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In this paper, we derive the mass exclusion limits for the hypotheti-
cal vector resonances of a strongly interacting extension of the Standard
Model using the most recent upper bounds on the cross sections for var-
ious resonance production processes. The SU(2)L+R triplet of the vector
resonances under consideration is embedded into the effective Lagrangian
based on the non-linear sigma model with the 125-GeV SU(2)L+R scalar
singlet. No direct interactions of the vector resonance to the SM fermions
are assumed. We find that among eleven processes considered in this paper,
only those where the vector resonances decay to WW and WZ provide the
mass exclusion limit. Depending on the values of other parameters of the
model, the mass limit can be as low as 1 TeV.
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1. Introduction

Even though the LHC experiments ATLAS and CMS achieved a spec-
tacular success by discovering the 125 GeV Higgs boson [1], it was more
the beginning rather than the end of the struggle to uncover the character
of physics beyond the Standard Model (SM). To this moment, it has not
been settled down whether new physics takes the form of weakly coupled
supersymmetry or strongly coupled composites; in a sense, this problem
can be squeezed into the question whether the observed Higgs boson is a
fundamental field or a bound state of hypothetical new strong interactions.
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If the Higgs is generated as a composite state by new strong interactions,
the extension of the SM can be effectively described by higher dimensional
operators that do not decouple in the low-energy limit. Presumably, they
would modify the SM couplings of the Higgs boson with the heavy SM
fields, such as the electroweak (EW) gauge bosons and/or the third quark
generation. However, while the light SM Higgs boson can guarantee unitarity
of the SM to virtually arbitrary high energies, this is not true anymore
if the Higgs couplings become anomalous [2, 3]. Nevertheless, the least
one could require from the successful effective description of the composite
state phenomenology is that it will not break down at energy below the
compositeness scale. Meeting this expectation might be assisted with by
the presence of additional new composite states which naturally occur in
strongly interacting theories.

Consequently, the search for new vector (and other) resonances has its
rightful and important place in the ATLAS and CMS collaboration’s ac-
tivities. While no discovery has been made yet, the direct exclusion limits
constantly improve. Unfortunately, the vector resonance limits are strongly
model- and parameter-dependent and the mass exclusion limits found in
the literature cover only some of the interesting cases. To the best of our
knowledge, they do not apply to the case considered in this paper.

In this paper, the predictions for the hypothetical neutral and charged
vector resonance production cross sections times branching ratios of their
various decay channels are calculated and compared to the most recent upper
bounds on this observable obtained by the ATLAS and CMS collaborations.
Whenever the predictions exceed the bounds, the exclusion limits for the
vector resonance masses are inferred.

The effective description of the vector resonance triplet we work with
is a rather simplistic view of what might be observed at the LHC beyond
the 125 GeV Higgs boson. In this description, the Higgs boson is a scalar
composite state followed in the mass hierarchy by a vector composite SU(2)
triplet state. In particular, the Higgs sector of the effective Lagrangian
under consideration is based on the non-linear sigma model with the 125-GeV
SU(2)L+R scalar singlet complementing the non-linear triplet of the Nambu–
Goldstone bosons. The new vector resonances are explicitly present in the
form of an SU(2)L+R triplet. This setup fits the situation when the global
SU(2)L × SU(2)R symmetry is broken down to SU(2)L+R.

The vector triplet is introduced as a gauge field via the hidden local
symmetry approach (HLS) [4]. Consequently, the mass eigenstate represen-
tation of the vector resonance contains the admixture of EW gauge bosons.
It results in the appearance of the mixing-generated (indirect) couplings of
the vector triplet with all SM fermions. The gauge sector of this effective de-
scription is equivalent to the gauge sector of highly-deconstructed Higgsless
model with only three sites [5].
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The effective model admits the introduction of the direct coupling of the
vector resonance to the SM fermions. We have suggested and thoroughly
investigated the possibility with the direct chiral coupling exclusive to the
third quark family in our previous works [6–8]. The model went under the
name of tBESS. For the parameters of this model, we have established the
limits based on the low-energy data [6, 7] as well as on the most recent LHC
measurements [8]. We use these limits to motivate the choice of numerical
values throughout this paper. Nevertheless, in this paper, we will restrict
our predictions to the case of no direct interactions. Turning the direct
interactions on makes the phenomenology of the model much richer. Its
investigation will become subject of our following studies.

Under the given assumptions, we calculate the model’s production cross
section considering the Drell–Yan as well as the vector boson fusion produc-
tion processes with eleven decay channels of the vector resonances. Namely,
these are WW , ZW , WH, ZH, jj, ``, `ν, ττ , bb, tt, and tb channels. The
cross sections are calculated as the functions of the vector resonance mass
Mρ in the region allowed by the validity of the utilized approximations and
for various values of g′′ spanning the interval allowed by the limits found
in [8].

The preliminary evaluations of these cross sections for several selected
values of g′′ and Mρ and for all listed decay channels but the ττ and bb
ones appeared as a part of our recent publication [8]. There, the comparison
of the cross sections to the experimental bounds based on the ATLAS and
CMS analyses of up to about 13 fb−1 of 13 TeV data published mostly in
the middle of 2016 were performed and the mass exclusion limits derived
wherever possible. Here, we upgrade this analysis in several aspects. First
of all, some improvements on the calculations of the cross sections in [8]
have been introduced. They concern mainly the choice of more appropri-
ate parton distribution and vector boson fusion luminosity functions. The
improvements were a necessary step before undertaking any more complex
analysis. Nevertheless, as we report in [9], they have not resulted in any
unexpected discrepancies with the preliminary estimates found in [8].

Secondly, where available, the predicted cross sections are compared to
the full 2016 data bounds based on about 36 fb−1 of integrated luminosity.
The comparison results in the most up-to-date exclusion mass limits for the
vector resonances under considerations. In addition, the ττ and bb channel
experimental bounds — not available before — are also considered in this
paper.

In the next section, we will briefly overview the phenomenology of our
effective model. In Section 3, the procedure for the calculation of the pro-
duction cross section will be recapitulated. Section 4 will show the results
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obtained for various final states. The predictions will be compared with the
most recent experimental boundaries. Finally, Section 5 will present the
conclusions of our paper.

2. The effective Lagrangian and its phenomenology

The effective Lagrangian, we use in this paper, is the model we studied
thoroughly in [6–8]. It serves as the effective description of the LHC phe-
nomenology of a hypothetical strongly interacting extension of the SM where
the principal manifestation of this scenario would be the existence of a vec-
tor resonance triplet as a bound state of a new strong interactions. The La-
grangian is built to respect the global SU(2)L×SU(2)R×U(1)B−L×SU(2)HLS

symmetry of which the SU(2)L×U(1)Y × SU(2)HLS subgroup is also a local
symmetry. The SU(2)HLS symmetry is an auxiliary gauge symmetry invoked
to accommodate the SU(2)L+R triplet of new vector resonances. Each of the
gauge groups is accompanied by its gauge coupling: g, g′, g′′, respectively.
Beside the scalar singlet representing the 125 GeV Higgs boson and the hy-
pothetical vector triplet, the effective Lagrangian is built out of the SM fields
only.

Since our Higgs boson is a singlet rather than a component of the SU(2)L
doublet, its couplings are less theoretically restricted then in the SM. They
can but do not have to follow the usual SM pattern. Of course, in our work,
we assume that the Higgs couplings comply with the existing experimental
restrictions by the ATLAS and CMS collaborations. As is well-known, the
restrictions agree with the SM predictions within the 10–20% limit. However,
our model do not motivate this compliance theoretically. The Higgs boson
being a singlet also implies that its coupling to the vector resonance triplet
has no interconnection with its couplings to W± and Z.

In the flavor eigenstate basis, the deviations from the SM interactions
of the gauge bosons and the vector resonance with the Higgs boson are
parametrized by combinations of two parameters, aV and aρ. In the mass
basis, the EW gauge boson to Higgs vertices depend predominantly on aV .
To a high precision, the analogical couplings of the vector resonance triplet to
the Higgs boson are parametrized solely by aρ. The interaction Lagrangian
terms for this sector along with the calculations of the LHC experimental
limits for aV and aρ can be found in [8].

The way the description of the vector resonance is introduced implies
the mixing between the resonance and electroweak gauge boson fields. The
mixing induces the (indirect) couplings between the vector resonance and
fermions that are proportional to 1/g′′. Even though the considered sym-
metry also admits the introduction of the direct interactions of the vector
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resonance with fermions, we will restrict our analysis to the situation when
the vector resonance couples to fermions only via the mixing induced inter-
actions.

The masses of the charged and neutral vector resonances in the model
are virtually degenerate. The leading order formula for the mass reads

Mρ =

√
αg′′

2
v , (1)

where α is a dimensionless free parameter emerging in the effective La-
grangian and v is the electroweak symmetry breaking scale. Usually, α is
traded off for Mρ so that the latter can serve as one of the free parameters
of the model. Our previous studies of the low-energy limits [6, 7] as well as
the Higgs-related limits and the unitarity limits [8] suggest that we should
consider Mρ ≥ 1 TeV and 10 ≤ g′′ ≤ 20. Following the conventions used
in the formulation of our Lagrangian, the naive perturbativity bound on g′′
reads g′′/2 ≤ 4π [6–8].

The Higgs-related parameters aV and aρ influence significantly only de-
cay channels of very small branching ratios. Hence, their impact on the cross
sections calculated in this paper is very negligible. Thus, throughout this
paper, we will use aV = 1 (the SM case) and aρ = 0 (no Higgs-to-vector res-
onance coupling). These values are quite close to one of the experimentally
preferred points of the parameter space [8].
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Fig. 1. The solid lines represent the contours of the total decay width of the vec-
tor resonance (labeled in GeV) in the g′′–Mρ parameter space. The dashed lines
represent the width-to-mass ratio of the vector resonance (labeled in percents). No
direct interactions of the resonance to fermions are assumed.
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In the case of no direct interactions of the vector resonance with fermions,
the total decay width of the resonance can be well-approximated by

Γρ =
1

48πv4
M5
ρ

g′′2
. (2)

In Fig. 1, we depict how the vector resonance total width depends on the
resonance mass and g′′. At the same time, the graph shows the width-to-
mass ratio contours. This information will be important later in the paper
when the region of the validity of the used approximations is considered.

3. The production cross-section calculations

We are interested in the LHC cross sections of the two-particle final
state processes that would proceed via the vector resonance production. We
calculate the cross section σ(pp→ ab+X) using the Narrow Width Approx-
imation (NWA), i.e. as the product of the on-shell production cross section
of the resonance, σprod, and the branching ratio for the vector resonance
decay channel under consideration

σ(pp→ ab+X)
NWA
= σprod(pp→ ρ+X)× BR(ρ→ ab) . (3)

As the name suggests, the NWA works when Γρ � Mρ. It also ignores the
signal–background interference effects. The influence of these effects on the
precision of the approximation has been inspected in [10].

The production cross section of a resonance can be expressed as

σprod(pp→ ρ+X) =
∑
i≤j∈p

16π2Kij
Γρ→ij
Mρ

dLij
dŝ

∣∣∣
ŝ=M2

ρ

, (4)

where i, j run through all partons of the colliding protons and Γρ→ij is the
partial decay width of the resonance to the partons i and j. Furthermore,
dLij/dŝ is the luminosity of the colliding partons, and

Kij =
2J + 1

(2Si + 1)(2Sj + 1)

C

CiCj
, (5)

where J is the spin of the resonance, C is its color factor, and Si, Sj and
Ci, Cj are the spins and colors of the initial partons, respectively. Note that
a model dependence enters the production cross section (4) virtually1 only
via the partial decay width Γρ→ij .

1 In principle, the parton–parton luminosity is also sensitive to new physics via modi-
fications of the SM couplings and the parton distribution functions. Nevertheless, we
expect these effects to be negligible and ignore them in our analysis.
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Two dominant production mechanisms for the triplet of our vector reso-
nances are the Drell–Yan (DY) and the vector boson fusion (VBF) processes.
We will consider them both in our analysis. For the sake of simplicity, in our
calculations of the production cross sections, the proton contents is reduced
down to the up and down quarks2.

In the DY case, the parton–parton luminosity in (4) is defined as

dLij
dŝ

=
1

s

1∫
τ

dx

x

1

1 + δij
[fi (x, ŝ) fj (τ/x, ŝ) + i↔ j] , (6)

where s and ŝ are the squared center-of-mass energies of the colliding protons
and partons, respectively, τ = ŝ/s, and fi is a parton distribution function
of the ith parton with the momentum fraction x of its proton’s momentum.

The VBF production will be calculated in the Effective W Approxima-
tion (EWA) [11]. When the EWA is applied to the VBF case, the W and Z
bosons are also treated as partons in the proton. The VBF luminosity can
be expressed as

dLVmVn[pp]

dτ
=
∑
i≤j

1

1 + δij

1∫
τ

dx1
x1

1∫
τ/x1

dx2
x2

×
[
fi
(
x1, q

2
)
fj
(
x2, q

2
) dLVmVn[qiqj ]

dτ̂
+ i↔ j

]
, (7)

where τ̂ = τ/(x1x2), and dLVmVn[qiqj ]/dτ̂ is the luminosity for two vector
bosons Vm and Vn emitted from ith and jth quarks, respectively. In the EWA,
the latter can be obtained analytically assuming that the gauge bosons are
emitted on-shell and in small angles to their parental quarks. Also, if the
gauge bosons fuse to a heavy resonance, their masses should be negligibly
small compare to the resonance mass. In this approximation, the transversal
and longitudinal polarizations of the emitted gauge bosons are considered
as separate modes. Since the longitudinal mode usually dominates in the
presence of the deviations from the SM, we use the longitudinal mode only
in our calculations.

The luminosity for two longitudinal vector bosons Vm and Vn emitted
from ith and jth quarks reads

dLV L
mV

L
n [qiqj ]

dτ̂
=
v2m[i] + a2m[i]

4π2

v2n[j] + a2n[j]

4π2
1

τ̂
[(1 + τ̂) log(1/τ̂)− 2(1− τ̂)] ,

(8)
2 We do not expect that this approximation would significantly influence conclusions
when there are no direct interactions of the vector resonance to fermions.
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where vm[i] and am[i] are the vector and axial couplings of the gauge boson
Vm to the quark current qi. In particular,

vW [qi] = −aW [qi] =
g

2
√

2
(9)

for any qi, and

vZ[u] =
g

4cW

(
1− 8

3
s2W

)
, aZ[u] =

g

4cW
, (10)

vZ[d] = − g

4cW

(
1− 4

3
s2W

)
, aZ[d] = − g

4cW
, (11)

where sW = sin θW and cW = cos θW .
For the numerical evaluation of the parton–parton luminosity, we used

the Mathematica [12] package ManeParse [13] with the PDF set CT10 from
the LHAPDF 6 library at HepForge repository [14]. The obtained parton–
parton luminosities for both production mechanisms of the new vector res-
onance at the LHC (

√
s = 13 TeV) are depicted in Fig. 2.
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Fig. 2. The parton–parton luminosities for the DY (solid lines) and longitudinal
VBF (dashed lines) production in the proton–proton collisions at

√
s = 13 TeV.

The CT10 set of parton distribution functions was used.

4. The vector resonance mass limits and the upper bounds on
σ(pp→ ρ+X)× BR

Once the production cross sections have been evaluated, we are a single
step from finalizing the predictions of the LHC cross sections of the processes
under investigation. The final step involves the multiplication of the produc-
tion cross section by an appropriate branching ratio (see Eq. (3)). When the
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direct interactions of the vector resonances are considered, the BR endows
the resulting cross section with the sensitivity to the corresponding model’s
parameters.

We can evaluate how the existing ATLAS and CMS data restrict our
model when we compare its predictions to the upper bounds on the reso-
nance production cross section times the branching ratios for various decay
channels. The bounds are rather model-independent once spin of the reso-
nance under consideration is specified. Of course, one should keep in mind
that the calculations involved proceed under the assumption of a narrow-
width resonance. As can bee seen in Fig. 1, increasing Mρ takes us away
from the NWA region. Consequently, our cross-section predictions become
less reliable. On the other hand, as Mρ grows, the cross sections also depart
from the experimental bounds. Thus, our predictions of the cross sections
can serve their purpose even at a higher mass to a certain extent. Never-
theless, we do not consider as meaningful to go beyond Mρ = 3 TeV in our
analysis.

In our calculations, we vary the value of g′′ between 10 and 20 as it was
discussed in Section 2. When increasing the g′′ value while Mρ is kept fixed,
the Γ/Mρ ratio gets smaller (see Fig. 1) which improves the accuracy of
the NWA. On the other hand, one should keep in mind that higher values
of g′′ imply larger higher-order corrections. These are not considered in our
calculations though. We have not studied whether and how these two effects
might counter-balance each other.

As we will see below, theWW andWZ channels are the only ones among
those investigated in this paper in which the current data restrict our model.
The restrictions can be translated into the lower exclusion bounds on the
vector resonance mass.

4.1. The WW and WZ channels

In the absence of the direct couplings of the vector resonance triplet to
fermions, the decay widths of the neutral and charged vector resonances are
dominated by their decays to the EW gauge bosons: BR(ρ→WW/WZ) >
99%.

In Fig. 3, we present the cross section times branching ratios for the
WW and WZ decay channels of our model at the LHC collision energy of
13 TeV. The predictions are given for three different values of g′′, namely
10, 15, and 20. The g′′ values were chosen to span the region allowed by the
combination of the limits obtained in [8]. In addition, the most restrictive
upper 95% C.L. experimental bounds on the cross section times branching
ratio are superimposed in the graphs. In fact, since the current experimental
data do not contradict the expectation curves, we take the latter as the
established experimental boundary.
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Fig. 3. (Color online) The 13 TeV cross section times branching ratios of our model
for the WW (left panel) and WZ (right panel) decay channels at g′′ = 10 (solid
upper red), 15 (solid middle green), and 20 (solid bottom blue). In both panels,
the experimental 95% C.L. upper limit dashed curves are based on the dijet final
state data (35.9 fb−1) [15]. The dot-dashed WW and WZ curves are based on the
semileptonic final state data (13.2 fb−1), [16] and [17], respectively.

In theWW channel, the experimental upper bounds [15, 16] exclude the
mass of the neutral vector resonance below about 2.1 TeV and 1.1 TeV for
g′′ = 10 and 15, respectively. The g′′ = 20 case is not restricted above 1 TeV.
In the WZ, the experimental upper bounds [15, 17] exclude the mass of the
charged vector resonance below about 2.5 TeV and 1.3 TeV for g′′=10 and 15,
respectively. Again, the g′′ = 20 case is not restricted above 1 TeV. In our
model, the neutral and charged vector resonances are virtually degenerate
in their masses. Therefore, within the model, the stronger exclusion mass
limit on the charged resonance can be considered as the limit for the neutral
resonance, as well.

While we do not consider the direct interactions of the vector resonance
with fermions in this paper, we can briefly estimate the effect of the direct
interaction with the third quark generation as it was introduced in our tBESS
model [6, 7]. There, the corresponding chiral couplings were parameterized
by the bL,R free parameters. Setting bL,R to their maximally low-energy
precision data allowed values — bL,R ≈ 0.1 [7] — can lower BR(WW ) of
the 1 TeV resonance down to about 70% for g′′ = 10, to 30% for g′′ = 15,
and to 12% for g′′ = 20. In the 2 TeV resonance case, BR(ρ→WW ) would
be lowered to about 97%, 87%, and 67%, respectively. Thus, the direct
fermionic interactions of the vector resonance can noticeably decrease the
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cross-section predictions (and, thus, release the experimental restrictions)
of the model in this channel. The similar effect occurs in the ZW channel.
When Mρ = 1 TeV and bL,R = 0.1, BR(WZ) gets lowered to about 71%,
31%, and 12% for g′′ = 10, 15, and 20, respectively. For Mρ = 2 TeV, the
corresponding BR’s read 97%, 87%, and 67%.

4.2. The bb, tt, and tb channels

In the left panel of Fig. 4, we present the cross section times branching
ratio for the bb channel of our model at the LHC collision energy of 13 TeV.
In the middle panel, there is the prediction for the tt channel shown. The
tb channel is depicted in the right panel of Fig. 4. There, the sum of the tb̄
and bt̄ contributions is considered. The predictions are given for g′′ = 10,
15, and 20. When there is no direct interaction, the predicted cross sections
in these channels are not far from each other. In the bb and tt channels, the
existing upper experimental bounds [18–21] are several orders of magnitude
above the predicted cross sections. The same situation can be found in the
tb channel (for the experimental upper bounds for this channel, see [22]).
Thus, there are currently no exclusion limits on the no-direct-interaction
version of our model resulting from these channels.
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Fig. 4. (Color online) The 13 TeV cross section times branching ratios of our model
for the bb (left panel), tt (middle panel), and tb (right panel) decay channels at
g′′ = 10 (solid upper red), 15 (solid middle green), and 20 (solid bottom blue).
In the bb channel, the experimental 95% C.L. upper limit curves are based on
3.2 fb−1 [18] (dotted) and 13.3 fb−1 [19] (dashed) of data. In the tt channel, the
bounds are based on the 2.6 fb−1 lepton+jets and fully hadronic final states [20]
(gray stripe) and the 3.2 fb−1 lepton+jets final state [21] (dashed). Finally, the tb
channel experimental limit originate from the 35. fb−1 lepton+jets final state [22]
(dashed).
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However, once the direct interaction to the third quark family is turned
on, the bb, tt and tb channels will be affected the most. For example, setting
bL,R = 0.1, the branching ratios for these channels increase from BR(bb) =
0.08%(0.005%), BR(tt) = 0.12%(0.008%), and BR(tb) = 0.18%(0.012%) for
Mρ = 1 TeV (2 TeV), to the values ranging in 15%(1.4%) ≤ BR(bb) ≤
44%(17%), 14%(1.3%) ≤ BR(tt) ≤ 44%(16%), and 29%(2.7%) ≤ BR(tb) ≤
87%(33%) when 10 ≤ g′′ ≤ 20. Yet it does not seem to be enough to obtain
any exclusion limits from the latest measurements.

4.3. The remaining channels

Beside the channels discussed above, we have also calculated predictions
for the following channels: ZH, WH, jj, ``, `ν, and ττ , where ` = e, µ. In
all these remaining channels, the predicted cross sections are too low when
compared to even most recent experimental upper bounds. This can be
seen in Figs. 5, 6, and 7. Thus, there are no exclusion limits implied by
these channels. The introduction of the third quark family direct coupling
will decrease the individual branching ratios of these channels by the same
factors as in the case of theWW/WZ channels. Therefore, no mass exclusion
limits can emerge with this modification.
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Fig. 5. (Color online) The 13 TeV cross section times branching ratios of our model
for the ZH (left panel) and WH (right panel) decay channels at g′′ = 10 (solid
upper red), 15 (solid middle green), and 20 (solid bottom blue). The experimental
upper bounds shown in both panels originate from the following measurements:
the ATLAS 36.1 fb−1 qqbb final state [23] (dotted), the CMS 35.9 fb−1 qqbb final
state [24] (dot-dashed), and the ATLAS 3.2 fb−1 ``bb+ννbb/`νbb final state [25]
(dashed).
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Fig. 6. (Color online) The 13 TeV cross section times branching ratios of our model
for e+e− + µ+µ− (left panel), e+νe + µ+νµ + c.c. (middle panel) and τ+τ− (right
panel) decay channels at g′′ = 10 (solid upper red), 15 (solid middle green), and 20

(solid bottom blue). The experimental upper bounds (dashed) for e+e− + µ+µ−

are based on 36.1 fb−1 of data [26], on 36.1 fb−1 of data for e+νe+µ+νµ+c.c. [27],
and on 2.2 fb−1 of data for τ+τ− [28].
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the right panel, the experimental bounds are based on 37 fb−1 of data [30] (dotted),
and on 15.7 fb−1 of data [31] (dashed).
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5. Conclusions

We have studied the production cross section times branching ratio
for various decay channels in the productions of hypothetical neutral and
charged vector resonances of new strong physics origin. The resonances
have been introduced in the context of the phenomenological Lagrangian
where beside the composite 125 GeV Higgs boson, the SU(2)L+R triplet of
composite vector resonances is explicitly present. The ESB sector of our
effective Lagrangian has been based on the SU(2)L × SU(2)R → SU(2)L+R

non-linear sigma model, while the scalar resonance has been introduced as
the SU(2)L+R singlet. The vector resonance has been built in employing the
hidden local symmetry approach. While allowed by the symmetry of the
Lagrangian, no direct fermion interactions of the vector resonance triplet
have been considered. The only interactions of the resonance to fermions
have been those generated by the mixing with the EW gauge bosons.

We have compared the model’s predictions with the upper bounds on
the production cross section times branching ratio obtained by the ATLAS
and CMS collaborations from the full 2016 data sets. We have found that
the WW (WZ) channel excludes the mass of the neutral (charged) vector
resonance below about 2.1 TeV (2.5 TeV) and 1.1 TeV (1.3 TeV) for g′′=10
and 15, respectively. The g′′ = 20 cases are not restricted above 1 TeV. The
direct fermionic interactions of the vector resonance can noticeably decrease
the cross-section predictions (and, thus, release the experimental restric-
tions) of the model in these channels.

The predicted cross sections are well below the experimental upper bounds
in the bb, tt, and tb channels, as well as in all other channels considered in
this paper. The bb, tt, and tb channels would be affected most once the
direct fermionic interactions of the vector resonance are introduced. Con-
sequently, the predicted cross sections in these channels might increase up
to three orders of magnitude. The cross sections in all remaining channels
would shrink by the same factor as in the WW and WZ channels.

In summary, the new strong physics vector resonances of the considered
type are restricted by the current LHC data significantly weaker than their
weakly-interacting counter-parts. The lower exclusion limits will be further
relaxed if there are direct interactions of the vector resonances to the third
generation quark doublet.
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