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Abstract

Vector-boson scattering (VBS) processes probe the innermost structure of electroweak
interactions in the Standard Model, and provide a unique sensitivity for new physics phe-
nomena affecting the gauge sector. In this review, we report on the salient aspects of this
class of processes, both from the theory and experimental point of view. We start by dis-
cussing recent achievements relevant for their theoretical description, some of which have
set important milestones in improving the precision and accuracy of the corresponding sim-
ulations. We continue by covering the development of experimental techniques aimed at
detecting these rare processes and improving the signal sensitivity over large backgrounds.
We then summarise the details of the most relevant VBS signatures and review the related
measurements available to date, along with their comparison with Standard-Model predic-
tions. We conclude by discussing the perspective at the upcoming Large Hadron Collider
runs and at future hadron facilities.
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1 Introduction

The Standard Model (SM) of fundamental interactions is a theory which explains natural phe-
nomena at the smallest distances that can be probed by human-built scientific facilities. Despite
the very simple assumptions it is based upon, Lorentz invariance, locality, and gauge symmetries,
it is able to explain an astonishing wide range of phenomena, from atomic spectroscopy to parti-
cle collisions at the highest possible energy. In a Lagrangian formulation, forces are represented
by gauge fields, with a symmetry group G = SU(2); ® U(1)y ® SU(3)¢ [1-3], where the three
groups respectively gauge the weak isospin, hypercharge, and color charge quantum numbers.
Matter is represented by spin—% fields, which fall under different representations of the gauge
groups: the quarks, which are triplets for SU(3)¢, and the leptons which are singlets. Quark
and lepton fields come in three families, i.e. three copies with identical gauge quantum numbers,
but with different masses. Each family is organised in doublets. Particles within each doublet
differ by their electric charge, so there are up- and down-type quarks (u,d), as well as neutrinos
and charged leptons (v,f). Remarkably, the interactions with the SU(2); ® U(1)y fields are
dictated by the fermion helicity: indeed, only left-handed doublets are charged under SU(2)y,
which makes gauge interactions in the SM chiral.

This seemingly neat and simple structure, however, is not sufficient to explain the origin of
mass of gauge bosons, as well as fermions, since an inclusion of mass terms in the Lagrangian
would unavoidably lead to breaking gauge symmetries. This problem was solved in the 1960’s
by Higgs, Brout, Englert, Guralnik, Hagen, and Kibble [4-9]. By adding a new scalar field to
the theory, it is possible to trigger the so-called spontaneous Electroweak Symmetry Breaking
(EWSB), giving mass to the gauge fields and preserving gauge symmetries at the same time.
After spontaneous symmetry breaking, the hypercharge and isospin fields mix and give rise to
the mediators of the electromagnetic and weak interactions: the massless photon, v, and the
massive weak bosons, W* and Z. Similarly, the Yukawa-type interactions between the scalar
field and the fermions give rise to the fermionic masses [2|. The remainder of the scalar field is
the so-called Higgs boson, a new particle whose existence is a prediction of the SM. The quest
for this new particle culminated in 2012, almost fifty years after its existence was postulated,
with the discovery announced by the ATLAS and CMS experiments at CERN [10, 11].

After the discovery of the Higgs boson, while the SM is a complete and consistent theory,
some phenomena remain unexplained: the dominance of matter over anti-matter in the universe,
the non-natural pattern of fermionic masses, and the evidence for neutrino oscillations are some
of these. This is why extensions of the SM have been hypothesized, which either predict new
particles, or deviations of parameters from the SM predictions, or both. Experimental searches
and measurements, such as those carried out by the ATLAS and CMS experiment at the CERN
Large Hadron Collider (LHC), scrutinise many different scattering processes in order to find
any sign of physics beyond the SM (BSM). Among the various processes which trigger the
attention of theory and experimental experts, vector-boson scattering (VBS) is certainly one
prominent example. Indeed, it probes two key aspects of the SM together: gauge interactions
on the one hand, being one of the few processes with tree-level sensitivity to the quadrilinear
(or quartic) gauge couplings; the couplings between the Higgs and gauge bosons on the other
hand, which are probed at energy scales which can sensibly differ from the Higgs mass. Indeed, a
typical undergraduate textbook exercise is to show that, in the SM, the three classes of Feynman
diagrams consisting of i) diagrams featuring only trilinear gauge couplings, ii) diagrams featuring
the quartic gauge coupling, and iii) diagrams featuring the Higgs boson violate unitarity, if
considered on their own. However, when considering all the three classes together, unitarity is



restored.

At the time when this review is written, between the LHC Run-2 and Run-3, experimental
collaborations have collected the first evidences for rare VBS processes, while on the theory side
several key advances in their description have been achieved. The scope of the review is therefore
to present such advancements both on the theoretical and experimental side, and to outline the
possible improvements that could be attained with the LHC Run-3 data. In particular, this work
focuses on SM results, while BSM physics in VBS is only briefly reviewed. The reader interested
in BSM can find a more extensive discussion in Ref. [12]. In addition, complementary literature
on the topic of VBS exists and can be found in Refs. [13-16] and references therein.

This review is structured as follows. The first part is devoted to general aspects of VBS at
the LHC and begins with a definition of what is actually meant by VBS in this context. It then
turns to the theoretical aspects and experimental techniques use to predict and measure VBS
at the LHC. The second part reviews all the possible VBS signatures at the LHC from both an
experimental and a theoretical perspective. After this part, which is the core of the review, a
short section is dedicated to the future of VBS measurements, especially concerning the High-
Luminosity phase of the LHC as well as higher-energy regimes. Finally, the review ends with a
summary and concluding remarks in the last section.

2 General aspects of vector-boson scattering at the LHC

In this section, general aspects of VBS at the LHC are addressed. First, a clear definition of
VBS at the LHC is given. In particular, emphasis is put on potential differences between theory
and experiment in that respect. The concept of polarised VBS cross section is then introduced
and results related to that topic are reviewed.

After these introductory sections, the theoretical and experimental status of VBS at the LHC
is discussed. For the theory part, all aspects related to Quantum Chromo-Dynamics (QCD) and
electroweak (EW) calculations are presented. The experimental part starts with the description
of the ATLAS and CMS detectors, before moving to the main aspects of VBS analyses: the
reconstructions of tagging jets and of the VBS final states.

This section ends with a short review of current limits on anomalous quartic couplings,
obtained by the ATLAS and CMS collaborations during the first two runs of the LHC. In
particular, no bounds on concrete models are discussed as these can be found in other reviews
such as Ref. [12].

2.1 Definition of vector-boson scattering

From an experimental perspective, a scattering process at the LHC is defined through its mea-
sured final state. It includes particle jets, leptons, photons or missing energy from neutrinos,
which define the signature of the process. From a theoretical point of view, a scattering process
is defined through its external particles as well as its strong and electroweak couplings in pertur-
bative theory. While these two definitions partially overlap, they also induce some ambiguities
when comparing measurements with theory predictions.

The measurement of VBS at the LHC is exemplary in this respect. The typical picture of
VBS consists of two gauge bosons radiated off two separate quarks lines to scatter. Typical
Feynman diagrams are shown in the top row of Fig. 1. In case of heavy vector bosons (all except
), the VBS process is thus defined at Born level at the order O (a6), upon including the decay
products of the heavy gauge bosons. It has quarks in the initial state and at least two quarks and



Figure 1: Typical Feynman diagrams for VBS contributions (top) as well as non-VBS contri-
butions (bottom) contributing to the process pp — p*v et rejj. These figures are taken from
Ref. [24].

up to four leptons in the final state. This implies that three possible VBS signatures at the LHC
are: 2 jets and 4 leptons (fully leptonic), 4 jets and 2 leptons (semi-leptonic/semi-hadronic), or
6 jets (fully hadronic). This definition has the advantage to be clearly gauge invariant and to
describe all non-resonant, off-shell, and interference effects. In particular, it means that many
other diagrams beyond the VBS ones such as tri-boson contributions are included (some of them
are shown in the bottom row of Fig. 1). In order to select VBS diagrams only, approximations
to the full process like the effective vector-boson [17-21] or the vector-boson scattering [22, 23]
ones have to be used.

Measuring experimentally a VBS signature necessarily implies also measuring non-VBS con-
tributions. On an event-by-event basis, the quantum-mechanical nature of the process does not
allow to distinguish a VBS event from a tri-boson event for example. Therefore, experimental
analyses targeting VBS measurements sometimes include specific cuts in order to suppress un-
desired contributions in the definition of fiducial regions for the measurements. In the case of
tri-boson contributions, a typical cut would be an invariant-mass cut on the decay products of
a W/Z boson around their mass. Alternatively, such contributions can also be subtracted from
the measurements using Monte Carlo simulations.

In addition to the purely EW contributions at order O (aG), VBS signatures also feature ir-
reducible contributions of orders O (asa5) and O (a§a4). These three contributions are usually
referred to as EW (or VBS) signal, interference, and QCD background, respectively. Again, on an
event-by-event basis, an event cannot be unambiguously attributed to any of these contributions.
Nonetheless, experimental collaborations have measured VBS in signal-enriched phase-space re-
gions upon applying specific kinematic cuts.

The justification of such a procedure is that the EW and the QCD contributions behave rather
differently. In particular, given their rather different QCD structures, they tend to be maximal
in different phase-space regions. The EW component does not feature QCD exchanges between
the two quark lines while the QCD component does.[15] It implies that the differential cross
section as a function of the invariant mass or the rapidity difference of the two scattered quarks
(that form what will be called the tagging jets) is very different for the two components:|23]
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Figure 2: Double-differential distributions in the variables mj; and |Ay;;| for the three LO con-
tributions of orders O(a®) (top left), O(asa®) (top right), and O(a2a?) (bottom). Typical event
selection is applied apart from cuts on mj; and |Ay;j|. These figures are taken from Ref. [23].

typically, the EW component is characterized by tagging jets with large invariant masses (mj;)
and rapidity differences (Ay;;), leaving the central part of the scattering free from QCD activity,
at least in the fully leptonic signature, while it is the opposite for the QCD component. This
is particularly well illustrated by Fig. 2 which shows two-dimensional differential distributions
of the three contributions as a function of the invariant mass and rapidity difference of the two
tagging jets. Therefore, in the same way as for non-VBS contributions, cuts can thus be applied
in order to suppress the interference and/or QCD background: the invariant mass of the tagging
jets and their rapidity separation are the basic discriminating cuts for VBS measurements at the
LHC.

Alternatively, the QCD and interference contributions can again be subtracted using Monte
Carlo predictions, the aim still being to isolate VBS contributions from its irreducible back-
ground. While this procedure is already questionable at LO, it is not meaningful at NLO and
beyond. At LO, it is an arbitrary choice to include interference contribution to either the EW
signal or to the QCD background as by definition the interference possesses both amplitudes.
At NLO, the number of contributions goes up to 4 as shown in Fig. 3. In particular, some of
these corrections are of mixed type which means that two different Born processes (with the
two different amplitudes) received corrections. Because the two types of corrections are linked
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Figure 3: All contributing orders at both LO and NLO for the VBS processes at the LHC. This
figure is taken from Ref. [24].

by infrared singularities, they cannot be separated in contributions that have only one type of
amplitude (EW or QCD).|24] Hence, it is not possible to define an NLO signal or background
without making assumptions. As a result, a measurement of the VBS signal necessarily relies on
such theoretical inputs and their approximations.

In order to rely as less as possible on theoretical inputs, as well as to enable the soundest
comparison between theory and data, fiducial measurements should be presented without sub-
tracting any process contributing to the VBS signatures (neither irreducible QCD or interference
background nor tri-boson contributions). From this physical measurement, various subtractions
can subsequently be applied in order to single out the salient features of VBS. Such results are
naturally subject to approximations and can then be studied as such. We believe that this is the
best way to get most of the VBS physics in a transparent way and hence foster fruitful exchange
between the theory and the experimental community. It is worth emphasising that first steps in
this direction have been already taken for example in Refs. |25, 26] by presenting fiducial cross
sections of the EW and QCD component separately as well as their sum.

Along these lines, the presentation of several fiducial regions in experimental analyses is
also welcome as it enables the study of various physical effects. Looser selections are typically
dominated by the QCD background or tri-boson contributions, while tighter VBS cuts will
highlight mostly the characteristics of the vector-boson scattering at high energy. These physical
effects are the multiple sides of the same physical process and such measurements have therefore
the power to explore all of them.

2.2 Polarised vector-boson scattering

Among the various features of the SM which are especially relevant for VBS, the possibility
to access the different polarisation states of the vector bosons is certainly one of the most in-
triguing ones. After EWSB, massive vector bosons feature three physical polarisation states:
two transverse (left and right handed), e,Ij/ R, and one longitudinal, 62. In the SM, the vector-
boson masses and their longitudinal polarisation are generated by the Higgs mechanism, and the
presence of the Higgs boson unitarises the scattering amplitude for longitudinal polarisations.
Hence the ability to study different polarisation states is a precious asset in order to validate the
SM, or to spot possible deviations from its predictions. BSM physics may disrupt the unitari-
sation of longitudinally-polarised vector bosons [27-30], or alter the relative impact of different
polarisation states.

The possibility to explore different polarisation states is a feature of all processes involving
vector bosons (see e.g. Ref. [31]). For example, single vector-boson production, possibly in
association with jets, is dominated by left-handed polarisation states [32]|, while the W boson



from the top decay is dominantly longitudinal [33].

The definition of the production of a specific polarisation state is therefore possible. In the
following, we will show that this is true only in an idealised situation, as a realistic environment
poses significant difficulties. We will discuss how these difficulties can be overcome and the
necessary conditions for polarised cross sections to be well defined. We will conclude the section
by presenting some results for polarised VBS at hadron colliders in the SM and in some of its
extensions.

2.2.1 Definition of polarised cross section

Several aspects need to be considered when one tries to define the production cross section for
a specific polarisation state of a vector boson. In this discussion, we will follow the discussion of
Ref. [34], which also documents the implementation of the polarised cross section for W W~ jj
in the PHANTOM code [35]. Extension to the cases of WZ and ZZ production are documented
in Ref. [36]. The first and most immediate aspect is that vector bosons are unstable particles
which undergo a decay. Hence any information on their polarisation must be kept through the
decay processes. If we consider the case of a single vector boson (the generalisation to the case
of multiple vector bosons is trivial) which is produced from an initial state I and decays into a
final state [

I -V —=F, (1)

the corresponding matrix element can be written as:

PuPv
-9 + 2
224 MV

(- M2)* + MZT},

Misvor = M?—W MY p. (2)

Here, p is the momentum of the intermediate vector boson. The projector —g,, + p]\‘ﬁ” can be
Vv
expressed as the sum over the polarisations of the intermediate vector bosons:
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— 9t ]\;}2,, = €ty - (3)
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The meaning of Eq. (4) is that, since the vector bosons are not external particles, their polarisa-
tion states interfere with each other. This, in principle, jeopardises the definition of a polarised
cross section. However, interference terms integrate to zero over the whole range of the decay
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Figure 4: Differential singly-polarised cross sections for opposite-sign W scattering at the LHC.
Polarisations are defined in the laboratory frame. The unpolarised prediction (black) is compared
with the incoherent sum (purple) of the polarized ones (blue, green and red; these use on-shell
projection and take into account only the resonant diagrams). No cut is imposed on leptonic
variables. These figures are taken from Ref. [34].

azimuth angle, and this makes it possible, at least in principle, to have a well-defined polarised
cross section. It has to be stressed that, whenever cuts are imposed (as it is the case in any
realistic setup) or when one is interested in observables sensitive to the decay degrees of free-
dom, particularly to the azimuth angle, the cancellation of interferences is not bound to happen.
This can be observed in Fig. 4 for WTW™jj VBS, where singly-polarised cross sections (the
positively-charged W remains unpolarised) and their incoherent sum are compared with the full
cross sections: the upper left plot shows the dijet invariant mass, which has no dependence on
the lepton azimuth angle. The upper right plot shows the lepton transverse momentum, which
has an indirect dependence on the azimuth angle. Finally, the bottom plot shows the lepton
azimuth angle. It can be observed that, while for the dijet invariant mass the incoherent sum
of the polarisation and the full cross section are indistinguishable, small but visible differences
appear for the electron transverse momentum, and obvious effects appear for the azimuth angle.
Observables which display good agreement between the incoherent sum of the different polar-
isation states and the full result can be employed to extract the polarisation fractions for the
different states. While, as mentioned above, cuts on the leptons can in principle spoil such an
agreement, in practice their effect is generally mild on most observables.

There are other aspects which need to be considered in the definition of polarised cross section.



First, vector bosons may be produced off-shell, i.e. far from the resonance peak. This issue is
typically addressed by using the so-called on-shell projection (OSP), where some momentum
transformation is used changing the momenta such that the intermediate vector-boson is on its
mass shell. This is similar to the so-called pole scheme approximation, usually employed in
the computation of higher-order corrections (for example in Refs. [37-43] and therein). Second,
non-resonant diagrams may exists, i.e. diagrams for the process I — F' that do not feature an
intermediate vector boson in the s-channel (e.g. the left diagram in the second row of Fig. 1),
but those are usually assumed not to contribute significantly to the cross section. The last
relevant aspect to be considered is that polarisation vectors are not Lorentz-covariant, hence a
given reference frame must be chosen. Typical choices are the partonic centre-of-mass frame,
the laboratory frame or the diboson centre-of-mass frame. In particular the latter has been used
in the analysis of Ref. [44]. The choice of a given frame is mostly dictated by practical reasons,
like the experimental capability to reconstruct the frame. ! Studies available to date, see e.g.
Ref. [46], show that no frame choice has particular advantage over the others.

To summarize, the definition of a polarised cross section relies on the following assumptions:
interferences cancel in Eq. (4) (strictly true only for integrated quantities); non-resonant diagrams
are neglected; and an OSP is introduced to reshuffle the external momenta onto the vector-
boson mass shell. In this context, the polarisation fractions fr,r and fp can be introduced (with
polarisation vectors in a frame of choice) for a specific kinematic variable X. If one considers
the case of a WT boson decaying into lepton and neutrino, where 6 is the polar angle in the W
rest frame (and the azimuth angle ¢ is integrated over), one obtains

1 do(0,X) 3

3 3
=20 ) +201+ 2 fr(X) + Zsin? 0 f5(X).

Using this equation, one could extract the polarisation fractions from data by fitting the
angular distributions. Experimental analysis is in practice more complicated, since selections
alter the shape as a function of cos# and angular-dependent acceptance/efficiency factors must
be taken into account.

The method discussed above is general, in the sense that it can be applied to any process
featuring intermediate vector bosons. While the discussion has been carried assuming there
is a single polarised vector boson, it can be easily extended to the case where more vector
bosons appear, such as VBS. Besides the case mentioned above (single vector boson, and top
production), the method of Ref. [34] has been also applied to vector-boson pair production in
Refs. [47, 43, 48|, and in Ref. [49] it has been automatised using MADGRAPH5 AMC@NLO [50]
(henceforth denoted as MG5 AMC) and MADSPIN [51], paving the path to the possibility of
including NLO QCD corrections in VBS analysis.

2.2.2 Phenomenological results

Having introduced the polarisation fractions and their prerequisites to be well defined, we will
show some phenomenological results which highlight how these fractions can be employed to
probe beyond the SM effects.

The first case we consider is discussed in Ref. [34], and it is the case of a Higgs-less SM, i.e.
corresponds to pushing the Higgs boson mass to infinity.

In Fig. 5, the WW invariant-mass distribution is shown, for the unpolarised process as well
as for the different polarisation states of one of the the negatively-charged vector boson. The SM

'For a recent study on different reconstruction techniques, see e.g. Ref. [45].
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Figure 5: Polarisation fractions in the SM and in the Higgs-less SM, in opposite-sign W scattering
at the LHC, for the invariant mass of the W pair. Polarisations are defined in the laboratory
frame. The (negatively-charged) lepton from the polarised W boson is required to satisfy the
cuts pr(£) > 20GeV, |n(¢)| < 2.5. This figure is taken from Ref. [34].

and the Higgs-less SM (dubbed NoH in the figure) are shown. Since the Higgs boson unitarises
the scattering of longitudinal vector bosons, one expects the longitudinally-polarised component
in the Higgs-less SM to display a harder behaviour with respect to the SM case, as can be
seen in the plot of Fig. 5. While the left and right polarisations display an identical behaviour
in the two models, the behaviour of the longitudinal polarisation is radically different at high
energies. Indeed, in the SM, 21% of events feature a longitudinally-polarised vector boson when
a minimum cut, Mww > 300 GeV is required on their invariant mass. The fraction decreases
to 15% when the invariant-mass cut is raised to 1 TeV. In the Higgs-less case, the two fractions
become respectively 27% and 35%, with more than a factor-2 effect when the hardest cut is
imposed.

The second example, from Ref. [49], compares the SM case with a composite-Higgs model [52—
59]. In this class of models, or at least in their most recent versions, the interaction of the Higgs
boson and the weak gauge bosons is rescaled with a common factor a, and can be described by
the following effective Lagrangian [60, 61]

2 h
L> (”;Zz#zﬂ + M%/W“Wu> (1 + 20+ .. > : (6)

The SM case is recovered when the scattering of longitudinal vector bosons is unitarised, which
corresponds to @ = 1. Other values different from unity will display a unitary-violating behaviour.
As in the previous case, the process at hand is W™ W ™jj production and the WW invariant mass
distribution shown in Fig. 6 is examined, where the polarisation fractions of both vector bosons
are given. The upper plot in the figure shows the polarisation fractions in the SM (a = 1), while
the lower inset shows how they are affected when one sets a = 0.8 (dashed) or a = 0.9 (solid),
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Figure 6: Polarisation fractions in the SM in opposite-sign W scattering at the LHC, for the
invariant mass of the W pair. Polarisations are defined in the partonic centre-of-mass frame.
The namings 0 and T identify the longitudinal and transverse polarisation, respectively. The
inset displays the ratios R(Myw) defined in Eq. (7) for a = 0.8 (dashed) and a = 0.9 (solid).
This figure is taken from Ref. [49].

by plotting the ratio:

do(a) /do(a=1)

R(M . 7

(Mygw) dMWW/ dMww @)

The most striking behaviour can be observed in the ratio for the longitudinal-longitudinal

scattering fraction. It shows effects of the order of 30% in the largest-mass bin considered for
a = 0.9 and grows up to 100% when a = 0.8.

2.3 Theoretical predictions

In this section we will review the state of the art of the theoretical predictions for VBS, and we
will discuss the main sources of theoretical uncertainty.

2.3.1 Effects of QCD origin

NLO QCD corrections

The anatomy of QCD corrections in VBS processes is quite peculiar, and it is dictated by the
underlying structure of the process. A typical t-channel VBS diagram at tree level, such as those
in the top row of Fig. 1, features two quark lines that exchange electroweak bosons. Since no
color charge is exchanged between the two quarks, QCD corrections tend to factorise, in the sense
that they affect one quark line at a time. While non-factorisable corrections exist, for example
in the case of the scattering of identical quarks, they are suppressed by color considerations and

12



by kinematics. If one neglects non-VBS diagrams, the situation is completely analogous to Higgs
production in vector-boson fusion (VBF), where NLO QCD corrections were first computed in the
factorised approximation using the so-called structure-function approach [62]. Indeed, also for
VBS, the first results including NLO QCD corrections were obtained discarding non-factorisable
corrections [63-66]. Within this approximation, NLO QCD corrections to VBS are rather mild,
and their exact impact depends on the cuts employed to define the VBS signal, on the choice of
renormalisation and factorisation scales and, of course, on the specific process.

Going beyond this approximation, i.e. including non-factorisable corrections, entails a major
step in computational complexity. On the one hand, loops with many (six or more) external
legs and high-rank numerators, due to the presence of vector bosons, have to be evaluated. On
the other hand, non-factorisable corrections are in general not Infra-Red (IR)-finite, and hence
possibly dependent on the specific IR regulator. This could be avoided only by considering all
contributions of O(asa’), including those which classify as EW corrections to the LO QCD-EW
interference of VVjj production, as depicted in Fig. 3 (in that figure, the NLO QCD corrections
to VBS signal correspond to the O(aa%) contribution). Only recently, with advanced techniques
having paved the way to the automation of EW and mixed QCD-EW corrections, non-factorisable
contributions have been included in the NLO QCD corrections to VBS [24, 67, 68]. When they
are compared to the approximation that assumes factorisation, the impact of non-factorisable
QCD corrections is found to be small in typical VBS phase spaces [23|, exceeding 5% only in
more inclusive phase spaces. This can be seen in Fig. 7 which shows two differential distributions
in the invariant mass of the two tagging jets. The left-hand side shows a comparison of NLO
predictions in a inclusive phase-space, while the right-hand one is in a more exclusive phase space,
typical of experimental analyses. The full predictions which include non-factorisable corrections
are denoted by either full or MOCANLO+RECOLA. The differences among other predictions
are due either to the inclusion or not of non-VBS contributions, or to the details of the definition
of non-factorisable corrections, or both.

Once NLO QCD corrections are included, theoretical uncertainties estimated through the
variation of renormalisation and factorisation scale are of the order of few per cent on NLO-
accurate observables. In the case of WF¥W%jj production, this can be observed in Fig. 7 for
the mj; observable, where the theory uncertainty is shown as a blue band around the Mo-
CANLO+REcOLA prediction. The scale uncertainty is obtained through 7-fold scale variation
(see Sec. 2.4.4). The inclusion of non-factorisable corrections does not significantly impact the
size of the scale uncertainty.

Beyond NLO-QCD: NNLO and parton-shower effects

For what concerns QCD effects beyond NLO, it is a fair statement that NNLO QCD corrections,
even in the factorised approximation, are extremely challenging to compute, and will likely not
be available on a short-term timescale. Indeed, at variance with the case of single- or even
double-Higgs production in VBF, where corrections up to NNNLO in QCD have been computed
within a factorised approach [69-75|, VBS processes present more complex topologies, since the
outgoing vector bosons can couple to the quark lines.?

However, for almost all processes, NLO QCD corrections have been matched to parton-
showers (PS) within different matching schemes [79-81, 23, 82|, and now this kind of processes
are within the reach of automatic frameworks. In general, when compared with NLO predictions
at fixed order, NLO+PS results show quite small (10-15%) effects on the shape and normalisation

2Some recent achievements towards the computation of non-factorisable corrections to Higgs production in
VBF are worth to be cited [76, 77|, which may be relevant also for VBS.
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Figure 7: Differential distributions in the invariant mass of the two tagging jets at the NLO (fixed
order). Various theoretical predictions with different approximations are here compared in an
inclusive set-up and a more exclusive one (as in the experimental analysis). The best prediction
is denoted by either full or MOCANLO-+RECOLA. These figures are taken from Ref. [23].

of distributions. The spread of predictions obtained with different matching schemes and/or
different PS programs is also found to be at the 10% level, and it has been investigated in detail
for WE¥Wjj production in Ref. [23].

A relevant exception, worth to be discussed, is related to the modelling of the third-jet
kinematics. It has been observed that, for predictions matched with PYTHIA8 [83, 84], the
global-recoil scheme leads to a large unphysical enhancement of the third-jet activity in the
mid-rapidity region, related to a wrong assignment of the phase-space boundaries for processes
with initial-final color connections. Such an enhancement, absent in predictions obtained with
other parton showers such as HERWIG7 [85-87|, is observed both with the POWHEG [88, 89| and
the MC@NLO [90] matching schemes, although it is larger with the latter, owing to the fact
that POWHEG generates the first emission with an internal Sudakov factor (and thus shower
effects only enter from the second emission on). This effect is discussed in detail for same-sign
WW production in Ref. [23], but it is in fact a general issue affecting processes with VBF /VBS-
type topologies. Indeed, a similar enhancement has been observed also in the measurement of
electroweak single-Z production [91], and for Higgs production in VBF [78].

While the unphysical enhancement disappears when a new recoil scheme, developed for Deep-
Inelastic-Scattering processes (dipole recoil [92]), is employed, the way Monte Carlo counterterms
are currently implemented e.g. in MG5 AMC prevents the user to employ a recoil scheme differ-
ent from the global recoil 3. This does not apply to a POWHEG-type matching, where the user
can instead change the shower parameters more freely.

In Ref. [78] it has been shown that, even within the global-recoil scheme, this effect disappears
when a NLO-accurate description of the third jet at the matrix-element level is employed, as can

3A new implementation of the Monte Carlo counterterms has been recently presented in Ref. [93], and future
developments on allowing a more flexible choice of shower parameters are in progress.

14



Pseudo-rapidity of the third jet Pseudo-rapidity of the third jet

e T T
& i &
= =
E =
E B bf 10" |
= 10 [ =
] b
I —— MGs5.aMC+Hy 5= { MG5.aMC+Hy, H+3j
o — MG5_aMC+Py8 | —— MG5.aMC+Py8 H+3j
- — = MG5.aMC+H7,j1,,%0.5 H MGs5.aMC+Hy,H+3j, 115, X 0.5 i
- — - MG5.aMC+Py8, 1y, x0.5 ] — —— MG5.aMC+Py8 H+3j,1ig;, X 0.5 b
MG5_aMC+H7,H+3j —— MGs5.aMC+
27\\‘\\\\‘\\\5\?\\\\1‘}7\\\\3]‘\\\\‘\;\\\\\\\\\\\\ \‘\\\\‘\\\S\f\\\\7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
1.8 ! [ i%
1.6 1.2
S 4E g 11
=] E % 1.0
&s 1? E._ = o I e B 1 O it | 1 ‘g 0'?3 -
B L —=——x o = 0.8 =
0.8 ?Fr* L’Q 0.7 =
0'6%‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\» 8:%7\‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\
-4 -3 -2 -1 o 1 2 3 4 -4 -3 -2 -1 o 1 2 3 4
Mjy Mjs

Figure 8: The rapidity of the third jet in Higgs production via VBF, obtained using MG5 aMC +
PyTHIAS or HERWIGT. The left panel shows predictions for the production of a Higgs boson plus
two jets at NLO+PS matched with PYTHIAS (blue) or HERWIGT (red), including renormalisation
and factorisation scale uncertainties (blue band) as well as variations of the shower starting scale
(dashed lines), together with the prediction for Higgs plus three jets at NLO+PS matched with
HERWIGT (orange). The right panel shows predictions for the Higgs boson plus three jets at
NLO, matched with HERWIGT (orange) or PYTHIA8 (green). together with the prediction for
Higgs plus two jets at NLO+PS matched with HERWIGT (red solid). These figures are taken
from Ref. |78|.

be observed in Fig. 8 This is a further demonstration that the central-rapidity enhancement
observed for predictions matched with PYTHIAS is unphysical and, as such, it should not be
considered as an uncertainty source for the third-jet description. Given the similarities between
VBS and VBF from the QCD point of view, these conclusions can be extended from the latter
to the former. They could also be verified explicitly using a NLO prediction for VBS with three
jets, which is available at the moment, but should not be beyond the reach of modern event
generators and matrix-element providers.

PDF uncertainties
Accounting for all sources of uncertainty stemming from QCD requires also the inclusion of those
coming from parton distribution functions (PDFs). At LO, only quarks appear in the initial state
of VBS processes, regardless of the specific final state. Within typical VBS cuts, they mostly
feature intermediate values of the Bjorken x’s and scales @ = O(100) GeV.

From Fig. 9 one can appreciate that the bulk of the WFW%jj cross-section comes from z ~ 0.2,
a region where quark densities, especially valence ones, are quite well constrained nowadays, with
uncertainties below 5% [94]. As gluons only enter at NLO, they give a subleading contribution to
the cross section, considering the small size of NLO corrections discussed above. The produced
final state, in particular the charges of the gauge bosons, affect the combination of flavours
which can initiate the process: positively charged final states, such as WTWjj production, are
mostly sensitive to valence quarks, while for neutral or negatively charged ones the contribution
of sea quarks becomes more important. Hence, PDF uncertainties are expected to be quite
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Figure 9: The Bjorken x regions contributing to same-sign WW production via VBS, at the
13 TeV LHC. The colour coding is a follow: maximal is for black, minimal is for white. The
set-up used for this plot is the same as in Ref. [23].

process-specific.

If we consider again, as an example, the case of same-sign W boson production, and specif-
ically the rapidity separation of the two jets, one can appreciate from Fig. 10 that the PDF
uncertainties, evaluated with the PDF4LHCI5 set [94], are at the level of £2% for a large part
of the range, up to 4% only for extreme separations. For the same observable, uncertainties due
to a; are (as expected) totally negligible, below 1% across almost the whole considered range.

As mentioned above, these numbers are expected to be rather process specific and are calcu-
lated in experimental analyses targeting the corresponding final states. In order to have an idea
of how the charge of the final state can affect their size, one can consider the case of charged-Higgs
production via VBF, for which these studies are available [96-98|. In this case, the Higgs mass
plays the role of the invariant mass of the vector-boson pair. Estimations in Ref. [97] show that
PDF uncertainties never exceed a few percent, being smaller for lighter final states and when
valence-quark contributions are mostly probed (Fig. 10).

2.3.2 Effects of Electroweak origin

Given the magnitude of the strong and electroweak couplings, for typical LHC processes NLO
EW corrections are generally of the order of NNLO QCD corrections, that is a few percent. This
power-counting argument is usually valid at the level of the total cross sections, but the situation
is rather different when considering differential distributions, as EW and QCD corrections exhibit
a rather different behaviour and are relevant in different phase-space regions. In general, they
become negative and large (typically several 10%) in the high-energy limit because of Sudakov
logarithms [99].
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Figure 10: PDF (left) and «y (right) uncertainty for the rapidity separation of the two tagging
jets, evaluated with the PDFALHC15 set. These figures are taken from Ref. [95].

In the case of VBS, the global picture is quite different, namely the NLO EW corrections are
large relative to QCD corrections of the same order. As shown in Ref. [100], large EW corrections
are an intrinsic feature of VBS at the LHC. At the level of the total cross section, they can be
of the order of —20% and reach up to —40% in tails of differential distributions. Their origin
can be attributed to the massive t-channel which enhance the typical scale of the process [101],
as well as the fact that the EW Casimir operators are larger for bosons than fermions [102]. For
same-sign WW scattering, where all NLO corrections are known, the EW corrections to the VBS
process of order O(a”) are the largest corrections [24]. Such a pattern has been confirmed for the
WZ [67] and ZZ [68] signature. It is also worth mentioning that such EW corrections are largely
independent of the charge of the final state as shown in Ref. [103] for WEWHij. Even more,
the Leading-Log approximations derived in Refs. [100, 67, 68| are rather universal due to the
identical SU(2)y couplings occurring in all scatterings. In Fig. 11, the differential distribution in
the rapidity of the two tagging jets is displayed. In the lower plot, the yellow band represents the
expected statistical experimental uncertainty in each bin for the high-luminosity LHC collecting
3000fb~!. Given their magnitude, one can thus expect that high-luminosity measurements will
be sensitive to such EW corrections.

Another source of EW effects is the inclusion of photon PDF. The determination of the photon
PDF has witnessed a complete change of paradigm in 2016, when the LUXqed methodology was
introduced [104, 105], which employs a more robust determination from first principles of the
photonic density. Thanks to these works, the photon density can now be constrained at a level
comparable to that of the strong-interacting partons. This was made possible by relating photon-
induced processes with their non-photon induced counterpart, and using this relation to extract
the photon density. Before 2016, the only available approaches were either relying on some a-
priori parametrization of the photon density [106, 107|, or on leaving it completely free to be
fit [108|. This led in the first case to an impossible, or very difficult quantification of theoretical
uncertainties, and in the second to huge uncertainties, often of the order of 100%, relative to the
impact of the photon density. The LUXqed methodology is now employed by all major PDF
providers, such as NNPDF [109] and MMHT [110] as well as the PDFALHC working group [94].

For example, in same-sign WW scattering [24], the photon-induced contributions are of
the order of 2.7% with NNPDF-3.0 QED [108] while they go down to 1.5% when using the
LUXqed plus PDF4LHC15 nnlo 100 set. Due to charge conservation, LO photon-induced
contributions are present for the WZ, ZZ, and WHW™ channels as well. They involve one or two
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Figure 11: NLO EW corrections to same-sign WW scattering for the rapidity distribution of
the two tagging jets (left). The yellow band in the lower plot represents the expected statistical
experimental uncertainty at 3000fb~!. Full NLO corrections to same-sign WW scattering for
the invariant mass of the two tagging jets (right). The left figure is taken from Ref. [100] while
the right one is taken from Ref. [24].

initial-state photons and contribute to the orders (a®) and (asa®). They amount to about 0.4%
with respect of the LO of order (a%) for WZ [67].

When referring to NLO EW corrections, it was so far implied that only real photon radiations
are included. The radiation of heavy gauge bosons occurs at the same perturbative order, and
in principle can also be accounted for. To date, this effect is relatively unexplored in the context
of VBS, while studies exist for other processes [111-113]. In Ref. [114], the related correction
has been estimated to be of the order of few percent for the High-Luminosity LHC at the level
of the total cross section.

Finally, for signatures other than same-sign WW scattering, there also exist a photon-to-jet
conversion function which is necessary to cancel IR divergences associated to photons splitting
into a quark-antiquark pair [115]. While it ensures a proper treatment of this non-perturbative
contribution, its numerical impact is rather small and has been evaluated to be the order of
0.01% for WZ [67].

2.4 Experimental techniques

Taking into account the decay of heavy gauge bosons, VBS cross-sections are typically of the
order of femtobarns in proton-proton (pp) collisions at a center-of-mass energy of 13 TeV. For
this reason, the LHC experiments that have sensitivity to these processes are the ones which
benefit from the full amount of integrated luminosity delivered by the accelerator, ATLAS [116]
and CMS [117]. 4

“Apart from an exploratory theoretical study for the LHCb experiment [118], no results are available from
other experiments than ATLAS and CMS.
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Both ATLAS and CMS have analysed fully or partially the 13 TeV LHC data set delivered
between 2016 and 2018, referred to as Run-2 of the accelerator, which corresponds to about
135 — 140fb~! per experiment, depending on the percentage of high-quality data which can be
used to reconstruct a specific final state. In these runs, the mean number of pp collisions per
LHC bunch crossing (pileup) varied between 23-27 in 2016 to 35 and more in 2017 and 2018.
Using such a large data set, the experimental knowledge of VBS has dramatically increased in the
recent years. Starting from the pre-Run-2 results at 7 and 8 TeV where just upper limits on VBS
SM cross sections were reported, both experiments have now claimed evidence or observation for
all the main VBS processes.

2.4.1 The ATLAS and CMS detectors

ATLAS and CMS are general-purpose detectors with a cylindrical geometry and a nearly hermetic
coverage in § and ¢°. Figure 12 shows longitudinal views of a quadrant of the ATLAS and CMS
detectors.

In both ATLAS and CMS the interaction point is surrounded by tracking detectors. For
both the innermost system consists of a silicon pixel detector, providing precise estimation of
track impact parameters and vertices, and is complemented by outer layers of silicon microstrip
detector. In ATLAS tracking information is also provided by a transition radiation tracker. In
both experiments, these inner detectors provide precise measurements of charged-particle tracks
in the pseudorapidity range |n| < 2.5.

Electromagnetic and hadronic calorimeters cover the region |n| < 3.2 in ATLAS and |n| < 3.0
in CMS. In ATLAS the electromagnetic calorimeter is based on high-granularity, lead/liquid-
argon (LAr) sampling technology, while in CMS it consists of high-resolution lead tungstate
crystals. The ATLAS hadronic calorimeter is comprised of a steel/scintillator-tile sampling
detector in the central region and a copper/LAr detector in the region 1.5 < |n| < 3.2, while
CMS uses a brass/scintillator detector.

For VBS signatures, it is of paramount importance to collect electromagnetic and hadronic
energies at larger values of pseudorapidity. To achieve this goal, both ATLAS and CMS are
equipped with forward calorimeters, that have lower granularities but must satisfy stringent
radiation hardness requirements. In ATLAS the region of the detector 3.1 < |n| < 4.9 features
a forward calorimeter (FCal), measuring electromagnetic and hadronic energies in copper/LAr
and tungsten/LAr modules. In CMS the forward calorimeter (HF) covers the region up to
In| < 5.0 and consists of a steel absorber equipped with quartz fibres of two different lengths
which distinguish the electromagnetic and hadronic components.

The magnet arrangement is different in the two experiments. CMS features a large super-
conducting solenoid with a 6-m inner diameter providing an axial magnetic field of 3.8 T. In
ATLAS, a smaller solenoid providing a magnetic field of 2 T surrounds the inner tracker, while
three large superconducting toroidal magnets are placed with an eightfold coil symmetry outside
the calorimeters.

In both ATLAS and CMS the muon spectrometer comprises trigger and high-precision track-
ing chambers to measure the trajectory of muons. Detector technologies include drift tubes,
cathode strip chambers in the forward regions, resistive-plate chambers, and thin-gap chambers.

®Both ATLAS and CMS use right-handed coordinate systems with their origin placed at the nominal interaction
point and the z-axis running along the beam direction. The z- and y-axes point to the centre of the LHC ring and
upward, respectively. Cylindrical coordinates (r, 0, ¢) are used in this coordinate system. The subscript T refers to
quantities measured in the (z,y), or transverse plane, while the pseudorapidity is defined as n = — log[tan(6/2)].
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Figure 12: Longitudinal views of a quadrant of the ATLAS (top) and CMS (bottom) detectors.
Sub-apparati used for the detection of different particles and their positioning are shown.

The CMS muon coverage is |n| < 2.4 while in ATLAS it is |n| < 2.7 for tracking and |n| < 2.4

for trigger chambers.

Events of interest are selected in real time using two-tiered trigger systems in both exper-
iments [119, 120]. The first level is composed of specialized hardware processors and uses in-
formation from the calorimeters and muon detectors. The second level (high-level) consists of
farms of processors running a fast, optimized version of the event reconstruction software that
reduce the event rate before data storage. Data are stored in different streams according to which
high-level trigger path(s) find compatibility between an event and a specific particle hypothesis

(single electron, double muon, etc.).
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2.4.2 Tagging-jet reconstruction

All VBS processes have in common a pair of jets in the final state, originating from the hard
scattering process. These have been precisely defined in Sec. 2.1 and we refer to those jets here
as VBS-tagging jets.

In ATLAS, jet constituents are topologically-grouped clusters (“topo-clusters”) of electromag-
netic and hadronic calorimeter cells [121]. In CMS events are reconstructed using a more detailed
particle-flow algorithm [122] that identifies each individual particle with an optimized combina-
tion of all subdetector information. However, at the very high pseudorapidity values covered by
the HF only, a hadron or electromagnetic particle-flow candidate is just defined by its energy
release in a -¢ HF cell, since information from no other subdetector is available.

In both experiments jets are reconstructed from either particle-flow candidates or topo-
clusters using the anti-kr clustering algorithm [123], as implemented in the FastJet package [124],
with typically a distance parameter of 0.4. This value ensures a good particle containment while
reducing the instrumental background, as well as the contamination from pileup. In both AT-
LAS and CMS identification criteria for jets are very loose and retain almost all physically
meaningful jets. Since these jets include leptons with the surrounding QED activity (sometimes
referred to as dressed leptons), analyses with leptonic final states always require a minimum
tagging-jet/lepton AR separation in defining their fiducial regions, usually taken equal to the jet
distance parameter.

Pileup effects, which are particularly relevant in the forward regions, affect jet measurement
in two ways: by adding entire jets that do not originate from the hardest-scattering event (thus
requiring pileup rejection techniques) and by adding particles in the jet that do not belong to
signal jets but overlap in space (requiring pileup subtraction techniques). In evaluating both
effects, there is an important difference between charged and neutral particles. For charged
particles, the hypothesis of being originated in the hardest-scattering primary vertexr can be
evaluated track by track and is based on impact-parameter compatibility®. For neutral particles,
this association is not possible and subtraction or rejection must be done on a statistical basis.
It has to be noted that outside the tracker coverage (|n| < 2.5 for both ATLAS and CMS) all
particles must be treated as neutral.

ATLAS and CMS apply pileup subtraction as part of the jet energy corrections [125, 126].
The subtraction has the analytical form suggested in Ref. [127]

pr " =pr — p X Ajet, (8)
where p is the estimated average pileup pt density in specific regions of the detector and Aje
is the jet area. Depending on the experiment and specific analysis, this subtraction can be
performed on the original jet, or in combination with charged-hadron subtraction based on
vertex compatibility. ATLAS [128, 129] and CMS [130] have dedicated pileup rejection methods.
Within the tracking volume, a jet-vertex combined compatibility is computed from the charged
tracks found inside a jet, while in the forward regions different jet shapes are employed to build
discriminating variables that isolate signal jets from pileup jets. Not all VBS analyses apply
selections based on these very recent methods.

Techniques enriching the selected sample with quark-initiated jets over the more abundant
gluon-initiated background were studied both in ATLAS [131] and CMS [132] and could be useful
in VBS searches. Their limitations, however, reside in the limited resolution and granularity of

5In both ATLAS and CMS, the hardest-scattering vertex is defined as the primary vertex in the event for
which the scalar sum of the p% of the associated tracks is maximum.
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the subdetectors covering the very forward regions. In ATLAS, performances outside the tracking
volume are not even reported, while in CMS they were found to be poor in the forward region.

Requirements on the transverse momentum (pr) of tagging jets, applied after jet energy
corrections, vary among the different analyses and can be symmetric or not between the two.
Pseudorapidity requirements need to be as loose as possible because of the particular spatial
distribution of tagging jets: typically all jets with |n| < 4.5 (4.7) are selected in ATLAS (CMS).
Variables describing kinematics of the jet pair are the most discriminating between VBS and
various sources of background. As mentioned previously, typical selections include a minimum
rapidity or pseudorapidity difference (Ay;; or Amj, usually taken as unsigned quantities), a
minimum invariant mass of the jet pair (mj;) and, in some cases, selection on more complex
quantities, like the Zeppenfeld variables that we shall define in the following.

A common choice in case of more than two reconstructed jets in an event is to retain the
event if fulfilling the selection, and choose the two jets with the largest pt or energy as the VBS-
tagging jets. Both choices have non-trivial implications on the analyses. First of all, a third-jet
veto is in principle a powerful handle for background rejection, since the VBS topology implies a
rapidity gap between the tagging jets with very little hadronic activity. However, besides possible
pileup contributions occurring in the gap, a long-standing theory problem was the observation
of large differences in the third-jet kinematics when comparing predictions obtained with some
commonly-used parton-shower programs [23|. The origin of these differences has recently been
understood (see Sec. 2.3), thus in principle making it possible to include veto techniques in
future analyses without being hampered by large theoretical systematic uncertainties. Second,
the definition of the tagging jets can be particularly relevant for phase-space regions including
heavy-gauge boson resonances decaying into quarks. Such an example is given in Sec. 3.3 when
discussing the case of ZZ scattering. Finally, it has to be noted that, as detailed in the next
section, in presence of jets originating from heavy gauge-boson decays in the selection, the choice
of the tagging jets is not obvious and varies between different analyses.

2.4.3 Vector-boson reconstruction

The analysis techniques to reconstruct and select vector bosons in VBS processes depend strongly
on the final state under investigation.

High-energy photons (v) are reconstructed in electromagnetic calorimeters with very high
efficiencies. On the other hand, when one or both vector bosons are heavy (W or Z) the recon-
struction is based on their decay products and three classes of analyses can be distinguished:

1) Fully leptonic channels: Heavy gauge bosons decay into the W+ — ¢Fy, and Z — 00~
final states, where ¢ denotes either an electron or a muon. Even though the branching fractions
are approximately only 20% and 6.7%, respectively, these final states are the cleanest and can
satisfactorily cover the phase spaces of all VBS processes. For this reason, all evidences or
observations of SM VBS processes so far relies on fully leptonic (or lepton + ) channels.

The decays of W and Z bosons into 7 leptons are not considered in existing analyses because,
while having identical branching fractions as electrons and muons, they are much more chal-
lenging to reconstruct due to the presence of the missing neutrinos in the 7 secondary decays.
Nevertheless, the events where the 7 decay leptonically can enter the selected samples in the
fully leptonic channels. This contamination is much smaller in size than the 7 leptonic branch-
ing fraction, since secondary leptons from 7 decays have smaller transverse momenta and/or fail
invariant mass requirements. However, all analyses do (or should in principle) state if this small
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contribution is considered or not in their definition of fiducial analysis volumes.

In the WT — (%1, case, due to the presence of neutrinos, the process cannot be fully
reconstructed. As opposed to the Z — ¢/~ case, it implies that non-resonant contributions also
enter the selected sample, and therefore must also be included in the simulation.

2) Semi-leptonic channels: One heavy gauge bosons is reconstructed from the W+ — ¢+y,
or Z — ¢1t¢~ final state, and the other one from the W* — ¢¢’ or Z — ¢g final state.

These final states exhibit larger cross sections because of the higher branching ratios. How-
ever, performing a standard reconstruction of the jets from W or Z hadronic decays, as described
in Sec. 2.4.2, results in samples overwhelmingly dominated by the production of single-bosons
in association with jets, in which sensitivity to SM VBS is negligible compared to fully leptonic
channels.

However, special reconstruction techniques apply in case of boosted vector bosons, i.e. when
their Lorentz ~-factor is large [133]. In particular if the aperture angle of the quark-antiquark
pair is AR ~ 2/~ ~ 2M(qq)/p1(qq) < 0.8, that is for pr(qq) 2 220 GeV, the hadronic decay
products of the gauge boson do not cluster into two separated R = 0.4 jets but are instead
merged into a larger-area jet. In this case, hadronic W and Z decays are identified by anti-kr
jets with R = 0.8 which contain all the products of the decay. As opposed to standard jets, these
merged jets have two important characteristics that help distinguishing them from regular-jet
background: after removing soft QCD radiation, the invariant mass of all jet constituents peaks
at the W or Z mass; and the inner structure of the jet is such that two subjets with smaller radii
can be identified.

There are two main characteristics in analyses employing boosted vector bosons: first, they
usually address mixed final states because jet-mass resolutions are such that W and Z cannot be
easily separated. Therefore these final states are indicated by V (indicating generically a vector
boson, either W or Z). Secondly, the requirement pp(V) 2 220 GeV implies that only small
parts of the SM VBS phase space are accessible, which compensates for the higher branching
fraction. On the other hand, BSM effects in EFT approaches produce cross sections with larger
components in the boosted phase space as stated in Sec. 2.5. Hence, the most stringent limits
on the Wilson coefficients of EFT operators are obtained from semi-leptonic channels.

3) Fully hadronic channels: Because of the dominant multijet background, these analyses
can only be performed for final states with two boosted gauge bosons, VV. While potentially
they could have even better sensitivities than semi-leptonic channels on EFT operators, there
are no public LHC analyses to date employing these final states.

Lepton and missing energy reconstruction A brief review of charged-lepton reconstruction
follows, which is common to many VBS analyses. Photon and merged-jet reconstruction and
selection are specific to some analyses and will be discussed in Sec. 3.

In ATLAS and CMS, muons are reconstructed by combining information from the inner
tracking system with the signals in the muon chambers and finding matches between recon-
structed tracks in the two detectors. In most analyses, muons must satisfy identification criteria
which are called medium in ATLAS [134] and tight in CMS [135] but in both cases correspond
to efficiencies exceeding 90% after fiducial selections. A minimum number of hits in the re-
lated subdetectors is required, which rejects fake matchings, as well as kaon and pion decays
in flight. Tight primary-vertex compatibility criteria select only prompt muons, rejecting those
originating from long-lived particle decays. CMS utilizes the transverse and longitudinal track
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impact parameter d,, and d. as selection variables for primary-vertex track compatibility, while
ATLAS uses the significance of the impact parameter in the transverse plane |dyy/04,,| and the
vertex-track distance computed from the longitudinal impact parameter, d, sin @, with tighter
requirements. Isolation requirements, further reducing the B- and D-meson decay background,
are in general loose for both experiments.

Similarly, in both ATLAS and CMS, electron reconstruction combines information from inner-
detector tracks and electromagnetic energy clusters. Primary vertex compatibility of the electron
track is evaluated in a similar way as for muons, with equal or tighter requirements. However,
identification criteria, again defined as medium in ATLAS [136, 137] and tight in CMS [138],
are more complex in order to cope with potentially large backgrounds of misidentified photons
and jets. These criteria involve many aspects of the reconstruction, including: angular and
energy-momentum matching between track and cluster, electromagnetic shower shape variables,
energy ratios between the central cluster cell and the surrounding ones, and maximum energy
released in hadronic calorimeters in close-by regions of the detector. In ATLAS, these criteria
are combined using a likelihood-ratio method, while in CMS selections are either applied sequen-
tially or combined in a Boosted-Decision Tree (BDT)7. Electron isolation considers separately
the energy/momentum reconstructed around the electron direction in trackers, electromagnetic
calorimeters, and hadronic calorimeters, taking into account possible bremsstrahlung effects in
the traversed detectors: isolation requirements are part of the CMS identification criteria, while
they are applied separately in ATLAS. Total efficiencies are lower than for muons, ranging in
about 80-85% for typical electrons from W or Z decays.

The only analyses significantly departing from the above choices are those having 4¢ in the
final state, because the simultaneous presence of four charged leptons removes many types of
backgrounds and looser selections can be used to recover efficiency.

Another important ingredient in the case of final states involving one or more W boson(s) is
the reconstruction of the missing transverse momentum p%iss, that can be identified as the (total)
transverse momentum of the undetected high-energy neutrino(s). In both ATLAS and CMS this
is defined as the opposite of the vector sum of all reconstructed particle momenta, so its precise
determination depends on all energy /momentum corrections applied to visible particles and in
particular to jets [140, 141].

2.4.4 Monte Carlo simulation

Monte Carlo (MC) simulation of VBS signals and backgrounds which cannot be estimated from
data-driven techniques (e.g. QCD background, which has inherently the same signature) is an
essential ingredient of experimental analyses.

Regarding simulations at NLO QCD, matched to parton shower or merged with higher parton
multiplicities, the most used generator tools for physics events are MG5 _AMC [50], version 2.3
(v2.3) and above, POWHEG |[88, 89, 142] v2, and SHERPA [143| v2.1 and above.

Generation parameters can vary in different processes and experimental analyses, but there
are some common choices. In general, the central renormalization and factorization scales are set
automatically by MG5 AMC to the central mgf scale after kp-clustering of the event, while in
POWHEG and SHERPA the default choice is process-dependent (for diboson and VBS processes

"A decision tree is an algorithm which takes a set of input features and splits input data recursively based
on those. Boosting is a machine-learning method which combines several decision trees to make a stronger
signal-background classifier. BDT algorithms are coded in commonly used programs like TMVA [139] or Keras
(https://keras.io).
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a common choice is to use the diboson invariant mass). Uncertainties from renormalization and
factorization scales are mostly derived from the 7-fold scale variation scheme, where both are
varied independently by a factor of two up and down, but avoiding the cases where the two vary
in opposite directions (that is, differ by a factor four).

Quite peculiarly, in CMS, the standard sets of parton distribution functions (PDFs) used
are different for the simulation of the 2016 detector conditions (NNPDF3.0 NLO) and for the
2017-18 conditions (NNPDF3.1 NNLO). In ATLAS, the the NNPDF3.0 NNLO PDF set is used
in most cases. The estimation of PDF uncertainties follow prescriptions from the NNPDF col-
laboration [144].

While SHERPA has an internal parton shower (PS) and underlying-event program, other
Monte Carlo generators need an external tool providing PS, which are usually PYTHIAS [83] or
HERWIG [86]. Underlying-event tuning is slightly different in the two experiments and tunes
have also been updated in some cases during the course of Run-2 [145, 146].

Detector simulation is obtained through the GEANT4 software [147, 148| in both experi-
ments.

2.5 Impact on Beyond-the-Standard-Model theories

VBS studies can constrain the existence of Beyond-the-Standard-Model (BSM) physics in several
ways, which are reviewed in detail in Ref. [12|. Therefore, in the present review we simply
restrict ourselves to outline the main results obtained at the LHC. Searches for new physics
in VBS channels can be divided into those based on an explicit (and possibly simplified) new
physics model and general model-independent searches, usually parameterized as Effective Field
Theories (EFTs) [149].

EFT constraints obtained in experimenal analyses, in ATLAS and CMS, use the parameter-
ization of Refs. [150, 151], where dimension-8 operators are considered. Unlike at dimension-6,
where quartic and trilinear gauge couplings are intrinsically related, at dimension-8 one can
assume the presence of anomalous quartic gauge couplings (aQGC) and no anomalous triple
gauge couplings (aTGC). There are 18 independent bosonic dimension-8 operators relevant for
2-to-2 scattering processes involving Higgs or gauge bosons at tree level, and conserving parity
and charge conjugation. They can be classified as scalar, mized, and transverse according to
the number of gauge-boson strength fields contained in the operator (0, 2, and 4, respectively).
Several CMS Run-2 analyses constrain physics from non-zero dimension-8 operators, while AT-
LAS Run-2 measurements mostly focus on SM VBS observations and do not provide explicit
constraints on BSM physics: ATLAS results using the same model are however available in 7
and 8 TeV analyses.

All these operators have the common feature that non-zero Wilson coefficients lead to modifi-
cations of the high-energy tail of differential distributions of the scattering process. Therefore, in
the experimental analyses, events are first selected in VBS enhanced phase-space regions; second,
in the selected sample, a distribution sensitive to this modification is used to set constraints on
the couplings. At the LHC, such distributions include the invariant mass of the diboson system
(or approximations based on reconstruction of the missing neutrino flight directions), or the
transverse momentum of either scattered gauge boson.

Figures 13-15 show a compilation of the existing limits on dimension-8 operator couplings.
The couplings are defined as the ratio of the Wilson coefficient and the power of the EFT new-
physics scale appropriate for dimension-8 operators. They are therefore expressed in units of
TeV—. As stated in Sec. 2.4, semi-leptonic signatures are an experimental challenge, but in most
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cases provides the strongest handle on dimension-8 EFT operators. For transverse operators,
different final states can be more or less sensitive to specific sets of operators, as only those
with the correct combination of gauge fields contribute to the related aQGC vertices. Exclusive
production, discussed in Sec. 3.7, gives the best results for operators sensitive to the vyWW
interaction. It is important to notice that the presence of non-zero aQGCs would violate tree-
level unitarity at sufficiently high energy. Limits that take this effect into account can be set
by cutting off the EFT integration at the unitarity limit and just considering the expected SM
contribution for generated events with diboson invariant masses above the unitarity limit. The
unitarity limits for each aQGC parameter, typically about 1.5-2.5 TeV, are usually calculated
using the VBFNLO program [152] or taken from Ref. [151]. These limits are typically less
stringent than the naive ones, where the unitarity violation is not taken into account.
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Figure 13: Current constraints on scalar dimension-8 operator couplings from various ATLAS
(blue) and CMS (red) analyses at 7, 8, and 13 TeV, with corresponding integrated luminosities.
The figure is taken from Ref. [153].

If existing, BSM physics is unlikely to be confined to VBS processes. The choice of selecting
operators generating aQQGC in the absence of aTGC is therefore not obvious, as it somehow breaks
the EFT paradigm where operators with lower powers of A should be constrained first, while
data are not excluding yet all possible aTGC. Moreover, in most VBS processes, aTGC effects
enter directly, for example through specific s-channel diagrams. In a dimension-6 realization of
the EFT, operators affecting VBS analyses are also relevant for non-VBS V'V production, triple-
gauge boson and Higgs boson production. They should eventually therefore be constrained
together in a larger-scope fit. Studies of dimension-6 effects on specific VBS final states can
be found in Refs. [81, 155, 156]. Advancing in this direction, a very recent phenomenological
work [157] attempts a parameterization of many existing VBS results and compares the limits
on several Wilson coefficients considering just inclusive V'V production versus inclusion of VBS,
finding 15—50% weaker constraints when VBS is not included, depending on the specific operator.

In explicit BSM models, new resonances in the EW sector would also likely couple to the
vector bosons and Higgs boson such that many other production mechanism would be impacted.
Therefore, searches for new physics in diboson and Higgs events have strong implications for new
physics searches in VBS channels. Of the many possible models predicting modifications to the
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Figure 14: Current constraints on mixed dimension-8 operator couplings from various ATLAS
(blue) and CMS (red) analyses at 7, 8, and 13 TeV, with corresponding integrated luminosities.
The operator M,6 is reported but recently found to be redundant and hence not independent
from other mixed operators [154]. The figure is taken from Ref. [153].
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Figure 15: Current constraints on transverse dimension-8 operator couplings from various ATLAS
(blue) and CMS (red) analyses at 7, 8, and 13 TeV, with corresponding integrated luminosities.
The figure is taken from Ref. [153].

27



EW sector, those involving additional Higgs bosons with narrow or broad natural widths are of
particular interest. In the particular cases where couplings of the new resonances to fermions
are suppressed or absent, in fact, the main production and decay modes would produce signals
that are experimentally equivalent to VBS, but with resonant V'V invariant masses. As these
analyses are part of a more general search program in ATLAS and CMS, also involving other
production mechanisms and final states, they will not be further reviewed here.

3 Vector-boson scattering processes at the LHC

3.1 The W*W%jj — (uv0'*1jj final state

The WHWTjj process is considered to be the golden channel in the study of VBS. The cross-
section ratio of the EW component containing the VBS production compared to the QCD one
is very large (see Sec. 2.1 for a precise definition of the EW and QCD contributions), of order
4-6 in typical fiducial regions, while it is usually < 1 for other processes. This is due to charge
conservation which prevents gluon-initiated processes in the QCD background as opposed to
W=*Zjj, ZZjj, or WHFWjj. In addition, the application of particular event selections allows to
further enhance the EW component of the cross section (also see Sec. 2.1). For this reason, the
W Wi channel is the most sensitive to potential new-physics effects, including those affecting
polarisation and anomalous quartic gauge couplings.

3.1.1 Theoretical calculations

From a theoretical point of view, the WT¥W¥jj channel is without a doubt the most accessible
one, because of the reduced number of partonic channels and Feynman diagrams. Calculations
started already ten years ago with the computation of the QCD corrections to the EW process
at order O (asa6) in the VBS approximation [66, 158]. Such corrections have been then matched
to parton shower in programs such as POWHEG [79] or VBFNLO [152, 159, 160]. The QCD
background is also known since some time at NLO [161, 162] and has been matched to PS [163].
Only recently the NLO EW corrections of order O (o) have been computed [100] and found to
be large. The full tower of NLO corrections has been computed a few months later in Ref. [24].
Given the size of the EW corrections, these have been implemented in the computer program
POWHEG [103] so that they can be combined with other matched predictions.

As WEWHjj is a representative channel for all VBS processes, in Ref. [23] several computer
programs [35, 164-166, 88, 89, 142, 152, 159, 160, 50] have been used for a comparative study of
fixed and matched predictions. One of the main findings of this study is that different NLO QCD
predictions matched to parton shower can vastly differ for observables involving the third jet (i.e.
a non-tagging jet). This is particularly apparent on the right-hand side of Fig. 16. Nonetheless,
we would like to emphasize that, upon using PYTHIAS with the correct recoil scheme or HERWIG,
reliable predictions can be obtained even for the third-jet observables. This has been discussed
in Sec. 2.3 and studied in detail in Ref. 78| for Higgs production via VBF. It implies that jet
veto in central regions can be used in experimental analysis provided that good care is taken in
using appropriate theoretical predictions. The second main finding of this study is that the VBS
approximation is good up to few per cent for typical VBS event selections. This implies that the
VBS approximations at fixed order or used in combination with parton shower are reliable as
long as selection cuts are able to suppress non-VBS contributions such as tri-boson contributions
(see further discussion in Sec. 3.3).
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Figure 16: Differential distributions for the W¥W%jj channel. Left: transverse momentum of
the hardest jet with LO, NLO EW, and NLO EW + PS accuracy. Right: normalised average
rapidity of the third jet at NLO QCD + PS accuracy for different predictions. These figures are
taken from Ref. [103] and Ref. [23], respectively.

After the publication of Ref. [23], other comparative studies have appeared [167, 168]. It
should be made clear that, while the former study was a tuned comparison among the different
event generators, where all the parameters relevant for the partonic cross sections were identical,
this is not always the case for the latter studies. In the first case, discrepancies among pre-
dictions are unambiguously due to the different shower and hadronisation models of the Monte
Carlo programs. In the second case a certain degree of ambiguity remains in the origin of the
discrepancies, which may jeopardise a proper understanding of these effects.

A summary of the available predictions is provided in Table 1. If it fair to say that the
theoretical status is rather good, given the experimental accuracy available now and expected in
the next ten years. In particular, almost all NLO orders matched to parton shower are known.
The only exception is the order O (aga‘r’), which has been shown in Ref. [24] to be suppressed.
Also the order O (asa6) matched to PS is only known in the VBS approximation. Nonetheless,
provided that typical VBS phase-space regions are used this should be a very good one. Going
beyond this approximation would require a method to match mixed-type corrections, which is
currently not existing.

Table 1: Summary of higher-order predictions currently available for the ss-WW channel: at fixed
order and matched to parton shower. The symbols v/, v*, and X means that the corresponding
predictions are available, in the VBS approximation, or not available yet.

Order ‘ O (a7) @ (asa6) O (a52a5) @ (as3a4)
NLO v v v v
NLO+PS v v X v
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3.1.2 Experimental approaches

Both ATLAS and CMS have reported the observation of electroweak W¥W=jj production using
a partial 13 TeV data set [169, 170]. CMS has already published the same search on the full data
set, in combination with the W*Zjj final state [25].

Monte Carlo simulation ATLAS and CMS use Monte Carlo simulations to evaluate the
signal and several background contributions to the selected data samples.

CMS uses the MG5_AMC generator [50], version 2.4.2 to simulate the electroweak, strong,
and interference components separately at LO. All samples have no extra partons beyond the
two quarks in the simulated process and are hence inclusive in the number of extra jets. The
interference is estimated to be about 4% of the signal and is included in the signal yield. Since the
CMS analysis is more recent, it could benefit from the complete application of NLO QCD+EW
corrections computed in [24] (see previous section), that decrease the cross sections by 10-15%,
the correction being larger at higher values of mj; and my. Similar settings are used to simulate
the W*Zjj component, that is analyzed together in a single study. Other minor backgrounds,
including tribosons, processes with at least a top quark (tt, ttW, ttZ, tW, tZq etc.) as well
as other diboson processes, are simulated with either POWHEG [88, 89, 142] or MG5_AMC,
mostly with inclusive NLO QCD accuracy.

ATLAS uses the SHERPA generator, version 2.2.2 [143] to simulate the electroweak, strong
and interference processes at LO. All samples are simulated with up to 1 extra parton beyond
the two quarks and the 0- and 1-parton processes are merged using the MEPS matching scheme
included in SHERPA. The interference is estimated to be about 6% of the signal. An alternative
description of the VBS signal process is obtained using POWHEG at NLO in QCD [66]. A
large difference between the two theoretical fiducial cross sections is found 8. We believe that
these differences should be investigated beyond the work done in Ref. [167] (see remarks in the
previous section, as well as in the corresponding part of Sec. 3.2 for Wiij). Other backgrounds
considered (in general the same as CMS, but with more emphasis on V~ and electroweak V+jj,
which are found to be an important contribution to the background) are generated using different
tools, perturbative accuracies, and extra-parton multiplicities.

Fiducial region definitions and reconstruction-level selections Fiducial regions consid-
ered in the ATLAS and CMS analyses are compared in Table 2. In both analyses leptons from
7 decays are not considered in the fiducial region and lepton momenta are corrected by adding
possible final-state photon radiations in a cone of AR < 0.1 around the lepton direction.
Reconstruction-level selections follow closely the definition of the fiducial regions. In both
analyses, events are selected at the trigger level by the presence of just one electron or muon, in
order to increase efficiency. Both experiment veto events with jets likely originated from a bottom
quark, in order to reject backgrounds featuring top-quark decays. CMS requires that the leading
lepton has pt > 25GeV, and that pr miss > 30 GeV. In both ATLAS and CMS, background
from wrong charge reconstruction in e*e*jj events is reduced by requiring |me. — mz| > 15
GeV, and in ATLAS dielectron events with |n(e)| > 1.4 are also rejected. In CMS the maximum

8In Ref. [171] it has been documented that there was an issue in SHERPA regarding the colour flow setup when
using parton shower for VBS-like processes. To our knowledge this issue has been resolved, but the corresponding
results have not yet appeared in any further publication.
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Table 2: Comparison of WTWjj fiducial region definitions and related EW (VBS) cross-section
values in the ATLAS and CMS measurements [169, 25|. JRS stands for generic Jet-Rapidity
Separation selections. ATLAS 01,0 has the issues reported in the text.

Variable ATLAS CMS
pr(¢) > 27 GeV > 20 GeV
In(0)] <25 <25

AR(e0) > 0.3 -

Myt > 20 GeV > 20 GeV
PT miss > 30 GeV -
pr(j) > 65/35 GeV > 50 GeV
In(7)] <4.5 < 4.7
mij > 500 GeV > 500 GeV
JRS Ay > 2 Ang; > 2.5
oLO 2.010-3 b 3.9+ 0.6fb

oxro 31703 fb (NLO QCD) 3.3+ 0.5fb (NLO QCD+EW)

Zeppenfeld variable z; of the two leptons must be smaller than 0.75, where [172]:

n(€) — (1) +nliz)l/2
Anj; ' e

2] =

Analysis strategy and background estimation Both experiments fit the observed data
after estimating backgrounds from either simulation or control regions. In ATLAS, the contri-
bution from non-prompt leptons is estimated in different control regions, depending if they are
originated from heavy-flavored meson decays or from V+ events with photon conversions (only
for final states with electrons). Such regions are enriched in bb events and 7 from final-state
radiation in Z decays, respectively. CMS uses events which pass the final selection except for
one rejected lepton, which is selected with looser requirements to enter the control region and
further validates non-prompt leptons from heavy-flavor decays by inverting the b-jet veto. WZ
events are fit together in the CMS analysis, while in ATLAS the normalization of a control re-
gion with 3¢ selected events is floated in the fit. Both analyses use fully selected events with
200 < mj; < 500 GeV to constrain background-component normalizations.

In the ATLAS analysis the signal-region data in four mj; bins with different signal purities are
fit together with the 3¢ and the low-mj;regions, in order to optimize significance. In CMS, which
analyzes a larger dataset, a similar technique is used, but using two-dimensional distributions
in bins of mj; and myy in the signal region and three control regions, leaving free in the fit the
normalization of two on them, in addition to the EW and strong cross sections.

The ATLAS and CMS data with superimposed signal and background components are shown
in Figure 17. While the labelling of the process composition is different, its relative amount is
similar between the two analyses, CMS exhibiting more non-prompt background because of the
softer lepton selections.

Systematic uncertainties Both ATLAS and CMS list systematic uncertainties according to
their impact on the measured cross sections. In CMS the dominant uncertainties come from
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Figure 17: Post-fit mj; distributions in CMS (left) and ATLAS (right) in the WEW=jj analysis.
Nonprompt in CMS includes the photon conversion background. In ATLAS, e/y conversions
includes events with wrong-sign electron reconstruction.

the estimate of the non-prompt background, the limited size of simulated samples in the two-
dimensional distributions, and theoretical errors on the various simulated components. In AT-
LAS, similar uncertainties are considered, but a larger impact from jet-energy corrections and
the related pr miss measurement is present. No single contribution has an impact larger than 4%
in either analysis.

Results ATLAS reports a measured VBS fiducial cross-section of opw = 2.891L8:gg fb, where
the total uncertainty is dominated by the statistical one, in agreement with the NLO QCD
estimate of the SM cross section. It corresponds to a background-only hypothesis rejection with
a significance of 6.50.

CMS similarly reports ogw = 3.98 + 0.45fb , also statistically dominated and in agree-
ment with the NLO QCD+EW estimation in the respective fiducial region. It corresponds
to a background-only hypothesis rejection with a significance much larger than 50. The to-
tal WEWHjj cross section including EW and strong components is also measured to be oy =
4.42 + 0.47 tb.

Differential cross-sections in four bins of mj;, mye and the leading lepton pr are obtained by
fitting simultaneously the corresponding regions of the phase space, with negligible bin-migration
effects, and when needed replacing the fitted observables with the ones under study. All the
results are in agreement with SM expectations, although the experimental uncertainties are of
the order of 20% because of limited statistics. Figure 18 (left) shows the EW differential cross
sections as a function of myp.

Constraints on aQGC are set by fitting the diboson transverse mass distribution? in the signal
region: no BSM excess is found and the limits set on fro, fr1, fr2, fao, fm, farz, and fso
are the world second-best limits after the CMS semi-leptonic VBS analysis.

9The diboson transverse mass is defined as mt(WW) = \/(XE;)2 — (¥p-..)2, where E; and p; are the energies
and z components of the momenta of all particles from the decay of the W in the event. The four-momentum
of the di-neutrino system is defined using the pr miss vector and assuming that the values of the longitudinal
component of the momentum and the invariant mass are zero.
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Figure 18: CMS W*W%jj analysis. Left: EW differential cross sections as a function of myy
measured in data, in LO and NLO-corrected simulation. Right: likelihood scan as a function of
the cross section of V\/'jLEVVjLE events.

Polarisation measurement In a separate analysis, CMS [173] examines the same selected
dataset in order to measure the polarisation of W bosons in WHW%jj events. The analysis is iden-
tical to the previously described CMS results, for what concerns the simulation and estimation
of the backgrounds, event selection, systematic uncertainties, and fitting techniques.

Polarised signal for the three possible combinations Wfo, WfW%, and W%W% are gener-
ated using a new version of MG5 _AMC [49]. The two-dimensional fits use different variables than
in the original analysis: both are output scores of BDT algorithms, an inclusive one optimized to
select EW WHW%jj over backgrounds, and a signal BDT defined in two versions, alternatively
optimized to select purely longitudinal or longitudinal-unpolarised (Wfo() signals over other
polarisation combinations. Training variables, besides those already used in the event selection,
include the transverse mass, pr, angular or AR separations between leptons and jets, and the
ratio of pp products between leptons and jets.

The resulting cross-sections of ogq = 1.2f8:g fb for the WfW)i( process and ogq < 1.171b at
the 95% Confidence Level (CL) for the Wfo process are in agreement with the SM. There
is not yet an evidence even for a single-boson polarisation state, the significance of the WfW§
background-hypothesis rejection being only 2.30. Figure 18 (right) shows the likelihood scan
as a function of the cross section of Wfo events. Results are also extracted by considering
polarisation eigenstates not in the default helicity frame, but in the colliding-parton frame.
Results in both frames have been found to be comparable.

3.2 The W*Zjj — (T~ ('*vjj final state

The W*Zjj VBS process has a larger cross section than WTW%jj, which becomes however
comparable when considering the much less abundant leptonic Z decays. In addition, production
with at least two strong vertices is a dominant background, because W*Z production at the
LHC is possible from a quark-antiquark initial state at tree level, and NLO QCD corrections
resulting in two-jet events are fairly large. Therefore searches for this VBS process are much
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more challenging, with typical signal-to-background ratios of 1/10, and require advanced analysis
techniques.

3.2.1 Theoretical calculations

With respect to the WEW%jj channel, W¥Zjj is more complicated as it has more partonic
channels and more involved Feynman diagrams. Therefore the state of the art in the theoretical
knowledge is not as advanced as for W¥W%jj. Nonetheless, QCD corrections have been known
for some time in the VBS approximation [65] and have also been matched to parton shower [82].
The QCD background is also known at NLO QCD accuracy since some time [174] and NLO
predictions matched to parton shower can nowadays be obtained from automatised tools.

Recently the full NLO computations for the orders O (a7) and O (asaﬁ) have been obtained
[67]. It is worth noticing that it confirmed that the EW corrections are in general large for VBS
processes at the LHC. Such results can for example be seen in the left-hand side of Fig. 19.

Along the lines of Ref. [23|, Ref. [82] showed that the details of the parton shower can be
particularly relevant for phenomenological studies. In addition, the authors showed that the effect
of hadronisation and multiple-parton interaction can be significant, especially for observables
involving the third jet. This is exemplified in the right hand-side of Fig. 19.

Finally, in the proceedings of Les Houches 2017 [175], a tuned comparison of theoretical
predictions up to LO+PS accuracy has been performed. It highlights the same features as the
NLO comparative study of W¥W=jj [23]. In particular, all differential distributions are in very
good agreement at LO and LO+PS accuracy, the only exception being, as in Ref. [23], observables
involving the third jet. It is worth emphasising that the SHERPA predictions of Ref. [175] are
LO or LO+PS predictions and are thus different from the SHERPA predictions usually adopted
by the ATLAS collaboration, for example in Ref. [176], the latter being merged predictions with
2 and 3 jets matched to PS and largely differing from other predictions.

A summary of the available predictions is provided in Table 3. It is perfectly reasonable to
expect that the accuracy obtained for the W¥W%jj channel can be also achieved in the next few
years for the W*Zjj channel.

Table 3: Summary of higher-order predictions currently available for the WZ channel: at fixed
order and matched to parton shower. The symbols v, v'*, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order ‘ o0 (a7) @) (asa6) o0 (0432045) @ (as3a4)
NLO X
NLO+PS X X

3.2.2 Experimental approaches

ATLAS has reported observation of electroweak W*Zjj production using a partial Run-2 data
set [177]. CMS performed the same search on the full data set, in combination with the W= W=j;
final state [25], also leading to an observation of this process.

Monte Carlo simulation Since the CMS study combines the WEW%jj and W¥Zjj final states,
the simulations uses the same settings as in the previous section. The EW-QCD interference
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Figure 19: Various differential distributions for the WZ channel. Left: invariant mass of the two
tagging jets with NLO EW + QCD corrections. Right: Zeppenfeld variable for the third jet at
NLO QCD + PS accuracy including hadronisation or multiple-parton interaction. These figures
are taken from Ref. [67] and Ref. [82], respectively.

is positive and estimated to be 1% of the EW signal in the fiducial region. The QCD-induced
W*Z + jets background is simulated at LO with up to 3 additional partons using MG5 _AMC,
merging the jet multiplicities according to the MLM scheme [178], and normalizing the total
cross-section to diboson NNLO QCD predictions [179]*.

ATLAS uses Sherpa, version 2.2.2, to simulate the electroweak process at LO, inclusive in
the number of jets, while the strong process is simulated at NLO QCD with up to one extra
jet. The interference is estimated separately with MG5 AMC at LO to be about 10% of the
EW signal, in noticeable disagreement with the CMS estimation. Nevertheless, its full amount is
conservatively used as an uncertainty. Alternative descriptions of the EW and strong processes
are obtained using MG5_AMC at LO or POWHEG at NLO in QCD [180]. Other backgrounds,
such as ZZ, tribosons, ttW¥, and ttZ are generated using different tools, QCD accuracies, and
extra-parton multiplicities.

Fiducial region definitions and reconstruction-level selections Fiducial regions consid-
ered in the ATLAS!' and CMS analyses are compared in Table 4. The same assumptions as in
WEWHjj are used for 7 decays and lepton “dressing”.

Reconstruction-level selections follow the fiducial regions requirements. Both analyses use
single-lepton triggers and use a b-jet veto. In ATLAS (CMS) the leading lepton is required to
have pr > 27(25) GeV, and both experiments require pr miss > 30 GeV. In ATLAS 4/ events are

10T the cases where QCD background is the dominant component, it is a common experimental practice to
simulate all parton multiplicities starting from zero, even if only 2-jet events should in principle pass selections,
provided the PS-matching scale is lower than the jet pr thresholds. This ensures that events with non-signal (fake
or pileup) jets are correctly taken into account in the simulation

ATl ATLAS cross sections are reported for a single lepton flavor and are therefore multiplied by four to compare
to CMS.
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Table 4: Comparison of W*Zjj fiducial region definitions and related EW (VBS) cross-section
values in the ATLAS and CMS measurements [177, 25|. JRS stands for generic Jet-Rapidity
Separation selections.

Variable ATLAS CMS
pr(¢) > 20/15/15 GeV > 20 GeV
In(0)] <25 <25

AR(e) > 0.3/0.2 -

ma [81,101] GeV  [76,106] GeV
mr(WF) > 30 GeV -
pr(j) > 40 GeV > 50 GeV
In()| <45 < 4.7
mjj > 500 GeV > 500 GeV
JRS n(1) -n(2) <0 An > 2.5
o LO 1.28 £0.12 fb 1.41+0.21 fb
o NLO QCD+EW - 1.24 4+0.181b

explicitly vetoed, while CMS requires that myy > 100 GeV. In CMS the maximum z; of the
three leptons must be smaller than 1.

Analysis strategy and background estimation Both ATLAS and CMS use BDT algo-
rithms to isolate the EW signal over the large QCD background, combining 11 to 12 variables
that are related to jet kinematics, vector-boson kinematics, or to both jets and leptons kinemat-
ics at the same time. It must be noticed that variables such as the W* rapidity or mr(WZ) are
computed with much looser assumptions than in the W¥W%jj analysis, since just one neutrino
is missing in this case and its longitudinal momentum can be inferred by a W-mass constraint
on the ¢-neutrino pair (¢ being the lepton not associated to the Z decay).

Background contributions from other SM processes or from non-prompt leptons are sub-
dominant and are estimated in a similar way as for the W¥W%jj analyses. The ATLAS and
CMS data with superimposed signal and background components are shown in Figure 20.

Systematic uncertainties In both ATLAS and CMS, two of the dominant uncertainties are
the limited size of simulated samples and the theory errors on the W*Zjj production via 2 strong
vertices. Among the experimental ones, lepton momentum and efficiency determinations bring
the largest uncertainty in CMS, while in ATLAS jet energy scale and resolution uncertainties
have a larger impact. No single contribution has an impact larger than 6% in either analysis,
the EW search analysis being statistically dominated in both experiments.

Results ATLAS reports a measured fiducial cross-section of opw = 2.28f8:g fb, where the
total uncertainty is dominated by the statistical one, finding a fairly large measured-to-SM ratio
of 1.77. It corresponds to a background-only hypothesis rejection with a significance of 5.30,
while only 3.20 is expected. CMS similarly reports ogw = 1.81 £0.41 fb, also larger but more in
agreement with the NLO QCD+EW estimations in the respective fiducial region. It corresponds
to a background-only hypothesis rejection with a significance of 6.8¢.
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Figure 20: Post-fit BDT-score distributions in CMS (left) and ATLAS (right) in the W*Zjj
analysis. Process labeling is consistent, with the exception of events containing top quarks and
vector bosons, which are merged in one category in the CMS plot.

The total WZjj cross section including EW and strong components is also measured to be
Otot = 6.7 1.0 b in ATLAS and oo = 4.97 & 0.46 b in CMS. Differential cross-sections are
reported only for the EW+strong case, as a function of mj; in CMS and as a function of many
variables in the ATLAS analysis. In CMS, agreement is found with the SM predictions. In
ATLAS the same conclusion is reached, but only after scaling up these predictions by the quite
large measured-to-SM cross-section ratio.

In the CMS study, limits on aQGC are set by fitting the diboson transverse mass distribution
in the signal region and the results are statistically combined to those of the WFW¥jj analysis
to obtain more stringent limits.

3.3 The ZZjj — (*(~0'+'~jj and — ¢/~ vijj final states

The ZZjj VBS process has the smallest cross section among the final states containing heavy
vector bosons, and is one of the rarest SM processes observed to date. Since strong production is
also a dominant background over the EW signal, the search for ZZjj is an experimental challenge.
However, its experimental signature is very clean and, being the only final state where full
reconstruction of the 6 final-state fermions is possible, it could become important for polarization
measurements with larger data sets in the future.

3.3.1 Theoretical calculations

The theoretical status of the ZZjj channel is rather similar to the W¥Zjj one. In particular, the
QCD corrections to EW contributions are known since some time [64]| and have been matched
subsequently to PS [81]. NLO QCD corrections have also been computed for the QCD back-
ground in Ref. [181] and the matched results to parton-shower can be obtained from modern
Monte Carlo generators.
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Figure 21: Various differential distributions for the ZZ channel. Left: invariant mass of the two
tagging jets with NLO EW + QCD corrections. Right: invariant mass of the two tagging jets
with matching and merging of different jet multiplicities. These figures are taken from Ref. [68]
and Ref. [182], respectively.

The full NLO contributions of orders O (a7) and O (asaﬁ) and all contributing leading orders
along with the loop-induced contribution of order O (a;lo/l) have been computed in Ref. [68].
Results show the same hierarchy as for WHW=jj and W*Zjj and, furthermore, that loop-induced
channels can contribute significantly in typical fiducial regions. This can be seen for example in
Fig. 21 where, beyond a di-jet invariant mass of 500 GeV, QCD corrections are small while the EW
ones are substantial. In Ref. [68] the loop-induced contribution simply amounts to include the
gg — eTe”puT u~gg channel. Reference [182] went beyond, by studying loop-induced ZZ diboson
production with up to 2 jets merged and matched to parton showers. 2 In particular, a proper
description of loop-induced contributions can have a significant impact in relevant phase-space
regions (see Fig. 21).

A summary of the available predictions is provided in Table 5. Note that the loop-induced
contributions are not indicated there as they are only known at LO.

Table 5: Summary of higher-order predictions currently available for the ZZ channel: at fixed
order and matched to parton shower. The symbols v/, v*, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order ‘ O (a7) @) (asa6) O (a32a5) @ (as3a4)
NLO X
NLO+PS X X

In Ref. |23], it has been pointed out that for ZZjj the VBS approximation is less accurate

12Very recently NLO QCD corrections matched to parton shower for the loop-induced process gg — e e~ ™
were presented in Refs. [183, 184]
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at LO than at NLO. The main reason is that performing the full computation implies including
also tri-boson contributions where one of the gauge boson decays hadronically. This means that,
when including real QCD radiation, the two tagging jets could be the gluon radiation and a jet
from the aforementioned heavy gauge boson. The gauge boson can be resonant if the two quarks
originating from its decay recombine in a single jet. While rather suppressed, such configurations
can be significant when low di-jet invariant masses are used. This is particularly explicit in the
left-hand side of Fig. 21 where at low invariants, the QCD corrections are large while they become
small for larger invariant masses.

While such corrections are perfectly legitimate as they describe a physical effect due to the
interplay between the nature of the process and the event selection, in experimental analysis,
the tri-boson contributions are often subtracted using LO Monte-Carlo simulations. First, as
argued previously, this makes the measurement more dependent on theoretical input. Second,
when using low di-jet invariant masses, the physical effect described above will then never been
described by the theoretical predictions not including tri-boson contributions. This example
illustrates perfectly the need to perform measurements as theory-independent as possible and
have exchange between experiment and theory.

3.3.2 Experimental approaches

ATLAS has reported observation of electroweak ZZjj production using the full Run-2 data
set [185] and combining the two ZZ decay channels. CMS only analyzed events with four charged
leptons and, after an earlier publication with limited sensitivity [186], has recently reported a
strong evidence for the EW production with the entire 13-TeV statistics [26].

Monte Carlo simulation CMS uses MG5 AMC at LO without additional partons to simu-
late the EW and interference components. The EW-QCD interference is positive and estimated
to be 3-9% of the EW signal in the various fiducial regions considered in the analysis. An al-
ternative estimation at NLO QCD using POWHEG is also considered [81]. The QCD-induced
27+ jets process (without loop-induced contributions) is simulated at NLO with up to one extra
partons using MG5 AMC, merging the jet multiplicities according to the FxFx scheme [93],
and normalizing the total cross section to NNLO QCD predictions for diboson production [187].
While the loop-induced contribution only appears at NNLO in QCD, this contribution is signifi-
cant because of the gg initial state, which is dominant at the LHC. This contribution is included
via a dedicated simulation at LO with up to two extra partons, using advanced MG5 aAMC
settings as described in Ref. [182]. Parton Distribution Functions and scale choices follow those
made in the W¥W%jj analysis.

ATLAS uses the same simulation as CMS for EW and interference, but with LO PDFs, and
the full size of the interference component is conservatively used as an uncertainty. SHERPA 2.2.2
is used instead to simulate both the loop-induced and tree-level strong processes, at LO (NLO)
and with up to one (three) extra partons, depending on the final state. In the 2¢2vjj channel,
a dedicated Monte Carlo generator, GG2VV, is used for the inclusive diboson loop-induced
component [188].

Other backgrounds, such as tribosons, ttW™*, and ttZ, which are generated using different
tools, QCD accuracies, and extra-parton multiplicities in the two experiments. These are in
general a minor contribution to the selected data samples. The only exception is the most
inclusive fiducial region of the CMS analysis, where the triboson contribution is significant at
low m;; values and is subtracted using simulation.
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Fiducial region definitions and reconstruction-level selections Fiducial regions consid-
ered in the ATLAS and CMS analyses are compared in Table 6. In ATLAS a single value for
the combined 4455 and 2¢2vjj phase space is given. In CMS, results are given in three different
fiducial region corresponding to increasing degrees of VBS enrichment.

Table 6: Comparison of ZZjj fiducial region definitions and related EW (VBS) cross-section
values in the ATLAS and CMS measurements [185, 26]. JRS stands for generic Jet-Rapidity
Separation selections.

Variable ATLAS 4/jj ATLAS 202vjj CMS (inclusive/loose/tight)
pr(¥) > 20/20/10/7GeV > 30/20 GeV >20/10/5/5 GeV
In(0)] <2.7/2.5 <25 <25
AR(L0) > 0.2 - -
Mgy (60, 120] GeV [80, 100] GeV (60, 120] GeV
My - - > 180 GeV
PT miss - > 130 GeV -
pr(j) > 40/30 GeV > 60/40 GeV > 30 GeV
()| <45 <45 <47
M > 300 GeV > 400 GeV > 100/400/1000 GeV
JRS ijj > 2 ijj > 2 AT]J'J' > 0/2.4/2.4
o LO 0.61 £0.03 tb 0.28+0.02/0.194+0.02 /0.10 £ 0.01 fb
o NLO QCD - 0.28 £0.02/0.20 £0.02 /0.11 £+ 0.01 fb

Reconstruction-level selections follow the fiducial regions requirements very closely with minor
additions (in CMS electron pr thresholds are raised to 7 GeV, in ATLAS the Z-mass requirement
is [66,116] GeV and the pr miss variable is replaced by its significance). Double or single-lepton
triggers are used to select data, keeping in general a very high efficiency.

Analysis strategy and background estimation Both ATLAS and CMS use multivariate
analyses to isolate the EW signal over the large QCD background. In the 4/jj channel, ATLAS
uses a BDT comprised of 12 variables: mj;, Ay;, jet pr and rapidities, Z candidate pr and
rapidities, and combinations of full-event variables. A similar choice is done for the 2/2vjj
channel, replacing the quantities related to the undetected Z with pr i, its significance, and
related variables. In CMS, the kinematic EW discriminant Kp is instead built from analytical
matrix elements of the EW and strong processes at LO, obtained from the MCFM generator
and using the MELA event-probability calculator [189-191].

Both ATLAS and CMS use QCD-enriched control regions to validate background estimates in
the 4¢ channel, while the background from one Z boson and non-prompt leptons is sub-dominant.
In the ATLAS 2/2vjj channel, the evaluation of the QCD contribution is instead simulation-based
while control regions are used to estimate other important background processes such as W*Zjj,
WTW™jj, and tt.

The ATLAS and CMS 4/jj data with superimposed signal and background components are
shown in Figure 22.
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Figure 22: Post-fit Kp distribution in CMS (left) and BDT score distribution in ATLAS (right)
in the ZZjj analysis. The very different signal-to-background ratio is due to the different VBS-
enrichment level in the two figures.

Systematic uncertainties In both ATLAS and CMS uncertainties are given as fraction of
predicted yields and not as impacts on the cross-section measurements, which makes comparisons
more difficult. The ATLAS uncertainties appear to be dominated by a very large (30%) theory
uncertainty on the strong ZZjj production simulated with SHERPA. In CMS this uncertainty,
EW uncertainties, as well as uncertainties on lepton and jet measurements contribute in similar
amounts.

Results ATLAS reports a measured fiducial cross-section of ogw = 0.82 % 0.21 fb, where the
total uncertainty is dominated by the statistical one. It corresponds to a background-only hypoth-
esis rejection with a significance of 5.50, while 4.30 is expected, with the 4¢;5j channel exhibiting
a much larger sensitivity. In the three fiducial regions CMS reports ogw inad = ().33J_r8:£ fh,
OEW loose = 0.18f8:8§ tb, and opw tight = 0.09f8:82 fb, all in agreement with SM expectations at
both LO and NLO in QCD. The background-only hypothesis is rejected with a significance of
4.00.

In ATLAS, the total ZZjj cross section including EW and strong components is also measured
to be otot = 1.27 £ 0.14fb in the 44jj channel and oy = 1.2 £ 0.3fb in the 2¢2vjj channel. In
CMS the measured value is oot = 5.3 = 0.6 fb, in the most inclusive fiducial region.

In the CMS analysis, limits on aQGC are set by fitting the ZZ invariant mass distribution
in the most inclusive region. These are particularly constraining for the T8 and T9 operators,
which only involve neutral fields and to which this channel has therefore the greatest sensitivity.

3.4 The WYW™jj — (*v¢'Tvjj final state
3.4.1 Theoretical calculations

Finally the WTW™jj channel raised a lot of theoretical interest in the past years. The QCD
corrections to the EW signal are known in the VBS approximation [63] and have been matched
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to parton shower [80]. The QCD background is also known at the same accuracy, namely NLO
QCD [192, 193] and matched to parton shower [194]. A summary of the available predictions
is provided in Table 7. It is reasonable to think that the theoretical accuracy for this final
state will be comparable to the one of the other channels in the next few years. In order not
to include resonant top quarks contributions, care has to be taken. One should either use the
4-flavour scheme or use the 5-flavour scheme and carefully remove top-quark contributions (see
for example Ref. [192]).

Table 7: Summary of higher-order predictions currently available for the os-WW channel: at fixed
order and matched to parton shower. The symbols v/, v*, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order ‘ O (a7) O (ozsoz6) O (a520z5) @ (a53a4)
NLO X
NLO+PS X

3.4.2 Experimental approaches

There are so far no published results from ATLAS and CMS on the WTW™jj channel. With
respect to other channels, in this case the top-pair background with dileptonic W decays is dom-
inant and requires a very efficient b-quark jet veto, bringing larger experimental uncertainties.
The analysis method and preliminary results are available in Ref. [195].

3.5 The semileptonic final states
3.5.1 Theoretical calculations

As seen in the previous sections, theoretical predictions for VBS signatures with fully leptonic
final states are numerous and rather complete. Unfortunately, to date, there are no public
predictions beyond LO accuracy for any of the semileptonic signatures. Such processes include
pp — £T47ijjj and pp — f1jjjj, meaning that they involve four jets and two leptons in the final
state. This is currently at the edge of the state of the art, as only two such computations have
been performed [196, 197] and both describe processes with bottom quarks in the final state,
meaning that in a VBS analysis they would probably be discarded because of b-jet vetoes.

While the necessary technology is already there, the two aforementioned semileptonic pro-
cesses require the combination of two (W*Zjj and ZZjj) or three (WEW=jj, W*Zjj, and WHW~jj)
VBS processes, respectively, implying a significant computing burden for such signatures. Nonethe-
less, generating the on-shell gauge bosons at NLO QCD and then decaying them either lepton-
ically or hadronically would be an option. This would lead to neglecting some non-resonant
and interference contributions which are expected to be small, or even negligible, but it would
considerably reduce the computing time. For example, for the fiyjjjj final state, this would
imply computation at NLO QCD of the on-shell processes pp — WHW7jj, pp — W*Zjj, and
pp — WEWTjj, before adding the corresponding decays of the heavy gauge bosons. This can
be done for both the background and the signal, provided care is taken regarding the VBS
approximations.
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3.5.2 Experimental approaches

Both ATLAS and CMS have reported studies of semileptonic VBS final states in the 2016 subset
of the 13-TeV LHC data, including WV and ZV. However, the two analyses are rather different
in their principles and scopes.

The ATLAS study [198] is targeting a SM VBS measurement, therefore combining a larger
set of experimental signatures to cover the largest possible phase space at the price of very high
backgrounds. The study employs a complex multivariate analysis based on BDTs in a total
of nine event categories. Events in categories differ in the number of charged leptons used to
identify the leptonic vector-boson decay (0 leptons for Z — v, 1 lepton for W+ — (v, 2 leptons
for Z — £*¢7) and in the way the hadronic vector-boson decay (denoted as V) is identified: two
categories are used for merged single-jet reconstruction, which differ in the purity of the selection
working point, and one for the resolved two-jet reconstruction. The reconstruction of the merged
jet employs the anti-k1 algorithm with a large distance parameter R = 1.0 and its identification
is based on the jet trimming technique [199], which looks for candidate subjets inside the larger-
area jet and discards constituents not associated to those subjets. The invariant mass of the
merged jet my is computed after trimming and the jet is re-calibrated.

The CMS study [200] is only devoted to BSM searches and therefore it is just a cut-based
analysis, optimized for V'V high-invariant-mass regions. Only two categories are considered,
W* — ¢*1 and Z — 10~ plus a merged jet. Sensitivity to SM VBS is not evaluated, while the
absence of excesses at high mass are interpreted in terms of constraints on aQGC in EFT or on a
complete BSM theory, the Georgi-Machacek model [201]. The merged jet reconstruction in CMS
uses the anti-kr algorithm with R = 0.8: jets are identified by the more recent modified mass-
drop algorithm [202], providing a cleaner estimate of the invariant mass. The “7y-subjettiness”
variable, related to the compatibility of the large-area with being composed of N subjets, can
be used to select jet candidates compatible with hadronic V' decays.

Monte Carlo simulation CMS uses MG5 _aMC at LO without additional partons to simulate
the EW, strong, and interference components for all the possible final states considered in the
analysis, as well as for all BSM samples. An important feature of semileptonic searches is that
there are important contributions from the single-W and Drell-Yan processes, where additional
jets from QCD are misreconstructed as the hadronic V' decay, as well as from processes with
top quarks. The processes V-+jets with up to four outgoing partons at Born level are simulated
at QCD LO accuracy using MG5 _AMC and merged using the MLM matching scheme. The tt,
ttV, and single-top processes are generated at NLO accuracy using POWHEG. The simulated
samples of background processes are normalized to the best predictions available for the total
cross sections. PDF and scale choices follow those made in other 13-TeV CMS analyses for 2016
simulations.

The ATLAS simulation choices are very similar. The W+jets and Drell-Yan processes are
generated using SHERPA 2.2.1, and a NLO alternative description with up to two extra partons
is also used. Strong V'V production is also simulated with SHERPA and is more advanced than in
CMS, up to one additional parton at NLO and up to three additional partons at LO. Matching
and merging for Sherpa samples are performed in the MEPS scheme. Interference between EW
and strong V'V production is neglected and therefore used as a systematic uncertainty in the
measurement, variable between 5 and 10% at different values of the BDT score (see below).
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Fiducial region definitions and/or reconstruction-level selections Fiducial regions con-
sidered in the ATLAS analysis are shown in Table 8. Since CMS only targets BSM constraints,
there is no corresponding fiducial region, so offline event selection requirements are shown instead.

Table 8: Fiducial region definitions and related EW (VBS) cross-section values in the ATLAS
semileptonic VBS measurement [198], and the reconstruction-level selections in the analogous
CMS analysis [200]. The symbol J (capitalized) stands for a merged jet. The subscripts V' and
tag stand for jets from V decays or VBS-tagging jets, respectively.

Variable ATLAS CMS (reconstruction level)
pr(f) > 27 GeV (16), > 28/20 GeV (20) > 50 GeV (1£), > 50/30 GeV (2¢)
[n(0)] <25 <24/2.5

Mae [83,99] GeV (20) [76,106] GeV (2¢)
PT miss > 200 GeV (0£), > 80 GeV (1¢) > 50/80 GeV (1e/1p)
pr(J) > 200 GeV (merged) > 200 GeV
In(J)] < 2.0 (merged) <24

TQ/Tl(J) - < 0.55
()] <4.5 < 5.0

pr(y) > 40/20 GeV (resolved) -

mjj, v Or myj [64,106] GeV [65,105] GeV

Pr(ijtag) > 30 GeV > 30 GeV
Mjj tag > 400 GeV > 800 GeV
JRS Njy,tag * My, tag < 0 Anjj,tag > 4.0
o LO 43.0+24 fb -

In both ATLAS and CMS the 2¢ and 1¢ channel events are selected with single-electron or
single-muon triggers while events for the ATLAS 0¢ channel were recorded with triggers requiring
large pT miss- Both experiment require strictly zero b-tagged jets in channels with reconstructed
W=, to strongly suppress top-quark background.

In ATLAS, reconstruction-level selections follow the fiducial regions requirements very closely
with minor additions (tightened Z-mass requirement, jet-lepton and jet-jet angular separation,
multijet suppression in the 0¢ channel). Enhancement of the BSM EW components in the 1-¢
channel is performed in CMS using Zeppenfeld variables previously defined and the boson central-

ity, defined as: © = min[min(nw,nv) — min(n;, tag, i, tag), MAX(NW, M) — MAX(N;, tags N, tag)]-

Analysis strategy and background estimation The ATLAS analyses uses different BDTs
for the resolved- and merged-jet categories, comprising many variables (16 and 23, respectively,
when considering all lepton channels) to isolate the SM VBS signal over the large backgrounds.
Among the list of variables, not just kinematic and jet-identification ones are used, but also
variables sensitive to the quark or gluon origin of small-area jets such as the jet width, the number
of charged tracks inside the jet, and the number of “track jets” which are built as alternative to
calorimeter-based jets with only charged tracks compatible with the hardest event vertex.

CMS uses the transverse mass mp(WV) or the invariant mass m(ZV') for the final fits.
The background estimation is obtained by analytical fits with suitable empirical functions. Fit
template shapes for the various background components are obtained using the mj sidebands,
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Figure 23: Distribution of mp(WZ) in the 14 CMS signal region (left) and of the BDT score in
the 1 ATLAS signal region with resolved jets. The dominance of W-jets background is evident
in both cases. In the CMS plot, the continuous line indicates the analytical fit.

and correcting with sideband-to-signal transfer factors obtained from simulation. In ATLAS,
the estimation of the two main backgrounds W/Z+jets and tt is performed in dedicated control
regions, obtained by using the mj sidebands or inverting the b-tag requirement, respectively.
From these regions, simulation-to-data correction factors are obtained as a function of mjj tag
and applied to simulated BDT shapes in the signal regions. The nine BDT output distributions,
as well as the mj; 1ag shapes in the control regions, are used in the statistical analysis.

The ATLAS and CMS WV data with superimposed signal and background components are
shown in Figure 23.

Systematic uncertainties In ATLAS, many systematic uncertainties contribute to a total
uncertainty which is larger than the statistical one. Among the theoretical and modelling uncer-
tainties, the main contributions are the limited size of the simulated samples and the modelling
of the Z+jet component; while among the experimental uncertainties, the largest are the uncer-
tainties on the b-tag veto and the identification and energy calibration of merged jets.

CMS uncertainties are defined by variation of single components and their impact on the
results is not provided. In general, larger theory uncertainties than in ATLAS appear to con-
tribute for both the EW, QCD, and BSM components. Other significant contributions come from
limited simulated statistics and merged-jet description in agreement with the ATLAS study.

Results ATLAS reports a measured fiducial cross-section of opw = 45 + 18fb, where the
systematic uncertainty is about twice the statistical one. It corresponds to a background-only
hypothesis rejection with a significance of 2.70, while 2.5¢ is expected. The merged analysis has
a much better systematic/statistical ratio with respect to the resolved one, and gives the largest
contribution to the significance.

In the CMS analysis, limits on aQGC are set by fitting the mass distributions mentioned be-
fore. The list of constrained Wilson coefficients is the same as in the combined leptonic W Wjj
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and W*Zjj CMS analysis. While obtained with about one fourth of the data, constraints using
the semileptonic analysis are comparable or better. In some case the limits supersede those
obtained in the leptonic analysis by a factor of 3-5, in particular for what concerns the fg; and
the mixed operators.

3.6 The W*~jj and Z~jj final states

While not immediately connected to the EWSB mechanism, VBS production of W¥+jj and
Z~jj is still interesting for both verifying SM calculations and BSM searches. In particular, it
shares many theoretical and experimental features with the scattering of heavy gauge bosons.
The direct detection of the high-energy photon without decays to secondary particles makes
the fiducial cross sections particularly large. In both cases, only leptonic W and Z decays are
considered. With this choice, V~jj production from diagrams involving QCD vertices is the
dominant background, even though in the W¥~jj case some contamination from SM processes
with top-quarks and photons remains.

3.6.1 Theoretical calculations

At the moment, the theory predictions for the production of a heavy gauge boson in association
with a photon via VBS are rather limited. For W*~jj, they consist in the NLO QCD corrections
to the EW signal [203] and to the QCD background [204]. The same holds true for Zvjj, with
NLO QCD corrections available in the VBS approximation [205] and fully for the background
[206].

We note that the vy case, which has two jets and two photons in the final state, has also
been studied theoretically at NLO QCD for the signal [207] and the background [208-210].
Unfortunately, as opposed to W¥+jj and Z~jj this EW production has not been measured yet
at the LHC, due to the overwhelming multijet background.

3.6.2 Experimental approaches

ATLAS and CMS have reported evidence of electroweak Z~jj production using a partial Run-
2 data set [211, 212]. The CMS result is used in combination with 8 TeV data to obtain the
observed evidence. Only CMS performed the search for the W¥~jj final state [213] in the same
data set, leading to the observation of this process.

Photon reconstruction and identification proceed in similar ways in ATLAS and CMS [214,
215] and have many points is common with the corresponding procedures for electrons. The elec-
tromagnetic shower reconstruction in the calorimeter is analogous and the identification criteria
include shower shape (in the ATLAS case information is used in each single LAr layer) and small
energy leakage in the hadronic calorimeter. Isolation requirements in trackers and calorimeters
are also similar to those used to select electrons, even if in tracker isolation no charged particle
is excluded from the cone. In ATLAS, identification is performed separately for photons con-
verted in eTe™ pairs in the detector material, while in CMS this contribution is not considered.
Selection requirements are in general tighter than for electrons and different for the barrel and
endcap regions of the detectors, with barrel photons showing higher purity because of smaller
jet backgrounds 3.

13Both ATLAS and CMS exclude from photon acceptance a small |n| region corresponding to the transition
between barrel and endcap calorimetry.
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Table 9: Comparison of W*~jj and Zvjj fiducial region definitions and related EW (VBS) cross-
section values in the ATLAS and CMS measurements [211-213]. JRS stands for generic Jet-
Rapidity Separation selections. The large differences in the Z~jj fiducial-region choice for the
ATLAS and CMS searches is noticeable.

Variable ATLAS Z~jj CMS Z~ijj CMS W+

pr(f) >20 GeV  >25/20 GeV > 30 GeV
In(0)] <25 <25/2.4 <24
AR(4y) > 0.4 > 0.7 -
mee/mT(W) > 40 GeV  [70,110] GeV > 30 GeV
pr(Y) > 15 GeV > 20 GeV > 25 GeV
In(y)] < 2.37 <25 <25
m(lly) +m(el) > 182 GeV - -
PT,miss - - > 30 GeV
pr(j) > 50 GeV > 30 GeV > 50/40 GeV
InG)| <45 < 4.7 < 4.7
mi > 150 GeV > 500 GeV > 500 GeV
JRS ijj >1 Anjj > 2.5 Anjj > 2.5
centrality <5 - -
o LO 7.8 £0.5fb 5.0+0.3fb 17.03 fb

Monte Carlo simulation The W¥~jj and Z~jj analyses adopt similar simulation strategies as
other VBS analyses for signal and background. VBS signals are simulated at LO with MG5 _AMC
or SHERPA, with no additional partons besides the two tagging jets. The EW-QCD interferences
are estimated to be 1-3% (3-8%) of the EW W*~jj (Zjj) signal in the fiducial regions. The
corresponding QCD-induced processes are simulated either at LO with a number of extra partons
exceeding two or at NLO with a number of extra partons of at least two using the MG5_AMC
and SHERPA generators. In general, the Monte Carlo generator results are used to normalize the
cross sections of simulated samples, since higher-order QCD calculations are not matching the
analysis phase spaces [206, 181]. A unique background to these searches is the tty SM process,
with at least one top quark decaying leptonically, which is simulated using MG5 aAMC at LO
(NLO) in ATLAS (CMS).

Fiducial region definitions and reconstruction-level selections Fiducial regions consid-
ered in the ATLAS and CMS analyses are compared in Table 9. The same assumptions as in
W*W=jj are used for 7 decays and lepton “dressing”.

Reconstruction-level selections follow the fiducial regions requirements. All analyses use
single- or double-lepton triggers to select events online.

In the ATLAS Z~jj analysis, where particle-flow categorization is not employed, a complex
procedure is used to remove potential overlaps between detector signals identified as lepton QED
radiation, photons and jets.

In CMS, a selection on m(V+y) > 100 GeV reduces the contribution from final-state radiation
in Z-boson decays. For the W case, the invariant mass is computed by imposing a W-mass
constraint to determine the longitudinal momentum of the missing neutrino. Further VBS en-
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Figure 24: Post-fit my; distributions in m(¢v) intervals in the CMS Wi analysis (central-
rapidity py channel, left) and ATLAS output BDT score in the Zvjj analysis (right). The
“MisID photon” event category in CMS is dominated by W +jets events.

richment is obtained using the Zeppenfeld variable of the Vv system and its azimuthal-angle
difference with the dijet system.

Analysis strategy and background estimation The ATLAS Z~jj analysis uses a BDT
algorithm to isolate the EW signal over the backgrounds, where the 13 input variables are
related to the kinematic properties of the two tagging jets, the photon, and the reconstructed Z
boson.

CMS uses a two-dimensional fits using the most discriminating variables, which are (m;,
Anjj) in the Zvjj case and (mj;, m(¢y)) in the W*nijj case. In both analyses, events are first
separated by lepton flavor and central or forward rapidity regions, and control regions with small
VBS yields are fit together with the signal regions to constrain background normalizations from
data.

In all cases the largest background component is the QCD W*~ijj or Zvjj production and the
next-to-largest comes from V+jets events where the photon is misidentified or not coming from
the hard-scattering event. The former is estimated from simulation while the second is obtained
using control regions in data with relaxed photon selections. The ATLAS and CMS data with
superimposed signal and background components are shown in Figure 24.

Systematic uncertainties In ATLAS the largest systematic impacts are from the limited
size of simulated samples, theory errors on the Z~jj EW production, and non-prompt-photon
background modelling from data. In CMS, the uncertainties are given as variations on a specific
process and not as total impacts on the measurements. From their absolute size, it can be
inferred that a larger uncertainty than in ATLAS is considered for the theory modelling of the
QCD production, at least for W¥~jj. Among the experimental uncertainties, jet energy scale and
resolution uncertainties have a larger impact with respect to lepton and photon identification, in
both experiments.
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Results ATLAS reports a measured fiducial cross-section of ogw = 7.8+£2.0 fb, where the total
uncertainty is almost equally shared between statistical and systematic+modelling uncertainties.
It corresponds to a background-only hypothesis rejection with a significance of 4.10, in perfect
agreement with expectations according to the MG5 AMC simulation, while SHERPA predicts a
somehow larger cross section.

For Z~jj CMS similarly reports ogw = 3.2+ 1.2 fb, where the ratio to the expectation is 0.65.
It corresponds to a background-only hypothesis rejection with a significance of 3.90, while 5.20
was expected, and the compatibility with the SM is approximately at the 1.50 level. In the CMS
case, the fiducial region is more restrictive, hence the statistical uncertainty is dominant. For
W*njj the corresponding CMS results are opw = 20 + 5fb, where the ratio to the expectation
is 1.2 and in agreement with the SM. It corresponds to a background-only hypothesis rejection
with a significance of 5.30, while 4.80 was expected.

The total cross sections including EW and strong components are measured to be 07, tot =
71f%3 tb in ATLAS, 07,jtot = 14£31b and OwEqjjtot — 10816 fb in CMS, all in good agreement
with the SM.

In the CMS analyses, limits on aQGC are set by fitting the diboson-mass distributions in the
signal region with additional requirements on the minimum transverse momentum of the photon,
and/or mjj. The range of explored aQGC includes both mixed and transverse operators. The
W*~jj analysis is the most sensitive to the operators which do not affect anomalous production
of heavy vector bosons (where the semileptonic or exclusive analyses give the most stringent

hmltS), namely fM,27 fM,37 fM,47 fM,57 fT,E)) fT,G) and fT,?'

3.7 The exclusive vy — WTW™ final state

Central exclusive production processes in proton-proton collisions are those in which the scatter-
ing is mediated through photon-photon fusion. The studies of these processes can be carried out
in particularly clean experimental conditions thanks to the absence of proton remnants. However,
since the direction of the scattered protons is almost parallel to the beam line, these particles
escape detection in ATLAS and CMS. Considering this fact, there are two ways to perform ex-
clusive studies: the first is to just use information from the main apparati, where protons are
undetected, and require very low track and neutral activity in the selected events, in addition to
the hard-scattering products; the second is to tag the protons using dedicated detectors placed
along the LHC beams at distance from the main detectors. The Precision Proton Spectrometer
(PPS) is a recent example [216].

The exclusive vy — WHTW™ is a production process of the VBS type and, as such, is sensitive
to BSM physics and in particular aQGC. It can be performed in the leptonic final state, using
events with only two reconstructed leptons and large missing momentum in the main detectors,
or in hadronic final states, where the use of proton tagging constrains the event kinematics and
hence is a very powerful background-rejection technique.

3.7.1 Theoretical calculations

Compared to standard LHC measurement, the corresponding theoretical predictions are not very
much advanced. In particular, for the elastic part i.e. yy — WTW™, these are usually LO pre-
dictions matched to parton shower. They can be obtained from standard Monte Carlo generators
and have to be combined with the corresponding photon flux (see for example Ref. [217]).

The main background for such a measurement is ¢q¢ — W™ W™ which is very well known from
a theoretical point of view with NLO QCD [218-220], NLO QCD + PS [90, 221, 222], NNLO
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QCD [223, 224], gluon—gluon loop-induced [225, 226], resummed [227], and NLO EW [228-233]
predictions. Further predictions even feature combinations of the above mentioned calculations
[234-238].

3.7.2 Experimental approaches

ATLAS and CMS studies so far employ the technique which does not require proton tagging.
ATLAS recently reported observation of vy — WTW™ in Run-2 data [239] while CMS has issued
only results on less recent data sets at 7 and 8 TeV, finding evidence for this process and stringent
aQGC limits on the operators faro and far [240].

Since this work deals with LHC Run-2 results, we will just briefly review the ATLAS analysis
in the following. The analysis proceeds by requiring an electron and a muon of opposite signs
with large dilepton transverse momentum and exactly zero additional charged particles in the
event. '

Simulation of the signal events and of the vy — £7¢~ background without intermediate
W bosons proceeds through the HERWIG generator [86], interfaced to a suitable photon-flux
provider and QED-dedicated PDFs. The main background, which is WHW™ production through
quark-antiquark annihilation, is simulated using POWHEG. [222]

The fiducial region is defined by event with an electron and a muon with pp, > 27/20 GeV
(after QED FSR recovery), [me] < 2.5, mey, > 20 GeV, pre, > 30 GeV and ny,p, = 0 where trk is
any charged particle with pp > 0.5GeV and |n| < 2.5. Further offline requirements are applied
for the leptons to be compatible with a common vertex.

Background estimation is quite complex because of the multiple sources that can feed addi-
tional charged particles in the event and therefore fail the ny.;, = 0 requirement. To improve
pile-up descriptions, data-driven methods are used to derive corrections to the simulated events,
targeting the density of proton-proton interactions and the number of tracks per interaction sep-
arately. Underlying-event modelling of non-exclusive WHW™ production is also corrected from
a Drell-Yan control sample in data, while a correction factor for the proton-rescattering effect is
derived from a 7y — £T¢~ control sample.

Signal systematic uncertainties are dominated by the mass-dependent transfer factors between
vy — WHTW™ and the vy — ¢*¢~ control sample, while the main systematic background
uncertainties arise from variations from different theory predictions of non-exclusive WHW~
production. Overall, the largest impact comes from simulated statistics in background samples.

The fiducial cross-section is determined by fitting the signal region (pre, > 30 GeV and
nyr, = 0) after checking data/prediction agreement in control regions where either pr., <
30 GeV or 1 < ngg < 4. The significance of the observation is 8.40 and the corresponding
result is: ogq = 3.1 £ 0.4fb, where the statistical and systematic uncertainties are of the same
order. Comparing with the corresponding CMS analysis, it can be inferred that constraints on
relevant dim-8 operators could be competitive or better than those obtained from deep-inelastic
pp collisions.

!4The same-flavor case is not considered because of the dominant vy — ¢7¢~ background.
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4 Prospects for High-Luminosity and High-Energy LHC scenar-
ios

In this section we discuss prospects for VBS at the upcoming phases of the LHC and at future
hadron colliders. At the time when this review is written, not many studies on these topics are
available. However, we expect the situation to improve in the next few years when concrete
realisations of plans are coming closer. More specifically, we will focus on the High-Luminosity
(HL) and High-Energy (HE) phases of the LHC, for which the main physics results are compiled
in Ref. [114]. The HL run of the LHC is planned to start in 2027 at a centre-of-mass energy
/s = 14TeV, and should provide an integrated luminosity of at least 3000 fb~! per experiment.
On the other hand, a viable option for the HE phase is to occur at /s = 27 TeV, with expected
integrated luminosities of about 15000 fb~.

From a theoretical point of view, predictions at /s = 14 TeV for the HL are very similar
to the ones at /s = 13TeV that we have reviewed above. In particular, as for the total cross
sections, the QCD or EW relative corrections only differ by few per cent. At /s = 100 TeV, some
results are available in Ref. [241] at LO which are further discussed in Ref. [242]. In Table 10,
we have compiled LO [O (af)] and NLO EW [O ()] predictions for WHW™* at several centre-
of-mass energies: 14 TeV, 27 TeV, and 100 TeV. These results are based on Refs. [100, 114]. It
is interesting to see that the cross sections increase significantly with the centre-of-mass energy
while the EW corrections become negatively very large. This can simply be understood by the
fact that the average typical scale that enters the Sudakov logarithms is increasing. While we
focus here on the WTW™ channel, these corrections should be rather representative of other
channels. Indeed, the Leading-Log approximation obtained following Ref. [102] is identical for
all scattering processes of EW bosons as they result from the same SU(2),, coupling [100, 67, 68].
At 100 TeV, the corrections reach —25% making the use of resummation techniques as well as
the inclusion of heavy gauge-bosons radiations necessary.

Table 10: Cross sections at LO and NLO EW for VBS WTW™ at a centre-of-mass energy of
14 TeV, 27TeV, and 100 TeV. These numbers are based on Refs. [100, 114].

Vs | oMO[fb]  opwllfb]  dmw[%]
14TV | 1.4282(2) 1.213(5) —15.1
27 TeV 4.7848(5) 3.881(7) —18.9
100 TV | 25.485(9) 19.07(6)  —25.2

Experimental perspectives for VBS at the HL-LHC are reviewed in Ref. [114] using sim-
ulations of upgraded ATLAS and CMS detectors, a /s = 14 TeV hypothesis and a range of
integrated luminosities from 300fb~! through 8000fb~!, where the first value corresponds to
one year of data taking, and the latter to 10 years of combined data sets collected by the ATLAS
and CMS experiments in the most optimistic scenario. All perspective analysis mimic or simplify
event selections described in the previous chapters.

For the WFW¥jj final state CMS expects an overall uncertainty on the total fiducial VBS
cross section of 4.5% with a luminosity of 3000fb~!, while for ATLAS this estimation is about
5 — 6%. Concerning the purely longitudinal component of VBS, Wfo, a combination of
ATLAS and CMS results, using fully simulated ATLAS events and improved electron efficiency,
is expected to reach an expected significance of 30 with 4000 fb~! of total integrated luminosity.

For the W*Zjj final state, the predicted uncertainty at 3000fb~! in CMS is about 5.5%.
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In ATLAS, this estimation is provided as a function of the predicted background uncertainty,
reflecting the difficulty to anticipate progress in theory calculations, and approaches 5% with the
current knowledge. For the polarized components, ATLAS estimate considers inclusive estima-
tions for each boson separately, i.e. sensitivities for WIJ: Zx, W[ Zx, and Wf( Z1,. The significance
is estimated to be between 1.5 and 2.5¢ for Zr, and Wf and between 0.7 and 1.5¢0 for W depend-
ing on the final selection and systematic assumptions on the total background normalisation. In
CMS the doubly longitudinally polarized component is considered and the expected significance
is about 1.3-1.40 at 3000 fb~".

For the ZZjj final state, estimates in ATLAS and CMS strongly depend on the assumption
on the evolution of the theory uncertainty of the QCD component, especially the loop-induced,
gluon-initiated one, which is the most challenging from the computational point of view. Esti-
mates on the achievement of the evidence/observation of the process are already superseded by
recent Run-2 results. ATLAS also shows perspectives of differential cross-section measurements,
that however have uncertainties of 60% or larger after 3000 fb~!. CMS estimates to have a sig-
nificance for the detection of the purely longitudinal component, Z1,Z1,, varying between 1.2 and
1.40, depending on the detector extended muon coverage.

5 Conclusion

In the present work, we have reviewed the state of the art of vector-boson scattering (VBS) at the
LHC. In particular, for the theoretical part, we have almost exclusively focused our discussion on
results in the Standard Model of particle physics. This study therefore summarizes our present
understanding of the Standard Model and in particular the electroweak (EW) theory, through
the magnifying glass of VBS.

The first part is a general introduction to the most important concepts in the study of VBS at
the LHC. First, we have provided a precise definition of VBS at the LHC which should hopefully
help for a better use of theoretical progress in experimental analysis. Then, the formalism of
polarised VBS is discussed in detail. After this, general theoretical aspects are examined, where
emphasis is put on higher-order corrections of QCD and EW origins. A presentation of the most
relevant experimental aspects of VBS measurements follows. These include a brief description of
the ATLAS and CMS detectors, the details of VBS tagging-jet and vector-boson reconstruction
and the simulations used in data analysis. Finally, a short review of constraints on new-physics
theories obtained from VBS measurements is provided, with special emphasis on Effective Field
Theory interpretations.

In the second part of this report, all possible signatures of VBS at the LHC are examined.
For each of the signatures, both the theoretical and experimental aspects are discussed and speci-
ficities of each channels are highlighted and explained. Great attention is also given to aspects
related to the interface between experiment and theory and, in that respect, some directions are
also given in order to improve current methodologies.

The last section is devoted to prospects for the measurements of VBS at future collider
experiments. It is rather short, but should be interesting for future VBS studies.

With this work, we have gathered in one unique place, all relevant references for in-depth
analysis of VBS at the LHC, which should show useful for both the experimental and theoretical
communities. In particular, during the whole review we have tried to keep the discussion at a
level which should be understandable by LHC physicists irrespectively of their background. The
reason for this is that we are convinced that advance in fundamental physics can only proceed
through a deep understanding of both experimental and theoretical aspects, which are two sides
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of the same coin and can therefore not be isolated. In particular, we believe that this is the
way to get the most accurate physics results out of VBS, at present and future high-energy
experiments.

Finally, it should be clear from the reading that a lot has already been achieved in the past
few years, and that the detailed study of VBS at collider experiments possesses a huge potential
for new innovative investigations. In this context, we hope that the present work will contribute
to the great progresses that will be achieved in the next years regarding our understand of the
EW theory of the Standard Model.
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