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Vector boson scattering is a key production process to probe the electroweak symmetry breaking
of the standard model, since it involves both self-couplings of vector bosons and coupling with the
Higgs boson. If the Higgs mechanism is not the sole source of electroweak symmetry breaking,
the scattering amplitude deviates from the standard model prediction at high scattering energy.
Moreover, deviations may be detectable even if a new physics scale is higher than the reach
of direct searches. Latest measurements of production cross sections of vector boson pairs in
association with two jets in proton-proton collisions at 4/s = 13 TeV at the LHC are reported using
a data set recorded by the CMS detector. Differential fiducial cross sections as functions of several

quantities are also measured.
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1. Introduction

The discovery of the Higgs boson [1] confirmed the mechanism of electroweak spontaneous
symmetry breaking, completing the observation of the particle content of the Standard Model (SM).
However, the exploration of its scalar and Yukawa sectors remains in its early stages, with the Large
Hadron Collider (LHC) at CERN offering a vast scientific program to probe these areas. Vector
boson scattering (VBS) is a key process in this investigation, as it is sensitive to deviations from
the SM, particularly in its role of maintaining the unitarity of the scattering amplitude through
precise cancellations involving the Higgs boson [2, 3]. VBS production of vector boson pairs,
though rare at the LHC due to its purely electroweak (EW) nature, offers valuable insights into
the electroweak symmetry breaking mechanism. Recent advancements in data collection have
enabled detailed studies of VBS in fully leptonic final states and other channels by the ATLAS
and CMS Collaborations [4, 5]. Among the VBS processes, same-sign WW scattering (ssSWW)
is particularly noteworthy due to its larger cross-section among EW-mediated processes. A new
study explores a new final state in ssWW VBS, characterized by a hadronically decaying tau lepton
(1) [6]. Leveraging machine learning for identification, the cross-sections of these processes are
measured using data from proton-proton collisions at /s = 13 TeV, collected by CMS from 2016 to
2018 with an integrated luminosity of 138 fb~!. Additionally, this proceeding addresses the VBS
WYV process, where one vector boson decays into quarks and the other, a W boson, decays into a
lepton (e or u) and a neutrino. Both ATLAS and CMS have studied this process in various final
states, with a recent analyses from CMS reaching the first evidence for SM EW {vqq production
using the full LHC Run 2 dataset [7]. Furthermore, a search for the exclusive production of gauge
boson pairs (WW or ZZ) from yy interactions using the Precision Proton Spectrometer (PPS) [8]
is presented [9]. This study focuses on fully hadronic decay modes of the W and Z bosons, with
the PPS enabling precise reconstruction of the protons and the full kinematic profile of the events,
offering a stringent test for beyond-SM physics, particularly in the high invariant mass region.

2. Experimental setup

The CMS detector features a central superconducting solenoid with an internal diameter of
6 meters, generating a magnetic field of 3.8 T. Inside the solenoid are the silicon pixel and strip
tracker, the lead tungstate crystal electromagnetic calorimeter (ECAL), and the brass-and-scintillator
hadron calorimeter (HCAL). These components are arranged in a barrel and two endcaps. Forward
calorimeters extend the pseudorapidity (1) coverage beyond that provided by the barrel and endcap
detectors. Muon detection is facilitated by gas-ionization chambers embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, including the
coordinate system and relevant kinematic variables, is available in Ref. [10].

The Precision Proton Spectrometer (PPS) is a system of near-beam tracking and timing detectors
housed in Roman pots located approximately 200 meters from the CMS interaction point. Roman
pots are movable devices that allow detectors to approach the beam to within a few millimeters
without disturbing the vacuum or beam stability. The PPS enables the measurement of the scattered
protons four-momentum and time-of-flight from the interaction point (IP). Proton momenta are
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measured by two tracking stations on each arm of the spectrometer. Timing informationcan be used
to reduce background from pileup events.

Events of interest are selected using a two-tiered trigger system. The first level (L.1) employs
custom hardware processors that analyze data from the calorimeters and muon detectors, selecting
events at a rate of approximately 100 kHz with a fixed latency of around 4 us [11]. The second
level, known as the high-level trigger (HLT), runs a version of the full event reconstruction software
optimized for speed on a farm of processors, reducing the event rate to around 1 kHz before data
storage [12]. Although forward proton data from the PPS is available at the HLT level, it is not used
in the event selection.

3. Study of ssWW VBS with one hadronic tau in the final state

This study investigates a novel final state in same-sign WW (ssWW) scattering, characterized
by the decay of one W boson into a hadronically decaying tau lepton (7). The final state consists
of a charged lepton (£ = e, ), a corresponding neutrino (v¢), a Ty, its associated neutrino (v),
and two jets produced by the quarks emitting the W boson pair. The inclusion of the 7 lepton
enhances the sensitivity of vector boson scattering (VBS) processes to potential deviations from
the Standard Model (SM) due to its large mass and preferential coupling to the Higgs boson.
A machine-learning approach is employed to identify the {7,vvj;j final state and measure the
cross-section for both electroweak (EW) and combined EW + quantum chromodynamics (QCD)
contributions using data from proton-proton collisions at /s = 13 TeV collected by CMS from
2016 to 2018, corresponding to an integrated luminosity of 138 fb~!. The analysis employs Monte
Carlo simulations to design event selection, evaluate signal efficiencies, and estimate backgrounds.
The VBS signal is simulated at leading order (LO) using MADGRAPHS5_aMC@NLO [13], and
background processes are generated at next-to-leading order (NLO) using the POWHEG v2 [14]
and MADGRAPHS5_aMC@NLO generators, interfaced with PYTHIA 8 [15] for parton showering
and hadronization. In addition to the standard cross-section measurement, the study explores the
sensitivity of ssWW VBS to Effective Field Theory (EFT) operators. The analysis focuses on both
dimension 6 (dim-6) and dimension 8 (dim-8) operators [16, 17], considering four dim-6 operators
and eight dim-8 operators. The impact of these operators on the signal yield is evaluated using the
M., variable, which is defined as:

2 (1)

M2y = (pey +pey + D) = |Bey + By + 3
where p.,., pe,, and p‘}‘i“ are the transverse momenta of the tau, lepton, and missing transverse mo-
mentum, respectively. This variable is particularly sensitive to EFT effects and is used in likelihood
scans to set constraints on the Wilson coefficients of the EFT operators. The study performs both
one-dimensional scans (reported in Table 1) for individual Wilson coefficients and two-dimensional
scans for pairs of coefficients, including combinations of dimension-6 and dimension-8 operators
(reported in Figure 1). While no significant deviations from the SM are observed, the analysis sets
the first limits on EFT dimension-6 operator contributions in VBS processes and the first combined
limits on dimension-6 and dimension-8 operators within the same physics process.
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Table 1: Observed and expected 68 and 95% 1D confidence level (CL) intervals on a set of Wilson coeflicients
associated with the EFT dim-6 and dim-8 operators considered. The results reported here are obtained by
fixing the Wilson coefficients other than the one of interest to their SM values in the fit procedure.

Wilson coefficient 68% CL interval(s) 95% CL interval
Observed Expected Observed Expected

cw/A?  [-0.513,0.481] [-0.681,0.669] [-0.842,0.818] [-0.987,0.974]

dim-6 cuyw/A2  [-5.48,431]  [-7.00,6.09]  [-8.68,7.60]  [-9.99,9.05]
c;}; /A2 [-3.27,3.44]  [-4.53,4.42]  [-5.55,5.60]  [-6.56,6.44]
c;;; /A2 [-1.88,0.705]  [-2.39,1.37]  [-2.82,1.61]  [-3.24,2.16]
fro/A*  [-0.774,0.842]  [-1.02,1.08]  [-1.32,1.38]  [-1.52,1.58]

dim-8  fumo/A*  [-8.07,7.70]  [-9.89,9.74]  [-13.1,12.8]  [-14.6,14.5]
fso/A*  [-9.60,9.82]  [-11.6,12.0]  [-15.9,16.1]  [-17.4,17.9]

Figure 1: Observed (black) and expected (red) 68 (solid) and 95% (dashed) CL contours for —2In AL as
functions of the reported (dim-6, dim-6) and (dim-6, dim-8) Wilson coefficient pairs.
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4. Evidence for WW/WZ vector boson scattering with leptonic final states

This study investigates the VBS W({v)V (jj) process, where one of the vector bosons decays
into quarks and the other, a W boson, decays into a lepton (£ = e, i) and a neutrino. The signal
is characterized by the presence of a single isolated electron or muon, moderate prT“iss, and either
three or four jets. The VBS-like events are identified by a pair of jets with large invariant mass and
pseudorapidity separation, while the remaining jets result from the vector boson decay. Two main
event categories are defined based on the reconstruction of the hadronically decaying vector boson:
a boosted category, with a single high-p wide-cone jet, and a resolved category, with at least four
narrow jets. Background contributions, primarily from W+jets and ¢f production, are estimated
using control samples from data and corrected for residual mismodeling in the simulation. The
signal, VBS W({v)V(jj), is simulated at leading order using MADGRAPH5_aMC@NLO, with
the narrow width approximation applied to the intermediate vector bosons, decayed by MadSpin to

account for finite-width effects and spin correlations. To enhance the sensitivity of the analysis, a
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DNN discriminator is employed, which improves the signal-to-background separation by a factor of

BS variable alone. The DNN is trained separately for the resolved

three compared to a fit using the mJ\J/
and boosted categories, incorporating the most significant kinematic variables, such as m. 25, the
Zeppenfeld variable for the lepton [18], and the quark/gluon discriminator for the leading V.4 jet.
The significance of the VBS signal is extracted using a maximum likelihood fit, which includes

systematic uncertainties in the background estimation. The measured electroweak (EW) production

cross section in the fiducial phase space is found to be 1.90’:%.136 pb, corresponding to an EW signal
strength of upw = 0.851%_2231, with an observed significance of 4.4 standard deviations. When

considering both EW and QCD contributions, the total production cross section is measured as

1643% pb, corresponding to a signal strength of ugw.+qcp = 0.97f%"22%. The results are consistent

with the Standard Model predictions within the 68% confidence level.

Figure 2: Background-subtracted DNN discriminator distribution for the resolved (left) and the boosted
(right) categories. Post-fit background yields in each bin are subtracted from data and compared with the
signal post-fit distribution, plotted as a red line.
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5. Search for high-mass exclusive yy — WW/ZZ

This study presents a search for the exclusive production of gauge boson pairs (WW or ZZ)
from yy interactions using the Precision Proton Spectrometer (PPS) at the CMS experiment. The
final state consists of the two bosons and the scattered protons, which are reconstructed using PPS.
The focus is on the fully hadronic decay modes of the W and Z bosons. The Standard Model (SM)
cross sections for the yy — WW and yy — ZZ processes with both protons intact are expected
to be around 50 b and 0.05 fb, respectively, at 4/s = 13 TeV, concentrated at low values of the VV
invariant mass [19]. Deviations from the SM in these processes can be quantified using anomalous
quartic gauge couplings (AQGCs), described by either LEP-like dimension 6 [20] or linearly-realized
dimension 8 operators [16]. The yy — WW process without proton detection has previously been
used to place constraints on these AQGCs. The data used in this analysis correspond to an integrated
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luminosity of 100 fb~! collected at /s = 13 TeV during the years 2016—2018. The signal events are
simulated at leading order with the FPMC Monte Carlo generator, while the dominant nonexclusive
backgrounds are modeled using PYTHIA 8 and MADGRAPHS_aMC@NLOO. The backgrounds
are mainly due to jets produced in one proton-proton collision combined with unrelated protons
from pileup interactions. The signal extraction is performed using a binned maximum-likelihood
fit in a total of twelve bins, combining data from the three years and both the WW and ZZ regions.

The observed data show no significant excess over the SM prediction. The resulting upper
exclusion limits at 95% confidence level on the cross sections in a fiducial region of 0.04 < ¢ < 0.20
and diboson invariant mass m(VV) > 1 TeV are o (pp — pWWp) < 67 fb with an expected limit
of 53f31‘; fb, and o (pp — pZZp) < 43 fb with an expected limit of 62132% fb.

The limits on AQGCs are derived from this analysis, with the LEP-like dimension-6 yyWW
AQGC limits being approximately 15-20 times more stringent than those obtained from previous
vy — WW analyses without proton detection. When these results are translated in limits on
linearly-realized dimension-8 operators, they are close to those from other vector boson scattering
studies at 4/s = 13 TeV without information from PPS. To account for unitarity violations at high
energies, a clipping procedure is applied to the AQGCs model [21], removing contributions above
a certain energy threshold (approximately 1.4 TeV for the WW channel and 1.1 TeV for the ZZ
channel. This ensures that the analysis remains within the regime where the EFT approach is valid.

Table 2: Limits on LEP-like dimension-6 anomalous quartic gauge coupling parameters, with and without
unitarization via a clipping procedure, and conversion of limits on agv to dimension-8 fus,; operators. The
limits are quoted on one of the operators when the other parameter is fixed to the null.

Dimension-6 AQGC Limits

Coupling  Observed (expected) Observed (expected) Conversion to Dimension-8 fjs ; Operators
95% CL upper limit 95% CL upper limit

Lee lodiy Coupling  Observed (expected) Observed (expected)

No clipping Clipping at 1.4 TeV 95% CL upper limit ~ 95% CL upper limit

layf /A’] 4.3 (3.9)x 107°GeV™  5.2(5.1) X 107°GeV~? No clipping Clipping at 1.4TeV
lal /Al 1.6 (1.4)x 1075GeV™2 2.0 (2.0) X 107°GeV™>  |faro/A*] 162 (14.7)TeV™* 19.5 (19.2)TeV~*
laZ /A% 0.9 (1.0) x 1075GeV ™2 - |fara/A] 90.9 (82.6)TeV™ 110 (108)TeV ™

laZ/A%] 4.0 (4.5 x 1075GeV~? -

6. Conclusions

In this proceeding, an overview is presented of the most recent results from the CMS experi-
ment on vector boson scattering (VBS) processes, which are crucial to probing the mechanism of
electroweak symmetry breaking and searching for signs of new physics. We detailed measurements
across different VBS channels, including same-sign WW scattering with a hadronic tau in the
final state, WV scattering where one boson decays hadronically and the other leptonically, and the
exclusive production of gauge boson pairs through yy interactions. These analyses have extended
the sensitivity of the CMS experiment to potential deviations from the Standard Model (SM),
placing stringent limits on both dimension-6 and dimension-8 effective field theory (EFT) opera-
tors. Notably, the search for high-mass yy — WW and yy — ZZ processes using the Precision
Proton Spectrometer has provided the first limits on anomalous quartic gauge couplings (AQGCs)
involving intact protons. The application of a clipping procedure to account for unitarity violations



Vector boson scattering results at the CMS Experiment Andrea Piccinelli

further reinforces the robustness of these results. Overall, the studies presented here demonstrate

the continuing power of VBS processes as a probe for new physics, with the CMS experiment

leading the way in precision measurements and stringent constraints on the SM and beyond.
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