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Abstract

While the warped extra dimensional models provide an attractive solution to both the gauge
and the flavor hierarchy problems, the mass scale of new particles predicted by the minimal
models would be beyond the reach of the LHC. Models of extended warped extra dimensions
have been proposed to evade these issues and their collider implications have been investigated
for the last decade. This white paper summarizes the recent developments in the context of
collider phenomenology. The strategies and lessons are broad, and provide a template to extend
the experimental program, to cover a wider class of signals in other new physics scenarios as
well.

1

ar
X

iv
:2

20
3.

13
30

5v
1 

 [
he

p-
ph

] 
 2

4 
M

ar
 2

02
2



Contents

1 Executive Summary 2

2 Extended Warped Model 2

3 Collider Signatures 3
3.1 Cascade Decays of Warped Vector Resonances . . . . . . . . . . . . . . . . . . . . . . 3

3.1.1 Tri-EW Boson Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.1.2 Boosted di-EW Boson Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.2 Four-jet Signals of KK Graviton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4 Future Prospects 7

5 Conclusions 8

1 Executive Summary

Although the monumental discovery of the Higgs particle puts the final piece of the Standard Model
(SM), the stability of its mass against high-scale physics still remains as an open question that the
SM cannot answer. The Randall-Sundrum model with two branes [1, 2] is a promising framework
to address this issue, and the warped extra-dimensional models [3, 4, 5, 6], where even the SM
gauge and matter fields propagate in the bulk, additionally provide an attractive solution to the
flavor hierarchy problem. These models predict rich phenomenology at the Large Hadron Collider
(LHC), but no conclusive signals have been observed yet; in fact, flavor/CP violation constraints
(without extra symmetries) already suggest that the mass scale of relevant new particles be of
O(10) TeV [7, 8, 9, 10] even before the LHC was turned on.

In light of this situation, models of extended warped extra dimensions [11] have been proposed
to avoid these potential issues while not only keeping the virtue of solving gauge/flavor hierarchy
problem but letting new particles [e.g., Kaluza-Klein (KK) excitations] accessible at the LHC. In
this white paper, we discuss the idea of models of extended warped extra dimension and their
phenomenological implications on energy-frontier collider phenomenology. The signal topologies
and the kinematic regimes in which they are produced, are novel and challenging for detection. The
developed collider stragies are applicable to other BSM scenarios where such signals are relevant,
and in general they allow the experimental programs to have sensitivity to broad class of signals.

2 Extended Warped Model

The basic idea is to postulate an additional brane beyond the “Higgs” brane, where the SM Higgs
field is localized, and to assume that the SM gauge fields (together with gravity) can propagate
further in the extended bulk down to the additional brane (henceforth called IR brane). See also
Figure 1. By contrast, the SM matter fields are confined in-between the usual UV brane and the
Higgs brane, so if the Higgs brane is set to be O(10) TeV (at the expense of a little hierarchy
issue), flavor/CP violation constraints can be avoided [11]. Now the IR brane is allowed to be of
O(2−3) TeV without any severe tension with the existing limits, thus the LHC is capable of probing
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Figure 1: Extended warped model with all SM gauge fields (and gravity) in the extended bulk. The
colored lines show the schematic profiles of the corresponding fields.

KK modes of the SM gauge fields and gravity. In addition, the usual leading decay channels of the
lightest KK modes into top quark and Higgs boson are suppressed. This effect permits erstwhile
subdominant channels to emerge significant. Therefore, collider phenomenology that has received
less attention becomes an important aspect in exploring extra-dimensional models at the energy-
frontier facilities, throughout the upcoming decades.

3 Collider Signatures

In this section, we summarize various collider signatures of KK vector resonances followed by KK
graviton.

3.1 Cascade Decays of Warped Vector Resonances

A class of well-motivated scenarios is the process where a singly produced gauge KK particle (say,
AKK) decays to a corresponding SM gauge particle (say, A) and a radion (denoted by ϕ) which
subsequently decays into a pair of the SM gauge particles which are possibly different from the
upstream gauge particle A [12] (see Figure 2):

pp→ AKK, AKK → A ϕ, ϕ→ γγ/WW/ZZ/gg . (1)

In other words, the expected experimental signature involves a two-step cascade decay of a warped
vector resonance, resulting in various combinations of three SM gauge bosons in the final state
with sizable production cross-sections: for example, γgg, gγγ, ggg, gVhVh, and Wlgg, with Vh and
Wl denoting hadronic massive SM gauge bosons and leptonic W , respectively. This cascade nature
of the decay can make the signal identification challenging (e.g. due to combinatorial ambiguities,
or due to merging of some of the final states, if sufficiently boosted). One can imagine such
signals easily appearing in other contexts, making this line of investigation much more general.
A sensitivity study for those channels has been performed, reporting that they would allow for an
excess of ∼ 3σ to more than ∼ 10σ at the high-luminosity (HL) LHC [12]. Note that the radion
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Figure 2: Cascade decays of KK gauge bosons, AKK into a radion and the coresponding SM gauge
boson, A = g/W/Z/γ, followed by the radion decaying into a pair of any SM gauge bosons.

cannot be lighter than ∼ 1 TeV in the scenario where all SM gauge field propagate in the extended
bulk, since there are strong bounds from its di-photon decay with production from gluon fusion
(both couplings are at respective full/vanilla strength). So, in this case, the two SM gauge bosons
from radion decay are well-separated.

3.1.1 Tri-EW Boson Signals

An intriguing model variation under the aforementioned extended framework is to allow only
electroweak (EW) gauge fields to propagate in the extended bulk while keeping the gluon field
confined in-between the UV and Higgs branes [13] (see the left panel of Figure 3). Under this
model setup, tri-boson signals, e.g., tri-photon, tri-W , Wγγ etc are well motivated (see Figure 4).
Depending on the mass choices, in the case of three massive gauge bosons, they can be significantly
boosted so that a novel signature of three “fat” W/Z jets can arise. We have performed a sensitivity
study for the above tri-boson signatures, using the jet substructure techniques, and found that all
channels would allow for more than ∼ 4 − 5σ significance even with an integrated luminosity of
300 fb−1 [13].

UV IRHiggs brane

KK W/Z/γ
light fermions

Radion

SU(3)c × SU(2)L × U(1)Y SU(2)L × U(1)Y

SM W/Z/γ

KK g

top, Higgs

SM g

UV IRHiggs brane

KK B

light fermions

Radion

SU(3)c × SU(2)L × U(1)Y U(1)Y

SM B

KK g/W

top, Higgs

SM g/W

Figure 3: (Left) Extended warped model with SM EW gauge fields in the extended bulk. (Right)
Extended warped model with the hypercharge gauge field in the extended bulk.
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Figure 4: Cascade decays of KK EW gauge bosons (VKK) into a radion and the corresponding SM
EW gauge boson, V = W/Z/γ, followed by the radion decaying into a pair of SM EW gauge bosons.

A more specific version involves only hypercharge gauge boson having access to the extended
bulk (see the right panel of Figure 3), in which case KK W and KK gluon are very heavy, but the KK
hypercharge gauge boson is potentially within LHC reach [13].

3.1.2 Boosted di-EW Boson Signals

An interesting region of parameter space for the above tri-boson signal is the region where the mass
gap between the KK EW gauge and the radion is so large that the radion is significantly boosted.
The point is that a light radion is now allowed, i.e., satisfies di-photon search bounds, since radion
couplings to SM gluons, hence its production is highly suppressed, even if decays to di-photons
are still present. As a result, its decay products, for example, two W/Z are not just significantly
boosted, but merged, forming a “fat” jet with multi-layered substructures (see Figure 5). This
signature is not well captured by existing searches in which conventional boosted techniques are
adopted, so a dedicated search strategy with a targeted jet reconstruction algorithm is needed to
improve the signal sensitivity.

𝑝

𝑝

𝑊/𝑍

𝜑
𝑊/𝑍

𝑊/𝑍

𝑊𝐾𝐾/𝑍𝐾𝐾

Figure 5: Cascade decay of KK W/Z into boosted/merged WW/ZZ, plus an isolated W/Z. Note
that this corresponds to the same Feynman diagram as in Figure 4, but with the radion being light,
thus boosted.

We have developed respective jet substructure techniques to be sensitive to fully hadronic
boosted di-boson jets and semi-leptonic boosted di-boson jets [14]. The application of the tech-
niques to the fully hadronic boosted radion (i.e., ϕ → WhWh) and the semi-leptonic boosted
radion (i.e., ϕ → WhWl) suggests that the associated searches at the LHC with an integrated
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luminosity of 300 fb−1 allow us to probe regions of parameter space in the mWKK
−mϕ plane that

have been unexplored by the existing searches. The techniques developed are generic enough to
be straightforwardly applicable to similar boosted di-boson resonances in other models. Indeed,
the fully hadronic 3 W channel along above lines has already been searched for by CMS [15] and
similarly the semi-leptonic 3 W signal [16]: in both studies, both light and heavy radion were con-
sidered. One can also study hypercharge-only in extended bulk model with a light radion, giving
boosted/merged di-photon (or Z + γ) from light radion decay (see Figure 6). Presence of a light
scalar is however a generic possibility, and the boosted regime of its production is quite relevant
to study for the experimental programs to have a wide coverage, therefore making this line of
investigation again quite broad.

𝑝

𝑝

𝛾

𝜑
𝛾

𝛾

𝐵𝐾𝐾

𝑝

𝑝

𝛾

𝜑
𝑍

𝛾

𝐵𝐾𝐾

Figure 6: Cascade decay of KK hypercharge gauge boson into boosted/merged di-photon (Left) or
boosted/merged Z + γ (Right), plus an isolated photon. Note that this corresponds to the same
Feynman diagram as in Figure 4, but with the radion being light, thus boosted.

3.2 Four-jet Signals of KK Graviton

As gravity always propagates in the extended bulk, its lightest KK mode can be accessible at the
LHC, too. Like the KK gauge modes, its dominant decay channels into top quark and Higgs pairs in
the standard framework become subdominant in the extended framework, whereas the decays to a
radion pair and to a KK gauge particle and its corresponding SM gauge particle begin to “stand out”.
An interesting signature is the four-jet final state stemming from the processes, GKK → ϕϕ, ϕ→ gg
(called “radion channel”) and GKK → ggKK, gKK → gϕ, ϕ→ gg (called “KK gluon channel”), with
GKK and gKK denoting the lightest KK graviton mode and the lightest KK gluon mode, respectively
(see Figure 7). These channels become more significant especially in the model variation where the
SM gluon field is propagating in the extended bulk while the propagation of EW fields is restricted
to the Higgs brane [17] (see Figure 8), in part because radion decays to di-photon (golden channel)
are then extremely suppressed.

Depending on the underlying mass spectrum, one channel is leading to the other, and different
search strategies are motivated due to the difference of the associated event topologies. We have
performed a sensitivity study with a few well-motivated benchmark sets of parameter values giving
well-separated four jets, and found that the HL-LHC (3,000 fb−1) would be sensitive to the KK
graviton signals by ∼ 2.5 − 5σ significance [17]. It was further found that the radion channel can
be the first discovery channel of KK graviton due to the effectiveness of the cuts designed for the
event topology of the radion channel signal, while the KK gluon channel can serve as a cross-check
to understand the structure of the underlying model.
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Figure 7: Cascade decay of KK graviton into two radions (Left) or a radion, plus a KK gluon (Right).
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Figure 8: Extended warped model with only SM gluon (and gravity) in extended bulk.

4 Future Prospects

We can consider a couple of follow-up studies. While a series of our works have shown that the
(HL-)LHC would be able to explore parameter space of the extended warped models, the high-
energy LHC (

√
s = 27 TeV), the 100 TeV future collider and a muon collider will be excellent

venues to explore deep in the parameter space (toward larger masses) or to carry out the precision
studies for the models (upon discovery). So, it would be interesting (and rather straightforward)
to investigate prospects of KK gauge particles and KK graviton at these future colliders, in terms of
their experimental reaches and post-discovery analyses. Moreover, since such signals are already
on the radar of CMS, we hope that the LHC collaborations will pursue this for Run III of the LHC
and HL-LHC as well.

Second, the above-described KK graviton signals with light radions (. 500 GeV), which are
relatively less constrained by existing bounds, are interesting to investigate. Once again, such a
light radion is allowed for only gluon living in the extended bulk, since radion couplings to SM
photons, hence that decay channel is now highly suppressed, even if production via SM gluon
fusion is still at the vanilla/full strength. Owing to substantial mass gaps between such radion and
KK states, the gluonic radion (i.e., ϕ → gg) is significantly boosted, hence manifests itself as a
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Figure 9: Cascade decay of KK gluon into boosted/merged di-gluon, plus an isolated gluon. Note
that this corresponds to the same Feynman diagram as in Figure 2, but with the radion being light,
thus boosted.

merged radion jet (akin to boosted/merged WW mentioned earlier). So, the KK graviton signal
in the radion channel will appear as a dijet event, while that in the KK gluon channel will appear
as a trijet event. Dedicated jet substructure techniques can reveal these signals, allowing us to
explore different regions of parameter space. In fact, CMS has already studied signals for such a
light radion arising from decay of direct production of KK gluon (vs. from KK graviton mentioned
above), giving an isolated gluon, plus a boosted/merged di-gluon (see Figure 9) [18]. Obviously,
this experimental jet substructure algorithm developed for the boosted/merged di-gluon can also
be used for the KK graviton case in Figure 7.

The challenging and universal nature of the class of signals discussed in this white paper is
useful for providing a well-motivated testing ground for novel data driven methods. For example,
Ref. [19] used machine learning (ML) techniques to identify such signals, i.e., with BSM resonances
decaying into “fat” object made of SM particles, thus with a multi-prong structure. Further, this
topology was an important and one of the most challenging ones to detect in anomaly detection
challenges [20], which inform the community of the limitations of existing methods, and allow
development of new ones.

5 Conclusions

Models of extended warped extra dimensions are an attractive framework as they retain the virtue
of addressing the gauge/flavor hierarchy problems like the standard ones and contain new particles
of a few TeV (or even lighter), allowing the models to be tested even in the upcoming LHC runs. A
summary of the generalized tri-boson-type signals from gauge KK covering all possibilities is shown
in Table 1, which includes cases where the two SM gauge bosons from radion decay are merged.
A similar compilation for “quadri”-boson signals from KK graviton can be easily done, generalizing
Figure 7 to the case with all SM gauge fields residing in the extended bulk. Furthermore, collider
techniques for searching for such new particles can inspire the search effort for other new physics
models giving similar experimental signatures. In particular, the studies above serves as motivation
to analyse cascade decays of BSM resonances in general, i.e., within other frameworks/models
as well: again, instead of directly decaying into SM particles, BSM heavy particle can readily
decay into other/lighter BSM particles which subsequently decay into SM particles. Given rich
phenomenology and potential impacts on collider physics, the research on the extended warped
model will be an important aspect of not only the energy-frontier program but the theory-frontier
program in the next decade.
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Singal features

Radion mass
(KK scale & 3 TeV)

General
topology

(I). All SM gauge
in the extended

bulk [12]

(II). Only EW in
the extended
bulk [13, 14]

(III). Only QCD
in the extended

bulk [17]

Heavy radion
(& 1 TeV)

isolated three
bosons

mixture of gluons
and W/Z/γ

(Fig. 2)

mixture of
W/Z/γ (Fig. 4)

3 gluons/jets

Light radion
(O(100) GeV)

boosted
di-boson + an
isolated boson

(ruled out by
di-photon
searches)

W/Z/γ+ boosted
WW/ZZ/Zγ/γγ
(Figs. 5 and 6)

gluon + boosted
di-gluon (Fig. 9)

Table 1: Summary of various triboson signals from KK gauge particle production and decay into
radion.

Acknowledgments

The work of KA and DS was supported in part by the NSF grant PHY-1914731 and by the Maryland
Center for Fundamental Physics. The work of JHC is supported by the U.S. Department of Energy,
Office of Science under contract DE-AC02-76SF00515. PD is supported in part by Simons Investi-
gator in Physics Award 623940 and NSF award PHY-1915093. The work of ME was supported by
the Swiss National Science Foundation under contract 200020-188671 and through the National
Center of Competence in Research SwissMAP. The work of SH is supported by a DOE grant DE-SC-
0013642 and a DOE grant DE-AC02-06CH11357. The work of DK is supported by the DOE Grant
No. DE-SC0010813. The work of RKM is supported by the National Science Foundation under
Grant No. NSF PHY-1748958 and NSF PHY-1915071.

9



References

[1] L. Randall and R. Sundrum, A Large mass hierarchy from a small extra dimension, Phys. Rev.
Lett. 83 (1999) 3370–3373, [hep-ph/9905221].

[2] L. Randall and R. Sundrum, An Alternative to compactification, Phys. Rev. Lett. 83 (1999)
4690–4693, [hep-th/9906064].

[3] R. Sundrum, Tasi 2004 lectures: To the fifth dimension and back, in Theoretical Advanced
Study Institute in Elementary Particle Physics: Physics in D = 4, pp. 585–630, 8, 2005.
hep-th/0508134.

[4] C. Csaki, J. Hubisz and P. Meade, TASI lectures on electroweak symmetry breaking from extra
dimensions, in Theoretical Advanced Study Institute in Elementary Particle Physics: Physics in D
= 4, pp. 703–776, 10, 2005. hep-ph/0510275.

[5] H. Davoudiasl, S. Gopalakrishna, E. Ponton and J. Santiago, Warped 5-Dimensional Models:
Phenomenological Status and Experimental Prospects, New J. Phys. 12 (2010) 075011,
[0908.1968].

[6] E. Ponton, TASI 2011: Four Lectures on TeV Scale Extra Dimensions, in Theoretical Advanced
Study Institute in Elementary Particle Physics: The Dark Secrets of the Terascale, pp. 283–374,
2013. 1207.3827. DOI.

[7] C. Csaki, A. Falkowski and A. Weiler, The Flavor of the Composite Pseudo-Goldstone Higgs,
JHEP 09 (2008) 008, [0804.1954].

[8] M. Blanke, A. J. Buras, B. Duling, S. Gori and A. Weiler, ∆ F=2 Observables and Fine-Tuning
in a Warped Extra Dimension with Custodial Protection, JHEP 03 (2009) 001, [0809.1073].

[9] M. Bauer, S. Casagrande, U. Haisch and M. Neubert, Flavor Physics in the Randall-Sundrum
Model: II. Tree-Level Weak-Interaction Processes, JHEP 09 (2010) 017, [0912.1625].

[10] B. Keren-Zur, P. Lodone, M. Nardecchia, D. Pappadopulo, R. Rattazzi and L. Vecchi, On
Partial Compositeness and the CP asymmetry in charm decays, Nucl. Phys. B 867 (2013)
394–428, [1205.5803].

[11] K. Agashe, P. Du, S. Hong and R. Sundrum, Flavor Universal Resonances and Warped Gravity,
JHEP 01 (2017) 016, [1608.00526].

[12] K. S. Agashe, J. Collins, P. Du, S. Hong, D. Kim and R. K. Mishra, LHC Signals from Cascade
Decays of Warped Vector Resonances, JHEP 05 (2017) 078, [1612.00047].

[13] K. Agashe, J. H. Collins, P. Du, S. Hong, D. Kim and R. K. Mishra, Dedicated Strategies for
Triboson Signals from Cascade Decays of Vector Resonances, Phys. Rev. D 99 (2019) 075016,
[1711.09920].

[14] K. Agashe, J. H. Collins, P. Du, S. Hong, D. Kim and R. K. Mishra, Detecting a Boosted Diboson
Resonance, JHEP 11 (2018) 027, [1809.07334].

10

http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://arxiv.org/abs/hep-th/9906064
http://arxiv.org/abs/hep-th/0508134
http://arxiv.org/abs/hep-ph/0510275
http://dx.doi.org/10.1088/1367-2630/12/7/075011
http://arxiv.org/abs/0908.1968
http://arxiv.org/abs/1207.3827
http://dx.doi.org/10.1142/9789814390163_0007
http://dx.doi.org/10.1088/1126-6708/2008/09/008
http://arxiv.org/abs/0804.1954
http://dx.doi.org/10.1088/1126-6708/2009/03/001
http://arxiv.org/abs/0809.1073
http://dx.doi.org/10.1007/JHEP09(2010)017
http://arxiv.org/abs/0912.1625
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.012
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.012
http://arxiv.org/abs/1205.5803
http://dx.doi.org/10.1007/JHEP01(2017)016
http://arxiv.org/abs/1608.00526
http://dx.doi.org/10.1007/JHEP05(2017)078
http://arxiv.org/abs/1612.00047
http://dx.doi.org/10.1103/PhysRevD.99.075016
http://arxiv.org/abs/1711.09920
http://dx.doi.org/10.1007/JHEP11(2018)027
http://arxiv.org/abs/1809.07334


[15] CMS collaboration, A. Tumasyan et al., Search for resonances decaying to three W bosons in
the hadronic final state in proton-proton collisions at

√
s = 13 TeV, 2112.13090.

[16] CMS collaboration, A. Tumasyan et al., Search for resonances decaying to three W bosons in
proton-proton collisions at

√
s = 13 TeV, 2201.08476.

[17] K. Agashe, M. Ekhterachian, D. Kim and D. Sathyan, LHC Signals for KK Graviton from an
Extended Warped Extra Dimension, JHEP 11 (2020) 109, [2008.06480].

[18] CMS collaboration, A. Tumasyan et al., Search for high-mass resonances decaying to a jet and
a Lorentz-boosted resonance in proton-proton collisions at

√
s = 13 TeV, 2201.02140.

[19] J. Filipek, S.-C. Hsu, J. Kruper, K. Mohan and B. Nachman, Identifying the Quantum
Properties of Hadronic Resonances using Machine Learning, 2105.04582.

[20] G. Kasieczka et al., The LHC Olympics 2020 a community challenge for anomaly detection in
high energy physics, Rept. Prog. Phys. 84 (2021) 124201, [2101.08320].

11

http://arxiv.org/abs/2112.13090
http://arxiv.org/abs/2201.08476
http://dx.doi.org/10.1007/JHEP11(2020)109
http://arxiv.org/abs/2008.06480
http://arxiv.org/abs/2201.02140
http://arxiv.org/abs/2105.04582
http://dx.doi.org/10.1088/1361-6633/ac36b9
http://arxiv.org/abs/2101.08320

	1 Executive Summary
	2 Extended Warped Model
	3 Collider Signatures
	3.1 Cascade Decays of Warped Vector Resonances
	3.1.1 Tri-EW Boson Signals
	3.1.2 Boosted di-EW Boson Signals

	3.2 Four-jet Signals of KK Graviton

	4 Future Prospects
	5 Conclusions

