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Universal extra dimension (UED) is a well-motivated and well-studied scenario. One of the main
motivations is the presence of a dark matter (DM) candidate, namely the lightest level-one Kaluza-Klein
particle, in the particle spectrum of UED. The minimal version of UED (mUED) scenario is highly
predictive with only two parameters, namely the radius of compactification and cutoff scale, to determine
the phenomenology. Therefore, stringent constraint results from the WMAP/PLANCK measurement of
DM relic density (RD) of the Universe. The production and decays of level-one quarks and gluons in UED
scenarios give rise to multijet final states at the Large Hadron Collider (LHC) experiment. We study the
ATLAS search for multijet plus missing transverse energy signatures at the LHC with 13 TeV center-of-
mass energy and 139 inverse femtobarn integrated luminosity. In view of the fact that the DM RD allowed
part of mUED parameter space has already been ruled out by the ATLAS multijet search, we move on to a
less restricted version of UED, namely the nonminimal UED (nmUED), with nonvanishing boundary-
localized terms (BLTs). The presence of BLTs significantly alters the dark matter as well as the collider
phenomenology of nmUED. We obtain stringent bounds on the BLT parameters from the ATLAS multijet

plus missing transverse energy search.
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I. INTRODUCTION

After almost a decade long running, the Large Hadron
Collider (LHC) collected and analyzed 139 fb~! integrated
luminosity data along with a boasting discovery of the
Higgs boson [1,2], confirming the mechanism behind
masses of the weak gauge bosons and fermions of the
Standard Model (SM). Numerous analyses of the LHC data
in a variety of channels establish the predictions of the SM
on firm footing [2]. Nonetheless, the existence of the Higgs
boson brings forth other questions in terms of the stability
of its mass, etc. On the experimental front, the evidence of
neutrino oscillation, and hence the presence of tiny neutrino
masses, casts a shadow over the SM. One can, in principle,
solve this problem by incorporating right-handed gauge
singlet neutrinos and assigning additional Yukawa terms in
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the SM, provided the mass hierarchy in the SM fermion
sector is acceptable. A rather more daunting task is to
incorporate the idea of a new weakly interacting massive
particle in the theory in order to explain certain pressing
cosmological as well as astronomical evidences in the name
of dark matter (DM). Such inadequacies of the SM lead to
plenty of novel theories that would come down to the SM at
an appropriate limit.

The invocation of theories with extra spatial dimension(s)
is of interest for a number of reasons. The most profound
ones are the stability of the Higgs boson mass and the related
hierarchy problems that were successfully explained by the
Arkani-Hamed-Dimopoulos—Dvali model [3,4] and later by
the Randall-Sundrum [5,6] model. Extra-dimensional the-
ories can also achieve a light neutrino without introducing
any heavy mass scale [7], the unification of gauge couplings
[8], and can also account for hierarchies present in the SM
fermion masses [9]. Among a variety of extra-dimensional
frameworks, we confine ourselves to a particular variant,
called the universal extra dimension (UED) model(s), where
all the SM fields are allowed to propagate into the space(s)
beyond the usual 3 4 1-dimensional space-time [10-12]. Of
course, there are other prospects of working with such
frameworks, such as electroweak symmetry breaking with-
out invoking a fundamental scalar [13], a cosmologically

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.115011&domain=pdf&date_stamp=2021-06-09
https://doi.org/10.1103/PhysRevD.103.115011
https://doi.org/10.1103/PhysRevD.103.115011
https://doi.org/10.1103/PhysRevD.103.115011
https://doi.org/10.1103/PhysRevD.103.115011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

AVNISH, GHOSH, JHA, and NIYOGI

PHYS. REV. D 103, 115011 (2021)

viable dark matter candidate [14,15], a unification scale at a
few TeV [16], an explanation for the long lifetime of
proton [17], and the number of fermion generations to be
an integral multiple of three [18], and above all, a chance to
probe the model at collider experiments with its promising
signatures [11,19-48].

In this work, we study the collider phenomenology of a
couple of simple variants of UED scenarios that are
characterized by a single flat universal (accessible to all
the SM particles) extra dimension (y), compactified on a
S,/Z, orbifold with radius R (oneUED scenarios). In
particular, we consider both the minimal (mUED) and
nonminimal (nmUED) versions of the oneUED model. The
particle spectrum of oneUED contains infinite towers of
Kaluza-Klein (KK) modes (identified by an integer n,
called the KK number) for each of the SM fields. The
zero modes are identified as the corresponding SM par-
ticles. From a four-dimensional perspective, the conserva-
tion of the momentum along the fifth direction implies
conservation of the KK number. However, the additional Z,
symmetry (y <> —y), which is required to obtain the chiral
structure of the SM fermions, breaks the translational
invariance along the fifth dimension. As a result, KK-
number conservation breaks down at the loop level, leaving
behind only a conserved KK parity, defined as (—1)",
which is an automatic outcome of the S;/Z, orbifolding
and has several interesting consequences. For example, KK
parity ensures the stability of the lightest KK particle
(LKP), allows only the pair productions of level-one KK
particles at the collider, and prohibits KK modes from
affecting electroweak (EW) precision observables at
tree level.

OneUED, being a higher-dimensional theory, is non-
renormalizable and hence should be treated as an effective
theory valid up to a cutoff scale A. Apart from the usual, the
SM kinetic, Yukawa, and scalar potential terms for the 5D
fields, the oneUED Lagrangian also includes additional
SM gauge and Lorentz invariant terms like the vectorlike
bulk mass terms [38,40,49-51] for the 5D fermions.
Furthermore, one can, in principle, also add kinetic (and
Yukawa) terms' for all the 5D fields at the orbifold-fixed
points, i.e., the boundaries of the bulk and the brane
[52,53]. The parameters associated with the boundary-
localized terms (BLTSs) are not a priori known quantities
(since they are related to ultraviolet completion for such
scenarios) and thus would serve as extra free parameters of
the theory. In the minimal version of oneUED [54], all
BLTs are assumed to vanish at the cutoff scale (A) and are
radiatively generated at the low scale, which ultimately
appears as corrections to the masses of the KK particles.

'These terms are known as BLTs. It is important to note that
the BLTs are only consistent with 4D Lorentz symmetry as well
as the gauge symmetry.

Therefore, in addition to the SM parameters, the
phenomenology of mUED is determined by only two
additional parameters, namely the radius of compactifica-
tion R and the cutoff scale A. Hence, its predictions are very
specific and easily testable at different high energy physics
(HEP) experiments. As a result, verdicts from different
noncollider and collider experiments, like the LHC and
various DM experiments, can easily rule out mUED. It has
already been shown in the literature [55-57] that the parts
of the R~'-A plane of mUED that are consistent with the
WMAP/PLANCK [58,59] observed relic density (RD)
data, are on the verge of being excluded from the direct
searches for the KK particles at the LHC. This motivates us
to move on to a less restricted version of oneUED with
more parameters, namely the BLT parameters. This is
where the nonminimal UED comes into the picture. In
nmUED, BLT parameters give rise to modifications in the
KK particle masses as well as interactions [60-65]. The
effect of such alterations is rather dramatic at the colliders
as well as at the dark matter experiments. Studies on
various phenomenological aspects of nmUED including the
LHC phenomenology are abundant in number. In particu-
lar, results from the Higgs boson data [66—68] and different
DM experiments [69,70] directly constrain the model.
Allowed parameter space in accordance with constraints
of flavor physics are also obtained [71-74]. Apart from
these, a number of theoretical constraints are also placed
from unitarity bounds [75], Z — bb decay width [76,77],
flavor physics [78,79], collider phenomenology [80], and
others [81-83] as well.

In this article, we have studied the collider signatures of
mUED and nmUED in the context of recent LHC searches
for beyond the SM (BSM) scenarios. The level-one KK
particles are expected to be in the mass range of a few
hundreds of GeV to a few TeVs. Being strongly interacting,
the level-one KK quarks (both the singlet ¢(!) and doublet
QW) and gluons G'!) can be copiously produced in pairs at
the LHC. These, subsequently, decay into the SM particles
and the LKP via cascades involving other level-one KK
particles. Therefore, the pair productions of the level-one
KK particles give rise to generic multijet + multilepton +
missing transverse energy2 (Fr) signatures at the LHC.

Now turning on to the actual ambit of our work, it is
worth mentioning that the LHC collaborations have so far
performed dedicated analysis in the multijet as well as
multilepton channels in the context of supersymmetric and
other BSM scenarios. In particular, the ATLAS
Collaboration has studied the signatures of gluino and/or
squark (supersymmetric partner of gluon and quark,
respectively) pair productions in multijet plus missing
transverse energy channels at the LHC at 13 TeV center-

The LKP, being stable and weakly interacting, escapes the
LHC detectors and thus contributes to the missing energy
signature.
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of-mass energy with 139 fb~! integrated luminosity.
Nonobservation of expected signal (over background)
results in strong constraints on many sparticle (super-
symmetric particle) masses. One can always perform the
ditto analysis as done by the ATLAS for any model to
constrain the parameter space of that particular model from
the LHC data. In this article, we follow this well trodden
path and revisit the status of the mUED and nmUED
scenarios after the LHC run-II data.

The paper is organized as follows. In the following
Sec. II, we describe the ATLAS multijet analysis strategy
and validate our methodology by reproducing the ATLAS
results. Next, we first look for the status of the minimal
version of universal extra dimension under the lens of LHC
data collected at 13 TeV. In Sec. IV, we describe the
nonminimal UED model. Section IV A comprises the LHC
phenomenology of the nmUED model, followed by the
concluding remarks in Sec. V.

II. COLLIDER PHENOMENOLOGY

We have closely followed the latest ATLAS n; + Er [84]
search with 139 fb~! integrated luminosity data at the
13 TeV LHC. Although the analysis in Ref. [84] is
dedicated to the search of squarks and gluinos in the
context of supersymmetry, the model independent 95%
C.L. upper limits on the visible n; + 7 cross sections
((ec)2n,) for different signal regions (SRs) can be used to
constrain the parameter space of other BSM scenarios that
also give similar final states. A brief description about the
reconstruction of various objects (jets, leptons, etc.), event
selection criteria, and definition of different SRs are
presented in the following.

Object reconstruction: Jet candidates have been recon-
structed using anti-ky [85] algorithm implemented in
FASTIJET [86] with jet radius parameter 0.4. Reconstructed

jets with p’} > 20 GeV and |5/| < 2.8 are considered for
further analysis. Electron (muon) candidates are required to
have p’. > 7(6) GeV and within |5’| < 2.47(2.7). Next, the
overlapping between identified leptons and jets in the final
state are resolved by discarding any electron/muon candi-
date lying within a distance AR < min(0.4,0.04 + 12 GeV)

8//4

of any reconstructed jet candidate. Missing transverse
momentum vector p™ (with magnitude E;) is recon-
structed using all remaining visible entities, viz. jets,
leptons, photons, and all calorimeter clusters not associated
with such objects. For a signal having n; jets, effective mass
mg is defined as the scalar sum of £, and the transverse
momenta of all the n; jet candidates having p; > 50 GeV,
whereas Hy is calculated as the scalar sum of transverse
momentum of all jets with p; > 50 GeVand |57| < 2.8. After
reconstructing different physics objects, events are prese-
lected for further analysis. As supersymmetry (SUSY) and
other BSM scenarios are expected to reside in the high mass
scale region, events are preselected accordingly, and thus, in

the process, unnecessary events are rejected. The preselec-
tion criteria are summarized below.
Preselection criteria: Events containing a leading jet with

p7 > 200 GeV and at least a second jet with p? > 50 GeV
are considered for further analysis. Only zero lepton events
are considered, i.e., events with an isolated electron (muon)
with py > 7(6) GeV are vetoed. Events are required to
have sufficiently large missing transverse energy
(Er > 300 GeV) and effective mass (mg; > 800 GeV)
in order to be considered for further analysis. Events failing
to satisfy A@(ji . p™),., > 0.4° are also rejected.

Event selection and signal regions: To make the search
process exhaustive, the ATLAS Collaboration [84] has
defined various SRs. Each signal region is designed to
study a particular region of parameter space, and hence the
signal regions are made mutually exclusive as much as
possible. The number of jets sets a powerful criterion in
achieving this. For instance, in the context of supersym-
metry, a pair of gluinos typically gives more jets than
squarks in their usual decay modes. Thus, binning different
numbers for jets is the first step for segmenting SRs.
Moreover, mass splitting of the parent and daughter
determines the kinematics of the events. Thus, in addition,
specific cuts on different kinematic variables (dubbed as
multibin search) have also been applied to target specific
mass hierarchies among different BSM particles. In
Ref. [84], ATLAS Collaboration has defined ten signal
regions for their model independent study of multijet plus
missing energy signatures at the LHC running at 13 TeV
center-of-mass energy with 139 fb~! integrated luminosity.
The signal regions are defined by varying numbers of jet
multiplicities (between 2 and 6) along with the minimum
value of the effective mass m.. In view of the high level of
agreement between predicted background and observed
yield in all signal regions, a model independent 95% C.L.
upper limit is set on the visible BSM contribution to the
multijet cross section ({ec)op,) for each signal region. In our
analysis, we have used the ATLAS derived bounds on
(€)% in each signal region to constrain the parameter
space of mMUED and nmUED. For the sake of completeness,
we have summarized the definitions of a few relevant signal
regions in Table L

A. Validation

Since we are following the ATLAS multijet analysis,
validation of our analysis against the ATLAS results is
crucial. In Table 17 of Ref. [84], ATLAS Collaboration
has presented a cut-flow table for their simulated gluino
pair production events at /s = 13 TeV for gluino mass

3A(,zﬁ( Jis PT) min is the azimuthal angle between the ith jet and
missing transverse momentum vector p‘}‘“ Jets are ordered
accordmg to their pr hardness (pT > ph>-

*For more details, we refer the reader to Tables 8 9, and 12 of
Ref. [84].
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TABLE L.

Selection criteria that have been used to define model independent search regions with jet multiplicities two and four are

shown. The aplanarity variable is defined as A = %23, where 45 is the smallest eigenvalue of the normalized momentum tensor of the jets
(see Ref. [87] for details). The model independent 95% C.L. upper limits derived by the ATLAS [84] on the visible BSM contributions to

the multijet cross sections ({€c) ggs

) for the above signal regions are also provided. The predictions for mUED and nmUED scenarios for

three selected benchmark points (BPs), listed in Tables III and IV, respectively, are also presented.

SR2j-1.6 SR2j-2.2 SR2j-2.8 SR4j-1.0 SR4j-2.2

n; >2 >2 >2 >4 >4
pr(j1) (GeV) > 250 > 600 > 250 > 200 > 200
pr(ji=a, n,,) (GeV) > 250 > 50 > 250 > 100 > 100
(1. n. ) <20 <238 <12 <20 <20
AD(j12.3)s P min > 0.8 > 0.4 > 0.8 > 0.4 > 0.4
AP (fisz PP in > 0.4 > 0.2 > 0.4 > 0.4 > 0.4
Aplanarity > 0.04 > 0.04
\){;—T(\/G‘eV) > 16 > 16 > 16 > 16 > 16
mg (TeV) > 1.6 >22 >2.8 > 1.0 >22
(€0)%, (fb) 1.46 0.78 0.13 0.54 0.14

mUED predictions (fb)
BP/ 0.35 0.92 0.03 0.28 0.03
BP} 0.96 0.29 0.05 0.58 0.11
BPY 5.25 2.96 0.33 6.41 0.75

nmUED predictions (fb)
BP/"™ 1.67 0.61 0.08 0.05 0.03
BP;™ 0.45 0.93 0.03 0.02 0.01
BP}™ 0.50 0.32 0.03 0.60 0.08

my = 2200 GeV and the lightest neutralino (the spin-half
supersymmetric partners of the SM EW bosons) mass
My = 600 GeV. For validation purposes, we have also

generated gluino pairs up to two extra partons in
MG5_AMC@NLO [88] with the NNPDF23LO [89] parton
distribution functions. Subsequent decays, showering, and
hadronization are simulated in PYTHIA82 [90,91]. The
Catani-Krauss-Kuhn-Webber (CKKW-L) merging scheme
[92] is employed for matching and merging. Hadronized
events are passed into DELPHES3 [93] for object recon-
structions and the implementation of cuts. The cut effi-
ciencies supplied by ATLAS are presented alongside ours
in Table II. The numbers from our simulation are close with
the numbers from the ATLAS analysis. We must mention
that similar exercises have been performed for other signal
regions as well and the numbers are consistent. However,
we do not intend to present them here, but move on to the
actual goal of our study.

III. mUED AFTER LHC RUN-II DATA

In this section, the mUED model is put to test under the
lens of LHC data collected at 13 TeV. As mentioned in the
Introduction, mUED has one extra spatial dimension (y)
compactified on a circle of radius R, which signifies the
length scale under probe at the LHC. At the tree level, the

masses of KK states for a given KK level are almost
degenerate, leaving little space for the decay products to get
registered at the LHC detector. In mUED, radiative cor-
rections to the masses play a very crucial role to remove the

TABLE II. Cut-flow table for signal region SR4j-1.0. The cut
efficiencies in the second column are provided by the ATLAS
Collaboration in Ref. [84]. Cut efficiencies resulting from our
simulation are presented in the third column for comparison.

SUSY gluino pair production

Process my = 2200 GeV and my = 600 GeV
Absolute efficiency in %

Appendix B Our

Cuts of Ref. [84] simulation

Preselection +n; > 2 100.0 99.9

n; >4 92.9 93.7

Ad(j12,3)» PT* )min > 0.4 77.6 747

A¢(ji>3v p]}lis)min > 0.2 691 640

pr(js) > 100 (GeV) 61.3 55.7

[n(j1..4)] <2.0 55.7 50.2

Aplanarity > 0.04 38.7 335

1 24.1 17.9

\/HT_T > 16 (vVGeV)

mg > 1000 (GeV) 24.1 17.9
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TABLE III. mUED benchmark points and mass spectra of relevant level-one KK particles.

BPs R~! (TeV) AR mgm (TeV) mo (TeV) ) (TeV) My ) ) 70) (TeV) m; o (TeV) mga (TeV)
BP} 2.0 3 2.222 2.143 2.124 2.045 2.022 1.998
BPY} 1.75 40 2.341 2.171 2.122 1.877 1.814 1.748
BP%} 1.4 30 1.840 1.668 1.710 1.495 1.448 1.399

degeneracy. Loop corrections to the KK masses in an
orbifolded theory are logarithmically divergent. Since,
mUED is an effective theory that remains valid up to
certain cutoff scale (A), the radiative corrections are
proportional to the logarithm of A [54,94,95]. Therefore,
the phenomenology of mUED is completely specified by
only two parameters: the compactification radius’ (R) and
the cutoff scale® (A). Low energy observables like muon
g—2 [97,98], flavor changing neutral currents [99-101],
Z — bb decay [102], the p parameter [103], B — X,y
[104], and other electroweak precision tests [105-108] put
alower bound of about 300-600 GeV’ on R~". On the other
hand, consistency with WMAP/PLANCK measured
[58,59] DM relic density data puts an upper bound of
about 1.4 TeV [95] on R~'. Given this upper limit, it is
extremely plausible that experiments at the LHC can either
discover or rule out mUED, which will be the key focus of
discussion in the following.

In order to discuss the production, decay, and the
resulting collider signatures of the KK particles and to
present the numerical results, we have chosen three bench-
mark points listed in Table III along with the masses of
relevant level-one KK particles. Being strongly interacting,
the level-one KK gluons G'") and singlet (¢(!)) as well as

doublet (Q(V) KK quarks are expected to be copiously pair
produced at the LHC at 13 TeV center-of-mass energy.
These level-one KK particles subsequently decay to the SM
particles and the LKP via on/off shell lighter intermediate
KK particles. It is important to mention that in the

>The inverse of radius of compactification (R™!') determines
the overall mass scale of KK particles for a given KK level and
hence determines the production cross sections of KK particles at
the LHC.

The cutoff scale (A) controls the mass splitting between
different KK particles for a given KK level and hence determines
the kinematics of mUED signatures at the colliders. The
perturbativity of the U(l) gauge coupling requires that
A < 40R™'. It has been argued in Ref. [96] that a much stronger
bound arises from the running of the Higgs boson self-coupling
and the stability of the electroweak vacuum. However, the results
of Ref. [96] rely on the lowest-order calculations and the
inclusion of higher loops can substantially change these results.
Therefore, in our analysis, we varied A in the range 3—40R~!.

KK parity ensures that one-loop mUED corrections to all
electroweak observables are cutoff independent [109,110], and
thus the low energy constraints on R~! are almost independent of
A. The observables start showing cutoff sensitivity of various
degrees as one goes beyond one loop or considers more than one
extra dimension.

framework of the mUED scenario, the mass hierarchies
among different level-one KK particles are determined by
the radiative corrections only and hence are independent of
R~" and A. As a result, the decay branching ratios of the
level-one KK particles are also practically independent of
R~" and A. As the spectra in Table III suggest, GV, being
the heaviest among the level-one KK particles, can decay to
both singlet (¢(") and doublet (Q1")) quarks with almost®
the same branching ratios. A singlet level-one KK quark
(g"") decays only to BMV) in association with a SM quark.
Similarly, a doublet level-one KK quark (Q")) decays
preferably to W)+ or Z(1) accompanied by a SM quark.
Mass spectra in Table III show that the hadronic decays of
the W(* are closed kinematically. Therefore, it decays to
all three level-one KK doublet lepton flavors universally
(both L(V*y and L©O*1), Similarly, Z(") can decay only
to LW*F or vy (with branching fractions being
determined by the corresponding SM couplings). The
level-one KK leptons finally decay to B(!) and an ordinary
(SM) lepton. In all three BPs (in mUED in general), BW is
the lightest KK particle, i.e., the LKP. Therefore, the
production and subsequent decays of level-one KK
quarks/gluons at the LHC give rise to a final state
consisting of a number of jets and/or leptons and missing
transverse momentum. However, the small mass splittings
between level-one KK W*/Z and leptons as well as
level-one KK leptons and the LKP (see Table III) would
render very soft leptons in the final state. Thus, we
concentrate only on the hadronic final states to probe
the parameter space of mUED at the LHC at /s =
13 TeV and 139 fb~! integrated luminosity data as per
the ATLAS strategy [84]. Pair productions of level-one
KK quarks/gluons are simulated in the MG5_AMC@NLO
[88] event generator. The subsequent decays, initial state
radiation (ISR), final state radiation (FSR), hadronization,
etc. are simulated in PYTHIA8.2. For the purpose of
reconstruction and analysis of the events, we designed
our own analysis code with very close proximity to the
ATLAS utilized object reconstruction criteria and selec-
tion cuts.

The results are summarized in Table I and Fig. 1. We
present the final exclusion bound in Fig. 1 on the mUED
parameter space for each of the SRs listed in Table I. The
region in the R™!-AR plane to the left of a given exclusion

¥There is a slight kinematic preference for G(') — g¢(!) decay.
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FIG. 1.

95% C.L. exclusion plot on R~'-AR plane from different SRs (see Table I) of 13 TeV ATLAS search [84] for multijets + Fr

with 139 fb~! integrated luminosity data. The region to the left of the exclusion lines corresponding to different SRs is ruled out at 95%
C.L. Level-one KK gluon mass () contours are laid over as gray lines, along with corresponding masses printed in TeV. The three
benchmark points, listed in Table III, are also shown in filled black dots. The black solid line with green band of 3¢ significance
surrounding it represents the region that gives correct dark matter relic density [57]. The entire region to the right of the relic density
(Qpph?) curve is said to be ruled out in view of overclosure of the universe.

curve is ruled out at 95% C.L. Figure 1 also shows level-
one KK gluon mass (in TeV) contours. For large AR, the
strongest bound comes from four-jet final state (in par-
ticular, SR4j-1.0 signal region), which excludes level-one
KK gluon mass below about 2.37 TeV. Note that the
parameter space with lower AR <5 seems somewhat less
restricted. For small AR, the strongest bound of about
2.22 TeV on level-one KK gluon mass results from
SR2j-2.2. The numerical predictions for signal multijet
+F cross sections in different SRs are presented in Table I
for the mUED benchmark points defined in Table III. BP*
represents the part of mUED parameter space characterized
by small AR~ 3 and hence a highly degenerate mass
spectra for level-one KK particles. As a result, the decays
of level-one quarks/gluons give rise to very soft jets at the
LHC. For such a scenario, a monojetlike final state
comprising a single high p7 jet, resulting primarily from
initial state radiation, accompanied by missing transverse
energy, is a promising channel. Table I shows that BP" is
excluded from SR2j-2.2, which is indeed a monojetlike
[111,112] signal region. BPS' (BP%') corresponds to large
AR ~40(30) and hence relatively larger mass splittings
between level-one KK particles. At the parton level, the
pair (associated) production of level-one KK gluons (in
association with level-one KK quarks) and their sub-
sequent decays give rise to four (three) hard jets.
Additional jets also arise from initial state radiation.
Therefore, for large AR regions, four-jet channels (in
particular, SR4j-1.0) are the most promising ones for
estimating the bound, as can be seen from Table I as well
as from Fig. 1.

Although we do not claim to have performed any dark
matter related analysis, for the sake of completeness, we
have shown the relic density bound on the R~'-AR plane
from Ref. [57]. The potential reason for its inclusion is that
the bound from dark matter abundance appears to be the
most severe one and strips off a large chunk of parameter
space. In Fig. 1, the narrow green strip centered around the
solid black line shows the parameter region with correct
dark matter relic density. The band signifies the 3¢
tolerance level. The parameter space on the left
of the RD line results in relic densities that are smaller
than the RD observed by WMAP/PLANCK. Therefore,
this region is allowed in the sense that one can always
concoct scenarios with multicomponent dark matter in
order to evade such strict constraints from relic abundance.
However, the entire region to the right of the relic density
curve in Fig. 1 corresponds to relic densities larger than the
WMAP/PLANCK result and hence is ruled out. Therefore,
we can conclude from Fig. 1 that the region of the R~'-AR
plane, which is consistent with WMAP/PLANCK RD data,
has already been ruled out by the ATLAS multijet + £
searches at 13 TeV LHC with 139 fb~! integrated lumi-
nosity. Hence, we shift our focus on the nonminimal UED,
where an enhanced number of parameters offer rich
phenomenology. The next section is slotted for discussion
on the theoretical setup of the model.

IV. nmUED: MODEL DESCRIPTION

The assumption of vanishing boundary terms in mUED
is somewhat unnatural, since they can anyway be generated
at the loop level. Moreover, these boundary-localized terms
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obey all the symmetries of the model [113]. The non-
minimal version of the model (nmUED) takes these BLTs
into account. Every boundary-localized term is associated
with a parameter, which we generally denote by r. The
presence of these unknown BLT parameters drastically
alters the nmUED mass spectrum compared to the mUED
one. Moreover, the interaction vertices of involving various
nonzero KK modes are nontrivially modified by a multi-
plicative factor known as overlap integrals. However,
before going into the collider phenomenology of the
nmUED scenario, we briefly introduce the theoretical setup
of the nmUED scenario.

|

where G4y, Wiy, and B,y stand for 5D field-strength
tensors corresponding to the SU(3)., SU(2)y, and U(1),
gauge fields, respectively. The symbols M and N run
for 0, 1, 2, 3, 5 and the Greek indices run for O, 1, 2, 3.
The actions clearly consist of two parts. The first parts
are the usual gauge kinetic term in 5D. The second parts
are the brane (also called boundary)-localized kinetic
|

The most general nmUED action is required to be
invariant under the gauge symmetry of the SM, i.e.,
invariant under SU(3). x SU(2)y, x U(1)y, as well as
the Lorentz symmetry in 4D, and can be written as

SnmUED = Sgluon + S w + SB + Squark + Slepton + Sscalaw
(4.1)

where the individual parts of the full nmUED action
Somuep are discussed in the following. The gauge part
of the action is given by

" ar{ -GG + 00) + a0 - k) |- E Goe| |

d'x A dy{——WMNW’MN+<5( )+ 8y - 7R)) [__W, WW]}

_ / o [ s+ 60) + 00 - )-8, .

(4.2)

I

terms (BLKTs). These terms appear only at the boundaries
of the brane and the bulk, as can be seen by the presence
of delta functions. We consider boundary parameters at
the two orbifold-fixed points to be the same, which
ensures the conservation of KK parity. Now we briefly
describe the fermionic parts of the action, which can be
written as

3 7R _ _ _
SquaIk:Z/d“xA dy[Q;iT" Dy 0, + ro{8(y) +8(y—2R)}0,iy*D,P.Q; + U;iT" Dy, U;
=1

3 7R _ _
Stepton = Y / d*x / dy[LiT"DyL; + r, {8(y) + 8(y — R)}L;iy"D,P, L;
—1 0

where 5D quark (lepton) doublet and singlets are denoted by Q(L) and U/D(E), respectively, j = 1,2, 3 is the generation
index, I'y; = (y,. iys) denotes y matrices in 5D, and D), is the gauge covariant derivative in 5D. Finally, the action
corresponding to the 5D Higgs field is given by

Sscalar /d4 / dy{ DMq)) (DM(I)) +/’l q>Tq> }“S(qﬂq))

+{8(y) + 8(y + 7R) }(re(D'D)' (D, @) + p3'® - 15(@TD)2)}, (4.5)
where @ is the 5D Higgs. 5 and A5 represent the 5D bulk Higgs mass parameter and scalar self-coupling, respectively. The
BLKT parameter for the scalar field is rg; 5 and 15 are the boundary-localized Higgs mass parameter and the scalar quartic
coupling, respectively. We must mention that all the BLT parameters (r; where i stands for G, W, B, Q, L, and ® fields) are
dimensionful parameters. However, we express our results in Sec. IV A in terms of scaled BLT parameters R; = r,R~" as is
customary.
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The nmUED action written in the previous paragraph
contains the information of the full theory in 5SD. 5D fields
can be expanded into x, and y dependent parts where x, is
the usual 4D space-time coordinates and y is the extra
dimension coordinate, which is compactified on a S;/Z,
orbifold. Once the mode expansions are fed into the actions
and the extra-dimensional coordinate y is integrated out, we
obtain a 4D effective theory involving the SM particles as
well as their KK modes. For example, the mode expansions
for the 5D gluon can be written as

G (x.y) = 3G (). with
=0
coslmgm?  for neven
(1) (1) — .
fo () = Ngw x sin (1) ¥)
_ % for n odd,

where Cg = cos (mgwaR/2) and Sg = sin (mgwaR/2).
Note that the above expansion together with the boundary
conditions gives rise to the following transcendental
equations:

2R
—2tan (%) for neven

4.6
Mg R (4.6)
2 cot 5 for n odd.

erG(n) =

In the framework of nmUED, the mass of the nth level KK
gluon (mgw) is obtained by solving these transcendental
equations. The normalization of the wave function (N ;u))
is given by

1

R TGMew T E
Ngw = K?) <1+ G4G”+H—IG€>} .4

Such KK decomposition and transcendental equations are
common for all the 5D fields. Therefore, in nmUED
scenario, the masses for the KK modes of other SM
particles are also given by the solution of transcendental
equations similar to those in Eq. (4.6) with appropriate BLT
parameters.

It is interesting to note that the phenomenology
of the level-one electroweak gauge sector of nmUED is
significantly different from that of mUED since the masses
and mixings of the level-one KK EW gauge bosons in
nmUED nontrivially depend on the BLT parameters ry, rp,
and rg. In the context of mUED, the masses of the lightest
(i.e., the LKP, which is the DM candidate in the theory) and
next-to-lightest level-one KK gauge boson are determined
by the radiative corrections. In addition, the extent of
mixing between the level-one U(1), and SU(2), KK
gauge bosons is minuscule, unless R™' is very small.
Therefore, in mUED, the lightest and next-to-lightest

level-one KK gauge bosons are, for all practical purposes,
essentially the level-one excitations of U(1), and SU(2),
gauge bosons, respectively. However, in the presence of the
various overlap integrals involving the gauge and scalar
BLT parameters, the mixing between the level-one U(1),
and SU(2)y, gauge bosons could be large in the framework
of nmUED. Moreover, depending on the choice of ry, rg,
and rg, the LKP in nmUED could be either a level-one
excitation of U(1), gauge boson or a level-one excitation
of SU(2)y, gauge boson. These facts, in turn, have
profound implications for the dark matter phenomenology.
Note that, in mUED, due to little freedom available for
determining the mass spectrum and mixing, the observed
value of dark matter RD provides a stringent upper bound
on R~!, which essentially rules out the model at the LHC.
However, the additional parameters ry, rg, and rg in
nmUED play a crucial role to lift the RD upper bound on
R~'. It has been shown in Ref. [70] that, with proper choice
of ry and rg, larger values of R™! are possible without
conflicting with the measured value of dark matter RD. The
freedom in setting the mass spectrum of level-one KK
particles at a required value also helps specific coannihi-
lation channels to contribute more and thus obtain the
required RD. We intend to address these issues related to
the dark matter phenomenology of nmUED in a future
article. In the present article, we focus on the collider
bounds on the masses of level-one KK quarks and gluons in
the framework of nmUED.

Before going into the collider phenomenology of
nmUED, it is important to mention that the couplings,
involving the zero-mode and nonzero-mode KK particles,
are also modified nontrivially by factors known as the
overlap integrals. These coupling modifications appear once
we plug in the KK expansions in 5D Lagrangian and
integrate over the extra-dimensional coordinate y. Note that
a generic interaction of a level-/ gauge boson (V) with a
pair of level-m and k fermion-antifermion [¥(")(x) and
P®)(x)] results from the following term in the 5D action
after compactifying the extra-dimensional coordinate y:

Spi =7 / dx / ay S (0 () £ ()

k,l,m

x P (VD )£ () % (B () £57 ()
=3 [ s [ s o1

k,l,m
x [P0 () v (x) 90 (x)],

where § is the corresponding gauge coupling in 5D. The
connection between 5D gauge coupling § and its 4D
counterpart is given by g = §/+/ry + ©R, where ry is the
corresponding BLT parameter for the 5D gauge boson V.
Note that the integration over the extra-dimensional coor-
dinate y is nonzero only for certain combinations of
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FIG. 2. The Q© GM QM coupling modification factors are
plotted against scaled BLT parameters R and R, corresponding
to gluon and quark, respectively. The actual coupling for the Q%)
G Q) vertex is given by these factors multiplied by the QCD
coupling g;.

the KK numbers (k,/,m) and hence acts as a selection
rule known as KK number conservation, for interactions
involving different KK-level particles. In mUED, the inte-
gration over the extra-dimensional coordinate in the above
equation is either one (for KK number conserving inter-
actions) or zero (for KK number violating interactions)
depending on the choice of (k, I, m). However, the presence
of BLTs in nmUED result in a y profile of KK excitations,
which is different from the mUED case and hence gives rise
to nontrivial overlap integral. Depending on the values of the
BLT parameters, the overlap integrals can enhance or reduce
a particular coupling and thereby influence the phenom-
enology of the model. In Fig. 2, the modification factors for
the gauge coupling involving a level-one KK gluon, a level-
one KK quark, and a SM quark have been plotted against the
gluon and quark scaled’” BLT parameters. Figure 2 shows
significant deviation from unity in different parts of the
Rg—R plane. It can be deduced from Fig. 2 that, in certain
parts of the RG—R , plane, one could obtain an enhancement
(suppression) as large as 13% (36%) in the interaction
strength of the QG Q) vertex compared to the inter-
action strength of pure QCD vertex.

A. Collider phenomenology

After discussing the nmUED model, mass spectrum, and
coupling modifications, we are now equipped enough to

°From now on, we display our results in terms of dimension-
less scaled BLT parameters defined as R; = r;/R as defined
earlier.

study its collider phenomenology and impose bounds from
the ATLAS search for multijet plus E; final states.
However, before delving into the ATLAS analysis, it is
important to discuss the productions of different KK
particles and their subsequent decays in the framework
of nmUED. The LHC being a proton-proton collider, we
only consider the QCD pair productions of level-one KK
quarks/gluons in our analysis. Unlike mUED,' the
nmUED QCD pair production cross sections of level-
one KK particles are determined by radius of compactifi-
cation as well as the BLT parameters for the quarks and
gluons. The inverse of radius of compactification sets the
overall mass scale for the level-one KK particles in
nmUED, over which R; and R, fix the masses of the
KK gluons and KK quarks, respectively. In addition, the
BLT parameters also govern the strength of interactions
involving the SM and level-one KK particles, which are
crucial for the productions as well as decays of the level-
one KK particles. For example, the Q(©G() Q1) coupling
(the dependence of which on R and R is shown in Fig. 2)
appears in all the relevant QCD production of level-one
KK particles at the LHC, namely GG, g1 QM) /41,
oMW oMM ¢WgM Mg etc. To illustrate the
dependence of QCD productions of level-one KK particles
on Ry and Rg, we have presented the pair/associated
production cross sections of level-one KK gluon and pair
productions of level-one KK quarks in Figs. 3
and 4, respectively. The left panel of Fig. 3 shows the
pair production cross sections of level-one KK gluons for
fixed mg0) = 2 TeV.!" The dominant contribution'? to the
GG production [o(pp — GVGW)] at the LHC
results from the gluon-gluon initiated process with a
level-one KK gluon in the #(u) channel. The vertices

involved in the Feynman diagrams of gg — GGV are
purely QCD vertices that do not get modified, and hence

“In the framework of mUED, the pair and associated
production cross sections of level-one KK quarks and KK
gluons depend only on the masses ) and mga) and hence
on R~! and A.

"In nmUED, the level-one KK gluon mass is obtained by
solving the transcendental equation in Eq. (4.6), and hence m ;)
depends on both R~ and Rg;. For a given value of R, one can
obtain mgu) =2 TeV by suitably choosing a value for R~
Therefore, the plots in Fig. 3 (as well as the plots in Fig. 4) do not
correspond to a particular value of R™!. To clearly display the
dependence of QCD cross sections on R and R, one needs to
minimize the dependence on parton densities and phase
space factors and hence ensure fixed values for the final
state particle masses. This motivates us to present the
cross sections in Fig. 3 (Fig. 4) for a fixed me(mQ(])) instead
of a fixed R™!.

Quark-antiquark initiated diagrams also contribute to
o(pp = GYGW). Gluon densities being larger than quark/
antiquark densities at the LHC energies, the quark-antiquark
initiated contributions to o(pp — GVG")) are suppressed
compared to the gluon-fusion contribution.
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Cross sections (in femtobarn) for the pair (left) and associated (right) production level-one KK gluon are presented on the

RG—R plane for the LHC at 13 TeV center-of-mass energy. Instead of fixing R™!, the level-one KK gluon mass is kept fixed at

mgn =2 TeV. The x, axis shows the values of R7!.
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FIG. 4. Cross sections (in femtobarn) for the up-type level-one quark-quark (left) and quark-antiquark (right) pair productions are
presented on Rg—Ry plane for the LHC at 13 TeV center-of-mass energy. Instead of fixing R~!, the level-one KK quark mass is kept

fixed at m;u) = 2 TeV. The y, axis shows the variation of R,

o(g9 = GG depends only on mu). However, some
of the Feynman diagrams [in particular, the #(u«) channel
level-one KK quark exchange diagrams] for the subdomi-
nant ¢g — GG production channel involve the
09GMQM vertex, which gets modified. Therefore, the
variation of 6(pp — G(I)G(l)) in Fig. 3 (left panel) results
from the R; and R, dependence of quark-antiquark
initiated contribution to the total cross section. An impor-
tant fact is that the two Feynman diagrams, namely the s-
channel gluon exchange diagram and #(u)-channel Q(!)
exchange diagram, contributing to the quark-antiquark

initiated production of G(!) pairs, interfere destructively.
For a given R (and hence fixed R™") in Fig. 2, increasing
Ry corresponds to decreasing myn and hence stronger
destructive interference, which tends to decrease the cross
section. On the other hand, the coupling modification
factors increase with increasing R, (see Fig. 2), which
tends to increase the cross section. These two competing
factors explain the pattern of o(pp — G)G") variation
on Ry and R as displayed in Fig. 3 (left panel).

The associated production cross section [o(pp—
GMWUM)] of a level-one KK gluon in association with a
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TABLE IV. nmUED benchmark points and mass spectra of relevant level-one KK particles.

BPs R~ (TeV) (Ro.R¢) mgn (TeV) — myn (TeV)  my (TeV)  myn (TeV)  mpw (TeV)  mpo) (TeV)
BpP{™ 1.9 (=0.9,-0.1) 1.963 2.559 1.913 1.914 1.906 1.900
BPy™ 2.1 (=0.1,-0.1) 2.169 2.169 2.114 2.115 2.107 2.100
BP3™ 2.0 (-0.3,-0.7) 2.531 2.209 2.013 2.015 2.007 2.000

level-one up-type KK quark13 as a function of R and R is

presented in Fig. 3 (right panel) for fixed G!") mass of
2 TeV. Here, the mass of the level-one up-type KK quark,
however, is not constant over the Rz—R, plane. At the

LHC, the GWUM associated production is a quark-gluon
initiated process that proceeds via the exchange of a level-
one KK quark or KK gluon in the #(u«) channel. The large
variation of o(pp — GMUW) in Fig. 3 (right panel)
mainly occurs due to the variation of the level-one KK
quark mass in the final state, although both the Feynman
diagrams contributing to ¢(pp — GVUW) contain cou-
pling that depends on BLT parameters.

The Rg—-R dependence of the production cross sections
of level-one KK quark-quark pair (¢(pp — UHVUM)) and
KK quark-antiquark pair [o(pp — U U1))] are presented
in the left and right panels, respectively, of Fig. 4 for
myo = 2 TeV. In order to generate a fixed level-one KK
quark mass, R~! needs to be varied with R . The variation
of R™! is also depicted as the y, axis in Fig. 4. The
dominant contribution to o(pp — UNUM) comes from
the quark-quark fusion process at the LHC through a level-
one KK gluon in the 7(u) channel. The resulting variation
of o(pp — UMUW) with respect to Rg—R,y is shown in
Fig. 4 (left panel). On the other hand, o(pp — UV TW)
receives contributions from quark-antiquark and gluon-
gluon initiated processes. While the gluon-gluon initiated
channel depends only on m i) and hence is independent of
R¢ and R, for a fixed m ;1) = 2 TeV, the mild variation of
o(pp —» UDTW) over the RG—R, plane (see the right
panel of Fig. 4) results from the subdominant quark-
antiquark initiated process.

After discussing the productions of level-one KK quarks/
gluons, we will now discuss the decays of various level-one
KK particles and the resulting signatures at the LHC. Mass
hierarchy among various KK particles plays a crucial role
in determining the decay cascades of level-one KK quarks/
gluons and hence the topology and kinematics of the final
states at the LHC. While, for mUED, the mass hierarchy

At the LHC, the electroweak productions of level-one KK
quarks/gluons are negligible compared to the QCD productions.
Therefore, we have neglected EW productions of level-one quarks/
gluons in our analysis. Note that QCD cannot distinguish between
u-type and d-type or singlet and doublet KK quarks. Therefore, the
cross sections presented here are valid for both singlet and doublet
up-type quarks. Results will be different for level-one down-type

quarks due to the parton density of d(d) quark.

among KK particles of a given level is completely deter-
mined by the radiative corrections, the nmUED mass
spectrum is determined by the BLT parameters, which are
free parameters of the theory. For example, R < R,y would
render a mass hierarchy similar to mUED with KK gluon
being more massive than KK quarks, while R > R, results
in KK quarks being heavier than the KK gluons. In order to
discuss the decays and the resulting collider signatures
nmUED, as well as present the numerical results, we have
chosen three benchmark points listed in Table IV along with
the masses of relevant level-one KK particles. The BPs in
Table IV are characterized by R~ and (R, Rg). We have
assumed fixed values for the BLT parameters'* in the EW
sector, namely Ry, Rg, Rp, and R;. We consider Ry, =
—0.02 = Rg and set Ry to zero. This particular choice of the
EW BLT parameters gives rise to a LKP that is dominantly
the level-one KK excitation of the U(1), gauge boson (B()))
with significant mixing with the level-one KK excitation of
the neutral SU(2), gauge boson (W3(). Note that the EW
level-one KK gauge sector is highly degenerate (see
Table IV) with the dominantly SU(2),; level-one KK gauge
bosons, namely W*(1) and Z(!), being slightly heavier than
the LKP. It has been shown in Ref. [70] that such an EW
level-one sector of nmUED enhances the dark matter
annihilation/coannihilation cross sections and hence allows
larger values of R~! without conflicting with the WMAP/
PLANCK measured value of the RD. We have also fixed the
BLT parameters for leptons at R; = —0.01 and scanned over
negative15 values of Ry and Rg.

For Rg < Ry with mgn) > Mg (see BP™ in Table IV),
the level-one KK gluon decays primarily to a SM quark and
its level-one KK counterpart. Since the decays of level-one
KK quarks into a SM quark and G are kinematically
forbidden for BP§", M) > my) /mgo), usually result in a
level-one doublet KK quark decaying to a SM quark in
association with a W(*/z(1) /B Note that for the

"It is important to mention the existing constraints on the BLT
parameters. The absence of any tachyonic modes requires the scaled
BLT parameters to be larger than —z. The presence of BLT's leads to
the KK number violation at the tree level. The LHC searches for Z’
in dilepton channels lead to stringent constraints on the production
of level-two gauge bosons via KK number violating couplings
involving a level-two gauge boson and a pair of SM fermions. In
particular, Ry,p>0.2 for R™'=1.5TeV [70] has already been
excluded from the dilepton resonance searches at the LHC.

For R = 0, positive values of R, or R give rise to a stable
colored particle in the theory and are hence excluded.

115011-11



AVNISH, GHOSH, JHA, and NIYOGI

PHYS. REV. D 103, 115011 (2021)

mqm [TeV]
2.4 2.3 2.2 2.1 2 1.9

mqQ®) [TeV]
2.4 2.3 2.2 2.1 2 1.9

Z Z
=) g
) )
E E
-0.9 -0.7 -0.5 -0.3 -0.1 -0.9 -0.7 -0.5 -0.3 -0.1
Rq Rq
OsRr2j-1.6 [fb] for R1=1.8 TeV OsRr2j-2.2 [fb] for R1=1.8 TeV
mq [TeV]

2.4 2.3 2.2

Rq

-0.7 -0.5

2.1 2 1.9

mgo [TeV]

-0.3 -0.1

OSR4j-1.0 [fb] for R1=1.8 TeV

FIG.5. Theoretical predictions for the visible cross sections in SR2j-1.6 (top left), SR2j-2.2 (top right), and SR4;j-1.0 (bottom) SRs are
presented as a function of R (x; axis) and R (y; axis) for nmUED scenario with R™' =18 TeV, Ry @) = —0.02, R, = —0.01, and
Rz = 0.0. The level-one KK quark and KK gluon masses are also presented as x, axis and y, axis, respectively. For each of the signal
regions, the excluded and allowed parts of parameter space are represented by red and green cells, respectively.

level-one singlet KK quarks, the decay into W(1)* is highly
suppressed. In the scenario with R; > R, (see BP{™ in
Table IV), the level-one KK quarks, being heavier than G,
dominantly decay into a SM quark in association with a
level-one KK gluon. On the contrary, G!) undergoes a tree-
level three-body decay via an off shell (") into a SM quark-
antiquark pair in association with a level-one EW boson
(WE/zM /B The level-one KK EW bosons sub-
sequently decay into a pair of SM leptons and the LKP.
The leptons arising from the decay of W()*/Z(1) are usually
very soft and hence often remain invisible at the LHC
detectors. Therefore, the pair/associated productions of

level-one KK quarks and KK gluons give rise to multijet
in association with large missing transverse energy final
states, which will be discussed in the following in the context
of a recent ATLAS search [84] for multijet + missing
transverse energy final states at the LHC at 13 TeV center-of-
mass energy and 139 fb~! integrated luminosity.

The pair and associated productions of level-one KK
quarks and KK gluons are generated in MADGRAPH.'® The

Note that nmUED UFO files, which are required for
generating nmUED events in MADGRAPH, are not available in
the literature. We have implemented the nmUED model in
FEYNRULES2.0 [114] to generate the UFO files.
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FIG. 6. Same as Fig. 5 for R~ = 1.9 TeV.

MADGRAPH generated events are fed into PYTHIAS.2 for
simulating decays, ISR, FSR, and hadronization. We use
our own analysis code for the object reconstructions and
computation of nmUED contributions to the multijet + £
cross sections in different SRs defined by the ATLAS
Collaboration [84] (see Sec. 2 and Table I). The nmUED
predictions for the visible cross sections for the benchmark
points (listed in Table IV) are presented in Table I. Figures 5
and 6 show the visible cross sections in signal regions
SR2j-1.6 (top left panel), SR2j-2.2 (top right panel), and
SR4j-1.0 (bottom panel) as a function of Ry and Ry for
R™! = 1.8 TeV (Fig. 5) and 1.9 TeV (Fig. 6). Clearly, the
reddish cells of Figs. 5 and 6 correspond to nmUED cross
sections, which are larger than the ATLAS observed 95%

C.L. upper bound on (ec)% (see Table I) in the respective

signal regions, and hence the corresponding parameter
points are ruled out.

The complementarity of SRs is clearly visible in Fig. 5.
While SR2j-2.2 and SR2j-1.6 signal regions are more
effective to probe the low (represented by BP}”) and high
(represented by BPy™) R, regions, respectively, the inter-
mediate (represented by BPY™) R, region is susceptible to
SR4j-1.0 (see Figs. 5 and 6 and Table I). This particular
pattern of the effectiveness of different SRs in different
parts of the Ryo—R; plane can be understood from the
characteristics of multijet + 7 signatures in different parts
of the Ry—R plane. For example, the region characterized
by higher values for both Ry, and R (top right corner of
Rop—R¢ plane and represented by BP;™) gives rise to a
nmUED scenario with nearly degenerate masses for the
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FIG. 7. The lower bounds on R™! are presented as function of
Ry and Rg. The signal region that leads to a particular lower
bound on R~! for a given Ry and R is also specified in the
figure.

level-one quarks, gluons, and the LKP (see Table IV).
Although the pair and associated production cross sections
of GV and Q(V) in this region are large, the final state jets
are usually too soft to pass the preselection criteria. The
production of GV and Q1Y) in association with a hard ISR
jet gives rise to a monojet + £, signature. It has already
been discussed in the context of mUED phenomenology
that the selection criteria of SR2j-2.2 is essentially a
monojetlike selection criteria and hence is effective to
probe this part of the Ry—R plane. On the other hand, in
the region characterized by low R, and/or low Rg
(represented by BP{" and BP5” in Table IV), the level-
one quarks and/or gluons are sufficiently heavy compared
to the LKP and hence give rise to hard jets at the LHC.
While the pair production of G(!) leads to four hard jets
at parton level, two hard jets arise from the pair produc-
tion of Q). Therefore, this part of the Ro—R¢ plane is
susceptible to both SR2j-1.6 and SR4;j-1.0. However, our
analysis shows that SR2j-1.6 is more efficient to probe
this region.

While all parts of the Ry—~R plane are ruled out from
complementary signal regions for R~' = 1.8 TeV (see
Fig. 5), the ATLAS multijet search can probe only some
part of the Ry—R plane for R~! = 1.9 TeV (see Fig. 6).
Our final results are summarized in Fig. 7, which shows the

lower bounds on R~! in different parts of the Ro—Rg
plane. The signal regions that lead to those lower bounds
are also presented in Fig. 7. For (Rp, Rg) = (=0.1,-0.1),
R™! below 2.15 TeV is ruled out from SR2j-2.2,
whereas the bound on R~! could be as low as 1.79 TeV
for (Ry. Rg) = (—0.5,-0.3).

V. SUMMARY AND CONCLUSION

To summarize, we have studied one universal extra
dimension scenario against the dataset recorded by the
ATLAS Collaboration in proton-proton collisions at a
center-of-mass energy /s = 13 TeV, corresponding to
an integrated luminosity of 139 fb~!. The phenomenology
of the minimal version of UED is completely determined
by the two new parameters: namely the compactification
radius R and the cutoff scale A. Our study clearly shows
that mUED parameter space is completely ruled out by the
ATLAS multijet + F7 analysis together with the dark
matter relic density data. Next, we bring in boundary-
localized terms (with R; and R, as BLT parameters for
gluon and quark fields, respectively) as an extension of
mUED, called nonminimal UED. The introduction of such
terms alters the phenomenology substantially. Mass spec-
trum in nmUED is determined by the transcendental
equations coming from the boundary terms. Some inter-
action vertices are also altered as a result of the integration
of extra-dimensional mode functions of the concerned
particles. We have discussed strong production cross
sections for the variations of the gluon and quark BLT
parameters. We have performed a detailed cut-based
analysis emulating the ATLAS multijet + £ channel.
Excluded regions of nmUED parameter space are shown
in terms of R™!, R, and Ry.
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