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Résumé.Mono-jet and mono-photon signatures are final states in a variety of scenarios beyond the Standard
Model, such as the Large Extra Dimension models, gauge-mediated SUSY breaking scenarios, and models with
pair production of Weakly Interacting Massive Particles considered as dark matter candidates. The produced
exotic particles do not interact with the detector, resulting in missing transverse energy. The results of searches,
performed in the ATLAS experiment at the LHC, for new physicsin final states with an energetic jet or photon
and large missing transverse energy are presented. The mono-jet search is performed using both 4.6f b−1 of 7
TeV and 10.5f b−1 of 8 TeV data, while the mono-photon results correspond to 4.6 f b−1 of 7 TeV data.

1 Introduction

Event topologies with one high transverse momen-
tum1 pT jet or photon and large missing transverse en-
ergy are important final states for searches for new phe-
nomena beyond the Standard Model (BSM) at the LHC.
The large missing transverse energy can be a signature
of weakly interacting particles not yet discovered. In or-
der to tag such events, the processes are required to be
accompanied by jets or photons. The BSM scenarios re-
sulting in such final states include supersymmetry [1–3],
Large Extra Dimensions (LED) scenarios [4, 5], and a gen-
eral model for production of dark-matter weakly interact-
ing massive particles (WIMP) [6]. In case the experimen-
tal studies of mono-jet and mono-photon events are con-
sistent with Standard Model expectations, constraints will
be set on the production of light gravitinos in association
with gluinos or scalar quarks in the gauge-mediated SUSY
breaking GMSB SUSY scenarios, the Planck scale of the
LED model of Arkani-Hamed, Dimopoulos, Dvali (ADD),
and the suppression scale in the pair production of WIMPs.

2 Mono-jet Analysis

The ATLAS [11] mono-jet analysis has been per-
formed with 4.6f b−1 of 7 TeV data [7], and has been up-
dated with 10.5f b−1 of 8 TeV data [8]. In the following,

a. e-mail: reyhaneh.rezvani@cern.ch
1. ATLAS uses a right-handed coordinate system with its origin at

the nominal interaction point (IP) in the centre of the detector and the
z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upward. Polar coordinates (r,φ) are
used in the transverse (x,y)-plane,φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polarangleθ as
η = − ln tan(θ/2).

event selections, background determination methods, and
the results are presented.

2.1 Event Selection

All data passing detector quality requirements are con-
sidered for the analysis. Events are required to pass a trig-
ger that selects events with missing transverse momentum
Emiss

T above 80 GeV. This trigger is more than 95% effi-
cient for offline reconstructedEmiss

T above 120 GeV, and
its efficiency is determined using an unbiased data sample
with muons in the final state. Events should further sat-
isfy a set of offline pre-selection and kinematic criteria as
follows :

– Events are required to have a reconstructed primary ver-
tex.

– Events should haveEmiss
T > 120 GeV and at least one

jet with pT above 120 GeV and|η| < 2. Events with
more than two jets withpT above 30 GeV and in the
region |η| < 4.5 are rejected. Furthermore, a cut on
the azimuthal separation betweenEmiss

T and the sec-
ond jet (if present) is required, in order to reduce the
QCD multi-jet background contribution where the large
Emiss

T originates from the mis-measurement of a jet :
|∆φ(Emiss

T , 2nd jet)| > 0.5.

– Events are required to have no identified electrons or
muons.

Four signal regions are defined with increasing sym-
metric lower thresholds of 120, 220, 350, and 500 GeV on
the leading jetpT andEmiss

T , referred to as SR1 - SR4.
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Figure 1. The measured transverse mass in the W(µν)+jets con-
trol region, for the first signal region selection, comparedto the
background predictions. For illustration purposes, theALPGEN
W/Z+jet predictions from simulation are multiplied by a global
scale factor 1.01 which brings the simulation predictions close to
the data in the control region, allowing for a direct comparison
of the shapes [8].

2.2 Background Determination

The background to mono-jet events is dominated by Z
(νν)+jets and W(ℓν)+jets processes (ℓ = e, µ, τ). It also
includes contributions from Z/γ∗(ℓℓ)+jets (ℓ = e, µ, τ),
QCD multi-jet, top, and diboson (WW,WZ, ZZ) processes.
The W/Z+jets backgrounds, as well as the QCD multi-jet
and non-collision backgrounds, are determined using data-
driven techniques. Backgrounds from top and dibosons are
determined using simulation samples.

Data control regions, orthogonal to the mono-jet sig-
nal regions, with identified electrons or muons in the fi-
nal state and with the same requirements on the jets and
Emiss

T , are defined to determine the W/Z+jets backgrounds.
This reduces significantly the large theoretical and exper-
imental systematic uncertainties associated with methods
purely based on simulation.

The W(µν)+jet data control regions are defined using
muons withpT above 7 GeV, and a transverse mass cut :
40 GeV< mT < 100 GeV. The Z(µµ)+jets data control
regions are defined requiring the presence of two oppo-
sitely charged muons with an invariant mass cut : 76 GeV
< mµµ < 116 GeV. The W(eν)+jets data control regions are
defined using an electron above 20 GeV inpT. Figures 1
and 2 show the transverse mass and invariant mass distri-
butions in the W(µν)+jets and Z(µµ)+jets control regions.

To each data control region, simulation-based transfer
factors are applied in order to get the background contri-
bution in the mono-jet signal regions. As an example, the
largest background Z(νν)+jets in the signal region is deter-
mined from the W(µν)+jets data control region according
to :

N(Z(νν)+ jets)signal = (Ndata
control−Nbackground

control )×
NMC (Z(νν) + jets)signal

NMC (W(µν) + jets)control
,

(1)
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Figure 2. The measured di-muon invariant mass in the
Z(µµ)+jets control region, for the first signal region selection,
compared to the background predictions. For illustration pur-
poses, theALPGENW/Z+jet predictions from simulation are mul-
tiplied by a global scale factor 0.97, which brings the simulation
predictions close to the data in the control region, allowing for a
direct comparison of the shapes [8].

whereNMC(Z(νν) + jets)signal is the background pre-
dicted by simulation in the signal region, andNdata

control,

NMC(W(µν) + jets)control, andNbackground
control are the number

of W(µν)+jets candidates in data and simulation, and the
non-electroweak background contribution in the control
region, respectively. The latter refers to the top and dibo-
son processes and is based on simulation. The transfer fac-
tor for each background process is defined as the ratio of
simulated events for the process in the signal region over
the total number of simulated events in the control region.

The contribution of QCD multi–jet events to mono-jet
signal regions comes from those events for which the en-
ergy of a jet is badly measured such that thepT of the jet
falls below the 30 GeV jet definition threshold, therefore
passing the signal selection cuts. Two types of data con-
trol regions are defined. For both types, all the signal se-
lection cuts are applied except that the second jet above 30
GeV in pT is required to be along theEmiss

T direction in the
first type|∆φ(Emiss

T , 2nd jet)| < 0.5, and a third jet above 30
GeV in pT is required along theEmiss

T in the second type,
|∆φ(Emiss

T , 3rd jet)| < 0.5. Extrapolation of thepT distribu-
tion of these jets below the 30 GeV jet definition threshold
gives an estimate of this background in the signal region.

2.3 Results

Good agreement is observed between data and the
Standard Model predictions within the total background
uncertainties, and model-independent 90% and 95% con-
fidence level (CL) upper limits on the visible cross sec-
tion, defined as the production cross section times accep-
tance times efficiency (σ × A × ǫ), are set using theCLs

approach [9], as shown in Fig. 3 for the 8 TeV mono-jet
analysis. Values ofσ × A × ǫ above 2.8 pb, 0.16 pb, 0.05
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Figure 3. The model-independent observed (solid lines) and ex-
pected (dashed lines) 95% CL upper limits onσ × A × ǫ for dif-
ferent signal regions. The shaded areas around the expectedlimit
indicate the±1σ and±2σ expected limits [8].
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Figure 4. [mono-jet analysis] Observed (solid line) and expected
(dashed line) 95% CL lower limits on the gravitino mass as a
function of the squark mass for degenerate squark/gluino masses.
The dotted line indicates the impact of the±1σ LO theoreti-
cal uncertainty on the observed limit. The shaded bands around
the expected limit indicate the expected±1σ and±2σ expected
limits. The dashed-dotted line defines the validity of the narrow-
width approximation (NWA) used to obtain the decay rate of the
gluino and squark to a gravitino and a parton. The solid red line
denotes the current limit from LEP on the gravitino mass assum-
ing very heavy squarks/gluinos [8].

pb, and 0.02 pb are excluded at 95% CL for the four de-
fined signal regions, respectively.

The upper limits on the cross section can be translated
to limits on a model parameter. Figures 4-6 show the re-
sulting lower limits on the gravitino mass in the GMSB
SUSY scenario for the degenerate case, the upper limits
on the ADD signal yields as a function of the Planck scale
MD, and the lower limits on the WIMP suppression scale
M∗ for operator D5 of the effective theory used to calculate
the cross sections. The lower limits onM∗ can further be
translated to upper limits on the WIMP-nucleon scattering
cross section, as shown in Fig. 7 using theM∗ limits of the
7 TeV mono-jet analysis.
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Figure 5. [mono-jet analysis] The predicted ADDσ × A × ǫ
in the third signal region SR3 as a function ofMD for n=2 and
n=6 extra spatial dimensions. The bands around the ADD curves
show the effect of theoretical uncertainties. For comparison, the
model-independent observed (solid line) and expected (dashed
line) 95% CL upper limits onσ × A × ǫ are also shown. The
shaded areas around the expected limit indicate the±1σ and±2σ
expected limits [8].
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Figure 6. [mono-jet analysis] The 90% CL lower limits onM∗

for different WIMP masses, for operator D5 of the effective the-
ory. Observed and expected limits including all but the signal the-
oretical uncertainties are shown as dashed and solid black lines,
respectively. The grey and blue bands around the expected limit
are the±1σ and±2σ variations expected from statistical fluctu-
ations and experimental systematic uncertainties on the Standard
Model and signal processes. The impact of the theoretical uncer-
tainties is shown by the thin black dotted±1σ limit lines around
the observed limit. TheM∗ values at which WIMPs of a given
mass would result in the required relic abundance are shown as
the green line, assuming annihilation in the early universepro-
ceeded exclusively via the given operator. The shaded light-grey
region in the bottom right corner indicates where the effective
field theory approach breaks down. The plot is based on the best
expected limits, which corresponds to the third signal region SR3
in the 8 TeV mono-jet analysis [8].
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Figure 7. [mono-jet analysis] The 90% CL upper limits on
spin-dependent WIMP-nucleon scattering cross sections versus
WIMP mass. The thick solid lines are the observed limits ex-
cluding signal theoretical uncertainties. The dotted lines are the
limits including the theoretical uncertainties. The ATLASlimits
are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL
limits from the SIMPLE, Picasso, CDF, and CMS experiments
are also shown [7].

3 Mono-photon Analysis

The ATLAS mono-photon analysis has been per-
formed with the 4.7f b−1 7 TeV data [10]. In the following,
the event selections, background determination methods,
and results are presented.

3.1 Event Selection

The data are collected using a trigger that selects
events withEmiss

T above 70 GeV. Events are further re-
quired to haveEmiss

T above 150 GeV. A photon is also re-
quired with pT > 150 GeV and|η| < 2.37, excluding the
calorimeter barrel/end-cap transition regions (1.37< |η| <
1.52). Events with more than one jet withpT > 30 GeV
and|η| < 4.5 are rejected, while those with one such jet are
kept in order to increase the signal acceptance and reduce
systematic uncertainties related to the modelling of initial-
state radiation. The reconstructed photon,Emiss

T , and jet (if
present) are required to be well separated in the transverse
plane with :|∆φ(Emiss

T , γ)| > 0.4, |∆φ(Emiss
T , jet)| > 0.4, and

|∆R(γ, jet)| > 0.4. No identified electrons or muons should
be present in the final state.

3.2 Background Determination

As in the mono-jet analysis, the background to mono-
photon events is dominated by Z (νν)+γ. It also receives
contributions from W/Z + γ events with unidentified elec-
trons, muons or hadronicτ decays, and W/Z+jets events
with an electron or a jet misreconstructed as a photon. In
addition, there is a small contribution from top-quark,γγ,
diboson (WW,ZZ,WZ),γ+jets, and multi-jet processes.

Number of Extra Dimensions
2 3 4 5 6

 [T
eV

] 
D

 M

0.8

1

1.2

1.4

1.6

1.8

2

Number of Extra Dimensions
2 3 4 5 6

 [T
eV

] 
D

 M

0.8

1

1.2

1.4

1.6

1.8

2 ATLAS
-1

 L dt = 4.6 fb∫=7 TeV, s  

95% CL limits, NLO Theory
 (theory)σ 1 ±ATLAS Observed Limit 
)σ 1 ±ATLAS Expected Limit (

)-1CMS (5 fb
CDF
D0
LEP

Figure 8. [mono-photon analysis] Observed (solid lines) and ex-
pected (dashed-dotted lines) 95% CL lower limits on the scale
MD as a function of the number of extra spatial dimensions n, in
the ADD model [10].
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Figure 9. [mono-photon analysis] 90% CL upper limits on the
WIMP-nucleon cross section as a function of the WIMP mass
for spin-dependent [left] and spin-independent [right] interac-
tions [10].

The same data-driven methods used in the mono-jet anal-
ysis are used to determine the electroweak, QCD multi-
jet andγ+jet backgrounds. The background contributions
from top-quark,γγ, and diboson production processes are
estimated using simulation samples. Non-collision back-
ground is estimated to be negligible.

3.3 Results

The data are found to be in good agreement with the
Standard Model background-only hypothesis. The results
are expressed in terms of model-independent 90% and
95% CL upper limits on the visible cross section, using
theCLs approach. Values ofσ×A× ǫ above 5.6 fb and 6.8
fb are excluded at 90% CL and 95% CL, respectively. The
results can further be translated to 95% CL lower limits
on the scaleMD in the ADD scenario, and 90% CL upper
limits on the WIMP-nucleon scattering cross sections, as
shown in Fig. 8 and 9, respectively.
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4 Conclusion

The ATLAS mono-jet and mono-photon analyses have
been performed with the 7 and 8 TeV LHC pp collision
data. Data-driven techniques have been used to determine
the largest Standard Model backgrounds in both analyses.
As good agreement has been observed between data and
the expected Standard Model backgrounds, the results are
interpreted as upper limits on the visible cross sections in
various kinematic regions. These limits can further be used
to constrain some BSM models that result in the mono-jet
or mono-photon signatures, such as the ADD large extra
dimensions scenario, the pair production of WIMP dark
matter candidates, and the production of a gravitino in as-
sociation with a squark/gluino, with the further decay of
the squark/gluino to a gravitino and a parton, in GMSB
scenarios.
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