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The full ATLAS run 2 dataset with a time-integrated luminosity of 139 fb~! in the diboson and dilepton
channels is used to probe benchmark models with extended gauge sectors: the Eg-motivated grand
unification models, the left-right symmetric model, and the sequential standard model [extended gauge
model (EGM)]. These all predict neutral Z’' vector bosons, decaying into lepton pairs £Z or into
electroweak gauge boson pairs WW, where one W in turn decays semileptonically. The 95% C.L. exclusion
limits on the Z’ resonance production cross section times the branching ratio to electroweak gauge boson
pairs and to lepton pairs in the mass range of ~1 to 6 TeV are converted to constraints on the Z-Z’ mixing
parameter and the heavy resonance mass. We present exclusion regions on the parameter space of the Z’
which are significantly extended compared to those obtained from the previous analyses performed with
LHC data collected at 7 and 8 TeV in run 1 as well as at 13 TeV in run 2 at a time-integrated luminosity of
36.1 tb~! and are the most stringent bounds to date. Also presented, from a similar analysis of electrically
charged W’ bosons arising in the EGM, which can decay through W — WZ and W' — £, are limits on the
W-W’ mixing parameter and the charged W’ vector boson mass.
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I. INTRODUCTION

One of the main goals of the physics program at the
Large Hadron Collider (LHC) is to search for new resonant
or nonresonant phenomena that become visible in high-
energy proton-proton collisions. A prominent possible
signature of such phenomena would be the production
of a heavy resonance with its subsequent decay into a pair
of leptons or into electroweak vector bosons. Many
scenarios beyond the Standard Model (SM) predict such
signals. Possible candidates are neutral and charged heavy
gauge bosons which are commonly referred to as Z’ and W’
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bosons, respectively [1]. Strong constraints have already
been set on the production of such new heavy particles.

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

pp = ZX >0 X (1)
and
pp —» WX - £uX, (2)

respectively, where, in what follows, £ =e, p unless
otherwise stated. The production of Z’ and W’ bosons at
hadron colliders is expected to be dominated by the Drell-
Yan (DY) mechanism, gg/qq — Z'/W’. The Feynman
diagrams for the Z’' (W’) boson production at the parton
level and their dilepton and diboson decays are illustrated
in Fig. 1.

Leptonic final states provide a low-background and
efficient experimental signature that results in excellent
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FIG. 1. Parton-level Feynman diagrams for Z’ (W’) production
with dilepton and diboson decays.

sensitivity to new phenomena at the LHC. Specifically,
these processes (1) and (2) offer the simplest event
topology for the discovery of Z' and W’ with a large
production rate and a clean experimental signature. These
channels offer the most promising discoveries at the LHC
[2-7]. There have also been many theoretical studies of Z’
and W’ searches at the high-energy hadron colliders (see,
e.g., [1,8-24]).

In the simplest models such as the sequential Standard
Model (SSM) [8], new neutral Zgg),, and charged Wy,
bosons have couplings to fermions that are identical to
those of the SM Z and W bosons but for which the
trilinear couplings Z’WW and W'WZ are absent. The
SSM has been used as a reference for experimental Z’
and W’ searches for decades, and the results can be
reinterpreted in the context of other models; it is therefore
useful for comparing the sensitivity of different experi-
ments. Another class of models considered here are those
inspired by grand unified theories, which are motivated by
gauge unification or a restoration of the left-right symmetry
violated by the weak interaction. Examples considered in
this paper include the Z’' bosons of the Eg-motivated [14]
theories containing Z;,, Z,, and Z, and high-mass neutral
bosons of the left-right (LR) symmetric extensions of the
SM, based on the SU(2), @ SU(2)zx ® U(1),_, gauge
group, where B — L refers to the difference between baryon
and lepton numbers.

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 a
time-integrated luminosity of 139-140 fb~!. The ATLAS
experiment has presented the first search for dilepton
resonances based on the full run 2 dataset [2,7] and set
limits on the Z’ and W’ production cross sections times
the branching fraction in the processes (1) and (2),
o(pp > Z'X)xBR(Z' - £7¢7) and o(pp - W'X) x
BR(W' — £v), respectively, for M, and My, in the
0.25-6 and 0.15-7 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 ATLAS and CMS Collaborations set a
95% confidence level (C.L.) lower limit on the Z' mass
of ~4.6t0 5.2 TeV depending on the model [2,4] and 6.0 TeV
for the Wyqy [7].

Alternative Z' and W’ search channels are the diboson
reactions

pp > Z'X - WWX (3)
and
pp — WX - WZX. (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. Specifically, in contrast to the DY
processes (1) and (2), diboson reactions are not the primary
discovery channels but can help to understand the origin of
new gauge bosons.

As mentioned above, heavy resonances that can decay to
gauge boson pairs are predicted in many scenarios of new
physics, including extended gauge models (EGM) [8,25],
models of warped extra dimensions [26,27], technicolor
models [28,29] associated with technirho and other tech-
nimesons, composite Higgs models [30,31], and the heavy
vector-triplet model [32], which generalizes a large number
of models that predict spin-1 neutral (Z") and charged (W’)
resonances. In the SSM, the coupling constants of the
Z'(W') boson with SM fermions are the direct transcription
of the corresponding SM couplings, while the Z'(W’)
coupling to WW(WZ) is strongly suppressed, gzww = 0
and gywz = 0. This suppression may arise naturally in an
EGM: If the new gauge bosons and the SM ones belong
to different gauge groups, a vertex such as ZZWW (W' WZ)
is forbidden. They can be induced only after symmetry
breaking due to mixing of the gauge eigenstates. Searches
for exotic heavy particles that decay into WW or WZ pairs
are complementary to searches in the leptonic channels
£1¢~ and £v of the processes (1) and (2). Moreover, there
are models in which new gauge boson couplings to SM
fermions are suppressed, giving rise to a fermiophobic Z’
and W’ with an enhanced coupling to electroweak gauge
bosons [1,33]. It is therefore important to search for Z’ and
W’ bosons also in the WW and WZ final states.

The properties of possible Z' and W’ bosons are also
constrained by measurements of electroweak (EW) proc-
esses at low energies, i.e., at energies much below their
masses. Such bounds on the Z-Z' (W-W’) mixing are
mostly due to the constraints on deviation in Z (W)
properties from the SM predictions. In particular, limits
from direct hadron production with subsequent diboson
decay at the Tevatron [34] and from virtual effects at the
Large Electron-Positron Collider (LEP), through interfer-
ence or mixing with the Z boson, imply that any new
7' boson is rather heavy and mixes very little with the
Z boson. At LEP and the Stanford Linear Collider, the
mixing angle is strongly constrained by very high-precision
Z pole experiments [35]. These include measurements of
the Z line shape and the leptonic branching ratios as well as
leptonic forward-backward asymmetries. The measure-
ments show that the mixing angles, referred to as &,
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and &y, between the gauge eigenstates must be smaller
than about 10~ and 1072, respectively [1,15].

Previous analyses of the Z-Z’ and W-W’ mixing [36-38]
were carried out using the diboson and dilepton production
datasets 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, in the former
case, electroweak Z and W gauge bosons decay into the
semileptonic channel [39] or into the dijet final state [40].
The results of the present analysis benefit from the
increased size of the data sample, now amounting to an
integrated luminosity of 139 fb~! recorded by the ATLAS
detector in run 2 [41-44], almost 4 times larger than what
was available for the previous study.' In addition, further
improvement in placing limits on the Z’ and W’ mass and
Z-7' and W-W’' mixing parameters can be achieved in
semileptonic WW/WZ final states in which one vector
boson decays leptonically (Z — £¢, vv, W — £v) while the
other decays hadronically (Z/W — qq).2 Also, here we
extend our analysis presented in Ref. [45], where we
utilized the full run 2 ATLAS dataset for EGM (SSM)
to various Z’' models, including E4-based Z,, Zy,, Z,, and
also Z;r boson appearing in models with left-right sym-
metry. Thus, our present analysis is complementary to the
previous studies [45].

We present results as constraints on the relevant
Z-7' (W-W') mixing angle, &, (Ew.w), and on the mass
My (My) and display the combined allowed parameter
space for the benchmark Z' (W’) models, 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 (where available)
are compared to those obtained from the LHC at 13 TeV
with the full ATLAS run 2 dataset of a time-integrated
luminosity of 139 fb~! in the semileptonic [43,44] and
fully hadronic (¢qqq) [41] final states.

The paper is structured as follows. In Sec. II, we
present the theoretical framework; then, in Sec. III, we
summarize the relevant cross sections for the diboson and
dilepton production processes (3) and (1) in the narrow-
width approximation (NWA). Next, we discuss the relevant
7' widths and branching ratios within the considered
benchmark models. Furthermore, we present an analysis
of bounds on Z-Z' mixing from constraints on diboson and
dilepton production in the context of the benchmark models
with an extended gauge sector, employing the most recent
searches recorded by the ATLAS (139 fb~!) detector in the
semileptonic [43,44] and fully hadronic (referred to as
qqqq) [41,42] final states at the LHC. Then, we show the

'In the current analysis, we utilize the full run 2 ATLAS dataset
on diboson resonance production [41,43,44], rather than that of
CMS, as the latter one is unavailable so far.

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

resulting constraints on the M, — £, , parameter space
obtained from these processes. Furthermore, we collect and
compare the indirect constraints obtained from electroweak
precision data, direct search constraints derived from the
LHC in run 1 and early run 2 data. In Sec. IV, we present
the corresponding analysis of bounds on W-W’ mixing,
performed in a similar fashion as for the Z', from
constraints on diboson and dilepton production processes
(4) and (2) in the context of the EGM. Section V presents
some concluding remarks.

II. MIXING AND PARAMETERS

We consider Z-Z' mixing within the framework of
models with an extended gauge sector such as the Ejg
models, the LR model, and the EGM (see, e.g., [8,14—17]).
The mass eigenstates Z and Z’ are admixtures of the weak
eigenstates Z° of SU(2) x U(1) and Z” of the extra U(1)’,
respectively:

Z =Z7%cos ¢ + Z" sin ¢, (5a)
Z' = -Z%sin ¢ + Z% cos ¢. (5b)

For each type of Z’ boson, defined by its 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
[14,15]. In each case, there is a relation between the
79-7" mixing angle ¢ and the masses M, and M, [14]:

(angp — My =My 2MpAM
a2 2 = 2
ML -M, MY

; (6)

where the downward shift AM = M, — M, > 0 and M
is the mass of the Z boson in the absence of mixing, i.e.,
for ¢ = 0, given by

M
My =—Y (7)

\/Pocos By

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,
as the p, parameter depends on the ratios of Higgs
vacuum expectation values and on the total and third
components of weak isospin of the Higgs fields. We set
po = 1 here; this corresponds to a Higgs sector with only
SU(2) doublets and singlets [14]. Once we assume the
mass M, to be determined experimentally, the mixing
depends on two free parameters, which we identify as ¢
and M, a parametrization that we will adopt throughout
the paper.

This Z°-Z” mixing induces a change in the couplings of
the two bosons to fermions. From Eq. (5), one obtains the
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vector and axial-vector couplings of the Z and Z’ bosons to
fermions:

vy = 1§ cos ¢ + v sin ¢, ap = aycos g + ay sing,

(8a)

vy =1 cos ¢ — v} sing, dy = af cos ¢ — af sin ¢,

(8b)

with unprimed and primed couplings referring to Z° and
7 respectively, and found, e.g., in Ref. [17].

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
nonzero Z°-Z% mixing. From Eq. (5), one obtains

Gwwz = €OS PGwwz0 (9a)

Gwwz = —Sin PGy, (9b)

where gy = ecotly. Also, gyw, = e.

In many extended models, while the couplings to
fermions do not differ much 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 gy 0 is
replaced by gywz = Ez.2 - gwwp, where &7 7 = [sing|
[see Eq. (9b)] is the mixing factor.” We will set cross section
limits on such Z’ as functions of the mass M, and £&.

In addition, we study W-W’ mixing in the process (4)
within the framework of the EGM model [8,25]. At the tree
level, mass mixing may be induced between the electrically
charged gauge bosons. The physical (mass) eigenstates of
W and W’ are admixtures of the weak eigenstates denoted

as W and W' , respectively, and obtained by a rotation of
those fields [1,13]:

W+ = W* cos + W' sin, (10a)

W' = —W*sin6 + W'* cos 6, (10b)
in analogy with Eq. (5). Upon diagonalization of their mass
matrix, the couplings of the observed W boson are shifted
from the SM values.

The properties of possible Z’ and W’ bosons, apart from
collider experiments, are also constrained by measurements
of EW processes at low energies, i.e., at energies much
below their masses. Such bounds on the Z-Z' (W-W')
mixing are mostly due to the constraints on the deviation

3 .. .
For weak mixing, &, =~ |¢| and is, therefore, often referred
to as a mixing “angle.”

in Z (W) properties compared to the SM predictions.
These measurements show that the mixing angles &,
and &y (=| sin 0]) between the gauge eigenstates must be
smaller than ~1073 and 1072 [1], respectively.

1. Z PRODUCTION AND DECAY
IN pp COLLISION

We shall first consider Z’ production in some detail and
subsequently turn to the W’ case. In some sense, the Z'’
sector is richer than the W’ sector; different models predict
different ratios of the vector and axial-vector couplings.
The W’ models, on the other hand, will all be restricted in
the choice of pure left-handed couplings to fermions.
Among the Z' models, we start out with a detailed
discussion of the y model.

A. Z' resonant production cross section

The Z' production and subsequent decay into WW in
proton-proton collisions occurs via quark-antiquark
annihilation in the s channel. The cross section of the
process (3) can at the LHC be observed through resonant
pair production of gauge bosons WW. Using the NWA, one
can factorize the process (3) into the Z’ production and its
subsequent decay:

o(pp > Z'X > WWX)=0(pp - Z'X) xBR(Z' > WW).
(11)

Here, o(pp — Z'X) is the total (theoretical) Z’ production
cross section and BR(Z' - WW) =T /T', with I'z the
total width of the Z’. “Narrow” refers to the assumption that
the natural width of the resonance is smaller than the typical
experimental resolution of 5% of its mass [46,47]. This is
valid for a large fraction of the parameter space of the
considered models.

B. The Z' width

In the calculation of the total width ', we consider
the following channels: Z' — ff, WTW~, and ZH
[36,37,45,48], where H is the SM Higgs boson and f
refers to the SM fermions (f =/, v, g). Throughout the
paper, we shall ignore the couplings of the Z’ to any
beyond-SM particles such as right-handed neutrinos, which
we take to be heavier than M’,/2, as well as to supersym-
metry (SUSY) partners and any other exotic fermions. Such
additional states may all together increase the width of the
Z' by up to about a factor of 5 [49] and, hence, lower the
branching ratio into a Wt W~ pair by the same factor.

The total width I', of the Z’ boson can then be written as
follows:

Ty =Y T +TyY + T2 (12)
f

053009-4



UPDATED CONSTRAINTS ON Z' AND W' ...

PHYS. REV. D 103, 053009 (2021)

TABLEL Ratio I}/ /M for the , , 5, LR, and EGM models.

A T /My (%)
X 1.2
V73 0.5
n 0.6
LR 2.0
EGM 3.0

The two last terms, which are often neglected in studies at
low and moderate values of M, are due to Z-Z' mixing.
For the range of M, values below ~3 to 4 TeV, the
dependence of I'; on the values of &;_ (within its allowed
range) is unimportant. Therefore, in this mass range, one

can approximate the total widthas 'y &~ 7 Fé,f , where the

sum runs over SM fermions only. The ratios of Fg /My for
the benchmark models are summarized in Table I. One can
appreciate the narrowness of the Z, pole from Table I.

However, for larger Z' masses, M, > 4 TeV, there is an
enhancement in the coupling that cancels the suppression
due to the tiny Z-Z' mixing parameter £, [48]. We note
that the “equivalence theorem” [50] suggests a value for
BR(Z' — ZH) comparable to BR(Z' - WTW~), up to
electroweak symmetry-breaking effects and phase-space
factors. Throughout this paper, for definiteness, we adopt
a scenario where both partial widths are comparable,
2 ~TYW for heavy M, [51-53].

For all M, values of interest for the LHC, the width
of the Z’ boson is considerably smaller than the exper-
imental mass resolution AM for which we adopt the
parametrization in reconstructing the diboson invariant
mass of the WTW~ system, AM/M =~ 5%, as proposed,
e.g., in Refs. [46,47].*

The partial width of the Z' — W W~ decay channel can
be written as [8]

Vi V2 3/2
7a%% Qem 2 4 4 w
r;" = 13 cot HWMZ( ) 1-4 %/

My, 2 My, 4
1+20 12 SE2 . 13
) { - (MZ’> - (MZ’) 7z (13)

For a fixed mixing factor £, , and at large M, where ')}V

dominates over ) 2y ’;],C , the total width increases rapidly
with the mass M, because of the quintic dependence of the
W W~ mode on the Z' mass as shown in Eq. (13). In this
case, the W W~ mode (together with Z' — ZH) becomes
dominant and BR(Z' - WFW~) — 0.5 (this value arises

from the assumption I'Z¥ =T%"), while the fermionic

decay channels (F’;f & M) are increasingly suppressed.
These features are illustrated in Fig. 2, where we plot

*This AM should not be confused with that of Eq. (6).

1 L I L L L L L L L

F €. =0.003

o b b b b b b b L

-4
10 0.5 1 15 2 25 3 3.5 4 4.5
M,(TeV)

V= \\\\HH‘ ’\\HHH‘

FIG. 2. Branching ratio BR(Z' —» W*W~) (solid line) and
BR(Z' — ¢*e™) (dashed line) vs My in the Z, model for
Z-7' mixing factor £, = 0 and &, = 3 x 1073, It is assumed

ZH _ TWW
that I';" =T7,".

BR(Z' - WTW~) and BR(Z' — ete™) vs M, for the
Z,, model.

C. Hadron production and diboson decay of Z'

In Fig. 3, we consider the full ATLAS run 2 dataset
of a time-integrated luminosity of 139 fb~! and show the
observed 95% C.L. upper limits on the production cross
section times the branching fraction, 69s¢ X BR(Z' —
WHW™), as a function of the Z’ mass, obtained from the
semileptonic [43,44] and fully hadronic (ggqqq) [41,42]
final states. This allows for a comparison of the sensitivities
of the data to mixing parameters and new gauge boson
mass. This comparison demonstrates the dominating sen-
sitivity to Z’ of the semileptonic channel with respect to the
fully hadronic one, over almost the whole Z' mass range.

Then, for Z, we compute the LHC production
cross section multiplied by the branching ratio into two
W bosons, o(pp = Z,,X) x BR(Z,, - W"W~), as a func-
tion of the two parameters (M,, &;.,), and compare it
with the limits established by the ATLAS experiment,
Gosq, X BR(Z' - WTW™). The SM backgrounds have
been carefully evaluated by the experimental collaborations
and accounted for in 695, X BR(Z' — W+ W~). Therefore,
in our analysis, we simulate only the Z), signal.

In Fig. 3, the theoretical production cross section
o(pp = Z,,) xBR(Z,, = WFW~) for the Z, boson is
calculated from a dedicated modification of PYTHIAS.2
[54]. As mentioned above, higher-order QCD corrections
to the signal were estimated using a K factor, for which we
adopt a mass-independent value of 1.9 [55-57]. These
theoretical curves for the cross sections, in descending
order, correspond to values of the Z-Z' mixing factor &,
ranging from 3 x 1073 down to 3 x 10~*. The intersection
points of the measured upper limits on the production cross
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FIG. 3. Observed 95% C.L. upper limits on the production

cross section times the branching fraction ogsq X BR(Z' —
WtW~) as a function of the Z' mass M,, showing ATLAS
data for the semileptonic (thin solid line) [43,44] and fully
hadronic (thick solid line) [41] final states for 139 fb~!. Theo-
retical production cross sections o(pp = Z,, + X) x BR(Z], —
W*TW~) are shown for mixing factors &, ranging from
3 x 1073 down to 3 x 107, Also, the cross section solid line
labeled EEW corresponds to the mixing parameter £5Y indicated in
Table II for the Z;, model. The area lying below the long-dashed
curve labeled NWA corresponds to the region where the Z’
resonance width is predicted to be less than 5% of the resonance
mass, in which the narrow-width assumption is satisfied. The
lower boundary of the region excluded by the unitarity constraints
is also indicated.

section with this theoretical cross section for various values
of &, give the corresponding lower bounds on (M,
¢7.7), presented in Fig. 4.

Different bounds on the Z’ parameter space are collected
in Fig. 4 for the Z{,, model, showing that, at high masses, the
limits on &,_ obtained from the full run 2 dataset collected
at /s = 13 TeV and recorded by the ATLAS detector are
substantially stronger than that derived from the global
analysis of the precision electroweak data [15], which is
also displayed. Limits obtained separately from the indi-
vidual semileptonic channel Zvqq and the fully hadronic
cannel gqqq are shown for comparison. It turns out that the
semileptonic channel dominates the sensitivity over almost
the whole resonance mass range 0.5 TeV < M, <5 TeV,
while in the rather narrow mass range 2.2 TeV < M, <
2.5 TeV the all-hadronic channel is most sensitive.

D. Z-Z' mixing effects in dilepton decay of Z' — £¢

The above analysis was for the diboson process (3),
employing one of the most recent ATLAS searches for
semileptonic [43,44] and fully hadronic [41] final states.
Next, we turn to the dilepton production process (1); this
process gives valuable complementary information.

10-1i\llll\ll\IIIIII\IIII|II!\IIIII‘II\\'II_IIIIIJ]J__

F ATLAS pp —>Zy—> W'W X (139 fb)]
C —a— Ivqq observed 95% C.L. upper limit 7
—@— qqqq observed 95% C.L. upper limit —

T

Unitarity limjt
07T =
W ]
3 _|
10°E LHC run 2 > 3
C o
r y s
(13
B 9 2
L A |
excluded by Zy, — Il //'|
Al b b b b b b b Al e s b
%5 17 15 2 25 3 35 4 45 5

Mz (TeV)

FIG. 4. The Z), model: 95% C.L. exclusion regions in the two-
dimensional (M, &7) plane obtained after incorporating
indirect constraints from electroweak precision data (horizontal
dashed straight line labeled “EW”) and direct search constraints
from the LHC search for pp - Z' — WW in semileptonic final
states using the full run 2 ATLAS dataset. Limits obtained from
the hadronic channel gqqq are overlaid for comparison. The
region above each curve for the WW channel is excluded. The
steep curve labeled “excluded by Z), — #£” shows the exclusion
based on the dilepton channel pp — Z, — £/ + X. The unitarity
limit is shown as the dot-dashed curve. The overall allowed
region is shown as a yellow area.

We compute the Z' theoretical production cross
section at the LHC, o(pp — Z'X), multiplied by the
branching ratio into two leptons, ¢ (£ =e, u), ie.,
o(pp = Z'X) x BR(Z' — ¢¢), as a function of M, and
compare it with the upper limits established by the experi-
ment [2] for 139 fb~!. We make use of the relevant set of
tables and figures (including additional results for dielec-
tron and dimuon channels) available at the Durham
HepData repository [3].

Results for 6959, X BR(Z' — ££) are shown in Fig. 5. To
account for next-to-next-to-leading order (NNLO) effects
in the QCD strong coupling constant, the leading order
(LO) cross sections calculated with PYTHIA8.2 [54] are
multiplied by a mass-independent K factor. The value of the
K factor is estimated at a dilepton invariant mass of ~3.0 to
4.5 TeV and found to be consistent with unity [58,59].

For illustrative purposes, we show theoretical production
cross sections o(pp — Z'X) x BR(Z' — ¢¢) for the
model Z’, given by the dashed curves in Fig. 5. These
curves, in descending order, correspond to values of the
mixing factor &, from 0 to 5 x 1073, Qualitatively, the
decrease of the theoretical cross section with increasing
values of £;_ can be understood as follows: For increasing
&, »,the Z - WTW~ mode will at high mass M, become
more dominant (as illustrated in Fig. 2), and BR(Z' — ¢¢)
will decrease correspondingly. Notice also that, applying a
mass-dependent K factor (which for this process is less than
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FIG. 5. Solid line: observed 95% C.L. upper bound on the Z'’

production cross section times the branching ratio to two leptons,
6959, X BR(Z' — ¢¢), where £ = e, pu, obtained at the LHC with
integrated luminosity £;,, = 139 fb~! by the ATLAS Collabo-
ration [2,3]. Results are shown for the combined dilepton
channel. Dashed lines: theoretical production cross section
o(pp = Z') x BR(Z' - ¢¢) for the Z' boson in the y model,
calculated from PYTHIAS.2 with an NNLO K factor. These curves
in descending order correspond to values of the Z-Z' mixing
factor £, from 0 to 0.005.

1.04), the w model mass limit of the Z' changes by only
~0(50 GeV), justifying the use of the simpler mass-
independent K factor [58,59].

Comparison of o(pp = Z'X) xBR(Z' - ¢¢) vs
6959, X BR(Z' — ¢¢) displayed in Fig. 5 permits us to
read off an allowed mixing for a given mass value; higher
masses are allowed for smaller mixing, for the reason stated
above. This analysis of Z-Z' mixing, illustrated here for the
yw model, can also be performed for the other benchmark
models. The results of the numerical analysis for these
tested models are presented in Figs. 6-9. Mass limits are
calculated as the intersection between the observed limits
with the model prediction. Table II lists the mass limits for
two representative cases, namely, for vanishing mixing
(£ =0) and for the mixing &%, derived from the
electroweak precision data [15]. The former are consistent
with those derived in Refs. [2,4], whereas the mass limits at

EW, are weaker by ~10%-30%.

As described above, both the diboson mode and the
dilepton process yield limits on the (M, £, ) parameter
space. These are rather complementary, as shown in Fig. 4,
where we collect these limits for the y model. The limits
arising from the diboson channel are basically excluding
large values of &, ,, strongest at intermediate masses
Mz ~2-4 TeV. The limits arising from the dilepton
channel, on the other hand, basically exclude masses
M, < 4.5 TeV, with only a weak dependence on &, .
For reference, we plot also a curve labeled “unitarity
limit” that corresponds to the unitarity bound [37,60].

In Ref. [60], it was shown that the saturation of unitarity
in the elastic scattering WYW~ — WTW~ leads to the
constraint  (gzww)max = Jzww - (Mz//3Mz) that was
adopted here.

For comparison, we show in Fig. 9 (for the EGM model)
also the exclusion reach expected at the end of run
3 (300 fb~!') at the LHC, as well as at the HL-LHC
(3000 fb~1) [61], which illustrates the corresponding
extension of the excluded limits on &, down to
2.0 x 107*and 1.1 x 1074, respectively, within the Z’ mass
range under study. Furthermore, the expected lower limit
on the Z’ mass can be set from the dilepton production at
higher luminosity. The current Zj;,, mass limit of 5.1 TeV
at £, = 0 obtained using 139 fb~! of data will extend to
6.7 TeV [62].

In Table III, we collect our limits on the Z’' parameters for
the benchmark models. Also shown in Table III are the
limits on the Z-Z' (W-W’) mixing parameter &, (Ey.yr)
from studies of diboson WW (WZ) pair production at the
Tevatron. Table III shows that the limits on &, from the
EW precision data are generally competitive with the future
collider, ILC@0.5 TeV, but in many cases, they are stronger
than those from the Tevatron.

The diboson production at the LHC@ 13 TeV allows us
to place stringent constraints on the Z-Z' mixing angle and
7' mass M. We imposed limits on the mass and the Z-Z’
mixing angle of the Z’ bosons by using data comprised of
pp collisions at /s = 13 TeV and recorded by the ATLAS
detectors at the CERN LHC, with integrated luminosities of
~139 fb~! from run 2 data taking.

Also, we show that the derived constraints on the Z-Z'
mixing angle for the benchmark models are of the order
of a few x 10~* and they are greatly improved with respect
to those derived from the global analysis of electroweak
data. In addition, we demonstrated in Fig. 9 that further
improvement on the constraining of this mixing can be
achieved from the analysis of data to be collected at higher
luminosity expected in the run 3 and HL-LHC options.
We also show that only the future e*e™ linear collider ILC
with polarized beams and with very high energy and
luminosity, /s = 1 TeV and L;, = 1 ab~!, may have a
chance to compete with the current LHC sensitivity to the
mixing angle in run 2 but will not reach the levels of the run
3 and HL-LHC options.

IV. W PRODUCTION AND DECAY
IN pp COLLISION

In contrast to the rich spectrum of Z' models considered
above, with different vector and axial-vector couplings, for
W’ we consider only V — A couplings to fermions.

A. W' resonant production cross section

We consider the simplest EGM model which predicts
charged heavy gauge bosons. The analysis of W-W’ mixing
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FIG. 6. The Z; model. Top-left, top-right, bottom-left, and bottom-right panels: analogous to Figs. 2, 3, 4, and 5, respectively.

in diboson and dilepton pair production which will be
performed below is quite analogous to that carried out in
previous sections for Z-Z' mixing. At lowest order in the
EGM, W’ production and decay into WZ in proton-proton
collisions occurs through quark-antiquark annihilation in
the s channel. Using the NWA, one can factorize the
process (4) into the W’ production and the W’ decay:

o(pp = WX - WZX)

=o(pp » WX)xBR(W - WZ). (14)
Here, o(pp — W'X) is the total (theoretical) W’ production
cross section and BR(W' — WZ) = I'y# /Ty with Ty the
total width of the W’.

B. The W’ width

In the EGM, the W’ bosons can decay into SM fermions,
gauge bosons (WZ), or WH. In the calculation of the total
width 'y, we consider the following channels: W' — ff,

WZ,and WH, where f is a SM fermion (f = 7, v, q).5 Only
left-handed neutrinos are considered; possible right-handed
neutrinos are assumed to be kinematically unavailable as
final states. Also, like for the Z’ case, we shall ignore the
couplings to other beyond-SM particles such as SUSY
partners and exotic fermions. As a result, the total decay
width of the W’ boson is taken to be

Ty =Y Th +TW7 +TWH.

!

(15)

Like for the Z’ case, the presence of the last two decay
channels, which are often neglected at low and moderate
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 to 1.5 TeV, the dependence of I'y» on the values of

Ew.w (within its allowed range) induced by I'}y# and 'y is

unimportant, because ) F’;{,/ dominates over the diboson

5Here, in contrast to the Z’ case, the ¢ includes 7 leptons.
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FIG. 7. The Z, model. Top-left, top-right, bottom-left, and bottom-right panels: analogous to Figs. 2, 3, 4, and 5, respectively.

partial widths. Therefore, in this mass range, one can  analogy with the Z’' case, we assume that both partial

approximate the total width as Ty~ )", F’;g,'/ =3.5% x Widtbs are compare.lble, Ty =Ty7? for heavy My, as
My, [38], where the sum runs over SM fermions only. required by th‘? equivalence thfzoreql [50]. )

For heavier W’ bosons, the diboson decay channels WZ The expression for the partial width of the W' — WZ
and WH start to play an important role, and we are no  decay channel in the EGM can be written as [8,38]
longer able to ignore them [38,45]. To be specific, in
|

Wz _%em 0p a M3, 1_M§—M%V 2_4M%V 3/2 1+10 M3, + M7 +M‘V‘VJFM‘}JAOJ\/I%VM% 2
W48 YW M M2 M2, M2, 2 M, ww
(16)

[

the fermionic decay channels ), FCJ,I o« My, are increas-

ingly suppressed, as illustrated in Fig. 10 (left panel).

For a fixed mixing factor &,y and at large My, the total
width increases rapidly with the W’ mass because of the
quintic dependence of the WZ mode on the W' mass
W7 o« My [M3, /(M3,M%)], corresponding to the produc-
tion of longitudinally polarized W and Z in the channel
W' — W;Z; [8,38]. In this case, the WZ mode (as well as Our analysis employs the recent searches for diboson
WH) becomes dominant and BR(W' - WZ) — 0.5, while  processes in semileptonic final states provided by ATLAS

C. Hadron production and diboson decay of W’
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LR

[43] with the full run 2 dataset with a time-integrated
luminosity of 139 fb~! as well as, for the sake of com-
parison, in the fully hadronic (¢gqq) final states [41].

In Fig. 10 (right panel), we show the observed 95% C.L.
upper limits on the production cross section times the
branching fraction, 6959, X BR(W' — WZ), as a function of
the W' mass.

Then, for W' we compute the LHC theoretical produc-
tion cross section multiplied by the branching ratio into WZ
bosons, o(pp - W'X) x BR(W — WZ), as a function
of the two parameters (Myy, &y.w) [38], and compare it
with the limits established by the ATLAS experiment,
6959, X BR(W' — WZ). The simulation of signals for the
EGM W’ is based on a suitably adapted version of the
leading-order PYTHIAS.2 event generator [54]. A mass-
dependent K factor is adopted to rescale the LO PYTHIA
prediction to the NNLO one, using the ZwWPROD [64]
software. The result is presented as solid curves in the
right panel for a mixing factor & ranging from 1072
down to 3 x 10™*. The factorization and renormalization
scales are both set to the W’ mass.

The area below the long-dashed curve labeled
“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-width assumption is
satisfied. We also show a curve labeled “unitarity limit”
that corresponds to the unitarity bound (see, e.g., [60]
and references therein). It was shown that the saturation
of unitarity in the elastic scattering W*Z — W*Z leads

to the constraint (gywz)mex = Gwwz - M3/ (V3My My;)
that was adopted in plotting this bound. The 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 > WX) x BR(W — WZ), in descending order,
correspond to values of the W-W’ mixing factor &y 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
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FIG. 9. The Zjg,, model. Top-left, top-right, bottom-left, and bottom-right panels: analogous to Figs. 2, 3, 4, and 5, respectively.
Bottom-left panel: Also shown are exclusion regions obtained after incorporating direct search constraints from the CDF and DO
Collaborations which are referred to as Tevatron (the dark shaded area) in pp — WTW~X as well as those derived from the LHC
measurement of pp — WWX in run 1 (the gray area) [45]. For comparison, we also show the expected exclusion from run 3 (300 fb~")

and the HL-LHC option (3000 fb~!); see the text.

TABLE II. Observed 95% C.L. lower mass limits on M, for
different Z' gauge models from pp — Z' — ££X taking into
account the effect of potential Z-Z' mixing.

Model Mixing parameter M, (TeV) lower limits
Z, No mixing 4.5
EW = 1.8x 1073 3.8
Z, No mixing 4.6
EW — 47 %107 33
Z, EWNo mixing , 4.8
EW 1.6 % 10 42
IR No mixing 4.9
EW — 1.3x 1073 45
EGM No mixing 5.1
EW —2.6x 107 4.4

Ew.w give the corresponding lower bounds on (Myy,
Ew.w), displayed in Fig. 11, left panel.

Comparison of sensitivities of the process (4) to W’ with
different decay channels, e.g., VV — fvqq and qqqq, can
be performed by the matching of 95% C.L. upper limits on
the production cross section times the branching fraction,
6959, X BR(W' — WZ), which includes the SM branching
fractions of the electroweak bosons to the final states in the
analysis channel and effects from detector acceptance, as
well as reconstruction and selection efficiencies. ATLAS
bounds were included according to the Durham HepData
repository [42,44].

From a comparison of the upper limits on the production
cross section times the branching fraction for semileptonic
vs fully hadronic decay channels, one can conclude that the
sensitivity of the semileptonic channel dominates over the
fully hadronic one within the whole range of the W’ mass,
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TABLE III.  Upper limits on mixing parameters &, and &y at 95% C.L. in different models, processes, and experiments (past,
Tevatron; present, EW and LHC; future, ILC). We also compare with the expected ILC reach.

Collider, process - & & R, Eom EGM @M, (TeV)
Tevatron, pp — Z'/W' = WW/WZ(— fvqq) [34] 2x1072 2x1072  0.4-0.9

EW data [1,15] 1.8x107247x1031.6x10313x10326x 1073  ~1072

LHC@13 TeV, 139 fb~': run 2 (this work)

pp = Z' /W - WW/WZ(— qqqq) 290x 107427 x107#38x107*3.0x107# 3.1 x 107 43 x 107* 1.3-5.0
pp = Z' - WW(- fvqq) 25x 1074 24x107#33x 1074 2.7x 107* 2.8 x 10~ 0.5-5.0
pp = W > WZ(— €v/¢€ /v qq) 29x107*  0.5-5.0
ILC@0.5 TeV, 0.5 ab™!, efe™ — WHW~ [63] 23x10731.6x 102 1.5x 1073 14 x 1073 1.2x 1073 ... >3
ILC@1.0 TeV, 1.0 ab™!, e*e™ —» WHW~ [63] 0.6x107305x 107204 x107304x107303%x 1072 ... >3

from 0.5 to 5 TeV. These features are illustrated in Figs. 10
(right panel) and 11 (left panel).

For reference, we display limits on the W’ parameters
from the Tevatron (CDF and DO) as well as from ATLAS
and CMS obtained at 7 and 8 TeV of LHC data taking
in run 1 denoted “LHC run 17 [38]. Figure 11 (left
panel) shows that the experiments CDF and DO at the
Tevatron exclude EGM W’ bosons with &y =2 x 1072
in the resonance mass range 0.25 TeV < My, < 1 TeV
at the 95% C.L., whereas the LHC in run 1 improved
those constraints, excluding W’ boson parameters at
Eww =2 x 1073 in the mass range 0.2 TeV < My, <
2 TeV.

As expected, the increase of the time-integrated lumi-
nosity up to 139 fb~! leads to dominant sensitivity of
the semileptonic channel over the whole resonance mass
range of 0.5 TeV < My, < 5 TeV, and it allows one to set

1 L L L L L L B L B L L B B
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stronger constraints on the mixing angle &y,.y», excluding
Eww > 2.3 x 107* as shown in Fig. 11. Our results extend
the sensitivity beyond the corresponding CDF Tevatron
results [34] 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_y»
from the study of the diboson production and subsequent
decay into semileptonic final states at the LHC at 13 TeV
with the full ATLAS run 2 dataset. The exclusion region
obtained in this way on the parameter space of the W’
naturally supersedes the corresponding exclusion area
obtained for a time-integrated luminosity of 36.1 fb~! in
the semileptonic channel as reported in Ref. [38]. The
limits on the W’ parameters presented in this section
obtained from the diboson WZ production in semileptonic
final states, corresponding to a time-integrated luminosity
of 139 fb~!, are the best to date.
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FIG. 10. Left panel: branching ratio BR(W’ — WZ) (solid line) vs My, in the EGM for W-W’ mixing factor &y = 1072, Dashed
line: BR(W' — ev) for &y = 0 (Wigyy) and &y = 0.01. Right panel: 95% C.L. upper limits on 69sq, X BR(W' — WZ), showing
ATLAS data on the fully hadronic and semileptonic final states for 139 fb~! [41,43]. The theoretical production cross sections
o(pp » W'X) x BR(W — WZ) for the EGM are calculated from PYTHIA with a W' mass-dependent K factor, given by solid curves,
for mixing factor &y ranging from 1072 down to 3 x 10™*. The NWA and unitarity constraints are also shown [38,60].
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FIG. 11.

Left panel: 95% C.L. exclusion regions in the two-dimensional (My, {y.y-) plane obtained from the precision electroweak
data (horizontal dashed straight line labeled “EW”) and direct search constraints from the Tevatron in pp — WZX (dark shaded area) as
well as from the LHC searches for pp — WZX at 7 and 8 TeV (run 1) (gray area) and at 13 TeV from diboson W' — WZ production in
hadronic and semileptonic final states using the full run 2 ATLAS dataset. The region above each curve for the WZ channel is excluded.
The steep curve labeled “excluded by W — £1”” shows the exclusion based on the dilepton channel pp — ZvX. The overall allowed
region for the EGM W’ boson is shown as the yellow area. Right panel: solid line: observed 95% C.L. upper bound on the W’ production
cross section times branching ratio to two leptons, 6954, X BR(W' — £v), obtained in the combined channels (electron and muon) at the
LHC with integrated luminosity £;,, = 139 fb~! by the ATLAS Collaboration [7]. Dashed lines: theoretical production cross section
o(pp » W) x BR(W' — £v) for the EGM W’ boson, calculated from pyTHIA8.2 with an NNLO K factor. These curves, in descending

order, correspond to values of the W-W’ mixing factor & from O to 0.01.

D. W-W' mixing effects in dilepton decay of W' — £v

The above analysis was for the diboson process (4),
employing one of the most recent ATLAS searches [41,43].
Next, we turn to the dilepton production process (2); this
process gives valuable complementary information. Unlike
the SSM, where there is no W-W’ mixing, in the EGM we
consider a nonzero mixing &y.y in the analysis of the
W' — ¢v process. As described in Sec. IV B, this results in
a modification of BR(W' — ev).

We compute the W’ production cross section at LO
with PYTHIA82 [54], o(pp — W), multiplied by the
branching ratio into two leptons, £v (here £ = e), i.e.,
o(pp = W) x BR(W' - ev), as a function of My:. A
mass-dependent K factor is applied, based on NNLO QCD
cross sections as calculated with FEwz3.1 [65,66]. The K
factor varies approximately from 1.3 to 1.1 for the range of
W’ masses studied in this analysis, namely, from 0.5 to
6.0 TeV. The NNLO corrections decrease with increasing
W’ mass up to around 4.5 TeV [67]. For higher W' masses,
the K factor increases again and becomes similar to the
low-mass values.

The product of the NNLO W’ theoretical production
cross section and branching fraction, o(pp — W') x
BR(W' — ev), for the W’ boson for EGM strongly depends
on the W' mass and is given by dashed curves, in
descending order, corresponding to values of the mixing
factor ¢ from 0.0 to 0.01, as displayed in Fig. 11
(right panel).

Comparison of 6(pp — W) x BR(W' — ev) Vs 6959, X
BR(W' — £v) displayed in Fig. 11 (right panel) allows us
to read off an allowed mixing for a given mass value; higher
masses are allowed for smaller mixing, for the reason stated
above. That comparison can be translated into constraints
on the two-dimensional My, — &y parameter plane, as
shown in Fig. 11 (left panel).

The above results are based on data corresponding to an
integrated luminosity of 139 fb~! taken by the ATLAS
Collaboration at /s = 13 TeV in run 2 [7]. The corre-
sponding lower limits on the W’ boson mass of 6 TeV (at
Ew.w = 0) were set at 95% C.L. from combination of the
electron and muon channels. Notice that, similar to the case
of Z' bosons, at £5Y,, = 1072 these limits become weaker,
reaching ~4.4 TeV, as illustrated in Fig. 11 (left and right
panels).

V. CONCLUDING REMARKS

Examination of the diboson, WW and WZ, and dilepton,
¢¢ and £v, production at the LHC with the 13 TeV dataset
allows us to place stringent constraints on the Z-Z' and
W-W' mixing parameters as well as on the Z' and W’
masses for benchmark extended models, respectively. We
derived such limits by using the full ATLAS run 2 dataset
recorded at the CERN LHC, with integrated luminosity of
139 fb~!. The constraints are summarized in Table III. We
note that, in a situation when the limit is dominated by
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statistical errors, the K factor plays a role similar to
integrated luminosity. Thus, if we had adopted the same
K factor for the WW (WZ) channel as for the dilepton
channel, the bounds on £ would have been slightly weaker,
by a factor K'/4 ~ 1.17 for the Z’ case [37].

By comparing the experimental limits to the theoretical
predictions for the total cross section of the Z' and W’
resonant production and their subsequent decays into WW
or WZ pairs, we show that the derived constraints on the
mixing parameters, &, and &y, are substantially
improved with respect to those obtained from the global
analysis of low-energy electroweak data, as well as
compared to the diboson production study performed
at the Tevatron, and to those published previously and
based on the LHC run 1 as well as at 13 TeV inrun 2 at a

time-integrated luminosity of ~36 fb~' and are the most
stringent bounds to date. Further constraining of this
mixing can be achieved from the analysis of data to be
collected in run 3 as well as at the next options of hadron
colliders such as HL-LHC and HE-LHC [61,68].
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