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Abstract

The measurement of the top quark mass is an important task at the future International Lin-
ear Collider. The most promising process is the top quark pair production in the threshold
region. In this region the top quarks behave non-relativistically and a perturbative treat-
ment using effective field theories is possible. Current second order theoretical predictions in
a fixed order approach show an uncertainty which is bigger than the expected experimental
errors. Therefore, an improvement of the cross section calculation is desirable. There are two
ways to incorporate higher order effects, one is to calculate the full next order in the fixed
order approach, another possibility is to resum large logarithms. In this work, the fixed order
calculation has been extended to the third order in perturbation theory for the QCD correc-
tions. The result is a strongly improved scale behavior and a better understanding of heavy
quarkonium systems. The Green function result is given in a semi-analytic form. The energy
levels and wave functions for heavy quarkonium states have been calculated from the poles
of the Green function and are presented for arbitrary quantum number n. The results have
been implemented in a Mathematica program which makes the data easily accessible. Once
some missing matching coefficients are calculated, and a complete electroweak calculation is
available, the results of this work can be used to improve the precision of the top quark mass
measurement to an uncertainty of less than 50 MeV. An inclusion of initial state radiation
and beam effects are essential for a realistic observable. In the future, the results obtained
could be used for a third order resummation of large logarithms. Further applications are

also the extraction of the bottom quark mass with sum rules.



Zusammenfassung

Die genaue Bestimmung der top-Quark Masse ist ein wichtiges Ziel des geplanten 'Interna-
tional Linear Collider’. Der Prozess, welcher die hochste Genauigkeit verspricht, ist die top-
Quark Paarproduktion an der Erzeugungsschwelle. Bei diesen Energien haben die Quarks
sehr kleine Geschwindigkeiten und kénnen daher nicht-relativistisch beschrieben werden. Die
aktuellen theoretischen Vorhersagen existieren bis zur zweiten Ordnung in der Stérungstheo-
rie und sind wesentlicher ungenauer als es die Messungen versprechen zu werden. Es ist
daher wiinschenswert diese Genauigkeit zu verbessern. Dies kann auf zwei Arten erreicht
werden. Einerseits kann die Rechnung auf die néchst hohere Ordnung in der Storungstheorie
ausgeweitet werden, und andererseits konnen die aktuellen Rechnungen mit Renormierungs-
gruppenmethoden resummiert werden. In dieser Arbeit wird der erste Weg eingeschlagen, das
heifit die dritte Ordnung in der Storungstheorie wird berechnet. Das Ergebnis ist ein stark
verbessertes Skalenverhalten des Wirkungsquerschnitts, sowie ein besseres Verstdndnis von
schweren Quark-Anti-Quark-Systemen. Die Green Funktion, die eng mit dem Wirkungsquer-
schnitt verkniipft ist, wurde in semi-analytischer Form berechnet. Die Energieniveaus und
Wellenfunktionen der Quark-Anti-Quark-Systeme wurden aus den Polen der Green Funkti-
on fiir beliebige Hauptquantenzahl n bestimmt. Alle Ergebnisse wurden in ein Mathematica
Paket implementiert, um die Weiterverwendung zu vereinfachen. Fiir eine vollstéindige QCD
Rechnung fehlen noch einige Koeffizienten, welche recht einfach in das Programm eingefiigt
werden konnen. Zusammen mit den ebenfalls noch fehlenden elektroschwachen Korrekturen
konnen die Ergebnisse dieser Arbeit zu der gewiinschten Prézision der top-Quark Masse von
weniger als 50 MeV fiihren. Das Ergebnis konnte auflerdem mit Renormierungsgruppenme-
thoden weiter verbessert werden. Eine weitere Benutzung der Resultate zur Bestimmung der

bottom-Quark Masse mit Summenregeln ist ebenfalls moglich.
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Chapter 1
Introduction

In particle physics, since many years, the Standard Model (SM) has been very successful
to explain almost every observed phenomenon. The mathematical concept of the SM is a
quantum field theoretical description of three fundamental interactions (the electromagnetic,
the weak and the strong force) and 37 elementary particles, described by the SM Lagrangian.
One important failure of the SM is, that the gravitational interaction could not be included in
this framework, without giving rise to infinities at high energies. This leads to the conclusion,
that the SM might be only a low energy limit of a more fundamental "Theory of Everything’.
The concept of a limited theory, called effective theory, which is only valid up to a certain

1. Such theories can be understood as an expansion in the small-scale

scale, is well known
limit. Field theoretically, this means that interactions in the Lagrangian are suppressed by the
inverse of the limiting scale. So, at energies much lower than this scale, these terms become
unimportant. This concept will return in the next chapter, when an effective non-relativistic
theory will be introduced.

The particle content of the SM can be divided into half-integer-spin and integer-spin
particles, called fermions and bosons, respectively. The fermions again will be classified into
quarks, which feel the strong force, and leptons, which interact only by electromagnetic or
weak forces. The bosons are the mediating particles of the three forces. A special role is
assigned to the Higgs boson, which has been introduced to give masses to the particles via
the so called Higgs mechanism. It is the only SM particle, which has not yet been observed
experimentally.

Within the SM, the top quark is the heaviest elementary particle. Due to this high mass,
the properties of the top quark are sensitive to high energy effects, beyond the reach of cur-

rent accelerators. These effects might reveal some aspects of the more fundamental theory,

IClassical examples of low-energy effective theories are the Heisenberg-Euler effective theory in QED or

Fermi’s four-fermion theory of weak interactions.
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Figure 1.1: Left: Recent results for top quark mass measurements at the Tevatron (taken
from [1]). Right: Effect of the top quark mass uncertainty on the exclusion limits for the
Standard Model (taken/updated from [2,3], including two-loop corrections for the precision
observables [4-T7]).

described in the first paragraph, and therefore make the top quark a perfect playground for
precision tests. An example of the importance of the top quark mass is shown in figure 1.1.
The circle shows the 68 % confidence level interval of current and expected mass measure-
ments. It reveals, that the precise measurement of the masses of the top quark, the W-boson
and the Higgs in a combined fit can lead to an evidence for the model, which is favored by
nature.

Therefore, it is not surprising, that strong efforts have been undertaken to measure the
top quark mass since its discovery in 1995 at the Fermilab Tevatron collider by the CDF and
DO experiments [8,9]. The process that led to detection is the top quark pair production (t¢)
in proton-antiproton (pp) collisions. The protons are composed out of quarks (q) and gluons
(g), so the production processes are q§ — tt and gg — tt. The produced top quarks decay
very rapidly (= 0.5 x 1072*s), mainly into a W-boson and a bottom quark (tf — W*+bW ~b),
which themselves decay into leptons (10%), leptons and quarks (44%) or only quarks (46%)2.
Until today, the pair production is the only process where top quarks have been observed.

The reason is, that other possible production channels, as for example the electroweak single-

2Due to confinement, quarks hadronize in the detector and show up in the form of jets. The three decay

modes are therefore also called di-leptonic, semi-leptonic and hadronic (or all-jets) channels.
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Figure 1.2: The total ete”™ — v — t& QCD cross section R at LO (dotted curves), NLO
(dashed) and NNLO (solid) for three different scales by various groups (taken from [14]).

top production (g — tb or gb — gt where b is the bottom quark), have a weaker signal and
much higher backgrounds [10].

For the pair production of top quarks, the top quark mass has been measured at the
Tevatron in all three decay channels (see figure 1.1). The current value is m; = 172.6 £ 1.4
GeV [1]. A more precise measurement will be done at the Large Hadron Collider (LHC), which
will start operating soon. The expected accuracy is of the order of dm; = 1 GeV [11,12]. The
precision is limited at hadron colliders (with partonic initial states) due to large uncertainties
in the parton density functions. This problem is avoided at linear colliders. The initial states
consist of electrons, which form a much cleaner signal. Therefore, a high precision can be
reached at the future International Linear Collider (ILC). At the ILC, the most sensitive
process for mass measurements is the top quark pair production at threshold (energy of
E ~ 2m;). Assuming an uncertainty of 3% for the theoretical shape of the cross section, an
accuracy of around 30 MeV can be reachable [13]. The aim of this work is to push the error
of the theoretical calculation beyond this limit.

At the top quark pair production threshold, the shape of the cross section is strongly
influenced by the position of the 1S peak of the top-antitop pair (toponium). The sharpness
of the peak is affected mainly by the top quark width, and the peak position by the mass.
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Due to the fast decay of the top quark, the 1S peak is very flat, and higher quantum state
peaks are absent. The top quarks have small velocities, so the process can be described by a
non-relativistic heavy quarkonium system, which has been examined since long ago [15-17].
A consistent field theoretical approach has been made possible by the invention of non-
relativistic effective field theories [18]. Since that time, a lot of work has been done in the
field, and several groups have calculated the next-to-next-to-leading order (NNLO) QCD
corrections to the total pair production cross section [19-24]. Additional to the pure QCD
corrections, electroweak (EW) and also the interference effects of EW and QCD corrections
become important. Some work on the EW effects has been done in the past [25-27], but
complete results still do not exist. Furthermore, a consistent treatment of finite width effects
also becomes important at higher orders. In current calculations, only the leading order
width effects are included.

The existing NNLO QCD calculations (see figure 1.2) show a good convergence for the
peak position, but reveal a big uncertainty in the normalization. On the one hand, the
successive addition of the higher orders does not converge rapidly, and on the other hand,
the scale dependence of the second order is large. To cure this, there are essentially two
possibilities, a renormalization group improvement by resummation of large logarithms or
a full third-order calculation. The first approach, namely the resummation of logs up to
next-to-next-to-leading-logarithmic (NNLL) order has been almost completed in two slightly
different frameworks [28-30]. Also, first steps towards a full third-order calculation have
been done in the past [31-42]. In this work, the full next-to-next-to-next-to-leading-order
(NNNLO) QCD corrections to the cross section up to some yet unknown coefficients are
presented. This includes not only the photon mediated contributions, but also those induced
by a Z-boson exchange. These have been omitted in some earlier papers, because they are
suppressed at threshold. They start contributing at NNLO, so only leading-order and first-
order corrections are needed at third order. Some results at this order are available in a
different regularization scheme [24,43-45]. To combine the results, it is mandatory to use the
same scheme, to ensure the correct cancelation of scheme dependent divergences. Therefore,
these contributions were recalculated.

The thesis is structured as follows: In the next chapter, an introduction to effective field
theories will be given, and the details of the non-relativistic expansion are provided. The
relevant one-loop matching coefficients arising from the matching of QCD to the effective
theories are calculated, and for higher loops the known results are provided. In the third
part, the cross section in the effective theory will be calculated, and the results of the relevant
Feynman diagrams are presented. The results have been implemented into a Mathematica

package. The documentation of this program is the topic of chapter four. Finally, the results



for the energy levels, the wave function and the total cross section will be discussed. The
effect of different contributions and parameters is analyzed and an overview of open issues is

given.



Introduction




Chapter 2

The tt cross section near threshold in

the effective field theory

2.1 Heavy-quark correlation function

To study the QCD effects to the process eTe™ — tt, the optical theorem is used to relate the
total cross section o, to the two point function II(¢?) of the electromagnetic heavy quark
current. The current can come from the vector coupling (photon mediated, see first diagram
in figure 2.1) and from the axial vector coupling to the Z boson coming from the second
diagram in figure 2.1. The vector current is given by j; = ty,t and the axial vector current
by ji = ty,75t. The second effect is suppressed at threshold and contributes first at NNLO,
as will be seen later.

In quarkonium physics it is common to use the R-ratio instead of the total cross section.

In this work the term ”cross section” will be used for the R-ratio:

olele” ~tt+X) 2T1(0) (2 2¢° ()2
R = 0_(6+6_ . M+Iu_) = 127Im et]:[ (q ) - mveﬂtetﬂ (q )
2 2
q . )
Hptyp) (2 +a) @O + et @), (2.1)
q- — MZ

where o(ete™ — ptu~) = 4ma?/(3s) is the high energy limit of pu*pu~ production, s the
center-of-mass energy squared, e; is the top quark electric charge and « is the fine-structure
constant. "X” denotes an arbitrary final state of massless quarks and gluons. The vector and
axial vector coupling of the fermion f to the Z-boson are given by

B Tgf — 2e;sin” 0,
Vf =

(2.2)

2sin 0, cos b, ’

f

= 2 2.3
2sin 0, cos 0, (2:3)

ar
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Figure 2.1: QCD diagrams for ¢ production.

where My is the Z-boson mass, 6, the weak mixing angle, e; the charge of the fermion and
Tgf the third component of the weak isospin of the fermion. Relation (2.1) is not exactly
true, because the radiation off light quarks and the annihilation contribution (shown in the
third and forth diagram of figure 2.1) are not included in the correlation function, but also
produce top quark pairs. As will be seen in section 2.2, the two effects are strongly suppressed
near threshold, and don’t contribute at third order. So, in this paper only on the first two
diagrams and their QCD corrections will be studied. The corresponding current correlation

function is given by:

T(@?) = (quas — a*g) i [ d' e O[T (L) (2)5°(0))]0), (2:4)

where the X can stand for the vector or axial vector index. The two-point function at

threshold can be expressed by the non-relativistic Green function G(E):

N, E
() — '¢ _ = (1=0)
no = (cv(cv (1+d,/3)G (E)), (2.5)
o 3Ne s
@ = — AGEV(E), (2.6)

where N, = 3 denotes the number of colours. The coefficients ¢,, d, and ¢, arise from short
distance effects, which will not be cast into the Green function. They arise systematically in
the effective theory approach, which will be shown later. The functions G (E) = G1(0,0, F)

come from the partial wave decomposition of the Green function:

<2l + 1)(T1T2>Z.PZ(I'1 . I'z/?”ng)G(l)(Tl, Tro, E), (27)

M]3

G(I’l, Ira, E) =

T
=

where P)(z) are the Legendre polynomials. The Green function describes the propagation of
a tt pair, produced and annihilated at the origin. A more precise explanation of this quantity
in the non-relativistic expansion and in the framework of an effective theory will be given in

the sections 2.2 and 2.4.1.



2.2 Momentum regions and effective field theory 9

The calculation is performed in the center of mass frame, so that the incoming momenta
of the quark and antiquark are of opposite sign. The external heavy quark spinors in QCD

are given by

1 (Ep+m)¢ 1 o-pn

, v(p)Z(E

p +m)1/2 ’ (28)

)

o-p§ (Ep+m)77

for external momentum p = (E, = (m? + p?)/2, p). The variables ¢ and 7 denote the quark

and antiquark two-spinors, respectively. They are normalized according to ¢ = nfn = 1.

2.2 Momentum regions and effective field theory

At the quark pair production threshold, one observes that the usual perturbation theory
breaks down. This is due to the small quark velocity v. But, one can treat the system
non-relativistically and make an expansion not only in the strong coupling constant ay, as
in the usual perturbation theory, but also in the velocity v, assuming that the velocity is
of the same order as ag. The power counting up to third order including the small velocity

approximation is:

Z( ) {1(LO); as, v (NLO); o2, ey, v*(NNLO); (2.9)

a2, av, a,v®, v (NNNLO)}.

The expansion shows, that one has to take into account terms of the order (v, /v)* for all k.
This means, the exchange of Coulomb gluons has to be summed up to all orders. At leading
order, this is done by the use of the resummed Coulomb Green function, which includes
all ladder diagrams from figure 2.2. At higher orders, the procedure is more complicated,
because the quarkonium bound state system has different energy and three-momentum scales
with respect to the given power counting. The relevant momentum scales are the top quark
mass (~ 175 GeV), the non-relativistic top quark energy and the decay width (both ~ 1.5
GeV), and the characteristic top quark momentum (~ 15 GeV). So, one can distinguish four

regions:

hard: l[p~m, 1~m (2.10)
soft : lp ~muv, 1 ~muv
potential : [y ~ mv?, 1~ mv

ultrasoft : [y ~ mv?, 1 ~ mv? |
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Figure 2.2: Ladder diagrams in the resummed Coulomb Green function.

where only massless particles (gluons, light quarks and ghosts) can be ultrasoft. The calcu-
lation of quantities describing such systems involve integrals with these scales. Therefore it
is difficult to calculate these multiscale integrals in the non-relativistic expansion. With the
use of the threshold expansion method [46], it is possible to separate the scales. This allows
the correct expansion in o, and v. To do so, the integrals are written as a sum over integrals
coming from the different regions. Then, these integrals are expanded in the parameters
which are small in the corresponding region. The integration is carried out over the com-
plete phase space. Divergences coming from different regions cancel. In intermediate steps,
these divergences have to be regularized consistently. In this work, dimensional regularization
(d = 4 — 2¢) will be used with M S subtraction in all parts of the calculation.

The threshold expansion allows to use separate field operators for the different regions,
because every integral has to be evaluated only in one region, so that there is no overlap of
loop momenta. The separation of fields makes it possible to use an effective theory framework.
The idea behind this concept is to parameterize effects at small distances (or high energies)
by local interactions of low-mass particles. The Lagrangian consists then of all possible local
operators of the new fields. This procedure is called integrating out the short-distance (or
high energy) modes. Here, the higher modes (hard, soft and potential) are integrated out
step by step. In section 2.3, the hard modes are integrated out. Hard modes contribute on
the one hand to an effective non-relativistic Lagrangian as well as to an external current,
coming from the coupling to the photon. In the next step, the soft and potential modes are
integrated out in section 2.4, and the result can be understood as an effective (instantaneous)

heavy-quark potential.

To determine the scaling behavior of Feynman diagrams, the velocity scaling of loop inte-

grations and propagators is examined. From equation (2.10) it follows, that the integration

measure d*k scales as v°, v*, v® and 1%, when k is hard, soft, potential and ultrasoft. The
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denominator of a quark propagator with momentum ¢/2 + [ scales as:

1
m—i— hard ('UO)
1 1 1
= — — 4+ ... ft (vt .
2w =t soft (v™) (2.11)
1 1
— ... potential (v™2).
om Ej2 4 10— Bjam) | potential ()

The velocity scaling is given in brackets. For the gluon propagator the scaling is:

1
. B hard (v°), soft (v™2), ultrasoft (v™1),

i » (2.12)
I potential (v™?).

Using these scaling rules, it can now be shown why the radiation off light quarks is beyond
NNNLO in the non-relativistic approximation. For the final states the kinetic energy available
at threshold is limited to mwv?, since the final state consists of two top quarks. So, the
two heavy quarks are potential and the light quarks must be ultrasoft. In the light quark
correlation function this leads to a factor of v*! from the loop integration measure. Since
there has to be a connected path of large momentum of order 2m from the production of the
light quarks to the production of the top quark pair, one of the light quarks and the gluon are
off-shell by an amount of order 4m? and do not contribute powers of v. The two potential top
quarks and the ultrasoft light quark propagator all scale as 1/v? in the correlation function.
So, the diagram scales as v'3, which corresponds to v'? relative to the leading-order cross

section. Inspection of the analytic expression [47] confirms this result.
The dominant annihilation diagram in the colour singlet and spin triplet channel is the one
shown in figure 2.1. This is of order a? from the vertices and v? from the potential quarks.

So, it is also beyond NNNLO and can be neglected.

2.3 Non-relativistic QCD

The first step in the effective theory approach is to integrate out the hard modes. This
corresponds to calculating (relativistic) effects of the order of the heavy quark mass, so
that the remaining fields are non-relativistic and consist only of soft, potential and ultrasoft
modes. This leads to the formulation of the non-relativistic QCD (NRQCD) [48-50] with the
quark field ¢ and the anti-quark field y, the chromoelectric field E% and the chromomagnetic

interaction o - B. The Lagrangian can be divided into four parts:

LNRQCD = £¢¢ + EXX -+ Lﬁ’X + ﬁg -+ Elight; (2.13)
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where the antiquark part L£,, is the complex conjugated of the quark Lagrangian L, and
Liigne is the Lagrangian for light quarks and L, for gluons. The light quark and gluon
Lagrangian corresponds to the one in the full QCD without the heavy quark part. The heavy
quark NRQCD Lagrangian is:

D? D*
— otiDn+ = 2.14
Loy =9 (Z 0—i_Qm—i_8m3>¢ 21
d d d
i 19s ‘B 29s Dz Ez 395 IJ DZ EJ
¥ ( 2m 7 + 8m?2 [ |+ 8m?2 [ ]
D? B B? — E? BB} — E'EJ
g D00 BY | B B T Nevo( L),
8m3 8m3 8ms3
dss 1 i dsv T T
Ly =S¥ xX N+ —SdlopxTox +
s yy 1
+zﬂﬂ¢{T&+nﬁWTb¢ﬂT%X+O<>, (2.15)
c, = _%GA GAm d5 GA D2GAm 4 chl fABCGA GB GC + O(m4> (2.16)

where A, = AJT# is the gluon field, G,,, = (i/gs) [Dy, D,] the corresponding field strength
tensor and the chromoelectric and chromomagnetic fields are defined as:

me_wm_ﬁm_%pmﬂ,

Ei
ot

|
o-B = —50”G”.

The Feynman rules for this Lagrangian are given in figure 2.3. The remnant of the hard
modes is encoded in the Wilson coefficients d;. They are normalized such that they are 1 at
tree level (not for dy, where the tree level contribution vanishes). Higher-loop orders have
to be calculated by matching the QCD diagrams to the NRQCD diagrams order by order
in the non-relativistic expansion. For reasons which will be explained later, the matching
coefficients up to order e are needed.

In the Lagrangian, all terms are kept that are relevant for the NNNLO calculation, so all

2

terms that contribute to order v3, v?a,, va? and o2 relative to the leading order. The scaling

of the fields depends on the scaling region. Quarks fields can be potential and soft and from

the scaling rules of the propagator (given in equation (2.11)) and the integration measure,

3/2

one can see that in both cases the field scales as v*/*. The same power counting can be done

with the gluon field, which is either soft, potential or ultrasoft and the scalings of g,A are

3/2 1/2

v3/2, % and v%/? respectively, a factor of v'/? coming from the coupling constant g,.

First, the two point interactions of the quark Lagrangian will be examined. For potential

quarks, the kinetic term ¢'(iDy + D?/(2m))w, which is the leading-order Lagrangian, is of

5

order v®. The relativistic correction ¢T(D*/(8m3))1 scales as v” and thus contributes to
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NNLO. The next term in the expansion would be of order v? and is beyond NNNLO. For soft
quarks, the quadratic kinetic energy term is an order v correction to the leading-order static
Lagrangian ¢TiD%), which scales as v*. In this case the quartic kinetic energy correction is
a N3LO effect.

Consider now interactions with the gauge field, i.e. terms of the form g T A", potentially
with derivatives on the quark and gluon fields. The g,)f1) Ay interaction that comes from
1iD%) scales as v® when all fields are potential. Therefore it is not suppressed relative to
the terms that persist as g, — 0. In the potential region, this interaction has to be treated
non-perturbatively; this is why the cross section near threshold requires a summation to all
orders in a,. When the gluon field is soft, the velocity scaling of the g,f1 Ay interaction
is v%/2, but since in this case the leading term 1)7i9%) scales as v*, this interaction is a
perturbation. It follows that all soft interactions can be treated in conventional perturbation
theory. Further three-point interactions of the form above carry derivatives. Each derivative
gives at least a suppression of v. So, the Lagrangian with up to three derivatives is needed
at NNNLO. The requirement of gauge invariance restricts the possible interaction terms up
to order v° to the so called chromomagnetic, Darwin and spin-orbit interactions, multiplied
by the short-distance coefficients d;, d» and ds, respectively, and at order v” to the other
terms given in (2.14). The Darwin and spin-orbit term contain two derivatives and start to
contribute at NNLO. Hence, the one-loop short-distance coefficients are needed at NNNLO.
For the particular case of the vector current correlation function, at least two vertices with
a o-matrix coupling to the heavy quarks are needed. Otherwise, one obtains a trace over
three o-matrices which vanishes. Consequently, one needs two chromomagnetic interactions
at least, and since each is suppressed by v, the chromomagnetic interaction enters only at
NNLO and d; is needed at one-loop order in this calculation. The contributions from the
cw and cp terms don’t contribute to third order by the same argument. The c4 part is
suppressed by an additional coupling constants, and is therefore also of higher order.

The leading contribution of the four quark operator Lagrangian is suppressed by v? relative
to leading order. So it appears first at NNLO. Terms of order v relative to leading order
would have again (similar to the two quark operators) an odd number of o matrices and
therefore vanish in the correlation function. Note that there is another possibility to write
the Lagrangian using Fierz transformation. The representation given in (2.15) is useful when
matching the Lagrangian to box diagrams rather than annihilation diagrams. Because at
threshold the annihilation contribution is of higher order, the form given in (2.15) will be
used throughout this work.

The pure gauge field Lagrangian is the same in QCD and NRQCD and thus it is fixed by
the terms given in (2.16).
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Figure 2.3: Feynman rules for NRQCD vertices up to order 1/m?.
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(a) (b) (c)

Figure 2.4: Formfactor contributions: wavefunction renormalization and vertex corrections.

Now, the matching at one-loop level will be performed and the results for higher loops are
given, where available from the literature. The calculation is done in dimensional regulariza-
tion. So, the d dimensional spin algebra must be used. This means the use of the € tensor is
avoided, since it is not defined in d dimensions. Note, that this convention has also been used
in the definition of the Lagrangian. Instead, in the following calculations the expression:

o = % {ai,aj] : (2.17)

will be used, and the products of o matrices are evaluated with the identities:

oot =d—1, (2.18)
ololo’ = (3 —d)o?, (2.19)

where d = 4 — 2¢ and tr(1) = 2. As will be seen later, it is not sufficient to get the finite
contributions of the matching coefficients. These coefficients multiply functions, which are
divergent themselves. This means, the matching coefficients are also needed at higher orders

in the e expansion.

2.3.1 Two quark operators

This class of operators contains three fields, two quark fields and a gluon field (or its deriva-
tive). Therefore the matching will be done to the QCD three point function. Then, the result

can be cast in the form written with the quark form factors, defined as:

—igTa(p) (Fila?)" + i) 52 ), (2:20)

The finite part of the one-loop quark form factors have been calculated some years ago [51].
However, the order € coefficients are not given there. The form factors are calculated from the

diagrams in figure 2.4 by calculating the on-shell wave function renormalization from figure
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(a) and expressing the vertex corrections (b) and (c) in the form above. This expression is
compared with the result for the three point function from NRQCD. The result for the wave

function graph is:

—i%(p) = —iCFZ—; (A(pz)m + B(p2)>, (2.21)
with
A(p2) _ /1 e (m2r( )]54]:—(12?1;)) (2.22)
)(2 — 2e¢)
/ de m2x —p2x(l —x))e (223)

Then the correction to the wave function renormalization reads:

0% g2 2(0A 03) _ %(M)WE@—?@F(E)
07 = CF47T [B(m )+ 2m (ap2 + 2 ) e = CF47T m (_1 +2€) . (224)

In the next step, the second diagram is considered, which is the abelian vertex corrections.

The corresponding contributions are denoted with the superscript (V). The result for the
form factors are:

Ca\/p\%*/2e—3 q>6e®—be+4
PO _ % pep (C _ ) () ( ) 2.95
v e 2 )\n) \aes1 e 2e—6 ) (225)

s Ca\ [ p\*/26e(2¢+1) q®ele+1)(2e+1)
FV) _ @ pep ( _ A) <> ( ) a4 ) 2.2
2= O -G et T et s (2.26)

The last part is the non-abelian vertex corrections, which is the third relevant diagram.

Background field Feynman gauge is used to assure gauge invariance. The contributions to

the form factors are denoted with superscript (g) and read:

%—3 o 243
F(g):%’mel—\ C( ) ( 1 )
U= g TG ) \5e T T oese =)

2/ 2¢+2 g €e+2
7O _ % apep oo (“) ( T ) 2.8
2 P (€)Ca m —2e+1 * m? —4e2 + 1 (228)

Now, the complete on-shell form factors at one-loop can be computed by adding up the results

(2.27)

obtained above. The form factors are given by:
FRr=1-6Z+F"Y) +F9 (2.29)
F,=F" +FY. (2.30)

So, the total result up to order a,/m? is:

7 \m/ 48(4€2 —1)m?

Qg ( i )26 [(e)eree
T 24(4€? — 1)

2e I YE€ 2
F=1+ O‘(“) g o [CA(—1263 44 4 3¢+ 5) + 205(126% — 4 + 3¢ + 4)1 ,

q’
F2 — m 72(

lCA (6(26 +1)(2¢% — 1) + — (4€* + 8€® 4 5e? — 2¢ — 6))

2
+(JF< — 12¢(2e +1)% — %26( )(2¢ + 1) ] (2.31)
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By calculation of the corresponding diagrams in the effective theory the relations between
the coefficients d; and the form factors are obtained. First equation (2.20) can be expressed
in the non-relativistic limit. In the non-relativistic case the zeroth component is separated.
This reads:

2 2
. a a Pip; q PiD;
ig Tl [qu?)(l - B0 + Bale?) (— g + 2] z,oj]ﬂf- (232
The space components of equation (2.20) are:
-t 2\ [ Pk + Dj 4 ) o G
igT"¢ [ﬂ(q J(ETE Lo ] ) + Faa) o) (2:33)

This is compared with the same quantity in NRQCD. The calculation is straightforward and

the result for the time component is

doq®  dspip;
. a -'- 2q 3pzp] . .
T [1 _ha | ol [az,m]g | (234)
and for space components
- agt | Pe DL g
et | P G o (239

Direct comparison of these results with the expanded form of the full theory yields:

d, = F1(0) + Fy(0), (2.36)
dy = F1(0) + 2F5(0) + 8F(0), (2.37)
ds = F(0) + 2F5(0), (2.38)

where Fj(0) = Fj|,2—0 and F[(0) = dF;/d(¢*/m?)|;2=0- So, the coefficients of the bilinear
parts in the NRQCD Lagrangian to full order in € have been calculated. The result agrees
with the expanded result presented in [51] up to the order given there.

2.3.2 Gauge field operators

For the gauge field matching the gluon self energy diagram (figure 2.5) has to matched to
the two relevant NRQCD diagrams. Note that the diagram with a gluon loop is the same
in QCD and NRQCD and therefore no matching is necessary. The result for the quark loop
diagram is:

Qg v 2e 1 4q2
(@° g — Qqu)(Sab<1 - ;TFF(e)e”E (m) <3 + We)) (2.39)
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@

Figure 2.5: Gluon self energy diagram with one quark loop.

> L.
> Ll

Figure 2.6: QCD diagrams for the 4 quark operators at one-loop.
The result in NRQCD is:

2
(q2g/w - Q,uqy)(;ab (fl + TiLQleQ) (2.40)

This leads to corrections for the matching coefficients d4 and ds. They read:

26T I‘ YEE€
dy=1+ ozs(,u> &7 (2.41)
T \m 3
s 25T F YE€
ds = a(u) Trel'(e)er™ (2.42)
T \m 60

The results agree for d = 4 with the ones in [51]. The operator dg is not needed. The
reason is, that in the final matching to the PNRQCD box diagram such a contribution is
only possible at one-loop level. But since this correction is already of one-loop order, the

additional loop would contribute only to higher orders.

2.3.3 Four quark operators

The last remaining part of the hard matching are the four quark operators. The four-
dimensional results are given in [52]. Here the d-dimensional form of the matching coefficients
is presented. Contributions from annihilation diagrams are not taken into account, because
these are of higher orders for ¢¢ production in e™e™ annihilation as described in section 2.1.
For tt production in v collisions, these have to be considered. The only two relevant QCD
diagrams for the process calculated in this work are shown in figure 2.6. These diagrams

are of one-loop order (order «y), so only the leading order in the v expansion is needed.
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Therefore, all external momenta can be neglected and the quarks are put on-shell. After
performing some algebra and using the master integrals from appendix B.1, the result for the

two diagrams reads:
(47?'043) <CF <C2’A - CF> + (QCF — ?TG ® Ta)> (243)

/ dk 2k? — dkZ + 4m? — kgk" 04, 0%] ® [0}, 0%] + %g[ai, 0] ® o4, 0]
(2m)d k4 (k2 4 2mko) (k2 — 2mko)

+ (47ay) <0F<C;A - OF> + (208 — CaT" @ T“))

2

. / dik —2k2 4 dk2 — dkom + 4m? — "0, 0] © [0, %] + kzg[ai,aj] ® [oi, 0]
(

o) T (2 — 2miky)?

a? rmy % (26 —3)(2e2 + e+ 1)I'(2+¢)
= e () v | op(Cy — 20

m? <u) ‘ l F(Ca = 208 R 122 —2e — 3)

+(—26 +3)(Cale(2e +1)(4e + 3) +5) — 8Cr(1 + €)(2¢® + € + 1))'(¢)
4(2¢ — 1)(2e + 1)(2e + 3)
(I1—e'(14+¢) (e—1)(Ca+4Cae —8Cre)I'(¢)
2(2¢ +1) 4(2¢ +1)

T ® T

+<OF(CA—20F) TQ®TQ>U¢®0i],

where "®” is the s-channel tensor product defined as A ®@ B = A;; By, and 1, j are the indices
of the quarks and k, j of the anti-quarks. In the effective theory the result is relatively simple
and reads:

1
—Q(dss + dysT* QT+ (dgy + dp T* @ T)0; @ 03) . (2.44)
m
From the condition that the two results have to agree, the result for the effective four quark

operators are obtained. The result is:

O = . = w0
dsv = azCF(CA - QCF) (7/;)26 €7E€<_2€(2_{; :_ﬂigl i 6)7 (246)
o = ()2 HCALLH Ve 9) +5) 8051+ 92+ 4 DT
e -, 42 — 1)(2¢ + 1) (2 + 3) ’
(2.47)
o e (e — 1)(Cy + 4C 16 — 8Cre)(¢)
oo = 5 <m) Z(ze + i) ‘ (248)

The finite part of these coefficients agree with the result for the "unequal mass” case in [52].

2.3.4 Matching of currents

To get the two point function, the electromagnetic heavy quark currents jL”) and j/(ﬂ) are

needed in the effective theory. This contribution comes from the diagrams where the hard
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loop connects to one of the external currents. For the vector current, the contribution comes
from matching the tty vertex from NRQCD to QCD. For the axial vector current the matching
to the ttZ vertex has to be calculated. The matching will be done by expansion of the current

for small velocities v:

= 0(=p)v.u(p), (2.49)
i = o(=p)yursu(p)- (2.50)

First the vector current is considered. Using the definitions from equation (2.8), the time-like
components of the vector current vanish and the spatial components contain the following

operators [53]:

Ylo'x, (2.51)
1 )
_ i i
1 )
_ T+t 1)2

The operators O, and O are already of order v2, so only single insertions are needed. So, the

spin projection to the triplet state, given as Ayipier = 0) Aueco)c/(01¢0E,) can be applied:

v ; dv
]E ) =Cy ¢TO_ZX + W¢T0i DZX + 0(1/m4)a (254)

where the hard matching coefficients ¢, and d, have expansions X, = 1 + %, X,™ (a,/4m)".
At NNNLO, the short-distance coefficient ¢, is needed up to third order. Second-order
corrections are given in [54, 55|, the third-order corrections are not completed. Only the

logarithmic part [33,34] and the terms related to n; are known [37]:

Cvl)(/JJ> = _SCFa (255)
2 2 1
P (p) = —27% Ly, (4C’ACF + 302 ﬂo (1) ) + 16[( 83 722 +7?1In2 — g(s)) C%
151 8972 572 13 22 2w
. S P CuC = 2 \ORT, CrT.
( 72 1 6 C<))AF+(9 9)FF+8Fan]
(2.56)
05)3)(/0 = 47T2L$n [ — 100?7 — 15CACF 4CACF + ﬁoCF +46,C 2 Cr — C ﬁo‘|
9 65 70
2 3 ¢
+327°L,, [OF(ﬁlnz 4) CACF(31n2+ 36> CACF(31n2+ 27)
C¥Tr 49 29 CaCrBy  C%bo Bo I
— - To + =2 T (2) )
5 T gl e opCiny T + ===+ == T 6 g T 6

557 262 163 dn?
1641 TCr [46.7 Crp +39.6Cy + < -+ 81>TF - (162 - )nfTF]

3
+c%) (2.57)
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where L,, = In(u/m) and cq(f;f is the non-logarithmic part of ¢{*) not related to n;.
For the derivative current d, only the first-order corrections are relevant because these

contribution is already of order v?. They have been calculated in [53]. The result reads:

dP () = —Cp

16] | (2.58)

2L, + —
N 3

The scale dependence in the matching coefficients comes from the separation of the hard
scale. It has to cancel against the hard scale dependence in the remaining parts. This has
been checked explicitly. Note that the divergent part of d{") has been dropped in (2.58) and
will be added back to the ultrasoft part in equation (2.120).

Contributions from the axial vector current start at NNLO, so the matching at one-loop
level is needed. Using equations (2.49) and (2.8) the time and space components of the axial

vector current are:

9 = catx + O(1/m?), (2.50)
3 = Lyl Dl + O(1/m?). (2.60)

Note, that in contrast to the vector current, here the time component does not vanish. The
coefficient ¢, is known up to two-loops [56]. However, here only the one-loop result is needed,
because the axial vector contribution starts at second order. Using the same notation as for

the vector current (c, = 1 + ¥, ¢ (a,/47)"), the result reads:
M = —4Cp . (2.61)

Now, all relevant components for the hard matching are introduced, and the next step can

be performed.

2.4 Potential NRQCD

In a second step the soft region and potential light fields (gluons and light quarks) are
integrated out. This results in the potential NRQCD (PNRQCD) [57-60] with the Lagrangian

4 2 4
LpNroep = W(iao + 5; + 86m3)¢ + XT(ia - fm - 8?”3))(
@ [0l (@ 4 1) Vasea(r,0) [l (@)

—gs0! (@) E(t,0)¢(2) — gox' (x)zE(t, 0)x (), (2.62)

where

V;Lb;cd(ra 8) = T(ﬁ;Tcl?l‘/O(T) + 6Vab;cd(r7 8)
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The PNRQCD Lagrangian consists of a kinetic part (first line; including the relativistic
corrections proportional to 8*/m?), a potential part (second line) and an ultrasoft part. The
potentials are the Wilson coefficients from the matching to NRQCD, so from integrating
out the soft modes. To separate the soft and ultrasoft gluon a multipole expansion [61] of
the gluon interaction terms has been performed. This expansion about the center of mass
coordinate x gives a contribution to the instantaneous potentials V' (from soft gluons) and
a higher-order term proportional to x which is the ultrasoft contribution and is given in the
last line of equation (2.62).

For the potentials, the colour projection to the singlet state will be used in the following.
This is the only relevant contribution for the top quark pair production, because the external

current is a colour singlet. The singlet projection
5b05ad%b;cd<ra 8)

gives 0pclaqlapleq = 1 and 5b65adT£T£ = (C'r for the different colour parts of the potential.

2.4.1 The S-wave Coulomb Green function

In this section, the relevant PNRQCD Feynman rules for the S-wave case will be explained.
The P-wave contribution will be considered later.
In the center of mass system, the two particle propagator can be identified with the solution

of the equation of motion, which is the non-relativistic Schrodinger equation:
0* ! .

—— =t Ve (1, 0)|G(x,x+1,E) =63 (r), (2.63)
where G(x,x+r, E) is the S-wave coordinate space Green function with its Fourier transform
G(p1, P2, E). The potential Vy..q(r, ) can be interpreted as an instantaneous heavy quark
potential.

At leading order, the Green function is given by the solution of the Schrédinger equation
with a Coulomb potential. This will be called the Coulomb Green function G¢(ps, ps; E).
Diagrammatically, all Coulomb gluons are summed up in this Green function (since all ex-
changes are of leading order). Some useful representations are given in appendix A.

At higher order one can apply time independent perturbation theory to take into account

the effect of higher-order potentials. This leads to integrals of the following form:

/H(dd 1d 1>G0(p17p27 )5‘7(p2,P3)éC(p3,P4§E), (264)

where 6‘7(p2, ps3) is the Fourier transformed potential 6V (r, 8). Here, the time integration

has been done, so the remaining integral measure has is of order d — 1. It is common to call
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Figure 2.7: PNRQCD Feynman rules.

these corrections insertions of potentials and a diagrammatic form of Feynman diagrams is
shown in figure 2.7.

The leading-order contribution comes from diagrams where no potentials are inserted. The
result in the M S-scheme is well known, and the details of the calculation are not given here.
The result is:

—= 20,C 1. —4mE 1 +/—mE mCrag
GMSOOE:W<—1 - — — —P(1 ) 2.65
C ( y Yy ) A 9 n ,U2 9 mCFOéS VE ( + 9 /—_mE) ( )

Note, that near the bound-state energy £ — FE,,, the Green function has poles coming from

the U-function and is )
[¥,(0)]

E,—F —ie

So, in this region, the Green function is dominated by the energy levels (the pole position)

G(E) "= (2.66)

and wave functions (the height of the pole). It is useful to introduce a variable A\, which is

defined analogous to the quantum number n in the leading-order energy level:

2 2
- mCgog

B =
4)\2

(2.67)

So, the Coulomb bound state poles are found at integer values of A\, and the absolute value

of A is of order 1 or larger in the threshold region.

2.4.2 Potentials

In this section, the corrections to the leading-order potential f/(p, p’) are given, when avail-
able in the literature. For the one-loop coefficients the results for the order € terms obtained
in the previous sections are presented. The potential will be cast in the following general

form:

~ 47TCFOJS

p ATV T2 Cro
V(p> p ) = _VC(&S)T + Vl/m(a5>()—F

m|q|

27TCFOéS
m2

+ Vs(as) (2.68)
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21Cras(p? + p?)
m2q?

37Cra;,
2m2q?

_Vp<as) - Vso(&s) <[0i7 Uj]Qipj & 1-1 ® [Uia Uj]Qipj>

TCrog

Vhslon) pag

[0, Uj]q_j ® 03, onlqe — Vs(as) ———5

The coefficients Vx of the potentials are o, dependent:

) = V0 S (22
(a> (2 +47T K3 + 47T

2
) VP 4 0(ad), (2.69)
So, one can see that the corrections to leading order are an expansion in a4 and v (the
momenta are of order mv). Here, a notation has been used which is valid in d dimensions
and the use of vector products or the totally antisymmetric € tensor has been avoided. The
factors of the potentials are chosen in such a way that the leading-order coefficients are either

ﬁlm Vl(}znz and V(! results in infrared

one or zero. The calculation of the coefficients V(C3 ), %
(IR) divergences [62,63]. These divergences have been subtracted in the given results. They

are added back to the ultrasoft calculation (see section 2.4.3). The subtracted potential is:

Ta?
mlq|

CA g g (pz + p’z)
16 (Cp — > — + 160y — ———F—=|.
i < o ) m? + A2 2q2

_OKSCF
6€

Vet =

3
3 as 2
lOAqQ +4(C3 +2C4Cr)
(2.70)

Now, the results for these coefficients will be presented, starting with the Coulomb potential
which is needed up to three-loop order. The coefficients of the 1/m potential is then needed
up to two-loop and the 1/m? potential up to one-loop order.

Note, that not only higher order of the potential terms are needed for the calculation, but
also relativistic corrections to the kinetic energy term (£8*/(8m?) in equation (2.62)), which
are treated as an insertion to the Coulomb Green function, too. The corresponding potential
from is given by .

Vi = = (2m)" 16 D (p — p). (2.71)
The Coulomb potential The coefficients of order O(1/m°) are the Coulomb potential
coefficients and known up to two-loop order. The one-loop coefficient will be given with the
full € dependence. The higher-order parts are presented in an expanded form omitting the
non-finite orders. This can be done, because insertions of these potentials are always finite.
So, the expansion of the potential can be done before the momentum integration. The result

for the Coulomb part reads:

PO . (2.72)
VC(I) = Kgi)e - 1] 560 + (Zi)e ai(e), (2.73)
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2 2
Vc(vQ) = as + (2(1150 + 61) In 52 + ﬁg In? 52, (2.74)
2
V& = az+ (20181 + B2 + 3azBy + 87°C% ) In (’;2 (2.75)

5 ﬂQ HQ
e 3 2)1 2 F 31 3
+<2ﬁoﬁl+ aiffy ) In @ + Gy In X

with
eE (1l —e)I'(2—¢€) (e 16}
4343 w2 22 1798 56
as = (162 +4m — T + 3C3> Ch - <81 + 3C3) CaTpny, (2.77)

where a; = a;(¢€) is known since some time [64,65] and the d-dimensional expression for a; (¢)
is first shown in [66]. ay has been calculated in [67-69]. The three-loop coefficient ag is not

known analytically, but a Padé estimate is available [70]:

142 for n; =3

as

5= 975 for my =4 . (2.78)
60.1 for n; =5

The 3; are the coefficients of the QCD [-function and are given in [71]:

Bo = 13ch - ;lTFnz, (2.79)
B = 3;(]3 - Q?S)CATFnl — 4CpTrny, (2.80)
5, — 2?2703 B 1121;5 C2 Ty — 2850ACFTF77'1 + 202 Teny

P20, Thn 4+ T (2.81)

Parts of the NNNNLO Coulomb potential are also known [72], but not needed for this cal-
culation.

The insertions of Coulomb potentials are finite, so only the finite parts of the potential
coefficients are needed, as long as only Coulomb insertions are taken into account. However,
at third order also the double insertion of a Coulomb potential together with a (singular
insertion of a) non-Coulomb potential has to be taken into account, so the order €' parts of
the Coulomb potential multiplies a divergent quantity and therefore contributes to the final
result. The coefficient Vc(l) is given with the full € dependence.

As explained at the beginning of this section, the third-order Coulomb potential has an
IR divergence [73], which has to cancel against a similar part from the ultrasoft calculation.
The corresponding 1/e part is subtracted and does therefore not appear in 2.72, but the

logarithmic part multiplied by C'y comes from this divergence.
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The 1/m potential The coefficients of the order O(1/m?!) potential are known up to two-
loops and order €’. But since the insertion of these potential is divergent, the order €' part of
the coefficient contributes to the final part of the cross section. For the one-loop coefficient
also the €2 is needed, since the corresponding divergence of the insertion has a higher power.
The one-loop coefficient is known exactly, but the order €! part of the two-loop coefficient is

unknown and will be parameterized as bge) in the following:
Vl(/ogm =0, (2.82)

bi(e), (2.83)

@ 1 2e 8
v = () 1 () Loreves)

(“2)2 - (“2” 250 by e) + (f;,)g 1by(e), (2.84)

q q? €
with

Crp VBT (L — €)2T(2 +e)
b 6:(1—26—0 1—6) 2 2 , 2.85
0= (G020 can-q) TR 2.

65 8 101 4
ba(e) = =2 — SIn2 B el N1 X
2(€) [18 52| CaClr [36 T2 O

4 2
+[32 Ca— 20| Tony +et§) +0(€), (2.86)

where by (€) is taken from [21] and by(e = 0) from [74]. Note that here the IR divergent part

has again been subtracted, and will be added back to the ultrasoft result later.

The 1/m? potential The coefficients of the order O(1/m?) potentials are known up to

one-loop and order €°. The tree level result is known exactly:

Va(o) —1, pO _ 1, YO _ 1, Vh(?) 1, VS(O) = 0. (2.87)

p so

At one-loop order, the result is needed again including the order €' parts. In this section the
exact form of the O(1/m?) potential in terms of € is calculated (at one-loop). The relevant
NRQCD diagrams for the matching calculation are given in figure 2.8 and 2.9. For the tree
level parts the contribution at this order comes from higher-order matching coefficients and
will be therefore called "hard”. In the loop diagrams the soft and potential modes have to
be integrated out. These contributions will be called "soft”. The total contribution to the
potentials is then Vy(a,) = VI (a,) + V% (a,). This potential is spin dependent. A
projection to the triplet state will be done later. The IR divergence will be subtracted again,

but after the spin projection. This is a useful convention here, because then after the spin
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Figure 2.8: NRQCD tree level diagrams of order 1/m?.

projection, which is done in d dimensions, the counter term potential is purely divergent. If
the IR divergence was subtracted from the beginning, the spin projection would introduce a

finite contribution to the counter term.

The hard one-loop contributions can be easily calculated with the Feynman rules presented
in figure 2.3, since all NRQCD matching coefficients are known exactly at one-loop order from

the previous section. The result reads:

2
_— 2.
mCrar. (dss + Crdys) + O(a%) (2.88)

2 c 3 2
_ Qs (7 7E> 12¢® — 44¢® + 21e — 13
L+ <m26 HO| g6z 124

ar 1
VD (o) = 5(1 +dy — 16d5) +

12¢ — 325 — 632 —4e +3 2Ty
— O(a? 2.89
+Cr 6(2c —1)(2e +1)(2¢ +3) 15 6} +0(e), (2.89)
VI d (o) =14 0(a?), (2.90)
1
VD (ay) = 3 (21 + d3) + O(a3) (2.91)
2 2
Qs (b ¢ Ca(2¢® — 1) — 2Cpe(2e + 1)] 5
=1+ =2 (2=
+ T <m26 ) (€) 6e — 3 Ofes),
V(o) = & + O(a?) (2.92)
2 € 2
_ Qs (1 ,YE> Ca(2¢® — 1) — 2Cpe(2e + 1)] 5
1+ 2( 00 re — +0(a?),
1
(hard) _ d,, d,, 2 2.93
Vi (o) = 2)nCra. 2)WC,F%( + Crdy) + O(aj) (2.93)
2 €
— % L ’YE‘) T [_ de 2
2 (L50) 10| - Cat 5 Cr| + Olad).

In this notation the tree level parts are included and come only from hard diagrams. The
soft contributions come from diagrams presented in figure 2.9, from diagrams of order 1/m?,

where the denominator has been expanded to higher orders and from self energy diagrams
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Figure 2.9: NRQCD one-loop diagrams of order 1/m? (non-vanishing only, symmetric dia-

grams not included).

containing gluons and light quarks. The final result is:
2\ ¢€ _ )2 YE€
(0100, ) = 2o (“) eL(=e)T(e)e (C 48¢3 — 230¢? + 328¢ — 138 (2.94
Vi) 47rl o) 12(ae — se + 31 (—2e) \ (AU € H e (2.94)
—3d3(4€* — 9e +5)) — 4Cp(e — 1)(16€* — 38¢ + 21)

d 1&]] +0(a3)

€
a, <M>€_€<OA<56€2 — 121e +57) + 12n;Tp(e — 1))F(—€)2F(€)67E6
4 6(4€? — 8¢+ 3)I'(—2e)

120, Te(e — 1)(1 4+ d2)) _

@
—6601 + O(a?), (2.95)

2\ € _ A2 YEE€
(soft) _ % (#) EF( 6) F(E)@ ( 2
Vool (a) ym [ o) 6(4c — 8c + 3)T(—2¢) Ca(ds(8e” — 19¢ + 11)
2d; + dj 601

3 €

1+2d, (8€? — 15¢ + 5)) + 4(2d + ds)n T (e — 1)) _
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FOles), (2.96)
soft —1) (C’A(46 —5)+ 4nfTF)F(_€)2I‘(€>€'YEe e
e = l (8¢2 — 16€ + 6)I'(—2e¢) —di
+0(ay (2.97)
Veeila) = 47r( ) e ?QEF_( 4)%325%26 +0(a), (2.98)

where the d; can be put to one, since these parts are already of order a,. An alternative way
of calculating the soft corrections is by directly taking the soft limit to the QCD diagrams
instead of the NRQCD diagrams. This calculation has also been performed and it has been
checked that the results are exactly the same. Note that with the second method one cannot
get the result in terms of the hard matching coefficients, but instead one gets the results
given in (2.94) with d; = 1.

Spin projection for S-waves The double insertion of the spin dependent potential is of
higher order, so at NNNLO only single insertions of spin dependent potentials and double
insertions of a Coulomb potential with spin dependent potentials have to be considered, but
never the double insertion of two spin dependent potentials (this would be of forth order).
Therefore, it is possible to take the spin projection to the singlet or triplet state directly
in the potentials. For the process considered in this work, only the triplet contribution is

relevant. The results for the spin projection to the spin triplet state are:

[O'i, Uj]%pj & 1-1 [ [Ui7 Uj]qipj — O, (299)
10 — 7d + d?

[0i,05]¢; ® |07, ok — ﬁélq{ (2.100)

(05, 05] ® |04, 0] — —4(10 — 7d + d?). (2.101)

Now, these relations are applied to the potentials from equation (2.68). Then, the counter
term for the 1/m? potential is subtracted from equation (2.70) and one arrives at the result

presented in [38]:

Vi) =~ Ve = Vi 8 |q| +Vijma — Ty PP (2.102)
q 2m
with
VO =1, (2.103)
4—e—2¢
V1(77)n2 = wo(€) = T 64 (2.104)

v = (%) 1) 5 Geas ) + () oo (2105)
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2\ 1,7 11
v, = [((‘;) - 1] ~(5Cr = 5Ca + Bowole))

[ (3 (s () o e

The relevant coefficients (up to order €) are:

Cp 11 40
419 7772 T2 274 272
- - T 2
+6{< s 216>0A+( 36>CF+<81 27) an}+0(€ )
Cp 29 1 379 72 2
Wy = _JF 2
(€)= =5~ g Cat i3 TF+6{< 54 24>CA+< 10+ )CF} 0€),
(2.108)
20 188 1972 112 2
1 2
00 = 50— 5 Teng + o (57 - 55 )Cat (= 5 + ) Tonsf + 0@
(2.109)

where v\" (e = 0) for i = {g,m,p} agree with those obtained from [62,75], and the order €
agrees with [75].

Equation of motion After applying the spin projection, only six different types of inser-
tions are left:

1 M2 ae 1 M2 ae M2 ae p2+p/2 M2 ae
() ) (G) (%) p®@. @, (2110)

9’ \q lq q’ 2q?
where the first four come from the potentials in equation (2.102), the fifth is the kinetic
correction and the last one might be used for the threshold mass implementation (not used
in the calculation here, see section 3.6 for more details), and is given here for completeness.
The last three can be reduced by using the equation of motion to the first three and an
additional delta potential. At third order, both, single and double insertions with Coulomb
potentials have to be considered. The equation of motion

2 d—1
p E 2
iZQ Go(p1,pP2) = —Geo(p1,p2) + 7( )
m m

4 d*'k k
(5(d71)(P1 —p2) + 7TOFO{S/ Go(p1,K)

(2m)* 1 (k = p2)*’
(2.111)

m

is then applied, and the result for the single insertions (with q = p3 — ps) is:

2

5 ()22 /Hma (p1, p2)(27)0 15 (q )pﬁczc(pg,p@
=F

/Hg:;piG (P1,P2)Ge (P2, P3) +/H pl o 1Go(P1,P2)
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4 dd 1 1
+ 47TCF045/ )i 1GC(P1,P2)?GC(P37P4)7 (2.112)

B ddlz 4
(@) R / H PrGe(prp) (2m)" 17 (@) 22 Go(ps, i)

E2 dd 1 ; 28 dd 1 ;
/H p p1>P2)GC(P2,P3 /H p G (p17P2)

8TCrasFE [ dd p
+— / )i 1GC(p17p2)?GC(P3,p4)

(4rC as dd 1p; 1 k(0
- /H p P17p2)+5<8)Gc(p3,p4), (2113)
[9°]2

2 4 gi-lp 2 2
P+ P d p; + P3
ek / Go(pr.p2) 02 Go(ps. ) (2.114)

dd p E 1 AnCras 1  E(0)

= /H c(pP1,P2) [qu—i‘ - [qQ]%“ 3 Go(ps; Pa)-

The result for the double insertions with a Coulomb potential (with q; = p3 — p2 and
g2 = P5 — Pp4) reads:

2 d—1
i1 P d pl d—1cd—1 p3 Go(ps, P4)Ge(Ps, Ps)
o (Q1)E /H c(pP1,p2)(2m) 0" (an )m [q22]*t!
E/H dd 1pz Gc(phpz)GC(Pz,ps)Gc(sz,Ps)
(2m)d1 (P4 — p3)*]* "

n H d'p; Go(p1, p2)Ge(ps, pa)
27T d—1 [ql ]“+1

dd lpz GC(p1>pZ)GC(p37p4)GC(p57p6>

(2.115)

B 4 dd 1 ~ ~ 4 a ’ a ’
" ) =t /H Go(pr, p2)(2m)* 167 1(ql)% c(ps [gii]ufl(ps Ps)

E2 dd 'p; 1
/H )p P1,pQ)WGC(p&PDGC(M,ps)
dd p 2F k(u) 4nCrag
/H p17p2) [[qIQ]u+1 + ( ) a 1] GC(p37p4)

]u+e+§

8 [

47GCaS/ dd 'p [QE k(0 )47TC'FaS]
[ | P2) | =5 + o

o(p1, p2) Q12 ) [q12}2+5

G (p37 P4)GC(P5, p6)
% 21 ) (2.116)

P53 +p; /H dd‘lpi Golp )p§+p§ Ge(ps; P1)Geo(Ps, Pe)
L 2m2q, 2 [q22]u+1
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6 di-tp, E 1  4nCra,k(0) 1
e G — 1 G P
/H c(p1,p2) [mqlz T O c(P3; P4)
k(u)/ﬁ d'p Ge(p1,p2)Ge(ps, pa)
16m J 5 (2m)dt [qu2]tets

XﬁGC(P&PG) + 7(2-117)

where

k() = 8 (u — %)F(% — u)F(d%?’) evEe
C Un)FT( + ) (d— 3 —u) (4n)°

(2.118)

So, finally only Coulomb, delta and 1/r? potentials are left, and a new potential type, d(q),

which will be called contact potential in the following.

2.4.3 Ultrasoft interaction

The calculation of the ultrasoft part has not been done in this work. Instead the results
from [42] were used for the calculation. For completeness a short overview of the ultrasoft
calculation is presented here and some issues of the factorization which are important to
understand the splitting of various divergent parts are briefly discussed.

The ultrasoft calculation first appears at third order. So, this is a new effect which has
not yet been considered in lower-order calculations. The ultrasoft term in the Lagrangian

(see equation (2.62)) is:

—gs¥ (2)ZE(t, 0)¢(x) — gox' (z) 2 E(t, 0)x(2).

The corresponding corrections can be expressed in the form

5G(E) = ig:Cp [ d'vdy' [ &k [kg o' — (o)

(2m)4 k2 +ie

x GE (0,15 E)GE (v, v's E — ko) GE (v, 0, B) |, (2.119)

where G(CS) is the colour singlet and G(CS) the colour octet Green function. This expression
is ultraviolet (UV) divergent. To get a finite contribution it has to be combined with the
IR poles of the potential calculation. This is done in practice by adding a counter term to
the potentials and subtracting this counterterm from the ultrasoft calculation. Then, the

ultrasoft corrections read:

» 012 41 44y o €2+€/2 ~ (s
6 =[] [ (o St 20w

2m)d=1 (2r)d-1 6m?

g2 [ A7 AP : 71 A g
+ i) | et yr GO (s B)[0U — 67, | G0, 0 ) (2.120)
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where d%V is the divergent part of the short distance coefficient d, (see explanation below
equation (2.58)) and U is the ultrasoft insertion (containing the octet Green function). This
result is then finite and can be calculated with the same methods as the potential insertions.
The numerical evaluation will be done by a numerical integration. The routine is taken

from [42] for the calculations in this work and is implemented in the Mathematica package.

2.5 Top quark width effects

The application of the calculations presented in the previous sections to the top quark pair
production is not possible by treating the top quark as a stable particle, due to the large
top quark width. The Standard Model prediction at NLO is [76] (NNLO also available but
small [77,78]):

r, - Grmi (1— MV2V>2<1+2MV2V> [1—20‘8(2”2—5”, (2.121)
8mV/2 m? m? 3 2

where terms of the order m?/m? have been neglected. For a top quark mass of m; = 175 GeV
the width is about I'; = 1.5 GeV. So, the top quark is decaying very rapidly (=~ 0.5 x 10724s),
even faster than the typical hadronisation time, which makes it behave like a free particle
[79,80]. The main decay channel in the Standard Model is to a b-quark and a W-boson t —
Wb. The other channels are suppressed by at least one order of magnitude [10]. Measurements
of the total width are very difficult and the experiment gives currently a limit of I'; < 12.7
GeV at 95% confidence level [81].

To take into account the width effect properly, one has to apply the power counting
[';/m ~ a? ~ v? for the width. This leads to additional terms in the Lagrangian [45,82]:

I, TI,D* TI? I, TI,D* TI?
Lr =iz — L)y —XTi= — L)y, 2.122
r ¢<12+14m2 am )V X2 T e T am )X (2.122)

The first term in both brackets is a leading-order effect, the second and third term contribute
to the second order. The implementation of the leading order is particularly simple. It
can be achieved by adding an additional width dependent term into the denominator of the
propagator:
E—i’i;irt' (2.123)
2m 2
This is equivalent to shifting the center of mass energy into the complex plane £ — FE +il';,
which results in a broadening of the toponium 1S resonance in the cross section. In the

following, the leading-order effects will be implemented in this way. At third order, the LO
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implementation of the width effect is not sufficient. This shows up in the fact that there
are uncanceled divergences of the form I'/e left in the QCD result obtained here. They
are given in equation (3.172). When adding electroweak effects, these divergencies should
cancel in the final result. First steps towards this have been done, but a full result is not yet
available [25-27]. Also recently a new framework has been developed to include finite width

effects and first phenomenological calculations are available within this approach [82-84].
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Chapter 3
Calculation of the potential insertions

As seen in section 2.4.1, the calculation of Feynman diagrams in PNRQCD leads to insertions
of potentials. In higher orders one needs to take into account multiple insertions, too. In
this section the master integrals for all relevant insertions at NNNLO are calculated. The
effect from higher-order potentials can be calculated in a quantum mechanical way. The

leading-order Green function is:

1

Go(E) = (0|Gol0) = (Wm

10). (3.1)

Now, one can apply perturbation theory and take into account higher iterations of the po-
tentials up to the appropriate order. The insertions of the potentials in perturbation theory

at third order read:
535G = —(0|GodV1GodViGodViGo|0) + 2 (0|God Vi GodVaGo|0) — (0|GodVsGol0).  (3.2)

For a single insertion (0|GodV Go|0) of the potential of the form §V = ﬁ (’:;) the nota-

tion, which will be used in this work is:

dd 1 ; 1 2\ ae _
e +ad = | H( dpl)adpl,pz,E) o (4) GepapsB). (33
(%3) 23

where q;; = p; — p;. Correspondingly for higher iterations <0\é05Vxé05%GO...|O>:

(f)aeéc(m, P4; E) (3-4)

dd lp
Iz + ae,y + be- -] /H( Z)GC(Php%E) q
23

1
(qu,)x
(o)

— ) Gec(ps,ps; E) -+
(Q45) Q45 C< oo )

Using this notation and the results from section 2.4.2 four types of single insertions are

needed:
I[1 4 ac€], I[1/2 + ancel, Iance], I[],
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four types of double insertions:
I[1+ awe, 1+€),I[1/24+€,1+¢€],I[0,1+¢€],I[6,1+ €,
and one type of triple insertion:
IMM+€614¢€1+€),

where a.; = 1,2,3 and a., an. = 1,2. The § in the argument of I stands for the insertion of
§(4=1)(q). Some of the potential insertions are multiplied by a divergent coefficient function.
This means, one has to calculate I[x + ae, - - -] to order e. However, these divergent coefficient
functions always come with a counter term, so that the expanded potential is finite. The

form of the coefficient functions with divergent part can be written as:

2\ ae (1/e)
(5) wo-“—,
q €

w1/

€

define a counter term subtracted insertion consisting of the complete coefficient function. The

where w(e) = +w +w¥e+ O(e?). The most elegant way to deal with these parts is to
reason is that in the subtracted form, terms of order € in [z + ae|, which are independent of
a, do not contribute to the complete result. This is because they appear in both, the insertion

ae
of <gi) “’tm and of # This simplifies the calculation and makes the presentation of the

results more compact. In this work, the following notation for the counter term subtracted
single insertion will be used:

J[z + ae;w(e)] = 1w(1/6) (I[Jc + ae] — ][m]) + (w + w(e)e)][x + ael. (3.5)

In the case of the double insertion the subtraction is in general more complicated. But at
third order, one can make use of the fact that the double insertion always comes with at
least one Coulomb potential. The case of two Coulomb potentials will be discussed later.
Then the other potential is a second-order non-Coulomb potential and has therefore a finite
(tree level) coefficient function. So, the only counter term comes with the [ function of the

Coulomb potential:

Bo

J[x + ae, 1 + €;w(e)] = w(e) (e + al(@)[[]; +ae,l+e— w(e)Bo

€

Iz + ae, 1], (3.6)

where a can be either 0 or 1 at third order. In the case of only Coulomb insertions, the
calculation can be simplified, because the imaginary part of these insertions is always finite.
So, one does not need the O(e) dependence of the potential, and can use instead the finite part
of the € expanded coefficient function. However, when dealing with the double insertion of

Coulomb and non-Coulomb potentials, some parts will be encountered, where the imaginary
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part of the (NLO-)Coulomb insertion is also needed. In that case the same definition as
above will be used. For all other cases the superscript ”(C)” will be added to denote that the
expanded potentials (w(e) = w© +wP L, + --- with L, = In Z—z) is used:

c 2 dd lpz
JON;w' + wP L, + wl® )L2 L3 /H ( o)1 Geo(p1,p2; E)
1 2 M 3 2 ~
< ( @ 4@ 2 B (0 3 2) Go(ps, pi; E), (3.7)
QQs Q23 Q23 qd33
da- 1 1 MQ
J( )[1,1,w()—|—w( )L "‘w(L L2 /H< _ )G (plap27E)2<al+ﬂoln2>
) 23 d23
; V(@ 1D NQ B2 P
X GC<p37p4aE) 2 +w In —- In GC(p57p6aE>7 (38)
qdis Q45
dd 1 ; 1 2\ _
JO 11w 0w L) = ( p c(p1,p2; B (al + foIn MQ)GC(D?”IM;E)
QQ3 d23
1 2\ -~ 1 2\ -~
X 2(6L1 +50 In %)Gc(p&p@-, 2( (L) In HJQ)GC(IJWPS;E)’ (39)
dis adis d67 d67

again with di; = P: — Pj-

Since the remaining 1/e-poles must cancel against the same poles from the hard matching
coefficient part, one must factorize the divergent part in the form that a divergent coefficient
multiplies the LO and NLO Green function. For simplicity, if not stated otherwise, the J-
functions will be given in such a way, that all parts which don’t contribute to the imaginary
part are left away. With this definition of the J-functions it is possible to express the final
result only in terms of J-functions, even if the coefficient of the potential is not divergent
(by setting the corresponding coefficient to zero in the argument of the J-function), so the
I-functions are only needed in intermediate steps. For the final functions, also the poles in
the limit A — n are needed to extract the energy levels and wave function corrections. The
notation for the pole parts will be j[x + ae, - ;w(e)] or j(c)[l, s w4 - for

the insertions of only Coulomb potentials.

In the results several short notations are used. The logarithms of A\ are written as
Ly = In(Au/(Cpmay)), in the limit A — n the corresponding logs are written as L, =
In(nu/(Crmasg)). ¥; are Euler’s Psi-functions and yg = 0.577216... is Euler’s constant. Eu-
ler’s constant always appears together with the zeroth Psi-function and is therefore combined

in the following way: ¥ (z) = Uo(z) + 7.
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(a) (b)

Figure 3.1: The 2 parts of the Coulomb potential insertion which have to be separated.

3.1 Single insertions

3.1.1 Coulomb potential

The imaginary part of the Coulomb single insertion is finite. But the diagram from figure
3.1(a) without gluon exchange (denoted in the following with subscript a) has a pole in the
real part. This will not appear in the result for J(©) because in this notation the real parts
are omitted. However, it is included in equation (3.24), where the full real part is given. Due
to the divergence, this diagram has to be calculated in d dimensions and the finite diagram

(b) can be done in d = 4 dimensions:

d1p; > GO (py, pa; B)GO) (ps, pas E) [ 12 \*
I[1 + ae] / ( P2 i () 3.10
| o CAL & (810
+/H < o ) Ge(p1, P2 E)Go(ps, pis E) — G (p1, pa; E)GE™ (ps, pa; E) (/‘2>
(q%3)af q%3

The two parts will be discussed separately. The calculation has already been performed
n [85]. But there, the part b of the insertion of the triple logarithm was only done by a
numerical integration. This is not safe for all parameters of the calculation. Especially for
small scales and small width the numerical integration can produce large errors, which are
beyond the desired accuracy. Another additional point here is, that the pole parts could be
written completely with harmonic sums and Zeta functions, while in [85], there were still

some parts non-analytic.

Part a

The Green function without gluon exchange is given by

~ (ODex mé(dil) —
GO (p1, pa; E) = 5 (P1 —P2) (3.11)

So, the first integral reduces to:

dd—lp2 dd—1p3 m L e
/ (2m)1 (2m)4-1 (p3 — mE)(q3;)* (p3 — mE) (qg3> - (3.12)
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Similar diagrams with a finite number of gluon exchanges will appear in the following sections.
The calculation of this type of diagrams in d dimensions is straightforward with standard
methods (Feynman parameters, integration by parts and Mellin Barnes integrals). However,
technically the more gluon exchanges one has to take into account, the more complicated
the calculation becomes. This case has no gluon exchanges, so the integral is simple and the
relevant master formula is the first one from appendix B.2. The result relevant for NNNLO
is:

JO; 0 +wP L, + w(Lz)Lg + w(Lg)Lg] =

m2
162 l’“’(c)“ + w3

) 4
+wlt ><7r2LA + 3L§> +w ™) (372L§ + 2L§)] : (3.13)

So this result has up to L3, which is plausible, because the leading-order Green function
(which corresponds the insertion of 1/¢?) has already one logarithms, and at each order an

additional logarithm is added.

Part b

The second integral is finite, and can be calculated in coordinate space. A specific representa-
tion of the Green function will be used, here the integral representation given in appendix A.
To use this form, the integral is transformed from momentum space into coordinate space.
The zero exchange Green function in coordinate space can be derived by suppressing as,
which corresponds to taking the limit A — 0 in the integral representation of the Green

function defined in appendix A. So, one can write:

Go(0, 23 B)Go(w, 0; B) — GO(0, 2 B)GY™) (2, 0; E) =

3
—m b / dtl/ dtye 2V mBeittitts) <t1 * 1) (tz + 1) —1|. (3.14)
472 131 ()
To generate the logs in the potential the function
W(r) = ! (’r2>u_% (3.15)
47T (1 4 2u) cos(mu) '

is introduced. Then by taking the nth derivative in u at the point u = 0 the logs to power n
can be generated. The result up to the third derivative is needed for the single insertion of
the third-order potential, because this potential contains up to In®(z%/g?).

JOn, o) = 2 [ / & / i (310
b Lty oum | 16m2)\2 47rF(1+2u ) cos Tu

h 2 A
X / dtye=2V=mEr(Lttitt) (rz)u—z (t1 + 1) (tQ + 1) ., |
" tl t2 0
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The r integrals can be done with Mathematica and one remains with a double integral over

the parameters from the Green function representation. This integral is not trivial. After

the substitution z = Hflligw and y = Hflilm the result is:
o [ m? 1+2u o0
J(C) 1. " = —4mE —u/ d 1 A 1 —1+2u
v L LG oun (47?)200s7ru< mE) 0 Z[( +2) }Z
/ dyy** y)2 (1 + yz) 2 1} : (3.17)
u=0

At this point the derivative can be taken. Then the integral over y can be done. For some parts
of the third derivative the function HypExpInt from the HypExp program package [86, 87]
is used here. For the case of the zeroth and first derivative, the remaining integral has been
done analytically. But already for the second derivative an analytic formula could not be

derived. Instead, the following relation has been used:

= Dk —N)(=2)F
(1+Z)A_1:ZF(—)\)F(I§+1)' (3.18)

k=1

Then, the z-integral can be performed. The result is a single sum. This sum can be partially
done. The result up to the third derivative is:

2

1672

RO w0 + w® Ly 4w L2+ 0 L] = [w(c)jo +w®) (m + 2j0L>\> (3.19)

+w ) <4j0L§ + 451 Ly + j2> +w® (8]0L + 121 L3 + 62 Ly + J’3>1 ;
with

Jo=—U(1—=\) + AT, (1—N), (3.20)
2
J1=44F5(1,1,1,1;2,2,1 — A1) — % 01— A2 = 220(1 — A\) Ty (1 = A) — 3T, (1 — \)
FAU,(1 — ), (3.21)

o = 48 + 838@, — 8[2 +U(1— )\)} JF3(1,1,1,1;2,2,1 — X\ 1)

32, Fy(1,1,1,1,132,2,2,1 — A 1) + W(1 — A) [16()\C3 1) -3

AT 205 (1= A) 4 AT (1 — A) + 4Ny (1 — A (1 — A) — ;lxifu - )\)2]
LU (1= ) {3& 4320 — 84 4N, (1 — A)] + ?’;qf?u _ ) - 2»113(1 — )

_ oo T(R)D(1—N) |[W(k—A+1) —20(k
+16Zk Af?»(k 2 82, wl k;+)1{)2(r(k—;+)1) © (3.22)

The coefficient j3 would cover several pages and is therefore not given here in analytic form.

Instead, in table 3.1 several values for the imaginary part of js3 as a function of A are given.
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Im(js) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.051| -12.10 | -12.07 | -11.61 | -10.25 -6.77 2.01 25.90 | 102.73 | 438.69

0151 | -36.48 | -36.59 | -35.67 | -32.59 | -24.76 -5.99 39.81 | 157.27 | 457.34

0.251| -61.30 | -62.04 | -61.69 | -59.16 | -52.32 | -37.09 -6.55 45.18 85.50

0.351| -86.60 | -88.49 | -89.72| -89.72| -87.72 | -83.10 | -77.42| -81.46 | -131.85

0.451 | -112.19 | -115.57 | -118.93 | -122.29 | -125.99 | -131.41 | -142.67 | -169.69 | -229.76

0.551 | -137.72 | -142.67 | -148.20 | -154.68 | -162.95 | -174.81 | -193.71 | -225.15 | -274.84

0.651 | -162.86 | -169.23 | -176.58 | -185.41 | -196.60 | -211.56 | -232.40 | -261.42 | -299.52

0.751 | -187.31 | -194.83 | -203.54 | -213.90 | -226.58 | -242.52 | -262.73 | -287.87 | -317.31

0.851 | -210.90 | -219.28 | -228.89 | -240.09 | -253.34 | -269.15 | -287.91 | -309.61 | -333.34

Table 3.1: I'm(j3) for several values of the imaginary and real part of A.

The imaginary part is varied vertically and the real part horizontally. Intermediate values
can be obtained by interpolation.

To examine the size of this part, the ratio I;3 is defined as:

4 2
- CFO-’S 3 M

Rin — T
B (4m)2 "0 1672

3/ G(E). (3.23)

This is the relative contribution of j; to the total cross section. The results for R;3 are given
in table 3.2 for some specific values of the energy, the width and the scale. The size of j3 is
of the order of some percent in the relevant region.

The sums which appear in the formula above as well as the sums in j3 are evaluated
numerically. At this point some issues which are relevant for all sums which appear in
the Green function (also in the other parts of the calculation) will be discussed. Single
sums which contain only W-functions are done numerically without a cutoff in Mathematica.
Double sums and sums with I' functions are calculated with a cutoff. This cutoff is chosen
such, that the error of each individual sum is negligible in the threshold region. Sums with
a bad convergence are also evaluated up to a cutoff, and then an approximation in the limit
of high summation parameter is used to get an exact value for the approximate sum up to
infinity. The results have been checked with a numerical integration in the regions where this
integration (see equation (3.17)) is well convergent. The integration is not converging near
zero energy or near zero width. Everywhere else, both methods agree with an error of below
0.1%.
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p=20-8 |6 |4 |2 |0 2

1.4 0.010 | 0.020 | 0.032 | 0.092 | 0.087 | 0.040

1.6 0.011 | 0.022 | 0.034 | 0.091 | 0.085 | 0.041

(=30 | -8 6 4 |2 0 2

1.4 0.019 | 0.059 | 0.041 | 0.050 | 0.059 | 0.025

1.6 0.021 | 0.054 | 0.042 | 0.053 | 0.058 | 0.026

p=60-8 |6 |4 |-2 0 2

1.4 0.067 | 0.045 | 0.018 | 0.023 | 0.032 | 0.010

1.6 0.050 | 0.044 | 0.019 | 0.025 | 0.031 | 0.011

Table 3.2: Values for R for energies in the range F = (—8;2), for width I' = (1.4; 1.6) and
scales p = (20;60).

Full real part

For some parts of the double insertion of singular potentials with a Coulomb potential the
real part is also needed. But since the singular potentials are already of NNLO, only up to

the first-order correction to the Coulomb potential are needed in this form. The result is:

am?w/¢) m?(w — aw/)
Ja[1 + ag; = — 3.24
[+ ae;w(e) 64(2 + a)m2e? N 32(2 + a)m2e (3:24)

m2 w©
14+ (2+a)L
+16(2+a)72l 5 +w( +(2+a) /\)
2
+aw/) (;4(11 +6a) — 1+ (2+ a)[&)] :

L1+ ew(e)] = SO w + wIL,). (3.25)

Note, that here the convention for J(©) is not used, to indicate that the difference between
the two results. Here the finite part remains unchanged. This is because the real parts in
Jb(c) have not been dropped and the expanded potential with the logarithm L, corresponds

exactly to the form used in the convention for J.

Poles

The calculation of the poles for this part turns out to be quite complicated. The other
single insertions are much easier (although for the other parts the calculation of the full

Green function is more complicated). This is, because the the insertions of high powers of
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logarithms leads to high orders of harmonic sums. A general discussion of the calculation
of the poles is given in appendix C. The result is written in terms of harmonic sums and
Zeta functions and reduced to a simpler structure where possible. Useful formulas for this
reduction are given in appendix C.1. Here, only the second part of this insertion has poles
in the A\ — n limit. This is a general observation. Only parts which include the full Green
function have these poles. Diagrams with a finite number of gluon exchanges will never
contribute in this limit, and therefore play no role for the calculation of the energy levels and
wave functions. The correction for the Coulomb single insertion reads:

m2

s c 2 3
J1; 0 +wP L, +w* )Lg + wF )Lz’] = 167

{ (n fA)Q {w@ 2w, + 8] (3.26)
8
) [72 FALE = S8y 4+ 8LySy + 4+ 452] T 24 [ 25 + 25114

21, L, 2 9L,
I TS24+ S, +Sl(7T Tfﬂ
4 3 4 n

9 2 L, 2L,
)\){w(L) |:1 + ﬂ + 281 — 27152:| + Sw(L2) |: — 7183 + 718271 — Tng + — 4+ nr

o (n— 3 2 6
1  nr? o[72  23nmt S8
S( —— —nS Ln) 5(1— Ln)] 24 <L>[ — = 4 nSy?
L G ey ] Sy | B T R
1 2 Ln2 2Ln2
+512<2 + % — TLSQ) + 47153,1 + 38171,1 - 4n5271,1 - 2n§3Ln + 9 + nﬂ-6
1 1
+sg( - 5- ann) + 52,1( —24 2nLn) + 52(2 - % +2L, nLﬁ)

1 2 2Ln
_i_Sl(_n—F—2n53+2n52,1—2n<3+lm+n3 +La” 52( +2nL)>}}},

where the harmonic sums are defined as follows:
= Z 1/]{;‘17 = Z kf Sa,b,c( ) = Z o Sbc(k) (327)
k=1 k=1
The argument n (principal quantum number) of the harmonic sums has been omitted to

make the expressions more compact.

3.1.2 1/r? potential

This potential starts contributing at NNLO and is the first insertion with a non-finite imag-
inary part. While for the Coulomb potentials, the divergence appeares only in the real
part, the 1/7? potential single insertion will generate 1/e-poles also in the imaginary part.
Of course, all physical observables must be finite. The point here is, that the divergence
from this part will cancel against a divergence which appears in the NNLO short distance

coefficient. Another contribution from this coefficient multiplying the leading-order Green
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(a) (b) (c) (d)

Figure 3.2: The 4 parts of the %2 potential insertion which have to be separated.
function is of the same order as the 1/r? potential (and also the delta potential from the
next section). To assure the correct cancelation of the divergences, one has to factorize the
singular part in such a way, that it multiplies the imaginary part of the leading-order Green
function at NNLO and correspondingly for the third order. This will be done by dividing the
integral into different parts, each with another divergent structure. Power counting shows,
that the integral for this insertion has an overall divergence coming from diagrams with less
then two gluon exchanges, and a subdivergence, when there is no gluon exchange near the
potential. The imaginary part of the overall divergence is vanishing, as it was the case for the
Coulomb potential where only the overall divergence occurred. The relevant factorization has
to be made for the diagram with the divergence in the subgraph. To treat the factorization

correctly, four different parts are identified, as far as the divergent structure is concerned:

1 1 1 1 1
][5 + ae] = Ia[§ + ae] + 2];,[5 + ae| + 2]0[5 + ae] + Id[§ + ael, (3.28)

and the similar notation for J. The subdiagrams Ix[% + ae] are shown in figure 3.2, and a
subscript is used to denote the type of diagram. The first two diagrams have the overall
divergence and additionally a divergence in the subgraph without gluon exchanges, the third
one has only a divergence in the left subgraph and the last one is finite. Now, the calculation

of the diagrams will be presented and the results will be briefly discussed.

Part a

The calculation of the first diagram is straightforward and similar to the Coulomb insertion
part a. In fact, one can get the result directly by using u = —1/2+ ae in the Coulomb result.

The result is:

1 el — dd—lp dd—lp/ m2
Wy o= et e (p? = mE) [(p — P2 (pr? — mE)
m*T((2+a)e—12) T((14+a)e)’T(1— (1+a)e)

(47T)3—26(_mE’)(2+a)6—% I'2(1 4 a)e)T’ (% — e)

(3.29)
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The result for the corresponding J-function is:
m(2a(ln 2 — Dwl/e 4 w)
212(a + 1)e

B amw9 e
om2(a +1)e2 ¢

Ja[; + ae w(e)] = (B) + GO () (3.30)

2

m3Cra ) m
s €) 2 2
+787r3(a S [aw( / <ln 2—-2In2 - —24(2a +5)—2a—2(a+ 1)Ly — (a+ l)L/\>

1
+w(ln2— (a+ 1)Ly —2—a) — Qw(e)].

The divergent part has been written here in the form of a coefficient times the Green function
without gluon exchange. In the end, the sum of all parts must add up to the complete Green

function, so that the divergence can cancel when combined with the short distance coefficient.

Part b

The second part has no gluon exchange on the left hand side of the potential and one exchange
on the right. So, it has a subdivergence on the left side and on top of that an overall
divergence. Like for part a, it will be done in momentum space. One can use integration
by parts (IBP) relations to reduce the integral to more simpler ones. The idea behind this
method is to use the fact that an integral of a total derivative vanishes. By performing
this total derivative one gets to relations among Feynman integrals with different exponents.
These relations can be used to write the integrals in terms of simpler ones, called master
integrals, which can be done by other methods, for example with Feynman parameters. For
a more detailed explanation of this method see [88]. The integration that has to be done for

this part is:

it ta / d'p d'k a7 Crgem’
—tae] = .
"2 (2m)21 (2m)4=1 (2m)0 (p? — mE) (K2 — mE) (12 — mE)(p — k)?[(1 — k2|3
(3.31)
Now, using IBP with 0/0p(p — k) one finds:
Op (p? —mE)n(k* —mE)e=(1? —mE)e((p —k)?|u|(1 - k)?e |
2p(p—k) (p—k)?
—_ d—1- a1 (p?2—mE) 2(14 (p—k)? (333)

(02— mE) (& — mE)(F — mB)[(p — k[~ K7
B d—l—a1—2a4+a1% 534
" (02 mE e BB - mE{(p - e ke

To write this expression in a more compact form an increasing and a lowering operator is

introduced, ™ and ™ respectively, which raises or lowers the power of a, in the denominator.

Then the integration by parts relation takes the form:

d—l—a1—2a4—|—a11+(2_—4_) 207 (335)
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where the integration is implicit and left away in this short notation, as well as the integrand
to which the operators are applied. The equation equals zero, because the integration of a
total derivative vanishes. Using this equation, the original integral reads:

174 =27) 1 _ CpgZm?

1
Ib[§ + GE] = T[b[i + GE] = ﬂ (336)

y [/ d'p 1 / d 'k di1 1
(2m)4=t (p2 = mE)? J (2m)471 (21)47! (k2 — mE)(12 — mE)[(1 — k)?] 2+
_/ dd—lp dd—lk dd—ll 1 ‘|
(2m) 1 (2m)4=1 (2m) 4 (p2 — mE)2(12 — mE)(p — k)2[(1 — k)2]3+a<
 Cpg?mPT (L +ae—d)T(42 — L —ae) [T(2 — 4203 + ae — 51)?
B (d—4) (47)%<d—1)(_mE)6—%+aer(%) [ I'(4 4 2ae — d)
(S +ae—3ENT(2 —d+ae)l(d—ae—3)T(2 +ae— ) I(LE—1) ]

2 2

I'(8 + 2ae — 2d) I(ae+3) T(d— 32— ae)

2

In the second step the master integrals from appendix B.2 have been used again. From this

result one can easily get the expression for the J function:

m(2a(1n2 — w9 + w)
212(a + 1)e
20+ 1 )

m3Cra
_meCras | /0 2oy ) )
73 (a 1 1) aw (2(2@ +2In2 —In"2) r Ly+2(a+1)Ly (3.37)

amaw (/) (lex)

oy patc BT

2Jb[; + ae w(e)] =

2
+§(a + 1)L§’] +w [2(2 +a—1n2)Ly + (a+ 1)L§} + w(E)LA}.

The divergent part is again written as a coefficient times a part of the Green function. Since
the divergence in this part comes from the left subgraph, and in the right subgraph there is
one gluon exchange, the remaining Green function is also that with one exchange. Note, that
the result for 2.Jp is written here, because in the final result there is not only this diagram, but
also the symmetric part with one gluon exchange on the left hand side. Then the coefficient
of the divergent part times the Green function is the same as for part a. This is necessary,

so that the complete result adds up to the full Green function in the end.

Part ¢

The third part of the 1/r%-potential is the most complicated one. This part has a subdiver-
gence in the left subgraph, but no overall divergence. So, this subgraph will be treated in
d dimensions. Then, one can expand in €, because the remaining part is finite. With this

treatment one gets automatically the correct factorization of the divergent part. The starting
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integral is:

d?1p; \ (2m)4- 160D mG& ) (py, pa; E
+ae /H ( P 1>( ) (P1 — o) P3P B) g 44

27) p? —mE [(p2 — p3)?]2 T
The divergence comes from the integral over p; and py. So, these integrals are done by
first using results from appendix B.2. Then, the Fourier transformation is taken and the
integration over p, performed, so that one can use the coordinate space representation of the

QGreen function. The result is:

1 1 T 3 _
I.[= + a€] :/ ™ (act 3 =
2 0 (47T)TF(% + ae)

d—1

)x“e’%i’

d—1
2
1

: /dd GE (1 0, E) (3.39)

dd 1 eipar
* / (2m)4= [pp2 — mE]*tEi -
Now, the singularity comes only from the first z-integral. So, one can expand in € and
perform the other integrals in d = 4 dimensions. This factors out a part which is a coefficient
times the full Green function with more than one exchanges, because there are more than
one exchanges on the right hand side of the original integral. This Green function multiplies
a divergent coefficient, and it is important to keep in mind, that this is indeed the full Green
function including also the parts of order €. The result reads:

1 m 1 dx dps . 1
]C _ — 7/ dd 1 G(>1ex ,O,E / ipsr) +

[2 +ael 8(1+a)n2Jo Vx (r ) (27r)d*1€ € *
2

+<aln4m — (1 +a)In(l1 —2) — (1 +a)In(zp® — mE)) + (7;(1 + 2a — 2a%) +

+((1+a)In(l —z) —alndr + (1 + a) In(xp* — mE))Z); + 0(62)} (3.40)

2

1 1
o {G<>1°"”>(o 0; ) l+2(1 —In2) +e<4+ (a® + 2a — 5)% —4ln2+
€

" 4(1 + )

1 1 d a3
+21n? 2)] _{+9 —2ka) /d3rG(C>lex)(r,O; E)/ \/x_ e p)3 e®3 In(xp; — mE) +

E(l—i_ﬂ/d?’rGglex)(r,O; E) /Olixi (dp>3 ePr((14a)In(1 —z) -

(1 + (1)2 ex Udx
—alndz)In(rp; — mE) + I /d3rG(C>1 )(7”;0§ E)/o NG
d3p3 ipsr
X /(271_)361)3 lnz(a:pg—mE)} (3.41)

(>1lex) 2
m [.G (E) |1 L.
= _—{2-¢ - 192(1—In2 (4 2492 —-)—
87?2{ o L—l—( n2)+el4d+(a*+2a 2)6
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—41n2 + 21n? 2)] + / PrGS ) (r,0; E) / ar
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1
—i—e(a In4z — (14 a)In(1 — x))L(l)(r) + e—gaL(z)(r) + 0(62)] } (3.42)
In the second step the energy dependent logarithm is replaced by

. . ddflp ) ) al dd*lp 6ipr
(3) — (1)¢ ipr 2 T
L) = (1) | Gma1e e = mE)] o | (2m)4 (2p® — mE)"

(3.43)

u=0
This replacement is useful, because the u parameter regulates the integral and the integral

becomes easier and can be done analytically. The integral depends only on the absolute value

p of p, so one can use spherical coordinates and do the integral in two steps:

- o' IS psin(pr)
(@) — ST M
LP(r) 3ui<27r27“/0 dp(:vpz—mE)“ —0 (3-44)
ai 1 (_ r’mE ) L‘f“ ( ) >
S R S Ks_ (r/—mE , 3.45
8u2<2u+m<—mE>ur3r<u> B (349)

where K, (x) is the modified Bessel function of the second kind. Now, the integral represen-

tation of the Green function is used and the remaining integrals are done:

1 1 my—mE - 2
3 (>1lex) . S _ o . . 2
/O dr [ GG (0 B) I = T {4(1 M1 — )+ 200(1 - A)
2
+2)\<7T2 (1 - /\)ﬂ 2 In(—4mE)GE ) (E) . (3.46)

These integrals can be done with Mathematica. But if one goes to the the order € terms, this is
not possible in this way. Instead, one can write the exponential as a Taylor expansion, then do
the integral first and after this the sum from the expansion. This procedure is mathematically
not safe, because formally the sum from the Taylor expansion can be divergent. However, if
this sum can be done analytically with Mathematica, and the final result after performing
the sum is always finite. So, the analytical continuation gives the correct result in the end.
The procedure has been checked numerically in the relevant parameter regions. For technical
reasons it is useful to combine the parts with L") and L®, because there are some cancelations

among the two. The result is:

1 1 14+a
3. (>lex) R N _ _ (1) (2)
/0 d:v/d rGE (r,O,E)ﬁ<[aln4x (1+a) (1 — )L + 2L ) (3.47)
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where the W;(z) are the Polygamma functions (including Euler’s constant if denoted with a
hat) and d, is an a-independent term, which drops out in the counter term subtracted result.
For the total cross section only this form is needed, so the calculation of d, is not necessary.

The final result for the J-function is:

m<2a(ln2 — Dw/ 4 w>

%{aw“/e) [@(1 _ ) (\1;1(1 —N) 2L+ iLA . i

+8(11+a>( 16a — (3 + 2a)7 — 16102 + 8 In? 2)) ; (1A — ;\1/2(1 ~ )
+<\i/(1—>\)2—\111(1—/\)) (1—i+LA> L LA]

w [\T/(l - A)G\ _ W _ LA> 4 ;@(1 A2y (1— A))]
_Qd”(ja)\m - )\)}. (3.49)

Now, all divergent parts of this insertion have been calculated and one can see that the
divergent part indeed adds up to a coefficient times the full Green function (G¢(F) =
Geo(E) ) 1 Go(E)(1e®) 4 Go(E)>1), In this case the divergent part of the sum is:

m<2a(ln2 — Dw9 + w)
2m2(a+ 1)e

amaw1/9
212(a + 1)€?

JiE

; Go(E) + O(e) .

(3.50)

+ ae;w(e)] = — Go(E) +

As mentioned above, this Green function contains all orders in € and not only the finite parts.
But since one gets exactly the same type of contribution from the short distance coefficient

these parts are never needed for the final result.

Part d

The last part is finite, so it can be done directly in coordinate space. On both sides, the inte-
gral representation of the Green function is used and procedure is analogous to the Coulomb
part. One remains with the integrals over the ¢-variables from the Green function represen-

tation:

(112)" 1]

(i) -]

1 m? ae(—4mE)2 =
lal = / dt, dt 51
aly +ad = o cosfr(ac — 1) D T A P (3.51)
m? (—4mE)z T (2ae) & [D(k + 2ae)F(k: —\) = (k)T (k + 2ae — \)]2 3.5

1672 cos[m(ac — 3)] = (k)L'(k + 2ae)T'(k 4 2ae — X)?
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_m? ae(—4mE)z

872 cos|m(ae — 1

/ drdy[(1 — z)(1 — y)]?* (1 — zy) 2 K:zc_A - 1) (y_’\ - 1)] .

(3.53)

In the second step, the substitutions t; = x/(1 — z) and ¢t; = y/(1 — y) are made. Then z is
small and one can use the expansion:

Y L& TR+ N1 —2)F
o= TV (k + 1)

k=1

(3.54)

This introduces an additional sum, but then the integrals can be done with Mathematica.
The result of the first integration is a Hypergeometric function. This function will be written

in the standard sum representation form and the result is:

1 m? ae(—4mE)2 % & L(k+\)
L[> - .
d[2 +ad 872 cos[r(ae — 3)] = (k+ 2ae)T'(1+ k)T(N) (3:55)
1
X / dy(1 — )2y — 1) F1 (1,1 + 2ae; 1 + k + 2ae; )
0
~ m? ae(—4AmE)z 7 & T(k + M1+ k + 2ae) (3.56)
~ 8m2 cos[m(ae — 3)] = (k+ 2ae)T(1 + k)L (1 + 2ae) '
> I(1+2ae+n) 1 9ae—1/ —A
d 1 _ ae o 1 n
XZ (1+k:+2ae+n)/o yL =9y )y
~ m? ae(— 4mE)’_“6 > C(EXNT(1 4 k + 2ae) (3.57)

~ 8n2 cos|r(ae — 3l kz::l (k + 2ae)l'(1 + k)T (M)ID(1 + 2ae)
> T(1+42ae+n) L(l4+n—2A) I'(1+n)
. r;)F(l +k—|—2ae+n)r(2a€) (F(l +n+2a—A) I(1 +n+2ae)>
_m? (—4mE)z T (2ac) fﬁ (T'(k 4 2ae)T(k — A) — T(k)D(k + 2ae — \))?
1672 cos[m(ae — )] L(k)T(k + 2a€)T(k + 2ae — \)?

2 k=1

(3.58)

Then, the result can be expanded in €. In the expanded form, some parts of the last sum can
be done. The finite part can be given in a completely analytic form, for the order e part a

single sum is left:

Id[; fad = MEVEmE Z;%””LE( _ )\7;)2 (- A) A (1 — A)) (3.59)
Y mE m [( _ )\7;2 B = A) £ ATy (1 — A)) In(—4mE)
42 Z bk — >\))<\If(k:) (k=) — Wk — N)? — Wy (k) + Uy (k — A))] .

The corresponding result for the J function is:

m3Cra

1
Jd[§ + ae; w(€>] = 13\

{ — 20w/ [(X;Q +U(1 =N =AU (1— A))LA (3.60)



3.1 Single insertions 51

A

+Z (1+n)— \11(1+n—)\))<\if(1—l—n)\i/(1+n—)\)—\if(l—l—n—)\)Z
—\If1(1—|—n)+\111(1+n—)\))] +w{—)\7;2—\il(l—)\)—i—/\\lfl(l—)\)”.

Poles

Finally, the result for the poles in the limit A — n are given. Only the last two parts have

such poles. They were calculated with the methods described in appendix C and read:

m<2a(ln2 — Dwt + w)
2m2(a+ 1)e

amw/©)
2m2(a+1)€?

2jc[; + ae w(e)] = _GX(E) + G (E)(3.61)

3 i 1 § ?
m>Cra ){aw(l/E)[ (2 + 52—|— 71T26H—21n2—11122) — 2814+ 57 — 5,

+47T3(n—)\ (1+a) 4
_ 2 @ta—-In2) } o1
+2L,(1 Sl)+Ln]+w[Ln+ IR AP e
Gk + acw(e) = 7 CEas (1/6)[1+L —S]+w (3.62
d 5 ae;wle)| = m aw n 1 5 : )
m3Cra | w
RS /|2 L = _ _ =
+47T3()\ —n) {aw 3 i n(Sl Ln)} Qn} '

Note, that although the calculation of the full Green function was more complicated than for
the Coulomb part, due to the higher order of divergence, the result for the pole structure is
much simpler. This is, because the power of the logarithms which correspond to the needed
order in the € expansion is two orders less than for the Coulomb potential. So, one can expect

harmonic sums up to second order, which is here indeed the case in the final result.

3.1.3 Delta potential

The single insertion of the delta potential is the most complicated part of the calculation.
Naively, one might think that a delta potential is easy to calculate, because the left and right
side of the potential factorize. This is indeed the case at second order, where there is only

the pure delta potential insertion. Then:

dp -
/H< = 1>G0(P1,Pz7 E)Ge(ps, ps; E) = Go(E)?, (3.63)
where the d-dimensional expression for G¢(F) should be used:
m? CFOéS 1 1 1 .
E)=———|—+Ly+;— 77— V(- . 64
Gc(0,0, E) |t bty gy Y= N[ +0() (3.64)

After adding the appropriate counter term to this insertion, the order € term of G¢(E) does

not contribute to the imaginary part of the insertion.
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Figure 3.3: The three types of (naively) divergent subdiagrams for the single insertion of a

delta potential.

Figure 3.4: The delta potential single insertion is divided into six different parts.

But at third order, one has to take into account corrections to the tree level delta potential.
These corrections have an extra (u?/q*)¢ factor, which leads to logarithms in the expanded
form. Therefore, the result does not simplify as at second order, instead one has to perform
the calculation in the same way as for the 1/7? potential.

Power counting shows, that there are several divergent subdiagrams, shown in figure 3.3.
On the one hand there is the diagram without and with one gluon exchange on the left side,
but also the one which has no exchange on the left side but one exchange on the right hand
side. The overall divergence is present only for the first diagram without gluon exchange. So,

the insertion is divided into six different parts, shown in figure 3.4:
Ia€] = I,[ae] + 2L[a€] + I.]a€] + 214]ae] + 21, [ae] + Ifac]. (3.65)

Some diagrams have to be counted twice in the formula above, due to the left-right symmetry

of the corresponding diagrams.



3.1 Single insertions 53

Part a

This part is similar to the first part of the Coulomb and the 1/r? calculation. The integral

can be easily done with Feynman parameters. The result reads:

ddfl ddfl / 2

Lo = [ SBrtr Y (3.66)
(2m) 1 (2m)4=t (p? — mE) [(p — p/)?]™ (p* — mE)

2
m2l((a+2)e—1) T (—% + (a+ 1)6) r (% —(a+ 1)6)
(471')3725(_mE)(a+2)671 F(Q(a i 1)6 B 1)F (% ~ e) .
The result for the J-function of this part is:
iCm3w®9 miC2a2 . .
Jalew(e)] = —— 5 —+ T2y (w19 (2 + 3Ly) +w). (3.67)

Note that J,[e; w(e)] has a divergent part proportional to the width T'. This part will remain
uncanceled in the QCD calculation. Additional parts of these sort will arise from the insertion
of the p?/¢* potential and the kinetic insertion and some issues concerning these parts were
discussed in section 2.5. Interestingly, this part does only arise at third order. At second
order, one needs instead of J,[¢] the expression for J,[0], which has no such I'/e term. This
coincides with the observation that there is no such term in the result for the squared Green
function in equation (3.63), which is actually used in the second-order calculation as described

above.

Part b

This part is similar to the second part of the 1/r? insertion. One can use the result obtained

in section 3.1.2 with ae = ae — 1/2 to get the result for this part. The result is:

Crg?>m?T(3 4 ac — )T (5L — ae) (2 — EH0(1 + ae — E1)?
(d — 4)(4m)2( D (—mE) T =5 T (43
(

[b[CLE] =

(7 + 2ae — 2d) I'(ae (3.68)

The expression for the J-function is:

m2Cpaw/o (Ocx) m?Cra, (2w — w)

Oex
2hfesw(e)] = ——— "5 GE (E) ~ 9 GEN(E)  (3.69)
miC%a? 72
— s S99+ — + 6Ly — 6L3 | —w[l +6Ly] —w'® }.
9672 {w { T g Tl 6L mwll 4 6L —w

The divergent part has been cast again in the form of a coefficient times the relevant part of

the Green function.
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Part ¢

The third part has on both sides one gluon exchange. So, this is a three-loop integral. To
calculate this, one can use again IBP relations and relate it to an integral of the same kind

as in part b, but with slightly different exponents:

Jac] /H

X

dd 1pz

(3.70)

Cigim
(pf — mE)(p3 — mE)(p3 — mE)(pi — mE)(p1 — p2)*[(P2 — P3)’]*(Ps — P4)?

One can use the same IBP relation as in part b, but due to a different numbering this acts

now on different parts of the denominator. The relation coming from 0/0p;(p1 — p2) is
d—l—a1—2a5+a11+(2’—5*):(). (371)

This is the same notation used in section 3.1.2. Using this relation, the original integral can
be written as two easier integrals:
_ Cigem*

I.[ae] = ﬁ(1+5_ — 17271 [a] . (3.72)

One can now treat both integrals separately. The first one is relatively easy, because it
factorizes into an easy one-loop integral and a second integral which is exactly the same as

the integral calculated in the previous part:

e 4 dd 1 1
b /H (2m) mE)?(p3 — mE)(p3 — mE)(pi — mE)[(p2 — P3)?]*(Ps — P1)?
B ( ) (34 ae— d)I(%E — ae)T(1+ ae — G1) (3.73)
()T (- mE)2 T (4 - d)(dm)2 @D (—mE) T T E e (43
F2—-EHT(1+ae— 4L T(A+ac—3ET (A —d+ae) T(HE - 1)
[ I'(3 + 2ae — d) - (7 + 2ae — 2d) I'(ae)

The second part is more complicated. First, the ps integral will be done. This leads again
to an integral similar to the one in part b, with the difference that the exponent of the first
part of the denominator is two instead of one. This is still useful, because now one can apply
the same IBP relation again. This reduces the result to simpler integrals, which can be done

with the master formulas from appendix B.2:

ol dd lpZ 1
12 /H (2m)d=1 (p] — mE)%(p3 — mE)(pi — mE)(p1 — pP2)?[(P2 — P3)*(P3 — Pa)?

1 T(ae+1-945)T(H - ae)F(% - 1) /H d41p;
(4@% [(ae) I'(d — 2 — ae) (2m)d-1

(3.74)
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1
(0% — mEV (P — mE)(®} — mE)[(pr — p)* T (ps — pu)
_ 1 T(ae+1—EH (4 —ae)l(45E —1) 2 db 1pZ
= (d—4)(4m) T I'(ae) T(d— 2 — ae) /H (2m)d- (3.75)
1
X [(p% — mE)2(p2 — mE)(p — mE)?[(p; — p2)2]ae+1_%
 (p? — mE)2(pd — mE)?(p1 — p2)? ]a6+1—%(p2 _ ps)Q]
B 1 F(a6+1—d7) (& INC= ) d4- 1pZ
T d-4@dmST T(ae) F(d . 2 ~ ae) /H (3.76)
l re-4) 1
(4m) % (~mE)*F (p} — mE)(p} — mB)[(p1 — o))" %
1 T(B+ae—d) I'(d—ae—2)I(%E -1)
(47r) > Dlae+1—%L) T(d—3—ac+ %42)
1
“ (bt = mE)(p} — mE)[(p1 — p2>2]3+aed]
F(ae+1— —)F(T —ae)l'(55= - 1) -

(d 4)(47)24=2(—mE)8- 24T (ae) T (L)
L2 - G5 —d +ae — 51 (ae + 4 — d)I(ac +3 — d)
(7 + 2ae — 2d)
I3+ ae— d)I(%E — 1)I(8 — 2d + ae)'(5 + ae — d — 41)?
['(11 — 3d + 2ae)T(ae + 1 — L) ] '

X

Now, the two parts can be put together and the result for the J function can be derived. The

results reads:

m2Crasw™ .. m2Cras(w9 —w) e
Jelew(e)] = == ~5—Gu"(E) - o Go™(E)  (3.78)
402 2 5 2
+W{w<”€> [(17; _ 8) Ly + 2Li’} +w [QLA + 3L§} + w(E)LA} .

Note, that the divergent part multiplies the Green function with one gluon exchange G(g‘f’f) (E)

and the coefficient is the same as for part b.

Part d

The part d has a divergence in the left subgraph. Basically, one can proceed first in the
same way as for part ¢ of the 1/r? potential and calculate the divergent subdiagram in d
dimensions, then expand in € and calculate the remaining part in d = 4 dimensions. However,
it turns out that this integral is more complicated. The reason is that this strategy leads to

Hypergeometric function, which cannot be expanded easily for small €. In principle one can



56 Calculation of the potential insertions

use the summation representation for Hypergeometric functions and proceed as before. But
this gives an additional sum in the end. Unfortunately, this sum shows a slow convergence, so
that the actual numerical evaluation is also very slow. A faster way is to do the integration
numerically. This is possible, when using a momentum space representation of the Green
function. Such a numerical integration has also been performed in [42].

The result for the J-function is:
WZCFOésw(l/e) (>0ex)
127e ©
+m40%a§{ (1/€) {CLog [—C2/(20)?] In(m2a2/u?) — C3t [~ C2 /(20)2]

Nint F s/ H NInt F

72

2Jale;w(e)] = — (E) (3.79)

1711 R
—2<6 + 3L, — ln2>(1 4Ly — 20(1 — )\))}

il von-n(i) )

where Cyy,: comes from the numerical integration and is given by:

.3 . 11 00 —\/—E(2In(1/p,) — 1
oN%(E) = Zln(—E) +2In2— D +i/0 ]m{ 7T((pQIl( é];t) ) (3.80)
2 _
9[ W-E . V—E ‘ V—E
+- ~2(8—3Zptln~—|—3zptln~—|—8ln
4197(E — p?) V—F —ip V—F +ip 2\/7

(1 -2/ (3 E))) - ———

m(E —p?)2(2y/ —E + 3F)

= = . 2 ap— F
< ((E(V—FE — 2ip,) + \/—Ep?)s
((BW-E —2ip) +V~Ep 3F — zptWE

_<E~’(\/_7E + 2ip;) + Ept 2t ﬂ }dpt )

\ﬁ 3F ipy — \/3

cons 9i & \/ —|— Zp - = 1
CRrai(B) = 732%/0 ]m{( i(p} + E)1 \/— L op, —E+2pt\/51np2 E)
Zpt t

16(1-2In(1/p)) | 82 o ~

" [ i —B) op—B) <1 +1In o b(1— 2/(3\/5)))
44 (ln \/—7E~’ M \/TE ) N AR

) \/TE—ipt \/TE—l—ipt (E—pf)2(2 —E—FBE’)

+ -
3pi — &
2 ipr—y\—
E (2y/— o Fi (
< —1L + py —ipe) )2 P ( 3 % E _— TE

2 ape+ >] }dpt (3.81)

+(E +p(2V—E +ipy)) \/— 3\/—~ \/—E
ipr—\ —
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In this numerical integration the imaginary part has been taken before the integration, so that
divergencies in the real part do not appear. To compensate for this, the result is multiplied
with 7.

Part e

The part e has also a divergence in the left subgraph. In contrast to the previous part, the
strategy from the 1/r? single insertion can be used here and leads to a useful result. First the
left part is calculated in d dimensions. This is done by using integration by parts relations
and Feynman parameters. The starting point is:
L dep Crg*m? 1 = (1)
101 = | 11 oyt T = — @ B (e~ g ” PP (652
Then, using the IBP relation d — 1 — 2a3 — a3 + a;17(37 — 27) = 0, one gets to two easier

integrals:

Crg?m?(1727 —1737)
d—4 '
The remaining integrals can be done separately by using the master integrals from B.2. The

I.[ae] = (3.83)

result is:
i d%p 1 1 - (1)
173" = / Ge (s, 3.84
1 oy (F =By = 5 (s = pof© PP e
1 T +ae— TG — )P4 — ae)
C 4mF [(ae)T'(d — 2 — ae)
> d™p; 1 = (1)
X/H = G (P2, P3) (3.85)
=1 20T (b} = mE)[(p1 — )’ W
1 D -—1DI(EE —ae)l(4 — d + ae) [ i1y
- dxz®™ 2 29777 3.86
(47T)d—1 T(ae)T(d — 2 — ac) / e s (3.86)
d*'p; 1 = (1)
<] H B (ot~ ) e (P1oP2).
dd 'p; 1 1 ~ (1)
"2 = / : a 3.87
L (3 et e (P (387
( ) / L dTp Crg*m® = (1)
- Go' (ps, P 3.88
(4T (- mE)2 i:Hz(QW)d_l (P3 — mE)[(p2 — p3)?]* c (Ps, P4) (3.88)
— F(2 - %)F(l +ae— %) /1 d{L‘l'(K 1*7—0,6 l/H dd lpl CFg m GC (p17p2)
(47r)d*1(—mE)2*%F(ae) 0 (2m)d= 1 (zp2 mE)l‘i’aEfu :
(3.89)
At this point, one can combine both integrals:
lp, GG D2 — 901 + ae — 41
Liad] = Cragsm /H A p; G¢ (pl,pg)/ I ( )T( —i—ae )
(47T d 2 d 4 27T d—1 (a,e) 0 (_mE) _da—1
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goe—lz 5t —ael B F(% — 1)F(% —ae)['(4 — d + ae) et pd—3—ac
(zp? — mE) a5 I'(d — 2 — ae) (xp? — mE)4-dtac

(3.90)

X

Now, the = integral is done, the resulting Hypergeometric function is written as a sum and the
remaining integrals are performed using the Laguerre representation of the Green function.
This representation gives an additional sum. Some parts of this double sum can be done

analytically, but the sums of the form:

oo =l (_1)*(1 + k)T (k)T (n — k)

,§§ I+ 20— N1+ k+n)’ (3.91)
and
> & (=1)™(1 + k)L (k)2 . .
DD B GRS Ny | RO R
—2U (k) — : ik%] , (3.92)

are not further simplified. The numerical evaluation of these sums is stable and the conver-
gence is good. The complete result for J, is:

m?Cra,w/) m?Cra, (w9 — w)

. _ MRS T ~(>ex) o (>1lex)
2J,[e; w(e)] = s Go U(E) o G (E) (3.93)
402 2 w(l/e) 2)\ 14 571'2 R
-~ U1l - N)[=— ity W U(1 — \)?
872 { 2\ [3 4 3G+ /\)<)\ +3A 36>\)+ (1=2)
S =t (-1 +k>r<k>2r<n— k)
—U, (1 — U(1—2) —2)\L20 —
L= A+l =5) - 24 2::2:: 1+ 2k)(n — (1 + k)

2 ( D"(1 + k)T'(k)?
—A ZZ (14 2k)( )\)F(1+k—n)F(1+k+n)

klnl

2 (k) —1?%) oy Y ] ;{w(l%—?)lu)%— w;)]\ifa —A)}.

n— lnn—

(@(1+k—n)+\if(1+k:+n)

Again, the divergent parts of this insertion add to the full Green function, similar to the case

of the 1/r? single insertion.

Part f

This last part is finite, so it can be done completely in coordinate space. The integral
representation of the Green function is used on both sides of the potential. This gives two
integrals over ¢; and t,. Then, the same substitution as for the finite part of the 1/r? potential
is made (t; = x/(1 —x) and t; = y/(1 —y)):

m? (ae — 3)(—4mE)t

I =
rla 812 cos[m(ae — 1)]

/ dt1/ dto(1 4t +ty) 2 (3.94)
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) -rom (SN - ron(52)])

m? (ae + %)( dmE)t-ae . )
—= 1 _ 1 ae— 1 _ —2ae .
57 cout(ac — 1] [ dedy((1 = )1 = )1~ ) (3.95)

(o7 = 1A (57— 1 Alng) |

Now, one can perform the z-integral with Mathematica. The resulting Hypergeometric func-

tion is expressed as a sum, and the remaining y-integral can be done:

A

Iy[a = _ng{(1 - )\\IJ(—)\)>2 + ae [QA(l - A@(—A)> (\if(—A)2 —U(=A) + 7;2)

472

+(2 _ ln(—4mE)> (1 _ (- > + Z ( (\il(k) (k- )\)) 4 kml(k)ﬂ } .

(3.96)

The result partly contains the sum from the Hypergeometric function, which has to be eval-

uated numerically. Expressed with the notation of the J function the result reads:

4002 2
m*Chos
1672

+<1 _ i + LA)\IJ( N2t o fj ! ( <\if(k:) (k- A)) + k)\\Ill(k)>2>](3.97)

Jilew(e)] = [w\if(l — A2+ 2079 (@(1 Y (qflu VI 70 DY i ”;)

Poles

The last three parts have poles for A\ — n. The calculation of the poles for the parts d
and e are more complicated than for other parts. Obtaining the results for specific n is
straightforward. But the expression for arbitrary n can not be derived directly. Instead a
kind of smart guessing is used to get this result. Details of the procedure are explained in

the appendix C. The results are:

m2Crasw/o

2Jilesw(e)] = ———~——Gg () (3.98)
e LR B R (O AR
2 o) = =R Gy CFo‘sl(;’”; 2/6) - w>Gé?"(E) (3.99)

1 1

. miC%a? 1 1 —1+4+2L, —25;
Jilesw(e)] = =3 {w[ 4z RN

Ty (3.100)

-5
S
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1 1 1 2 w2 nn? 3
— -4+ i, - — 4 ——2L,8 — =5, +25*— (1 S)} .
+n—)\(n2 n+n 6+ 6 ! n1+ 1= (14 n)S

One can see here again that in the complete result the divergent part always adds up to the
full Green function. Note also, that the divergent term coming from part a of the form I'/e

does not appear here, because this part has no poles in the limit A — n.

3.1.4 Contact potential

This insertion does not appear in the original Lagrangian. But it arises when applying the
equation of motion to reduce the kinetic correction and the p?/q? to other known insertions.
It is finite for single insertion as well as for the double insertion with a Coulomb potential.
The single insertion can be done straightforwardly by using the results from the Coulomb
single insertion for v = 1/2 and taking into account that the subtraction of the diagram

without gluon exchange is not necessary here. The insertion is:

dd 'p mA 00 y(24+2)In(1+2) — 22
I[0] = /H c(P1,P2)Go(p2; P3) = 27TC'FozS/o dz(1+ 2) 3
(3.101)
A 1
= 2£Fa (2 A AW (1 - A)) : (3.102)

Considering that this potential always comes with a finite coefficient, the counter term sub-

tracted result and the pole part are:

J[5;w(e)] = QZEZ B F A+ A2 (1 - )\)] : (3.103)
T3 w(e)] = 27@1;043 l(n i A2 (n3ﬁ )\)] (3104)

This finishes the single insertion at third order, and in the next section the results for the

double insertion are presented.

3.2 Double insertions

3.2.1 Coulomb potential

The double insertion of the Coulomb potential is finite and can be done completely in coor-

dinate space. The logs in the potential are once more generated by

1 i L
D (3.105)

Wilrs) = ArD(1 + 2u;) cos(mu;) (rz
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So, the calculation reduces to the calculation of I[14w;, 14+ us] and taking the zeroth, the first
and the second derivative with respect to u. The sum representation for the Green function
is used in the middle and the integral representation for the left and right one. Then, the
two integrals factorize and can be written in the following form:

o \T [ D\

(8)x1 <a)a:2 / ﬁ &*r; Go(0,71; EYW1(11)Geo(r1, 7oy E)Wa(12)Go(rs, 0; E)

0u1 8u2 i=1

3 oo F@)(5)H (®2) (5
_ (m> A AT G H™G) (3.107)
Ar) mCras i j(1—A)
with
. 1 €i7r “ © 1—|—t A oo _ 1
H(u, j) = / < ) / (1+)s 2u+1 (1)
() I'(1 + 2u) cos Tu <4m2v2> 0 at t 0 dse i 1)
(3.108)
 JTa=N) ji ~DEG -1 T@R+k+2u)(1+k+ 2u)
 cos(mu)(—4AmE)* f= kI(j — 1 — k) D(1 4+ 2u)T(k+ 2)L(2+ k4 2u— A)’
(3.109)
and
a T
H@(5) = () H
1) =13,) HwJj)
(3.110)

In the last step the remaining integral is performed. The results for H after taking the

derivatives are:

HO(E) = . f e (3.111)
HO @) = = 2 )\[kLA—k\I/(k NESYL{IESY —\i/(k:+1—)\))], (3.112)
4 INLy  Skn? 2% (k- 1)aFy(1,1,1,2 — k52,2,2 — A 1)
(2) — 2 A s Ly 4 y Ly 4y )
H2k) = 3= A[kL et Tt N1
(1 — A)( - kz_AA ALy 4 RB(1 = A) — 2k + N\ B (k — /\)>
i 4
Uk - A)(IC_)\)\ — 9k + A) Ly + 2k + N B(k — A)) By (1 — )\)] . (3.113)

For the J functions, the special notation for insertion with only Coulomb potentials, defined
in the beginning of this chapter, is used. The result in terms of the H functions reads:
m2\

TN 1:w© (ny, (LA 12] —
1, 1;w'Y +w ¢ tw q] 613 Car,

{alw(c) [qflu - ;\112(1 _ )\)}
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0 k:+>\ \If(k A)

i A
+Harw® + w0 g) { SN (1 = A1 — A) — 5\1/3 (1-

= A)?
H©O (k)H® (k)
L2 (1 — \) — AU,y(1 — A ajw ™)
PRI =) = Ma(1 = )]+ a3 RS
. © HOYHD (K 12) © HO(KYH® (k
( %kle kik)fIA)( ) 4w ZH ((k)HA)( )}. (3.114)

Parts of the sums in the last line of equation (3.114) are known analytically but the result is

too lengthy and not given here.

Poles

The poles in the limit A\ — n of this part are not so easy to calculate for arbitrary quantum
number n. There are several complicated sums and double sums. Nevertheless, after a
tedious reduction of harmonic-like sums, the result can be written completely with the usual

harmonic sums and nested harmonic sums:

2 2
JOM, 1,0 + 0w L, + w12 = o )?C {( n e [alw(c) (3.115)
7)3Cras | (n —

2
#2(aw® + 0 o) (L + $1) + dayw®) (7

—|—4’LU(L)6Q(S12 + QSan + Ln2) + 8w(L2)ﬂo <Sl3 +

) |

{alw(c) + 2(ayw® + w6y (1 + L, + % + 281 — nSy)

1
+512+SQ+Ln2+251<—n+Ln>)

2L

n —2
+ SoL, + L% + 812< + 3Ln>
n

2

™
51+ 8 -
n

C(n=n)?

2
2
+4a,wE) (7; + 512+ 2185, — 2085 — 2nCs + 2Ly + L4 S, (2 oy ”%

3

nmw?L,

1
4L, —|—51<2——|—n73T—2n52—|—4L >—|—SQ<—1—2nLn>>
17nmt %L,

2
+4w<L2>50(2 + 5ot 45,% — 2nSy* — 483 + 4nS; — 12nSs; +

6
+nm?L,? + 2L, + Sl2<6 — — 4+ nn? —6nSy + 14Ln> + Cg( —4— 8nLn>
n

2 4 g
Sy, (4 + 4nLn> +S <2 +Z+ 2 oL, - 6nLn2) + 8 ( + 5+ A,
n n

+

+6L,>

2L, 4+ 12L,% + 52(12 — 12nLn>>)]

1 2 2
+m [(chw(L) + w(c)ﬁo) (1 + Wg—n +25 — QnSQ) + 4a,w™) (1 + n%
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TL7T2

—27153 + 2%5271 - 27’LC3 + Ln + 7[/”

TL7T2
+Sl (3 + ? — 27152 + 2Ln) + SQ (2 —2n — 2nLn))

L nr®  nirt 2 2q 2 2 2
+4w( )ﬁo (1 + T + 36 + 2517+ n°Sy” + 6nS3 — bn“S, — 2725271 + 4n 5371
2L, 2,2
9y + Ly + +S(3+m2—m&+QLJ+S4—an—”; —mmo)
1172 73nm?
+8w(L2)ﬁo< 5a T30 T S —12n 2S5 + 28125,

n?m7tL, 3L,°

+4nSs 11 + 4n252,271 — 24n253,171 — 2n2C5 + 3L, + nr?L, + 13 + 5

+S51 <2n e 2nLn> n 33< Ly IOnLn> + S4<11n — 1On2Ln>
+522( —6n + 2n2Ln) + 5371( — 24n + 8n2Ln> + 59 (2 — 1nO + n% — 4n252 1
1oL, — 6nL, - 2T —3nLn2> +51<3— 2 _ ?’Z +nn? 4+ i ™ on2g,?
9nSy — 100255 + 61y + 812851 — 10nCs + 9L + L En 4 31, 2

+5, <9 — 6n— 2"?2 - 14nLn>>>} } .

The result contains up to fifth-order harmonic sums. This can be understood again by

counting the highest order of logarithms in the relevant potentials.

3.2.2 Coulomb and 1/r? potential

The double insertion calculation of the Coulomb and the 1/r? potential is similar to the
single insertion of the 1/7? potential. The insertion has an overall divergence coming from
the diagram with no gluon exchange and a logarithmic divergence coming from the diagram
with no gluon exchange on the left side of the 1/r? potential insertion. Therefore, the diagram

is divided into three parts (as shown in figure 3.5):

1
I[2+e 1+e]—][ —|—ael+€]+[b[ +CL€1+€]+I[ +ae, 1+ €. (3.116)

Each part appears only ones. Nevertheless, there is a symmetric diagram, which has the
order of the two potentials interchanged. This will be considered in the final result, not at

this stage.
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(a) (a+b) (c)
Figure 3.5: The 3 parts of the %2 and Coulomb potential double insertion which have to be
separated.
Part a

The first diagram without gluon exchange has an overall divergence and a divergence in the

left subgraph. It can be done with Feynman parameters and the Mellin Barnes representation:

I[1+e —i—e /H i _m ! m ! o
(2m)?=1 pi —mE [(p1 — p2)4 ™ p5 — mE [(p2 — p3)?]®2 p; — mE
(3.117)
d-lp 3 T(1+a — S+ ap — &L
2/71,) da:/ dy m’_[lta 2 )00+ a2 = 5) (3.118)
(27T)d 1 47T)d 1 F(al)f‘(ag)

1 1

.I’al_l(l _ {L’)T*al 1ya2 1(1 _ y)d%fagfl
(l’p mE)a1+1 2 (yp mE)a2+1 2 (p —mE)

1 2 700 100 d - 1 d — 1
— <2m> . dzl /_ZOO dZQF(CLl +1 - 7 + Zl)F(CLQ +1-— T + 22)
dilp 1 1 m? 1
. /7 p / J 3.119
(=2)I(=22) @myi1 Jo “Jo Y (@am)a T T (ar) T (an) Y

d

x%lfz172(1 _ x)%falfly%f,@fZ(l _ y)%fagfl(_mE)zlJrzg
(p2)a1+a2+z1+zz—d+3(p2 _ mE’)

o0 d—1 d—1
= ( ) le dZQF(al +1—-——+ zl)F(ag +1—-——+ ZQ)F(—Zl)F(—Zg)
27TZ —1300 —100 2 2

1 N — 2 = DS — a)D(SE — 20 — DG — ap)(—mE)?1 T2

4gr)d-1 F(al) (as) ['(d—2—a; —2)(d—2—ay — 29)
d

1> d"'p 1
/ (2m)1 (p? — mE(1 — x))+! (3.120)

- (2m) dzl/ dzl(ay +1— —— 4+ 2))0(ag + 1 — —— 4 2)T(—21)T(—2)

—ico 2 2
1 N — 2 = DI — a)D(SE — 20 — DS — ap)(—mE)>1 22
(4 ) 1T (aq)T(az) ['d—2—a; —2)[(d—2—ay — 29)
/ z*! €+ 2 F(gj L0 - o) = (3.121)
(4m) T (—mE) T E T+ 1)
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(27?2) —ico dzl/ dzl(an +1 - 2 + 2T (a2 +1 - 9 + 29)[(—21) ' (—22)

—1300

, (3.122)

m? 1 D — 2 = DS — a)D(5E — 25 — DI(SE — ap)(—mE)a 122
(4m)4=1T(ay)T(az) ['d—2—a; —2)(d — 2 —ay — 29)
PE+1-GHI(F —¢)
) T I(%G

with a; = % +e a,=1+¢€eand £ =ay +as + 21 + 20 — d + 3. Again, the integrals from the

appendix have been used. Now, the values for a; 2 and d = 4 — 2¢ can be inserted and the

result is:
1 4m?T (% — 26)T(1 — 2¢)
Ll4e=-+¢e=— 2 3.123
Lt e g T d = = B CmE )T — 9T + (1 + o (3:123)
oo oo [(—z)[(—22)(1 — 21 — 29 — 5e)'(21 + 2€)['(21 + 22 + He)
/ le/ dZQ 3
—ico —ico (5 — 21 —36)I'(1 — 22 — 3e)
ri INE ID(5 4+ 2+ 20)
5 21 € 9 Z9 € 9 Z9 €).

The A dependence comes only in the (—mFE) part, so the Mellin Barnes integral is independent
of A. Therefore this integral can be easily done. The divergent part has been computed
analytically, the remaining part numerically. This is because one needs for the imaginary
part only the divergent contribution, which leads to logarithms of the energy if expanded.

The complete result for the I-function, including the not needed real part, is given here for

completeness:
Lll+e s+ M e 912 — 5ln(—dmE)) (3.124)
a , = = —2In2 —-5In(—4m .
© 9T 1280x1e T 12807 te
m3 /5 ™2 26 8 1
] AmE) + (In2 — 4) In(—4mE) — — In2 122>
+1284< n'(~4mE) + (In2 — 4 In(~dmE) — 5y + = — pIn2+ 2o
m3e 25 )
+2567T4<_61n (—4mE) —5(In2 — 4) In“(—4mFE)

2

5
In(—4mE) <17T2 — 52+ 161n2 — 21n’ 2) + 55.9293) +O(e).

This leads to the following J-function:

(1) ((Oez)
JE e+ ()] = 2 [5 Ge _(E)

2 m2e

} ™ s {(3 m2)L2 + 213
w — In —
ArCrag 6474 0 AT g

1
t+way {(3 CIm2)Ly+ LQ} © L3 + = )alLA} , (3.125)

1
2 2

AnCras
the Green function without gluon exchanges on both sides of the Coulomb potential. This

( ) (0617) exr er . .
where [51%(15)] =< GU) [1 “ze (Bo/e + ar(€))]GY > is the first-order correction to
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quantity has to be considered to all order in €, because it multiplies a divergent part. It will
add up to a full Green function in the final result for this part, and in the end it will cancel

with other divergent parts.

Part b

This part is more complicated, because it has a divergence in the left subgraph. This is
extracted in the same way as for the 1/r*-potential single insertion part c. First, the left
subgraph is calculated in d dimensions. Then, the result is expanded in € and the remaining
(finite) part can be done in d = 4 dimensions. Again this automatically factorizes the
divergences in the required form. For the finite part, the integral is Fourier transformed into
coordinate space. For a shorter notation, the expressions for Ia+b[ + €,1 + ae] is shown

instead of I,[3 + €,1+ ae], and I,[2 + €, 1 + ae] is subtracted in the end to get the correct

result.
1 m | |1 L dx
[a+b[§ +e, 14 ael = 87r2{ L +2(1 - ln2)][[1 + ae] — /d3r 0 Tz (3.126)
dS
[ ST et = mE) [ @ Gotr. s W <r'>Gc<r',o;E>}
m |1 L dx
2(1 - 2)|1[1 / dre="V="E 12
87r2[ +2(1—In )1 [ +a€]+1287r4 re 0 VT (3.127)
9 /oo dp2pr sin(pr) 1 i Lg-l,)l(Qr\/—mE)H(ae,j)
T (zp® —mE) 3G =) ’
with W(r) = 5 +2a1€) cos(mad) (7‘2)“_%. In the second step the derivative representation of

the logarithm is used again. Then the first Green function is written using the Laguerre
representation and for the second one the integral representation is used. The right subpart
is the same as for the Coulomb double insertion, so the results from section 3.2.1 can be used
and the p-integral performed, which already appeared in calculation the single insertion of

the 1/r%-potential:

1 m |1
Ia+b[§ +e 14 ael = 5 L +2(1 —ln2)]][1 + ae] + 162 ;

where

0 00 . 5 Uy 2+u< mE)i_% 1)
= — wmer K —mE)L:"(2rv—mE :
u(/o dre S72 /T () Tu(?"\/ mE)L;”; (2rvV—mE) .
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This can be solved analytically:

NG) = (1 (1) — ;ln(—zlmE)) | (3.130)

prel
The remaining sum with N(j) and H(ae, j) has still a divergence, because the first part of
this insertion is included, so one has to subtract

1 . 1
L[5 + &1 +ae] = lim Io)[5 + €, 1+ ac]. (3.131)

Then the imaginary part is finite:

1

ot 2(1—-1In 2)] I[1 + a€] (3.132)

1
Ib[§ + e 1+ ael = 87::2[

m? 2 — 2W(1 + j) — In(—4mE)
Hlae. i
647?4 Z [ j—A (ac,j)
_ 2—2@(1 +j) — In(—4mE) ,

Inserting the formulas for H®(j) (the expanded form of H (ae, j)) most parts of the sum can

be done analytically. The results are

Ib[;—i—e,l—i—ae] — ;{1+2(1—1n2)}1b[1] (3.133)
+6T;4 { [1n(—4mE) oW1 = A) — 20, (1 — A)}@@ ~ )
tloaa—3- )\ln(—4mE)}\If1(1 SO AU (1 - A) + ”;} (3.134)

m |1
+a687r2{ +2(1—ln2)}[b[1+e]

tael™ {1n2(—4mE) (wlu ) — (1 — A)) + 21n(—4mE)( - 7T62 LB =)

6474
—W(1 = M)+ (1= X)Wy (1 = A) = AWy(1 — X +2Ai : A)A2)>

7;; - (7;2 + ;)@(1 N+ (1 _ i) (@(1 AU (1 - A))
FAUL(1 = A) — AU(1— A) — 2@(1 SO U1 — >\)> + ;@3(1 ~ )
B (k)W (k- \)

(A)

of -

—2(1+)\(—1+\TJ(1—)\))>¢/(1—)\)\If +4>\Z

(k+X—2kX)U(k — )
+2Z Y ]}
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The remaining sums have to be calculated numerically. This can be done with high accuracy.

The final result for the J function reads:

(1) (~(>0ez)
Mg+ e+ eu(e)] = oo | T B (400 4500 — 2w )l + 6 ofe +
3 . 2 R R
+g;;:{ﬁo [4L§(w1(1 ) =01 - )\)) - 4LA< % F (1= \) — U(1 - \)?
Wk —\)
HL V=2 = (1= X) 23 (7 )
4 2 2 9 2\ /-
+2{—3<3—7;— <7; + XZ)@@-AH <1—A ( (1—A)2+\Ifl(1—x))
FATH (1 = A) = A1 — ) — ;(\3(1 — )+ Uy(1 — )\)) + ;\\If (1=
—2<1+A(—1+¢1(1—A)))ifu—A)\p +4>\ZW
(k+X—2EN)U(k — \)
QZ Rk — A)? H
+a, [( — 2Ly — 2+ U(1—\) — 2004 (1 — A))xm —)
+(2/\—3+2>\LA>\I/1(1—/\)+)\\112(1—)\)+7;2”, (3.135)
where [% =< G¢ [q sl (Bo/e + ai(€)|Ge > —{%} is the first-order cor-

rection to the Green function with more than one gluon exchange.

Part ¢

This part is finite and can be calculated in d = 4 dimensions. The procedure is the same
as for the Coulomb double insertion, with the difference, that one has to subtract the Green
functions without gluon exchange on the left side, and the exponent of the potential is 1/2+ae

instead of 1 4+ ae. The result using the same functions from section 3.2.1 is:

1 m\®* A X H(—3%,5)H(ae,j)
L[> +e1 == 2 = 1
ol +e1+af <47T) mCFozstl TGN (3.136)

H is a modified version of H and given by H = H — (H),_o. Then, H(—3,j) can be

calculated analytically:

_ 1 . 2mCraoy

A=) = 20 (004 5) = (- 0

=B
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Inserting this result and the result from 3.2.1 into equation (3.136), most parts of the last

summation could be done and the result is:

1 m? 2 A
16[5 +el+e = 39,4 ( i +U(1—A) — 5\112(1 - /\)> (3.138)

m3 w2 A 2. 9
e lln(—4mE)<6 Wy (1 - )+ S(1 - )\)) - Sb(1- )

—U(1— ) (2@1(1 — )+ ATy(1 — A)) +FAT(1—A)? —20(1 — \)° — ;xpga - )

> (k (k+NU(k—=X\) /U(k—\) k))
+2/\<1+2/\\111 )gk ) 22 P ( - )|
The final result for the J function reads:
1 _ m3Boyw w2 A 2 . )
LG +el+eau() =20 [_ 2LA<6 U1 - ) + (1 - )\)) - 21—
01— ) (2\1/1(1 ) AT(1 — A)) C 201 = AP AT (1 - M) — ;@3(1 _ )

. U(k—N) (k+NU(k—\) /U(k—\) xir(/f))
+2)\(1+2)\\1/(1 A))Zk(k N 22 s ( . —
el T g -y = 2 — ) (3.139)

32m 6 ! 27 ' ’
Poles

The last two parts have poles in the limit A — n. The calculation is straightforward and the

result reads::

.1 VG (E)1M—n 3 3 1
Jb[§+e,1+e;w(e)] _ mw{ c( )} n m {(nf)\)Z {wa1<2+Ln—21n2—Sl>

8m2e | 4nCray 3274
+wl(3 + 2L, —In2 —257)(L, + S1) + 5 (L, + S1) + 1 ]
1 2 onm?
+ [—wal—wﬁ0(3+n7r2—ln2—m1n2—|—Ln< mr)
n—A 3 3
2nm?
—|—5’1< n—21n2—451—|—4n82> + (2 —6n —4nL, + 2nln2)S;
© 1 2

—47’LSg + 4’/715271 — 47’LC3) — 5010 <2 + TLE + S1 - TLSQ)} s (3140)
-1 m3 [ aywn + 26own(L, + S))
Jelz +e1+€ = 3.141

[2+e + € w(e)] 327r4{ (n— ) ( )

2nm?

1

% + 47LC3 + 25 — 47153)
n—A '

The first term in the expression for Jy is a divergent part, which is proportional to the

single Coulomb insertion. This is expected, because such a divergence comes also from
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the second-order correction to the short distance coefficient (which multiplies the first-order
Green function). It is important to keep in mind that again the multiplicative part of the

divergence, in this case the function J[1 + e, B+ ay(e)] is kept to all orders in e.

3.2.3 Coulomb and delta potential

The double insertion of the Coulomb potential and delta potential is easy to calculate, because
the integral factorizes into two parts, which have already been calculated in the single insertion
of the Coulomb potentials. This factorization can be done, because this is a double insertion
of a tree level delta potential and a Coulomb potential and so, no factors of (u?/q*) appear in
the delta potential (contrary to the single insertion at this order). The result for the insertion

is then:
110,14 ae] = Go(E)I[1 + ael. (3.142)

The divergences in the imaginary part of 70,1+ ae] come from divergences in the real parts
of I[0,1 + ae] and G¢(F). In the J-function they are factorized in such a way, that they

cancel the divergences from the hard Wilson coefficient:

Crasm*w [0WGe(E) m2w
1+¢ - - E 14
J[0, 1+ ¢;w(e)] T6me {471’0}7045] 1927r252GC( ) (3.143)
m? © Crasm2w'®
+ 1992 Co(B)2arw = 28w — Byw')) + —————J[L + €, fo/e + ar(€)]
g (©
192 2 C( )(2&11[] —250711 ﬁow +2CZ )
mC’FozS 5 2 R B B )
T {O[LﬁL S =5y~ 3= 2 (1 - )
5m2 1
(T = 5+ 0= D1 = X) + A1 = )

1
(1 — A)(A 13U = A) — AN (1 — )\)> A F(1,1,1,152,2,1 — A; 1))

+(1_ i)(il_b +\TJ(1—>\)<;—577;+(4—)\)\I!1(1—)\)—)\\112(1—)\)>
FB(1— A2 (; - ;A oA (1 /\)> (1 - )P+ 2?;(1 — T (1= )
—;(1 — AN Wo(1 = N) +24F5(1,1,1,1;2,2,1 — X; 1)(1 - i —20(1 — )\))]

5 1 A 1 1 -
2 s - . . - o
+a1[LA+LA<6 =210+ A (1 A))+(2A S+ )\))
X(

+U(1—X) — AT (1 — A))] } .

C.OM—‘
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The coefficients of the divergent parts are again understood in such a way, that they contain

the full € parts.

Poles

The calculation of the pole part is straightforward. The only difference to known poles is,
that for the leading-order Green function one has to take the limit A — n up to (A — n)?!,
because the function I[1 4 ae| has a double pole. The poles for I[1 + ae] are needed up to
(A —n)? due to the single pole of G(F). The result is:

Crasm?w {5(1)GC(E)]’\H" m2w

— GX™(E 3.144
167e 4rCrag 192722 ¢ (E) ( )

J[0,14 e w(e)] =

2

192 2¢

Crasm2w'® .
ZFOTV T + €, Bo e + an(e)]
167

155G () 2a1w + 20w — 2650 — Byuw'®)
mACraoy n__ Hr4nl,—nSy —:2+5++L,—5
(n—A)? (n —MQ (n—=A)
m*Croy [nL, +nS; N -1 - ® 4 2L, +nL? + %535, — nS? + 2nS,
3273 (n—A)? (n— )2
1 4 24n+7 , 2 1 2nr?
_z 5<_2_

2(n — A) ( g o n *

+ G’\_’"( )(2a1w — 2[Fyw — ﬁow(e)) +

+ﬁow

—+ 4 551 — 47152)

372 n

| 2’
+S§(2n——5>—%8n5§——4n5@1%-Ln<n ij n>>].

3.2.4 Coulomb and contact potential

The double insertion of the Coulomb potential with the contact term, which arises from
using the equation of motion in section 2.4.2, is completely finite. Therefore, it can be easily

obtained by using the result for u = 1 from the Coulomb double insertion! from section 3.2.1:

T0,1+ae| = / H Cg; 2 GC(ph[gi]iifp?”p4)Gc<p47ps> (3.145)
__(Tn>3 —A & Hs(f)[HO () + acHY(5) + O(e?)]
A/ mCras = jg =X ’

(3.146)

where ga3 = p2 — p3, and

, —4mjA
Hs(j) = : : : : (3.147)
V-mE([G—=1=0) =N +1-2)
'Note, that Hs is not exactly equal to H, because the Fourier transform of a delta potential is one, so
Hs(n) = 4m cos(mu)['(1 + 2u) H (u, )| y—1 /2
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The remaining sum can be done only partially and a single sum is left in the result for
I16,1 + ael:

mA?
116,14 ad = W@ F2AW (1= A) — A2Wy(1 — A)) (3.148)
mA3 - 1 1
e s [ _ (1 A)(/\ A, (1 — /\)> = A1 = X)W (1 - N)
= 2k + NU(k— )

+ LAC\ 120 (1= A) — AWy(1 — /\)ﬂ .

+2

= (A —k)3
The order € terms are kept, they multiply the 3, dependent part of the Coulomb potential.
They come only from the potential, not from the measure of the integral. This is, because
parts of the Coulomb results where used here, where a subtraction is performed implicitly.

The complete counter term subtracted result for the J-function is:

mBywA3 R 1 1
x 2(k+ AT (k—N\) (1 ﬂ
Uy (1 — Ly —+2U(1 =) = A\Uy(1 —
+Wy ( )\)‘i‘kz::l O — k) + L )\+ 1(1=A) = AU(1 =)
)\2
%(1 LA (1 — X) — A2Wy(1 — /\)> .

The remaining sum shows again a good convergence and will be calculated numerically with

Mathematica (without a cutoff for the upper limit using Mathematica’s NSum function).

Poles

The pole parts of this insertions are relatively easy to calculate and read:
- mw n* 3n3 3n? 2n*(L, + Sy)
e = L ( ) o2
0,1+ 5w 812C%a? [al (n—=X)3  (n—A)?2 i n—A + o (n—A)3
3(3+ 18L, 2+ 248, — 6nS 2(3+6L, 2 +128; — 6nS
-’34+ + nm* + 245; — 6n5,) L (3+ + nm? 4+ 125; — 6n 2))}3.150)

3(n — )2 n—A

The result is, as one would expect, similar to the Coulomb double insertion and contains up

to second-order harmonic sums.

3.3 Triple insertions

The triple insertion part is only needed for the first-order correction to the Coulomb potential
at third order. Triple insertion combinations with other potentials appear first only at fourth

order.
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3.3.1 Coulomb potential

The triple insertion is completely finite and is done in d = 4 dimensions. This calculation
was done in [85] and details of the calculation were published in [35]. For completeness, some

details are presented here again. The potential is generated once more by working with

1 u—1
Wi(r:) = S 151
(r:) AnT(1 + 2u;) cos(muy;) (rl) ) (3.151)

and by taking the zeroth and first derivative with respect to the u; at u; = 0. The threefold

insertion of the generating potential reads

3
[[1 + Uy, 1 + U2, 1 + ’LL3] = /H d3’f’i Gc<0, T3 E)Wl(’l"l)Gc(’rl,T'Q; E)
i=1

WQ(TQ)GC(TQ,TS;E)W3(TS)GC(T3,0; E) (3152)
/r.2u1+1 T.ng—‘rl T2u3+1
== /d?"ldrgd?"g 1 2 3
(1 + 2uq) cos(muy) I'(1 + 2ug) cos(mug) I'(1 + 2us) cos(mus)

X{GC<07 T1, E>GC(T17 T2, E)GC<T27 T3, E)GC<07 rs, E)} : (3153)

For the leading-order S-wave Coulomb Green functions, the integral representation for Green
functions is used near the vertex and the sum representation for Green function between two

potentials and one obtains:

12 X H u17 U/Q,n ])H(U3,j)

I+ up, T4 ug, 1+ ug] = ( );; NG - , (3.154)

where the H functions here are the same as the ones presented in the Coulomb double
insertion section. For the functions K(u,n,j) the expansion up to the first order in u is
needed (denoted with K (n, 5), where the superscript i stands for the order of the expansion

and the argument v is omitted for simplicity). Then, the result is:

KOG, k) = XNjé, (3.155)
KO (j, k) = N1+ 2] 855 (v5 + L) ] (3.156)
with
_ (7 —s 7 (1) )
= / ds2sIn(s)e LY (s) LY, (s). (3.157)
0

To solve the integral I, the Laguerre polynomials are expressed through their generating
functions. Then, with

_zu

= i w LV (2), (3.158)
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and
lsfvv e 15:11)1; 2|: — 1 + f}/E + hl (%) :|
ds2sIn( =— 3.159
/ s2sln(s (1_U) (1—w)? (vw — 1)2 , (3159)
the integral I is expressed as
P S ol B G /) (e i),
(k=D (j — D! ovk—1 Quwi—1 (vw — 1)2 s
2+ 2k (k) itk=y
= ) . (3.160)
_ omin(k, j) . :
27”. 7 ifk #j

Hence, the final result for K(V(j, k) reads

1+[0()+ Ly ifj=Fk

KW, k) = 2)2 (3.161)

SRS i
At this point, the threefold insertion of the perturbation potential has been expressed in terms
of a double sum involving only Psi-functions. These sums converge rapidly when the energy
argument is evaluated along a line parallel to the real axis as required in the calculation of
the top quark pair production cross section. The final result for the J function is:
< HOG)K D, HO (k)
(@m1CFa2 |0 & 25 5~ Nk(k —A)

x & QHO () K0, K HO(K) + HO () KO, k) HO(k)
tha x> i A%@ y

2

JO[,1,1;a1 + BoLy] = m[ﬁéz

(3.162)

/—\

o XX 2HO (KO (4, k)HW (k) + HO () KW (5, k) HO (k)
ELDIPY 3G — NE(E — )

J=1k=1

G A2 A
The double sums can be in principal evaluated numerically. Here, some parts of the sum can
be calculated analytically to make the calculation faster. The result for the partly analytic

result is very lengthy and not given here. It can be found in the file TTbarXSection.m.

Poles

The pole part of the triple insertion is the most complicated one. After a long and cumbersome

reduction, the result could be expressed with harmonic sums and reads:

{ ( /\)4 [al + 250([/” + Sl) (3163)

m2

L1 Loyt foLy) = 5o a2
F
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2 2

- [Mf + 2426 (3 4 6L, + " 485, - 27”652) + 80133 (WQ +3L,
(n—M\)3 3 6

T g2 g é T SLS 4551 — Sy — 2nLnSs — 20815,

+nSs — nC3> +1603 ( 26L -+ 3L2n2 + nWZLHQ IR T BV R )
m?& +4L,%S; + 36;2 - b;f + nWZSIQ +5L,5)° + 25, = LSy — nLy,*S,

—5152 — 27’LLn81S2 — 71512SQ + TLLnSg + 715183 — TLLan — 7151C3)‘|

+(n 11)0 [al —|—a1ﬁ0(9_|_ dnr? +6L,+145, — 8n52) +4a16§<3+ 7;2 I 27?2
+";g4 LoL, + T g ey g, - 351 4 onm2S) + 141,58, + 118, — 35,
—4nSy — 5, — 8nL,Sy — 12nS51 Sy + n%S5% + 9nS; — 5n2S, — 2nSs 1 + 4n25371
—5nC3) + 853 (7;2 + 5%4 (g + 27?2>Ln2 + L,* +58° + (5; + n2Ln> Sy
+Sl2(127 i 4";2 N 8n82) + <2n i 9nLn> Sy

1
—5n(2 + nLn) Sy +3n2Ss5 + (1 - 2nLn> So1 + (2n + 4n2Ln) S31—2n°S3

) 2 2 2nm? 2
—6n254’1—|—(—2—2n— nr >C3 S1<3—+7T+ R
n 6 3 36

4

3 2 2 n’m? 202
—|—<13 — — 4+ 2nm )Ln + 7L, + <— 1—4n — — 12nLn>5’2 4+ n*Sy* + 11nS;
n
2 2 2
~5n2Sy — Sy + An*Ses = TGy ) + La(3+ 5 + T+ "Sg )
1 5 2 2,2
+S2< Tt ( 3 dn— ”;>Ln —4nL,? —n%Ss+ n2<3> + 6n2C5>]
1 nm? n2mrt 2nm?
—— [Qafﬁo(l + = +285;, — 2n5’2> + 4a16§<3 +nr? + s + (2 + 3)Ln
2 2n*r? 2q 2 2
+451° + ( —6n — - 4nLn) Sy + 2n°Sy” + 5] (8 + 2nm® + 4L, — 12n52)
2 2 gprd 24
112085 — 1002y — 4nSs 1 + 802y — 4ng3) + 860( % + ”;T + Z; + "32

3.6
5

_nhr <1+)L +25,3 —|—<4n+n +2n°L )S + 5 (7— na

510 3

8n
+4Ln—10n52>+6n3832+<—6n—5n2——10n2L >S4—|—24n285
165 onr? 4

—14n3S; + 1’1+(—2n— n —4nLn)5271+(4n 4 "3 4 8n?L )5371

—147125372 — 34’@25471 + 28%33472 + 4071355,1 + 8712837171 — 8”333,172 — 8713537271
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72 bnw?  nirt

2 2
2n3¢3? 5(5——
)C3+71C3+1 - 3+3+9
42 2
T 12nLn) Sy + 4n2Sy% + 16nSs

n2m?

—24n*Sy 11 + ( —4n —

—|—<8 + 2n7r2>Ln +2L,% + (4 —10n —

n?mt

18
2 2 2.2 2.2
omrT <3n 4 "37T)Ln + nLn? + 6n°S5 — 2n%Ss,1

+
11n2n?

—20n25, — 4nSy + 16n25371 — 8n§3> + L, <3 +nr? 4+ — 4n(3>

25<1+4+ +
— —+n
2 n 3 6

—2n2g3) + Sg< — 24 8n+ +12nL, — 4n3C3> + 19n2C5>] } .

There are up to triple nested sums in this result, and the highest order of the harmonic sums

is six. Some useful relations which were used here are given in appendix C.1.

3.4 Summary of results for the S-wave Green function

In this section, the results for the Green function corrections are summarized in terms of the
master functions J and I, which have been calculated in the previous sections. The Green

function expanded in the strong coupling constant is given in the following notation:
G(E) = Ge(E) + ) (Z) sWG(E). (3.164)
- s

The leading-order Green function has been discussed in 2.4.1 and reads:

m2a,C 1 1 .
Go(E) = 47TF<LA bo— o - (- A)) . (3.165)

The first-order corrections include only the single insertion of the Coulomb potential

ArCros 2
- q§ (a1 + foln 22) . (3.166)

So, expressed in terms of the master functions this is
SWG(E) = 4ra,CrJ D1 a1 + BoLy] - (3.167)

In the non-relativistic power counting, at second order, one has to include the single and
double insertion of the Coulomb potential (first and second line of equation (3.168)) and
insertions of the 1/r?, delta and p* potential (third and forth line in (3.168)), as well as
the kinetic correction (last line in (3.168)). The last two parts have been reduced with the

equation of motion (as described in section 2.4.2) and the result is:

P G(E) = 4ra,Crd DL az + (2a1 80 + 1)Ly + B3L2] (3.168)
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(47TCYSCF) J [1 1: yaq +50Lq]

(27) CF‘][Q +ebi(e)] + (OZ)m(;F

3013 4012
_(167T CFasj[l- - 32w C’FJ[; —i—e;k(())])

A2 m
T Gty ~ T )+ ) SE L v k)

J[0; vo(e)]

mCroin®
(T g(5;1) -

The function k(0) comes from an integration after using the equation of motion and the
definition is given in (2.118). At third order, corrections coming from single, double and

triple insertions have to be taken into account. The corrections read:

BG(E) = (3.169)

3
{47TC¥SCFJ(C)[1; as + (2@161 + 52 + 3@250 + 87‘(’202)11,1 + (iﬂOBl + 3@15(2))[/2 + Bng]

—W(J[; 2 (ﬁom ) — ichA - ;‘031) + by(e)] — J[; te 5“216(6)])
(47T)3CF

+

e 1(;@7 — 5 Cat () + o)
o (2 0+ (2] (% +%) - i)

2(2m)*C% mCras 1 D
+ (— NI 6( C'A+ﬂo>+v (6
1

]
HIl5 42 k(;)@CA + o) + oD (h(0)] - Ty +e (0)< Cat 6”>]>}

€

m

+{ (4ma,Cr)2J (L, Liag + (201 8y + Bi) Ly + BIL2]

4C%a,(27)° 1 Am)AC'2
—WJ[Q fettabie]+ 20O 101 1 (o)
(4m)*Cha? 2560 Chag
< 7”\2 J[1,1+ ¢ 1]+7m J[2—|—e 14 € k(0)]
327402 1
FCE (2 + 26 k() (/e + ()] - T3 + 6 KO)fo/ )
2,72
+27rCF045(mC§\j”TJ[5, 1+el] - SWACFJH + e Bofe + ar(e)]
3,3
—WJ[1,1+6;1]+327T 1Ci J[2+e 1+ e k(0)]
3 Cr

8
+7Tasm 2 2

(T3 + 26 (O e + an()] = Il + 6 KO/ )}

+ (41, Cp)2 T O, 1, 15 a1 + Boly) -

The first (second) {}-bracket shows the single (double) insertions and the last line is the triple
Coulomb insertion. Again, the p? potential (first ()-bracket of the single and double insertion)
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and the kinetic correction (second ()-bracket the double insertion) have been reduced with
the equation of motion. Note, that there is no contribution from the kinetic correction to the

single insertion part at third order. For the 1/7? insertion, there appear parts of the form

2\ 2¢ 2\€
H H
l(q2> _ (q2> ] . (3.170)
These do not correspond to the definition of J[1/2+ ae|, because there one always subtracts 1
from (u?/q?)? (see equation (3.5)). Therefore, the combination (J[1/2+2¢,...]—J[1/2+z¢, ...])
is used to recover the form of equation (3.170).
The second- and third-order results are still divergent. Only the combination with the

ultrasoft corrections (at third order) and the parts coming from the external current will be

finite (in the I' — 0 limit). The divergent part of the second-order Green function reads:

42 2 T
5 Gy = (720*“ <CF 4 2@) Go(B) + 2TmCr <Z> . (3.171)

€ € Qg

The divergent third-order part of the potential insertions is:

24 36
1 11 L, 9 427 4ln2 L, 5 2In2
‘{<24 1) <324—3 _8>CACF_<216+ 3 )CA

Ca, Cry, (L 20 P :
+(24 * 54)ﬁ0 (30 162 )CFTF+ 216CATanH A4m)"Cr GolB)

| umrcs

1
5<3)de:[— ( —Cr + OA+ CACF+60<CA CF))

+ LCA + —CF sVG(E) (3.172)

< ) 8C'4 + 1550 84CF — 388C 4 + 200n T + 6643,
—mmCpg ,
Qg 9¢2 27¢

with L,, = In(u/m). An additional source of divergence in the imaginary part comes from

the energy dependent external current from equation (2.5). It is at second order:

() (- Egerm) = Lo (3173)

Qg € 3oy

and at third order:

3
<47T> Im( - £(4C§I)G0(E) +dV + 45<1>G(E))> _ D16nCpm

210 — A Tr) |
a ¢ 270, \AOr T PCa )

(3.174)
The cancelation of the divergent part with the vertex correction and the ultrasoft correction
has been checked explicitly, exactly remaining with the uncanceled I'/e parts. As explained

in section 2.5, these should cancel with divergences coming from the electroweak calculation.
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3.5 P-wave Green function

In this section, the contribution from the P-wave parts is calculated. This corresponds to
the Z-boson mediated quark pair production. The notation will be similar as for the S-wave
part. For a single insertion of the potential of the form §V = ﬁ (gz) the [-function is
defined as:
d4= lpl p1p 2\ ac _
1P +ad = | I1 ( Gelpr p2: ) (o (’;2) Go(ps,pii B),  (3.175)

where q = py — ps. Here, the notation G¢ is used for the full Green function including all

partial waves. Then, the multiplication with p; projects out the P-wave part. For the P-wave
J-functions a notation similar to the S-wave calculation is used:
1

JPO [z 4 ae; w(e)] = —wl/ (I(P) [z + ae] — I [x]) + (w + w(e)e> IPz +ae].  (3.176)
€
The P-wave contributions starts at second order, so the double insertion is of higher order

and will not be considered here.

3.5.1 Leading order

Power counting shows, that diagrams with up to three gluon exchanges for the leading-order

P-wave Green function are divergent. So the Green function is divided into four parts:

GU=V(E) = GU=L0) () 4 qU=tlen) () 4 qU=12) () | GU=L3e)(B) 4 qU=1>3e) ()
(3.177)
Then, the same strategy is used as for the S-wave calculation. The first four diagrams are
calculated in momentum space and the last one in coordinate space. The momentum space
integrals are done with Feynman parameters and Mellin-Barnes integrals. An example of the
calculation is given in the next section. The result deduced there is the same for the Green

function if a is set to zero. The final results for the different parts are:

. d™'p —mp2 mI(1 + 359 (-mE)5
[=1,0ex _
9GI=10) () — / T —— 2(47r)d2 (3.178)
miChal
_ s 1
P + O(e), (3.179)
_ d'p; m2Crg’p1p
(I=1,1ex) _ 1 F 1P2
G HE) = [ 1] Gomgas Gy or — (e ) (150
miCial (1

m3(CF92)2p1p3

(I=12ex) _
oG (E) /H 27rd ' (pt —mE)(p1 — p2)*(p3 — mE)(p2 — ps)* (P — mE)
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(3.182)
40
= — 1
167N < 3 +1+0(e )) (3.183)
9Gl 1,3ex) /H dd 1pl m4(CF92)3p1p4

27T = 1 P - mE)(Pl p2)2(P% - mE)(p2 - P3) ( mE)
_ MO (L e+ 0()) . (3.184)

(p3 — pa)? (p4 “mE)  6dr  \2¢ | AT CRead TG '

The finite part has been done with the summation representation of the P-wave Green func-

tion:
> n! L3 (0)LE)(0) 1 3 M
G(l:1,>36z) E) = E N—mE 3 n Ly n .
(E) = 7 (2V—m >nZ:0 n+3)! \n+r2-N kZ:% 2 1 n)k+l
(3.185)
miC3al < T\
= — 51 -2\l A2 ) 1
e (CEPOL (TSR (3.156)
After combining all parts, the final result reads:
CrmPa, B Cim*a? C mta? 1 A2 3
=gy = Crmas B Cp F ( A AL -
B = T e Y o e \ 2 PAT g AL T
A= A1 = A) — 1.891/\3> . (3.187)

The real part from G(=3¢?)(E) has been kept, although this is not needed for the future

calculation.

3.5.2 Coulomb single insertion

The leading P-wave contribution is of second order. So, for a full third-order result only
the NLO P-wave corrections are needed. These correspond to a single insertion of the NLO
Coulomb potential. Power counting reveals, that one has four divergent types of diagrams,

as shown in figure 3.6:

IO+ ae) = IP[1 + ae) + 2171 + ae] + I[1 + ae] + 211 + ae)
+2IP1 + ae] + 21 [1 + ae] + IP[1 + ae]. (3.188)

The IP)-functions have to be calculated up to order €, because one has to insert potentials of
the form i[(g;)e - 1] , and the result is not finite. In some parts of the divergent diagrams
this has been done numerically with the program MB [89]. The calculation of these finite
parts of the P-wave Coulomb insertion will be done in coordinate space. The summation

representation of the Green function for P-waves is used from equation (A.4). Some of the

insertions must be subtracted from the full Green function. This is again done by taking
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Figure 3.6: The Coulomb potential insertion for the P-waves is divided into six different

parts.

the limit A — 0 to the appropriate order. Then, the coordinate space representation of the
potentials is used. This means, that one calculates insertions of 1/r and of In(r)/r. As for

the S-wave calculation, these insertions are generated with the potential
1
(r*)
47T (1 4 2u;) cos(mu)

by taking the zeroth and first derivative with respect to u at u = 0. As will be shown in the

u—l

> (3.189)

Wi(r) =

next subsections, this leads to two types of integrals:

/ ds e LO ()L (s) = (n+ 1)(n +2)(n + 3)6,; (3.190)
0
. , (n+1)(n+2)(n+3)¥(4+n) ifn=j
/ ds s* ln(s)e_st’)(s)Lg- )(s) = (3.191)
0 _ (min(n,j)+1)(min(n,j)+2) (min(n,j)+3) ifn 7& ]
li—nl '

The first one appears for insertions of the pure Coulomb potential and the second one for

insertions of logarithmic corrections.

Part a-d

These parts are divergent and have to be done in momentum space. While the calculation
is straightforward for the first parts, the last two parts are more complicated, and the result
contains a numerical constant. As an example, the calculation of the third part is shown
explicitly, the other parts can be done in a very similar way. The starting expression is

1P + ac] = 2 /H d*'p; p} Crm*a? ps
ae =
(2m)2-1 pi — mE [(p1 — p2)Y T (p2 — mE)(p2 — P3)? p3 — mE
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(3.192)
24’@6—7) a1y d-1_9 ge, 4=1_1 d=1_g
B dl/d Y T vag O e v
dd- 1 OFm4 2
x/ ; P e T (3.193)
(2m)7 (p? — mE)24ac T (py — mE) (p3 — 2E)* %

where the formulas from appendix B.2 have been used to perform the p; and pj3 integral.
Then, the left and right side of the denominator in the integral are written with the Mellin-

Barnes representation:

2 1 F(Q—i—ae—@) d—1 d—1 d—1 d—1
I(P) 1 — / drd 2 -1 1 — —=—2—ae, —5——1 1— =2
[1 + ae] T S TN T A (1—x)> yz (1—-y)>
1 i00 d—1 d—1
X dzdzl'(24+ a6 — —— + ) (—— — 2 —
T2+ ac— EOT(2 — 1) )i 17 (2+ac———+2)l(— ac)
d—1 d—1 —mEN# [ —mEN\*
re—- ——-— N—— -2
2=+ 2l ><x><y>
dd—l C 422
X/ d?l 2)4—d+ ierOé > ) (3.194)
(2m)d=1 (p?)t-dtactait= (py — mE)

Now, the remaining momentum integral is performed, followed by the integration of the three

Feynman parameter integrals:

2C%2m 2 + ae — u) d—1 d—1
[(P) 1 _ F / drd 2 -1 1 — T—Q—ae 1— ——2
[1+ ael 47rd1 Y Titag © (1—2x) y 7 t1—y)>
too d—1 d—1
dz1dzI'(2 - — 'N———2-
XF(Z—i—ae——)F( =yl 21dzl' (2 + ae 5 + 29)1( 5 ae)
d—1 d—1 —mEN* [ —mE\*
re— ——-— I'———2
2= =t 2l >(x><y>
/ it 5—d+a6——+zl+22)
['(4—d+ ae+ 2z + z2)
3—d+aetz1+29 1— u75+dfaelefz2 E —5+d—ae—z1—22
(4m) 7
_ 2CEmtal(~ mE) e (2 4 ae — ST (GG — T4 — 2 —ae)T (45 — 2)
(4m)3(@=D) I'(1+ae)l(2+ ac — G2 — ST (L)
ic0 D(EE —2)D(5E — 1 —ae) T(5E — 2)T(2+ ae — G + 2)
dzpd 2 2 2 3.196
e 1 I'(d—2— 2z — ae) [(d—2— z) ( )

d—1 d—1 d—1
><F(5—d+ae—T+z1+22)F(T—4+d—ae—zl—zz)F(2—?+zQ).
The result is a double Mellin-Barnes integral, which can be done with the program MB [89].
The calculation of the other parts is quite similar, part b results in a single Mellin-Barnes

integral which can be done analytically and part d is a triple integral. But, since this part
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has no imaginary prefactor, only the divergent part is needed here. The number is produced
again with the package MB. Then, the result for the P-wave J-functions can be easily obtained

from the I-functions and reads (real parts are dropped):

m3By E  mia; B Cimia? <a1(e)
2

P J—
JCE )[1 -+ €, ﬂo/‘E + aq <E>] - 172872 672 57672 ? o 57612\ 4

+ a1(1 + L)\)

177 2
001+ o + 2L + LQ)) , (3.197)
(P) _Cgm'ag
2P+ € o+ an(e)] = — T (a4 "+ (8385752 — Ly — L))
(3.198)
Cimia? [ L
TNt e /e + ()] = ;%st(mgal + Go(~1.3888Ly + L3) ) (3.199)
Cimia? [ L
2JSP)1 + €, fo/e + ar(€)] = 588#2 (1;8@1 + Bo(—0.3888Ly + Li)) . (3.200)

The result contains the numerical values from the Mellin-Barnes integration. They are given
in such a way, that the numerical accuracy is higher than the number of digits used. Since
this part is a very small contribution to the complete cross section, the numerical error for

the total result is negligible.

Part e

This part has no gluon exchange on the left side and more than two exchanges on the right
hand side:

IP 4 4] = /dgr GU=L0D) (0 s E)r? W (r)GU=1>240) (0, ) . (3.201)

One needs the zeroth and first derivative at u = 0 to generate the correct potential. The

results are:

[e(P)[l] = /dr G(l=1,Oex)<O’,r;E)rBG(l:1,>26:Jc)(T.7O;E) (3.202)
_ _m3 o} i 1 < 1 B 1 B A B )\2 >
36w e 2+n\2+k—X 24k (2+k)?2  (2+k)

/ ds s~ L (s) L (s) (3.203)
_ e ( A1 =X)T(1-N)+ >\2§3> (3.204)
14472\ 6 :

where the substitution » — s/(2v/—m£F) has been made. The first derivative is:

8

ST+ o = 29617 [1] + 2 / dr GU=19¢0) (0 BY3 0 (1) GU=12240) (0 )

= (29 + In(—4mB) ) 171
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3E oo 00 1 1 1 )\ )\2
- 2
187 7;%202—%71(2—1—16 N 24k (2 + k)2 (2+k)3> (3.205)
x [ ds st in(s)e LY ()L (s) (3.206)
0
SE [A(132 = 137TA+370)
— In(—4mE)IP)[1] — 2 T e
n( m ) e [ ] 1447T2 8()\—2)2(>\—1) 12A( 0"—7)\) 5C3)\

(3.207)

3A% — 1102 4 2\ + 10\ - < (k® + 4k + 3) (k)
W(1—\)+2\°
+< N—2 ) Q=N +22 @ b -

The s-integrals were given for both parts in the section above, one sum has been evaluated

analytically, some parts from the second sum were left. Then the result for the J-function is:

C2m*a? w2 .
P o F S 2 2
2001+ e, fofe+ o] = S oo {al [6>\ (1= A)F(1—2) + A 43] (3.208)
A (132 — 137TA +37)?) w2 2
NI4T — ALy — GA2(5 + 2L
ﬁol 8()\—2)2()\—1) 12 ( + ) 3 A — G3A ( + A)
3% — 1102 4+ 2\ + 10 - < (k® + 4k + 3)W(k)
2)\2—1L>\Ifl—)\ 2\
+( N2 W= DL)YA =N+ e k- )

Part f

This part has one gluon exchange on the left side and more than one exchange on the right
hand side:

IO 4] = / d*r GU=110)(0, 7 E)P2W (1) G121 (0, E) (3.209)

Again, the zeroth and first derivative at u = 0 are needed. The results are:

P[] = / dr GU=11e0) (0, E)r3G(l:1’>1ex)(r, 0; E) (3.210)
3E O X 1 1 A
- nz‘;),;) 2+n (2+k:—A_2+k_(2+k:)2)
x/ ds s e_ngf)(s)Lg- )(s) (3.211)
3E 2 2\1T,
-5 ( TN NG+ (1= A1 )\)) , (3.212)

where again the substitution r — s/(2y/—m#FE) has been made. The first derivative is:

0 _ _
%[(P)[ + u|ymo = 29I D[1] + Z/dr GU=LD) (0 B)r3 In(r)GEL>10) (2 0; E)
m3E & & A ( 1 1

187 = 0k§<2+n>2 2+k—-\ 24k

_ (275 n 1n(—4mE))I§P)[1] -

(2+k)/ ds s*In(s)e > LP) (s) LI (s) (3.213)
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3E' )\2 7T2
14472 | 45 12
A3(43M% — 2703 4 635)% — 632\ + 208)

SO\ —2)3(\ — 1)?

= In(—4mE)IP[1] — —(4— 16X — 9N*) + (A (2 — 8))

6 5 4 3 _ 2 _ .
(2@ 10A% + 2301 — 7A3 — 28)% + 24\ 4)>\IJ(1 )
AN —2)2(A—1)
(k% + 4k + 2)W (k) — (k* 4 6k + 11k 4 6)Uy (k)
+2)° . 3.214
,; 24+ kB2 +k— N\ (3:214)

As for the previous part, some parts from the second sum were left in the final result. The

corresponding J-function is:

2
(P) _ CF 2 2
4 2 3 4 3 2
T, o AB(A3AT 2700 4 63507 — 632\ + 208)
+50[45A 54— 160 —0N) + S0 =270 17
2
FGA(2 — 8\ — 2MLy) — %ALA (3.215)

+<2(/\6 — 10A5 4 2304 — 7A3 — 28A2 + 24\ — 4)

A 220 = 1) +2(\2 — 1)LA)¢;( ~)

3 & (K24 4k + 2)U (k) — (K 4+ 6k 4 11k + 6) W, (k)
+2A ; CENSECEN Y 1 } . (3.216)

Part g

The last part of this insertion has two full Green functions with more than one gluon exchange

on both sides:
[ép)[l +u] = /d3'r G(l:1’>1”)(0, T E)TQW(T)G(l:1’>1eI)(r, 0;E). (3.217)
Again, the zeroth and first derivative at u = 0 are needed. The results for this part are:

1)) = / dr G(l:1’>1“)(0, 7 B)r? QU121 (1 0; [7) (3.218)

o0

e 1 A\ 1
~ 36 ;)k 0<2+n X 2+n (2+n)2>(2+k—)\

1 A
24k (2+k )/ ds s*e L (s) L} (s) (3:219)
3E 2 ~
_ _17Z47T2< %/\ A4+ (A2 =3)U(1 = \) + AN = 1)Uy (1 — )\)) .(3.220)

with the same substitution as before, namely r — s/(2/—m£E). The first derivative is:

0

5l L+ ullumo = 29p I 1] +2/erl b21e)(0, p; B)r® In(r) G110 (r, 0; B)
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3Eloooo

:(27E+ln( 4mE)>] 22(2_’_71—/\_2—}1-”_(2—:\702)

n=0 k=0

1 1

- - ds s> In(s)e > L3 (s) LY 3.221

X(2+k:—/\ 2k (2+/<:)2)/o s In(s)em Ly (s)Ly7(s) (3.221)

m3E [r? 2303 —10A2 4+ 88X+ 12 272

—AN + ALy (3.222

14472 [45 "% 2\ g M (3:222)

A3(450% — 3583 4 106972 — 1380\ + 640)

_ A4+ 5

8(A —2)3(A —1)2 FAAHHNG

BAT — 13A6 — 1705 + 115)* — 186A% + 1082 + 56\ — 64

AN —2)2(A— 1)

= In(—4mE) I 1] —

(1 — )\)(

+7;2)\(1 — A A1 = ATy (1 /\)> +4(1 = A)P(1 - \)?
+2(1 4+ X =222y (1 - ))

- 2)\2 A .
_;;1 2+ kP2+k—N (A(A_2"‘f)‘1’(k’) F 24 RA1 = A)T(2 4k — \)

(R 4k +3) (K + 4k +4 = A)UB 4+ k) — 24+ k)33 4+ 4k + k) TB+ k- \)

A2 R (R AR £ 3) (2 k— AT (3 + k))]

As for the previous part, some parts from the second sum were left in the final result. The

result for the J function reads:

C2m 2 .
JESP)[l—i_G’ﬁO/G—i_al] = 5’;6 2A2{ |: ?)\_)\2<—3+(A2—3)\I}(1—)\>
4 23N — 10N +8\+12 27?2
A2 — 1Ty (1 — } + T AL
+A( )W (1—A) +50[45 5 5 > + 5 Mo

)\3(45)\4 — 3583 4+ 1069)\% — 1380\ + 640)
— A4 A+ 201
8(/\—2)3<>\—1)2 + ( + 5+ )\)CS
(5)\7 — 13X6 — 17)\% 4+ 115)\* — 1863 4+ 108\ + 56\ — 64

AN —2)2(A— 1)

+T(1—\)

+7;2)\(1 S A2) £ 2(3 = A2)Ly + A1 — AWy (1 — )\))
F4(1 = MWL = N2+ 2(1+ X =202 = X(A2 = 1)Ly) Ty (1 — \)

_ki 2+ k)3?2A+ k=) (W — 2= k)U(k) + (2+ k)AL = A) T2+ k — )

+ (K2 4k +3) (K + 4k +4 = N)UB+k) — 2+ kB +4k+ kHVU(B + k- \)
A2 R (R Ak £ 3)(2 -k — AT (3 + k))] } |

The numerical evaluation for the remaining sums is stable for all physical values of the energy
and the width. In the numerics, a cutoff is used for these sums, which is high enough to ensure

that the error is much smaller than the desired precision.
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Poles

The finite parts have also poles in the limit A — n. The poles of the total result for J@)[1 +
€, Bo/€ + ay] are:

JON + € By/e + ay] = Cf’;g:ﬂ { niz : 713)2 {al(n +1)—260(14+ (1 +n)L, + (14+n)S)
+n2()\1—n) [Qal(nQ —1) —26y(1 —n — 4n* — 7;Qn(nQ —1)—2(n*-1)L,
+4n?S; — 2n(n* — 1)52)} } : (3.223)

This leads to corrections to energy levels and wave function which are given in the appendix

3.7. They agree with the ones found in [43].

3.6 Threshold mass

In this section, the problem of choosing an appropriate mass scheme is discussed. This
is important, because in QCD, quarks cannot appear as free particles due to confinement.
Therefore, they are no physical observables and their defining quantities, such as quark
masses, are renormalization scheme dependent. So, it is not surprising, that for different
processes, different schemes are more suitable. One can derive perturbative relations to
transform the mass from scheme B to scheme A:

:ZE;;; =1+ ;::1 kAR o (mB)ym,

The calculations in the previous sections were done in the pole mass scheme. The pole
mass m’ is the pole of the renormalized quark propagator. This mass definition is gauge
invariant in all orders of perturbation theory and has no infrared divergences [90]. But it is
defined only up to an infrared ambiguity of order Agcp, which is unprotected by the large
top quark width [91]. Therefore, this definition is sensitive to infrared momenta [92], which
is known as the infrared renormalon (for a review see [93]).

The threshold masses are short-distance masses and renormalon free. They are particularly
useful for processes near the mass shell. Examples of threshold masses are the PS mass [94],
the 1S-mass [45] and the kinetic mass scheme [95]. Here, the PS mass m"®(u;) will be
used if not stated otherwise. This definition is based on the observation that the higher-
order corrections to the Coulomb potential show a significant long distance sensitivity, which
cancels exactly against the same sensitivity of the pole mass [94,96]. The relation between
pole mass and PS mass is:

m () =m" —om" (uy), (3.224)
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with P
1 -
om*S(py) = =5 T Vela). (3.225)

To convert the results obtained in the previous sections to the more useful PS mass, one
must insert equation (3.224) expanded in g to the needed order into the PNRQCD La-
grangian. This means additional insertions proportional to dm(ss) are generated. There are
no contributions from the mass shift of the potential at third order, since the mass dependent
potentials appear first at second order and the mass shift generates additional two orders.

But the expansion of the kinetic Lagrangian contributes at third order:

T |30y + omluy) + 26:; (1 + 5m(“f)> 2 (1 + O(ozsv)) ]zp, (3.226)

m 8m3

and similar for the antiquark part. The additional insertions are the single insertion of

om(py)

2 2
P~ ams) it dm(puy) expanded up to second order and the double insertion of g—m -

2m m
and the NLO Coulomb potential with the leading order of dm(sus) only. These parts can be
reduced to known insertions with the equation of motion (given in section 2.4.2). The most
complicated part is the residual mass term. Power counting shows, that the leading term of
this part is of the order a v and therefore of the same order as idy. This means it has to be
taken into account in all orders, which can be done by adding a real part to the energy, similar
to the leading width term which can also be resummed in the propagator and contributes to
the imaginary part of the energy. The order o2 term of m(yy) is then next-to-leading order
and has to be taken into account up to triple insertions of the mass term alone and together
with the potentials.

Another possibility to calculate exactly these insertions is not to start at the Lagrangian
level, but to do instead the expansion for small dm(suy) directly in the cross section result.
dm(py) appears on the one hand in the mass m and in the energy. Whenever it appears in
the energy, one has to keep the leading correction as an energy shift, and expand the higher
orders. The reason is that the energy is /s — m and therefore corrections to m can be large
compared to the energy, even if they are small compared to the mass. These corrections
start to contribute at NLO (corresponds to an expansion of the LO). The expansion of small
dm(puy) if it does not appears in the energy starts with the leading order of dm(puy) which is
of second order compared to the mass in the non-relativistic expansion.

Energy and mass appear in the cross section result in A. So, the Green function has to be
expanded for A — APS = —% and E¥S = /s — 2mPS. For most parts of the Green
function, this can be done analytically, but for Hypergeometric functions and for the sums
in the Coulomb result, a numerical expansion will be used. This means, one has to take a

numerical derivative of these functions. The expansion has also been done for the poles of
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the Green function. The result is an additional contribution to the energy levels and wave

functions.

3.7 Summary of energy levels and wave functions

Energy levels and wave function have been known since some time at NNLO [21, 97, 98].
The third-order energy level corrections have been calculated some years ago [31, 32,35, 36]
and the corrections to the wave function have been completed only recently [35,36,38-40]
(logarithmic corrections were calculated in [99,100](In?) and [33,34] (In)) up to the unknown
hard matching coefficients and some order € parts of the potentials.

The energy levels and wave functions can be calculated from the A — n poles (this cor-
responds to the poles E — E) of the Green function. The exact structure of the Green

function is known in terms of these poles, namely:

G(E) E,—E

. (3.227)

The dots stand for the continuum contribution. If this form is expanded in the strong coupling
constant, one gets the perturbative result for the poles, which must correspond exactly to
the poles of the perturbative Green function. So, by comparing this expanded result with
the calculated result for the poles, one can reconstruct order by order the corrections to the

energy levels and wave functions:
2 3
pop, WOOP (1 g2+ () £+ () 5o+ )
- 2 3
B (1+ga+ (2) et (2) et ) - F

SRl G )+ () (B e e

G(E)

(3.228)

BV -E EY —E Ar) \(EY) - E)? EY —E
a; ) (E)%e} (ED)?(2es+ €1 f1)  EQ (erfa+ eafi + es)
(- : 1)
A (BY — E)? (EY — E)? EY - E
+O(a§>] :

where the e; and f; are the S-wave energy level and wave function corrections at order i

normalized to the leading order:

2 3
) Qs (0‘) (O‘>
En En (1 + 471’61 + A €o + ppe €3+ ... s (3229)

2 3
(02 = [0(0))? (1 + A+ (Zﬁ) fot (L) fat .. ) , (3.230)
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with
2
EO = _m(j;(jF) , (3.231)
(ma,Cr)3
U0 = (3.232)

At third order, also the P-wave corrections have to be taken into account. They start at
NNLO, so only the first-order corrections are needed for a third-order calculation. The

corrections are:

EP) = EPO) (1 + %;egm N ) , (3.233)
PO = O ©)F (1+ 22 A7) (3234)
with
PO _ _m(jﬁF)Q , (3.235)
[0(0) = (mas(’;f;i:é?? b (3.236)

Now, the distinction between Coulomb, non-Coulomb and ultrasoft corrections following the
notation from [35,38,39]? will be made: e; = e + elC + € and f; = fC + f° + f#*. The
Non-Coulomb part appears first at second order, and the ultrasoft part at third order, so that
el = ¥ =¥ = ( and fI'¢ = f5 = f¥ = 0. All results will be given for the projection to
the spin triplet state.

The energy levels and wave functions will be used in the cross section calculation to resum
the higher-order poles in (FE, — E)¢ into the exact Green function pole part. This means, the
right hand side of equation (3.228) will be subtracted and the left part added back.

3.7.1 Energy levels

In this part, the results for the energy levels will be presented, separated into Coulomb, non-
Coulomb and ultrasoft parts. The results for the Coulomb corrections (published in [35])

read:
el =46y Ly + ¢5 1, (3.237)
e — 128212 + L, < _ 832+ 46 + 6ﬁoc§’1> +c5,, (3.238)
f = 308+ 12 (= 5658 + 2850 + 2455, ) + L (168 — 16505, + 45,

—1262¢5, + 6615, + 850(;%72) + ¢S +32m°C5, (Ln n 51), (3.239)

2In [35] the non-Coulomb and ultrasoft corrections to the energy levels were combined.



3.7 Summary of energy levels and wave functions 91

where the constants c% ; are:

C1 = 2a1 + 48,5, (3.240)
Cg,z = a] + 2as + 4515 + 4&150[351 - 1]

2 2
+52 l51<1251 - i) 4168, — 80y + - + 8n§(3)1, (3.241)
Cg73 = 2&1&2 + 2(13 -+ 2@%60[4311 - 5} + 4a2ﬁ0[451 - ]_} + 4&161[351 - 1}

24 2
—{—45162 + ﬁoﬁl [Sl (2851 — 16 — n) + 3652 — 167153 + 773T + 1677,5(3)‘|

2 2
a2 lsl (4851 56— ?;l) + 645, — 32055 + 8 + Sg 4 32n§(3)]

2 16 3277
+33 [Sl <51 (3251 — 56 — 3) + 965, 6 32 (3))

n n 3

16 40nn’
+S, <8n52 +16n°5; — 32— — — % - 16n2§(3)> + S5 (96 +16n + 8n27r2>
ar®  2nat

10475y + 48n%S5 — 14485, + 2245y — 32n2Ss5 — 96n°Sy, — % + %
+€(3) (32 160 - 8n27r2> 1 96n2%¢(5) ] (3.242)

The results for the non-Coulomb parts are simpler. The reason is, that they start at NNLO,

so only the first-order corrections contribute to the third order. The expressions are

CuCr  Cp? 11
nC /(1 ( _ ) 24
2 /(167 ) n T n 16n (3:243)
49n, T, 404%Cr [1
s /(647?) = — oy 3ngCF CA CF [ T 2oL, - 251]
CaCp?[563 Inn N 81n 2 3751 N In(Cra,) N 20L,,
n 108 2 3 6 2 3
1/ 97 2L, 25 Crp® 9,7
— (- = — - — 4+ ——Inn-— 1 L
n( 2 3 3 )] D) [ 3 T op ~Inn - TS+ In(Cras) +8 ]
Cr*nyTp[ 4 5] 2TxCr* CaCp  3C% 3
D b R 1 — —
A— 372 | T T 5n T T om +4n( 4n>
2 ™ 1 ) 11 4
o [CACF(nLn Tt O (( R
115, 2 2 1
— S+ ——-—1]|. 3.244
sz 3727 0 T 2 9)] (3.244)

Finally, the ultrasoft corrections are left for the S-wave contribution. They have been calcu-
lated some time ago [33]. There is one part of the ultrasoft corrections which corresponds to

potential insertions. This part has been checked explicitly and agrees with [33]. The complete
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result reads:

40 42C 25
eus /(641%) = gn F[—12—21n2—lnn—QLm+31n(CFO‘S)+31]
3
+Cg[_(55—1H2—21nn+41n(CFC“8>_3Lm_251]
CACp>
n gnF [—10—20Lm+851—201n2—81nn+321n(C’F045)

1
4= <Z +2L,, +2In2 — 4ln(CFas)>]
n
3

2
—l—C;; [ —2nLg(n) — 8L, — 30 —8In2+ 16ln(0p045)] . (3.245)

Here, the Bethe logarithms L[E] have been introduced. They are not known in an analytic

form for arbitrary n. The values for the first states are:
Lp(n) = (—81.5379, —37.671, —22.4818, —14.5326, —9.52642, —6.0222,...).  (3.246)

The last remaining part are the P-wave energy levels. Here, one has to calculate the first-order

Coulombic corrections. The result reads:

elP) = —2a; + 4@0( L, + 51) . (3.247)

1+n

This result agrees with [43], where the P-wave corrections have been first calculated.

3.7.2 Wave functions

In this section the results for the quarkonium wave function corrections will be presented.
Again, the results are divided into the Coulombic part, the non-Coulomb part and the ultra-

soft corrections. The results for the Coulomb corrections are:
f2 =600 Ly + cy1, (3.248)
fzc = 24ﬁ§ Li + L, ( — 126(2) + 651 + 85001/,,1) + Cy 2, (3249)

7§ = 80 4 + %~ 108% + 540001 + 4038 ) + Lo (2455 — 246 + 68 (3:250)

1 2

—1605cy1 + 8Bicy + 1060%,2) + cy3 +4872C 41 ;

with

nm?
cy,1 = 3a1 + 20 lS1 +2nS5; — 1 — 3 ], (3.251)

4 2 2
Cy,2 = 3&%4—3@24-2@1&0[451+8TLSQ—7— 7’;71' 1—1—2&[51—1—27152—1—72:]
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12 8nn an?n?
+ﬁ3[51<851+16n52—20—— 7? >+52<4n252+8—8n— "3”)
n

(3+4n)r*  nip?
_|_

+28nS3 — 20n*Sy — 24nSy; + 16nSs; + 4 + + 20n&(3) ] (3.252)

3 9
3 9 31 nr?
Cy,3 = Ay + 6CL1CL2 + 3(13 + 10@150 Sl + 27152 — E - T + 10a2ﬁ0 51 + 27152
8 nm? 7 nr? 2
—5 - 31 +8a151[51+2n52— 4—3‘| —|—252[51+2n52—1— 3‘|

36 20nm2 82
16 [Sl (2251 1 40nS, — 44 — 2 — g” ) + S, <8n252 £ 14— 160 — ”3” )

n

(21 4 16n)72 n 2n?m?

+64n.S3 — 40n>S, — 561521 + 32n°S3 1 + 8 + 5 5

+ 48n§(3)]

20n? 72
3

60  40nm?
+a1 55 [Sl <4081 +80nSy — 116 — — — nm
n

) + 9, (20n252 +40 — 72n —

5 2,4
+140nS5 — 100n2S; — 12055, + 8012551 + 48 + (5 + 12n)72 +

+ 100715(3)]

2
+33 [Sl (451 (451 +16nS, — 19 — g _ 8nm

) 185, (3n252 12 14n — n27r2)

64 (58 +56n)72  2n’r
+104n.S5 — 120025, — 112n.5, 1 + 9602551 + 80 + — + (58 + ; WL ”3”
n

+120n£(3)> + 53( — 4n(17 + 2n) Sy + 72n*S3 — 961> Sy 1 + 64n>S3; — 96 + 16n

24 8(5— 2
T (;)m - 8n2§(3>) + Ss( — 16055 + 64 — 16n — 20n°7” + 32n°¢ (3)>

64n31?

+54 (68n + 40n* + ) — 312n*S5 + 144n°Sg + Sa1 (48n — 120 + 16n27r2>

15 3.2
—3253, (2" 2l ) + 384n? S35 + 57605y — 224n°S, 5 — 2560755
8(2 2
2561551 1 + 64n2Ss01 — 6403 S5, — 4480285, 1 + 192038, 1, — 8 — (‘;")W
83+ 10n)nm?  4n3n®
(87 4571)7” + Tog +£(3) (48 — 80n — 12n%7% — 16n3§(3)> - 4On2§(5)] . (3.253)
The results for the non-Coulomb part read:
nc 2 5 4 22 2
2 2
= C%|SLy— —+—+——-=8
1672 F[?) 82 T30 0 3 1]
2 5
+CpCy an -+ 511, (3.254)
n

?TLC 7 3 37 2 4 2 4 2 2
it = | CF + 1CaCh + 5CRCr + i (5CE+20uCr) | 1
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The constant term of f3¢ is:
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These results were given previously in [38], the one-loop order e potential coefficient has been

added in these results. The ultrasoft correction is (taken from [39]):

16 8 5
us (64%) — [_ 2040~ 00t - 30;] %o, + {_ Sencr - Lot - 30;] 12
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n 1 2 3 4 ) 6

0, | 353.06 | 256.62 | 224.26 | 206.88 | 195.48 | 187.16

Table 3.3: Numerical result for the non-logarithmic part of the ultrasoft contribution, as defined

in (3.257); n denotes the principal quantum number.

8 20 8

52 8 10 4 32
52 4 16
+<—9—3n2—|—81n2—3Hn>C}11 In o,
3 3 11 5 8 9 < 3 5., 1 20 ) 9
- = ——+-In2+-H, ) C5C -+ 2+ —H,|CsAC
+[4 +(3+3n+3 >AF+ 2+3n+3n+3 ACFR
2 2 8 3 us
+<5+3n —61n2+3Hn) Cyp| L + 9,7, (3.257)
where H,, = In % — 145771 | and the numerical values for §2* are given in table 3.3.

The wave function corrections from the P-waves has also been recalculated. The correc-

tions read:

4 2 -1 2 2 3
fl(P)=—5a1+250< (n*+n )_7Tn+5Ln_n +
nz—1 3 nz—1

S+ 2n52> (3.258)

These results agree with [43]. Their result contains still a single sum, which can be reduced
to simpler harmonic sums. Note that the P-Wave contribution to the wave function is not
divergent, in contrast to the full Green function. The reason is that the divergence in the
Green function is proportional to the quarkonium width, and these parts have no poles in

the limit A — n and thus don’t contribute to the wave function.
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Chapter 4

The Mathematica Package

4.1 Program summary

Title of program: TTbarXSection
Available from: not public

Computer for which the program is designed and others on which it is operable: Any

work-station or PC where Mathematica is running.

Operating system or monitor under which the program has been tested: UNIX, Windows
XP, Mathematica 4.1, Mathematica 5.1

No. of bytes in program: 249 KB

Files contained: TTbarGridCalc.m, TTharXSection.m, TTbarConstants.m, TTbar-
GridFile (can be created with "TTbarGridCalc.m”)

Distribution format: ASCII

Typical running time: The calculation of the cross section takes about a second. The

calculation of a grid file takes a couple of days, depending on the grid size.

For a quick start the user might jump directly to section 4.4.2 and use the gray shaded boxes

for additional information.

4.2 Program structure

This chapter is a short user guide for the Mathematica program for the evaluation of the

cross section. The calculation of the NNNLO tf production at threshold is partly analytic
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and some parts contain sums (or integrals for the ultrasoft part), which have to be calculated
numerically. This implicates, that the calculation of one point is too slow. Therefore the
program is divided into two parts. The first one (TTbarGridCalc) is a precalculation of the
relevant sums for a range of energies and widths. The result for those functions, which are
not analytic is saved into a grid. The calculation of a typical grid takes a couple of days.
This grid is used by the second part (TTbarXSection) to calculate the cross section as a
function of different parameters. The file TTbarConstants.m contains a definition of further
parameters, which remain usually unchanged, for example the coefficients of the potentials
or the § function, but also for unknown parameters. These should be added to this file once
they are calculated. For the running of the coupling the program RunDec [101] is used. So,

for a calculation of the cross section, the following files are needed:
e TTbarGridCalc.m (or alternatively a precalculated gridfile)
e TTbarXSection.m
e TTbarConstants.m
e a version of RunDec

In the next chapter the syntax of the available commands will be explained and some relevant

examples will be given in the last part.

4.3 Syntax of commands

In this section the commands included in the two main parts of the program, the calculation
of the grid file and the calculation of the cross section are described. Then, the naming of

the constants in the file TTbarConstants will be explained.

4.3.1 Part 1: The package TTbarGridCalc

The first part is the package for the calculation of the grid file. A grid file contains numbers
for the needed non-analytic functions for both, the parts from potential insertions and the
ultrasoft part. The structure is a two dimensional matrix. In one dimension the energy values

are changed, in the second dimension the width is varied. Then, each point of this matrix is

4(E4iD)
mC%a?2

a vector where the first entry is a rescaled energy and width (— ), and the other entries
are the values for the non-analytic functions at the specific energy and width for that point.

The second part of the package will use these numbers to make an interpolating function,
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which can provide the values for the non-analytic functions much faster than the original

function used in this part of the package.

The structure of TTbarGridCalc is divided into two parts, the potential insertions and the
ultrasoft calculation. The potential insertions are named in the form Ins [\, insertion,Sum1].
The meaning of this notation will be described in the next section and corresponds exactly
to the one used in the second package file, TTbarXSection. The second part, the ultrasoft
insertion is taken from [42]. The ultrasoft calculation is mainly based on a numerical inte-
gration. This integration is convergent for physical parameters. However, for small width,
the convergence becomes worse. Therefore, in [42] an extrapolation is used to calculate the
Green function for zero width. These results are implemented in this program.

The main command of this part is TTbarGridCalc. It creates a table with the non-analytic
functions at different (rescaled) energy and width points as described above and saves the
result into a file. The main input is the range in the energy and width plane as well as the

difference between two neighboring points on the grid (the fineness).

TTbarGridCalc [Energy—{StartE,EndE,StepE},Width—{StartW,EndW, StepW}, "File"]

e Mandatory Input:

— StartE: first (lowest) energy value.

— EndE: last (highest) energy value.

— StepE: difference between two energy values.
— StartW: first (lowest) width value.

— EndW: last (highest) width value.

— StepW: difference between two width values.

— File: The filename for the grid file.
e Optional Input: -
e QOutput: No mathematica output, grid data is written in the specified file.

o Quick Example:

In[1]:=
TTbarGridCalc [Energy—{-5,1,0.1},Width—{1.1,1.9,0.1},"TTbarGrid"]
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The first point when creating a grid is to decide which range has to be taken. This depends
mainly on four values, the energy, the width, the mass and the scale. The input values for
the energy and width are always for the fixed scale yu = 30 GeV and the fixed mass m = 175
GeV. So, the input values have to be rescaled to these numbers if other values for the scale
and the mass are needed. The rescaling is done in the following way. For ranges given in the
form E = [E(min) gmen)] T = [pmin) Tman)] o — [min) | (me)] and m = [m(min) mplmaz)]

the rescaled energy ranges (which have to be used as the input) are:

2 2
(min)  _ p(min) 0.14 175 (maz) _ (maz) 0.14 175
Erescaled =E as(,u(mm)>2 m(maz) Erescaled =E as<u(mam)>2 m (min) (41)
and the width ranges have to be taken from T"")  to D) .
; : 0.142 175 0.142 175
i) g = Domin) . pimes) = Dimae) —. 4.2
rescaled Qg (,U(mm))Q m(max) rescaled as(ﬂ(max))Z m(mm) ( )

Note also that these ranges are always for the calculation in the pole mass scheme. For
calculations in other schemes a shift in the energy is performed. This shift depends on
whether an exact or perturbative implementation of the threshold mass is chosen. These
shifts are typically of order of a couple GeVs (and bigger in the case of an exact threshold
mass implementation) and should be taken into account when choosing the energy range.
This package cannot only be used to calculate the grid file. The same definitions as used
here are used in the second part. So instead of calculating the grid, it can also be taken to
get the exact values for these parts without errors from the grid interpolation. An example

of how to use this method is described in the last example in section 4.4.7.

4.3.2 Part 2: The package TTbarXSection

The second part is the main package to calculate the cross section and uses the grid data
created with the function from the section above. This package contains on the one hand
the command for the cross section calculation, but also additional commands to get the
energy levels and wave functions at different orders and some useful auxiliary functions. The
calculation follows the steps described in chapter 3 and the functions defined there will be
used for the calculation.

Before starting the evaluation of the cross section, first the grid data has to be loaded.
This can be done in two ways. The first possibility is to use a precalculated grid with the
command TTbarGridLoad. This function interprets the grid data and uses Mathematica’s
Interpolation function to get values for all non-analytic functions in the cross sections. The

second way is to load the file TTbarGridCalc first. This file defines the same non-analytic
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functions. So the sums and integrals are evaluated directly without using the grid file. This
takes significantly more time and is not recommended for regular use. It is important to
load the TTbarGridCalc package first, before TTbarXSection, to ensure the correct function
definition.

For both methods, these (internal) non-analytic functions are named in the same way,
namely in the form Ins[)\,insertion,Suml]. Such a numerical function belongs to the
insertion Ins[\,insertion]. These insertions correspond to the J functions described in
chapter 3. The argument insertion stands for the type of potential which is calculated. It
consist of two brackets, the first one contains the information on what type of potential it
is and the second one what order in the e expansion (or the exponent of logarithm) is used.
The number for the type of the potential is similar to the first argument of the J functions.
It is the exponent a of the insertion 1/(¢*)%, but here for ¢ = 0. The second number stands
in case of the Coulomb potential for the exponent of the logarithm in the insertion. So,
the result for In®(2/q¢?)/(¢?) is given in the function Ins[\,{1},{a}]. For Non-Coulomb
potentials, the function Ins can have one more argument for the order in the e-expansion.
The second one is now standing for the coefficient in front of € in the exponent. For example
Ins[A,{1/2},{a},R0] stands for J[1/2 4 ae, 1/¢|, Ins[X,{1/2},{a},R1] for J[1/2 + ae, 1]
and Ins[\,{1/2},{a},R2] for J[1/2+ae, €]. The notation for the double and triple insertion
is easier again, the two numbers in the first bracket stand for the two insertions with the
same coding as for the single insertion and the two numbers in the second bracket for the

exponent of the logarithm in exact analogy to the Coulomb single insertion.

TTbarGridLoad["Filename"]

Mandatory Input:

— "Filename": The name (and path) of the gridfile which has to be loaded.

Optional Input: -

Output: -

Quick Example:

In[1] := TTbarGridLoad["TTbarGridFile"]

After loading the grid (or alternatively the file TTbarGridCalc), all functions of the pro-
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Switcher | Potential /Coefficient Switcher | Potential /Coefficient

C1 Coulomb pot. (V) P3 p*/q* pot. (V)

C2 Coulomb pot. (VC(Q)) K2 kinetic correction

C3 Coulomb pot. (VC(S)) U3 ultrasoft correction

D2 Delta pot. (Vl(/oziz) cl short distance coefficient (!
D3 Delta pot. (Vl(/ly)nQ) c2 short distance coefficient, ¢(?)
N1 1/7? pot. (Vl(/lr)n) c3 short distance coefficient, c(*)
N2 1/7? pot. (Vl(/%)n) d2 short distance coefficient d(V
P2 p*/q* pot. (V) d3 short distance coefficient d(?

Table 4.1: Coding for the switchers of potentials insertions, ultrasoft correction and short
distance coefficients. The first letter denotes the correction type and the number stands for

the order where the correction appears first.

gram are available. The main function is TTbarXSection. Its output is the value of the
R-ratio defined in equation (2.1). The main inputs of this command are the energy point,
several top quark properties (mass, width, scale) and the order of the calculation. With
optional inputs, users can switch on or off the contributions from different potentials. The
details are given on the next page and in table 4.1. It is also possible to use different mass
schemes with optional inputs. There is also a command available to get energy levels and
wave functions of the toponium. The syntax is similar to the cross section calculation, but
instead of the energy, one has to specify the principle quantum number n.

A detailed summary of the commands and the corresponding mandatory and optional

parameters is given on the following pages.
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TTbarXSection[En,Mu,Constants—{m,w,as},0rder—{ord,Potentials},

MassDef—MD,PoleResum—PR,Production—Prod]

e Mandatory Input:

— En: The energy at which the cross section is calculated.

— Mu: The renormalization scale (typical value: 30 GeV).

— m: The mass of the top quark in the chosen scheme.

— w: The top quark width.

— ord: The order of the calculation. It has to be a number from 0 to 3, where 0
stands for LO and 3 for NNNLO.

e Optional Input:

— as: The value of the coupling constant at the scale My (mass of the Z-boson);

default value: value defined in the file "T'TbharConstants.m”

— Potentials: Potentials is a matrix to switch on or of the different potentials,

ultrasoft contribution and Wilson coefficients, the syntax is:

{{c1, c2, c3}, {p2, D3}, {N2, N3}, {P2, P3}, {K2}, {U3}, {ci1, c2, c3},
{d2, d3}} (see table 4.1 for the coding)

default value: all parts switched on:

{{1,1,13, €1, 13, {1, 13,{1, 13, {213, {13, {1,1,13,{1,1}}

— MD: The mass definition. Possible values are: "PS”, ”1S”, "Pole”, "PSshift” and
"1Sshift”.

— PR: Switches the pole resummation on or off. Possible values: "On”, "Off”;

default value: ”On”.
— Prod: Possibility to turn off the Z-mediated production by setting Prod to
"PhotonOnly".
e Qutput: The cross section, or more precisely the R-ratio for ¢¢ pair production.
o Quick Example: The cross section at energy £ =1 GeV, scale = 30 GeV, for a top
quark with PS mass m = 175 GeV, width I' = 1.5 GeV at third order:
In[1] := TTbarXSection[1,30,Constants—{175,1.5},0rder—{3}]

Out[1]:= 1.18842
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TTbarEnergylLevels[n,Mu,Constants—{m,as},0rder—{ord,Potentials},
MassDef—MD]

e Mandatory Input:

— n: The principle quantum number n.

— Mu: The renormalization scale (typical value: 30 GeV).

— m: The mass of the top quark in the chosen scheme.

— ord: The order of the calculation. It has to be a number from 0 to 3, where 0
stands for LO and 3 for NNNLO.

e Optional Input:

— as: The value of the coupling constant at the scale My (mass of the Z-boson);

default value: value defined in the file "T'TbarConstants.m”

— Potentials: Potentials is a matrix to switch on or of the different potentials,

ultrasoft contribution and Wilson coefficients, the syntax is:

{{c1, c2, c3}, {p2, D3}, {N2, N3}, {P2, P3}, {K2}, {U3}, {ci, c2, c3},
{d2, d3}} (see table 4.1 for the coding)

default value: all parts switched on:

{{1,1,13,{1,13,{1, 13, {1, 13, {13, {1} ,{1,1,1},{1,1}}
— MD: The mass definition. Possible values are: "PS”, ”1S”, "Pole”, "PSshift” and
"1Sshift”.
e Qutput: The quarkonium S-wave energy levels for a spin triplet state.
o Quick Erxample: The ground-state energy levels at the scale p = 30 GeV for toponium
with a top quark PS mass m = 175 GeV at third order (harmonic sums are evaluated):

In[1]:=
TTbarEnergyLevels[1,30,Constants—{175},0rder—{3}]\\NHarmonicSum

Out[1]:= -1.61401
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TTbarWaveFunctions [n,Mu,Constants—{m,as},0rder—{ord,Potentials},
MassDef—MD]

e Mandatory Input:

— n: The principle quantum number n.
— Mu: The renormalization scale (typical value: 30 GeV).
— m: The mass of the top quark in the chosen scheme.

— ord: The order of the calculation. It has to be a number from 0 to 3, where 0
stands for LO and 3 for NNNLO.

e Optional Input:

— as: The value of the coupling constant at the scale My (mass of the Z-boson);

default value: value defined in the file "T'TbharConstants.m”
— Potentials: Potentials is a matrix to switch on or of the different potentials,
ultrasoft contribution and Wilson coefficients, the syntax is:

{{c1, c2, c3}, {p2, D3}, {N2, N3}, {P2, P3}, {K2}, {U3}, {ci, c2, c3},
{d2, d3}} (see table 4.1 for the coding)

default value: all parts switched on:

{1,113, {1,123, {1, 13 {1, 13, {13 ,{1},{1,1,1},{1,1}}
— MD: The mass definition. Possible values are: "PS”, ”1S”, "Pole”, "PSshift” and
”1Sshift”.

e Qutput: The toponium wave function at the origin for the S-wave spin triplet state.

e Quick Example: The ground-state wave function at the scale = 30 GeV for
toponium with a top quark PS mass m = 175 GeV at third order (harmonic sums are

evaluated):

In[1]:=
TTbarWaveFunctions[1,30,Constants—{175},0rder—{3}]\ \NHarmonicSum

Out [1]:= 1573.25
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Apart from these phenomenologically related functions, the package contains several aux-
iliary commands. They might be used, if some other manipulations apart from those usually
used for physical observables are needed. The function RunningaS [Mu,as] gives the running
of o from the value as at the scale of the W mass to the scale p. The value is depend-
ing on the number of light flavours nf, which is predefined for the case of the top quark
(ny = 5) in the file TTbarConstants. Changing this can be done either directly in the
constants file (and reloading the package) or in the Mathematica session before calling the
command RunningaS[Mu,as]. The recommended method is the first, to make sure that no
manipulations have been made with the old value.

The next two functions are related to the energy levels and wave functions, which are
defined for arbitrary quantum number n in the package. This definition contains harmonic
sums, which are written as the functions HarmSummation. To prevent Mathematica from
performing the summation automatically even if n is not fixed, the functions HarmSummation
are left unevaluated. Instead, the function NHarmonicSum is introduced, which is used to give

an explicit number to the harmonic sums.

RunningasS [Mu, as]

Mandatory Input:

— Mu: The renormalization scale (typical value: 30 GeV).

Optional Input:

— as: The value of the coupling constant at the scale My (mass of the Z-boson);

default value: value defined in the file "T'TbarConstants.m”

Output: The strong coupling constant at the scale Mu.

Quick Example: The strong coupling constant at 30 GeV and the standard value of as
(here as=0.1176):

In[1] := RunningasS[30]

Out[1]:= 0.14139265407766518629
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NHarmonicSum[expression]

e Mandatory Input:

— expression: An expression containing harmonic sums with numerical
argument. If the argument of the harmonic sum is not numeric the function tries

to evaluate the sum, which can lead to errors.
e Optional Input: -

e QOutput: Expression where all harmonic sums and nested harmonic sums are replaced

by their numerical value.

o Quick Example:

HarmSummation[n, index]

e Mandatory Input:

— n: argument of the harmonic sum.
— index: index of the harmonic sum in the form {a,b,c, ...} where a, b and ¢
are the indices.
e Optional Input: -

e QOutput: No direct output, only when the function NHarmonicSum is used.

e Quick Example:

4.3.3 The definition file TTbarConstants.m

The file TTbarConstants.m contains the definitions for several constants, which can be
changed in this file. The first sort of constants are the ones which define the general properties
of the quarkonium and QCD. These are the charge of the up-type quark eU, the axial vector
coupling of the top quark and electron are at and ae, the corresponding vector couplings are
vt and ve and the third component of the weak isospin are T3t and T3e for top quark and

electron respectively. fw is the weak mixing angle and nl the number of light flavours (should
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be set to 5 for the top and 4 for the bottom quark). The group theory factors of SU(3) are
denoted by cF, cA and T.

The constants from the second part are related to the running of the coupling. First, the
default value of the coupling (aSmZ) at the scale of the Z boson mass (mZ) is defined. Note
that this is just a standard value and can be changed by several commands (implemented
as an optional argument). Then the g-functions are defined up to the three-loop coefficient.
The coefficients are taken from [71,102-106].

After this, the potential coefficients are introduced. The notation is similar to the one
used in chapter 2. For example the coefficient a; is denoted as al or the coefficient v(ge) as
VQe.

The next part defines the hard Wilson coefficients ¢; and d;. The partly unknown constant
part of c3 is defined as c3constant and should be added to this file once it is calculated.

Finally, the last part contains the definitions of the threshold masses. Predefined masses
include the PS mass and the 1S mass. The factorization scale, which is needed for the PS
mass is defined as pf. The threshold masses are then given in the form of corrections to
dm™ (ur), defined in equation (3.224), where TM stands for the corresponding threshold
mass. These corrections are named omTM[order,"TM"], where order stands for the order of
the perturbative correction and TM stands for the name of the threshold mass (for example
"PS” or ”1S”). It is easy to implement a new threshold mass permanently in this file. An
example how to do this is given in section 4.4.5. The command TTbarXSection knows then

automatically about the new mass definition.

4.4 Examples

In this section, some useful examples for the use of the packages are presented. The number
of the Mathematica input and output is given is such a form, that the user can see where a
restart of the kernel has been done. If consecutive numbering is used, some previous inputs

might be necessary to use the command.

4.4.1 Grid calculation

Before starting the calculation of a new grid, the first part of the package must be loaded.
In[1]:= <<TTbarGridCalc.m;

Then the upper and lower value of the rescaled energy and width have to be calculated. This

is explained in detail in section 4.3.1. In this example, the cross section for energies in the
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pole scheme from -5 to 1 GeV are needed, the width should change from 1.4 to 1.5 GeV, the
scale from 20 to 60 GeV and the mass will be in the range from 170 to 180 GeV. Then, the

rescaled energy range is according to equation (4.1):

- 142 1 142 1
g 5 0 100 jigev g 0 7

- _ - =1———GeV = 1.3GeV
rescaled 0152752 180 rescaled 0125532 170 € e

(4.3)
The value for the strong coupling constant at a specific scale can be calculated with the
function Runningas$ (included in TTbarXSection). Similarly, with equation (4.2) the rescaled

width is:

; o 0.14% 175 0.14> 175
plmin) _pmin)_ 27 210 q4GeV TVMes) _pman) T 200 99V
rescaled 0152752 180 € rescaled 0125532 170 e( )
4.4

Then, the command for this grid file with an energy and width step of 0.1 GeV is:
In[2] := TTbarGridCalc[Energy—{-4.1,1.3,0.1},Width—q{1.1,1.9,0.1},"TTbarGrid"]

The grid data is then written in the file TTbarGrid. A few seconds after the command
TTbarGridCalc is started, an estimated finishing time is given. This is a rough estimate

taking into account the processor speed.

4.4.2 Preparation for cross section calculation

First, the program
tt TTharXSection must be loaded. Please include the path, if the location is not included in
Mathematica’s $Path variable.

In[1]:= <<TTbarXSection.m;

The next step is to specify and load the grid file with the precalculated grid data. This is
necessary for the first four examples. In the last one, a possibility is shown, how the non-
analytic parts can be calculated directly without using the precalculation. This will a take a

few minutes per point, so usually it is very useful to use the grid data. The grid data can be
loaded with:

In[2] := TTbarGridLoad["TTbarXSectionGridFile"]

Here "TTbarXSectionGridFile" is the name of the grid file. After this, all functions are

available and some typical examples are explained in the following subsections.
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4.4.3 Complete cross section at different orders

The first example is the cross section for different orders. Here, one is interested in the full
cross section including all parts and in the standard mass scheme, which is the PS scheme.
Then, the following commands give the cross sections at LO, NLO, NNLO and NNNLO at the
energy value of -1, the scale of © = 30 GeV, a top mass of 175 GeV and the width of 1.5 GeV:

In[3]:= TTbarXSection[-1,30,Constants—{175,1.5},0rder—{0}]
Out [3] := 0.52805

In[4] := TTbarXSection[-1,30,Constants—{175,1.5},0rder—{1}]
Out [4] := 0.303885

In[5] := TTbarXSection[-1,30,Constants—{175,1.5},0rder—{2}]
Out [5] := 0.559662

In[6] := TTbarXSection[-1,30,Constants—{175,1.5},0rder—{3}]
Out [6]:= 0.547919

The calculation of each point takes of the order of a second, and might therefore be too
slow for making a plot directly. So, it is useful to perform a precalculation when a plot
of the cross section is needed. For example an interpolation can be used as follows for the

third-order plot of the energy range from -1 to 3:

In[7]:= TTbarInt=Interpolation[Table[{En,
TTbarXSection[En,30,Constants—{175,1.5},0rder—{3}]1},{En,-1,3,0.1}]1]

Out [7] :=InterpolatingFunction[{{-1,3}},<>]

In[8]:= Timing[TTbarInt[-1]]

Out[8] := {0.Second, 0.547919}

Then, the function TTbarInt can be plotted very fast as a function of the energy. Simi-

lar functions should then be used for every order.

4.4.4 Contributions from different potentials

In the second example it is shown how to switch on and off different contributions. For a
physical analysis this is not needed, but it might be useful if some parts have to be checked
separately. First, only the Coulomb potential insertions are calculated, then only the ultrasoft
part and finally for example only the third-order double insertion.

To calculate only the part coming from Coulomb potentials, all other parts have to be
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switched off. This will be done by using the optional argument of Order in TTbarXSection.
In this option, the first three numbers define the Coulomb potential and have to be switched
on (which means that this value is 1). The other numbers stand for the Non-Coulomb parts,
the ultrasoft correction and the short distance coefficients and are switched off (or more pre-
cisely put to 0) in this example. So, the command for the Coulomb only cross section at

third order for the same parameters as in the previous example is:

In[9] := TTbarXSection[1,30,Constants—{175,1.5},

Order—{3 {{1,1,1},{0,0},{0,0},{0,0},{0},{0},{0,0,0},{0,0}}}]
Out [9] := 1.06823

Similarly for the ultrasoft part only the corresponding parameters are set to one, all oth-
ers to zero. But this time the leading-order Green function (which is always included, even

if all parts are set to zero) will be subtracted to get the pure ultrasoft correction:

In[10] := TTbarXSection[1,30,Constants—{175,1.57},
Order—<{3, {{0,0,0},{0,0%},{0,0},{0,0},{0},{1},{0,0,0},{0,0}}}]1-
TTbarXSection[1,30,Constants—{175,1.5},

Order—A{3, {{0,0,0},{0,0},{0,0},{0,0%},{0},{0},{0,0,0},{0,0}}}]
Out [10]:= 0.182092

A more complicated example is the double insertion. This cannot be switched on directly, so
one has to take all parts which contribute to the double insertion at third order first. This
includes automatically some contributions from the single insertion (at second order). These
have to be subtracted. So, all potentials up to second order are switched on and the single

insertions is subtracted in the following way:

In[11] := TTbarXSection[1,30,Constants—{175,1.5},
Order—{3 {{1,1,0},{1,0},{1,0},{1,0},{1},{0},{1,1,03},{1,0}}}]-
TTbarXSection[1,30,Constants—{175,1.5%},

Order—{2 {{1,1,0},{1,0},{1,0},{1,0},{1},{0},{1,1,0},{1,0}}}]
Out[11]:= -0.234938

In the same way one can also get only single insertions or only triple insertions.
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4.4.5 Cross section in different mass schemes

The next example is the use of different mass schemes. It is also shown how to implement a
different scheme from those provided in the package.

There are two ways of using a mass scheme different from those given in the file TTbarConstants.
The first is a permanent implementation, which is useful if the mass scheme will be used fre-
quently. Then, the definitions have to be added at the end of the file TTbarConstants. As
an example the following lines have been added to the file (this has to be done before loading

the package):

omTM[O, "MyDef "]
OmTM[1, "MyDef"]
omTM[2, "MyDef "]
OmTM[3, "MyDef"]

10 oS/7;

100 (aS/m)?;
1000 (aS/7)3;
10000 (aS/m)4;

Then the command for this definition would be:

In[12] := TTbarXSection[-1,30,Constants—{175,1.5%},
Order—{3},MassDef->"MyDef"]
OQut[12] := 1.20033

The other possibility is to define the mass scheme before calling the cross section calcu-

lation, so for example:

In[13]:= omTM[O, "MyDef"] = 10 aS/7; émTM[1,"MyDef"] = 100 (aS/m)?;
omTM[2,"MyDef"] = 1000 (aS/7)?%; OmTM[3,"MyDef"] = 10000 (aS/m)%;
In[14] := TTbarXSection[-1,30,Constants—{175,1.5},

Order—{3},MassDef->"MyDef"]
Out[14]:= 1.20033

However, the first method is recommended, so the definitions are permanent and can be

used again in a later session without defining the mass scheme again.

4.4.6 Photon mediated cross section

For comparison with other calculations it might be useful to consider only the photon medi-

ated cross section and suppressing the Z exchange. This can be done by adding the command
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Production->"PhotonOnly". The complete R-ratio is defined in (2.1) by

O(e+e* —»tf%—){) 2rr(v)/ 2 2q2 s
R = 0—(6+e— . M-‘rlu—) = 127Im €tH (q ) - mvevtetﬂ (q )
2 2
q v .
Hatyp) 0 )i + e )|, (4.5)
q- — MZ

and the optional command Production->"PhotonOnly" gives only the contribution coming
from the first term (proportional to e?). Another possibility to exclude some of the contri-

butions is to set the relevant prefactors to zero. So, instead of using

In[15] := TTbarXSection[-1,30,Constants—{175,1.57},
Order—{3},Production->"PhotonOnly"]
OQut[15] := 0.534374

one could also first set v, and a. to zero and calculate then the full cross section. The

coefficients v, and a, are defined as ve and ae (see section 4.3.3), so the command would be:

In[16] := ve=0; ae=0; TTbarXSection[-1,30,Constants—{175,1.5},0rder—{3}]
Out[16]:= 0.534374

This might be useful for example if one is interested in the P-wave contribution only. This

could be calculated by setting vt and et to zero.

4.4.7 Cross section at zero width for positive energies

Finally it is shown how the program can be used to calculate the cross section at zero width
for positive energies. This region in parameter space is usually not covered by a grid file.
There is a possibility to use exact results for the non-analytic functions instead of using the
grid. This can be done by loading the package TTbarGridCalc instead of the grid file. The
definitions of the sums are the same as in the program TTbarXSection, so the result will
be the exact cross section without the error from the grid interpolation. So, first a new
kernel is started and the TTbarGridCalc package is loaded (due to Mathematicas handling
of definitions, this has to be done before loading the TTbarXSection file):

In[1] := <<TTbarGridCalc.m;

This contains the same definitions for the non-analytic functions and so they are calculated

exactly instead of using the grid data. Now, as usual, the TTbarXSection file is loaded:



114 The Mathematica Package

In[2] := <<TTbarXSection.m;

With this method, the calculation will take a few minutes per point, so it is recommended
to use a grid file for typical values for the input parameters. At zero width however, the
calculation is faster than for higher values, because the ultrasoft part, which is the most time
consuming, is already precalculated (see section 4.3.1). After loading both packages, one can

now use the usual command for the cross section:

In[3]:= TTbarXSection[1,30,Constants—{175,0.00001},
Order—{3},MassDef—"Pole"]
OQut[3]:= 1.102

Note that a small positive width has been used instead of taking exactly zero to ensure
that the integral is taken along the correct contour. Another important point is that this
calculation can only be done for positive energy values (in the pole scheme), because the hy-
pergeometric functions from the Coulomb insertion result are ill defined for negative energies

and zero width.

4.4.8 Toponium energy levels and wave functions

With the package it is also possible to get numerical values for the wave function and energy
levels. Analytical expressions can be obtained by clearing the numerical values for the pa-
rameters (like cF or cA) from the memory. In this example, only the numerical evaluation is

shown. First the package has to be loaded again.
In[1] := <<TTbarXSection.m;

For energy levels and wave functions no grid data is necessary, so the commands are directly
available. Then, the third-order ground-state (n = 1) energy level of the S-wave state at the
scale ;1 = 30 GeV and a mass of m = 175 GeV is:

In[2] := TTbarEnergylLevels[1,30,Constants—{175},0rder—{3}]
Out[2]:= -1.61401

The wave function at third order for the same state is:

In[3] := TTbarWaveFunctions[1,30,Constants—{175},0rder—{3}]
Out [3] := 1573,25
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So, the third-order correction only (normalized to the leading order) for the energy level

and wave function is:

In[4] :=(TTbarEnergyLevels[1,30,Constants—{175},0rder—{3}]
-TTbarEnergyLevels[1,30,Constants—{175},0rder—{2}])
/TTbarEnergyLevels[1,30,Constants—{175},0rder—{0}]

Out [4] := -0.0135455

In[5] :=(TTbarWaveFunctions[1,30,Constants—{175},0rder—{3}]
-TTbarWaveFunctions[1,30,Constants—{175},0rder—<{2}])
/TTbarWaveFunctions[1,30,Constants—{175},0rder—{0}]

Out [5] := -0.0335683

The commands for different values of the mass, the width or the scale can be obtained

similarly to the cross section case.
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Chapter 5
Phenomenology

In this chapter, the phenomenological applications of the results are discussed. First, the
corrections to the energy levels and wave functions of heavy quarkonium systems are analyzed.
These corrections are needed for the cross section, in order to resum poles, which become large
at threshold, into the denominator. They can also be used to examine top quark properties,
like the mass corrections (from energy levels) or the decay constant (from the wave function).
In the second part, the third order effects on the top-antitop pair production threshold in
electron-positron annihilation are shown and a detailed analysis of the new results is given.
For all results obtained here, unknown coefficients are set to zero (for the three-loop Coulomb
coefficient the Padé estimates are used) and only QCD corrections are taken into account.
Electroweak corrections are missing and might have a significant impact on the results, but

a full calculation is currently not available for this process.

5.1 Quarkonium energy levels and wave functions

In this first part, the size of the corrections of the energy levels and wave functions is discussed
for both, the bottomonium and the toponium. Near the threshold, where £ — ET(ZO), the two

point function can be written in terms of the bound state poles and the residue Z,,:

N, Z.
I 2y _ c n
(@) 2m? E, — (F +ie)

+ non-pole. (5.1)

The residue is given by
E, d,
Zumafo B k)
m 3

So, written in an expanded form, defining Z,, = 1) (0)|? (1 + X, (as/47)*2;), the coefficients

x [ (0. (5.2)

z; read:

2 = 2¢ + £, (5.3)
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4 16m*EW
2 = 2¢Y + 021)2 +260f1 + fo— = L;, (5.4)
3 mas
2= 29 + 260 (2 4 fo) + (2¢2 + V) £ + f
1672E© [d) 4
_ n_ |9 % , 5.5
et |3 +3 (@) +et fi) (5.5)

Note that in contrast to the wave function, the residue is finite, because it is a physical
quantity. It has been checked explicitly that the divergences coming from the wave function
and the short-distance coefficients cancel. The residue Z, is related to the leptonic decay
width T'([¢q], — {T17) of the nth S-wave quarkonium state by
47rNce(210422n

Dladl — 117) =~ %

(5.6)

The similar relation holds also for the P-wave residue, which is related to the decay of the
P-wave state. Summarized, the wave function describes the decay of the quarkonium and
the energy levels can be observed as corrections to the quarkonium masses. In the next
subsections, the corrections to the masses will be discussed first, followed by an examination

of the quarkonium residues.

5.1.1 Quarkonium masses

First, a numerical version of the general result for the S-state energy levels for the spin-triplet
case with ny = 4 (bottomonium) and ny = 5 (toponium) will be given. For the first three

states n = 1,2, 3, the result for ny = 4 is:
Mrys) = 2my, — 3mba§ [1 + (3.590 + 2.653 Ll)as + (19.52 +12.07 Ly +5.277 L12> o’
+(111.1 +15.30 Inay + 93.67 Ly + 27.59 L, + 9.332 L13>a§ ] , (5.7)
Mros) = 2my — ;mbag [1 + (4.916 12,653 LQ) o+ (27.67 +17.34 Ly + 5.277 L22> o
+(158.2 + 8.647 Inavy + 132.4 Ly + 41.59 Ly? 4+ 9.332 L23>a§ ] , (5.8)
Mrzs) = 2my — ;lmbai [1 + (5.800 +2.653 L3> a, + <34.49 +20.86 L3 + 5.277 L32>a§
+(206.8 4 6.305 In oy + 165.7 Lg + 50.92 Ls? + 9.332 L33)a§ ] . (5.9)
Here, m; is the bottom quark pole mass, and as before L, = In(nu/(myCras(n))). The

third-order result for n = 1 has already been obtained in [107], the other results are new

and were published in [35]. It is already obvious, that the series will not converge, due to
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the huge series coefficients. The reason is, as already explained in section 3.6, that the pole
mass suffers from a renormalon effect [92,108] which is not present in the physical observable
itself [94,96]. Therefore it is more useful to use a threshold mass definition. The results will
be given also in the potential-subtracted (PS) scheme [94] in the following.

The bottomonium results will now be examined at the "natural” renormalization scale u,
where the logarithms vanish, so L, = In(nu/(M,Cras(p))) = 0. M, is the bottom quark
mass in the chosen scheme (denoted by my, in the pole scheme and my, ps in the PS scheme).
For Agé;4) = 290.4 MeV, and with the four-loop running of «, the “natural” scale is realized
at p = (2.02, 1.30, 1.03) GeV (for n = 1,2,3) with m, = 5GeV, and p = (1.91,1.23,0.98)
GeV with my pg(2 GeV) = 4.6 GeV. Using the relation between the pole and PS mass, M~y (,s)
is reexpressed in terms of my pg taking into account that s /my counts as one power of as.
With m, = 5GeV, mpps = mpps(2GeV) = 4.6 GeV the result (separated in Coulomb and

Non-Coulomb plus ultrasoft part) reads:

Mrys) = 2my + i |1+ 1.09x00 + (1424 0.36,0) , 4 (2:20 4 0.28,01.4)

N3LO
= 2myps + B\ pg [1 + 019500 + (0.07 = 023,0) ., 4 (0.09 = 0.19,04u5) . |(5.10)
My (s = 2my, + B 14+ 19150 + (3:84+0.3500) o + (8644 0.1800us ) 1oy o
= 2myps + Eypg [1 +0.26510 + (0.26 = 0.05,0) .+ (037 = 0.03001us) ,  |(5:11)
M35y = 2my, + B [1 + 269510 + (706 +0.34,0) ., + (20.10 = 0.03401s) .
= 2mips + B [1 025510 + (041 —0.03,0) ., 4 (0,69 +0.00,c4s) | (5.12)
with ET(L?I)DS _ —(%OZB;mb’PS N Q[LfiFOés' (5.13)

While the series did not converge in the pole scheme, even with vanishing logarithms, the
situation is different in the PS scheme. For the latter, the coefficients are slowly decreasing
for the ground state, but for higher excited states a convergence can not be seen. The reason
is, that for n > 1, the scale is near or below 1 GeV and a perturbative treatment is no
longer justified. Another observation is, that the Coulomb correction increases with n, while
the Non-Coulomb corrections become smaller. The reason for this is that the characteristic
distance scale (the “Bohr radius”) increases (r,,) ~ n, hence the relative effect of the short-
range Non-Coulomb interactions decreases for the excited states.

Now, the experimental Y (1S) mass My@s) = 9.460 GeV can be used to extract the bot-
tom PS mass at NNNLO, as was done in [109] at NNLO. In figure 5.1 the extracted PS

mass is shown as a function of the renormalization scale 1 at LO (black long dashes), NLO
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M, ps(QGeV) from My(lg) = 9.460[@6\/]
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Figure 5.1: The bottom PS mass, myps(2GeV), extracted from the experimental value
Mry@usy = 9.460 GeV as a function of renormalization scale p at LO (long dashes, black),
NLO (long-short dashes, red), NNLO (short dashes, green) and NNNLO (solid, blue).

(red long-short dashed), NNLO (green short dashed) and NNNLO (blue solid). Varying u
from 1.25GeV to 4 GeV, the NNNLO correction is never larger than about 30 MeV, and
the error from the scale dependence is of similar size. Therefore, a +£30 MeV error will
be assigned to m;pg from the truncation of the perturbative expansion. The uncertainty
in as(Mz) = 0.118 £ 0.003 results in a £10 MeV error on m;,ps. The largest uncertainty
in the determination of the bottom quark mass from the Y(1S) mass is then from non-
perturbative effects. The perturbative approximation is justified when the ultrasoft scale
77"Lb(C’FaS)2 > Aqcp, in which case the leading non-perturbative contributions is expressed

in terms of the gluon condensate [110,111]

624mm,  (asGG)
425 (mbC’Fozs)‘l'

SMP,g) = (5.14)

The numerical estimate is strongly dependent on the choice of scale in a; in the denominator.
Referring to [109] for a more detailed discussion of the non-perturbative correction, the final

result of this analysis is
mpps(2GeV) = (4.57 £ 0.03pert. £ 0.01,, £ 0.07non—pert.) GV . (5.15)

Because of the small third-order correction, the bottom quark mass remains practically un-
changed compared to the second-order analysis of [109], and so does the MS mass determined
from (5.15). Further improvement of the mass determination by this method requires a quan-

titative understanding of non-perturbative effects.
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Figure 5.2: Predicted masses of the YT(2S) and T(3S) as a function of the renormalization
scale . The lines refer to LO (long dashes, black), NLO (long-short dashes, red), NNLO
(short dashes, green) and NNNLO (solid, blue). The widths of the bands for the experimental

mass values are exaggerated.

With the result of my pg, a prediction of the masses of the excited S-level states can be
performed. Here, the spin-triplet states Y(2S) and Y(3S) are considered. The successive
approximations up to the third order are shown in figure 5.2 for myps = 4.57GeV as a
function of the renormalization scale. For pu between 2GeV and 4 GeV, it appears that
the large third-order correction brings the theoretical result closer to the observed masses.
However, at the natural scales 1.23GeV (n = 2) and 0.98 GeV (n = 3) the NNLO result
agrees well with the data, and the NNNLO correction renders the prediction too large. As is
apparent from the figure, the conclusion is that the perturbative computation of bottomonium
masses is applicable only to the ground state, n = 1, while the excited states, involving larger
distances, appear to be in the non-perturbative regime. It can be seen from (5.11) and (5.12)

that the NNNLO term for n > 1 is dominated by the Coulomb correction.

A similar analysis can now be done for the top quark case. For the spin-triplet toponium,

ny = 5, the series for the three lowest states reads:

4
Mgy = 2my — §mta§ [1 + <3.201 + 2.440 Ll)ozs + (16.43 +9.718 L; + 4.467 L12>a§
—|—<87.26 +15.30In as + 72.22 Ly + 20.06 L* + 7.267 Lf’))ai] : (5.16)
1
Maes) = 2me = smia’ [1 + (4.421 +2.440 Lz) o + (23.41 +14.18 Ly + 4.467 L22>a§

+(118.42 + 8.647 In vy + 99.75 Ly + 30.96 Ly + 7.267 L23) ag’] : (5.17)



122 Phenomenology

4
Migzs) = 2my — gmto@ [1 + (5.234 +2.440 L3> as + (28.33 +17.16 Ly + 4.467 L32>a§

+ (153.2 +6.305 In ag + 124.2 Ly + 38.23 L3* + 7.267 L33) ag’] : (5.18)

where m; is top quark pole mass.

At this point it is important to mention that toponium bound states do not exist in nature
due to the large decay width I'; ~ 1.5 GeV of the top quark. However, the remnant of the 1S
toponium state should be visible as an enhancement in the cross section e”et — ttX near
threshold. The convergence of the series expansion for the toponium 1S mass is therefore a
good measure for the accuracy to which the top quark mass might be determined from this
cross section [14].

The method suggested in [21,112] relies on determining m;ps = my ps(20 GeV) from the
cross section measurement and obtaining the top quark MS mass from m,pg, since both
relations are expected to be expressible in terms of well-behaved perturbative expansions.
Adopting m;pg = 175 GeV, ny = 5, AgéSS) = 208 MeV and the natural scale y = 32.6 GeV,

where L, = 0, the result is:
Mzasy = (350 + 0.85 4 0.05 — 0.13 4 0.01) GeV = 350.78 GeV. (5.19)

The sum of the series varies only by about 60 MeV when the scale is taken between 15
and 60 GeV, although the convergence is no longer satisfactory at the lower scale as will
be discussed in the cross section analysis. The small uncertainty implies that m; ps can be
determined with little theoretical error from the cross section. Then, the largest uncertainty
in the determination of the top quark MS mass results from the unknown four-loop coefficient
in the relation between the MS mass and the pole mass, which is needed to convert my ps
to the MS mass, as already observed in [21]. This uncertainty is estimated to be around
100 MeV (see table 2 of [14]).

5.1.2 Quarkonium residue

The quarkonium residue can be obtained from the wave function and the short-distance
coefficients, as explained in the beginning of this section. For the ground state of top and

bottom quarkonia, the following results are obtained:
Zsupy = {1 . [3.66 Ly — 2.13] as(p) + [8.93 L} —6.14 Ly +10.46 — 7.26 L, | a2(1)
+ {18.17 L3 —20.26 L2 + (110.82 — 11.57 L,,,) Ly — 22.27 Lys — 16.35 L2, — 22.65 L),

+(22.60 + 0.0015 a5 + 0.32 8, 4 0.0645 5(;3)] ) } X [ (02, (5.20)
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Figure 5.3: The scale dependence of the residue of the two-point function for the bottomonium
(left) and toponium (right), normalized by its zeroth order value at u = mCpras(p). The
dashed green line is LO, the dash-dotted red line NLO, the dashed blue line is NNLO and
the solid line is the NNNLO result.

Zys by = {1 + {3.98 Ly — 2.00} as(p) + [10.55 L} —6.51 Ly +11.19 — 7.44 L, | o2(u1)
+ {23.33 L} —23.12 L3 + (125.14 — 14.59 L,,,) L — 22.27 Lys — 17.36 L2, — 26.61 L,,

+ (17.44 + 0.0015 a3 + 0.32 6, + 0.0645 503)] () } X |15 (0)]? (5.21)

where |@/}§%)(QQ)(O)|2 = (mCpay(p))3/(87) is the LO Coulomb wave function, and the log-
arithms are defined as usual: L; = In(u/(mCras(p))), Lys = In <e5/6u/(2ma§(u))> and
L., = In(u/m). The numerical size of the corrections will be examined for the following
values: for the top quark, m; = 175 GeV, u = m; Cr as(pn) = 32.62 GeV; for the bottom
quark, my, = 5 GeV, u = my Cras(p) = 2.02 GeV. Then, the following numbers for the

toponium and bottomonium ground state at y = mCpas(u) are obtained:

3
Ty = <CF8”“O‘) [1 —213a, +22.70% + 46 ag’] , (5.22)
n
Crmy as)?
L) = ““;’;CI) {1 —2.00a, +17.90% + 30.9043} , (5.23)

where the coupling constant is a, = 0.14, 0.304 for the top and bottom quarkonia, respec-
tively. At third order, a good convergence is observed. While first and second order results
are quite large, at third order the corrections are relatively small. They are at the order of
1.3% for the toponium and around 9% for the bottomonium. As expected, the perturbative
expansion is not so good for the bottom case, due to the large coupling constant at the
characteristic scale of the bottomonium. However, these results have to be interpreted with

great care, due to the neglected missing parts. As will be discussed later in more detail for
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the cross section, especially the non-n; terms of the short-distance coefficient can have a big
impact on the result.

As an indication of the theoretical uncertainty coming from perturbation theory, the scale
dependence of the result will now be examined. Figure 5.3 shows the scale dependence of the
ground-state pole residue for bottomonium (left) and toponium (right) at different orders in
perturbation theory. It is observed, that the scale dependence is reduced at third order for
the top quark case resulting in a relatively flat curve. This indicates that the normalization
of the cross section peak might be under control now. The situation is different for the
bottomonium. Due to the breakdown of perturbation theory at the bottom scale, the result

shows a strong scale dependence of the order of 50%.

5.2 Top quark cross section

In this chapter, several issues related to the third-order correction to the toponium production
cross section at the linear collider are examined. First, the behavior of the perturbative
series is investigated, followed by a study of the scale dependence. Then, the sensitivity to
several input parameters is tested. The result is still incomplete due to the missing c3 and
b5 coeflicient, so a complete analysis is not possible. The relevance of these unknown parts
is inspected in the subsequent subsection. Then, the effects of different mass definitions and
of the pole resummation are discussed. After this, a comparison with the resummed (partly
known) NNLL result is done. Finally, the continuation to the continuum and the inclusion
of further effects is outlined.

If not stated otherwise, the following parameters will be used: the top quark mass (in the
PS scheme, if not stated otherwise) is set to m; = 175 GeV, the top width to I' = 1.5 GeV,
the strong coupling at the scale My = 91.1876 GeV is set to as(Mz) = 0.1176. The missing
part of the short-distance coefficient and the O(e) part of by are neglected. The typical scale
of the plots is u = 30 GeV.

5.2.1 Perturbative behavior and scale dependence

In this section, the results for the third-order corrections are presented and a comparison
with the lower orders is done, followed by an analysis of the scale dependence.

Figure 5.4 shows the results up to the third order. The first observation is, that the LO,
NNLO and NNNLO curves are quite similar, but the NLO result differs significantly. For
all orders, the peak position is relatively stable, while the normalization of the peak is much

lower for the first-order corrections. The new result is, that the third order stabilizes the
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Figure 5.4: The cross section for tt-production in the PS Scheme for LO (green dashed line),
NLO (red dash-dotted), NNLO (blue dashed) and NNNLO (black solid).

perturbative series. To understand this behavior, an analysis of the different parts of the

cross section will be done in section 5.2.6.

A first important check of the result is the scale dependence. This scale uncertainty is
unphysical and a relic of perturbation theory. Thus it must vanish in an exact result. The
variation of the cross section due to scale variations can therefore be used as an estimate of

the theoretical error of the result coming from perturbation theory.

The typical scale of the problem is the energy at the Bohr radius ug ~ 30 GeV. This
corresponds to the scale where y = Cpmag(p), so the logarithms of the form In(u/(Cpmas))
are suppressed. Naively, the variation of the scale would be performed from pg/2 to 2ug.
But from the analysis of the Coulomb potential it is known, that too low scales lead to a
breakdown of perturbation theory [35,85]. This has been deduced from a comparison of the
Coulombic perturbative result with the numerical solution of the Schrodinger equation. In
the latter, the insertions of the Coulomb potential (up to third order) have been taken into
account, for all iterations, while for the perturbative result only the iterations up to third
order have been used. So, for example the triple insertion of the second-order potential or
the double insertion of the first- with the third-order potential is included in the solution of
the Schrodinger equation, while it is of higher order in the perturbative approach. So, the
difference of the two results comes exactly from the higher iterations of the potentials (up to
third order). This difference is shown in figure 5.5. In the left diagram it can be seen that

for 4 = 30 GeV the numerical and perturbative solution coincide at third order. But from
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Figure 5.5: The left figure shows the Coulomb cross section coming only from the Coulomb
potential insertion for the perturbative and numerical ("exact”) solution for p = 30 GeV
(taken from [35]). The right figure shows the scale dependence of the height of the peak for
both results.

the right diagram, where the scale dependence of the peak height is shown, it is obvious that
this is not true for smaller scales. The turquoise area is the difference of the perturbative and
numerical result. It turns out that dropping the higher iterations is leading to a big falloff of
the peak height for the perturbative result at scales smaller than about 25 GeV. The falloff
is not so pronounced for the numerical solution and can thus be explained as an artifact of
perturbation theory. This analysis has been done only for the Coulomb potential. The reason
is that this part is finite, and thus can be treated quantum mechanically. The other potential
insertions are divergent and a finite result is only obtained by adding the contribution from
the short-distance coefficient. Nevertheless, the analysis for the Coulomb potential shows,
that the scale has to be chosen above 25 GeV to get a stable result. So, the scale variation

in this section is chosen from 25-60 GeV.

Figure 5.6 shows a comparison of the scale variation of the second- (red band) and third-
order (black band) result. There is a significant reduction of the scale uncertainty at third
order. The variation leads to an error estimate of about 3% for the normalization of the
peak. The error of the peak position is too small too be observed from this figure. Figure
5.7 shows explicitly the effect of the scale for the peak position and the height of the peak.
The reduced scale dependence of the third-order peak position is more obvious from these
diagrams. The error from perturbative effects is around 30 MeV, which is of the same order

as the target precision which can be reached by the experiment.
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Figure 5.6: Scale dependence of the NNLO (red band) and NNNLO (black band) result for
scales varied from p = 25 GeV (upper bound) and p = 60 GeV (lower bound).
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Figure 5.7: Scale dependence of the peak position (left figure) and peak height (right figure)
for LO (green dashed line), NLO (red dash-dotted), NNLO (blue dashed) and NNNLO (black
solid).
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Figure 5.8: Left diagram: Variation of the top quark width I';. The upper line (red) cor-
responds to I'; = 1.3 GeV, the middle line to I'; = 1.5 GeV and the lower line (blue) to
['; = 1.7 GeV. Right diagram: Variation of the top quark mass from m; = 165 GeV (red line)
to my; = 175 GeV (black line) and m; = 185 GeV (blue line).

5.2.2 Parameter analysis

The final aim of a cross section measurement will be not only the extraction of the top quark
mass, but a combined fit of different parameters. Such an analysis has been done for example
in [13]. In this section the effect of the mass, the width and the strong coupling constant are

examined.

Figure 5.8 shows the variation of the top quark mass and width, and figure 5.9 shows
the variation of the strong coupling constant. The result is, that the width variation results
in a variation of about 20% for the height of the cross section peak. The effect of the mass
variation seems to be small, but note that on the x-axis 2m; has been subtracted to show only
the quarkonium effect. So, the full mass variation is shifting the cross section horizontally by
a large amount and is the dominant effect. The effect of a variation of the strong coupling
constant from o, (Mz) = 0.115—0.12 is relatively small and can be estimated to around 15%
for the height of the peak and about 100 MeV for the peak position. The current value for
as(Mz) = 0.118 [10] is the middle curve.

The result of these numbers is, as was already observed by [13] for the second-order
calculation, that the mass measurement from this process will be very good (due to the high
sensitivity of the cross section on the mass), but the result for the width and the coupling

will have much bigger (relative) errors.
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Figure 5.9: Left diagram: Uncertainty for the strong coupling constant (taken from [10]).
Right diagram: Variation of the strong coupling from a(Mz) = 0.115 (red line) to as(Mz) =
0.118 (black line) and as(Myz) = 0.12 GeV (blue line).

5.2.3 Size of unknown contributions

For the results of the previous sections, the unknown parameters have been neglected (or Padé
estimates have been used for a3). However, some of them might have a significant impact on
the cross section. The unknown parameters are on the one hand from the potential matching
(the three-loop coefficient of the Coulomb potential a3 and the order e part of the two-loop
coefficient of the 1/r? potential bge)) and on the other hand the non-n; (and non-logarithmic)
parts of the three-loop short-distance coefficient.

The left part of figure 5.10 shows the sensitivity of the cross section on variations of ag
and bge). For the Coulomb three-loop coefficient, Padé estimates are known. The variation
is done in a range from az = 0.25aZ ade t4 qq = 4al ade The difference in the cross section is
very small, given that Padé estimates are usually reliable and don’t vary in such a big range.

In the right part of figure 5.10, the parameter bg) is changed. The black line corresponds
to bge) = 0 which is the value used in every other plot. To get a rough idea of the size of
this coefficient, the ration of bl(-e) /b; is assumed to stay approximately the same for different

i (where i is the loop order). Then, one gets:

€),eS b(E)
piest oy bLbz = —11.4573. (5.24)
1
To be conservative the range is taken from +4b5“" to —4b{"**". The variation of the cross

section for this range is extremely small, and therefore it is reasonable to ignore the effect of
bge) in the following.
The situation is different for the unknown parts of c¢3. Figure 5.11 shows the result for

this variation. The difference is not negligible and an important effect. The black line
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Figure 5.10: Left diagram: Variation of the three-loop Coulomb potential coefficient from
az = 0.25a2% (lower line) to az = 4a%* (upper line). Right diagram: Variation of the
order € part of the Non-Abelian two-loop potential coefficient from bge) = —45.8291 (lower

line) to by = +45.8291 (upper line).
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Figure 5.11: Variation of the non-n; part of the three-loop short-distance coefficient from
cff’;f = 0 (upper line) to cg’;f = —47635 (lower line). The dashed line corresponds to
c(3,constant) =0 or 6(3) — _6(3) .
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Figure 5.12: The cross section for tt-production in the Pole Scheme for LO (green dashed
line), NLO (red dashed), NNLO (blue dashed) and NNNLO (black solid).

corresponds again to the result where the unknown part is ignored. The dotted curve is
for the situation where the complete constant part of ¢3 (including the known ny terms) is
ignored and the lower bound of the range is an estimate of the unknown part by the similar
method used for bée). Here the assumption is that the ratio of non-ns parts of different orders
stays approximately the same:

(2)

@3 _ Sty 2 _

v, Wy

The total effect from such a variation is about 20%, and therefore one has to include this

coefficient for a meaningful result.

5.2.4 Mass definitions

In this section, the effect of different mass definitions is discussed. As explained in section 3.6,
it is crucial to use a threshold mass definition. For completeness, in figure 5.12 the result in
the pole mass scheme is given. Here, there is no clear sign of convergence in the perturbative
behavior. The reason is the renormalon effect which has been described in 3.6. This result
will not be considered further in the following.

The convergence is improved by using threshold mass definitions. There are two ways to
implement these. The first is a perturbative expansion of the mass terms in the Lagrangian.

The second method is a simple mass shift. This corresponds to taking the perturbations
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Figure 5.13: Comparison of different implementations of the PS scheme. The dotted lines
show the result for the shifted and the solid line for the perturbative implementation. The

left diagram shows the NLO (red) and NNLO (blue) result, the right diagram the NNNLO

cross section.

into account at all orders. The difference of both methods is shown in figure 5.13. The left
diagram shows the first- and second-order corrections and the right diagram the third order.
For the shifted result solid lines are used, and the perturbative implementation is given with
dotted lines. The observation is, that for the second and third order the two methods lead to
a significant difference in the cross section normalization, while at third order both methods
lead nearly to the same result. This is what was expected, because the difference between
both methods are the higher iterations of the corrections due to the threshold mass terms,

and at third order more of these corrections are included in the perturbative result.

The next question is, how important the choice of the threshold mass scheme is. To
examine this, exemplary the difference between the PS scheme and the 1S scheme will be
discussed. Figure 5.14 shows the result for the different orders in the 1S scheme. If compared
with the same figure in the PS scheme (figure 5.4), the first observation is that the peak
position is at a different energy value. The reason is that the input for the calculation is
different. While in the PS scheme, the PS mass is set to 175 GeV, for the 1S figure the 1S
mass is at 175 GeV. So, in fact an energy shift of m™® —m!® has to be made to get the same
peak position for both schemes. However, the shape of the corrections is very similar for the
PS and 1S scheme. This can also be seen from figure 5.15, where the scale dependence of the
peak position and height of the peak are compared at second and third order. Again the shift
of the peak position due to the different mass input can be seen, but the scale dependence
itself is very similar for the two schemes. For the peak height, shown on the left side of figure

5.15, the results for the two schemes are very similar. In fact, the effect of the mass scheme
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Figure 5.14: The cross section for tt-production in the 1S Scheme for LO (green dashed line),
NLO (red dashed), NNLO (blue dashed) and NNNLO (black solid).

is much smaller than the scale dependence itself.

5.2.5 Resummation effects

In this section, the effect of the pole resummation is analyzed. The resummation of the
threshold poles is explained in section 3.7. The right diagram of figure 5.16 shows the third-
order result including the resummation (solid lines) and without resummation (dashed lines)
for two different implementations of the threshold mass scheme. In the pole scheme the effect
of the pole resummation is very big. The shifted implementation is a simple energy shift, so
the big pole scheme effects translate also into big effects of the shifted PS scheme. This is not
only observed at third order, but also in lower orders, as can be seen from the left diagram

in figure 5.16.

Interestingly, it seems, that a perturbative PS scheme implementation cures this problem.
There, the effect of the pole resummation is much smaller. However, after the resummation
both implementation lead to the same result. The reason that the pole resummation in the
perturbative implementation is so small is because of additional mass terms which are added.
These have also a pole structure, which is similar to the expanded results. So the two effects

cancel.
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Figure 5.15: Scale dependence of the peak position (left) and peak height (right) of the NNLO
(blue) and NNNLO (black) cross section for the 1S (dotted lines) and PS (ssolid lines) scheme.
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Figure 5.16: Left diagram: The cross section in the PS Scheme (shift implementation) with-
out resummation for LO (green dashed line), NLO (red dash-dotted), NNLO (blue dashed)
and NNNLO (black solid). Right diagram: The third order cross section with (solid lines)
and without (dashed lines) resummation for the PS shifted (blue) and perturbative (black)

implementation.
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Figure 5.17: Left diagram: Size of different contributions for the S-wave cross section. The
dotted lines are the third-order correction only and the solid lines the complete (first plus
second- plus third-order) corrections for Coulomb potential (black), non-Coulomb potentials

(red) and ultrasoft part (blue). Right diagram: P-Wave contribution to the cross section.

5.2.6 Analysis of insertions

In this section, different parts of the cross section are discussed. Three different types can be
distinguished, the Coulomb potential insertions, the non-Coulomb insertions and the ultrasoft
corrections. The P-wave contributions are discussed separately. There is an ambiguity in
defining the non-Coulomb potentials and the ultrasoft correction, because the counter term
potential which is subtracted from the potentials and added back to the ultrasoft corrections
can be defined differently’. Only the combined result is finite and meaningful. However, in
this section the two are separated to show the size of the individual parts. The left diagram
of figure 5.17 shows the three contributions. The solid lines are the subsequently added
contributions up to third order, and the dotted lines are the third order contributions only.
The ultrasoft correction appears only at third order, so here both curves are the same. It
can be seen, that the third-order Coulomb corrections are small (about 5%), while at third
order, ultrasoft and non-Coulomb parts are quite big (around 10 — 20%), but with opposite
sign. So, the total contribution is small. The P-wave contributions to the total cross section
are tiny, as was already observed in previous papers. The result agrees well with the results
using other regularization schemes [24,43-45]. Note that usually a different normalization is
chosen for the plots there. The scale dependence which is already very small for the leading
order P-wave part is reduced further for the NLO result and the effect on the complete result

can be neglected.

LAt third order, also the Coulomb potential has such a term. But the effect of this term is quite small, so

that the ambiguity in choosing the separation is negligible for this analysis.
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Figure 5.18: Cross section in the RG improvement version for LL, NLL and NNLL for an
input of m’¥ = 175 GeV for different scales (taken from [30])

5.2.7 Comparison with NNLL results

The presented results will now be compared to the second-order resummed results (NNLL).
These are only partially known [28-30], but the unknown terms are expected to be consid-
erably small. The main difference between the NNNLO and the NNLL result is, that the
fixed-order approach includes the constant (non-logarithmic) term at third order, while the
NNLL result contains higher powers of the logarithms coming from second order. However,
it has been shown, that the main difference of the NNLL and NNLO result comes from the
third-order logarithms, which are also included in the NNNLO result. This can be seen in
figure 5.19. The notation "NNNLO” means the complete second order plus the third-order
logarithms and the curve for "NNLL” includes also higher logarithms. The results from [30],
shown in figures 5.18 and 5.19, can be compared with those discussed in the previous sec-
tions. The observation is, that the difference in the peak position is about 50 MeV, thus of
the order of the target precision and the normalization is changed by about 5%. This leads to
the conclusion that the third-order constant effects cannot be ignored to achieve the aimed
accuracy. For a serious comparison, the missing constants have to be taken into account,

which in the case of the short-distance coefficient can have a significant effect.

5.2.8 Outlook

In this section, a brief outlook of the remaining work will be given. For the QCD corrections

some missing parts have to be calculated and the effect of these parts were discussed in
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Figure 5.19: Left diagram: Scale dependent variation of the peak height in the RG improved
result for different orders. Right diagram: Scale dependent variation of the peak position in
the RG improved result for different orders (both taken from [30])

section 5.2.3. On top of the QCD corrections, a combined QCD and electroweak result not
only desirable, but necessary due to uncanceled I'/e divergencies. First steps towards the
electroweak result have been done [25-27]. However, there is still a lot of ongoing work at
the moment on this topic.

Another point to mention is, that this result is only valid at threshold, due to the non-
relativistic approach. So, a continuation to the continuum limit has to be performed in
the end. For energies well above threshold, the usual perturbation theory can be applied.
Results up to two loops (O(as)) and some three-loop results for the QCD corrections are
available [113-115]. Figure 5.20 shows the continuation done for the second-order results [45].
The observation is, that the perturbative corrections as well as the scale dependence are lower
for the non-relativistic result in the possible overlap region around 355 — 360 GeV (for a top
mass of my = 175 GeV).

Finally an important task is to consider initial-state radiation and beam effects. They can
play an important role for the precision of the mass measurement [116-118]. The observed

cross section is the theoretical result (calculated in this work) folded with luminosity spectrum

L(x):
R“P(\/s) = /01 dzL(x)R(z*/s). (5.26)

Figure 5.21 shows, the influence of these effects on the cross section. The upper curve is the
theoretical prediction (here at NNLO). After adding the biggest effect, namely the initial-
state radiation, the curve is shifted down by about 30%. Further addition of beamstrahlung
and single-beam energy spread lower the curve even more. In the end no distinct peak will be
visible. This will effect significantly the mass measurement. Although for the mass, the peak

position is the important quantity, which is very stable as seen in the previous sections, due
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Figure 5.20: Continuation from threshold to continuum region, taken from [45]. The lower
curves are NLO for the threshold region and O(«y) for the continuum, the upper curves are
NNLO and O(a?). The parameters are a,(Myz) = 0.118, Ty = 1.43 GeV, m; = 175 GeV,
The solid, dotted and dash-dotted lines are for different scales. The result for the O(a?)

correction has been taken from [114].
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Figure 5.21: Influence of initial state radiation and beam effects on the cross section (taken
from [116]). The theoretical cross section is given by curve (a). The following energy redis-
tribution effects have been applied to the theory for the remaining curves: (b) initial-state

radiation (ISR); (c): ISR and beamstrahlung; (d): ISR, beamstrahlung, and single-beam
energy spread.

to these experimental effects, the uncertainty in the height of the peak will play an important
role. The reason is, that the exact position cannot be determined so precisely, so a complete
fit to the shape of the cross section is needed.

A further application of the results obtained would be the determination of the bottom
quark mass with sum rules (see for example [119]). To be able to perform this, an option
has been implemented in the Mathematica package to get the result for the cross section of

bottomonium production for positive energies?.

2This can be obtained by setting ny =4, m=mpand I' = 0.
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Chapter 6
Conclusion

The precise knowledge of the top quark mass is important to check the Standard Model
predictions. Quantum corrections make it possible to observe effects beyond the Standard
Model, from energy regions, which are not directly available at colliders in the near future.
The best measurement of the top quark mass can be obtained at the ILC from the top quark
pair production. The QCD corrections to this process have been examined in this work. The
results are very promising and lead to the conclusion, that the aimed accuracy of less than
50 MeV seams to be feasible.

This work presents the third-order QCD corrections from potential insertions. The match-
ing to one-loop order has been performed and the insertions of the resulting potentials have
been calculated. Together with the recently calculated ultrasoft corrections, the QCD cross
section at third order is now almost completed. The results have been implemented in a
Mathematica package, which makes them easily accessible for further use. For a complete
QCD correction, there are still some unknown matching coefficients. It was shown, that at
least one of these missing parts has a significant effect on the cross section. There is cur-
rently ongoing effort on the calculation of these coefficients, so a full QCD calculation might
be completed soon.

It has been shown, that the uncertainty of the cross section normalization which was
observed at second order could be significantly reduced. The error from perturbation theory
has been estimated to about 5%. This is near the range of the aimed uncertainty of about
3% and an inclusion of missing effects might improve this, because uncanceled divergences
indicate, that adding the corresponding counterpart will also lead to a cancelation of scale
dependent logarithms and thus to a reduction of the uncertainty. So, the remaining task is
to include electroweak effects as well as finally initial-state radiation and beamstrahlung to
get a realistic shape of the cross section.

In the future, one might go even further, and use the results from this work to get a renor-
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malization group improved calculation at NNNLL. However, this seems to be hardly feasible
with current techniques. Other applications of the results obtained, are the determination of

the third-order corrections to the bottom quark mass with sum rules.
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Appendix A

Representations for the Coulomb

Green function

In the calculation, two different representation for the Coulomb resummed Green function

are used. The first one is the integral representation [120] for the S-wave Green function:

V-mE _ o [ = (1+ 0\
Go(0,r, E) = W NG = _mE/ dte”?rtv—mE <+> , (A.1)
2 0 t
with A = m\/CFﬁ The second one is a representation using Laguerre polynomials L2 (x),

derived in [111,121]. The S-wave part reads:

—mE i L1(11)(2T1 \ _mE)ngl)(2r2 \% _mE> e*\/m(rﬁrrz)

Gl:0<7~177’2’ E) — o P (n n 1>(n 1 )\) . (A2)
Then:
G0, 7, B) = VM —v=mEr Z rv=—mk) (A.3)

27r o n—i—l—)\)

A similar representation for P-waves is:

_ > L) (2rv/—mE) L) (2ry/—~mE)
G(lfl) I/ — 3 _—vV—mE(ri+rz) n 1 n
(1,72, E) = ( mkE)’e ng() (n+3)(n+2—\) ’
(A4)
and

C;’(l:l)(o7 r, ) (2\/— 3 _—v—mEr ZO n — 2\/ :T;L)E) ‘ <A5)

The integral representation is mainly used for Green functions near the vertex, and the
Laguerre represention for Green functions between potentials (for double and triple potential
insertions). For P-waves the sum representation has been used in every part of the coordinate

space calculation.
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In some parts of the calculations, where divergences occur, the full Green function is

splittet into several parts using the notation:
G(E) = GU)(E) + GU)(E) + ... + G"(E) + GE")(E). (A.6)

Then, the Green function without gluon exchange is given by:

27T)d—1§d—1 (p1 o p2>

G0e) p) = " . AT
(plap27 ) p%—mE ( )
The next part has one gluon exchange and reads:
m2Crg?
G(lex) (pla P2, E) = L (AS)

(P — mE)(p1 — p2)*(p2 — mE)’
and so one for more gluon exchanges. The parts with infinite number of exchanges are needed
in the coordinate space representation. This can be calculated from the formulas above by
subtracting the relevant number of exchanges. This subtraction can be done by taking the
limit A — 0. This corresponds to a suppression of the strong coupling constant and thus
a suppression of gluon exchanges. The zeroth order of the limit A — 0 corresponds to the
Green function without exchanges, the first order to the Green function with one exchange

and so on.
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Appendix B
Master Integrals

In this chapter, the results for integrals which are used in the calculation are given. They are
divided into three parts. The first section contains integrals which were used for the calcula-
tion of the one-loop correction to the potentials, the second sort of integrals are momentum
integrals which were used to calculate the divergent parts of potential insertions, and finally
the result for integrals which appear when using the integral representation of the Green

function to calculate the finite parts of potential insertions are presented.

B.1 Integrals for potential matching

The integrals in this section are all calculated using Feynman parameters. The calculation
is straightforward, so here only the results are presented here. The reader interested in more
details is referred to the next section, where the integrals are also solved with Feynman
parameters and all details are given. For the calculation of the hard region two diagrams are
encountered, the box diagram and a crossed box diagram (denoted by hl and h2 respectively).

The master integrals needed for these diagrams are:

Il = [ (zjl:;l:—l Rk + lel{;o)(k:2 ~ ko) (B.1)
S
Il = | (le:;l;—l (2)e(k + 2ml§§0)(/c2 = 2miky) (B-3)
= (k) e 0
il = [ Qf;lil (2 (k2 + zn]?}flzl)(m = Jmikg) (B.5)
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-G e () e oo
and
Thala) = | (zf:;l;—l (k?)a(kzl—mzmg)? 1)
(g
191a] = [ (2‘71:;51 (kz)a<k2kf B (B.9)
s
o) = | (zjl;;l;—l (kQ)a(k];jfZkao)Q (B11)
- e () ey e

In the soft region there is only one type of denominator. The relevant master integrals are:

2= | G L B o VG e Nt VRN RN (T
s = (27T)d—1 (k2)a(k — q)Zk(C)L T 1673/2 P(iza)F@ T 26) q2 7
(B.13)
Ii[a] = / (27r)d—1 k2(k _Jq)ng (B.14)
i ()T e P2 e~ §T(5 + o) (42 (B.15)
1673/ T(E90(3 — a — 2) 2] .
; d?%k ko k
l L .
_ g0 + gyala =4+ 29) (C)reg TR - - TG He 1) (12) o
3271‘3/2 ]_—\(14-7@)1—‘(4 o 26) q2 . .

Note that the M S factor is included in the integration measure and is given explicitly after

the integration.

B.2 Momentum Integrals for insertions

The following integrals are needed for the potential insertions, when formally divergent dia-
grams are calculated. These have do be done in momentum space. There are four types of

integrals, which have been used extensively during the calculation:

d'p 1 ['(a— 4L
HOES - s (B.13)

2m) =1 (p? —mE)*  (47)F (—mE)* 7 T(a)
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) Ak dil 1
Iala,b ] = / (2m)aL 2m)aL (2 — mE)e(2 — mE)[(1— k)2
_/ dd 1k dd 11 2d—1—2c (B 19)
(2m)4=1 (2m)41 [(1— k)2 — mE]*[(1+ k)2 — mE|°[k?] '
_/ dd 1k 2d 1— 2c/ ddfll /1 dxr(a+b> Iafli,bfl (B 20)
(27)d-1 (2m)d=1t Jo  T'(a)T'(b) 12 4 21k(1 — 2x) + k2 — mE]atb '
dd 1k 2d 1 2c /1 ) F(a+b— %1) xafljbfl (B 21)
(2m)d-1 0 (47)F T(a)T(b) [K2(42z) — mE]*H—5 '
B Zd_l_Q‘T(a—i—b—i—c— %) /ld pa—lzb-1 41k / ya+b7%flgcfl
T unE (@O o (e ) ot Ve - L E]etbtets
(B.22)
B 2d—1—20F(a thdec—d+ 1) pa—1zb-1 ya+b—%—1gc—1 593
T <4m>a+b—u [ i ®)

d—a—b—c—1 -
— ( mE) (4 )d 11}(1(6;1;';()—'—6 d+ / drx OL—&-c—M b—i—c—M ldyy 2 —cgc—l (B24)
™

 Tla+b+c—d+ 1) (a+c— )b+ c— GG —¢)

= () (o B) e T (@) -+ b+ 2 — d+ 1 ir(Tl)’ (B.25)
tolat = | s o (20
B ;ijr 5 1F . ?(Zz?) / e - k;a;f(ll_ SEEE (B.27)
N / daat 11?((2);(?) / (;ljr)zlfl kZ — 2k (7] — mpl) + 2l 1 zpeth (B.28)
a—17b-1 _d-1 S R
B (475 7 F(ar?air_(bf) F<F2<cz - ?E(a— g : - p)j]a%d; (B:30)
fale " e R b B3y
N / Cziw dkl / IE((Z)JI:([;))) k? — 20kp f ?pf — emB|e (B.32)
e R s

In these results, a, b and ¢ can stand for any number (integer or non-integer).
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B.3 Mellin-Barnes Method and Integrals

In some parts of the calculation of momentum space integrals, the Mellin-Barnes representa-
tion is used to simplify the numerator. This method is based on the identy:

1 1 1 i Y~
= — / dzI'(A+ 2)['(—2)

. B.34
(X +Y)Y T\ 2mi Joix Xtz (B:34)

Here, the integration has to be performed in such a way that all poles from I' function with
positive z are to the left of the contour and all poles from I" function with negative z argument
are to the right. A detailed summary of this method with some examples is given in [88].
In the appendix of [88], one can also find a table of master integrals which where used in
this calculation. A modification from the Mellin-Barnes integral D.53 from [88] using the
conventions listed there is:

1 /ioo dZF()\l + 2) (e 4+ 2)IT (A3 + 2) (=3 — 2)['(—=2)

271 J—ico (A + 2)

_ m}(‘l fi(f’g(fis‘) As) (- A?iz — () = B(ha) + B() + B+ A+ o = Ng))
1 pico J (A +2)L' (A2 + 2)I'(As + 2)I* (=3 — 2)['(—=2)
% /—ioo : F()\4 + Z)

PG+ X)D(=A)T (N + A3) 1 g
B LI+ XA+ A+ Ag) ()\1)\2 = V() = T) + T+ Ag) + T(Az + )\3)>7

where )\4 = )\1 + )\2 + 1.

(B.35)

(B.36)

B.4 Coordinate Space Integrals for insertions

The integrals from this section are needed for the finite part of the potential insertion, when
using the integral representation of the Green function. They can be done with Mathematica

(using some obvious substitutions in some parts):

/. ((T)A—l—)\lnljg G1(0,0, B), (B.37)
A ((Ht) —1—)\1n1+t>1n(1+t) (B.33)
— A - )\7T6 + )\( F NP1, 11,240 X 2,2,3;1) (B.39)
= (A— 1)(% +U(1 - A)) - ;(w +U(1— A))2 - ;(7;2 — (1 - A)), (B.40)
/OOO< T)A—1—A1nljt>1n2(1+t) :)\7;2_2)\—2)\§3 (B.41)

AL+ N)sFi(1,1,1,1,2 4 A;2,2,2,3; 1)
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— 7:(3A -1+ - 1)(7E + (1~ A))2 - g(w + U(1— A))S —(A=1)W (1 — NB.42)

+<7E (1 — A)) (2 _oa— WGA AT (1 — /\)) - ;A%u - 2A§3. (B.43)

The Hypergeometric functions in the final result are all finite for physical values of \. How-
ever, if using unphysical values, especially small width with negative energy, the Hypergeo-

metric functions are not well defined.
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Appendix C

The A — n limit

To get the total cross section a resummation of energy levels and wave functions is performed
into the full Green function described in section 5.1. To get these functions, the limit A — n
of the Green function has to be taken, and the results can be read off from the poles in this
limit. For the calculation of this limit, three different methods depending on the structure
of the Green function are used. The first structure is the one containing only completely
analytic formulas, the second one is the part with single sums, and the third one is for the

parts d and e from the delta potential single insertion.

Analytic Results The A\ — n poles of the analytic parts come from the poles of the
U,;(1 — \) functions. So, the expansion of the W-functions for negative integer arguments is

needed, which is given by

_1)k€k—i

Ui(—m+e) = (_E;Hﬁg((/{_i)! <\I/k(n+1)+((—1)k—1)\Ifk(1)>. (C.1)

With this result, all analytic parts can be expanded in this limit?.

Summation parts The parts with summations over the variable k£ have additional poles
from the functions ¥(k — \) in the sum over k. To extract these, one can separate three
cases:

a) k=n, b) k <n, c) k> n.

The third case is similar to the analytic parts and gets contributions only from W;(1 — X)
functions. The first and second part get additional singularities from W(k — X\). Then, one

can use equation (C.1) to substitute the U functions which contribute to the poles. The

!The Hypergeometric function from the Coulomb insertions are treated differently. For details of that

calculation see [85].
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remaining sums can be written in such a way, that the final result consist only of harmonic

sums and nested harmonic sums.

Delta potential single insertion parts d and e The sums for parts d and e for the
single insertion of the delta potential are more complicated and have also I' functions with
nontrivial A — n pole structure. Here, it is more difficult to write the poles in terms of
harmonic sums. However, one can easily get the poles for any specific quantum number n.
By assuming then a specific form of the expression for arbitrary n, one can get the coefficients
in front of the assumed functions and check the result for any specific number n. So, here a

kind of smart guessing or sometimes called ’experimental mathematics’ has been performed.

C.1 Harmonic sums and Zeta functions

In the pole result of the basic functions sums are encountered, which could be written as
(multiple) nested harmonic sums

n u n 1 n 1
= > 1/k%, ) = Z k— Sape(n) = a Spe(k), (C.2)
k=1 k=1

k=1

and zeta functions

:2211/]{“7 Ei::]j ¢(a,b,c) Ei::kl (k—1). (C.3)

Several reduction formula have been used to get a short final result. Relations for harmonic
sums can usually be derived more easily as for zeta functions, since the latter are infinite
harmonic sums. A very useful reduction formula for double nested zeta functions is the one
that relates the sum of two zeta functions with inverse order of arguments to the unnested

zeta function (see for example [122]):

C(rys) +¢(s,r) = C(r)¢(2) = C(r + ). (C.4)

There is another useful identity discovered by Euler if one of the arguments is even and one
odd:

R S | G R ) | SOR TR NCE

j=lj€odd L\ g — 1] r—1

for 7 even and s odd. More formulas for double zeta functions can be found in [122]. The

more complicated case of the triple zeta function has also been covered in the literature. The
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following formulas were used and are taken from [123]:

C(27 L, 1) = C(4)7 (06)
C(2:1,2) = 5¢(5) ~ 2B, ()
C(2,2,1) =~ C(3) + 3B)C2) (€3)
(3,1,1) = 20(5) — ((3)(2) (c9)
C(1,1,1) = 22¢(6) ~ <) (©10)
C(2,1,3) = = 120(6) + (B 1)
¢(3,2,1) = —Qfg’g(es) +3¢(3)%, (C.12)
€(2,2,2) = 2¢(6), (C.13)
53 3
C(3,1,2) = 20¢(6) ~ SC3) (©14)
C(2,3,1) = 22¢(6) — ¢ (€15

Higher order nested sums are also available in the literature but not needed for the calculation

performed in this work.
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