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Features of top quark physics at high energies are reviewed and devel-
oped both from a conceptual and a practical point of view, with particular
emphasis on future pj and e*e™ colliders. We study distributions and
observables from which properties of the top quark can be determined.
Dominant higher order corrections are taken into account and the spin
structure of the various cross sections is discussed.
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1. Introduction

In this article we shall discuss various aspects of top quark physics. By
the top quark we mean the weak isospin partner of the b-quark. As yet
there is no direct experimental evidence for the t-quark. Instead, a direct
search for top quarks in high energy pp collisions at CDF has shown that
my > 95GeV [1]. Nevertheless everybody in the community seems to be
convinced that it exists. In my opinion the top quark has a more definite
status than the other missing ingredient of the standard model, the Higgs
particle, which is a more model dependent object and relies on a paradigma
about symmetry breaking.

What do we have in favour of the top? It is combination of a theoretical
argument and indirect experimental evidence. It is known experimentally
that the left handed b component behaves like one part of a weak SU(2)y,
isospin doublet. For example, it has been shown that the forward backward
asymmetry of the b-quark in ete™ — bb which is a measure of the axial
coupling of the b quark to the Z is nonzero and well compatible with the
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prediction of the standard model [2]. From this we can conclude that there
is a contribution of the b-quark to the axial anomaly which would render
the standard model nonrenormalizable if it would not be cancelled by a
corresponding t-quark contribution.

Accepting the standard model (with the t-quark) as the basis of our
discussion we may look for observables where the t-quark enters through
virtual effects. There are several such observables in different experiments
(ARGUS [3], CLEO (3], CDF [1], CHARM [4], CDHS [4], etc.) For each
observable one can express the prediction of the standard model as a func-
tion of m,; and, by comparing these predictions with experiment, one can
check their mutual consistency and derive constraints on m;.

This procedure will be endeavoured in Section 2. Afterwards, in Sec-
tion 3, we will review top quark decay, including radiative corrections and
distributions of decay products. In Section 4 top quark production in pp
collision will be discussed. Of particular interest will be the inclusive pro-
duction cross section pp — tX whose prediction unfortunately is plagued
by theoretical uncertainties. In Section 5 we shall elaborate on the process
ete”™ — tf to show in how far it can be used to precisely determine top
quark properties. We shall also have a look at the combined production
and decay process ete~ — tf — uT X where “spin correlations” have to be
taken into account. :

In the whole article we shall concentrate on what we feel to be the impor-
tant aspects of top quark physics. Many other features which are discussed
in the literature but which we bhelieve to be irrelevant (supersymmetric top
etc.) are left out for the sake of clarity and stringency.

2. Precision electroweak experiments and top quark loops

The Standard Model has a sector of relatively strong coupling. This
sector experimentally is difficult to access because its particles are heavy.
They are the top quark and the Higgs field (both yet undiscovered) and
their SU,p, partners, namely the left-handed b quark and the longitudinal
modes of the vector bosons:

_ (L d — e 1 —
a = (bL)v’tR an | p = ('U+"\}._5(H+'5X)) where v = 174GeV

is the vacuum expectation value of the Higgs field. The Lagrangian for these
fields reads

m2 A .
£strong =3#(,0+3”(p + 2H (P+So - Z(‘P+‘P)2

+igLPqL + i Ptr + T(qLtad +hoc.), (1)
where &' =e"p7,
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I';.and A can be related to the top and Higgs mass, respectively, m¢ = I'yjv
and my = VAv. Clearly, for large values m;, my = 0(v) the couplings I';
and ‘A are of order 1. These large couplings give in principle the dominant
contributions to electroweak radiative corrections. Indeed, for observables
involving light particles (i.e. present day energies) terms of order I'? ~
Grpm? [Gp = 1/2V/2v?] arise in one-loop calculations, whereas terms of
order A appear only in second order.

These terms of order Gpm? together with the running of a account for
the bulk of radiative corrections in the Standard Model. . Taken together,
both of these effects reproduce complicated loop calculations at the per mille
level. The terms of order G pm? yield the main source of information which
we have at present on the value of the top quark mass. In the following we
shall discuss briefly those observables from which the most stringent-bounds
on my can be deduced. We start with some quantities defined at small or
zero momentum transfer and afterwards discuss information from LEP1.

A self-imposing set of input parameters for the standard electroweak
theory is given by a, G, ms44, mz (known experimentally to a high level
of accuracy), m; and mpy (yet unknown). In addition, there are some
other quantities (like my, or sin? 6w ) which are related to the basic set of
parameters. The relations are predictions of the Standard Model and should
be tested in precision experiments. For example, my can be inferred from

(5]

. m} m3 ra(mz)
1-—*1-24 ) Y = , , 2
( T a) T - TETE (2)

here a(myz) = 1/(128.8 £ 0.1) intludes the running of a which is dominated
by large logarithms In(mz/m.) and

_ 3G pm?

= 3 (3)

contains the effect of electroweak radiative corrections, i.e. the terms of
order Gpm? as discussed above.
Now a comparison to the measured value my /mz from pg collisions at
CDF can be made and a range for m, can be deduced, m; = 150 + 50GeV.
sin? 6y can be defined in a number of ways [6]. We prefer the definition
where the ratio between electromagnetic and weak neutral and charged
currents is given in terms of sin? 8y and unchanged by higher order effects,

Iéfm ~ 7#Q’f,
Th~ v [H (1= 45) - 2Q5in” 0w |

Th ~ 7.1 - 75), (4)
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(for fermions f # b. The case f = b will be discussed later.) This ratio, and
therefore sin? 6y , have been obtained by the CHARM and CDHS collabo-
rations at CERN [7]. The so called p parameter is defined as the deviation
of this ratio from the ratio of masses, my /mz, more precisely
m2
sin? @y =1 - —, (5)
pmy

p can be calculated in the Standard Model from the diagrams in Fig. 1. It
turns out that

psmM=1+4. (6)

This can be compared to the experimental result pexp and a range for m;
can again be deducted, m; = 120 + 50GeV.

t t
z ( )z ' w( >w
t b
Fig. 1.
Terms of order Gpm? are also contained in observables measured to a
high precision by the LEP experiment [6-9]. Quantities like the width I}

for Z going into charged leptons and the corresponding forward backward
asyminetries can be used to infer constramts on the value of m;. The lowest

order expressions
2
a4 v
I = -B-mza? (1 + (?ﬁ) > (7)

and
2
u
AIFB = 3 + 3 (8)
(&) +1
where a; = IL/2,/5, (v/a)) = 1~(Q:/I)(1- VT =43, y = (ra/ VG pm})
and I} = -1/, show that I'y and AIFB are measures of the vector and axial

vector couplings v; and a; of the Z to the leptons. Note that y is defined
in terms of the fundamental quantities a, Gp and mz. The asymmetry
in (8) is defined to be obtained from the data after deconvolution of initial
state radiation because it would otherwise he dominated by large logarithms
(a/% In(mz/m.))™. Deviations from the lowest order expressions can be
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parameterized {9, 10] by introducing effective couplings

A
a; — a (1+ —2—) _a?ﬁ,
vy Q y Y
— - = e A = | — R 9
al_’a¢+ I; \/1—4 (al)eﬁ ( )

with A = (3G pm?/8y/272) defined earlier. Of course, this special parame-
terization a,ﬁ and ‘v“T is reasonable only for the specific observables under
consideration, I} and A’F g In Figs 2 and 3 the predictions for I'; and AIF B
are drawn as a function of m; and compared with the latest LEP results.
These figures lead us to conclude that m, = 100 + 60GeV (from I;) and
m; = 170 £ 60GeV (from ALp).

85.0
e 50, 109
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84.0 ~"1000
835f ————
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mg
Fig. 2.

Fig. 3.
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Fig. 4.

The leptonic quantities I'; and A‘F p are very likely to follow the Stan-
dard Model predictions. Therefore I judge the efforts made in the literature
to rewrite deviations from the tree level relations(7,8) in terms of SM inde-
pendent quantities S,T,U [11] or £;,¢2,€3 [7, 12] superﬁuons.' A different
thing might be the corresponding quantities I, and A% rp for the bottom
quark. In my opinion they are of particular importance because of large
m, terms in the Zbb vertex. As a final application of the terms G Fm? let
us have a look at these quantities. The main difference as compared to
lepton production comes from the diagrams in Fig. 4 because they involve
the top quark and its Yukawa coupling. Due to SU,p, symmetry they give
a correction ~ 1 — 75 to the lowest order Zbb vertex [13]. We write

IF% = deyu(vy — ayys) + ieruF(1 - 7s), (10)
where ay = (I13/2/3), (vs/as) = 1 - (Q¥/IE)(1 - VT —14y), Q, = ~V/3,
I} = -1/, and y was defined after Eq. (8). F = Fsp = FfM+FbSM+FC5M
is the contribution from the diagrams Fig. 4(a),(b),(c). A simple calculation
gives

FSM _ _ 3e? vy +ay mf
¢ 1672 16s%, m? ’
2 2
SM _ € My (3 5
Fb - +161r24s§‘, m? (avt + Iat) ’
FSM _ 3432 mf sa, - &, (11)

Therefore Comn?
1 Gpmg . 2
Fsp=——S——"=-2-0;4 12
SM = 1672 fasgwew 30 (12)
which can be interpreted as an (xdentncal) change in the Born couplings v,
and a; of the order of 1%. This change is to be added to the changes (9)
which a; and v, experience in the same way as q; and v;. Note that within

the terms of order G pm? any definition of sin® 6, is convenient.
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Terms of the form ¢, Z" and b, etc. need not be considered because
they lead to contributions to I'y and A%’ g Which are suppressed by powers
of my/mgz.

Before a comparison with experimental data can be made several issues
have to be settled. First, since we are dealing with quarks we have to take
QCD corrections to A%' g and [ into account. These are now known to
second order a? [14, 15]) and can be pulled out of the experimental num-
bers to define “electroweak” quantities ([ )ew and (A‘}’;. glew. Secondly, for
A'}—,-B, B° — B° mixing has to be taken into account, i.e. there is a certain
probability that a b-quark escapes detection in one hemisphere because it
transforms into an anti b (and vice versa). This can be corrected for, and
in the following we assume to talk about the corrected forward backward
asymmetry.

The prediction for these quantities is

[
(Fp)ew = Ncé-mzaieﬂ. [1 +

UM
(%) (&)

i3
ap
(A%'B) =3 T\ 2 ot (14)
"o () 1+ (2)
Ge ) elt b/ eff
with a¢ff and (ve/ae)eq as in (9) and
" =a, (1-34) (1+34), (15)
o9 ¥ _A_2
(2).. A . (16)
s/ ent - %A ’

where (vy/ap) = 1/3(1 + 2/1 — 4y).
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In Fig. 5 we compare the prediction for (A%B)ew with the latest ex-
perimental results. This comparison yields a top quark mass range m; =
160 + 80GeV. The experimental uncertainty is quite large due to ambi-
guities associated with semileptonic branching ratios (b quark mixing and
charm decays) and, in my opinion, the present experimental result should
be considered with some scepticism.

Since the b quark is the heaviest quark so far detected, it is conceiv-
able that nonstandard effects are discovered first in connection with I'y or
A%. p» more specifically, that they arise through deviations from the Stan-
dard Model diagrams Fig. 4. I think it is really an interesting possibility that
new interactions between the heavy particles of the Standard Model exist,
t.e. between Higgs field and the top quark, and, through SU,;, symmetry,
between the Higgs doublet and the quark doublet (¢1,,51) so that in partic-
ular the tbpt vertex which is of order Iy and appears repeatedly in Fig. 4
is modified. This possibility can be studied systematically in the framework
of an effective Lagrangian approach by adding SU,p, x U; symumnetric dimen-
sion six interactions to the Standard Model Lagrangian (1) [16]. It leads to
changes in the quantity F' which are of the same order of magnitude as the
Standard Model contribution Fgps (12) (changes at the per cent level). As
soon as the LEP1 data have reached this level of accuracy we can therefore
hope to get insight in possible new interactions within the heavy sector of
the Standard Model. I helieve that precise measurements of b properties at
LEP1 is a very useful device for looking heyond the Standard Model at a
time where the discovery of the top quarks is still ahead of us.

On the basis of the present experimental knowledge, I conclude that
the top quark should be in the range between 120 and 200 GeV. If there
is physics beyond the Standard Model this expectation has to be revised.
For example, the upper bound is very strongly influenced by the experi-

mental constraints from the p-parameter (pexp = 1.007ig:ggg,p5M =1+

(3G pm?/8+/272)). For extensions of the Standard Model with new contri-
butions to the p-parameter the upper value of 200 GeV should be shifted
accordingly.

A priori, and from its construction, the top quark is entirely a Standard
Model object. Nevertheless, it may prove to be an ideal place to look for
nonstandard physics, because it is the matter field with the largest mass.
Therefore, from time to time in the course of this work, we shall have a quick
look on possible signatures of new physics. The combination of Standard
Model physics still to be checked and the exciting possibility of something
unexpected makes top quark phenomenology so interesting.

In the mass range 120-200 GeV the top quark decays before resonance
formation and hadronization because its width is much larger than Aqcp.
We will often recur to perturbative considerations in the course of this work.
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Let us now have a closer look at the top quark width.

3. Top quark decay
3.1. Total rate
The dominant decay mode for top quarks in the Standard Model is

t — bW™. To a high degree of accuracy (<1%) the width of the top quark
is predicted to be

Gpm? m2,\ m?2 a,
ri—-wt) = ‘G—‘” G+p%)@4hﬁﬂu+mm

. 8\/51( my my
(17)
where the QCD correction is given by
F=20 280 (TR (for my > mw) (18)
- 3 2 m% ) r t w

and 4.y stand for the electroweak correction term whose leading contribu-
tion of order Ggm? is given by the Higgs exchange diagram (Fig. 6).

2
+1n mlj) + subleading terms (19)
my

Sew = GFm% <'1“z

T 4/272 \ 4

which is 0.02 for myg = O(m) and the subleading terms are such that
Sew = 0.02 remains true even for my # O(m,) [17]. In these results terms
of order m%/m,® as well as corrections due to CKM mixing have been
neglected.

~
A\
/'6 \
= /
o
~
s

Fig. 6.
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The W+ will consequently decay into one of the three lepton doublets
or one of the 2N, light quark doublets. As a consequence a factor [3 +
2N.(1 + 3/2Cp a,/2r)]~? appears in branching fractions for leptonic W
decays.

In Fig. 7 I'(t — bWT) is drawn as a function of m, including higher
order corrections. I'(~ m.?) increases rapidly with m; and in the region
I’ > Aqcp (corresponding to m; > 120 GeV — the mass region considered
in this article) a top quark will generally decay hefore hadronization occurs.
This permits top quark phenomenology to be treated pertubatively, allowing
a more accurate analysis than is possible for longer lived quarks.

3.2. Muon energy spectrum

The most interesting decay channel in the sense of cleanest experimental
signature is t — utw,b. Due to the real W intermediate state this process
is in many respects much different than the corresponding process b —
p~vue. For example, one may study the distribution in the muon energy
E; = (m./2) z; for a top quark at rest. The result is

dI’__3Gpmt3 _ . a, ( my 2
o= 4o [z,u-z,)—cF%F, 2 ) | (20)

where, for kinematical reasons, z; € [my 2/m,?, 1] and the QCD correction
factor Fy; was calculated in the comprehensive study by Jezabek and Kiihn
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[18]. It turns out to be moderate (<100%) except for the end point of the
spectrum where it is well known that an all orders summation of gluon
effects has to be done [19].

The muon energy is the central variable for the process t — pty,b (in
the cms of the top quark). All other kinematical quantities are either trivial
or can he deducted from it.

3.3. Spin terms

Since nonperturbative effects are small for the top system spin correla-
tions are not washed out for a process in which a t quark is produced with
a polarization vector s and subsequently decays. The decay t — pt v, b has
a very simple matrix element,

\MP ~ tebraP_(f + m)3(1 + 1475 P-trf7aP ~ fryg P

~ [(t = mys)u[by]. (21)
This leads to an angular distribution of the form
ar aril
—(1 + cos8), (22)

dz;d cosf = Z:c_gQ
where 8§ =£ (5, W) and dI'/dz; was given in (20). The factorization is a
consequence of the V — A interaction between t,W and b, and, apart from

tiny deviations, remains true if one includes the highef order corrections [20].
It would be violated, however, by nonstandard interactions, like V + A etc.

4. Top quark production in pp collisions

The top quark will be discovered by the process gg — tf in high energy
pp collisions, cf. Fig. 8.

g naene f— t

g wasseg)—— ¢
Fig. 8.

Due to the softness of the gluon distribution inside the proton most of the
top quarks will come from soft gluons z; 3 < 1 and will be produced nearly
at rest, s = 2,2, 5 ~ 4m,> .

The parton level cross section o(gg — tf) (which is of order a?) is well
known and one-loop QCD corrections of order a3 to it have been calculated
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[21]. Among these the dominant contribution comes from the diagram in
Fig. 9 where there is first an order a? gluon gluon scattering process followed
by a gluon splitting into a ¢f pair. This contribution can become of the
same order of magnitude as the leading order contribution because the cross
section for gg — gg is. large as compared to the cross section for gg —
quarks. One may hope, with some justification, that the two-loop effects
are moderate so that the theoretical error inherent in the one-loop result is
under control provided a reasonable choice of scale (argument of ) is made
which I suggest to be the transverse momentum py for the py distribution
and 2m, for the integrated cross section.

Fig. 9.

Near threshold cross sections are known to he affected by resonance
effects. However, due to averaging over gluon z these effects are less spec-
tacular than in et e~ annihilation. This will be discussed in detail in Section
5. Electroweak effects (e.g. from virtual exchange of the Higgs particle) have
also proven to be small.

In fact, I think that the most important source of uncertainty is not
of theoretical origin, is not (perturbative) QCD, but is a phenomenological
one: it stems from our missing knowledge of the precise form of the gluon
distribution at small z. One can show that the prediction for the cross
section o(pp — tX) varies by almost 30% according to which parametriza-
tion of the gluon structure function is chosen. The problem with the gluon
distribution is that there is no clean process which allows its accurate deter-
mination. In ep collisions from which the gluon density is usually deducted
the gluon process gy* — anything contributes only in higher order a, (com-
pared to the leading order process ¢y* — anything). In effect, results for
the cross section o(pp — tX) as presented in the literature are not much
better than estimates, and the more so the higher the energies are. Going
from 1.8 (Tevatron) to 16 TeV (LHC) one gains about two orders of mag-
nitude in rate, but also two orders of magnitude in uncertainty because at
16 TeV the gluon distribution is probed at smaller values of z. In spite of
these deficiencies in Table I we show estimates for the total cross section
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for top quark production for several values of m; and s. Let me repeat that
the bulk of this cross section arises at small py

TABLE I

Integrated top quark production cross section in pb including the theoretical er-
ror from perturbative QCD and the phenomenological error from ignorance about
the gluon structure functions. To estimate this error several parametrizations of
structure functions have been used [22].

m, Vs =18 TeV Vs =16 TeV
100 90.0 + 30.0 11000 £ 2000
120 340+11.0 4300 + 1000
140 15,0+ 4.0 2200 £ 500
160 7.0+ 2.0 1200 £ 300
180 3.8+ 1.0 750 £ 150
200 1.9+ 0.5 450 £ 100

At the end of this section let me make a short remark about spinterms.
These are needed in ete™ — tf if one wants to combine the prediction of
a top quark with its subsequent decay and will be discussed in detail in
the next section. However, it can easily be seen that the spinterms do not
contribute in case of the process gg — tX — bW X. The reason is that
the coupling between top quark and gluon is purely vectorlike with no axial
admixture.

5. Top quark production in ete™ annihilation,
and its subsequent decay

In the last sections we have seen that pp collisions are a helpful tool to
produce and discover the top quark and, by studying its decay, to fix its
properties like mass and couplings to an accuracy of order 5-10% (for mass)
and 20-50% (for couplings). To make more precise measurements, however,
an ete~ machine operating at our above t¢ threshold is the appropriate
device [23].

In principle there is a variety of reactions that gives us top quarks at
an ete™ collider. However, at energies accessible in the foresceable future
(< 1 TeV) all reactions except e¥e~ annihilation into 7 and Z (Fig. 10)
completely negligible.

The cross section can he expanded in powers of the cosine of the pro-
duction angle 8, with coefficients called oy, o and op.

do
dcos@

= 3(1 + cos? @)oy + 3 sin® oy + 3 cosbop, 23
8 4 4
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¥.Z

Fig. 10.

U and L denote the contributions of unpolarized and longitudinally po-
larized vy and axial vector coupling. In the integrated cross section o =
oy + o, op drops out. It is, however, measured by means of the forward
backward asymmetry

A = (Uo., }dcosg cos»([/}ﬂdwsg coso)~1

3 Op
4oy + oL

(24)
Explicit expressions for oy, o7 and ¢p are known in lowest order:

oy = [foyy +ﬂ30.4.4]ﬂ’0‘25

oL = s Boyymra®,

op = Bloyama® (25)

with

2
s — m2
Oyy = Q Qt + 8QQtvevy 5 Z

+4(v + aZ)e ;’—5,-
Oad =4(v:+a§)af‘%,

_ 2

v =8Qca.Qay

+ 16veacvia (26)

Ol e

and D= (s —m3)? +(s2[7/m3).
The fermion couplmgs are given hy

I — 205, I
_ = . 2
'Uf 2SWL‘W ! ﬁf Qchw ( 7)
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One can work out the numerical details and, for m¢ = 0(150GeV), finds the
cross section to be of order R = g(ete™ — u*j~) = 4ra?/3s becoming
somewhat larger than R far above threshold [24]. In all these considerations
it is assumed that the top quarks are on shell.

The dominant radiative corrections are the following:

~ large electroweak radiative corrections of the G pm;? due to Higgs ex-
change. They can be incorporated in a redefinition of the charge fac-
tors in (26) and are somewhat larger (0(5%) in the threshold region for
my > 0(m;) = 150GeV) than in the case Z — bb (1%). They arereally
important only for rather light Higgs bosons (mpy <« m,) [25].

- large electroweak corrections of the form aln(s/m?). They can be in-
corporated by introducing a running a(s) in (25) and a deconvolution
of initial state radiation.

-~ QCD enhancement factors can be parametrized by [15, 26]

3+ 3
Ovy — Oyy [1 + C'pas(g% - 4ﬁ (g _‘4r) )] ’

TAA =™ O44 [1 + Cpas(_g% - (%% B ZS_Zﬂ * %ﬂZ) (g B ZB;) )J(28)

where in my opinion the argument of «, should be chosen to be s.

Fig. 11.

Fig. 12.
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Far enough above threshold these. QCD enhancement factors are typically
of the order of +10% and somewhat larger than the electroweak corrections
which are negative. At very high energies they converge to the familiar
factor 1 + a,/7m of the massless theory whereas near threshold they are
dominated by the term ~ 1/8. This terms although compensated by the
phase space ~ [ is a signal of the Coulomb singularity which arises in
higher order for 8 — 0 (threshold). In order aj it is induced by the virtual
correction Fig. 11 and in higher orders by ladder diagrams like in Fig. 12. For
top quarks at rest these contributions can be summed so that the Coulomb
singularity is regulated and a finite cross section for 8 = 0 emerges [24, 27].
It is interesting to describe the dependence of the tt production cross section
on my. 'For large values m; > 180GeV no remnant of resonance formation
can be seen in the integrated cross section oyo¢(s) as a function of energy
E = /s (¢f. Fig. 13). For m, € [120,180]GeV there is one peak in oyo¢(s)
near threshold which rapidly decreases for my — 180GeV and which is a
remnant of many overlapping Breit Wigner resonances (their width being
much larger than their energy separation). Since it is technically difficult to
sum the contributions from a large number of radial excitations one should
directly calculate the imaginary part of Green’s function for complex energy
[24, 27, 28]. Namely, at threshold, we have

d(e+e_ — i) =
2472q? ag , .
pumy (1 - SCF—2—7;) pyIMG(z =0,2' =0,E - 2my +1iI") (29)
and
Vi Ve S 2 ViQe$ 2
= - 30
Pv Qi@+ s - mf, +imzl s - m% +imgly (30)

For I'; — 0 this equation is equivalent to the usual formula for e* e~ produc-
tion of nonrelativistic bound states. The nonvanishing width I'y > Aqcp
implies that Green’s function is determined by short distances where QCD
perturbation theory is valid. This is clear from a conceptual point of view
and can also be proven by an explicit calculation of Im G (24, 27, 28]. This
calculation sums all ladder diagrams (like that in Fig. 12) to a perturbative
QCD potential and, as a result, gives us o(ete™ — tf) as a function of s in
the threshold region. It can be smoothly joined to the result of fixed (first)
order perturbation theory and yields Figs 13(a),(b),(c) and 14.

Let us note that a potential can be calculated for Higgs exchange di-
agrams, too. However, for values of the Higgs mass, myg > 0(m.), it is
smaller than 3% of the gluon potential.

It is well known that from angular distributions of particles in scattering
processes one can learn a lot about their properties (couplings). Therefore
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E(GeV]
Fig. 14.

here we shall take some time to discuss the normalized angular distribu-
tion (1/0)(do/dcosf). We have already given in (23) a general expression
for it and in Eqs (25) and (26) the threelevel Standard Model results for
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oy, or and op. In Fig. 15 we show the quantity do/od cos@ graphically for
0.1
m; = 150GeV and for several energy values /s = 2m, + { 10 }GeV. We

100
see that the distribution is flat at threshold and receives a negative slope

above threshold. The corresponding forward hackward asymmetry is given
in Fig. 16 as a function of beam energy. These curves are characteristic
for the couplings of the top quark to the vector bosons as predicted by the
Standard Model. Admixtures of other couplings will change the results of
Figs 15 and 16 significantly. This has been examined in detail in [29] where,
in the framework of an effective Lagrangian approach, new dimension six
interactions of the top quark have been added to the Standard Model La-
grangian.
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It is a question of some interest to see how far the expressions (25),
(26) are distributed by higher order corrections. Since we know about the
importance of the Coulomb singularity near threshold the question immedi-
ately arises how much the flat angular distribution which one encounters at
threshold is affected. It turns out that the normalized angular distribution
is not changed simply because the ladder diagrams (Fig. 12) responsible for
the Coulomb singularity all give the same angular structure than the Born
term. The Coulomb terms give rise to the same vector and axial vector ver-
tex structure as the Born term. They do not contribute to the o,, vertex
term which usually arises in higher order calculations.

The upshot of these considerations is that at threshold the higher order
corrections drop out for the ratio do/o. One can verify with the help of (28)
that this holds true to some extent even for energies well above thresholds.
For example, a top quark with mass m, = 150GeV has at \/s = 500GeV an
angular distribution do/d cos@ with QCD corrections which vary between
13.1% (at cos@ = 1) and 9.1% (at cos @ = —1). Only at very high energies,
v/s > 1TeV, the angular dependence of the QCD corrections become really
significant, approaching that of massless QCD
ov = (1 + Y3a,/x)(ovy + dan)y oL = Ys(as/x)(ovv + 0aa), op =
oy 4 - In any case, the full m,/\/s dependence of the angular distribution
including QCD corrections is given by (28). Note that nothing is known
ahout electroweak corrections to the angular distribution.

The situation turns out to be even simpler if we look at angular distri-
butions of decay products of the top quark e.g. the angle 8, between the
muon of the decay t — bu* v, and the incoming e~ heam. This is a channel
of particular interest because it gives a clear experimental signal. We shall
see that QCD corrections are alinost washed out to become independent of
6, so that the ratio (1/0)(do/dcosf,) is insensitive to higher orders and a
clean device to study the couplings of the top quark. Let us now derive the
6, distribution in some detail.

When we were talking about top quark decay in Section 3 we had an
unpolarized ¢ quark in mind. However, the top quarks are produced in ete™
annihilation with a high degree of polarization that affects the distribution
of jets and leptons after the decay. The polarization shows a strong forward
backward asymmetry which in general alters the distribution as obtained
from unpolarized quarks. The rest of this section is devoted to the study of
this effect.

Let us consider the leading order process ete™ —;t't- with amplitude
Y,
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2
M(ete™ — t) = = {a(t)Qur,o(Do(et)Qer ule”)

. S
P Sy S a(t)(ve + ae1s) v

x v(B)a(e*)(ve + acys)rhu(eT)}

-2 __H
2swew ’ f 2-‘5WCW.

vp = (31)

When squaring the amplitude one should make use of the standard relations

mgl

S v(da) = ————( +758) - (32)

If one does not sum over polarization s and 5 of t and £ the resulting cross
section can be written in the form [30]

do = A1+ ays* +a,5" + ¢, s#5°)dPS(et + e7;t,1). (33)

The coefficients A, a, @ and c¢ are functions of the couplings and of the
fermion momenta. Similarly the semileptonic top decay rate which can be
deduced from the matrix element

m
M(t - butv,) = -ﬁ v

my? - W2 — ilymy
x @(b)(1 + gays)u(t)
X wW(vp)yu(l = ys)v(p™),
ga = -1, (34)

")

has the form
dI' = B(1 + b,s*)dPS(t;b,v,,ut), (35)

where explicitly we have

2 4

B(1 + bys*) = iah ¢ (mw? — I;/n;zv + 2 my? {(1 +94)2[(t + mes)v,](ut o]
+ (1= ga)((t = mus)tllvbl} - (36)

The anti top decay rate is given by the substitutionst — £,b — b, u* — pu—,
vy = Py, s = —3 and is of the form

dT’ = B(1 + E,ﬁ“)dPS(t—; b, T (37)
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For the combined production and decay process one has to take the product
dodI'dI’ and has to sum over spinpolarizations using

El:l,

o
D su=0,
o

tut,
Zspsu = —Guy + T (38)
o my

and similar for 3. This is very easily accomplished and yields
do(ete™ — tt - bbuT " v,9,) =

[1+ a0 (- g + tf::;) + @8 (- g + i:f;’)

- t,t t,t
wvparfBl pra _ v'B
+emboBh( g,m+mt2)( guﬁ-i—mtz)]
x ABBdPS;(ete™;t,1)dPS3(t; b, ut, v, )dPS3(8; b, 17, 9,).(39)

If one likes, one can cast this in the form of a “theorem” as discussed
in Ref. [31], for example. One has the usual term ABB plus 3 spin cor-
relation terms which in Ref. [31] are written with the help of insertions
oo Y5Ype - (= guv + (tuts /mi?)) .. .y57, arising from the term ~ 75§ and
the spin summation rules (38).

Finite width effects for the Born term can be taken into account by
introducing the propagators and off shell momenta for the top quarks in the
matrix elements. They prove to be < 1% effects of the order of I'y/m;.

In the following we want to describe the numerical effects of the spin
correlation terms on the cross section. There are 3 important features of
these terms which should be mentioned beforehand.

— First, they average out in the totally integrated cross section as well as
sorts of energy distributions like the distribution in the muon energy
E(ut). They are, however, important for angular distributions like
0, :=# (e, ut) or 64— :=£ (ut,p”) (for the decay ete™ — t& —
butv,bu~v,) etc.

- Secondly, all spin correlation terms are of order m././s with respect
to the spinaveraged term ABB and vanish in the high energy limit
(s = o0). ,

— Thirdly, all spin correlations which contribute to our angular distri-
butions are proportional to a. or ay, t.e. they vanish in the limit of
pure vector couplings. Furthermore, they are all of the form VVV A
or VAAA. Conversely, such VVV A4 and VAAA terms are not present
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in the spinaveraged case (s = § = 0), i.e. they consist solely of spin

correlation terms.

In Fig. 17 the normalized distributions (1/0)(do/d cosf,) are shown for
m; = 150GeV and several values of \/s. We see that at threshold the distri-
bution is uniform in 6, as long as spin terms are not taken into account. If
this is done, however, even at threshold a relatively large (negative) forward
backward asymmetry of the muons is induced.

In my opinion the @, distribution is a very important observable be-
cause it inherits information about spin correlations and all Standard Model
couplings of the Z and W to the top quark. Any change in these couplings
leads to a significant deviation from the curves in Fig. 17. This has been es-
tablished in Ref. [29] in the framework of an effective Lagrangian approach
where dimension six interactions added to the Standard Model Lagrangian
have been examined. In Fig. 18 it is established for the case of a V + A
interaction. By that we mean that the sign of a; and of g4 in Eq. (31) and
Eq. (34) is reversed.
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1 do {s=302 GeV my =150 GeV
o dy
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0.5 - .
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Fig. 18.

Finally, in Figs 19 we show the distribution of the cross section in
E(ut) and in 04— :=#£ (u*,u"): These observables are not of so much
interest as the 8, distribution because they depend more on the kinematical
situation than on the underlying theory. For example, the steepening of the
04+ _ distribution with increasing energy is a consequence of the back to
back production of the top quarks and consequently of the muons at high
energies. ‘

What about radiative corrections? We have seen that QCD corrections
can be rather large for the total cross section in particular near threshold
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whereas the form of angular distributions of the top quarks are only affected
far above threshold. Since heavy quark spins are not flipped by emission of
low energy gluons, we expect QCD corrections to the polarization terms also
to be universal. More precisely, the fact that only ladder diagrams (Fig. 12)
contribute, is still true if one includes spinterms. Even more, these ladder
contributions are still proportional to the Born term, a sufficient condition
to guarantee angular independence of QCD corrections near threshold.
One can show by an explicit calculation that this remains true above
threshold to a very good approximation, in fact to a better approximation
than it was true for the distribution in § =£ (e™,t). For example, a top
quark with mass my; = 150GeV had at /s = 500GeV an angular distribution
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(do/d cosd) with QCD correction which vary between 13.1% (at cosd = 1)
and 9.1% (at cosf = —1). If the top quark decays into a muon the QCD
correction to (do/dcosf,) varies hetween 11.2% (at cos@ = 1) and 9.5%
(at cos 8, = —1). We see that the effect of hard gluons is somewhat washed
out in the 4, distribution.

Now the QCD corrections to the combined production and decay pro-
cess ete™ — ut X are a sum of QCD corrections to the production vertex
and to the decay vertex, and the numbers above account only for correc-
tions at the production vertex. My conjecture is that gluon corrections to
(1/0)(do/dcosf,) from the decay vertex are small, too. But this is some-
thing which still has to be proven.
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