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Abstract

This note describes a set of new model interpretations of the search for supersymme-
try using final states with jets and missing transverse momentum. Limits are presented for
Minimal Supersymmetric Standard Model scenarios with only squark and gluino produc-
tion and decays for different masses of the lightest supersymmetric particle (LSP), and in
a model of Minimal Universal Extra Dimensions (MUED). At the 95% confidence level,
gluino (squark) masses below 700 (650) GeV are excluded for LSP masses up to 200 GeV
assuming direct decays, with the squark (gluino) mass set to 4.5 TeV. Equal-mass squarks
and gluinos are excluded below 1025 GeV for LSP masses up to 400 GeV. Less stringent
limits are set on gluino production with a single step cascade decay via a chargino. Analo-
gous single-step squark decays are not bounded when the nominal production cross sections
and branching fractions are assumed. In a MUED model with one extra dimension, a bound
of 600 GeV is set on the compactification scale R−1, for values of the compression scale Λ ·R
between 2 and 40, translating to a lower bound of 730 GeV on the mass of the Kaluza-Klein
gluon. These are the most stringent constraints on MUED from direct collider searches.



1 Introduction

Recently, the ATLAS Collaboration has published a search for supersymmetry (SUSY) in final states
with jets and missing transverse momentum in proton-proton (pp) collisions at centre-of-mass energy
√

s = 7 TeV using a data set corresponding to an integrated luminosity of 1.04 fb−1 [1]. In five different
signal regions, no excesses above the Standard Model (SM) prediction were observed, and limits were
set on gluino and first- and second-generation squark masses in the Minimal Supersymmetric Standard
Model (MSSM), assuming the lightest supersymmetric particle (LSP) to be massless, as well as on
parameters of the Constrained MSSM/Minimal Supergravity (CMSSM/MSUGRA) framework.

This note describes a set of further interpretations of this search, in terms of simplified models with
well-defined gluino or squark production and decay modes, where the neutralino LSP is massive, and in
terms of a Minimal Universal Extra Dimensions (MUED) model .

2 Analysis

The results in this note are fully derived from the data set and the analysis described in Ref. [1]. For
convenience, a short summary of the analysis is given here.

The data used in this analysis were collected in the first half of 2011 with the LHC operating at
√

s = 7 TeV. The main trigger required events to contain a leading jet with a transverse momentum (pT),
measured at the electromagnetic scale, above 75 GeV and missing transverse momentum above 45 GeV.

Jet candidates are reconstructed from calorimeter clusters [2] using the anti-kt jet clustering algo-
rithm [3] with a distance parameter of 0.4 and calibrated as detailed in Ref. [4]. They are required to
satisfy transverse momentum and pseudorapidity (η) cuts of pT > 20 GeV and |η| < 2.8 to count towards
the signal selection. Additionally, jets with pT > 20 GeV and 2.8 < |η| < 4.5 contribute towards the com-
putation of the missing transverse momentum. Electron candidates are required to have pT > 20 GeV,
have |η| < 2.47, and pass the ‘medium’ shower shape and track selection criteria of Ref. [5]. Muon
candidates [5] are required to have pT > 10 GeV and |η| < 2.4. An overlap removal procedure resolves
ambiguities between electrons, muons and jets that are close in ∆R =

√
(∆η)2 + (∆φ)2, where ∆φ is the

difference in the azimuthal angles of the two objects.
The measurement of the missing transverse momentum two-dimensional vector ~P miss

T (and its mag-
nitude Emiss

T ) is then based on the transverse momenta of all electron and muon candidates, all jets within
|η| < 4.5 which are not also electron candidates, and all calorimeter clusters with |η| < 4.5 not associated
to such objects.

Events are discarded if they contain any electrons or muons with pT > 20 GeV, or if they do not
satisfy cleaning cuts designed to reject non-collision backgrounds [6]. In order to achieve maximal
discovery reach for a wide variety of supersymmetric topologies, five signal regions are defined. Four
signal regions characterised by increasing jet multiplicity requirements are defined as shown in Table 1,
with the thresholds for the jets being pT > 130 GeV for the leading jet, corresponding to the trigger
plateau, pT > 40 GeV for the remaining jets. The effective mass, meff , is calculated as the sum of Emiss

T
and the magnitudes of the transverse momenta of the two, three or four highest pT jets used to define the
signal region. Two four-jet signal regions are defined requiring meff > 500 GeV (optimised for small mass
differences between SUSY mass states) and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the four-jet sample, with more stringent
requirements on the pT of the non-leading jets (> 80 GeV) and on meff (> 1100 GeV), in order to give
maximal reach in the SUSY mass spectrum. For this latter signal region the transverse momenta of all
jets with pT > 40 GeV are used to compute meff (however, the Emiss

T /meff cut still uses only the leading
four jets). In Table 1, ∆φ(jet, ~P miss

T )min is the smallest of the azimuthal separations between ~P miss
T and

jets with pT > 40 GeV (all reconstructed jets up to a maximum of three, in descending order of pT).
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Signal Region
≥ 2-jet ≥ 3-jet ≥ 4-jet High mass

‘A’ ‘B’ ‘C’ / ‘D’ ‘E’

Emiss
T > 130 > 130 > 130 > 130

Leading jet pT > 130 > 130 > 130 > 130

Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80

∆φ(jet, ~P miss
T )min > 0.4 > 0.4 > 0.4 > 0.4

Emiss
T /meff (leading 2, 3, 4 jets) > 0.3 > 0.25 > 0.25 > 0.2

meff (leading 2, 3, 4 jets) > 1000 > 1000 > 500/1000 –
meff (jets with pT > 40 GeV) – – – > 1100

Background events 62.4 ± 10 54.9 ± 8.1 1015 ± 150/33.9 ± 6.8 13.1 ± 3.1
Observed events 58 59 1118/40 18

Limit on (σ × A × ε) / fb 22 25 429/27 17

Table 1: Top rows: criteria for admission to each of the five overlapping signal regions (meff , Emiss
T and

pT in GeV). Bottom rows: expected background and observed event count, and extracted cross section
upper limit for new physics at 95% C.L. (A = acceptance, ε = efficiency).

Standard Model background processes contribute to the event counts in the signal regions. The dom-
inant sources are: W+jets, Z+jets, top quark pair (tt̄), single top, and multi-jet production. In order to
estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for each of the
five signal regions (SRs), giving 25 CRs in total. Each ensemble of one SR and five CRs constitutes a
different ‘channel’ of the analysis. For each channel, measurements in the CRs are used to derive back-
ground expectations in the SR through the use of ‘transfer factors’ equivalent to the ratios of expected
event counts in the CRs and SR, derived independently of the data observations in the CR and SR. A
combined likelihood fit across all control regions ensures that the background estimates are consistent
for all processes, taking into account contamination of the CRs by multiple SM processes. The transfer
factors are obtained from a combination of data and MC inputs.

The results of the analysis, i.e. the number of expected SM events and the number of observed events
in each of the five signal regions, are given in Table 2 of Ref. [1], and summarised in the bottom rows
of Table 1 here. The data are found to be in good agreement with the background expectation and no
excess is observed. Therefore, limits on contributions of new physics to the signal regions are set. The
bottom row of Table 1 shows upper limits on the effective cross section (production cross section σ ×
acceptance A × efficiency ε), assuming no signal uncertainties or contamination of the control regions.

The systematic uncertainties of the analysis are described in Ref. [1]. Dominant uncertainties on
the background estimates include theoretical uncertainties on W+jets, Z+jets and tt̄ production, the Jet
Energy Scale/Resolution (JES/JER) and MC statistical uncertainties. Uncertainties on the signal ac-
ceptance include JES/JER variations, MC statistics, pileup reweighting and the application of the event
cleaning cuts. Theoretical uncertainties on the signal cross section from varying the PDFs, αS and the
factorisation/renormalisation scale are also accounted for.

In the additional models described in this note, the mass-splittings between supersymmetric parents
and decay products (particularly the LSP) are frequently small, limiting the amount of energy transferred
to the visible decay products. With the hard kinematic cuts applied in the analysis, the modelling of
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additional jet production from initial state radiation (ISR) can become an important factor driving the
acceptance of signal events.

For this note, further studies have been done concerning the effects of ISR modelling on the signal
acceptance and associated uncertainties. In these studies, g̃g̃ + jet and q̃q̃ + jet events have been generated
with a matrix element approach as implemented in MadGraph 5 [7], matched to PYTHIA 6.4 [8] for parton
showering, fragmentation and hadronization. A second set of events is generated without an extra jet in
the matrix element, such that all additional jet radiation derives from the parton shower.

A comparison of these two samples shows no substantial differences in kinematic variables relevant
to this analysis, such as jet pT and Emiss

T , and hence no impacts on the signal acceptance beyond the 10%
level, except for small squark and gluino masses (M < 300 GeV) and for small mass differences between
the squark/gluino and the LSP (∆M < 300 GeV). In those cases, the parton shower approach underesti-
mates the magnitude of the ISR and thus underestimates the acceptance of the analysis. The differences
increase with decreasing squark/gluino mass and with decreasing mass gap between squark/gluino and
LSP, and can ultimately be as large as O(100%) for signal selections that contribute to the final limit, par-
ticularly the 2-jet and 3-jet selections. The results presented in this note are derived using HERWIG++ for
the calculation of the acceptance. The HERWIG++ approach, with which ATLAS produced large samples
covering complete SUSY mass grids, is indistinguishable from PYTHIA. The results are thus conservative
compared to the full matrix element approach.

While the acceptances based on HERWIG++ samples are conservative compared to those based on
MadGraph/PYTHIA samples, our confidence in the acceptances is still based on the ISR modelling details
in the latter matrix element approach. We therefore study the systematic uncertainties due to ISR by
varying αS and the MadGraph/PYTHIA matching parameters. The uncertainties are negligible at high
masses and high mass splittings (M > 300 GeV and ∆M > 300 GeV), and rise linearly with decreasing
M and decreasing ∆M, to ∼ 30% at ∆M = 0 and M > 300 GeV, and ∼ 40% at M = 250 GeV and
∆M = 0. They are treated as uncorrelated with similar uncertainties on the background components,
which gives more conservative results.

3 Interpretation in supersymmetric simplified models

Simplified models [9] are characterised by well-defined SUSY particle production and decay modes, and
a minimal particle content for the final state under study. This can be achieved by assuming that all
SUSY particles not of interest to a specific model are very massive and decouple. Multijet final states
with missing transverse momentum but no leptons can be described by a number of simplified models.
In this note, results are presented for the most basic ones. In the following models, the lightest neutralino
χ̃0

1 is always the lightest supersymmetric particle (LSP), and R-parity conservation is assumed.

3.1 Model definition/Event generation

The simplified models by construction reduce the supersymmetric parameter space to a maximum of
three free parameters, from the list below:

1. The mass of the degenerate first- and second-generation squarks, mq̃.

2. The mass of the gluino, mg̃.

3. The mass of the neutralino LSP, mχ̃0
1
.

4. The parameter x, defined as

x =
mχ̃±1
− mχ̃0

1

mq̃L,g̃ − mχ̃0
1

, (1)
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which controls the mass of the lighter chargino relative to the squark or gluino and the LSP.

Interpretation of the results in Ref. [1] is carried out in the following simplified models:

1. Pair production of first- and second-generation squarks decaying directly to quarks and the LSP
(q̃L,R → q χ̃0

1) with 100% branching ratio. Squark masses 137.5 GeV ≤ mq̃ ≤ 1200 GeV and LSP
masses 0 ≤ mχ̃0

1
≤ (mq̃ − 25 GeV) are considered. The masses of all other particles, including

gluinos and third-generation squarks, are set to 4.5 TeV.

2. Pair production of gluinos decaying directly to a quark-antiquark pair and the LSP (g̃ → qq̄ χ̃0
1),

with 100% branching ratio. Gluino masses 137.5 GeV ≤ mg̃ ≤ 1200 GeV and LSP masses
0 ≤ mχ̃0

1
≤ (mg̃ − 25 GeV) are considered. The masses of all other particles, including all squarks,

are set to 4.5 TeV.

3. Production of first- and second-generation squarks decaying to a quark and a chargino, and sub-
sequent decay of the chargino to an on- or off-shell W and the LSP (q̃L → qχ̃±1 → qW(∗)χ̃0

1) with
100% branching ratio. Only left-handed squarks are considered, the couplings of the right-handed
squarks to the chargino being forbidden. Squark masses 137.5 GeV ≤ mq̃ ≤ 1200 GeV and LSP
masses 0 ≤ mχ̃0

1
≤ (mq̃ − 25 GeV) are considered. Chargino masses are fixed by the values of

x = 1/4, 1/2, 3/4, as defined in Eq. 1. The masses of other particles are set to 4.5 TeV.

4. Production of gluinos and analogous decays to a quark-antiquark pair and a chargino, and sub-
sequent decay of the chargino to an on- or off-shell W and the LSP (g̃ → qq̄χ̃±1 → qq̄W(∗)χ̃0

1)
with 100% branching ratio. Gluino masses in the range 137.5 GeV ≤ mg̃ ≤ 1200 GeV and
LSP masses 0 ≤ mχ̃0

1
≤ (mg̃ − 25 GeV) are allowed. Chargino masses are fixed by the values of

x = 1/4, 1/2, 3/4, as defined in Eq. 1. The masses of other particles are set to 4.5 TeV.

5. Production of first- and second-generation squarks and gluinos with direct two-body (q̃L,R → q χ̃0
1)

or three-body decays (g̃→ qq̄ χ̃0
1), as in models 1 and 2. When kinematically allowed, the heavier

strong sparticles may decay via the lighter ones, e.g. (q̃L,R → q g̃ → qq̄ χ̃0
1), (g̃ → q q̃ → q̄ χ̃0

1).
Planes in the squark and gluino masses with mχ̃0

1
= 0, 195, 395 GeV are probed with (mχ̃0

1
+

5 GeV) ≤ mq̃,g̃ ≤ 2 TeV. All other particles have masses set to 5 TeV. The massless LSP case
was presented in the results of the main analysis [1]. The processes of gluino-pair production,
gluino-(anti)squark production, and squark-(anti)squark production are considered.

The choice of 137.5 GeV as a lower bound on the gluino or squark masses simulated is partly motivated
by the bound of 100 GeV on mq̃ from LEP. In addition, as the trigger selection implies cuts on the leading
jet pT and Emiss

T of 130 GeV, the efficiency becomes vanishingly small for models in which the sparticle
masses are lower. Precise values are set by the grid spacing.

Limits were previously placed on the one-step cascade models 3 and 4 by the ATLAS 2011 1-lepton
analysis [10], which selected events where the decay of one of the W’s in the cascade produced a lepton.
In this analysis we consider the complementary event sample in which neither W decay was leptonic.

Events are generated with the HERWIG++ v2.4.2 [11] Monte Carlo generator, based on SUSY Les
Houches Accord (SLHA) files generated with SUSYHIT [12] (models 1,2,3,4) or ISAJET/ISASUSY [13]
(model 5). Cross sections are determined with PROSPINO [14] at Next-to-Leading Order (NLO).

3.2 Results

The analysis of Ref. [1], summarised in Section 2, is used to constrain gluino and squark production in
the simplified models. The combined likelihood fits to the data are repeated for all signal and control
regions, taking into account for each model point the possible contamination of the control regions by
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the SUSY signal. Plots of the experimental acceptance times efficiency (A× ε) for the squark and gluino
direct and one-step cascade decay grids can be found in Appendix A.

At each parameter point, we determine an upper limit on the production cross section times branching
ratio (σ×BR) for SUSY production. The computation takes into account all background uncertainties as
well as experimental uncertainties on the signal expectation. Theoretical uncertainties on the production
cross section are ignored for this upper limit. However, they are incorporated into the computation of
limit contours, which assume the nominal MSSM cross sections for the specific models. Results for
different signal regions are combined by selecting the signal region with the best expected cross section
limit at each parameter point.

Results for models 1, 2, 3 and 4 are shown in Figures 1 and 2. Figures 3 and 4 illustrate the signal
selections having the best sensitivity, and hence contributing to the bounds, at each model point. Addi-
tional limit plots for each of the individual signal selections are shown in Appendix B. The results for
model 5 are shown in Figure 5, with the optimal signal selections shown in Figure 6.

3.3 Discussion

Interpretation of the 2011 ATLAS 0-lepton [1] analysis in terms of simplified models reveals strengths
and limitations of the search when dealing with multiple production modes and decay topologies.

Better cross section limits are achieved on direct decay modes of squarks and gluinos than on the
one-step decay modes. For both squarks and gluinos, the selection is effective for LSP masses up to
approximately 200 GeV (slightly higher for the gluino models, slightly lower for the squark models), but
for higher LSP masses the squark and gluino limits soften or are absent.

At the 95% Confidence Level (C.L), gluino (squark) masses below 700 (650) GeV are excluded for
LSP masses up to 200 GeV assuming direct decays, with the squark (gluino) mass set to 4.5 TeV. When
the gluino decays via an intermediate chargino of moderate mass (with the parameter x = 1/2, 3/4), the
gluino mass is constrained to be above 600 − 700 GeV for LSP masses up to 100 GeV.

For the one-step decay modes, and in particular for x = 1/4, i.e. small mass differences between
chargino and LSP, the interesting feature appears that the acceptance is better for non-zero LSP masses
than for a massless LSP. This is due to the rate at which the compression affects the spectrum of the
Emiss

T versus that of the meff , and the consequences on the efficiency of the cut on Emiss
T /meff [17]. This is

illustrated in Figures 11 and 14, where the acceptance increases from mLSP = 0 to values of 200-400 GeV,
depending on the signal selection, before falling away as the spectrum becomes increasingly degenerate.

For the one-step squark decays, the obtained cross section limits are higher than the nominal pro-
duction cross section, and no exclusion can be made. Both squark results are, however, sensitive to
assumptions about the gluino mass, as the important t-channel gluino exchange diagram becomes sup-
pressed for heavy gluinos, reducing the squark production cross section.

When both squark and gluino production are allowed, the degradation of the limits due to higher
LSP masses is more limited, particularly when the squark and gluino masses are similar enough that the
associated production process dominates the SUSY production. This is primarily because above mass-
splittings of ∼ 600 GeV, the selection efficiency is relatively constant with respect to the mass scale, and
hence the production cross section (which is flat for varying degrees of compression) largely determines
the maximal reach of the analysis. Equal-mass squarks and gluinos lighter than 1025 GeV are excluded.

Surprisingly, the analysis is able to exclude models with spectra in which the lighter superpartner has
as small a mass-splitting with the LSP as 5 GeV, e.g. 400 GeV squarks or gluinos, with mLSP = 395 GeV.
Such models are not excluded in the case of exclusive squark or gluino production. In the case that both
sparticles are very light, e.g. mq̃ = mg̃ = 400 GeV, the sensitivity is virtually all due to ISR. From figures
1 and 2, it can be seen that approximately a 30 pb cross section is needed for exclusion. In the absence
of associated production, the squark and gluino cross sections sum to 21 pb, and hence even together
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Figure 1: Exclusion limits in the q̃ − χ̃0
1 mass plane for direct [top left] and one-step squark decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
In the case of direct decays, the cross section for q̃L,R production is assumed, however, q̃R production
is neglected for the one-step cascade grids, effectively halving the production cross section. This only
applies to the limit contours. For the one-step cascade grids, the nominal cross sections are too low for
any model points to be excluded at 95% C.L., hence no limit contours are drawn.
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Figure 2: Exclusion limits in the g̃ − χ̃0
1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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Figure 3: Signal regions providing the best expected limit in the q̃ − χ̃0
1 mass plane for direct [top left]

and one-step squark decays with the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom
left and bottom right respectively]. Signal regions are indicated by the symbols: A – 2-jet selection, B –
3-jet selection, C – 4-jet soft selection, D – 4-jet hard selection, E – high-mass selection, as defined in
Table 1. The colour scale shows the combined limit on the cross section times branching ratio (σ × BR),
corresponding to the limit from the indicated SR.
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Figure 4: Signal regions providing the best expected limit in the g̃ − χ̃0
1 mass plane for direct [top left]

and one-step gluino decays with the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom
left and bottom right respectively]. Signal regions are indicated by the symbols: A – 2-jet selection, B –
3-jet selection, C – 4-jet soft selection, D – 4-jet hard selection, E – high-mass selection, as defined in
Table 1. The colour scale shows the combined limit on the cross section times branching ratio (σ × BR),
corresponding to the limit from the indicated SR.
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1 LSP mass. Three

hypotheses for the neutralino LSP mass are shown, in red, green and blue for mLSP = 0, 195 and 395 GeV
respectively. Observed limits are shown by solid lines, whereas expected limits are dashed. The lines of
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ments are also shown. However, the Tevatron limits were derived in the context of CMSSM/MSUGRA
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with the models defined by ATLAS.
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mLSP = 0, 195 and 395 GeV respectively. Observed limits are shown by solid lines, whereas expected
limits are dashed.
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they cannot be excluded. However, associated q̃g̃ production provides another 25 pb of cross section,
allowing the point to be excluded.

Furthermore, even when one superpartner is considerably heavier, the analysis retains sensitivity to
associated production. For example, the threshold for production of 1400 GeV squarks with 400 GeV
gluinos is comparable to that for pair-producing 900 GeV gluinos or squarks, and the mass-splitting of
the heavier sparticle is large enough to give a high efficiency, even when the LSP is quite degenerate with
the lighter sparticle. Hence points such as (mq̃ = 1400 GeV,mg̃ = 400 GeV,mLSP = 395 GeV) can be
excluded in spite of the high compression of the gluinos.

More interesting phenomenology is apparent in the 395 GeV LSP grid. Without associated produc-
tion, one would expect the limits for small mg̃,q̃ to become constant for large mq̃,g̃, once the heavier
sparticle decouples. Instead, the exclusion on large mq̃ (∼ 1.3 − 1.5 TeV) is maximal for light gluinos,
and degrades towards the equal-mass limit, whereas it increases in large mg̃ (∼ 1.2−1.7 TeV) as mq̃ rises,
up to a maximum at mq̃ = 800 GeV. The falling overall cross section is partly responsible for the large
mq̃ behaviour. At low gluino masses, the associated production bolsters the efficiency until the mass-
splitting becomes large enough that the intrinsic efficiency for gluino pair-production takes over. The
cross section for associated production diminishes more swiftly for large gluino masses, and hence there
is less of an increase in sensitivity when the squarks are degenerate with the LSP. Hence, in the large mg̃

region, the efficiency of selecting q̃q̃ events is the dominant factor determining the search sensitivity.

4 Interpretation in Minimal Universal Extra Dimensions

In the Minimal Universal Extra Dimensions model [18, 19, 20] the Standard Model fields are allowed
to propagate into 4 + δ dimensions, the extra dimensions being compactified at a scale equivalent to
the reciprocal of the size of the extra dimensions, R−1. The model is fully determined by the values of
R−1 and a cutoff scale Λ. From a phenomenological point of view there are many parallels between the
MUED and SUSY models. In the MUED model, each SM field has Kaluza-Klein (KK) partners that, in
contrast to SUSY, have the same spin. In this analysis, only the first KK level is considered for each SM
particle. For brevity, henceforth “KK particle” denotes the first KK partner.

Momentum conservation in the extra dimensions implies the conservation of a KK quantum num-
ber – the KK parity – so that KK particles are also always produced in pairs. Heavier KK-particles
successively decay into the lightest KK particle (LKP) and SM particles. The LKP escapes detection,
leading to missing transverse energy signatures. The masses of all MUED particles are, to lowest or-

der, mKK =

√
m2

SM + R−2, where mSM is the mass of the corresponding Standard Model particle. The

theory is governed by a cutoff scale Λ > R−1 above which it is no longer perturbative. The masses of
the KK particles receive radiative corrections proportional to ln(Λ · R) [19]. A typical spectrum and its
dependence on Λ ·R is shown in Ref. [20]. The LKP, denoted as the KK photon γKK, receives only small
corrections, whereas the KK gluon gKK receives large corrections. For low values of Λ · R, the spectrum
is compressed, in analogy with compressed SUSY spectra.

4.1 Model definition/Event generation

In the framework of this analysis, the Minimal MUED scenario with one additional extra dimension
(δ = 1) is studied, as implemented in the HERWIG++ v2.4.2 Monte Carlo generator, which takes into
account the particle spin correlations. All samples are generated at

√
s = 7 TeV and passed through

the full ATLAS detector simulation and reconstruction. Only points with 300 ≤ R−1 ≤ 900 GeV are
considered, values below 300 GeV being excluded by electroweak fits to the Tevatron and LEP data [18].
The parameter Λ · R is varied between 2 and 40. For Λ · R & 30, the effective theory becomes non-
perturbative [18]. Typically, Λ ·R is restricted to a range between 10 and 20. We explore this larger range
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Figure 7: Exclusion limits in the Universal Extra Dimensions model space, in terms of [left] the com-
pactification scale (R−1) and the compression scale (Λ · R) and [right] the masses of the Kaluza-Klein
gluon gKK and the Kaluza-Klein photon γKK (LKP). All cross sections are computed at leading order. In
the mass parameter plot, the ranges of the MC simulation in the right hand plot are indicated in dashed
lines. The lines correspond to the edges of the left-hand plot.

in order to test the dependence of our limits on the value of Λ ·R independently of theoretical preferences.
Currently there are no NLO calculations for the minimal MUED model available, therefore only LO
HERWIG++ cross sections are used, and theoretical uncertainties are not applied. Only experimental
uncertainties on the signal acceptance are considered.

As an alternative representation, the limits on the MUED scenarios are also shown versus mass
parameters, namely the mass of the Kaluza-Klein gluon mgKK and the mass-difference between the KK
gluon and KK photon, ∆m(gKK , γKK). The same signal MC points are used, meaning that the regular
grid in R−1, Λ · R is mapped to an irregular quadrilateral in the mass parameters whose edges match the
ranges on the fundamental parameters.

4.2 Results

The analysis of Ref. [1] is used to constrain Kaluza-Klein gluon production and decay in MUED in a
way analogous to the method presented for the simplified models. The exclusion limits in terms of the
compactification scale of the extra dimensions R−1 and the compression scale Λ · R, or alternatively the
masses of mgKK and ∆m(gKK , γKK) are shown in Figure 7. The signal selections contributing to the limits
are illustrated in Figure 8.

4.3 Discussion

In a MUED model, a bound of 600 GeV is set on the compactification scale R−1, for values of the
compression scale Λ · R between 2 and 40, translating to a lower bound of 730 GeV on the mass of the
Kaluza-Klein gluon. This bound is set for Λ · R ' 20, which gives the most conservative estimate. It
should be noted that the cross sections used for MUED models are computed only at leading order, and
the results quoted in this note might be altered by next-to-leading order corrections.
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Figure 8: Signal regions providing the best expected limit in the Universal Extra Dimensions model
space, in terms of [left] the compactification scale (R−1) and the compression scale (Λ · R) and [right]
the masses of the Kaluza-Klein gluon gKK and the Kaluza-Klein photon γKK (LKP). Signal regions are
indicated by the symbols: A – 2-jet selection, B – 3-jet selection, C – 4-jet soft selection, D – 4-jet hard
selection, E – high-mass selection, as defined in Table 1. The expected and observed limits assuming the
LO cross section are shown as blue and red contours respectively. In the mass parameter plot, the ranges
of the MC simulation in the right hand plot are indicated in dashed lines. The lines correspond to the
edges of the left-hand plot.
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The limits placed on MUED scenarios by this analysis are the most stringent from direct searches
to date. Previous searches have placed limits on non-minimal Universal Extra Dimensions scenarios.
The most recent are from ATLAS diphoton searches, in which a limit of 946 GeV is set on R−1 [21].
It should be stressed, however, that the diphoton limit makes different assumptions from those made in
the current note. Specifically, it is assumed that the single-UED model is embedded in a 6-dimensional
space, opening up gravitational decays for the KK photon to a SM photon and gravitino. Such decays
are forbidden in the MUED framework.

Compressed MUED models are found to be better constrained by the 0-lepton analysis relative to
similarly compressed SUSY simplified models. However, the comparison should be made with some
caution, as the models are not directly comparable. Firstly, the spin structure of the MUED particle
spectrum yields an increase of roughly a factor of five for KK quark production relative to squarks of
equivalent mass. Furthermore, the expanded particle spectrum relative to the SUSY simplified models
provides for an increased total cross section.

5 Conclusion

The extension of the ATLAS 0-lepton analysis [1] to compressed spectra demonstrates substantial sensi-
tivity to mass-degenerate models.

Lower bounds of 700 (650) GeV can be set on the masses of gluinos (squarks) decaying directly to
quarks and an LSP of mass up to 200 GeV, where the squark (gluino) mass is set to 4.5 TeV. The gluino
limit is softened to 600 GeV given an LSP mass of 100 GeV for one-step cascade decays via a moderately
massive intermediate chargino. Gluino decays via light charginos and left-handed squark cascade decays
yield poorer or nonexistent bounds at the nominal cross section.

The analysis is more sensitive to models with associated squark/gluino production, in which a limit
of 1025 GeV can be placed on equal-mass squarks and gluinos.

A single universal extra dimension, with no additional gravitational interactions, is constrained to
have compactification scale R−1 > 600 GeV for 2 ≤ Λ · R ≤ 40. This yields a lower limit of 730 GeV on
the mass of the first KK gluon.
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A Acceptance times efficiency plots
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Figure 9: Acceptance times efficiency (A × ε), defined as the fraction of signal events passing full event
selection in the q̃− χ̃0

1 mass plane for direct squark decays q̃→ q χ̃0
1 for each of the five signal selections.

Points shown in white have less than 0.1% of events accepted.
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Figure 10: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the g̃− χ̃0

1 mass plane for direct gluino decays g̃→ qq̄ χ̃0
1 for each of the five signal selections.

Points shown in white have less than 0.1% of events accepted.
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Figure 11: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− χ̃0

1 mass plane for one-step squark decays q̃→ q χ̃±1 → q W± χ̃0
1 with x = 1/4 for each

of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 12: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− χ̃0

1 mass plane for one-step squark decays q̃→ q χ̃±1 → q W± χ̃0
1 with x = 1/2 for each

of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 13: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− χ̃0

1 mass plane for one-step squark decays q̃→ q χ̃±1 → q W± χ̃0
1 with x = 3/4 for each

of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 14: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the g̃ − χ̃0

1 mass plane for one-step gluino decays g̃ → qq̄ χ̃±1 → qq̄ W± χ̃0
1 with x = 1/4 for

each of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 15: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the g̃ − χ̃0

1 mass plane for one-step gluino decays g̃ → qq̄ χ̃±1 → qq̄ W± χ̃0
1 with x = 1/2 for

each of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 16: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the g̃ − χ̃0

1 mass plane for one-step gluino decays g̃ → qq̄ χ̃±1 → qq̄ W± χ̃0
1 with x = 3/4 for

each of the five signal selections. Points shown in white have less than 0.1% of events accepted.
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Figure 17: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− g̃ mass plane with massless LSP’s for each of the five signal selections. Points shown
in white have less than 0.1% of events accepted.
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Figure 18: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− g̃ mass plane with 195 GeV LSP’s for each of the five signal selections. Points shown
in white have less than 0.1% of events accepted.
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Figure 19: Acceptance times efficiency (A× ε), defined as the fraction of signal events passing full event
selection in the q̃− g̃ mass plane with 395 GeV LSP’s for each of the five signal selections. Points shown
in white have less than 0.1% of events accepted.
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Figure 20: Exclusion limits in the q̃ − χ̃0
1 mass plane for direct squark decays q̃ → q χ̃0

1 for each of the
five signal selections. The colour scale shows the 95% C.L. upper limit on the production cross section.
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Figure 21: Exclusion limits in the q̃ − χ̃0
1 mass plane for one-step squark decays q̃ → q χ̃±1 → q W± χ̃0

1
with x = 1/4 for each of the five signal selections. Only left-handed squarks are considered, effectively
halving the cross section. The nominal cross sections are too low for any model points to be excluded at
95% C.L., hence no limit contours are drawn. The colour scale shows the 95% C.L. upper limit on the
production cross section.
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Figure 22: Exclusion limits in the q̃ − χ̃0
1 mass plane for one-step squark decays q̃ → q χ̃±1 → q W± χ̃0

1
with x = 1/2 for each of the five signal selections. Only left-handed squarks are considered, effectively
halving the cross section. The nominal cross sections are too low for any model points to be excluded at
95% C.L., hence no limit contours are drawn. The colour scale shows the 95% C.L. upper limit on the
production cross section.
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Figure 23: Exclusion limits in the q̃ − χ̃0
1 mass plane for one-step squark decays q̃ → q χ̃±1 → q W± χ̃0

1
with x = 3/4 for each of the five signal selections. Only left-handed squarks are considered, effectively
halving the cross section. The nominal cross sections are too low for any model points to be excluded at
95% C.L., hence no limit contours are drawn. The colour scale shows the 95% C.L. upper limit on the
production cross section.
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Figure 24: Exclusion limits in the g̃ − χ̃0
1 mass plane for direct gluino decays g̃ → qq̄ χ̃0

1 for each of the
five signal selections. The colour scale shows the 95% C.L. upper limit on the production cross section.
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Figure 25: Exclusion limits in the g̃ − χ̃0
1 mass plane for one-step gluino decays g̃→ qq̄ χ̃±1 → qq̄ W± χ̃0

1
with x = 1/4 for each of the five signal selections. The colour scale shows the 95% C.L. upper limit on
the production cross section.
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Figure 26: Exclusion limits in the g̃ − χ̃0
1 mass plane for one-step gluino decays g̃→ qq̄ χ̃±1 → qq̄ W± χ̃0

1
with x = 1/2 for each of the five signal selections. The colour scale shows the 95% C.L. upper limit on
the production cross section.
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Figure 27: Exclusion limits in the g̃ − χ̃0
1 mass plane for one-step gluino decays g̃→ qq̄ χ̃±1 → qq̄ W± χ̃0

1
with x = 3/4 for each of the five signal selections. The colour scale shows the 95% C.L. upper limit on
the production cross section.
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Figure 28: Exclusion limits in the Universal Extra Dimensions model space, in terms of the scale of the
extra dimension (R−1) and the compression scale (Λ ·R). The high-mass signal region does not contribute
to the limit, and is not shown.
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Figure 29: Exclusion limits in the Universal Extra Dimensions model space, in terms of the masses of
the Kaluza-Klein gluon gKK and the Kaluza-Klein photon γKK (LKP). The high-mass signal region does
not contribute to the limit, and is not shown.
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Figure 30: Exclusion limits in the g̃ − q̃ mass plane with mLSP = 0, 195, 395 GeV for each of the five
signal selections.
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