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Abstract

The present thesis is concerned with the automated computation of integrated and differential
cross sections of diboson production in proton—proton and electron—positron collisions at very
high energies, including a resummation of electroweak Sudakov logarithms to all orders in the
fine-structure constant using soft—collinear effective theory.

The search for new physics at future colliders such as the FCC-hh or the CLIC requires
precise predictions for scattering cross sections from the theoretical high-energy physics com-
munity. Electroweak Sudakov logarithms, which currently limit the accuracy of predictions in
the high-energy tails of differential distributions for LHC-like energies, are known to destroy the
convergence behaviour of the fixed-order perturbative series, once sufficiently high energies are
considered.

To resum these large corrections, soft—collinear effective theory has been applied to simple
processes, which permits analytic calculations. Within this work, we present an automated
computation within a Monte Carlo integration framework, thus facilitating the computation of
fully differential cross section to complicated processes. This requires the use of the Catani—
Seymour subtraction algorithm to treat the occurring infrared divergences. The machinery is
applied to all diboson processes with intermediate weak gauge bosons, including the photon-
induced W W™ -production channel.

To this end we carefully study the validity of the necessary assumptions such as the double-
pole approximation and estimate the order of magnitude of neglected effects. Especially the
non-doubly-resonant contributions turn out to be sizeable in several interesting phase-space
regions.

For lepton collisions at 3 TeV we obtain the integrated cross sections of W-pair and Z-pair
production to be shifted by more than 20% with respect to the Born value, owing to the resum-
mation of the leading-logarithmic corrections These effects are partly cancelled by subleading
effects. For proton-proton collisions at /s = 100 TeV we observe sizeable resummation effects
in the high-energy tails, while the integrated cross sections are dominated by interactions, for
which soft—collinear effective theory is not applicable.
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Zusammenfassung

Das Thema ist der vorliegenen Arbeit ist die automatisierte Berechnung differenzieller und in-
tegrierter Wirkungsquerschnitte der Paarerzeugung schwerer Eichbosonen bei sehr hohen Streu-
energien mit Resummierung der auftretenden elektroschwachen Sudakov-Logarithmen zu allen
Ordnungen in der Feinstrukturkonstanten mittels Soft-Collinear Effective Theory.

Die Suche nach Physik jenseits des Standardmodells an zukiinftigen Teilchenbeschleunigern
wie dem FCC oder dem CLIC erfordert hochprézise Voraussagen fiir Streuquerschnitte seitens
der theoretischen Physik. Es ist seit langem bekannt, dass elektroschwache Sudakov-Logarithmen,
die bereits gegenwirtig die Genauigkeit der Voraussagen in den Hochenergieschwénzen von Ver-
teilungen limitieren, die Konvergenz der konventionellen Stérungsreihen vollkommen zunichte
machen, wenn hinreichend hohe Energien erreicht werden.

Mittels Soft-Collinear Effective Theory wurden diese Logarithmen bereits in der Vergangenheit
in einfachen Prozessen, die eine analytische Behandlung erlauben, resummiert. Im Rahmen die-
ser Arbeit wurden diese Methoden in ein Monte-Carlo-Integrationsprogramm implementiert, um
somit vollstdndig differenzielle Vorhersagen prisentieren zu kénnen. Dies erfordert die Behand-
lung von Infrarotdivergenzen mit Hilfe des Catani-Seymour-Algorithmus. Mit diesen Werkzeugen
wurden resummierte Streuquerschnitte fiir verschiedene Vektorboson-Paarproduktionsprozesse
berechnet, u.a. fiir den Photon-Photon-induzierten Produktionskanal zur W-Boson-Paarproduk-
tion.

Auf dem Weg dorthin sind verschiedene vereinfachende Annahmen notwendig, deren Giiltigkeit
im Rahmen dieser Arbeit ebenfalls getestet wurde, so z.B. die Qualitéit der Doppelpolnéherung.
Des weiteren wurden Groéflenordnungen vernachléssigter Effekte abgeschitzt. Dabei haben sich
vor allem nicht doppelt resonante Beitrédge in bestimmten Phasenraumregionen als betréchtlich
herausgestellt.

Der Resummationseffekt der fithrend logarithmischen Korrekturen verschiebt die integrier-
ten Paarproduktionsstreuquerschnitte um mehr als 20% bezogen auf den Bornstreuquerschnitt
im Falle von Leptonkollisionen bei einer Schwerpunktsenergie von 3 TeV. Diese Effekte werden
allerdings teilweise von nicht-fithrenden Beitrigen kompensiert. Fiir Proton-Proton-Kollisionen
bei /s = 100TeV finden wir deutliche Resummationseffekte in allen Hochenergieschwiinzen,
wahrend die integrierten Wirkungsquerschnitte von Phasenraumregionen dominiert werden, in
denen Soft-Collinear Effective Theory nicht anwendbar ist.
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1. Introduction

Our current understanding of the fundamental constituents of matter and their interactions is
based on the Standard Model (SM) of particle physics. In 2012 the SM’s last undiscovered
particle, the Higgs boson, was observed for the first time at the ATLAS and CMS experiments
[1,2] at CERN. The existence of the Higgs boson had been proposed independently by Brout,
Englert, Guralnik, Hagen, Higgs, and Kibble [3-8] almost 60 years prior to its first observation.
While the discovery of the Higgs boson rendered our picture of the SM complete, there are still
unanswered questions concerning the interactions of elementary particles. Arguably, the most
urgent ones concern the nature of dark matter and the matter-antimatter asymmetry in our
universe. While there are, of course, intensive efforts to address these questions directly (for
instance by means of proton-decay experiments), the indirect detection of physics beyond the SM
is also under investigation. This approach includes the search for SM violations at current and
future collider experiments, which relies on high-precision comparisons between experimental
data and theoretical predictions. To this end, new methods on both the experimental and the
theory side, are under development in order to reach a higher accuracy.

On the experimental side, the high-luminosity LHC [9, 10], currently under construction, is
intended to collect data from the year 2029 onwards. Furthermore, several future colliders are
being planned to access even higher energies. Two prominent examples are the Future Circular
Collider (FCC) [11-15], which is designed as either a lepton (FCC—ee) or a hadron collider
(FCC-hh), as well as the Compact Linear Collider (CLIC) [16-18] for eTe™ collisions. The
development of new colliders is supplemented with novel analysis techniques in order to obtain
maximal physical insight from the expected gigantic amount of data.

On the theoretical side, the focus lies on the investigation of models for new physics and
their impact on collider observables, as well as on the computation of radiative corrections,
i.e. higher-order contributions to S-matrix elements, especially within the SM. This provides
a vitally important piece of the research agenda, as it potentially facilitates the recognition
of small deviations between SM predictions and experimental results. In the fixed-order (FO)
perturbation theory approach all computations are organised as a series in the coupling constants
a and ag. In quantum chromodynamics (QCD) the relatively large numerical value of the strong
coupling constant ag (= 0.118 depending on the energy) necessitates at least next-to-leading
order (NLO) corrections, but current research attempts to compute next-to-next-to-leading order
(NNLO) and even higher corrections for increasingly complicated processes. In addition, the
further development of accurate parton-shower matching methods is an important part of the
theoretical research agenda.

On the other hand, electroweak (EW) radiative corrections are computed in a series in the
fine-structure constant a ~ 1/137. While NLO corrections in « are often at the level of few
percent, their influence grows with energy owing to Sudakov logarithms of the form

o logh (]\;2> . k<2n (1.1)
W
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with /s > My denoting the energy scale of the considered process, on each order n in per-
turbation theory. Their universal structure at the one-loop order has been demonstrated in
Refs. [19,20] and generalised to two-loop accuracy later on [21-24]. Owing to the involved struc-
ture of the EW interaction, in particular because of the numerous mass scales, calculating the
complete FO EW corrections beyond NLO is presently barely possible even for simple processes.
Furthermore, in the tails of certain distributions Sudakov logarithms of the form (1.1) of the or-
der of 40% have been obtained already when considering LHC-like energies. It is therefore highly
desirable to resum the corrections that are enhanced by Sudakov logarithms to all orders in the
coupling constant. When considering the energy scales of future colliders, such a resummation
is inevitable to obtain reliable predictions. In addition non-enhanced terms of O(a)) should be
taken into account if a high precision is aimed for.

A general approach to resum logarithmically enhanced corrections in problems involving
widely-separated scales is provided by effective field theories (EFTs), out of which soft—collinear
effective theory (SCET) [25-33] has turned out to be particularly useful if the origins of the
large logarithms involve soft or collinear physics. Originally developed in order to resum large
QCD corrections in B-meson decays, SCET has been applied to many different problems such
as threshold resummation [34-38], transverse-momentum resummation [39], and event shapes
such as thrust [40-42]. The generalisation of SCET to EW radiative corrections, which we de-
note by SCETgw throughout, is designed to resum the Sudakov logarithms in (1.1) and has
been presented in Refs. [43-48]. Within SCETgw SM scattering amplitudes are computed
with the dependence on the high energy scale (of O(,/s)) and the low scale (of O (My)) being
factorised into separate contributions: The high-scale matching coefficients depend only on the
large energy scales and can therefore be computed with all masses set to zero. The low-scale
corrections depend on the SM’s mass spectrum, but do not contain any information on the
high-energy interactions. The running between these scales is governed by the renormalisation
group equation (RGE), which can be solved order by order to resum the Sudakov logarithms
to all orders. Similar results have been obtained using infrared evolution equations [21,49-51].
SCETgw has been applied to several process such as diboson production without decays [52],
vector-boson fusion [53,54], and vector-boson production in association with a jet [55]. Also
processes involving weakly interacting dark matter have been considered [56].

While SCETgw is conceptually well-established, it has up to now been applied on a case-
by-case base to sufficiently simple processes and observables. On the other hand there is a
large market of dedicated software for different parts of FO computations: Matrix element
generators such as RECOLA [57,58], HELAC [59], and OPENLOOPS [60, 61] have implemented
automated one-loop computations to a high extent. In addition NNLO Monte Carlo programs
such as MATRIX [62], parton-shower simulation software such as POWHEG [63], and parton-
shower Monte Carlo programs such as PYTHIA [64] have been developed. In order to compare
predictions to data these tools are orchestrated within multi-purpose event generators such as
MADGRAPH [65], SHERPA [66], HERWIG [67], and WHIZARD [68]. Their main purpose is to
make the theoretical results accessible to the experimental-physics community. To some extent
the results of Refs. [19,20] have been incorporated into multi-purpose event generators [69-73],
thus enabling the computation of NLO electroweak Sudakov logarithms in arbitrary processes
in logarithmic approximation (LA) (i.e. neglecting non-enhanced contributions). Furthermore,
complete NLO EW radiative corrections have been implemented in certain frameworks [61, 74—
77]. An approximate resummation formula for Sudakov logarithms implemented in the event
generator SHERPA has been presented in Ref. [78].
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An automated framework for the calculation of matrix elements including resummed Sudakov
logarithms is, however, not available. In this work we demonstrate an implementation of the
results of SCETgw into the in-house multichannel-sampling Monte Carlo integrator MOCANLO
and present integrated and differential cross sections for diboson processes including decay effects
within two different setups inspired by the future-collider projects FCC-hh and CLIC. We apply
the machinery to hard partonic processes of the form

ete” /qq/yy — VV' — 40/202v, (1.2)

V.V e {Wi,Z}. A large amount of effort has been invested into scrutinising processes of
the type (1.2): First experimental investigations in the LEP era [79-82] were followed by more
precise measurements at the ATLAS [83-90] and CMS [91-100] experiments at the LHC. In
the theoretical calculations the accuracy was increased from NLO QCD [101-105] via NLO EW
and NLO QCD+EW [106-119] to NNLO QCD [120-125], NNLO QCD+NLO EW [126] and
NNLOPS [127] accuracy.

Our implementation is realised with special regard to the given infrastructure: The process-
specific high-scale matching corrections are computed in an operator basis of charge eigenstates,
allowing for the use of the matrix-element generator RECOLA2 [58]. The other parts of the
SCETgw computation, i.e. the anomalous dimensions and the low-scale corrections have been
shown to exhibit a universal form and are thus directly implemented into MOCANLO. The
occurring loop integrals are computed using the one-loop library COLLIER [128]. The setup
contains all O(«) terms. In addition the terms from the exponentiated Sudakov logarithms can
be switched on in several steps. The resummation procedure applies to virtual EW corrections
only, but the obtained results are combined with real-radiation effects in the full SM in order to
obtain full NLO predictions using MOCANLO. Furthermore, effects from the decay of massive
particles are taken into account, which necessitates the factorisation of a process with virtual
particles into a production and a decay subprocess by means of the double-pole approximation
(DPA). SCETEw is applied to the production part only, treating external longitudinal gauge-
boson modes with the Goldstone-boson equivalence theorem (GBET) [129-132]. Concerning the
polarisations of virtual vector bosons, we employ the techniques presented in Refs. [133-142].
The implementation facilitates the one-loop computation of all SM to diboson processes fully
differential at the level of weighted events.

Besides making RGE-improved predictions, we carefully study the validity of the assump-
tions needed to be made in order to apply SCETEw in the considered setups: The size of the
mass-suppressed contributions, which are neglected in SCETgw, is estimated by comparing the
expanded SCETgw result against a fixed-order computation in DPA. At the same time, this
serves as a consistency check of the code. Furthermore, we quantify the error of the DPA in
the interesting high-energy regions and investigate the size of the neglected interference terms
between longitudinally and transversely polarised polarisation states.

This thesis is organised as follows:

e We start with a brief description of the SM and some selected basic topics of quantum
field theory (Chapter 2), followed by an introduction to some general properties of EFTs
and SCET, eventually introducing SCETgw (Chapter 3).

e In Chapter 4 we introduce some important techniques from the field of EW precision
physics, in particular the Catani—-Seymour subtraction and the treatment of unstable par-
ticles by means of the DPA and the complex-mass scheme (CMS).
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e In Chapter 5 we describe in detail our approach to apply SCETgw diboson-production
processes, which contributions we include, and their implementation into MOCANLO.

e In the following Chapters 6 and 7 we present numerical results for integrated and dif-
ferential cross sections in the FCC—hh and CLIC setup, respectively. Along with the
implementation described in Sec. 5, these results have been published in Ref. [143].

e Finally we give a conclusion and an outlook in Chapter 8.



2. Basics of the Standard Model

In this section we review some phenomenological properties of the SM as well as its renormal-
isation. The first part of the section (Sec. 2.1) deals with the field and particle content of the
SM and the second one (Sec. 2.2) with some basic facts about renormalisation together with a
brief discussion of the on-shell scheme and the MS renormalisation scheme.

There is a vast number of textbooks on these topics, of which the current selection is based
on parts of Refs. [144-146].

2.1. The Standard Model Lagrangian

The SM is a spontaneously broken gauge theory based on a product of three gauge groups,
Gsm = SU(3)c x SU(2), x U(1)y, (2.1)

of which the first one is associated with QCD and describes the strong interaction, and the other
ones describe weak and electromagnetic interactions. Since this formulation provides a unified
theory of weak and electromagnetic interactions, the SU(2)r, x U(1)y part of the SM is referred
to as the electroweak (EW) sector. In this chapter, we discuss the several parts of the quantised
effective SM Lagrangian in more detail. It can be decomposed as follows:

ESM = Egauge + EHiggs + Eferm + £ﬁx + Eghost- (22)
The first three terms describe interactions of physical particles, while the last two terms are
connected to the gauge fixing. All terms are discussed further below.
Gauge part

The Yang—Mills part of the Lagrangian contains the kinetic and interaction terms between the
gauge bosons and is most conveniently written as

1

Comes = ~LEDPOW & B, PP 1 B, PO 23)
with the field-strength tensors F, lsjyv) corresponding to the respective (S)U(V) gauge groups:

F{}) = 0,B, — 0,B,,
F® = 0Way —0,Wap, a=1,..,3,

a, v

F®) = 0,40, —0yAu,, a=1,...8,

a, v

with the corresponding gauge fields B*, W}', and A4 being the B-boson field, the WW-boson
fields, and the gluon fields, respectively.
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Field Q I Yy  SU(3) rep.
e (@) 0 0), G (GR)
e ), \w )\ ), -1 —1/2
lj =ep, ip, Tp —1 0 -2 1
u c t +2/3> <+1/2>
- , , +1/3 3¢3
Qj <d>L <8>L <b> L <_1/3 —1/2 /
Uj = UR, CR, tR +2/3 0 +4/3
dj = dR, SR, bR —1/3 0 —2/3

Table 2.1.: Overview of the SM fermions with their quantum numbers. The electric charge is
denoted by @Q, the third component of the weak isospin by I3, and the hypercharge
by Y. All antiparticles have the same quantum numbers with opposite signs. The
antiquarks transform under the conjugate SU(3) representation 3.

Fermionic part

The fermionic particle content of the SM is given by three generations of leptons, quarks, and
neutrinos. They come as left- and right-handed fermions, according to their respective Lorentz-
group representation. While both the strong and the electromagnetic interactions are blind to
their chiralities, the SU(2)xU(1)y quantum numbers are different for left- and right-handed
fermions: Only the left-handed ones interact via the SU(2) interaction. The hypercharges Yy
are then given such that the electric charges of the left- and right-handed fermions coincide and
fulfill the Gell-Mann—Nishijima relation,
Q=1+

%. (2.4)

An overview of the SM fermions and their quantum numbers is shown in Tab. 2.1.

The part of the SM Lagrangian associated with the fermions and their gauge interactions
reads

3 3
['ferm:Z Z ‘I’/L,klp‘I’IL,k+Z Z Uk e PUR i (2.5)

k=1 T=Q,L k=1 v=CLu,d

with the covariant derivative

Y,
D, =0, + i?wngu —iga Ig W 4 igs T Ay (2.6)
In the two formulae above it is to be understood that only the quark doublets and singlets
transform under SU(3) (T = 0 for leptons) and only the quark and lepton doublets transform
under SU(2) (I¢ = 0 for singlets).

The primes in (2.5) indicate that the fields are gauge eigenstates, which are rotated against
the mass eigenstates via the Yukawa-coupling matrices, see below.
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Higgs part

The missing piece to provide masses to both the weak gauge bosons and the fermions is the
Higgs doublet, which can be written as

(e .
R TN B (2.7

with the Higgs field H and the charged and neutral would-be Goldstone fields ¢*, x. The
non-vanishing constant v denotes the vacuum expectation value (vev), which leads to masses for
fields, which are coupled to the Higgs doublet via interaction terms. The Lagrangian associated
with the Higgs doublet reads

£Higgs = (D“(I))T(DM(I)) - V((I))

3 3 3
= D> LLGte = Y QLG9 — Y QLiGlidy ;@ +he. (2.8)
ig—1 ig—1 ij—1

with the Higgs self-interaction potential

V(D) = % (<1>ch)2 — 12010 (2.9)
and the Yukawa-coupling matrices GI. The gauge-boson mass terms are contained in the gauge-
interaction Lagrangian of the Higgs doublet and the masses are determined by the gauge cou-
plings and the parameters p and A of the Higgs potential. While the Lagrangian is usually given
in terms of the isospin eigenstates W, By, all interactions are conveniently expressed in terms
of the charge and mass eigenstates. For the first two components of the SU(2) triplet one finds

1
wt = —Q(Wl T Wa). (2.10)
with the mass obtained as
My = %2@. (2.11)

The mass matrix in the neutral sector has to be diagonalised introducing the weak mixing angle

Ow:
AL\ _ [cosOy —sin By B,
<Zu> o <sin9Vv cos Oy Wg ’ (2.12)
defining the photon as the eigenstate of mass zero, while the Z boson acquires a mass of

My

My = )
z cos Oy

(2.13)

The fermion masses and mass eigenstates are obtained by diagonalising the Yukawa-coupling
matrices. Because within the minimal SM all neutrinos have the same mass (m, = 0), their
mass eigenstates can be chosen to be the gauge-interaction eigenstates. As a consequence,
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the lepton mass eigenstates also coincide with their interaction eigenstates and there are no
generation-mixing effects in the lepton sector.

For quarks there is a non-trivial relation between mass and interaction eigenstates by means
of the Cabbibo-Kobayashi-Maskawa (CKM) matrix:

d Vud Vus Vub d
Sl = Vcd VCS ‘/cb S| . (2 . 14)
v Viae Vis Vo b

For many applications the CKM matrix can be approximated by the unit matrix, especially the
off-diagonal elements describing third-generation mixing effects, |Vil, [Ves|, |Vida|, and |Vis| are
small (< 0.05).

Gauge-Fixing and Ghost Part

The quantisation of gauge theories puts up some problems related to the fact that the funda-
mental dynamic variables, the gauge fields, contain redundant degrees of freedom. These must
be eliminated in order to obtain a well-defined quantum theory. For an Abelian theory this can
be done in an ad-hoc manner by solving the classical equations of motion and identifying the
physical degrees of freedom in the solution [147,148]. For a non-Abelian gauge theory this is
not sensible since the classical equation of motions are never free of interactions and can not be
solved exactly. The quantisation of a Yang—Mills theory therefore has to be performed in the
path-integral formalism.

The Faddeev—Popov procedure [149] allows for the quantisation of Yang-Mills theories by
projecting out physically equivalent gauge configurations from the path integral, using a set
of gauge-fixing functionals C*({A(z), ¢(x)}), which depend on the gauge-boson vector fields
and on the would-be Goldstone boson fields. Using a variable transformation under the path
integral allows for the inclusion of the gauge-fixing effects by means of additional terms in the
Lagrangian [145]:

L — L+ Lix + Lahost. (2.15)

In the widely-used class of so-called R¢ gauges the additional terms in the Lagrangian are given
by

3
Lre==2 @C“({ADC“({A})
- 251,40’4(14) - 25702(2, X)C?(Z,x) - ;VC_(W_’¢_)C+(W+’¢+) (2.16)

for the gauge-fixing and

4, 14 0C(x) 6AS(2)  6C*(x) 69 (2 o
ghost agl/d yd <(5Alc,(2) 59b(y) + (5¢C Qb(y)>u
_ 4, 14 6C*(x) 6Vii(2) 50“(1’)5 (2) ,
abczi:”/ o (W;(z) 50°(y) " 50°(z) o0 b<y>> w1
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for the ghost part. The gauge-fixing part Lgx projects the theory onto a specific gauge configu-
ration (up to a normalisation factor). The ghost part Lehost takes into account the Jacobian of
the variable transformation using the auxiliary Faddeev—Popov ghost fields u®(z), u®(x), which
appear as virtual particles in loop corrections. The gauge-fixing functionals read

C*=0"4;, a=1,..,8 (2.18)
for gluons and

C* = "W FiMw&y o™,
C? = 0" Z, — Mylyx,
CcA =0orA, (2.19)

for the EW gauge bosons. The gauge parameters ,, & parameterise the gauge and can be
chosen by convenience. Setting &, = &, ("t Hooft gauge) in the EW sector is particularly
convenient because it removes the tree-level mixing between the W/Z bosons and the would-be
Goldstone bosons ¢+, x. With this choice the propagator of a gauge boson V with mass My
and momentum p reads

—i (1 — ‘fV)p Pv
GV () — 9 i( h , 2.20

with the symbol i0 being an infinitesimal imaginary part arising from the Feynman prescription.
The above form holds also for the propagators of the massless photon and gluon (My = 0). In
the following we often work in 't Hooft-Feynman gauge (£, =&, = 1).

2.2. Renormalisation

The calculation of loop integrals introduces divergent integrals associated with the limit of large
loop four momenta on each order in perturbation theory. In order to obtain well-defined results
these ultraviolet (UV) have to be regularised, which is most conveniently done in dimensional
regularisation [150,151] (DimReg, see App. A for a brief introduction and some conventions):
The number of space-time dimensions is shifted away from D = 4 by a small amount. In the limit
D — 4, any quantity is then obtained as a Laurent series with poles in D — 4. To get eventually
rid of the divergences one has to redefine the set of input parameters, i.e. the couplings, masses
and fields.

Of course, the fields are not quite input parameters. The necessity for field-renormalisation
constants arises because of the different normalisation of one-particle states in free and interact-
ing theories: In perturbation theory S-matrix elements are computed between asymptotic initial
and final states, which are assumed to coincide with the corresponding free-theory states. Be-
cause the presence of interactions changes the normalisation of these states, field-renormalisation
constants have to be introduced for each field. Eventually they show up as normalisation factors
in the Lehmann-Symanzik—Zimmermann (LSZ) formula [152].
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2.2.1. Renormalisation transformation and the on-shell scheme

The relation between bare and renormalised parameters is obtained from the renormalisation
transformation. Usually, a multiplicative renormalisation transformation is employed, that is,

1
90 = 2Zgg~ (14+06Zy)g, Vo =/ Zy) = (1 + 25Zw> ), mo = Zmm~m+dm (2.21)

for all involved couplings g, masses m and fields ¥. The parameters gy, mg, and )y are the so-
called bare parameters, which enter the Lagrangian, but, due to loop corrections, are formally
infinite. The renormalised parameters g, m, and 1 remain finite because the renormalisation
constants Zg, Zp,, and Zy, cancel the arising divergences order by order in perturbation theory.
Expanding the Lagrangian accordingly leads to

Lo=L+ Le, (2.22)

such that the renormalised Lagrangian £ has the same functional form in terms of the renor-
malised parameters as the bare Lagrangian Ly has in terms of the unrenormalised ones. The
remainder L. contains the renormalisation constants and is defined as the counterterm La-
grangian.

Up to the divergent parts the definition of renormalisation constants is not unique. A set of
renormalisation conditions has to be chosen in order to fix the finite parts of the renormalisation
constants. The choice of a renormalisation scheme is of great importance because it defines the
relation between observables calculated in perturbation theory and measurable quantities.

On-shell scheme

The on-shell scheme [153-155] provides a natural renormalisation scheme for the EWSM, as the
renormalisation conditions are defined such that the input parameters have a distinct physical
meaning: The electric charge is defined via the Thomson cross section in the classical limit,
while all masses correspond to the poles in the corresponding propagators and can hence be
extracted from resonance peaks in differential cross sections. According to (2.21), the bare and
renormalised input parameters and fields as well as the counterterms are defined via

e0=Zeer~ (1+0Z)e, t~t+ dt,
1 K R rKk 1 R K
Vo= 2ZvvV' = (5VV/ + 25ZVV'> Vi, flo=y ZZJ; fi = <1 + §5ij’ > I
1
Hy=+/ZgH ~ H + 50ZuH, Mg = (ZmyMp)* =~ M + 6M3,

M0 = Zmy My & my,; +0my;,

with H denoting the Higgs boson field, V' denoting the EW gauge bosons and f; the fermion
field with flavour index ¢ and helicity x € {L,R}. The one-point function of the Higgs field
(Higgs tadpole) is denoted by T'. The field-renormalisation constants are matrix valued both in
the case of quarks and the neutral gauge bosons A, Z, because in these cases the interaction
eigenstates are rotated against the mass eigenstates. Note that there are mass counterterms for
the massive boson fields B = H, W, Z, but not for the photon, whose mass is guaranteed to be
zero by a Ward identity.

10
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Following Ref. [156], we discuss the renormalisation conditions as well as the explicit form
of the renormalisation constants briefly in the following. The first renormalisation condition
concerns the Higgs-field one-point function, which after renormalisation is required to vanish:!

T=1%=0, (2.23)
which defines the tadpole counterterm as
ot =-"T. (2.24)

This procedure corresponds to a renormalisation of the vev and has the effect that the renor-
malised vev corresponds to the actual value of the renormalised Higgs potential at its minimum.
As a consequence of (2.24), all explicit tadpole diagrams can just be omitted during the calcu-
lation as a shortcut.

The renormalised two-point functions are defined by the following renormalisation conditions:

e The renormalised masses correspond to the pole positions of the respective propagators,
and

e the residues of the poles are equal one. This accounts for the correct normalisation of the
fields.

The former conditions read:2

Re I (k)e” (k) s = 0,  ReT/(k)u;(k) —— Re I (k) s 0, (2.25)
which define the mass counterterms as
SMw = Re S (M%),  6My =Re $4%(M3), &My = Re S (M}) (2.26)
for the massive bosons and
omy = 2 Re (S mpi) + = mpa) + 255 (mp) (2.27)

for the fermions. The respective self energies for gauge bosons and fermions have been decom-
posed in a covariant way:

aY 3 S 9y
SER () = D0 (k) + myp S50 (6,

/ kyky, / kky /
ZL/VV (kQ) — <g#l’ _ e > VV (kQ) © VV (kZ) (228)

k2 k2

Note that the symbol Re denotes the real part of its argument, but with the CKM matrix remain-
ing complex. The residues of the poles are obtained from the limit of the two-point functions
with the momenta going on shell. Demanding them to equal one provides the renormalisation

!By abuse of notation, we use the symbol “=" as “defined to be equal” throughout.
2Note that the gauge-boson two-point function has non-trivial mixing in the case of V, V' = A, Z.

11
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condition for the field renormalisation:

: vV _
el sz iel (k)e” (k) = —eu(k)
1 ~ A
lim ——Re (k) =1
G g e T =1
i £ Rl B (s (k) = (),

k2~>m k‘2 ?7

lim  @;(k)Re I/ (k) L = k), (2.29)
k2—m?2

fri fri

which implies that the field-renormalisation counterterms are given by derivatives of the respec-
tive fields’ self energies with respect to the momentum invariant:

— 9nH (k2 — XYV (k2
0Zy = —Re 87(2) , 0Zyy = —Re # )
N Ve L PRV
—~ ZAZ . EZA M2
5ZZA_2R,e g ), 5ZAZ——2R,e ]\4(,2),
Z Z

for the bosonic and

2 S . .
5Zifj’n m; _ mf Re (mszf’ (mf]) + mfvsz,a(zf’ ( i) T 287 S (m fz))) , iF]
7 j

0 =

02} = —Rexl” —m}, = 5 T

Re (TL(k) + S0 + 350 (0))

2.30
s (2:30)

for the fermionic field-renormalisation constants.

As the quark mixing will be neglected in all applications throughout this thesis, we do not
discuss the renormalisation of the CKM matrix. This is discussed, for instance, in Ref. [157].

From the mass counterterms for the W and Z bosons in (2.26), the counterterms for the cosine
of the weak mixing angle can be deduced as

5c2 B 5M2 5M2

C—%‘V’V = M2 M2 ) (2.31)
and from this the corresponding counterterm for the sine:
0y,  ch [(OMy  6M (2.32)
s ME o M2)C '
Here we have introduced the common abbreviations
Sw = sin Oy, Cw = COS Oy (2.33)

The renormalisation constants dsy, dcy are introduced merely for convenience, as the weak
mixing angle is not an input quantity in the on-shell scheme.

12
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2.2.2. MS renormalisation and the renormalisation group equations

The on-shell scheme described above has the advantage that all masses are directly obtained
from physically measurable quantities. This is a suitable choice as long as all masses in the
theory are sufficiently precisely measurable, which is not the case for the light quarks. Therefore
in QCD a more naive scheme is employed, known as the MS scheme. The prescription is to
subtract from the bare quantities the contributions proportional to the standard divergence

1 2
Ayy = - ES log(4m) + log %, (2.34)

in DimReg. In the above formula ¢ = (4 — D)/2 denotes the deviation of the space-time
dimensions from four and vg =~ 0.5772 is the Euler-Mascheroni constant. In addition to the
scale p associated with DimReg an additional reference scale ¢ has been introduced, which is
also referred to as the renormalisation point. All MS-renormalised quantities depend on the
scale ¢,

gs = gs(Q)7 mg = mq(q)’ Y= ¢(Q)? (2'35)

with the gs being the strong coupling constant, m, being the quark masses, and 1 denoting the
quark and gluon fields. This scale dependence is commonly referred to as parameter running.

The fact that S-matrix elements have to be independent of the scale to all orders in perturba-
tion theory can be exploited to derive all-order relations between parameters at different scales.
The scale can then obtain a physical interpretation as the energy scale the respective quantity
is probed at.

All of the above is done by means of the renormalisation group equation (RGE). The inde-
pendence of the S matrix of a reference scale ¢ can be written in the form

d .
_ n/2 n
dlog g (R (g,m, )" (p1, g, m, q))
0 0 0 .
- = = =y ) Tk, g,m, 2.
(aloqur 99 " om nw) (P> 9,m, q) (2.36)

with g and m denoting the set of of all involved couplings and masses, respectively, and "
the renormalised n-point vertex function. The above equation defines the 8 function, the mass
coefficients, and the anomalous dimensions via

B(g,m,q) = 6”qug(go,mo,M,Q),
1 9
Ym(g,m,q) = —%mogqm(go,mo,u,qx
1 9
Yo (g, ™M, q) = —Em%(go,mo,u,q). (2.37)

These functions are referred to as the RGE functions. Because the scale dependence enters the
RGE functions only in the context of the standard divergence (2.34), they are obtained from
the UV-divergent part of the relevant loop integrals only.

13
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Another formulation of the RGE is given by the Callan—Symanzik Equation,

0 0 0 3 —_— B
<8log)\ +/Baig_(1+'7m)am _nB(1+’YB)+nf <2+7f> —4>F ()\plﬁg,m,q) =0
(2.38)

for a vertex function involving ng bosons and n¢ fermions. The dimensionless variable A describes
a uniform scaling of all external momenta pi. The Callan-Symanzik Equation is obtained from
(2.36) by an analysis of the mass dimensions: Since bosonic and fermionic fields have different
mass dimensions, their anomalous dimensions account differently in the RGE. In order to have
the correct dimension for the matrix element, one can make use of the fact that '™ has to be a
homogeneous function of the p; to obtain (2.38) from (2.36).

The form (2.38) makes it explicit that a variation of the renormalisation scale can indeed
be interpreted as a change of the energy scale at which a process with external momenta py, is
probed. Note further that the solution of the RGE and hence the scaling behaviour of physical
quantities can be obtained only from the UV-divergent parts of the renormalisation constants,
and from some basic properties of the theory such as the number of fermions and bosons.

The solution of the RGE is obtained from the following steps: [145]

e (Calculate the RGE functions in perturbation theory as functions of the couplings and
masses.

e Integrate the resulting system of ordinary differential equations in logpu to obtain the
running couplings g(u) and masses m(u).

e The solution for the vertex function is then obtained by integrating the anomalous dimen-
sions along the solutions g(u), m(u):

D72 (Apg, g(p1), m(p1)) = AR 3020808 (g (100), m(pa)

< exp (— [ tosn lnsw (gt i) + w<g<u>,m<u>>1) |
" (2.39)

The above exponential now contains possibly large logarithms of ps/p; to all orders in the
coupling constant.

14



3. Effective field theories and soft—collinear
effective theory

In this section we describe some important features of effective field theories (EFTs) in general
and soft—collinear effective theory (SCET) in particular. Starting from a few general facts about
EFTs in Sec. 3.1 we turn to a description of SCET in Sec. 3.2 and its generalisation to EW
corrections in Sec. 3.3

3.1. Effective field theories and resummation

EFTs provide a powerful way to calculate observables involving widely separated scales. If
such observables are calculated using fixed-order perturbation theory, the convergence of the
series can potentially be destroyed by large logarithmic corrections. In general the interaction
Lagrangian of an effective theory valid up to some energy scale A is based on an operator basis
such as

(D=5) ¢(D=5) D=6
ﬁEFT—ﬁD<4+AZC 0, —|— ZC’ 90! s (3.1)

with £p<4 denoting the renormalisable part of the Lagrangian and the Wilson coefficients C;
are to be determined. Note that one has to write down all operators allowed by the symmetries
of the full theory on each order in 1/A.

The Wilson coefficients are contained in the EFT as free parameters that comprise the high-
energy interactions. Their values are fixed by the requirement that the S-matrix is the same in
the EFT and the full theory at any given order in both the coupling and the EFT parameter:

MEpT L M + O(A_l). (3.2)

Calculating the Wilson coefficients order by order using (3.2) is called matching.!
In general, loop corrections mix operators among each other, which is why the renormalisation
constants can be comprised in a matrix notation:?

On.i = Zij(1)O; (). (3.3)

This is referred to as operator mizing. Each element of the matrix Z contains the field-
renormalisation constants for the fields in the O; as well as an operator-specific contribution
from the one-particle irreducible graphs [159]. From the fact that the all-order result for any

!Throughout this work, all matching computations are performed employing Feynman diagrams. In many appli-
cations, performing the matching on the level of the generating functionals has turned out to be advantageous
(“functional matching”). Applying this approach to SCET is still considered an open problem [158].

2In the following, we denote the scale with p, where ; plays the role of the renormalisation point g in (2.34).
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S-matrix element does not depend on the scale, it can be derived that the operators and Wilson
coefficients fulfill the respective renormalisation group equations [159, 160]

T 0 = 7510,
TGl = =10 0, (3.49)

with the anomalous dimension matrix -y, which can be obtained from the UV-divergent parts of
the renormalisation constants comprised in Z:

T 1dZ(w)

:—Z . .
v dlog 1 (3.5)

Note the analogy to the field anomalous dimension in (2.37). The solution of the RGE can again
be used to resum large logarithmic corrections if the Wilson coefficients are matched at the high
scale and run down to the low scale:

" dlogm(u)ﬂ <(©O).  (36)

1 ¥

Cil) (Os(ja)) = 3 C(mn) F exp (‘/

with the path-ordering operator defined via

Pexp (- / W) —1- / RS / " du / T )+ ()

1 LM N P U

Equation (3.6) provides the matrix-valued generalisation of (2.39) and shows one of the key
ideas of EFTs that enables resummation: The separation of scale dependencies. The Wilson
coefficients depend only on the high scale and the operator expectation value only on the low
scale, which is why neither of them may develop large corrections in perturbation theory. In
turn, all logarithmic contributions are contained in the exponential.

3.2. Soft-Collinear Effective Theory

In this section we give an introduction to some aspects of Soft-Collinear Effective Theory
(SCET). Its very basic idea can be condensed in the following prescription: Integrate out all
interactions with momentum transfers larger than a given reference scale! This results in an ef-
fective theory, which contains only dynamical degrees of freedom that are either soft or collinear
with respect to a given reference direction. This approach implies two main complications:

e Such a theory turns out to be non-local. Since gauge invariance has to be taken care of,
this puts up the necessity of Wilson lines, which we discuss in Sec. 3.2.4.

e Consistent power counting requires a very careful treatment of subleading effects. This
point is not so much of importance for this project, as we are working at leading power
only.

Originally SCET has been developed as a tool for the resummation of large logarithmic cor-
rections related in semi-inclusive heavy-meson decays, extending heavy-quark effective theory

16
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(HQET) [25,26]. Since that time it has turned to be a useful tool in jet physics [40-42] and
the method can also be generalised to a theory including massive gauge bosons and scalars and
hence be used to resum the large logarithms of ratios the gauge boson mass and kinematic
invariants in SM scattering processes of very high energy [43-48]. The crucial prerequisite for a
resummation of these logarithms for a generic observable ¢ is to have a factorised formula, in
which the dependences on the high scale and the low scale are separated,

c=H®J®S, (3.8)

with some hard function H that is independent of the low-scale physics, some jet function J that
encodes collinear and a soft function S that contains the soft interactions. Fach contribution
depends only on a single scale and the running between the associated scales is governed by the
RGE. To arrive at a formula like (3.8) we will go through several steps:

e We derive the SCET Lagrangian from the QCD Lagrangian using a consistent power
counting in the scale ratios. The power counting and the kinematics are introduced in
Sec. 3.2.1, while the Lagrangian is derived in Sec. 3.2.2.

e We transform to momentum space to obtain Feynman rules. For a consistent power
counting this is done using the label formalism [26, 28] (Sec. 3.2.3).

e We introduce Wilson lines (Sec. 3.2.4) to ensure gauge invariance when defining external
operators connecting fields at different space-time points. The construction of external
operators is described in Sec. 3.2.5.

e Afterwards, we generalise the results for processes involving more than one collinear di-
rection. This brings us to a discussion of n-jet amplitudes, we discuss the construction of
the respective operators and the anomalous dimensions Sec. 3.2.6.

e The generalisation to the case of massive-boson exchange, which is needed for applications
to the SM, is discussed in Sec. 3.3.

Up to the last point, the discussion is based on Ref. [161], while the last point refers to Refs. [44,
45,47].

3.2.1. Kinematics and conventions
Consider a momentum four vector in the Sudakov parametrisation:

nt nt
p”z(n-p)*Jr(ﬁ'p)?

5 + pl] (3.9)

with n being an arbitrary light-like auxiliary four vector and 7 defined such that
n?=n?=0, n-n=2 (3.10)
Denoting the light-cone components of a momentum four vector according to

p=-p,a-plpLl) =@ 0 ,p1), (3.11)
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we define a momentum to have n-collinear, n-collinear and soft scaling, respectively, according
to

P~ (L LNQ, P~ (LAANQ,  p ~ (VA0 (3.12)

with @ being the hard energy scale. Note that the scaling of pg is sometimes called wultrasoft
scaling in order to distinguish it from a scaling of the form (A, A\, \). However, since this scaling
never occurs in our applications, we stick to the convention to use the term soft for (A2, A2, \?).

The Sudakov parametrisation (3.9) is not restricted to momenta. In the following chapters
any four vector is decomposed into its Sudakov components, if convenient. For instance, we
define the components of the gluon field via

nt nt
AF‘:(n-A)7+(ﬁ-A)?+A’iEA’"+L+A*_‘+A‘1. (3.13)

3.2.2. The SCET Lagrangian for QCD

In this section we sketch the derivation of the leading-power Lagrangian for SCET following
Ref. [161]. The theory we want to arrive at is given by QCD with all off-shell interactions
with order Q? integrated out. This is very much the same strategy as if we would consider a
heavy particle to be removed as a dynamic degree of freedom. However, gauge invariance and
non-locality require some special treatment, which makes SCET different from other EFTs.

The general strategy is to apply the power expansion of the previous section in a consistent
way to the massless QCD action

Sqcp = /d4-1'£QCD = /d4x <'1Z1¢w— le(FﬁV)2> (3.14)

with the sum over the quark flavours and colours implicit. The expansion in X serves as an EFT
parameter expansion in analogy to 1/A in (3.1). We will work at leading power only, meaning
that we keep only terms of order \°.

To this end, the power counting in X of all fields and interactions is analysed and all subleading
terms are dropped. This is done in position space using ordinary Fourier representations, an
approach originally chosen in Refs. [32,162]. We also give some results in the label formalism
afterwards in order to have momentum-space Feynman rules. The derivation is also possible
using the label formalism from the beginning [26].

In order to obtain the effective theory for only soft and collinear interactions, all involved
fields have to be expanded into soft and collinear components:?
Af(z) = A (x) + Af (2),
(@) = Ye(@) + () = £(2) + n(z) + () (3.15)

3Here, we assume only one collinear direction to be present. The generalisation to more than one direction is
described in Sect. 3.2.6.
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for the gauge-boson fields A* and the fermion fields v, respectively. For the Dirac fermions we
have defined the following projections:

_ i

g= Py =T il

wca n= P—wc = ch (316)
We will refer to the fields in (3.15) as quark and gluon fields, even though we are in principle
interested in the respective fields in the EWSM. The general method, however, will remain

unchanged. The colour indices are omitted for simplicity of notation.

In order to obtain the Lagrangian in the SCET expansion, the scaling of the fields in the
power counting has to be determined. The scaling of the gluon field can be obtained from the
Fourier representation of its propagator using the Rg—gahuge:4

/d% eFT (0| T{ A* () AY(0)}]0) = % <gW —(1— g)k:;y) . (3.17)

Since the scaling on both sides has to be the same, the components of the gluon fields have to
scale like their associated momenta:

Note that the scaling of the soft field does not imply that its interactions are genuinely power
suppressed. This is because the conjugate position argument scales such that z - p ~ 1 and
therefore, for instance,

4 2
[ & (3 Avs@)? ~1. (3.19)

~ATE L N2 N2

The contribution to the action is hence of order 1, even though the respective term in the
Lagrangian density appears to be suppressed.

By analysing the power counting for the collinear fermion fields (3.16) in a similar manner,
it can be shown that the n-contribution is power suppressed and does not contribute at leading
power:

E(x) ~ A, n(z) ~ \2. (3.20)

In contrast to AL, the position argument of the fermion component 7.(z) has collinear scaling
and the kinetic term results to be suppressed also on the level of the action. Since the Lagrangian
is quadratic in n, its classical equation of motion can be solved and it can be integrated out by
inserting the solution back into the Lagrangian. This procedure introduces inverse derivative
operators into the Lagrangian, for instance via the equation of motion for 7:

D, &= —gn - Dn =n= _2ﬁ7‘2DmL£a (3.21)

“The gauge parameter is not to be confused with the fermion component defined in (3.16)!
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where the perpendicular component of the covariant derivative is defined in analogy to (3.9).
The inverse derivatives can be defined via the integral representation

. 0
i
—p(x) = ds o(x + sn). 3.22
@ = [ dsole+ ) (322)
The occurrence of products of field operators evaluated at different space-time points indicates
a non-local interaction along the n-collinear direction. This can be understood from the fact
that any number of directional derivatives has to be considered in the effective Lagrangian:

¢c(x + sn) = exp (sn - 0)pc(x Z s' de(). (3.23)

k=0

Note that the first equality is the usual quantum-mechanical translation operation. Because all
terms on the right-hand side of (3.23) contribute at the same order in the power counting, the
general effective Lagrangian will feature non-local interactions.

Having the fields expanded in A and having removed the n-component, we can write the
Lagrangian as

Lscrr = YsilDghs + 57;1” - D&+ f? ( ]DJ_

5P ) € PP - (LS (324

where the expanded form of the covariant derivatives and the field strengths is still to be de-
termined. To do this, we have to apply the same treatment to the interaction terms of the
Lagrangian. Those interaction terms that involve soft or collinear fields exclusively remain un-
affected by this expansion because upon integration over space-time, the interaction terms are
of O(1) by construction. A non-trivial expansion is required only for interactions between soft
and collinear modes. Consider the interaction term of two collinear fields with a soft gluon:

4 4 4 - ~ ~
J etz = [t [ o [ 55s | Gretr i K, (52

where ¢. can denote a collinear quark/antiquark or gluon pair, respectively. The sum of the
momenta in the exponential has collinear scaling;:

1 1)\ 1
ZU(pl +p2 +ps) Nl, x€Xr ~ 1’?’} a (326)

In order to remove all spurious terms from the exponent in (3.25), one makes the replacement

1 1
— ot
Tps — <0, /\2,0> éps =a pg. (3.27)

In the same spirit, the soft gluon field is replaced by its +-component:

/d4w e (2)(Al(x) + Al (27)) ~ /d4w Ge(x) (Al () + A% ((27)), (3.28)
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because from the scaling (3.18) one sees that
AC_ > AS_, AJ_,C > AJ_7S. (3.29)
All of the above considerations are taken care by defining the covariant derivative according to

nH
iDF =i0" + g |(n- A%(z) +n- Ag(ﬂf_))%

C

0
Y- A“(z)% + A (2)| T, (3.30)

where we have reintroduced the colour algebra. Defining

iDI = 19" 4 gA®eT?,
iDF = ig" 4+ gAMT®, (3.31)

in addition, we can write the SCET Lagrangian in its final form

- . (. I 1 1
LSCET = ¢slwsws + 55177’ : Df + 55 llDl,cmle,C f - E(Fﬁu,s)z - E(Fﬁu,c)27 (332)
with the field-strength tensors being
FIY = — DD, R = —[DF,D"]. (3.33
Js Js

If, in addition, there is a scalar ¢ in the fundamental representation present, its kinetic term
Lic = (Dup) ' (DH¢) (3.34)
can be expanded in a similar way [44]. After defining collinear and soft scalar fields
p(x) = @c(r) + @s(2), (3.35)
and parameterising the covariant derivatives in light-cone coordinates, the Langrangian becomes
Lo = (Dusis) (D) + ¢t (n- D)) (- D) + D3 ) e

= (Dysps) (DHps) + ! ((n -0) (7 - 8) + 83) ¢ + interaction terms. (3.36)

3.2.3. Label formalism and Feynman rules

Usually, given a Lagrangian in position space, the most convenient way to write down the
Feynman rules is by transforming them into momentum space. In SCET, one often adopts a
modified momentum space representation, which is called the label formalism first introduced
in Ref. [26]. It is based on a splitting of any collinear momentum p. into a label part and a
residual part,

Pe — g+, (3.37)
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where the residual part has soft scaling,
r e (A% 0707, (3.38)
and the label momentum scales as
g=p-+p1L ~(0,1,N). (3.39)

The isotropic soft-momentum components are thus encoded in r, while the label momentum is
designed such that it cannot be changed via collinear or soft interactions. This crucial property
implies that in SCET a field can be identified with a certain label momentum ¢. The label of a
field can be extracted with the label operator P, defined via

Plog = q"dy. (3.40)

The collinear fields are then rewritten as

Pe() = Y e gy (x). (3.41)

The leading-power Lagrangian after these substitutions reads

Lscer = Ysibgths + ngiin (04 Ap)éy + f_qzi (i(ﬁﬂ + Ak,ﬂml. Pi(7/ﬁ + -Ak;’,L)) &y
1 1
- Z(Fﬁu,s)z - Z(Fﬁu,c)z‘ (342)

Here the sum over the label momenta is implicit and the phase factors, which ensure the con-
servation of the label momentum, are also omitted. The Feynman rules following from this
Lagrangian are depicted in Fig. 3.1, see Refs. [26,28].

3.2.4. Gauge invariance and Wilson lines

The issue of gauge invariance in SCET has been treated in a systematic way in Refs. [29,31,32].
In this section we will recap some important results from these works.

Omitting subleading contributions in the decompositions (3.15) violates the full SU(3) gauge
invariance, essentially because integrating out the hard interactions removes some non-trivial
colour flow. However, the dynamic degrees of freedom left have to respect the remnant sym-
metries of soft and collinear gauge invariance. The respective symmetry transformations are
obtained from a full gauge transformation,

U(z) = exp(iT®0%(x)), (3.43)
if the derivatives of the gauge parameters 6, are expanded in a way consistent with (3.12):

Ue(z) = exp(iT*0c(x)),  9"0c(x) ~ n"0¢ (),
exp(iT°0¢(z)), 00%(x) ~ N20%(x). (3.44)

R
=
[
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Figure 3.1.: Leading-power Feynman rules for SCET in QCD in Re-gauge. Curly lines rep-
resent soft gluons, while curly lines with a straight line inside represent collinear
gluons. The arrows indicate the direction of the associated collinear momentum if
it is not fixed by momentum conservation. Feynman rules involving only collinear
or soft quarks are not shown, as they are not changed with respect to QCD.
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These expressions define collinear and soft gauge transformations, respectively. Since the form
of the soft interactions is the same as the full QCD Lagrangian, the soft fields transform in the
same way under soft gauge transformations as QCD fields do under full gauge transformations:

Vs — Us($)¢sa

AP S U (2) ARU () + giUS(x) [ Ul ). (3.45)

Because soft particles can not emit collinear gluons while remaining soft, the collinear gauge
transformation does not affect soft particles:

Vs = s, Al — AF. (3.46)

For the behaviour of collinear fields under soft gauge transformation to be consistent in the
power counting, the soft gauge transformation has to be expanded in the same way as the soft
field in the soft—collinear interaction term (3.25), resulting in

£ — Us(z-)¢,
AP Uy(a_ ) ARUS (22). (3.47)

Finally we discuss the transformation of collinear fields under collinear gauge transformations,
which is given by:

§ = Ue(@)g,

I3
AP U(2) AU () + glUC(x) 0 + .12 (n- A ), Ul(@)] (3.48)

The extra contribution of the soft gluon can be motivated by the form of the covariant derivative
(3.30): It is fixed such that D, transforms as

D, — Ud(z)D, Ul (z). (3.49)
The collinear covariant derivative transforms as

DY — Us(e-)DEUS (z-),
D! — U (z)DFU] (x) (3.50)

and hence the Lagrangian (3.32) is by construction invariant under both soft and collinear gauge
transformations.

In order to construct external operators from gauge-covariant building blocks which respect
the remnant gauge symmetries, we define soft and collinear Wilson lines as

0
Why(x) =Pexp (igs/ dsn - A2(z + sﬁ)Ta> ,
. _0
Y, (z) =Pexp <igs/ dsn - Ag(z + sn)T“) . (3.51)
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They provide natural generalisations of the ordinary QCD Wilson line from infinity, which reads

0
W(x) =Pexp (igs/ dsn - A%z + sn)T“) . (3.52)
—00

Here and in the following, the symbol P denotes path ordering of the colour operators T%, see
(3.7). More generally, Wilson lines are defined as the connection of a field evaluated at two
space-time points that respects gauge invariance:

b(a) = Pexp (igs [ e Aﬂﬁ%&ﬂ)Tﬂ) by) = Wiz, )b (). (3.53)

Y

where ¢ is some parameterised curve connecting  and y.> From a geometric point of view this
corresponds to a parallel transport along the manifold of gauge-equivalent field configurations,
for details see for instance Sec. 2.3.2 of Ref. [145]. Applying a gauge transformation on the 1)-
fields in the above equation shows that the Wilson line’s transformation behaviour under gauge
transformations has to read

W(w,y) = U@)W (2, y)U"(y). (3.54)
For a Wilson line coming from infinity, this implies
W(z) = U(x)W (2)UT (—c0) = U(z)W () (3.55)

if the gauge transformation vanishes as x — oo. This is a sensible assumption, as otherwise a
gauge transformation would induce non-vanishing boundary terms.

Wilson lines are especially important when constructing non-local operators since the product
of two operators at different space-time points is by construction gauge invariant if they are
connected via a Wilson line:

P(x + sn)Y(x) — Pz + sn)W (x + si, x)b(x)
U(x + sn)P exp (1/ drn- A%z + Tﬁ)T“> ()

0
0

U(x + s7)Pexp (1/ drn- A%« + sn+ )T

—00

_ 1/0 dTﬁ-Aa(erTﬁ)T“) ()

—00

= (x + si)W (x + sa) W (z)(x), (3.56)

where the last equality shows that a single Wilson line of finite extent can be written as a product
of two Wilson lines from and to infinity. This relies on the fact that all Wilson lines considered
here follow straight paths. In case of the general definition (3.53), this does not necessarily hold.
Note further that both ¢(z+sn)W (z+sn) and WT(z)y)(z) are separately gauge invariant. Non-
local interactions involving collinear fermions and gauge bosons can therefore be constructed

®Note that Wilson lines with two arguments, as defined above, are to be distinguished from Wilson lines with a
single argument defined according to (3.52). We will mostly use the latter type in the following.
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using the combinations
Xe(x) = Wi(@)E(x),  A(x) = Wi(z) (DEWa()), (3.57)

for processes involving external n collinear quarks and gluons, respectively.

Calculating radiative corrections to operators involving these kinds of fields involves virtual
gluons emitted both from the external field and from the Wilson line. The Feynman rules for
the radiation from external fields can be read off Fig. 3.1, while those associated with radiation
from the Wilson line are obtained via re-expanding the exponential. This is most conveniently
done in momentum or label space, where the representation of the Wilson line is [27, 28]

Wo=Y" exp (—gslpn - qu(x)) 7 (3.58)

n-
perms

with the label operator P defined in Eq. (3.40). Expanding the exponential yields order by
order the Feynman rules for the coupling of n-collinear gluons from the collinear Wilson line in
the fundamental representation:

k,a,p
in#
= T 3.59
97T (3.59)
for the emission of a single collinear gluon,
k1, a1, p ka, az, po
79T T®2T"
—  2pB1sa2
= ntn + 3.60
Is (7_1']{227_1,'(}61—1—]{32) ’ﬁ'k‘lﬁ'(kﬁl—i—k‘z)) ( )

for two gluons, and so on for a higher number of emitted gluons.

3.2.5. External Operators

The SCET Lagrangian (3.32) has been obtained by expanding all QCD interactions in the SCET
power counting. It is however not the most general SCET operator one can write down. In fact,
to calculate observables the SCET Lagrangian alone is rather useless because it is completely
independent of any hard interaction, which is usually just the interesting part of a scattering
process.

In order to calculate observables one introduces supplementary external operators, which may
be inserted into Green’s functions. A discussion of the defining features of external operators
can be found in Ref. [146], chapter 23.4.

A very basic and extensively discussed example is the Sudakov form factor. It is of particular
importance for our purpose because the results serve as building blocks for SCET corrections
to n-jet amplitudes, which we are going to consider. In QCD the Sudakov form factor can be
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defined as the expectation value of two quarks scattering from the current operator

JH(x) = P()y"y(x), (3.61)

which can be matched against a suitable SCET operator. This is conveniently done in the Breit
frame, where the two quarks are back-to-back. Writing down a continuous sum of all collinear
gauge invariant A\’-operators with the above Lorentz structure yields

JH(z) = /ds/dt C(s,t)Xe(x + sn)¥] xc(z + tn). (3.62)

The integrals occur because we do not restrict ourselves to local interactions. The fact that we
need only one reference vector n is a specific property of the Breit frame. Only +/ contributes
because of the expansion of y* in the Sudakov parametrisation:

nH nt "
= %7 + %7 + Y. (3.63)

When sandwiched between an n-collinear and an n-collinear fermion field, only the third term
gives a non-zero contribution. In the label formalism the above operator translates into

J“(x) = XC,qC(/P)’YiXE,qU (364)

with the phases and the sum over labels again implicit. Insertions of the current (3.62) into
the Green’s functions enables the description of hard interactions within SCET. In Feynman
diagrams, the insertion of an external operator is denoted with the symbol

®. (3.65)

Note that for the notation of the Wilson-line Feynman rules in (3.59), (3.60) we have already
employed this notation since the Wilson lines arise in the construction of external operators.

3.2.6. n-jet scattering amplitudes in SCET

The former discussion has covered the general properties of SCET for a process with one distinct
direction. The generalisation to observables involving n directions is straightforward: A set of
collinear and anticollinear fields is introduced for each direction, and they interact via a single
set of soft fields. Furthermore, we will see that the anomalous dimension of any n-jet amplitude
is obtained as a sum over two-particle results. Studying n-jet amplitudes in SCET has proven
useful to analyse the structure of infrared (IR) singularities in QCD [160,163-166]. A systematic
consideration of subleading-power n-jet operators has been worked out in Refs. [167,168].

If a hard scattering amplitude is to be computed, any external field is to be represented by a
collinear field in a certain direction, between which interactions are only possible by means of
soft modes. The SCET Lagrangian is hence obtained by copying the collinear part and keeping
the soft one:

En = Z £coll,i + £soft- (366)
=1
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A cross talk between the collinear sectors via collinear interactions is forbidden by momentum
conservation.

An external operator representing an n-jet scattering amplitude has the form

O(z) = / Aty by (2 + t17i1) (2 + i), (3.67)
or, within the label formalism,

O =1p,---Pnp,- (3.68)

Here, each field ¢ denotes a gauge-invariant building block discussed in Sec. 3.2.4. We have to
assume that colour is conserved in the interaction, that is, the colour of the ¢; adds up to zero
if all fields are incoming. The fact that any operator can be written as in (3.68) is investigated
more detail in Sec. 3.3.2.

Factorization theorem

The RGE-improved matrix element for the n-jet process involving an operator j reads

Hh

M = C;i(pm)P exp [—/ dloguv(u)] < [ 7 x S. (3.69)
K J k

1 7,

which is precisely (3.6) with the Wilson coefficients C; and the anomalous dimension 5. Jj and
S, denoting the jet and soft functions respectively, are not discussed in detail for the case of QCD.
In some cases they depend on non-perturbative low-energy physics, such as the jet algorithm,
the parton-distribution functions (PDFs) or fragmentation functions. In the following we discuss
the computation of the Wilson coefficients and the anomalous dimension.

Wilson coefficients

Following the considerations given in Sec. 3.1, the Wilson coefficients associated with the oper-
ators (3.68) are obtained from a matching computation between QCD and SCET with all small
scales set to zero. In terms of the operators of the form (3.68), a hard n-jet matrix element
reads

Mscer = Ci (Oy) (3.70)

where we have suppressed colour and spin indices. The values of the tree-level Wilson coefficients
are inferred by demanding

MscET L Macep + O(N). (3.71)

As the operators themselves fix the Lorentz- and colour algebra, the matching condition can be
phrased as

Mscer({p}) = C({p}) x (“spinors and polarisation vectors”), (3.72)

28



Chapter 3. Effective field theories and soft—collinear effective theory

Figure 3.2.: Structure of the soft (left) and collinear (right) one-loop SCET radiative correc-
tions to an m-jet amplitude. All lines represent collinear fields. The collinear
corrections can be associated with a single external leg, while the soft ones involve
two-particle correlations.

with the latter part also containing Dirac and colour matrices. The dependence on the momenta
indicates that the Wilson coefficient is in momentum space. While (3.72) is somewhat obvious
at tree level, it also holds at higher orders.

When radiative corrections are computed in SCET, both the Wilson coefficients and the
operator expectation values are expanded in a perturbative series in the coupling constant:

Ci0; — (C}O) +C () + ) (o§0> +0W () + )
= 0" + ¢ (o (1) + ¢V (w0 + .. (3.73)

We have indicated scale dependences of the one-loop quantities C") and @), The one-loop
SCET matrix element is then given by

MEER () = €O (o)) + D) (0©). (3.74)

Note that by <O(1)(,u)> we denote the one-loop Feynman diagrams using the EFT Lagrangian.
This includes the wavefunction counterterms from the LSZ reduction formula. Imposing (3.71)
at one loop, the one-loop Wilson coefficient reads

CO(p) MG () — CO (0 ()
R M

(3.75)

Because the Wilson coefficient depends only on the hard scale, the r.h.s. above must also not
depend on any low scale. Therefore the computation can be simplified by setting all of them to
zero, although this possibly introduces additional IR divergences. When the low scales are put
to zero, all loop corrections @) in SCET vanish because they involve only scaleless integrals:

oW =3 (- - 2). (3.76)

» \fuv  CIR

with some coefficients D. This can be explained by the fact that the diagrams depicted in
Fig. 3.2 do not have any dependence on momentum transfers (p; + pj)2 and hence depend only
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on the external and internal masses. While this is obvious for the collinear graphs, it is also true
for the soft diagrams, as the loop momentum is expanded in the soft region, see App. B for an
explicit calculation.

The UV poles in the full and the effective theory can in general be different, but the IR poles
have to agree [52] and hence cancel in (3.75). The Wilson coefficient is thus calculated from the
IR-finite part of the full matrix element and after renormalisation one obtains (assuming (3.72)
to be valid at tree level)

C(l),ren(u)Mtree
1-loop, ren _ QCD 1), ren (0)
Macp™ (1) IR-finite Cc) = O ) <O >

= cren(1) x (“spinors and polarisation vectors”), (3.77)

which is the version of (3.72) at one-loop. (3.77) provides a prescription to calculate Wilson
coefficients from QCD matrix elements, which will play a crucial role in our automation strategy.

Anomalous dimension

If one wishes to calculate the anomalous dimension for an n-jet operator, one has to compute
an IR-finite observable involving that n-jet operator in order to extract the coefficient Dy of the
UV e-pole in (3.76). One possibility employed in Ref. [161] is to introduce small offshellnesses
p? for the external legs. The computation, see App. B, then boils down to a sum over pairs of
external particles. Each contribution is similar to the corrections to the Sudakov form factor.
The results for the collinear functions J and the soft function S read

ag 2 2 u? 3
1+ (Sl 1 2 ) ron

Ja i F<52+60g—p2—10+25>+ (1),
Qg 2 2 u? Bo

A + 47TCA <(52 + - log 7 —iO> +3; + O(1),
as~Ti-T; (2 2 (=sij —i0)p? Bo

S=14+—2 Bl | — O(1). 3.78

+4w; 2 <52 T 0 o10) 22 ) T (1) (3.78)

(=sij—i0)p?

=0y (0 should be replaced by a sum of the individual loga-
i i

Formally, the expression log

rithms:

(—sij —i0)p”
(—p7 —i0)(—pj —10)

(—sij —10)

(—pf—i0) (=pj—10)
p '

— log
112

log = log — log (3.79)

The expression as a fraction is used for compactness. Because of the inr-terms, it is not allowed
to cancel any minus signs against each other! The invariant s;; is defined as

Sij = 2pi - pj = %(ﬁz‘ -pi) (0 - pj)(ni - nj) + O(N) (3.80)

for all momenta incoming. Note that 7;-p; are the large momentum component of the respective
collinear momenta. From the divergent parts in (3.78) one can read off the anomalous dimension
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matrix vy as —2 times the coefficient of 1/e:

Y= ZE : Ijjrcusp 10g (

(23)

10> + Z %, (3.81)

_sl]

where the regulators p? have all cancelled, which is demonstrated more explicitly in App. B.1.
Here ; denotes the anomalous dimension of the field i as defined in the full theory (see 2.37).
The quantity I'cusp is defined as the coefficient of the anomalous dimension in front of the
logarithm and reads I'cysp = % at one loop. Eventually, we introduced the notation for the sum
over pairs:

wa wa (3.82)

1753

with the factor of 1/2 avoiding a double counting of each pair. While at one-loop order the fact
that the anomalous dimension is a sum over pairs is rather obvious, it has been conjectured [160]
that the above form is valid to all orders in the coupling.

The anomalous dimension is a matrix in operator space. When acting on colour-singlet oper-
ators, colour conservation can be used to split the first term in (3.81) into one- and two-particle
contributions by introducing n; - p; as auxiliary scales:

v = Z chusp<log< 'L.Lp>—|—log<n'up'>+log<(ni‘pi)ééj'pj)—10>)+Z’yil
ng - Pi J P v i

i#]

— ZTZ - T cusp log (ﬁlupz> ZT - TjT cusp log ( 10) + Z%

(ig)

= Z CilT cysp log (ﬁzﬂpz> Z T; - TjT cusp log ( > + Z%

(ig)

= ycl +s
~—~
yc

= ’Ycuspl 10g <n2,upZ) + “Ynon-cusp> (383)

where C; denotes the Casimir operator of the representation of particle . The last lines implicitly
define two ways to split up the anomalous dimension:

e The collinear (C) and soft (S) anomalous dimension with v¢ comprising the first and third
term in the last line of Eq. (3.83). This distinction is convenient because the collinear
anomalous dimension exponentiates naively, while for the soft anomalous dimension one
has to use a matrix exponential. It should be stressed that the distinction is not the same
as the distinction between the regulator-dependent collinear and soft functions in (3.78)
connected to the Feynman diagrams of collinear and soft gluons, respectively.

e The cusp and non-cusp anomalous dimension with the cusp anomalous dimension contain-
ing solely the contribution with log (%) If the \/|s;j| and the n; - p; are of the same
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Quantity Symbol ‘ Def. Remark

Collinear AD | v¢ x ) = Yeusp + »_; Vil
Soft AD s x Z(m = Ynon-cusp — »_; Vil
Cusp AD Yeusp x log % =vc—>,; 7l
Non-cusp AD | Ynon-cusp | DOt o< log % =95+ >, 7l

Table 3.1.: Parts of the anomalous dimension and their definitions and relations.

order of magnitude, log% is not large and all double-logarithmic contributions arise
from the cusp anomalous dimension.

The two distinctions differ only by means of the ~;, as shown in Tab. 3.1. In the following we
consider the special case of 2 — 2 processes, in which the large momentum components n; - p;
are given by

n; - pi = 2E; = py, (3.84)

defining the high energy scale py,.

3.2.7. Integration of the SCET anomalous dimension

From the anomalous dimension, the RGE-improved scattering amplitude is obtained using (3.6).
The key ingredient is the path-ordered integral of the anomalous dimension over the scale u, as
defined in (3.7):

My, i) = P exp (— /M “ ij‘v(u)) . (3.85)

If + is brought into the form (3.83), the integration and exponentiation can be performed quite
straightforwardly. This is because the actual matrix structure is p-independent. All terms, for
which the path ordering symbol P in (3.85) would apply, commute with one another and we
can ignore P when exponentiating. If we assume ag to be p-independent, the integration of ~ is
completely trivial:

s = [ 53 (2o () 08 ()]

10g<_ni2‘nj_i()>1}.1’j
i)

1
= exp <[—2 ;C’ifcusp log2 <'Z}11> + ~; log <’l:11>] 1)

X exp Fcusplog< )z ( 10>Ti-Tj , (3.86)
(i5)

x exp | Ieusp log ('ZT)
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where the second form holds only in the case of a 2 — 2 process, when (3.84) can be used.

When assuming a scale-independent coupling, the additional coupling-counterterm contribu-
tions proportional to §gs contain a potentially large logarithmic term. The running is determined
by the S-function coefficients via

99s 92
Glogu Fo 167r2 —h (1672)2

To solve the integral over the scale one can expand I'cysp and ~; in a(p):

+ O(g]). (3.87)

« Qs 2
Peusp = 22T+ (1) T8y + -

47
O e\ 2
PN <7) @4 .
vE A L) O (3.88)
Using the substitution
9s(1m) g4/
log < K > —/ Ie (3.89)
Hh gs(1) B(gl)

in the anomalous dimension and expanding the S-function, the integral is given by [29,48]

Bh ~{ fo2) .
/M1 dlog py(as(p), p) = (as(uh) + fi( )) 1

log Zlo ( 10> T, T + O(a?) (3.90)

with

as ()

QS(Nh)7
(1)

77Fcusp 1

— 1 2

o(e) = g (1o + 1))

o 61F((:}1)sp

1
53 <logz—z—210g22+1)
N

cus Z%
+ Piz—logz—1

Note that (3.90) is merely a more explicit form of the results in Appendix A of [48], where terms
are sorted according to whether they are proportional to the unit matrix.

log(z). (3.91)

3.3. Generalisation to the EWSM

The strategy to generalise SCET to the EWSM has been presented in Refs. [43,44]. Here large
logarithms arise mainly due to the exchange of massive gauge bosons between external legs if
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kinematic invariants are much larger than the gauge-boson mass. Some applications to simple
processes can be found in Refs. [53-55].

The high energy scale is given by the energy scale of the process, which is much larger than
the EW scale if large EW Sudakov logarithms appear. Similar to the QCD case, the high-scale
quantities are most easily calculated with the low scales set to zero. Setting all low scales,
i.e. the gauge-boson, top-quark, and Higgs-boson masses, to zero implies that this is done in
the symmetric phase of the Standard Model (SySM). Note that the ratios of the masses have
to be kept constant to compute the matching corrections. For instance, setting the top-quark
mass and the W-boson mass to zero while keeping the ratio constant yields a constant Yukawa
coupling in the SySM:

UL (3.92)

gt = NG MVV.
In turn, the low scale p is given by the EW scale which we identify with the W-boson mass
Myy. Though, for simplicity we assume all EW mass scales to be of the same order of magnitude
in the calculation of the running:

M = MW ~ MZ ~my = MH. (3.93)

This is certainly justified, as in the Sudakov region the ratios between the several masses are
small compared to their ratios to the kinematic invariants in the Sudakov region:

Mg, M
— > N (3.94)
mg S

Assuming (3.93) implies that logarithms like log M&;/m? are treated perturbatively and are not
resummed to all orders. However, this does not mean that they are neglected. All finite terms
of the type log(Mg/Mg), with «, 5 € {W,Z,H,t} are indeed perturbatively taken into account
in the high-scale matching coefficients and the operator matrix elements.

Guided by the considerations of the previous section, we can conclude a strategy for the
calculation:

e Write down the relevant SCET operators in the EWSM. For the matching computation
the low scales are conveniently set to zero. The operators and Wilson coefficients are thus
computed in the unbroken phase of the theory. Calculate the matching to the SySM at
the scale of the large kinematic invariant s, just like in the QCD case.

e Calculate the running of the operators down to the symmetry-breaking scale. The anoma-
lous dimension of the operators is precisely given by (3.83) because it is calculated in the
unbroken phase. In addition, there are contributions from scalars which, however, do not
affect the form of (3.78) and (3.83), but merely change the S-function coefficients, which
enter the one-particle contributions via the ;.

e Calculate the one-loop corrections to the operator matrix elements in SCET with massive
gauge bosons. These can be obtained using the same Feynman rules as in the massless
case, but some integrals require additional regularisation techniques described in Sec. 3.3.3.
Beside the treatment of the longitudinal gauge boson degrees of freedom, this is the only
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part that is actually different from the massless case. In the case of the EWSM, the
corrections to the low scale operators also contain IR singularities due to photon exchange.

We presented the treatment of n-jet scattering amplitudes in SCET in Sec. 3.2.6. In the following
we discuss in a bit more detail the construction and the structure of radiative corrections to the
corresponding SCETgw objects.

Factorised matrix element and Wilson coefficients

The factorised form of the matrix element obtained in QCD can directly be transferred to the
EW case:

Hh

M; = Ci(pn)P exp [—/ dlog/w(u)] (Oj(m)) (3.95)
o

1 ij

where, compared to (3.69), we merely re-introduced the low-scale contribution (O(sy)) instead
of the jet and soft functions. The two scales are defined via

= O(Mw), tn > Myy. (3.96)

Essentially the Wilson coefficients C'(uy,) and the anomalous dimension = are calculated precisely
as in the QCD case, while the low-scale corrections contained in (O;) are specific to the EW
case.

We saw that the Wilson coefficients are obtained from (3.75). As already indicated in this
formula, all low scales, i.e. the EW mass scales, are set to zero. The main differences between
the QCD and the EW are:

e The longitudinal degrees of freedom of the weak gauge bosons, which are not present in
the unbroken phase have to be consistently related to the would-be Goldstone bosons (see
Sec. 3.3.1).

e The computation of “n-jet amplitudes” in the EW case, i.e. scattering amplitudes with a
well-defined number of electroweakly interacting particles, can be computed in perturba-
tion theory. Since the EW gauge bosons have a mass, this introduces a few computational
complications associated with the collinear anomaly, compared to the massless case. These
aspects are described in Secs. 3.3.2, 3.3.3.

e There are more S-functions than in the QCD case with a more complicated structure,
due to the mixing of the several coupling constants. This affects the integration of the
anomalous dimension, which is described in Sec. 3.3.4.

e The low-scale corrections are completely perturbative. However, due to the photon ex-
change they are IR divergent and the matching conditions have to be defined such that
there is an exact cancellation between the real and virtual corrections. This is described
in Sec. 3.3.5.

3.3.1. Treatment of longitudinally polarised gauge bosons

In the unbroken phase of the theory, where the Wilson coefficients and the anomalous dimension
are computed, gauge bosons are massless and hence always transversely polarised, while in the
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low-energy theory with massive gauge bosons longitudinal degrees of freedom are present. These
degrees of freedom can however be identified with those of the scalar would-be Goldstone bosons
in the symmetric phase, which is reflected in the Goldstone-Boson equivalence theorem (GBET),
which in terms of on-shell matrix elements reads [129-132, 145]

. ww 2 Wao M2 ) S M
b1 Wi _ +(1— 3 (MW) e( 7 W H1.pF b
MO ( i e 507w+ L) M
Mw
+0(?*) +0 < z > ,
. ZZZ(MZ) ZZx(MZ) SM:
b1 Zydn _ (1 - ZL Z 257 Z P1.. X P
M 1( e +i A, 5 ZZ+MZ)M
M
+0(a )+O<EZ>, (3.97)

with ' being the boson’s energy. As indicated by the hats, we assume the gauge-boson field on
the Lh.s. to be renormalised, which introduces the field-renormalisation constants on the r.h.s.
The Goldstone-boson fields are kept unrenormalised (6Z,,, = 0) by convention.

The Wilson coefficients and the anomalous dimension for a process involving longitudinally
polarised gauge bosons can therefore be obtained from the respective quantities with the gauge
bosons replaced by the corresponding would-be Goldstone bosons.

3.3.2. n-particle operators and Wilson lines

In this section we describe the generalisation of the treatment of n-jet scattering amplitudes of
Sec. 3.2.6 to the Standard model.

As already mentioned in Secs. 3.2.4-3.2.6, by means of Wilson lines one can construct gauge
invariant external operators

=W} &.. W} &, (3.98)

containing p;-collinear fermion fields & and a Wilson line in p;-direction. We picked an n-
fermion operator for definiteness. While in the QCD case the fermions are restricted to quarks,
in SCETEgw the ¢ field may represent any SM fermion.

The definition of a Wilson line has been given in (3.58). The generalisation to the EW gauge
group SU(2)xU(1) can be written as

¥)=> eXP( ng

perms

AG 1 (k) (x)T“) . (3.99)

with T denoting generic generators of the symmetry group. The fact that in (3.98) each
collinear field comes with a single Wilson line along its momentum direction is not trivial, in
particular in a theory with massive gauge bosons. The Wilson line arises from hard interactions
that have been integrated out in the EFT. Schematically the included interactions associated
with the radiation of ni-collinear gauge bosons off any line other than 1 can be sketched as
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follows (we consider n = 4 for simplicity):

1 41 41 4 1 4
Y e - - =
N e pnl e // \\
2 P 3 o 3 2 3 2 3 (3.100)

with the dots representing diagrams with zero, two, or more than two p;-collinear gauge bosons
radiated, the dashed lines represent external collinear particles, and the curly lines ni-collinear
gluons. If the loop gauge boson exchanged between particle 1 and k is pi-collinear, particle k
becomes far off shell (indicated by a double line) and is integrated out in SCETgw. The vertex
on the r.h.s. contains an nj-collinear Wilson line and its Feynman rules are given by (3.59),
(3.60). Treating the other collinear directions in an analogous way leads to (3.98).

The reasoning behind (3.100) is that the additional gauge boson factorises from the matrix
element according to

N 7/ AN 7/
AN 7 N e
N 7 N e
_ N5
N 7/ AN
P N s N
’ N N
/' \\ //. \\
J J (3.101)

in the high-energy limit, with £ and ¢ being the momentum and polarisation vector of the
radiated boson. If both k and e are n;-collinear, the overall factor in (3.101) can be written as

gpjw? n;-€ (n,n])(ﬁl E) n; - €

WT'] =9 1= 9 i 1y) (s - k)Tg +0\) = 95 b+ o) (3.102)
where the j-dependence is now only in the generator. What happens in the above calculation is
that both numerator and denominator are first expressed in terms of light-cone coordinates of
n; using that p; is j-collinear. The p; dependence then cancels. Afterwards both quantities are
expressed in terms of the light-cone coordinates with reference vector n;. Because both k and
e are n;-collinear (recall that the collinear gluon field scales like its momentum, cf. Eq. (3.18)),
the dependence on j cancels completely from the prefactor in front of the colour operator.
Conservation of colour can be used to write

3 %TJ x M = —Z—ZT x M, (3.103)
g#i Y !

which yields the one-loop term of the Wilson line (3.99). This can be iterated for terms involving
more than one gauge boson, so that at leading power all p;-collinear emissions are combined in
a single Wilson line in n; direction, which is then contained in the effective vertex.

All above considerations hold for both massive and massless gauge-boson radiation. When
calculating radiative corrections to operators of the form (3.98), one would expect an equation
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like

2 3 (3.104)

to hold, with the Lh.s. graphs are evaluated in the SySM (using the method of regions) and the
r.h.s. graph in SCETgw. In the massless case, this turns out to be true. However, if the exchange
of massive gauge bosons is examined beyond tree level, the collinear anomaly potentially spoils
the validity of (3.104).

3.3.3. Collinear anomaly

While the basic concepts of SCET can also be applied to a spontaneously broken gauge theory,
some technical complications arise due to the collinear or factorisation anomaly [37,169]. In
contrast to the Wilson coefficients and the anomalous dimension, which can be inferred from
the QCD results, the low-scale corrections require the explicit computation of the UV-finite
parts of the SCETgw-integrals. In the following we demonstrate the regularisation mechanism
of the A-regulator by means of the fermion jet function, which is also computed in Ref. [46].
However, the bosonic case is very similar. Both calculations are given in more detail in App. B.
A single collinear graph arising from a gauge boson with mass M coupling to a fermion with
coupling constant g gives rise the following integral (all loop momenta are n; collinear):

dPk 2 — k~
_____ o I = —2ig? 4—D/ i . (3.105
1 g 2m) (R; - k) (k2 — M2)(k+p;, — m? — i0) (3.105)

For M = 0 the QCD result is obtained. In Ref. [46] and in more detail in App. B, it is shown

that after performing the integrations over k* and k_, the loop integral I oy in (3.105) leads to
a divergent integral of the form

leY 1—=z2

1
= 2\e
Ieon = 27T(lu ) F(E)/g dz

. [M?(1 — 2) —m?z(1 — 2)] ¢, (3.106)
which is ill-defined owing to the region z — 0 also if D # 4. Of course for a given observable the
sum of all SCETgw graphs has to be finite, as explicitly shown in Ref. [46] for the Sudakov form
factor by directly putting all integrands together. This is, however, only feasible if the number
of diagrams is very small and the diagrams themselves are not too complicated. It is much more
convenient to evaluate each diagram separately, which requires an additional regularisation of
integrals of the type (3.105) on top of DimReg. The regulator has to cancel when the several
collinear and soft graphs are summed up. One possibility is the A-regulator discussed in the
following.
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A-regularisation and zero-bin subtraction

The A-regulator, which regulates the divergences associated with the collinear anomaly, corre-
sponds to a mass shift of internal propagators,

1 1
it k2 —m? (it P —m?— A

(3.107)

while keeping the on-shell conditions p? = m? unchanged. Note that the regularisation also has

to be applied to the double-line propagators in (3.100)/(3.104), which modifies the factorisation
formulae (3.101)/(3.102). In particular, the last propagator denominator in (3.102) is modified
according to

1 1

1
T_Li-k—>ﬁyk—5z‘7nj (3.108)

with d; ,, defined as

24,
(ni - nj)(ni - pi)

(3.109)

5i,nj =

with a reference vector nj, which corresponds to a collinear direction of a particle j # . There-
fore, the colour identity (3.103) can not be applied anymore, which puts up the question, whether
the form of the operators (3.98) is still adequate at the one-loop level. However, it turns out
that after zero-bin subtraction the dependence of the loop corrections on the r.h.s. of (3.104)
on the regulator direction n; drops out. This way using an operator with a single Wilson line
for each direction is justified a posteriori.

Returning to the divergent integral (3.105), we recognise that it is regulated by the d; 5, in the
eikonal factor in (3.108): After taking the limit A; — 0 one obtains for the regulated j-collinear
integral

lim 1, 2 re) v s/qd L= [M2(1 = 2) —m2z(1 — 2)] ¢
11m = ——— 13 — T —Z)—Mm;z — Z
A0 coll I M2 : 4+ 61’,71]' /p; 7
2 € .
(0% 1% 2 (57,,71' .
= Er(l + E) <]\4,2> g log p'_J + ﬁnlte, (3110)

with the finite parts depending on the internal spins and masses. Note that “finite” refers only
to the expansion in the A-regulator and does not mean “UV-finite”.

While rendering the collinear integral finite, introducing the regulator in the denominator of
the Wilson-line propagator leads to a violation of the identity sketched in (3.104) because the
respective factors on the Lh.s. of (3.103) have different denominators and the colour operators can
not be added to obtain the one-loop expansion of the Wilson line. This implies that the SCETgw
graph on the r.h.s. of (3.104) can not be sufficient for the matching computation. Furthermore,
it should be noted that the regulated collinear integral now depends on the arbitrary direction
nj via the regulator §; ;.

Both these issues are resolved after zero-bin subtraction: Because the soft—collinear region (the
region where k is both soft and j-collinear) is contained in the soft and the collinear integral,
it is double-counted when the diagrams are added. This double-counted contribution is usually
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zero in DimReg, but the introduction of the A-regulator breaks this behaviour. Thus, one has
to explicitly subtract the soft—collinear contribution, which is obtained by neglecting the loop
momentum in the numerator in (3.105),

I = —2ig° 4—D/ 42k .
coll, @ = TG B 2m)P (g - k + G, ) (k2 — M2)(n - k — Ai/p; +1i0)
3

2 92 M2 -
— Y114 <“> “log Pi (3.111)

4
from each collinear integral.

The difference of both does not depend on the direction of n; anymore:

« 2\°2 M? .
1

The essential point of the above calculation is that the j-dependence drops out of the i-collinear
functions after zero-bin subtraction. Because the i-collinear functions depend only on i, the
colour-conservation identity (3.103) may be used and the formulation in terms of a single Wilson
is justified. As a consequence, the relation (3.104) is also respected if the graph on the r.h.s. is
understood to be zero-bin subtracted.

This property is special for the A-regulator. Other regularisation schemes, such as analytic
regularisation [33, 169], which avoid the necessity of zero-bin subtraction, in turn require the
computation of all diagrams with ni-collinear gauge bosons exchanged between leg 1 and any
other leg. A sample computation using this strategy, which is equivalent to compute the full SM
graphs using the strategy of regions, can be found in Ref. [45]. In contrast, using the A-regulator
one can calculate the n;-collinear function (just as in the massless case) from a single diagram

as in (3.105) with a single colour generator Tk(i) regulated using an arbitrary reference vector
n;.

Nevertheless (3.112) still depends on the A;-regulator, of which any final result must not
depend. The dependence drops out if soft contributions are added, which vanish in DimReg
without a regulator. After introducing the A-regulators, however, the soft contributions yield
non-vanishing contributions of the form

2\ 2 ni - pi) M?
L= —2T(1+¢) (“) 3 “log (s p)M™ | finite, (3.113)

47 ]\42 7 Azﬂ
such that the A;-dependence cancels in the sum of collinear and soft contribution. Instead the
sum contains logarithms of the form
log Pt (3.114)
which become large in the high-energy limit. This imperfection in the factorisation of the energy
scales (the high scales 7; - p; enter the low-scale corrections!) is referred to as the collinear or
factorisation anomaly.
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3.3.4. Anomalous dimensions and running couplings in the EWSM

The calculation of the SM anomalous dimension is not affected by the gauge-boson masses
because it is solely obtained from the UV poles of the relevant SCETgw graphs. The one-loop
SCETgw anomalous dimension can thus be written in the same way as in (3.83) in the SM with
only the colour operators being adjusted from the SU(3) to the SU(2)xU(1) case:

Y= Z Z Tk T 11cubpk:log <—S 10> +Z%v
ij

(i) k=1,2
YiY; ’
= Z I:I-;SU(Q) . CPJ.SU@)FCuSp,Q + leFcuSle] log <—3,u—10> + Z'YZ (3115)
(i) N i

with the respective SU(2) and U(1)y cusp anomalous dimensions I'cygp 1, which at one-loop read

2
T k= 70% ap = 7gk
cusp, o Ax

(3.116)
In complete analogy to (3.83) the anomalous dimension in (3.115) can be decomposed
e into a soft part «g and a collinear part ¢, as well as
e into a cusp part Yeusp and a non-cusp part “non-cusp-
The definitions given in Tab. 3.1 apply without modification.
Running couplings

As seen above, the anomalous dimension is linear in log u. If the running of the couplings is
neglected, the integrated anomalous dimension can be written as (cf. (3.86))

—/uh dlog pey(ai(p), aa(pe), ) =
I

1
=Y Ci=log [ ) 1o +7ilo 1
2 Z m g( [h ) T
log ( > Zlo ( iO> T, - T; (3.117)

with the EW Casimir invariants C; comprising the SU(2)xU(1) colour factors of each particle
[19]:

I Y2 CSU(Q)
C; = Z [Z.a[ia:gTJr e (3.118)
Va=A,Z,W*

The accuracy of the calculation may be increased by taking the running of the EW gauge
couplings g1 and g9 into account. The gauge couplings obey similar RGEs as the strong coupling
gs- However, if radiative corrections in the full SM are calculated, there is a mixing between
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all (!) coupling constants, including the quartic Higgs self coupling A and all Yukawa coupling
constants. Schematically, this leads to the following RGEs for the EW gauge couplings [170]:

Tlogi 50116 5 Zﬂlg, +0(g"),

Sl = ~aioes ~ S B+ O (3.119)

Here j runs over all couplings SM couplings. Nevertheless, in practical applications only the
largest Yukawa couplings are taken into account: results up to O(g?) including the top-quark,
bottom-quark, and 7 Yukawa couplings have been published in Ref. [171]. The [-function
coefficients have the one-loop values

41 19

Bo1 = e Bog2 = 5 (3.120)

The one-loop running can be taken into account as in QCD, thus (3.91) holds for the EWSM
with a sum over the running couplings:
o EWSM K
d log M ’Y(Oq (,LL), 042(/1’)7 N) = _fO (ah a2) + Ynon- cusp 10g
"

1 H
SU(2) U(1)
_ S TG S ) cusp 108 (“h> ., (3.121)

az(pin) a1 (pn) 0
with
. 041/2( )
2= 041/2( )
Y2 1
/Bo 1/2
SU(2)
4 C~ 1
U@ () = 7;2/ <logz +o- 1> (3.122)
i 0,1/2

where we have expressed the one-loop cusp anomalous dimension ré})sp from Eq. (3.91) in terms
of the external particles’ hypercharges and SU(2) Casimir operators. From the two-loop running
on, however, the RGEs for a; and as are coupled, one can therefore not analytically perform
the integration in (3.121). The contribution of the two-loop cusp anomalous dimension (Fg)sp
in Eq. (3.91)) is also neglected in the following.

3.3.5. Collinear and soft functions, low-scale corrections and IR divergences

In SCET the parts sensitive to the collinear and soft scales are the jet (or collinear) and soft
functions, respectively. The precise definition of what a collinear and a soft function is depends
on the observable under consideration (recall that SCET is often applied to jet observables or
to differential cross sections in a specific phase-space region).
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Figure 3.3.: Sample diagrams contributing to the low-scale corrections in SCETgw. In the
collinear graphs (first and second one) the lower line enters only via the reference
direction in (3.108), (3.109). All other lines are not shown for compactness.

In SCETgw the collinear and soft functions are obtained from the SCETgw loop graphs with
the EW mass scales Myy7/11/¢ kept finite and the renormalisation scale set to the low scale p.
In contrast to the anomalous dimension, which can be calculated in the symmetric phase of
the EWSM, the low-scale graphs have to be evaluated in the mass eigenbasis. A set of sample
diagrams is displayed in Fig. 3.3. There are also collinear wavefunction-correction graphs, which
remain unchanged with respect to the full SM.

The diagrams in Fig. 3.3 have similar properties as the example graph given in (3.105).
Calculating these diagrams thus requires the regularisation techniques described in the previous
section. The computation of all diagrams relevant for the SM is given in App. B.

The one-loop results for these diagrams have first been presented in Ref. [45] for external
fermions, and in Ref. [48] for all SM particles. Since these graphs have a non-trivial SU(2)xU(1)-
colour flow, they must be written as a matrices in the space of operators.

(005, )

1 ree
= D} (0[O |py. ..., pn) (3.123)

SCETgw SCETgw

In our approach, the results of Refs. [47, 48] are supplemented by the IR divergent photon
contributions proportional to Q;Q);.

The IR poles are not present in the literature because previous results are based on a for-
malism, in which the SCETgw results are matched onto a version of SCET with W, Z, Higgs
bosons and top quark integrated out [45,47,48]. The theory is called SCET,, and can be used to
resum large logarithms between the EW scale and a possibly much smaller factorisation scale.
In SCET, both the top quark and the W boson are treated as boosted heavy quarks coupling
to soft photons and gluons.

Because we identify the IR scale with the EW scale (ur = 1 = Myy), we have no need to
consider running effects below j. Instead we can simply add the UV-finite parts of the SCET,
loop corrections to the IR-finite SCETgw low-scale corrections to obtain both the IR-finite
(SCETEgw) and IR-divergent (SCET,) contributions. The SCET, loop graphs contain the IR
poles, but no additional finite corrections.

Since the low-scale corrections are obtained from the same diagrams as the anomalous dimen-
sion, they have very similar properties: The group-theoretical structure of the operator matrix
elements can also be written in terms of one-particle (“collinear”) and two-particle (“soft”)
contributions. While the soft low-scale corrections have a universal form in the colour-space
formalism, the collinear low-scale corrections D¢ ; depend on the spin of particle 7. The compu-
tation of the relevant integrals and all results can be found in App. B.3. One property we mention
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here is that for all external particles the correction factors contain logarithmic contributions of
the form

_ 2
DES™ ~ log ”iu'lp " log M:?/ N (3.124)
in the weak part and of the form
~y n; - P; /’L%R
D¢, ; ~ log " log 712 + ... (3.125)

in the photonic part. Recalling that n; - p; is the large component of p;, the expressions above
are logarithmically enhanced in the high-energy limit.
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4. Fixed-order perturbation theory: Some
important methods

In this chapter we review some techniques related to the calculation of radiative corrections
using fixed-order perturbation theory. All of them are very well established for a long time. We
keep the discussions short and constrain ourselves to some important formulas. The first section,
Sec. 4.1, is dedicated to a discussion of the Catani—-Seymour subtraction algorithm, which we use
to treat IR singularities. In Sec. 4.2 we review two useful techniques to deal with phase-space
singularities arising from virtual unstable particles.

4.1. Catani—Seymour subtraction

The numerical evaluation of cross sections in quantum field theory requires the disentanglement
of the IR divergences that both real and virtual corrections suffer from: While the virtuals
contain loop integrals diverging in the limit of vanishing loop momentum on massless propa-
gators, k — 0, or a massless loop momentum parallel to an external leg, k | pext, the real
corrections develop singularities in the integration over phase-space regions associated with soft
or collinear radiation, and both divergences cancel exactly in physical observables according to
the Kinoshita—Lee—Nauenburg (KLN) theorem [172,173].

Combining the two is, however, not straightforwardly possible because the two contributions
are defined on different phase spaces:

U_/daBorn+/dUVirt+/ doreal (41)
n n n+1

for a 2 — n process, where the abbreviation

/ = / da\"). (4.2)

has been introduced. Here d<I>g?PS denotes the usual n-particle Lorentz-invariant phase-space
measure. A subtraction algorithm solves this issue by introducing a local counterterm dos"P
that subtracts the IR divergent parts of the real corrections in all regions of phase space. If the
counterterm can be integrated over a suitable one-particle phase space analytically, the result
can be added to the virtual corrections:

g _/dUBorn+/ <dUVirt +/dasub> +/ (dareal _dasub) (43)
n n 1 n+1

In total, by introducing the subtraction term we added 0 to the total cross section and both
the second and the third term in (4.3) can be integrated numerically. The subtraction term
is only determined up to non-singular contributions and several implementations of the basic
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idea have been proposed, including antenna subtraction [174,175], gp-subtraction [176], and
FKS subtraction [177]. We use a version introduced by Catani and Seymour [178] for the case
of massless QCD-based dipole terms. It has been extended to QED [179,180] and QCD with
massive partons [181]. While being the most frequently used subtraction method for fixed-
order calculations at NLO due to its simplicity, the former methods have been successful when
considering NNLO corrections (g, antennas) or parton-shower matching (FKS).

Within the dipole subtraction, the IR-singular behaviour is parameterised in terms of three-
particle splitting functions g;;x. The associated splitting processes involve the radiation of a
massless (or very light) particle, the emissus, off an emitter particle in the presence of a spectator
particle, which is necessary to assure momentum conservation. The soft region is given by the
limit of zero emissus momentum, while the collinear limit is obtained if the emitter’s and emissus’
momenta are parallel. The structure of the counterterms depends, however, on whether the
emitter and spectator are in the initial (IS) or final state (FS), respectively. In the following we
give the results for the QED case, sticking to the case of photon emission off massless fermions:

f=af,  f—=Af (4.4)

By default we use DimReg to regulate the IR divergences. In the following we collect some
important results for the above cases, including explicit expressions for the subtraction dipoles
as well as their integrated counterparts. The latter requires the integration over the one-particle
phase space, which brings up some technical challenges: On the one hand the IR singularities
have to be worked out analytically, which can be quite cumbersome. On the other hand the
final n-particle phase-space integration may still contain integrable singularities, which should
be avoided in order to obtain a reasonably stable integration. To this end one introduces the
plus distribution, defined via

1 1
| aelf@l o) = [ dor@iso) - ).
0 0
1

1 1
= /0 dz f(2)g(z) = /0 dz [f(2)], 9(x) + 9(1) /0 do f(z) (4.5)

for f singular as x — 1 and a regular test function g. This distribution is used to split off the
soft—collinear endpoint contributions, for a more intensive discussion see for instance [182]. In
the following we collect the results for the occurring dipole terms. The total subtraction term
dog,p, is obtained as the sum over all possible emitter—spectator pairs.

FS emitter and FS spectator

We consider the case of a pair of emitter ¢ and spectator j both in the final state (FS). The
splitting kernel reads

1 2
/
9ij\Pi, Pj, D ) = —1—z> 4.6
(pips.7) pip'<1—y><1—z<1—y> (46)
with

/

_ pir/ L P
pipj + pip’ + pp’’ pipj + pip’

Y
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The integrated subtraction term is

1
!
| [[aoi = —5-@Qie; [ a0 g [ (Gu200 -2+ [65(P. 2], ) @)
with the reduced Born cross section do™©*°d and the integrated splitting functions Gij, Gij-
The reduced Born kinematics is obtained from recombining emitter and emissus, while rescaling
the spectator and keeping emitter and spectator on-shell. This is achieved by the replacements
pi = Di, pj — Pj, with

_ m_ Y ow T In
Py =p +p T A Rl w5 (4.9)

The sign factors o; in (4.8) take the values

o; = +1 for incoming particles and outgoing antiparticles,

0; = —1 for incoming antiparticles and outgoing particles. (4.10)

The integrated splitting functions are obtained from the fermion—fermion Altarelli-Parisi split-
ting kernel,

1+ 22

Prs(2) = [ (4.11)

and read

P2
gzj( i z) = Pff < 1_6) + log <N1R> +logz+210g(1—z)>
+(1+ )log(l—z)—i—l—z,

4r)* 1 3 ?

1 P2 3 ,UZ
+ ~ log? L)+ Zlog | AR ) —
2 (NIzR 2 P

Given these ingredients, the numerical evaluation of (4.8) is straightforward. It is, however,
important to consistently apply the phase-space cuts: A cut which, for instance, acts on the
momentum of the emitter-particle ¢, should be reflected in the reduced Born as a cut on the
phase-space variable p;.

(4.12)

IS emitter and FS spectator

For the emission of a photon off an initial-state (IS) fermion a in the presence of a spectator j'
the subtraction term reads

1 2
gai(paapiap,) = (p p/)x (2 o —1- I) (413)
a

!Conventionally initial-state particles are labelled with a, b, ... and final-state particles with i, 7, ....
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with the splitting variables

/

_ PapPi + pap’ — pip _ __ PaPi (4.14)

, z .
DaPi PaPi + Pal’

In terms of those, the integrated subtraction part reads
1
o
// dasub %QiaiQaaa/dULo red(p“pa)/ dx (Gai(Pc?i)é(l r) + [gm( ai> )]+>
0
(4.15)
with the redefined momenta
Py =pf +p" —(1—2)ph, Py =apl. (4.16)

The variable x can thus be interpreted as the momentum fraction the emitter carries before the
splitting. The integrated splitting kernels read

Gai( P2, ) = Prs(x) <_51‘((417T):)+1 g< Mﬁj) og 1)

2log (2 —x
—L +(1+2)log(l —z)+1—ux,
11—z
4m)E (13 1 w3
(P2 :(7 .9 71 IR
Gl ) r<1+e>(2+2 - pou (L
P2 3 o 2
log ( ‘”>+10g< IR>++1. 4.17
1R 2 —P3 3 (17

FS emitter and IS spectator

The subtraction term for the case of radiation off a final-state emitter with an initial-state
spectator is

1 2
9ia(Pa iy D) = — <2 —-1- z> (4.18)

with 2 and z defined as in (4.14).

(6% -~ o~
//dUsub 2 QzUzQaaa/dULo red(pi>pa)

< [ (GulP21501 ) + (Gl P20, (419)
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with p!" and pf; given by (4.16) and the integrated splitting functions

4m)F (1 3 1 3
ia(P? - _@m)® (1.3 | IR
G ( a)’ $) F < + 25 + 5 Og <_P2 ?

(1+5) 52 i
1 —P? 3 u? T 7
+10g2< m>+10g< IR>+,
218\ ) F2te\opz) T e
1 2—x 3
Gia (Pl ) = 1 <2 log 1= 2) : (4.20)

IS emitter and IS spectator

The last case concerns the constellation of both the emitter and spectator being in the initial
state. The subtraction term reads

1 2
) = —1- 4.21
9ab(Pa; P, D) T <2_$ $> (4.21)
with
;o /
PaPb
The integration over the one-particle phase space yields
b o ! LO,red
// da:ub = _QaaaQbUb/ dx/da e (ﬁaaﬁb)
1Jn 27 0
X ([Qab(s,az)]Jr + Gap(s)o(1 — x)) (4.23)
with the new initial momenta for the reduced matrix element
Py =aph, o, =p" (4.24)
and the integrated subtraction terms
4)* s
gab(S,.T) = Pff(.ﬁ(]) <—€1_‘((11€) + logﬁ -+ 210g(1 — :L')) +1-— Z,
(4m)F (1 3 1 1R
G R S AN e i A | R
a(s) I'(1+e¢) \ &2 LRl ’
1 — P2 3 p2 w2
“log? [ 5% ) + Slog [ R ) 4+ — + 4. 4.25
+20g<M%R>+20g<s>+3+ (4.25)

We write s = be because the invariant of the momenta p,, p, can be interpreted as their
centre-of-mass energy.

4.2. Treatment of unstable particles

The analytical or numerical calculation of processes involving virtual massive particles requires
dealing with the phase-space singularities arising when the virtual particles are exactly on shell.
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Figure 4.1.: Factorisation of the matrix element in the pole approximation. The diagram on
the Lh.s. and the first diagram on the r.h.s. are understood to represent the set
of all tree-level diagrams.

The propagator of the particle behaves like

1
m’ (4-26)
with k& being the particle’s momentum and M its mass. This obviously requires a regularisation
technique, which usually employs the fact that such a particle is unstable. Denoting its width
with I', a resummation of the self-energy insertions into the propagator can be achieved by the
replacement

M? — M? —il'M, (4.27)

which regularises the pole in (4.26). However, some care is required with respect to preserv-
ing gauge invariance. Several approaches are available, of which we are going to present two
complementary ones in the following.

4.2.1. Double-pole approximation

In this section we discuss a widespread technique for the treatment of unstable particles in
processes involving two resonances.? The basic idea of the double-pole approximation (DPA)
[108, 184, 185] is to expand propagators of two vector bosons V; o with off-shell momenta k; /o
around the on-shell region. To this end, the external momenta such that the new virtual gauge-
boson momenta 12:1 /2 fulfill the on-shell condition. At LO this corresponds to the replacement

() Na) s~ MR =MD N0 =)

4.28
k% —M12—|-1F1M1 k%_M22+1F2M2 k% —Mlz—l—iFlMl k’% —M22+iF2M2’ ( )

AN

with A, ' running over the internal helicity configurations and NV; denoting the numerators,
which are non-singular in their on-shell behaviour. We introduced the polarisation sum in (4.28),
because throughout this work we always consider matrix elements with bosons of definite internal

2Tt is of course also valid for only one resonance and has also been generalised to the case of more than two
resonances [183]. However, since by far most applications involve not more than two resonances, we stick to
this case.
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polarisations. For the definition of a pole approximation alone, it is however not necessary to
do so.

This procedure, sketched diagrammatically in Fig. 4.1, is manifestly gauge invariant because
the on-shell numerators correspond to products of physical matrix elements: those of on-shell
production and decay of the respective particles 1 and 2 in the respective helicity state,

(7.2 d,\ 7.2 dec,\ /7.2
Ni (k7)) = MPS2 (R ) MG (KS). (4.29)
The DPA therefore achieves a factorisation of a matrix element into a production and a decay
part.

Polarisation definition

The polarisation sum in (4.28) arises after decomposing the respective propagator numerators
into polarisation vectors:
krk> - -
g — e Z e\ (k)er” (k), (4.30)
A=+1,0

with the tildes indicating that this has to be performed after putting the momenta on shell. The
above relation hold in the unitary gauge, arising from the 't Hooft—Feynman gauge in the limit
& — 00, see the expression for the gauge-boson propagator (2.20). In this gauge the would-
be Goldstone bosons decouple from the SM Lagrangian and the Feynman diagrams involving
virtual would-be Goldstone bosons are absent.

It is clear that the polarisation of a massive particle is frame dependent. In a given frame the
polarisation vectors of a massive gauge boson with helicity A read

1
eh__ = E(O,cos@cosqﬂ—isinqb, cos 0 sin ¢ — icos ¢, —sin B),
1
5§:+1 = E(O,—cos@cosgzﬂ—isinqﬁ, —cos@sin ¢ —icos ¢,sinf),
1 -
eh_o = M(\kz\,Esin@cos ¢, Esinfsin ¢, F cosf), (4.31)

with 6 and ¢ denoting the polar and azimuthal angles of the boson’s three-momentum ]I::] in
that frame, respectively. We refer to the A = 0 state as the longitudinal, the A = 1 state as the
left-handed transverse, and the A = —1 state as the right-handed transverse polarisation state.
Although there is a vast range of frames in principle, the following two choices appear most
natural:

e the laboratory frame or the centre-of-mass (COM) frame of the incoming protons, and
e the partonic COM frame. For brevity we just refer to it as the COM frame.

The COM-frame definition of the polarisation has also been employed in recent experimental
studies [88], but also laboratory-frame polarisation fractions have been considered [100]. Thus,
some care is required when comparing different theoretical and experimental results. In the
following we opt for the COM frame. This frame is more convenient for two reasons: On the one
hand interference contributions have been found to be smaller here [136], but more importantly,
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this definition implies that both bosons have high energies, which is crucial for applying the
GBET.

The effects of virtual gauge-boson polarisations have first been studied in Refs. [133,186—188]
at leading order. Previous NLO-accuracy studies on polarised diboson production processes
can be found in Refs. [135-142]. The results have been incorporated into the event generator
SHERPA [189]. NNLO QCD effects have also been studied in combination with polarisation
effects [190]. The influence of the reference frame choice has been discussed in more detail in
Ref. [134].

On-shell projection

The choice for the on-shell momenta l;:l in terms of the off-shell momenta k; is not unique. A
widespread choice is to preserve the momentum sum of the two-particle system:

ki + ko = ]~€1 + ]~€2. (4.32)

A drawback of this choice is the fact that all events with /s < M + M, have to be discarded.
This part of the phase space should, however, not contribute much to the cross section. Otherwise
the DPA is not expected to be a good approximation anyway.

Besides the resonance momenta, also the momenta of the decay products have to be changed
to on-shell kinematics. Even after demanding (4.32), there is some freedom in how to exactly
define this transformation. The precise choice of the on-shell momenta defines the on-shell
projection. Usually it is constructed such that a convenient quantity is preserved under the
transformation. In our application we use an on-shell projection introduced and described in
more detail in Ref. [137]. It preserves the spatial direction of the decay products of the respective
gauge boson in its rest frame.

To assure momentum conservation and the on-shell conditions, the vector-boson momenta are
transformed as follows:

e The off-shell momenta are boosted into the two-boson rest frame.

e Their energies are rescaled to the on-shell values.

e The on-shell momenta are boosted back into the laboratory frame.
Afterwards the momenta of the decay products are treated in a similar way:

e The momenta of the decay products of the off-shell (!) vector boson are boosted into its
rest frame.

e The energies of the external particles are rescaled such that the on-shell condition is fulfilled
for the vector boson.

e All momenta are boosted back along the on-shell (!) vector boson momentum.

This on-shell projection accounts for a relatively uniform deformation of the external momenta.
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Figure 4.2.: Factorisable virtual corrections to processes with virtual unstable bosons. The
blobs represent the sum of tree-level and one-loop graphs.

Factorisable and non-factorisable corrections

When considering loop corrections in DPA, one has to distinguish between factorisable and non-
factorisable corrections: the former arise from diagrams connecting either only the production or
the decay subprocess (see Fig. 4.2), while the latter are obtained from photonic corrections that
can not unambiguously be assigned to either of the subprocesses. The factorisable corrections can
be straightforwardly computed using an on-shell projection like at LO. In the following we review
some more detailed properties of the non-factorisable corrections, following Refs. [109,183,191].
Expanding the diagrams in Fig. 4.2 to O(«) yields for the total virtual correction

SIMAUPHIP = 0 M proa ({2} [ Mir,L0, Dec({P1)I? + [Mi L0, proa({p}) P3| M pec ({p})

]452 o M2
+ B M+ 0 (ST ). (4.33)
implicitly defining the relative non-factorisable correction dyf.ct. In the vicinity of the doubly-
resonant region, the neglected terms are of order I'/M with I' and M denoting the width and
the mass of the virtual boson.

An example graph for a non-factorisable contribution is given in Fig. 4.3. The non-factorisable
corrections originate exclusively from photon exchange [191]. In the given example graph, this
can be explained by the fact that the diagram only develops a singularity if the photon loop
momentum is soft, which can only happen for a massless particle. If, for instance, the photon
is replaced by a Z boson, the soft region is suppressed by ¢> /M% with ¢ denoting the soft loop
momentum. This graph can therefore be neglected in the DPA.

The diagrams contributing to non-factorisable corrections can be categorised as follows:

e The photon connects initial-state and final-state particles (if case). This case is depicted
in Fig. 4.3.

e The photon connects final-state particles (ff'). They have to be associated with different
resonances, otherwise this is part of the factorisable decay corrections.

e The photon connects the resonant bosons (mm’).
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Figure 4.3.: Sample diagram contributing to the non-factorisable corrections. The blob repre-
sent all tree-level diagrams for the production subprocess.

e The photon connects one of the resonant bosons with itself (mm), an initial-state particle
(im), one of its own decay products (mf) or with another final-state particle (mf’).

At first glance, the occurrence of the cases mf, im, mm’, and mm might look surprising, as these
diagrams are also contained in the factorisable corrections. But in order to account for the effects
of the on-shell projection, on has to add back the difference between the on-shell and off-shell
corrections, as far as the singular contributions are concerned. In the mf case, for instance, the
non-factorisable contributions read in terms of Passarino—Veltman three-point functions (for the
definitions of the Passarino—Veltman functions, see for instance [156,192])

%QZMQ} , (4.34)

with &k and & denoting the off-shell and on-shell gauge-boson momenta, respectively, ¢ is the
momentum of the decay product, and m its mass. In the first term, the complex mass

Amf 155 —2k - q {Co(k,q,O,M, m) — Co(l;:,q,O, M,m)

M =+/M2—iT'M (4.35)

is kept, which shields the integral from being IR divergent (assuming m # 0). The second term
in brackets, which is part of the factorisable decay corrections, is IR divergent as k2 = M?2. This
superficial IR divergence has been introduced by the on-shell projection and has to be subtracted
in order to match the IR structure of the real corrections, which are often computed without
using the DPA. The other cases mentioned above contribute to the non-factorisable corrections
by the same mechanism. The results for all cases are collected in Ref. [109].

High-energy limit

Since we are interested in processes involving energy scales much higher than the EW scale,
we should investigate the behaviour of the different contributions in (4.33) in the high-energy
limit. The most important results is that the factorisable decay corrections do not contain
large invariants, which is discussed in more detail in Sec. 5.1. The high-energy behaviour of the
production process can be investigated using SCETgw. In the following we briefly sketch the
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high-energy behaviour of the non-factorisable corrections. To this end, we define

Sij = 2¢; - q;, Sim = 2ky - ki, 515 = 2k - qj, ti, = —2py, - ki, tik = —2q; - pr,
(4.36)

along with the following conventions:
e Resonant bosons are indicated with [/, m and their momenta are denoted by k,

e decay products of boson [ are indicated by i, decay products of boson m are indicated by
7, and their momenta are denoted by ¢,

e initial-state particles are indicated by k£ and their momenta are denoted by p.

We assume that all final-state particles result from resonant decays. Using these conventions,
the high-energy behaviour has been worked out in a process-independent manner in Ref. [109]
as follows:

ny Nm

Onfact = Z Z ZZleQmj*Re{Al(klv%la m»%n])}

m>l i=1 j=1
- ZZZQ%QM%RG{AﬂPkakvail)}v (4.37)
pa =1

with

1 Lo
Al(klach'a kvaJ) ]\/[/2_/;:0 §(Sij§lm - Sljsmj)DO(Qj - kman + klaQi + ijoaMﬂhMl’O)

KM, Smi i 1 M% M My,
s (i, ) s () + 208 ()] [+ s (20 ) )
& K;M,, & Slj s Sim, €IR & (_Kl)(_Km)
1 M, t
Ag(k‘l, qi, /{m, q]‘) JVI/Q_/\S:O [é[R + 210g <'U’I_RKII>:| [log <tzl> — 1:| (4.38)

with the limit M?/s — 0 implying that M? is much smaller than any of the scalar products
n (4.36). The function Dy denotes the Passarino—Veltman four-point function. Note that our
conventions imply that 5;,, §; are scalar products of a resonant momentum with a decay-
product momentum from another resonance. The offshellnesses K; are given by

K, =k — M} (4.39)

The important property of these formulae is that they do not contain logarithms of the form

s sy

This property holds also for the four-point function Dy and implies that the relative non-

factorisable corrections are finite in the high-energy limit, even though they are non-analytic in
M.
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4.2.2. Complex-mass scheme

While the DPA is a well-suited tool in the vicinity of the resonant region, the complex-mass
scheme (CMS) [107,112,193] provides a gauge-invariant regularisation prescription on the whole
phase space, enabling the full inclusion of off-shell effects. Its basic idea is the replacement (4.27)
for the W and the Z mass,?

P = M3 —iTwMy, — ps = M2 —ilzMz, (4.41)

on the level of the SM Lagrangian. This has to be set consistently including the definition of
the weak mixing angle,

2
cos? Oy, =1 —sin? 6, = Hw (4.42)

and the renormalisation constants. In practice this implies that all mass-parameter and field-
renormalisation constants are complex. In particular, the mass counterterms are defined via

My = 1y + 01y, MGy = pg + 0, (4.43)

with My denoting the bare masses, which are real and do not depend on the renormalisation
scheme. Both the renormalised masses and the mass counterterms become complex, but they
pick up the same imaginary part with a different sign, assuring that the bare Lagrangian remains
hermitian.

With the above definition, the complex renormalised mass py enters the propagator and the
complex mass-parameter renormalisation constant u%/. The field-renormalisation constants are
defined analogously,

1 Z 141z 15z 7
+ - + 0,7 _ 5~77Z 5 Z A
W _(1+25ZW)W, <Z> (;m H%ézAA) (A) (4.44)

with the Zyy+ denoting complex field-renormalisation constants to be distinguished from the
real ones denoted by Zy . The imaginary part in the field-renormalisation condition has to be
introduced because of the modified self energies:

S (K%)= S (K?) = 6y + (K — )0 2w,

SE7(k?) = 57 (k%) — 6pg + (K* — 13)6Z 22,

S (R?) = £44 (k%) + k20244,

. 1 1

SA2(k?) = 2 (k) + §k252AZ + 5(1&’ — 126 Z 4. (4.45)

Imposing the renormalisation conditions (2.25) and (2.29) without the real part with the
replacement M‘Z/ — ,u%/, which is equivalent to demand

SY (1) = S (u) = S0% () = £47(0) = 0 (4.46)

3If processes involving resonant top quarks or Higgs bosons are considered, their masses have to be redefined
similar to (4.41).
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as well as

s A~/ & AA

StV (iy) = 2F7 (uz) = 344(0) =0, (4.47)
leads to the renormalisation constants for the mass parameters,

and the fields renormalisation constants,

52w = SV (1), 0277 = —SE2(13), 0Zaa = =514(0),

INAZ (2 oINAZ 0
2 ) g, o 25O (4.49)
Hz Hz

0247 =

For brevity we introduced the notation

o5 (k2)
8k2 k2=M?2 .

(M?) = (4.50)
We note that the 2y~ in (4.49) have indeed to be complex to fulfill (4.47)

All renormalisation constants have the same form as in the on-shell scheme, with the real
arguments replaced by the complex ones. Because the gauge-boson masses enter also the fermion
and Higgs-boson self energies, all other renormalisation constants also become complex. The
explicit forms of the renormalisation conditions remain the same as in the on-shell scheme [112],
which is why we do not discuss them explicitly.

On-shell and pole mass definitions

We conclude this section by a brief remark on the difference between the different definitions of
masses and widths in the on-shell scheme and the CMS.

Following from the renormalisation condition (2.25) and the renormalisation constants (2.26),
the renormalised gauge-boson masses in the on-shell renormalisation scheme are given by

(M98>2 — M2y — Re {2¥V [(MSS)Q} } . (4.51)

It is worth noting that this is not the same as the real part* of the pole mass in (4.41), which
corresponds to the position of the pole in the complex p?-plane:

(1) = Mgy —Re {2 [ ]} —rEafim {=5Y (1)} s

Even though this pole definition appears to be a more natural definition for a physical mass,
the on-shell values are usually employed because they have been measured to accurate precision.

4Note that the choice (4.41) is not the only one to define a mass and a width from the complex pole position,
other possibilities have for instance been studied in Ref. [194].
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The relation between the two,
2
(4% g MOSTgS
2 2’ 2 2’
V (2) + (19S) V (25) + (19S)

has been proposed in Ref. [195] and worked out in Ref. [196] and is obtained by inserting (4.51)
and (4.52) into each other iteratively and using the definition of the on-shell width, which is
obtained from the optical theorem as

My =

(4.53)

o m{=y (mf)*}

s = .
Myt {3 (m])*}

(4.54)

The use of the CMS thus requires converting the on-shell values for masses and widths to the
pole definitions using (4.53).
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5. Implementation of SCETgyw into a Monte
Carlo event generator

Having set the basis of both the calculation of collider observables using fixed-order techniques
and SCETgw, we are ready to discuss the implementation of SCETEw into a Monte Carlo
integration code which calculates fully differential cross sections at NLO EW accuracy. Parts of
this and the two following sections are based on Ref. [143].

In the existing literature (see e.g. Refs. [52-55]), the focus has been on the analytic computa-
tion of simple processes such as four-fermion processes or vector boson pair production without
decays. Within this work, in contrast, we aim for the computation of more complicated processes
involving also the decays of instable particles. In addition we want to take into account the ef-
fects of phase-space cuts. The occurring phase-space integration must therefore be performed
numerically and a certain grade of automation is desirable.

The section is organised as follows: In Sec. 5.1 we sketch how to apply SCETgw to LHC
processes by isolating subprocesses that fulfill the SCETgw condition. At the end we list all
steps of the SCETgw calculation. In Sec. 5.2 we discuss the implementation of all ingredients
of the SCETEw calculation in detail. We then proceed by discussing the logarithm counting in
Sec. 5.3 and describe which of the appearing logarithmic terms are included in our calculation
before closing with a brief description of the software components put to use (Sec. 5.4).

5.1. Fixed-order calculations and SCETEgw in complicated processes

We start from an NLO-EW-accurate computation performed using fixed-order perturbation
theory. As discussed in Sec. 4.1, treating the occurring IR singularities with the subtraction
scheme of Catani and Seymour implies that real and virtual corrections are integrated separately.
As the logarithmically enhanced contributions arise mainly in the virtual part, we compute the
real corrections in the conventional way'. However, in order to have well-defined observables,
one should assure that the IR singularities are treated in a consistent way. This issue is addressed
in more detail in Sec. 5.1.2.

Since we include decay effects, any unstable particle is only detected via its decay products.
We can unfortunately not apply SCETEw on a process like

Gq — WTW™ = e Dot e, (5.1)

which is dominated by phase-space regions, where invariants such as pe - py, are of the order
of Myy. However, when applying the DPA (see Sec. 4.2.1), the process factorises into the

Tn fact also real-radiation corrections develop logarithmic enhancement at high energies, but how to resum them
relies on a certain grade of “inclusiveness” of the considered observables with respect to the real radiation
of massive vector bosons [197]. Throughout this work we thus neglect these effects and do not attempt a
resummation of the associated logarithms.
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subprocesses
(G = W WT] x [W™ = e ] x [WH— ptu]. (5.2)
The 2 — 2 production subprocess has the kinematic invariants

s = 2pq - Pg; —t = 2pg - Pw+ = 2pq - (Pe + Pi), —u = 2pg - pw+ = 2pg - (Pe + o) (5.3)

in the vicinity of the doubly-resonant region. Since these quantities become large in the high-
energy limit, a SCETgw expansion is sensible for the production process. In the decay subpro-
cesses all invariants are of the order of the W mass, and there is no point in applying SCETgw.
It is, however, not necessary because in a process without large scale ratios no Sudakov loga-
rithms occur on any order in perturbation theory. The corrections to the decay processes can
hence reliably be calculated in fixed order.

The strategy to isolate the logarithmically enhanced corrections is thus:

e Apply the pole approximation in order to factorise the matrix element into a production
and a decay part. This is sketched in diagrammatic form in Fig. 4.1.

e Calculate the decay part in the full SM. It cannot have large corrections, as the matrix
element itself cannot contain any large scale ratios.

e Treat the loop corrections to the production part with SCETEw. In the high-energy limit
this is a process where all invariants can be considered large.

e Add the integrated subtraction counterterms (see Sec. 4.1) and the non-factorisable cor-
rections (see Sec. 4.2.1).

The third point is the main issue of this work. The required methods have been demonstrated
in Refs. [43,45,47,48] and also been described in Sec. 3.3. The setup presented in this section
makes use of the results of Refs. [48] as far as the anomalous dimensions and the low-scale
corrections are concerned. However, our automated computation features some new properties
that are desirable for the LHC and future collider predictions:

e Embedding the SCETgw results into a Monte Carlo integrator enables the computation
of fully differential cross sections for many different processes on a suitable fiducial phase
space.

e Decay effects are taken into account properly.

e Complicated processes such as vector-boson scattering or processes with external Z bosons
or photons, for which the high-scale matching coefficients contain a large number of dia-
grams, are also feasible.

All of the above steps are to be performed on the level of helicity amplitudes with definite
polarisations of the virtual gauge bosons. This is because spin-dependent corrections occur for
both fermions (left- and right-handed fermions have different EW quantum numbers) and gauge
bosons (because the longitudinal polarisations are to be treated using the GBET).
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5.1.1. Virtual corrections in SCETgyw

In the fixed-order approach the perturbative expansion of the matrix element reads

ZC:XA:M,\C

1 * *
=— D) (IMoreMoye + MoreMisoop e + MidoopreMi i +---) 5 (5.4)
Vel AN

2

- 7’11 Z Z M)\CM;/CI

cc! AN

IMP? =

1
nj

where, ¢, ¢, X and X run over all configurations of colour and spin, respectively, and n; denotes
the number of initial-state spin and colour configurations. The one-loop matrix element contains
the large logarithmic corrections arising from massive vector-boson exchange, which we wish to
resum.

Often contributions with A # )\ can be neglected if the phase-space cuts are sufficiently
inclusive [133]. In this case the above formula simplifies to

1
IMPP = =" (Mol + 2Re(Mox - M jopn) + ) (5.5)

(DY
with the sum over colours now implicit. The loop matrix elements are IR divergent and after
applying the Catani—Seymour dipole subtraction scheme the cross section is obtained in the
form (see Sec. 4.1)

g = / daBorn +/ <davirt + /dUsub> +/ (dareal - dUsub)a (56)
n n 1 n+1

with each of the three terms being integrated separately. The term dopem is understood to
contain the first term in (5.5) and the doyi¢ the second one. We want to apply SCETgw only
to the virtual part, but when calculated with SCETgw, the matrix element does not naturally
decompose as in (5.5). Instead, the amplitude obtained from matching a set of operators contains
the Born level and dominant virtual corrections to all orders. Therefore we substitute

/(dgvirt+/dasub> —>/ <dU§i(EFT—|—/dUsub> (57)
n 1 n 1

with doSCET obtained by subtracting the tree-level result from the squared LO matrix element

virt

in the full theory:

dO_SCET — dq)(m) (|MSCET|2 - |MB0rn|2) ] (58)

virt

The leading-order matrix element |Mpom|? has to be subtracted because it is already contained
in dogorn. As described in Sec. 3.3, the SCETgw results are computed on the level of helicity
amplitudes obtained from SCETgw operators:

METFT = Z (1) (Ox (1)) 5 (5.9)
k
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with A running over polarisation configurations and k over the different Lorentz/Dirac structures.
To simplify the notation, we drop the subscript A from now on. As discussed in Sec. 3, the Wilson
coefficients are matched at the high scale and run down to the low scale.

This procedure results in the following formula:

Mscer = Y Cr(m) (Ok(m))
P

= <D8><m> Pe (- [" dlogwm)}l‘) Cyxlm) Oulu)),  (510)
z j

k7.j7l 1
with the following ingredients:
e The Wilson coefficients C (), matched at the high energy scale.

e The SCETgw anomalous dimension denoted by ~. The matrix exponential describes the
RG running from py, to py, the path-ordering symbol P is defined in (3.7).

e The low-scale mixing matrix D, which takes the explicit SCETgw loop corrections into
account. It depends on the low scales, i.e. the electroweak mass spectrum.

The index k in (5.10) labels different operators contributing to the same process at tree level,
while j and [ denote the mixing of different operators into each other at one loop level, assembled
in a way that j = 1 corresponds to the operators contributing already at tree level. The
anomalous dimension depends only on j and [ because SCETgw corrections do not mix different
Lorentz or chiral structures, which are denoted by k.

The fact that we would like to use the fixed-order automation apparatus motivates us to
rewrite the above expression in terms of scattering amplitudes:

N 235
Mscer = Y- Duton) [Pexo (= [ dtoguy(0) | Moo e 510
j 2 lj

where now j sums over all processes that arise, when a global SU(2) gauge transformation is
applied to the external fields of the respective process, while the sum over k£ has disappeared,
because it is contained in the M. The fact that all mass scales have been set to zero indicates
that the amplitudes are evaluated in the SySM. The connections between the operators, Wilson
coefficients, and matrix elements is discussed by means of an example in Sec. 5.2.2.

5.1.2. Modifications of the factorisation formula

It is however not possible to use (5.10) as virtual matrix element in (5.7): The IR divergences,
which are contained in D, are multiplied with the resummed matrix element instead of the Born
matrix element.

We should therefore substitute

Dyy() [f’ exp (— /:hdlogm(u))]

1

= (81 + DY () {F’exp (— /jhdlogm(u)ﬂ

1 1

= D (m) + [f’exp <— /:hdloguv(u)ﬂ (5.12)

1 15

ly
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because then the IR divergences in D) are multiplied with the unresummed Born matrix
element. The difference between the definitions in (5.12) are of O(a?log®(MZ;/s)). It should
clearly be said that (5.10) is the consistent way of including all terms of O(a?log®(Mg/s).
However, the inclusion of real-radiation effects in the full SM is more important and a treatment
of the reals in the pole approximation would be beyond the scope of this work.

In addition (5.10) does note yet include the parameter renormalisation (PR) constants, which
we comprise in an separate contribution:

Mj —>Mj+5pRMj. (5.13)

We therefore use

Mscer = Z [D(l) () + Pexp (— /:h le%‘M’Y(H)) + 5PR1L M () (ary=0, 1R-finite
A ' A
’ ] (5.14)
as a master formula for the MC code. We choose the high and the low scale according to
i = /s, w1 = My, (5.15)

with /s denoting the centre-of-mass energy of the production subprocess. Note that if no
resummation is applied, the result is completely independent of the scale choices: Changing
pn merely shifts contributions from the high-scale matching into the anomalous dimension and
vice versa, while changing p; reshuffles contributions between the low-scale corrections and the
anomalous dimensions. The dependence of the resummed result on the precise choice of uy and
w1 is expected to be small.

5.1.3. Summary of the strategy

In more detail the strategy of applying SCETgw to a generic SM process with large kinematic
invariants can be summarised as follows:

e We construct all effective operators in SCETgw that contribute to a specific process. By
definition their expectation values reproduce the tree-level behaviour of the SM amplitude
to leading power. We use an operator basis described in Sec. 5.2.1, the numerical evaluation
is described in Sec. 5.2.2.

e The operators are matched (at high energies) against the SySM. Because the massless
SCETEw loop diagrams vanish in DimReg [52], the only object that is to be calculated
is the one-loop scattering amplitude in the SySM. It does not depend on any mass scale,
but depends non-trivially on the process. Therefore an automated calculation of that part
is particularly desirable, especially if complicated processes are considered. This part is
described in Sec. 5.2.3.

e We then calculate the SCETgw anomalous dimension matrix «(x). This has been shown
to be independent of the detailed structure of the process. Instead, it is a sum over con-
tributions that depend only on quantum numbers and momenta of the external particles.

e The anomalous dimension is integrated from the low to the high scale. This always can
be done using the results of Sec. 3.3.4 since the scale dependence of the anomalous di-
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mension has a universal structure. We take the matrix exponential of the result. The
implementation of these steps is described in Sec. 5.2.4.

e We calculate the one-loop low-scale corrections Dg\l) to the SCETgw operators in the
broken phase?. Because of the structure of the SCETgw diagrams, they can be con-
structed solely from the external particles and their momenta. More details can be found

in Sec. 5.2.5.

e Finally we add the corresponding coupling renormalisation constants. They are different
for the Abelian and non-Abelian parts of the amplitude, respectively, which is why it
is necessary to decompose each amplitude according to their corresponding powers of g;
and go. The renormalisation constants contain logarithmic corrections associated with the
running of « and the weak mixing angle between the electroweak scale, where they are
chosen as input parameters, and the high scale, at which the interaction takes place.

e If photons, Z bosons, or Higgs bosons are involved, all contributing processes are con-
structed in terms of the respective fields in the SySM. We then perform all above steps
for each subamplitude individually. The anomalous dimension is most easily calculated in
terms of the symmetric fields. For the low-scale SCETgw corrections we apply the back
transformation for each symmetric process. More details can be found in Sec. 5.2.6.

Recall that all these steps apply to the virtual corrections to the production processes of virtual
gauge bosons, as discussed in Sec. 5.1. The decay corrections, the implementation of which is
discussed in more detail in Sec. 5.2.6, have to be added afterwards, as well as the non-factorisable
corrections, the subtracted real corrections, and the integrated dipoles. All these corrections are
computed in the full SM.

5.2. Ingredients of the virtual corrections

In the following we discuss the implementation of the ingredients of (5.14) into MOCANLO. As
an illustrative example we choose the four-fermion process

L (p1)ur(p2) — ef (p3)er, (pa), (5.16)

that contributes to the Drell-Yan cross section (a sum over the initial-state colours is implied).
We choose a specific polarisation configuration (all fermions are left-handed) for simplicity.
However, as mentioned above all matching and running computations have to be performed on
the level of a specific polarisation configuration.

’In Refs. [45,47,48] these contributions have been called the low-scale matching coefficients. The motivation
behind this term is that for calculating jet observables which require a treatment with SCETqcp, the EW
scale acts as an intermediate scale, at which one set of SCET operators is matched against another set. Since
we focus on observables, for which this is not necessary, we drop this naming convention. However, we should
mention that the calculation of the IR divergent photonic corrections in App. B.3 follows the strategy of the
given references because the finite parts are calculated in SCETgw and the divergent ones in SCETS.
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5.2.1. Constructing the operator basis

From (5.14) it is obvious that the set of contributing operators (and therefore also matrix
elements) to a given process

D102 = $3...0n (5.17)

is obtained by applying the SU(2) colour operators arbitrarily often on any pair of particles.
The colour operators act on an external field 1) with gauge index « according to [47]

3
tija = Zt?,a,b’wi,ﬁ&ija (5.18)

a=1

with 27 | 3 denoting components of the SU(2) generators in the representation of ). We use the
linear combinations

tfz\}i(tllﬂpit?) — thoty 4+t =ttt ] (5.19)
instead of the t'/2. This basis has also been employed in Ref. [47], with a different normalisation
convention. In this basis, the ¢t transform matrix elements associated with physical processes
into matrix elements associated with other processes. Note that we use the lower-case t for the
SU(2) colour operators instead of the upper-case T employed for the generic colour operators
in Sec. 3.

An algorithm to compute all possible processes starting from (5.17) is implemented as follows.
Starting with a list of processes that contains the initial one as its only element:

e Apply all possible two-particle transformations to the external fields. Check whether the
resulting process violates charge conservation. If not, append it to the list.

e Go to the next process in the list and apply all possible two-particle transformations.
Check whether the resulting process violates charge conservation. If not, check whether
the process is already in the list. If not, add it.

e Repeat the above until the end of the list is reached (that is, the iteration of the last
process did not produce any new ones).

Fermions

In Ref. [45] the scattering of four fermions with momenta p1,...,ps in a spontaneously broken
SU(2) gauge theory® has been considered using the operator basis

a

o7 ’ T
O1,600 = X5 7" WoXsXa 5 Mo X1,
02,00’ = X4VuWao X3X2VuWo’ X1 (5.20)

3This is basically a simplified SM without the photon. All three SU(2) gauge bosons have a common mass.
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with 7% being the Pauli matrices, the projection operators

_ 1zt

W4 2 ’

(5.21)
projecting the Dirac fermions on their component with left (—) or right (+) chirality, x; as
defined in (3.57), but arranged in SU(2) doublets and the Wilson lines given by the EW ones
(3.99). The operators correspond to SU(2) colour invariants,* with O describing the interaction
of two “SU(2) vector currents”, and O the interaction of SU(2) singlets. This can be extended
to the SM by writing down analogous operators for the SU(3) colours. The obvious advantage
of this decomposition is that a minimal set of operators is employed, hence minimising the com-
putational effort. Additionally, the general structure is manifestly independent of the fermion
species: All loop integrals that are actually different have to be computed only once.

It would certainly be possible to automate the evaluation of such colour-covariant operators.
However, a variety of programs has been developed to calculate on-shell helicity amplitudes.
These are obtained by expanding the operators into the flavour eigenstates, resulting in an
overcomplete set of operators. However, at tree level they can be matched against a helicity
amplitude corresponding to a physical process. This allows us to use the matrix element gen-
erator RECOLA [57,58] to calculate the Wilson coefficients (at tree level and one-loop) and the
operator expectation values of the SCET operators together.’

Adopting the conventions of Refs. [47, 48] to show only the colour structure and omit all
Wilson lines, the relevant operators for the process (5.16) are written down as

a a

- T = T
0, = Q1,L?’Y”Q2,LL3,L?’Y;LL4,L7
Oz = Q117" QoL L3 La L (5.22)

in the colour covariant basis and as

O1 = U1, LYuU2,L€3 L Yu€4,L,
Os = d1 1.7, d2,1.E3 1, 7ue4,L,
O3 = dy 174U, LE3,LVuVa L,
Oy = Uy 1,Yud2,1.V3 1L Yu€4,L,
Os = U1 LYuU2,LV3,L VuV4,L,
Os = di1,1Vud2,1.V3, L YuVa L, (5.23)

in the flavour eigenbasis we employ. In fact, this basis is used in Ref. [45] for the calculation of
the low-scale matching corrections, while using the colour covariant form at the high scale. The

“In the following we use the term “colour” in the way as it has been introduced in Ref. [47]: That is, colour may
refer to either the usual SU(3) or to the SU(2)xU(1) charges.

®In principle RECOLA features the computation of SU(3)-colour-stripped amplitudes in the colour flow formalism,
generalising this for more than one gauge group would enable the computation in the gauge-covariant basis.
This is however much more of an involved implementation than just providing a model file for the symmetric
SM.

66



Chapter 5. Implementation of SCETgw into a Monte Carlo event generator

connection between fields of the bases is obvious:
U v
QkL = (dk’L> ; Lyp = < k’L> : (5.24)
kL €k,L

Gauge bosons

For processes with external gauge bosons we use a mixture of the symmetric and the physical
base in the different contributions. For charged gauge bosons we use the charge eigenstates W+
rather than an SU(2)-covariant W'/2 fields used in Ref. [47]. The form of the operator building
block associated with an external gauge boson is as given in (3.57) with EW Wilson lines as in
(3.99).

For neutral gauge bosons the operators are constructed in the symmetric basis W?3/B since
it simplifies the anomalous dimension a lot. For the low-scale corrections one has to apply
the back-transformation because they depend on the masses of the external particles. This is
discussed in more detail in Sec. 5.2.6.

Scalars

The SM scalars are treated in close analogy to the neutral gauge bosons: If we denote the Higgs

doublet with (see also (2.7))
¢+ B ¢+
¢ = (@) B (é(f[ +v+ ix)> ’ (5:25)

then we construct the operators from the fields ¢=, ¢, and ¢5. At the low energy scale the lower
components are rotated into the mass eigenstates x, H, see again Sec. 5.2.6 for details. Since
the Higgs doublet is in the same representation as the left-handed fermions, the gauge-invariant
building block analogous to (3.57) has the same form as the fermionic one:

En(z) = W(x)®, (), (5.26)

with the ®,, being composed of n-collinear scalar fields ¢, (;5&2 The above expression is built
into operators of the form (3.98) in the same way as for fermionic operators.

5.2.2. Tree-level matrix elements

With the considerations of the previous section the automated computation of expectation values
of SCETEw operators can be performed in a straightforward manner, once a program is at hand
that can calculate on-shell amplitudes in the SySM. We use RECOLA2 [58] equipped with a
model file of the SM in the symmetric phase to evaluate the amplitudes numerically. Starting
from the SySM Lagrangian, the model file is generated using FEYNRULES [198] and afterwards
renormalised and translated to a RECOLA2 model file using the in-house software REPT1L (for
more details see Ref. [199]).

Given this technical toolkit, all we have to do is to express every part of the computation in
terms of matrix elements representing physical processes in the SySM, which we have achieved
by obtaining (5.10) and (5.14). In the following we use our example process to elucidate the
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relation between Wilson coefficients, operator expectation values, and matrix elements. In the
discussed example the tree-level matching reads

MﬁLuLéLeL({p}) _ C{O) (01), C( )(,Uh) AO( (QuQe + [ELIGZL) . (5.27)

with V3 denoting the (partonic) CMS energy and @y and I %ﬁ denoting the charge and Z-boson
coupling of a fermion with chirality x. The other operators in (5.23) are matched analogously.
Note that we adopt the convention that the Wilson coefficient contains the factor 1/5. Oy is
a dimension-6 operator, thus the product of the operator and the Wilson coefficient has mass
dimension 4, as it should be at leading power.

To see that (5.27) is indeed the correct matching, we observe that (O;) contains the spin
structure of the amplitude that means all spinors and Dirac matrices:

(O1) = w(pa) V" v(Pu)0(Pe- ) vpu(pet)- (5.28)

Note that the difference between a collinear fermion field y. as defined in (3.57) in SCETgw
and an ordinary fermion field does not matter at leading order and leading power.

Multiplied with the process-specific prefactors in Cfo), (5.28) yields precisely the tupur, — eﬁ er
scattering amplitude in the limit v/ > My. Since V3 defines the high scale py,, the Wilson
coefficient is evaluated at uy,.

Once the Wilson coefficient is run down to the low scale and the radiative corrections to the
operator expectation value are computed, all operators in (5.23) contribute to the resummed
renormalisation-group improved result even if the matching is only performed at tree level:

6
R ({p}) = 3 Cyan) Ay s ) (O1) (5.29)
J=1

where the matrix A is short for the path-ordered exponential in (5.14). Since the numerical
values of the spinors are not different among the O;, (5.29) can be rewritten in terms of scattering
amplitudes of different processes:

— + —
;lésuLeLeL ({p}) _ Z Alj(/ih7 Ml)Mflj,LfQj,Lij,LfM,L7 (5‘30)
J
where the external fermions fy;1, are the respective SU(2)-transformed ones and can directly be
read off from (5.23). The M- on the right-hand side of (5.30) can be evaluated using RECOLA2.

It is worth noting that, since (O) is a tree-level quantity, it is analytic in the massless limit. The
difference between calculating it in the SySM or SM is thus just a matter of power corrections.

The generalisation to any SM process is rather obvious: The SU(2)-transformed fields are
constructed in a suited basis of the respective representation and the matrix element reads

( ) 7(9)
M¢17 - Pn, {p} ZAIJ ,uhnu’l ol (531)

with j running up the number of processes that can be generated by applying SU(2) transfor-
mations to any number of pairs of external fields. Thus <;~5£j ) is either equal to ¢; or its SU(2)
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partner. With a suited model file the transformed matrix elements can be evaluated for all
possible combinations of fields using RECOLA2.

Identical Particles

For simplicity we have chosen a process without identical particles and hence with only a single
Lorentz structure. If two or more particles are identical, there are more contributing operators.
For instance, the process upuy, — trur, has two contributing operators, corresponding to the t-
and s-channel, respectively:

st ({p}) = G (0F) + €1 (05) (5:32)

Even though each operator has a different tree-level Wilson coefficient, an equation similar to
(5.30) still holds. Since the form of the anomalous dimension is the same for both operators (it
depends only on the gauge structure of the operators) and all transformed amplitudes have the
same Lorentz structure, one ends up with

M ({p}) = 37 A, ) (10 ) (OF) + €7 () (03))
J

_ Z Alj (,Uha Ml)Mflj,Lf2j,Lf3j,Lf4j,L’ (5‘33)
J

once the contributions to the scattering amplitudes have been added coherently. In the first
line of the above equation it is understood that for both Lorentz structures the operators are
arranged in vectors like (5.23) accordingly. The above generalises to arbitrarily complicated
processes.

5.2.3. High-scale matching contributions

Following the arguments in Secs. 3.2.6 and 3.3, the high-scale matching contributions are given
by the IR-finite parts of the one-loop on-shell amplitudes in the SySM: the SCETgw loop
corrections vanish in DimReg, leaving the finite part as the one-loop matching correction to the
Wilson coeflicient:

) (OO = MUPH oy = pur = 1) {ar o, e imice (5.34)

which is a SySM version of (3.77). Both C; and M are understood to be renormalised in the
MS scheme. The one-loop matching correction is hence obtained by setting all masses to zero
in the full amplitude and simply take the IR-finite part. The quantity on the right-hand side
of (5.34) can again directly be calculated with RECOLA2. Thus, the only thing to change is to
promote all SySM matrix elements from tree-level to one loop:

ree,d1;...¢ 1-100p,&1j...01n
MO ({p}) = > Avj(n, ) (Mt D1 Oin o AP P01 ) : (5.35)
J

Note that inserting the above into (5.14) implies cross terms between corrections associated with
running and matching.
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All couplings and fields are renormalised in the MS scheme, inducing a renormalisation-scale
dependence. We set the renormalisation scale to

pruv = pn = V3, (5.36)

minimising corrections of the form log(p?/3). The high-scale matching part is particularly
desirable to be automated, as it is the only process-specific ingredient of (5.14). For four-
fermion processes the respective analytical calculation has been performed in Ref. [45], while
the results for diboson production can be found in Ref. [52].

5.2.4. Anomalous dimension

The form of the SCETEw anomalous dimension of the SM has been analysed in Ref. [47]. At
one-loop it is given by (3.115). In the following, we generalise (3.115) to the case of incoming
and outgoing momenta and give some more explicit results.

Recall that we can decompose the anomalous dimension into a soft (S) and a collinear (C)
part (see Sec. 3.2.6),

v =cl+s,
o n; - pi
Yo = ;ZCilog (M) +Z%
1 1
o 1 1 n;-n; .
vs = —; Z <52t1 . t]' + ZLC?VUlY;JJ}/]l) log (—771']' Z2 J 10) 5 (537)

@y ~

where we have introduced the sign factors defined in (4.10) along with 7;; defined as

1 if both ¢, j incoming or outgoing,
Ny = { & & & (5.38)

—1 else,

in order to obtain the correct iw contributions if some momenta are outgoing. From now on, the
hypercharges Y;, isospin quantum numbers, and electric charges ); always refer to the particles.
In (5.37), C; refers to the EW Casimir invariant of particle 7 defined in (3.118). In the following
we discuss the implementation of ¢ and g separately. The terminology was introduced in
Ref. [47], it should be stressed that the distinction of effects due to soft and collinear particle
exchange is ambiguous on the level of Feynman diagrams: If all masses are set to zero, both soft
and collinear diagrams are IR divergent and the individual diagrams depend on the IR regulator
(see App. B for the computation). If the masses are kept finite, both soft and collinear diagrams
are also divergent because of the collinear anomaly.

Collinear anomalous dimension

The collinear part is defined as the sum of the one-particle contributions

Yo(p) = Z’yc,i(u)- (5.39)
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In (3.83) it can be seen clearly that ¢ contains the leading-logarithmic contribution completely.
For a general gauge theory the collinear anomalous dimensions for gauge bosons and fermions
are given by:

_ 2 _
Qg NG * Pi OlkCF,k; N - Pi
VoA = o (4CA,k log ( Zu Z) - 5o,k> RS i (4 log ( ZM Z) - 3) ;

k=1
(5.40)

with the respective Casimir invariants C j, Cr k, corresponding to the respective SU(2) Casimir
representation and the hypercharge. The values for all SM particles are collected in App. B of
Ref. [19].

The SM scalars are in the fundamental representation, their anomalous dimension has two
modifications with respect to the fermion one:

e There is a different collinear factor for bosons [20], and
e there is an additional contribution related to the top-quark Yukawa coupling g;.

This leads to the result:

2
kCF k n; - pi Neg?
Z ( ( P )-4) + 1675. (5.41)

k=

The respective group-theoretical values are hard-coded for the SM.

Soft anomalous dimension

The angular-dependent logarithmic corrections to the matrix element are part of the soft anoma-
lous dimension ~g. It is defined as the non-trivial sum over pairs of external particles in (5.37).
The matrix form is obtained by comprising all possible matrix elements in a vector,

M PORPIO
qu(lm)m(z)glm)
and filling the entries with the respective couplings. The neutral gauge-boson contribution to
the soft anomalous dimension is hence a diagonal matrix

o,
YN = —;Dlag (N1, ..., Npn) (5.43)
with
Y(k)Y( ) I?’(k)[?’(k) —n s — 10
7 7 ? J
Ny = 010, Z ( o | los <2> ’ (5:44)

with 4, j running over the external particles and k indicating the respective transformed process.
The off-diagonal elements of g are obtained from the W# couplings of the external particles
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and the respective transformed matrix elements. In closed form they can be written as

(Y8 Ts2 Z H 5¢(k>¢<l> Z tﬂ(k)5<l)t5<k)ﬁ(z> log< 77@]

Sw (ig)y n#i,j

- 10) (5.45)

for k£ # [. The indices ﬁi(k) denote the SU(2) indices of particle at position i of the process
labelled by k. The symbol a denotes the sign opposite to a. The expression is non-zero if W-
boson couplings connect particles at positions ¢ and j in the processes k and [. The Kronecker
deltas assure that the entry is zero if more than one particle-pair transformation is needed to
relate the processes k and I.

As an example, consider again the process apup, — e{eg . The correction can be written as

Hh
6MuLuLeLeL exp </ dlogu'y(,u)) - M; (5.46)
H
with

MﬁLuLeieg

MaLdLeE_eE

dpup ey
M = MiL - i b . (547)

MuLdLeL vy,

Ml_lLuLl_/LI/L

MaLdL 1Z0%9

The entries of the column vector can be recognised as the matrix elements of the operators in
(5.23). Note that the last operator is not obtained from the first one via a single external-pair
transformation, instead two of them are needed. Therefore, the last operator does not contribute
at the one-loop level. It does nevertheless contribute to the exponential (5.14) because it is
connected to the other operators via an external-pair transformation.

Using the Mandelstam variables, as usual defined via

s = (p1 +p2)2 >0, t=(p1— pg)2 <0, u=(p1 — p4)2 <0, (5.48)

we define the quantities [52]

_t —
Ls = log (82> — i, L, = log (2) ) L, =log <;L> . (5.49)
Hh Hh Hh

The im takes care of the correct analytical continuation of the complex logarithm according to
the signs of s, t and u. These logarithms are used as building blocks for the off-diagonal elements
of 5. Because in the given example the W-couplings are all identical, the matrix that is to be
exponentiated has the following form:

S%VNl Ls Lt Lt I—S 0

Ls ng 2 L, L, 0 L
- « Lt Lu ngNg 0 Lu Lt
BT w2 | L L 0 2N, L, L (5.50)
L, 0 L. L. s2N; L
0 Ls Lt Lt LS S%VNG
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with the Ny defined according to (5.43). The off-diagonal entries can be read off by identifying
the respective pair of particles that are transformed with respect to one another in the list of
processes (5.23). If more than two particles have to be transformed, the entry is 0.

Path-ordered matrix exponential

As argued in Appendix A of Ref. [48], the path-ordering symbol can be ignored when exponen-
tiating because y(u) commutes with itself for different values of u. The key arguments are the
following:

e The collinear anomalous dimension is proportional to the unit matrix and commutes with
itself for different values of the scale.

e The soft anomalous dimension does not depend on p at all.

We can therefore replace the path-ordered matrix exponential by a normal one. The matrix
parts of the anomalous dimensions such as (5.50) have to be exponentiated using

exp A = Z —. (5.51)

To evaluate (5.51) numerically we cut off the sum at some finite order, which we choose to be
k = 6. We have checked that the impact of including the k = 6 terms is already of the order of
10~° with respect to the Born matrix element on the level of single phase-space points.

Integration over the scale

We have seen that, if the running of the gauge couplings is neglected, the anomalous dimension
is a linear function of log p and thus easy to integrate, see (3.117). This formula is used if not
stated otherwise. In some cases, the one-loop running of the EW gauge couplings is also be
taken into account, in which case the integration is implemented via (3.121).

5.2.5. Low-scale corrections

The low-scale corrections are obtained from the one-loop operator matrix elements in SCETgw .
The respective Feynman graphs are of the type depicted in Fig. 3.3 with non-zero W-, Z-, Higgs-
boson and top-quark masses. The regularisation techniques required for their calculation are
described in Refs. [45,46] and also in Sec. 3.3.3 of this work. The W-boson exchange graphs
induce mixing between the operators, even though we are going to argue that at one-loop level
the non-trivial matrix structure can be avoided.

In a given operator basis we define the one-loop matrix structure according to (3.123):

)

(of*r) = D} (01°). (5.52)

with D) being composed of one-particle (“collinear”) and two-particle (“soft”) contributions.
In analogy to the collinear and soft anomalous dimension we define the collinear and soft low-
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scale corrections D¢ and Dg, respectively:

DY () ZDsz)lJrDs,

2 2
_ Z Z 1 a H Z Z

(i) La==%

I n
aleaJQJ <—€IR + log (Ml )) l] log <—77ij

IR

- io) (5.53)

with @; and I,L»Z being the charges and Z-boson coupling of particle 7, respectively. To obtain a
maximally simple form for the low-scale corrections, we observe that, if the W and Z mass were
equal, setting u; and urr to their mass would remove all two-particle corrections. Although this
is not possible, we can choose

pir = i = M. (5.54)

With this choice the logarithms in (3.125) are removed and the only remaining logarithms in
the Z-boson contributions of the D¢ ; are suppressed by a factor of logc2 ~ 0.25, see (3.124).
Besides this, the scale choice (5.54) has the advantage that the soft matching has no non-trivial
matrix structure, as this again arises only because of the W-boson contributions in (5.53). The
one-loop soft matching Dyg is then only related to Z-boson exchange and becomes a unit matrix:

Ds = Dgl = Zlog ) 0il? 0,17 log (—mj ni g io) 1 (5.55)

The functions D¢ ; can be computed once for all SM particles, and the two-particle contributions
can be constructed for each process in a similar way as the soft anomalous dimension.

Eventually the low-scale corrections (3.123) are implemented as

M = M+ DgiM+ DsM (5.56)

on the level of the matrix element in (5.14).

Field renormalisation and radiative corrections to the GBET

We already mentioned that the low-scale corrections contain also field-renormalisation contribu-
tions. For fermions, transverse gauge bosons, and the Higgs boson this simply means that the
corresponding field-renormalisation constant 67;/2 is added to the loop contributions:

1
D¢

=262
b 2 |

loop
pov=m T Pci - (5.57)
In the case of longitudinal gauge bosons, the dZ; contribution is not present since the fields
of the unphysical Goldstone bosons are not renormalised in our convention. Instead, one has
to account for the fact that the GBET, i.e. the relations (3.97), get perturbative corrections.
Therefore, the collinear matching for longitudinal gauge bosons contains the radiative correction
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factors [see Eq. (3.97)]

SVW(ME)  SWe(ME) My 1 1
Dow, = [— e - =+ +5ZW] +Dawys
My M Mw 2 HUV=[1 o
YZZ(M2)  XEX(M2)  §My; 1
DC,ZL = |: L]\EQ Z) +1 ]\2 Z) -+ MZ + 25ZZ2:| + Dlé)%pL. (558)
Z Z Z BUV=H1

Sample results

As an example we give the results for D¢ for left-handed up quarks and leptons, which would
be necessary to calculate the process (5.16) [48]:

u, & 7 \2 1 2
DCL — E <(IUL) Dy + QS%VDW—FQHDW) ,

« 2 1
Dt =2 () Do+ 5w+ @20, (559)
w

2 _ 2 M2 9
W)z p 1. oMwiz 3 w/z 7 9
D = 2log log—— — =1 — —log - — 4 -,
W ut w2 pieooo2 T o 2 4
e ce (3 1 p MR p 1o opfp 3. pig
Dy=—-————(=—=log—— 2log —t log —— — —log” —* — — log —* 5.60
~ -2 - <2 B 0) R) + 2 log 12 og 9 og /1412 9 Y 12 ) ( )
which occur for all fermion species. Note that the normalisation factor
c: =T'(1+4¢)(4n)s, (5.61)

which is absorbed into the standard divergence following the conventions of Refs. [57,128] leads
to differences in the 72-terms, which is why in Ref. [48] the term —72/2 in Dyy /7 is replaced by
—572/12. This corresponds to the replacement

ce —> = e B (4m)°, (5.62)

with g denoting the Euler-Mascheroni constant.®
For each external up quark and electron the matrix element picks up a factor of DéL / DeCL
respectively. With the choice (5.54) the two-particle contributions yield

[0
Ds = _log 2 ((IE)? + (IE)V)Lg + 212 T2 (L — Ly)) 1, (5.63)

er-uL

such that the total low-scale corrections for this process read

SM = (21)5 2D+ % log 2 ((IZ)2 + (I%)2) Ly + 2124 1% (L, — Lu)) M, (5.64)

eL - uL

6 Actually, at no place in Ref. [48] the convention (5.62) is explicitly formulated. In the original paper, Ref. [44],
the 4m-contributions are dropped between (32) and (36), the yg-contributions between (36) and (37). In a
similar calculation in Ref. [46], the convention (5.62) is explicitly mentioned after eq. (11).
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with L,/ /,, defined in (5.49).

5.2.6. Mixing at the low scale

In the operator basis we employ, there is one-to-one correspondence of fields in the physical basis
at the low scale and fields in the symmetric basis at the high scale for all fermions and also for
the W bosons. For processes with external photons, Z bosons, or Higgs bosons this not true.
A mixing transformation has to be introduced, which we discuss in this section.

v/ Z-mixing

If we want to compute a process involving a photon or Z boson, the anomalous dimension and
high-scale matching are conveniently expressed in terms of processes involving W? and B bosons.
For these processes all aforementioned steps can be applied using the formulae in the previous
sections. However, the low-scale contributions D have to be calculated for mass eigenstates.
One has to apply a forth-and-back transformation:

e Before (5.14) can be applied, a matrix element associated with external photons or Z
bosons has to be decomposed into subamplitudes containing the SU(2) colour eigenstates
W3/B.

e The anomalous dimension, the running, and the high-scale matching are calculated in this
basis. Each subamplitude obtains its own correction factor, which depends only on the
colour.

e Finally, the subamplitudes are transformed back into mass eigenstates and the low-scale
corrections are calculated. They depend both on the colour and the mass eigenstate.

Repeatedly applying the transformation

(2= (& o) () (569

one obtains for a matrix element involving n. photons and nyz Z bosons

MM = Z (=S )W B MBIW — Z (=)W B CTBIW (1) (O"BTW)

np+nw=ny np+nw=ny
Mz= 3T gmemw e = N e Gt () (OPETWY (5.66)
np+nwy =nyg nptnw=nz

respectively. Each contribution M™B"™W can now be treated completely separately. In particular,
there is no cross talk between the different M"™8"W due to the soft anomalous dimension and
soft matching, the respective matrices are block diagonal.

If both photons and and Z bosons are present, the above transformations are applied succes-
sively, leading to

M ) @ (@)

M=y D ()" A sif el Mot g g i (5.67)

ngy—&-ng):nw ng‘%)—ﬁ-ng):nz
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The one-particle low-scale SCETgw corrections depend both on the SU(2) colour, which is
determined by the W3/B-field in the operator, and on the external mass, which is determined
by the external momentum [48]. This leads to the following expression for the one-particle
low-scale corrections associated with the photons and Z bosons:

(v)

5Mn$)ng>ng)n$) _ (ngj[z/)Dg/:;_)Z + ng}’&)Dg/?’—w + n(Bz)D(B;—)Z + n(BEY)D(B;—w> MW )

W0 @
(5.68)

with the various D¢ factors collected in App. B.3.

The formula for the two-particle contributions in (5.53) can be applied in a straightforward
manner on each subamplitude. Of course only the WW3-fields in each operator get transformed.
Their SU(2) partners are the W=, therefore the corrections are written in terms of scattering
amplitudes involving external W bosons.

Note that the above strategy is different from Ref. [19], where the mixing is taken into account
by means of non-diagonal Casimir operators for the photon and the Z boson. While the two
strategies are of course equivalent at any fixed order in perturbation theory, the resummation
formula (5.14) can much easier be applied in the symmetric base because the collinear anomalous
dimension yc(p) is a block of unit matrices and commutes with itself for different values of pu:

Yyo(u) = : : : (5.69)
0 e e ()l

Here n denotes the number of processes in the symmetric basis. The exponentiation of the
double logarithms can thus be performed for each subprocess individually.

Z /Higgs-mixing

The same strategy is applied for processes involving Higgs bosons or longitudinal Z-boson modes.
The latter are represented by the neutral would-be Goldstone boson , which is the imaginary
part of the lower component field of the Higgs doublet, ¢o. The ¢9 is an I3 and hypercharge
eigenstate, and therefore the natural choice for the construction of operators in the SySM. The

transformation law reads
1 1
<H> - ( va ﬂ) (¢i>. (5.70)
X 5B 2 0

Thus, a matrix element with ng Higgs bosons and n, longitudinally polarised Z bosons has the
hypercharge-eigenstate decomposition

MY =

Sox (L)L) () () e
V2 V2 V2 V2

H H
nfm )-‘r?’l;; ):nH nf;;) -I—n%) =Ny

(5.71)

7



Chapter 5. Implementation of SCETgw into a Monte Carlo event generator

The situation is simplified due to the fact that ¢2 and ¢35 do not receive different low-scale
corrections. Thus each subamplitude receives the correction

(H), (H) (x), (x) (H), (H) (x), (x)
n N, « M, N n N, « M, N
SM P2 Te5 s T2 — (nHD?J Hy nng ZL) M P2 63 es o2 (5.72)

Coupling renormalisation constants

The last missing contribution needed to match the SCETgw matrix element against the one in
the full theory is the contribution associated with the coupling-constant renormalisation. For
the renormalisation of the coupling constants as well as the weak mixing angle we adopt the
on-shell scheme by default. This is in contrast to the approach in Refs. [45,47], in which a
scheme with a running electromagnetic coupling is employed. The pros and cons are:

e The logarithmic corrections associated with the running are not resummed if the on-shell
scheme is used. Strictly speaking, an RGE-improved result beyond LL accuracy is not
possible in the on-shell scheme.

e Within the on-shell scheme the Gg input scheme can be employed in order to use the
decay constant of the muon as an input value. This is one of the most precisely measured
quantities in particle physics.

It is obvious that at future colliders one is going to define an input scheme, which avoids large
logarithms. Although such schemes are already under consideration (see e.g. Refs. [200,201]),
we stick to the on-shell scheme if not stated otherwise. This implies that we use the form (3.117)
for the integrated anomalous dimension. The logarithmically enhanced corrections are included
perturbatively in this case. Because the matching is calculated in the SySM, we introduce
renormalisation constants associated with the U(1) and SU(2) coupling constants. They can be
related to the usual SM renormalisation constants in an elementary way,

5 se &
=& L fm_de dew
Cw a1 e Cw
5 se 8
=2 o 22_0¢ 0w (5.73)
Sw g2 e Sw

with dsy, and dcy, being the on-shell renormalisation constants associated with the sine and
cosine of the weak mixing angle. In the following we divide the calculation into two separate
contributions: The logarithmically enhanced corrections and the finite remainder. The coeffi-
cients for the logarithms are related to the UV poles and can therefore be obtained from the
RGE. They arise because the UV scale identified with py is much larger than the EW scale.
After the logarithmic part is split off, the finite part is simply obtained by setting puyy = g in
the analytic expressions for the counterterms.

For some distributions we do study the influence of the running coupling, in which case the
logarithmic part of dpr has to be set to zero. In turn we switch the integrated anomalous
dimension to the form (3.121).

Logarithmic part

The coefficients of the logarithmically enhanced corrections can be determined from the (-
function coefficients in Eq. (3.120) which are calculated from the self energies of the associated
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gauge bosons according to

1 NeY?2
fog = —3 > £,

3 4
80:¢1/27f1i/2,f1’{
11 1
,80,2 — ECA - § Z %, (574)
<p:¢7fL

with @ denoting the Higgs doublet with components ¢!/2, fi, all left-handed doublets with
components fﬁ/ 2, and the fr the right-handed singlets. The 7 factors read ne = 1 and ny =
Nfr = 2. Summation over the quark colours is implied.

Taking the renormalisation of the coupling constant and the weak mixing angle into account in
a consistent way requires the decomposition of any SySM amplitude according to their respective
ni _no

power in the couplings. Using a; = g2/(47), any subamplitude M, ,,, proportional to g g5
thus receives logarithmic corrections

2
log __ <lo . a1 ,U(1) Q2 ,SU(2) M
M = 5% Muyny = — (nlﬂﬁo + ma ) log NTQM,W (5.75)

from the respective counterterm contributions. Both the finite part of the field-renormalisation
constants (5.57) and the radiative corrections to the GBET (5.58) are calculated using the
one-loop library COLLIER [128].

Finite part

In addition, there are finite remainders

Mpin,- (5.76)

HUV=H1

fi fi de 5Cw (SSW
6M"r11”2 = 51)%&7”1”2‘/\4”1”2 = ((nl +ng) — —np] — —ng—
e CW SW

These as well as the charge renormalisation constant de have to be calculated in the broken phase
of the SM. Finally, the contribution dpgr in (5.14) is obtained as the sum of the logarithmically
enhanced and the finite corrections. For processes involving the top-quark Yukawa coupling or
the quartic Higgs coupling at tree level, the respective coupling constants

= 2 _ 93Mj
t — ) -
V2Mw 2M3,

(5.77)

have to be treated analogously. The respective g-functions are somewhat more involved because
several different contributions have to be considered when renormalising the respective vertex.
The one-loop results read [202]

el o _tTar 9az 9 gt
g I 92,9 1247 447 ' 21672

+0(g}) (5.78)
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for the top-quark Yukawa coupling and [203]

A7 16 8 g1
+ O(¢9) (5.79)

1 /3 3 9 3 3 9 3
Br(g1, 92, 9, A) = — <4)\2 + 593)\ — 3¢+ —g5 + =9i95 + ng - g)\gg - )\92>

for the quartic scalar coupling. In analogy to (5.76) the respective finite contributions read

My, (5.80)

HUV=H1

de % 5MW 53w
M My Sw

5Mnt = Ny < +
e

for the case of Yukawa coupling and

oc yomm OFw. 9w € O M 5.81
e + my My Sw + 28w My MA A (5-81)

((56 dmyg My sy e ot )
KUV =H1

in case of the Higgs self-interaction. However, we stress that both these and the Yukawa-coupling
parts are not yet implemented in the code.

Decay corrections

So far, we have discussed the contributions to the production process, that are treated with
SCETgw. The corrections to the full processes require also the NLO corrections to the decay of
the bosons. They do not contain large logarithms, but have to be evaluated using the full mass
dependence (at least as far as My /Z/H/t are concerned). To this end we use a second instance of
REcoLAl that works within the SM. It is, however, not required to evaluate the decay processes
at NLO for every phase-space point.

For a given set of momenta {p} in the full (production and decay) process, the corrections to
the squared matrix element read (remember that interference contributions are neglected, and
we suppress the non-factorisable corrections for simplicity here)

(5’./\/1)\({}?})‘2 = 5‘M)\,Pr0d({p})|2‘MA,LO,DEC({p})‘2 + ‘M)\,LO,pI‘Od({p})‘zé‘M)\,DEC({p})‘Z'

(5.82)
In the following, we argue that | My pec({p})|? can be constructed using {p}-independent build-
ing blocks, which have to be evaluated at NLO and some {p}-dependent tree-level quantities.
Writing the square of the decay matrix element of a boson of spin A into two massless fermions
with helicities s, s" as

M52 = Mol (1 + 2055 + O(a?), (5.83)
we can use the following observations:

e The correction factor 5;9\5, — §*%" does not depend on A because the polarisation definitions
are ambiguous in the rest frame.

e Moreover, 6% does not depend on momenta and can be calculated in the rest frame of
the boson once and for all.
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While the first point is obvious, the second one requires justification. We demonstrate it by
means of the Z-boson decay. Using the chiral projection operators (5.21), we can write the LO
matrix element for the decay of a Z boson with momentum k£ into two massless left-handed (—)
or right-handed (+) fermions with momenta p and ¢ as

MG = a(p)wsf (k) (g7 w- + gf wi)wsv(q), (5.84)

with the left-handed and right-handed form factors 9r and g;{. At one-loop g;f and 9r receive

different correction factors 5g;f and 59;. Using w4 ¢ = ¢w, we obtain for the ratio between the
one-loop and tree-level matrix element:

_ Miﬁ _ ’(p);é(k)wi(ég;w_ +5g}rw+)wiv(q) _ (Sg]jcE
Mg ulp)f(k)w(grw- +gfwwev(e) g5

(5.85)

The last expression depends only on masses but not on any angles and can be calculated only once
for each external spin configuration ss’ = +F. For massless fermions the other configurations
do not contribute.

Using this, the 6| M pec({p})|* in (5.82) are obtained as

Zss’ 2588/‘M§\8LO({p})|2
oM ec 2= —
M pec({P})] S Mo () P

and thus depend on the external momenta only via tree-level matrix elements. Therefore, we
calculate 0% before starting the actual integration and simply add the second term in (5.82)
with 6| M pec({p})|* obtained as above for each phase-space point.

(5.86)

On the one hand this saves computation time, there is, however, an even more important
technical aspect: RECOLA1, which calculates the decay, and RECOLA2, which calculates the
production matrix elements, share the same entity of the loop-integral library CoLLIER. COL-
LIER on the other hand has to be initialised every time it is used by a new user. While it is
reasonable to initialise COLLIER multiple times during before the actual phase-space integration,
re-initialising it for every new momentum configuration is of course senseless.

5.3. Logarithm counting

In this section we describe the counting of large logarithms within SCET and fixed-order compu-
tations and specify which sets of terms we include in our calculations. It is important to be aware
of the rather disparate conventions in the SCET and the fixed-order literature. An extensive
discussion on different log-counting schemes in QCD and SCET can be found in Ref. [204].
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Which terms are present?

The occurring contributions in any SM scattering amplitude computed in fixed-order perturba-
tion theory can schematically be arranged as [45]

1
al?  al o
M= | LY a3 o?L? o’L o? (5.87)
L% adL?
with
L=1 > (5.88)
=log|—|. .
g M\%V

The notation in (5.87) implies that all entries are multiplied with some coefficients and added
up. The first column of (5.87) is in fixed-order computations commonly referred to as the
leading-logarithmic (LLpo), the second one as the next-to-leading logarithmic (NLLpg), and
the nth column as the N(”fl)LLFo contribution. Note further that within electroweak precision
physics, using the notion of, for instance, NNLL does not necessarily imply that all terms in
the second column in (5.87) are calculated. Instead the “two-loop corrections in NNLL” [21,51]
refers specifically to the o?L? contribution. This is worth noting because both in the QCD and
SCET literature the term NNLL usually implies that something is resummed.

When the SCETgw approach is applied, the scattering amplitude is obtained as an exponen-
tial. Because it can completely be decomposed into sum-over-pair contributions, the expansion
for its logarithm is the same as the result for the Sudakov form factor obtained in Refs. [205-207]:

al? al «
a2l a2l? a2l o2
logM = | 314 4313 . , (5.89)

with the first column(s) again being defined as the LLgcgr, NLLScET, -\ N DL Lscpr con-
tribution. These two log-counting schemes differ by subleading contributions: Exponentiating
the first column of (5.89) does not only reproduce the first column of (5.87) but additional
subleading terms that are related to the running coupling constants «y, as. This can be seen
from the fact that without the running couplings the anomalous dimension depends linearly on
log 1 to all orders in a. After integrating over log it one is thus left with terms up to O(L?) and
the only term in the first column of (5.89) is the alL2-term, see (3.117). All terms below (a2L3,
a3L4, ...) are therefore related to the running couplings.

Furthermore, one should note that in order to fix precisely which terms to include at which
order in the calculation, one needs to know the hierarchy between o and L. In Ref. [45] this
is sketched for two cases: First, the case of aL = O(1) (LL regime) has been considered. This
would require a full NLLgcgT resummation including all running effects in order to have a useful
perturbation series.
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The second case is al? = O(1) (LL2 regime), which naively corresponds to
V5 ~ 27 TeV. (5.90)

However, one has to have in mind that finite prefactors in front of L can push this limit down
to energy scales in the range of a few TeV. It is therefore to be expected that e.g. the CLIC
collider accesses this regime. When al? = O(1), the terms in (5.87) and (5.89) are of the orders
of magnitude

1/2

1 1 « Q
1 o2 o al’2 o Q32 o2

M= |1 a2 o ad? a? , log M = a2 o?? a? P o . (5.91)
1 a

respectively. Here, the first column of M has to be resummed, while terms of O(a!/?), O(«a)
have to be included at least perturbatively. A resummation of the al/2-terms may also be
necessary to achieve high accuracy. Note also that these numbers are merely a vague order of
magnitude (the actual corrections depend heavily on the finite prefactors such as sy, 47, the
Casimir operators and more).

Which terms do we include?

To investigate the impact of the respective grades of resummation we would like to define a LL
resummation scheme, which includes the single-logarithmic terms (O(a!'/?) in the LL2 regime)
perturbatively. This is ambiguous because it depends on whether these terms are included via
(5.87) or (5.89). To make this difference more explicit, consider the exponentiated form of (5.89)
without running coupling,

M = exp(al® + alL + O(a?)) = exp(al?) exp(al + a 4+ O(a?)). (5.92)

Consistently expanding the whole expression in « reproduces the terms in (5.87) order by order.
If, however, only the leading term shall be resummed, there are two possibilities to add the alL
and « terms:

e Expand the second factor on the r.h.s. above to O(«): This results in

MnNLLpo = exp(al?)(1 + al + a). (5.93)

e Set the second exponential to 1 and add the al and « terms directly from (5.87):

Mup, = exp(al?) + al + o (5.94)

The difference between the two formulae is subleading [of O(a?L?)], but may still be sizeable.
While (5.93) can be expected to describe the data better, (5.94) is directly related to the NLO
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fixed-order result via exponentiating the respective one-loop leading logarithms.” This is not
always as trivial as it looks like: For processes with Z bosons or photons the one-loop leading
logarithmic corrections induce mixing of different processes due to the non-diagonal Casimir
operators [19]. Since (5.93) coincides with the first and second column of (5.87), we refer to it
as NLLpg.

We therefore investigate the following combinations of contributions:

LL+NLO = exp(al?) + al + a,
LL+NLO4running = exp(fEV™M(ay, as)) + al + a,
NLLpo+NLO = exp(al?)(1 + al) + a,
NLL+NLO = exp(al? + al) + a, (5.95)

with fEWSM(aq, as) being defined in (3.121). The supplement “+NLO” refers to the one-loop
order of matching. In the last line we also neglected the a?L?-term associated with the two-
loop anomalous dimension, which is rather involved due to the mixing of the several coupling
constants of the SM. In addition its estimated impact is small (< 1% at /s = 4 TeV [45]).

5.4. Technical setup

In the previous section we described in detail the implementation of all ingredients of the
SCETEw computation. To obtain numerical predictions for collider observables, they have been
integrated in the event generator MOCANLO. MOCANLO is an in-house multichannel MC
integration program that can calculate NLO QCD+EW cross sections on the level of weighted
events to (in principle) arbitrarily complicated SM processes. It features both off-shell and pole-
approximated computations and has been used for the computation of full NLO corrections of
VBS [208-211], ttW production [212], and tZj production [213].

The programs used for the different parts of the computation and their dependencies are
collected in the flowchart Fig. 5.1. LHAPDF is of course only used if protons in the initial-
state are considered. The most delicate issue from the interface point of view is the usage of
COLLIER: It is used for the decay correction by RECOLA1, for the one-loop high-scale matching
by RECOLA2, and finally explicitly by MOCANLO to evaluate the loop-integrals in the low-
scale matching matrix. It has to be assured that the COLLIER parameters such as the scale
variables pyv g are set consistently, otherwise there are inconsistent numbers without any
warning (COLLIER is not “thread-safe” in the sense that it is not designed to be run by more
than one instance at a time.).

One should thus conclude that this approach requires some care, especially regarding the
consistent use of COLLIER, but the given resources are exploited in an efficient manner.

7 Another source of deviation between fixed order and LL+NLO in our implementation are the NLO contributions
from the transformed processes in the factorisation formula. This effect is, however, of O(a’L) compared to
O(a?L*) for the double-log resummation.
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Figure 5.1.: Used software and dependencies in the setup
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6. Results for the FCC-hh setup

6.1. Numerical input and setup

We use the SM input parameters

M = 80.385GeV, Q¥ = 2.085 GeV,
MPS = 91.1876 GeV, 95 = 2.4952 GeV,
My = 125GeV, I'g = 4.07-1073 GeV,
my = 173.21 GeV, Gp = 1.166138 - 1075 GeV 2, (6.1)

Note that the pole masses and widths, which are used as input parameters within the complex-
mass scheme, are related to the on-shell quantities via

MO, MOS. 10S
Mgy = MOE V;/Z) — Wz = MOSW/S W/;os - (62)
(M85,) "+ (1952) (M85,) "+ (1%52)

see (4.53). As we use the Fermi constant as an input parameter, the EW coupling constant « is
a derived quantity and is expressed in terms of the input as follows:

_ V2GrM, <1 B MVQV> '

o
2
My

(6.3)

™

For all diboson production processes we consider two different collider setups:
e FCC-hh setup: production in pp collisions with a centre-of-mass energy of 100 TeV.
e CLIC setup: production from an ete™ pair with a centre-of-mass energy of 3 TeV.

For all calculations in the FCC-hh setup, we use the NNPDF3.1QED PDF set [214] within
the LHAPDF framework [215]. Within this PDF set the photon PDF is computed from the
structure functions [216] obtained from deep-inelastic scattering data, according to the strategy
presented in Ref. [217]. The QCD-related input parameters, i.e. the strong coupling constant,
the number of flavours, and the factorisation scale read

as(Mz) =0.118,  Ny=5,  pp = ME™. (6.4)

These values enter only in the PDFs. Throughout all calculations we neglect flavour-mixing
effects, the CKM matrix is therefore set to unity. This allows us to directly sum production
channels involving quarks of different generations via PDF merging. In the following we abbre-
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viate the contributions from several partonic channels as
dd + s5 + bb — dd, ud + ¢s — ud, uu + ¢ — ul. (6.5)

Hence, when a dd contributions is mentioned, we actually mean the sum of all down-type quark
channels.

Event selection
We consider processes of the form
pp = VV' — 44, (6.6)
with V, V/ € {W*,Z}. We define the fiducial phase space via the event-selection cuts
pre > 20GeV, lye| < 2.5, Miny,eer > 10 GeV, (6.7)

with ¢, ¢’ denoting all charged leptons. Note that no pr miss cut is applied in processes involving
W bosons. In addition we imply the condition that the p*/e* pairs are located around the Z
resonance:

81GeV < M,+,- <101 GeV, 81GeV < M+~ < 101 GeV, (6.8)
which roughly corresponds to

My — 5Ty, é MM_#+ é My + 51z, My — 5Ty, é Me+e— é My, + 5Ty, (6.9)

The Z resonance is thus contained in the fiducial phase space. This cut distinguishes the Z
production signal from the respective photon production process with the identical final state.
A tighter cut further improves the signal-to-background ratio, but on the other hand leads to
less statistics.

Photons are recombined with leptons if

ARpy =/ — 1) + (Ady)? < 0.1, (6.10)

where A¢y, denotes the azimuthal distance of the lepton and the photon and y,, y, their
rapidities.
For the SCETEgw calculations, the condition

s, |t], lu| > M, (6.11)
with s, ¢, u being the usual Mandelstam variables in the partonic production process
qq/vy = VV’, (6.12)

is enforced by means of an additional technical cut: If SCETgw is applied, the event is discarded
if (6.11) is not fulfilled. This effectively restricts the fiducial phase space, we define the high-
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energy phase space (HEPS) to be:

dlueps = dIL, gy juj>mrg, - (6.13)

All differential and integrated quantities calculated within SCETgw are defined on the HEPS,
while results evaluated in the Standard Model are computed on the full phase space.

Assumptions on the experimental setup

In order to estimate the impact of our results on actual expected experimental outcomes, we
assume an integrated luminosity of [15]

POCh — 90 a1 (6.14)

int

for the FCC-hh. Hence the number of expected events in a certain phase-space region is given
by

Nev = ﬁint - 0. (615)

For instance, requiring a number of Ne, = 100 events in a bin implies a minimal cross section
of 0 = 5ab in the FCC-hh setup.

6.2. Processes under consideration

In this section we summarize some properties of the diboson processes under investigation. On
this occasion we briefly discuss the status of their experimental and theoretical investigation.
A more exhaustive overview over the progress of especially the calculation of EW radiative
corrections can be found in Ref. [182].

6.2.1. WTW~ production from fermions

W-boson pair production in pp collisions is predominantly mediated through partonic subpro-
cesses of the type
qq = WW~ = uty,vee” (6.16)

and has been studied extensively in the past both in theory and experiment. The closely related
leptonic production process,

ete” 5> WW~ — yfy,mee, (6.17)

was the first process used to directly test the non-Abelian couplings of the EW gauge bosons at
LEP [79,81,82,218]. Also a direct detection of longitudinally polarised W bosons was achieved
[80]. Later the production cross section for (6.16) was measured to higher precision at the
LHC [86,92,94,219).

Decreasing experimental errors motivated the computation of higher-order corrections includ-
ing both NNLO QCD and NLO EW contributions in the on-shell approximation [104,220,221]
as well as including off-shell effects [115,123] and matching to parton showers [127]. The com-
bination of NNLO QCD and NLO EW corrections has been presented in Ref. [126].

88



Chapter 6. Results for the FCC-hh setup

The high-energy behaviour of the processes (6.16) and (6.17) has e.g. been investigated in
Refs. [19,222,223] pointing out the large logarithmic corrections. A resummation of those by
means of IR evolution equations has been presented in Refs. [21,51].

6.2.2. WTW™ production from photons

Besides quarks and gluons also photons have a probability to be found in the proton and thus
have to be included as possible initial-state particles. We thus consider the process

vy = WIW™ = uty,iee”. (6.18)

While the first QCD corrections to this partonic process arise as two-loop corrections to the pho-
ton self energy, NLO EW corrections to vy — WHTW™ have first been calculated in Ref. [106].
Predictions for diboson production at a hypothetical photon—photon collider including EW ra-
diative corrections have been presented in Refs. [110,111], and for the LHC in Refs. [113,119,224].
Because of its sensitivity to the quartic EW gauge couplings, it has also been studied intensively
in the ATLAS [84,89] and CMS experiments [91,92,96]. These studies consider mainly elastic
pp scattering.

Often the photonic production channel is treated as a higher-order correction, meaning that
its tree-level value is treated as part of the NLO EW contributions to the pp cross section (see
for instance Ref. [115]) because of the suppression due to the small photon PDFs. In the study of
WTW™ production the y-induced channel has occasionally been promoted to an unsuppressed
partonic channel though, see for instance Ref. [119]. Throughout this work we treat the photon
channel like a different process. This is motivated by several facts:

e The Sudakov corrections are particularly large for this process since it involves four gauge
bosons with numerically larger EW Casimir invariants.

e [t is a VBS process: Since the leading EW logarithms depend only on the external par-
ticles, results obtained for vy — W+W™ might hint at what is to be expected for more
complicated scattering processes, such as WTWT scattering. In addition, this process
has not yet been considered in the context of SCETgw or IR evolution. We point out
that especially the high-scale matching is much more involved than in the other diboson
processes, making it particularly well-suited for an automated computation.

e In elastic pp scattering the process can actually be distinguished experimentally (classified
as observed in 2020, see Ref. [89]) from the quark-induced channels: if the protons remain
intact, the production of a colour-singlet final state such as two EW gauge bosons can
only be mediated by colour-singlet exchange, the quark-induced production is therefore
prohibited by colour conservation.

e The cross section of the production process vy — WTW™ is constant in the high-energy
limit, in contrast to the quark-initiated processes, which drop like 1/s. Therefore its
relevance can be expected to grow for higher energies.

In Fig. 6.1 we show the differential distributions in the four-lepton invariant mass and the e~y
invariant mass for the vy-induced channel together with the sum of the gg-induced ones.

The photon-induced process accounts for roughly one percent of the total hadronic cross
section, which is dominated by the first bin. Even though the influence increases to 5-10% in
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Figure 6.1.: Differential distributions in the four-lepton invariant mass and the e~y invariant
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the other bins, a strong enhancement in the high-energy tail does not show up. On the one hand
this is an effect of the phase-space cuts: Because the photon-induced production is dominated
by production along the beam axis (for a more detailed discussion of this point see Sec. 6.3.4), it
is stronger affected by lepton-pt cuts. On the other hand, in the high-energy limit non-doubly-
resonant production channels can become important, which have a more complicated high-energy
behaviour: In Ref. [216] the yy-induced contributions to WTW™ have been found to account
for 35% relative to the quark-induced channels at a WW invariant mass of ~ 3 TeV at the LHC.
But this has been calculated in the approximation of stable W bosons. This assumption is not
quite valid for very high scattering energies as we see in Sec. 6.3.1.

6.2.3. W'Z production

Moreover we consider the process'

pp = WTZ — veet . (6.19)
The only partonic subprocesses have a ¢¢’ pair in the initial state, predominantly ud. Despite its
smaller cross section with respect to the other diboson processes, precise experimental analyses
(a total error on the cross section of the order of a few percent) have been performed both
with [88,100] and without polarisation effects [85,90,95,99].

On the theory side the radiative corrections of NLO QCD [103,225] and in the following NNLO
QCD [124] and NLO EW corrections [114,118] have been calculated over the last decades.

!The respective “conjugate” W~ Z-production process is not considered here. As its characteristics are the same,
the two processes can be viewed as the same processes and for instance be summed up in an experimental
analysis in order to obtain more statistics.
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6.2.4. ZZ production

77 production at the LHC has been investigated within the ATLAS and CMS experiments
[83,87,93,97], taking both the decay channel with four charged leptons and the 2¢2v-decay
channel into account. Throughout this work we focus on the process with four charged leptons
in the final state:

pp = ZZ —eTe ptu. (6.20)

The NLO QCD corrections have been known for a long time [101,102,105,226] and have been
extended to NNLO accuracy during the last decade [120, 121, 125]. EW corrections in pole
approximation have been calculated in Refs. [109, 114] and with off-shell effects in Refs. [116,
117,126]. In Ref. [78] a matching of full EW corrections against parton-shower simulations has
been published, which also includes a resummation of logarithmically enhanced EW corrections.
One should, however, note that the naive exponentiation prescription

MBorn — MBom X (GXP (651\31\/) - 1) (621)

with 58}?1\31\’ denoting the relative virtual correction containing the Sudakov logarithms, which is
used in Ref. [78], is valid only up to LL accuracy. Strictly speaking it requires the external states
to be SU(2) eigenstates. Both the non-Abelian structure of the angular-dependent logarithms
and the effects due to v/Z mixing which arise already at LL, are only approximatively taken
into account if (6.21) is applied.

It should, however, be pointed out that the error due to (6.21) is not expected to have a large
impact on the presented phenomenological results.?

6.3. Validation

Before presenting the actual SCETgw results, we show some cross-checks related to the various
different approximations and assumptions used within our framework, in particular:

e the DPA,

e the incoherent polarisation sum and the missing contributions involving mixed trans-
verse/longitudinal polarisation configurations,

e the assumption that the bulk part of the EW corrections arises in the virtual corrections,
and

e the validity of the SCETgw assumption as well as the restriction of the SCETgw results
to the HEPS as defined in eq. (6.13).

The following four subsections deal with one of the above bullet points each.

Because SCETgw requires all invariants to be much larger than the EW scale, we investigate
especially the behaviour of the respective assumptions in regions of high four-lepton invari-
ant masses, lepton transverse momenta, and dilepton invariant masses for leptons arising from
different decays.

2In addition it is worth noting that there are other older publications containing wrong (or at least unclear)
exponentiation prescriptions with respect to the angular and parameter renormalisation part (eq. (15) in
Ref. [227], eq. (194) in Ref. [228]).
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6.3.1. Fiducial cross sections and DPA

The application of SCET gy relies on the factorization of a complicated process into a production
and a decay part. The first validation step is thus to justify the application of the DPA. To this
end, we calculate all considered processes both within the DPA and fully off shell. The quality
of the approximation is estimated using the quantity

doPPA/dO
A =1—- ——. 6.22
DPA do™l/do (6.22)
If the DPA works properly, Appa is of the order of I'vy/z/Myy /7, i.e. a few percent:
I'w Iy
— = 2. — = 2.7%. 2
My 6%, M, ™% (6.23)

When the virtual corrections are computed, the respective relative corrections are defined as

irt, DPA /full
st _ do” Ml 40
DPA /full dUborn,DPA/full/dO ’

(6.24)

Of course virtual corrections alone are not well-defined due to IR singularities. We define them
via their IR-finite part:

virt virt
doVitt = ggvir ‘1/512R:1/51R=0, pne My * (625)
The difference of the two quantities in (6.24),
Ofull = ODPA (6.26)

is the error if virtual corrections computed in DPA are integrated into results with all other
ingredients being calculated off shell. This happens by the replacement

do.virt,full do_virt,DPA daborn, full daborn, DPA N —1
— X . (6.27)
doO doO doO do
We thus calculate and plot (6.22) and (6.26) for each process the following.
ZZ production
For ZZ production we obtain the fiducial cross sections
o = 48.285(12) tb, oppa = 47.54(6)fb, Appa = 1.54(8)% (6.28)

in DPA and fully off shell, respectively. All numbers in parentheses are MC-integration errors.
The relative virtual corrections read

Syt = —3.381(7)%, oYL = —3.16(3)%, Syt opnh, = —0.22(3)%. (6.29)

Differential distributions in several kinematic variables are shown in Fig. 6.2. The deviations
Appa and 6}’&%—6}5‘{% show little variation over the distributions: While Appa fluctuates between
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Figure 6.2.: Comparison between DPA and full off-shell calculation for pp — ZZ — eTe putpu:
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the differential cross sections, the middle ones the deviations due to the DPA with
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0% and 3% in all distributions, dyiTf — 6%, erows slightly from —0.2% in the bulk region towards
the high-invariant-mass and high-pr tails. In the particularly interesting tail regions, we find
for oyt — 6YLY values of ~ —1% in the high-M, -+ and the high-pp ,+ tail and ~ —0.5% in the

high-My, tail. The DPA works thus very well for this process, which is partly a result of the
phase-space cuts (6.9).

W™ Z production

For the fiducial cross sections for WTZ production we obtain
of = 102.71(5) fb oppa = 100.5(2) fb, Appa = 2.2(2)%, (6.30)
and the relative virtual corrections
oyt — —1.313(6)%,  ONRy = —1.19(3)%, o — sEE, = —0.12(3)%. (6.31)

The differential results for the DPA comparison in W+Z production are shown in Fig. 6.3.
Compared to the ZZ case, we note a worse agreement of the Born cross sections in the tails:
Appa grows up to 20% in the high-energy and invariant-mass tails. Even stronger deviations can
be found the high-py .+ tail (note that the positron is the decay product of the W-boson!). Here
the DPA cross section is not even close to the full result (Appa > 50%!). This is because this
region is dominated by contributions originating from diagrams depicted in Fig. 6.4: Although
they are not doubly resonant, they are enhanced for high electron pr because the electron
recoils against two or three final-state particles. This mechanism is described in more detail in
Ref. [115]. In the high-antimuon-pr tail, the deviation is not so strongly enhanced, reaching
values of around 10%.

The values for (%ﬁt —5]‘§i§,tA also grow toward higher energies, but are in some cases considerably
smaller: In the high-My, and high-M,- ,+ tails they do not exceed ~ 3% and in the high-pp ,+
tail they are at the subpercent level. These values are in the order of magnitude one may expect
for the accuracy of the DPA. Only in the high-pp - tail, the difference between the virtual
corrections exceeds 20%, rendering the DPA clearly a poor approximation in this region.

WTW~™ production from quarks

For W-boson pair production we obtain the fiducial LO cross sections
ora = 2540(3) fb, oppa = 2487(2) tb, Appa = 2.09(15)%, (6.32)
and the relative corrections
oyt — —0.759(5)%,  ONEy = —0.617(2)%,  OFTF — oYK, = —0.14(6)%. (6.33)

In the high-energy tails we can observe a similar behaviour as in the W'Z case: the diagrams
drawn in the second row of Fig. 6.4 become large in the high-pr, tails in Fig. 6.5. In this
case the effect is even stronger, leading to Appa values of up to 20% in the high M, ,+-tail,
> 30% in the high-My, tail, and even > 60% in the high-pr ¢ tails. In the latter distributions,
5}&{} — 5]‘51{35% grows up to ~ 50%, intimating that in the high-p ,-tail the DPA is not applicable
anymore. Meanwhile, in the high-Myy and high-M,- ,+ tails, the difference of the relative correc-
tion remains below 10%. Including only the virtual corrections in DPA thus yields inaccurate,
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Figure 6.4.: Single-resonant diagrams that spoil the validity of the DPA in W*Z production
(top) and WTW™ production (bottom).

but still somewhat reasonable results. However, the large Appa indicate strong contributions
of non-doubly resonant diagrams.

WHW~ production from photons

For photon-induced W-boson pair production we obtain the Born cross sections
o1 = 27.33(2) b, oppa = 27.200(16) fb, Appa = 0.47(8)%, (6.34)
and the relative corrections
oYM = 6.037(12)%, 0GRy = 5.745(11)%, oyt — oYE, = —0.219(16)%. (6.35)

Differential distributions in the electron pr for the respective photon-induced channel can be
found in Fig. 6.6. In the high-pp .- tail of the distributions, a similar behaviour as in the
quark-induced case can be observed. The deviations are, however, not as strong as in the quark-
induced case, which can be explained by the fact that there are no single-resonant s-channel
topologies for this process. Appa still reaches almost 40%, while §YTf —§YiE, remains below 30%.
In the high-My, tail Appa varies between 10% and 20%. The difference between the relative

corrections in DPA and full off shell is about 1% up to My, ~ 7 TeV.

6.3.2. Polarised leading-order results

In this section we provide some results connected to the polarisation of virtual gauge bosons. As
outlined in the previous sections, we have to calculate the transverse and longitudinally polarised
contribution separately because they obey different matching conditions and their RG running
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is different. As argued in Sec. 4.2.1, we choose the polarisation vectors of the virtual vector
bosons to be defined in the partonic centre-of-mass system.

In Figs. 6.7, 6.8, 6.9, and 6.10 we show several differential distributions for dd + dd —
WIW™ — uT e, ud - WTZ = efe putpu™, ut — ZZ — ete ptp™, and vy - WIW~ —
pwrvuee™. All plots are organised as follows:

e The upper panels contain the polarised differential cross sections.

e The middle panels show the curves for the quantity

dopt 4+ dory,

Ay =1-—
pol DPA ’
dUUU

(6.36)

which estimates the error we make by neglecting the mixed polarisation contributions® as
well as the interference terms. Here and in the following UU denotes the unpolarised cross
section, while T and L denote transversely polarised cross sections. The interference terms
are computed via

ZAX:T,L doywn
doyu

Apt =1 — (6.37)
and are shown in green, while Ay is displayed in red. The contributions of mixed polari-
sation configurations alone are thus obtained from the differences between the red and the
green curves.

e The lower panels show the ratios dyy» = doyy/doyy of a single polarisation configuration
with respect to the unpolarised result. Because the doubly-transverse polarisations often
account for almost 100%, we plot 1 — dpr instead of dpr.

In the muon-rapidity distribution in W W™ production (upper left plot in Fig. 6.7), it can be
seen that Ay is slightly below 20% in the forward and backward region and slightly above 20%
in the central region. The error on the integrated cross section is hence to be estimated in this
order of magnitude. Since Ay is only at the level of few percent, the bulk contribution of Ap
value originates from the mixed polarisations. In the pr and invariant-mass distributions, it can
be seen that these deviations contribute only in the first bins (pr < 500 GeV, M-+ < 750 GeV,
My < 1000 GeV). For larger energy scales the curves for Apg and Ajy coincide, implying that
the interference contributions dominate the error on the polarisation sum. Their magnitude
fluctuates in the range between —0.5% and +1% in all tails.

For the other processes we show distributions in the four-lepton invariant mass and the electron
pr. The influence of the various contributions on the integrated level can be read off from the
values of the curves in the first bins of the pr distributions, as the cross section in the second
bin is already smaller by at least one order of magnitude in all cases.

The picture for WZ production is shown in Fig. 6.8. In the energy-like distributions (P e+
and Myy) it can be seen that the mixed polarisations fall off rapidly towards the tails (note the
different plot ranges between Figs. 6.7, 6.8.)

3The power-suppressed mixed longitudinal /transverse are omitted per construction because the matrix elements
are computed in the SySM, where there are no corresponding Feynman diagrams. In the ZZ case, this holds
also for the double-longitudinal contributions.
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Figure 6.7.: Transversely (T), longitudinally (L) and unpolarised (U) polarised differential
cross sections for dd - WTW~— — v, ee™ in the antimuon rapidity, the electron
pr, the four-lepton invariant mass, and the e~ u™ invariant mass. The quantities
Apol/int are defined in (6.36) and (6.37), respectively. Note that both the difference
between transverse and unpolarised and between TL and LT is not perceptible.
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In the Z7 case (Fig. 6.9), A, amounts to almost 30% of the integrated cross section, but
drops fast and fluctuates at the percent level for My, 2 1TeV pp - 2 500 GeV. From the green
curve and its difference with the red one, it can again be seen that the bulk of the contribution
to the integrated cross section arises from the neglected polarisation states and the fluctuations
in the tails arise mainly from the interference terms. In Fig. 6.10, finally, we show the My,
and prp .- distributions for photon-induced W-boson pair production. On the integrated cross
section, which is again well approximated by the first bin of the p distribution, the interference
contributions account for —1% and the mixed-polarisation contributions for +8%. Again, as
in the previous cases, the difference between the curves decreases rapidly, indicating the power
suppression of the mixed contributions. In both tails of the presented distributions the difference
between the unpolarised and the coherently summed result fluctuates at the level of few percent,
which may thus be deduced as an order of magnitude for the interference contributions.

In the following we also discuss the influence of the interference terms among purely transverse
polarisation states since we also neglect these in the SCETgw calculation for simplicity. In
Figs. 6.11 and 6.12 we present results differential in the antimuon transverse momentum and
the four-lepton invariant mass in two partonic processes, ui — Z1Zt — ete " ptp~ and ud —
W}LZT — etyeut ™, respectively. Note that within these plots Ajy is redefined with respect
to (6.37):

> wvet,— doxy
doTT '

At =1 — (6.38)

In ZZ production (Fig. 6.11), Ay accounts for 3% for moderate energies and also decreases in
the high- M}y tail, reaching subpercent accuracy from My, ~ 1.5 TeV. The ++ and —— configu-
rations are strongly suppressed, while the +— and —+ configurations contribute roughly equally
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in the My, distribution. The antimuon-rapidity distribution shows that the +— configuration
contributes predominantly in the forward direction, while the —+ configuration dominates in
the backward region.

In the WTZ (Fig. 6.12) case, we can see that the contribution of the interference contribution
is about 1.5% in the region of My, < 500GeV, and that it is approximately constant over
the antimuon rapidity. In the high-invariant-mass tail the interference contributions among
the transverse polarisation quickly drop to ~ 0.1%. The role of the individual polarisation
configurations is similar as in the ZZ case. The curves of the +— and —+ configurations
show an asymmetric behaviour owing to the mass differences of the W and Z bosons. In the
My, distribution it can be seen that the —+ configuration contributes to ~ 60% and the —+
configuration to about ~ 40% of the cross section.

All in all, the plots show that the impact of interference among transversely polarised states
on the integrated level is of a similar order of magnitude as the interference of transversely and
longitudinally polarised states: In the ZZ case the contribution to the cross section is about
2.5%, while for WZ it is 1.5%.

We can thus conclude that we can safely neglect all mixed-polarisation and interference con-
tributions in the phase-space regions where we expect SCETgw to work: As expected, the
influence of the mixed polarisation states can safely be neglected in all energy-like tails and the
interference contributions fluctuate at the level of few percent.

As a final remark, we can see from Figs. 6.7, 6.8, 6.9, and 6.10 that the unpolarised results
are dominated by the transverse contributions in the high-energy limit in most cases. While for
W™Z the longitudinal contributions reach a fraction of 5% — 10% of the unpolarised differential
cross section in the high-My, tail, for all other processes their contribution is below 1%. The
longitudinal polarisation states are enhanced in regions of high lepton pr (pr,e 2 200TeV)
leading to a fraction of more than 20% of the unpolarised cross sections for W*Z production.
In the pr o+ case this phase-space region is, however, dominated by single-resonant effects, see
Fig. 6.3.

6.3.3. Real and virtual corrections

The SCETgw method resums only logarithmic corrections of virtual origin. Of course, any
physical observable calculated on NLO has to include both real and virtual contributions. If a
local subtraction scheme is applied, there are also integrated subtraction terms to include, which
in the case of the Catani—Seymour subtraction method are called the integrated dipoles. Here
we review some properties of the fixed-order NLO corrections to the processes we consider. As
usual, we define the relative NLO correction according to

Ew dO’NLO’ EW do.virt 4 do.real 4 do.idip
5 =

doLO _ dULO = 5Virt + 5real + 5idip. (639)

where we have split up the NLO correction into three contributions from the virtual (virt), real,
and integrated dipole (idip) part. Again, the distinction between idip and virtual corrections is
actually not unambiguous since both contain IR poles. The quantities are defined in analogy to
(6.25):

doVrt = do'diP = (gidip . (6.40)

dUVirt
‘1/5%R:1/51R:07 pr=My ’ 1/efp=1/e1r=0, pir=Mw
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Figure 6.13.: Real, virtual, and integrated dipole (idip) NLO EW corrections for pp —
WW— — pwhvuvee™ differential in the four-lepton invariant mass and the an-
timuon pr. Note that the real and idip corrections are normalised by the full
off-shell LO cross section, while the virtual corrections are computed in the DPA.
The definition of §¥W is given in (6.39). To obtain the red curves in the upper
panels the rescaling (6.27) is applied for the virtuals.

To account for the fact that we calculate the virtual corrections in the DPA, the virtual term
in (6.39) is rescaled via (6.27). As a result, the virtual and the relative corrections are in the

following defined via

it _ doVirt: DPA /d(’) sreal/idip _ doreal/idip / 4o

~ dobom,DPA /40’ = doPom il /0 (6.41)

Differential results in the antimuon transverse momentum and the four-lepton invariant mass
are shown Figs. 6.13, 6.14, 6.15, 6.16 for the considered processes.

For all considered processes, the bulk part of the NLO EW corrections appears to originate
from virtual contributions in the high-energy tails of the distributions because of the Sudakov
double logarithms.

The real corrections also grow with increasing energies. However, there is only a partial cancel-
lation against the large Sudakov logarithms in the virtuals. This also holds when observables are
defined such that real-emission contributions from undetected W or Z bosons are included, even
though this leads to additional Sudakov logarithms in the reals [197,229]. This non-cancellation
of large corrections is sometimes referred to as EW Bloch-Nordsieck violation [230,231], a some-
what misleading term, as the Bloch-Nordsieck theorem has only been stated in QED [182,230)].

6.3.4. SCETgw vs. Fixed-Order

The validity of SCETgw results is restricted to the region s, |t],|u| > Mg,. However, we have to
expect large contributions from phase-space regions, where the condition (6.11) is not satisfied:
In the high-energy limit the Born matrix elements for the dominant gq and ¢ production
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Figure 6.15.: Real, virtual, and integrated dipole (idip) NLO EW corrections for pp — ZZ —
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The plots are organised as in Fig. 6.13.
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Figure 6.16.: Real, virtual, and integrated dipole (idip) NLO EW corrections for ~y —
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channels of transversely (T) and longitudinally (L) polarised gauge bosons can be decomposed
as [19]
Mg M M
MT - J + 7“7 ML - 2
t U s
with Mg, My, M, being analytical in s, ¢, u, and all masses. This form holds for all diboson

production processes from fermions.

For vy — WTW™ the amplitudes have the form [232]

(6.42)

Ms uS M ust2 Mu sU Ms S M st Mu su2
[u? 2/ + / + /t + t/ + 2/t

— 6.43
Mz U us 5 t 5 ts ( )
in the high-energy limit for transverse gauge bosons and
M Mot
My, = Slu + 32 (6.44)

in the longitudinal case. Since the smallest invariant is relevant for estimating the quality of
the SCETgw assumption, we investigate the behaviour for |¢|, |u| < s. In the fermionic case,
squaring the matrix element yields another factor of the invariant, making the contribution of
the squared matrix element behave as

2
(6.45)

~

’Mt
b s

s
t

and similar for M,. In the photon-induced case this effect is absent, and the squared matrix

element scales as
2

S

Ms/ts 2
t

[t|<s
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and analogously for the other matrix elements.

In any case, the total cross section is expected to be dominated by regions, in which at least
one of the Mandelstam variables is small [of O(Mg;)]. Therefore, we do not discuss the influence
of the resummation on integrated cross sections and focus on differential distributions in energy-
like observables and study the behaviour in the tails only. In order to analyse the quality of
this approximation, we first consider unresummed SCETEw, meaning that the exponentiated
amplitude is expanded to first order in a. In this approximation the SCETEw results agree
with the fixed-order one-loop results up to powers of M?/ si; with M being any of the EW mass
scales and s;; € {s,t,u}.

Therefore we organise the plots as follows:

e The upper panels show the LO differential cross section both in fixed order and using
SCETEw on the HEPS (6.13). Moreover, the sum of LO and IR-finite virtual corrections
is displayed in fixed order.

e The middle panels demonstrate the quality of the high-energy approximation, showing the
quantities

dUBorn, SCET/dO
doBorn, FO/dO ’

5virt B 5virt _ davirt, FO, fac/d(f) B do.virt, SCET/dO
FO SCET doBorn, FO/dO doBorn, SCET/d(/)’

Agcpr =1 —

(6.47)

with dgVirt FO: fac denoting the factorisable virtual corrections in DPA. The quantities in
(6.47) quantify the validity of the SCETgw approximation at tree level and one-loop level,
respectively. Note that both doBo™ SCET and doVirt: SCET are evaluated on the HEPS
defined by (6.13).

e The lower panels show the relative virtual corrections calculated in fixed order, and using
SCETgw on the HEPS.

Results

In Figs. 6.17, 6.18, 6.19, and 6.20 we show differential distributions in the four-lepton invariant
masses, the M-+ invariant mass, and the lepton transverse momenta for the four diboson
processes under consideration.

In the first few bins, that dominate the cross section, the SCETEw results are smaller by a
factor of 2-5 than the fixed-order ones because of the technical cut (6.11): The SCETgw matrix
elements are thus not appropriate. Towards the high-energy tails the results converge against
each other, up to sub-percent accuracy from My ~ 1000 GeV and pr, ~ 500 GeV depending
on the process and the polarisation state.* In the tails, i.e. at energy scales of several TeV, the
deviation becomes of O(10™%), which is the expected order of magnitude for power corrections.

In general, in the results for the transverse polarisations the agreement is worse since they
are dominated by the small-|t| or small-|u| regime, as described above. We also recognise that
the results for vy — W W™, shown on the r.h.s. of Fig. 6.20, exhibit a slower convergence in
the high-energy tails. This is due to the quadratic ¢t dependence of the tree-level amplitudes,

4Note that the plots have different ranges: For larger cross sections a longer high-energy tail is shown. Thus,
My = 1000 GeV is not at the same point in each plot!
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Figure 6.17.: Validation of the setup: Virtual corrections to longitudinal (left) and transverse
(right) WTW™ production calculated in conventional fixed-order perturbation
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Figure 6.21.: Distribution in the four-lepton invariant mass in yy — Wi, Wy, = ptv,vee™ (left)
and vy — WrWrp — ptv,ee” (right). The green and red curves show Agcpr
as defined in (6.47), while the purple (HEPS) curves show the same quantity

with the SM matrix elements being computed on the HEPS. In the longitudinal
case the curves for Ascgr and Ascer HEPS are not to distinguish.

see (6.46). We note, however, that even in regions where the Born results differ by a few
percent (where the green curve is outside the range of the middle panels), the difference in the
relative corrections is already of the order of 0.1% (see for instance yy-induced transverse WW
production in Fig. 6.20). This indicates that the error owing to small-|¢| or small-|u| events is
strongly reduced for the relative virtual corrections.

For vy — W W, which is dominated by W production in the forward/backward direction,
Agscpr reaches the subpercent level at My, ~ 8 TeV, and 035 — 0§15 at about My, ~ 5TeV. In
these regions, however, almost no statistics is to be expected since the differential cross section
is already below 1076 fb/GeV. Even if one would consider an overflow bin from My, = 10 TeV to
infinity, the cross section in that bin would not exceed 1 ab. In the high-pr / tails, events with low
|t| or |u| are suppressed: because the gauge bosons are produced with high energy, their decay
products are preferredly radiated in the forward direction. A high lepton pr is thus likely to
result from the decay of a gauge boson with high pr. Thus in the high-p , tails the convergence
looks better, reaching the subpercent level between 1 and 2 TeV. However, for the same reason
the cross section falls off very fast in these distributions, and only for pr, < 2TeV a measurable
cross section is to be expected (remember that the expected luminosity is Lroc-hn = 20 ab_l).
Thus, the window in which SCETgw can be applied and at the same time sufficient statistics
can be expected is rather narrow for this process.

In the other cases, however, the cross section is still measurable in the phase-space regions,
in which SCETEgw is about to work, which is demonstrated more explicitly in section 6.4.2.
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Influence of the phase-space cut

One should note that the discrepancy has in principle two causes: The fact that the SCETgw
cross section is subjected to the cut (6.11) and the impact of the mass-suppressed terms in
the matrix elements. In Fig. 6.21 we compare the effect of the cut (6.11) by relating the
SCETEgw results to the SM results in the same way as in (6.22), but with the do™ evaluated
on the HEPS only. We do that exemplarily for vy — WTW~ — pwhvuee” because Appa
has particularly large values for transversely polarised Ws and particularly small values for
longitudinally polarised Ws.

The difference between the purple and the green curve in Fig. 6.21, which quantifies the effect
of the cut, is clearly smaller than the absolute value of both curves: In the transverse case where
the difference due to the mass-suppressed terms is of the order of several percent in the regions
of Myy~ 3 —T7TeV or pr =~ 1TeV, the effect of the cut is already at the subpercent level in the
same phase-space region. In the tails of the distributions it is actually exactly zero, as the cut
(6.11) does not cut a single event during the integration (with each bin containing 5,000-10,000
events). In the longitudinal case the difference is < 107° everywhere but in the first bin of the
distribution. In addition, since the cut can only make the FO cross section smaller, its effect
on Agcrr can only be negative. The dominant contributions from the matrix element are also
negative, the deviations are thus slightly larger if the SCETEw cut is applied to the result.

6.3.5. The individual SCETgy ingredients

In Figs. 6.22 and 6.23 we demonstrate exemplarily the role of the individual contributions
entering the curves in the previous section. We choose two somewhat representative partonic
sample processes, dd — WL, W, — uv,%e” and Tu — ZrZreTe pTu~, for illustration. The
different curves are labelled as follows:

e DL: Double-logarithmic contributions from the collinear anomalous dimension ~c.
e SL: Single-logarithmic contributions from ~c.

e PR: Corrections associated with the renormalisation of o and 6y,. Both logarithmic and
finite contributions are included.

e Soft: Angular-dependent single logarithms from ~s.

e HSM: High-scale matching coefficient: The O(«) corrections evaluated in the SySM.
e LSM: Low-scale corrections: The logarithmic and the finite part of D¢ to O(«).

e Decay: Corrections associated with the W- or Z-boson decay.

e The sum of all is denoted as SCET O(«).

For the definitions of the quantities D¢, ¢, and ~g, we refer to Sec. 5.2. It should be stressed
that the distinction of these contributions is only possible if the SCETgw amplitude is expanded
in . Otherwise the matrix structure of the anomalous dimension mixes with the high-scale
matching coefficients producing terms that can not unambiguously be identified with one of the
above categories. We present these results in order to give a rough estimate of the respective
effects.
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Figure 6.22.: Individual SCET contributions in the partonic process tu — Z1Zt — eTe "y pu~
differential in the electron pt and the four-lepton invariant mass. The meaning

of the abbreviations is explained in the text.
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In transversal Z-pair production (Fig. 6.22) the dominant DL contributions reach —100% at
My ~ 4.5TeV and pp .- ~ 1.5TeV. The SL contributions account for ~ +25% and the PR
contributions for ~ —20% in this regions. The soft contributions behave differently in the two
distributions: in the high-lepton-pr region they are partially shielded and do not exceed 10%,
because small values of —t/s (in the ZZ production process) are not allowed in this region. On
the other hand, in the high-My, region they can reach up to +30%. We further note that the
logarithmic part of the LSM contributions (see (3.124), (3.125)) is small, such that the total
LSM corrections are < 10% and its curve looks almost constant. It is thus not necessary to
resum these logarithmic corrections, which are associated with the collinear anomaly. The other
contributions, which are not logarithmically enhanced, yield contributions of few percent. Note
that the qualitative behaviour of the various curves may be expected to be similar in transverse
WTW™ production, because in the ZZ case the shapes are predominantly determined by the
W3W3 subprocess in the ZZ-production case. For the production of longitudinal W* bosons,
which have smaller Casimir invariants, the DL contributions are genuinely smaller, reaching
—100% at My ~ 20 TeV and pp - ~ 7TeV, respectively (see Fig. 6.23). Owing the Yukawa-
coupling term in (5.41), the SL contributions are also negative (~ —10% in the tails). As in the
transverse case, the PR contributions are at about —20%. The Soft contributions are always
positive and account for up to 20% in both the high-My, and the high-pp .- tails. The other
contributions are on the level of few percent. This implies that the full results are incidently
well approximated by the DL corrections alone.

6.4. Resummed results

In this section we present the main results, the resummed differential cross sections calculated
in SCETgw. The relative corrections of the resummed results are defined in analogy to fixed
order:

dgres/do _ dO_Born7 SCET/dO

gres —
dO-Born, SCET/dO ’

(6.48)

with oBo™ SCET denoting the Born cross section evaluated on the high-energy phase space only.
Note that within the SCETgw framework this definition of a relative correction is not the only
plausible one. It is chosen in order to enable a direct comparison against the FO result. We
consider three out of the four sets of terms given in (5.95):

e LL+NLO: The double logarithms are exponentiated and the single logarithms are added
perturbatively. This implies that the exponential of the integrated anomalous dimension
master formula (5.14) is expanded according to (5.94).

e NLLpo+NLO: The exponential in (5.14) is approximated according to (5.93).

e NLL+NLO: The matrix exponential in (5.14) is taken to all orders. Note that the anoma-
lous dimension is calculated only up to first order in a. The O(a?L?) contributions from
the two-loop cusp anomalous dimension are thus neglected.
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6.4.1. Virtual corrections only

The effect of the resummation on polarised results is shown in Fig. 6.24 for pp — WTW~ —
prvuvee™, in Fig. 6.25 for pp = WTZ — eTveutp™, in Fig. 6.26 for pp — ZZ — ete ptu™,
and in Fig. 6.27 for vy - WTW~ — uty,.e”. We show distributions differential in the
same quantities as in Figs. 6.17, 6.18, 6.19, and 6.20. All partonic production channels are
included. The polarised contributions are presented separately in order to demonstrate the
different behaviour of the resummed curves. In order to take the effects of the DPA into account,
we rescale the virtual corrections via Eq. (6.27), as we did already for the unresummed results
in section 6.3.3. The effects of the resummation can be read off the plots as follows:

e The shift between the dark green curves (LL) and the orange curves (fixed order) show
the effect of the LL resummation (see (5.94) and the explanation below).

e The difference between the dark green (LL) and the pale green curves (NLLpg) is given
by the product of the exponentiated leading logs and the perturbative single logarithms,
see (5.93), (5.94). The dominant terms are of O(a?L3). Because the double logarithms
are negative and the single logarithms are typically positive, these terms are negative.

e The effect of the exponentiated single-logarithmic contributions can be obtained from
difference between the pale green and the red curve.

The resummation and matching affect the longitudinally and transversely polarised cross
sections in a rather different way. In transverse W-pair production (r.h.s. of Fig. 6.24) the
effect of the LL resummation, which is in this case obtained from substituting the DL corrections
by their exponential on the level of the matrix elements, accounts for slightly more than 100% in
the high-pry tail and slightly below 100% in the high-My-tail. Including the negative O(a?L?)
terms has a similarly large effect: In the high-My, tail the NLLpo resummed cross section is
shifted with respect to the LL resummed one by ~ —70% in the high- My, tail, by ~ —60% in
the high-M,-,+ tail, and by —40% in the high-pp - tail. For transverse W bosons the effect of
NLL resummation is about +10% in both invariant-mass distribution tails. In the region of high
lepton pr, it is much lower because of the suppression of the angular-dependent logarithms, see
Fig. 6.22 and its discussion.

In longitudinal WTW™ production (Lh.s. of Fig. 6.24) we observe that, while the effect of
the LL resummation accounts for ~ 40%, the cancellation of single-logarithmic contributions
mentioned in Sec. 6.3.5 suppresses the effects of resummation beyond LO: The angular logarithms
are positive, while the collinear SL contribution is negative due to the Yukawa coupling term.
The sum is small and hence exponentiating it has little effect: The NLLyo resummation accounts
for a —10% shift in all tails and the effect of the NLL resummation is only few percent.

In WZ production (Fig. 6.25) some general features of the W results are reproduced in-
cluding the different resummation effects depending on the polarisations: In the transverse case
(plots on the r.h.s.) the effect of the LL resummation is about 60% at My, ~ 10TeV, which is
similar to what can be read off the lower left plot in Fig. 6.24 (note the different plot ranges). In
the high-p - tail this effect is slightly below 60%, while in the high-M,+ ,- tail it reaches almost
70%. The effects of the NLLpo resummation is similar, at My ~ 10 TeV and M+ u- ~ 7TeV
it compensates the LL effect up to a few percent. The NLL resummation accounts for at most
10% for large invariant masses (My, 2 4TeV, Mgy~ 2 2TeV).

118



Chapter 6. Results for the FCC-hh setup

10-"

107

1078

10710

—20

40

60

—80;

—1001

=z
3
=

=20

10

—100,

107!

1075

1077

1077

107"

-20

—=40;

60

80

100,
)

Figure 6.24.: Effect of the SCET resummation on distributions of virtual corrections to pp —
WHTW™ — pFv,v.e” with longitudinal (left) and transverse (right) polarisations
differential in the e~ p™ invariant mass, the electron pr, and the four-lepton

pp = WiWi = gtz (FCC-hh setup)

I Bom (DPA)
Bornscet

1 Bomscer +SCET O(a)

SCET O(a)

[ SCET Resummed LL NLO

T Resummed NLL FO NLO
T Resummed NLL NLO

) 2000 1000 6000 8000 10000 12000 11000
Moy [GeV]
pp = WiW[ = ptyze” (FCC-hh setup)

1 Bom (DPA) —_

Borngcer
[ Bormgcgr + SCET O(a)

SCET O(a)
[ SCET Resummed LL NLO

SCET Resummed NLL FO NLO
3 SCET Resummed NLL NLO

2000 4000 000 8000 10000

G
Pre(GeV]

pp = WiWi = gtz (FCC-hh setup)

I Bom (DPA)
Bornscer

[ Bom

=S

+SCET Ofa)

SCET O(a)
[ SCET Resummed LL NLO

SCET Resummed NLL FO NLO
| m— T Resummed NLL NLO
2500 5000 7500 10000 12500 15000 17500 20000
My[GeV]

invariant mass.

pp = WiWi = gt vize™ (FCC-hh setup)

=
3
<

3 Bom (DPA)

+SCET O(a)

-20
=40
—60-
=
—80
SCET O(a)
~100{ == SCET Resummed LL NLO
Resummed NLL FO NLO
T Resummed NLL NLO
0 2000 4000 6000 8000 10000 12000 14000
M, [GeV]
pp = WiW; = ptwe (FCC-hh setup)
10"
1072
1074
071 =3 Bom (DPA)
. Bornscer
10" = Bomscgr + SCET O(a)
.
-2
—10
—60
—80-
T -100
—120
~ 140 SCET O(a)
[ SCET Resummed LL NLO
_160- SCET Resummed NLL FO NLO
[ SCET Resummed NLL NLO
2000 0 6000 8000 101
Pre[Gev]
pp = WEWS — gt yie” (FCC-hh setup)
107!
z
o 10t
3 Bom (DPA)
1077
=20
—10
—80
- SCET O(a)
] =3 SCET Resummed LL NLO
ET Resummed NLL FO NLO
" Resummed NLL NLO
~120
2500 5000 7500 10000 12500 15000 17500 201
My[GeV]

00



Chapter 6. Results for the FCC-hh setup

[/GeV]

do

Mo
3

guirt

pp = W7, — ety = (FFC-hh setup)

1 Bom (DPA)
Bornscer

1 Bomgcer + SCET O(a)

SCET O(a)

[ SCET Resummed LL NLO
SCET Resummed NLL FO NLO

[ SCET Resummed NLL NLO

1000 2000 3000 4000

M,y [GeV]

5000

pp = WZy — e"wept i (FFC-hh setup)

6000 70

00

3 Born (DPA)
Bornscer
[ Bomgscer +SCET O(a)

SCET O(a)
1 SCET Resummed LL NLO
SCET Resummed NLL FO NLO
[ SCET Resummed NLL NLO

500 1000 1500

pre[GeV]

2000 25|

pp = W7, — ety = (FFC-hh setup)

30

00

I Bom (DPA)
Borngcer
[ Bomgcer + SCET O(a)

SCET O(a)

1 SCET Resummed LL NLO
SCET Resummed NLL FO NLO

[ SCET Resummed NLL NLO

2000 4000 6000 8000

My[GeV]

101

)00

pp = WiZp — e’ = (FCC-hh setup)

I Bom (DPA)
Borngcer
[ Bomgcer +SCET O(a)

1‘_‘_‘_‘_‘_‘_'_‘—-—_

SCET O(a)

1 SCET Resummed LL NLO
SCET Resummed NLL FO NLO

[ SCET Resummed NLL NLO

1000 2000 3000 4000

M, [GeV]

5000 6000 70

pp = WiZr = efvep’ = (FCC-hh setup)

[ Born (DPA)
Borngcer
[ Bomscer +SCET O(a)

—80

SCET O(a)
[ SCET Resummed LL NLO
SCET Resummed NLL FO NLO
[ SCET Resummed NLL NLO

500 1000 1500

pre(GeV]

2000 2500 30

pp = WiZr — e v’ = (FCC-hh setup)

=

1 Bom (DPA)
Bornscer
1 Bomgepr + SCET O(a)

ﬁ_|_|_\_|_|_|_‘_‘—|1

SCET O(a)

1 SCET Resummed LL NLO
SCET Resummed NLL FO NLO

[ SCET Resummed NLL NLO

) 2000 4000 6000

My([GeV]

8000 10

)00

Figure 6.25.: Effect of the SCET resummation on differential distributions of virtual correc-

tions to pp — WTZ — eTveu™ ™ with longitudinal (left) and transverse (right)
invariant mass, the positron pp, and the

polarisations differential in the e™ ™
four-lepton invariant mass.



Chapter 6. Results for the FCC-hh setup

P = ZnZp — oot p~ (FCC-hh setup) Pp = ZnZp — eteptp~ (FCC-hh setup)
10
107! _L|
H 10 "“_‘—
— 1072 —
Z — = 10 | -
S w0 l—l 3 =
S Bt =
a0 = t‘\ =
& g-5] =33 Bom (DPA) - ~IZ 1071 =3 Bom (DPA)
Borngcer — -6 Bornscer
1071 = Bormgcgr + SCET O(a) ' — [ Bomscgr + SCET O(a)

LL NLO
NLL FO NLO
NLL NLO

1 NLL NLO

250 500 750 1000 1250 1500 1750 2000 0 1000 2000 3000 1000 5000 6000
pre-[GeV] My [GeV]

Figure 6.26.: Effect of the SCET resummation on differential distributions of virtual correc-
tions to pp — ZZ — eTe” ptp~ differential in the electron pr and the four-lepton
invariant mass.

For longitudinally polarised bosons (see the plots on the L.h.s.) the effects of the various terms
are again smaller. The LL resummation accounts for 25% — 30% in the tails, the effect of the
NLLpo terms is about —10%, and the NLL contributions are only a the percent level.

In Fig. 6.26 we show differential results in the electron pr and the four-lepton invariant mass
for ete™ — Z7Z — 77 putu~. At My, ~ 5TeV the LL resummation shifts the cross section by
35%, which is slightly less than in the value in the corresponding transverse W* distribution.
This can be explained by the fact that the Abelian subprocesses of the ZZ-production process
(remember that the matrix element is decomposed according to (5.67)) receive smaller DL
corrections. Including the NLLpo terms again undoes that effect to a large extent, and the NLL

terms provide a shift of ~ 5% in the My, tail and even less in the P+ tail.

The photon-induced case (Fig. 6.27) features the largest resummation effects, especially for
transversely polarised W bosons (plots on the r.h.s.): In this case the effect of the LL resum-
mation exceeds 100% already at My, ~ 10TeV, pp - ~ 3TeV, and M,-,+ ~ 6TeV, making
resummation definitely mandatory. The cancellation of the LL resummation effect owing to
the NLLpo terms is again stronger for transverse W bosons than for longitudinal ones. For
My 2 13TeV, Mg+ 2 11TeV, and pp- 2 6TeV the NLL resummed results still exceed

~ ~

—100% relative corrections.

We close this discussion with a few general remarks. If the FO result is dominated by the DL
corrections, one can use the approximate formula

SpL ~ exp(opat) — 1, (6.49)

that has for instance been employed in Ref. [78]. This rule applies to some extent for instance
in the processes pp — WEZL and pp — WEWE (on the Lh.s. of Figs. 6.24, 6.25), where the SL
and soft contributions partly cancel, see Fig. 6.23 in Sec. 6.3.5. In all other cases the situation is
actually more involved, even though (6.49) gives a rough estimation of the resummation effect.
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One should not be worried by the large relative corrections in the resummed distributions
with respect to the unresummed Born: As also mentioned in Sec. IIT of [45], once the correction
factor alL? becomes of order one, any resummed results deviates from the fixed-order Born result
by a finite amount:

1 2
gresummed _ Born o, <—2alog2 Zg) . (6.50)
1

The quality of the perturbation series can instead be read off the magnitude of the matching
and NWLL corrections, i.e. from the difference between the green and red curves in Figs. 6.24,
6.25, 6.26, and 6.27.°

6.4.2. Full resummed differential cross sections

At this point we can discuss the impact of the resummation, taking into account the expected
counting rates at the FCC—hh. In Fig. 6.28 we show some high-energy tails with the respective
counting rates instead of cross sections, including the statistical error on the fixed-order rate as a
band for demonstration. The counting rates are obtained from the differential cross sections and
the assumed FCC-hh luminosity of Lpccpn = 20ab~! via (6.15). The results are summed over
the polarisations and include, besides the factorisable virtual corrections, also real corrections,
integrated-dipole contributions and non-factorisable virtual corrections.

For ZZ production (upper left plot in Fig. 6.28) we see that in the window of 1.5 TeV < My, <
3TeV the impact of the LL resummation exceeds the statistical error on the counting rate within
the given binning, indicating that a resummation of the leading logarithms is indeed necessary
at these energies. Remember that the error due to the SCETgw assumption in this phase-space
region amounts to 51‘?8 — 5§i(lthT < 0.5%, see Fig. 6.18. The effect of the LL resummation varies
between 15% and 30% in this range, the NLL effect is of the same order of magnitude, but
with a different sign, such that the NLL+NLO results do not differ by more than 10% from the
fixed-order result in the displayed range, which is not significant in view of the experimental
error, which reaches 10% (Ney = 100 events) at My, ~ 2TeV already. One should again note
that this cancellation is accidental and should not lead to the conclusion that the resummation
effects in general are small or even negligible.

In W*Z and WTW™ production (upper right and lower left plot in Fig. 6.28), which has by
far the highest cross section of the diboson processes, the significance of the LL resummation,
which shifts the cross section by more than 50% in the tails, is clearer. The effect of the
LL resummation significantly exceeds the statistical uncertainty on the counting rates up to an
invariant mass of My, =~ 6 TeV and My, ~ 12 TeV for WTZ and WTW ™~ production, respectively.
Including the NLLpo resummation again has a similarly large effect with an opposite sign. The
NLL-resummed result shifts the differential cross section by 5-10% and differs from the fixed-
order result by a few percent with respect to LO. Therefore, SCETgw resummation of both the
LL and NLL contributions should be included if a precise comparison is aimed for.

In the photon-induced case (lower right plot in Fig. 6.28) the effect of the resummation,
normalised to the LO cross section, is largest because of the large Casimir invariant of the

5Eventually, for the resummed cross section to be finite in the high-energy limit, the corrections have to be
suppressed, such that the NLL-resummed curves saturate at about —100%. However, depending on the
coefficients of the double- and single-logs, this may happen many orders of magnitude above the shown energy
range.
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Chapter 6. Results for the FCC-hh setup

W boson. The expected event rate is, similar to the WZ and ZZ case, only significant up
to My, ~ 6TeV (note further that the photon PDFs also introduce higher uncertainties in
particular at large momentum fractions). The qualitative behaviour of the resummed curves is
similar to the quark-induced cases: for My, ~ 6TeV the LL resummation increases the cross
section by almost 100%, but the inclusion of the NLLpo and NLL undoes the bulk of the effect
such that the difference between the fixed-order and NLL-resummed results is at the level of
10%.
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7. Results for the CLIC setup

The Compact Linear Collider (CLIC) project aims at a new level of experimental precision in
high-energy ete™ collisions [16,233,234]. In several stages it is planned to operate at collision
energies up to

Vs =3TeV, (7.1)

which we consider in the following. Even though if it operates at energies two orders of magnitude
smaller than the FCC-hh, it may be expected to yield more statistics in the interesting high-
energy regime because most partonic interactions involve only small energy fractions at pp
collisions. In addition all experimental signatures can be expected to be much cleaner than at
a hadron collider because of less QCD radiation.

The fact that the bulk of interactions takes place at very high energies makes a high-energy
lepton collider a particularly well-suited case of application for SCETgw. There is, however,
a number of questions related to how observables have to be defined when leptons with such
a large energy interact. In order to demonstrate the effect of SCETgw we have to make some
assumptions, of which a detailed discussion is beyond the scope of this work.

e The effects of initial-state radiation, which appear to be challenging for future lepton
colliders (see for instance Ref. [235] for details) are treated perturbatively. Thus, we do
not use lepton PDFs but assume that only eTe™ pairs of exactly 3 TeV contribute at
LO. The occurring collinear singularities are regulated by the electron mass, leading to
logarithmic contributions of the form

Sootl = = <log R 1> ~ %, (7.2)
s m,

e

assuming an electron mass of
me = 5.11-107* GeV. (7.3)

These logarithms remain unresummed within our framework. However, resummation tech-
niques for these collinear logarithms have been available for a long time [182,236-238]. For
precise predictions in lepton collisions at very high energies the inclusion of lepton-PDF
effects is necessary. Recently, results for high-energy lepton PDFs including initial-state
radiation of all SM particles have been published [239].

e We assume all leptons to be distinguishable if their pair invariant mass is above 10 GeV (the
numerical value is inspired by LHC analyses). In particular we do not include corrections
associated with real emission of massive gauge bosons or their decay products.

The CLIC integrated luminosity is assumed as [234]

CLIC — 5ab~1, (7.4)

int
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This value is used to convert cross sections to event rates using (6.15).

7.1. Processes, input, and setup

We consider vector-boson pair production at the highest energy aimed within the CLIC project.
In particular we consider the processes

ete” > WW~ — yry,m,r7, (7.5)
ete™ =727 -1t
at /s = 3TeV. Compared to (6.17), (6.20) we have introduced 7 leptons in the final state. We

are aware that both these final states are not the phenomenologically most interesting ones:

e (7.5) is usually not considered in experimental analyses of W W™ production because the
7 has to be reconstructed via its decay products, which involve another W boson.

e (7.6) suffers from low statistics: As the branching fraction of a Z boson into two charged
leptons is about 10% [240], final states similar to (7.6) account for only 1% of all ZZ events.
Without the overwhelming QCD background of a hadron collider, experimental analyses
will very likely be dominated by (semi-)hadronic and invisible decay channels.

We stick to this choice anyway for several reasons:

e We avoid final-state electrons in order to suppress non-doubly-resonant background contri-
butions. We choose different lepton flavours to minimize interference contributions, which
can not be calculated within the DPA.

e The processes do not obtain QCD corrections at NLO. This is merely a matter of simplicity,
as we are only considering EW corrections within this work.

e When decaying into quarks, the gauge bosons are very likely to produce single (fat) jets,
complicating the signal/background relation even more. In particular, assuming fully
hadronic final states, the two processes develop a very similar signal and can only be
distinguished by the respective jet invariant masses. However, if an efficient tagging of
these jets can be achieved, the gauge bosons are in fact detected directly and one can
simply apply SCETgw to the production process: Everything besides the gauge-boson
production process would in that case be part of the jet algorithm.

In the following we choose the z-axis such that the incoming positron travels in positive z-
direction, see Fig. 7.1.

For WTW™ production all angular differential distributions have asymmetric properties. Ac-
cording to the charge flow we define the forward region such that an outgoing W+ (or its decay
product) travels in positive z-direction and a W~ travels in negative z-direction. Thus, in the
forward direction the ™ has small scattering angles and the 7~ has large scattering angles.

Input parameters

We use the SM input parameters (6.1)—(6.3), supplemented by a numerical value for the electron
mass,

me = 5.11-1074 GeV. (7.7)
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X

Y
A

z

Figure 7.1.: Definition of the scattering kinematics in eTe™ collisions. X denotes an arbitrary
final-state particle.

This is needed in order to regularize the collinear singularities, as explained above.

Event selection

We use the following charged-lepton acceptance cuts:

pre > 20GeV, 10° < 0, < 170°,
Miny, 6/ > 10 GeV, (7.8)

with 6, denoting the angle of the lepton with the positron-beam axis. In the ZZ case we impose
an additional invariant-mass cut in analogy to (6.8):

81GeV < M,,+,- <101 GeV, 81GeV < M +,- <101 GeV. (7.9)

The photon—lepton recombination condition is given by (6.10) as in the FCC-hh setup. Fur-
thermore, the condition (6.11) is enforced in all SCETEw calculations.

7.2. Validation

7.2.1. Double-pole approximation

As already mentioned in the previous section, the non-doubly resonant background can be quite
sizeable for diboson processes at high-energy lepton colliders. Nevertheless we have to rely on
the DPA in order to apply SCETgw to the production process. In the following we analyse the
quality of the DPA in the same manner as in the FCC-hh setup.

Z-pair production
The fiducial cross section for ZZ production reads

ora = 0.013047(3) fb, oppa = 0.012274(3) tb, Appa = 5.93(2)%. (7.10)
All errors are MC integration errors. For the relative virtual corrections we obtain

oYt — _44.58(2)%, oM, = —46.21(4)%, oy — ouE = 1.63(2)%, (7.11)

with the virtual corrections defined as in (6.25).
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Figure 7.2.: Comparison between DPA and fully off-shell calculation for eTe™ — ZZ —
7tr ptp~: Differential distributions in the pu* and 7= production angle, the
antimuon energy, and the 7~ = invariant mass. The upper panels show the dif-
ferential cross sections, the middle ones the deviations owing to the DPA with

Appa as defined in (6.22), while the lower ones show the relative virtual EW
corrections.
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Fig. 7.2 shows the differential distributions of the ZZ-production cross section as well as the
deviation between DPA and full result differential in the ;™ angle, the 7= angle, the u™ energy,
and the 7~ p~ invariant mass. The scattering-angle distributions have a double-peak structure
with maxima at 6,+ = 0,.- ~ 25°, 0,+ = 0.~ ~ 155°, corresponding to the ¢- and u-channel
enhancements, respectively. In the central region the cross section is suppressed by one order of
magnitude. The virtual EW corrections vary between —75% in the central region and —20% in
the tails.

The energy distribution is peaked at very low and very high energies with the first and last
bin (F < 75GeV, E > 1425 GeV) being suppressed owing to the phase-space cuts. The relative
virtual corrections are approximately constant over energy both in DPA and off-shell.

Finally we include a distribution over the invariant mass of the 7~ = system, which is peaked
around M- ,- ~ 800 GeV. The virtual EW corrections are rather constant over this distribu-
tion, varying around the —45% obtained for the integrated result.

For the validation of the DPA we use the same quantities as in Sec. 6.3.1 [See (6.22), (6.26)].
The deviation between DPA and off-shell result appears approximately constant over most of the

phase space, with Appa fluctuating around 6% and 5%’1;]1? — 5]‘§§A around 1.5 — 2%, respectively.

W-pair production
For WHW™ production we obtain the fiducial cross section
ora = 1.760(7) fb, oppa = 1.456(3) fb, Appa = 17.3(4)%. (7.12)
The relative virtual corrections read
Sprt = —33.9(2)%,  o0ur, = —34.6(1)%, oY% — oNry, = 0.7(2)%. (7.13)

Compared to the ZZ-production results, Appa is larger because the Z-window cuts isolate the
doubly-resonant contributions. The difference 5}’ulff —5]‘:’};% is smaller than one percent, indicating
that treating the virtual corrections with the DPA does not introduce tremendous errors if the
rescaling (6.27) is applied.

Figure 7.3 shows a comparison between fully off-shell results and the DPA on the differential
level in the u+ and 7~ production angle, the 7~ energy, and the 7~ u " invariant mass in analogy
to Fig. 7.2. The energy distribution is peaked at high charged-lepton energies for helicity-
conservation reasons: Because in the forward region, where the cross section is large, the W W~
has a preferred polarisation configuration of (—,+) and preferably decays into a high-energy
lepton and a low-energy neutrino. In the high-energy tails the quality of the DPA is satisfactory
(Appa is about 15%, but the difference of the relative corrections is < 1%), while towards the

low-energy regime (5}&{{ — &yt grows up to 25%.

The angular distribution is clearly dominated by the forward region owing to the dominant
contribution from the t-channel diagram. Towards the backward region the cross section de-
creases by up to four orders of magnitude. The off-shell virtual EW corrections are between
—20% and —40% in the forward region, grow towards the central region and decrease again to
—30% in the backward region. Note that the virtual corrections in DPA reach —80% in the
backward region. The difference Appa between full calculation and DPA increases from 10%
in the forward direction to 80% in the backward direction. The corresponding difference of the
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Pol. o /fb 0 Pol. oW /fh )

uu 1.2274(3) - 1072 100% uu 1.456(4) 100%
TT 1.2249(11) - 1072 99.8% TT 1.418(4) 97.4%
TL+LT | 1.419(3)-107° 0.11% TL+LT | 1.5013(10) - 1073 0.1%
LL 3.533(4)-107% | O(107H)% LL 3.757(3) - 1072 2.5%
3 1.2264(11) - 102 99.9% > 1.457(4) 100.1%

Table 7.1.: Integrated fiducial cross sections for eTe™ — ZZ — 777~ puTpu~ (left) and ete™ —
WTW™ — ptv, .7~ (right) with definite polarisation states. The sum ¥ includes
TT, TL+LT, and LL. All percentages ¢ are given with respect to the unpolarised

result.

Pol. o2 /fh 5 Pol. | o"VW/fb o

TT | 1.2249(11) - 1072 100% TT 1.418(3) 100%
++ | 7.430(8)-1077 | O(107%)% ++ | ~5-1077 | O(107)%
+— | 6.172(6)-1073 50.4% +— | 0.06933(10) 4.9%
—+ | 6.171(6)-1073 50.4% —+ | 1.349(3) 95.1%
—— | 7.435(8)-107° | O(107%)% — | ~5-1077 | O(10)%
S| 1.2343(8) - 1072 100.8% > 1.418(4) 100%

Table 7.2.: Integrated fiducial cross sections for eTe™ — ZZ — 777 utpu~ (left) and eTe™ —
WHW™ — ptv,v.7~ (right) with definite polarisation states. The sum ¥ includes
++, +—, —+, and ——. All percentages § are given with respect to the TT value.

relative corrections remains below 5% in the forward hemisphere and increases where the cross
section is small.

All in all, the DPA result at LO is never really appropriate. As discussed already in the
previous section, that does not imply that the DPA is worthless because it is still possible to
compute only the relative virtual corrections in DPA and use (6.26) as a measure of accuracy.
In this respect the DPA works best in the regions of phase space, where the cross section is
largest: In the forward region, in the region of large dilepton invariant masses, and for large
lepton energies, (5}3{1'3 — 5]‘51122% is at the subpercent level. Because these regions dominate the cross
section, the small value in (7.13) is obtained. In some regions with small cross sections the DPA
happens to fail completely. For instance, (5&? — 5]‘§1¥A grows up to ~ 50% in the backward region,
where the cross section is dominated by singly-resonant contributions.

7.2.2. Polarised leading-order results

The integrated fiducial cross sections for all possible polarisation states are collected in Tabs. 7.1
and 7.2. The mass-suppressed contributions (mixed and longitudinal for ZZ production and
mixed polarisations for WTW™ production) can safely be neglected. The same holds for the
interference terms since the sum of the polarisation states reproduces the unpolarised cross
section up to 0.1%. The transversal polarisation states with parallel polarisations, ++ and ——,

132



Chapter 7. Results for the CLIC setup

are suppressed by M/ sgj in the high-energy limit and therefore definitely negligible (of O(10~7)
of the fiducial cross section).

The ZZ cross section receives a shift of about —0.8% owing to interference contributions
between the +— and the —+ polarisation state, see Tab. 7.2. In the WTW™ case the transverse
interference contributions are zero within the numerical accuracy of the MC integration error.

In Figs. 7.4, 7.5 we show the differential distributions in the same variables as in Figs. 7.2,
7.3 for ZZ and WTW™ production, respectively. The plots are organised as in Sec. 6.3.2, the
definitions of the variables A /in¢ can be found in (6.36), (6.37), and (6.38).

In the ZZ case the mixed polarisation configurations exhibit a maximum in the central region
(see the ut /7~ angle distributions in the upper row of Fig. 7.4), but do not exceed 0.5% even in
this region. In the distributions of the 7~ energy and the dilepton invariant mass the interference
fluctuates on a slightly lower level, between 0.1% and 0.3%.

In the 4™ and 7~ production-angle distributions in W W™ production (upper plots in Fig. 7.5)
there is an increase of the mixed-polarised contributions in the backward-scattering region (large
antimuon production angle, small tau production angle). Here the interference and mixed con-
tributions account for up to 6%, of which the major part is given by the mixed-polarisation
contributions (difference between the red and green curve). Since the cross section is small in
this region, the influence on the fiducial cross section is still small. In the M, -+ distribution
Apol/int fluctuate in the range of 40.5% except for the last bin in the M, -+, which is likely a
numerical artefact.

In Fig. 7.6 we show corresponding results for the interference contributions among the trans-
verse polarisation states differential in the y™ production angle and the 7~ energy. We can
see that the interference contributions are distributed rather constant over both variables in
both processes. In the ZZ case (plots on the Lh.s.) both contributions account for around
0.8%. For ete™ — WTW~ — utv,u,7~ (plots on the r.h.s.) one can merely observe numerical
fluctuations around 0 in regions with small cross section (small 7~ energy and large u™ angles).

The error owing to the incoherent polarisation sum can thus concluded to be at the sub-
percent level for both processes (7.5), (7.6). In contrast to the hadron-collider setup both the
contributions from mixed transverse/longitudinal configurations and the interference contribu-
tions between transverse and longitudinal polarisation states account for less than 1% of the
unpolarised cross section almost on the whole phase space and can hence be neglected to a good
approximation.

7.2.3. Real and virtual corrections

In analogy to the results of Sec. 6.3.3 in the FCC-hh setup we present the role of virtual
and real corrections as well as the integrated dipoles within the Catani-Seymour subtraction
framework. In Tab. 7.3 we show the respective contributions to the integrated fiducial cross
section for both processes under consideration. The large negative virtual corrections determine
the negative sign of the total NLO EW corrections, even though the inclusion of positive real-
radiation effects reduces the effect to ~ —13% and ~ —25% for WHW~ and ZZ production,
respectively. In Fig. 7.7 we show the subtracted real, virtual, and integrated dipole corrections
(the latter two defined via their infrared finite parts) for WTW~ production. We see that both
the real and the idip contributions also develop large corrections, at least in some regions of
phase space:
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Contribution 0?2 /(1072 fb) o Contribution oWW/th 5
LO 1.3047(3) | Lo 1.760(7) ]
LO (DPA) 1.2274(3) ~| | LO (DPA) 1.456(4) .
NLO virt —0.5816(2) —44.6% NLO virt —0.5975(18) | —33.9%
NLO virt (DPA) | —0.5668(5) | —46.2% | | NLO virt (DPA) | —0.5032(2) | —34.6%
NLO real 0.032(5) 2.5% NLO real 0.1020(9) 5.8%
NLO idip 0.2237(8) 17.1% NLO idip 0.271(3) 15.4%
NLO tot —0.3029 —24.9% NLO tot —0.222 —12.6%
NLO tot (DPA) —0.3046 —26.6% NLO tot (DPA) —0.234 —13.7%

Table 7.3.: Integrated fiducial cross sections for eTe™ — ZZ — 777 ptp~ (left) and ete™ —
WHTW~ — ptv,v,7 (right) with NLO EW corrections in fixed order. The relative
corrections ¢ are defined according to (6.39). To obtain the absolute values of the
NLO corrections, the virtuals are rescaled according to (6.27).

e In the backward-scattering region the corrections related to real radiation and the idip
corrections are large. While the tree-level cross section of the dominating doubly-resonant
transverse polarisation state is suppressed, the additional photon opens up new phase-space
configurations, leading to large positive relative corrections of over 100%. In the integrated
dipole formulae the convolution of the integrated splitting kernels with the reduced LO
matrix elements yields the additional unsuppressed contributions (see the z,z # 1 terms
in the formulae in Sec. 4.1).

e A similar mechanism holds for the small-M_ -+ region, for which the tree-level cross
section is suppressed by the requirement that the W™ W -pair is produced back-to-back.
If an additional photon is radiated, configurations with the charged leptons being parallel
are more likely to occur leading to large real corrections.

On the other hand the EW corrections are dominated by the virtuals in the high-energy and
high-dilepton-invariant-mass regimes as well as in the forward region, where the cross section is
largest.

In the case of ZZ production, as displayed Fig. 7.8, a similar mechanism drives the relative
real and integrated dipole corrections up in the region of small M, -+ (see lower right plot) and,
to some extent, also in the region of small 77 energy. Here the total EW corrections are positive
because of the large real-radiation effects. For large values of E.- and M+, the negative
Sudakov corrections in the virtuals, that are about —50%, dominate the NLO corrections. Over
the production-angle distributions, the real and idip corrections behave more “regular” (plots in
the upper row), with the idip corrections ranging between 15% and 25% and the real corrections
smaller than 10%. The virtuals give negative corrections of between —25% in the region of small
or large production angles and —70% in the central region.

Resumming the large Sudakov logarithms of virtual origin is thus clearly needed for a mean-
ingful prediction, but in fact they are not the only large contribution to the EW corrections:
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The real-radiation effects, which in our setup are manifest by large integrated-dipole corrections,
are large mainly for two reasons:

e the electron-mass dependence, see (7.2), for which resummation techniques are known,
and

e the terms of the form log

;;‘f in the dipole formulae, see Sec. 4.1.
IR

The shape of the 77 -energy and M- +-invariant-mass distributions in Figs. 7.7 and 7.8 is
mainly determined by the real-radiation correction effects.

7.2.4. SCETgw vs. Fixed-order

The next step is again to check the validity of the SCETgw approximation s, |t|, |u| > M. To
estimate the order of magnitude of power-suppressed terms we calculate
2
_ My
(3TeV)?

~7-1071 Mg 9.107% (7.14)
- T (3TeV)? ' ‘
These values are a lower boundary, as power corrections with ¢ and « in the denominator can
be expected to be larger by up to one order of magnitude.

The plots are organised as described in Sec. 6.3.4, but for each plot we added a curve showing
the logarithmic approximation (LA), which is defined by neglecting all constant contributions
and keeping only logarithmic corrections [19]. This has been put to use in some setups in which
complete EW corrections are not available in order to include the dominant contributions, see
for instance Ref. [71].

In the T-energy and 7-production-angle distributions as well as the distributions in the M -+
and M- - invariant masses in ZZ production (Fig. 7.9), the deviation between the fixed-order
result and SCETgw approximation, parameterised as in (6.47), is about 0.4% at Born level and
roughly constant over all distributions. The accuracy of the relative virtual corrections is even
better: 5;4}‘-? — 5§icr%JT is < 0.1% on the whole fiducial phase space. The LA describes the full
result well only in the central region 50° < 6, < 140°. Outside this region, the omitted O(«)
terms contribute by up to 15% with respect to LO. In the invariant-mass distributions, Appa
as well as the difference between the virtual corrections is more or less uniformly distributed.
Like in the lepton-energy distribution, the LA is nowhere really appropriate.

The results for the distribution in the antimuon production angle in WTW™ production are
displayed in Fig. 7.10 for longitudinal and transverse polarisations separately, both as a consis-
tency check and in order to spot possible differences: The unpolarised results are qualitatively
well described by the purely transverse contributions in all cases. In the longitudinal case, AgcgT
shows an asymmetric behaviour, ranging from ~ +0.7% in the forward to —5% in backward
region (not visible in the plot). The deviation in the virtual corrections, dfL — 63t grows
from —0.2% in the forward region to only 0.8% in the backward region. In the central region,
which dominates the cross section, both quantities are close to 0. Together with the cancellation
of positive and negative deviations, this yields a value below 0.1% for the fiducial cross section.
In the transverse case both AgcgpT and 51‘§ig - (5‘S’icrtET vary between —0.5% and +0.5%, except
for the last bin in the backward region, where the cross section is suppressed. For transverse
W-pair production the LA is a reasonable approximation in the central region (similar as in the
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77 case), while for longitudinal W-boson production the non-logarithmic O(«) terms contribute
more than ten percent over most of the distribution.

All in all, the deviations between fixed-order and SCET results are at the level of one percent
and hence in the range expected for power-suppressed corrections, which can safely be neglected
in the considered setups. An exception is given by the purely longitudinally polarised W W~
production in the backward region, which is, however, phenomenologically not relevant.

7.2.5. Individual SCET contributions

The individual contributions within the SCETgw calculation expanded to O(«) are displayed
in Figs. 7.11, 7.12, and 7.13. The descriptions of the contributions can be found in Sec. 6.3.4.

Conceivably the DL contributions are by far the dominant ones, followed by the SL, Soft, and
PR ones. The most important qualitative difference between the two sample processes is the
sign of the SL contribution, which is positive for transverse gauge bosons and fermions. When
longitudinal gauge bosons are involved, the top-mass enhanced last term in (5.41), which comes
with a different sign, dominates the SL contribution and renders it negative (see Fig. 7.13).

As is to be expected, the main difference with respect to the hadronic case is that many quan-
tities are constant or almost constant over the whole phase space: The phase-space dependence,
i.e. the shape of the distributions is mostly determined by the soft and the high-scale match-
ing contributions. For W W~ production all other contributions are completely flat for both
polarisation states. In the ZZ plots the other contributions have a slight angular dependence
owing to the different corrections to the subamplitudes associated with left- and right-handed
electrons in the initial state. In this context it is worth mentioning that one can observe a partial
cancellation between the HSM and Soft contributions, which can be explained by the fact that
within the SCETgw formalism the angular dependent logarithms in the total correction are split
according to (we pick the Mandelstam variable ¢ for definiteness)

1 —t 1 —t —t 5 1 S
~log® | —5— | = 5 log® <> +log <> log <> + 5 log? () - (715)
2 (M\%V/z) 2 5/, 5 Myz) 2 Mz

€HSM 6"?3 €7c

The Lh.s. is proportional to a single contribution obtained in LA in fixed-order, even though in
the strict LA expansion the first term on the r.h.s. is neglected (see Ref. [19]). The first term
on the r.h.s. contains no low-energy information and is hence part of the high-scale matching
coefficients, while the second and third terms are part of the anomalous dimension. If —¢ becomes
small with respect to s, the first term will be the dominant one in the HSM and gives a positive
contribution, while the second one gives a negative contribution (up to prefactors that might
yield another global sign). Therefore in the small-|¢| tails the HSM- and ~ys-related contributions
are always of opposite sign.

Finally we remark that recent implementation of EW corrections in LA have in some occasions
included also the universal first terms on the r.h.s., see Refs. [71-73].

7.3. Resummed results

In this section we discuss the influence of the resummation of the observables discussed before.
In contrast to the FCC-hh setup the validity of the SCETgw assumption is not restricted to
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Accuracy aWW /b SEW
/ Accuracy %% /fh SEW

Fixed order 1.519(9) | —13.7%
Fixed order 0.00958(5) | —26.6%

SCET O(a) 1.524(9) | —13.4%
SCET O(a) | 0.00960(5) | —26.4%

LL+NLO 1.901(9) | 8.0%
LL+NLO 0.01262(5) | —3.3%

NLLpo+NLO 1.415(9) | —19.6%
NLLpo+NLO | 0.00952(5) | —27.0%

NLL4+NLO 1.563(9) | —11.2%
NLLANLO | 0.01127(5) | —13.6%

LL+NLO+running | 2.044(9) | 16.1%

Table 7.4.: Integrated fiducial cross sections for ete™ — WTW~ — pfu,0,7~ (left) and
ete™ — ZZ — 717 ptp~ (right) with the virtual corrections replaced by
the respective SCETgw-resummed results. The contributions included in the
(N)LL+NLO calculations are given in Sec. 5.3.

certain high-energy tails. It is therefore worthwhile to consider also fiducial cross sections as
well as the shape of normalised distributions. We consider the same grades of resummation as
in the FCC-hh setup (a list of included contributions in the respective calculations can be found
in Sec. 6.4). All relative corrections are defined as in (6.48),

dO’SCET _ dO,Born, SCET

51"65 —

dO-Born, SCET ’ (716)

in the following.

7.3.1. Integrated cross sections

In the case of WHW™ production (Lh.s. of Tab. 7.4) the LL resummation shifts the NLO FO cross
section by 21.4% of the the LO cross section. From Tab. 7.4 this is obtained as the difference
between SCET O(«) and LL+NLO. The magnitude of this effect can be estimated from the
size of the DL corrections to the transverse polarisations (80%) as exp(—0.8) — 1 + 0.8 =~ 25%.
The difference between LL+NLO and NLL+NLO is about —19% with respect to Born. This
quantity serves as a measure for the effect of the NLL resummation alone (without the effect
of the LL resummation). To determine the effect of the most important terms of the NLL
resummation, we can consider the difference between LL+NLO and NLLpo-+NLO, which is
about —28%. These schemes differ by the terms given in the second column of (5.87) (excluding
the uppermost one of course), of which the dominant one is the o®?L? term. It turns out that
these terms have an even larger impact than the ones in the first column (again excluding the
first one). The remaining 9% are then given by the resummed single logarithms, i.e. the second
column of (5.89).

For ZZ-pair production one has a similar picture: The LL resummation accounts for a ~ 23%
shift. Going to NLLpo slightly overcompensates this effect: The cross section is shifted by
—24%. And the remaining NLL terms produce another positive shift of ~ 14.5%.

It can therefore be concluded that an accurate theoretical prediction for this collider setup
should include at least NLL-resummed EW corrections. Also the influence of higher-order

147



Chapter 7. Results for the CLIC setup

terms in the log-counting as well as a resummation of the logarithms associated with coupling
renormalisation should be analysed.

7.3.2. Differential distributions
Virtual corrections only

In the following we discuss how the resummation affects the differential distributions. In analogy
to Sec. 6.4 we start by comparing the virtual corrections in the resummed and unresummed case.
The result can be found in Figs. 7.14, 7.15 for several differential distributions in WTW™- and
Z7Z-pair production, respectively.

Compared to the analogous discussion in Sec. 6.4, we show in addition the curves from the
“naive” exponentiation,

(51‘?8 — exp(él‘éiét), (7.17)

which has occasionally been employed, see for instance Ref. [78].

The effect of the LL resummation is (almost) constant over phase space. This is (roughly) the
deviation between the O(a) (orange) curve and the dark green curve, up to O(a?L)-contributions
from the product of one-loop matching and O(«) soft anomalous dimension, see (5.95) and
the footnote underneath. The effects of the NLL and NLLpo terms are strongest in the for-
ward region, where the angular-dependent logarithms are large (see the “SCET Soft” curves in
Fig. 7.12). Here the total negative shift due to the NLLpo terms (the difference between the
dark green and the pale green curve, O(a?L?)) grows up to ~ 20% in the longitudinal case and
exceeds 30% in the transverse case. The larger impact in the transverse case is explained both
by the larger values of the double logarithms (owing to larger EW Casimir for transverse W
bosons) and by the fact that the Yukawa-coupling term in the Goldstone-boson anomalous di-
mension (5.41) contributes with a negative sign to the SL corrections, leading to a smaller value
for the SL corrections in the longitudinal case. Towards the backward region the magnitude of
the shifts shrinks until it eventually changes the sign and becomes positive for small scattering
angles (6,+ 2 150°). This region, however, contributes little to the total cross section. The
NLL terms (difference between pale green and red curve) show a similar behaviour and range
between +15% and about 0% for both polarisation states. Since these terms are dominated by
the exponential of the soft anomalous dimension, their dependence on the polarisation state is
weaker: the angular-dependent logarithms have a similar magnitude (~ 60%) for both polari-
sation states (see Figs. 7.12, 7.13). In the muon-energy distribution all resummation effects are
more or less flat in the longitudinal case. In the transverse case the effects of both the NLLpo
and NLL terms are largest in the high-energy region and decrease towards lower energies.

The quality of the naive exponentiation prescription is different for the polarisation states:
Because of the small single-logarithmic corrections, the corrections in the longitudinal case are
strongly dominated by the DL corrections and the naive exponentiation prescription works well in
the sense that it reproduces the NLL+NLO result up to < 1%. In the dominating transverse case
the difference between the NLL+NLO result and the naive prescription is significant, reaching
more than 10% with respect to Born in the backward region. In the small-energy regime and in
the forward region, where the cross section is large, the difference accounts for < 5%.

In Fig. 7.15 we show the analogous distributions for ZZ production. For the antimuon-energy
distribution the curves for the relative corrections are approximatively parallel, which implies
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that the resummation effects are more or less constant. In the angular distribution for the
antimuon the NLLpo and NLL terms have larger effects in the forward and backward region:
The shift between the green curves reaches 30% in the first and last bin, while in the central
region it is about 12%. The shift between pale green and red curve is about 25% in the forward
and backward region and about 7% in the central region. At the end this implies that going
from LL to NLL (from dark green to red) yields a roughly constant shift of about 10%.

The naive exponentiation describes the exponentiation well for moderate lepton production
angles (40° < 0,+ < 70°), while both in the central region and in the forward and backward
regimes it introduces an error of 3% — 5%. Over the lepton energy, the error is more or less
uniformly distributed, accounting for ~ 3%.

Full resummed differential cross sections

Figures 7.16 and 7.17 show the same differential distributions as Figs. 7.14 and 7.15, but with
the full NLO cross sections summed over the polarisations and including contributions of real
corrections, virtual (factorisable and non-factorisable) corrections, and integrated dipoles. All
cross sections have been converted to expected event rates at CLIC using (6.15) and (7.4).

Figure 7.16 confirms that the anticipated statistics of the considered ZZ decay channel is
rather low, owing to the purely leptonic final state: The cross section of ~ 10ab is expected
to yield around 50 events in total, rendering a measurement at the differential level impossible.
One should, however, notice that the SCETgw results can be used in the same way for the
more prominent decay channels with expected event rates being larger by a factor 10-100.
Besides that the radiative corrections are dominated by real-radiation effects in the low lepton-
energy regime (see upper right plot), where including the real corrections renders the total NLO
EW corrections positive. In the angular distribution (upper left plot) the effects of the real
corrections appear to be strongest in the central region, thus flattening the curves of the relative
corrections compared to Fig. 7.15. The invariant-mass distributions receive huge corrections in
the small-invariant-mass region, which is suppressed for Born-like kinematics.

In the WTW™ case (Fig. 7.17), in contrast, the expected statistics is sufficient on a wide range
of phase space. In regions with particularly large cross sections, such as the forward direction or
the high-energy and high-invariant-mass regions both the effects of the LL. and NLLro contribu-
tions clearly exceed the numerical uncertainties, suggesting that the NLL- and NLO-effects may
be visible within this experimental setup. At the end the NLL results incidentally lie within the
shaded bands again. In the backward region (large 6,+) as well as in the region of small dilep-
ton invariant masses, we observe that, while the total cross section is suppressed, the relative
EW corrections reach high positive values because they are, like in the ZZ case dominated by
real-radiation effects. This can be explained by the fact that the additional photon opens up
kinematically suppressed phase-space regions. A similar effect can be observed in the region of
small antimuon energies and small dilepton invariant masses.

Normalised distributions

Finally we investigate some of the distributions normalised on the respective total cross sections,
which is a common technique to analyse the shapes of curves with different normalisation.

In Fig. 7.18 this is done for distributions from Fig. 7.16 in ZZ-production. Each plot contains
the LO result and the both the fixed-order NLO result and the resummed SCETEw predictions
as defined in (5.95). Because of the low statistics, we do not include the uncertainties in this

151



Chapter 7. Results for the CLIC setup

ete™ = ZZ — 7o ptp (CLIC setup) efe” = ZZ — i p'p (CLIC setup)

I Bom 1 Bom
[ Fixed Order [ Fixed Order

[~ Bomgcgr + SCET Resum LL NLO 1 Bomgcgr + SCET Resum LL NLO
[ Bomscer + SCET Resum NLL FO NLO [ Bomgcer + SCET Resum NLL FO NLO
[~ Borgcgr + SCET Resum NLL NLO 1 Bomgcgr + SCET Resum NLL NLO

0
0
—10
S IS
=50
—30
[ Fixed Order [ SCET Resum NLL FO NLO [ Fixed Order [ SCET Resum NLL FO NLO
-4 "1 SCET Resum LL NLO 1 SCET Resum NLL NLO =1 SCET Resum LL NLO 1 SCET Resum NLL NLO
20 40 60 80 100 120 140 160 200 400 600 800 1000 1200 1400
0, deg) E,:[GeV)
cte” = 27 — vt (CLIC setup) ete” = 27 — vt (CLIC setup)
T 1 Bom 1 Bom
[ Fixed Order [ Fixed Order
1 Borngcgr + SCET Resum LL NLO 1 Bomgcgr + SCET Resum LL NLO
[ Borgcer + SCET Resum NLL FO NLO [ Bormscer + SCET Resum NLL FO NLO
[~ Bomscer +SCET Resum NLL NLO [~ Bomgcer + SCET Resum NLL NLO
8
S
=
0
400
300
200
)
z
=100
0
[ Fixed Order [ SCET Resum NLL FO NLO [ Fixed Order [ SCET Resum NLL FO NLO
—100- {1 SCET Resum LL NLO 1 SCET Resum NLL NLO ~100 {1 SCET Resum LL NLO 7] SCET Resum NLL NLO
500 1000 1500 2000 2500 500 1000 1500 2000 2500
M- [GeV] My 2[GeV]
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plot: obviously the uncertainties are larger than the differences between the curves. The curves
in the production-angle plot are slightly stretched towards the forward and backward regions
by the EW corrections because the impact of the corrections is largest near the minimum in
the central region. Near the maxima the corrections are smaller and the peak of the normalised
distribution gets higher. The large corrections in low-energy tail lead to a distortion of the curve
towards the low-energy region, when the NLO EW corrections are included. In all distributions
the inclusion of the SCETgw resummation partially reverses the effects of the NLO corrections.
While the inclusion of NLO EW corrections appears mandatory to obtain a qualitatively accurate
prediction, the influence of the resummation does not change the curves in a measurable way
even if higher statistics is assumed.

For WHW™ production the results are shown in Fig. 7.19. The distributions are same as in
Fig. 7.17 and we also included the statistical uncertainties from the previous plots. The angular
distribution is peaked in the forward region. The peak is slightly lowered by including the
NLO corrections, which is again partly undone if SCETgw is applied. On the other hand the
muon-energy and the M. -+ distributions are flattened towards smaller values, which is mostly
an effect of real radiation. In both cases including the resummation enhances the effect of the
virtual corrections. The effects do exceed the statistical uncertainties, but they are of the same
order of magnitude. Note that the approximately constant shift owing to the LL resummation
implies that the shape of the curve is not changed with respect to the FO result, which is indeed
what can be seen in the results.

All in all, we conclude that a measurable effect of the SCETgw on normalised diboson dis-
tributions at the CLIC collider is unlikely. If at all, distortions in the regions of high- and
low-energy tails may exceed the experimental errors.

7.3.3. Effect of the running couplings

In this section, we investigate the impact of the parameter-logarithm resummation, as compared
to the LL+NLO scheme (see Sec. 5.3). Recapitulate that the included terms are given by (5.95).
In addition we fix a by its value in the MS scheme at My, (see Sec. 10 of Ref. [240])

1
My) = 1
a(Mz) = 357 952 (7.18)
at the low scale. From the input for ¢y, and sy,
2 M3 2 2
CW(MZ) = VV;]? SW(MZ) =1- CW(MZ)7 (719)
Z
we infer the values for the U(1) and SU(2) gauge couplings at My:
do(Mz) dro(Mz)
My) =Y 2/ My) = Y——22 7.20
gl( Z) Cw(MZ) ) 92( Z) Sw(MZ) ( )
For the high-scale contributions the one-loop RGE solutions for the EW gauge couplings,
2
91 Q(MZ)
9% a(hn) = B (7.21)
1— o1 /2= log i
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differential in the muon production angle and energy.

with By 1/ defined in (3.120), are used as input parameters.

The difference between the two setups at the integrated level is about 8% with respect to the
Born for WHW™ production, see rows 4 and 7 on the left of Table 7.4. The major part of this
effect is explained by the a?L? contributions associated with the running of the couplings, which
are not present in our definition of LL4+NLO. While this effect is conceivably smaller than the
difference between LL and NLLpo, which is also caused by a?L? effects, it is not negligible and
a should be taken into account.

The differential results are shown in Figs. 7.20 and 7.21 for the production of transverse
and longitudinal W bosons, respectively. The phase-space variation of the difference is at the
level of few percent. While the aforementioned o?L? terms are constant, a small dependence
is explained by the fact that the dominant phase-space dependent contributions, namely the
angular-dependent logarithms, are calculated with a different value of a.

157



Chapter 7. Results for the CLIC setup

ete” = WiW, = ptyzr (CLIC setup) e*e” = WiW[ — ptyzr (CLIC setup)
1 Bomscer [ Bomscer
106 Bornscer + SCET O(a) Bornscgr + SCET O(a)
SCET O(a)
f— [ SCET Resummed LL NLO
SCET Resummed LL NLO running SCET O(a)
[ SCET Resummed LL NLO
‘_ 0 SCET Resummed LL NLO running
0 -
L
—
= - =
E — E
o | S— o
—-20
—
= —30
—50 i
20 40 60 80 100 120 140 160 0 200 400 600 800 1000 1200 1400
0,~[deg] E,+[GeV]

Figure 7.21.: Effect of the running EW gauge couplings in ete™ — W{ W[ — ptu,m,7
differential in the muon production angle and energy.

158



8. Conclusion and outlook

For a long time it has been known that Sudakov logarithms can potentially spoil the conver-
gence of the perturbation series in the weak coupling constant, which poses limitations for the
accuracy of theoretical predictions especially at future colliders. Soft—collinear effective theory
for electroweak corrections (SCETgw) has been shown to be an appropriate framework to resum
these large logarithms to all orders in the coupling constant.

In this thesis, we presented an automation framework for the computation of resummed EW
Sudakov corrections to collider processes. Complicated processes with internal unstable vector
bosons are factorised into simpler subrocesses using the double-pole approximation (DPA) and
the matrix elements for the vector-boson-production subprocess are calculated using a SCETgw
factorisation formula. This formula is valid to leading power, thus neglecting all terms of
O(M3;/si;) with s;; being a kinematic invariant of the production subprocess. The longitudi-
nal degrees of freedom of the massive EW vector bosons are treated using the Goldstone-boson
equivalence theorem (GBET). Using an operator basis with charge and flavour eigenstates allows
for the evaluation of the tree-level and one-loop Wilson coefficients and operator matrix elements
in the symmetric phase of the Standard Model (SySM) using RECOLA2. All other ingredients
of the factorisation formula are process independent and have been directly implemented into
the MC-integration program MOCANLO, which is used for the numerical evaluation of cross-
sections on the integrated and fully-differential level.

We applied the setup to pair production of massive EW gauge bosons within two different
collider setups. In the hadron-hadron Future Circular Collider (FCC-hh) setup, even though
a beam energy of /s = 100 TeV is assumed, the bulk of the diboson cross-section is found to
originate from interactions, which do not allow the application of SCETEw because at least
one kinematic invariant is not large compared to the EW scale. In the high-energy tails of
differential distributions, however, we find the SCETgw assumption to be increasingly well
working, reaching subpercent accuracy in experimentally accessible regions for all quark-induced
diboson-production channels, given the assumed FCC—hh luminosity. In these regions, which are
typically within an energy range of 3—12 TeV, the Sudakov logarithms render the EW corrections
of O(1), such that a resummation is inevitable.

The DPA introduces large errors in some tails, indicating a strong influence from non-doubly
resonant contributions. This is particularly relevant in the high-pt, tails of distributions for
processes involving W bosons, which do not allow a direct invariant-mass phase-space cut on
their decay products. In these processes the DPA-approximated results are off the off-shell
results by up to 50%. The suppression of non-resonant background can thus be expected to be a
general issue for both experimental and theoretical investigations of diboson processes at these
energy scales. For ZZ production, the DPA works within the expected accuracy.

We investigated the effect of the SCETgw resummation in several steps, studying the influence
of the individual terms in the logarithm counting. The leading-logarithm (LL) resummation
has a huge effect in the high-energy tails, shifting the differential cross sections by 60% —
100%, depending on the process and the polarisation state under consideration. The dominant
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transverse polarisation states are affected stronger than the longitudinal ones. The terms that
are next-to-leading-logarithmic in the fixed-order counting scheme (NLLpo) give large negative
contributions, leading to a strong cancellation with the LL terms. At the end, we find that the
next-to-leading-logarithmic (NLL) results, which include also terms of O(a?L?) differ from the
fixed-order results by about 10% at several TeV, which is certainly a non-negligible effect, given
the high desired accuracy.

In the second part we investigated W* and Z-boson pair production in ete™ collisions at
Vs = 3TeV, inspired by the Compact Linear Collider (CLIC) project. In contrast to the first
setup, the SCETgw assumption is reasonable on the whole phase space in this case. In some
regions, such as for small lepton production angles or energies, the electroweak corrections are,
however, dominated by real-radiation effects, which can not be treated using SCETgw.

In the case of W¥ pair production, there are again large deviations between the off-shell and
the DPA results. They are, however, strongest in phase-space regions with small cross sections,
such as the backward region. In the regions that dominate the cross section, the DPA is found
to work well if only the relative virtual corrections are computed in the DPA.

In fixed order we find relative next-to-leading order (NLO) EW corrections to amount for
—13.5% and —24.8% at the integrated level for W* and Z-boson pair production, respectively.
The NLL+NLO SCETgw corrections correspond to corrections of —11.1% in the W-pair pro-
duction and —11.8% in the Z-pair production with respect to the Born cross section. These
relatively small shifts arise again from cancellations between positive LL and negative NLLpo
terms. While these effects exceeding the expected statistical uncertainties on a wide range of
phase space at least for W*-pair production, the shape of normalised distributions remains more
or less unaffected.

In addition we investigated the impact of the running EW couplings in W* pair production.
The fact that the effect of the resummation of the associated logarithmic corrections accounts for
a +8% shift on the integrated cross section at LL accuracy indicates that a closer investigation
of the associated higher-order terms would also be worthwhile in the future.

The resummation of EW Sudakov logarithms will undoubtedly be a topic of concern in the
era of next-generation colliders. While we demonstrated some important phenomenological
effects of the SCETgw resummation in high-energy collisions, there are some complications
with the consistent application of SCETgw to complicated processes, which are in particular
associated with the treatment of non-resonant contributions and the interplay with real-radiation
effects. A complete NLL resummation requires also the inclusion of the two-loop cusp anomalous
dimensions as well as the complete running of the SM gauge couplings.
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A. One-loop Feynman integral calculus

In this appendix we collect some basic tools for the calculation of one-loop integrals.

A.1. Dimensional Regularisation

In this appendix we review the concept of Dimensional regularisation (DimReg) and collect
some basic conventions and notations. The Feynman rules of quantum field theory require
integration over each loop momentum k& when calculating S-matrix elements. When written in
four space-time dimensions, these integrals may show singularities

e as |[k| = 0 or k || p for p external (IR), or
e or as |k| — oo (ultraviolet, UV).

In order to assign values to these integrals cut-off quantities are introduced which parameterise
the infinite behaviour. This is referred to as regularisation. Of course any physical quantity
has to be independent of the cut-off parameters, which happens in different ways for UV- and
IR-related divergences, respectively: UV divergences are removed by applying a renormalisation
transformation with suitable counterterms (see Sec. 2.2), while IR divergences cancel between
virtual and real corrections via the KLN theorem.

Dimensional regularisation [150,151] provides a way to regularise both types of divergences by
shifting the number of space-time dimensions occurring in the integration measure away from
D =4:

/d4k: — (2m)4—D/de, D eC, (A1)

where the scale variable p is introduced to retain the mass dimension of the integral. Note
that D is assumed to be complex in order to use analytic properties of the resulting integrals
interpreted as functions of D. The defining properties of dimensionally regulated integrals are
linearity and a proper scaling behaviour. One result which follows from these requests is the
fact that scaleless integrals are zero, i.e.

/ dPk (K% =0 (A.2)

for all a € C [241]. This seemingly paradox result has important consequences, as it implies
that all integrals without a dependence on any scale evaluate to zero. Furthermore, any scaleless
integral I can be written as a (vanishing) sum of UV and IR poles:

=y <Ck Ck) , (A.3)

E _k
Lz \¢Uv  CIR
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Appendix A. One-loop Feynman integral calculus

Im kg

X Re k‘o

Figure A.1l.: Wick rotation for the one-point integral. The pole positions are marked with
crosses, and the contour is closed in a way that the contour integral vanishes.

with some coefficients C and eyy /g defined via
D=4-— 2€UV/IR‘ (A4)

The coefficients in (A.3) can be extracted by regularising either the UV or the IR divergences
with a scheme different from DimReg.

A.2. The scalar one-point integral

As an example, and because the result will be used in a later calculation, we demonstrate the
calculation of the D-dimensional one-point integral defined as

4—D de. dD 1k
Ag(M?) =E / / dk / . A.
o(M7) im2 K2 - M2+i0 17r2 0 kg — k2 — M2 +i0 (A-5)

The scalar one-point integral is the simplest Feynman integral and is therefore a natural can-
didate to exemplify some important techniques of Feynman-integral calculus. It is sometimes
referred to as the tadpole integral because of the shape of the associated Feynman diagrams.

In the last step of (A.5), the loop-momentum Minkowski four vector k has been decomposed
into time and space components. In order to obtain a volume integral, the integration over the
real kg axis is rotated to the imaginary axis as sketched in Fig. A.1. The locations of the poles
in kg are obtained from the infinitesimal imaginary part denoted by i0:

= +Vk2+ M2 (1 ( 70 ) (A.6)

k:2+M2)

with the ellipsis denoting higher-order terms in i0. It can therefore be seen that the poles are
in the upper left and in the lower right quarter of the complex kg plane. Closing the contour
as shown in Fig. A.1 avoids enclosing any poles and thus allows for substituting the integral
along the real axis by an integral along the imaginary axis. Subsequently substituting ko — ikg
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Appendix A. One-loop Feynman integral calculus

renders the integration bounds real and one obtains

4—D —ioco dD—lk 4—D ) dD_lk
Ap(ar?) = -1 / dko/ ; ___# / dko/ . |
2 fio ki — k2 — M?+10 2 ) ki + k% + M? —1i0

_ _Iul4fD / deE _ _,U,47D /oo d’kE|/ dD*lQ ‘k‘E’Dfl (A 7)
2 k% + M? —i0 2 Jo |kg|? + M2 —i0’ '

with the Euclidean four momentum kg. In the last step we have introduced D-dimensional
spherical coordinates. To proceed, we use the analytic continuation of the surface of an n-
sphere (with n being a natural number),

9 (D—1)/2
aP-log=" A8
/ D () (5.8

to non-integer values D. In the above formula I'(z) denotes Euler’s I' function, defined as

I'(z) = /OOO dtt*le™t (A.9)

Using these definitions, the radial integral in (A.7) can be performed to obtain

D -2

Aufr?) = ~(amp)0r (1 22

) (M? —i0)(P/2=1), (A.10)

In the special case of D being close to four, one conveniently parameterises the space-time
dimension as D =4 — 2¢ and (A.10) becomes

Ao(M?) = M? C — log ]f; + 1) + O(e). (A.11)

The divergence associated with the limit e — 0 arises as |kg| goes to infinity and is therefore of
UV origin.
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B. Calculation of the SCET anomalous
dimension and low-scale corrections

In this appendix we calculate the one-loop SCET corrections, from which the anomalous dimen-
sion and the low-scale corrections can be extracted. Starting from the massless case, which has
been discussed in Ref. [161] and whose results we gave in Sec. 3.2.6, we proceed to the case of
the EWSM. The case of exchanging a massive gauge boson between external massless fermions
has been discussed in Ref. [46] using the A-regulator. We also discussed the regularisation in
Sec. 3.3.2 and gave some qualitative results. A more detailed calculation of these results is given
in Sec. B.2 for the collinear functions of external fermions, gauge bosons, and scalars, as well as
for the universal soft function. The final results in the form of Ref. [48] are provided in Sec. B.3.

B.1. Massless case

Quark jet function

The quark jet function is obtained from the p;-collinear radiative corrections to operators in-
volving the gauge-invariant building block

Xpi = WT(x)gpi' (B.1)

Apart from wavefunction corrections they are obtained from the diagram

= Teon(p?) X @ -,

(B.2)

implicitly defining the collinear integral I o (p?) Using the Feynman rules given in Fig. 3.1 and,
in addition, the Feynman rule for the emission of a collinear gluon with momentum k from the
operator in Eq. (B.1),
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Appendix B. Calculation of the SCET anomalous dimension and low-scale corrections

with the dashed line denoting an arbitrary n-collinear particle, the collinear integral reads

dPk 1 #alp—k) 1
Ico =9 4D/ ?
1 = 21, Cr (1) 2m)P @ -k (pi — k)2 +10 k2 + 0
dk—dk?2dk+ 1
= ig2Cr(p)*~ /(27r)Dk‘
(p; —k7) 1
24 kthT 4+ k2 — (p; kT 4 pf k™ 42k, o pi ) +i0kTET + kT +107

(B.4)

where we kept pg finite in order to regularise the IR singularities. Note that there is a Jacobian
factor of 1/2 when transforming from dkodks to dk™dk~. The basic steps (also concerning the
bosonic and the massive case) are the following:

e Integrate over kT using contour integration. This constrains the integration boundary for
k~.

e Integrate over k. This gives a tadpole integral in D = 2 — 2¢ dimensions.

e The remaining k£~ integration can be performed analytically or reduced to the scalar
integral fg defined as

oo 1-— —wz(1l —
fs(w, x) :/ 2= log 2+ 22— wa Z). (B.5)
0 z 1-=2
The poles in kT are located at
o+ —kﬁ_— iO’ L —k? —p? + k7 p/ +_2kL pi,L — 10 (B.6)
k (k= =p;)
If &~ and k= — p; have the same sign, both poles are on the same side of the real axis. The

contour can be closed containing no poles and /., vanishes. Because p;” has to be non-negative
for a physical momentum, the k£~ integration runs from 0 to p; . Using the residue theorem
yields

akb? 1 .
Teon = —27g2Cr()* D/ / - (p; ) 5 (B.7)
2m)D k= k- (p? — k~p; —2kip;1) +p; k3 +i0

Next we substitute z = k= /p; and shift k; — k| + 2zp; | to obtain the standard integral in
kLa

4 5 k(2 2¢) 1— 1
| = —2mg2Cr( / / — —. (B8
Ieo s 4 2¢) ki _,321)?7L — z2p;rpi —f—zp? +10 ( )

— 2,2
=—z°p;
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Appendix B. Calculation of the SCET anomalous dimension and low-scale corrections

After writing k% = —k2, (B.8) is a special case of the D-dimensional Euclidean tadpole integral
(A.7)/(A.10):

oy (2mp)D) D 1 _ 2\(4-D)/2 2 .n(D/2-1
(B.9)
Using (B.9) with D = 2 — 2¢ and m? = —p?z(1 — 2) yields
2\ € 1 _ A\(1—e)
% H (1-2)
Icoll = —%CF <—pZ2> F(é‘)/o dzW
2\ €
Qs i I'(—e)I'(2 —¢)
- S T YOS Sl il Sl
2 CF <—p§> & =T -2
asCrl'(14+¢) (2 2 ©? 2 5 1 2
= | s+-(1+log—~ ) — —+4+1log" — +2log—5 |). (B.1
- <s2+5<+0g—pf 3+ + log _pg—l— Og—pf (B.10)

The wavefunction graphs are unchanged with respect to QCD and one has the usual quark
field-renormalisation constant
asI'(1 +¢) 2

1 7
0Ly, =———— | —+1+1log— B.11
q A <€ + 1+ 0og _p?) ) ( )

leading to the quark jet function

2 2 w3 w7 5 1 2

1 Qg 3 o
=Ieon+-62Z;=—Cp (=5 +Zlog—+ = - 4+ - +log? — + log— ). (B.12
Jq cou+2 4= F<€2+60g—p2+2€ 3+2+ og _p2+2og_2> ( )

) )

Gluon jet function

The gluon jet function is obtained from a similar diagram as the quark jet function. The external
gluon is described by the gauge-invariant building block in (3.57),

A ara A ara
Al = 1VAVT(:C) (115(’3*1/1/(:1:)) = 1exp (W) [p“i —I—gsAg’aT“} exp <_gn_ApT) )
g g n-p n-p
(B.13)
Here /l]‘; acts as a matrix in the fundamental representation, while the adjoint indices are
contracted. All quantities that are matrices in the fundamental space are denoted with a hat
in the following. A single gluon with colour index a is produced by the projection of flﬁ onto a

single adjoint component, (cf. eq. (2) of Ref. [242])
Al = AT — Ap = 2Te{T" A} (B.14)

At leading power only the transverse part of A*® contributes because the polarisation vectors
have to be transverse.

We decompose the gluon field into its polarisation states:

AR — pAmAa o pmAa (52 . Ag)gl))\# + (52 . Ag)%»u (B.15)
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with 51),"“ being the polarisation vector of the polarisation state A and momentum p, and 51),"“
being its transverse complement:

iy &y =mny- &) = (£))> =0,
g ey =1 (B.16)
In fact this is fulfilled by 4" = —(e#*)*. If we assume the gluons to have definite helicities ,

A, an exemplary SCET operator contributing to the process gqg — gg takes the form

O = X T TPy Ay ALY = X T TOx 0y (6, - A% eI (EY - AP Ve . (B.17)
Just like the x4, fields the .AZ * fields contain arbitrary many n;-collinear gluons at leading power
via the Wilson lines. The one- loop pi-collinear jet function can be defined as the correction factor
arising from the exchange of p;-collinear gluons.! It can be written as

0~ (14 96%) 0 = (1+ Ln(s?) + °3) 0, (B.18)

with the gluon field-renormalisation constant §Z4. The jet function J(p?) is independent of

the fields other then AjJ.. It is a scalar because the collinear SCET graphs do not mix Lorentz
and colour structures into each other. In the following we write €#,&" instead of s)‘“ 513\1“ .
2

Parameterising the loop momenta as follows,

= Lon(p?) X s> ,

(B.19)

the one-loop jet function is obtained from the integral

i i
k2 +10 (k — p;)? +i0

1 Srup,be
I () = 58" { / APk Ve (k, —pi, pi — ) UPbe(k — pi, —k)} (B.20)

with the 1/2 being the symmetry factor, V!f,f;(k, —pi, pi — k) being the usual three-gluon-vertex
tensor,

V;%);(ka —DPi,Pi — k) = gfabc (gw/(k - 2pz) + gup( - 2k) + gp,u(k + pi)u) s (B-21)

and UYPY(ky, ky) being the Feynman rule for the emission of two collinear gluons with momenta
k1, ko, colour indices b, ¢, and Lorentz indices v, p from the transverse component of the operator

'Usually the jet function is defined via the gluon two-point function [36]. This definition is, however, equivalent
because it is computed from the same diagrams.

2In the following the external gluon is assumed to be outgoing. However, since the jet functions depend only on
p?, it has to be the same for the incoming case.
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in Eq. (B.13):

. 8% A)
pr’bc(k:]_, kQ) - ﬁ (B22)
0A) 1 0AD &,

Expanding (B.13) leads to 10 terms with two gluons. To see which terms contribute, we first
calculate the transverse component of the vertex tensor

VI (—k, k — pi) = g™ (gupe - (i — 2k) + v (k — 2pi), + €k + pi)) - (B.23)

Because -7 = ¢ -1 = 72 = 0, we can restrict ourselves to the contributions of Ubycp that have at
least one component proportional to £:

~ g¥nP nYer PR PNSIDN
VP(—kk—p;) =g | — T — T°Tb) + ...
070k =) =g (S + ) )+
. gl’,ﬁ/ﬂ ﬁljgp bdAd
—ig ( — cdpd o B.24
o (S ) T w21

with the ellipsis denoting terms proportional to n*n”, n¥n”, which vanish when projected onto
(B.23). The colour algebra yields a factor of

FO T = CAT® (B.25)
and the collinear integral is defined as the prefactor in front the colour matrix,
I (?) = Teon ()T, (B.26)

in order fulfill (B.19). The Lorentz algebra produces two terms, one for each term in the brackets
in (B.24). The first one reads

n- (2pi — k)

1
1) = =3¢ Q/de B.27
l(pz) 21 Ad (/cg—i-iO)[(pz‘—k)Q-HO](—ﬁ'k—HO) ( )
and the second one
1 i+ (k + pi)
L(p}) = —5iC 2/de
2(p7) 21 A9 (k2+10)[(1€—pi)2+10](ﬁ-(k:—pi)+i())
L2 40 - (=k+ 2p;) )
T2 ok = L(p; B.2
3! / kT p ) + 02 4 10)(—n k4 10) i) (B.28)

where the second form is obtained by shifting & — k4 p; and subsequently substituting k¥ — —k.
We thus obtain the result

n-(2p; — k)
(k2 +10)[(p; — k)2 +10](—7n - k +10)’

Leon(p}) = —iCag® / dPk (B.29)
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which is the same integral as in the quark case, except for the factor 2 in the numerator and a
global factor of 1/2. This does, however not affect the integrations over k™ and k, which can
be performed in complete analogy to Egs. (B.7)—(B.8). The z integration yields

2\ ¢ 1 A1 )
Leon(p?) = — e CA<M ) F(e)/o dz<2 z)((lie) )

5
w2 \° 2(1 — 2)[(—¢e) = T(1 —¢)
= _ECA < - ) L'e)(1—¢) r2= 2
2 € 7r2
70Ar(1 +e) ( /‘p2> [:2 + % +2— 6} . (B.30)

Adding the field-renormalisation-constant contributions

0Zs  asl'(1+¢) [[(5 2 1 0Z 4
= —Cp — =T, — B.31
2 ir g AT T | (B:31)
we obtain the final result
asCaT'(1+¢) 2 60 w2 024
J(p?) = =2 T (= lo 2— — — B.32
»?) e (arofee( L)+ 2T )Y e

Soft function

The one-loop soft function is obtained from diagrams with soft-gluon exchange between collinear
external legs [161],

b1 Dy
S=2uy T’?

B.
Pn Dj ( 33)

with the arrow lines indicating either collinear quarks or collinear gluons.

To calculate these diagrams one should first recapitulate the scaling of the soft gluon: k ~
(A2,A2,0%). Applying the Feynman rules in Fig. 3.1 and putting k? < 2p;k, n; - k < 7; - p; in
the propagators of the collinear particles® leads to (we assume all momenta to be incoming!)

T - T; i - Di n; - pj n; - N
_ B.34
lgb; / —|—2pzk+10p — 2pjk +10 k2 +1i0° ( )

3This corresponds to an expansion by regions. If the multipole-expanded SCET Lagrangian is used, a “manual”
expansion by regions is not necessary anymore. This is however not possible for off-shell quantities, see [161].
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The numerators in Eq. (B.34) can be combined to give
(ni - ) (7 - pi) (R - pj) = 4pi - pj = 2sij. (B.35)
We parametrise the loop momentum according to the direction of p;, which scales like
p;-F = (’)(/\2), p; =0(1), pi. L = O(\). (B.36)
Because p; and p; enclose a finite angle, all components of p; are finite,
pf =0(1), p;=0(), pjL=001), p;i=0N). (B.37)

All components of the soft loop momentum scale like A2, Parameterising the soft integral (B.34)
in light-cone coordinates of p; leads to

T -T;
= — 2ig? Z Sij
7]

y / dPk 1 1 1
@m)P p? +p; +k+ +i0p2 —pfk™ —p kT —2p; 1 -k +i0kTET + k7 +i0°
(B.38)

Following the same strategy as for the jet functions, we obtain for the pole positions in k~

k2 —i0 2 kT p; —2k +10
k*:%, - =i p L Pil (B.39)
J

Because of the i0-prescription, kT and p;“ need to have the same sign. Because pj is always
positive, we thus restrict k™ to positive values. Applying the residue theorem yields

s ZTSZS” o
i#j

dkt [ APk 1 1/k+
></ / = — / (B.40)
0 2m)(P=2) p2 4 p- k+—|—10p —p; kT +p; Jktk? —2p; | ki +i0

Using the substitution z = k*/p;-F and shifting k; — k| — 2zp; |, we obtain again a two-
dimensional tadpole integral. One should note that the integration variable z scales like A2, It
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should thus consistently be neglected whenever possible:

S:QO{SZSU‘ 22 J
i#]

Yoy 1
z
2m)(P=2) p? + 2pfp; +i0 k2 —zzpiL—222pjpj_ +2p% +10

——22p2=0 (%)

T AP 1 1
=205 ) sij / / = . (B.41)
o )P~ p2 + zpp; +i0 k7 + 2p7 +10

The k| -integral can again be evaluated using the tadpole formula (B.9):

]

Q

2 T T
as ﬂ2 I(e /
27T —p] Z#] pz + z

s i2(=si5) \ L(e) TT
2772((— ) (—p? ) sin(ew) 2

S =

2 pj)( ;)
s T, T, (2 2 12 (=sij) 1*(=sij) m
= EF(I +¢) ; TJ (52 + glog ((—pf)(—iﬁ)) + log? ((—pf)(—;ﬁ)) + 6) . (B.42)

The combination of the jet and soft functions is obtained by rewriting

P (=sij) \ _ . o > o >
lOg((—pf)(—zﬁ))lg( p? )Hg( pz>+lg< pj> (B43)

and performing the colour sum for the latter two terms. Note that we do this only for the UV-
divergent terms, as we can infer from these the form of the IR-divergent terms in the photonic
corrections to the fermion jet functions, see below. The UV-finite terms are IR divergent and
hence remain dependent on the regulators p?, p?. Using (B.43) as well as ), T; - T; = Cj, we
find

S{p*}) + Zj(p?) =
_ a1 +e) Ci o L2 (=5 1 , 0
== Z +§;T T[lg( >+21g<u2>}+€;% +0()
(B.44)
with
Ya =3Cr, 74 =Do. (B.45)
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We have seen that in the UV poles the regulator dependence has cancelled. The anomalous
dimension can be calculated as the coefficient in front of the 1/e-pole times —2:

Qg T T —Sij
r=-— > 5 I log (N2>+Xi:% , (B.46)

i#]

in accordance with Ref. [161].

B.2. Massive case

B.2.1. Fermion jet function

In the following we generalise the obtained results to the case of massive gauge-boson exchange.
We describe this for the collinear integral of a massless fermion. We denote with g the coupling
between the fermion and the gauge boson.

A-regulator

When the gauge bosons are taken to be massive, the collinear and soft integrals are separately
divergent, requiring an additional regulator. We choose the A regulator, which has the advantage
to enable a jet-function definition employing a single Wilson line in each direction [46]. If we
consider the collinear integral (B.4) and give the gauge boson a mass M, the first pole position
in k™ moves to

—k2 + M?—i0

kT =
ki

(B.47)

After contour integration one obtains

Icoll = _27792( 2)6

/Pz Qe / k:D 2 (pZ —k )
2m) P k: k= (M?+p? —k—p} —2kip; 1) +p; (k} —M?)+i0’
(B.48)

which yields a tadpole integral with mass M?(1—2)—p?z(1—z). Performing the same substitution
as in the massless case produces the following z-integral:

2T z

1 . .
Ton = = 3 (T(E) [ 1D -2 e - ), (B.49)

which diverges as z — 0, thus necessitating a regularisation of the Wilson line propagator k%

This is achieved by shifting all particles’ masses according to

1 1
-
(pi + k)2 =mi (b +k)?—mi - A

2

(B.50)
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while keeping the on-shell conditions p? = m? unchanged. After this shift the final factor reads

€Ny
T_Li-k—(gi,nj + 10

(B.51)

with §; ,, defined according to
2A;

(ni - 1) (7 - pi)
After substituting this into (3.102), the sum over j can not be performed anymore because of
the j-dependence of the prefactor beyond the colour operator.

(B.52)

5i,n]~ -

Thus we obtain for (B.49) the regularised form

2 € rl 1—¢

o 0 (1-2)
Log = ——T(e) [ dzg2 20
ol = T or (8)<M2—Ai> /0 T

zZ+
p;
2 € 1 1
« ,u 1—z (1 —2)log(l—2) 9
=——T —_— dz———— — d (@]
2\ ¢ . 2
a 1 2 2 Oin, T
= 2ra EY (24 Z10g2 o T B.
e (m) (Bl o). B3

where we have set p? to 0 because with a finite gauge-boson mass there is no need to regularise IR
divergences. In addition we have expanded the integrand in € before performing the integration,
because the second term can be evaluated with (51-%. =0.

Zero-bin subtraction

While (B.53) is a well-defined integral, it is not independent of j, which questions, why it is
reasonable to write the operators in terms of single n;-collinear Wilson lines. The point is
that the A-regulators induce a non-vanishing double-counting of the soft—collinear region. The
n; soft—collinear region is contained both in the soft and the n;-collinear region and is hence
counted twice if the contributions of jet and soft functions are added. While without regulators
its contribution vanishes, in terms of the A regulators it is most easily obtained by considering
the soft limit of collinear loop integral, (B.48), dropping the k£~ in the numerator and the k*-term
in the fermion propagator:

D —
Leong = —2192/ o b : (B.54)
’ (2m)P (k= + i, ) (k2 — M?)(—p; kT — A +10)

yielding the pole positions

]{7+

_ A0 k+:—ki+M2—iO

- e : (B.55)
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which restrict £~ to positive values as in the case of the massless soft function, see (B.39) and
below. We obtain

« & M? 4+ zA\;)~¢
Teong = —5-T(e) (qu)s/o dz%

2 € 2, — 2
i 2 2. M2%p o«
__Yr L I i T . B.
S )<M2> <52 T8 Aibip, 3 +O(€)) (B.56)

The zero-bin integral has no closed form in terms of standard functions, its solution is a hy-
pergeometric function. For the correct finite result it is important to take the limit of A; — 0
before ¢ — 0. Subtracting the zero-bin contribution from the collinear integral while setting A;
and d;,,/p; to zero wherever possible, we obtain the final result,

2 2 2 2 A,
fon o = 10091 (5% (oon () ) 2w () (1 (32
2 2
2 [ K 27
+ log <M2> —5 —|—2>, (B.57)

in accordance with Eq. (22) of Ref. [46] (up to the prefactor €78¢). Eq. (B.57) is indeed inde-
pendent of the direction j. The collinear integrals can hence be calculated using an arbitrary
regularisation direction and the colour algebra can be performed as in the tree-level case.

Photonic part

The photonic SCETgw corrections for massless fermions are obtained from the fact that all
SCETgw integrals are scaleless. Their sum can therefore be written as

Dy Dy
> — - (B.58)
Lz fuv  CIR

For massless QCD we have obtained

S{p*}) + Zj(p?) =

:as 1—|—6 Z ZT - T [11 < Sw> ;10g2<;23ij>:|+12%

g
i#j uv Ky

+UV-finite,
(B.59)

with “UV-finite” given in terms of off-shell regulators. Using (B.58), (B.45), as well as the
Abelianisation prescription [182]

s — a, T, — 0,Q;, Cr = Q7, Cp =0, (B.60)
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yields the photonic SCET corrections for massless fermions:

Sy + Z J%i(pzz) =

ol'(1+¢ 2 3 02 1 —Sis 1 2
_oflte) Z [ ©; + 3 @ ] +ZUiQi0'ij LUV log - Y 4 ~log? lain's
i

2 G
4 Euv 2 EUV it uv 2 Sij

2 302 Lo —sy Lo oo
—Z [2 + } — ZUin‘Uij LIR log 2 L+ §1Og ] . (B.61)

IR —5ij

To obtain the desired form of the collinear and soft function we have to assign all possible terms
in the soft integral to single legs using colour conservation as well as the Sudakov representation
of the large invariant s;;,

nj - pj

—ny; nj —10

2” = log — bi + log + log

log 5
MIR MIR HIR

(B.62)

Subtracting the UV poles, setting uyy = w1, and assigning all possible terms to single legs yields

a 1 1 /3 n; - pi
57+Zj,i(p?):MF(l+€)ZQ?<—2—<2—2log p)

EIrR  €IR HIR

3 2 2 =, 1 2
+loglm2v+2logm2p”logw—log'[h§)
2 7 R I 0 2 T p
—N; Ny —1i0
2

i
@ 1 Kty
+ —I(1+¢) g 0iQi0;Q; - + log 2 log , (B.63)
IR

4m i#] IR

where we used (B.62) in several places. The first two lines are one-particle contributions and
contribute to the collinear functions, while the third line yields the photonic part of the soft
function.

B.2.2. Gauge boson jet function

The jet functions for the SM gauge bosons are calculated from the diagram:

k

—

M
- Icoll(pzzu m2 MQ)

nt?
Mint
&\
AV

It has the same Lorentz structure as the one in Eq. (B.19). On the level of SU(2) eigenstates
there is, however, only one non-vanishing colour configuration for each external particle: An
external W3 with a virtual W pair and a W* with a W* and W3. Decomposing the W? into
mass eigenstates yields two diagrams in each case.
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Concerning the regularisation, the integrals can be calculated in analogy to the fermionic case.
Defining the momenta as indicated in Eq. (B.64), we obtain again two terms from the Feynman
rule in Eq. (B.22). Unlike in the massless case, they are not equal if mi,; # M. Instead, they
switch the role of the gauge bosons:

n-(2p;i — k)
]2?M2:_2/de n- (2p:
1Py i, M) = —ig (k2 — M2 +10)[(p; — k)2 — m2, +10](—n - k + i0)’
. n - (2p; — k)
12.2M2__2/de R
2(py, iy, M) = —ig (K2 — m2, +10)[(p; — k)2 — M2% +10)(—7 - k + i0)
= Il(p?a M2’ mi2nt)‘ (B65)

I5 can thus be interpreted as “exchange of a gauge boson with mass miy:”. Because the propa-
gators are different, there is also no symmetry factor of 1/2.

For finite M we obtain (abbreviating x = m2,, /M?, w = p? /M?)

L=-2 I'(e) <“2>6 /01 dz(2 —2)(1— 2422 —. wz(1 — 2))~¢

_E M2—Al Z+ 6i’iﬂ
2 € 1
@ 0 2—z
- _“r - B.
ore (35 [ (8.66)
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L (2—2)log(l -
8/ d ( Z) Og( Z) €fs(w,$)+0(€2)>
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2\ € 2
« o 1 2 Oip, T 9
—_ — 1 — _— _— —_ .
47TF( +¢) (MZ) (5 + Elog .~ +1 3 + fs(w,z) + O(e?) (B.67)

with fg defined in (B.5). The zero-bin contribution is the same as in the fermion case because
interactions are spin-independent in the soft limit, and we obtain the final result:

2 € 2 2
a i 2 1 2. M 9

Photonic part

In the case of the W boson, the photonic corrections are obtained in two parts: The IR-finite
part is obtained from the SCET diagrams. As explained in more detail in Ref. [44], the W boson
is treated as a boosted-heavy-quark-effective-theory (bHQET) field below the low scale ;. The
matching corrections between SCETgw and bHQET are obtained from the diagram in (B.64).
Because the photon is massless, the integration can be carried out without A regulators to yield

a (1 1 1 u? w2
L=2(Z+>+210g2L +log L +2). B.69
! 4w<52+a+2°g Mz %z T (B.69)

The complete gauge-boson jet function is obtained as a sum over all combinations of M and
Mint, as is demonstrated more explicitly in Sec. B.2.5.
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B.2.3. Scalar jet function

The scalar collinear integral is obtained from the same diagram as in the fermionic case:

m12nt7M2)'

= ICOH (p%a

(B.70)

Applying the Feynman rules (remember that they are not changed with respect to the SM,
because we consider purely collinear interactions) yields the same collinear integral as in the
vector-boson case:

o n-(2pi — k)
)= [ i T

nt

m2. . M?

int»

Icoll(pzz> (B-71)

with p? equalling the squared mass of the scalar, M is the mass of the exchanged gauge boson,
and mjy; the internal mass of the scalar’s isospin partner. Because I.o precisely corresponds to
I + I in (B.65), we can infer that the result has the same form as in the vector-boson case.

B.2.4. Soft integral

The one-loop soft function is obtained from the integral in Eq. (B.34) with a finite gauge-boson

mass M and the offshellnesses replaced by the A-regulators:

After performing the integrations over k™ and k| in the same manner as in the massless case
one obtains the integral

Va Va
T 1)
2

>

5= 5 (") T
Va i#]

Ade

M7, +205)°

Ay

(B.73)

with TZ.V“ denoting the colour operator associated with gauge boson V,,. The integral in Eq. (B.73)
is the same as the zero-bin integral in (B.56), the result reads (with A;; set to 0 where possible)

2\ __ V. Ve M2 s 2
o o i j 1 1 v, Sij ™ 2
S=-—T(1 £ — 4+ log— XY 10
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= I(1 AT T P N R (| @
o (1+¢) <M\2fa> ( El: 5 <€2+€ogAi—|—€og 2
V. V. .
2 n; - Pi 7T2 ia' jal —ni-n]’—lo
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where we have split off all one-particle contributions in the last step using that the quantum
numbers associated with any of the V, of course have to be individually conserved.

Photonic part with external masses

For the case of photonic corrections to processes involving massive external particles the soft
integral has to be evaluated in bHQET. The result has been given in Eqgs. (81) — (83) of Ref. [44]
for a finite gauge-boson mass, which is much smaller than the bHQET mass. The result is,
however, also valid for an infinitesimal photon mass A, which we can translate to DimReg using
the well-known correspondence

1
log \* < o + log pif, (B.75)
e 8= 32 2700 1oy 1) (— 2 24 910 L (B.76)
N ir S\ Ty e ¢ Ky

(ig)
with the pseudo-angle

. _Pi-pj N ping-pjng-n;
wij—vi-vj— = A A 9 .
m;m; m;  m,

(B.77)
This can be recognised as the result of the QED eikonal integral [145] in the limit of m;, m; — 0.

B.2.5. Putting the results together

The collinear anomalous dimension and matching are obtained as the UV-singular and finite
part of the one-particle contributions, respectively. That means we have to add the terms in
Eq. (B.74) to the collinear integrals with the zero bin subtracted and finally sum over the contri-
butions of W, Z, and photon. In addition the respective wavefunction-correction contributions
have to be taken into account. They are not changed by SCETgw and can be copied from the
SM.

The UV poles reproduce the anomalous dimension of the massless case: All UV-divergent
terms depending on My, cancel. One can therefore perform the sum over V, to obtain

S+ Z (Z(Iéou(MVa) - Iéou,g(MVa)) + 62&)

Va
« 1—’11—’]1 —’/LZ"’I’Lj—iO « 1 2 N; - Pi 1,
= — -1 - — cV | - — —log—— —=
o &~ 2 z-:Og 2 4 L= " g2 Eog 1 +Z€2
1#] 1 i
+ UV-finite. (B.78)
The anomalous dimension is given by minus twice the 1/¢ coefficient, yielding:
Q@ ni - pi a T - T; —n; - n; —i0
I'=— (4Clog — 1+ = 21 2 . B.79
g ( P log == + %) +—) g —— (B.79)

i#]

The low-scale corrections are obtained from the UV-finite part of the sum of soft and collinear
corrections. The soft matching is given by the “irreducible” two-particle contributions in the
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last term in Eq. (B.74).

TV“ 2 e
oy v ok - lon =3

Va—W Zyy i#]
M, 1 M —n; - n; —i0
— Z O'ZIZO'] log — + 0,Q;0;Qj | —— +log —W 1llog M,
17&] €IR :U’IR 2

(B.80)

where the last form is special for the case p = M. In addition we used (B.75) for the IR poles.
For each particle the collinear matching is obtained from the one-particle corrections, that is,
from the sum of the zero-bin subtracted collinear integral, the field-renormalisation constants,
and the one-particle terms of Eq. (B.74). The dependence on the A regulators cancels between
soft and collinear contributions.
For fermions we obtain )
DE = > (1f) Duw (B.81)

Vo=W,Z

with I]Y: being the coupling of the fermion with gauge boson V,, and the Dy, defined in Eq. (B.85)
and the photon-mass regularisation translated to DimReg using Eq. (B.75). Adopting the no-
tation of Ref. [19] we find for the W boson

2. Mg, 57

DW ( ,> F %, Va S p 9ow ’

VG;VZ; WV, ( Vo (k) + fs <M‘2/a M2 T (k) + S ——
(B.82)
where V! runs over Z and v if V, = W. The Fy, are defined in Eq. (B.86) and fs in Eq. (B.5).
As already mentioned in Sec. 5.2.6, the low-scale corrections for photons and the Z bosons
have to be calculated in the W3 /B basis. For the W3 contributions this leads to the form (B.82)
with M‘Q,a = M‘Q/a, = My and M\%V — M% /0, respectively. The B-boson contributions receive

only the field-renormalisation constant contributions and one arrives at

), (), (2) (Z)

SM™MW B T Y — <ng/‘Z/)Dg/3%Z + n(’Y)DW - + (Z)DBHZ —|—TL( )Dg_w> M”g/?/)ng)ng)n%)

(B.83)
3
with Dg/ B2/ given in Eq. (B.89).

B.3. Soft and collinear functions for the Standard Model

In this appendix we collect the final results of the previous section in a more explicit form.

Fermions

For massless fermions with chirality s the collinear part of the operator corrections yields

Dl = e <(Ifﬁ) Dy () + 6x1.

o Dl + Q%Dml)) (B.84)
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with the auxiliary functions

Dyyyz(m) = 2log —5—log —— — _log” — 2 5t
1

My m-p 1 QMVQV/Z_§OMV2V/Z ™ 9
G mo 2 1 2

2 2
3
log? ,u% ~3 log M%. (B.85)
Hi 1

Note that these functions already contain the contribution from the respective wavefunction
renormalisation constant.

Transverse gauge bosons

For gauge bosons we introduce the functions

M2 n - 1 M M2 2
W/Z n-p 9 MW /7Z wW/z
Fyz(m) = 2log log —= — = log — log T,
/ T w2 pd i 2
~ 5 ~ 5 )
e 1o P PR, T-p 1. o My My
By () =2 log T+ 2log = 5t log 77— + 5 log —log —~ +2, B.86

as well as the scalar integral (B.5). The latter, defined in the appendix of [45], can be written
in terms of the Passarino—Veltman two-point and three-point standard integrals:

2 2
p m .
fs (2, 2) = — lim (Co(p2,r,p2, M2, m2, m?) — co(o,r,o,o,o,o,o)yﬂ%R:Mz)

2

+ % + Bo(p?, M2, m?) — By(0, M2,0). (B.87)

For the definitions of the By and Cj integrals see Refs. [145,192]. In terms of these functions
the low scale corrections read

a [ M2, M2 c2 M?2
DE W () = = LVQV (Fz + fs <MVQV, MV2V>> + S*‘QN <Fw+ fs <1, M?Z>>]
w 7 7 %%

W

1
LI, + Fy + fs(1,0)] + 502w

- (B.88)

HUV=H]

for external ¥ bosons.
The operator corrections for the Z boson and the photon depend on the subamplitudes and
read

a M? 1 1 Sy
D&’ 7% () = s Fw+fs(2.1) ) + 56222 + =674, ,
2mss, MW 2 S 2 Cy P
3 o 1 lc
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1 1s
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Note that the conventions of Ref. [48] imply a factor of 1/2 in the off-diagonal field-renormalisation
constants compared to our definition [156], see Eq. (2.30).

Longitudinal gauge bosons/scalars

For the case of scalars the respective functions read

o (22 M2
D¢(m) = ( R <Fz+fs <MV;/
Z

% M3
i \ 4232 M)) T ( W+fs< Mw>>
1 2
to (B 5 (1 gv)) )+ 5Colin (5.90)

with the charged-boson GBET correction factor

16M3,  =Wo  SWVW(M2
6Cy = 62w + =——* — - =L (2 w) (B.91)
2 M, My Mg,

(see also (3.97)). Similarly to the v/Z-mixing in the transverse case, one finds different operator
corrections for operators containing the ¢ field, depending on whether the external state is a
longitudinal Z or a Higgs boson:

1 M?2 1 M?2
plZuy=2 (= (R 1, 1 — (F 27 4
p () I \azsz \ 7 + fs A2 + 52 w + fs M2

+ 6C,| (B.92)

HUV=H]
with the neutral-boson GBET correction factor
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2550 T My MZ (D2
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For an external Higgs boson one finds

1 M2 1 M3
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