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1. Introduction

The detailed analysis of the dynamics of top quark production and de-
cay is a major objective of experiments at the Tevatron, the LHC, and a
possible international linear ete™ collider (ILC). A special feature of the
top quark that makes such studies very attractive is its large decay width,
I ~ 1.48 GeV, which serves as a cut-off for non-perturbative effects in top
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quark decays. As a consequence precise theoretical predictions of cross sec-
tions and differential distributions involving top quarks are possible within
the Standard Model and its extensions. A confrontation of such predictions
with forthcoming high-precision data will lead to accurate determinations of
Standard Model parameters and possibly hints of new phenomena.

For more details on the general subject of top physics, we refer the reader
to the recent collider studies [1-4] and references therein. In this talk, I
review the joint contribution to top quark physics made by the network.

2. Top quark production at the ILC [5-9]

At the ILC, one of the most important reactions will be top-pair pro-
duction well above the threshold (i.e. in the continuum region),

et +e —t+t. (1)

Several hundred thousand events are expected, and the anticipated accu-
racy of the corresponding theoretical predictions should be around a few
per mille. Of course, it is not only the two-fermion production process (1),
with electroweak (EW) and QCD radiative corrections to the final state that
must be calculated with high precision. In addition, the decay of the top
quarks and a variety of quite different radiative corrections such as real pho-
tonic bremsstrahlung and other non-factorizing contributions to six-fermion
production and beamstrahlung have to be considered. New physics effects
may also have to be taken into account.

In [10,11], the complete O(«) corrections, including hard photon radi-
ation, are calculated. The virtual and soft photon corrections both in the
Standard Model (SM) and in the minimal supersymmetric Standard Model
(MSSM) are determined in [12,13], and (only) in the SM in [14]. At the
time of the public presentation of the TESLA Technical Design Report [2].
detailed comparisons between these calculations had not been made. For
this reason, and to produce an event generator for the evaluation of experi-
mental data, the fortran code topfit has been written [5,6] which describes
the fixed-order QED and electroweak one-loop corrections to top pair pro-
duction.

Top quark pair production from ete™ annihilation at one-loop differs
from light fermion production because two new structures appear in the
theoretical description that are a consequence of the fact that the top mass
is not negligible. To understand the origin of the extra structures, it is
sufficient to consider the theoretical expansion of a one-loop vertex cou-
pling the top quark pair to either a photon or a Z. In full generality, with
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CP-conserving interactions one can identify the effective vertex [15]

dX

X X X X 5

L == \mlgve = 927”) + (0 = Py (2)
where X = 7,7, ¢ = |e|, ¢ = QSV‘;LW and p, p’ represent the outgoing ¢,

t momenta; gis;, g%, d are O(a) one-loop contributions which in general
are ¢*> = (p + p’)? dependent. The new quantity dX enters because the top
mass cannot be neglected and appear in the various theoretical expressions
at one loop, making the overall number of independent amplitudes of the
process to increase from four (in massless fermion production) to six. This is
because the three independent coefficients of Eq. (2) will be combined with
the two independent coefficients (gi%;, g7%;) of the initial (massless) lepton
current.

The one-loop corrections to tt production therefore consists of evaluating
these six form factors. Typical one-loop vertex and box graphs contributing
to the EW and QED corrections are shown in Fig. 1.

Fig. 1. Typical graphs contributing to the weak and QED corrections to ete™ — tf.

The virtual corrections contain both ultraviolet (UV) and infrared (IR)
divergences and are treated by dimensional regularization. The UV diver-
gences are eliminated by renormalization on the amplitude level, while the
IR poles can only be eliminated at the cross-section level by including the
emission of soft photons.
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The real radiation contribution is evaluated using a semi-analytical inte-
gration approach with physically accessible observables as integration vari-
ables. This allows control over the numerical precision to more than four dig-
its. The phase space with three particles in the final state is five-dimensional.
However, two of the angles are trivial and may be integrated out so that

1 1

~(2m)* 250,
where 0 is the angle between the anti-top quark and the positron, x =
2p, - pr/s and r = (p; + p;)?/s. Cuts on the energies of the photon or top
quarks, or cuts on the angles between particles directly transfer into cuts on
these variables. The phase space is illustrated in Fig. 2. The ¢ (¢) are at
rest at points A (B). Soft photons are located at point C. All phase space
points away from (r,z) = (1,0) are finite and can be obtained numerically
for any set of reasonable cuts. The soft photon contribution is analytically
removed and combined with the virtual graphs.

IM|? 7{—; drdzdcos 0, (3)
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Fig. 2. Phase space for r,,, = 47;” = 0.2 (non-zero top mass). Energetic cuts are also

shownin (a) rg = 2E™0/\/5, rp = 2E™1 )\ /5,7, = 1-2w/\/s = 1=2Enin(7)/V/5,
ry = 1 — 2Enax(7)y/s while (b) shows different values of the acollinearity angle
& =m — 0;z. Note that cos = 1 corresponds to the elastic case.

Numerical results from topfit have been compared with two other
groups. First the virtual and soft photon contribution have been compared
with results from the Karlsruhe group [8,9]. The weak virtual corrections to
the angular distributions agree to twelve digits, while the pure photonic cor-
rections agree to at least eleven digits. Second, the hard photon corrections
have been compared with results from the GRACE group [11]. Depending
on the observable, agreement to three digits is generally obtained.
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Fig. 3 shows the (a) total cross section and (b) forward-backward asym-
metry as a function of /s.! The values of the input parameters can be
found in Ref. [5]. The effects of radiative corrections are more dramatic for
top-pairs produced close to the direction of the beam. For the ILC range of
centre-of-mass energies, backward scattered top quarks give rise to slightly
larger corrections to the toral cross section than forward scattered ones [§].
For higher energies this effect is more or less washed out. This is not the
case for the forward—backward asymmetry.
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Fig.3. The (a) total cross-section and (b) forward—backward asymmetry for top-
pair production as a function of s. Born (solid lines), electroweak (dashed lines),
electroweak with s" = 0.7 s-cut (dotted lines) and electroweak with s’ = 0.7 s-cut
and cosf = 0.95-cut (dash-dotted lines).

In summary Ref. [5] shows that at the ILC, EW radiative corrections
modify the differential (as well as the integrated) top-quark observables by
more than the anticipated experimental precision of a few per mille. The
package topfit provides the means to calculate those corrections and allows
predictions for various realistic cuts on the scattering angle as well as on the
energy of the photon. The successful comparison with Refs. [7,8] means that
the technical precision of topfit is completely tested.

3. Polarised top quark decay [16]

In ete™ collisions, top quarks are produced highly polarized, especially
if one tunes the polarization of the incoming beams, as possible e.g. at the
ILC collider [2]. At the LHC the polarization of top quarks is tiny due to

! Note that this is a fixed-order o calculation, i.e. no higher order corrections such as
photon exponentiation have been taken into account.
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parity and time reversal invariance of QCD. However, the spins of ¢ and ¢
are in general highly correlated.

The polarization of the top quark is transferred to the angular distribu-
tion of its decay products through its weak, parity violating decays. If we
consider a polarized ensemble of top quarks at rest with polarization vector
P, 0 < |P| <1, the differential decay distribution with respect to the angle
¥ between P and the direction p of a given decay product is given by,

1 dr 1
- = - (1+|P : 4
T deasg = 3 (LT |Plrpcosd) (4)

In Eq. (4), I is the partial width for the corresponding decay of unpolarized
top quarks, and k), is the so-called spin analysing power of the final state
particle or jet under consideration. For example, in the semileptonic decay
t — [Ty;b, the charged lepton (b-quark) has spin analysing power k, = +1
(~ —0.41) at the tree level within the Standard Model. In hadronic top
decays t — bdu (where d(u) stands generically for d, s (u, c)), the role of the
charged lepton is played by the d quark. However, the d quark cannot be
easily identified, but with a 61% probability is contained in the least ener-
getic light (i.e. non-b-quark) jet. The spin analysing for the least energetic
jet is denoted by &;.

The QCD corrections to &, for hadronic top decays are computed in
Ref. [16]. These corrections are one ingredient in a full analysis of top quark
(pair) production and decay at next-to-leading order in ag, both at lepton
and hadron colliders. They form part of the factorizable corrections within
the pole approximation for the top quark propagator. The QCD corrections
for semileptonic polarized top quark decays have been computed in Ref. [17].

TABLE I

QCD-corrected results for spin analysing powers.

partons jets, E-alg. jets, D-alg.
K3 0.9664(7) 0.9379(8) 0.9327(8)
SFP %] | —3.364£0.07 —6.21+£0.08 —6.73+0.08
Kb —0.3925(6)  —0.3907(6)  —0.3910(6)

52D %] | —3.80+0.15 —4.24+0.15 —4.18+0.15
Fou —0.3167(6)  —0.3032(6)  —0.3054(6)

SQCD %] | +1.3940.19 —2.93+£0.19 -2.22+0.19
K — 0.4736(7) 0.4734(7)

3P %] — —7.184+0.13 —7.21+0.13
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The size of the next-to-leading order (NLO) correction is defined as
Kp = ﬁg[l + 5190]3] + 0(a?), (5)

where 52 denotes the Born result. Table I shows that the top-spin analysing
powers of the final states in non-leptonic top quark decays receive QCD
corrections in the range +1.4% to —7.2%. The spin analysing power of
jets is smaller than that of the corresponding bare quarks. This has to be
contrasted with the spin analysing power of the charged lepton in decays
t(1) — bl where the QCD corrected result (for my = 0) reads [17] k; =
1 — 0.015¢y, i.e. the correction is at the per mille level.

4. Six fermion production [18]

Since top quarks decay via the cascade t — bW+ — bff’ into three
fermions, the production of tf pairs corresponds to a particular class of
ete” — 6f processes: ete” — bl_)flf{fgfé, where fifi’ denote two weak
isospin doublets as shown in Fig. 4. Ref. [18| presents the Monte Carlo event
generator Lusifer, which is designed for all SM processes e e~ — 6 fermions
in lowest order?. Gluon-exchange diagrams can be included for final states
with two leptons and four quarks (not yet for six-quark final states). The
matrix elements are evaluated using the Weyl-van der Waerden (WvdW)
spinor technique and the phase-space integration is performed using multi-
channel Monte Carlo integration improved by adaptive weight optimization.
The lowest-order predictions are dressed by initial-state radiation (ISR) in
the leading logarithmic approximation following the structure-function ap-
proach [22].

b
Fig. 4. Diagram for tf production: ete™ — tf — bW bW~ — 6f.

2 Note that Ref. [19] describes similar results based on the HELAC,/PHEGAS [20] and
AMEGIC+H+ [21] packages.
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There is a technical problem due to the finite decay widths of unstable
particles in the amplitudes which generates gauge-invariance-breaking ef-
fects. Already for CM energies in the TeV range these effects are clearly vis-
ible in some cases, underlining the importance of this issue. Within Lusifer
several width schemes are implemented, including the complex-mass scheme,
which was introduced in Ref. [23| for tree-level predictions and maintains
gauge invariance. Hence, gauge-violating artefacts can be controlled by com-
paring a given width scheme with the complex-mass scheme.

Figure 5(a) illustrates the energy dependence of the top-quark pair pro-
duction cross section for final states where one of the produced W bosons
decays hadronically and the other leptonically. The cross section steeply rises
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Fig.5. (a) Total cross section of eTe™ — p~,udbb (without gluon-exchange dia-
grams) as function of the CM energy with and without ISR and (b) Invariant-mass
distribution of the udb quark triplet in ete™ — ;fﬁuucfbl; (without gluon-exchange
diagrams): absolute prediction with and without ISR.

at the tt threshold, reaches its maximum between 400 GeV and 500 GeV,
and then decreases with increasing energy. We see that ISR reduces the cross
section for energies below its maximum and enhances it above, thereby shift-
ing the maximum to a higher energy. This behaviour is simply due to the
radiative energy loss induced by ISR. Near a CM energy of 250 GeV the
onset of WW Z production can be observed. Note that this contribution
is entirely furnished by background diagrams, i.e. by diagrams that do not
have a resonant top-quark pair. Figure 5(b) shows the invariant-mass dis-
tribution of the udb quark triplet that results from the top-quark decay. As
expected, ISR does not distort the resonance shape but merely rescales the
Breit—Wigner-like distribution.

Table II shows the effect of using different schemes for introducing finite
decay widths. In spite of violating gauge invariance, the fixed width prac-
tically yields the same results as the complex-mass scheme that maintains
gauge invariance. Table II also shows some results obtained from the multi-
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purpose packages Whizard [24] and Madgraph [25]. In general, and apart
from a few cases, where the limitations of Whizard and Madgraph become
visible, there is good numerical agreement, demonstrating the reliability of
Lusifer.

TABLE II

Born cross sections (without ISR and gluon-exchange diagrams) for ete™ —
1~ v,udbb for various CM energies and schemes for introducing decay widths.

o(ete™ — u~v,udbb) [fb]

/3[GeV] 500 800 2000
fixed Wl.d(;};l/ 17.095(11)  8.6795(83)  1.8631(31)
Lusifer step wi t
running width | 17.106(10)  8.6988(85)  2.3858(31)
complex mass || 17.085(10)  8.6773(34)  1.8627(31)
W &M, step width || 17.1025(80)  8.6823(44)  1.8657(12)

5. Top production in the asymptotic regime [15,26—29]

At energies far above the electroweak scale, \/s >> M ~ My, ~ My, the
electroweak corrections are enhanced by large logarithmic corrections of the
type

o logh (%) ,
The leading logarithmic corrections correspond to N = 2L. These cor-
rections are related to the singular part of the radiative corrections in the
massless limit M?/s — 0. They are either remnants of UV singularities
or mass singularities from soft/collinear emission of virtual or real particles
from initial or final state particles. This is because the mass of the gauge
bosons provide a physical cut-off to the real radiation. Furthermore, the
Bloch—Nordsieck theorem is violated for inclusive quantities if the asympo-
totic states carry non-Abelian charges.

The top quark effective vertex of Eq. (2) receives logarithmic correc-
tions in the asymptotic limit. In fact, it is possible to see immediately from
the structure of the one-loop Feynman diagrams of both the SM and the
MSSM that the coefficients of the new extra Lorentz structure (p —p’)* van-
ish at large ¢? like 1/¢?, while those of the conventional Lorentz structures
(v*, y"~°) can produce either quadratic or linear logarithms. Therefore, the
leading terms of ¢f production at asymptotic energies are exactly those that

1< N <2L.
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would be computed in a conventional scheme in which the new scalar com-
ponent of Eq.(2) has been neglected, and four independent gauge-invariant
combinations survive that are, formally, equivalent to those of the final light
quark case.

Within the SM, typical diagrams giving rise to these logarithms are
shown in Fig. 6. The one-loop logarithmic corrections in the SM have been

o~

Fig. 6. Triangle SM diagrams contributing to the asymptotic logarithmic behaviour
in the energy; f represent t or b quarks, B represent W+, &+ or Z, G°, Hgy1.

computed in Ref. [15] for the integrated eTe™ — tf cross section, oy,
72 72 7
o = ol (1 + - <(8.87N ~3316)In 15 + (22 Ml 3 =533 In® M2 >
(352111 C g L >—1421lnq—2)>, (6)
MZ MZ m;

the forward backward asymmetry App,

2 2
Appy = ABy, + % <(0.45N — 4.85)In Zz (1 791n ]\Z +0.17In? M2 )
w

2 2

g
1.261 0.061 0.611 7
( nM§+ DMZ>+ nmt)’ ()

the longitudinal polarization asymmetry Arr ; and its forward-backward po-
larization asymmetry A;. The MSSM effects have also been computed [15].
The effects are largest for the total cross section as shown in Fig. 7.
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Fig. 7. Relative effects on the tf cross section Ao;/oy in eTe™ annihilation at CM
energy /g2 due to the asymptotic logarithmic terms.

The conclusion is that the leading electroweak effect at the one-loop
level is quite sizeable in the TeV region in all observables, with the only
(expected) exception of the forward-backward asymmetry. These effects
are systematically larger than those in the corresponding lepton or “light”
(u,d, s,c,b) quark production observables, both in the SM and MSSM. In
the latter case, top production exhibits also in the leading terms a strong
dependence on tan 3, much stronger than that of bottom production.

In the asymptotic region, the different effects on the tf and bb cross
sections can in principle be exploited [26-29]. Refs. [29] examine the effect
at the LHC under the assumption of a “moderately” light SUSY scenario
and find that the electroweak and the strong SUSY contributions combine
to produce an enhanced effect whose relative value in the ¢t and bb cross
sections could be as large as 20% for large values of tan f3.

6. Top quark couplings
6.1. Wtb [30]

The most general CP-conserving Wtb vertex can be parameterised with
the effective Lagrangian given by?

3 The most general Wtb vertex (up to dimension five) involves ten operators, but at
the expected level of precision it is an excellent approximation to consider the top
on-shell. With b also on-shell and W — v, jj six of them can be eliminated using
Gordon identities. The resulting Lagrangian can be further restricted assuming CP
conservation. The couplings can then be taken to be real, of either sign.
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In the SM the Wtb vertex is purely left-handed and its size is given by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vtg = V. The right-
handed vector and both tensor couplings vanish at tree-level in the SM, but
can be generated at higher orders in the SM or its extensions [1|. Note that
Vt{f is constrained by b — sy decays while the o# terms are not because of
the extra g* factor that suppresses their effect in b decays. The Witb vertex
structure can be probed and measured using either top-pair production or
single-top-quark production processes. The tt cross-section is rather insen-
sitive to the size of Vj; and to obtain a measure of the absolute value of Vj,
it is necessary to fall back on less abundant single top production [31], with
a rate proportional to |Vy|?. Nevertheless, tf production can give invaluable
information on the Witb vertex. Angular asymmetries between decay prod-
ucts are very sensitive to a small admixture of a right-handed v* term or a
oM coupling of either chirality.

In Ref. [30], the forward-backward asymmetry in the decay of the top
quark ¢t — WTb — [Tvb as measured in the W rest frame is proposed as a
particularly sensitive probe of anomalous top quark couplings. It is defined
as

(9" PL+ ¢"Pr)t W, +h.c. (8)

N(xbl > 0) - N(xbl < 0) (9)
N(l‘bl > 0) +N(l‘bl < 0) ’

where xp; is the cosine of the angle between the 3-momenta of the b quark
and the charged lepton in the W rest frame, and N stands for the number
of events. The same definition holds for the £ — [~ b decay.

App only depends on the ¢, b and W boson masses, and on the couplings
in Eq. (8). The SM tree-level (LO) value is App = 0.2223 while the bulk
effect of the one-loop QCD corrections can be taken into account by including
a oM term gf' = —0.00642 [32]. The corresponding NLO value is App =
0.2257. In Fig. 8 we plot App for different values of 6g% = ¢ + 0.00642,
sgl = g% and 5Vt§ = V;{f. Numerical studies of the tree-level 2 — 6
processes gg, q@ — tt — WTbW™b — lvjjjj plus Wjjjj background,
including all spin correlations and realistic cuts suggest that a statistical
error of JApg ~ 5 x 1074 is achievable at the LHC. The main systematic
errors come from the uncertainty in m; and My, and will be negligible with
ILC precision.

The cross sections in the forward and backward hemispheres are of the
order of 11-16 pb (2-3 pb) for the signal (background). Using both electron

App =
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Fig. 8. Dependence of App on §g% (solid line), dg” (dashed line) and 5V, (dotted
line). The SM result occurs where all three lines cross. We use m; = 175, My =
80.33, my = 4.8 GeV.

and muon channels leads to a (statistical) sensitivity of dg¥ = +0.003,
sgl = +0.02(—0.05) and SV, J' = +0.08(—0.04). The sensitivity to gt is
one order of magnitude better than in single top production at LHC [33]
while the sensitivity to ¢ is competitive with that expected at the ILC, or
from single top production at LHC.

6.2. Flavour Changing Neutral Couplings [34-37]

Flavor Changing Neutral (FCN) decays of the top quark within the strict
context of the Standard Model are known to be extremely rare. In fact, there
are no tree-level FCN current processes in the Standard Model. However,
they can be generated at the one-loop level by charged current interactions.
The most general effective Lagrangian describing the possible interactions
of a top quark, a light quark ¢ and a Z boson, photon A, gluon G or Higgs
H can be written as,

/ /

£ o= L X, (e P — 2P PR)GZ" — L i B0 + R0 ) L
= 9 tq VYu\Lig 'L — Tygd'R)4 9 Kitq U\ Kg T Kig V5

t

qz"

10,,q"

t

_ _ 109"
—e Mg E(AE, + ALs) qA" — gsCqt (o + Ciars) #”th“G“”

g (v Q
_ﬁgtgt (gtq + gtq75) qH + .h.c. 5 (10)

where ¢’ = g/ cos 0w, Pr1, = (1 £75)/2. The chirality-dependent couplings

are constants and are normalized to (ajﬁ])Q + (ajg)Q = 1 ete. Within the
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SM, all of these vertices vanish at the tree-level, but can be generated at
one-loop by charged current interactions. However, because of GIM can-
cellations, the one-loop effects are parametrically suppressed beyond naive
expectations based on pure dimensional analysis, power counting and CKM
matrix elements by mé/M{}V. The Standard Model typical branching ra-
tios for these rare top quark decays are so small (~ 107'2-10717) that they
are hopelessly undetectable at the Tevatron, LHC and ILC in any of their
scheduled upgradings.

Refs. [34,35] considered loop induced t — ch and t — c¢g FCN decays in
the MSSM and in the general two-Higgs doublet model (2HDM) — see also
Ref. [39,40]. Typical diagrams contributing to these decays are shown in
Fig. 9. The 2HDM parameter space is constrained by the p parameter and
the one-loop corrections to the p-parameter from the 2HDM sector cannot
deviate from the reference SM contribution by more than one per mille,
|6p?PM| "< 0.001. There are also constraints on the charged Higgs from
radiative B decays. Nevertheless the fiducial branching ratio defined by

I(t— X +c)
It —W++b)+Tit—Ht+b)’

Bi(t - X +¢) = (11)
may be as large as 107> for top decay into the lightest CP-even Higgs and
1076 for t — ge. Values for other models are reviewed in [37].4

To illustrate the potential effects in a 2HDM model, Fig. 10 shows the
branching ratios for ¢t — Xc for X = h, H, g as functions of the parameters
a and 3. The highest potential rates are of order 107>, and so there is hope
for being visible.

Current limits on FCN top decays from the Tevatron, LEP and HERA
are at the few per cent level. Run 2 at the Tevatron is expected to reduce
these limits by about an order of magnitude. At the LHC, the search for FCN
top couplings can be carried out examining two different types of processes.
On the one hand, we can look for FCN top decays in gg,qq — tt — XqWb
where X = v, 7, g or Higgs. On the other hand, one can search for single
top production via an anomalous effective vertex such as qg — Xt where the
top quark is assumed to decay in the SM dominant mode ¢ — Wb — see for
example Ref. [41]. The main backgrounds are thus tt, W + jets, VV + jets
and single top production. Numerical simulations of signal and background
indicate that the LHC will improve by at least a factor of 10 on the Tevatron
sensitivity to around 1075,

At the ILC, the top pair production cross section is much smaller than at
the LHC and the limits obtained from top decays cannot compete with those

* Note that the related decay H — t¢ is discussed in the context of the 2HDM in [38].
The isolated top quark signature, unbalanced by any other heavy particle should help
to identify the FCN event and makes branching ratios of 10~° accessible at the LHC.
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Fig. 9. One-loop vertex diagrams contributing to the FCN top quark decays. Shown

are the vertices and mixed self-energies with all possible contributions from the SM
fields and the Higgs bosons from the general 2HDM.
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Fig. 10. Evolution of the FCNC top quark fiducial ratios in Type II 2HDM as
functions of (a) the mixing angle « in the CP-even Higgs sector, and (b) tan g for
t — Xc with X = h (solid), X — H (dotted) and X = g (dash). The plot in (b)
continues above the usual bound on tan § just to better show the general trend.

from the LHC. The capabilities of the ILC have been studied in Ref. [36]
for the single top production processes eTe~™ — tq shown in Fig. 11 and
ete™ — tqy and eTe” — tqZ. The signal matrix elements including the
top decay were evaluated using HELAS [44] and introducing a new HELAS-
like subroutine I0V2XX to compute the non-renormalizable o, vertex. The
relevant backgrounds are ete™ — W'qq, Wtqq' Z and Wqq'~y and were
evaluated using MadGraph [25].
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e q

Z,y

e t

Fig. 11. Feynman diagrams for ete™ — G via Ztq or vtqg FCN couplings. The top
quark is off-shell and decays to Wb.

Assuming one year of running time in all the cases, that is, 100 fb~! for
LHC, 300 fb~! for ILC at 500 GeV and no beam polarisation, Refs. [36,42]
find that by combining the information from both production and decay, the
sensitivities on the ¢ — Xc¢ coupling are given in Table III. The most opti-
mistic case with 500 fb~! of data 80% polarised electron and 60% polarised
positron beams and a CM energy of 800 GeV is denoted by ILC+.

TABLE III

30 discovery limits on top FCN couplings that can be obtained at LHC and ILC
for one year of operation.

LIC ILC ILC+

Br(t — Zc) (v,) | 36x107° 1.9x 1077 1.9 x 1077

Br(t — Zc) (o) | 36 x1075 1.8x107° 7.2x 1076
Br(t — ~c) 1.2x107° 1.0x107° 3.8x107¢

We see that LHC and ILC complement each other in the search for top
FCN vertices. The v, couplings to the Z boson can be best measured or
bound at LHC, whereas the sensitivity to the o, ones is better at ILC. For
a more detailed discussion, see Ref. [37].

7. Impact of a precise top mass measurement [45,46]

The current world average for the top-quark mass is m; = 178.0 +
4.3 GeV [47,48|. The expected accuracy at the Tevatron and the LHC
is 0m; = 1-2 GeV [1], while at the ILC a very precise determination of m;
with an accuracy of dm; < 100 MeV should be possible [2-4,49|. This error
contains both the experimental error of the mass parameter extracted from
the tf threshold measurements at the ILC and the expected theoretical un-
certainty from its transition into a suitable short-distance mass (like the MS
mass).
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7.1. Electroweak Precision Observables

Electroweak Precision Observables (EWPO) can be used to perform in-
ternal consistency checks of the model under consideration and to obtain
indirect constraints on unknown model parameters. This is done by com-
paring experimental results for the precision observables with their theory
prediction within, for example, the Standard Model (SM). Any improvement
in the precision of the measurement of m; will have an effect on the analysis
of EWPO of which the two most prominent are the W boson mass My, and
the effective leptonic mixing angle sin® fqg-.

Currently the uncertainty in my is by far the dominant effect in the
theoretical uncertainties of the EWPO. Today’s experimental errors of My,
and sin? O [50] are shown in Table IV, together with the prospective future
experimental errors at high energy colliders (see [51] for a compilation of
these errors and additional references).

TABLE IV

Experimental errors of My and sin? g at present and future colliders [50,51].

Today Tevatron/LHC ILC  GigaZ
§sin O (x10%) | 16 14-20 — 1.3
SMw [MeV] 34 15 10 7

In general, there are two sources of theoretical uncertainties: those from
unknown higher-order corrections (“intrinsic” theoretical uncertainties), and
those from experimental errors of the input parameters (“parametric” theo-
retical uncertainties). The intrinsic uncertainties within the SM are

AMPR ~ 4 MeV, Asin? 50N ~ 4.9 x 107° (12)

at present [52,53]. They are based on the present status of the theoretical
predictions in the SM, namely the complete two-loop result for My, (see
[52,54] and references therein), the complete two-loop fermionic result for
sin? f.g (see [53], previous partial results and references can be found in [55])
and leading three-loop contributions to both observables (see [56] for the
latest result, and references therein).

The current parametric uncertainties induced by the experimental errors
of my [57] are

omy = 4.3 GeV = AME™™ ~ £26 MeV, Asin® 0%5™™ ~ £14 x 107°.
(13)
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We see that the parametric uncertainties of My and sin® feg induced by
dmy are approximately as large as the current experimental errors.’

A future experimental error of dm; =~ 1.5 GeV at the LHC will give rise
to parametric uncertainties of

AM‘I/D{?T&,LHC ~ 9 MeV, ASIH2 Hepgra’LHC ~ 45 X 10_5

On the other hand, the ILC precision of dm; ~ 0.1 GeV will reduce the
parametric uncertainties to

AMPFILC )\, Assin? 9P 1C 0.3 % 1077

In order to keep the theoretical uncertainty induced by m; at a level com-
parable to or smaller than the other parametric and intrinsic uncertainties,
dmy has to be smaller than about 0.2 GeV in the case of My, and about
0.5 GeV in the case of sin? fsg. In other words, ILC accuracy on m; will be
necessary in order to keep the parametric error induced by m; at or below
the level of the other uncertainties. With the LHC accuracy on my, on the
other hand, dm; will be the dominant source of uncertainty.

As an example of the potential of a precise measurement of the EWPO
to explore the effects of new physics, Fig. 12 shows the predictions for My
and sin?f.g in the SM in comparison with the prospective experimental
accuracy obtainable at the LHC and the ILC without GigaZ option (la-
belled as LHC/ILC) and with the accuracy obtainable at an ILC with GigaZ
option (labelled as GigaZ). The current experimental values are taken as
the central ones [50]. For the Higgs boson mass a future measured value
of my, = 115 GeV has been assumed (in accordance with the final lower
bound obtained at LEP [58]). We see that the improvement in dm; from
omy; = 2 GeV to dmy = 0.1 GeV strongly reduces the parametric uncertainty
in the prediction for the EWPO and leads to a reduction by about a factor
of 10 in the allowed parameter space of the Myy—sin? f.g plane.

7.2. Indirect determination of the SM top Yukawa coupling

A high precision on m; is also important to obtain indirect constraints
on the top Yukawa coupling y; from EWPO [59]. The top Yukawa coupling
enters the SM prediction of EWPO starting at O(aay) [60]. Indirect bounds
on this coupling can be obtained if one assumes that the usual relation
between the Yukawa coupling and the top quark mass, y; = v/2m¢/v (where
v is the vacuum expectation value), is modified.

5 Note that the parametric errors induced by 0(Aanaq) are AMS;ra’Aahad ~ 4+6.5 MeV
and Asin? 0752 ~ 413 % 107° [57).
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Fig. 12. The predictions for My, and sin? 0. in the SM and MSSM. The inner
area corresponds to dm;* = 0.1 GeV (ILC), while the outer area arises from
dmy™® = 2 GeV (LHC). The anticipated experimental errors on My and sin® feg
at the LHC/ILC and at an ILC with GigaZ option are indicated.

Assuming a precision of dm; = 2 GeV, an indirect determination of
with an accuracy of only about 80% can be obtained from the EWPO mea-
sured at an LC with GigaZ option. A precision of dm; = 0.1 GeV, on the
other hand, leads to an accuracy of the indirect determination of y; of about
40% which is competitive with the indirect constraints from the t¢ thresh-
old [61]. These indirect determinations of y; represent an independent and
complementary approach to the direct measurement of y; via ttH production
at the ILC, which of course provides the highest accuracy [2].

7.3. The MSSM

Within the MSSM, EWPO are also heavily influenced by the accuracy
of the top quark mass. However, the available results beyond one-loop order
are less advanced than in the SM (for the latest two-loop results, see [59] and
references therein). Thus, the intrinsic uncertainties in the MSSM are still
considerably larger than the ones quoted for the SM in Eq. (12). Fig. 12
also shows the predictions for My and sin® 0.z in the MSSM where the
MSSM parameters have been chosen in this example according to the refer-
ence point SPS 1b [62], and all SUSY parameters have been varied within
realistic error intervals. In the MSSM case, where many additional para-
metric uncertainties enter, a reducing dmy from 2 GeV to 0.1 GeV leads to
reduction in the allowed parameter space of the My —sin?feg plane by a
factor of more than 2.
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Because of the additional symmetry of the MSSM, a precise knowledge
of m; yields additional constraints. For example, and in contrast to the
SM, where the Higgs boson mass is a free input parameter, the mass of
the lightest CP-even Higgs boson in the MSSM can be predicted in terms
of other parameters of the model. Thus, precision measurements in the
Higgs sector of the MSSM have the potential to play a similar role as the
“conventional” EWPO for constraining the parameter space of the model
and possible effects of new physics.

Fig. 13 shows the impact of the experimental error of m; on the prediction
for my, in the MSSM. The parameters are chosen according to the mj'**
benchmark scenario [64]. The band in the left plot corresponds to the present
experimental error of my [47,48], while in the right plot the situation at the
LHC (dm; = 1,2 GeV) is compared to the ILC (ém; = 0.1 GeV). The figure
shows that the ILC precision on m; will be necessary in order to match the
experimental precision of the my determination with the accuracy of the
theory prediction (assuming that the intrinsic theoretical uncertainty can
be reduced to the same level, see Ref. [65]).

= exp _
[ Am, m, =175

R e
GeV, tanB=5

Minimal supersymmetric
standard model

i 130

T
[ | Uncertainty 1
140 | gue to error i
t |on top-quark
I [mass ) P

130
,," Previous value for I
4 top-quark mass, ||
7 174.3 GeV/c? v.
7\ New value for 120y
7 top-quark mass, =1 if
178.0 + 4.3 GeV/c?

| .
o) 1 10 Py A A RN I AU B U S
tang ?50 200 250 300 350 400 450 500

M, [GeV]

125

m, [GeV]

theory prediction for m ]
ezza dm”" = 2.0 GeV
=3 8m P = 1.0 GeV
=== 5m " = 0.1 GeV

120}

-

-

o
T

Mass of lightest Higgs boson (GeV/c?)

Fig.13. Prediction for my, in the m}'** scenario of the MSSM as a function of tan 3
(left) and M4 (right). In the left plot [63] the impact of the present experimental
error of m; on the my, prediction is shown. The three bands in the right plot [45]
correspond to dmy = 1,2 GeV (LHC) and dm; = 0.1 GeV (ILC). The anticipated
experimental error on my, at the ILC is also indicated.

Further examples of the importance of a precise determination of m; in
the MSSM are the prediction of sparticle masses, parameter determinations,
and the reconstruction of the supersymmetric high scale theory [45].

8. Other topics

Other topics of relevance to top quark physics are discussed in the Higgs
and Electroweak reviews [66,67].
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The SM Higgs boson can be searched for in the channels pp/pp —
ttH + X at the Tevatron and the LHC. The cross sections for these pro-
cesses and the final-state distributions of the Higgs boson and top quarks
are presented at next-to-leading order QCD in Refs. [68,69]. The impact of
the corrections on the total cross sections is characterized by K factors, the
ratio of next-to-leading order and leading order cross sections. At the central
scale g = (2my+ Mp)/2, the K factors are found to be slightly below unity
for the Tevatron (K ~ 0.8) and slightly above unity for the LHC (K ~ 1.2).
Including the corrections significantly stabilizes the theoretical predictions
for total cross sections and for the distributions in rapidity and transverse
momentum of the Higgs boson and top quarks.

The two-loop corrections to the heavy quark form factor are studied
in Ref. [70] where closed analytic expressions of the electromagnetic vertex
form factors for heavy quarks at the two-loop level in QCD are presented
for arbitrary momentum transfer. This calculation represents a first step
towards the two-loop QCD corrections to tt production in both electron-
positron annihilation and hadron collisions.

9. Summary and outlook

There has been significant progress in the study of top quark physics at
current and future particle colliders during the past four years. As detailed
above, the network has contributed to an improved knowledge of the top
quark production and decay properties, both within and without the SM.
However, much work remains to be carried out. In particular, although
the one-loop strong and weak corrections to the top-pair production cross
section are well known, the two-loop QCD corrections are needed to match
the experimental accuracy. Similarly, it may be necessary to make more
precise predictions of the single top cross section. Experimental studies of
the observability of FCN decays of the t — Hc¢ and t — gc decays are also
needed.

Finally, we note that the treatment of unstable particles close to reso-
nance suffers from the breakdown of ordinary perturbation theory. A toy
model showing how to systematically improve the calculational accuracy or-
der by order in perturbation theory has recently been proposed [71,72]. We
anticipate that application of this improved theoretical approach to the tt
cross section close top threshold should yield an even more accurate exper-
imental determination of the top quark mass at the ILC. Because of the
large sensitivity of the Higgs boson mass to my, this will have an inevitable
knock on in any model where the Higgs mass can be predicted from the
other parameters of the theory.
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