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ABSTRACT: We present the first parton-level study of anomalous effects in triboson pro-
duction in both fully and semi-leptonic channels in proton-proton collisions at 13 TeV at
the Large Hadron Collider (LHC). The sensitivity to anomalies induced by a minimal
set of bosonic dimension-6 operators from the Warsaw basis is evaluated with specific
analyses for each final state. A likelihood-based strategy is employed to assess the most
sensitive kinematic observables per channel, where the contribution of Effective Field Theory
operators is parameterized at either the linear or quadratic level. The impact of the mutual
interference terms of pairs of operators on the sensitivity is also examined. This benchmark
study explores the complementarity and overlap in sensitivity between different triboson
measurements and paves the way for future analyses at the LHC experiments. The statistical
combination of the considered final states allows setting stringent bounds on five bosonic
Wilson coefficients.
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1 Introduction

The experiments at the Large Hadron Collider (LHC) have probed the Standard Model (SM)
up to the TeV scale, and so far no evidence for significant anomalies has been found. The
electroweak sector remains partially unexplored since several extremely rare processes have
not yet been observed. The electroweak production of three gauge bosons is of paramount
importance as it provides tree-level access to triple and quartic gauge couplings, as well as to
Higgs-gauge boson couplings. These processes have a complementary topology with respect
to the vector boson scattering (VBS), and play a fundamental role in the study of the gauge
interactions. In particular, the search for triboson production provides an essential test of
the non-Abelian gauge structure of the electroweak group at the accessible LHC energies. In
addition, they complement the precision measurements of the Higgs boson at an energy scale
that can differ significantly from its observed mass. Any deviation from the SM predictions
in the high-energy tails of the observables relevant to these processes would be a direct
indication of the existence of new physics beyond the Standard Model (BSM). The Standard
Model Effective Field Theory (SM-EFT) is a theoretical framework developed in the last
decade that describes the effects of BSM physics in terms of higher-dimensional operators
(see a review in [1]). These operators are constructed from the fields and symmetries of the
SM and are suppressed by a scale A, which is assumed to be the energy scale of the new
physics phenomena. The SM-EFT Lagrangian is generically defined as an expansion of the
SM Lagrangian,

(n)
c; n
LsM-EFT = Eéﬂ + Z WQE ), (1.1)

where the Wilson coefficients, an) , are the dimensionless parameters that determine the
magnitude of the contribution of the corresponding operators. The SM gauge symmetry
constraints restrict the dimension-5 set to a single operator [2] which violates lepton-number

conservation. Since the conservation of the total lepton number is one of the underlying



assumptions, this operator is outside the scope of this study. The dimension-6 SM-EFT
operators can be organized in the Warsaw basis [3]. Considering only the effect of EFT
operators with this dimension, the amplitude A of the scattering matrix of a certain process
receives a correction:

A= Asui+ Y, 15 Ao, - (1.2)

The squared amplitude is proportional to the total event yield N, which is the sum of a
SM contribution, a linear interference term N:'* between the SM diagrams and a single
operator, the pure BSM contribution ijuad, which scales quadratically with the Wilson
coefficient, and the mixed interference term N g‘g‘ between pairs of dimension-6 operators:

Ca in C?x ua CaC mix
N = Nsm + ), {AzNat + A5V d} + A4BN0‘7 : (1.3)

The present work follows the same strategy as the diboson analysis in ref. [4], but in the
case of triboson production processes. Specifically, we perform a parton-level study of the
anomalous effects of dimension-6 operators on the fully leptonic channels WZ~ and ZZ~,
and the semi-leptonic ones VZ~ and VZZ, with the V={W,Z} boson decaying hadronically.
The triboson processes under study, exemplified in figure 1, are associated with very low
yields in the SM. In fact, only the inclusive production of three massive gauge bosons
VVV [5, 6] and of one massive gauge boson and two photons Vv [7] have been measured at
LHC at 13 TeV. Upper bounds on the production cross section of VV+~ processes with one
photon in the final state have been set in LHC searches at 8 TeV [8-10]. The aforementioned
studies focus on the anomalies induced by dimension-8 operators on quartic couplings, while
neglecting the potential presence of anomalous triple gauge couplings. Unlike at dimension-8,
triple and quartic gauge couplings are intrinsically related at dimension-6 [11]. In this
work, we show the potential contribution to anomalies in triboson production induced by a
representative set of bosonic dimension-6 SM-EFT operators from the Warsaw basis. The
selected operators affect the triple and quartic gauge vertices involved in these processes as
well as the corresponding Higgs-mediated diagrams. The fermionic operators are outside
the scope of this study. Previous works, such as [12], address the contribution of fermionic
dimension-6 operators to triboson production processes. In the current study, we perform
the combination of the final states to assess how the orthogonality and the interplay between
different analyses enhance the sensitivity reached to anomalous effects.

A sensitivity study of the fully leptonic WWW channel in a specific tri-lepton final state
to anomalous effects induced by dimension-6 operators is presented in section 5. Unlike the
triboson channels discussed above, evidence for the WWW production has been found at
the LHC at a center-of-mass-energy of 13 TeV [5, 6] and the observed cross-section is in
agreement with the SM expectation. For this channel, we provide a benchmark result on the
sensitivity to anomalous gauge couplings and a comparison with the other triboson channels.



channels final states decays

WZry /F(V_“) ete v WE - ,ui(v_,j, Z—ete”
L7y prpete y Z— ptpJete
VZr 2 jets+ 1717 v V={W,Z2}—> qq’, Z — ptpu~Jete”

VZZ 2jets+ ptp~ete” | V={W,Z}—> qq’, Z — putp Jete

Table 1. Triboson processes in this work, with the respective final states studied. Jets in the final
state are the product of hadronizing quarks (or gluons, in the case of QCD-induced backgrounds).

2 Processes and operators studied

We study triboson production processes in proton-proton collisions at 13 TeV, outlining a
scenario corresponding to an integrated luminosity of 300 fb~!. The channels targeted in
this work are WZZ, 277, WZr~, ZZ~ in the final states listed in table 1.

In the case of WZZ and ZZZ, the semi-leptonic final state VZZ — 2j 2u 2e is examined.
We study also the semi-leptonic final state the process VZ~ — 2j 21 ~, where the Z and
V bosons decay leptonically and hadronically, respectively. The channels WZ~ and ZZ~y
are also investigated in the fully leptonic decays. At this level, we do not constrain any
intermediate triboson states in the generation, hence the background processes with the
same final state are included. They can contribute to the deviations from the SM predictions,
depending on the operators considered. The kinematic selection, in particular the constraints
on the invariant mass of the vector bosons, mitigates the contribution of processes other
than triboson production.

All processes are modeled inclusively as full 2 — 6 fermions and 2 — 4 fermions + ~
scatterings with the inclusion of non-resonant diagrams. Vector boson scattering (VBS)
and fusion (VBF) contributions are included for the semi-leptonic final states. However,
they are heavily suppressed by imposing the requirement of central jets (|n;| < 2.5) pairs
with an invariant mass close to the nominal W/Z-boson peak (50 < mj; < 120 GeV). The
event generation is performed at the leading order using the amplitude decomposition
technique with MADGRAPH5  AMCQ@NLO 2.6.5 [13] interfaced with the SMEFTSsim 3.0
package [14, 15]. In addition, for the semi-leptonic channels, the generation is reproduced
with the re-weighting technique to ensure the stability of the results in the profiled likelihood
analysis. Both the amplitude decomposition and the re-weighting techniques are described
in ref. [4].

This analysis is performed under the assumption of CP symmetry conservation, U(3)°
flavor symmetry, and {my, mz,Gr} as the input parameter scheme [16]. No unitarization
procedure or clipping of the high-energy distribution bins is applied to avoid introducing
additional assumptions into the model prediction.

The present study focuses on the anomalies induced in the electroweak sector by
dimension-6 CP-even operators in triple and quartic gauge couplings, as well as couplings
between the Higgs boson and the electroweak mediators. Therefore, the operators considered
in this work are the bosonic operators, classified as in ref. [3], depending on the number of
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Figure 1. Representative Standard Model Feynman diagrams at the tree level for the electroweak
VZ~ and VZZ triboson production.

vector gauge fields (X™), Higgs doublets (¢™), and covariant derivatives (D™). The classes
of dimension-6 operators considered are the following: X3, X2¢2, ¢*D?, ¢2D*, and ¢5.
The only ¢%-operator is Qg = (¢T¢)? which affects the Higgs self-couplings, but not the
couplings with the vector bosons, hence it can be safely disregarded. The bosonic operators
inducing the gluon self-couplings and the anomalous couplings of gluons with the Higgs
boson, namely Qg and Qgg, are also excluded since they do not affect the electroweak
sector. The resulting set of CP-even operators considered in this work is listed in table 2.

This subset of operators enables efficient study of the overlap between different triboson
analyses in constraining EFT parameters, while avoiding the use of an excessively complex
parameter space in the global fit. They induce anomalous effects in the majority of the
triboson channels under scrutiny. The main exceptions are respectively the operator Qyy,
which does not affect the ZZ~ production process, and the operator Qg affecting solely
the VZZ channel. In the latter, the anomalous effects induced by Qp and Qg p are not
sufficient to constrain the corresponding Wilson coefficients, hence they are excluded from
the results.

The SMEFTSIM convention is chosen for the generation of linear and quadratic EFT
components, namely the interference with the SM and the purely BSM term, respectively. It
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Table 2. Subset of dimension-6 operators extracted from the Warsaw basis, considered for this
work.

is also used for the generation of mixed interference among two EFT operators. All the BSM
generations are performed with the non-zero Wilson coefficients set to unity and A = 1TeV.

The contribution of the single operators and their interference are generated separately.
The SM term is generated with every BSM dynamics set to zero. In the context of the
one-dimensional study only the single operator contributions are considered, while for the
two-dimensional case, the contribution of the interference between an operator pair is also
taken into account. The interference terms between all the possible couples of the operators
in the given subset are computed to extract the profiled constraints.

In the study of the semi-leptonic decay channels of VZZ and VZ-~, we also generate at
leading order the processes with jet pairs induced by QCD vertices, denoted as QCD-ZZjj
and QCD-Zvjj, respectively. The processes with QCD-induced jets in the final states
constitute the dominant background source from processes with the same final particles
as the signal. Their production cross-sections are up to two orders of magnitude larger
than the electroweak processes with the same final states. However, some of the considered
operators also affect the processes with QCD-induced jets, contributing to deviations from
the SM predictions. Table 3 provides a list of the benchmark EFT operators highlighting
the ones inducing diagrams for each process.

3 Kinematic selection

The event selection applied is based on the phase space regions outlined in table 4. We
study the differential distributions of the number of events as a function of the variables
listed. For the channels with two Z bosons, VZZ and ZZ~, the leptonically decaying
Z-candidates are ranked according to the difference in mass from the nominal Z mass peak
(i.e. mz, —mz| <|mz, — mz| with mz = (91.1876 + 0.0021) GeV [17]). In addition to the
standard kinematic observables, a set of variables sensitive to the correlations between the
properties of the final state particles are used. Transverse momentum variables are defined in
the plane orthogonal to the direction of the incoming partons and are denoted as pr(any dir.)-
Orthogonal momentum projections are also computed for other planes such as the one
identified by the direction of the 4-lepton system in the ZZ—4l process. These transverse
momentum observables are labeled with a suffix identifying the orthogonal plane. Other
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Table 3. Dependency of the studied processes on the bosonic EFT operators. Empty cells indicate
the absence of diagrams affected by a particular operator for that channel. The brackets indicate
operators that introduce anomalies in the studied channels, but these effects are strongly suppressed
by the kinematic selection criteria. Hence, for the purpose of this study, these operators are neglected
for the corresponding channels.

variables of interest are the Fox-Wolfram moments (FWMs [18, 19]), which constitute a
rotationally invariant set of observables. These event shape variables describe the geometric
correlations among the final-state particles originating from the hard process. Using the
transverse parameterization, the FWMs are defined as

HgT = Z %Pg (COS Qi,j) s (31)
i,j=particle (Zk:i,j pT,k:)

where i and j denote the single particles/jets in a subset of the final state. The integer
index ¢ = 0 is the order of the moment H ET and corresponds to the degree of the Legendre
polynomial. The argument cos €; ; is defined as

cos €, j = cos 0; cos 0 + sin §; sin 6; cos (p; — ¢;) , (3.2)

where 6 and ¢ are the polar and azimuthal angles given by the directions of the i- and j-th
particles’ momenta.

4 The analyses

The channels studied for this work are VZZ, VZ~, WZ~, and ZZ~ in the final states
described in table 1. A separate paragraph is dedicated to the benchmark study of the
fully leptonic WWW channel, see section 5. For the semi-leptonic channels, a study focused
on the purely electroweak processes is performed to characterize the effect of dimension-6
bosonic operators, excluding the QCD-induced SM background and the respective EFT
contribution. The latter are separately investigated in the phase space region of interest to
evaluate the sensitivity of the inclusive electroweak-QCD channel.



Process Variables of interest Selections
WZy - /E(Ta Mee, MTW, p%’ pg"‘/a p%, 5O<mw/<110GeV
- v ot
(0 = v, 2e ) pgFf OlS*”, plfl, P D g 7, B0<ee< 120 GeV
o7, p:,i(Z,Y), p:ﬁ(z), p%(wz)a pr}(W), prp > 20 GeV
w
Przy Piay Ploy Pravzy Pre> 106GV
HY (ee), HI (31v7) prii > 5GeV || < 2.5
Expected pry > 20GeV  |n,| < 2.5
events: (EW) 50 K1 >30GeV AR(I%,7) > 0.4
ZZ~ MSFOS—it; Tl +p§i, P, 60<msros_i<120GeV
(pp — 2e 2” 7) pg“FOS_llv p’y’]l“a p’?iMi? i, 777’ pT,l1 > 20 GeV
l; l; l;
Oy Pzyy Pz Pizzy Pigy Pre > 106GV
Phigrs Dhiggs HE(SFOS —11), pryi >5GeV  |mi| < 2.5
(Zs) (z2z) 90 GaV 5
HT (41) pry > 20GeV [ny] < 2.5
Expected AR(l*,v) > 0.4
events: (EW) 22
VZvy M, Mjj, D, DY, P pi}, p{,?, 50<m;; <120 GeV
QCD _Z’ij Anjjvl A¢]jal Njis Ty s gbjlal ”77’ 6O<mll< 120 GeV
(pp — 27 21 ) o7, pYE(ZW)’ pjz“(Z)u pf(vz)y pjz"(vy pr > 20 GeV
l; ji \% \%
Piy) PLe) Pr(zy Prizy Prepy Prie > 106GV
pg(z,yy p%(VZ)’ Hg(]j% HET(”% |77l1| < 25
Expected HI(2 2j7) Py > 20 GeV Iny| < 2.5
events: prjtz > 30 GeV  |n;i| < 2.5
(EW) 620 AR(l',7) > 0.4
(QCD) 31385 AR(IY,5%) > 0.4
AR(v,5%) > 0.4
VZZ MsSroS—il;, My, ‘m4l, My, 50<mjj<120 GeV
QCD -27zjj  pf, pp" %" b ph P, 60<msrosu< 120 GeV
(pp - 2] 2e 2”) p,;;:'u77 Anj]7 Ad)]], Uit ’I’]l“‘ d).h’ pTJl > 20 GeV
Przzy Prezzy Piizy Prozy Pre > 1%GeV
Z . ;
pTEZQ)’ p¥(zi), p¥(zz)a HE(]J% pryi > 5GeV
EXpeCted HZT(SFOS-”), HET(4ZJJ) pT,jl'z > 30 GeV
events: il < 2.5 |nu| <2.5
(EW) 4 AR(IY,5%) > 0.4
(QCD) 95

Table 4. Summary of the analyzed processes. The left column shows the process name along with
the definition of the final state and the number of events predicted by the SM (at leading order)
corresponding to an integrated luminosity of 300fb~!. The middle column lists the observables
studied for each channel. The sorting of the charged leptons and jets is based on the transverse
momentum (e.g. p'} > p!2). The Z-boson candidates that are leptonically decaying are ranked
according to the difference in mass from the nominal Z boson mass. The term SFOS-II denotes the
Same-Flavor-Opposite-Sign (SFOS) charged lepton pairs. The last column summarizes the phase

space selections at parton level used in this analysis.




Semi-leptonic VZZ. The process of triboson VZZ production is studied with the
experimental semi-leptonic signature 2jets+2e+2u, where V indicates the hadronically
decaying vector boson W or Z, and the other two Z bosons decay into two charged lepton
pairs of opposite flavor. The main background process is the QCD-induced ZZjj production,
which is generated separately from the electroweak component. The main Feynman tree-
level diagrams include the triple and quartic gauge couplings as well as the Higgs-gauge
boson couplings (see figure 1). Both ZZZ and WZZ triboson intermediate states depend
on the WWZ coupling at the tree level, while only WZZ depends on the quadrilinear
WWZZ coupling.

Figure 2 shows several distributions of the variables of interest for a subset of the
operators. The SM predictions are compared with the EFT components and the overall
BSM distribution obtained by setting the Wilson coefficients to non-zero benchmark values
(¢; = 1071, 10_%, 1, IO%). The distribution of figure 2a is the invariant mass my; of the
charged leptons in the final state. The quadratic EFT component associated with the
operator Qs leads to a large deviation in the tail of my. Similarly, in the case of the
zero-th order FWM H{ for the 4ljj system, the quadratic component is well resolved with
respect to the SM background (figure 2b). Figure 2¢ shows the expected distributions for
the Qgw operator as a function of the transverse momentum of the best vector boson
candidate V—jj. In this case, the BSM distribution exhibits a small excess with respect
to the SM, which is more pronounced at high values of p¥ . Figure 2d shows the expected
distributions for the Qgw p operator as a function of the total transverse momentum of the
positively charged leptons in the final states. In contrast to the previous case, the linear
interference term Qrw p-SM induces a significant deviation.

Figure 3 refers to the study that considers the contribution of the QCD-ZZjj background
processes. Figure 3a shows the deviation induced by the Qu operator on the pljl spectrum.
The presence of the QCD-ZZjj background suppresses the deviations from SM, except in
the high-p’} region. Figure 3b shows how the shape of the QCD-ZZjj background is nearly
uniform over the probed range of the dijet invariant mass distribution. The electroweak
component has a broad peak around the nominal W and Z masses, whereas the quadratic
component of Qy resonates in correspondence with the nominal W mass. This can be
explained by the unique sensitivity of the WZZ channel to the anomalous triple WWZ
and quartic WWZZ gauge couplings induced by Qu, which in turn do not affect the ZZZ
channel. Figures 3c¢—-3d illustrate the impact of the QCD-ZZjj background on the Qpw
and Qgwp operators for the variables p¥ and pg( Z1)" In both cases, the sensitivity to SM
deviations is suppressed by the overwhelming QCD-induced background.

Fully leptonic WZ~. The process of triboson WZ~ production was studied in the final

state ,uiglz + 2e + 7. It corresponds to the process pp—>W*Zy — pty et

e~ 7y, where the
7 boson decays into an electron-positron pair, and the W boson decays into a muon and
the corresponding neutrino Wt — ;F(V_,j. Similarly to the VZZ production, this process
also depends on a quartic gauge coupling at the tree level in the SM, which in this case
is WWZy. Figure 4a shows the pJ. distribution relative to the Z-boson direction for the

Qup operator. This kinematic variable is very sensitive to the anomalies induced by the
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Figure 2. Comparison of SM (filled gray histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the VZZ production process, for an integrated luminosity of
300fb~!. Events with QCD-induced vertices (QCD-ZZjj production) are excluded. The dashed
lines show the distributions of the quadratic component (dashed green) and the linear interference
term (dashed violet). The solid lines show the behavior of a theory where a single operator Q; is
added to the SM Lagrangian, with A = 1TeV and the Wilson coefficients set to benchmark values
(c; = 1071, 10_%, 1, 10%). For all the distributions, the last bin contains all the overflow events.
The ratio of BSM to SM events is shown for each bin. The plots show the effects induced by Qw on
the distributions of my; (a) and the FWM H{' (b), by Qg on the transverse momentum of the jet
pair (c), and by Quwp on the transverse momentum of the positively charged lepton pair (d).
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Figure 3. Comparison of SM (filled histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the VZZ process, for an integrated luminosity of 300fb~!. The
SM distribution is shown as a stacked histogram, summing electroweak VZZ (light gray) and
QCD-ZZjj (dark gray) components, while all BSM distributions are superimposed. The dashed
lines show the distributions of the quadratic component (dashed green) and the linear interference
term (dashed violet). The solid lines show the behavior of a theory where a single operator Q; is
added to the SM Lagrangian, with A = 1TeV and the Wilson coefficients set to benchmark values
(c; = 1071, 10_%, 1, 10%). For all the distributions, the last bin contains all the overflow events.
The bottom plot shows the ratio of BSM to SM events for each bin. The plots show the effects
induced by Qu on the distribution of plT1 (a) and m;; (b), by Quw on the transverse momentum of
the hadron jet pair p¥., and by Qgwp on the p¥. relative to the longitudinal direction identified by
the leading leptonically-decaying Z candidate.
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individual quadratic term of the Qpp operator, with a large deviation in the bulk of the
pr spectrum. Since the anomalous HZ~ coupling induced by Qg p is forbidden in the SM
at the tree level, the linear interference EFT term is negligible. For the same theoretical
consideration, the Qxw quadratic component dominates over the linear interference with
the SM, as shown for transverse mass spectrum of the W boson in figure 4b. Figure 4c
shows the distribution obtained for the Qyy operator as a function of the zero-th order
FWM H{' of the 3lvy system:

T piph
H = )] (pToys vith Py =Er (4.1)
ab efet ptyp T

where # denotes the missing transverse energy per event. For the electroweak WZ~
production, the shape of the EFT quadratic component is well resolved with respect
to the SM one. The Qpp operator, shown in figure 4d exhibits a completely different
phenomenological behavior. The transverse momentum of the leading lepton is obtained
relative to the longitudinal direction of the total momentum of the WZ diboson system.
In this case, the linear component accounting for the destructive interference of the Qg p-
induced diagrams with the SM ones dominates over the quadratic term, leading to a nearly
uniform decrease in the expected yield.

Fully leptonic ZZ~. We study the process of triboson ZZ~ production with the experi-
mental fully leptonic signature 2e42pu+-y. Unlike the other triboson processes considered, it
does not depend at the tree level on gauge couplings, causing the absence of Qp-induced
diagrams. Nevertheless, the Higgs-gauge boson couplings affect the electroweak vertices
present in the diagrams of the ZZ~ process.

Figure 5 illustrates the EFT contribution to the photon transverse momentum relative
to a non-standard longitudinal direction, the 4-momentum of the Z diboson system for
the Qpp operator (figure 5a) and of the best Z-boson candidate (figure 5b) for the Qgw
case. The linear interference terms associated with Qgw and Qpp are negligible since
both operators induce anomalous diagrams involving the Higgs-gauge couplings (HZ~ and
H~7), which are disallowed in the SM at the tree level. On the contrary, the quadratic
component induced by the Qpp operator dominates in both the low and high momentum
tails. In the case of the Qmw operator (figure 5b), the pr spectrum is slightly harder
than the SM distribution, as observed in the corresponding plots for the WZ~ production.
Figures 5c-5d show the impact on the transverse momentum peTi” ~ of the same-sign charged
leptons of the EFT components induced by the operator Qg p. Similarly to figure 4d, the
Qpp-induced diagrams interfere destructively with the SM component, reducing the overall
yield. This effect is partially mitigated by the presence of the quadratic component. A
similar compensation between the quadratic and the linear components is visible in the
photon pp spectrum for the Qg p operator (see figure 5d). In the low-momentum region,
the destructive interference leads to an almost exact cancellation of the quadratic term,
resulting in a tiny residual deviation from SM.

Semi-leptonic VZ~. The inclusive triboson VZ~ production process is studied with
the experimental semi-leptonic signature 2jets+2l++v using a combination of WZ~ and
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Figure 4. Comparison of SM (filled gray histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the WZ~ process, for an integrated luminosity of 300fb~!. The
dashed lines show the distributions of the quadratic component (dashed green) and the linear
interference term (dashed violet). The solid lines show the behavior of a theory where a single
operator Q; is added to the SM Lagrangian, with A = 1TeV and the Wilson coefficients set to
benchmark values (c¢; = 1071, 10_%, 1, 10%). For all the distributions, the last bin contains all the
overflow events. The bottom plot shows the ratio of BSM to SM events for each bin. The plots
show the effects induced by Qg p on the distribution of the transverse momentum of  relative to
a longitudinal direction defined by the Z candidate 4-momentum (a), by Qgw on the transverse
mass of the W boson candidate (b), by Quw on the FWM H{ (c), and by Qpup on the transverse
momentum of the leading lepton relative to a longitudinal direction defined by the total 4-momentum
of the W and Z bosons candidates.
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Figure 5. Comparison of SM (filled gray histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the ZZ~ process, for an integrated luminosity of 300 fb~!. The dashed
lines show the distributions of the quadratic component (dashed green) and the linear interference
term (dashed violet). The solid lines show the behavior of a theory where a single operator Q; is
added to the SM Lagrangian, with A = 1TeV and the Wilson coefficients set to benchmark values
(c; = 1071, 10_%, 1, 10%). For all the distributions, the last bin contains all the overflow events.
The bottom plot shows the ratio of BSM to SM events for each bin. The distributions show the
effects induced by Qgp on the photon transverse momentum relative to the direction defined by
the total 4-momentum of the Z boson pair, p%(ZZ), (a), the effects induced by Qgw on the p;(Zl),
relative to the leading Z boson candidate (b), by Qg p on the total transverse momentum of the
negatively charged leptons (c), and by Qgwp on the standard p;. (d).
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Figure 6. Comparison of SM (filled gray histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the VZ~y process, for an integrated luminosity of 300 fb~!. Events
corresponding to QCD-Z~jj production are excluded. The dashed lines show the distributions of the
quadratic component (dashed green) and the linear interference term (dashed violet). The solid
lines show the behavior of a theory where a single operator Q; is added to the SM Lagrangian, with
A = 1TeV and the Wilson coefficients set to benchmark values (c; = 1071, 10_%, 1, 10%). For all
the distributions, the last bin contains all the overflow events. The bottom plot shows the ratio
of BSM to SM events for each bin. In the picture are shown the effects induced by Qw on the jet
pair FWM HI' (a), by Qgwp on the total transverse momentum of the charged lepton pair (b), by
Qgw on the photon transverse momentum relative to the direction defined the 4-momentum of the
best leptonically decaying Z candidate (c), and by Qmp on the invariant mass of the charged lepton

pair (d).
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Figure 7. Comparison of SM (filled histograms) and BSM (lines) expected yield distributions
after the selection of table 4 for the VZy process, for an integrated luminosity of 300fb=!. The
SM distribution is represented as a stacked histogram, summing electroweak VZ~y (light gray) and
QCD-Z~jj (dark gray) components, while all BSM distributions are superimposed. The dashed
lines show the distributions of the quadratic component (dashed green) and the linear interference
term (dashed violet). The solid lines show the behavior of a theory where a single operator Q; is
added to the SM Lagrangian, with A = 1TeV and the Wilson coefficients set to benchmark values
(c; = 1071, 10_%, 1, 10%). For all the distributions, the last bin contains all the overflow events.
The bottom plot represents the ratio of BSM to SM events for each bin. The distribution shows the
effects induced by Qw on plT1 (a), by Quwp on the pl; relative to the photon direction (b), by Qpgw
on m;; (c), and by Qg p on the p;. relative to the leptonically decaying Z boson candidate (d).
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77~ processes. The vector boson V decays hadronically to produce the jet pair, while the
Z-boson decays leptonically via Z—eTe™ /u* ™. The contribution of background processes
with the same final state is partially suppressed by the kinematic selection. As in the
case of VZZ, the dominant background is the QCD-induced Z~jj production (denoted as
QCD-Z~jj), which is generated separately. Since the WZ~ diagrams depend on the quartic
gauge coupling WWZ~, the inclusive channel VZ~ is sensitive to the operator Qy, unlike
the ZZ~ process.

Figure 6 refers to the study of the anomalies induced by the EFT operators on the
pure electroweak processes, excluding the QCD-Z~jj contribution. Figure 6a illustrates
the second order FWM of the jet pair, HJ (jj), for the operator Qu . The linear term
associated with Qu is negligible with respect to the quadratic one. The latter identifies a
high-momentum region with a pronounced deviation from the shape of the SM background,
making this observable a viable candidate for targeting potential anomalies. The other plots
in figure 6 illustrate the py spectrum of the photon relative to the longitudinal direction
defined by the dilepton system. Figure 6b shows the deviation induced by the operator
QHw B, whose diagrams interfere destructively with the SM ones. The resulting negative
contribution of the interference term is not exactly symmetric to the quadratic component
so that the cancellation results partially mitigated. Figures 6¢c—6d show the p%( 2) and my
distributions for the operators Qgw and Qgpg, respectively. Unlike the Qgw p operator,
the interference terms have no significant effect, and the quadratic terms are dominant in
each case.

Figure 7 illustrates the impact of the QCD-Z~jj background on the sensitivity analysis.
The presence of the dominant background increases the total expected yield by two orders
of magnitude. Figure 7a shows the distribution of the leading lepton pr, i.e. the most
Qu-sensitive variable. The deviation from SM is only relevant at very high transverse
momentum. Figure 7a shows the observable most sensitive to anomalies induced by the
Qmw B operator, i.e. the leading lepton pp relative to the photon direction. The destructive
interference SM-Q wp is very prominent, while the quadratic contribution is negligible.
Interestingly, the Qw p operator also affects the QCD-Z~jj process, hence the EFT linear
component receives a contribution from the Qg p-induced diagrams involving both QCD
and electroweak processes. Similarly, the Qpgp operator also yields corrections to the
QCD-Z~jj diagrams. Figures 7c—7d display the SM deviations induced by the operators
Quw and Qpp on the dijet invariant mass spectrum and the photon pr relative to the
leptonically decaying Z boson candidate, respectively. In both cases, the dominant EFT
term is the quadratic one, although much lower than the SM background, leading to a
limited sensitivity of VZ~ to Qgp and Qg .

5 Results

In this section, the bounds on the Wilson coefficients associated with the operators under
scrutiny are evaluated at the generator level for an integrated luminosity of 300fb=!. We
estimate the sensitivity to SM deviations resulting from the inclusion of EFT operators in
the Lagrangian by computing the confidence intervals for the considered Wilson coefficients.

~16 —



The latter are evaluated neglecting theoretical and experimental systematic uncertainties,
with the exception of the luminosity uncertainty of 2%, which affects the statistical precision
of the results. The confidence intervals provide an estimate of the constraints on the
corresponding Wilson coefficient. The more stringent the constraints, the higher is the
sensitivity to the kinematic anomalies induced by the corresponding EFT operator. The
same analysis procedure is performed in the two-dimensional case, by inserting the operators
pairwise into the fit, and in a multi-dimensional fit constraining the individual coefficients
while profiling all the others. The global analysis of the sensitivity estimate is obtained by
combining all the triboson production channels for the common operators.

One-dimensional constraints. The likelihood function £(c) is generically defined as:

[,(C) _ H (Nk(c))nk . e—Nk(c) ’ (5‘1)

!
k ng:

where n; = Ng(0) is the number of expected SM events in the k-th bin. The vector c
belongs to the Wilson coefficient space, i.e. the set of values associated with each c;.

To obtain the likelihood shape L£(c;), a scan is performed over the values of the Wilson
coefficient ¢; in a plausible range. This procedure is computed for each variable of interest
(see table 4) using the COMBINE TOOL package [20].

From the likelihood scans, the 68% and 95% confidence level intervals in the ¢; estimates
are extracted by requiring —2Alogl < 1 and —2AlogL < 3.84, respectively [21]. The size
of these confidence regions quantifies the sensitivity of each observable in a given channel
to anomalies induced by a single EFT operator.

For each channel, the likelihood function is obtained from the distribution of the
variables listed in table 4. The best variable is identified by the sensitivity bounds at 68%
confidence level. Figure 8 shows the —2Alog £ fits as a function of the Wilson coefficient
values for each operator considered. The black line shapes correspond to the combination
of all the channels sensitive to each operator. In the plots, the horizontal dashed lines
correspond to the values of —2Alogl = 1(3.84) defining the 68%(95%) confidence levels.
Table 5 summarizes the results of the one-dimensional scan. Each operator is added
individually to the SM Lagrangian. The sensitivity estimates for the semi-leptonic channels,
VZZ and VZ~, include the effects of the QCD-induced background processes. The bosonic
EFT operators induce anomalous effects in the vast majority of the tribosonic channels.
The main exceptions are Quw and Qg p, which do not affect the ZZ~ production process and
the VZZ production (nor the corresponding main background QCD-ZZjj), respectively.

For all the channels, the leading lepton transverse momentum QDIT1 was found to be the
most Qp-sensitive variable. The EFT quadratic term becomes increasingly dominant with
higher transverse momentum, while the SM background spectrum decays rapidly. The
main background for the semi-leptonic channels, induced by QCD vertices, also exhibits a
continuously decaying p/t spectrum (see figure 3a-7a).

The fully leptonic channels, WZ~ and ZZ~, display a similar sensitivity to the operators
Qup and Qgw as they affect the same vertices. For both operators and both channels,
the pJ. relative to the (leptonically decaying) Z-boson best candidate is very sensitive to
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{” Processes | Operators — Qw QuB Quaw QuwB Qup
Best var. Pt Prz) Pr(z) Pr(z) plzl(wz)
WZry 68% C.L. [0.20,0.21] | [-0.41,0.41] | [-0.44,0.44] | [-0.50,0.73] | [-1.36,1.79]
95% C.L. [-0.31,0.32] | [-0.60,0.60] | [-0.65,0.65] | [-0.79,1.04] | [-2.50,11.2]
et ut
Best var. p}(zl) Mup My pr "
ZZry 68% C.L. No diagrams | [-0.62,0.61] | [-0.68,0.68] | [-0.81,1.06] | [-1.91,4.55]
95% C.L. [-0.90,0.90] | [-0.98,0.99] | [-1.23,1.49] | [-3.27,6.53]
Best var. Pr mjj mjj Pry) Py
Viy 68% C.L. [0.26,0.26] | [-0.55,0.54] | [-0.60,0.60] | [-0.11,0.11] | [-0.17,0.17]
95% C.L. [-0.37,0.37] | [-0.77,0.76] | [-0.84,0.84] | [-0.22,0.23] | [-0.33,0.34]
Best var. P4 Py My psf“ "
VZZ 68% C.L. [-0.63,0.63] | Negligible | [-4.78,4.08] | [-0.80,0.65] | [-2.73,1.82]
95% C.L. [-0.97,0.97] [6.91,6.17] | [-2.22,1.20] | [-3.78,2.82]
68% C.L. [-0.18,0.19] | [-0.37,0.37] | [-0.40,0.40] | [-0.11,0.11] | [-0.17,0.17]
Combination
95% C.L. [-0.27,0.28] | [-0.53,0.53] | [-0.57,0.57] | [-0.21,0.21] | [-0.33,0.33]
VBS 95% C.L. [-0.19,0.18] - [1.02,1.08] | [-1.34,0.96] | [-1.98,1.74]

Table 5. Confidence intervals on the estimates of the Wilson coefficients, relative to the subset of
operators considered, extracted from the respective likelihood scan for the most sensitive variable, for
each channel studied. This table reports the confidence intervals obtained combining all the triboson
channels involving diagrams induced by operators individually included in the SM Lagrangian. The
last line reports the results obtained in the study of ref. [4] combining many VBS channels. All the
reported results are obtained considering an integrated luminosity of 300 fb 1.

any modification caused by the anomalous HZ~ coupling since this variable is strongly
related to the Z boson and photon kinematics (see figures 4a—5b). For the semi-leptonic
VZ~ channel, the best observable is instead the dijet invariant mass (see figure 7c) due to
the dominance of the EFT contribution in a well localized region around the nominal W
and Z masses, over the flat QCD-induced background. The Q gy -sensitivity of the VZZ
channel is strongly suppressed by the inclusion of the dominant QCD-ZZjj background
and by the lack of sensitivity to the HZ~y/H~~ anomalous couplings, compared to the VZ~
production processes.

For the WZ~ (VZ) channels, the (sub-)leading lepton pr relative to the direction of
the WZ diboson system (photon) is the most Qg p sensitive variable. In the VZ~ channel,
the destructive interference of the QCD-Z~jj diagrams enhances the sensitivity to both
Qpwp and Qg p operators, leading to the most stringent single-channel limits in this study.
For the channels with two Z bosons decaying leptonically, the same-flavor opposite-sign
(SFOS) dilepton invariant masses are competitive variables, especially in the case of Qrwp
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and Qgw. The VZ~ channel was found to be the most sensitive to the anomalies induced
by Qup. For ZZ~ and VZZ, the total pr of the same-sign charged leptons (e.g. figure 5c¢)
is able to better discriminate the Qg p-induced anomalies, although the sensitivity is an
order of magnitude lower than in the VZ~ channel. Similar results are obtained for the
WZ~ channel with the leading lepton pr relative to the direction of the W7 diboson system
(see figure 4d).

It is interesting to note that the semi-leptonic VZ~ channel is the most sensitive to
anomalous effects due to the large contribution of processes with QCD-induced jets in the
final state. In particular, the operators Qgwp and Qrp induce anomalous diagrams that
are involved in the QCD-Z~jj process itself. Therefore the deviations in the distribution of
figure 7b are further increased, leading to tighter constraints.

A subset of the likelihood shapes shown in figure 8 feature a second local minimum
in a region far from zero. This is caused by the interference of the diagrams induced by
these operators with the SM component. The effect of this interference term is incorporated
into the linear component. In the case of destructive interference, linear and quadratic
components have opposite signs and cancel each other within a certain range of positive
Wilson coefficients. This is the case of the anomalies induced by Qg p in the fully leptonic
WZ~ channel. When the interference is constructive, a similar behavior can be observed
in a negative Wilson coeflicient region, as in the case of Qgwp affecting the semi-leptonic
VZZ channel. In most other cases the likelihood scans are quite symmetric due to the
dominance of the quadratic contribution over the linear interference term.

The combination of all the channels sensitive to the operators considered allows us to
obtain more stringent constraints for all the operators studied. These can be compared
with the results obtained for the VBS channels. In particular, the last line of table 5 reports
the 95% C.L. exclusion intervals obtained in the VBS channel combination, at 300 fb~!
of integrated luminosity, in the parton-level study of diboson channels of ref. [4]. The
combination of triboson channels shows a higher sensitivity with respect to VBS to the
anomalies induced by the operators Qrw, Quwp, and Qup.

For the Qyy operator, the sensitivity of the combined triboson channels is found to be
highly competitive with that of the VBS channels. In particular, the most sensitive one
is found to be the fully leptonic WZ~ channel, which allows probing in a unique way the
anomalies in the quartic gauge coupling WWZ~. In contrast, the VBS channels studied
in ref. [4] involve only intermediate states with pairs of massive gauge bosons, hence they
are not sensitive to this coupling. The VZZ channel is also sensitive to the Qy, operator
through the WWZZ quartic gauge coupling, but the constraints are less stringent due
to the significantly lower expected yield in this channel. A distinct feature of all the
triboson channels is that the most Qyy-sensitive variable is the transverse momentum of
the leading lepton. The quadratic term induces deviations in the high—plT1 region, as shown
in figures 3a—Ta.

For the operator Qg , both the fully and semi-leptonic channels of VZ~ triboson
production exhibit larger sensitivity than the VBS processes involving only massive bosons.
This is attributed to the tree-level HZ~y coupling induced by the Qg p and Qgw operators,
which results in a dominant quadratic term and a negligible linear interference, as shown in
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A=1TeV 300fb' (13 TeV)

——e—— Linear68%C.L. e [ AR Linear 95% C.L.
\: Linear+Quadratic 68% C.L. - Linear+Quadratic 95% C.L.

68% C.L. [L+Q (L)] 95% C.L. [L+Q (L)]
wzy L = — S [-0.20(-3.38),0.21(2.84)] [-0.31(-7.14),0.32(5.06)]
vzy = = c [-0.26(-5.85),0.26(5.78)] [-0.37(-11.54),0.37(11.26)]
vzZ W [-0.63(<-20),0.63(>20)] [-0.97(<-20),0.97(>20)]
Combined ~ ..... ==l [-0.18(-3.28),0.19(2.79)] [-0.27(-6.88),0.28(4.99)]
Wzy —— [-0.41(<-20),0.41(>20)]  [-0.60(<-20),0.60(>20)]
7zy —— c [-0.62(<-20),0.61(>20)]  [-0.90(<-20),0.90(>20)]
Vzy —— HB  [-0.55(<-20),0.54(>20)] [-0.77(<-20),0.76(>20)]
Combined ——3 [-0.37(<-20),0.37(>20)]  [-0.53(<-20),0.53(>20)]
wzy [-0.44(<-20),0.44(>20)]  [-0.65(<-20),0.65(>20)]
27y —— [-0.68(<-20),0.68(>20)]  [-0.98(<-20),0.99(>20)]
Vzy — Cry [-060(<-20),0.60(>20)]  [-0.84(<-20),0.84(>20)]
vzz —— [-4.78(<-20),4.08(>20)]  [-6.91(<-20),6.17(>20)]
Combined —— [-0.40(<-20),0.40(>20)]  [-0.57(<-20),0.57(>20)]
wzy —— - [-0.50(-1.14),0.73(1.03)] [-0.79(-2.34),1.04(1.93)]
ZZy ———p .. [-0.81(-2.72),1.06(2.30)] [-1.23(-5.74),1.49(4. 11)]
47 = Cpwg [0-11(-0.12),0.11(0.11)] [0.22(-0.23),0.23(0.22)]
vzz —— [-0.80(-0.68),0.65(0.73)] [-2.22(-1.28),1.20(1.48)]
Combined = [-0.11(-0.11),0.11(0.11)] [-0.21(-0.21),0.21(0.21)]
Wzy E——— [-1.36(-1.57),1.79(1.42)] [-2.50(-3.22),11.19(2.66)]
27y E—_— [-1.91(-2.73),4.55(2.31)] [-3.27(-5.77),6.53(4.14)]
Vzy == Cyp [-0.17(-0.17),0.17(0.17)] [-0.33(-0.34),0.34(0.33)]
vzz - [-2.73(-3.31),1.82(3.67)] [-3.78(-6.14),2.82(7.53)]
Combined F== [-0.17(-0.18),0.17(0.17)] [-0.33(-0.35),0.33(0.34)]

2018161412108 6 4 -2 0 2 4 6 810121416120

Parameter Estimate

Figure 9. Individual expected constraints on Wilson coeflicients from the leptonic channels WZ~y
(green) and ZZy (light blue), the semi-leptonic VZv (orange) and VZZ (purple) channels, and their
combination (black). The solid points denote the SM expectation. Solid (dashed) lines indicate the
68% (95%) confidence intervals obtained including only terms linear in the Wilson coefficients in the
signal predictions. Open (filled) boxes indicate 68% (95%) confidence intervals obtained including
both linear and quadratic EF'T components.

figures 4a—4b—5a—5b. However, this does not hold for the channels that do not contain a Z
boson and a photon, such as VZZ and VBS channels of ref. [4]. Among the observables
found to be the most Qgyy-sensitive for the VBS channels of ref. [4] there are the invariant
masses of the di-jets and the di-leptons stemming from the vector boson candidates. This
is consistent with the findings in the ZZ~v channel and the inclusive semi-leptonic VZ~y
channel for the Qpw and Qpp operators. The fully leptonic WZ~ channel emerges as
the most sensitive one, where the most relevant variable is found to be the pp relative to

non-standard longitudinal directions pT(any dir)"

The QCD-induced background processes are affected by the Qwp and Qrp operators.
As a consequence, the semi-leptonic VZ+v channel appears to be significantly more sensitive

than the other triboson channels.
The study of the szzy dir) variables is crucial for the WZ~ and VZ~v channels. In the

case of Qmw B, for the channels with four charged leptons in the final state (VZZ and ZZ~),
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Figure 10. Confidence intervals at 68% and 95% confidence level for the pure electroweak case
(lines) and including processes with QCD vertices (gray boxes) extracted from the likelihood scans.

the most sensitive variable is the invariant mass of the di-lepton system, as observed in
several VBS channels [4]. For the same channels, in the case of Qg p, the most sensitive
variable is the total pr of the same-charge lepton pairs in the final state, as also observed in
the VBS ZZ channel [4]. Overall, the results discussed highlight the importance of triboson
channels, alongside with other multi-boson channels in the context of SM-EFT analyses.

Impact of one-dimensional quadratic terms on the sensitivity. The effect of the
quadratic terms on the one-dimensional constraints is examined. For each operator, the
confidence intervals from table 5 are compared with those extracted without the quadratic
components in figure 9.

The constraints highlight the large impact of the quadratic terms on the sensitivity
of the triboson analyses to the operators Qgp, Quw, and Q. In these cases, the linear
terms are negligible compared to the quadratic contribution.

On the other hand, for the operators Qgwp and Qgp, the interference with the SM
diagrams leads to a significant contribution. For the fully leptonic channels, WZ~ and ZZ~,
in the case of Qgp, as well as for the semi-leptonic VZZ in the case of Qgw g, the linear
and quadratic terms partially cancel each other for certain values of the Wilson coefficients
(e.g. figures 4d-5c¢), leading to asymmetric constraints when quadratic terms are included,
as shown in figure 8.

On the contrary, for the semi-leptonic VZ~ channel, the linear contributions induced by
Qrwp and Qg p are dominant over the respective quadratic components. This is visible in
figure 7b, which illustrates the absence of a significant effect of the quadratic terms on the
one-dimensional constraints.

Impact of processes with QCD-induced jets on the sensitivity. The main back-
ground processes in the semi-leptonic VZZ and VZ~ channels, labeled as QCD-ZZjj and
QCD-Z~jj, respectively, feature a jet pair induced by QCD vertices in the final state.
Most of the operators under study do not affect them. Nevertheless, Qmgwp and Qnp
induce anomalous electroweak vertices in the QCD-ZZjj(-Z~jj) diagrams leading to potential
deviations other than the ones expected in the case of pure electroweak processes. Such
anomalies are to be treated as BSM signal as well. Therefore, in the case of these two
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operators, the inclusion of processes with QCD-induced jets leads to two competing effects:
a higher background component accompanied by a larger EFT signal contribution.

To determine the overall effect of the QCD-induced background on the single-operator-
sensitivity of the VZZ and VZ~ analyses, the impact on the estimated Wilson coefficient
bounds is assessed.

Figure 10 shows a comparison of the confidence intervals for the pure electroweak cases
with those obtained including background processes with QCD vertices. As expected, for
the operators that do not affect the QCD-ZZjj(-Z~jj) diagrams, i.e. Qw, Qup, and Quw,
the processes with QCD-induced jets constitute only a background source, leading to less
stringent constraints. On the contrary, the confidence intervals on the coefficients cgwp
and cyp improve considerably when the QCD-induced events are taken into account.

Two-dimensional constraints. For each operator pair {Q;, Qj}, the effect of the mixed
quadratic interference term on the sensitivity to anomalies is investigated by extending
eq. (5.1) to the case of two non-zero Wilson coefficients. For each channel, the confidence
regions are extracted from the likelihood scans using the variable most sensitive to the
operator pair. The statistical combination of the likelihood is then performed for all the
channels and the corresponding 68% C.L. area is shown in figure 11. The upper central plot
in figure 11 displays the contour of the confidence region of the {cgwp,cyp} pair. The
corresponding operators are the only bosonic ones affecting the QCD-ZZjj(-Z~jj) background
processes. For the studied semi-leptonic channels, the contribution of the mutual interference
between the QCD-induced anomalous tree-level diagrams is taken into account, as well
as the interference of the electroweak VZZ(VZy) diagrams. This interference term in the
inclusive Z+vjj production leads to a narrow elliptical shape of the contour, highlighting
an anti-linear correlation between the estimates of cywp and cyp. In the region where
both coefficients are positive, the mutual interference term partially cancels the linear
interference terms.

The upper right plot shows the combination of the operators {Qgp, Qg } inducing
the same anomalous couplings between the Higgs boson and the neutral gauge bosons.
For all the considered channels, a linear correlation between the estimates of these Wilson
coefficients is observed. The latter is attributed to a large mutual interference term, since
the linear interference terms with the SM are negligible.

The second row of figure 11 illustrates the combination of the operator Qs with
Qup (left) and Qgw (right), respectively. The potential anomalies induced by the Qu
operator in these channels can be regarded as uncorrelated with those caused by the other
operators. In fact, Qu is the only operator modifying the gauge structure of the vector
boson self-interactions.

The third row shows the pairwise combination of the operator Qgwp with Qu (left),
Qup (central), and Qgw (right), respectively. In the {cw,chwp} pair, the contours are
symmetric with respect to the coefficient axes, as expected in the case of a negligible mutual
interference term. For all the channels, a linear correlation is observed between the estimates
of cyp and cywp, while it is anti-linear for the {cgw, cywp} pair. The main deviations
from SM are due to the quadratic component of the Qgp and Qnw operators. On the
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contrary, the kinematic anomalies generated by Qgwp are dominated by the destructive
interference with the SM diagrams. The confidence regions highlight the presence of a
destructive interference term in the two cases of {Qrwp, Qup} and {Qgwps, Quw}, as
opposed to the case of the {Qup, Quw} pair where the interference is constructive.

The plots in the last row show the combination of the operator Qg p with Qu (left), Qup
(middle), and Qgw (right), respectively. In each case, the contours are quite symmetric with
respect to the coefficient axes, due to the low contribution of both the mutual interference
terms and of the individual linear terms associated with the Qyw, Qmp, and Qgw operators.
For the semi-leptonic channels, the Qpp interference term with the SM dominates when
the QCD-induced backgrounds are included into the fit.

For all the operator pairs considered, the combination of all the channels leads to
significantly more stringent confidence regions than the single channel with the highest
sensitivity.

Profiled constraints. To preserve the model-independence of the EFT interpretation a
global picture is needed. In this section all operators are left freely floating in the likelihood
maximization. Limits on a single coefficient are derived by profiling all parameters except
for the one of interest. Floating parameters are treated as unconstrained nuisances with a
flat prior in the maximum interval (-20,20). A profiled fit allows a broader range of effects
to be considered simultaneously, exploring the limitations of the EFT approach.

The comparison between the profiled and individual constraints at 95% C.L. for
each operator is shown in figure 12. The confidence intervals are extracted from the
likelihood scans derived with the best variables from the individual constraints. The results
corresponding to the combination of all the triboson channels illustrate the expected decrease
in the sensitivity of the profiled fit with respect to the individual constraints. This effect is
more pronounced for the EFT operators affecting the couplings between Higgs and gauge
bosons, since they induce anomalies to the same vertices, leading to flat directions and a
large mutual interference. The anomalous effects induced by Qs are instead uncorrelated
with the other operators, as observed in the two-dimensional contours {cy,c;} shown in
figure 11.

Overall, the effect of the mutual interference contributions is analogous to the behavior
observed in the global fit in the case of diboson processes [4]. The sensitivity decrease
highlighted by the profiled constraints is not negligible, but it does not compromise the
constraining power of these analyses to the anomalies induced by dimension-6 operators.
The impact of higher-dimension operators on the studied triboson channels is not assessed
in this work, but it would potentially affect the global fit. The high interest in the combined
anomalous effects of dimension-6 and -8 operators, particularly the mutual interference
terms, requires the development of suitable, comprehensive theoretical models that remains
open for future research.

Prospects for a fully leptonic WWW analysis . A benchmark sensitivity study
is also performed for the WWW channel in the 3] 4+ 3v final state with three charged
leptons without any same-flavor opposite-sign lepton pairs. The three W bosons decay
leptonically respectively via W+ — p*v,, WH — e*v,, and W~ — 77 v,. The kinematic
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Figure 12. Comparison between the profiled and the individual expected constraints (quadratic
scale) on the Wilson coefficients from the combination of the leptonic channels WZ~, ZZ~, and the
semi-leptonic channels VZ~y, VZZ. The solid dots denote the SM expectation. Gray-filled boxes
indicate the 95% C.L. intervals obtained by estimating the corresponding Wilson coefficient as the
parameter of interest, with all the other coefficients left floating in the maximum interval (-20,20).
Green-filled boxes indicate the 95% C.L. individual constraints.

selection is taken from the search for anomalous quartic gauge couplings in the WEWE W+
production at /s = 13 TeV with CMS Run 2 data [22]. In the SM, the WWW diagrams
depend at the tree level on the triple WWW and quartic WWWW gauge couplings. In the
context of dimension-6 EFT operators, this channel is expected to be most sensitive to the
anomalies induced by the Qs operator on the W boson self-couplings. In this channel, it
was found [22] that the best variable to probe anomalous W boson self-interactions is sr,
defined as the sum of the transverse momenta of the particles in the final state. In this
study, this variable is also used to assess the sensitivity to the kinematic anomalies induced
by the bosonic dimension-6 EFT operators. The sensitivity of the tri-lepton final state
to the EFT operators is derived by performing a cut-and-count analysis after requiring
s > 1500 GeV. This threshold is determined from the SM spectrum, which decreases
sharply at this value of sp.

For an integrated luminosity of 300fb=* (A = 1TeV) the exclusion interval at 68%(95%)
C.L. on ¢y is [-0.13(-0.22), 0.13(0.22)]. This channel alone is about a factor of two more
sensitive to the anomalous effects induced by the Qs operator than the combination of the
other triboson processes studied. This is expected since the dependence on the WWWW
gauge couplings is enhanced with respect to the other channels. This result is also close to
the Qu-sensitivity in the diboson WW channel in the ey final state [4].

The multiplicity of the final states produced from the decay of WWW processes strongly
advocates the need for a dedicated study, which is left for future work.
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6 Summary and conclusions

The first benchmark study of the sensitivity of triboson measurements to dimension-6
SM-EFT operators has been presented. This study includes triboson channels with one
photon in the final state, namely the fully leptonic WZ~ and ZZ~ and the semi-leptonic
inclusive VZv, where V={W,Z}. The semi-leptonic channel VZZ including both the WZZ
and the ZZZ cases was also examined. In addition, we performed a feasibility study of the
fully leptonic WWW analysis in a single tri-lepton final state.

The expected sensitivity to anomalies arising from dimension-6 bosonic operators has
been studied to cover the main class of corrections affecting triple and quartic, as well as
Higgs-gauge couplings, which enter multiple triboson channels. The subset of operators in
the Warsaw basis that satisfy CP symmetry has been used with {my, mz, Gp} as the input
parameter scheme. For all the channels and the studied dimension-6 operators, the EFT
components were generated at the parton level up to the A=* order in the EFT expansion.

We investigated the effect of the quadratic terms (pure beyond-the-Standard-Model
components) on the sensitivity to EFT dimension-6 bosonic operators. Their contribution
increases the sensitivity of the triboson analyses to the SM deviation, especially when the
anomalous couplings induced by the EFT bosonic operators are forbidden by the SM at the
tree level and, as a consequence, the linear interference terms are negligible.

The sensitivity constraints are computed for a LHC measurement with proton-proton
collisions at a center-of-mass energy of 13 TeV and for a projected total luminosity of 300 fb=!.
The triboson production processes are modeled inclusively as full 2 — 6 fermions and 2 — 4
fermions + 7y scattering at the leading order with the inclusion of the non-resonant diagrams.

A template analysis of several differential distributions was performed to test the
observables to be used in future LHC analyses targeting triboson production modes. Two
classes of kinematic variables, namely the transverse momentum relative to non-standard
longitudinal directions and the Fox-Wolfram moments, are found to be effective in isolating
regions of phase space with pronounced anomalous effects. The impact on the shape
analysis of the main backgrounds, which are QCD-induced processes, has been evaluated in
semi-leptonic channels. The EFT corrections to the QCD vertices have been calculated at
the leading order. Interestingly, the inclusion of EFT effects in the QCD-induced processes
significantly increases the sensitivity to individual operators affecting them.

Overall, we find that the processes most sensitive to the bosonic operators are those
involved in the semi-leptonic VZ~v channel (and its main background QCD-Z~jj). The
leading lepton transverse momentum provides the strongest constraints on the anomalous
triple and quartic gauge boson couplings. It is interesting to make a comparison with the
bounds on the dimension-6 Wilson coefficients from the combination of the vector boson
scattering analyses in the literature. In the present study, the sensitivity reach to the
operators affecting triple and quartic gauge couplings is competitive with the vector boson
scattering combination, and it is larger by a factor six in the case of the operators affecting
the Higgs-gauge bosons couplings. This unique EFT sensitivity of triboson analyses with
a photon in the final state can be explained in light of the anomalous diagrams involving
the HZ~ and Hv~ couplings, which are instead excluded by the Standard Model at the
tree level.
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The results of the two-dimensional scan of operators illustrate the complementarity and
interplay between different measurements, by identifying orthogonal directions in sensitivity
for different pairs of operators. In most cases, the combination of all channels significantly
increases the sensitivity to EFT effects, which is often dominated by a single measurement.
The effect of the mutual interference term in the fit has also been investigated and found to
determine the presence of linear (anti-)correlation in the sensitivity to pairs of operators.

Constraints on the individual Wilson coefficients are extracted by profiling all the other
coefficients in the set of interest. The latter are treated as nuisance parameters within the
maximum interval (-20,20) in the likelihood fit. The results show a decrease in sensitivity
for the profiled fit with respect to the individual constraints, which is more pronounced for
the couplings between the Higgs and the gauge bosons, and found to be consistent with the
results of the two-dimensional fit.

In addition, the first benchmark results on the sensitivity of a fully leptonic WWW
analysis to the anomalies induced on W-boson self-couplings by the corresponding dimension-
6 operator are derived and compared with the other triboson channels in this study.

The present study provides a first estimate of the potential constraining power of
triboson LHC measurements on dimension-6 EFT effects. Possible improvements include
refining the analysis to account for detector reconstruction effects, and performing a more
detailed treatment of reducible background processes. A further development that we
leave for future work would be to perform a global fit of vector boson scattering and
multi-boson production, including both diboson [4] and other triboson processes with three
massive boson decaying leptonically. In future studies, the scope of the investigation can be
further expanded through the development of new models considering the next terms in
the amplitude of the scattering matrix, namely the linear interference term of dimension-8
operators with the SM diagrams and the mixed interference between dimension-6 and

dimension-8 operators.
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