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Abstract

A search has been made for events containing an energetic jet and an imbalance in
transverse momentum using a data sample of pp collisions at a center-of-mass en-
ergy of 7 TeV. This signature is common to both dark matter and extra dimensions
models. The data were collected by the CMS detector at the LHC and correspond
to an integrated luminosity of 5.0 fb−1. The number of observed events is consistent
with the standard model expectation. Constraints on the dark matter-nucleon scat-
tering cross sections are determined for both spin-independent and spin-dependent
interaction models. For the spin-independent model, these are the most constraining
limits for a dark matter particle with mass below 3.5 GeV/c2, a region unexplored by
direct detection experiments. For the spin-dependent model, these are the most strin-
gent constraints over the 0.1–200 GeV/c2 mass range. The constraints on the Arkani-
Hamed, Dimopoulos, and Dvali model parameter MD determined as a function of
the number of extra dimensions are also an improvement over the previous results.
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1 Introduction
A search for new physics has been made based on events containing a jet and an imbalance
in transverse momentum (Emiss

T ) in a data sample corresponding to an integrated luminosity
of 5.0 fb−1. The data were collected with the Compact Muon Solenoid (CMS) detector in pp
collisions provided by the Large Hadron Collider (LHC) at a center-of-mass energy of 7 TeV.
This search is sensitive to beyond the standard model particles that do not interact in the CMS
detector and whose presence can thus only be inferred by the observation of Emiss

T . The signa-
ture has been proposed as a discovery signal for many new physics scenarios. In this paper,
we use this signature to constrain the pair production of dark matter particles [1, 2] and large
extra dimensions in the framework of the model proposed by Arkani–Hamed, Dimopoulos,
and Dvali (ADD) [3–7]. The primary backgrounds to this signature arise from the production
of Z+jet and W+jet events.

Dark matter (DM) is required to accommodate numerous astrophysical measurements, such
as the rotational speed of galaxies and gravitational lensing [8–10]. One of the best candidates
for dark matter is a stable weakly interacting massive particle. These particles may be pair-
produced at the LHC provided their mass is less than half the parton center-of-mass energy,√

ŝ. When accompanied by a jet from initial state radiation (ISR), DM events will have the sig-
nature of a jet plus missing transverse momentum. The interaction between the dark matter
particle (χ) and standard model (SM) particles can be assumed to be mediated by a heavy par-
ticle such that it can be treated as a contact interaction, characterized by a scale Λ = M/√gχgq
where M is the mass of the mediator, gχ and gq are its coupling to χ and to quarks, respec-
tively [2]. In this paper, results for the vector and axial-vector interactions between χ and
quarks are presented, assuming χ is a Dirac fermion. The vector interaction can be related
to spin-independent DM-nucleon whereas axial-vector interaction can be converted to spin-
dependent DM-nucleon interactions. The results are not greatly altered if the DM particle is a
Majorana fermion, although the vector interactions are not present in this case [2].

Results from previous collider searches in the monojet plus Emiss
T channel [11, 12] have been

used to set limits on the dark matter-nucleon scattering cross section (σχN) [2, 13]. Limits
on σχN have also been determined by the CMS Collaboration in the monophoton plus Emiss

T
channel [14], and by the CDF Collaboration in the monojet channel [15]. Dark matter particle
production results from colliders can be compared with results from searches for dark matter-
nucleon scattering (direct detection) [16–22] and from searches for dark matter annihilation
(indirect detection) [23, 24]. Indirect detection experiments assume that the DM particle is a
Majorana fermion.

The ADD model accommodates the large difference between the electroweak and Planck scales
by introducing a number δ of extra spatial dimensions, which in the simplest scenario are com-
pactified over a multidimensional torus of common radius R. In this framework, the SM parti-
cles and gauge interactions are confined to the ordinary 3 + 1 space-time dimensions, whereas
gravity is free to propagate through the entire multidimensional space. The strength of the
gravitational force in 3 + 1 dimensions is effectively diluted. The fundamental scale MD of this
4+δ-dimensional theory is related to the apparent four-dimensional Planck scale MPl accord-
ing to MPl

2 ≈ MD
δ+2Rδ. The production of gravitons is expected to be greatly enhanced by

the increased phase space available in the extra dimensions. Once produced, the graviton es-
capes undetected into extra dimensions and its presence must be inferred from Emiss

T . Searches
for large extra dimensions in monojet or monophoton channels were performed previously
[11, 12, 25–31], and no evidence of new physics was observed. The current lower limits on MD
range from 3.67 TeV/c2 for δ = 2 to 2.25 TeV/c2 for δ = 6 [11].



2 2 The CMS detector and event reconstruction

This paper is organized as follows. Section 2 contains a brief description of the CMS detector
and event reconstruction, and this is followed by a description of signal and SM event simula-
tion in Section 3. In Section 4 we present the event selection. The determination of dominant
backgrounds from data is described in Section 5 and the results are given in Section 6. The
conclusions are summarized in Section 7.

2 The CMS detector and event reconstruction
CMS uses a right-handed coordinate system in which the z axis points in the anticlockwise
beam direction, the x axis points towards the center of the LHC ring, and the y axis points
up, perpendicular to the plane of the LHC ring. The azimuthal angle φ is measured in the x-y
plane, and the polar angle θ is measured with respect to the z axis. A particle with energy E and
momentum ~p is characterized by transverse momentum pT = |~p| sin θ, and pseudorapidity
η = − ln [tan(θ/2)].

The CMS superconducting solenoid, 12.5 m long with an internal diameter of 6 m, provides
a uniform magnetic field of 3.8 T. The inner tracking system is composed of a pixel detector
with three barrel layers at radii between 4.4 and 10.2 cm and a silicon strip tracker with 10
barrel detection layers extending outwards to a radius of 1.1 m. This system is complemented
by two endcaps, extending the acceptance up to |η| = 2.5. The momentum resolution for
reconstructed tracks in the central region is about 1% at pT = 100 GeV/c. The calorimeters inside
the magnet coil consist of a lead tungstate crystal electromagnetic calorimeter (ECAL) and a
brass-scintillator hadron calorimeter (HCAL) with coverage up to |η| = 3. The quartz/steel
forward hadron calorimeters extend the calorimetry coverage up to |η| = 5. The HCAL has
an energy resolution of about 10% at 100 GeV for charged pions. Muons are measured up to
|η| < 2.4 in gas-ionization detectors embedded in the flux-return yoke of the magnet. A full
description of the CMS detector can be found in Ref. [32].

Particles in an event are individually identified using a particle-flow reconstruction [33]. This
algorithm reconstructs each particle produced in a collision by combining information from the
tracker, the calorimeters, and the muon system, and identifies them as either charged hadrons,
neutral hadrons, photons, muons, or electrons. These particles are used as inputs to the anti-kT
algorithm [34] with a distance parameter of 0.5. Jet energies are corrected to particle level with
pT- and η-dependent correction factors. These corrections are derived from Monte Carlo (MC)
simulation and, for data events, are supplemented by a correction, derived by measuring the
pT balance in dijet events from collision data [35]. The Emiss

T in this analysis is defined as the
magnitude of the vector sum of the transverse momentum of all particles reconstructed in the
event excluding muons. This definition allows the use of a control sample of Z(µµ) events for
estimating the Z(νν̄) background.

Muons are reconstructed by finding compatible track segments in the silicon tracker and the
muon detectors [36] and are required to be within |η| < 2.1. Electron candidates are recon-
structed starting from a cluster of energy deposits in the ECAL that is then matched to the en-
ergy associated with a track in the silicon tracker. Electron candidates are required to have |η| <
1.44 or 1.56 < |η| < 2.5 to avoid poorly instrumented regions. Muon and electron candidates
are required to originate within 2 mm of the beam axis in the transverse plane. Muons (elec-
trons) are also required to be spatially separated from jets by at least ∆R =

√
(∆η)2 + (∆φ)2 =

0.3, where ∆η and ∆φ are differences between the muon (electron) and jet directions in pseu-
dorapidity and azimuthal angle, respectively. A relative isolation parameter is defined as the
sum of the pT of the charged hadrons, neutral hadrons, and photon contributions computed in
a cone of radius 0.3 around the lepton direction, divided by the lepton pT. Lepton candidates
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with relative isolation values below 0.2 are considered isolated.

3 Monte Carlo event generation
The DM signal samples, consisting of χχ̄ pairs associated with one parton, are produced us-
ing the leading order (LO) matrix element event generator MADGRAPH [37] interfaced with
PYTHIA 6.42 [38] with tune Z2 [39] for parton showering and hadronization. Dark matter par-
ticles masses Mχ =0.1, 1, 10, 200, 300, 400, 700, and 1000 GeV/c2 are generated for both vec-
tor and axial-vector interactions. In addition, the pT of the associated parton is required to
be greater than 80 GeV/c. The parton showering program generates partons in a phase space
that overlaps with the phase space of the partons generated by the matrix element calculator.
Double-counting by the matrix element calculation and parton showering is resolved by us-
ing the MLM matching prescription [40], as implemented in [37]. The CTEQ 6L1 [41] parton
distribution functions (PDF) are used.

The events for the ADD model are generated with PYTHIA 8.130 [42, 43], using tune 4C [44]
and the CTEQ 6.6M [41] PDFs. This model is an effective theory and holds only for energies
well below MD. For a parton center-of-mass energy

√
ŝ > MD, the simulated cross sections of

the graviton are suppressed by a factor MD
4/ŝ2 [43]. Because the

√
ŝ values for the data are

smaller than the current limits on MD, the results are not affected by this suppression. The
next-to-leading-order (NLO) QCD corrections to direct graviton production in the ADD model
are sizable and depend on the pT of the recoiling parton [45]. As a simplifying assumption, we
use K-factors (σNLO/σLO) corresponding to a fixed graviton pT of several hundred GeV/c; the
values are 1.5 for δ = 2, 3 and 1.4 for δ = 4, 5, and 6.

The Z+jets, W+jets, tt̄, and single-top event samples are produced using MADGRAPH inter-
faced with PYTHIA 6.42, using tune Z2 and the CTEQ 6L1 PDFs. They are normalized to NLO
cross sections [46]. The QCD multijet sample is generated with PYTHIA 6.42, using tune Z2
and CTEQ 6L1 PDFs and PYTHIA LO cross sections are used. All the generated signal and
background events are passed through a GEANT4 [47] simulation of the CMS detector.

4 Event selection
The data used in this analysis were recorded by a trigger that required an event to have a jet
with pT > 80 GeV/c and Emiss

T > 80 or 95 GeV/c as measured online by the trigger system. The
threshold of 80 (95) GeV/c was used to collect 4.2 (0.87) fb−1 of data.

Events are required to have at least one primary vertex [48] reconstructed within a ±24 cm
window along the beam axis around the detector center, and a transverse distance from the
beam axis of less than 2 cm. Signals in the calorimeter that are not associated with pp inter-
actions are identified based either on energy sharing between neighboring channels or timing
requirements and are excluded from further reconstruction [49].

To suppress the remaining instrumental and beam-related backgrounds, events are rejected if
less than 20% of the energy of the highest pT jet is carried by charged hadrons or more than
70% of this energy is carried by either neutral hadrons or photons. Events are also rejected
if more than 70% of the pT of the second highest pT jet is carried by neutral hadrons. Such
spurious jets primarily arise from instrumental noise, where the energy deposition is limited
to one sub-detector. Jets resulting from energy deposition by beam halo or cosmic-ray muons
do not have associated tracks and are also rejected by these selections. All events passing these
selection requirements and with Emiss

T > 500 GeV/c were visually inspected and found to be
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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(νν)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and Mχ = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, δ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |η( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets with pT above 30 GeV/c are discarded. As signal events typically contain jets from
initial- or final-state radiation, a second jet ( j2) is allowed, provided ∆φ( j1, j2) < 2.5 rad. This
angular requirement suppresses QCD dijet events. To reduce background from Z and W pro-
duction and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from τ-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < ∆R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(νν̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(νν̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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6 5 Background estimate from data

5 Background estimate from data
Table 1 shows that the SM backgrounds remaining after the full event selection are dominated
by the following processes: Z+jets with the Z boson decaying into a pair of neutrinos and
W+jets with the W boson decaying leptonically. These backgrounds are estimated from data
utilizing a control sample of µ+jet events, where Z(µµ) events are used to estimate the Z(νν)
background and W(µν) events are used to estimate the remaining W+jets background. The
control sample is derived from the same set of triggers as those used to collect the signal sample
by applying the full event selection criteria except for the vetoes on electrons, muons, and
isolated tracks. One or more isolated muons with pT > 20 GeV/c and |η| < 2.1 are required.

A sample of Z(µµ) events is selected by requiring two isolated muons with opposite-sign
charges and a dimuon invariant mass between 60 and 120 GeV/c2. The observed yield is 111
events, which should be compared with a mean expected yield of 136±8 events, where the un-
certainty is only statistical. The dimuon invariant mass distributions, both for the data control
sample and for the simulation, are shown in Fig. 2.
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Figure 2: The dimuon invariant mass distribution in the dimuon control sample in data (black
full points with error bars) and simulation (histogram) for 60 < Mµµ < 120 GeV/c2. The MC
prediction has been normalized to the data yields. There is no significant non-Z background.

The production of a Z boson in association with jets and its subsequent decay into neutrinos
has characteristics that are similar to those in the production of Z+jets where the Z decays to
muons. Thus by treating the pair of muons as a pair of neutrinos, the topology of the Z(νν̄)
process is reproduced. The number of Z(νν) events can then be predicted using:

N(Z(νν̄)) =
Nobs − Nbgd

A× ε
· R
(

Z(νν̄)

Z(µµ)

)
(1)

where Nobs is the number of dimuon events observed, Nbgd is the estimated number of back-
ground events contributing to the dimuon sample, A is the geometric and kinematic acceptance
of the detector and the Z mass window, ε is the selection efficiency for the event, and R is the
ratio of branching fractions for the Z decay to a pair of neutrinos and to a pair of muons.

The acceptance A is defined as the fraction of all simulated events that pass all signal selec-
tion requirements except muon and track veto and have two muons with pT > 20 GeV/c and
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|η| < 2.1 and with an invariant mass within the Z mass window. The selection efficiency ε is
defined as the fraction of the events passing acceptance cuts that have two reconstructed muons
with pT > 20 GeV/c and |η| < 2.1 and with an invariant mass within the Z mass window. This
efficiency is estimated from simulation. The muon selection efficiency, both in the data and the
simulation, is determined in the dimuon events with one of the muons passing tight selection
criteria (tag) and with an invariant mass in the Z boson mass window. The efficiency of the
second muon (probe), assumed to be a muon originating from the decay of the Z boson after
background subtraction, is determined for the selection requirements used in this analysis. De-
tails of this “tag-and-probe” method can be found in Ref. [50]. The efficiencies in the data and
the simulation are consistent. The stability of this agreement is measured by varying the muon
kinematics and the largest difference between the efficiencies in the data and the simulation is
assigned as the uncertainty on the muon selection. This translates into 2% systematic uncer-
tainty on ε. The ratio of the branching fractions R is 5.942± 0.019 [51]. Some of the Z(νν̄)+jets
events would be rejected by the track isolation requirement, and the background is multiplied
by a factor of 0.94 to account for this effect. The scaling factor is obtained from simulation.

The final prediction for the number of Z(νν̄) events is 900± 94 for Emiss
T > 350 GeV/c, where the

uncertainty includes statistical and systematic contributions. The sources of this uncertainty
are: (i) the statistical uncertainties on the number of Z(µµ) events in the data and simulation, (ii)
uncertainties on the acceptance from PDF uncertainties, evaluated based on the PDF4LHC [52]
recommendations, and (iii) the uncertainty in the selection efficiency ε as determined from
the difference in measured efficiencies in data and MC simulation. Table 2 summarizes the
systematic uncertainties.

Table 2: Sources of systematic uncertainty and their fractional contributions to the total uncer-
tainty on the Z(νν̄) background.

Source of Uncertainty Size (%)
Size of control sample (Nobs) 9.5
Geometric and kinematic acceptance (A) 3.7
Muon selection efficiency (ε) 2.1
Track isolation selection efficiency 3.6
Ratio of branching fractions (R) 0.3
Total 11.0

The second largest background arises from W+jets events that are not removed by the lepton
veto cut. These events can come from events in which the lepton (electron or muon) is either
not identified, not isolated, or out of the acceptance region, or events in which a τ decays
hadronically. The events where the lepton is ‘lost’ are estimated from the W(µν)+jets control
sample.

A W(µν) sample is selected by requiring an isolated muon with pT > 20 GeV/c and |η| < 2.1
and the transverse mass MT to be between 50 and 100 GeV/c2. The transverse mass is defined as
MT =

√
2pµ

TEmiss
T (1− cos(∆φ)), where pµ

T is the transverse momentum of the muon and ∆φ is
the angle between the muon pT and the Emiss

T vectors. The event yields obtained for the W(µν)
sample for Emiss

T > 350 GeV/c are shown in Table 3, along with the contributions from Z+jets,
tt̄, and single top-quark events predicted by the simulation. The observed yield of W(µν)+jets
candidates is 531 which can be compared with a mean expected yield of 615.4 ± 9.3, where
uncertainty is statistical only. Figure 3 shows the W transverse mass distribution for data and
simulation in the W(µν) control sample.
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Table 3: Event yields for the W(µν) from simulation including non-W backgrounds, and from
the data control sample.

W+jets tt̄ Z+jets Single t All MC Data
581.5 23.3 6.4 4.2 615.4 531
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Figure 3: The transverse mass distribution MT in the single muon data control sample and MC
predictions for W(µν), tt̄, Z(µµ), and single top-quark production. The MC predictions have
been normalized to the data yields. Data are dominated by W(µν) events.

W(µν) candidate events (Nobs), after subtracting non-W contamination (Nbgd), are corrected for
the detector acceptance (A′) and selection efficiency (ε′) to obtain the total number of produced
events Ntot = (Nobs − Nbgd)/(A′ × ε′). This number is subsequently weighted by the ineffi-
ciency of the selection criteria used in the definition of the lepton veto to predict the number of
events that are not rejected by the veto and thus remain in the signal sample.

The number of W(µν)+jet events that are either out of the acceptance (NĀ) or are not identified
or are not isolated (Nε̄) can be written as:

NĀ = Ntot × (1− A) (2)
Nε̄ = Ntot × A× (1− ε) (3)

where A is the acceptance, and ε is the selection efficiency of the muon selection used in the
lepton veto. The total background from events where the muon is ‘lost’ is then given by

Nlost µ = NĀ + Nε̄. (4)

An estimate of the ‘lost’ electron background is similarly obtained from the W(µν)+jets data
sample, correcting for the muon acceptance and selection efficiency to obtain Ntot. The ratio of
the generated W(µν) and W(eν) events passing the signal selection is taken from simulation
and used to obtain Ntot for electrons. The same procedure is then applied to obtain the number
of events where the electron is either not reconstructed or not isolated or out of the acceptance.

The detector acceptance for both muons and electrons is obtained from simulation. The se-
lection efficiency is similarly obtained from simulation but with an assigned systematic uncer-
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tainty to cover the largest difference in the efficiency measured in data and simulation with the
tag-and-probe method.

There is a remaining component of the W+jets background from events where the W decays
to a τ lepton and the τ decays hadronically, and this is estimated from simulation. This esti-
mate is corrected using a normalization factor obtained from the ratio of W(µν) events in data
and simulation. The estimated W+jets background is corrected to account for the fraction of
events that would be rejected by the track isolation veto. This correction factor is obtained from
simulation and found to be 19%.

The total prediction for the number of W+jets events is 312± 35 for Emiss
T > 350 GeV/c, where

the uncertainty includes both statistical and systematic contributions. The sources of this un-
certainty are: (i) the uncertainties on the number of single-muon events in the data and sim-
ulation samples, (ii) a conservative (100%) uncertainty on the non-W contamination obtained
from simulation, (iii) uncertainties on the acceptance from PDFs, and (iv) the uncertainty in the
selection efficiency ε as determined from the difference in measured efficiency between data
and simulation. Table 4 summarizes the systematic uncertainties in the W+jets background.

Table 4: Sources of systematic uncertainty and their contribution to the total uncertainty on the
W+jets background.

Source of Uncertainty Size (%)
Size of control sample (Nobs) 2.9
Background (Nbgd) 3.9
Isolated track efficiency 2.1
Kinematic and geometrical acceptance (A) 7.7
Selection efficiency (ε) 6.8
Total 11.6

Background contributions from QCD multijet events, tt̄, and Z(``)+jets production are small
and are obtained from the simulation. A 100% uncertainty is assigned to these background
estimates.

6 Results
The total number of events observed is compared with the total number of estimated back-
ground events in Table 5, together with the breakdown of this background into separate sub-
processes. Contribution from Z(νν̄)+jets and W+jets processes are determined from the data.
Contributions from tt̄, Z(``), single t, and QCD multijet processes are determined from simu-
lation and are assumed to have 100% uncertainty. The number of events observed is consistent
with the number of events expected from SM backgrounds. Thus these data are used to set
limits on the production of dark matter particles and to constrain the ADD model parameters.
The CLs method [51, 53] is used for calculating the upper limits on the number of signal events,
and systematic uncertainties are modeled by log-normal distributions.

The important uncertainties related to signal modeling are:

1. The jet energy scale uncertainty, estimated by shifting the four-vectors of the jets by an η-
and pT-dependent factor [54], yielding a variation of 8–11% (8–13%) for the dark matter
(ADD) signal.
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Table 5: SM background predictions compared with data passing the selection requirements for
various Emiss

T thresholds, corresponding to integrated luminosity of 5.0 fb−1. The uncertainties
include both statistical and systematic terms. In the last two rows, expected and observed 95%
confidence level upper limits on possible contributions from new physics passing the selection
requirements are given.

Emiss
T ( GeV/c)→ ≥ 250 ≥ 300 ≥ 350 ≥ 400

Process Events
Z(νν̄)+jets 5106 ± 271 1908 ± 143 900 ± 94 433 ± 62
W+jets 2632 ± 237 816 ± 83 312 ± 35 135 ± 17
tt̄ 69.8 ± 69.8 22.6 ± 22.6 8.5 ± 8.5 3.0 ± 3.0
Z(``)+jets 22.3 ±22.3 6.1 ± 6.1 2.0 ± 2.0 0.6 ± 0.6
Single t 10.2 ±10.2 2.7 ± 2.7 1.1 ± 1.1 0.4 ± 0.4
QCD Multijets 2.2 ±2.2 1.3 ±1.3 1.3 ±1.3 1.3 ±1.3
Total SM 7842 ± 367 2757 ± 167 1225 ± 101 573± 65
Data 7584 2774 1142 522
Expected upper limit non-SM 779 325 200 118
Observed upper limit non-SM 600 368 158 95

2. The noise cleaning uncertainty, obtained by assigning the full effect of noise cleaning as
systematic uncertainty, 2% (3%) for dark matter (ADD) signal.

3. PDF uncertainties evaluated using the PDF4LHC [52] prescription and resulting in a sys-
tematic uncertainty of 1–7% (1–4%) for the dark matter (ADD) signal.

4. The renormalization/factorization scale uncertainty, evaluated by varying the scale up
and down by a factor of two, 5% for both dark matter and ADD signals.

5. ISR uncertainty, estimated by changing PYTHIA parameters, yielding a variation of 15%
for both dark matter and ADD signals.

6. Uncertainty on the pileup simulation, 3% for both dark matter and ADD signals.

7. The limited statistics of the simulated sample yielding a variation of 2–5% (2–4%) on the
dark matter (ADD) signal.

The total uncertainty on the signal for the DM (ADD) models for these sources of uncertainty
is 20% (21%). In addition, a 2.2% uncertainty on the integrated luminosity measurement [55] is
included.

For dark matter models, the observed limit on the cross section depends on the mass of the dark
matter particle and the nature of its interaction with the SM particles. The limits on the effective
contact interaction scale Λ as a function of Mχ can be translated into a limit on the dark matter-
nucleon scattering cross section using the reduced mass of χ-nucleon system [2], which can be
compared with the constraints from direct and indirect detection experiments. Figure 4 shows
the 90% confidence level (CL) upper limits on the dark matter-nucleon scattering cross section
as a function of the mass of dark matter particle for the spin-dependent and spin-independent
models. Also shown are the results from the CMS Collaboration using the monophoton plus
Emiss

T channel [14], pp collider experiment CDF [15], direct detection experiments, COUPP [18],
CoGeNT [17], Picasso [21], XENON100 [16], CDMS II [19, 20], and SIMPLE [22], and indirect
detection experiments, IceCube [23] and Super-K [24]. Table 6 shows the 90% CL limits on
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering
cross section versus mass of dark matter particle for the (left) spin-independent and (right)
spin-dependent models with results from CMS using monophoton signature [14], CDF [15],
XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-
Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact
interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent
Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03× 10−42 749 2.90× 10−41

1 755 2.94× 10−41 751 8.21× 10−40

10 765 8.79× 10−41 760 2.47× 10−39

100 736 1.21× 10−40 764 2.83× 10−39

200 677 1.70× 10−40 736 3.31× 10−39

300 602 2.73× 10−40 690 4.30× 10−39

400 524 4.74× 10−40 631 6.15× 10−39

700 341 2.65× 10−39 455 2.28× 10−38

1000 206 1.98× 10−38 302 1.18× 10−37

Λ and the dark matter-nucleon cross section for the spin-dependent and spin-independent
interactions.

Exclusion limits at 95% CL for the large extra dimension ADD model parameter MD as a func-
tion of the number of extra dimensions are given in Table 7. A comparison of these results with
results from previous searches is shown in Fig. 5. These limits are an improvement over the
previous best limits, by ∼2 TeV/c2 for δ = 2 and 0.7 TeV/c2 for δ = 6.

7 Summary
A search has been performed for signatures of new physics yielding an excess of events in the
monojet and Emiss

T channel. The results have been used to constrain the pair production of
dark matter particles in models with a heavy mediator, and large extra dimensions in the con-
text of the Arkani-Hamed, Dimopoulos, and Dvali model. The data sample corresponds to an
integrated luminosity of 5.0 fb−1 and includes events containing a jet with transverse momen-
tum above 110 GeV/c and Emiss

T above 350 GeV/c. Many standard model processes also have
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Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in
TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO
δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)
2 3.81 4.08 4.20 4.54
3 3.06 3.24 3.32 3.51
4 2.69 2.81 2.84 2.98
5 2.44 2.52 2.59 2.71
6 2.28 2.38 2.40 2.51
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Figure 5: Comparison of lower limits on MD versus the number of extra dimensions with
ATLAS [12], LEP [25–28], CDF [29], and D0 [30].
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the same signature. The QCD multijet contribution is reduced by several orders of magnitude
to a negligible level using topological selections. The dominant backgrounds, Z(νν̄)+jets and
W+jets, are estimated from data samples enriched in Z(µµ) and W(µν) events. The data are
found to be in good agreement with the expected contributions from standard model processes.

A dark matter-nucleon scattering cross section in the framework of an effective theory is ex-
cluded above 1.03× 10−42 (1.21× 10−40) cm2 and 2.90× 10−41 (2.83× 10−39) cm2 for a dark
matter particle with mass 0.1 (100) GeV/c2 at the 90% CL for the spin-dependent and spin-
independent models, respectively. For the spin-independent model, these are the best limits
for dark matter particles with mass below 3.5 GeV/c2, a region as yet unexplored by the direct
detection experiments. For the spin-dependent model, these limits represent the most stringent
constraints over the 0.1–200 GeV/c2 mass range.

Values for the large extra dimensions ADD model parameter MD smaller than 4.54, 3.51, 2.98,
2.71, and 2.51 TeV/c2 are excluded for a number of extra dimensions δ =2, 3, 4, 5, and 6, respec-
tively, representing a significant improvement (1 TeV/c2) over the previous limits.
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L. Thomas, G. Vander Marcken, C. Vander Velde, P. Vanlaer, J. Wang

Ghent University, Ghent, Belgium
V. Adler, K. Beernaert, A. Cimmino, S. Costantini, G. Garcia, M. Grunewald, B. Klein,
J. Lellouch, A. Marinov, J. Mccartin, A.A. Ocampo Rios, D. Ryckbosch, N. Strobbe, F. Thyssen,
M. Tytgat, P. Verwilligen, S. Walsh, E. Yazgan, N. Zaganidis
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A. Schmidt, M. Schröder, T. Schum, M. Seidel, V. Sola, H. Stadie, G. Steinbrück, J. Thomsen,
L. Vanelderen



22 A The CMS Collaboration

Institut für Experimentelle Kernphysik, Karlsruhe, Germany
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N. Ratnikova, S. Röcker, A. Scheurer, F.-P. Schilling, G. Schott, H.J. Simonis, F.M. Stober,
D. Troendle, R. Ulrich, J. Wagner-Kuhr, S. Wayand, T. Weiler, M. Zeise

Institute of Nuclear Physics ”Demokritos”, Aghia Paraskevi, Greece
G. Daskalakis, T. Geralis, S. Kesisoglou, A. Kyriakis, D. Loukas, I. Manolakos, A. Markou,
C. Markou, C. Mavrommatis, E. Ntomari

University of Athens, Athens, Greece
L. Gouskos, T.J. Mertzimekis, A. Panagiotou, N. Saoulidou

University of Ioánnina, Ioánnina, Greece
I. Evangelou, C. Foudas, P. Kokkas, N. Manthos, I. Papadopoulos, V. Patras

KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary
G. Bencze, C. Hajdu, P. Hidas, D. Horvath18, F. Sikler, V. Veszpremi, G. Vesztergombi19

Institute of Nuclear Research ATOMKI, Debrecen, Hungary
N. Beni, S. Czellar, J. Molnar, J. Palinkas, Z. Szillasi

University of Debrecen, Debrecen, Hungary
J. Karancsi, P. Raics, Z.L. Trocsanyi, B. Ujvari

Panjab University, Chandigarh, India
S.B. Beri, V. Bhatnagar, N. Dhingra, R. Gupta, M. Kaur, M.Z. Mehta, N. Nishu, L.K. Saini,
A. Sharma, J. Singh

University of Delhi, Delhi, India
Ashok Kumar, Arun Kumar, S. Ahuja, A. Bhardwaj, B.C. Choudhary, S. Malhotra,
M. Naimuddin, K. Ranjan, V. Sharma, R.K. Shivpuri

Saha Institute of Nuclear Physics, Kolkata, India
S. Banerjee, S. Bhattacharya, S. Dutta, B. Gomber, Sa. Jain, Sh. Jain, R. Khurana, S. Sarkar,
M. Sharan

Bhabha Atomic Research Centre, Mumbai, India
A. Abdulsalam, R.K. Choudhury, D. Dutta, S. Kailas, V. Kumar, P. Mehta, A.K. Mohanty5,
L.M. Pant, P. Shukla

Tata Institute of Fundamental Research - EHEP, Mumbai, India
T. Aziz, S. Ganguly, M. Guchait20, M. Maity21, G. Majumder, K. Mazumdar, G.B. Mohanty,
B. Parida, K. Sudhakar, N. Wickramage

Tata Institute of Fundamental Research - HECR, Mumbai, India
S. Banerjee, S. Dugad

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
H. Arfaei, H. Bakhshiansohi22, S.M. Etesami23, A. Fahim22, M. Hashemi, H. Hesari, A. Jafari22,
M. Khakzad, M. Mohammadi Najafabadi, S. Paktinat Mehdiabadi, B. Safarzadeh24, M. Zeinali23
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S. Sekmen, A. Sharma, P. Siegrist, P. Silva, M. Simon, P. Sphicas35, D. Spiga, N. Srimanobhas36,
A. Tsirou, G.I. Veres19, J.R. Vlimant, H.K. Wöhri, S.D. Worm37, W.D. Zeuner
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K. Sumorok, K. Sung, D. Velicanu, E.A. Wenger, R. Wolf, B. Wyslouch, M. Yang, Y. Yilmaz,
A.S. Yoon, M. Zanetti

University of Minnesota, Minneapolis, USA
S.I. Cooper, B. Dahmes, A. De Benedetti, G. Franzoni, A. Gude, S.C. Kao, K. Klapoetke,
Y. Kubota, J. Mans, N. Pastika, R. Rusack, M. Sasseville, A. Singovsky, N. Tambe, J. Turkewitz

University of Mississippi, University, USA
L.M. Cremaldi, R. Kroeger, L. Perera, R. Rahmat, D.A. Sanders

University of Nebraska-Lincoln, Lincoln, USA
E. Avdeeva, K. Bloom, S. Bose, J. Butt, D.R. Claes, A. Dominguez, M. Eads, J. Keller,
I. Kravchenko, J. Lazo-Flores, H. Malbouisson, S. Malik, G.R. Snow

State University of New York at Buffalo, Buffalo, USA
U. Baur, A. Godshalk, I. Iashvili, S. Jain, A. Kharchilava, A. Kumar, S.P. Shipkowski, K. Smith

Northeastern University, Boston, USA
G. Alverson, E. Barberis, D. Baumgartel, M. Chasco, J. Haley, D. Nash, D. Trocino, D. Wood,
J. Zhang

Northwestern University, Evanston, USA
A. Anastassov, A. Kubik, N. Mucia, N. Odell, R.A. Ofierzynski, B. Pollack, A. Pozdnyakov,
M. Schmitt, S. Stoynev, M. Velasco, S. Won

University of Notre Dame, Notre Dame, USA
L. Antonelli, D. Berry, A. Brinkerhoff, M. Hildreth, C. Jessop, D.J. Karmgard, J. Kolb, K. Lannon,
W. Luo, S. Lynch, N. Marinelli, D.M. Morse, T. Pearson, M. Planer, R. Ruchti, J. Slaunwhite,
N. Valls, M. Wayne, M. Wolf

The Ohio State University, Columbus, USA
B. Bylsma, L.S. Durkin, C. Hill, R. Hughes, K. Kotov, T.Y. Ling, D. Puigh, M. Rodenburg,
C. Vuosalo, G. Williams, B.L. Winer

Princeton University, Princeton, USA
N. Adam, E. Berry, P. Elmer, D. Gerbaudo, V. Halyo, P. Hebda, J. Hegeman, A. Hunt, P. Jindal,
D. Lopes Pegna, P. Lujan, D. Marlow, T. Medvedeva, M. Mooney, J. Olsen, P. Piroué, X. Quan,
A. Raval, B. Safdi, H. Saka, D. Stickland, C. Tully, J.S. Werner, A. Zuranski

University of Puerto Rico, Mayaguez, USA
J.G. Acosta, E. Brownson, X.T. Huang, A. Lopez, H. Mendez, S. Oliveros, J.E. Ramirez Vargas,
A. Zatserklyaniy

Purdue University, West Lafayette, USA
E. Alagoz, V.E. Barnes, D. Benedetti, G. Bolla, D. Bortoletto, M. De Mattia, A. Everett, Z. Hu,
M. Jones, O. Koybasi, M. Kress, A.T. Laasanen, N. Leonardo, V. Maroussov, P. Merkel,
D.H. Miller, N. Neumeister, I. Shipsey, D. Silvers, A. Svyatkovskiy, M. Vidal Marono, H.D. Yoo,
J. Zablocki, Y. Zheng



31

Purdue University Calumet, Hammond, USA
S. Guragain, N. Parashar

Rice University, Houston, USA
A. Adair, C. Boulahouache, K.M. Ecklund, F.J.M. Geurts, B.P. Padley, R. Redjimi, J. Roberts,
J. Zabel

University of Rochester, Rochester, USA
B. Betchart, A. Bodek, Y.S. Chung, R. Covarelli, P. de Barbaro, R. Demina, Y. Eshaq, A. Garcia-
Bellido, P. Goldenzweig, J. Han, A. Harel, D.C. Miner, D. Vishnevskiy, M. Zielinski

The Rockefeller University, New York, USA
A. Bhatti, R. Ciesielski, L. Demortier, K. Goulianos, G. Lungu, S. Malik, C. Mesropian

Rutgers, the State University of New Jersey, Piscataway, USA
S. Arora, A. Barker, J.P. Chou, C. Contreras-Campana, E. Contreras-Campana, D. Duggan,
D. Ferencek, Y. Gershtein, R. Gray, E. Halkiadakis, D. Hidas, A. Lath, S. Panwalkar, M. Park,
R. Patel, V. Rekovic, J. Robles, K. Rose, S. Salur, S. Schnetzer, C. Seitz, S. Somalwar, R. Stone,
S. Thomas

University of Tennessee, Knoxville, USA
G. Cerizza, M. Hollingsworth, S. Spanier, Z.C. Yang, A. York

Texas A&M University, College Station, USA
R. Eusebi, W. Flanagan, J. Gilmore, T. Kamon59, V. Khotilovich, R. Montalvo, I. Osipenkov,
Y. Pakhotin, A. Perloff, J. Roe, A. Safonov, T. Sakuma, S. Sengupta, I. Suarez, A. Tatarinov,
D. Toback

Texas Tech University, Lubbock, USA
N. Akchurin, J. Damgov, P.R. Dudero, C. Jeong, K. Kovitanggoon, S.W. Lee, T. Libeiro, Y. Roh,
I. Volobouev

Vanderbilt University, Nashville, USA
E. Appelt, A.G. Delannoy, C. Florez, S. Greene, A. Gurrola, W. Johns, C. Johnston, P. Kurt,
C. Maguire, A. Melo, M. Sharma, P. Sheldon, B. Snook, S. Tuo, J. Velkovska

University of Virginia, Charlottesville, USA
M.W. Arenton, M. Balazs, S. Boutle, B. Cox, B. Francis, J. Goodell, R. Hirosky, A. Ledovskoy,
C. Lin, C. Neu, J. Wood, R. Yohay

Wayne State University, Detroit, USA
S. Gollapinni, R. Harr, P.E. Karchin, C. Kottachchi Kankanamge Don, P. Lamichhane,
A. Sakharov

University of Wisconsin, Madison, USA
M. Anderson, M. Bachtis, D. Belknap, L. Borrello, D. Carlsmith, M. Cepeda, S. Dasu, L. Gray,
K.S. Grogg, M. Grothe, R. Hall-Wilton, M. Herndon, A. Hervé, P. Klabbers, J. Klukas, A. Lanaro,
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