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1 Introduction
After the discovery of a new particle with a mass of 125 GeV/c2 consistent with the Higgs
boson [1], the evidence for the existence of new physics at the TeV scale is even stronger:
new particles are needed in order to keep the radiative corrections of the Higgs boson mass to
the electroweak scale. The above is an indication of the so-called hierarchy problem, which is
guiding the efforts of many Beyond Standard Model (BSM) theories. Some of them try to solve
the problem by predicting a ”mirror” world, responsible for cancellations in these corrections.
Part of this world is often both a new heavy top partner and new heavy gauge bosons [2, 3].

In this analysis we search for anything decaying like top pairs (T′T̄′ →W′+bW′−b̄), in their
dilepton final state in which both W′ bosons decay leptonically. So we are searching simul-
taneously for both a new heavy top partner and a new heavy charged gauge boson. We use
pp collision data recorded by the CMS detector during 2012 and corresponding to 19.7 fb−1

of integrated luminosity. The final state has two charged leptons, two jets and missing trans-
verse energy due to the invisible neutrinos. The analysis is based on a two-dimensional mass
reconstruction of the T′T̄′ system as described in [4]. The analytic solutions together with con-
straints from the parton distribution functions (PDFs) are used to reconstruct the masses of
two unknown particles simultaneously. The only assumption used in the mass reconstruction
is that each T′ decays to a W′ and a b quark, with the heavy W′ subsequently decaying into
an electron or a muon, and a massless particle. Thus, the analysis is performed in a model
independent way to target possible signals that may have not been predicted yet. A hypothet-
ical signal, based on the littlest Higgs model [5, 6] is used to set 95% CL upper limits on the
production cross section times branching ratio as a function of the T′ and the W′ mass. Little
Higgs models introduce spontaneously broken global symmetries due to a mechanism called
”collective symmetry breaking” where the Higgs field appear as a pseudo-Nambu-Goldstone
boson. The quadratic divergences are cancelled due to new heavy gauge bosons and quarks.

There are two major issues in searches for BSM models with missing energy: the difficulty in
establishing a discovery and the even harder task of understanding the specific BSM model
found (e.g the masses and spin of the new particles). The first difficulty is due to the fact that
the experimental BSM searches are often based on missing energy related observables where
the new physics appears in the tail of the distribution. This is different than the discovery of
the Higgs boson where the mass peaks have large shape difference when compared with the
background. After a possible observation of an excess of events in the tail of a distribution, our
knowledge about the new theory will still be limited: the particle content, the masses and the
spin of new particles will be unknown.

The search in two-dimensional mass space performed in this analysis targets both the above
problems. The reconstruction of mass peaks of the two unknown particles concentrates signal
events in a small region of the two-dimensional mass space whereas background events have
no reason to do the same. The reconstructed masses also give valuable information about the
particle content and thus the parameters of the model. The search in two-dimensional mass
space can be extended to similar symmetric topologies predicted by other BSM theories with
final states with two invisible particles.

This paper is organized as follows: the CMS detector is presented in section 2. The samples
used and the event selection are described in sections 3 and 4. The two-dimensional mass
reconstruction is presented in section 5. Finally, the systematic uncertainties and the limits are
presented in sections 6 and 7 respectively.
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2 CMS Detector
The central feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. The superconducting
solenoid volume contains a silicon pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Muons are measured in gas-ionization detectors em-
bedded in the steel flux-return yoke outside the solenoid. The silicon tracker measures charged
particles within the pseudorapidity η range |η| < 2.5. For not-isolated particles with transverse
momenta of 1 < pT < 10 GeV and |η| < 1.4, the track resolutions are typically 1.5% in pT, and,
respectively, between 25-90 and 45-150 µm in transverse and longitudinal impact parameters
relative to the production vertex [7]. The electromagnetic calorimeter is made of lead tungstate
crystals, and provides a coverage of |η| < 1.479 in the barrel region, and 1.479 < |η| < 3.0
in the endcaps. The ECAL energy resolution for electrons from Z → e+e− decays is smaller
than 2% in the central region of the ECAL barrel (|η| < 0.8), and is between 2% and 5% else-
where [8]. The HCAL consists of a sampling calorimeter that has alternating layers of brass as
absorber and plastic scintillator as active material, covering the pseudorapidity range |η| < 3,
which is extended to |η| < 5 through forward calorimetry. Muons are measured in the pseu-
dorapidity range |η| < 2.4, with detection planes made using three technologies: drift tubes,
cathode-strip chambers, and resistive-plate chambers. Matching muons to tracks measured in
the silicon tracker, results in a relative resolution in pT for muons with 20 < pT < 100 GeV of
1.3− 2.0% in the barrel and less than 6% in the endcaps.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables, can be found in Ref. [9].

3 Simulated samples
The generation of the signal samples is performed using the littlest Higgs model. For the pro-
duction, the Whizard 2.2.0 event generator [10, 11] is used in a grid of the two-dimensional
mass plane of T′ and W′. The range for both masses is up to 2 TeV using steps of 200 GeV. Only
points in the grid where the mass of the heavy top partner is larger than that of the heavy gauge
boson are produced. The free parameters of the model are highly restricted by the masses MT′

and MW′ . Initially, the hard scattering (pp→ T′T̄′) is generated with Whizard. The decays of
both T′ and W′ is performed using Pythia 6.424 [12] and a flat matrix element in order to cre-
ate a simplified model which is associated to models with similar particle content and masses.
Samples produced with Whizard use the CTEQ6L PDF parametrization [13].

Top-pairs and single top samples are generated with Powheg 1.0 [14–16] combined with Pythia
6.424. The top pair sample is produced using the CT10 PDF set and the single top samples using
the CTEQ6M PDF parametrization. Single boson samples (Drell-Yan, W+jets), are produced
with Madgraph 5.1.1 [17] and are matched to Pythia 6.424 for parton showering. The same
generator is used for the associated production of top pairs with a W/Z boson (tt̄ + W/Z).
Samples produced with Madgraph use the CTEQ6L PDF parametrization. During the parton
matching using Pythia, the MLM algorithm [18] is applied to avoid double counting of partons.
Finally, diboson (WW, WZ, ZZ), QCD multi-jet and tt̄ + Higgs samples are produced using
Pythia 6.424. The underlying event is characterized using the Pythia Z2 tune [19].

Additional pp interactions in the same bunch crossing (pileup) are modelled by superimposing
simulated minimum-bias events to the generated hard interactions. The simulated events are
reweighted to reproduce the pileup multiplicity observed in data. Corrections are also applied
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to the simulated events to take into account the differences between data and simulation for
the trigger efficiencies, lepton identification, jet energy scale and resolution [8, 20–23].

4 Event Reconstruction and Selection
The search for new physics presented in this article utilizes the data collected in 2012, at a center
of mass energy of

√
s = 8 TeV. The data recorded during this year correspond to an integrated

luminosity of 19.7 fb−1. For this analysis, the single muon and double electron triggers are used.
The single muon trigger requires an isolated muon with transverse momentum of at least 40
GeV. The double electron trigger requires two isolated electrons with transverse momentum at
least 17 and 8 GeV for the most energetic and the second most energetic electron respectively.
The impact of pileup is minimized by requiring all charged particles to originate from the
primary vertex.

Reconstruction of physics objects in both data and simulated samples is performed using the
particle-flow algorithm [24]. Each single particle is reconstructed and identified with an opti-
mized combination of all subdetector information. The energy of photons is directly obtained
from the ECAL measurement, corrected for zero-suppression effects. The energy of electrons is
determined from a combination of the electron momentum at the primary interaction vertex as
determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum
of all bremsstrahlung photons spatially compatible with originating from the electron track.
The energy of muons is obtained from the curvature of the corresponding track. The energy
of charged hadrons is determined from a combination of their momentum measured in the
tracker and the matching ECAL and HCAL energy deposits, corrected for zero-suppression ef-
fects and for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.

Muons need to have a reconstructed track in both the tracker and in the muon system [21, 22].
The two tracks are then matched with a global fit requiring a small normalized χ2 in order to
suppress hadronic punch-through and muons from decays in flight. Reduction of the fraction
of fake muons is performed with additional cuts such as the number of muon and tracker hits.
Cosmic ray muons are reduced with cuts around the primary vertex in the xy and z plane. The
muon transverse momentum has to be larger than 50 GeV and the muon pseudorapidity is
restricted to 2.1 due to the single muon trigger acceptance. Additionally muons are required
to be isolated in a cone of ∆R =

√
η2 + φ2 < 0.4. The isolation observable is based on particle

flow particles in this cone and has to be less than 20% of the muon transverse momentum.

Electrons are reconstructed as clusters in the electromagnetic calorimeter which are consistent
with a track in the silicon tracker [8, 20]. Identification criteria include the distances in pseudo-
rapidity and azimuthial angle between the cluster and the track, as well as shower shape vari-
ables. The momentum measured in the tracker has to be close to the energy deposit in the
electromagnetic calorimeter. In addition, the ratio of the energy deposited in the hadronic and
the electromagnetic calorimeter has to be small for electrons and photons. The electron track
has to be close to the primary vertex in the xy and z plane. Electrons are required to have a
transverse momentum greater than 50 GeV and to be in the acceptance of the electromagnetic
calorimeter. The isolation observable for the electrons is based on the sum of transverse mo-
menta of the particle flow objects in a cone of ∆R = 0.3 and has to be smaller than 15% of the
electron transverse momenta.

The reconstructed particles (except isolated leptons) are clustered into jets using the anti-kT
algorithm [25] with a cone of ∆R = 0.5. Jets are required to have a transverse momentum
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Figure 1: The missing energy distribution after all selection requirements. The hatched bands
represent all the statistical and systematic uncertainties on the predicted background.

greater than 50 GeV and to be in the pseudorapidity region of |η| < 2.4. Corrections are applied
to the simulated events for both the scale and the resolution of jets [23]. The missing energy
is defined as the magnitude of the negative vector sum of all reconstructed particles. Events in
this analysis are required to have more than 50 GeV of transverse missing energy.

We are searching for topologies similiar to top pairs in the dilepton decay mode. The exper-
imental signature consists of 2 leptons, 2 jets and missing energy in the event. Leptons are
sorted by their transverse momentum pT and the two most energetic leptons which satisfy the
lepton identification criteria are selected. The two leptons are additionally required to be iso-
lated, have high transverse momenta and invariant mass off-peak with respect to the Z boson
resonance. Events are categorized into those containing 2 muons (µµ), 2 electrons (ee), or 1 elec-
tron and 1 muon (eµ). The jets are also sorted by their pT, and the two most energetic ones are
chosen. Mass reconstruction requires the jets coming from the hard process, so no b-tagging
is applied in order to keep the ordering in the transverse momentum. An alternative ordering
based on the value of the btagging discriminator has also been checked. The pT ordering is bet-
ter except in the diagonal of the 2-dimensional mass plane where the energy of the jets is small.
Finally, as signal includes two invisible particles, events are required to have large transverse
missing energy. As described above, all leptons, jet pT as well as MET cuts are set to the same
value. No optimization is performed for the selection based on specific models. The missing
energy after all selection requirements applied can be seen in Figure 1.

5 Two-dimensional Mass reconstruction
The dilepton T′T̄′ pair system satisfies the energy momentum constraints in the T′ quark and
the W′ boson decays for both branches of the symmetric topology. In addition, the missing en-
ergy originating from the two invisible neutrinos gives two additional constraints. This system
of equations has an equal number of unknowns, that is the momenta of the two neutrinos. The
system can be solved analytically provided that the masses of the particles are known [26, 27].
The input for the algorithm consists of the momentum of the visible particles (2 leptons and
2 jets), the two components of the transverse momentum (METx, METy) as well as the masses
of T′, W′ particles. Each possible input can give zero, two or four different solutions. There
are two possible combinations of jets and leptons originating from the same T′ quark, giving in
total up to eight solutions per event.
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Figure 2: Mass reconstruction in two-dimensional mass space with the 2012 dataset (19.7 fb−1).

Assuming the masses of the particles are unknown the only option is to test every point of the
MT′ , MW′ plane for possible solutions. The mass plane can be scanned in steps of 5 GeV to pro-
duce the area in which a specific solution exists or not. The solution area has mass information
as it is bounded from below: there must be enough energy to produce the transverse compo-
nents of the particles momenta. There is also an upper limit to the allowed masses produced
due to the finite collision energy. Each parton takes only a fraction of the finite beam energy
as described by its Parton Distribution Function (PDF). A single point in the solution area is
choosen by picking the one which is more likely to originate from a proton-proton collision
according to its PDF.

More specifically, each solution in a given mass point allows full reconstruction of the event
kinematics from the neutrino momenta up to the T′T̄′ four-vector. Knowledge of the T′T̄′ sys-
tem allows the calculation of the fraction of the beam energy of the two partons participating in
the hard scattering (x1,2 = (E(T′T̄′) ± Pz(T′T̄′))/(2

√
s)). For each parton with fraction xi a proba-

bility F(xi, Q) is estimated for the parton to originate from a proton. A weight per mass point is
estimated by summing all possible parton combinations (gg, uū, ūu, dd̄, d̄d). The weight can
be written as:

∑
a,b

Fa(x1, Q)Fb(x2, Q), (1)

where the summation in the pairs (a,b) is over the combinations mentioned above and F is the
CT10 PDF-set [28] with momentum transfer Q2 = m2

T′ . In order to restore solutions lost due
to mismeasured particles each event is smeared to create N test events according to detector
resolution. The leptons are smeared by 1% and the jets according to the Jet Energy Scale (JES)
uncertainties [23]. Then the PDF weight distribution described above is averaged over all test
events and normalized to unit volume to create a probability per mass point and solution:

P(MT′ , MW′) =
1
V
· 1

N

N

∑
i=1

∑
a,b

F(i)
a (x1, Q) · F(i)

b (x2, Q) · S(i)(MT′ , MW′) (2)

where the summation is over the N=100 test events and flavour, V is the volume of the distri-
bution and S(i)(MT′ , MW′) is the existance (or not) of a solution in a specific mass point . The
maximum among all distributions related to different solutions gives the final MT′ and MW′
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Figure 3: Top quark (left) and W boson mass (right) using the two-dimensional mass recon-
struction. The hatched bands represent all the statistical and systematic uncertainties on the
predicted background.

estimation per event. By applying the method in data corresponding to the 2012 dataset, the
two-dimensional mass distribution can be created (Figure 2). Both top quark and W boson can
be observed without any a priori knowledge of their masses or the underlying theory, except
the event topology. Only data is used to construct Figure 2, no simulation is necessary for this
observation. The top quark mass can be derived from the two-dimensional mass reconstruction
using a range of 60-100 GeV for the W mass (Figure 3, left). In a similar way, the W boson mass
is observed when using a range of 150-200 GeV for the top mass in Figure 3 (right). The perfor-
mance of MT′ and MW′ reconstruction can be seen in Figure 4 for two different signal samples.
Finally, the reconstructed MT′ and MW′ on top of its background are presented in Figure 5 and
can be compared with the data distribution.

The event yields after mass reconstruction for both data and simulated background samples
are presented in Table 1. The main background left are top-pairs (more than 85% of the total).
Due to the good separation of signal and top pair background in the two-dimensional mass
plane (Figure 5, left), the top pair region is an effective validation region for this background.
More specifically, the top pair validation region is defined as the region MT′ < 300 GeV and
MW′ < 100 GeV. This part of the mass plane is dominated by top pairs, with good agreement
between data and simulation. If additionally the invariant mass of the tt̄ system is smaller than
600 GeV, less than 1% of the signal events contaminate the validation region for any of the
generated samples. The scale factor derived from the ratio of data over simulation is compara-
bable to the top pair background systematic uncertainty and therefore no correction is applied
in the signal region. The MT′ and MT′T̄′ in the validation region can be seen in Figure 6 (left)
and Figure 6 (right) respectively. The invariant mass of the T′T̄′ system is an interesting observ-
able to monitor for possible new heavy neutral gauge bosons (Z′ → T′T̄′, Z′ → tt̄). Finally, the
Drell-Yan background is also evaluated in the Z-peak region where it is dominant by compar-
ing data/simulation and a scale factor is derived in order to be used in the off-peak region.
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Figure 4: Two-dimensional mass reconstruction for [MT′ , MW′]=[600 GeV, 400 GeV] (left) and
[1000 GeV, 600 GeV] (right).
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Figure 5: Two-dimensional mass reconstruction for signal and background for MT′=1000 GeV
MW′=600 GeV (left), as well as, two-dimensional mass reconstruction for the 2012 CMS dataset
(19.7 fb−1) (right).

Sample ee µµ eµ total

TT+X 1826.7 ± 20.1 ± 128.1 2077.3 ± 21.5 ± 145.7 3484.0 ± 27.8 ± 244.4 7387.9 ± 40.5 ± 518.3
SingleTop 89.2 ± 6.3 ± 44.7 113.4 ± 7.1 ± 56.8 188.8 ± 9.1 ± 94.7 391.3 ± 13.1 ± 196.2
Z+Jets 284.4 ± 33.0 ± 186.8 381.4 ± 38.2 ± 250.5 94.5 ± 18.8 ± 62.1 760.3 ± 53.9 ± 499.3
Diboson 34.4 ± 1.7 ± 10.4 36.0 ± 1.7 ± 10.9 51.8 ± 2.2 ± 15.7 122.2 ± 3.3 ± 37.1
T’800 GeV W’ 400 GeV 23.3 ± 0.3 ± 0.7 32.0 ± 0.4 ± 1.0 56.1 ± 0.5 ± 1.7 111.4 ± 0.7 ± 3.5
T’ 1000 GeV W’ 600 GeV 3.3 ± 0.1 ± 0.1 4.9 ± 0.1 ± 0.2 8.3 ± 0.1 ± 0.3 16.5 ± 0.1 ± 0.5
Total Bkg 2234.7 ± 39.2 ± 231.1 2608.1 ± 44.4 ± 295.5 3819.0 ± 34.9 ± 269.8 8661.8 ± 68.7 ± 746.9
Obs. Ev. 2342 2358 3757 8457

Table 1: Background event yields for ee, µµ, eµ and the combined dilepton channels in the
two-dimensional search. The uncertainties on event yields include both statistical (first) and
systematic (second) components.
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Figure 6: The invariant masses MT′ (left) and MT′T̄′ (right) in the top pairs validation region.
The hatched bands represent all the statistical and systematic uncertainties on the predicted
background.

6 Systematic Uncertainties
The rate and shape systematic effects for both signal and background processes are examined
in this analysis. A list of corrections described in previous sections are applied in order to com-
pensate for simulation mismodeling of efficiencies, energy scales and detector resolution. The
variation of these scale factors by their uncertainties give an estimate on the related systematic
effect.

More specifically, the uncertainty introduced by the modeling of pile-up events is estimated by
shifting the minimum bias cross section by one standard deviation and recalculating the event
weights for the simulated events. As already mentioned, corrections are applied to the trig-
ger and reconstruction efficiencies to match those measured using data. These corrections are
varied by their uncertainties in order to estimate the trigger and reconstruction efficiencies sys-
tematics for both electrons and muons [8, 20–22]. The jet energy scale systematic uncertainty is
estimated by shifting the energy of the jets by one standard deviation as described in [23]. The
jet energy resolution in simulation is also corrected to match the resolution observed in data:
additional smearing is performed according to the data/simulation resolution ratio. The latter
is varied by its uncertainty in order to estimate the jet energy resolution systematic effect.

The top pair samples are produced using tree-level processes (Madgraph + Pythia). The choice
of renormalization and factorization scales introduces a systematic error which is estimated by
variation of the scales in the generation process by a factor of 2. The calculation is performed
using dedicated top pair simulation samples. The tree-level events produced by Madgraph
are matched to the Pythia parton shower to model additional soft and co-linear radiation. The
thresholds that control the matching of partons from the matrix element with those from parton
showers are varied in order to estimate the relative change in the Monte-Carlo event yields. The
diboson and single top samples normalization uncertainties are taken conservatively to be 30%
and 50% respectively. For Drell-Yan, the percentage difference between Data/MC in the near Z
peak region is used as a systematic uncertainty for this background [29]. The PDF uncertainty
introduced to the reconstructed masses is estimated using the CT10 PDF error set [30]. The
PDF parameters are changed within their uncertainties and the effect on the invariant mass
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distributions is evaluated. There is no significant effect on either shape nor rate when using the
above method or when using different PDF sets. A rate systematic uncertainty due to PDFs is
assigned to top-pairs as described in [31]. The search is performed in a region where top-pairs
are the dominant background, as can be seen in Table 1. The theoretical uncertainties related to
their production have the largest impact on the total uncertainty of the estimated event yieds.
Finally, the uncertainty on the integrated luminosity is estimated to be 2.6% by an independent
measurement [32]. A summary of all the systematic uncertainties considered can be seen in
Table 2. As there are no significant shape effects only rates were considered in the estimation
of the limits.

7 Limits
No evidence of any excess is found so an upper limit on the signal production cross-section per
mass point is set. The signal limits are evaluated using a modified frequentist approach, the CLs
method [33]. The following background categories are used: tt̄, single top, single boson (Drell-
Yan) and dibosons. The low occupancy and possible bins with zero entries in the simulated
2-D distributions can affect the limit calculation. Therefore, the empty bins are merged with
adjacent bins following a topological merging algorithm where bins with low occupancy are
merged with their neighbors to form superbins. The merging scheme is derived using as input
the histogram of the total background. The scheme is then used to merge in a similar way all
the rest of the 2-D histograms used in the limit calculation. More specifically, for each bin in
the 2-D histogram a superbin is created. The list of superbins is then searched for an empty
superbin. If found, it is merged with the adjacent superbin with the smaller number of events.
The algorithm is applied iteratively until no empty superbin is found.

The observed and expected limits are then calculated for all signal points created. The search
region is defined by the grid of samples generated (lowest at MT′= 400 GeV, MW′= 200 GeV).
Interpolation is used to estimate the limit for all other points internal in the region defined by
the grid. The observed upper limit on the cross-section per MT′ and MW′ for this search region
is presented in Figure 7. The limits for the different event categories are presented in Figure 8.
For the simplified model based on littlest Higgs, the exclusion is up to a MT′ range of 800-920
GeV, depending on MW′ .

Table 2: Summary for all systematic uncertainties. The theoretical uncertainties for top pair
background are shown separately.

Source T′ 800 GeV tt̄ + X Dibosons Single Top Z+jets
W′ 400 GeV (WW, WZ, ZZ)

Luminosity 2.6% 2.6% 2.6% 2.6% 2.6%
PileUp modelling 0.4% 0.4% 3.0% 0.7% 4.7%
Trigger efficiency 1.0% 1.0% 1.0% 1.0% 1.0%
Muon id and isolation 1.2% 0.7% 0.8% 0.7% 0.8%
Electron id and isolation 0.5% 0.5% 0.5% 0.5% 0.5%
Jet energy scale 0.2% 1.1% 1.3% 1.3% 5.4%
Jet energy resolution 0.1% 0.7% 0.8% 1.6% 5.3%
Q2 scale - 5.3% - - -
Matrix element/Parton shower - 2.0% - - -
Parton distribution functions - 2.6% - - -
Cross section - - 30% 50% 65%
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Figure 7: The expected and observed 95% CL upper limits on the σxBR for the simplified Little
Higgs Model.

8 Summary
A search for pp→ T′T̄′ →W′+bW′−b̄ in the dilepton final state has been performed using
19.7 fb−1 of data recorded by the CMS detector at

√
s = 8 TeV. The analysis is based on a two-

dimensional mass reconstruction of the T′T̄′ system without assumptions about the underlying
theory except the event topology. No deviation from standard model predictions is observed.
The region excluded from the search region defined above is up to a MT′ range of 800-920 GeV,
depending on MW′ . This is the first dedicated search performed at the LHC for both a new
heavy top partner and a new heavy charged gauge boson as predicted by the littlest Higgs
model.
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Figure 8: The expected and observed 95% CL upper limits on the σxBR for electron-electron
(top left), electron-muon (top right) and muon-muon (bottom left) event categories for the sim-
plified Little Higgs Model.
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A Appendix

Table 3: Selection efficiency times acceptance ε·A in percentage and the statistical uncertainties
for all 45 generated Littlest Higgs samples.

T’ Mass W’ Mass ε·A T’ Mass W’ Mass ε·A
[GeV] [GeV] [%] [GeV] [GeV] [%]

400 200 31.7 ± 0.2 1600 600 55.6 ± 0.2
600 200 38.8 ± 0.2 1600 800 54.8 ± 0.2
600 400 46.4 ± 0.2 1600 1000 53.7 ± 0.2
800 200 42.6 ± 0.2 1600 1200 51.7 ± 0.2
800 400 52.7 ± 0.2 1600 1400 46.9 ± 0.2
800 600 49.9 ± 0.2 1800 200 48.4 ± 0.2
1000 200 44.8 ± 0.2 1800 400 51.1 ± 0.2
1000 400 53.4 ± 0.2 1800 600 53.6 ± 0.2
1000 600 54.9 ± 0.2 1800 800 53.6 ± 0.2
1000 800 50.0 ± 0.2 1800 1000 53.1 ± 0.2
1200 200 47.4 ± 0.2 1800 1200 51.8 ± 0.2
1200 400 53.2 ± 0.2 1800 1400 49.7 ± 0.2
1200 600 55.7 ± 0.2 1800 1600 43.1 ± 0.2
1200 800 54.1 ± 0.2 2000 200 46.6 ± 0.2
1200 1000 48.3 ± 0.2 2000 400 50.0 ± 0.2
1400 200 48.2 ± 0.2 2000 600 51.4 ± 0.2
1400 400 52.8 ± 0.2 2000 800 50.8 ± 0.2
1400 600 55.6 ± 0.2 2000 1000 51.3 ± 0.2
1400 800 55.0 ± 0.2 2000 1200 49.6 ± 0.2
1400 1000 53.0 ± 0.2 2000 1400 47.1 ± 0.2
1400 1200 48.2 ± 0.2 2000 1600 45.7 ± 0.2
1600 200 49.0 ± 0.2 2000 1800 41.1 ± 0.2
1600 400 52.3 ± 0.2
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Table 4: Expected and observed upper limits for the Simplified Littlest Higgs results for all
channels combined.

Expected
T’ Mass [GeV] W’ Mass [GeV] Observed Median 68% C.L. Range 95% C.L. Range

400 200 0.0354 0.0487 [0.0350,0.0675] [0.0265,0.0899]
600 200 0.0143 0.0182 [0.0131,0.0256] [0.0099,0.0344]
600 400 0.0083 0.0114 [0.0082,0.0161] [0.0061,0.0215]
800 200 0.0113 0.0081 [0.0058,0.0115] [0.0043,0.0156]
800 400 0.0123 0.0067 [0.0048,0.0095] [0.0036,0.0129]
800 600 0.0044 0.0057 [0.0040,0.0080] [0.0030,0.0110]

1000 200 0.0031 0.0050 [0.0035,0.0071] [0.0026,0.0097]
1000 400 0.0060 0.0050 [0.0036,0.0070] [0.0027,0.0095]
1000 600 0.0054 0.0038 [0.0027,0.0055] [0.0020,0.0076]
1000 800 0.0025 0.0040 [0.0028,0.0057] [0.0021,0.0079]
1200 1000 0.0022 0.0028 [0.0020,0.0041] [0.0014,0.0058]
1200 200 0.0017 0.0026 [0.0018,0.0039] [0.0013,0.0056]
1200 400 0.0021 0.0032 [0.0022,0.0047] [0.0017,0.0065]
1200 600 0.0027 0.0032 [0.0023,0.0046] [0.0017,0.0064]
1200 800 0.0018 0.0026 [0.0018,0.0038] [0.0013,0.0054]
1400 1000 0.0014 0.0021 [0.0014,0.0030] [0.0010,0.0044]
1400 1200 0.0020 0.0019 [0.0013,0.0029] [0.0009,0.0042]
1400 200 0.0011 0.0015 [0.0010,0.0023] [0.0007,0.0035]
1400 400 0.0011 0.0018 [0.0012,0.0028] [0.0009,0.0041]
1400 600 0.0013 0.0024 [0.0016,0.0034] [0.0012,0.0048]
1400 800 0.0014 0.0023 [0.0016,0.0033] [0.0012,0.0047]
1600 1000 0.0011 0.0019 [0.0013,0.0027] [0.0009,0.0039]
1600 1200 0.0015 0.0016 [0.0011,0.0024] [0.0008,0.0035]
1600 1400 0.0018 0.0015 [0.0010,0.0023] [0.0007,0.0034]
1600 200 0.0008 0.0011 [0.0007,0.0017] [0.0005,0.0026]
1600 400 0.0008 0.0012 [0.0008,0.0019] [0.0005,0.0029]
1600 600 0.0008 0.0014 [0.0009,0.0021] [0.0007,0.0032]
1600 800 0.0009 0.0017 [0.0011,0.0025] [0.0008,0.0036]
1800 1000 0.0008 0.0013 [0.0009,0.0020] [0.0006,0.0030]
1800 1200 0.0011 0.0015 [0.0010,0.0022] [0.0007,0.0032]
1800 1400 0.0014 0.0013 [0.0009,0.0020] [0.0006,0.0030]
1800 1600 0.0017 0.0013 [0.0008,0.0021] [0.0006,0.0031]
1800 200 0.0007 0.0009 [0.0006,0.0014] [0.0004,0.0022]
1800 400 0.0007 0.0010 [0.0006,0.0015] [0.0004,0.0024]
1800 600 0.0007 0.0010 [0.0007,0.0016] [0.0005,0.0025]
1800 800 0.0007 0.0012 [0.0008,0.0018] [0.0005,0.0027]
2000 1000 0.0007 0.0010 [0.0006,0.0016] [0.0004,0.0024]
2000 1200 0.0008 0.0011 [0.0007,0.0018] [0.0005,0.0027]
2000 1400 0.0012 0.0013 [0.0009,0.0021] [0.0006,0.0030]
2000 1600 0.0015 0.0013 [0.0008,0.0020] [0.0006,0.0030]
2000 1800 0.0017 0.0012 [0.0008,0.0020] [0.0006,0.0030]
2000 200 0.0007 0.0008 [0.0005,0.0014] [0.0004,0.0021]
2000 400 0.0007 0.0008 [0.0005,0.0014] [0.0004,0.0021]
2000 600 0.0007 0.0009 [0.0006,0.0014] [0.0004,0.0022]
2000 800 0.0007 0.0010 [0.0006,0.0015] [0.0004,0.0023]
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