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Abstract

The full ATLAS Run 2 data set with time-integrated luminosity of 139 fb=! in
the diboson channels in hadronic final states is used to probe a simple model with
an extended gauge sector (EGM), proposed by Altarelli et al., and often taken as a
convenient benchmark by experimentalists. This model accommodates new charged
W' and neutral Z’ vector bosons with modified trilinear Standard Model gauge cou-
plings, decaying into electroweak gauge boson pairs WZ or WW, where W /Z decay
hadronically. Exclusion limits at the 95% C.L. on the Z’ and W’ resonance pro-
duction cross section times branching ratio to electroweak gauge boson pairs in the
mass range of ~ 1 — 5 TeV are here converted to constraints on W-W' and Z-Z’
mixing parameters and masses for the EGM. We present exclusion regions on the
parameter space of the W’ and Z’ by using the full Run 2 data set comprised of
pp collisions at /s = 13 TeV and recorded by the ATLAS detector at the CERN
LHC. The obtained exclusion regions are significantly extended compared to those
obtained from the previous analysis performed with Tevatron data as well as with
LHC data collected at 7 and 8 TeV in Run 1 and are the most stringent bounds to
date.
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1 Introduction

One of the main aims of the physics programme at the Large Hadron Collider (LHC) is to
search for new phenomena that become visible in high-energy proton-proton collisions. A
possible signature of such new phenomena would be the production of a heavy resonance
with its subsequent decay into a final state consisting of a pair of fermions or vector
bosons. Many new physics scenarios beyond the Standard Model (SM) predict such a
signal. Possible candidates are charged and neutral heavy gauge bosons. In the simplest
models these particles are considered copies of the SM W and Z bosons and are commonly
referred to as W’ and Z’ bosons [1]. In the Sequential Standard Model (SSM) [2] the Wqy,
and Zggq,; bosons have couplings to fermions that are identical to those of the SM W and
Z bosons, but for which the trilinear couplings W'WZ and Z'WW are absent. The SSM
has been used as a reference for experimental W’ and Z’ boson searches for decades, the
results can be re-interpreted in the context of other models of new physics, and it is useful
for comparing the sensitivity of different experiments.

At the LHC, such heavy W’ and Z’ bosons could be observed through their single
production as s-channel resonances with subsequent leptonic decays

pp — W'X = (vX, (1.1)

and
pp = Z2'X = 010X, (1.2)

respectively, where in what follows, ¢ = e, u unless otherwise stated. The production
of W' and Z’ bosons at hadron colliders is expected to be dominated by the process
q7 /qq — W'/Z'. Leptonic final states provide a low-background and efficient experimental
signature that results in excellent sensitivity to new phenomena at the LHC. Specifically,
these processes and offer the simplest event topology for the discovery of W’
and 7' with a large production rate and a clean experimental signature. These channels
are among the most promising discoveries at the LHC [3H7]. There have also been many
theoretical studies of W’ and Z’ boson searches at the high energy hadron colliders (see,
e.g. [1,8-25]).

The data we consider were collected with the ATLAS and CMS detectors during the
2015-2018 running period of the LHC, referred to as Run 2 and corresponding to time-
integrated luminosity of 139 fb~!. The ATLAS experiment has presented the first search
for dilepton resonances based on the full Run 2 data set [3}/7] and set limits on the W’
and Z' production cross sections times branching fraction in the processes and ,
o(pp — W'X)x BR(W' — lv) and o(pp — Z'X) x BR(Z' — ¢7¢7), respectively, for My
and My in the 0.15 TeV — 7 TeV and 0.25 TeV — 6 TeV ranges, correspondingly. Recently,
similar searches have also been presented by the CMS Collaboration using 140 fb~! of data
recorded at /s = 13 TeV [4]. The most stringent limits on the mass of Wigy, and Ziqy
bosons to date come from the searches in respectively, (1.1]) and processes by the
ATLAS and CMS collaborations using data taken at /s = 13 TeV in Run 2 and set a
95% confidence level (CL) lower limit on the Wg,, mass of 6.0 TeV [7] and ~ 5.2 TeV for
Zis B,



Alternative W’ and Z’ search channels are the diboson reactions
pp— WX - WZX, (1.3)

and
pp— 2’ X - WWX. (1.4)

The study of gauge boson pair production offers a powerful test of the spontaneously broken
gauge symmetry of the SM and can be used as a probe for new phenomena beyond the
SM.

Heavy resonances that can decay to gauge boson pairs are predicted in many scenarios
of new physics, including extended gauge models (EGM) [2]26], models of warped extra
dimensions [27,28], technicolour models [29,30] associated with the existence of technirho
and other technimesons, more generic composite Higgs models [31,32], and the heavy
vector-triplet (HVT) model [33], which generalises a large number of models that predict
spin-1 charged (V') and neutral (Z’) resonances etc. Searches for exotic heavy particles
that decay into W Z or WW pairs are complementary to searches in the leptonic channels
lv and 70~ of the processes and . Moreover, there are models in which new
gauge boson couplings to SM fermions are suppressed, giving rise to a fermiophobic W’ and
Z" with an enhanced coupling to electroweak gauge bosons [1,[34]. It is therefore important
to search for W’ and Z’ bosons also in the W Z and WW final states.

The paper is organized as follows. In Sect. [2| we present the theoretical framework,
then, in Sect. [3| we summarize the relevant cross sections for processes and in the
narrow width approximation (NWA) to the EGM. Next, in Sect. 4 we discuss the relevant
W' and Z' branching ratios. In Sect. 5 we present an analysis of bounds on W-W' and
Z-7" mixing from constraints on diboson production in the context of the EGM, employing
the most recent measurements recorded by the ATLAS (36.7 fb~! and 139 fb~1) detector
[36,37] at the LHC. Then, we show the resulting constraints on the My — &y and
Mz — &4 7 parameter space obtained from the diboson processes, and . Further,
we collect and compare the indirect constraints obtained from electroweak precision data,
direct search constraints derived from the Tevatron and at the LHC in Run 1 and Run 2
data. Sect. [0 presents some concluding remarks.

2 Framework

Because of the large variety of models which predict new heavy charged and neutral gauge
bosons, after a discovery of signatures associated to a new boson, detailed studies must
be carried out to distinguish between these models and to determine whether the boson
belongs to one of the theoretically motivated models such as, e.g. EGM or some other
model. Following the traditions of direct searches at hadron colliders, such studies are
based on the model first proposed in Ref. [2].

As mentioned above, in the SSM, the coupling constants of the W’ and Z’ bosons
with SM fermions are identical to the corresponding SM couplings, while the W/ and Z’



couplings to, respectively, WZ and WW vanish, gwwz = gzzww = 0. Such a suppression
may arise in an EGM in a natural manner: if the new gauge bosons and the SM ones
belong to different gauge groups, vertices such as W'WZ and Z'WW do not arise. They
can only occur after symmetry breaking due to mixing of the gauge eigenstates. Triple
gauge boson couplings (such as W/WZ and Z’/WW) as well as the vector-vector-scalar
couplings (like W'W H and Z'Z H) arise from the symmetry breaking and may contribute
to the W’ and Z’" decays, respectively. The vertices are then suppressed by a factor of the
order of (My,/My+)?, where V' represents a W’ or a Z' boson.
In an EGM 2], the trilinear gauge boson couplings are modified by mixing factors

fv-v/ =C x (Mw/MV/)Z, (21)

where C is a scaling constant that sets the coupling strength. Specifically, in an EGM the
standard-model trilinear gauge boson coupling strength gywwz (= ecotfy ), is replaced
by gwwz = Ew.wr - gwwz in the WZ channel and gzww = €72 - gwwz in the WW
channel. Following the parametrization of the trilinear gauge boson couplings W/W Z and
Z'WW presented in [35] for the analysis and interpretation of the CDF data on pp —
W'X - WZX and pp — Z'X — WTW X, expressed in terms of two free parametersﬂ
Ewwr (Ez.2) and My (Myz), we will set W’ (Z') limits as functions of the mass My
(Myz) and mixing factor &y (£7.2/) by using the ATLAS resonant diboson production
data [36,37] collected at a center of mass energy of /s = 13 TeV, taking into account the
partial and full Run 2 data sets with time-integrated luminosity of 36.7 fb=! and 139 fb~!,
respectively. The presented analysis in the EGM with two free parameters is more general
than the previous ones where the only parameter is the V' mass. As for the SSM, one has
Vssm = Veam(§v-vr = 0).

The parametrization of boson mixing introduced by Altarelli et al. [2], though being
simplified, has a well-motivated theoretical basis. To be specific, we briefly consider Z°-Z"
mixing within the framework of models with extended gauge sector such as the Eg models,
the LR model and SSM (see, e.g. [9,/10,/17-19]).

The physical (mass eigenstates) Z and Z' are admixtures of the weak eigenstates Z°
of SU(2) x U(1) and ZY of the extra U(1)’, respectively. The mass eigenstates, Z and Z’
are obtained by a rotation of the fields Z° and Z":

Z =Z%o0s¢+ Z"sing, (2.2)
7' = -Z%in¢+ 72" cos ¢ . (2.3)

For each type of Z’ boson, defined by each set of gauge couplings, there are three classes
of models, which differ in the assumptions concerning the quantum numbers of the Higgs
fields which generate the Z-boson mass matrix [9,(10,|17]. In each case there is a relation
between the Z°-Z mixing angle ¢ and the two mass eigenvalues My and M, which can
be written as [8}|10]: , ,

2 Mz, — My
tan® ¢ = m ; (2.4)

5Such a W’ and Z’, described in terms of two parameters, are here referred to as the EGM bosons.



where Mo is the mass of the Z boson in the absence of mixing, i.e., for ¢ = 0. The
mixing angle ¢ will play an important role in our analysis. Such mixing effects reflect the
underlying gauge symmetry and/or the Higgs sector of the model:

(i) The least constrained (py free) model makes no assumption concerning the Higgs
sector. It allows arbitrary SU(2) representations for the Higgs fields, and is the
analog of allowing py # 1 in the SU(2) x U(1) model. In this case My, My and ¢
are all free parameters.

(ii) If one assume that all SU(2) breaking is due to Higgs doublets and singlets (py = 1
model), there are only two free parameters, which we identify as ¢ and My, and we
will adopt this parametrization throughout the paper, specifically for the EGM case.

(iii) Finally, in specific models one specifies not only the SU(2) assignments but the U(1)’
assignments of the Higgs fields. Since the same Higgs multiplets generate both M
and ¢, one has an additional constraint. To a good approximation, for My < My,
in specific “minimal-Higgs models”, one has an additional constraint [§]

2 Zi<@i>2]§LQ; _ M%
> @)% (13,)? Mz

where sy is the sine of the electroweak angle. In these models ¢ and My are not
independent and there is only one (e.g., My ) free parameter. This parametrization
corresponds to the expression of the mixing factor presented in Eq. . Further-
more, (®;) are the Higgs (doublet) vacuum expectation values spontaneously breaking
the symmetry, and @} are their charges with respect to the additional U(1)’. In these
models the same Higgs multiplets are responsible for both generation of the mass M
and for the strength of the Z°-Z% mixing. Thus P is a model-dependent constant.

(2.5)

This mixing between Z° and Z” will induce a change in couplings of the two bosons
to fermions. An important property of the models under consideration is that the gauge
eigenstate Z% does not couple to the W W™ pair since it is neutral under SU(2). Therefore
the W-pair production is sensitive to a Z’ only in the case of a non-zero Z°-Z% mixing.

From ([2.2) and ({2.3)), one obtains:

gwwz = COS @ gwwzo (2.6a)

gwwz = —sin¢ gwwzo , (2.6b)

where gy wzo = ecot Oy . Also, gww, = e.

In many extended gauge models, while the couplings to fermions are not much different
from those of the SM, the Z/WW coupling is substantially suppressed with respect to that
of the SM. In fact, in the extended gauge models the SM trilinear gauge boson coupling

strength, gywzo, is replaced by gwwzo — £ - gwwzo, where £ = |sin¢| (see Eq. (2.6b)))
is the mixing factof’] We will set cross section limits on such Z’ as functions of the mass

MZ’ and é—

6For weak mixing, & ~ |¢|, and is therefore often referred to as a mixing “angle”.
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Previous analyses of the Z-Z" and W-W' mixing [3874()”?] were carried out using the
diboson production data set corresponding to the time-integrated luminosity of ~ 36 fb~!
collected in 2015 and 2016 with the ATLAS and CMS collaborations at /s = 13 TeV
where electroweak Z and W gauge bosons decay into the semileptonic channel [41] or into
the dijet final state [42]. The results of the present analysis benefit from the increased size
of the data sample corresponding to an integrated luminosity of 139 fb~! recorded by the
ATLAS detector in Run 2 [37] which is almost four times larger than what was available
for the previous study in the semileptonic final stateﬂ In addition, further improvement
in placing limits on the W’ and Z’ mass and W-W’ and Z-Z’' mixing parameters can
be achieved in fully-hadronic WZ/WW — qqqq final state{;] using the novel reconstruc-
tion and analysis techniques of a diboson system with pairs of large-radius jets. Indeed,
the W and Z bosons produced in the decay of TeV-scale resonances are highly energetic
(“boosted”) so that their decay products are merged into a single large-radius jet, and are
therefore reconstructed experimentally as a single large-radius-parameter jet and accord-
ingly, interpreted as a two-jet final state. The signature of such heavy resonance decays
is thus a resonant structure in the dijet invariant mass spectrum. This novel technique
allows to improve background estimation and the signal extraction procedure, resulting in
higher sensitivity of the analysis.

The properties of possible W’ and Z’ bosons are also constrained by measurements
of electroweak (EW) processes at low energies, i.e., at energies much below the masses
of new charged and neutral gauge bosons. Such bounds on the W-W’ (Z-Z') mixing are
mostly due to the deviation in W (Z) properties compared to the SM predictions. These
measurements show that the mixing angles &y and 4.7 between the gauge eigenstates
must be smaller than about 1072 and 2.6 - 1073, respectively [1}/17].

In this work, we derive bounds on the possible new spin-1 resonances (WW'/Z") within
the EGM framework, from the full ATLAS Run 2 data set on WZ /WW pair production
with time-integrated luminosity of 139 fb™! [37]. The search was conducted for a W’/
Z" resonance decaying into a WZ/WW boson pair, where the W and Z bosons decay
hadronically. We present results as constraints on the relevant W-W’ (Z-Z") mixing angle,
Ewwr (§2.2), and on the mass My (M) and display the combined allowed parameter
space for the benchmark W’ (Z’) bosons, showing also indirect constraints from electroweak
precision data, previous direct search constraints from the Tevatron and from the LHC
with 7 and 8 TeV in Run 1 as well as those obtained from the LHC at 13 TeV with a
partial ATLAS Run 2 data set with time integrated luminosity of 36.7 fb~! [36] in the fully
hadronic (gqqq) final states.

Let us here comment on possible mechanisms that might generate the V-V’ mixing.
Within a UV-complete theory, mixing could enter the trilinear coupling via the kinetic

"Strictly speaking, “Z-Z’ mixing” should be referred to as “Z°-Z% mixing” and similarly for “W-W’
mixing”.

8In the current analysis, we utilize the full Run 2 ATLAS data set on diboson resonance production [37],
rather than that of CMS, as the latter one is unavailable so far.

9To simplify notation, antiparticles are denoted by the same symbol as the corresponding particles.



terms,

1
— 5Tr [VJVVW} ., with V,, = [D,, D,], (2.7)

where the covariant derivative includes the heavier gauge field, V;, schematically
D, =DM+ 4V (2.8)

An off-diagonal term in the mass-squared matrix would lead to mixing as given by Eq. .
On the other hand, mixing could be a loop effect. While such examples of mechanisms do
not offer much insight on the magnitude of the mixing, they would allow for an interpre-
tation of an observed signal.

3 Resonant diboson production in pp collision

At lowest order in the EGM, W’ production and decay into W Z in proton-proton collisions
occurs through quark-antiquark interactions in the s-channel. The cross section of process
can at the LHC be observed through resonant pair production of gauge bosons W Z.
Using the NWA, one can factorize the process into the W’ production and the W’
decay,

olpp > WX > WZX)=0(pp— WX)xBR(IW - WZ) . (3.1)

Here, o(pp — W'X) is the total (theoretical) W' production cross section and BR(W’' —
WZ) =TV /Ty with Ty the total width of W’. “Narrow” refers to the assumption that
the natural width of a resonance is smaller than the typical experimental resolution of 5%
of its mass [43,/44], which is true for a large fraction of the parameter space of the reference
EGM model.

Likewise, Z’ production and decay into WW can be observed through resonant pair

production of charged gauge bosons WW. In the NWA, one can write down the cross
section of process ((1.4)) as follows:

olpp = Z'X - WWX)=0(pp — Z'X) x BR(Z' - WW). (3.2)
Here, o(pp — Z'X) is the total (theoretical) Z’ production cross section and BR(Z" —

WW) =T%W /T 7 with Tz the total width of Z’.

4 W' and Z' Branching Ratios

We shall here review the decay modes of W’ and Z’, with a focus on their branching ratios
to WZ and WW | respectively.



4.1 W —-WZ

In the EGM the W’ bosons can decay into SM fermions, gauge bosons (WWZ7), or a pair of
the charged SM W boson and the Higgs boson H. In the calculation of the total width 'y
we consider the following channels: W' — ff'. WZ, and W H, where f are SM fermions
(f = ¢,v,q) m Only left-handed neutrinos are considered, while possible right-handed
neutrinos are assumed to be kinematically unavailable as final states. Also, throughout
the paper we shall ignore the couplings of the W’ to other beyond-SM particles such as
SUSY partners and exotic fermions in the theory. The presence of such channels would
increase the width of the W’ and hence lower the branching ratio into a WZ pair. As a
result, the total decay width of the W’ boson is taken to be

Ty =Y DYl + W7 + T, (4.1)
f

The fermion contribution, I F%/, would depend on the number n, of generations of
heavy exotic fermions which can contribute to the W’ decay without phase space suppres-
sion. This number is model dependent too, and introduces a phenomenological uncertainty.
The presence of the last two decay channels, which are often neglected at low and moder-
ate values of My, is due to W-W' mixing which is constrained to be tiny. In particular,
for the range of My values below ~ 1.0 — 1.5 TeV, the dependence of I'yy» on the values
of &wow (within its allowed range) induced by I'lV7 and T}/ is unimportant because

> f F%/ dominates over diboson partial widths. Therefore, in this mass range, one can

approximate the total width as I'y» ~ >, F{;f,/ = 3.5% x My [40], where the sum runs
over SM fermions only.

For heavier W’ bosons, the diboson decay channels, WZ and W H, start to play an
important role, and we are no longer able to ignore them [40]. To be specific, we take an
approach as model-independent as possible, and for numerical illustration show our results
in two simple scenarios. In the first scenario, we treat the model as effectively having a
negligible partial width of W’ — W H with respect to that of W/ — W Z, i.e. TWH < TIVZ,
so that one can ignore the former, taking T}/ ~ 0. In this case, numerical results with
our treatment will serve as an upper bound on the size of the signal. The second scenario
assumes that both partial widths are comparable, I'}[;7 ~ T'\Z for heavy My, as required
by the “Equivalence theorem” [45].

In the first scenario, where '\ = 0, for a fixed mixing factor &y and at large
My, where I'[VZ dominates over > f F{;f,/ , the total width increases rapidly with the W’
mass because of the quintic dependence on the My, mass of the WZ mode, I'lV7 o
My [My,, [ (M3, M2)], corresponding to the production of longitudinally polarized W and
Z in the channel W’ — WiZp [2,/40]. In this case, the W Z mode becomes dominant and
BR(W' — WZ) — 1, while the fermionic decay channels, > M/ oc My, are increasingly
suppressed. However, in the second scenario with I|7 = TW7Z BR(W' — WZ) — 0.5
when My, increases, as illustrated in Fig. [1}

10Here, the ¢ includes T leptons.
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Figure 1: Branching fraction BR(W’' — WZ) (solid) vs My~ in the EGM for W-W’
mixing factor &y = 3-107%, 1073 and 1072, The shaded bands represent the uncertainty
resulting from the inclusion of the W H decay mode, the upper and lower bounds correspond
to the assumptions '),/ = 0 and I'[).F = I'[V.7, respectively.

Before closing the discussion of the diboson branching ratios, we compare them in
Tables [1] and [2] to those for fermionic final states. Two cases are considered: in Table[I] a
W' with mixing &y = (My /My)?, as suggested by Eq. with C =1, and in Table
a W' with mixing &y = 1072, In evaluation of the diboson decay partial widths of W’
in both cases, the relation of T/ = W7 is assumed. The presence of the two last diboson
decay channels is due to W-W’ mixing and is often neglected, however for large W’ masses
there is an enhancement that cancels the suppression due to the mixing leading to a linear
increase of the diboson partial widths with My, . This is in contrast to the second case
where for a fixed (mass-independent) value of &y, the diboson branching ratio is seen
to grow rapidly with mass, in fact as the fifth power [2]. This feature of the model allows

Table 1: W’ branching ratios in per cent for &y = (My /My)?2.

My [TeV] 1 2 3 4 5
BR — light quarks | 49.3 | 48.9 | 48.9 | 48.8 | 48.8
BR — tb 23.6 | 242 |1 243|244 | 244
BR — (v 24.7 | 245 | 244 | 24.4 | 244
BR—-WZ+WH | 24 | 24 | 24 | 24 | 24




for a high sensitivity.

Table 2: W' branching ratios in per cent for &y = 1073,

BR — light quarks | 50.5 | 49.7 | 47.7 | 43.4 | 36.4
BR — tb 241|245 | 23.8|21.6 | 18.2
BR — (v 25.3 | 24.8 | 239 | 21.7 | 18.2
BR—-WZ+WH | 0.1 | 1.0 | 46 | 13.3 | 27.2

4.2 7' = WW

In analogy with the W’ case, in the calculation of the total width 'z we included Z' — ff,
WHW =, and ZH [39,46]. We shall again ignore the couplings of the Z’ to any beyond-SM
particles such as right-handed neutrinos, SUSY partners or exotic fermions in the theory,
which may increase the width of the Z’ and hence lower the branching ratio into a pair of
W= by the same factor. The total width I, of the Z’ boson can then be written as:

Ty=> TH+T" +1Z1 (4.2)
f

Similar to the total decay width of the W' boson defined in Eq. , the presence of
the two last decay channels is due to Z-Z’' mixing. Note, that the widths of these two
bosonic modes WHW ™ and ZH do not depend on unknown masses of the final states. For
the range of My values below ~ 3 TeV, the dependence of I'z/ on the values of the mixing
parameter £z [2] (within its allowed range) induced by T2 and T'Z¥ is unimportant.
Therefore, in this mass range, one can approximate the total width as 'z ~ > s Fg , Where
the sum runs over SM fermions only. In this mass range, the ratio of I'z//Mz = 0.03 for
the EGM from which one can appreciate the narrowness of the Z’ pole.

However, for large Z' masses, Mz > 3 — 5 TeV, there is an enhancement that cancels
the suppression due to the tiny Z-Z" mixing parameter £z 2 [39]. While the “Equivalence
theorem” [45] might suggest a value for BR(Z' — ZH) comparable to BR(Z" — WTW ™)
up to electroweak symmetry breaking effects and phase-space factors, the Z'ZH coupling
is quite model dependent [46,47]. We again take an approach as model-independent as
possible, and show our results for two scenarios, analogous to the corresponding ones for
the W’ case. In the first scenario, we treat the model as effectively having a suppressed
partial width of Z' — ZH with respect to that of Z/ — WFTW ™ ie. 20 < TW | so that
one can ignore the former. In this case, numerical results with our treatment will serve as
an upper bound on the size of the signal. The second scenario concerns the situation when
both partial widths are comparable, 'ZH ~ T'’W for heavy My [46-48)].
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Figure 2: Branching fraction BR(Z' — W*W™) vs. My in the EGM for non-zero Z-
Z' mixing factor {52 = 21073, 1-1072 and 5 - 10~*. The shaded bands represent the
uncertainty resulting from the inclusion of the Z H decay mode to the total decay width I"z,
the upper and lower bounds correspond to the assumptions I'Z = 0 and I'ZF = F?{ﬂ’v*,
respectively.

For a fixed mixing factor .7 and at large My where ', dominates over Y / Fg
(assuming partial width of 2/ = 0) the total width increases rapidly with the mass My
because of the quintic dependence on the Z’' mass of the WWW~ mode [2,39]. In this case,
the WW~ mode becomes dominant and BR(Z" — WTW~) — 1, while the fermionic
decay channels (Fg o M) are increasingly subdominant.

For the EGM, the Z-Z' mixing parameter £z z is constrained at the level of a few
per mil |17] from an analysis of the Z’ model against available electroweak precision data,

resulting in 2%, < 2.6 - 1073, In Fig. |2l we plot BR(Z' — WTW ™) vs My for the EGM

and mixing factor £ ranging from 0.0005 to 0.002. The case when T'Z# = I'W"W" is

also shown in Fig. [2]
It should be stressed that the boost of the branching ratio for high values of My and
My, illustrated in Figs. [T] and [2], plays an important role in the following analysis.

5 Analysis

5.1 Production and decay of W' — WZ

Here, we present an analysis, employing the most recent measurements of diboson processes
provided by ATLAS [37] with the full Run 2 data set with time-integrated luminosity of
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139 fb~! as well as, for the sake of comparison, with a partial Run 2 data set with time
integrated luminosity of 36.7 fb~! [36]. As mentioned above, ATLAS analyzed the W Z
production in the process through the fully hadronic (gqqq) final statesE-I In Fig.
we show the observed 95% C.L. upper limits on the production cross section times the
branching fraction, o¢5%4 X BR(W' — W Z), as a function of the W’ mass, My. The data
analyzed comprises pp collisions at /s = 13 TeV, recorded by the ATLAS (36.7 fb~! and
139 fb~1) detector [3637] at the LHC.
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Figure 3: Observed 95% C.L. upper limits on the production cross section times the branch-
ing fraction, ogs%4 x BR(W’' — W Z), as a function of the W’ mass, My, showing ATLAS
data on the fully hadronic final states for 36.7 fb~' [36] and 139 fb~' [37]. The theoretical
production cross sections o(pp — W' 4+ X) x BR(W' — WZ) for the EGM are calculated
from PYTHIA with a W’ boson mass-dependent K-factor used to correct for NNLO QCD
effects, and given by solid curves, for mixing factor &y ranging from 10~2 and down to
3-10~%. The shaded bands are defined like in Fig.[ll The area lying below the long-dashed
curve labelled NWA corresponds to the region where the narrow-resonance assumption is
satisfied. The lower boundary of the region excluded by the unitarity violation arguments
is indicated by the dot-dashed curve [40}/49].

Then, for W’ we compute the LHC theoretical production cross section multiplied by the
branching ratio into WZ bosons, o(pp — WX ) x BR(W' — W Z), as a function of the two
parameters (M, &y owr) [40], and compare it with the limits established by the ATLAS
experiment, o954 X BR(W’ — W Z). The simulation of signals for the EGM W’ is based on
an adapted version of the leading order (LO) PYHTHIA 8.2 event generator [50]. A mass-

HFor the experimental data, “qqqq” refers to four-jet final states (including gluons).
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Figure 4: 95% C.L. exclusion regions in the two-dimensional (M, &y _w+) plane obtained
from the precision electroweak data (horizontal dashed straight line labeled “EW”), the
direct search constraints at the Tevatron in pp — WZX (the dark shaded area) as well as
from the LHC measurement of pp — WZX at 7 TeV and 8 TeV (Run 1) (the gray area) and
at 13 TeV from diboson W' — W Z production in hadronic final states using the partial and
full Run 2 ATLAS data set. Limits obtained from the semileptonic channel frqq at time-
integrated luminosity of 36.1 fb~' [40] are overlaid for comparison. The combined exclusion
region for the EGM W' boson obtained after incorporating direct search constraints from
the LHC Run 2 data set is shown as the light shaded area. The uninarity limit is shown
as a dot-dashed curve.

dependent K factor is adopted to rescale the LO PYTHIA prediction to the next-to-next-
to-leading-order (NNLO) in a;. The theoretical W’ production cross section o(pp — W’ X)
is scaled to an NNLO calculation in oy by ZWPROD [51], given by solid curves, and shown
in Fig. for a mixing factor &y ranging from 1072 and down to 3-10~%. The factorization
and renormalization scales are set to the W’ resonance mass.

As was explained in connection with Fig. , the upper (lower) boundary of the shaded
areas correspond to a scenario where the contribution of the decay channel W/ — W H to
the total W’ decay width of Eq. is TWH =0 (W7 =T}\7). The area below the long-
dashed curve labelled “NWA” corresponds to the region where the W' resonance width is
predicted to be less than 5% of its mass, corresponding to the best detector resolution of
the searches, where the narrow-resonance assumption is satisfied. We also show a curve
labelled “Unitarity limit” that corresponds to the unitarity bound (see, e.g. [49] and refer-
ences therein). In that paper, it was shown that the saturation of unitarity in the elastic
scattering W*Z — W*Z leads to the constraint gy w2 = gwwz - M2/(V3 My My))
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that was exploited in plotting the unitarity bound. This constraint was obtained under
the assumption that the couplings of the W’ to quarks and to gauge bosons have the same
Lorentz structure as those of the SM but with rescaled strength.

The theoretical curves for the cross sections o(pp — W'X) x BR(W' — WZ), in
descending order, correspond to values of the W-W’ mixing factor &y from 0.01 to
0.0003. The intersection points of the measured upper limits on the production cross section
with these theoretical cross sections for various values of &y give the corresponding lower
bounds on (My, &w-w), to be displayed below, in Fig. [4]

The limits arising from the diboson channel are basically excluding large values of &y,
strongest at intermediate masses My ~ 2 — 4 TeV, as illustrated in Fig. 4] Interestingly,
Fig. {4 shows that at moderate and high W' masses, the limits on &7 obtained from the
ATLAS diboson resonance production search at 13 TeV and at time-integrated luminosity
of 139 fb~! are substantially stronger than those derived from the low-energy electroweak
data, which are of the order ~ 1072 [1], as well as those obtained from the partial ATLAS
Run 2 data set with time integrated luminosity of 36.7 fb~! [36] in the fully hadronic final
states, and as well as those obtained in the semileptonic final state at 36.1 fb=! [40)].

Comparison of sensitivities to W’ of the process with different decay channels,
e.g., VV — lvqq and qqqq, can be performed by the matching of 95% C.L. upper limits
on the production cross section times the branching fraction, ogs, x BR(W' — W Z),
which includes the SM branching fractions of the electroweak bosons to the final states
in the analysis channel, effects from detector acceptance, as well as reconstruction and
selection efficiencies. ATLAS bounds were included acccording to HEPdata [52]. From a
comparison of the upper limits on the production cross section times the branching fraction
for semileptonic fvqq vs. fully hadronic gqqq decay channels at 36.1 fb~! and 36.7 fb™!,
respectively, one can conclude that the gqgq channel dominates the sensitivity in the higher
resonance mass range (2.6 TeV < My~ < 5 TeV), while at lower masses the sensitivity
of the semileptonic channel dominates over the fully hadronic one. These features are
illustrated in Fig. [

For reference, we display limits on the W’ parameters from the Tevatron (CDF and
DO0) as well as from ATLAS and CMS obtained at 7 and 8 TeV of the LHC data taking
in Run 1 denoted as “LHC Run 1”7 [40]. Fig. 4] shows that the experiments CDF and DO
at the Tevatron exclude EGM W’ bosons with &y 2 2 - 1072 in the resonance mass
range 0.25 TeV < My < 1 TeV at the 95% C.L., whereas LHC in Run 1 improved those
constraints, excluding W’ boson parameters at .y 2 2- 1073 in the mass range 0.2 TeV
< My < 2 TeV.

As expected, the increase of the time-integrated luminosity up to 139 fb~! leads to
dominant sensitivity of the ggqq channel over the whole resonance mass range of 1.3 TeV
< My, < 5 TeV and it allows to set stronger constraints on the mixing angle &y,
resulting in &y > 4.3-107* as shown in Fig. [dl Our results extend the sensitivity beyond
the corresponding CDF Tevatron results [35] as well as the ATLAS and CMS sensitivity
attained at 7 and 8 TeV. Also, for the first time, we set W’ limits as functions of the mass
My and mixing factor &y at the LHC at 13 TeV with the partial ATLAS Run 2 data
set at time-integrated luminosity of 36.7 fb™! [36], and with the full ATLAS Run 2 data set
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with a time-integrated luminosity of 139 fb~!. The exclusion region obtained in this way on
the parameter space of the W’ from the full Run 2 data set supersedes the corresponding
exclusion area obtained at the LHC at /s = 13 TeV and time-integrated luminosity of
36.1 fb~! in the semileptonic channel as reported in [40]. The limits on W’ parameters
presented in this section obtained from the diboson WZ production in hadronic final
states using the full Run 2 ATLAS data set, corresponding to a time-integrated luminosity
of 139 fb=! are the best to date.

5.2 Production and decay of 7' — WW

For the Z’ case, the analysis proceeds in a similar fashion. We show in Fig. [5| the observed
95% C.L. upper limits on the production cross section times the branching fraction, g5y X
BR(Z' — W*TW ™), as a function of the Z' mass, M. Then, for Z’ we compute the LHC
production cross section multiplied by the branching ratio into two W bosons, ¢ x BR(Z' —
WFW ™ )theory, @s a function of the two parameters (Mg, {z.z/), and compare it with the
limits established by the ATLAS experiment, ogsy, X BR(Z' — WTW ™). Our strategy in
the present analysis is to adopt the SM backgrounds that have been carefully evaluated by
the experimental collaborations and contained in g5y X BR(Z’ — WTW ™) and simulate
only the Z’ signal. Comparison of the 95% C.L. upper limits on the production cross
section times the branching fraction, ogsy, X BR(Z" — WTW ™), as a function of the Z’
mass based on the ATLAS data of the fully hadronic final states for 36.7 fb™" [36] and
139 fb~! [37] demonstrates the dominating sensitivity to Z’ of the latter time-integrated
luminosity data with respect to the former one, over the whole Z’' mass range.

In Fig. |5, the theoretical production cross section o X BR(Z" — W*W ™ )iheory for 2’
boson of the EGM, is calculated from PYTHIA 8.2 [50] adapted for such kind of analysis.
Higher-order QCD corrections to the signal were estimated using a K-factor, for which
we adopt a mass-independent value of 1.9 [53-55]. These theoretical curves for the cross
sections, in descending order, correspond to values of the Z-Z’ mixing factor {55 from
0.002 to 0.0003. The intersection points of the expected measured upper limits on the
production cross section with this theoretical cross section for various values of €. give
the corresponding lower bounds on (Myz:, £7.7/), to be presented in Fig. @ For reference,
we plot also a curve labelled “Unitarity limit” that corresponds to the unitarity bound
[39,/49]. In [49], it was shown that the saturation of unitarity in the elastic scattering
WHW~ — W*W~ leads to the constraint gzww,... = gzww - (Mz/v/3Mz) that was
exploited in plotting the unitarity bound.

Different bounds on the Z’ parameter space are collected in Fig. [6] showing that at high
Z' masses, the limits on €.z obtained from the full Run 2 data set collected at /s = 13
TeV and recorded by the ATLAS detector are substantially stronger than those derived
from the global analysis of the precision electroweak data [17], which is also displayed.
In this Fig. [0 we display limits on the Z’ parameters in the EGM from the Tevatron
exclusion [35], as well as those derived from the CMS measurement of pp — WWX in
Run 1 [56].

Limits obtained from the semileptonic channel frqq are also shown for comparison [39].
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Figure 5:  Observed 95% C.L. upper limits on the production cross section times the
branching fraction, o950, X BR(Z" — WTW ™), as a function of the Z’ mass, M, showing
ATLAS data of the fully hadronic final states for 36.7 fb~! [36] and 139 fb™' [37]. Theo-
retical production cross sections o(pp — Z' + X) x BR(Z' — WHW ™) for the EGM are
calculated from PYTHIA with a K-factor used to correct for NNLO QCD effects, and
given by solid curves, for mixing factors ¢ ranging from 2 - 10~2 and down to 3 - 107%.
The shaded bands are defined like in Fig. 2] The area lying below the long-dashed curve
labelled NWA corresponds to the region where the narrow-resonance assumption is satis-
fied. The lower boundary of the region excluded by the unitarity violation arguments is
also indicated by the dot-dashed curve [39,49].

Below (above) a resonance mass value of about 2.2 TeV (3 TeV), the semileptonic channel
at time-integrated luminosity of 36.1 fb~! dominates the sensitivity, while in the resonance
mass range 2.2 TeV< My <3 TeV the all-hadronic channel at luminosity of 139 bt is
most sensitive. As for a comparison of the sensitivities of different channels, semileptonic
vs. fully hadronic final states, at the LHC at 13 TeV with partial ATLAS Run 2 data set,
Fig. [6]shows that the frqq channel dominates the sensitivity over the whole resonance mass
range 0.5 TeV< My < 5 TeV.

In Table [3} we collect our limits on the W’ and Z' parameters for the benchmark
EGM model. Also shown in Table [3| are the current limits on the W-W' and Z-Z" mixing
parameters, {ypr and €4/, from the Tevatron, derived from studies of diboson W Z and
WW pair production. The limits on &y_y at the Tevatron assume (as does the present
study) that no decay channels into exotic fermions or superpartners are open to the W’
and Z'. Otherwise, the limits would be moderately weaker. Table |3 shows that the
limits on &y from the EW precision data are generally stronger than those from the
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Figure 6: 95% C.L. exclusion regions in the two-dimensional (M, {5.7/) plane obtained
after incorporating direct search constraints from the CDF and DO collaborations which
are referred to as Tevatron (the dark shaded area) in pp — WHTW~X as well as those
derived from the LHC measurement of pp — WWX in Run 1 (the gray area) [56] and
13 TeV from diboson Z' — WW production in hadronic final states using the partial and
full Run 2 ATLAS data set. Also shown is the exclusion from the precision electroweak
(EW) data [17]. Limits obtained from the semileptonic channel frgq at time-integrated
luminosity of 36.1 fb~' [39] are overlaid for comparison. Combined exclusion region for the
EGM Z’ boson obtained after incorporating direct search constraints from the LHC Run 2
data set is shown as the light shaded area. The uninarity limit is shown as a dot-dashed
curve.

preceding Tevatron collider. The LHC operating in Run 1 has almost the same sensitivity
to mixing parameters as that reached from analysis of low-energy electroweak data. The
only difference is that the Run 1 limits (as analyzed here) depend on the resonance mass
(My+) whereas the EW constraints are completely independent. In addition, the LHC limits
obtained in Run 2 at 13 TeV, and time-integrated luminosity, Lin; = 139 fb~!, improve the
EW limits by a factor of approximately one order, depending on the resonance mass.

6 Concluding remarks

Exploration of the diboson WZ and WW production at the LHC with 13 TeV data set
allows to place stringent constraints on the W-W' and Z-Z’ mixing parameters as well as
on the W’ and Z' masses, respectively. We derived such limits by using the full ATLAS
Run 2 data set recorded at the CERN LHC, with integrated luminosity of 139 fb~*.
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Table 3: Upper limits on mixing parameters &y and .7 at 95% C.L. in the EGM,

processes and experiments.

collider, process Ewowr Eq o QMy

(TeV)

Tevatron, pp — W'/Z' — W Z/WW (= lvqq) |35 21072 2:1072 | 0.4-0.9
electroweak (EW) data [1,[17] ~1072 | 2.6-1073

LHC@13 TeV, Run 2
pp = W')Z' - WZ/WW (= lvqq), Line = 36.1 fb~1 [39,40]

6.0-107% | 4.7-107% | 0.5-5.0

o= W' /Z = WZ/WW (= qqqq), Lint = 36.7 b1 (this work) | 5.5-10"% [ 6.2-107% | 1.2-5.0

pp = W')Z" = WZ/WW (= qqqq), Lins = 139 fb~! (this work) | 4.3-107% | 3.1-107* | 1.3-5.0

By comparing the experimental limits to the theoretical predictions for the total cross
section of the W’ and Z’ resonant production and its subsequent decay into WZ or WW
pairs, we show that the derived constraints on the mixing parameters, &y and &4z,
for the EGM model, are substantially improved with respect to those obtained from the
global analysis of low energy electroweak data, as well as from the diboson production
study performed at the Tevatron and those based on the LHC Run 1.

In addition, our work shows that accounting for the contribution of the VV’ boson decay
channels, V! — VH (where V.= W/Z and V' = W’'/Z'), to the total width I'y» does not
dramatically affect the bounds on the mixing parameter &y obtained in the scenario of
a vanishing V H mode, I'Vf = 0. Namely, it turns out that for the higher resonance V'
masses of our interest the constraints on V-V’ mixing are relaxed very little as illustrated
in Figs. [3] and [p] and discussed in Refs. [39}40].

We limited ourselves here to an analysis of the full Run 2 ATLAS data set, the corre-
sponding CMS data set is currently unavailable.
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