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The study of electroweak boson pair production provides a powerful test of the spontaneously broken
gauge symmetry of the standard model (SM) and can be used to search for new phenomena beyond the SM.
Extra neutral vector bosons Z' decaying to charged gauge vector boson pairs W W~ are predicted in many
scenarios of new physics, including models with an extended gauge sector. The diboson production allows
us to place stringent constraints on the Z-Z’ mixing factor £ and Z' mass, M, . We present the Z’ exclusion
region in the & — M plane for the first time by using data comprised of pp collisions at /s = 13 TeV and
recorded by the ATLAS and CMS detectors at the CERN LHC, with integrated luminosities of 36.1 and
35.9 tb~!, respectively. The exclusion region has been significantly extended compared to that obtained
from the previous analysis performed with Tevatron data as well as with LHC data collected at 7 and 8 TeV.
Also, we found that these constraints on the Z-Z' mixing factor are more severe than those derived from the
global analysis of electroweak data. Further improvement on the constraining of this mixing can be

achieved from the analysis of data to be collected at higher luminosity.
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I. INTRODUCTION

Many new physics (NP) scenarios beyond the SM [1],
including superstring and left-right-symmetric models,
predict the existence of new neutral and charged gauge
bosons, which might be light enough to be accessible at
current and/or future colliders [2]. The search for these new
neutral Z' and charged W’ gauge bosons is an important
aspect of the experimental physics program of high-energy
colliders. In this note we concentrate on the former one.

Present limits from direct production at the LHC and
virtual effects at Large Electron-Positron Collider (LEP),
through interference or mixing with the Z boson, imply that
any new Z' boson is rather heavy and mixes very little with
the Z boson. Depending on the considered theoretical
model, Z’' masses of the order of 4.5 TeV [3,4] and Z-Z'
mixing angles at the level of a few per mil are excluded [5]
(see also [6,7]). The mixing angle is strongly constrained
by very high-precision experiments at LEP and the SLAC
Linear Collider (SLC) [8]. They include measurements
from the Z line shape, from the leptonic branching ratios
normalized to the total hadronic Z decay width as well as
from leptonic forward-backward asymmetries. A Z' boson,
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if lighter than about 5 TeV, could be discovered at the LHC
[9,10] with /s = 14 TeV in the Drell-Yan (DY) process
pp—>Z -+ X with £ = e, p.

After the discovery of a Z’ boson at the LHC via the DY
process, some diagnostics of its couplings and Z-Z’ mixing
needs to be performed in order to identify the underlying
theoretical framework. In this paper we investigate the
implications of the ATLAS [11] and CMS [12] data in the
diboson channel

pp > WHW~- +X (1)

to probe the Z’' boson that arises, e.g., in a popular model
with extended gauge sector proposed in [13]. The analysis
is based on pp collision data at a center-of-mass energy
V/s = 13 TeV, collected by the ATLAS (36.1 fb~!) and
CMS (35.9 fb~!) experiments at the LHC. In particular, the
data is used to probe the Z-Z' mixing. In ATLAS W W~
events are reconstructed via their semileptonic decays of
the W’s where one W boson decays into a charged lepton
(I = e, p) and a neutrino, and the other into two jets [11],
while in CMS W bosons decay hadronically with two
reconstructed jets (dijet channel) [12].

The W+ boson pair production process (1) is important
for studying the electroweak gauge symmetry. General
properties of the weak gauge bosons are closely related to
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electroweak symmetry breaking and the structure of the
gauge sector, like the existence and structure of trilinear
couplings. In addition, the diboson decay modes of the Z’
probe the gauge coupling strength between the new and the
standard-model gauge bosons [14—17]. Furthermore, the
coupling strength strongly influences the decay branching
ratios and the natural widths of such a new gauge boson.
Thus, detailed examination of the process (1) will both test
the gauge sector of the SM with high accuracy and shed
light on NP that may appear beyond the SM. Here, we
examine the feasibility of observing a Z' boson in the W=
pair production process at the LHC, which in contrast to the
DY process is not the principal discovery channel, but can
help to understand the origin of new gauge bosons.

Direct searches for a heavy WW resonance have been
performed at the Tevatron by both the CDF and DO
collaborations. The DO collaboration explored diboson
resonant production up to O(700 GeV) using the £v'V
and Zvjj final states [18]. The CDF collaboration also
searched for resonant WW production in the evjj final
state, resulting in a lower limit on the mass of Z" and W’
bosons [6], excluding masses up to O(900 GeV), depend-
ing on the mixing.

The direct WW resonance search by the ATLAS and
CMS Collaborations using, respectively, semileptonic /v
and hadronic final-state events in pp collision data at
13 TeV set mass limits of O(3 TeV)' on such resonances
[11,12] (see also [19-21]).

In this work, we derive bounds on a possible new neutral
spin-1 resonance (Z’) from the available ATLAS and CMS
data on W W~ pair production [11,12]. We present results
as constraints on the relevant Z-Z’ mixing factor introduced
in Sec. II and on the M, mass.

The paper is organized as follows. In Sec. II, we briefly
review a model involving an additional Z’ boson and
emphasize the role of Z-Z' mixing in the process (1). We
give expressions for basic observables (cross sections) of the
process under consideration at parton and hadron levels. We
also discuss achievable constraints on Z' model parameters
from different experiments underlining the role of the LHC in
substantially improving the current limits on the Z-Z'
mixing. Section III presents some concluding remarks.

II. CROSS-SECTION AND
CONSTRAINTS ON Z-Z' MIXING

There are many theoretical models which predict a Z’
with mass possibly in the TeV range. We will consider a NP
model where Z”’s interact with light quarks and charged
gauge bosons via their mixing with the SM Z assuming that
the Z’ couplings exhibit the same Lorentz structure as those
of the SM. In particular, in the present analysis we will
focus on a gauge boson of the “sequential standard model”

'"The quoted limit assumes gywyz /gwwz = (My/Mz)2.
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(SSM). In the simple reference model described in [13,22],
the couplings of the Z’' boson to fermions (quarks, leptons)
and W bosons are a direct transcription of the correspond-
ing standard-model couplings. Note that such a Z’ boson is
not expected in the context of gauge theories unless it has
additional couplings to exotic fermions. However, it serves
as a useful reference case when comparing constraints from
various sources. It could also play the role of an excited
state of the ordinary Z in models of compositeness or with
extra dimensions at the weak scale.

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 an extended gauge model the
standard-model trilinear gauge boson coupling strength,
gwwz(= cotBy), is replaced by gwwz = &+ gwwz Where
&=C-(My/Mz)?*is the mixing factor and C the coupling
strength scaling factor [23]. We will set cross section limits
on such Zgg,, as a function of the mass M, and . One
should note that most Z’" search results report mass limits
along the ¢ = (My/My)?* line (C =1 is referred to as
“reference model”) and we have also done so for
comparison.

The differential cross section for Z' production in the
process (1) from initial quark-antiquark states can be
written as

do” oM
Wydz - KT%:[fq\Pl (fl)quz (&)
déZ.
+f‘?|P1('§1)fq\P2<‘§2)};_zq. (2)

Here, s denotes the proton-proton center-of-mass energy
squared, z = cos 6, with 8 the W~-boson—quark angle in the
WHW~ center-of-mass frame and y is the diboson rapidity.
Furthermore, f,p (&1, M) and fgp,(&, M) are parton
distribution functions for the protons P; and P,, respec-
tively, with &, = (M/+/s)exp(+y) the parton fractional
momenta. Finally, d&i’-{ /dz are the partonic differential
cross sections. In (2), the K factor accounts for higher-order
QCD contributions. For numerical computation, we use
CTEQ-6L1 parton distributions [24]. Our estimates will be
at the Born level, hence the factorization scale up enters
solely through the parton distribution functions, as the
parton-level cross-section at this order does not depend on
ug. As regards the scale dependence of the parton distri-
butions we choose for the factorization scale the W W~
invariant mass, y% = M? = 3§, with § = & &,s the parton
subprocess c.m. energy squared. The obtained constraints
presented in the following are not significantly modified
when pp is varied from pgp/2 to 2ug.

The cross-section for the narrow Z’ state production and
subsequent decay into a WTW~ pair needed in order to
estimate the expected number of Z’ events, NZ/, is derived
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from (2) by integrating the right-hand side over z, over the
rapidity of the W*-pair y and invariant mass M around the
resonance peak (Mr — AM /2, My + AM/2):

1 MR+AM/2 Y
o” (pp—)W*W‘—i—X):/ dM/ dy
Mg—AM)2 -

Zeut dO'
a2 3
% /_Z “aMdydz (3)

where the phase space can be found, e.g., in [16]. Using
Eq. (3), the number of signal events for a narrow Z’
resonance state can be written as follows

=L-e-6%(pp - WW™ +X)

=L e Ayw-o(pp = Z')xBr(Z - WrW~). (4)
Here, £ denotes the integrated luminosity, and the overall
kinematic and geometric acceptance times trigger,
reconstruction and selection efficiencies, Ayy X €, is
defined as the number of signal events passing the full
event selection divided by the number of generated events
[25,26]. Finally, o(pp = Z') x Br(Z' - WTW~) is the
(theoretical) total production cross-section times branching
ratio extrapolated to the total phase space.

The differential cross-section for the processes
qq = Zsgy — WTW~, averaged over quark colors, can
be written as [16]

A

N
(A—M;)Z—FMZ,F%,

dé6Z, _ 1za’cot’Oy
dcosf 3 16

(U]sza%)

x &y < sin%0 + 4M7 (4=sin’0) +1 2Sin29) ;

w

(5)

where vy = (T3 ;—20Q;s%)/(2swew), ap=Ts ¢/ (2swew).
Finally, M, and I';; denote the mass and total width of the
Z' boson.

In the calculation of the total width I, we included the
following channels: Z' — f]_‘, W*TW-, and ZH [27], where
H is the SM Higgs boson and f are the SM fermions
(f =1, v, ¢). The total width I'; of the Z’' boson can be
written as follows:

I, = erf Wi, (6)

The presence of the two last decay channels, which are
often neglected, is due to Z-Z' mixing. However for large
7' masses there is an enhancement that cancels the
suppression due to the tiny Z-Z' mixing parameter &
[28]. Notice that for all M, values of interest for LHC
the width of the Zgg,, boson is considerably smaller than
the mass resolution AM.
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The expression for the partial width of the Z' — W W~

decay channel can be written as [13]:

a M\ M2\ 32
_x My 1-4
seeseonnz (o) (1- 438
M\ (M
142 12 2, 7
) |: " O<MZ’> " (MZ’> :|§ ( )

The dominant term in the second line of Eq. (5), for
M? > M3, is proportional to (M/M,)*sin?> @ and corre-
sponds to the production of longitudinally polarized W’s,
Z' - W} Wy. This strong dependence on the invariant
mass results in a very steep growth of the cross section with
energy and therefore a substantial increase of the cross
section sensitivity to Z-Z' mixing at high M. In its turn, for
a fixed mixing factor & and at large M, where ')V
st
z

FWW

dominates over ) I , / and the total width increases
very rapidly with the mass M, because of the quintic
dependence on the Z' mass of the W W~ mode as shown in
Eq. (7) [13]. In this case, the WTW~ mode becomes
dominant and Br(Z' — WtW~) — 1, while the fermionic
decay channels are increasingly suppressed. While the
equivalence theorem [29,30] might suggest a value for
Br(Z' — ZH) comparable to Br(Z' - WTW~), we note
that this is inhibited by the vanishing SU(2) structure
constant for the ZZZ coupling.

Further contributions of decays involving Higgs and/or
gauge bosons and supersymmetric partners (including
sfermions), which are not accounted for in (6), could
increase ', by a model-dependent amount, as large as
50% [14]. In this case, ',y would be larger, with a
corresponding suppression in the branching ratio to W+,
and the bounds from LHC (and their ability for observing
the Z-Z' mixing effect) would be weaker.

In our early study [15], to gain some approximate
understanding of the acceptances for signal and back-
ground at different values of the invariant mass M of the
W* W~ pair and Z’ mass, we performed a simple study as
follows. To estimate the 26 constraints on the Z-Z' mixing
parameter at the LHC, we compared the events due to a Z’
signal to the events from the SM background in a 3%
interval around the relevant values of the diboson W+W~=
invariant mass. This should be compatible with the
expected energy resolution and with the fact that
'y /My ~3.0-3.5%. We then required the signal events
to be at least a 2¢ fluctuation over the expected background,
and in any case more than 3. This rough statistical analysis,
as a preliminary stage, was enough to get an approximate
answer to the questions we wanted to address.

Here, we are making a more careful analysis, employing
the most recent measurements of diboson processes pro-
vided by the experimental collaborations ATLAS and
CMS, which have control of the information needed to
perform it in a more accurate way. In particular, for Zgqy
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FIG. 1.
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Observed and expected 95% C.L. upper limits on the production cross section times the branching fraction for Z’ — W W~ as

a function of Z' mass, M. Theoretical production cross sections ¢ X Br(Z' — W*W~) for Z{,, and reference model are calculated
from PYTHIA 6.409 [31] with a K-factor of 1.9, and given by dash-dotted curves. Labels attached to the curves for the Zg,, cross section
correspond to the considered mixing factor & Upper panel: ATLAS data for 36.1 fb~! [11], lower panel: CMS data for 35.9 fb~! [12].

we compute the LHC Z' production cross-section multi-
plied by the branching ratio into two W bosons,
o(pp = Z'") xBr(Z' - WrW~), as a function of two
parameters (M, &), and compare it with the limits
established by the ATLAS and CMS experiments.
ATLAS [11] and CMS [12] analyzed the WTW~
production in process (1) through the semileptonic and
hadronic final states, respectively. Our strategy in the

present analysis is to use the SM backgrounds that have
been carefully evaluated by the experimental collaborations
and we simulate only the Z’ signal. Figure 1 shows the
observed and expected 95% C.L. upper limits on the
production cross-section times the branching fraction for
Z' - WTW~ as a function of Z' mass, M,. The data
analyzed comprises pp collisions at /s =13 TeV,
recorded by the ATLAS (36.1 fb~') and CMS
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FIG. 2. Z’ exclusion regions in the two-dimensional plane of (M, £) obtained from CDF (Tevatron) [6], precision electroweak (EW)
data [5] and preliminary LHC data as analyzed here. The vertical dot-dashed line corresponds to the Zg,, mass constraints obtained
from the DY process at the LHC [3,4]. Left panel: ATLAS data for 36.1 fb~! [11], right panel: CMS data for 35.9 tb~! [12]. Exclusion
plots with 100 fb~! of data correspond to an extrapolation of the expected sensitivity.

(35.9 fb~!) detectors at the LHC [11,12]. The inner (green)
and outer (yellow) bands around the expected limits
represent -1 and +2¢ uncertainties, respectively. Also
shown are theoretical production cross sections o X
Br(Z' - WTW~) for Zg,, calculated from PYTHIA 6.409
[31] adapted for such kind of analysis.” Higher-order QCD
corrections for the SM and Z’ boson cases were estimated
using a K-factor, for which we adopt a mass-independent
value of 1.9 [32-34] (however, note that also a lower value
close to unity has been given [35]). These theoretical curves
for the cross sections, in descending order, correspond to
values of the Z-Z' mixing factor & from 0.01 to 0.0005. The
intersection points of the expected (and observed) upper
limits on the production cross-section with these theoretical
cross-sections for various & give the corresponding lower
bounds on (M, &) displayed in Fig. 2. The line with the
attached label “Reference model” indicates PYTHIA defaults
(except for the above-mentioned K-factor) which is com-
monly used for mass exclusion regions. We found that
the expected (observed) exclusion limits are M, <
3.7(3.8) TeV (ATLAS) and M, < 3.2(3.5) TeV (CMS).

Contributions from WW fusion are not taken into account,
since Br(Z' — WHTW™) is restricted to the value of 2% for M, <
3.8 TeV in the parameter region of interest [green and yellow
bands shown in Fig. 1(a)], and actually below 10% up to
My, =5 TeV. Notice that the reference model predicts
Br(Z' - WW™) = 2%.

In Fig. 2, we collect limits on the Z’ parameters, starting
with the Tevatron studies of diboson W™ W~ pair produc-
tion [6]. The limits on £ and M, at the Tevatron assume that
no decay channels into exotic fermions or superpartners are
open to the Z'. Otherwise, the limits would be moderately
weaker. Interestingly, Fig. 2 shows that at heavy Z’ masses,
the limits on £ obtained from the ATLAS and CMS diboson
resonance production data at the LHC at 13 TeV are
stronger than those derived from the global analysis of
the precision electroweak data [5].

Also, here we have extrapolated the experimental sensi-
tivity curves for higher expected luminosity downwards by
a factor of 1/v/D where D is the ratio of the expected
integrated luminosity of 100 fb~! that will be collected at
Run 2 by 2018 to the current integrated luminosities of
36.1 fb~! and 35.9 fb~!. It is clear that further improve-
ment on the constraining of this mixing can be achieved
from the analysis of such data.

III. CONCLUDING REMARKS

If a new Z' boson exists in the mass range ~4-5 TeV,
its discovery is possible at the LHC in the Drell-Yan
channel. Moreover, the detection of the Z' — WTW~—
mode is eminently possible and would give valuable
information on the Z-Z' mixing. This paper presents an
analysis of Z-Z' mixing in the process of W pair
production. The analysis is based on preliminary pp
collision data at a center-of-mass energy /s = 13 TeV,
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collected by the ATLAS and CMS experiments at the
LHC. We analyze the popular Zgg,, model and determine
limits on its mass, M, as well as on the Z-Z' mixing
(angle) factor, £&. We present the Z’ exclusion region in the
& — M, plane for the first time by using these data. The
exclusion limits represent a large improvement over
previously published results obtained at the Tevatron,
and also over precision electroweak data and results
obtained from proton-proton collisions at /s =7 and
8 TeV. These are the most stringent exclusion limits to date
on the {— M, plane. Further improvement on the

PHYSICAL REVIEW D 96, 055040 (2017)

constraining of this mixing can be achieved from the
analysis of data which will be collected at higher lumi-
nosity in the near future at Run 2 of the LHC.
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