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Abstract: The search for anomalous couplings is one of the possible ways to find any deviations from
the Standard Model. Effective field theory is used to parameterize the anomalous couplings in the
Lagrangian with operators of higher dimensions constructed from the SM fields. In the classical
way, the limits on the Wilson coefficients of these operators are set based on beyond the Standard
Model contributions induced for the signal process, whereas the ones induced for background
processes are assumed to be negligible. This article provides a study of the corrections to the limits on
Wilson coefficients by considering beyond the Standard Model contributions induced for background
processes. The studies of Z(νν̄)γjj and W(`ν)γjj productions in pp collisions with

√
s = 13 TeV

and conditions of the ATLAS experiment at the LHC are used as an example. Cases with integrated
luminosity collected during Run II of 139 fb−1 and expected from Run III of 300 fb−1 are considered.
The expected 95% CL limits on coefficients fT0/Λ4, fT5/Λ4, fM0/Λ4 and fM2/Λ4 are obtained both
in the classical way and in the way, where the corrections from background anomalous contributions
are applied. Corrected one-dimensional limits from Z(νν̄)γjj and W(`ν)γjj productions are up to
9.1% and 4.4% (depending on the operator) tighter than the classical ones, respectively. Corrected
combined limits are up to 3.0% (depending on the operator) tighter than the classical ones. Corrections
to two-dimensional limits are also obtained. The corrected contours are more stringent compared
with the classical ones, and the maximal improvement is 17.2%.

Keywords: Standard Model; quartic gauge couplings; anomalous couplings; effective field theory;
Wilson coefficients; limit setting; collider experiment; vector boson scattering; diboson production

1. Introduction

In the Standard Model (SM), massive particles obtain their masses through a spon-
taneous symmetry breaking mechanism [1–3]. A corresponding scalar particle, a Higgs
boson, was discovered [4,5] at the Large Hadron Collider (LHC) in 2012. Given the fact that
the construction of the SM was almost finished at that stage, this theory still fails to explain
important experimental and theoretical facts, such as the non-zero neutrino mass, existence
of dark matter and dark energy, a large number of free parameters and their hierarchy in
the theory. These gaps in the description indicate that the SM could be extended to a more
general theory, explaining all aforementioned facts and deviations remain to be found. One
can search for beyond-the-Standard-Model (BSM) effects (so-called new physics) that cause
the deviations from the SM in two ways: direct and indirect. This means the direct search
for new particles in the former case, and tests of the SM by searching for deviations in
the interactions of the already known particles in the latter case. Since the direct search in
LHC experiments gave no results [6,7], the perspectives of the indirect search grew. The
extensive search of deviations from the SM is crucial for the choice of a direction for the SM
extension among a huge number of existing theoretical models.

The approach of an effective field theory (EFT) [8] for the indirect search of new physics
is used in this work. This effectively adds the new couplings induced by BSM physics to
the existing theory. These additional couplings represent currently unavailable high energy
effects of new physics. Collision data from LHC experiments provides a possibility to set
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the limits on these new coupling constants, that is Wilson coefficients. The classical method
for setting this kind of limits is based on considering the BSM contributions only in the
main (signal) process. However, in the general case, one or several background processes
can also have a BSM part, rising according to the probed coefficient and contributing to the
BSM yields. Changes in the BSM yields lead to corrections in the derived limits [9].

Vector boson scattering (VBS) Zγ and Wγ productions are processes that are sensitive
to anomalous quartic gauge couplings (aQGC). Such processes, existing in the SM due to the
non-abelian symmetry of the electroweak interaction, are very rare. Therefore, their study
can lead to precise tests of the SM and the spontaneous symmetry breaking mechanism as
well as searching for new physics. The choice of the neutrino decay of a Z boson in this
study provides the highest sensitivity, since its branching ratio is significantly larger than
the charged-leptonic decay one. In addition, its final state identification efficiency is much
higher than the hadronic decay one. The choice of the leptonic decay of a W boson provides
a large sensitivity due to its better identification efficiency compared with the hadronic
decay one. VBS Zγ and Wγ productions in pp collisions require two associated hadronic
jets at the tree level. Z(νν̄)γjj and W(`ν)γjj are rare processes and were observed [10,11]
only recently in the analyses of collision data, collected during the full Run II of the LHC.
This article uses these processes as example signals for considering the corrections to the
limits on Wilson coefficients and to show a possible gain from this kind of correction.

2. EFT Framework

EFT is a model-independent approach based on the parameterization of the Lagrangian
with higher-dimensional operators in the following way:

L = LSM + ∑
d>4

∑
i

f (d)i
Λd−4O

(d)
i , (1)

where LSM denotes the SM Lagrangian (which dimension equals four), O(d)
i is the i-th

operator of dimension d, and the corresponding Wilson coefficient consists of dimen-
sionless coupling constant f (d)i and the new physics energy scale Λ. Such operators are
constructed from the SM fields. They can describe vertices, predicted by the SM, enhancing
corresponding couplings, as well as add new possible vertices to the theory.

The lowest operator dimension, where electroweak quartic gauge couplings without
triple gauge coupling counterparts are predicted, is eight. Therefore, dimension-eight
operators are used to study aQGCs [12]. These operators can be split into three groups by
their construction: operators of scalar (S), mixed (M) and tensor (T) families. They contain
only derivatives of the Higgs doublet in the first case, derivatives of the Higgs doublet
mixed with the electroweak field strength tensors in the second case and only the field
strength tensors in the last case. Operators of the S-family do not affect couplings with
photons; thus, the limits on corresponding Wilson coefficients cannot be set from Zγ or Wγ
production studies. In this work, corrections to the limits are considered for the coefficients
of the following operators:

OT0 = Tr
[
ŴµνŴµν

]
Tr
[
ŴαβŴαβ

]
, OT5 = Tr

[
ŴµνŴµν

]
BαβBαβ,

OM0 = Tr
[
ŴµνŴµν

][(
DβΦ

)†DβΦ
]
, OM2 = BµνBµν

[(
DβΦ

)†DβΦ
]
,

(2)

since these operators affect couplings that can produce both final states, Zγ and Wγ. For
instance, the operators

OT8 = BµνBµνBαβBαβ, OT9 = BαµBµβBβνBνα (3)

affect only neutral aQGCs, and thus Wγ production cannot be used for setting or correcting
limits on the corresponding Wilson coefficients.
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If the Lagrangian is parameterized as seen in Equation (1), a squared amplitude of a
generic process can be written as

|A|2 =

∣∣∣∣∣ASM + ∑
d>4

∑
i

f (d)i
Λd−4A

(d)
BSM,i

∣∣∣∣∣
2

= |ASM|2 + ∑
d>4

∑
i

f (d)i
Λd−4 2ReA†

SMA
(d)
BSM,i+

+ ∑
d>4

∑
i

(
f (d)i

Λd−4

)2∣∣∣A(d)
BSM,i

∣∣∣2 + ∑
d,d′>4

∑
i,j,i>j

f (d)i
Λd−4

f (d
′)

j

Λd′−4 2ReA(d) †
BSM,iA

(d′)
BSM,j. (4)

The full amplitude A consists of the SM amplitude ASM and the sum over all BSM
amplitudesA(d)

BSM,i, predicted by operatorsO(d)
i . In this general case, the squared amplitude

consists of four parts: the SM term, the sum over all interference (or linear) terms, the sum
over all quadratic terms and the sum over all cross terms, which represent an interference
between different BSM amplitudes. The SM and quadratic terms are always positive,
whereas interference and cross terms can be either positive or negative. The procedure of
limit setting with parameterization by a large number of operators (or with a large number
of corresponding coefficients, which are the fit parameters of interest) is complicated. Thus,
usually only one or two coefficients of EFT operators are treated as non-zero, while all
others are set to zero. This allows setting one- and two-dimensional (1D and 2D) limits on
Wilson coefficients.

If the Lagrangian is parameterized by one (two) dimension-eight operator, then the
squared amplitude contains the SM term, one (two) interference term, one (two) quadratic
term and zero (one) cross terms:

|A|2 = |ASM|2 +
f

Λ4 2ReA†
SMABSM +

f 2

Λ8 |ABSM|2, (5)

|A|2 = |ASM|2 +
f1

Λ4 2ReA†
SMABSM,1 +

f2

Λ4 2ReA†
SMABSM,2+

+
f 2
1

Λ8 |ABSM,1|2 +
f 2
2

Λ8 |ABSM,2|2 +
f1 f2

Λ8 2ReA†
BSM,1ABSM,2. (6)

Similar decomposition can be obtained for predicted yields. Note that the terms ∝ Λ−8

should be suppressed comparing with the terms ∝ Λ−4. Thus, there is some exceeding
of the accuracy, since the terms ∝ Λ−8 are not discarded in this work. However, this full
model guarantees positivity of the squared amplitude for any value of Wilson coefficients.
Moreover, using such expansion up to the terms ∝ Λ−8, one should respect interference
terms of some operators of dimensions higher than eight. Such operators are not classified
yet, and their contribution is assumed to be suppressed by the dimensionless coupling
constant.

3. Corrections to the Limits

Traditionally, in order to set the limits on Wilson coefficients, decomposition described
in Equations (5) and (6) is applied only for the main (signal) process, while all background
processes are assumed to have the SM term only. However, one or several backgrounds
can be also affected by non-zero EFT coefficients. This leads to the changes in the BSM
predicted yields. In this section, the coefficient is set to its experimental limit value. The
effect of the corrections in the BSM yields on the derived limits can be estimated from the
following condition. If ∣∣∣NBSM,sig + NBSM,bkg

∣∣∣ > ∣∣NBSM,sig
∣∣, (7)

then the limits become tighter and weaker otherwise. Here, NBSM,sig and NBSM,bkg are
the classical BSM prediction (from the signal process only) and its correction from the
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background processes, respectively. In the case of parameterization by one operator (as in
Equation (5)), they are the sum of the corresponding interference and quadratic terms:

NBSM,sig(bkg) =
f

Λ4 N1,sig(bkg) +
f 2

Λ8 N2,sig(bkg). (8)

In the low-sensitivity regime, when the derived limits are large and the quadratic
term dominates, i.e., ( f 2/Λ8)N2,sig(bkg) � |( f /Λ4)N1,sig(bkg)|, the interference term can
be dropped. Therefore, the condition in Equation (7) is satisfied for any value of Wilson
coefficient, and the corrected limits are tighter than the classical ones.

Otherwise, in the high-sensitivity regime, when the derived limits are small and the
interference term dominates, i.e., ( f 2/Λ8)N2,sig(bkg) � |( f /Λ4)N1,sig(bkg)|, the quadratic
term can be dropped. Therefore, the condition in Equation (7) turns into the condition
|N1,sig + N1,bkg| > |N1,sig|, and there are two possible cases, depending on a relative
sign of N1,sig and N1,bkg. In the first case, when N1,sigN1,bkg > 0, the limits become
tighter. In the second case, when N1,sigN1,bkg < 0, the limits can become either tighter if
|N1,bkg| > 2|N1,sig| or weaker if |N1,bkg| < 2|N1,sig|.

In the medium-sensitivity regime, when the interference and quadratic terms are of
the same order, it is possible that the limits become tighter from one side and weaker from
another side. The study of this regime is complicated due to the large number of cases.
Thus, in general case, the limit corrections can lead to either tightening (improvement) or
weakening of the limits. The current sensitivity of leading high-energy experiments (e.g.,
Run II and Run III of the LHC) to aQGC is low (but is close to the medium regime). In this
case, the corrections to the limits lead to tightening of the limits from both sides.

4. Simulation of Signal and Background Events and Event Selection

The methodology for the correction of limits is applied to Zγ and Wγ productions
in association with two jets. As it was mentioned above the neutrino decay of a Z boson
and leptonic decay of a W boson are considered to increase the sensitivity to aQGC. These
processes are sensitive to aQGC since boson pairs can be produced via a VBS subprocess. In
addition to the VBS mechanism, which has an electroweak nature in the SM, diboson states
with two jets can be also produced via non-VBS mechanisms: partially strong and fully
electroweak that have two and zero strong vertices at the tree level, respectively. Examples
of the diagrams for VBS and non-VBS Z(νν̄)γ and W(`ν)γ productions are presented in
Figure 1. The Zγ boson pair can be produced through the VBS mechanism either in quartic
gauge coupling with charged bosons (WWZγ), predicted by the SM, or in neutral quartic
gauge couplings (ZZZγ, ZZγγ, Zγγγ), that are absent in the SM at the tree level. The Wγ
boson pair can be produced through VBS in the quartic gauge couplings predicted by the
SM (WWZγ, WWγγ), whose contribution to the process amplitude can be changed due to
the dimension-eight EFT operators.

All considered processes were generated with a Monte Carlo (MC) event generator
MADGRAPH5_AMC@NLO [13] using pp collisions with center-of-mass energy (

√
s) of

13 TeV. The capabilities of this generator were used for the generation of different terms of
squared amplitude as described in Equations (5) and (6), separately [14]. PYTHIA8 [15] was
used to model the parton shower, hadronization, and underlying event. DELPHES3 [16]
with ATLAS detector geometry was used for detector simulation. The Run II integrated
luminosity of 139 fb−1 and Run III integrated luminosity approximate estimation of 300 fb−1

were used for the calculations.
To study the corrections to the aQGC limits from Z(νν̄)γ and W(`ν)γ productions,

different phase-space regions are used in this work — the Zγ and Wγ regions, respectively.
They correspond to the following signatures: one tight photon, large missing transverse
energy Emiss

T , at least two hadronic jets and exactly zero (one) leptons for the Zγ (Wγ)
region. Backgrounds that can be also produced via anomalous quartic gauge couplings and,
therefore, are used to demonstrate the corrections to the limits on Wilson coefficients, are
W(`ν)γ and Z(` ¯̀)γ in the Zγ region, and Z(` ¯̀)γ in the Wγ region. Additional background
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that is considered is tt̄γ production, which is significant in both regions and has no BSM part.
The toy model in this work does not include backgrounds, which are usually estimated
using data-driven techniques (e.g., backgrounds from particle misidentification, such
as e → γ, j → γ misidentification or fake missing transverse energy from jets energy
mismeasurement), since they are not dominant [10,17,18], especially in the high-energy
regions where the EFT sensitivity is the highest.
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Figure 1. Examples of the Feynman diagrams for Z(νν̄)γ (top) and W(`ν)γ (bottom) partially
strong non-VBS (left), electroweak non-VBS (center) and VBS (right) productions in association with
two jets.

The object reconstruction and selection used in this study are as close to ATLAS Run I
study of electroweak Z(νν̄)γ production [17] ones as this is possible in DELPHES3. The
event selection criteria for the Zγ and Wγ regions are based on the ones from the ATLAS
Run I study of electroweak Z(νν̄)γjj production [17] and from the CMS Run II study of
electroweak W(`ν)γjj production [11], respectively. However, some ineffective cuts were
excluded, and the summary of the selection is given in Table 1.

Table 1. Event selection criteria.

Zγ Region Wγ Region

Eγ
T > 150 GeV Eγ

T > 100 GeV
Emiss

T > 100 GeV Emiss
T > 30 GeV∣∣∆ϕ

(
~p miss

T , γjj
)∣∣1 > 3π/4 p`T > 30 GeV∣∣∆ϕ

(
~p miss

T , γ
)∣∣ > π/2 mW

T
2 > 30 GeV∣∣∆ϕ

(
~p miss

T , j
)∣∣ > 1

∣∣meγ −mZ
∣∣ > 10 GeV

∆R 3 > 0.4 for any objects pair ∆R > 0.5 for any objects pair∣∣∣∆ηjj

∣∣∣ > 2.5
1 ~p miss

T is the missing transverse momentum vector, and missing transverse energy Emiss
T is its absolute value;

2 ∆R =
√
(∆η)2 + (∆ϕ)2 is the angular distance between two objects, where η = − ln tan(θ/2) is the pseudora-

pidity; 3 mW
T =

√
2p`TEmiss

T (1− cos ∆ϕ`,~p miss
T

) is the transverse mass of the W boson.

The sensitivity to aQGC grows rapidly with increase of the center-of-mass energy
of VBS. However, this energy cannot be measured due to the neutrino presence in the
final state. The transverse energy of a photon Eγ

T highly correlates with the center-of-mass
energy of VBS. Thus, Eγ

T distribution (Figure 2) is used for setting the limits in this study.
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Figure 2. Eγ
T distributions in the Zγ (left) and Wγ (right) regions for Run II integrated luminosity of

139 fb−1. Solid (dashed) lines correspond to the classical (corrected) EFT prediction for cases if one of
the considered coefficients is non-zero. The histogram in the the lower panel is the ratio of corrected
and classical EFT predictions. The last bin includes all overflows.

5. Statistical Treatment

In this section, µ corresponds to a vector in the parameter-of-interest space — that is a
single Wilson coefficient (µ = f /Λ4) in the case of setting 1D limits or a couple of different
Wilson coefficients (µ = ( f1/Λ4, f2/Λ4)) in the case of setting 2D limits, and θ corresponds
to a vector of nuisance parameters, that represents the uncertainties. In the limit-setting
procedure, the likelihood-based test statistic [19]

tµ = −2 ln
L(µ, ˆ̂θ(µ))

L(µ̂, θ̂)
(9)

is used, where the denominator contains the likelihood function at its global maximum and
the numerator contains the likelihood function, maximized by nuisance parameters for a
given point µ in the parameter-of-interest space. The likelihood contains the product of
Poisson distributions of numbers of events in each bin of the Eγ

T distribution from Figure 2
and Gaussian constraint of the nuisance parameters:

L(µ, θ) = ∏
i

(Ni
pred(µ, θ))Ni

data

Ni
data!

e−Ni
pred(µ,θ) ×∏

j

1√
2π

e−θ2
j /2. (10)

This study does not use collision data events, and thus only expected limits are set;
therefore, the expected number of signal and background events from SM is used as
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pseudodata Ni
data. The predicted number of events is parameterized by Wilson coefficients

according to Equations (5) and (6) and by nuisance parameters as

Ni
pred(µ, θ) =

(
Ni

0(1 + σi
0θi

0) +
f

Λ4 Ni
1(1 + σi

1θi
1) +

f 2

Λ8 Ni
2(1 + σi

2θi
2)

)
(1 + σsystθsyst), (11)

Ni
pred(µ, θ) =

(
Ni

0(1 + σi
0θi

0) +
f1

Λ4 Ni
1,1(1 + σi

1,1θi
1,1) +

f2

Λ4 Ni
1,2(1 + σi

1,2θi
1,2)+

+
f 2
1

Λ8 Ni
2,1(1 + σi

2,1θi
2,1) +

f 2
2

Λ8 Ni
2,2(1 + σi

2,2θi
2,2) +

f1 f2

Λ8 Ni
12(1 + σi

12θi
12)

)
(1 + σsystθsyst) (12)

in the case of setting 1D and 2D limits. Here, σ is a variation, corresponding to an uncer-
tainty represented by θ. In this study, only one total systematic uncertainty of σsyst = 0.2 for
all bins is used, since it is a conservative estimation of systematic uncertainties, which are
mentioned in [11,17]. Nuisance parameters corresponding to the statistical uncertainties
are created for SM and each BSM term in each bin.

The CLs+b technique, used in this study, determines the 95% CL confidence region as
a region in the parameter-of-interest space, where the p-value

pµ =

∞∫
tobs
µ

f (tµ|µ)dtµ > 0.05, (13)

tobs
µ is the observed value of the test statistic and f (tµ|µ) is the test statistic distribution

under the µ hypothesis (i.e., the hypothesis that the data is distributed according to the µ
value). This distribution is assumed to be asymptotic, i.e., chi-square distribution with one
or two degrees of freedom for 1D or 2D limits, due to the Wilks’ theorem [20]. Therefore,
the procedure of setting 95% CL limits means to solve the equation tobs

µ = 3.84 (5.99) for
1D (2D) limits. It should be noted, that the modified statistical method CLs is also used in
some analyses of LHC data. This method yields slightly less stringent limits, however the
corrections to such limits are expected to be of the same order.

6. Results

The resulting 95% CL expected classical and corrected limits on considered Wilson
coefficients from Zγ and Wγ regions can be found in Tables 2 and 3. Moreover, these
tables contain an additional column, which shows how much more stringent the corrected
confidence interval is when compared to the classical one. In the Zγ (Wγ) region, the
improvement is the highest for coefficients of operators of the M-family (T-family). This is
because Wγ production has a larger (smaller) sensitivity to new physics, described by the
considered M-family (T-family) operators, and vice versa for Zγ production.

Despite the fact that the limits are usually obtained from the single process mea-
surements, LHC experiments aim for combinations of individual channels into a global
fit [21–24]. Table 4 shows the limits set from a combined region, i.e., the combination of the
limits from the previous two tables. Such a combination leads to more stringent limits than
ones from the separate regions. Combined region, and therefore corresponding likelihood,
contains all bins from Eγ

T distribution in the Zγ and Wγ regions (Figure 2). Improvement
of the limits from corrections in this region lies between the improvements in the Zγ and
Wγ regions.
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Table 2. The resulting 1D limits on Wilson coefficients derived using the Zγ region.

Coefficient Class. lim. [TeV−4] Corr. lim. [TeV−4] Improvement

Integrated luminosity of 139 fb−1

fT0/Λ4 [−0.125; 0.119] [−0.124; 0.118] 1.3%
fT5/Λ4 [−0.125; 0.132] [−0.122; 0.128] 2.7%
fM0/Λ4 [−6.04; 6.05] [−5.57; 5.57] 7.8%
fM2/Λ4 [−2.42; 2.42] [−2.20; 2.20] 9.1%

Integrated luminosity of 300 fb−1

fT0/Λ4 [−0.102; 0.096] [−0.100; 0.095] 1.3%
fT5/Λ4 [−0.101; 0.107] [−0.098; 0.104] 2.6%
fM0/Λ4 [−4.95; 4.95] [−4.57; 4.57] 7.6%
fM2/Λ4 [−1.98; 1.98] [−1.81; 1.81] 8.9%

Table 3. The resulting 1D limits on Wilson coefficients derived using the Wγ region.

Coefficient Class. lim. [TeV−4] Corr. lim. [TeV−4] Improvement

Integrated luminosity of 139 fb−1

fT0/Λ4 [−0.286; 0.292] [−0.274; 0.278] 4.4%
fT5/Λ4 [−0.204; 0.206] [−0.196; 0.198] 4.1%
fM0/Λ4 [−4.30; 4.28] [−4.29; 4.27] 0.3%
fM2/Λ4 [−1.54; 1.54] [−1.53; 1.53] 0.4%

Integrated luminosity of 300 fb−1

fT0/Λ4 [−0.207; 0.211] [−0.199; 0.201] 4.4%
fT5/Λ4 [−0.148; 0.149] [−0.142; 0.143] 4.1%
fM0/Λ4 [−3.14; 3.13] [−3.14; 3.12] 0.3%
fM2/Λ4 [−1.13; 1.12] [−1.12; 1.12] 0.4%

Table 4. The resulting 1D limits on Wilson coefficients derived using the combined region.

Coefficient Class. lim. [TeV−4] Corr. lim. [TeV−4] Improvement

Integrated luminosity of 139 fb−1

fT0/Λ4 [−0.120; 0.115] [−0.118; 0.113] 1.6%
fT5/Λ4 [−0.114; 0.119] [−0.110; 0.116] 3.0%
fM0/Λ4 [−3.86; 3.85] [−3.76; 3.75] 2.7%
fM2/Λ4 [−1.43; 1.42] [−1.39; 1.39] 2.6%

Integrated luminosity of 300 fb−1

fT0/Λ4 [−0.0972; 0.0926] [−0.0956; 0.0910] 1.6%
fT5/Λ4 [−0.0906; 0.0955] [−0.0879; 0.0927] 3.0%
fM0/Λ4 [−2.94; 2.93] [−2.88; 2.87] 2.0%
fM2/Λ4 [−1.07; 1.07] [−1.05; 1.05] 1.9%

The results for 2D 95% CL expected limits (contours) for all six combinations of
considered coefficients are presented in Figures 3 and 4 for integrated luminosity values of
139 fb−1 and 300 fb−1, respectively. The most stringent limits correspond to the combined
region. All corrected limits (dashed) are more stringent compared with the classical ones
(solid). The maximum improvement is in the Zγ region for fM0/Λ4 vs. fM2/Λ4 contour
and is 17.2% for 139 fb−1 and 16.8% for 300 fb−1.
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Figure 3. The resulting classical (solid) and corrected (dashed) 2D limits for six combinations of
Wilson coefficients, set from Zγ region (red), Wγ region (black) and combined region (blue). The case
of Run II integrated luminosity.
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Figure 4. The resulting classical (solid) and corrected (dashed) 2D limits for six combinations of
Wilson coefficients, set from Zγ region (red), Wγ region (black) and combined region (blue). The case
of Run III integrated luminosity.

7. Conclusions

We investigated the methodology of considering possible new physics manifestations
in the background processes for setting the limits on anomalous couplings in this article.
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In the full EFT model (with all terms), this methodology can lead to tightening as well
as weakening of the limits in general case. In the case of Run II and Run III sensitivity,
the limits were improved from both sides. Improvements of the limits in the Zγ and Wγ
regions for Run II (Run III) integrated luminosity were 1.3–9.1% (1.3–8.9%) and 0.3–4.4%
(0.3–4.4%) depending on the operator. A combination of limits from these two regions was
also considered in this work. The improvement in the combined region for both Run II and
Run III cases was 1.6–3.0% depending on the operator. Corrections to the two-dimensional
limits for all coefficient combinations were calculated, and all corrected contours were
more stringent compared with the classical ones, up to 17.2% (16.8%) for Run II (Run III)
integrated luminosity. Thus, this methodology provides a possibility to make the limits on
Wilson coefficients more correct and tight. Corrections for certain operators are sizeable.

In the same way, it is possible to correct aQGC limits obtained into the studies of
production of other multiboson states as well as the limits on other types of anomalous
couplings. For example, this methodology can be applied to the limits on anomalous triple
gauge couplings. In this case, the corrections will be even more significant than the ones
presented in this work, since there are more backgrounds that are sensitive to anomalous
triple gauge couplings.

Author Contributions: Investigation, A.E.S.; supervision, E.Y.S.; writing—original draft, A.E.S. and
E.Y.S.; writing—review and editing, A.E.S. and E.Y.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation under grant 21-72-10113.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Higgs, P.W. Broken symmetries, massless particles and gauge fields. Phys. Lett. 1964, 12, 132–133. [CrossRef]
2. Englert, F.; Brout, R. Broken Symmetry and the Mass of Gauge Vector Mesons. Phys. Rev. Lett. 1964, 13, 321–323. [CrossRef]
3. Guralnik, G.S.; Hagen, C.R.; Kibble, T.W.B. Global Conservation Laws and Massless Particles. Phys. Rev. Lett. 1964, 13, 585–587.

[CrossRef]
4. ATLAS Collaboration. Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector

at the LHC. Phys. Lett. B 2012, 716, 1–29. [CrossRef]
5. CMS Collaboration. Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC. Phys. Lett. B 2012,

716, 30–61. [CrossRef]
6. Rappoccio, S. The experimental status of direct searches for exotic physics beyond the standard model at the Large Hadron

Collider. Rev. Phys. 2019, 4, 100027. [CrossRef]
7. ATLAS, CMS and LHCb Collaborations. Searches for Exotica. In Proceedings of the European Physical Society Conference on

High Energy Physics (EPS-HEP2021), Online, 26–30 July 2021. [CrossRef]
8. Degrande, C.; Greiner, N.; Kilian, W.; Mattelaer, O.; Mebane, H.; Stelzer, T.; Willenbrock, S.; Zhang, C. Effective Field Theory: A

Modern Approach to Anomalous Couplings. Ann. Phys. 2013, 335, 21–32. [CrossRef]
9. Semushin, A.; Soldatov, E. Methodology of accounting for aQGC effect on background for improvement of the limits on EFT

coupling constants in case of electroweak Zγ production at the conditions of Run2 at the ATLAS experiment. In Proceedings of
the Particles and Nuclei International Conference—PANIC2021, Online, 5–10 September 2021. [CrossRef]

10. ATLAS Collaboration. Observation of electroweak production of two jets in association with an isolated photon and missing
transverse momentum, and search for a Higgs boson decaying into invisible particles at 13 TeV with the ATLAS detector. Eur.
Phys. J. C 2022, 82, 105. [CrossRef]

11. CMS Collaboration. Observation of electroweak production of Wγ with two jets in proton-proton collisions at
√

s = 13 TeV. Phys.
Lett. B 2020, 811, 135988. [CrossRef]

12. Éboli, O.J.P.; Gonzalez-Garcia, M.C. Classifying the bosonic quartic couplings. Phys. Rev. D 2016, 93, 093013. [CrossRef]
13. Alwall, J.; Frederix, R.; Frixione, S.; Hirschi, V.; Maltoni, F.; Mattelaer, O.; Shao, H.S.; Stelzer, T.; Torrielli, P.; Zaro, M. The

automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower
simulations. JHEP 2014, 7, 79. [CrossRef]

http://doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.revip.2018.100027
http://dx.doi.org/10.22323/1.398.0035.
http://dx.doi.org/10.1016/j.aop.2013.04.016
http://dx.doi.org/10.22323/1.380.0127
http://dx.doi.org/10.1140/epjc/s10052-021-09878-z
http://dx.doi.org/10.1016/j.physletb.2020.135988
http://dx.doi.org/10.1103/PhysRevD.93.093013
http://dx.doi.org/10.1007/JHEP07(2014)079


Symmetry 2022, 14, 2082 11 of 11

14. Semushin, A.E.; Soldatov, E.Y. Technique for Setting Limits on the Coupling Constants of the Effective Theory from Electroweak
Zγ Production at the Conditions of Run-2 of the ATLAS Experiment. Phys. At. Nucl. 2021, 84, 1976–1981. [CrossRef]

15. Sjöstrand, T. The PYTHIA Event Generator: Past, Present and Future. Comput. Phys. Commun. 2020, 246, 106910. [CrossRef]
16. de Favereau, J.; Delaere, C.; Demin, P.; Giammanco, A.; Lemaître, V.; Mertens, A.; Selvaggi, M. DELPHES 3, A modular framework

for fast simulation of a generic collider experiment. JHEP 2014, 2, 57. [CrossRef]
17. ATLAS Collaboration. Studies of Zγ production in association with a high-mass dijet system in pp collisions at

√
s = 8 TeV with

the ATLAS detector. JHEP 2017, 7, 107. [CrossRef]
18. ATLAS Collaboration. Measurement of Electroweak Z(νν̄)γjj Production and Limits on Anomalous Quartic Gauge Couplings in

pp Collisions at
√

s = 13 TeV with the ATLAS Detector. Available online: https://cds.cern.ch/record/2825501 (accessed on 10
September 2022).

19. Cowan, G.; Cranmer, K.; Gross, E.; Vitells, O. Asymptotic formulae for likelihood-based tests of new physics. Eur. Phys. J. C 2011,
71, 1554; Erratum: Eur. Phys. J. C 2013, 73, 2501. [CrossRef]

20. Wilks, S.S. The Large-Sample Distribution of the Likelihood Ratio for Testing Composite Hypotheses. Ann. Math. Statist. 1938,
9, 60–62. [CrossRef]

21. ATLAS and CMS Collaborations. Combination of Results from the ATLAS and CMS Experiments on Anomalous Triple
Gauge Couplings in ZZ Production from pp Collisions at a Centre-of-Mass Energy of 7 TeV at the LHC. Available online:
https://cds.cern.ch/record/2202807 (accessed on 10 September 2022).

22. CMS Collaboration. Measurements of production cross sections of WZ and same-sign WW boson pairs in association with two
jets in proton-proton collisions at

√
s = 13 TeV. Phys. Lett. B 2020, 809, 135710. [CrossRef]

23. ATLAS Collaboration. Combined Effective Field Theory Interpretation of Differential Cross-Sections Measurements of WW, WZ,
4l, and Z-plus-two-jets Production Using ATLAS Data. Available online: https://cds.cern.ch/record/2776648 (accessed on 10
September 2022).

24. ATLAS Collaboration. Combined Effective Field Theory Interpretation of Higgs Boson and Weak Boson Production and Decay
with ATLAS Data and Electroweak Precision Observables. Available online: https://cds.cern.ch/record/2816369 (accessed on 10
September 2022).

http://dx.doi.org/10.1134/S106377882111003X
http://dx.doi.org/10.1016/j.cpc.2019.106910
http://dx.doi.org/10.1007/JHEP02(2014)057
http://dx.doi.org/10.1007/JHEP07(2017)107
https://cds.cern.ch/record/2825501
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://dx.doi.org/10.1214/aoms/1177732360
https://cds.cern.ch/record/2202807
http://dx.doi.org/10.1016/j.physletb.2020.135710
https://cds.cern.ch/record/2776648
https://cds.cern.ch/record/2816369

	Introduction
	EFT Framework
	Corrections to the Limits
	Simulation of Signal and Background Events and Event Selection
	Statistical Treatment
	Results
	Conclusions
	References

