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We discuss the expected sensitivity to Z0 boson effects in the W� boson pair production process at the
Large Hadron Collider (LHC). The results of a model-dependent analysis of Z0 boson effects are presented
as constraints on the Z-Z0 mixing angle ϕ and Z0 boson mass. The process pp → WþW− þ X allows us to
place stringent constraints on the Z-Z0 mixing angle. Specifically, we find that the present LHC bounds on
the mixing angle are of the order a few times 10−3, which is of the same order as those derived from the
electroweak data. These results were derived from analysis of W-pair production at

ffiffiffi
s

p ¼ 8 TeV and
integrated luminosity of 20 fb−1. Further improvement on the constraining of this mixing can be achieved
from the analysis of data onWW → lνl0ν0 (l; l0 ¼ e or μ) andWW → lνjj final states collected at the LHC
with nominal energy and luminosity, 14 TeV and 100 fb−1, and should be ϕ ∼ 10−4–10−3.
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I. INTRODUCTION

Nearly all electroweak and strong-interaction data are
well described by the standard model (SM) [1]. However,
there are many reasons why this is not believed to be the
ultimate theory. Grand unified theories (GUT), possibly
together with supersymmetry, which allows a successful
unification of the three gauge coupling constants at the high
scale, are among the main candidates for new and richer
physics. Many of these GUTs, including superstring and
left-right-symmetric models, predict the existence of new
neutral gauge bosons, which might be light enough to be
accessible at current and/or future colliders [2–5].
The search for these Z0 particles is an important aspect of

the experimental physics program of current and future
high-energy colliders. Present limits from direct production
at the LHC and virtual effects at LEP, through interference
or mixing with the Z boson, imply that new Z0 bosons are
rather heavy and mix very little with the Z boson.
Depending on the considered theoretical model, Z0 masses
of the order of 2.5–3.0 TeV [6–9] and Z-Z0 mixing angles at
the level of a few per mil are excluded [10–12]. The size of
the mixing angle is strongly constrained by very high
precision Z-pole experiments at LEP and the SLC [13].
They contain measurements from the Z line shape, from the
leptonic branching ratios normalized to the total hadronic Z
decay width and from leptonic forward-backward asym-
metries. A Z0 boson, if lighter than about 5 TeV, could be
discovered at the LHC [14,15] with

ffiffiffi
s

p ¼ 14 TeV in the
Drell-Yan process,

pp → Z0 → lþl− þ X; ð1Þ

with l ¼ e; μ. The future eþe− international linear collider
(ILC) with high c.m. energies and longitudinally polarized
beams could indicate the existence of Z0 bosons via its
interference effects in fermion pair production processes,
with masses up to about 6 ×

ffiffiffi
s

p
[16] while Z-Z0 mixing

will be constrained down to ∼10−4–10−3 in the process
eþe− → WþW− [17,18].
After the discovery of a Z0 boson at the LHC via the

process (1), some diagnostics of its couplings and Z-Z0
mixing needs to be done in order to identify the correct
theoretical framework. In this paper we study the potential
of the LHC to discover Z-Z0 mixing effects in the process

pp → WþW− þ X ð2Þ

and compare it with that expected at the ILC.
The W� boson pair production process (2) is rather

important for studying the electroweak gauge symmetry at
the LHC. Properties of the weak gauge bosons are closely
related to electroweak symmetry breaking and the structure
of the gauge sector in general. In addition, the diboson
decay modes of Z0 directly probe the gauge coupling
strength between the new and the standard model gauge
bosons. The coupling strength strongly influences the
decay branching ratios and the natural widths of the new
gauge bosons. Thus, detailed examination of the process
(2) will both test the gauge sector of the SM with the
highest accuracy and throw light on new physics (NP) that
may appear beyond the SM.
Direct searches for a heavy WW resonance have been

performed by the CDF and D0 Collaborations at the
Tevatron. The D0 Collaboration explored diboson resonant
production using the lνl0ν0 and lνjj final states [19]. The
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CDF Collaboration also searched for resonant WW pro-
duction in the eνjj final state, resulting in a lower limit on
the mass of an RS graviton, Z0 and W0 bosons [12].
The direct WW resonance search by the ATLAS

Collaboration using lνl0ν0 final-state events in 4.7 fb−1
pp collision data at the collider energy of 7 TeV set mass
limits on such resonances [20,21]. Also, the lνjj final state
allows us to reconstruct the invariant mass of the system,
under certain assumptions on the neutrino momentum from
a W boson decay.
In this note, we examine the feasibility of observing a Z0

boson in theW� pair production process at the LHC, which
in contrast to the Drell-Yan process (1) is not the principal
discovery channel, but can help to understand the origin of
new gauge bosons. In the scenarios that we will consider in
the following, the mechanism of Z0 production and sub-
sequent decay to WW is directly proportional to the Z-Z0
mixing. Also, we show that the sensitivity of the W� pair
production process in their pure leptonic decay channels
to the Z-Z0 mixing angle at the LHCwith 8 TeVallows us to
place limits on the mixing angle that are complementary to
those derived from the current electroweak data, whereas
the increasing LHC energy and time-integrated luminosity
up to their planned values allow us to get corresponding
limits that are competitive to the current ones and to those
expected from future ILC data.
The paper is organized as follows. In Sec. II, we briefly

review models involving additional Z0 bosons and empha-
size the role of Z-Z0 mixing in the process (2). In Sec. III we
give expressions for basic observables, as well as formulae
for helicity amplitudes of the process under consideration.
In Sec. IV we discuss signals and backgrounds, both for the
ee; μμ and for the eμ cases, and in Sec. V we discuss
achievable constraints on Z0 models. Section VI presents
some concluding remarks.

II. Z0 MODELS

There are many theoretical models which predict a Z0
with mass possibly in the TeV range. Popular classes of
models are represented by E6-motivated models, the left-
right symmetric model (LR), the Z0 in an “alternative” left-
right scenario and the sequential standard model (SSM),
which has a heavier boson with couplings like those of the
SM Z. Searching for Z0 in the above models has been
widely studied in the literature [2–4] and applied at LEP2,
the Tevatron and the LHC. For the notation we refer to [17],
where also a brief description can be found. The different
models considered are (i) models related to the breaking of
E6, parametrized by a parameter β, such as the familar Z0

χ,
Z0
ψ , Z0

η and Z0
I models, (ii) left-right models, originating

from the breaking down of an SOð10Þ grand-unification
symmetry, leading to a Z0

LR, and (iii) the sequential Z0
SSM,

which has couplings to fermions that are the same as those
of the SM Z.

The mass-squared matrix of the Z and Z0 can have
nondiagonal entries δM2, which are related to the vacuum
expectation values of the fields of an extended Higgs sector:

M2
ZZ0 ¼

�
M2

Z δM2

δM2 M2
Z0

�
: ð3Þ

Here, Z and Z0 denote the weak gauge boson eigenstates of
SUð2ÞL ×Uð1ÞY and of the extra Uð1Þ0, respectively. The
mass eigenstates, Z1 and Z2, diagonalizing the matrix (3),
are then obtained by the rotation of the fields Z and Z0:

Z1 ¼ Z cosϕþ Z0 sinϕ; ð4aÞ

Z2 ¼ −Z sinϕþ Z0 cosϕ: ð4bÞ

Here, the mixing angle ϕ is expressed in terms of masses as

tan2ϕ ¼ M2
Z −M2

1

M2
2 −M2

Z
≃ 2MZΔM

M2
2

; ð5Þ

where ΔM ¼ MZ −M1 > 0, MZ being the mass of the Z1

boson in the absence of mixing, i.e., for ϕ ¼ 0. Once we
assume the mass M1 to be determined experimentally, the
mixing depends on two free parameters, which we identify
as ϕ and M2.
In general, such mixing effects reflect the underlying

gauge symmetry and/or the Higgs sector of the model.
To a good approximation, for M1 ≪ M2, in specific
“minimal-Higgs models,”

ϕ≃ −s2W

P
ihΦii2Ii3LQ0

iP
ihΦii2ðIi3LÞ2

¼ C
M2

1

M2
2

: ð6Þ

Here hΦii are the Higgs vacuum expectation values
spontaneously breaking the symmetry, and Q0

i are their
charges with respect to the additional Uð1Þ0. In addition, in
these models the same Higgs multiplets are responsible for
both generation of massM1 and for the strength of the Z-Z0
mixing. Thus C is a model-dependent constant. For
example, in the case of E6 superstring-inspired models C
can be expressed as [22]

C ¼ 4sW

�
A −

σ − 1

σ þ 1
B

�
; ð7Þ

where sW is the sine of the electroweak angle, σ is the ratio
of vacuum expectation values squared, and the constants A
and B are determined by an angle β defining a direction in
the extended gauge symmetry sector: A ¼ cos β=2

ffiffiffi
6

p
,

B ¼ ffiffiffiffiffi
10

p
=12 sin β.

An important property of the models under consideration
is that the gauge eigenstate Z0 does not couple to the
WþW− pair since it is neutral under SUð2ÞL. Therefore the
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process (2) is sensitive to a Z0 only in the case of a nonzero
Z-Z0 mixing.
From (4), one obtains the vector and axial-vector

couplings of the Z1 and Z2 bosons to fermions,

v1f ¼ vf cosϕþv0f sinϕ; a1f ¼ af cosϕþa0f sinϕ; ð8aÞ

v2f ¼ v0f cosϕ−vf sinϕ; a2f ¼ a0f cosϕ−af sinϕ; ð8bÞ

with ðvf; afÞ ¼ ðgfL � gfRÞ=2 and ðv0f; a0fÞ similarly defined
in terms of the Z0 couplings. The fermionic Z0 couplings
can be found, e.g., in [17].
Analogously, one obtains, according to the remarks

above,

gWWZ1
¼ cosϕgWWZ; ð9aÞ

gWWZ2
¼ − sinϕgWWZ; ð9bÞ

where gWWZ ¼ cot θW .
In our analysis, we ignore kinetic mixing [23]. Such

mixing would introduce an additional parameter and could
modify the exclusion reach (see, for example, [24,25]).

III. CROSS SECTION

The parton model cross section for the process (2) from
initial quark-antiquark states can be written as

dσqq̄
dMdydz

¼ K
2M
s

X
q

½fqjP1
ðξ1Þfq̄jP2

ðξ2Þ

þ fq̄jP1
ðξ1ÞfqjP2

ðξ2Þ�
dσ̂qq̄
dz

: ð10Þ

Here, s is the proton-proton center-of-mass energy squared,
z ¼ cos θ with θ the W− boson-quark angle in the WþW−

center-of-mass frame, y is the diboson rapidity,
fqjP1

ðξ1;MÞ and fq̄jP2
ðξ2;MÞ are parton distribution func-

tions in the protons P1 and P2, respectively, with ξ1;2 ¼
ðM=

ffiffiffi
s

p Þ expð�yÞ the parton fractional momenta, and
finally dσ̂qq̄=dz are the partonic differential cross sections.
In (10), the K factor accounts for next-to-leading order
QCD contributions [26,27] (for the invariant WW mass-
dependent cross section, see [28,29]). For simplicity, we
will use as an approximation a global flat value K ¼ 1.2
[28,29] both for the SM and Z0 boson cases. For numerical
computation, we use CTEQ-6L1 parton distributions [30].
Since our estimates will be at the Born level, the factori-
zation scale μF enters solely through the parton distribution
functions, as the parton-level cross section at this order
does not depend on μF. Regarding the scale dependence of
the parton distributions, we choose for the factorization
scale the WW invariant mass, i.e., μ2F ¼ M2 ¼ ŝ, with ŝ ¼
ξ1ξ2s the parton subprocess c.m. energy squared. We have

checked that the obtained constraints presented in the
following are not significantly modified when μF is varied
in the interval μF=2 to 2μF.
Taking into account the experimental rapidity cut rel-

evant to the LHC experiments, (Ycut ¼ 2.5), one should
carry out the integration over the phase space in (10)
determined as [31,32]

jyj ≤ Y ¼ min ½lnð ffiffiffi
s

p
=MÞ; Ycut� ¼ lnð ffiffiffi

s
p

=MÞ; ð11Þ

where we make use of the fact that we do not consider low
masses, lnð ffiffiffi

s
p

=MÞ < Ycut. This leads to a cut in the
production angle,

jzj ≤ zcut ¼ min ½tanhðYcut − jyjÞ=βW; 1�; ð12Þ

where βW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M2

W=ŝ
p

and MW is the W boson mass.
The resonant Z0 production cross section of process (2)

needed in order to estimate the expected number
of Z0 events can be derived from (10) by integrating its
right-hand side over z, the rapidity of the W� pair y
and invariant mass M around the resonance peak
ðMR − ΔM=2;MR þ ΔM=2Þ:

σðpp → WþW− þ XÞ ¼
Z

MRþΔM=2

MR−ΔM=2
dM

Z
Y

−Y
dy

×
Z

zcut

−zcut
dz

dσqq̄
dMdydz

: ð13Þ

We adopt the parametrization of the experimental mass
resolution ΔM in reconstructing the diboson invariant mass
of the WþW− system, ΔM vs M, as proposed in Ref. [33].
(After integration over y, interference effects vanish.)
The parton level W� boson pair production can be

described, within the gauge models discussed here, by the
subprocesses

qq̄ → γ; Z1; Z2 → WþW−; ð14Þ

FIG. 1. Feynman diagrams of the qq̄ðq0q̄0Þ → WþW− process
within the framework of the extended gauge models.
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as well as t- and u-channel Feynman diagrams displayed
in Fig. 1.
The differential (unpolarized) cross section of process

(14) can be written as

dσ̂qq̄
dz

¼ 1

NC

βW
32πŝ

X
λ;λ0;τ;τ0

jFλλ0ττ0 ðŝ; θÞj2: ð15Þ

Here, NC is the number of quark colors, λ ¼ −λ0 ¼ �1=2
are the quark helicities, the helicities of theW− andWþ are
denoted by τ; τ0 ¼ �1; 0. The helicity amplitudes
Fλλ0ττ0 ðŝ; θÞ, summarized in Table I, reproduce the SM
expectations if one ignores the effects of the Z-Z0

mixing [31,34,35]. There, ŝ, t̂, û are the Mandelstam
variables defined as t̂ ¼ M2

W − ŝð1 − βWzÞ=2, û ¼
M2

W − ŝð1þ βWzÞ=2, Γ1;2 are Z1;2 boson decay widths,
gλ1;f ¼ v1;f − 2a1;fλ, gλ2;f ¼ v2;f − 2a2;fλ, and γW ¼ffiffiffî
s

p
=2MW . In the t- and u-channel exchanges of Fig. 1

we account for the initial q ¼ u; d; s; c, only the Cabibbo-
Kobayashi-Maskawa favored quarks in the approximation
of unity relevant matrix element.
In evaluation of the total width Γ2 of the Z2 boson, we

take into account its decay channels into fermions (quarks
and leptons) and a W� boson pair [36]:

Γ2 ¼
X
f

Γff
2 þ ΓWW

2 : ð16Þ

Further contributions of decays involving Higgs and/or
gauge bosons and supersymmetric partners (including

sfermions), which are not accounted for in (16), could
increase Γ2 by a model-dependent amount typically
as large as 50% [36]. For a discussion of width effects,
see [37].
The fermion contribution,

P
fΓ

ff
2 , depends on the

number ng of generations of heavy exotic fermions which
can contribute to Z2 decay without phase space suppression
(we can assume that the three known generations do
contribute). This number is model dependent, too, and
brings a phenomenological uncertainty. For the range of
M2 values assumed here, of the order of a few TeV, the
dependence of Γ2 on ϕ induced by

P
fΓ

ff
2 and by ΓWW

2 is
unimportant. For definiteness the Z2 width Γ2 is assumed to
scale with the Z2 mass Γ2 ¼ ðM2=M1ÞΓ1 ≈ 0.03M2. This
scaling is what would be expected for the reference model
SSM [38]. Choosing this scaling is a conservative
assumption since in E6 models, the Z2 width would be
substantially narrower than this (see Table II).
The differential cross section for the processes

qq̄ → Z0 → WþW−, averaged over quark colors, can easily
be obtained from Eq. (15) and written as [39]

TABLE I. Helicity amplitudes [31] of qq̄ → WþW−. To obtain the amplitude Fλλ0ττ0 ðŝ; θÞ for a definite quark helicity λ ¼ −λ0 ¼ �1=2
and fixed helicities τðW−Þ and τ0ðWþÞ of the final-state system, it is necessary to multiply each element of the respective column by the
common factor in its upper part, to multiply successively the elements obtained in this way by the respective elements in the first
column, and to perform thereupon summation over all intermediate states.

Helicity of W� τ ¼ τ0 ¼ �1 τ ¼ −τ0 ¼ �1

Channel W−
TW

þ
T −e2ŝλ sin θ=2 −e2ŝλ sin θ=2

t 2λ−1
4t̂s2W

cos θ − βW − cos θ − 2τλ

u 2λ−1
4ûs2W

cos θ þ βW − cos θ − 2τλ

s 2Qf

ŝ þ gλ1;f
2gWWZ1

ŝ−M2
1
þiM1Γ1

þ gλ2;f
2gWWZ2

ŝ−M2
2
þiM2Γ2

−βW 0

Helicity of W� τ ¼ τ0 ¼ 0
Channel W−

LW
þ
L −e2ŝλ sin θ=2

t 2λ−1
4t̂s2W

2γ2Wðcos θ − βWð1þ 1
2γ2W

ÞÞ
u 2λ−1

4ûs2W
2γ2Wðcos θ þ βWð1þ 1

2γ2W
ÞÞ

s 2Qf

ŝ þ gλ1;f
2gWWZ1

ŝ−M2
1
þiM1Γ1

þ gλ2;f
2gWWZ2

ŝ−M2
2
þiM2Γ2

−βWð1þ 2γ2WÞ
Helicity of W� τ ¼ 0; τ0 ¼ �1 τ ¼ �1; τ0 ¼ 0

Channel W−
LW

þ
T þW−

TW
þ
L

−e2 ŝλ
2
ffiffi
2

p ðτ0 cos θ − 2λÞ −e2 ŝλ
2
ffiffi
2

p ðτ cos θ þ 2λÞ
t 2λ−1

4t̂s2W
γW ½cos θð1þ β2WÞ − 2βW � − τ0sin2θ

γWðτ0 cos θ−2λÞ −γW ½cos θð1þ β2WÞ − 2βW � þ τsin2θ
γWðτ cos θþ2λÞ

u 2λ−1
4ûs2W

γW ½cos θð1þ β2WÞ þ 2βW � − τ0sin2θ
γWðτ0 cos θ−2λÞ −γW ½cos θð1þ β2WÞ þ 2βW � þ τsin2θ

γWðτ cos θþ2λÞ
s 2Qf

ŝ þ gλ1;f
2gWWZ1

ŝ−M2
1
þiM1Γ1

þ gλ2;f
2gWWZ2

ŝ−M2
2
þiM2Γ2

−2βWγW 2βWγW

TABLE II. Ratio Γ2=M2 for the χ;ψ ; η and SSM models.

Z0 Γ2=M2 [%]

χ 1.2
ψ 0.5
η 0.6
SSM 3.0
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dσ̂Z
0

qq̄

d cos θ
¼ 1

3

πα2 cot2 θW
16

β3Wðv22;f þ a22;fÞ

× sin2 ϕ
ŝ

ðŝ −M2
2Þ2 þM2

2Γ2
2

×

�
ŝ2

M4
W
sin2 θ þ 4

ŝ
M2

W
ð4 − sin2 θÞ þ 12 sin2 θ

�
:

ð17Þ

The resonant production cross section of process (2) at the
hadronic level can be derived from Eqs. (10) and (17).
It is important to notice that the dominant term

in Eq. (17), for M2 ≫ M2
W, is proportional to ðM=MWÞ4 ×

sin2θ and corresponds to the production of longitudinally
polarized W’s, Z0 → Wþ

LW
−
L. This increasing (with the

parton subenergy squared ŝ) behavior of the cross section in
the Z0 scenarios considered in Table II, would, in turn,
result in a corresponding enhanced sensitivity to Z-Z0
mixing at high M.
For illustrative purposes, the invariant mass distribution

of W� pairs in the process pp → WþWþ þ X in the SM
(solid black curve) and for the Z0

SSM model at two values of
the Z-Z0 mixing angle at the LHC with

ffiffiffi
s

p ¼ 14 TeV is
shown in Fig. 2. The W�-pair invariant mass distribution
(dσ=dM) is calculated with the same parton distribution
functions and event selection criterion as those used in
Ref. [40]. Also, the bin size ΔM of the diboson invariant
mass is depicted for comparison with the Z0 width. For
numerical computations, we take ΔM ¼ 0.03M. The W
bosons are kept on-shell and their subsequent decays are
not included in the cross sections represented in Fig. 2.

Here, we assumed that the invariant mass distribution of the
cross section can be reconstructed from the decay products
of the WþW−. Figure 2 shows that at the LHC with
integrated luminosity Lint ¼ 100 fb−1 the expected number
of WþW− background events within a mass bin ΔM is of
the order of a few events while the resonant yield at ϕ ¼
10−3 is NZ0 ∼ 100.

IV. SIGNAL AND BACKGROUNDS

In this section we focus on the WW production via
intermediate Z0 and subsequent purely leptonic decay of
on-shell Ws, which will be probed experimentally at the
LHC, namely,

pp → WW þ X → lνl0ν0 þ X ðl; l0 ¼ e or μÞ; ð18Þ

and, following the analysis given in [41,42], we briefly
introduce the main backgrounds and possible cuts to
enhance the Z0 signal to the background ratio. The WW →
τνlν and WW → τντν processes with τ leptons decaying
into electrons and muons with additional neutrinos are also
included. Three final states are considered, based on the
lepton flavor, namely ee, μμ, and eμ [21]. The branching
fraction of the decay channels WW into eþe−, eþμ− and
μþμ− pairs can be found in Table III.
The presence of (at least) two neutrinos in the final state

makes almost impossible the complete reconstruction of the
WW invariant mass, so that in any case the Z0 peak would
be broadened. (For the pure leptonic channel discussed
below, the actual final-state width will be broader [41];
however, this is not the case for the semileptonic channel.)
For an attempt to reconstruct the MWW distribution by
means of estimating the momenta of escaping neutrinos,
see, for example, Ref. [42]. Alternatively, a possible
kinematical variable to characterize both the Z0 signal
and the background should be the transverse WW mass
MWW

T (a Z0 would lead to an excess of events at
MWW

T > MZ0=2), which has the advantage that only
(measurable) transverse momenta are involved [41].
Both methods seem to lead to similar results, namely,
the distributions of events are dominated by characteristic
Z0 bumps over the backgrounds.

FIG. 2 (color online). Invariant mass distribution ofW� pairs in
pp → WþW− þ X in the SM (solid curve) and for the Z0

SSM
model (MZ0 ¼ 3.5 TeV) with Z-Z0 mixing angle of ϕ ¼ 10−3

(dashed line) and ϕ ¼ 0.7 × 10−3 (dash-dotted line) at the LHC
with

ffiffiffi
s

p ¼ 14 TeV.

TABLE III. Branching fractions of the WW → lνl0ν0 (l; l0 ¼ e
or μ) decay channels [43].

Process Br [%]

WW → ee 1.16
WW → τe=ττ → ee 0.47
WW → eμ 2.27
WW → τl → eμ 0.92
WW → μμ 1.12
WW → τμ=ττ → μμ 0.45
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A. Different-flavor leptons

In the case of different-flavor leptons (eμ), the Z0 signal
in the process (18) possesses SM backgrounds coming
from the production of WþW− pairs with its subsequent
leptonic decay.
In order to perform effectively the detection and isolation

of the final leptons with opposite charges, paralleling
Ref. [41] we apply

jηlj < 2.5; ΔRll > 0.4; pl
T > 50 GeV; ð19Þ

where ΔRll ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
parametrizes the separa-

tion in rapidity η and azimuthal angle ϕ.
Apart from the SM mechanism, another potentially

sizable source of background arises from tt̄ pair production,
where the top quarks decay to bþW, leading to b jets. This
background can be efficiently reduced by vetoing the
presence of additional jets with

jηjj < 3 and pj
T > 20 GeV: ð20Þ

However, it is necessary to account for the possible
appearance of an additional jet in the signal event sample,
originating either from QCD gluon radiation or from the
pileup of pp interactions caused by the high luminosity.
Accordingly, one can introduce probabilities for survival to
the central jet veto (20) of QCD and electroweak events,
and the following values are found [42]:

PEW
surv ¼ 0.56; PQCD

surv ¼ 0.23: ð21Þ
The above constraints will be included in the statistical
analysis carried out in the next section. Of course, an even
stronger background suppression, relative to the Z0 signal,
might be obtained by imposing the reconstructedWW mass
to coincide within a width with the [possibly determined
from DY] Z0 mass.

B. Same-flavor leptons

For same-flavor leptons (ee or μμ) there are additional
backgrounds originating from Drell-Yan lepton pair pro-
duction, and from the ZZ production with one Z decaying
into charged leptons and the other decaying invisibly or
with both Zs decaying into charged leptons, two of which
escape undetected. In this case, two extra cuts should be
imposed in order to suppress the Drell-Yan pair production
and ZZ background, namely,

Emiss
T > 50 GeV; mlþl− > 100 GeV; ð22Þ

respectively. As was concluded in [41,42], after applying
the cuts, the electroweak background originating from tt̄
pair production at high Z0 masses becomes negligible with
respect to the irreducible background induced fromWþW−

pair production via the SM.

V. CONSTRAINTS ON Z0

In our analysis, we denote by NSM and NZ0 the numbers
of background and signal events, and we adopt the criterion
NZ0 ¼ 2

ffiffiffiffiffiffiffiffiffi
NSM

p
or three events, whichever is larger, as the

minimum signal for reach at the 95% C.L. [4]. Here, the Z0
signal can be determined as

NZ0 ¼ Lint × σZ
0
× PEW

surv × A × ϵl; ð23Þ

with

σZ
0 ¼ σðpp → Z0Þ × BrðZ0 → WþW− → lνl0ν0Þ: ð24Þ

In Eq. (23), Lint is the time-integrated luminosity, and
A × ϵl is the product of the overall acceptance times the
lepton detection and reconstruction efficiencies where A
represents the kinematic and geometric acceptance from the
total phase space to the fiducial phase space governed by
Eqs. (11) and (12), while ϵl represents detector effects such
as lepton trigger and identification efficiencies. The overall
acceptance times the lepton efficiency isW� invariant mass
dependent and, for simplicity, we take that to be 0.5. The
SM background reads

NSM ¼ Lint × ðσEWSM × PEW
surv þ σtt̄SM × PQCD

surv Þ × A × ϵl

≈ Lint × σEWSM × PEW
surv × A × ϵl; ð25Þ

where σEWSM is determined by Eqs. (13) and (15), taking into
account solely the SM contribution. Also, in the latter
expression forNSM we take into account that for heavyMZ0,
σEWSM ≫ σtt̄SM as was shown in [41].
One should notice that the latter estimation of the SM

background, σEWSM, is consistent with what is obtained by
using the so-called MAOS method to reconstruct the WW
invariant mass described in [42]. However, we numerically
find that at high Z0 mass, MZ0 > 3 TeV, the SM back-
ground becomes so low that the criterion NZ0 ¼ 3 can be
applied in obtaining constraints on Z0 parameters.

A. Leptonic WW decays

We depict in Figs. 3–5 the region in parameter space to
which the LHC will be able to constrain Z-Z0 mixing for an
integrated luminosity of 100 fb−1.
In particular, the discovery reach on the Z-Z0 mixing

and M2 mass for Z0
SSM obtained from the process pp →

WW þ X → lνl0ν0 þ X (l; l0 ¼ e or μ) at the LHC withffiffiffi
s

p ¼ 14 TeV and Lint ¼ 100 fb−1 are depicted by the two
solid lines. The form of these bounds is governed by the
criterion of NZ0 ¼ 3 and the quadratic dependence of the
resonant cross section, Eq. (17), on the Z-Z0 mixing angle.
Also, current limits onM2 for Z0

SSM derived from the Drell–
Yan (lþl−) process at the LHC (8 TeV) (horizontal solid
line) as well as those expected from the future experiments
at the LHC with 14 TeV (horizontal dotted line) are shown.
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The combined allowed area in the (ϕ;M2) plane obtained
from the Drell-Yan and W� pair production processes is
shown as a hatched region. In addition, present limits on the
Z-Z0 mixing angle obtained from electroweak precision
data analysis [10] labeled as “EW data” are displayed (these
have a weak mass dependence which we have not
attempted to draw). For comparison, the corresponding
limits obtained from W� pair production at the ILC
with polarized beams and for two options of energy and
time-integrated luminosity (0.5 (1) TeV and 0.5 ð1Þ ab−1,

respectively) are also presented [17]. Figures 3–5 show that
the LHC is able not only to significantly improve the
current limits on the Z-Z0 mixing angle but in several cases
to also allow more stringent bounds than those expected
from future experiments on the WW channel at the
electron-positron collider ILC [11].
In Fig. 6 we return to the Z0

SSM and show the sensitivity
reach (at 95% C.L.) on the Z-Z0 mixing and M2

mass obtained from the W pair production process at the
LHC with

ffiffiffi
s

p ¼ 8 TeV and Lint ¼ 20 fb−1 under the
assumption that no significant excess in the overall number
of WW events is observed in the data. Z0 → WW effects at

FIG. 3 (color online). Reach (at 95% C.L.) on Z-Z0 mixing and
M2 mass for Z0

SSM obtained from the inclusive process pp →
WW → lνl0ν0 (l; l0 ¼ e or μ) at the LHC (solid lines). The allowed
domain in ϕ and M2 is the hatched one. Current limits on M2 for
Z0
SSM derived from the Drell–Yan (lþl−) process at the LHC

(8 TeV) (horizontal solid line) as well as “typical” mass limits
expected at the LHC (14 TeV) (horizontal dotted line) are shown.
Limits on the Z-Z0 mixing angle from electroweak precision data
are displayed, and those expected fromW� pair production at the
ILC with polarized beams.

FIG. 4 (color online). Same as in Fig. 3 but for Z0
χ.

FIG. 5 (color online). Same as in Fig. 3 but for Z0
ψ.

FIG. 6 (color online). Reach (at 95% C.L.) on Z-Z0 mixing and
M2 mass for Z0

SSM obtained from the inclusive process pp →
WW → lνl0ν0 at the LHC with

ffiffiffi
s

p ¼ 8 TeV and Lint ¼ 20 fb−1
(dashed curves) and

ffiffiffi
s

p ¼ 14 TeV and Lint ¼ 100 fb−1 (solid
curves). Also shown are current limits on M2 derived from the
Drell-Yan process at the LHC (8 TeV) denoted by the label lþl−
and constraints from electroweak precision data. Note that the
scale is different from that of Figs. 3–5.
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the 8 TeV LHC with a luminosity of 4.8 fb−1 have been
discussed in [44–47].1 The form of these bounds
reflects the fact that the number of background events is
below three and that the criterionNZ0 < 3 is the crucial one.
For comparison, the results for 14 TeV and 100 fb−1
(shown in Fig. 3) are also included, together with current
limits on M2 derived from the Drell-Yan process,
pp → lþl− þ X, at 8 TeVand constraints from electroweak
data. Figure 6 shows that the current limits on ϕ from the
EW precision data are stronger than those obtained from
the present LHC data collected from the 8 TeV run, while
the LHC with 14 TeV possesses a high potential to
substantially improve the current bounds on the Z-Z0
mixing angle.

B. Semileptonic WW decays

As mentioned above, another process where one can
search for a new diboson resonance such as the Z0 is
represented by the subsequent WW decay into an lνjj
final state, i.e., a charged lepton (electron or muon),
large missing transverse momentum (Emiss

T ), and at least
two jets,

pp → WW þ X → lνjjþ X: ð26Þ
An advantage of that process is that it has a higher cross
section with respect to the pure leptonic final states. Also,
the lνjj final state allows the reconstruction of the
invariant mass of the WW system, under certain assump-
tions for the neutrino longitudinal momentum from a W
boson decay. As a result, a sharper Z0 signal can be
obtained. On the other hand, this channel has large QCD
backgrounds due to the Wjj production, as well as Zjj
with Z decaying leptonically and one of the leptons being
missed. Also, tt̄ production contributes to the background.
However, the large QCD background can be reduced by
making use of the characteristic harder transverse
momenta of the charged lepton and the jets in the Z0
signal. A detailed analysis of the QCD background is

given in [38] and, more recently, in [41]. The proposed
cuts lead to a substantial reduction of this background, and
an estimate of the discovery potential of the Z0 boson in
this channel is presented. For the overall background we
refer to Ref. [38] in our further analysis, in order to
quantify the expected statistical significance as a function
of MZ0 for different Z0 models. We find that for the
integrated luminosity of 100 fb−1 the semileptonic channel
allows us to make further improvement of the current
limits on the Z-Z0 mixing angle as reported in Fig. 7 and
summarized in Table IV.
In Fig. 7 we also show the ϕ-M2 relation for the specific

“minimal-Higgs model” determined by Eq. (6) where C is
chosen to be unity [38,50]. The possibility of the Z0 boson
detection in the semileptonic decay mode of WW at the
LHC has been discussed in [38]. Our numerical results for
this model presented in Fig. 7 are consistent with those
given in Ref. [38]. However, an improvement with respect
to the EW data is, for the reference model, only possible for
negative values of ϕ.

TABLE IV. Reach on the Z-Z0 mixing angle ϕ at 95% C.L. in different processes and experiments.

Collider, Process jϕj Z0
χ Z0

ψ Z0
η Z0

SSM @ MZ0

LEP2, eþe− → WþW− [11] jϕj; 10−2 6 15 50 7 ≥1 TeV
Tevatron, pp̄ → WþW− þ X [12] jϕj; 10−2 � � � � � � � � � 2 0.4–0.9 TeV
electroweak (EW) data [10] jϕj; 10−3 1.6 1.8 4.7 2.6 � � �
ILC (0.5 TeV), eþe− → WþW− [17] jϕj; 10−3 1.5 2.3 1.6 1.2 ≥3 TeV
ILC (1.0 TeV), eþe− → WþW− [17] jϕj; 10−3 0.4 0.6 0.5 0.3 ≥3 TeV
LHC (8 TeV), pp → WþW− → lνl0ν0 (this work) jϕj; 10−3 � � � � � � � � � 5.2 3 TeV
LHC (14 TeV), pp → WþW− → lνjj (this work) jϕj; 10−3 1.7 1.2 1.1 1.7 3 TeV
LHC (14 TeV), pp → WþW− → lνl0ν0 (this work) jϕj; 10−3 0.4–0.8 0.3–0.6 0.3–0.6 0.5–0.9 3–4.5 TeV

FIG. 7 (color online). Same as in Fig. 3 but obtained from the
process pp → WW → lνjjþ X at the LHC with

ffiffiffi
s

p ¼ 14 TeV
and Lint ¼ 100 fb−1. The dashed red line shows the predicted
relation between ϕ and M2, given by Eq. (6) for the model of
Ref. [50]. Note that the scale is different from those of Figs. 3–6.

1Recent studies [48,49] claim a small excess compatible with
stop production and decay.
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VI. CONCLUDING REMARKS

In Table IV, we collect our limits on the Z0 parameters for
the models listed in Sec. II. Also shown in Table IV are the
current limits on various Z0 boson masses from the LEP2
and Tevatron from studies of diboson WþW− pair pro-
duction. The limits on ϕ andM2 at the Tevatron assume that
no decay channels into exotic fermions or superpartners are
open to the Z0. Otherwise, the limits would be moderately
weaker. LEP2 constrains virtual and Z-Z0 boson mixing
effects by the angular distribution of W bosons. Table IV
shows that the limits on ϕ from the EW precision data are
generally competitive with, and in many cases stronger
than, those from the colliders, except for the ILC (1 TeV)
and LHC (14 TeV) that possess high potential to improve
substantially the current bounds on the Z-Z0 mixing angle.
We stress that these limits are highly complementary.
The diboson-channel limit for Z0

LR bosons from the LHC
are numerically very similar to those for the Z0

χ model, only
slightly lower (not shown).
If a new Z0 boson exists in the mass range ∼ 3–4.5 TeV,

its discovery is possible in the Drell-Yan channel.
Moreover, the detection of the Z0 → WþW− mode is

eminently possible and gives valuable information on the
Z-Z0 mixing. It might be the only mode other than the
dileptonic one, Z0 → lþl−, that is accessible. Our results
demonstrate that it might be possible to detect a new heavy
Z0 boson from the totally leptonic or semileptonic WW
channels at the LHC. The LHC at nominal energy and
integrated luminosity provides the best opportunity of
studying a new heavy Z0 through its WW decay mode
and creates the possibility of measuring (or constraining)
the Z-Z0 mixing, thus providing insight into the pattern of
symmetry breaking.
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