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Abstract

In this work the electroweak radiative corrections to the process ete™ — tf up to next-to-leading or-
der (NLO) in the electroweak coupling « are studied. This thesis focuses on the weak corrections,
pure QED contributions are not treated. The calculation is done in the continuum region above the
top quark pair-production threshold s = 4m?, where /s is the partonic center-of-mass energy. Apart
from treating the fermions from bottom quark downwards as massless, no simplifying assumptions, like
degenerate weak boson masses etc., are made in this thesis. The results are computed analytically
(in renormalizable R¢-gauge) at the level of the S-matrix element, allowing for strong self-contained
checks of various intermediate results. Due to the calculations being relatively involved, computer-based
assistance in terms of various Mathematica-packages is used heavily. Nevertheless, technical points
like renormalization and systematic treatment of Feynman integrals are explicitly covered in detail as
well throughout this work. The UV- and gauge-cancellations necessary for obtaining scale- and gauge-
independent predictions are discussed. This leads to the natural formation of “building blocks” within
the full computation. After completion of the continuum calculation, the results are expanded in the
high-energy limit /s > m; ~ Agw, where Agw ~ 10> GeV is the electroweak scale. Special emphasis
is put on the extraction of the high-energy logarithms of the theory (Sudakov logarithms), which are
of the form In*(A%y/s), with k = 1,2. Power-suppressed terms O(A%y/s) are neglected. In the last
chapter the analytic results (both in the continuum and the high-energy limit) of the S-matrix elements
are finally turned into cross-sections and studied numerically.

Zusammenfassung

In dieser Arbeit werden die elektroschwachen Strahlungskorrekturen fiir den Prozess ee™ — tt bis
zur next-to-leading order (NLO) in der elektroschwachen Kopplungskonstanten « studiert. Der Fokus
liegt auf schwachen Korrekturen, reine QED-Beitrédge werden nicht untersucht. Die Rechnung wird in
der Kontinuumsregion iiber der Topquark-Paarproduktionsschwelle s = 4m? durchgefiihrt, wobei /s
die partonische Schwerpunktsenergie darstellt. Abgesehen davon, dass von Bottomquark abwérts alle
Fermionen als masselos behandelt werden, werden in dieser Arbeit keine weiteren vereinfachenden An-
nahmen, wie entartete Massen der schwachen Bosonen etc., getroffen. Die Ergebnisse werden analytisch
(in renormierbarer R¢-Eichung) auf dem Level des S-Matrixelementes berechnet, was aussagekréaftige
unabhéangige Uberpriifungen auf Korrektheit einiger Zwischenergebnisse ermoglicht. Da die Rechnungen
relativ umfangreich sind, wird intensiv auf Computer-basierte Assistenz in Form einiger Mathematica-
Packages zuriickgegriffen. Nichtsdestotrotz werden im Laufe dieser Arbeit auch technische Punkte wie
Renormierung und die systematische Behandlung von Feynman-Integralen explizit im Detail behandelt.
Die Aufhebung der UV-Divergenzen sowie der Eichabhéngigkeiten, welche notwendig ist, um UV-endliche
und eichunabhéngige Aussagen tétigen zu konnen, wird diskutiert. Dies fiihrt auf natiirlichem Wege
zur Formation von ”Bausteinen” innerhalb der gesamten Rechnung. Nach Vollendung der Berechnun-
gen im Kontinuum werden diese Ergebnisse im Hochenergielimes /s > m; ~ Agw entwickelt, wobei
Agpw ~ 102 GeV die elektroschwache Skala bezeichnet. Spezieller Fokus wird auf die Extraktionen der
Hochenergielogarithmen der Theorie (Sudakov-Logarithmen) gelegt, welche von der Form In*(A%y,/s)
mit k& = 1,2 sind. Potenzunterdriickte Terme O(A%y/s) werden vernachlissigt. SchlieBlich werden im
letzten Kapitel die analytischen Ergebnisse fiir die S-Matrixelemente (sowohl im Kontinuum als auch im
Hochenergielimes) in Wirkungsquerschnitte iibergefithrt und einer numerischen Studie unterzogen.
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Chapter 1

Introduction

With the celebrated discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012, com-
pleting the Standard Model (SM), particle physics ultimately entered a new era. Despite its undeniable
impact on the scientific field, the Higgs-discovery put particle physicists at a multiway crossroads and
handed them a compass containing a spinning needle. Although there exist some mild tensions for vari-
ous observables between theoretical predictions of the SM and corresponding experimental observations,
at this point in time there is no direct evidence for particles not belonging to the SM spectrumEl.

This unsatisfactory situation has consequences in that much of the current focus of particle physics,
theoretically and experimentally, lies on precision physics, i.e. trying to improve the accuracy of the-
oretical SM-predictions and experimental SM-studies as far as possible to either extinguish or solidify
the existing tensions within the SM, thereby testing for its (potential) shortcomings. Two of the suc-
cessor machines of the LHC, the International Linear Collider (ILC) and the Compact Linear Collider
(CLIC), are accelerators tailored to such precision measurements. Contrary to the LHC, they will col-
lide leptons (positrons and electrons), which has important advantages experimentally and theoretically
(for example better control of the partonic center-of-mass (CM) energies, higher efficiency of beam en-
ergy use and cleaner theoretical descriptions due to non-compositeness of the colliding particles etc.).
The linear set-up forces concessions in the beam energy however, so the designed partonic CM-energies
range from ~ 250 GeV (starting for ILC) to 3 TeV (for final-stage CLIC, after various stages of upgrades).

Besides the Higgs-boson, the most interesting particle of the SM for studies at linear colliders is the
top quark. It has unique properties that make it an almost ideal object (both theoretically and experi-
mentally) for BSM searches or precision studies of the SM at these accelerators. For one, its enormous
mass of my ~ 173 GeV (which lead to a relatively late discovery at Tevatron in 1995) results in a very
short lifetime of about 5 x 10™%°s, which corresponds to a total decay width of about 1.4 GeV. This
feature of I'y > Aqcp, where Aqep ~ 300 MeV is the hadronization scale, leads to the fact that the top
quark decays (weakly) before it can hadronizeﬁ. Secondly its large Yukawa-coupling y; to the Higgs-field
(related to m; by the vacuum-expectation value (vev) v of the Higgs-field) results in a close connection
between these two heaviest SM-particles, and they are believed to be the most sensitive to (hypothetical)
new particles and BSM-phyics.

Studying the top parameters like the top quark mass m; is therefore of high-importance. There are
various strategies to access these experimentally. For example measuring cross-sections close to the top-
pair production threshold region (threshold-scans) or other observables that are ideally very sensitive to
the top mass (for example as in [I], [2], where a reconstruction method was worked out theoretically).
Apart from experimental finesses of each of these measurements, there are severe theoretical challenges

!The most frequently quoted BSM hint is Dark Matter (DM). Despite some constraints from mainly cosmological
observables its particle interpretation has not been established yet. At least it is safe to say that DM quanta have escaped
any of the detection mechanisms so far. There is also evidence for non-zero neutrino masses, but their precise origin is not
known yet.

2Tt does of course participate in strong interactions in the time between production and decay, but with the characteristic
scales well above Aqcp it is possible to treat this time slice with perturbative QCD (pQCD).



that need to be addressed systematically. Starting with the fact that a theoretically well-behaved defi-
nition of the top mass parameter is far from trivial, to the fact that the extraction methods frequently
lead to kinematic regimes and edges of phase-space where perturbative theory (especially QCD, but
also electroweak theory) may encounter validity problems connected to the phenomenon of large loga-
rithms. The issue is usually a large separation of (many) scales leading to large-logarithmic enhancement.

One especially important process at linear colliders involving top quarks is the pair-production of top
quarks from e™e~-annihilation. For any such process governed by a hard partonic production scale s the
top mass m; naturally sets up 2 regions that are of specific interest: the threshold region where the tops
are produced close to rest, and the continuum region s > 4m?, ultimately leading to the highly-boosted
regime s > 4m?. In both regimes, threshold and the highly-boosted, a lot of progress has been made
at O(as) and beyond. Up to this point in time (i.e. in the LEP and LHC eras), electroweak effects
(EW effects) have been included either only fully inclusively (for example with a constant width of the
top quark as in [I], [2]) or at fixed-order, leading to a precision sufficient for those machines. With the
new generation of high-precision accelerators on the horizon, this is not the case anymore however, and
there is the need for systematic inclusion of electroweak effects, both beyond leading order and in a more
differential way.

The aim of this work is therefore to provide a first step towards a more systematic inclusion of elec-
troweak effects in top quark production at e™e™-colliders. Starting point is the NLO corrections to the
production of stable top quarks, and a lot of work has already been done in this respect by various
authors, see e.g. [3], [, [B], [6], [7]. These works were geared towards numerical implementation of
these fixed-order results into codes and numerical libraries, but going beyond numerics and discussing
things at an analytical level as much as possible has some important advantages. Firstly analytic cal-
culations allow to straightforwardly identify proper subsets of the full calculation (in terms of scale-
and gauge-independence) and subsequently clarify their role (conceptually and numerically) within the
larger picture. Secondly for the reconstruction of top parameters in kinematic regions as mentioned
above, it is necessary to systematize the approach beyond the pure fixed-order calculations, for example
by applications of Effective Field Theories (EFTs) tailored to the specific situation. For this reason
precise knowledge of the underlying structures is necessary, in order to clarify the need and possibility
of resumming large logarithms of the theory. Since full higher-order calculations at EW two-loop and
beyond are tremendously complicated and often off-limits, resummation might prove useful as it allows
to access higher-order effects at a much reduced technical cost.

In this work we will focus on the (highly-)boosted region s > A%W. Firstly we derive analytic re-
sults for the continuum without any major simplifying assumptions, which are very hard to get across in
the existing literature as they are rarely (and always partially) given in explicit form. This thesis aims
to fill this gap in the literature, showing explicitly expressions in R¢-gauge down to single diagrams,
as well as details concerning renormalization schemes and gauge-cancellations. These expressions will
be expanded to extract the leading logarithmic structure (including constant terms) in the high-energy
limit. Obtaining analytic results enables precise statements about the structure of the calculation, like
logarithmic vs. constant vs. power-suppressed terms, discussion of proper subsets of the calculation (in
terms of scale- and gauge-independence etc.), and it is also very useful (for later work) for cross-checking
and matching procedures of EFTs formulated in this kinematic regime.

This thesis is organized as follows: in chapter [2] we review the QFT of electroweak interactions, GWS-
theory (after Glashow, Weinberg, Salam), a spontaneously broken gauge-theory based on the group
SU(2) x U(1). Following [], [8] we then discuss two variants of the commonly used on-shell renormal-
ization scheme (OS-scheme), which is necessary to obtain 1-loop-predictions free of ultraviolet (UV)
divergences.

The backbone of this thesis is chapter Bl where we extensively treat the calculation of the amplitude
M(ete™ — tt) in renormalizable Re-gauge in the continuum, i.e. for arbitrary s > 4m?. We start by

10



introducing notation (following [5]), kinematics and the tree-level calculations, before moving on to the
radiative corrections at one-loop (NLO EW). In this work we focus on weak corrections, excluding the
pure QED contributions, which is possible due to the residual U(1)-local-gauge-symmetry after sponta-
neous symmetry breaking (SSB). The results are presented at the level of the S-matrix element in terms of
chirality amplitudes multiplied by scalar coefficient functions that depend on the invariants of the process.

In chapter M the mechanism of UV- and gauge-cancellations is discussed, which unveils interesting and
non-trivial interplay of various parts of the calculation. Obtaining UV-finite and gauge-independent
quantities in a spontaneously broken gauge theory is a much less straightforward subject than in un-
broken theories like QED or QCD. In this thesis, renormalization and gauge parameter cancellation are
thoroughly discussed and subtleties are clarified. The UV- and gauge-structure leads to the natural
formation of building blocks within the full calculation.

Another core chapter of this work is ch. Bl where we expand the continuum results in the high-energy
limit s > A]QEW ~ 102 GeV. All the weak boson masses Mz, My, My and the top mass m; are treated as
~ Agw, with other fermions assumed to be (effectively) massless. In this thesis we focus on the central
scattering region 6 ~ m/2, which implies [¢[, |u| > Af as well. We give explicit analytic results for the
leading logarithmic structures in this regime including constants, neglecting power-suppressed terms.
The results, full and expanded, are studied numerically in chapter [l according to absolute size, relative
importance and accuracy of expansion. We summarize and give a short outlook in chapter [1

11



Chapter 2

Electroweak theory

The goal of this thesis is to construct the electroweak next-to-leading order (EW NLO) calculation of the
process ete™ — tt and discuss its behaviour in the regime of boosted top quarks. In contrast to QCD
corrections to top pair production, having leptons in the initial state is actually complicating things here,
as they are not singlets under the electroweak gauge group SU(2)w x U(1)y. The same is true for the
virtual gauge bosons in the s-channel diagrams, namely v* and Z*, which results in a more complicated
structure of the amplitude.

This chapter is organized as follows: the QFT of electroweak interactions, GWS-theory, is reviewed
in the first section 21 At one-loop and higher, the theory shows UV-divergences in loop integrals that
have to be treated properly. The following sections [2.2] and [2.4] are dedicated to the procedure of
renormalization, producing UV-finite answers for observable quantities. This can be done in a scheme-
dependent, but process-independent way (due to symmetry relations). In the last section we give
explicit EW NLO results for the renormalization constants.

2.1 GWS-theory

From experiment it is known that there are 3 massive vector bosons mediating the weak force, while one
massless vector boson propagates the electromagnetic force. An elegant field theoretical model explaining
this fact was worked out by Glashow, Weinberg and Salam [9], [10], [I1], which we quickly review in this
section (following conventions used in [§]).

2.1.1 Prior to SSB

Starting point is a gauge theory based on the (non-simple) group SU(2)y x U(1)y, with Yang-Mills
Lagrangian

1 1
ﬁYM == —ZW;;VW;LV - ZBNVB“V (21)

where
Wi, = 0,W — ,Wi + ge™™WiWy, B, = 0,B, — 0,B, (2.2)

are the field-strengths of the isotriplet W (a = 1,2,3) with generators 7 = ¢/2 and the isosinglet B,
with abelian generator Y (hypercharge). The covariant derivative reads

D, =08, —igt"Wi +ig'Y B, (2.3)

Furthermore, a complex scalar SU(2)y-doublet @ in the fundamental representation of SU(2)y, the
Higgs-doublet, is introduced
Liiggs = (D, @) (D'®) — V(@) (2:4)

with a bounded-from-below, renormalizable potential V(®).

12



Fermions are incorporated into the theory via Yukawa couplings to the Higgs doublet

Liow = Y [QrildQ}, + wgilbuly + dgilpdy) + Y [LLilPLy + exildely + vgidvy] +
i %
S [Qi OG- 3ot GWQJ] = [QZ‘ ® Guly + ufp®! G*’“Qj] +
L d ™R R d L L u "R R U L
ij 1j
=Y Lo Gy +epat Gl (2.5)

v

where ® = i02®* is the charge conjugated Higgs doublet. As experiments show that the theory of weak
interactions is chiral, left- and right-handed fermion fields are in different representations of SU(2)y . The
left-handed fields form doublets (fundamental rep), while the right-handed pieces are SU(2)y-singlets
(trivial rep). The corresponding quantum numbers to be inserted into the various covariant derivatives
are listed in table 211

Quantum nr. Q = <ZL> ugp dr L= <VL> v er H x o¢F
L er,

1 1 1 11

e +1 0 0 +1 o -1 -1 1

1 2 1 1 1 1 1

Y g 33 —3 -1 3 3 3

Table 2.1: Quantum numbers of the fields for the gauge group SU(2)w x U(1)y. T3 = +1/2 indicates
transformation in the fundamental rep of SU(2)w, while for Y = 0,75 = 0 the field is in the trivial
rep of the respective group. The hypercharges Y are adjusted to reproduce the electromagnetic charges
Q = T3+ Y. Antiparticles have the signs reversed.

2.1.2 After SSB

Since explicit mass terms of the gauge bosons and fermions are forbidden by the gauge symmetry,
it needs to be broken with the Higgs-mechanism [12], [13], [14] to allow for the generation of mass
terms. Starting from the unbroken gauge theory in the last section, it is now assumed that the vacuum
expectation value of the Higgs doublet is non-vanishing: | (®)| # 0. The simplest realization of this is
to use a mexican-hat-type potential for V(®),

A
V(@) = —p*0le + J(e10)? (1% > 0,\ > 0). (2.6)

A constant shift ®; € C? in the field value ® is now necessary to formulate perturbation theory around
2

the correct vacuum. Conventionally one picks ®g = (0,v/v/2) with v € R, so that | (®) |? = % = 2)\& eR,

i.e.

¢* ()
00 = (04 5+ ) o)
so that [ (H)| = | (x)| = |{(¢")| = 0, where H, x are real (pseudo-)scalar fields. Working through eq.
1), 24) and (23] one observes mass terms emerging for all the particles (except the neutrinos)d. As
these mass terms are not explicit from the start, but generated by the Higgs-mechanism breaking the
underlying symmetry, these new couplings that are identified with particle masses share many relations
among them and are expressible in terms of the parameters of the unbroken theory. We ge

My = V24, My = gg, My = gvg2 + 972, My =0. (2.8)

!The Lagrangian for the broken theory is quite lengthy, and we refer the reader to literature and textbooks.
2In this work we use capital letters for boson masses, and lower case for fermion masses.

13



To read off these masses, the gauge boson states have to be transformed to mass eigenstates
1 Z
M/ + = |/‘/ 1 'H/ 2 K =
“_\/§< I ”)7 (Au>_

cw Sw Wi’ (2.9)
—Sw Ccw B‘u ’
which defines the Weinberg angle 0y :

g .
cos (Ow) = cw = W, sin (B ) = sw =4/1 - ¢, (2.10)

This combined with eq. (2.8) has the extremely important consequence that the weak boson masses are
related by
MW - CwMz. (211)

Another important definition is that of the electric charge e as prefactor of the electromagnetic current
—eQi Jm = —eQ; fiyufi, where Q; = T2 +Y; (with fermion i, where T? is its associated SU(2) quantum
number):
/
e=—99 (2.12)

which also implies
g=—), g =—. (2.13)

(2.14)

Lastly, the Higgs mechanism also generates fermion masses via their coupling to the Higgs doublet (cf.

eq. [3)), . .

my,; = U Ghmul (2.15)
where UL/ transform the fermion fields fiL/R into the mass eigenstates f’iL/R = iJCIC’L/RfZL/R. In
case of the quarks a final important quantity is constructed from these transformation matrices Uy, the
CKM-matrix

Vij = Uy UBH, (2.16)

which survives as an additional parameter in the charged-current Lagrangian of left-handed quarks due
to an incomplete cancellation the quark field transformation matrices. From experiment it is known
that the CKM-matrix is numerically very close to the unit matrix. Many calculations of EW radiative
corrections work with the simplification of actually setting it equal to the unit matrix, an approach we
shall also adopt in the rest of this work.

2.1.3 Role of the parameters

A central role in SSB is played by the constant v (or alternatively u?). For v = 0 (u? < 0), the
quadratic term would just be a regular mass term for the field ®, and the underlying symmetry group
SU(2)w x U(1)y would remain unbroken. In that case the theory would be quite similar to QCD, with
4 massless gauge bosons instead of 8. v # 0 (i.e. u? > 0) however breaks this symmetry spontaneously.
v therefore effectively acts as sort of an order parameter, as used frequently in statistical physics, which
is able to distinguish two different phases of a physical system, as it is only non-zero in one of them.
The regime with v # 0/v = 0 (u? > 0/u? < 0) is called broken/unbroken phase. In our particle theory
v # 0 and p? > 0 fixed (as p is related to the mass of the Higgs boson My, cf. eq. (Z3)), but it is
tempting to borrow some language from statistical physics nevertheless and refer to working with the
broken /unbroken theory as being in the broken/unbroken phase. Specifically, if one considers an EW
process at a scale s > v?, the order parameter is parametrically very close to 0, and one is allowed to
work with the unbroken theory to good accuracy. Contrary, for s ~ v2, it is necessary to compute things
in the broken phase.

14



The question of what free tunable parameters to use also has to be addressed. In the unbroken phase
these were the the coupling constants g, ¢’, A, u?> and the set of fermion-Higgs Yukawa couplings G;].
For convenience, in the broken phase these are replaced by another set, namely the boson and fermion
masses, the electric charge e and the CKM-matrix,

SSB
9, 95\ 12, G — e, My, Mz, My, myg, Vij. (2.17)

This set is not fixed however. While fermion masses, Z- and Higgs mass are mostly used as input, the
W-boson mass is often substituted by the Fermi-constant G'r (sometimes denoted G, not to be confused
with the fermion-Higgs Yukawa coupling matrices Gy), obtained from a low-energy process like muon
decay

62

Grp=———5.
257253, M3,

(2.18)

2.1.4 Quantization

Quantization of the theory requires a gauge fixing procedure. Firstly, we introduce gauge fixing func-
tionals into the Lagrangia

FE = % OMWiE i Mw/&w o™, (2.19)
F? = % M7, — Mzr\/Ez X, (2.20)
FA = % M A, (2.21)
leading to the gauge fixing part of £
Lgangefix = —% [(FH2 + (FZ)? +2FTF]. (2.22)

This procedure of introducing a 3-parameter family of gauge choices is called R¢-gauge. While it is
possible to already plug in certain values for &; at the level of the Lagrangian (or equivalently at the
level of Feynman rules), it is often advisable to calculate quantities for arbitrary (but finite) values of &;,
and only fix &; after completion of the calculation. In this way one is able to check the consistency of a
calculation by inspecting cancellations of these gauge parameters, as will happen for any gauge invariant
quantity. In EW calculations however, more often than not, the gauge is already chosen at the level of
the Lagrangian, because the expressions in R¢-gauge written out in full glory tend to be quite lengthy.
The default choice for EW calculations (but also in QCD) is Feynman gauge (& = 1).

Another scheme applicable in EW theory is unitary gauge, which formally corresponds to the limit
& — 00. The important difference to finite choices for &; is that it is not possible to compute things in
Re-gauge and at the end take & — oo. One rather needs to perform the limiting process at the level of
Feynman rules. The appeal for unitary gauge lies in the fact that unphysical would-be-Goldstone modes
decouple in this limit, and only physical modes propagate. This however comes at the prize that the
longitudinal parts of massive gauge boson propagators tend to a constant value in the UV rather than
dropping like z% (see the Feynman rules in the appendix [G.T]), screwing up the naive power counting in

the process. This gauge choice is therefore rarely seen in radiative correction computations.

Due to the non-abelian nature of the EW symmetry group, an additional step is necessary in the gauge

3This specific choice of gauge fixing functionals, sometimes called t’Hooft-gauge, is very convenient as the mixed terms
in eq. (222) cancel the gauge-Goldstone kinetic mixing terms appearing in Luiges. 1t also introduces non-zero, gauge-
dependent masses into the propagators of the formerly massless Goldstones, so that from now on we will sometimes also
call them would-be-Goldstone bosons.
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fixing procedure, namely the introduction of anti-commuting scalars termed Fadeev-Popov ghosts. These
fields exclusively propagate on internal lines, and their job is to cancel unphysial polarizations of the
gauge fields in non-abelian theories. Their Lagrangian reads

0OF®
508 (x)

Lrp = u*(z) uP () (2.23)
where 6F* /60° (z) is the infinitesimal form of finite SU(2)w x U(1)y gauge transformation exp [i76"(z)]
of the gauge fixing functionals F*. This Lagrangian (including kinetic parts for u, ) yields ghost-gauge
and ghost-Higgs vertices as well as ghost propagators. It is emphasized that ghost u® and anti-ghost u®
are not their respective anti-particle, but have to be treated as different particles.

2.2 Renormalization

This section is rather detailed for various reasons. Firstly, because of the flurry of parameters and
the quite frequently occurring cancellations characteristic of EW theory, special care is required to avoid
missing or overcounting details, so that fully renormalized results can be obtained. Secondly, even within
certain schemes such as the on-shell scheme (OS-scheme), there is a considerable amount of freedom as
to which extent the symmetries of the initially unbroken theory are used to derive Slavonov-Taylor iden-
tities (= relations between renormalization constants) in the broken phase. Additionally, there is also
some freedom in fixing the residues of particles, especially those that only propagate on internal lines,
as their field-strength renormalization constants will cancel between vertices and propagators.

Within the the on-shell-scheme (OS-scheme) that we will use (almost) exclusively in this work there
are 2 specific variants which we focus on in some detail: the Denner-scheme [§] and the BHS-scheme [3]
(after Bohm, Hollik and Spiesbergerﬁ):

e Denner-scheme: The renormalization (i.e. introduction of renormalization constants) is car-
ried out in the broken phase from the start. On-shell renormalization conditions are imposed on
all masses, all residues and the electric charge, i.e. renormalized masses are identified with the
OS-masses, residues are fixed to 1 and the electric charge is defined in the Thomson limit. No
symmetries are used, with the only exception being the renormalization of the on-shell electric
charge, so that it can be completely related to 2-point functions.

e BHS-scheme: Renormalization constants are already introduced in the unbroken phase. Through
SSB they are related to the renormalization constants in the broken phase, through which a high
number of relations between those parameters is obtained. On-shell conditions are imposed in
the broken phase: all masses are put on-shell, and the pure-QED parameters (photon residue and
electric charge) are also fixed on-shell (as in the Denner-scheme). The rest of the parameters
(massive gauge boson residues etc.) are then fixed by Slavnov-Taylor identities. As not all residues
are renormalized to 1, the inclusion of non-trivial wave-function factors in the application of the
LSZ-formalism might be necessary, depending on the process under consideration.

It is emphasized that if the renormalization procedure is carried out consistently (i.e. including wave-
function factors), the above variants of the OS-renormalization scheme are completely identical. Both
have advantages and disadvantages, depending on the specific application. In general, the Denner-scheme
is more straightforward and intuitive, but has the downside of having a serious amount of redundancy
(more renormalization constants need to be calculated separately). The BHS-scheme is more elegant,
making use of the symmetries of the unbroken theory and constraining a lot of parameters. Also, some
expression are significantly simpler. The disadvantage is that the renormalization constants between
unbroken and broken phase need to be related, which makes additional calculations necessary. Also,
some residues which are fixed by symmetry do not propagate with value 1, which makes the inclusion
of wave-function factors necessary if these fields occur on external lines.

4Following [I5] concerning terminology for the schemes.
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This section is structured as follows: we start with the renormalization of the radiative corrections
to the fermionic 2-point functions (fermionic self-energies) in sec. 23] which is the same in Denner-
and BHS-scheme. Next up are the corrections to bosonic 2-point functions (bosonic self-energies), where
besides the gauge boson masses the proper treatment of the 2-dimensional neutral gauge boson space,
spanned by Z-boson and photon, is crucial. Closely connected to the bosonic 2-point functions is the
renormalization of the electric charge, which can be related to bosonic 2-point renormalization con-
stants by symmetry. We firstly discuss these renormalization in the Denner scheme (sec. 23] before
turning to the BHS-scheme (sec. [24])). We wrap up this chapter by giving explicit results for the
BHS-renormalization constants in the last section Before we go on we emphasize that in this work
we focus on the renormalization of the physical sector, excluding the renormalization of Goldstone and
ghost fields as well as gauge-parameters, as it does not influence the calculations of this work. For a
detailed treatment of the unphysical sector we refer the reader to [3].

2.3 Denner-scheme

2.3.1 Fermions

In order to write down renormalization conditions, we use the fermion self-energy ¥ (p?) (= radiative
contributions to 1-PI fermion 2-point function), defined to all loop orders b

@ A
= (=) [po- 2L 07 + pos Tf ) + (mpaw +mpjws) B 07| =

= (1 [}”Z wp B (P )+mz2wp2£;,p(p2)] (2.24)
p==%

where 4,j = 1,2,3 are generation indices (not Dirac indices), p = =+ is a chirality indexﬁ and f €
{u,d,v,e}. The ws are defined below in eq. (Z33)). Usually, the self energies only contain 1-particle-
irreducible (1-PI) diagrams, but in EW theory we have to extend this rule somewhat. For reasons that
will become apparent later, we make the following definition:

In this work, all self-energies (i.e. radiative corrections to 2-point functions of arbitrary external par-

ticles) contain, by definition, all 1-PI contributions and diagrams that contain Higgs-mediated tad-
poles,

.f 2 'H f J X/l 'H YV S n _LH S
—_—

on (internal) lines. Per line, only one of these tadpole attachments is allowed.

The scalar functions ;(p?) have perturbative expansions in a,

S szcﬁ 2 =3P 0 + 0¥, (2.25)

°In the SM with a unit CKM matrix, terms of X(p) of the form ~ m; s are absent to all orders, which is reflected in
the way we parametrize (in this case we also always have m; = m; for the masses of the external particles). In the (more
general) chiral parametrization in the second line of eq. (Z24)) this translates into X;; — (p?) = Zij.+ (p?).

SInstead of the index — or + we will sometimes write L or R.
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where I € {V, A, S, £} and the »/ 7(1) are formally O(a*). The renormalized self-energy is obtained by
adding necessary counterterms order by order. Diagrammatically we getm

fi fi Lo\ fj fi
= loops +
_/

(=)L) = (=) [po- B, L 0%) + peos B q(0%) + (mico— +mjw4) S (07)] =

= (=9) [?pr i,0(P +mlzw0 isp(P } (2.26)

Quantities with a hat on top will denote renormalized quantities from now on.

In the on-shell scheme, particles should have their poles (assuming stable particles for the moment)
at the pole mass, and propagate with residue 1. These requirements are enforced by imposing the
following renormalization condltlonsﬁ onto the radiative parts of ¥;;:

Re [S()] w] (v) pram, =0 al (¢) Re [S0)] prmy, =0 (220)
+m "+myp
lim_ MR ( ) uf(p) =0, lim @ ( "YRe Ef( ) P +m =0. (2.28)
_ J 2 2 _ 2
provmd; Pt = prom Py

where u/ are particle spinors, not fields. Taking the real part of ¥ is necessary, as the scalar functions
¥i(p?) might develop imaginary parts (in the top quark case owing to the WW-diagrams, see later). Only
stable fermions with real masses have poles in their propagators for real p?, while unstable particles
have their poles shifted away from the real axis. In this work we will treat the top quarks as stable
fermions, and postpone further treatment of these issues to future work. The conditions in the first row
fix renormalization of the masses and CKM-matrix elements. The latter is the unit matrix in our work
however, and therefore does not get renormalized (since Elf 2; =0 trivially). The second row contains
the residue conditions for determining the field-strength constants. If generation mixing is switched off,
the above equations simplify somewhat and we will list these conditions again below for the external
particles of the process we consider: electrons and top quarks.

2.3.1.1 Field-strength ambiguity

Some further comments are in order here. Left- and right-handed components as fundamentally different
fields are renormalized by separate constants Zj, and Zp respectively. One complication now comes from
the fact that while the right-handed fields are SU(2)-singlets where up- and down-type fields get their
own Zp-factor, the left-handed fermionic fields are organized in SU(2)-doublets and are renormalized
by a common Zj,. For the i-th quark generation, for example, this implies

20:<d20> \/7Qz \/7@%) (2.29)

upy =/ Z% p kg, Ay = \/Z} pdp, (2.30)

Consequently, the residues of the right-handed fields can be fixed independently (for example to 1 in
the OS-scheme), while for the left-handed particles even in the OS-scheme either up- or down-type

"At 1-loop the counterterm blob just consists of the local 2-point counterterm given below. At higher orders, the
structure is more complicated due to nested divergences.
8These renormalization conditions hold in the same form if the ¥‘s include contributions of arbitrary loop level.
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necessarily propagates with a residue # 1. This implies the necessity of wave-function renormalization
for those external particles when computing S-matrix elements. An alternative way of dealing with that
issue would be to start in the broken phase, forget about the doublet structure altogether and introduce
separate renormalization constants for left-handed up- and down-type fields,

Q0 = (@Zﬁ) _ (2.31)

This approach is less elegant, but ultimately equivalent when the exclusive aim is to calculate S-matrix
elements. For our purpose (i.e. the calculation of the process eTe™ — tt) these subtleties are not of
crucial importance actually, since we only have particles of fixed isospin as external particles (75 = —%
in case of the electrons, T3 = % in case of the tops), so we can simply fix the residues of these to 1. In
the initial state we fix the residue of the electrons to 1, while in the final state we will use Z to fix
the up-type residue to 1, not caring about the residues of the respective isospin partners (neutrinos and

bottom quarks).

2.3.1.2 Fermionic renormalization constants

The fermion Lagrangian for GWS-theory can be found in eq. (Z3]), with mass terms only appearing in the
broken phase. The fermion kinetic terms are SU(2)-diagonal, so we can break down the renormalization
of the top quark to the treatment of a SU(2)-singlet Dirac field f of mass my, whose dynamics are
governed by the free (bare) Dirac Lagrangian

Lhixac = fL10 fL + FRid fi — m§ fRfl —m§ fLfR (2:32)
with left- /right-handed fields f7,/r = wsf obtained with the chiral projectors

1
W = 3275. (2.33)
For the bare quantities we introduce multiplicative renormalization constants
o0
Zi=1+> 62" =1+02 + 0(a?), (2.34)
k=1

where the 5Zi(k) ~ O(a*). Since we will be working at the one-loop level exclusively, we dropped the
superscript indicating the loop number. At O(«) we have

R=\2Z fr= <1 + %5Zf,L> fr+0(?),

fA=VZirfr= <1 + %5Zf,R> fr+0(a?),

ngmemf: (140Zm,) my + O(a?). (2.35)

For massless particles there are no mass renormalization constants of course. Since we assume no
generation mixing, we cleaned up our notation in comparison to the preceding section, as generation
indices became redundant. Returning to eq. (232]), plugging in the renormalized quantities of eq. (2Z33])
gives to one-loop order

_ _ 1 1 =
Lhivac = [ (id —my) f+ [id (6Z; w4+ 6Zsrwy) f —my <§ 0Zpr+ 5075k + 5me> Fr+0(a%),
(2.36)
where the chiral fields fr,p have been replaced by full fields f, and we used the reality of the field

renormalization constants 5Z£ r = 0Zr/g for a unit CKM-matrix (see below). The above Lagrangian
can be turned into Feynman ru(es for the renormalized propagator and the 2-point fermionic counterterm

f f __iptmy)
p? — mfc +40t’
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1 1
f—>—®—.—f :Z'p(CSZﬁLWf‘F(;Zf,RWJr)—imf <§5Zf7L+§5Zf7R+5me>. (2.37)

The massless cases (my = 0) for propagator and counterterm are read off straightforwardly. At one-loop,
eq. ([226) in combination with eqs. (2.37) and (2.24]) yield for our external particles (also dropping the
superscript for X*) i.e. ¥ = % from now on)

zAjf,n(pz) = Ef,n(pz) —0Zgy,

A

1 1
2rs?) = VpsW) + 50251 + 5 0750+ 7m, (2.38)

where we used the chirality indexﬁ 7 = F to clean up notation, a handy convention we will use exten-
sively throughout the rest of this work.

In the on-shell subtraction scheme, the renormalization conditions are chosen such that the renormalized
mass is identified with the pole location and the residue is 1 (or ) at every order in perturbation theory.
Specifically for the electron and top quark the renormalization conditions are

) p N b - . _ S p —
p12lr_r>10 P Re {Ee(p)_ ue(p) = 0, plggo ue(p) Re [Ee(?)} ]? =0,
) p + my ~ ] N . _ S p + it —
mh_)H;ﬁ p? —m} Re [Et(p)- w(p) =0, p2h—>H$1? eyt [Et(p)] p-mi ;
Re [S4)] ()| , =0, wp)Re [Sp)]|[ =0 (239)
pr=my prem

These conditions are equivalent row-wise because of the restriction to one generation. By taking the
real part of Feynman integrals and setting the CKM-matrix to 1, the renormalization constants are
manifestly real. From now on we will suppress the Re and keep it implicit. At one loop we find for
electron (treated as massless) and top quark (treated as massive) after some manipulations

0Zey = Xey(0),

dSp(p?) | dSer(p?) | . dSis(p?)
5Z — E 2 2 f7 i 2 )
t,n t(myi) +my dp> + dp? + dp?

1
6 Zm, = —S1.5(m?) — 3 [zt,L(mf) + zt,R(mf)] ) (2.40)

2.3.2 Renormalization of gauge fields

Quite analogous to the fermion self-energy, we introduce the gauge boson self-energies ™4 II(p?) (= radia-
tive corrections to 1-PI gauge boson 2-point function), which we use to impose on-shell renormalization
conditions for masses and fields. The loop contributions can be cast into the for

Xp Y, . . v pHp” php”
@ = ZHA)L(VY(PQ) =1 (9“ - p—2> H§Y(P2) + D2 H%(Y(pQ)a (2.41)

Like the fermion self energies, the quantity IT5,- also contains Higgs-mediated tadpoles besides the usual

1-PI contributions. The II7(p?) and II¥(p?) are the transverse and longitudinal scalar functions of this

9Instead of the index F we sometimes write L/R on fields and renormalization constants, i.e. — = L and + = R.
H;’j) is often called vacuum polarization.

Note: the bosonic self energies are often defined with an additional minus sign analogous to the fermionic case. Our
convention has the advantage that positive/negative contributions to II give positive/negative contributions to the boson

mass relative to tree level.

10The reduced quantity
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rank-2 tensor object connecting external gauge bosons X and Y. They have a perturbative expansion
analogous to eq. (225

T/L ZHT/L k) T/L(l)( ) + O(a ) (2.42)

Constructing the renormalized gauge boson self energies

X, Y, X, @ Y, L X, Y,

A : p'p” - php¥
i1y () = i (9“” - 7) %y (%) +i=5- 2 My (), (2.43)
where the hats once again denote renormalized quantities.

It is now possible to impose on-shell conditions in close analogy to the fermionic ones (with X, Y taking
the role of the generation indices 7, j). In the Denner-scheme there is an on-shell condition for each
boson mass and residue. Also the off-diagonal elements of 11 xy are fixed on the various mass shells.
This will not be the case in the BHS-scheme (see sec. 24). For now the renormalization conditions
(Denner-scheme) read

Re |15, (v2)] < (») o =0 Re |15, (v2)] = (p) o =0
lim | 5 Re [[18, ()] <5 (0) = 0 lim 5 Re [, ()] 2, () = 0. (2.44)
p—>M2p _M2 xy P v\P ) D25 M2 p2_M§2/ xy \P v\D s .

Using the orthogonality of the polarization vectors on-shell, p* 68) (p) = 0 for p?> — M?, the renormal-

ization conditions can be brought into the equivalent form

Re 1%y ()], ., =0. Re |y ()|

p?=M%

lim % Re [ﬂ§y(p2)] =0, lim o Re {ﬂ§y(p2)} =0, (2.45)
p —>M2 p - M

That only the transverse part enters the renormalization prescriptions is sensible, as pole location and

residues of longitudinal parts (or rather the p*p”-pieces) of the propagators are gauge-dependent and

should never contribute to physical observables and predictions. In fact, naively Dyson summing the

1PI-contributions for a propagator of a massive vector boson V,,

n
o0 Vl
w X Z ( A ‘/U X W —
n=0
_ (=) <g;w _ p“p”> (—0)sv PV 46
p? — My — 1Ly, (p?) + i0* p? p? = E2(ME + 0y (p?)) + 0T P?

shows that the transverse pieces H‘:CV correct the physical pole, while the longitudinal parts H‘L/V correct
the unphysical, gauge dependent pole (often referred to as Goldstone pole). It has to be noted that this
argument is somewhat heuristic, because in general the Dyson summation is not a useful concept for
gauge bosons, since their 2-point functions are usually highly gauge-dependent quantities. Only fermion
bubble or bubble-chain contributions allow for this procedure, as they are trivially gauge-independent
(cf. sec. B42). For more details concerning the unphysical parts we again refer to [3].
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2.3.2.1 W% renormalization

We start with the charged bosons W¥, as their field and mass renormalization is somewhat simpler than
for the neutral ones. The corresponding free part of the bare Lagrangian including the gauge-fixing part
2I9) (without the Goldstones) reads

1

Lo = W, [9"” (O + (My)?) — <1 - §—> 8“6”} W, (2.47)
w

Introducing renormalized fields and mass (again supressing the superscript indicating the loop order)
1
W;I:’O =/ ZW W;t = (1 + 5 (SZW) W;t + O(OZQ),

(M{)? = Zagy, M3, = (14 0Zar,, ) M3, + O(a?), (2.48)

we obtain the decomposition into renormalized and one-loop counterterm Lagrangian

free

Lyd=w,f [g‘“’ (O+ ME) - (1 - %) (%ﬂ W, +

w
1
+6ZwW,f [g’“j (O+ M) - <1 — 5—) a“a”} W, + 0 Zag, My W W, + 0 (o),
W
(2.49)
yielding the Feynman rule
+ + . » . y
PN (—9) <guy _php ) N (=i)éw  p'p
p? — M3, +i0+ p? p? — &wME, +i0t p? 7
Wi W ) 9 1 2
’\/\/@\/\/\/ = (—i) [(p — M3 g™ — (1 — £—W> p“p”} §Zw + i M, g" 6 Zar, - (2.50)
When combined with H:'V;,W(pQ), these counterterms form the renormalized W -self-energy
ﬂjv;/W(PQ) = HIV;/W(pQ) - (P2 - Mgv) 0Zw + MI%V(SZMW' (2.51)
The renormalization conditions (2.45]) for W= read’]
K AL (2
Iy (M3,) =0, %@) = 0. (2.52)
N
They fix My~ and W-field strength renormalization constants in the on-shell scheme
I (M)
_ Ww W
5ZMW = —T‘%V7
dHT 2
5w = %(p) . (2.53)
dp p2:M3V

12Note that there exist alternative representations of the W-boson propagator (see appendix [G]). The one presented here
makes it clear that no problems arise in the UV in terms of power counting.
13 As usual omitting Re(...).
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2.3.3 Z/A renormalization

The neutral gauge boson sector is not as straightforward as W= due to radiative mixing between Z-
boson and photon. The equations become most transparent when written as matrix equations in this
2-dimensional space spanned by the mass eigenstates Zy and Ag. The free bare Lagrangian is diagonal

740 _ 1 AN i (D + (M2)2> - (1 — é) o 0 Z0N\ _
free 7 9 B 0 g — <1 _ é) ooV Ag -
1 (zN" o 0N (20
= _ 4 ) K
= (%) (5 o) (), 220

The box-operators can be read off and are also given in the appendix[A.1.1l eq. (A.3]). The multiplicative
renormalization constants for the fields are assembled as 2x2 matrix

(- D ( 1k ) () s
Ag B Zaz A4 AM %5ZAZ 1+%5ZZZ AM ’ )

The Z-boson mass renormalization is analogous to the W¥ case,
(M)? = Zy,M% = (1 + 6Zyr,) MZ + O(a?). (2.56)

Inserting those into the Lagrangian ([2.54) gives

EZ/A,(J:l zZ\" VZaa Zza g 0%, 0 VZar VZza\ (Zu) _
free 2 \4, VZaz Zzz 0 fo;/ VZaz VZzz) \Au

T2

T
1(Z, ZZZDZI:O + ZazOW V2772V ZzA DZI:O +VZazNZaa O\ (2,
Ay, V272N ZzA D?,jo +VZazNZaa O ZZADZI:O + ZaaO Al
(2.57)

When expanding this expression to first order, one needs to pay attention to the fact that both Zz 4 and
Zaz are ~ O(w), and to the mass renormalization factor contained in 0%, We find

T
oo 3 (%) (0 DE S 1807 LT (B) o

free 2\ 4, 262740 + 362420 (14 0Zaa) Y Ay,
(2.58)
This Lagrangian turns into the Feynman rules
A a4 (e -an)
ANNANNANN = - , (2.59)
p? 440t
2 Zv —i v PP —i)sz _ p'p”
ANNANNNAN = % (g“ - +— ( )2 e
p* = My +1i0 p p? =&z My 407 p

. v 1 v . v
— (=) [@2 _ MZ)g — (1 - £—Z> P } §Zs7 +iME g0y, (2.60)

Z, Z,

/\/V@\/\/\/

AN AV . 2 v 1 v

NN = () [p 9" - <1 - 5—A) P'p } 0Zaa, (2.61)
Z, A,

/\/V@\/\/\/

= (_22) [((p® — M2) 6Zz4 + p*0Zaz) g+
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(o B

To one-loop order, the renormalized transverse pieces read
5T T
ha(p?) = Wy a(p*) — p*6Zaa,

7, (p%) = 15,(p*) — (0> — M3)6Z22 + M56Zu,,,

. 1 1
7 (0") = Waz (0*) = 50*0Zaz — 5 (0" = M3) 6224, (2.63)
The two off-diagonal field strength renormalization constants 024, and 02z 4 will be extracted by taking
different on-shell limits: p> — 0 and p? — M2 (cf. eq. (Z4H)), the rest is analogous to w4, Restating
[2:45)) for the case at handd

2 ) 2 ’
1174(0) =0, 117 4(M3) =0, (2.64)
as well as
117 ,(M3) =0, (2.65)
yields the residue counterterms
dHT 2 dHT 2
0Zzz = 7222(]9 ) ; 0Zaa = 7AA2(p ) ;
p p2_M2 dp p2:0
IT4(0) T, (M3)
0Zza =—2—2L2 0Zay =2 AL 22 (2.66)
M2 M
and the Z-mass constant T’ )
I, (M
620, = —L?Z). (2.67)
My

This completes the one-loop renormalization of the various 2-point functions. Next we turn to the other
parameters of the theory.

2.3.4 Charge renormalization

A central parameter in EW theory is the electric charge e. In QFT it is defined to be the coupling
constant multiplying the EM current —ieQ st ¢(z)y*4¢(z) in units Q. There exist two main options for
defining its renormalization scheme: MS- and OS-scheme. The MS-scheme is the almost exclusive choice
in QCD (for the QCD-coupling gs or «y), and often used in pure QED, as its associated RG-evolution
is able to resum leading logarithmic contributions to all orders. Another benefit is that computing the
MS-counterterms is simpler than in other schemes, as only the %—pieces are needed. In EW theory the
usefulness of the MS-scheme is significantly reduced because of the would-be-Goldstone modes, that have
to be added order by order. Summing to all orders by running parameters is a very delicate subject.
The reason is that this usually implies treating different subprocesses (for example vertex and propa-
gator corrections) at different orders, which spells disaster if they are intrinsically connected by gauge
dependence and/or renormalization. Quantities like masses and couplings are therefore usually defined
in the OS-scheme. Since the bosons and fermions are not confined from the EW point of view, the pole

4The "mass” condition eq. (Z43) for the photon part f[?; A is automatically fulfilled due to a Ward identity, which we
confirm by explicit computation later on.

15We again suppress the Re indicating that for the renormalization constants only the real part of the self energies (if it
is nonzero) must be taken.
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mass is a more useful scheme than quark pole masses in QCIE. We will therefore stick to this logic and
define the electric charge in the OS-scheme incorporating all EW contributions. There exists a hybrid
system that is frequently used, where the fermionic pure QED corrections (i.e. fermionic loops in the
photon 2-point function) are treated in MS, with subsequent running of . This treatment is referred to
as the QED-improved Born approximation, which we discuss in sec.

Returning to the OS-scheme, the charge definition is chosen such that at large distances (i.e. mo-
mentum transfer ¢ — 0, the Thomson limit) it coincides with the electric charge defintion of classical
electrodynamics: the interaction strength of the Coulomb potential between 2 point charges like elec-
trons. Translated to QFT, this means that the renormalization of the electric charge e is given by the
Thomson limit of the electromagnetic electron-electron vertex with all external particles on-shell.

Figure 2.1: Momentum conventions of electromagnetic vertex

In figure 2.1l the notation of momenta can be read off. Quantitatively the Thomson limit means that
the S-matrix element must obey

iEp (@M ey =€) = ez, (0)a(p)y u(p), (2.68)
for zero momentum transfer, i.e. ¢ = p’—p = 0. Actually, it is not important to take electrons as external
particles, any other fermion will also do the job. Since we chose on-shell renormalization conditions for
the fermion and gauge fields, we do not need to take into account additional residue corrections when
computing the S-matrix element. This means we can focus on the (renormalized) amputated one-loop
vertex function of an off-shell current (dropping the polarization vector), which we can decompose in
terms of form factors as (for an arbitrary fermion f)

_ + = ie ﬂe(p,)Ajff(QQ)ue(p),

/ /
P +p)t - p—p) =
EEIE iy )+ Sl i (200

A (@) =" BV (@) + 2" F (4P) +
where the white empty blob denotes all 1-PI loop contributions. Therefore all this form factors incorpo-
rate only loop contributions (pure loops + counterterms), the tree-level result is treated separately. For
the bare loop contributions Aj £f (¢?) the same decomposition is possible, but with hats omitted above
the form factors. The notation for the form factors is standard, the two remaining ones are 0 because
of vector current conservation (Fy (¢%) = 0) and by explicit calculation at one loop (Fs'(¢?) = 0). This

also holds for the Z-vertex, and we will come back to this in chapter B.5.2]

We focus on the QED interaction of a generic Dirac fermion f, which is described by a quantum field v
with the chiral field renormalization constants

1
U1k =\ ZL/rVL/R = (1 +3 6ZL/R> YR+ 0(0?), (2.70)

There is however the subtlety that most of these particles are unstable, which turns asymptotic states and the pole
mass into problematic concepts once again. We will not treat this issue any further in this work however, and refer the
reader to the literature and planned future work on that subject.
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with a photon field A, (see eq. ([2.55)). Furthermore electric charge is renormalized by
eo=Zce=(1+06Z.)e+ O(a?). (2.71)
To derive the counterterms we start with the the bare interaction Lagrangian

Lo =—Qreq" V' A’ = —Qr eg WPy ADY] — Qy eo YRy ANy =

_ _ 1
= —Qf 61/1’)/“14“1/1 — Qfelb’yMAM <5Ze +w_ 02 +widZp + §5ZAA> Y+

—Qye % 6Zaz UV Zyp + O (o) . (2.72)

This last term with the /21 coupling actually does not contribute to the Af f-vertex counterterm, but
rather to the renormalization of the Zf f-vertex and can be dropped for the analysis in this chapter.
Conversely however, in E%ff there should hide a corresponding term that contributes to the photon
vertex. Below we extract this piece quickly by only introducing renormalization constants for the Z,-
field (eq. ([Z353). The full analysis for the Z-vertex can be found in section We get:

E%ff ~ eyt (vf —apys) 221/1 =

1 1
=ey" (vp —agys) [(1 +5 5ZZZ> Zu+ 3 5ZZAA,u:| Y+0 (o) =

1 _
=..+e 5 5ZZA¢’)’M (?}f — af’y5) Alﬂb (273)

vy and ay are the vector and axial-vector couplings of the fermion to the Z boson (see appendix [G.I).
The relevant counterterm Lagrangian for the Af f-vertex is therefore

1 1 1 _
%ff:e |:—Qf <5Ze+§(5ZL+5ZR)+§5ZAA> +vf§5ZZA:| ¢’7MAﬂ¢+

1 1 -
+e |:Qf 5 (5ZL — 5ZR) —ay 5 5ZZA:| 1/1’7“’)’514M¢. (2.74)

We have expressed things in terms of v* and y*v5 to make contact with the form factor decomposition.
This gives the one-loop counterterm Feynman rule

1 1 1
= Z'efy“ [—Qf <5Ze + 5 (5ZL +5ZR) + §5ZAA> + §Uf 0L 74+

+ 75 [Qf % (0Z1, —0ZR) — % ar 5ZZAH . (2.75)

For the loops we write

(' +p)*

2 @)+ C ) 2o
mpy

- [’Y“Flv(ff) + My Fi'(¢%) + 2
my

Combining the two contributions we get the renormalized one-loop vertex function

1 1 1
= iey* |:F1V(q2) — Qf <5Ze + B (5ZL +0ZR) + §5ZAA> + vy §5ZZA] +

. 1 1
+ eyt s [Ff‘((f) +Qf 5 (621 = 0Zg) — S ay 5ZZA:| +
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@ +0)* v, 9
~ - F
+ om; y (¢°) +

(0 —p)*

FA(?). 2.77
oy v F3(q7) (2.77)

Taking the Thomson limit means ¢ = p’ —p — 0, i.e. p’ — p. The F§4—term vanishes in this limit, but
F2V will contribute. To see how we use a Gordon identity

/ o v
o [@ p)t et — I\
— ), = ) 2.78
a0/) | Lo+ 2t = . ) = ) (2.78)
The o"”-term obviously vanishes in the Thomson limit, allowing us (in this limit) to replace the scalar
structure by a *. To fulfill the on-shell condition (Z68]) we have to set the renormalized 1-PI one-loop
vertex correction to zero at the kinematic point ¢ = 0. The rest is straightforward leading to

1 1 1
= jeyt [Flv(o) + FY(0) — Qy (526 +5 (021 +62R) + 5 6ZAA> +vy 5 6ZZA] +

q=0
s 1 1 |
+ ieyt s | F1(0) + Qy 3 (0Z1, —0ZR) — B afdZza| =0. (2.79)

Because of the independence of v* and v#~5 this actually gives two conditions as both prefactors have
to vanish. The second one derived from the axial part is automatically fulfilled due to a Ward identit

(cf. [8])

F0) + Qs 5 (0271 — 6Z1) — 5 a5 6224 Ward Jdentity (2.80)

The same Ward identity also implies

1 1 i i
FY(0)+ ) (0) = Q 5 (021 + 6Zp) + a5 5 6224 Ward Mdentity (2.81)

allowing to eliminate the fermion field strength renormalization constants and the form factors for the
vector part, which leaves a pretty simple equation

1 1 1 1
0=—-Qy <5Ze + §5ZAA> + B (vf — af) 0Zz4=—Qy <5Ze + §5ZAA> - Qy §z—W 0Z7A. (2.82)
w

Note that all remnants of the involved fermion f (i.e. form factors, fermion field strengths and quantum
numbers) have been eliminated, which reflects charge universality [§]. Electric charge renormalization is
therefore given by

1 sw

1
0L, =—=0044 — = — 0Lz 4. 2.
P 5 0%aa— 5 - 0724 (2.83)

2.3.5 cos(fy) and sin(6y)

Since we pick Mz and Myy to be physical parameters of the theory, the Weinberg angle 0y and the two
associated trigonometric functions will be treated as derived quantities, given by

M M2
W sin(w) = sw o=/ 1 — —L. (2.84)
My

cos(Ow) = ew = M2

Its renormalization constants will therefore be expressible via mass renormalization constants of the
massive gauge bosons. We start by defining

C?/V =Zecw = (1 + 6Zc) CW, S?/V =Zssw = (1 + 6Zs) SW, (2'85)

1"The Ward identity is a non-perturbative statement, but to keep things consistent we also needed to expand the form
factors to the corresponding order of counterterm insertions.

27



which allows to write both sides of equation [2.84]
hs: ()’ =1+02Z)cly = (1+26Z)cly + O (a?),

(M3 1+6Zy, MG, M?2

rhs:  (c)))? = QI0Z = T4 070, M2~ (1+6Zyr,, — 6Z01,) FV%V +0(a?). (2.86)
Comparing both sides one can read off
57, = % (6Zaty — 5711, - (2.87)
For sy we note that S%V =1- c%,V, so that
hs:  (sf)? = (1+06Z5)%sh = (1 +267Z5) s + O (a?),
ths: 1 — ()2 =1—(1+62)°cly =1-(1+26Z.)cly +0(?). (2.88)
Again comparing both sides yields
67, =~ W sz, — LG sp g, (2.89)
Sty 2 siy

2.4 BHS-scheme

In contrast to the approach adapted in the last section, where we exclusively worked in the broken
phase and derived all renormalization constants there, it is also possible to start in the unbroken phase
and make use of the symmetries of the theory (which will translate into Slavnov-Taylor identities).
The parameters now available for renormalization are the ones on the lhs of eq. (2.I7) and the field
content. The renormalization of fermions is completely analogous to the Denner-scheme, so we skip it
here. This means we can ignore the Yukawa couplings G ;;, but for the rest we introduce the following
multiplicative renormalization constants (following [4] concerning notation):

—3/2
0 =2Z9=21" (2) "y,
—3/2
§°=2Zyd =28 (28) 7y,
Wit = 23 Wi,
B =73y By,
2
(Mg) EZMZM%’
(My)* = Zogy My, (2.90)

The mass renormalization constants are defined as in the Denner-scheme, and since the on-shell condi-
tions are chosen identical (cf. eq. (ZII3])) the renormalization constants Z,y, and Zps, are exactly the
same as those defined in eq. (248]) and (256). The definition of the renormalization constants of the
couplings is a matter of taste, but we try to follow [4] closely to facilitate comparison. An important
difference to the broken phase is that the gauge triplet W only gets one common field renormalization
constant. In the broken phase just the Wlf shared such a factor, while for the two neutral bosons we
even had 4 different 0Z’s. Since the theory’s renormalizability is not destroyed by SSB this implies
that there is in fact quite some redundancy involved with the approach we adopted so far. While this
chapter will not lead to new techniques or details necessary for the overall calculation, the main aim is
to explore these symmetry details and constraints not visible in the scheme choice of the previous section.

In the following we will focus on the gauge bosons. The parameters for the renormalization of the
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Higgs fields are u? (fixed by imposing OS-conditions for the H-mass, cf. eq. ([Z.8)) and the Higgs quartic
coupling A (fixed by the Higgs pole mass and demanding that the the vev renormalization dv sucks up
Higgs tadpoles). Since we will not need any of these renormalization constants related to the Higgs
field in this work, so we will not explore the scalar sector any further here. A reference dealing with
renormalization of scalars in a more general context is [16].

2.4.1 Gauge couplings

The task is to transport the renormalization constants given above over to the broken phase, i.e. to
express the renormalization constants of the new parameter set (rhs of eq. (2ZI7)) in terms of the
old (lhs of eq. ([ZIT)). We start with the gauge couplings g, ¢’, whose renormalization constants read

according to eq. (2.13))

_ ‘v 6Z¢ = 2,62y + 2,02y
0Zg =0Ze+ 3~ 02Zc } = { W W (2.91)
02y =0Z¢ — 62, 6Zc= 5% (624 —0Zy)
From eq. (Z90) we get at O(«)
6Z, =621 — ;522W : 0Zy =067 — ; 678, (2.92)
so that
3
672, = sy 072V + o zP — 5 [s3023Y + ciy 023 ], (2.93)
3
67, = s% <521W —0z8 — 3 (623" — 5223]> . (2.94)

For reasons that become more transparent later, it is convenient to define certain linear combinations of
the renormalization constants

§ZZ\ (& sk (6z)Y sz 1 & =i\ (077
<5Zg>_<s%/v & ) \6zZB — 6zP) & —s2 \—siy iy 6z )’ (2.95)
as well as s
A W SW A
w w

In terms of these new renormalization constants we get
v _ 3 s
0Ze =674 — §6Z2,

_ lsw V7 V7
o= (20277 ~ 35237). (2.97)

We have to use this form in the following section.

2.4.2 Gauge bosons

The renormalization of the bare gauge fields Zg and Ag of the broken phase can be related to the
unbroken gauge fields WS’O and Bg according to

A & sY w3 w20
B-(4 DO ) e
1 Sw Cw 1 1

The renormalization of Ws”o and B2 is diagonal

WaO\ [z 0 (WE _ Wi
(Y- (4 ) () =2 (%) 200
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Using eq. (2.88) and expanding Z5 we find

o[ ew sw cwoZe.  swoZs 2y _ )
e <—SW CW) * <—5W6Zs cwoZ, +0(a”) = 2462+ O(a), (2.100)
2=y N+5 ("% 5 +O(0?) = 1+ 625 + O(a?) (2.101)

2=\ 1) "2\ 0o 2§ =1+502, : .

Plugging into eq. ([2.98]) we get

0 1
Zg _ (14600 +Lasz, ") (% +0(a?). (2.102)
A, 2 Ay
Making use of eq. (2.89) the first correction simplifies
0 -1
oo’ = Lz 2.1
T ot

while the second reads (cf. egs. (2.953]) and (2.96]))

(2.104)

Q67,07 — ( 527 —5Z;z>

YA VAL

Using eq. ([Z.917) we obtain for the bare Zp and A, fields

Z)\ | 1+i6zZ  —s2)7 + 6737\ (Zu 0105
A0 ) \sz)7 —252)7 1+ L1sz] (2.105)
m 1 2 + 30249 Ay

2.4.3 Counterterm Lagrangian

With the definitions of the last two sections, the counterterm Lagrangian and Feynman rules can be
derived. Going back to the bare ZA-Lagrangian eq. (2.54]), plugging in the bare fields as well as the
Z-mass renormalization (which is the same as in eq. ([Z.56])) and expanding to O(a) we obtain

ZJA0
’Cfree -

1 (ZV>T (14 062%) 0 + g6 Zyy, M2 (6277 — 5237 (O - O¥y) - 03Ty )

2\A) \ = (6277 - 5237 (O —O0) — 62300 (1+8Zaa)
« (%) 1o (a?) (2.106)
Ay

The OS-conditions are once again imposed on the g*”-pieces, so we ignore the 9*d"-parts of the DZ’; N
which simplifies EeréeA,O to

7140

1 1 1
ZA0 L L (1 4028) 9 2, (O MB) Zu ot S ME G 22, (1 4+023) 9 A, DA

— 62} g A, 02, — M3 (52;2 - 52;Z> 9" Z, A, + "9 — pieces + O(a?).  (2.107)

The free bare W*-Lagrangian is eq. (249) with the replacement 6Zy — 6Z3. The corresponding
transverse counterterm Feynman rules are

NN = (i) g™ (0P — M3) 628 — MG 6Z0,]
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W = (—i) g"'p* 673,
W =igh {p25Z;Z—M% (5Z?Z—5Z;Z)] ,

'\/ﬂv@/\/\f = (i) g™ [(p* — M) 62y — My 0Zy (2.108)

which allow to build renormalized gauge boson self energies (transverse parts only):
11, ,(p*) = 10}, (p%) — (0° — M3) 625 + M3 62y,
ha(p®) = Wha(p?) — p* 623,
M A(?) = W5a(p?) + 9?6237 — M3 (0207~ 6237),
Miyw (07) = Wiy (07) — (0 — Miy) 623" + Mgy 6 2y (2.109)

where the various renormalization constants are related by eqs. (2.95]) and (2.96]).

2.4.4 Ward identity

Before putting those Feynman rules to use, we pause for a moment to derive another important ingredient
for the OS renormalization constants. We start by observing that in the unbroken phase the U(1)y Ward
identity implies a relation analogous to Z; = Zy in pure QED['Y, which holds in the OS- and MS-scheme.
Translated to our notation, we have

zB =278, (2.110)
Using eq. (2.93]) this relation can be rephrased as
2
c
62¢ — 627 = % (6] —673) (2.111)

We will refer to this equation as “Ward identity”, although strictly speaking it is only a Slavnov-Taylor
identity that follows from the U(1)y Ward identity. By using eq. (2.96]) we also get

5272 — 6737 = W77 - 523) = X (527 - 677) (2.112)
SW Cw

2.4.5 On-shell renormalization conditions in the BHS-scheme

The preparatory tasks have been completed, so it is time to write down the renormalization conditions.
As before, we use the pole-mass scheme for the massive gauge bosons Wlf and Z, (cf. egs. (Z52) and

) ~ 2 ~ 9
Wy (M) =0, 17, (Mz) = 0. (2.113)

This has the important consequence that the renormalization of ¢y is exactly the same as before, eq.

2.87).

Again the photon mass does not receive radiative corrections, so we do not need to impose a renormal-
ization condition on its pole location. However, in order to produce renormalized quantities as closely
related to pure QED as possible (cf. [4]) we fix its residue to be exactly 1 by the familiar conditio

dfﬁA (PQ)
2
dp 20

= 0. (2.114)

8Note: the notation in pure QED is a bit different than here: Z» and Zs are the fermionic and photonic renormalization
constants, while Z; = ZEZQZ;/ 2 is the photon-fermion vertex renormalization constant.

19This choice facilitates the treatment of real photonic emission diagrams, which are mandatory to cancel IR-divergences.
The LSZ-wavefunction-factor is R4 = 1 in this case.
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If furthermore the Z A-mixing is renormalized to 0 on the photon mass shell, i.e.
1% ,(0) =0, (2.115)

then the U(1)y Ward identity of the last section ensures that the electric charge is properly OS-
renormalized as in pure QED, that is the OS-condition eq. (Z.68]) is fulfilled. In contrast to the Denner-
scheme, we now do not impose any constraints onto HZ 4 on the Z-boson mass shell, p? = = M7. 2

In summary we get 4 OS-conditions that can be used to fix 4 renormalization constants in the gauge
boson sector. The rest is constrained by the gauge symmetry. Starting with the second and third rows

of eq. (2I09) and imposing eqs. (2114 and ZI15]) we get

5z“/ — dHZ;A(p2)
2 dp2 p2:0,
1z, (o
6217 —62)7 = ZA2( ). (2.116)
MZ

The combination §7] Z_ A Z can be used to express 0Z] by virtue of the relation eq. (2:96). The other
constants §Z¢,67% and §Z3V are already fixed. They can be expressed by using eqs. ([2395]), (Z36) and
importantly, (Z97). They read

3 2 ) 2 2 2
627 =023 + “W—2W (5777 — 5737 ) 2 W W oz,

2
CWSwW S

577 =573 +2 Ay —siv (52”2 —52)7 - Wz )
CWSw SW
2

5ZW =673 +2 Z—W (6277 - 6237) - 23X 52.. (2.117)
w

Sw

2.4.6 Collection of BHS-renormalization constants

Below we give all the counterterms in the BHS-scheme in terms of unrenormalized bosonic self energies:

L, (M2
Z
L (M2
5ZMW — _ ng W)’
W
sz = MA@ | sw T4(0)
! p? ey cow Mz
s ATA0)
2 )
dp2 2_
p*=0
7z _ ngA(PQ) 3CW — 23 H%A(O) CW — SW HTVE/W(MQ ) _ H%Z(M%)
5Z1 - 2 + 7 T 2 2 ’
dp P20 CwSW M7 SW My, M7
z _ ngA(PQ) C%/V - 31241 H%A(O) cw HJI/;/W(MI%V) _ HEZ(M%)
5Z2 - 2 + 2 7 T 2 2 )
dp P20 CWSW M Sw My, M
2 = 2 2 2 2 2 : :
dp p2=0 SW M Sy My, M7
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It is now obvious that only the four renormalization constants §Zys,,0Z,,,02Z,,0Z4 are independent,
and it is interesting to compare the two schemes when amputated vertex corrections or propagators are
renormalized (see sec. [3.1]).

2.5 Explicit expressions for renormalization constants in the BHS-
scheme

In this section we give explicit expressions for the renormalization constants in the BHS-scheme. They are
mainly derived from bosonic XY -transitions, and the complete diagram sets for the weak contributions
are shown in the appendix To facilitate checks for UV-finitness in later chapters, we split off the
%—par‘cs of the PV-functions (defined in app. [Bl), and denote the UV-finite functions with a hat on top.
For example

1 .
By(p*;mo,m1) = -+ By(p*;mo, m1) (2.119)

and so forth. We emphasize once more that for the construction of renormalization constants the real
parts of the PV-functions need to be taken. We assume this implicitly in the expressions given below.

2.5.1 Fermionic renormalization constants

For the renormalization of our process, only the field-strength renormalization constants of the top quark
and the electron are necessary. Top mass renormalization constants are not needed in this work. Besides
the subscripts ¢, e indicating the external particle, we will also add superscripts. For reasons concerning
gauge independence (discussed in more detail in sec. [£3)) it is advantageous to cluster (i.e. add) diagrams
with the same type of particle content, i.e. the same gauge parameter dependence. The fermionic field
strengths can be unambiguously grouped into Z (= Z,x), W (= W, ¢) and H-cluster, denoted by the
corresponding superscript. For the electron there are no scalar diagrams and consequently no H-cluster.
Using

M?2 N
_ (vt + nat)Qﬁg — 2nvtat>BO (m?;MZ,mt) +
t

my
= 2.120
Yt QSWMW7 ( )
we find
szt il L Ao (M) + — Ao )+M12{B’(2M )+
= - _— — _ m . me: m
tn An 2 B m? 0 H m% 0 t m? 0 to H, Tt
_ 2 2 (1,2) (2. (1,2) ¢, 2.
(8mi —2Mpy) | By ™ (mis Mg, my) + By (mi; M, my) | ¢, (2.121)
Z o 2 th 1 2 2 th I
0Zin = -\ — \&z(ve = mar)” + - )=+ (v = na)” = (ve +nar)” + = m—%Ao(th
2 2 th 1
+ ( (v +nar) +(”t+at)_M2 — Ao(Mz)+
Z t
yt2 2 2\ My 1.
+ __(Ut‘|’ t) 2 _2A0<MZ\/£Z)+
2 M7 h

+ 2 (nuiay — a?) ¢z Bo (m?§MZ\/§7Z7mt) +

— 2(2}3 (2m? + M%) —a? (4m? — M%) > [381’2> (mf, MZ,mt) + B§1’2> (m?; MZ,mt) ] },
(2.122)
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a d —1 §W 1 ~ m2 1
ozW — — ) S g Ao (M t B My, 0
b g 23%[,{ + +2MV2V o(Mw) = <M2 + 3 ) Bo (mis My, 0) +

+ (Z:ZQ §W> By (mt7MW\/_ O>

m +m M2 —2M4 ~ (1,2 2 1,2 9
+ W B (s My, 0) + B (ms My, 0) | b+
1%
a Oy m? 1 . mf—i—QM{,lV - 9
o Ly g = Ag(Myy) — TETETW B (2 My, 0
4%2512/1/{ 2M26+mg o(Mw) Qm%M‘%V O(mt’ W )+
m +m M2 —2M4 1,2 1,2
t tQMI%V [Bé >(m?§MW,0)+B§ >(mf;MW70)} , (2.123)
072, = = (ve —na)*{ ¢ +1n L F1-()| -2 (2.124)
en — A e — 1 Qe Z MZ Z 5 ( .
2
W (6% (577,71 /’[/ 3
0Zen = —71-5g 52 {fW[ +1n (Mz >+1—1H($W)} - 5}, (2.125)

We point out that the quantities Bém) (mt, My, ) and B§1’2> (mWMW7 ) despite being UV-finite,
have %—poles corresponding to fake IR-divergences. In the sum Bél 2) (mt s My, O) + B§1’2> (mt s My, O)
these poles indeed cancel (cf. app. [Bl), so we do not need to write them with hats on top.

2.5.2 Bosonic renormalization constants

Next up are the bosonic renormalization constants: mass shifts, residues, charge and Weinberg-angle
renormalization. Since the (left-handed) fermions form doublets, which influences the renormalization
procedure (sometimes UV-divergences etc. only cancel if a full doublet is taken into account), we quote
the results in terms of contributions per doublet. We will consider light doublets Djs where both isospin
constituents are light (and treated as massless in this work), and the top-bottom doublet, where only the
top is treated with a non-zero mass. Let n; = 3 denote the number of light charged leptons (to be used
again for the QED running, sec. B.4.2]) and n, = 5 the number of light quarks.
light doublets plus the top-bottom doublet and split every renormalization constant §Z; into bosonic,
light doublet (Dj¢) and top-bottom doublet (Dy,) contributions:

0Z; = (6Zi)bos + (5Zi)le + (6Z¢)Dtb. (2126)

The light-fermion diagrams result in technical difficulties for the renormalization constant §Z44 and
87, , as there the light-fermion loops of the AA-transition need to be evaluated at p? = 0. We postpone
their treatment to sec. [3.4.2] where we include them in a fashion convenient for our purposes.

We start with the boson mass renormalization constants. They are the same in both Denner- and
BHS-scheme. From these it is straightforward to construct 0Z. and 0Z from eqs. (287, (2Z89). Note
that some fermionic contributions, although organised in doublets, can be written as a sum of 2 inde-
pendent isospin parts. We present those in a suggestive form to enable a quick reading-off of the single
isospin parts.

a1 [=84¢ly +14c, + 11 3 (26 +1) M, 3M}
(5ZMZ)bos - 2 2 1 272 2 | T
A | 2s7€ iy e M 2My,
1 (20 +1) M, T2, —24c, +10¢%, +1 M N
SIQ/V céVMIQ{ 18012/1/ GMI%V
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1 C%VM?{ N
REERYEE ( ongs, 1) AoMm)F

1 <—z4cév + 8¢k, +1 N 3ME,
S%VM‘%V 6 M%

1 GyM3 o 3ME 1Y
NPERYE < 62, @y 3) M)t
W==w W W-""H

) Ag(My )+

—48c5, — 68cyy, + 16¢%, + 1
2 o2
12¢3y, sy

By (MZ; My, My ) +

1 (& M? 1 M2\ -
( o+ — >Bo (MZ; Mz, My) } (2.127)

sty \12M, &, 3MR,
(021) p = =5 Ne Y (V7 +a3) (= + Bo (M7:0,0) — o ), (2.128)
feDy

a 4 8m2\ 1
(0%0t2) p,, = ENC{ (5(”3 +ai) - QM—§> e

4 (vf + af) (MZ — 6m7) 8 (v} + af) o)+
QM% 3M% 0 t

4 (v2 + a?) M2 + 8(v — 2a2)m? .
+ (t t) 7 2(t t) tBo(M%;mt,mt)—k
3M7

4 1 A 1
+§(U§+ag)<g+30 (M%;0,0) — §>+

2 (1 +L Ao(mt)> } (2.129)

2 2 172
SWMHMW € m;

4 2
(6Za1) _af 1 9-68c%v_3(2cw+1)MW_3M§I .
Wibos 4 | 25t \ 6cRy, ity M3, 2M3,

52, ch M2 18¢%,  6MZ,

1 [ (2¢y, +1) ME,  56¢3, +3 M N
Sty

2
! < My + 1> Ao(My)+

2M3, s3, \ 6ME,
1 1262, + 1 M?2 3IM2\ .
LY < W2 H2 - ;/V>A0(MW)+
SWMW 12CW 12MW MH
1 3ME,  —24cy, + 8¢, + 1Y ; S
- Ay (M) — 4By (M3,; My, 0
QC%S%M‘%V < MIQ—[ 6 0( Z) 0 ( ws AW, ) +
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S

—48c, — 68cy, + 16c%, + 1 4 }
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a 1 1 - 9 1
(5ZMW)DH = 53812/‘/ NC,le (E + BO (MW7 070) - g) ) (2131)
a 1 2M7, —3m? M@, —3m? mi—2M3 .
57 -2 W t _ Mw t t W4
( MW)Dtb A 353, c{ 2M7, e 3ME, * 2ME, o(me)+
4 2772 4
my + my My, — 2My, o 9
_ QM“}V BO (]\4—‘/[/7 my, 0) +
6m (1 1 .
(ot —=4 2.132
* MIQJM‘%V <e * m? O(mt)> }’ ( )
where N, p is the colour factor of doublet D, with the general colour factor of fermion f being defined
as
|1 if f is a lepton,
Nes = { N. =3 if fis a quark. (2.133)

It is once again emphasized that we also included the Higgs-tadpoles to the self-energies (see sec. B.3.2]).
This procedure renders both (5Z MZ)bos and (5Z MW)bos gauge-independent. For the fermionic correc-
tions only the top tapdole is non-vanishing (the other fermions are treated as massless), and we group
this tadole with the top doublet. In these fermionic expressions we have arranged the results such that
the Higgs-tapdole contribution can be read off easily (last line respectively).

For the field-strenghts we give 7] and 6Z]. The rest can be obtained straightforwardly by apply-
ing eqgs. (2.I12)), 2I17). The bosonic contributions read

5—3 16
(5Z;/)bos = %{T&V - E + £W+
+ 5=y | (136~ DAo() — G +5)40 (Vo) |+
w
12
(SR 0 B0 B M) + B0 M B )] 2130

¥ _ ¢ 4—&w 28w — 17
(522)bos - E{ € + 3 +

1 N N
4‘§KE;Q;7:ESPH5&V<—3ﬁ%ﬂﬂﬁv)—(3ﬁv-+5%40<ﬂﬁvv£w)}4—
_ 2
8 e TR0 0: My /e, Miw) + B (0: Myw /G, Miv)] } (2.135)

The fermionic corrections are again split into light (If) and massive (top) contributions. Since I1% ,(0)
does not get any corrections from fermion loops, we have 6Z] = §Z, for the fermionic contributions.
The light fermion loops are somewhat problematic for 6Z; and 6Z], as the on-shell limit p? — 0 for
massless loops is not defined (see secs. [Bland [Elin the appendix). As will be outlined in sec. B.42] either
the on-shell counterterms with small but non-zero fermion masses or the MS-scheme with subsequent
running of o can be used. Below we give just the former version, the MS-counterterm can be read off
easily. Some more details on fermion loops can be found in sec. and in the appendix [El

g v a4 5 (1 MZ 5
(5Z1)le = (5ZQ)DH = _Eg Nc,le Z Qf E +In W + g y (2.136)
JE€Dxg I
o 4 a! 2 5
(621) p,, = (023)p,, = =33 Ne > Qf<g +1In (m—?> + §>, (2.137)
Je{t,b}
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Chapter 3

Weak radiative corrections to et e — ¢t

Having discussed the necessary prerequisites, it is now time to focus on a specific EW-process: eTe™ — tt.
The amplitude M can be written perturbatively as

M(ete™ —tf) = Z;M(“ =M+ MY+ 0(a?), (3.1)
1= O(a) O(a?)

and one of the goals of this thesis is to compute the EW corrections at O(a2 (i.e. M), As pointed
out earlier, the one-loop computation in EW theory is significantly more involved than computing QCD-
corrections to this process, where one is able to focus on the coloured final-state top quarks. However,
the EW radiative corrections to the amplitude at 1-loop can be split into smaller bits of calculation, as
shown schematically below in eq. (3.20]).

Before delving deeper, we point out again that the calculation of (heavy) fermion-pair production from
eTe-annihilation at EW NLO in the continuum has been worked out by various authors (for example
[, [5], [6], [7]) at different stages of complexity (massless fermions — massive fermions, Feynman gauge
— Re¢-gauge, ...), which have also given rise to various numerical codes. Parts of this work (especially
the next two chapters) aim at reviewing this calculation in a general setup (massive fermions, R¢-gauge),
while keeping notation/conventions close to the respective sources (as referenced in the text) to facilitate
comparisons etc.

The structure of this chapter is as follows: in the first section B we quickly go over the calculation of
the tree-level amplitude and Born-cross-section, a necessary prerequisite for the numerics later on. This
will also give us the opportunity to introduce some basic notation and conventions used throughout the
rest of this work, like the amplitude basis etc. Sec. will be dedicated to the Higgs tadpoles and the
way they do (or do not) contribute. Sec. B4 will focus on the oblique corrections and the determination
of width and higher-order effects. The initial-state and final-state vertex corrections are discussed in sec.
B3] before we turn to the computation of the box diagrams in sec. Results for the various diagrams
will be given in the respective section, with explicit expressions for generic diagrams listed in appendix

[El

3.1 Tree-level amplitude and Born-level cross-section

In EW theory at tree-level there are two s-channel diagrams with photon and Z—exchangeﬁ contributing
to M (fig. BT} for momentum flow notation see fig. B.5).

Note that in this work we treat the initial-state leptons as massless, which is why there is no diagram
with a Higgs-boson H in the s-channel. Its coupling to the electrons is proportional to m, = 0.

!The order in the perturbative expansion given in this thesis is to be interpreted at the level of the S-matrix element.
O(a?) for the amplitude means including corrections of O(a®) at the level of cross-sections.
2Since we have s > 4m? > M.
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e t e t

Figure 3.1: Tree level diagrams of the process ete™ — tt.

For the tree-level matrix element we get
4
iMO(ete™ = 40) = i~ { (QuQe + v X () ) 7 @, +
s

+MQ@%W%®W%—%%W%®%—%%W®W%w, (3.2)

where we introduced a handy shortcut for Dirac structures I'y, 'y sandwiched between electron and top
spinors (spin indices implicit)

I'ely = ﬂt(ql)Fl 'Ut(q2) 2_}6(l2)rg ue(ll). (33)

The symbol ® is frequently used in HEP-calculations (and especially in EFT-language) to indicate
convolution, but in this work it will be used in the above context exclusively. X(O)(s) is the lowest-order
Z-propagator ratio, defined below in eq. ([8.41]). The Mandelstam invariants s,t,u are defined as

s= (I +12)* = (q1 + @)%,

t=(l—q)= (- @)
u=(h - )= (la — q1)%, (3.4)
which satisfy
s+t +u=2m?. (3.5)

For the specific scattering kinematics under consideration the Mandelstam invariants ¢t and u can be
expressed as

t=m} — 5 [1—Beos(B)],
uw=m?— g [14 Bcos(0)], (3.6)

2
where f=14/1—4 % is the quark velocity and 6 is the scattering angle between the incoming positron
(I2) and the outgoing top (¢1).

Before we square and spin-sum the tree-level matrix element, we make one more formal step. We intro-
duce a basis of amplitudes labeled by final- and initial-state chirality p and x (following the notation of
ref. [5]). A brute-force computation allows the reduction] to the basis

MP™ = [ay(qr) YHwp ve(g2)] [De(l2) Ypuwe te(11)] = 7wy @ Yuwe

Mﬁz@@%w&@ﬂL(ﬂ% h) m1:6w®9%

Wk

Mg" = [ay(q1) wpvi(ga)] [%(ZQ) M ue(ll)] =wp ® }g

3For all diagrams but the boxes, it is actually possible to directly reduce to the minimal basis in eq. (B3).
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MY™ = [ag(qr) v 12 wp ve(q2)] [Ve(l2) Yuwi te(11)] = Y2 wp @ VWi, (3.7)

where p = ¢1 — ¢ and the w+ are chiral projectors defined in eq. (233]). This basis, which we will call
Beenakker-basis (cf. [5]), is overcomplete and not ideal for comparison between oblique, vertex and box
corrections to check for gauge independence etc. The minimal basis best suited to this is given by (cf.

[61)

MY" = [un(q1) 7w, ve(g2)] [De(l2) Yuwn e (11)] = 7w, @ Yuwi
MY = [u(q1) wpvi(g2)] |Te(la) % ue(lh)| =w, ® r% Wk, (3.8)

where the factors m; are inserted for convenience. We indicate the amplitudes of the minimal basis with
a bar on top. The larger amplitude basis can be rewritten in terms of the minimal one by using the
replacements

M{)H — M{)H
1 — — . _
Mé)ﬁ = 5 <(t 5p7"'€ — u(S_PyN)vaH + m? (5/)7“ — 5_075)M1 PK + m? <5—p7HM2pK _ 5075M2 p“)) ,

me -
PR PR
M —7M2 ,

M{" = =y 67 (M N = M) (3.9)

The preference of chiral amplitudes over a V A-basis is a matter of taste, but this basis becomes more
useful the more difficult the computations are. For example it facilitates writing expressions in a very
compact form and will therefore be especially convenient for the calculation of the box diagrams (see

sec. [3.6]).

The matrix element (for arbitrary chiralities of the initial-state leptons) can be written in terms of
these basis amplitudes in a very compact form,

4 2
My(ete =0 =33 e m = 3 3 e are (3.10)

i=1 p==£ i=1 p==£

where the & (and the /™) can be expanded perturbatively

= SN (3.11)

5 k=0
The E(k)’ % are then formally O(a). The normalization chosen in eq. BI1is convenient as it keeps the

2P dimensionless. For the massless initial-state lepton pair the chirality x equals helicity, so we do
not need a sum over KH while the finite final-state quark mass induces a non-zero admixture of different
chiralities for fixed helicity.

¢,

The tree level matrix element is entirely composed of M{"™ = M{",

MO (etem — 1) = 4”—0‘ > (@uQe +xO(s)[or — pay] [ve — wa] ) M{", (3.12)

p==1

4There would be no harm in doing so however, as the formalism takes care of this automatically. The matrix element in
lepton chirality /helicity space is diagronal, which can be seen from the 4}, when spins are summed over (see below).
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i.e.

80 = QuQe + X (s) o — pa] e — ]
L zones _ (3.13)
4 7

To obtain the cross section for (un-)polarized incoming and outgoing fermions, the matrix element is
squared and spin-summed. Since we restrict ourselves up to one-loop corrections, it suffices to compute
the interferences of the M/ only with (Mlp“)*, ie.

DRV <Mf’“'> , (i €1,2,3,4). (3.14)

Oe,0t

Carrying out the traces we obtainﬁ

ZM{M (Mf/ﬁl)*zllé,’:,{éz/ [6’)’ (u—mt) +0" p“(t—mt)]—{—& /smt}

Oe,0t
S g (Mf’“') — 457 (tu—m}). (3.15)
Oe,0t

For the Beenakker-basis we obtain

Z MP" (Mf’,a)* = 46%, {5[”,, [5% (u— m§)2 + O (- m?)Q] +07 s mf} ,

Oe,0t

Soomgr (™) = 2050 (tu—mi) {57 (u—m3) — 570 (£ —m?) |,

Oe,0t

Z ME" (Mlplﬁl)* = —28%my (tu— my),

Oe,0t

Z M (Mlp/“/)* =4656 P"s mt{é (t—mi) + 7 (u—mj3) } (3.16)

Oe,0t

By using eqs. (8.9) it is straightforward to show that eqs. (B.8) and ([B.7]) are consistent.

The initial-state chirality feature discussed above is manifest here as 5:@. The Born matrix element
eq. (BI2) can now be squared and spin summed. Replacing the Mandelstam invariant ¢ by the scatter-

ing angle 0 (eq. ([B.6]) we obtain (cf. [5])
d_O' (0 ) 2 042Nc,8
aa ),

_ TS{Q(Tl(s) — 1K1 (s)) [1+ cos®(0)] +

+2(T(s) — kKa(s)) (1 — 52) sin?(0)+
+ 2(T5(s) — kK3(s)) 8 cos(@)}. (3.17)

for the polarized differential cross section, where the helicity of the lepton pair is labeled by x = +. The
auxillary functions A;(s) are given by

Tl(s) = Q?Qz + 2Qthvtve Re [X(O)(S)} + (U? + /Ba%) (Ug + az) ‘X(O)(s)‘Q ’

5No summation over repeated indices. Mixed type of indices for § only for better readability.

SThis ensures that the answer one gets when either computing the amplitude inclusively for lepton chiralities with
subsequent squaring and spin-summing is the same as when the processes are computed for fixed initial-state chiralities and
only then added incoherently. For the massive final-state however, the different chiralities do talk to each other, so they
need to be included inclusively at the level of the amplitude to ensure that the spin-summation leads to the correct result.
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To(s) = Q2 +2QuQevrv Re [X O (s)] +0f (02 +a2) [\ (s)|
- 1 2
T3(5) = 4Qthatae Re X(O) (5) + 8 Vv, X(O) (8) s
- 1 2
Ki(s) = 2QiQeviae Re [\ (s)] + 2veac (v + Baf) [\ O(5)|
- 1 2
Ks(s) = 2Q1Qeviae Re X(O)(s) + 2veaevf ‘X(O)(s) ,
- . 2
Ks(s) = 4Q1Qcarve Re X(O)(s) + dvray (vg + az) ‘X(O) ‘ (3.18)

The unpolarized case is the average of k = £, and the terms linear in x in eq. BI7) drop out to give

do ©) 1 do ©) do ©)

() =i(@) + (@), |-
a2NCﬁ
4s

{Tl(s) [1+ cos®(0)] + Ta(s) (1— B%) sin®(0) + Ts(s) B cos(e)}. (3.19)
This completes the discussion of the amplitude basis and the tree-level contributions. In the next

sections we give the contributions of the radiative corrections to the matrix element and (differential)
cross sections.

3.2 Overview of radiative corrections

As outlined in the introduction to this chapter, the radiative corrections M®) to the S-matrix element
M of the process eTe™ — tt consist of various types of corrections, schematically shown in eq. ([3:20).

oblique correctlons

» e

virtual initial-state corrections virtual final-state corrections

+ i ~ 0(a?). (3.20)

box diagrams

MWD (ete™ = 1) =

The tree-level s-channel exchange diagrams receive radiative corrections at the initial- and final-state
gauge-fermion vertices and at the s-channel gauge boson propagators. If added up they comprise what
we refer to as the s-channel or reducible corrections. In addition, there are also box diagrams, i.e. 1-PI
contributions to M), Focusing on the reducible contributions for the moment, we can write it as a
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matrix equation in the 2-dimensional space of the neutral gauge bosons {Z, A} that mediate these type
of radiative corrections to one-loop order as (summation over X,Y € {Z, A} implied)

M = [(VR)+ (V) ] [0+ (PR)] < | (V9) "+ ()] + 01t =

- (V)" P (V1) + (V)" D0 (V) +

tree-level O(a)

+ (Vi) Y (V) + (v) p%h (v2) + (D) ok (v + (V)" bl (V) +

oblique corrections O(a?)

+ (Vi) % (v9) + (v4) o (vi9) +(v9) % (vi2) + (%) b (viR) .

initial state corrections O(a?) final state corrections O(a?)

(3.21)
where we assumed (Dg?Y)aﬁ = gaﬁDg?Y for reasons outlined in sec. The superscripts indicate

the loop order. The task is now to parametrize the 1-loop propagator function D((llg and both vertex

functions V(1| as well as the box diagrams. In terms of Feynman diagrams we encounter the following
types that are contributing to the radiative corrections (in ascending order of technical complexity):

e (Higgs-)tadpoles: the tadpoles can contribute at many stages, but because of their reducible
nature they can be treated in a factorized manner. The technical task is to compute one-point
functions of the scalar field H.

e Oblique corrections: corrections to the s-channel gauge-boson propagators, i.e. Z and photon.
The technical task is to evaluate renormalized, off-shell gauge-boson self-energies.

e Amputated vertex corrections: corrections to the eTe™Z/eTe™ A (initial-state) and ttZ/ttA
vertices. The technical task is to compute renormalized, off-shell 3-point functions to the respective
vertices.

e Boxes: 1-PI contributions to the amplitude. The technical task is to compute 4-point functions.

IMPORTANT: In this work we only treat weak radiative corrections, i.e. we do not consider pure
QED contributions (i.e. diagrams with photons in the loolﬂ). This class of diagrams (QED-vertices and
-boxes) is infrared divergent, and the proper treatment requires additional machinery both conceptually
(inclusion of real-radiation contributions to cancel IR-divergences at the level of the cross-section) and
from a technical point of view (a few of the formulae used in this work are only applicable in IR-finite
cases). Fortunately, due to the residual unbroken U(1)g-symmetry of the theory these pure-QED contri-
butions can be treated completely separated from the weak corrections this thesis is focusing on. However
it should be kept in mind that in order to connect to experiment (i.e. to compute realistic distributions
etc.), the QED corrections must be included at some point. At this point we refer the reader to future
planned work or to the existing literature (for example [6], [7], [I7]). The weak contributions are all
IR-finite, as the divergences have been explicitly regulated by non-zero masses of the weak gauge-bosons.
The Sudakov-logarithms we will extract in the later stages of this thesis can in fact be viewed as the
infrared logarithms of the theory.

We will deal with each of above mentioned “building blocks” of the total calculation in the follow-

)

ing sections. Once the amplitude coefficients &1 for M,(il are computed, we can obtain the 1-loop

"There is one minor exception for the WW-self-energy (see diagrams in app. [2)), where we include the diagrams with
virtual photons since they do not lead to IR-divergences.
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cont;‘lébution to the cross section with unpolarized tops analogous to the Born-section by summing over
spin

(1)
(3—?2) = 1 cﬁZQR[ 1>M(0)]_

40;722 S D D Re [( (P 4 e pHMpH) (Egom/ﬁ)*(Mlp/ﬁ)*} B

Oe;0t p,p’

o? K
_ a’Nep ; {Qth B Rel[e{!""] <52(cos(29) — 1) + 4(kpB cos(6) + 1))+

8s

— 2Re|cy &b P 2 sinQ(H)] +
+ (ve — Kae) [X(O)(s)]* [Re [Egl)’pn] ((vt - pat)(ﬁQ(l + cos?(0)) + 2prkf3 cos ) +

+ 20(1 — ﬁ2)> 2Re [y 820, sin2(9)] } (3.22)

The unpolarized (differential) cross section can be obtained by simply averaging the expressions for k = +
as in eq. ([I9). The expression ([3.22]) can be analyzed further according to the angular structure like in
eq. (3.I7), but since this is not the focus of this thesis (we focus on the structure of the one-loop amplitude
M(l)’p"‘) we do not further simplify or reorder this expression. The form given above is sufficient for our
purposes in terms of numerical discussions. In the following we will split the 1-loop-coefficients cgl)’p "
according to the various contributions to M)

Ez(l)Mm = (EZ('l)’pK)oblique + (El(l)’pm)vertex + (Ez(l)mﬁ)box' (323)

3.3 Higgs-tadpoles

3.3.1 Tadpoles in the SM

The simplest radiative building blocks to consider are tadpoles, i.e. loop contributions with only one
loop propagator. In EW theory there exist 2 tadpole topologies sitting on some “external line”, shown
schematically in fig. The first one, which we call the 4-tadpole, exists due to 4-couplings in the

Figure 3.2: Two types of tadpole topologies that can appear as correction to some propagator: 4-tadpole
(left) and Higgs-mediated tadpole (right).

theory, and despite having all the mathematical properties your average tadpole contributions possesses,
its the latter type of tadpole diagrams that really contributes in interesting ways. There are 3 main
reasons for this:

e Despite not being 1-PI in the strict sense (as the mediator propagator connecting the loop with
the external line can be cut), it is 1-PI with respect to the external line it couples to (cutting the

8We set k' = k from the start because of the expected 6% as in the tree-level calculation.
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mediator propagator gives a one-point (at 1-loop) and a 3-point function (at tree-level), but not
two 2-point functions). This type of diagram shows up frequently in the calculation, as the particle
in the propagator (in EW theory the field H) only needs a 3-coupling to the external fields, while
the 4-tadpoles need 4-couplings.

e Consequently, this type of tadpole also couples to fermions, i.e. fermions may appear on the
external line and in the loop, while neither is the case for 4-tadpoles. This is a very important
fact, as fermionic loop contributions are trivially gauge-independent and might (as is the case for
the top quark) be parametrically large (y; ~ 1).

e In the SM the only mediator can be the Higgs boson H (see discussion below), which is why
from now on these tadpoles are referred to as Higgs-mediated-tadpoles, or shortly Higgs-tadpoles.
Because of their reducibility they are related (by a prefactor depending on the coupling of the
Higgs to the external fields) to the Higgs-one-point function (0|H|0), which in turn is related to
the vev v, the most crucial parameter of GWS-theory.

Understanding the role of this type of tadpole (not just on a calculational, but a conceptual level) is
therefore mandatory. Before going into further detail, lets first spend a second on figuring out which

H

Figure 3.3: The tadpoles could (in principle) be mediated by vectors (left) or scalars (middle), but only
Higgs-mediated tadpoles are non-zero, which allows focusing on the Higgs one-point function (right).

particles of the SM can mediate this tadpole type. Lets first start with a vector particle (massive or
massless). In the massless case, we give it an infinitesimal mass A to regulate the otherwise ill-defined
mediator propagator (due to momentum conservation on the external vertex, the momentum flowing
through this propagator is 0). Depending on the particle in the loop it can have 2 types of interactions:
derivative coupling p* (to bosons) or v*w, (to fermions). Since the propagator of the mediator feeds
in 0 momentum, the derivative coupling is necessarily proportional to the loop momentum k. As the
bosonic loop-propagators are all symmetric in k& — —Fk, the full loop expression now vanishes by the
”even-times odd-argument”

/ddk: E* x (even in k) = 0. (3.24)

The argument for fermions in the loop is somewhat different, as there is no derivative coupling. The
loop is a trace over the fermion propagator f + my and y#w,. The f-part vanishes again by the even-
times-odd argument, while the mass part gives 0 because of Tr(y#w,) = 0. Afterwards the regulator can
be removed A — 0.

For scalars things are not that clear, and a lot depends on the actual theory at hand. Cubic scalar
couplings or couplings of scalars to 2 vectors are not proportional to the loop momentum, and the inte-
grals consequently do not vanish. Also the fermionic traces for the mass part of the fermion propagator
do only vanish for the ~5-part of the coupling, i.e. pseudoscalars (like x) give no contributions, while
scalars (like H) do. Tadpoles mediated by scalars with massive fermions in the loop are non-vanishing.
In addition charge conservation has to be respected, which forbids charged scalars in the mediator prop-
agator. Tadpoles with bosons in the loop can both be mediated by scalar and pseudoscalars, and it then
depends on the specific theory at hand what diagrams are non-vanishing. In GWS-theory there are only
couplings of the form HX X but none of the form y XX for any boson X (cf. app. [G.I]). We conclude
that in the SM the only particle that can mediate non-zero tadpoles of this type is therefore the physical
Higgs-boson H.
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3.3.2 Higgs-mediated tadpoles in ete™ — ¢t

Before listing explicit results for the Higgs-tadpoles, we take a look where they appear in our calculation
of eTe™ — tt. As is obvious from fig. they will contribute to the 2-point functions of all particles
(vectors, scalars, massive fermions) the Higgs couples to. For our purposes they contribute to 3 transitions
of interest, shown below. The momentum-independence allows to write the expression in a factorized

form
Q0 my
=T =T ,
‘ A 25y My M tt Juw

i My

‘ = I 2 s M2 g,uuT =Tzz Guv
Z 'H 7 wEWAH

ANNNANNN

i My
— V; = ;WW vy 3.25
‘ 47 SWM2H I I ( )

w* o VH oy
ANNNNANANNN

where T is the tadpole parameter, related to the amputated Higgs one-point function

The EW-corrections to the Higgs one-point function are given in the following subsection. The Higgs-
tadpoles will appear in the renormalization constants derived from bosonic 2-point functions, but not
in the field strength renormalization constants as those are obtained by taking a derivative in the ex-
ternal invariant p?, but the tadpoles are independent of momentum p. Apart from counterterms the
Higgs-tadpoles also appear explicitly on the ZZ-transition of the s-channel diagram. They are however
immediately cancelled by the renormalization procedure, as will be shown below. There are 2 further
tadpole insertions that do not need to be taken into account, shown schematically in fig. B4l The

Figure 3.4: Two examples of Higgs-tadpole topologies not relevant for the calculation in this work due
to different reasons outlined in the text.

first one does not exist for our SM-process of ete™ — ¢ (but might appear in other processes like
Z H-production). The latter topology is amputated by the LSZ-formalism, but the tadpoles also do not
contribute to the wavefunction factors R (essentially the finite remnants of the field-strengths that have
not been included in the renormalization constants 67y g, in the OS-scheme we have R = 1).

The question is now: do the tadpoles contribute to the renormalized self-energies etc. at 1-loop? Take for
example the ZZ-transition for an arbitrary external invariant and construct the renormalized quantity
Hg » in the Denner-scheme for Simplicityﬁ according to eq. (Z63). dZ is free of tadpole contributions
as discussed before, since it is a field-strength renormalization constant. For the rest we get

(ﬁgZ(p2))tadpole - (HEZ (p2))tadpole + M% (5ZMZ)tadpole - (ng (p2))tadpole o (HEZ(M%))tadpole = 0’
(3.27)

9The BHS-scheme is completely analogous though, as §ZZ is also free of tadpole contributions.
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as the tadpole contributions are independent of the off-shellness p? (cf. eq. (B:25])). In the on-shell scheme
the tadpoles therefore completely drop out of the renormalized quantities. However, the inclusion of
Higgs-tadpoles is necessary to obtain gauge-independence of bare self-energies on the mass-
shell. For example 117 (M2) is only manifestly free of gauge-parameters if the Higgs-tadpoles are
included via eq. (B.25). Bare self-energies evaluated on the mass-shell correspond to on-shell mass-
renormalization constants that connect gauge-invariant quantities (bare mass and pole-mass or physical
mas@), so a proper inclusion of the Higgs-tadpoles is necessary. Our simple scheme of just including
them into the self-energies is shown to be consistent (and equivalent to other proper schemes) in a recent
review by Denner et al [I8]. The inclusion of tadpoles into the mass renormalization constants can be
a numerical problem however. For example the Higgs-tadpole with the top quark in the loop is quite
a dangerous customer in that respect, with its contribution to the top mass shif, i.e. the difference
between OS- and MS-scheme, being

a(my) my

(5ZW)OS_(5ZW)1\/TS: An Ncs%VMI%,M?{

~13.1 GeV, (3.28)

where the fine-structure constant has been run from the non-relativistic value a(m.) = 13771 to a(m;) =
a9 (my) ~ 125.67! by means of the light-fermion loops (see sec. B.42)). 13.1 GeV is a huge shift, basically
cancelling the QCD-corrections to this difference (cf. [19])

(6Zm,) o = (6Zm,)grg ~ —10.4 GeV  at O(a). (3.29)

As this example shows, usage of mass definitions in EW theory that have reduced sensitivity to or are
even completely free of tadpole contributions is desirable. We refer the reader to [19], which apart from
being a nice read on this topic contains suggestions for mass definitions in this direction.

Lastly we point out that in the renormalization constant §Z. the Higgs-tadpoles cancel completely,
as it is related to the difference

Wiyw (Miy) 03, (M7) @&z o My (1 1 >T@O.
MI%V M% 471'st12{ MI%V C%VM%

67 ~ (3.30)

0Z. is actually already gauge-independent without the inclusion of Higgs-tadpoles.

3.3.3 EW corrections to the amputated Higgs one-point function

Assuming all fermions except the top quark to be massless, we get 8 distinct EW contributions to the
Higgs one-point function, shown in eq. If other fermions are treated as massive, their inclusion
would be straightforward by simply replacing m; — my in the top contribution. For the vector tadpoles
we define an auxillary function T¢(M) by

Ago (M+/€) — Ago (M)
2

TS(M) = d | Ay (M) + — —2M? + 44(M) + [gAO (M\/€) - AO(M)] , (3.31)

where we arranged things such that the expression in Feynman gauge can be read off quickly.
t o

H e 2m? o v re M?
Sl — N t A --- =———H__ A (My/
Q (47‘()2 cSwMW O(mt) \ /, (47‘()2 4SWMW 0( W £W)

~ -

9The pole-mass for coloured objects (quarks) as well as weak gauge-bosons like W, Z is a perturbative concept whose
interpretation in terms of a physical mass is theoretically not well defined, as those fields cannot appear as asymptotic
states due to confinement and/or instability. However, for the electron, whose coupling to the Higgs is small but non-zero,
this concept is more straightforward.

11n this work we do not give further explicit results for § Z,,,.
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~ T~
H e My H \ ie
- _ TZ (M --- = H A M V&
{\\:} (4m)% 2¢}, sw (Mz) v / (47)? dsw o(Mw v/&w)

w- ‘LZ
H{:} - (4?)2;\%%”]”” H* ........ )= _<4Z:>2 ;\fvvvvfz oMz Vez)
188 e
- {:} = Gy 7 0) AT Ty V&)
S e
o= i iy ) R e R D
X_
noyT T e Ao(Mz/7), (3.32)
T Ty 4SWM

Some caution in interpreting these results is required, as the tadpole topology introduces a symmetry
factor of S = % per diagram. We included this factor explicitly in the above expressions. We furthermore
point out that fermion and ghost loops do not have the symmetry factor S = % but rather S =
effectively, as for these particles the fields and anti-fields have to be treated as separate entities, giving
another factor of 2, which removes the symmetry factor of the tadpole topology. In the above expressions
this factor 2 has been explicitly included already for fermions and ghosts, and we consequently do not
have to take into account anti-ghost or anti-fermion diagrams etc.

3.4 Oblique corrections

The virtual gauge bosons also receive weak corrections at one-loop. For historical reasons these are
termed oblique corrections. Because of the mixing of the neutral gauge bosons, the oblique part of the
rhs of eq. ([B.22)) actually reads in matrix notation in this two-dimensional space of neutral gauge bosons

e ((79)° T((zjv%;)aﬁ @Szoaﬁ) (1)’
mAER)Y) A0 (0. \ (v9)7)

and the upcoming sections B.4.1], B.4.2] will be devoted to the computation and renormalization of the

(3.33)

corrections Dgg, The diagrammatic contributions are listed in sec. B.44l According to the particle
species in the loop we will make a distinction between fermionic oblique corrections (FOC) and bosonic
oblique corrections (BOC).

3.4.1 Renormalized propagator corrections

The renormalized propagator matrix D,z can be determined by inversion of the proper 2-point function

FS‘B via Dog =i <F§‘B > , which reads

— M2 1T _
Z'ngﬁ ( Z) <q ]WH HzZ Hﬁz >gaﬁ + (qaqﬁ —terms). (3.34)
—Hza ¢* - AA
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The ¢“¢°-terms do not need to be taken into account for reasons outlined in section 85 The ﬂg(y denote
renormalized one-loop corrections to the corresponding two-point functions, cf. eqs. (Z63), (2.109]). We
remind that 115 ,(¢%) = 1% ,(¢?).

Dropping the ¢®¢®-terms a straightforward inversion of this 2x2 matrix yields

-1 —1 2 1T 1T

(pes\ T _ (=) ¢ - 11 i}

i (FS ) =7 A - R, < AT AA ~ Mglz— fz. ) es- (3.35)
<q - Mz - HZZ) <q - HAA) - <HAZ> Z4 Z 22

This result incorporates corrections to all orders, but has to be expanded to the corresponding order

in perturbation theory one is working at, to make sure it is compatible with the vertex corrections at
the same orde. We only consider O(«) corrections, so as a first step the squared off-diagonal term

. 2
in the denominator is dropped because (ng) ~ O(a?). Since the off-diagonal elements without the

prefactor are already O(«) to D,g, corrections in the denominator can be neglected altogether there,

1 1%,
-1 2_ M2 11T 2(g2_ M2 _1IT
(=) (F%ﬁ) == T (s X 22| gos + 0(02). (3.36)
AZ
@*(a* M50, -1,

We now focus on the ZZ-piece in the denominators. Firstly we spli 1Z,(¢%) = Re [ﬂgz(qz)] +
iIm [IT} ,(¢?)] in the denominator and use the optical theorem to write
Im[M(Z — Z)] = Mz ", (3.37)
where FtZOt is the total decay width of the Z-boson. The 1-loop forward scattering amplitude is related
to the Z-self energy according to
2

* VT v . ¢°=M3 -
M(Z = Z) = £ (@) eu(a) (¢ TG 5(¢) + a"a” — pieces) © =7 ~T1L,(M3), (3.38)

where ¢ - €(q) = 0 for on-shell particles and the conventional normalization of the polarization vectors
£*(q)-e(q) = —1 was used. At O () this allows the approximate replacement Im 117 ,(¢%)] — —Mz '
close to the Z-peak, i.e. ¢> ~ M% (for our top pair production case see discussion below),

1 ﬁﬂz
-1 2_M2+i My T —Re[T14 2(q2—M2+i My T —Re[11Z
i (137) = | T e ) o)
¢? (a2—M3+i My Ty —Re[17,]) -1,

Finally expanding the terms in terms of the real parts straightforwardly yields the virtual propagator
including O(«)-corrections:

71 77
i) (O (140 5 ) 1O e

Das(q®) = 2 ar o Gap +O(a?) =
X (¢?) = 1+ =42
0)( 2 © (212 1%, 0y 2042
(—i) (X0 0 (i) [ V@] = xO*)=2 )
T Gap + 3 fr - gap +0(a”) =
0 X(O) (q2) Az qAQA
b©® P

12YWe deal with an exception in sec. B2
13Note that we omit the hat symbol for the imaginary part, as it is free of UV-divergences and there are no counterterms
(see also the renormalization conditions, where only Re is taken).
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= (D<o> + Da)) Gag + 0(?), (3.40)

where as in ch. [2] we keep the Re implicit in front of fI§Y and we introduced the lowest-order dimen-

sionless Z-propagator ratio
2

YO (g?) = 5 MZ(:_'M o (3.41)
q- — Mz i1zl

which has feature that x(¢?) — 1 if ¢> — . F(ZO) is the tree-level total decay width of the Z-boson.
We point out that since we will be working in the regime (far) above the top production threshold, i.e.
q® = s > 4m?, and consequently far above the Z-peak, ¢> = s > M %, the above expansions are all valid
with no need to worry about resonance enhancement effects. Close to the Z-peak, which is never the case
for on-shell or close-to-on-shell top production, the inclusion of higher-order effects would be necessary,
i.e. a careful perturbative expansion of eq. (335 including two-loop order if O(a)-accuracy is needed
and so forth. For a brief discussion see for example [5]. For our purposes of working (far) above the
top pair production threshold, keeping a non-zero Z-width results only in very small numerical shifts,
so from now on we will set T%* = 0 in x(?)(s), also for the numerics in ch.

The renormalization of the bosonic self-energies H§Y is carried out with the results from chapter [2]
specifically eqs. ([263) and (2I09). In this work we will use the BHS-scheme, as the resulting ex-
pressions are a bit simpler, i.e. here we use eq. (ZI09). The only exception are the (light-)fermion
contributions to the AA-transition and consequently to the electric charge renormalization, which will
receive a different treatment outlined in the next section.

3.4.2 Light fermion loops - the QED-improved Born approximation

The bosonic self-energies Il xy not only receive contributions from the top quark and the weak bosons
living at the scale Agyy, but also contain loops of light fermions (If), i.e. leptons and quarks up to (and
including) the bottom quark. The logarithms appearing in these loops are quite large, e.g. for /s =1

TeV ( V)2
s 1Te
In(—=)=137"In|{ ————2_ ) ~0.2 42
o' n< 2> 37 n<(511keV)2> 0.2, (3.42)

&
and therefore need to be resummed. Fortunately, this is possible without much of an effort. The features
of this section are most easily discussed in the BHS-scheme, as one can focus on the corrections to the
s-channel boson propagators and ignore the renormalization of the vertices. The reason is that in the
BHS-scheme the local 3-point counterterms only consist of the mixing self-energy 1% ,(0) (cf. eq. B.T6),
which does not get contributions from fermion loops.

A quick inspection of the self-energies shows that the light-fermion loops are only problematic in the
diagonal parts of the inverse propagator matrix, and more specifically in the terms related to charge
renormalization. If on-shell subtraction is applied in conjunction with the renormalization condition
2174 the counterterm contribution to §Z; = §Za4 from a light-fermion loop is

1 w2
NS =~ N N2 ym (K 3.43
(073 )it 3y Vel | ¢ +In m? ) (3.43)

where N, ¢ is defined in eq. (ZI33). When combined with the light-fermion contribution according to
eq. (ZI09) to form the renormalized AA-self-energy evaluated at a scale s > m?, we obtain

2 2
LT 0086 = — 2 N, |2 my my
SR8 = -5y (s ) |+ o (). (3.49)

This result is singular in the limit m? — 0, while for finite but small masses the hierachy inside the log
is large. A significant reduction of the dependence on these small fermion masses can be achieved by
using MS-subtraction for light-fermion contributions to I144 and by running « from the non-relativistic
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regime, where it was defined in the on-shell scheme, up to the scale Agw or . At one-loop, the
running of « for n; active light (charged) leptons and n, active light quarks takes the form (see sec. [E.3]

cf. [15]) N
Qe () = : (3.45)

[e%) ng 2 w? [oTh) Nq 2 p? ’
1- 3r 2al=1 Ql In (m—12> ~ 3n N, Zq:l Qq In (m—g)

where «ag is the value determined at the mass of the lightest fermion in eq. (B.45]), which we take to
be the fine structure constant in the Thomson limit: oy = a®?(m,.) = 137-1. This scheme amounts to
minimally subtracting the UV-divergences from the light-fermion 100p in HZ; A, 1.e. using

« 1

(OZD® = =5~ Ney -, (3.46)

and replacing a by a™"™(u) everywhere in the calculation. Note that due to the minimal subtraction
we also get explicit p—dependence in the renormalized transitions. Since we are interested in processes
with s > m?, we will also sum the top contributions into eq. 45} although the resulting logarithms

2
would be of the order ~ log (AEW> which are kept in the rest of the calculationd. To avoid writing

S
pu—dependence all the time, in the rest of this work (unless explicitly stated otherwise) we understand
« as being run up to the scale /s by including all fermion loops into the RG-evolution of o = o™ ().
With this convention, the renormalized (light-)fermion contributions read

1 -~ « ) 2
(11t = E N, 24 In( ———r
s Maahi(s) = =32 ot 9 (3 * n<—s—z‘0+>>’
light f
1, @ M? cw M3
- HT _ N 1 W 2 2 1 W
- (UZa)u(s) 37Tslig§htf cvf{vaf D(_S_Zm) 5,y (V7 Tap) o MZ) [

L5 o M? c2 M3
light f

2
W )
We emphasize once again that we only minimally subtract for §Z). The light-fermion contributions to

the rest of the renormalization constants (57§ etc.) are treated as in sec. Bl Some more details on the
fermion loops can be found in the appendix [El

3.4.3 Connecting with chiral amplitude basis

To enable comparison of the propagator corrections with the amputated vertices and the boxes, we write
them down in the amplitude basis of eq. (3.8]). From the above expressions its clear that the diagonal
oblique corrections (i.e. those without D(le‘ or DS}) are proportional to the tree-level structures of the

Dirac bilinears. We find

7

(Ml(fl))oblique = o Z { [X(O)(s)} i % (Ut - pat) (Ue - "fae) + M Qth+

S S S
p==

A

O T4 (0, pa)(-Q0) + (~Q)(we — )] } PR, (3.48)

“Either way logarithms of A%y /s remain, as theses also originate from the hierachy of the scales Ay (where the
Z—contributions were renormalized in the OS-scheme) and the hard scale s of the process.

15The bosonic loops are still treated in the OS-scheme!

1The unresummed top contributions are lengthy, at least for 2. They can be derived straightforwardly by means of
the generic diagrams given in the appendix and the counterterms given in sec. (Z3]).
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which implies

A o
ﬁ (égl)’pn)oblique - {X(O)(S)} i (ve — pag) (Ve — K ae) H%(S) + QthH%(‘S)+
T
+yOs) {(vt — pa)(=Qe) + (— Q) (ve — ,me)] H%(@’
L @en
E (02 )oblique =0. (349)

We remark that because only M?* appears, the diagonal parts with T1%,(s) and II% ,(s) could be
grouped with the tree-level expressions We will however refrain from more notational gymnastics and
keep things as they are. The above formula concludes the symbolic treatment of propagator corrections
at one-loop.

3.4.4 EW corrections to bosonic transitions

The complete sets of diagrams contributing to the ZZ-, ZA- and AA-transitions can be found in the
appendix[G.2l The analytic expressions are obtained by using the generic expressions for bosonic 2-point
functions also given in the appendix[E]l and plugging in the parameters listed in tab. Bl The ingredients
for the Higgs-tadpole contributions can be found in secs. and . The sum fI§Y of renormalized
diagrams are then to be inserted into eq. (3.48).

The generic diagrams given in the appendix [El were derived with help of projection operators (listed
in app. [D]). We point out that for the calculation we made heavy use of computer assistance in the form
of special Mathematica-Packages tailored to Feynman diagrammatic calculations. Especially version 2 of
the relatively recent program Package-X [20], [21], was extensively used for this work. It provides analyt-
ical and numerical tools (like built-in projection operators, PV-reductions, numerical implementation of
scalar PV-functions) for one-loop calculations up to 4-point diagrams while impressing with spectacular
user-friendliness. Other packages used in this work for cross-checking include FeynArts ([22], diagram +
amplitude generation), FeynCalc ([23], algebraic manipulations) and LoopTools ([24], numerical library
of PV-tensor coefficient).

We give a quick example on how to read tabs. Bl - B4l Say we want to know the contribution
(ng) Hy of the Hx-diagram to the transverse ZZ-transition H% 4. For bosonic self-energies we start
with eq. (EJ9) of sec. [E2]in app. [El The S-column in tab. B3Il states that the symmetry factor for
this diagram is S = 1 in eq. (). For the transverse part we focus on G*. Now the entry SS in the
type-column in tab. B tells us to look in the scalar-scalar subsection [E.2.5] of sec. [E.2l Note that
the letters in the type-column are abbreviations for the virtual particle type, so V = "vector”, A =
"massless vector”, S = "scalar”, U = "ghost”, f = ”"fermion”, and need not be confused with the letter
S for the symmetry factor given above or V for ”vertex”, as used in other parts of this work. Now the

function GLg (eq. (EI9)) reads
Gs = 4gx gy Boo (p*; My, My) . (3.50)
Consulting the other entries of the H x-row in tab. B tells us to identify@

? ?

gx = My = Mg, My = Mz+\/&7. (3.51)

- s gy = s
QCWsW QCWsW

The —-entries mean that this specific parameter is absent for this type of diagram, so for our H y-diagram
the last two entries mean that there are no further explicit gauge-parameters appearing (only in the mass

'"This approach is adopted in [5] and the resulting contribution to the total amplitude is called dressed Born matriz
element.
18Note that the bosonic transitions are always symmetric: Hif, = H}T,‘)%, so it does not matter which coupling given in

the table we identify with gx and which with gy.

51



of the Goldstone, but this has already been specified in the mass-column). It may also confuse at first
sight that the top row entries contain more than one parameter, like { M, My, My, m4}. However, the
expression for a certain generic diagram will only contain one of those parameters, which the entry then
represents (in our case we had M; appearing, but not M, My or m;). Plugging in we are finished, so
not forgetting about the rest of the factors in eq. (E.9) and the precise definition of Hg » in eq. (241)
(with the i factored out) we have

o 1
(HEZ)HX T In 2 Boo (pz; My, Mz~/ fz) . (3.52)
wSw

The PV-tensor coefficient can then be scalarized by the results given in sec. [Bl

The rest of the diagrams are obtained analogously. Note that fermionic couplings have chirality in-
dices as superscripts, e.g. g%, where n = =+.

ZZ |type| S | gx.9xy gy M, My, My, m1 | M2, Mg, m2 | §,&1 | &2
ff ff | Ney | vg—may | vy—mnay my my i
+
WEWT | VV 1 —w - My My w | &w
I/Vi(bJr Vs 1 _Z_x My —z—x My My M/ My Ew —
Wte™ | VS | 1 | =S My | =% My My MwvMw | &w | —
ZH | VS | 1 |z Mw |z Mw Mz Mp £z | —
i 2 _g2 2 _g2
oot SS 1 Q‘ZWSV[V/V Q‘QVWSV‘I‘/’ My +/ My My +/ My — —
HX SS 1 _QCV;SW QCV‘fSW MH MZ\/MZ — —
u-u- U 1 E—Vw‘j g—“:VV M~/ My My My — —
utut UU 1 gx gg M~/ My My My — —
2
W= Ty 3 - - My - w | —
Sw
2
w+ Ty : —% - Mw - Sw | —
W
_ 1 (C%V—S%V)2
¢ Ts 2 202 $2 - My Ew - - -
W°2W
+ 1 (el —s%)? e
¢ Ts 2 202 g2 - Mw gW - - -
W oW
1 1
H Ts | 2 2250y - Mp - - | -
X Ts % m - Mz\/€z - - -

Table 3.1: ZZ-transition: the virtual particle content is shown in the leftmost column. type refers to
type in sec. [El All expressions are evaluated at p> = s. The Higgs-tadpole contributions are given by
Tz, eq. There are 2n; = 6 light lepton loops (my = 0,v; = ve,ay = ae), ng = 5 light quark loops
(mg =0,vf = vg,ar = ag) and the top loop (ms = my, vy = v, ar = ay).
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ZA |type| S |gx,9xy | gy | M,M;, My ,m; | My, Mg,mz | §§1 | &2
I Jf | Ney | vg—may | —Qy my my - | -
WEWF | Vv | 1 - 1 My My §w | &w
W=¢t | VS 1 | =2 My | —Mw My Mw~/My | &w | —
Wre~ | VS | 1 | =2 My | —Mw My MwvMw | &w | —
orgT | Ss | 1 | g | My /My MyVMw | — | -
v | UU |1 cu 1 My /oy My Iy | — | —
wtat | oU | 1 | - 1 M /Moy My V3w | - | -
W~ Ty 1 e - My - w | —
w+ Ty : o - My - Ew | —
2 2
¢ Ts 3 | - My /Ew — - | -
EEANIE - T e

Table 3.2: ZA-transition: the virtual particle content is shown in the leftmost column. type refers
to type in sec. [El All expressions are evaluated at p> = s. There are no Higgs-tadpole contributions.
There are n; = 3 light lepton loops (my = 0,Q¢ = Qe,vf = Ve,af = ae), ng = 5 light quark loops

(my=0,Qf = Qq,vf =vyg,ar = ag) and the top loop (ms =my,Qf = Q¢, vy = v, a5 = az).

AA |type| S |gx.9xy | g9y | M,My,My,my | Mz, Mg ,mz | &1 | &2
If ff | Ney| —Qf —Qy my my i M
WEWT | VV 1 1 1 My, My w | fw
Wt | VS | 1 —Mwy | —Mw My MwvMw | &w | —
Wte= | VS | 1 —Mwy | —Mw My MwvMw | &w | —
proT | SS 1 -1 -1 Myy /My, My /My, - | -
uTu uu 1 -1 -1 My /My My /My — —
utat | UU 1 1 1 Myy /My, Mw /My - | -
w- Ty 1 -1 - My - Sw | —
wt Ty 1 -1 - My - Sw | —
¢ Ts 3 2 - Mw VEw - i
ot Ts 3 2 - Mw VE&w - i

Table 3.3: AA-transition: the virtual particle content is shown in the leftmost column. type refers to
type in sec. [El All expressions are evaluated at p?> = s. There are no Higgs-tadpole contributions. There
are n; = 3 light lepton loops (my = 0,Q¢ = Q.), ng = 5 light quark loops (m; = 0,Q; = Q4) and the
top loop (my =my, Q5 = Qy).
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WEW* | type | S 9X,9XY gy M, My, My, my | Mz, Mg, ma | §,§1 | &2
tb ff Nc \/_Q#SVV 5777_1 #SVV 5777_1 my 0 - —
hght doublet ff NCJ‘ \/_Q#SVV (577771 #SVV (577771 0 0 — —
+
w*z 174% 1 —w —w Myw My Sw | &z
W*A VA 1 1 1 Mw — Ew | —
W*H VS 1 s My s My My My fw | —
Z¢*t VS 1 —W My | —2% Mw My Mw v/ Mw §z | —
Agp* SA 1 — My — My My /My — - | =
+ 1 1

otH SS 1 T o My /My My - | =
P x SS 1 — 5 o M~/ Mw Mz\Ez - | -
uta? Uu 1 o o My /My Mz+\/My - | -
utat Uu 1 -1 -1 My /My 0 - | =
w?ut Uu 1 w w Mz~/My Mw /My - | =
uAaT Uu 1 1 1 0 My /My - | -
W+ Tv % —S% - MW - §W -

W

1 iy
Z Ty 3 - - Mz - §z | —

W
¢ Ts 3 251‘2}[/ - Mw v/ &w - - | -
o Ts 3 = - Mw/Ew - i

W

1 1

H Ts 1 s — My — - | =
X Ts 3 231%‘/ - Mz\/&z - - | -

Table 3.4: WW-transition: the virtual particle content is shown in the leftmost column. type refers
to type in sec. [El All expressions are evaluated at p> = s. The Higgs-tadpole contributions are given
by Tww, eq. The 4-tadpole with the photon is scaleless. In addition to the top-bottom (tb)
contribution there are n; = 3 light lepton doublets and nq; -9 light quark doublets.
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3.5 Amputated vertex corrections

In this section we focus on the one-loop contributions to the amputated vertex functions, i.e. Ve(/lt) in

eq. (B21I): its decomposition into form factors according to Lorentz- and Dirac-structure is discussed in
secs. B.5.0] B:5.2] while the renormalization is dealt with in sec. B.5.3l The EW diagram contributions
are listed in sec. [3.5.5]

3.5.1 Form factor decomposition

Since all external particles are considered on-shell, the (renormalized or unrenormalized) amputated
vertex functions V., and V; can be written as irreducible vertex functions A? and =Z* sandwiched between
Dirac spinors of the external particles.

(Vo) (4?) = ie 0ela) A (@) ue(ly) = i 0ulla) | Afbeola?) + Ay (4®)] welr)

(V)" (0®) = e in(a1) 2 (%) nla2) = i€ n(a1) | Eiree(a®) + Ziaa(a®)] vila2): (3.53)

where [1(l2) is the momentum of the incoming electron (positron) and ¢i(g2) the momentum of the
outgoing top (antitop). The kinematics are shown in fig. We split off the tree-level contributions,

N %

/i AN

Figure 3.5: Kinematic situations for amputated vertex functions.

which can be easily obtained by the corresponding Feynman rules. The 1-PI radiative corrections to the
vertices are contained in Arﬁad and = ;, which can be parametrized by 6 form factors (= scalar functions)
fi and F; respectively:

Ay =Y {ff(qQ) Vwe + 1561 — 1) Pwe + F5(a) (0 + zzﬁwﬁ}, (3.54)
K==+

Ztuld?) = ¥ { ), + @O @ L )
k==

The additional factors of mit in the quark case have been inserted for later convenience. There exist alter-
native parametrizations of course, but this one is quite practical in the sense that it facilitates reducing
the number of nonzero form factors in the case of massless initial-state leptons, as done in the following.
Swapping the scalar structures for tensor structures involving o, = %hu,%,} is possible by applying
Gordon identities (see appendix[A.2]), which are useful to switch between various parametrizations. Fre-
quently it is convenient to rewrite and express things in the V A-basis, which for this parametrization is
given by

A (@®) =77 [ 1Y (@) + FA @D 5] + (0 = 0)° | 13 (6) + 5 (g% s ) +
(L 1)? [ £ (6% + £3a?) ). (3.36)

Seal@) =77 [ FY (6%) + Fi @) % | + W[FQV(QQ) + F'(4) 95 ]+
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(91 +q2)°
L r— [F?}/(QQ) + FNg%) s (3.57)
Since the s-channel mediator can be either photon or Z-boson, each form factor consists of two contri-
butions, which in our notation is arranged as a 2-dim. vector

Ztt( 2
F@) = @Egi) | (3.58)

and similar for the lepton form factors f;. The superscript denotes the respective vertex. Since we split
off the tree-level contributions (cf. eq. ([B.53])), all form factors formally start at O(«). The form factor
decomposition parametrizes the vertex functions to all orders, but since we are only interested in O(«)
contributions, we will omit any further indices and only keep the one-loop contributions to Fj, f;, unless
stated otherwise.

3.5.2 Form factor elimination

In the context of this work, the initial-state leptons are treated as massless (m, = 0). In this limit, both
vector and axial vector current are conserved exactly, which constrains the lepton vertex function

05T (l2) A% (¢%) ue(ly) = 0. (3.59)

Contracting ([3.54]) with gz and using on-shellness (and masslessness) of the leptons results in the condi-
tion

@@=t =0, o () ="Ff")=0 (3.60)

The chiral symmetry present in the massless case immediately kills the remaining (pseudo-)scalar struc-
tures with fs, if these structures are sandwiched between massless spinors. One ends up with

A L@ = D7 @ =47 [ (@) + s (D) (3.61)
k==+

The transverse property of this expression when sandwiched between the massless lepton spinors (cf.
eq. B59) has the convenient side effect that for the virtual gauge boson propagator only the g,s-part
gives a non-vanishing contribution, allowing us to ignore the gauge dependent g, gg-terms if working in
Re¢-gauge (in Feynman-gauge these pieces are anyway absent).

In case of the top quark vertex, only the vector current is conserved exactly because the tops have
to be treated as massive. Contracting the vector part of Z%(¢?) with ¢, and using vector current con-
servation only eliminates one form factor (in the V' A-basis) or a linear combination in the chiral basis:

Fy(@®) =0, o  Fy(¢*)+F(¢*)=0 (3.62)

However, because of the transverse A®(¢?) and the simplified virtual gauge boson propagator
(1 + g2)” q
Fi'(¢") = gap M(¢*) = F§(¢*) - A*(¢") = 0, (3.63)
Mg Myq

by eq. BB9, so the form factor F{‘(qQ), even if non-vanishing by itself, does not need to be computed.
Note that because of the non-zero masses, the chiral symmetry is not present for the final state, and it
is not possible to discard the (pseudo-)scalar structures of Fy by the same reasoning as above. However,
a further simplification is possible for the specific process under consideration in this work. While the

above statements are true at arbitrary loop level, CP-invariance dictates the absence of electric dipole
moments at the 1-loop level, i.e.

FMNg*) =0, or  Ff(¢*)—Fy (¢*) =0 (3.64)
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We checked this explicitly for our EW diagrams, and consequently do not give generic expressions for
this form factor in this work. The effective top quark vertex parametrization that gives a non-vanishing
contribution is therefore given by

- N @ — q2)”
=) = Y[R + B () L2
p==

= [PV (@) + v F'(d%)] + FQ’(&)%, (3.65)

where F) = %(F{ + Fy).

3.5.3 Renormalization of gauge - fermion vertices

The form factors defined above will in general show UV-divergences, which have to be renormalized
away. Looking at the tree-level Lagrangian, it is clear that at 1-loop it is not possible to write down
counterterms for the scalar structure. Since the theory is renormalizable, the form factors multiplying
these structures (in our case we only need to consider F5 from the quark vertex) must therefore be
UV-finite. This feature can be used as a first rough check of the consistency of the calculation.

3.5.3.1 Denner-scheme

In this section we therefore give the counterterms for the form factors fi/F}, starting with the Denner-
scheme. As in the section about electric charge renormalization, we keep the fermion field ¢ arbitrary
(field renormalization eq. (2X0)), which allows to derive counterterms for lepton and quark vertices
simultaneously. The bare vector and axial-vector couplings of the Z-boson to fermions are

2 2
C — S C
U?:Uf+5vfzvf+<va+2—WQf>5ZC+O(Oé2),
SW SW
0 iy — siy 2
a} = ag+day = ay +a; B 62,40 (a?). (3.66)
w

The bare Lagrangian for the local Z f f-interaction reads
LY s = e’ Zy" (v] — apys)0” = eo(v] + a}) 1 Zy" ) + eo(v] — af) PR Zy Vi (3.67)

Quite analogous to the mechanism seen in sec. 234 the Z A-mixing (eq. (2.53])) introduces an additional
A-term into the Lagrangian

1 _ _
5£%ffaAff =5 6Zza [(vf + ap) LA YL + (v — ay) YrRANYYR] - (3.68)

For the renormalization of the Z f f-vertex this term is not relevant (it will be needed for the Af f-vertex).
Conversely there is a Z f f-term coming from mixing in £ £f (see eq. ([212)). Including that term and
expanding the renormalization constants we obtain the counterterm Lagrangian relevant for one-loop
renormalization of the Z f f-vertex,

1 1 _
ECthf =e Z {(vf —nay) <6Z77 + 072, + 5 5ZZZ) + vy —nday — Qy 5 5ZAZ} Y ZHwgp,  (3.69)
n==+

with 0Z_ = §Z, and §Z,. = 6Zr. We replaced the chiral fields by the full Dirac fields by using the chiral
projectors. For the Af f-vertex, applying the same strategy as above leads to the relevant counterterm

Lagrangian (using eqs. (2.72]), (3.68))),

1 1 _
[’iltff =e Z {—Qf<5Zn +0Z. + B 5ZAA) + (Uf - naf)§ 5ZZA} 1/114“’)/“(,«}”1/}. (3.70)
n==+
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These Lagrangians turn into the counterterm Feynman rule

=ieyt S GRIIIAIIN , (3.71)
n==+

with

1 2, — 52 1 c
SFZIIT = (vp —nay) <5Zn +0Zc + 50222 + % 5Zc> ~-Qy <§ 6247 —2 % 5Zc>
w

1 1
5F1Aff’n =—-Qy <5Zn +6Z. + 2 5ZAA> + (vy — 77%”)5 0Z 74, (3.72)

where we used eq. ([B.66) to replace dvs and day. The counterterms in the V A-basis can be easily derived
from the chiral expressions. In our notation, renormalized chiral form factors are obtained according to

Flszﬂ?(q2) _ FIfom(q2) _{_5F12ffﬂ7’

FlAffJ?(QQ) — FlAffJ?(qZ) +5F1Aff777 (373)

3.5.3.2 BHS-scheme

In the BHS-scheme the vertex-counterterms show some small differences to the ones presented above.
Using the renormalization constants including eq. ([8.66]) and expanding to one-loop order, we derive the
relevant counterterm Lagrangians for the neutral current vertices

1
L3=eY {(vf —nag) (62, +6Z. + 5028 ) + bvy —nda; — Qs (627 - 252;2)} x
n

X 1 Zun wn (3.74)

Lip=e > {—Qf(az,, + 07, + %52;) ~ (vp = may) (6277 - 5Z;Z>} x
n

X P Ay wny, (3.75)

where 67,57, are given by eq. (Z97). By comparing with eq. ([3.69) we see that (since 6Zzz # 02%
and %5Z Az # 077 7 207 Z) the counterterms will differ in finite parts, and that this difference will
carry over to the renormalized Z f f-vertex form factors. Contrary to this, comparison with eq. (B0
shows that the counterterms for the Af f-vertices are the same in both schemes (using eqs. (ZI10),
[297)). This is not surprising of course, as the renormalization conditions for the photon residue and
electric charge were chosen identical.

After simplifying the bosonic parts (the fermionic parts are the same as in the Denner-scheme) the
BHS-counterterms read

5F12ff’n = (vf —nay) [5Zn + <5le - 5222)] +Qy (52;2 _ 5232),

ORI =~ |02, + (927 — 923 | = (v = nay) (6277 - 6237). (3.76)

The notation concerning the counterterm Feynman rule and the relation to the form factors is the same
as in the Denner-scheme (eqs. @11, B73)). With eq. (ZIIF]) it can be seen that the combinations
62 — 6255 = (62, — 6Z5) take a very simple form:

{’W’YZ?Z} SW CW HTA(O)
<521 _ 522> - {J 1, 5} ?\47% (3.77)
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where 115 ,(0) itself is a very simple expression

1z . (0 1 2 1 + 2 1
?\Z[l%( ) —2C;:V{(§W+3) <E +In <Z\Z—5V>> +§(§W+5)—% In (SW)} =73 6Zz4. (3.78)

Eq. (B.78)) has the very convenient feature that it contains no fermion contributions at all (irrespective of
the fermions mass or couplings), as can be seen from the generic expression (app. [El) when evaluated@
for p> = 0. This allows for very transparent bookkeeping, as the discussion of fermionic loops can be
shifted to the oblique corrections entirely (cf. sec. B.4).

Apart from this specific detail the more general point also applying to the bosonic loops is that most
of the renormalization constants needed to renormalize a specific building block like amputated vertices
or oblique corrections will cancel between those when they are added up to form the total amplitude.
The BHS-scheme has the convenient advantage to make this feature manifest from the start, resulting in
much simpler local counterterm expressions than the Denner-scheme, which greatly benefits our analytic
approach. If one is just interested in numerics, the Denner-scheme might be the better choice as its
renormalization constants are obtained in a more naive, but at the same time much more straightfor-
ward fashion. In ch. @l we will take a look at the minimal amount of renormalization constants needed to
renormalize the complete amplitude M(ete™ — tt) at EW 1-loop. In that chapter we will also explore
how the UV-cancellations work within the building blocks in more detail.

3.5.4 Connecting to chiral amplitude basis

The one-loop contributions of the vertices to the amplitude M" are constructed straightforwardly

(MWD) _ dra { [(Flztt’p(s)(ve — Kae) + (v — P%)Jizee’ﬁ(s)) X9 (s) +

vertex
S
p==£

T BAP(5)(—Q,) + (- Q1) 1‘““*“(8)} i

" [FZ<> (e — rae) XO(s) + F;*“’%s)(—cze)} Wt (379)
so by reading off
1 " ~ rlee,k
e @) e = <F12tt’p(8)(ve —rac) + (o = par) f* (8)> X (s)+
+ FMP(5)(—=Qe) + (—Qu) 1" (s),
1 " - .
1 () e = B0 () (ve = mae) X O(s) + 51 () (= Q). (3.80)

If the amplitude is decomposed into the V' A-basis, its easiest to translate the (renormalized) form factors,

i.e.

= af(f 2 2 2 q1 — g2)”
Zta(a®) =77 ([ () = B @) - + [BY (¢3) + FA @) ws ) + Ff(f)%(w— +ws),
Aa®) = ([ (@) = @) + [ (@) + [ @)y ), (3.81)
when the vertex contribution is written as
(M"g))vertex =

Note that for the photon residue the quantity IT% 4 (p2), which would also vanish for p? = 0, needs to be divided by p?
first before taking the on-shell limit. IT% 4(0) = 0 is the Ward identity mentioned in chapter B keeping the photon mass
ma = 0.
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_ ‘“TTO‘ { [( (7Y () 4 p G ()] (v = ) + (v = pa) [F7Y (5) + 1 29 (9)] ) 6O (s) +
p==

+ [EMY (5) 4 p E ()] (—Qe) + (—Qo) [ (5) + mffee%)}] M+

" [FQZ“%) (ve — wae) XV (s) + E5Y (5)(—Qe) | M5". (3.82)

Again the (&) . can be read off straightforwardly.

3.5.5 EW-contributions to vertex corrections

The (unrenormalized) loop corrections to both final- and initial-state vertices with amputated gauge
boson (Z or A) are shown in the tables The diagram sets can be found in the appendix [Gl The
tables are read in complete analogy to the bosonic transitions in sec. B.44] a crash-course on how to
interpret the entries is found there as well. The only novelty is that the type-entry now has a subscript:
¢ for charged diagram (indicating that the virtual fermion is a bottom quark of mass 0) or n for neutral
diagram (indicating that the virtual fermion is a top quark of mass m;). For the initial-state diagrams
there is no need to distinguish, as all fermions are massless, so there is no additional subscript.

Ztt type gx gf g5 M,My, My | Ma,Ms | &
ttZ (ffV)n Vg —nag Vg — 1 ag Vg — 1N ayg My - §z
bW | (ffV)e | vo—nap #SW On—1 #SW On—1 My - Ew
ttH (ffS)n | ve—nay — QSVT]’{/{W — QSVTJ’{/[W My — —
ttx | (ffS)n | vi—na gt P e Mz €z - -
b | (ffS)e | wo—may | 7500 0n-1 | Jgenar On Mw/&w - -
WW | (fVV), | —o b | My — ew
tZH | (fVS), C%VISW My, v — nay _QSVZFLMW My My &z
tHZ | (fSV)n | & = Mw | v — nay My My &z
W | (fVS)e | —2% Mw f%w On-1 | T O My MwVEw | &w
boW | (fSV)e | —2& Mw m Op,—1 \/_Z;SVV Op,—1 My MwEw | &w
tHx | (fS9)n _2cv‘fsw ~ Dsw My 77253/77\2”, Mp MzVEz | -
txH | (fSS)n QCWisW 772531,"}\2‘,‘/ ~ Zow M Mz €z My -
boo | (fSS)e | G | pmio b, | b | MwvEw | MwvEr | -

Table 3.5: Ztt-vertex: the virtual particle content is shown in the leftmost column. type refers to type
in sec. [E] with the subscript denoting charged or neutral diagram. 7 is the chirality index placeholder,
and m = my.
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Att type gx gf g5 M, My, My | My, Mg | &
Uz | (ffVin | —Qu v —nag v — 1N ay My - £z
W | (ffV)e | —Qp \@;SW On,—1 #SW On,—1 Mw - Ew
teH | (ffS)n | —Qu Ty o Ty v o My - -
ttx | (ffS)n | —Q g g Mz\Ez - -
oo | (FfS)e | —@v | Zmanii On—1 | Vaspary Ond Mw/Ew - -
WWw | (fVV). | 1 b1 | b My — ew
W | (fVS)e | —Mw | =01 | 52— My, MwEw | w
bW | (fSV)e | —Mw | 25— 0n-1 | 5o Op My MwEw | &w
bog | (fSS)e | —1 | sotmw On—1 | Zepiny Ond Mwvew | MwvVéw | —

Table 3.6: Att-vertex: the virtual particle content is shown in the leftmost column. type refers to type
in sec. [E] with the subscript denoting charged or neutral diagram. 7 is the chirality index placeholder,

and m = my.

Zeé | type 9x gr 95 M,My,My | M2, Mg | &

eeZ WV | ve —nae Ve — N Qe Ve — N Qe My — &z

vvW v | v, —nay #SW 0,1 #ﬁw Op,—1 My — Ew
1 1

vWW ZVV —% \[Q—SW' 6177,1 fQ—W (577771 MW — gW

Table 3.7: Zee-vertex: the virtual particle content is shown in the leftmost column. type refers to type

in sec. [El 7 is the chirality index placeholder.

Aee type gx gr gf M7M1>MV M2>MS é

eeZ v _Qe Ve — 1] Qe Ve — 1] Qe MZ - EZ
1 1

vWW vv 1 \/_2—5\/[/ 577=_1 \/_2—8‘4/ 577=_1 MW — §W

Table 3.8: Aeé-vertex: the virtual particle content is shown in the leftmost column. type refers to type

in sec. [El 7 is the chirality index placeholder.

61




3.6 Boxes

Finally we turn to box diagrams. They are advantageous in the sense that they are free of UV-divergences,
so no renormalization has to be performed here. This comes at the price of increased technical challenge
when computing them, but fortunately there are two simplifications that ease the task somewhat:

e Since we neglect the initial-state lepton masses, we need not consider any boxes with virtual scalar
particles, as they are Yukawa-suppressed due to the initial-state scalar-fermion couplings.

o We will restrict ourselves to weak box diagrams and neglect the QED boxes with internal photon
lines (this especially includes the ZA-boxes). This way we avoid having to calculate 3-body final
state contributions to cancel IR-divergences. The reason that neglecting this type of diagrams is
that they form gauge-invariant subsets (cf. sec. [L3)).

There are 2 ways we will compute the box diagrams. Firstly there are projection operators available
that can be traced into the numerator structure to project out the form factors. This procedure is
straightforward, and we give the results in sec. B.6.3] with the help of the generic expressions in the
appendix [El The second way relies on a brute-force reduction of the Dirac- and Lorentz-structure in
combination with successive PV-reduction. A downside of this procedure is that the calculation ends up
in the Beenakker-basis eq. (B.7)), while the projection operators are designed so that one immediately
targets the minimal basis eq. ([8]). For completeness, we nevertheless explicitly show the brute-force
calculation (in Feynman gauge) in some detail in the following sections.

3.6.1 Notational setup

The box contributions can be decomposed into form factors at the level of the amplitude that contribute
1:1 to the ¢” in eq. (B.I0). We write

4
(M) o = = D0 D (@), M (3.83)

1=1 p==£

We point out that although we sum over the initial-state chirality x in the calculation below, due to the
chiral symmetry of the initial-state the final expressions will be also valid for fixed chirality (helicity)
k. To obtain those simply drop the corresponding sum. There exist two topologies for one-loop box
diagrams with two (massive) virtual s-channel gauge bosons: direct and crossed diagrams, shown in fig.
We do not introduce any further parametrization, but compute both direct and crossed box in a

2 7l

k+1y—qo k+l—aq

q1

-
k+l—q—q
Figure 3.6: Momentum flow conventions for direct and crossed box type.

brute-force manner. Since we will be interested in both WW- and ZZ-boxes, we keep the s-channel
bosons as well as the fermion-boson couplings generic, where

[

=ien"(g; w- + g;[ wy) = iey" Z g} wy. (3.84)
n==
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Below we will distinguish the couplings according to the external fermion type, and denote incom-
ing/outgoing antifermion couplings with a bar on top of f: g:]f.

It is also advisable to switch to generic momentum notation (see fig. B7)). Conventionally identify-

k+ ky
_— >
N 0

my

k mo ms k + k2

ms

y X
_
k+ ks

Figure 3.7: Momentum flow and internal mass conventions for generic 4-point diagrams.

ing p1 = lo, these momenta are then related according to
k1 =p1 =l

—q1 (crossed)
ky =p1+pa=lo+
R {—qz (direct)
ks =p1+p2+ps=1l2—q — g (3.85)

It is also useful to construct generic Mandelstam invariants defined by

(p1 + p2)* = (p3 +pa)?,

S =

s 2 2

t=(p1+p3)” = (p2+p4a),

= (p1+pa)* = (p2 +p3)%, (3.86)

Depending on whether the integral in eq. (B36]) is used for the crossed or direct box, the generic
Mandelstam invariants correspond to different “real” Mandelstam invariants, as the generic momentum

ps is different for the two case?] (see tab. B).

5 t u
crossed u t s
direct ¢t u s

Table 3.9: Mandelstam invariants used in this chapter for the calculation of both box types.

3.6.2 Explicit calculation of crossed and direct boxes

Applying the usual Feynman rules and multiplying out the full expression (assuming massless initial
state leptons and final state fermions of mass my) both type of boxes read?]

[ kg (ko k)

o - + a2 Qa3 - +
in? NSNS (7 [gf w-t 9 ”*] T [gf Wt 9; ”4 >®

. crossed __ 2
IMIVihox = @ {

20For both types, the square of ps is the same in our case however, since p3 = ¢? = ¢2 = m?, as we have a top pair in the

final state.
2INote the different conventions for the k; depending on the box type.
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(751 |:ng +gl } B2 53 [gl*w7+gl+w+])+

im2 NSNS <7a1 {g} W +9}L w+} v [gfj W +ng; w+] )®
2

<7ﬁ1 [gfw—Jrgl ]7627@' 97 w-+ g/ wy }x,

X

)

))
1 )(k+k1 (ke + k) }
il

i (L )(k+k33a3k3+k3

e d*k kg, (k + ko g '
IMBE = a2{ — —52(NgNg Jos (7“3 95 Wt gf wi| 7" [gf w_+g} m} >®

Plg wo+ gt wi| Y795 (g7 wo + g wy] )+

a3

d'k ma kg, - +, ] [~ +
+/m—2 NgNg (1 o7 o=+ gf wi 9™ [g7 o+ gf ] )
Vg7 we g wi] 17 g7 wo o+ g wy] )}X

(
} u - (;_L> (k+k1)a1(2k+k1)5l]x,

N¢ N m?
1 1 1 (/{3 + kg)aS (k + k3)53
. LR , 3.87
% [Ng‘g 30 (N?f‘ N;}) m2 (3.87)

where again we adopted the shorthand notation of eq. ([B3]), and the momentum convention of fig. 3.0]
and

NG = k% — md + 0%,
Ne = (k+ k1)? = m3 + 0, N{ = (k+ kr)? — &mf + 0%,
Ny = (k + ko)? — m} +i0%,
Nc’d _ 2 2 .+ red 2 2 .+
3 = (k+k3)"—m3z+i07, Ny% = (k+k3)” —&mz +i0". (3.88)

For the respective box type, the correct expressions for the momenta k; according to eq. ([B.85]) have to
be inserted. Using anticommutators we note

o — + a9« — + e S I e 2, e 2 P _p
7o g7 wo af wi] 729 g7 w o gF wy | = 9oyeege Z;Lgfgpr,
p:

7 (g7 we t gf wi ] 197 g7 wo + gFwy] =4y Z 95° 95 wp, (3.89)
with analogous relations for the lepton part and the terms of the direct box. The integrals simplify to

| @'k higy (k + k)
ZM%}"%SifSX=a2{ /mz NN 2 9o F97 951717, @ 7P | +
p,R==+%

d4k kﬁ2 Kk Kk.—P Pl _al_as Bi_Ba Bs
l F X,
+m2/iﬂ2 NSpr;igl 9795 gf[fy VB w, @ A1y w]
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1 1 1\ (k+ki)a, (B+ Kk
y [—cgalﬁﬁr <~___c>( ) 1(2 )51:|X7
Ny N¢ o Ny my

11 )(mkg)ag(m kg)m]’

2
m3

> o gidf 4w, @4y ] +

direct — _ a2{ @ kﬁz (k + k2)a2
p,R==%

IMV hox im2 Néi Ng

d*k k‘g _
4 my / ! 2 § : gf glﬁg P 98 [,Yas,yalwp ® 751,}/52,}/53 wﬁ} }X,
in? N§N§ <=, ror

1 1 1\ (B+FEi)a, (B4 ki)g,
[rgoon (5 50) -
1 1\ (k+ k3)aa(k+ K

1
X el —"_ — . T
[Ng Jous s (wg Ng m3

By using the important relation
YAy = ghy A = A 4 i s, (3.91)
we ﬁn
T wp @ Yp wi = 4 (5,’; 0 V'wp ® Yuwk + 02 YW, @ 7“%)
Vi we @ s we = 4 (5614 05 V'wp @ Yy wk + 0L Vg Wy © 7awn>
YV wp @ VuYs Yy W = —2wp @ Ygwe — p K (—21) 0wy @ Ywy,
Y wp @ Vs Ty We = —2w, @ Vg wy + p K (—21) 0w, @ YHwy, (3.92)

where we used y#4” = 1 [2¢" + (—2i)0"], and 0,75 = 5 €wap 7. In the last two expression we also
made use of the identity ysw;, = nw,. Plugging in these simplifications and adopting shortcuts for the
4-point tensor integral

(petyp — [ hak?
(e 2 Nc,ch,ch,ch,d’
1 2 3 4
ik k5
(Do) — / e (3.93)
Nl N2 N3 N4

where the superscript ¢, d denotes crossed/direct box respectively, we are left with

. 4 gcrossed/direct
M VV-box -

= z‘o?{ F4 {(Dc’d)g + kg o (D) ] Y e et (5iﬁ 8% YHwp ® Yy wi + 0%, Vg wp ® V“wn) +
p,r==%1

—ma (D) Y g f a7” 02wy @ v we F p e (—20) oty © 7w } (3.94)
p,r==x1

To make notation as compact as possible, we combined the two types into one symbolic expression.
Upper/lower signs correspond to the crossed/direct box respectively.

22Mixed type of indices for chirality again only for better readability.
23Note that these integrals (including prefactors) are usually defined in d = 4 — 2¢ dimensions, but as we do not encounter
any UV- or IR-divergences here that need regularization, we simplify to d = 4 immediately.
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Now things get serious, as we have to plug in the PV-decompositions for (D%%)? and (Dcvd)g. These

decompositions are usually done in terms of the virtual momenta k; (see fig. B.1), that is (cf. appendix

B)
(Do = Ky DY + Ky DS + k5 DY,
(DedY = gt D&t 4+ kI RY DS 4 kb kY Dyl + kY Dgy+
+ (KYKY + kYY) DYy + (KYKY + KYKS)DYS -+ (K kS + Ky k) Dgy. (3.95)

All these coefficients implicitly carry a set of arguments: Dl-c]’»d = ij’-d (p%, p3, p%, p3, 8, U;mo, my, ma, mg).
This argument ordering is conventional, but quite standard.

The 5g—piece can be simplified without plugging in the PV-coefficients. Instead we find by reducing
the numerator

4
5B(Dc,d)ﬁ _ 5%/ d*k kﬁ(k‘ + k2)a _
: : (2m)* N4 NG NEt N

1 / d*k 1 N 1 - (m2 4 md— kD) 1
2) (2m)* | NSINGINGD T NeINgINgd T 0 T T T Ned yed ed ed

1
= 5{00(29%,@’293; mo, mi1,ms) + Co(p3, p3, @ m1, ma, m3) + (mg + m3 — 3) DS’d}, (3.96)

where Dg’d carries the same set of arguments as the tensor coefficients in eq. (B.95]). Furthermore we
can again set mgy = at this stage. For the respective Mandelstam invariants see tab.

For the rest of the calculation the tedious part of plugging in the PV-decomposition and simplifying
by e.g. applying on-shellness cannot be spared. The aim is to target the amplitude basis eq. ([B7]), so
we use the following spinor sandwich simplifications

T)e(ZZ)kl Wrle(l1) = T)e(ZZ)ks wrtte(l1) = 0,
776@2)%2 wnue(ll) = :F@e(ZQ)g wmue(ll)7

it (q1)ky wpvi(g2) = te(q1)]2 wpvt(ga),
U (q1) ko wpve(g2) = ti(q1) 2 wpvi(g2) F matie(q1) wpvi(g2),
Uy(q1) ks wpvr(a2) = we(qr) L2 wpve(ge) — me [T (q1) wpve(ge) — Tr(qr) w-pue(ge) ],
(1) (—20)05k7 wWpvn(a2) = 274(61) vl 2 w0pvr(g2),
iy (1) (=200 k3 wpvr(p2) = 20 (q1) vl 2 wpvr(g2) + 2matiy (g1 v w001 (g2) + Putie (1) wove (g2),

(q1)(—20)a,8k5 wpve(g2) = 24(q1) Yl 2 wpve(2) + 2muti (@) (Wp + w—p) v(g2) + 20t (1) wpvi(g2),
(3.97)

where the upper/lower sign corresponds to the crossed/direct box. In the last three relations we made
use of the fact that terms like gy, (2, will get contracted with 4* on the lepton side, and vanish due to
masslessness of the initial state leptons. We therefore dropped these terms (indicated by ~ instead of
=). This allows to rewrite the rest of eq. (8.94) as

(D) 4 k(D) | 5wy @ 7w =
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= Dg'M{* 5 (D + D5 + D5 + D'+ Dg + D) Mg+
oy (D5 + D5 + D5+ D) ME™ —my (D5 + Dg') Mo,
(D) w, @ 7wy = FDF"ME",
(DN (=2i) 0p,w, @V w, = 2my {(D;’d + Dg’d)MlipH + Dg’dMljFpH} +

= (D5 + D) ME" + (DY + D + DY) M (3.98)

To make contact with eq. ([B.83]) some summation index renaming has to be performed. When the dust
settles we find for the form factors (¢"), _ :

(Cgl),p/i)c,d

R R
box — A9 9p %

_ _ _ d
X { + 29? g‘? 5in <00(p%? u’p?lﬂ Oa my, m3) + CO(p%ap%a w;my,ma, m3) + (m% - S)DS7 >+
,d + d d + ,d
T 497 9705, Doy + 2myme (5£ = 52) <g}”’ g’ [DS + Dj ] — 97" 9;" Dy )}

1),pk\ Cxd d d d d d d
(577" )y, = dagf gF o7 o0, (D + D5+ D5 + D' + D'+ D).

o

= Fdag; g;' ¥
x { —my g7 97" 0, (D5 + D5 + D'+ DG ) +my gF° 970 00 (D5 + D) +

+ma gy " gj’i— (5’15 [ngd + D§’d] — 6ZD§’d) }

box

()0t = £20ma gf g7 9;° gf (5,’; - 5&) (Df’d + D5 + D:?d), (3.99)

The reduction in arbitrary R¢-gauge now basically proceeds along the exact same lines, but as the
expressions are quite involved we (hopefully understandably) refrain from giving those results explicitly.
Instead we use Mathematica-code to carry out the PV-reduction and symbolic manipulations, with help
of the HEP-package FeynCalc [23]. As pointed out in the beginning of the section the reduction will
only end up in the Beenakker-basis, so eq. ([8.99) is the end of the line for the moment. These results for
the Beenakker-basis can however be transferred to the minimal one by making use of the substitutions
given in eq. B9 We will not give any further results however as the projection operator results are
somewhat easier to obtain, but note that this brute-force procedure allows a nice non-trivial cross-check
of the former technique. To evaluate the tensor coefficients in eq. ([B.99) and the R¢-expressions, we
use the numerical PV-library LoopTools [24] to vary from our standard choice of Package-X [20]. In
summary we have 2 ways of box computation that allow for cross-checks of the results:

e Brute-force PV-reduction (assisted by FeynCalc + LoopTools)

e Projection operator technique (assisted by Package-X)
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3.6.3 EW box corrections

As we are focusing on pure weak contributions with massless initial-state leptons, there are just 3 box
diagrams contributing (cf. app. [G.2]). Tab. BI0 shows the parameters to be plugged into eq. (B.99)).
The generic results obtained with projection operators (app. [D) can be found in the appendix [E] and
the respective parameters are given in tab. 3111

box | topology | gy =g5f gi=g; |mi=m3 | my|& =€ |u|35
WWw crossed #SW Op,—1 \/Elsw Ox—1 My 0 Sw s | u
Z27 crossed v — N ay Ve — A Qe My my &z s | u
Z7 direct v — 1 Gy Ve — A Qe My my &z s |t

Table 3.10: Weak boxes (brute-force calculation): the virtual particle content is shown in the leftmost
column. The corresponding topology has to be selected (crossed = ¢, direct = d) in eq. (399). n and A
are the final- and initial-state chirality index placeholders.

box type | topology | gr=g5 gL =gy M I3
Q 1 1
WW | charged crossed Toom Op,—1 NeT -1 | Mw | &w
Z7Z | neutral crossed e Ve — A Qe My | &4
Z7Z | neutral direct v — N ay Ve — A Qe My | &7

Table 3.11: Weak boxes (projection operator calculation): the virtual particle content is shown in the
leftmost column. type refers to type in sec. [El 7 and X are the final- and initial-state chirality index
placeholders. The invariants s,¢,u used in the the generic diagrams are the same as in the actual

diagrams.
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Chapter 4

UV- and gauge-cancellations

If all the building blocks presented in the last chapter are properly renormalized and added up to form
the one-loop contribution M®) (with or without chirality index k), both the UV-divergences and the
gauge parameter dependence will cancel, enabling the computation of the 1-loop cross-section and doing
numerics. This work is interested in the analytic structure however, so it will pay off to take a closer
look at how these cancellations take place within the computation. This information might turn out to
be very useful for constructing effective field theories or attempting higher-order calculations.

This chapter is structured in 3 parts: the first section Il will (ad hoc) introduce the concept of clustering
for vertices and fermionic 2-point functions, i.e. formation of subsets of diagrams that are convenient
for discussing the UV- and/or gauge structure. Sec. will focus on the UV-divergences within these
clusters and how the cancellation with counterterms is working. The final section .3l will be investigating
the gauge cancellations, which is surprisingly tangled up already at the 1-loop-level. We note that this
chapter will not contain many analytic results, as the expressions tend to be quite involved. While the
UV-divergences are bite-sized, the gauge-cancellations are entirely studied numerically. We postpone
the presentation of explicit results (e.g. for clusters) to the next chapter on the high-energy expansion,
as the results simplify enormously in this limit.

4.1 Clustering

Since we did not assume that the weak gauge-bosons were mass-degenerate, My # My, it was sensible
to also give them different gauge-parameters £z, &w (and £4), which need not be chosen identically
(although that would be possible of course). Some diagrams, namely the vertex and fermionic 2-point
corrections, only have one type of weak boson in the loop and consequently only show dependence on one
of the gauge parameters. At the 1-loop-level we can now straightforwardly partition these diagrams into
subsets according to the type of weak virtual boson. We start with the amputated vertex corrections,
including the fermionic field-strength contributions to the respective local 3-point counterterms. We
form the following subsets which we refer to as clusters (following [6]):

e W-cluster: all diagrams of a given vertex (Ztt, Att, Zee, Aee), incl. fermionic field-strength con-
tributions to the local 3-point counterterm, that contain at least one virtual W- or ¢-line

e Z-cluster: all diagrams of a given vertex (Ztt, Att, Zee, Aee), incl. fermionic field-strength con-
tributions to the local 3-point counterterm, that contain at least one virtual Z- or y-line

e H-cluster: Higgs-exchange diagrams of a given vertex (Ztt, Att, Zee, Aee) and corresponding
Higgs-exchange fermionic field-strength contribution to the local 3-point counterterm

The clusters are shown in figs. BTt to A8 We will investigate initial-state and final state vertices and
diagram sets with Z or photon separately.

The H-cluster for both Ztt- and Att-vertex is small, but trivially gauge-independent. As will be
shown in sec. it is closely tied to the final-state Z-cluster respectively. Also there are Higgs-bosons
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o~

Figure 4.1: W-cluster of Ztt-vertex. A further split into abelian (upper row) and non-abelian W-cluster
(lower row) is possible.

o~

Figure 4.2: W-cluster of Att-vertex. A further split into abelian (upper row) and non-abelian W-cluster
(lower row) is possible.

Figure 4.3: Z-cluster of Ztt-vertex. A further split into abelian (upper row) and non-abelian Z-cluster
(lower row) is possible.
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Figure 4.4: Z-cluster of Att-vertex. In contrast to the Zti-vertex there are no non-abelian diagrams, so
we only get the abelian cluster here.

H Ztt,m
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Figure 4.5: H-cluster of Ztt-vertex.
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Figure 4.6: H-cluster of Att-vertex.
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Figure 4.8: W-cluster of Aee-vertex.
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in the non-abelian part of the Z-clusters, which motivates alternative clustering according to the charge
of the virtual bosons:

e Charged cluster: all diagrams of a given vertex (Ztt, Att, Zee, Aee), incl. fermionic field-strength
contributions that contain virtual charged bosons and bosonic contributions (charge, Weinberg
angle, weak field-strengths) to the local 3-point counterterm

e Neutral cluster: all diagrams of a given vertex (Ztt, Att, Zee, Aee), incl. fermionic field-strength
contributions to the local 3-point counterterm that contain virtual neutral bosons

Effectively this merges Z- and H-cluster into the neutral cluster. It turns out that in the BHS-scheme
the bosonic contributions to the 3-point counterterms (i.e. the bosonic loops contributing to charge,
Weinberg angle and weak field-strength renormalization constants) are only dependent on &y (cf. eqgs.
B17), B18)), and grouping them with the W-clusters therefore does not invalidate the clustering pro-
cedure. We show below that they are necessary to complete the UV-cancellations in the charged clusters.

The weak box diagrams also have just one boson species in the loop and could in principle be grouped
with the corresponding vertex clusters. They are however not reducible, and live at the level of the
amplitude, which makes comparison with the amputated vertices a bit more involved. In addition they
are UV-finite and therefore do not influence the renormalization procedure (sec. [£.2)). In sec. L3 we will
see how they have to be combined with the other building blocks to achieve gauge-independence.

Last up are the oblique corrections, especially the bosonic oblique corrections (BOC), as those are not
gauge-independent by themselves (the fermionic oblique corrections are trivially gauge-independent).
We will explore their connections to the clusters as defined above in the next sections.

4.2 UV-cancellations

In this section we take a closer look at how UV-divergences cancel by the renormalization procedure. We
will focus on the amputated vertex corrections (the oblique corrections have been dealt with extensively
in chapters 2l and Bl already). We will see that the UV-cancellations are actually not that straightforward
in the sense that some UV-poles survive the renormalization of some of the building blocks, and only
cancel when certain blocks are combined.

Let us start with some logic that would apply if we were to calculate 1-loop QCD instead of EW
corrections to the process ete™ — tf. In that case the initial-state as well as the EW gauge-boson in
the s-channel propagator would be gauge singlets, resulting in a (trivial) factorization of the complete
amplitude where only the final-state top-quark current would receive radiative corrections at O(ay),
shown in fig. Due to the vector nature of the gluon the tree-level current J = u(q;)I'v(g2) (where

Figure 4.9: The QCD-1-loop correction to the process eTe™ — tt basically reduces to a matrix element
of the current J = ¢ty wyt, where ¢, are in the (anti-)fundamental rep of SU(3)..

' = y#wy or T' = ~* or I' = 4#~;5) factors out for the UV-divergent parts of the loop-integration (cf. [2]).
The 1-loop form factor F(¢?) multiplying this structure can therefore be entirely renormalized by the
field-strength contributions 5Z§ , of the external top quarks, which would enter by igséZg na(ql)l“nv(qg)
i.e.

igs [Flg’"(qQ) + 5Ztgm]ﬁ(ql)f’nv(q2) — UV-finite, (4.1)
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irrespective of the scheme for 5Ztg7 y Of coursdl.

It is now very tempting to ask whether for the EW vertex corrections, or at least parts of them, the
same procedure of current + fermionic field strength is sufficient to render the expressions UV-finite.
The major difference to QCD now comes from the fact that the EW symmetry is broken, i.e. that
left-handed currents (for the quark vertex of the form QrI'Qr) and right-handed currents (for the quark
vertex of the form qrI'qr) transform differently under the gauge group. We will start our investigation
with the abelian diagrams.

4.2.1 Mechanism of UV-cancellation for vertices

Note: to keep notation transparent in this chapter we set the global factors of ;= = 1 (only in this
chapter!), and use the abbreviation
yp=—d (4.2)
QSwMW
for the Yukawa—couplingE. Diagrams shown are to be understood as representing their respective form
factors, i.e. without the additional factor of ie in front (cf. (B.53)).

Let us start with the abelian diagrams of the Ztt-vertex, i.e. the upper rows of figs. 1], 43l and
the Higgs diagram eq. In eqs. (3] we give the UV-divergences of the form factors {Flztt’f, Ftht’Jr
of the abelian diagrams:

_ {(vb—i-ab){vy,o},

i~ 2812/1/6
_ (ve + at)3 €z (v — Cbt)3 §z
[0A% ¢ ’ ¢ 7
_ {0 (v + ab)th}
uv €
B _[—a)? (o ta) e 13
- - 2¢ ’ 2¢ ' (4.3)
uv uv

The UV-parts of the fermionic cluster renormalization constant contributions to 6Flz 1 of eq. (ZI125),
read (we indicate the specific diagram below)

{(Ut +ar) 02"y, (vr — ay) 5Z&HUV — { (et a)éw (v —a)yp }’

2812/116 ’ €
———
W ¢
+ at)3 &z (v +ay) th (v — at)3 €z (v —ay) th
s7Z _ 572 H :{_(Ut B _ - }
{(Ut + ay) tL> (v — ay) LR |y . ) e - c ] % )
Z X Z ;cr

!On a fundamental level the fact that the fermionic field-strength is sufficient to renormalize the vertex is a result of the
operator J at the vertex being gauge-invariant under SU(3)c.

2Usually a factor e is included into the definition of y;, i.e. y; = 5=

= 25w My °
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v+ a)yr (v — ay) y?
{(vt—i—at)(SZfL,(vt—at)éZfRHUV = { _ 2€t) t,—( ! 2;) t}. (4.4)

Focusing on the neutral clusters first, we observe that the Z-exchange diagram is completely renormalized
analogous to the QCD-case by just adding the Z-contribution of the fermionic field-strength to the vertex
diagram. For the neutral scalar diagrams, i.e. both x- and H-exchange, the counterterms have the wrong
chirality to cancel the %—terms in the respective vertex diagrams. The reason is that scalar interactions flip
chirality, so by loops involving scalar exchanges a tree-level current operator .J,, gets radiative corrections
of the form

Iy toops Jy + F' x J_;, + (Fy-terms + add. loops), (4.5)

while the local vertex counterterms have the form 0F; x J,. Switching to the V A-basis this implies in

our case that the vector-form-factor Flz Vg fully renormalized by the fermionic contributions, but the
axial-vector part shows residual UV-divergences. These remaining divergences for the scalar diagrams

are cancelled when the neutral non-abelian diagrams, given in eq. (.6l are added:

t

= {0,0},

¢
X,
7 .
+ A ¢
N
Uv

Ty

WHJ: _ { vi } (4.6)
N 2 T2 ' '
uv CWSWE CWSWE

The cancellation is complete when using a; = ey and T; = % for the isospin quantum number of the
top quark. This feature ties together the Z- with the H-cluster, and in order to avoid scale-dependencies
it is basically not possible to consider these cluster as separate entities (as far as the axial-vector current
is concerned), which is why we introduced the neutral cluster in the previous section.

Things are even less straightforward in the W-cluster. There the interactions are not only (partly)
chirality-changing, but also isospin-changing. It is therefore natural to assume that these corrections
will show crucial and non-trivial dependence on the group structure. Comparing eqs. ([43]) and (4] we
obtain

+{—a)dzlt, w+a)ozlh} =
uv

_fptap—v —a)§w (vp+ap— v +a) i _J ewéw ey — si) v (4.7)
252 € ’ € 253 ¢ 2ew S e ’ '
2 2
where we used vy + ap — vy — a; = —g—“:"v and vy + ap — vy + ap = —02‘;" ;“;/V Note that the incomplete

cancellation between the W-exchange diagram and the W-contribution to the fermionic field-strength
is a consequence of not being inclusive enough in the final-state to meet the requirements of full EW
gauge-invariance (not just gauge-independence). If we had also taken into account the W-exchange
diagram with bottom quarks in the final state (and tops as virtual particles), the UV-contribution of
this renormalized diagram to the left-handed form factor F;” would be the same as in eq. (7)) with the
replacement vy, + ap — vy — ay — ve + ay — vy — ap (replacing the Ztt-vertex by a Zbb-vertex), as the UV-
divergences to not depend on the virtual masses or external invariants (also the UV-parts of the fermionic
counterterm 5Zg/v would be the same). Summing both contributions would then lead to a complete UV-
cancellation for the abelian W-exchange diagrams without the need for any further renormalization
constant. The reason for this is that by taking into account external bottom quarks as well one actually
calculates the matrix element of the gauge-invariant current 7. I;Q (for UV-discussion of the W-diagrams
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only the left-handed current is interesting, as the right-handed one gives no UV-contribution at 1-loop)
involving the quark doublet @,

IR =QTQL = <£L> r <ZL> , (4.8)
L L

while restriction to (left-handed) top quarks (as is the case for our process) we only calculate the matrix
element of the current J} = ¢,I'tz, which obviously is not a gauge-singlet. We will see similar features
in the section on gauge-independence.

In the more exclusive case of just top quarks in the final state the remaining UV-divergences must
cancel in another way. The non-abelian diagrams of the W-cluster

- {3CW(1 —i-fw) 0}
- - 4.3 )
dsyy,
uv
- {070}7
uv
2 2.9
'\%V\.-(: . b — {O’ (CV[Q/ SW) yt }7 (49)
U G cw Swe

are only sufficient to cancel the UV-divergences of the scalar diagrams (the same mechanism as in the
neutral cluster). So summing up all the contributions from the W-cluster completely renormalizes the
right-handed form factor F; 1Z "+ but leaves a residual %—dependence in the left-handed form factor F IZ tt’f,

_ Cw(?)-i—fw) _ CW(3+§W) (4 10)
uv 45%[16 48%/6 ' '

Flztt,f‘ n (5Ftht,f>

uv

fer

To cancel this divergence the bosonic contributions (charge, Weinberg-angle and bosonic field strength
renormalization) to §F7 ™" (cf. eq. [B28)) need to be taken into account. Using eqs. [BZZ) and (BIX)
we get

{OF7") s O )0}

B {_CW lew (v + ar) + swQ:] (B4 Ew) _w [ew (ve — ag) + swQ¢| (3 + &w) }
N 25%,[,6 ’

uv

2
2SW€

_ {_M,o}, (4.11)

48%/6
where again the quantum numbers T} = % and @Q; = % had to be used. We see that adding eq. (@11 to

eq. (AI0) cancels the last UV-divergences.

The UV-cancellation mechanism for the other vertices is basically identical to the one we have shown for
the Ztt-vertex. The renormalization of the neutral cluster of the Att-vertex is a bit simpler as for the
Ztt-vertex, as the QED-current is vectorlike (no *+5-term), so the feature of the non-renormalizability
of the axial-vector form factor including the scalar particles is absent in this case. Also there are no
non-abelian diagrams in the neutral cluster. For the massless initial-state vertices scalar diagrams are
absent altogether. The renormalization of the clusters with Z- and W-diagrams works analogous to the
Ztt-vertex.
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We conclude this section by pointing out that the renormalization of the oblique corrections is straight-
forward (see ch. [2), and there is not much to be learned by taking a closer look (apart from the fact
that fermion loops can always be treated separately from the boson loops, a feature we have discussed
already). Box diagrams are UV-finite and need no renormalization procedure. Before turning to gauge
cancellations, we briefly discuss the minimal set of necessary renormalization constants in the following
section.

4.2.2 Minimal set of renormalization constants

As mentioned earlier, splitting the calculation into building blocks is convenient but might give rise to the
inclusion of superfluous renormalization constants that might anyway cancel if the building blocks are
added. This is especially obvious in the case of the Denner scheme. Taking all counterterm contributions
to the amplitude for this scheme and adding them up (tedious but straightforward) it can be shown that
adding the following counterterm expression renders the bare amplitude (with bare vertices and bare
oblique corrections) UV-finite

;52
5Mcﬁt - % Z {(X(O) (8)(U6 - "fae)(vt - Pat) + Qth) (5Zt,p + 5Ze,n)+

p==*

2 2

M7
+ X(O)(s)(ve — Kae)(vy — pay) <25Z + 2875”/ 0Z,. —|— — M2 5ZMZ)
W

_ 2X( (s )(( Qe)(vr — pay) + (ve — mae)(—Qt)> E—Z 0Z. + 2QtQ65Ze}M1pH. (4.12)

Note especially that the field-strength renormalization constants of the virtual s-channel bosons, i.e.
0Z 7z ete, have cancelled! With this result it is now straightforward (since the renormalization constants
in ([@I2]) are the same by definition in both schemes) to show that the BHS- and Denner-scheme give
exactly the same counterterm contributions to the S-matrix element of the process eTe™ — tt.

Now consider the bare tree-level amplitude and expand the bare quantities according to ch. (in
any of the two schemes presented there). We obtain after some manipulations

(0)_1'(@0)2 (0),0 0 . 0y.,0_ 0 0 w,, .0 -0 0 _
MG = B3 8 (MOs) (0 — kad)(of — pa) + Qi) @ ar)y s (a2) @ B (o) o) | =
p==
)
== S { (O - kadn - pa) + Q@)+
p==

+ (M) e~ rac) (v - par) + QuQ.) (m,p 0670 )+

2 2

+xO(s)(ve — Kae) (v — par) (202, + 20 W it 02 +
( SW _M2

5ZMZ>+

_ 2X(0 (s )<( Q) (v — pay) + (ve — Kae)(— Qt)> — 07, +2Q:Q.07Z, }M{”’v 4 (’)(oﬂ)’ (4.13)

where the second line is the renormalized tree-level amplitude. Comparing with eq. (@I2)) we find
the same expressions. However, the complexity of the calculation makes the usage and systematic
renormalization of building blocks the superior choice over taking the “fast lane” by only renormalizing
the full amplitude, as the former route allows for strong cross-checks along the way like in the UV-section
421 or the upcoming one.
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4.3 Gauge cancellations

The second mandatory property of a properly constructed S-matrix element, besides UV-finitness, is
gauge-independence. This means that all the dependence on the gauge-parameters &; must cancel. It is
clear that gauge-dependences of quantities have to be treated carefully, to avoid making gauge-dependent
statements (like plotting quantities with residual gauge-parameter dependence). Some building blocks
are trivially gauge-independent, like the fermion-loop-contributions to the oblique corrections. We will
see that, similar to the UV-divergences, the gauge-dependences tie together some sets of diagrams that
need to be combined for gauge-independence. The clustering for the vertex corrections done in sec. 1]
was the first obvious step in this direction.

The major complication relative to the UV-divergences now comes from the fact that gauge-dependence
is much more complicated than the UV-parts. Usually the gauge-parameters are also contained in the
(usually complicated) C- and D-functions, i.e. inside logarithms and Dilogarithms (see for example
the generic diagram expressions in the appendix [E]). Trying to access them and observe the gauge-
cancellations analytically is incredibly tedious in the continuum, so in this section we will only check for
gauge-independence numerically. In the boosted regime (sec. [) the expressions simplify greatly, and we
will make another attempt there.

We will start with the neutral cluster and the neutral box diagrams, as for these gauge-independence is
obtained simpler than for the charged cluster, which will be treated in the section after.

4.3.1 Neutral cluster and ZZ-boxes

The neutral clusters for each of the vertices, i.e. the corrections to the form factors F/, fF including
the respective fermionic field-strength contributions to the local 3-point counterterms, form a gauge-
indpendent subset individually, with no need to add further diagrams. This behaviour was somewhat
expected after the observations made in the UV-section. The neutral clusters are, by construction, in-
dependent of the other gauge parameters &y, 4. The H-cluster is trivially independent of any & and
could be considered a separate entity for gauge-discussions (but is of course tied to the neutral sector
via UV-dependence).

Consequently the rest of the building blocks should be gauge-independent with respect to £z as well.
The bosonic contributions to 3-point counterterms and the bosonic oblique corrections (BOC) turn out
to be £z-independent individually. This leads to the fact that the ZZ-box-diagrams should also form
a gauge-indpendent subsetﬁ. This is confirmed by numerical evaluation of the coefficients (cgl)’p pox in
fig. In fig. A10] it can be seen that while each box type separately is not gauge-independent, the
sum of them actually is. This feature is far from obvious by looking at the Feynman integral represen-
tations for both boxes individually. Besides the CM-energy s each box (and especially the D-functions
appearing in the PV-reduction, cf. app. [El) depends on a second Mandelstam invariant: the crossed
box on u and the direct type on t. For a cancellation as above to happen the gauge parts need to have
a very peculiar dependence on the Mandelstam invariants s,t,u, which can be seen in the generic box
expressions given in the appendix [El There the additional parts AF", which are absent in Feynman
gauge, are independent of t and u altogether.

We will reencounter this feature of cancellations between both box topologies in the high-energy section,
and this property of box diagrams has immediate and interesting consequences for the WW-box (see
next section).

3 Actually, there are also ZA-boxes contributing to the amplitude. We do not give results for them as they are IR-
divergent and are therefore treated as part of the pure QED corrections. A priori it is not obvious at all that these boxes
form a £z-independent set instead of interfering with the ZZ-boxes in terms of gauge-dependence, but the ZZ-boxes will
form a gauge-independent subset themselves (cf. fig. [L.10)
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Figure 4.10: Exemplary gauge plots for box form factors of the ZZ-boxes (c( Jpr solid, cg Jpr

dashed) multiplied by a~! for both ZZ-box topologies as well as their sum. The parameter set given in
sec. [0l was used, with /s = 500 GeV. Upper-left = LL, upper-right = LR, lower-left = RL, lower-right
= RR.

4.3.2 Charged clusters, BOC and W W-box

As we saw in sec. the bosonic contributions have to be included into the local counterterms (cf.
eq. (B.76))) to render the W-clusters UV-finite. As discussed before, these bosonic contributions do
only depend on &y, but not on £z or £4 and thus do not invalidate the clustering procedure. However
in contrast to the neutral cluster the W-clusters are (still) gauge-dependent after the renormalization
procedure. The same is true for the BOC. To analyze them we can focus on the renormalized boson
self-energies ﬂ§y. As for the amputated vertices the £z-dependence is not problematic here as well. By
taking a look at the diagram sets (app. [G.2) for ZA— and AA-transition we see that they are trivially
independent of £z, as there simply are no diagrams containing a Z- or y-boson. For the ZZ-transition
the independence of &z is not clear a priori, but analogous to the bosonic contributions to the 3-point
counterterms it turns out that f[:g » is only dependend on &y, but not on £z. Lastly there is the W W-box
diagram. There are no cancellations between various box topologies as in the ZZ-case, since only the
crossed box type exists in this case, due to the restriction to top quarks in the final-state.

The building blocks mentioned above are not independent of the gauge-parameter &y, but when the
amplitude is constructed and these corrections are added at the level of the matrix element, that is when
cgl)’p " is constructed according to eq. (B.23)), all the gauge-dependences cancel, as can be seen in fig.
[LI1l Note that unless a contribution of some building block vanishes (like the WW-box for k = +1,
i.e. right-handed electrons) all ingredients are needed to make the gauge-cancellations of £y manifest.
This is a nice example of the mechanism of spontaneously broken gauge theories, but at the same time
a very strong cross-check of the calculation, as it requires highly-non-trivial interplay of various n-point
functions. For example, it requires that the gauge-dependent parts of the WW-box are independent of
t,u, since the reducible contributions (oblique and vertex corrections) can only produce dependencd on

s. As mentioned already this feature is indeed observed (see the gauge parts AF) "¢ in app. [E).

4There is implicit dependence on ¢, u (or alternatively the scattering angle) in the external fermion spinors ¢, ut, Ve, Ve,
but the parametrization eq. ([BI0) basically forces gauge-independence for the cl(.l)’p“.
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4.4 Summary
Summing up we find the following UV-finite and gauge-independent building blocks:

e Neutral clusters: i.e. sets of Z-, x- and H-diagrams of amputated vertices (Ztt, Att, Zee, Aee),
grouped with their respective fermionic field-strength renormalization constants, are each UV-finite
and gauge-independent individually.

e ZZ-boxes: crossed and direct ZZ-box are not independent from &z individually, but become
gauge-independent when added (cf. fig. [£10]).

e Fermionic oblique corrections (FOC): this type of diagram is trivially gauge-independent,
and only requires the inclusion of fermionic loops into local counterterms for renormalization.

e Charged clusters + BOC + W W-box = charged sector: the charged clusters, i.e. sets of W-
and ¢-diagrams of amputated vertices (Ztt, Att, Zee, Aee), and the bosonic oblique corrections are
UV-finite individually if renormalized properly. Each of the mentioned contributions is dependend
on &y individually (apart from a few form factors), but become gauge-independent when added

(cf. fig. EETT)).

Analogously to the charged sector, it is also possible to group the neutral clusters with the ZZ-boxes
to form the neutral sector. The UV-finite and gauge-independent building blocks shown above will be
referred to as proper building blocks from now on. They are suitable for numerical evaluation, as there
is no scale- or gauge-dependence leffd. Numerics can be found in ch. B

5 Apart from the explicit p-dependence from MS-subtraction for light-fermion loops for the FOC, which is compensated
by running of o = a(u).
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Chapter 5

High-energy expansions

In the last sections we presented all the necessary ingredients for the computation of the weak NLO
corrections to the amplitude M(eTe™ — tf), assuming stable top quarks. These results are valid above
the top production threshold, i.e. s > 4m?. The expressions are quite involved, so we do not give
them explicitly. For numerical studies we refer the reader to the next chapter @ In this section we will
examine the high-energy limit of the radiative corrections, i.e. take s > 4m? ~ A%W. This phase-space
region is often referred to as boosted regime, as large boosts are necessary to go from the CM-frame
to either of the quark rest frames. We will see that in this limit the expressions simplify enormously,
allowing for explicit presentation and discussion of the results. However, there is not only theoretical
appeal that encourages detailed studies of the boosted regime. Future linear colliders like CLIC have
designed partonic CM-energies /s of up to 3 TeV in their respective final upgrade versions, which, as we
will see, give excellent prospects for the successful application of EFTs and other advanced theoretical
tools to obatin high-precision predictions in this kinematic region. Another limit that is theoretically
appealing is the threshold region s ~ 4m?, where detailed experimental studies are planned at early
stages of the linear colliders (top-pair threshold scans etc.). In this limit the calculations also simplify
drastically, but resummation- and EFT-methods (Green‘s function, NRQCD) are necessary to deal with

Coulomb-singularities etc. Also finite-lifetime effects for the top quarks need to be included. Although

2
the continuum results could be expanded around threshold, i.e. 3 =14/1— 4% ~ 0, this is not the limit

we are interested in. We refer the reader to other work in those directions [15].

This chapter is organized as follows: in the first section [B.I] we give a short motivation including an
example for the importance of high-energy logarithmic structures, and then introduce some basics like
notation, goals and the power-counting we apply. In the following sections we give the explicit high-
energy expanded results for the various building blocks, starting with the fermionic oblique corrections
in sec. (.21l We then turn to the charged sector (charged clusters, WW-box and the bosonic oblique
corrections) in sec. before turning to the neutral clusters (sec. B.2.3]) and the ZZ-boxes (5.2.4]).
The last section includes a wrap-up of the results and concludes with a brief discussion of these results,
especially the Sudakov logarithms.

5.1 Prerequisites and notations

5.1.1 Z- vs. H-exchange - a short motivation

The natural question to ask first is: why bother with expanding and taking a closer look at the (quite
messy) full results at all if they can be simply evaluated numerically? The reason is that the structure
of the expressions, especially the logarithms, contain valuable information that is both important for a
proper understanding the fixed-order calculations (e.g. for setting up higher order computations), as well
as for the application of effective field theories and related tools. Let us take a look at a simple example
to motivate the importance of the logarithmic structure a bit further. We consider the vector form

factor FIZ YV of the Z tt-vertex, namely the H- and Z-exchange contributions (including the Goldstone x
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contribution for the Z , renormalized with their respective fermionic field-strength counterterms. The
reason we investigate these specific quantities as an example is that they are relatively simple yet UV-
finite and gauge-indpependent. We could not use the axial-vector form factor, as the Higgs contribution
alone was not UV-finite (which forces interplay with the x-exchange as well as the non-abelian diagrams,
see sec. [4.2). The naive expectation is now that the Higgs diagram is numerically larger due to Yukawa-
enhancementﬁ: eys ~ 1. However fig. 5.1l shows that the validity of this conjecture depends on the
CM-energy +/s. In the lower energy regime the Higgs-exchange is indeed numerically larger, but for

0.000f
-0.001F
-0.002F

\Y

=
’:,__ -0.003F B H- exchange
-0.004F B Z- exchange

-0.005¢
-0.006
0

5 1.0 1.5 20 25 3.0

Vs [Tev]

Figure 5.1: H-exchange = abelian H-diagram + fermionic H-counterterm, Z-exchange = abelian Z- +
x-diagrams + fermionic Z- + y-counterterms. The parameter set given in ch. [0l was used. Note the
logarithmic /s-axis.

energies above ~ 1 TeV the situation is reversed and the Z-contribution starts to dominate. Due to
the logarithmic +/s-axis the origin is easily deduced: while the H-curve approaches a constant slope in
the high-energy regime, signaling linear leading logarithmic dependence on s, the Z-contribution takes
a parabolic shape indicating that the leading term in the high-energy regime is a quadratic logarithm of
s. The bottom line of this simple example is that the logarithmic structure of various building blocks
might differ significantly in the high-energy regime, and knowledge of these logs might be helpful to prove
or disprove conjectures like the one mentioned above concerning the importance of Yukawa-enhanced
contributions in a systematic way. In the following sections we firstly make the definition of the high-
energy limit more precise before targeting the main goal of this thesis: the extraction of these high-energy
logarithms.

5.1.2 Power-counting

Returning to the boosted regime we have to make a bit more precise the definition of this limit and how
we present the results in the following. We assume all the weak boson masses My, Mz, My and the top
mass m; to live around a scale Agw ~ 102 GeV, set by the vev v ~ 246 GeVH. The partonic CM-energy
/s is now taken to be much larger than any of the masses, i.e. s> A%W, which implies that both tops
produced in the e™ e~ -annihilation have large energies compared to their rest masses. Consequently their
momenta are close to the light-cone and the fraction

A2
ZEW (5.1)
s

should be a good expansion parameter for this boosted regime. Organizing the calculation around the
expansion in this parameter is known as setting up a power counting, a concept lying at the heart of
every EFT. s (or 1/s) is often referred to as the hard scale of the process. Note that although we do not

!We do not give the full explicit results for these two contributions in this work, but it is straightforward to derive those
from the generic diagrams given in the appendix [El

2This statement could be questioned from the get-go, as the x-diagram is also Yukawa-enhanced. Since it is a Goldstone
however, its contribution is highly gauge-dependent and one would expect significant cancellations against the longitudinal
parts of the Z-diagram

3We remind that we treat the bottom quark and all the other fermions as massless in this work.
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treat the masses as identical, at the same time we assume that they are so close to each other that their
fractions

M? M2 M?

— W _ Z _ H
Tw = 5 rz = 2 TH = 2 (52)

my my my

can be treated as O(1) in the power counting defined above.

Besides s the amplitude also depends on the other 2 Mandelstam invariants ¢ and w (explicitly through
the box diagrams and implicitly through the external particle spinors), which effectively is a dependence
on the scattering angle through eq. ([B.6). One of these 3 invariants can be expressed by the other 2
through eq. (3], but the third one is independent of s, so the question arises how to assign the power
counting to these other invariants. In this work we make the most straightforward (and theoretically
convenient) choice and operate under the assumption that the absolute valued] Is|, |t], |u| are of the same
order (i.e. all are hard scales). In summary we assume the hierachy

{Is], [¢], Jul} > {m?, M3, MZ, M%} ~ Ay (5.3)

s, t,u being very large simultaneously corresponds to the kinematic situation that the top quarks are being
produced with a very high CM-energy /s at a scattering angle § (= angle between incoming positron
and outgoing top) around ~ 7/2. Another way to phrase this would be to demand the scattering angle
be very different from 0 or 7, so 0 < 6 < 7. The kinematic situation of 6 = 7 is called central scattering,
and the angular neighbourhood around this central value is often referred to a central region (see fig.
(.2). Fortunately the central region is not only theoretically convenient, but also the simplest to access

central value 6 = /2

beam line

Figure 5.2: Schematic picture of the partonic process. The region around 6 = 7 /2 is the central region
on which the high-energy expansion is focused.

experimentally, as the detectors are usually placed at large angles away from the beam line.

5.1.3 Sudakov logarithms

Before we turn to concrete results we spent a minute on the structure of the expressions that is expected
to emerge in the high-energy regime. Firstly we observe that the theory with massive gauge bosons
is IR-finite, where the masses regulate the potential IR-divergences. In a theory like pQCD the IR-
divergences, when treated with dimensional regularization, show up as eik—poles, with £ < 2n at n-th
order of perturbation theory. Consequently in n-th order of perturbative EW theory, where besides
Agw we assume the existence of a hard scale Ap,rq with Aparq > Agw, we expect the appearance of
logarithms of the form

A2
o™ Inf <ﬁ> , (0 <k <2n). (5.4)

4For our timelike process s > 0, < 0,u < 0
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In our process we actually have 3 hard scales s, ¢, u. Large logarithms of the form eq. (B.4]) due to large
hierachies of scales are called Sudakov logarithms. They are usually grouped with the coupling of the
theory to keep the log-counting transparent. If these logs get large so that o In?" =% ~ O(1) down to
some k, the perturbative expansion breaks down and resummation of these logs up to N*LL-accuracy
is mandatory. We will later see that while in contrast to QCD resummation is not mandatory for EW
theory (at least for collider energies that could be reached in the foreseeable future), it could become
necessary anyway (at least for the LL-series) for precision physics measurements at linear colliders like
ILC or CLIC (we continue this discussion a bit in sec. [.3]).

In this work we only calculate up to EW NLO. Some observable O can then be schematically writ-
ten as (tree-level couplings absorbed into O®*))

0 =00 + a0 + 0@a?). (5.5)

Since we assume the large hierachy in eq. (53)), according to eq. (4] the NLO corrections OW will be
of the form

2 2 2
0 ~ gy In? <AETW> +a; In (AETW> +apg+ O <AE—W> (5.6)

S

where we used s as a representative for any of the Mandelstam invariants. The task of this work is to
extract these Sudakov logarithms as well as the constant terms ag, while neglecting the power-suppressed

2
terms O <AETW) Note that since we have more than one hard scale, there might be terms in a; and ag

like N N
—t— 10 —u—i0
("), W .
n<—s—z’0+>’ n(—s—iO+>’ (5:7)

that are not true constants, but are neither of Sudakov-logarithmic form nor suppressed according to our
power-counting in eq. ([B.3]). In the plots of the constant terms ag in ch. [l we will see a mild dependence
on s for moderate energies that flats out towards a constant value for higher CM-energies, which can be
attributed to terms like the ones in eq. (B.7).

5.1.4 High-energy limit for amplitude basis

In the high-energy limit the amplitude basis also simplifies somewhat. To leading order in the expansion

parameters S”Ztu the top spinors @;(q1) and v(ge) are massless (the electron spinors were treated as
massless from the start), which results in a restoration of the chiral symmetry also for the final-state.
This results in the fact that the amplitude M5" given in eq. (B8] will be 0 at leading order, effectively

reducing the decomposition in eq. (B.8) to

Mu(ete™ 1) = 3 (&)™ (117 ™ + o . ). (5.8)
p==

s, t,u

where (Mlp “)HE has all spinors massless (the precise use of the superscript HE is defined below in eq.

(E3)) and the coefficients (éf”)HE are defined in analogy to eq. (BII)) in sec. Bl In fact quite analogous
to k the two chirality amplitudes for p = + also decouple completely in this limit (at leading order), so
it is possible to drop the sum over p and quote results for M,,.(eTe™ — tt) etc.

Besides the suppression for the amplitude M§" we will see that in the boosted regime the coefficients
Egl)’p " are power-suppressed as well. The statements made above now equally apply to the Beenakker
basis eq. ([B.), where the amplitudes M{" and M} will be power-suppressed. This can be either seen
directly or from eq. ([BJ). That only the structure M{" is not power-suppressed in the high-energy
limit has important consequences for the construction of EFTs in this regime. It tells that the operator
needed to match the full theory to the EFT at leading order is a four-fermion current-current contact
operator. For further discussions and details on this subject we refer the reader to [25], [26] and future
work in that direction.

83



5.2 Explicit results

Having set up the power counting we are ready to enter the boosted regime. In terms of calculational
tools we make use of the high-energy expanded PV-functions (especially the scalar ones) worked out in
[27], [28], and which are listed in the appendix [B:22l Although we will only plot the properly combined
gauge-independent building blocks, there are some curiosities concerning the Sudakov-logarithmic and
high-energy structure of single diagrams, as can be seen in the generic expressions given in [El We find:

e 2-point diagrams (oblique corrections) only show linear Sudakov-logarithmic dependence

e Vector-exchange triangles and box diagrams contain both linear (single) and quadratic (double)
Sudakov logs

e Non-abelian vector-scalar diagrams are power-suppressed in the boosted regime due to their non-
abelian coupling having mass dimension +1 and scaling as ~ My ~ Agw

e Scalar exchange and non-abelian scalar-scalar triangles only show single Sudakov logs

Presumably most of these different high-energy behaviours have their origins in the different distributions
of the fields on the light-cone (i.e. the decomposition into the light-cone basis), as the logs are basically
the regulated TR-divergences of the theory. We postpone a clarification of these features to future work
on that subject.

In the following all quantities that are given the superscript HE are understood to be expanded up
to power-corrections in the high-energy limit, i.e. for some quantity X

2
X=x""10 (AE—W> (5.9)
S, t,u

All results given in the following are quote in the BHS-renormalization-scheme (see sec. 2.4]).

5.2.1 Fermionic oblique corrections (FOC)

Essentially the high-energy results for FOC are equivalent to the massless fermion results given in the
section about QED-improved-Born approximation (sec. B.4.2]) and the appendix (). The top then also
needs to be treated as a light- or massless fermion for the bare contribution, but its counterterm contri-
butions (e.g. to dZ.) remain as calculated in the continuum. This is an important difference between
doing an expansion of the continuum results and calculating with massless fermions from the start. The
top counterterm contributions to the bosonic renormalization constants contain terms (logarithmic and

%, which is O(1) in our power-counting. These contri-
butions have sizable impact on the numerics, as will be discussed in the next chapter [6l For this reason
we have to treat the top separately again, and since it is tied to the bottom we have to exclude the
bottom quark from the light-contributions as well and group it with the top. Similar to sec. 2.5.2] we

make a split into light-fermion doublet contributions (D) and the top-bottom doublet Dy,

non-logarithmic) that depend on the fraction

(X y ) gy = [Z (fﬂw)plf} + (&y) p,, (5.10)
D¢

where the sum over Dy extends over all light-doublets of the SM. Apart from this only the consequence
for the light-doublet contributions is that the various explicit prefactors of M% in the renormalized Z Z-
transition (ﬁg Z) rop Ri€ed to be set to 0 as they are power-suppressed in the boosted regime. We find for
the various renormalized transitions

1 or \HE, |« > I 5
R =5 5 (v ) [ (555) 5],
1f
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SW
feDyt feDys

L) =~ {( 2 @) [ (S ) + B |+

feDy
(3 @) n(5) 3]} (5.11)

where we remind that o = «(y/s) is understood. These expressions can then be inserted into the formal
contribution to the high-energy matrix element in eq. (5.8

i (_(1),p,‘@)HE (ﬂgz)gf(S) (ﬂgA)gF(s)
S

g 2 FOC = (ve — pat) (Ve — Kae) + QiQe +
f[T HE
+ [0 pad(-Q0) + (@0}, - a2t (512)
1 K
L eyt o 519

where x(¥)(s) — 1 in the boosted regime has been used.

5.2.2 Bosonic oblique corrections (BOC), charged cluster and WW-box

As we saw in ch. [ there are 3 major components necessary to achieve complete UV- and gauge-
cancellations in the charged sector: the bosonic oblique corrections (BOC), the charged clusters (where
the bosonic contributions to the local vertex counterterms are included) and the WW-box.

We start with the bosonic contributions. Like for the FOC the bare diagrams for the transitions are super
simple and independent of the boson masses in the high-energy limit, as can be seen from the generic
diagrams in the appendix (E.D). The counterterms, namely 0Zys,, and dZy,, give relatively involved
expressions that are however not really interesting, as they only depend on the quantities ~ Agw and
ratios thereof, and therefore contribute to the constant term ag in eq. (5.6]). To make UV-cancellations
manifest, we write

o 1 [ —84ck, +14ck, +11 3 (2ch +1) My,  3ME
(5ZMZ) -

_ e - A
bos — 4x 28124/6 60%,[, c%VMI%I QM‘%V) +( MZ)bos’

(5ZMW)

a 1 9—68c%, 3(2c%, +1) M2 3M? .
bos  Ar 92 2 - ( VZ 2) v g + (5ZMw)b ) (5.14)
s Ar 28W6 GCW cWMH QMW 08

where the hatted quantities are the UV-finite and gauge-independent parts of the renormalization con-
stants. They can be read off from eqs. (2I127) and (2I30) in sec. 2521 Note that the terms with the
Higgs-mass appearing come from the Higgs-tadpole contributions to the mass counterterms. The are ex-
actly equal for (5Z MZ)bos and (5Z MW)bos and cancel in the expressions for the renormalized transitions
(cf. sec. B32). We find for the renormalized transitions

1 op \HE, |« M}, 3¢ + 9w +38  Ew(éw +2)
;(HAA)bos(s)—E{—(fw—4)1n<_8_1.0+>+ 5 B— 1n(§w)}7

1 ~m (HE acw [ (66w —25 s M2
2 (MZ _aaw ( _ Sw > 1 w
3 (11Z.4) oq () = SW{ 6 6cZ, ) T

SNote that they are dependent on the renormalization scale p though!
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9, + 276w + 134 4s,  Ew(éw +2)
— — 5 _|_ —
18 9c, Ew —1

1+ 42c%, 12 ; ;
L mg%-ﬂﬂm%;@mwm, (5.15)

In(§w )+

1. 1 6cy —4) — &y + st M?
g g = o L S =) ey sy (M
bos 6, —s—i0t
N iy (3& + 9w +46) +4cfy =8 w(Sw +2)
180124/ SW —1
—840%1/ + 400124/ +1 p? 9 9 . .
B GC%V In MI%V o (CW o SW) [(5ZMZ)bos B (6ZMW)bos} )
(5.16)

In(§w )+

We point out that we do not need to set u = /s in these expressions since the bosonic contributions
are always renormalized on-shell, and the apparent explicit p-dependence in the respective last lines of
the equations is actually cancelling against the p-dependence in the finite parts of the renormalization
constants (07 MZ)bos and (62 MW)bos (cf. eqgs. [ZI27) and (2I30)). However we emphasize again that
a = a(y/s). The BOC can now be constructed in complete analogy to the FOC in the last section, i.e.

i (5(1),pli)HE (ﬁgz)gi(s) (ﬁZA)Ei(S)

Ag 1 BOC — (Ut - Pat) (Ue - Kae) + QiQe +
ﬂT HE
+ | = pa(=Qe) + (@) (ve - Kay)] M (5.17)
e =0 ©19

Next up are the charged clusters. In contrast to the oblique corrections they contain Sudakov double-logs
2
and the constant parts ag show significant dependence on the mass ratio % = ry —i0". For the
t
form factors (F1)85 (where CC stands for charged cluster) we find
2 2

ztt—pE _ @ 1 2 o My 2 _ My,
(Fl )CC_47T12CWS%V{(2CW+1)1H <—S—i0+ +3(3CW(£W 1)+1)ln —s— 07t +

4cd, — 1 N (67 — 3&w (26w +5))

1
27”W 2 T

+ (1 —40124/) rw +

90%,[,512,1/ _ 120%,[,

Ew —1 a1

—w%+am%4w+ww+( )m@m+

12¢2
+ ((4c§V )12 — =Wy (3-12¢%) rw + 203 — 2> x
rw
rw
1 [ S—
. n<rw—1—i0+>+

1 rwéw
12¢5, | — — 1
- CW(WV £W>D<V“W§W—1—i0+>+

— 4 (2¢f, + 1) Lig(rw — i0+)},

2 2
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dee—pup a1 M3, 262, + 5&w — 11 3¢,
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The form factors given above allow to construct the high-energy coefficients (Egl)’p H)gg,
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The WW-box is a relatively simple expression. For the high-energy box coefficients (Egl)’p K)I;/Ew,box we
obtain
2 0t 2
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( 51) pK)IV{VEW box = 0- (5'24)

Combining the high-energy coefficients to form the UV-finite and gauge-independent building block
which we call charged sector (C-sector), consisting of BOC, charged clusters and the WW-box,

C-sector —

(@ PYEE o = (@D HE 4 @D eBE L @R (5.25)

we obtain the following expressions
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where the quantum numbers of the fermions (electrons and top quarks) have been used and the explicit
u-dependence cancels against the implicit p-dependence in (5Z MW)bos and (5Z MZ)bos as for the BOC.

The coefficients (¢ gl) PEYBE or are all 0 and therefore not given. The results in eq. (5.286]) still look
involved, but they have in fact simplified enormously compared to the general continuum case. The
sceptical reader may want to compare to the average generic diagrams in the continuum given in the

appendix [El A further discussion on the final results is found at the end of this chapter.

5.2.3 Neutral clusters

The neutral cluster of each vertex (Ztt, Att, Zee, Aee) forms a UV-finite and gauge-independent set of

M
20T
are somewhat involved (at least for the massive final-state vertices), once again mainly due to the finite
counterterm contributions. Readers only interested in the Sudakov logs might want to skip ahead to
sec. (.33 where we give the Sudakov logs separately. In contrast to the charged sector where some
interactions were maximally chiral, for the presentation of the the neutral clusters we go back to arbitrary
chirality indices p, . For the form factors (F})HE (where NC stands for neutral cluster) we obtain

2
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With these form factors the contributions of the neutral clusters to the coefficients can be

constructed analogously to the charged clusters in eq. ([5.23]).

(Egl)pn)HE

5.2.4 ZZ-boxes

As we saw in ch. M the ZZ-boxes become gauge-independent when both topologies are added, thus
forming a proper building block. However there is another interesting feature appearing in the high-
energy limit. In eq. (5.24)) it can be seen that single box diagrams have double and single Sudakov logs
(this can also be seen in the high-energy expansions of the generic box diagrams given in the appendix
[E.5). Now the high-energy result for the sum of the ZZ-boxes reads

(Egl)mﬁ)g%fboxes =« (Ut - Pat)Q(Ue - Hae)QX
—t — 40t M?2
Aln [ —— > Y In( —2Z2
8 { " <—u—i0+> " <—s—z’0+> i
2s —u — 0t 12 + 2 —u — 0t
P =1 In2
0 <t n(—s—i0+>+ 2z (—5—i0+>>+
2s —t — 40t u? + 12 —t —40t
_SP = 2
5“<u ln<—s—i0+>+ u? I (—s—i0+>>}
(1),
(Cg )pﬁ)g%fboxes = 0. (533)

We infer from this result that when both box topologies (crossed and direct) are added, not only the
gauge-dependence, but also the double-log as well as the constant terms independent of the Mandelstam
invariants cancel between them. This is obviously a universal feature, i.e. independent of the specific
couplings of the gauge-bosons to the fermions. We also find that although a linear Sudakov log survives,

it is multiplied by In (:5:200: >, which is a small log according to our hierachy in eq. (G.3]), since we take
t and u to be of the same order. In fact, at the central point u = ¢ (corresponding to a scattering angle
¢ = %) the cancellation is complete including the constant terms, and there is no contribution from the

Z Z-boxes at all. This statement is generally true in the continuum (i.e. not only in the boosted regime).

5.3 Discussion and summary

The most interesting terms of the calculation in the boosted regime are the high-energy logarithms
(eq. (B4)) of the theory. If the energy scale s of the process gets large enough these logs might even
invalidate the perturbative expansion at some point. Fortunately the fine-structure constant o ~ 1072
is relatively small, even when its running is taken into account, as the Landau pole is located far above
any conceivable energy scale colliders in the foreseeable future could reach. The largest contribution
comes from the double-logs, and plugging in some representative numbers we get

lVs) 1 (A;W> ~0.1, (5.34)

2
47TSW
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for /s = 3 TeV, sy = 0.23, My = 80 GeV and a ~ 1217! was run up from 13771 at u = m,
by including the fermionic contributions (following sec. B.42]). We see that the Sudakov double-logs,
while nowhere near as large as in QCD (where they become really dangerous really quickly), lead to
a substantial enhancement of EW NLO corrections by a full order of magnitude for energies that are

already envisioned for future lepton colliders like CLIC. We chose the specific prefactor of s% as the
w

largest contributions will come from the charged sector, especially from the W-diagrams (vertices and
box, see numerics chapte]).

5.3.1 Logarithmic structure

In summary we (analytically) found the following interesting features concerning the logarithmic struc-
ture in the boosted regime of the weak NLO corrections:

e Universal logarithmic structure: as can be seen from the results for the clusters, boxes and
oblique corrections (especially for the neutral clusters in eq. (B.38]) below, since we did not plug
in the fermionic quantum numbers yet), the Sudakov logs are independent of the structure of the
fermion currents (and hence of their chiralities) and factorize. Also the Sudakov logs only depend
on the gauge-boson masses, not on the top mass (some of the linear logs in our results need to be
rewritten to make this feature manifest).

e Effective local high-energy operator: closely connected to the universal log structure is the
fact that the scalar structures parametrized by ¢, are power-suppressed in the boosted regime. The
leading-order high-energy contributions are therefore of the form ¢ ”*M{", which implies that the
effective operator governing the leading-order behaviour in the boosted regime is a four fermion
contact operator Ogg which is of current-current-type, i.e.

0% (z) = t(x)Y wPt(z) e(z)yuwre(z) (5.35)

While we effectively checked the gauge-independence of the S-matrix element of this operator by
our high-energy expansions of the gauge-independent full results explicitly, O% is obviously not
gauge-invariant under the EW gauge group. We postpone further discussions on this subject to
future work, or refer the reader to [25], [26] and the references therein for the moment.

e Cancellations of ZZ-boxes: a glimpse of what might happen in a manifestly gauge-invariant
formulation of the process was provided by the sum of the crossed and direct ZZ-box types. Not
only did the gauge-dependence cancel, but also the leading (= quadratic) Sudakov logs. The
surviving linear log was multiplied by a log that was suppressed in the central regime, as defined
in sec. In contrast a lot of these features were absent in the charged sector: Sudakov logs
remained uncancelled and a complicated adding procedure of various contributions was necessary
to obtain gauge-indpendence. The reason is that the processes with the isospin partners of electrons
and tops on the external lines were not taken into account, but they would be required by full EW
gauge-invariance.

5.3.2 Constant terms

Although the results in the high-energy limit simplify drastically with respect to the continuum, the
expressions are still relatively involved thanks to the constant terms coming mainly from finite parts of
on-shell counterterms. Keeping those constants in the expansion is important however for various reasons.
Firstly they might be numerically significant, especially in the regime with moderate CM-energies +/s.
We will take a look at this in more detail in the upcoming chapter with the numerical analysis. Apart
from numerics however there are also conceptual reasons why a precise knowledge of these constant
terms is very valuable. On the one hand they are needed for calculations and consistency checks when
working with effective field theories, e.g. for matching procedures. Furthermore by knowing the size
and origin of the constant terms one can estimate the reliability of conducting higher-order calculations
under some simplifying assumptions. Given the constants be sufficiently small compared to the log-terms
above a certain energy, it could become possible to capture most of the higher-order corrections by just
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computing the higher-order contributions to the anomalous dimensions of some leading operators, which
is a much easier task than doing a full multi-loop calculatlorﬁ If they are not small but their origin is
known, it might be possible to work out specific renormalization schemes to treat these corrections in a
systematic and efficient way.

5.3.3 Final results (without constant terms)

The numerical significance of the Sudakov logs, also relative to the constant and power-suppressed terms,
will be demonstrated in the next chapter covering the numerical evaluation and analysis. To summarize
we restate the high-energy results given in the last section, this time leaving out the constant terms
and restricting ourselves to the high-energy logarithms to clear up the results somewhat. For the light-
fermion contributions we note that we evaluate them at p = /s, effectively introducing new Sudakov
logs into the renormalized ZZ-transition because of the explicit u-dependence. The top can also be
treated as a light fermion to leading order in that limit.

¢ FOC:

_(1),pr\HE da
(cﬁ)”)mc:—z > Nc,f{(vt—pat)@e—mdx

fermions
M2
X [(v]% +a3c) In <70+> +Qf In <M2 ) }%—

[l pa)(-Q0) + (@0 — maa] Qo tn (2 ) L

S

+ const. (5.36)

e Charged sector:

2
_(1),LL\HE o« 1 9 Mg,
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1/1 1 —u—i0t M2
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2 2
~(1),LR\HE a 1. 9 My, 1/1 M3,
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(@) Caector = 5272 {5 = <—s - ¢0+> Ty M\ S ior ) g ot

_(1),RR 2c0 1/ 1 1 M2
(cg ) EE or = 30124,5124,{ {6 <% - 1> — 47“W] In <fw;0+ + const., (5.37)

e Neutral clusters:

(2N = =t = pan (e~ ) + G @]

X {[(vt —pa)? + (ve — me)2] [1n2 (%) +3In (%) }+

5The EW NNLO results are not known yet, only for very specific processes (e.g. threshold results for mass-corrections)
and often derived under simplifying assumptions, like degenerate weak boson masses or the so-called gaugeless limit, where
all the gauge couplings are set to 0, effectively extracting the Yukawa-enhanced terms.
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e Z Z-boxes:

_ —t —i0t M?
(A PNIY oes = 40 (v — pag)*(ve — Kap)? In (m) In ( ——aoF ) + const.,  (5.39)
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Chapter 6

Numerical analysis

For numerical evaluations we use the following set of masses (in units of GeV):
my =173, 1 Mz =912, My = 80.4, Mg =125.1. (6.1)

cw and sy are then derived from these masses according to eq. (284 and the fine-structure constant is
treated as QED-improved, i.e. run up to the scale y = /s by means of the light-fermion contributions
(sec. B-42). The energy range chosen for numerical evaluation and presentation is

500 GeV < /s < 3 TeV, (6.2)

as this corresponds to the regimes the future linear colliders will probe (in their various stages of up-
grades). Note that in this work our aim is not (yet) to get precision predictions, but rather to perform
some exemplary numerics and obtain some representative plots of the various proper building blocks and
their respective high-energy expanded versions, which is why we do not plot any errorbars or errorbands.
Although we derived the NLO corrections for the S-matrix element in terms of the ¢, we will actually
use eq. ([B:22)) to compute the differential helicity cross-sections and subsequently the helicity-averaged
NLO contribution to the differential cross-section d‘zlf;). The reason the cross-section is preferred over
the amplitude for the numerical analysis is that it is the former that is physically relevant. Numerical
statements made for the amplitude need not necessarily carry over to the (differential) cross-section, as
the interferences with the tree-level amplitude and the insertion of the quantum numbers might result
in significant shifts of relative numerical importance.

The gauge plots have been already shown in chapter M on gauge-cancellations. In this chapter we
therefore primarily focus on the s-dependence of the proper building blocks and their high-energy ex-
panded versions. The ¢- and u-dependence of the full and expanded results is shown in terms of plots
against the scattering angle 6 (cf. eq. ([B:6])). We proceed as follows: in the first section we show
the plots for the single building blocks and compare with the expanded results plotted against /s and
the scattering angle @, while the following one is dedicated to the complete NLO contributions vs.
the tree-level results. Sec. investigates the relative numerical importance of the log-terms vs. the
constant terms of the full and expanded results, followed up by a short summary in sec.

6.1 Numerics of proper building blocks

To avoid scale- and/or gauge-dependent statements the smallest sets that can be meaningfully evaluated
numerically are the proper building blocks defined in ch. @ Although it might be possible to dig in
further and find some single UV- and gauge-independent form factors for certain smaller diagram sets
(as for example the vector form factor for Z- and H-exchanges, as shown in sec. B.IT]), we will stick to
the former method of presentation.

The quantity we will plot in this section for both full and expanded results is the NLO contribution
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to the differential cross-section over the corresponding tree-level expressiOIEL ie.

doM\ " doO\*
0ol (s,0) = . 6.3
we0= () (%), o)
The index ¢ denotes the building block. The helicity-averaged quantity is obtained by
doW \ do(D) +
(), + (),
doi(s,0) = L =
=), (%)
dao i dao i
1

The prefactor 7 usually applied for averaging drops out. To obtain the total NLO contribution to the
respective cross-section, a sum over building blocks i has to be applied to either ([6.3) or (6.4).

6.1.1 Plots against /s

We start by fixing € (see plot inserts for concrete values) and plot against the CM-energy /s. In fig.
the helicity-averaged 1-loop contributions per building block over the averaged tree-level contribution
(eq. (64)) are shown, for 3 representative values of §. Some important features are already visible:

e The weak NLO corrections are (mostly) negative, which is why we plot the ratio of the 1-loop
corrections over the tree—levelﬁ and not over tree-level + 1-loop, as this would inflate this fraction
do by quite some amount. Even so, the NLO contributions are quite sizable, and range up to 30%
and beyond (depending on the scattering kinematics) relative to tree-level.

e In the energy regime above ~ 1 TeV the contributions with (double-) Sudakov logs, i.e. the
W-sector and the neutral clusters, are numerically the most important, overtaking the FOC and
Z Z-boxes that have (at most) linear Sudakov logs.

e The W-sector is numerically by far the most prominent contribution (to be discussed further
below).

e The expansion quality depends rather strongly on s, but also on 6 (a more detailed discussion is
found below).

e There is a large forward-backward-asymmetry. The NLO contributions are much larger for § — 0
than for # — 7 (see also the angular plots in sec. [6.1.2]). This is a feature not attributed to the
logarithmic structure, but rather to the chiral nature of the theory

Some of these observations demand further discussion. Generally speaking the accuracy of the expansions
near the central value § = 7/2 and for energies of ~ 1 TeV and above is quite good. The dominance of
the W-sector over the neutral and fermionic contributions strikes the eye. There are 2 reasons for this.
Firstly, we have some significant parametric enhancement for diagrams with virtual W-bosons coupling
to fermions. For example, the ratio of the leading logarithmic behaviour of W-exchange diagrams over
the Z-exchange diagrams for for left-handed contributions of final-state vertices is basically given by the
ratio of the couplings to the external top-quarks (after factoring out the Sudakov log), which numerically
estimates as

2
() ~ 22 s (6.5)

(Ut + at)Q ﬁ ~
Of course this has to be taken with a grain of salt, as this parametric enhancement only appears in the
left-handed contributions. In fig. [6.22 we plot the left- and right-handed differential cross-sections (in the
ratios given by eq. (6.3))) separately for a central value §# = w/2, and it indeed turns out that while the
W-sector dominates the left-handed part, it is comparable to (actually a bit smaller than) the neutral
cluster for the right-handed one.

!This has the advantage that a normalization to the total tree-level cross section by dividing through oy is obsolete here,
as any global normalization cancels out of this fraction.
2The tree-level contributions are manifestly positive, as it is basically the absolute value squared of MO,
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Figure 6.1: Full vs. expanded results per proper building block (helicity-averaged). Solid = full, dashed
= expanded. Note the logarithmic /s-axes and the variable scalings of the y-axes.
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left-handed (k = -1)
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Figure 6.2: Full vs. expanded results per proper building block and helicity. Solid = full, dashed =
expanded. Please note the variable scalings of the y-axes.
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6.1.2 Angular plots

Now we fix s and vary the scattering angle 6. In fig. the various building blocks are numerically
evaluated for 3 representative values of the CM-energy /s. Note that those are polar plots, hence the
somewhat strange-looking axes. The region of +7/16 around the beam axis has been left out for techni-
cal reasons, as some contributions (the ZZ-boxes) get numerically unstable in the extreme forward and
backward regions.

The forward-backward asymmetry mentioned above is clearly visible here. This feature is especially

stringent in the case of the W-sector. Also the accuracy of the expansion depends rather strongly on

the scattering angle. Especially for lower energies it deteriorates quickly away from the central value
2

0 = /2, which indicates that the power-corrections /;E;’V start to grow in size as the values 8 — 0 or
0 — 7 are approached. The total cancellation of the ZZ-boxes exactly at the central value § = 7/2 can

also be observed explicitly.

99



charged sector

0.30F
0.25¢
0.20¢
0.15¢
0.10¢
0.05¢
0.00

|601(6) x sin(6)]

r

0.020
0.015
0.010
0.005
0.000

|60(B)  sin(B)|

-0.2

-0.1 0.0 0.1 0.2

|60i(6) = cos(6)|

0.3 0.4

ZZ-boxes

~0.03 -0.02 -0.01 0.00 001 0.02 003
|601(6) x cos(6)|

neutral clusters

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

|60i(0) = sin(B)]

-0.10

~0.05 0.00
|60(6) x cos(6)|

0.05F

0.04f

0.03}

0.02}

|601(6) = sin(6)]

0.01f

0.00

O e e o Joosoaois

-0.04

-0.02 0.0

|601(6) x cos(6)|

m /s =3TeV
/s =1TeV
m+/s =05TeV

B /s =3TeV
W +s =1TeV
m /s =05TeV

B /s =3Tev
m s =1TeV
m /s =05TeV

m /s =3Tev
H s =1TeV
m /s =05TeV

Figure 6.3: Full vs. expanded results per proper building block (all helicity-averaged). Solid = full,

dashed = expanded. Note that these are polar plots (radial distance =

variable scalings of the axes.
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6.2 Total NLO contributions

6.2.1 Plots vs. /s

Adding up all the building blocks gives the total weak NLO corrections to the cross-sections. The overall
picture is very similar to the case of single building blocks. In fig. we show the ratio

Zéai(s,ﬁ) = do(s,0), (6.6)

7

for both helicities as well as the helicity-averaged case for 3 different scattering angles 6.

Focusing on the absolute values of the full results for a moment, we see that the NLO corrections
are actually quite large (although the precise statement is s- and #-dependent, as can be clearly seen in
fig. [64). For example, the averaged NLO cross-section for a central value 6 ~ 7/2 ranges from about
10% at /s ~ 500 GeV to about 30% of the tree-level result at /s ~ 3 TeV, which is a very substantial
amount given the smallness of the coupling «. It can even exceed these values depending on helicity and
scattering angle. Although there are other ingredients for this phenomenon like the parametric enhance-
ment of W-contributions the tree-level misses (cf. eq. (G.H])), the influence of logarithmic enhancement
should not be underestimated. The growth of this fraction from eq. (6.4]) in energy visible in fig. [6.4] is
due to the Sudakov logs that are absent for the tree-level calculation. We discuss their contributions in
more detail in sec. below.

6.2.2 Accuracy

As a measure for the accuracy of the high-energy expansion, we plot the relative differences of full and
expanded (exp) differential cross-sections for each helicity

<d0(1) >"i _ (dg(l) )“
df full do exp

K —
Af(s,0)=1— ‘<d0(1)>ﬁ , (6.7)
0] tan
and for the averaged case
<do(1)>_ n (do(l))+ _ (do(l))_ _ <do(1)>+
a9 full d9 full a9 exp d9 exp
A(s,0) =1 — (6.8)
(da(l) ) — (da(1)>+
40t 49 ) g

For the angular numerics we define the opening angle 0 around the central values as

0=+ 00, (6.9)

2
The plots vs. the CM-energy can be found in fig. 6.5 and the ones for the angular dependence in fig.
6.6l There are some differences between the different helicities and the averaged case, but overall we
find the expected behaviour that either a high CM-energy /s or an angle close to the central value
0 = 7 /2 results in a good expansion and a higher tolerance for the respective other parameter differing
from its ideal value. Note that the kinks are just artifacts (“overshoots”), the degree of convergence is
only to be taken seriously again after the monotony of the curves A(...) has been restored.

For energies below 1 TeV the opening angle around the central value should be rather small, in any
case ideally 00| < 7/4, to get accuracies of about 80%. The regime above 1 TeV already allows for an
opening angle of [60| ~ 7/4 without dropping far below 80% accuracy in the worst case. This region
seems to be the best trade-off in terms of expansion accuracy. From a theoretical point of view, the
energy regime above 1 TeV, up to 3 TeV and beyond, would be ideal. The expansions are excellent and
very stable over a large range of values for 6. Unfortunately those partonic energies are hard to realize
experimentally. Linear colliders like CLIC are envisioned to reach up to 3 TeV, but only in their final
versions a few decades down the line. We will come back to the optimal energy range in the next section
on Sudakov logarithmic contributions.
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Figure 6.4: Total weak NLO results (full vs. expanded) for each helicity and spin-averaged. Solid = full,
dashed = expanded. Note the variable scalings of the axes.
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Figure 6.5: Plots of the accuracy measure A(s) with fixed 6. The kinks are due to sign changes of the

difference full - expanded.
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6.3 Sudakov logarithms vs. constant terms

Up to now we always compared the full NLO results with the corresponding high-energy expanded
versions. The latter can be split again into 3 contributions: Sudakov double-logs, Sudakov single-logs
and the constant terms (cf. eq. (5.6])). The naive expectation is that the logarithmic terms constitute
the largest parts in the high-energy regime. Fig. [6.7, where the split-up of the high-energy expanded
contributions (this time only for the averaged case) is shown, confirms that the Sudakov double-logs of
the form In? (AIQEW /s) are clearly the largest contribution, at least if the energy exceeds 1 TeV. The single
logs are actually in the same ballpark as the constant terms, even for energies well above 1 TeV.

We point out once more that the “constants” shown in fig. are not true constants. For one, they
contain terms like In (%“) as well as s-dependence in the running of @ = «a(y/s) (cf. eq. 45)). Due
to the former the curves show significant differences from the true constant value in the lower energy
regimes, but flat out rather quickly as /s increases. The running coupling is a global factor for each of
the contributions shown in fig. [6.7, which is why we kept it nevertheless. Contrary to the In (t’?u)—terms,
its “radius of significance” is not confined to the moderate energy regime. Due to the resummed expres-

sion of eq. ([3:48) its influence is very small numerically however.

The main message from these plots is that in regions were the logs are not dominant by a large margin
no resummation has to be performed. Putting all the above statements together one concludes that in
the energy regime around 500 GeV, i.e. below 1 TeV but certainly below 750 GeV, usual perturbation
theory is still very reliable, as the logarithmic enhancement is not severe enough. For energies around
1 TeV and higher things get more interesting. For precision calculations resummation, at least of the
leading logs, could become necessary, depending on the specific scattering kinematics once again.

Another striking feature visible in fig. concerns the FOC. They only contribute linear Sudakov
logs and constant terms. The dotted curves now show the respective contributions (single-logs and
constants) when the FOC are taken out. We observe that this has especially dramatic effect for the con-
stant terms, as their contribution is very small after the FOC have been subtracted. This is extremely
interesting and potentially valuable information for higher-order calculations. Having small constants
relative to the logarithms allows to focus on the anomalous dimensions of the higher loop integrals, since
the perturbative series for the constants is expected to converge well. This would result in a major
technical simplification, as the full multi-loop calculations are especially hard in EW theory due to the
many diagrams and scales (masses). The FOCs cannot be subtracted ad hoc of course, but due to their
nature their contributions are separated (for example concerning gauge-dependence) from the rest of the
Sudakov logarithmic structure coming from vertices etc. A suitable renormalization scheme can almost
certainly be found that deals with these contributions systematically and effectively removes them. We
postpone further details and discussions on that subject to future work.
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Figure 6.7: Split of the high-energy-expanded NLO cross-section contributions (black) into Sudakov
double-log (= L2, red), Sudakov single-log (= L, blue) and constant contributions (= const., green).
The dotted curves are the single-log and constant terms with the FOC excluded (see text). Please note
the (slight) s-dependence for the constant terms due to In(¢,u/s)-terms (especially in the low-energy
region) and the running coupling « as e.g. visible in the higher energy regime of the plot with § = 37 /4.
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6.4 Summary

The numerics and plots in this chapter were done to illustrate the high-energy behaviour and the quality
of the expansions. For concrete statements about the accuracy of the expansions in the boosted regime
one needs to make precise the level of accuracy one desires, or fix the kinematic situation in terms of
CM-energy and scattering angle. We emphasize that being able to carry out this type of analysis is
another great benefit of having the analytic expressions (i.e. down to the explicit logarithms) instead of
only numeric results (at the level of tensor coefficients that are evaluated with a numerical library like
LoopTools), as precise statements concerning the logarithmic structure are possible.

Keeping in mind that the first few stages of the future linear colliders will not run above 500 GeV,
the above analysis suggests that the application of high-energy tools has to be viewed conservatively in
that regime, as the peak accuracy is about 60% only. Usage of full conventional perturbation theory,
keeping terms of O(A%yy/s) instead of discarding them, is the superior choice in this energy region. Also
the log-contributions are not really exceeding the constant contributions by much, as can be seen in fig.
In the region above 750 GeV the expansions are more accurate, but we argue that only above 1 TeV
it leads to very good and stable performances with reliable results of the expansion for scattering angles
down to 6 ~ 7/2+7/4. In this regime the leading logarithmic structure clearly dominates the constants
and power-suppressed terms, such that resummation of these high-energy logarithms is necessary for
precision physics.
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Chapter 7

Summary and outlook

In this thesis the weak NLO corrections to the process of stable top-production from e™e~-annihilation
were studied. We adopted an analytical approach, using a decomposition of the weak NLO matrix
element into an amplitude basis as used in [6], which reduces the problem to the determination of
the coefficient scalar functions depending on the external invariants and virtual masses of the process.
Earlier works on that subject [4], [5], [6], [7], despite sketching mechanism of renormalization and gauge-
cancellations, usually give explicit expressions only very scarcely and have a strong focus towards setting
up codes for numerical implementations. With this work we provide a complete self-contained collection
of analytic weak NLO results down to single diagrams, allowing for a high degree of flexibility and detail
in understanding and discussion of UV-, gauge- and high-energy structure.

Aside from setting the masses of the bottom quark and the lighter fermions to 0, no assumptions,
like degenerate boson masses or the gaugeless limit, were used in this text. The scalar functions were
derived in the continuum in covariant R¢-gauge by means of projection operators as well as brute-force
reduction for triangle- and box-diagrams to check for consistency. To allow for program-independent
cross checks two different ways of computation were chosen: the Mathematica-Package Package-X [20],
[21] was used extensively in combination with the projection operator technique, while the brute-force
PV-reduction method was carried out by FeynCalc [23] down to the tensor coefficients, which were then
evaluated using the numerical library LoopTools [24]. The UV-divergences were cancelled analytically,
while the gauge-dependence cancellations were checked numerically in the continuum. The choice of
external states of certain isospin forced us to form subsets of diagrams to obtain UV-finite and gauge-
indpendent results. Especially the gauge-structure with its complicated cancellation mechanism provides
a strong non-trivial cross-check of the calculation. The results are relatively involved, the only exception
being the light-fermion loops, which have been discussed in sec. Explicit results are given in the
form of generic expressions for single diagrams in the appendix. Concerning the Feynman gauge expres-
sions of certain building blocks we found agreement with the corresponding results given in [5], [6], [8].
The UV- and gauge-cancellation mechanism as outlined in [6] was shown explicitly by our calculations.

The main task of this thesis was to obtain the analytic leading high-energy expanded results (up to
and including the constant terms) for the amplitude. Expansions were carried out for large CM-energies
/s and scattering kinematics around the central value = /2 for the scattering angle 6, which results
in the hierachy {|s|,|t],|ul} > {M%, M2, M%,m?} ~ A%y. The high-energy expanded PV-functions
given in [27], [28] were used. The expressions simplified enormously in this regime, allowing to redo the
checks for gauge-indpendence analytically. Explicit expressions were given in ch. [l Interesting features
inferred from these results were the emergence of a four-fermion current-current operator as the leading
effective operators in this regime, closely connected to the universality of the Sudakov logarithms as
observed in the results in sec. [£.3.3] as well as the cancellation mechanisms like the one for the leading
logarithms in the ZZ-box sum.

The complete analytic continuum and high-energy results allowed for a numerical analysis of the loga-
rithmic structure and the various building blocks, as was carried out in ch. [6l Expansion accuracies were
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estimated both for the CM-energy as well as the angular variable. Depending on the desired accuracy
the cuts on the angular variable generally have to be chosen very small for CM-energies around 500
GeV, with certain observables only reaching a peak accuracy of 60%. The critical energy value seems
to be around 1 TeV, when the accuracy becomes relatively stable and does not drop far below ~ 90%
for opening angles down to 6 ~ w/2 + /4. We conclude that resummation of the leading logarithmic
series is necessary in this regime to improve convergence for precision predictions. For energies (well)
below 1 TeV, conventional fixed-order perturbation theory works fine, and resummation is not necessary.

The results derived analytically in this thesis should form an important first stepping stone for the
construction of effective field theories like SCET in the high-energy regime, as they can be used both
as a cross-check for the singular structure as well as for non-singular matching procedures since the
constants were kept as well in the expansion. We point out that these constants differ when the compu-
tations are carried out under simplifying assumptions like unbroken phase or degenerate boson masses,

like in [25], [26].

We finish by pointing out that there are still some things to be done in various respects. QED corrections
need to be included to derive realistic distributions, and although their dependence on experimental cuts
makes the inclusion of real radiation calculations necessary and therefore technically a bit more involved,
they should form no conceptual obstacle. The more complicated but equally more interesting part con-
ceptually is to go beyond stable top quarks and narrow-width approximations and include finite-lifetime
effects into the calculation. The systematic inclusion of top decay and clarification of how full EW
gauge-invariance will be related to this (presumably studied in the high-energy regime) will be crucial
for proper formulations of EW EFTs, and provide interesting challenges for the future.
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Appendix A

Conventions, notations and calculational
tricks

A.1 Conventions

A.1.1 Lorentz algebra

In this work we use the standard metric for special relativity and particle physics with minus signs in

the spatial components,
g = diag{1,-1,—-1, -1}, (A.1)

with the property (in d space-time dimensions)
9" g = d. (A.2)
In chapter 2, secs. 233l and [ZZ3] we use the following notation including the D’Alembertian O = 0*0,,

1
O =gmO— (1 - — | oY,
4 =9 < €A>

8 = g (D + M%) - <1 - é) . (A.3)

D%”O denotes the bare operator, where the replacement M% — (1\42)2 needs to be made in eq. (A.3)).

A derivative onto an expression that depends on p, but not manifestly on p? (say k - p) can

_d__
) d(p) .
be interpreted by the relation

_r e (A.4)

A.1.2 Dirac algebra

In chiral theories and high-energy processes (with massless or close-to-massless) fermions the use of the

Weyl-basis for the y-matrices,
v = 0 " (A.5)
ot 0

is useful, where o = (1,5) and = (1,—7). 75 is then given by

Vs = <_01 (f) : (A.6)

By means of -5 the chiral projectors, as defined in eq. ([233]), can be constructed. Another useful object
built out of the commutator of v-matrices is the tensor structure

[V, 27]. (A7)

ot =

N | =
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The y-matrices satisfy the Clifford algebra

{7} = 26", (A.8)

and allow to write the Dirac equations for on-shell (anti-)particle spinors (vs(p)) us(p, m)

(p—m)us(p) = (p+mvs(p) =0,  (p* =m?), (A.9)

and the completeness relations

Z Uuq(p)ic(p) = p+m,
> e (p)oe(p) = p—m. (A.10)

The relations in eq. ([A.IQ) are essential for deriving and applying projection operators for Feynman
diagrams involving external fermions (cf. sec. [D)). An explicit realization of the spinors in the Weyl-basis

reads
\/p-cr&y) <\/p-0770>
U, = _ , v = _ , A1l
+(p) (\/1).—0_50 s (P) —\/D 5N, ( )
where &,, 1, are 2-component spinors and ¢ is the spin quantum number. In this work we will not make
use of the explicit realizations of the spinors, the formal expressions in eqs. (A9) and (A0) will suffice

for our purposes. For more details concerning spinor solutions to the Dirac equation we refer the reader
to textbooks on QFT (for example [29]).

The frequently occuring heuristic notation % is to be interpreted in the sense
d 1, d ptd d

(A.12)

- d ap P Eaw P

Lastly, due to its importance for reducing numerator structures in Feynman diagrams, we restate a key
relation involving 3 Dirac matrices, as already used in the text (eq. (391))

YAy = ghhy” A — Ay e s, (A.13)

There exists a plethora of similiar relations, and we refer to textbooks on QFT once again.

A.2 Gordon identities

Another useful tool for the form factor approach to Feynman diagrams are Gordon identites, which can
be derived by appliciation of the Clifford-algebra eq. (A.8]) and the Dirac equations eq. (A9) as well as
the definition of o in eq. ([A). In this work we make use of the ones given below (we suppress the
spin index o).

+ (p1 +p2)v| v(p2) = u(p1) ¥ v(p2),

_ (p1 —p2)t | iot
(1) [ 2m 2m

_ (p1 — pa2)* ioh B

u(p1) [ T R Wt (p1 +pz)y_ v(p2) =0,

. +po)t o ‘ ]

u(p1) [(pl 2752) (R W (p1 —pz)u_ v(p2) = u(p1) Y5 v(p2),

(1 = p2)u | ulp2) = w(p1) " u(p2), (A.14)

(p1 +p2)t | ioh
(p1) [ 2m + 2m
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A.3 Non-analytic functions

In loop-calculations one frequently encounters logarithms and Dilogarithms (special cases of Polyloga-
rithms). When considered over the complex numbers C both show non-analyticities in form of branch-
cuts. The logarithm has a cut along the negative real axis, starting at the branch point z = 0. Logarithms
with negative real arguments need to be given a prescription onto which Riemann-sheet they will be
analytically continued. In this work we use the convention (for x € R,z > 0)

In(—2 +i07) =limln ( — z + i) = In (z) + im. (A.15)

l0
Also note the generalized addidivity for the complex logarithm [30],
In(ab) = In(a) + 1n (b) + n(a,b), (A.16)
for a,b € C, with
n(a,b) = 2mi{0 (Im[~a]) ¢ (1m[~b]) 6 (Ima b]) — ¢ (Tm[a]) 6 (m(s]) 6 (Im([~ab]) } (A17)
As a shortcut one can remember:
e In(ab) = In(a) + In(b) if Im[a], Im[b] have different sign
e In (%) =1In(a) — In(b) if Im[a], Im[b] have the same sign
Otherwise the n-function gives additional pieces of 274, whose sign needs to be determined by eq. (AIT]).

The Dilogarithm (also called Spence’s function), given by its integral repesentation

4
Lig(z) = — / ) 4. (A.18)
0
It has a branch cut along the positive real axis, starting at the branch point z = 1. For real arguments

x > 1 a prescription analogous to eq. (AJ5) is necessary. There are 2 useful relations for z € C

Lig(z) = —Lis(1 — 2) + %2 —In(z)In(1 — 2),

Lig(z) = —Lig <1> e % In?(—2). (A.19)

If there is a prescription like in eq. (AJH) for the logarithm, then the Dilog can be analytically continued
with the help of eq. (A.I9). Another important fact for this work is that the imaginary part of the sum
of Dilogs with complex conjugated arguments vanishes. Suppose z = x +1iy with x,y € R, then for y # 0

Im [Lis(z + iy) + Lis(z — iy)] = 0. (A.20)

If y = 0, then the single Dilogs are manifestly real for x < 1. For > 1 the careful limiting procedure
y — 0 using eqs. (AI5) and (A.19) again confirms eq. (A.20)). Some more information (e.g. expansions)
concerning the Dilogarithm can be found in [30].
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Appendix B

Feynman integrals and
Passarino-Veltman reduction

B.1 Systematic treatment of Feynman integrals

B.1.1 Tensor integral reduction

The Feynman integrals are of the generic form

(wo,wt,wn 1) _ (2%/])476[ / dk kukus - kup
Nty = iz | ) (k2 =m0 (k4 k1)? — m2er . [(k + ky_1)? — m_ ]
(B.1)
and are usually referred to as tensor integrals. The denominator convention in eq. [B.] corresponds to
the diagrammatic situation shown in figs. [B.l and [B.2l The k; are just sums of the N — 1 external
momenta p;,

n N—-1
kn, = Z pj, with overall momentum conservation Z pj = 0. (B.2)
j=1 J=1

By Lorentz covariance it is now possible to express these integrals as linear combinations of the external
momenta p;, or alternatively by the momenta k;, with the latter being the most frequent choice (e.g.
LoopTools [24], Package-X 2.0 [2I]). The expansion coefficients can be entirely expressed by the so-
called scalar integrals of the form

, ir? ) w2 — mZ((k + k1)? — m2 [+ k1) — m_ ]
(B.3)
The natural numbers w; are called weights. To avoid cluttering notation too much, we will only show
them explicitly if the set differs from (1,1, ...,1). In this work we will need integrals up to 4 denominators,
with the usual abreviations

o) _ (2@)4—‘1 / dk {1,k kuky, ...}7
{0,p,pv,... } G2 (27T)d [kQ _ mg]
plwow) . _ (2wy)4_d / d%k {1k, kuky, ...}
O 7 i (2m) [k2 — mg][(k + k1)? — m3]’
(wowrwg) _ (2mp) 1 / d'k (1, bk, .}
{Oupiar..} im? (2m)? [k2 — mi[(k + k1) — m3][(k + k2)? — m3]’
(woswrwa,ws) _ (2mp)* 4 / d'k (1, K, bk, )
Opopreey 02 (2m)? [k2 = mg|vol(k + k1)? = m3]“t [(k + ka)? — m3]*2[(k + ks)® — m3]"s
(B.4)
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The tensor decomposition up to rank 3 in terms of the momenta k; read explicitly (supressing Weight)

A, =0, (by symmetry k «» —k)

A;w = g;wAOOa
Ay =0, (by symmetry k <> —k)
B, = ki,Bi,

B, = guwBoo + k1K1, B,

B,uup = {g, kl}pupBOOI + klpkluklpBllly

Cuv = 9uwCoo + k1,k1,C11 + koukay, Coa + {k1, k2} 1 Cho,

C;u/p = {g7 k1 }uupCbOl + {9, kQ}uupCOOQ + klukluklpclll + k2uk2uk2p0222 +
+ {k1, k1, k2 }uwpChriz + {k1, k2, k2t Clao,
D, = k1,D1 + koy Do + k3, D3,

D, = guwDoo + k1,k1, D11 + kopkay Doo + k3 ks, D3g +
+ {kla kQ},ul/DH + {kQ, k3}uuD23 + {kl, k3}uuD13,

D,y =19 k1}wpDoot + {9, k2 }uwpDoo2 + {9, k3 }jwpDoos +
+ k1ukikip D11 + koukoykopDoog + k3 ks, k3pD3azs +
+{k1, k1, k2 twpDiie + {k1 kr, k3t wpDiis + {k, ko, k3t uwp D12z +
+ {k1, ko, k2 }wpDi2a + {k1, k3, k3 }uwpDiss +
+ {ka, k2, k3}wp D223 + {k2, k3, k3} wpDass. (B.5)

The momenta and metric tensors in curly brackets denote sums over all permuation of Lorentz indices,

Le. {plaPQ},ul/ = P1uP2v + P1vP2u €te.

The tensor coefficients (as well as the scalar integrals) depend on a set of parameters, namely the internal
masses and the external invariants (external four-momenta squared and Mandelstam invariants). More
specifically we use the following conventions:

A:A(mo),

B=B (p%;mo,ml) ,

2

(p17p27 b1 +p2) mO,m17m2) )

D (p3,p3. 93,01, (p1 + p2)%, (p2 + p3)*smo, ma, ma, m3) , (B.6)

for any index or weight set.
To effectively deal with various topologies (for box diagrams) it is convenient to introduce generalized
Mandelstam invariants (denoted with a bar on top)

5= (p1 +p2)* = (p3 +pa)?,

t=(p1+p3)* = (p2+pa)?,

!The tensor coefficients carry weight indices according to the original integral. Again, we only write them out explicitly
for cases different from (wo, w1, .. wn-1) = (1,1,...,1).
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Figure B.2: Momentum flow and internal mass conventions for generic 3- and 4-point diagrams.

/

= (p1+pa)® = (p2 + p3)°. (B.7)

Note that those need not be equivalent to the usual Mandelstam invariants, i.e. not necessarily s = s
etc. The exact identification will depend on the box topology, and can be looked up in the corresponding
chapter. For divergent parts we use

d =14 — 2, (B.8)
as well as the usual MS—replacement of the the t‘Hooft-scale
~ eﬁfE‘
:U‘2 = 2 4—5 (Bg)
m
where v = —17(1) is the Euler-Mascheroni constant.

B.1.2 1-point functions
Ap and Agg read explicitly:

m* (1 2 3
Ago (mo) = = (- +1n (“—2> + —> . (B.10)
4 m§ 2
The limiting procedure mg — 0 is straightforward and yields

Ag(0) = Ago(0) = 0. (B.11)

B.1.3 Scalar 2-point function

2-point functions depend on the external invariant p? and the internal masses mg, m;. The scalar function
By reads explicitly:

1 12 P2+ m2 —m2 m2
By (pz;mo,m1) == + In <m—%> — # In m—% +24+A (pz;mo,ml) , (B.12)
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where A (p2; mo, ml) is the logarithmic discontinuity of the PV-By-function,

A (p2;m05m1) =

2m0m1

Al/Q(pQ,mg,m%) | —(p2—|—i0+)—|—mg+m%+)\1/2(p2—|—i0+,m%,m%) B1
2 n 9 ( * 3)
p

and A(a, b, ¢) is the Kéllen kinematic function,
Ma,b,¢) = a® + b* + ¢ — 2(ab + ac + be). (B.14)
Bo(p?;mo, my) is symmetric under the interchange of masses mg <+ my
By (p?; mo, m1) = Bo(p?;m1, m). (B.15)

This remains true if one of the masses vanishes. Depending on the hierachy of the scales p2,mg,m%,
there are 3 kinematic regions to distinguish:

e p2 < (mg — my)?%: A\(p?;mp, m1) and the argument of the logarithm are both > 0, A(p?;mq, m1)
is therefore manifestly real.

e (mp —my)? < p? < (mo+my)% Ap?mp,mi1) < 0, so the square-root of the Kallen-function
needs to be analytically continued as \/A(a,b,¢) — iv/|\(a, b, c)|. A(p?;mg, m1) can be rewritten

in terms of inverse trigonometric functions

Vimam? — (< + md + )’
) :

A(pzﬂ mo, ml) =

(B.16)

2 2 2
ArcCos( P —|—m0—|—m1>,

2m0m1
and is still manifestly real.

e p2 > (mg +my)%: A(p%;mg,m1) > 0 again, but now the argument of the logarithm is < 0. To
ensure picking the physical branch of the logarithm, the arguments have to be equipped with the
usual infinitesimal imaginary partsﬁ. Bo(p?; mg, m1) now obtains a non-vanishing imaginary part,
which is given by the imaginary part of A(p?;mg,m1) (cf. eq. BI2). In this kinematic regime we
get:

N2 (p?, m, m3)

p? ’

a result which can also be obtained by cutting the (4-dimensional) integral expression of By (for

details see Sec. [).

Im [BO(pQ;mo,ml)] = (B.17)

Below we give the scalar By-function for some vanishing arguments, as these limits have to be
taken before integration.

1 2 m2 m2
By (0;mg,my) = - + In <:L—%> — 2702 In (#) 1,

1 2
By (0;m,m) = E—Hn <%>,

1 2
By (0:0,m) = 41 (%) 1= By (0:m,0).

1 2 m2 — p2 m2 — p2
Bo(pz;O,m):E+ln<%>+ p2p ln( m2p>+2:BO(p2;m,0),

2
By (mQ;O,m) :%—l—ln (%) + 2= DBy (mQ;m,O),

2for masses and external (timelike) invariants: m? — m? — 0", p® — p® +i07"
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2 1 I
By (p%0,0) = 2 +In{~75 | +2
B . _ 1 1 EUV=€IR
0(0;0,0) = — — — =", (B.18)
€uv €IR

The last integral By(0;0,0) is formally scaleless, but contrary to Ay its 4-dimensional integral ex-
pression is dimensionless. The simple limit of p? # 0, mg = m; = m can be taken straightforwardly.

B.1.4 2-point tensor coefficients

Below we give the tensor coefficients up to rank 3 in terms of the scalar functions Ay and By. Note that
they are in general not symmetric under interchange of masses mgy <> mj (except for the coefficients
whose indices only contain 0, i.e. Boo, Boooo, ---)-

1

B0 10) = 24 o (o) = Ao (i) = (0 + 108 ) Bl )}

1 (2
I%mem:Eﬁgﬁ@%+ﬁ%ﬁwW%”@Mww—hmw+

+ﬁMme+m0mn—Mﬁm@m%%@%mmm}

1 1
Bi1(p*;mo,my) = _3—194{6292 (3(7”% +mi) — p2) + (p* +m§ —mi) (Ao (mo) — Ag (m) )+
—p* Ag (my) + <)\(p2,m3,m%) + 3m3]92) Bo(p*;mo, m1),
1 1
Bom(p2;m0,m1) = @{ — 6p2 (3(m3 — mil) + 4p2(2m% + 4m% — p2)>—{—

- <>\(p2, mg, m3) + mgp2> (Ao (mg) — Ao (m1) ) — p*(2p® — m§ +mP) Ao (m)+

+ (p2 + m% - m%) )‘(p27 m%? m%) Bo(pQ; mo, ml)?

1 (1
Buna(psma,mn) = 25 402 (30m = mi) + 2220+ 4w — 7))+

+ <)\(p2,m%,m%) + 3m3p2) (Ao (mo) — Ao (m1) ) — p*(2p° + mi — m7i) Ao (ma)+
— (p* +mi —m?) (A(p{m%,m%) + 2m3p2) Bo(p?;mg, my). (B.19)

The UV-divergences of the 2-point functions are

1
BYY (% mo.mi) = 1
1

BYY (p*;mo,ma) = R

3(mg +m37) — p?
12¢ ’

B(%Jov(pQﬂ myo, ml) =

1
BYY (p*mo, my) = 3
2m% + 4m% — p2
24e ’

By (0% mo,my) = —
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1

B (0% mo,my) = I

(B.20)

To make UV-cancellations manifest, we will often times write out the e-parts explicitly, and therefore

choose the notation

B (p*mo,m1) = B (p*;mo, m1) + B_(p*; mo, m1),

(B.21)

indicating the UV-finite parts with a hat on top.

Expressions for vanishing or equal masses can be obtained by using the results of eq. [B.I8 In case
of vanishing (p? = 0) or on-shell (p* = m?) external invariant the limiting procedure is not as straight-

forward. We get:
[ ] B]_

By (0;mg, my)

Bl (Oa m, m)

Bl (07 07 ml)

Bl (07 mo, 0)

By (

i
™
)

)

3

) )

By (m3;0,mq)

Bl (pQ;m07 0)

[ ] BOO
By (0;mg,m1) =

BOO (0, m, m) =

Boo (0;0,m) =

[ B11

Bi1 (0;mg,my) =

1/1 2 4 2 2 _ .52
:__<_+1n<ﬂ_2>>+ mj 21%”%%%,
2\ A\mi)) 2 (m-m3)® \mi) 4 (m§—m3)
1/1 2
(e (e))
1/1 u? 1
= —— — 1 R —
(e () 2)
1/1 2 3
-~ (Z+m(& =z
s (e 3)*2)’

1/1 qu (m%—p2)2 m%—p2 m%—2p2
=5 -t )|+ ;o ) 5
2 \ e 7 2p my 2p

1/1 2
=——<—+1n<“—2>+1>,
2 \ e 7
_ 1 l—i—ln w _mg_p41 mg —p*\  md+2p?
2 \e 2 2pt mé 22
1/1 2
5 ())
2 \ e 5
1/1 12
=—(-+In(-5)+2). B.22
2<6+n< p2>+> (B22)
mé+mi (1 | 2 mg | ma 3 (md 4+ mi)
o \emm2)) T ami—my e s
1 0 1 1
m? (1 u?
7(;““(@)“)7

(B.23)

1md — Tmim? + 2m7

18 (m2 — m?)?

)

2 2 N3 2
mi 3 (mo — ml) my



1/1 w2
B (0; = (=+n(
11 (0;m, m) 3 <e + n<m2>>,
1/1 w2 1
Bi1 (0; =— (=4 )+=
11 (0;0,m1) 3<€+n< %>+3>,

1/1 2 11
By (0;mg,0) = 3 <— +1In <'M—> + F) . (B.24)

e Boo1

mi 72 (mg — ml)

2 2 2 6 2 20,2 2 4
B mg+2my (1 m m 11m§(mg +m3) — 16m
001 (0;mg,m1) = — 0 1 <_+1n<'u_2>>+12(—0)21n< g)_ 0(mg 1)2 1
1

“—2> + 11) : (B.25)

. _ 11 w mg M
Bi11 (OamOaml)—_Z (E‘{'ln (m_%>> +Wln m_% +

25m0 — 23mgm? + 13m3mi — 3mf) — 16m$

48 (mo - m%)s

)

1
Bln(Omm Z(

1
Bi11 (0;0,mq) ~1 <

1/1 u? 25
B - - B.2
111 (0;m0,0 1 (E ( > + 12) (B.26)

B.1.5 Derivative of By and higher weights

The computation of field strength renormalization constants includes taking derivatives of 2-point func-
tions. To avoid calculating derivatives of all tensor coeflicients, we scalarize the results with help of eq.

B19 [B.:22] B:23] [B:24] [B.25] and only then take the derivative with respect to the external invari-
ant p. In this way we only have to give the quantity Bf(p?;mo, m1) = dpg Bo(p?;mg, my). By using
the replacements of appendix [A-T]] it is straightforward to show that (by differentiating the integral
expression)

By (p*mo,ma) = = B3 (p*smo, ma) = By (0% mo, my) (B.27)

The scalar functions Ay and By for weights (2) and (1,2) read

1 2
A(<)2> (mO) = E +In <T/:L_> = Bo(o; mo,mo),

o

2 2 2

(1,2) 1 mg P +m0 mj
By —In|—5 ] -———"5—% A

(p mo,my) = 2 n< 2> N2, 2, m?)

my pe,mg, my

(p2; mo,my). (B.28)
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The tensor coefficients up to rank-3 are

1
B o, mn) = 5 5 {BO (%m0, ma) = Ag” (1) = (7 + i — m3) Bél’Q>(P2;mo,m1)}’
B (2 mo, my) = o {2p2 ~ Ao(mo) + Ao(my) + (0% — m@ +m3) A (my) +

1,2
+2 (p2 + mg - m%) BO (p2am05m1) - )‘(pzamg7m%) B(<] >(p2a mOaml)}a

1 2
B (0% mo,my) = 3—]94{ - % + Ag(mo) — Ag(my) + (29 +m2 —m?3) AY (my) +

1,2
-2 (p2 + mg - m%) BO (p2?m05m1) + (A(p27m%’m%) + 2m3p2> Bé >(p2’ mo,ml)}a

1 8pt
Béé’? (p%;mo,my) = @{ — % +mip? + 2(p® + m§ — m7) (Ao(mo) — Ag(ma)) — p* Ag(m1) +

+ (A% md,md) — p? (207 — 2mF +m3) ) AF (ma) +
- ()‘(p27m%7m%) +2 (p2 + mg - m%) 2) BO (p27m07m1) +

1,2
@+ m2— md) AR md, m?) B ><p2;mo,m1>},

1 4p*
BiY (9 mo, ma) = —4—p6{ =+ mip? 2% + m — m3) (Ao(mo) — Ao(m1)) — p* Ao(m1) +

+ (A2 md,m3) + 5 (2% + 4md —m3) ) AT () +
— (3 Ap?, mé, m3) + 1Om3p2) By (pQ,mo,ml) +

+ (p* + m —m?) <)\(p2, mg,mi) + 2m%p2>381’2> (p?;mo, ml)} (B.29)

Evaluating for specific kinematic situations is intricate because of the possibility of IR-divergences. We
have

° Bé)l’2>
1 m? — p?
B<172> p2;07m1 = _—1n <17> ,
§ @0.m) = (M
0 15T 2m? \ e m? ’
1 1 12 md . (md —p?
BL2) p2mg,0) = ——— <_ +1n <7> ——91n (07 )
0 ( ) m(Q) _ p2 € m(?) _ p2 pZ m(%
1 (1 w2
B2 (2. 0)=—(=+In( = 2
o (mg;mo,0) omd \e +In m2 +27,

3The integrals Bg"* (m2;mo,0) and B{"#(m2;mo,0) (as well as on-shell integrals Bi*'(m?2;0,m;) and
Bézl}(m?;(), m1), which are not presented here) show IR power-divergences, and need to be regularized by either go-
ing off-threshold or analytically continuing to sufficently large values of €. The results presented here use the latter method,
which however questions the expansions around d = 4. In the real calculation these power-IR-divergences always cancel or
do not show up at all if the calculation is properly reorganized.
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my — my 0~ ™ my
1,2 1
Bé ) (0;m,m) = 52
1
BéLQ) (O;O,m1) =——3,
1
(1.2) (. (e
0 0
° B§1’2>
1 (m?—p? 2 p2
B2 p2:0,m, :_< 1 ] ( 1 >+1>’
1 ( ) P2 p2 m%
(L2) (2, -
B, (ml,O,ml) = —3,
1
1 1 1 mg . (md — p? 1
7 (p%mo,0) m3 — p? e+n m3 — p? pt m§ +P27
1 /1 2
B<172> 2, 0)=— (= 1 =
\ (mo,mo, ) m% c + In m% )
1 mé m2 3
B (05mo,mi1) = ( w7y <_0> B _> ’
' mg —mi \(m§—mi)?  \mi/ 2
1,2
B§ ’ >(O;m,m) PYCE
B§172> (anaml) = 2
1
1 s 1100, mg € m% 2 : ’
e ByG?
1 1 M2 (m o p2)2 m2 _ p2 2p2 o m2
B (p%50,m1) = =4 = +In [ 55 ) - A n (2 L
00 (p, ’ml) 4 e +in m? pA m? * p? ’
B2 (mz'O ml) 1 {l +In <,u_2> + 1}
00 1Y - )
4 | e m?
1 1 M2 m4 _ p4 m2 o p2 2p2 4 m2
B<1’2> 2. 0)==-<2=41 Lall 0 1 0 0 ’
o0 (P3mo0,0) 4 e+nm% * T mé p?
B (mdimo,0) = - {1 +1In (“—2> + 3}
00 0 ) ?
4 e m?
1(1 u? mi m2 3m2 — m?
B<1’2> 0: N S | ="y 0 1 '} 0 1
oo Omo, ) = et Gz T = M ) 2w =)
1,2 1 {1 p
Bl omom) = 1 {2 () ],



€
B2 (p2.0 0) ! l—i—ln _M_2 19 (.32
00 s YUy 1) » . .
By
L f(mi—p*)?. (mi—p*\  2mi-3p?
B{L2) p2:0,my) = _{ 1 In ] 2 |
11 ( ) p4 pg m% 2
(1,2) 2, 1
By (m1;0,m1) = “5
1
1 1 2 6 2 _ 2 2,2 9 9 3 9
B (p%mo,0) = 272{_“11 <2M72> ~ g (mo - ) _ (mo =P 1”0+ P )},
3 1 2
B%m (m%;m070) = o2 {E +1In (%) + 1} ’
0 0
1 m6 m2 11m4 _ 7m2m2 + 2m4
BiL2) (0;mg,my) = {_ 0 In <_0> + 0 omi 1},
H e W T VY A T T
1,2 1
Bil > (0;m,m) = o
1,2 1
B§1 > (Ovo’ml) — _W’
1
2
(1,2) /. 1 1 U 11
it o = (o () + 5}

1 (1 2
o 00 = 5 o () -

It is pointed out that the %—terms in eqs. [B.30 and [B.31] are IR-divergences, although there is no
distinction due to analytic continuation.

} . (B.33)

B.1.6 Scalar 3- and 4-point functions

The scalar 3- and 4-point functions are much more involved than the 2-point functions, and presentation
for arbitrary arguments becomes unviable. For a complete discussion including arbitrary arguments see
the classic paper [30] or [§]. Except for very specific kinematic argument sets the explicit expressions
for scalar functions Cy and D, are relatively lengthy and consist of a sum or Dilogarithms. Since
we will not need explicit expression to cancel IR-divergences etc., we keep the Cy and Dy-functions
implicit in this work to avoid getting the notation too involved. The same goes for 3- and 4-point tensor
coefficients. Their reduction, albeit straightforward, usually results in quite some lengthy expressions
if there are many different scales (internal masses, external invariants) involved, such as in our case.
Instead we make heavy use of the Mathematica package Package-X 2.0 [2I], which allows the tensor
decomposition and subsequent scalarizationﬂ of Feynman one-loop integrals.

4scalarization = replacements of all PV-coefficients by their expressions in terms of scalar functions. The package actually
does also substitute Ao, Bo explicitly, as well as Co and Dy if their set of arguments allows a representation much simpler
than the full expression.
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A convenient feature for symbolic calculation is the high degree of symmetry in the arguments, char-
acteristic of scalar n-point functions. Specifically, for Cy and Dy we have:

Co(s1, s2, $3;mp, m1, mg) is symmetric w.r.t. the following permutations:
e cyclic, {s1 — s2 — s3,mp — m1 — ma}

e order reversal, {sy <> s3,m( <> m1} or {sg <> s1,mg <> m3} or {s1 <> s3, M9 <> M}

Dy(s1, s2, 83, S4, S, 4; mg, my, ma, mg) is symmetric w.r.t. the following permutations:
e cyclic, {s1 — s2 — 83 — 84,8 <> w, My — M1 — Mg — M3}
e order reversal, {s] <> sy4, S92 > S3,M1 <> M3}

e transposition, {s] <> §,s3 <> U, my <> Mo} or {sg <> U, S4 <> §, Mg <> M3}

B.2 High-energy expansions of scalar n-point functions

For the extraction of the high-energy behaviour of the Passarino-Veltman coefficients we assume the
hierachy
U - 2 as2 a2 2
{15l [£], [al} > {mi, My, Mg} ~ Apw. (B.34)

We refer to s, u,u ~ A%ard as the hard scales. In the following we only give the expansions of the scalar
n-point integrals, as we will adopt the recipe of first scalarizing the diagrams and then use the high-
energy expansions for the scalar integrals (followed by another expansion to account for the respective
prefactors). The scalarization procedure can be carried out analytically by Package-X.

The one-point function Ag is independent of external invariants, and there is no expansion in the high-
energy regime. The higher n-point functions show logarithmic dependence on the ratio A = Agw/Anard,

Anard
need to take into account higher-order contributions (see below). The results are drawn from ref. [27],

RiiE)

0
and we will give the expansion up to (and including) (’)(( Apw > >, with the exception of By, where we

B.2.1 2-point coefficients

The 2-point coefficients show at most linear logarithmic dependence on X if p> = 5 >> A%W. For the
scalar function we find

_ 1 ,u2 mé + m? momi

4 4 2,2
mg+my;  2mgmy momsi 3
— — In | —— O(A”). B.35

252 2 M\ T )T () (B.35)

The log-terms have their origin in the logarithmic discontinuity A(s;mg, m1), whose expansion reads

2 2
A<s;m0,m1>zln< mo M )+mo+m1 [Hln (M>]+

-5 —i0* s —5—i07"
4 4 2,2
mgy+mi]  2mgmy momi 3
- — 1 O(A\?). B.36
252 2 "\ 50+ +O() ( )

We do the expansion up to (including) O(A?) as we will need these higher-order terms for the longitudinal
parts of gauge boson diagrams (vertices and boxes).

5Note however the different notation for internal masses, using {mo, m1, m2,ms} instead of {m1, mz2, ms, ma} in [28].
Futhermore, the ordering of the external invariants in Cp in [27] is different than the standard one, and a permutation
$21 <> s2 has to be performed to make contact with the usual cyclic ordering
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B.2.2 3-point coefficients

The 3-point coefficients can show both quadratic and linear logarithmic dependence on \. Following [28§]
we use the abbreviation

' 2p2 + 07T
Lape =L (pa; my, mc) = Lip Pa +
m} — m2+ pd + 107 + /AR + 0%, m, m2)

2p2 4 i07"
+ Lis Pa + 10

(B.37)

mi —m2+pd +i0% — A2 + 0%, m?, m2)

For the scalar PV-triangle coefficients we need to distinguish wheter the mass m, adjacent to the high-
energy external invariant s is zero or non-zercﬁ.

e my # 0, p?, p3 arbitrary:

1(1 m?2
CHE (2 p2. s = (—L )+ L B.38
0 (p17p2787m07m17m2) s 2 n 5 _ ’LO+ + Lojg + 110 ¢ » ( )

® Ty = 0,])% 7£ mg,P% 7é ’I’I’L%I

1 mg_pg m2_p2
HE (2 .2 . _ - —0 —2 -2
Co (plap2’87m0’0’m2) - g{ln <—§—i0+> In <_§_¢0+> +

. p7 + 10 . p5 + 10
L L , B.39
+ 12<—m%+p%—i—i0+> + Lip (—m%+p%—|—i0+ ( )

N S e
1(1 m? 2
CgIE (0,p%,§, O,ml,mQ) = g {5 1112 (ﬁ) —|— L212 + F} s (B40)

The extraction of the imaginary parts from the Dilogs in eqs. [B.38 and [B.39] via the Dilog-identities
[A.19] demands some care to take the correct branch. The results for the imaginary parts agree with the
ones derived from the Cutkosky-rules (app. [Clif those are expanded in the high-energy limit.

For reference below we give the explicit expressions for Cy-functions specifically used in this work:

1 M2 2
S —5—1
HE [ 1 = 1 M} M3
Co(0,0,5; My, 0,Ms) = 3 In 0" In 0t (B.42)
1(1 M? m? 72
HE (2 2 . I R e ; .
Cy (m,m,&O,M,O)—S{an < S >+2L12<M2>+ 3}, (B.43)
1(1 M? 2m?
Cé{E (m2,m2,§;m’ M?m) = -5 1112 - +2L12 o +
512 5 M2+\/M2(M2—4m2)
2m?2
+ 2Li , B.44
? <M2—\/M2 (M2—4m2)>} (B.44)

SBecause of possible IR-divergences when the other legs go on-shell (p? = m%, p3 = m3) in the case of m; = 0.
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C(%—IE (m27 m27 S; M17 07 MZ) -

1 | M12 —m?2 1 M22 —m? n
n _— n _—
5 —5—140% —5— 30t

2 'O+ 2 'O+
+L12< et >—|—Li2< e >} (B.45)

—M3? +m? +i0t — M3 +m? +i0+

1(1 2 2m?
Cé—IE (m27m27§; MlamaMQ) = f{_ 1n2 L) +L12 T +
512 - 2m?2 — M2 + /ME(M} — 4m?)

+Li 2’ +
1
“\om2 — M2 — /D200 — am)

Iy 2m? n
Li
? 2m? M22 + \/MQZ(MZ2 — 4m?)

+ Li 2 } (B.46)
i , )
“\om2 — M2 — \/ME(ME — am?)
CEB (0,m?, @0, M, m) = =4 2 1n? MEN Ly 2 +
m*, u; m)=—¢=In" | ———— i
O TR a2 T \—u—iot P\ M2+ ARV — 4m?)
2m? 772}
+Li + 4 B.47
’ <M2 — /M2 - 4m2)> 6 (BAT)

B.2.3 4-point coefficients

The scalar 4-point function in the high-energy regime can be reduced to a linear combination of high-
energy expanded versions of scalar 3-point functions. The central result [27] is

HE (,2 2 2 2 - -, —
DO (pl?pQ’p3ap4aS,ua mO,mlamQam?)) —

1 —5—40" 1 B _
=~ {111 (m + WQ)} + 5{05{]3 (p%’pgys;m(]amlam2) + G (p§,p§,s;m2,m3,mo) }+

W | =

+ {Cé—IE (p%7p22’)7ﬁ7 m17m27m3) + C(%—IE (p1217p%7a7 m37m07m1) }

(B.48)

which is also valid if some internal masses vanish, i.e. if the corresponding high-energy expansions of Cy
can be plugged in. Consequently, this formula does not hold for IR-divergent cases.

The two specific expressions used in this work are given below:

D(I){E (0’05m2,m2’ga’a;MlaO,MQaO) =
1 M} M? m? — M? m? — M2?
= dIn|—r )In(—2 In [ 2——1 ) ([ —"2
su{n<—s—i0+>n(—s—i0+>+n<—s—i0+ "\ )T
1 M} 1 M2 —1 — 0% w2
2 —r 2 —2 ) (- ) -
o <—u—z’0+>+2 "\ Sacior) T M\ Sor) 3T

Ry m2 +i0t Ry m2 +i0t Ry m2+i0T L m2 +i0t
1 —_— 1 —_— 1 1
2\ 2\ M2 P\ =MZ+mZ ot P\=M2Z+m2+i0t) [

(B.49)
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D(I){E (O,O,mQ,mQ,E,ﬁ; M, 0, Mg,m) =

1 M} M3
= JdIn|——1L )1 2
su{ " (—s—z‘0+> " (—s—z‘0+>

1 m? 1 M?
_12 e _12 1
o <—s—i0+>+2 " (—u—z‘o+ *

1 M3 —u—i0tY 272
21 2 2 1 2 _
o <—u—i0+> R 3 "

2m?2

+ Lio

M + /M7 (M3 — 4m?)

2m?2

+ Lio

M3 + /M3 (M3 — 4m?)

2m?2
+ Lip +

M3 — /M7 (M3 — 4m?)

2m?2
+ Lig +

M3 — /M3 (M3 — 4m?)

2

2m?2

+ Lio

2m? — M + /M3 (M3 — 4m?)

. 2m?2
+ Lio
<2m2 = M7+ /M7 (M — 4m?)

. 2m
+ Lio
2m? — MP — [ M} (M7 — 4m?)
2 2
+ Lio m
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Appendix C

Imaginary parts

C.1 Imaginary parts of scalar PV-functions

For timelike processes (pair creation, annihilation) the non-analytic functions (i.e. logs and Dilogs)
can obtain branch cut singularities that lead to non-zero imaginary parts when these functions are
analytically continued according to the i0™-prescription. For s > 0 we typically have

—5— 10" s ,
11'1 (T) = 11'1 (E) — T, (Cl)

and similiar continuations for the Dilogs. In principle it is possible to (analytically) extract the imaginary
parts by calculating the full diagrams/amplitude and use the i0™-prescription as above. However, this
procedure is quite involved as the expressions tend to be very lengthy. A more systematic and therefore
better way is to determine the imaginary part independently from the (usually very involved) real
part computation. The most elegant way is to firstly calculate the discontinuity and subsequently the
imaginary part of a diagram/amplitude M = M(s) by the relation

Disc [iM(s)] = iM(s +i0T) —iM(s —i0") = —2Tm [M(s)] . (C.2)

The discontinuity of a diagram/amplitude is given by applying Cutkosky s rules [ ([31l), which effec-
tively turn the loop integration into an integration over the Lorentz-invariant 2-body-phase-space of the
2 cut loop propagators that are put on their mass shelﬁ.

To obtain the discontinuity of a diagram/amplitude, the following manipulations need to be carried
out (Cutkosky rules):

e Cut through 2 propagators so that energy-momentum conservation is maintained if both propaga-
gators are put on their mass shell.

e Replace each cut propagator by

1

A (2r)eER)p" —m?) (C.3)

The sign in #(+k%) is determined by the direction the momentum k passes the cut. The choice of
direction has to be kept to ensure consistency.
e Carry out the integrations.

e Sum over all possible cuts of the diagram.

IThis procedure is also frequently referred to as ”cutting the diagram”.

2The application of the cutting rules is essentially equivalent to going back from covariant perturbation theory to old-
fashioned time-ordered perturbation theory. It is also closely connected to the optical theorem, but as we will not make
use of this, we do not give further details but instead refer the reader to textbooks and reviews on this subject.
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e The result is the discontinuity of the amplitude, see eq.

These rules can be applied to the Feynman diagrams directly including potential non-trivial numerator
structures (such as k- p). However due to the number of diagrams it is more convenient to first scalarize
the expressions and only cut the scalar PV-functions, which we will do in the following. The downside
of this procedure is that single cuts of the initial diagrams might not be uniquely resolved anymore. It
is emphasized that only IR-finite cases are treated in the following.

C.1.1 Generic cut through 2 propagators

The cutting of the propagators and part of the integration can actually be done without knowledge of
the (possibly) more involved structure of the diagram one is interested in cutting. Since we will only
treat one-loop diagrams, cuts will always slice and replace 2 propagators according to eq. Without
loss of generality, we can assume that the propagators we want to cut have the for

Ty= 1 [a% (K2 —m2] " [(k+1)? —m3]

-1
2 R

(C.4)
where the dots represent possible additional propagators (or structure) like for Cy or Dy. Application of
eq. yields

Disc[i 7o) = T2 [ g (k) 6(k2 — m2) B (K + 19)) 8((k + 1% — m?) (C.5)

Note the signs inside the #-functions. With our choice of momentum routing, the momenta flow through
the cut in opposite directions, and hence their time components are equipped with opposite sign. We
now make use of the well-known Dirac delta identity@

5(f(96))=2%, (Fla)=0 Vi), ()

i

to write 0(£p°)d(p? — m?) = (2E;)~18(p° F Ej) with Ez = \/p? + m?2. Focusing on the integrals for the
moment we get

/d4k 0(+k°) 6(k* — md) 0(F(K° +1°) §((k +1)? —m?) =

4 0<\/E2+m%>0< (E+f)2+m§> o o _

B / o 2\ _

_/dk ok 4 m2 20/ (k + D)2+ m? 5<k " k2+m°> 5<k e (k+l)2+m1>_
0 1

6<l°i\/l¥2+mgi\/(l€+f)2+m%>. (C.8)

1
:/d%
4\//%'2+m3\/(l§+f)2+m%

From the d-functions in eq. it is clear that (with the chosen momentum routing) k° and [ must
have different sign to ensure consistency of the procedure. Since for a given convention of momentum
flow the sign of [V is fixed, the proper sign of k% can be read off accordingly. In this sense the cut is

*If the first one also has a non-trivial momentum within the square, say [(k +11)° — mg] [(k + l2)*> — mi], we can shift
momentum k — k — [; to achieve the form When dealing with scalar PV-functions, this shift is for free. If the
numerator structure is non-trivial or if there are additional propagators, the shift has to be taken into account there as well.

4Since we have a product of 2 d-fcts. and will use them to carry out integrations over k° and |I‘c‘|7 a quicker treatment
would be to use the 2-dimensional generalization of eq.

Sz — )6y — i)
9f 99 _ 9f dg ’

Oz Oy Oy Oz Ty

3§ (f(a,9) 3 (g(z,y) = (f(z:) =0, g(yi) = g(y(xi)) =0, Vi). (C.6)

7

The subsequent treatment of both ‘s in the text is equivalent however, and somewhat more transparent.
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directional. Furthermore the invariant (? involved in the cut must be timelike (I > 0) to give a non-
vanishing contribution to the discontinuity, as in the case of spacelike behaviour (I? < 0) there is a frame
where [ = 0 and the integrand has no support (cf. arguments of the f-functions).

Making use of the Lorentz-invariance of the phase-space integration, the above integral is now easi-
est evaluated in the frame where [ = 0. In this frame the argument of the J-function has the roots
(taking the positive one as |k| > 0)

1/2 ((10\2 =2 =2
SN0 P - o1 A ((l),mo,ml)
f(k) =1 :I:\/k2+m0:|:\/k2+m1—0 = |kl = o0 ,

L k[ 1°
\/E2+m3 \/E2+m% \/E2+mg\/l¥§2+mg

where in the last line we used f(|k|) = 0 in the numerator. Using eq. we obtain

< e L 1/2 ((10\2 2 =2 0~ - 2 7 Al/Q((ZO)Qamg’m%)
----/dQE/O dF|IF me(w (2. m3,m2) ) 6011 ~rmg—mn) 6(12) 6 |FI— i )

(C.10)

Note the #-functions in eq. The first one ensures |k| > 0, but since the Kallen-function A(a, b, c)
is symmetric in its arguments, it not only defines the physical threshold ((I°)? > (mq + m1)?), but also
the situations where one of the internal masses is larger than the other two arguments. The second
f-functions avoids the latter caseﬁ, and it has its origins in eq. (first row). In the following we drop
the first one as it is superfluous in presence of the second one (for mg, m; > 0). The last one implements
the nesessity for timelike invariant {2 > 0.

F(k]) =+

(C.9)

The integral over |E| can now be carried out straightforwardly. We calculated in the rest frame of [
(I = 0), but the covariant result can be obtained straigthforwardly by replacing 1] = /2] = V2.
Collecting everything we obtain the intermediate result

AV2(22, i, 3

1
Im[T°] = -3 Disc[i Tp] =

) O(VI2 — iy — 1) 0(1%) /dQE (C.11)

472
|%]
2v12
with
. = - sign(1°) B B
k0 = —sign(1°)\/ k2 + m2 = TToVE |12 + m§ —mi|,
- 1
|k| = —)‘1/2(l25m15m%) (012)

2/12

where the dots indicate potential additional propagators/structure. The remaining integral over the
solid angle has to be interpreted in the principal-value sense, i.e. with the i0™ dropped for additional
loop propagators, and needs to be evaluated in the rest-frame of [ for consistency. Eq. will be our
starting point for the discussion of By, Cy and Dy in the upcoming sections.

C.1.2 Scalar 2-point function B,
Remindelﬁz

1
o[p™;mo, ma] in2 [kQ _ m% + ¢0+] [(k +p)2 —m3 + i0+]

5Note also that we always have m; > 0

SKnowing that the cut can be formulated in a covariant way, this is the only consistent possibility as in this frame we
have (1°)% = 2. This trick of reexpressing variables in a certain frame by Lorentz-invariant objects to quote the covariant
result will be crucial also in the next sections.

"For the determination of the imaginary part it is sufficient to cut the 4-dimensional integral expression rather than the
d-dimensional version

(C.13)
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The imaginary part of the scalar 2-point function is trivially derived from eq. [C.I1] as there is no more
loop propagators or structure to consider. The angular integral over the full solid angle contributes a
factor of 4m. Also, there is only one cut to consider. We get:

1/2 2 2
Tm|[Bo(s3mo, m1)] = WMH(S)H(\/E—WLO — ) (C.14)
C.1.3 Scalar 3-point function C)
Reminder:
1
Colk?, (ka—k1)?, k2;mo, m1, /d4/<:
okt (=) Ko mal = 525 f K (e 0 Gkt ? 4 0] (5 R — i 1 107)

(C.15)
The 3-point case is more involved, as in total there are 3 cuts that (potentially) contribute to the
discontinuity of Cj, and there is another propagator in the loop that makes the angualar integration
non-trivial. Generically the integral has the form

1 +1 dz
2nlc = | dQUp 7——5——5 =27 = =, (C.16)
(k +p)? —mj —1 k2 +p2—m3+ 2k0p0 — 2|k||p]2
where the trivial azimuthal integration gave a factor 2w and w.l.o.g. the coordinate system was chosen
so that p|| és (and z = cos(0)). The remaining integral gives a single logarithm,

/“ dz_ |Relzo]/>1 1 n <zo + 1> mg —m3 + p? 4 2k°p°

= 20 — = . (017)
2V<¢Hﬁl S 2|k||pl 2|k||p]

To be more specific, consider the cut where in the expression [C.15] the first two propagators are cut, i.e.

we identify [ = ky = p; and p = ko = p1 + p2 = —p3, where the p; denote the external momenta (all
incoming) and we assume the external invariants to be timelike,

pr=5;>0. (C.18)

The task is to express the momenta in the rest-frame of [ = p; in terms of the Lorentz-invariants s;. We

find:
S
pP1 = (U%_1> 3

Dy = 1 (J(—81—82+83)>
27 2y \W2(s1,80,83) 7))

1 o(—s1 + s9 — s3)
ps = 2\/§ (—)\1/2(51, S92, 83) ﬁp ’ (019)

where o = sign(1°) is indicating whether the momentum is incoming/outgoing. Plugging these expres-
sions into eq. [C.17 we get

Isl _ \/§

= = X
“ |k|>\1/2(51552,83)

mi —m3 + s3 — 2; {(s1+md —m3)(s1 — s2+ s3) + AV/2(s1,m3, m$)AV/2(s1,m, m3) }

(C.20)

. <m% —m3 + 53— Qil {(s1 +m8 —mi3)(s1 — s2 + s3) — )\1/2(51,mg,m%))\lﬂ(sl,m%,m%)}>

We did not plug in |E| as this factor will cancel in eq. [C11], as will the factor \/s1 against 1/|l?| in the
denominator. The other cuts can be treated analogously (or using symmetry relations), and give the
same result as eq. modulo cyclic permutations of the s; and m;. Defining a cut-function FS.,

F&i(51, 59, 5330, M1, m2) := 0(s1) 6(\/s1 — 1o — 1y X
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. mg —m3 + 53 — 5= { (51 + m§ — m3) (51 — 52 + 53) — AV2 (51, mE, m) A2 (s, mE, m3) }
n b
mg —m3 + 53 — == { (51 +mg —m}) (51 — 52+ 53) + A/2(51,mE, mP)AV/2(51,m3, m3) }
(C.21)
the imaginary part of Cjy can be written as
m[Co(s1, s2, 833 M0, M1, m2)| =
T
= ”—{Fgm(sl, $2, 83510, 1M1, M) + Fag (83, 51, 825 Mo, mo, m1) + Fg (52, 83, Sl;mlam%mo)}
A2 (s1, 59, 53)
(C.22)
C.1.4 Scalar 4-point function D,
Reminder:
Dolki, (ky — k1)?, (ks — k2)?, k3, k3, (ks — k)% mo, m1, ma, m3] =
1 e 1
in? (k2 —md 4+ 0% [(k + k1)2 — m? + 0] [(k + k2)? — md + 0T [(k + k3)? — m3 + 0]
(C.23)

The scalar 4-point function Dy has 6 independent invariants and therefore 6 different cuts contributing to
its discontinuity: 4 cuts along the corners plus the s- and u-channel cuts. The angular integral now has
2 uncut loop propagators, but as in the triangle case the integration can be done symbolically without
specifying the cut channel. We start by combining the uncut propagators with Feynman parameters and
afterwards perform the angular integrations:

1 1
QWID:/dQ~ /dQ / dx
T+ 92— ma] [0+ a)? - ol(k+p)? = m3) + (1= 2)((k +)* = m3)]’
1 2) 1 +1 1
/dQ/dx = — /dw/ dz - =
r)+2k- Q)" AEPIQ@)P Jo S [ Ale) +28Q7(x) ]2
2|K||Q()]
=29
2 ! ! 1
:+/ dr — :471'/ dx 5 — , (C.24)
AEPIQ@)Z Jo A — 1 0 (A(z) +2k0Q%(z))” — 4|kP|Q ()P
where
Alw) = K + 2(p® = m3) + (1 — 2)(¢* — m3),
Qz) =ap+ (1 —x)q. (C.25)
The denominator N(z) is now a polynomial of 2nd order in the Feynman parameter x, and can be
written as
b+ Vb? —4
N(z) = az® + bz +c = a(z — z1)(z — x2), T2 = o =y (C.26)

After partial fraction the integral can be carried out. It yields

2 [l 1 2 x] —1 T2
P a/o T — )@ — 1) a($1—$2){n< T >+n<$2—1>}

(
o) (et =L o)




where the n-function is defined in sec. [Al eq. (AIT). Observing

C

(r1 — Dz b+ 2c+ Vb2 — 4dac

a(x] — x2) = Vb2 — dac, T1To = —, = , C.28
(21 2) T (xa—1Dz1 b+ 2c — Vb2 = 4ac ( )
the final result for Ip reads
2 b+ 2c+ Vb? — 4dac 1 —1 w9
Ip=-—=dm 1y , . (C.29)
Vb2 — 4dac b+ 2c— Vb? — 4dac 1  wp—1

Since the integral was interpreted in the principal-value sense (without i07), the imaginary parts of this
expression are controlled by the behaviour of the discriminant b — 4ac. We have

1] Vaac — b2
Im [ml L. 0(4ac — b?) Viac — 07 ,
rr 2c
1 Vaae — b2
T | %2 — 0(4ac — b?) 2cvV4ac —b ’
xo — 1] (b + 2¢)? + 4ac — b?
_ 1 VAac — b2
I | @122 g gy 2evdac— bR (C.30)
z1(z2 — 1) (b + 2¢)? + 4ac — b?

Observing that 4ac — b> > 0 in the regime with non-zero imaginary parts, we get for the sign of the
imaginary parts:

sign <Im {xl —1 > = A(4ac — b?) sign(c),
T ]
sign (Im [ 2 ) = A(4ac — b?) sign(c),
Tro — 1_
sign (Im [M- ) = O(4ac — b?) sign (b + 2c), (C.31)
xl(xg - 1)_
so the relevant n-function is
xp—1 Z2 N . g2 _ _ g _ =
77( o e 1) = 2mif(4dac — b )<9( c)0(b+2c) —0(c)0(—b 20)) = 7(a,b,c). (C.32)

Now let us turn to a specific cut, for example the “corner cut” with s; incoming. For this cut we
make the identifications

[ =p1, P =p1+p2=—pP3— P4, q=p1+p2+p3s=—ps (C.33)
In the rest-frame of [ we have explicitly
0+/851
pP1 = 6 )
1 (8 — 51— s9)
p2 2\/§ )\1/2(8,51,82)ﬁp ’
1 ot—s1—s3) ) 1 o(—=5—u+ sg + s4)
p3= 2\/§ )\1/2(5’ S1, 83) ﬁp/ a 2\/§ \/(—§ — U+ S2 + 84)2 —4sqs3 ﬁp/ ’
1 o(u— s1 — s2)
= = . C.34
b1 2\/§ ()\1/2 (ﬂ, S1, 54) ’I’Lp// ( )
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We rewrote the t-dependence of p3 as it is conventional to quote # instead of ¢ in the list of arguments
of the scalar 4-point function Dy. With Q(z) = —py — zps and

Q% = (Q°)° — |G(@)P? = s4+a?s3 + 2(5 — 53— 54), (C.35)

we are in a position to quote all the necessary ingredients to determine the input parameters of eq.

o _ _
k‘O — —2\/5 (51 —{—m% —m%) s
(o2
V?P: 4—&A(31,m0,m1),
A(z) = mg + (5 —m3) + (1 — x)(s4 — m3),
Q0 — 2\;5 (—i+ 81+ 84+ 2[5+ 10— 59— s4]),
1Q(2)]> = (Q0)2 — (sa+ 2?23+ 2[5 — 53 — s4]). (C.36)

Unfortunately, the expressions for completely generic arguments are quite lengthy, which makes them
not well suited for presentation. The rest of the cuts can be obtained from the above results by using

the symmetries of the Dg-function and simply reordering the parameters. Again defining a cut function
FD

cut
FL(s1, 82,83, 84, 5, Wm0, 1, Mo, m3) = 0(y/s1 — mo — my) 0(s1) x
" M/2(sy,m3, m?) {1 (b—l—Qc—l—\/b2 — 4ac
n

siVb? — dac b+ 20— m) — 2mi B(4ac — b*) <9(—c) O(b+2c)—0(c)0(—b— 20)) } ,
(C.37)

with the coefficients a, b, ¢ given by the solutions [C.26] of the quadratic equation and the parameters eq.
[C36 we can write the imaginary part of Dy (using the symmetry relations) as

Im[Dy(s1, S2, 83, $4, 5, UW; Mo, M1, Mo, M3)| =
N S T e i e i) 4 FD e
= mq F (51, 82,83, 54,8, U; Mo, M, Mo, m3) + Floi (84, 51, 52, 83, U, 5; M3, Mo, M1, M2)
+FP (s 5, @; g, g, Mo, M) + F2 &, 5; iy, g, Mg, 17
oot (83,84, 1,82, 8, U; Mo, M3, Mo, M1 ) + Fu (2, 3, 84, S1, T, §; M1, Ma, M3, M)

D o D o o
+ Fili (5, 82,4, 84, 51, 835 o, Mo, M1, m3) + Fii(s1, 1, 53,5, 54, 52; m07m17m3,m2)}-
(C.38)

C.2 Imaginary parts of specific scalar PV-functions

The expressions of the imaginary parts of Cy and Dy for generic masses are quite involved (especially
eq. and [C.38)). Since we will only use these results for very specific kinematics and internal masses,
we focus on them and give explicit results in the following. We skip the scalar 2-point function By as its
imaginary part is very straightforward (see eq. [C.14).

C.2.1 3-point functions

The 3-point functions have a non-trivial imaginary part. In our calculation there appear 6 types of
generic triangles (note: my = 0):

e Massless abelian Cy(0,0, s;0, M, 0)

134



Massless non-abelian Cy(0, 0, 5; My,0, Ms)

Massive charged abelian Co(m?,m?,5;0, M, 0)

Massive charged non-abelian Cy(m?, m?2, 5; M1, 0, M>)
e Massive neutral abelian Co(m?, m?,5;m, M, m)
e Massive neutral non-abelian Cy(m?,m?, 5; My, m, M)

4

Using the abbreviation 5 = 4/1 — %2 we obtain (for the regime 5 > 4m? > 0)@

B T o, M?
m[Cy(0,0,5;0,M,0)] = g9(5) In <§+M2> ,

T §— M} — M3 — N/2(s, ME, M3)
Co(0,0,5; My,0, M) = = 0(5 — (My + My)?) 1 1 2 s My, My
m[Co(0,0,5 M, 0, My)| 5 (5= (M + AL)°) n(S—Mf—M22+)\1/2(S,M12,M22)

5(1 — B) — 2(m? — M?
Im[Co(m?, m?,5;0, M, 0)] = ﬁ{ ()1“<SE1+/§§—2Em2—M2;>+

+26(m> - M) In <m2+M2+ﬁ(m2 _M2)>},

m2 + M2 — B(m?2 — M?)

5 9m2 _ M2 1/2 2 g2
m[Co(m2’m2’§; Ml,O,MQ)] = % {9(8— (Ml +M2)2) In (5 2m M1 )\ S MI?M2)>

(s,
5—2m? — M2 — M2 + 5A1/2(s M2, M2)

2 2 5(1 4 B)(m* — M}) + 2m*(M; — M3)
£0(m" = M) In <s(1 = B)(m? = M) + 2m? (M} — M§)>+

2 2 5(1 4 B)(m?* — M3) + 2m*(M3 — M?)
O =) In <s<1 — B)(m? — M)+ 2m? (M3 - M%>>}

M2
m [Co(m? m?, 8 m, M,m)| = @9(8 —4m®) In <W> ;
—_MQ_ 2 )\1/2 = M2 M2
m[Co(mz,m2,§; My, m, Ms)| = £9(3 — (M + M) ) In <§_ M12 M2 +§)\1/ZES M12,M22§>
1>

(C.39)

C.2.2 4-point functions

The imaginary parts of 4-point functions are more involved than in the 3-point case, but also only consist
of single logarithms. A major simplification (or rather compactification) of the results comes from the
fact that the external invariants are symmetric (p? = p3 = 0,p3 = p3 = m?) and that m; = 0 (virtual
lepton propagator), which makes results reasonably compact to allow for presentation. Since we focus
on weak contributions (and therefore do not treat the ZA-boxes), there are only 2 types of generic boxes
necessary for the computation:

e Massive charged s-channel Dq(0,0,m?,m?, 5, w; My, 0, M3, 0)

e Massive neutral s-channel Dg(0,0,m?, m?2, 5, u; My,0, My, m)

8Some of the #-functions involving 5 are redundant with this assumption, but we kept them explicit for completeness,
as some of these imaginary parts are non-zero even below the threshold 5 = 4m?. In these regimes one would need to
analytically continue the quark velocity 8 — z\/@ . Since this region is anyway not accessible kinematically, we do not go
into further detail.
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The various topologies (direct/crossed) are obtained by plugging in t/u for u. Again defining auxillary
functions (supressing kinematics and masses as arguments)

he(My, M) = X( — 5u, (m* — a) M7, (m? — u)M3) — dsuM{M3,
ho(My, M) = (m® — w)?X(s, M, M3) — 4suMi M3,

FE(Mi, My) = (m® — @) A(5, M}, MF) — 8(m®[5 — (M7 + M3)] — 2M7 M)+

+ \/)‘(5’ MIQ’ M22) hC(Ml’ MQ),
g (M, Mp) = su(m? — M) + (M — M3)( — m*(m® — M?) + a(m® + M}))+

+ (m? — M2)\/he(My, M>),

FEM, My) = (m® — @) A5, M?, M3) +25M? M3 % /N5, M2, M3) h (M, My), (C.40)
we obtain for the imaginary part of the charged and neutral box
Im[DO(O,O,mZ,mQ,E,ﬂ; Ml,O,Mg,O)] =

— m {9(3 — (M + M2)2) [ln <%> - ﬁ(ac,o,bc,mcc,o)] +

)
)

7> — 71(ac,2, be2, cc,Q)} } , (C.41)

Im[DO(O,O,mQ,m2,§,ﬂ; Ml,O,Mg,m)] =

The arguments of the n-functions are somewhat involved expressions, and are given below for complete-
ness. Only if one (or both) of the &; get large enough are the additional pieces of 27i necessary, while
in Feynman-gauge (and in properly combined gauge-independent sets) they are absent. We empha-
size once again that the expressions given above are only valid above the physical thresholds, i.e. for
5 > (My + M>)? etc. The proper treatment of the unphysical regions is tricky and beyond the scope of
this work.

4
Qco =M +

wl |

A8, M7, M3),

et =~ { (m? —a — M) (M3(5 + w) —m?ls — (M7 ~ M)},

m?2
Qe = — TrllQ{(Ml(s—i-u) 2[§—|—M1 MQ])(m —u—M2 }
beo = é{ng(E— 2m® — M7 — M3) — (m? +a) \(5, M7, M3 }
ber = %{m‘l(Mf — M) — M3 (5 + 20 + M} + M) +m? (50 — (M} — 3M3) — (M? - M3)M3) |,
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Ce,1 =

M o~ a3,

m?2

m
%A(;, M, M3),
2 _
ST GoME M),
% {5(5 — (M} 4+ M3))? = (5 — 4m>) (5, Mf,MQQ)}.
S
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Appendix D

Projection operators

The treatment of Feynman diagrams is tremendously simplified by deconstructing them according to
their Lorentz and Dirac structure. The scalar coefficient functions depend on the internal masses, gauge
parameters as well as external invariants, and can be projected out by contraction and taking Dirac
traces with projection operators. In the following we give those necessary for the diagrams that we
encounter in this work. p,v € {0,1,2,3} will denote Lorentz indices, p, o, k, A = + will denote chirality
indices.

D.1 Bosonic 2-point function

A Lorentz tensor T of rank-2 that is built out of the metric and one four-vector p* (like the bosonic
2-point function) has the generic decomposition into transverse and longitudinal parts

PupP yun%
To = (gw— p) 17(%) + 22 7 ) (D)

The scalar functions 7% (p?) (where X € {T, L}) can be extracted by contracting with projection oper-
ators OM

Op(T%) = (a0~ 252 ) Pr(T¥) + 25 (%), (D2)
T (p?) = T O (T), (D.3)
where
{Pr(T"), PL(TT)} = {ﬁ,o} , (D.4)
{Pr(T"),PL(T")} = {0,1}. (D.5)

D.2 Fermionic 2-point function

The fermionic 2-point function allows for a decomposition in terms of 4 Dirac structures: 2 vector
structures with p and 2 scalar structures and 2 scalar structures (these are absent for vanishing fermion
mass ),

S(p)=p Y wpdo(p) +m Y w,B,(p?). (D.6)
p== p=%

m is inserted for convenience, to keep the scalar functions dimensionless, and it does not necessarily need
to be the fermion mass (although it mostly is chosen that way). The projection operators are now also

'In the SM we always have B, = B_, which is equivalent to the absence of m s terms.
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matrices in Dirac space, and projection of the scalar functions A,, B, is done by taking the Dirac trace
with the projection operators O of the form (f, € {A,, By })

prp (f5) —i—meP (D.7)

i.e. summing over spins and using the completeness relation eq. (A1),

fo=Tr[Sp) (p+m) O(fs)] - (D.8)
For the coefficients A(f,) and B(f,) we find

{AP(AJ)’B(AJ)} - {_2292(10;71— m2) 0 2m2(p2n— m?) 6’)’0} ’

{AP(BU),B(BU)} - {+ L L 5,)7(,} . (D.9)

222 — m2) 7 22— m?)

D.3 Amputated gauge-fermion-fermion 3-point vertex

For the pair-production of fermions (mass m and outgoing on-shell four-vectors pi, py with p? = p3 = m?)
by an off-shell gauge boson of virtuality s = (p; + p2)? the amputated vertex function @(p1)T*(¢?)v(p2)
can be parametrized by 6 structures and respective scalar functions (usually referred to as form factors)
due to Lorentz covariance and on-shellness of the fermions. The chiral form reads

a(p) T (¢*)v(pe) = { prF” )+%Z%F0 +—prFp }pz) (D.10)
p==

where p = p; — p2 and ¢ = p; + p2. Spin indices on the spinors are implicit. The projection operators
have the form,

)0, (FEul) = o) 3 0, CEEE) 4 22 5, CH(FD) + 2% 3w Cf(F7) futon), - (D.1)
p=+ p== p=%

and the form factors Ff(qz) can be extracted by again summing over spins, turning the contraction into
the following trace by using the completeness relations eq. (A.I0]),

FY(q%) = T | (p, + m)T" (p, — m)O,(F7))| . (D.12)
We get
2
14 o 14 o 14 o _ m _ i pP,0 _ p,0
{eEn, .} = g {2 e L -2
2 2 2
0/ oy s o pr oy | m B _2(d—1)m o 2(d —3)m* — (d—2)s Cpo
{Cl(F2)acz(F2),C3(F2)}—( 2)s(s ){ 1 e am? 0P + o 2 0700,
P 2 14 o P o m2 [ea
2(d — 1)m? 97 _ 2(d —1)m? — (d — 2)s 5o |
S S
(D.13)
In the massless case the vertex consists only of structures ~ v w,,
0(l2) A" (¢ )u(ly) = { Z w, f1(q } 1), (D.14)
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where g = [; 4+ l5. Therefore also the projection operator ansatz

()OS )0(1z) = alt) {7 Do wo CLU) bo(ta), (D.15)
p==%
and the trace
F(@®) = Tr [[LA110,(f7)] (D.16)
simplify, and we get (by a limiting process from eq. [D.13))
_§po
D = gy 0.17)

D.4 Four-fermion s-channel boxes

Matrix element contributions from four-fermion box diagrams can be decomposed in terms of form
factors F; multiplying chirality amplitudes M; (products of spinor sandwiches, so called fermion chains,
of final and initial state),
Moy =Y Y FPM" (D.18)
i p,R=%
For generic massive external particles, the number of structures is quite large. In our case the massless
initial state simplifies things greatly, so that the decomposition reduces to just 2 chirality amplitudes

Mbox - Z {F{m at(pl)Vwavt(pZ) 66(12)’}/}10}%“6([1) + FQPR ﬂt(Pl)wpUt(m) 77@@2)% wnue(ll)} —
p,R==%

- {Ff“]\Z/f"‘+F2”“M2p"‘}, (D.19)
ps==%

where we denote this minimal-basis amplitudes defined in eq. (B.8]) by a bar on top and the subscript
t denotes a massive fermion (top) with mass m, while e represents a massless fermion (electron). The
external kinematics are

=N
I

NN

pi=ps=m? ©B=15=0,
s=(p1+p2)° = (i +12)°
t=(p1—h)* = (p2— )7
u=(p1+1)*=(p2— )" (D.20)

It is now possible to construct a set of “projection operators” that allow to reduce the box integral
representation to the form of eq. [D.191 The ansatz reads

O(F") =

= Z {CfA(FiM) B (p2) Y wour (p1) Te(l1) Ypuwave(l2) + CSN(EL™) 04 (p2) wotr(p1) e (1) %W)\Ue(b)} =
o, A=*1

> {er ey @ty + e Femy (s, (D.21)
o, =%
where the coefficients C,‘;)‘ depend on the form factor F" that will be projected out. Note that we

made a slight abuse of notation here as (Mé’ ’\)T = (M T)g_a))‘. The results for the other notation can be
achieved easily by replacing 0 — —o at the appropriate spots in C§ A in the equations below. As some
amplitude can now be factored (at least formally) into initial- and final-state fermion chains,

M= G u(p)TGvi(p2) De(l2) Apue(lr), (D.22)

n o =%
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and similarly for the chirality amplitudes (MT)7?,

(N1 = y(pa) (T} e (1) e (1) (A )hve(l2) (D.23)
a generic product of Dirac bilinears of this type can be reduced to form factor representation by

FfN =" MO(F") =

spins

=33 S e (F) T [(pl +m)TS (p, —m)(r@)gii] Tr [12 AN (AL)QZ]. (D.24)

n/7nll O—/ ’)\/ O—N ’)\N

It is emphasized that the brute-force reduction only yields a decomposition into a basis M; that is larger
(see calculation of Feynman gauge, sec. B.6]), but the reduction to the minimal basis M; eq. [D.I9is very
convenient in that it allows to make contact with 2- and 3-point contributions to the 1-loop amplitude
and to check for gauge parameter cancellations. This procedure is not really a projection as the spinor
sandwiches are completely contracted (they give a number), but rather an effective replacement that
gives the same results when spin-summed against the chirality amplitudes in the minimal basis M;.
Taking the spin sums of eqs. and [D.2T] results in a system of equations. Solving for the coefficients
yields

. 5/@)\
Cf)\(Flp ) = m{m2(2m4 — t2 — u2)57p’0—|—
- [ (m*(3t —u) — £2(t +u)) 6" + (m*(3u — t) — u?(t + u)) 5—%“} 5070},

a K 5H,A m2 K —pP,KR
CONEPT) = e { [tz —m2(t — ) — mﬂ 5P 4 [uz —m2(u—t) — mﬂa 2 }

o K 65’)\ m? o SpK —p,0 §—pP,K
CONFYF) = —4S(m4_tu)2{[t2 — (= w) = | (P00 TG

+ {uz —m?(u—t) — m4] (57’)’05’)"{ + 5’)’057”’“) },

P (Fpy = — O [ 2 0o (= ) — m?) 5 (D.25)

2 2 4s(m* — tu)? ’ '
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Appendix E

Generic diagrams

E.1 Fermionic self-energy diagrams

For the convention used for the couplings see section The mass content of the virtual particles
determines the corresponding gauge parameter §;. Concerning notation we quote the scalar functions A
and B according to the convention

P P ]
f ! A n==+ n=+

We did not drop the the spinors only to show the external particle’s mass. If the particle is massless,
there are no functions B to determine. For the vector diagarms we split the scalar functions A, B into
Feynman gauge (£ = 1) and additional pieces

AT = ATE=L L AANE

B" = BT 4 ABTE, (E.2)
E.1.1 Scalar (f5S)
M
// \\ {
p2 :'l my é\ pz
gx gy
9x' 9y 2 2 2 2
A = B30 (P +m = M) By (% M, my) + Ag(M) = Ao(omy) . (E:3)
m
Bjs = gkoy— Bo (s M,my). (E.4)
E.1.2 Vector (fV)
M
P’ m P
9x 9y
=1 g%y 2 2 2 2 2
AT = );2’” {p + Ag(my) — Ag(M) — (p* +m3 — M?) By (p* M,my) } (E.5)
— _ m
B?é 1:29){’9;7/#{—14-230 (pz;M,mf)}, (E.6)



aaps = BB - i) [40 0) - 40 (MVE) |+

- [(pz —m$)® — (p* + m?)MﬂBo (p*; M,my) +

|0 = m3)? = 07 + mp)%e| By (%5 MV/E my ) } (E7)
ABE = g;{'gg%{g By (p2; MAJE, mf> — By (p% M, my) } (E.8)

E.2 Bosonic self-energy diagrams

For the convention used for the couplings see section The mass content of the virtual particles
determines the corresponding gauge parameter &;. For identical particles in the loops the corresponding
symmetry factors S have to be applied to the expressions below (we set the symmetry factor of each
topology to 1). Concerning notation we quote the scalar functions G, G* and H according to the
convention

N P, {10! PuPv \ ~T | PuPv AL
=—3S8 — K G s ayel E.9
X, Y, 4 {<g“ 2 > T (E-9)
Q0
N P ES g,ul/Ha (E.lO)
Xu Yl/

S is the symmetry factor of the diagram. In contrast to the other sections, we do not split the expressions
into Feynman-gauge + rest, as there might be different gauge parameters in the loop. Feynman gauge
results are obtained straightforwardly. We also do not fully scalarize the results, as then the limiting
process p?> — 0 might not be taken easily. With the results given below, this limiting procedure can be
carried out by applying the results of sec. [Bl for the PV-tensor-coeffcients.

Despite not treating pure-QED contributions, there are QED-diagrams appearing in the W W -transition,
which demands evaluating some expressions with one virtual mass vanishing. Revisiting the massive re-
sults, it is clear that the reduction still works perfectly fine if the massless particle is a fermion, scalar
or ghost. The massless diagrams are obtained by simply setting the corresponding masses to 0 in the
massive results. The vector propagator on the other hand differs in the massless case (cf. app. [GI).
The double pole for the longitudinal part requires PV-decomposition in terms of higher-weight PV-
coefficients. For this reason below we also give separate results for diagrams with one massless internal
vector particle (£4 denotes the gauge fixing parameter of the massless field .

E.2.1 Massive vector-vector (VV)

M,

1
agx gy

Gy (p% My, My) =

'For our purposes we do not need diagrams with 2 internal massless gauge bosons, so we omit the presentation here.
The scalar functions can be obtained by applying the projection operators of sec.
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—3ME (& +15) — 4M3 (€2 +11) + 16(3¢6, — 2)p°
B 24
p? — M}
M2

—%AO(Ml)‘F ( —514—4) Ao(Mz)+

+ (—p2 _MF 252) Ao (Mo/Eo) + Z& Ao (M) +

M3

X(p?, M?, M2
+ 3M2 [Aoo (M2\/5 ) AOO(M2)} - WBO (p®, My, My) +
2

2 _ A2 2
&0 (— MR + 203 + 2p) Bo (% Mi /&, M ) + % By (v M1, Mo /62 +
2

A(p? M7, MG) +12 (p + M) M3 ot
LA M QL%MZ?( LM B (o503, M) + M2M2300<p My VE MG +

2

2

M +10M3p? + p? ( (p> — M?)

- P Myy/ 1,M2> ~———"— Byo <P My, Mav/ 52) ; (E.11)
MZMZ MM

1
gx gy

GLy (p*; My, My) =

—3 (M2 (€2 + 4& — 29) +4M2(& — 7)) — 40p?
24 *

- % Ao(My) + 5Ag(Mz) + §1 Ao <M1\/§_1> + €240 <M2\/§_2> +

+ % {AOO(M2) — Aoo <M2\/§72>} + (6 (M} + M3) — 3p?) By (p*; My, My)
2

M M3
-3 <M12 + W + 10> Boo (p2§M17M2) +
3M 3M
+ WBOO (P IZERVAS 17M2) + il Boo (P M17M2\/§2) (E.12)

E.2.2 Massless vector-vector (V A)

M,

9x gy

GUa(p* M) =
9x gy

:8(35‘2)?’2‘7?2’]‘42(352*5)—%[%( M) - € 4o (MVE)| +

IM2 2 14 (M? 2
+WBO <p2;M\/5,0) - %Bo (P M, 0) +

spt 502 5p? (p? — M)
+<W+T+2p2>31(p2;M’0)_ 302 B (P MVE0) +
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4
+ 5 Bl (5 MVE0) } (E.13)

1

Iy Gy A(p% M) =

:_wjti [Ao(M)—fAO <M\/g>} *

+ (M? +2p®) By (p*; M, 0) + & (M?¢ + p?) By <p2;M\/570> +
+5(p? = M?) By (v M,0) + 2652 By (0% MV/E,0)

1
+M*(Ea—1) [—5 +3BY (p% M, 0)] : (E.14)

E.2.3 Massive vector-scalar (V' S)

Mg
PN
9x) My 9y
1 T 2
o Gyg(p™s My, Ms) =
1
= —By (p*; My, Mg) + 7z [Boo (p*; My, Ms) — By (PZ;MV\/E, Ms)} , (E.15)
v
1 L 2
Iy Gys(p™s My, Mg) =
1- 3
= 155 — B0 (% My VE Ms) — <2 [Boo (0% M, Ms) — Boo (o My/E M)
v
(E.16)
E.2.4 Massless vector-scalar (SA)
M
oo
9x 0 (9%
1
v GEA(p% M) = —Bo (p% Ms,0) — (€4 — )B™ (v% M,0) , (E.17)
1 1
gy G5 M) = =By (% M,0) — (€a = 1) {5 + (p* + M?) B (7 M, 0) +

+2p° B (% M, 0) — 3B (%5 M, 0) } (E.18)
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E.2.5 Scalar-scalar (SS)

1

o GEs(%s My My) = ABoo (97 My, M) (E-19)
1
o Ghg(p* My, M) = 2A0(Ma) + p> By (p*; My, Ma) + 2 (p? — ME + M3) By (p%; M1, Ms) . (E.20)

E.2.6 Ghost-ghost (UU)

M,y
e, . )
p2 P
ANNS aNNy
ax M, ‘,."gY
1
Iy Gy (0 My, M) = — By (p*; My, Ms) (E.21)
1 1
Txdy Gy (p*; My, M) = =5 [Ao(Mo) + (p* = M} + M3) By (p*s My, Ms)] (E.22)

E.2.7 Fermions (ff)

Glp(p*my,ma) =

=Y { — 2 g% gy" mims By (p*;m1, ma) +
p==

+ 9% 95 [2Ao(m2) +2m3 By (p®;ma,ma) + 2p> By (p*;m1,ms) — 4Bog (p°;ma, mo) ] },

(E.23)
G (p*mi,my) =
=Y { —29%gy" mima By (p*; my, ma) +
p==
+ g% 95 [QW%BO (p*;m1,ma) + 2 (mi —m3) By (p*;ma, mo) ] } (E.24)
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E.2.8 4-tadpoles

E.2.8.1 Vector (Ty)

Hy (M) = QXTY{ M (€4 10) + 14 Ag(M) + 46 4o (MVE) — 2o [Aoo(M) — Aon (MVE) | }
(E.25)
E.2.8.2 Scalar (Ts)
M
P\ /‘ I
W
Hy(M) = —gxy Ao(M). (E.26)

E.3 Vertex diagrams

We encounter 2 diagram topologies in terms of fermion flow depicted schematically in fig. [E.28] The
first has the structure of a matrix element of a current j, = ﬁv“wpl/}, and we will call it abelian type.
The second represents a non-abelian type. There are two types of abelian diagrams: scalar- and vector-
exchange diagrams while the non-abelian class has 3, labelled by the virtual boson content: double-vector,
scalar-vector and double-scalar diagrams. We furthermore have to distinguish between vertex diagrams
with massive (final-state) and massless (initial-state) external fermions. Also, the W-diagrams of the
final-state vertices have bottom quarks on internal lines (which we treat as massless), while Z-diagrams
have virtual top quarks in the loop. These two cases also have to be treated separately (the naive limit
myp — 0 cannot be taken anymore after the PV-tensor coefficients have been scalarized with the help of
Package-X). We therefore also distinguish between charged and neutral diagrams with massless/massive
virtual fermions respectively. In the initial-state case we only have the former case, as electrons are
also treated as massless (neutrinos are by definition massless in the SM). To avoid confusion due to this
nomenclature we provide schematic diagrams (drawn suggestively) where couplings and internal masses
are indicated before each result.

The results are quoted in terms of (chiral) form factors obtained by applying the projection opera-
tors from sec. As usual we factor out ie of the various couplings g; and (only here) also pull out a
factor of - of the form factors we quote. Specifically, we use the conventions

/
q

. 127 pqill_qg
:ZGE ue(qu) [ FL wpy + F5 Twp vt(q2), (E.27)
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q

—_

= e Bella) [F 7w we (), (E.28)
™

and similarly for the initial-state vertices. For diagrams with vector bosons we again split the results
into Feynman-gauge £ = 1 and additional gauge pieces,

Fy = F{ ' +AF, (E.29)

and give both parts separately.

E.3.1 Abelian vector
E.3.1.1 Charged massive (ffV).

1 M?
— [— (—=6m? 4+ 2M* + 3s) In (7—5 — ¢0+> +
2 (m? — M?) (5m* — M?* — 2s) M?
B m? hl(MQ—m2—iO+>+

-2 <3m4 — 4m? (M2 —i—s) + (M2 +S)2) Co (m2,m2,5;0,M,0)

—p —p_—p
Ix 95 95 2 M? 2 2 M?
+ s — 4m? {4m In —s —i0t —4(m —M)ln M2 —m?2 —i0t +

—2m? (2m? — 2M? — 5) Gy (m*,m?, 5;0, M., 0) } (E.30)

b

99597+ 9x"95 95"
LA (s — 4m2)2

2
x { — (m?+ M?) (s — 4m®) + m® (14m* — 6M* — 5s) In <%> +

(mQ—MQ) (14m4—5m2(2M2+8)+M25) | ( M?2 >+
n

m? M? —m?2 -0t
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—2m? (Tm* — 5m* (2M? + s) + 3M* + 4M?s + s%) Cy (m?, m?, 5;0, M, 0) } (E.31)

1 12
AI*ﬁlp,’ffv - ggcgﬁg}’{(& —-1) <E +In (W) + 2) +

! 2m' — m? (4M2€ + 5) + M¢s
s —4m? [_ M2 In(§) +
(m? — M?) (2m* —m? (AM? + 5) + M?s) M2
_ m2M2 111 M2 — m2 — 2‘0+ +

(m? — M2€) (2m* — m? (AM2€ + s) + M¢s) 1 e
+ m2M?2 H<M2£_m2_i0+>+

4 (_ 2 2
_m ( 2m* +2M +S) Co(m27m2,S;O,M,O)+

e
m* (2m? — 2M3¢ — s
- M2 ) Co (mQ,mQ,s;O,M\/E70> n
PP =P
9x 9y gf 9 M2 m4—m2M2§
T A2 —1)1 _ 1
MR {m (€= Uloe | =5+ M2 n(é)+

M2
mb — m2MAe?

Y R Co <m2,m27s;O,M\/g, O> , (E.32)
P PP —P P —P
AFPS 9x9595 T 9x 95" 95

2,f1V (s am2)?
1, 2 4 M2 m4(2m2+6M2§+5)
x{gm(ﬁ—l)(s—élm)—k?)m (§_1)1n<—s—z'0+ — In(€) +
(m2 _ M2) (2m4 4+ m? (1OM2 + S) . M28) l A2
' 207 "\ ot *

(m2 — M2£) (2m4 _|_m2 (10M2£+8) _ M2£5) | M2£
_ 2M2 <M2£—m2—i0+>+

n m4 (m4+m2 (2M2 —S) _3M4—2M2S)

M?2 CO (WLQ,TrLQ,s;O’]\J7 O) +
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N m* (=m?* +m? (s — 2M2¢) + M?¢ (3M?E + 25))

e Co (mQ,mQ,s;O,M\/E,O> }

(E.33)

E.3.1.2 Neutral massive (ffV),

_ 1 2
£=1 H
Py = gﬁggﬁg}’{g +1In <—2> +

+ 3—714m2 [— (—8m2 +2M?% + 38) A(s;m,m) + (—12m2 + 202 +4s) A (mz;m, M) +
B —4m* + m? (6M? + s) — M? (M? + 25) I (ﬁ) N
m?2 M?
-2 <8m4 — 6m? (M2 —i—s) + (M2 + 5)2> Cy (m2,m2,s;m, M,m) }—|—
%{anl\(s;m,m) — 4m2A (mQ;m,M) —2M?%1n <%22> +
— 2m? (4m2 —2M? — 5) Cy (mZ,mQ,s;m, M, m) }—|—
— g)_(pgﬁgj’% om? ¢, (m2,m2, s;m, M, m), (E.34)
Rl gé)(g??f j jzf;gjgﬂgfp

X { — M? (s — 4m?) + m® (20m* — 6M* — 5s) A(s;m, m) +

+ (—24m4 + 2m? (5M2 + 35) — Mzs) A (mQ;m, M) +

M? (—32m* + 2m? (5M? + 4s) — M?s) m?
+ 2 In <W> +

2m
—2m? (16m4 — 8m? (2]\42 + s) + 3M* + 4M?s + 82) Co (mQ,mQ,s;m, M,m) }—i—

9%9;"95 +9x"9; 9%
s — 4m?

2
{4m2A(s;m,m) — 4m?A (m2; m, M) —2M?In (%) +
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—2m? (4m2 —2M? — s) Co (mZ,mQ, s;m, M, m) }, (E.35)

AF$y = 959795 {(6— 1) <1 in (Z\é) +1> e }+

. 2959795 — 9x9;"9F — 9k 979"
2

for rman®) = (5 -G

M? m?
(-2 () e )
9x"9: 95" + 9x"9795 — 9x"9; "9 — 9x"9h9 ;"
* s — 4m?

X {mQA (mZ; m,M) — m2EA (mQ; m, M\/g) +

+m?(& — 1)A(s;m,m) + M21n <J\n;22> —%M2£21n <Mm_22£> +

m2M3C, (m2,m2,s;m, M, m) +m2M2€2C, (m2,m2,s;m,M\/g, m) }, (E.36)

N 959795 T 9x"9; 95" + 9% 95" + 9x" 95 — 99 "9 — 9k dhe” — 9x"9; "9 — 9x"9r9;"
205V 7 (s—4m2)2

X {lmQ(f —1)(s— 4m2) + 3m*(& — D)A(s;m,m) +

1 1
+ §m2£ (s — 10m2) A (mQ;m,M\/E) + §m2 (1Om2 — 5) A (mZ;m, M) +

A>I>—‘

2
(8m —2m? (5M2 —|—5) +M25) In <%> +

(8m* — 2m? (5M¢ + 5) + M2¢s) € 1n (Z\ZZ) +

=

_l’_

+m? (4m2 —3M?% - 5) Cy (m2,m2,s;m,M,m) +

+ mie (—4m2 + 3M2¢ + s) Co (mz,mQ, s;m, M\/E7 m) } (E.37)
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E.3.1.3 Massless (IIV)

_ 1 2 202 M2 (M2 + 5)° M2
£=1 _ H _ 2
P _gigfgf{EJrln(W)_( 5 +3>ln<—8—z‘0+> EE <—8—i0+>+

w2M4+6(M2+s)2L12<1+%>+2(3+72)M23+(12+w2)32} ( |
., (B.38

352

ARy = gszgfgf{ (€-1) (3 +1n (ﬂ—) " 1) - gln@}, (B.39)

E.3.2 Abelian scalar
E.3.2.1 Charged (ffS).

o _ o —pp) L]l ] p? 1

1|1 M?
e | cmE oM — ) [ —
5—4m2[2(m+ s)n<—s—i0+>+

(mz - M2)2 M2
+ m2 n M2 —m?2 —40t +
}+

p P =P 2
9x 9795 2 M? 2 2 M
— < = In[ —— 2 — M=)1
+5—4m2{ 2m”1n —s5— 10T +2(m )n M2 —m? —i0t *

—m? (—2m2 +2M? + s) Co (mZ,mQ, $;0, M, O) }, (E.40)

+ (M4 — m4) Co (mz,mQ,s;O, M, 0)
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—p,—p p p P —p
Ix 9¢ 9*“‘9ng9* 1
sz,ffs: (s—f4m2)2 ! {_§(m2+M2) (8—4m2)+
I 2 2 M?
—im (2m + 6M +S)ln<m>+
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+ 2m2 o <M2 —m? - ¢0+> *

+m? (m4 + m? (2M2 — s) —3M* —2M28) Co (mz,mQ,s;O,M,O) }

(E.41)

E.3.2.2 Neutral (ffS),

FP o aP PP 1/1 1 p? 1
Lifs =9x 95 95\ 5 E+n e +1)+

1
5 — 4dm?

[— % (2M?* — 5) A(s;m,m) + (M2 —2m2)A(m2;m,M) +

—4m* + m?* (2M? + s) — M* m?
— In{— |+
2m? M?
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b

. 9x"95 95" + 9x" 9595 — 9595 95" — 205 959;" — 9k 949}
X
s —4m?

2

1
X {mQA(s;m,m) —m2A (mQ;m,M) — §M21n <m > + m2M?2C, (m2,m2,s;m,M,m) }—i—

M?
- <g§(9§g;}+g§g}p 95+ 9% dfas’ + ko ;" ) m? Co (m?*,m?, s;m, M,m) (E.42)
PP P PP P
9x 95 97 T 9x 9597 1 1
P _ I ! 202 (o — A9 2 .2 2 _ 2 _ )
Fypps = (5 dm?)? ~3 M? (s —4m?) + 5 ™M (4m* — 6M? — 5) A(s;m, m) +

— % (8m4—2m2 (5M2—{—5) +M25)A(m2;m,M) +

_|_

M? (=16m* + 2m? (5M? + 2s) — M?s) m?
im? n (W) *
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+ m2M? (8m2 —3M? — 23) Co (mQ,mQ,s;m, M,m) }—i—

959795 + 9x" 9595
s — 4m?

1 m?
20 (e 2 2. 2
{—mA(s,m,m)+mA(m,m,M)+§MID<W>—{—

—m2M?C, (mz,mQ, s;m, M, m) } (E.43)

E.3.3 Non-abelian vector-vector

Comment: we only need to take the charged case (there are only a WW-diagrams for our purposes, no
7 Z-diagrams). To make the results presentable, we restrict ourselves to the case My = My = M, which
suffices for our purposes.

E.3.3.1 Charged massive (fVV),

_ 1 w2

1
+—71—= (2M?* + s) A(s; M, M) +
2 (m? — M?) (6m? — M? — 2s) M?
* m? hq(ZMQ—Tnz—iOJf)+
-2 (m2 —MQ) (Gm2 - M? - 25) Cy (mZ,mQ,s;M,O,M) }—i—
—p, =P
9X Gy gf M2
—— {—6m2A(s;M,M)+6(m2—M2)1n <M2_m2_i0+> +
— 6m? (m2 — M2) Co (mz,mQ,s;M,O,M) }, (E.44)

9x (gﬁg]’% +9;°95" )

1
Vv (s — 4m2)2

X

{ (M? —m?) (s — 4m?) + 2m? (=Tm? + 3M? + s) A(s; M, M) +

(m2 — MQ) (14m4 —2m?2 (5M2 + s) +M25) M?2
m? lm<M2—mQ—i0+>+
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—m? (m2 — MQ) (10m2 —6M?% — s) Co (mZ,mQ,s; M., 0, M) }, (E.45)

AF 'y = 9xg795%
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1

- X
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2m? (M? — 2(2M3(E-1) - M?
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AM*

m2 2—3 m2 2(¢ _ —s
_mM )(22M1-M(§ ) )A<5;M,M\/E>+
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2
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(M2 — m?) (m? (2M2(€ + 3) — (26 + 5)s) — M2s) M2
N 9M?2s i <M2 —m? - ¢0+> *
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2
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2M4
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2 (e Af2
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x Cy (m2,m2,s;M\/g,0,M) +

B mts (m2 — M2§) (m2 + 3M3¢ — s)

e Co <m2,m2,s;M\/g,O,M\/E)}

E.3.3.2 Massless (IVV)

B 1 2 2M? 2M?
Fliy =gng9f{3 <E+1n <%)> +2-— —< +1> A(s; M, M)+

S S

M2
+2M? <— + 2) Co(0,0,s; M,0, M)},

2 _ 20¢ _ _6)s
AF{ffvv=gnggf{g(§—1) <%+ln <M_>> LE=nW (5681) (€-0)s) |

1 ( 52 18s

— =+ = —16 | A(s: M, M
+12 M4+M2 6> (s; M, M)+

2 _ g de _1)2 _ 2(6 —5)s + 52
R ()«

A (5 MVE MVE) +

_|_

s (s —4M?¢)
1204

+ 12M 252

E.3.4 Non-abelian vector-scalar

MO —1)3 + M* (€3 — 96 +8) s — 3M? (2 4+ 3£ +6) 52 + (3¢ + 8)s® .

(E.47)

(E.48)

Comment: note that all the vector-scalar diagrams have a global V'V S-coupling, which has mass di-
mension +1. By virtue of the EWSB-mechanism, it can only scale as ~ v ~ Agw. Since we cannot
set the masses equal (because there are for example the Z H-diagrams) the expressions are somewhat

complicated.

E.3.4.1 Charged (fVS).
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E.3.4.2 Neutral (fVS),
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E.3.5 Non-abelian scalar-vector

Comment: expressions for the scalar-vector diagrams are identical to the vector-scalar ones except for
the following replacements:

. g%p — g}Fp for F{”gz1 and AF{”g,

o gjfp — g}Fp for F{*=" and AF*.
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E.3.6 Non-abelian scalar-scalar

E.3.6.1 Charged (fSS).
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E.3.6.2 Neutral (fSS),
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E.4 Box diagrams
There are 2 types of box diagrams we need to consider:

e Charged box: the internal lines are 2 massless fermions and 2 massive gauge bosons (with equal
masses M and gauge parameters £). For this type we only need the crossed type (see below). The
charged box type corresponds to the WW-box.

e Neutral box: the internal lines are 1 massless fermion, 1 massive fermion and 2 massive gauge
bosons (with equal masses M and gauge parameters §). Both requires crossed and direct type are
required (see below). The neutral box type corresponds to the ZZ-boxes.

For the boxes there is a distinction according to the relative orientation of the virtual fermion lines into

crossed type (fermion lines point in opposite direction clockwise) and direct type (where the orientation
of both fermion lines is (counter-)clockwise). The box results are quoted in terms of chiral form factors
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(for the definition of the amplitude basis see main text)

2
= z% [P NI + FY™ ML (E.62)

Again we give Feynman-gauge results for the chiral form factors separately from the additional gauge

parts (cf. eq. [E.29).

E.4.1 Charged box

E.4.1.1 Crossed type
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E.4.2 Neutral

E.4.2.1 Crossed type

Fﬁf;ﬁzl - 6[,,,,”{ - 259{”9?9?9}’% [C’o (m2’m2,s; M, m, M) + Cv(0,0,s; M,0, M)+
+ (m2 — u) Dy (O,O,mz,mQ;s,u; M,O,M,m) +

(gfg?gﬁg}p +9797 95" g;%) m?s
+ X

mt —tu

X {(m2 —t) Co(0,0,5;M,0, M) — 2m>Cy (O,mQ,u;O,M,m) +
+ (m2 +t) Co (mQ,mZ,S;M,m,M) +
+ (m4 —m? (2]\42 +t+u) +tu) Dy (O,O,mZ,mQ;s,u;M,O,M,m)]—i—

97919y gy" m?s 2

mt —tu

_2(7712—M2—u)1 m_2 +2(m2+u)1 m? N
m2 —u "\ U . m?2 —u —i0t

4dm

A(mZ;m,M) +

—2A(s; M, M) +

m?2 —u

+m4(2M2—i—3t—3u) —m2(t—u)(2M2+t+3u)+u2(—2M2+t—u)X
m* — tu

x Cp(0,0,s; M,0, M)+

2

* (m? —u) (m* — tu)

(m8 +mS (=2M* -t + u) + omtu(t — 2u)+

+m?u® (2M? — 3t +3u) — u? (u(u — 2t) — 2M?(t — w)) ) X

x Cp (0,m2,u;0,M,m) +

_ 1 6 4 ( 2 o 2 2
m4—tu<4m +m* (=2M° +t —u) +u® (2M? —t +u) +
—m? (2M2(t = u) + (t + w)?) ) x
x Co (m*,m?, s; M,m, M) +
+m4—tu<m6 (4M2 + 3t — 3u) — m* (2M* + AMP?(t — u) + * + 5tu — 6u®) +

+ m?u (4M2(t — 2u) + % + 3tu — 4u2) +

173



+u (—2M4(t — 2u) + 4M?*u(u —t) + u?(u — t)) ) X

x Dg (O,O,mQ,mZ;s,u;M,O,M,m)

}+
— - 2
<gfg;f”g§g—p +9r979;" g”—) m?s
fon { i ] y

m* — tu
X [(u—mQ) Cp(0,0,s; M,0, M) — 2uCy (O,mQ,u;O,M,m) +
+ (m2 —|—u) Cy (mQ,mZ,S;M,m,M) +

— (m4 —2mPu+u (2]\42 +u)) Dg (O,O,mQ,mQ;s,u;M,O,M,m) }—i—

9r9rghgss Am?2
iiff —2uA(s; M, M) + gnu A(mQ;m,M)—i—
m* —tu mé —u

2u (m2 - M?— u) m? m?

1
+47<2m8—m6 (2M2 —i—t+3u) +2m*u (2M2—|—t—u)—|—
m* —tu
+mu? (2M2 + £+ 3u) — u? (2M2(t + u) + 2+ u?) ) x
x Cp(0,0,s; M,0, M)+
2

G gy (1~ At 20 (20 ) ot (M2 = 1) +

+ mtu? (—2M2 +t+3u) — m*u? (2M2(t +u) + 3u2) ) X

x Cp (O,mQ,u;O,M,m) +

1

T (2m" = m® (201 + £ — 5u) + mu? (207 = 3t — ) +

T m
—2m4u(2M2—|—t—i—u) + u? (2M2(t+u)+t2+u2))><
x Cy (mQ,mQ,S;M,m,M) +

1
mt —tu

+

<2m10 —m® (ZJLM2 —|—t—|—5u) + mbu (12M2 —|—3t—i—u) +
—mPu® (AM?(t + 2u) + 2 + tu + 4u?) — m*u (6M* + u(t — 5u)) +

+u® (2MA(t + 2u) + AMu® 4+ u (£ + u?)) > X

x Dy (O,O,mQ,mZ;s,u;M,O,M,m) ] },

(E.67)

9rargs grm?s

pr,§=1 _
F2,C - 4 t
m= —1lu

{(m2 —u) Co(0,0,s; M,0, M) + 2uCy (0,m2,u;0,M,m) +

174



— (m2 —i—u) Co (mQ,mQ,s;M,m,M) +
+ (m4 —2miu+u (2M2 —|—u)) Dy (O,O,mz,mQ;s,u;M,O,M,m) }—|—

<gfgfg§g]’% On—p+ 979795 95" 6n,p> m?s
_|_

mt —tu

2 4 2
X{_Z(m +u) A(S;M,M)—l—2(m + 2m u—|—tu)

X

2.
s — 4m? (5—4m2)(m2—u)A(m’m’M)+

2mb —m*M? — 2m?u (M2 + u) — M?*tu m? m?
— In{-—)-2In{————|+
m? (s — 4m?) (m? — u) M? m? —u —i0t
2

mS +m* (=M? + 5 — 3u) + m?u (2M? — s + 3u) —u (M?(u — s) + u?)
- X

mt —tu
% Co(0,0, 53 M, 0, M)+

2 (m® — 5mPu 4+ mu (3M? + Tu) + m?*u? (—4M? + t — 4u) + v? (u(u —t) — M*(t — 2u)))
* (m? —u) (m* — tu)

X

x Cp (0,m2,u;0,M,m) +

1
— 6m® —mS (4M? +t—5 2u (AM?*u + 12 — 5t
(s—4m2)(m4—tu)<m m ( + u)+mu( ut u)+

+u (M2 (—t2 + 3tu + 2u2) +u?(t + u)) +
—m* (M2(t+ 3u) + > + 3tu + 4u?) ) x
x Cy (mQ,mZ,s;M,m,M) +

m4_tu<m8+m6 (—3M2—|—s—4u) +miu (11M2 —23+6u) +

+m?u (—4M4 + M?(s — 13u) + u(s — 4u)) +
+u? (4M* + M?(s + 5u) + u?) )DO (0,0,m?,m?;s,u; M, 0, M, m) } (E.68)

9797 9595

7£ —
AF{)’Z s —4m?2

A(s; M, M)+

s — 4m? 9 8(3(20M2+s)—m2(50M2+7s))
X{_ g -+ 12071

s (MA(E = 1)? = 2M%(€ = 5)s + %) —m? (AMHE = )2 + M2(25 — 11)s +T5%)

604
XA(S;M,M\/E)
s (m? (22M32¢ — 7s) + s (s — 4M3¢
» 2l 121\)44 ( ))A<S;M\/E’M\/g)+
2 20 4

175



B mi(¢ —i—]\34)2— 2m2s A (mQ;m7M\/g> n
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E.4.2.2 Direct type
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E.5 High-energy expansions

Below we give the high-energy expansions (i.e. neglecting power-corrections) of the various generic
diagrams under the assumption

{Isl [t [ul} > {m? M?} ~ ARy, (E.75)
derived by means of the results from the last sections in conjunction with the high-energy expanded
scalar PV-functions from sec. [B.2l For the bosonic loops of the bosonic XY -transitions we only give
expansions of diagrams with massive internal bosons, as only ZZ-,ZA- and AA-transitions appear in

the s-channel diagrams, but not the W W -self-energy. Tadpoles are independent of momentum, and the
results of sec. remain the same in the boosted regime.
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E.5.4 Ghost-ghost (UU)
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E.5.5 Fermions
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E.5.6 Abelian vector
E.5.6.1 Charged massive (ffV).
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E.5.6.2 Neutral massive (ffV),
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(E.89)
7£:1 _
g =0 (E.90)
1 m2 M2(§ + 1) M2
M :g§g§g§{(§_ b(c-w(Ge) - e () +2) -

2¢2
_A(mQ;m,M) +EA <m2;m,M\/g) — Agmi hl(f)}—i—

2 2m?2 m?2

(o +077) {@_ D[(AAEED 1) () ]

-|—A(m2;m,M) — €A <m2;m,M\/g) +& (%25 —1> 111(5)}

(E.91)
AFY$, =0. (E.92)

E.5.6.3 Massless (IIV)
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_ 1 M? M? M? 272
K/,g—l p— 2
Fyss _g;g;g;{g_ln <—u2 ) —1In <7_8_i0+> —3In <7_8_Z_0+> —4——3 , (E.93)

2
AFY, = 93%9}’?9?{(5 -1) <% —1In (%) + 1> - Eln(E)}. (E.94)

E.5.7 Abelian scalar

Comment: the high-energy expressions of the scalar-exchange diagrams are independent of the masses
of the virtual fermions, and therefore charged and neutral type are equal in this limit.

(E.95)
Ff s =0, (E.96)
E.5.8 Non-abelian vector-vector
E.5.8.1 Charged massive (fVV),.
M? M?
() () b a0
Fyvy =0, (E.98)



AFY iy = 0. (E.100)

E.5.8.2 Massless (IVV)

- 1 M? M?

AFFE — gegrgrt = gLy e 11—, (E.102)
LIVV 19 c s _ 0t

E.5.9 Non-abelian vector-scalar and scalar-vector

Comment: all vector-scalar and scalar-vector diagrams are power-supressed because the V'V S-coupling
is dimensionful (mass dimension = +1) and scales as gyyg ~ O(AEW).

Fipvs = Filpsy =0, (E.103)
Fypvs = I3 gy = 0. (E.104)
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E.5.10 Non-abelian scalar-scalar

Comment: the high-energy expressions of the scalar-scalar diagrams are independent of the virtual
fermions mass, and therefore charged and neutral type are equal in this limit.

2 2

gr gr
Ml,/ ]V[l/’
s e s e
ANNK 0 ANNK m
gX\\ gX\\
]WQ ~ TTL2 ]WQ N m2
9gr 9gr
P 1 — p) 1 &
Ff ;g5 = 0. (E.106)

E.5.11 Charged box

E.5.11.1 Crossed type

_ M? M? —u — 0"
prE=1 _ K Kk _p_p 2 _ - -
e —glglgfgf{zln <_s_io+> 4ln<—s—i0+> ln<—s—i0+>+
M? M? e
—o2ln?(——— ) —4Liy [ ———— | -
" <—m2—¢0+> 2 <m2+z‘0+> 3 "

2 —u? [ o (—u—i0t 5] . 2s —u — 0%

Ryt =, (E.108)
+2<Z—Z—g>m<M2£_A§;_iO+>+%(—52—2g+3)}, (E.109)
AF{PS = 0. (E.110)
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E.5.12 Neutral box

E.5.12.1 Crossed type

F{o ™ = i g gfgx
o () (2 (22
ALk <M2 + \/MQ;(Lj\ﬁ - 4m2)> Ak <M2 - \/Mz:i\ﬂ - 4m2)> "
+0np <t2t_72“2 {m? (%) + wﬂ + ? In (%)) } (B.111)

Ryt =0, (E.112)

2

—s— 130t

P —P —p P
p 9r97 + 9595 m?
To9 <g}’9§ - Q) {(5 —1)In (W) —&{In(§)+

2
2 M2 (M2 — 4m2 M2
Coyf1 - ATy, VA m?) + +
M?2 2mM

4m? | VM2E (M2E — 4m?) + M%¢
5( ) " 2mM/E "

ARt = 9?9?9?9}’{2(5 —1)In ( ) + % (=€ —26+3) +2¢ 1n(g)}+

2m? n
2m?2 — M2 + /M2 (M2 — 4m?2)

n 2m?2 Li 2m?2 n
—2 L1
M2 72\ om2 — M2 — /ME (M2 — 4m2)

2m? n
2m?2 — M2 + /M2 (M2€ — 4m?)

_ 2_TTL2 —+ Li 2m2
M2 om2 — Mg — /%€ (M% — dm?) ) |
(E.113)
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AFP™E = 0. (E.114)

E.5.12.2 Direct type

£=1
Fl5 = gi g gl

o () o (2 ()
Sk <M2 + \/1\42:5\42 am? ) b ( V2 j\ﬂ 4m2)> -
— G (% [m2 <:z:7z?;> +w2} + f In <_Z%gi>) } (E.115)
Pyt =0, (E.116)

2

M 1
AR = —9f979§9§{2(£ —1)ln <m> 5 (€ -2 +3) + 2 1n(g)}+

959:" +9: 9% 2
— 919 (9?9;—%> {(5—1)111( > —&{In(§)+

2 M2 (M2 — 4m2 M2
oAt VM2 ( m?) + N
M?2 2mM

4m? VM2E (M2E — 4m?) + M%¢
”\/5( —W>ID< D AE )*
2

33

m2

2m?2 n
2—M2+\/M2(M2—4m2)

n 2m? Li 2m? n
—2 L1
M2 72\ om2 — M2 — /M (M2 — dm2)

2m? n
— M2¢ + \/MQE(M2§—4m2)

— 2_7712 + Li 2m2
M?2 2 2m2 — M2¢ — \/M2E (M2 — 4m?) ’
(E.117)
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AR =0. (E.118)
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Appendix F

Some details of fermion loop calculation

In this section we give some calculational details concerning the fermion loops in gauge boson self-
energies IT4/,. Throughout this section we will drop the superscript argument s, i.e. H:');Y(s) = Hr";(y.
The fermionic loops can now be treated as massive or massless. When speaking of light fermion loops
we usually understand the massive results expanded in some hard scale p? over the fermion mass my
to leading order, but this agrees with the result for massless fermions. The generic expressions for
both cases can be found in the section on generic diagrams, where the massless case coincides with the
high-energy expanded results given there. For renormalization in this chapter we use the BHS-scheme.

F.1 Light fermions (light doublets)

We begin with the light fermion contributions, the top quark is covered in the next section. Starting
with the AA-transition the bare diagrams (with off-shellness s) and the MS-counterterm (for details on
this choice see main text) for a single light (or massless) fermion f are given by

2
T o« 9 |1 Iz 5
(aa)y = =57 Nes Qs s {E +ln<—s—i0+> " 3} ’
6z =2 N2t
2)f - 37T C,f f67

(Iha); = (Iha); — (623)5" =

2
« o )
=——N.Q%s |In| ———— ) +=|. F.1
3! fs{n<—3—¢0+> 3] (F-1)

Due to MS-subtraction there is now explicit p-dependence, to be compensated by the running of a =
a(p). Every fermion charged under U(1)¢ gives a contribution of this form, irrespectible of the multiplet
structure of SU(2) its left- and right-handed compontents are embedded in.

The Z A-transition is similiar, but due to the Z the renormalization procedure it is sensitive to the
SU (2)-group-structure (via the renormalization constant §Z, that also gets contributions from the W -
transition). We therefore give the results per light doublet D (or alternatively per light generation),

containing fermions with isospin (—|—%) and (—%) The top-bottom doublet needs to be treated separately

(see next section). Note that since 677 Z_ 672y Z does not get fermionic contributions, the counterterm
simplifies as well as (0Z3), = (6Z]),. We emphasize that only (6Z3), is constructed by minimal
subtraction, the rest of the renormalization constants is defined in the OS-scheme. We obtain

(I1Z.4) :chD<ZQfo)S Lim(—£ )42
D3z " P € —s5 — 0T 3|’

oS Cws 08 Ms| &I1D)
(023)° = = |02) - 623)p°| 2
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=2(62)7 —023") ) 20 (57.) ' =

=0

a 1 r1 ©? 5
-l [ (5ig) 3]
3 {42 * <M5V>+3+

(S [Lon(l) )

febD

((1%4) , = (054) , — (6237)0° — M2 (5277 — 6237)° =

= g Voo (S @rmr) — i+ (S 0+ e)) ;o (3 ) + 31+

febD 1D
:Vo
<f€ZDvaf> ln< 20+>+§_Z<J%ZD(”J2”+“§‘)> m(M_g%V)}:
- CD8{<];vaf> ln< ZO+>+§—Z<J£€ZD(U;+Q§)> m(%) } )

Note that the explicit p-dependence has cancelled. We rewrote everything in terms of sum of fermion
f € D to emphasize that although the renormalization constants were sensitive to the doublet structure,
the renormalized corrections of each light fermion decouple again. For this reason we wrote the total
contribution as a sum over all (light) fermions rather than a sum over (light) doublets in eq. (3.47)) in
the main text.

Finally for the contribution of the light doublet D to the ZZ-transition we get

a 1 2 5
(TE2)p =5 (0 Ner 0+ ) s 2o (e ) + 5]

feb

(5ZMZ)D = gl\kl)(fezl) (vff +a3c)> S [E +In <@> + §] =

Osm) v CW 32 vz vZ\OS _Cw os|
(622)° (623)"% LEE (027 —6237)}) " (07) | =

=0

(e S [ ()4

feb W

(11%2) = (055) p — (s — M2)(628) D% + M3 (62a1,) )" =

«a oy |1 ©? 5
:—3—7T C,D{(S_MZ) [E—i—ln <M—2>+§:| X



(T ra) - (L an) - B [ - (X ()] )+

CWw S
febD feb Wew feb

=0

+ (X @3 +ad)x

febD

M2 M2 ct, — 52 M2

(g wlu(i) )

feb
(D b ) o ()« -ty () )+
+<E;Qﬂ®—kgﬁm<ﬁ%>+§”h s

Once again the total Contribution can be written as a sum over independent contributions of all light
fermions, as done in sec. The expressmns ([ET), (E2) and (3] are basically already identical to
their high-energy exansions, only for (Hg Z) the explicit prefactors of M% need to be dropped.

F.2 Top-bottom doublet

The full top contributions are a bit lengthy (especially for the ZZ-transition), and at the same time
not that interesting. However, the high-energy limit looks a bit different than for the massless (light)
doublets above, so we give some intermediate steps on the construction of the high-energy expression.

As the counterterm (5Z; )l}ds is defined in the MS-scheme, the top-bottom doublet contribution to
(ﬂ£ 4) p,, i the high-energy regime looks identical to that of a light doublet D in eq. (EJ),

AT \HE _ @ 2 2 1 p? o

(HAA)Dtb__§N0<Qt +Qb>s[z+ln<—s—io+>+§ )
MS a 2 9\ 1

(673) =~ n(@ +@2)

_ 2
4T _(mT NnMS _ @ 2. 02 K 5

()5, = (P, ~620) 35 = (@ ) [ (52557) <] e

and this is already the high-energy value. The ZA- and ZZ-transitions are sensitive to the doublet

structure however, so their contributions are a bit more involved. Using the notation 67 ﬁ;"v and 67 ﬁtzb
to denote the UV-finite parts of the boson mass renormalization constants (cf. 2.5.2)), we obtain

T \HE 1 u? 5
(50) 7, = 5o Ve (@ + Qo) ) 5 [z i (ﬁ) T3

oS OS oS
(623700 =2(62)7 - 5237) )% _25 (02.) 5y = SW[(azMW) — (s MZ)Db] _

=0

= W T (R d vt ad) + | b+
652, M2, 3 M2

Sw
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- o (52,55 - 620,55
(e = (5 E +5623)3), =
— _?%Nc <Qtvt + Qb%) s [ln (%) * g] *
=S |62 )y, — (623,) ) o

For the ZZ-transition we note that in the high-energy limit we only need the renormalization constant
(6ZQZ)Dtb’ as the part with Z),, is power-suppressed. We get

HE @ 1 2 5
(052, = =g Ne (0 +aF +F + ) ) 5 [E i <m> *3)

7708 (I’EIZI) &% 82 A Z\0s _ w
(023)p,, (527) +2W[(5m — 07y )Dtbl p— (6Z)DJ =

=0

2

ch — 8%, 08 08
= (523))° - WT [(6ZMW) —(6Zu,) Dtb] -

2

a N, 4y o o\ Gy—si [2ME —3m? 4,5, o 5 o 8aZm]
:y?{‘g(@wb)‘ el v AU S 2 Ve D

Dtb Dtb Dtb
o 2 )
= —ch (vf —|—a§ —1—1)5 —i—ag) s [ln <#> + §] +
W =5 [(5 7,198 (6701,)° F.6
S%/V ( MW)Dtb Mz) Dy, ( )

F.3 Running of a over particle thresholds

The MS-subtraction introduces an explicit yi-dependence into the expressions, that needs to be compen-
sated by running of «(u). Differentiating the relation of bare to MS-coupling
Qo = MQEZa o) (F.7)
yields
0~

do dZy
Tt = (2 ali) + ) s + Za o ) (.3

Assuming Z, =1+ a(u) l—e’ + O(a?), where b is some constant, we obtain

dZ, b da(p)
dIn(p?) e dln(p?) (F-9)

Pluggin into eq. (E.8)) and expanding to O(a?) yields

dov(p)

le/ﬂ) = fe a(p) + (’)(aQ),
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Be = —e+ba(p), (F.10)

Sending € — 0 and solving this ODE by separation of variables with some given initial condition «(ug)
yields

aly) = a(to) — (F.11)
1—a(up)bIn </;_8>

Suppose now we have the value of the coupling a(my) at the mass scale my of the lightest fermion (e.g.
the electron mass me) as input. The theory above this threshold is a theory with one active fermion in
the loopEI, and the running of « up to the scale ms of the next-to-lightest particles can be calculated
with eq. (EII)
a© (my)
-
1 — ) (my)b® In (m)

1

oD (my) = (F.12)

With the superscript on « and ¢ we indicate how many active particles the theory had in which b was
calculated. In the regime 1 > ms we now can solve the RGE again with 2 active particles in the theory
(and in the loop), and the formal solution is analogous to eq. (E.11])

a(1>(m2)

@ () =

Q /J/) )

1 —a®(my)b®@ In <172—22>
2

(F.13)

where b was now calculated in the theory with 2 active particles (with masses mj, mgo). Inserting eq.
([E12) into (E13) and multiplying out we get

Q(Q) (/’[/) — (X(O (ml) =
2
1= a®)(my) (50 n (23) + 6 In (£3))
my ma
o (my)

T (m1) (5(1) n < (F.14)

L)+ b — b)) m (45))

1 2

where we simply reordered the logarithms in the denominator. As the O(«)-corrections to Z, and thus
b are additive the quantity 5 — b(!) is just the 1-loop contribution of particle 2 to the S-function. This
procedure can be iterated to cross more and more particle thresholds until one ends up in the desired
energy regime. Writing the contribution to Z, of the k-th individual particle as

k—1
bk = pk) N7 ), (F.15)
i=1
then o) (n) with g > m,, for the theory with n active particles in the loop is given by
(0)
o™ () = o lm) (F.16)

1= a® (my) S5, 60 ()
k

In pure QED we only have fermions in the loopﬁ. The result for the SM is given in the main text, eq.
B43) in sec. B42

!That the heavier particles decouple in the low energy regime is actually not visible in dimensional regularization, and
the particles have to be taken out of the theory and added back by hand when the scales of the problem exceed the particles
mass.

2In non-abelian theories there are also gauge bosons in the loop. However, in the EW-sector the weak gauge bosons are
not included in the running for reasons of gauge-independence (see discussion in the main text).

198



Appendix G

Feynman rules of EW theory and
complete Feynman diagram sets

G.1 Feynman rules of EW theory

In this section we give the complete EW Feynman rules in Rg-gauge (as introduced in the sec. ZT.4),
taken from [32]. All particles and momenta are treated as incoming.

G.1.1 Propagators

e Vector (massive):

G v —i L Gy = Dhkyky
ANNNNN =3 2 Toar \ 9wt T s | =
K2— Mz +iot \"" T R - zey
_ —i o kuky ) —iéy kuky _
k2 — M2 +i0t \"" k2 k2 — Mgy +i0t k2
—i kyuky —i kyuky
= g — : G.1
k? — ME +i0+ (g“ M5>+k2—M5§V+¢0+ MZ (1)

e Vector (massless):

G Vv —i (&v — Dkyk,
VAV AV VY = T or (9;“, + 12 : (G.2)
e Scalar:
S S 7
- — — — — — - = G.3
k2 — M2 +i0+ (G-3)
S H % ot

Ms | My | Mzv/Ez | MwvEw

o Ghost:

Sonly S (G.A4)
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TLA A ﬁZ7uZ ﬁi,ui

M, 0 Mz €z | Mw/Ew

IS
S

e Fermion:

f f (k4 my)
k2 — mfc +40+°
G.1.2 Vertices
e VVVV:
v vy

iezc 2g;wgpa — Gup9vo — g;wgyp:|

vy vy
ViVoVsVi (| WIWIW "W~ | WTW~=ZZ | WIW~—AZ | WTW-W~AA
1 i c
e VVV:
%U7k2
‘/lﬂakl

= ieCgulkn = k2)p + gup(kz — Ks)u + guplhis — )

‘/3/)7 k3

ViVLVs || AWTW ™ | ZWTW

SwW
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e SS5SS:

\\ //
N 7
,x\ = ie2C
7 N
7 N
e A
7 N
S S,
518283S4 || HHHH, xxxx | HHxx, HH¢ ¢~ , xx¢oT¢d~ | ¢T ¢ ¢t~
C __3 Mj __1 My __1 M
43%\/ M‘%V 43%‘/ ]\J&V 23%‘/ ]\J&V
e SSS:
SQ/
S, R
SN = ieC
\\\
Sy
515253 HHH HXX,H(ﬁJr(b*
3 M3 1 M3
& T 2sw MV}; T 2sw MV};
e VVSS:
%8 St
N = ie’Cgu (G.10)
vy S5
ViVa81S, || ZZHH,ZZxx | WYW-HH, W W~xx,| AA¢pt¢~ | ZAdto~ | ZZdTd
WHW =gt~
1 1 c2 —82 (02 —82 )2
C QC%VS%V 25%‘/ 2 - X“ivs‘/x‘;v QVZ%/S%:/
ViVaS18Sy || WEAQTH | W ATy | WEZTH | WEZpTy
1 3 1 3
C o m :F 2SZW B QCW :F QCZW
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e VSS:

St, ki
v e -
VL = ieCky — ko) (G.11)
S, k2
V5152 Zxn | ApteT | ZoteT | WEGTH | WEeTx
i iy —si 1 i
C T 2cwsw -1 2V(§/st\w// + 2sw T 2sw
e SVV:
‘/]N7 kl
S___
= ieCguw (G.12)
Y ko
SViVa HZZ HWHW™ | TWTA | ¢TWTZ
C cgvlsw My | 5= My —My | =3 My
e Vff:
fi
v 1 1
= devy,|CL 7275 +C 72% (G.13)
fo
Vflfz Aﬁfj Zﬁfj W+1_Ll'dj W‘Jjui W+ﬁl'lj W_l_jlji
Cu || —Qsdiy | (vr +a) 8 | 75 Vii | T3 Vit | vas O | v i
CR _Qféij (vf—af) 5@']’ 0 0 0 0
1 1 :
= T —2Q;s? = 7.
v 2CWSW( 3 QfsW)’ o 2w sy o
1ig

Note: in this work the CKM-matrix is set equal to the unit matrix: V;; = VJTZ = 0jj. T; =+

the isospin of fermion f.
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.« Sff:

fi
S
e — V5 1 — s
= de|CL—2L 4 g 2% (G.14)
fo
Sf1f2 Hfif; xfifi ¢t iuid; ¢~ dju; Pt il ¢~ Ly
—1 Mg ¢ —i fmei ¢ 1 Mui v/ . —1 maj y,T -1 My ¢
Cu 2swm‘5w 235‘/2T3M—W52J V2sw Mw "% | \2sw MM; V]z 0 ﬁSWM—lV; (7]
=1 Mpi 5. ' fmris. . —1 ™Mdj . 1 Mui /T —1 Mg s
Cr 2sy My 4 2sZW2T3 My, 0i \/isWM_WL o 2sy Mw Vi \/ﬁsWW 1) 0
Note: Tg = i% is the isospin of fermion f.
o Vuu:
alvk‘;l
G T
N = ieChky, (G.15)
.,
(D) kz
Viajug || Aatu®, WHateT WFaTut | Zotu® WHaZuT, WFaTu?
c +1 Far
o Suu:
ﬂlvk:l
§ —_— - _."“
e = ieC (G.16)
~.
Ua, ko
Stius Hu?u? Hu*u* xatu® drutu dratu? prutuT
C __ & )\ _&w g Ew A M fy—sty M
35y Mw oay Mw | Fog- Mw | &w Mw | —Swab—20 Mw | 54— Mw
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G.2 Complete Feynman diagram sets
All diagrams in this thesis were drawn with JaxoDraw [33]. Pure QED diagrams are not shown.

G.2.1 Fermionic 2-point

H A X
// \\ // \\
/ \ / \

] \ ] \
b, t Lt t t t t' . t ) 't
W o

//"\\
/ \
] \
t b' t to b Lt

Figure G.1: EW contributons to the top quark self-energy.

Figure G.2: EW contributons to the electron self-energy.

G.2.2 Bosonic 2-point

W ¢ o*
A A A 4 N A A 4 A A
W W
¢ ' Y.
A T N g A A A A
N RNETA .
NS - ettt <
(&3 qk
- Q . : Q .
W:l: (/)j:
/ e \
\ |
A A A \ / A
ANNNNAAANNN

Figure G.3: EW contributons to the A A-transition.
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\ |
Z A A \ / A
ANNNNAANNN
Figure G.4: EW contributons to the Z A-transition.
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Figure G.5: EW contributons to the ZZ-transition.
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Figure G.6: EW contributons to the W W -transition.
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G.2.3 Vertices

¢~ 7

Figure G.7: EW contributons to the Ztt-vertex.
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Figure G.8: EW contributons to the Att-vertex.

Figure G.9: EW contributons to the Zee-vertex.

Figure G.10: EW contributons to the Aee-vertex.
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G.2.4 Boxes

Figure G.11: EW box corrections.
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