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We study the sensitivity to longitudinal vector boson scattering at a 27-, 50-, and 100-TeV pp collider
using events containing two leptonically decaying same-electric-charge W bosons produced in association
with two jets. The baseline FCC-hh detector parametrization within the DELPHES framework is used under
the assumption of fully efficient pileup mitigation. A tightly constrained phase space with a dijet mass
greater than 2 TeV is considered in order to suppress the impact of potential instrumental backgrounds.
Based on this setup, the expected sensitivity to the production of longitudinally polarized same-sign W
boson pairs is evaluated. Additionally, expected limits are set on doubly charged Higgs bosons produced
via vector boson fusion processes and decaying to same-sign W boson pairs.
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I. INTRODUCTION

Vector boson scattering (VBS) processes are important
probes of the non-Abelian gauge structure of the electro-
weak (EW) interactions and the EW symmetry breaking
mechanism. The unitarity of the tree-level amplitude of the
scattering of longitudinally polarized gauge bosons at high
energies [1-3] could be restored by the Higgs-like boson
observed at the CERN Large Hadron Collider (LHC) with a
mass of about 125 GeV [4,5]. However, modifications of
the cross sections of processes involving scattering of
longitudinally polarized gauge bosons with respect to the
Standard Model (SM) expectations are predicted in physics
beyond the SM models via the presence of additional new
resonances or via modifications of the Higgs boson
couplings to gauge bosons [6—8].

The VBS processes at proton-proton (pp) colliders are
characterized by the presence of two gauge bosons in
association with a forward/backward pair of jets. The goal
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of this paper is to study the prospects for measuring the
polarized scattering of same-electric-charge (same-sign)
W*W=jj production at a future high energy pp machine
[9,10]. In particular, our studies focus on future hadron
colliders operating at a center-of-mass energy (y/s) of 27,
50, and 100 TeV (corresponding respectively to the High-
Energy LHC using advanced high-field dipole magnets, a
Future Circular Collider (FCC)-like ring using LHC magnet
technology, and to the envisioned FCC-hh collider [9])
with an integrated luminosity of 30 ab~!. The leptonic
decay mode of EW production of same-sign W*W=jj,
where both W bosons decay into electrons or muons
(including those coming from tau leptons) and their respec-
tive (anti-) neutrinos, is a promising final state as the ratio
between the strong (QCD-induced) and electroweak pro-
duction of W*W%*jj is small. The ATLAS and CMS
collaborations have measured EW W*W= j;j production at
/s =8 and 13 TeV [11-16].

The W boson can be polarized either longitudinally (W;)
or transversely (Wy). This leads to three contributions,
W =W, jj, W, EW;*jj (which includes W;=W,%j)),
and W;=W;*jj to the overall WEW= jj production. In this
study, the candidate W=W=j; events contain exactly two
leptons with the same electric charge, missing transverse
momentum, and two jets with a large rapidity separation and
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a high dijet invariant mass. The helicity eigenstates are
defined in the WW center-of-mass reference frame, which
has a higher contribution from longitudinally polarized W
bosons compared to the center-of-mass frame of the collid-
ing partons. Studies of changes in polarization fractions and
in kinematic distributions arising from defining the helicity
eigenstates in different reference frames at the LHC are
reported in Ref. [17]. A maximum-likelihood fit is per-
formed using the distribution of events as a function of a
boosted decision tree (BDT) variable optimized to distin-
guish between signal and background processes that can
mimic the signal signature, to extract the cross sections of the
W, AW, %jj, W, W, %jj, and W;*W;*jj contributions.
The first measurements of the production cross sections of
polarized scattering in the same-sign W W= j j process were
performed at the LHC by the ATLAS and CMS collabora-
tions using data samples corresponding to integrated lumi-
nosities of about 140 fb~! at /s = 13 TeV [18,19]. An
observed significance of 3.3 standard deviations for the
production with at least one longitudinally polarized W
boson was reported by the ATLAS Collaboration, while an
observed significance of 2.3 standard deviations was
reported by the CMS Collaboration. There have been a
number of studies focusing on techniques to maximize the
sensitivity to the purely longitudinal contributions at the
High-Luminosity LHC (HL-LHC) [20-23]. The CMS
Collaboration recently projected the result in Ref. [19] to
an integrated luminosity of 3000 fb~!, expected at the end of
the HL-LHC, to obtain an expected significance of about 4
standard deviations for W,*W,*jj production [24].
Beyond the LHC, studies focusing on the prospects of
measuring longitudinally polarized ZZ scattering at a future
high-energy muon collider were performed in Ref. [25].
Some models beyond the SM predict charged Higgs
bosons that couple to W and Z bosons at tree level. One
such model is the Georgi-Machacek (GM) model [26]. This
study sets expected limits on the production of doubly
charged Higgs bosons produced via vector boson fusion
processes and decaying to same-sign W boson pairs in the
context of the GM model as a benchmark for beyond the SM
sensitivity. Both the CMS and ATLAS collaborations have
recently published limits on this process using data samples
corresponding to 137 fb~! [27] and 139 fb~! [16], respec-
tively, at /s = 13 TeV. The ATLAS Collaboration reported
an excess of events corresponding to 2.5 standard deviations
for a doubly charged Higgs boson with a mass of 450 GeV.

II. EVENT SIMULATION

Signal events are modeled at leading order (LO) in
QCD using the Monte Carlo (MC) event generator
MADGRAPH5_AMC@NLO version 3.4.1 [28,29] with the
next-to-next-to-LO (NNLO) Hessian NNPDF3.1 parton
distribution function (PDF) set [30] interfaced with
PYTHIA version 8.306 [31] for parton showering. Events

where either both W bosons are longitudinally polarized
(W, W, *jj events), both W bosons are transversely
polarized (W;*W;*jj events), or those where one of
the W bosons is longitudinally polarized and the other is
transversely polarized (W, TW;*jj events) are generated
separately.

Recent calculations of the fixed-order next-to-LO (NLO)
EW and QCD corrections for the production of polarized
EW WEW=%jj at \/s = 13 TeV show a significant reduc-
tion of the LO cross sections [32]. The corrections reduce
the cross sections by approximately 10% (15%) for the
W, EW, %jj (W W;%jj) process in a typical fiducial
region used by the ATLAS and CMS collaborations. The
corrections are larger in high-energy tails of distributions,
but are not available at the center-of-mass energies con-
sidered here, and the investigation of the impact of the
higher order corrections for these processes is beyond the
scope of this work. However, the EW corrections for the
unpolarized W*W= jj production have been computed at
/s =27 TeV [22] and are only a few percent larger
compared to predictions at 13 TeV.

Background processes considered in this analysis include
the production of W*W=jj via the strong interaction, the
production of WZj;j via the electroweak and strong inter-
actions, and the production of 1£+¢~j, referred to as 1Zgq.
These processes are simulated with MADGRAPH5_AMC@NLO
as well.

The FCC-hh detector requires unprecedented timing and
spatial resolution to mitigate the effects of up to 1000 pp
interactions per bunch crossing (pileup). High-precision
tracking and calorimetry systems in the forward region will
extend the pseudorapidity coverage up to || < 6 [9,33].
The performance of the baseline FCC-hh detector is para-
metrized within the DELPHES framework [34,35], using
dedicated simulations to determine the electromagnetic and
hadronic calorimeter resolutions, as well as the tracking
performance [36]. The reconstruction and identification
efficiencies, along with the energy and momentum reso-
lutions for electrons and muons, closely follow the perfor-
mance achieved at the LHC. A simplified particle-flow
algorithm is employed to form particle candidates, which
are then used for jet clustering and the calculation of the
missing transverse momentum. This FCC-hh benchmark
DELPHES detector card [35] is used to simulate detector
effects for all signal and background samples considered in
this study. A detailed description of the detector parameters
can be found in Ref. [36].

It should be noted that pileup effects are not included in
the DELPHES FCC-hh detector description and are not part
of the event simulation. For the purposes of this study, it is
assumed that pileup can be mitigated in future analyses by
using precise timing detectors and advanced pileup rejec-
tion algorithms.

Jets are clustered from the reconstructed objects using
Fastlet [37] with the anti-kt clustering algorithm [38], and a

093001-2



SENSITIVITY TO LONGITUDINAL VECTOR BOSON ...

PHYS. REV. D 112, 093001 (2025)

TABLE 1. Selection criteria used for W=W¥jj events.

Selection type Requirement

Number of leptons Exactly 2 same-charge leptons

Lepton pr pr > 15 GeV
Number of jets >2

Jet pr pr =50 GeV
Dilepton invariant mass M, > 60 GeV
Z—-veto M, — M| > 10 GeV
Dijet invariant mass M;; >2 TeV

Missing transverse momentum E‘}ﬁ“ > 50 GeV

distance parameter of 0.4. For the validation of the signal
samples, an inclusive W*W*jj electroweak sample was
generated using the same generator and settings as well as
DELPHES for detector effects, and good agreement was
observed with respect to the sum of the polarized signal
samples.

Detector-specific backgrounds such as those in which
lepton charge is misidentified or those in which jets mimic
leptons were not considered in this analysis, as they are
highly detector-specific.

III. EVENT SELECTION

Signal (W*W=%jj) events are characterized by the
presence of two high transverse momentum (p7) same-
charge leptons (electrons or muons, denoted by ), large
missing transverse momentum (Er;’iss) and two forward/
backward jets with large dijet invariant mass (M ;). In this
analysis, events with 7 leptons are only considered when
the 7 decays leptonically (to e or u). A combination of
single and double lepton triggers are used in ATLAS and
CMS EW same-sign WW measurements [19] to ensure a
trigger efficiency above 99% for events in the analysis

10° 10°

fiducial region. For the results reported in this study, it is
assumed that a similar trigger selection efficiency can be
achieved with the future FCC detectors.

For simplicity, the event selection was optimized for
/s = 100 TeV to maximize the background rejection and
enhance the signal and then applied to all /s values under
study. The dilepton invariant mass (M ,) was required to be
at least 60 GeV in order to minimize the background
contribution from low-mass Drell-Yan processes. To elimi-
nate leptons from Z bosons, the invariant mass of a pair of
electrons or muons was required to be away from the Z
mass by at least 10 GeV.

A large dijet invariant mass of at least 2 TeV was
required in order to satisfy the VBS topology. This require-
ment was significantly more restrictive compared to the
typical M;; > 500 GeV requirement used in the corre-
sponding LHC measurements [15,16,18,19]. While the
more restrictive requirement used in this paper is not
optimal for the sensitivity to W, *W,*jj production, it
greatly reduces the contributions from the backgrounds,
such as those in which lepton charge is misidentified or
those in which jets mimic leptons. These highly detector-
specific background processes are typically estimated using
data-driven methods and have negligible contributions for
events with M;; > 2 TeV [15,16] at the LHC. For the
purposes of this study, it is assumed that the contribution of
these background processes, primarily arising from events
where a hadron or a lepton from a hadron decay passes the
lepton selection [39], remains negligible at higher center-
of-mass energies considered here.

Table I gives a summary of all object and event selection
cuts applied in this analysis. The distributions of events as a
function of the separation in azimuthal angle ¢) between the
two leading jets in pr (A¢;;) are shown in Fig. 1 for all the
three center-of-mass energies.
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TABLE II. Relative percentage effect on the event yields of the theory systematics for each sample.

Vs (TeV) W, W, W, Wr WrWr WW QCD tZq WZ EW WZ QCD
27 14.7 15.4 15.8 23.7 10.4 16.3 52.0
50 10.8 9.99 10.1 18.4 10.3 11.1 37.6
100 4.92 5.32 5.40 13.0 10.4 5.48 30.8

IV. THEORY UNCERTAINTIES

There are three primary sources of theoretical uncertain-
ties associated with perturbative QCD matrix-element
calculations. The first and largest is due to the missing
higher-order terms in perturbative expansions. To estimate
this uncertainty, samples are generated with variations of
the renormalization (ug) and factorization (up) scales.
Pairwise variations of up to a factor of 2 are performed in
the up and down direction {ug, ur} x {0.5,0.5},{1,0.5},
{05, 1}, {1,1},{2,1},{1,2},{2, 2}, with the final uncer-
tainty evaluated by taking the envelope of all seven-point
scale variations. In addition to the scale variations, PDF and
ag uncertainties also contribute to the theoretical uncertainty.
The theoretical uncertainty associated with the PDF is
evaluated by varying the internal parameters following the
prescription from Ref. [40]. Finally, the third source of
theoretical uncertainty is associated with the determination of
the strong coupling constant, ag. The coupling constant is

determined experimentally using fixed-order calculations in
perturbation theory. The ag uncertainties are evaluated at two
different ag values and the uncertainty is calculated following
the recommendations of Ref. [40].

Table II summarizes the effect of theory uncertainties on
their respective sample as a relative percentage of the total
event yield. The systematics have the largest impact on the
27 TeV samples, with the effects decreasing with center-of-
mass energy. The largest source of uncertainty for all
center-of-mass energies arises from the scale uncertainties
on the QCD-induced WZ background.

V. SENSITIVITY TO W*W=jj POLARIZATIONS

To separate the three W* W= jj polarizations from back-
ground processes, two BDTs were trained using XGBoost
[41]. The first BDT separates the W=W= jj signal from the
background processes (referred to as SB BDT) and the

TABLE III.  Variables, their descriptions, and which BDT they were used in.

Variable Description SB Pol
[Angy| Difference in rapidity of the leading and subleading leptons v
|Agy,, E;z'-‘m\ Difference in azimuthal angles of the leading lepton and missing transverse energy v
|A¢f] E;m\ Difference in azimuthal angles of the subleading lepton and missing transverse energy v v
[Adpg | Difference in azimuthal angles of the leading and subleading leptons v
|A¢”E;‘sS Difference in azimuthal angles of the dilepton system and missing transverse energy v

|AR; /| Distance between the leading jet and leading lepton v
|AR /| Distance between the subleading jet and subleading lepton v

|AR;; Distance between the leading jet and subleading jet v v
ET. Missing transverse energy v v
mj; Mass of the dijet system v

Mgy Mass of the dilepton system v v
Pr1j, Transverse momentum of the leading jet v

Prj, Transverse momentum of the subleading jet v

Prjs Transverse momentum of the third leading jet v v
Prjj Transverse momentum of the dijet system v
Pre, Transverse momentum of the leading lepton v v
Pre, Transverse momentum of the subleading lepton v
PTrel Transverse momentum ratios for leptons and jets v v
Sny Sum of rapidity of all leptons v
Zeppenfeld,, Zeppenfeld variable [43] for the leading lepton v v
Zeppenfeld,, Zeppenfeld variable for the subleading lepton v
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FIG. 2. Postfit distribution of events as a function of the unrolled BDT (BDTFit3D).

second BDT separates the three W*W=j;j polarization
states (referred to as Pol BDT). Several kinematic variables
were used as input to the BDTs, as can be seen in Table I11.
This subset of variables for training was chosen from a
larger set based on performance. Additionally, a correlation
coefficient matrix was generated. The top 15 of the initial
25 variables were kept while avoiding keeping multiple
variables with high correlations with respect to each other.
Hyperparameters, including the learning rate, maximum
depth, subsample ratio, and number of estimators, were
tuned via a random grid search algorithm [42]. Simulated
MC events were split into training and testing samples used
for validation.

The Pol BDT is a multi-class classifier consisting of three
outputs. Each output corresponds to a classification prob-
ability associated with one of the polarization states. The SB
BDT is a binary classifier, with a single output giving the
classification probability of an inclusive W=W=jj event.
The two BDTs are combined within the analysis framework
to generate a three-dimensional histogram. The x and y
dimensions present the predicted probability of observing a
longitudinal-longitudinal and transverse-transverse event
coming from the output of the polarization BDT, and the
z dimension presents the probability of an inclusive
WEW*jj signal event coming from the SB BDT. As the
sum of the predicted probability of the Pol BDT is equal to
one, only two outputs are necessary for complete sensitivity
to polarization. The three-dimensional BDT is “unrolled” to
form a one-dimensional histogram. The unrolling translates
each individual bin in the three-dimensional histogram to an
individual bin in a one-dimensional histogram.

The expected sensitivity to the W¥W=jj polarization
contributions is estimated using a profile likelihood fit as
implemented in the RooFit [44] and RooStats [45] packages.
We consider three signal strength parameters, y;;, prr,
and 7, corresponding to each of the W*W=jj polariza-
tion states. In addition to the theoretical uncertainties, we

assume a normalization uncertainty of 2% for all the
processes due to uncertainties in the integrated luminosity.
The uncertainties associated with the limited number of
simulated events are also included in the profile likelihood
fit. Other sources of detector-specific experimental system-
atic uncertainties are not considered in this study. In the
corresponding LHC measurements, the leading experimen-
tal systematic uncertainties arise from the limited number
of data events in control regions used to constrain back-
ground processes [18]. It is assumed that these uncertainties
can be significantly reduced due to the larger available data
sample at the FCC-hh.

The sensitivity is measured for two distributions: A¢;;
and the three-dimensional BDT. The A¢);; distribution is
used as a baseline benchmark for the sensitivity to
polarization and as a comparison to illustrate the improve-
ments when applying multivariate analysis techniques such
as BDTs. Before fitting, the BDT distributions are also
subject to a binning optimization procedure. The procedure
requires a fixed minimum of background and signal events
per bin, as well as a minimum of 200 events per back-
ground. The procedure then iteratively tests merged bin

TABLE 1V. Signal strengths u after the A¢;; and BDT fit for
each WW+*j polarization state and all /s values under study.

Signal strength: BDT

Polarization /s =27 TeV /s =50 TeV /s = 100 TeV
Hrr 1+£0.22 1+£0.21 1+0.15
HrLT 1+£0.13 1 £+ 0.095 1 +£0.096
HrT 1+0.13 1 +0.085 1 4 0.045
Signal strength: Ag;;
Urr 1+£1.02 1+£0.62 1+£0.40
HULT 1+045 1+042 1+0.14
UrT 1+£0.33 1+£0.26 1+£0.12
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configurations and compares each configuration by calcu-
lating the significance before and after merging. The
binning configuration with the smallest number of bins,
with the best significance, is taken as final. The significance
is estimated as described in Ref. [46]. The postfit distri-
butions for A¢;; and the BDT following the binning
optimization procedure are shown in Figs. 1 and 2.

Table IV shows the signal strengths u, defined as the
ratio of the fitted to the expected SM cross section, and the
corresponding uncertainties for each W* W= jj polarization
state for all the considered /s values. The values are
expected to be unity because the Asimov dataset [47] is
used in the fit. The breakdown of the uncertainties on the
purely longitudinal scattering signal strength parameter is
shown in Eq. (1), where “stat” refers to the contribution of
the statistical uncertainty to the overall uncertainty and
“syst” refers to the contribution of the systematic uncer-
tainties, which include theoretical and luminosity uncer-
tainties, as well as statistical uncertainties arising from
limited number of MC events, as follows:

u27 TV =1.00+£0.22 = 1 £0.17(stat) £ 0.14(syst)
u39 TV =1.00+£0.21 = 1 £0.18(stat) ==0.11(syst)
0TV =1.004+0.15=140.12(stat) = 0.09(syst). (1)

The first detailed studies of W, W, *jj production at a
future high energy pp collider, with an integrated lumi-
nosity of 30 ab~!, indicate that cross section measurements
should be possible with a relative precision of around 22%
at /s =27 TeV, 21% at /s =50 TeV, and 15% at
\/E =100 TeV. A conservative event selection, with a
dijet mass greater than 2 TeV, is considered in order to
suppress the impact of potential instrumental backgrounds

and pileup. Projections from the CMS Collaboration report
an expected relative precision of about 25% by the end of
the HL-LHC program [24].

VI. LIMITS ON DOUBLY CHARGED HIGGS
BOSON PRODUCTION

Charged Higgs bosons with couplings to W and Z
bosons are included at tree level in extended Higgs sectors
with additional isotriplet scalar fields [48]. In this study,
we use the same-sign WW signal region described in
Sec. III to set limits on doubly charged Higgs bosons
produced via vector boson fusion. This is done in the
context of the Georgi-Machacek model [26] in which two
isospin triplet scalar fields are added to the SM Higgs
doublet. One of the constituents of the scalar potential
is a quintuplet of Higgs bosons; HE* HZE, and HY of
COMMON Mass, My, that couple to W and Z bosons. Our

interpretation uses the H5 plane benchmark hypothesis of
the GM model, which was developed by the Higgs cross
section working group at the LHC [48]. In this bench-
mark, doubly charged Higgs bosons (H:*) decay to pairs
of same-sign W bosons with a branching fraction of
100%. The production and decay of the Hi* states
depend on two parameters: the mass, My, and the

sin@y (or sy) parameter characterizing the contribution
of isospin triplet scalar fields to the W and Z boson
masses. The decay widths are proportional to s2,.

Signal samples were simulated using
MADGRAPH5_AMC@NLO version 3.4.1 [28,29] at LO with
the NNLO hessian NNPDF3.1 PDF set [30] interfaced with
PYTHIA version 8.306 [31] for parton showering. The
DELPHES [34] program, using a generic FCC detector card
[35], was then used to simulate detector effects. Five Hs*
mass points were simulated: 800 GeV, 900 GeV, 1000 GeV,
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FIG. 4. Expected exclusion limits at 95% CL on sy (left) and 6(H*) x B(H:*
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— W*W*) (right) as a function of my;+- at the three

center-of-mass energy scenarios: 27 TeV (top), 50 TeV (center), and 100 TeV (bottom). The blue solid line indicates exclusion limits
with both statistical and systematic uncertainties included, whereas the red solid line indicates exclusion limits without systematic
uncertainties. The green and yellow bands indicate the 68% and 95% confidence intervals around the median limits, respectively.

2000 GeV, and 3000 GeV. The high-mass region was
selected due to the stringent limits already established by
LHC experiments in the low-mass region. Since Hz* decay
widths are proportional to m HE* and 5%, sy values were set

to 0.5 for the 800 GeV mass point, and to 0.25 for the
higher masses.

To extract the limits, we performed a binned maximum-
likelihood fit to the transverse mass (my) distribution of the
dilepton and ET. = system, which effectively distinguishes
between the resonant signal and background processes.
In addition to statistical uncertainties, systematic uncertain-
ties, which include a 2% uncertainty on the luminosity, MC
statistical uncertainties arising from a limited number of MC

events, as well as theory uncertainties described in Sec. IV,
were considered in this fit. Limits were extracted at 95% CL
using the CL, technique [49].

Figure 3 shows my postfit distributions for the 2000 GeV
H ?i mass point in the signal region. Expected upper limits
on the sy parameter as a function of m e are shown in

Fig. 4. Upper limits with and without systematic uncer-
tainties are shown. In general, for the 100 TeV center-of-
mass energy, these upper limits range between 0.14-0.25
(with systematic uncertainties) and 0.02-0.04 (without
systematic uncertainties). The strong expected upper limits
in the latter case is mainly due to the statistical uncertainties
arising from the limited number of MC events. In addition,
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expected upper limits on o(H:*) x B(H:* - WEW*)
are also shown.

VII. CONCLUSIONS

Cross section measurements of the polarized scattering
of same-sign W W+ jj production using the leptonic decay
mode at a future high-energy pp collider with an integrated
luminosity of 30 ab™' should be possible with a relative
precision of around 22% at /s =27 TeV, 21% at
/s =50 TeV, and 15% at /s = 100 TeV for the purely
longitudinal contribution and better for the other contribu-
tions. An interpretation of the results in the context of the
Georgi-Machacek model yields expected exclusion limits
on the sy parameter as a function of m HEE In general, for

the 50 TeV and 100 TeV center-of-mass energies, sy
parameter values greater than 0.14-0.25 are expected to
be excluded with the results limited by the number of MC
events available for this study.

The effects of NLO EW corrections are not considered
for the W*W=jj production. The effects of theoretical
systematic uncertainties are taken into account, while
detector-specific experimental uncertainties are not
included and the systematic uncertainties due to the limited
number of MC events are not negligible. The baseline

FCC-hh detector parametrization within the DELPHES
framework is used and a conservative event selection is
employed to mitigate the impact from pileup and detector-
specific background processes, which are not incorporated
in this study.
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