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We discuss an inclusive analysis strategy for SUSY searches in pp colli-
sions at

√
s = 14 TeV with the CMS detector, where the missing transverse

energy plus multijets canonical signature is used. Emphasis is put on meth-
ods to normalize the backgrounds using the data and on understanding the
experimental systematic uncertainties. A 5σ excess can be observed with
O(pb−1) at a particular low mass SUSY point. The 5σ discovery reach
contours in the mSUGRA parameter space for 1 and 10 fb−1 are obtained.

PACS numbers: 11.30.Pb, 12.60.Jv, 14.80.Ly

1. Introduction

One of the most compelling and robust extensions of the Standard Mo-
del [1] is supersymmetry (SUSY) [2]. For simplicity the minimal construction
(MSSM) is often used to link SUSY with the Standard Model [3]. The most
general MSSM would induce proton decay with a weak-interaction lifetime;
to avoid this, baryon and lepton conservation are enforced in the MSSM
by postulating a new conserved quantity, R-parity, R = (−1)3(B−L)+2s,
where for each particle s is the spin, and B and L are the respective baryon
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and lepton assignments. R-parity conservation leads to characteristic SUSY
signatures with missing transverse energy in the final state due to the stable
lightest supersymmetric particle (LSP).

We consider gluino (the fermionic partners of gluons) and squark (the
bosonic partners of quarks) production in pp collisions at

√
s = 14 TeV

within the minimal supergravity model (mSUGRA) [3]. In this model the
entire SUSY mass spectrum is essentially determined by only five unknown
parameters: the common scalar mass at the GUT scale, M0; the common
gaugino mass at the GUT scale, M1/2; the common trilinear coupling at
the GUT scale, A0; the sign of the Higgsino mixing parameter, sign(µ); and
the ratio of the Higgs vacuum expectation values, tan β. The search for
the production and decay of gluinos and squarks is using the large missing
transverse energy plus multijet signature. The large missing energy origi-
nates from the two LSPs in the final states of the squark and gluino decays.
The three or more hadronic jets result from the hadronic decays of the q̃
and/or g̃.

2. Data samples

For the SUSY signal event generation the Monte Carlo program ISAJET
(v7.69) [4] interfaced with PYTHIA (v6.225) [5] (which provides the parton
shower and underlying event model) is used. The analysis is performed at
the CMS test point “LM1” (B′ [6, 7]) with parameters M0 = 60 GeV/c2,
M1/2 = 250 GeV/c2, A0 = 0, µ > 0 and tan β = 10. For this set of
parameters m(g̃) > m(q̃) the production of g̃q̃ is 53%, q̃q̃ 28% and g̃g̃ 12%.
The decay g̃ → q̃L,R + q is dominant. Some of the resulting masses are
m(g̃) ∼ 600 GeV/c2, m(q̃) ∼ 550 GeV/c2, and χ̃0

1 ∼ 120 GeV/c2. The total
leading order production cross section for squarks and gluinos with the given
mSUGRA parameters is ∼50 pb.

The major Standard Model background processes include production
of Z+jets with the Z decaying invisibly, W+jets, top–antitop pairs, di-
bosons, single top and QCD jets. The single top sample (containing only
the most significant t-channel production) is generated with TopReX 4.11 [8].
The remaining Standard Model backgrounds are produced inclusively using
PYTHIA.

Unless otherwise stated, the data samples used in this analysis were
simulated with the CMS GEANT4-based simulation OSCAR [9] and recon-
structed using the detailed CMS reconstruction ORCA [10].

2.1. Jet and missing transverse energy reconstruction

The CMS detector is described in detail in [11]. The momenta of charged
particles are measured in the silicon and pixel tracking devices which are
positioned inside a 4 T superconducting solenoidal magnet. The central



Inclusive SUSY Searches Using Missing Energy Plus Multijets · · · 663

and end-cap electromagnetic and hadronic calorimeters (also within the
magnet) are arranged in a semi-projective tower geometry, cover the pseu-
dorapidity region |η| < 3 [11] and are used to identify jets. Jets are de-
fined as localized energy depositions in the calorimeters and are recon-
structed using an iterative clustering algorithm with a fixed cone of radius
∆R ≡

√

∆η2 + ∆φ2 = 0.5 in η − φ space [11]. Jets are ordered in trans-
verse energy, ET = E sin θ, where E is the scalar sum of energy deposited
in the calorimeter towers within the cone, and θ is the angle formed by the
beam-line, the event vertex, and the cone center. Jets with uncorrected
ET > 30 GeV and with |η| < 3 are used throughout this analysis.

The offline missing transverse energy is defined as the negative vector
sum of the transverse energy in the electromagnetic and hadronic calorimeter
towers, ~Emiss

T = −
∑

i(Ei sin θi)n̂i, where Ei is the energy of the i-th tower,
n̂i is a transverse unit vector pointing to the center of each tower, and θi

is the polar angle of the tower; the sum extends to |η| < 5. The data
sample is selected with a hardware trigger which requires Emiss,L1

T 46 GeV
(|η| <5 coverage) and a central jet of ET > 88 GeV. A parametrization of
the L1 trigger efficiency as measured in a dijet sample is applied to all data
analyzed. For the confirmation of the High Level Trigger (HLT) the Emiss

T
is required to be above 200 GeV where the HLT trigger is fully efficient.
In the following sections we detail the methodology and analysis strategies
toward a search for SUSY using a dataset of events collected according to
the missing transverse energy plus jet L1 and HLT trigger path.

3. Data clean-up and analysis path

3.1. Event electromagnetic and event charged fraction

In anticipation of real data, a pre-selection clean-up filter is used to reject
accelerator- and detector-related backgrounds (such as beam halo and noise),
and cosmic ray events.

TABLE I

Cleanup pre-selection efficiency.

Sample/Requirement Fem > 0.1 Fch > 0.175 Both(%)

LM1 99.88% 91.32% 91.24%

At least one primary vertex is required in the event. The event electromag-
netic fraction, Fem (defined as the ET-weighted jet electromagnetic fraction
sum over the electromagnetic calorimeter acceptance, |ηd| ≤ 3.0) and the
event charged fraction, Fch (defined as the average over the jets ratio of the
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sum of the PT of the associated to the jet tracks for jets within |η| < 1.7,
over the calorimetric jet transverse energy) are used in the pre-selection to
distinguish real jet events from the fake jet events. The pre-selection require-
ments and their efficiency on the signal are shown in Table I. The values of
the requirements are chosen based on the Tevatron data clean-up [12].

3.2. Indirect lepton veto

In this analysis there is no explicit lepton identification. Leptons in
the signal SUSY events result from cascade decays of squarks and gluinos
through charginos and neutralinos. To reduce the large Standard Model
background contribution mainly from W (→ ℓν)+jets, Z(→ ℓℓ)+jets and tt̄
production and decays an indirect lepton veto (ILV) scheme is designed. The
aim of the ILV is twofold: (i) to retain large signal efficiency (ii) to achieve
large rejection of the W,Z, tt̄ backgrounds (independent of the Monte Carlo
(MC) programs used, namely parton shower only versus complete matrix
element and in particular for the higher jet multiplicity bins).

The ILV scheme uses two parts of the detector: tracker and calorimeter.
In the calorimeter events are selected if the first and second highest ET jets
are not purely electromagnetic, i.e. fem,j(1) < 0.9 and fem,j(2) < 0.9. In the
tracker a tracking isolation strategy is employed as follows: If the leading
track in the event has PT ≥ 15 GeV/c and the ratio of the sum of the PT

of all tracks around it in a cone of ∆R = 0.35 over the PT of the track is
less than 10% the event is dropped. In the analysis path table below this
requirement is noted as Isolead trk = 0

The cumulative W/Z+jets rejection efficiency when both requirements of
the ILV are applied is between 50% and 90% depending on the lepton flavor,
with lower rejection as expected when the boson decay product includes
a τ lepton. When applied in the full analysis path the ILV rejects 40% of tt̄
inclusive events. The cumulative SUSY signal efficiency is ∼80%.

3.3. Missing transverse energy in QCD production

Due the very high QCD production cross section the SM background
to a large missing transverse energy plus jets data-sample is dominated by
QCD events. The observed missing transverse energy in QCD jet production
is largely a result of jet mis-measurements and detector resolution.

In this study, topological requirements are designed to eliminate as much
as possible the QCD contribution. Well measured QCD dijet events with
back-to-back in φ jet topology are used for obtaining jet corrections. These
are well balanced events with low missing transverse energy. Large missing
energy in QCD events originates from jet mis-measurements. In such events
the highest ET jet is typically the most accurately measured. When any
jet in the event is mis-measured, usually the second or third jet, the Emiss

T
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direction is pulled close in φ to the mis-measured jet direction. We eliminate
such residual QCD component by using the correlation in the δφ1 = |φj(1) −
φ(Emiss

T )| versus δφ2 = |φj(2)−φ(Emiss
T )| plane. Events with R1 > 0.5 rad and

R2 > 0.5 rad, where R1 =
√

δφ2
2 + (π − δφ1)2 and R2 =

√

δφ2
1 + (π − δφ2)2,

are accepted. In addition we require that no jet in the event be closer than
0.3 rad to the missing energy direction and that the second jet be further
than 20◦ from it.

After a baseline selection of Nj ≥ 2 and Emiss
T >93 GeV the cumulative

efficiency of the angular requirements is ∼90% for the SUSY signal. They
reject ∼85 % of all QCD events.

3.4. The standard Z boson candle calibration

Events with large missing transverse energy and ≥3 jets in the final state
are expected from Z(→ νν̄)+ ≥3 jets and W (→ τν)+ ≥2 jets (the third
jet originating from the hadronic τ decay) processes. Additional residual
contribution is expected also from W (→ µν, eν)+ ≥3 jets. A comprehen-
sive normalization program is developed that relies on the Z+multijet data
to accurately estimate the W and Z+multijet background contribution in
a large Emiss

T plus multijet search.
The Monte Carlo predictions for events with ≥ 3 jets and Z boson PT >

200 GeV/c will be normalized to the observed Z(→ µµ)+ 2 jets data sample
(where Z boson PT > 200 GeV/c) via the measured R = dNevents

dNjets
ratio,

where dNevents is the number of events accumulated with ∼1 fb−1 of data.
The ratio ρ ≡ σ(pp→W (→µν)+jets)

σ(pp→Z(→µ+µ−)+jets) will be used to normalize the W+jets
Monte Carlo predictions.

By normalizing the MC predictions to data, large systematic effects are
avoided that are due to the renormalization scale, the choice of parton den-
sity functions, initial- and final-state radiation, and the jet energy scale. The
total uncertainty (∼5%) is then dominated by the uncertainty on the lumi-
nosity measurement, the uncertainty on the measured ratio R = dNevents

dNjets
(to

be measured with the data), and the uncertainty on the ratio ρ as a function
of the jet multiplicity, Njet. The details of the normalization can be found
in Ref. [7].

4. Analysis path and results

The signal to background ratio is further enhanced after clean-up pre-
selection requirements in the final steps of the analysis by following the path
shown in Table II. The global signal efficiency for the analysis is ∼13% while
the signal to background ratio is ∼26. The results after the analysis path
applied are shown in Table III.
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TABLE II

The Emiss
T + multijet SUSY search analysis path.

Requirement Remark

Level 1 Level-1 trigger param.
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup

Nj ≥ 3,|η1j
d | < 1.7 signal signature

δφmin(E
miss
T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,

δφ(Emiss
T − j(2)) > 20◦ QCD rejection

Isolead trk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection

ET,j(1) > 180 GeV,ET,j(2) > 110 GeV S/B optimization

HT ≡ ET(2) + ET(3) + ET(4) + Emiss
T > 500 GeV S/B optimization

TABLE III

Selected SUSY and SM background events for 1 fb−1.

Signal tt̄ single t Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD

6319 53.9 2.6 48 33 107

4.1. Systematic uncertainties

For the major background components the systematic uncertainties are
found as follows:

• tt̄ uncertainties: 7% Emiss
T shape, 22% JES, 13% statistical,

• Z −→ νν̄+jets, W/Z+jets: 5% Luminosity (direct candle normaliza-
tion to the data),

• QCD: 7% Emiss
T shape, 22% JES, 10% statistical.

Details on the systematic uncertainty estimates can be found in [7]. The
number of backgrounds events per background component and their uncer-
tainties are tabulated in Table IV.
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TABLE IV

SM background components and uncertainties for 1 fb−1.

Sample Number of events

tt̄,single top 56 ± 11(sys) ± 7.5(stat)
Z(→ νν̄)+ jets 48 ± 3.5 (all)
(W/Z,WW/ZZ/ZW ) + jets 33 ± 2.5 (all)
QCD 107 ± 25(sys) ±10(stat)

5. SUSY discovery potential with E
miss

T
+ Jets

To perform the 5σ discovery scan in the mSUGRA parameter space CMS
fast simulation FAMOS [13] is used. A high mass (HM1) CMS test point
with the five mSUGRA parameters M0 = 180 GeV/c2, M1/2 = 850 GeV/c2

A0 = 0, µ > 0 and tan β = 10 (m(g̃) ∼ 1890 GeV/c2, m(q̃) ∼ 1700 GeV/c2)
is used as optimization reference and the Emiss

T and HT requirements are
raised to 600 GeV and 1500 GeV correspondingly. The result is shown in
Fig. 1.

Fig. 1. 5σ reach for 1 fb−1 and 10 fb−1 using multijets and missing transverse

energy final state.

6. Discussion and conclusions

Based on the SM background estimates and their uncertainties, a 5σ
observation of low mass SUSY (m(g̃) ∼ 600 GeV/c2) is in principle achiev-
able with ∼6 pb−1 in events with large missing energy plus multijets. With
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adequate data-based strategies of controlling and estimating the SM back-
grounds and their uncertainties, low mass SUSY will be discovered with
0.1–1 fb−1.

The comparison of the signal, total background estimated and its com-
ponents for the Emiss

T and Meff ≡ ET(1) + ET(2) + ET(3) + ET(4) + Emiss
T

are shown in Fig. 2 for the low mass SUSY test point LM1. The Emiss
T

and HT distributions comparison between the HM1 SUSY signal and SM
backgrounds are shown in Fig. 3 for the high mass test point HM1.

Fig. 2. LM1 signal and SM background distributions for Emiss
T (left) and Meff

(right).

Fig. 3. HM1 signal and SM background distributions (1 fb−1) for Emiss
T (left) and

HT (right).
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