrons. Thus, the inclusion of
higher-order initial-state radiation (ISR) has to be considered. The leading-log initialstate QED corrections are universal and can be calculated using the so-called structure
function approach [43].
The model-dependent contributions to corrections to top pair production are contained in the weak corrections. The numerical impact of the weak one-loop corrections
is discussed in detail in [42]. Close to the tt threshold, the weak corrections to σtt are
found to be quite sensitive to the Higgs boson mass. An updated analysis of the weak
corrections to σtt , using the current value of the top-quark mass, is presented in [44].
The weak corrections are found to reduce the Born cross section (expressed in terms
of Gµ ) near threshold by about 7%, which is mainly due to the box diagrams.
The complete electroweak O(α) corrections to Γt are calculated in [45]. When
using Gµ and MW to parametrize the lowest-order top decay width, the electroweak
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Ldt (fb−1 )

√

Observable

Precision

s (GeV)

Comment

mt
mt

< 100 MeV
200 MeV

10
50

350
500

theory dominated
not fully explored

Γt
gtth

O(30 MeV)
O(10%)

100
100

350
350

not fully explored
need realistic study

gtth
gtth

21%
5.5%

1000
1000

500
800

stat. uncert. only
need improved bgd. estimate

γ,Z
FiV,A
, f2R

0.01 − 0.2

500

500

polarized beams essential

Table 6.3: Summary of top quark-related measurements at a linear e+ e− collider.

corrections amount to typically 1-2 % with no signiﬁcant dependence on mh .
Ultimately it will be necessary to combine the QCD and electroweak corrections
to top processes. This has been done for e+ e− → tt in [46], and work is in progress
to combine both types of correction for the entire production and decay process [47].

4

Conclusions

Remarkable progress has been made in the last two years in our theoretical understanding of tt production in e+ e− collisions at the threshold. Problems associated
with deﬁning the top quark mass in a way that removes QCD ambiguities have been
solved. The remaining theoretical uncertainties are suﬃciently small to allow a simultaneous measurement of mt (to 100 MeV), Γt (to a few percent) and gtth . The
top quark mass can also be measured with a precision of 200 MeV or better at higher
energies, using a variety of kinematic variables. Not all interesting variables have been
fully explored yet. An ideal process to determine the top quark Yukawa coupling at
−
energies above the tt threshold is tth production in e+ e√
collisions. However, to fully
exploit this process, energies signiﬁcantly larger than s = 500 GeV are necessary.
On the other hand, a center-of-mass energy of 500 GeV is suﬃcient to measure the
top quark couplings to the electroweak gauge bosons with a precision of O(1 − 10%).
Polarized electron and positron beams are essential to disentangle the various couplings. We have summarized the estimated precision on the various quantities in
Table 6.3. Finally, we have given a brief overview of the status of calculations of the
QCD and electroweak corrections to e+ e− → tt. The potential for precision studies
of top quark physics at a linear collider requires a detailed understanding of these
corrections.
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