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ABSTRACT: We present a phenomenology study on central exclusive production of W+W ~
boson pairs in proton-proton collisions at the Large Hadron Collider at 14 TeV using the
forward proton detectors, such as the ATLAS Forward Proton or the CMS-TOTEM Pre-
cision Proton Spectrometer detectors. Final states where at least one of the W bosons
decay hadronically in a large-radius jet are considered. The latter extends previous ef-
forts that consider solely leptonic final states. A measurement of exclusive W W™ also
allows us to further constrain anomalous quartic gauge boson interactions between photons
and W bosons. Expected limits on anomalous quartic gauge couplings agt/c associated to
dimension-six effective operators are derived for the hadronic, semi-leptonic, and leptonic
final states. It is found that the couplings can be probed down to one-dimensional values of
afl =3.7x1077GeV—2 and af¥ = 9.2x 1077 GeV~2 at 95% CL at an integrated luminosity
of 300 fb~! by combining all final states, compared to values of about al/ = 4x 1076 GeV—2
and ag/ =1x107° GeV~2 at 95% CL expected for the leptonic channel alone.
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1 Introduction

One of the main goals of the CERN Large Hadron Collider (LHC) program is the discovery
of physics beyond the Standard Model (SM) of particle physics. In various extensions of the
SM, additional interactions or particles at higher energies are expected to have an impact on
the electroweak sector of the SM [1, 2]. Particular examples of SM extensions that induce
can induce deviations from SM predictions of vy — WTW ™ scattering include composite
Higgs models or warped extra-dimensions, for instance [1, 3, 4]. It is thus important
to understand the couplings between the gauge bosons of the weak and electromagnetic
interactions of the SM.

By virtue of the non-abelian nature of electroweak sector of the SM, direct interac-
tion couplings between the vector gauge bosons are possible. The LHC experiments have
gathered evidence for some of these non-abelian couplings, while others are very difficult



to probe. Recent reviews on these topics can be found in refs. [5, 6]. In this paper, we
are mostly interested in the interactions between photons and W bosons, which interact
via triple (YW TW ™) and quartic (yyW W ™) couplings in the SM. These couplings are
present in the SM at tree-level, and are fully connected through the requirement of gauge
invariance in the SM. These interactions can be directly probed via two-photon fusion
vy — WTW™ in pp collisions, as shown in figure 1. This process is the main topic of
discussion in this paper.

In high energy proton-proton (pp) collisions, the electromagnetic fields generated by
the relativistic protons can be treated as a source of quasi-real photons [7, 8]. Thus, in
addition to the standard quark or gluon exchanges in pp collisions, one can study reactions
with photon exchange off the proton at the LHC, and use this to study photon-photon
collisions at high energies. In some of these interactions with quasi-real photon exchange,
the proton may survive the interaction, and will be scattered afterwards at very small
angles with respect to the beam. The scattered protons can be tagged with near-beam
tracking detectors, known as Roman Pots (RPs), located at about 200 m with respect
to the interaction point. The ATLAS and CMS-TOTEM Collaborations have added RP
detectors during Run-2 at the LHC, known as ATLAS Forward Proton (AFP) and CMS-
TOTEM Precision Proton Spectrometer (PPS) [9, 10]. Thus, the vy — WTW ™~ process
can be studied in central exclusive production of W boson pairs pp — pW W™ p [11, 12].
Previous phenomenology studies based on the use of the proton tagging technique to study
two-photon fusion interactions can be found in refs. [12-28]. Other interesting studies
that aim also to describe photon fluxes in processes with proton dissociation, treated in
the kr factorization framework, are presented in refs. [29-31]. Since our studies rely on
events with proton tagging, no such treatment is necessary. Experimentally, the ATLAS
and CMS-TOTEM Collaborations have observed ~y — £7¢~ using the proton tagging
technique [32, 33|, and the CMS-TOTEM Collaborations reported a first search of central
exclusive vy production using the proton tagging technique [34].

Early searches sensitive to vyW W ™ couplings were done at the CERN LEP electron-
positron collider by the OPAL and DELPHI Collaborations in WtW ™= — ~v scatter-
ing [35-38], followed by the DO experiment at the Fermilab Tevatron in proton-antiproton
collisions at /s = 1.96 TeV [39] and by the CMS and ATLAS experiments at the CERN
LHC [40-42] at 7 and 8 TeV in central exclusive production of W W™~ pairs in pp collisions
(pp — p™) (yvy — WHW)p™), the protons may dissociate into a low mass excited state or
remain intact. In a recent conference note [43], the ATLAS Collaboration reported the ob-
servation of yy — WTIW ™ scattering at 8.40 in the et T channel without proton tagging,
consistent with the SM expectations. In order to obtain a robust understanding of this
scattering process, one needs to consider an expansion in the search strategy, especially for
a better understanding of in the high invariant mass regime. As an additional advantage,
one can use these as standard candle processes for the proton spectrometer calibration,
acceptance and efficiency determination, of crucial importance for physics searches based
on proton tagging.

In previous experimental and phenomenological studies, only leptonic decays of each W
boson have been considered in central exclusive production. Indeed, purely leptonic final-
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Figure 1. Leading order SM diagrams contributing to pp — pW W ~p. The upper two diagrams
represent the t- and u-channels contribution induced by the SM YW W~ coupling, whereas the
lower diagram corresponds to the SM yyW W™ coupling in the SM.

states leave a very clean signature in the detectors: two leptons (eTe™, utpu~, eTu¥) with
an amount of missing transverse momentum p%liss associated to the transverse momentum
carried away by the undetected neutrinos. Such a signature has allowed us to study central
exclusive WTW ™ with a moderate number of simultaneous pp collisions per bunch crossing
(pileup). However, the visible cross section is largely reduced due to the small branching
fraction of the W boson decay into leptons (less than 5% of W boson pairs decay into
muon or electron flavored leptons). Thus, in the interest of better understanding this
electroweak gauge boson scattering process within the SM in a wider kinematic range,
and also to enhance our chances of discovering physics beyond the SM, one can consider
the decay of the W boson into quark-antiquark pairs, which has a much larger branching
fraction. The study with at least one W — ¢¢’ decay has a larger background contribution
from standard mechanisms of jet production in quantum chromodynamics, which need to
be quantified. New strategies need to be developed in order to use these channels.

The production cross section can increase significantly if we consider hadronic decays
of at least one of the W bosons, allowing for better sensitivity for the central exclusive
WHW ™= boson decay to be identified experimentally. If the W boson is highly boosted,
the hadronic decay of a single W boson can result in a single large-radius jet whose mass
is compatible with that of the W boson. In this paper, we consider fully-hadronic (JJ),
semi-leptonic (J+£v), and fully-leptonic (fvfv) decays of the W+W ™ system in central
exclusive production, where J is a large-radius jet, £ is either a muon or an electron, and
v the neutrino. The branching ratio of W W = pair decay in hadronic, semi-leptonic, and
leptonic channels is, in principle, about 46%, 29%, and 4.7%, respectively (considering



electrons or muons for leptonic decays where the remaining 20% of the branching fraction
corresponds to decays in tau leptons). In the present paper, as an extension of the study
in refs. [11, 12], we explicitly include the contribution of pileup backgrounds since our goal
is to perform this measurement in standard pileup luminosity at the LHC at an integrated
luminosity of 300 fb~!.

In addition to the SM study of exclusive WTW ™ production, we consider scenar-
ios where the presence of new particles at much larger energies may induce anomalous
contributions to the vy — WTW ™ scattering. In our study, we parametrize these new
physics contributions by means of an effective field theory approach. Our focus in this
part of the phenomenology study is on the improvement of the sensitivity to the anoma-
lous interaction couplings by studying high-mass exclusive W W~ production in hadronic
and semi-leptonic final states, compared to standard benchmark sensitivities in the purely
leptonic final state.

The paper is organized as follows. The theory framework, as well as Monte Carlo
simulated events used in the study, are discussed in section 2. Section 3 gives a description
of signal and backgrounds considered in the paper. The analysis strategy tailored to study
the SM vy — WTW ™ is described in section 4, with the respective results of the analysis
in section 4.5. Similarly, we study how deviations from the SM could manifest using an
effective field theory framework in section 5, with the respective results and projections on
sensitivity to anomalous couplings described in section 5.3. The summary of the study is
presented in section 6.

2 The pp — pWT™W ~p process at the LHC

2.1 Equivalent photon approximation

We use the equivalent photon approximation |7, 8] to describe the pp — pW W ~p process
via coherent photon exchanges as discussed in [11, 12, 44]. In this approximation, the
quasi-real photons are emitted by the incoming protons producing a state X through
photon fusion 7y — X, such as that shown in figure 1. The quasi-real photon spectrum of
virtuality Q? and energy E, is given by:

Qe dE-, dQ? ( E,Y) < 2 > E?
dN = —— (1= = (11— =2 )F —LF 2.1
T B, Q E Q2 J'ET gt (2.1)
where E is the energy of the incoming proton of mass my, Qa;, = maE2/[E(E — E,)] the

photon minimum virtuality allowed by kinematics, aep is the fine structure constant, and
Fr and Fj; are functions of the electric and magnetic form factors Gg and Gj; of the
proton. In the dipole approximation, the follow relationships hold

Fy=Giy  Fp=(4myGh + Q*Gy)/(4my + Q%) G =Giy/my = (1+Q%*/Q5)™.
(2.2)

The magnetic moment of the proton is ,ug = 7.78 and the fitted scale Q3 = 0.71 GeV2.
Since the electromagnetic form factors fall steeply as a function of Q?, the cross section
can be factorized into the matrix element of the photon fusion process and the two photon



fluxes. In order to obtain the production cross section, the photon fluxes are first integrated
2
over ()

fE) = [ e (2.3
The resulting photon energy spectra are given in refs. [11, 12], for instance. These fluxes
are used to define an effective two-photon luminosity dL7?/dW obtained by integrating
the two-photon fluxes

f(Ex) f(Ey2) dEy1 dEy» 6 (Ww - 2\/ E71E72) (2.4)

where W, is invariant mass of the initial-state photon pair. Using the effective photon
luminosity, the integrated cross section for the pp — pXp process is given by

dL7
g = /JWVQXWdW (25)

where 0., x denotes the cross section of the sub-process vy — X, dependent on the
invariant mass of the two-photon system. In addition to the photon exchange, there might
be additional soft gluon exchanges that might destroy the protons. To take into account
this effect, we can introduce the so-called survival probability that the protons remain
intact in photon-induced processes [45]. The survival probability is of oder 1 in our case
since we consider WW exclusive production via QED processes, or photon exchanges.'
In this paper, we assumed a uniform survival probability factor of order unity, namely
90% [45—-49], which is an approximation since there is a small dependence on the mass of
the W system as illustrated for instance in figure 7 of ref. [47].

2.2 Forward proton detectors

The pp — pW W ~p proccess can be probed with the detection of two intact protons in the
forward proton detectors in the AFP or PPS [9, 10] and the reconstruction of the W W~
boson decay products. The latter is discussed in section 2.3. The forward detectors are
located symmetrically at about 210 m from the main interaction vertex and cover a range of
0.015 < &12 < 0.15 in CMS-TOTEM and ATLAS [9, 10], where £ = Ap/p is the fractional
momentum loss of the proton. This leads to an acceptance in the central diffractive mass
mx = v/&1&2s between 300 and 2 TeV, with /s = 14 TeV the center-of-mass energy used in
our projections. The & resolution is assumed to be of the order of 2%, taking into account
both beam related ans alignment uncertainties.

In central exclusive production processes, the forward scattered protons are kinemat-
ically correlated to the central system by virtue of four-momentum conservation. Indeed,
the rapidity of the central system yy 1w and the rapidity reconstructed with the two tagged
protons, y,, = % ln(%), should be equal for central exclusive events, i.e., yww = Ypp-
Likewise, the invariant mass reconstructed with the central detector is the same as that re-
constructed with intact proton information, i.e., myw = my, for central exclusive events.

Tt is worth noting that the survival probability is much smaller in the case of gluon exchanges where it
is estimated to be about 0.03 at 14 TeV at the LHC.



These relations can be used to get a strong background rejection, which is the key feature of
the forward proton detectors in exclusive processes [13, 14]. Further background rejection
can be achieved with the use of timing detectors. Timing detectors have been installed and
operating in both PPS and AFP to measure the time-of-flight of protons with a design pre-
cision of about 20 ps, which would allow to determine the interaction vertex of the protons
with a 2 mm precision independently of the primary vertex reconstruction based on stan-
dard tracking techniques [9, 10]. The time-of-flight information, with the aforementioned
precision, allows for further pileup background rejection by a factor of up to 40 by con-
straining the scattered proton to originate from the same vertex as the W+TW= [9, 10] for a
pileup of 50 by comparing the vertex position from tracking to that determined by timing.

2.3 Reconstruction of W+W~ decay products

As mentioned in the introduction, we consider three decay channels of the W+W ™~ system:
hadronic (two large-radius jets), semi-leptonic (one large-radius jet in association with an
isolated lepton and pi%), and purely leptonic (/1 ¢; and missing transverse momentum).
Here, we consider that jets can be reconstructed within pseudorapidities of |n| < 5, and
consider electrons and muons to be reconstructed within pseudorapidities of |n| < 2.5. For
W bosons decaying hadronically, the corresponding large-radius jet is clustered with the
infrared and collinear safe anti-k; algorithm [50] using particles at the stable particle level
with the FastJet package [51], using a distance parameter of R = \/A¢? + Ay? = 0.8. The
value of R = 0.8 is based on standard choices by the ATLAS and CMS Collaborations for
large-radius jet analyses.

The phenomenology analysis is performed using stable particles at generator level.
In order to mimic detector effects, we apply smearing effects on the transverse momenta
and pseudorapidity and azimuthal angular of particles and jets reconstructed at generator-
level. For jets, a conservative smearing of 2% on jet transverse momentum is used based
on refs. [52, 53]. The latter is a combination of jet energy scale and jet energy resolution
effects for large-radius jets. In addition, angular smearings of 1 mrad for azimuthal and
polar angles are applied to each jet. The jet mass is computed at generator level and
smeared by about 10%, based on reports by the ATLAS and CMS Collaborations on jet
mass resolution studies [54-56]. The jet energy is also smeared by 10%, and the longitudinal
component of the jet momentum is determined following the energy-momentum relation.
For charged leptons in |n| < 2.5, a smearing of 2% is applied on the reconstructed transverse
momenta [57, 58] and additional angular smearings of 1 mrad for azimuthal and polar angles
are applied to each lepton. The missing transverse momentum is defined at generator-level
as the negative vector sum of the transverse momentum of each final-state particle within
acceptance |n| < 5. A smearing of 20% is applied on the reconstructed missing transverse
momentum, based conservatively on the observed performance of the ATLAS and CMS
detectors in the reconstruction of this variable [52, 59].

In the last years, special attention has been given to the better understanding of large-
radius jets and jet substructure techniques [60]. It has become increasingly important to
distinguish large-radius jet objects that originate from the merging of the decay products
of high-transverse momenta W bosons (W jet) from those initiated by light-flavor quarks



or gluons in standard quantum chromodynamics interactions (QCD jets). The CMS and
ATLAS Collaborations have presented results related to the decay of W or Z bosons using
groomed and ungroomed large-radius jets in recent years [54, 56]. The most important
kinematic discriminant is the invariant mass of the jet. The W boson jet mass arises
from the kinematics of the two jet cores associated to the decay and fragmentation of the
two quarks, with some broadening induced by the soft-gluon emissions during the parton
shower evolution and jet clustering effects. In contrast, the QCD jet mass arises mostly
from soft-gluon radiation, resulting in a quickly falling distribution in the invariant mass of
the jet. Thus, a selection requirement on the invariant mass of the large-radius jet around
the mass of the W boson already provides a robust selection requirement to suppress the
contribution of QCD jets and to isolate W boson large-radius jet candidates. Further
discriminant variables based on jet substructure have been explored by the ATLAS and
CMS experiments [60]. In this first study, we use a simple approach and choose not to
apply these jet substructure techniques by default, and thus use the jet mass as the main
jet substructure variable to identify the W boson large-radius jet. This is because in central
exclusive production, the events are very clean, not “contaminated” by soft QCD radiation.
Additional soft parton exchanges between proton remnants are absent (since the protons
remain intact), as well as underlying event activity, and QCD initial-state radiation. These
contributions need to be properly removed in standard W boson large-radius jet analyses.
The use of the discriminant variables introduced by ATLAS and CMS can only improve
our performance studies, and need to be accounted for on top of the jet invariant mass for
the experimental analysis.

3 Signal and background treatment

3.1 Standard model signal modelling

Central exclusive production of W+ W ™ pairs is simulated with the Forward Physics Monte
Carlo (FPMC) event generator [61]. FPMC simulates diffractive exchanges and photon
exchange in pp collisions. Photon exchange is simulated within the equivalent photon ap-
proximation described in section 2.1. The process pp — pW W ~p accounts for scattering
amplitudes induced by the SM YW TW ™~ and yyWTW~. These amplitudes were calcu-
lated with the CalcHEP package [62], and coded into FPMC [12]. The SM cross section
is 95.6 fb for central exclusive W+ W ™ production, and 5.9fb for a W W~ invariant mass
above 1TeV for /s = 14 TeV [12].

3.2 Background modelling

The dominant backgrounds to exclusive W+W ~ production originate from non-diffractive
events that mimic the W+W ™~ decay signature in the central detector detected in coinci-
dence with intact protons that originate from soft diffractive pileup events. Backgrounds
related to single- and double-pomeron exchange W W™ production lead to a negligible
contribution in high-mass W™ W ™ pair production, as found in previous phenomenology
analyses [11, 12], as well as in previous studies by ATLAS and CMS [40-43].



The average number of multiple pp collisions per bunch crossing sets a huge background
environment on the search for central exclusive events at the LHC. Forward protons can be
created in soft diffractive reactions, whose production cross section rates are expected to
be of the order of 100 mb at 14 TeV. During Run-2 of the CERN LHC, the typical number
of pileup interactions ranged from 30 to 50 interactions per bunch crossing at the ATLAS
and CMS interaction points during the standard luminosity fills. With this high amount
of pileup interactions, and the large cross section of soft single- and central-diffractive
processes in pp collisions, the amount of protons detected in the forward detectors is not
negligible. As it will be shown later, this can be suppressed by exploiting the kinematic
correlations between the forward two proton system and the central system. In all our
studies presented in the following, we assume a conservative number of 50 pile up events
per bunch crossing for our projections at /s = 14 TeV.

The dominant background corresponds to non-diffractive diboson production processes
(VV = WHTW =, W*Z, ZZ), Wjets, Z+jets tt, single-top, and QCD jets (jet production
with quark and gluon strong interactions) detected in association with protons from uncor-
related pileup interactions in the same bunch crossing. In this paper, we refer to these back-
grounds as WTW ™ +4pileup, ZZ+pileup, W Z+pileup, W +jets+pileup, Z+jets+pileup,
tt+pileup, single-top+pileup, and QCD jets + pileup, respectively. The combination of all
these backgrounds is referred to as “pileup background” throughout this paper. Standard
QCD jets are the most important source of background in the fully-hadronic final state, as
demonstrated later.

The diboson backgrounds are generated with the leading order HERWIG6 Monte Carlo
event generator [63], and the top quark and QCD jet backgrounds are simulated with the
PYTHIAS Monte Carlo event generator [64].

4 Study of standard model vy — WTW ™ events

4.1 Event selection

Our focus in this section is to describe the event selection of high-mass WTW ™ exclusive
production within the SM. As mentioned in the previous section, we are mostly interested
in suppressing the pileup background since this will be the leading one. It is clear that
requiring two intact protons to be detected in PPS or AFP is not enough, since protons
originating from pileup might overlap with a non-exclusive event.

For pileup protons, we use a distribution 1/ (as expected for soft diffractive reactions),
and consider the nominal acceptance of the proton detectors to be 0.015 < £ < 0.15. The
protons originating from the additional interactions are kept if they are detected within
the RP acceptance. We assume that the number of pileup interactions follow a Poisson
distribution with mean 50, which is a conservative expectation for the mean number of
interactions per bunch crossing at the CERN LHC during Run-3. For each pileup event,
we evaluate the probability of having a proton tag for protons coming from soft diffractive
events from these pileup interactions. The probability of detecting protons within the RP
acceptance is calculated with Pythia8 simulated events [64], as described in ref. [65]. This
is the same approach adopted in refs. [13, 14, 22, 26]. If more than one proton is detected



on each side, we select the proton pair which has the smallest y,, since, for most cases, the
WFW = are produced centrally in the detector at a rapidity of 0, with about 68% of the
events within 0.8 units following the FPMC results. About 15% of events have more than
two protons in the RP acceptance from pileup interactions. The two protons are required
to originate from the same vertex as the exclusive W+W ™~ decay products by measuring
the protons time-of-flight difference with a 50 or 20 ps precision. It allows us to have a
further suppression of the pileup background by up to a factor of about 40 for an average
pileup of 50 interactions per bunch crossing if the timing precision is of the order of 20 ps.
This selection is the same for all possible decays of the W bosons.

In the next subsections, we discuss the specific event selection requirements optimized
for the hadronic (two large-radius jet, zero isolated leptons), semi-leptonic (one large-radius
jet, one isolated lepton) and leptonic (two isolated leptons, no jets) channels, where a lepton
is considered to be isolated if the distance between it and all other particles originating from

the same vertex ARy, = \/ (Ayip)? 4+ (Adyp)? is larger than 0.4. The selection requirements
used in this phenomenology study yield mutually exclusive event categories.

4.2 Hadronic decays of both W bosons

We consider the hadronic decays of both W bosons, leading to the production of at least
two large-radius jets with pjﬁt > 100 GeV, and no isolated leptons with pgT > 25 GeV. The
latter condition ensures the exclusivity of the W+ W ~ signal event category.

Not all of the W boson jets result in single large-radius jets. Most of the time, these
are partially merged, so they cannot all be tagged in a single large-radius jet. In order to
account for these partially merged jet topologies, we combine nearby large-radius jets with

pr > 25 GeV if they are separated by AR;; = ,/Agf)?j + Ay?j < 2 with respect to the hard-

est, pJ;t candidates, and calculate the vector sum of the four-momenta of these two nearby
jets. If they yield a better invariant mass on the reconstructed W boson jet candidate,
the event is retained, and the jets are merged. If the softer large-radius jets do not yield
a better W boson invariant mass (i.e., yields a m; closer to my = 80.379 GeV), or if they
are farther than AR;; > 2, the event is rejected. In this paper, we refer to this procedure
as “jet merging”. For SM ~vy — WTW ™, the latter constitutes about 45% of events in
the fully-hadronic final state (it occurs about 25% of the semi-leptonic cases). Events with
exactly two large-radius jets or two partially-merged jets are kept after this requirement.
This set of requirements is referred to as “preselection” in the rest of the paper.

Each of the reconstructed large-radius jets must have an invariant mass of 70 < mj;; <
90 GeV and 60 < mjz < 85GeV for the leading and second leading jet in mass, respectively
(see figure 2). In order to favor exclusive W W™ events and suppress pileup background,
we require the two large-radius jets to be back-to-back in the transverse plane since the
W bosons recoil against each other since there is no additional radiation in the process.
In practice, we consider only large-radius jets strictly back-to-back |A¢ — 7| < 0.01 rad.
As shown in figure 3, this selection requirement largely suppresses the pileup background,
while the central exclusive production is retained. This is a particularly important selection
requirement, as it exploits the 2 — 2 topology of the signal process. Event candidates are
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Figure 2. Large-radius jet invariant mass distribution for the leading (left) and subleading (right)
in mass in the hadronic channel. The distributions are normalized to unity. The SM exclusive
W+W ~ pair production is displayed in black full line, the pileup background in blue dashed line
(after preselection requirements), and the pileup background subcomponent of W W ~+pileup is
shown in red. The peak at around 80 GeV corresponds to the W boson rest mass. The peak at
lower masses corresponds to cases where only one of the quarks of the W boson decay is tagged as
a jet in the final state, or more generally for light-flavor quark jets or gluon jets.

required to have myyy > 500 GeV. This is to further suppress non-diffractive backgrounds,
which dominate at lower invariant masses myyy. Since exclusive W boson are balanced in
the transverse plane, we further require them to satisfy pJT2 / pJT1 > 0.90. Similar requirements
were found to optimize the signal-to-background ratio in exclusive <+ production and
exclusive Z~ production phenomenology studies [13, 14].

In order to suppress the remaining pileup background, we exploit the kinematic cor-
relation between the intact protons and the reconstructed W+W ™~ system for exclusive
WHW = production. The mass and rapidity computed using the W+W ™~ bosons are,
within uncertainties, similar to the ones computed using &; and & of the protons, The dis-
tributions of y,, — yww and my,/myw are shown in figures 4. In figures 4, signal events
are observed to peak at y,, — yww = 0 and my,/mww = 1 due to the aforementioned
kinematic correlation between protons and the W+ W ~ system. The distributions of pileup
background events in these variables are respectively found to be rather flat for y,, —yww
or decreasing for my,/myw in the hadronic channel, since the protons are uncorrelated
to the central WTIW ™~ boson pair. We select events that satisfy |y,, — yww| < 0.2 and
0.7 < mpp/mww < 1.6 simultaneously. This selection requirement strongly suppresses the
remaining pileup backgrounds, which in turn allows us to extract the exclusive WTW ™~
contributions. A summary of the number of events assuming a luminosity of 300fb~! at
/s = 14 TeV is given in table 1. We assume, in addition, a precision of the fast timing detec-
tors of either 50 or 20 ps in order to measure the proton time-of-flight. We predict a WTW~
exclusive signal of 92 events for a background of about 1640 events for 300 fb~!. The QCD
jet component dominates by far the pileup background in the fully-hadronic channel.
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decay of the W bosons, A¢jij2 = |dj1 — ¢j2| after preselection and mj; and mjs requirements.
SM central exclusive WTW ™ events are represented by the black histogram, and non-diffractive
W+W ~+pileup background events are represented in red. The pileup background distribution
(blue dashed histogram) is flatter due to the effect of initial-state radiation and underlying event

activity in non-exclusive interactions. The distributions are normalized to unity.
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Figure 4. Distributions of difference in rapidity yww —ypp (left) and mass ratio my,/mww (right)
between the WTW ™ and pp system for central exclusive W+W ™ (black solid line) and pileup
background (red dashed line) to illustrate the effectiveness of the mass and rapidity matching in
order to reject pileup background. The figures are plotted after the mji, mj2, mww, pjj% / p’% and
|#j1 — Pj2| selection requirements described in text. The distributions are normalized to unity.

For this phenomenology study, we have used the invariant mass of the jets to separate
quark and gluon jets from quantum chromodynamics interactions from the W boson jets
created in central exclusive production, as this is one of the most robust jet substructure
variables [60]. The bottom two rows in table 1 represent an estimation of possible further
suppression of the remaining QCD jet background in association with pileup protons based
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Selection Excl. | WfwW~— | WZ Y4 Wi Zj tt single-top | QCD jets | Total
requirements W+W~= | +pileup | pileup |-+pileup | +pileup | +pileup | +pileup | +pileup | +pileup bkg.
Preselection 990 | 1.4x10° | 7.8x10% | 2.7x10* | 1.9x107 | 7.7x10% | 1.1x10% | 5.2x10° | 1.4x10'° | 1.4x 100

70 <mj1 <90 GeV 591 | 4.1x10* | 1.4x10* | 6x10% |3.8x10% | 1.1x10% | 2.04x10° | 9.30x10* | 8.3x10% |8.34x108
65 < mjz < 85 GeV 274 | 1.5x10% | 4x10% |2.1x10% [ 2.5x10° | 6.8x10% | 6.35 x10* | 4.72x10% | 4.62x107 | 4.7x107
|Adj1j2—m|<0.01 203 | 2.2x10% | 521 265 | 2.4x101| 5.1x10% | 2.4x103 237 | 3.62x10% | 3.65x10°
mww > 500 GeV 143 [ 1.09x10%| 264 151 | 1.9x10% | 4.2x10% | 1.2x103 139 2.43x10% | 2.45x 106
P/ >0.90 142 |1.04x10% | 221 135 | 1.0x10*|2.48x10% | 708 65 1.43x10° | 1.45% 108
[Ypp—yww | < 0.2 100 182 31 27 1112 201 28 11 1.51x10% | 1.52x10°
0.7 <mpp/mww <1.6| 95 92 15 13 589 87 7 6.45x10* | 6.53x10*
5t =50 ps 92 12 0 1 34 0 0 0 3.8x10% | 3.9x10°

§t=20 ps 92 6 0 0 15 0 0 1.62x10% | 1.64x 103
5t=50 ps + 69 9 0 0 29 0 0 0 633 670

T9 /71 estimation
§t=20 ps + 69 0 0 0 3 0 0 0 270 273
T2/71 estimation

Table 1. Number of events for 300 b~ at 14 TeV after each selection criterion for W+ W~ exclusive
signal (when both Ws decays hadronically into large-radius jets), and non-diffractive WTW =+
pileup, W#*Z+ pileup, ZZ+ pileup, W +jet backgrounds. The preselection requires the presence of
two large-radius jets of py > 100 GeV each, no isolated lepton and at least one proton on each side
with 0.015 <& < 0.15. The four first lines describe the selection on the W bosons sides using the
central CMS or ATLAS detector, the two next lines the exclusivity requirements using the proton
detectors. Yields estimated for time-of-flight difference with precision values of 50 ps or 20 ps are
shown as well. The bottom rows correspond to an estimation based on the N-subjettiness ratio
To/7 cut based on ATLAS and CMS performance results [54-56].

on the use of N-subjettiness ratio 7o /71 cuts, which quantifies the likelihood that the large-
radius jet has a two-prong substructure, as first suggested in ref. [66], further confirmed
by the CMS and ATLAS experiments [54-56]. Based on these performance reports, it was
shown that the N-subjettiness ratio cut 72/7; < 0.5 can improve the QCD jet background
rejection by an additional factor of &~ 6 in addition to the jet mass selection requirement.
The jet mass requirement used in our analysis, together with a 7/7 requirement, yield a
combined inefficiency of about 20% for W boson jets decay relative to the yields extracted
with the jet mass cut alone, while the background rejection factor from the jet mass re-
quirement together with the ratio 7o/7; cut increases by a factor of about 6 when tagging
both W boson jets, relative to the jet mass cut alone [56]. This estimation assumes that
the jet mass requirement and the 75 /71 cut is mostly independent from the jet kinematics,
which seems to be true for most of the pp values of interest as reported by the CMS in
ref. [56]. Thus, the 1600 events at 20 ps time-of-flight precision could be further reduced
to about 270 with the additional use of N-subjettiness ratio, with a decrease in the signal
efficiency of about 80% relative to the jet mass requirement alone used in our study. A
combination of very precise time-of-flight measurement, together with a judicious choice of
jet substructure variables, could help cope with the large QCD jets background, leading to
a signal-to-background ratio of about 25%.
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Recently, the ATLAS Collaboration presented a new set of tools based on the so-called
Unified Flow Object (UFO) algorithm [67], which showed a significant improvement on
the background rejection rate of QCD jets while retaining a good signal efficiency rate for
retaining W boson jets. Thus, the hadronic channel can become quite competitive in the
study of high mass central exclusive W W ™ production, if it is supplemented by these
jet substructure techniques developed by the ATLAS and CMS Collaborations. This calls
for a judicious selection of jet substructure variables or use of advanced techniques by the
experimental collaborations. For a thorough review on the performance of these methods,
which are outside of the scope of this paper, we refer to ref. [60].

4.3 Semi-leptonic decays of the W bosons

Turning to the semi-leptonic decay scenario, we start by requiring the presence of at
least one large-radius jet with gfﬁt > 25GeV and exactly one charged isolated lepton of
pfip > 25GeV. As in the previous section, if there is more than one large-radius jet, we
merge jets within AR;; < 2 with the criteria described in section 4.2, then exactly one
large-radius jet or merged dijet with pJT > 120 GeV. The slightly larger pjﬁt is optimized
to yield a better signal-to-background ratio. This is the respective “preselection” step for
this channel.

Unlike the hadronic decay channel, a complete reconstruction of the final state is not
possible in the semi-leptonic decay channel because of the undetected neutrino. The energy
and momentum of the neutrino along the beam direction, E¥ and p%, are unknown. In
order to estimate the invariant mass and rapidity of the WTW ™ system (which is later
used to calculate the correlations between the central system and the forward protons), we

miss

consider £ = p7'®® and p? = 0 strictly for the myw and yww evaluation, and assign the
missing transverse momentum of the neutrino with pJ5| as is usually done. The choice
of fixing p¥ = 0 is based on the p% distribution observed in simulated events, which peaks
around 0 with a standard deviation of about 100 GeV for central exclusive W+W ™~ events.
This spread of 100 GeV results in an additional smearing on the estimated invariant mass
and rapidity of the reconstructed W+W ™~ kinematics. Since we are not reconstructing
all the decay products of the W~ system due to the undetected neutrino, we refer to
the mass and rapidity of the diboson event candidate as miyy, and vy, respectively, to
emphasize that this is an estimation of the actual variables myw and yww that we aim
to ideally reconstruct. The my, and yyyy variables were comparable with the yyw and
mww variables at generator-level. We found that, on average, yj;;, is closer to 0 than
the true yww, while mj .y, is lower than myyyw on average, due to the missing £ and p
information. By comparing this estimation with truth-level information available from the
MC generated event (i.e., assuming we could indeed reconstruct the neutrino E* and p¥),
we found that the exclusive W W~ signal yield would improve by a factor of about 1.6
relative to that obtained with our conservative approach. The E¥ and p% of the neutrino
could be estimated, up to a two-fold ambiguity, by assuming that the undetected neutrino,
together with the detected charged lepton, has to yield the rest mass of the W boson. Such
a method was employed by the CDF Collaboration in ref. [68]. Such an approach could be
considered for the experimental analysis for Run-3 at the CERN LHC.
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Figure 5. Jet pr (left) and charged lepton pr (right) distributions normalized to unity for semi-
leptonic SM exclusive W W~ production (black full line) and pileup background (red dashed line)
after preselection requirements.

In order to suppress the non-diffractive backgrounds, and to favor boosted topologies
for large-radius jet reconstruction, we further require that p];t >120 GeV and pfip >100 GeV.
These requirements are determined based on the distributions observed in the pileup back-
ground and SM exclusive W W™ signal, as shown in figure 5. Furthermore, the invariant
mass of the reconstructed central system is required to be mjyy, >600GeV. The afore-
mentioned requirement further suppresses the non-diffractive background, and favors the
reconstruction of boosted topologies of the W boson decay products in large-radius jets.
We use the reconstructed pis > 30 GeV to estimate the transverse momentum carried
away by the undetected neutrino.

The rapidity difference between the central system and the forward two protons is
taken as |yyyw — Ypp| < 0.2 and the mass ratio 0.7 < my,,/mijy -y, < 1.3 for the semi-leptonic
channel, as shown in figure 6. The latter set of criteria are optimized in order to reject
as much pileup background as possible, while retaining most of the SM exclusive W+W —
events. Note that the selection window on these variables is narrower in this final-state,
even if we do not have the EY and p% of the missing neutrino. The reason is that we do
not have the same smearing effects as in the fully-hadronic final state. It is also worth
to note that we can still exploit these kinematic correlations between the forward protons
and central W boson pair in semi-leptonic final states. The number of events for signal
and background after each selection criterion is given in table 2 assuming in addition a
resolution of the fast timing detectors of either 50 or 20 ps in order to measure the proton
time-of-flight. With this set of selection criterion, we expect 22 SM vy — WTW ™ events
in the semi-leptonic channel, versus a expected background of 11 events, which is largely
dominated by W*+jets with pileup protons. We found that the acoplanarity between
the charged lepton and the large-radius jet does not provide much discrimination between
pileup backgrounds and central exclusive WTW ™ events. For this reason, no acoplanarity
cut is applied in the semi-leptonic channel.
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Figure 6. Rapidity difference y,, — yiw (left) and mass ratio my,/mi, v, (right) distributions
for semi-leptonic decays of SM exclusive WTW ™~ events (black full line) and pileup background
(red dashed line) normalized to unity, after preselection requirements, and lepton jet kinematic
requirements summarized in table 2.

Selection Excl. |WTW—| Wtz YA Wi Zj tt single-top | Total
requirements W*W = | +pileup | +pileup | +pileup | +pileup | +pileup | +pileup | +pileup bkg.
Preselection 3.9x10% | 6x10° |7.3x10%| 5.9x10* | 6.8x10% | 5.3x10° | 1.3x10° | 3.2x10* |8.3x106

P >120 GeV 7.6x10? | 5.8x10% | 8.4x10% | 7.1x10% | 3.6x106 | 2.6x10° | 4.4x10* | 1.9x10* | 4x10°
Pl > 100 GeV 334 | 2.3x10%| 3014 |2.52x10% | 1.56x10°|1.92x10°% | 1.5x10* | 5979 | 1.8x10°
My > 500 GeV 144 7698 1040 1077 70595 7970 699 987 9x10%
70 < mj; <90 GeV 74 2035 171 216 4211 459 224 14 7331
PREIss > 30 GeV 52 1628 141 172 3540 242 196 0 5919
[Ypp— Yty | <0.2 29 265 31 31 587 28 84 0 1026
0.7 <mpp/miy <1.3| 27 101 13 16 168 16 28 0 342
5t =50 ps 22 6 2 0.5 10 1 2 0 21.5
5t =20 ps 22 5 1 0 4 0 1 0 11

Table 2. Number of events for 300 fb~! after each selection criterion for W+ W~ exclusive signal
(when one W boson decays leptonically and the other one into hadrons), non-diffractive W+ W=+
pileup, W*Z+ pileup, ZZ+ pileup, W*+jet +pileup, tt+pileup, single-top+pileup backgrounds.
The bottom two rows correspond to the options of time-of-flight difference measurement of the
scattered protons with precision of 50 ps or 20 ps.

4.4 Leptonic decays of W bosons

For the leptonic case, we require at least two isolated leptons of opposite electric charge with
transverse momentum péT > 25 GeV each, and a veto on large-radius jets with p]T > 100 GeV
to suppress non-diffractive contributions, and to ensure exclusivity of event category. The
jet veto requirement suppresses the contribution of non-diffractive tt, single-top, W*+jet,
and Z+jet in association with pileup protons. The two leptons can be of different or same
flavors. This is dubbed “preselection” for the leptonic channel.

As in the semi-leptonic channel, in order to estimate the invariant mass of the exclusive
WHW ™ candidate, we fix EY = pis and p% = 0 for each of the undetected neutrinos in
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ARpmin =/ (Ay)? + (A¢)?, for exclusive WHW = (black full line) and pileup background (red
dashed line) for leading pr lepton (left), and subleading-pr when pr > 25GeV, for WW = purely
leptonic decay channel. The distributions are normalized to unity.

the calculation of myyy, and Yy, similar as in the semi-leptonic scenario. We use the
reconstructed piss > 30 GeV to estimate the transverse momentum carried away by the
undetected neutrinos. For same-flavor leptons, an additional cut of A¢y < 2.7 is applied
to suppress contributions from vy — ¢~ and Drell-Yan + pileup contributions, which are
negligible after these event selection requirements. The reason is that same-flavor lepton
pairs from these processes are produced back-to-back in the transverse plane, whereas if
they originate from the decay of two W bosons they are expected to be less correlated in
the transverse plane.

For the leptonic channel, due to the absence of underlying event activity in exclusive
WTW ™, the lepton isolation requirement is extended even further. Here, we consider
ARpmin = (Ay)? + (Ag)? is the distance of the charged lepton to the closest particle in
rapidity and azimuth fit to the same interaction vertex. For each prompt lepton, we require
ARpmin > 1.5, since this effectively reduces the contribution of pileup backgrounds while
retaining most of the signal events, as shown in figure 7. We further tighten the transverse
momenta requirements pfipl > 50 GeV for the leading lepton, while leaving the subleading
lepton at pfi,? > 25GeV. To further reduce pileup contributions, the correlation between
protons and W W™ decay daughters, namely |y, — yiyy/| < 0.5 and a loose cut of 0.5 <
Mpp/ My < 2.5 is used. The cut on these variables is looser, given that in this case we do
not detect two neutrinos, which worsens an accurate reconstruction of yj;,yy, and myjyy,, as
shown in figure 8, but profitting taking advantage that the pileup background is not very
large at this stage. Assuming a time-of-flight with a precision of 20 ps, we expect about 45
events from SM vy — WHW ™ at a background of 2 counts from non-diffractive WTW~
in association with pileup protons. The W boson events in the purely leptonic channel are
mostly at low myyy and at low pi,W , distinct from the phase space covered by the hadronic
and semi-leptonic channels, hence the difference in the integrated number of events.
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Figure 8. Rapidity difference y,, — yiw (left) and mass ratio mp,/miy,y, (right) distributions
for leptonic decays of SM exclusive WTW ™~ events (black full line) and pileup background (red
dashed line) normalized to unity, after preselection requirements, and lepton kinematic requirements
summarized in table 3.

Selection requirement SM Excl. | WTW— wW*Z zZ7 Total
W+W~= | + pileup | + pileup | + pileup bkg.
Preselection 522 2.29%x10% | 9359 895 3.3x10%
(Two leptons w/ p% > 25 GeV)
ARyin > 1.5 300 250 87 16 353
p# > 50 GeV 188 91 57 9 126
PSS > 30 GeV 140 77 46 3 122
A¢yp < 2.7 or different flavor 131 74 45 3 122
\Yiw — Yppl < 0.5 86 25 19 1 45
0.5 < Mmypp/ My < 2.5 64 6 7 1 14
ot = 50 ps 47 2 0 2
6t = 20 ps 45 2 0 2

Table 3. Number of events for 300 fb~! after each selection criterion for W+ W~ exclusive signal
(where both W bosons decay leptonically), non-diffractive WW ~+ pileup, W* Z+ pileup, ZZ+
pileup in leptonic final states. The bottom two rows correspond to the options of time-of-flight
difference measurement of the scattered protons with precision of 50 ps or 20 ps.

4.5 Discussion of standard model analysis

We note that only in the semi-leptonic and hadronic channels one can access high mass
WFW = production with large W boson transverse momenta pYW for future differential
cross section studies, which are absolutely necessary to test predictions based on the SM
non-abelian coupling between photons and W bosons. The purely leptonic channel offers
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the possibility of studying the SM processes, albeit at lower masses and softer pp of the
W boson. For leptons with pf}l’zz > 100 GeV, the expected number of exclusive W+TW ™~
events is 0. In other words, for harder vy — WTW ™ production can only be studied in
the semi-leptonic and hadronic channels.

We emphasize that exclusive production of W™W ™ boson pairs can be used as a stan-
dard candle process for a better understanding of the RP detector calibration and proton
reconstruction, as well as for a better understanding of trigger efficiency studies. In fact,
since every decay channel is independent from one another, they can be used separately
to cross check the proton spectrometer overall calibration. This is complementary to the
pp — pflT0~p process, where ¢ = e, u, used by the CMS-TOTEM and ATLAS Collabora-
tions to calibrate their proton spectrometers [32, 33]. More concretely, calibration at higher
& can be achieved with the hadronic and semi-leptonic channels, while the calibration at

low & could be done with the purely leptonic channel.

5 Anomalous vy — WTW ™ scattering

5.1 Effective field theory framework

Deviations from the SM from possible new physics contributions at energies much larger
than those accessible at the LHC can be described in an effective field theory formalism.
Indeed, by integrating out potential heavy degrees of freedom present at the new physics
energy scale or beyond, residual interaction terms are obtained at energy scales presently
probed at LHC energies [2, 69]. This corresponds to gauge invariant non-renormalizable
effective operators, which allows us to constrain several families of extensions of the SM in
a single framework. In this paper, we consider dimension-six operators directly related to
YW TW ™ quartic couplings. By imposing U(1)em and global custodial SU(2)¢ symmetries,
two such operators are allowed with their respective coupling strength parameters denoted
by a/ and a‘év. The effective field theory framework used in the present paper follows of
refs. [11, 12]. More concretely, the following effective interaction Lagrangian is used,

«

2 2
et = _%agV F FrWHew, — f—GaEYFmFW (Whewy +w=ewg)  (5.)

Where F' and W represent the field strength tensors of electromagnetic and weak inter-
actions after electroweak symmetry breaking, respectively. The interaction vy — W W~
induced by this effective operator may violate unitarity at high energies. In order to sup-
press this unphysical feature of the anomalous vy — W1 ™ process, we consider a dipole
form factor with a cutoff scale Acyio which modifies the coupling as:

W
Yol

(1 =+ W’?’y/Azutoﬂ“)2

a(‘ﬁfc(W%) — (5.2)

Here, W, is the center of mass energy of the initial-state diphoton system and Acygoff
represents the energy scale where new physics may manifest. For our projections, we con-
sider a scenario where Acyiog = 2 TeV, and the case where Acyio — 00, which corresponds
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to the case where unitarity might be violated, i.e., no form factor. In our case, most of
the events produced at high W W™ invariant mass are rejected in our analysis due to the
RP acceptance cut, ¢ < 0.15. Because of this, it has been found in previous studies with
intact protons that the difference in the results with and without form factors is not very
large (see for example refs. [11, 13, 14]). A direct relation between dimension-eight and
dimension-six couplings yyW W~ operator is found when assuming that an anomalous
WW Z~ vertex vanishes, as discussed in refs. [70, 71]. Therefore, our projections can be
mapped to the dimension-eight couplings under this assumption.

5.2 Event selection

In contrast to the SM ~y — WTW ™ process, the production rate of central exclusive
WTW ™ boson pairs induced by anomalous couplings increases with the invariant mass of
the diboson system and with the transverse momentum of each W boson, pqu . This means
that boosted topologies will be largely favored in anomalous interactions, distinct from
SM expectations. Since potential events induced by anomalous coupling interactions are
expected to appear mostly at large mpyw and pgy , the search strategy originally tailored
to isolate SM central exclusive W W™ production needs to be modified accordingly. For
illustration, we show the leading and second leading large-radius jet pr and the recon-
structed W W™ mass for SM and anomalous W W™ production in the hadronic channel
in figures 9 and 10, respectively. The anomalous contribution is shown in black for different
values of anomalous couplings, whereas the SM vy — WTW ™ contribution is shown in red
dashed line. We note that events induced by anomalous interactions contribution mostly
at larger jet pr and mass.

In the hadronic case, we require the transverse momentum of both large-radius jets
to be ;ﬁt > 400 GeV (as seen in figure 9). Similarly, we require that the invariant mass
of the reconstructed W W~ candidate to be myw > 1TeV (see figure 10). The latter
cut reduces most of the residual SM exclusive W+W ™~ contributions, while retaining a
large fraction of anomalous W™ W™ event candidates. The results are given in table 4 for
hadronic decays.

In a similar way, the higher pr and mass requirements eliminate most of the SM
vy — WTW™ in case of the semi-leptonic decays. In this case, we tighten the jet and
lepton kinematics as pET > 250 GeV and p];t > 350 GeV, with mjyy, > 1200 GeV.

For the leptonic final state, we use the same strategies as in section 4.4, similar to those
in refs. [9-11]. The one-dimensional sensitivity on anomalous couplings is of the order of
4.3x107°GeV2 and 1 x 1075 GeV~2 for a}} and al¥ at 95% CL for the leptonic final state
alone, respectively. We note here that, in contrast to the findings of the SM analysis, the
boosted large-radius jet topologies are significantly favored for events with a contribution
from anomalous coupling vertices. The leptonic channel is not as sensitive to deviations
from the SM as the hadronic or semi-leptonic channel. This is mostly because of the much
smaller branching fraction which does not allow to populate the phase space at large myyw
and pJW , where anomalous coupling contributions are most significant.
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to an integrated luminosity of 300fb~!. Contributions induced by anomalous couplings are present
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, ' al/ =5.10"7GeV~2 | a}V=10"5GeV~2 | SM Excl. Pileup
Selection requirement
no f.f. f.f. no f.f. f.f. W*TW~= | Background
Preselection 1892 61 7724 204 990 1.4x1010
70 < my1 < 90 GeV 7
1020 26 4 320 107 274 4.7x10
65 < mjz < 85 GeV
|Adjij0 — 7| < 0.01 1010 25 4 269 103 203 3.7x106
mww > 500 GeV 1008 25 4157 93 143 2.5x106
v [ > 0.9 978 24 4150 91 142 1.4x106
lyww — Ypp| < 0.2 337 15 1419 45 100 1.5%10°
0.7 < mpp/mww < 1.6 | 44 11 171 34 95 6.5x10%
5t = 50 ps 39 11 144 31 92 3.9%10°
ot = 20 ps 38 11 140 30 92 1.64x10°
Pr? >400 GeV
21.6 3.9 110.1 18.2 4.9 87
myw >1000 GeV

Table 4. Number of events at 300 fb~! after each sequential selection criterion for anomalous exclu-
sive W+ W~ production with and without form factors (a}Y =5x 10~ GeV~2 and a}/ =1076 GeV 2,
and when both Ws decay hadronically), SM W+W ~ exclusive production, and pileup backgrounds,
i.e., the sum of non-diffractive production of WYW =, WZ, ZZ, W*+jets, tt, single-top, QCD jets
with pileup protons. The bottom row corresponds to the event selection criterion optimized for the
anomalous coupling analysis.

5.3 Results of anomalous coupling studies

The expected 95% CL limit and 50 sensitivity for ag{/ and a§’ anomalous couplings for
300 fb~! of luminosity with and without form factor are shown in figures 11 and 12, respec-
tively, and the one-dimensional projections on the anomalous couplings are presented in
table 6. The statistical significance is calculated with Z = /2(S + B)In(1 + S/B) — 25,
with S and B representing the signal and background event counts, respectively [72]. By
combining all the decay channels, we obtain a sensitivity of 3.7 x 10~7 GeV~2 for agV and
3 x 1075GeV~2 for a(‘gv at 95%CL, when fixing one of the couplings to 0 and varying the
other, without the use of form factor. The hadronic channel has the best sensitivity for de-
viations treated in the dimension-six effective field theory formalism, as shown explicitly in
the expected limit calculation in table 5. In order to draw a comparison with the hadronic,
semi-leptonic, and leptonic final state results, we show the expected limits of the leptonic
decay using similar selection criteria as in ref. [11] in table 6. The sensitivity in the leptonic
channel alone is similar for anomalous couplings with and without form factor, since form
factor acts at larger invariant masses and pp, which the leptonic channel does not populate
completely. For these projections, we do not assume possible improvements with jet sub-
structure variable cuts. We estimate that the one-dimensional bounds could be potentially
be further improved down to values of |af’| < 3x 1077 GeV~2 and |a}}| < 7.4x 1077 GeV 2
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Selection requirement al/ =5 x 107" GeV~2 | af'=10"5GeV~2 | Exclusive Pileup
no f.f. f.f. no f.f. f.f. WHTW= | background
Preselection 190 29 680 108 3919 8.3x 106
8 > 120 GeV
P > 100 GeV 90 6 346 26 144 9x10*
miyy > 600 GeV
70 < mj1 < 90GeV 59 2 220 17 74 7331
pIRss > 30 GeV 49 5 170 14 52 5919
lysrw — Yppl < 0.2 25 4 74 10 29 1026
0.7 < mpp/mipyy < 1.3 10 3 24 7 27 342
ot = 50 ps 9 3 24 7 22 21.5
0t = 20 ps 9 3 24 7 22 11
It > 350 GeV
P > 250 GeV 1.1 0.1 8 1.1 0.9 0
myyy > 1200 GeV

Table 5. Number of events for an integrated luminosity of 300fb~! after each selection criterion
in the search of anomalous exclusive W+ W = boson pair production with and without form factors
(al/=5x 1077 GeV~2 and af'=10"% GeV~2 with ¢} = 0 in semi-leptonic channel. The second-to-
last column corresponds to SM exclusive W+ W~ boson production, and the pileup background,
which includes the combination of the pileup backgrounds. The bottom row corresponds to the
selection requirements optimized for the anomalous coupling studies, as described in the text.

at 95% CL by applying a similar cut on the N-subjettiness ratio 7o/ < 0.5, as discussed
in section 4.2, i.e., an improvement of factor of &~ 1.3 over our projections without the use
of these advanced techniques. This means that, in searching for these anomalous contri-
butions, jet substructure techniques are not as crucial as in the SM analysis.

The ATLAS and CMS experiments set one-dimensional bounds on the interaction
couplings without form factors of |a}} | < 1.1 x 1076 GeV~=2 and |a}}| < 4.1x 107° GeV~2 at
95% CL based on the 7 and 8 TeV analysis results [40-42]. However, a direct comparison of
our projections to existing limits published by the ATLAS and CMS experiments is not very
straightforward. The reason is that, in these studies, the anomalous production of W™W~
pairs is allowed to contribute at arbitrarily large invariant masses of the diboson system.
As mentioned in section 5, the production cross section of the vy — W+W ™ interaction
induced by the dimension-six effective operator increases with my y, eventually leading
to a violation of unitarity. Thus, the sensitivity is artificially enhanced in studies where
no upper cut in the invariant mass of the W boson pair is imposed. In our case, such an
upperbound in mass is imposed due to the acceptance in £ of the protons reconstructed
at the RPs. This has been noted in other studies with anomalous coupling interactions
using the proton tagging technique, such as in refs. [13, 14]. To avoid quoting limits on the
kinematic region where unitarity violation takes place, the ATLAS and CMS Collaborations
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Figure 11. Projected sensitivities on the anomalous coupling parameters af’ and aév without form
factors. The projections are shown for pp — pW W ~p at 14 TeV assuming an integrated luminosity
of 300fb~!. The yellow and green areas represent respectively the projected sensitivities at 95%
CL and 50 combining the hadronic, semi-leptonic, and leptonic decay channels of the WTW~
system. The blank area in the center represents the region where we do not expect sensitivity to
the anomalous coupling parameter. Time-of-flight measurements with 20 ps precision is assumed.

presented exclusion limits on the anomalous couplings using a dipole form factor with an
energy cutoff at Acytof = 500 GeV [40-42]. The one-dimensional limits at 95% CL with said
form factor are |af/| < 0.9 x 107*GeV~2 and |af¥| < 3.6 x 107* GeV~2 [40-42]. However,
the energy cutoff Acutor = 500 GeV used in the CMS and ATLAS analyses is too low for
the study presented in this paper, given that the minimum invariant mass of the W boson
pair in our study starts at 1TeV, i.e., the cross section vanishes for the phase-space we
can probe. For these reasons, a direct comparison with existing limits is not possible. No
limits on anomalous couplings from the 13 TeV analysis of v*4* — WTW ™ by the ATLAS
Collaboration were reported.

We draw a comparison with projections presented in the CMS-TOTEM PPS technical
design report [10]. In these studies, only leptonic decays are considered, for 0.015 < £ <
0.15. PPS expects 4 x 1075(1 x 1075) GeV~2 for |a}’| (|ad|) in the leptonic channel alone
for an integrated luminosity of 100 fb=! at 13 TeV [10], within the same order of magnitude
as those obtained here for the leptonic channel as expected. Thus, when considering the
hadronic and semi-leptonic final states, we can improve this bound by an order of magnitude
over those original projections. In a recent study [73], it was proposed to use central exclu-
sive W W~ production to probe non-abelian couplings between photons and W bosons
of the SM. The latter can be used to constrain anomalous gauge quartic couplings, and it
was found that for the dimension-six operators couplings they have a sensitivity of |a[‘)/v | <
1076 GeV~2 at 95% CL, i.e., similar to the sensitivity we have in leptonic decays of exclu-
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Figure 12. Projected sensitivities on the anomalous coupling parameters a}/ and agV with a dipole
form factor with cutoff energy of Acutor = 2TeV. The projections are shown for pp — pW+W ™ p
at 14 TeV assuming an integrated luminosity of 300fb~!. The yellow and green areas represent the
projected sensitivities at 95% CL and 50, respectively. The results correspond to a combination
of hadronic, semi-leptonic, and leptonic decay channels of the W W~ system. The blank area
in the center represents the region where we do not expect sensitivity to the anomalous coupling
parameter. Time-of-flight measurements with 20 ps precision is assumed.

sive WTW ™ events. It would be interesting to see how much the projections presented in
ref. [73] could be improved if semi-leptonic or hadronic decays of W bosons are considered.
In ref. [25], the sensitivity to the same anomalous quartic vertex is estimated for the Future
Circular Collider in electron-proton mode (FCC-he) at /s = 5.29 TeV at an integrated lu-
minosity of 1 ab™! of luminosity, with a focus on the process e "p — e~ W T~¢X. The sensi-
tivity to interaction couplings |fas0/ A*| associated to dimension-eight vyW W~ operators
is expected to be of the order of 9TeV—* at 95% CL under the aforementioned assump-
tions [25]. This translates to a projection on |af)| < 2.3 x 1077 GeV~2 at 95% CL, with the
relations between dimension-six and dimension-eight operators described in refs. [70, 71].
Our projections are thus competitive with these potential future collider scenarios, while
ours are readily accessible at current LHC collider energies and running conditions.

A simple extrapolation (assuming similar signal-to-background ratio) of our results
to 3000fb~! for the High Luminosity LHC (HL-LHC) suggests an improvement of our
projections by at most a factor of about ~ 3 on agv , agl/_ For extracting robust projections
for the HL-LHC, one would need to have a good understanding of the effects of a larger
pileup environment on the reconstruction of the W*W = boson pair decay, and of protons
detected in the RP detectors. Precise time-of-flight measurements of the scattered protons
will be of essence for these studies at the HL-LHC.
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W+W ™ decay channel Hadronic Semi-leptonic Leptonic Combined
Coupling [ 1077 GeV~?] 50 | 95% CL | 50 | 95% CL | 50 | 95% CL | 50 | 95% CL
lalV|, ay =0 (no form factor) | 6.9 3.8 10 4.9 43 24 6.6 3.7
lalY|, ay =0 (form factor) 17 9.4 27 13 43 24 16 9.2
laf|, af’ =0 (no form factor) | 17 9.5 25 12 107 59 16 9
lal|, af’ =0 (form factor) | 42.0 23 67 33 107 59 41 23

Table 6. Sensitivities to the anomalous couplings a’ and aév assuming an integrated luminosity
of 300fb~! and a center of mass energy of \/s = 14 TeV. The sensitivities for each decay channel
of the WTW ™ is displayed in the columns. The combined sensitivities are presented in the last
column. Sensitivities assuming no form factor and a form factor with cutoff scale Acypog = 2 TeV
are displayed in the rows. These sensitivities establish the coupling values probed at 50 or those
which could be excluded at 95% CL.

5.4 |t| distribution in the SM and BSM

As an additional remark, we analyze the four-momentum transfer squared at the proton
vertex, t = (pf — pi)?, where p; and py are the four-momenta of the scattered proton
before and after the interaction, respectively. In figure 13, we show the |¢| distribution for
vy — WTW ™ in the SM (red dashed line) and SM and anomalous coupling (black lines) at
generator-level. Exclusive W W~ with a contribution of anomalous couplings would yield
an overall flatter |t| distribution, while the SM-only prediction yields |t| < 1 GeV?2. This is
due to the photon-flux in the equivalent photon approximation, where high ¢ is correlated
with larger photon virtualities —¢?, which in turn directly affect |t|. In other words, if
events at high mpyw and high pr with two protons were observed experimentally, one
could cross check the nature of said process by inspecting the values of the reconstructed
|t|. If the protons are coming from pileup interactions, they will also have small values of
|t| (like the signal). Thus, it is of high importance to remove in an independent way the
pileup events by matching the mass and the rapidity of the W+ W~ candidate and the pp
system, as discussed throughout this paper. It is worth noting that the survival probability
might also be t-dependent, so that further studies are needed to investigate the effect on
SM and anomalous coupling |¢|-distributions. The resolution on the reconstructed [¢| is not
very good because of the larger beam divergence in standard LHC runs [9, 10]. However,
even if these smearing effects are large, one could use this feature as an additional check.

6 Summary

Sensitivities on central exclusive production of high-mass W W™ boson pairs in pp colli-
sions have been studied assuming an integrated luminosity of 300 fb~! at /s = 14 TeV. We
based our projections on the process pp — pW W ~p, where both scattered protons are
detected with dedicated forward proton detectors installed around the interaction points of
the ATLAS and CMS detectors, known as Roman Pots (RP) detectors. This process allows
us to study in detail the vy — WTW ™ process. In previous phenomenology and experi-
mental studies, only the leptonic final state of the diboson system has been considered due
to its clean experimental signature. In order to probe larger W+ W ™~ invariant masses, we
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Figure 13. Square of four-momentum transfer at the proton vertex, |t|, in pp — pW W ~p events
at generator-level, for protons scattering towards positive or negative rapidities. The SM contri-
bution is represented by the red histogram, while the SM and anomalous couplings distributions
combined for coupling values of af)/ =5 x 1077 GeV~2 and a}} = 1 x 1076 GeV~2 are represented
by the solid and dashed black line, respectively. The distributions are normalized to cross section
and luminosity.

have to consider additional decay channels other than the standard leptonic decay. Using
the forward proton detectors, one can consider every combination of final-state decays of
the W bosons.

We studied exclusive W+ W~ production in hadronic (W+W = — hadrons, clustered
into anti-k; R = 0.8 jets for merged or partially merged W — ¢¢’ decay topologies) and
semi-leptonic (W+tW ™ — hadrons + fvy, with the hadrons clustered into anti-k; R = 0.8
jets) final states, and compared their respective sensitivity to the standard leptonic de-
cays of both W bosons (WTW ™~ — {11y, la1p,) with two tagged protons. In the hadronic
channel, a measurement of the time-of-flight difference of the scattered protons, together
with a judicious choice jet substructure variables, will be instrumental to further control
the multijet background created in quark and gluon standard quantum chromodynamics
interactions. The semi-leptonic channel offers a good compromise in terms of signal-to-
background ratio with rather basic event selection requirements. Here, the dominant back-
ground comes from non-diffractive W*+jet background in association with pileup protons.
The leptonic channel provides access mostly to lower masses myyw and softer pjvy , and is
thus complementary to the kinematic reach of the hadronic and semi-leptonic channels.
The various WTW ™ decay channels, being mutually exclusive, can be used independently
as standard candle processes to further cross check the RP detector calibration, in addition
to 4y — €74~ scattering already used by the ATLAS and CMS Collaborations.
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In addition to the aforementioned study, we considered scenarios where deviations from
the Standard Model expectations are present. We parametrize these deviations by means
of an anomalous vYW W vertex in a dimension-six effective field theory framework. Here,
the hadronic final state gives much better sensitivity to beyond SM deviations at high-mass
and high-pr of each W boson. The hadronic channel yields the best sensitivity, followed
by the semi-leptonic and leptonic channels. This is because vy — W W~ with anomalous
coupling contributions are more likely to yield the boosted topology necessary to establish
large-radius jet reconstruction, and because the QCD jet background is further suppressed
at large myw and larger pIW . The interaction couplings agV and agf can be probed down
to values of 3.7 x 1077 GeV~2 and 9.2 x 107" GeV~2 at 95% CL by combining all decay
channels (one-dimensional projections, while keeping one of the coupling parameters fixed
to zero, without form factors). This is contrast to the sensitivity reached with the leptonic
channel alone of 4.3 x107% GeV~=2 and 107° GeV~2 at 95% CL. Comparisons to sensitivities
to the same quartic interaction coupling probed in different processes are made.
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