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Run 2 of the LHC has produced a lot of physics results from the elec-
troweak sector of the Standard Model. We briefly overview CMS results
that relate to measurements of triple and quartic gauge couplings: diboson,
vector-boson fusion, vector-boson scattering, and triboson production. We
present the most recent results and activities in the field and discuss the
prospects for Run 3 and beyond.
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1. Introduction

The electroweak gauge sector of the Standard Model (SM) consists of two
massive vector bosons, W and Z, and one massless vector boson, the photon
(7); interactions between them are governed by two triple gauge couplings,
WWZ and WW+, and four quartic gauge couplings, WWWW 6 WW ZZ,
WW Z~, and WW~~. The values of these couplings are completely deter-
mined by theory. Any deviation from the Standard Model values will result
in divergences in some physical processes, which, in turn, will require new
particles to regularize the high-energy behavior of the relevant amplitudes
and restore unitarity in the theory. The search for anomalous couplings is
equivalent to the search for new particles.

At the LHC, triple gauge couplings can be studied via the processes of di-
boson production and single-boson production in vector-boson fusion (VBF')
mode. Quartic gauge couplings can be studied via vector-boson scattering
(VBS) and triboson production.

* Presented at the 30" Cracow Epiphany Conference on Precision Physics at High
Energy Colliders, Cracow, Poland, 8-12 January, 2024.
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Measurements of gauge couplings are carried out within the framework
of the Standard Model Effective Field Theory (SMEFT), where non-SM in-
teractions between known SM particles are included via additional operators
of energy dimension higher than 4. Anomalous contributions to triple gauge
couplings (aTGCs) are described via three CP-conserving dimension-6 op-
erators with effective coupling constants (Wilson coefficients) cyww, cw,
and cp [1]. Anomalous contributions to quartic gauge couplings (aQGCs)
are sought via 18 independent dimension-8 operators, with coefficients fgo—
fs2, fao—fumss fur, fro—fra, and frs—fro [2]. Higher dimension operators
are suppressed by appropriate powers of A, the energy scale at which new
physics explicitly shows up. This parameter sets the upper limit of the
validity of the SMEFT expansion. The cross section of a process in the
SMEFT formalism can be written as a coherent sum of the purely SM cross
section, a A% *-suppressed SM-SMEFT interference term (where d is the di-
mensionality of the operator in question) and a A2(4~%-suppressed SMEFT
quadratic term. One generally expects interference terms to dominate over
quadratic terms.

The CMS detector is described in detail in Ref. [3].

2. Overview of CMS Run 2 results

2.1. Diboson production

The following inclusive diboson production processes were studied in
Run 2: WW [4], WZ [5], W~ |7], ZZ 6], all the above with purely leptonic
W and Z decay modes, and WV, where V = W, Z, in semileptonic decay
modes [8]. All the respective cross sections were measured and compared to
SM predictions calculated to NNLO or NLO accuracy in QCD. A summary
of CMS results is shown in Fig. 1. Search for aT'GCs is done by measuring
the distributions of the dilepton mass my; for WW and the reconstructed di-
boson mass myy for the other processes. Processes WW, W Z, and W+ are
complementary in their sensitivities to aT'GCs since WW probes both the
WWZ and WW+ vertices, while WZ probes only WW Z and W+ probes
only WW~. The semileptonic WV process is by construction a combina-
tion of WW and W Z, and despite being more challenging than the purely
leptonic decay modes due to hadronic background and poorer resolution, it
provides fully competitive sensitivities to aT'GCs. In addition, the ZZ pro-
cess probes anomalous vertices ZZZ and ZZ~. Results expressed in terms
of parameters fZ, f/, fZ, and f2 [9] are consistent with zero within less
than 0.001 (95% C.L. limit).
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Fig. 1. Summary of CMS diboson cross sections normalized to SM predictions.

Typically, aTGC predictions are obtained by setting the cutoff parame-
ter A to infinity (no cutoff) and by considering both SM-SMEFT interference
and SMEFT quadratic terms in the calculations. Additional studies were
done for the W Z process [5] to check the validity of both approaches. Limits
on cwww, cw, and cg were calculated as a function of the A cutoff, with
A ranging from 200 GeV up to 3 TeV. Between 3 TeV and 1 TeV, limits
were shown to typically loosen by a factor of ~ 2-3. Alternative aTGC lim-
its calculated using only the interference terms revealed good sensitivity to
the interference for ¢y and moderate for cg. Limits on cyywiw were shown
to be driven almost entirely by the quadratic term. Limits were placed on
individual Wilson coefficients by setting the remaining coefficients to zero,
as well as allowing pairs of coefficients to vary at the same time. Studies
showed little correlation between the different operators.

The interference issue has been revisited in a more recent analysis of
inclusive W+~ production [10]. By looking at the distribution of the az-
imuthal angle ¢ of the positive helicity lepton (positive charged lepton or
antineutrino) in the W+ center-of-mass frame, following the suggestion of
theoretical work [11], sensitivity to the interference term was shown to in-
crease by an order of magnitude for ey . While the quadratic term still
plays an important role, it is possible to obtain reasonably stringent limits
on cyww from the interference term alone.

A summary of CMS aTGCs searches, including Run 1 and Run 2 data,
is shown in Fig. 2. Overall, good agreement with the SM is found.
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Fig. 2. Summary of CMS 95% C.L. limits on dimension-6 SMEFT parameters cg,

cwww, and cy.

2.2. Single-boson production in VBF mode

The smoking gun signature of VBF is two highly energetic “tagging”
jets, with a large separation in pseudorapidity An;; and high dijet mass
mj;. Processes W + 2 jets [12] and Z + 2 jets [13]| provide additional tests
of the SM and constraints on aTGCs. The former probes both WW Z and
W W+, the latter probes only the WW Z vertex. Anomalous contributions
are searched for by measuring the distributions of transverse momenta of
the lepton coming from W decay, pTl, and of the Z boson, pTZ , respectively.
Results, included in Figs. 2 and 3, are consistent with the Standard Model
predictions and obtained 95% C.L. limits on aTGCs are competitive with
those from diboson for ¢y and somewhat less stringent for ¢y and c¢p.

2.3. Vector-boson scattering

The VBS signal is formally defined as electroweak-diboson production
with at least two additional “tagging” jets, with a large An;; and a high
m;j, suggestive of a hard boson-boson interaction. These processes provide
the best probe of quartic gauge couplings. Table 1 shows the SM and non-
SM couplings probed by each VBS process.
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Fig.3. Summary of CMS VBF and VBS cross sections normalized to the SM
predictions.

Table 1. VBS processes sorted by final state and the quartic couplings they probe.

VBS process SM couplings Non-SM couplings
Same-sign WW WWWWw —
Opposite-sign WW | WWWW, WWZZ, WW~y, WW Zy —
Wz WWZZ, WW Z~ —
7z Wwzz 22727, 222, ZZyy
W WWry, WW Z~ —
Z~y WW Z~ ZZZry, ZZyy, Zyyy
Y WWyy ZZNYs ZYYYs YVYVY

The following VBS processes have been studied in CMS: the same-sign
WW [14], WZ [15], ZZ [16], W~ [17], Z~ [18], all with leptonic W and Z
decays, and the semileptonic V'V [19] which includes the same-sign WW,
the opposite-sign WW, WZ, and ZZ (for the final cross-section measure-
ment only WW and WZ were used). VBS signal has been observed with
a significance of more that 5 standard deviations (s.d.) for the same-sign
WW, WZ, Zv, and most recently W-~. A 4 s.d. evidence was obtained
for ZZ and 4.4 s.d. for VV. Measured cross sections, including those from
Run 1, are summarized in Fig. 3. Agreement with the SM is good.
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Searches for aQGCs were performed based on the measured distribu-
tions of the reconstructed total diboson mass myy or of the transverse
mass mTVV (for W and optionally WZ). Upper limits were placed on
Wilson coefficients of dimension-8 operators: fso, fsi, fro—fre, fao, fart,
farr from the same-sign WW, WZ and V'V, fro—frs, frs, fro from ZZ,
fyvo—fuss furs fro—fre, frs—frr from Wey, and faro—fus, furs fro—fre,
frs—frg from Z~. Therefore, all the relevant dimension-8 operators have
been experimentally constrained (including fgo which in the same-sign WW
has the same effect as fgg). Measurements coming from different processes
are complementary. The most stringent limits on fso, fs1, fro—fre, favo,
far, and fpr7 come from V'V followed by the same-sign WW | faro—fars and
frs—fr7 are best constrained by W+, while frg and frg require study of ZZ
and Z~.

As it was for aTGCs, the baseline procedure in aQGC searches assumed
an infinite value of the cutoff parameter A. An additional study was done
for the same-sign WW, W Z, and their combination. Here, the “partial clip-
ping” technique was applied: generated distributions of the diboson mass in
the aQGC scenarios were clipped at the energy corresponding to the lowest
unitarity limit which is relevant to the studied process, only SM contribu-
tions were allowed above this value; aQGC predictions were recalculated
accordingly. Limits on dimension-8 operators obtained using this technique
were typically weaker by a factor 4-5 than those calculated without clipping.
All aQGC predictions were calculated using both interference terms as well
as quadratic terms. Finally, limits were calculated for individual Wilson
coefficients, setting all the remaining coefficients to zero, including those of
dimension-6 operators.

Final-state polarizations were also studied in the same-sign WW pro-
cess [20]. The analysis involved exploiting tiny differences in the final-state
kinematics between longitudinal and transverse W-boson polarizations, in-
cluding such variables as the azimuthal separation of the two jets A¢g;; and
of the two leptons Ad¢y;, as well as my. First hints of the existence of longi-
tudinal polarizations were observed with a significance of 2.3 s.d., consistent
with SM expectations.

2.4. Recent VBS and aQGC related activities

In a recent analysis, the first observation of VBS signal in the opposite-
sign WW process was reported [21]. Advanced deep neural network tech-
niques were applied, with kinematic inputs from mj;, An;;, A¢y, transverse

momenta of the tagging jets pT] and of the dilepton system pT”, the Zeppen-
feld variable z; for both leptons and the transverse mass of the leading lepton
mT”. This together with data-driven background normalization techniques
and background control regions, allowed for the extraction of a VBS signal
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with a significance of 5.6 s.d. (5.2 expected). Measured cross sections are
consistent with the SM predictions (and included in Fig. 3). The opposite-
sign WW process has more sensitivity to Higgs and triple gauge couplings
than its same-sign counterpart, via additional diagrams in the s-channel.
It can be used in a future combination of channels to improve limits on
dimension-6 operators.

Another recent development in CMS and a possible path for further
improvements is the inclusion of 7 decay channels. A recent analysis of the
same-sign W process [22] considered final leptonic states consisting of one
light lepton (electron or muon) and one tau lepton decaying into hadrons.
To identify hadronic taus, a deep neural network was used with inputs from
mjj, mTZ , transverse momenta pp?, pp7, pTZ, and two mass-like variables

defined as
2
2 2 T2 miss — 7l — miss 2
Mir = m7, +pp’ +pr - ‘PT +pr

N2 2
M3 = (PTT +pr' + p%“) - ‘ﬁTT + Pt + P (2)
useful to signal a VBS interaction. The observed signal significance was
2.7 s.d.

Quartic vertices with two photons, like WW v or the anomalous ZZ~~,
can be also probed using a different technique. Instead of requiring two
tagging jets, we can require two intact scattered protons. These can be
detected using the Precision Proton Spectrometer (PPS), a system of track-
ing devices very close to the beamline, located some 200 meters away from
the main CMS detector. In the central detector, we look for two highly
energetic acoplanar fat jets with large 2-subjettiness, suggestive of a pair
of hadronically decayed W or Z bosons. The presence of scattered protons
in the PPS suggests interaction via photon radiations. Protons in the PPS
are matched with jets in the central detector via their respective invariant
masses and rapidities. Using this technique, upper limits have been placed
on the respective cross sections o(pp — pWWp) and o(pp — pZZp) [23].
These measurements translate into limits on dimension-8 operators fyro—
farr. The obtained precision on fjo is comparable with that obtained from
other processes, in particular, Z~; for other Wilson coefficients, it is sig-
nificantly weaker. However, such measurements can provide valuable cross
checks of consistency.

: (1)

and

2.5. Triboson production

Triboson production processes offer an independent way to study quartic
gauge couplings. They are, however, even more challenging due to very low
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cross sections, low leptonic branching fractions, and complicated combina-
torics. The following triboson production processes have been studied in
CMS:WWW WWZ, WZZ, ZZZ |24], W~~y, Z~~ |25], and most recently
WW~ [26].

A 5 s.d. observation was reported for the total V'V V production, where
V =W, Z, but only WWW exceeds 3 s.d. significance on its own. An
upper limit was placed on ZZZ production based on a null observation in
consistency with SM expectations. Reported signal significances for Wn~y~,
Z~v, and WW+y are 3.1, 4.8, and 5.6 s.d., respectively. A summary of the
measured cross sections is presented in Fig. 4.
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Fig. 4. Summary of CMS triboson cross sections normalized to the SM predictions.

Searches for aQGCs were conducted in WWW, Wxy~, and Zvy pro-
cesses. Obtained limits are usually less stringent than those from VBS,
although limits on frs—fr7 obtained from W+~ and on frg and frg from
Z~+y are significant.

3. Summary and prospects for Run 3 and beyond

Run 2 has produced a lot of results from the electroweak gauge sector.
This includes: diboson production cross sections for WW, WZ, ZZ, W+,
WV (semileptonic), single-boson production with 2 jets (VBF) for both W
and Z, electroweak diboson with 2 jets (VBS) cross sections for the same-
sign WW ,WZ, ZZ, W~, Z~, semileptonic V'V and the opposite-sign WW,
triboson production cross sections for VVV |, Wr~, Zy~, and WW . Multi-
ple constraints have been placed on aTGCs as well as aQGCs — upper limits
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have been placed on cyyww, cw, ¢g, and on all the relevant 18 dimension-8
operators. It is clear that measurements of triple and quartic gauge cou-
plings will benefit from increased statistics from Run 3, and in the longer
term, from the HL-LHC phase. For many of the abovementioned analyses, in
particular the same-sign WW , W Z and massive triboson production, sheer
statistics is still the main limiting factor. Improving precision will be more
challenging for processes with a high QCD-induced background. Extraction
of the pure electroweak cross section relies largely on calculations. Input
will be needed also from the theory side.

Many improvements can be expected in the interpretation of results in
the SMEFT language. It has been shown that observing the SMEFT valid-
ity region defined by parameter A is imperative for dimension-8 operators,
especially for processes involving massive vector bosons. The most complete
and correct way of placing limits on SMEFT coefficients is as a function of A,
with A varying between an arbitrary low value (of course, if new physics was
present at a very low scale, we would have already seen it!) and the rele-
vant unitarity limit. The unitarity condition defines the maximum value of
any Wilson coefficient that is physically allowed for a given value of A. We
can place physically meaningful limits only as long as they are stricter than
limits dictated solely by the unitarity condition. The same considerations
apply also to aT'GCs and dimension-6 operators, although due to a milder
energy dependence, these issues are here less crucial.

Relative contributions from interference and quadratic terms have never
been studied in CMS for dimension-8 operators. To facilitate physics inter-
pretation, calculation of limits with and without quadratic terms is strongly
encouraged. Novel ways to improve sensitivity to the interference may be
required, e.g., by looking at angular correlations between physics objects in
addition to mass-related variables. Applying Machine Learning techniques
to use many kinematic inputs simultaneously can be very beneficial both for
dimension-6 and dimension-8 operators.

Finally, an important long-term milestone will be to move beyond the
one-operator-at-a-time scheme. For aTGCs, correlated 2-dimensional limits
have already been set, the number of independent parameters is small and
correlations are moderate. This represents a much bigger issue for aQGCs,
where the number of parameters is large and many of them are known to be
highly correlated (e.g., fso and fg1). As already hinted by the semileptonic
analyses, a combination of processes may be an effective way to increase
precision and decorrelate different parameters. Moreover, VBS data, e.g.,
the opposite-sign WW can be used in combination with non-VBS processes
to improve constraints on dimension-6 operators.

Clearly, there is a long road ahead of us. The most interesting results
are yet to come.
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