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Abstract

In this thesis, we study different aspects of heavy-quark effects in factorization and resummation
using the methods of effective field theories. As the quark masses are much lighter than the
hard scale of processes at the LHC, they are considered subleading and usually neglected.
However, with high-precision measurements from the experiments at the LHC more precise
theory predictions are needed and quark-mass effects can no longer be ignored. In this thesis we
study two different aspects of heavy-quark effects.

One part of this thesis focuses on quark-mass effects in the Higgs transverse momentum spectrum.
This kinematic distribution is of particular interest as its shape can be used extract the quark
Yukawa couplings appearing in Higgs production processes. We present a new state-of-the-art
prediction for quark initiated Higgs production where we consider bottom, charm and strange
quarks in the initial state. We provide results at three-loop order in resummed perturbation
theory and match this prediction to an approximate next-to-next-to-next-to-leading order pre-
diction. Moreover, we study the resummation of transverse variables in the Monte Carlo event
generator GENEVA using one-jettiness, 71, and the transverse momentum, g7, as resolution
variables. This presents a first step towards an NNLO prediction matched to a parton shower
for this process. Further, we study bottom-mass effects in the transverse momentum spectrum
for the gluon fusion process. In gluon fusion, the dominant contribution comes from a massive
top-quark loop, with contributions from other quarks often neglected. However, to fully exploit
high-precision measurements at the LHC, it becomes essential to account for subleading effects.
In particular, the contribution from the bottom quark can no longer be ignored. The interference
between the top- and bottom-quark contributions plays a significant role and is crucial for
measuring the bottom-Yukawa coupling in Higgs production. So far these effects have only been
studied for the form factor where we have two scales, the Higgs mass and the bottom-quark
mass. The measurement of the transverse momentum introduces a third scale to the problem
which makes the factorization much more subtle: the bottom and the Higgs mass of course still
have the same scaling as in the form factor calculation but the transverse can have different
scalings. Hence, we have to consider different kinematic regimes and write down a factorization
theorem for each of them.

In the second part, we consider transverse momentum dependent (TMD) fragmentation functions
(FFs) for heavy quarks. The heavy-quark mass provides a perturbative scale in the otherwise
nonperturbative dynamics of the fragmentation process. We demonstrate that applying boosted
Heavy-Quark Effective Theory to TMD FFs gives rise to novel, universal matrix elements
describing the nonperturbative transverse dynamics of light QCD degrees of freedom in the
presence of a heavy quark. We further calculate all TMD parton distribution functions for the
production of heavy quarks from polarized gluons within the nucleon. We use these results to
make phenomenological predictions for cross sections in eTe™ collisions and semi-inclusive deep
inelastic scattering, which are relevant for existing B-factories and the future EIC, respectively.
Additionally we calculate all TMD FFs involving heavy quarks and the associated TMD matrix
element in heavy-quark effective theory to next-to-leading order in the strong coupling.



Zusammenfassung

In dieser Arbeit werden verschiedene Aspekte von Quarkmasseneffekten in Faktorisierung und
Resummierung unter Verwendung von effektiven Feldtheorien untersucht. Da Quarkmassen
deutlich leichter sind als die typischen Energieskalen am LHC, gelten sie als unterdriickt und
werden normalerweise vernachlissigt. Mit den Hochprézisionsmessungen am LHC werden jedoch
immer genauere Theorievorhersagen benttigt und Quarkmasseneffekte werden relevant. Diese
Arbeit beschéftigt sich mit zwei unterschiedlichen Aspekten von Quarkmasseneffekten.

Ein Teil dieser Arbeit konzentriert sich auf Quarkmasseneffekte im Transversalimpulsspektrum
des Higgs-Bosons. Diese kinematische Verteilung ist wichtig, da sich aus ihrer Form die Quark-
Yukawa-Kopplungen extrahieren lassen, die in Higgs-Produktionsprozessen auftreten. Diese
Arbeit enthélt eine neue, hochprézise Vorhersage fiir Higgs-Produktion durch Quarkannihilation,
bei der Bottom-, Charm- oder Strange-Quarks als Anfangszustinde betrachtet werden. Die
Prézision der Vorhersage fiir dieses Spektrum wird bis zur dritten Ordnung in der starken Kop-
plung in resummierter Stérungstheorie berechnet. Diese Vorhersage wird mit einer gendherten
Vorhersage der néchst-zu-nachst-zu-néchst-zu fithrenden Ordnung kombiniert. Dariiber hin-
aus wird die Resumierung von transversalen Variablen mit dem Monte-Carlo-Eventgenerator
GENEVA untersucht. Hier werden die 1-Jettiness-Variable, 71, und der Transversalimpulse, g7,
als Auflésungsvariablen genutzt. Dies ist ein erster Schritt in Richtung einer NNLO Vorhersage
fir diesen Prozess, die mit einem Partonenschauer kombiniert ist. Dariiber hinaus werden
Bottom-Quark-Masseneffekte im transversalen Impulsspektrum fiir den Gluonenfusionsprozess
untersucht. Der dominante Beitrag im Gluonfusionsprozess kommt von einer schweren Top-
Quark-Schleife. Hierbei werden die Beitrdge von anderen Quarks meistens vernachléssigt. Um
jedoch die Hochprazisionsmessungen am LHC voll ausschopfen zu kénnen, ist es wichtig auch
unterdriickte Effekte zu beriicksichtigen. Insbesondere der Beitrag des Bottom-Quarks sollte
in Zukunft miteinbezogen werden. Die Interferenz zwischen den Beitrdgen des Top- und des
Bottom-Quarks spielt eine wichtige Rolle und hat einen nicht zu vernachléssigenden Beitrag
fur die Messung der Bottom-Yukawa-Kopplung in Higgs-Produktionsprozessen. Bisher wurden
diese Effekte nur fiir den Formfaktor untersucht, bei dem zwei Skalen relevant sind: die Higgs-
Masse und die Bottom-Quark-Masse. Die Messung des transversalen Impulses fiigt eine dritte
Skala hinzu, die die Faktorisierung wesentlich komplizierter macht: Die Bottom-Quark und die
Higgs-Masse haben immer noch das gleiche Verhéltnis wie in der Formfaktorberechnung, aber
der Transversalimpuls kann unterschiedliche Skalierungen haben. Daher miissen verschiedene
kinematische Regime betrachtet werden, welche je ein Faktorisierungtheorem benétigen.

Der zweite Teil beschéaftigt sich mit transversalimpulsabhingigen (TMD) Fragmentierungs-
funktionen (FFs) fir massive Quarks. Die Masse der Quarks fungiert als perturbative Skala
im sonst nicht-perturbativen Fragmentierungsprozess. Die Anwendung von boosted Heavy-
Quark Effective Theory auf TMD FFs fiihrt zu neuen, universellen Matrixelementen, die die
nicht-perturbative Dynamik von leichten Freiheitsgraden in Anwesenheit eines massiven Quarks
beschreiben. Auflerdem werden alle TMD-Partondichtefunktionen fiir die Produktion massiver
Quarks aus einem polarisierten Gluon im Nukleon berechnet. Diese Ergebnisse werden verwendet
um phenomenologische Vorhersagen fiir Wirkungsquerschnitte in e™e™-Kollisionen und in semi-
inklusiver tiefinelastischer Streuung. Diese kénnen fiir B-Fabriken sowie den zukiinftigen EIC
genutzt werden. Dariiber hinaus werden alle TMD FFs massiver Quarks sowie die entsprechenden
TMD Matrixelemente zur nichst fiihrenden Ordnung in der starken Kopplung berechnet.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) [7-10] is the current theory describing all known
elementary particles as well as their interactions. With the discovery of the Higgs boson in
2012 the by the ATLAS and CMS experiments [11,12] at the Large Hadron Collider (LHC)
the last missing piece of the Standard Model was found. This marks a major success in
theoretical and experimental particle physics as the Higgs boson was postulated 50 years before
its discovery [13-18]. Remarkably, the Higgs discovery completed the SM after so many years
and is celebrated as one of the greatest successes of particle physics but, on the other hand, a
non-discovery of the Higgs boson could have meant the end of the Standard Model: In the SM
contributions of the Higgs boson are needed in order to cancel divergences in W boson scattering
in order to guarantee the unitarity of the theory which makes the Higgs boson such a crucial
component.

After the Higgs discovery, there are still many open questions which cannot be addressed within
the Standard Model, such as the existence and origin of Dark Matter (DM). As far as we know,
DM particles do not share any interaction (besides gravitational) with SM particles. Therefore,
DM particles are invisible or “dark” for SM particles. From astrophysical observables, we know
that ordinary matter only makes up for a minor contribution of the total matter density of the
universe whereas the majority (84.4%) comes from DM [19]. There exist multiple Dark Matter
candidates and even alternative approaches to explain the overwhelming empirical evidence of
Dark Matter. However, as of today none of the searches for DM particles have been successful and
its origin remains unknown. Also, the Standard Model neither includes a quantum description
of gravity nor masses for neutrinos which both clearly exist. It might be less apparent for the
neutrino masses, but their masses are required to explain neutrino oscillation [20,21]. The SM
also fails to explain the matter-antimatter asymmetry which is for the reason for our whole
existence.

To tackle these issues, we need New Physics or physics beyond the Standard Model (BSM). For
a long time supersymmetry [22] was a promising candidate as it does not just provide us with
whole set of possible DM particles but also offers an elegant solution to some of the aesthetic
problems of the SM such as the hierarchy problem. However, sadly or maybe even shockingly
for some in the physics community, no supersymmtric particles were found at the LHC. Not
only were no new particles found, the SM also seems to pass every test. Neither the experiments
at the LHC nor other experiments have been able to find any significant deviations from the SM
predictions to this day. Given this lack of direct evidence for new particles, a promising avenue
to discover BSM physics is to compare experimental measurements and theoretical predictions
and look for even the tiniest deviations from the SM expectations. This requires equally precise
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Figure 1.1: Summary plot of Standard Model cross section measurements compared to the
corresponding theory uncertainty. The right panel shows the comparison to the corresponding
theory uncertainties. The theory uncertainties are shown by gray whereas the experimental
uncertainties are shown in different colors corresponding to different center of mass energies +/s.
Figure taken from ref. [25]

experimental measurements and theoretical calculations. As the experiments provide more
precise measurements and have been successful in reducing their uncertainties, it is paramount
to likewise increase the precision of theoretical calculations to fully exploit the experimental
data. Indeed fully-differential calculations at fixed-order in perturbation theory have reached
N3LO accuracy for simple processes [23,24].

In figure 1.1, various measurements of Standard Model cross section by the ATLAS collaboration
are shown. The cross sections in the lower part of the plot correspond to rather complicated
processes. They are not only difficult to calculate but also hard to measure. Thus, both, theory
and experimental uncertainties are rather large. In order to make sense of a measurement both
uncertainties should be of a similar size. Otherwise it is impossible to tell whether there is a
deviation from the SM prediction or the measurement is just not precise enough. In the upper
half of the plot, some of the processes are measured to extremely high precision such that there
is no visible uncertainty. The theory prediction, on the hand, is still visible and more precise
predictions are needed.

Coming back to the Higgs boson as the youngest SM particle, precise measurements of its
properties are essential to establish its role in the SM. So far the four main production mechanisms
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Figure 1.2: Summary of Higgs couplings measurements by the ATLAS collaboration. The red
diagonal line corresponds to the Standard Model prediction of the couplings. Figure taken from
ref. [30]

— gluon fusion, vector boson fusion, Higgsstrahlung, and top-quark pair associated production —
have been observed experimentally [11,12,26-28] and the Higgs boson mass has been measured
to high precision [29]

myg = 125.20 £ 0.11 GeV.

The couplings of the Higgs boson to other particles are precisely predicted in the SM and are
proportional to the particle mass. Figure 1.2 shows the status of the Higgs coupling measurements
by the ATLAS collaboration [30]. In this figure, we can see that all coupling measurements are
consistent with the SM prediction within the uncertainties. However, some of the couplings have
not been measured yet or have large uncertainties.

In the SM, the couplings of the Higgs boson to fermions, i.e. the Yukawa couplings, yg, are
given by y}S,M = mp /v, where v denotes the Higgs vacuum expectation value. This implies
that the measurement of the Yukawa couplings to the heavy fermions is within the reach of
the LHC. In fact, the couplings for the top quark, bottom quark, and 7 lepton have already
been measured [30,31] and are also shown in figure 1.2. The bottom-quark Yukawa coupling y;
is particularly interesting as some BSM models, such as the two Higgs doublet model or the
minimally supersymmetric SM, predict an enhanced bottom-Yukawa coupling relative to its SM
value [32,33].
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Higgs Production via Quark Annihilation

The bottom Yukawa coupling has been measured in H — bb decays [26,34], which is challenging
as the identification of the b-quarks requires b-tagging. Here a specific property of b-quarks is
exploited: b-quarks have a relatively long lifetime and travel within in the detector before they
decay. This produces a secondary vertex which is displaced from the vertex of the actual collision
and can be reconstructed. This method combined with multivariate analysis techniques allows
for efficient b-jet identification. However, processes featuring b-jets — or really any color-charged
final state — often come with multiple jets and the measurement is still very challenging. First
measurements of the charm Yukawa y. in H — c¢ decays have also been achieved [35, 36]
but present an even greater challenge [37]. Therefore an alternative approach to measure the
heavy-quark Yukawa couplings is of great interest.

Of course, the Higgs boson can also be produced via quark Yukawa interactions where the
corresponding Yukawa coupling could — in principle — also be measured. However, a direct
measurement of Higgs production in association with a bb pair seems hopeless [38]. An alternative
approach is to study the Higgs transverse momentum spectrum for quark initiated Higgs
production (¢¢ — H). This allows for a discrimination of gluon and quark induced channels in
the initial state [39] as the radiation pattern for different initial states yield different shapes for
the transverse momentum spectrum of the recoiling Higgs boson. Moreover, the different quark
channels also exhibit different shapes due to the underlying quark parton distribution functions
(PDFs)!. The shape of the spectrum is thus sensitive to the quark-channel which can be used to
fit the quark Yukawa couplings from the initial state [40,41]. With sufficient statistics, it might
even be possible to obtain constraints on the strange Yukawa coupling.

In refs. [42,43], ATLAS and CMS have demonstrated that it is already possible with existing
data to obtain meaningful constraints on . and 1 from just the shape of the Higgs g spectrum.
The corresponding illustration from the ATLAS collaboration is given in figure 1.3. To fully
exploit this possibility, precise predictions of the g7 spectrum for both gluon fusion and quark
annihilation are essential. At small ¢r < my, logarithms of ¢r/mp grow large and spoil the
convergence of the perturbative series. These logarithms need to be resummed to all orders to
arrive at a sensible prediction. Currently, a N®LL/+N®LO resummed prediction exists for the
Higgs gr spectrum in gluon fusion [44], which was used in ref. [42], and predictions of similar
accuracy also exist for the Drell-Yan process [45—49]. However, no prediction of similar accuracy
exists for ¢q¢ — H, which so far has only been resummed to NNLL+NNLO accuracy [50, 51].
Parts of this thesis are dedicated to providing an analogous prediction for the quark-induced
processes.

Event generators

High precision predictions are essential for the success of the experimental program at the LHC.
However, the experimentally measured final states rarely correspond directly to the predicted
distribution. In reality, the final states of the hard interaction hadronize and form collimated
sprays of particles (jets) before they are detected. Comparing these measurements to a prediction
at parton-level requires complicated — if at all possible — unfolding of detector effects as well
as decay and shower processes [52]. Event generators simulate the full process from the hard
interaction to final states that can be detected at colliders and therefore provide a realistic

'PDFs describe the probability to find a parton (a gluon or quark) with a given momentum fraction of its
parent’s hadron momentum.
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picture of what is happening in a particle collision. Partons originating from a hadron collision
emit high energetic quarks and gluons which keep emitting more radiation. An exact description
of these emissions is in principle possible but a calculation would be intractable. These particles
eventually hadronize in a non-perturbative process and form jets. Consequently, hadronization
cannot be described by the methods of perturbation theory. The evolution from a single parton
to a jet is modeled by parton showers which provide an approximate description of the underlying
partonic processes. Event generators thus provide an important bridge between high precision
calculations of the underlying hard processes and the final states measured at experiments.

Factorization and sub-leading power effects

In high energy physics, we often use factorization as a tool to factorize physics at different scales.
For instance, if we have a high scale ) and low scale m with m < @), the cross section can be
written as

o(m. Q) = H(Qu)F(m.1) +0 (5 ). (11)

where we introduced an additional scale p in order to factorize the cross section. The scale
dependence between the functions H(Q, ) and F(m, ) has to cancel such that the cross section
is independent of p. Now, all physics at the high scale is captured by H(Q, 1) and physics at
the low scale is described by F(m, u). In general the cross section o(m, Q) can contain large
logarithms of m/@Q which spoil the convergence of the perturbative series. Factorization is the
first step towards resumming these logarithms which then restores the convergence of the cross
section and yields a meaningful prediction.
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The first term in the sum of eq. (1.1) is referred to as leading power whereas the corrections
of m/Q < 1 are suppressed due to the small size of m relative to ). Usually it is sufficient to
include the leading power contribution. However, with this unprecedented amount of precision
data provided by the LHC increasingly precise predictions are needed and often sub-leading
power effects can no longer be ignored. Unfortunately, calculations at sub-leading power are often
tedious and include some undesired features such as endpoint divergences. These divergences
arise at the level of the cross section and have to be regulated and canceled carefully. In
this thesis, we will often consider heavy-quark effects which are in fact subleading: to good
approximation quarks can be treated as massless particles in high energy collision where a typical
energy scale is () = 100 GeV while the bottom-quark mass is roughly m; = 5 GeV. However,
when considering the transverse momentum spectrum for quark initiated Higgs production, we
will see that quark mass effects become relevant at this level of precision and should in fact be
included.

Hadronization

So far, we have mostly elaborated on the bigger picture: short-comings of our underlying theory,
the Standard Model. However there are of course other puzzles in particle physics which might
not question our understanding of the underlying theory but also affect our understanding
of nature. A prominent example is hadronization — the process describing how color charged
partons (gluons and quarks) from high energy collisions form color neutral bound-states. These
bound-states are called hadrons. The most famous hadrons are protons and neutrons that
together with electrons form atoms and, thus, the matter that we encounter in our every day
lives. The Standard Model provides us with a description of quark and gluon interactions which
is referred to as Quantum Chromodynamnics (QCD). The strong coupling constant g determines
the strength of the interactions between quarks and gluons. In contrast to the name the coupling
constant is in fact not constant but evolves with the energy scale of the considered process. At
low energies around 100 MeV the coupling constant diverges and the coupling becomes infinitely
strong. This phenomenon is called confinement and leads to the hadronization of quarks and
gluons. Hence, we know that hadronization is happening but a fundamental understanding
of how quarks and gluons are fragmenting into hadrons cannot be gained from perturbative
calculations within the Standard Model. There exist different approaches of hadronization
models but an understanding from first principles remains elusive [53].

On the way to gain a better understanding of the fragmentation process heavy-quarks like charm
and bottom quarks can play a vital role. For light quark fragmentation, we have multiple light
hadrons after the fragmentation process but it is unclear which hadron contains the parent quark.
This is illustrated in figure 1.4a where the gray blob represents the hadronization and the orange
ellipses represent light hadrons. These additional hadrons originate from QCD radiation that the
parent light quark emitted during the fragmentation process. The heavy quark fragmentation
process is shown in figure 1.4b. In this case, there will also be additional QCD radiation which
eventually fragments into light hadrons. However, the heavy-quark exists through the whole
fragmentation process and will fragment into a heavy hadron which can be identified. Further,
the mass of the heavy quark provides a perturbative scale on the otherwise non-perturbative
dynamics of hadronization. For these reasons, heavy quarks are ideal to study the hadronization
process. In this thesis, we will use the framework of transverse-momentum distribution for heavy
quarks for the first time.
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Figure 1.4: Illustration of light (a) and heavy (b) quark fragmentation. In the light quark case
it is not possible to identify the hadron containing the parent quark. In the heavy quark case on
the other hand, the quark exists throughout the full fragmentation process and fragments into a
heavy hadron which can be identified.

Outline

This thesis is structured as follows. Chapter 2 gives a brief overview of the theoretical foundations
of this thesis beginning with a review of QCD. We also discuss the main features and important
properties of Higgs boson production at colliders including a discussion of soft and collinear
limits of QCD radiation. Next, we give a short introduction to effective field theories where
we focus on Soft-Collinear Effective field theory (SCET). We also discuss the factorization and
resummation of processes at colliders focusing on the transverse momentum as an observable.

In chapter 3, we present a new state-of-the-art prediction for the transverse momentum spectrum
of quark initiated Higgs production at three-loop order in resummed perturbation theory matched
to an approximate N*LO prediction. We introduce a decorrelation method to achieve a sensible
approximation at this high order. Further, the standard procedure for matching the resummed
and fixed-order contributions leads to unphysically large uncertainties —especially for the bb — H
channel. To mitigate this issue, we employ a modified matching procedure which is discussed
in detail. Chapter 4 provides the first steps towards an NNLO+PS prediction for the ¢§ — H
process using transverse resolution variables. In chapter 5, we consider bottom-mass effects in
the transverse momentum spectrum for Higgs production via gluon fusion. These mass-effects
appear at next-to-leading power and, so far, have only been considered for the form factor
with just a Higgs boson in the final state. The emitted gluon introduces an additional scale,
the transverse momentum, making it a three-scale problem with m;, < my, where my is the
bottom mass and my is the Higgs mass. As a result, we need to consider different regimes and
derive a factorization formula for each case. A major challenge in this chapter is the subtle
cancellation of endpoint divergences between the soft and collinear sectors. In chapter 6, we
present the first study of heavy-quark transverse momentum dependent (TMD) fragmentation
functions (FFs). We also calculated all TMD parton distribution functions for the production
of heavy quarks from polarized gluons within the nucleon. Moreover, we use these results to

e~ collisions and semi-inclusive deep

make phenomenological predictions for cross sections in e
inelastic scattering, which are relevant for existing B-factories and the future EIC, respectively.
In chapter 7, we calculate all TMD FFs involving heavy quarks and the associated TMD matrix
element in heavy-quark effective theory to next-to-leading order in the strong coupling. We

conclude in chapter 8.
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Chapter 2

Theoretical Framework

In this chapter, we present the theoretical foundations necessary to follow the topics discussed in
this thesis. We begin with a brief overview of Quantum Chromodynamics (QCD) in section 2.1.
QCD is the fundamental theory describing the strong interaction, which plays a central role in
the production and dynamics of hadronic processes. We then discuss Higgs boson production at
hadron colliders in section 2.2, highlighting the key production mechanisms and taking a first
look at the production cross section. In sections 2.3 and 2.4, we introduce effective field theories,
focusing on the Heavy Quark Effective Theory (HQET) and Soft-Collinear Effective Theory
(SCET), which provide powerful tools for handling multi-scale problems in QCD. Building on
these concepts, we explore factorization and resummation techniques in section 2.5, which allow
for the systematic separation of short- and long-distance physics and the resummation of large
logarithms. In section 2.6, we examine transverse momentum distributions, which are important
for describing the kinematics of particles produced in hadronic collisions or partons fragmenting
into hadrons.

2.1 Basics of QCD

Quantum Chromodynamics (QCD) [54-59] is the quantum field theory describing strong in-
teractions. It is based on the non-abelian SU(N,) gauge group where N, = 3 is the number of
colors. The degrees of freedom of this theory are spin-1/2 fermions called quarks and massless
spin-1 bosons called gluons. Quarks are described by Dirac fields 1/1;} which transform under the
fundamental representation of SU(3)

. NC .
Yi(x) = ¢y (x) = Y Uytpi(z) with U € SU3). (2.1)
J

The subscript f indicates the flavor of the quark which can take the values up, down, charm,
strange, bottom or top. For brevity, we will from now on suppress the indices of the fundamental
representation and write ¢ (x) — Uts(x). Gluons, on the other hand, are described by a vector
field A7, and transform under the adjoint representation of SU(3)

Au(x) = A%(x)T* — Al (z) = AL (x)UT"UT, (2.2)

where we left the sum over adjoint color indices a implicit. The matrices T® are the generators of
the SU(3) group in the fundamental representation. The generators fulfill the following relations

1
[T, T = if®T¢, Tr(T°T") = Trdy, = §5ab, (2.3)
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where f%¢ is the so-called structure constant of the corresponding Lie algebra. The quadratic
Casimir operators of the fundamental (Cr) and adjoint (C4) representations are given by

T°T" = Cpl, [P = C6®. (2.4)
For SU(3), we have N. = 3 and thus

N2_-1 4
C = ¢ = —
F="9N, 3’

Cp=N.=3. (2.5)

The QCD Lagrangian is constructed by demanding its invariance under local gauge transforma-
tions U(z) of egs. (2.1) and (2.2)

vy (@) = Pp(@) =U(2)iy (@), | (2.6)
Ap(z) = Ay () =U(x)[Au(z) + éau]UT(ﬂ?% (2.7)

where g is the coupling parameter. Given these transformation properties, we define the covariant
derivatives for the fundamental and adjoint representations as

Dy =0, — igAu(x). (2.8)
DI =0,6% + g™ AS (). (2.9)

With these definitions, the QCD Lagrangian takes the form

o l o apw
ﬁQCD = Z ¢f(1]D — mf)wf - ZGMVG m ﬁgaugefﬁx + Eghosty (210)
f

The first term is the QCD quark term where sum runs over the quark flavor f. The second term
describes the gluon kinematics with the gluon field strength tensor

G4, = 0, A% x) — 0,A% ) + gf " Al (2) AL (). (2.11)

The remaining two terms in eq. (2.10) are related to gauge invariance: In the path integral
formalism, the generating functional for the theory involves integrating over all possible configu-
rations of the gluon fields. In the path integral over Ay, there are many different configurations
of A} that only differ by gauge transformation and, thus, leave the path integral unchanged.
This leads to divergences in the path integral because of overcounting non-physical degrees of
freedom. This issue can be resolved by adding a gauge fixing term to Lagrangian which explicitly
breaks gauge invariance. The Faddeev-Popov procedure [60] involves choosing a gauge condition
to fix the redundant degrees of freedom and introducing a correction term to account for the
overcounting of configurations. This term is given in terms of anti-commuting spin-0 fields ¢*
called ghosts. The gauge-fixing and and the ghost term in the QCD Lagrangians are given by
Lotort = G0 (D)C, Lot = 5 (0" 4)(07 ). (2.12)
The parameters of QCD are given by the coupling constant g and the quark masses m which
are given in table 2.1 [29]. The quark masses obey a strong hierarchy where the top quark is by
far the heaviest. In fact, the top quark is too heavy to contribute to the dynamics at typical
production energies at the LHC. We will, therefore, use ny = 5 as the active number of flavors

10



2.1 Basics of QCD

quark flavor mass charge
up 2.16£0.07MeV  +2
down 4.70 £0.07 MeV -3
strange 93.5 £ 0.8 MeV —%
charm 1.2730 £ 0.0046 GeV ~ +3
bottom 4.183 +0.007 GeV -3
top 172.57 + 0.29 GeV +2

Table 2.1: Quark flavors and their masses and charges. The charge is given in units of the
elementary charge e.

in this thesis. The other quark masses are often neglected in perturbative QCD calculations.
However, in this thesis, we are interested in heavy quark effects in factorization and resummation
and therefore often count bottom and charm quarks as massive.

As QCD is a renormalizable theory the coupling g as well as the quark masses have to be
renormalized. In this thesis we employ the modified minimal subtraction (MS) scheme. In
this scheme, ultra-violet (UV) divergences are regulated using dimensional reqularization, i.e.
the calculations are carried out in d = 4 — 2¢ spacetime dimensions [61]. The strong coupling
as = g%/(4n) picks up an explicit dependence on the renormalization scale . In the MS scheme,
we have

s = P a(1) Zay (€, 1), (2.13)
where Z,, (€, 1) is the MS renormalization factor

_eE as(1) Bo
Zo.(e,1) = Tt == ?+(9(a§) . (2.14)

The prefactor €75 /(4)¢ is precisely the difference between the MS scheme and “regular” minimal
subtraction (MS) where the prefactor is simply 1. The so-called bare coupling (non-renormalized)
on left hand side of eq. (2.13) is independent of the renormalization scale. By taking the p
derivative, we find

pE) — ) |2 - 25 o) (2.15)

Solving the above equation order by order, we find the -function [62,63]

> n+1
udadsli“) = Blas(p)] = —2eas(n) — 2%(#)%% (as(”)) : (2.16)

47

which describes the dependence of as(Q) on a physical scale Q ~ p. The coefficients 3, can be
calculated perturbatively and are known up to five loops [58,59,64-73]. The first term is given
by

4

11
- C4— - . 2.1
Bo 3 Ca 3Ly (2.17)

11
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The leading order solution to eq. (2.16) is given by

)LL) — 2.18)

1+ as(po) gp log Lo
which is known as the running coupling. In the above equation as(pg) is a value at reference
scale ug that has to be extracted from experiments. This is usually done at ug = myz, the mass
of the Z boson, with the current world average being as(mz) = 0.1180(9) [29]. For ny < 16,
Bo is positive and ag(p) decreases for large values of p. This behavior is called asymptotic
freedom and describes the phenomenon that quarks and gluons can be treated as free particles
at sufficiently large energies due to the small coupling. On the other hand, the coupling as(p)
becomes large for small values of u and diverges as pu approaches the so-called Landau-pole
Aqcp. At one loop it is given by

2

Boa(uo)} ~ 100 MeV. (2.19)

AS)CD = fip eXp [—
At this scale, the perturbative description of QCD breaks down, and quarks and gluons can no
longer be treated as free particles. Instead, they form color-neutral bound states, a phenomenon
known as (color) confinement. These bound states, called hadrons, consist either of a quark and
an antiquark, forming a meson, or three quarks or antiquarks, forming a baryon. In principle
there are also more exotic states such as tetra- and pentaquarks. However, we will not consider
these states in this thesis. In experiments, free quarks and gluons are never observed. Instead,
high-energy collisions produce collimated sprays of hadrons known as jets. The observation
of these jets is consistent with the assumption that they originate from a primary parton [74].
Despite strong empirical evidence for confinement, its precise mechanism within QCD remains
unkown. While phenomenological models such as the Lund string model [75] and the cluster
model [76] provide ive descriptions of hadronization, a rigorous derivation from first principles is
still unknown.
In QFT, all parameters in the Lagrangian have to be renormalized which leads us to the
renormalization of the quark mass. This works completely analogous to the renormalization of
the coupling and we can write

m = m(u)Zm (@), (2.20)

with the MS mass renormalization factor

Zm(p) =1 — O‘Z(:) 3Cp +O(a?). (2.21)

Taking the p derivative, we obtain

W i) |23 0| < ), (2.22)

du du

where

S as(p) (e
m(W) =) _ Ymn , (2.23)
Yo (1 nz;)'y ( = )
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is the mass anomalous dimension which governs the p dependence of the quark mass just like the
B-function for the coupling. The mass anomalous dimension is known up to five loops [77-83].
The renormalized quark mass at next-to-leading order is given by

Ym0 log % ; (2.24)

) 1 — O‘S(IUO)

m(p) = m(po L

with 7,0 = —6CF. The reference scale ug for the quark masses is given by their respective pole
mass (o = my. An overview of anomalous dimensions is given in section B.1. Equations like
egs. (2.16) and (2.24) that describe the scale dependence of a renormalized parameter or —more
generally— of a physical observable are called renormalization group equations (RGEs). As we
will see in section 2.5, these RGEs are essential to resum large logarithms and thereby restore
the convergence of the perturbative series.

2.2 Higgs production at hadron colliders

A large portion of this thesis is dedicated to providing high-precision predictions for the Higgs
transverse momentum spectrum. In this section, we give a brief overview of the main Higgs
production mechanisms and take a first look at structure of infra-red (IR) divergences.

Since the discovery of the Higgs boson in 2012 by the ATLAS and CMS experiments at the
LHC [11,12], precise measurements of its properties has been one of the key goals of the LHC
physics program. The mechanism of electroweak symmetry breaking [13-18] not only explains
how the electroweak gauge bosons acquire mass but also provides a framework in which the Higgs
couplings to other particles are uniquely predicted within the Standard Model. Consequently,
high-precision measurements of these couplings serve as stringent tests of the Standard Model
and offer a sensitive probe for potential new physics.

A key element is the Higgs coupling to fermions, which is described by the Yukawa interaction.
This interaction is introduced into the Lagrangian as

_ m
Ly = —ys o0 +he, yp~ =L, (2.25)

where ) represents the fermion field, ¢ denotes the scalar Higgs field, m is the fermion mass,
and v is the vacuum expectation value of the Higgs field. The relation yf ~ my/v contains the
prediction that heavier fermions couple more strongly to the Higgs boson. Therefore, precision
measurements of these Yukawa couplings provide vital information on the mechanism by which
particles acquire mass.

2.2.1 Higgs production channels at hadron colliders

The dominant Higgs production channels in proton collisions are shown in figures 2.1 and 2.2,
where the initial state partons originate from the colliding protons. We can group the Higgs
production mechanisms in two classes: In the first class, the Higgs boson is produced in a via
quark interactions, i.e. involving a coupling to quarks and, thus, featuring a Yukawa coupling.
These processes are shown in figure 2.1. Gluon fusion (figure 2.1a) is the dominant production
mechanism for the Higgs boson at hadron colliders like the LHC despite it only appearing
at O(a?). Since gluons are massless they cannot couple directly to the Higgs boson and the
interaction is mediated by a loop of heavy quarks. The top-quark is by far the heaviest elementary
particle and the Yukawa coupling being proportional to the fermion mass compensates the

13
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Figure 2.1: Higgs production channels involving a direct coupling to fermions: gluon fusion
(left), associated production (t¢tH) (middle) and quark initiated production (¢qgH) (right).

q q

Figure 2.2: Higgs production channels involving direct coupling to vector bosons where V- = W, Z:
vector boson fusion (left) and Higgs strahlung (right).

formal suppression. As the Higgs coupling to the top-quark is approximately 40 times larger
than to the next heaviest quark (bottom), usually only the top-quark is considered in gluon
fusion. However, with the increasing precision of experimental measurements subleading-power
effects become increasingly important and we will consider b-mass effects in gluon fusion in
chapter 5.

Figure 2.1b shows Higgs production in association with a tf pair. Here the initial state gluons
interact to produce a tt pair and the Higgs boson is radiated off one of the top quarks.

In quark initiated Higgs production two quarks directly annihilate into a Higgs boson. This
process is shown in figure 2.1c. Note that top-quarks are not considered constituents of the
proton and can therefore not participate as an initial state particle in this and other production
channels. The dominant contribution, thus, comes from the bottom-quark. Figure 2.1c is the
leading-order diagram in the five-flavor scheme where only the top-quark is considered heavy and
the other five quarks are considered to be light. In contrast, there is also the four-flavor scheme,
where both top and bottom-quark are considered to be heavy. In this case, the bottom quark
would not participate in the quark initiated diagram either. We will discuss quark initiated
Higgs production in detail in chapter 3.

Figure 2.2 shows the second class of diagrams. Here the Higgs boson is produced in an interaction
with vector bosons. In vector boson fusion (figure 2.2a) two quarks from colliding protons each
emit a vector boson (W or Z) which then fuse to produce a Higgs boson. In Higgsstrahlung,
which is shown in figure 2.2b, a quark and an anti-quark produce a vector boson which then
radiates off a Higgs boson. In this thesis, we are mostly interested in the quark Yukawa couplings
and will therefore focus on class of production mechanisms that features a direct coupling to
quarks. Table 2.2 provides a summary of the production cross sections for the processes discussed
above.

14
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channel cross section  Ref.
Gluon fusion 48.61 pb [84]
Vector boson fusion 3.77pb  [84]
WH 1.36pb  [84]
ZH 0.88pb  [84]
tHH 051pb  [84]
bbH 0.49pb  [85]

Table 2.2: Cross sections for key production mechanisms of a Higgs boson at the LHC for
Vs =13TeV and my = 125.09 GeV.

Higgs cross section

As we are considering Higgs production in proton collisions we have no control over the initial
state particles or their energies. Instead, the probability to find a parton ¢ with a given momentum
fraction x of the proton’s momentum is described by parton distribution functions (PDFs). These
objects are intrinsically non-perturbative and have to be extracted from experiments. Another
important property is that PDFs are universal among processes. A process at hadron colliders,
such as Higgs production at the LHC, involves a perturbative scale, e.g. u =mpg = 125 GeV.
Then the cross section can be written in a factorized way using the collinear factorization
theorem [86]

1 1
) A
o(pp = X) :Z/o dxa/o dzy fi(wa; pr) i (@, p) Gijs x (0 Pa 2p P, pirs p1r) + O( %;D),
,J
(2.

26)

stating that the production cross section for a state X in a proton collision with proton momenta
P, and P, is given in terms of PDFs, f;(z, 1), and the partonic cross section ;. x. Here i
and j are the type of the parton and z; ; are their respective momentum fractions inside the
parent hadron. In the above equation all non-pertubative dynamics are captured by the PDFs.
The partonic cross section, on the other hand, can be calculated perturbatively. Both PDFs
and the partonic cross section, depend on the factorization scale pr which separates physics at
different scales. The partonic cross section has an additional dependence on the renormalization
scale up. Eq. (2.26) is valid up to so-called higher-twist corrections of Aqcp/Q where @ is the
hard scale of the process. For Higgs production we can take ) = my.

Coming back to the Higgs production mechanisms shown in figures 2.2 and 2.1, we want to
focus on the most inclusive channels meaning processes with one Higgs boson as the only final
state particle. This leaves gluon fusion and quark initiated production. Then the leading-order
partonic cross section is given by

. 1
US')LH =% /d¢H54(pz' +p; — o) MO, (2.27)

where § = (p; + pj)2 is the partonic center of mass energy squared and MO is the matrix
element of the Born process. To keep the notation compact, we assume that |/\/l(0)\2 is already
averaged over spin and color of initial state particles. We integrate over the phase space d¢p of
the final state particle where the d-function enforces momentum conservation.

In this thesis, we are interested in transverse momentum distributions where the final-state
particle, in our example, the Higgs boson recoils against initial state radiation. Let us for now
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Figure 2.3: Next-to-leading order correction to quark initiated Higgs production

consider quark initiated Higgs production where we attach an extra gluon to one of the initial
state quarks as shown in figures 2.3a and 2.3b. This real radiation contributes another quark
propagator to the matrix element where for massless quarks the denominator is proportional to
(pi — k)? = —2p; - k with ¢ = 1,2. This propagator diverges for p; - k — 0. We distinguish two
different limits: in the soft limit the gluon has low energy and we have k* < ). In this limit,
both denominators are small as p; - £k — 0 and ps - £ — 0 and the matrix element diverges. In
the collinear limit, the emitted gluon need not have low energy, but is closely aligned with its
parent quark and either p; - &k — 0 or ps - K — 0. In general, soft and collinear singularities are
referred to as infra-red divergences. We write the scalar products as

_ K
o (1—27;)7

(pi — k)? (2.28)
where k% = —kﬁ_ is the Euclidean transverse momentum and z can be interpreted as the
momentum fraction of the parent quark i.

The cross section in the soft limit is given in terms of the leading-order cross section times a
divergent integral over kp and z

&0

653" (p1,p2) = G4q (p1,p2) x div. (2.29)

Divergences from the soft limit fully cancel in physical cross sections against poles arising from
virtual gluon exchanged shown in figure 2.3c. The reason for this is that real and virtual gluons
cannot be distinguished as k£ — 0.

For the collinear limit, we consider the gluon to be aligned with the incoming quark carrying
momentum p;. Then the cross section is given by

spi-coll dk
Gag - (p1,p2) ~ / T/ dz 1
0

The singularity for k7 — 0 and z; — 1 corresponds to a soft gluon emission. This is already
captured by the soft contribution and needs to be subtracted, yielding

)(2119171?2) (2.30)

~AP1- coll dk? ( )
Gag - (p1,p2) dzquq 21)84q (21P1, P2)- (2.31)

The P, is a splitting function

Py(z) =Cp htﬂ . (2.32)
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2.3 Effective field theory

where the plus distribution regulates the divergence at z = 1. An overview over plus distributions
is given in Appendix C. The leftover divergence is purely collinear and stays uncanceled. However,
the partonic cross section is not physical observable. We still need to include the PDFs and
integrate over their momentum fractions to arrive at the hadronic cross section. This allows us
to absorb the collinear divergences into renormalized PDFs. The scale evolution of the PDFs is
given by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [87-89]. At leading
order they are given by

Miefq<z’u) = ;;/; % {2qu [as(p), 2] fq (g:ﬂ) + 2Py [as(1), 2] fy (g,uﬂ 5

z

d as, [1dz
H@fg(zaﬂ) = %/E o

2Py los(10), 21 £y (Zo02) + 2 Pyglos(n). 2 fy (ju)] . (233)
q

where the sum runs over all quark flavors. The splitting functions are know up to three
loops [90,91] with partial results available at four loops [92-96].

As PDFs are universal across processes, they can therefore be extracted at one experiment at
a scale pg and used universally. However, as they depend on the energy scale, they must be
evolved to the correct energy scale @) by solving the differential equations in eq. (2.33)

2.3 Effective field theory

Effective field theory (EFT) is a powerful framework for tackling multiscale problems. It enables
the systematic separation of physics at different energy scales, e.g. a low scale ¢ and a high scale
@ with ¢ < @. This separation can be implemented directly in physical observables, such as
cross sections, by performing a power expansion in a dimensionless power-counting parameter
A = (¢/Q)* where A < 1 and a > 0, however, typically a = 1. The expansion can then be
truncated at any desired order: the leading term is called the leading-power contribution, and
higher-order terms are referred to as subleading-power corrections.

There two different types of EFTs: in bottom-up EFTs, the EFT is constructed without assuming
any knowledge of the underlying high energy theory. In this approach the couplings are not
known and have to be extracted from the experiment. A prominent example is the Standard
Model effective field theory (SMEFT) which extends the Standard Model (SM) by higher
dimensional operators to capture effects of physics beyond the SM. These higher dimensional
operators respect SM symmetries.

For top-down EFTs, the high energy theory is known, but they simplify the study of low-energy
properties. Here, interactions in the low-energy degrees of freedom not already included in the
EFT Lagrangian are described by writing down operators allowed by symmetries of the full
theory. The coeflicients of these operators are determined through a matching procedure where
we compare scattering amplitudes of some representative processes computed in both full theory
and the EFT. Since the EFT and full theory agree in the infrared, the matching procedure fixes
once for all the coefficients that account for the mismatch of the two theories in the UV region.
Once the coefficients are fixed, we can use the EFT as standalone theory.

The general approach to set up an EFT is the following

1. Identify the low-energy degrees of freedom at the low scale q.

2. Write down all possible operators O; consistent with the symmetries of the full theory up
to the desired order in A.
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3. Determine the so-called Wilson coefficients C; in Lgpr = ) _; C;O;. For top-down theories
this archived by performing a matching calculation, for bottom-up theories the coefficients
have to be extracted from the experiment.

4. Calculate the desired observables in the EFT.

In this thesis, we work with two top-down theories: Heavy-Quark Effective Theory (HQET) [97—
100] and Soft-Collinear Effective Theory (SCET) [101-106] which will be reviewed in the following
sections.

Heavy-Quark Effective Theory

This section follows the review on HQET from ref. [19]. For a detailed discussions see e.g.
ref. [107]. Heavy quark physics is a prime example for the application of EFTs. The mass of the
heavy quark mg provides a natural separation of scales with m¢g > Aqcp. Here, physics at the
scale m( is high energetic whereas physics at the scale Aqop describes low energetic hardonic
effects. In HQET, we consider a heavy quark @ with four-momentum

p‘é = mqut + kV, (2.34)

with the velocity of the heavy quark v and v? = 1. The momentum k* denotes fluctuations due
to interactions with soft (low-energetic) degrees of freedom and scales as k* ~ Aqcp. The heavy
quark field can then be written as

vo(z) = eV [hy(2) + Hy()], (2.35)

where h,(z) are the large and H,(z) are the small components. The h,(z) are implemented as
Dirac spinors satisfying the projection relations

1+ _ _ _
Pﬁ:ETﬁa Pihy=hy,, P.hy=0, hyPy=h,, hP =0. (2.36)

The field H,(z) is suppressed by 1/m¢ compared to h,(z) and describes off-shell fluctuations of
the heavy quark field at the scale m¢g. Then the tree-level matching of the massive QCD quark
field onto h, at u ~ m reads:

bo(x) = e ™ hy (x) [1 + O(%)] : (2.37)

Inserting this yields the leading-order HQET Lagrangian

L= Bv(iv - D)h, + Elight + O(i> , (2.38)
mq

where Lyign; is a copy of the QCD Lagrangian with n, massless quark flavors.

The spin degrees of freedom of the heavy-quark can be explicitly decoupled from the light

dynamics at leading power in 1/m by performing a field redefinition involving static Wilson

lines Y, (z) [103,108],

he(z) = Yy(z) B9 (2) Y, (x) = P[exp(ig/ dsv-A(x + vs))] . (2.39)
0
In this way, the heavy-quark Lagrangian becomes that of a free theory,
£O = hO (v - 9O (2.40)

and Y, (x) takes h,(z) place in all external operators where it serves as a source of soft gluons.
We will use HQET and in particular bHQET — its application to boosted heavy quarks— in
chapter 6 to study heavy-quark fragmentation functions.
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2.4 Soft-Collinear Effective Theory

2.4 Soft-Collinear Effective Theory

SCET is a top-down EFT describing dynamics of soft and collinear degrees of freedom associated
with energetic particles participating in a high energy collision at a hard scale Q > Aqcp. Soft
particles carry less energy with p? < @ and exhibit isotropic scaling. Collinear particles, on the
other hand, are more energetic p ~ Q. See the discussion above eq. (2.28). Similar to HQET,
we will integrate out off-shell modes but not entire degrees of freedom.

This review is based on ref. [109] where we use the label momentum formalism developed in
refs. [101-104]. One can also perform a multipole expansion in position space [105,106], see
ref. [110] for a review.

When describing soft and collinear particles, it is convenient to work in light-cone coordinates
where we decompose four-vectors in terms of in terms of lightlike vectors n*, n*. These vectors
need to fulfill the following relations:

n? =0, n? =0, n-n=2. (2.41)
A typical choice is
n* =(1,0,0,1), n* =(1,0,0,-1). (2.42)

Note that there is some freedom in the choice of the light-cone vectors n and n: they only
requirement is that eq. (2.41) is obeyed. This freedom leads to symmetry of SCET referred to
as reparametrization invariance (RPI) which guarantees that observables remain unchanged
under the transformations summarized in table 2.3. With the vectors n and n, we can now write
four-momenta as

nt nt + o
with
p =n-p, pt=n-p (2.44)

We always take transverse vectors with subscript L to be Minkowskian, pi =p1 -p1 <0, and

denote their magnitude by ppr = —pi. Then the invariant mass is given by

pPP=ppt+pl. (2.45)

We can also define the metric and antisymmetric tensor in transverse space as

11537 SV
wo_ o MR ntn W wpo
g, =9 - 5 9 €, =€

NpNg

: (2.46)

Our convention for the antisymmetric tensor is €123 = 4-1.

To identify the relevant degrees of freedom, let us consider a high energetic collision with two
incoming particle beams, one in n and one in n direction. The hard interaction takes place at a
scale (). Then n-collinear and n-collinear particles exhibit the momentum scaling

pho= (", p,pL) ~Q (N, 1,N), b~ Q(1,M%N), (2.47)

with the power-counting parameter A < 1. Collinear to a directions refers to the fact that
a n-collinear particle travels near to the n-direction but not exactly along that direction. In

19



Chapter 2 — Theoretical Framework

RPI-I RPI-II RPI-III
n“—)n“—i—A‘j_,ALw)\ n* — nH nt = e*nt a~1
nt — pH nt—nt el e ~1 |t — e ¥k

Table 2.3: Summary of reparametrization invariance. Type I and II are infinitesimal trans-
formations that require n-A; =n-A; =0and n-e; =n-e; =0 and type III is a finite
transformation. The scaling for A |, €| and « follow from requiring that the collinear scaling
(A2,1,\) stays unchanged on these transformations.

p p

A A
QT \‘\pzzQz QT \\p2:Q2

AQT AQ+
Yol Z _ iigi Qi T oy

+ . —p» p" } } —p pt
Q  aQ Q A’Q  AQ Q
(a) (b)

Figure 2.4: Modes for SCET{-like (a) and SCETy-like setups. The different modes are separated
by their virtuality. Hard modes (blue) will be integrated out in the theory. Collinear modes are
shown in green and soft and ultra-soft modes in orange.

addition to collinear modes, there can also be soft and ultra soft modes with the momentum
scalings

PE~ QNN Pl ~ QA% NN, (2.48)

The parametric scaling of soft modes is either larger or smaller as the p* components of collinear
modes. Thus, soft and collinear modes can only interact via the 1 component. On the other,
ultra-soft modes can directly interact with the p™ of n(f)-collinear modes. Ultra-soft and soft
modes lead to different effective theories referred to as SCET; and SCETyy, respectively. Their
relevant modes are illustrated in figure 2.4. SCETT is commonly used for measurements which
are sensitive to the + momenta, whereas SCETy; is used for oberservables with a dependence on
the transverse momentum. Finally, there are Glauber modes,

Pl ~ QA% A% N). (2.49)

These modes are off-shell and can therefore not radiate into the final state. The contribution
from these modes for sufficiently inclusive processes, such as the ones considered here, cancels to
all orders or is perturbatively suppressed, we will not consider them in this thesis.
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2.4 Soft-Collinear Effective Theory

2.4.1 The SCET; Lagrangian

We will start with deriving the SCET] Lagrangian to leading power by expanding the QCD
Lagrangian in the power-counting parameter A. To do so, we start by expanding the Dirac
Spinors for particles, u(p), and anti-particles, v(p), with n-collinear momentum p. Recall that the
large momentum component for n-collinear momenta is given by p~ = p3 + po < p™ = p3 — po.
Then we can write the Dirac spinors as

u(p) =Y (# )zﬁ_(“)wm

2 pTU 2 osU
o(p) —@% <(;p}v> _ \/ﬁi (Ul’v> + O (2.50)

by introducing lightcone momenta and expanding in A. We define

_\/PT(U) v_ﬂ?—(y) (2.51)

tn = 2 osU L) o3V

Here U and V are either (1 0) or (0 1). For our purpose, it is also useful to define the projection

operators
w1 /1 o3 o 1/ 1 —o3
"4 2\og 1) "4 2\-03 1) (252)

with P, + P; = 1. These operators act on our collinear spinors as
Py, = Uy, P.v, = v, Prv, =0, Pru, = 0. (2.53)

In the next step, we split the quark field in two components

b = Py + Putp = & + o (2.54)
From the definition of P, and Pj,we can derive the following relations
Wen =0, Puf=£& flgn=0, Prpn= o (2.55)
We can now insert eq. (2.54) in the massless QCD lagrangian
Locp = Pilhy
= (€0 + @n) (éin-D+Ziﬁ-D+iIZh> (& + #n)
= gnzln - Dé + @ail b + 6l o + @ﬁ%iﬁ - Do (2.56)

The field o5 only contributes at subleading power and can therefore be integrated out. This is
achieved by imposing the equations of motion yielding
oL 0 = 1
_— = e 1
Som "D

%gé- (2.57)

Inserting this in eq. (2.56), two terms cancel and we can write the leading power Lagragian for
the &, field as

L=¢, <in D+ i]DLm%DilDL) ?én. (2.58)
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D14

.

p

Figure 2.5: Illustration of the grid interpretation of the label momentum.

To derive the leading-power quark Lagrangian, we still need to expand the covariant derivative
DH = gF — ig A*.

We start assigning a scaling to 0#. This can be done by multipole expanding the quark field én
The Fourier conjugate of our quark field is given by

€alp) = / d* e, (x). (2.59)
We can split n-collinear momentum p,, in a large label momentum and a small residual momenta
ph=p; +pl, (2.60)
with the scaling
o Lo (32 12 \2
pl - (Oa 1a>‘)a pr - (>‘ a>‘ a>‘ ) (261)

Then an integral over a collinear momentum can be written as

/d4p — Z/d‘*pm (2.62)

where we interpret p; as a discrete point in the p~ x p, grid, allowing us to rewrite the integral as
a discrete sum. The residual momentum defines a location within the boxes. This is illustrated

in figure 2.5. Note that p; = 0 is not included in the sum defining the &, (z) field. In fact, p; =0
corresponds to an ultrasoft soft mode and needs to be excluded to avoid double counting. This
mode is referred to as zero-bin and represented by the gray shading in figure 2.5. This allows us
to write

én(x) = Z /d4preip.mén(p) = Z /d4preipl.m€ipr.mén,m (pr) = Z eiipl.mgnﬁl?z (JC), (2'63)

pF#0 m#0 pF#0

where in the last step we introduced the notation for quark field with label momentum p;

bun = [ om0 (2.64)
At this point it is useful the define the label operator

,P'ugn,pl (55) = pl&n,pz (SC), (2'65)
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2.4 Soft-Collinear Effective Theory

which picks out the label momentum p;. Recalling the scaling of p; in eq. (2.61), we find
n-P=0, P=n-P~p ~ON), Pl~p' ~ON). (2.66)
Now, we can rewrite our collinear quark field as

En(z) =D e, (2) = Y e P, (x) = e T (). (2.67)

P70 p;#0
Then the derivative 0 acts on the collinear quark field as
1018, (2) = i0"e P, () = e PO (PH 4+ 10M) 6 (2), (2.68)

where the label operator picks out the large components and 0 has ultra-soft scaling.

For the full SCET; Lagrangian, we must include contributions from both n-collinear and ultrasoft
gluons. An n-collinear gluon field scales as A, ~ p, ~ (A2, 1, \) while an ultra-soft gluon field
scales as Ays ~ pus ~ (A2, A2, A?). We can therefore write

AP = Al AM 4 pec., (2.69)

where "p.c." stands for power corrections which can be ignored at leading order. We proceed
with the collinear gluon field analogous to the collinear quark field and write

Ab(z) = eTwTAL =TT AN(2), (2.70)
Q#0
where
Ab(z) =Y Al (2.71)
@#0

This allows to write the collinear quark Lagrangian as

1
in-D

L=e P, <in -D+ilp, izm) Zign (2.72)

and with the covariant derivative
DF = 9! —iP — igA*. (2.73)

Now, that we assigned a scaling to all fields and derivatives, we can expand the covariant
derivative in our power counting parameter A

in-D=in-0+gn-A,+gn- Ay ~ 0(N?),
in-D=P+gn-A,+O(A) =in-D,+ O()) ~ 0\,
iD| =P +gn-A, + O(N\?) =iD, 1 + O(X?)  ~O(N). (2.74)

Finally, we have all ingredients to write down the leading power collinear quark Lagrangian

= /. . 1 .
‘67(105) =&n <1n D+ lmnj_ - D 1$nJ_) ?éna (2.75)
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—iP-x

where we omitted the overall factor of e . In order to derive the Lagrangian for collinear

and ultra-soft gluons, we start with the gluonic part of the QCD Lagrangian
1 1
L=—3T{G"Gu}+ ETr{(iau,aw)Q} + 2 Tr{cid,iD"c}, (2.76)

where £ is the gauge-fixing parameter. In the next step, we expand the covariant derivative for
collinear gluons

I 7

D! = (P4 g Au) + (P + g4 )+ - (in - 04+ gn - Au + gn- Aus) (2.77)
and ultra-soft gluons
nt

. nMt _
1Dus:?P+PjL_++ 5

(in-0+gn- Ays) (2.78)

where we kept the leading terms only. Then the leading-order collinear gluon Lagrangian is
given by

1 . 1 . s
cgg =35 Te{[iD", iD"]?} + £ Tr{[iDk,, A u)*} + 2 Tr{e, [iDL*, [iD", c]]}, (2.79)

with the collinear gauge-fixing parameter .. At leading power, ultra-soft quarks and gluons are
simply described by the QCD Lagrangian

_ 1 1
LO) = pgilDystbus — 5 TH{GHGEY + — Tr{(i0,A%)?} + 2 Tr{Cysi0,iD¥ cys} (2.80)

where the fields and covariant derivatives satisfy ultra-soft scaling and Dl = 9* —igA,s. We
introduce the ultra-soft gauge-fixing parameter 7, in the above equation. Finally, we can write
down the full SCET; Lagrangian which is given by

The corresponding Feyman rules are given in figures 2.6 and 2.7. The extension of this result
to multiple collinear sector is straightforward. We simply add sum over all distinct n;-collinear
modes

[’ggETI = Z (['g? + 57(%)) + L. (2.82)

Two collinear modes n; and n; are only distinct if they fulfill

n;-n; >N\ for i+ j. (2.83)

2.4.2 Symmetries of SCET

In this section, we want to discuss the symmetries of SCET which are a powerful tool to constrain
operators in the effective theory. We already mentioned RPI as a manifestation of Lorentz
symmetry that is explicitly broken by the choice of light-cone coordinates below eq. (2.42).
In particular, RPI-III ensures that for arbitrary four-vectors A* and B* only the following
combinations can appear

<A

g

i

n-A AT

-l = , (n~A)(ﬁ-B):A+B_, A -Bj. (2.84)

3
Sy
7
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Figure 2.6: O(A) Feynman rules. Collinear quarks are represented by the dashed fermion line,
collinear gluons are springs with a line and soft gluons are regular springs.

Another important symmetry of SCET is gauge invariance. As the QCD fields split into collinear
and ultrasoft fields &, and &5, they also require distinct gauge transformations U, and U, with
independent gauge-fixing parameters &, and 7,5 [102-104]

Up = exp [iag (x)T7], Uus = exp [iag (x)T?]. (2.85)

In SCET, it is particularly important that the gauge transformation does not change the
scaling of the field. Otherwise they would no longer be described by the EFT. Thus, the gauge
transformations must follow the scalings

10MU, (2) ~ QN2 1, N Up(z),  i0*Uus(x) ~ QN2 N2, AU s(). (2.86)

The collinear gauge transformation can be implemented using a Fourier transform as ¢ (x) —
U(z)y(z) is equivalent to ¢(p) — [dqU(p — ¢)¢(¢) which includes a convolution over label
momenta. Then the collinear gauge transformations are given by

np(T) = Unp—q(T)6nq(2),

1
AP (@) = Unpgla) [gA" (x)+5q,qu>gs Ul (@), (2.87)

n,g—q’
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Figure 2.7: O(A\?) Feynman rules of collinear gluons interacting with ultra-soft gluons. Collinear
gluons are springs with a line and ultra-soft gluons are regular springs. The interactions of
collinear and ultra-soft quarks among themselves are given by standard QCD Feynman rules
with the understanding the gluons have collinear or ultra-soft scaling.

where we left the sum over label momenta implicit. Ultra-soft fields do not transform under
collinear gauge transformations to preserve their scaling

Yus(x) = Pyus(x), A () ys — Al (). (2.88)

Further, ultra-soft fields transform under ultra-soft gauge transformations just like standard
QCD fields transform under a gauge transformation

bus() = Uns(@hbus(a), AL (@) Uns() [Azsm n ga] Ul).  (289)

Collinear fields, on the other hand, transform covariantly under ultra-soft gauge transformation
with A,s treated as a background field

En(z) = Uus(2)én (),
AR (z) = Uys(z) AH(2)US (2). (2.90)

n
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Figure 2.8: Emergence of the collinear Wilson line. (a) Tree-level matching of dijet operator
onto SCET. (b) Attachment of an nj-collinear gluon to an ng collinear quark. (c) Attachment
of multiple ni-collinear gluons to an ny collinear quark.
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2.4.3 Collinear Wilson lines

Let us consider of two distinct collinear sectors that are cuopled through the QCD current
Jacp = PTp. (2.91)
At tree-level, this is matched onto

JSCET = Eﬂlrgnga (292)

where n1 and ns represent the different collinear sectors as shown in figure 2.8a. Next, we want
to attach gluons to figure 2.8a: The attachment of n;-collinear gluons to n;-collinear quarks
is described by the SCET Lagrangian in eq. (2.75). Additionally, we can consider scenarios
shown in figures 2.8b and 2.8c where we attach one (or multiple) nj-collinear gluon(s) to the
ng-collinear quark. This diagram cannot be described by the SCET Lagrangian in eq. (2.75)
and require new operators beyond eq. (2.92) The matrix element is given by
c l(g + kn2) . ey _gﬁl : An1

AﬁffnlrmlgTa’}/”gnQ = €n1F Tq €n2 + O()\), (293)
where we expanded the gluon field and all momenta in A\ and used that 7i? =0 and 7,&,, = 0.
Note that the quark propagator is off-shell with

ALY

5> A2 (2.94)

(km + Q)z =2kn, - q = (ﬁ2 : kn2)(ﬁ1 : Qn1)

because ng - ny > A2 and hence must be integrated out. Its effects are captured in an effective
operator. Additionally, it is important to highlight that the result with the attached gluon in
eq. (2.93) is not power-suppressed but instead contributes at leading order in .

We can now go one step further and study multiple gluon attachments shown in figure 2.8¢
where each attached gluon contributes an off-shell propagator and needs to be integrated out.
Summing over all emissions, we can write the SCET current as

JSCET = gn1FWn1§n27 (295)

where an n-collinear Wilson line in momentum space is defined as

_a\k
n-2 3 S

k=0 perms.

n-An(qi)---n- An(gr)
— — k
(n-qu)--- (- 325 ar)

Since we must consider diagrams with crossed gluon lines, we need to include a sum over the

permutations of the momenta {q,...qx}. In position space, the n-collinear Wilson line is given
by

(2.96)

0

W, (x) = Pexp [ig /

—00

dsn - Ap(x + ﬁs)] , (2.97)

with the path-ordering operator P. It can also be convenient to write the Wilson line in a more
compact notation using the label operator

Wa(z) = 3 exp [_gn : An(g;)] . (2.98)
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Considering ni-collinear gluon attachments to an no-collinear gluon line yields new operators
which can be summed up via the replacement

Wy — Wi, Wi, Wi

ni?

(2.99)

and vice versa. Returning to the SCET current in eq. (2.95), we can of course also have
ni-collinear attachments to the no-collinear quark line, yielding

JSCET = &ny WL, T W, &y (2.100)

At this point, the Wilson lines appear to the in the wrong order. However, so far we have
only considered multiple gluon attachments to a quark line. We can of course also have ni-
collinear gluon attachments to an ns-collinear gluon line and vice versa. Taking all possible
O(g?) diagrams into account, we find the

JScET = (&, Wa )T(W,6n,) (2.101)

with the correct order of Wilson lines. In fact, we can replace all occurrences of the field n - A,,
by the Wilson line W,,: Using the equation of motion of the Wilson line

in- D,2W,, = (P + gn- Ay)W,, =0, (2.102)
allows to write the action of in - D, and some operator as
ini - D (W, 0) = (P + gii - Ap)W, O = [(P + gh - Ap)W,]O + W, PO = W, PO.  (2.103)

This allows to write the collinear quark Lagrangian as

o = (. . 1. 7
An important outcome of writing the Lagrangian ﬁflog in this way is that it is explicitly local
at and below the scale QA because of absence of inverse derivative operators, whereas the non-
locality only appears at the short distance scale (). Note that collinear Wilson lines transform
under gauge transformations as

collinear : Wip(x) = Up p—q(x) Wy 4(x),
ultra-soft : Wp(2) = Ups(2) Wi, o(2)US

us*

(2.105)

This transformation behavior exactly cancels the transformation behavior of the collinear gauge
fields, guaranteeing that eq. (2.101) is gauge invariant.

2.4.4 Ultra-soft factorization

In the current form of the SCET Lagrangian, the ultra soft gluon still interacts with the collinear
fields and prevents a full factorization of the collinear and ultra-soft sectors. Now, consider QCD
graphs analogous to figure 2.8 where we attach ultra-soft gluons to either n; or ny collinear
quarks. In this case, the numerator involves ng - A,s ~ A2 which, though power suppressed, is
compensated by the scaling of the quark propagator, (ky, +q)? = (fg - k,2)(n2-q) ~ A2, yielding
a contribution at leading power. Summing over all possible graphs yields

0
Y, (xz) =Pexp [ig/ dsn - Aus(z +ns)|, (2.106)

— 00
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which describes the emission of an ultra-soft gluon from a collinear quark. Note that the above
equation is only valid for incoming collinear particles. For outgoing particles the integral runs
over s € [0,00]. An ultra-soft emission of a collinear gluon is given by the adjoint representation
Yn(x) where we replace A, = AZT* — AZ(—ifabC).

The ultra-soft Wilson satisfies the following relations

in-DY, =0, Y,YI=1. (2.107)
We can now perform the Bauer-Pirjol-Stewart (BPS) field redefinition [103]

En(@) = Yo ()€ (2), AP =Y, (2)ADH (@)Y I(z), =Y, (x)d @)Y (). (2.108)

n n n

As Y, commutes with the label operator, the collinear Wilson line tranforms as

Wa(z) = Yo ()W (2)Y](2), (2.109)

n

where W,(LO) is built from Aﬁ?). The above equation is analogous to eq. (2.99). We have now
explicitly removed all ultra-soft interactions and the remain fields 57(10), Aglo) and CS)) completely

decouple and we can write our collinear quark Langrangian as

i1

PW7(10)(7PM +9A£3)q7j_) %57(3} (2.110)

£) =0 lin- 0+ gn- A + (P + g AL, YWO ;

n,p n,q,L

which is completely independent of the ultra-soft gluon field. It is easy to show that the
same happens for the full leading-order collinear Lagrangian E%O) and the ultra-soft gluon field
decouples completely at Lagrangian level

LOVE,, AP e - Ays] = L]0 A 0) g, (2.111)

n

The interactions with the ultra-soft gluon field, however, have not disappeared. They simply
moved from the Lagrangian into the currents. Let us, for example, consider the SCET current
in eq. (2.101)

Jscer = (gn2 WnZ )F(W;{l gnl )
=EOW OV Ty, wiOTeQ). (2.112)

Now, the ultra-soft and ni- and no-collinear sectors are fully factorized.

Operator building blocks

At this point it is convenient to define gauge invariant operator building blocks. The SCET]
building blocks are given by the "quark jet field"

Xn = W), (2.113)
and the "gluon jet field"

1 .,
B = ﬁ.—WT[m-Dn,DiL]Wn : (2.114)

n

Q|
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2.4 Soft-Collinear Effective Theory

The two degrees of freedom in the above equation can be interepreted as the physical gluon
polarizations. A complete basis of operators to build collinear operators to all orders in A is
given by [111]

s Bpy,  Pho (2.115)

All other operators can be expressed in terms of these objects and we can write the SCET
current as

JSCET = Xno Yo, T'Viy X, - (2.116)

2.4.5 SCETy; and rapidity divergences

In SCET];, soft and collinear modes which share the same virtuality p? = p2 = A\2Q? contribute
to the measurement. The interaction of soft gluons with collinear particles puts the resulting
particle off the mass-shell

P =Dpn+Dps~ QA1 N). (2.117)

These off-shell particles need to be integrated out. This gives rise to the soft Wilson line

0

S,(x) =P exp [ig /

—00

=3 e [n_gpn : AS(:L')] . (2.118)

perms

dsn - Ag(x + ns)]

The soft Wilson line appears in currents to ensure gauge invariance under soft gauge transforma-
tions. The adjoint soft Wilson line is given by

T°8% = S, T°S] . (2.119)
SCETy can be constructed by a subsequent matching [112]

QCD — SCETI — SCETH. (2.120)

First, we match QCD onto SCET; with a power-counting parameter v/A. Then we have hard-
collinear and ultra-soft modes which scale as ppe ~ Q(X, 1,v/A) and pys ~ Q(A, A, \), respectively.
Next, we perform the BPS field redefinition. In the last step, we match onto SCETy; by lowering
the virtuality of the collinear modes and taking Y;, — .S,

Phe ~ QN LVA) = pn~ QA2 1,0),
Pus ~ QA A\, N) = ps~ QNN (2.121)

As soft and collinear modes have the same virtuality, they live on the same trajectory in figure 2.4
and are only separated by their rapidity y = log(p~/p*)/2. This separation explicitly breaks
boost invariance and introduces divergences when p~ /p™ — 0 and p~ /pT — oo [113-117]. These
rapidity divergences arise from an overlap of the collinear and soft integrals. A typical rapidity
divergent integral has the from

0
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where R(k,n) is the regulator function. The resulting integrals cannot be regulated using
dimensional regularization and require a rapidity regulator which allows to distinguish the
different modes. Since the full theory is free of rapidity divergences, they have to cancel when
combining soft and collinear sectors. There is a variety of regulators that have been used in the
literature such as the n-regulator [113,118,119], hard cutoffs [115,120-122], the §-regulator [123],
tilting Wilson lines off the lightcone [124], the analytic regulator [125-127], the exponential
regulator [128] or the pure rapidity regulator [129]. In this thesis we employ the n-regulator and
the pure rapidity regulator where the latter is particularly well suited for next-to-leading power
calculations.

The n-regulator regulates the k* momentum of emissions by modifying the Wilson Lines to

n-P v

Waz) = 3 exp[ =9 w2|2pz’"ﬁ.An(m)] ,

perms

—g w|2P?| "2
Sp(x) = Z exp | — 7 n-As(z)|, (2.123)

perms P v

where we introduced the rapidity regularization scale v. Similarly to the e-poles from dimensional
regularization, the rapidity divergences will appear in the from of i poles after integrating and
expanding in n. We also inserted a book-keeping parameter w, which will be set to 1 in the end.
It ensures that the regulated Wilson lines are independent of v

v = —gw(u), (2.124)

analogously to the QCD f-function in eq. (2.16). The regulator function for the n-regulator is

given by
oLz |~ - _ "
Rk,n) = w? |22 =2 'H (2.125)
v v
In the n-collinear limit, the k=~ dominates and we can write
k— -
Rn(k,n) = w? |~— (2.126)
v

The 7i-collinear limit yields the same result with k= — k™. In the soft limit, the regulator is
homogeneous in A and will not be expanded.

The pure rapidity regulator is similar to the but instead of the momentum k? it regulates the
rapidity y; of the momentum k*. The regulator function is then given by

n
|k 2
Iiy(k',’l’]) = w2v

= (2.127)

The rapidity scale v is dimensionless but apart from that analogous to the scale v. An important
feature of the pure rapidity regulator is that it renders typical soft integrals scaleless as we will
see when considering b-quark effects in gluon fusion later in this thesis.
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2.5 Factorization and resummation

9

Figure 2.9: Higgs production via gluon fusion (left) and quark annihilation (right) with one
additional emission.

2.5 Factorization and resummation

2.5.1 Resummation of large logarithms

In this thesis, we are interested in the transverse momentum spectra of final state particles
produced in hadron collisions. Let us consider a Higgs boson that is produced at the LHC, either
via gluon fusion or quark-antiquark annihilation. At Born-level the Higgs boson is produced
at rest, such that ¢r = 0, resulting in a trivial gr spectrum. We therefore need at least one
emission the Higgs boson can recoil against to pick up a transverse momentum as illustrated in
figure 2.9. Most Higgs bosons are produced at small gr. Hence, we are most interested in the
cross section for gy < Q = my. In general the cross section will contain large logarithms of the
form

qr ad
Q Q’
where the additional scale 4 has been introduced in order to split up the logarithm which allows
to separate the high and the low scale. Let us consider a toy example where the cross section

log == = log a | log (2.128)
w

can then be written in a factorized way as

2
olgr, Q) = H(Q, 1) Flgr, 1) + 0(%). (2.129)

Here, H(Q, ) is the hard function capturing all physics at the hard scale whereas F(qr, 1)
describes the dynamics at the low scale gr. Each power of strong coupling comes with a large
logarithm —to a possibly different power. This leads to a complete break down of the perturbative
series for small values of g7. More precisely, the cross section involves d(gr) distributions and
logarithmic plus distributions [log"(¢r/Q)/@]+ in the gr — 0 limit.

In order to arrive at a meaningful prediction, these large logarithms must be resummed using
the renormalization group equations (RGEs) of the factorized ingredients. The RGEs govern
the 1 dependence of the renormalized functions H(Q, 1) and F(qr, ). They read

d d
M@H(Q, 1) =y H(Q, ), MaF(QTaM) = YrF(qr, 1), (2.130)

where vy p are the anomalous dimensions of the respective functions. Then, the all-order
resummation is archived by evaluating H(Q, 1) and F'(qr, i) at their canonical scales

pE = Q, LE = qr, (2.131)

which are chosen such that the logarithms are minimized at this scale. Next, H(Q, ) and
F(qr, p) are evolved to a common scale p by solving the RGEs. The resummed cross section is
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then given by

o (qr,Q) = H(Q, pr) Uni (1o 1) Fqr, pr) Up (e, 1) (2.132)
The renormalization group evolution factors, also called evolution kernels, are given by

mod! /
sl =exp | [ L)) (2.133)
px M

with X = H, F. In particular, the functions H(Q, pg) and F(qr, pur) are free of large logarithms
at their respective canonical scale. The large logarithms are exponentiated in kernels which
restores the convergence of the perturbative series. This procedure is referred to as resummation.
The resummation generates a Sudakov peak in the cross section before it goes to 0 as gy — 0
which is illustrated in figure 2.10.
As the physical cross section does not depend on the scale

d
pisolarQ) =0, (2.134)

we can use RG consistency as a cross check

YH = —VF, (2135)

which in this toy example states that the anomalous dimensions must cancel.

Turning away from our toy example, the anomalous dimension of the hard function actually has
a more complicated form

vy = AT [ (1) logff 7y [ ()], (2.136)

i
cusp’ .
the color representation of the annihilating parton ¢. The non-cusp anomalous dimension, v, on

where the cusp anomalous dimension, I is universal among processes and only depends on
the other hand, is process dependent. We give the explicit expressions of the cusp and non-cusp
anomalous dimensions in appendix B.1. The specific structure of the hard anomalous dimension
containing a log Q/u allows for the resummation of Sudakov double-logarithms aZ log™ (¢7/Q)
with m < 2n. These logarithms arise in high-energy processes when there is an overlap of soft
and collinear regions of phase space.

Next, we analyze the structure of a generic perturbative series. The standard, so-called fized-order,
counting counts powers of the strong coupling

o(qr) ~ 1+ %9 c12 log? % + c11log % + 010} NLO
T
as\2 [ 4 4T 34T 2 qr
+ (—) coqlog® == + cogzlog® == + coolog” == 4+ ...| NNLO
dm/ | Q Q Q
.-
+ (Zi) C36 log6 % + C35 log5 % + C34 log4 % + :| N3LO (2.137)
T
LL NLL NNLL

However, for small values of g7 terms scaling as af log™ (qr/Q) 2 1 are no longer suppressed.
Hence, we need to adapt our counting to capture the leading logarithmic terms where we count
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2.5 Factorization and resummation

Boundary Anomalous dimensions FO matching
Order conditions  7; (noncusp)  Icusp, S | (nonsingular)
LL 1 - 1-loop -
NLL 1 1-loop 2-loop -
NLL' (+NLO) Qg 1-loop 2-loop Qs
NNLL (+NLO) o 2-loop 3-loop Qs
NNLL' (+NNLO) a? 2-loop 3-loop a?
N3LL (+NNLO) a? 3-loop 4-loop a?
N3LL/ (+N3LO) ol 3-loop 4-loop %
N*LL (+N3LO) ol 4-loop 5-loop ol

Table 2.4: Definition of resummation orders. The (+N"LO) in the order refers to whether or
not the nonsingular O(a?) corrections in the last column are included.

columns instead of lines. The first column captures the the leading-logarithmic order (LL), the
second column the next-to-leading-logarithmic order (NLL) and so forth.

In order to archive LL resummation, we only require the leading contribution of the cusp
anomalous dimension as it is enhanced by a logarithm compared to the non-cusp contribution as
well as the leading term of the QCD-f-function. Starting from NNLL, we also need to include the
O(a) contribution of the functions evaluated at there canonical scales, H(Q, ugr) and F(qr, ur).
This contributions are referred to as boundary condition or boundary term. A summary of the
ingredients needed for resummation up N*LL is given in table 2.4.

2.5.2 Matching to fixed order

The resummed cross section provides a meaningful for small values of ¢gr. In addition to the
leading-power contributions, which can be resummed by making use of the factorization theorem
in eq. (2.132), we also have to include the nonsingular power corrections of ¢%/Q? in eq. (2.129)
which become important for large values of gp. To obtain a prediction that is valid across the
entire g range, we add the resummed singular contributions and the the fixed-order nonsingular
terms. The resulting matched cross section is given by

o(qr, Q) = 0" (qr, Q) + 0" (ar, Q)
=" (gr,Q) + |7 (ar, Q) ~ 7™ (ar, Q)] - (2.138)

The first line is equivalent to eq. (2.129), using the all-order resummed result ¢** for the leading-
power term. By the singular cross section, o%"8(qr, @), we mean the fixed-order reexpansion
of the resummed cross section where all terms are evaluated at the fixed-order scale urpo ~ Q.
To avoid double counting, the overlap of the resummed and singular contributions has to be
subtracted. The nonsingular cross section ¢"°"*(qr, () is obtained as shown in the second line in
eq. (2.138), i.e. by using eq. (2.129) at fixed order and subtracting the fixed-order singular terms
from the full fixed-order result, where both are evaluated at common fixed-order scales ugo.

For small gr <« my, the nonsingular terms are a small power correction and it is sufficient to
include them at fixed order despite the fact that the singular terms are resummed there. For
the nonsingular to be indeed power suppressed it is essential that o¥© and ¢%'"¢ are evaluated
at the same fixed order, such that ¢%¢ exactly contains and cancels the singular terms of o¥©.
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gr [GeV]

Figure 2.10: Matched cross section for quark initiated Higgs production at NNLL+NLO.

If this is cancellation is correctly taken care of the N"LL accuracy of the resummed result is
preserved in the low gr region.

On the other hand, as qr approaches gr ~ @, the distinction between singular and nonsingular

becomes arbitrary and only the full fixed-order result in o¥©

FO res(

is physically meaningful. To recover

the correct ¢¥© in this limit, 07 (upes) and o8 (upo) must cancel each other in eq. (2.138).
We require this cancellation to be exact with no leftover higher-order terms in «;, because for
gr ~ @ the resummed terms are unphysical and typically become numerically much larger
than the actual physical result given by ¢¥©. This requires the turning off of the resummation
in 0" (ures) — in so doing, one guarantees that the result becomes equal to the fixed-order
o8 (1ipo) and preserves the fixed-order NLO accuracy of the matched result. Considering
the first line of eq. (2.138), this implies that for ¢r ~ my there are typically large numerical

cancellations between the singular and nonsingular contributions.

In summary, in order to have a consistent description of the cross section for all values of g,
the terms in eq. (2.138) are required to satisfy two conditions: firstly, o8 and "0 must be
evaluated at the same fixed order; secondly, & and ¢*® must become equal in the limit where
the resummation in ¢ is turned off.

The most natural way to turn off the resummation in o"*(

lres) is to set all boundary scales
to the common fixed-order scales urg, i.e. in our notation s = upo. The second condition
above thus requires 0" (ires = pro) = 058 (uro). In order for the first condition above to be
fulfilled it is necessary that for a given resummation order nonsingular matching corrections of
the corresponding order are included. Namely, the a, order of the boundary conditions in the
resummed result must match the ag order of the full and nonsingular results, which are the
orders shown in the last column of table 2.4. The accuracy of the matched result is then given
by N*"LL+N™LO.

Figure 2.10 shows the matched cross section for quark initiated Higgs production where we
chose the s5 — H channel for illustrative purposes. The full-fixed order cross section is shown in
dashed blue and diverges for ¢r < 15GeV. The non-singular (dotted green) is power suppressed
and indeed goes to 0 for gy — 0. The resummed shown in red has Sudakov peak at g7 ~ 5 GeV
before turning to zero. Finally, the matched cross section in equal to resummed at the very
beginning of the spectrum. At the peak the matched slightly differs from the resummed which is
due to non-singular contribution that are included. At large values of ¢r, the matched becomes
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equal to the full fixed-order prediction.

2.5.3 Factorization and resummation for ¢r spectra

In this thesis, we focus on resummed transverse momentum (gr) spectra of color singlet processes
which are dominated by soft and collinear radiation. The color-singlet finial state particle recoils
against soft and colllinear initial state radiation and picks up a transverse momentum. Studying
the gr spectra at experiments allows to extract more information from the experimental data
—such as the shape of the spectrum— as e.g. a total cross section would. The relevant theory
framework to describe this is provided by SCETy; with the power-counting parameter A = ¢r/Q.
The factorization of the leading-power g7 spectrum was first established by Collins, Soper and
Sterman [130-132], and was further elaborated upon and extended in refs. [124,133,134]. Here,
we employ the framework of SCET, in which ¢r factorization was formulated in refs. [113,119,
128,135], and which is equivalent to the modern formulation in ref. [124].

The factorized form for the transverse momentum spectrum, often also referred to as transverse
momentum dependent (TMD) factorization is given by

do.sing
- Ha 2; Ba B Sa as ) 7i ; ’ 2.139
o %b: b(Q%; 1)[Ba ® By ® Sap)(Tas T, 413 1) (2.139)

where the kinematic quantities w,p and . are given by

we=Qe™Y, wy=QeY and Tap = Yab (2.140)
’ Ecm

Physically, x; is the longitudinal momentum fraction of the parton ¢ and w; is the large lightcone
momentum component of the parton in the lab frame.
The process dependence is encoded in the hard function Hgy(Q?, 1). It describes the underlying
hard interaction producing the color singlet particle via ab — X where the sum runs over the
available parton channels a, b.
The factor [B, ® By ® Sg) describes physics at the low scale p ~ g7 . The beam function B;
describes a collinear parton ¢ with transverse momentum k; and longitudinal momentum w;
orginatnating from a proton with collinear momentum P = P, n#/2. In SCET, the bare quark
and gluon beam functions are defined as proton matrix elements of collinear fields

By F) = 0y S RanO5( — PIPE ~ P) O

spin

By (0 F) = b kB ()30 — PP E— OB Ollp), (2141

spin

where the gluon beam function has a non-trivial polarized contribution oc kjk/k2 — g/" /2
due to the vectorial nature of the measurements [136]. We suppressed the Lorentz indices in
eq. (2.139) for brevity.

The the soft function Sy, describes soft radiation with total transverse momentum ks. Tt is given
in terms of a vacuum expectation value of Wilson lines

SialF) =y (0] Tr{T1S] (), (@))8%(F - PL)TIS},0)5,(0)}

Sy0(F) = (O (T[S} ()8, ()8 (F — PLITISHO)S,O)]} (2.142)

C
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Note that the soft function is specific to color singlet processes.

Momentum conservation in the transverse plane implies that the sum of /;a, l;b, ES must be equal
to the measured final state transverse momentum §r, leading to the convolution structure in of
the factor [B, ® By ® Sgp)

[Ba @ By ® Sup)(Ta, Tp, Tri 1) = / A%k, d%ky d%ks 62 (G — ko — kb — ks) (2.143)

X Bgy(xq, Ea; Wy v /wq) By(xy, Eb; v/ wy) Sab(ES; Wy V).

The functions in eq. (2.143) are universal objects in ¢r factorization, independent of the details of
the hard process. The above equation can be futher simplified by applying azimuthal symmetry:
the soft functions in eq. (2.142) and the quark beam function B, are azimuthally symmetric.
Thus their Fourier transform only depends on the magnitude of by = |Z;T| The gluon beam
function can be split in two orthogonal contributions, kj ky/ kg and ¢/” /2. The coefficients of
these contributions again only depend on by in Fourier space. Then eq. (2.143) simplifies to

[Ba ® By ® Sap)(a, T, Grs 1)
1 o0

= o | dbrbrJo(brar) Ba(wa, br; 1, v/wa) By(wy, brs g, v/w) Sy (brs 1, v) (2.144)
0

where Jj is the zeroth Bessel function of the first kind.

Renormalization of beam and soft functions

In this section, we will discuss briefly the renormalization of the hard, beam and soft functions.
For more details we refer to refs. [137,138]. The hard function is renormalized as

H(Q) = Zp(Q, 1) H(Q, ) (2.145)

with the counterterm Zp. The RGE and the running of the hard function were already discussed
in section 2.5.1.

As we are working in SCETY;, there will be rapidity divergences arising from on overlap of soft
and collinear regions that need to be regulated. This is denoted by the additional dependence
on the rapidity scale v of beam and soft functions in eq. (2.143). The scale v is analogous to
the Collins-Soper scale ¢ used in ref. [130]. For the ¢ spectrum, we employ the exponential
regulator from ref. [128]. Up to two loops it yields the same results as the 7 regulator used
in refs. [113,119]. The rapidity divergences are sensitive to g7 and therefore renormalized in
a convolution. Note that RGEs for gluon and quark beam and soft functions have the same
structure. We will therefore omit the ¢ and ¢ indices.

The bare functions are renormalized as

B (4, ) = / @Ry Zp(Fr — R, p,v) B(w, B 1, v) (2.146)
s () = [ ReZs(@r — Frw,) Sro ) (2.147)
where Zx again denote the counterterms. The RGEs are given by
Bl P 1) =7 1) Bl P ) (2.145)
M;MS(ﬁT, p,v) =ys(p, v)S(Pr, 1, v). (2.149)
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The p-anomalous dimensions of beam and soft functions have the all-order form
75(w, 1,v) = 2eusp [ ()] log = + 75 [ars ()] (2.150)
Vs (1, v) = ATcusp [evs ()] log & + 75 [ (). (2.151)
The @ independence of the physical cross section is given by the RG consistency relation
vr(as) +2vp(as) +ys(as) =0, (2.152)

where v () is the noncusp anomalous dimension of the hard function. The rapidity RGEs are
given in terms of convolutions in kr

d N — 5 — —
VEB(w)pTu Ky V) = / koT ny,B(pT — kr, p, V)B(w> ko, g, V)7 (2153)
d .~ > Lz |
VES(pTa M, V) :/koT ’YV,S(pT - kTa M, V)S(anua V)‘ (2154)

Just as for the resummation scale u, the cross section has to be independent of the rapidity scale
v. This argument implies that there is only one rapidity anomalous dimension that we take to be

Yo (P, 1) = Yo,5 (P15 1) = =270, B(PT, 1)- (2.155)

At this point is more convenient switch to by space where it is easy to see that the p and v
RGEs from a coupled system of equations

d - ) _ d - ) )
M@B(w,b%#»’/):’YB(W,HaV)B(wabT,MaV)a M@S(bT,/l,V) :75(M7V)S(bT7M7V)7

d - 1 ) d - ) )
VEB(W’ br, b, V) = *aryl/(bT’ M)B(wv br, V)v V@‘S’(bT’/" V) = ’VV(bTa /“L)S(bTwua V)'
(2.156)

We can take the p and v derivatives of the soft RGEs to relate the anomalous dimensions yielding

d d
:U'@’Vl/(bTa :U') = Vdiy'YS(,U'a V) = _4Fcusp [as(ﬂ)] s (2157)

where we used the fact that the u and v derivates of the soft function commute. The above
equation also serves as RGE for 7, (br, 1) which needs to be resummed itself if the rapidity
evolution takes place at a scale > po ~ 1/bp.

Canonical scales and resummation
The canonical scales for hard, beam and soft functions in ¢y space are given by
virtuality:  pugm ~Q, pB~qr, ps~qr, Ho~qr
rapidity: vp ~ Q, Vs ~ qr. (2.158)

Due to the vectorial structure of g7, the resummation in gr is very challenging [139]. As shown
in ref. [137], the exact solution for the RG evolution in ¢r space in terms of distributions is
equivalent to this canonical solution in by space modulo different conventions for the boundary
conditions. Since the latter is much easier to obtain, we also use it here, as is often done. The
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e is then obtained as the inverse Fourier transform of the

canonically resummed by space result, d&res(gT),
- ) o
do™ / Pbr g 5 (br)
dY d?gr (2m)? dY d2br

The canonical boundary scales in by space are given by

resummed singular gr spectrum, do

pr=Q, pp="bo/br, ps="0bo/br, po="bo/br,
vp=Q, vs=by/br, (2.159)
where we choose the convention by = 2e¢™7F ~ 1.12291. We can now evaluate the functions in

the factorization theorem at their canonical scales and use the RGEs in eq. (2.153) to evolve
them to common scales p and v. The resummed cross section is then given by

dUreS d2gT —lg L 2 ~ ~ ~
e T Hop(Q, prr) Ba(wa, b, B, vB) By(we, br, 1B, vB) S (b1, 115, Vs)

avazg, ) (2n)2
mody rody W
X exp [/ /df’YH(Qyﬂl)Jr?/ lf’YB(a%,U«/vVB)‘i'/ Lf’Ys(M'Ws)]
pa M pe M ns M
mdy
X exp {logVB {/ 'Lf’yy(bT,,u’)} } . (2.160)
VS j22) M

Here the first line contains the fixed-order boundary conditions of the hard beam and soft
functions where each of them is evaluated at their canonical scales. The second line describes the
evolution from the canonical scales px to a common scale p where all large logarithms of ug/up
and pp/us are being resummed. The last line governs the rapidity evolution which resums
logarithms of vp/vg including the evolution of the rapidity anomalous dimension from pug to p.
The relevant anomalous dimensions are given in appendix B.1. Eq. (2.160) is the main result of
this section and will be used to obtain the g spectrum for quark initiated Higgs production in
chapter 3.

2.5.4 Factorization of N-jettiness

The resummation of the transverse momentum gy plays an important role when measuring color
singlet processes. In these processes, the hadronic radiation is not measured directly; rather, it
is reconstructed from the recoil of the color-singlet state which could for example be a Higgs
boson. Event shape observables take a different approach and aim to describe the geometry of
the final-state particles after the event. A famous example of these kinds of observables is the
N-jettiness observable [140]. It describes how well a final is described by an event with N hard
jets. N-jettiness is most often defined is as

Ty = ;I%D{qu;pi} , (2.161)

where the sum runs over the four-momenta of all colored particles p!', the minimization over

m = {a,b,1,..., N} runs over all beam and jet reference momenta gl,, and the factors @Q,, are
normalization factors. Here, a,b denote the incoming beams and 1,..., N the N jets. To make
this more accessible, let us consider the example of 7Ty

2qq - i 2qp - pi
%:zi:min{ qQap, qZpr } (2.162)
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which is an appropriate variable to describe color-singlet production processes, since they do not
feature a hard jet in the final state. The reference vectors ¢, and ¢, are aligned with the beam
axis. There are two possible choices for the normalization factor [141,142]: either Q. = @ or
Qap = Qe*Y where Y is the rapidity. If the scalar product of the beam reference momentum
and a colored particle ¢, - p; is small, the particle is closely aligned with the beam axis. If this is
true for all colored particles, the final state looks like a O-jet event and the O-jettiness is small,
To — 0.

The definition in eq. (2.161) uses an invariant mass-like measure and follows a SCET-I type
factorization. The factorization formula reads [140]

N
dok _ 2 : F{ 2 I | . .
W ;N a i,j o ZJ(Q 7M) Jl/ds‘]/dtadthZ(thxaﬂu) B](tb,l'b,,u)
gy ta ty SJ N
<SP T — 2= =" 2L ambon ) i (s, +0<>7 2.163

where the soft function S and the hard function H are matrices in color space and tr denotes a
trace in color space. The inclusive beam B; ; and jet J functions describe collinear radiation
emitted from the initial and final state, respectively. Further, s; is the invariant mass of the
radiation within the jet and ¢, are the total virtualities of the colliding partons.

In general, the cross section in eq. (2.163) will contain large logarithms of 7 /@ which need to
be resummed. To do so the the hard, beam, jet and soft functions have to be computed at their
canonical scales [140]

pr~Q, B ~VINQ,  pr~VING,  ps ~ TNQ. (2.164)

In the second step, we use the RGEs to evolve them to a common scale p. The renormalization
group evolution of the beam function is governed by [140,143]

d A
U@Bz’ (ti,zi,p) = /dt; Vg (ti — ti, ) Bi (ti, i, 1) (2.165)
with the anomalous dimension
Vit 1) = =20 8ygp(as) Lo (t, 1) + v (as)8(t) - (2.166)

The evolution of the beam function is well known [144-146], but we refrain from giving the
explicit solution of this equation in this thesis and refer to ref. [143] for details. The jet function’s
renormalization group equation reads [140, 143]

d 4
M@JJ (s, ) = /dsf]’y}g (s5 =5 1) Iy (s,m) , (2.167)

where in fact v (¢, ) = ¥4 (¢, ) to all orders in perturbation theory [143]. Finally, the RGE of
the soft function is given by [141,143]

d .
S () = [ K% (= o) () (2.168)
with
Yk, 1) = AT (05) Co (1) + 7 ()8 (k). (2.169)

The soft function S (k, p) is the hemisphere soft function for incoming Wilson lines which is
defined by measuring k = >_,{k;", k; } on all soft emissions k;. In chapter 4, we will use 7; with
a generalized measure as a jet resolution variable.
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2.6 Transverse Momentum Distributions

In the previous section, we discussed factorization of transverse momentum distributions at
length. In this section, we want to look at this topic from a different angle by using transverse
momentum distributions (TMDs) and their factorization theorems. In large parts of this thesis,
we are considering processes at hadron colliders. In section 2.2, we established that the exact
initial state in hadron collisions is not fully determined, since protons are composite objects.
Instead, we rely on collinear PDFs to describe the probability of finding a parton of type a
carrying a momentum fraction z, in a colliding proton. However, collinear PDFs only describe the
dependence on the longitudinal momentum and therefore only provide a one dimensional picture.
In the framework of transverse momentum dependent distributions the parton distributions pick
up an additional dependence on the transverse momentum of the parton which allows for a three
dimensional description of the motion of quarks and gluons inside the nucleon.

The final state counterparts of TMD PDF are TMD fragmentation functions (FFs). Collinear
fragmentation functions describe the probability of parton to hadronize into a specific hadron.
They depend on the longitudinal momentum fraction zgy that the hadron retains from its
parent parton. TMD FFs describe the transverse momentum that the hadron picks up by
recoiling against other fragmentation products, including the full quantum correlations with the
quark polarization, which provides a three-dimensional picture of the fragmentation cascade.
Thus, TMD factorizing provides a rigorous field-theoretic framework in which hadronization
can be studied in detail. Corresponding all-order factorization theorems have been established
in ref. [147]. The TMD dynamics of light quarks and gluons are a well-established field of
experimental study [148-158], phenomenological analysis (see e.g. refs. [159-162]), and progress
towards first-principle calculations using lattice field-theory [163-169]. For a recent overview,
see ref. [170].

In this section, we aim to give a brief overview of TMDs. We start by considering factorization
at hadron colliders in terms of TMD PDFs in section 2.6.1. In sections 2.6.2 and 2.6.3, we
discuss the leading TMD PDFs and FFs that are relevant to this thesis. In section 2.6.4, we
give a brief overview of TMD cross sections. This section in part follows ref. [170]. Parts of
sections 2.6.2 and 2.6.3 follow the introductory sections of ref. [3].

2.6.1 TMD factorization at hadron colliders

As an illustrative example we start with the collinear factorization theorem for the Higgs
production cross section from section 2.2. In this section, we are particularly interested in the
transverse momentum spectrum. For large values of ¢, we can write as

A2, A2
QCD QCD
1+(9( Z 0 )] (2.170)

do’zj(xa,:z:b)
dequ Z/ dwa/ dSL'b f’L Lq fj(xb) deQ—»

where we omitted the dependence on the factorization scale for brevity. Just as in the previous
sections, x, and x; are longitudinal momentum fractions and & is the partonic cross section.
For small values of ¢r, it becomes apparent that we need a different description of the cross
section. For Aqcp S ¢r < @, the parton distributions describing the incoming partons need
an additional dependence on the transverse momentum. This leads to the TMD version of the
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factorization theorem

de2QT ZHU ) /d2k kob 5( )(iT - Ea - Eb) f’i(xaylgavﬂvca) fj(xbnlghﬂa Cb)
ij
2 A2
qT QCD
1+0 <QQ 0 )] ; (2.171)

where Hij(Q2, ) is the process dependent hard function. Now, the densities describing the
incoming partons not only depend on the longitudinal momentum fraction but also on the
transverse components of the incoming partons. They are referred to as transverse momentum
dependent PDFs (TMD PDFs). As TMD PDFs suffer from endpoint divergences which need to
be regulated, they pick up an additional dependence on the Collins-Soper scales (4 [130,131]
which are given by

Co = 22M3%e®Y4, (=27 M%e*Ys, (2.172)

Here My is the nucleon mass and Y4 p are the nucleon rapidities. Their product yields the
mass invariant mass of the hard process

CaGp = Q*. (2.173)

We denote the quantities related to nucleon with the subscripts A, B whereas everything related
to partons carries the subscripts a, b. It is understood that the parton a originates from the
nucleon A.

In practice, we will often work with the Fourier transformed TMD PDFs which is given by

filw, by, 1, ¢) = /dQETeibT'kai(Jf7ET,M7C)- (2.174)
Then the TMD cross section reads
dQET ibr-qr b B
deQqT = Hy(Q% p € fi(za, br, p, Ca) £ (@b, b1, 11, G).- (2.175)
ij

The above equation closely resembles the factorized cross-section given in eq. (2.139). Indeed,
they are equivalent ways of writing the same cross section where the soft and beam functions
were combined to the TMD PDF

fi(xng’,uv C) - x anuay/f \/ bTmua ) (2176)

The hard function, Hij(QQ, 1), is identical in both descriptions. We traded the rapidity evolution
scale v for the Collins-Soper scale (. For TMD PDFs, the rapidity evolution is governed by the
rapidity anomalous dimension, known as the Collins-Soper kernel. For details on TMD evolution
see e.g. ref. [170].

2.6.2 Leading quark TMD PDFs

In the previous section, we discussed TMD cross section for Higgs production in terms of the
unpolarized TMD PDFs f = f;. The unpolarized TMD PDF which describes an unpolarized
parton originating from an unpolarized nucleon. In this section, we will extend our discussion to
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possibly polarized quarks and nucleons. There exists of course also gluon TMD PDFs. However,
in this thesis, we are interested in heavy-quark effects and will therefore focus on quark TMDs.
The nucleon has momentum
nt M3 at
Pt =pr— 4 N 2.177
with Py > Pl = MJQV /Py in the rest frame of the hard scattering. Note that we take the large
component of the hadron (nucleon) momentum to be along the n* direction to make this section
self contained, but the case of an n-collinear incoming hadron follows from n#* < n*.

The bare TMD quark-quark correlator between forward nucleon states that describes this process
is

! db+ it — — 3l
o (2,b,) = / Tt WHEPN(N g ()W ()W 0)9 ] (0)|N) (2.178)
where z is the lightcone momentum fraction carried by the heavy quark and b = (0,b™,b, ) is
the Fourier conjugate of the transverse momentum k7. Recall that we are using the notation

br = 1/_b2¢~ Further, we have suppressed the rapidity regulator, the soft factor, and transverse

gauge links at infinity in the above equation for simplicity. The Wilson line W (x) is defined as
an anti-path ordered exponential of gauge fields extending to positive infinity along the lightcone
direction n*,

W(z) = P{exp(—ig /Ooodsn Az + ﬁs))} : (2.179)

The Wilson lines only depend on the direction of n# and are thus invariant under n# — e® n*.
This also applies to the full correlator and is a manifestation of type-III reparameterization
invariance discussed in section 2.4.

For the explicit perturbative calculations it can also be useful to define the momentum-space
version of the above correlator,

’ d*, /
%% (2, k) _/(zn)é e kLB (). (2.180)

The spin decomposition of eq. (2.180) in terms of scalar TMD PDFs is well known [171,172],

ek ,S1 & kL -S
O(z>0,ky) = {fl(fﬁ, kr) — fir(=, k’T)# + g1z, kr) Spys — gir(@, kr) lMNL%
k,-S
+ hir(2, kr) v581 + hip (2, kr) SL’YE,léfL — hiz(a, kT)J_igL/YE)%L
My My,
+ihi(z, kr) L + (higher twist)}ﬁ (2.181)
M MN 4 )

where Sy, is the longitudinal nucleon polarization in the Trento frame [173] and S| is the
transverse nucleon polarization. The TMD PDFs can be obtained by tracing the correlator
against suitable Dirac structures, also called projectors. The different TMD PDFs correspond to
different quark and nucleon polarizations

o The unpolarized TMD PDF f;(x, kr) describes an unpolarized qaurk within an unpolarized
hadron, similar to the unpolarized collinear PDF.
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2.6 Transverse Momentum Distributions

e The helicity TMD PDF g; 1, describes a longitudinally polarized quark inside a longitudinally
polarized hadron which is similar to the collinear helicity PDF.

e The transversity TMD PDF h;p describes a transversely polarized quark inside a trans-

versely polarized hadron which corresponds to the TMD case of the collinear transversity
PDF.

The remaining five distributions do not have collinear counterparts and only appear when the
transverse momentum is measured.

o The Sivers function fiz(z,kr) [174] describes an unpolarized quark inside a transversely
polarized hadron.

e The worm-gear T, giy, [L75] and L, hi, [176] describe a longitudinally polarized quark
inside a transversely polarized hadron and vice versa.

e The Boer-Mulders function h; describes a transversely polarized quark within an unpolarized
hadron [177].

o Finally, there is the pretzelosity function, hllT, which contributes to the TMD distribution
of a transversely polarized quark inside a transversely polarized hadron in addition to the
helicity TMD PDF [178].

The Sivers function as well as the Boer-Mulders function are time-reversal odd. For LHC physics,
only the unpolarized TMD PDF and Boer-Mulders function are relevant as the protons at the
LHC are unpolarized. However, there are other experiments using polarized proton beams such
as the future Electron-Ton Collider (EIC) [179]. In fact, precision TMD measurements are part
of its key physics targets.

2.6.3 TMD fragmentation functions

Besides PDFs, there are also fragmentation function which can be seen as the “final-state
counterpart” to PDFs. Fragmentation describes the process of partons produced in a high-energy
collision forming color-neutral bound states, hadrons. A collinear fragmentation function (FF)
D!(zp) describes the probability of an initial parton i to fragment into the hadron h where zp
is the fraction of the partons longitudinal momentum retained by the hardon. Similar to PDFs,
there is also a transverse momentum description of FFs, TMD FFs. These are of particular
interest when studying hadronization process as they allow for a three dimensional picture of
the hadronization cascade (in contrast to collinear FFs which only provide a one dimensional
picture).

In position space, the TMD quark-quark correlator describing this fragmentation process is
defined as

/ 1 Abt e
Aﬁﬁ — 2 T (P /zH) /2
njg(2,b1) 221N, / mwe

X Trz: (0w (b) ) (b) [ HX ) (H X |15 (0) W (0)]0), (2.182)
X

where 3, 3 are the open spin indices of the quark fields, Tr denotes a trace over fundamental
color indices, and b = (0,b%,b, ). The hadron momentum is given by

py—p-"  pr™ 2.183
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Figure 2.11: Illustration of TMD processes at colliders: Drell-Yan (left), di-hadron production
in ete™ collisions (middle) and SIDIS (right). Figure adapted from ref. [170]

where Py < P}, = Mi, /Py with the hadron mass My is boosted in the frame of the hard
scattering and by definition Py | = 0, coinciding with the “hadron frame” for fragmentation [147].
We have kept a sum over the possible hadron helicities hy;, which are not experimentally resolved,
implicit in the constrained sum over states, i.e.,

I|HX)<HX| = Z:ZMI hir; X)(H, hi; X| . (2.184)
hn

X X

The Wilson line W (z) was defined in eq. (2.179). As for the TMD PDF, we have suppressed the
rapidity regulator, the soft factor, and transverse gauge links at infinity in eq. (2.182).

There are eight leading-power quark TMD FFs, which are defined by tracing the correlator
against a suitable Dirac structure. Just like TMD PDFs, the leading TMD fragmentation
functions have been proven to be universal between processes [180], i.e., they are independent of
whether the Wilson line points to the future (e*e~ — hadrons) or the past (SIDIS).

In this thesis, we want to restrict ourselves to unpolarized hadrons which leaves two TMD
FFs. The unpolarized TMD FF (D, g/¢) encodes the total rate for producing an unpolarized

hadron from an unpolarized quark, while the Collins TMD FF (H 1J‘ 1511/)@) describes the strength

of the correlation between the quark’s transverse polarization and the direction of the hadron

transverse momentum. They are defined in position space as'

Dy pyg(zm,br) = tf[? Ap(zm, bL)] ;

L(1) R n
Hjgm, br) = tr[2 My b2,

AH/q(ZHabL)} : (2.185)
where tr denotes a trace over spin indices.

2.6.4 TMD processes at colliders

As already hinted above, TMDs are universal between processes. In this section, we want to
briefly discuss the processes most relevant to this thesis which are illustrated in figure 2.11. In

'Our conventions for Fourier transforms and the spin decomposition of TMD correlators follow ref. [172]. Note
the superscript (1) on the br-space Collins function indicating a by derivative that arises from integrating a
term §, in the momentum-space correlator by parts, and that is specifically required due to the conventional
normalization to the hadron mass [181].
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section 2.6.1, we already discussed TMD cross section for processes at hadron colliders such as
Tevatron or the LHC. The standard example for TMD cross sections at hadron collinsions is
usually the Drell-Yan process

p+p— LT+ +X, (2.186)

where two protons p collide and produce at lepton pair £*¢~. Additional final-state particles
including remnants of the proton are denoted by X. The Drell-Yan process is shown in left
panel of figure 2.11. The underlying hard scattering process is described by a quark-anti-quark
pair producing the lepton pair via a virtual photon or Z-boson. Schematically, the cross section
can be written as

dopp e+ e+ x

dYdQd2gr == Oggete- @ f ® fg, (2.187)

where the first convolutions is in the longitudinal momentum fraction and the second convolution
is the both, the transverse and the longitudinal momentum fraction. The hard part is given by
0qg—e+¢- and fg and fz are TMD PDFs.

The cross section for quark initiated Higgs production has the same form as eq. (2.187). The
cross section only differ by the process dependent hard function. For gluon fusion, the TMD
cross section again has a similar structure. However, since the process is gluon induced, we need
gluon TMD PDFs.

So far we only considered cross section containing TMD PDFs but of course there are also
other processes containing TMD FFs such as semi-inclusive deep inelastic scattering (SIDIS). In
traditional DIS, an electron (or a different lepton) scatters off a nucleon via the exchange of a
virtual photon. SIDIS extends this to not only detecting the electron in the final state but also
at least one hadron,

(+N =0 +h+X, (2.188)

where ¢ and ¢ are the initial and final leptons, N is the nucleon, h is the identified hadron
and X are undetected remnants of the nucleon. This process is illustrated in the right panel of
figure 2.11. SIDIS is particularly well suited to study TMD PDFs and FFs as provides direct
access to both the intrinsic transverse momentum of partons and the correlations between spin
and momentum. The SIDIS cross section can be written in terms of a hard scattering part,
Goq—erq, a TMD PDF, f,, and a TMD FF, Dy, 4

doyN—enx

— =7 1g @ fo & Dy /. 2.189
A dy P dQPT Lg—L'q fq h/q ( )

The finial state quark, ¢’, fragments into the detected hadron after participating in the hard
interaction. Here z is the Bjorken scaling variable, y is the fraction of initial lepton’s energy
transferred to the nucleon, z is the momentum fraction of the finial state quark, ¢/, retained
by the identified hadron and Pr is the hadron’s transverse momentum. With the future EIC,
there is a modern SIDIS experiment with polarized beams which will provide more detailed
information on the respective TMDs and the 3D hadron structure.

Finally, there is also di-hadron production in eTe™ collision which is the first process where TMD
factorization was proven [130], which is illustrated in the central panel of figure 2.11. Here, two
leptons annihilate and produce a quark-anti-quark. The quarks then fragment into a di-hadron
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pair. At leading order, the two hadrons would be exactly back-to-back. However, in practice
there is additional radiation X which spoils this behavior. The cross section for this process is
given in terms of a hard contribution and two fragmentation functions [131]

da—e+ e —>h1 h2

dcos 0 dgdzy dzy d2P, 7

:&eJre—_}qq/ ® Dhl/q ® Dhg/q/' (2190)

where cosf and ¢ are the spherical coordinates of hadron ho, z; and zo are the lightcone
momentum fractions of the two hadrons, and P; 7 is the transverse momentum of hadron hj.
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Chapter 3

The qr spectrum in Higgs
Production via Quark Annihilation

In this chapter, we present a new state-of-the-art prediction for the transverse momentum spec-
trum of a Higgs boson produced via the annihilation of heavy quarks (s, ¢, b) in proton-proton
collisions. Our finial result is a prediction at three-loop order in resummed perturbation theory
(N3LL/) matched to full fixed-order results at approximate N3LO (aN3LO).

This chapter is based on ref. [2] reflecting the author’s contribution. Compared to ref. [2], we
included analytic leading-order calculation in the main part of this chapter. Additionally, we
included the gluon fusion contribution in figure 3.17 and adapted the discussion of this figure.

3.1 Motivation

We have already established that precise measurements of the Higgs boson’s properties are
essential to understand its role in the SM. Further, we need equally precise theoretical predictions
to exploit the full potential of the high precision data that is taken at the LHC. In this thesis we
focus on the Yukawa couplings for bottom, charm and strange quarks. The bottom-quark Yukawa
coupling is of particular interest, as certain BSM models, such as the Two Higgs Doublet Model
or the Minimally Supersymmetric Standard Model (MSSM), predict an enhanced bottom-quark
Yukawa coupling relative to its SM value [32,33].

The bottom and charm Yukawa couplings have been measured from H — bb and H — cé
decays, respectively [26,34-36]. These measurements are rather challenging due to the required
jet tagging and the huge multi-jet background. An alternative for the measurement of quark
Yukawa couplings is therefore of great interest. A promising approach is to measure the Yukawa
couplings from a fit to the Higgs transverse momentum spectrum which is sensitive to the quark
flavor [40,41]. Indeed, ATLAS and CMS have already demonstrated that they can constrain y
and y. from their shape only [42,43].

In this chapter, we present a new state-of-the-art prediction for the g spectrum of Higgs
production via quark annihilation q§ — H, where we consider bottom, charm, and strange
quarks for the incoming quarks. Of these, bottom-quark annihilation is by far the dominant
process since the b is the heaviest, followed by charm and then strange annihilation. Precise
predictions for the q¢ — H process are important, since it can in principle provide direct
sensitivity to the quark Yukawa couplings from the production process. In addition, while the

49



Chapter 3 — The ¢r spectrum in Higgs Production via Quark Annihilation

cross section for bottom-quark annihilation is significantly smaller than that of gluon fusion, these
are often grouped together in experimental analyses, since they have very similar acceptances
and are a priori hard to distinguish experimentally.

For these reasons, q¢ — H production, in particular bottom-quark annihilation, has received
much attention in the past, see e.g. refs. [32,50,51,182-198]. The ¢gH form factor and hard
function have been computed up to four loops [199,200], the total inclusive bb — H cross section
to N3LO [201,202], and bb — H-+jet to NNLO; [203] (the subscript 1 on the order counting
indicates that it is relative to the H 4+ 1-parton cross section).

In ref. [2], we computed the resummed g7 spectrum for g — H at NS3LL’ order matched to fixed
NNLO and approximate N3LO.! We use soft-collinear effective theory (SCET) [102-105,204]
to resum the logarithms of ¢r/mpy. We work in the limit m, < ¢r, where we only keep the
Yukawa coupling of the annihilating quarks and otherwise take them to be massless. For bb — H,
this is commonly referred to as the five-flavour scheme. Finite-mass effects become relevant for
mg ~ qr and are thus necessary for a complete description of the small-gr region, especially for
bb — H [50,205]. Their full treatment in the resummed g7 spectrum was worked out in ref. [205]
and is quite involved. We therefore focus here on the massless limit and leave the inclusion of
finite-mass effects in the resummed spectrum to future work.

This chapter is organized as follows. We explain how the resummed results were obtained
in section 3.2, where we also discuss the general procedure for matching the resummed and
fixed-order calculations using profile scales. In section 3.3, we discuss our implementation
of the fixed-order results and the matching to them in some detail. It transpires that the
numerical size of the nonsingular fixed-order corrections depends strongly on the incoming quark
flavour. In particular, they are substantially larger for bb — H than what is commonly found
to be the case for gluon-fusion or Drell-Yan production. This requires additional care in the
matching and some refinements to the usual estimation of the matching uncertainties based on
profile-scale variations. Furthermore, we discuss the matching to approximate N3LO, i.e., to
approximate O(a3). For this purpose, we introduce a general strategy to decorrelate the singular
and nonsingular contributions at large g7, generalizing a method recently introduced in ref. [206].
This allows us to construct an approximation of the missing O(a?) nonsingular contributions
and a corresponding approximate full NNLO; result that incorporates the exact O(a?) singular
contributions, which are necessary for a consistent matching to the N3LL' result. We present our
numerical results for the resummed g7 spectrum and its perturbative uncertainties in section 3.4
and provide a summary in section 3.5.

3.2 Resummed prediction

We consider the cross section for an on-shell Higgs boson differential in the Higgs rapidity Y and
Higgs transverse momentum ¢r. Recalling the factorization theorem discussed in section 2.5.3,
we can write singular cross section as

d O.sing

avag > Hap(my; p)[Ba © By ® Sap] (wa, v, G5 1) (3.1)
a,b

1We note that, at O(a?), contributions to the subprocess qg — Hq may appear which do not feature a Yukawa
coupling y, but instead proceed via a top-quark loop. These are usually considered to be part of the gluon-fusion
process, and hence we do not include them here, instead setting y; = 0. The approximate inclusion of these effects
in the heavy-top limit has been found to have a sub-percent level effect on y; [203].
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where the kinematic quantities w,p and .y are given by

Wa,b
Ecm

+Y Y

Wg =Mmpge' ", wp=mge

and Tab = (3.2)
The process dependence is encoded in the hard function Hab(m%{, ). It describes the underlying
hard interaction producing the Higgs boson via ab — H, with the available partonic channels
being ab = {qq, gq}. At leading order, H () corresponds to the partonic Born squared matrix
element, while at higher orders it includes the finite virtual corrections to the Born process. To
perform all-order resummation, each function is first evaluated at its own natural boundary
scale(s): pm, (up,vp) and (us,vs). By choosing appropriate values for the boundary scales
close to their canonical values (see section 3.2.1), each function is free of large logarithms and
can therefore be evaluated in fixed-order perturbation theory. Next, all functions are evolved
from their respective boundary conditions to a common arbitary point (u,v) by solving their
coupled system of renormalization group equations (RGEs). For details on the resummation
procedure, we refer to section 2.5.3.

For the resummation at N3LL’ we require the N3LO boundary conditions for the hard func-
tion [199,207], and the beam and soft functions [208-212]. We also need the 3-loop noncusp
virtuality [143,208,210,213,214] and rapidity anomalous dimensions [208,209,215], as well as
the 4-loop cusp anomalous dimension I'cysp [90,216-219] and QCD S function [66-69].

3.2.1 Canonical scales and resummation in b space

The canonical boundary scales in by space are given by

virtuality:  pg =mpy, pp=>bo/br, us=0bo/br, psy=>bo/br, po="bo/br,
rapidity: VB = Mg, vs = bo/br , (3.3)

where by = 2e77E ~ 1.12291. Here, pupy, (tB,vB), and (us, vs) are the boundary scales for the
hard, beam, and soft functions, and py is the scale at which the PDFs inside the beam functions
are evaluated. The rapidity anomalous dimension must also be resummed and pyg is its associated
boundary scale. When the functions in eq. (3.1) are evolved from these scales, the evolution
resums all canonical bp-space logarithms In"[(by/br)/mg].

As shown in ref. [137], the exact solution for the RG evolution in g space in terms of distributions
is equivalent to this canonical solution in by space modulo different conventions for the boundary
conditions. Since the latter is much easier to obtain, we also use it here, as is often done. The

res

resummed singular gy spectrum, do', is then obtained as the inverse Fourier transform of the

canonically resummed b7 space result, d&res(gT),

do.res 5 . ._, da.res(gT) da.res(gT)
— = [ QPbpTrtr — 2 — 9 /db b b . 4
e / Te e m [ dbrbrJo(brar) — 3 (3.4)

With the canonical scales in eq. (3.3), the strong coupling and the PDFs inside the beam functions
are evaluated at as(by/br), which means the beam and soft functions and rapidity anomalous
dimension become sensitive to nonperturbative effects for 1/b7 < Aqep. To perform the Fourier
transform in eq. (3.4), we must therefore choose a prescription to avoid such nonperturbative
scales.

The traditional approach is to perform a global replacement of by everywhere in the bp-space cross
section by a function b*(br), which asymptotes to some fixed perturbative scale bmax S 1/Aqcep
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Chapter 3 — The ¢r spectrum in Higgs Production via Quark Annihilation

for 1/bp — 0, while away from this limit it becomes bp. An important drawback of this global b*
prescription is that it leads to much larger than necessary distortions of the bp-space cross section.
This can be avoided by applying this replacement only to the canonical scale choices [220],
which suffices to avoid nonperturbative scales. More precisely, following ref. [49], we use the p.
prescription

Bx = [ (bO/bT’ M%in) with N*(xv y) =V x? 4 y2 ) (35)

where px stands for any of pg, pg, po, pf. In principle any function p.(z,y) can be used which
satisfies p.(z — 0,y) — y and p.(z > y,y) — . Under these conditions, all scales approach
their chosen minimum value ,u%in for 1/bp — 0, while approaching their canonical values away
from this limit, as desired. Note that one advantage of this prescription is that we have the

option to choose different ,u&in values for different scales, which we will make use of for py.

3.2.2 Profile scales and matching to fixed order

Recalling the discussion in section 2.5.2, the resummed prediction is only appropriate for small
values of gy < myg. For gr ~ mpy the cross section is given by the fixed-order contribution. In
order to have description that is valid for all values of g7, we need to combine both contributions
resulting in the matched cross section

do = dares(ﬂres) + do_nonS(MFO)
= do™™ (Jires) + [ddaFO(upo) — do"M8 (upo)| - (3.6)

Now, for small values of ¢pr the nonsingular terms do™*™(upo) are small and the resummed
dominates. For qr ~ mp, the cross section is given in terms of the fixed-order contribution as
do™® (ptres) — do®™8(upo) cancels in this limit. In practice, we want to turn off the resummation
smoothly, such that the difference do*®(pires) — do*™8(uro) vanishes equally smoothly as g7 —
myr. This is conveniently achieved by using profile scales [221,222], which provide a smooth
transition for pres from canonical resummation scales to the common fixed-order scales. Here
we use hybrid profile scales px (br, ¢r) [220], which depend on both by and g7 and undergo a
smooth transition from their canonical by-dependence in eq. (3.5) to the bp-independent upo,
with the transition happening as a function of gr,

min

px (b, qr) = pix (bo /br, W) for qr < mp,
Mx(bT, qT) — UFO for qr — Mg . (37)

We choose the central scales as

KH = VB = UFO = MH,
MmX = My frun —, —Hx| 7T M) for 195.'¢ S {MB)MS)V57Mf}7
mpy mpy \br

po = e (2. ™) (3.8)

where fyu is the hybrid profile function given by [220]
fran(z,9) =1+ grn(2)(y — 1), (3.9)
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3.2 Resummed prediction

where grun(2) determines the transition as a function of © = gp/my,

1 0<x< o,

1 — @) g <o,
grun(x) — ($2—x%)($3—zl) 1 =2 (310)

(z—x3)
(@3—21)(z3—72) ro <x < w3,

0 J733£7

with the transition points z; with ¢ € {1,2,3}. The parameters z; and x3 determine the start
and the end of the transition and x9 = (1 + x3)/2 corresponds to the turning point. As a result
the scales are canonical for gr < z1mpy and the resummation is fully turned off for ¢ > x3myg.
The values are usually chosen such that the transition begins somewhere in the resummation
region and is finished by the time the singular and the nonsingular contributions are of the same
size and exhibit sizeable numerical cancellations. We will use [z1, z2, 23] = [0.1,0.45, 0.8] as our
central values as explained in section 3.3.2.

For the umm nonperturbative cutoffs we use

W = = =1GeV, =0, (3.11)

We can set me

= 0 because vg never appears as argument of ag or the PDFs. For ,u,;nin we
pick the larger of the PDF’s Q) value or a value based on the quark mass m, used by the PDF
set as threshold for the corresponding heavy-quark PDF. This choice of ,umm
into numerical noise below the scale where the heavy-quark PDFs vanish and where the results
are in any case not particularly meaningful without the proper inclusion of finite-mass effects,
Which is beyond our scope here. For the MSHT20nnlo PDF set we use, this amounts to taking
i = Qo = 1.0GeV for ss — H, pi"™ = m, = 1.4GeV for c¢ — H and umm—50GeV
for bb — H. The latter is chosen shghtly above the actual bottom-quark mass threshold

my, = 4.75 GeV to avoid numerical instabilities.

avoids running

In the fixed-order limit, we can identify purpo = pur with the usual renormalization scale for oy
and py = pp with the usual factorization scale at which the PDFs are evaluated. Our central
choices above correspond to pp = pr = mpy.

3.2.3 Perturbative uncertainties

To estimate the perturbative uncertainties, we vary the profile scales around their central values
given in section 3.2.2. Following refs. [49, 138, 223], we identify several different sources of
uncertainty, which are considered as independent and are estimated from different suitable types
of variations. The profile scales are varied as follows:

pr = pro = 2“0 my
, T
VB = JFO fé@( 1 )
mg
1 bO M§1n

T U,v for X E B’ S’ VS )
bT 2Wro fvary ):| : {/’L : }

mx = UFO fvary frun |:

min

qr 1 bo Hy
- 21UF T Y *( ) 9
nf = mmg fun |:mH mH'LL bT Qwp :|

o = s (32 ™). (3.12)
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Chapter 3 — The ¢r spectrum in Higgs Production via Quark Annihilation

To estimate an uncertainty associated with the resummation A,eg, the beam and soft scales are
varied, where the exponents v, vy, Uug, and v, are taken to be v; = {—1,0,+1} with the
central scales corresponding to v; = 0. The function

2(1 — 22 /23) 0<z<uz3/2,
fvary(x) = 1-— 2(1 - .T/xg)z £U3/2 <x S I3, (313)
1 T3 S$7

with x = gp/mp controls the size of the variations, ranging from a factor of 2 for x = 0 to 1 for
x > x3, where z3 is the same as for fyun(2z). This source of uncertainty is thus turned off for
qr > x3my just as the resummation itself is turned off. To estimate the resulting resummation
uncertainty Aes we perform 36 variations of suitable combinations of the v; and take their
maximum envelope. For details, we refer the reader to ref. [138].

For the fixed-order uncertainty Apg, we vary urpo by a factor of 2 by taking wrpo = {—1,0, +1}
everywhere. Note that Apg is not defined to be the uncertainty in the fixed-order limit but is
rather meant to estimate a common uncertainty due to missing fixed-order contributions at any
qr- It therefore contributes to both the singular and nonsingular pieces. In the resummed singular
it amounts to an overall variation of the boundary scales such that the resummed logarithms
are unchanged, which is why one can interpret it as a fixed-order uncertainty. Furthermore, we
estimate a separate uncertainty A, related to the DGLAP running of the PDFs, for which we
vary the PDF scale py by taking wp = {—1,0,+1} (where wr = 0 is the central value). In the
nonsingular and full fixed-order cross sections, this corresponds to taking puy = pp = 2“"myg.
The resulting App and A, are then given by the maximum envelope of the respective variations.
We obtain the total perturbative uncertainty by adding the individual uncertainties in quadrature,

Atotal = \/ Afo + AL+ AL + A2 (3.14)

match”

The matching uncertainty Apasen will be discussed in section 3.3.2.

Note that in the fixed-order limit, we do not use an envelope of ur and pp variations as is
commonly done. Instead, we estimate separate uncertainties Apo and A, which are added
in quadrature. By separating these two uncertainties in the resummation limit, we essentially
have no choice but to do the same also at fixed order. This is not problematic, but is in fact a
perfectly sensible choice for the fixed-order prediction — here, as in the resummation, the two
variations probe two conceptually different sources of uncertainty.

3.3 Fixed-order contributions

In this section, we discuss several aspects specific to the ¢q§ — H process we are interested in.
In section 3.3.1, we describe our implementation and validation of the fixed-order calculation
for the q¢§ — H + j process from which we obtain the nonsingular corrections. In section 3.3.2,
we discuss how we choose the transition points for the profile function in eq. (3.10), and detail
the procedure to estimate the associated matching uncertainty, which is particularly delicate
for bb — H. In section 3.3.3, we describe a general strategy to decorrelate the singular and
nonsingular contributions. Based on this, we construct in section 3.3.4 a suitable approximation
for the fixed O(a?) corrections to the nonsingular and full cross sections.

As discussed in section 2.5.2, the nonsingular corrections are obtained at fixed order by taking

dgmons dO’FO dasing

_ — , 3.15
dgr dgr dgr (3.15)
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3.3 Fixed-order contributions

where do®8 is obtained directly in momentum space from the fixed-order expansion of the
factorization theorem in eq. (3.1). Since do™™ is power suppressed, we only need it for g7 > 0.
Hence, to evaluate do™© we require the fixed-order calculation for the g7 spectrum in ¢g — H +j.
At N3LL/ we need do™© at O(a?) corresponding to the g7 — H + j calculation at NNLO;.
3.3.1 LO; and NLO;

Analytic LO; calculation

We consider the production of an on-shell Higgs boson, measuring its rapidity ¥ and the
magnitude of its transverse momentum q% = |gr|?. The underlying partonic process is

a(pa) + b(py) — H(q) + X (i, ....) (3.16)

where a and b are incoming partons and X denotes additional QCD radiation. Following ref. [129],
the cross section can be written as

/ e fae) HS) éagbfb@b) /(H ((;jrk) o )MkQ)) /((;(fd

1 - o
x (2m)6(a — ) (2m) 6D (py + pp — b — q) 6(Y lm ‘qﬂ) 5(¢ — Frf?) . (3.17)

(Pa po; {ki}, @)

Here, k =), k; denotes the total outgoing hadronic momentum, and in particular, kr = > Ei,T
is the vectorial sum of the transverse momenta of all emissions. Moreover, the incoming momenta
are given by

nt

nt
P = CaEcm7 ) ps = CbEcm? . (3.18)

The J-functions in eq. (3.17) set the Higgs boson on-shell and measure its rapidity, fixing the
incoming momentum fractions to be

Calk) = Elm (k= + ™y my + 1), Gk) = Elm (K4 ey mg +13),  (319)

and allowing us to simplify eq. (3.17) to

do d?k; -
Vg = / (H n) (2w>5+<k2>) GG EL Jo(6e) TG AN {ki}) (g — [Frl?) . (3.20)

where A(Y';{k;}) denotes the squared matrix-element

A(Y;{ki}) = [M(pa, pv, {ki}, a = pa + 16 — k)| (3.21)

For reference, we start with the LOg cross section, i.e. the cross-section for the Born process
qq — H without any QCD radiation, which can be seen in figure 3.1a. Since there is no extra
emission, the Higgs has no transverse momentum and the cross section is proportional to § (q%)
Following from eq. (3.20) we obtain

do© T

IYAE = mamB, o) ) AV () 0(di) (3.22)
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Chapter 3 — The ¢r spectrum in Higgs Production via Quark Annihilation

q
q —»—— 99000000990 g q —»—Fr-------- H
777777 H \ \{
.  —<— - H g -vwowr——— ¢
q
(a) q¢ — H (b) a7 — Hy (c) a9 — Hq

Figure 3.1: (a): Born process, (b) and (c): Feynman diagrams contributing to LO;

where
Y -y
mge mge
= = — 3.23
T Ben T B (329
and the squared matrix element is given by
m2 z, xp B>
A0 yy = fg7a o Tem 3.94
(V) = S (3:24)
For convenience we also define the partonic Born cross section 6(9) through
do© . 1 T
m = /dxa day 6O 6(wqay EL, — m%) 6 {Y ~3 In <x:>] 5(g%), (3.25)
yielding
;0 _ ™M 3.26
- 202N, (3.26)

At LOq, we have one QCD emission so the boson will have a finite transverse momentum. From
eq. (3.20) we obtain

o) a - .
; / (d 28, () fa(Ca) £u(G) AV (Y5 k) 6 (a7 — |r|?)

avded — J (27) (GBS,
—2e _
_ qr  dk T AD (v &
(471.)27611(1 . 6) /0 k— CaCbEélm fa(Ca) fb(Cb) (Y, ) k+:q%/k7 (3.27)

The type of diagrams contributing to the squared matrix element can be seen in figures 3.1b

and 3.1c. We decompose AN (Y:k) =3 AD into its contributing channels

a,b=q,q,9 * “ab

drm? (52, + mi
_ 9 o - 2 — b b g
Aq«i(k 7QT7Y) = Ac}q(k 7QT’Y) = asCr N.v? < CLSakak > 7

- — 47Tm2 32 +’I7’L4
qu(k 7Q’%7Y):qu(k 7Q’%7Y)ZQSCF : < - H) ’

(NC2 — 1)’02 —SabSak

4Arm? 82, 4+ mf
Agg(k™,¢3,Y) = Agg(k™,¢2,Y) = a,C STl G 328
qg( » 4T, ) qg( 4T ) Qs F(]\/vg—l)’()2 —SabShk ’ ( )
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3.3 Fixed-order contributions

where the s4, Sq1 and sy, are kinematic invariants that can be written in terms of £, q% and Y
as

Sab = 2Pa Dy = m%{ + 2q% + (k‘"‘ey + k_e_y) \/m%, + q% ,
Sak = —2pa - k = —q7 — kTet \/m% + ¢&,
ok = —2py - k= —qp — ke \/m¥ + 63, (3.29)

with kT = q% /k~. The limits of the k~ integral are found by constraining the PDF argument to
be between zero and one, yielding

2
k;iin = Ir - eiy \/ Q% + m%] 5
Ecm
kmax = Eem — et \/ q% =+ m%] . (330)

We implemented the analytic expression of the LOjcross section (eq. (3.27)) in the C++ library

SCETLIB [224] to obtain our phenomenological predictions.

Numerical NLO; contribution using GENEVA

For the NLO; calculation, we use a parton-level Monte Carlo calculation, which we have
implemented in the GENEVA event generator [225,226] using FKS subtractions [227]. We have
used the virtual matrix elements in analytic form, which were calculated in ref. [228] and
implemented in the GENEVA code in ref. [229]. The tree-level double-real emission matrix
elements are obtained from the OPENLOOPS library [230]. Note that often only the bb — H
process is considered. We therefore performed several internal cross checks to also ensure
the correct implementation of c¢ — H + j and s§ — H + j. At LOp, we also checked the
implementation against our analytic implementation in SCETLIB.

A powerful cross check of the fixed-order calculation is provided by the cancellation of all
singular terms in the ¢r — 0 limit in eq. (3.15). This is shown for both the O(a;) and O(a?)
corrections in figure 3.2. In both cases, the full (blue) and singular (red) results become essentially
equal for small ¢p, and the nonsingular (green) given by their difference exhibits the expected
power suppression. Note that these plots show |do/dlog;q¢r| on a log-log scale, for which an
(’)(q% / m%{) power suppression corresponds to a line with an asymptotic slope of —2 for gr — 0.
This is clearly seen at O(a;). At O(a?) this is less apparent due to the limited Monte-Carlo
integration precision at very small gr and because the nonsingular contribution contains powers
of logarithms ln"(q% / m%{) up to n < 3, which weaken the power suppression and effectively delay
the strictly quadratic scaling to smaller gr. We nevertheless observe a clear power suppression
from around 30 GeV down to a few GeV until the numerical precision becomes insufficient to
actually resolve the small but nonzero value of the nonsingular. Note that once this happens,
the result for the nonsingular should fluctuate around and be consistent with zero within the
statistical uncertainties. This is confirmed in figure 3.3, which shows the nonsingular from
figure 3.2 but on a linear y axis and including the sign.

For completeness, here we provide the analogous plots for ¢¢ — H and ss§ — H on a logarithmic
scale in figure 3.4 and on a linear scale in figure 3.5. In both cases we observe the expected
power suppression of the nonsingular similar to bb — H, which provides an important validation
of our implementation of the LO; and NLO; fixed-order results.
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Figure 3.2: Singular (solid red), full (dashed blue), and nonsingular (dotted green) contributions
for bb — H at fixed O(ay) (left) and O(a?) (right). The nonsingular exhibit the expected
quadratic power suppression for gr — 0.
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Figure 3.3: Nonsingular contributions at O(as) (red) and O(a?) for bb — H on a linear scale,
corresponding respectively to the green curves and points in figure 3.2.
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Figure 3.4: Singular (solid red), full (dashed blue), and nonsingular (dotted green) contributions
for c¢ — H (left) and s5 — H (right) at fixed O(a) (top) and O(a?) (bottom).
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Figure 3.5: Nonsingular contributions at O(ay) (red) and O(a?) (blue) for cé — H (left) and
s5 — H (right), corresponding respectively to the green curves and points in figure 3.4.
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NNLO;,

A calculation for bb — H + j has been achieved at NNLO; in ref. [203] using N-jettiness
subtractions [231,232]. This calculation uses a cut on the jet-pr > 30 GeV, which gives an
unbiased result for the gr spectrum only for gr > 60 GeV. The jet-pr cut limits the size of
residual power corrections in the N-jettiness slicing parameter, which scale with the inverse
of the smallest kinematic scale in the process. It would require substantial high-performance
computing resources to perform the full NNLO; calculation without a jet cut down to much
smaller g7 (this is also what experience has shown in case of Drell-Yan [48]). On the other
hand, the spectrum at small qr is entirely dominated by the resummed singular contributions,
while the O(a?) nonsingular corrections only give a very small correction: this does not justify
the computational cost and associated carbon footprint. In addition, we also need the NNLO;
calculations for charm and strange production, which are not presently available. Therefore, we
find it more prudent to construct an approximate NNLO; calculation, described in section 3.3.4,
that is suitable for our purposes and which is designed to give good agreement with the known
result for bb — H + j at g > 60 GeV.

Y1yq interference contributions

Starting at O(a?) there are contributions, e.g. to the subprocess gg — Hgq, that do not feature a
light-quark Yukawa coupling y, but instead proceed via the Higgs being emitted from a closed
top-quark loop proportional to 3. Effectively, these contributions amount to an interference
between real-emission corrections to the ¢q¢ — H and gg — H Born processes proportional to
YtYq- Due to their different coupling structure, they form a gauge-invariant subset and can be
considered separately from the leading yg contributions discussed here. The corresponding y?
contributions to the partonic subprocess q¢' — Hqq' with light-quark final states are part of the
double-real corrections to the gluon-fusion process.

At leading power in g7, the y;y, interference contributions are not present to all orders in o,
because the structure of the leading-power result is determined by the Born process and the
qq — H and gg — H Born processes cannot interfere with each other due to their different initial
states. In other words, their respective leading-power factorization theorems cannot interfere.
This is in contrast to the gg — H process, which does receive leading-power y;y, contributions,
from the interference of closed top and light-quark triangle diagrams at Born level which we
consider in chapter 5. As a result, these interference contributions do not enter at any order in
the resummed predictions. Instead, they are purely nonsingular and only enter via matching to
the full O(a?) results at large gr. Since our primary focus here is on the g7 — H channel and
its leading-power resummation at small g, we do not include the y;y, interference contributions,
as is also often done in the literature (see e.g. ref. [203]). If desired for phenomenological studies,
these terms can be obtained from a separate fixed NLOy calculation [192,233] and can simply
be added to our results.

3.3.2 Estimation of the matching uncertainties

Naively, one might expect the ¢qG — H process to share many features in its numerical behavior
with the Drell-Yan process. Indeed, both are quark-initiated at Born level and produce a single
heavy color-singlet state in the s channel. Therefore, both cross sections have the form of eq. (3.1)
and contain the same beam and soft functions. The only difference in the process dependent hard
function and one would expect rather similar results for these processes. Nevertheless, inspecting
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Figure 3.6: Different contributions entering the matching procedure for ss — H (left) and
bb — H (right) at NNLL+NLO. The final matched result do (solid black) is the sum of the
nominal resummed do™® (solid red) and the nonsingular do™"® (dashed green). The fixed-order
result do¥© (dashed blue) is the sum of the fixed-order singular do*"® (long-dashed orange) and
do™°™ (dashed green). Here, the canonically resummed result is denoted as do®°" (short-dashed

canon

yellow). The nominal resummed do™* transitions from do at small g7 to do*'"8 at large qr.

figure 3.6, we see that this is not quite the case. The figure shows the various contributions
entering in the matching procedure for both s5 — H and bb — H. It shows that the numerical
importance of the different contributions strongly depends on the incoming flavour. The s§
channel indeed behaves very similar to Drell-Yan (see e.g. ref. [138]): it exhibits a very small
nonsingular contribution de™" (dotted green), such that the final matched result (solid black)
is almost the same as the nominal resummed result do*®® (solid red). Furthermore, the transition
of do™®, using profile scales, from the canonically resummed result do®"°" (short-dashed yellow)
at small g7 towards the fixed-order singular do®™& (long-dashed orange) at large gr is very gentle.
The bb channel instead features a much larger nonsingular contribution, and the transition that
do™* has to undergo from canonical resummation to fixed-order singular is very pronounced.
The result of this is a much increased sensitivity to the precise choice of the transition points x;
compared to the Drell-Yan case.

This difference between the channels can be understood from the very different size of the
quark PDFs involved. At lowest order, the nonsingular receives contributions from two different
flavour channels, namely ¢¢§ — Hg and gq — Hgq (which includes g§ — Hq for the sake of
this discussion). In Drell-Yan, these two channels have opposite sign and similar size (see
e.g. ref. [129]), and thus partially cancel each other, leading to the relatively small nonsingular
corrections typical for that process. The same also happens for s5 — H. For bb — H, however,
the very small b-quark PDF suppresses the bb-induced contributions. This has two effects
leading to the observed behaviour: first, the nonsingular is dominated by the gluon-induced
channels leading to smaller cancellations. This is compounded by the fact that the leading
(NLL) contributions in the resummed are also bb induced and numerically suppressed. Both of
these effects numerically enhance the nonsingular. The second effect furthermore causes a larger
difference between (canonically) resummed and fixed-order singular. From this discussion one
would expect the ¢c¢ — H process (not shown in figure 3.6) to exhibit behaviour intermediate
between s5 — H and bb — H, which is indeed the case.

The stronger sensitivity to the (ultimately arbitrary) choice of transition points in bb — H
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Figure 3.7: Singular (solid red), full (dashed blue), and nonsingular (dotted green) contributions
at fixed O(a;) as a function of gr/my for s5 — H (left) and bb — H (right).

requires us to take greater care in choosing the transition points and in estimating the associated
matching uncertainty. Usually, the start and endpoints of the transition, z; and x3 (see
section 3.2.2) are chosen based on examining the relative sizes of the singular and nonsingular
pieces as a function of gr, as shown in figure 3.7 for s3 — H (left) and bb — H (right). The
rather different behaviour of the channels is seen again here. The ss — H channel again looks
very similar to Drell-Yan, with the nonsingular becoming important only at relatively large
gr/mp 2, 0.8, such that a typical choice for the transition points would be z; = 0.3, 3 = 0.9,
ry = (71 +23)/2 = 0.6 [49,138]. In contrast, for bb — H the nonsingular becomes important
much earlier. Based on this plot, one might take sensible central values of 1 = 0.2, z3 = 0.7,
and zg = (z1 + 23)/2 = 0.45.

The matching uncertainty Apaich is related to the ambiguity in these choices. The standard
method to estimate it is to vary x; and x3, typically by +0.1, with xo given by (z1 + x3)/2 for
any given variation. The resulting variations for bb — H are shown in figure 3.8. We first note
that this standard method leads by construction to a one-sided uncertainty above the central x3
and below the central x1, because varying xs up or x1 down can only change the cross section
in one direction. In practical applications, e.g. when propagating the x; 3 variations in a fit,
this is a rather undesirable feature. Furthermore, varying z; and z3 up (long-dashed green)
produces an unreasonably large uncertainty. The reason for this large variation, as evident from
the left plot, is precisely due to the rather large difference between the canonically resummed
and fixed-order results already discussed, between which the transition must interpolate.

We therefore adopt a somewhat different approach to estimate the matching uncertainty. We
first fix x1 to its lowest and x3 to its highest reasonable value, e.g. to their respective minimum
and maximum values one would consider in the previous approach (which are x; = 0.1 and
x3 = 0.8 in our example). We then vary the point z2 to estimate the matching uncertainty.
Conceptually, this effectively varies whether the transition happens earlier or later within the
maximal window in which the transition should occur. Here, we take xo = (21 +x3)/2 = 0.45 as
our central value and vary it within the range [0.2,0.6]. Note that the size of this range is twice
that of the 1 and x3 variations, so the total amount of variation is preserved. The resulting
variations are shown in figure 3.9.

We begin by observing that this method avoids the undesired one-sided uncertainties, although
the uncertainty is still somewhat asymmetric at any given ¢p. This is practically unavoidable,
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Figure 3.9: New variation of the transition point x5 for bb — H at NNLL+NLO. The absolute
variation in the spectrum is shown on the left, and the relative variation with respect to the
central result is shown on the right. The vertical lines indicate the central values [z1, z2, x3] =
[0.1,0.45,0.8], where z1 and x3 are fixed to their respective minimum and maximum values used
in figure 3.8. The grey band shows the variation in xo from 0.2 to 0.6.
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since it is inherent to the nature of the matching uncertainty. We can, however, choose the zo
range of variation such that the maximum up and down variations in the cross section are of
similar size, which is why we vary it further down than up. Furthermore, the xo variation yields
a much more reasonable size for the matching uncertainty. Finally, this method has the added
benefit that the matching uncertainty is now parametrized by a single variable. This makes it
much easier to propagate in practice, as it avoids having to take envelopes of different parameter
variations.

For our final numerical results, the matching uncertainty A atch is still obtained as the maximum
of the absolute impact of varying xs down to 0.2 and up to 0.6. However, this is now just for
ease of presentation and not a requirement. Since ss — H and c¢ — H are less sensitive to the
precise transition, we will use the same central values and xo variations for simplicity.

3.3.3 Decorrelation of singular and nonsingular contributions

As discussed in section 3.3.1, we wish to construct an approximate result for do¥© at NNLOy,
which we can consistently match to do™ at N3LL/. This requires that the NNLO; cross section
contains the correct singular terms do®™&, which are part of the N®LL’ result. We must therefore
approximate the remaining nonsingular part of the full NNLO;. However, at large g there is a
strong cancellation between singular and nonsingular. Thus, the two pieces are strongly correlated
and only the full fixed-order result is meaningful for large values of gr. Hence, at large qr we
should do the opposite and approximate the full result, considering the nonsingular as a derived
quantity given by the difference of full and singular. To satisfy these competing requirements,
we introduce a general method to decorrelate the singular and nonsingular contributions, which
we will then use in the next subsection to construct the actual approximation.

The basic idea behind the decorrelation of the singular and nonsingular contributions at large
gr involves shifting a correlated piece between the two [206],

do™(qr) = do®"(qr) + o™ (qr)
_ do,smg(qT) + do_corr(qT) +d0_nons(qT) - dO’COH(qT) = da_smg(qT) + d&nons<qT)7

d&sing d&nons

(3.31)

where here and below we use the notation do(gr) = do/dgr to make the gr dependence explicit.
We call d5*"8(qr) and dg"°"(qr) the decorrelated singular and nonsingular contributions. The
correlated piece do*(gr) is as of yet unspecified.

To achieve the desired decorrelation, we require the decorrelated nonsingular to become equal to
the full fixed-order result toward large gr, and as a consequence the decorrelated singular to

vanish,
d5_n0n5(qT — mH) — dO'FO(QT) s déSing(QT — mH) — 0. (3'32)

This guarantees that no cancellations occur between them. At the same time, the decorrelated
nonsingular must remain power suppressed for gr < myr, such that the decorrelated singular
still contains all singular terms,

dgahons (QT) q% ~ sing o sing q%
do-sing(qT) O(ﬂ@{) ) do (QT) =do (QT) 1+ O(m%{> . (333)
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These two conditions are equivalent to the following two conditions on do*(qr),
) d O.COrr( QT) q2
docorr N — —dosine , — T~ O<7T> . 3.34
o (QT mH) o (QT) dosing (QT) m%_[ ( )

The easiest way to satisfy these conditions might be simply to take do®™(¢gr) to be a constant,
do (qr) = —do®"8(my). This is equivalent to what was used in ref. [206], where the analogous
decorrelation was used in a similar context. In that particular case, the phase space was strictly
bounded to the equivalent of gy < mpg. In contrast, this is no longer possible in our case: the
phase space does not have such a strict boundary, and the decorrelation condition in eq. (3.31)
must hold not only at the single point ¢r = myg but for any gr 2 mpyg. In other words, we
require not only that d"8(g7) crosses through 0 at g7 = my, but also that it remains zero for

€ (gr) only corresponds to a linear power

any larger gp. Furthermore, a constant value for do
suppression of O(gr/mp). To obtain the correct quadratic power suppression of O(g%/m?%;),
the correct extension of ref. [206] to our case is to take do* /dg% to be a constant.

To achieve this, let us denote s(qr) = do/dg2 and choose Ao (gr) more generally such that

Scorr(qT) = _SSing(QT) for qr ~ My,

s (qp) = —s"8(kmy) = const. for qp < my . (3.35)

That is, s°°(g7) is given by —s*18(g7) at large qr and freezes to a constant —s*"8(kmy) at
small gy, where Kk ~ 1 is a constant of our choice. To make this a smooth transition, we can
reuse our profile functions and take

s (gr) = —s™"®[qr(gr)] (3:36)

where gr(gr) is a function of ¢p that transitions from kmpg to qr,

ar(qr) = kmy gran(qr/mu) + ¢r[1 — grun(qr/mu)], (3.37)

and grun(g7) is defined as in eq. (3.10). For simplicity, we will use the same transition points
[0.1,0.45,0.8] which we use for turning off the resummation (see section 3.2.2). Using eq. (3.36),

we arrive at our final choice for do®™ (¢qr),

qr

il do*"8[gr(q7)] - (3.38)

do_corr(qT) = —2qr $Sing [QT(QT)] =

In figure 3.10, we study the decorrelation procedure at NLO;, where the fixed-order result is fully
known. The left panel of the figure shows the correlated piece do*(qr) for different choices
of k alongside —do®*"8(q7). For gp > x3my = 100 GeV, do®™ (¢r) exactly equals —do*"8(gr),
while going to lower g7 it starts to deviate and eventually turn around and vanish linearly for
gr — 0 as required by eq. (3.38). The correlated contribution itself depends strongly on the
choice of k, which determines where it effectively freezes out and turns around toward 0. Note
also that by construction this dependence cancels exactly, such that the full result at this order is
independent of k. The actual choice of k could in principle influence our NNLO; approximation,
but essentially does not do so, as we shall see in the following subsection.

The right panel of figure 3.10 shows both the original, correlated singular (solid grey) and
nonsingular (dotted grey) as well as the decorrelated singular (solid red) and nonsingular (dotted
green) for k = 0.6. Since they each sum to the fixed-order result (dashed blue), the correlated
terms clearly exhibit a large cancellation for large qr ~ mpy. In contrast, the decorrelated
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Figure 3.10: Decorrelation of singular and nonsingular at NLO;. Left: Correlated contribution
for different choices of & (coloured lines) and its large-gr asymptotic value —do*"# (black). Right:
Decorrelated singular (solid red), full, (dashed blue), and decorrelated nonsingular (dotted green)
for k = 0.6 at fixed NLO;. The original, correlated singular and nonsingular are shown by the
dotted and solid grey lines.

singular goes to zero for gr ~ my, while the decorrelated nonsingular (dotted green) becomes
equal to the full fixed order. This confirms that the decorrelation works as expected, and that
dé"°"s and d&s'™® no longer exhibit strong cancellations. We will therefore use £ = 0.6 for
bb — H. Since the strong cancellations between singular and nonsingular occur successively
later for cc — H and s5 — H, as we saw in section 3.3.2, we will use higher values k = 0.7 for
c¢c — H and k = 0.8 for s5 — H.

3.3.4 Approximate NNLO;

Using the decorrelation method explained in the previous section, we are now in a position to
construct an approximate NNLO; result as

dO’FO(qT) _ d&sing(qT) + da_nons(qT) _ do,sing(qT) + do,corr(qT; :‘Q) + da,l’lOnS(qT; :‘i), (339)

where we made the dependence on « in the last two terms explicit. We now need to approximate
the unknown O(a?) contribution of d5"°"(gr). To do so, we decompose dG"*™ at the fixed
scale pur = pup = my in terms of perturbative coefficients ¢;(qr),

da""(gr) = |ys(mu)? [as(mH) &i(qr) + o (mu) éa(qr) + o2 (mpy) &(qr) | | (3.40)
where ¢1(qr) and é(gr) are known, and our goal is to approximate ¢3(qr). To get the correct
power of logarithms for ¢3(qr), we perform a Padé-like approximation

> 2
e ar) = K 2L (3.41)
where we use the constant factor K to rescale this result such that its overall size agrees with
ref. [203]. When using this approximation in eq. (3.39), we refer to the result as aNNLO;.
To determine an appropriate value for K, we consider the ratio of our approximate O(a?)
coefficient to the exact result shown on the right in figure 3.11. The exact O(a?) coefficient is
obtained by subtracting NNLO;—NLO;, where we can read off the ratio NNLO;/NLO; from

66



3.3 Fixed-order contributions

[T rr[rrrprrrprri LI T T T T T T ] 4 _—' LN LI LI L L L L L LI LI L LI T I—_
L 35 NNLO; /NLO; ] - approx. O(a?)/exact O(a?) ]
3 E 3F 1 .
L2F 1 1 i 1 E 2f -
2 - i . 8 r ]
= r — + r ]
g L1 £ AR S |l EEEEEE SR EE SECEnD ShCEEL SERCLY SEECEED —
1.0 “§ aNNLOy(K =1) 3 of ] K=1 1
F ¢ aNNLO((K = 0.75) 3 C _ ]
09§ exact NNLO;(MCFM) ] b b K =075
0.8 C11 | 111 | 111 | 111 | 11| | 111 | L1 : 111 I 111 | 111 | 111 | 111 | 11 1 | 11 1 :

60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200

qr [GeV] qr [GeV]

Figure 3.11: Comparison of the exact NNLO; results from ref. [203] at large ¢ to our approxi-
mation. Left: Ratio of NNLO;/NLO; for the exact result (green) and the approximate result
with K = 1 (blue) and K = 0.75 (red). Right: Ratio of the approximate and exact O(a?)
contribution for K =1 (blue) and K = 0.75 (red). The uncertainties in all cases correspond to
the scale variations.

the results shown in ref. [203]. As already mentioned, ref. [203] uses a cut on the leading jet
pr > 30GeV, so we can only use their results for g7 > 60 GeV. For this purpose we use the
same inputs as ref. [203], i.e., up = my/2 and the CT14nnlo PDF set. To extract a value for
K, we perform a simple x? fit to this ratio as a function of K, requiring that the ratio is unity.
Since the kinematic region we are interested in is ¢y < mpy, we use the first four points for
qr € [60,140] GeV. Note that in this region the ratio is well approximated by a constant, which
shows that the approximation in eq. (3.41) captures the gy dependence well. We find K = 0.75,
which we will use as our default value. We refrain from including an uncertainty on K, since it
would be negligible compared to the nominal perturbative uncertainties.

The left panel of figure 3.11 shows the ratio NNLO;/NLO; for the exact NNLO; result from
ref. [203] (green) as well as for our approximate aNNLO; for K = 1 (blue) and our default
K = 0.75 (red). The uncertainties correspond to varying ur and pp by a factor of 2. For
our default K, we find very good agreement in the region of interest qr < my between our
approximation and the exact results.

We then use the same value of K also at lower values of gr as well as for the s - H and
c¢¢ — H channels and our default PDF set. That is, we effectively use our approximation to
extrapolate the exact results from ref. [203] to lower g7 and the other channels and PDF.

The coefficients ¢;(gr) depend on the choice of k. For the exact coefficients, the x dependence
exactly cancels between the last two terms in eq. (3.39). However, when using the approximate
3™ (gr), the k dependence will no longer cancel exactly. The residual x dependence of the
alNNLQO; result is shown in the left panel of figure 3.12. Happily, we find that the approximate
result is practically independent of the value of k. In the right panel of figure 3.12, we illustrate
the decomposition of the approximated full result for our default choice £ = 0.6 into the

decorrelated singular and nonsingular pieces.

To obtain the correct scale dependence for the approximated result, we re-expand ag(my) and
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Figure 3.12: Decorrelation at aNNLO;. Left: The resulting full fixed-order order cross section for
different values of . Right: Decorrelated singular (solid red), full (dashed blue), and decorrelated
nonsingular (dotted green) for k = 0.6.

yp(mypr) in terms of as(pug), which yields

dzonns = |yb(MR)|2{Oés(MR) é1lqr) + 2 (ur) [éz(qT) + 2%(,80 — ) In :LZ]
+a3(ur) {@(qﬂ + [Cg(g) (B —m) + Cz;ff) (260 — ’yo)] In :TZ
+ 618(735) (265 — 300 +15) In? :jl] } ; (3.42)

where (3, and -, are the relevant coefficients of the QCD beta function and the Yukawa anomalous
dimension which are given in appendix B.1. The ur dependence in the approximated result is
therefore exact, and we are able to vary pug without further approximation.

For the ur dependence, for simplicity we perform the approximation for é3(gr) in eq. (3.41) in
terms of ¢1(¢gr) and ¢2(qr) at any given pup, using the same rescaling factor K as for the central
pr choice. This means we will only have an approximate ur dependence at O(a?) that only
approximately cancels up to higher O(a?) terms. This will lead to slightly larger px variations
compared to the exact O(a?) ur dependence, which we can simply consider as an additional
uncertainty due to the approximation.

3.4 The ¢r spectrum at N*LL’+aN3LO

In this section, we present our numerical result for the ¢q¢ — H qr spectrum. We use E., =
13TeV, my = 125GeV, and the MSHT20nnlo PDF set [234] with as(mz) = 0.118. We assess
the impact of changing the PDF set in appendix D. For the Yukawa coupling we evolve
Mq(pg) to pro where py, . = My . for the bottom and charm quarks and p, = 2GeV for the
strange quark. The input MS quark masses are (M) = 4.18 GeV, m.(m.) = 1.27 GeV, and
ms(2GeV) = 93.4MeV [19], and we use v = 246.22 GeV for the Higgs vev to convert the masses
into Yukawa couplings. Our scale choices are described in sections 3.2.1 and 3.2.2. All our
numerical results for the resummed and fixed-order singular contributions are obtained with
SCETLIB [224]. The full fixed-order results are obtained as discussed in sections 3.3.1 and 3.3.4.
For the aNNLO; result we use the parameter K = 0.75.
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Figure 3.13: Resummed g7 spectrum up to N3LL/4aN3LO for bb — H (top row), c¢ — H
(middle row), and s5§ — H (bottom row). The results for the spectrum are shown on the left.
The results normalized relative to the best central value at N*LL/+aN?LO are shown on the
right.
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Figure 3.15: Breakdown of the perturbative uncertainties into its different contributions for
bb — H at NNLL+NLO (top), N°LL+NNLO (bottom left), and N*LL/4-aN3LO (bottom right).
Note the different scales on the vertical axes for each plot.
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3.4 The ¢r spectrum at N3LL’+aN3LO

In figure 3.13, we show the resummed g7 spectrum for bb — H (top), c¢ — H (middle) and
55 — H (bottom) at different resummation orders up to the highest N3LL'+aN3LO. The bands
show the perturbative uncertainty estimate as discussed in section 3.2.3. We observe excellent
perturbative convergence for all channels, with reduced uncertainties at each higher order. The
perturbative uncertainties increase in general from s5 — H, to ¢c¢ — H, to bb — H. Comparing
the ratio plots for s§ — H and bb — H it is evident that the relative uncertainties for bb — H at
a given order are of similar size as those for ss — H at one lower order. As already mentioned in
section 3.3.2, the main difference between the channels is the relative size of the PDF luminosities.
Since for bb — H, the bb Born channel is numerically suppressed by the small b-quark PDFs, the
gluon-induced PDF channels which start at one higher order play a much more prominent role.
This explains the observed pattern of uncertainties for the different cases. We also want to point
that plot showing the bb — H ¢ spectrum in figure 3.13 is only shown for ¢r > 5 GeV. With
the bottom mass my = 4.18 GeV our assumption of m, < g7 and therefore our factorization
theorem are no longer valid for ¢r < 5 GeV and we would have to include proper mass effects.
In fact, we can already see for g7 ~ 7 GeV that highest-order prediction is no longer included in
the lower uncertainty bands which indicated that the subleading-power mass effects should be
included at this order. For the c¢ — H and ss — H channels this is less of a problem due to the
lighter quark masses.

Our default choice for the PDF scale py corresponds to taking pp = mpy in the fixed-order
limit. Fixed-order predictions for bb — H traditionally use a lower scale of pur = my/2 or
pur = mpyg/4, so one might wonder whether the uncertainties for bb — H might be reduced
by choosing a lower central value for pup. For completeness, we therefore also give results for
bb — H at these lower values for the central factorization scale. We implement this by taking
wp = —1 or wp = —2 as central choice in eq. (3.12). Figure 3.14 shows the convergence of the
resummed contribution to the g7 spectrum at NLL (yellow), NNLL (green), N3LL (blue), and
N3LL' (red) for pup = mpy/2 (left) and pp = my /4 (right). While the convergence pattern of
subsequent orders is acceptable in all cases, both the corrections and perturbative uncertainties
are somewhat larger for pp = mp /2 than for up = mp, and substantially larger for up = mg /4.
In our context these lower choices are therefore clearly less preferable.

A detailed breakdown of the uncertainty estimate for bb — H is shown in figure 3.15. The Ay,
uncertainty (short-dashed green) dominates up to gr < 20 GeV before tending to a constant for
gr 2 80GeV. At NNLL+NLO the matching uncertainty Aateh (long-dashed purple) is largest
for 30 GeV < gr < 80 GeV and vanishes outside of the transition region as it should. At higher
orders, the resummation uncertainty A,es (solid orange) dominates in this region before going to
zero as the resummation is turned off toward large qr. As one might expect, at the same time
the fixed-order uncertainty Apo (dashed blue) increases and becomes the dominant uncertainty
in the fixed-order region.

In figure 3.16, we show the impact of the individual uncertainties for c¢c -+ H and s5 — H. In
general, they display a behaviour very similar to bb — H. The main difference between the
processes is the size of the resummation and the matching uncertainty. The matching uncertainty
is slightly smaller for bb — H; this is to be expected, since we chose our transition points in
section 3.3.2 for this specific case. On the other hand, A, is smaller for c¢ — H and ss — H.
The total uncertainty for s§ — H is therefore dominated by Apaten for 30 GeV < gr < 70 GeV.
For c¢ — H, Apaten has the largest impact at N?LL+NNLO whereas at N3LL'4+-aN3LO A
contributes the most. The fixed-order uncertainty starts to dominate the total uncertainty
slightly earlier than for bb — H as the other contributions are in general smaller.

In figure 3.17, we compare the normalized gr spectra for ss — H (red), cc — H (blue), and
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Figure 3.16: Breakdown of the perturbative uncertainties into its different contributions for
cé — H (left) and s5 — H (right) at N3LL+NNLO (top) and N3*LL/4+-aN3LO (bottom).
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3.5 Summary and Outlook
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Figure 3.17: Comparison of the normalized ¢r spectrum for s5 — H, c¢ — H, bb — H and
gg — H at NNLL+NLO (left) and N3LL'4+aN3LO (right). The gg — H channel is only included
at N3LL/+NLO

bb — H (green). We also included the gluon fusion contribution (gg — H) in yellow. The left
panel shows the spectra at NNLL+NLO, where one can already see that the spectra of the
channels exhibit different shapes. At this order however the uncertainties largely overlap in the
peak region. The right panel shows the spectra at N®LL/4-aN3LO. Here, the uncertainties are
significantly smaller and we can clearly distinguish the channels by their different shapes in ¢p.
Just as before the plot is only shown for gr > 5 GeV. Below this value of gr bottom-mass effects
become relevant and our factorization theorem is no longer valid. A prediction for gr < 5 GeV
would therefore not be reliable. The gluon fusion prediction exhibits a slightly different shape
with a much broader peak and be clearly distinguished in both plots. This difference in the
shape is due to the different color factors in the Wilson coefficient of the hard function. The
quark induced channels come with a C'r whereas the gluon induced contribution comes with a
C'4 instead. We want to point out that the gluon fusion contribution looks much smaller then
the quark initiated channels. This is due to the normalization.

Our predictions could therefore be used to improve the determination of quark Yukawa coupling
from the shape of the measured Higgs qr spectrum — such an analysis has already been performed
in refs. [42,43], using measurements in the H — ZZ* — 4¢ and H — -7 decay channels.

3.5 Summary and Outlook

In this chapter, we have studied the transverse momentum spectrum of the Higgs boson produced
in heavy quark annihilation, ¢¢ — H with ¢ = s,¢,b. This is an interesting process, as it has
the potential to constrain the Yukawa couplings of charm, bottom, and possibly strange quarks.
We have used soft-collinear effective theory to resum large logarithms of ¢7/mpy up to N3LL/
order and matched these results to fixed-order calculations. For bb — H and to a lesser extent
cc — H, the large size of the nonsingular terms requires extra care in the matching procedure
and the estimation of matching uncertainties. Accordingly, we introduced some refinements to
the standard method when using profile-scale variations, which could also be useful in other
contexts. It consists of fixing the extreme profile function transition points and varying instead
the central point over a wider range. This leads to an uncertainty estimate without one-sided
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uncertainties, and which in our case avoids being overly conservative.

We have constructed an approximation of the g7 spectrum at fixed O(a?2), which we have used to
extrapolate from existing NNLO; results for bb — H + j for ¢r > 60 GeV to smaller g7 and other
flavour channels. This is based on introducing a decorrelation procedure to ensure the correct
cancellation between singular and nonsingular terms at scales g ~ my, and then approximating
the O(a?) nonsingular piece. This allows us to achieve a final accuracy of N3LL/4+aN3LO for
the gr spectrum. Owur results display good convergence properties from order to order, and
constitute the highest available accuracy for these processes. As we have seen in figure 3.17, at
the highest available order the uncertainties are significantly reduced, such that the different
flavour channels are clearly distinguishable by their different shapes in gr. Our predictions could
therefore be used to improve the determination of Higgs Yukawa couplings from the Higgs qr
spectrum as carried out in refs. [42,43].

Our treatment of the q§ — H process in this work has neglected finite quark-mass effects,
which are relevant for ¢r ~ m, and are thus an important consideration especially for bb — H.
The inclusion of these terms in the resummation formalism has been derived for the Drell-Yan
process in ref. [205], and the extension to our case would be relatively straightforward. It would
also be interesting to investigate in more detail the impact of the resummation of time-like
logarithms in the ¢ggH hard function on the resummed g7 spectrum, as it has been shown to have
a nontrivial impact on the inclusive bb — H cross section [207]. Further, we used scale variation
to estimate our uncertainties. These uncertainties often fail to capture the next higher order, i.e.
they underestimate the uncertainties at the given perturbative order. More importantly, scale
variations do not contain any information about the correlations between different uncertainties.
These correlation are important for experimental analysis. A promising method that fully
captures the correlations of different sources of uncertainties are theory nuisance parameters
(TNPs) [235]. It would be interesting to see how the uncertainties change if we use TNPs
instead of scale variations. Finally, we have only considered the gp spectrum for inclusive Higgs
production here. Experimentally required cuts on the Higgs decay products induce fiducial power
corrections [138,236], which were found to be important in case of gg — H production [44]. It
would thus be interesting to investigate their importance also in case of gq¢ — H. These topics,
however, are beyond the scope of this thesis.
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Chapter 4

Resumming transverse observables
in GENEVA

In the previous chapter, we presented a new high-precision prediction for the transverse momen-
tum spectrum of quark initiated Higgs production. However, in practice the experimental data
looks quite different from the analytically calculated spectrum. Often, the final-state particles
cannot be detected directly and can only be reconstructed from their decay products. Event
generators are important tools in particle physics as they simulate the full evolution of a collision.
This includes the hard interaction process as well as hadronization, parton showers and decays to
the color-neutral hadrons which are detected. In this chapter, we present the full implementation
of the q¢ — H process in the event generator GENEVA [225,226]. We choose the transverse
momentum g and 1-jettiness as resolution variables to distinguish events with zero, one or two
and more jets which we resum to NNLL’ and NLL' accuracy. This presents a first step towards
NNLO+PS in GENEVA for the qg — H process and is —to our knowledge— the first time that
the generalized 1-jettiness variable is resummed beyond leading logarithmic order.

This chapter is based ref. [6] reflecting the author’s contribution. Compared to ref. [6], we
shortened section 4.3 and give preliminary results of the gr and Ty spectra. Additionally, we
extended the discussion section 4.4.1.

4.1 Motivation

The state-of-the-art for predictions matched to parton shower generators is currently next-to-
next-to-leading order (NNLO+PS). Two main approaches exist to achieve this accuracy [237,238],
while a third, rather different approach, is currently under active development [239]

An interesting question relevant to the construction of NNLO+PS generators concerns the choice
of resolution variables, which partition the phase space into jet bins of differing multiplicity.
These resolution variables must be resummed to high logarithmic accuracies. While many choices
are in principle possible, the predictions for exclusive observables will depend on this choice,
naturally introducing a source of systematic uncertainty. A natural way to gauge the size of
this uncertainty would be to compare the predictions of generators constructed using the same
method but different resolution variables. In addition, the availability of higher-accuracy parton
shower algorithms [240-243] means that one may wish to explore novel variable choices to ensure
the preservation of the shower accuracy in matching.
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In this chapter, we implement a new combination of resolution variables in the GENEVA approach.
The original formulation of GENEVA [225] used the zero- and one-jettiness [140] to separate the
phase space into zero, one and two or more jet bins. Here zero- and one-jettiness take care of the
separation between 0/1- and 1/2- jet bins respectively, and indeed many electroweak processes
have since been examined in this context [226,229,244-248]. The jettiness variable has the
advantage of considerable simplicity, admitting a simple factorization structure in SCET-I which
faciliates resummation [141,249]. The factorization of N-jettiness was discussed in section 2.5.4.
However, the fact that the usual definition of the jettiness involves an invariant mass-like measure
complicates the matching to commonly employed parton shower algorithms, which tend to be
ordered in transverse momentum. An alternative formulation using the colour-singlet transverse
momentum g7 to separate the 0/1-jet bins was studied in Ref. [250], with g7 resummation at
NS3LL provided by the RadISH formalism [251,252]. The 1/2-jet separation variable remained,
however, the one-jettiness. In Ref. [253], a generator for W+ W™ production was constructed
using the hardest and second-hardest jet transverse momenta as variables and SCET-based
resummation [223,254]. With these choices, the need for truncated showering techniques [255]
in GENEVA could be overcome.

The new class of generators we initiate in this work uses transverse observables to separate all jet
bins, as in Ref. [253]. We use ¢r as the primary resolution variable, though exploiting analytic
SCET-II resummation provided by SCETLIB [224] rather than the RadISH approach previously
taken. As a secondary resolution variable, we choose a generalization of the one-jettiness
which uses a transverse momentum-like measure. Though the definition of this observable was
introduced in the original N-jettiness paper over 14 years ago [140], to our knowledge this is the
first time that its resummation has been accomplished beyond leading logarithmic order. ! The
observable is interesting not merely because it facilitates matching for color singlet processes, but
because of the promise it holds for achieving NNLO+PS matching for color-singlet production
in association with additional jets. The work we present here takes a very first step in this
direction, achieving resummation at NLL/'.

As a case study, we consider the production of a Higgs boson through bottom-quark annihilation
bb — H. The qr resummation for this process was discussed in detail in the previous chapter.
An NNLO+PS generator for the bbH process was constructed in Ref. [257] using the MINNLOPS
formalism. As detailed in e.g. Ref. [40], measurements of the Higgs boson ¢ spectrum could
be used in conjunction with precision theory predictions for bbH to extract a value for the
bottom Yukawa coupling y,. Generalizations to other color-singlet processes are in principle
straightforward.

The rest of this chapter is arranged as follows. In section 4.2, we provide a brief overview of the
GENEVA method. In section 4.3 we briefly review the definition of the generalized jettiness. We
present NNLL’+NLO results for the g7 spectrum and NLL’4+NLO results for the 77 spectrum
for bbH in section 4.4 which present the first steps towards an NNLO+PS prediction with these
resolution variables and summarize our results in section 4.5.

4.2 The GENEVA method

The GENEVA method [225, 237] relies on defining infra-red (IR) safe events at a specific
perturbative order, which are obtained from both fixed-order and resummed calculations. This
is achieved by converting IR-divergent final states with M partons into IR-finite final states with

!We note that a similar generalization of the jettiness has more recently been proposed in Ref. [256].
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4.2 The GENEVA method

N partonic jets, where M > N, ensuring that the divergences cancel on an event-by-event basis.
This conversion is performed using an N-jet resolution variable r which divides the phase space
into regions with different numbers of resolved emissions: ®3 where there is no additional jet,
®; with one jet and ®5 with two or more jets in the final state. Then, the 0-jet cross section
contains all 0-jet events and all events with ry < r§", i.e. where the additional jet is unresolved.

The differential cross section with no extra emission is given by

dJNNLL’ dO_NNLL/

cuty __ _
(ro™) = 4o, 4o,

do}t©
d®g

NNLOg
+ (Bo + Vo + Wo)(Pg)
ddq

+ / T%(Bl + V1) (®1)0[ro(®1) < r§™]

+/3§2)BQ(<I)2)9[7'0(@2) < T'Sut], (4.1)

/. . / . .
NNLL" i5 the resummed cross section at NNLL/ and doNNLL INNLO, is its fixed-order

expansion. Bjs contains the tree-level contributions with M partons in the final state, Vi, the
M-parton one-loop contributions and Wy the two-loop contribution. We also introduced the
short-hand notation

where do

dd
T(pM = d® 5[0y — DN ()], (4.2)
N

which indicates an integration over the part of the ®;; phase space that can be reached from a

® point. The differential cross sections with one additional jet has two contributions: the one

above 7“8‘“

do.%/[C ¢ ¢ O_NNLL’ dO_NNLL’
cut, ,.cuty _ P - P
d(I)l (TO > TO 1 ) d(I)odTOP( 1) dq)(]d’r‘o P( 1)

+ (B + v{f)(cpl)}
NLO;
x Uy (@1, r$")0(ro > r§™)

+/ d®,

oy

Ba(®2)0(ro(®2) > r§"™)0(r1 < r§™)

d®,

— = Ca(P2)0(ro > 15")
do¢ 0

— By(@) UM (@1, 15")0(rg > r§™), (4.3)

and the nonsingular terms below r§"* which arises from non-projectable configurations

L (rg < r§"75™) = (B1 + V1)(®1) O ($1)0(r0 < ™). (4.4)
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Similarly, the cross section for two or more jets is given by

dgg/IQC . . NNLL/ doNNLL o
= cut. cuty _ dq) — o B o
10, (ro > 75" >7r1") d@odrop( 1) Wodrg P(®1) + (B + Vi) (1)
NLO;
x Uy (®1,71)0(r >7“C“t’ P(D2)0(ry > r{™
1(P1,71)0(ro > 7§ )%:q’q(%) (2)0(r1 > ri™)

+{Ba(@)1 - O (@)0(r1 < 1)

= Bi@)U (@, 1) P(@2)0(ry < )}

X (9(7’0(@2) > T'Sut), (4.5)
and
dag/[ QC cut cut ar cut cut
T{;Q(ro >rgtr <rft) = BQ(@Q)@map((DQ)G(T]_ <r{")0(ro(P2) > rg™). (4.6)

In the above equations, U;(®y,r{"") denotes the NLL Sudakov factor that resums 7" and
Uy (®y,r§") is its derivative with respect to r{". The terms Ul(l)(fIJl, r€ut) and Ul(l) "(®q, rut)
denote their respective O(a;) expansion.

The projection

AP,
a®]

= d®26[®1 — 7 (P2)]O"(P2), (4.7)

is used to generate 1 — 2 events, where ©"(®2) defines the region of ®, that can be projected
onto the ®; via the map ®7(P2). The mapping is constructed in such a way that it preserves
the value of rg

ro(®@1(P2)) = ro(P2), (4.8)

which crucial to ensure the cancellation of the singular ry dependence on an event-by-event basis
in eqs. (4.3) and (4.5). The V¢ term is given by

do
VE = V(@) + / —2Cy(D2), (4.9)
d®g
where Cy acts as a standard NLO subtraction that reproduces the singular behaviour of Bs.
We need to extend the dependence of the resummed cross section from an N-jet to an N + 1-jet

phase space. This can be achieved by using a normalized splitting function

dq)]\7+1
—— " P(d =1. 1
/d@NdrN (@) =1 (4.10)

The differential dependence on ® 41 is included in terms of rn and two other variables. These
could, for example, be an energy fraction z and an azimuthal angle .

Additionally, we are using an extension of the GENEVA method, developed in [253], which
provides better control over the resummation of variable r;. Using an NLL Sudakov factor in
egs. (4.3) and (4.5) does not account for all singular terms in the r; — 0 limit. This can be
solved by upgrading the resummation accuracy of r; to NLL'. Then the 0-jet exclusive, 1-jet
exclusive and 2-jet differential cross sections are given by
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4.3 One-jettiness with generalized measures

NNLL! NNLL/
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LO
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NLO;
dol0z doNH g N,
_ o /] > cut 4 > cut
T !dcpldn ab, dry| | P12 0 = r)otr = 10t
LO2
LO> )
+ gy < 100 > ™), (413)

which reproduce the exact NNLL/’ spectrum for the rg resummation. We have also introduced
the following short-hand notation

doNLOo dd,
d®, (75 )ZBO(CI’O)JFVO(‘I’O)Jr/df@OB1(<I>1)9(ro < 79), (4.14)
dgNLO1 do
U =Ba(®1) + Vi(@y) + [ T Ba@2)0(n < ), (1.15)
dolO2
=Ba(®s). (4.16)

The contributions eqgs. (4.4) and (4.6) which arise from the non-projectable configurations, are
denoted by a subscript “nonproj”.

In this chapter we use rg = g where ¢r is the transverse momentum of the Higgs boson, and
r1 = T1 is the 1-jettiness observable.

4.3 One-jettiness with generalized measures

In section 2.5.4, we discussed the definition of N-jettiness with an invariant mass-like measure.
However, it was already pointed out in the original N-jettiness paper [140], that the definition
in eq. (2.161) can be extended to use generic measures in each beam or jet region. Moreover,
N-jettiness can be thought of not merely as an event-shape, but as a way to define an exclusive
jet algorithm which partitions the phase space into two beam and N jet regions, to which
emissions are assigned. The measure factors which are used to assign emissions to each region
need not be identical to the value which the observable returns. In general, therefore, we must
define separate distance measures d,,(p;) which, when minimal, assign an emission i to one of
the N42 regions m:

Tn ({fm}) = ZPT,z‘ min {di (p;), . .., dn(pi), da(pi), do(pi) } , (4.17)
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and the resulting observable f,,, which is returned by that emission once it falls into the region
m7

= fm(mi, ¢0)pra (4.18)
1Em

where 7;, ¢; and pr; denote the pseudorapidity, azimuth and transverse momentum associated
with 7. The determination of the jet axes may be performed either by running an inclusive jet
algorithm (e.g. anti-kr) over the final state, or by a minimization of the N-jettiness over all
possible axes,

Tw = min Ty ({im}) (4.19)

N1, AN

The latter definition has the advantage of guaranteeing insensitivity to soft-recoil effects, whose
correct treatment require the introduction of additional transverse momentum convolutions
in the factorization formula. At one-loop, it is equivalent to using the winner-take-all (WTA)
axis [258], in that the jet direction is determined solely by the ‘hardest’ emission.
This generalized definition of the N-jettiness has also been well-studied in the literature, and the
choice of the measures has important consequences for the structure of the factorization. The
XCone algorithm implements precisely the procedure described above to act as an exclusive jet
algorithm, and in that context an number of different measure choices have been studied [259].
Ref. [260] completed the study of factorization types (i.e., all possible combinations of SCET-
I/SCET-II measures for beams and jets) and provided the one-loop soft functions relevant
for colour singlet production in association with a single jet. In addition, the N-subjettiness
observable, introduced in ref. [261] as a way to study jet substructure, uses choices of the f,
which are transverse momentum-like by default.
In this work, we will make specific choices for both the d,,, and f,, and use N = 1, thus defining
a generalized one-jettiness observable which we refer to as 77. Specifically, we choose the
conical measure [259,262] for the region assignment, which (for isolated jets) clusters in a manner
equivalent to the anti-k7 algorithm:

R?
do(pi) = 1, dm>1(pi) = ngn (4.20)
In the above equation, we have defined a single beam measure,
do(pi) = min{da(pi), dp(pi)} , (4.21)
and introduced the distance
Rim = /(0 — 1m)? + (¢ — 6m)? (4.22)
and (constant) jet radius R. For the measurement itself, defining
i for d i) < d i),
T = Z pr,i fB(n B(pi) < dj(p:) (4.23)
pTsz(% z)7 for d;(pi) < dp(pi),
we choose the boost-invariant generalization of broadening [260,263] for the jet region,
F1(ni, di) = v/2cosh(n; — ) — 2cos(¢s — )
=R, (4.24)
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where the distance is measured with respect to the jet axis J, and the transverse energy for the
beam region,

fe(m)=1. (4.25)

Both observables are of SCET-II type — the setup described above corresponds to one of the
choices made in ref. [260], for which the one-loop soft function was calculated. It was shown in
that work that the cross section then factorises as

dq()if-(;]-l B HH((I)b ,U) / <1;[ dkn) Sl (7—1 a EZ: ki, {nm}a {dm}a s :)

14 v 14
X Bna (kav La, K,y (U) Bfib (kba Ty, W, (Ub) Jnj (k]) 122 w) ’ (426)
a J

where the channel index k = {kq, Kp, K} Tuns over all possible flavours of incoming and outgoing

partons. The RGEs as well as the ingredients need to resum eq. (4.26) to NLL’ accuracy are
given in ref. [6].

4.4 Results

In this section, we present our numerical result for the bb — H ¢r and 77 spectra. We use
E.n = 13TeV, myg = 125 GeV. For our final resummed predictions, we use the MSHT20nnlo
PDF set [234] with ags(myz) = 0.118. For the validation we use CT14NNLO PDF set [264] with
the same value of ;. For the Yukawa coupling we evolve my(my) to pro. The input MS quark
mass is given by are () = 4.18 GeV [19], and we use v = 246.22 GeV for the Higgs vacuum
expectation value to convert the masses into Yukawa couplings. The transverse momentum qr
as well as the 1-jettiness variable are resummed in SCETLIB which we linked to GENEVA.

4.4.1 Validation

We validate our implementation of bb — H against implementation in MCFM [203]. For this
comparison, we use up = myg and purp = myg/4. In figure 4.1, we show the NLO rapidity
spectrum. The central values of the MCFM results are shown in green. Our fixed-order NLO
implementation is shown in blue. This contribution was tested extensively for the use as the
fixed-order prediction in ref. [2]. The resummed NLL’+NLO contributions are shown in red. As
the rapidity distribution is an inclusive distributions, all three distribution have to agree. Indeed,
in figure 4.1 we find good agreement between MCFM as well our fixed-order and resummed
prediction. The error markers correspond to statistical uncertainties. On the right panel of
figure 4.1, we show the deviations from the MCFM distribution in percent. In this plot the
agreement of the different contributions is particularly apparent.

In figure 4.2, we compare our implementation of NNLL’+NNLO rapidity spectrum shown in blue
against the the NNLO spectrum provided by ref. [203] shown in red. We find good agreement
across all bins.

4.4.2 Resummed ¢r and 7; distributions

The gr spectrum at NNLL'4+NNLO accurary is shown in figure 4.3. In the right panel, we
show the spectrum with 7; resummation (red) and without 7; resummation (blue). The left
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GENEVA
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Figure 4.1: Comparison of rapidity distributions of the Higgs boson. The GENEVA predictions
are shown in red (NLL’+NLO) and blue (NLO). The MCFM prediction is shown in green. The
right panel shows the deviation from the MCFM distribution.
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Figure 4.2: Comparison of rapidity distributions
GENEVA prediction is shown in blue. The MCFM prediction is shown in red. The right panel
shows the deviation from the MCFM distribution.
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Figure 4.3: Resummed g7 spectrum at NNLL'+NNLO with and without 77 resummation.
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Figure 4.4: Resummed Higgs ¢r spectrum at NNLL'+NNLO and NLL'+NLO.

panel shows the deviation from the 77 resummed spectrum. As expected, we find that the
resummation of 77 does not affect the gr spectrum. Figure 4.4 shows the Higgs ¢r spectrum.
The NNLL/+NNLO contribution is shown in blue and the NLL'+NLO contribution in red. The
central values shown in this plot have been validate using the SCETLIB results from the previous
chapter. A result including all uncertainties for both orders is currently under preparation.

In figure 4.5, we show the 77 spectrum where the red curve shows the resummed contribution
whereas the blue one does not include 77 resummation. We want to point the 7; resummation
is only valid if 77 is smaller then any other scale. This is plot we chose ¢3"* = 50 GeV to ensure
that we have a hard jet in the final state. In the tail of the both contributions agree which
is expected as there no large logarithms of 7;. For the fixed-order contribution we observe a
very large first bin which indicates a divergence. The resummed contribution has a peak at
around 30 GeV before smoothly going to zero. Figures 4.5 and 4.3 present the main results of
this chapter.

4.5 Summary and Outlook

In this section, we presented first steps towards an NNLO+PS prediction for q¢g — H. We
implemented a new set of resolution variables in GENEVA , namely the transverse momentum gp
as 1-jet resolution variable and a generalization of 1-jettiness 77 with a transverse momentum-like
measure as 2-jet resolution variable. This choice of resolution variables facilitates the matching to
the shower as parton showers which tend to be ordered by the transverse momenteum. Further,
this is the first that a resummation beyond leading order is achieved for the 1-jettniness variable.

We validated our implementation of the resummed prediction using inclusive observables such as
the total cross section and rapidity spectrum which are not sensitive to resummation. We found
good agreement between our implementation and the NNLO rapidity spectrum from MCFM. We
further checked that our transverse momentum spectrum is not affected by the 7; resummation.
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Figure 4.5: T; spectrum at NLL'+NLO with and without 7; resummation.

Moreover, we saw that our resummed 77 prediction indeed resums large logarithms of 77 and
restores the convergence of the spectrum.

The next step on the way towards an NNLO+PS prediction for this set of variables will be to
implement the matching to the parton shower. However, this is beyond the scope of this thesis.
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Chapter 5

Bottom Mass Effects in the Higgs
Production via Gluon Fusion

In this chapter, we study finite b-mass effects in the Higgs g7 spectrum arising from the bottom-
loop in Higgs production via gluon fusion for the first time. In contrast to the cases of the
H — ~v decay or the gg — H form factor investigated previously at amplitude level, the
nontrivial b-mass effects are also resolved by real emissions and have to be considered within the
context of gr factorization and resummation. We consider the various hierarchies between my
and gr and my, leading to different factorization setups.

This chapter is based on ref. [5] reflecting the author’s contribution.

5.1 Motivation

In the last two chapters we dicussed the g spectrum of quark initiated Higgs production in
detail. One of our motivations for a new high-precision prediction was the measurement of the
quark Yukawa couplings from fitting to the shape of the ¢p spectrum of the Higgs boson which
is sensitive to the initial states. This method was first suggested in refs. [39-41]. As we saw in
chapter 3 shape of g7 spectrum is highly sensitive to the quark channel. The quark and gluon
induced channels can also be well distinguished by there shape as their predictions come with
different Casimir scaling, see figure 3.17. To allow a fit to the g7 spectrum it is particularly
important that all contributions of the spectrum are known to sufficiently high orders. The full
Higgs gr spectrum in proton collisions reads

do(pp — H) 2 doy o dopy do

th
+ — + — Ye), 5.1
g t 1 b g YtYs I (yb yc) ( )

where y, denotes the respective quark Yukawa coupling. The first term describes the gluon
fusion process and is diagrammatically shown in figure 5.1a. In this figure the top-quark loop was
approximated by a contact operator as commonly done in the heavy top-quark limit. Recalling
the production cross sections in table 2.2, we note that the gluon fusion process contributes
the largest part to the Higgs production cross section. The gp spectrum for gluon fusion was
predicted to N®LL/+ N3LO in ref. [44]. The second term in eq. (5.1) denotes the b-quark initiated
contribution that we discussed in detail in chapter 3 and is shown in figure 5.1b.

The focus of this chapter is the third contribution in eq. (5.1) which we refer to as the yp-y;-
interference term. Interference between different diagrams can only occur between diagrams
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with the same initial and final states. This contribution is illustrated in figure 5.1c. Usually
only the top contribution in gluon fusion is considered as the top is be far the heaviest quark.
However, the contribution with the bottom-quark loop contributes up to O(5 — 10%) to the
gluon fusion cross section [265,266]. Lighter quarks only make up a few percent of the cross
section. In the cross section in eq. (5.1), these bottom-mass effects only appear at sub-leading
power in my/my < 1. However, with the unprecedented amount of precision data obtained by
the experiments at the LHC this contribution can no longer be ignored.

The amplitude of the related Higgs boson decay to two photons via a b-quark loop was studied
a long time ago [267]. Both processes — the Higgs decay via two photons as well as Higgs
production via gluon fusion — feature large logarithms of @) /my, that need to be resummed. Here,
the hard scale of the problem is given by Q = my where my is the mass of the Higgs boson.
The low scale is given by the bottom-quark mass m; < @. An all order resummation of these
large logarithms to NLL was archived in refs. [267,268] using the methods of perturbative QCD.
This approach was extended in refs. [265,266] The factorization and resummation of b-mass
effects for the Higgs boson decay and production amplitudes in the context of SCET were first
considered in refs. [269-271]. The renormalization and the treatment of endpoint divergences of
the amplitude are still an active topic of research and were recently studied in ref. [272].

In this chapter, we study bottom-mass effects in the Higgs ¢r spectrum using SCET for the
first time. In comparison to the form factor calculation from refs. [269-271] the g7 measurement
adds a third scale to the problem. To allow the Higgs boson to pick up a transverse momentum,
we need to add an emission k£ that the Higgs boson can recoil against which is illustrated in
figure 5.2b, where ET = —qr.

This chapter is organized as follows: in section 5.2, we discuss the leading-order contribution
to this process (without the emission k) which is shown in figure 5.2a. We use this calculation
as an illustrative example to introduce the notation and discuss the regularization of endpoint
divergences. We want to point out that the results of this calculation are available in the
literature and have been published in ref. [269]. In section 5.3, we write down bare factorization
theorems that are valid in different kinematic regions. In section 5.4, we calculate the real
emission diagrams corresponding to the diagrams shown in figure 5.2b, where we focus on the
diagrams where the emission k£ has collinear scaling. In section 5.5 we summarize the rather
subtle cancellation of endpoint divergences. We provide a summary of the main results in
section 5.6.

Yo | Yt

Figure 5.1: (a): Gluon fusion process, (b) quark initiated Higgs production and (c) yp-y:-
interference contribution.

86



5.2 Operator basis and calculation of the LO contribution

Figure 5.2: Illustration of Higgs production via gluon fusion via a bottom-quark loop. (a)
Leading-order contribution. (b) Next-to-leading order contribution with an extra emission k.
This diagram serves as an example for all possible gluon attachments to the leading order
diagram.

5.2 Operator basis and calculation of the LO contribution

We want to start by calculating the amplitude for the leading-order gluon fusion diagram shown
in figure 5.2a in SCET. To do so, we need consider the possible momentum scalings that can
occur. In general, the loop momenta can scale as

,A)
1/\ )\)

(A2

(

(1,1,1)

soft: p~mpg(A AN, (5.2)

n-collinear: p~ mg
n~collinear: ~mg

hard: p~mg

where our power-counting parameter is given by A = my/my. The incoming gluons are n-and
n-collinear and scale as

p1 NmH()‘zvlv)‘)7 D2 NmH(L)‘sz)' (53)

In fact, we can choose them to be exactly aligned with their respective lightcone momenta:

Iz Iz

Py = pf%, Py = pJnQ (5.4)
such that p; = (0,p;,0) and p2 = (p5,0,0). The Higgs boson is always produced in a hard
interaction which we denote by ®. With these constraints, there are four possible scenarios
which are diagrammatically shown in figure 5.4: One possibility is that all loop momenta have
hard scaling. As commonly done in SCET they are integrated out and “shrunken to a point”.
This correponds to the first term in the sum in figure 5.4. We can also have two hard-collinear
quark momenta producing the Higgs boson. Then the remaining quark line connecting the two
gluons has soft scaling which is shown by second term in the sum. The last two terms correspond
to a scenario where only one of the quark momenta involved in the production of the Higgs
boson exhibits hard scaling. The remaining quark propagators then have n-collinear scaling
(third term in the sum) or n-collinear scaling which corresponds to the last term in figure 5.4.
In practice, we only need to consider one of the collinear contributions as both contributions are
related by symmetry. The soft and collinear contributions suffer from endpoint divergences. This
is a common feature in SCET factorization theorems beyond leading power. We will regulate
these divergences with rapidity regulators discussed in section 2.4.5.
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Figure 5.3: Tree-level diagrams associated with the collinear operator Oy (a) and the soft

operator (’)gfgg (b).

The relevant SCET operators at tree-level are shown in figure 5.3. For the definition of the
building blocks we refer to section 2.4.4. The n-collinear operator is given by [269,273]

o
Ogbg = Xn,wl§(g$ﬁ,L)wTaXn,wza (5.5)

where w; 2 denote the large lightcone momenta of the collinear quarks and @ denotes the gluon’s
large lightcone momentum. The sum of incoming 4+ and - momenta has to add up to the Higgs
+ and - momenta. Hence, we have w1 +ws = ¢~ = my and @ = ¢* = my. The collinear Wilson
coefficient is given by

1 1

Cbbg — ;1 - ;2, (56)

which we can simply read off the Feynman rule in eq. (E.1). The soft operator is given by [269,273]

1

ab +p—) —
Offg(CH0) ==

bbgg

95,00 — - P9, ) - TP 15981 ) e TNSh0s(e — 7))
+(n < A), (5.7)

where we suppressed the +i0 in the 1/(¢7¢7) term for brevity. When calculating the soft diagram
the imaginary part becomes relevant for the contour integral and needs to be reinstated. The Wil-
son coefficient for this operator is given by C (©) ' 1 at this order. Note that we set the Yukawa

bbgg
coupling to 1 in both operators. It can trivially be included at any desired stage of the calculation.

In the following section, we calculate all relevant leading-order contributions. The relevant
Feynman rules are given in appendix E.

5.2.1 Leading-order collinear contribution

The n-collinear leading-order diagram is shown in figure 5.5. We use massive SCET Feynman
rules from ref. [109] and our Feynman rule for the effective vertex with the Higgs boson in
eq. (E.1). Evaluating the trace, we find

ddy mp*g"” py
LO _ . 2 ac L 71
M =—1ig 5ab/dwnd£/ (ZF)dCbbg(g) (62 —m2+i0) [(5_,_])1)2 —m2 +i0]
X 6(wp — py ) (Ewn — €7 — p7)8(py — ¢ )0 (wn — q7), (5.8)
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5.2 Operator basis and calculation of the LO contribution

Figure 5.4: Decomposition of full QCD diagram in terms of hard, soft and n- and 7n-collinear
loop momenta. Springs with a line denote n;-collinear gluons, dashed fermion lines n;-collinear
quarks, and solid fermion lines soft quarks. The hard interaction is denoted by ®.

pl/f—/ /

n,a, fi

Figure 5.5: Leading-order n-collinear contribution.
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o L walE—1)
P %
S
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Figure 5.6: Pole analysis for the collinear leading-order contribution. This figure shows the sign
of the factors that determine whether the pole will be in the upper or lower half of the complex
plane. From this analysis we see that the two poles will only be on different sides and, therefore,
give a nonzero contribution for 0 < & < 1 which introduces a set of #-functions for the £ integral

0(£)0(1 - €).

where ¢ is the Higgs momentum. We also changed variables from (w1,w;) — (wp,&) where

wp =w1 +w2 =¢ and { = —wy/w,. In this notation the Wilson coefficient is given by
1 1
Covg(§) = 7 + —. (5.9)
I § 1-¢

For simplicity, we will omit the J-function constraining the overall + and — momenta. Throughout
this calculation we assume transverse gluon polarization for the external gluons, i.e.

n*=0 n'=0, @*=0, @’ =0. (5.10)

We also take the external gluons to be on shell, p7 = 0 and p3 = 0.
To evaluate the diagram in figure 5.5, we start by solving the w, and ¢~ integrals that are fixed
by d-functions

/\xtm:/d&/(wcvmgl ig° g (€)wndPmyi* g
¢ (2m)d=L Am (2 + walt —m? +10) [(2 4 wp(§ — 1)0+ —m2 +10]

(5.11)

The € integral will be divergent due to endpoint divergences. These divergences only cancel
once the collinear and soft contributions are combined. We will regulate these divergences with
two different regulators: the absolute value or n-regulator [113,118,119] and the pure rapidity
regulator [129]. For the absolute value regulator it is sufficient to include the regulator just
before integrating over £. The pure rapidity regulator, on the other hand, depends on £~ and
¢ and has to be included before performing the ¢ integral. We start with the absolute value
regulator in the next section.

Absolute value regulator

In the next step, we do the /T integral by contours. Importantly, the signs of the poles in the
complex plane depend on the sign of £&. We only obtain a non-vanishing contour integral for
values 0 < £ < 1. This is illustrated in figure 5.6. The resulting ¢, integral can be solved using
standard formuleeand we find

MO — / A€ (— )y (4m)2 iy (€)0™ g M~ T()O(E)O(1 — £). (5.12)

Now, the only remaining integral is the endpoint divergent ¢ integral. Recalling the definition of
the Wilson coefficient in eq. (5.9), we see that the integral is singular in both limits. We also
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note that the ¢ dependence is fully given by Chyg(§) and the rest of the integral is independent
of £&. We regulate the integral in each limit with the absolute regulator and switch from the
MS to the MS scheme by shifting 2 — €’2u?/(47). Then the final result for the n-collinear
contribution is given by

LO _ g ab ,UJ/ e€VE 1=2e / wné |~ Wn 1 - -n
Me (471') d pHem' T (e) g‘ 1—5‘ ’
Ve c 1-9¢ n 2T
_(4971.) 5abgﬁi_ e “/EH ml 2 V n( ) (5.13)

For this regulator, the n-collinear diagram gives the same result as the n-collinear diagram. We
therefore simply multiply our final result by a factor of 2

2
y w
MIC“O —i—MIgO :(4977) F(Sab WY 1B | 26 12 7”

where we made the color factor T explicit.

n 2T (e)
n

: (5.14)

Pure rapidity regulator

For the pure rapidity regulator, the regulator has to be inserted before the /™ and £~ integrals

n

ad¢ 2€ g = (wp — P )0 (Ewn — €~ —p7) [0~ +i0\ 2
Mgoz_igzéab/dwndg/(QTF)dCbbg(g)mM 91 Py (w pl) (‘Ew pl) < +1 > )

(2 —m?2 +10) [(£ + p1)? — m? + 0] + 410
(5.15)
The ¢~ integrals is again fixed by d-functions
: a € MV -1
MO _ / a / deHdT20,  ig*Cg (Qund U myteg lon(§ ~ DIF (T +i0F
b 4=t Ax (2 4 wplt — m? +10) [2 + wp (€ — 1)+ —m?2 + 0]

where we kept the i0 in the £t term. This term introduces a branch cut and the i0 moves the
branch cut to the upper half-plane. However, by choosing the pole in the lower half-plane we
can avoid this branch cut in the contour integral. The poles in the complex are the same as
in our previous contour analysis shown in figure 5.6 and we find the same constraints on the £
integral. Just as before, we can straightforwardly evaluate the ¢, integral and change to the
MS scheme in the same step. At this point we can simply evaluate the ¢ integral and arrive at
our finial expression for our n-collinear contribution using the pure rapidity regulator

M9, =~ Logvensypemt2en T8 [ag (1 LY e -t one) 2
e Gt O -9 h e 1-¢)™" "
2
9 v 1-2e+ _pL(e=PT(=3)
=— 5 gh ee1E |2, (—wy) ™" (5.17)
(4m)z” 74 T = HT(-n)
For n-collinear contribution we have to replace n — —n this time,
L(e+ DT(3)°
MLO _ g 5ab ,UJ/ e’yE'LL ml 26—7](7&} )77 2 2 (518)
e (4m)? T+ ()

In the sum of the n- and 7n-collinear contributions the endpoint divergences and the n-dependence
cancel by definition,

2 —
MLO MLO _ _%TF(sabgil/eenyM25m1—2er(6) w(O)(e) + g + log (")271
7 m

cpn T Mepy 9 (5.19)
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Chapter 5 — Bottom Mass Effects in the Higgs Production via Gluon Fusion

Figure 5.7: Leading-order soft contribution.

where (9 is the polygamma function of order 0. For the pure rapidity regulator, there is a
non-trivial Zero bin contribution for £ — 0 that needs to be subtracted. The zero bin yields

exactly =MLY and we can simply include a factor of 2 in eq. (5.19) to account for it.

cpn

5.2.2 Soft LO,

The soft leading-order diagram is shown in figure 5.7. Using SCET Feynman rules and our
Feynman rule for the effective vertex with the Higgs boson in eq. (E.5) and evaluating the trace,
we find

ddf 1 —9j 265ab 14
M, / e B A (5.20)
d(¢+ 4+i0)(¢— —i0) 2 —m?+1i0

The 1/(¢T¢7) prefactor renders the contour analysis of the soft integral much more complicated

then in the collinear case. At this point it is useful to change variables to d¢Td¢~ = 2dlyd/..

Absolute value regulator

As before, we only need to include the absolute value regulator before the divergent £, integral.
We start with doing the £y integral by contours.

M, /d€0d€ Ld22%, —ig?p*mdsbgh” 1

.21
d (bg— 1, +10)(£0+£ —i0) 62 + 62 — 02— m? +i0 (5:21)

In the contour analysis we find four poles in the complex fyp-plane

i0
I Rl e R R s
z Yl
(5.22)

where £2 > or < £2 —m? determines the location of the pole in the complex £ plane. Consequently,
we need to consider the regions £2 > and < Ei — m? separately. Some calculational details as
well as the full pole analysis is shown in appendix F.1. Using the residue theorem we find the
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5.2 Operator basis and calculation of the LO contribution

following results:

d2—2¢y 1 1 1
MG =g*u*mdy!] / / 27)2- ;KZ 2 _[+
\/ 6 —m? ) -m z \/@—ﬁi—i—mz
5 9 b [VEATTRAL, [ A2, 1 1 1
MS< =g u €m(5a gli / 277‘/ (523)

C T A e

In the next step, we do the £, integral and introduce our rapidity regulator. We can already see
in eq. (5.23) that the 1/¢, terms will combine to scaleless integral. For the second term we find

d*>ey 1|26 1
MZ :gzuzem&lbgj_ / 53 / S
27r)2—2¢ \/m%rﬁ —m?| v ﬁg—fﬁ_—i-mQ
2 7 2—2¢
9" e cab v |V non+2 /d ) 1
==—u“mé®g o (= my ——;—1 — . 5.24
27 Loy (2 2 ) (2m)2—2¢ G m2)+3 (5.24)

After the ¢,-integral the M7 and M are the same and we can simply multiply a factor of 2 to
include the My contribution,

J ab ;u/| | n 77+2 . d2_26£L 1
M = u ‘md ; 2F1(5om 5= —1) o (5.25)

The remaining ¢, integral is then given by standard integration formulas and yields

+2 (e +3)
- _ 5ab ;U/ e€VE 2e, 1—2e— n| | F Q .n -1 2 5.26
Ms mom 2 1(27777 9 )F(%+1)’ ( )

where we shifted u? — €77 u?/(4m) corresponding to the MS scheme.

Pure rapidity regulator

The soft contribution in eq. (5.20) can, of course, also be regulated with the pure rapidity
regulator. In this case, we start by evaluating the £, -integral which can be straightforwardly
done using known integral formulse. The remaining integral is scaleless and the soft contribution
using the pure rapidity regulator is zero.

5.2.3 Leading-order hard contribution

The leading-order hard contribution is given by the full QCD result minus the soft and collinear
contributions. However, we can also get this contribution from evaluating the full QCD diagram
for p1, p2 > m which amounts to evaluating this diagram using the method of regions [274-276].
We start by taking the trace and expanding the full QCD diagram

27)d (2 —m?2 +10)[(¢ + p2)? — m? +10][(¢ — p1)? — m? +i0]

B / d? 2ig>mé®[(20% 4 2p1 - p2)g” — 8CMY]
) (2m)% (2 +10)[(€ + po)? +10][(£ — p1)? + 0]

M, :2/ (ddz T{ (—1)igTy (] + m)igT*i(f + p, +m)i(f — p, +m) }

O(m?), (5.27)
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which has the form of a massless triangle. Note that there is also a contribution with reversed
fermion flow. After integration, both contributions give the same result and we can simply
calculate one diagram and multiply it with a factor of 2, which is already included in the equation
above. Here, we evaluate the integral directly without switching to lightcone coordinates, yielding

csc(me) (—w? —10)~ 2¢2 w?
" 2¢2—3e+1 w2+i0

1
My, = 283 r2 g2 ms g — 2L
h g 91 EF(% —€)
where we used that the incoming gluons can only have L polarization and p; = p; = wy. Details

of the calculation are given in appendix F.2. For later convenience we expand the result and
define

(5.28)

2 ab 1V 2 : 2
g°md®g 1 1 —w:—i0 1 —w? —i0 m
My =g g+l g 424 g
g*mds*g”
==z O (5.29)

where (7 is a hard Wilson coefficient that we will use in the NLO calculation.

5.2.4 Combine results

As illustrated in figure 5.4, the sum of individual contributions has to reproduce the full QCD
amplitude. As the full QCD amplitude is free of endpoint divergences and e-poles, all poles
of the individual contributions have to cancel in the sum. Endpoint divergences are solely a
feature of soft and collinear contributions. Hence, the sum of these contributions has to be
free of endpoint divergences and independent of the regulator. We start by expanding our final
results using the absolute value regulator for the soft and collinear terms in 7 and e

2 2 2 2 2
Mo+ Ms =20 Ty Ln flgLnL ~log = +log = log = + O(1, )] (5.30)

Tl Tl

1 12 12 m2 ' 2
+§logﬁ <logy2 —Hogﬁ + 2im | — 1B

As expected, the endpoint divergences as well as the dependence on the rapidity scale v cancel
in the sum:

_g V bl 1 1 m%{ . m? mu 2
(5.31)

Recalling that the soft contribution was scaleless using the pure rapidity regulator, the sum of
the n- and 7fi-collinear contributions has to yield the same result as eq. (5.31). We find that this
is indeed the case.

We can now add the hard contribution and find that also the e-poles cancel and we arrive at a

m2 2
"2 miy

which agrees with the leading term in the full QCD result given in ref. [277].

finite result.

m(;ab
g9 QL Tp

Mp+ Mo+ Mz+ Mg = 5
4

(5.32)
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OO
JASN A\ AR

Figure 5.8: Decomposition of interference diagram in terms of hard, beam and soft functions. We

only show example diagrams in each case. The springs with a solid line represent collinear gluons.
Collinear gluons attached to ® represent a beam function. The solid double line represents a
soft Wilson line where only soft gluons can attach.

5.3 Bare factorization theorems

We are now set up to think about the y,-1;-contribution to the Higgs qr spectrum. While we
just calculated a 2 — 1 amplitude, now we have a gluon crossing the cut. This is illustrated in
figure 5.8. The first diagram shows the full QCD diagram which is then decomposed in terms of
hard, collinear and soft contributions. Let us first focus on the right hand side of the cut which
represents the top-quark loop that was integrated out. In the effective theory, this contribution
is given in terms of leading-power beam and soft amplitudes. The left hand side of the cut
shows the bottom-quark contributions. Similar to the leading-order diagram, we can write the
this interference contribution in terms of next-to-leading-power (NLP) hard, beam and soft
amplitudes. Once both sides are interfered, we will find new NLP beam and soft functions. In
the first term in the sum the mass dependence is included in the Wilson coefficient C'y that we
defined in eq. (5.29). In the second and third terms in the sum the mass dependence is included
in subleading-power beam and soft functions. Note that the diagrams in figure 5.8 symbolically
stand for a full class of diagrams.

In order to pick up a transverse momentum, we need a singular emission k7 = g that the Higgs
boson can recoil against. This emission k7 adds a third scale to the problem. The masses, of
course, follow the same scaling as before my < my but the emission can have different scalings.
Thus, we have to consider different kinematic regimes for our factorization theorems. These
regimes are illustrated in figure 5.9. The hard scale Q@ = mpy and the low scale m; are always
fixed. The hard-collinear scale is given by the intermediate scale v/my(Q).

5.3.1 Factorization theorem for ¢r < m, < mpy

We start by considering the kinematic region where the transverse momentum is smaller than
any other scale gy < my < my. This scenario is sketched in figure 5.9a. The bottom-quark
mass, my, = 4.18 GeV [29] (MS scheme), is already rather light. Thus, this kinematic region is
only valid for the very beginning of the spectrum and is phenomenologically not particularly
relevant. As my is much larger than the g7, the bottom quark can be integrated out and we can
describe this kinematic region using standard soft and beam function for n; = 4 light flavors.
The factorization theorem is given by

doy,y,

T = 2Re[Cyg(mu) Cygp(mp, mu)] By(qr) @ By(qr) ® Sgq(ar)- (5.33)
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Q Q Q kr Q
myQ myQ kr myQ mpQ
my kr my my my

kr
(a) (b) (c) (d)

Figure 5.9: Hlustration of different kinematic regimes with a hard scale Q = my, an intermediate
scale /mp(@) and a low scale my. The emission kr can have different scalings.

In this factorization theorem the m; and the gr dependence nicely factorize. Here all emissions
are described by leading-power beam and soft functions and the my-dependence is governed by
the hard function. The hard function has two contributions: Cyg is the Wilson coefficient that
appears when integrating out the top quark and Cygp is the Wilson coefficient from integrating
out the bottom quark which is given in terms of the form factor for the Born process from
ref. [271].

5.3.2 Factorization theorem for ¢r ~ m, < my

Next, we consider the regime where the transverse momentum is of the size of the bottom-quark
mass corresponding to figure 5.9b. Phenomenologically, the regime is the most important one as
the gluon fusion cross section peaks at roughly gr =~ 10 GeV = 2m;. The all-order factorization
theorem reads

doy,y,

1 =Hgy(m) By(qr) ® By(qr) ® Sqq(ar)
ar

+ /debbg(ﬁ) [Bn,xx (&, arsm, 2) @ By(qr) ® Sgg(qr)
+BQ(QT) ® Bﬁ,xx(f, qr,m,z) ® Sgg(QT)]
+ /d€+d€_begg\7(€+)j(€_) By(qr) ® By(qr) @ S¢¢(f+, 0, qpr,m). (5.34)

The next-to-leading power beam and soft functions are defined as

w a — a
Bmxi(& kTv m,z = F) = IUV‘BLM(SQ(I{:L - PX,J_)|X> <X‘Xn,w£T ’YJ_,an,w(lfé')|N>7 (535)
N

X
— 1 a a
S (U5 07 ke, m) = Zj @«)109) P67 (k1 — Px,1)|X)(X|0%, 10). (5.36)
X

The first term in both functions denotes the leading-power contribution where as the second
term includes the NLP operators defined in egs. (5.5) and (5.7). This factorization theorem
in eq. (5.35) looks much more complicated than the previous one. In the following, we will go
through the different contributions one by one and illustrate them using single-emission diagrams.
The first term in the sum describes the scenario where all propagators in the loop are hard and
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5.3 Bare factorization theorems

the mass dependence is fully encoded in the hard function Hgy(m). Diagrammatically, we can
write this contribution as

Hgg(m) BQ(QT) ® Bg(‘JT) ® Sgg(QT) =C1 x g§> + ﬁ> + ﬁ&@; .
L (_

5.37)

For convenience we only show the left hand side of the cut. The additional gluon is always

understood to cross the cut and interfere with the leading-power contribution of the top quark.
Here C; carries the subleading-power mass dependence whereas the emissions are described
by leading-power soft and beam functions. Since there is no hard emission, C is given by the
leading-order hard contribution that we calculated in section 5.2.3. For the convolution of beam
and soft functions there can only be one NLO contribution at this order and the other two
functions contribute at leading order. The emission can be n or f-collinear with the respective
other beam function and the soft function contributing at leading order which is described by
the first two terms in the sum of eq. (5.37). The emission can also have soft scaling, which is
shown in the last term in the sum. In this case the two beam functions contribute at leading
order .

Next we take a closer look a the second term in eq. (5.34) where the mass dependence is
captured by either the n-or the n-collinear beam function. This term is more complicated the
first term we discussed as it suffers from endpoint divergences which appear in the £ integral.
Diagrammatically, we can write this term as

/dgbeg(g) Bn,)’(x(ga qr,m, Z) ® Bg qr) ® Sgg qar

(g7) (q7)
- j‘i;%&@> + 4 x %% +%® . (5.38)
75 s

Here we have two contributions: In the first term in the sum, the emission comes from the
subleading-power beam function which also governs the mass dependence. In second term, we
have a virtual contribution to the subleading-power massive beam function, but the emission is
given in terms of leading-power emissions.

Finally, we also want discuss the last term in the eq. (5.34) where the mass dependence is
included in the soft function. Similar to eq. (5.38), we have a term where the emission originates
from the subleading-power soft function and two terms with the leading-order massive soft
function and leading-power emission from the beam functions

[ A6 By TV TE) Bylar) © Byfar) & 55,07 arm)

ﬁ@ +ﬁ§+;§s€%®x o
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Chapter 5 — Bottom Mass Effects in the Higgs Production via Gluon Fusion

where the two jet functions J(¢7)J (¢~) encode the effect of virtual and hard-collinear contribu-
tions. At our working order the jet functions are simply given by J(¢*) = 1.

5.3.3 Factorization theorem for m, < qr < myg and m, < myg < qr

Considering the kinematic regime where my < qr << my one could think that the factorization
theorem has the form of a massless factorization theorem as m; < gr. However, this is not the
case since there are still large logarithms of my that need to be resummed and, more importantly,
subleading-power operators must still be included during the high-scale matching in order to
pick up the correct mass suppression at the low scale where the bottom-quark loop is closed. A
promising method to find the structure for this part of the cross section is to consider the two
neighboring regimes and perform an interpolation, which will rely on the results of the thesis.

In the regime where ¢ is of order of the hard scale, my, < my < qr, the logarithms of ¢r/Q
are no longer large and one could think that the full fixed order result which was originally
calculated in ref. [278] is sufficient. However, the logarithms of m;/(Q are still large and re-
quire resummation and, as before, the subleading-power operators must be included during the
high-scale matching. In order to pick up a transverse momentum of order () the gluon crossing
the cut must have hard scaling. Therefore, we cannot consider a diagram-level factorization in
this regime. Instead, the factorization takes place at cross-section level and takes a PDF-like form.

A detailed discussion of these regimes as well as their factorization theorems are therefore beyond
the scope of this thesis.

5.4 Collinear emission diagrams

In the leading-order calculation carried out in section 5.2, we separated the contributions by the
scaling of the loop momenta which could be hard, soft or collinear. Now that we are considering
real emission diagrams, we need to adjust this classification. Recalling the factorization theorems
in egs. (5.39) and (5.38), the emission can have soft or collinear scaling even if the loop momenta
have e.g. soft scaling and vice versa. A substantial part of the NLO calculation will be to verify
the cancellation of the endpoint divergences which we already encountered in section 5.2. We will
see in this section that this cancellation is much more delicate at NLO. The endpoint divergences
have to cancel point by point in k. This statement already hints towards a sensible classification:
the sum of all diagrams with a collinear emission as well as the sum of all diagrams with a soft
emission have to be individually 7 finite. Note that € poles will only cancel once we combine the
soft and collinear contributions with the contribution from the hard loop.

In this section, we will calculate all diagrams with a collinear emission as shown in figure 5.10.
We introduce a color coding to clearly distinguish n-collinear and n-collinear particles which
are shown in green and magenta. The soft loop is shown as solid fermion line. As mentioned
before that sum of all these diagrams has to be rapidity finite. We can, however, identify certain
sub-classes which are rapidity finite on their own.

Before we start with the calculation of the diagrams in figure 5.10, we want to introduce a new
variable z = wy, /p; € [0, 1] which allows us to write the two external minus momenta as

_w _ wp(l=2)
plzjnv k™ = niz .

(5.40)
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l+p— k7 .
« |

' y

p1*k/ Ny
p1 \/cA

n,a, p n,c,p n,a, p n, ¢, p

Figure 5.10: All diagrams where the emission k£ has collinear scaling. All particles with n
(n)-collinear scaling are drawn in green (magenta). The sum of these diagrams is free of endpoint
divergences.
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ﬁ,b,l/ 77L7b7V

\]*)2 %2
€+p17kﬂ/” . gﬂgl_k/;’/

N ¥ g /f
L Pk /L
Pl/ \kk D1 \k:A
n,a, n,cp n,a, p n,c,p
(a) djyy (b) dggg (c) dggq

Figure 5.11: dgg4e-type diagrams: all diagrams where the collinear emission comes from the
interaction of three collinear gluons.

We will also make use of the fact that our emission k is on-shell and replace k* = —k2 /k™.
As in section 5.2, w, denotes the overall minus momentum of the process which coincides with
minus momentum of the Higgs boson. At NLO, we have

wp =p] — k. (5.41)

For the evaluation of the LO; diagram, we proceed just as in the LOg case: For the diagrams
involving a collinear loop, we start by using the d-function to perform the ¢~ integral. Next, we
do the T integral by contours. This constrains the ¢ integral since the contour integral only has
support in specific regions for £. After doing the contour integral we can use standard formulae to
solve the ¢, integral. In the last step, we evaluate the & integral which suffers from endpoint
divergences and, thus, needs to be regulated. For the diagrams involving a soft loop, we can
simply reuse the leading-order soft calculation as the loop is never affected by the additional
collinear emission.

5.4.1 Triple-gluon-vertex emission diagrams

We start with the diagrams where the collinear emission comes from an interaction of three
collinear gluons. This class of diagrams shown in figure 5.11 is very similar to the leading-order
calculation as the collinear emission does not effect the loop.

We start with the contribution where the loop is n-collinear which is shown in figure 5.11a. The
evaluation is completely analogous to the collinear LO calculation carried out in section 5.2.1.
The result for this contribution can in fact be recovered from shifting p; — p1 — k in eq. (5.8)
and only contracting with the triple gluon vertex after all integrals are evaluated. We therefore
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5.4 Collinear emission diagrams

refrain from giving any calculational details. The result is given by

M fabcg3 me€VE MQE
dno, =
999 3272 k2 wyz

+ 49 K wnz(1 = 2) + 491K wn (2 — 1) + 4R K A02(2 — 1)

kT \/ \/1z 4m?

[2¢1 K, wyz(z — 1) + ¢"kT 22 + ¢ nPwi(1 — 2°)

1 1
xqrios | 2m(z — 1) 2m?
k? A /fi

log | 1 L4

Frlog | L 2m(z — 1) 2m?
. F /]7

- 16;2m—26(6) z } . (5.42)

nm |Wn

Despite the similarity of the calculation the NLO result looks much more complicated. This is
not only due to additional Lorentz structures but also due to the fact that the propagator in the
loop features non-vanishing £ and %k, terms in the denominator.

Next, we consider diagram d?, which is shown in figure 5.11b. Here, the loop is fi-collinear and

the gluon is emitted from thegzgcollinear gluon which affect the loop. The gluon emission puts the
gluon participating in the hard interaction off-shell. The Feynman rule in eq. (E.3) was derived
for on-shell gluons. We thus need to make a slight modification and replace 7 — 7% + Piy /Py
before evaluating the integral. In fact, we need to do the same replacement in the soft Feynman
599 diagram (figure 5.11c). Evaluating these integrals in

analogy to the leading-order calculations, we find

rule in eq. (E.5) when evaluating the d;

ifabcg3 F(G) ml—?eeE'yEMQE v |7 p v pr2 2
dggg = 7 1672 n WnZk2 Jn [29L kLwn (Z - 1) +g9/n kiz
+ g nPw2 (1 — 22) + 4" k! wpz(1 — 2) + 4g8P K wn (2 — 1) + 4K K RP2(z — 1)]
(5.43)
fabc 3 z 1-2e—n _evE 26|V|77 n n+2 F(6+ g)
s = — S F(=,m; i —1
dggg 1672 w2k2 € K n 2 1(27777 2 7’ )P(ﬂ-f-l)
31— w w2(z—1)
x g\ nfw;, +2 K w2 (2 — 1) + ¢/ nPk3 2w, + 44" /ﬁi
z
+ 4gl’pklwn(1 — 2) 4+ 4k K nPwy (1 — 2)] . (5.44)
We can now combine all three contributions
_ 0
Mdggg Mdggg + Mdggg + Md;gg = O(T} ) (5.45)

and find that this subset is indeed free of endpoint divergences.

5.4.2 Vertex emission diagrams

In this section, we sketch the calculation of contributions where the gluon is emitted from an
effective vertex. These diagrams are shown in figure 5.12. In this class of diagrams, the emission
can either come from the hard interaction vertex as in figures 5.12a- 5.12c or the SCET vertex
double quark-gluon vertex in figure 5.12d.
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(c) (d) d5®

(a) dy g

Figure 5.12: dy g diagram class: all diagrams where the emission is attached to an effective
vertex.

Contribution from n-collinear and soft loops

The n-collinear and soft in the class of diagrams are analogous to the leading-order calculation.
The contribution from the df,; and the d§, ; can be obtained by contracting the leading-order
Feynman rule with the gluon field strength at O(g) which is given in appendix of ref. [279]. This
amounts to shifting

7P
T s jpacdpd I (5.46)

n-k

in the leading-order Feynman rule. Note that in our case the gluon is outgoing which leads to
an overall minus sign w.r.t ref. [279]. For completeness, we give the resulting Feynman rules in
egs. (E.4) and (E.6). From the simplicity of this modification, it is apparent that we can do the
same replacement at the level of the leading-order results. This leads to the following results

ifabcg?) F(E) Z 1-2¢ evE ,,2¢ ! KV = p
no=— m — 5.47
MdVE‘ 872 n wn(l _ Z) € H n gpn ( )
ifabcg3 —p MV _eYE ,,2 1-2e—n in v ! n n + 2 F(6 + g)
s = € ‘m T — | — o Fi(=,m; ;—1 . (5.48
MdVE 871'2 wn(]_fz)n gL € 1% N |wn 2 1(25777 2 ) )F(g+1) ( )

d‘{,qgg contribution

For this diagram (shown in figure 5.12d), the additional emission comes from the SCET vertex
given in figure 2.6. The evaluation of the /~, /T and £, integrals is completely analogous to the
diagram for the leading-order calculation and we find

1 (1 =&wp |
= ) (5.49)

k2E(E— 1)\ fobe(2622 — 282 + 1) +1d®e(2¢ — 1)
X(””” BEF > € - D[E-1z+1] '

-n
+

;3 1 1 "
Md?/q‘Eq‘g _ _1,9 mzee’yElJL2€1‘\(6)\/0 dg(é_‘g(:

3272 wy,

For the first time in this calculation, we now have an integrand that has a £ dependence in
addition to the Wilson coefficient. This adds extra complication to the integral as it cannot be
evaluated directly. Note that the endpoint divergences are isolated and the rest of the integral is

102



5.4 Collinear emission diagrams

finite in the limits & — 1 and £ — 0. Therefore we can use the following trick

7(€) = / g+ ¢ ) 1@

-/ ols{)S 152710 250 + 5] + ¢ [| S22 0 ) + 1) }
regular for £é—0 regular for §—1
(5.50)

where the subtractions f(£) — f(0) and f(£) — f(1) cancel in the respective divergent limit and
contribute a finite result. In fact, they cancel completely in our calculation once the integral is
evaluated. Our final result for this contribution is then given by

ifabcgi’» F(ﬁ) ~

1—2¢ _evp,, 2¢
162 1 wy(l-— z)m c

I

n
—| ¢''n”. (5.51)

n

quqgg - —
VE

n . .
dy,  contribution

Similar to the soft and 7i-collinear contributions, the df,, diagram corresponds to the leading-
order diagram with a modified effective vertex. However, in this case it is not sufficient to simply
modify the prefactor of our leading-order result: In the full theory, the gluon can be emitted
from either one of the quarks or the gluon. This leads to the modified Feynman rule eq. (E.2).
This Feynman rule has two different sets of J-function and a different color structure. This leads
to a different denominator after resolving the J-functions:

df*dd 2€ m oz y
My, :/dg/ Ly — 1Cbbg(§)ﬁp9i’

81 z

fabc . idabc
[wn(§ = 1)t + 02 —m?2 +10] [wn((§ — 1)z 4+ 1)+ 4+ 2(2 —m? +10)]
fabc + idabc
[wp&lt + 2 —m?2 +10] [wy (€2 — 1)+ + 2(62 — m? +i0)]

_l’_

(5.52)

We will call the different terms the M}I and M, contributions corresponding to the relative
VE VE

sign between ¢ and id®. In the next step, we do the ¢T integral by contours where we have
to consider both contributions separately. In figure 5.13, the coefficients of the i0 are shown as a
function of £. The sign of these coefficients determines whether the corresponding pole in £* is in
the upper or lower half-plane when doing the ¢ integral. The contour integral only has support
for specific values of £ which imposes a constraint on the § integral. We find 1 —1/z < £ < 1 for
MC}& . and 0 < £ < 1/z for M}& . which we will keep in mind for the ¢ integral.

After doing the /T integral it is straightforward to evaluate the ¢ integral and only the
endpoint-divergent ¢ integral remains. As in the leading-order calculation, only the Wilson
coefficient

1 1

Crpg = g + 17_57 (5.53)

depends on £. Recalling that our two contributions have support for different values of &, it is
convenient to define three different regions of &,
1

z

0} ., R°=10,1], R"= [1] : (5.54)
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wn,(f — 1)7 wn[(g - 1) + %] w’”f’ wn(g - %)
f { % F { %
X X X § X X 9
| | | | | |
[ [ [ % [ N [ N [
X o1-1 ” 0 8 1 X 0 1 1
z z

Figure 5.13: Pole analysis for the collinear di, , contribution. (a) shows the poles of MC}& . and

(b) shows the poles of the M}‘; . contribution. The black interval marks the region where the
contour integral is non-zero.

and divide the £ integral accordingly. Both contributions, MI{L/ . and ./\/l;,‘l/ L have support in the
central region R? where the endpoint divergences appear in both integral limits. Additionally,
each term also gets a contribution from one of the outer regions: ./\/l;lﬁ‘«} . from R* and M;T‘L/ B

from R~ which only diverge in one of the integral limits. As before, we regulate the endpoint
divergences with the absolute value regulator and find

_ {Wn -1 1 . 1 |y |71
0 —n 1 -n| v |T1
157_:/1_;15( 1_5' ):(z1> | s
Ewn Wn, - B v |71
Tep = (5' 1_5' ) = -2 o % (5.55)

After integrating, we can recombine the different contributions and arrive at our result for this

diagram
ifabcgi% F(E) z 1—2¢ _evg ,,2¢ MV v K 1 - !
n_ = — 21— —[=-—-1 1
May 1672 7 w,(1-— z)m MR n z n tlogz

(5.56)

Combing all dy g diagrams

We have now calculated all diagrams in figure 5.12 and can finally combine them:
May :Md@E + Md?/E + ./\/ld%gg + Mdr\L/E = (’)(770).

In the sum all endpoint divergences of this diagram class cancel.

5.4.3 Loop emission diagrams

This sub-class of diagrams is the most complex one as we have a third propagator in the loop
which modifies the §-functions fixing the £~ and ¢ integrals. Using the choice of momenta in
figure 5.14, both diagrams have the same denominators which simplifies the calculation. As
before, we start by doing the ¢~ integral by resolving the J-functions.
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n,a, K n,c,p

(a) dlLE

Figure 5.14: dpg-type diagrams: the gluon is emitted from the loop.
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Figure 5.15: Pole analysis for the dpg contributions. (a) shows the poles in the complex £T-plane
of Mg —and (b) shows the poles of Mgz . The black interval marks the region where the
contour integral is non-zero.

Next, we do the ¢ integral by contours. Note that as we have three propagators in the loop,
there will also be three poles in the complex plane. The coefficients of the i0 in the denominators
determine whether the pole will be in the upper or lower-half plane. These coefficients are
shown in figure 5.15 as a function of £&. We find that we get non-zero contributions in the same
regions as in the previous section. However, the third pole switches sign when going from the
central region R° to one of the outer regions R*. Therefore all contributions must be considered
separately and can only be combined after integrating over £. In the next step, we evaluated the
£, integral where we need Feynman parameters to combine the denominators. Calculational
details on the ¢, and Feynman parameter integrals are given in appendix F.3.

Now, the only remaining integral is the divergent ¢ integral. Once again, we utilize the formula
in eq. (5.50) to isolate the endpoint divergences. This approach remains valid even when the
integral diverges only in one of the limits, as is the case for the R* regions.

For this class of diagrams, the function f(£) is rather complex, preventing a straightforward
integration of its finite part over £. However, since we only require the full e-dependence of the
endpoint-divergent contribution, we can expand the 7-finite piece in € before integrating. This
allows us to extract the 1/e term, which is free of endpoint divergences.

For the e-finite contribution, we were unable to find a closed-form expression. Nevertheless,
our primary focus for now is the structure of the endpoint divergences, leaving the analytic
evaluation of the finite contribution for future work. When comparing to the full QCD result
in ref. [280] or obtaining phenomenological predictions, the integral can always be evaluated
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numerically. For the central region R°, we find

MO :ig3m(fabc + idabc) v neWEMQEF(G) (~1)¢ gl+e [k‘“ vy kY g Hp . k“ kLnP}
dlLE 3272 n n B o
1 3 kK
2 1—e L
X (4m= — k1)~ 2F1<2’6+1’2’ki—4m2)+ }+ﬁmte (5.57)
M02 :ig3m(fabc — idabC) L ne€WEM25F(€) 6( ) 41+E |:k'u* vo kli Hp N k,u kan:|
dig 3272 n n B o

3 k% ) Zm =2

1
4271\@2—1—61?(7 1,2
< Umm = k)RR g et Ly ) T o=

gi’jﬁp} + finite,  (5.58)
where we added a “+finite” to indicate the presence of the above mentioned e and 7-finite piece.
Also note, that both diagrams contribute the exact same result upon the relative sign between
fo%¢ and d?¢. In the sum the d®¢ terms will cancel, leaving a pure % part as final result which

we expect as a d®¢ contribution would break charge symmetry. For the outer regions, R and
R~, we find

: 3 fabe :+ jabc
L igP(f*c+id ) 1.9 2 L'(€)
Mg, =~ e
z 1lv|"/1 —-n
xd—" |ogz—=- |2 (7—1> e
{wn<1-z>[°gz sl o)

20NNy K KR
M |Wn z k:2 4m z Wn
4 k?
|:].+617TE (k(Q i 2F1( €+1 5 m)] }—l—ﬁnite, (559)
s 3( fabc : jabc
— _ 19 (f —id ) 1—-2¢ evE QGF(G)
M, = 3272 E T
d gz = 22 (2 -0)”
wn(1—2) & nlwn| \z g

21 v |"/1 -1 z B A ol LT
* E Wn, (; B 1) k% — 4m? [ L9y - L,2: * J_wi ]
4¢(2 — e)m26 1 3 k‘f_ .
1 4eme 279 g <7, 1,7,7> finite. .
[ +e 2 —4m2)€2 13 e+ 2 W% —dm? + finite (5.60)

Again, the only difference of these two contributions is the relative sign between ¢ and d*°.
We can now combine all contributions and find that this class of diagram is free of endpoint
divergences

Mayy =My +Mp +My +Mgy =0(n"). (5.61)

1 2
dLE dLE

5.5 Cancellation of endpoint divergences

After the rather technical calculation of the collinear emission diagrams in the previous section,
we now take a step back to reflect on the conclusions we can draw from the cancellation of the
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5.5 Cancellation of endpoint divergences

endpoint divergences. For the form factor, this cancellation is relatively straightforward since
the problem involves only two scales, my and ). However, when considering the gr spectrum, an
additional scale is introduced, which affects the coefficient functions of the endpoint divergences.
In general, these coefficients can be non-trivial functions of m/k, . In this section, we investigate
how the additional ¢r dependence influences the structure of the endpoint divergences. To
do so, we express our diagrams in the factorized form already introduced in our discussion of
factorization theorems in section 5.3.

5.5.1 Collinear emission

Let us begin with the collinear emission diagram studied in detail in the previous section. The
diagrams from figure 5.10 can be categorized into two distinct classes. In the first class, the
gluon is emitted from a subleading-power beam function:

4®+ 1%§%+ 4®+ « Qg&%{@> —.(5.62)
FeY gﬁ’f% zf

As before, we omit the right-hand side of the cut for better readability. For this class of diagrams
alone, the endpoint divergences remain uncanceled. In the second class of collinear emission
diagrams, the gluon is emitted from a leading-power collinear vertex or Wilson line. Like the
previous class, these diagrams also exhibit endpoint divergences:

>%+%® . E@@ﬁgo(’l’) 569

Only the sum of both classes is free of such divergences. Remarkably, the endpoint divergences
from the non-trivial subleading-power diagrams cancel against those from leading-power emissions
multiplying a virtual next-to-leading-power diagram. This is a highly nontrivial result, indicating
that the mass and kr dependence remain factorized at subleading power. Consequently, the
coefficient functions do not exhibit a complex dependence on m/k; .

5.5.2 Soft emission

When discussing the factorization theorem in section 5.3, we saw that the emitted gluon can
have soft or collinear scaling. At this point, we have discussed the collinear emission diagrams in
great detail and now want to focus on the diagrams where the emitted gluon is soft. As the sum
of all collinear emission diagrams is free of endpoint divergences and the endpoint divergences
have to cancel point by point in k, we are free to choose a different regulator for the soft emission
diagrams. We choose the pure rapidity regulator [129], as the soft leading-order diagram vanishes
using this regulator. Thus, we only have two contributions with a soft leading-power emission —
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namely a soft Wilson line multiplying a sub-leading power beam function:

%
?J;@Jr e |« + =0, (5.64)

which is already rapidity finite on its own. Further, we have two diagrams where the gluon is
emitted from a subleading-power soft function. Since the sum of diagrams in eq. (5.64) is free of
endpoint divergences, the same has to happen in the sum of the NLP emission diagrams. Indeed,

we find
i% ¥ %g . f@%@ —o ). (5.65)

Just as for the collinear emission, we find that the mass and the transverse momentum dependence
factorize and conclude that the coefficient functions of the endpoint divergences do not feature a
complex dependence on m/k .

5.6 Summary

In this section, we studied bottom-quark mass effects in the Higgs g7 spectrum. This contribution
makes up for about (9(5 — 10%) of the gluon fusion process as it is enhanced by the interference
with the top-quark loop and thus an important contribution to the Higgs qr spectrum. The full
prediction can be used to measure the quark Yukawa couplings from the initial state.

To set up the notation, we started with the leading-order calculation involving bottom-mass
effects. Here, we saw that our individual contributions agree with the results in ref. [269] and
the sum of the hard, collinear and soft contributions reproduces the full QCD result. In the LO
calculation, we only have two scales, the quark mass and the hard scale (Higgs mass). When
calculating the gp spectrum, we add a third scale to the problem and need to take the different
possible scales of gp into account. In fact, we need a factorization theorem for each kinematic
regime, where we focused on qr < mp < @ and g7 ~ mp < Q. Further we calculated all collinear
real-virtual emission diagrams and saw that the endpoint divergences cancel within different
subsets of these diagrams. In fact, the endpoint diverges from subleading-power diagrams cancel
and against leading-power emissions. This tell us that the mass and transverse momentum
dependence factorize even at sub-leading power, which is one of the main results of this chapter.
For the soft emission diagrams, we saw that the subleading-power contributions are 7 finite on
their own when using the pure rapidity regulator. Thus, the sum of contributions featuring a
leading-power soft emission has to be finite as well.

The next steps towards understanding the bottom-mass effects in the Higgs g7 spectrum would
be to compare the n-finite parts of all diagrams to the full QCD result in the respective limit
of k being collinear or soft and to perform the phase space integral over k. In the future, it
would also be interesting to renormalize the subleading-power hard, beam and soft functions
and obtain a resummed result for this interference term in the Higgs qr spectrum which we will
leave to future work.
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Chapter 6

Transverse Momentum Distributions
of Heavy Quarks and Heavy Hadrons

In this chapter, we initiate the study of transverse momentum-dependent (TMD) fragmentation
functions for heavy quarks, demonstrate their factorization in terms of novel nonperturbative
matrix elements in heavy-quark effective theory (HQET), and prove new TMD sum rules that
arise from heavy-quark spin symmetry. We discuss the phenomenology of heavy-quark TMD FFs
at B factories. We further calculate all TMD parton distribution functions for the production of
heavy quarks from polarized gluons within the nucleon and use our results to demonstrate the
potential of the future EIC to resolve TMD heavy-quark fragmentation in semi-inclusive DIS,
complementing the planned EIC program to use heavy quarks as probes of gluon distributions

This chapter closely follows ref. [3] reflecting the author’s contribution. In comparison to ref. [3],
section 6.2 was shortened and some calculational details were added in section 6.3.

6.1 Motivation

Hadronization describes the nonperturbative mechanism that confines quarks and gluons pro-
duced in high-energy collisions into the experimentally observable color-singlet hadrons. This is
a key aspect of every process involving QCD particles, but its fundamental description from first
principles remains unknown [53]. We thus rely on phenomenological models to described the
hadronization process. The fragmentation of bottom and charm quarks to heavy mesons can
play a vital role on the way of gaining a better understanding of the fundamental underlying
processes: The mass of the heavy quark imprints as a perturbative scale on the otherwise non-
perturbative dynamics of hadronization. The unique properties of heavy quarks as color-charged,
but perturbatively accessible objects make them ideally suited as probes of the hadronization
cascade, effectively serving as a static color source coupling to the light degrees of freedom.

In this chapter, we present the first study of the transverse momentum dependent (TMD)
fragmentation functions (FFs) of heavy quarks to heavy hadrons. Our theoretical tool to analyze
the fragmentation of heavy quarks is (boosted) Heavy-Quark Effective Theory (bHQET) [97-100,
146,281-284], which has previously been applied to the well-understood collinear (or longitudinal)
heavy-quark FFs [285-288]. We demonstrate that applying bHQET to TMD FFs gives rise to
novel, universal matrix elements describing the nonperturbative transverse dynamics of light
QCD degrees of freedom in the presence of a heavy quark (i.e., a static color source). While
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a large part of this work is devoted to developing this new theoretical formalism. Further, we

also consider the phenomenology of heavy-quark TMD FFs in eTe™ collisions and semi-inclusive
deep inelastic scattering (SIDIS) which are relevant for existing B-factories such as Belle-II and
the future EIC, respectively.

These TMD processes are directly sensitive to the nonperturbative transverse dynamics of
heavy-quark fragmentation. We note that the TMD fragmentation of light quarks to quarkonia
has been studied in ref. [289], in that case by matching onto nonrelativistic QCD, and similarly
for light-quark TMD dynamics in hard quarkonium production and decay in ref. [290,291].
This chapter is structured as follows: In Section 6.2, we analyze heavy-quark TMD FFs and
identify the new bHQET matrix elements and perturbative matching coefficients that characterize
the fragmentation dynamics. In Section 6.3, we discuss the all-order structure of matching
polarized heavy quark TMD PDFs onto collinear PDFs and explicitly compute the O(ay)
matching onto gluon PDFs. In Section 6.4, we use our results from the previous two sections to
outline the prospects for heavy-quark TMD phenomenology at eTe™ colliders and the future
EIC.

6.2 TMDs for heavy quark fragmentation into a heavy hadron

6.2.1 Calculational setup and parametric regimes

We consider the fragmentation of a (possibly polarized) heavy quark @ into a hadron H that
contains the heavy quark and carries momentum P}fl. For this paper, we assume that the heavy
hadron polarization is not experimentally reconstructed. We work in QCD with ny = n, + 1
flavors, where the ny massless quark flavors are denoted by g and the heavy quark ¢ has a pole
mass m = m, mp > Aqep. We decompose P}} in terms of lightcone momenta as

Ph=Pg—+—=—"=2—, (6.1)

where P > Pt = MIQ_I /Py is boosted in the frame of the hard scattering and by definition
Py, =0, coinciding with the “hadron frame” for fragmentation [147].

We are interested in the dependence of the fragmentation process on the total transverse
momentum of additional hadronic radiation X into the final state, which is equal to the initial
quark transverse momentum k; by momentum conservation, and Fourier conjugate to the
transverse spacetime separation b between quark fields.

Since Aqcp < m, the nonperturbative dynamics in the fragmentation process are constrained
by heavy-quark symmetry in all cases, but differences arise depending on the hierarchy between
these two parametric scales and the magnitude k7 of the transverse momentum or, equivalently,
the inverse of the transverse distance 1/bp ~ k. Broadly speaking, we will consider the two
cases illustrated in figure 6.1. In case (a), which we analyze in section 6.2.3, kr ~ Aqcp is
generated during the nonperturbative fragmentation process itself, while perturbative emissions
at the scale m > kp are suppressed. In this case, the heavy hadron carries almost all the
longitudinal momentum provided by the initial heavy quark, while the kr dependence is carried
by universal nonperturbative functions describing how the “brown muck” separates from other
light hadronic final states. In this regime, “disfavored” fragmentation functions where the valence
content of the identified heavy hadron does not match the initial heavy quark, e.g. Q — H,
Q — h, or q,g — H, are forbidden by heavy-quark symmetry. To simplify the analysis, we will
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Figure 6.1: Parametric regimes for the fragmentation of a heavy quark @ (green) into a single
heavy hadron H with a measurement on transverse momentum. In case (a), the hadron picks
up transverse momentum relative to its parent quark as the “brown muck” (brown) coalesces
around the quark and splits from other soft hadronic radiation into the final state (orange). In
case (b), the transverse and longitudinal momentum distributions are dominated by perturbative
emissions at the scale of the heavy quark mass (teal). In this regime, the nonperturbative
hadronization process is encoded in a normalization factor, while its effect on the shape of the
momentum distribution is subleading.

count
1l—zg~1, (6.2)

where zp is the fraction of the quark’s lightcone momentum retained by the hadron H. To
be precise, we will assume that the zy measurement does not probe the precise longitudinal
momentum distribution near the endpoint.

In case (b), which we consider in section 6.2.4, the distributions in transverse and longitudinal
momentum are determined by perturbative dynamics at the scale ks ~ m > Aqcp, while the
dynamics of the nonperturbative bound state only contribute a normalization factor. In the
case of the unpolarized TMD FF, this normalization factor admits an interpretation as the total
probability for () to fragment into H, as is well known for inclusive heavy hadron production
cross sections [285,286,292]. In this case, the disfavored fragmentation functions for Q — H
or g — H, and Q — h or g — H, are perturbatively suppressed by O(a?) and O(a,) at the
scale p1 ~ m, respectively. We stress that we continue to assume eq. (6.2) also in this regime, so
longitudinal momentum distributions remain perturbative.

6.2.2 boosted Heavy-Quark Effective Theory

Boosted Heavy-Quark Effective Theory (hHQET) [146,284] describes the application of HQET,
to heavy quarks produced in an energetic collision. For a short review on HQET we refer to
section 2.3. Recall that the heavy field can be written as

b(w) = e Ry (@) 1+ 0 (%)} . (6.3)
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The dynamic degrees of freedom are heavy-quark fields h,(x) that are labeled by the timelike
direction v*, which we choose to be the velocity of the heavy hadron,
L

U#:J\]Zr;’ vr=1, (6.4)
For external states, the matching reads |H, hy; X) = /m|H,, hi; X), and we use a nonrelativis-
tic normalization convention for the bHQET states. In addition, the effective theory contains
light-quark and gluon degrees of freedom that have isotropic momentum p* ~ Aqcp in the rest
frame of the heavy hadron. The tree-level matching for these is trivial; in particular, the Wilson
line W (x) takes the same form in the effective theory, but consists of gluon fields that only have
support on a restricted set of modes.
After performing a field redefinition, a static Wilson line, Y, (), takes the place of h,(x) in all
external operators, acting as a static source of soft gluons. The field redefinition as well as Y, (z)
were defined in section 2.3. Specifically, the action of h,(x) on a product state in the decoupled
theory is given by

ho(2) [, hq; se; he, fr; X) = u(v, hq) Yo () [s¢, he, fo; X) (6.5)
1

where sg = 5 and hg = j:% are the spin and helicity of the heavy quark, u(v,hg) =
u(mu, hg)/+/m is an HQET spinor, and sy, hy, and f; are the total angular momentum, helicity,
and flavor content of the light degrees of freedom inside the hadron. (We will specify a helicity
axis in the following section.) Physical hadron states of definite angular momentum sy and
helicity hy also have definite sy, which is a good quantum number in the heavy-quark limit. In
general, they involve a coherent sum over the helicity eigenstates in eq. (6.5),

|Hy, her) = |5, b, sgose) = D > |5Qyhqs se he) (50, hai se hulsm, hr) | (6.6)
hg h

where we suppressed the common fy and X, and (sq, hq; S¢, he|su, hi) is a Clebsch-Gordan
coefficient. (We take the coefficient to vanish for hg + hy # hpy, i.e., one sum is always eliminated
in practice by helicity conservation.) For the case of inclusive fragmentation, it has been known
for a long time [107,286] that the factorized form of eq. (6.5) together with parity and eq. (6.6)
implies relations between the fragmentation probabilities to different hadron states within the
same heavy-quark spin symmetry multiplet, i.e., with the same s, = %, 1, %, ..
at the strict leading order in 1/m, an unpolarized charm quark is exactly three times as likely

.. As an example,

to fragment into an excited spin-1 vector meson (D*) than into the corresponding pseudoscalar
state (D). The physical reason for this is that the light dynamics do not see the heavy-quark
spin at leading power, and thus the same nonperturbative matrix elements with given sy, hy
appear in several cases. This analysis is simplified by the fact that for unpolarized or linearly
polarized heavy quarks, light amplitudes for different helicities cannot interfere. One key goal
of the next section will be to work out the consequences of heavy-quark spin symmetry for
transverse momentum-dependent fragmentation functions, where transverse quark polarization
will let us access this interference for the first time.

6.2.3 Calculating TMD FFs from bHQET for Aqgcp S kr < m

Tree-level matching and discrete symmetries

In this section we calculate the TMD FFs for Aqcp S k7 < m using bHQET. We will use
methods from HQET that were introduced in section 2.3 and refer the reader to this section for
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6.2 TMDs for heavy quark fragmentation into a heavy hadron

details. Additionally, we will use the definition of the TMD quark-quark correlator as well as
the definitions of the unpolarized and the Collins TMD FFs from section 2.6.3.
Using the tree-level matching onto bHQET in eq. (6.3) at the leading order in Aqcp/m ~ kr/m,
the correlator evaluates to
db* 1b+(P /zH—mv )/2{

Fu(b,)+ 0 0( )} 67
. 1(b1) +Ofas) + O — (6.7)

where Fpr is a bHQET blsplnor defined by

Apjq(zm,bi) =

Fp(by) —Tri@}WT b1) hy(by)|HyX ) (H, X |hy(0) W(0)]0). (6.8)

Note that we have evaluated the matrix element at b = 0, which is justified at leading order in
1/m. Using P; = v~ [m + O(Aqcp)], we can perform the b™ integral,

WFH(M) n O(%) (6.9)

To analyze the spin structure of F (b, ), it is convenient to define the auxiliary vector

Apjo(zm,b1) =

M=t — — with 27 =-1, (6.10)

n-wv
which defines a unit z axis oriented along the spatial component of 7 in the rest frame. Written
out explicitly, F(v,z,b1) depends on the three four vectors v#, i.e., the label direction in
bHQET, corresponding to PJ; in the full theory, the spacelike vector z# parameterizing the
Wilson line direction n# relative to v#, and the spatial separation b’j_ of the fields (with direction
o = b‘i /by, #2 = —1). As these three are orthogonal, they define a unique fourth unit direction
yP = elP?u,x, 2, with y? = —1.

There are three applicable symmetries constraining the form of Fy: first, the correlator only
propagates the particle components of the bispinor. Second, from its transformation under
hermitian conjugation and, third, from parity conservation. Note that time reversal is broken by
the presence of the out states, and thus is not a good symmetry of fragmentation functions [178].
Finally, charge conjugation relates the form of Fy for Q — H to that of Q — H, but does not
constrain the form of Fy for a given final state. Then, the most general form of Fy(v,z,b))
allowed by Lorentz covariance is given by,

b1ty
br 2
with two real-valued scalar coefficient functions x1 m(br) and xt 7 (br) that can only depend on

v? = —2? =1 and b? = bZ. Recalling the definitions of the unpolarized and the Collins TMD
FFs from section 2.6.3

1+9
2

FH(vaZ7 bL) = Xl,H(bT) +x (bT) (6.11)

D1 pyq(zm,br) = tr{? Apjg(2m, bJ_)] )

i
2 My b2

Hl(l) (ZH,bT) = tr[

1H/q Az, bJ_)} (6.12)

we perform the traces and identify the two functions, x1 g (br) and i (br), with the unpolarized
and Collins TMD FF, respectively,

1

DlH/Q(sz bTa Hy C) = 5(1 - ZH) Cm(ma.ua C) X1,H (anua \'r/nz) + 0(%) 5

1
br My Hlj_éll/)Q(sz br, K, C) = 6(1 - ZH) C’m(mhu’u C) XtH (anU’a f) + O(%) (613)
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We used the known results [293,294] for the perturbative matching of SCET onto bHQET
to generalize our results to all orders in perturbation theory. Here the matching coefficient
Cpm =14 O(as) arises from separately matching the collinear (“unsubtracted”) and soft contri-
butions to the TMD FFs onto bHQET and QCD with n, light flavors, respectively. Starting at
two loops, the matching coefficient features rapidity logarithms of the Collins-Soper scale ( over
the mass as a consequence of the large boost separating the heavy hadron rest frame and the
frame where the soft radiation is isotropic. The renormalization properties of x z and Xi It
follow from eq. (6.13) by consistency with the bHQET matching.

For reference, we can also take suitable traces of eq. (6.11) to obtain explicit definitions of x1 g
and Xi g in terms of bHQET matrix elements,

Xl,H(bT) = %trFHa)J_), Xf_,H(bT) = %tr [I;;?f FH(bL)} . (6.14)

which we dub heavy-quark TMD fragmentation factors.

Heavy-quark spin symmetry

We now return to the full correlator Fy (b)) defined in eq. (6.8) and analyze its heavy-quark
spin symmetry properties, which are particularly transparent when working with sterile fields.
To do so, we first decompose the out states as in eq. (6.6). Acting on these out states with sterile
heavy-quark fields as in eq. (6.5) yields

Z Z Z w(v, hg) (v, hQ)<SQ,hQ,Sg,hdSH,hHMSH,hH‘SQ,hQ,Sg,h£>
hH hqhy he,h,

x ;Tri@‘WT (b1) Yo(b1)|se, he, fo; X ) (e, iy, fo; X| Y, (0) W(0)|0)

sz >0 u(v, hq) w(v, hg) (3. hqs se, helsi, ) (su, halsq, hig: 56, ) pepn, (b1)
hu hq.hg he,h,

(6.15)

On the last line we defined the spin-density matrix py of the light degrees of freedom ¢ = {sy, fo}
which encodes all non-perturbative dynamics.

The fact that the same light spin density matrix p, appears for all hadrons within the same spin
symmetry multiplet (same s; and f;, but different sg) leads to relations between their TMD
FFs in the heavy-quark limit. We now push on towards the combinations that are relevant for
an unpolarized hadron and that contribute to the two fragmentation factors at hand.

Unpolarized TMD FF: We begin with the unpolarized quark case and perform the trace in
eq. (6.14), which sets hg = h’ and thus hy = hj,

x1,1(br) = ZZZ\ 5Q> hQ; s, hel st har)? penen, (L) - (6.16)
2o

To illustrate this, consider the pseudoscalar case, where

1[P£,++(bl) +pe——(b1)], (6.17)

se=1/2, su=0: xiu(br) =7
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Figure 6.2: Origin of the Collins TMD FF Hi for (a) light and (b) heavy quarks. Here k is
the transverse momentum of additional hadronic radiation into the final state, S, (or Sg.) is
the quark transverse polarization vector, and Sy, is the transverse polarization vector of the
light hadron constituents.

and we have written helicities as + = :t% for short. We see that the unpolarized TMD FF
encodes information about the magnitude of the amplitude for producing a given light helicity
state. Summing over all hadrons H within the same spin symmetry multiplet M, (i.e., all
hadrons with identical light spin and flavor state ¢), we further define

xiebr) = D x1abr) = penen,(b1), (6.18)
he

HEM@

where we used the completeness relation of the Clebsch-Gordan coefficients

%ZZZZ|<8Q’hQ5S€»h£‘5H7hH>|2 = 1. (6.19)

H hyg ho he

By evaluating the partial sums in eq. (6.16), it is easy to see that in terms of this baseline, the
individual unpolarized TMD fragmentation factors are given by

1 3
Se=73: x1,m(br) = ZXl,e(bT), X110+ (br) = ZXLB(bT)a (6.20)

where for the purpose of this equation we used H as a shorthand for D (B) when @ = ¢ (b).
These relations are textbook knowledge in the inclusive fragmentation case (by = 0) [107]. Our
analysis shows, for the first time, that they hold without modification and point by point in the
distribution when resolving the hadron transverse momentum.

Collins TMD FF: A naive expectation from heavy-quark spin symmetry might be that the
Collins FF should be suppressed by 1/m because it encodes a correlation between the initial quark
transverse polarization vector and the transverse momentum of hadronic final-state radiation. In
the case of light quarks, this correlation arises directly from the nonperturbative dynamics of the
QCD Lagrangian, as illustrated in figure 6.2 (a), but in the heavy-quark case it naively seems to
require a suppressed magnetic interaction with the heavy-quark spin. We will now see that this
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is not the case. As illustrated in figure 6.2 (b), the angle between the final-state heavy-quark
and light transverse polarization vectors (i.e, the relative phase between their helicity states)
determines which hadron in the spin symmetry multiplet is produced, even without a dynamical
heavy-quark spin interaction taking place. Reconstructing this information experimentally thus
induces a correlation between the heavy-quark and the light spin state. Crucially, spin symmetry
ensures that the final-state heavy-quark spin state is identical to the one it was prepared in. The
light spin state in turn 4s in general correlated with the transverse momentum k; of hadronic
final-state radiation, since they both arise from the same nonperturbative dynamics of the light
degrees of freedom, leading to a Collins effect at the leading order in 1/m. To illustrate this, it
is again instructive to consider the case of the pseudoscalar meson,

se=1/2, 55 =0 xbulbr) = 3[or-(b1) — pre(b1) (6.21)

As expected, the Collins FF in the heavy-quark limit contains information about the strength of
the interference, and hence the relative nonperturbative phases, of amplitudes for different light
helicities.

As a corollary, we conclude that the Collins FF must vanish at leading order in 1/m when
summing over all the hadrons in the spin symmetry multiplet,

> xtm(br) =0. (6.22)

HeM,

Concretely, this means that the Collins FF vanishes altogether for sy = 0 baryons, x1,a, = 0.
For sy = 1/2 using the same notation as in eq. (6.20), the explicit relation is

se=3%:  xiw(br) + xipg-(br) =0. (6.23)

Discussion: The spin symmetry relations in egs. (6.20) and (6.23) are the main results of this
section. They hold for all values of by, which means that they also hold point by point in kp
upon Fourier transform. Furthermore, they are unaffected by renormalization, as we discuss
in the next section. This makes them substantially stronger than the known sum rules for
relativistic TMD fragmentation functions. For the light-quark Collins function in particular, the
Schéfer-Teryaev sum rule [295] has only been rigorously proven [296] in the bare case.

Relation to bHQET fragmentation probabilities for Aqcp < k7

An important property of the TMD fragmentation factors we defined above is their limiting
behavior as kr > Aqcp or, equivalently, by — 0. In this limit, the unpolarized TMD fragmen-
tation factor x1 g is related to the total probability xz for the quark to fragment into H, which
has previously been analyzed in HQET [285-287],

X1 (b1, 1, p) = C1(br, 11, p) X1 + O(Adepbi) - (6.24)
where the matrix-element definition of xp [288] is equal to x1 g (b = 0) at the bare level,

1
4N,

XH = Trtr i (0|W1(0)hy (0)| H, X ){H, X |, W|0) . (6.25)

X

Because x g is not renormalized [292], we generally expect a perturbative Wilson coefficient
Cy(bpr, i, ¢) = 14+ O(as) to appear in eq. (6.24) at the renormalized level from integrating out
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partonic physics at the scale u ~ k7. Eq. (6.24) can be considered the leading term of a twist-like
expansion of x1,7(br) in Aqcpbr at leading order in the strong coupling.! In eq. (6.24) we also
assumed without detailed proof that corrections to this relation are quadratic in by based on
the azimuthal symmetry of x1 g (br).

In contrast to eq. (6.24), the Collins TMD fragmentation factor Xf g must vanish at least linearly
as by — 0 because there is no leading bHQET matrix element it could match onto in this limit.

6.2.4 Matching TMD FFs onto bHQET for Aqcp < m S kp

We next consider case (b) in figure 6.1. In this regime, the transverse and longitudinal momentum
distributions are determined by dynamics at the scale  ~ m ~ kpr and are fully perturbative.
The nonperturbative dynamics in this case are encoded in bHQET matrix elements that involve
additional gluon fields or derivatives and that can be nonlocal along the lightcone, but in contrast
to the previous section are local in the transverse direction. Similar to a standard twist expansion,
these bHQET matrix elements are categorized by their mass dimension, which determines their
scaling as Aqcp << m, kr, i.e., their mass dimension ~ AaCD is compensated by powers of by or
1/m in the Wilson coefficient. This story plays out differently for the unpolarized vs. the Collins
TMD FF, which scale as O(1) and O(Aqcp br), respectively, so we will go through the two
cases separately in the following. We note that the expansion of TMD FFs in terms of bHQET
operators differs from a standard twist expansion insofar as the HQET field h, encoding the
interactions with the heavy valence quark remains present in all low-energy matrix elements.

Unpolarized TMD FF

For the unpolarized TMD FF, the unique bHQET matrix element that can arise in the infrared
at the leading order in 1/m is the total fragmentation probability x g as defined in eq. (6.25):

A
Dy wyo(zm, b, 11, ¢) = digro(zH, b, 1, ¢) xH + 0( C;SD) + O(Aqepbr) - (6.26)

Importantly, we have again made use of the assumption in eq. (6.2) that we are sufficiently far
away from (or have fully integrated over) the endpoint regime zy; — 1, as otherwise there would
be a nontrivial bLHQET shape function on the right-hand side [287,288]. The unique matching
coefficient of xr, which we dub the partonic heavy-quark TMD FF d; Q/Q(z, br, 1, ¢), is a new
object that, to our knowledge, appears in our analysis for the first time.? It is independent of
the precise hadronic final state, carries the exact dependence on bym ~ 1, and can be calculated
perturbatively by evaluating eqs. (2.182) and (2.185) for partonic final states including at least
one heavy quark, i.e.,

dy Q/Q(ZH7 bT) =1tr ?AQ/Q(ZH, bJ_) = 5(1 — ZH) + (’)(ozs) . (627)

Tt is well known that the formal OPE of relativistic fragmentation functions is ambiguous due to an
unconstrained choice of boundary condition at lightcone infinity [297,298]. While this fundamental issue remains
present here, it is interesting to ask whether the case of bHQET TMD fragmentation factors, which are Wilson
loops, can provide additional insight into this issue.

2Curiously, the perturbative transverse dynamics of heavy-quark fragmentation b — B, have previously been
evaluated in refs. [299,300]. The complete tree-level result given in the first reference, which starts at O(a?), can
be considered a very specific subset of the NNLO corrections to the TMD FF we define here if we sum over final
states. If we tag on the charm instead, their result corresponds to a different perturbative TMD FF dy 4z/5 ~ a?
whose renormalization, by our analysis, is governed by standard (massive) TMD evolution.
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Its rapidity renormalization is governed by the Collins-Soper kernel of a theory with n, massless
and one massive quark degree of freedom [205]. We perform a dedicated NLO calculation
of dig /Q(z, br, i, ¢) in chapter 7. Since the dependence on the hadronic final state is purely
encoded in y g, which satisfies the same spin symmetry relations as in eq. (6.20), we conclude
that the unpolarized heavy-quark TMD FF satisfies

1

Dyyg = ng H/Q > (6.28)

for all values of by (or kr), including 1/b7 2 m, up to corrections of O(Aqcp/m).

Eq. (6.26) continues to be valid for kr > m, but features large perturbative logarithms of
brm < 1 in this limit. Their resummation is enabled by further factorizing the physics at those
two scales. To do so, we can first match the heavy-quark TMD FF onto twist-2 heavy-quark
collinear FFs at the scale u ~ m [301],

DlH/Q(ZH)bTalu’aC) = Zl%iz %Z/q(zabT’M7C) DH/Z<Z7H7:U’> +O(m2b%)7 (629)
where the sum runs over ¢ = ¢, ¢, g. This matching takes the same form as the standard matching
of light-quark TMD FFs onto twist-2 FFs at 1 ~ Aqcp, except that the highest IR scale here is
given by m. The Wilson coefficients J; /q(z, br, i1, ¢) encode the perturbative process ¢ — i in a
theory with ny 4+ 1 massless flavors at the scale p ~ kr, with the quark retaining a fraction z
of the parent’s lightcone momentum, and are known to N3LO [302,303]. In a second step, we

perform the well-known [285-288] matching of the collinear FF of a massive quark onto bHQET
to separate Aqcp < m,

A
Dyyi(zm, 1) = dgi(zm, 1) xm + O( ?SD) ; (6.30)

where dg /i(zH, ) is the perturbative collinear heavy-quark FF for i — @ [292], which is known
to NNLO [304,305]. Combining egs. (6.29) and (6.30) and comparing to eq. (6.26), we conclude
that the perturbative ingredients are related by

1 dz z
dig/qo(zm,br, 1, C) = =) Z/z Jij(z,br, 1, C) dQ/z‘(?HaM) + O(m?b7,) . (6.31)
H

This refactorization condition for dyg/q can serve as a cross check on future perturbative
calculations, and in addition enables resumming logarithms of kr/m > 1.

Collins TMD FF

To identify the low-energy bHQET matrix element that the Collins TMD FF matches onto in the
limit Aqop < m ~ kr, we use a two-step matching procedure formally valid for the hierarchy
Aqecp < m < kp. (We will later show that the result is correct for either hierarchy.) As for the
unpolarized TMD FF above, this lets us make use of well-known results for the matching of
light-quark TMD FFs onto collinear FFs, which we can then further match onto bHQET.

We start from the diagrammatic small-b7 expansion of the bare Collins TMD FF for light quarks,
which is valid for Aqcp < kr and given by [177, 178,306]3

br My, Hfé};(zh, br) = bTﬁh/q(zh) + O(as) + O(A(QQCDbZT) ) (6.32)

3In the literature, this relation is more commonly given as a tree-level equality between H, /q and a weighted
k7 integral over the bare momentum-space Collins FF. Using eq. (6.44) and integrating by parts, it is easy to
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where H h/q 18 a twist-3 collinear fragmentation matrix element at the scale u ~ Aqcp-

We now consider the heavy-quark Collins FF and at first assume the hierarchy Aqcp < m < kr.
For the matching at the scale u ~ k7, the mass is an infrared scale, and thus the twist expansion
in eq. (6.32) immediately carries over. The collinear matrix element H 1/q takes the same
form as before, but is now defined at the scale u ~ m. To implement the separation of scales
Aqcp < m, we match H /@ onto bHQET. At tree level, this amounts to a replacement of the
quark fields as in eq. (6.3), and after expanding the momentum-conserving phase results in

Hrjqle) = 601 — 2m) xin + Ola) + O( 1), (6.33)

where xpc ~ Aqcp is a novel subleading bHQET matrix element. Similar to the total
fragmentation probability xz defined in eq. (6.25), x ¢ no longer depends on b, but is simply
a constant that depends on the identified hadron H.
In the last step, we combine egs. (6.32) and (6.33) to arrive at our final result for the tree-level
matching of the heavy-quark Collins TMD FF onto bHQET:

br My Hiﬁ}/)@(m, br) =6(1 — zi) brxm,e + O(as) + O(Agep) - (6.34)
Because this derivation assumed Agcp < m < kr, eq. (6.34) a priori is only valid up to power
corrections in mbp. However, since we found a nonzero result at our tree-level working order
and power corrections in mbr can only arise from real radiation in the calculation of the Wilson
coefficient, eq. (6.34) as written also holds when integrating out both scales simultaneously. We
note that additional low-energy matrix elements will in general be generated when performing
the matching at higher orders in ay, but leave a dedicated construction of the basis of bHQET
operators at this order in Aqcp to future work.

Conversely, x i, must vanish when summing over all hadrons in the spin symmetry multiplet
My,

> xwe=0. (6.35)

HeM,

Combining these results at large kr ~ m with those in eq. (6.23) we conclude that the Collins
TMD FF satisfies the following relations for all values of by (or kr),

Hiyo = —Hige g (6.36)

which we have proven here up to corrections of O(Aqcp/m) and up to radiative corrections at
the scale p ~ k7 ~ m for large k.

6.2.5 Consistency between regimes for Aqcp < by < m

Our results in the previous two sections share a common domain of validity when the transverse
dynamics are already perturbative, Aqcp < kr, but still subject to heavy-quark symmetry,
kr < m. In this section we analyze the consistency relations that arise from this overlap and
relate the perturbative bHQET fragmentation factors to the partonic heavy-quark TMD FFs.

see that this reduces to the derivative of the br-space Collins FF at by = 0. The O(as) corrections to eq. (6.32)
were evaluated at finite k7 > 0 in ref. [306] and involve twist-3 matrix elements that depend on two independent
momentum fractions and reduce to Hj, /q in certain limits by use of the equation of motion. We anticipate that
matching these more general matrix elements onto bHQET will reduce the number of independent (residual)
momenta to one because the heavy-quark momentum is fixed.
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We start with the unpolarized case. Comparing eqgs. (6.13) and (6.24), which are valid for
Aqcp S kr, to eq. (6.26), valid for kr < m, we find the following all-order refactorization

~

relation for the partonic heavy-quark TMD FF in the limit kr < m,

gyl br €)= 8(1 = 2) Conlm . C) Ci (b Lo ) 4 (). (637
Here we have canceled off the common nonperturbative factors of xg. To interpret the z
dependence, eq. (6.37) says that counting 1 — z ~ 1, d; /o must approach 6(1 — z) up to an
overall factor at the distributional level for bym — oo, i.e., all Mellin moments of d; /o must
become equal in this limit. Eq. (6.37) provides a powerful consistency check of perturbative
calculations of d; /g in chapter 7. It also enables the resummation of large perturbative
logarithms of kr/m < 1, complementing the factorized result in eq. (6.31) for the opposite limit.
For the Collins TMD FF we compare eq. (6.13) to eq. (6.34) and use Cy,, = 1+ O(a,). Canceling
off the z dependence, which is trivial at tree level, this yields

Xtz (bt 1, p) = Xm,6 br + Olas) + O(A{epbt) (6.38)

which can be interpreted as the leading linear term in a small-by expansion of Xi 7> as anticipated
in section 6.2.3. As for the Collins function at k7 ~ m, we leave a dedicated higher-order matching
calculation to future work, which will involve nontrivial Wilson coefficients integrated against at
least one additional O(Aqgcp) bHQET matrix element.

6.2.6 Model functions and numerical results

For our numerical results we will assume a simple Gaussian model for the unpolarized TMD
fragmentation factor,

x1,1 (b7, 1o, po) = XH eXP<—ﬁ%1b%> ; (6.39)

where ki ~ Aqgcep has units of GeV. Eq. (6.39) is valid at initial scales po ~ m pg ~ 1/br of the
TMD evolution. We apply a u* prescription [49,220] (also known as a “local” b* prescription)
starting at (’)(b4T) to ensure that pg stays perturbative without polluting nonperturbative
corrections at O(AéCDbQT) [307],

4

o= (29 4 sitn) = P14 O] (6.40)
T T

where by = 2e77F ~ 1.12292 and we take pmin = 1 GeV. We take (o = mpg to always be equal
to its canonical value, (g = (bo/br)2. We then use leading-logarithmic (LL) perturbative TMD
evolution Uy(po, Co, i, ¢) to evolve eq. (6.39) to the overall scales p ~ /¢ ~ @, with Q the hard
scattering energy.? This order is sufficient for the exploratory phenomenology we have in mind,
and in particular lets us use TMD evolution and 3 functions in QCD with n; = 5 massless
flavors at all scales since the quark decoupling only induces next-to-leading logarithms of bym.
Specifically, we ignore the decoupling relations and NNLL power-like secondary quark mass
corrections to the Collins-Soper kernel 'yg(bT, p) that were determined in ref. [205]. We also
ignore nonperturbative contributions to the Collins-Soper kernel, since they are orthogonal to

“We refer to ref. [307] for the details of our evolution setup.
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Figure 6.3: Unpolarized heavy-quark (left) and Collins TMD fragmentation functions (right) as
a function of k7 and integrated over zy. All results are normalized to the total fragmentation
probability xg. The yellow band in the case of the Collins function corresponds to the indicated
variations of the sign and magnitude of Mg . These results are universal for charm and bottom
quarks; see the text for details.

the effects we are interested in here. Overall, this results in the following expression for the
evolved unpolarized heavy-quark TMD FF,

/ dZH Dl H/Q(ZH7bT7:ua C) = XH exp(—/—i%b%«) Uq(tu(%COv.u? C) ) (641)

Zcut

1 ¢ rdy! !

Ui o1 0) = exp | ot & x| [* 9 510,))
0 po M

where for definiteness we considered the integral over z.y < zg < 1. To our working order,
the right-hand side of eq. (6.41) is independent of z.ut as long as 1 — z¢yy ~ 1 in order to
satisfy eq. (6.2), and also holds for any truncated zm moment of the TMD FF. Note that the
single-parameter model in eq. (6.41) is also accurate at large kr = m, cf. eq. (6.26), where it
reduces to xg and thus is correct up to radiative corrections.
We assume a similar model for the Collins TMD fragmentation factor, but have to account for

the suppression at small by by modifying the Gaussian,

X1, (b7 o, po) = X ArLbr exp(—n%ﬁ%) , (6.42)

where we find it convenient to express the overall effect strength in terms of Ay = xm,¢/xH ~
Aqcp, i.e., relative to the total fragmentation probability xz. The parameter kg ~ Aqcp
controls the relative impact of higher power corrections and is in general distinct from kp in
eq. (6.39). Combining this with NLL ny = 5 TMD evolution as above, we find, for the evolved
heavy-quark Collins function in position space,

1(1
bTMH/ dzy Hj é[/)Q(ZH,bT,M, () =X Ag1br eXp<—f€%u52T) Uqg(p0,Cos 11,¢) - (6.43)
Zcut
Taking appropriate Bessel integrals [181], we finally transition to momentum space,

DlH/Q(ZH’kT"U” / debTJO kaT)DlH/Q(ZH7bT7N7C)7

‘m [;13"‘

kr

M ~——Hi'y 0 (20, ks p1,C) =

5 / dbr b1 ( kaT)Hlj({/)Q(ZH7bTa,U7C)- (6.44)
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To evaluate the TMD evolution and the Bessel integrals, we use the numerical implementation
of TMD anomalous dimensions, QCD renormalization-group solutions, and double-exponential
oscillatory integration in SCET1ib [224].

Our results for the zpy-integrated heavy-quark TMD FFs are shown as a function of kp for
different values of the model parameters in figure 6.3. We use as(myz) = 0.118 GeV as the input
value for the strong coupling. We note that due to heavy quark flavor symmetry, the charm
and bottom-quark TMD FFs are exactly equal at small k7 <« m. In other words, they only
depend on the universal Gaussian parameters kg (for the unpolarized TMD FF), kg, (for the
Collins TMD FF), and the Collins effect strength Ay . At large kp ~ m, the TMD FFs remain
independent of the heavy quark mass up to radiative corrections of O(«s), which we ignore at
our LL working order. These plots are thus identical for both flavors we consider. We point
out that the Collins function can in general take any sign, as indicated by the yellow band
scanning various values of the effect strength Ay . The effect of varying the size of higher-power
corrections (kgr, k1 ) decreases as kp increases for both TMD FFs, as expected.

6.3 Polarized heavy-quark TMD PDFs

6.3.1 Calculational setup

In this section we consider the production of a heavy quark ) with pole mass m = m., my >
Aqcp from light partons within a polarized nucleon /N. The nucleon has momentum

nk MZQV n#

PN =Py + 5 (6.45)
N

with Py > PJJ\G = MJQV /Py in the rest frame of the hard scattering that the heavy quark
participates in. This time, we are interested in the transverse momentum k; of the heavy
quark with respect to the nucleon beam axis, which is again Fourier conjugate to the transverse
spacetime separation b; between quark fields. We recall the spin decomposition of the TMD
quark-quark correlator from section 2.6.2 in terms of scalar TMD PDFs

ki

Po/n(r > 0,ky1) = {fl o/N (@, k) + 911.0/n (T, kT) SLys + hfLQ/N(UC, k) Srs My

. K 70
+ 1th/N($, kr) M—jv + (terms oc SL)}Z . (6.46)

As we will see in the next section, the terms proportional to the transverse nucleon polarization
S| vanish for heavy quarks to all orders in the strong coupling when matched onto the leading
(twist-2) collinear PDFs. We will also find that the twist-2 matching for the Boer-Mulders
function hi vanishes at O(as). The remaining TMD PDFs on the first line, for which we will
find nonzero results at O(ay), are the unpolarized TMD PDF f;, the helicity TMD PDF g1z,
and the so-called worm-gear L function hlLL; the latter will be of particular significance, and
encodes the production of a transversely polarized quark from a linearly polarized nucleon. For
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reference, the explicit Hankel transforms relating scalar TMDs in by and k7 space read®

db
x k‘T /T brJy k?TbT) fl(w bT)

dbr

k
T (2, k) = My /ijl(kaT)h W (2, by),

My
db
gin(x, kr) = /T brJo(krbr) g11.(x, br) ,

kr

db
e L pd (x,k:T):MN/ Tijl(kaT)h W, br) . (6.47)

6.3.2 Matching onto twist-2 collinear PDFs

Heavy-quark TMD PDFs are different from their TMD FF counterparts because the heavy
quark cannot be part of the initial-state nucleon wave function at the scale . ~ Aqcp at leading
power in Aqcp/ m,% whereas in the fragmentation case the heavy quark is always part of the
final-state heavy hadron until its eventual weak decay. This means that heavy quarks must be
pair-produced in initial-state gluon splittings at the scale u ~ m instead. In particular, this
means there is at least one perturbative emission with transverse momentum = m setting the
scale of kp = m, while the region of kr < m can only be populated by several emissions with
small net recoil, which is a power-suppressed configuration. In field theory terms, this means
that heavy-quark TMD PDFs can be computed by perturbatively matching them onto collinear
twist-2 nucleon PDFs in a theory with ny light flavors, which are the only nonperturbative piece
of information in this case. The matching onto twist-2 collinear PDFs is well developed for
light quark and gluon TMDs, with notable results including all unpolarized quark matching
coefficients through O(a?) [211,212] and results for polarized TMDs through O(a?) [311,312],
and many of the following steps are standard, see e.g. [147]. Likewise, the O(a;) matching of the
unpolarized heavy-quark TMD PDF onto gluon collinear PDFs has been given in refs. [205,301].
We nevertheless aim for a self-contained description, giving us the opportunity to point out the
ways in which (polarized) heavy-quark TMD PDFs behave differently.

The bare light-quark and gluon twist-2 collinear correlators are defined as

dbt k- o
) = [ e VRN (W 0.0 O)[N).

47
O (x) = AT it apy) /2 N|EF~#(B)W (b, N 4
on(@) = | e (N|F~*(b)W (b,0)F~(0)|N), (6.48)

where b = (0,b™,0) in this case and W (b, 0) denotes a straight Wilson line segment. The collinear

SWe continue to distinguish momentum and position-space functions by their argument. As before, the
superscript (1) on the br-space functions indicates a by derivative and that is specifically required due to the
conventional normalization to the hadron mass [181].

SPower corrections of this kind, which are known as “intrinsic charm” and have received substantial recent
interest on the collinear PDF side [308,309], would be an interesting subject to explore in the TMD case in the
future. Very recently, the TMD PDFs for charm quarks within A. baryons, which are leading valence contributions
and do not have to be produced from gluons, have been evaluated in a lightfront Hamiltonian model in ref. [310];
while these are phenomenologically inaccessible, it would be interesting to analyze these valence dynamics in the
heavy-quark limit as we did for TMD FFs in section 6.2.
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correlators are conventionally decomposed as [147]

s

Dyn(w > 0) = { Fon (@) + 9oy (@) 135 + hyy(@) 1581 | .

piv "
v g 1€

in terms of the unpolarized (helicity) quark and gluon PDFs f;/x (g;/5) and the transversity
quark PDF h,/y. The contribution oc S to the gluon correlator (i.e., the transversity gluon
PDF') vanishes identically for spin-0 and spin-1/2 hadrons in the initial state due to helicity
conservation [313].

The matching relation between heavy-quark TMD PDFs and twist-2 collinear PDFs holds at
the operator level, and constitutes the leading term in the OPE of the former. Taking nucleon
matrix elements of the bare operators, the relation for general spin indices reads

’ d ’ -
BB _ D B8 - v (D
<I>Q/N($,ku_) _/p CQ/QHV(SUPN,]? akLam) (DS/N<PN>

dp B85 - = acd (P
+32 [ € Py k) (b)) (6.50)

where p~ is the lightcone momentum carried by the light parton extracted from the collinear
PDF and the sum runs over the ny light quark flavors. In pure dimensional regularization, the
bare matching coefficients are given by the partonic diagrams

Cg?g “V(Zpiapia kJ_a ’I’)’L) =

Cogaar (&P 0 kL,m) = : (6.51)

where z = Py /p~ is the fraction of p~ injected into the hard scattering process and we have
indicated the heavy quark lines in red. The gray-shaded circles denote the sum of all possible
QCD diagrams with these external legs, including gluon attachments to the Wilson lines that
are part of the operators indicated by @. We have included the respective lowest-order diagram
for illustration. As is standard, matching relations between individual scalar TMD and collinear
PDFs follow by inserting eq. (6.49) into eq. (6.50) and tracing the resulting Dirac bispinors
(...)P% against the relevant Dirac structures.
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6.3 Polarized heavy-quark TMD PDFs

Flavor conservation in QCD implies that a single fermion line has to connect the external light-
quark states in eq. (6.51). It follows that contractions with the quark transversity PDF involve
an odd number of Dirac matrices on the light-quark line and vanish to all orders, i.e., flavor
conservation and chirality for light quark flavors imply that all terms o< S| vanish at twist-2 level
in eq. (6.46). This is distinct from e.g. the light-quark transversity TMD PDF, which receives a
tree-level contribution from the transversity collinear PDF of the same flavor. As in the case
of light-quark TMD PDFs, Lorentz covariance further implies that only unpolarized (helicity)
collinear PDFs can contribute to the unpolarized and Boer-Mulders (helicity and worm-gear L)
TMD PDFs, matching the dependence on Sy in the spin decomposition. These conclusions
are not modified by the inclusion of the soft factor, the rapidity renormalization, and the UV
renormalization of the TMD PDFs, all of which are orthogonal to the spin structure. They
are likewise unaffected by the renormalization of the collinear PDFs, which acts autonomously
on the unpolarized and longitudinally polarized sectors. Passing to renormalized objects, this
altogether leaves us with the following four nontrivial matching relations for heavy-quark TMD
PDFs onto collinear PDFs,

dz x
le/N(x7k:T7,U’7 C) = Z 7 CQ/j(Z7kT7m7M7<) fj/N(Eau) ’
J
kr | B dz x
mth/N(kaTauﬂ C) - Z 7CQl/j(Z7kT7maM7C) f]/N(ZaM) )

J

dz x
glLQ/N(x7kT7,u’7 C) = Z/Z CQH/]'” (Z7kT7m7M7<> 9j/N (;aﬂ) )
J
kr .| B dz x
mhlLQ/N(x7kT7H7 C) = ZJ:/Z CQl/j” (kaTama,uaC) gj/N (gv.u) : (652)

These relations are the key result of this section, and hold up to power corrections in O(Aqcp/kr)
and O(Aqcp/m). Here the subscripts A\, \' = @, ||, L on Car/in (z, kp, 1, ¢) label the polarization
of the heavy quark and the light parton j, the sum runs over gluons and the n, flavors of light
quarks and antiquarks, and we have included a factor of kp/Mpy on the left-hand side as needed
to ensure that the matching coefficient is independent of the hadronic state. We have also
changed integration variables from p~ in eq. (6.52) to z, exploiting the fact that projections of
the matching coefficients onto good components can only depend on z by reparameterization
invariance.

Note that in a crucial difference to the light-quark case, the heavy-quark worm-gear L TMD PDF,
which involves an odd number of Dirac matrices on the heavy-quark line in eq. (6.51) is allowed
at twist-2 level because the quark mass breaks chirality. The same is true for the Boer-Mulders
function. In both cases, the original argument of ref. [314] why the twist-2 matching for these
functions vanishes to all orders in the light-quark case critically relied on chirality. Conversely,
the respective matching coefficients must vanish linearly as m — 0 to afford the helicity flip,

m
)‘:®7||: CQL/jA('Z?kT?m?M?C) X k73+0(m2) (653)

T
Lastly, note that to all orders it is only the gluon PDF f,(x) and the quark singlet PDF
>i—qq fi(x) that contribute to the sum fig/n + fig/n due to the invariance of eq. (6.51)
under the ny light flavor symmetry, and similarly for the two polarized cases. The difference
Jig/n — 10 /N of heavy quark and antiquark TMD PDFs receives a nonzero contribution
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proportional to >, fi(z) — >_,_; fi(z) starting at O(a?) due to the relative orientation of the
color flow along the fermion lines in eq. (6.51), as in the light-quark case [211,302,303].
Inverting the Hankel transforms in eq. (6.47), we find the by-space matching relations

dz x
le/N(x,bT,/qu) = Z/Z CQ/j(ZabT7m)/~L7C) f]/N(;?/’l’) )
J

dz x
br My hlLégl/)N('ra br, Ky C) = Z 7 CQL/j(zv bT,m,,lL, C) fj/N( ,LL) )

J ;’
dz x
glLQ/N(‘TvbTaMaC) = Z 7 CQH/jH (ZabT7m7,U’7 C) g]/N(EaM) ’
J
i dz x
brMy hll(/g/N(l'abTaMaC) = Z/Z CQL/jH (ZabT7mnu’ C) gj/N(;a/'Q ) (654)
J

where the matching coefficients are given by (n =1 for A =L and n = 0 otherwise)

CQ/\/j)\/ (Z7 bT7 m, W, C) =27 /dkT kTJn(kaT) CQ/\/j)\/ (Z7 kTv m, , C) . (655)
For the dimensionless bp-space matching coefficients, eq. (6.53) simply reads

A=2,||: Cq,/j (2 br,m,u,¢) oc mby + O(m?). (6.56)

6.3.3 One-loop evaluation of matching coefficients

At O(as), only the gluon diagram in eq. (6.51) is nonzero. We use standard QCD Feynman
rules as well as

zp+kyo

Y
Xeyf %iw = 5w —£7) 6P (kL —eu)T, (6.57)

where w = zp and I' are the Dirac structures that project out the desired TMD PDF. In
particular

LB Mk RIS 659

_Jr - NP AMaverl

{275[/2'757 SL Qki’)%v NE€ 27{275_1{33
for the unpolarized, the helicity, the Boer-Mulders and the worm-gear-Li functions. We find the
leading-order result

zp+ k.

C’Bﬁ/

Q/guy(zpiapi7ku_7m) - (659)

[(p+ £ +m)ruf +m)y(p + £ +m))”
[(p+ 02 = m? +i0P(& — m? +i0)

i 2 4
_ i /M S(ep — p
2 ) (2n)4
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6.3 Polarized heavy-quark TMD PDFs

where p = (p~,0,0) is the momentum of the external gluon and ¢ is defined as indicated (in the
direction of fermion flow).

Dotting eq. (6.59) into the gluon collinear PDF correlator in eq. (6.49) and projecting onto quark
spin structures, we find individual momentum-space matching coefficients

as(
4; ) Ccy) Jau (22 B, m) + 0(2). (6.60)

CQ)\/gk/ (Zy kT? m, u, C) =

As an example, we calculate Cg/ (2, k7, m) at O(as) explicitly. The unpolarized TMD PDF
matches onto the unpolarized collinear PDF and therefore therefore picks a gj‘_y from the gluon
polarization

;2
ig 1
Cq/g(z, kr,m) = — el (-

v die -
29 Ij‘)/(%r)‘l O(zp™ —p” =) 8P (k. —p1L — £1)

[%(? L+ m)y(f+m)v(p+ £+ m)}
[(p+ £)2 — m? +i0]2(£ — m? 4 10)

As the £~ and ¢, integrals are fixed by J-functions, we can immediately solve them after taking
the trace. The only non-trivial integral is the £ integral which can be straightforwardly done
by contours

;2 —\2p+ —7.2 2, — —7.2
ig n (zp7 )T 4+ 2p k7 —mp~ (14 2) —p k7
C, k =— ds
Q/9(2 ke, m) (2m)4 / [zp=t+ — k2 —m? +10]2[ltp— (2 — 1) — k& — m? + 0]
s kA(1— 22+ 222 2
_ o hp(1 =224 27) Fm (6.61)
472 (k7. +m?)?
Then, the leading-order coefficient functions for all relevant TMD PDFs are given by
2 k2(1 — 22+ 22%) + m?
CY) (2 kr,m) = TrO(2)0(1 — 2) = “L ,
Q/9 T (k2 + m2)2
1
Céi/g(z, kr,m) =20,
(1) _ 2 KF(22 1) +m?
CQH/QH (z,kr,m) =TrO(2)0(1 — 2) T (RamiR
4 mk —1
cy) o, (22 m) = Tp ©(2)0(1 - 2) mkr(z — 1) (6.62)

7 (k2 4 m2)2

As a nontrivial check, we have confirmed that using massive SCET Feynman rules [315] results in
the same expressions after performing the spin traces and integrating over the loop momentum.
Note that the projection of the O(ay) twist-2 matching diagram onto the Boer-Mulders function
remains zero even for finite quark masses. This is expected because the Boer-Mulders function
is odd under time reversal [316], i.e., it changes sign depending on whether the Wilson lines
in the operator point to the future (SIDIS) or the past (Drell-Yan). The diagram in eq. (6.59)
does not yet feature gluon attachments to the Wilson lines that could resolve their direction,
and thus its projection onto the Boer-Mulders function has to vanish. Starting at O(a?), the
matching coefficient can in general receive nonzero contributions from the absorptive part of
real-virtual diagrams because chirality is broken by the quark mass, and it would be interesting
to investigate these contributions further.
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Evaluating the inverse Hankel transforms in eq. (6.55), we find the position space matching
coefficients

as(1) ~)

47 Qk/gy(z’ bTm) + O(OJ?) ) (663)

CQ/\/gA/(Zv bT; m, W, C) =

which at this order only depend on the dimensionless combination bym and are given by

Cly), (2, brm) = Tr ©(2)0(1 — 2) 4[ (1 = 22 + 222) Ko(brm) + 2(1 — ) brm K (brm)|
Cgi/g(z, brm) =0,

O gy (:brm) = Tr ©(2)0(1 - 2) 4 [(22 — 1) Ko(bym) + (1 — 2) bym Kl(bTm)} ,
Cgi/gu (z,brm) = Tr O(2)0(1 — 2) 4(z — 1) bym Ko(brm) , (6.64)

where Ky and K7 are modified Bessel functions of the second kind. These are the main analytic
results of this section. The unpolarized matching coefficient CS/)Q has been computed long
ago [301], and we agree with the bp-space expression given in that reference as well as with the
kp-space result in ref. [205]. The results for the polarization-dependent matching coefficients are
new.

6.3.4 Consistency with the light-quark limit

For Aqcp < m < kr, heavy-quark TMD PDEFs can be determined using a two-step match-
ing [205]. First, the TMD operators at the scale i ~ k7 are matched onto collinear PDFs in a
theory with ny + 1 massless quark flavors, which results in the standard massless TMD matching
coeflicients. In a second step, the ny + 1-flavor PDFs are matched onto those in a theory with ny
flavors at the scale p ~ m. At fixed order, this implies the following consistency relation for the
unpolarized and linearly polarized massive TMD matching coefficients,

dz/ z
CQ/k(vaT)mhua C) = Z 7CQ/j(Z/7bTaM7 C) Mj/k:(;ama M) +O(m2bf2f) ) (665)

J

dz’ z
J

where M /., denotes the PDF matching function, the sum runs over all light degrees of freedom,
and the subscript A = @, || again labels the polarization of the heavy quark and the light partons
7 and k. Perturbatively expanding the matching functions as

> as(U)\™ (n
Coain b0 =0y 31 =)+ 3 UV 6 (e ),

= Qs n n
My iy (2, 1) = 8301 = 2) + 3 4(:)) MG (zm ). (6.66)
n=1

these relations simplify for our dimensionless O(as) coefficient functions in by space,

CH) o (zbrm) = O (2,6, ) + MY, (2,m, ), (6.67)
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where the p dependence has to cancel within the matching coefficient. For the unpolarized
case, this relation has previously been verified in refs. [205,301]. At NLO, the polarized PDF
matching function relevant for our case is given by [317]

2
(1) — _ L
MQH/QH (z,m,p) =Tp(22 —1)In ok (6.68)
The massless matching coefficient for the quark helicity TMD PDF onto the collinear gluon

helicity PDF was calculated in ref. [311],

677E

1) . B 9
Cq\|/9|\(z’bT’“’O_4TF (22 =1)In pbr

+(1- z)] . (6.69)
Using Ko(z) = —In g + O(z), it is straightforward to see that our result in eq. (6.64) indeed
satisfies eq. (6.67).

By contrast, the worm-gear L matching coefficient is suppressed by one power of the mass, see
eq. (6.56), and therefore cannot be reproduced by a leading-power PDF matching at the scale
u ~ m. Interestingly, it contains a logarithm of mbp at subleading power,

2677E

o (z,brm) = 4Tp bym(z — 1) In

Q. /o) + O(m3b3) . (6.70)

mbT

Unlike the leading-power logarithms in 06(21/)9 and C’SH) Jay? this logarithm cannot be resummed
by the evolution of ny + 1-flavor PDFs between p ~ m and p ~ 1/bp. Subleading-power mass
logarithms in amplitudes that require a helicity flip have received much attention in the context
of Higgs boson production through a bottom-quark loop, see e.g. refs. [269-271, 318,319, and it
would be interesting to understand whether the logarithm in eq. (6.70) might be amenable to
similar techniques.

6.3.5 Numerical results for TMD PDFs

For numerics, we evaluate eq. (6.54) at the boundary scales g ~ v/(y ~ 1/br given in and below
eq. (6.40), perform the TMD evolution back to i = /¢ = @ as described around eq. (6.41), and
finally take a numerical Fourier transform as in eq. (6.47). E.g., we have

as(po) [dz ) x
g ~ CQ/g(z,bTm) fg<;,u0) (6.71)

fl(x7 bT? M, g) = Uq(:u(]a CO) H, C)
for the evolved unpolarized heavy-quark TMD PDF, and similarly for the other cases. For
the input collinear gluon PDFs we use the NNPDF31_nnlo_as_0118 unpolarized proton PDF
set [320] together with the NNPDFpol11_100 set for the polarized case [321]. Our input values
for the strong coupling and the quark pole masses were given in section 6.2.6.

In figure 6.4, we show our numerical results for the heavy quark TMD PDFs for producing
a charm or bottom quark from a longitudinally polarized proton as a function of kr and x,
respectively. The bottom quark TMD PDFs have a wider peak in kr compared to the charm
because of its larger mass, as can be understood from the fact that the expressions in eq. (6.64)
only depend on mby up to RG effects. Note also that the worm-gear L function (after including
a Jacobian 27k7) is quadratic in the small k7 region with a coefficient proportional to 1/m3,
whereas the unpolarized and helicity TMD PDFs are linear in k7. As this approximation is
valid to higher k7 in the case of the bottom quark than that of the charm, the bottom-quark
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Figure 6.4: TMD PDFs for producing a charm (left) or bottom quark (right) from gluons within
a longitudinally polarized proton as a function of kp at fixed x (top) or vice versa (bottom).
Dashed red lines in the bottom two panels indicate negative sign.
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TMD PDF has a numerically smaller value over a wide range. As x decreases, the unpolarized
heavy-quark TMD PDF rises much more rapidly than the polarized ones, as expected from the
smaller gluon polarization fraction at smaller . We point out that the unpolarized TMD PDF
changes sign at very high « > 0.6, indicating a need for resumming subleading-power threshold
logarithms of 1 — z using e.g. the tools of refs. [322].
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6.4 Towards phenomenology with heavy-quark TMDs

In this section, we present our phenomenological studies for heavy quark TMDs. A brief overview
including a sketch of the relevant processes was already given in section 2.6.4.

6.4.1 Accessing heavy-quark TMDs in eTe™ collisions

In ete™ collisions, TMD fragmentation functions may be accessed from double-inclusive mea-
surements with two identified hadrons, ete™ — H,H, X . For instance, the six-fold differential
cross section for this process in the TMD limit P, 7, M, < @ is given by [323,324]

doe+e—m,m,x _ 3az,
dcosfdpdz, dzy 2Py Q?
+ y(l - y) COS(2¢O) WCOS(2¢0)(Q27 Zay Zb Pa,T/Za)]
+ (odd under y <> 1 —y), (6.72)

1
|:(§ —y+ y2> VVincl(Q2> Zay Zby Pa,T/Za)

where cosf and ¢ are the spherical coordinates of hadron Hp with respect to the incoming
beams in the center-of-mass frame, z, and z; are the lightcone momentum fractions of the two
hadrons, and ﬁa,T is the transverse momentum of hadron H,. On the right-hand side, cep, is
the fine-structure constant, @ is the center-of-mass energy of the collision, y = (1 + cosf)/2, and
¢o is the azimuthal angle of ﬁa,T measured relative to the plane spanned by Hj and the beams.
The hadronic structure functions factorize into TMD FFs,

I/Vincl(6227 Zay 2by QT) = ‘Fee [H Dl Dl] 5
Wcos(2¢o)(Q27 Zas b QT) = Fee [H Hlj_(l) Hf_(l)} ) (6.73)

where Fe. denotes a weighted sum over flavors and a convolution of two TMD FFs (i.e., a
product in by space) at total partonic transverse momentum gy = Py 1/2q4,

° dbr b
Fee [H D™ D<m>} = 2222 / 2T7r T (Mabr)™ (Mybr)™ T (bgr)
0
X Z Hee—)ij(Q2u H) DHa/i(z(M bTv My QZ) DHb/j(ZlH bT; M, QQ) ) (674)

0,

and the hard function describing the pair production of quarks is given by
2
Heesij(Q%, 1) = o;7 {612 — 2vevie; Re[P7(Q%)] + (02 + a2) (v} + af) | Pz(Q?)] } . (6.75)

Here we have kept the contribution from Z boson exchange and Z-photon interference, as relevant
for measurements on the Z pole, where Pz(Q?) = Q*/(Q* — m% + il'zmy) is the reduced Z
propagator and ey (v, ay) are the electromagnetic charge (vector, axial coupling to the Z2)
of a fermion f. We may assume that the experimental measurement involves an integral over
symmetric ranges in cos # such that the forward-backward asymmetry and an associated odd
Collins effect in eq. (6.72) drop out.

Crucially, the TMD factorization theorems in egs. (6.72) and (6.73) only assume that the hard
scale QQ ~ z,Q ~ 2@ is large compared to all other scales, i.e., all masses and transverse
momenta, and therefore hold for both light-quark and heavy-quark fragmentation at z,; ~ 1
without modification. In particular, the heavy quarks are approximately massless at the scale

132



6.4 Towards phenomenology with heavy-quark TMDs

u ~ @ at which they are produced, and their polarization states are thus fully entangled. The
hard function in eq. (6.75) could be modified to account for the effect of perturbative spin flips,
but this amounts to retaining power corrections in m/Q further suppressed by powers of a.
Importantly, this means that a characteristic cos(2¢¢) modulation (the Collins effect) is present
both for light and for heavy quarks at leading power and at tree level. As is commonly done for
light quarks, the Collins effect strength

2
Rcos(2¢0) (Qz, QT) = dea fdzb WCOS(?Qﬁo) (2Q y Zas 2bs qT)
fdza deb I/Vincl(Q s Zas 2by qT)

can be accessed by taking suitable ratios of weighted cross sections, which we here take to be
integrated over z, and z; as likely relevant for an initial study of the heavy-quark Collins effect.

(6.76)
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Figure 6.5: Normalized TMD cross sections (top) and Collins effect strengths (bottom) for charm
quarks at @ = 10 GeV (left) and charm and bottom quarks at @Q = my (right) as a function of
P, and integrated over zy. The yellow bands in the case of the Collins effect correspond to the
indicated variations of the sign and magnitude of Ay .

In figure 6.5 we show the predicted ete~™ — DDX or BBX cross sections as a function of
hadron transverse momentum P, r, and the Collins effect strength R u4(24,) as a function of gr.
The universality for charm and bottom quarks follows along the same lines as for figure 6.3,
and holds as long as the center-of-mass energy is sufficient to produce the quark-antiquark
pair in a boosted state. This is the case for charm mesons at typical continuum center-of-mass
energies at existing B factories, such as Belle IT [325], and for both charm and bottom mesons at
higher values of @) such as at the Z pole. The Collins effect is smaller at higher center-of-mass
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energies because Xi g 1s linearly suppressed in by compared to the unpolarized, which means
it predominantly contributes at larger values of by where the Sudakov suppression at higher
energies tends to be stronger.

We show the results of varying kg (k) for the unpolarized (Collins) TMD FF, and illustrate the
variation of Agr; by the yellow band, exactly as in figure 6.3. Note that the information about

e~ collisions, i.e., for two charge-conjugate

the absolute sign of the Collins function is lost in e
hadrons we end up with a positive effect strength for any value of A\fy; = A\ since the effect is
proportional to the square of the Collins function. One may nevertheless extract the relative
factor between e.g. the D and D* Collins function, which heavy-quark spin symmetry predicts to
be exactly minus one, see eq. (6.36), by measuring the Collins effect separately for efe™ — DDX

and ete™ — D*DX. Explicitly, our prediction from heavy-quark spin symmetry reads

D 1 * 1) 1 )* 1 * )k
DD _ D*D  _ DD _ D*D

Rcos(2¢0) - _chos(M)o) - _chos(2¢>o) - +§Rcos(2¢o) (677)
We point out that for generic O(Aqcp) model parameters, the Collins effect strength reaches
the several-percent level for continuum open charm production at existing B factories, in line
with our expectation of an effect strength that is comparable to the light quark case, making a
future dedicated measurement (or search) appear very feasible.

Comment on claims regarding a mass suppression of the Collins effect

In ete™ collisions, the “intrinsic” heavy-quark Collins effect we analyzed above has been
disregarded so far. Note that this effect is in general distinct from the large background
contribution of DD weak decays to e.g. a measurement of the Collins effect on a KK sample.
This contribution is indeed considered in experimental analyses [326-329] and subtracted as
a background using Monte-Carlo simulations and heavy-quark enriched samples, but cannot
be immediately interpreted as a sign of a (nonperturbative) Collins effect since the progenitor
DD pair in this case is not constrained to be near the back-to-back limit by the measurement,
meaning that e.g. perturbative gluon emissions can also induce azimuthal correlations on the
DD pair and thus their weak decay products.

Ref. [326] mentions that it would be possible to look for the intrinsic heavy-quark Collins effect
with some further improvements to their analysis, but also incorrectly expects that the Collins
effect should be parametrically suppressed by the mass of heavy quarks. The argument sketched
in that reference (see beginning of their section IV) is that helicity flips should wash out the spin
correlation between the heavy quark and the antiquark. This is not the case, as we have argued
above: The quarks are approximately massless at the scale y ~ @ at which they are produced,
and thus are produced with fully entangled spin states, such that there is no suppression by
the mass from physics at this scale. Similarly, in our detailed analysis of the Collins FF at the
scale u < kr < m, we find no suppression of the effect by the mass, and the Collins effect in
particular is fully allowed by heavy-quark symmetry when accounting for the presence of lightlike
Wilson lines. Note that this is not contradictory to the fact that we do find a suppression of the
Collins effect by Aqcp/kr at large kr, since this suppression is exactly commensurate with the
twist suppression of the two Collins functions in the light-quark case, which has been mapped
out extensively [326-330]. We conclude that the prospects for a measurement of the intrinsic,
nonperturbative heavy-quark Collins effect at B factories are even better than anticipated in
ref. [326].
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6.4 Towards phenomenology with heavy-quark TMDs

6.4.2 Accessing heavy-quark TMDs at the future EIC

TMD fragmentation functions may also be accessed from single-inclusive measurements with one
identified hadron in electron-nucleon collisions, e~ (¢) + N(P) — e~ (¢') + H(Pg) + X, where the
scattering is mediated by an off-shell photon with momentum ¢ = ¢ — ¢ (and Q? = —¢% > 0).
The fully differential cross section for this process in the TMD regime reads [112,147,171,172,331]

doeNsenx
dz dy dzy d2Py 1

= UO{WUU,T(Q27 ©, 217, P/ 2m)

+ NSV = EWin(Q? 2, 21, Pur/2m)
+ Sp € sin(2¢x) W52(2¢H)(Q2, T, 2H, P'Hj/zH)} . (6.78)

On the left-hand side, z = Q%/(2P - q), y = (P - q)/(P - £), zix = (P - Py)/(P - q), and Py is
the outgoing hadron’s transverse momentum relative to ¢ in the Breit frame. On the right-hand
side,

agmﬂ-y 1-— Yy

T A9/1 N\ C= 55>
zn@Q*(1 —¢) 1—y+y?/2

up to power corrections in xMy/Q, xMygMy /(25Q?), or xPH,TMN/(zHQQ), all of which are
small in the TMD regime of interest, and ¢ is the azimuthal angle of the hadron transverse mo-

(6.79)

gy =

mentum in the Trento (photon) frame [171]. The beam polarization information is encoded in the
lepton beam helicity A\ and the covariant nucleon spin vector S* = (0, St cos ¢g, St sin ¢g, —Sr)
as decomposed in the Trento frame. We have dropped terms proportional to S, which cannot
be populated by leading-power heavy-quark TMD PDFs, see section 6.3. We have also dropped
terms proportional to the Boer-Mulders function, whose twist-2 matching in the heavy-quark
case is suppressed by at least one additional power of a. The hadronic structure functions
factorize in terms of one TMD PDF and one TMD FF each,

Wour(Q? x, 2z, Gr) = Fen [H bil D1} :
Wi (Q* 2, 21, Gr) = Fen [’H giL Dl} :

WP Q2 , zp, Gr) = —Fen [H hity Hl“l)} , (6.80)

where the convolution in transverse momentum may be written in position space as [181]

dbrb
Fen {H g™ D(m)} = 2zH/ ;71 T(MNbT)n(_MHbT)mJn—l-m(bTQT)
0

X Z /Hei%ei(Q% 1) gi/N(xa br, Q2) DH/i(ZHv br, u, Q2) ) (6.81)

(2

and the hard function for scattering a quark off a virtual photon is
Hez‘—wi(@% M) = |67;|2 + O(as) . (682)

As for eTe™ collisions, the TMD factorization theorems in eq. (6.80) only assume that the hard
scale @) ~ zQ is large compared to all low scales, and thus hold for both light and heavy hadron
production without modification. Again, the heavy quark is approximately massless at the
hard scale such that helicity is conserved during the hard scattering. This means that while
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o(eN — eHX) [pb] ¢, x>001]¢c,z>01|b x>001]0b 2>0.1
qr < 2GeV,Q > 4GeV 84 3.47 18 0.65
qr < 4GeV,Q > 10 GeV 16 1.45 4.9 0.42

Table 6.1: Total cross sections in picobarn for producing charm (left two columns) or bottom-
quark hadrons (right two columns) in the TMD region at the future 18 x 275 GeV? EIC for
different cuts on z > Zmin, @ > Qcut, ¢ = Prr/2 < qCT“t. See the text for further details on
the acceptance cuts we consider.

the production mechanisms for longitudinally or transversely polarized heavy quarks from an
incoming nucleon are different from light quarks (and are fully perturbative), the way they
imprint on the distribution of final-state hadrons is the same, leaving nonzero spin asymmetries

_ Jdzm WL (Q* @, zu, qr)
Jdzug Wour(Q?, z, zm, gr)
: d Wsin(2¢H) 2’ 7 7 -
A?]IE(M)H)(QQ’%QT) _ f “H Wyur (22 x ZHf]T) ‘ (6.83)
Jdzu Wour(Q?, x, zu, gr)
In particular, the sin(2¢) modulation induced by a nucleon beam polarization flip gives direct
access to the heavy-quark Collins function including its sign, which is not accessible in eTe™

ALL(Q27 Z, QT)

collisions.

To assess the statistical power of the future EIC to constrain charm and bottom quark TMD
dynamics, we first estimate the expected sample size of heavy hadrons in electron-proton collisions.
To do so, we consider the total cross section for producing a heavy quark in the TMD region
summed over beam polarizations,

= doensenx
TeN—se R :/dxd dzpy 2P —ers 6.84
NoerX (Qeut, ¢7) ydzy d* Py drdy dep 2Py (6.84)

x O(¢7" — Pur/21) O(Q — Qeut) Opis(z, y)

= 0y /dl“ dydzg ©(Q — Qcut) Opis(z, y) 22%1/ dby g5 Jy (brgst™)
0

X Z Hei—)ei(Q2> :u) fl Z/N(x? br, w1, QQ) D, H/Z(ZHa br, u, QQ) )

where Opig(z,y) denotes DIS acceptance cuts given by

1
€ > Toins 0.01 <y < 0.95, W2 — (5 — 1) Q? > 100 GeV?. (6.85)

We consider the EIC at beam energies E, = 18 GeV and Eny = 275 GeV. Any experimental cuts
on zy > zeut and the additional prefactor of z})’{ in eq. (6.84) are irrelevant at our working order
because the heavy quark carries all the energy in all regimes, i.e., zgy = 1 either at leading power
in the heavy-quark expansion or at the leading perturbative order, see the comments below
eq. (6.41). For this estimate we set kg = 0 in the unpolarized heavy-quark TMD FF, since the
total integral of the cross section up to ¢$"* > Aqcp is independent of it up to corrections of
O(A?QCD /q5") [307], and sum over all heavy hadrons containing the heavy quark, exploiting
> gy xu = 1. This means that the total rate at which heavy quarks are produced is predicted
fully perturbatively, as expected.
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Our results for the expected total charm and bottom-quark TMD cross sections are given in
table 6.1 for Qcut = 4 GeV and Qcyy = 10 GeV, where higher Q. allows for mapping out the
TMD region to higher gr before encountering power corrections, but at the cost of much lower
rates. (We have also adjusted ¢5"* accordingly in each case.) Scaled to an integrated luminosity
of 10fb~!, we expect a total charm quark sample of 35 x 103 in the TMD region for the loose cut
on @ and in the region x > 0.1 where polarization effects are expected to be most pronounced,
see figure 6.4, and where a measurement of the sin(2¢y) asymmetry is the most promising. This
suggests that even with this limited integrated luminosity, percent-level asymmetries should be
statistically resolvable.

In figure 6.6 we show the results for the unpolarized SIDIS cross section with a D (B) meson in
the final state, and for the two spin asymmetries defined in eq. (6.83). Note that the effect of
different kg in the unpolarized TMD fragmentation function is negligible in the cross section
and the Aj; asymmetry, which as expected are dominated by perturbative physics. The Apr,
asymmetry is very sizable at ~ 30% at the chosen value of z = 0.2. On the other hand, the
Ay, asymmetry is substantially smaller (1 —2%) for the generic O(Aqcp) parameters we picked
here due to the smaller value of both hf‘L compared to g1, and Hi- compared to D; in most
of the contributing TMD region, see figures 6.3 and 6.4 and the surrounding discussion. The
numerically smaller value of hfL for bottom quarks discussed around figure 6.4 is likewise
reflected in the size of the asymmetry for bottom compared to charm quarks. We emphasize
that a measurement of Ay, compared to the Collins effect in eTe™ collisions, has the unique
benefit of accessing the absolute sign of the heavy-quark Collins function. Resolving this sign
should well be possible within the expected statistics at the future EIC. While we leave the
study of systematic effects (such as luminosity uncertainties) to future work, we note that the
requirements that the established heavy-flavor/gluon distribution program of the EIC places on
instrumentation have already been analyzed in depth in ref. [179]. Among these requirements
are secondary vertex reconstruction capabilities and the momentum resolution on soft pions from
D decays, all of which will also benefit the kind of differential measurements of semi-inclusive
heavy-quark fragmentation that we propose here.

6.5 Summary

In this chapter, we discussed the transverse momentum-dependent (TMD) dynamics of bottom
or charm quarks with mass m = m., my > Aqcp fragmenting into heavy hadrons which were
studied in [3] for the first time. We considered two parametric regimes for the transverse
momentum k7, (a) Aqecp S kr < m, where the hadron transverse momentum k7 is determined
by nonperturbative soft radiation into the final state, and (b) Aqcp < m S kr, where kr is
set by perturbative emissions. We assumed throughout that the heavy quark is produced at a
hard scale @ > m, kp, i.e., it is boosted in the frame of the hard scattering, such that standard
TMD factorization applies at the scale () and only the low-energy TMD matrix elements are
modified by the heavy quark dynamics. In both regimes, the dynamics at scales below the heavy
quark mass are constrained by heavy-quark symmetry and encoded in novel low-energy matrix
elements in boosted Heavy-Quark Effective Theory (bHQET)

We showed that in regime (a), the unpolarized and Collins TMD fragmentation functions (FF)
match onto new, universal nonperturbative bHQET matrix elements x; g (kr) and X1l7 i (kr),
which we dubbed TMD fragmentation factors. In regime (b), we found new inclusive bHQET
matrix elements, x1,7 and Xi - An important new ingredient in this analysis is the unpolarized
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Figure 6.6: Normalized unpolarized TMD cross sections (top), longitudinal spin asymmetry
(center), and sin(2¢) spin asymmetry (right) for charm quarks (left) and bottom quarks (right)
at the future EIC. The yellow bands correspond to the indicated variations of the sign and
magnitude of Ay |, i.e., the heavy-quark Collins function.
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6.5 Summary

partonic heavy quark TMD FF d; g/, a perturbative Wilson coeflicient that appears in our
analysis for the first time and that we expect to appear also in other contexts. Further, we
proved new TMD sum rules that arise from heavy-quark symmetry. We want to point out
that an improved field-theoretic understanding of heavy-quark fragmentation will also benefit
the description of heavy flavor in Monte-Carlo generators for the LHC [332], where many key
searches and Higgs coupling measurements involve final-state charm or bottom quarks.

To extend our analysis to the possible phenomenology at the future Electron-Ion Collider (EIC),
we also considered the production of polarized heavy quarks from a polarized nucleon, which is
encoded in all-order matching relations between heavy-quark TMD PDFs and twist-2 collinear
light-parton PDFs. We find nontrivial matching coefficients at O(ay) for the heavy-quark
worm-gear L and helicity TMD PDFs onto the gluon helicity collinear PDF, both of which
we computed explicitly for the first time. We anticipate that the heavy-quark Boer-Mulders
function will receive a contribution from the twist-2 collinear gluon PDF starting at O(a?),
where it becomes allowed by time-reversal invariance.

Combining the standard TMD factorization theorems for eTe™ to hadrons and SIDIS with simple
numerical models for the new nonperturbative functions we identified, we provided predictions
for unpolarized heavy-quark TMD cross sections, the Collins effect strength for heavy quarks at
Te~ colliders (and in particular for c¢ continuum production at current B factories), as well as
for the relevant spin asymmetries at the future EIC. We find that a measurement of the intrinsic

(&

heavy-quark Collins effect is well within reach of existing B factories, and is motivated by the
rich nonperturbative structure of the heavy-quark Collins function that our analysis revealed.
The fact that transversely polarized heavy quarks are produced from linearly polarized nucleons
at a significant rate, as encoded in the worm-gear L matching coefficient, in addition provides a
clean avenue for probing the heavy-quark Collins functions in heavy-quark SIDIS at the future
EIC, including its absolute sign.

The theoretical framework we developed in this chapter paves the way for many promising
future applications: While we only considered the case of unpolarized heavy hadrons in this
work, an immediate next application of our framework are polarized vector mesons or baryons
containing heavy quarks. This gives access to a larger set of transverse-momentum dependent
polarized fragmentation functions [323,333,334] which in the heavy-quark case resolve the light
spin density matrix in even greater detail and obey additional sum rules. Another promising
prospect is to consider heavy-quark TMD fragmentation within jets, which makes its rich physics
accessible in hadron collisions. This extension is in fact straightforward because our results
for the heavy-quark TMD FFs hold independent of the factorization theorem they appear
in. This makes it possible to insert them into the hadron-in-jet frameworks of refs. [335,336]
as long as Q) ~ gf;tR > m, kr. Yet another possibility, which could mitigate the effect of
nonglobal logarithms that can become nonperturbative in our regime of interest, would be to
apply grooming to the jet and study the hadron transverse momentum spectrum with respect to
the groomed jet axis [337,338].

Other natural extensions are higher-order calculations of the various new partonic matching
coeflicients we introduced in this chapter, which will reduce the perturbative uncertainties on the
lowest-order theory predictions we provided here. This will also involve analyzing the renormalon
structure and optimizing the choice of quark mass scheme. In addition, one could consider
the matching onto subleading bHQET fragmentation matrix elements (for TMD FFs) or onto
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twist-3 collinear PDFs (for TMD PDFs, extending the work of ref. [339] to the massive case),
which would make it possible to interpret phenomenological extractions in terms of higher-point
correlation functions. Higher-order resummed predictions for heavy-quark TMD spectra then
immediately follow from our factorization results by solving the attendant renormalization group
equations, and will serve as powerful, highly differential benchmarks of the heavy-quark physics
encoded in present and future parton showers, including their interface with hadronization mod-
els, on which our field-theory analysis of the nonperturbative dynamics places rigorous constraints.

In conclusion, our analysis reveals that a wealth of information on the all-order and nonper-
turbative structure of QCD resides in the transverse momentum dependence of heavy-quark
fragmentation. An experimental exploration of this new subfield of TMD physics is in immediate
reach of existing B factories and will be an exciting addition to the planned heavy-flavor physics
program of the future EIC.
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Chapter 7

TMD heavy-quark fragmentation at
NLO

In this chapter we calculate all TMD FFs involving heavy quarks and the associated TMD
matrix element in HQET to next-to-leading order in the strong coupling. Our results confirm
the renormalization properties, large-mass, and small-mass consistency relations predicted in

ref. [3].

This chapter is based on ref. [1] reflecting the author’s contribution. Compared to ref. [1], we
shortened the calculation of dig,q section 7.3 and omitted sections 4, 6, 7 and 8.

7.1 Motivation

The fragmentation of heavy (bottom or charm) quarks into the experimentally observed heavy
meson and baryon states is of particular interest because the mass of the quark imprints as a
perturbative scale on the otherwise nonperturbative process of hadronization. In the last chapter,
we discussed study of transverse momentum-dependent (TMD) fragmentation functions (FFs)
for the formation of heavy hadrons from a parent heavy quark initiated in ref. [3]. Our work
generalized the well-studied case where only the collinear momentum fraction of the hadron is
resolved [285-288,292] (see refs. [340] for a recent precision study on data), and is part of a larger,
ongoing research effort to understand differential jet and fragmentation functions involving heavy
quarks, heavy hadrons, and heavy-quark bound states [3,289, 338,341-345]. In this context,
TMD FFs are unique in the wealth of information they can provide on the hadronization process,
essentially offering a full three-dimensional view of the fragmentation cascade.

In this chapter, we present the results for all unpolarized heavy-quark TMD FFs at perturbative
transverse momenta to complete next-to-leading order (NLO) in the strong coupling. Our final
results in position space agree with those of a recent calculation by another group [344] that
used a highly orthogonal organization of singularities in the intermediate momentum-space steps,
providing a strong independent cross check.

Importantly, the factorization paradigm ensures that the heavy-quark TMD FFs appear as
universal building blocks across predictions for a large number of processes involving final-state
heavy quarks. In the previous, we explicitly considered their phenomenology in heavy-hadron
pair production in the back-to-back limit in ete™ collisions and in (polarized) semi-inclusive
DIS at the future Electron-Ion Collider [179], cf. ref. [346] for recent dedicated projections for
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polarized collinear parton distribution functions (PDFs) and FFs involving heavy quarks at
the EIC. However, the applicability of heavy-quark TMD FFs is much wider: Applications of
immediate phenomenological interest range from Z-+hadron [347] and dihadron [348] azimuthal
decorrelations in pp and pA collisions to hadron-in-jet transverse-momentum distributions [335,
336], transverse momentum-like event shapes (extending the calculation of mass effects in thrust-
like event shapes [294,349-351]), and energy-energy correlators in the back-to-back limit in

Te™ [352], ep and eA [353,354], and pp collisions [355,356]. In all of these cases, factorization
formulas involving TMD FFs have been derived, and the NLO results we present in this chapter
enable one to fully account for the effect of quark masses and accurately capture their highly
nontrivial interplay with transverse momenta in all of these processes.

7.2 Theoretical framework

7.2.1 Heavy-quark TMD FFs

We study the fragmentation of a heavy quark @ with pole mass m > Aqcp into an unpolarized
heavy hadron H and additional fragmentation products X. We work in QCD with ny = n, +1
flavors, where ny is the number of massless quark flavors. Just as in chapter 6, we work in
the “hadron frame” for fragmentation [147] where Pt = (P, M%/P;;,0), with My the hadron
mass, and Py | = 0 by definition.

In section 6.2.4, we showed that up to a factor of the total probability for @) to fragment into H,
the distribution differential in kr = Px 7 ~ My and the lightcone momentum fraction zg of
the original quark retained by H is governed by a new perturbative matching coefficient, the
partonic heavy-quark TMD FF d; g,q(z, kr, 1, C),

A
Dy pyq(2u, b1, 11, C) = di g0 (2m, b1, 11, C) X + 0( C,:SD> + O(Aqcepbr) - (7.1)

Making all regulators explicit, the formal definition of d; g, at the bare level reads

d?iﬁ?g(z br,€,1,¢/V%) ~ g1 QEN / S (7.2)

X Trz:tr[Q (0|, (b) 1hq (b)| QX ){(QX [1o(0) Wn(0)|0>} ,
X

where we work in d = 4 — 2¢ spacetime dimensions, N, is the number of colors, Tr (tr) indicates
a trace over color (spin), and ¥  indicates a sum over all possible partonic final states combined
with an integral over their phase space. The fields in the first matrix element are evaluated at a
spacetime position b = (0,b™, b, ) with b, Fourier conjugate to k, , and b2 = —b? and k¥ = —k?,
respectively. The heavy quark in the external state carries momentum p* = (p~,m?/p~,0), i.e.,
the above definition is equal to the hadron-level definition of the heavy-quark TMD FF D, /¢,
but with H replaced by @ itself in the external state and restricting to partonic final states
X [3]. The definition in eq. (7.2) is given in terms of the heavy-quark field renormalized on shell,

YEe () = Zyog(m, s €) vg(x) | (7.3)

and in terms of Wilson lines W (z) defined as anti-path ordered exponentials of gauge fields
extending to positive infinity along the lightcone direction n*,

Wy (x) = P[exp(—ig /Ooodsn Az + ﬁs))L7 . (7.4)
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The subscript 7 indicates the presence of an additional rapidity regulator. In explicit calculations,
we will use the so-called n regulator of refs. [113,118]. The final result for the bare matrix
element depends on (/v?, with ( = (p~/z)? the Collins-Soper scale.

In terms of the bare collinear matrix element in eq. (7.2), the renormalized partonic heavy-quark
TMD FF is given by

. . bare 2
de/Q(z7bT7M7 C) = lg% ZUV(M7C76) %{\% d1Q/Q(Z’bT7€,777C/V )\/g(bT,m’ €1, V)} ) (75)

where S is the universal bare TMD soft function for the n regulator, which cancels all poles of n
and the associated v dependence, and is independent of the heavy-quark mass up to secondary
quark mass effects starting at two loops. By contrast, the MS renormalization factor Zyy for
quark TMDs is independent of the mass to all orders by RG consistency with the hard matching
coefficient at the hard scattering energy Q ~ p~/z > m ~ kp ~ 1/bp. While soft subtractions
(known as zero bins in the SCET literature) generally need to be accounted for in both virtual
and real collinear diagrams when computing the bare collinear matrix element itself, we have
explicitly verified that they lead to scaleless integrals for our choice of regulator, also in the
presence of the quark mass.

7.2.2 Nonvalence contributions

There are two further ways in which heavy quarks can participate in the TMD fragmentation
process for m ~ kp ~ 1/br > Aqcp; these were sketched in ref. [3], but we spell them out here
explicitly. In one case, the resolved final state is a heavy hadron H, while the parent parton
i=g,q,q is light,

Dy gjizm, b, 1, Q) = dy g i(2m, b, 11, €) xir + O(Aqep) - (7.6)

Here x g is again the universal inclusive fragmentation probability for Q — H, while the bare
matching coefficient d; ¢ /; is obtained from eqs. (7.2) and (7.5) after replacing the heavy-quark
fields in the bare correlator by suitable unpolarized combinations of gluon or light-quark fields.
In the other case, the resolved final-state hadron £ is light. In this case the TMD FF Dy ;
for i = g,q,Q,Q,Q has to be matched onto collinear fragmentation functions Dy, /; at the scale
Aqcp where all degrees of freedom j = g, q, ¢ are light,

1 dz z
Dy yyi(zm, b, 1, ) = 222/2 Jji(z,brym, p, Q) Dh/j( H,M) + O(Aqep) - (7.7)
H

z

This has the standard form of matching TMD FFs onto collinear FFs, but note that we include
the mass as an additional third argument of the matching coefficient to make explicit that even
when ¢ is light, the heavy quark may in general contribute to the matching at u ~ m ~ kr
through closed loops.

7.2.3 DbHQET fragmentation factors and the large-mass limit

In ref. [3], we showed that for transverse momenta k7 < m, the TMD dynamics are governed
by new (and in general nonperturbative) matrix elements defined in boosted HQET [146,284]
that we dubbed TMD fragmentation factors. Specifically, for Aqcp S kr < m and counting

1—zpg~1, (7.8)
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Chapter 7 — TMD heavy-quark fragmentation at NLO

which amounts to integrating over wide bins in zg or taking low zy moments, the TMD FF for
producing a heavy hadron H off a heavy quark @ factorizes as [3]

Dl H/Q(ZHa bTa H, C) = 5(1 - ZH) Cm(mhu? C) X1,H (bTmua \7{5) + O(%) ) (79)

where Cy,(m, i, () is generated by separately matching collinear and soft modes at the scale
w~ m onto HQET and QCD with n, flavors, respectively [293]; explicit expressions for C),, and
other perturbative ingredients to the order required for our perturbative checks are given in
appendix B.3.

In eq. (7.9), the TMD dynamics are encoded in the unpolarized TMD fragmentation factor
x1,H- For Aqep < kr ~ 1/by, we showed in ref. [3] that it is given by a product of the total
fragmentation probability x i and a perturbative matching coefficient Cf,

x1,1(br, 1, p) = C1(br, 1, p) X1 + O(Ajepb?) , (7.10)

where C was calculated in ref. [1]. Here we have also introduced the shorthand p = v~ = /{/m
for the boost of the hadron.

At the partonic level, egs. (7.9) and (7.10) together imply the following consistency condition
for the partonic heavy-quark TMD FF in the limit m > kp ~ 1/bp [3],

V< 1
d b1 115) = 0(1 = 2) Comn(m, 1, Q) Ca (b, 1, 2> ) + 07— | 7.11
1Q/Q(#: by 1, ) = 0(1 = 2) Con(m, 11, ) Cr (b s 2 ) + O3~ (7.11)
and in section 7.4.1 we will use this relation as a check of our one-loop results. By contrast,
nonvalence (or disfavored) partonic heavy-quark TMD FFs become power-suppressed in the
heavy-quark limit,

i£Q ¢ gl brng) =05 ). (7.12)
The indirect effect (D45, 1 # Q, Q) of the heavy quark on light-hadron production for m > kr
is leading in 1/m. It is governed by virtual contributions from collinear and soft so-called mass
modes and thus follows exactly the TMD PDF case [205]. Finally, the direct contribution (D /)
to light-hadron production becomes strongly peaked at z;, — 0 in the limit m > kr 2 Aqcp,
but for any finite value of 2, (or argument z of J;,q at the partonic level) is kinematically
suppressed as m > kp; we will verify this latter behavior in section 7.4.1, but leave a dedicated
analysis of its z, — 0 behavior — which is known to be subtle in fragmentation [357] — to future
work.

7.2.4 Consistency conditions in the light-quark limit

In the case when the heavy-quark is light compared to k7, the matching at the scale u ~ kp
takes exactly the standard form for matching TMD FFs onto twist-2 collinear FFs [3],

1 dz n 2
Diyjqlanbron Q) = 5 D [ 5 Tialzbr,w Q) DY (2on) + 0m83), (7.13)
b

where h = h, H may be both a heavy or a light hadron and Dé%H)

theory with ny light and one massive flavor, i.e., the mass is the highest IR scale in the twist-2
matching. Importantly, the TMD FF matching coeflicients J;/, are independent of these details

are collinear FFs in a
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7.3 Partonic heavy-quark TMD fragmentation at NLO

in the IR and are thus given by the universal TMD FF matching coefficients in a theory with
ny = ny + 1 light degrees of freedom, which are known to N3LO [302,303]. The problem of the
mass dependence is thus reduced to the well-understood behavior of the collinear FFs, which
differs depending on whether b is heavy or light [358,359],

n A
Dl(q/l;rl)(zH, w) = dgi(2m, )XH+0< (?SD),
n dz
D}(L/;*-l) 2, b Z/ ./\/lj/zT zZ,m, () ,g/z( ,u) (7.14)

Here dg/i(zm, it) is the partonic collinear heavy-quark FF and M, /; 1 is the timelike matching
function governing the flavor decoupling in light-hadron collinear FFs.

Comparing egs. (7.1), (7.6), and (7.7) to egs. (7.13) and (7.14), we can read off the following
leading-power behavior of the relevant perturbative heavy-quark TMD matrix elements in the
limit m < kp ~ 1/bT [3],

1 dz’ z
dyqi(z,br, 1, () = o) Z/z, T;i(Z b1, 1, ¢) dgy (;M) ;

dz’
jk/z(z br,m, p1, ¢ 2 Z/ t7j/z 4 o1, C) Mk/jT( -, M) (715)

In section 7.4.2, we will use these expressions, together with the various known ingredients on
the right-hand side, to perform cross checks of our one-loop results in section 7.3 in all channels.

7.3 Partonic heavy-quark TMD fragmentation at NLO

For ease of calculation, we will perform our calculation of the bare collinear matrix element
as well as its renormalization in momentum space, i.e., as a function of z and k7, and later
compute various integral transforms of the renormalized object directly. Passing to momentum
space, the one-loop correction to the renormalized heavy-quark TMD FF in eq. (7.5) reads

Ay gz ke p.0) _113%{5(1—2’) ~3(k3) Zi (. G, €) (7.16)

+ 7171_I>I(1) [dlfgjg) (27 kr, € n, C/V2) + 5(1 - Z) %S(l) (kTa €1, V):| } )
where we have used that dgogz Q= 6(1 — z) 26(k%) at tree level. (Here and in the following we
use the same symbol for functions of by and their Fourier transforms, as the meaning is always
clear from the argument.) Note that in our implementation of dimensional regularization in the
transverse plane, we make use of the azimuthal symmetry of the unpolarized TMD FF and take
the curly braces in eq. (7.16) to be a density in Wk% for convenience, i.e., they have an integer
mass dimension of —2, where the factor of 7w ensures that final results in d = 4 are properly
normalized azimuthally symmetric densities in vectorial kz [360,361]. With these preliminaries,
the bare collinear matrix element in momentum space is given by

are dQZ 2€ ; —2¢ 772
Gz ks €, ¢ /1) = o 2€N / iy Tritr[z O|Wvo|@X)  (7.17)
X

X (QX]|[6(p™ /= +167) 6@ (! + k) g W) [0)] -
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¢ ‘. ¢

S P S P P4

p [z, k1! p [z, kL ! P /z, kL
(a) (b) (c)

Figure 7.1: Diagrams contributing to the partonic heavy-quark TMD FF in Feynman gauge.
Heavy quark propagators and field insertions are indicated in red. In diagrams (a) and (c) the
gluon attaches to the Wilson lines that are part of the operators denoted by ®. The dashed
line indicates on-shell cuts. Mirror diagrams for (a) and (c) are understood and are included in
expressions given in the text.

Here d€25_o is the solid angle element for ki in 2 — 2¢ dimensions and the § functions involving
derivative operators on the second line act on the fields to their right, i.e., they fix the total
minus and perpendicular momentum injected into the compound operator.

Compared to a direct calculation in position space, which involves expanding Bessel-like hyper-
geometric functions in the dimensional regulator, the main challenge in the momentum-space
calculation is the careful distributional treatment of the singularity structure prior to expanding
in €, which we address in section 7.3.1. Renormalized results in momentum space are presented
in section 7.3.2, which we independently verify and further simplify by moving to cumulant
space in section 7.3.3.

7.3.1 Bare real-emission diagrams and distributional expansion

The two contributing real-emission diagrams in Feynman gauge are given in figure 7.1 (a) and
(b), where X = g is a single gluon. Including the mirror diagram for (a), their contributions to

d?g‘;g ) evaluate to
are (a s VB 2¢ - 1 ul 423
= e ()L
47 T(1—€) \kp v 2272 Z1 |2.22 + m2Z?
bare (b) asCp  eF <£>25 1 2
o = dr T(1 —€) \kp/ mz272¢ 2272
2,2 201 _ 2\ _ (1.2,2 252
y k%z* +m?(1 — 4z + 2°) _e(sz +m=z°) (7.19)
(k222 + m222)2 ’

where we defined the shorthand z = 1 — z and o = a4(p) is the renormalized MS coupling.
Note that to our working order, all results in this paper are independent of whether they are
expressed in terms of aﬁ"f ) or al™. We suppress overall factors of ©(z), ©(z), or O(k%) from
the final-state on-shell conditions in the following, but stress that they are formally present in
all the distributional identities we use or derive, and also multiply all finite remainder terms.

The two seemingly simple expressions above feature an intricate interplay of singularities as
kr — 0 and/or z — 1 (2 — 0), which in particular arise as the quark propagator goes on shell
for k‘?sz +m?z% — 0. At this step, the singularities are regulated by powers of Z~", dimensional
regularization, or both. However, if we restrict to finite z < 1 and k7 > 0, the limits n — 0 and

€ — 0 can be taken right away and all other contributions in the renormalized one-loop formula
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7.3 Partonic heavy-quark TMD fragmentation at NLO

including the virtual diagrams drop out in eq. (7.16), leaving behind a finite result from the sum

of (a) and (b),

asCp 2 k22%(1 + 2%) + m22*
A 7w Z(k32% + m?z2)?

1
z<land kr >0 : dg(o)?/Q(z,kT,u, () = (7.20)

This is, exactly the differential splitting probability for QQ — (Qg)Q in the quasi-collinear
limit [362,363], but the field-theoretic definition of d; ¢, provides us with explicit regulators
controlling the singular limits. It is in this sense that the heavy-quark TMD FF, after including
the virtual diagram and performing the renormalization, will provide a fully differential extension
of the splitting probability into the unresolved limit(s) that is finite in d = 4, universal, and
embedded in factorization theorems.

We employ a distributional expansion to systematically isolate divergences using plus distributions.
The contribution from diagram (a) features a 1/n pole which cancels when combined with the
n-regulated soft function

asCp  eE (u)% 1 [ 4 V2
7'(']{3%

1
5 (g —
2S ( T757777V) ,,7 k%

We can now take the n — 0 limit and referred to combined result as dllog;gl ) The second
diagram in figure 7.1 does not need a rapdity regularization. In order to expand in the dimensional
regulator, expand our results in terms of as generalized plus distributions with two variables
cf. ref. [364] and use the HypExp 2.0 package [365] to expand in e. For details of this calculation
we refer to ref. [1]. The finite terms involving the one and two-dimensional plus distributions are

lengthy and reappear in our renormalized result below, so we only quote the poles for reference:

bare (a+s) bare (b) OéSCF 1 _ 9 2 C 2 0
W ThoQ = 7ng{5(»2)50%)(—6Ian+6) +0(%) ¢ . (7.22)

7.3.2 Virtual contributions and UV renormalization

The virtual diagram (c) from figure 7.1 is common to any collinear matrix element involving
massive fermions and can be evaluated in a straightforward way using integration by contours
for the ¢ component of the loop momentum ¢, Feynman parametrization for the ¢, integral,
and an analytic £~ integral at the end. Including the mirror diagram, the result reads

2eVET (€) p2e

dbare () _ asCr
€(1 — 2€) m2¢’

1Q/Q = 4 01 —2) 5(k7)

1
us

(7.23)

and contributes a double 1/¢? pole. So far our calculation was performed in terms of bare quark
fields, and we still have to account for eq. (7.3). We use the standard on-shell renormalization
factor for a quark field with pole mass m in dimensional regularization,

7

sCr (3 2
- F(E—H’)lnm—l—él). (7.24)

47

Zwos =1+ Z&z)s + (9(043) ) 21511,)08 =

The MS UV renormalization factor for quark TMD PDFs and FFs is likewise well known and
independent of the mass [170],

Z8 (1, ¢,e) =

—asCF{ 203 258 } (7.25)

4
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Chapter 7 — TMD heavy-quark fragmentation at NLO

It precisely cancels the left-over poles from the mass renormalization when inserting both into
eq. (7.16), as expected. We thus confirm by an explicit one-loop calculation that the TMD FF
for heavy quarks obeys standard TMD evolution equations, with secondary mass effects in the
Collins-Soper kernel at higher loop orders understood [205].

Taking the € — 0 limit, we obtain our final result for the O(a;) correction to the renormalized
partonic heavy-quark TMD FF:

1
dg(%)/Q(ZakTau7<)
asCp 1 _ ¢ 2 2 p 2 2 o 1 o T

1 [2z24(1 + 22) + 22224 5. [2(1 4 2?) 22 423
il kSl VS (A o AN
m? [ Z(xz? + z2)2 L_ﬁ_ + (k) [ z n( + 22) zZ(1-— 222):| .

1 243z + 422 + 323 + m/2(2 4+ To +22) + (1 + Tz +22%) Inx
a(l+z)? +

+4(2)

poes)
o008 (5- 5 - ) | (7.26)

where we use the dimensionless variable z = k%/m?. Eq. (7.26) is the main result of this
section. The one- and two-dimensional plus distributions are defined in appendix C. Up to the
terms on the first line of the right-hand side, which are predicted by the RGE and vanish for
¢ = p? = m?, we have cast the heavy-quark TMD FF precisely in the form of a two-dimensional
plus distribution with nontrivial functions of z and k7 living on the respective boundaries and
an overall boundary contribution at z = 1 and kr = 0. Of course, the total contribution in the
bulk at z < 1 and k7 > 0, which can simply be read off from the content of the [...] t brackets
accounting for the prefactor of 1/22, is still equal to the simple result we found in eq. (7.20).

7.3.3 Cumulant space and position space results

Fixed-order subtraction methods, as well as certain ¢r resummation formalisms like the RadISH
approach [252], require the cumulative distribution in kp integrated over transverse momenta
kp with |kr| < kS as an input,

(k%ut)Q
dy g0z kF", 1, ) = 7T/ d(k?) dy g /o (2, kr, 11, ) (7.27)

often simply referred to as the cumulant. As for the Fourier transform we will indicate the
cumulative distribution simply through its argument k$".

Our final result for the NLO correction to the renormalized heavy-quark TMD FF in cumulant
space reads

1 cu
dl(Q)/Q(Z’thvu’ C)
s 1 kcut 2
_ ¢ Cr 1 5(1—2)| —4In ,ut 1ni—{—4ln2ﬁ+6lnﬁ —4m?T g T
4 22 kS m?2 m m m 6
k,cut kcut 2
—4(1 o T )50(1 ) —8L1(1— %) +R[z, ( T ) ]} (7.28)
m m
where we defined
4 —4z(1 — xewr2) z2 1 9 Teut 22 Teut
Rz o) = ——g g It [2(1 +z )ln(l + = ) —4zIn g ] . (7.29)
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7.3 Partonic heavy-quark TMD fragmentation at NLO

We note that R(z,Tcuw) = O(2%) for z — 1 and also R(z, Teur) = O(2°) for z — 0, so it is
integrable in all limits. For later reference we note its total integral,

1
/ dz R(z, xcut) = —4Lig <1 +
0

 3x2y + 3Tcus +2
(1 + xcut)Q

1 1
, ) 4L (1 . )
1\/@ 1\/@
2ZTcut («Tcut — Ty/Zcut + ]-)
(1 + -Tcut)2 .

(7.30)

Inxew +

We now move on to position-space results in terms of the ET variable Fourier-conjugate to ET,
which are the key input for producing resummed predictions from solving multiplicative bp-space
RGEs and Fourier-transforming the final result. As is standard, the two-dimensional Fourier
transform of the azimuthally symmetric renormalized TMD FF at hand is simply given by a
Fourier-Bessel (or Hankel) transform of zeroth order,

di1gQ(z,br, 1, ¢) = 27/ dkr kr Jo(brkr) dig/q(2, kr, 11,C) (7.31)
0

where J,, is the nth-order Bessel function of the first kind. Evaluating the relevant Hankel
transforms, our result for the NLO correction to the renormalized heavy-quark TMD FF in
position space reads

a0z br, . ) = O‘ﬁF;{csu —2) [ - 2me% +41n2 % +6ln% — L2 44— ”62]
—4(1+ Ly) Lo(1 — 2) — 8L1(1 — 2) + R(z, bTm)} , (7.32)
where we have used the shorthands
Ly =2In sz’jy‘E . y=brm, Ly=2h (7.33)
and the regular term ﬁ(y) is again integrable for z — 0,1 and given by
Riz) =y [ dth(en) Rt
_ % 14+ Ly + (4 2o (2) — yzma () 4 2m2] (7.34)

7.3.4 Nonvalence channels at O(«y)

For completeness we also compute the partonic TMD FFs (or TMD FF matching coefficients
onto collinear distributions) for all remaining partonic channels involving heavy quarks. The
relevant diagrams at O(a;) are given in figure 7.2, where we labeled the identified final-state
“hadron” by the momentum p. Note that for diagrams (b) and (¢) compared to the otherwise
identical diagrams in figure 7.1, this also changes the definition of k, , as the coordinate system
needs to be adjusted such that the gluon now has vanishing transverse momentum. Results for
antiquarks are identical at this order. For the ¢ — @ contribution, diagram (a) evaluates to

s 2 kF2t(222 —22+1 2,2
dgl) (z,kT):a— 2 k3zt(22 z—i—)—i—mz'

7.35
Q/g A" w22 (K222 + m2)2 (7.35)
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p
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Figure 7.2: Diagrams contributing to the gluon-initiated partonic heavy-quark TMD FF and
the mass-dependent TMD FF matching coefficients at O(as). Heavy quark propagators and
field insertions are indicated in red. The mirror diagrams for (a) and (b) are understood and are
included in expressions given in the text.

For gluon production off the heavy quark, we find after summing over diagrams (b) and (c¢) and
including the mirror diagram for (b),
s . 2k2 (22 — 2z 4 2) + m?22?

j(l) Z,]ﬁT,m :70Ff . 736
g/Q( ) Ar F z(k:%—km?)z (7.36)

It is straightforward to Verify from eq. (7.20) that at 0 < z < 1 and kp > 0 the above
expression satisfies 1/22J /Q(z kp,m) = dgcg/Q(l — 2,kr1%;), as expected from z <> 1 — z and

the simultaneous change of coordinate system; similarly, dg% /g(z, kr) = dgg /g( — 2, kr%3).
Note that the bare results in eqs. (7.35) and (7.36) are finite at z > 0 in d = 4 and without a
rapidity regulator on their own, as expected because there is no cross term with the soft function
or the UV renormalization at this order. This is in particular the case as kr — 0, where all
singularities in k7 are now cut off by the mass for any value of z > 0.

The effect of the heavy quark on the gluon-onto-gluon matching coefficient at one loop can be
written as

T b m, Q) = T4 (b, 1, Q) + AT (2, e, m) (7.37)

and arises purely from its contribution to the gluon wave function renormalization; here

J g(/lg’]ne)(z, kr) is the well-known NLO matching coefficient for the gluon TMD onto the collinear

gluon FF in the case where both are defined in a purely light theory with n, flavors, see eq. (B.19).
After MS -renormalizing the matching coefficient, the net result is

asTr 4. m?2

. (1 —2)— (5(kT) 3 In e (7.38)

AJ;}S)?(,Z, kp,m,p) =
This agrees with ref. [366], where the same contribution was recently revisited as part of
computing all secondary heavy-quark effects in the two-loop gluon TMD PDF; we refer to that
reference for a detailed discussion of how it ensures the proper TMD renormalization properties
when connecting the theories with ny and ny + 1 quark degrees of freedom.

Taking cumulant integrals, we find

2 cu 1- 3
A, (2 k) =TT {(222—22+1)1n(:ccutz2+1)+xt(’z)z}’

A7 Teut2? + 1
(1) cut _ s 2 2xcut(2 — 1)
jg/ (Z ]‘J ) = ZMTCFZ{(Z 2z + 2) ln(xcut + 1) + m 5 (739)

150
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where Zey = (K$/ m)2. Finally, taking a .J; Hankel transform of the cumulant results, we arrive
at the following bpr-space results:

(1) Qs A0 brm _ brm
de/g(z,bT) _47TTF22{(2Z 22+1)K( . >+bTm(1 z)K1< . ) ,

s 4
Ty p(z:br,m) = T2Cp—{(z* = 22 + 2)Ko(brm) = brm(1 = 2) K1 (bym)} . (7.40)

7.4 Consistency checks in the large and small-mass limits

7.4.1 Large-mass limit

To check the behavior of our final position-space results for d; g/ in eq. (7.32), we first note that
the result is exponentially suppressed at z < 1 for y = mbp > 1 as a consequence of eq. (7.8)
and the large-argument behavior of the Bessel K functions, i.e., it is given by (1 — z) up to a
proportionality factor. To verify the prediction from the heavy-quark limit in eq. (7.11), it is
then sufficient to compare the total z integral (or any other z moment) of both sides of eq. (7.11).
The total z integral yields

1) _osOr ] or 2 e g2 T
/dzde/Q(z,bT,u,C)— i { 2Lblnm2+4ln m+61nm+4 L, 5

4 1
- +4Lo(y?, b3) + 126(y?) + O(y3>} (7.41)

Here we used eq. (7.30) for the total z integral of the cumulant-space remainder term R(z, k5" /m),
which we then power expanded for small kC“t /m, letting us evaluate the total z integral of

q. (7.34) power by power in 1/m. We point out the interesting observation that the first
subleading O(1/m) correction in eq. (7.41) is free of large logarithms L, = 2In &, by = 2777,
suggesting a simple structure if factorized in terms of subleading O(1/m) TMD matrix elements
in bHQET. On the other hand, the terms at the next order require plus regularization in bp
space due to their 1/y? scaling and do feature a single-logarithmic term Lo(y?, b3).

For completeness, we may also expand the nonvalence results in eq. (7.40) for y > 1 at finite
values of 0 < z < 1 in a similar way, which simply yields

(1) _aTp 1 1
al) () = 21 {8 (y?) + (*3)
(1) _ asCp
jg/Q(z,bT,m)— p {8 oy } (7.42)

i.e., both channels are in fact suppressed by 1/m? at finite z.
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Chapter 7 — TMD heavy-quark fragmentation at NLO

7.4.2 Small-mass limit

Expanding egs. (7.32) and (7.40) for small values of the mass, y = mbyr < 1, we obtain:

9 _Cr 1 Copame P ogm b g
de/Q(zH,bTaMaC)— e 22{5(1—2){—2Lblnm2+4ln m+61nm—Ly+4— G
—4(14 Ly) Lo(1 — 2) —8L4(1 — 2)
8Inz—4(1+2%)In2
S 420,14 2) + (z JIn 2
1 L,(1+2)%z (1+2)*z2InZ
2 Y z 4
+y <22_z_ 222 - 22 +O(y> )
OésTF

{—2Ly[2(z —1z+1]—-4(z—1)z+4[2(z—1)z+ 1] Inz

+y2<_Ly(1 —22)2 N 3(z—1)z+1 N (1-— 2z)21nz) —I—O(y4)},

(1) —
de/g(ZHabT7N7C) T 4

222 22 22
(1) N OéSCF _2Ly[(2’ — 2)2 + 2] 4(2 — 1)
jg/Q(szbTal'L?C)* A7 { z ™ z
L,(z —2)?
4y (_1/(222)+Z+§_3> +O(y4)}, (7.43)

It is straightforward to verify that the leading O(y°) terms are in full agreement with the
prediction in eq. (7.15) using the one-loop ingredients collected in our notation in Appendix B.3.
At leading power, the logarithms L, = 21n 26;”7]3 in all channels are predicted by the timelike
DGLAP evolution between the TMD matching coefficients at © ~ 1/bp and the matching kernels

and partonic collinear FFs at j ~ m. The O(y?) terms, which we here give explicitly, likewise

feature single logarithms L, in all partonic channels, and can be used to investigate the O(b%)
twist-4 matching of TMD FFs in a physics setup where the low scale matrix elements at u ~ m
are perturbatively calculable.

7.5 Summary

In this section, we calculated all heavy-quark transverse-momentum dependent fragmentation
functions (TMD FFs) to next-to-leading order (NLO) in the strong coupling. We provided
explicit results in transverse momentum (k) space — both for the differential and the cumulative
distribution — and in the conjugate position (br) space, retaining the exact dependence on k7 /m
and bprm, respectively, with m the mass of the heavy quark. Our calculations provide the last
missing key ingredient for a complete next-to-next-to-leading logarithmic (NNLL) description of
the transverse momentum distributions of observed heavy hadrons, capturing all quark mass
effects. Our results also enable the extension of fixed-order subtraction methods to quasi-collinear
limits involving final-state heavy quarks. As an immediate application of our results is the
complete quark mass dependence of the energy-energy correlator (EEC) in the back-to-back
limit at O(as) which we discuss in detail in ref. [1].
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Chapter 8

Conclusion

In this thesis, we have studied the effects of heavy quarks in QCD where we largely focused
on Higgs boson prodution via quark interactions. Quark-mass effects are often neglected in
QCD calculations as they only contribute at subleading power. However, in this era of high
precision physics subleading effects become more and more important and can no longer be
ignored. Recalling the multiple shortcomings of the Standard Model and the fact that as of
today no direct evidence for New Physics beyond the Standard Model was found, the most
promising approach is to compare high-precision measurements and theoretical predictions to
look for deviations for the SM. This is particularly important for Higgs related processes as
measuring and constraining the Higgs boson’s properties is one of the key goals of the experiments
at the LHC. An important tool for the results in this thesis are effective field theories. We
used Soft-Collinear effective field theory to resum large logarithms as well as to identify the
relevant diagrammatic contributions in the effective field theory. We further used boosted Heavy
Quark effective theory to factorize perturbative and nonperturbative physics when discussing
heavy-quark transverse-momentum dependent (TMD) fragmentation functions.

Higgs boson production via quark annihilation

We studied the transverse momentum spectrum for Higgs boson production via quark annihila-
tion where we considered b, ¢ and s quarks as initial state quarks. This process is interesting as
it provides access to the quark Yukawa couplings in Higgs production. Further, the transverse
momentum spectrum is sensitive to the quark flavor. A precise prediction for this process
therefore has the potential to constrain the quark Yukawa couplings which presents an orthog-
onal approach for measurements from the Higgs boson decaying to a quark anti-quark pair.
These measurements are rather involved and an alternative is in high demand. We have used
Soft-Collinear effective theory to resum large logarithms of ¢7/mpy up to N®LL’ order and
matched these results to fixed-order calculations where we constructed an approximation for the
O(a?) contribution. In this instance, the standard procedure for matching the resummed and
fixed-order contributions led to unphysically large uncertainties and we presented a modified
matching procedure to resolve this issue. Our result provides the most precise prediction for
the transverse momentum spectrum of quark initiated Higgs production to this day. Indeed,
we could see that at N®LL'4+-aN3LO the uncertainties are sufficiently small to distinguish the
different quark channels. Thus, these predictions could be use to constrain the Yukawa couplings
from fitting to the shape of the spectra. However, we also noted that quark-mass effects become
important at this high order and it would be interesting to include them in the future.
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Bottom-quark effects in Higgs boson production via gluon fusion

Moreover, we studied bottom-mass effects for the Higgs transverse momentum spectrum in the
gluon fusion process for the first time. In the gluon fusion process, the dominant contribution
comes from a massive top-quark loop, with contributions from other quarks often neglected.
However, to fully exploit high-precision measurements at the LHC, it becomes essential to
account for subleading effects. In particular, the contribution from the bottom quark can no
longer be ignored. The interference between the top- and bottom-quark contributions plays a
significant role and is crucial for measuring the bottom-Yukawa coupling in Higgs production.
These mass-effects appear at next-to-leading power and, so far, have only been considered for the
form factor with just a Higgs boson in the final state. We saw that the emitted gluon introduces
an additional scale, q7, making it a three-scale problem with my < mp, where my is the bottom
mass and mpg is the Higgs mass. As a result, we had to consider different kinematic regimes
and consider a factorization formulee for the different cases. As the bottom-mass effects only
appear at subleading power these contributions are plagued by endpoint divergences. For the qr
spectrum the cancellation of these endpoint divergence is particularly subtle as the coefficients of
these divergences could in general be nontrivial functions of the emitted gluon momentum, &, and
the b-mass. The cancellation of these divergences across different sets of diagrams indicated that
the mass and the gy dependence factorize in the factorization theorem to lowest logarithmic order
which is a highly non-trivial result. Once we have a resummed prediction for this contribution,
it can be combined with the N3LL/4aN3LO predictions for quark initiated Higgs production
and leading-power gluon fusion to fit the Yukawa coupling from the initial state.

NNLO+4PS prediction for Higgs production via quark annihilation

High precision prediction are essential to fully exploit high precision measurements at the LHC.
However, an analytic expression of a kinematic distribution is often not sufficient for a comparison
to experimental data. The final states from the hard interaction hadronize and form jets before
they are detected. These additional steps are modeled by event generators where a parton
shower describes the formation of jets.

We presented first steps towards an NNLO prediction matched to a parton shower for Higgs
production via quark annihilation. To achieve this, we implemented a new combination of
resolution variables in the GENEVA approach. We choose the transverse momentum gy and
1-jettiness with a transverse momentum-like measure as resolution variables to distinguish events
with zero, one or more jets. The two resolution variables are resummed to NNLL’ and NLL’
accuracy, respectively. Commonly used parton shower algorithms tend to be ordered in transverse
momentum. We, thus, expect that our choice of resolution variables will facilitate the matching
to the parton shower.

Heavy quark TMDs

From years of studying particles collisions we know that partons form color-neutral bound
states before they are detected. However, the fundamental process behind hadronization is
still to be understood. The fragmentation of heavy quarks is particularly well suited to study
the fragmentation process as they form a heavy hadron which can be identified in a zoo of
light hadrons. For light quark fragmentation, on the other hand, it is impossible to tell which
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of the final state hadrons contains the parent quark. In this thesis we studied heavy-quark
TMD fragmentation functions (FFs) for the first time. A better understanding of heavy-quark
fragmentation also paves the way for improvements in heavy flavor modeling in Monte-Carlo
generators. These are used for many key searches and Higgs coupling measurements which
involve final-state charm or bottom quarks. Heavy quark TMD FFs offer broad phenomenological
applications such as the application of TMD fragmentation functions within jets. We are looking
forward to many interesting future applications. Further, we calculated all heavy quark TMD
PDFs which enabled us to perform first phenomenological studies for existing B-factories and
the future EIC involving heavy quark TMDs.

TMD heavy-quark fragmentation at NLO

Moreover, we calculated all TMD fragmentation functions for heavy quarks to next-to-leading
order in the strong coupling. Our calculations confirm the renormalization properties as well as
large-mass and small-mass consistency relations predicted in earlier work. These results present
the last missing ingredient for a NNLL resummation of transverse momentum distributions of
heavy hadrons.

Concluding remarks

With first analysis of LHC run 3 data coming up and the high-luminosity LHC around the
corner, the era of precision measurements has only just begun. In this thesis, we covered a broad
range of topics in QCD starting from high-precision phenomenological prediction over analytic
calculations of subleading-power contributions for gluon fusion to hadronization and heavy quark
TMDs. Hopefully some of these topics will help gaining an even better understanding of the
underlying theory. We are looking forward to comparing our new predictions against upcoming
measurements.

155



Chapter 8 — Conclusion

156



Appendix A

Notation and conventions

A.1 Lightcone coordinates

Lightcone coordinates can be written in terms of two lightlike vectors n# and 7* with n? = n? = 0
and n -7 = 2. One possible choice is

n* =(1,0,0,1),  a*=(1,0,0,1) (A1)

Now any four-vector can be written in the lightcone basis as

T R e + -
P =p o +p 7+m5(p p,p1), (A.2)
where
pr=n-p=p"-p*, p =n-p=p"+p’, pL=(0,p1,p2,0). (A.3)

Then the inner product of two vectors is given by

@ p gt
2 2

p-q= +p1-qL. (A.4)

The transverse vectors with subscript L are always Minkowskian, pﬁ_ =pL-pL <0, and we
denote their magnitude by pr = 1/—pi such that p2T > 0. For n-collinear momenta we take the

p~ component to be large such that p— > p| > p™. The metric tensor in transverse space is

given by
ntnY  n¥nH
= ghv — — A5
9 =g 5 5 (A.5)
and the antisymmetric tensor in transverse space is
npn
e’ = e’“’"”%, (A.6)

where we use the convention €123 = 41.
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A.2 Fourier transforms

Our convention for the Fourier conjugate of a function f (/ZT) is given by

fbr) = /d2ETf(ET)€igT'ET- (A7)
The inverse Fourier transform is given by
: &Cor o s
f(kT) - (277')2 f(bT)e : (AS)

We use the same notation for the function and its Fourier conjugate. It will always be clear
from the context and the argument whether we are referring to the function itself or its Fourier
conjugate. If the function f (ET) or f (ET) has no angular dependence and therefor only depends
on the magnitude ky = |ET] or by = ]5T|, respectively, the Fourier conjugate and its inverse
simplify to Hankel transforms

f(br) =27 /Ooo dkr kpJo(krbr) f (kr), (A.9)

fkr) =kt /000 dbr Jo(krbr) f(br), (A.10)

where Jj is the zeroth Bessel function of the first kind.
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Appendix B

Perturbative ingredients

B.1 Anomalous dimensions

In this section, we give the anomalous dimensions needed for the N3LL’ resummation.
The p dependence of the strong coupling is governed by the QCD fS-function

daoyg as(p ntl
p ) = Bl Blan() = ~2aule Z B ( ) , (B.1)
The coefficients up to four loops in the MS scheme are [66-69)]
11 4
Bo = *CA— §Tan’
34 20
B =5 Ch— (5 Ca +4Ck) Tiny, (B.2)
2857 , 205 1415 n,, .1 )
fo= " Ch+ (CF T5 CrCa CA) QTan+(9 Cr+ £ C’A> ATEn?,
149753 1078361 6508 50065 6472 2 1093 5
fs = 356465 ( 162 C?’) ( 162 §3> 729 "'

where for 83 we inserted the SU(3) color factors in order to keep the notation compact.
The renormalized quark mass is given by

00 n+1
udm(”) = m (), V() =D Y (as(”)> ' (B.3)

47
n=0

where the coefficients are known up to five loops [77-83]. We only require the coefficients up to
three loops:

Ymo = —6CF ,
10
’le——QCF( CF+*C'A—§ an>
11413 129 556
'Ym2——20F|: 103 CA——CFCA-F*CF-}-CATan (—2—7—48@)
140
+CrTFr ny (—46 + 48(3) — 57 T :| (B.4)
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The cusp anomalous dimension is expanded as

o) = 30T (22)" (B.5)

n=0

where ¢ indicates whether the process is quark (i = ¢) or gluon(i = ¢) induced. We have

I'l = Cply, I'Y = Cyly,, (B.6)
with the quadratic Casimir operators of QCD. The MS coefficients are given by [90,91,216]
F0 =4 )
67 w2\ 20 4 9
I' :4[014(3 — g) Y an] = g[(4_77 )OA+5BO} )
245 13472 117t 22¢s 418 4072 56(3
e ) oaten (A - 8
2= ~ T T s ) Tt T T
55 16
+CFTFTLf(—§+16C3> —2—7T}27n2} . (B.7)
The expansion of the non-cusp anomalous dimension reads
© Qg n+1
’7(043) = nZO'Vn (E) . (B.8)

As we are only considering the resummation of a quark-induced process, we only give the MS
coefficients for the quark non-cusp anomalous dimension [213,367-369]

7%,0 =—-3Cr,
41 3 65 w2
it = ~Cr|0a(g ~206) 4 0 (3 —2e 4 216) (g + 5 )
66167 6862 302r!  782(;  44n’Cs
a _ _ 2 B B B X
V2= —Cr |:CA( 31 51 3 ot t 36g5)

151 20572 2477 844(3 8n%(3
151 _ 120 )
+CFCA< 4 9 35 g Ty TG
2 87t 1672
v C’%(EQ 4302 % +68C; — 7; G _ 24055)

10781 44672 4497*  1166(3
+CA50(_ 08 sl 270 9 )
2953 1372 77T4+128C3)+Bg<_2417 5m* 243,)]

(B.9)

+ﬂ1(108 18 21 9 394 T 6 3

For quark-initiated Higgs production, we need the quark non-cusp and the mass anomalous
dimension. Then the non-cusp anomalous dimension is given by [207]

V=298 — Tm- (B.10)
B.2 Hard function and quark scalar-current matching coeffi-
cient

For our N3LL/4+aN3LO prediction in chapter 3, we also require the hard function up to three
loops. The hard function, H(Q, p), is given in terms of the hard Wilson coefficient C'(Q, 1)

H(Q, 1) = 1C(Q, )| (B.11)
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B.2 Hard function and quark scalar-current matching coefficient

The RGE for hard Wilson coefficients is given by [207]

3 C(Qu) = {Tamplon (] log 22 + o ()] C(@. 0. (B.12)

The perturbative expansion of the Wilson coefficient can be written as

c@.w =Y e | =] (B.13)
n=0

with

Q—i0

L=1In R Cn = C™(0). (B.14)

Then the parturbative expansion of eq. (B.12) is given by [207]

c=1,
L? L
c(L) = _ZFO —3%0+ Cr,
2 L, L L’ 2
c®N(r) = @FO + ﬁFO(Qﬁo +370) + @(25070 +79 — 2C1Ty — 2T7)
L
- 5(20150 +Crvo+m) + Ca,
(3) L8 5 L° L 2 2
CVY(L)=——T§— —I¢(4 3 —Tg(—455 — 10 -3 3C.T 6’
(L) 38100~ 702 0(4B0 + ’YO)+96 o(—465 Bovo — 37 +3C1To + 61'1)
L3
+ 25| 88370 — 68078 — 28 + Lo(16C1 5o + 6C10 + 631 +461) + L1 (860 + 6%0)

L2
+5 [01(858 + 68070 + 75 — 2T'1) + 28170 + 4B0m + 270m — 2C2T0 — 2112}
L
- 5(4C2ﬁ0 +2C1 81 + Cav0 + Ciy1 + 2) + Cs, (B.15)
where the tree-level result is normalized such that Cy = 1. Here I'); are the appropriate quark
or gluon cusp anomalous dimension coefficients, -, are the non-cusp anomalous dimension

coefficients, (5, are the coefficients of the QCD p-function and C,, are the non-logarithmic
constant terms.

B.2.1 Quark scalar-current matching coefficient

For our N3LL/4+-aN3LO prediction for quark initiated Higgs production we need the quark
scalar-current matching coefficient up to three loops. The corresponding form factor has been
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calculated to three loops [199]. The coefficients are given by [207]

Coq1 = Cr(=2+ (),

83 467 103 44 ., 151
<%q2:cg{0%(6+14@-43-4mgg-+cg(—éﬂ—@ 5<g+~zrgg

+nf(% +tgst C3)}

6152 10093 ., 326 264515 1136 107648
L = 2 _ 3 2 b _ _ 2
Cazs Cﬁq« 80 2t 3y @t 3RO g 0T g Gt W
106, +_5964431)
9 > 26244
12676 , 893 3049 31819 206 , 4820
#ORCa (= - g = TGl e T -
1676 . 9335
160, 955y
37729 353 575
+ O (T G - 7742 + 17802 — "5 Ca + 16¢] — 654G + 424G + 5 )
476 33250C; 2860 . 4 521975
+CAW< Bﬁb+ 36+ 729 27 BT 3% mmz)
6131 11996 416 . 35875
#Crny (57— GGG~ G S G )
188 212 200 2072
2
% A e B.1
+ f( 135<2 TR 24343*6561>] (B.16)

B.3 Heavy and light matching coefficients

In this appendix we collect various perturbative ingredients from elsewhere in the literature in
our notation, as used for cross-checks of our results in chapter 7. The following expressions are
all accurate to one-loop order.

This section follows the appendiz on perturbative ingredients from ref. [1].

B.3.1 Large-mass limit

The combined collinear and soft mass matching coefficient C,, see also ref. [3] for our notation,
is given by [293]

1 WO (2 " L 2
Cn(m,p, () =14+ —— - (4111 m+21nm—|—4+ 5 +0(a3) . (B.17)

At this order, it is also equal to the matching coefficient H,%Zh'“ (m, p,v/+/C) (defined in ref. [293],
without the superscript) for matching massive collinear quark modes with label momentum /¢
onto bHQET on their own, whereas the additional contribution \/Hy, s(m, pt, v) from matching
secondary soft heavy quarks onto light soft modes becomes nontrivial at O(a?). Two-loop
expressions for both are given in ref. [293], where they were extracted from the NNLO heavy-
quark form factor [370,371]. At that order, there is also a nonzero ¢ dependence that arises
from the rapidity renormalization of H,;QLT{}L“ and H,, s. The two-loop expression for secondary
heavy-quark effects on the light-to-light collinear matching coefficient Hy, ! is given in ref. [205]
as H., where it was extracted from the results of refs. [293,372]. The renormalized TMD soft
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function for both the 7 regulator of ref. [113,118] and the exponential regulator of ref. [128] reads

2

_712 B_T
[Lb—i—zlLban =] (B.18)

asCr

\/§(bT7m,M7V) - ]-+

B.3.2 Small-mass limit

The massless TMD FF matching coefficients are given by [147,303,373]

jq/q(za bTa/L? C) = 6(1 - Z) +

asCr [4(1 +2%)In(z) 4LpLo(1 - 2)

47 1—=2

2
+o(1 - z)(—Lz - 2Lbln/fz — %) F2Ly(z+1) +2(1 — z)] ,

_aCpl4(z* —22+2)Inz  2Ly(2% — 22+ 2)
jg/q(zaanu, C) - A |: > - > +2z )
asCy C 2

Ta/a(2:br,11,C) = 6(1 = 2) + ) = 4LyLo(1 - 2)

™

[5(1 —2) (_Lg —2L,In

26

8(22 —z+1)2Inz  4Ly(23 — 22422 1)
+ +
(1-2)z z
T
Tq/g(2, b1, 1,¢) = O‘Z P2(422 — 424+ 2)Inz — 2L4(222 — 22 + 1) + 4(1 — 2)2] . (B.19)
s

The collinear heavy-quark FFs dg/q(z, 1) and dg,4(z, 1) are given by [358]

dojq(z,pm) =6(1—z) + Z—;C’F{ln :;2 [4Lo(1 — 2) +36(1 — 2) — 2(2 + 1)]

—4Lo(1 = 2) — 8L1(1 — 2) +45(1 — 2) + 2(z + 1)[2In(1 — 2) + 1}} ,
Qs 2 2 p
dgyg(z 1) =Tk [2224+2(1 - 2)°] In R (B.20)
The decoupling kernels relating collinear FFs in theories with ny = ny + 1 and ny active flavors
are given by [359]
2

o . OésTF _ _% L
Mygz) = 8(1 = 2) + “E 601 z)( 3>1nm2

Qg 14 (1—2)? u?
Mgz 1) = 47rCF(><2 Ints —2—4n 2). (B.21)

In both egs. (B.20) and (B.21) we have rewritten the original results in terms of the minimal
distributional basis of 6(1 — z) and £, (1 — 2).
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Appendix C

Plus distributions

This appendiz follows the appendiz on plus distributions from ref. [1].

Plus distributions in a variable x formally arise in perturbative calculations as

1
f(x,e) = [f(:n,e)]+ +0(x) F(e), F(e) = /0 dz’ f(2',€), (C.1)

where f(z,¢) ~ 2717 4+ O(2°) has a dimensionally regulated singular limit z — 0 on the first
left-hand side. By contrast, on the right-hand side f(z,€) can be expanded in € since each term
in the expansion is now regulated by dimensional regularization, whereas the explicit poles are
isolated in the total integral F'(¢). The one-dimensional plus distribution is defined through
their action on test functions g(z),

/dﬂf [f(2)], g9(x) = /dx f(@)[g(z) = 9(0)O(1 — )], (C.2)
where f(x) diverges at most as x~1~¢
differentiable as  — 0. The integral of [f(z)]+ against the constant test function over the [0, 1]
vanishes by construction. The generalization of eq. (C.2) to two dimensions is given by

with @ < 1 for z — 1 and we assume that g(x) is

f(z,z,€) = [f(x, z, (~:)]+7+ +0(x) [Fx(z, 6)]+ +0(2) [FZ(JZ, 6)]+ +0(x)d(2) Fyz(e), (C.3)

where
1 1
F.(z,¢) = / d2’ f(z, 7€), F.(x,e) = / do’ f(2, z,€),
0 0
1 1
F..(¢) E/ dx / d2 f(x, 2 €) (C.4)
0 0
and the two-dimensional plus bracket [...]4 1 is defined through its action on test functions
g(x, z) as

1 1
/0 dx/o dz [f(:]:,z,e)}+7+ g(z, 2)
1 1
= / dx/ dz f(z, z,€) [g(z, z) — g(0,2) — g(z,0) + ¢(0,0)] . (C.5)
0 0
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For logarithmic plus distributions with homogeneous power counting ~ 1/x and their analogs
for dimensionful variables, we further define the shorthands

_ [9(z) n"z 1 k 9 oy 1 k2,
Lo(z) = {fh Lok, 1) = ;ﬁn(;) L La(k2u?) = Eﬁn<?) . (CH)
The definition in eq. (C.2) enables expansions in a regulator a ~ €,n as follows,
()  d(x)  [O(=) _6(x) 2
it T g + |:$1+a]+ __T+£0(x)_a£1($)+o(a ) (C.7)
O(x) Inx 0(z) O(z) Inz d(z)
At T 2 T { rlta Lr =2 T Ly(z) +O(a). (C.8)

To relate plus distributions £,,(k, ) with different boundary conditions p 2, it is useful to shift
one of the boundary conditions by making use of identities like

ﬁO(kalj’Z) = ‘CO(ka Ml) + 5(k) In % )

1
L1k, pi2) = L1(ky i) + Lo(k, pr) n 22 4 6(k) =2 B2 (C.9)
2 2 e
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Appendix D

Additional figures

The ¢p spectrum in Higgs Production via Quark Annihilation

This appendiz follows the appendiz from ref. [2].

In this section, we study the impact of different PDFs sets on our results for the gy spectrum
for quark initiated Higgs production. In figure D.1, we assess the impact of changing the PDF
set from MSHT20nnlo to MSHT20an31lo [374]. The left panel shows the ¢ spectrum at different
resummation orders for the MSHT20an31o PDF set. As expected, the perturbative convergence
is equally good as for our default choice in chapter 3. The right panel shows the highest order
(N3LL'+N3LO) for both PDF sets normalized to our default MSHT20nnlo set. Although the
difference for the b-quark PDF between the two sets is quite significant, this is not reflected in
our final results for the g spectrum. The largest difference appears below ¢y < 20 GeV, where
the MSHT20an31lo PDF leads to a 5-10% increase in the spectrum.

In figure D.2, we examine how changing the PDF set from MSHT20nnlo to CT18NNLO [375] and
NNPDF31_nnlo_as_0118 [320] affects our result. For this purpose, we compare the highest order
for all three PDF sets normalized to our default MSHT20nnlo set. The impact of changing the
PDF set is minor for all values of ¢y and smaller than the difference between MSHT20nnlo and
MSHT20an31o0.

- ? 30 T | T T T | T T T | T T T | T T T i

| T T 1T L | L | LB | T T 1T | L 7 é. _ ]

0.030 bb — H (13TeV) 1 =~ bb — H (13 TeV): N3LL’' + aN3*LO ]

— MSHT20an3lo, my =125 GeV ] | 20— MSHT20nnlo vs. MSHT20an3lo —

2 0.025 1 g mu= 125GeV ]

<] SCETLB 7 o ]

< 0.020 B N‘LL'4aN'LO 4 g 10 E
) B N'LL+NNLO | o

L 0.015F8sss. NNLL+NLO 4| =2 O

S 1 Z ~

T 0.010 4 Z _ o[ SCETus 4

_g 3 8 B MSHT20nnlo ]

0.005 3 S oo EEE MSHT20an3lo 3

- -~ - -

0-000 1 | 111 1 | 111 1 | 111 1 | 111 1 | 111 1 | I | 2 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
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gr [GeV] gr [GeV]

Figure D.1: Comparison of the MSHT20nnlo and the MSHT20an31o PDF sets for bb — H.
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III_I|IIII|IIII|IIII|IIIIIIII
bb — H (13 TeV): N3LL' + aN*LO

MSHT20nnlo vs. NNPDF31_nnlo_as_ 0118
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Figure D.2: Comparison of the CT18NNLO and the NNPDF31_nnlo_as_0118 PDF sets with the
MSHT20nnlo PDF set for bb — H.
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Appendix E

Feynman rules

In this appendix, we give all Feynman rule that were used for our calculations in chapter 5. For
the derivation of these Feyman rules, we wrote down the full QCD diagram and expanded the
momenta in the appropriate soft or n;-collinear limit.

Springs with lines denote collinear gluon, regular springs soft gluons, dashed fermion lines
collinear quarks and regular fermion lines soft quarks. We again used our color coding from
chapter 5 where n-collinear gluons are shown in green and n-collinear gluons are shown in
magenta. Then the collinear Feynman rules are give by

5P

R,
ZQQCbbg(f);n§7¢ —6(pt —¢

X [Tché(wn kg kT kT)(Ew — Ky + k)

")

— TT(wy, — ky + k] +k7)0(Ew — k3) |, (E.2)

For eq. (E.2), we also checked that the derivation from the full QCD diagram and using
collinear gauge invariance in SCET yield the same result. For the n-collinear contribution, the
leading-order Feynman rule is obtained from symmetry: interchanging (n — 7n) switches n- and
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n-collinear modes.

n,b,v
N
1 1\ L
— 0 v + +
l@/,// q =gT (k;r_k:;>27¢5(w1_k1 )o(wa + kg )o(p™ —q7)
Y "
n e = O DS — kRS — KO ), (B3)
n

Bk S0 — 7 )(wn — kf + k)3 (w — k).

(E.4)
n,b,v
5 \p2
ko o(TOTY  TOTPN ot ,
=9 ( - +_7)W’i*7p (E.5)
k1 / kfky  kykf/ 't 4
s D1
n7a'7ILL
: 3 pabc Hp
19 f n u%ﬁ H
=— = — At E.6
9 kf.kl_ k_fyj_ 4 ’YJ_ ( )
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Appendix F

Calculational details

In this appendix, we give some details of the calculations carried out in chapter 5.

F.1 Leading-order soft contribution

We start with calculational details on the leading-order soft calculation carried out in section 5.2.2.
In the first step, we want to solve the £y integral by contours.

M, /d€0d€ Ld272% —192u2€5abg‘f' 1
(bo — £, +10) (o + £, —10) €2 + 03 — ¢2 —m? +i0
_/ dfodgde 2€€L —lg M265ab 224
N (27)d (bg — £, +10) (4o + éz —i0)
1
X , F.1
(bo+ V2 =2 +m? —i0)(ly — V2 — 2 +m? —i0) (1)
where we can read off the poles in the complex £y-plane:
GP=x0Fi0, L=/ -8 1m0, (F.2)
. . . 3,4
To make the imaginary part more explicit, we expand the ¢
G =402 -2 tm2F 0 (F.3)

V&2 — 0% +m?

where (2 > or < (2 —m? determines the location of the pole in the complex ¢, plane. The
resulting poles are shown in figure F.1. Using the theorem of residues for the different sets of
poles, we find

o0 ds d?=2¢¢, 1 1 1
M =g* > 5°gh" / / ——+ :
L @ g2 2m ) (2m)3% G—m2| L, /@ — 2 +m?
Z —m2 2—2
de, [ d22y 1 1 1
M5 =g*u* 6%t / / = —— - (F.4)

GO B —wt | L g ee|

where M7 is valid for £2 > (2 — m? and M for ¢2 < (2 —m?2. In the next step, we want to
solve the ¢, integral which needs to be regulated. The 1/, terms will combine to a scaleless
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2> —m lo=1, —i0 C<i—m
Tm(6F) by = -1, +10 m(6F)
) g2 p2 2 4 10
- y «[,() = fz “[’L + m= + N | y
i Re((1) i Re((™)
X X
X

Figure F.1: Pole analysis for the soft LOg integral. The poles for /2 > EQ m? are shown on
the left hand side. Here the square root is positive and the imaginary part of /34 is given by
the i0. The right hand side shows the poles for £, < Ei — m?. In this case the square root is
imaginary and the poles change.

integral and can be dropped. For the second term we use the following substitution

. . /
coshx = m, dgz =sinhz Ei — m2 dz. (F5)

Then,
d?2<¢, 1 20, 1
M> :g2u265abguu/ / 2bzy
s + 2mr)2—2¢ /2 _m? 27r €2 [z — 02 4 m?
220, odr 1 |2/ —m2| "
2¢ ab 1L 1 _
_ 5 hed h="
=0 /(2%)226/0 2m (2 —m? v oSt T

2 9 2—2e¢ 1
_g 255ab Ml/| | QF (77 n-+ ’_1)/ d EL (F6)
n

2 + Ny @MZ % (@ _p2)HE

The M contribution yields the same result. The ¢, -integral can be evaluated using standard
fromulzee, yielding the final result in the MS scheme

ing2 b/u/ YE ,,2 1-2 17| | n 77+2 F(6+g)
= — — a € ¢ € F - . N —1 . F.
MS 47725 Hom n 2 1(27777 2 3 )P(g‘i‘l) ( 7)
F.2 Leading-order hard contribution
For the massless triangle in section 5.2.3 we used
o / dde 1
07 ] (@7)2 (2 +10)[(¢ + p2)? +i0][(€ — p1)? + i0]
) L1 —e)I(—e)I'(1+¢) 1
_ e—2 _ Do — 1—e F.
o / e e
27 ) @2 (@ +10)[(C+ p)® +0][(¢ = p1)? + i0]
I'(1-—
= —i42 373 (1= (=2p1-p2 —10) " [(2— )T(e) + (1 +¢)], (F.9)

(=I5 —e)
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and rewrote
1
e = EngW. (F.10)

The results for Cy and Cy agree with the literature.

F.3 NLO loop emission diagrams

In this section, we give some caculational details for the loop emission diagrams dlL g and d2L B
which were discussed in section 5.4.3. For this class of diagrams, the ¢ integral is much more
involved: First, these contribution include three propagators and we have to use Feynman
parameters in order to combine them. Second, the Lorentz structure is more complicated as
for the previous diagrams and features terms with ¢, in the numerator. The structure of the
integrals is given by

MOE N/d‘% # A+ PN +g PG+ )+ #03 P g
e (3 —26ky - Lo —m?)(( —m?) (6 =26k - L1 —m?)(5 —m?)
0,+ 0,4+
:MEO’dLE + M%7dLE7 (F.11)

where the superscripts indicate the regions for R. The first term in the sum is € finite whereas
the the second term exhibits a 1/eps pole. We therefore split the integral in these contributions
and treat them separately. Further, the e finite integral contains terms ~ ¢# and ~ £°.

We begin with combining the two denominators by introducing a Feynman parameter x. In the
next step, we can complete the square and shift £, — ¢ . At this point, we can drop all terms
proportional to £/ and ¢ as these integrals with an odd power of £, in the numerator vanish.
Next, we use standard formulaeto evaluate the ¢/ integrals.

The Feynman parameter integrals can be done analytically but their results become tedious to
work with in the following steps. We therefore complete the square in the Feynman parameter
and shift it which leads to a much simpler result

e+ 1 1 e+1 9
It ~ dx (d1z* 4+ e1z + f1)
0

a1x2 + b1z + 1

b

1 1 € +g; 1 ‘
AN d = dy | ——— . F.13
/0 x<a2x2+52$+02> k /" y(a/237/2+6/2) 2 (F:19)

2a

1+E 1 6+1 /2 / !
= d _ F.12
/ y<a/1y2+0/1> (diy” + ey + f1), ( )

These integrals can easily be evaluated in Mathematica. Now the the only remaining integral is
the ¢ integral. We will use eq. (5.50) to evaluate the integral in the central region R°. For the
R+ regions only one of the limits is divergent and needs to be regulated. Since MS(’)DZLE and
M?’j;L have a different pole structure, we will treat them separately.

€’ E

% contribution

The finite parts of f; 1 (£) in eq. (5.50) are too complicated to evaluate them analytically.
Even evaluating the n finite piece in € is not sufficient to solve the integrals. The integral over the
0(1 / e) term vanishes and the only missing piece is a € and n finite contribution. In this thesis,
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our main focus is on the cancellation of endpoint divergences. We will therefore concentrate on
the divergent contributions and indicate the presence of these finite terms in our expression by
“+ finite”.

For the endpoint-divergent piece we find

2

Miyy = G | " e = D) oy 42y
e 25— 2e2 + Wn wn(l - Z) n m? kﬁ_ — 4m?
1 3 k?
(565, oty ) + fini F.14
X 21 Q’E’Q’ki—élm? + finite, ( )
U g A I G RAC MY R L
<dig 95—2e 2 1 W wn(l _ Z) n m2 ki —aAm2
1 3 k2 ,
x oF1 (27672,M> + finite, (F.15)
MT _ (ifabc — dabc)ggglluﬁpzm(e B 1) I 6) eVE (Mz)e
cip 3272 L wn=2) n m2
—m? e 1 3 k? 1 -1
() o ) () -
X[ B —am?) PN\ R Zam2) L 082
+ finite, (F.16)
MT , = (ifabc + dabc)g?)giuﬁpzm(e - 1) I 6) e€VE <M2)6
g 3272 wn(l—2) n m?2

—m? e 1 3 K 1 -
T
X[ K2 —am2) PN\ 2 5 Zam2) Tess

+ finite. (F.17)
Combining these contributions we find that all endpoint divergences cancel in the 1/e contribution

Mug,, = MY, MY MY, + Mip = on°). (F.18)

15 141 1.2
edLE ;dLE edLE

0 . .
% contribution

For the € finite contribution, we have a similar issue as before: the 7 finite terms are too
complicated even after expanding them in e. We could not find a closed form for these terms
denote them by “+ finite” as before. The final expressions are given by

2

MO B (ifabc_dabc)gii v n m F(e—i— 1) (i)e-i—l( —-m >6+1
dip 20—der2—c w, | wp(l=—2) 7 m? k2 — 4m?
zk% 1 5 Kk 1 3 kK
— 2 F (77 17777J_) "nP F (77 17777J—>
><{32126+ 2 R —am2) 9 TNy T by T e
X [4z(z — D)k (wng"? + K 7P) — dwn(z — DE g + 2(kT — 4m2)gf_yﬁ”] },
+ finite, (F.19)
MOO R (ifabc+dabc)93 v n m F(E—I— 1) (L)EJA( —m2 >e+1
dip 2o—dep2—c | wp(l—2) 7 m? k2 — 4m?
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M

042 —
dy

zk? 5 k2 1 3 k2
e F( 17777J_> uV?p F<77 17777J_>
X{321 Ly g/ TN\ T by T e

X [4z(z — D)E (wng?? + K 7P) — dwn(z — DR, g + 2(k2 — 4m2)gﬁ”ﬁp] }

+ finite, (F.20)
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Combining these results we find that the diagram class dj g is free of endpoint divergences

Mg,

= Moy + M o T Mg+ M = Moay, + Mog, = o). (F.23)
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