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ABSTRACT: We present a new calculation of next-to-leading-order corrections of the strong
and electroweak interactions to like-sign W-boson scattering at the Large Hadron Collider,
implemented in the Monte Carlo integrator BONSAY. The calculation includes leptonic
decays of the W bosons. It comprises the whole tower of next-to-leading-order contributions

g’a4, a2a®; asa®, and o in the strong and electroweak

to the cross section, which scale like «
couplings oy and . We present a detailed survey of numerical results confirming the
occurrence of large pure electroweak corrections of the order of ~ —12% for integrated cross
sections and even larger corrections in high-energy tails of distributions. The electroweak
corrections account for the major part of the complete next-to-leading-order correction,
which amounts to 15—20% in size, depending on the details of the event selection chosen
for analysing vector-boson-scattering. Moreover, we compare the full next-to-leading-order
corrections to approximate results based on the neglect of contributions that are not enhanced
by the vector-boson scattering kinematics (VBS approximation) and on resonance expansions
for the W-boson decays (double-pole approzimation); the quality of this approximation is
good within < 1.5% for integrated cross sections and the dominating parts of the differential
distributions. Finally, for the leading-order predictions, we construct different versions of
effective vector-boson approximations, which are based on cross-section contributions that
are enhanced by collinear emission of W bosons off the initial-state (anti)quarks; in line
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with previous findings in the literature, it turns out that the approximative quality is rather
limited for applications at the LHC.
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1 Introduction

The experimental investigation of the electroweak (EW) symmetry-breaking mechanism is

one of the major physics goals for which the Large Hadron Collider (LHC) was built. The

discovery of a neutral “Higgs-like” boson in 2012 is undoubtedly a milestone in reaching this

goal. The analysis of existing LHC data shows that the new particle behaves very much
like the Higgs boson of the Standard Model (SM). However, the empirical consistency of
observations with the SM does not rule out the possibility of new physics being at work



in the sector of EW symmetry breaking (EWSB). This possibility is phenomenologically
investigated in two complementary ways: (i) direct (on-shell) Higgs-boson production,
including the determination of coupling strengths and structures of the observed Higgs
boson and the search for additional Higgs bosons, and (ii) the investigation of indirect
(off-shell) effects of the Higgs boson in processes like EW vector-boson scattering (VBS) or
EW multi-boson production.

In this work, we focus on like-sign W-boson scattering with the signature of two equally
charged leptons and two jets, which is the most prominent VBS channel at the LHC
due to its favourable signal to (irreducible) background ratio. Apart from its role as a
window to EWSB, VBS is also phenomenologically interesting because it is dominated by
self-interactions of the EW gauge bosons at an energy level in the TeV range where the LHC
explores uncharted territory. However, given the consistency of the discovered Higgs-like
particle with the SM Higgs boson and the absence of spectacular signals of new physics,
potential deviations from the SM are small and subtle. In fact, cross-section measurements
of like-sign W-pair production [1-8] still have significant statistical errors and are compatible
with SM predictions. In view of the higher precision expected from measurements in the
upcoming high-luminosity phase of the LHC, very precise predictions for VBS reactions are
required, i.e. higher-order corrections of the strong and EW interactions have to be known
with sufficient precision. The current state of the art in precision calculations for VBS at
the LHC is, e.g., summarized in ref. [9], and prospects for VBS analyses at the LHC and
beyond are discussed in ref. [10].

Already in leading-order (LO) predictions, there are two categories of diagrams con-
tributing to the amplitude of pp — ¢* ¢y + 2jets + X: diagrams with EW couplings
only and diagrams involving gluon exchange, leading to LO contributions to the cross

2.4

section proportional to the factors a2a?, asa®, and a® in the EW and strong fine-structure

constants a and g, respectively. At next-to-leading order (NLO), there are cross-section

contributions with four different combinations of strong and weak couplings: a§a4, agas,

asa®, and of

. A summary and a tuned comparison of results of precision calculations
for pp — (F0'* vy + 2jets + X can be found in ref. [11]. Already a long time ago, two
categories of corrections with QCD couplings were considered in the literature: the QCD
corrections at asa® to VBS in VBS approzimation [12, 13], including its matching to a
QCD parton shower within POWHEG [14-16], and the a2a* contribution, which can be
considered as WHW 4 2jets production via the strong interaction [17-19]. However, for
the remaining two categories, which involve EW or combined QCD-EW corrections, there
still only exist results from a single group in the literature [20-22]. The primary motivation
of the present paper is to provide a survey of independent results on the whole tower of
NLO corrections, together with a comparison to the results given in refs. [20-22]. Since
NLO calculations to multi-particle processes of the type 2 — 6 particles are very challenging
and by no means standard, this cross-validation is an essential step in establishing the full
NLO prediction for like-sign W-pair production at the LHC.

The presented NLO results are produced with the Monte Carlo program BONSAY,
which has already been used in some NLO calculations for many-particle processes. QCD
corrections of orders aza® and a2a* to WEW® + 2jets production evaluated with BONSAY



were already included in the tuned comparison of ref. [11], and EW and combined QCD-EW
corrections to WZ scattering calculated with BONSAY were discussed and successfully
compared to another independent calculation in ref. [23]. Moreover, the calculation of the
full NLO QCD and EW corrections to pp — WWW — 303y, + X presented in ref. [24]
was performed with BONSAY. Technically, BONSAY is a standalone multi-channel Monte
Carlo integrator that can be linked to amplitude generators like OPENLOOPS2 [25, 26] and
REcoOLA [27, 28] and other libraries like LHAPDFG6 [29].

Apart from presenting results based on a full NLO calculation, we delve into approxima-
tions for the considered cross section that hold phenomenological or practical significance.
Firstly, we explore the combined application of the double-pole approximation (DPA) and
the VBS approximation. This aims to investigate if, or to what extent, the full NLO predic-
tion can be reproduced within a theoretically simpler and computationally more efficient
framework. Such approximations are desirable for adding further corrections or effects
from physics beyond the SM (BSM) where a full 2 — 6 particle NLO calculation might
be computationally too expensive and most likely not necessary. The VBS approximation
reduces the number of partonic channels contributing to pp — ¢*¢'F vy + 2jets + X by
selecting only those enhanced by the VBS selection cuts, whilst neglecting suppressed
interference terms, as done in the calculations of refs. [12, 13]. The DPA further slims down
the number of diagrams within the selected channels by considering only the leading term
from expanding the amplitudes around the resonances of the produced W bosons. The DPA
was established in cross-section predictions for W-pair production LEP2 in different variants
by various groups [30-36] (see also ref. [37] for the general concept). Our approach aligns
closely with the version proposed in refs. [33-35], which applies the resonance expansion
only to the infrared-finite part of the virtual corrections and which was extended to more
general final states in ref. [38].

As a second type of approximation, we formulate an effective vector-boson approzimation
(EVA) [39-42] for LO predictions. The EVA is based on the enhancement of vector-boson
emission off the incoming (anti)quarks in the collinear limit, which leads to the picture of
vector bosons being partons of the protons with extra jets pointing into the forward /backward
regions. It is well known that the approximation quality of the EVA is rather limited [43-51],
because the requirement that the partonic scattering energy v/ relative to the W-boson
mass My obeys In(8/M3;) > 1 is not perfectly fulfilled at the LHC. Nevertheless, the
quality of the EVA gives an impression of the extent to which the considered cross section
is dominated by the VBS mechanism that is the target of the experimental analysis of
the VBS signature. Moreover, the EVA might be a promising ansatz for quick qualitative
studies of corrections or BSM effects in VBS channels.

The article is organized as follows: in section 2, we illustrate all ingredients of the
NLO calculation in terms of sample diagrams and describe the structure of the calculation
and the employed mathematical techniques. Subsequently, in section 3, we explain the
underlying concepts of the VBS approximation and the DPA, which are combined to an
approximative NLO prediction as an alternative to the full NLO calculation. Since the
EVA for LO predictions is less important, it is only briefly sketched in that section, and
the full details are given in appendix A. In section 4, we describe the internal checks on



our calculation and perform a brief comparison to existing NLO results in the literature.
Section 5 presents a detailed survey of numerical results tailored to analyses performed
in the ATLAS experiment and comparisons of the full LO and NLO predictions to the
constructed approximations. Our conclusions are given in section 6.

2 Like-sign W-boson scattering at the LHC

We consider the production of two equally charged leptons of different flavour, together
with at least two jets:
pp — etve i+ X. (2.1)

The cross sections for the production of eTve e v, jj and ptv, utv, jj are approximately
half of the cross section for etve v, jj production. The small deviations from the factor
1/2 are due to the interference effects between diagram types related by the exchange of
identical leptons in the final state, which are suppressed. Note that in the SM the production
of any pair £T¢'F of equally charged leptons comes with a corresponding neutrino pair v,y
and at least two QCD partons which are quarks or antiquarks. The additional (anti)quarks
in the final state are necessary, since the partonic initial states cannot provide the overall
charge of +2 of the produced leptons. This means that it would be phenomenologically
sound to define a total cross section for e*u* + X production, where X accounts for any
hadronic activity in the detector without explicit jet detection; demanding two tagging jets,
however, rules out events with only soft hadronic activity as, e.g., induced by double-parton
scattering, which would contaminate the analysis of EW VBS.

2.1 LO contributions

At LO, the process (2.1) is special in the sense that it has no gluons in the initial states,
because the two final-state (anti)quarks cannot fully compensate the double-charge of the
leptons in the final state. This also restricts the number of partonic processes which we
group according to total charge @i, of the initial state, suppressing trivial transpositions of
the initial state. For Qi, = 4/3, the partonic contributions are

uu — etve uty, dd, cc — e v p Ty, ss, (2.2a)

cu — e ve pty, ds, (2.2b)

the following processes have charge Qi, = 1,

du — e v, pty, da, sc — et v pty, se, (2.3a)
du — et uty, sc, sc — etve uty, da, (2.3b)
de — etve uty, si, su— ety puty, de, (2.3c)

and finally there are processes with Qi = 2/3,

dd — et uty, 11, §s — etve 'y, e, (2.4a)

sd — etve pty, tic. (2.4b)
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Figure 1. Examples of LO Feynman diagrams illustrating the various W+WT production
mechanisms. The shaded blobs represent tree-level subdiagrams for WHW+ — WTWT and
ud - WTWH W, respectively.

Here we have ignored the possibility of mixing between the quark generations, i.e. the
CKM matrix is taken as the unit matrix, so that in particular b-quarks neither appear
in the initial nor in the final state, because top-quarks in the initial or final state are not
relevant. Taking a trivial CKM matrix is an excellent approximation for W¥W# scattering
for the following reasons. Ignoring the negligible quark mixing with the third generation
and taking the quarks of the first two generations as massless, all mixing effects drop out in
the dominating VBS amplitudes, so that a non-trivial CKM matrix would not have any
effect. A non-trivial CKM matrix would only influence the quark-antiquark annihilation
channels which deliver only a small contribution to the cross section. Denoting the EW
and the strong coupling constants as e and gs, respectively, the Feynman diagrams for the
partonic LO contributions are either of O(e%), as illustrated in figures la-1d, or of O(g2e?)
with an internal gluon, as illustrated in figure le. Only the contribution of O(e%) contains
the actual scattering of W bosons which is induced by the diagram classes shown in figure 2.
Squaring the LO amplitudes leads to cross-section contributions of

O(a2a?), O(asa®), O(ab), (2.5)
which are often called strong production, interference, and EW production, respectively.
The three contributions are illustrated in figure 3. For the interference contributions to the
squared matrix elements, the colour structure of this process (see also the discussion in
section 3) leads to vanishing matrix elements except for those where all quarks are from the
same generation, i.e. the partonic contributions (2.2a), (2.3a), and (2.4a).
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Figure 2. VBS subdiagrams for WrW+ — WTWT as contained in the shaded blob of diagram
figure 1la.
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(c) interference contribution of order O(asa®).

Figure 3. Examples of squared LO Feynman diagrams illustrating the various W W™ production
mechanisms. The shaded blobs represent tree-level subdiagrams for WTW+ — WHW+,
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(a) initial photon, triple-W prod. (b) initial photon, VBS.

Figure 4. Sample diagrams for real corrections.

2.2 NLO contributions

At NLO, both virtual and real corrections must be considered. The partonic processes of
the real corrections are simply the ones listed in egs. (2.2), (2.3), and (2.4) with either an
additional external photon or an additional external gluon. Thus, there are bremsstrahlung
contributions corresponding to each of the partonic channels in egs. (2.2), (2.3), and (2.4).
Moreover, there are quark-gluon-initiated processes with Qi, = 2/3,

ug — et ve pty, ddy, cg — e e vy, ssc, (2.6a)

ug — et MJFVM sdc, cg — et v, /ﬁl/u dsu, (2.6b)
and Qi = 1/3,

dg — eTve pFy, dad, sg — etve uty, sce, (2.7a)

dg — et putu, sic, sg — eTve uy, det. (2.7b)

Similar processes exist with the gluon replaced by the photon, as illustrated in figure 4.
Some virtual one-loop Feynman diagrams leading to contributions of O(e®) are shown in
figures 5a, 5b, and 5c. Diagrams of O(g2e5) are shown in figures 5d and 5e, and O(ge?)
in figure 5f. Interfering these loop diagrams with the two possible types of LO graphs, as
shown in figure 6, we obtain four types of NLO contributions to cross sections:

O(a§a4), (9(043045), O(asa6), (’)(o/). (2.8)

Only the first and the last order are corrections of pure QCD and EW origin, respectively,
the other two are corrections of mixed type.

Technically, all calculations are performed within the Monte Carlo program BONSAY,
which is based on multi-channel Monte Carlo integration using adaptive weight optimiza-
tion [52-54]. Besides calculating cross sections, it further supports the parallel computation
of uncertainties induced by different scale choices and errors in parton distribution functions
(PDFs). The phase-space integration is particularly optimized for multi-particle processes
with matrix elements containing multiple peaking or resonance structures. For this, BONSAY
extends and implements the algorithm presented in section 3 of ref. [55]. Both the tree-level
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Figure 5. Examples of one-loop diagrams for EW (a-c) and QCD (d-f) corrections to the partonic
subprocess uu — dd e v, vy,
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Figure 6. Examples of squared one-loop Feynman diagrams illustrating the various contributions
to the NLO cross section.



and one-loop matrix elements are provided by OPENLOOPS2 [25, 26] by default, but have
been cross-validated against respective results obtained with REcorA [27, 28]. The one-loop
integrals are numerically evaluated using COLLIER [56], which is based on the methods and
results described in refs. [57-59]. In detail, COLLIER provides a sophisticated system of
expansion techniques to stabilize the results for tensor integrals in the vicinity of exceptional
phase-space configurations and offers various possibilities for further cross-checks, such
as two independent internal implementations. Particle resonances are described in the
complex-mass scheme [37, 60, 61] to guarantee both gauge independence of amplitudes and
NLO accuracy in both resonant and non-resonant phase-space regions. The extraction and
cancellation of (soft and collinear) infrared singularities is accomplished within the dipole
subtraction formalism both for QCD [62, 63] and EW [64, 65] corrections.

3 Approximations for VBS

As an alternative to the full NLO prediction, we construct a simpler and approximate
prediction based on the combination of 1) a VBS approximation and 2) a double-pole
approximation.

Independently, we investigate the feasibility of an effective vector-boson approximation
(EVA) for the LO prediction.

3.1 VBS approximation

The kinematic mechanism that leads to an enhancement of EW VBS at energies far above the
EW scale is the nearly collinear emission of EW gauge bosons off initial-state (anti)quarks,
where the corresponding gauge-boson propagators receive only a very small virtuality. In
this region, the differential cross section is dominated by the squared sum of Feynman
diagrams with two collinearly enhanced propagators. This set of diagrams comprises all VBS
graphs, but also others, depending in detail on the VBS channel. The VBS-enhanced EW
contribution to the full cross section, however, competes with other production mechanisms,
among which QCD-induced contributions typically by far dominate. To sufficiently increase
the signal-to-background ratio for an analysis of the EW VBS contribution, it is necessary
to set up dedicated VBS cuts.

The VBS cuts require a pair of two strongly forward-backward pointing jets, called
tagging jets j1 and js in the following. On the one hand, low transverse momenta pt for j; and
jo are vital for the VBS enhancement; on the other hand, the transverse momenta still have
to be large enough for tagging. In practice, only lower limits on pr;, and pr;j, of the order
of 30—50 GeV are set. However, further cuts on the tagging jets are required to successfully
suppress cross-section contributions that do not feature the 2 — 2 VBS subprocess. The
two observables that are used to achieve this discrimination are the invariant mass of the

two leading jets, Mj,j,, and the rapidity separation between them, Ayj i, = |Yj;, — Uj. |-

1j2>
Requiring both observables to be large (see eq. (5.9) for specific values) achieves this and
identifies the VBS region. In this VBS region we can define a gauge-invariant subset of
Feynman diagrams that are not suppressed. This simplifies the calculation, and we call this

approximation the VBS approzimation. This type of approximation was already used in



the early calculations [12, 13] of QCD corrections to the EW channel of WFW scattering,
which are part of the full O(asa®) contribution to the VBS cross section.

3.1.1 VBS approximation at LO

Although later in section 5.5 we will not use the VBS approximation for LO matrix elements,
we define it here for the purpose of defining the approximation at NLO in section 3.1.2. We
colour-decompose the matrix elements in terms of sums over colour factors multiplied with
colour-stripped matrix elements. Considering the partonic processes

i (p1)ark(p2) — q;(p3)a(pa) + € ve pt oy, (3.1)

where the indices ¢ and k denote the colours of the initial-state (anti)quarks and j and I
the colours of the final-state (anti)quarks. Three colour/fermion flows are possible for the
O(eb) (EW) and O(g2e?) (QCD) matrix elements,

Mew = 00 iMiny + 6i0Miw + 66k Misw (3.2)
Maqcep = T TiM{ep + TiTiMaep + TiTiMbep, (3-3)

where Mpw /QCD with r = s,t, u are separately gauge-invariant sets of Feynman diagrams.
The superscripts s, t, and u refer to the fermion flow in an equivalent 2 — 2 process
containing only the (anti)quarks. They do not denote the propagator structure of the
matrix elements, which is more complicated due to the additional colourless particles. The
VBS approximation exploits the fact that the squares of the s, ¢, u contributions dominate
over their interferences, which will be neglected, so that only |M"|? with r = s,¢,u will be
needed in the VBS approximation. Note also that not all of the s, ¢, u parts contribute
simultaneously in a single channel; the three parts are introduced to keep the treatment
generic here.

At LO, the VBS approximation generates all relevant amplitudes out of one master
amplitude via crossing and flavour symmetries, which are valid due to the masslessness
of the fermions. Starting from the matrix element M" for cu — dsetve putv, with the

momentum assignment as in eq. (3.1), crossing symmetries lead to the following identities:

M5 (p1, p2, 3, pa)|” = | M (pas pa, p3, 1), (3.4)
| M (p1,p2,p3,04)|” = | M (D1, D2, D2, p3) [ (3.5)

Table 1 lists how the required contributions |M"|? for each partonic channel are constructed
from the | M?|? of the cu — dseTve v, channel and its crossed variants. The s-fermion-flow
matrix elements M?®, which do not contain the VBS subprocess but instead “semi-leptonic
triple-W production” (see also figure 1b), are zero whenever @, # 1 and, at the same time,
the initial-state quarks are not from the same generation, because we assume a diagonal
CKM matrix. Only one partonic process has a vanishing contribution for the ¢-fermion-flow,
because the quark generations in the initial and final states are different and thus do not mix.
If the final state contains two identical (anti)quarks, Fermi symmetry implies that for each
Feynman graph there is a twin graph with the two final-state (anti)quarks interchanged; in
such a pair of graphs, one has t-channel and the other u-channel fermion flow, i.e. there are

non-vanishing contributions to M! and M.

~10 -



Charge Process M MP M™  VBS approximation

0 4/3 uu — et pty,dd 0 * ¥ cu— et pty,ds
e cu—etvepty,ds 0 * 0 cu—etrepty,ds
du — etvepty,dui * * 0 dc—efreputy,si

Q=1 du — etwe pty, s * 0 0 0
de = etvepty,su 0 * 0 de—efrepty,su
0 2/3 dd = efrvepty,aa 0 * * sd = etvepty, tic
e sd — et pty, uc 0 * 0 sd—efrepty,uc

Table 1. Fermion flow structure for each matrix element for each process listed, see egs. (3.2)
and (3.3) for definition. Stars * indicate non-vanishing contributions to the matrix element, and the
last column denotes which process is used in the VBS approximation.

We are now ready to define the VBS approximation for the squared matrix elements at

O(aat) and O(af):

1. We neglect all s-channel fermion flows, since they are not of VBS type and do not
contain the W-boson propagators with the enhancement for collinear emission. At
LO, those channels are suppressed by the lower cut Mj,j, cut on Mj,j,, which is the
invariant mass of an outgoing W~ boson, so that a cut value Mj,j, cut > My forces
this W™ boson into its far off-shell region. Note that owing to M;,;j, cut > My this
cut also excludes the Higgs-boson resonance at LO, which occurs in the s-channel
WHWHW™ subprocess for low virtualities M;,j, .

2. If both ¢- and u-channels are present, which is the case for two identical (anti)quarks

in the final state, the squared amplitude involves the two diagonal parts |M?|? and
|M¥|? as well as an interference term between M? and M¥. Making use of the
crossing identity eq. (3.5) and the fact that the phase-space integral extends over the
whole phase space, the integrals over |[M!|? and |M%|? are equal, so that we simply
can drop the |[M"|? part and keep the |M!|? part multiplied by a factor 2 (which

compensates the identical-particle factor 1/2).

3. This leaves the interference between the ¢- and u-colour flow. These contributions,

2Re {85500 Mbwdi; (Miw)"} = 2Ne Re { Mby (M)} (3.6)
2Re {TATMbyop (THTY Méep ) } = —2TwCr Re {Mbyep (Méep) '}, (3.7)

are colour-suppressed by 1/N. with respect to the squared matrix elements, which
have either the colour factor 0;;0:0k;0k; = N2 (EW) or 13 &(I}I}T,SZ)* = TpN.CFk
(QCD). They are also kinematically suppressed, because M“ and M! show their
collinear enhancements in different parts of phase space, which therefore do not
accumulate. Interference contributions between t- and u-channels are, thus, neglected
in VBS approximation.

- 11 -



The interference contribution at O(asa’®) does not contain “squared” fermion flows of
the form

2Re {MtEW(MEQCD)*} or 2Re {MgW(MacD)*} , (3.8)

because Tr(7T?) = 0. The only non-vanishing terms of O(asa®) are interference terms of the
form My ( 6CD)* with 7 # r’ which we set to zero in the VBS approximation, according
to steps one and three above.

Effectively, the VBS approximation replaces each matrix element by a simpler one only
having the ¢-fermion flow, e.g. cu — eTve ptv,, ds, or, if the original matrix element does
not have a t-fermion flow, by zero. Table 1 summarises the replacements in its last column.
This definition of the VBS approximation agrees with the one used before in ref. [13].

3.1.2 VBS approximation at NLO

At NLO we proceed in the same spirit, applying the same rules described in section 3.1.1 to
matrix elements with n-particle kinematics, i.e. the one-loop matrix elements and Born-
type matrix elements like colour-correlated matrix elements used in the construction of
subtraction terms. For the real matrix elements we distinguish between two cases:

1. Matrix elements with final-state gluons/photons are treated similarly to their Born-
type matrix elements without the extra gluon/photon. This is required by the fact
that all subtraction contributions add up to zero, i.e. that what is subtracted from
real matrix elements is exactly cancelled by the integrated subtraction terms on the
virtual side.

2. Matrix elements with initial-state gluons/photons are not approximated. They (and
all corresponding subtraction terms) are instead calculated exactly as in the full
off-shell calculation, because a VBS approximation cannot be defined properly for
these contributions. Note also that the contributions with initial-state gluons/photons
are separately infrared (soft and collinear) safe.

The last point is a choice, and at least for O(a%ay) it is possible to also approximate
contributions with an initial-state gluon. For a discussion of this specific approximation
and its quality see ref. [11].

3.2 Double-pole approximation

The double-pole approximation (DPA) further reduces the set of relevant diagrams by
taking into account only the leading cross-section contributions in an expansion about the
two produced W-boson resonances, which decay into leptonic final states. Different variants
for carrying out such an expansion have been proposed in the literature [30-36] (see also
ref. [37]), but mostly applied only to pure pair production processes with no other particles
in the final state. In our calculation, we employ the version described in refs. [33-35]
for efe™ — WW — 4fermions and in ref. [66] for pp — WW — 4leptons, which was
generalized to more general final states in ref. [38] and applied to a triple-resonance process
in ref. [24].
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Figure 7. Structure of diagrams contributing to the factorizable (left) and non-factorizable (right)
NLO virtual corrections in the DPA. The circles indicate either a tree-like substructure or a
loop subdiagram.

In detail, the full off-shell cross section is kept at LO, because off-shell effects in the LO
contribution are generically of O(T'w/Mw) ~ O(«), i.e. of the order of EW NLO corrections.
Thus, we apply the DPA only to the genuine NLO corrections.

The application of the DPA to virtual NLO corrections splits this contribution into
factorizable and non-factorizable parts, as illustrated in figure 7. The factorizable contribu-
tion is based on the selection of all one-loop diagrams that are enhanced by the explicit
appearance of at least one resonant W-boson propagator for each resonance; all other
one-loop diagrams are dropped in this part. The factorizable contribution, thus, comprises
those one-loop corrections that can be uniquely attributed to the production or decay
subprocesses. To render the resulting factorizable contribution gauge independent, the
kinematics entering the residue of the double resonance pole is “on-shell projected” in such a
way that the two nearly resonant W bosons become on shell. In this on-shell projection the
final-state momenta are deformed by contributions of the order O((k? — M&;)/M3;)), where
k; are the off-shell momenta of the nearly resonant W bosons, so that the deformation of the
momenta formally changes the whole cross-section contribution only by subleading terms.
Specifically, we employ an on-shell projection as described in appendix A of ref. [34], which
modifies only the momenta of the produced W bosons and the final-state leptons. By default,
we keep the direction of the first W boson and the directions of the charged final-state
leptons fixed, but we have checked that chosing different lepton pairs with fixed directions
does not lead to significant changes in cross-section predictions. Finally, we mention that our
calculation of all double-pole-approximated loop amplitudes was performed in a completely
independent way from OPENLOOPS2 and RECOLA using in-house MATHEMATICA routines,
which reduce amplitudes generated with FEYNARTS1 [67] to a standard form suitable for
numerical evaluation.

The non-factorizable corrections by definition comprise all doubly-resonant corrections
that are not contained in the factorizable corrections. As can be shown by power-counting of
resonance factors (see, e.g., refs. [38, 68]), such contributions can only result from soft-photon
exchange between the different production/decay subprocesses, between the subprocesses
and one of the resonances, or between the resonances. Note that one-loop diagrams with
an internal soft photon coupling to at least one of the W resonances contribute to both
factorizable and non-factorizable corrections, because on-shell projection of the W-boson
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momenta and the soft-photon limit in the loop integral do not commute. More details on
the structure of non-factorizable corrections, on their calculation, and explicit results can be
found in refs. [34, 35, 38, 68-70]. Our calculation is based on the results given in ref. [38].

Real NLO corrections can be evaluated in the DPA as well, leading again to factorizable
and non-factorizable parts (see, e.g., refs. [68, 69]). Following the strategy of previous
applications, we, however, base the real corrections on full matrix elements without DPA;
more precisely, we use the VBS approximation as described in the previous section. The
reason for this approach is twofold: firstly, we hereby avoid a possible enhancement of
uncertanities that might result from the splitting into real factorizable and real non-
factorizable parts in the region of low-energy photon emission.! Secondly, the evaluation
of real corrections involves tree-level amplitudes only and is, thus, less CPU costly than
one-loop amplitudes, where the DPA provides great calculational simplifications.

In order not to spoil the cancellation of infrared singularities between the virtual and
real corrections, we have to slightly modify the subcontributions of the dipole subtraction
approach [62-65]. While the contribution of the dipole-subtracted real emission matrix
elements as well as the “convolution part” of the re-added subtraction part are based on
full (VBS-approximated) matrix elements, the subtraction part with LO kinematics, called
I-operator in refs. [62, 63] and endpoint part in refs. [64, 65], is added back in the DPA to
cancel the infrared singularities of the DPA-approximated virtual corrections. In this sense,
we apply the DPA to the infrared-finite part of the virtual corrections only.

3.3 Effective vector-boson approximation

The original idea of the effective vector-boson approximation (EVA) extends the idea of
partons inside hadrons to the case of weak vector bosons [39-42, 71]. The weak vector
bosons are considered as partons in (anti)quarks, just like (anti)quarks and gluons are
partons in hadrons. This concept is achieved by approximating the vector-boson emission
q — qV by its asymptotic behaviour in the collinear limit, where it is logarithmically
enhanced, and considering the splitting process as part of the hadron that breaks up. This
is similar to the Weizsécker-Williams approximation [72, 73] of QED, which can be used to
describe photon-photon processes, e.g. at eTe™ colliders, and is motivated by logarithmic
enhancements log(m?2/s) originating from collinear photon emission off e* in QED. We
want to apply the EVA to quantify the contributions arising from the actual VBS process.
It is, however, known in the literature [43-51] that the approximation quality of the EVA is
rather limited. We, therefore, do not advocate it for precision predictions and only consider
it for a qualitative discussion at LO. A comprehensive description of our construction of
the LO EVA matrix elements is given in appendix A. Note that we do not merely take
over existing proposals from the literature, but compare various formulations that differ in
the details of handling intermediate (off-shell) polarization vectors and external currents
describing the W radiation off the (anti)quarks and the W decays into leptons, in order to
account for spin correlations and off-shell effects as much as possible.

!See comments in ref. [34] on this point.
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4 Validation of the calculation

4.1 Internal consistency checks

o The virtual matrix elements for the largest partonic channel, uu — e*v, p*v, dd,
have been validated by comparing our default results from OPENLOOPS2 [25, 26| for
all four orders with results from RECOLA [27, 28]. See also section 4.2, where we
compare the integrated cross sections obtained with OPENLOOPS2 and RECOLA.

e The O(a’a?) results, specifically integrated dipoles and one-loop matrix elements,
have been calculated once with the BLHA convention (see ref. [74], egs. (1) and (2))
and another time with the COLI convention (see ref. [56], eq. (9)), which shifts finite
contributions between OPENLOOPS2 and our implementation of the soft- and collinear
subtraction. This constitutes another check of the handling of infrared singularities,
between the two mentioned program parts.

e The DPA for the infrared-finite part of the virtual corrections, which uses matrix
elements that are based on in-house MATHEMATICA routines, has been reproduced
with RECoLA [27, 28].

e Some of the EVA variants have been derived and implemented in two completely
independent ways and checked against each other.

4.2 Comparison against Biedermann et al.

In this section we compare some cross sections calculated in refs. [20-22], which are based
on matrix elements from the amplitude generator RECOLA [27, 28] and the Monte Carlo
integrator MOCANLO (see also ref. [75]) with results from our Monte Carlo program
BONSAY, which uses amplitudes from OPENLOOPS2 [26]. We consistently adopt the input
parameters and setup described in ref. [21] in this comparison, i.e. this calculation uses the
PDF set NNPDF_30_nlo_as_0118_qged [76, 77], which is not available in LHAPDF6 and
therefore has to be downloaded manually from http://nnpdf .mi.infn.it/nnpdf3-0qged/.
Table 2 lists the integrated cross sections, separately for each contributing order. The
numbers correspond to tables 2, 3, and 4 of ref. [21], i.e. they include the photon-initiated
contribution, which only significantly contributes in O(a").

Overall, we observe agreement between the two sets of results, typically within 0 to
2 multiples of the combined Monte Carlo integration uncertainty o = /0% + 03. We also
checked the agreement in differential distributions, for which a similar statement holds,
with larger deviations for some bins in extreme phase-space regions as expected.

An exception to the previous statements are the numbers for the contribution of
O(a’a?), for which we find a significant disagreement of 21¢0. This disagreement originates
from a bug in RECOLA 1.4.3, which is triggered whenever the two contributions at O(a2a’),

2Re {(ME ) ML} +2Re {MGL) ML} (4.1)

glet gzet
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Order ‘ Ref. [21] [fb] our calculation [fb]

LO 0O(ab) 1.4178(2) 1.41773(5)
(’)(a as) | 0.04815(2) 0.048138(3)
O(a*a?) | 0.17229(5) 0.17233(2)

NLO O(a’) —0.1732(3) —0.1728(6)
O(a®ag) | —0.0568(5) —0.0560(8)
O(a®a?) | —0.00032(13) 0.0047(2)
O(a*a?) | —0.0063(4) —0.0073(2)

Table 2. Comparison of our cross-section predictions against the integrated cross sections from
ref. [21], extracted from tables 2, 3, and 4 given there.

are calculated separately, as done in ref. [21]. Here ./\/l( )em are the matrix elements of
O(gme™) with [ loops. This bug will be fixed in an upcoming release of RECOLA.? We
were able to circumvent the bug by calculating the two contributions in eq. (4.1) in a single
phase-space integration, thereby reproducing our result obtained with OPENLOOPS2.

5 Numerical results

5.1 Setup

For all calculations we employ the complex-mass scheme [37, 60, 61], for which the real
on-shell masses and decay widths are chosen as follows:
MYP = 80.379 GeV QP = 2.0845 GeV,
MP® =91.1876 GeV  T'9% = 2.4952 GeV,
MR3 =125.0GeV 9% =4.07 x 1073 GeV,
OS — 173.0GeV oS =0.0GeV.

These values are converted to their pole values using the relations (see, e.g., ref. [37])

My = MQS/\/1+ (TQS/MO3)2, Ty =T98/\/1+ (QS/M8)2. (5.2)

Quarks and leptons not mentioned above are treated as massless. The remaining free EW
parameter is the Fermi coupling constant,

G, = 1.1663787 x 10° GeV 2, (5.3)

from which the electromagnetic coupling constant is determined according to the G,
input-parameter scheme (see, e.g., ref. [37]),

— \quM\QN ( — MV2V> : (5.4)

using the real pole masses.

2A. Denner, S. Uccirati, private communication.
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The setup used for all results presented in this paper are for the LHC operating at a
centre-of-mass energy of /s = 13 TeV. We use the NNPDF 3.1 LUXQED PDF set [78] with
a strong coupling constant as(Myz) = 0.118. This PDF set employs the LUXQED [79, 80]
formalism to determine the photon distribution function which is needed for the real
photon-initiated processes.

Finally, we set the renormalization and factorization scale to the geometric mean of
the transverse momenta of the tagging jets j; and jo,

[f = 13 = DTy - PTojss (5.5)

and estimate higher-order uncertainties (from QCD) using a seven-point scale variation by
taking the envelope, i.e. the minimum and maximum of the cross sections evaluated at the
following scales:

(R, pr), (2pR,2pF), (0.5uR,0.5ur), (2uR, pr), (4R, 2pF), (0.5uR, puF), (LR, 0.5uF). (5.6)

5.2 Phase-space volume

We define the fiducial phase-space volume as follows, in agreement with the particle-level
phase-space volume given in the ATLAS measurement [5]. We first require at least two
leading jets that are defined according to the anti-kt algorithm [81] with jet radius R = 0.4
and that fulfil the requirements

pr > 35GeV, |yl <45, ARy > 0.3. (5.7)
The leading jet j1, i.e. the one with largest transverse momentum, must fulfil the stronger cut
PTj > 65 GeV. (5.8)

The next-to-leading jet jo is the one with the second largest pp. The two leading jets are
then called tagging jets and must furthermore fulfil the following invariant-mass and rapidity
separation cuts (VBS cuts):

M;,j, > 500 GeV, |yj1 - yj2| > 2. (5.9)
The two charged leptons must pass the cuts
pTe > 27 GeV, ‘yg’ < 2.5. (5.10)

Furthermore we require an invariant-mass cut and a distance separation of the two
charged leptons:
My > 20GeV, ARy > 0.3. (5.11)

The missing transverse momentum carried away by the neutrinos has to obey

DT miss = PT,ver, > 30 GeV. (512)
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Order ‘ Result [fb] 8[%]  Scale uncertainty

LO O(aba?) | 1.24597(5) ~77%  9.9%
O(aSal) | 0.051133(3) ~14.0% 17.7%
)
)

O(a*a?) | 0.18649(2 —22.2% 31.6%
sum | 1.48359(5 -9.8% 12.1%

NLO O(a’al) | —0.1747(5)  —11.8%
O(aba}l) | —0.0902(8) —6.1%
O(a’a?) | —0.00017(19) 0.0%
O(a*a?) | —0.0033(7) —0.2%
sum | —0.268(1) —18.1%
LO+NLO sum | 1.215(1) —4.0%  1.5%

Table 3. LO and NLO contributions to the integrated cross section defined by setup given in
section 5.1, including the respective uncertainties from scale variations and PDF errors. Note that
in the case of the O(a®a?) correction the uncertainty is larger than the estimated value. The
quantity d, defined in eq. (5.13), gives the size of higher-order corrections relative to the sum of all
leading-order contributions.

5.3 Integrated cross sections

In ref. [5] ATLAS presented their first observation of EW production of two same-sign
W bosons, including W~ W™ -scattering, each boson decaying into either an (anti-)electron
or an (anti-)muon. In ref. [5] (text above figure 3) two conflicting theoretical predictions
have been presented, which differ by a substantial amount. Private communication with
some authors of ref. [5] revealed that for the two theoretical predictions two different scale
choices had been used. With POWHEG [14-16] the factorization and renormalization scale
was set to the W-boson mass, whereas with SHERPA [82-85], a dynamical scale of u = Mww
was chosen, which is the invariant mass of the two W bosons. Moreover, the used version of
SHERPA included an error in the multi-jet merging which has been corrected in ref. [86].

Our results on the various LO and NLO contributions to the integrated cross section
for the like-sign W-boson scattering process pp — etve v, jj + X, defined by the cuts
of the previous section, are given in table 3. In addition to the results obtained with the
central scale setting, table 3 also shows the combined renormalization and factorization
scale uncertainty (see eq. (5.6)) for each LO contribution and the full LO and NLO cross
sections (given as “sum”). Including the full tower of NLO corrections reduces the LO scale
uncertainty of about 10-12% to about 2-4% at NLO.

5.4 Differential cross sections

In the following, we show differential distributions for pp — eTve utv, jj + X and start
with some LO predictions in figure 8. The upper panels show the absolute differential
distributions of order O(a®) (EW), O(asa®) (interference), and O(a2a?t) (QCD). In the
lower panels, their relative contributions A to the full LO cross section are displayed which
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Figure 8. LO differential distributions for pp — e*ve p*v, jj + X at the LHC with CM energy
13 TeV: invariant mass of the two jets (top left), rapidity difference of the two jets (top right),
invariant mass of the two charged leptons (bottom left), and transverse momentum of the second
hardest jet (bottom right). The upper panels show the absolute contributions of order O(a®) (EW),
O(asa®) (interference), and O(a2a?) (QCD). The bands denote the envelope of the scale variation
for each order. The lower panels show the relative LO contributions A to their sum in percent.

provide useful information for the discussion of the relative NLO corrections presented
below. The two upper plots of figure 8 show the invariant-mass distribution and the
rapidity-difference distribution of the two tagging jets. These observables are commonly
used to separate EW and QCD contributions by appropriate cuts, i.e. Mj;, > 500 GeV and
|Ayj,jo| > 2. It can be clearly seen in these distributions that for high rapidity differences as
well as high invariant masses the EW contribution is dominant, justifying the cut selection.
In the lower left plot, the invariant mass of the two charged leptons, M+ ,+, is shown.
Around Mg+ ,+ ~ 800 GeV, both the EW and QCD contributions are almost of the same size,
because the EW contribution, which is dominant for low invariant masses, is falling more
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steeply than the QCD contribution for intermediate M+ ,+ values up to M+ ,+ < 600 GeV.
In the transverse-momentum distribution of the subleading jet, shown in the lower right
plot, the EW contribution is always dominant. It should, however, be recalled in the whole
discussion of A that, although the contribution of the VBS subprocess WW — WW to the
cross section is completely contained in the EW contribution, the EW contribution is not
identical with the contribution induced by WW — WW. The graphs shown in figures 1b-1d
illustrate various EW diagrams not of WW — WW type. An unambiguous identification
of the WW — WW part of the cross section, called “VBS part” in the following, is not
possible on the basis of diagrams, since the sum of all genuine VBS-type diagrams is not
gauge independent. A sensible way to define the VBS part is, for instance, via the effective
vector-boson approximation, as introduced in section 3.3 and numerically discussed in
section 5.6 below.

The subsequent figures show various NLO differential distributions. In the upper panels,
the complete predictions at LO and NLO are shown. In the lower panels, we show the
relative NLO contributions

~1 (5.13)

of O(a7), O(asa®), O(a2a’), and O(aa?) separately, always normalized to the full LO cross
section. In figure 9, various transverse-momentum distributions are shown. In the upper
plots the transverse momentum of the leading and subleading jets are presented. In both
observables, for moderate and large pr, the purely EW corrections of O(a’) are dominant,
negative, and increasing in magnitude for increasing transverse momenta, reaching about
~ —20% at pr = 600 GeV. This behaviour is typical for EW corrections at momentum
transfer much larger than the EW scale My. We note, however, that the high-energy tails of
the pr distributions of the jets do not entirely zoom into the so-called Sudakov regime of the
WW—-WW subprocess, which demands large Mandelstam variables in the 2 — 2 subprocess
and small virtualities of the incoming (off-shell) W bosons. For large pr values of a jet, the
virtuality of at least one of the incoming W bosons is not small, and the ¢-channel momentum
transfer in the WW—WW subprocess is not forced to be large. Therefore, the EW Sudakov
double logarithms cannot really dominate the corrections to the pr of the jets, and all kinds
of nominally subleading (singly-logarithmic) EW high-energy corrections become relevant.
The mixed QCD-EW correction of O(asa®) reduce the transverse-momentum distributions
of the leading jet by 5-10% above the maximum in the distribution, which appears around
pr,j; ~ 150 GeV; for smaller ptj, these corrections become smaller in size and even turn
slightly positive. The O(a;a8) corrections to the pr j, distribution of the subleading jet are
similar in size, but show a different behaviour for small pr;, where they reach —10%. The
suppression of the remaining corrections of O(a2a”) and O(a2a?) is in part due to the fact
that the cross-section contributions widely inherit the kinematic behaviour of the LO QCD
contribution, which is small compared to the EW contribution over the whole distribution,
as shown explicitly for jo in figure 8. This special behaviour of the NLO corrections is, thus,
mainly enforced by the VBS cuts. Similar features can be observed in the lower plots of
figure 9, where the distributions in missing transverse momentum and in the transverse
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Figure 9. Differential distributions for pp — e*v, ptv, jj + X at the LHC with CM energy 13 TeV:
transverse momentum of the hardest jet (top left), transverse momentum of the second hardest
jet (top right), missing transverse energy (bottom left), and transverse momentum of the positron
(bottom right). The upper panels show the LO and NLO contributions, the lower panels show the
relative NLO corrections in percent.

momentum of the positron are depicted. Here, the purely EW correction is dominant for all
values of pr, reaching ~ —30% at pt = 600 GeV, while the other orders remain at the level
of few percent over the whole shown pr range. Note that the domain of large pr of any of
the decay leptons is in fact dominated by the Sudakov regime of the WW—WW subprocess,
because the preference of small jet transverse momenta leads to small virtualities of the
incoming W bosons and the large transverse momentum of a decay lepton requires both a
large scattering energy (Mandelstam variable s) and large momentum transfer (Mandelstam
variable t) of the subprocess. This explains that the impact of the genuine EW corrections
of O(a") is larger in size for large leptonic pr compared to large jet transverse momenta
of the same value; for leptonic pr = 600 GeV an EW correction of ~ —30% is reached,
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compared to ~ —20% for jets. The observed ~ —30% can be qualitatively reproduced by
just taking into account the EW Sudakov correction factor for the WW—WW subprocess,
0Sud = —% In?(8/M2;), where /5 = O(pr) is the WW centre-of-mass energy and sy, the
sine of the weak mixing angle. These features were already highlighted in refs. [20-22]. The
next-to-largest corrections to the distributions of the transverse momentum of the charged
leptons and in the missing transverse momentum are the mixed QCD-EW corrections of
O(asab), which are almost uniformly ~ —5%. The remaining orders O(a2a®) and O(a3a?)
hardly exceed the 1% level, and only for large transverse momenta where the cross section
is small.

Figure 10 shows rapidity distributions. The upper plots show the rapidity distributions
of the leading (left) and subleading (right) jet, the lower plots show the rapidity distribution
of a charged lepton and the distribution in the jet rapidity difference. The hierarchy among
the various NLO contributions is similar as for the pr distributions shown above, i.e. the
purely EW corrections of O(a’) are the dominating ones, followed by the order O(asab),
while the other two orders with higher powers of o, are widely suppressed. This is again
due to the global dominance of the EW LO contribution over its QCD counterpart. The
corrections of O(a”) show much less variations in shape than for the pr distributions and are
typically about —10% to —12%. This is due to the fact that the large logarithmic EW high-
energy corrections uniformly contribute to all rapidities, in contrast to the pr distributions
where they appear at high scales only. The moderate variations in the O(a”) corrections
mostly result from the change in the LO normalization induced by the variation in its
composition from EW and QCD parts; normalizing the O(a”) contribution to the O(a®)
LO part would produce a nearly flat relative O(«) correction. The overall second-largest
corrections are again the ones of O(asa®), which are dominated by the QCD corrections to
the EW LO channel. Their largest impact, growing even to ~ 20%, is on the leading jet at
high rapidities, an effect that also leaves an imprint for large jet rapidity differences, but
reduced by a factor of ~ 2 in size. In the other rapidity regions those corrections hardly
exceed 5%. The pure QCD corrections of O(a2a?) only exceed the 1% level significantly for
central rapidities, and their maximal impact occurs for the smallest jet rapidity differences,
where the LO cross section almost equally consists of EW and QCD parts (see figure 8,
upper right panel). The mixed corrections of order O(a2a’) never exceed the 1% level
at all.

Finally, we show the invariant-mass distribution of the two leading jets (left) and the
invariant mass of the charged leptons (right) in figure 11. The hierarchy of the various
corrections and their behaviour can be widely explained following similar arguments as
above. The trend of the dominating genuine weak corrections of O(a”) towards increasingly
negative corrections for larger scales is visible as for the pr distributions, but the increase
in size to about —15% for the largest considered scales is much less dramatic. This is

due to the fact that the domain of large invariant masses Mj,j, or Mg+ ,+ is not fully

1j2
dominated by the Sudakov regime of the WW—WW subprocess, because the t-channel-like
momentum transfer in the subprocess is not forced to be large. Thus, the impact of the
leading EW Sudakov corrections is damped to the size of the subleading singly-logarithmic

EW high-energy corrections. In the M;,;, distribution, which is mostly dominated by EW
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Figure 10. Differential distributions for pp — e*ve ptv, jj+ X at the LHC with CM energy 13 TeV:
rapidity of the hardest jet (top left), rapidity of the second hardest jets (top right), rapidity of the
anti-muon (bottom left), and rapidity difference of the two tagging jets (bottom right). The upper
panels show the LO and NLO contributions, the lower panels show the relative NLO corrections
in percent.

LO contributions, the corrections of O(asa®) typically have an impact at the 5% level,
while the remaining two orders with higher powers of a hardly reach 1%. The mixed
EW-QCD and the pure QCD corrections show, however, an interesting crossover in the
M+ ,+ distribution at M+ ,+ ~ 400 GeV, which we attribute to the increasing influence of
the LO QCD contribution (see figure 8, lower left panel). For M+ < 400 GeV, where the
EW part strongly dominates the LO cross section, the O(asa%) correction is the second
largest after the genuine EW correction, and the remaining NLO orders are at the 1% level.
For Mg+ ,+ > 400 GeV, where the LO QCD part competes in size with the EW LO part,
the corrections of O(a?a’) and O(a3a?) dominate over O(asa®) and reach ~ —5% for
large M+ -
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Figure 11. Differential distributions for pp — e*ve ptv, jj+ X at the LHC with CM energy 13 TeV:
invariant mass of the two tagging jets (left) and invariant mass of the four lepton system (right).
The upper panels show the LO and NLO contributions, the lower panels show the relative NLO
corrections in percent.

5.5 Quality of the DPA/VBS approximation

In figures 12, 13, and 14 we compare the full NLO results discussed in section 5.4 with the
combined DPA/VBS approximation described in sections 3.1 and 3.2, respectively. For
brevity we denote the approximation with “VBSA”, but it also includes the DPA. In the
upper panels, the figures show the full off-shell LO and NLO results, in the middle panels
the approximated relative corrections, and in the lower panels the differences between the
relative corrections of 1) the full off-shell calculation and 2) the approximated calculation,

in detail defined as

oNLO, VBSA _ /NLO

OVBSA — 0 = 10 : (5.14)

In both calculations the LO matrix elements are those from the full off-shell calculation.
In phase-space regions that dominate the cross section the difference between full off-
shell calculation and the approximative VBSA result hardly exceed the 1% level, nicely
establishing the validity of the approximation. In the tails of distributions, where the cross
section is suppressed, the differences sometimes reach a few percent. We emphasize that
the Monte Carlo integration uncertainties, which can be inferred from the fluctuations of
neighbouring bins, is by far dominated by the full off-shell calculation, where the evaluation
of loop amplitudes are the limiting factor in CPU time.

Moreover, we point out that the DPA part of the overall approximation (i.e. without
the VBS approximation at all) typically causes only small deviations from the full result, i.e.
not more than 0.5%. This observation is consistent with the comparison made in ref. [87]
at LO. The good quality of pole expansions was also observed in related processes, such as
ete” - WW — 4 fermions [37, 61, 88], pp — WW — 4leptons [89], and pp - WWW —
6 leptons [24]. We recall that we apply the DPA only to the virtual corrections, rendered
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Figure 12. Differential distributions for pp — e*ve ptv,, jj+X at the LHC with CM energy 13 TeV:
transverse momentum of the hardest jet (top left), transverse momentum of the second hardest
jet (top right), missing transverse energy (bottom left), and transverse momentum of the positron
(bottom right). The upper panels show the LO and full NLO contributions, the middle panels show
the relative VBSA corrections in percent, and the lower panels show the difference between VBSA
and full relative corrections.
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Figure 13. Differential distributions for pp — etve pv,jj + X at the LHC with CM energy
13 TeV: rapidity of the hardest jet (top left), rapidity of the second hardest jet (top right), rapidity
of the anti-muon (bottom left), and rapidity difference of the two tagging jets (bottom right).
The upper panels show the LO and full NLO contributions, the middle panels show the relative
VBSA corrections in percent, and the lower panels show the difference between VBSA and full

relative corrections.
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Figure 14. Differential distributions for pp — e*ve ptv,, jj+ X at the LHC with CM energy 13 TeV:
invariant mass of the two tagging jets (left) and invariant mass of the four lepton system (right).
The upper panels show the LO and full NLO contributions, the middle panels show the relative
VBSA corrections in percent, and the lower panels show the difference between VBSA and full
relative corrections.

infrared-finite by adding the endpoint terms from dipole subtraction. A degradation of the
DPA quality is only expected when loop diagrams with less resonances start to play a role,
which for instance happens in high-energy tails of transverse-momentum distributions, as
observed for diboson production in ref. [89].

The amount of CPU time required to evaluate the DPA loop amplitudes is roughly a
factor 10 faster than fully off-shell loop amplitudes. The evaluation of the virtual O(a”)
corrections are the bottleneck in terms of the required statistics, making it the dominant
source of Monte Carlo uncertainty per CPU hour. The real corrections yield a much larger
uncertainty per generated event. However, since they are much faster to evaluate, we
can increase the statistics in the phase-space integration of the real corrections relative to
statistics used by the virtuals, so that the Monte Carlo uncertainties of the real corrections
are subdominant. The fact that the impact of the (dipole-subtracted) real corrections
is quite small further adds to this damping of the corresponding statistical error. The
possibility to evaluate the NLO corrections roughly ten times faster than the full calculation
renders the DPA an interesting tool for quick analyses.

The differences between full NLO and VBSA results are, thus, dominated by the VBS
approximations described in sections 3.1. This feature is particularly prominent in the
O(a2a?) corrections of mixed QCD-EW type, where the approximative quality of the VBSA
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Method |ec1 ¢ 3 ¢ cs
EVAKS[44] [0 1 1 1 1
a |1 1 1 0 0

b1 1 0 0 0

EVALL 11 0 0 0 o
d 11 0 1 0 o

a l0 1 1 0 0

blo 1 0 0 0

EVA21 19 0 0 0 o0
dlo 0o 1 0 o

a |1 1 1 1 0

b1 1 0 1 0

EVAS| 11 0 0 1 o
d 11 0 1 1 o0

a 0 1 1 1 0

blo 1 0 1 0

EVALL 19 0 0 1 o0
dlo o 1 1 o0

Table 4. Survey of different EVA versions implemented in our Monte Carlo integrator, as defined by
the flags ¢y, ..., c5 described in appendix A.3 in detail. In short terms, the ¢; = 0/1 means no/yes
for: c¢p: restoration of transversality for initial-state W bosons in VBS amplitude; c3: restoration
of transversality for final-state W bosons in VBS amplitude; c3: restoration of transversality for
final-state lepton currents; c4: restoration of relative sign factor between transverse and longitudinal
polarization vectors in the completeness relation of the incoming W-boson propagators that gets lost
by on-shell projection of longitudinal initial-state W bosons; c¢5: “Kuss-Spiesberger” (KS) factor to
restore explicit 1/4/—k? factors in the polarization vectors for longitudinal initial-state W bosons.

is only at the 1.5% level in the most important phase-space regions. For this particular
order, the VBS approximation typically predicts a smaller correction than the full off-shell
calculation (dypsa — 9 < 0).

5.6 Numerical study of the EVA for LO predictions

The effective vector-boson approximation (EVA) (see section 3.3) has the computational
advantage of involving only a drastically reduced number of diagrams that have to be
evaluated and provides some knowledge about the VBS part of the underlying scattering
process. However, the subset of Feynman diagrams defining the EVA does not automatically
define a gauge-independent amplitude. Special measures are required to define a gauge-
independent EVA amplitude, such as an on-shell projection of momenta that are involved
in the WW — WW scattering subprocess and the restoration of transversality conditions
of polarization vectors or of the currents describing vector-boson production or decays, as
described in detail in appendix A. These modifications comprise some freedom in practice,
leading to different EVA variants, and it is not clear a priori which variants are better than
others. To investigate this, we have implemented several different EVA variants, as defined
in appendix A.3 and summarized in table 4. In the following, we systematically compare
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numerical results from these EVA variants for integrated and differential cross sections to
explore the reliability of EVA versions and to see which properties are the most important
to maximize the quality of the EVA.

Integrated cross section. We start by comparing the integrated cross sections obtained
with the EVA implementations, ogya, with the full LO calculation opo at O(a®a?). In
order to quantify the quality of the EVA, we define the relative difference

Agya = 70EV[;TO %o, (5.15)

where o1, is the LO cross section based on the full off-shell matrix elements. As the EVA
is initially motivated in the collinear limit of the (anti)quarks radiating the vector bosons
that are initiating the VBS process, we choose different kinematic setups that are based on
experimental analyses on the one hand but vary the selection of forward /backward scattered
jets on the other:

(I) The standard setup from section 5.2, where the leading (subleading) jet has to fulfil
prj > 65(35) GeV. Note that this requirement actually excludes the phase-space
region of very small pr; where the EVA is best motivated.

(IT) We replace the cut on the jet transverse momentum with an inverse cut,
pr,j < 150 GeV, (5.16)

without demanding a lower cut on pr j, to restrict the tagged jets to the region where
the EVA is motivated.

(III) Finally, we apply an even stronger inverse cut on the jet transverse momentum,
pr,j < 100 GeV, (5.17)

to zoom deeper into the EVA region.

The results for the integrated cross sections are given in table 5. Apart from the EVA KS
version, the EVA seems to perform best in regions of low ptj, as expected. The deviation
Agvya globally decreases in the sequence of setups I, II, III. Within a fixed setup, there are,
however, huge discrepancies in the quality of the EVA depending on the particular choice of
implementation. The EVA 1 and EVA 3 implementations, which both guarantee that the
polarization vectors €} ; of the incoming W bosons are orthogonal to the on-shell-projected
W-boson momenta k;, outperform the other implementations in setups II and III. In
contrast, the predicted integrated cross section does not change much inside a given set
of EVA n variants (i.e. keeping n = 1,2, 3,4 fixed), in which the members vary the other
transversality conditions connected to final-state W bosons and their decays. While all EVA
versions 1-4 show the expected trend of improving agreement with the full LO calculation,
in changing setup according to I — II — III the EVA KS implementation [44, 45] shows
the opposite behaviour and appears to get worse in the collinear region, where any EVA
version should become reliable by construction.
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Setup 1 Setup 11 Setup IIT
o [fb] Agva (%] | o [b]  Agya [%] | o [fb]  Apva [%]

LO | 1.2455(2) - | 0.4559(2) - | 0.17191(9) -
EVA KS | 1.8739(3) 50.5 | 0.7521(3)  65.0 | 0.3364(2)  95.7
a | 5.603(1) 350 0.6011(2) 31.8 | 0.17236(9)  0.26

gyaq | P | 58605 x 100 >10° | 0.6338(2) 39.0 | 0.17649(9) 2.7
¢ | 6.876(3) 452 0.58311(2) 27.9 | 0.17211(9)  0.12

d | 15.74(5) >10% | 0.6311(2) 384 | 0.17931(9) 4.3

a | 2.7453(5) 120 0.9350(3) 105 0.3220(2)  87.3

By g | P | 3:864(3) 210 0.9795(4) 115 0.3355(2)  95.2
¢ | 2.4017(5) 92.8 | 0.9131(3) 100 0.3196(2)  85.9

d | 3.0143(6) 142 0.9672(4) 112 0.3279(2)  90.7
a | 5.133(1) 312 0.5357(2) 17.5 | 0.16511(8) —4.0
EVA 3 b | 583(3) x10* >10° | 0.5630(2) 23.5 0.16841(9) —2.0
c| 6.273(3) 404 0.5135(2)  12.6 | 0.16360(8) —4.8
d | 15.62(6) >10° | 0.5633(2) 23.6 | 0.17113(9) —0.45

a | 2.2918(4) 84.0 | 0.7277(2) 59.6 | 0.2517(2)  46.4

pvA 4 | P 3:346(3) 169 0.7630(3)  67.4 | 0.2639(2)  53.5
¢ | 1.9536(3) 56.9 | 0.7203(2) 58.0 | 0.2574(2)  49.7

d | 2.5877(5) 108 0.7748(3)  69.9 | 0.2656(2)  54.5

Table 5. Integrated cross sections at order O(a®) for the process pp — etv, wtv, jj + X using the
full LO matrix element, and various EVA implementations. For the EVA| we also present the relative
difference Agya defined in (5.15). The statistical uncertainties from the Monte Carlo integration
are given in parentheses, and the best EVA results are highlighted in green. Particularly bad results
are shown in red.

Inspecting the actual size of Agya in setup I, which is inspired by an ATLAS analysis,
we find that almost all EVA variants except for EVA KS fail by 100% (or more), even
though their results show the correct trend in the sequence I — II — III. On the other
hand, EVA KS at least offers an approximative quality of ~ 50% in setup I, but shows a
wrong trend in I — II — III. This surprising behaviour can be understood better after
inspecting distributions.

Distributions. We start our discussion by showing differential cross sections in setup III,
which zooms into the low-pr region for the two jets, to check the validity of the EVA
versions in the region where they should provide a reasonable approximation. In detail,
figure 15 shows distributions in rapidities, figure 16 in transverse momenta and invariant
masses of jet and charged-lepton pairs, and figure 17 in the angle between the charged
leptons and in the four-lepton invariant mass.
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Figure 15. Differential distributions in rapidities y; and rapidity differences Ay;; = y; — y; for
pp — etwe pt 1y, jj+ X at the LHC with CM energy 13 TeV in setup III. The upper panels show the
LO cross-section contributions of O(a%) and the corresponding EVA predictions, the lower panels
show the relative deviation Agya in percent.

Similar to the situation for integrated cross sections described above, the EVA pre-
dictions show up in four groups of curves called EVA n (n = 1,2,3,4) plus the single
curve for EVA KS. This confirms the observation already made for the integrated cross
section that details on handling the polarization vectors for the produced W bosons and
the corresponding decay currents are of minor importance. At the same time, the results
depend on the details of handling the initial-state W bosons quite sensitively. The shapes
of all jet observables are reproduced very well by the EVA, but only EVA 1 and EVA 3
can also reproduce their normalization at the 10-20% level. In contrast, the EVA KS
prediction generally fails to reproduce the shapes of the jet observables, in particular the
pr,j; distribution is not reproduced at all. This failure can be attributed to the KS factors

1/4/—k? for longitudinally polarized incoming W bosons, because EVA KS and EVA 4a
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Figure 16. Differential distributions in transverse momenta pr; and invariant masses M;; of the jet
and charged-lepton pairs for pp — etve p1, jj+ X at the LHC with CM energy 13 TeV in setup IIL
The upper panels show the LO cross-section contributions of O(a%) and the corresponding EVA
predictions, the lower panels show the relative deviation Agya in percent.

differ only in these factors. We conclude that the KS factors do not systematically improve
the quality of the EVA, as might have been conjectured from the results on integrated cross
sections given in table 5 alone. It seems that the application of the KS factors leads to a
drastic overestimation of the cross section for small pr j,, where the virtualities k? of the
incoming off-shell W bosons are small, and to some damping of the typical overestimation
of EVA predictions at large prj,, where these virtualities are large in size. The resulting
EVA KS cross-section prediction in the ATLAS-inspired setup I, which deviates from the
full LO result by only ~ 50% (see table 5), appears widely accidental.

In contrast to the relatively good approximation of the shapes of the jet distributions
by the various EVA versions, the EVA generally cannot reproduce the shapes of leptonic
observables well. For instance, the EVA approximations of the leptonic rapidity distributions
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Figure 17. Differential distributions in the cosine of the angle f.+,+ between the charged leptons
and in the four-lepton invariant mass My, for pp — etve ptv, jj + X at the LHC with CM energy
13 TeV in setup III. The upper panels show the LO cross-section contributions of O(a%) and the
corresponding EVA predictions, the lower panels show the relative deviation Agya in percent.

shown in figure 15 seem to be systematically shifted towards larger rapidities. We attribute
this behaviour to some extent to the on-shell projection of the W momenta, which is
designed to preserve the Mandelstam variables ¢y and uyy of the VBS subprocess (see
appendix A.3). Keeping tyw and uyy fixed in the on-shell projection, leads to a systematic
increase of the WW CM energy in the transition syw — Sww because of the Mandelstam
relations (A.24) and the fact that k? < 0 for the incoming W bosons (for the outgoing
W bosons k? ~ M\%v hardly changes during the projection). For higher WW scattering
energies, the VBS matrix element systematically prefers scattering angles closer to the
forward and backward directions.

The results shown in figures 15-17 for setup III demonstrate the validity of the EVA in
general, in particular by the good approximation of the jet observables, which are most
directly connected to the kinematic approximations for incoming W bosons in the VBS
process. Going over to setup I, which increases the range of jet transverse momenta, the
features discussed above remain widely valid, although a loss in approximative quality is
already observed. In the ATLAS-inspired setup I, which excludes the lowest jet transverse
momenta and includes the corresponding large-pr tails of the jets, all EVA variants fail to
properly approximate the LO cross sections. This is illustrated in figure 18.

Further investigations. The unsatisfactory quality of the EVA in the realistic, ATLAS-
inspired setup I raises the question if any motivated changes in the EVA variant can
improve this situation. Of course, in hindsight, we could always motivate any damping
or fudge factors that improve the quality of the EVA because we know the full LO cross
section. However, such a procedure would not be useful when applying the EVA or related
approximations to new situations. Instead of trying any fine-tuning, we have performed
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Figure 18. Differential distributions for pp — e*ve ptv, jj+ X at the LHC with CM energy 13 TeV
in setup I. Due to the size of deviation, we leave out the distributions for the EVA 1b and 3b
variants. The upper panels show the O(a®) and EVA contributions, the lower panels show the
relative deviation in percent.

several additional investigations of the EVA by changing details in the EVA construction,
such as the on-shell projection, or by changing parts of the experimental setup to understand
the showstoppers better. For instance, one of the major limitations of the EVA at LHC
energies originates from the fact that the relevant energies in the process are not much
larger than the W-boson mass. Consequently, we have also varied the experimental setup I
to increase the energies in the subprocesses for radiating the W bosons off the (anti)quarks
and/or in the actual VBS scattering process. The most important findings are:

e Increasing the pp CM energy from 13 TeV to 100 TeV:

As expected, only increasing the hadronic scattering energy, does not change the
picture at all. The change effectively only shifts the relevant momentum fractions x;
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of the initial-state partons, but the whole partonic scattering process is evaluated
with the same scattering energies and the same event selection. The only difference
originates from the fact that the PDFs are evaluated at lower x; values.

Tighter cuts on the leptonic invariant mass, M+ ,+ > {100,200, 1000} GeV:

The EVA shows the same features as before, but the EVA cross sections increase by
some non-trivial factor compared to the respective full LO calculation. Higher cuts on
Mg+ ,+ did not improve the overall performance for any of the EVA implementations
either.

Stronger cut on transverse momentum of the leptons, pr, > {100,200} GeV:

Without combining this with the inverse pr; cut as in setups II and III, this also
does not show any improvement of the EVA quality and only reduces the overall cross
section. However, in combination with, for instance, pr; < 150 GeV, the tighter cut
on pr, improves the quality of the EVA, see figure 19. Of course, this tight event
selection drastically reduces the cross section.

Damping factor:

The discussion of EVA results presented above has shown that the KS factor f/I\E,,Sl
defined in (A.55) positively affects the EVA’s quality for large virtualities |k?| of the
incoming W bosons, but ruins the EVA for small |k?| < M3 . Therefore, we have
investigated the effects of a damping factor

nMg e 12 2
=¥ it k2| > nMG,,
Gi(n) = k7 k] W i=1,2, (5.18)
1, otherwise,

which is applied to all helicity contributions for each of the two incoming W bosons
of momentum k;. Specifically, we have employed factors (;(n) with n = 2, 4. However,
this only scales down the EVA predictions without improving the approximative
quality in the distributions.

Changing the on-shell projection:

In appendix A we have argued that it is vital to take care of the positions of the
Coulomb poles in the EVA amplitude, i.e. to the poles o< 1/tyy or 1/uyy for small
tww O Uww, respectively. Allowing for significant deformations of tyy for tyw — 0
and likewise for uyy, easliy leads to diverging cross-section predictions. The solution
employed in our EVA formulation preserved tyw and tywyw during the on-shell projection,
however, at the price of increasing sy, as mentioned above. As an alternative, we
have employed a modified on-shell projection which keeps sy fixed, but modifies
tww and Uy in such a way that ty is unchanged in the limit ¢y — 0 and likewise
for wuyyw. For instance, this can be achieved by the variants described in (A.34), and
choosing a = 15 to make sure that AK - fp(cos 6;a), with AK being defined in (A.35),
is small against M%V, for cosf — —1.
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contributions, the lower panels show the relative deviation in percent.

It turns out that these variants only lead to finite predictions if events are discarded
in which the hierarchy tyy 2 Uy is broken, i.e. if fyy = Gyy is not fulfilled. But even
with this restriction, the approximative quality of the EVA is not improved.

As another alternative, we have used the projection defined in (A.37) which does not
lead to finite cross sections even when the preservation of the hierarchy tyw 2 Uyw is
enforced by discarding events. This shortcoming can be attributed to the non-smooth
nature of this prescription which is a consequence of its discontinuity at |tww| = |Uww]-

From the above analysis of different EVA variants we can only draw the conclusion

that it is not possible to make statements of the approximative quality of any EVA variant

without knowing the full off-shell cross section. There are two types of reasons for this
“failure” of the EVA for LHC physics: the fact that LHC analyses do not zoom into the
phase-space region where the EVA is designed for and internal difficulties in setting up
the EVA.
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As for the phase-space problem, the EVA requires that the jets that radiate off the
W bosons should be very high energetic and extremely forward/backward pointing, but
the experimental analyses exclude the low-pr ; region and include large pr j; moreover, the
relevant energies are not very much larger than My at the LHC. In the analysis of ref. [47]
for VBS in eTe™ collisions, on the other hand, the approximate quality of an EVA appeared
more promising. We attribute this to a great deal to the different event selection: for
WW — WW in ete™ collisions, the forward/backward jets of our analysis are replaced by
outgoing neutrinos which are not constrained by any cuts, i.e. the very forward/backward
regions are fully integrated over. Moreover, the incoming eTe™ always have a high energy
and in ref. [47] the VBS kinematics was even enhanced by cuts on the W bosons rather
than by imposing cuts on their decay products.

As for internal difficulties in setting up an EVA, our study has clearly shown that
the EVA results very sensitively depend on the treatment of the off-shellness, the on-shell
projection of the momenta, and the intermediate polarizations of the incoming W bosons,
while the treatment of the nearly resonant outgoing W bosons is not critical at all. Moreover,
the issue of photon poles in ¢- and u-channel diagrams for the WW — WW subamplitude
sets tight constraints on the kinematic treatment of the VBS subprocess. Certainly it would
be possible to fine-tune the setting of such an approximation by exploiting its internal
freedom to obtain some acceptable approximative quality, but this was not the incentive of
our investigation. The true value of a working EVA would have been to provide a reasonable
approximation without knowing the full result.

6 Conclusion

The experimental analysis of the scattering of massive electroweak gauge bosons at the LHC
is an important milestone in the investigation of electroweak interactions, in at least two
different respects. Firstly, quartic non-abelian gauge interactions, and thus gauge symmetry,
are probed directly. Secondly, massive gauge-boson scattering provides an indirect window
to electroweak symmetry breaking that is complementary to the direct investigation of
Higgs bosons. Like-sign W-boson scattering is among the most important VBS channels
owing to its relatively clean experimental signature of two like-sign charged leptons in the
final state.

Theoretical predictions for VBS have been refined over the decades several times, but
full NLO calculations for scattering processes with more than four particles in the final
state have only become feasible since a couple of years ago owing to the great progress
in automation of multi-leg NLO calculations. In this article we have presented a new
calculation of the full tower of NLO corrections to the process pp — et veptv,jj+ X, which
contains like-sign W-boson scattering as a subprocess. Before our calculation, results for
the full set of NLO corrections have been known only from a single calculation. Particularly
noteworthy is the size of the genuine electroweak corrections, which have been found to
be very large. Our independent calculation confirms those corrections and thus put the
theoretical predictions for like-sign W-boson scattering on a more solid basis. In detail, the
older results are based on the Monte Carlo program MOCANLO using amplitudes from
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the generator RECOLA, while we have extended the independent Monte Carlo integrator
BONSAY,? which uses amplitudes from OPENLOOPS2 by default. This Monte Carlo program
has been used before in calculations for similar 2 — 6 multi-leg processes [11, 23, 24]. Our
tuned comparison to the existing NLO results reveals mutual agreement between the two
calculations within Monte Carlo errors for all contributions but a single one that is, however,
numerically unimportant. While fully confirming the phenomenologically relevant NLO
corrections that were previously known, our new calculation underlines the importance of
different independent calculations for predictions for processes as complex as VBS, in order
to guarantee full reliability in predictions.

Moreover, we have presented a detailed survey of NLO predictions for integrated and
differential cross sections in a setup with VBS selection cuts inspired by the ATLAS analysis.
The overall dominance of the genuine weak corrections of O(a”), which are typically of
the order of ~ —12% and even larger in high-energy tails of distributions, is clearly visible.
This overall dominance is enforced by the dedicated VBS cuts, which widely suppress the
QCD contribution at LO. The corrections of O(asa®), which are mainly QCD corrections
to the EW LO contribution, are subleading with a typical impact at the 5% level. The
remaining two types of corrections of O(a2a’) and O(ala?) are kinematically related to
the QCD LO cross section and grow beyond the 1% level only where EW and QCD LO
parts are of similar size.

In addition to the very complex calculation of the full NLO corrections we have worked
out a much simpler approximation, dubbed “VBSA”, based on a combination of the so-called
VBS approximation, which neglects suppressed partonic channels and interference effects,
and a double-pole approximation, which performs expansions about the produced W-boson
resonances. Since the approximation quality of this simplified calculation is about < 1.5%
for integrated cross sections and for the dominating parts of differential distributions, it
may serve as a basis for the efficient inclusion of new-physics effects beyond the SM, for
which a full NLO calculation might be too expensive.

Finally, for LO cross sections we have constructed and numerically tested different
versions of effective W-boson approximations, which are based on the picture of W bosons
as partons in the proton. Since, however, the underlying assumption that collinear W-
boson emission off quarks strongly dominates the cross sections is not perfectly fulfilled for
LHC energies, the approximation quality of this approach is more qualitative, so that this
approximation cannot serve as basis for serious predictions at the LHC without fine-tuning
the approximation to a full off-shell prediction, in line with previous findings in the literature.
Our study shows that the effective W-boson approximation critically requires to zoom
into the high-energetic forward/backward region of the jets that radiate off the scattering
W bosons, a requirement that is not really fulfilled in the VBS event selection at the LHC.
Moreover, we find that the approximative quality very sensitively depends on the treatment
of off-shell and polarization effects of the incoming (but not of the outgoing) W bosons.

3The code BONSAY is partially publicly available at https://github.com/cschwan/hep-mc (Monte Carlo
integrator) and https://github.com/cschwan/hep-ps (phase-space integration maps, implementation of
the subtraction procedure, and interface to OPENLOOPS2). The remaining parts can be obtained from the
authors upon request.
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The appearance of photon poles in the WW — WW scattering amplitudes for forward or
backward scattered W bosons sets further consistency constraints in the construction of the
approximation.

The overall message of this article is that in spite of the enormous complexity of
NLO predictions for 2 — 6 particle processes at hadron colliders theoretical predictions
for like-sign W-boson scattering are very well under control in the SM. The construction
of the technically much simpler approximation for the NLO corrections, called VBSA
above, was successful as well. A logical next step is, thus, to extend the existing precision
calculations beyond the SM, either by including widely model-independent non-standard
couplings within effective theories or by switching to full SM extensions. This step beyond
the SM might also be made by employing approximations similar to the VBSA presented
in this paper.
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A Detailed construction of the effective vector-boson approximation

We consider the partonic subprocess

¢1(p1) @2(p2) = G (P1) 2 (P2) + ve(ps) €™ (P5) vu(pa) p (1)), (A1)

where ¢; (¢}) with ¢ = 1,2 are the quarks or antiquarks in the initial (final) state with
their corresponding momenta p; (p}). The final-state leptons (neutrinos) have momenta p’f
(py) with f = 3,4. The EVA takes into account only diagrams containing the actual VBS
subprocess WW — WW. The generic diagram representing the process (A.1), in which the
genuine VBS subprocess occurs, is given in the first diagram of figure 20. We recall that
this subset of Feynman diagrams does not define a gauge-invariant contribution to the full
amplitude if no further changes to this contribution are made.

A.1 Factorization of the amplitude

Figure 20 shows diagrammatically how the amplitude is split into building blocks to
decompose the full 2 — 6 particle process into two W-boson production processes, the
2 — 2 VBS process WW — WW, and the subsequent leptonic W-boson decays.
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Figure 20. Generic VBS diagram split into its building blocks: two W-boson production processes,
WHW+ — WTWT subprocess, and two W-boson decay processes.

The corresponding amplitude can be written as

/(kl) iPm/(k2) w'v'alp iPO'O”(kS) iPpp’(k4)

iP
Mgq = Ji' I3 M_l;(l Ky Miyw_ww K3 K, J5 J4, (A.2)
where
K; =k} — M3, ki=pi—pl, k2<0, i=1,2,
Ky =k} — Mgy + iMwT'w, kr=pr+ps k}>0, f=3.4,
PP (k) = g™ + kK] /2, j=1,2,3.4 (A3)

()

[

with the W-boson momenta k; and the momenta p;” and py) of the massless fermions in

the initial and final states, respectively. The four-vectors .J j“ denote the fermion currents,
and the amplitude of the WW — WW subprocess is denoted by M%’(,/Voif\/,vw. Note the
appearance of complex W-boson masses in the propagators of the outgoing W bosons to
properly describe the W resonances. The fermion currents JJ” can be written in the usual
Dirac formalism as

\/i;Sw u(p) v w_u(pi), if g, ¢; are quarks,

K= T ) = i=1,2,
Z Z Z \/Iﬁesw (pi)yrw_v(p)), if ¢, ¢, are antiquarks,
ie
= s = g ot fona hd

where w_ = (1 — ~5)/2 is the left-handed chirality projector. Owing to the Dirac equation,
the currents fulfil the transversality conditions

ki = kg = 0. (A.5)

In (A.2) we made already use of this transversality when inserting the transversal projectors
pop (k;) instead of — ¢“% in the numerators of the W-boson propagators. In order to split the
VBS contribution to the full amplitude into building blocks, we decompose the transversal
projectors P*?(k;) into contributions from individual W polarizations described by four
sets of polarization vectors eﬁfj = Eﬁj(kj) (j =1,2,3,4), i.e. one set for each W boson. For
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each j, the s’;j are orthogonal to each other and to k:y , and are normalized according to

ex; ki =0, Ex - EN = (—1)A15M;, N =0,+1 i=1,2,

E)\f‘kfzo, EN ‘é‘;}:—(g)\f’)\}, )\fZO,:tl, f:3,4. (A.G)

£
As we introduce off-shell polarization vectors for the space-like momenta k; (i = 1,2),
the norms of the longitudinal polarization vectors for the incoming W bosons inherit
+ signs according to the sign of k2. These four sets of polarization vectors satisfy the
completeness relations

1 kuky
> (ML = g+ Tt = P (k). i=12,
Ai=—1
k?k?
Z Ry = =g+t = PP ky), f=34. (AT
Ap=—1 f
Thus, the VBS amplitude can be written as
(_ 1 ) A prod prod VBS decay decay
qu = Z K1K2K3K4 M M M)\l)\z)\g)\4 X M)\S M ) (A8)

A1,A2,A3,A4

where we have introduced the following shorthand for the subamplitudes
iMPred = gt ek

i — Y CA

decay_ L
il M J EXpoms

VBS / / ! /
M/\l)\Q)\S)\AL MWW—>WW Exp’ Exg,v 5)\3 o €A4 (A.Q)

Explicit parametrization of off-shell momenta and polarization vectors. We
construct the kinematical quantities for the matrix elements in the centre-of-mass (CM)
frame of the VBS subprocess, i.e.

(kl + kg)‘u = (kg + k4)u = (\/SWW,O,O,O), (kl + k2)2 = (kg + k4)2 = Sww, (A.lO)

where /Syw is the CM energy of the VBS subprocess. Within this frame we can choose the
off-shell W-boson momenta as follows,

kY = (koa,0,0,k), k5 = (ko2,0,0,—k),
ky = (kos, k'sin 6,0, k' cos ), kY = (koa,—k'sin6,0, —k' cos 9), (A.11)

with 6 denoting the scattering angle,

I et S ey . S G G L)
2/Sww ’ 2/ 5ww 2o
k2 — k2 w — k2 + k2 A(Sww, k3, k3)
ko= S TR TR Sww TR - T (A12)
2 Sww 2 Sww 2 Sww
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and the Kallén function
Mz, y,2) = 22 +y* + 22 — 22y — 222 — 2y2. (A.13)

Using this, we can further give a set of off-shell polarization vectors as

-

1
el | =—=(0,—1,7Fi,0), eh,= k,0,0,ko.1),
+1 ﬂ( Fi,0) 0,1 —k%( 0,1)
1 1
et ——_(0,1,7i,0), = (k,0,0,—kga),
+2 \/§( Fi,0) 0,2 _k%( 0,2)
1 1
ell 3 =—=(0,—cosh,Fi,sinb), el s =——=(K' ko 3sin6,0,ko 3 cosb),
1 1
't 4= —=(0,cos0,Fi,—sinb), el 4= ——=(k',—kosinb,0,—ko 4 cosb). (A.14)

)

%
NG

A.2 Helicity amplitudes

Here we give explicit expressions for the helicity amplitudes appearing in (A.8) and (A.9), us-
ing the Weyl-van-der-Waerden (WvdW) formalism for helicity amplitudes in the conventions
of ref. [90]. All amplitudes have been derived by hand and cross-validated with amplitudes
generated using our standard in-house MATHEMATICA routines before implementing them
into BONSAY.

Helicity amplitudes of the emission process. As the external fermions are considered
massless, the helicities of the incoming quarks and antiquarks are conserved. Since W bosons
couple only to left-handed chirality, only one helicity configuration contributes to the matrix
element MI;:Od in each initial-state splitting process initiating the VBS process. This
non-vanishing splitting amplitude is denoted as MKZOd = M(L,L, \;) for quarks and as
MK:Cd = M(R, R, \;) for antiquarks, where L /R corresponds to the chirality of the incoming
(anti)quark. In terms of WvdW spinors, the non-vanishing amplitude of the emission process
can be written as
/

Di %

qi > qé e .
_ rod A * .
\)\—Vlj/‘; = MEZ-O (pi, P ki) = NP P prEAi,AB’ i=1,2, (A.15)
w
k W+

7

where the spinors pf‘ and p;B are related to the four-vectors p!' and pé“ according to (2.9)
and (2.20) of ref. [90]. The transition from the polarization vector 6:7 to the 2 x 2 matrix

*

€\,.Ap 18 given by

* *

NiB = Pnlig =12 (A.16)
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where the basic definitions for the o# matrices and the spinorial objects are given in section 2
of ref. [90]. If the fermion line is replaced by an antifermion line the amplitude reads

/

Di D;

qi <> — q; e )
\"4//‘; = MKZOd(piap;a ki) = TspgApiBeii,AB’ =12, (A.17)
k W

(3

where we have consistently replaced p; <+ p} compared to (A.15).

Helicity amplitudes of the decay process. Analogously, we can derive the amplitude
for the W-boson decay. In this case, only the helicity configuration o = (of,0%) = (L, R)
gives a non-vanishing contribution. The corresponding non-vanishing amplitude /\/l(i(;cay =

M(L,R, Af) can be expressed in the following way

kf p} I/gf
1 . e )
W+NWV\< EMAicay(pf,p},k:f):\[Tp}Apfe/\ﬁAB, f=3,4. (A.18)
n Ef Sw
P

Helicity amplitudes of the VBS subprocess. The Born matrix element /\/l}\/lBAS2 Asa
of the VBS subprocess WHW+ — WTWT receives contributions from seven diagrams. We
write the full amplitude as a sum over all contributions,

MVBS :MQGC+M7,t+MZ,t+MH,t_i_M%u_'_MZ,u_‘_MH,u’ (Alg)

where MQGC denotes the diagram including the quartic W-boson coupling, M* and
MM denote the diagrams in which a neutral boson N = v, 7, H is exchanged in the t-
and u-channel, respectively. The corresponding analytical expressions are given in the
following, using the conventions and Feynman rules of ref. [37]. For simplicity, we give
explicit expressions only for t-channel diagrams as the corresponding u-channel diagrams
can be obtained by consistently interchanging the outgoing bosons, i.e. k3 <> k4, t <> u, and
)\3 — )\4.

(a) QGC diagram
The contribution from the Feynman diagram including a quartic-gauge coupling reads
Wog b g

— QGC
= MA1)\Q>\3)\4

2
€ * * * * * *
= {2 (5)\1 .8/\2)(€>\3 .€>\4> - (5)\1 .€A4)(€)\2 .€>\3)_ (5)\1 .EAg)(g)Q .€>\4)}'

T8
(A.20)
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(b) TGC diagrams

The contribution from ¢-channel diagrams with an intermediate boson V = Z,~ is given
by

k1 ks
WTmas — W+
_ a4Vt
Z/y =M orsh
+ = +
W s E AW
e’ CI%WW
= —W{‘l(% €xy) [(Ex,k2) (E), k1) +(ex, hs) (€3, -h2)]
— My,
—4(ex, k1) [(ex, €x,) (Exs k) + (e, e, (€3, K2)]
—4 (e, k3) [(Exsex,) (€3, k) + (€3, €X,) €z Kia)]
+4 (e, ex,) [(ex; ka) (€3, k1) + (e}, k2)(ex, k1))
(o0 5) (O3, (u—9) |, (A.21)
where Cyww = 1 and Czww = —cw/sw are the triple-gauge couplings, and My is the

vector-boson mass, with M, = 0.

(c) Higgs-boson diagrams

The contribution from the ¢-channel diagram with an intermediate Higgs boson reads

kq ks
W+WW+
2 2
H, = M\ Dorsh = T2 M2 ]\&2 (ex "Ex)(Eny - EX,)-  (A22)
1 W H
W-Q—I\IWVI\/\(VL\N-Q—
ko ka4

A.3 On-shell projection

Up to this point, the treatment of the kinematics in the amplitudes and sub-amplitudes is
exact. However, an important step in the EVA is the projection onto on-shell W bosons, i.e.
ki — l%j with l%? = M. This projection is crucial as the diagrams considered in figure 20
do not form a gauge-invariant subset of the complete 2 — 6 process. In order to guarantee
gauge independence of the amplitude and thus of the resulting cross section, we need
to consider on-shell W-boson scattering. Consequently, we evaluate the VBS amplitude
M}\IF)\SZ Asx, With on-shell-projected momenta l?:j.

Issues with photon poles. When performing the on-shell projection, we have to be
especially careful due to the presence of massless photons in the VBS subprocesses (see
figures 2b and 2c), because the exchange of photons between the W bosons can lead
to poles in the matrix elements in or at the boundary of the phase space. For the full
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2 — 6 process (2.1), the photon poles lie outside the physical phase space, or are least
sufficiently suppressed at the boundary of the phase space, and do not hamper the phase-
space integration, so that the total cross section exists without any kinematic cuts. However,
in general, after on-shell projection k; — l%j, the kinematic invariants Syw, tww, and Uy
relevant for the appearance of these poles are deformed,

Sww = (];‘1 + ]252)2 # (k1 + ko2)? = syw,
fww = (k1 — k) # (k1 — k3)* = tyn,
aWW = (]%1 - ]%4>2 7é (kl - k4>2 = Uww- (A23)

Indeed, it is possible to keep up to two invariants fixed in the on-shell projection, for
instance Syw = Sww and Uww = Uww, but the third invariant will unavoidably change, as
the invariants are related to each other according to the Mandelstam relations

4
Sww + tww + Ugw = »_ K7, Buw T by + T = 4MG;. (A.24)
j=1

Hence, in the example Syw = Sww and Uww = Uww, the modified invariant tyy, is given by

A

4
bow = tww + > Ak}, AKF = Mg — k7. (A.25)
j=1

For all energies \/syw > 2Mw + nl'w sufficiently above the WW threshold (n 2 3), the
kinematic configuration in which the outgoing W-boson momenta are near the resonance,
ie. k:J% ~ M3, are dominant, and hence ]Akj%\ < M. In contrast, the incoming W-boson
momenta k; are always space-like, i.e. k? < 0, which implies Ak? > 0 and Ak? = O(Mg)).
Consequently, in the above-mentioned variant of an on-shell projection the invariant ¢y < 0
typically gets bigger after the projection:

faw > tww,  if Sww = Sww,  aNd Gy = Uy (A.26)

Now consider the diagram of the VBS process in which a photon is exchanged in the
t-channel in (A.21). Following eq. (A.26) we obtain fy — 0 for certain kinematic regions,
and subsequently MY o 1/t — o0o. Indeed, the same considerations lead to an
enhancement of the u-channel diagrams if we keep sy and ty.w fixed instead. This artifact
renders the EVA-approximated cross section non-integrable for forward /backward scattering
of the W bosons, in analogy to the situation in Rutherford forward scattering, as the
invariants are related to the on-shell-projected scattering angle 0 according to

A ef":wa2 A 00
tww = — (1 —cosf) — 0,
)—

Bww /32
2

(1 + cos ) == 0, (A.27)

9 —
uWW -

where 3 = v/ 11— 4M\%V /Sww is the velocity of the W bosons for on-shell-projected momenta
in the VBS CM frame.
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Variants of on-shell projections. While the on-shell projection (OSP) is needed to
obtain a gauge-independent prediction, its numerical implementation is not unique and
allows to explore different variants. The investigated variants are constructed to conserve
certain quantities of the process. However, owing to kinematic constraints such as the
Mandelstam relations, each variant can conserve only a subset of the kinematic quantities

and is forced to alter the rest.

OSP 0 — A variant conserving scattering energy and angle in the WW rest
frame. In order to avoid problems with the photon poles in the EVA-approximated cross
section, we have to be careful with the chosen on-shell projection. A possible on-shell
projection, as for instance proposed in ref. [47], requires that the angles of incoming and
outgoing W bosons are fixed while performing their on-shell limit. In our chosen VBS CM
frame, this would translate into

A~

k‘flz Sww(luoaovﬁ)v l%g: \/m(]ﬂo’o’_ﬁ)’

T

ﬁw

2
l%g — Viww (1,Bsin 6,0, B cosb), /%ff — Viww (1,—Bsin6,0,—pF cosb), (A.28)

\]

where Syw = Sww and thus B =0 =,4/1— 4M\%V/5WW, and § = 6 is the angle between
incoming and outgoing W boson directions in the WW CM frame. In this case, the invariants
tww and uyy are altered, but our numerical results (not all presented in this article) have
shown that the EVA cross section indeed diverges. A possible way to avoid the poles while
keeping this on-shell projection could be achieved by imposing a phase-space cut on the
scattering angle 6 of the outgoing W bosons (as, e.g., done in ref. [47]). However, these cuts
are not practical, since we cannot reconstruct the full W-boson momenta. Furthermore, the
EVA should maintain the existence of the total cross section without applying any cuts.

OSP 1 — A variant conserving tww and Uww. A possible solution is to choose the
on-shell projection such that the invariants tw and uwy are fixed in order to avoid the
photon poles, and sy is modified. Then, the on-shell-projected momenta are given by

ﬁ

B = Y5(1,0,0,), B = Y5m(1,0,0,-),
l%’g = SQWW (1,Bsiné, 0, 3 cos é), /%Z = SQWW (1, —Bsinb,0,—B cos é), (A.29)
where
4
Sww = A My — tuw — Unw = Sww + D Ak, (A.30)
j=1

follows from the Mandelstam relation, and § = /1 — 4AM3; /8ww. Since Z§:1 Aka is

systematically > 0 for all relevant events, Sy is typically increased over syw. The scattering
angle 6 is determined by the condition

A  Swl?

tww = fww = (k1 — k3)? = 5 (1—cos 0). (A.31)
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Consequently, the scattering angle is given by

N 2tww
cost) =1+ " (A.32)

A

Sww

The corresponding on-shell polarization vectors are then

A 1 . A 1 § W A

Ei,lzﬁ(07_1aq:170)v 6571:M7W~l%(6707071)7

A 1 . A 1 §WW 5

65:,2:%(0?13:':1’0)’ 5572:M7WVT(B’0307_1)7

Al ]- N . e A Al ]- §ww 5 . A N

€L 3= E(O’ —cosf,Fi,sind), €03 = w1 (8,sin6,0,cos0),

]. N A~ ]_ S ~ A A

éi?élzﬁ(o,cosH,:Fi,—sinH), égA:M—W\/%(ﬁ,—siHG,O,—COSG). (A.33)

OSP 2 — A variant conserving sy, and the forward/backward limits of t.

and uww. An alternative on-shell projection is given by keeping sww fixed and restoring
the correct limits fyw, Uww — 0. For this we define

toww = tww + AK f(cos®),

Uyw = Uww + AK (1 — f(cos8)), (A.34)
with
4
AK =Y Mg — k3, (A.35)
j=1

and where 6 is the scattering angle of the off-shell momenta in the WW rest frame and
f is some appropriate function. For f we require that f(cosf) tends to 1(0) if cosé
approaches —1(+1).

In our applications we have tested the following smooth functions

1—cosf . 50 1

= sin” —, fB(COSH;a):W’

. . (A.36)

fa(cosf) =

with some parameter a > 0 that controls the steepness of the function fp at cosf = 0, i.e.
f5(0;a) = a/4.* Additionally, we also tested some step function

1, if [tww| > Juwwl, (A.37)

0, otherwise.

fo(cosh) = {

Then, the on-shell projected momenta are given by

T
T

R= Y2 (10,0, ), R = Y2(10,0,-8),

TM

2
kb = S2WW (1,Bsin,0, 5 cos b), kb = \/m(l,—ﬁsiné,o, —Bcosh), (A.38)

“The parameter has to be sufficiently large to guarantee f(1) ~ 0 and f(—1) = 1 to sufficient accuracy.

[\]
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where 3 = /1 — 4M3;/3ww and in analogy to (A.32) the scattering angle 0 is given by

2w 2 (tww + AK f(cosf))
=1+ .
SWWﬂQ Swwﬁ2

Transversality and normalization conditions. Before on-shell projection, the external

cosf =1+ (A.39)

fermion currents J;(pj, pg) and the W-boson polarization vectors ¢, are transversal to the
off-shell W-boson momenta and obey normalization and completeness relations, i.e. (A.5)
to (A.7). Instead, after on-shell projection, all polarization vectors are normalized according
to the standard signature,

e &y =0y, A =0EL j=1234, (A.40)

and the completeness relations (A.7) changes to

1 EH kv
S Aar=-gtgpt =123 (A-41)
Aj=—

Furthermore, the transversality of the on-shell momenta lzzj to the external fermion currents
Jj is violated in general, if the momenta p; and p;- appearing in these currents are not
simultaneously transformed as well. A possible projection of the outgoing fermion momenta
is given by the following parametrization

. M3 . - .

pi =pf =", P =k5—py,
2k3‘pg

. M3 . - .

pi =pf ==, Py =k -pf, (A.42)
214/'4‘104

where we fix the angles of the momenta p4 and p/; corresponding to the observable (charged)
final-state leptons. By this transformation, the transversality condition is preserved,

Ji(bs,y) - ks =0, f=34. (A.43)

However, as the external quarks ¢; and ¢} are massless, the incoming W-boson momenta
ki = p; — pl are always space-like (k? < 0) and never get on shell within the physical
phase-space region. This implies that there is no deformation p; — p; of the incoming quark
momenta in the physical phase space leading to (p; — ﬁg)Q = M\QN, i.e.

pi — Pl = ki = pi — Pl = ki, i=1,2, (A.44)

and hence, the transversality condition J; - ki # 0 is always broken.

A.4 Implemented EVA variants

In the following, we introduce different versions of the EVA amplitude, conserving or violating
various transversality conditions, the results of which are investigated in section 5.6. Our
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starting point is the fully decomposed off-shell amplitude (A.8) with its different helicity

subamplitudes:
production: Mg’\de(eii,pi,pg), 1=1,2,
decay: Mijcay(ﬁ/\f,Pf,P/f)v [ =34,
VBS: MY (Enoea,o ki) 5=1,2,3,4, (A.45)

For all EVA versions, we employ the on-shell transitions in the VBS subprocess,

A A3 A. A
X ( 33)} Exin 5§\f ( 33)> éifv kj ( 29); kj
i=1,2, f=3.4, j=1,2,3,4, (A.46)
which defines the on-shell-projected VBS subamplitude
MVYBS (A.46) MVBS — AVBS (Ex., &5 f{,) (A.47)
MAzdsds T Mo = Mo X EXpH R ) :

These are crucial, since any inconsistencies in the VBS subamplitude would potentially
result in a wrong behaviour of MXB\SZ Asx, OWing to violations of gauge cancellations. In other
parts of the amplitude we have more freedom and can check different approximations. To
be precise, we introduce five independent modification categories, characterized by ¢ = 0, 1
for k = 1,...,5, which are summarized in table 4. Further, to allow for a transparent
presentation of the different versions, we introduce the subscript notation

MEVA =01, k=1,...,5 (A.48)

€1€2€3C4C5)

in the EVA amplitude.

Production process — category c;. In the first category, we consider the transversality
of the polarization vectors £} = of the incoming W bosons and the on-shell-projected W-boson
momenta IQ:Z in the production process, as shown in the first column of table 4. In order to
achieve this transversality, we consistently replace the off-shell polarization vectors with
their corresponding on-shell versions

A.33
& Sohe, =12, (A.49)
c1=
in the production amplitudes
d (A.49) dg 4 .
MEG(ES, o) —— MR (5, s ), 0= 1,2, (A.50)

where we have added the additional subscript ¢; on the amplitude ngoi to exemplify the
on-shell transition (A.49).
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Decay process — categories ¢z, c3. In the second column of table 4, we display whether
the polarization vectors €7 in the decay process are transversal to the on-shell projected
W-boson momenta k ¢ Like in (A.49), this transversality can be satisfied by the transition

(A33)

Exs Exp f=3,4. (A.51)

co=1
Further, it is possible to satisfy the transversality of the lepton currents J¢(py, p’f) and the
on-shell projected W-boson momenta & ¢ by performing
/ (A42) A A~ _
{pr?f} 63—:1> {pfvpf}v [ =34 (A.52)
Using, for instance, both transitions, we obtain the fully on-shell projected decay amplitude
according to

A. A.
(A.51) (A.52) Miiﬁ?}ll(é)\f’ﬁf’ﬁ/f)’ f=3,4. (A.53)

In general, the transitions (A.51) and (A.52) allow for four different versions of the decay

d
M)\fjgg(s)\f 9 pfa p/f)

amplitudes.

Helicity factor — c4. In the introduction of the off-shell polarization vectors, we con-
sidered the different signs in the normalization of the longitudinal polarization vectors,
see eq. (A.6). These lead to a sign-factor of (—1)*1**2 in the factorized scattering ampli-
tude (A.8). However, after on-shell projection, this sign factor is not necessarily correct
and might be reinstalled to account for possibly significant correlations between W helicity
configurations. Hence, we introduce the generalized helicity factor

h)\1>\2,c4 = (*1)0\1—’_}\2)647 (A.54)

and analyse its effect on the EVA cross-section prediction. For ¢4 = 0, the factor simply
is h)\1>\270 = 1.

KS factor — c5. Kuss and Spiesberger (KS) pointed out in ref. [44] that the longitudinal
polarization vector Efii of an off-shell vector boson with momentum k;, as given in (A.14),

involves an explicit factor of 1/4/|k?|. For transverse polarization vectors, there is no such
k:z2 dependence in €‘i ;- For final-state vector bosons, where the resonance region k?‘ ~ M‘Q/f

is strongly dominating, there is certainly no extra enhancement by the 1/, /k:j% factors, but

for initial-state vector bosons there might be some relevance in the factors 1/y/—kZ. In
ref. [44], KS propose to explicitly restore those factors for longitudinal initial-state vector
bosons by extra factors applied to the on-shell-projected VBS subamplitudes. However,
whether these factors systematically improve the EVA amplitude to come closer to the true
off-shell behaviour of the full amplitude is a non-trivial question because of the presence of
gauge cancellations, especially in the presence of longitudinal gauge bosons. To analyse this
question, we optionally include these extra factors

%5,\1-0 +0n+1, ifes =1,

KS
f)\i705 =

i=1,2, (A.55)

1, otherwise,

which are controlled by the flag cs.

— 50 —



Summary. In summary, we denote the amplitudes in the considered EVA versions by

KS KS
f)\1,05 f/\1,65 h>\l>\2yc4

EVA _
M01626364C5 - Z

A1,A2,A3,A4 1Ko KKy
prod prod A /VBS decay decay
X M)\lycl M)\2701 X M)\l)\2)\3)\4 x M)\g,czcg M)\g,czcg' (A56)

For instance, the KS amplitude [44] reads in our notation

EVA KS : MEVA,. (A.57)

Additionally, in section 5.6, we investigate the following EVA versions

EVA {abed}: MG, Moo, Moo, Mioioo
EVA 2{abed}: MGG, Moo, Moo, Méotoo )
EVA 3{a,b,c,d} : {MlExéo,MlEXﬁo,MlEo\é%leEo\ﬁo )
EVA 4{a,b,c,d} : {Mgl\i%aMoEl\(ﬁmMoE(}{ﬁo?Mga{% ) (A.58)

where the approximations according to the categories c; .5 are highlighted in red.
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