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ABSTRACT

Scrutiny of the structure of electroweak gauge boson self-interactions through
triple and quartic gauge boson couplings (TGCs and QGCs) constitutes an
important part of the physics program of the Large Hadron Collider (LHC).

Triboson production and vector boson scattering (VBS) are directly sensitive to
QGCs while vector boson fusion (VBF) offers a new window in the study of
TGCs, which is complementary to conventional measurements using diboson

production. In this contribution, an overview of recent TGC and QCG
measurements using triboson production, VBS and VBF by the ATLAS and

CMS experiments at the LHC is presented.
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1 Introduction

The non-abelian nature of the electroweak sector predicts the self-interaction structure of electroweak gauge
bosons in the form of triple and quartic gauge boson couplings (TGCs and QGCs). While the study of these
couplings offers an important test of the Standard Model of particle physics (SM), QGCs are additionally
connected to electroweak symmetry breaking sector, together with the Higgs boson, ensuring unitarity at
high energies for scattering processes.

The proton-proton collision data provided by the Large Hadron Collider (LHC), Geneva, offers excellent
sensitivity in hunting for deviations from the SM in QGCs through triboson production and vector boson
scattering (VBS) while providing another window for the study of TGCs through vector boson fusion (VBF).
In this paper, an overview of TGC and QGC measurements using triboson production, VBS and VBF by
the ATLAS and CMS experiments [1, 2] is presented.

2 TGC and QGC Measurements at the LHC

The following TGC and QGC measurements performed by the ATLAS and CMS experiments are presented.

• 2.1 A QGC measurement using same sign WW production with two jets [3];

• 2.2 A QGC measurement using the exclusive γγ →WW production [4];

• 2.3 A QGC measurement using the WWγ/WZγ production [5];

• 2.4 A TGC measurements using the VBF Z boson production with two jets [6, 7].

2.1 Same-sign WW production with two jets

The scattering of two W bosons is a key process in testing the nature of electroweak symmetry breaking.
Even after the discovery of an SM-like Higgs boson by the ATLAS and CMS experiments [8, 9] many
physics scenarios predict enhancements in VBS [10, 11]. At the LHC, the process can be idealized as an
interaction of W bosons radiated from initial state quarks yielding a final state with two W bosons and two
jets (WWjj). WWjj processes that involve exclusively weak interactions at Born Level is referred to as
electroweak production, which includes VBS contributions, while those involving the strong interaction are
referred to as strong production. In the case of same-electric charge WW production, the strong production
does not dominate the electroweak production, making this channel an ideal choice for initial studies on
VBS.

An analysis is performed by the ATLAS experiment using 20.3 fb−1 of data at
√
s = 8 TeV [3]. In

the analysis, a fiducial region for electroweak production is defined as follows: exactly two prompt charged
leptons are required with the same electric charge, transverse momentum pT > 25 GeV, |η| < 2.5, invariant
mass m`` > 20 GeV and angular separation ∆R`` > 0.3; at least two jets reconstructed with the anti-kt
algorithm with a distance parameter R = 0.4 with pT > 30 GeV, |η| < 4.5, and separated from the leptons
by ∆R`j > 0.3; the invariant mass of two jets with the largest pT (mjj) must be larger than 500 GeV; the
magnitude of the missing transverse momentum (Emiss

T ) reconstructed in the final state must be greater than
40 GeV; the separation in rapidity of the two jets with largest pT is required as |∆yjj | > 2.4.

Figure 1 (a) shows the |∆yjj | distribution after the fiducial region cuts other than the |∆yjj | > 2.4
requirement. The measured fiducial cross-section for electroweak WWjj production, including interference
with strong production is σfid = 1.3± 0.4(stat)± 0.2(syst) fb. This measured fiducial cross-section is used to
set limits on anomalous QGCs (aQGCs) affecting vertices with four interacting W bosons. The WHIZARD
event generator is used to generate WWjj events with aQGCs using the K-matrix unitarisation method,
and deviations from the SM, which includes a SM Higgs with mH = 126 GeV, are parameterised in terms
of two parameters (α4, α5) [12]. The expected and observed 95% confidence level (C.L.) intervals derived
from the profile likelihood function are shown in Figure 1 (b). The one-dimensional projection at α5,4 = 0
is respectively −0.14 < α4 < 0.16 and −0.23 < α5 < 0.24 compared to an expected −0.10 < α4 < 0.12 and
−0.18 < α5 < 0.20.
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Figure 1: (a) The |∆yjj | distribution after all the fiducial region cuts other than the cut on |∆yjj | and (b)
the limits on aQGC parameters (α4, α5) set in the same-sign WWjj analysis [3].

2.2 Exclusive γγ → WW production

The detection of high-energy photon interactions at the LHC opens up the possibility of interesting and
novel research. In particular, measurements of the two-photon production of a pair of W bosons provide
sensitivity to aQGCs. An analysis using 5.05 fb−1 of data at

√
s = 7 TeV taken by the CMS detector is

performed [4]. The µ±e∓ final state is used to search for fully exclusive pp → p(∗)W+W−p(∗) production,
where p(∗) denotes either of very forward-scattered intact protons or a proton dissociated into a low-mass
systems that escape detection. As in either case protons escape detection, this process is characterized by a
primary vertex formed from a µ±e∓ pair with no other tracks, with large transverse momentum (pT,µ±e∓)
and large invariant mass (mµ±e∓).

Events are collected using two electron-muon software based trigger algorithms with asymmetric thresh-
olds. The first algorithm requires a muon with pT > 17 GeV and an electron with pT > 8 GeV, while the
second requires a muon with pT > 8 GeV and an electron with pT > 17 GeV. In the offline selection recon-
structed muons and electrons are required to have opposite charge, pT > 20 GeV, |η| < 2.4 and matched to
a primary vertex with zero extra tracks. The leptons are required to have mµ±e∓ > 20 GeV. Figure 2 shows
distributions after all the cuts other than the cuts on the variables themselves: (a) extra track multiplicity
associated to µ±e∓ vertex with pT,µ±e∓ > 30 GeV cut, and (b) pT,µ±e∓ .

A 95% C.L. upper limit on a fiducial cross-section is derived using the Feldman-Cousins method [13]
with the additional cut of pT,µ±e∓ > 100 GeV as:

σ(pp→ p(∗)W+W−p(∗) → p(∗)µ±e∓p(∗)) < 1.9 fb.

In the same phase space, 95% C.L. intervals are set following the Feldman-Cousins prescription on the aQGC
parameter aW0 and aWC [14]. With no form factor and the other parameter fixed to zero they are:

− 4.0× 10−6 < aW0 /Λ2 < 4.0× 10−6 GeV−2 (aWC /Λ
2 = 0);

−1.5× 10−5 < aWC /Λ
2 < 1.5× 10−5 GeV−2 (aW0 /Λ2 = 0),

where Λ is the energy scale of possible new physics.
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Figure 2: (a) The extra track multiplicity associated to µ±e∓ vertex and (b) the pT,µ±e∓ distribution in the
exclusive γγ →WW analysis [4].

2.3 WWγ/WZγ production

Triboson production offers a direct access to (a)QGCs. The CMS experiment performed a search for WWγ
and WZγ production using single lepton final state, which includes W (→ `ν)W (→ jj)γ and W (→ `ν)Z(→
jj)γ processes where ` = e, µ [5]. The hadronic decay mode is chosen because of its substantially larger
branching ratio than that of the leptonic decay mode. WWγ andWZγ are treated as a single combined signal
due to a limitation in the dijet mass resolution. The amount of data corresponds to 19.3±0.5 (19.2±0.5) fb−1

in the muon (electron) channel, and are taken at
√
s = 8 TeV.

The data are collected with single lepton triggers using pT thresholds of 24 GeV for muons and 27 GeV
for electrons, and the following offline selections are applied: either one muon with pT > 25 GeV and |η| <
2.1 or one electron with pT > 30 GeV and |η| < 2.5, excluding the transition region (1.44 < |η| < 1.57),
is required; events with additional leptons are vetoed; Emiss

T > 35 GeV is required as well as requiring the

transverse mass of W boson candidate (
√
p`TE

miss
T (1− cos(∆φ`Emiss

T
)), where φ`Emiss

T
is the azimuthal angle

between the lepton and Emiss
T direction) larger than 30 GeV; at least two jets are reconstructed by anti-kt

algorithm with a distance parameter R = 0.5, and satisfy pT > 30 GeV and |η| < 2.4; the highest pT jet
candidates are chosen to form the hadronically decaying boson with 70 < mjj < 100 GeV requirement
applied, and the separation in pseudo-rapidity between the jets of |∆ηjj | < 1.4 imposed; the two jets fail a
b-tagging requirement with about 70% efficiency and a rejection factor of 100 to reject top-quark production;
the photon candidate must satisfy ET > 30 GeV and η < 1.44; the |MZ −meγ | > 10 GeV cut is applied to
suppress the Z → ee background.

A 95% C.L. observed upper limit of 311 fb is calculated for inclusive cross-section, which is about 3.4
times larger than the SM prediction. Also, 95% C.L. upper limits are derived on aQGCs with dimension-6
and dimension-8 parameters [15, 16, 17] using photon ET distribution. Figure 3 (a) shows the photon ET
distributions in muon channel, along with the predicted signal from WWγγ aQGC for aW0 /Λ2 = 50 TeV−2.
Figure 3 (b) shows the observe and expected exclusion limits for the combination of muon and electron
channels for a dimension-8 aQGC parameter fT,0/Λ

4.
Figure 4 presents exclusion limits on WWγγ aQGC parameters obtained by the CMS experiment, in-

cluding the exclusive γγ → WW measurement, compared to past measurements performed by L3 [18] and
D0 [19]. The two measurements by the CMS experiment set the world-best exclusion limits.
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Figure 3: (a) The photon ET distributions in muon channel and (b) the exclusion limits on fT,0/Λ
4 in the

WWγ/WZγ analysis [5].
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Figure 4: Comparison of the limits on the WWγγ aQGC parameters obtained by the CMS, L3 and D0
collaborations [5]. The results of the WWγ/WZγ analysis is indicated as WWγ.
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2.4 VBF Z boson production with two jets

.
The electroweak Zjj production, which is the production of a Z boson in association with two jets via the

t-channel exchange of a electroweak gauge boson, includes the contributions from the Z boson production via
VBF. Therefore the process is of particular interest because of the sensitivity to anomalous TGCs (aTGCs)
in WWZ vertex.

The ATLAS and CMS experiments performed measurements of fiducial cross-sections for electroweak Zjj
production using 20.3 fb−1 and 19.7 fb−1 of proton-proton collision data taken at

√
s = 8 TeV, respectively [6,

7]. The ATLAS experiment constructed five fiducial regions, and the electroweak component is extracted
by a fit to the mjj distribution in a fiducial region chosen to enhance the electroweak contribution over the
dominant background of strong Zjj production. Figure 5 (a) shows the mjj distribution in data compared
to the unfolded MC predictions in that region. The CMS experiment utilises two independent methods,
one is based on a simulation and the other is based on a data driven method in modeling the strong Zjj
background. The results from both measurements are statistically combined. Figure 5 (b) shows the Fisher
discriminant variable obtained using the data driven method. By these measurements, both the ATLAS and
CMS experiments independently reject the background-only hypothesis with significance above the 5 σ level.
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Figure 5: (a) The mjj distributions in the signal enhanced region by the ATLAS [6]. (b) The Fisher
discriminant variable obtained with a data driven method by the CMS experiment in the Zjj analyses [7].

The ATLAS experiment also sets 95% C.L. limits on the aTGCs on WWZ vertex. In the standard
hadron collider analyses, aTGC limits are set by measuring diboson production, for which all three gauge
bosons entering the WWZ vertex have time-like four-momentum. In the VBF diagram, however, two of the
gauge bosons entering the WWZ vertex have space-like four-momentum transfer. Electroweak Zjj produc-
tion therefore offers a complementary test of aTGCs, because the effects of boson propagators present in
electroweak Zjj production are different from those in diboson production [20]. Using the LEP parameteri-
sation [21], the limits are derived as:

− 0.50 < ∆g1,Z < 0.26 (obs.) , −0.45 < ∆g1,Z < 0.22 (exp.);

−0.15 < λZ < 0.13 (obs.) , −0.14 < λZ < 0.11 (exp.).
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3 Conclusions

The investigation of TGCs and QGCs offers an important test of the SM, and is essential in the under-
standing of electroweak symmetry breaking sector. The ATLAS and CMS experiments have provided new
exclusion limits using triboson production, VBS, and VBF. With triboson production and VBS the two LHC
experiments have set world-best exclusion limits on aQGCs, while with VBF, a new window in the study
of aTGCs with the contributions from space-like gauge bosons has been opened up. After upgrading the
center-of-mass energy and luminosity of the LHC more accurate measurements, that are enough to constrain
TeV scale physics, would be delivered [22].
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