PHYSICAL REVIEW D 80, 075007 (2009)
LHC signals for warped electroweak charged gauge bosons

Kaustubh Agashe,' Shrihari Gopalakrishna,” Tao Han,? Gui-Yu Huang,** and Amarjit Soni”

'"Maryland Center for Fundamental Physics, Department of Physics, University of Maryland, College Park, Maryland 20742, USA

’Brookhaven National Laboratory, Upton, New York 11973, USA
3Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA
4Department of Physics, University of California at Davis, Davis, California 95616, USA
(Received 20 July 2009; published 7 October 2009)

We study signals at the LHC for the Kaluza-Klein (KK) excitations of electroweak charged gauge
bosons in the framework of the standard model (SM) fields propagating in the bulk of a warped extra
dimension. Such a scenario can solve both the Planck-weak and flavor hierarchy problems of the SM.
There are two such charged states in this scenario with couplings to light quarks and leptons being
suppressed relative to those in the SM, whereas the couplings to top/bottom quarks are enhanced, similar
to the case of electroweak neutral gauge bosons previously studied. However, unlike the case of
electroweak neutral gauge bosons, there is no irreducible QCD background (including pollution from
possibly degenerate KK gluons) for decays to top + bottom final states so that this channel is useful for
the discovery of the charged states. Moreover, decays of electroweak charged gauge bosons to longitu-
dinal W, Z and Higgs are enhanced just as for the neutral bosons. However, unlike for the neutral gauge
bosons, the purely leptonic (and hence clean) decay mode of the WZ is fully reconstructible so that the
ratio of the signal to the SM (electroweak) background can potentially be enhanced by restricting to the
resonance region more efficiently. We show that such final states can give sensitivity to 2(3) TeV masses
with an integrated luminosity of 100(300) fb~!'. We emphasize that improvements in discriminating a
QCD jet from a highly boosted hadronically decaying W, and a highly boosted top jet from a bottom jet
will enhance the reach for these KK particles, and that the signals we study for the warped extra
dimensional model might actually be applicable also to a wider class of nonsupersymmetric models of

electroweak symmetry breaking.
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L. INTRODUCTION

The era of the LHC is upon us. Experiments at the LHC
are highly expected to shed light on the mechanism of
electroweak symmetry breaking (EWSB). In particular,
various extensions of the standard model (SM) have been
proposed to solve the problem in the SM of the hierarchy
between the Planck and electroweak scales. Such models
predict the existence of new particles at the weak (or TeV)
scale which are likely to be accessible to the LHC.

In the present work, we focus on one such extension of
the SM, the Randall-Sundrum model (RS1) [1] with all the
SM fields propagating in the bulk of a warped extra di-
mension [2-4]. Such a framework can address the flavor
hierarchy problem of the SM as well. The versions of this
framework with a grand unified gauge symmetry in the
bulk can naturally lead to precision unification of the three
SM gauge couplings [5] and a candidate for the dark matter
of the universe (the latter from requiring longevity of the
proton) [6]. The new particles in this framework are
Kaluza-Klein (KK) excitations of all SM fields with
masses at ~TeV scale. So far, studies of the LHC signals
from direct production of the radion [7], KK gluon [8—11],
graviton [12], neutral electroweak gauge bosons [13],
(heavy) fermions [14], and finally light KK fermions
present in some models with extended 5D gauge symme-

1550-7998/2009/80(7)/075007(22)

075007-1

PACS numbers: 12.60.Cn, 14.80.Cp

tries [15] in such a framework have been performed (see
Ref. [14] for an overview and Refs. [16] for related studies
in other setups within the warped extra dimensional
framework).

However, there are some challenging aspects of this
collider phenomenology as follows. First, the KK mass
scale is constrained to be at least a few TeV by the
electroweak and flavor precision tests, in part due to the
absence of a parity symmetry [analogous to R parity in
supersymmetry (SUSY)], allowing tree-level exchanges to
contribute to the precision observables. In addition, the
constituents of the proton (or SM gauge bosons and light
fermions, in general) couple weakly to the KK states,
whereas the KK states mostly decay to top quarks and
longitudinal W/Z/Higgs due to a larger coupling to these
states. As a result, the golden decay channels such as
resonant signals of dileptons or diphotons are suppressed.
Finally, given the few TeV KK mass, the top quarks/W/Z
resulting from the decays of these KK states are highly
boosted, creating problems in their identification due to
collimation of their decay products.

In light of this situation, it is necessary to study as many
LHC probes of this framework as possible, especially since
there might not be a single “smoking gun” for this frame-
work; i.e., a variety of channels can complement each other
as far as detecting this framework at the LHC is concerned.
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In particular, the most widely studied particle is the KK
gluon, which decays only to jetty final states, but has the
largest cross section due to the QCD coupling (assuming
the same mass for all KK particles as in the simplest
models). It was found that the LHC reach can be
~4 TeV, using techniques designed specifically to identify
highly boosted top quarks. However, it is good to have
channels with no jets if possible since, in general, such
modes are cleaner in the LHC experimental environment.

Also, it is obviously important to explore the feasibility
of searching for the electroweak (EW) KK states (i.e.,
excitations of y, W, and Z) at the LHC. In fact, decays
of EW KK states to (longitudinal) W/Z and Higgs offer a
possibility for clean final states if these SM particles decay
to leptons (note that the direct decays to leptons/photons
are suppressed, as mentioned above). However, the decay
of the KK Z to WW followed by leptonic decays of both
W’s has two neutrinos in the final state so that the invariant
mass of the W pair cannot be effectively reconstructed,
making it harder to identify the signal and to reduce the
continuum SM WW background. If one W decays instead
to a pair of quarks (we call it “semileptonic” decay of the
WW gauge-boson pair), then the problem is that the two
jets from the W are collimated, introducing a larger QCD
background from W + jet. A similar analysis applies to
decays of the KK Z to the Zh final state. Finally, one could
utilize decays to top pairs for detecting the KK Z using
techniques to identify boosted tops developed for detecting
the KK gluon, but this channel is swamped by decays of the
KK gluon to (i.e., resonant production of) top pairs, if not
by the SM ¢7 continuum background.

Given this situation, the KK W can provide (a priori) a
couple of advantages:

(1) The decays to WZ followed by (clean) leptonic
decays of both W and Z can be more effectively
reconstructed due to the presence of only one
neutrino.

The semileptonic decays of WZ or Wh face similar
challenges to those of KK Z, namely, QCD Z/W + jet
background, and we can use a jet-mass cut in order to
reduce this background, i.e., to distinguish a W/Z jet from
a QCD jet.

(ii) The decays of KK W to tb do not have the contami-
nation from the KK gluon as in the case of KK Z.

With this background, we are thus motivated to study
signals for the KK excitation of the SM W in this paper.
With detailed parton-level simulations for the signal and
SM backgrounds, we find the reach for this particle to be
2(3) TeV with ~100(300) fb~! luminosity in the best of
the th, WZ, and Wh channels, a discovery potential which
is roughly similar to that for the KK Z, found earlier in
[13]. The reason for the similar (although slightly better)
reach for the KK W as for the KK Z, in spite of the above
two advantages expected for the former, are that, first, the
branching ratios (BR) to leptons for the SM Z is smaller
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than that for the W, making the final significance of the
leptonic decays of the WZ from the KK W not much better
than in the case of the purely leptonic decays of the W pairs
from the KK Z. Second, we find that a highly boosted top
quark can fake a bottom quark so that QCD or KK-gluon #7
pairs do manifest as reducible backgrounds to the b signal
from the KK W. Once again, we use a jet-mass cut, this
time to discriminate between a ¢ jet and a b jet.
Anticipating more dedicated analyses in regard to vetoing
tf background from KK-gluon decays, we believe that it is
possible to improve the reach for KK W in the b channel.
Similarly, further improvements in the jet-mass technique
of distinguishing a W/Z jet from a QCD jet or the develop-
ment of new ones to reduce this QCD background can
increase the reach for both KK W and Z in semileptonic
WW /WZ decays of these KK modes. We observe that for
the W', all SM decay modes could be useful, whereas for
the Z’, as discussed above, the 7 channel with a significant
BR is not. Therefore, combining all SM channels, we
expect the reach in W’ to be better than the Z'.

The outline of the paper is as follows. In Sec. II, we
begin with a brief review of the theory of a warped extra
dimension and the LHC signals for the KK states, includ-
ing an outline of the various cases we consider for the study
of the electroweak charged gauge bosons. We present the
total decay widths of W’’s and the branching ratios to
various channels in Sec. III. In Sec. IV, we calculate the
production cross sections of the charged gauge bosons
at the LHC and present a detailed analysis of how to
obtain signals for these states. The framework of warped
extra dimensions is conjectured to be dual to four-
dimensional (4D) strong dynamics triggering electroweak
symmetry breaking, as in technicolor or composite Higgs
models. In Sec. V, we then compare the signals that we
studied in a warped extra dimension to the signals for
technicolor models discussed previously (since the
1990s). Further discussions and conclusions are presented
in Sec. VI, where we argue that many of the signals that
we study here (including the electroweak neutral gauge-
boson case studied earlier) might be applicable to a
wider class of nonsupersymmetric models of EWSB.
Finally, two appendixes are included at the end to provide
further details for the model, including the couplings of the
W' states.

II. REVIEW OF WARPED EXTRA DIMENSION

The framework consists of a slice of anti—de Sitter (AdS)
space in five dimensions (AdSs), where (due to the warped
geometry) the effective 4D mass scale is dependent on the
position in the extra dimension. The 4D graviton, i.e., the
zero mode of the SD graviton, is automatically localized at
one end of the extra dimension (called the Planck/UV
brane). If the Higgs sector is localized at the other end
[in fact, with the SM Higgs originating as the fifth compo-
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nent of a 5D gauge field (As), it is automatically so [17]],
then the warped geometry naturally generates the Planck-
weak hierarchy. Specifically, TeV ~ Mpe %" where Mp
is the reduced 4D Planck scale, k is the AdSs curvature
scale, and r,. is the proper size of the extra dimension. The
crucial point is that the required modest size of the radius
(in units of the curvature radius), i.e., kr,~
1/mlog(Mp/TeV) ~ 10, can be stabilized with only a
corresponding modest tuning in the fundamental or 5D
parameters of the theory [18]. Remarkably, the correspon-
dence between AdSs; and 4D conformal field theories
(CFT) [19] suggests that the scenario with warped extra
dimensions is dual to the idea of a composite Higgs in 4D
[17,20].

It was realized that with SM fermions propagating in the
bulk, we can also account for the hierarchy between quark
and lepton masses and mixing angles (flavor hierarchy) as
follows [3,4]: the basic idea is that the 4D Yukawa cou-
plings are given by the product of the 5D Yukawa cou-
plings and the overlap of the profiles in the extra dimension
of the SM fermions (which are the zero modes of the 5D
fermions) with that of the Higgs. The light SM fermions
can be localized near the Planck brane, resulting in a small
overlap with the TeV-brane-localized SM Higgs, while the
top quark is localized near the TeV brane with a large
overlap with the Higgs. The crucial point is that such vastly
different profiles can be realized with small variations in
the 5D mass parameters of fermions. Thus we can obtain
hierarchical SM Yukawa couplings without any large hier-
archies in the parameters of the 5D theory, i.e. the 5D
Yukawas and the 5D masses. Because of the different
profiles of the SM fermions in the extra dimension, flavor
changing neutral currents (FCNC) are generated by their
nonuniversal couplings to gauge KK states. However,
these contributions to the FCNC are suppressed due to an
analog of the Glashow-Iliopoulos-Maiani (GIM) mecha-
nism of the SM, i.e. RS-GIM, which is “built in”
[4,21,22]. The point is that all KK modes (whether gauge,
graviton, or fermion) are localized near the TeV or IR brane
(just like the Higgs) so that nonuniversalities in their
couplings to SM fermions are of the same size as couplings
to the Higgs.

In spite of this RS-GIM suppression, it was shown
recently [23] (see also [24,25]) that the constraint on the
KK mass scale from contributions of the KK gluon to €y is
quite stringent. In particular, for the model with the SM
Higgs (strictly) localized on the TeV brane, the limit on the
KK mass scale from eg is ~10-40 TeV, depending on the
size of the SD QCD gauge coupling. However, the phe-
nomenology of the TeV-scale KK modes and the SM Higgs
is quite sensitive to the structure near the TeV brane (where
these particles are localized). For example, the SM Higgs
can be the lightest mode of a 5D scalar (instead of being a
strictly TeV-brane-localized field), but with a profile which
is still peaked near the TeV brane (such that the Planck-
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weak hierarchy is still addressed), i.e. a “bulk Higgs™ [26].
Moreover, the warped geometry might deviate from pure
AdS near the TeV brane, which in fact could be replaced
with a “soft wall” [27]. Similarly, in general, there are
nonzero TeV-brane-localized kinetic terms for the bulk
fields [28]. Such variations of the minimal models are
not likely to modify the constraint on the KK mass scale
from various precision tests by much more than O(1)
factors. However, even such modest changes can dramati-
cally impact the LHC signals, especially the production
cross sections for the KK modes.

With the above motivation, the “‘two-site model” [29]
was proposed as an economical description of this frame-
work in order to capture the robust aspects of the phenome-
nology by effectively restricting to the SM fields and their
first KK excitations. In Ref. [30], it was shown that a
mass scale for the new particles as low as ~O(5) TeV is
consistent with the combination of constraints from eg
and BR (b — s7v), and it was suggested that models with
a bulk Higgs can allow a similar KK scale. In addition,
mechanisms exist to ameliorate such constraints in a para-
metric manner, for example, through flavor symmetries
[24,31] or by lowering the UV-IR hierarchy [32], as op-
posed to simply relying on the O(1) effects mentioned
above.

Most of the studies of the KK gluon, graviton, and Z
(and similarly our study of the KK W here) focus on flavor-
preserving fermionic decays (i.e., ¢7 for neutral and tb for
charged case), except for Ref. [33] which considers flavor-
violating decays of the KK gluon. So, it is important to
point out that the results of these studies apply to the
warped extra dimensional framework independent of
the specific mechanism used to suppress flavor violation
(beyond that from the RS-GIM mechanism) since the
profiles and hence the (flavor-preserving) couplings
remain (roughly) the same in all these different models
for suppressing flavor violation (except in Ref. [32] with
UV-IR hierarchy being smaller than Planck-weak hier-
archy). For other studies of flavor physics, see
Refs. [34,35].

Finally, various custodial symmetries [36,37] can be
incorporated such that the constraints from the various
(flavor-preserving) electroweak precision tests (EWPT)
can be satisfied for a few TeV KK scale [36,38]. The
bottom line is that a few TeV mass scale for the KK gauge
bosons can be consistent with both electroweak and flavor
precision tests.

A. Couplings

Clearly, the light fermions have a small couplings to all
KK’s (including the graviton) based simply on the overlaps
of the corresponding profiles, while the top quark and
Higgs have a large coupling to the KK’s. Schematically,
neglecting effects related to EWSB, we find the following
ratio of RS1 to SM gauge couplings:
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Here ¢ = u, d, s, c, bg, | = all leptons, Q°> = (¢, b),, and
A© (A correspond to zero (first KK) states of the gauge
fields. Also, ggs» gsum stand for the RS1 and the three SM
(i.e., 4D) gauge couplings, respectively. Note that H in-
cludes both the physical Higgs (k) and unphysical Higgs,
i.e., longitudinal W/Z by the equivalence theorem (the
derivative involved in this coupling is similar for RS1
and SM cases and hence is not shown for simplicity).
Finally, the parameter ¢ is related to the Planck-weak
hierarchy: ¢ = \/kmrr,. EWSB induces mixing between
EW KK states, which we discuss in Appendix A.

For completeness, we present the couplings of the KK
graviton to the SM particles. These couplings involve
derivatives (for the case of all SM particles), but (apart
from a factor from the overlap of the profiles) it turns out
that this energy-momentum dependence is compensated
(or made dimensionless) by the Mpe %™ ~ TeV scale,
instead of the M p-suppressed coupling to the SM graviton.
Again, schematically,
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Here, GV is the KK graviton and the tensor structure of the
couplings is not shown for simplicity.

Next, we briefly review earlier studies of LHC signals
and give an overview of the charged electroweak gauge
bosons in this scenario.

B. LHC signals

Based on these couplings, and the fact that precision
electroweak and flavor constraints require the mass to be
bigger than a few TeV, we are faced with the following
challenges in obtaining the EW KK gauge-boson signals at
the LHC from direct production of the KK modes:

(i) The cross section for production of these states is
suppressed to begin with due to a small coupling to
the protons’ constituents, and due to the large mass.

(i) Decays to “golden” channels (leptons, photons) are
suppressed. Instead, the decays are dominated by the
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top quark and the Higgs (including longitudinal
W/Z).
Also, these resonances tend to be quite broad due to the
enhanced couplings to the top/Higgs.

In particular, the KK graviton, gluon, and neutral elec-
troweak gauge bosons all have sizable BR to decay to top
pairs. Moreover, due to the large mass (few TeV) of the KK
particle, the top quarks produced in their decays are highly
boosted, resulting in a high degree of collimation of the top
quark’s decay products. Hence it is a challenge to identify
these top quarks. Nonetheless, using the techniques sug-
gested in Refs. [8,9] (see also Refs. [39] for related studies
and [40,41] for recent developments of the techniques for
detecting highly boosted top quarks), discovery for the KK
gluon up to ~4 TeV mass might be possible. However, in
the case of approximately degenerate gauge KK modes, it
is still difficult to extract the signal from top pairs for
electroweak neutral KK modes. The reason is that the top
pair signal from these states is swamped by the decays of
the KK gluon, which has a (much) larger cross section than
that of the KK electroweak neutral gauge boson due to the
QCD coupling and color factors, even though the SM 7
background might be smaller than the electroweak neutral
KK signal.

As mentioned above, couplings of KK’s to longitudinal
W /Z are also enhanced similarly to top quarks (of course,
only for KK graviton and electroweak—both neutral and
charged—KK modes) so that decays to these modes also
have a significant BR. Such final states are a priori cleaner
than top quarks, in particular, since there is no ““pollution”
from QCD or KK gluons and since there are decay chan-
nels with no jets in these cases. Hence such final states
might be the discovery modes for electroweak (both
charged and neutral) and graviton KK states. However,
we still face some challenges in discovering the neutral
electroweak (cf. charged case below) and graviton KK
states even with the W/Z final states, as follows. The
purely leptonic decay in the WW channel has a small
BR, and moreover, the WW invariant mass cannot be fully
reconstructed due to the presence of missing momentum
from two v’s. Since it is difficult then to apply the mass
window cut efficiently (i.e., without reducing the signal) in
order to isolate the events in the resonance region only, the
SM background tends to be larger. It is true that the ZZ —
4/ final state can be fully reconstructed, but it has an even
smaller BR to leptons than the WW channel and is avail-
able only for the graviton (it is absent for the neutral
electroweak gauge KK).

On the other hand, the semileptonic decay of the WW
from the KK Z and graviton has a larger BR. However, just
as for the top quarks mentioned above, the hadronic decays
of the highly boosted W/Z pose a challenge for detection:
the 2 jets from W /Z tend to merge so that the QCD W/Z +
jet background (where a QCD jet fakes a hadronically
decaying W/Z) becomes significant. Of course, this back-
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ground is reducible so that with suitable discriminators
between QCD and W/Z jets such as jet mass, this channel
can still be useful [13]. A similar argument applies to
decays of KK W to WZ.

In this paper, we study LHC signals from direct produc-
tion of charged electroweak KK gauge bosons in the
framework of a warped extra dimension. Apart from com-
pleting the study of spin-1 KK’s, our motivation for this
study is that these states possess some new features relative
to KK neutral electroweak gauge bosons and gravitons:

(i) The fully leptonic (and hence clean) decay mode of
the WZ channel can be fully reconstructed' due to
the presence of only one v. Hence, it is expected that
the signal-to-background ratio can be enhanced effi-
ciently by a suitable cut on the WZ invariant mass,
namely, by simply requiring this mass to lie in the
resonance region (unlike for the neutral case dis-
cussed above). Moreover, this final state for the
WZ has a larger BR than the ZZ — 41 case for the
KK graviton (although the leptonic BR of WZ is
smaller than that of the fully leptonic decay of the
WW final state for the KK graviton and neutral
electroweak gauge boson).

The issues with the semileptonic decay of WZ will
be similar to that in the neutral electroweak gauge-
boson case.

(ii) Decays to the top + bottom final state of electro-

weak charged gauge bosons can also be recon-
structed even for the leptonic decay mode of the
top quark.2 The irreducible SM background from
the electroweak process (single-top production) can
be shown to be smaller than the signal inside the
resonance region. Compared to the case of the neu-
tral electroweak KK’s where the decays to top pairs
have an irreducible SM background from QCD pro-
cesses, the electroweak background for the charged
case is smaller (and the signal cross section for the
neutral case is roughly similar to the charged case).
Moreover, if the KK gauge bosons are degenerate,
then an even larger background from the KK-gluon
decays to top pairs completely swamps the signal
from the electroweak neutral KK boson.
However, even for the charged case, QCD top pairs
(from the KK gluon or the SM) can be a significant
background if one top quark fakes a bottom quark
due to collimation of its decay products. Of course,
techniques to distinguish a highly boosted top from a
bottom can suppress this background; i.e., it is a
reducible one.

' Assuming that the missing momentum from the neutrino
combined with the lepton forms a W, or assuming that the
neutrino 3-momentum is collinear with that of the lepton due
to the large boost of the W in the lab frame.

*Imposing the on-shell conditions for My, and m,.
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C. Overview of the charged electroweak gauge-boson
sector

We present the full details on the model we work with
along with a derivation of all the W’ couplings in
Appendixes A and B. Here, we summarize some of the
salient features of the various cases that we study in detail
in the next two sections. First of all, due to the extended
EW gauge symmetry in the bulk, i.e., SU2); ® SUQ2)g ®
U(1)y which is motivated by suppressing contributions to
the T parameter, we see that there are two charged KK
towers [one from each SU(2) group], before EWSB. We
will restrict our discussion to the first mode of each tower,
denoting these states by Wy r,, respectively. EWSB will
mix these states, and the resulting mass eigenstates will be
denoted by W} .

As explained above, these charged EW gauge bosons
will decay mostly into Higgs, including (longitudinal)
W/Z, and to top-bottom final states. In the Appendixes,
we define two cases for the top-bottom sector [correspond-
ing to different representations for the top-bottom sector
under the SU(2); ® U(1)y group] that we will consider in
this work. Here we summarize the main features of the two
cases (details are given in the Appendixes).

Case (i): tz has a close-to-flat profile and (7, b); has a
profile localized very close to the TeV brane in the bulk.

Case (ii): vice versa, i.e., (¢, b); has a close-to-flat profile
and 7y has a profile localized very close to the TeV brane in
the bulk.

Roughly speaking, flavor precision tests tend to (strongly)
prefer case (ii), whereas EW precision tests have a (milder)
preference for case (i).

Since, as shown in the Appendixes, the representations
under SU(2); X SU(2)r X U(1)y for these two cases are
less than minimal, there are various ‘“‘exotic”’ fermion
fields included in these representations [cf. Eqs. (B1) and
(B2)] in addition to the SM fermions. These non-SM
fermions can be looked for at the LHC, but we will not
consider them here; instead we will restrict ourselves to
SM final states. However, in order to obtain realistic val-
ues, we will include these non-SM decay channels in
computing the BR.

III. W DECAYS

The W' couplings to fermions in the four-dimensional
effective theory depend on the overlap of the correspond-
ing profiles in the extra dimension, which are presented in
Table X. Based on these overlap integrals and the gauge
quantum numbers, we then derive the W' couplings to
gauge bosons in the rest of Appendix B. Armed with these
couplings, we are ready to embark on the phenomenology
of charged EW gauge bosons in this framework. We have
incorporated the W' couplings shown in Appendix B into
the Monte Carlo program CALCHEP [42], with which we
present the results below. In Fig. 1 we show the total widths
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FIG. 1. The total widths of W} and W} as a function of their
masses for cases (i) and (ii).
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of the W} and W, into two-body final states as a function of
their masses for cases (i) and (ii). The total width increases
monotonically with My, as expected, and is roughly about
20% or less of its mass, with it being appreciably smaller
for the W} in case (ii). This implies a typically weakly
interacting particle and a prompt decay, although the width
can still be rather large for a high mass. A distinct feature is
that the total width of W} in case (ii) is much smaller than
all the other widths (for large My,). This is due to the fact
that in case (ii) there is no direct coupling of the W, (=
W} in the limit of large My,) to a third generation fermion
whose wave function is peaked toward the TeV brane,
unlike for the states in case (i) and for Wy, in case (ii).
This is a direct result of the SU(2); ® SU(2)z quantum
numbers of the third generation fermions [cf. Egs. (B1) and
(B2)]. Note, however, that it can still be coupled to a TeV-
brane peaked state via W, — Wp mixing, but this would

BRW'R* - X X)

0.001 £/ ud 4
Vet T
00001 b1 T Ty
1 15 2 25 3 35 4 45 5
My (TeV)
BRW'R" = XX)
1 T T T T T T T
0.1
0.01
0.001 /-
0.0001

1 15 2 25 3 35 4 45 5
My (TeV)

FIG. 2. The branching fractions of W} (left panels) and W}, (right panels) as a furlction of their masses for case (i) (top panels) and
case (ii) (bottom panels). In the bottom panel for case (ii), note that the curves for 7z B} and y}fz are on top of each other and cannot be
individually differentiated. The x;, Tr, x%, B are the extra non-SM fermions.
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be suppressed by this mixing angle which is small for large
My

In Fig. 2 we show the BR of the mass eigenstates W}
(left panel) and W} (right panel) into various two-body
final states for cases (i) (top panels) and (ii) (bottom pan-
els). The largest branching fraction is to fermions peaked
toward the TeV brane, which in case (i) is to Qi modes,
while for W} in case (ii) it is to the triplet containing 7. In
contrast, for the W; in case (ii) the largest BR is to Wh
since there is no direct coupling to a third generation
fermion with a TeV-brane peaked profile. For the W} in
case (ii), the ZW final state is also available with a sizable
BR. In case (ii) the y;f; is available only for My, >
M,, + M,, and therefore exhibits a threshold behavior,
where y; is a non-SM fermion.

In this work we do not study the non-SM fermions in the
final states, and we will focus on the th, ZW, and Wh final
states in the rest of the paper. The BR into the € v final state
is tiny, but due to its uniqueness and for completeness, we
will briefly comment on this mode also. We will perform a
detailed study of these final states, considering their vari-
ous decay modes, and obtain the LHC reach.

IV. CHARGED GAUGE-BOSON SIGNALS AT THE
LHC

In this section we consider the production of the charged
KK gauge bosons (generically denoted by W’) and their
decay into various SM final states at the LHC. We first
present in Fig. 3 the total production cross section for the
W' at the LHC versus its mass My, via the Drell-Yan (DY)
process. We see that the cross section can be 100 — 1 b for
My = 2-4 TeV. The W} coupling to light quarks is sup-
pressed by the W, W mixing angle [cf. Eq. (B3)] and
the rate is therefore smaller by a factor of 2—10 in the mass
range mentioned above. In the following analyses, we
coherently sum the W, and Wj (the mass eigenstates)
contributions. There are other possible mechanisms for
W' production. One may consider the gauge-boson fusion
WZ — W'. However, the gauge-boson fusion channel, as
first explored in [13], was found to be subleading. As
mentioned earlier, we adopt the Monte Carlo package
CALCHEP [42] to obtain the numerical results in this sec-
tion. We use the CTEQ6M for parton distribution functions
[43].

A. tb final state

We first consider the production and decay channel

(t=epn), 3

where the leptonic decay modes of the top have been
specified for the purpose of event triggering and identifi-
cation. The most distinctive feature of this signal is the
large invariant mass of the 7b system near My,. Although
the missing neutrino makes the event reconstruction less

pp— Wt —1tb with t— bl

PHYSICAL REVIEW D 80, 075007 (2009)

trivial, one should be able to reconstruct the neutrino

momentum fairly effectively by demanding the two mass

relations M%, = (p; + p,)?, m? = (p, + p; + p,)*. We

thus assume that the signal events are fully reconstructible.
We select events with the basic acceptance cuts

|yW,b,I;| <3; Prw.bb > 50 GeV, 4)

where the y’s are the rapidities. For the signal events from a
heavy W' decay, further tightened cuts can help for the
background suppression. We thus impose the cuts on the
top and b quarks,

Prop > 200 GeV, ly.pl <3. ®)

In Fig. 4, we present the differential distributions for the th
final state with a variety of values of My, = 2, 3, and
4 TeV, for (a) the transverse momentum distribution and
(b) the transverse mass distribution. Also shown on the
figures is the dominant source of irreducible background,
the SM single-top production pp — W™ — tb, seen as the
continuum curves. We see the very promising prospects for
observing the signal with suitably chosen cuts.

With the decay of the top (into Wh), the SM Whb will be
an additional source of background. Since this background
largely populates the low mass threshold region, we thus
form the following cluster transverse mass to help distin-
guish the signal from the background,

2
My, = (VP%W + miy, + pr) = lpr, +pr,1%
My = pro + Prp T \/P%W + mi,.

We show the representative kinematical distributions for

(6)

Total W' Cross Section at LHC

103

LR il
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FIG. 3. Total production cross section for W’ versus its mass at
the LHC.
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FIG. 4. The py, (left panel) and My, (right panel) differential distributions of the process pp — W't — tb for My, = 2, 3, and
4 TeV for case (i). These are after the cuts in Eq. (5). Also shown are the SM single-top background distributions.
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FIG. 5. The pry (top-left panel), My, (top-right panel), cos;6y,;, (bottom-left panel), and Myy,,,; (bottom-right panel) differential
distributions of the process pp — W*bb for My, = 2 TeV, for case (i). Also shown are the irreducible backgrounds, the SM single-

top th and Whb.

the Whb final states in Fig. 5, with an My, = 2 TeV signal
(solid curves) for illustration. The SM backgrounds of th
(dashed lines) and Whb (dotted lines) are also shown for
comparison. Figure 5(a) presents the transverse momen-
tum distribution for the W. In Fig. 5(b), we show the
distribution of My, the cluster transverse mass of the
W with the nearer of the two b jets. The top-quark mass
reconstruction is visible for those events with a real top in
the final state. We show in Fig. 5(c) the distribution of
cosyfy,,, the cosine of the angle in the transverse plane
between the W and the nearer of the two b jets. Because of
the large boost of the top quark from the W’ decay for the
signal, the opening angle obviously is rather small as seen
by the solid curve. In Fig. 5(d), we show the distribution of
the full transverse mass of the Whb system. It is encourag-
ing to see a possible separation of the signal from the
backgrounds.

Since there is only one missing neutrino, the kinematical
variables can be fully reconstructed in the event as dis-
cussed earlier by demanding the mass reconstruction of
My,, m,. Alternatively, since the W is produced with a large
boost, the neutrino will be considerably collimated with the
charged lepton. If one makes the assumption® p, =~ Ky,
the neutrino 4-momentum can be approximately deter-
mined and the full My, ; can be formed. We find that doing
so gives a narrower signal invariant-mass peak, but also
raises the background in the region of interest, resulting in
a marginal improvement in significance; we therefore do
not pursue either of these ideas here.

The distributions in Fig. 5 motivate us to consider the
following cuts:

*Practically, py(v) = Er, pL(v) = p.(€) X %
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FIG. 6. The jet-mass distributions for top and bottom jets. These are after basic, Wb, and invariant-mass cuts. The left panel is for
2 TeV with cone size 1.0, and the right panel is for 3 TeV with cone size 0.4. Both are with a veto fraction of 0.2.

My, cut: 100 < My, < 190 GeV, since we expect
that for the signal this should reconstruct to the parent
Myep, as can be seen in Fig. 5(b). Notice that since for the
single top this also reconstructs to My, this variable does
not discriminate between the signal and this source of
background.

Wb angle cut: cosyfy, > 0.5, motivated from (c),
where we see that for the signal, the Wb opening angle is
fairly small owing to the large boost of the parent top.

2b tags: We demand that there be two tagged b’s in the
event. We adopt a b-tagging efficiency n;, = 0.4 [44].
With b-tagging parameters optimized for low pyy, the
light-quark rejection ratio (for j = u, d, s, g) is roughly
R; = 20 [44], where 1 / R; is the probability of mistaking a
light jet for a b jet. We believe this is likely to be improved
with tagging techniques optimized for high pz;, and since
our light-quark jet background is significant, we anticipate
such improvements and use R; = 40. We use a charm
quark rejection factor R, = 5.

Mopypp cut: 1500 < Mpy,; < 2500 GeV (for My, =
2 TeV) and 2400 < Mpyp; <3600 GeV  (for My =
3 TeV), which is motivated by the resonant feature of the
signal as seen clearly in (d), and results in the background
being very effectively suppressed after this cut.

Jet-mass cut: tf production can become a source of
background since a top can fake a b jet, for instance,
when the hadronic decay products of a boosted top are
sufficiently collimated that it can be confused for a b jet.
The two main sources of a top pair are the SM QCD
production, and the KK-gluon production which domi-
nantly decays to this channel. Both can be significantly
larger than the signal, and the latter is especially problem-
atic since it is resonant in the same invariant-mass region as
the signal. However, the jet-mass variable can be used to
discriminate between a b jet and a boosted hadronic top,
with the distributions expected to peak at m; and m,,
respectively. In order to obtain a rough estimate of the
separation achievable, we have used PYTHIA V6.411 [45] to
shower a bottom and a hadronically decayed top, followed
by smearing the daughter particle’s energy by 80%/ JVE,
and n and ¢ by 0.05 to mimic the finite resolutions of

the detector.* In general, a larger cone size will include
more of the radiation and results in a narrower distribution
for t jets but at the expense of moving the b-jet peak to
larger values. Also, since a b jet is expected to be more
collimated than a ¢ jet, we also demand that 80% of the py
be contained within the cone (veto fraction of 0.2). We
show in Fig. 6 the resulting jet-mass distributions for the
2 TeV (left panel) and 3 TeV (right panel) cases. For the
2 TeV case, we find a cone size of 1.0 to result in adequate
separation, and a jet-mass cut M; <75 GeV with a veto
fraction of 0.2 retains 46% of b jets and 0.38% of ¢ jets. For
the 3 TeV case, the decay products are more collimated and
we therefore pick a smaller cone size, namely, 0.4, and
again with a veto fraction of 0.2. We find that, with the cut
M; <100 GeV (larger than the previous case in order to
keep more of the already small signal events), 57% of b jets
and 2.5% of ¢ jets are retained.

In Table I we present the signal and background cross
sections (in fb) for the process pp — Wbb — {vbb for
case (i). We include in the signal both W' and W'~, and
we find that the latter cross section is about a third of the
former, stemming from the difference in the parton distri-
bution functions of more u quarks than d quarks in a
proton. We count for both £ = ¢, u. Because of the large
boost of the parent top, the lepton may not have a large
isolation with respect to the b jet, but we will assume that
this will not result in too large a loss of efficiency. Ways to
deal with this have been discussed in Refs. [8,40]. The
entry labeled as “SM top,” in addition to the SM
W=-exchange single-top process, also includes the
W-glue fusion process containing an extra jet that we use
to veto events with pr; > 20 GeV in the central region. In
the last two columns we show the significance without and
with #7 as a source of background, with the significance
including the latter shown in parentheses. The significance

“We are grateful to Frank Paige for many discussions on jet-
mass issues. This variable was also explored in Ref. [13] for the
jet mass of the W. Related issues, including using jet substruc-
ture to discriminate between highly boosted W /top and QCD
jets, have also been discussed in Refs. [9,40,41,46].
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The cross sections (in fb) for the signal process pp — W' — th — Whb — £vbb for case (i), and the SM background,

with the cuts applied successively. Cross sections are shown for My, = 2 and 3 TeV, with the number of events and significance for
£ =100 and 300 fb~!, respectively. In the last two columns we show the significance (S,) without and with f as a source of
background, with the significance including the latter shown in parentheses.

2 TeV, 100 fb~! Basic Wb cuts b tag My M; Number of events S/B So
Case (i) 8.9 7 1.1 0.44 0.2 20 25(1.4) 7(.3)
SM top 1400 370 60 0.09 0.04 4

SM Wbb 520 66 11 9x 1073 4x1073 0.4

SM Wb 9 X 10 2 X 103 20 0.04 0.02 2

SM Wcj 4% 10 700 4 1073 0.5x 1073 0.05

SM Wjj 2 X 10° 2 X 104 13 0.03 0.01 1

SM 7 4 x10* 10* 2 X 10° 4.5 0.02 2

GW 17 (i) 250 190 30 10 0.04 4

3 TeV, 300 fb~! Basic Wb cuts b tag Mrwip M; Number of events S/B S,
Case (i) 15 1.1 0.18 0.04 0.02 7 58(0,9)  45(22)
SM top 1400 370 60 4x1073 2X 1073 0.6

SM Wbb 520 66 11 41074 23x107* 0.07

SM Whj 9 X 10° 2 X 10° 20 1073 0.5x 1073 0.2

SM Wcj 4% 10 700 4 1074 0.5 x 107* 0.02

SM Wjj 2x10° 2% 104 13 2x 1073 1073 0.3

SM 7 4 x 10* 10* 2% 10° 0.21 531073 1.6

GW 17 (i) 32 24 4 0.64 0.02 5

is computed as S, = S/+/B, but when the number of
events is small, we use Poisson statistics and quote an
equivalent Gaussian significance. The G (KK gluon) is
taken to be degenerate with W'. From the table we see that
we need £ =100tb~! (L =300fb"") for a 2 TeV
(3 TeV) W'. Although the S/B is good for heavier masses,
the signal will still be limited by statistics.

In Table II we present the signal and background cross
sections (in fb) for the process pp — Wbb — {vbb for
case (ii). Rather than repeating, in Table II we have com-
bined, in SM W}, j,, the SM Whb, Whj, Wcj, and Wjj
channels shown separately in Table I. Compared to case (i),
as expected, the cross section is lower in case (ii) since the
t;, by profiles are not peaked near the TeV brane (and
hence do not have as large a coupling to W’) as in the
former case. Although the # is peaked near the TeV brane
in case (ii), it either does not couple to W' if it is an SU(2)x
singlet, or would couple to it only associated with a non-

TABLE II.

SM fermion if it is a triplet. We find that we need a much
higher luminosity, namely, 1000 fb~! for a 2 TeV W’. In
this case, we expect the other channels (to be discussed in
the following) to have better reach.

B. ZW final state

As for the process

pp— W — ZW, (7)

we consider separately the various decay modes of the Z
and W. We do not pursue the Z — vv decay channel in
which we cannot reconstruct the event even in the trans-
verse plane. Although simultaneous hadronic decays of Z
and W have the largest branching fraction, the multiple jet
background from QCD would be overwhelming. We there-
fore do not pursue this mode in our study.

Since there is at most one missing neutrino in the final
state, we can reconstruct the event if one makes the as-

The cross sections (in fb) for the signal process pp — W' — th — Wbb — €vbb for case (ii), and the SM background,

with the cuts applied successively. Cross sections are shown for My, = 2 TeV, with the number of events and significance for £ =
1000 fb~!. In the last two columns we show the significance (S,;) without and with #7 as a source of background, with the significance

including the latter shown in parentheses.

2 TeV Basic Wb cuts b tag My M; Number of events S/B So
Case (ii) 0.75 0.6 0.1 0.05 0.03 30 0.38 (0.2) 3.4 (2.5)
SM top 1400 370 60 0.09 0.04 40

SM Wj,j, 2.1 X 10° 2.2 X 10* 48 0.08 0.04 40

SM i 4 x 10* 10* 2% 103 4.5 0.02 20

G 17 (ii) 210 180 29 13 0.05 50
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(left panel) and My, (right panel) distributions for signal and SM background for the process pp — Z W after

the cuts pyzw > 100 GeV and |y, | < 3. Both case (i) and case (ii) are shown.

sumption p, = kp, (see the discussions in the last sec-
tion). On the other hand, it is more straightforward to
construct the events in the transverse plane. For illustra-
tion, we form the following kinematic variables:

M, = Prz + Prw (8)

Mry,, ='JP%"Z+M%+'\/I7%‘W+M%V' ()]

In Fig. 7 we show the M, and My, differential distri-

butions for the process pp — ZW™ for the W' signal for
cases (i) and (ii), and the irreducible SM WZ background.

1. Fully leptonic channel

In the fully leptonic final state we consider the process
pp — W' — ZW followed by Z — €€ and W — €v. We
take into account the SM ZW going into the same final
state as the main source of (irreducible) background. We
select events with the basic cuts

Pre >50 GeV; P Tmiss >50 GeV; |77€| <3

(10)

In addition to the basic cuts, we apply the following cuts
sequentially in order to optimally improve signal observa-
tion from the background.

TABLE III.

Mg cut: Mg > 1 TeV (for My = 2 TeV) and M4 >
1.25 TeV (for My, = 3 TeV).

My cut: 1.5 < My, < 2.5 TeV (for My, = 2 TeV) and
24 <Mr,, <3.6 TeV (for My, = 3 TeV).
In Table I1I we show the cross sections (in fb) for the fully
leptonic signal and background for case (i) and case (ii)
with the above cuts applied. Given the small BR into this
final state, it is not surprising that we will need a large
luminosity to see this signal. The fully leptonic mode is
experimentally clean. The significance is computed as
S, =S/ /B, but when the number of events is small, we
use Poisson statistics and quote an equivalent Gaussian
significance. We find that we need £ = 100 fb™! (L =
1000 fb~ ') for a 2 TeV (3 TeV) W' to reach a statistically
significant signal. We turn next to the semileptonic mode
which has a larger BR and therefore a larger rate.

2. Semileptonic channel

We consider below the signal identification in the two
semileptonic modes Z — €€, W — jj and Z — jj, W —
€v. As explained in detail in Ref. [13], the two jets may
merge into one fat jet due to the large boost of the parent
gauge boson, picking up a one-jet background (in addition
to the already mentioned SM ZW background).

Z — €€, W — jj: Since there is no missing energy in the
event, we can reconstruct the event fully and form the full

The cross sections (in fb) for the signal process pp — W' — ZW — €€€v for case (i) and case (ii), and the SM

background, with the cuts applied successively. We show cross sections for My, = 2 and 3 TeV, and the number of events and
significance (S,,) with the luminosity £ (in fb™!) as shown for each case.

2 TeV Basic Mg My L Number of events S/B S,
Case (1) 0.13 0.13 0.1 100 10 5 5.1
Case (ii) 0.17 0.16 0.13 100 13 6.5 6.1
SM ZwW 42 0.16 0.02 2

3 TeV Basic Mg My L Number of events S/B Sy
Case (i) 0.01 0.01 0.006 1000 6 6 4.3
Case (ii) 0.014 0.01 0.01 1000 10 10 6
SM ZW 42 0.05 0.001 1
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TABLE IV. The cross sections (in fb) for the signal process pp — W' — ZW — €€ for case (i) and case (ii), and the SM
background, with the cuts applied successively. We show cross sections for My, =2 and 3 TeV, and the number of events and
significance (S,) with the luminosity £ (in fb~!) as shown for each case.

2 TeV Basic M 4 M, M; L Number of events S/B S,
Case (i) 0.4 0.4 0.16 0.13 1000 130 0.2 5
Case (ii) 0.5 0.48 0.38 0.3 300 90 0.5 6.4
SM Zzw 130 0.5 0.05 0.04 40, 12

SM Z +1j 3600 63 2.1 0.63 630, 190

3 TeV Basic M M, M; L Number of events S/B Sy
Case (i) 0.03 0.03 0.01 1000 10 0.07 0.8
Case (ii) 0.04 0.04 0.03 1000 30 0.22 2.6
SM ZW 130 0.16 0.006 6

SM Z + 1j 3600 25 0.13 130

invariant mass (M;,,, not just My). In addition to the SM
ZW background, due to jet merging, we have to contend
with the Z + 1 jet as a source of background. We apply the
following cuts to maximize the signal significance:

Basic cuts: pr¢ > 250 GeV; pr; > 500 GeV; 9] <2;
|77 jl <2.

Mg cut: Mo > 1 TeV (for My, = 2 TeV) and M >
1.25 TeV (for My, = 3 TeV).

M,,, cut: 1.85 < M,y < 2.15 TeV (for My, = 2 TeV)
and 2.8 < M,y < 3.2 TeV (for My, = 3 TeV).

Jet-mass cut: 75 < M; <125 GeV.

In Table IV we show the cross sections as we apply the
above cuts successively.

Z— jj, W— €v: In addition to the SM ZW back-
ground, due to jet merging, we have to contend with the
W + 1 jet as a source of background. We apply the follow-
ing cuts to maximize significance:

Basic cuts: pg¢ > 50 GeV; Er > 50 GeV; g, <1;
In;| <1.

M g cut: Mo > 1 TeV (for My, = 2 TeV) and M5 >
1.25 TeV (for My, = 3 TeV).

My cut: 1.8 < My, <22 TeV (for My, = 2 TeV) and
2.8 <Mgp,, <3.2TeV (for My, = 3 TeV).

Jet-mass cut: 75 < M; <125 GeV.
In Table V we show the cross sections as we apply the
above cuts successively, and the significance S, = S/ \/E

In the semileptonic channels presented above, we find
for a 2 TeV W’ that we need luminosities of L =
1000 b~ and £ = 300 fb~! for cases (i) and (ii), respec-
tively. We thus see that the ¢b final state discussed earlier,
which requires about 100 fb~!, offers a more promising
channel for the W’ signal observation for case (i) as com-
pared to the semileptonic W/Z channels. For a 3 TeV W'
we find that the QCD background is substantial and the
signal-to-background ratio is at a level of a few percent,
rendering the signal observation unlikely. Techniques to
beat down this reducible QCD background can be benefi-
cial here.

The semileptonically decaying neutral electroweak KK
gauge boson (Z') also decays into the jj€v final state, and
its detectability has already been discussed in Ref. [13].

TABLE V. The cross sections (in fb) for the signal process pp — W' — ZW — jjlE; for case (i) and case (ii), and the SM
background, with the cuts applied successively. We show cross sections for My, = 2 and 3 TeV, and the number of events and
significance (S,,) with the luminosity £ (in fb~!) as shown for each case.

2 TeV Basic M ¢ My Mg L Number of events S/B S,
Case (i) | 1 0.38 0.3 1000 300 0.1 53
Case (ii) 1.3 1.2 0.64 0.5 300 150 0.16 4.9
SM Zzw 320 1.2 0.04 0.03 30, 9

SM W + 1j 3.1 X 10* 220 10.5 32 3200, 950

3 TeV Basic M g My Mig L Number of events S/B S,
Case (i) 0.08 0.08 0.016 1000 16 0.02 0.6
Case (ii) 0.1 0.1 0.04 1000 40 0.06 1.5
SM zZzw 320 0.4 0.002 2

SM W + 1j 3.1 x 10* 89 0.68 680
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C. Wh final state

Similar to the study in the last section, we again first
form the following kinematic variables in order to help
separate the signal from the background:

D

12)

Mesewn = prw + P

My, = \/P%W + My, + \/P%h + M.

In Fig. 8 we show the M gy, and Mry,;, differential dis-
tributions for the process pp — W h for the W’ signal for
cases (i) and (ii), and the irreducible SM Wh background.
We see that the signal stands comfortably over the back-
ground, and with suitably chosen cuts, we expect to obtain
a good significance. Since M} is unknown, we will take
two representative cases: M, = 120 GeV and 150 GeV. In
the former case the dominant decay mode of the A will be
to bb, while in the latter, to W+ W~. We will consider each
of these cases in turn.

We would like to note that we do not consider these
channels as Higgs boson discovery channels. Instead, we
should consider them as case studies for illustration since
we should have the knowledge about the Higgs properties
when our proposed searches are undertaken at the LHC.

1. M, = 120 GeV: h — bb, W — {v

For this case with a relatively low mass, we estimate that
BR(h — bb) = 0.7. Because of collimation of the decay
products of the Higgs, the two b jets could merge, and we
therefore pick up the W + 1 jet as a source of background.
We apply the following cuts to maximize significance:

Basic cuts: pr; > 50 GeV; Er > 50 GeV; prgp >
100 GeV; |n.l < 1; |17j| < 1.

Mg cut: Mg > 1 TeV (for My = 2 TeV) and Mg >
1.25 TeV (for My, = 3 TeV).

My cut: 1.8 < Mpy, <2.2TeV (for My, =2 TeV)
and 2.8 < My, < 3.2 TeV (for My, = 3 TeV).
b-tag: Because of collimation, we may not be able to
resolve the two b jets, and we therefore demand only one
b tag. The efficiency for at least one tagged b is €, * (2 —
€,). Here, we take the light-jet rejection ratio R; = 20,
which, as noted earlier, will likely be improved upon.

pp —» W*h
.001 . , .
0.00 2TeV (i) ——
2TeV (i) --m-mmnm-
= 0.0001 , S Tev (i
o - 3TeV (i)
D 1e-05 S
S
2
g teosf
G 1e-07 |
o
£ 1e-08
=)
1e-09 | e
1610 . . . . . .
500 1000 1500 2000 2500 3000 3500 4000

Mettwh
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In addition to the above cuts, we could apply a jet-mass
cut on the collimated b-jet system, which will peak
around M), and can be used to distinguish it from a light
jet. Doing so would improve the significance over that
shown here.

In Table VI we show the cross sections as we apply the
above cuts successively. We also show the significance
computed as S, = §/ \/E but when the number of events
is small, we use Poisson statistics and quote an equivalent
Gaussian significance. As expected, we find a better sig-
nificance for case (ii) since the BR is larger. We will need
L =100 "1 (L =2300fb"")fora2 TeV (3 TeV) W’ to
reach a good statistical significance. Improving the
b-tagging performance (by achieving larger R;) will help
reduce the W + 1 jet background and will make the sig-
nificance better.

2. M, =150 GeV: h —» WW — €vjj, W — jj

For this case with a higher mass, we estimate that
BR(h — WW) = 0.7. Because of collimation of the jets
from the W, we will not demand that separate jets be
reconstructed, but rather treat it as a single jet. We will
refer to the merged jet closer to the leptonic W as the near
jet jy and the merged jet on the other side as the far jet jg.

We require that there be a jet close to the lepton with
Ayj, < 0.9, and we require My ;, to be around M), which
will reduce the W + 2j background. In addition to the
irreducible SM Wh background, SM A + 1; also remains
as a background, which we will include. In order to differ-
entiate between a light jet and the W jet, we will apply the
jet-mass cut as explained in Ref. [13].

We apply the following cuts to maximize significance:

Basic cuts: pr¢>25GeV; Er>25GeV; pr; >
50 GeV; pyj, > 100 GeV; |nol < 3;1n; | <3 ;1 <3.

Mg cut: My > 1 TeV (for My = 2 TeV) and M4 >
1.25 TeV (for My = 3 TeV).

My cuts: 100 < Mpy;, < 190 GeV (around M); 1.8 <
My, i, <2.2TeV (for My =2 TeV) and 2.8<
Mry;.i. <3.2 TeV (for My, = 3 TeV).

Jet-mass cut: 75 < M; < 125 GeV, on both jy and jr
for My, = 2 TeV, with an acceptance of 0.87 for the W jet

pp—>W"h

0.001 T
0.0001 F*=.

1005 |y
1e-06 [

"2 Tev (i)
2TeV (i)
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SM
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FIG. 8. The Mgy, (Ieft panel) and My, (right panel) distributions for signal and SM background for the process pp — W h after
the cuts pry, > 100 GeV and |yy ;| < 3. Both case (i) and case (ii) are shown.
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TABLE VI. The cross sections (in fb) for the signal process

PHYSICAL REVIEW D 80, 075007 (2009)
pp— W — Wh— €F;bb for case (i) and case (ii), and the SM

background, with the cuts applied successively. We show cross sections for My, =2 and 3 TeV, and the number of events and

significance (S,) with the luminosity £ (in fb~!) as shown for each case.

2 TeV Basic M 4 My b tag L Number of events S/B S,
Case (i) 1.8 1.5 0.55 0.35 100 35 0.65 4.8
Case (i) 1.6 1.5 0.8 0.5 100 50 1 6.4
SM Wh 43 0.35 0.016 0.01 1

SM W + 1j 3.1 X 10* 220 10.5 0.53 53

3 TeV Basic M g My b tag L Number of events S/B S,
Case (i) 0.26 0.19 0.04 0.03 300 9 1 2.75
Case (ii) 0.33 0.3 0.12 0.08 300 24 2.4 6.2
SM Wh 43 0.13 0.001 6 X107 0.2

SM W +1j 3.1 X 10* 89 0.68 0.03 9

TABLE VII. The cross sections (in fb) for the signal process pp — W' — Wh — (jj))WW — (jj)€E+(jj) for case (i) and case (ii),
and the SM background, with the cuts applied successively. We show cross sections for My, = 2 and 3 TeV, and the number of events
and significance (S, ) with the luminosity £ (in tb™!) as shown for each case.

2 TeV Basic Mg My m L Number of events S/B Sy
Case (i) 1.6 1.3 043 0.34 100 34 4 8.5
Case (ii) 2.1 1.9 0.9 0.7 100 70 7 14
SM Wh 26 0.31 0.014 0.01 1

SM h+1j 220 2 0.07 0.02 2

SM W +2j 3 x 10* 36 0.62 0.06 6

3 TeV Basic M g My Mg L Number of events S/B S,
Case (i) 0.22 0.17 0.04 0.035 300 11 2 4
Case (ii) 0.3 0.26 0.1 0.09 300 27 4 8
SM Wh 26 0.12 g X 1074 7X 1074 0.2

SM h+1j 220 0.72 5%x1073 2% 1073 0.6

SM W +2j 3% 10* 4.1 0.05 0.015 4.5

and 0.3 for a light jet [13]. For My, = 3 TeV, we apply the
jet-mass cut only on j since its performance in jr might
deteriorate owing to increased collimation.

In Table VII we show the cross sections as we apply the
above cuts successively. Similar to the previous case, we
find that we will need £ = 100 fb~' (£ = 300 fb~!) fora
2 TeV (3 TeV) W' to reach a good statistical significance.
The S/B is found to be quite adequate for a signal discov-
ery, and the reach is limited by signal statistics.

D. W/ — (v final state

In spite of the unique signal kinematics, we expect the
signal event rate to be quite small for this final state, given
the tiny branching ratio for this mode. Nevertheless, for
completeness, we show in Table VIII for My, = 2 TeV the
cross sections for this mode after the following cuts:

Basic cuts: pye > 100 GeV; £ > 100 GeV; [n,| < 3.

Meff cut: Meff > 1 TeV.

My cut: 1.5 < My, <2.5 TeV.

We include the SM W= exchange irreducible background.
As expected, the signal rate is rather low in comparison
with the irreducible SM background. We thus do not expect
this mode to be detectable. The modes explored in the
previous subsections have much better reach, as we have
demonstrated.

V. COMPARISON TO TECHNICOLOR STUDIES

Based on the AdS/CFT correspondence, the warped
extra dimensional model is conjectured to be dual to purely

TABLE VIII. The cross sections (in fb) for the signal process
pp — W' — £ for case (i) and case (ii), and the SM back-
ground, with the cuts applied successively, for My, = 2 TeV.

2 TeV Basic M 4 My
Case (i) 0.04 0.024 0.012
Case (ii) 0.05 0.04 0.02
SM W 4 x 103 6.9 0.44
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4D strong dynamics being involved in EWSB, such as
technicolor or composite Higgs models. So, we expect
similar signals for the two scenarios, and therefore it is
useful to compare the extensive technicolor studies in the
literature (see Ref. [47] for a review) with our current work
on signals for electroweak KK gauge bosons in warped
extra dimensions (including the neutral case studied earlier
in Ref. [13]).

We begin with the details of this duality which will
enable us to compare the signals that we studied to techni-
color studies. The 5D model corresponds to a 4D theory
with two sectors.” There is a sector which is strongly
coupled, with the strength of the couplings in this sector
remaining approximately constant over the Planck-weak
hierarchy; i.e., it is a quasiconformal theory. Conformal
invariance is broken at the TeV scale, resulting in a tower
of composite (bound) states starting at ~TeV scale. The
second sector consists of particles external to this confor-
mal sector or elementary (as opposed to the composites of
the strong sector above). However, these two sectors are
not isolated; i.e., they do couple to each other. As a result,
the elementary particles (external to the CFT sector) mix
with the CFT composites and the mass eigenstates (physi-
cal states) are admixtures of the two sets of particles. These
physical states correspond to the zero and KK modes of the
5D theory.

Furthermore, the location of a mode in the extra dimen-
sion is dual to the amount or degree of compositeness (in
the sense of the elementary-composite mixture above) of
the corresponding state in the 4D theory. Specifically,
modes which are localized near the Planck (TeV) brane
are interpreted as states which are mostly elementary
(composite). Thus, the light SM fermions are mostly ele-
mentary, whereas the top quark, Higgs (including unphys-
ical Higgs or longitudinal W/Z), and all KK’s are mostly
composites (the SM gauge bosons with a flat profile are in
between in terms of compositeness). Roughly speaking,
the KK tower of the 5D theory then corresponds to the
tower of (massive) composites (‘“‘hadrons’) in the 4D
theory. As discussed earlier, the coupling of a set of modes
of the 5D theory is proportional to the overlap of the
corresponding profiles in the extra dimension; i.e., it is
large if all the modes of this set are localized near the
TeV (or Planck) brane and small if some modes are local-
ized near the Planck brane while others are localized near
the TeV brane. In the dual 4D theory, the first situation
corresponds to all the particles of the set being mostly
composite (or mostly elementary), clearly resulting in a
large coupling between these particles, while the second
situation involves some particles which are mostly elemen-
tary and others which are mostly composites (thus account-
ing for the small coupling).

5See Ref. [29] for a two-site description of the 5D model
(including the couplings to the heavy new particles) along these
lines.
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We now compare the nature of couplings and hence the
decay channels in the warped extra dimensional model that
we studied to the case of technicolor theories studied
previously. First of all, the decays to physical Higgs bosons
(+ W/Z) for the electroweak KK’s that we studied are
new compared to most technicolor studies. See, however,
Ref. [48]. The reason is that in many technicolor theories,
there would not be a light Higgs (see, however, Ref. [49])
since the basic idea of technicolor models is that the strong
dynamics directly (spontaneously) breaks EW symmetry.
Equivalently, WW scattering is unitarized by exchange of
spin-1 bound states (techni-p’s) instead of by a (light)
Higgs. On the other hand, the warped extra dimensional
model that we studied (with a light Higgs in the spectrum)
is dual to composite Higgs models in 4D, i.e., where strong
dynamics does not directly break EW symmetry. Rather,
the strong dynamics produces a light composite Higgs
which then acquires a vacuum expectation value in the
low energy theory to break EW symmetry.

However, the decays of electroweak KK’s to WZ or WW
and production of KK’s in vector boson fusion are (quali-
tatively) similar to those studied in the technicolor litera-
ture for the following reason. Recall that the decays of
electroweak KK’s to WZ and WW are dominated by
longitudinal polarizations of the latter, with couplings
which are enhanced relative to the SM. Since longitudinal
W /Z are equivalent to unphysical Higgs, it is clear (based
on the above discussion) that this coupling is dual to a self-
coupling of three composites (i.e., techni-p with composite
Goldstone bosons) in the 4D theory and thus is expected to
be large. Clearly, such a coupling is a general characteristic
of EWSB originating from strong dynamics and is present
in all technicolor models studied in the literature. Of
course, the details of these couplings at the quantitative
level will be different in the 5D model than in the techni-
color case (see Ref. [50] for a model-independent parame-
trization of couplings in composite Higgs models).

For the case of couplings of gauge KK’s to fermions, it is
convenient to consider two pieces or contributions in the
formula for this coupling (see Table X) as follows. It can be
shown that the piece = 1/& comes from the overlap of
profiles near the Planck or UV brane. This part of the
coupling is dual to the SM fermion first coupling to the
photon/W/Z (external to strong dynamics) which then
mixes with the composite techni-p (analog of photon-p
mixing in QCD). Clearly, this piece of the coupling is
present in technicolor models studied in the literature as
well and is flavor universal.

The contribution to the coupling of SM fermions to
gauge KK’s « ¢ originates from the overlap of profiles
near the TeV or IR brane. In the 4D theory, this part of
the coupling corresponds to a direct coupling of SM fer-
mions to the techni-p, i.e., a coupling involving the com-
posite component of the techni-p (as opposed to the
coupling via techni-p’s mixing with external gauge bo-
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sons). Clearly such a contribution arises from (partial)
compositeness of the SM fermions themselves and is of
similar size to the fermions’ coupling to the Higgs (which
is another composite). Thus, this piece of the coupling is
« 4D or SM Yukawa coupling and is therefore flavor
dependent.

This second contribution to the SM fermion coupling to
KK’s is absent in ‘“‘extended technicolor” (ETC) [47],
which is the mechanism used in traditional technicolor
models to generate fermion masses (instead of partial
compositeness of SM fermions as described above). In
detail, in ETC the SM fermion masses originate from the
coupling of two SM fermions to (a scalar operator of)
strong dynamics such that there is no mixing of external
fermions with composite fermions, unlike in the partial
compositeness case which involves coupling of a single
external fermion to (a fermionic operator of) strong dy-
namics. In any case, this piece of the coupling is irrelevant
for production of gauge KK’s via the DY process since that
involves (dominantly) light fermions, whereas it is relevant
for decays of gauge KK’s into heavier SM fermions (top/
bottom). Therefore, DY production of gauge KK’s is (at
least qualitatively) similar to that of techni-p’s in techni-
color, whereas decays to top quarks are different than in the
simplest technicolor models with ETC.

In general, using the warped extra dimension framework
has the advantage that we have a concrete, weakly coupled
model so that we can ensure that we have a consistent set of
couplings. In contrast, most technicolor studies simply
used a parametrization for the various couplings rather
than a well-defined model, although one could conceivably
have such a model for these couplings by rescaling QCD
data (assuming the strong dynamics is QCD-like).

Other differences between our analyses and earlier stud-
ies of technicolor are as follows. Most of the technicolor
studies did not go beyond ~2.5 TeV mass for the
techni-p’s, although the heavier end of the mass range
was preferred by constraints from EWPT (specifically,
the S parameter), while we have considered signals for
electroweak KK’s up to 3 TeV. Finally, the semileptonic
decay of the WW or WZ has not been studied in detail in
the technicolor context, especially the use of the jet-mass
cut to discriminate a W/Z jet from a QCD jet.

VI. DISCUSSION AND CONCLUSIONS

In the past few years, it has been shown that the frame-
work of a warped extra dimension with SM fields in the
bulk can address many of the puzzles of nature. Thus, this
framework is a very attractive extension of the SM (per-
haps as compelling as SUSY). As the LHC has started, it is
very crucial to study in this framework robust signals from
the direct production at the LHC of the new particles,
namely, the KK excitations of the SM. Over the last year
or so, such analyses have been performed for the KK
gluon, graviton, Z, and some fermions. Here, we continue
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this program with a study of the charged electroweak KK
gauge bosons (W'), thus completing the study of spin-1
states in this framework. We summarize in Table IX the
LHC reach for the two ¢ cases discussed in Sec. II C with
representations shown in Eq. (B2), extracting from the
detailed analysis we presented in Sec. IV the best channel
for each of the W' decay modes. We give the luminosity
and resulting significance for the mass shown. We find that
we can get a sensitivity of 2(3) TeV masses with an
integrated luminosity of about 100(300) fb~!, which,
although slightly better, is comparable to the KK Z reach
obtained in Ref. [13].

It is instructive to compare our analysis to the previous
ones, starting with various spin-1 states, in order to illus-
trate the complementarity of the various studies. The KK
gluon has the largest cross section in this framework, but it
decays mostly into 77 which results in exclusively jetty final
states, even if the W from the top decays to leptons (due to
the high degree of collimation of decay products of the top
quarks). On the other hand, KK W decays into WZ can
result in clean, purely leptonic and fully reconstructible
final states, albeit with a small BR, which in the end does
not result in the reach being larger in this channel.® In
contrast, KK Z decays into WW can also result in purely
leptonic final states, but the invariant mass is not recon-
structible in this case. The semileptonic analogues of these
decays for KK W/Z (i.e., one W/Z decaying leptonically
and the other hadronically) are on a similar footing to the
KK gluon in terms of cleanness since the detection of the
highly collimated hadronically decaying W/Z requires
discriminating it from the QCD-jet background (just like
for highly collimated top quarks from decays of the KK
gluon): in our analysis a jet-mass cut was used for this
purpose. Finally, KK Z decays to top pairs are swamped by
KK-gluon background,” but KK W decays to tb do not
have this problem if the background from the KK gluon to
tt with one highly boosted top faking a bottom can be
reduced, for example, again by using jet mass as we did
here.

SIn more detail, the ability to reconstruct the WZ invariant
mass makes the S/B larger, but the effect is diluted a bit when
we consider S/+/B. The effect of a smaller BR of WZ vs WW to
leptons cancels in S/B, but still tends to reduce S/+/B. So, the
net result is a significantly larger S/B for the former case, but
S/+/B is not larger by as much. Another issue is that the KK W
can decay into one KK and one zero-mode fermion in the setups
that we considered (with decays to two light KK fermions being
kinematically forbidden in the cases that we study). The pres-
ence of this channel dilutes the BR to WZ for the KK W. Such a
decay channel is suppressed for the KK Z since the light KK
fermion comes from a different 5D fermion field than the zero-
mode fermion, and thus U(1) gauge bosons [including U(1)
subgroups of non-Abelian gauge multiplets] such as the Z cannot
couple these two fermions.

7 Assuming a small mass splitting between the KK Z and the
KK gluon as in the simplest models with no brane-localized
kinetic terms for bulk gauge fields.
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TABLE IX. Summary of the best channel for each of the W' decay modes, giving the luminosity and significance (S, ) for the mass
shown, in the two t coupling scenarios of cases (i) and (ii). The significance is computed as S, = §/+/B, but when the number of
events is small, we use Poisson statistics and quote an equivalent Gaussian significance. For the b channel the numbers without (and
with) the reducible 77 background are shown.

Case (i): Channel My, (TeV) L (b S/B S,
th — Lvbb 3 300 5.8 (0.9) 4.5 (2.2)
ZW — fv 3 1000 6 4.3
my, = 120: Wh — £vbb 3 300 1 2.75
my, = 150: Wh — (jj)€v(jj) 3 300 2 4
Case (ii): Channel My (TeV) L (b S/B S,
th — €vbb 2 1000 0.4 (0.2) 3.4 (2.5)
ZW — ey B 3 1000 10 6

my, = 120: Wh — €vbb 3 300 2.4 6.2
my, = 150: Wh — (jj)€v(jj) 3 300 4 8

TABLE X. Values of ¢ sW' overlap integrals: Case (i), t — (1, 1), cgr =0,and ¢,, = 0.4
(upper table), and case (ii), tx — (1, 3), coy = 0.4, and ¢,, = 0 (lower table). All the other c’s
>0.5. We take ¢ = /kmr. = 5.83. All SM fermions have (++) BC, exotic beyond-the-

standard-model fermions have (—+), W, has (++), and Wg has (—+) BC.

Coy = 0, ¢, =04 Qi tr Other fermions

Ittt .. —%-1—0.75%3.9 —%4—0.25%1 —%z—OQ
++

J—+,—+ ¢ £ e

y 0.8¢ = 4.6 0.4¢ =23 ~0

Coy = 04,¢,=0 03 g Other fermions

Ittt .. —%-1—0.25%1 —%—1—0.75%3.9 —%z—OQ
++

]—+,—+ 3 £ e

T2t . 04¢ =23 0.86 = 4.6 =~ 0

We reiterate that further development of techniques for
detecting highly boosted W/Z jets and similarly vetoing a
highly boosted top faking a bottom can improve the reach
for charged (and also neutral) EW states. Another feature
we would like to mention is that there are two extreme
possibilities for the profiles of top/bottom quarks which are
relevant for the KK W search, namely, where the right-
handed or left-handed top is localized near the so-called
TeV brane in the extra dimension (while the other chirality
has a close-to-flat profile)—the point is that either 7 or 7,
must be localized near the TeV brane in order to obtain the
large top mass. The first possibility is favored by flavor
precision tests, whereas EW precision tests have a milder
preference for the second. Note that the KK modes are also
localized near the TeV brane. Hence, the coupling of the
KK W (and hence the BR) to left-handed 7 (and b)® is
suppressed or enhanced in the two cases and thus vice
versa for BR of the other channels with significant cou-
plings to the KK W, i.e., WZ and Wh, making the two

8The decays of KK W to tz and by are usually suppressed
since by is localized near the Planck brane.

search channels (i.e., tb and WZ/h) complementary in the
case of the KK W. These two choices for top profiles make
less of a difference for the KK Z search since the KK Z
always has substantial BR to decay into SM top pairs (of
whichever chirality—LH or RH—is localized near the TeV
brane).

For a complete perspective of this research program, we
now comment on the other spin states. The spin-2 KK
graviton is typically heavier than the spin-1 states and
thus has an even smaller production cross section. Its
decays to 17 are not likely to be swamped by those of the
KK gluon due to the different mass, but one faces the (even
more difficult) challenge of identifying highly boosted top
quarks. Decays to ZZ followed by leptons are possibly the
cleanest and can moreover be fully reconstructed, but
suffer from a very small BR. In contrast, decays to WW
cannot be reconstructed in the fully leptonic case (just like
in the case of KK Z), and challenges for the semileptonic
case are similar to KK W/Z from QCD background.

As far as KK fermions are concerned, the masses of the
KK excitations of top/bottom (and their other gauge-group
partners) in some models (where the 5D gauge symmetry is
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extended beyond that in the SM) can be (much) smaller
than gauge KK modes, enhancing the prospect for their
discovery. In fact, the other heavier (spin-1 or 2) KK modes
can decay into these light KK fermions, resulting in per-
haps more distinctive final states for the heavy KK’s than
the pairs of W/Z or top quarks that have been studied so
far—for a recent such study for the KK gluon, see
Ref. [11]. A few studies of signals for the heavier KK
fermions and of the radion have also been done. We leave
more detailed studies of heavier KK fermions and radion
(as well as the rather model-dependent decays of a heavier
KK Z/W /graviton into lighter KK’s or radion) for future
work.

We would like to emphasize that the signals we studied
in this paper (and the previous one on neutral gauge
bosons) might actually be valid for a wider class of non-
supersymmetric models of EWSB. For example, based on
AdS/CFT correspondence discussed in Sec. V, it is clear
that any kind of 4D strong dynamics involved in EWSB
will (in general) share many of the features of the 5D
model. Also, the parameter space of little Higgs models
which satisfies EWPT corresponds to the W/, Z' being
weakly coupled to light fermions and strongly coupled to
Higgs (including longitudinal W/Z) [51], just like in the
5D models we studied here. Moreover, some UV comple-
tions of little Higgs involve 4D strong dynamics which
might have a dual warped extra dimensional description.
Thus, little Higgs models and EWSB models with strong
dynamics are likely to have LHC signals similar to the ones
we have studied. Note, however, that the flavor structure of
the warped extra dimension is different than in traditional
technicolor models so that the decays of KK W/Z to top/
bottom are new features. We would also like to point out
that the jet-mass cut for semileptonic decays of WZ or WW
from the decay of heavy W/Z has not been studied in detail
in these other contexts (technicolor or little Higgs).

In more generality, the point is that there is a class of
nonsupersymmetric extensions of the SM without a sym-
metry (analogous to R parity in SUSY) which allow tree-
level exchange of new particles to contribute to (purely)
SM operators, resulting in strong constraints from preci-
sion tests, typically a few TeV mass for the new particles.
Moreover, in many such models, the top/bottom quark and
Higgs, including the longitudinal W/Z, couple strongly to
the new particles since all these particles are closely asso-
ciated with EWSB. On the other hand, the coupling of the
new states to light fermions is typically weak, in part based
on considerations of flavor and EW precision tests. Thus, a
large class of nonsupersymmetric models faces challenges
similar to the warped extra dimension framework that we
studied here; namely, production of the new states tends to
be suppressed and decays are mostly to top quarks/W/Z,
which are highly boosted. In summary, the techniques we
developed in this paper might be useful for obtaining
signals for a wider class of models, beyond warped extra
dimensions.
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APPENDIX A: MIXING ANGLES

The electroweak gauge group in the bulk is SU(2); X
SU((2)g X U(1)y, with the hypercharge being a linear com-
bination of U(1)g and U(1)y. The extra SU(2)y (relative to
the SM) ensures suppression of contribution to the EWPT
(specifically, an observable called the T parameter). Hence,
we obtain two charged 5D fields—one from each SU(2)
group in the bulk—denoted as W}~ and Wy . In addition,
there are three neutral 5D electroweak gauge bosons de-
noted as W3, W3, and X whose theory and LHC phenome-
nology was explored in Ref. [13]. These bulk gauge fields
can be expanded as a tower of KK states. As explained in
detail in Ref. [13], the SU(2)z ® U(1)x — U(1)y symme-
try breaking by boundary conditions (BC) leaves a zero
mode in one combination of (W3, X) (the hypercharge
gauge boson B) while rendering the orthogonal combi-
nation (denoted by Zy) (and Wg) without a zero mode.
Also, SU(2);, ® U(1)y — U(1)gy, symmetry breaking by
the Higgs vacuum expectation value leaves one combina-
tion of (W}, B) zero modes massless (the photon A®),
while making the orthogonal combination (Z) (and the

WLi (0)) massive. In addition to the above zero modes, in
each of these charged and neutral towers of states, we will
restrict to the first KK modes only and denote the charged
ones by W, and Wy , and the neutral ones by A;, Z;, and
Zx1- EWSB also mixes these first KK modes with each

other (and with Z(©, Wf (0)) and the resulting heavy mass
eigenstates are denoted by the charged WLI, Wk .» and the
neutral A,, Z,, and ZX] states.

Here we collect from Ref. [13], expressions for the
mixing angles mentioned above: for more details, see
this reference. These mixing effects can be conveniently
expressed in terms of the following parameters [with s =
sin() and ¢ = cos()]

g8
—_— (A1)
v8® +si

e = 8z = gL/CW»
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g
SW:ﬁ’ CW=‘,1 _S%V, (A2)
8 8L
8x8
g’ = J%, 87 = gR/C/; (A3)
8r T 8%
=X  o=V1-52 (A4

Ver + &k

The first two relations above (involving mixing of B® and

WE(O)) are just the usual SM ones. The last two relations
above are the analogs of the first two, but involve mixing of
W3 and X instead (with gy denoting the coupling of the
“would-be” X zero mode). For our numerical study, we
assume g; = gp throughout, which is motivated by custo-
dial symmetry protection for Zbb. For this case, we have
s’ =0.55, ¢/ = 0.84.

As explained in Appendixes A and B of Ref. [13],
EWSB induces a mixing between Z) — Z, (with mixing
angle 6,;) and Z© — Zy, (with mixing angle 6,x). To
leading order in M,/M,, these mixing angles are given by

M, \2
sinfy; = (M—ZZ) k7r., (A5)
1
M, \2(gy
sinfy;y ~ —(M z ) (i—z)c'a/kmc. (A6)
Zy z

For example, for M, = 2 TeV, sy = 0.013 and sg;x =
—0.01.

EWSB similarly induces mixing in the charged W=
sector, i.e. mixing between W «— W', with the mixing
angle given by

M \2
sinfy, ~ (MV:V) kar,, (A7)
M \2
sinfog ~ —(—W) (g—R),/kmc. (A8)
M We, 8L

For example, for M, =2 TeV, sq;, = 0.01 and s =
—0.01.

EWSB also induces Z; < Zy; mixing, with the mixing
angle given by

—2M3(87/82)c kr,
(M%m - M%,) + M%((gz//gz)zc"‘ — Dkrr,
(A9)

For example, for M, = 2000; M, = 1962 GeV, this
implies that s; = 0.48, ¢, = 0.88. After this mixing, we
will refer to the mass eigenstates as Z; and Zy;.

EWSB similarly induces W, «— Wg , with the mixing
angle given by

tan26, =
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—2M5,(gr/ gL )kmr,
(M, — My, ) + Miy((gr/81)* — Dkarr,
(A10)

For example, for MWLl = 2000; MWR1 = 1962 GeV, this
implies that s{ = 0.6, c¢{ = 0.8. After this mixing, we will
refer to the mass eigenstates as W, and Wg , and for
notational ease they were denoted by W; and Wy, respec-
tively, in the main text.

tan20{ =

APPENDIX B: COUPLINGS OF W’

We work in the approximation (kwr.)m3,/M%, < 1.
We focus mainly on the fermion representation with the
custodial symmetry protecting Zbb.

1. W' coupling to fermions

We show below the fermion representations under
SU(2);, ® SUQ2)r ® U(1)y, denoted as (L, R)y. We take
the left-handed quarks of the first and second generations,
and the left-handed leptons to be doublets under SU(2);.
This specifies the interaction of these fields with W, . The
W, couplings to first and second generation quarks, right-
handed bottom quark, and leptons are negligibly small
since the Wy profile is suppressed near the Planck brane
where these fermion fields are peaked. To have the custo-
dial symmetry protection of the Zbb coupling [37], we take
the third generation left-handed quarks to be in the repre-
sentation

r=(a a)= (,ﬁL s ) =22y  (BD)

L 1L

where y;, T; are taken to have (—+) BC with no zero
modes,9 with — denoting Dirichlet BC and + denoting
Neumann BC. We have Q(y,;) = 5/3 and Q(T,) = 2/3.
To accommodate the large top and bottom mass difference,
we assume that ¢z and by do not belong to the same SU(2)x
multiplet. We consider two cases for the 75 representations,

Case (i): tg — (1, 1)yy3,

XR XK
Case(ii): g — (1, 3)2/3 ® (3, 1)2/3 = g @ T;QH ,
BII BII/
R R

(B2)
where the non-SM fermions have (—+) BC with no zero
modes, and the fermions in the (3, 1) representation are not
discussed further in our work here since the W' decay to a
pair of them is kinematically forbidden. For case (i), tz —
(1, 1), the EWPT are better satisfied [38] for coi = 0 and
Crp = 0.4, i.e., Qz peaked closer to the TeV brane, while
for case (i), 1 — (1, 3), for cor = 0.4andc, =0,ie.,c,

?All SM fermions have (++) BC since they are zero modes.
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peaked closer to the TeV brane. After including the charges
and the overlap integrals, the largest effective coupling of
third generation fermions to gauge KK modes in case (i)
would be to Q3, being larger than that in case (ii), which
would be to ;. Consequently, while on the one hand,
FCNC’s induced by coupling of gauge KK to b; would
be larger in case (i) and hence more problematic for the
simplest constructions, on the other hand collider signals in
the b channel would be larger compared to case (ii).

The fermion couplings to W’ depend on various mixing
angles summarized in Appendix A. The couplings also
depend on the overlap of the profiles, which we give
next. We note that W, has (++) while Wy has (—+)
BC. The overlap integrals of a W’ with two fermions are
given in Table X. We represent by Iy} . the overlap
integral of the W’ having xx BC with two fermion fields,
one with yy and the other with zz BC. For instance, I , ;
is the overlap integral of the W, with two fermions, both
with (++) BC,and J17 _, the overlap integral of the W _
with one fermions with (+ +) BC and the other with (—+)
BC. Similarly, I y*;z represents the overlap integral of the
Wk, with two fermions. Because of the orbifold Z, sym-
metry, we have /11 _, =0 etc., and we show only the
nonzero ones in the table.

We note that the mass of the (—+) fermion is lighter
than MWLl for ¢ < 1/2.In particular, for ¢ = 0.4 it is about

0.9M W, and for ¢ = 0 it is about 0'6MWL1 . The first KK
excitations of the (++) fermions are typically heavier than
MWL1 (being equal at ¢ = 1/2).

The W’ coupling (Feynman rule) to fermions is given by

iL—{Cl’ C}IuLdL

where u; (dy) denotes first and second generation up-
(down-) type fermions. The third generation left-handed
fermion couplings are given by

“LdL{WLI WR} i (B3)

tLbL{WLl WR} 8L {c5, sH 1y

7

8
LTL{VVL1 WR} i L{Cp l}]XLTL

7

g
Xt AW Wi i S5 s, —cH L

NG

TLbL{W,:, W,ng}: i\/—%{sﬁ, —ciH T,

by’

(B4)

XLy’
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For case (i), 1z — (1, 1), it does not interact with the W',
as already mentioned. For case (ii), 7z — (1, 3), its inter-
action with the W' is given as

_//tR{WL] WR} —l—{ 5§, ¢ }I)(t’

(BS)

fRB%{WZI, W;{] : { s§, ST

I B/I

2. W' coupling to two SM gauge bosons

In order to derive the triple gauge-boson coupling, we
start with the KK basis Lagrangian terms (keeping in mind

w; ¥ =0)

£ B _g W3(0)W+(0)W_(0) — g Wz(l)WZ'(l)WL_(O)

— WO g Oy =)

(B6)

Writing this in the mass eigenstate basis after EWSB
results in the triple gauge-boson couplings (Feynman
rules). The AW'=W~* coupling is zero. The Z couplings
(Feynman rules) are given by

ZWZ[ W™ — igLCW[ SORS1<gR W / + 1) - smcf],
8L Cw
ZW;{IW*: lchW[soRc (gR W s+ 1) - smsf:l,
8L Cw

(B7)

and for comparison, we note that the SM triple gauge-
boson coupling is given as {A, ZYW™W™: —ig; {sw, cw}.

3. W' coupling to the W and Higgs

Starting from Eq. (44) of Ref. [13], we obtain the
couplings to the Higgs by making the substitution v —
(v + h), which results in the couplings (Feynman rules)

2 2
iy kwrc{(cf + gRsl) (sf —g—Rcf)},
v 8L 8L

2

e ) -5

- - 2
{WZ], W;l W~ hh:i
v L 8L

(B8)

(Wi Wg W™ h:i

where the hh couplings include a symmetry factor of 2.
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