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SM (BSM), for example through changes to the Higgs boson couplings to gauge bosons and
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developments of VBS at the Large Hadron Collider, its high luminosity upgrade, and future
colliders are presented.

1. Introduction

The importance of the vector boson scattering (VBS) and vector boson fusion (VBF) processes in understanding the electroweak
(EW) sector is well-established in high energy physics. At scattering energies far above the EW scale, the longitudinal modes of
the weak bosons are manifestations of the Nambu-Goldstone bosons originating from the spontaneous breaking of EW symmetry.
Probing their interactions therefore helps unveil the dynamics behind the Higgs mechanism [1-4]. Moreover, VBS is relevant to
testing the gauge structure of EW interactions due to the contribution of quartic interactions and their interplay with trilinear
couplings, which leads to potentially large gauge cancellations. These are unique features of VBS processes. It is thus extremely
important to achieve precise predictions in the Standard Model (SM) of particle physics as well extensively investigate beyond-the-
Standard Model (BSM) scenarios, both in the context of specific models and effective field theory (EFT) frameworks. The importance
of VBS physics has also been well-documented in the literature as reviewed by Refs. [5-10].

Measurement of VBS processes are at last possible at the Large Hadron Collider (LHC), where the unprecedented energies and
integrated luminosities of data sets allowed for the first observations of such rare interactions [11-15]. The Run 3 of the LHC’s
data taking is scheduled to start in 2022. And with the High-Luminosity extension (HL-LHC), the available data will enable the
community to move beyond first observations and into the domain of precision measurements, aiming at the ambitious goal of
isolating the transverse and longitudinal components of VBS. Future colliders can likewise improve this picture in several aspects,
including direct exploration of when EW symmetry is approximately restored.

In light of the experimental, phenomenological, and theoretical advancements surrounding VBS, as well as the mandates of the
2020 European Strategy Update [16,17], it is timely to produce a picture of the current state-of-the art in the field with a focus
on the instruments and concepts that will be needed for future developments. We start in Section 2, where current measurements
and analysis techniques of VBS are summarized. In Section 3, projections for the HL-LHC are reviewed for both the SM and BSM
scenarios. In Section 4, the nature of VBS processes itself and prospects for measurements at future colliders are discussed. Finally,
we conclude with an outlook in Section 5.

2. VBS at the LHC
2.1. Current results on VBS from the LHC

At the LHC, the ATLAS and CMS Collaborations first studied diboson production via VBS in the W*W=*, Wy, and Zy final states
at 4/s = 8 TeV in the LHC Run 1 [18-24] using the leptonic decay modes of weak bosons. These states were further investigated
during the first full year of data taking at 13 TeV, when the W*W=*, W Z, and Z Z channels were first observed [11-15], also using
the leptonic decay modes. The first study of VBS using semi-leptonic decays was also made with this data set, targeting W Z /W W
events where one of the boson decays to a boosted hadronic jet. A summary of these results can be found in Ref. [25] and references
therein.

With the nearly £ = 140 fb~! of data collected by each of the ATLAS and CMS collaborations during the LHC’s second run of
data-taking (Run 2), the experimental outlook for searches and measurements of VBS processes is very bright. The initial searches
have rapidly been extended, with several results reaching high-statistical significance for observation and becoming measurements
in their own right. In particular, the W Z and W*W = processes have been observed and measured differentially [11,15]. The search
for the VBS Z Z production with leptonic decays was also updated with £ = 137 fb~! by CMS [26,27], exceeding the 3¢ threshold
for evidence but not yet reaching a 5o observation. A 5¢ observation of Z Z in the leptonic channels was achieved with £ = 139 fb~!
by ATLAS [28]. In addition, the first experimental search for polarized VBS production was performed in the W*W = channel [29],
a measurement widely considered a major priority for the HL-LHC. Additional results with £ = 137 fb~! have been released [30,31]
and others are expected soon.

The following summary briefly discusses the current state of the experimental studies of VBS processes. While some focus is placed
on results obtained by the CMS collaboration, comparable findings have been achieved by ATLAS. It is worth stressing that having
results from both experiments is of utmost importance for addressing the physics goals of the LHC program and the high-energy
community as a whole. Further details can be found in the relevant references.

2.1.1. Results on scattering of massive vector bosons

Due to its distinctive signature and low background, the same-sign W*W* — W*W?* — ¢F¢>vv process is the “golden”
channel of VBS processes. Unlike other VBS modes, the quantum chromodynamics (QCD)-induced production of W*W#* events
is significantly subdominant with respect to the EW contribution. Therefore, the dominant backgrounds are VBS-like events from
W Z production (EW or QCD-induced) or events with non-prompt leptons imitating true same-sign lepton events. Consequently,
VBS W Z production is a significant background to the W*W* process. Because estimating the W Z process as background is
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Fig. 2.1.1. The unfolded results for the W Zjj process from Ref. [32]. The contribution of the EW production and the impact of NLO EW corrections are shown.
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Fig. 2.1.2. Left: The distribution of the BDT discriminant used to extract the signal strength for the polarized components of the WW cross section. Right: Dijet
invariant mass distribution.
Source: Images from Ref. [29].

analogous to measuring the VBS W Z process as signal, the CMS Collaboration has performed these measurements simultaneously,
fully exploiting the nearly 140 fb~! as a tool to probe the SM [32]. Similarly, ATLAS reports the observation of W Z scattering
in the 3/v channel with a statistical significance exceeding 5¢ using 36 fb~! of 13 TeV data [33]; sensitivity to the semi-leptonic
channel is presently at the 2.5¢ level with the same data set [34].

In the CMS analysis, the W*W* and W Z processes are treated as independent signals in a single maximum likelihood fit. The
likelihood is built from binned distributions of the invariant mass of the two VBS-tagged jets m;; and the dilepton mass m,, in the
W*W+* signal selection region, as well as from the output of a boosted decision tree (BDT) discriminant in the W Z signal region.
Several observables are used as the inputs to the BDTs, including the jet and lepton transverse momenta, dilepton mass and transverse
momentum, transverse W W mass, difference in azimuthal angle between leptons and between jets, and others [32]. Control regions
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Fig. 2.1.3. The two-dimensional distribution of m;; and m,, used to extract the EW Wy cross section.
Source: From Ref. [41].

are also used to constrain the modeling of top quark and non-prompt lepton backgrounds. The resulting measurements have a
statistical significance of well over 5¢ for each process, and unfolded differential distributions are produced for comparison with
theoretical predictions. In particular, the impact of the next-to-leading (NLO) EW corrections, which are known to be larger than
pure QCD corrections for VBS processes [35-37], are studied, as shown in Fig. 2.1.1. (For related details on theoretical predictions,
see Section 2.3.)

This analysis was recently extended to perform the first study of a VBS process separated by the polarization of the vector
bosons [29]. Because the polarization is not a Lorentz-invariant quantity, its definition is reference frame dependent. Therefore,
the analysis independently measures the cross sections of polarized states using the polarization defined in the parton—parton
center-of-mass frame and in the W boson pair center-of-mass frame. The analysis exploits BDTs trained to distinguish between
the polarization states. Fig. 2.1.2 shows the BDT score (left) and the dijet invariant mass distribution (right). The BDT distribution
summarizes the discrimination of signal and background. Due to the lack of statistical power, the combined cross section for at
least one longitudinally polarized boson is reported, with a statistical significance of 2.3¢ (3.1¢) observed (expected) in the WW
center-of-mass frame.

Searches have also been performed for VBS production of ZZ pairs [27,28] using the full Run 2 data set. While the production
rate for ZZ events is lower than for W Z and W*W%, its four-lepton signature is very clean, providing an ideal experimental handle
in an otherwise complicated hadronic environment. The QCD-induced Z Z process is the overwhelming background in this channel,
and includes a contribution from the loop-induced gg — ZZ process. This is a small component of the inclusive ZZ production
rate but can be relevant in VBS-like regions of phase space. This contribution is estimated using state-of-the-art merged simulations
for accurate modeling of the ZZjj state [38-40]. The analysis is driven by a matrix-element likelihood approach. The resulting
measurement provides observed (expected) evidence of VBS ZZ production at 4.0 (3.5) standard deviations.

2.1.2. Results on vector boson scattering with photons

The ATLAS and CMS Collaborations have also performed measurements of the VBS production of a massive vector boson and a
photon in the Wy [41] and Zy [42-44] channels. These measurements were performed using approximately 36 fb~! or the full Run
2 data set, and exploit similar analysis strategies. Considerable backgrounds due to non-prompt photons are estimated using data-
driven techniques. The QCD-induced production is the leading background in both cases. The background is estimated using Monte
Carlo simulation with the normalization constrained with control regions in data. Results are extracted from a binned maximum
likelihood fits, where the likelihood is built from a two-dimensional distribution of selected events (Fig. 2.1.3). The Zy analysis
from CMS exploits the m;; and the rapidity separation of the tagged jets A7;;, whereas the m;; and the photon and lepton invariant
mass m,, are used in the Wy analysis. Results are combined with the corresponding measurements made at 8 TeV [21,23], under
the assumption of the SM production rate, to reach high statistical significance of around 5¢. Separately, ATLAS has observed the
Zy — vvy final state with more then 50 statistical sensitivity [44].
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Fig. 2.1.4. Summary of constraints on the couplings to the EFT operator F,,, from experimental measurements. For details, see the URL at http://cern.ch/go/
8ghC.

2.1.3. Constraints on anomalous couplings

All channels are used to place constraints on anomalous dimension-8 EFT interactions. In general, the operator formulation
proposed in Ref. [45] is used. Variables sensitive to the total energy of the interaction, for example, the diboson mass, are exploited
to search for signs of higher-energy modifications to the vector boson interactions. A summary of the current constraints at 95%
Confidence Level (C.L.) by CMS for the mixed longitudinal and transverse operator Fy,; is shown in Fig. 2.1.4. Though they are
not yet sensitive to the SM VBS production rates, the production of diboson events with one vector boson decaying hadronically is
a particularly powerful channel for these searches due to the higher cross section from hadronic vector boson decays. Results using
these final states are presented in Ref. [26]. Related constraints on anomalous couplings using VBS signatures have been reported
by ATLAS using the full Run 2 data set [46].

2.1.4. Summary

In summary, the ATLAS and CMS Collaborations have recently produced many new results studying diboson production via VBS
processes. These results include the first observations of several new processes, measurements of helicity-polarized cross sections,
and constraints on anomalous couplings. Most of these measurements have exceeded the traditional metric for observations, and
several have sufficient accuracy to enable unfolded results. Following the LHC Run 2, these measurements are quickly leaving the era
of discovery and are approaching a new era of precision measurements. VBS measurements will soon be sensitive to the polarization
fractions of the production mechanism, providing an important probe of the EW sector of the SM. For prospects at the HL-LHC, see
Section 3.1.

2.2. Polarization and t lepton studies in VBS

The study of the interactions between vector bosons offers an important test of the SM for its sensitivity to gauge boson self-
couplings. It provides a direct probe of the triple and quartic gauge boson couplings. Precise measurements can shed light on the EW
symmetry breaking and probe new physics processes at multi-TeV energy scales. The scattering amplitude of vector bosons, such
as VtV- - V*TV—(V =W, Z), is expected to increase with center-of-mass energy. Unless there is a cancellation, it will eventually
diverge and will lead to a violation of unitarity [1,2]. The divergent behavior at high energies is more acute for the scattering of
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longitudinally polarized vector bosons. However, this divergence is canceled by the contribution of the Higgs boson exchanges in the
s and ¢ channels, provided that the Higgs boson couplings to vector bosons are those expected in the SM. Any modification of these
couplings would interfere in this delicate cancellation. If the Higgs boson’s couplings to weak bosons deviate from SM predictions,
cancellations may not be as effective and the diboson scattering amplitude may increase with energy.

In addition, there are many BSM scenarios that predict a cross section increase of VBS processes, through extended Higgs sectors
or new resonances. Hence, VBS processes provide both a window to new physics processes as well as a constraint on fundamental
Higgs boson properties and anomalous Higgs couplings. However, measuring VBS processes is experimentally challenging due to
the small cross sections. VBS processes are rare and have been studied in different final states. Final states with light leptons, i.e.,
electrons and muons, are those where the signal-over-background ratio is larger and have been studied first. However, r leptons are
more complicated to identify due to the larger backgrounds (misidentification rates for hadronic = decays are typically one or two
orders of magnitude larger than for electrons or muons) and have not been included in these studies yet.

In addition to inclusive and differential cross sections, polarization measurements of W and Z bosons in diboson production
provide stringent tests of the SM and its couplings. Polarization studies provide an additional handle and a further discrimination
between signal and background. In particular, the study of longitudinally polarized VBS processes, that is to say when VBS is
mediated by initial- and final-state weak bosons that are in their longitudinal helicity state, is an important probe of particle
interactions at the highest energies, both at the LHC and at future colliders, and it will help further understanding fundamental
interactions and the SM gauge structure.

2.2.1. Polarization

One of the most promising ways to measure VBS processes uses events containing two leptonically-decaying, same-sign W'+
bosons produced in association with two jets, pp -~ W*W=jj. However, the angular distributions of the leptons in the W boson
rest frame, which are commonly used to fit polarization fractions, are not readily available in this process due to the presence of
two neutrinos in the final state. Advanced analysis methods that make use of Machine Learning and other similar techniques can
be used to reconstruct the angular distributions from measurable event kinematics and study the polarization fractions. It is also
possible to define reference frames that are more accommodating to experimental limitations [47,48].

Polarization measurements are not unique and depend on the reference frame in which they are defined. Polarization fractions
and kinematic distributions that define polarization vectors in different reference frames have been employed. The laboratory frame
is a natural choice. A definition of the polarization observables in the diboson center-of-mass frame has the advantage that the
line-of-flight of the two bosons also defines the longitudinal polarization vectors, and the decay products are directly related to the
scattering process. The latter may be better suited to search for deviations from the SM.

Precise calculations at the NLO in QCD of SM polarization observables are available for various multi-boson processes [49-54].
Predictions with NLO in EW [51,52] and at next-to-next-to-leading order (NNLO) in QCD [55] are also available, as is the automation
at LO for an arbitrary scattering process [47]. Separate polarization measurements for each of the W*/Z bosons might be helpful
in investigating CP violation in the interaction between gauge bosons. In the longer term, measuring the scattering of longitudinally
polarized vector bosons will provide a fundamental test of the EW breaking.

Measurements of polarized cross sections for VBS processes will be an exciting component of the Run 3 and HL-LHC programs.
These analyses will complement on-going LHC measurements of W polarization fractions in the W +jets process [56,57] and in #f
events [58], as well as measurements of angular coefficients of lepton pairs in Z boson production [59,60]. Generically, distributions
of angular observables are extremely sensitive to the final state considered and discrepancies from the SM predicted behavior can be
used to look for the presence of new interactions. The polarization of a gauge boson can be determined from the angular distribution
of its decay products. At the Born level, the expected angular distribution for massless fermions in the rest frame of the parent W
boson is given in terms of its helicity fractions [61-63]. These are commonly represented by the longitudinal helicity fraction f,
and the left-handed and right-handed transverse helicity fractions f; and fy, respectively.

In inclusive Z events, the angular distributions of charged lepton pairs produced via the Drell-Yan neutral current process
provide a portal to precisely determine the production process through spin-correlation effects between the initial-state partons and
the final-state leptons [64-66]. In this context, we briefly comment that reports by Refs. [59,60] of apparent discrepancies between
data and theory expectations for the so-called Lam-Tung relation [67], which relates angular coefficients of lepton pairs in the
Drell-Yan process, can be alleviated by recent improvements to the predictions’ formal accuracy [68].

Polarization measurements of the three helicity fractions of the W and Z bosons were also performed in W Z production at
\/E = 13 TeV [69]. Importantly, this is a stepping stone to measuring helicity fractions in triboson processes, which are related
to VBS by crossing symmetry. An analysis of angular distributions of leptons from decays of W and Z bosons was performed in
W Z events, and integrated helicity fractions in the detector fiducial region were measured for the W and Z bosons separately.
Of particular interest, the longitudinal helicity fraction of pair-produced vector bosons was also measured. The measurements are
dominated by statistical uncertainties. Nonetheless, good agreement of the measured helicity fractions of both the W and Z bosons
with predictions is observed.

These studies can be extended to VBS processes and, in particular, to VBS processes that include 7 leptons in the final state. This
is something that has not been done yet, but it would certainly be an important study to perform.
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Fig. 2.2.1. A cartoon depicting a spin-1 W boson (left) and a spin-0 charged Higgs boson (right) decaying in their rest frames to a r lepton and a neutrino.

The resulting helicity (larger light-colored shaded arrow) of the z lepton depends on the originating boson: the r* polarization is P = +1 (P = -1) if from a W+
(H™).

2.2.2. The t lepton and polarization studies

Recent checks of lepton flavor universality violation have sparked renewed interest in measurements involving z leptons [70-
73]. The 7 lepton is the most massive lepton and a third-generation particle. It therefore plays an important role as a probe in BSM
searches. Due to their large mass, r leptons may be particularly sensitive to BSM interactions. For example: the existence of a heavy
charged Higgs boson H* may give rise to anomalous r lepton production in W Z scattering [74-76]. Similarly, the violation of
lepton number symmetry can lead to the anomalous production of same-sign r*7* pairs in same-sign W*W= scattering [77-79].
Furthermore, due to its short lifetime, spin information is preserved in the decay products of = leptons. VBS polarization studies
involving rs therefore provide additional information on the underlying production processes as well as additional discriminating
power against background processes.

With larger data samples in the Run 3 and HL-LHC eras it is expected that = leptons will also be included and observed in the
studies of VBS processes. The 7 lepton is identified through its visible decay products, either hadrons or leptons. The hadronic decay
modes of 7 leptons represent approximately 65% of all = decays, mostly in one-prong (~50%) and three-prong (~15%) decays, and
are characterized by a narrow jet signature. Their identification and reconstruction are difficult and subject to larger backgrounds
from incorrectly identified jets. The remaining 35% are leptonic decays, i.e., decaying to electrons or muons with lower p; and the
corresponding neutrinos, and are difficult to distinguish from prompt electron and muon production.

Polarization studies incorporating VBS and z leptons build on ongoing measurements at the LHC. For example: the 7 polarization
was measured by ATLAS in W — rv decays as the asymmetry of cross sections of left-handed and right-handed r production, from
the energies of the decay products in hadronic r decays with a single final state charged particle (one prong) [80]. The resulting
measurement is in agreement with SM predictions. The r decay mode exhibiting the highest sensitivity to the r polarization is
t* — h*v, where h* = z*, K*, with a branching ratio of about 11.5%. In the 7 rest frame, the neutrino (always left-handed) is
preferentially emitted opposite to the z spin orientation. The 7 polarization value P provides insight into the Lorentz structure of
the r production mechanism, and gives an indication of the parity violation in the interaction. The angle between the r direction
of flight and the hadronic decay products in the z rest frame is used as the primary observable sensitive to r polarization. The
polarization is inferred from the relative energy fraction carried by charged and neutral hadrons in the hadronic = decays, and is
measured by fitting the observed charged asymmetry distribution.

In W — zv decays, the W+ (W~) is expected to couple exclusively to a right(left)-handed z* (¢~) corresponding to a
polarization of P = +1, up to corrections of order O(mf /m%V). On the other hand, since neutrinos are left-handed, a Minimal
Supersymmetric SM (MSSM) charged Higgs boson would couple to left(right)-handed ¢+ (+~) 7 leptons leading to a prediction
of P = —1. This is exemplified in Fig. 2.2.1. The method used for extracting the r polarization is independent of the production
mode and can be applied to other processes.

The polarization of r leptons produced in Z/y* — 7 decays was also measured [81]. Results are in agreement with SM
predictions. The final state includes a hadronically decaying = lepton with a single charged particle, accompanied by another =
decaying leptonically. The leptonic decay is used to trigger, select, and identify the candidate events, while the hadronic decay
serves as a spin analyzer.

A good understanding of z polarization is a powerful discriminating tool in these and other processes containing a z lepton in the
final state, such as same-sign W*W=* VBS and charged Higgs production. Similar studies may be performed for future measurements
in the decays of the Higgs boson or other final states with high invariant masses. In particular, it may help to distinguish decays of
heavy particles where the same final states involving 7 leptons are predicted but with different helicity configurations, such as for
separating Z and H or new bosons, or for distinguishing W and charged Higgs bosons [82]. Larger statistics to be able to properly
select the desired decay modes and a good control of systematic uncertainties are necessary ingredients.

In order to enhance the sensitivity to anomalous quartic gauge couplings (aQGCs), studies of EW boson production through
VBS processes include leptons and jets of large transverse momenta in the large diboson mass region my,. Specific, boosted-object
reconstruction algorithms have been developed to retain high efficiency for high-p; objects. These techniques include reconstruction
of hadronically decaying zs as well as electrons, muons, jets, and bosons [83,84]. Efforts have been deployed to study proton-proton
collisions at the LHC. At future, higher energy colliders, further understanding and improvements of these reconstruction tools will
become of pivotal importance to be able to fully explore the data at the highest energies.

2.2.3. Summary
Polarization studies of vector boson final states may provide further understanding of fundamental rules governing particle
interactions. Some polarization studies of VBS processes are discussed in Section 3.5. Polarization properties carry information of
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Table 2.3.1

EW corrections to fiducial cross sections of different VBS processes at \f =13 TeV.
Process a2 [fb] o0 D] Sew %] SREIM %] SR 9] (M,;) [GeV] Ref.
PP = HV,e Vi (WEW) 1.5348(2) 1.2895(6) -16.0 -16.1 -15.0 390 [35]
pp— ptumetv,jj (ZWH) 0.25511(1) 0.2142(2) -16.0 -17.5 -16.4 413 [85]
pp— ptpmetejj (Z2) 0.097681(2) 0.08214(5) ~159 -15.8 -14.8 385 [86]

the interaction process and can be studied in the final-state decay products, provided an appropriate understanding of the event
kinematics. Detailed studies have been performed in VBS processes and their sensitivity is limited by the size of the data samples.
Large data samples are needed to properly model and disentangle the longitudinal and transverse polarization distributions, and
kinematic characteristics. The 7 lepton, the heaviest and perhaps the most intriguing of the leptons, is so far missing from these
studies. Its inclusion will certainly offer an additional handle to probe the SM. With the larger data samples imminently expected
at the LHC Run 3 and further in the future at the HL-LHC and at future colliders, the study of z leptons in VBS process final states
may provide additional sensitivity in the search for new physics processes.

2.3. Precise theoretical predictions for VBS

In this section we describe recent developments and challenges in making precise theoretical predictions for VBS at the LHC.
We make some remarks on possible future developments.

2.3.1. Electroweak corrections to VBS

The increasing experimental precision of VBS measurements requires adequate theoretical predictions. NLO QCD corrections to
VBS for leptonic final states and the corresponding irreducible background processes have existed for many years including their
matching to parton showers. For a recent review, see Ref. [5]. They are available in VBFNLO [87] as well as the general-purpose
generators MapGrapH5_AMC@NLO [88,89], Suerra [90] and POWHEG [91-93].

EW corrections to VBS processes, on the other hand, have only been calculated recently. The EW corrections to same-sign WW
scattering have been published in Ref. [35], those for W Z scattering in Ref. [85], and the ones for VBS into Z Z bosons in Ref. [86].
The calculation of EW corrections for the scattering of opposite-sign W bosons is ongoing work. For same-sign WW scattering
an event generator has been made available based on Powheg [91,92] and Recola [94,95] with Collier [96] for the processes
pp = £Ev, 0% Viiis with #,¢’ = e, u including EW corrections and matched to a QED parton shower and interfaced to a QCD parton
shower [37].

The relative EW corrections to fiducial cross sections of VBS processes in the SM turn out to be around —16%, independent of
the specific process and the details of event selection. While the EW corrections 6y, for the three processes in Table 2.3.1 are very
close to each other, this is accidental and the expected spread is at the level of a few per cent. The large universal EW corrections
for VBS processes can be explained by a Sudakov approximation applied to the VV — V'V sub-processes.

Following Refs. [97,98], the leading logarithmic corrections to the scattering of transverse vector bosons, which is the dominant
contribution, can be cast into a simple universal correction factor

EW o’ EW o’
5LL = 47[ —4C IOg M_2 + 2bW IOg M_2 . (231)
w w

It includes all logarithmically enhanced EW corrections apart from the angular-dependent sub-leading soft-collinear logarithms and
applies to all VBS processes that are not mass suppressed, owing to the fact that these scattering processes result from the same
SU(2),, coupling. The constants are given by CEY = 2/s2 and b = 19/(652), where s, represents the sine of the weak mixing
angle. Further, Q is a representative scale of the VV — VV scattering process, which is conveniently chosen as the four-lepton
invariant mass M,,. Using O = M,, event-by-event results in the numbers for 510 4T shown in the 6th column of Table 2.3.1,
which agree within 2% with the full NLO results. Applying Eq. (2.3.1) directly to the fiducial cross section with the average values
for M,, obtained from a leading order (LO) calculation (see 7th column of Table 2.3.1) yields the numbers for g °g'm shown in the
5th column of Table 2.3.1.

Since the leading logarithmic corrections are universal and only depend on the gauge structure of the theory and the external
particles, one expects similar corrections in extensions of the SM that do not modify the gauge sector. For the scattering of
longitudinal gauge bosons, smaller corrections are expected since the related coupling factors are smaller. EW corrections to
distributions reach —30% to —40% in high energy tails in the TeV range.

2.3.2. Complete NLO corrections to VBS

Besides VBS diagrams, other diagrams contribute to the same physical final states in scattering processes of the form pp —
I, 1,151,jj. At leading order the cross sections for processes of the type pp — [ 11_2131_4 jj receive pure EW contributions of orders o,
QCD-induced contributions of order a*e?, and interference contributions of order a’«,. At NLO there are corresponding contributions
of orders o, aSa;, aa2, and a*a?. Wh11e the ©(a’) contributions can be viewed as EW corrections to the LO EW process and the
O(a“a?) contrlbutlons as QCD correctlons to the LO QCD-induced process, the other contributions cannot be classified simply as EW

or QCD corrections in general. For instance: the contribution at O(a%a,) contains QCD corrections to the LO EW process but also EW
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corrections to the LO interference. A unique assignment can be made within the so-called VBS approximation, where interference
between different kinematic channels are neglected.

For same-sign W W scattering, the full NLO corrections of all four orders have been calculated [99]. Since this process is
dominated by the EW diagrams at LO, the magnitude of the corrections at orders O(a’e?) and O(a*a?) is small, ie. below a per
cent for the fiducial cross section and at the level of one per cent for distributions. This will be different for other VBS processes
where the QCD-induced contribution is larger than the EW contribution. The calculation of these types of corrections is ongoing.

2.3.3. Quality of the VBS approximation

In the past, many calculations for VBS have used the “VBS approximation”. In this approximation only the squares of - and
u-channel contributions are taken into account, while interference between these channels as well as s-channel contributions are
omitted (|¢| + |u| approximation). In some calculations the s-channel contributions are included (|s| + |¢| + |u| approximation), while
interference is still neglected. The quality of these approximations has been investigated in Ref. [50] for same-sign W W scattering
by comparing the results of different calculations using different approximations. While this study confirmed that the accuracy
of the VBS approximation is better than about 1% at LO, it revealed larger differences at NLO QCD. In a more inclusive region,
eg, M;; > 200GeV, 4y;; > 2, the differences at NLO in QCD amount to —6% for the [¢| + |u| approximation and +2.6% for the
|s| + |¢| + |u| approximation, and grow up to ¥20% (same direction) for some distributions. In a typical fiducial region for VBS, i.e.,
where M;; > 500GeV, 4y;; > 2.5, the |¢| + [u| and |s| + || + |u| approximations lead to cross sections that differ from the exact NLO
calculation by about 2% and 1%, respectively. These differences are comparable to residual scale uncertainty at NLO. For some
differential distributions, these different approximations can lead to differences as large as +10%. Details are discussed in Ref. [50].

These larger differences at NLO can be attributed to contributions of triple vector-boson production with an additional gluon.
While VVV contributions are effectively suppressed by the VBS cuts on the two tagging jets, the additional gluon jet reduces the
efficiency of these cuts. This has been confirmed in [86], where 24% NLO QCD corrections have been found for VBS into ZZ for
a loose VBS cut of M ;; > 100GeV. Similar conclusions have also been reported in Ref. [100] for same-sign W W scattering and
the impact of Drell-Yan-like topologies. Thus, one should either take into account triple vector-boson production in the theoretical
prediction or use tight VBS cuts.

2.3.4. Polarized VBS

A primary goal in VBS experiments is to measure the scattering of longitudinal vector bosons, which is very sensitive to the EW
symmetry breaking and to physics beyond the SM owing to strong unitarity cancellations within the SM. However, the definition of
polarized cross sections for massive vector bosons is not unique, since the vector bosons are unstable, and moreover any definition
of their polarization is linked to a certain frame.

In the literature, different definitions of vector-boson polarization have been discussed. A short overview can be found, for
instance, in Ref. [53]. A polarization definition based on projections on the LO decay-angle distributions has been put forward in
Ref. [51,52]. This method is tailored to inclusive LO distributions due to the resonant vector-boson diagrams. It is only applicable to
one polarized vector boson and fails for tight cuts, sizeable background, or large NLO corrections. The calculation of polarized cross
sections has been automated for LO calculations in the MapGrapH5_AMC@NLO Monte Carlo event generator [47], employing decay
chains in the narrow-width approximation and including spin correlations via the Mapspin package [101]. A definition of polarized
cross sections based on the pole approximation has been proposed and applied to VBS at LO in [48,102,103].

Based on Refs. [102,103], a proposal was made in Ref. [53] that splits the vector boson productions process from the irreducible
background and defines polarized matrix elements for vector boson production. It is applicable to arbitrary processes, multiple
resonances, and NLO calculations. It allows for defining polarizations in arbitrary frames and for separating the irreducible
background and interference between polarized matrix elements. The method has already been applied to vector boson pair
production at NLO QCD [53,54] and will be used to calculate NLO corrections to polarized VBS in the future.

2.3.5. Summary

In this short section, we summarized the status of precision predictions for VBS in the SM with a focus on recent computational
developments. In this dynamic field more progress can be expected in the near future. This concerns in particular polarized VBS,
semileptonic final states, matching to EW parton showers, and precision predictions for VBS in extended models.

3. VBS prospects for the HL-LHC
3.1. Experimental projections for the HL-LHC

The HL-LHC will collide protons at \/_ = 14 TeV, with a projected peak instantaneous luminosity of about 5-10** cm=2 s~1, and
which will be increased to about 7.5-10%* em~2 s~! [104]. These rates are about three-to-four times higher than the peak luminosity
of Run 2, and will accumulate to a total integrated luminosity of about 3 ab~!. The ATLAS and CMS detectors will be upgraded to
cope with the new HL-LHC operating conditions. These upgrades include extended geometric coverage and finer detector resolution,
and will improve sensitivity to VBS processes. See Section 3.6 for more details on the detector upgrades.

VBS analyses, which at the moment have uncertainties that are statistically dominated, will benefit from the larger amount of
data collected and the higher center-of-mass energy. Moreover, detector upgrades, such as the extension of tracker coverage and the
addition of timing detectors, will help in the rejection of additional leptons and of pileup jets, reducing background contamination.
Finally, an increase of statistics will allow better calibration, hence a reduction of experimental uncertainties is also expected. In
the following we summarize the anticipated HL-LHC performance with the CMS (see Section 3.1.1) and ATLAS (see Section 3.1.2)
detectors.
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Fig. 3.1.1. Invariant mass of the two leading jets of the W*W=; process at \/§ = 14 TeV and normalized to an integrated luminosity of 3000 fb~1.

Source: From Ref. [105].
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Fig. 3.1.2. Total cross section uncertainty of the W*W=#jj process as a function of the integrated luminosity, considering systematic uncertainties as in the

YR18 scenario [106].
Source: From Ref. [105].

3.1.1. Projections with the CMS detector

Here, we summarize the HL-LHC projections at the CMS experiment for three VBS processes, W*W=; (Section 3.1.1.1), W Zj
(Section 3.1.1.2), and ZZjj (Section 3.1.1.3), and compare them with the latest published results at 13 TeV with the full Run 2
data sets (£ ~137 fb~1). The aim is to understand where these analyses stand now and what would be their perspective for the

future.
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Source: From Ref. [107].

3.1.1.1. W*Ww#%jj. The first VBS process observed with the CMS experiment was the production of two same-sign W bosons
W*W=jj [11] in the fully leptonic final state (for further details see Section 2.1.1). The prospects of measuring VBS production of
W*W#jj at the HL-LHC (\/E = 14 TeV) has been studied by the CMS Collaboration [105]. Results are obtained in the fully leptonic
final state, using full simulation of the upgraded Phase-2 CMS detector and accounting for an average number of 200 proton—proton
interactions per bunch crossing.

In the HL-LHC scenario, the W*W=;; would strongly benefit from the increased integrated luminosity, due to its very low
cross section O(1 fb). Moreover, the upgrade of the CMS detector, such as the extension of the tracker coverage (improvement of
lepton identification) and the new forward High Granularity Calorimeter HGCAL (improving identification of jets), will help with
rejecting backgrounds more efficiently, allowing a better discrimination of the signal. The main uncertainties affecting the analysis
are treated following the Yellow Report 18 (YR18) [106] recipe: theoretical uncertainties are halved with respect to the current
values, while experimental uncertainties are scaled by 1/ V/L (where L is the integrated luminosity), until they reach the limit of
accuracy estimated with the Phase-2 detector.

The final state contains events with two leptons (e/u) with the same charge, significant missing transverse energy (from W boson
decays), and two high-energy jets with a high invariant mass and large separation in pseudorapidity. More details on the analysis
are documented in Ref. [105].

The invariant mass distribution of the two leading jets (Fig. 3.1.1) is fitted using a binned maximum likelihood approach in which
all the three lepton flavor categories (ee, pupu, ep) are treated as independent channels. All the systematic uncertainties are inserted as
log-normal distributions in the form of nuisances, and their correlations are taken into account. Despite the requirement of same-sign
leptons, top quark pair production is the dominant background of this analysis. The wrong identification of jets containing a b quark
is one of the most relevant systematic uncertainties. For the same reason, the wrong identification of jets as leptons, which enhances
the so-called “fake" background, also plays an important role.

Fig. 3.1.2 shows the total cross section uncertainty decreasing as a function of the integrated luminosity, and reaching a value of
3% for 3000 fb~!. A recent CMS result in this channel at \/§=13 TeV with the full Run 2 data set (137 fb~1) reports an uncertainty
of 11% on the total cross section [32]. When these results are re-scaled according to the YR18 prescriptions, a good agreement is
found with the earlier predictions [105]. This confirms the expectations of reducing the total uncertainty in this channel by almost
a factor of 4, namely down to 3% for 3000 fb~1.

Polarization studies’ projections are also performed in Ref. [105]. The longitudinal component of same-sign W W scattering
is only 6%-7% of the total cross section. Thus, even at the HL-LHC isolating the longitudinal component in this analysis will be
strongly limited by statistics. The expected significance for an integrated luminosity of 3000 fb~! is expected to reach 2.7 standard
deviations, and exceed 3¢ when combining CMS and ATLAS results.

3.1.1.2. W Zjj. The first evidence of EW W Zj production in the fully leptonic channel with three leptons at 13 TeV was published
by the CMS Collaboration with 2016 data (36 fb~1) in Ref. [14] and by the ATLAS Collaboration in Ref. [13]. The observation with
a statistical significance of 6.8 standard deviations was extracted by a simultaneous fit with the W*W#jj channel using the full
Run 2 data set [32]. Extrapolations of this analysis to the HL-LHC have shown the potential gain thanks to the larger data samples,
since the analysis is still statistically limited [107].

Going from 13 TeV to 14 TeV, VBS cross sections increase by 8%-20%. In particular, the EW component increases by 16%, while
the QCD component (the irreducible background) increases only by 8%. Moreover, the pseudorapidity coverage extension of the
tracker detector would lead to an increase of the event yields, depending on the precise final state, by about 5%-8%. Projections
have been obtained using simulated signal and background samples at 13 TeV with a full reconstruction of the Phase-1 detector
used in Run 2, scaled by the corrections due to cross section, acceptance, and luminosity increase. The analysis selects events with

11
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Fig. 3.1.5. BDT discriminator output for a luminosity of 3000 fb~! at \/— = 14 TeV, for signal and for the backgrounds (from Ref. [108]). The purple filled
histogram represents the EW signal (ZZjj inclusive process), the other histograms represent the different backgrounds. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

three charged leptons, missing transverse energy, and two high-energy and well-separated jets. As to charged leptons, one pair of
same-flavor and opposite-sign leptons is expected from the Z boson decay, while the third lepton is from the W boson decay.
Events are split into four categories with respect to the flavors of final state leptons: eee, eeu, ppe, pup. Since the fraction of the
EW component in inclusive W Zj;j increases with the invariant mass (mj j) and the angular separation 4R (1, ¢) of the jets, the
binned maximum likelihood fit is performed on the 2D distributions of these two variables (Fig. 3.1.3), simultaneously for the four
independent lepton flavor categories. All the systematic uncertainties are taken into account as nuisances in the fit, as well as their
correlations. Input values for most of these uncertainties, both experimental and theoretical, are expected to be reduced to 1% at
the HL-LHC. Among the theoretical uncertainties, renormalization and factorization scale choices, i.e., QCD scale choices, play the
biggest role. For the experimental uncertainties, the jet energy scale and resolution are the largest. More details on the analysis
strategy, the fit and nuisances treatment are discussed in Ref. [107]. Finally, results are summarized in Fig. 3.1.4, which shows the
total cross section uncertainty as a function of the integrated luminosity. At 3000 fb~1, the total uncertainty would approach 5%,
about a fifth of the current Run 2 precision of ~23% [32].
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3.1.1.3. ZZjj. The VBS production of a pair of Z bosons in association with two jets (ZZ;) was studied in the fully leptonic
final state by the CMS Collaboration in Ref. [12] with the 2016 data set, and a claim for evidence has been recently published by
the CMS Collaboration with the full Run 2 data set [27]. Related to this, the ATLAS Collaboration has reported an observation of
the same channel with the full Run 2 data set in Ref. [28]. This channel has a small cross section but results in a clean final state
with a small contamination of reducible background. The fully leptonic final state allows also the complete reconstruction of the
particles’ kinematics, making Z Zj; a suitable candidate for polarization studies.

The prospects for measuring both inclusive and longitudinal polarized cross sections of the ZZ;j channel at the HL-LHC with
the CMS experiment are described in Ref. [108]. The study starts from the analysis of the 2016 data set (36 fb~1) [12] and focuses
on a final state with two lepton pairs (same-flavor and opposite charge sign from the Z boson decay candidate) and two jets. The
Run 2 results are extrapolated to HL-LHC by taking into account the larger integrated luminosity, the increase of center-of-mass
energy to 14 TeV, and the extension of the tracker acceptance up to #=3. The signal’s cross section increase is estimated to be about
15%, while it is of the order of 17% (13%) for the QCD qqZ Z (ggZ Z) process. Moreover, the signal yield is expected to increase
by up to 20% thanks to the larger acceptance. Unfortunately the QCD-induced production of ggZ Z is expected to have an increase
of 10% higher than the signal, while the ggZ Z background is less relevant in the projected results. A BDT is used to disentangle
the EW and QCD components of ZZjj. The BDT distribution in Fig. 3.1.5 is then fitted with a maximum likelihood approach, in
which systematic uncertainties are considered as nuisance parameters and profiled.

Regarding systematic uncertainties, two different scenarios have been considered. In the first scenario (“Run 2”), the systematic
uncertainties remain the same as the ones quoted in Ref. [12]. In the second scenario (“YR18") [106], the theoretical uncertainties
are halved and the experimental ones are scaled down by a factor 1/ \/Z In both scenarios, the theory uncertainty on the loop-
induced production of ZZj has the largest impact; its input value is fixed at 10%. Results that include the two scenarios are shown
in Fig. 3.1.6. A new prediction, obtained by scaling the YR18 projection with the most recent results (a 4o significance) with the
full Run 2 data set in the same final state [27], shows a better performance with respect to the old one. The better performance
is due to the fact that, instead of a BDT, a matrix element discriminant is used in the Run 2 analysis [27] to separate the EW and
QCD components of the ZZj process. New projections show that the 5¢ threshold can be exceeded in the early stage of HL-LHC.

Analogously, the VBS Z;Z, signal component is separated from the VBS and QCD backgrounds by means of a multivariate
discriminant. The expected significance for selecting the VBS longitudinal polarized event fraction is 1.4 with 3000 fb~! at the
CMS experiment. Comparable results are anticipated for the ATLAS experiment.

3.1.2. Projections with the ATLAS detector
We now summarize the HL-LHC projections at the ATLAS experiment for the W*W=* (Section 3.1.2.1) and W Z scattering
channel (Section 3.1.2.2), as well as the sensitivity to anomalous quartic gauge couplings (Section 3.1.2.3).
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color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.1.8. Overview over the anticipated sensitivity performance for the W Z process for the HL-LHC phase achieved using the event selections based on the
detector performance parameters described in the text. Signal sensitivity as a function of the number of events and relative signal gain with respect to the Run 2
settings.

Source: Figure from Ref. [110].

3.1.2.1. W*W=jj. The most recent HL-LHC projections for W*W?* scattering with the ATLAS detector [111] focus on the
comparison of detector coverage and an investigation into the extraction of the longitudinal component. The selection is based
on the 8 TeV ATLAS measurement reported in Ref. [19], while the study of Ref. [109] uses particle-level simulated samples.

For both studies, the signal as well as the same-sign WW and W Z backgrounds are simulated. Particle-level objects are smeared
to achieve a realistic estimate of the event yield, accounting for the detector resolution. Other non-dominant backgrounds are
estimated from the 8 TeV measurement. A systematic uncertainty on the background estimate is assumed to be 15%. Different
detector coverage configurations are studied by varying the range over which particle reconstruction and jet-vertex association are
possible. The default scenario does not foresee forward tracking for |n| > 2.7. Extending the coverage of jet-vertex association to
In| < 3.8 allows one to lower the p; threshold for jets; this has the largest impact and increases the signal acceptance by up to 10%.
Extending the muon acceptance to |n#| = 3.8 increases the overall signal acceptance by ~ 5%, while extending the range for electron
reconstruction to |#°| = 3.8 has only a minor impact. Overall, uncertainties on the signal strength are projected to be in the range
of 4.0-4.5%.
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Ref. [112] presents the extraction of longitudinally polarized W;"W;" scattering. The event selection is slightly optimized for this
purpose by raising the momentum thresholds. This also serves to reject backgrounds from QCD production of W W . Experimental
systematic uncertainties for the study are taken from the 13 TeV observation of same-sign W W scattering events [15]. Alternatively,
an optimistic scenario reducing the uncertainties on data-driven backgrounds by 33%-50% is also considered. The total uncertainty
on the same-sign WW scattering cross section is projected to be 6%. A likelihood fit is used to extract longitudinal scattering
signal from the distribution of the difference in the azimuth angle between the two jets in two regions of dijet invariant mass: (i)
520 < m;; < 1100 GeV and (ii) m;; > 1100 GeV. The significance is expected to be 1.8 ¢ as shown in Fig. 3.1.7. The expected precision
of the measurement of the longitudinal W W;* scattering cross section is 47%. Considerable improvements are achievable using
multivariate techniques. However, these have not yet been explored.

3.1.2.2. W Zjj. The HL-LHC prospects for observing W Z scattering with leptonic decays of the W and Z bosons are investigated
in Ref. [110]. All major detector effects are included using parametrization. The selection is based on the selection developed for
the observation of W Z scattering with the ATLAS detector at \/E =13 TeV [13].

The ATLAS detector coverages studied are described in detail in Ref. [110]. Most notable are the Run 2 benchmark scenario
(accepting only central leptons, |n| < 2.5, and requiring forward jets, 2.5 < |#| < 4.5 with py > 75 GeV) and a nominal ATLAS
Phase-2 scenario with extended acceptances for leptons and jets. A variation of this selection includes using the high granularity
timing detector (HGTD) [113], which improves the electron and jet selection efficiencies in the forward region (2.4 < |y| < 3.8). For
all event selections, the signal region is defined using the m;; > 500 GeV selection criterion. Alternatively, an optimized selection
based on a BDT classifier trained using 25 input variables sensitive to the VBS topology is used. Fig. 3.1.8 compares these selections
using the number of selected signal events and the expected signal significance estimated as S/+/.S + B. Extending the jet acceptance
is only possible if a jet-vertex association can be applied or if the jet p; threshold is increased, which lowers the number of signal
events. Otherwise a prohibitive amount of background is selected. The maximal gain in signal events compared to the Run 2 setup is
60 % using either the BDT or extending the jet acceptance up to || = 4.5 without increasing momentum thresholds. An alternative
BDT-based selection achieves the largest signal significance, however with a 15 % loss of signal events with respect to the Run 2
setup. The investigation projects that the uncertainties will be dominated by systematics related to jets and the W Z background.
It is suggested that these could be better constrained using additional data-driven control regions.

The fraction (F,) of the individual vector boson polarization state A can be extracted using template fits of F; and (F_-F,) to
the cos 6* distribution. The angle 6* is defined as the decay angle of the lepton (or anti-lepton for W) with respect to the boson’s
direction in the W Z rest-frame. Fig. 3.1.9 shows the normalized distributions of the different W polarization states as a function
of cos0* at the reconstruction level. Four different event distributions are fitted depending on the boson that is probed and on
the charge of the W boson present in the event. For the systematic uncertainty associated to the total background normalization,
three possible scenarios are assumed: 20%, 5% and 2.5%. Different selections are tested, namely the nominal selection requiring
m;; > 500,600, 1100 GeV, as well as two different BDT cuts. In addition, the effect of quark-gluon tagging on the leading and
sub-leading jets to further reduce the backgrounds is studied. Finally, the luminosity is doubled to emulate the combination of the
ATLAS and CMS data samples. The expected significance for the polarization signal is 0.5-3.5 ¢ depending on the selection, with
the most sensitive distribution being that of the Z boson in W+ Z events.

The signal significance for the W} Z; polarization state is estimated in a simultaneous fit of cos#* and the scalar sum of the
leptons’ transverse momenta, without considering the background processes. The estimated significance is less than one standard
deviation. The use of the full double differential distribution of cos *(W') versus cos 8*(Z) or other more sophisticated methods
could however improve these results.

3.1.2.3. Anomalous quartic gauge couplings. Projections for limits on anomalous quartic gauge couplings and dimension-8 EFT
operators [45] have been reported in Ref. [114], which uses one-dimensional distributions for both W Z and WW scattering
processes in the limit setting. It is instructive to compare the projected limits with those extracted using the LHC Run 2 data
to answer the obvious question as to how realistic the HL-LHC projections in general are. The projected limits for an integrated
luminosity of 300 fb=1 in 14 TeV collision data are about a factor 2-3 worse than what was achieved with Run 2 data [32]. This
indicates that the projections are rather conservative.

3.1.3. Summary

VBS production of EW boson pairs are rare processes that allow precision measurements of the EW sector. VBS processes are
typically statistically limited at Run 2 and will benefit from the HL-LHC operation conditions (14 TeV, 3000 fb~1), resulting in better
constraints of known processes (W=W#jj, W Zjj) and measurements of those that have not been observed yet (W*W~jj, ZZjj).
Moreover, the HL-LHC will allow the ATLAS and CMS experiments study of final states other than the fully leptonic ones, such as
semi-leptonic or even fully hadronic final states. These modes guarantee higher statistics. In the HL-LHC scenario, the limiting factor
to precision measurements is expected to be the systematic uncertainties: a work toward the reduction of systematic, theoretical
and experimental, would be of primary interest for the LHC community.

3.2. SMEFT in VBS at the HL-LHC
The Standard Model Effective Field Theory (SMEFT) has become a standard tool used in indirect and semi-model-independent
searches for BSM physics at the LHC. A lot of effort, both on the theory and experimental sides, goes into finding the optimal

methodological guidelines for applying SMEFT in VBS processes in particular. One vital issue is how to correctly set limits on
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Fig. 3.1.9. Normalized W~ polarization state templates at the reconstruction level and after the final event selection, including requiring m;; > 600 GeV.
Source: Figure from Ref. [110].

Wilson coefficients without violating the validity of EFT. Another lasting question is whether to focus on dimension-6 or dimension-
8 SMEFT operators in data analysis. Some of the most recent progress concerning these two important issues are discussed. This
progress involves new developments in setting limits on SMEFT dimension-8 operators based on the LHC Run 2 data collected by
the ATLAS and CMS detectors, and new studies of potential effects of SMEFT dimension-6 operators based on current experimental
bounds from global fits to data from other processes. As an example of this progress, we focus in this section on the use of the
so-called “clipping” technique by CMS during Run 2 and the prospects for probing dimension-6 operators with same-sign WW
scattering at the HL-LHC. (For examples of studying SMEFT operators at future colliders, see Section 4.4.)

3.2.1. Full clipping technique in the analysis of Run 2 data

Recently, the CMS Collaboration published an analysis of the same-sign W W and W Z scattering processes, based on data
collected during the LHC Run 2, where limits on dimension-8 operators were derived for the first time using a partial “clipping”
technique [32]. For every value of an individual Wilson coefficient, simulated BSM distributions were “clipped” at the unitarity
limit. Beyond this limit, the high mass tails were replaced with SM tails to compute the EFT prediction. The impact of considering
only the unitarity condition on the results was shown to be significant, with the actual limits being relaxed typically by a factor of
4 — 5 compared to limits calculated without unitarity considerations.

In reality, the scale of new physics can be lower than the unitarity limit. Physically interpretable limits on individual Wilson
coefficients C exist only as a function of the EFT A cutoff parameter, the latter ranging between the lowest W W mass accessible
in the experiment and the appropriate unitarity bound. Limits then take the form of 2-dimensional exclusion curves, with one axis
being the value of C and the other axis being the value of A. A sketch of such an exclusion curve is shown in Fig. 3.2.1. Also
shown in this cartoon are the regions in A — C space that are forbidden by unitarity (large A and large C), are inconsistent with the
assumptions of EFTs (small A and large C), and are inaccessible to experiments (small C and/or large A).

Observed (and expected) experimental limits can be compared to theoretical limits that follow solely from the unitarity condition.
Naturally, experimental limits are meaningful only if they are stronger than theoretical limits. An encouraging observation is that
theoretical exclusion curves, based on the unitarity condition, give a flatter dependence of C(A) than experimental exclusion curves
based on signal significance. From this it can be anticipated that the two curves will cross at some value of A and hence experimental
limits for most dimension-8 operators can indeed be meaningful as long as A is not too high. Given that unitarity limits for the values
of Wilson coefficients obtained in Ref. [32] are typically around 1.5 TeV, one can expect this critical value of A be roughly around
2 TeV (this takes into account that limits on C with a constant A are more permissive than with a running A(f)). In the HL-LHC
perspective, this range will still widen.

The analysis also included a study of the most sensitive kinematic variables to each individual operator, assuming the signal
process pp —» WEW#jj — fiizf’;—' jjvv. As observed in several earlier studies, the cluster mass variable

Mol =

4 @) miss| )2 SO =l = miss )
(Ip | + 15721 + |5y I) —(pT +b;" + by ) (3.2.1)
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Fig. 3.2.1. For a Wilson coefficient C and EFT cutoff scale A, a sketch of the regions in A — C space that are forbidden by unitarity (large A and large C), are
inconsistent with the assumptions of EFTs (small A and large C), and are inaccessible to experiments (small C and/or large A).
Source: Adapted from Ref. [115]

is the most sensitive variable for most dimension-8 operators. Here, i)’Tf" for k = 1,2 are the transverse momentum vectors of the two
same-sign charged leptons and i;'T“‘iSS is the transverse momentum imbalance of the event. However, for S operators and sufficiently
low A it is outperformed by the kinematic ratio

Sl =
1B, 115, 2

)= (3.2.2)
|7 P77

where i)’Tjk are the transverse momentum vectors of the two VBS-tagged jets. For further details, see Ref. [115].

3.2.2. Dimension-6 operators in the same-sign W W process

The potential impact of SMEFT dimension-6 operators within their current experimental bounds on the same-sign WW VBS
scattering process at the LHC was recently studied in Refs. [116-120]. Outside of SMEFT, recent studies include Refs. [121-123]. In
particular, in the generator-level study of Ref. [118], potential BSM signals from all the individual operators at dimension 6 in the
Warsaw basis [124] was checked by studying their impact on the distributions of different kinematic variables. For each operator,
the variable with the highest sensitivity was chosen. Signals were normalized to the nominal integrated luminosity for the HL-LHC.
The study explicitly included four VBS operators that affect the reaction W*W=* — W*W=: Oy, Oy, Oyp and Oyy,, neglecting
Oy g Which vanishes in the cross section formula to leading order in s, and neglecting CP violating operators. In addition, 26
background operators, i.e., those that do not affect the W W scattering reaction -but may affect the full process at the pp level- were
explicitly considered.

Current experimental limits on dimension-6 operators other than 4-fermion operators were taken from recent global fits to
existing data [125,126] that include all the most recent LHC Run 2 data. For 4-fermion operators, older bounds [127] were used and
found sufficient to claim them negligible. The following background operators were also found to be negligible within the existing
limits:

Oup Oagr Oucs O Opus Oy O

uu>

D o® o oD ©®& b B
Oud> Oz Oui> Oug> Ols Ogid> Opyr Oy (3.2.3)

For O, limits are deduced assuming minimal flavor violation. The effects of background operators for which experimental limits
are not available in literature, namely

oY 0% O Ous Ouc. Ouwrs Ogp. Opugs O (3.2.4)

quqd’ " quqd’ 99°
were studied up to the strong coupling limit and found either negligible or leading to a distinct event kinematics that are easily
distinguishable from that of VBS operators. One background operator, Of;;, was found to potentially produce an effect up to ~5¢ in
significance at the HL-LHC if the present experimental bounds are assumed. It too, however, produces a distinct kinematic signature
in which jet p; is the most affected variable.
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Fig. 3.3.1. Left: Cross section predictions at NLO in QCD at the \/3 =13 TeV LHC for heavy Majorana neutrinos N production via the charged current Drell-Yan
(CCDY), Wy fusion, and same-sign W*W= fusion mechanisms, assuming a benchmark active-sterile mixing of |V,y| = 1. Right: Sensitivity projections for
active-sterile mixing of |V, |* at the LHC for the W*W< channel in comparison to experimental limits [133,134].

Source: Figures adapted from Ref. [77].

The effects of proper VBS dimension-6 operators were studied using their global bounds and applying them to each operator
individually. This procedure is justifiable by the fact that correlations between the four operators of interest range between negligible
and mild [125]. In the W W scattering process these operators typically affect different helicity combinations and therefore do not
significantly interfere. Large possible effects at the HL-LHC, by far exceeding the 5¢ threshold, were found for Oy, Oy, and Oy, .
The results show that dimension-6 operators cannot be safely ignored in VBS analyses. Indeed, if the Wilson coefficient for Oy, is
large, the corresponding experimental signature allows the possibility of improving experimental bounds on this operator by using
data already collected during Run 2.

3.3. Neutrino BSM with VBS signatures

Among the several experimental and theoretical motivations for new physics is the case made by tiny neutrino masses and their
large mixing angles [128,129]. To reconcile the SM’s gauge structure and the renormalizability with oscillation data, and hence
nonzero neutrino masses, there must exist new particles that couple to the SM’s lepton and Higgs sectors [130]. Such scenarios,
which are known collectively as Seesaw models, come in many forms. They range from postulating new gauge symmetries with
vastly expanded Higgs sectors to minimal extensions with only a few new fermions or scalars that carry SM gauge charges. Whether
neutrino masses are generated in these models at tree-level or at loop-level, the particles responsible for generating neutrino masses
can couple to SM states, even appreciably in some scenarios. If these particles are also kinematically accessible, then it may be
possible to produce them at collider experiments through a variety of mechanisms, including VBS, thereby establishing a probe of
physics beyond the SM [131,132].

In recent years, LHC searches for particles hypothesized by neutrino mass models have undergone a transformation. More
specifically, the adoption of EW VBS production mechanisms, which were unavailable at predecessor colliders like LEP and the
Tevatron, has significantly increased the sensitivity to TeV-scale states at the LHC. This includes, for example, the Wy fusion
channel in searches for heavy Dirac and Majorana neutrinos N by the CMS experiment [133,134] and W Z fusion in searches for
charged Higgs H* by the ATLAS experiment [135]. The providence of these experimental searches stem from equally transformative
developments in the theory community, developments that are the result of systematic investigations into the utility of EW VBS in
tests of Seesaw models. The creation of dedicated Monte Carlo tools for studying EW VBS in Seesaw models has also played an
important role. For recent reviews of such phenomenological developments, see Refs. [131,132,136-139].

In the following, a brief summary of these theoretical developments is provided. Also given is an outlook for discovering new
particles at HL-LHC and future proton colliders with VBS. In Section 3.3.1, focus is placed on the role of Wy and same-sign WW
scattering in searches for heavy Dirac and Majorana neutrinos. In Section 3.3.2, singly and doubly charged Higgs bosons from yy and
same-sign W W scattering are considered. Finally, in Section 3.3.3, sensitivity of same-sign W W scattering to the sole dimension-five
operator in the SMEFT is presented.
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Fig. 3.3.2. Left: Sensitivity projections for active-sterile mixing of |V,y|* at the LHC when using only the Drell-Yan channel (dashed) and when augmented by
the Wy fusion channel (solid) [139]. Also shown for reference are LHC limits with £ ~ 36 fb~! of data [133]. Right: Sensitivity projections for active-sterile
mixing of |V,y|* at the LHC and potential successor experiments using the Drell-Yan and Wy channels [139].

3.3.1. Heavy neutrinos from Wy and W*W#* scattering

In the SM neutrinos are massless [140]. This follows from the absence of right-handed neutrinos v, and hence the lack of Yukawa
couplings between the SM Higgs field and left-handed lepton doublets. As fermions without any gauge charges, vy are allowed to
be their own antiparticles, i.e., be Majorana fermions, and therefore possess right-handed Majorana masses pg. Therefore, despite
being a natural explanation for nonzero neutrino masses, hypothesizing the existence of at least two vy is nuanced [141-143]. For
example: Majorana masses can take values well above and below the EW scale while still reproducing oscillation data. Likewise, the
possible dynamical origin of u, complicates the low-energy picture because the number of symmetries of the SM with vy increases
in the absence of masses, e.g., the emergence of a left-right global symmetry. Whether the u; are much larger, comparable, or
smaller to the EW scale also leads to distinct phenomenologies [141-143] that are testable, to a degree [132,139], with VBS.

In searches for Dirac and Majorana neutrinos N with masses above the EW scale, VBS has been indispensable in extending the
sensitivity of LHC experiments [133,134]. In Fig. 3.3.1 (left), for example, one sees that the NLO cross section (normalized for an
active-sterile mixing |V, | of unity) for the charged-current Drell-Yan (CCDY) process g¢ — W=** — ¢£*N is complemented by
the W*y — ¢*N and same-sign W*W=* — L”* + scattering processes for N masses around my ~ 1 TeV [77]. Fully differential
computations up to NLO in QCD with parton shower (PS)-matching are available using the HeavyN Universal FeynRures Object (UFO)
model libraries for Majorana [144] and Dirac [139] N. Predictions up to NLO+PS with dimension-six operators are also available
if using the HeavyN_vSMEFTpmm6 UFO [79].

The same-sign W*W#* process is special for several reasons, including: (a) its relationship to the neutrinoless pf decay
process [145,146]; (b) its accessibility to # = u and = lepton flavors, which are not accessible in nuclear decay experiments; and
(c) its sensitivity to violations of s-wave perturbative unitarity [77]. As shown in Fig. 3.3.1(R), due to the non-resonant nature of
W*W= process, LHC experiments are sensitive to N masses around my ~ 10 TeV for IVfNI2 ~ 0.1, when employing basic VBS
selection cuts [77].

Also of special interest is the Wy fusion channel. The channel, which features contributions from elastic [147], inelastic [144,
148], and deeply inelastic [146] initial-state photons, can be added coherently to the CCDY process whenever searches are inclusive
to forward jet activity [148]. For TeV-scale Dirac and Majorana neutrinos, Fig. 3.3.2 (left) shows, for example, that including the
Wy channel can improve sensitivity to |V, |* by at least an order of magnitude for TeV-scale N [149]. Such improvements hold for
signal categories with final-state r leptons [149,150]. With newer analysis strategies, active-sterile mixing as low as |V, |> ~ 1073
can be probed at the HL-LHC [149]. Even smaller values of active-sterile mixing are also available at prospective successors of the
LHC as shown in Fig. 3.3.2 (right). Both VBS channels are also sensitive to dimension-six operators involving heavy neutrinos [79].

3.3.2. New Higgs bosons from yy and W*W#* scattering

In the Type II Seesaw model [151-155], light neutrino masses are understood to originate through the spontaneous breaking of
lepton number symmetry by a new scalar A4 when it acquires a small vacuum expectation value (vev) v, = \/5(5) < Upw = \/5((15) ~
246 GeV. Here, 4 denotes a gauge eigenstate, whereas 4 (no hat) denotes a mass eigenstate. @ is the SM Higgs field and vgy, is
its vev. The new field is formally a complex triplet under the SM’s SU(2), gauge group and carries a hypercharge of Y = +2. This
means that after EW symmetry breaking one generates the following field content in addition to the SM particles: a doubly charged
Higgs boson, 4**; a singly charged Higgs boson, 4*; an electrically neutral, CP even(odd) Higgs boson, 4° (£°).

EW symmetry breaking proceeds in the usual way for the SM sector. The exception are neutrinos: they obtain left-handed
Majorana masses that are proportional to v, and their Yukawa coupling to A. As a consequence, the decay rates of the charged
and neutral 4 to leptons are proportional to light neutrino masses and the measured values of the PMNS matrix. If the A are
realized in nature, then collider experiments can potentially probe the v, mixing sector, which is poorly constrained by oscillation
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Fig. 3.3.3. Left: High-precision cross sections predictions at the \/E =14 TeV LHC for doubly charged Higgs A** production via various mechanisms in the Type
II Seesaw. Right: Sensitivity projections to 4** for the LHC and a hypothetical collider at /s = 100 TeV [100].

experiments [156,157]. For a concise summary of this symmetry breaking pattern and phenomenology, see Ref. [100] and references
therein. It is important to stress that this model is an example of generating of a neutrino mass model that does not contain
right-handed neutrinos.

At the LHC, the production of singly and double charged 4 can proceed through a variety of mechanisms, including the Drell-Yan
(¢¢' annihilation) channels

qq’ — AT A A= AT A0 pEE0 (3.3.1)
the gluon—gluon fusion channel

gg — ATYAT AT AT, (3.3.2)
the photon—-photon scattering channel

yy = ATTATT AT A, (3.3.3)
as well as the W Z/y and same-sign W W scattering channels

WEZ Wy > AXEAT AT A0, A%E0, A%, (3.3.4)

WEWE - A% A+ 40, (3.3.5)

Many other channels, particularly via the VBS mechanism, are also possible in the Type II Seesaw. However, a fully comprehen-
sive comparison of all VBS production channels does not yet exist. What does exist is a high-precision comparison of 4** production
mechanisms [100], and is shown for the \/E = 14 TeV LHC in Fig. 3.3.3(L). From the figure we see that many channels are now
known at NLO in QCD or with higher precision. While the total Drell-Yan cross section has been known at NLO in QCD for some
time [158], fully differential predictions at NLO and with parton shower matching have only recently been made available using
the TypelISeesaw UFO [100].

As with the SM Higgs, the VBS channels possess smaller cross sections than the Drell-Yan modes at the LHC. At the same time,
the VBS channels possess more handles to distinguish them from background processes. In particular, the yy channel, whose PDF
uncertainties are now under definitive control [100], can appear in ultra peripheral proton collisions and give rise to exceptionally
clean signatures. An outlook for the LHC and a potential successor at /s = 100 TeV are summarized in Fig. 3.3.3(R). For £ =3 -5

ab~1, the LHC is sensitive to pair and associated production of A** with masses up to m, ~ 1.2 — 1.5 (1.1 — 1.4) TeV at 3 (5) ¢ as
reported in Ref. [100].

3.3.3. The Weinberg operator in W*W= scattering

If those particles that are responsible for generating neutrino masses are too heavy to be directly probed at the LHC, then their
impact on SM interactions can still be described through the effective field theory formalism. In particular, the SMEFT framework
classifies and arranges the (composite) field operators that remain after decoupling (integrating out) ultra heavy particles into a set
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of operators that are manifestly invariant under the SM gauge symmetries. For reviews of this framework, see Refs. [124,159,160].
While the power counting of SMEFT extends the SM only by operators that start at dimension d > 5, of notable interest is the
solitary operator at dimension d = 5, which is given by

0l
ci
£5= = [@-L, | L, -@]. (3.3.6)

Here C: i is the Wilson coefficient for lepton flavors ¢;,7 s E€lent}, A is the EFT cutoff scale, @ is the SM Higgs field, and L, is
the SM left-handed lepton doublet of flavor 7.

The so-called Weinberg operator [161] is capable of generating Majorana neutrino masses after EW symmetry breaking, and
therefore serves as a way to parameterize a key aspect of neutrino mass models in experiments. However, other operators at d = 6,7
or higher may also been needed to fully parameterize other aspects of the theory at low energies. This holds so long as neutrinos are
Majorana fermions and that their masses are not generated instead at a higher dimension, which can be the case for some loop-level
neutrino mass models [131,162].

While the ratio |C%/A| is strongly constrained by nuclear neutrino-less ff decay experiments [163], the Wilson coefficients
for other lepton flavors are actually poorly constrained [78,164]. It is also possible that C¢¢ is immeasurably small due to exact
symmetries or accidental cancellations, resulting in the so-called “funnel region” for normal ordering of neutrino masses.

In such circumstances, the Weinberg operator can be probed at the LHC through the same-sign W W scattering channel, which
is given for #; = e, y, 7, but £ =i, by

WEWS o rE0%, (3.3.7)
Recent developments allow the Weinberg operator to be efficiently modeled at collider experiments by importing the SMWEINBERG
UFO into state-of-the-art Monte Carlo event generators [78]. As shown in Fig. 3.3.4, the W*W=* — K’[iff cross section at NLO in
QCD for the \/E =13 TeV LHC can reach appreciable values, even if A/C’i“i ~ (10) TeV, and more so at higher collider energies.
With a relatively simplified analysis, scale and ratio combinations up to

|A/CHH] ~ 8.3 (11) TeV (3.3.8)

can be probed with £ = 300 (3000) fb~! at the LHC [78].
3.4. Event identification with machine learning

At the HL-LHC, more collisions per bunch crossing and higher granularity data will pose major challenges for triggering and
event reconstruction. It will be important to maximize the VBS signal acceptance already at the hardware trigger level in order
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to ensure sensitivity to the highest-background channels (see Section 3.6). In addition, the large increase in integrated luminosity
could allow for several challenging measurements, like the polarization fractions in VBS events or all-hadronic final states. However,
disentangling such signatures from the overwhelming background will require improved signal-enhancing algorithms. Given the
complex event topology of VBS events and the presence of very similar background processes occurring at significantly higher rates,
it is natural to consider Machine Learning (ML) algorithms as a tool for VBS event reconstruction.

3.4.1. Triggering of VBS events

With an average number of collisions per bunch crossing (also known as “pileup”) increasing from 50 to 200, one of the most
crucial aspects for VBS at the HL-LHC will be to maintain or improve the signal acceptance (detector upgrades for HL-LHC are
discussed in Section 3.6). A natural candidate for doing so is better triggering on the forward quark jets. To this end, three ingredients
will be important in HL-LHC: better pileup mitigation, better jet resolution, and better quark/gluon jet separation.

3.4.1.1. Quark versus gluon jet discrimination. In CMS, the new CMS Endcap High-Granularity Calorimeter (HGCAL), which covers
a pseudorapidity of 1.5 < |g| < 3.0, offers unprecedented transverse and longitudinal segmentation, allowing for accurate
measurements of the shower development and narrowness of VBS jets [165]. With this improved forward jet resolution, it is feasible
to cleanly trigger on and reconstruct narrow VBS jets, thereby serving as a basis for dedicated Level 1 (L1) hardware triggers. The
energy resolution is also significantly improved, meaning any potential selections placed on the invariant mass of forward jet pairs
are more efficient. In addition to the excellent energy resolution provided by HGCAL, the inclusion of tracking up to n = 2.4 and
Particle Flow (PF) [166] in the CMS L1 hardware trigger can allow for excellent quark versus gluon discrimination, as variables
like charge multiplicity can be computed in real-time. It is therefore feasible, and highly desirable, to design algorithms capable of
discriminating between three classes of jets at the hardware triggering level: high-p; quark-seeded jets, high-p; gluon-seeded jets,
and low-p; pileup jets. Simple deep neural networks (DNN) for quark (¢) and gluon (g) discrimination already exist, as discussed at
length in Ref. [167] and as illustrated in Fig. 3.4.1. Here, simple ML models are compared to a likelihood-based ¢/g discriminator, the
current default in CMS. ML algorithms using the jet constituents as inputs (referred to as “sequential” and “Jet Image”) are notably
better in telling quark and gluon jets apart than the likelihood-based equivalent and would be suitable candidates for deployment
in the L1 trigger.

Due to competing demands, algorithms running in the L1 trigger hardware must be extremely fast and compact. The HLs4mL [168-
171] library has been designed to enable the conversion of ML models into ultra low latency, low-resource FPGA firmware, making
it feasible to deploy algorithms like those shown in Fig. 3.4.1 into the trigger. One should caution, however, that this perspective is
optimistic. There are many challenges to be able to employ an ML model with competitive performance and low FPGA resources.
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Fig. 3.4.2. Top: Illustration of the decays of high-p, W, (Left) and W, (Right) bosons in the lab frame showing that overlapping decay products are preferentially
symmetric (for W) or asymmetric (for W;) due to spin correlation. Lower: Scatter plot of the soft drop (SD) mass variable as a function of the “N-subjettiness”
variable 7,, for W, (Left) and W;. (Right). Transversely polarized vector bosons (right) more frequently get reconstructed with a soft drop mass of zero and a
1-prong like substructure (i.e. larger 7,, values) due to its decay products being emitted anti-parallel to the W momentum and falling out of the jet cone during
the grooming process [172,173].

3.4.1.2. Jet substructure. With the PF algorithm available at L1, it is interesting to ask whether there is any gain in identifying and
triggering on hadronically decaying vector bosons. This could be done by targeting energetic vector bosons with p; just above
200 GeV, whose decay products are merged into single large-radius jets, so-called boosted jets. Several DNNs dedicated to the
identification of boosted jets already exist, and some have also been optimized to function in the highly demanding environment of
the L1 trigger [168]. However, more detailed studies are required to identify any possible gain with respect to the trigger algorithms
currently in place that trigger on high-p; jets. The additional gain in a dedicated substructure path might be insignificant if most
events already pass the standard L1 threshold. The combination of new, high-resolution inputs available in the hardware trigger,
the His4mL workflow, and highly performant networks can lead to significantly higher VBS signal acceptance algorithms in HL-LHC,
especially focusing on jet-identification algorithms based on PF candidates.

3.4.2. Vector boson polarization

With exclusion limits being pushed to higher and higher resonance masses, searches for physics beyond the SM at the LHC are
beginning to reach a phase space where hypothetical new particles can no longer be produced directly, though many exceptions to
this also exist. In this era, doing precision measurements that target BSM physics is a natural next step. The study of 2—2 scattering
of EW bosons is a direct probe of the quartic gauge coupling, a way to probe the Higgs coupling without the Higgs boson [174],
and a way to indirectly look for BSM signatures [175-177].

Of especially high interest is a study of the polarization fraction in VBS events, as these are sensitive to BSM enhancements [176].
At scattering energies that are large compared to weak boson masses, VBS can probe BSM interactions that mainly couple to
longitudinally polarized vector bosons. With 90% of SM VBS events being of the W, W;-type (for My, > 250 GeV), SM W, Wy
becomes an irreducible background when attempting to look for enhancement effects in the longitudinal channel. It is therefore
desirable to discriminate transversely polarized vector bosons from longitudinally polarized vector bosons. Reconstructing the vector
boson polarization is difficult in leptonic final states due to the missing four-vector of final-state neutrinos. One solution would be
to use the all-hadronic final state, where all the final state particles are visible. In addition, the large branching ratio of W — ¢g
is beneficial when targeting the relatively rare W; W, channel. The polarization could then be accessed through both the forward
VBS quark-jets, as well as through the quark decay products of the hadronically decaying vector bosons. As the BSM contribution
grows with energy, the vector bosons might have a large Lorentz boost resulting in their decay products being contained in a single,
large-radius jet. These could be identified as vector-boson jets using dedicated jet substructure techniques. The final state would
therefore consist of two central, large-radius jets with masses compatible with the W mass, and two forward quark jets. Extracting the
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Fig. 3.4.3. Efficiency for correctly identifying longitudinal (red) and transverse (dotted green) vector bosons versus 1-efficiency for tagging quark (dotted blue)
or gluon (dotted pink) jets [172]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

polarization fraction from this is a two-stage problem: First, the EW VBS process must be distinguished from QCD diboson processes.
Secondly, one would need to discriminate longitudinally polarized vector bosons from transversely polarized vector bosons (as well
as, possibly, the jet charge). Both of these tasks could be solved highly accurately with DNNs, allowing for two powerful tests of
the SM: a cross section measurement in a W; W; enriched region looking for deviations from the SM prediction, as well as a full
measurement of the VBS helicity fractions.

3.4.2.1. Jet substructure and polarization. To identify hadronically decaying vector bosons with p; > 200 GeV, jet substructure
variables are usually used. These include methods for improving the jet mass resolution by removing soft and wide angle radiation,
called grooming [172,178,179], and methods for computing the probability of a jet consisting of two or more sub-jets [180]. For
reviews of such techniques, including with the use of ML, see Refs. [181-183].

Spin correlation in the decays of boosted objects is important in real life measurements. For example: when a transversely
polarized W boson decays in its rest frame, its decay products are back-to-back and preferentially aligned parallel or anti-parallel
to the W’s spin axis. When boosting the momentum of W and its decay products (partons in the case of hadronic decays) to the lab
frame, the result is an asymmetric p; distribution among the constituents. For highly boosted W bosons, final-state partons may be
overlapping. For longitudinally polarized W bosons, decay products are preferentially aligned orthogonally to the W’s spin axis,
and leads to a softer asymmetry. This is illustrated in the lab frame in Fig. 3.4.2 (top) for a longitudinal W (Left) and transverse W
(Right). As jet grooming removes softer, wider angle radiation, it will often completely remove the softer of the two quark sub-jets
in the hadronic decays of highly boosted W bosons.

Beyond jet grooming, spin-correlation also impacts N-subjettiness 7y, which measures the numbers of principal axes (or
“prongs”) in a jet [180]. More specifically, the N-subjettiness ratio 7, = 7),/7y is @ measure of whether a jet is better described
as an object with M or N prongs (sub-jets). As 7,; is a measure of compatibility for having one vs two axes within a jet, it will not
be able to identify the 2-prong structure when overlapping partons are present but incidentally “groomed away”. This configuration
is illustrated in Fig. 3.4.2 (top). The quantitative effect of this is shown in Fig. 3.4.2 (bottom), where we show scatter plots of the
soft drop mass variable [184], i.e., the invariant mass after the algorithm has been applied, as a function of r,, for longitudinal W
(Left) and transverse W (Right). A large fraction of transversely polarized W’s are reconstructed as having a soft-drop mass close
to zero and compatibility with a 1-prong hypothesis. This makes jet substructure algorithms less efficient in detecting transversely
polarized, hadronically decaying vector bosons [172,173].

The resulting identification efficiency for transversely polarized vector bosons is significantly reduced, as shown in Fig. 3.4.3. If
it is desirable to not only enhance the W; W, channel, but to measure all polarization components, for instance in a simultaneous
fit to extract the polarization density matrix, it is crucial to not only develop algorithms for discriminating between vector boson
polarizations, but also substructure algorithms which are equally efficient for both W, and W . Both of these issues can be addressed
using particle-based DNNs, for instance permutation-invariant algorithms like graph neural networks [185,186]. Advanced graph
neural networks for discriminating between transversely and longitudinally polarized vector bosons is currently being studied. In the
proof-of-principle study of Ref. [173], it has been demonstrated that relatively simple DNNs can obtain a factor of two enhancement
in signal sensitivity for longitudinally polarized vector bosons.

Importantly, and as pointed out above, in order to access polarization in the all-hadronic final state, not only a polarization
identification algorithm is needed. A “polarization un-biased” jet substructure algorithm will additionally be required in order to
recover inefficiencies observed with current vector boson tagging algorithm for transversely polarized vector bosons.

In addition, such single-object polarization identification algorithms might not reach the required sensitivity, and it could be
necessary and beneficial to include the full event information. This includes correlations between the two vector boson jets and
correlations between the forward VBS jets. An example of this can be found in Ref. [187].

24



D. Buarque Franzosi et al. Reviews in Physics 8 (2022) 100071

particle Transformer
identity N x 64 o
4% average by column| Classifier

Nx1 N x 64 = LN(F'+F)
—_—| 4

embedding

Feed Forward softmax

t-HH

F 3

® Nx64 — 4 anomaly
particle Mapping detection
momentum positional -
encoding LN(M+M)
@ M’* feature
N x64 ‘Multi

i-Head
Self-Attention

M
————

u,H_l

N x4 AN x 64]
—([ ||| —

z|

AutoEncoder

Fig. 3.5.1. Architecture of neural network [189].

The most challenging part of any such data-driven algorithm will be how to calibrate it using standard candles, developing
appropriate systematic uncertainties and corrections, as well as accounting for potential energy-dependence of the algorithm.
This is highly dependent on the final selected algorithm and we leave this discussion for future studies. With these algorithms
at hand, several interesting measurements can potentially be considered at HL-LHC. For example: extracting the components of
the polarization density matrix using the all hadronic final state, performing differential measurements of the polarization fraction
versus energy, and looking for BSM enhancements in high-energy W; W, events.

3.4.3. Summary

ML will be a critical part of VBS searches in HL-LHC on multiple fronts. This includes, but is not limited to, algorithms for
improving the VBS signal acceptance in the hardware trigger, for reconstructing the complex VBS topology, for discriminating
between VBS and background processes, and for discriminating between vector boson polarizations. Exploring the all-hadronic
final state might be feasible using advanced DNNs to reconstruct vector boson polarization and charge, and for developing jet
substructure taggers with higher efficiency for transversely polarized vector bosons than current algorithms. The development of
such ML solutions opens the door for several exciting measurements at HL-LHC, like measurements of the polarization fraction
versus energy or a simultaneous fit of the components of the polarization density matrix. Extremely high signal acceptance and low
background rates is needed, making highly accurate deep neural networks excellent candidates for the task.

3.5. Anomaly detection with machine learning

VBS represents a sensitive probe of both EW symmetry breaking and new physics. If the couplings of the Higgs boson to vector
bosons deviate from the SM prediction, the cross sections of VBS processes will increase with center-of-mass energy up to the scale
of new physics. In addition, many BSM models predict an extended Higgs sector. The contribution from new resonances can also
increase the VBS cross section in certain regions of phase space. This section is dedicated to a concrete example of the use of ML
for the observation of such effects.

Among the many VBS processes, the same-sign scattering, golden process W*W=jj — ¢*¢*vyjj has already been observed at
the LHC (see Section 2.1.1). This is similar to the case of the trilepton channel, W*Zj;j — #*v¢*+¢~ jj [13,32]. While the production
cross sections of the Z(— #t¢7)Z(— w)jj and Z(—~ ff’f[.‘)Z(—> f;’f]:)jj channels [27,28] are small, they too have been observed
due to their small backgrounds. There is also recent evidence for the Zyjj — #*#~yjj channel [188], which benefits from its larger
production rate. Even though the opposite-sign W*W~jj — #*t#~vvjj process has the largest production rate, it has not been
observed yet, due to the huge 7 background.

Understanding the polarization of the gauge bosons is an important step after the measurements of the VBS processes. There
are studies aiming to determine the polarization of gauge bosons in the W*W ~ channel [47,102,190], in the fully leptonic W*W*
channel [48], in the fully leptonic W Z/Z Z channels [103], in SM Higgs decay modes [191] and in generic processes with boosted
hadronically decaying W boson [192]. Various kinematic observables have been proposed in these works to discriminate the
longitudinal and transverse polarizations of gauge bosons. Several recent studies have shown that deep neural network with input
of final states momenta can be used for regression of the lepton angle in the gauge boson rest frame [187,193] and classification
of events with different polarizations [194,195].

Ref. [189] in particular focuses on the fully leptonic and semi-leptonic channels of the W*W ~+jets process. There, the authors
propose a neural network based on the Transformer architecture [196] to learn the features of the VBS process, including its
polarization. The SMEFT and 2HDM are considered as examples demonstrating that this method is able to test a wide class of
BSM physics which contribute to VBS.
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Table 3.5.1

Production cross sections of signal and background processes before (¢'4) and after pre-selections
cuts for the dilepton (¢°7) and semi-lepton (¢°/) categories, for proton-proton collisions at
/s =13 TeV. In the column ¢, fiducial cuts are applied.

Source: Adapted from Ref. [189].

o™ [pb] o’ 1] o’ [f]
1, 210.3 139.8 3007.6
W, /t,W 15.9 11.6 224.6
W, W jjeP 4.68 14.7 340.5
W, ZjjocP 2.20 4.49 165.7
W, ZjjEV 0.487 3.68 22.2
W, W jjEY 0.738 4.36 37.3

3.5.1. Analysis procedure

The signal and background events in Ref. [189] are generated with the MapGrarH5_AMC@NLO [88,89] framework, in which
the Mabspiv is used for the decays of heavy SM particles. The interference between the EW amplitude at agw and mixed EW-QCD
amplitude at afaéw production is ignored. The partonic center-of-mass frame is taken as the reference frame for defining the vector
boson polarization in this work, i.e., the rest frame defined by the two initial parton in the g¢' — W*W ~j; process. Focus is placed
on the dileptonic and semi-leptonic channels of EW W*W~jj production. The dominant backgrounds are from QCD production of
tf + X process, single top production, mixed EW-QCD production of WW /W Z, and the EW production of W Z pairs. At this stage
of event generation, heavy resonances are not decayed and the transverse momenta of final-state QCD partons must be greater than
20 GeV. The corresponding fiducial cross sections (¢f'¢) at \/E =13 TeV are listed in the second column of Table 3.5.1.

The events are divided into two classes with the following pre-selection [7]:

+ Dilepton: exactly two opposite sign leptons with p(£) > 20 GeV, |5(I)| < 2.5; at least two jets with p;(j) > 20 GeV, |n(j)| < 4.5;

the two jets with leading p; should give large invariant mass (m;; > 500 GeV) and have large pseudorapidity separation

(1451;; > 3.6); no b-tagged jet in the final state. g
+ Semi-Lepton: exactly one charged lepton with p;(¢) > 20 GeV, |n(l)| < 2.5; at least four jets with p;(j) > 20 GeV, |n(j)| < 4.5;
the pair of jets with the largest invariant mass (m;; > 500 GeV) that also satisfies |4y;;| > 3.6 is taken as the forward-backward
jet pair; (4) among the remaining jets, the jet pair with invariant mass closest to the W boson mass is regarded as the jet pair

from W decay.

The cross sections for signal and backgrounds after the dilepton and semi-lepton selections are provided in the third and fourth
columns of the Table 3.5.1, respectively.

The pre-selected events are fed into the network for learning the features. The input for the network of dileptonic channel consists
of the momenta of two leptons, the forward and backward jets, the sum of all detected particles, and the sum of jets that are not
assigned as forward-backward jets. The input for the network of semi-leptonic channel consists of the momenta of the lepton, the
forward and backward jets, the two jets from W decay, the sum of all detected particles, and the sum of remaining jets.
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3.5.2. The network

In this section, we discuss that the network in Ref. [189] is capable of discriminating different polarization modes of the EW
W*W7Fjj production with the low-level inputs. We go on to discuss the application of this network to SMEFT and the 2HDM as
potential LHC searches.

3.5.2.1. The polarization of the W*W¥jj. The neural network proposed in Ref. [196] and illustrated in Fig. 3.5.1, can be used to
effectively extract the internal connections of features. Ref. [189] trained the network with labeled events with EW production of
WHW;jj, WiWEjj, WiW [ jj, and WW. jj, respectively. Here W, (W7) represents longitudinally (transversely) polarized W
boson. To assess the discriminating power of the network, the authors performed a comparative study on methods with different
input variables. A three dimensional “latent" space was found to recover the original features of the leptonic and semileptonic
channels with a loss of @(10~*). In machine learning jargon, “latent” variables are the quantities that the training network uses to
learn (or parameterize/fit) the training data. For a fixed training data set and learning cycles (epochs), the ability for the training
network to reproduce the training data is measured by “loss”. Besides the three latent features, two classes of variables are defined:
experimentally accessible variables and truth-level variables that can only be obtained in Monte Carlo simulations.

The Gradient Boosting Decision Tree (GBDT) method is adopted to calculate the receiver operating characteristic (ROC) curves
with inputs of the variables in a class either with or without including the latent variables. The ROC curves for the dileptonic channel
are shown in Fig. 3.5.2(left), where one considers the events of the W;* W, jj as the signal and events of other polarization modes as
background. One can find that using latent features alone (blue line) already outperforms the GBDT with all detector-level variables
(green line). For detector variables in the dileptonic channel, a signal efficiency of about 0.3 (0.8) results in a background rejection
rate of about 0.9 (0.5); for the semi-leptonic channel, the rejection rates are slightly lower.

The GBDT that combines the latent variables with the detector-level variables (purple line) does not have better discriminating
power than the method with solely latent variables (blue line). The GBDT with truth-level variables (orange line) has slightly
improved discriminating power than the method with latent variables (blue line). It is also interesting to observe that the
discriminating power can be improved further by combining truth-level variables and latent variables (red line). While employing
truth-level observables is not applicable in real-life experiments, such an exercise can help estimate and quantify the performance
and uncertainties of networks. Similar ROC curves for the methods with different inputs for the semileptonic channel are presented
in Fig. 3.5.2(right). Conclusions similar to the dileptonic channel are drawn.

3.5.2.2. Application to EFT and 2HDM. The SMEFT contains a complete set of independent, gauge-invariant operators made up by
the SM fields. Ref. [189] considered the following operator [197,198]

9 9
Oy = 2—1‘:’26"[@@]0,,@%] = —10"hd, h (3.5.1)

since it is less constrained by the EW precision data. The @ field is Higgs doublet and h denotes the Higgs boson field with the
vacuum expectation value v ~ 246.2 GeV. The Oy operator contributes to the Higgs boson kinetic term, and an appropriate field
redefinition is required to bring back the kinetic term to its canonical form:

h=hl —%CH]. (3.5.2)

This leads to the following changes to the Higgs couplings

gmy,
2
‘w

Ly D

1. 1.
(1= 3en1Z, Z"h+ gmy [1 - EcH]WJW"h
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Table 3.5.2

o and oLt are the production cross sections (requiring the invariant mass of forward backward jets to
m;;>500 m;;>500

be greater than 500 GeV at parton level) for the total and longitudinal polarized EW W*W~ j;j productions. o, 71

correspond to the cross sections of the dileptonic channel (//) and the semi-leptonic channel (//) after preselection

(LL)

cuts.

Source: From Ref. [189].
Cy -1.0 -0.5 0 0.5 1.0
zrgl 500 LED] 440.6 421.8 419.7 426.7 436.2

s

o, [fb] 4.82 4.44 4.36 4.48 4.62
o), [fb] 40.2 37.7 37.3 37.9 39.3
a”n‘">il]“ [fb] 46.29 29.68 25.84 28.79 34.01
ot [fb] 0.754 0.397 0.314 0.356 0.462
o'/’j" [fb] 5.28 3.04 2.40 2.79 3.50

Table 3.5.3

Similar as Table 3.5.2, but for the 2HDM model. The corresponding parameters are given in the first row.
Source: From Ref. [189].

(my, sin(f — a)) (300,0.7) (300,0.9) (700, 0.7) (700,0.9)
o0 o D] 636.2 492.5 461.9 4285
o, [fb] 8.362 5.853 5.527 4.842
o) [fb] 64.07 46.52 43.70 39.33
okl [fb] 170.75 79.81 71.58 42.65
O'IIZL [fb] 291 1.27 1.30 0.676
nI’;L [fb] 20.78 9.35 9.50 5.06
Yy 1. -
+ [T[I—ECH]fPth+H.C.] (3.5.3)
2

The updated global fit to the EFT coefficients constrains ¢; < 0.4 (marginalizing over all other operators) [126]. Future lepton
colliders, such as the ILC, will constrain the ¢ to the 1% level [199].

Here, its effects on the EW W*W~jj production at the LHC are summarized. The production cross section of the EW W*W~j;
process (with different choices of ¢ ) before and after the pre-selection are given in Table 3.5.2. The ¢;; = 0 case corresponds to the
SM. One can find the fraction of the longitudinal W production increases with |¢j; | as cancellations among VBS amplitudes become
less exact. Pre-selection cuts can raise the fraction of the longitudinal W;'W/| jj, especially for the dileptonic channel. After the
pre-selection, the production rate of the semi-leptonic channel is an order of magnitude large than that of the dileptonic channel.

To measure the consistency of the SM and EFT with non-zero ¢;;, a binned log-likelihood test in the latent space is performed. That
is to say, the three latent variables determined from each training event (which collectively populate a three-dimensional space) are
compared to the three latent variables determined from each signal event (which collectively populate a second three-dimensional
space). Each collection of points makes up a shape and the two shapes are compared using a binned log-likelihood test.

The null hypothesis is the SM backgrounds plus SM EW W*W ~j; and the test hypothesis is the SM backgrounds plus EFT EW
W*W~jj with a non-zero ¢y . The required integrated luminosity to achieve 95% C.L. probing for different ¢, are presented in
Fig. 3.5.3. It can be seen that the semi-leptonic channel outperforms the dileptonic channel if the systematic uncertainty can be
controlled below ~ 5%. Due to higher backgrounds in the semi-leptonic channel, the sensitivity drops quickly when the systematic
uncertainty is larger than 5%. With systematic uncertainty around 5%, the method will be able to constrain the ¢;; to [-0.2,0.1] at
the HL-LHC.

The 2HDM [75,200] is one of the simplest extension to the Higgs sector of the SM. The Type II variant was considered in
Ref. [189]. There, the authors show that their method is sensitive to changes of the polarization and kinematic properties of the
EW W*W~jj production in the 2HDM. Comparing the latent features of the W*W~jj process in the 2HDM with those from
measurement, constraints on the parameters of the 2HDM can be obtained.

There are six parameters in the Type II 2HDM: the mass of scalars (my, ,my,, m, and my:), the mixing angle between two
CP-even scalars «, and the ratio between two vevs tan f. The parameter my;, has been measured to be close to 125 GeV. The m, and
my+ are not relevant in W+W - jj production. Their mass is set to 3 TeV to forbid the decays of H, into those states. In Table 3.5.3,
we summarize the production cross sections of the EW W*W ~j;j process for a few points in the 2HDM for illustration.

Due to the fact that the cancellation between the amplitudes with and without Higgs exchange are delayed to the scale of my,
and the heavy scalar dominantly decays into longitudinally polarized vector boson, the fraction of W W/ jj is considerably larger
than that of the SM. For relatively light H, and small sin( — «), which means the contribution of H, is significant, the fraction of
W} W, jj can reach ~ 30% before applying pre-selection cuts, while the number is 6% in the SM. Pre-selection can increase the
fraction even further. This feature renders the above network very sensitive to the signals in the 2HDM.

The required integrated luminosity for achieving 95% C.L. sensitivity to a particular point in the my, — sin(f — ) plane is
shown in Fig. 3.5.4, for the dileptonic and semi-leptonic channels, respectively. The method of Ref. [189] proposes to probe both
the resonant feature and the modification to Higgs couplings simultaneously. This is unlike traditional searches for heavy Higgs
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Fig. 3.5.4. Contours corresponding to the required integrated luminosity to probe the signal (with different sin(f — @) and my ) at 95% C.L. Color grades
correspond to the fiducial cross sections (requiring m;; > 500 GeV at the parton level) times the branching rates. The systematic uncertainties are set to 5% for
both the dileptonic channel (Left) and semi-leptonic channel (Right). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Source: Adapted from Ref. [189].

resonances [201,202], which quickly lose sensitivity at large my;, due to the suppressed production rate. The parameter space with
H, as heavy as 1.5 TeV can be probed with relatively low integrated luminosity provided the sin(f — a) is not too close to one.
The production cross sections of both channels before applying pre-selection cuts are indicated by the color grades in the figure.
One can find the sensitivity of the method is roughly determined by the cross section, even though a slightly better sensitivity can
be achieved in the small sin(§ — a) region, e.g., by comparing to the point (my, = 300 GeV,sin(f — @) = 0.9). Lower integrated
luminosity is required to probe the point (m;;, = 550 GeV,sin(f — a) = 0.7), even though their production cross sections are similar.
The improvement on the sensitivity is attributed to the fact that points with smaller sin(f# — «) = 0.7 contains larger fractions of
longitudinally polarized W bosons.

3.5.3. Summary

We report that Ref. [189] has constructed a neural network consisting of a classification network and an autoencoder. With
the input of low level information (4-momenta and the identities of particles in this case), the network is capable of reducing the
dimensionality of the feature space for W*W ~jj production, without losing much discriminating power. This means discriminating
the EW production of W+W~j; from other processes, as well as discriminating different polarization modes of the EW W*W ;.
Ref. [189] finds the feature space of both dileptonic and semi-leptonic channels can be compacted into three dimensions. Performing
the binned log-likelihood test on the distributions of latent features, one can draw the conclusion whether the data is consistent
with the SM prediction. One finds that those latent features are sensitive to various new physics that can possibly contribute to the
VBS.

3.6. Detector & performance upgrades for the HL-LHC

After Run 3, the LHC itself will be upgraded in order to deliver a much larger data set for physics to the LHC detector experiments.
The HL-LHC upgrade [206] will see the LHC operating at 5.0-7.5 times the nominal instantaneous luminosity, reaching values up
to 5 x 10%%em=2 571 (7.5 x 10%*em~2 571 in the ultimate luminosity scenario). A total delivered integrated luminosity of 3000 fb~1
(4000 fb1) is expected by the end of the HL-LHC operation.

The luminosity increase is experimentally challenging for both the accelerator and the detectors. With an increase in instanta-
neous luminosity with respect to Run 3, the ATLAS and CMS detectors need to be upgraded in order to cope with the increased
radiation levels and event multiplicity. While the current average number of pileup collisions, i.e., the number of collisions per bunch
crossing, is 30-40, in the HL-LHC phase an average pileup of 140-200 collisions per bunch crossing is expected. Such pileup levels
would be unsustainable for the current Phase-1 detectors and go beyond their reconstruction capabilities. Therefore, the ATLAS
and CMS detectors are planned to be upgraded after Run 3 for the Phase-2 upgrade. The detector upgrades will help maintain or
improve particle identification and event reconstruction in the high-pileup environment, including up to large pseudorapidities.
Such upgrades will certainly benefit the reconstruction of VBS processes, which as discussed above is characterized by objects with
large p; and/or large rapidities.

In what follows, we summarize the planned detector upgrades and anticipated detector performance for the HL-LHC program. As
an example, the case of the Phase-2 upgrades of the CMS detector is discussed [203] . A comparable upgrade program and outlook
for detector and physics performance are anticipated for ATLAS [207].
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Fig. 3.6.1. Layout of one quarter longitudinal section of the CMS Tracker for the HL-LHC. The upgraded tracking detector will extend the coverage for charged
particles up to |n| = 4. In green (yellow) the silicon pixel detectors of the Inner Tracker with two (four) readout chips per module. In blue (red) the PS (2S)
silicon detector modules of the Outer Tracker [203]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 3.6.2. Left: Proton—proton interaction vertices: time versus longitudinal coordinate. Simulated and reconstructed vertices in a 200 pileup event assuming a
MIP timing detector covering the barrel and the endcaps. Right: H — yy mass resolution under different vertex reconstruction efficiency scenarios.
Source: Plots from Refs. [204,205].

3.6.1. Current CMS tracker in HL-LHC environment

The current Phase-1 tracker is designed to sustain an instantaneous luminosity of 1 x 10%*cm=2 s~1. Simulations show that
the tracker is expected to start degrading at 500 fb~1 [203], with spatial resolution decreasing due to decreased charged sharing
between neighboring pixels. The HL-LHC radiation levels would cause the increase of the depletion voltage as well as the leakage
current, compromising the functioning of many tracking modules.

3.6.2. Phase-2 tracker upgrade

The Phase-2 tracker is designed to withstand >3000 fb~! and increased radiation levels. In order to cope with the increased L1
trigger rate of 750 kHz, the tracking information needs to be provided to the L1 trigger. The new Tracker is composed of the Inner
and Outer trackers.

The Outer Tracker (OT) design is driven by the new trigger demands. The modules are composed of two single-sided, closely-
spaced silicon strip sensors read out by a common set of front-end ASICs that correlate the signals in the two sensors providing a local
transverse momentum (p;) measurement. ‘“Hit” pairs are selected to be compatible with particles above the chosen p; threshold
(2 GeV). The OT modules are placed in a tilted geometry in order to keep the tracking efficiency high also for large # tracks.

The Inner Tracker (IT) is composed of pixel sensors with a narrower pitch than Phase-1 tracker, with a pixel size of 25 x 100 pm?
or 50 x 50 um?, and are expected to exhibit the required radiation tolerance and two-track separation capability. The new electronics
is highly segmented with 1 x 2 and 2 x 2 readout chips. The addition of tracking modules in the forward region extends the tracking
coverage up to || = 4, as shown in Fig. 3.6.1 [208].

3.6.3. Phase-2 tracker performance

Simulations of the Phase-2 tracker [209] show that a high tracking efficiency is maintained over the full  coverage for 10 GeV
muons and ¢ events (p; >0.9 GeV), with efficiencies ranging around 95%-100% in the first case, and 85%-95% in the latter. The
level of mis-identification (“fake”) rates is expected to be smaller than 4% for 7 events, even in the ultimate pileup conditions (200
simultaneous collisions). The estimated p; and impact parameter (d,) resolutions are also expected to improve with respect to the
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Phase-1 tracker, and b-tagging can be extended up to |#|=3.5. The new tracker will feature a substantial reduction in material budget
in terms of radiation lengths, thus reducing the inactive material within the tracking volume.

3.6.4. MTD: A new precise timing detector

A precise timing detector will bring a completely new capability to CMS: the ability to measure precisely the production time of
minimum ionizing particles (MIP) to disentangle the approximately 200 nearly simultaneous pileup interactions that will occur in
each bunch crossing. The MIP Timing Detector (MTD) is a new detector, placed outside of the tracker and inside the calorimeter,
planned for the CMS experiment during the HL-LHC era. The MTD will aim at providing a time resolution of about 30-50 ps over
the period of operation at the HL-LHC. It will also provide new capabilities for charged hadron identification and to the search for
long-lived particles.

The timing upgrade of the CMS detector will mitigate the high pileup HL-LHC environment and improve the performance to
a level comparable to the Phase-1 CMS detector, exploiting the additional information provided by the precision timing of both
tracks and energy deposits in the calorimeters. The event display in Fig. 3.6.2 (left) shows the power of space-time 4-dimension
event reconstruction in 200 pileup collisions. The time information is essential to distinguish vertices spread along the beam axis.
Fig. 3.6.2 (right) shows the Higgs boson diphoton mass peak for different vertex reconstruction efficiencies. An efficiency of 80%
was achieved in Phase-1, while only 40% is expected for Phase-2 if no timing information is provided; the other two cases include
different degrees of precision timing. Based on different technologies, the MTD is divided into a barrel (LYSO scintillator coupled
to silicon photomultipliers, |n| < 1.5) and two endcap sections (silicon detectors, Low Gain Avalanche Diodes (LGADs)) covering up
to |n| = 3.0. Details can be found in Refs. [204,205].

3.6.5. The calorimeters: ECAL and HCAL

The electromagnetic and hadronic calorimeters (ECAL and HCAL, respectively) responses need to be calibrated throughout data
taking. In fact, the scintillators are degraded by radiation and their response progressively decreases. Fig. 3.6.3 shows the ECAL
crystal response to laser light during Run 1 and Run 2. The crystals in the forward region of the detector are the most affected by
radiation, with the response reduced to less than 20% its nominal value at the end of Run 2. The studies suggest that the barrel
ECAL and HCAL can survive up to a luminosity of 3000 fb~!, while the endcaps need to be replaced before the HL-LHC. Details can
be found in Ref. [210].

3.6.6. Phase-2 ECAL upgrade

The current crystal geometry of ECAL is maintained throughout Phase-2, while the front-end and readout electronics are replaced
to cope with trigger requirements. Single-crystal information is made available to L1 triggers, instead of the previous standard of
5 x 5 crystal towers. Faster readout electronics allow discrimination between an electromagnetic (EM) shower signal and anomalous
spikes in Avalanche Photodiodes (APDs), this latter originated by the dark current. A discrimination on the different signal shape
is employed to retain EM shower signals only.

Projections show that the transparency loss of crystals at 3000 fb~! will be limited to 50% of the end of Phase-1 value [210],
therefore the current lead tungstate (PbWO,) crystals may be kept until the end of the HL-LHC phase. The increased radiation level
causes the increase of dark current in the APDs. However, the dark current can be kept under control by further cooling down the
detector to 9 °C.

The new electronics will allow CMS ECAL detector to reach a precise time resolution (~30 ps) of the signal in the APDs, which
is essential to distinguish the interaction vertices in an extreme pileup scenario. Beam tests with electrons show that a resolution
below 2% is achievable, down to 1% for a cluster energy larger than 50 GeV [211].

3.6.7. High-Granularity Calorimeter (HGCAL)

The existing forward calorimeters will be replaced by a new High-Granularity Calorimeter (HGCAL) [165], providing a unique
fine grain in view of a multi-dimensional shower reconstruction up to a pseudorapidity |5| = 3.0.

The HGCAL consists of a sampling calorimeter with silicon and scintillators as active material, including both electromagnetic
(EE) and hadronic (FH+BH) sections. A schematic view is shown in Fig. 3.6.4. The active elements are 320 pm-thick silicon sensors.
The detector is transversely segmented into hexagon cells of about 1 cm? surface, for a total of over 6 million channels. Plastic
scintillator tiles are used in the outermost regions of FH and BH, alternated with stainless steel absorbers. The thickness of the EE
part amounts to about 25X, and about 14. The thickness of the hadronic part corresponds to about 3.54 and 5.7 for the FH and
BH, respectively, for a total of about 94 for the 24 layers. The whole system needs to be kept at -30 °C in order to function.

3.6.8. HGCAL performance

The expected performance of HGCAL were first evaluated with a standalone GEANT4 simulation. Fig. 3.6.5 shows the electron
energy resolution as a function of the electron energy for various active thickness of the silicon sensors. The stochastic term ranges
from 20 to 24% but the constant term is targeted to be low (1%) [213]. The time resolution of HGCAL is expected to be 30 ps for
clusters with p; > 5 GeV. The timing performance combined with the high granularity of this detector allow to use it as an imaging
calorimeter.
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Fig. 3.6.4. Schematic drawing of the CMS HGCAL design [165].

3.6.9. Muon detector upgrade

The muon detector electronics will be replaced to cope with increased radiation and meet trigger/readout latency requirements.
Performance in the forward region will be enhanced by adding a resistive plate chamber and gas electron multiplier (GEM) chambers
in the forward region to improve efficiency, fake rejection, and resolution in the region 1.6 < < 2.4. A new GEM chamber (MEO)
will finally extend the coverage up to |n|=2.8, adding a muon trigger signal in the very forward region [214].

3.6.10. Summary

In the HL-LHC era, a new tracking detector will increase the overall acceptance of CMS up to |n|=4 and, for the first time, tracking
information will be provided to the L1 trigger. CMS will include a new electromagnetic and hadronic endcap calorimeter with
high granularity. The Phase-1 ECAL crystals are maintained during the HL-LHC phase while the front-end electronics are replaced,
allowing for precise timing of signals. The muon detector coverage is extended to match the extended tracker. More broadly,
simulations and beam tests suggest that both ATLAS and CMS will at least maintain the current performance in the high-pileup
environment, or even improve in certain aspects, e.g., object reconstruction, particle identification, and background rejection.

4. VBS at future colliders

As the HL-LHC program will conclude in the late 2030s or early 2040s, the community has turned to discussing opportunities
for a successor to the LHC [16,17]. Presently, several colliders are being discussed. This includes: circular and linear e*e™ colliders
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Fig. 3.6.5. Energy resolution as a function of energy from a standalone simulation of incident electrons on HGCAL, for different thickness of silicon sensors [203].

with center-of-mass energies at or below a couple TeV, u*u~ colliders with energies at a few TeV, more energetic proton colliders
with energies reaching up to 100 s of TeV, as well as others.

The international particle physics community has developed a plan [16,17] and the top priority is the construction of an e*e™
collider to study the Higgs and other less-known parameters of the SM. For these facilities, the required technology is mature. Other
collider scenarios are possible, and are certainly great leaps forward in terms of knowledge and the energy frontier, but are farther
away due to technological obstacles. Interestingly, at the electron, muon, and proton machines presently under discussion, the VBS
process manifests differently. In all cases, VBS remains a powerful tool to exploring the EW sector and beyond.

Section 4 continues by first discussing VBS at electron colliders (Section 4.1), and then EW parton distribution functions
(Section 4.2) and EW parton showers (Section 4.3), both of which are intimately related to VBS at ultra high-energy colliders.
It continues with VBS studies of SMEFT (Section 4.4) and BSM scenarios (Section 4.5) at multi-TeV muon colliders, and finally,
VBS at a 100 TeV proton collider (Section 4.6) is discussed. We note that discussions here are only representative of a rich body of
literature.

4.1. VBS at e*e™ colliders

As described above, the 2020 Update for the European Strategy of Particle Physics has designated an e~e* Higgs factory as one
of the highest priorities of the high energy physics community, particularly as a staging platform to an even higher energy hadron
collider [16,17]. There are four proposals for such a next-generation machine: two circular variants, the CEPC [215] and the FCC-
ee [216], and two linear variants, the ILC [217,218] and CLIC [219,220]. While the circular options can cover measurements at
the Z pole as well as the W*W~, ZH, and 1t thresholds with ultra-high integrated luminosity, only the linear machines can be
extended into energy regions which are relevant for VBF and scattering measurements. Therefore, we focus here on the last two
options. A fifth proposal, a many-TeV u*u~ collider, is discussed in Sections Section 4.2, 4.4, and 4.5, .

Roughly speaking, VBS becomes interesting at lepton collider energies of \/E = 500 GeV and beyond. The benefit of VBS
studies at an electron—positron collider is the well-defined, quasi-partonic initial-state emission of EW bosons, where the dominating
theoretical uncertainties are under better control. There are well-defined, well-separated and clean events that allow for a triggerless
operation, full coverage of final states, and high-precision measurements. Spin, isospin, and CP quantum numbers of SM particles
can be resolved with high precision due to excellent particle identification using particle-flow techniques. Due to the low hadronic
environment, electron-positron colliders naturally have discriminating power for light quark flavors in jets, ie., for charm and
potentially even for strange quarks.

The ILC project is in a mature state, entering the so-called “prelab” phase in 2022 [221], prepared itself by the international
development team, whose main deliverable is the engineering design report (EDR) of the machine. The machine is based on
superconducting radiofrequency (RF) cavities with a design gradient of 31.5 MV/m, hosted in a 20.5 km long tunnel in the Kitakami
region of the Iwate prefecture in northern Japan. The tunnel is extendable to 30 km and beyond, such that the machine can be
upgraded based on the superconducting RF technology within the given infrastructure to 1 TeV or even a little higher. The energy
range is tunable, which allows measurements at different energy stages. Such features are interesting, for example, for constraining
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Fig. 4.1.1. Topologies for W*W ~ scattering processes at e*e~ colliders: signal diagrams (top row), reducible background diagrams (middle row), and irreducible
diagrams (bottom row), respectively.

or measuring EFT parameters at different energies. On the other hand, CLIC is based on normal conducting RF cavities using a drive
beam concept which allows to reach 100 MV/m. There are three different energy stages foreseen, 380 GeV, 1.5 TeV, and 3 TeV.

Another important asset of linear e*e™ colliders is the possibility of polarized beams. These help enhance event yields for specific
signal processes. The ILC and CLIC both foresee 80% electron polarization. While CLIC considers unpolarized positron beams, the
ILC baseline design uses rotating targets and undulators to generate 30% positron polarization. This rate is expected to deteriorate
to 20% at the 1 TeV stage. The staged running foresees large data samples for ILC and CLIC at the highest energies: £ = 1.5 (5) ab~!
for y/s = 1.5 (3) TeV for CLIC, and £ =4 (8) ab~! for /s = 500 (1000) GeV for the ILC.

In comparison to proton colliders, the main topology of VBS processes remains unchanged at e*e™ colliders. At high energies,
the VBS signature is characterized by high-p, activity that is accompanied by two forward partons. These forward partons are either
neutrinos when VBS involves W scattering, or charged leptons when involving Z/y scattering. In order to accept forward charged
leptons or to veto them, a very good, low-angle coverage by the ILC and CLIC detectors is crucial. This is achieved by using the
luminosity and beam calorimeters (LumiCal and BeamCal), which have coverage down to 38-110 mrad (LumiCal) and 15-38 mrad
(BeamCal), respectively. Hence, they allow one to go down to rapidities as low as || ~ 4.9 in the forward direction [222]. Another
asset of electron—positron colliders is the possibility to perform VBS measurements with fully hadronic final states of the EW vector
bosons W=, Z. This is achieved using the particle flow algorithm as it was shown for the CLIC detector [223]. This allows a hadronic
W/ Z discrimination with an efficiency of 88%, as the particle flow algorithm almost completely removes the photon-induced hadron
background for energy ranges between 100 and 1200 GeV. The efficiency is slightly reduced to 71%-79% when considering the
photon-induced background in the high-energy regime of CLIC.

4.1.1. Anatomy of W+W ™ scattering at e*e™ colliders

While at hadron colliders the EW diboson production with additional QCD radiation constitutes the largest background
contamination for VBS processes, at ete™ colliders the dominant background is from EW radiation and other resonant EW production
processes. Fig. 4.1.1 shows examples of Feynman diagrams for W*+W~ — W*W ™ scattering and its backgrounds at ete™ colliders:
In the top row there are the signal diagrams for W+ W~ — W*W ™ containing triple and quartic gauge vertices and Higgs exchange.
The middle row shows the reducible background from photon fusion as well as from triple boson production and multi-peripheral
diagrams. The bottom row finally shows the irreducible background diagrams, mostly from EW radiation. Here, the term “reducible”
backgrounds refers to backgrounds with characteristic final states, topologies, or kinematics that can facilitate their removal with
selection cuts and other analysis-level requirements. “Irreducible” backgrounds are those that survive such selection cuts and
requirements on final-state particles. Note that diagrams with initial- and final-state EW radiation can be enhanced by large EW
logarithms; however, this regimes just begins in the multi-TeV range. Similar classes and types of diagrams to those in Fig. 4.1.1
are present for other VBS processes in high-energy lepton collisions.

There is quite some literature on the study of VBS at electron (-positron) colliders, which started with the first interests in linear
colliders in the late 1980s [225-227]. There were also quite some publications triggered by the TESLA preparations [228-231].
Among those were the ones first pointing out the interplay and gauge dependence between VBS and triple boson diagrams. At
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Table 4.1.1

SM cross sections in fb (+1% error) of signal and background processes for VV — W*W~ (upper) and VV — ZZ
(lower) scattering, with selection cuts for the fully hadronic final state in e*e™ collisions at \/E =14 TeV and
3 TeV. Both particle beams are unpolarized. Detection efficiencies and branching ratios are not included. All
cross sections have to be multiplied by the factors in the fourth column to take the misidentification of vector
bosons into account. For further details, see Ref. [224].

Process (ete” — X) Cl4 Tev 03 Tev Mis-ID Factor

Signal and background for VV - W*W~

WW-vv 0.119 0.790 1
WHW-ete™ < lab < lab 1
W*Ze¥v 0.269 1.200 0.136
ZZete < lab < lab 0.019
WW=(Z - vv) 0.039 0.610 1
Signal and background for VV — ZZ
ZZvv 0.084 0.790 1
ZZete < lab < lab 1
W=*Ze v 0.288 1.590 0.136
W*W-ete” < lab < lab 0.019
ZZ(Z — vV) < lab < lab 1
100 ~ -
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T_
=
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Fig. 4.1.2. The 90 % exclusion sensitivities for polarized (solid) and unpolarized (dashed) particle beams at energies of \/E = 1 (black), 1.4 (blue), 3TeV (red)
combined, assuming integrated luminosities of 5 ab™' at /s=1TeV, 1.5ab”! at \/s=14 TeV, and 2 ab™" at \f =4 TeV. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Source: Adapted from Ref. [224].

this time the EW corrections to (on-shell) VBS had been calculated [232,233]. Later on, the leading logarithmic corrections for the
off-shell process were calculated [98]. Also off-shell effects for Higgs processes in VBS have been studied [234]. Many studies were
devoted to the question whether a strongly coupled EW sector could be discovered in VBS at an e*e™ collider [235-239]. Within
these, some studies were also made for same-sign e~e~ colliders in order to access same-sign WW scattering.

In the following, we will describe the technical details how to extract the VBS signal at a lepton collider from the EW background
and the subtleties in how to look for deviations from the SM. The first, rather complete assessment of all backgrounds to VBS
and triple boson production has been made in [239], for 1 TeV, assuming 40% positron polarization. The main processes are
ete™ — viggqq, which contains the signal subprocesses W W~ — W*W =, ZZ as well as the triple-boson production V' — VVV.
The process ete™ — veqgqq consists of the signal subprocess W Z — W Z, and the process ete™ — ete™¢gqq contains the subprocess
ZZ - W*W~,ZZ. Cross sections range between a few fb up to 130 fb for the vejjj;j final state. The last three processes are
also populated by radiative Bhabha events. Six-(and eight-) fermion final states are contaminated by top pair production and 1 H,
which peaks at around 800 GeV center-of-mass energy. The largest individual background is from four-jet processes by diboson
production (and additional QCD radiation) which reaches up to almost 4 pb. Further backgrounds come from single-W production,
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Fig. 4.1.3. Differential cross sections depending on the invariant mass of the ZZ system in e*e™ — ZZvv at \/E = 3TeV. The solid lines show the signal process
wZZ with SM values Fg, = Fg, = 0. The red lines show matched EFT results with Fg, = 150.8 TeV~* and Fg, = —50.3 TeV ~*. The blue lines show an isoscalar
tensor resonance f with m;, =1 TeV, F, =174 TeV~!, and I '+ = 100 GeV. (Dashed lines: naive EFT results, solid lines: unitarized results). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Source: Adapted from Ref. [224].

ie., ete” — evqq, and radiative Z production, ete~ — e*e” Z. Another substantial background comes from di- and multi-jets which
amounts to 1.6 pb.

These older studies have been revisited in Ref. [224]. Table 4.1.1, using the simulation framework of [240,241], shows the total
cross sections for two different high-energy stages of CLIC at \/E = 1.4 and 3 TeV for on-shell vector boson production. In this
table SM cross sections in fb (+1% error) of signal and background processes for VV — W*W~ (upper) and VV — ZZ (lower)
scattering, with selection cuts for the fully hadronic final states. Selection cuts include: requiring that reconstructed W /Z bosons are
central through polar angle and p; cuts; requiring that the (W W)- or (Z Z)-system carry a large invariant mass and large transverse
momentum; and requiring final-state leptons be central or carry a large invariant mass. For more specifics, see Ref. [224]. The last
column of Table 4.1.1 is the correction factor due to the mis-identification efficiency for hadronic decays of vector bosons. It takes
into account a probability for mis-identification between W and Z bosons, and has to be taken into account experimentally. It is
apparent that the signal cross sections rise significantly from 1.4 to 3 TeV. The contamination from W Z scattering is particularly
noteworthy. Also note that the background from triboson production is irreducible as VBS and triboson production are in the same
class of EW gauge-invariant processes.

One possibility to enhance the VBS component is by a selection cut on the fiducial phase space. The following cuts can be
used to reduce the different backgrounds, which are adapted in their numerical values to the different energy stages of ILC and
CLIC: (1) Backgrounds from Z — vy, W+W~ diboson production, and the QCD 4-jet continuum can be significantly reduced by
an invariant mass cut on the neutrino/invisible system, M;,, (vv); (2) Backgrounds from -channel, multi-peripheral sub-processes
in the production can be reduced by cuts on the transverse momentum of single EW bosons, p, y,,, and simultaneously on the
(beam) angle of the EW boson, cos §(W /Z); (3) Photon-induced backgrounds from the effective photon approximation (EPA)/ISR-
like setups can be suppressed by transverse momentum cuts on the diboson systems, p, (W W, ZZ), respectively; furthermore,
very effective suppression is reached by vetoing visible forward electrons 6(e) > 15 mrad; (4) Finally, massive EW radiation can
be eliminated selecting certain (high-energy) windows of the diboson-system invariant masses, M,,,(W W, Z Z), respectively. For
details, see Ref. [224].

4.1.2. Constraining new physics in VBS at ete™ colliders

VBS is one of the tools to look for deviations from the SM in the EW sector. In a modern framework after the Higgs discovery,
deviations are described in terms of higher-dimensional operators. To derive constraints on these operators or finding a significant
deviation of experimental data from the SM by non-zero Wilson coefficients is the main task of these measurements.

There are several stages of describing new physics beyond the SM, as it was discussed in detail for VBS in [25]: (1) in terms of an
effective field theory expansion, (2) by a simplified model with generic new resonances, and (3) specific BSM models. In [224] the
sensitivity of ILC-1.0, CLIC-1.5 and CLIC-3.0 have been derived for dimension-eight operators in the SMEFT framework, shown in
Fig. 4.1.2. These results take into account a signal model that always stays within the unitarity bounds of the amplitudes [242,243].
There have been also studies on simplified models comprising resonances that couple dominantly to the EW diboson systems, such
that their production via Drell-Yan processes are too faint [224] (resonances coupling to transverse modes had been introduced
in [244], for LHC). This framework can be mapped in a leading-order power expansion to the standard SMEFT operators. An example
is shown for an isoscalar spin-2 resonance in Fig. 4.1.3. For more details, see Ref. [224].
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Fig. 4.2.1. PDFs of a muon at O = M, (Left) and 1 TeV (Right). Left: The solid (dashed) lines correspond to the PDFs with matching scale ugcp = 0.5 (0.7) GeV.
Right: The solid lines indicate the complete EW PDFs, while the dashed lines are the pure QED®QCD evolution for y,Z.,.q,g and the LO splittings for v, W,
respectively. Inset: the ratios of the solid to dashed lines with the same colors. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

In summary, these studies show that the clean environment of an electron-positron collider at highest energies is a fantastic
opportunity for searches for new physics in the EW sector. In general, the reach is much enhanced by being able to go to the
highest-available energies — there are proposals for plasma-wakefield driven accelerators that could reach tens of TeV — while
polarization of at least the electron beam is desirable in order to reduce backgrounds to provide discriminating analysis power
for the effects of new physics. This applies both to polarization measurements as well as to the resolution of CP quantum numbers.

4.2. EW parton distribution functions

The discovery of the Higgs boson at the LHC [245,246] symbolizes a great triumph of the SM, and understanding the properties
of the Higgs remains the community’s top priority. The next targets on the particle physics road map [16,17] require reaching a
new energy frontier. This can be achieved by building new colliders with partonic center-of-mass energies that are well beyond
O(1) TeV.

There are several pathways to reach such energies. For example: recently, breakthroughs in the cooling technology for a muon
beam provides a potential pathway to construct a u*u~ collider with a collision energy up to \/E ~ O(10) TeV [247]. A future 100
TeV proton—proton collider, such as the FCC-hh promoted by CERN [248] or the SppC promoted by IHEP [249], and which can
readily reach O(10) TeV partonic collisions, is another appealing option to push the energy frontier up to an unprecedented level.

Regardless of the specific collider, at collision energies well above the EW scale gy ~ M, all SM particles are essentially
massless and the SM gauge symmetry SU(2)®U(1)y is approximately restored [250]. In analogy to quark/gluon splitting in hadron
collisions, the collinear splitting mechanism involving the EW bosons becomes a dominant phenomenon in this kinematic regime. For
initial-state radiation, the EW parton distribution function (PDF) formalism should be adopted as a proper description, which resums
potentially large collinear logarithms [251-254]. Similarly, final-state EW radiation and associated logarithms should be resummed
by fragmentation functions [255], or equivalently by the Sudakov form factor implemented in the parton showering [250] (see also
Section 4.3 for related details). From this perspective, one can think of VBS as being initiated by a pair of initial-state EW bosons
instead of a pair of initial-state leptons or quarks (and intermediate EW bosons).

In this section, we present results of recent work [253,254] on EW PDFs and their corresponding application to high-energy
lepton colliders. In Section 4.2.1, we lay out the EW PDF formalism up to double-log accuracy, and present some numerical results.
Application to representative SM processes at a multi-TeV muon collider is discussed in Section 4.2.2. We summarize and conclude
in Section 4.2.3. This formalism is equally applicable for an e*e™ collider, with an enhancement by a factor of log(mi /m?). It is also
straightforward to extend this formalism to high-energy hadron colliders, which is left for a future work.

4.2.1. The electroweak parton distribution functions
Parton distribution functions f;(x, Q) evolve according to the well-known DGLAP equations [256-259]

df; ar I
=YY plgf., 4.2.1
dlogQ2 Zzﬂ-; ij ®f] ( )

where I runs over the SM gauge and Yukawa interactions, and the indices i, j run over all particle species. (In principle, the evolution
for particles of different chiralities are different. However, this notation is suppressed here for clarity.) In the above expression, QO
is the evolution scale, a;(, = Q) is the renormalized coupling of gauge interaction I, and P,I _ is the j — i splitting function under
1. The operator ® denotes the usual convolution over momentum fractions x. The full SM spectrum is characterized by two scales,
Agep ~ 200 MeV and Agy ~ 250 GeV. To validate the QCD perturbativity, we adopt a matching scale pgp to separate the pure QED
region at low energy from the QED®QCD region at an intermediate scale. Below pqgp, only photon and light charged fermions are
active through the electromagnetic interactions. Above jgcp, the QCD interaction enters, and the gluon becomes an active parton
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Fig. 4.2.2. The semi-inclusive cross sections of the W*W~ (Left) and ZH (Right) production and the corresponding decomposition channels at high-energy
muon colliders with collision energy from 1 to 30 TeV.

content as well. In this approach, the non-perturbative effect is parameterized with this threshold variable pqcp, which in principle
should be determined through data or lattice simulation. In practice, we take pgcp = 0.5 GeV, inspired by the critical scale in
Ref. [260]. Its variation quantifies the corresponding QCD threshold uncertainty.

Below the EW scale 0% « ”f:w’ the effects of the massive EW gauge bosons are suppressed by g>Q?/ Mé and the corresponding
partons are inactive. Above the EW scale, all the EW states are activated and evolve according to the unbroken SM gauge group.
It is more convenient to work in the gauge basis with the EW partons B, W*3. At the EW scale ugy, a matching condition bridges
the PDFs in the QED®QCD to EW regions with a general relation

c2 52 —cy s
B W W wSw v
fws |=] s c, ewsw || 72 1 (4.2.2)
2 _ 2
Sws 2eysw “2ewsw oy — sy )\ fyz

where sy, = sin 6y, is the sine of the weak mixing angle and

Sy, Mz) #0, fz(x,Mz)=0, f,z(x,Mz)=0. (4.2.3)

The mixed PDF frz (or fgy3) represents the coherently mixed state, resulted from the interference between the y,Z (or
B, W3) [250,251,261].

As the QCD/EW partonic formalism is set up, the PDFs of a leptonic beam are fully calculable in a perturbative framework. For
a momentum fraction x and factorization scale 4, the initial conditions start from the lepton mass m, at the leading order as

Jfepe(xmp =mg) =6(1 - x), 4.2.49)

while all other partons are zero at the initialization scale Q% = m?,. We solve the DGLAP equations and obtain PDFs for a high-energy
muon beam, with two typical scales Q = M, and 1 TeV shown in Fig. 4.2.1. The PDFs at some other scales and the corresponding
parton luminosities for muon colliders at various energies can be found in Refs. [253,254]. Many important features for the light-
flavor PDFs are discussed in Ref. [254] and the EW PDFs in Refs. [253]. Here, we want to emphasize the threshold uncertainty
estimated by varying the matching scale as ugcp = 0.7 GeV [260]. The overall size is a few percent for quark and gluon PDFs.
Compared to up-type PDFs, the relative variation of the down-type PDFs is larger, because the corresponding absolute PDFs are
smaller resulted from the smaller electromagnetic charges. For an electron beam, the ygcp uncertainty is expected to be larger due
to the larger logarithm log(ﬂéCD /mi) [254]. The impact on the lepton and photon PDFs is negligible, as the QCD interactions only
enter as a higher-order effect.

In Fig. 4.2.1(right), the complete EW PDFs at Q = 1 TeV are shown as solid curves. The sea-flavor fermions can be expressed in
terms of valence-flavor (val) fermions and are given by the summations

Ne
fraa=Trg* 2, Ue,+12), (4.2.5)
iifval
Ne
fo= 2, + fo) (4.2.6)
5, v,
fo= D fu+ Fa)+ D Fa, + Fa)- (4.2.7)

Here N, = 3 as the top quark becomes active as well above pgy. For the neutral current components, we convert the PDFs back
to the mass basis and sum over y, Z and the mixing yZ. Besides the EW PDFs, we also show the ones obtained through the pure
QED®QCD evolution for £, q,g and y, Z,yZ and the leading order splittings for neutrino and W;- PDFs. The difference between
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Fig. 4.2.3. Normalized di-boson rapidity distributions for W*W - (Left) and ZH (Right) production at a muon collider at \f = 14 TeV. Annihilation (uu, black)
and diboson fusion (colored) processes are compared. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

the solid and dashed curves quantifies the (higher-order) EW corrections. At Q = 1 TeV, the overall size of EW corrections is about
10% ~ 20%, depending on the specific components. If we look at a specific flavor, such as the down-type quarks, the EW corrections
can be much larger, due to the relatively large SU(2); gauge coupling compared with the corresponding electromagnetic one. The
EW corrections to the neutral current PDFs are as large as 20%, mostly due to the new components, Z and yZ. The LO splittings
for W and v come from y — W, which correspond to the Effective W /Z Approximation [3,262,263]. At a small x, the resummed
neutrino PDF f, deviates from the LO 1/(1 - x) behavior due to the higher-order returns in the splitting W — ¢v. For the fy, PDF,
the higher-order corrections are positive at small x and negative at large x. In Fig. 4.2.1, we also demonstrate the W, PDF, which
does not evolve with scale Q at the leading order, as a remnant of the EW symmetry breaking.

4.2.2. The standard candle cross sections at a u*u~ collider

In this section, we consider W+W ™~ and Z H production at a multi-TeV u*u~ collider as standard candles to illuminate the effects
of EW PDFs. This is done by comparing the cross sections for x*u~ annihilation and V'V scattering to the analogous final state.
The impact on the other SM processes such as 17, HH, and (7H production at high invariant mass can be found in Refs. [253] and
di-jet production at low invariant mass in Ref. [254]. In Fig. 4.2.2, we show the semi-inclusive cross sections and the corresponding
decomposition versus the collider center-of-mass energy \/E from 1 to 30 TeV. Tight cutoffs | cos 8| < 0.99 and \/§ > 500 GeV, where
\/E is the invariant mass of the diboson system, have been imposed for the W /Z initiated processes in the center-of-mass frame
to assure the validity of EW PDF formalism. Compared with the annihilation processes, VBF takes over at higher energies around
\/s ~ 2 TeV for both W*W~ and ZH production. At 1/s = 30 TeV, the VBF cross sections are 3 orders of magnitude larger than
direct annihilation.

When examining the decomposition, we see the W* W~ production is mainly contributed from the yy and W;W;. This is a
general feature for EW gauge boson productions, due to the self-coupling of the non-Abelian gauge group SU(2),. The neutral
current channels yy, ZZ,yZ dominate over the W;W;- one due to the relatively large PDFs, which is explicitly shown in Fig. 4.2.1
at Q = 1 TeV. Wy gives a larger contribution than W, due to the large logarithm enhancement in the W, PDF, while W, does
not evolve with scales. In comparison, we see ZH production mainly comes from the W;W,; component, which contributes over
90% of the total cross section. It can be understood in terms of the Goldstone equivalence theorem [250,264]. The Higgs is largely
mediated by the longitudinal gauge W;, due to the large scalar self-coupling. Compared with the W;W; component, the W; W
one is about one order of magnitude larger, as a result of the large interaction to the longitudinal Z boson.

As we know, the kinematic distribution of the direct annihilation behaves very differently from the fusion processes. The key
features are the invariant mass and rapidity of the final-state particle system. In an annihilation process, the final-state particle
system carries the full collider energy, while the invariant mass of a fusion system starts from low energy around the threshold and
drops very fast. The corresponding distributions are already explicitly shown in Ref. [253] for 7 production and in Ref. [254] for
di-jet production. The general features remain the same for W*+W ™~ and ZH production. The normalized rapidity distributions of
the di-boson systems of W*W ™ and Z H production from various components are shown in Fig. 4.2.3 for a possible y*u~ collider at
\/E = 14 TeV. As expected, the annihilation (uu, black histogram in the plot) sharply peaks around y;; ~ 0, with long tails at larger
rapidities due to initial state radiation (ISR). In contrast, the fusion processes show a much larger spread in rapidity. Comparing
different fusions to W* W~ production, we see the yy-initiated processes (orange histogram) show larger tails while the EW gauge
boson-initiated ones exhibit smaller rapidity values. For the Z H production (Fig. 4.2.3, right), the transversal W;W;. spreads out
more than the longitudinal components.

Finally, the normalized pseudo-rapidity () distributions of the final-state bosons in the W*W ™~ and Z H production are shown
in Fig. 4.2.4. We note that both bosons are included in the » distributions. For the W*W ~ production, we see a large rate of the W
bosons are produced in the forward region, especially for the annihilation and yy fusion processes. In direct annihilation, the W+W—
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references to color in this figure legend, the reader is referred to the web version of this article.)

can be produced through ¢-channel neutrino exchange, which gives the collinear 1/(1 — cos? 8) behavior of the final W bosons.? A
similar 7-channel exists for the yy fusion process through the W boson exchange. This collinear feature is largely regulated in the
EW gauge boson-initiated processes by the mass effect. In the ZH production, we see the s-channel (1 — cos? #) behavior for the
annihilation process. In the fusion ones, the W;-initiated process gives much more central final states while the W, -initiated one is
relatively forward.

4.2.3. Summary

In high-energy collisions at future colliders, splitting phenomena involving weak bosons begin to dominate because of the
logarithmic enhancement in 7, u-channel exchanges of weak bosons. The EW PDF formalism should be adopted, which factorizes
the scattering processes into the hard partonic cross sections and the collinear PDFs. The PDFs evolve according to the SM DGLAP
equations, which effectively resums potentially large logarithms. The EW PDFs for high-energy leptonic beams are completed in the
recent works Refs. [253,254]. In this report, some follow-up and supplementary results are presented.

In Section 4.2.1, we present the EW PDFs at the EW matching scale O = M, and one higher scale O = 1 TeV, and explore
the QCD threshold uncertainty by varying the matching scale within pgep = 0.5 ~ 0.7 GeV [260]. The impacts on the quark and
gluon PDFs of a muon beam at Q = M, are less than 10%, while no impact on the lepton and photon PDFs are observed. This
uncertainty becomes smaller when energy evolves to higher scales. Above the EW scale at O = 1 TeV, we explicitly demonstrate
the EW corrections to light-flavor PDFs are about 10% ~ 20%. The higher-order correction to the Effective W /Z Approximation is
positive (negative) at small (large) momentum fraction x. The corrections to the neutral current PDFs are mainly due to the new
contribution from the Z and yZ components.

In Section 4.2.2, we take W*W ™~ and ZH production at a high-energy muon collider as standard candles to illuminate the
effects of EW PDFs. We see the VBFs take over the annihilation processes around the center-of-mass collision energy /s ~ 2 TeV.
The EW PDF formalism gives the advantage to examine the decomposition from various sub-channels. We find that the transverse
gauge bosons initiated processes dominate the W* W~ production, while the ZH mainly comes from W; W; due to the Goldstone
equivalence theorem [250,264]. Some important kinematic distributions are explicitly presented.

In this report, we mainly explored the EW PDFs for a high-energy muon beam and the corresponding effects at muon colliders.
It can be easily extended to an electron collider, which is examined in the recent work Ref. [254]. The EW PDF formalism is equally
applicable to the proton beam, with quarks and gluons as the radiation source, which is expected to make an impact on the future
100 TeV proton—proton colliders [248,249].

4.3. EW parton showers

Monte Carlo event generators have become an indispensable component of the particle physics toolkit. In most cases, they are
the only valid option for the translation of theoretical models to predictions for data measured at collider experiments. At the
LHC Run 2, analyses are already frequently limited by theoretical uncertainties, originating from either incomplete modeling of the
underlying physics or from insufficient statistics due to the inefficiency of current codes. With the upcoming luminosity upgrade of
the LHC and future colliders in mind, the improvement of the current state of the art in terms of both accuracy and efficiency is
thus critically important.

Fortunately, recent years have seen a number of developments on both fronts. In the area of computational efficiency, major
issues are being tackled. An example is the improvement in the treatment of negative event weights, which often occur in the context

2 The singularity is regulated by the W boson mass.
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Fig. 4.3.1. Mass spectra of the decay of a 1 TeV left-handed top quark. The matched spectrum (orange) is the numerical combination of the Breit-Wigner
distribution (green) for small virtualities, and the shower distribution (blue) for large virtualities. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4.3.2. Invariant mass spectra resulting from including neutral boson interference in the showering of a 10 TeV left-handed electron (Left) and a right-handed
electron (Right).

of matching fixed-order calculations to parton showers and lead to lower statistical power of an event sample. They may be tackled
by improvement of the matching procedure [265,266], re-sampling techniques [267,268], or they may be used as training data for
generative machine learning models which can then be used to sample unweighted events [269,270]. Those same generative models
offer an exciting new avenue for the sampling of multi-leg, fixed-order calculations [269,271-273], which are currently a major
computational bottleneck for analyses that require matrix element merging up to high multiplicities. Complementary perspectives
include avoiding negative event weights altogether [91].

In the area of theoretical accuracy, some of the remaining challenges are of a technical nature. For instance, NNLO calculations
are becoming increasingly available, but their matching to parton showers and the merging of higher-multiplicity LO or NLO samples
is a very complex task, see for example Refs. [274,275]. Even if it is solved in a general sense, the resulting event generators may
prove to be computationally prohibitive. On the other hand, the challenges in the field of parton shower development are of a more
theoretical nature, and much progress has been made there in recent years. The requirements for formal NLL accuracy were set out
in Refs. [276-278], and progress on the inclusion of the higher-order branching kernels is being made [279,280]. Much work has
also been done on the inclusion of sub-leading color effects [281-285], although they are not yet part of standard event generator
codes.

Finally, progress towards including EW effects in parton showers is currently being made [250,286-288]. In the EW sector,
the large logarithms resummed by the parton shower are regulated by the EW scale, but at sufficiently large energies still lead to
sizeable contributions. Negative virtual EW corrections have been computed and resummed for many processes and observables
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(see for instance Ref. [289] and references therein), and their incorporation into a parton shower offers a process-independent way
of including such corrections systematically.

Similarly, at large enough energies, EW vector bosons, top quarks, and even Higgs bosons start to appear as parts of jets and
contribute to fragmentation functions [255,290,291] and parton density functions [251-254,262,263]. It is the connection to these
last two points that make EW parton showers particularly relevant to VBS at higher energies. As described in Section 4.2, it becomes
meaningful to discuss the W /Z content of high-energy leptons and protons. This means that the VBS process can be modeled, with
some uncertainty, as the scattering of two initial-state EW bosons that propagate along the beam axis and carry no transverse
momentum. In real life, initial-state W/Z bosons carry some p; since they are generated perturbatively, ie., through f; - f;V
splitting where f; and f; are leptons or quarks. This absence of py is a source of uncertainty but is precisely described by backwards
evolution/fragmentation in EW parton showers [292]. (This is analogous to matching gg — tf to qg — ttq and qq — ttqq’ via
backwards evolution in QCD.) Therefore, using EW boson PDFs to describe VBS at high energies requires an EW parton shower to
correctly describe particle kinematics. Eventially, all of these effects must be included in the general-purpose event generators. A
particular case study is the implementation of EW corrections into the Vincia parton shower [293], which highlights some of the
unique features that appear in the EW sector at high energies.

4.3.1. Vincia: Electroweak showers in simulation

Parton showers are a critical component of Monte Carlo event generators, serving as the link between high-scale, fixed-
order calculations and low-scale, non-perturbative physics. They offer a process-independent and fully differentiable resummation
framework, incorporating the large logarithms associated with soft and collinear branchings of the partons produced in the hard
scattering [294]. The Vincia shower is one of many showers currently available, which all make slightly different choices in their
modeling of the same physics. Vincia is based on the antenna subtraction formalism [295,296], of which implementation details
may be found in Ref. [293]. One of Vincia’s unique features is that it allows for the evolution of states of definite helicity [297,298].
Due to the chiral nature of the EW sector, this type of propagation of spin information is crucial for the correct modeling of EW
corrections. In the following, a qualitative outline is given on the modeling a number of features that are unique to the EW sector.
Technicalities of the implementation are detailed in Refs. [288].

4.3.2. Branching kernels

Branching kernels are one of the core components of a parton shower. They contain the dynamics of the soft and collinear
branchings it generates. The calculation of EW branching kernels, which are antenna functions in case of Vincia, mostly proceeds
analogously to their QCD counterpart. The EW sector contains a rich physical landscape, leading to a vast number of collinear 1 — 2
branchings involving both spin-1 and spin-0 states. These include triple vector boson branchings, like W** — W=*Z; branchings
that involve a Higgs, like Z* — Zh; and resonance-type branchings, like t — bW™* or Z* — 1i. Particular care needs to be taken
in the calculation of branching rates that involve longitudinal polarizations, where the scalar component can lead to spurious,
unitarity-violating terms. These may be removed by performing the calculation in a suitable gauge and using Goldstone-gauge boson
equivalence [250,299,300], or by using the spinor-helicity formalism and isolating the terms directly [288]. The results, computed
for all possible spin states, reveal many features that are a direct consequence of EW symmetry breaking. For example, one observes
the usual mass-suppression in the branching Q; — OpZ; in correspondence with the QCD branching Q; — Qpg, but additional
terms proportional to m? also appear. On the other hand, the branching Q; — QzZ; is not mass-suppressed, but it instead behaves
like a scalar branching in correspondence with Goldstone boson equivalence.

4.3.3. Resonance matching

The EW shower includes branchings like Z — f £, which would normally be associated with a resonance decay. When these
branchings occur at virtualities Q% >> QZEW, the resonance mass is a small correction and the EW shower offers an accurate
description of the underlying physics. However, closer to the EW scale, it is well-known that the branching spectrum should follow
a mass-dependent Breit-Wigner distribution. Interestingly, the Breit-Wigner distribution involves a different kind of resummation
through the Dyson summation of the width. It is theoretically unclear how these two resummations should be matched, so the Vincia
implementation makes use of a numerical matching procedure that complements PyrHia [301]’s usual treatment of resonances. That
is, any resonances produced by the EW shower are assigned a mass according to a Breit-Wigner distribution. The resonance-type
branchings of EW shower are then suppressed close to the EW scale, and the resonance is decayed when the shower passes the
off-shellness scale of the resonance. An example of a top quark resonance decay spectrum is shown in Fig. 4.3.1.

4.3.4. Neutral boson interference

The EW sector contains multiple neutral bosons that may interfere with each other. For instance, the EW shower paradigm models
the process ej g — ey /g Z7/v — e; ;g WHW ™ as an incoherent sum of two separate contributions corresponding with intermediate
Zp or y. However, in this process the interference between the neutral boson can lead to O(1) effects. To see this, one may consider
that the Z;/y - W*W ™ coupling is purely of SU(2) nature. An ey has small SU(2) content, so the coherent W*W ~-contribution
should be suppressed, while the e; has large SU(2) content, leading to an enhancement. For reasons of computational efficiency,
the Vincia implementation incorporates this effect at leading order only by applying an event weight that corrects the incoherent
sum of branching kernels to a coherent one. The result of the application of this event weight is shown in Fig. 4.3.2. Note that the
neutrino rate is not modified because it does not couple to the intermediate photon. The W*W ~ rates are affected due to the SU(2)
nature of the y/Z W+W~ coupling.
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Fig. 4.3.3. Upper: As a function of angular separation between the vector bosons 4Ry, the LO matrix element (ME) for pp — V'V (solid black) and the Vincia
prediction (solid blue), which consists of the sum of pp - V'V + Vincia QCD (dashed red) and pp — V'j + Vincia EW (dashed yellow), evaluated at 14 TeV when
the overlap veto is disabled (left) or enabled (right). Lower: Ratio with respect to LO ME. All simulations require jet p, in the range p; € (0.5 TeV, 1 TeV). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.3.5. Double counting of hard processes

When QCD and EW branchings are both enabled, a technical double counting problem may appear. To see this, consider for
example the process pp — V'V j. For any point in phase space, this final state may be reached either by starting from pp — V'V
and adding an initial-state QCD emission. The same configuration can also be obtain by starting from pp - Vj and adding an EW
emission. Including both types of emissions leads to a double counting issue that needs to be addressed explicitly.

To that end, Vincia generalizes a procedure used in Ref. [286], wherein a veto based on a kp-like measure is applied to ensure
that every phase space point is populated by the path that describes the physics the most accurately. A validation of this procedure
is shown in Fig. 4.3.3, where Vincia is compared to the LO matrix element of pp — V'V as a function of the angular separation
between the vector bosons AR, and with the requirement 0.5 TeV < p jo; < 1 TeV. The Vincia prediction consists of the sum of
pp — V'V with a QCD emission and pp — Vj with an EW emission. For small angular separations, the vector bosons are collinear
and the EW shower should perform best, while at large angular separation the vector bosons are back-to-back and the QCD shower
should be preferred. In absence of the overlap veto, the Vincia prediction clearly overshoots the direct matrix element significantly,
while closely matching it when it is enabled.

4.3.6. Summary

The incorporation of EW corrections in parton showers is one of the many promising recent developments in the development
and improvement of Monte Carlo event generators. The EW sector offers a rich physics landscape that leads to a large number of
inspiring challenges. In this section, features of EW corrections in parton showers, and particularly in Vincia, have been highlighted.
While the most significant contributions are included in this implementation, many outstanding problems such as soft coherence,
spin-interference effects and Bloch-Nordsieck violation, have yet to be solved. Vincia’s EW shower has been part of PyrHia since its
8.304 release.

4.4. SMEFT with VBS at u*u~ colliders

As discussed above, the community has started to discuss the possibility of a multi-TeV muon collider [247,302-305]. As their
mass is about 200 times heavier than the electron mass, they emit much less synchroton radiation, suggesting that muons could be
ideal candidates to explore the high-energy frontier. At the same time, being fundamental particles, they do not entail the challenges
of proton colliders in terms of QCD background, and could potentially allow for a rather clean environment. The main challenges
however all stem from the fact that muons are not stable particles, and their decay complicates both beam production and detector
designs [247,306,307]. Despite the serious R&D challenges, there has been a recent increase of interest with many studies assessing
the physics potential of these machines [253,292,302-305,308-320].

In particular it has been observed that at sufficiently high energies, one expects VBS to become the dominant production mode
with respect to s-channel production. This seems to hold not only for SM processes, but also for not too heavy BSM scenarios [302].
Leaving aside the discovery potential, a muon collider seems to be also an ideal machine to probe new physics indirectly, taking
advantage of the high energy scatterings of EW bosons to scout tails of distributions and exploit enhanced energy behavior. In this
perspective, the SMEFT offers a flexible, semi-model-independent framework to parameterize new physics and it is worth exploring
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Fig. 4.4.1. Parton luminosities @ as a function of the scattering energy fraction \f =My, / \ﬂ (see text). Comparison between the W W parton luminosities
at muon and proton colliders (Left), and the difference between Z and W bosons luminosities at a muon collider (Right). The parton luminosities have been
decomposed among the various helicity combinations. Bands are given by variations of the factorization scales.

Source: Adapted from Ref. [302].

the prospects of indirectly finding BSM at muon colliders through VBS. Such a program would build on and complement the on-going
program at the LHC (for additional details on the LHC program, see also Sections Section 2.1.3, 3.2, and 3.3.3).

4.4.1. EW bosons luminosities

Since it can be shown that above ~ 5 TeV a muon collider becomes effectively an EW boson collider [292,302], it is worth having
a comparison of the potential for EW VBS between muon and proton colliders. In order to make this comparison, we employ the
language of parton luminosity and make use of the Effective W /Z Approximation [262,263], or sometimes also called the Effective
Vector Boson Approximation. This allows us to describe the emission of EW bosons on the same footing as QCD partons in protons,
i.e., describe the W /Z content of a lepton or proton beam. Under this approximation, splitting functions can be used to describe
the likelihood of collinear f — V f” splitting, where f is any lepton or quark and V is an EW gauge boson.

In particular, for W/Z bosons of helicity 4 and longitudinal energy fraction ¢ = Ey, /E, the leading order PDFs for a transversely
polarized ( Fvprr) and longitudinally polarized ( Sy, ) V are given by the expressions

Svpyp&oup) = <

1672
VSO R L TR 2
><(gV+gA) (g, £8,)°(1=&) log LY “41)
¢ v
_C a2, o f1-¢
fVO/f(ésﬂf)—m(gV +8, )<T> (4.4.2)

Here, 4, is the collinear factorization scale, My, is the mass of V = W /Z, and C, g{;, and gﬁ represent the appropriate weak gauge
couplings of f. Explicitly, these are given by

W =8 o —
forV=w: C—g, gy =—g,=1, (4.4.3)
2
forv=2: c:’i—g, gl“,:%(Tz)f—QfsinZGW,
cos* Oy,
F__ Ly
gi=-7(1)", (4.4.4)

where Q/ is the electric charge of f, (Tz)f is its weak isospin charge, g ~ 0.65 is the weak coupling constant, and 6y, is the usual
weak mixing angle. Note that the PDFs here are not resummed, unlike those discussed in Section 4.2.

Given these PDFs, we can define the parton luminosity (@) for helicity-polarized W+ W~ pairs carrying polarizations (4, 4,),
and a squared invariant mass of M va = (py+ + py-)* = s in a muon collider of energy /s as

' ag
Dy WA;(T’”f)z/T = Iw s (Eby) Ty g <§’”f> : (4.4.5)

For a proton collider, the analogous expression is given by additional convolutions of W /Z PDFs in quarks with quark PDFs in
protons. Analytically, this given by

1 1 1

d d d
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Fig. 4.4.2. Multi-boson production cross sections at a muon collider as a function of colliding energy. Solid lines show VBS production while dashed lines show
s-channel ones. The former benefits from a logarithmic growth with respect to the latter that decreases with energy. The light-shaded region corresponds to at
least 10k expected events, while the darker shaded region to 1M.

Source: Adapted from Ref. [302].

fo/q(ZZ)fVi’,/q’(zl) [fq/p(é)fq’/p <§ZT_Z2> + S (ﬁ) fq’/p(g)] :
Here, f,,, are the usual PDFs for quarks in a proton.

As it can be seen in Fig. 4.4.1, where we plot the luminosities as function of the hard scattering energy fraction 7 = M fVW/ s,
at a muon collider we would benefit from much higher parton luminosities. This is particularly striking at high energy, where the
proton luminosities are significantly more suppressed. On the right of the figure, we also show a comparison between W and Z
luminosities at a muon collider, observing an expected order of magnitude difference in favor of the WW components.

4.4.2. VBS prospects

The aforementioned analysis seems to indicate that a high-energy muon collider is the perfect stage to fully exploit VBS and
explore the EW sector. As a matter of fact, VBS provide unique sensitivity at high energies and is a fundamental part of a successful
program of EW precision measurements. At the LHC there are significant challenges since signal-to-background ratios are not
favorable. In particular, it is diboson production which dominates, but this class of processes probe very different kinematic regimes
and interactions. At a muon collider the situation is reversed: diboson production is significantly smaller, and becomes negligible
at high energy (see Fig. 4.4.2). In terms of SMEFT operators at dimension six, the most relevant ones that affect VBS physics are
listed in Table 4.4.1.

The listed operators modify in particular the self- interaction of the EW bosons and the coupling to the Higgs as well. They
do so with different Lorentz structures with respect to the SM ones. It is important to remember that the SMEFT should be treated
globally, since it is unrealistic that only certain operators are generated by the full UV theory. However, currently no global analysis
including VBS exist but simplified analysis can already bring useful information to the table. Recently in Ref. [120] a first step to
include VBS processes in a global fit has been taken. In particular, they perform a joint analysis with diboson data at the LHC and
observe that VBS can improve the sensitivity to several dimension-six operators, while opening up new windows on operators like
0, and O, which are left basically unconstrained by diboson data. We can give a first estimate of the potential to constrain these
operators at a high-energy muon collider, by assuming that a cross section measurement compatible to the SM is obtained. The total
cross section in the SMEFT at linear level is given by

C.
o =0su+ D, 30 (4.4.7)
1
where i runs through the different operators affecting the process. One can project limits at 95% CL on the Wilson coefficients C;

by a simple signal-to-background estimate

s S _E ool (4.4.8)
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Table 4.4.1

Dimension-six SMEFT operators most relevant to VBS physics.
Operator Coefficient Definition
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Fig. 4.4.3. Projections for the limits imposed on the Wilson coefficients C of the operators ©,, and O,, at a future muon collider at 3 TeV (Left) and 14 TeV
(Right).
Source: Adapted from Ref. [302].

Here, S is the statistical significance of the simplified Gaussian estimator, and S (B) is the number of signal (background) events
for an integrated luminosity L. (See Ref. [247] for details on the projected luminosities at a muon collider.) In Fig. 4.4.3 we show
the projections for benchmark collider energies 3 and 14 TeV, combining three different processes.

The importance of combining multiple processes and measurements cannot be possibly understated. A single data point presents
flat directions in the Wilson coefficients parameter space and the combination of them is crucial to break the degeneracies and gain
sensitivity. As expected, we see a striking improvement when we consider a multi-TeV machine as compared to a few-TeV one. In
particular, this is the result of both a higher cross section (more statistics) and the energy enhanced operator effects, that concur in
increasing dramatically the sensitivity.

4.4.3. Summary

Muon colliders are among the most promising machines to probe the EW sector by exploring both the precision and high-
energy frontiers. In this section we discussed how muon colliders are effectively EW boson colliders, allowing us to fully exploit
the sensitivity to new physics that the scattering of vector bosons can probe. In particular, we showed projections on the bounds
that can be imposed on two operators that are still left unconstrained by diboson data at the LHC. This analysis is however very
simplistic, including only inclusive cross sections. Since no observable optimization was performed, nor differential distributions
used, this is arguably a conservative projection.

4.5. BSM with VBS at u*u~ colliders

The starting point of this section is the observation [292,302] that at sufficiently high energies the EW VBS/VBF become the
dominant production mechanisms at a multi-TeV lepton collider. We anticipate this holding for all SM final states relevant to studying
the EW sector and/or the direct search of (not too heavy) new physics.

The main interest of this section is the BSM capabilities of a multi-TeV muon collider but we present first some results of relevant
production processes via VBF, namely

wtuy - XVHV” (4.5.1)

and their counterpart from muon annihilation (through the s-channel). Some cross sections of SM processes are shown in Table 4.5.1.
As already stated, the VBF processes shown here and also their partner with muons in the final state (u*y~ — X ptu~) exhibit
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Fig. 4.5.1. Cross section [fb] via VBF (solid lines) and s-channel annihilation (dashed lines) for H,Z associated production in the 2HDM (left) and i pair
production in the MSSM (right).
Source: From Ref. [302].

Table 4.5.1

W*W~ fusion and analogous s-channel annihilation cross sections ¢ [fb] for various VBF and s-channel processes in the SM as a function of
collider energy \ﬂ [TeV].

o [fb] \s=1Tev \s=3 Tev \/s=14 Tev /s =30 Tev

VBF s-ch. VBF s-ch. VBF s-ch. VBF s-ch
I 4.3-107" 1.7-10? 5.1-10° 1.9-10! 2.1-10' 8.8-10"! 3.1-10" 1.9-107!
H 2.1-102 - 5.0-102 - 9.4-102 - 1.2:108 -
HH 7.4-1072 - 8.2:107! - 4.4.10° - 7.4-10° -
ww 1.6-10" 2.7-10° 1.2-102 4,710 5.3:102 3.2:10" 8.5-10? 8.3-10°
zz 6.4-10° 1.5-10? 5.6-10! 2.6-10! 2.6-10% 1.8-10° 4.2.10% 4.6-107!

a logarithmic growth in the cross section with increasing collider energy, and eventually overcome the s-channel production
processes [302].

4.5.1. New physics potential at a multi-TeV u collider

In this section, we present a survey of BSM models and the potential sensitivity of a u*u~ collider. We note that BSM searches at
future lepton colliders have been studied previously in the literature [321]. However the energy range considered was /s < 3 TeV.
Conversely, we extend the energy up to \/— =30 TeV to better exploit the cross section growth with energy due to VBF. Explicitly,
we consider the s-channel annihilation and VBF processes

uty™ - X and utu - Xxef. (4.5.2)

Here, ¢ € {u®, (v_ﬂ)} and X is some BSM final state, which may include SM particles. We focus on the complementary nature of the two
processes because while s-channel annihilation grants accesses to the highest available partonic center-of-mass energies, it comes at
the cost of a cross section suppression that scales as ¢ ~ 1/s when far above production threshold. On the other hand, in VBF, the
emission of transversely polarized, t-channel bosons gives rise to logarithmic factors that grow with the available collider energy
(see, e.g., Section 4.4.1 for additional details). Thus, VBF probes a continuum of mass scales while avoiding a strict 1/s-suppression,
but at the cost of EW coupling suppression.

As shown here and throughout previous sections, VBF production cross sections (¢V5F) grow with increasing \/E, a phenomenon
that follows from the propensity for forward emission of transverse gauge bosons at increasing collider energies. While the precise
dependence of ¢VBF on collider energies of course depends on the precise BSM signature, for example on the particles involved,
their underlying dynamics, and their kinematics, it nevertheless contrasts with s-channel, annihilation processes. These processes
feature cross sections (¢°~¢") that instead decrease with collider energy as ¢*~¢* ~ 1/s, when well above kinematic thresholds.
Hence, just as in the SM, we find a commonality in all VBF process here: assuming fixed model inputs, then for sufficiently high
collider energies, VBF cross sections exceed those of analogous, s-channel production modes.

Moreover we can roughly estimate the collider energy \/E at which ¢VBF surpasses o~ for a given final-state mass M.
Essentially, one must solve for when [302]

2 2
VBF g
9 s 2] [ )0g? 10 > 1. (4.5.3)
os=ch. 4z M2 ML " M2

Here, s is the total collider energy and the multiplicity factor S accounts for the number of transverse polarization configurations

contributing to the scattering process. This behavior is observed in the associated production of H,Z in a 2HDM depicted in
Fig. 4.5.1.
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Fig. 4.5.2. Required luminosity [fb] for a 5¢ discovery of H** (red) in the Georgi-Machacek model; i (blue), 7+ 7~ (purple), and #°7° (yellow) from in the
MSSM, using VBF in \/? =14 TeV (solid) and 30 TeV (dashed) muon collisions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Source: Adapted from Ref. [302].

Finally, Ref. [302] investigated the sensitivity of EW VBS to a variety of BSM scenarios at multi-TeV muon colliders. In order
to give an overview picture of this reach, we present in Fig. 4.5.2 the requisite integrated luminosity £ [fb=1] for a 5¢ discovery
as a function of new particle mass in \/E = 14 TeV (solid) and 30 TeV (dashed) muon collisions. There, the authors considered
specifically the doubly charged Higgs H** (red) from the Georgi-Machacek model, i (blue), 7+ 7~ (purple), and 7°7° (yellow)
pairs from the MSSM. As dedicated signal and background analyses are beyond the scope of this document, a zero background
hypothesis and full signal acceptance was assumed. Likewise, Ref. [302] used as a simple measure of statistical significance (S) the
formula, S = /L x 6. While this estimate is optimistic, it nevertheless gives a global picture of the ultimate physics capabilities of
the collider.

4.5.2. Complex Triplet extension of the Standard Model

In this Section we discuss the extension of the SM with a complex triplet with Y = 0, which we label the complex Triplet
extension of the SM (cTSM). The gauge and fermion sectors are identical to the SM ones, whereas the scalars of the model before
EW symmetry breaking are

¢* ) 1 fy Vart
D= , T=— 1 s 4.5.4
( P V2 < \/Et; —to (4.5.4)

where @ is a scalar doublet under SU(2); and T is a scalar triplet under SU(2),. We describe here the main feature of the model
and the interested reader could find more detail in Ref. [315]. As already stated, the only difference with the SM relies in the scalar
sector. Apart from the SM(-like) Higgs boson &, there is a second neutral Higgs boson hy, a massive pseudoscalar ap, and two
massive charged scalars h; p- Due to symmetry reasons, the pseudoscalar and one of the charged Higgs bosons are aligned with
their gauge eigenstates, even after EW symmetry breaking. The most important consequence is that the massive pseudoscalar is a
natural dark matter candidate. In order to study the model one can apply the phenomenological constraint on relevant mass (m,, )
and Higgs-mixing (Rfl) [315]:

my, = 125,18 £0.16GeV,  [Rf| > .99, (4.5.5)

+

T p» Is consistent with the

and also make sure that the loop-induced interaction A, y y, which are modified by the charged scalars A
Higgs in diphoton signal strength [322,323]:

ATLAS __ +0.15 CMS _ +0.20
pATIAS = 0.99%015 4 CMS — 1 10+020 (4.5.6)

Results are presented in Fig. 4.5.3. In particular in the upper plot of Fig. 4.5.3 we show Qh? versus mp,,, computed with
MapDM v.3.0 [324]. The blue points satisfy Eq. (4.5.5) together with the constraint from the diphoton signal, and are allowed by
the constraint on direct dark matter searches. By looking at the zoomed plots, one can see that the value for the DM mass for which
the correct dark matter relic is achieved is

mpy = my" ~ 1.5TeV, (4.5.7)

Ref. [315] has also considered the physics reach for some processes at a muon collider. These results are presented in Fig. 4.5.3
(lower plot), where the significance is plotted as function of the luminosity for the A, h%, h; W=, hy Z and h;h; production
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Fig. 4.5.3. Upper: Relic density as a function of the DM. In blue (gray) the points that are allowed (disallowed) by the direct searches [325-327]. The green area
represent the Planck results [328]. Lower: Significance vs luminosity for the hy, hy, hi W=, hy Z and h},h;, production processes through VBF at a 14 TeV muon
collider. The production cross sections are multiplied by the branching ratios Br(h; — W*W ™) or Br(hi — W*Z), depending on the channel considered. The
background considered is the VBF production of W*W ~Z in the SM, with M(W*W ™) = my, or MW*Z)= My - The process h},h; is considered background-free
because /7 is a long-lived state. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Source: Adapted from Ref. [315].

processes through VBF at a 14 TeV muon collider. In the definition of the significance, ¢ = .5/4/S + B, S and B stand for the

number of events for the signal and the background respectively,
S oty - hy vy V,) X Br(hy — wWtw). L,
B:owty - Ww- ViV L,

with MWW ™) = my, *5 GeV.

(4.5.8)
(4.5.9)
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Fig. 4.6.1. Left: The pseudo-rapidity distributions of the forward jets. Right: The distribution of the difference in pseudo-rapidities of the two forward jets.
Source: Figures are reproduced from Ref. [337].

A similar strategy is applied to the single production of 47 and the pair-production hyZ and hZW~. For the charged scalar
Higgs h7, the branching ratio Br(h; — W*Z) was considered. This give a conservative estimate on the significance vs luminosity
not because of the signal but for the higher cross section (via VBS) of W*W ~Z compared to W*W ~H [302]. The pair production
h%h7, has been considered background-free. The pure charged triplet /7 has a single decay channel, namely A% — ap(W*)*. Whereas
the pseudoscalar is undetectable, the process will give rise to displaced off-shell W boons: there is no SM process that have this
particular final state. This also gives rise to displaced leptons/jets plus missing energy in the final-state.

4.5.3. Summary

In this section, we explored a variety of simplified extensions of the SM and have shown how large VBS luminosities can maximize
the direct search for new physics. This feature is similar in all the BSM models considered and constitutes a motivation for a multi-
TeV muon collider, together of course with the sensitivity to SM and SMEFT that a muon collider can achieve. Also considered was
a specific model with a scalar dark matter candidate showing the interplay between cosmological constraint and collider searches
at a multi-TeV muon collider.

4.6. HH production from new particles at 100 TeV

In this final section, we turn to the outlook for H H production in the decays of new resonances at a hypothetical 100 TeV pp
collider. In general, VBS offers a unique window into new dynamics in the Higgs sector. In a class of models [329-334], the SM
Higgs doublet field, which contains four real fields, is itself a set of Goldstone modes, and are generated from the spontaneous
breaking of a larger global symmetry at a new compositeness scale f,. The strong dynamics at this scale would produce resonances
which couple to the longitudinal polarizations of W and Z bosons and the Higgs boson, leading to typical VBS processes as well as
double Higgs production via VBF [335]. In phenomenological model of Ref. [336], the Lagrangian

L=L +16”116 n—lm2n2+a—nr/0"7rad f (4.6.1)
SMT 2 w2 I uE e .6.
describes the interaction of a new scalar resonance 5 with z¢, the quartet of Goldstone modes in the Higgs doublet. The resemblance
of the notation to chiral perturbation theory is intentional. In the high-mass limit, the decay width of the # resonance is given
by [336]
2,3
a-m:
r,= nn (4.6.2)
8r f 3

If the dimensionless coupling a, is set to a, = 1, the longitudinal VBS process is completely unitarized by the combination of Higgs
boson and n boson exchange.

4.6.1. Results
A sensitivity study for this model was performed in Ref. [337] with the di-Higgs production channel in VBS, using the

Mabcrapru5 [88,89] and PyrHia8 [301] generators to simulate pp collisions. The study focused on the H — 77 decay mode, using a
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Fig. 4.6.2. Left: The distribution of Hy, the scalar sum of the transverse momenta of the central jets. Right: The distribution of dijet mass of the forward jets.
Source: Figures are adapted from Ref. [337].

Table 4.6.1

5¢ discovery mass reach for the n - HH — 4t resonance, as a function of the \ﬂ of a pp collider. The fractional
resonance width I, /m, is fixed at 20% and 70% respectively.

Source: These results are reproduced from [337].

£ [ab1] m, (TeV)

/s =50 Tev /s =100 TeV /s =200 TeV

20% 70% 20% 70% 20% 70%
1 1.26 1.89 1.75 2.81 2.27 3.85
3 1.58 2.31 2.25 3.42 2.88 4.65
10 2.02 2.83 2.90 418 3.66 5.63
30 2.49 3.36 3.56 4,94 4.44 6.60
100 3.06 3.97 4.33 5.83 5.38 7.74

r-tagging efficiency of 60%. The following irreducible background processes were included; (i) V'V jj — 4zjj production (V = Z,y*)
via purely EW couplings, (ii) ZZjj — 4rjj production via the presence of the strong coupling in the Feynman amplitudes, and (iii)
HHjj — 4tjj production via purely EW couplings. Misidentified backgrounds were estimated and expected to be negligible due
the to large = multiplicity. More specifically, a j — 7 mis-identification rate of ¢;_,, = 2% would lead to a suppression factor of
(e jﬂ)”' <$ 2-107% for multi-jet processes, even before the application of strong selection cuts. In this analysis, all  candidates
were required to have py(z;) > 100 GeV for i = 1, ..., 4, with the leading candidate having p;(z;) > 300 GeV, and a pseudorapidity
of |n(r;)| < 3. A multivariate analysis was used to combine the information from various kinematic quantities associated with the
resonance decay products and the forward jets produced by the scattered partons. The discovery potential is shown in Table 4.6.1.
Distributions of interest for the signal and background processes are shown in Figs. 4.6.1 and 4.6.2, which are reproduced from [337].

4.6.2. Summary

Using longitudinal VBS, a high-energy pp collider with energies beyond the LHC would be able to probe high-mass resonances
due to new strong dynamics in the Higgs sector. The discovery reach extends into the multi-TeV mass range for such resonances,
depending on the intrinsic width of the resonance and the collider energy and luminosity. At a 100 TeV pp collider with an integrated
luminosity of 30 ab™!, a scalar resonance of mass between 3.5 and 5 TeV (corresponding to a fractional width between 20% and
70%) is discoverable using the H — r7 channel alone [337].

The trade-off between collider energy and integrated luminosity for a given discovery mass reach favors higher luminosities for
a narrow, weakly-coupled resonance and higher energies for a wide, strongly-coupled resonance. For a fractional resonance width
of 20% (70%), a factor of two in collider energy is equivalent to a factor of 4.3 (8.7) in integrated luminosity [337].

5. Conclusions

As outlined in the European Strategy Update for Particle Physics [16,17], many open questions and mysteries exist in high
energy physics. These range from the more definitive, with question such as, “How strongly does the Higgs couple to itself and
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other elementary particles?”, to the more open-ended, with questions such as, “How does the EW sector behave in the massless
limit?” In many cases, these mysteries can be understood through the presence of new particles and new interactions. That is to
say, through the existence of new physics.

At TeV-scale colliders like the LHC, the HL-LHC, or their proposed successor experiments, these problems and solutions can be
studied directly using the vector boson scattering (and fusion) mechanism [5-10]. More specifically, with VBS one can study at the
highest attainable energies: the self-coupling of the Higgs and EW bosons, the polarization of EW bosons and the respective roles
played by longitudinal and transverse degrees of freedom, the existence of new particles and new interactions, boosted topologies
and jet substructure, and even the behavior of top quarks and weak bosons in the near-massless limit. Exploring such rich physics,
however, involves extreme challenges for detector development, which have since led to breakthroughs in hardware design, trigger
design, and applications of machine learning. Such needs have also led to a revolution in theoretical developments, including:
advances in EW parton showers and EW boson PDFs, advances in high-precision computations and simulation tools beyond NLO in
QCD with parton shower matching, advances in Monte Carlo support for studying new physics models and EFTs at colliders, and
novel investigations of VBS at future colliders.

These achievements and others have been made by a sizeable component of the high-energy community. A snapshot of ongoing
efforts to study VBS at current and future colliders is summarized in this report. The outlook is encouraging for the LHC and HL-LHC,
and outright inspiring for future, multi-TeV colliders. With VBS, one hopes and anticipates to at last resolve some of the deepest
questions surrounding how nature works.
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