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ABSTRACT

In this thesis we present a dedicated study of heavy-quark pair production
near threshold in ete™ collisions. Precise theory predictions for this process
allow the extraction of the top and bottom quark masses from experimental
data. Besides the conceptual importance of the accurate determination of the
fundamental parameters in nature, there are also significant phenomenological
benefits.

The calculation is organized with potential non-relativistic QCD (PNRQCD)
and Unstable-Particle Effective Theory. We review the notion of a heavy-quark
mass and the effective field theory framework in detail. We then compute elec-
troweak and non-resonant corrections to the cross section at next-to-next-to-
leading order (NNLO) and P-wave and Higgs corrections at NNNLO. Together
with the recently completed NNNLO calculation in pure QCD, this provides
full NNNLO QCD plus NNLO electroweak accuracy for the cross section near
threshold.

Based on this prediction we discuss the physics potential of a threshold scan of
top-pair production at a future lepton collider. In addition to the extraction
of the top-quark mass with an estimated uncertainty of just 50 MeV, it also
provides accurate determinations of the strong coupling constant and the top-
quark width and Yukawa coupling.

Furthermore, we present the first complete NNNLO determination of the bot-
tom-quark mass from non-relativistic sum rules, which was performed in the
context of this dissertation. Our result for the mass in the MS scheme is given

by mpS(mMS) = 4.203739:¢ GeV. We then demonstrate that our approach is
completely insensitive to non-perturbative corrections.
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ZUSAMMENFASSUNG

In dieser Arbeit prasentieren wir eine ausfiihrliche Studie der Paarproduktion
schwerer Quarks in ete™ Kollisionen nahe der Produktionsschwelle. Prazise
Theorievorhersagen fiir diesen Prozess ermoglichen die Extraktion der Top-
und Bottomquarkmasse aus experimentellen Daten. Neben der konzeptionellen
Relevanz der prazisen Bestimmung der fundamentellen Naturkonstanten gibt
es auch erheblichen phanomenologischen Nutzen.

Die Rechnungen wurden in potentieller nicht-relativistischer QCD (PNRQCD)
und der Effektiven Theorie Instabiler Teilchen durchgefiithrt. Wir bieten einen
Uberblick iiber die Definitionen von Quarkmassen und das effektive Feldtheo-
riegeriist. Dann werden elektroschwache und nichtresonante Korrekturen zum
Wirkungsquerschnitt in néchst-néchst-fiihrender Ordnung (NNLO), sowie
P-Wellen- und Higgskorrekturen in NNNLO berechnet. Zusammen mit der
kiirzlichen Vervollstandigung der NNNLO-Rechnung in reiner QCD erhalten
wir eine Vorhersage fiir den Wirkungsquerschnitt nahe der Produktionsschwelle,
die samtliche NNNLO QCD und NNLO elektroschwache Korrekturen beinhal-
tet.

Anhand dieser Vorhersage diskutieren wir das Physikpotential einer Schwel-
lenabtastung des Toppaarproduktionswirkungsquerschnitts an einem zuktinfti-
gen Leptonenkollider. Zusatzlich zu der Extraktion der Topquarkmasse mit
einer geschatzten Unsicherheit von nur 50 MeV ermoglicht sie auch die akku-
rate Bestimmung der starken Kopplungskonstante und der Zerfallsbreite und
Yukawakopplung des Topquarks.

Weiterhin stellen wir die erste Bestimmung der Bottomquarkmasse aus nicht-
relativistischen Summenregeln mit vollstandiger NNNLO Genaugkeit vor, die
im Rahmen dieser Dissertation durchgefithrt wurde. Unser Ergebnis im MS
Schema lautet m)S(mMS) = 4.203100:% GeV . AnschlieBend demonstrieren wir
die Unabhéngigkeit dieser Herangehensweise von nichtperturbativen Korrek-
turen.
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1. Introduction

The first years of operation of the Large Hadron Collider (LHC) have been an astonishing
success story for the Standard Model (SM) of elementary particles, culminating in the
discovery of the Higgs boson in 2012 |10}/11]. Since then a plethora of analyses has revealed
no statistically significant deviation from the SM. There is, however, observational evidence
for physics beyond the SM from the baryon asymmetry of the universe, neutrino oscillations
and dark matter. Their common drawback is that they cannot be associated with a
specific new physics scale, since it has been demonstrated that new physics from well below
the electroweak scale all the way up to the Planck scale constitute possible explanations.
Most prominent models of new physics therefore invoke additional guiding principles like
minimality, naturalness or similar notions of aesthetics.

The LHC and the next generation of collider experiments will provide an extremely
stringent test of these models and the respective assumptions. Therefore, it is paramount
that the high precision on the experimental side is matched by theory predictions within
the SM. The complete automatization of next-to-leading order (NLO) QCD corrections
for hadron collider processes [12], the first computation of NNLO QCD corrections to a
2 — 2 process with all external particles being colored [13-15] and even NNNLO QCD
corrections to Higgs boson production in gluon fusion |16] are merely some select highlights
of the tremendous theory effort employed towards this goal in recent years.

The most straightforward way to further improve theory predictions is to achieve the
highest possible precision for SM parameters. Often parametric uncertainties are of com-
parable size than scale uncertainties, which are used to estimate missing higher order
perturbative corrections. For processes involving colored external particles, the most im-
portant are the strong coupling constant s and the quark masses m,, where the present
uncertainties are of the order of 1%. This thesis focuses mainly on the determination of
the top-quark and bottom-quark masses. Their current status and the importance for
phenomenology will be discussed in the following.

Currently, the top quark is the heaviest known elementary particle with a mass that
is about 185 times that of the proton. Thus, it plays a unique role in the SM. It is of
particular importance for the Higgs sector due to its large Yukawa coupling. The pre-
cise measurements of its properties, that are possible at a future linear collider, are an
essential probe of the SM and its extensions. So far, the most precise determination of
the top-quark mass mM® = 173.34 £ 0.76 GeV was achieved from the direct reconstruc-
tion of top quarks from their decay products at the TeVatron and LHC experiments [17].
Unfortunately, this value has to be taken with a grain of salt because it corresponds to
a so-called Monte-Carlo mass whose relationship to a proper short-distance mass scheme
contains an unknown non-perturbative contribution, that is estimated to be of the order
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Figure 1.1.: The shaded areas show the regions of absolute stability (green), metastability
(white) and instability (red) of the electroweak vacuum in the my —m; param-
eter space. The upper left red point shows the current values of the Higgs mass
and top Monte-Carlo mass with the ellipses denoting the 1,2 and 3 ¢ contours.
The authors of find that this is compatible with absolute stability at the
level of only 1.30, when the additional uncertainty in the relation of the pole
and Monte-Carlo masses is ignored. Figure from ||

of 1 GeV [18]. Even worse, the concept of a Monte Carlo mass is not universal, as different
Monte Carlo generators can correspond to different Monte Carlo mass schemes. Alterna-
tively, it is possible to directly extract the top-quark pole mass from the measured total
top-pair production cross section [19-21] or from a fit to electroweak precision data and
flavor observables . This, however, comes at the cost of an increased uncertainty at
the level of 2 — 3 GeV. In reverse, the observables considered for these fits obviously ben-
efit from a precise independent determination of the top-quark mass. The most striking
example for the importance of the top-quark mass is related to the destabilization of the
electroweak vacuum due to the effects of top-quark loops on the renormalization group
evolution (RGE) of the quartic Higgs coupling. The size of this effect depends crucially
on the Higgs and top-quark masses and the most recent results show a scenario that is
intriguingly close to the absolute stability bound , see Figure 1.1}
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In the field of B physics many important experimental results are expected in the coming
years from the LHCb and Belle II collaborations. The precise knowledge of the bottom-
quark mass is highly important for theory predictions of B-meson decay rates. For example,
the total lifetime of B mesons depends on the fifth power of the bottom-quark mass. It
is also of considerable importance for Higgs branching ratios. In the SM the dominant
decay channel H — bb scales as m?, whereas the other channels exhibit at most a mild m
dependence. Therefore, the parametric uncertainty for the branching ratios is given by

[6Br(H = X)), _ 26m,
S G (1.1)

The present PDG average of the bottom-quark MS mass is 72, () = 4.184+0.03 GeV [24].
Thus, the branching ratios of all Higgs decay channels apart from bb are plagued by a 1%
parametric uncertainty, which dominates for most tree-level decay channels assuming an
eventual uncertainty of 100 MeV for the Higgs mass from 300 fb™" of data [25].

To understand the challenges that are associated with the precise determination of heavy-
quark masses, it is crucial to first understand their nature. The key point is that they aren’t
physical observables, but constitute renormalization scheme and, in general, renormaliza-
tion scale dependent quantities. Just like e.g. the strong coupling constant, heavy-quark
masses are parameters in the Lagrangian of the SM and can’t be predicted in the frame-
work of the SM. Thus, they can only be determined by comparing predictions for a physical
observable, made using the heavy-quark mass in a specific renormalization scheme and at
a specific scale, with experimental results. To obtain an accurate result the considered ob-
servable has to satisfy three necessary conditions. First of all, it has to be experimentally
clean, which suggests considering lepton collisions since there the partonic center-of-mass
energy is known and backgrounds are significantly smaller. Secondly, it must be theoret-
ically well understood and the computation of higher-order perturbative corrections must
be possible. This suggests inclusive processes with as few external particles as possible.
Thirdly, the observable has to depend strongly on the parameter that is to be determined.
For heavy-quark masses this suggests considering a processes near the threshold, where a
new channel including the heavy quark opens up.

For the top-quark mass, the three criteria are fulfilled by the total inclusive cross section
for the production of top pairs in electron positron collisions ee™ — ttX for center-of
mass energies near the top threshold s ~ 4m?. Experimentally, this threshold scan is
possible at a future linear collider within about one year of running. The results of a
simulation [26], assuming the design of the ILC, and the estimated statistical uncertainties
for the simultaneous extraction of the top-quark mass and the strong coupling constant are
shown in Figure[1.2] The dependence on variations of the top-quark mass dm; manifests as
a shift of the shape of the cross section by 20m;, as depicted by the blue dashed curves. This
facilitates the determination of m,; and a, with a statistical uncertainty of only 27 MeV
and 0.0008, respectively [26]. To achieve a theory uncertainty in the same ballpark, the
prediction for the cross section must be very precise. NNLO QCD corrections have been
computed at the end of the 90’s by various groups and turned out to be large [27]. Thus, it
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Figure 1.2.: The upper plot shows simulated data points (black error bars) for the top-pair
production cross section near threshold together with the theory prediction
(red line). The blue dashed lines show the theory prediction using an input
mass that is shifted by +200 MeV. There is a large sensitivity to the top-
quark mass in the region, where the slope of the cross section is biggest. The
lower plot shows the statistical uncertainty of the top-quark mass and strong
coupling constant extracted from the simulated data in a simultaneous fit.
Figures from [26].
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Figure 1.3.: The top-pair production cross section near threshold, normalized to the muon-
pair production cross section, R(s) = o(ttX)/oo(u" ™) at NLO (blue), NNLO
(red) and NNNLO (black). The bands are spanned by variation of the renor-
malization scale in the range from 50 GeV to 350 GeV. Figure from [28].

was necessary to further improve the accuracy of the computation. Following a tremendous
effort from a large collaboration, the computation of the full NNNLO QCD contributions
has been completed recently [28] and is now available in the form of the public code
QQbar_Threshold [29]. The corrections proved to be small and the scale uncertainty is
greatly reduced with respect to the NNLO result and now at the level of just +3%, thus
proving that strong dynamics are under control, see Figure The computation of
subleading non-QCD contributions to the cross sections is described in this thesis. The
corrections are larger than the remaining QCD uncertainties and affect the determination
of the top-quark mass significantly. The sensitivity of the threshold scan to the top width,
top Yukawa coupling and the strong coupling constant will also be discussed.

It is not possible to determine the bottom-quark mass from the direct comparison of the
shape of the bottom-pair production cross section near threshold with experimental data,
because of the presence of very large non-perturbative corrections in this region. It was
originally proposed in [30,31] to consider moments

& Rb(S)

(1.2)

of the normalized cross section
olete™ — bb+ X)
olete” — ptp~)

Ry(s) = (1.3)


https://qqbarthreshold.hepforge.org/
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Figure 1.4.: The blue curve shows the experimental data for the normalized cross section
Ry, in the threshold region from the Y resonances (left), the BaBar col-
laboration [32], including corrections for initial state QED radiation from ,
and the assumption R, = 0.3 £ 0.2 for higher center-of-mass energies (right).
The red line shows the weight factor in the integral for the tenth moment.

instead. They are much less sensitive to infrared QCD contributions than the cross sec-
tion itself and, therefore, provide the possibility of a very clean determination of m; by
making use of the results from [28]. The available experimental data on R, comes from
measurements of the properties of the Y resonances and from the BaBar collaboration
for center of mass energies between 10.6178 GeV and 11.2062 GeV and is depicted in
Figure|l.4] Data for higher energies is not available so far and the conservative assumption
Ry(v/s > 11.2062 GeV) = 0,3 + 0.2 is made in the following. The experimental uncer-
tainty of the moments thus decreases for larger n because the sensitivity to the poorly
known energy region is reduced by the weight factor 1/s"! in the integral. In addition,
the mass dependence of the moments is increased for larger n because, for dimensional rea-
sons, M ~ mb_Q”. However, for arbitrarily large n the moments are completely dominated
by the Y (15) resonance and non-perturbative contributions can no longer be ignored. A
good compromise is reached by values of n near 10. The first full NNNLO analysis for the
bottom-quark mass from moments in this range was obtained in the course of this thesis
and will be described here in detail.

The methods used for the determination of the top and bottom-quark masses rely on
the precise computation of the respective pair production cross sections near the partonic
thresholds /s = 2m, + E with E ~ m,a? < m, and ¢ = t,b. For kinematic reasons, the
heavy quarks are non-relativistic, i.e. have a small velocity v = (E/m,)*? ~ a, < 1. The
presence of so-called Coulomb corrections, which scale as (a;/v)" ~ 1, causes the break-
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Figure 1.5.: Ladder diagram contributing to the e~et — ¢g amplitude (left). The effect of

Coulomb resummation is shown on the right for top quarks. The red curve is
the Born cross section and the blue curve the resummed result at LO.

down of the conventional perturbative expansion in ay. The responsible class of Feynman
diagrams is shown in Figure [1.5] where each additional gluon exchange yields another fac-
tor of ag/v. It is, therefore, necessary to resum this kind of contributions to obtain a
realistic prediction for the cross section. The dramatic effect of this resummation is shown
in Figure [L.5l This introduces narrow Coulomb bound-state resonances below threshold
(cf. Figure , which are smeared out in the top-pair production cross section by the
sizeable decay width of the top quarks. At higher orders in the resummed perturbation
theory, the remnant of the 1S toponium resonance is visible as a distinct peak as shown
in Figure [1.3] The comparison with the Born result in Figure demonstrates that the
cross section is also substantially enhanced above the production threshold. The resum-
mation can be achieved with an effective field theory called potential non-relativistic QCD
(PNRQCD) [34-38]. In this theory, the ladder exchanges of gluons are described by an
instantaneous, but spatially non-local, color-Coulomb potential, which constitutes a lead-
ing order effect in the non-relativistic power counting o, ~ v < 1 and is therefore treated
non-perturbatively. PNRQCD provides a framework in which higher-order corrections in
as and v around the resummed solution can be computed in a systematic fashion. The
consistent treatment of the large top-quark width requires an extension to Unstable Par-
ticle Effective Theory [39,/40], which also accounts for the non-resonant production of the
decay products of the top pair. Higgs and general electroweak corrections can be described
in the same framework.

The structure of this thesis is as follows. In Chapter [2, we discuss various heavy quark
mass schemes and their properties. The effective field theory framework upon which all
computations in this thesis are based is described in Chapter [3| Since it is clearly impos-
sible to cover all the aspects in depth, the purpose of these review chapters is to serve as
a pedagogical introduction to the concepts and to the respective literature. The compu-
tation of the non-resonant and resonant contributions is performed in Chapter 4] and
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respectively. In Chapter [6] we study the phenomenological implications on the top thresh-
old scan at a future linear collider. The determination of the bottom-quark mass from
non-relativistic sum rules is discussed in Chapter [, We then present some preliminary
and previously unpublished results on non-perturbative gluon-condensate corrections to
bottomonium sum rules and bound states in Chapter [§| We conclude in Chapter [9



2. Heavy quark mass definitions

The first step towards a determination of heavy quark masses must necessarily be their
precise definition. This is already a subtle point due to the confining nature of QCD. In the
bare QCD Lagrangian, bare quark masses m, o appear as the coefficient of a local operator,
just like the strong coupling constant. As such, they are subject to renormalization m, o =
Zm,mgq, which induces a scheme dependence of the renormalized masses m,, since the mass
renormalization constants Z,, must absorb the divergences, but are otherwise arbitrary.
Masses defined in different schemes are related by i, = (Zm,/Zm,)me. When physical
observables are expressed in terms of mg, this scheme dependence cancels at the considered
order in perturbation theory. The convergence of the perturbative expansion can however
differ substantially in different mass schemes. Thus, to determine a heavy quark mass
precisely, it is crucial to choose a mass scheme that leads to the best possible behaviour
for the considered observable.

The most common definitions are the pole and MS masses. The pole mass scheme is
convenient for analytical computations, since expressions usually take a simpler form. We
make use of this in later chapters, where the index for the pole mass is dropped, m, = m{;Ole,
whereas m, without a superscript denotes a generic quark mass in this chapter. However,
it has severe shortcomings, as discussed in Section and therefore it is not used for the
determination of the masses.

In the MS scheme, Z},/qus is defined as a minimal subtraction of divergences after the

shift u? — 2 = p?(e¥®/(47)) is applied. The MS mass is well suited for a wide range of
observables. However, threshold processes involve small energies EP°¢ = /s — 2mqp°le ~

mya? and the use of the MS mass interferes with the power counting because Am, =

mbole —mMS ~ mgya, and thus

EMS = /5 — ZmE/TS = B 4 2Am, ~ mya, > mga? ~ EPOC (2.1)

For the threshold production of heavy quarks, one therefore requires a mass definition
that only differs from the pole mass by terms of the order m,a? and that does not have the
shortcomings of the pole mass. We will discuss a scheme that fulfills these specifications

in Section 2.2

2.1. The pole mass

The pole mass of a heavy quark is defined, at any given order in perturbation theory, as the
real part of the location of the pole of the full heavy quark propagator. Its IR finiteness and
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Figure 2.1.: Leading contribution to the quark self energy in the large 3y limit. The bubbles
correspond to insertions of the total one-loop gluon vacuum polarization and
are summed to all orders.

gauge independence have been proven in [41]. Thus, from a purely technical point of view, it
fulfills all criteria for a sound mass definition. However, the pole mass definition refers to a
free heavy quark, i.e. to an unphysical object due to confinement. This implies an inherent
uncertainty of the order of the confinement scale Aqcp in the definition of the pole mass,
which manifests in the perturbative expansion as an IR renormalon ambiguity [42-44].

To understand this issue in more detail, we consider the relation between the pole and
MS mass in the large 3y limit, i.e. an expansion in o, < 1 while counting Byas ~ 1.
There is a powerful machinery for computations in this limit, which allows us to study the
large order behaviour of the expansion coefficients in this approximation. Assuming that
the exact perturbative expansion follows the same basic patterns, strong statements are
possible.

The leading contribution in the large y approximation is given by the diagram shown
in Figure 2.1 Each bubble insertion counts as a5y ~ 1 and the chain with an arbitrary
number of insertions must be summed. This yields [45]

d " -
Am(“) = Mpole — mm(u) = _47TZ.CF/126 / (gﬂ'ljd as(ke*5/6) ]ZZ[EJ:? ——+_ f;)—;_ ?)”Zg] 2 —m?2 ’
" 2.2)
where
(ke 50y = el (1) s

=17 11(k2) T 1= (1) Bo log(k2e*5/6/A2)’

and it is understood that the UV divergence of the integral is subtracted in the MS scheme.
The beta function in the convention of (2.3) is given by

1 Oag

6(045) = Pa_,lﬂ = 500&5 + 51043 +..., (24)
1 (11N, 2
%:_E<3 —%0. (2.5)

Eq. (2.2) has the exact same form as the one-loop result in conventional perturbation
theory, but with the strong coupling constant evaluated at the momentum running in the
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loop. We compute it following the procedure introduced in [46]. The first step consists in
introducing the dispersion relation

1 17 1 ImI0) [ 1 2502 — A2

- 2 /d>\2 m M) / d\2 MIN ZX) (g

1+11(k%) k2 — A2 |14 11(A2)|? k2 — X —[Boas

0 —00
where the second term is localized at the Landau pole
1 5

N o= —p? = . 2.7
L uexp<ﬂoa5+3) (2.7)

Using partial fractioning for 1/(k?(k* — \?)), (2.2) can be written as a dispersion integral
over the one-loop self energy with a massive gluon

[e.9]

ma,Cr dX\? [ H(N*)Im TI(\? )\%5 A — )\% 9
ani =" [ 5 (roep e ) (00 —ra0). 29
where
o _(47r)22,~26 d?k YR A+ p +m)y,
ro(A7) = o / @) K2 = N[k — )2 — 7] | (2.9)

The difference Arg(A\?) = ro(A?) — 70(0) is obtained by a straightforward computation

Arg(A2) = 2 — “logx — ————— + arctan
0(A%) g 08 Vi —x V(4 —z) Vi —x

where z = A\2/m?. After integration by parts, (2.8)) becomes

[arctan

] , (2.10)

w 2
Am(y) = 1CE /dA2<I>()\2)Ar6(/\2) L Aro) | (2.11)

4 _60as

0
where Ar)(A\?) = (d/d)\*)Ary(A\?) and
- B(—A2 — )2)

B(\?) = maso L . 2.12
() T o aretan [1—04350 log(\2e=5/3 /1i2) T B (2.12)

The first term in can be interpreted as an integral over the contribution Arj(A\?)
from gluons with virtuality of the order A\? weighted with an effective charge ®(\?). The
effective charge ®(A\?) is a monotonous function, that approaches ®(0) = 1/(Sya;) and
®(A\? — o0) — 0 logarithmically. The contribution from the Landau pole of the strong
coupling has been absorbed into the second term Arg(\2)/(—Boas). The function Arj(A\?)
has the asymptotic behaviour

9 B T 3 O | A2 7 A2\ N2
AT(/)()\ —>0)———m+ﬁ—w ﬁ—i_ E—IOgW ﬁ—i_”" (2.13)

2 3 (2012102 )m? (51-36log 2 ) m!
/
Arh(A? = 00) = 35 v - 3T +.... (2.19)
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Figure 2.2.: The integrand of (2.11)) for pu? = m?.

The behaviour of the complete integrand is shown in Figure 2.2 We observe that the
integral is not saturated by contributions from virtualities A near the physical scale m?
of the problem, but receives large contributions from the IR and UV regions \?> < m?
and A\? > m?. This property is the core of the renormalon contributions. For a more
precise formulation we define the Borel transform B[Am] of Am (stripped of the prefactor

(masCr)/ (4))

maog

Cr — o0 .
h F §rn(—5oa5)n = B[Am](u) = 2%%- (2.15)

Am =

It was computed exactly in [42]

BlAm](u) = (“—2) 3 6(1 — u)m‘r)(rg(l_;f“) + GO@E“), (2.16)

m2

where G(u) is a subtraction term for the UV divergence in and is specified in [42].
The Borel transform B[Am](u) can be used as a generating function for the expansion
coefficients P

Fa = - BlAM](u) o (2.17)
Numerical results for the coefficients at g = m are shown in Table 2.1 We observe
that the perturbative expansion of Am has a vanishing radius of convergence due to the
factorial growth of the coefficients. However, it can be summed by making use of the Borel

transform (2.16]), which converges for |u| < 1/2 due to the additional 1/n! in the series
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n rn R(1/2) R(3/2) UV(—1) UV(—2)
0 1 02030  —6.09125 —0.755502  0.160533
1 18.7446 18.4078 —4.06083 0.755502 —0.080267
2 70.4906 73.6312 —5.41444 —1.511 0.080267
3 439.435 441.787 —10.8289 4.53301 —0.1204

4 3495.7 3534.3 —28.877 —18.1321 0.240799
5} 35358.7 35343. —96.2567 90.6603 —0.601999
6 423257. 424116. —385.027 —543.962 1.806

7 5939874 5937622 —1796.79 3807.73 —6.32099
8 94962946 95001956 —0582.80  —30461.9 25.2839

Table 2.1.: Coefficients r,,( = m) for the pole-MS relation as defined in (2.15). For com-
parison, the contributions from the leading and next- to-leading IR and UV
renormalons are given as well.

expansion. The Borel integral

— masCr 7 ol —Boay B[AM] ()
Am = du e~/ (—Pocs) 127N T 2.18
4 (_ﬁoas) ( )

0

has the same series expansion as the original function and may therefore be used to assign
a numerical value to the divergent series[] In doing so, we have to shift the contour up or
down by an infinitesimal amount in the complex u plane because the Borel transform ([2.16])
has poles for real positive u. As a result, the Borel integral acquires an imaginary part

~\ mozSCF _ui/(_goaS)ReSuiB[AmKu)
tm (&m) = £75ED e (o) 2

Us

where the sum picks up all residues from poles on the positive real axis and the sign depends
on the way the contour is deformed. Poles in the Borel transform are usually referred to

'For a convergent series S(z) = >~ a,2" this is easy to show. We insert factors of one in the sum and

obtain
§ n g nl n ) .

n=0 n=0 0 0

with v = ¢tz and the Borel transform -

_ n n

B[S](u) = . (2.20)
n=0

In the last step of ([2.19)) we used the convergence of S(z) to change the order of summation and integration.

It was generalized to a larger class of functions [47], which does however not encompass the pole-MS

relation (2.2)), whose Borel transform has poles on the positive real axis.
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as renormalons and the dependence of (2.21)) on the choice of the contour is called a
renormalon ambiguityﬂ The poles in (2.16) originate from the asymptotic behaviour of
the integrand in (2.11). The Borel transform of (2.11)) is [46,48] (ignoring additional terms

required for quantities, that require renormalization, see [46]48|)

) < 2 —u
_sm(?m)/d)\Q </\_265/3> Arh(A2). (2.22)
0

U W

For illustrational purposes, we split this integral into three parts by introducing cut-offs
& < m? and &y > m? In the IR region 0 < A\? < & the expansion for the
integrand can be used to reproduce the poles and residues of at positive half-integer
and integer values of u, which are therefore called IR renormalons. Similarly, using
in the UV region &%, < A? < oo gives the poles and residues at negative integer values
or UV renormalons. Note that the pole at 0 is canceled by the subtraction term Go(u)/u
in . The poles and their residues are independent of the artificial parameters &g uv.
The intermediate region only yields a regular contribution.

Poles related to higher order terms in and yield renormalon poles that are
further away from u = 0. Consequently, the poles closest to u = 0 will be called the
leading, next-to leading, ... renormalons. The contributions to the coefficients r,(m) from
the leading and next-to leading IR and UV renormalons are also shown in Table We
observe that the IR renormalons lead to same sign divergent behaviour of the coefficients
and UV renormalons to sign-alternating divergences. Therefore, the UV renormalons are
Borel summable and do not cause any ambiguities, whereas the IR renormalons are not
naively Borel summable. This property is characteristic of the confining nature of QCD.
In QED the beta function has opposite sign and the definition of the Borel sum
must be changed, such that the exponent is negative. This implies that the IR and UV
renormalon behaviour is interchanged in QED.

The coefficients 7, of the large-3, expansion are quickly dominated by the first IR renor-
malon contribution. The exact expansion coefficients of the pole-MS relation have recently
been computed up to four-loop order [49]. The comparison shows that the r, are indeed
a good approximation to the full result already at relatively low orders, with the precise
size of the deviations depending on the heavy quark flavour through the number of light
quarks ny (see Table for the bottom mass). Thus, the exact expansion coefficients are
also dominated by the leading IR renormalon contribution.

2 The same ambiguity appears in the “direct computation.” In , the order of the loop integration and
summation over bubble contributions was interchanged. The sum was then evaluated, which results in
the change of the argument of the strong coupling constant. Since the summation is divergent, this is not
mathematically justified and also leads to an ambiguity. The real part of the result (2.11]) of the ”direct
computation” is identical to the principal part of the Borel integral (2.18)). (2.11) also gets an imaginary
part from the Landau-pole term Arg(A2)/(—Boas) due to a branch cut in Ary along the negative real

axis. It agrees with (2.21)), see [46].
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Renormalon ambiguities indicate the presence of power corrections. They scale as

A2 A2 u;
e—ui/(—ﬂoas) — euilog CigD — ( QSD) i (223)
1

When they appear in physical observables, they are expected to cancel with contributions
from higher-dimensional operators. Thus, renormalon ambiguities are not a shortcoming
of QCD, but rather of applying perturbation theory to QCD without also accounting for
power corrections. The leading ambiguity of the pole-MS mass relation from the u = 1/2
IR renormalon is of the order Aqcp. Since the MS mass involves only a minimal subtraction
of UV divergences, the renormalon ambiguity is part of the pole mass. Since the heavy
quark pole mass refers to an unphysical object, it is not clear how its definition could be
generalized beyond perturbation theory. Thus, its IR renormalon ambiguity cannot be
canceled by including non-perturbative corrections. Parametrically, the concept of a pole
mass can therefore not be made more precise than the confinement scale Aqcp. A recent
study [50] found that size of the ambiguity for the top-quark mass is around 70 MeV. This
is larger than the estimated accuracy in a threshold scan and thus demonstrates that the
pole mass is not suited for this kind of application. Instead a different mass definition will
be used, where the leading IR renormalon is canceled in the perturbative expansion.

2.2. The potential subtracted mass

We discuss the potential subtracted (PS) mass [51] as an example for a mass definition
that only differs from the pole mass by terms of order m,a? and does not contain an IR
renormalon at u = 1/2. Other examples for mass definitions, that comply with these
specifications are the 1S-mass [52], the kinetic mass [53] and the renormalon subtracted
mass [54].

The definition of the PS mass is inspired by the observation that the total energy
Egtatic(r) = 2mg°le + Ve(r) of a static heavy-quark pair gg separated by a distance r <
1/Aqep is an observable and therefore unambiguous [51,55]. Since the static energy re-
ceives no O(Aqep) power corrections, this implies that the leading ambiguity of the pole
mass must be canceled by an opposite ambiguity in the static potential. Below, we demon-
strate this cancellation explicitly in the large-3y limit. The ambiguities in the mass and
potential can be removed by a redefinition of both quantities by an opposite mass shift ]

The large-§y approximation for the Coulomb potential in momentum space is given by

- 4o, Cr 1
2 s
Vel d) = ——5 17 I(—q?)’

(2.24)

We now consider its Fourier transform and repeat the same steps as for the pole-MS mass

3 The 1S mass is based on the same idea, but considers a different observable, the mass of the T(15)
resonarce.
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relation
d3
— zqr
Volw) = [ e Vet
i do(N3) — d
= —dra,Cr / AN2D(N2)d)(N?) + o(Az) = do(0) : (2.25)
_ﬁﬂas
0
where dy(A\?) = e M*l/(47|r|) is the Yukawa potential in position space. We are only

interested in the leading IR renormalon. Thus, we expand the integral in (2.25)) in A\?|r|?

2
EIR

Vo(r) = C“SQCF /d/\2<I>()\2) (\/% — ||+ .. ) +... (2.26)

In the comparison of with and we observe that the leading 1/v/\2
contribution is independent of the distance |r| and indeed cancels in the large-f, approxi-
mation for the static energy of a heavy quark pair. This suggests introducing a subtraction
term to also remove the leading IR renormalon from the mass definition and the potential
separately. The result is a subtracted potential

Vel(r, py) = Vo(r) + 26m(uy) (2.27)

and the potential subtracted mass

22 (g) = mE — om(py), (2.28)
where
Smiss) = — /|| Vel (2.20)

It is clear from that only the leading term in an expansion of the factor ed* =
1+ O(q - r) is required in to achieve the cancellation of the pole at u = 1/2. The
subtraction scale y ¢ introduced in the definitions above is assumed to be of the order myov.
This assures that the PS mass has the scaling required for threshold problems.

We define the Borel transform of ém(gu) in the large 8, approximation by

Sm o >z“fO‘SCFZh Boas)” = B[sm®)(u EZ “—. (2.30)
n

We obtain

2 u
o w3 [ 1 1
BlomP)](u) = 4¢>/3 (—2> [ — oy’ (2.31)

Hy

which only has one IR renormalon pole at u = 1/2. The coefficients h,, are obtained
from its derivatives at v = 0. In Table we show a comparison of the perturbative
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Aml()ﬁo) Am,()exaCt) 6m£ﬂ0) 5m£exa0t) (Amy — 6my) B0 (Amy, — dmy) (2t

n
0 0.40107 0.40107  0.19099  0.19099 0.21009 0.21009
1 0.28043 0.19988  0.14677 0.11942 0.13366 0.08046
2 015735 0.14537  0.12980 0.11342 0.02755 0.03194
3 0.14636  0.135(2) 0.13605 0.13628 0.01032 —0.001(2)
4 0.17372 0.17172 0.00201
5 0.26219 0.26060 0.00159
6 0.46829 0.46866 —0.00038
7 0.98057 0.97997 0.00060
8 2.33909 2.33995 —0.00087

Table 2.2.: The terms in the perturbative expansion of the pole-MS (Amy), the pole-PS
(0myp) and the PS-MS (Amy, — dmy) mass relation are shown for the bottom
quark in the large 3, approximation and exactly, where available. We use

myS(mMS) = 4.2 GeV, u = 4.2 GeV, ay(u) = 0.225 and pu; = 2 GeV as inputs
and neglect all light-quark masses.

expansions of the pole-MS, the pole-PS and the PS-MS mass relation for the bottom
quark. We observe that both the pole-MS and the pole-PS mass relation start to diverge
from the order a® (n = 4). The exact expansion is known up to order o} and we see
that already for n = 2,3 the large [, approximation reproduces the full result up to
O(10%) corrections. The PS-MS mass relation is much better behaved. The minimal
term is reached for n = 6, where the contributions from the leading UV renormalon begin
to dominate. Recall that UV renormalons are naively Borel summable and do not cause
ambiguities. The remaining renormalon ambiguity is due to the pole at u = 3/2 in
and of the order A?QCD /m? ~ 1 MeV, which is completely negligible compared to other
uncertainties. Thus, the PS mass is ideally suited for threshold problems. Furthermore,
it can lead to improved convergence with respect to the MS scheme in observables where
a heavy quark is close to its mass shell like inclusive B decays. Comparisons of different
mass schemes in this context can be found in [9,56].






3. Effective field theory setup

In this chapter we describe the effective field theory setup, that all computations in this the-
sis are based upon. In Section 3.1 we discuss the basic scaling properties of the threshold
production of heavy quarks. Section discusses how loop integrals can be systematically
expanded according to these scaling rules prior to the loop integration. Rather than per-
forming expansions on a diagrammatic level, it is beneficial to construct an effective field
theory, whose Feynman rules directly give the expanded form of the contributions. It is
provided by PNRQCD, as described in Section Finally, Section shows how the
setup can be generalized to also account for the decays of the top quarks. The procedure
introduces spurious divergences in the resonant and non-resonant contributions to the full
cross section, which cancel when they are treated in a consistent way. We therefore devote
Section to a detailed description of the organization of the computation.

3.1. Kinematics and basic structure

We consider the production of a top pair in e™e™ collisions by the s-channel exchange of
a photon. The tree-level diagram for this process is shown in Figure [3.1] The threshold
region for this process is defined by s = ¢*> ~ 4m?, or more precisely in the center-of-mass
frame by ¢ = (2m; + E,0) with £ ~ mya?. The top quarks can be off-shell by a small

s

Figure 3.1.: Tree-level diagram for the production of a top pair from a s-channel photon.

amount determined by their width ['; ~ m;a. Our counting for the coupling constants is
a ~ a2, which is numerically well justified. We parametrize the top-quark momentum by
small fluctuations around them being at rest, p; = (my, 0) + p and p; = (my,0) + p. The
condition

2

P} —mi ~mly ~mial (3.1)

19
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gives the following scaling for the top momentum

pO ~ mtag, P ~ mia, (3.2)

and the same for the anti-top. We observe that, near threshold, the tops are non-relativistic
with a small velocity of the order of the strong coupling constant

v=VE/my ~a, < 1. (3.3)

This implies that threshold production involves three different scales, which are the hard
scale, set by the top mass m;, the soft scale, set by the spatial top momentum p ~ muv ~
mya,, and the ultrasoft scale, set by the kinetic energy p® ~ muv? ~ mya? of the tops.
The presence of multiple scales makes the computation of higher order corrections very
challenging and it requires sophisticated methods, which will be described in Sections |3.2
and 3.3

First however, let us consider the expansion of the diagram in Figure |3.1] in the small
velocity v. For non-relativistic systems it is convenient to use the Dirac basis

o) = VIR TP (o ) (3.4)

2m¢+pY

op
v(pg) = \/th +]50 (2mt;ﬁ0n) : (3‘5)

o ((1] _01) | (3.6)
Y = (_‘(’ﬂ. ‘B) (3.7)

The two-spinors are normalized according to ¢7¢ = nfn = 1. Due to the ward identity
¢"I', = 0, the zero component of the vertex vanishes in the center-of-mass frame. The
spatial components are simply

uy'v = 2mElo'n + O(v?), (3.8)

where the missing terms are only relevant at NNLO in the non-relativistic power counting
v ~ @, We now consider the virtual one-loop correction shown in Figure 3.2l In the
threshold region, real radiation is restricted to very small momenta k ~ m,v? by momentum
conservation and is therefore strongly suppressed. Thus, it will not be considered here.
Instead of the whole loop diagram integrated over all momentum regions, we focus only on
the part where the top quarks inside the loop are also non-relativistic. This implies that
the loop momentum £ also scales like . The expansion of the numerator in this region
yields

WY (K + p, +mo)y (k= Py + m0) Yo
= muya(1 + )7 (1 =) Y0 + ...
= —8m3¢Ta'n + O(e) + O(v?), (3.9)



3. Effective field theory setup 21

Figure 3.2.: One-loop diagram for the production of a top pair from a s-channel photon.

which has the same structure as the tree-level result (3.8). When the same expansion is
also applied to the denominators, one obtains

z/ d?k 1
(2m)4 k*[(k + pe)* — m][(k — pr)? — m{]

[ dk 1
B Z/ (2m) [=k2][2my(k° + p°) — (k + p)?][2m(E — kO — p°) — (k + p)?] e

1 / 'k 1 .
Amy ) @2m) =R E - (k+p)?]

1

1 F(1/2+6)/ dx 1
= RN e 3.10

dmy (4m)3/2=< | [2(1 — 2)p? — am, E]1/>+e - miv * (3.10)
0

In the second step the contour in the k° plane has been closed in the upper half-plane and
the residue of the pole at k° = F — p° — (k + p)?/(2m,) + 0 has been picked up. The
remaining integral over the spatial components of the loop momenta is straightforward.
We can already see from its Feynman parametrization that it scales like 1/v because both
p? and myE are of the order m?v?. It may seem odd that the integrand is expanded
non-relativistically, whereas the integration is performed over the whole domain of loop
momenta. In the framework of the expansion by regions, discussed in the next section, this
will turn out to be a well-defined contribution to the complete loop integral expanded in v.
For now, we are mainly concerned with the scaling of the integral and note that it could
also have been obtained from applying the power counting k° ~ m;v?, k ~ m,v to the inte-
gration measure d%k = dk°d? 'k ~ m}v® and the denominators, which all scale like m?Zv?.
In conclusion, the considered contribution from the one-loop correction is proportional to
the same structure 7o'y as the leading order result and has the relative scaling o, /v. Since
v ~ «g, this contribution is not suppressed relative to the tree-level one. This generalizes
to arbitrary loop orders, which can be demonstrated by applying the power counting to
the type of diagrams shown in Figure which scale like (a;/v)™ ~ 1. Additional gluons
do not change the structure of the numerator . Thus, the Dirac algebra is trivial at
LO in the non-relativistic regime. The scaling of the ladder diagrams demonstrates the



22 3. Effective field theory setup

Figure 3.3.: Ladder type diagram for the production of a top pair from a s-channel photon.

breakdown of conventional perturbation theory in «a; for threshold problems. To obtain a
reliable prediction, it is necessary to sum these ladder type contributions to all orders.
We note that a naive power counting analysis leads to the fallacy that other structures
with an equal number of propagators are also unsuppressed, e.g. ladders with crossing
rungs or with vertex corrections to rungs. It is simple to show that these examples vanish
because the poles in the zero component of one of the loop momenta lie on the same side of
the contour, which can thus be closed without picking up either of the residues. However,
it is difficult to generalize these arguments to all possible contributions, especially when
higher orders in the expansion are considered. Clearly, a more formal approach is required.

3.2. Expansion by regions

The threshold production of top quarks is governed by a hierarchy of three scales. They
are set by the mass m;, the spatial momentum m,v and the non-relativistic energy m,v?
and denoted as the hard, soft and ultrasoft scale, respectively. Having three different
scales makes the exact evaluation of multiloop integrals particularly difficult. Instead of
attempting to solve the integrals exactly, the large hierarchy between the scales makes it
possible to expand in their ratios, which is equivalent to an expansion in the small velocity
v. This can be done prior to the loop integration by a method denoted as expansion by
regions [57-59]. The relevant momentum regions for threshold problems are

hard region (h): KO ~my,  k~my,
soft region (s): KO ~mu, k~mu, (3.11)
potential region (p): k% ~ mu?,  k ~ myv, '

ultrasoft region (us): kY ~ mp?,  k ~ muv?

The recipe to obtain the expansion of a given one-loop integral is
7o [atns ) = [ @ s+ [ ahToy )+ [ @i s+ [ @0, 612)

where 7T, corresponds to a Taylor expansion of the loop integral with respect to the ve-
locity and 7y to a Taylor expansion of the integrand with respect to the scaling (3.11))



3. Effective field theory setup 23

Figure 3.4.: Two-loop example for the expansion by regions.

of the region r for the loop momentum k. It is assumed that the parametrization of the
loop momentum satisfies what is called ”canonical routing” in [57]. This means that the
large external momenta of heavy quarks are routed through the heavy quark lines in the
loop as well. The formulation of the threshold expansion is for example not valid
for Figure [3.2| with the reparametrization k& — k — p;. A reparametrization-independent
formulation in terms of subgraphs of different momentum regions can be found in [57].

The expanded integrands are integrated over the whole domain and all scaleless integrals
are set to zero. In general, this procedure leads to additional divergences in the individual
integrals, that cancel in the sum over regions. It was proven that there is no multiple
counting associated with the fourfold integration over the whole domain in [59]. This relies
on the use of dimensional regularization for the integrals and the homogeneous scaling
in the small parameter v of all the regions. In general, the expansion by regions can be
formulated including so-called overlap contributions, which account for multiple counting.
In the application to threshold production these overlap integrals are all scaleless and
vanish. The formalism of [59] also assures that no regions are missed. Any additional
regions one might introduce only yield scaleless integrals.

The ad hoc treatment used in the previous section for the diagram in Figure |3.2] cor-
responds to the leading contribution from the potential region. Section 4 of [59] shows
how the expansion of the full result for the scalar integral of the diagram in Figure [3.2]is
reproduced by the expansion by regions in a mathematically rigorous way.

The expansion by regions can also be applied to multiloop integrals. In this case a
formulation in terms of subgraphs is mandatory because, in a given parametrization (even
for ” canonical routing”), there can, for example, be contributions, where the loop momenta
k and [ are hard, but a certain linear combination of them is potential. This is the case
in Figure |3.4) with k£ and [ hard, but k 4 [ potential. The proper description is that the
subgraph involving the lines 3, 4, 5, and 6 is hard and the remainder potential. Loosely
speaking, the full result is obtained by taking the sum over all possible assignments of
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regions to subgraphs. Since the procedure is very intuitive, we refrain from describing
the algorithm for obtaining the result for a general diagram in the expansion by regions
meticulously and refer to [57] instead.

3.3. Non-relativistic and potential non-relativistic QCD

The expansion by regions provides a method to expand an individual loop integral in a small
parameter. At higher orders in perturbation theory, the number of diagrams grows rapidly.
For applications at NNNLO, it is therefore advantageous to perform this expansion at the
Lagrangian level by introducing effective field theories. The corresponding Feynman rules
provide a way to obtain the terms of a certain order in the expansion by regions directly,
without referring to diagrams in the full theory. This section only deals with QCD and
the discussion of electroweak effects is postponed to Section [3.40 The complete setup
necessary for the NNNLO QCD computation is described in detail in [60] (see also [61}/62]
for additional reviews). We restrict our discussion to the basic concepts and refer to the
literature for detailed results.

The production of a top pair in e*e™ annihilation proceeds via the exchange of photons
and Z bosons. The coupling of photons to fermions is vector-like and the Z boson couples
to vector currents and axial-vector currents with the respective strengths

T — 2¢5sin®4, TJ

Uf = af (313)

2sin @, cos b, ’ 2sin @, cos b,

where 6, is the weak mixing angle, ey the electric charge and T3f the third component of
the weak isospin of the fermion f.

We define the ratio R = oyx /0o as the inclusive ¢t production cross section oix =
o(ete” — ttX) normalized to the high-energy limit of the u*pu~ production cross section
oo = 4ma? /(3¢%). The optical theorem can be used to relate the R-ratio to the imaginary
part of the spectral functions II("® of vector and axial-vector currents

2 2
R =127 Im {efﬂ(”)((f) — %ervtetﬂ(”) (¢*)
; v (3.14)
+ (ﬁ) (02 + a2) (T (¢%) + @11 (¢)) |
q* — My
The spectral functions are defined as

) (¢%) = i / dz " (0] T [0 (2)i50(0)] | 0)
(3.15)

= (qutv — *9) TV () + e 11 ().
for the vector current j,(f) = t7,t and the axial-vector current j,(f) = ty,75t. We want

to determine the cross section in the non-relativistic expansion as ~ v < 1. Including
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the all-order summation of the ladder graphs in Figure (Coulomb resummation), the
counting is

1 LO
k
Qg g,V NLO
R~wv — ] X . 3.16
; ( v ) o agw, v? NNLO (3.16)

a2, a?v, v v3 NNNLO

The prefactor v comes from the phase-space, which is suppressed near threshold. We
describe below, how the Coulomb resummed cross section can be computed using effective
field theories.

The construction of the effective field theory makes use of the large scale hierarchy.
The hard and soft scale can be integrated out because external particles with these large
momentum modes cannot appear as final states in the threshold region due to kinematic
restrictions (see Section. The full theory, QCD, contains heavy quarks () and massless
particles g (gluons, light quarks and ghost are abbreviated here with ¢ for simplicity of
notation) of all momentum regions. However, heavy quarks cannot be ultrasoft. This
is equivalent to the statement that all terms with an ultrasoft heavy quark line lead to
scaleless integrals. The procedure consists of two steps:

EQCD[Q(h,S,p),g(h,s,p,us)] n>m
Crnaenl@Gp), o) o < p<m (317)
Lenraep|[Q(p), g(us)] < mu

In the first step, non-relativistic QCD (NRQCD) [63-65] is constructed by integrating
out the hard scale. In the process hard subgraphs are contracted to local vertices. In
the spectral function, the hard subgraph can either contain both external currents, one
of them or neither one. In the first case, the imaginary part vanishes since there are no
on-shell cuts involving hard modes. Hard subgraphs, that contain one external current,
are absorbed into hard Wilson coefficients ¢,, d, and ¢, of the non-relativistic currents

dy

J = elotx + —Sulet D+ (3.18)
6m

(a)k Ca k .

jlk — 2mtz/ﬂ [a ,(—z)a-D}X—i—..., (3.19)

where () are the non-relativistic heavy quark (anti-quark) fields, which can be either
soft or potential. The Wilson coefficients can be computed in perturbation theory through
a matching computation. The NNLO corrections to ¢, are known since the 90’s [66,67] and
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the full NNNLO result required for the third-order cross section was computed recently [68-
70]. The coefficient d, multiplies the subleading term in the non-relativistic expansion of
the vector current, which is suppressed by v? ~ 2. Thus, it is only required up to NLO [60].
The axial-vector current is of order v ~ «,. The interference contribution of a vector and
axial-vector current vanishes when integrated over phase-space and, therefore, ¢, is also
only needed at NLO. It is known up to NNLO [70].

Last but not least, hard subgraphs, that do not contain either one of the external cur-
rents, are represented by local operators in the NRQCD Lagrangian. The NRQCD La-
grangian contains only the non-relativistic degrees of freedom indicated in . The
matching computations, that are relevant for the NNNLO cross section, were performed
in [60], where the Lagrangian and the Feynman rules can be found.

The spectral functions in NRQCD take the form

1 N, E d

O = L oy Ne [ _E y

1" (¢%) (d—l)qQH” (%) mecv {cv m(cv+3>] GE)+..., (3.20)
1 Nec2 d—2

(@) (42} = (@) 2y _ 2YcCa P

1'(¢*) (d_l)qQHu( ) 2m;ld—1G (E)+ ..., (3.21)

where the dots stand for terms that are beyond NNNLO. The expressions G and G* are
non-relativistic S-wave and P-wave Green functions

i
~ 2N.(d —1)
i

" 8N.(d—2)

/ doe™ (0| T ([To*X]"(@) [ 1o*X1(0)) [ 0)ypgep + (3:22)
/ dee™ (0| T ([T X" (@) TN (0)) | 0)xpqep - (3:23)

where I'* = (—i) [O'k, o- D}. They must be evaluated with the NRQCD Lagrangian.

In the second step of , the soft modes and massless potential modes are integrated
out. If the soft subgraph connects to both external currents, there are again no on-shell
cuts. If it connects to one external current, it gives a contribution to the soft Wilson
coefficients for the external current. However, it was demonstrated in [60] that the soft
matching for the external currents is trivial, since all integrals are scaleless. Soft subgraphs,
that do not connect to the external currents, are absorbed into the Lagrangian of an
effective field theory called potential non-relativistic QCD (PNRQCD) [3438]. It has the
form

o’ a*
— T _ . -
EPNRQCD @b (Zao + o + gsAo(t, 0) gsX E(t, 0) + 8m3> w

82 84
+x' <230 — 5, +0540(t,0) — gx - E(t,0) — %> X (3.24)

T / M [650s] (2 + ) Vapea(r, 8) [xixa] (),

In PNRQCD, the heavy quark fields are purely potential and the gluon field is purely
ultrasoft. Thus, they have a manifest power-counting in the velocity v. The counting
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Y ~ (mw)*? for the heavy quark fields can be deduced from the expansion of the full
theory propagator

d'p i(p+m)
(2m)% p?2 — m? 440

(0] Tq(x)q(y) | 0) = / e~ (@y) (3.25)

in the non-relativistic region, where

i(p+m im(1 4+ ~° 1
prm) _ _im(+sY) 1 (3.26)
p2—m2+i0 2mp? — p? + 10 mu?

and d*p ~ m*v®. The i0y and 8%/(2m) terms in have the same counting in v because
they act on a potential mode with p° ~ mv? and p ~ mv. The leading order kinetic term
of the heavy quarks has the typical structure for non-relativistic modes and is of the order
m*v®. The non-relativistic quark and anti-quark fields interact via potentials Vp..q. The
leading effect is the color Coulomb potential given by

Qg
Vapeea(r, 0) = —HT;;T;;, (3.27)

which comes from integrating out potential gluon exchange. Counting r = |r| ~ 1/(mv),
the LO potential term in is of the same order m?v® as the kinetic terms. Thus, it
must be treated non-perturbatively, which accounts for the Coulomb resummation in the
cross section. Contrary to most field theories, the LO approximation of PNRQCD does not
describe the propagation of free particles, but the propagation of heavy quark-antiquark
pairs, that interact via the instantaneous LO color Coulomb potential.

The effective theory described by is local in time, but non-local in space due to
the appearance of the potentials. This may seem peculiar, but can be understood in a very
simple way. The first step in the construction of an effective field theory is to integrate out
certain particles or momentum modes. This does not rely on any hierarchies whatsoever.
Any modes, that do not appear externally, can be integrated out in principle, which always
yields a nonlocal action. The size of the non-localities is determined by the typical distance,
over that the modes were propagating, i.e. they are of the size x, ~ 1/m for the hard
modes integrated out in the first step in . In the construction of NRQCD, one then
exploits that the remaining modes are at most soft, which means that they only fluctuate
significantly over distances of the order zg,. ~ 1/(muv) or larger. The hierarchy z,) < Zgyc
enables us to perform an operator product expansion (OPE) |71] to obtain a local effective
theory. The physical picture corresponding to the expansion is that the wavelength of the
remaining modes is much larger than the size of the non-localities, which implies that they
cannot be resolved and non-local operator products appear point-like.

In the second step of , soft modes and massless potential modes are integrated
out. From the expansion of the propagator, we observe that massless potential modes
only propagate in the spatial components. Thus, integrating out these modes yields non-
localities of the order t, ~ |xu| ~ 1/(mwv). The remaining potential heavy quark fields
fluctuate significantly over time differences of the order tg,. ~ 1/(mv?) and spatial distances
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of the order |Xgque| ~ 1/(mwv). Fluctuations of the ultrasoft modes occur over similar or
larger scales tgue ~ [Xguc| ~ 1/(mwv?). We observe that there is a hierarchy between the size
of the non-localities and of the remaining fluctuations in the time component ¢, < tqyc,
but not in the spatial components |xy| ~ |Xguc|. Thus, an expansion in the time component
can be performed to render the effective theory local in time, but the non-localities in the
spatial components remain. This explains the structure of PNRQCD.

Similar scaling arguments also demonstrate why the ultrasoft gluon field has to be mul-
tipole expanded in ([3.24). The ultrasoft gluon field can resolve the temporal, but not the
spatial fluctuations of potential heavy quark modes. Thus, the ultrasoft gluon fields are
multipole expanded in their spatial components in the interaction terms with heavy quarks
in . The multipole expansion in position space corresponds to the strict expansion
by regions in momentum space, which renders all terms homogeneous in v. Details on the
origin of the ultrasoft gluon interaction terms can be found in [56].

The leading term in the multipole expansion gsAg(f,0) couples to the net color charge
of the heavy quark pair. Since the initial state is colorless the net color charge vanishes
and the gs;Aq(t,0) coupling does not contribute. Technically, this can be demonstrated by
performing a field redefinition involving a Wilson line of the A, field

o0

W(x) = Pexp | —ig, / dtAo(z + (t0)) | (). (3.28)

and analogously for the anti-quark field [72]. The symbol P stands for anti-path ordering of
the exponential. The redefinition (3.28) removes the g;Aq(t,0) term from the Lagrangian.
It introduces a Wilson line in the couplings to g,x - E(¢,0), which modifies the Lagrangian
only beyond NNNLO.

The chromoelectric dipole term g,x - E(t,0) is of the order m*v'3/2 i.e. suppressed
by v¥2. Tt contributes at NNNLO because two insertions are required to obtain a non-
vanishing effect. The ultrasoft corrections due to the chromoelectric dipole operator have
been computed in [73}[74].

The Coulomb resummed cross section is obtained by evaluating the non-relativistic Green
functions and in PNRQCD. Due to the triviality of the soft matching of the
external currents, they are given by the expressions and with the only differ-
ence that the matrix elements have to be evaluated within PNRQCD instead of NRQCD.
Derivations of the PNRQCD Feynman rules can be found in [38,60]. Barring ultrasoft
effects, PNRQCD perturbation theory works exactly like time-independent perturbation
theory in quantum mechanics and the particle numbers of the heavy quark and anti-quark
are separately conserved. The crucial difference with respect to quantum mechanics is that
the potentials are not phenomenological, but follow directly from a matching procedure
to the full theory, QCD. Furthermore, PNRQCD also describes ”vacuum fluctuation” ef-
fects in a systematic way. For example, its cousin PNRQED provides a completely linear
derivation of the Lamb shift [35], without any complications like the need to introduce
an artificial photon mass [75]. It is therefore also an ideal framework for some precision
calculations in atomic physics, see e.g. [76].
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Figure 3.5.: Graphical representation of the Lippmann-Schwinger equation.

The Coulomb resummed propagator for a heavy quark pair in a color singlet state is given
by a non-relativistic Green function and higher order potentials are treated perturbatively

(m—&-E/Z,p] (zn—i—E/Zp/) .
Go = g g g iGo(p, P E),
(B2 p)  (m+ B2 -p) ) 0
(m+E/2,p)_>_ _)(_m+E/2,p’)
5V, 0V (P, P')-
(m+ E/2,—p) B (1 1 B/, —p)

The Green function Go(p, p'; E) satisfies the d-dimensional Lippmann-Schwinger equation
2 d—1
p ~ , 9 [ Ak 4nCray ~ ,
——F |G B — G —k,p FE
(mt ) 0(p7 P ) H / (27T)d_1 K2 0(p P ) (330)
= (2m)" 16V (p —p'),

where fi = p [€7% /(47)]'/? has been chosen such that the minimal subtraction of 1/¢ poles
corresponds to the MS instead of the MS scheme. The equation has the structure
shown in Figure (3.5, which comes from splitting the sum over arbitrary number of gluon
exchanges into zero exchanges and the sum over at least one exchange. The tilde is used
to indicate that the Green function is given in momentum space. Its Fourier transform

ddflp ddflp/ or —inl el A
Golr's ) = [ G [ G e e Gt ) (331)
is the solution to a Schrodinger equation
v, C
<—m—(t) - FT% — E) Go(r,r'; E) = 6®(r — 1) (3.32)

in four dimensions. Representations for the Green function are only known in d = 4
dimensions [77-80]. It is convenient to decompose the Green function in terms of partial
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waves
o /

Golr,t' E) =Y (20 + 1)13,(’”

=0

) Gm(T‘, T/;E), (3.33)

rr!

where [ is the quantum number of the angular momentum of the quark pair and P(z) are
the Legendre polynomials. We will make use of the integral representation from [77],

myp (2pr)'(2pr")!
G "B =
L (S SV (ES Iy
1 [e's)
X /dt/ds [s(1 = )] [t(s — D] M exp {—p[r'(1 — 2t) + r(2s — 1)]},
0 1
(3.34)
valid for 7 < r and a sum representation from [79,80],
gy = TP o N9 p—p(rr) N S s s _
Gutr:rsB) = g e o eV S CE S 6
with the Laguerre polynomials
L) = 0 (AN [ era] (3.36)
y s! dz
We have also defined
b= V _mtEa
myaCr (3.37)

The non-relativistic correlators and can now be evaluated in the resummed
perturbation theory. The Feynman diagrams up to NNLO are shown in Figure |3.6| The
higher order potentials have been determined in [37,[81-87] and can be found in [60]. For
the computation of the P-wave contribution, we require only the colour-singlet projection

1

V(pa p/) = Fébcéda‘/ab;cd(pa p/) (338)

of the general potential up to NLO. It is given by

, 4rCrog Q
Vipp) =g YO+ 2 0]+ (3.39)

where the coefficients of the LO and NLO Coulomb potential in d dimensions are

VO =1, (3.40)

O N Pt
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Figure 3.6.: The Green functions (3.22) and (3.23) in PNRQCD perturbation theory.
The Vertices correspond to the insertion of the non-relativistic currents given

in and (3.19).
i weD(1— 92— T 4
evee —€ —e)l'(e
ar(e) = (CA[H — 8 — 4Tan) B3t " =, (3.42)
and 10, AT
n
fo=—3"——5" (3.43)

where Cy = 3, Tp = 1/2 and ny is the number of massless quarks. Using the Feynman
rules (3.29) for the non-relativistic correlators (3.22)) and (3.23) at NLO, we obtain

G(E) = 2?\[6 / dze™ (0| T ([ () ['X](0)) [ 0) pupaon

= Go(E) +61G(E) ¥

1 jite / d2d7r1d 1/ = Go(p,p1; B) i (_@?3_—0;2)2])(01)> iGo(p2, s E)
+ } (3.44)
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d'p, A’ 'py a’Cp
i G Y| ——2— (1) e B
+ [ /(QW)d_l / (27)d-1 o(P; P1; )2( o _p2>2VC iGo(p2, P E)

+ } (3.45)

We have used the spin independence of the NLO potential to evaluate the spin
algebra once and for all in the first step. The leading order terms Go(F) and G{'(E) of the
non-relativistic correlator for the vector and axial-vector current project out the S-wave
and P-wave component of the full Green function (3.33)), respectively. The arguments
are r = 1’ = 0 because the quark pair is produced and annihilated by a hard process,
which is represented by a local operator in the effective theory. Using the four-dimensional
representation , we see that the Green functions are divergent for r,7" — 0. These
divergences will be regulated dimensionally. The result for the LO S-wave Green function
in dimensional regularization is

miasCr [ 1 w . 11 -
GO(E)ZQL—WF Lt g vl = )+ 0(9)] (3.46)

expressed through LY = log(Miw/(mwasCr)), and 1(z) = g + ¢(z), where ¢ is the
logarithmic derivative of the gamma function. We distinguish between the renormalization
scale p,, which appears in (3.46)) only implicitly as the argument of the strong coupling
constant «; = as(p,), and the scale p,,, which is introduced together with the spurious
divergences (cf. Section by the splitting of loop integrals into different momentum
regions. We note that the imaginary part of is independent of the scale p,,. The
1, dependence of the pair production cross section first appears at NNLO and only when
the decay width of the heavy quark is taken into account. The consistent treatment of the
heavy-quark decays, which we describe in Section and |3.5 guarantees the cancellation
of the spurious divergences and the related pu,, dependence.

Results for the S-wave Green function up to NNNLO were computed in 60}, 74,88} /89].
We have evaluated the P-wave Green function up to NLO in [1], which will be reviewed
in Section 5.2 Some earlier results are available as well [90-{93], but none of them were
obtained in dimensional regularization and, thus, they cannot be combined consistently
with the rest of the computation.

The resummation of the Coulomb exchanges produces bound-state poles in the Green
function. The locations and residues of these poles correspond to the bound-state energies
and the wave functions at the origin of the vector resonances, respectively. Explicitly, the
exact Green function contains single poles of the form

EoE,  [Ya(0))?

- E,—FE—i0
WO O)2(1+ FY 4.
EP+EN 4. )—E—i0

G(E) + regular (3.47)

+ regular, (3.48)
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where at LO

ma2C?% 1 (ma,Cr\>
- U CTE C e (3.49)

and E](\? and F 12;) describe perturbative corrections to the energy levels and wave functions,
respectively. When computing higher-order corrections, we however obtain the Green
function in its perturbatively expanded form

0 0 1 0 1
pa _[WWOF | -V OPE [ (0)PEY

G(E)
EPV-E—i0 |(EY-E-i0)2 EY-E—i0

+ -+ regular. (3.50)

Due to the different structure, the perturbative and exact Green functions differ numeri-
cally in the vicinity of the resonances. This can be cured by performing a pole resummation,
where we subtract from the perturbative result for the Green function and add back
the exact form of the poles . To do so, it is necessary to determine the perturbative
corrections to the energy levels and wave functions, which can be read off from the expan-
sion of the Green function around the bound-state poles. We do this for all contributions
and it is implied that pole resummation is used throughout. For the P-wave contributions,
it is done explicitly in Section [5.2.3

3.4. Top decays and generalization to Unstable Particle
Effective Theory

Previously, we have treated the heavy quarks as stable particles. The decay width of the
bottom quark is of the order T', ~ mja/mj;,, not counting an additional CKM suppression.
With respect to the lowest scale of the threshold production process, the energy F ~ mya?,
it is suppressed by (my /My )* ~ 1075, Thus, it is perfectly justified to neglect the decays
of the bottom quarks. The top width is, however, of the order I'; ~ m;«a, which is the
ultrasoft scale. Consequently, the decays of the top quarks cannot be factorized in the
sense of a narrow-width approximation and modify the cross section near threshold in a
non-perturbative way. Thus, the top-quark pair production cross section is ill-defined near
threshold. Instead one should consider the inclusive production cross section for its decay
products XbbW W~ in the same kinematic region This final state can also be produced
without an intermediate non-relativistic top pair, i.e. non-resonantly. Physically, these
contributions cannot be distinguished. Thus, they must be summed to get a well-defined
result for the XbbW W~ cross section near the top-pair production threshold.

This structure is also reflected by divergences, that appear separately in both parts.
In the resonant contribution, they come from the UV limit of the loop momenta, where
the virtuality of the top quarks becomes large, although being small parametrically. In
the non-resonant contribution, the situation is reversed. The virtuality of the top-quarks

1 We will however continue to also use the phrase top-pair production near threshold with the understand-
ing that it really refers to the production of XobW W~ in the kinematic region s ~ 4m?.
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is parametrically large and divergences arise from the IR region of loop momenta, where
the tops are numerically close to on-shell. These divergences cancel in the sum over both
contributions, which renders the cross section well-defined.

The inclusion of electroweak effects requires a generalization of the effective field theory
framework described above. The required steps for the construction of Unstable Particle
Effective Theory have been described in detail for a toy model in [39,/40]. The setup was
then used to compute the cross section for the process e"et — ,u_DHuCZX in the resonant
W*W~ region at NLO [94,95] and N3/2LO [96] in the power counting a ~ v? ~ a2. For
top-pair production, NLO [97] and partial NNLO [98-100] results are known. A review of
Unstable Particle Effective Theory and its applications can be found in [101]. Below, we
describe the setup that is required for the full NNLO electroweak corrections.

Let us begin by studying the momentum regions, that are relevant for the additional
particles. In the center-of-mass frame, the incoming electrons and positrons are very en-
ergetic, but close to their mass shell. We can use the direction of the electron momentum
to define a light-like vector n. With a second light-like vector n, that satisfies the relation
n-n = 2, one can perform a light-cone decomposition of momenta

1 1 _
k“:§(n~k) n“—|—§(n~k) 4+ kY (3.51)
where n -k, =n-k;, = 0. A natural choice for n would be the direction of the incoming
positron. The region collinear to n is defined as

n-collinear: n-k~myg, n-k~ma? ki ~ myo. (3.52)

This implies that collinear momenta have small virtuality k% ~ m?a?. The interactions of
such modes with massless gauge bosons can be described within Soft-Collinear Effective
Theory (SCET) [102-106]. We refrain from giving an introduction to SCET here and refer
to the very nice review [107], that has appeared recently.

Hard modes can appear from interactions of collinear modes with different directions.
E.g. ahard photon can be produced from the annihilation of the incoming collinear electron
and positron. In addition a collinear electron can radiate either a collinear or an ultrasoft
photon, while preserving its collinear scaling. The latter region is usually denoted as the
soft region in the SCET literature, but we stick with our convention and call it ultrasoft
to avoid any ambiguities between soft in the sense of SCET and PNRQCD. Of course,
photons can also be soft or potential, when they couple to the non-relativistic modes in
the PNRQCD sector of the final state and electrons soft in the vacuum polarization of
potential photons.

Electroweak W*, Z and Higgs bosons have masses that are of the same order as the top-
quark mass. Thus, they can only be hardE] The bottom-quark mass will be neglected here.
Bottom quarks are singled out from other massless fermions because they are produced by
the decay t — bWW*. Bottom quarks produced by this decay or other electroweak processes

2The non-relativistic modes of the top quark are only present because the experimental setup is tuned to
the top threshold. Thus, they need not be considered for the electroweak bosons.
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are always hard because they have large energy and no direction is distinguished in the
inclusive cross section, i.e. they are not described by collinear modes. They can also have
momenta in other regions, e.g. when they appear in the context of a sum over all light
quarks in the vacuum polarization of the gluon, but this contribution is not specific to the
quark flavour and we assume it is already taken into account as part of generic massless
modes.

To sum up, we have to take the following additional regions into account:

ety hard, collinear, ultrasoft; soft; potential photons,
W+ Z H hard, (3.53)
b hard (when produced in electroweak processes).

Unstable Particle Effective Theory is constructed in the same manner as PNRQCD, by
integrating out all hard, soft and massless potential modes. Consequently, it is formulated
in terms of the same dynamical modes as PNRQCD with the addition of collinear electrons
and collinear and ultrasoft photons. We note that it is also possible to integrate out
collinear modes that differ from the external states by a collinear momentum, and to
only keep so-called external-collinear modes for the electron field [39,/40]. While this has
clear advantages for the production of a single resonant particle, it is not essential for our
treatment of top-pair production and will not be discussed.

Let us consider the imaginary part of the forward scattering amplitude A. Similar to
before, hard subgraphs can either connect to both the incoming and outgoing collinear
electron and positron, only one side, or none. Now however, the first type yields a non-
vanishing contribution because, unlike tf, cuts like tbWW~ and tbW™, corresponding to
the final state bbW W~ X, are kinematically possible in the hard region. Integrating out
such a hard subgraph gives production-annihilation operators OSZ) with the field content
(951’;) ~ (€ T1€0,)(Ec,I'2€c, ), where T'; are shorthands for a combination of Dirac matrices,
c1 and ¢y are the directions of the incoming electron and positron and e., the respective
collinear fields. The respective Wilson coefficients C’il;) are complex now and the imaginary
part corresponds to the non-resonant contribution to the cross section.

Integrating out hard subgraphs, that only connect to the incoming or the outgoing
collinear states, gives production or annihilation operators Oék) with the field content
Oék) ~ (&, T1€e,)(¥T9X). They replace the external currents in the pure-QCD framework
since the collinear electron field is now also part of the effective theory. The respective
Wilson coefficients C’ng) acquire an imaginary part from cuts over full-theory diagrams like
those shown in Figure Only cuts that correspond to the inclusive bbW W =X final
state must be taken into account. These contributions describe the interference of the
resonant and non-resonant production mechanisms. To the left of the cuts in Figure (3.7
the final state tbWW™* is produced in a hard tree level process, i.e. non-resonantly. On
the right, it is created from a non-relativistic top pair through the decay t — bW ™, i.e.
resonantly. These contributions are attributed to the resonant part because they contain
the propagation of a non-relativistic top pair.

Last but not least, integrating out the remaining hard subgraphs yields the sum of the
SCET and NRQCD Lagrangians, which contain additional terms from the electroweak
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Figure 3.7.: Examples for full theory diagrams that contribute to the imaginary part of the
Wilson coefficients C’ng).

sector. After soft and massless potential modes are also integrated out, one obtains the
effective Lagrangian

Leg = Lpnrqep + 0swLenrqep + Le, + Le, . (3.54)

The PNRQCD Lagrangian was shown in (3.24]), supplementary terms due to electroweak
effects will be given in (3.67)) below and

1

Ec-zic- m - D ) s o~ A
i 6z<m +Zm“m-DCi+ZO

’ilDJ_C,) %eq — lFCiWFC’f” +... (3.55)
T 2 4 T
is the SCET Lagrangian for the c¢;-collinear sector, where indices ¢; refer to ¢;-collinear
fields and the covariant derivative with no index includes couplings to the ultrasoft and
ci-collinear photon field.

On the whole, one obtains the master formula [40] for the forward scattering amplitude

iA = ZC’I(,IC)CS) /d4x (e”e™|THOMT(0)iOP (z)]e"e™)
ol
+ 3" O (em et [0 (0)]eme™) (3.56)
k

where the first line corresponds to the resonant contribution and the second line to the non-
resonant part. The matrix elements must be evaluated with the effective Lagrangian ,
describing the interactions of the collinear as well as the non-relativistic sector. However,
in the resonant part, no collinear lines may cross from the incoming collinear sector to the
outgoing collinear sector, as this is kinematically forbidden.

We briefly recapitulate the expressions for the LO cross section in this new notation.

We have
Lo 10 _ 247N,

o = 0165 — 00

o CW] Im [Go(E)] (3.57)

where oy = 4ma?/(3s) is the high-energy limit of the muon pair production cross section
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at leading order and E = /s — 2m.

s
C(U) — eeet + Uevts — 2 (358)
z
C® = —quu,—— (3.59)
§—mz
C(ljivave = _'UeatLa (360)
P s —m?
s
Ce = e (3.61)
P s —m%
are the leading order Wilson coefficients of the production operators
4
O(U) = ﬂ éC2W027chTl€Cl wTO-kX7 (362)
s
a dmar _
O( ) = T GCQWcz’Yk’YSW(Leq %UTUkX, (363)
w _ dma_ [o*, (=i)o - D]
Op_ave = s €y WCZIYchTl €cy W 2my X (3.64)
a 4 O'k7 _Z o - D

Ol(l’—zivave = ﬂ éC2W027k75Wch 661 ¢T [ ( ) ] X5 (365)

S 2mt

where 1(x) is the non-relativistic top (anti-top) field and e. denotes a collinear electron
field in the light-like direction c¢. The directions ¢; and ¢y are set by the electron and
positron beams, respectively. The collinear Wilson lines

0
W..(x) =P exp |ig / dtc; - Ac(z + ¢;t) (3.66)

—0o0

have been introduced to make the operators invariant under covariant gauge transfor-
mations. The factor of 4wa/s is absorbed into the operators to render the coefficients
dimensionless and of order one. The P-wave production operators and Wilson coefficients
will be required below. The non-relativistic Green function at LO is the same as before,

see (3.46).

The additional electroweak terms in the PNRQCD Lagrangian up to NNLO are

A Ad? A?
— o |e,eA) _a2_ =2 =2
dgwLpNRQCD = ¥ |:€t€ o (t,0) > " e + e +.. ] v
A AD? A? ]
-+ %

AR {%6 o (£,0) + 2 4m?  8my

+ / d*'r [Y1] (z +1)8Vaen(r) [xTX] (). (3.67)
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The leading coupling to the ultrasoft photon field A((]W) does not contribute and can be
removed in the same way as the respective gluon coupling. The QED Coulomb potential
ela
0Vqen(r) = T (3.68)
is a NLO effect and other electroweak potentials only appear at NNNLO. A is a short-
distance coefficient, that can be determined by matching the renormalized full theory
propagator to the effective theory as described in the following.
First we review the pole mass and width definitions for unstable fermions following
loosely [108]. The renormalization constants are defined through

Myo = My + 5mt, (369)
triro = Zp)ptem = (14 0Zp/R/2+ . trr, (3.70)

where the index 0 denotes the bare mass and bare fields. We parametrize the renormalized
top self energyf’| as

S(p,) = p, (Eo(p?) Pr + Sr(p?) Pr) + miXs(p}), (3.71)

with the left and right-handed projectors Prr = (1 F4°)/2. The coefficients have the
form

Srr(07) = SERW7) + 021k, (3.72)

are (SZL + (SZR om
Ss(p}) = B8 (p7) — 5 - m:-

(3.73)

To make the pole position in the renormalized propagator apparent, we complete the square

i i|p, +me +p,(EL0F) Pr + Zr(p7) Pr) — miXs(p7) (374
= ) 3.
P, —me+2(p,) Pl + S ()][1 + Zr(pP)] — mi[l — Es(pf)]?
We obtain an implicit equation for the pole position M? of the denominator
1 — Sg(M2))?

1+ (M1 + ZR(M2)]

Each of the coefficients in the self-energy can be expanded in the coupling order and around

the mass shell
Sx(h) =Y 08 (nf —m)", (3.76)

3A pseudo-scalar contribution to the self-energy would violate CP [109] and is thus put to zero.



3. Effective field theory setup 39

with Zg;n’") of order o™, i.e. m can also take half-integer values from QCD corrections.

Since we focus on electroweak corrections here, we assume that the X x are of order a.
Then, we can solve (3.75]) perturbatively

M2 = m? —m [T+ 5 4 2xfl] + mi | - 2P0 - 5f0 — ox 0

*
R 3/ v LD 3 Sl T D105 SIS 3 S D
wm? (00 4 2R 4250 0) (500 430 om0 [+ )

with E[)lf] = Z( 0 4 2(3/ 200 The complex pole is parametrized through the pole mass my
and the pole Wldth I‘t via
M? =m? — im,T,. (3.78)

We deduce that the on-shell renormalization conditions require the real part of the square
brackets on the right-hand side of to vanish. The pole width in perturbation theory
is determined by the respective imaginary part. To perform the expansion of the full-theory
renormalized top propagator in the non-relativistic region, we still need to determine the
field renormalization constants. We require the residue of the renormalized propagator to
be unity . '

lim ! S (3.79)

pg%M*th_mt—{—Z(}/jt) p— M

Keeping only the leading order terms in the expansion, this gives the conditions

R0 — 500, (3.80)
T _ 500 | 500 4 9500 (3.81)
my

0 =20+ 257 + 2m? (20 + 55V + 25" (3.82)

With the restriction that dm is real, this fixes the top width and renormalization constants
at order « as follows

T, = m, Im |:El[3/are,(1 ,0) + Ebare (1,0) + szare (1, 0):| +..., (383)
omy = my Re [Ty 00 4 g0 oyre 0] (3.84)
5ZL _ _E}zare,(l,O) _ m? [leare ,(1,1) + zbare ,(1,1) + QZbare (1, l)} +..., (385)
5ZR _ _Ekl)%are,(l,O) B th [leare,(l,l) + El}){are,(l,l) + 222are,(1,1)j| +.. . (386)

The expansion of the renormalized full theory propagator (3.74]) with momentum p; =
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(my¢,0) + p in the potential region is

i _ i(14+%) N —iy - p
P ) o)L [ (- g )]

oy (2 _ i) . p2

Z(1+7)<2—mt 2> iPs

) 2 9 i
amy (90— £, + %) HGEE~EES
i1=9") i+ 7P + 53" Pr)
Amy 92 <p0 _ p> + %)

..., (3.87)

2my 20

where we have indicated the order in v of the various terms, but not expanded out higher-
order terms in the top width to keep the expressions compact. The first two lines in (3.87)
are reproduced by the EFT propagator multiplied by a factor

ptMo 1449 v-p P

e 3.88
2E, 2 2m;  4m? T (3:88)

which accounts for the different spin sum and normalization of states in the full and effective
theory (cf. [40,094]). The matching condition in the pole scheme becomes

A = —iT, (3.89)

where I is the pole width of the top quark. The first term in the third line does not contain
a pole in the complex p° plane. Thus, it produces only scaleless integrals in the potential
regiorﬁ and can be dropped. The remaining term does not have the form of an operator
insertion into the EFT propagator, but is a correction to the residue from the renormalized
self-energy. It must be taken into account in the matching for the production and decay
operators. By expressing the renormalized self energy through , and we
observe that the correction to the residue is only related to derivatives of the self energies.
Therefore, the structure of the expanded top propagator exactly mirrors the one of
the W propagator discussed in [94].

3.5. Organization of the computation

Because of the presence of divergences in the resonant and non-resonant part, it is manda-
tory to perform both calculations in the same computational scheme. We discuss in the
following, how this can be done consistently including all effects up to NNLO.

In the master formula , the non-resonant contribution is expressed through the

Wilson coefficients C’i:) of the four-electron operators, multiplying matrix elements which

4The p° contour can be closed in the upper half-plane such that the pole from the anti-top propagator is
not picked up.
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are trivial at NNLO. Thus, instead of computing C’g) through a matching procedure, we
determine the NNLO non-resonant contribution to the cross section directly. As discussed
in [97,98], it is equivalent to the sum of the NLO cross sections for the processes ete™ —
tW+b and ete” — tW-b at the center-of-mass energy /s = 2m,[| Since the self-energy
of the top quark is parametrically smaller than the off-shellness of the non-resonant top
quarks m; X (p t) ~ mia < p?—m? ~ m?, they must be treated perturbatively. This renders
the cross section singular at the endpoints of the phase space, where (p, + py+)? — m?2
or (p; + pw-)? — m?. Consistency with the resonant computations demands that these
divergences must be regularized dimensionally [97,98]. They then cancel the finite width
divergences present in the resonant part, as it has been demonstrated up to NNLO in [98].

We split the NNLO non-resonant contribution into separate parts, which are each eval-
uated using different methods or computational schemes. The set of endpoint singular
diagrams in unitary gauge has been identified in [98]. We divide it into the O(ay) cor-
rections to the diagram h; (see Figure and the contributions h;, with i = 2,3,4 (see
the first row of Figure . The former is IR and UV finite and will be referred to as
the squared contribution. The latter is also IR finite, but contains UV divergences from
the loop integration. A closer look at the diagrams h;, in Figure |3.9| reveals that they
can be split into a UV finite, but endpoint divergent part and an endpoint finite, but UV
divergent part.ﬂ Below, we will introduce artificial counterterms to subtract the UV diver-
gences. The whole set of contributions in Figure [3.9] will be denoted as the interference
contribution and is split into three parts

_(EP) (UV) (c:t.)
Ointerference = Tinterference + interference + interference* (390)

This allows us to separate the non-resonant NNLO corrections into a completely finite
part and an endpoint divergent, but UV and IR finite, part

NNLO __ ( _NNLO (EP) (EP)
Onon-res — (Jnon-res — Osquared — Ojpterference finite + Osquared + Ointerference

. (3.91)

> EP divergent

The endpoint divergences in ai(rizference cancel with the part of the resonant contribution
associated with the bare absorptive contribution to the matching coefficients C'*)| discussed
in Section [5.1.4f The endpoint divergences in osquared cancel with the remaining resonant

contributions. Accordingly, we divide the resonant part in two contributions
NNLO _ ( _NNLO
Ures N <Ures N O-C(AIL)s,bare> + O—C&kb)s,bare. (392)

This allows us to decompose the full NNLO correction to the inclusive bbW W~ cross

5 We do not consider the small contributions from the processes ete™ — WTW"H andete™ - WTtW~Z
with H — bb or Z — bb because they can easily be removed on the experimental side by imposing invariant
mass cuts on bb.

6E.g. by performing a tensor decomposition of the loop integral. Only the scalar integral Cy yields an
endpoint divergence and only the tensor Cy yields a UV divergence. The other tensor structures, C; and
Ci; with 4,7 = 1,2, give finite contributions and can be assigned arbitrarily to either part.
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Figure 3.8.: Gluon corrections to the tree-level diagram h;. This set of endpoint divergent
diagrams is UV and IR finite and will be denoted as the squared contribution.
Symmetric diagrams and diagrams with tW~b(g) cuts are not displayed.
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héc't') B héc't') )
Figure 3.9.: Additional endpoint singular diagrams that contribute to the NNLO non-
resonant part. We have introduced artificial UV counterterms (lower panel) to
render the set of diagrams UV finite. It is denoted as the interference contri-
bution. Symmetric diagrams and diagrams with tWW b cuts are not displayed.

section (3.56)) into three separately finite parts

NNLO NNLO
g = (Osquared + Ores - Uc(k) > (393)
Abs,bare/ finite
(EP)
+ (a. Yo 3.94
interference CAbs,bare finite ( )
NNLO (EP)
+ (anon-res — Osquared — Ojpgerference finite (395)

We now have the freedom to choose a different computational scheme for each of the

parenthesis (3.93), (3.94) and (3.95)), as long as it is applied to all the parts, that are

contained within.

The scheme for is fixed by the existing QCD results for oXAC. The resonant QCD
cross section factorizes into a leptonic tensor L and a hadronic spectral function I1(¢?). The
former is evaluated in 4 dimensions and the latter completely in d dimensions and using the
naive dimensional regularization scheme (NDR). The squared contribution also factorizes
into the same leptonic tensor L and a hadronic tensor H and the same conventions must be
applied. We compute this part in Section The electroweak NNLO corrections to the

resonant part must also abide by this description (apart from o ) and are discussed

in Section [5.11

It would be a natural choice to use the same scheme for the contribution . We can
however simplify the computation of this part by performing the Dirac algebra and one of
the loop integrations in 4 dimensions. The details of this scheme and the computation of

1(nEt§r)ference are shown in Section [4.2.2{ and [5.1.4] respectively.
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finite. Thus, it is possible and beneficial to use automated programs for the most part
of (3.95)). For technical reasons, this requires a subdivision

_ (..NNLO .
395 o (Gnon—res ~ Osquared — Ulntcrforcncc)ﬁnite’ but scheme dependent (396)
(UV) (c.t.)
+ (o +0! . 3.7
interference interference finite, but scheme dependent ( )

Both parts are finite, but must obviously use the same definition for the artificial coun-
terterms introduced in Figure In Section [4.1 we define the scheme and evaluate the
automated part using MadGraph [12] code with some minor modifications. The
remainder (3.97) is computed in the same scheme in Section [£.2.2]



4. Non-resonant contribution to

top-pair production near threshold at
NNLO

Our main focus is the non-resonant NNLO correction to the full cross section o(efe™ —
bbW W~ X)), but we also present results in the presence of loose cuts on the invariant mass
of the top and anti-top quark

(mt - AMt)Q S pif S (mt + AMt)z. (41)

The cut is considered to be loose when AM; > I';. Thus, a loose cut never affects the
resonant contribution to the cross section, where the off-shellness of the tops is paramet-
rically of order I'; E] To describe the implementation of the cut, we consider an event that
contributes to the full cross section, i.e. it contains reconstructed b and b jets and a recon-
structed W+ and W™, as well as radiation with momenta r;, ..., 7ry. The event passes the
cut, if, for at least one of the subsets sy of S = {1,..., N}, the conditions

2
(e — AM,)? < (pb+pw+ Ly m) < (my + AM,)?
1EST

2 (4.2)
(me — AM,)? < (pb +pw-+ D Ti) < (my + AM,)?

’iES\S[

are simultaneously fulfilled. If we apply this to the ete™ — tW b or ete™ — tWtbhg cross
sections at threshold, the cut can be expressed as a single Heaviside function 0((py+pyw+)?—
ym3) or O((py + pw+ + py)? — ym7), respectively. We have defined y = (m; — AM,)?/mZ.
The simplicity of the cut for the tW*bg final state is due to the special kinematics near
threshold, where being fulfilled for s; = {} implies that is also fulfilled for
s; = {1}. Thus, the gluon is always effectively combined with the bottom quark and W
boson, irrespective of whether it is considered as part of the bottom jet or not. This implies
that the NNLO cross section with the cut does not depend on the jet algorithm.
We don’t support other cuts, but it is straightforward to implement them as long as
they are loose. A general cut is a function ¢(p;) of the external momenta that evaluates to

! This argument also applies to the interference of the resonant and non-resonant production mechanisms,
which is considered to be part of the resonant contribution. The loose cut is automatically fulfilled for
kinematic configurations where the non-resonant amplitude has a non-vanishing overlap with the resonant
one.

45
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one if the event passes the cut and to zero otherwise. We define the complementary cut
as ¢(p;) = 1 — c(p;). Assuming that ¢(p;) is loose, the non-resonant cross section o€, ..
in the presence of ¢(p;) is finite and can be computed with automated NLO parton level
event generators like MadGraph [12]. The non-resonant contribution with the original
cut is given by subtracting ¢ .. from the total non-resonant cross section, where the
cancellation of divergences between the resonant and non-resonant parts is already taken
care of. This approach will also be exploited in Section to perform a powerful check on
our computation.

A generalization to tight cuts would affect the resonant contributions and is beyond
the scope of this work. Recently however, first results of an implementation of the fully
differential cross section with NLL accuracy near threshold matched to the NLO fixed

order result have been presented [110].

4.1. The automated part

We first recall some aspects of MadGraph that are relevant to our definition of the com-
putational scheme applied for (3.95)).

1. IR singularities are subtracted before the phase-space integration using the FKS
method [111}]112]. The phase-space integration is then always done in 4 dimensions.

2. In the virtual corrections, MadGraph uses rational R, terms [113] to absorb the
(—2¢)-dimensional parts of the numerators. For a given diagram with the amplitude
C the decomposition takes the form

VO

C= [ di N({)

d

Lo J'mo (43)
where D; = (I+p;)?—m?, quantities with a bar are (4—2¢)-dimensional and quantities
without a bar are 4-dimensional. The non-Rs term can be written as a sum over
4-dimensional coefficients multiplying d-dimensional tensor integrals. The (—2¢)-
dimensional parts related to the implementation of the 't Hooft-Veltman scheme [114]
in MadGraph are all contained in the Ry terms.

3. The amplitudes for the non-Rs terms, the Ry terms, the UV counterterms and the
FKS subtraction terms are written as separate lists, each of them containing the
coefficient of the 1/¢* pole, the 1/e pole and the finite part. Afterwards, only 4-
dimensional operations are performed, i.e. the multiplication with the conjugated
4-dimensional born amplitude and the 4-dimensional phase-space integration. Mad-
Graph will terminate, if the 1/€® or 1/e pole of the renormalized and FKS subtracted
squared amplitude does not vanish. This is why we have to introduce the countert-
erm diagrams in Figure to cancel the UV divergences in ai(ﬂgi)ference and render
the automated part finite.
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Given the way that is defined, we never have to modify the construction of an
amplitude A; and only have to remove certain contributions A; A7 in the squared amplitude
|A]? =37, ; AiA;. All the contributions associated with the diagrams in Figure 3.8 have to
be removed, i.e. also the Ry parts, the UV counterterms and the FKS subtraction terms.
There is however an ambiguity in the subtraction of the contributions in Figure [3.9, which
determines the scheme in which must be computed. We choose to only subtract
the non-Ry terms of h;, with ¢ = 2, 3,4 and define the artificial counterterm contributions

i(rféte})ference as a minimal subtraction of the UV divergences. Following the discussion of the
items (1| and [2| above, this implies that has to be computed by using dimensional
regularization for the tensor integrals. All other steps in the computation of are then
performed in 4 dimensions and the UV divergence also has to be subtracted minimally.

In the following, we describe the steps we performed in MadGraph to obtain the con-
tribution in the scheme defined above. It is obvious that this can’t be achieved by
modifying the process generation because does not correspond to a squared ampli-
tude. Thus, we first generate the full process ete™ — tW*b including QCD corrections.
By not invoking the complex mass scheme, we make sure that the self-energy insertions
are treated perturbatively. Hence, the cross section diverges rapidly for center-of-mass en-
ergies approaching /s = 2m; from below. We remove the contribution from the endpoint
divergent born diagram h, the diagrams shown in Figures and the non-Ry terms from
Figure by editing the code generated by MadGraph. The counterterm contribution in
Figure can be added by modifying the 1/e component of the existing field renormaliza-
tion contributions, but leaving the respective finite part unchanged. The discussion under
item [3| above implies that this indeed constitutes a minimal subtraction since the finite
part is unaffected.

Finally, we have to deactivate some checks inside the code that are invalidated by the
modifications. After the subtractions, the tree-level cross section and the real corrections
are no longer the squared absolute value of an amplitude and, thus, no longer positive for
all phase-space points. The positivity of these expressions is not necessary to make the
code run properly, but only serves as an internal check [115]. Therefore, we can safely
switch it off. The code can now be evaluated directly at the threshold /s = 2m;. The
desired contribution is given by the difference of fixed order runs at NLO and LO,
multiplied by a factor two to account for the tbW~ contribution, which gives the same
result due to CP invariance.

4.2. The manual part

All the endpoint divergences are contained in this part of the computation. To understand
the challenges associated with this contribution, we consider the phase-space integral of a
virtual diagram h;,, where the integrand f;, is a Lorentz scalar, i.e. it only depends on
scalar products of its arguments.

/ dLIPSe""e——)fW‘*‘bfix (pe+ y Pe—s Pt Pw+, pb)e ((pW+ + pb)2 - ym?)
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m
=5 dt / dALIPSc+ e _r / dLIPS: sw+p fiz(Pet, Pe—, PE, Pw+, Db)

Y
1

/ dgin(t), (4.4)

Yy

where t = (py+ + pp)?/m?. The Heaviside function accounts for the cut on the invariant
mass of the top quark discussed in Section [} The real corrections can be brought into the
same form as with the variable t* = (pw+ + py + py)?/m? instead of t. In [98], the
leading terms in an expansion around ¢ ~ 1 of the integrands g;,.(f) have been obtained
using the expansion by regions approach [57,/59]. The remaining ¢-integration for the
expanded result is trivial

1
b 1 — Y 1—a—be
Yy

The divergent integrals with a > 1 are regulated dimensionally by the be in the exponent.
Negative powers of (1—t) occur from top-quark propagators. At NNLO, endpoint divergent
integrals with a = 1,3/2,2 contribute, but only those with @ = 1 manifest as 1/e poles.
This is related to the well-known artifact of dimensional regularization that it renders some
formally divergent integrals finite for ¢ — 0.

It is obvious from that the integrands g, () must not be expanded in € because it
would spoil the dimensional regularization of the endpoint divergences. This implies that
the loop integrals in Figures and can’t be expanded in e. Expressions for scalar
one-loop integrals in general d dimensions with up to four external legs were obtained
recently |116], but we have used a different strategy instead. We take the results for the
endpoint divergent terms from [98] as subtractions to the complete integrand. The integrals
(4.4) are decomposed as follows:

1 1

A(a b) g4a7b)(1 _ y)lfafbe
dtgir(t) = [ dt | gi(t) — L , (4.
/ 9ix(t) / 9i Z 1_ta+be + ; 1—a—be (4.6)

—_1 3 _1 3
Y Y a=1,5,2 b a=1,5,2

where the required coefficients g““”

.. of the series expansion in (1 —t) are available from [98]
up to order O(e°). This renders the t-integration on the right-hand side finite and allows
us to expand the subtracted expression in the square bracket in e. Thus, the mtegral can
be performed numerically. Additionally, we require the O(e ) contrlbutlons to gm ) because
the coefficients with a = 1 are multiplied with a 1/e pole in (4 . They must be determined
using the same conventions as their counterparts in the resonant part and are therefore

treated differently, depending on whether they belong to (3.93)) or (3.94)).
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4.2.1. The squared contribution

The squared contribution is fully contained in . The contributions from the individual
diagrams to the hadronic tensor H are evaluated in d dimensions and are written in the
form (4.6). The numerical ¢ (or t*) integral contains all terms with positive integer or
half-integer powers of (1 —y). With the exception of hyy, the subtracted integrands were
all obtained in analytical form. The integrand for hj, contains an additional numerical
angular integral. The expressions for the integrands are rather lengthy and will not be
given explicitly. The numerical integrals are plagued by integrable singularities involving
1/4/1 —t and log(1 —t) terms, that cause numerical instabilities in the contributions from
some diagrams. As a remedy, we computed additional terms in the expansion in (1 — t)
analytically and used them as further subtractions.

The contributions corresponding to the second term in are given by the sum of the
respective expressions from [9§] and terms from the O(e) contributions to Qg;’b). The latter

encapsulate the dependence of the squared contribution on the computational scheme and
are therefore specified below. In the notation of [98] and the scheme for (3.93)), we obtain

Hy, = Hla|from (98] + Ne

623 + 2392 + 11542° — 192(2 + 27 + 5a®) log 52 | 3
144(1 — z)(1 + 22)

— — —log—— ) v/a ———— — —log—— ) a/a
24dr 2 %79 U T \18y36s 3 & g JUh

Hyy = Hiplom g + Ne

1 — 2z 4 1522 — 3 (1 + z + 22%) log 5% R
2(1 —x)(1+ 2x)

+<_17—28x—6(1—2x)10g17x) L R

18(1 + 22) v
5—4z —6(1—2z)log 52\ | ¢ A
O|— 4.7
+< 18(1 + 2z) el T ) (4.7)
with the prefactor
'uz 3e o
N.=|— [pN.Cp—, 4.8
() mroer: -

and I'g is the tree-level top decay width in four dimensions. The other diagrams in Fig-
ure do not contain 1/egp poles and, therefore, no terms of this type are present. The
contribution of an individual diagram h;, to the non-resonant part is

L, R L R
7w = —Srtatn, Y S Re (), (4.9)
Lo G md)(s— i)

where n, is a symmetry factor, that is either two for diagrams which are symmetric with
respect to the cut, or four for diagrams which are not symmetric with respect to the cut.
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The photon couplings are v} = —ey and a} = 0, where ey is the fermion charge measured
in units of the positron charge. The couplings of the fermions to Z bosons are given by

Z _ T:{ - 2€f3%u 7 _ T:{

(4.10)

254 Cuw 25u5Cuw

where Tgf is the third component of the weak isospin of the fermion f and s,, and ¢, are the
sine and cosine of the Weinberg angle, respectively. The photon mass obviously vanishes,
m, = 0.

In (4.9), O(e) terms in the leptonic tensor have been discarded, as discussed in Sec-
tion [3.5) For our result, we have checked explicitly that IR and UV divergences cancel in
the sum over the diagrams in the squared contribution.

4.2.2. The interference contribution

The interference contribution is split into ai(i?ference and Oi(rﬂz?ference +Ui(§;;)ference. The latter
is endpoint finite and the respective integrands gz(g V+C't')(t) can be expanded in € without

the necessity of introducing subtraction terms. It is computed in the scheme of and
only contributes at the order O(A/m;) in the expansion used in [98]. For h4, and b | the
contribution to the cross section could only be expressed as a two-dimensional numerical ¢
and angular integral. The other parts are obtained as a 1-dimensional numerical integral
over t. Again, we refrain from giving explicit expressions for the integrands due to their
length. The integrable singularities are treated as described in Section [£.2.1]

The contribution Ui(izrference is endpoint divergent and therefore treated in the fashion

of (4.6). Again, the terms from the O(¢) contributions to gff PY8) contain the dependence
on the computational scheme. In the notation of [98] and the scheme for (3.94)), we obtain

2
(1— 5z — 222) <8—310g1L2> A
H(EP) — N m; L/ R R A
2a Za‘frorn jos) + Ve 36(1 i .Z')(l i 2%’) Uy (Ub + a, ) +0 my )
2

(2 + bz — 22?) (8—3log“—2> A

(EP) _ B am? L R A
H3a - H3a‘fr0rn (98] + N 3633'(1 + 233) IWWUt +0 (mt) s

2021 (eree  vi(ve + ae) w?
A (EP) — A oo N€7T Q L tCe t\Ve e _ (2.1
Tda Tialvom ) + s2 s\ s Tz M2 ©8 4m?

+0 (%) . (4.11)

The contribution of hs, and hg, follows from equation (4.9)) with ny, = 4 and the contribu-
tion of hy, is given by (4.11), multiplied with the symmetry factor ngy = 4.

(1 —2)(1 -2z —232%) + 12z%log (2 — 1)

8 3e(1 — 2)3(1 + 22)
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4.3. Consistency checks

Having performed the computation of the non-resonant part in the presence of the invari-
ant mass cut , denoted by cang, (ps), allows us to perform a very powerful numerical
consistency check. The non-resonant cross section onomtes in the presence of the comple-
mentary cut cans, (p;) = 1 —can, (p;) is finite. Therefore, we can evaluate it using unedited
MadGraph code. On the other hand, it can be obtained from our result by taking the
difference Tponres — Tnomtes. The comparison for various values of the cut AM, numerically

tests the whole non-resonant result, with the exception of the contributions from the O(e)

parts of the f]ﬁ’b) terms in (4.6]), which originate from the ¢*) — 1 region and are inde-
pendent of the value of the cut, i.e. which are not present in onontes. The result is shown
in Figure 4.1l We have performed the same check for the individual contributions of the
diagrams h;, with ¢ = 2,3,4. In particular, this provides very welcome reassurance that
the scheme dependence in (3.96) and has been treated consistently. Additionally,
it provides a strong test on the correctness of the actual computation, which is extremely

important since a significant part of it has not been checked independently yet.
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Figure 4.1.: Consistency check for various values for the complementary cut p? < (m; —

AM;)?. The line in the upper panel is our result for the manual part a;iﬁjal

in pb, given by the sum of the contributions from the tree-level diagram h;,
the squared and the interference contributions. The points give the same
quantity obtained from the difference of MadGraph runs with the unedited
and edited code. The lower panel shows the same results normalized to ours.
The MadGraph results have been obtained for the default value of the bottom-
quark mass my, = 4.7 GeV and a negligible value m;, = 0.1 GeV. All points with
the latter value agree with our result (obtained by neglecting the bottom-quark
mass) within less than 1%, which is the estimated numerical uncertainty of our
result. For the sake of this check, we have furthermore used the default values
of MadGraph, m; = 173GeV, u = mz, as(mz) = 0.118 and a = 1/132.507.



5. Resonant non-QCD contributions to
top-pair production near threshold

5.1. Resonant contributions of electroweak origin

In this section, we discuss electroweak corrections to the resonant contribution up to NNLO.

The contribution o) has been separated in (3.92)). The remainder contains the fol-
Abs,bare

lowing parts

NNLO
res Uc<k)
Abs,bare

con
o = 0QCD T+ OP-wave T OH T O5Vypp —Q—UF—FUCEI;)V +chkl)) + 015 v, (51)

Z

In the scheme of (3.93), the pure QCD S-wave contribution ogcp has been determined
in [37,60,[89] and top-pair production in a P-wave state op_yaye is considered up to NNNLO
in Section[5.2] Higgs contributions oy that only involve the top Yukawa coupling are taken
into account up to NNNLO in Section 5.3} The effects o5y, of the LO QED Coulomb
potential 6Vorp = —4rae?/q? have also been considered up to NNNLO [4]. At NNLO, top
decays introduce additional contributions to the bilinear part of the PNRQCD Lagrangian,
that yield an additional contribution or to the non-relativistic Green function (see Section
. Furthermore, there are electroweak corrections to the hard matching coefficients
C™) | which yield a contribution Tk 5 See Section |5.1.3] They contain an imaginary part

from cuts over all possible final states. However, only the part corresponding to the tW*b
(tW~b) final state contributes to the cross section [117]. It is split into a bare contribution

T k) (see Section [5.1.4)) and a contribution from field renormalization o (see
Abs,bare Abs,Zy

Section because the two parts must be treated in different schemes. Finally, we
consider effects from initial state radiation (ISR), of$"", in Section [5.1.5]

From power counting one would also expect corrections to the color Coulomb potential
from electroweak gauge bosons at NNLO, which however vanish in the on-shell scheme
(see Section [5.1.2). Partial results for the mixed-QCD-electroweak corrections to the hard
matching coefficients C*) are available [118,119], but they only contribute at NNNLO and
will not be considered here.

5.1.1. Contributions to the NNLO Green function

We consider the corrections to the NNLO Green function from the electroweak contribu-
tions to the PNRQCD Lagrangian given in (3.67). As argued in Section [3.4] there are
no ultrasoft photon corrections at this order. The single insertion of the QED Coulomb

93
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potential constitutes a NLO effect. At NNLO, there is the double insertion of ,
as well as mixed QCD and QED Coulomb corrections. All insertions can be inferred from
the computation of the QCD corrections in [89], even up to NNNLO. Thus, we include the
effects of the QED Coulomb potential up to third order, see [4].

The remaining terms depend on the top-quark decay width. At LO, it is required in d
dimensions

e (1 —x)2(1—|—2(1 —€)x) N Ap2er €
[y = 1652 x 2I'(3/2 —¢) (mf(l _ 91:)2) ) (5.2)

with = m%,/m?. QCD corrections are only needed in 4 dimensions and are known up to
NNLO [120,/121]. The term (iT/2)()f) — xTx) in belongs to the LO Lagrangian
and must be treated non-perturbatively. It leads to the replacement £ — E + I, that
has been used to define the QCD contribution. In the implementation of the top-pair
production cross section [29] the width is treated as a parameter. This implies that higher
order corrections to the width are also treated non-perturbatively through the replacement
E — E +iI". The O(e) terms in the width have not been considered there. They are
however included in the non-resonant part and consistency requires that we also add them
to the resonant part. This is done in below. The remaining terms in that
contain the width are treated perturbatively. Only two simple insertions are required. We
denote the correction to the Green function Go(E) from the terms (X/2)(¢7 — xTx) and
(X/2)(vT0% — xT8*x) by 0xG(E) and §y5G(E), respectively. They are given by

X m?a,Cr

— / _ 2 3 _
SxG(E) = XG{)(E) = me2CL i [A+ 2237 + 203 (1 = X)), (5.3)
m2a,C 3 1 1 w . A
5x52G(E) = —mXTF {_ﬁ to Tyt 2L — 2h(1 — ) + Sl - )\)} . (5.4)

The NNLO contribution to the Green function from top decays is

dorG(E) = (5XG(E)|X:;2) + <5X82G(E)’X:;‘F2) , (5.5)
where we assume that I is a parameter, i.e. 4-dimensional. The additional contributions
to the cross section from the O(e) terms in (5.2]), that multiply finite width divergences
in ((5.5) and the pure QCD result, are added explicitly:

I'pa,CrN, |2(1 2
5F6/60:0'0mt B F |: ( +$)+logu—g—210g(1—w)

I+ 2x m; }
v 2 a 2
X [CW +C@* Lol Ol ] : (5.6)

wave wave

where I'g is the € — 0 limit of (5.2)). On the whole, we obtain

247N,
S

or = 0y

[0@)? + c(a)?} Im [0, +G(E)] + o, /c0. (5.7)
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Figure 5.1.: Cancellation of the electroweak gtt vertex corrections in the on-shell scheme.

It is understood that we resum the top-width contributions to the poles in the Green
function. They can be determined from the expansion of (5.5 around the resonances and
are given by
2 ira?C% 3il’

4+ —£ orF = ——— 5.8
4my 8n? Fon 2my (5:8)
in the notation of (3.48)). We note that the bound-state poles are defined for stable quarks,
i.e. with I' = 0. Nevertheless, we can resum the higher-order poles of the form (3.50|) from
the width contribution to retain the structure (3.48|), which contains only single poles.

SrEY) =

5.1.2. Corrections to the Coulomb potential and field renormalization

Electroweak corrections to the gtt vertex are of order @ ~ o2 and contribute to the bare
color Coulomb potential. With the external momenta in the potential region, it is straight-
forward to show, that only the hard region contributes to the loop integrals in Figure 5.1
This implies that the external momenta are expanded out of the loop integrals. The cor-
rections to the Coulomb potential therefore effectively involve on-shell vertex corrections,
which vanish in the on-shell scheme, see Figure |5.1}

The top-quark field renormalization also contributes to the hard matching coefficients
C™ . At NNLO it becomes complex due to bW+ loop corrections. The imaginary part
contributes to the finite width divergence of the resonant part in (3.93]). Thus, it has
to be determined in d dimensions in accordance with the scheme used to evaluate the
other components of . The other absorptive contributions to C'®) are, however,
part of and therefore have to be computed in 4 dimensions. Since the two parts are
treated using different conventions, we find it convenient to separate them also in notation.
Our convention for the Wilson coefficients up to NNLO is

o _ ot [1 4 0 () L (%), Y0 o®) o) @ 5
k k k
Cf‘,k?s = ngs,Zt + C(Ab)s,bare' (510)

The bare result is computed in Section m The real electroweak corrections C’é@v do not
yield any finite width divergences at NNLO. Thus, it is not necessary to split them as well.
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We obtain
oW 7l
AbsZe s (4e2 — 2)(1 — 2) (1 + 22(1 — €))
X (1 +4e.s2)(2 — € + 2(2 — Be + 2€%) + 22°(1 — €)?)
—%§M1+%@—x»@—2@u+xu—za+2ﬁu-f»} (5.11)
—nl
@ , = o 2 — e+ 2(2 — 5e + 26
e - 00 - a0 F e - gy TR
+202(1 — €)% — 26,52(3 — 26)(1 + 2(1 — 2€) + 22%(1 — e))] (5.12)
The contribution to the NNLO cross section is given by
12aNe o) A0 o) ~(a
oo = 00— [CVCL, 4 + OO, 4] Re[Go(E)). (5.13)

where the finite terms from the multiplication of the 1/e divergence in the real part of
the Green function ([3.46)) with the O(e) parts of and must be included. We
stress again that this contribution, which is caused by the interference of the resonant and
non-resonant amplitudes, is not affected by loose cuts.

5.1.3. Electroweak contribution to the hard matching coefficient

The real electroweak contributions to the NNLO matching coefficients C*) have been
computed in [122-124]. Pure QED corrections have been neglected there. Therefore, we
split

k k k
Civw = Cop + Ciys (5.14)
where )
v,a S ~ew v,a) Y 2
Oy = =y =1) = 00 e, (5.15)

with C7% (v = 1) given in [124]. The subtraction term is present because Higgs effects
that only involve the top Yukawa coupling are treated separately. Corrections that involve
Higgs couplings to gauge bosons or Goldstone bosons remain in (|5.15)).

There is no contribution from the box diagram involving two photons, since only its
interference with the production of the top pair through the vector component of the s-
channel v or Z boson is of NNLO and the correlator of three vector currents vanishes [125].
The QED vertex correction to the yeTe™ and Zete™ vertices contains divergences, that
cancel among initial state radiation contributions (see Section [5.1.5). Therefore, we con-
sider it to be part of the ISR, to render both, o) and org finite, separately. Then, the

only pure QED effect is the photon vertex correction to the vtt and Ztt currents, which is
given by
O4 = —8e2Cw). (5.16)
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The contribution from the electroweak corrections to the hard matching coefficients of the
production operators is given by

12aN,

Oy = 00 [COCE + C@OC ] Tm [Go(E)] . (5.17)

The matching coefficients given in [122-124] are expressed in terms of the fine-structure
constant «. This scheme suffers from a large spurious dependence on the light fermion
masses, that cancels explicitly with the self-energy corrections to the matching coefficients,
when the fine-structure constant is expressed in terms of a less infrared-dependent definition
of the electroweak coupling constant. We use the running on-shell coupling a(u,) [126],
that coincides with the fine-structure constant for p, — 0. The cross section can be
expressed in this scheme with the simple replacements

a = apy), (5.18)
IAY(0) — T (ud) /.- (5.19)

The latter replacement rule for the photon self-energy insertion is written in the notation
of [122] because the term IT*4'(0) only appears in the electroweak contributions to the
matching coefficients C*). The derivative and the explicit factor 1/u2 appear because [122)
defines the photon vacuum polarization II*# as a dimensionfull quantity and do not imply
a power-dependence of the cross section on the scale p,.

5.1.4. Absorptive contribution to the hard matching coefficient

The bare absorptive part of the matching coefficients Cz(x?s bare 18 given by the contributions
from the diagrams shown in Figure [3.7] which have an obvious correspondence with the
interference contribution. In 4 dimensions, we find

C e = — . (1= 2) (5 + 44z + 280% — 42® - o*
Abs,bare 2453}55(1—332) (40120_'%) ( I‘)( + 4w + 281 x x )
—(1—2)s5, [(ec(1 — 2)* (e(4 — 21z — 32 + 22%) — 4 + 4z — 427)

w

+ei(1 — 2)*(1 — bz — 22%) + 4 + 48z + 362> + 8z°]
—122(1 + x)(4c2, — x)arctanh(1 — x)], (5.20)

w

@ m
Absibare = 9464 1 (1 — 22) (4¢2, — )

—(1—2)s5, [e:(1 — 2)*(1 — Bz — 22°) + 4 + 48z + 362” + 82°]
—122(1 + z)(4¢2, — x)arctanh(1 — aj)] (5.21)

[(1 — 1) (5 + 44z + 2822 — 42® — 2

We have checked that, in the limit e — 0, (5.10)) reproduces the result in [117]. The
contribution to the cross section in the scheme used for (3.94)) is given by

12aN, 3
O (k) = 09—
CAbs,barc 0 S 3 — 26

€ e+ Ol e [ G| 62
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We recall that at LO the Dirac structure of the top pair becomes trivial in the non-
relativistic regime and only yields a prefactor 3 — 2e. Thus, by introducing the factor
3/(3 — 2¢) in front of the Green function in (5.22]), we have adapted the expression to the
correct scheme, which involves 4-dimensional Dirac algebra. The contribution is not
affected by loose cuts.

We have verified the correctness of by computing the sum of the diagrams ho,, hs,
and the resonant terms from the corresponding contributions of the absorptive matching
conditions (left and middle diagram in Figure in d dimensions in the NDR scheme. This
combination is finite and the result agrees with the one obtained in the scheme of .
This allows us to avoid the much harder evaluation of hy, and the respective contribution
to the absorptive matching coefficient in d dimensions.

5.1.5. Initial state radiation

Last but not least, we take into account effects from initial state radiation. The non-
resonant part is only affected at NNNLO and will not be considered. With the exception
of the hard region, all contributions are universal and the treatment closely follows the one
for W pair production near threshold in [94-96].

We evaluate the contributions from different momentum regions separately. The con-
tribution to the hard matching coefficients C*% from the QED v/Zee vertex correction
makes up the hard part. We find

2 ¢ 2 3 2
) _Relowo L (_H ) (2 _2_ g4 T
V/zee = { dr \ —dm? — 0 2 T

2 1 MQ Iu2 :U’Z 771.2
— o X (24 2 (349] log? 3log - +8— ) (523
Tr\e T \3H2loeg s ) Hloe” s +3log s 8= = ) (5:23)

We only kept the real part because the imaginary part comes from cuts that do not cor-
respond to the final state bbW W . The correction to the cross section from hard ISR

1S
(H) 127TNC

[C(v) C(”)

v/ Zee

+0CY), JIm [Go(E)]. (5.24)

s

The contributions from the ultrasoft momentum region are shown in Figure 5.2} Virtual
ultrasoft corrections are scaleless. The diagram with the photon attached to incoming and
outgoing electron vanishes because it is proportional to the square of the light-like direction
c1. No ultrasoft corrections that couple to the collinear and non-relativistic sector occur
at NNLO because the leading ultrasoft photon coupling to the final state vanishes, as
discussed in Section [5.1.1} Thus, the contribution to the cross section from the ultrasoft
region is due to the right diagram in Figure [5.2] and reads

us) 247N, 0)2 )2 —Sﬁ € GO(E - k’)
O1g = 0y s [C( ) + (a) ]Em (IUQG’YE) Im dkw . (525)

0
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Figure 5.2.: Ultrasoft photon corrections to the resonant cross section. The symmetric dia-
grams, obtained by the interchange of electrons and positrons, are not shown.

Real collinear corrections are kinematically forbidden in the resonant part because they
carry away a hard momentum fraction and push the top-pair off-shell. Virtual collinear
corrections are scaleless.

Thus, when the small electron mass is neglected, the photon radiation corrections are
given by the sum of and . We observe that the 1/€ pole cancels, but a
collinear divergence remains because the cross section is not infrared safe for m, = 0.
This divergence can be regularized by a non-zero electron mass, which in turn yields large
logarithms In(s/m?). They can be resummed into an electron distribution function, which
accounts for collinear radiation off the incoming electron and positron. The cross section
with resummed ISR is given by

1 1
_ / iy / s T (2 )TE ()65 (3, 25), (5.26)
0 0

where the structure function I'*¥(x) describes the probability of finding an electron with
momentum zp in the 'parent electron’” with momentum p. Expressions for the structure
function can be found in [127-130]. The superscript LL implies that terms of the form
(aIn(s/m?)/7)" have been resummed to all orders. The partonic cross section 5" (z;x25)
is defined in a different scheme than the one used above. First, we need to change the
regulator to a finite electron mass. Then, the O(«) terms that appear in the convolution
of the structure functions with the LO cross section have to be subtracted from the fixed
order NNLO partonic cross section to avoid double counting.

The presence of an additional scale, given by the non-vanishing electron mass m, <
mya?, introduces additional regions

. _ 2
n-hard-collinear: n -k ~ my, n-k~ Ze, ki ~meg,
. _ 9 52 ) (5.27)
n-soft-collinear: n-k~mai;, n-k~=—= k5 ~m.az
me

with k% ~ m? and k? ~ m2al, respectively. These regions yield only scaleless integrals

for m. = 0. The soft-collinear region contributes in the diagrams shown in Figure
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As before, the left diagram vanishes. For the right diagram, both the ¢;-soft-collinear and
co-soft-collinear regions must be taken into account. One finds

247N, o m2\ € ¢ Go(E — k
UI(SC) = 0y S [C(v)2 +C(a)2]Eg[‘(€) (#2) (MQGVE) Im /dk% . (5.28)
¢ 0

The hard-collinear contribution comes from the ¢;-hard-collinear and cs-hard-collinear re-
gions of the v/Zee vertex correction diagram

247 Ne “
o J9 = o, — [CY + @) Im [Gy(E)]
4 1 2 2 2
xS = (64am ) om? +61n'u—+7r——|—12 (5.29)
Ar | €2 € m? m? m2 3

The collinear 1/e poles cancel in the sum of the hard and hard-collinear, and ultrasoft
and soft-collinear contributions, separately. The collinear sensitivity is instead expressed
through the large logarithms In(4m?/m?). The remaining singularities cancel in the sum
over all regions. To make the cancellation explicit, one can expand the factor 1/k'*%¢ in

the distribution sense: | ) .
a* €
= — o(k) +
k]

k1+26 ¢
where a > 0 is arbitrary and we have introduced the modified plus-distribution

+O(e), (5.30)

a+

With z = m?/(4m?), we obtain

HC Us

. 247TNC )2 a Im [Go( k’)]
= [CW” 4 o ]47T{—81n(z)/dk

S , [k]a—i—

+ 4% —4—6In(z) —41n (Zj)ln( )} Im [Go(E)] } (5.32)

t

which is finite, such that the four-dimensional expression for the LO Green function
can be used. The a dependence cancels.

We determine the subtraction terms by expanding the convolution of the LO cross section
with the structure function in the coupling constant. The perturbative expansion of the
structure function is written as

Tll(z) = 6(1 — 2) + PO (2) + O(a?). (5.33)
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We take the expression for the electron structure function from [130] with fep = fOs =
fu = —(2a/m)(In(z) + 1). The non-logarithmic term accounts for a subset of terms at
NLLE| For the cross section near threshold, only the limit x — 1 is important

PLLO) () 728 % 1) 4 1] ﬁ

4m
The O(a) term in the convolution of the leading order partonic cross section with the
structure functions is

+36(1 —2)|. (5.34)

2/dxF£feL(1)(:z:)6LO(xs) = 0y 24N [CW* 4 0@ %[ln(z) + 1]
x { —6Im [Go(E)] — 8 / g [G?é]E —RIL 55

where the non-relativistic Green function was evaluated at v/zs—2m; = E—my(1 —z) and
we have substituted k = m;(1 — x). The partonic cross section in the conventional scheme

for the electron structure function is given by (5.32)) with (5.35)) subtracted. We obtain

g™ = 00 2 [0 4 0] L
T E- 472
X 8/dk m[G‘fé] k) +( 73T +2) Im [Go(E)] § (5.36)
Jr

where we have set a = m; and neglected the imaginary part of the Green function for non-
relativistic energies £ < —m,. The photon radiation contribution to the cross section (|5.36))
in this scheme is finite and free of large logarithms of the electron mass.

The treatment of ISR presented here is complete at the NNLO plus LL level. We find,
however, that it leads to a huge modification of the cross section at the level of —(30—45)%.
This clearly shows that the determination of the full NLL corrections is mandatory for the
threshold scan, where a prediction for the cross section with an uncertainty at the level
of a few % is required. This necessity is not specific to the top threshold scan, since the
structure functions are universal and a future lepton collider will probe many processes
with unprecedented precision. A crude estimate for the size of the NLL corrections can be
obtained by comparing to the results with fe, = fs = fu = —(2a/7) In(z) without the
constant term. The difference is of the order of 2%, which is comparable to the overall
scale uncertainty.

I For the resummation of ISR we adopt the usual counting conventions. N¥LL includes all terms of the
order o™ In" " (2).
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5.2. The P-wave contribution at NNNLO

In this section, we compute the axial-vector correlation function (3.21)). The hard matching
coefficient ¢, in the naive anti-commuting (NDR) scheme for -5 is given by |131]

2

Qg m ) )
ca:1—4C’FE 1—elnu—;+(’)(e )|+ O(as). (5.37)

The P-wave Green function ([3.45) up to NLO is determined below. In Section the
full result for the P-wave contribution to the cross section up to NNNLO is obtained.

5.2.1. Leading order Green function

We recall that already the leading-order S-wave Green function contains a 1/¢ pole
proportional to ay, i.e. from the 2-loop contribution. The one-loop part is also divergent,
but finite in dimensional regularization. The P-wave Green function contains an additional
factor p - p’ and simple power counting demonstrates that ladder diagrams with up to
four loops are UV divergent. The knowledge of the 4-dimensional representations ([3.34))
and for the leading order Green function is not sufficient for the computation of
G¥(0,0; E) in the MS scheme because the limit 77" — 0 diverges. In d = 4, but keeping
the distance r as a regulator in (3.45)), we obtain

G(];(E)\T = lim (V,-V.Gy(r,r'; E))

r,r’—0

) 1
= lim W/er/er/VT-V,JGO(I‘, r/;E)

r,r’—0

32 A3 | (pr)? pr (5.38)

+1- (g —dvp — 210g(2)) A =3\ + (3 = dyp — 2log(2))N’

1303 A 1-2x2
_n .Cr [ — +2(A — X log(pr)

+2(A = A (2 = \) + O(pr)

The integrals over the directions of r and r’ project out the P-wave component of the Green
function. Consistent with our expectations, only terms with up to three powers of ay in
the expression are singular for r — 0.

To obtain GF(0,0; E) in MS, we can split off the divergent diagrams, the sum of which

is denoted by G(I;(Sgem), and compute them in momentum space, using dimensional regular-
ization and conventional loop methods. The remainder Gg) (24¢) i3 finite and regularization
independent. Thus, it can be obtained by expanding ([5.38)) in a and subtracting all terms

with three or less powers of .



5. Resonant non-QCD contributions 63

The contribution of a diagram with n gluon exchanges to the Green function in d = 4—2¢
dimensions is given by

Poner) _ /H [dd 'p } (Crg2)"m™ (py - Pos1)

o7r)d—1 — Em](p1 —p2)?...(pn — pn+1)2[P31+1 — Em|

_ (Cng)n n / [dd_lkj } kKi+1)+ ko +1)—2— (ki —kypq)?
2(—Bm) "7+ (2m)4=t | [k + (ke — ko). (kn — knga)? (K7 4y + 1]

(5.39)
where we have rescaled all momenta by p; — v—mFEk;. The numerator k; - k, 1 has
been decomposed into irreducible terms. The first two give massless tadpoles in either
k, 1 or k; and therefore vanish. The other two can be reduced to known master integrals
using integration by parts, which is described in detail in e.g. [132]. We used the package
FIRE [133]/134] to perform this reduction. The required master integrals are known for

general dimensions d [135] and have also been reproduced within more general calculations
for the NLO contribution. The result is

miCia
327T/\3

Gl E)(B) = . dnCrag [IP1] + IA) + 12°11]] (5.40)
where the contribution from the one-loop, zero-gluon exchange diagram is stated explicitly.
Its scaling 1/\% ~ E3/2 ~ v? is characteristic for the threshold behaviour of the P-wave
production. The notation If()"fl)o[l] for the higher-loop integrals, corresponding to diagrams
with n gluon exchanges, is explained in more detail in the context of the NLO calculation.

Explicit results can be found in Appendix [A]

The correlation function in dimensional regularization is given by the sum G (SBex) 4
G0P(>4em and takes the form
m{Cea’ 1 1 7
GY(E)= L2 {1— (= 4+2LY +4 ) A =32+ [ — +2LY + - | \°
o () = % 2 T Flae ity (5.41)

+ 20\ = M)h(2 — )\)} ,

Albg 1 —4dmy B
LS=In|—— ) =—=1 5.42
A " (”ltasCF) 2 ! ( N(zz ) ’ ( )

with a € {r,w}. Minimal subtraction of the poles in yields the result in the MS
scheme. We find that only the residue of the 1/e pole in the first line of is complex for
a non-zero width. The residue of the second pole is energy-independent and real. Thus, the
finite-width divergence in is purely due to the two-loop, one exchange contribution.
It is in agreement with the result of [98||136]. When the top width is neglected, the

where
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imaginary part of the P-wave Green function is finite, and has the form
5 oo 2
m.Cra n®—1
Im[GY(E)] = [ —— §(E — B,
m{G ()] = (M) S e - B
my <E N C’%ai) mCras

m P T ) TG

0(E), (5.43)

where v = y/E/m;. It contains an infinite number of narrow resonances below threshold
with the bound-state energies F, = —(m;C%a?)/(4n?) with n > 2. Above the threshold,
the cross section is enhanced by the famous Sommerfeld factor. Our result (5.43)) is in

agreement with [90].

5.2.2. Next-to-leading order Green function

Following the same approach as the S-wave computation [89], one can define the single-
insertion function

4

In[z + u] z/ [H (d%%] P1- P4 é0<p17p2§E)ﬁ (M—) Go(ps, pi; ), (5.44)

2
paiy 23 23

where q;; = p; — p;. The NLO correction to the P-wave Green function ([3.45) can be
expressed through this function as follows:

51GP(E> = OFOég [% (Ip[l + 6] - ]p[l]) + CL1<€>IP[1 + 6]:| . (545)
Again, the diagrams with up to four loops are UV divergent. We use the same approach
as at LO and split the NLO correction into a divergent (a) and a finite part (b). Due
to the insertion of the NLO Coulomb potential, this has a more complicated structure as
indicated in Figure Due to the non-zero top width, divergences of the type I'; /€, arising
from poles of the form FE /e, appear in the imaginary part of (a). Thus, in the computation
of part (a), the NLO Coulomb potential must not be expanded in e before the loop
integration. This differs from the S-wave 88|, which has a finite imaginary part, and where
the potential can be expanded. Similarly, the imaginary part of (b) is finite and, therefore,
the potential can be expanded prior to the integration.

In the computation of I}()b)[l + u|, it is simpler to perform the necessary subtractions
of the divergent diagrams after some initial simplifications. Thus, we first consider the



5. Resonant non-QCD contributions 65

Figure 5.3.: We split the NLO correction to the Green function into a divergent part (
that contains all diagrams with up to four loops, and the finite remainder (b)

complete Ip[l + u] in position space:

2u (1.2\U~3
Ip|1 = I . d—1 B H (I‘ ) B
e[l +u] x,;rgo<<vx Vy)/d £ Go(x, 3 )47rF(1—|—2u) cos(wu)GO(r’y’ )
~ b 9mg (2p)°p*
x,y—0 (47)30(1 4 2u) cos(mu) I'(2 + A)2I'(2 — A)?
1 1 0o o)
X /dtl /d [(1 — tl)(]_ — tg 1+/\ tlt 1 )‘/dsl /d82 [8182]1—’_)\ [(81 — 1)(82 — 1)]1_)\
0 0 1 1

> <(Vm . vy) /ddlr (X . I') <y I') ( 2)'&— 7p[;r(1 2t1)+y(1—2t2)+2r(s1+s2— 1)}> ) (546)

The integral over r is straightforward:

69 2rd=D21(d + 2u)
d—1 T(d—-1)/2)

—d—2u

/ddlr ripd pPulemprisitel) - 2p(s1 + 89 — 1)]

(5.47)
After taking the derivatives and the limit x,y — 0, the integrations over ¢; and t, are
simple and one obtains
m?(Qp)6fd72ulu2u 27T(d71)/21“(d_’_ 2U)
4(47r)3f(1 + 2u) cos(wu) ['((d—1)/2)

s189] T (51— 1)(so — 1)
/dsl /d82 (814 s9 — 1)d+2u

The a, dependence of this expression is isolated in the exponents A of the s; and (s; — 1)
factors. The necessary subtractions are the terms up to the order A\* in an expansion for

Ip[l -+ u] =

(5.48)
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small A\. For the finite remainder (b), we can set d = 4. We find

IO 4] = (4;13 (—4:”]3) jp(u), (5.49)

where, after the substitution t; = s; — 1, we have

= dt, | dt
jP(U) P(l —|— 2U COS 7ru / 1/ 2 1 —f- tl + t2)4+2u tth
L+t)(1+¢ N L+t)(1+¢
—1—)\log<< )L+ 2)> ——10g2<( +t)d+ 2>>]. (5.50)
t1to 2 t1to

We can exploit the finiteness of part (b) and expand the Coulomb potential in e. This
yields the following simplification:

5G"O(E) = Cpa? [50%15’)[1 +

ay(0)1 m}

(5.51)
403 , .

= L [y (2 (0) L+ 4(0)) + x(0)jn(0)].
In the first line, we have written the logarithm of g? in the expanded potential as a
derivative at zero w. This way, we do not require a solution of ([5.50) for general u, but
only its value and its first derivative at u = 0. We show the computation in Appendix [A]

The solution is

jp(0) = =1+ (%2 - 2) A+3C3IN 4+ (1 =30) (2 = A) + (M = N g1 (2 - N),

(5.52)
7p(0) :%—%Jr { 4+2%—4g( )] A+ {334+%2—%+6g(3)} N’
+ [446X— 1002 (2 — \) + (302 — 1) [1;(2 A2 = 30 (2 - )\)}
L) K% 22— A)) Dr(2 = \) + (2 — )\)]
+ﬁ4}73(1,1,4,4;5,5,3—/\;1), (5.53)

with 1, (2) the nth derivative of the ¢ function. The numerical evaluation of the hyper-
geometric function 4F3 for complex values of A\ requires an analytic continuation. This is
briefly discussed in Appendix [B] where the necessary formulas are given.

To compute the divergent part (a), we have to solve loop integrals like those in ([5.39
with the exponent of one of the gluon propagators raised by u. Part (a) is given by (5.45
with Ip replaced by

N 4 ) = IO + u) + 2101 + u] + 21201 + u] + IE 1 + ), (5.54)
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where I3™[1 + u] is the contribution from the diagram with n potential gluon exchanges
to the left and m to the right of the insertion of the NLO Coulomb potential. As at LO,
the diagrams again have up to four loops, but with one propagator raised to a non-integer
power. They must be calculated in dimensional regularization and we show the details and
the results for the Ip™[1 + u] in the second part of Appendix [A] The final result for the
NLO correction to the Green function in dimensional regularization is:

P 403
hG(E) = 647T2A2
52 5
? —+ = + 4L + 205 LY — (LY)" ) + (94 6L5) A
3 344 7w 21 1 )
— ———————L’" —LY —6LYLY +3(LY)* ) A2
(40 0 15 8 2T AA+(A))

[—4 — 6\ + 1002 +2(302 — 1) L5] (2 — \)
(A=) [1/}1 (2—X\) (% +2L§—2@@(2—>\)> +¢2(2—A)]

- = -

+ (33— 1) [3ea2 - 0 - P2 -] +

1 3 26 -
+ ay(e ){6 +2+ LY + 3\ — (ﬁ+€+3[f") N+ (BN =1)v(2-))

+ (A= N) (2 - )\)1 } (5.55)

We have distinguished the renormalization scale p, and the scale p,, related to finite width
divergences as described in Appendix [A]l The scales can also be identified by demanding
that the dependence on the renormalization scale cancels at NLO. By expanding the run-
ning coupling a; in the leading order Green function, we can identify the logarithms of u
in , that are required for the cancellation, and assign them to p,.. The remaining
p-dependence is related to the width, i.e. denoted by p,,, and persists in the pure-QCD
result. It will only cancel, when non-resonant effects are taken into account at NNNLO.
One can see that the p,-dependence is polynomial in F and cancels in the imaginary part
for I'y = 0. This is a further check for the consistency of the result.

5.2.3. Pole resummation

Due to the non-perturbatively strong color Coulomb interaction, the Green function de-
velops bound-state poles below threshold. In the P-wave Green function they correspond
to would-be toponium states with angular momentum [ = 1. In conventional perturbation
theory, these poles would never emerge. Accordingly, they are only present in the finite
parts of the computation that sum over an infinite number of diagrams. In the formulas,
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the poles appear in the polygamma and hypergeometric functions at positive integer values
A> 2.

When the exact Green function is expanded around the energy EI of the nth P-wave
bound state, it has the form

P e
B2 [ (0) — + regular, (5.56)
i€

P _—
G(E) EF —F —

where ¢/, (0) the derivative of the wave function of the nth bound state at the origin. Thus,
the NLO Green function also contains the information necessary to determine the NLO
corrections to the bound-state, parametrized by

Qg ’ ’ Qg
Ef =BIO (1+ 22 el +0(?) . WLO)F = RO0) (1+ fF +0(a) . (5.57)
T 47

The expansion of the perturbative result (3.45)) for the Green function near the bound-state
poles also contains higher poles because the energy-levels and wave functions in ([5.56|) are
expanded

st OOF o [ O 0P i
EFO _p_je Ar | EFO _ B _je <E§<0>_E—z’e>2

+ O(a?) + regular. (5.58)

G(E)

3

The results for the bound-states follow from an expansion of our results for the Green

function for F near Ep (0), or, equivalently, A near positive integer n. Alternatively, the
leading order terms can be read off from the imaginary part ((5.43)) of G

P(0) _ _thFas 10) (|2 — l mi:Crag\” n°—1
B = MO o= L (M) T (550)

The expansion of (5.55)) is

44013
aon My Ch

51GP(E) 4(47)?
TL2 — 1 r 3 4712 ~
n?—1 L
+ n(n— A [%(Ln +(n+2)) + al] + regular}. (5.60)
Comparing this to (5.58]), we find:
el =2a, + 45, [L;; +d(n + 2)] 7 -

P r 3 n2+3 ~
fI =Bay + 28y | 5Ly, + 4+ —— — ———b(n+2) = 2041 (2+n) |, (5.62)
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with LI = In (nu,./(m;Crag)). This is in agreement with the results of [91,92].

With these expressions, it is possible to resum the singular bound-state terms in
into the form ([5.56|), which contains only single poles. This defines the pole-resummed
Green function

Obviously, one can’t take the sum up to infinity in the numerical evaluation. Fortunately,
it is sufficient to apply a rather small cutoff due to the 1/n3 behaviour of the square of the
derivative of the wave function at the origin. In practice, only the poles up to n = 6 are
resummed.

5.2.4. P-wave contribution to the cross section

We recall from Section that the correct treatment of finite terms, that arise from
finite width divergences, is crucial for the consistent combination of the resonant and
non-resonant part. Our prescription for the P-wave contribution is that the spectral
function (3.21]) is computed completely in d dimensions and the leptonic tensor in 4 di-
mensions. This implies that finite terms from the finite width divergences in the Green
function multiplying the d-dimensional prefactor (d —2)/(d — 1) x ¢Z in (3.21)) must be
taken into account. We parametrize the short-distance coefficient @ in the form

= 1+ [V + ecl'] + O(a?), where the scale p in the logarithm in i should be
identified with pu,,, and the Green function at LO and NLO as

1 1
GY(E) = Go div + Go 5> 5GP (E) = = 01Gaive + - 51Gaiv1 + 6,GE-. (5.64)

In terms of these expressions, the NLO result for the spectral function I1(* )( 2) in the MS
scheme with the NDR treatment of 7° is given by I1(?(¢?) = H(a (¢%) + 6,119 (¢?) with

N 2 2 N. a,Crly
Im [II'?(¢?)] = s 5.6
N, 2 .
I [ (¢")] = 37 5 Im [ G(B)] + 2647 Im 1157 (¢?)]
2 N, a,Cpl’ 60 al(O) N. o2CpTy
9plle) 2 “Te TsEFTt 5 5.66
R, i S o7 3o o, o (006)

where the finite terms proportional to the top width I'; have been worked out explicitly. We
observe that they do not depend on the energy because they stem from poles that cancel
with the non-resonant part, which is also energy independent. In , we have assumed
that the width I'; is treated as a parameter, i.e. that it is not expanded in perturbation
theory and it is 4-dimensional. In the non-resonant part, analytical expressions for the
width are used. For a consistent combination, also the finite terms from O(e) terms in the
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analytic expression for I'; must be taken into account. These terms are attributed to or
and were discussed in Section [5.1.1l The result for the P-wave contribution to the NNNLO
cross section is given by

P-wave P-wave

OP-wave = 12700 (C(U)2 + o’ ) Im [Héa)((f) + 51H(“)(q2)]. (5.67)

5.3. Higgs effects at NNNLO

In this section we consider the effects of the Higgs boson up to NNNLO. At this point,
only Higgs contributions which exclusively contain the top Yukawa coupling are taken into
account. Corrections that also involve Higgs-gauge boson interactions are considered a
general electroweak effect and treated as part of Ttk in Section

The Higgs contribution involves two new parameters, the Higgs mass my, and top-quark
Yukawa coupling y;. The power counting of the Higgs mass is crucial for the structure of
the contributions, as we argue below. It has been considered to be hard in Section
mpy ~ my, which is numerically well justified. In earlier analyses [137], before the Higgs
boson discovery, it was implicitly assumed that the Higgs boson mass is of the order of the
soft scale mya,. Higgs exchange contributions have been described by a Yukawa potential
exp(—mpyr)/r. Counting the Higgs mass as hard, the exponent in the Yukawa potential
scales like 1/v and the potential becomes non-analytic in the velocity expansion. This is
clearly inconsistent and violates the spirit of the effective field theory approach, where all
terms should have an unambiguous scaling. Thus, the results of [137] can’t be used in
the light of the physical Higgs mass. Instead, one has to perform a proper matching with
the correct scaling, in which case a local interaction 6 (r)/m?, is obtained. This directly
follows from the Higgs propagator 1/(q* + m?%) in momentum space, where our counting
implies that q*> ~ m?v? can be expanded out with respect to m?%. The leading Higgs
potential in momentum space is therefore simply

y;

5
2my;

SgV = — (5.68)

With myg ~ myv, both terms in the Higgs propagator would be of the same order and the
Yukawa potential would be retained.

On the other hand, the counting of the top-quark Yukawa coupling merely determines at
which order in perturbation theory the contributions appear. The standard model Yukawa
coupling is related to the other parameters by the relation

2 2
o 2my  2mamy

Y2 = = . (5.69)

2 2 o2
v miySa,

Our choice to consider my, ~ m; as hard in Sectionimplies the counting y? ~ apw ~ a2,
that will be used here. Alternatively, one might take treating y? ~ «, into consideration
because of the large value of the top-quark mass. Below, we compare the actual size of
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Figure 5.4.: One-loop Higgs correction to the colour Coulomb potential.

the Higgs corrections to QCD terms of the same order and show that our approach is
appropriate.

The Higgs corrections appear in two ways. Firstly, there are contributions to the hard-
matching coefficient of the external vector current or the production operators, respectively.
Being a hard corrections, this is only suppressed by the coupling constant, which is given
by y2. In our counting, it constitutes a NNLO effect. At NNNLO, we also have to consider
mixed Higgs-QCD contributions of this type. They are discussed in Section [5.3.1] The
second effect is the Higgs potential . With respect to the leading QCD Coulomb
potential as/q?, it is a NNNLO effect. The correction to the non-relativistic correlation
function is calculated in Section [5.3.2]

Naive power counting suggests that NNLO corrections to the colour Coulomb potential,
as shown in Figure [5.4] are present. Only the hard loop momentum region is relevant for
mpy ~ my. However, the external momenta are potential and must be expanded out in
the loop integral. Thus, one obtains an O(y?) correction to the ¢ A° top-quark-gluon
coupling of the NRQCD Lagrangian at zero momentum transfer. In the on-shell scheme
this contribution is canceled by the top-quark field renormalization because the vertex is
effectively on-shell (cf. Section [5.1.2)).

5.3.1. Short-distance effects

The NNLO Higgs contributions to the hard-matching coefficient of the vector current have
been computed in [122-124]. Here we only consider terms that contain the square of the
top-Yukawa coupling. Other Higgs boson corrections are tiny and taken into account at
NNLO in Section [5.1.3] For the mixed Higgs and QCD corrections at NNNLO, the leading
six terms in expansions my & my; or my > m,; have been determined in [118]. It was
found that the NNNLO coefficient is IR divergent. The divergence was absorbed into the
renormalization constant

~ asCry?m? 1
Zy =1 CD —.
+ [pure QCD] + 4 2m?; 4de

(5.70)
for the vector current. We write the renormalized hard matching coefficient in the form

2
¢y = 1+ [pure QCD] + %t [01(2 + Z—Sc%] +.... (5.71)
7



72 5. Resonant non-QCD contributions

In our convention, the results of [118§] read

1 [32—1 2-—92+1222 2 —5z+ 62*
2 = = — 1 —V 5.72
“H = T2 | T2, 4822 nE 24z ()] (5:72)

with z = m?/m? and

Viz —1
vEET S arctanyv/4z — 1, z > 1/4,
2z
U(z) = (5.73)

\/1—4,21 1—+1—-14z

n ) z < 1/4.
2z 1+v1—-4z /

Con = 5 [§(1 —y)In i 5.760 + 5.533y — 0.171y* + 0.0124y> + 0.0304y
+0.0296y° + ... |, (5.74)

with y = 1 — 2. The approximate result 1b from [118| has been used for cq(f}z, It converges
quickly for the physical Higgs boson mass and we neglect the truncation error, which we
estimate to be well below one percent.

We can now compare the size of these corrections to the QCD contributions to assess
the appropriateness of the power counting y; ~ «5. The numerical result for the hard
matching coefficient is given by

¢y =1 0.103]5, — 0.022],2 + 0.031],2 — 0.070]45 — 0.019],2,, + ..., (5.75)

where we have used as(p = 80 GeV) = 0.1209. The coupling orders for the various contri-
butions are shown explicitly. The power counting is obviously justified here. Additionally,
the Higgs potential can be compared to its natural QCD counter-part, the local
QCD contribution to the potential. This is the spin-projected QCD NNLO Darwin po-
tential 6Vp = 8ma,Cr/(3m?) = 1.35/m?, where we have used the numerical value for a,
from above. The Higgs potential §5V = —0.98/m? is only slightly smaller, but we believe
that our counting is valid because the Darwin potential itself is only a small correction
compared to the overall NNLO QCD effect.

5.3.2. Potential contributions

The NNNLO correction to the non-relativistic S-wave Green function due to the Higgs
potential ((5.68|) has the form

5G(E) = (0| Go(E) iy V iGo(E) |0) = —65V Go(E)?, (5.76)

where Go(F) is the LO Green function (3.46]), evaluated at r = r' = 0. The Green function
Go(r,r’, F) describes the propagation of a non-relativistic top-pair in the presence of the
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leading order Coulomb potential. The square of Gy appears in because the top pair
is produced by a local current, then interacts via the local Higgs potential, i.e. is produced
and annihilated at zero spatial separation, and is finally annihilated by a local current.

The real part of the LO Green function (3.46]) contains a 1/e pole of UV origin from the
one-gluon exchange diagram. This implies that G2 contains a pole in the imaginary part.
Explicitly, the divergence in the imaginary part of the Higgs correction reads

2 2
Yy miosCr

I (5 G(E)]| g, = I [Go((B)). (5.77)

m?2  16me
We note that, as it stands, also contains an unknown finite part from the O(e)
terms in the imaginary part of G. However, in the Higgs contribution to the spectral
function the combination Im[(c,Z,!)*G(E)| appears and the divergence (5.77)) is canceled
by the renormalization constant (5.70). This cancellation also extends to the unknown
finite terms mentioned above. In the NNLO QCD part, an analogous cancellation happens
between the divergent part of the single insertion of the QCD Darwin potential and part
of the two-loop QCD contribution to the renormalization constant of the vector current
Z,. Thus, it is sufficient to consider the minimally subtracted Green function

miasCr

1Gin(E) = b ( - {LA + % - % — (1 - )\)DQ, (5.78)

= 92
2miy

and the renormalized hard matching coefficient.

Similar to our discussion for the P wave in Section [5.2.3, one can resum the Higgs
contributions to the poles of the S-wave Green function, which correspond to 2S; toponium
bound states. Near these poles, the S-wave Green function has the form

se, [P (0)
G(E) =% EW_(E)‘_ = (5.79)
‘2

with the energy levels F,, and squared wave functions at the origin |¢,,(0)|?. We parametrize

Higgs corrections in the following way:

0 oF yt2
E, = EY (14 [pure QCD] + 1w 2t )
s
) (5.80)
aS
a0 = 1000 1+ [pure QD]+ 222 1y ).
where ) ,

C 1 (ma,C
EO — _ypy, [ X2F O )2 = = [ H==ZE) 81
0= (%) OO = - (M (5.81)

As described in Section [5.2.3], the higher order perturbative corrections to the Green func-
tion contain knowledge of the corrections to the bound state. We can determine ey, fg
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from a comparison of the expansions of (5.78]) and (5.79)) around the bound-state energies,
or equivalently an expansion for A near positive integer values n. We obtain

2 42012
y; myoiCh 1 2 1 1 ~
p L (582
2m3, 1672 | (n— )2 T ( 27, i) |+ (5.82)

onGan(E) =

where L,, = log(nu/(masCr)) and regular terms in the limit A\ — n have been discarded.
We find

2Cp 2 :C 4
eH:mt2F—, fH:mtzF (2Ln+1+—_251(n))7 (5.83)
my n My n

where Sy(n) =Y ;_, k= is the nth harmonic number of order one. Our expressions agree
with the results for the energy levels and the Y(15) wave function in [118].

5.3.3. Combined Higgs effects

Having collected all the parts, we can give expressions for the complete NNNLO Higgs
corrections to the cross section, with the exception of the tiny corrections involving Higgs-
gauge boson couplings. The NNLO correction to the vector correlation function ([3.20))
reads

v 3 2 (2)
o 1T = Szl A nGo(E), (5.84)
and the NNNLO correction is given by
3 Tag
S5y 11 = 53 Eyf(cf?[ + 2 e)Go(E) + 2 6.G(E) + 61 Gan(E) | . (5.85)
¢

It also contains mixed NNLO Higgs and NLO QCD terms. The NLO QCD contributions
to the Green function and the hard-matching coefficient have been written in the usual
parametrization G(E) = Go(E) + 6,G(E) + ... and ¢, = 1 + ayc1/(47) + ... The Higgs
contribution to the top-pair production cross section has the form

o = 12104 (O(”)2 + OW) Im [§o5 110 (g2) + 855 11)]. (5.86)



6. Phenomenology of top-pair
production near threshold

In this section, we present a phenomenological survey of the threshold scan of top-pair
production from a theory perspective. Several experimental simulations [26}/138}/139] have
found that the statistical uncertainties are tiny in realistic running scenarios at future linear
colliders. First results from an experimental study [140] based on the theory prediction
available in QQbar_threshold [29] have recently become available and have given a first
combined account of the achievable accuracy. Therefore, we focus solely on the theory
prediction and its uncertainty.

To avoid the IR renormalon ambiguities discussed in Section [2, we exclusively employ
the PS Shift (PSS) mass scheme throughout this section. It is defined by

"B (s, mP®) = oP°(\/5,mPS + dmy), (6.1)

where the order of the pole-PS mass relation dm; is correlated with the order of the
prediction. One could also expand the right-hand side in §;m; ~ mya?™ with i > 1,
which defines the PS Insertion (PSI) scheme introduced in [89]. As discussed there, this
leads to unphysical behaviour close to threshold and is therefore not considered below. It
is mandatory to resum the resonance poles in the Green function to achieve renormalon
cancellation in the PSS scheme. We do this for the first six poles following the procedure
outlined in Section 3.3
For the numerical evaluation we adopt the input values

mPS = 171.5GeV, as(my) = 0.1184, a(my) =1/128.944
my = 125 GeV, myz = 91.1876 GeV, my = 80.385 GeV, (6.2)
I't = 1.33GeV, tr = 80 GeV, e = 350 GeV,

where the running electroweak coupling is taken from [126], see the discussion in Sec-
tion [G.1.3

6.1. Analysis of non-QCD contributions

We first consider the P-wave contribution to the total cross section. Our results at LO and

NLO are shown in Figure Compared to the S-wave, the overall effect is below 1% in
the threshold region because on top of the v? suppression of the P-wave, the ratio of the

5
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Figure 6.1.: The P-wave contribution to the cross section in pb. We used the PSS scheme
with the parameter values of . The dashed and solid lines are the LO and
NLO results, respectively. Due to the v? suppression of the P-wave, they con-
tribute at NNLO and NNNLO to the total cross section. The shaded regions
indicate the respective uncertainties from variation of p, between 50 GeV and
350 GeV. The dotted line denotes the Born-level result, where the Coulomb
singularities are not resummed.
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Figure 6.2.: The full QCD cross section up to NNNLO, including the small P-wave con-
tribution. The bands are spanned by variation of pu, between 50 GeV and
350 GeV.
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couplings (v? + a?)a?/e? ~ 0.28 is small[| The shaded bands are determined by variation
of the renormalization scale p, between 50 GeV and 350 GeV, while keeping 1, = 350 GeV
fixed. The pu,, dependence is related to uncanceled finite-width divergences in the pure-
QCD result and will be discussed below.

There is very good convergence between the LO and NLO P-wave results and the de-
pendence on the renormalization scale is greatly reduced. Thus, we can conclude, that
perturbation theory works well already at low orders for the P-wave contribution. The
comparison with the Born result (dotted curve in Figure shows the importance of
Coulomb resummation, similar to the observation made for the S-wave result in Figure
However, the P-wave does not develop a visible resonance peak because the sizeable top-
quark width completely smears out the small residue of the lowest n = 2 P-wave bound
state.

We define a reference QQCD prediction by adding the small P-wave contribution to the S-
wave result of [28]. The result is shown in Figure , where the uncertainty bands are again
due to variation of the renormalization scale. The conclusions of [28] are unchanged by
this. On the basis of this reference QCD result, we show the effect of non-QCD corrections
in Figure 6.3

In the top-panel we show the relative effect of the Higgs contribution oy at NNLO
and NNNLO. At NNLO there is an almost constant relative shift because only the hard-
matching coefficient 01()212[ is present. At NNNLO, it is partially compensated by the negative
mixed Higgs-QCD corrections like 05)2 Furthermore, there is a contribution from the local
Higgs potential, which modifies the position of the peak. Due to the attractive nature of
the potential, the binding energy is increased and the peak is shifted to the left. At the
same time the Higgs corrections increase the cross section by 4 — 8%, depending on the
value of /s, and make the peak more pronounced.

The effects from the remaining electroweak contributions osy;y,, , or, and o

7o, Ciom bases 2,
to the “partonic” resonant cross section are shown in the middle panel. The dashed line
corresponds to the correction from the QED Coulomb potential only. It is attractive and
therefore leads to an increase of the cross section by 2 — 8% and a shift of the peak to-
wards a smaller center-of-mass energy. The solid line shows the full correction. The width
contribution or changes the cross section by only (—0.6) — (0.4)%. Including the real
part of the electroweak matching coefficient leads to an almost constant relative shift of
about —4%. The absorptive part of the matching coefficient multiplies the real part of
the non-relativistic Green function, which has a broad peak, roughly centered around the
point where the imaginary part has its maximal slope, on top of a smooth background.
Thus, the absolute contribution has only a mild energy dependence and is of the order of
—(6 — 8)% near and above the peak. However, it becomes even more important below the
peak, where the cross section is small and it modifies the result by up to —18%.

The lower panel illustrates the behaviour of the non-resonant contribution to the total

cross section. Its absolute size is nearly energy-independent. Thus, the shape of the curves

'However, it may be possible to extract the P-wave contribution experimentally using different beam
polarizations, see [93].
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6. Top-pair production 79

is given by the inverse of the QCD cross section. At NLO, the effect is of the order —(3—4)%
near and above the peak and reaches up to —20% for low center-of-mass energies, where
the resonant cross section becomes small. The NNLO corrections compensate about half of
the NLO result. This is in contrast to the findings of [98,/99], where an enhancement of the
negative non-resonant correction from an approximate NNLO result was observed. The
apparent discrepancy is, however, entirely explained by the vastly different scale choices
made in [98,99] (i = 30GeV) and here (u,, = 350 GeV). The dependence of the full
result on p,, is very mild as discussed below and, thus, mainly the size of the individual
contributions (most notably the non-resonant correction and the one from the absorptive
part of the hard matching coefficients) is affected.

The net effect of all the corrections barring ISR is shown in Figure [6.4, The non-QCD
effects chisel out the peak, whose height is slightly increased and which moves towards
smaller center-of-mass energies. Above the peak the cross section is slightly decreased by
—(2 — 3%). The largest effect is observed below the peak, where the absorptive parts
of the matching coefficients and the non-resonant contribution dominate the non-QCD
corrections. Here, the bands cease to overlap at around /s = 341.5 GeV. The size of the
uncertainty band is slightly increased and now reaches almost +£5% directly below the peak,
where the uncertainty estimate for the QCD result is +3.8%. In the remaining regions it
is however of the size of +3%. The increase of the scale uncertainty is mainly due to the
Higgs potential insertion.

We recall that the bands only include the variation of the renormalization scale between
50 GeV and 350 GeV, while the scale u,, = 350GeV is kept fixed. The dependence on
the scale p,, cancels exactly between all contributions of a given order. We show the fu,,
dependence of the resonant cross section and the full cross section in Figure For the
resonant-only cross section, it is mild near and above the peak, but is significantly larger
than the renormalization scale dependence blow the peak. The sensitivity to p,, is greatly
reduced for the full cross section, where the variation by a factor of 14 considered in the
plots only yields a +0.3% effect near and above the peak and only a mild +2% below the
peak. The remaining p,, dependence is of NNNLO, where the full QCD corrections, but
only a few electroweak effects are considered and therefore no full cancellation is achieved.

We have discussed the possibility of imposing loose cuts, which only affect the non-
resonant part of the cross section, in Section . The dependence on the cut defined in (4.2))
is shown in Figure [6.6], where the dotted and solid lines denote the NLO and NNLO non-
resonant contribution. Very loose cuts with AM,; > 30 GeV have only a mild influence
on the cross section. More tight cuts AM; = (30,20, 10,5) GeV reduce the cross section
by (0.007,0.014,0.038,0.086) pb. We observe that for AM,; around 4 GeV the NNLO non-
resonant contribution becomes as large as the NLO one. Here, the assumption that the cut
is loose is no longer appropriate and our description breaks down. It is however unimpaired
for AM; 2 6 GeV.

The dashed line in Figure shows the approximate NNLO result [98], which includes
only the endpoint divergent terms, for comparison. It describes the dependence on the cut
very well, since the endpoint divergent terms are most sensitive to it, but it is shifted by
-0.006 pb for the full cross section and up to -0.009 pb in the presence of invariant mass cuts.
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Figure 6.6.: The dependence of the non-resonant contribution to the cross section on the
invariant mass cut . The dotted line shows the result at NLO and the solid
line the NNLO correction (without the NLO terms). The dashed line denotes
the approximate NNLO result from [98]. The full cross section corresponds to
AM, = m; — myy.

In the absence of any cuts the exact result corresponds to a 75% correction with respect
to the approximate NNLO result. We note, however, that for the scale choice of [98] and
in the range of loose, but not too loose, cuts I'y < AM; < m, the approximation is much
better.

We finally discuss the effects of initial state QED radiation, which have so far only been
taken into account in the experimental studies. Figure shows the overall effect from
o™ and the convolution with the electron structure functions. The former is a small effect
of the order —(0.4 — 1.5)%. For the latter we have not used , but the numerically

less expensive relation

o(s) = [ e (TG, ) 67 (05) (6.3)

from [128,|130], which is LL accurate. The black band is spanned by four different im-
plementations of the convolution of the full NNNLO QCD plus NNLO EW cross section
according to . This involves an extrapolation of the cross section for energy values
outside of the range of the grids available in QQbar_Threshold [29]. We either use the
shape of the LO cross section below /s = 328 GeV, rescaled to match the full result
at /s = 328GeV, or an alternative implementation that interpolates linearly between
o(y/s = 320GeV) = 0pb and our result at /s = 328 GeV. Numerically, we find a small
difference of 0.2% near and above the peak, which goes up to 1.3% at /s = 340 GeV. For
both implementations we consider the structure functions with and without the constant
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Figure 6.7.: The effect of initial state QED radiation on the cross section. The dotted curve
shows the full partonic result. The solid band (ISR) is the envelope of results
obtained by convoluting the full partonic result with the structure functions
with different systematics (see text). The dashed line (ISRy) is obtained by
convoluting only the leading order partonic cross section with the structure
function and adding the full partonic corrections on top.

term in fexp = fs = Bu = —(20/7)(In(2) + 1). As discussed in Section [5.1.5 the differ-
ence yields a rough estimate for the order of the missing NLL terms. It is in the range of
1.3 — 2.2%, but we cannot exclude larger corrections.

For comparison we furthermore show the result

1

sy (5) = 6°() = 51°(5) + [ do (T2, ) 620 (64

denoted by the dashed line. Formerly, the difference is a N'/2LL effect. Due to the
sizeable higher-order corrections to the cross section it is, however, substantial. Thus, it is
mandatory to evaluate for the full partonic result.

The effects of ISR are huge, reducing the cross section by 30 — 45%. It also leads to
a significant modification of the shape. The peak is shifted by almost 200 MeV to the
right and smeared out considerably. Its height is reduced by about 40%. This emphasizes
the need for a full NLL treatment of ISR and a proper analysis of the convergence and
remaining uncertainty, which is of universal importance for e*e~ collider processes, but is
beyond the scope of this work.
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6.2. Sensitivity to SM parameters

The comparison of the theoretical prediction for the top-quark pair production cross section
to the experimental results from a future lepton collider can be used to extract precise values
for several standard model parameters. The most characteristic features are the steep rise
and peak of the cross section. Figure shows the impact of the non-QCD corrections
on the peak (upper panel) and maximum slope (lower panel). However, we do not take
the effects of ISR into account for the discussion in this section since the important NLL
corrections are presently unknown. The error bar is obtained by adding the uncertainties
from renormalization scale variation between 50 GeV and 350 GeV and variation of a,(my)
by £0.001 in quadrature, while the inner bar only captures the uncertainty from the strong
coupling.

The Higgs contributions shift the peak by —35MeV and increase its height by 6%.
The remaining electroweak corrections cause an additional shift of —50 MeV. The QED
Coulomb potential enhances the height of the peak, but is overcompensated by the negative
electroweak contribution to the matching coefficients of the production and annihilation
operators, such that the height is reduced by —1.9%. The non-resonant contribution is
nearly energy-independent and therefore leaves the position of the peak unchanged, while
reducing its height by —1.6%. The effect of the non-QCD effects on the extracted value
of the top-quark mass is essentially determined by half of the shift of the peak position,
which yields —42 MeV. This is of the same order as the expected theory uncertainty and
demonstrates the importance of taking these contributions into account. Overall the cor-
rections enhance the absolute height of the peak only marginally, but they also decrease
the normalization of the ”background”, such that the peak becomes more pronounced.

The position of maximal slope experiences almost the same shifts as the peak. The max-
imal slope is however increased by 9.7%, mainly due to the Higgs contribution. The non-
resonant contribution has no influence on the slope, since it is nearly energy-independent.

The top mass and width dependence of the cross section is shown in more detail in
Figure[6.9] The upper panel demonstrates the effects due to variation of the top-quark PS
mass by +50 and 100 MeV. The shape of the corresponding curves corresponds mainly to
a shift of the cross section by 20m; in y/s. The cross section is most sensitive to the mass
about 1.5 GeV below the peak, where we observe a change of 7% for dm!® = F50 MeV.
Since the respective scale uncertainty is slightly below +5%, we may expect that the theory
uncertainty on the top-quark mass determination is even below +50 MeV.

The sensitivity to the top width is considered in the lower panel, where we study shifts
oT"; of 2100 MeV. Since the top width is responsible for the ”"smearing” of the would-be
toponium resonances, the peak becomes narrower and more pronounced for a decrease
of I';. The opposite happens for an increase in the width. The variation by £100 MeV
leads to curves well outside of the uncertainty band, which shows that the expected theory
uncertainty on the determination of the top-quark width is significantly below 100 MeV.

The threshold scan further offers an important consistency check for the SM from the
measurement of the top-quark mass and Yukawa coupling in the same process. In the SM
the fermion masses and Yukawa couplings are connected by y; = V2m 7/v. Any significant



6. Top-pair production 85

Peak

110 ——

1.05" QCD+Higgs ]
o QCDl+Higgs+EW ]
) L i
= 1.00+ T -
Q I AlL ]

I QCD ]

0.95 ]

0‘907\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
343.80 343.85 343.90 343.95 344.00 344.05 344.10

Vs [GeV]
Slope
0.50 S —
0.48} ]
% i QCD+Higgs+EW
O 0.46 bt '
S | AL . . :
|€ 0'44:’ QCD+Higgs ]
T 0.42} 1
S i QCD
< 0.40) ]
38

O. I T E R B
342.95 343.00 343.05 343.10 343.15 343.20 343.25
Vs [GeV]
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deviation from this relation would be an unambiguous signal for new physics and provide
important insight into the mechanism of electroweak symmetry breaking in nature. This
is particularly interesting for the top quark because it is by far the most massive fermion
in the SM and many new-physics explanations have been invoked to try to explain this
happenstance. Such a deviation can, for example, be caused in the model—independentﬂ
framework of the dimension-six effective Lagrangian [141,/142]. To demonstrate this, we
consider the operator

AL = — 22 (610)(Qsotr) + hoc., (6.5)

where 5 = j0%¢*, cxp is a new dimensionless coupling and A > v is the scale of new
physics. For simplicity, we have assumed that only the third generation is affected. After
electroweak symmetry breaking, the operator yields corrections to the mass term and
Yukawa term of the top,

2
AL D — N0 (0l tn + 3hEsts) + b, (6.6)

2/2A

where h denotes the physical Higgs field. The coefficients of the two terms differ by a factor
three, which breaks the SM relation. We parametrize the correction with

3

Yt CNP U
b =——=14+4 ———, 6.7
! V2my Jv A% \/2m, (6.7)
where " e enpv? . S, 3enp? (6.)
my = —— an = : -
t \/5 yt 2A2 yt yt 2A2

The SM relation is recovered for x;, = 1. We observe that this naturally leads to the
r-formalism that has been widely used to study Higgs couplings. It has also been demon-
strated in [143] that there is a rigorous effective field theory justification for this formalism
in general. The cross section is obviously also sensitive to other operators in the dimension-
six Lagrangian — in particular those that cause further anomalous top couplings, e.g. to
gluons. A complete treatment of these contributions is beyond the scope of this work.

We now apply our approach to study the sensitivity of the cross section to a rescaling
of the Yukawa coupling y; in the Higgs potential and hard matching coefficients by
non-unity values of x;. This is equivalent to the assumption that the top-quark mass and
Yukawa coupling are independent parameters. The curves obtained for different values of
k¢ are shown in Figure [6.10] in comparison to the scale uncertainty of the SM result. The
results are normalized to the full cross section with p, = 80 GeV. The overall normalization
of the cross section changes due to the modification of the strength of the attractive Higgs
potential, while the effect on the shape of the cross section is rather mild. Explicitly, we find
an increase of the cross section by 5-10% for x; = 1.5 and a decrease of 3-5% for k; = 0.5,
as well as shifts in the position of the peak by —44 MeV and +27 MeV, respectively.

2 Assuming new physics are heavy!
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Figure 6.10.: The sensitivity of the cross section to variations of the Yukawa coupling (up-
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with the input values (6.2)).
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Figure 6.11.: The effect of the variation of the Yukawa coupling (red line) and the strong
coupling (green line) on the position and height of the peak. The outer error
bar is obtained by adding the uncertainties from the renormalization scale
and variation of as(myz) by £0.001 in quadrature, while the inner bar shows
only the latter contribution (cf. upper plot in Figure .

We can get a first estimate for the theoretical uncertainty in a determination of y; by
comparing the effect of the variations of k; to the theory uncertainty from variation of the
renormalization scale u,. The curves lie only outside the band for rather large deviations
from the SM Yukawa coupling of roughly +20% or —50%. A more detailed analysis that
also takes the shape of the curve into account may however reveal that there is better
sensitivity.

We note that the variation of the strong coupling constant shown in the lower panel of
Figure has a very similar effect as the variation of x;, although the energy dependence
of the effect is somewhat different. The red curve, corresponding to a(Myz) = 0.1204, lies
1—6% above our central prediction and the blue curve, corresponding to as(Myz) = 0.1164,
lies —(1 — 5)% below. The partial degeneracy of the two effects is also apparent for the
position and height of the peak as shown in Figure[6.11] Without a full-fledged analysis of
the energy dependence it remains unclear to what degree the effects can be disentangled.
Thus, it is also not settled to which degree the measurement of the top-quark Yukawa
coupling and the strong coupling from a simultaneous fit is impaired by the degeneracy.
One may however use ag(my) from other sources as an input and determine gy, in this
way. Even with the present uncertainty of the order of £0.001, the a(my) uncertainty is
significantly smaller than the scale uncertainty. Assuming an improvement by a factor of
two by the time a linear collider becomes available, we find that the added uncertainty on
the determination of y; is marginal.

The authors of [139] conclude that the top Yukawa coupling can be determined with
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a statistical uncertainty of only 4.2% in a threshold scan. Their analysis is based on the
assumption that the SM Higgs effects lead to an energy-independent increase of the cross
section by 9%, which is somewhat at odds with our findings based on a rigorous treatment.
Both the theoretical uncertainty of the cross section and the correlation with the strong
coupling constant have not been considered in [139]. Our discussion shows that it is
unlikely that the Yukawa coupling can be obtained with such high accuracy in a threshold
scan. At a future linear collider, it can however also be determined from the cross section
for tth with an estimated uncertainty of 10% or 4% at /s = 500GeV or /s = 1TeV,
respectively |144], in which case the extraction of the Yukawa coupling from a threshold
scan would still provide an important independent check.

6.3. Top-pair production in photon collisions

Our results for the P-wave Green function are also of interest beyond their tiny contribution
to the total cross section for top-pair production in e*e™ collisions. It is for example possible
to produce top pairs in a pure P-wave state in photon collisions by adjusting their helicities
to be opposite. A lepton collider can be converted into a high-energy photon collider via
the back-scattering method [145]. This idea was considered in the Technical Design Report
for TESLA [146] and is also discussed as an option for the ILC (see Sec. 12.6 of [147]).
With opposite photon helicities, the cross section takes the form [91}92]

_ _ 321 N, et _
0y =0y =~ O () Im [GR(E)] (6.9)

near threshold. The hard matching coefficient is only known in four dimensions
O () = 1 — 16C—=. (6.10)
4

Therefore, we subtract the finite-width divergences minimally in the P-wave Green func-
tion. The corresponding scheme and scale dependence can be cured by taking non-resonant
effects into account.

Our results in the PSS scheme are shown in Figure [6.12] The cross section is larger
than the P-wave contribution in ete™ collisions by an order of magnitude because of the
different size of the involved couplings and numerical prefactors. Otherwise, its features
are very similar. In particular, the substantial reduction of the scale uncertainty at NLO
is also observed here, which is apparent from the (hardly visible) width of the dark-shaded
band in Figure [6.12] Due to the different hard matching coefficient the NLO correction to
the cross section is somewhat larger here, but the NLO band is still completely contained
in the LO one.

The cross section has previously been computed in [91,92], where the scheme-
dependent finite-width terms have been determined by matching the resonant contribution
to the full theory diagram with an off-shell top decay. This approach captures the part of
the non-resonant contributions, that dominates the respective non-resonant contribution



6. Top-pair production 91

0.08 ya

340 342 344 346 348 350
Vs [Gev]

Figure 6.12.: The top-pair production cross section Jj ~ in collisions of photons with op-
posite helicities at LO (dashed) and NLO (solid). We adopt the same coding

as in Fig. .

in ete” collisions, but is technically not complete at LO. If a high-energy photon col-
lider becomes available, the computation of the non-resonant contributions to the process
vy — WHIW~bb with opposite photon helicities must be performed. We have compared
our expressions for the LO P-wave Green function to the result of [91,(92] and found com-
plete agreement for the scheme-independent terms. The NLO P-wave Green function is
also determined in [91,92], but is given only as a sum representation, which makes the
symbolic comparison of even the scheme-independent terms difficult. There is, however,
good numerical agreement between our results and the plots presented in [91,92], if we set
the scale in the hard matching coefficient and the finite-width scale and p,, to the hard
scale.

6.4. Stop-pair production at lepton and hadron colliders

The pair production of stops, the scalar supersymmetric partners of the top quark, has
been studied extensively at both hadron and ete™ colliders. At hadron colliders it is very
challenging to exclude the complete parameter space for light stops. A lepton collider can,
however, exclude all electrically charged particles with masses up to half its center-of-mass
energy. The stop-pair production cross section near threshold in ete™ collisions can also
be determined in the effective field theory framework described in Chapter |3} It was first
studied in [90]. The stops are produced in a P wave since the coupling of squarks to
photons and Z bosons contains a derivative. We consider only the hghter mass eigenstate
t=t =1, cos 0; + trsin 0;, and assume the other mass eigenstate ty to be sufficiently
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heavy that it cannot be pair produced close to the #; threshold. The cross section is given
by

202 2 2
Oy = 12T 09 (e% — —q2 _qM%vezgeg + ((123—]\4%> (v? + a?)z?) Im [H(a)(qz)] . (6.11)

where z; denotes the coupling constant for the Z #t vertex and 11 (¢?) the spectral function
of the derivative current. In NRQCD the derivative current matches to

1
GOk — %ok, (6.12)
mg

where 1 and y are the stop and anti-stop fields in the non-relativistic normalization 1 ~
X ~ mg/ 2, Up to NLO, the spectral function takes the form

Ne  2arp), (6.13)

t

with the hard matching coefficient of the current j@F [148§]
a
=1-4Cp — 2 14
Co CF . + O(Oés), (6 )
and the P-wave Green function
() = / a2 5 (0| T (i) (@) 01 0)) | 0 pngon - (6.15)

The results for the cross section depend strongly on the SUSY parameters, most
notably the stop mass and decay width. For generic stops with a large decay width I'; >
Aqep the cross section has the same qualitative features as the P-wave contributions to
top-pair production. In particular, it can be fully described within perturbative QCD as
observed in [90]. This implies that the stop properties could be determined similar to the
top threshold scan from a measurement of the cross section. In some regions of parameter
space the stop can be long-lived and a different approach, similar to the one used for the
determination of the bottom-quark mass in Chapter [7], would be required.

The P-wave Green function is also required for the resummation of Coulomb effects in
the production of stop pairs in the quark-anti-quark channel at hadron colliders. For the
light-flavored squarks the t-channel gluino exchange diagram dominants the pair produc-
tion cross section. The respective stop-pair production diagram is negligible because it is
suppressed by the minuscule top parton distribution function in the proton. Therefore, the
dominant contribution in this channel is from s-channel gluon exchange, which creates stop
pairs in a colour-octet P-wave state. The stop-pair production mechanism in gluon fusion
is not flavour sensitive and can be taken over from the respective squark-pair production
results.



6. Top-pair production 93

A formalism for the combined resummation of soft and Coulomb corrections in the pro-
duction of pairs of heavy colored particles in a S-wave state was derived at next-to-next-to-
leading logarithmic order (NNLL) in [72] and was applied to the production of squarks and
gluinos in [149]. The approach was extended to stop-pair production in [150}/151]. While
the formal proof was only done at NLL the arguments presented there strongly suggest that
the factorization formula is still valid at NNLL. The dominant missing part of the poten-
tial function J% in the factorization formula is given by the potential NLO corrections to
P-wave color-octet Green function, which accounts for NNLL terms beginning with o2 /4.
They can be obtained from our result for the color singlet by a simple replacement of the
color factor —Cp — Dg = 1/(2N.) in (3.41)). To achieve full NNLL accuracy one also needs
terms beginning with a?log 8 [152], which arise from contributions of the non-Coulomb
potentials.






7. Determination of the bottom-quark

mass from non-relativistic sum rules
at NNNLO

The extraction of the top-quark mass in a threshold scan relies on the direct compar-
ison of the experimentally measured shape of the cross section with the theory predic-
tion within perturbation theory. This approach is valid because the hadronization time
thad ~ 1/Aqcp ~ 2107245 of the top quarks is much larger than their average lifetime
T; ~ 1/Ty ~ 5-107%s. Thus, non-perturbative hadronization effects never become rele-
vant for the cross section. A somewhat more formal formulation of this observation is that
the large top width provides an IR cutoff and, therefore, protects the top quark from the
non-perturbative regime of QCD, that is responsible for confinement.

The bottom quark, on the other hand, has a lifetime of the order of T} ~ 1.5 - 10725,
and is not protected against non-perturbative hadronization effects. At any order, pertur-
bation theory predicts the production of free quarks and gluons and cannot be expected
to reproduce the cross section measured by experiments, which involves only hadrons. To
salvage the situation, one must find a way to introduce an artificial IR cutoff in analogy
to the top-quark case, where the role is played by the width. In |153] it was demonstrated
that smearing the cross section

x /
_4a / ds'R(s (7.1)
) (s—s) + A2
0

with a Breit-Wigner shape of width A, effectively works as an IR cutoff, similar to a natural
decay width of the order A/4/s. For sufficiently large A, one may therefore assume that the
smeared theory prediction and smeared experimental result agree, which is known as quark-
hadron duality. Consequently, it is possible to extract the bottom-quark mass in a similar
fashion as the top-quark mass, but with the cross section averaged over an appropriate
energy range. The smearing mechanism must provide a compromise between retaining
the most information on the bottom-quark mass and suppressing the non-perturbative
corrections. The most prominent approach is provided by the so-called moments M,,,
which are defined through a sum rule, first introduced in [30,131]. We will review this
idea in the following. Afterwards, we discuss the first full NNNLO bottom-quark mass
determination from non-relativistic sum rules, provided by us in [2.[3}/6].

95
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Figure 7.1.: Three gluon cut in the correlator of two heavy-quark vector currents at O(a?).

7.1. The sum rule

The sum rule [30,31] is based on the analytic properties of the spectral function II(s)
in the complex s plane. Its singularities correspond to physical states. In non-relativistic
perturbation theory, including the effects of Coulomb resummation, they are given by an
infinite number of isolated poles for real s below threshold, corresponding to bb bound
states, and a branch cut on the real axis above the threshold, which represents the open bb
continuum. At higher orders, subtleties, like a branch cut starting from s = 0 due to the
three gluon cut shown in Figure , appear [154]. These cuts must be subtracted from the
spectral function. The bb cuts of the same diagram can be described through a NNNLO
contribution to the hard matching coefficient ¢, or are of higher order [60]. Heavy quark
radiation from light quarks is even more suppressed in the threshold region [60].

It is assumed that the analytic structure does not change qualitatively in the presence
of non-perturbative effects, i.e. the pole positions can move by a small amount on the
real axis, but no new singularities are generated. In the vicinity of the singularities, non-
perturbative effects become important because the physical states are very sensitive to the
IR properties of QCD. On the other hand, far away from the singularities, the bottom-pair
state has a large virtuality, that acts as an IR cutoff. Thus, the spectral function can be
computed as an operator product expansion (OPE) |71] in the ratio of the QCD scale over
the virtuality, including non-perturbative effects. Clearly, this OPE breaks down in the
vicinity of the singularities, where the bottom-quark pair is near its mass shell. We study
the non-perturbative terms in the OPE approach in Section[§] Anticipating these results we
can demonstrate this behaviour explicitly. For example, the smeared cross section is
proportional to the difference IT,(s+iA) —II,(s—iA) of the spectral function. We show the
relative correction to the smeared cross section from the leading dimension four condensate
as a function of the center-of-mass energy and the smearing width A in Figure For
A large enough, the hadronic effects are insignificant. On the other hand the OPE clearly
breaks down where the absolute value of the ratio exceeds one, which happens for energies
close to threshold and small smearing widthE] We observe that, even for A — 0, the

I Tn fact the non-perturbative contribution also contains a perturbative suppression by v2, cf. the discussion
in Section This implies that the breakdown of the OPE already occurs for smaller values of the
ratio of the order v? < 1.
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Figure 7.2.: The ratio 6 g2y Ry(s, A)/Ryp(s, A) as a function of /s and A. The input values
are the same as in Table

corrections are small for energies above the threshold. This happens because the velocity
becomes large, i.e. of order one, and the non-perturbative corrections are suppressed by
powers of Aqep/my.

We now choose a complex momentum s = @2, which is supposed to be far away from the
singularities, but otherwise arbitrary. The analytic properties can be exploited to relate
I1,(Q?) to the physical cross section, i.e. the imaginary part of the spectral function at the
physical cut. We use Cauchy’s theorem

1 Hb(z)
I1,(Q%) = — ¢ dz——= 7.2
e (7.2
c
to express I1,(Q?) through the contour integral indicated in Figure The contour can
then be deformed in the indicated way with the radius going to infinity without crossing
any singularities. With I1,(s + i€) — II,(s — i€) = 2i Im II,(s), we obtain

1 [ ImI(s) 1 T, (=)
S0 O

This dispersion relation still contains a non-zero integration over the circle at infinity. It
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Figure 7.3.: Deformation of the contour in the complex s plane. The crosses and wiggly
line on the real axis represent the bottomonium bound states and open bb
continuum, respectively.

can be removed by taking derivatives in s. With Q? = 0, we obtain the sum rule
. o Rb(8> . 127’1’2 d " 2
./\/ln—/0 ds s i d_qQ Hb(q )

The sum rule can be used to determine experimental moments MS* from the integral over
the measured cross section. At the same time, theory moments M can be computed as
an OPE in Aqcp/(mey/n), through derivatives of the spectral function. The scale my/n is
the effective smearing range for the n’th moment and the breakdown of the OPE prohibits
the applicability of the sum rule to arbitrarily large moments. On dimensional grounds,
the theory moments are strongly dependent on the bottom-quark mass MM ~ m;Q".
Quark-hadron duality allows us to determine the bottom-quark mass from the condition
M (1my) = M,

Note that we use a different convention for II, in this section, than the one introduced
in Section . Electroweak effects are suppressed by the small mass ratio m?/ m%, 7 and
are therefore neglected. Since this removes the s-channel Z-exchange contribution, it is
convenient to absorb the global factor e} from the photon coupling into ITj.

For small values of n, the suppression of the large-energy region s = 4m? through the
factor 1/s"*1 in the integral is mild and the moments receive contributions from a large
energy range. Thus, conventional perturbation theory is adequate and can be applied
to calculate the moments directly from the derivatives of the spectral function. With
increasing n, the convergence of the fixed-order perturbative approach deteriorates and it
breaks down around n = 10 [155,|156].

At these larger values of n ~ 10, the integral is saturated by the threshold region [157,
158], where the characteristic velocity of the bottom-quarks is in the non-relativistic regime
v ~ 1/4/n < 1. Thus, the moments must be computed in non-relativistic perturbation
theory, where the velocity of the bottom quarks is counted as the strong coupling v ~ oy <K

(7.4)

7*>=0
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1 and Coulomb singularities (as/v)™ are unsuppressed. This implies that the methods and
results discussed in Section [3| can be used. The mass determination from large-n moments
profits from lower experimental uncertainties and higher sensitivity of the moments to the
mass. This comes at the cost of an increased IR sensitivity, which implies a larger theory
uncertainty.

7.2. Experimental moments

The experimental moments MSP contain contributions from the Y(15) to YT(4S) reso-
nances and the continuum. For the former, the narrow width approximation is applied.
We obtain

Ly (vs)—i+i- / Ry(s)
MP = Or E + ds ——= . 7.5
T I S 2 %?E»lg) Scont Sn+1 ( )

The masses Mvy(yg) and leptonlc widths I'y(ng)—i+;- of the resonances are taken from the
PDG [159]. A universal value a(2m;) ~ 1.036 « [126] is used for the running QED coupling
at the bound-state energies.

Data for the continuum cross section is only available in the region between ./Scont =
10.6178 GeV and 11.2062 GeV [32]. We use the inputs from [33], where corrections for
initial state radiation have been applied. The sensitivity of the large moments to the
unknown cross section at higher energies is greatly suppressed. This allows us to make a
very conservative estimate R, = 0.3 + 0.2 without forfeiting the precision of the result. In
analyses, that involve small n, much more aggressive assumptions have commonly been
applied [33/[160]. We determine the uncertainty of a given experimental moment by adding
in quadrature the errors induced by uncertainties in the T masses and leptonic widths, the
BaBar data [32] and our estimate in the high-energy region.

Our results for the experimental moments are summarized in table . We observe
that the continuum contribution is indeed subleading for n ~ 10 and the uncertainty from
the continuum with respect to the resonances is not excessive for n = 7 —9 and even small
for n = 10.

7.3. Theory moments

In practice, we do not compute the theory moments from derivatives of the spectral func-
tion, but use the dispersion relation and calculate the integral over the normalized
cross section R, instead. At NNNLO in non-relativistic perturbation theory, the cross
section is given by (see Section

Ry = 1272 Im {;le (cv [cv - mﬂb (cv + %)] G(E) + .. )] . (7.6)

The Green function contains an infinite number of poles below threshold, that correspond
to narrow S-wave bb bound states. Their binding energies Ey and wave functions at the
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n 6 7 8 9 10

resonances 0.1861(20) 0.2004(22) 0.2166(24) 0.2351(27) 0.2560(29)
continuum  0.0240(85) 0.0182(58) 0.0140(41) 0.0110(29) 0.0088(21)
total 0.2101(88) 0.2185(62) 0.2307(47) 0.2461(39) 0.2648(36)
n 11 12 13 14 15

resonances  0.2797(33)  0.3064(36) 0.3364(40) 0.3702(45) 0.4081(50)
continuum  0.0070(15)  0.0057(11) 0.0046(8)  0.0038(6)  0.0031(4)
total 0.2867(36) 0.3120(38) 0.3410(41) 0.3740(45) 0.4112(50)

Table 7.1.: The experimental moments M®P in units of (10 GeV)~?". The individual con-
tributions from the T resonances and the continuum are shown as well.

origin ¥ (0) can be determined from the expansion of the Green function around these
poles. Like the experimental moments (7.5)), the theory moments may therefore be split
into bound-state and continuum contributions

1272 N, e} & Z > Ry(s)
th ctp N b
- d . 7.7
M= S e B (7.7
The residues

z I (b @) w0 + (78)

=Cyl|Cy — — | Cp + — e .
N ey 3 N

are the squared absolute values of the amplitude for a lepton pair forming a T(N.S) bound
state. They also have a direct correspondence to the leptonic decay rate I'(T(NS) —
[T17) [86]. Thus, the Zy are physical quantities and scale and scheme independent at the
considered order in perturbation theory.

The following ingredients are required for the moments at NNNLO:

e The hard matching coefficient ¢, for the leading non-relativistic current at order
a2 |68] and d, for the subleading current at order « [161].

e The NNNLO corrections to the T(NN.S) energy levels Ey [88,/162/163], to the wave
functions at the origin |¢x(0)[? [88,[163][164], and to the continuum Green function
G(F) [88[89] from insertions of the potentials up to NNNLO [60}83-87].

e Ultrasoft corrections to the energy levels [165], wave functions [73] and Green func-
tion [74].

These quantities are available for top-pair production, where the energy is shifted in the
complex plane by ¢I'. The numerical evaluation for bottom quarks sometimes requires that
the expressions are analytically continued in the limit I' — 0, i.e. for complex energies
approaching the branch cut. Details of this step have been described in [2] and will not be
recapitulated here.
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7.4. Scheme definitions

We have discussed the shortcomings of the pole mass in depth in Section [2l Here, we
describe the mass schemes we employ in the determination of the bottom-quark mass and
other conventions related to the treatment of terms that are formerly beyond NNNLO.

The ambiguities, that are inherent in the pole mass scheme, can be removed by the use
of a renormalon free mass definition like the PS mass [51] or the MS mass. Their relation
to the pole mass is parametrized by

my = mp! + Z sm (7.9)

1=0

where M = PS,MS. At NNNLO terms up to i = 3 are required. The expressions for the
PS and MS mass can be found in [88] and [49,/166,167], respectively. In the PNRQCD
Lagrangian, this introduces additional terms

Lsm =Y om!" (v —xTx). (7.10)
=0

We observe that the leading order term in in the MS mass scheme is of order v* and
enhanced with respect to the kinetic terms in the non-relativistic power counting. Thus,
the naive use of the MS scheme is inconsistent. In the PS scheme, the leading order term in
is of the same order v” as the kinetic terms and must be treated non-perturbatively. A
consistent scheme, denoted PS-insertion (PSI) in [89], can be defined by strictly expanding
the cross section in dm!® up to the considered order. However, this introduces unphysical
behaviour near threshold [89]. It was observed there that this behaviour can be cured
by treating the complete mass shift non-perturbatively, which defines the PS-shift (PSS)
scheme. To maintain the cancellation of renormalons, the factor (2my + Ey)~?"+1) in
equation ([7.7) must not be expanded in the PSS scheme. This is equivalent to the pole
resummation in the cross section, that we have already discussed for top-pair production.

To compute the N*LO moments in the PSS scheme for a given PS mass miS, we first

determine the respective pole mass ml[)k] from the relation , truncated after the kth
term. In the resonance contribution to the moments (7.7)), the residues are truncated
after the kth order, but the denominators are left unexpanded. The continuum part is not
affected by the pole resummation and the N*LO cross section R, in the pole mass scheme
with ml[,k] is used (cf. [89)]).

The same procedure can also be applied starting from a MS mass, which defines the
MSS scheme. Despite of the issues with the MS mass in threshold processes, this scheme is
consistent because the MS-pole mass relation is not expanded and the renormalons cancel.

In the expressions , and , a prefactor 1/s in the spectral function has been
expanded according to the non-relativistic counting and is therefore treated in a different
way as the factor 1/s"™! in the moment integral in the shift schemes. This is the
source of a renormalon ambiguity, which is suppressed by 1/n compared to the ambiguity
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in the pole mass scheme. We define alternative moments Mth

', where this factor is kept
unexpanded, through

~ 2N, E d
_ 2 ¢ S

Ry, = 127e; Im l . (Cv {cv -~ 3]G(E) +. >] , (7.11)

~ Ey d,

ZN:CU |:CU—H]:§:||¢N(O)|2+ y (712)
~ > Z < Ry(s)

b= 487N Y al / ds —-—. 1
M, 81 N.ej 2 Gy 1 B o + f» e (7.13)

The difference is formerly of higher order, but we find that numerically it is of similar
size as the other theory uncertainties. Without a careful analysis, it is not clear which
scheme should be preferred because the expansion in the kinetic energy is not the only
source of subleading renormalons. Such an analysis is beyond the scope of this work.
We find however in Section [7.6.3 that the masses extracted from different moments show
better consistency when the 1/s prefactor is not expanded non-relativistically. Thus, the
moments will be used as our default scheme. The uncertainty due to the scheme
ambiguity is not taken into account for our result, but we make sure that the mass values
obtained with the moments lie within our quoted theory uncertainty.

7.5. Charm-quark mass effects

In Section [7.3] we listed the necessary ingredients for the moments, which are available from
the NNNLO top-pair production cross section. These results assume the light quarks to
be massless, which is well justified there due to the large hierarchy between the top-quark
and light-quark masses. The mass of the charm quark is however of the same order as the
inverse Bohr radius mya, ~ myv of the Bottomonium system, which sets the soft scale for
the bottom cross section. Thus, the effects from a non-vanishing charm-quark mass have
to be taken into account as well. An analysis of charm-mass effects at NNLO [168] found
a sizeable shift of about —30 MeV in the extracted MS bottom-quark mass.

However, the results of [168] are only available for moments, where the factor 1/s"!
is expanded non-relativistically and cannot be incorporated in our expressions and
. We discuss how a non-zero charm-quark mass contributes and determine its effects
on the cross section at NNLO. This way, the corrections can be adopted to any scheme
one might employ for the moments.

We recall from Section |3| that the computation of the cross section can be organized in
three steps. These are the hard matching, the soft matching and the calculation of the
spectral function in the effective theory. The soft charm-quark mass is expanded out in the
hard matching. Consequently, the effects must be analytic in m2/m? ~ a? and enter only
at subleading order. Inserting a charm-quark loop into a gluon line thus yields a relative
suppression aym?/m? ~ a2 and is beyond NNNLO.
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The charm quark is integrated out in the soft matching procedure. It has been demon-
strated in [60] that the soft Wilson coefficient of the external vector current is trivial, as
long as the light quarks are considered to be massless because the associated loop integrals
are scaleless. A soft charm-quark mass introduces a scale in the soft loops and this state-
ment must be reconsidered. However, charm-quark contributions only enter at two loops
and must vanish in the limit m. — 0. Since the only other scale in the soft matching of
the current is my, there must be an additional suppression of at least m./my, ~ «ag, which
implies that this is a higher-order effectﬂ Thus, only the Coulomb potential is affected at
NNLO. We split off the difference V,,,. between a massive and a massless charm quark in
the potential, such that we obtain

V = Vmassless + VmC7 (714)

where V,,, vanishes for m, — O.E| The correction V,,,, has been computed up to NNLO
in [169,(170]. We use the convenient representations from |168], which can be found in
Appendix [C.1]

It remains to compute the contributions to the spectral function from the charm-quark
correction to the Coulomb potential V.. The single insertion of V#}) contributes at NLO.
At NNLO, one requires the single insertion of Vrﬁi), the double insertions of Vw(llc) and
the mixed double insertion of Vmg)ssless and Vn(zlc). Details on the computation of the NLO
correction to the Green function can be found in Appendix [C.3] In Appendix [C.4] the
full results for the NNLO charm-quark mass effects on the energy levels Ey and the wave
functions |ty (0)|? are given. The parts that are available in the literature [168,171] coincide
numerically with our expressions.

The effects of a non-zero charm-quark mass also have to be taken into account in the
conversion from the PS or MS mass to the pole mass, that is needed for the implementation
of the PSS and MSS schemes discussed in Section[7.4l These corrections are known at order
a2 [172] for the relation between the pole and the MS scheme. We have computed the charm
quark contributions to the relation between the PS and the pole mass at NNLO order and
give results in Appendix [C.2]

With these results, we can now discuss the impact of the non-zero charm-quark mass on
the phenomenology of the sum rule analysis. The MS mass scheme, with .. set to the renor-
malization scale y, is employed for the charm quark. The value of mM° (i) is determined
via 4-loop running from the input value m5(3 GeV) = 0.986 GeV [33] The parametric
uncertainty from the charm-quark mass is negligible in comparison to the missing NNNLO
contributions.

The insertion of a charm-quark loop into a gluon line effectively provides an IR cutoff on
the virtuality of the gluon. Thus, we expect the non-zero charm-quark mass effects to be
significant for quantities with large infrared sensitivity, but small for observables with little

2We also checked through an explicit computation that there is no NNLO contribution.

3 The effects on the running of a, are included in the Coulomb potential. We use the same convention
as [168|, where the potential is defined for a; evolving with 7 assiess + 1 flavors.

4The renormalization group evolution is performed with RunDec [173].
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N=1 20my5, 26mB5 El,. Bin.  fla. fim.
single insertion {m.}  9.50 23.21  -6.82 -18.02 0.0335 0.0644

double insertions

{m., massless} - - - -1.46 - -0.0043
{me,me} - - ~ 2002~ -0.0001
> 9.50 23.21  -6.82 -19.50 0.0335 0.0600

Table 7.2.: The effects of a non-zero charm-quark mass on the binding energy E@nc =

Eﬁo)eﬁnc and squared wave function at the origin [¢(0)]? = ]wio’(o)ﬁ(l +
Pyl fl(l)) of the T(1S) resonance. fl(?n is the charm correction to fl(i). The
values were obtained in the pole-mass scheme with the inputs m, = 5 GeV,
p=>5GeV, as(5 GeV) = 0.2135 and m.(5 GeV) = 0.892 GeV. Furthermore,
we show results for the charm-quark mass corrections to the relation between
the pole mass and the PS mass for puy = 2 GeV. A significant cancellation in
the T(15) mass Myag) = 2my+ Ly = 2mpS 423" dmPS+ E; can be observed
due to the reduced IR sensitivity in a short-distance mass scheme like the PS-

scheme. The corrections to the mass shift 25m5§% and the binding energy Efznc

are given in units of MeV, whereas fl(l,)nc is dimensionless.

IR sensitivity. This behaviour is illustrated in Table [7.2] which provides numerical results
for the energy level and wave function at the origin of the Y(15) resonance. The individual
charm-quark contributions to the mass shift and binding energy are big, but largely cancel
against each other in the PS mass scheme. We can also show this cancellation analytically,
by expanding the corrections in the limit of a small charm-quark mass. The linear terms in
this expansion drops out in the sum of the corrections to the energy levels and the PS-pole
mass relation (cf. |[168]). The large IR sensitivity, that manifests itself through the linear
charm-quark mass dependence, is related to the IR renormalon at u = 1/2 discussed in
Section [2, which is absent in the PS-mass scheme.

In the following we analyze the effect of a non-zero charm-quark mass on the MS bottom-
quark mass determined from the tenth moment at NNNLO. Let us begin by only consid-
ering the corrections to the binding energies and the wave functions from single inser-
tions. Including these effects up to NNLO (NLO) shifts the result for the bottom mass by
+16 MeV (+4 MeV). As expected from the above discussion, we observe a significant can-
cellation when the charm effects in the PS-pole mass relation are also taken into account.
The combined charm correction reduces to only +0.5 MeV (—0.5 MeV). Since both the PS
and the MS scheme are renormalon free, we expect the charm-effects in the conversion to
be small. We find that the combined shift amounts to —3.5MeV (—2MeV) in the MS
bottom-quark mass.

As of yet, the effects due to double insertions and the continuum cross section have been
neglected. The double insertions do not contribute to the linear term in the expansion
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for small charm-quark masses and are found to be small compared to the single insertions
(cf. [168]). They shift the extracted bottom-quark mass by only +0.5 MeV. The effect of
the NLO corrections to the continuum contributions provided in Appendix amounts
to less than 0.1 MeV, as expected from the large suppression of the overall continuum
contribution to the tenth moment. Since the double insertions and the charm corrections
to the continuum cross section are rather time-consuming and numerically negligible, we
use them only to determine the central value of our analysis and switch them off when
determining the theory uncertainty.

We observe that the perturbative corrections to the individual contributions considered
above show no sign of convergence. The behaviour is however significantly improved for
observables with reduced IR sensitivity like the Y (15) mass or the moments. The overall
shift for the MS mass extracted from the tenth moment is —3 MeV (—2MeV) at NNLO
(NLO), which suggests that the charm corrections converge. Nevertheless, we adopt the
total size of the non-zero charm-quark mass effects for the bottom-quark mass obtained at
NNLO as a conservative estimate for the missing higher order corrections.

We point out that there is a large discrepancy between our result of —3 MeV for the
overall mass shift and the one from [168], which amounts to about —30 MeV. According to
our findings, this cannot be accounted for by the differences in the analyses, like the non-
relativistic expansion of the factor 1/s"*! in [168], the choices of the renormalization scale
and the different values of the charm-quark mass. In particular, the claim of [168] that the
effect on the 20th moment is as large as 50% appears suspicious to us. [168] employs the
1.5 mass scheme, where by definition charm effects cancel completely in the combination
2miS + 257 oml® + E; = 2m}®. Since the moments for such large n are completely
dominated by the contribution from the Y(1S5) state, only the charm corrections to the
residue Z; are relevant. Our results show (cf. table that they are significantly smaller
than 50% and independent of n.

7.6. Numerical analysis

7.6.1. Choice of the renormalization scale

The adequate choice for the value of the renormalization scale is not obvious for observables
that receive contributions from multiple physical scales, like the non-relativistic moments.
In the NNLO analyses performed about 15 years ago, values for the renormalization scale
at the soft scale were favored. E.g. [174] fixed the central value to u = 2m;/+/n based on
the observation that the logarithms log(u?/(—4myFE)) vanish there for the characteristic
energy E = my/n of the nth moment.

We show the scale dependence of the tenth moment for ;z between 2 GeV and 10 GeV at
the available orders in perturbation theory in Figure [7.4, There is no overlap at all in this
region between subsequent orders up to NNLO, which made it very difficult to estimate
the uncertainties due to missing perturbative effects. It is also disconcerting that the
NNLO corrections are significantly larger than the NLO ones. Both observations clearly
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Figure 7.4.: Scale dependence of the tenth moment Mvtllé in the PSS scheme ([7.13) in units
of (10GeV)~% for mE®(2GeV) = 4.5 GeV and a,(Mz) = 0.1184.

motivate the determination of NNNLO corrections. A possible explanation for the large
NNLO corrections is that both relativistic corrections and non-Coulomb potentials first
contribute at this order. The third order stands out because ultrasoft effects first appear
there and all systematic types of contributions are considered.

Looking at Figure [7.4] one can indeed see a drastic improvement from the inclusion of
third order corrections. For p in the range from 3 GeV to 10 GeV, the NNNLO band is
entirely contained in the NNLO one. Below 3 GeV however, there is no sign of convergence/
Therefore we use the central scale u = m} > and estimate the perturbative uncertainty from
variation of p between 3 GeV and 10 GeV.

Further insight on the adequate choice of the renormalization scale can be obtained from
resumming logarithms In \/n of the ratios of the different scales by applying renormalization
group methods. We do not attempt this in our analysis because o, In+/n ~ 1.15a, < 1
for n ~ 10. The available NNLL analyses [175]/176] show a significant stabilization of the
results for low values of the renormalization scale and fairly small impact for larger scales.
With our scale choice, we therefore expect that the resummation of logarithms would lead
to a small reduction of the perturbative uncertainty due to better behaviour for u < 3 GeV,
but no no significant change of the central value.

7.6.2. Comparison to the fixed-order continuum

We have discussed the possibilities of using small and large n moments for the sum rule
analysis as well as their particular advantages and disadvantages in Section [7.1] Ideally,

°The leptonic decay width of the T(15) resonance [86] follows the same pattern.
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one would like a unified description, that is valid in the complete range from n = 1 up to
n ~ 10. It is a fair assumption that this could be achieved by merging the results for the
cross section in non-relativistic perturbation theory and conventional perturbation theory.
The latter is known analytically [177] up to order a and as a Padé approximation |178-H180]
at orders a? and a2. The respective perturbative expansions miss terms, which scale as

Im [ITYERE 0] ~ v° (%) 3w, (7.15)
=0 =0
CPT o (X)X
Im [H>NNNL0] ~ 3 Z (7) ZU], (7.16)
=0 =0

whereas the merged result would only lack the contributions

Im [HgﬁrﬁﬁLo] ~ val Z <%> Zvj. (7.17)
i=0

Jj=0

The merging relies on both approximations providing a good description in an interme-
diate region, where the hierarchy a, < v < 1 is fulfilled, i.e. both the assumptions v < 1
made in the non-relativistic expansion and v > «, made in conventional perturbation the-
ory are valid. Expanding and in this limit, we find that the leading missing
contributions are roughly equal and of the order of 3 — 6% for v ~ 0.4 — 0.5 based only
on power counting. Applying the same approach to the merged result gives an estimate
of only 0.2% for the missing higher-order terms. Thus, one would naively expect that
the continuum NNNLO cross sections in PNRQCD and conventional perturbation theory
agree at the level of about 10% in this region. Figure depicts the respective predictions
in the pole-mass scheme with m;, = 5 GeV, and keeping the factor 1/s in the polarization
function unexpanded.

One finds good agreement at NLO and NNLO (upper panel) for velocities around v ~ 0.4.
The NNNLO curves, however, miss each other completely (lower panel). It appears that
this can mainly be attributed to the NNNLO PNRQCD curve, which lies considerably
below its NNLO equivalent. The difference between consecutive orders of the PNRQCD
result is much larger when going from NNLO to NNNLO compared to the step from NLO to
NNLO. Furthermore, the dependence on the renormalization scale is significantly increased
with respect to the NNLO result and even extends to unphysical negative Valuesﬂ

On the other hand, the Padé approximation used for the prediction in conventional
perturbation theory lacks some input from the naive threshold expansion of the NNNLO
result. The missing terms scale like va? and can in principle be determined from the
expansion of the NNNLO PNRQCD result in ag. By construction, the behaviour of the
Padé approximation follows the input of the naive threshold expansion for v — 0. An
example for a particularly large missing contribution is the product of the a2 correction to

6In contrast to the continuum cross section, the T(15) bound-state energy and leptonic decay rate have a
much better behaved perturbative expansion and scale dependence at NNNLO [86].
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the hard matching coefficient of the vector current with the leading order Green function
Go(E). In spite of the large parametric suppression, this term still shifts the normalized
cross section R, by ~ —0.2 for v = 0.4 due to the numerically large factor in the matching
coefficient. This attribute persists at higher orders in conventional perturbation theory,
e.g. the order afv® term from the product described above yields a further shift of —0.2
at v = 0.4. Thus, it may be possible that the discrepancy between predictions can be
reconciled.

In practice, the determination of the potential contributions to the missing term is
straightforward, but the complete extraction of the ultrasoft contribution appears to be
rather involved and has not been attempted. The ultrasoft contributions to the logarithmic
terms va? Inv and va? In® v were however determined from the results of [73,74]. One finds
that neither the inclusion of the potential contributions nor of the full logarithmic terms
can noticeably improve the behaviour of the Padé [181] or the analytical reconstruction
of the polarization function based on the procedure developed in [182}|183]. The Padé
becomes instable when partial contributions for the va? term are included and the result
of the analytical reconstruction is hardly affected when only the logarithmic terms are
included or breaks down when only the potential corrections are included[] We point out
that the reconstructed results provide predictions for the missing coefficients based on
the included input coefficients. The likely explanation for the instabilities appears to be
that the reconstruction methods cannot accommodate inputs which show large discrepancy
with respect to the predictions based on the lower order coefficients. We infer that the
determination of the complete order va? coefficients is mandatory to settle the question, if
the conventional perturbation theory result is affected significantly by the missing terms.
Yet, even if the Padé result with complete input would join with the PNRQCD result for
velocities v ~ 0.4, the issues with the behaviour of the PNRQCD expansion would remain.

The sum rule approach does, however, not depend on the behaviour of the continuum
cross section by itself, but only on the moments, which are dominated by information on the
T(NS) bound states. The moments are much less infrared sensitive than the continuum
cross section, which must be due to cancellations between the continuum and resonance
contributions. Therefore, one may also expect a partial cancellation of the scale dependence
between the continuum and resonance part. In Figure 7.6, we show the continuum contri-
bution to the tenth moment as a function of the renormalization scale 3 GeV < p < 10 GeV
at different orders in PNRQCD perturbation theory. At NNNLO, the continuum contri-
bution amounts to less than 5% for the central renormalization scale u = m; and about
15% for p = 10 GeV and is significantly smaller than at lower orders. We find, however,
that the inclusion of the continuum contribution reduces the renormalization scale depen-
dence at each order as well as the difference between consecutive orders in perturbation
theory. We conclude that the rather poor perturbative behaviour of the continuum cross
section does not prohibit a determination of the bottom-quark mass from non-relativistic
moments. Merging the non-relativistic and conventional perturbation theory does, how-
ever, not appear to be a viable option at NNNLO given the mismatch in the continuum

"This manifests by a wrong behaviour of the reconstructed polarization function in the limit v — 1.
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Figure 7.6.: The shaded bands show the continuum contribution to the tenth moment
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cross section in Figure [7.5]

7.6.3. Determination of the bottom-quark mass

The bottom-quark mass can now be determined from the sum rule M (my) = MSP for
moments with n &~ 10. We will first present results for the PS mass m}>(u;) obtained in
the PSS scheme described in Section , which are then converted to the MS scheme. The
MS mass is then also extracted directly in the MSS scheme.

We estimate the error on the extracted bottom-quark mass from a given moment M,
by adding the following sources of uncertainties in quadrature:

e Experimental uncertainty. As detailed in Section [7.2] we add in quadrature the un-
certainties from the T(NS) masses and leptonic width, the BaBar data [32] and our
estimate R, = 0.3 £ 0.2 for the continuum cross section at higher energies.

e Unknown higher-order corrections. We choose the PS mass itself as a renormalization
scale for the extraction of the central value of m!S. Based on the discussion in
Section [7.6.1] we estimate the error made by truncation of the theory moments at
NNNLO in PNRQCD perturbation theory by varying the renormalization scale u

between 3 GeV and 10 GeV.
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e Uncertainty in the strong coupling. We use ag(myz) = 0.1184 4+ 0.0010 as input for
the strong coupling constant and evolve it down to the renormalization scale using
four-loop running. The bottom quark is decoupled at pi,, = 2my,. Variations of the
decoupling scale are numerically negligible.

o QED effects. Our analysis includes corrections from the leading order QED Coulomb

potential, which formally modifies the moments at NLO in the counting o ~ a?.
The leading QED contribution is also taken into account in the conversion to the MS
scheme. The effect on the extracted bottom-quark mass amounts to less than 1 MeV

in either scheme.

e Number of theoretical resonances. The infinite sum over the resonances in the the-
oretical moments (7.7)), is truncated after the sixth term. The corresponding
error is approximated by the difference to the result, where only four resonances are
considered.

e Scheme conversions. We determine PS masses for values of the subtraction scale 15
between 1GeV and 3 GeV. To determine the conversion error in the result for the
PS mass m{S(u; = 2GeV), we convert the values to the PS mass at the central

scale p; = 2GeV. The value for the PS mass is converted to the MS mass m}™S(j1)

at an intermediate scale 1, which is independent of the renormalization scale 1 and
varied between between 3 GeV and 10 GeV. This conversion is alway performed using
the order a? relation, irrespective of the order of the moments. The scale-invariant

mass myS(m1®) is determined using renormalization group evolution at four-loop
order. The small numerical uncertainty in the four-loop result for the pole-MS mass
relation [49] results in an error of just 2MeV on the MS mass. The overall scheme
conversion error for the MS bottom-quark mass is estimated by adding all uncertain-

ties in quadrature.

e Charm-mass effects. The error due to missing third order charm-quark mass effects
is estimated by taking the difference between the NNLO results with and without
the corrections from a non-vanishing charm-quark mass (cf. Section [7.5)).

e Non-perturbative effects. Following [158] (see also [184]), we estimate the size of
non-perturbative corrections from the leading dimension-four gluon condensate cor-
rection in the operator product expansion (OPE) of the moments. The OPE is based
on the hierarchy myv? ~ my/n > Aqcp, which suggests a breakdown for moments
with n ~ 16. Better insight on the validity of the OPE for the moments and the
properties of the T resonances requires the calculation of higher-dimensional conden-
sate corrections and ay corrections to the dimension four condensate contribution.
Some preliminary results are given in Section

Assuming the validity of the OPE for the tenth moment, we only find a tiny effect of
less than 1 MeV on the value of the bottom-quark mass from the leading dimension
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Figure 7.7.: Results for the MS mass m}®(m}®) in units of GeV obtained from conversion
of mPS extracted from different moments M,,.

four condensate correction. This is rather surprising given that the respective cor-
rections to the T(1S) are very large, when similar assumptions on the value of the
gluon condensate and the scale choice are made (cf. the recent discussion in [86]).
While the moments are constructed with cancellations of non-perturbative effects in
mind, the extend of the cancellation is somewhat puzzling to us. The perturbative
contribution from the Y(15) resonance makes up about 80% of the tenth moment,
but the cancellation between non-perturbative effects on the Y (1.5) resonance contri-
bution and the remainder is effective at about one part in 500. We therefore refrain
from extending the sum rule rule analysis to values of n significantly larger than 10.
A more detailed discussion of non-perturbative effects can be found in Section [§

The MS masses obtained from conversion of the PS mass extracted in the PSS scheme
from unexpanded moments ./\/l are shown in Figure |7.7|for 6 < n < 15. The results from
moments with n ~ 10 show good compatibility and there appears to be decent convergence
of the values at different orders in perturbation theory. The behaviour becomes increasingly
worse for lower values of n, where relativistic corrections are more important and the
sensitivity to the poorly behaved continuum cross section (cf. section is enhanced.
Figure demonstrates the decrease of the bottom mass values extracted from lower n,
which can be attributed to an increased weight of the small NNNLO continuum cross
section in the moments. The effect is even more pronounced for results obtained from
expanded moments M,, (see lower panel).

It is apparent from Figure that there is a sizeable difference between the masses



7. Bottom-quark mass 113

4.3 T T T T T T T T T T T T T 1
42t T f T T T T i
2. T % '
= [} i :
. [ ]
g

41F n

4_ A N N N NN (N (RN A AN RN NN NN B B ]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
n
x O(a?) % NNNLO
4.3 T T T T T T T T T T T T T 1

4.2

myS(m}S)
am
e
i
i
—
—iH
—ste—
—le—l
—te—
—sie—
—ie—
—ste—

4.1 .

[ T O Ty O Y (N N NN BN
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
n
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n < 4 as obtained in for comparison.
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determined from unexpanded moments /T/l/,tlh and expanded moments M. The expansion
of the kinetic energy factor shifts the MS mass, extracted from the tenth moment, by as
much as —26 MeV. This effect is however contained in our estimate for the perturbative
uncertainty based on renormalization scale variation.

As stated in Section [7.4] we therefore use the unexpanded moments to determine our
result and only consider scale variation to determine the perturbative uncertainty. Our
final results for the PS and MS masses are based on the tenth moment M3 which yields

my,°(2GeV) = [4.532700%(11) £ 0.010(a,) 70 %% (res) £ 0.001(conv)
=+ 0.002(charm) g% (n) 4 0.003(exp)] GeV
= 4.53270035 GeV . (7.18)
my'S(my'S) = [4.208 8057 (1) + 0.002(ar,) 2" (res) F: G5 (conv)
+ 0.002(charm) “g75(n) + 0.003(exp)| GeV
= 4.20370035 GeV . (7.19)

In these results, we have also taken into account an additional contribution to the uncer-
tainty from the difference of the mass values obtained from M and Mt} to the central
result, which is denoted with the label (n). It is added in quadrature to the other sources
of uncertainties discussed above. We observe that the uncertainty related to the value of
the strong coupling constant is significantly reduced by the conversion from the PS to the
MS scheme.

Our result for the MS mass is compatible with other recent precision determina-
tions from relativistic sum rules at NNNLO in conventional perturbation theory [33}|185]
and partial NNNLO large-n sum rules |[186]. We provide a more detailed comparison in
Section [7.6.4

We discussed the possibility to determine the bottom-quark MS mass directly from the
moments expressed in the MSS scheme in Section [7.4, Based on the tenth unexpanded
moment we obtain the result

my'™(my™®) = [4.2045506 (1) £ 0.002(crs) T3 (ves) *5565 (conv)
=+ 0.002(charm) g% (n) 4 0.003(exp)| GeV
= 4.2047509% GeV . (7.20)

The central value is (almost) unchanged with respect to (7.19), but the use of the MSS
scheme leads to significantly smaller estimates for the perturbative and scheme conversion
uncertainty. Since the difference between masses extracted from “unexpanded” and “ex-
panded” moments is not covered, we feel that better reflects the actual uncertainties
in the non-relativistic sum rule approach and adopt it as our final result.

7.6.4. Comparison with previous works

Our result (7.19) for the bottom-quark MS mass is in very good agreement with the
PDG [24] average m}™S(m}®)ppg = 4.18 £0.03 GeV. A comprehensive overview of results
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Analysis Central moment Perturbative order mM>(mM®) [GeV]
CKMMMSS [33] M, a 4.163 + 0.016
DHM [185] M, o 4.176 + 0.023
HRS [175] My NNLO + NNLL 4.235 4+ 0.055
PZ [186] Ms approx. NNNLO 4.169 £ 0.009
This work My NNNLO 4.20310-0%¢

Table 7.3.: Values of the scale invariant bottom-quark MS mass obtained from recent sum
rule analyses. We have added the experimental and theoretical errors quoted
in the HRS analysis in quadrature.

for the bottom-quark mass can be found in [24]. We therefore focus on a detailed com-
parison to other recent precision determinations based on sum rules. The values shown in
Table [7.3] are in decent agreement and we will discuss the differences in the analyses in the
following.

Chetyrkin et al. (CKMMMSS) [33]

The analysis of CKMMMSS is based on relativistic moments M,, with n < 4, which are
determined in conventional perturbation theory up to the order . The determination of
the experimental moments only differs in the estimate for the high-energy continuum. Due
to the large sensitivity of the relativistic moments to the continuum, CKMMMSS must rely
on stronger assumptions than we do. They assume that the perturbative QCD prediction
is valid above 11.24 GeV and interpolate linearly between this region and the last BaBar
data point at 11.2062 GeV. This leads to a peculiar jump between the BaBar data and the
continuum and to a very small uncertainty estimate from the continuum region because
the uncertainty of the perturbation theory result is tiny. In [160], CKMMMSS contemplate
two options for relaxing the assumptions and smoothing out the jump. In particular, we
find their Option A compelling, which assumes that the perturbative result is only valid
above 13 GeV and interpolates linearly in between. This leads to an identical (up to 1 MeV)

central value of m}S(mMS) = 4.183 GeV for the masses extracted for the moments with
n = 1,2, 3 and significantly better agreement with our result . However, CKMMMSS
stick to their original result because ”the shift (for n = 2) is (...) only slightly higher than
the uncertainty of 16 MeV.” [160]

To estimate the uncertainties from higher orders in perturbation theory, CKMMMSS fix
the scale 77 for the MS mass to the renormalization scale and vary them simultaneously
between 5 GeV and 15GeV. Our approach of varying the scales independently leads to a
more conservative result, which makes direct comparison of the perturbative uncertainties

difficult.
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Dehnadi et al. (DHM) [185]

DHM have performed an analysis based on the same theoretical inputs as CKMMMSS,
but applying different systematics and using other values for the experimental moments.
For the latter a smooth fit between the BaBar data and the perturbative result for the
continuum is performed, which coincides with the perturbative result for /s = 11.5GeV.
Thus, the experimental moments lie in between those of [33] and Option A of [160]. Similar
to our approach, DHM vary the scale y for the strong coupling constant and the scale 7z for
the MS mass independently. DHM then argue that this might overestimate the error. Thus,
the perturbative uncertainty estimate from independent variation is reduced by excluding
a subset of (i, 1) values based on a convergence test. Through an extensive analysis, DHM
demonstrate the stability of the result under modifications of the analysis strategy.

The final result of DHM has a larger error than CKMMMSS due to a more conservative
estimate for the uncertainty of the experimental continuum and the independent scale vari-
ation. It is in good agreement with our result and the one of CKMMMSS. It is interesting
that independent scale variation in the low-n moments leads to a basically identical overall
error budget compared to our value, although the relativistic and non-relativistic sum rule
analysis have completely different systematics.

Hoang, Ruiz-Femenia and Stahlhofen (HRS) [175]

The analysis of HRS uses moments M,, with 6 < n < 14 and the default value of n = 10
in the framework of vVNRQCD [187]. Besides Coulomb singularities a;y/n, HRS also resum
Coulomb logarithms a; In v/n to NNLO + (partial) NNLL accuracy. Like CKMMMSS and
DHM, they estimate the unknown experimental high-energy continuum by the perturbative
QCD prediction, but assume an uncertainty of 10%. Within the errors, their experimental
moments are in agreement with ours.

HRS apply the sum rule to first extract a 1.5 mass and then convert to the bottom-quark
MS mass with three-loop accuracy. The conversion error is estimated to be 15 MeV, which
is about a factor two larger than what we find for the PS-MS conversion based on the
four-loop relation. They also find an almost complete cancellation of the a, dependence
in the conversion from a threshold mass scheme to the MS mass.

Our central values for the MS mass at NNLO and NNNLO almost coincide, but are
smaller by about 35 MeV and 70 MeV than the NNLL and NNLO results obtained by
HRS. The two analyses differ in a number of aspects. As mentioned above, HRS extract
the 1S instead of the PS mass before conversion to the MS scheme, which is done at
three-loop accuracy. Furthermore, they expand the factor 1/s"™! in the moments non-
relativistically and expand the resonance poles, the 1S-pole mass relation and the kinetic
factor 1/s in the vacuum polarization function. HRS use a moment-dependent renormal-
ization scale u = my(1/y/n + 0.2) instead of our fixed © = my, but apply the hard scale
for the matching coefficients of the vector current. Charm-mass effects are not included
in the analysis of HRS because they are currently unknown in their renormalization group
improved framework. When adopting our analysis to the NNLO one of HRS, we find that
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the differences in central values are mainly due to the different scale choice. The precise
size of the remaining changes in the analysis depends on the order in which they are imple-
mented, but the effects are only moderate in size. We were able to reproduce the NNLO
value obtained by HRS up to a negligible difference of 2 MeV.

Based on scale variation, HRS arrive at an estimate for the perturbative uncertainty
at NNLO, which is about twice as large as ours. This originates from renormalization
scale variations to lower values, where there appears to be a breakdown of non-relativistic
fixed-order perturbation theory [88]. Based on the very good convergence of the successive
perturbative approximations from NNLO to NNNLO at the scale p = m; (see figure ,
we believe that our assignment for the error due to truncation of the perturbative expansion
is sufficiently conservative.

The resummation of logarithms performed by HRS reduces the scale dependence and
leads to a stabilization of the result for lower scales in particular. Thus, the large difference
in the bottom-quark masses at NNLO from the lower renormalization scale is partially
compensated through the resummation and HRS obtain the value quoted in Table as
their final result at NNLL. Previously, a less complete renormalization group improved
analysis obtained m}S(mM®) = 4.19 £+ 0.06 at NNLO + partial NNLL [176].

Penin and Zerf (PZ) [186]

The analysis of PZ also employs non-relativistic sum rules, but uses still higher moments
with a central value of n = 15. The validity of the OPE, which is based on the hierarchy
nAqep/my, is dubious for these high values (see the discussion in Section . Assuming
it is valid, the result for the bottom-quark MS mass is increased by about 12 MeV when
using n = 15 instead of n = 10.

For n ~ 15, the moments are dominated by the T resonances, which PZ exploit to
neglect the experimental high-energy continuum. PZ compute the theory moments using
the complete NNNLO PNRQCD prediction for the resonances, but employ an estimate of
Ry, = p ZNNNLO J7ZNNLO pNNLO () 5 < p < 2, to estimate the effects of the (then) unknown
NNNLO contribution to the continuum. The comparison with our calculation shows that
the true result lies somewhat below the range of values covered by variation of the auxiliary
parameter p. Replacing the NNNLO continuum with the rescaled NNLO approximation
increases the resulting mass value extracted from M5 by about 5 MeV. PZ however expand
the factor 1/s in the polarization function (cf. Section [7.4), which lowers the mass by
17 MeV. PZ forgo the use of an intermediate threshold mass and directly extract the MS
mass. The effect on the final value is minimal, as can be seen from the comparison of
and (7.19). Based on the findings of [168], PZ apply an ad hoc mass shift of —25+5MeV
to account for the effects of a non-vanishing charm-quark mass, while our computation
yields a shift of only about —3MeV (see the discussion in Section [7.5). In the absence
of QED and charm-mass effects and using the estimate |54] for the four-loop contribution
to the pole-MS mass relation employed by PZ, the central values of PZ and our analysis
coincide (4.194 GeV vs. 4.195GeV).

PZ claim a strikingly small overall uncertainty of only 9 MeV in the value of the bottom-
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quark mass. The three dominant sources of uncertainties considered by us (scale variation,
scheme conversion and variation of n) are each similar in size or even exceed this value. The
confrontation of their error estimate of 2.2 MeV for the scheme conversion with the shift of
13 MeV implied by the use of the exact four-loop pole-MS mass relation [49] demonstrates
the severe underestimation of some sources of uncertainties. We believe that this is also
the case for the perturbative uncertainty, where PZ assume 2.1 MeV.



8. Gluon condensate corrections

The key virtue of the sum rule approach is that non-perturbative effects can be included
systematically by means of an OPE. In Section [7] we have only considered the perturbative
contributions with the understanding that non-perturbative effects should be small for
moderate n ~ 10. Here, we demonstrate that this is indeed the case and then discuss
the spectroscopy and leptonic decays of the T(NS) states. The leading dimension four
condensate contributions to Bottomonium states have first been evaluated in [80}|188].
This has been extended to the dimension six contribution in [189]. In the context of
non-relativistic sum rules, the leading non-perturbative corrections were first discussed
in [158]. For the relativistic moments, O(«;) corrections to the dimension four condensate
correction [190,191], as well as contributions from higher-dimensional condensates [192,193|
are known. We refer to [194-{196] for more general reviews on condensate corrections.

The OPE relies on the QCD scale being small with respect to the hard, soft and ultrasoft
scales that govern the perturbative evaluation of the moments. Accordingly, the gluon field
in the PNRQCD Lagrangian can be split into two parts

Au(t,x) = A%(t,x) + AYE(t, x). (8.1)

The superscripts denote the ultrasoft and the non-perturbative background gluon field.
The latter can be multipole-expanded in the time and spatial components because it only
fluctuates over scales of the order 1/Aqep and can neither resolve the dynamics of the
potential heavy quark nor the ultrasoft massless fields. Thus, it behaves like a constant
(in time and space) background field. A convenient gauge choice for background fields is
given by Fock-Schwinger gauge

x - AP8(t,x) = 0, AgE(t,0) =0, (8.2)

which removes the coupling of the heavy quarks to the A'gg ﬁeld The PNRQCD La-
grangian then receives an additional term

»Cnon—perturbative = 1/;[ <_ng ' Ebg(oa 0) +... ) 77D + XT (_gsx : Ebg(07 O) +... ) X5 (83)

which is of the order m%vQA(QQCD because the strong coupling at the QCD scale is counted
as order one. This implies that the chromoelectric dipole coupling to the background
field is suppressed by v(Aqcep/(myv?))? with respect to the leading order Lagrangian. The

IThe gluon propagator in this gauge contains spurious singularities as discussed e.g. in |197]. Therefore
this gauge will not be applied to the ultrasoft gluon modes, where its naive use can lead to inconsistencies
as observed in [198].

119
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gsEi gsE'j

® ®

Figure 8.1.: Leading dimension four condensate contribution to the Green function. The
single and double lines denote the LLO color-singlet and color-octet Green func-
tions, respectively.

multipole-expanded coupling of the background field to ultrasoft gluons is only relevant at
higher orders. There is obviously no contribution from a single insertion of the chromo-
magnetic dipole operator into the Green function because the vacuum expectation
value of EP® vanishes, as can be seen for example by Lorentz invariance. The vacuum
expectation value of the double insertion of is therefore the leading non-perturbative
correction. It can be related to the well-known gluon condensate by making use of Lorentz
and SU(3). invariance

1
(N2 = 1Dd(d - 1)

(0|E(0)E7(0)|0) = — 047570 G5(0)GE5(0)]0). (8.4)
We evaluate this contribution in Section and give some preliminary results for the
dimension six condensate contribution and the O(ay) corrections to the dimension four
contribution in Section and respectively. Finally, the phenomenological impact is
studied in Section B.4]

8.1. Dimension four contribution at leading order

The leading condensate contribution to the Green function comes from the diagram in
Figure [8.1 and is given by

S G(E) = (0|G(E)iDiG(E)iDiG(F)|0)

Js 2 A i A o
— (£) OIEAOEFO)0) (0IG(E) #' GIEE FC(E)0),  (8.5)
where D is the chromoelectric dipole operator from (8.3) and ¢4 = T®4@10) —16) T(3)4,
The hierarchy between the QCD scale and the perturbative scales has been used to factorize
the physical state into a direct product of the quarkonium and the gluonic vacuum state.
This is possible because interactions between the heavy quarks and gluons are treated as

perturbations. With ({8.4)), the color identity Tg)A = —Tb(j)A and the decomposition

G(E) = GO(EYPy + G®(E) P, (8.6)
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with the color-singlet and color-octet projectors (with the color indices attached counter-
clockwise to the external legs of the Green function shown in Figure [3.29] starting at a for
the outgoing quark, see also [60])

1
Py = 2= OcBaa; Py = 2T T3 (8.7)
we obtain
0|, G0 A i
d162yG(E) = %mm NE)FG®(E)FGO (E)|0). (8.8)

The superscripts (0) and (8) denote the color-singlet and color-octet Green function (see
also [60]). The expression (8.8)) is free of divergences and can be computed in d = 4
dimensions in configuration space (cf. [184])

2
diyG(E) = —W/d‘gr/d‘gr’ (r-t') G0, r; B)YG®(r,v'; E)GO(r,0; E),

(8.9)
We use the integral representation for the color-singlet and the sum representa-
tion (3.35)) for the color-octet Green function. In the latter, we have to replace A by
A8 = (Dg/(—Cp))A = —A/8 to account for the different color factor Dy = C4/2 — Cp
instead of —Cf in the LO Coulomb potential. The angular integrals in project out
the P-wave component of the color-octet Green function. We obtain

m?a,Cr | 5~ s\ H g2y (s)?
) E)= ——K —=\ 1
@ GE) =~ Z 5 +3)(s -2+ A\/R) (8.10)
where (e ?)
Ky=—2—'_. 8.11
! mi(asCr)8 (8.11)
The coefficients can be integrated directly
Higzy(s) = / ( ) / dpp'e "ML (p)
0 0
(s+3)! T'(B)I'(s—A\)
= — A A2
s! I'(5+s—A) (8.12)
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The sum in (8.10)) yields

71'2 8
2G(E) = ——K. N’
0ie2)G(E) 187 4n {9(8 —9A)2(16 — 9X)2(16 4 9A)? (

4212248576 1% — 13691865613 — 607347072)\* + 444623094 )\°
+321157305A° — 245939085\ — 47534445)% + 37200870°)

14155776 + 43024384\

| 16)7 (26624 — 101216)” 4 109935X* — 25515X°) () - 2
16384 — 2592072 + 6561\ ! sin?(7\)
134217728) (64 — %) < ( A))
+ 1-A) -y (2+2 . 8.13
9 (16384 — 25920A2 + 6561\4)> v=A -y 8 (8.13)

The condensate corrections to the S-wave energy levels Fy and the wave functions at the
origin |15 (0)|? can be obtained from the expansion of (8.13) for A near positive integer
values V. We parametrize these corrections as

Ey =EY Y e, (8.14)
k=0
[Wn(0)2 = [ (O > 5, (8.15)
k,l=0

where eg\]f’l), f](f’l) are the (Aqep/(mya?))*al corrections to the Nth energy level and wave
function, respectively. We obtain

42) 72 32N°(25515N°% — 109935N* + 101216 N? — 26624)

__m™ 8.16
N 184 (6561N* — 259202 + 163841) , (816)
(4’2) . 7T2 32N6
N T 1879 (65614 — 25920V + 163841)
X (4519905705N10 — 36791660430 N® + 101725313184 N°
—112065638400N* + 50981371904 N2 — 7583301632), (8.17)

in agreement with the results from [80,|188].

8.2. Dimension six contribution

The dimension six contribution to the energy levels and wave functions has been determined
in [189]. Unfortunately, the expressions for the correction to the Green function have
not been given there (although they were computed), so we repeat the calculation here
following [189).
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gsE" gs B

X = = X
Figure 8.2.: Leading dimension six condensate contribution to the Green function.

At higher dimensions, the leading condensate corrections arise from insertions of the
gluon Hamiltonian between the two insertions of the chromoelectric dipole operator [189].
These contributions are of the order a(Aqcp/(mpv?))*™# | where ny counts the insertions
of the gluon Hamiltonian and must be even (cf. [189]). In comparison, additional insertions
of count as o (Aqcep/(mpv?))?*?, where np > 2 is the number of dipole operators,
and are thus subleading. The dimension six contribution shown in Figure takes the
form

56G(E) = (0|G(E)iDiG(E)iH,iG(E)iH,iG(E)iDiG(E)|0) (8.18)
= %<OIE{4(0)HgHgEjB (0)[0)(0|G(E)*3'G(E)G(E)G(E)EPiG(E))|0),

where H, is the gluon Hamiltonian. The condensate has been worked out in [189]. We
obtain

836G (E) = 01(0|GO(E)#'G® (E)G® (E)G® (E)#' G (E)|0), (8.19)
where in d = 4 L oo 5

The calculation is done in configuration space. Again, the angular integrals project out
the P wave components of the color octet Green functions. We find

m asCF 9 Sl'HG2 (s1)
E pr—
%G(E) T ZZZ (s1+3)!(s1 + 2+ A/8)

s1=0 s2=0 s3=0

82!K1(51,82)K1<82,83) 53!H<G2>($3) (8 21)
(sa+3)(s2+24+X/8) (s3+3)(s3+2+)\/8)’ '
where 0
K= — 1 8.22
‘ mg(O‘SCF)IO ( )
and the function K, reads
Kitah) = [ dop'erLO WL )
0
max(a,b) + 3)!
= ( ) ) [(2@ + 4)5%() — (5(171,_1 — 511_1’1,] . (823)

min(a, b)!
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Since K;(a,b) is only non-vanishing for |a — b] < 1 the triple sum in (8.21]) reduces to a
single sum, which can be solved in terms of polygamma functions.
For the dimension six corrections to the energy levels and wave functions, we obtain

4096 N 10
653’” ~ K, . (8.24)
81 (IN2 — 64) (6561 N4 — 25920 N2 4 16384)
x [65241222927111N "0 — 1327743092409993N " + 10789755579716526 N '
—46158344158975776 N1V + 114216987240880128 N® — 168309372752363520 N6
+145600287615221760N"* — 68153404341354496 N> + 13295844358881280],
6.2) 4096 N 10
N =

K 81(64 — 9N2)2(1024 — 81N?2)(6561N* — 25920N2 + 16384)4

x [1560233733912305862795N** — 68302865242974003997572N >
+1257835587897041879681466 N2° — 12922847845013954087408448 N1
+82659284132080163141376000N 6 — 347414281805040198547931136 N1
+985563190675064665304727552N 12 — 1906052104684436293825855488 N 10
+2504628423489707401549971456 N® — 2195117868501221112538988544 N
+1227049495579909701471567872N* — 395519535823226068598259712 N2
+55919902706900903797981184] . (8.25)

The correction to the energy levels is identical to the result of [189]. Our result for the wave
function correction however differs from the one in [189] in the coefficients in the square
bracket that multiply factors of N. The constant term is in agreement. Numerically the
difference is tiny, dropping from 3 permille for N =1 to 1.8 permille for N = 10.

8.3. Dimension four contribution at NLO: Potential

contributions

There is a number of effects that could possibly contribute to the O(«;) corrections to the
dimension four condensate contribution to the Green function:

An additional insertion of the NLO Coulomb potential, see Figure [8.3]

An ultrasoft gluon correction from the color charge term g;Ag*(¢,0) coupling to the
color-octet state, see Figure [8.4]

An ay correction to the Wilson coefficient of the chromoelectric dipole operator (8.3]).
The Wilson coefficient was found to be trivial up to O(a?) in [199].

O(mgv?’AéCD) terms in the multipole expansion (8.3)) of the gluon coupling to heavy
quarks in the spatial components. They are identical to the multipole expansion of
the coupling to the ultrasoft gluon field and were determined in [200], where they are
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gsEi gsEj gsEi gsEj

RO ®
% %

Figure 8.3.: Potential corrections to the dimension four condensate contribution to the
Green function.

gsE' gsE7

Figure 8.4.: Ultrasoft correction to the dimension four condensate contribution to the
Green function.

denoted as hglé) ). There is no contribution from these coupling because they either
have vanishing tree level Wilson coefficients and are thus suppressed by an additional
power of ag ~ v or involve the chromomagnetic instead of the chromoelectric field,
which only yields a vanishing condensate <O ‘ E;AB]B ! O> = 0 at NLO.

e Contrary to the ultrasoft gluon-heavy quark coupling, the interactions of the back-
ground field must also be multipole expanded in the time component. The expansion
of the A component is trivial due to our gauge choice and already the linear
term ¢(9°A%)(0, 0) in the expansion of the spatial component is only relevant at higher
powers. Thus, no contributions of this type must be considered.

The potential corrections are determined below, whereas the ultrasoft contribution is post-
poned to future work. The color octet Coulomb potential required for the diagram on the
left in Figure in known up to NNNLO [201,202]. At NLO only the global color factor
must be adjusted.

The O(a;) potential corrections to the gluon condensate contribution to the Green func-
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tion are expressed through two triple-insertion functions

812y G (E) = 82y Git () + 20162 Goy (E)
(07, G?|0) d
- 18 a1+ fo du

|:(CJ4§D8)[<G2> [G, 1+ u, G] + 2(—a§C’F)[<G2>[G, G, 1+ U]] . (826)

u=0

Again the angular integrals project out the P wave Green function in the color octet states.
The first triple insertion function takes the form

1
Iy [G, 14 u,G) = T (1T 2u) cos(ra) /dgr/d3r’/d3r”(r~r”)G(O)(O,r; E)
G(S)(r, r'; E)r’*HZ”G(B) (r',r"; E)G(O) (r",0; F)

_ )\6 i 81!H<G2>(81)
— (47)2m2(a,Cr)S fowr (s14+3)!(s1 +2+A/8)

> SQ!H(G2>(82)
Ky (u, sq,82), 8.27
2 o (s 2 4 Ay ) (8:27)
where .
Ko, 51,80) = =22 [ o). (529
Y (1 + 2u) cos(mu) o1 52
0

For u = 0 the integral gives

(s1+3)!

K‘(/O)(ShSQ) = Ky (0, s1,82) = -~
1:

Gsyss- (8.29)

Its derivative at zero can be solved by applying the methods used for the Coulomb triple
insertion in [89]. We obtain

d s1+3)!
K‘(/l) (81, 82) = —Kv(u, S1, 32)|u:0 =2 (L)\ + ’}/E)—< ! ) 55152 + k’l(Sl, 82) s (830)
du 51!

where (raa) +3)
114+ 1254 +3S2+ 21 ’gb(l—}—sl) S1 = So
k (31782) = {_ (min(sl,52)+3)!1 st (8.31)

min(s1,s2)!|s1—s2]’ else.
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The second triple-insertion function yields

1
Lo 1 _ d3 dS / dS S (0) ‘B
A R (= T e R K RO GRS

GO(r,r'; E)GO(x,x"; E)r" GO (" 0; E)

2

. E )\6 i 31!H<G2)<81)
 4m 4rmA (o, Cr)S = (s1+3)(s1+2+A/8)

o0

H(u,s0+1
Zo (s2 + i)(sg —;—i_l )_ )\)KG(Sl’ 52); (8.32)

where

Ko(sise) = [ dop'e LY (0) L) (p)

\8

_1\s1+s241_ (s143)! (s24+1)! — -
D s sy LS s2 - 5153 (8.33)

(
0, else,

I
—_— O

and H (u, k) is defined as in [89]. One requires

HO(k) = H(0,k) = % (8.34)
HO®) = L H k)] = 0 [LA =)+ 2 (=N (k41 - A))] |

(8.35)

The infinite sums in (8.27)) and (8.32)) converge quickly and can be truncated with negligible
uncertainty at s; ~ 30.

We briefly sketch what is required for the missing ultrasoft contribution of Figure
Power counting demonstrates that the ultrasoft correction is free of overall divergences.
There are, however, UV subdivergences in the self-energy and vertex-correction diagrams
shown on the right-hand side of Figure [8.4 Nevertheless, we proceed with the a priori
ill-defined expressions for the ultrasoft diagram in d = 4 dimension with the understanding
that the necessary subtractions for the subdivergence must still be applied. We find

(0] G2|0)
a2y G(E) = |m ¢10) /d3 /d3 ’/d3 ”/d3 (- GO0,r; E)  (8.36)

d'k GO (' ", E — k°) . -
xG®(r,r'; E)i /(%) k2+z0 e " v B)GO ", 0; B).

We can proceed by closing the £° contour in the lower half plane, which picks up the residue
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at k = |k| — 0 from the gluon propagator. This yields

2
Sy GO (E) = —<O’”O‘EG 0) o / d’r / dr’ / " / &P (r-r")GO(0,15E)  (8.37)
™

><G(S)(r,r’;E)/d\k|!k|G(8)(r’,r”;E— kNGO ", x"; E)GO ", 0; B),
0

where the angular integrals are only non-vanishing for the P-wave component of the color-
octet Green functions. After simplifications one obtains

2K « m2a CF > 81!H G2 (81) > 82!
Sy GV (E) = T4 Cs THASE o (@)
@G (B) = == — 2 (s1+ 3)(s1+ 2+ A/8) 2 (s2+3)!
i 53!H<02)(53) di: l%n3Kus(na s1, 52) Kus(1, 53, 52)
( )

= s3+3)(ss+2+N/8 s2+24+2/(8n)
- 0

$1=0 s2=0

(8.38)

where we have defined n = \/(E — |k|)/E and substituted k& = [k|/(ma2C%). The structure
of the expression is similar to the dimension six contribution , but complicated
by the additional momentum integral. Unfortunately, the presence of the dimensionless
variable 7 breaks the symmetry of K, under exchange of its arguments and yields a rather
complicated result

_itn
Kus(n,a,b) = / dpp'e= =P LP) (p) LY (np)
0

(=1)°(4+a+0b)!
alb!(4+ a)(4 +b)

1\2
an o Fy <1—&,—b,—4—a—b; (ﬂ )
n—1

—(1+4 (24 a)n+n?) 2 Fy (—a, —b,—4 —a -V (Z—Jrif) ] . (8.39)

= 256

[2+a—(2+b)n]%

X

In contrast to (8.23)), where only the diagonal and next-to-diagonal elements are non-
vanishing, the matrix K4 has all non-zero entries and we cannot reduce the triple sum to
a single sum. The subdivergence manifests through the divergence of the infinite sums.

The contributions to the energy levels and wave functions from the potential corrections
can be extracted by expanding (8.27)) and (8.32) for A near positive integer values N. The
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results are given by

2
4,3 Ky a5 [ Ds _qve | ~ca ~us
GSV ) = TE |:C—F€NV +€N V+€N s (840)
2
(4:3) _ ™ K4 % DS 7 GVG T GGV T us 8 41
In 18 4W{CFN + I +fN:|7 (8.41)
(8.42)
where ¢, V6 eFCV € GVE and fNGGV are given in Appendix @ and the ultrasoft contri-

butions ey® and fy*® are still missing.

8.4. Size of non-perturbative corrections

The size of non-perturbative corrections to the moments and to the properties of the
Upsilon resonances has been strongly disputed. Based on the leading dimension four con-
densate contribution Voloshin found that the relative corrections to the moments do not
exceed about 1% for n < 20 [158]. On the other hand, the expansion parameter nAqcep /M
of the OPE is of order one for n ~ 16 indicating a much earlier breakdown.

The leading condensate correction to the T(1S5) mass is of the order of 100 MeV and the
applicability of the condensate expansion to excited states is doubtful. Nevertheless, it has
been argued [203-205] that the T(1S5) mass is in the perturbative domain. Intriguingly,
the bottom-quark mass values obtained from the mass of the Y(1S5) state [203-205] are
almost identical to ours, when the non-perturbative contribution to the bound-state energy
is ignored. The leptonic decay width of the T(15) resonance has been studied at NNNLO
in [86] with the conclusion that the perturbative result stabilizes at NNNLO and makes
up about 70% of the experimental value. Similar to the non-relativistic moments, there is
however no sign of convergence for renormalization scales below about 3 GeV. On the other
hand, the condensate corrections appear to only converge for considerably lower scales near
the inverse Bohr radius [189]. Thus, it remained unclear whether the Y(15) state can be
fully understood in the domain of the local condensate expansion.

Below, we attempt to gain some further insight into the condensate corrections from
an analysis of the dimension six contribution and the partial NLO dimension four results.
Unfortunately, we are mostly constrained to hierarchical statements because, firstly, the
values of the condensates themselves are very uncertain. We use the estimates

(%G% = 0.012GeV*,  Oy(p) = (3.13 + ay(u) 7.41) - 1074 GeV?, (8.43)

from [206] and [189], respectively| Even worse, the expressions K; and Kg in (8.11)
and (8.22)) contain large powers of « and are thus very sensitive to the renormalization
scale.

2 The gluon condensate is scale independent because the operator G2 has vanishing anomalous dimension.
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n 8 10 12 16 20 24

MEPTAS) pqexo 0738 0.803  0.850  0.913  0.948  0.969
MEEETAS) ) et 0769 0.814  0.849  0.899  0.932  0.953
Mpertirest / A gpert 0231 0.8  0.151 0101  0.068  0.047
SOMIMS Mot 1711 1842 1953 2135 2281 2.404

§\) Meest f ppert 1713 -1.845  -1.957  -2.144  -2296  -2.427
50 M, ) Mrert 20.002  -0.003 -0.005 -0.009 -0.015 -0.023

SUIMIIS Mot 5322 5748 -6.118  -6.741  -7.263 -7.722
SUDMEst  Meert 5322 5748 6118 6.742  7.263  7.719

3\ M., ) Meert 0.0003  0.0004 0.0004 0.0002 -0.0008 -0.003
SOMIUS  Meert 8402 -9.104  -9.723 <1079 -11.71  -12.54
o\ Mrest J Aqert 8.402  9.104 9723 1079 1171  12.54
0\ M., | Mpert 0.00002 0.00004 0.00008 0.0002 0.0005 0.001

Table 8.1.: We show the contribution of the T(1S) state and the remaining resonances
combined with the continuum (rest) to the experimental moments and the
perturbative and non-perturbative contributions to the moments, separately.
We use the inputs mj>(2 GeV) = u = 4.53 GeV, a, = 0.220486, m, = 0, and
in K4 and K¢ the condensates from and the pole mass my, = 4.717 GeV
computed from m}S(2 GeV) at LO. The perturbative moments are evaluated
at NNNLO in the PSS scheme, and the LO and partial NLO (denoted by a
star and slanted numbers) dimension four contributions and the dimension six
contribution in the pole scheme.

8.4.1. Non-relativistic moments

We can determine the condensate contributions to the moments through contour inte-
gration in the complex-energy plane. Contrary to the perturbative contribution, we may
not split the condensate corrections into a resonance and continuum part, since both are
separately divergent. The divergence in the resonance part appears in the sum over the
principal quantum number because the dimension four and six contributions to the residues
Zy grow as N° and N? for N — oco. The continuum contribution is too singular for £ — 0.
The corrections to the moments are however well-defined, since the moments only rely on
the OPE in the Euclidean region.

It is also well-defined to split the condensate correction into the finite contribution from
the YT(15) resonance and the rest. The corresponding values for the experimental and
perturbative moments, as well as the LO and partial NLO dimension four and the LO
dimension six condensate contributions are shown in Table R.1l

Our first observation is that the Y(1S) contribution obtained perturbatively is very
close to the experimental one. It makes up the dominant contribution for the considered
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n 8 10 12 16 20 24
(RAQED /™). dim 4 0.357 0.431 0.505 0.649 0.790 0.927
(RAQCD /™ )eft, dim 4° 0.362 0.441 0.520 0.681 0.845 1.013
(RAQCD /M )et, dim 6 0231 0.277 0.321 0.408 0.493 0.575
(RAQep /My )ett, aim 6 X 156 0.363  0.434 0504 0.641 0.774 0.904

Table 8.2.: Estimates for the effective non-perturbative expansion parameter (nAqcep/ms)
based on the results of the leading dimension four condensate corrections, the
partial NLO dimension four condensate corrections and the dimension six con-
densate corrections. See text for further explanations.

moments, rising from about 80% for n = 10 to above 95% for the 24th moment. It is
somewhat puzzling that this nice agreement is completely spoiled by the leading dimension
four condensate contribution, which is more than twice as large as the perturbative part
for the estimate and our central scale choice. It is, however, almost entirely canceled
by the condensate contribution to the rest, which exceeds the perturbative estimate for
the rest by an even larger factor. The degree of cancellation is up to 1 part in 1000 for
n = 8 and still effective at the 1% level for n = 24. Therefore, the overall dimension four
condensate contribution is very small, only about 2% for n = 24 where power counting
arguments clearly predict a breakdown of the OPE.

While the exact size of the condensate terms is rather ambiguous, as discussed above,
this cancellation and the smallness of the total contribution is intrinsic. Although the
moments were designed precisely for that reason, the extend of the cancellations is aston-
ishing, as this behaviour is even enhanced for the partial NLO corrections to the dimension
four contribution and the dimension six part. The Y(1S) contribution from both is even
larger than the leading order dimension four part, but cancels to a still larger degree with
the remaining contribution. Unless the cancellation is much less effective for the miss-
ing ultrasoft correction to the dimension four part, it therefore naively appears that the
condensate expansion is converging well up to very high values of at least n ~ 20 — 24.

The overall smallness of the condensate contributions is, however, partially due to the
suppression of the dipole operator by v ~ g, which manifests as an additional
suppression by 1/n in the condensate corrections to the moments. We can therefore use

OFyRE
noya M,
//\/lvgert, LO

(1%) A
noy. My
Mvpert, NLO

n

(nAqep/Mb)efr, dim 4 = (8.44)

1
4

(nAqep/mb)efr, dim 4+ = (8.45)

1
nél(x%)/\/ln ‘

//\/lvpert, LO (846)

(nAQCD/mb)eff, dim 6 =
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to estimate the size of the expansion parameter (nAqcp/msp) based on our results for the
condensate corrections. The results are shown in Table [8.2 We observe that the estimate
for the effective expansion parameter based on the dimension four results becomes order
one in the ballpark of n = 20. This hints that a breakdown of the OPE indeed happens
around this region, which implies that the perturbative treatment of the ultrasoft correction
is no longer appropriate. We refer to [61] for a review of EFTs, that can be constructed for
heavy quarkonium with different hierarchies between the soft, ultrasoft and QCD scale.

The dimension six contribution is smaller, than a naive estimate based on the effective
expansion parameter from the dimension four terms would predict. This might indicate
that the expansion is better behaved, which is reflected by lower estimates for the expansion
parameters from dimension six. It was however pointed out in [193] that the dimension
six contribution is numerically suppressed by a factor 1/15, which is not present at dimen-
sion eight. Intriguingly, if we compensate for this factor, the estimates for the expansion
parameters are nearly identical to dimension four as shown in the lowest row of Table
Thus, it might be interesting to consider the dimension eight terms, which should provide
further insight on the convergence of the condensate expansion. It is a straightforward
exercise to determine the relevant coefficients along the lines of Section 8.2 but reliable
information on the corresponding condensate is practically non-existent.

The results in Table and clearly demonstrate that condensate contributions are
insignificant for our analysis based on the tenth moment. They affect the extracted bottom-
quark mass by less than 1MeV and are therefore neglected. To be on the safe side,
we refrain from using n > 16 in our analysis for the bottom-quark mass because we
can presently not exclude that the breakdown of the OPE, although veiled by the 1/n
suppression and the numerical suppression of the dimension six contribution, indeed occurs
in this region.

8.4.2. Upsilon resonances

We illustrate the perturbative and non-perturbative contribution to the mass of the T(15)
resonance in Figure[8.5] Similar to the non-relativistic moments, we observe that perturba-
tion theory does not converge well for small renormalization scales, roughly p < 2.5 GeV.
However, near y = m,; the behaviour of the perturbative series is excellent. The reverse
happens for the condensate corrections. They exceed the perturbative corrections for scales
larger than about 2 GeV and show no convergence neither in the power series nor for the
preliminary «, corrections (although the latter could possibly be remedied by the missing
ultrasoft correction). For very small scales near 1 GeV, the condensate corrections are tiny
and the results indicate that the expansion is convergent.

The combined result for the T(15) mass does not behave satisfactory for any given scale.
It must therefore be doubted that the hierarchy Aqcp < Ey(is) provides an adequate
description of the 15 system. It seems however possible that the resummation of threshold
logarithms stabilizes the scale behaviour and yields a small intermediate region of the
renormalization scale, where the perturbative and condensate expansions converge. Also
here, it would be interesting to consider the dimension eight condensate to probe the
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Figure 8.5.: Mass of the T(1.5) resonance. We show the perturbative results up to NNNLO
(upper left), the condensate corrections on top of the NNNLO perturbative
result (upper right), the absolute condensate corrections (lower left) and the
relative dimension six and NLO dimension four corrections with respect to the
leading dimension four contribution (lower right). The gray horizontal line in
the upper panel corresponds to the experimental value.



134 8. Gluon condensate corrections

-- LO NLO ==- NNLO — NNNLO
-= pert +dim4 === +dim6 =— +dim4”
4t
2 3 2
2 2
o ~ 0
“ .
L . —2r
T T
2 5 4
= = -
—~ ~ _gf
-10
1
u[GeV]
=== dim6 — dim4*
0.01
-0.5¢ T~

|
—
(=]
T

|
—
()]
T

|
o
o

Ocondl (Y(1S)-1*17) [keV]

0.8 1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
1 [GeV] u [GeV]

o
o0

OxL(Y(1S)=1 1)/ gimal’ (Y(1S)—-1*17)

Figure 8.6.: Leptonic decay rate of the T(1.5) resonance. See Figure for details.

hypothesis of the dimension six contribution being numerically small (cf. [193]), in which
case the breakdown of the condensate expansion would be unambiguous.

In Figure and we show the same results for the leptonic decay width of the
T(15) resonance and the Y(2S5) mass, respectively. The condensate contributions may be
converging for the leptonic T(15) decay rate in the region around p = 1 GeV, if the missing
ultrasoft corrections partially compensate the large other NLO dimension four corrections,
but the perturbative part is clearly not convergent below roughly ;1 = 3 GeV and no stable
overall result can be expected. The condensate corrections to the Y(2S) mass do not even
converge for scales as low as 800 MeV, which clearly invalidates the approach for the 25
state. This may not be so surprising after all, since even expansions in Aqcp/m. of fully
inclusive quantities like D-meson mixing and lifetimes |7,8,207] only converge rather slowly
and the charm-quark mass is significantly larger than the binding energies of the T(N.S)
resonances.
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9. Conclusions and Qutlook

Precision determinations of SM parameters offer a direct way to improve theory predictions
for a large number of observables. Since the parameters are, in general, not observables
themselves, they cannot be measured directly. They can only be extracted from the com-
parison of experimental data with theory predictions. In this dissertation we have studied
the production of heavy-quark pairs in electron-positron collisions in the particularly inter-
esting energy region near the heavy-quark production threshold. In this region the cross
section is highly sensitive to the heavy-quark mass, which facilitates the determination of
the top and bottom masses with a very small uncertainty. In addition, one can extract
precise values for the strong coupling constant, the top-quark width and the top-quark
Yukawa coupling.

Near the production threshold conventional perturbation theory in the strong coupling
breaks down due to the non-perturbatively strong Coulomb interaction between the non-
relativistic heavy quark and anti-quark. A meaningful prediction for the cross section can
only be obtained by resumming the Coulomb effects to all orders. A systematic approach
based on non-relativistic effective field theories has been developed, generalized for unsta-
ble particles, and applied in the last 20 years. The recent completion of the NNNLO QCD
result for top-pair production [28] has resolved the long-standing problem with the large
perturbative uncertainty of NNLO predictions [27]. Based on variation of the renormal-
ization scale the estimated size of missing higher-order QCD contributions is +3%.

The first major result of this work is the computation of the full NNLO and partial
NNNLO non-QCD corrections to the top-quark pair production cross section. Our results
show that these corrections are significantly larger than the remaining QCD uncertainty,
reaching up to more than 20% below the characteristic peak of the cross section. This
demonstrates the importance of the non-QCD contributions for a threshold scan of top-
pair production at a future linear collider. Neglecting the non-QCD effects would distort
the extracted value of the top-quark mass by an amount that is comparable to the overall
uncertainty of the determination.

The large correction below the peak is mostly due to the non-resonant production of
the top-pair decay products W+W ~bb and its interference with the production of resonant
top pairs. The resonant cross section by itself is ill-defined for unstable top quarks, which
manifests through a divergence that only cancels once the non-resonant contribution is
taken into account as well. Special care was taken that the divergences and the respective
scheme dependences are treated consistently in both parts. On top of the full NNLO
treatment of electroweak effects, we include NNNLO P-wave and Higgs corrections. The
latter is especially interesting because the top threshold scan is sensitive to deviations
of the top-quark Yukawa coupling ¥, from its SM value and can therefore probe a large
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number of possible extensions to the SM that predict a non-standard coupling. A realistic
result for the modification of the shape of the cross section under variation of y; is only
obtained at NNNLO, where the effects of the Higgs potential appear.

To estimate the physics potential of a top threshold scan we have compared the size
of the modifications of the cross section under variation of the input parameters to the
theory uncertainty. Based on this approach we expect the theory uncertainties to be
about or below 50 MeV for the top-quark MS or PS mass and below 100 MeV for the top-
quark width. Adopting the same approach for the top Yukawa coupling and the strong
coupling constant we expect the threshold scan to be sensitive to variations of the order
T25% and 0.0015, respectively. Their determination in a simultaneous fit however suffers
from a strong correlation and it is presently not clear to which degree this affects the
results. This question will be settled by a simulation based on the theory prediction of
QQbar_Threshold [29], that is currently being performed. First results for the top-quark
mass [140] are in very good agreement with our estimate. Furthermore statistical and
experimental systematic uncertainties are expected to be at the level of only 20 MeV and
a few 10 MeV, respectively, which implies that the total uncertainty should be well below
100 MeV.

The other major result presented in this dissertation is the first complete NNNLO deter-
mination of the bottom-quark mass from non-relativistic moments of the pair production
cross section. In addition to the NNNLO QCD corrections (cf. [28]) we consider NNLO
charm-quark mass effects, NLO QED corrections and dimension four condensate correc-
tions, which are all tiny. Just as for the top-pair production cross section |28|, the NNNLO
corrections lead to a substantial stabilization and to better insight into the scale behaviour
of the result. Consequently, we observe a significant reduction of the uncertainty com-
pared to previous NNLO results. The masses obtained from perturbative moments with
8 < mn < 15 are in good agreement with each other. We adopt n = 10 for our central
value and find m}S(2 GeV) = 4.53270 038 and m)M(m}1S) = 4.20370 035 in the PS and MS
schemes, respectively. Our values are in good agreement with the current PDG average
and other recent sum rule results.

We have studied the impact of subleading condensate corrections on the non-relativistic
moments and the T(N.S) properties. The results of [189] for the dimension six contributions
to the Upsilon resonances are extended and applied to the moments. Furthermore, we
computed the potential NLO QCD corrections to the dimension four contribution. To
obtain complete NLO QCD accuracy, the contributions from ultrasoft gluons must still
be determined. Due to the numerical uncertainty of the condensates and the strong scale
dependence, we only focus on the convergence properties. The results clearly show that
the moments with n ~ 10 receive only minuscule non-perturbative corrections. Because of
a possible numerical suppression of the dimension six contribution (cf. [193]), it remains
unclear for which values of n the breakdown of the OPE occurs. A future calculation of the
dimension eight contribution should settle this question. Our results for the mass of the
T(1S) resonance show that the condensate expansion is questionable even here since there
is no value of the renormalization scale where the perturbative and condensate expansion
both converge. If an analysis of the dimension eight correction substantiates the numerical
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smallness of the dimension six contribution, the breakdown of the OPE would be obvious.
The condensate expansion doesn’t show any sign of convergence for either the leptonic
decay rate of the T(15) or the masses of the exited resonances.

In the future the results discussed in this work could be further improved in a number
of ways. Firstly, both the top threshold scan and the determination of the bottom-quark
mass would benefit from a NNNLO plus NNLL QCD prediction for the cross section, which
could by achieved by a combination of the results of [28]208,209]. This could further reduce
the perturbative uncertainty and stabilize the scale behaviour. The resummation of ISR
at NLL accuracy is of integral importance for the top threshold scan as shown by the
substantial modification of the cross section from ISR at the LL level. Since this effect is
universal, it is of similar relevance for a future linear collider as precise parton distribution
functions are for the LHC. The full treatment of NNNLO electroweak corrections in the
resonant contribution would be desirable. Partial results for the hard matching coefficients
are already available [118|119]. However, the determination of the full NNNLO non-
resonant contributions is not feasible with present methods. Last but not least, it would
be interesting to extend the formalism beyond the total cross section to other observables
like the forward-backward asymmetry [92] to fully exploit the physics opportunities of the
top threshold scan.






A. Details on the computation of the
NLO P-wave Green function

We show how the results (5.52) and (5.53) can be obtained. To get rid of the prefactor
in (5.50), we define jp(u) = [['(1 + 2u) cos(mu)/T'(4 + 2u)]jp(u). Setting z = (1 + t; +
ty)/(tit2) and y = t1/(1 + t; + t), the Jacobian is (1 + yz/(y*(1 — y)?23)) and we obtain

0o 1

Je(u) = /dz/dy?f“(l —)?(1+2)

Z3—2u<1 + yz)1+2u

2
(1+2)A—1—)\log(1+z)—%10g2(1+z) :

(A.1)
In the case of jp(0), the y-integration is straightforward. For the z-integration we introduce
an analytic regulator z=® and rewrite the logarithms in the following way:

log(1 4 2)" = (%) (1+ 2)"|5=0. (A.2)

This way, the individual integrals can be solved
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It is now straightforward to obtain
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The computation of the derivative at zero proceeds similarly
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The remainder of this section describes the computation of part (a), the divergent con-
tribution of the single-insertion function , which is performed in momentum space.

After the integrations over the zero-components of the loop momenta are performed, the
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product of the top and antitop propagators reduces to the simple form 1/(p? — mFE) and
the "mass” mFE of the non-relativistic heavy quark propagators is the only scale in the in-
tegrals. It is convenient to rescale the loop momenta by p — +—mFE k, which reveals that
the loop integrals only depend on the dimension d and the non-integer power 1 + u from
the NLO Coulomb insertion. We have used FIRE [133,|134] to reduce the diagrams to a
small set of master integrals. We use solid lines to denote the rescaled massive propagators
of the form 1/(k? + 1), dashed lines for potential gluons and a wavy line for the insertion
of the NLO Coulomb potential, i.e. the gluon propagator with an index 1+ u. At first, we
assign u, to all g with an exponent proportional to v and pu,, to all 4 with an exponent
proportional to e, since the former are related to the running of the strong coupling in
the NLO Coulomb potential. We note, however, that this introduces some spurious terms,
which will be addressed in more detail below. We find
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With the exception of the diagram with three massive lines, all master integral have been
computed with standard methods. We obtain
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The remaining master integral is more difficult:
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For u = 0 one can reduce the integral with FIRE and obtain a result in terms of the other
master integrals. The result agrees with the one in [135]. For u = € we only compute the



A. Details for NLO P-wave 145

solution in expanded form, where terms up to order €? are required because the coefficient
of this master integral in and the NLO potential each contain a factor 1/e. We derive
a Mellin-Barnes representation and perform an analytic continuation of the integrals with
the mathematica package MB [210]. The result can be rewritten in terms of single and
double infinite sums over the residues in the integration variables by closing the contours.
Through algebraic manipulations like partial fractioning these sums can be transformed
to cyclotomic harmonic sums. This step was achieved in a semi-automatic fashion with
a private mathematica code. After the work was completed, the fully automated package
MBsums [218] has appeared, that should considerably simplify similar tasks. We use the
Harmonic Sums package [211-217] to reduce the cyclotomic harmonic sums to a set of
known basis sums. Our result is given by
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Inserting the results for the master integrals into (A.8)—(A.11) yields the results for the
diagrams of part (a). We observe, however, that using u = € in (A.8)—(A.11)) produces in
spurious logarithms In(p,. /) through terms of the form
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This signifies the fact that, in general, the origin of poles cannot be unambiguously identi-
fied in dimensional regularization. We derive the correct scale assignment by subtracting
the scale dependent logarithms from the results of — and then adding back
the respective terms obtained with the Coulomb potential expanded in ¢, i.e without the
identification u = €. Furthermore, we set the scales u, and pu,, equal in the singular terms
In(p, /1) /€ to render the pole terms scale independent. Our results for the individual
diagrams are given by:
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B. Evaluation of the hypergeometric
function

The series defining the generalized hypergeometric function in the NLO P-wave Green
function (5.55) only converges for Re(\) < 3. Values of A\ with a large positive real
part may however occur for particles with vanishing or very small width when the energy
approaches the threshold from below. Therefore, we perform an analytic continuation for
the generalized hypergeometric function by expressing it in terms of harmonic sums for
which the analytic continuation can be easily done, see for example [215,219]. In a first
step we perform a change of arguments to more suitable values
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The remaining hypergeometric function has been rewritten in terms of harmonic sums in
Appendix A.1 of [220]. This was achieved by rewriting it as the Mellin transform of a
dilogarithm, which can then be expressed as
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We have used the FORM [221] program HARMPOL [216] for the latter step. The (nested) har-
monic sums are defined in the usual way as S,(N) = 3.~ L and S, ,(N) = SN L S, (4).
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C. Charm-quark mass effects in the
bottom-quark pair production cross
section

C.1. Charm effects in the Coulomb potential

We consider the Coulomb potential in the presence of n; light quarks, one of which has a
non-zero mass, denoted by m.. The Coulomb potential can be split into a part containing
the contributions from n; massless quarks and the charm-quark mass correction:

V= vmassless + Vm (C]-)

c )

where the charm-quark mass correction V,,. vanishes for m, = 0.

The charm-quark mass corrections to the Coulomb potential have been determined at
NNLO in [169,|170]. We employ convenient dispersion relation representations from [168],
which simplify the computations of the corrections to the cross section. The momentum
space potential is given by
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161

A =exp <%+ —(3 — n2) (C.12)

and neglect the tiny uncertainties, which were found to be numerically insignificant. The
potential in configuration space follows from a Fourier transformation. We find
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4 / da f(x)e2mer (111(4352) ~ Bi(2mmr) — ¢ B (—2mer) — §)
1

3
5\% 72
— [ In (7, el I
(n(mr)+6> 12]
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57
+ vy 1 1'(0, 2comer) + di1°(0, 2dymer) + In (mer) + 798 + Cg } (C.14)
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where
Me = mee'?, fo= pe’”. (C.15)

We have found some typos in Eq. (30) of |168] and corrected them in (C.14]). We also
correct an integral representation in [168] that should read

% —xt
e~ Fi(z) + " Ei(— P/dtite . (C.16)
0

However, to our understanding the computations in [168] were performed with the correct
potential.

C.2. Charm effects in the relation between PS and pole
mass

We recall the definition of the PS mass at the subtraction scale ps [51]:

1 d*q - >
my = my>(jug) — 3 /qw 2n)? V(lal) = my®(us) + Y omps. (C.17)
f

=0

The charm-quark mass corrections to the PS-pole relation will be denoted by

d*q -
ol == | 7. (al). )
Z 2 Jyal<uy (2m)3
and vanishes for m, = 0. We obtain
Qg a4 5
MY o, = ?CF,ufggTF (IH(Z) + I (me) + §> : (C.19)
s 24
PS  _ 8 =) ZT
oMy, CFNf(47r) 3 F|:

4
LA (Inz (2) + 2l (2, m) + T (e, ) +

3 E(IH(Z) + Iin(me)) + §)

3 9

5
+ 26 <[H,ln(za 1) + hyn(me, i) + —fln(u)>

3
+ 19<01]5( ) tdy Iz <di) + In(me )
+ 2ay <1H( ) + In(me) + g) + % + 26{;;} (C.20)
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where

z::(é%:)Q, (C.21)

2

Tn(m) = In % +2, (C.22)
ﬁ‘f
Ly (mo,mp) = In —- mo In — mi +2In m_ +2In m_ +38, (C.23)
Hf Mf Mf Nf
t
[=(2) = 2 arctan V2 In(1+ %) — 2, (C.24)

NE
11 1 1132
IH(Z):E|:2F1( ‘—Z>+—3Fz( 2

Inm(z,m) = In(z)In — + 152{3};’2( 121%5 _ z) + %4F3( 131;%5 —z)} ,
! (C.26)
I (2) = é {z( — 9+ 2(48 + 785z))
— 6/2(1+2)( =3+ 2(17 + 1102)) arsinh(v/2)
+ 9(—1+ 5z + 202*) arsinh(y/2)?
4—ﬁ[—1&2+mmmmmya(m@y—mm-1+«1+@)
<—%Lb«¢Z+V1+@*ﬁ+1MLEQVE+V1+@*H}.
(C.27)

The parameters c;, ¢z, dq, do are given in —C.12. Lig(z) = >°7°, 2"/ is the dilog-
arithm function and pFp_; denotes (generalized) hypergeometric functions. We refrain
from expressing the o F} and 3F, functions in and through elementary func-
tions because of the length of the resulting expressions. The strong coupling «y is defined
assuming n; = 4 active ﬂavours, ie. ay= ag"’)(u).

The Egs. ) are given in the pole-mass scheme for the charm quark. In the
MS mass scheme 1 ) must be modified by
o ’16 u

where mMS(p.) is the charm-quark MS mass and

1 z—2 11 1 112
I'(2) = F — 2| - —,F 2
u(2) 2@+&)+1mz+n21( 5‘ z) 3032<§§

In the numerical analysis, we set the scale u. to the renormalization scale pu.

- z) . (C.29)
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C.3. NLO charm effects in the non-relativistic current
correlator

We describe the calculation of the NLO corrections to the non-relativistic vector-current
correlator in detail. We parametrize the perturbative expansion of the Green function

G(FE) defined in as
G(E) = Go(E)+ > 6G(E). (C.30)

Again, the charm-quark mass corrections 6;G,,.(F) are defined such that they vanish for
m. = 0. We then have

5ZG<E) = 5iGmassless(E) + 51Gmc(E> (031)

The NLO contribution 6;G,,, (E) is given by the single insertions of the potential (C.13)).
We find it convenient to split the correction into a part A given by the two loop diagram,
i.e. with no additional Coulomb exchange between the quark and the anti-quark, and a
part B, which contains the remainder, i.e. all ladder diagrams with at least one Coulomb
exchange. This distinction follows [89] (see also Section [5.2)), although here both parts are
finite.

We first compute the two-loop diagram of part A in momentum space

4

d3pi ~(0ex % ~(Oex
012G A(E) = - / H(%)g] Gy (p1, p2: B)OV,() (s — p2) Gy (03, P E)
1=1

AT Cro
m(?) fgfas

[m[m 4 ol s

du u=0,ur—me 3

where G’éoex) is the zero-gluon exchange part of the Green function, the single insertion
function I4[1 + u] is defined as in [89], and

[e.9]

d=p A=ty 1 1 1
L) =pa* [ d
=5+ [ aosto) | sty | ot i G T T
1
(C.33)
is the single insertion function associated with the contribution of a massive charm quark,

without the subtraction of the massless contribution. We employ the Mellin-Barnes repre-
sentation (see e.g. [132])

+ic0

S R
(X +Y)  T(n)2mi

/ d=T(n + z)l“(—z)%, (C.34)

—100

where the contour must be chosen to the left of all poles from I'(—z) and to the right of all
poles from I'(n+ z), to simplify the denominator from the potential. The expression under
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the Mellin-Barnes integral then corresponds to part A of the single insertion function of
the massless potential known from [89]. We find

100 00

L] = ;ﬁe% dul'(1 + u)T(—u) / d f () (422m?2)" (C.35)

y / A=y / a1y 1 1 1
(2m)d=1 | (2m)41 p?2 — mypE (P — ﬁ)Q]H“ P2 —myE

LT (N
© 2(4m)d-1 (—mbE) 27rz'Zo dul'(1+w)I(—u) (€/4)
[(—u) I(1—u) ]T(1/2—€—uwT(1/2+4 €+ u)*T(u + 2e)
[F(3/2—u) 2F(5/2—u)} ['(3/2 — €)I'(1 4 2€ + 2u)

| T(3/2) [D(1 — 29T (20T(1/2 + OT(1/2 — 6?31 +20T(26) (et |
- 128n2 ['(3/2 —e)[(1 — 2¢) 2'(5/2 + 2¢) \ 2m,

e Su(1 — w)l(—u)?T(1/2 — wW)T(1/2 + w)°T(w)? [ 4mor \ >
T omi / du 270 (3/2)0(1 + 2u)0(5/2 — u) (mbaSCp)

—4—ioo

The 1/e poles cancel with those of the massless part in (C.32) and we obtain

m2a’Cr 5 56
E) = s B ypme) ((plme) 4 2 24 = .
016 alE) = "BCE anr (1404 D) 4 (©30
—%-{—ioo
1 / (2 2 3u(1 — w)D(—u)?T(1/2 — w)D(1/2 + 1) (u)?
[EN— u —
270 £ 270 (1 + 2u)T'(5/2 — u) 7
where
—mbE (me) mc/\
=Y L) =1 . C.37
5 mc I A Og mbOésCF ( )

The first line in Eq. is equivalent to the subtraction of the contribution from a
massless light quark and the Mellin-Barnes integral in the second line to the contribution
from a massive charm quark. One can deform the contour across the pole at v = 0 to
simplify the result
100
mia,Cr as 1

HGpoa(E) = ——— —/du

A7 47 2me

—100

u(l —u)D(—u)?T(1/2 — u)T(1/2 + u)?T(u)?
Am(&/2)%2I (1 + 2u)l'(5/2 — u) ’

(C.38)
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where the contour now must be chosen to the right of the pole at u = 0, i.e. such that
0 < Re(u) < 1/2 on the real axis. The integral can be performed numerically.

Now we consider part B, i.e. the contributions with more than two loops. It can be
computed in configuration space

01Gim,,5(E) = — / d*roV O (r) [Go(o,r; E)? - GY(0,1; E)?]
- CFa/ / (1+2)) -1 ]de (@)
- 2
127 1+yz / <1+ y(1— y)zx>

1+yz &
11 me 14+yz
P g ()
2p y(1—y)z

, (C.39)

5 1
5J L") jo+ 5j
c T 6 + Jo+ 51

where p = /—m£FE, we have used the integral representation (3.34) for the LO Green
function and applied the integral transformations described in [89] and Appendix . The
Joa1 can be taken from [89] and

[e%¢) o] 1

57 :/d:):f(x)/ /dyy2(1+yz A+t -1 (C.40)

1 y) 23 14yz z
1 0 0 [m T Z]

A convenient strategy to simplify (C.40]) is to introduce the following Mellin-Barnes-type
representatio

A1 [ DAt w1 —w) ,
_'/dw T(1+ w) - (C41)

A i (_1>n1“(—)\+n)z"

! This applies in more generality to situations, where one would like to use a series representations to

simplify an integrand, but the individual terms in the series are singular after integration. A Mellin-
Barnes-type representation, if it can be found, naturally provides an analytical regulator and yields extra
or higher order poles in the Mellin-Barnes integral instead of singular terms in the sum.
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Applying (C.42)) and (C.34) to (C.40]), we find

. A 7 T DA+ w)D(w)l(1 = w)
I e R el e e

7dxf ( > /dz/dy 1:+Z ;ly (1—y)"
1

100

ey AL(3/2) 1 ['(2 4 u)'(—u) D(—=X 4+ w)[(w)[(1 — w)
T 01—\ (2mi)? / du g / dw T(1+ w)

—1300 —1300

['(—u/2) 'l —u/2) T Lwtu—1 )
8 [F(3/2—u/2) o 5/2—u/2 ] /dz/dy Ay -y
AG3/2) 1T TE+wT(—u) [ T(=A+w)T(w)l(1 - w)?
oT(1 — \) (2m)2_io/o du gu _io/o dw T(1+w)
(—u/2) P(1—wu/2) 1 Tu+tw)
8 [F(B/Q—u/Q) 2F(5/2—u/2)] T2 +u—w)

(C.42)

which can be evaluated numerically. The contours must be chosen such that Re u € (—1,0),
Re w € (0,1) and Re u +w > 0 on the real axis. After the contour of the u-integral is
pushed across the pole at © = 0 and the corresponding residue has canceled the massless jo 1
terms in , the result for part B can be written as a two-dimensional Mellin-Barnes
integral

100

0,Gon. (E) = %WCFZ‘W ( r({i)) (2;_)2 / dwT(w+ 1 — N (—w — 1) (—w)?

—100

100

" / s I(l)(u)g_“F(Q + u%f(‘i;uif‘_(le; U+ w)’ (C.43)
where r@ - )
TW () = Wf);j) (C.44)

The contour for the integral over the variable u should now be chosen such that 0 <
Re(u) < 1 on the real axis. In going from ((C.42) to (C.43) we have furthermore redefined
w. Following [132], the notation I'*(—w — 1) implies that the contour should be fixed to the
right of the first pole at w = —1. Above threshold, i.e. for £ > 0, A is purely imaginary and
left and right poles are separated. Thus, the natural choice for the contour is parallel to the
imaginary axis with —1 < Re(w) < 0 and the integration can be performed numerically.
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For positive integer values N of A, i.e. below threshold, part B contains poles in
N — X because of the pinching of the contour in the complex w plane by left and right poles.
We recall from Section that the singular terms in an expansion of the Green function
for A near N determine the corrections to the energy levels and wave functions of the
resonances. It is now straightforward to extract the expressions for the NLO charm-mass
corrections to the resonances, that are given in Appendix [C.4]

The calculation of the NNLO charm-quark effects for the resonances was performed in
the same way, i.e. applying the representation to the potentials and for the
term (1 4 2)* — 1, and proceeding otherwise as for the conventional Coulomb corrections
described in [89]. We refrain from showing the details of this lengthy computation and
only present the results in Appendix [C.4]

C.4. Charm corrections to bound-state energies and wave
functions

We parametrize the energies and wave functions of the bound states by

Ey =EY (1 + i eS@)> , (C.45)
=1
W (O)]2 = rw§$><o>12(1 ; Zfﬁ) | (C.46)
=1

With EN = —myp(asCr/(2n))? and |y (0)|* = (mpasCr/(2n))3 /7. The higher-order terms
e N , fN are again split into two parts

eg\f) eg\lf)massless + g\lf)mc ) (047)
f](V = fN,massless + fN ,Me ? (048)

where eNmaSSless, fN massless ar€ the known corrections with massless charm quarks and

6%),%’ ](\;)m vanish for m, = 0. The NLO (i = 1) mass corrections are due to the sin-

gle insertion of the NLO Coulomb potential in the Green function. The NNLO (i = 2)
contributions are further split into three parts

(2) (2) (2) (2)

€Nm. = 6N,{mc} + 6N,{mc,mc} + 6N,{mc,massless} ) (049)
@) (2) (2) ()

fN Me fN,{mc} + fN,{mC,mC} + fN,{mc,massless} ’ (CSO)

where the subscript {m,.} denotes the single insertions of the NNLO potential Vw(i), {me, m.}
denotes the double insertion of the NLO potential Vi) and {m¢, massless} denotes the
mixed double insertion of the charm-correction V,,, and the massless potential Viassiess-
Our results for these contributions are given below.
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The single insertion corrections to the energy levels and wave functions read

s 1 100 B N .
U =202 5 [ gy 1900 Somi, ), (©51)
4 as\2 1 [ al
etme = 5 T(1/2TWY) (E) 5 / dugy I®(u) ; ne(u, i, N), (C.52)
a 1 100 N
A VCLU R =P ) SRR VR (C5)
@) 2 a\" 1 [ 2N
o = 5T OP0O 1) () 5 [ 190 Y ouwi Ny, (059
where
. asC’Fmb
En = oONm, (C.55)
: B I'(—u)(u+ 2) ['(u+1)
nelts b N) = SN S T DTG E ) T —i+2) (C-56)
oul ) = i ) (357 = 0 1) 4 2000+ 0+ 1)
— (u+1) —w(u—i+2)> , (C.57)
o . 203=%  TEe-n[ (m2)
A e = R =y CC R
+ (2+350) [% +Y|2- g) - 5—Tu) —In(4) + 7 cot (—u)})
2 T(3) I3 8 T(%) m
- (‘ 30T -2 ‘w-ITE -1 3aTC 1)) cot (5v)
- ﬁl(ch +dydy), (C.58)

VT u

and I (u) given in (C.44). The integration contour must be chosen such that 0 < Re(u) <
1 on the real axis as discussed in Appendix |C.3[f!
The above expressions are given in the pole-mass scheme for the charm quark. In terms

2 We recall that the corrections due to a massive charm quark are actually recovered by choosing —1 <
Re(u) < 0. The pole at v = 0 amounts to the contribution for massless charm quarks and is absorbed
into the massless part. Our contour choice 0 < Re(u) < 1 thus corresponds to the definitions (C.47)),

(C.48) of eg\i,)’mc and f ](\??T,Lc, where the massless part is subtracted.
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of the MS mass mM (,uc) the results receive an additional contribution

2
ENfme} 7 ENgme} T (4#) [3 +2n (mMS(Mc))}

X ( — 8F(1/2)F(N)% /m duu €3t T (u) ch(u, i N)) : (C.59)

—100

2
(2) (2) s 4 He
INmey = Iy (47?) {3 e (m%s(uc))}

100

X (—4F(1/2)F(N+ 1)2%,/ duu £y [(1)(U)Z¢c(u,i,N)).

—100

(C.60)

We find numerical agreement between our results for the binding energy of the Y(15)
resonance up to NNLO with [168]. In addition, the NLO energy levels e%?mc and wave
functions fl(lr?1 agree numerically with [171].

The results for the contribution of the double insertion of the NLO potential Vn(@lc) to the
binding energies and the wave functions are as follows:

2 T [RRAN .
B = () 7 {5 L 007+ 4N 0() = a0l ()]

A N)?
N Qi hi(s)? }_6(1) £ (C61)
— S(S _ N) N,meJ Nome 2
s#EN
2
Qg T 1
o = (52) T v 420002+ 02000 (30020) - 01+ o)

+h() (N) + NA)(N) [4¢(N) + N (26 + 20(N)? — @z)(l)(zv))D]

_ f: % [Qhﬁl(s) — hi)(s) (2 +2NP(N) + Nji S)] } . (C.62)

s=1
s#EN

The coefficients h%)c can be expressed as single Mellin-Barnes integrals

—1)*(s+ 1)
kaQFs—k+ 1)
1 T 2 (— A
« 7 quenr (g BEOTEF T Gy g Ny, (C.63)

271 'l+k+u—N)

—100
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where
KO(u,z) =1, (C.64)
kW (u, x) = u+ N(z), (C.65)
£ (u,2) = u(u — 1) + Np(2) (2u + Nep(x)) — N*pW (), (C.66)

and &y and I (u) have been defined in (C.55)), @I} The contour should again be fixed
such that 0 < Re(u) < 1. The infinite sums in @ and converge quickly and can
be truncated after the tenth term for all six resonances considered in the sum rule. There
are however large cancellations in the finite sum in , which makes the evaluation
rather time consuming.

The results for the contribution of the mixed double insertion of the NLO potentials Vm
and Viassiess 10 the binding energies and the wave functions are as follows:

2 0 0
6(2) — % 4\/E (_1)N+1 hl(rnz)xssless(N)hgnZ<N)
N, {mc,massless} An F(N) N

N Iracttess (V) {h(l (V) — h(°>(N)<; T Nw(N))}

N? me
o Piastess(5) i (5)
+ — SI(N . 8) } - e%?mch,massless - 5\1/,)111asslessfN,mC ’ (067)
SEN
2
as\ 24/ 1
fN {mc,massless} ~ (E) F(N) (_1)N+1 { IN?2 |:2N( thassless(N)hggz (N>
(N[ = AN + B (V) (2 + No(V))] )

— A (V) (B2 (N) = 200 (N) (2 + N(N))

+ RO (N)[6 + 4N (N) + N*((N)? — O (N) + 2@)])]

| (1) (©)
—h S Nh 1)
- Zl S(N _ S) [ massless(s) me ( ) massless( ) mC(S)
SEN
(-1) (0) N
+ B VRN | 5+ 2N ) | g, (C68)

with the coefficients h%)c from ((C.63|) and

Prnastiess (8) = 2P0z (C.69)
hir?als)sless(N) = _N[al + 260 (LN + Sl(N))} 5 (C?O)
Ponastess(3) "= 260~ (C.71)

N
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W e(9) "L D) — s
+26, [N(¢(N—s) —¢(N)> +s(51(N—s) —LNH}, (C.72)
P (V) = =26(14+ S1(N = 1) + Ny (V). (C.73)
W en(8) 2 {0 () + s
28y [N (s = N) = (W) ) +5(Si(s = V) - L) =2|},  (C.79)
WY eeN) = 5o [% +25(N = 1) = N(v@(N) + 4G )| (C.75)

The S;(n) =Y ;_, k™" are generalized harmonic numbers of rank 4.






D. Mixed QCD-condensate corrections
to the energy levels and wave
functions: Potential contributions

We give the lengthy expressions for the potential contributions to the energy levels (8.40))
and wave functions at the origin (8.42)):

—ava 128N
N 9 (6561 N4 — 25920N? + 16384)°

{2 [a1 + 2ﬁ0 (Sl + LN)]

X (167403915N10 — 1486558575 N8 + 4690934208 N® — 6303780864 N*

+3483631616 N? — 536870912) + Bo(9N — 8) (94419351N9 + 46727442 N8
—800382951 N7 — 381105162N° + 2367378684 N> + 1061906784 N*

—2883647232N° — 1162401792 + 1320550400V + 405274624> } (D.1)

32N6
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— 48288205485 N® + 136847786688 N — 159273676800N* + 81059381248 N2

.59V = [ag + 280 () + L)] i (5839137025N"

39 NO
—15166603264) _ (451332]\76 — 161595N°
P03 6561V — 259202 & 16384)
_1797839N* + 646725N% + 1160272N2 — 425280N + 7168), (D.2)
256N

F.GVG _ (41 1 98, Ly) 5 (-~ 20655101330505N'

81 (6561 N* — 25920N? 4 16384
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128N
+189115999977472) + fiy ;
81 (6561N* — 25020N? + 16384)

1
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D. Condensate corrections

f

GGV __
TN -
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—16799371281675894915072N " — 51685121285332515422208 N'?
+20621242559717072437248N® + 33974735719419655225344 N7
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+6036677324559894970368 N* + 609631074176867500032 N>
—1054643390588414590976 N? + 220638101144321654784N

4N S,
—18446744073709551616)
- 6561 N4 — 25920N2 + 16384

X ( — 652412229271110N ' + 7881876138460500N 12 — 37221596700680304 N °
+87133432412759040N% — 107286357009825792N° + 69985956437950464 N*

16777216 N
—22538834096947200 N2 2696552267120640)
* * 6561 N4 — 25920N?2 + 16384

N
( (203391N° — 13405824 N* + 24866816 N> + 1048576) S; <§)
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+ (—465831N° + 30824064 N* — 64811008 N* + 7340032) S (%) )

2

—18N? (52 — %) ( — 5859137025 N1V + 48288205485 N® — 136847786688 N'¢
+159273676300N* — 81050992640 N2 + 14629732352) } (D.4)

where Ly = In(Nu/(masCr)), Si(z) = >;_, k' is the analytic continuation of the
harmonic number to non-integer values and S; = Zszl k=" without an explicit argument
is the Nth harmonic number of rank .
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