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Dark Matter Candidates
• Weakly Interacting Massive Particles (WIMPs)

• They are expected to interact with SM particles via new couplings.

• Assumptions:

• WIMPs are produced in pairs at LHC.

• Mediating particles between WIMPs and SM are too heavy to be 
produced directly.

➡ Effective field theory approach                                                        
(contact interactions)

• Detector signature is a jet or photon from initial state radiation (ISR) and 
missing transverse momentum (MET).
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ticles along with high-pT SM particles. In a more model-independent approach, WIMP pair production59

at colliders was proposed to yield detectable Emiss
T

signals if the WIMP pair is tagged by a jet or photon60

from initial- or final-state radiation (ISR/FSR) [28, 11]. Even though this approach does not rely on a61

specific BSM scenario, it does include assumptions: WIMPs are pair-produced at the LHC and all new62

particles mediating the interaction between WIMPs and the SM are too heavy to be produced directly,63

and can thus be integrated out in an effective field theory approach. The resulting interaction is hence a64

contact interaction between the dark sector and the SM. It is worth noting that the DM particles are not65

explicitly assumed to be interacting via the weak force. They may also couple to the SM via a new force.66

Throughout this work we are using the terms WIMP and DM particle (candidate) synonymously.67

Name Initial state Type Operator

D1 qq scalar
mq

M3
!

χ̄χq̄q

D5 qq vector 1
M2
!

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2
!

χ̄γµγ5χq̄γµγ
5q

D9 qq tensor 1
M2
!

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3
!

χ̄χαs(G
a
µν)
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Table 1: Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,

following the formalism of ref. [29]. The tensor operator D9 describes a magnetic-moment coupling.

The factor of the strong coupling constant αs in the definition of D11 accounts for this operator being

induced at one-loop level. Gµν is the colour field-strength tensor.

It is assumed here that the DM particle is a Dirac fermion χ.1 Five interactions are considered (cf.68

table 1), namely D1, D5, D8, D9, D11, following the naming scheme of ref. [29]. D1, D5, D8, and D969

describe different bilinear quark couplings to WIMPs, qq→ χχ, and D11 describes the process gg→ χχ.70

The 14 operators for Dirac fermions in ref. [29] fall into four categories with characteristic Emiss
T

spectral71

shapes. D1, D5, D9, and D11 are a representative set of these four categories, D8 falls into the same72

category as D5 but is listed separately in table 1 because it is often used to convert LHC limits into limits73

on DM pair production. In the operator definitions in the table 1 M∗ is the suppression scale of the heavy74

mediator particles that are integrated out. The use of a contact interaction to produce WIMP pairs via75

heavy mediators is considered conservative because it rarely overestimates cross sections when applied76

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in refs. [13, 30].77

The effective theory provides a useful framework for comparing LHC results to direct or indirect dark78

matter searches. Within this framework, interactions of SM and DM particles are described by only two79

parameters, the suppression scale M∗ and the DM particle mass mχ.80

2 Data and simulated samples81

The ATLAS detector [31, 32] at the LHC covers nearly the entire solid angle around the collision point.82

It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic83

and hadronic calorimeters, and an external muon spectrometer incorporating three large superconducting84

toroidal magnets. A three-level trigger system is used to select interesting events for recording and85

1The only difference for Majorana fermions would be that certain interaction types are not allowed and that cross sections

are larger by a factor of four.
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Large Extra Dimensions

3

MPl = 4-dimensional Planck scale
MD = fundamental (4+n)-dimensional Planck scale
n = number of the extra dimensions
R = size of the extra dimensions
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1 Introduction35

The “monojet” topology, characterized by a high transverse energy jet and large missing36

transverse momentum, is an important final state for searches for new phenomena beyond37

the Standard Model (SM). The only SM process that results in a true monojet final state is38

Z-boson production in association with a jet, where the Z boson decays to two neutrinos. A39

further important reducible contribution to this final state consists of events that include a40

W boson and a jet, where the charged lepton from the W -boson decay is not reconstructed.41

Phenomenological scenarios beyond the Standard Model (BSM) that result in a mono-42

jet final state include supersymmetry [1–9] and large extra dimensions (LED) [10]. A43

model-independent treatment of the production of dark matter (DM) particles at the LHC44

has been proposed recently, where the DM particle is pair-produced in association with a45

jet [11–13]. In the following, a search for an excess of monojet events over SM expectations46

is performed. The results are interpreted in a framework of LED and DM pair production.47

They are based on a dataset of 4.7 fb−1 of integrated luminosity and supersede those pre-48

sented in the 2010 ATLAS monojet analysis that used 35 pb−1 of data at
√
s = 7 TeV [14].49

Other monojet searches were performed in Run I and Run II at the Tevatron [15–17] and50

also with the 2010 LHC dataset [18]. None of these found evidence of new phenomena51

beyond the Standard Model.52

Models of large extra spatial dimensions offer a solution to the hierarchy problem [19–53

22] by addressing the weakness of gravity relative to all other forces. One popular model of54

LED that is often used to interpret the results of monojet searches at particle colliders is55

that of Arkani-Hamed, Dimopoulos, Dvali (ADD). In this model, gravity propagates in the56

(4+n)-dimensional bulk of space-time, while the SM fields are confined to four dimensions.57

The large observed difference in the characteristic mass scale of gravity (Planck mass) and58

the electroweak scale (W boson mass) is the result of the four-dimensional interpretation59

of the Planck scale. The four-dimensional Planck scale, MP l, is related to the fundamental60

(4 + n)-dimensional Planck scale, MD, by MP l
2 ∼ MD

2+nRn, where n and R are the61

number and size of the extra dimensions, respectively. An appropriate choice of R for a62

given n results in a value ofMD close to the electroweak scale. The extra spatial dimensions63

are compactified, resulting in a Kaluza-Klein tower of massive graviton modes. At hadron64

colliders, these graviton modes can be produced in association with a jet. The production65

processes include qg → qG, gg → gG, and qq̄ → gG, where G stands for the tower of66

gravitons, q for quark, and g for gluon. As gravitons do not interact with the detector,67

these processes give rise to a monojet signature [23].68

Particle dark matter is a well established paradigm to explain a range of astrophysical69

measurements (see e.g. [24] for a recent review). Since none of the known SM particles are70

adequate DM candidates, the existence of a new particle is hypothesized, with properties71

suitable to explain the astrophysical measurements. One class of particle candidates of72

interest for searches at the LHC are weakly interacting massive particles (WIMPs). These73

are expected to interact with the SM particles through new couplings and their masses74

are expected to lie in the range between a few GeV and a TeV. In the WIMP miracle75

such particles have weak-scale interaction cross sections, can be produced at the LHC,76
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1 Introduction51

In collider physics, an excess of events with a final state composed of a single high transverse momentum52

photon balanced by a large missing transverse energy (EmissT ) may be a striking signature of new physics.53

Indeed only few Standard Model (SM) processes give a mono-photon final state. SM backgrounds54

such as di-jet are strongly reduced by the request of a large EmissT . Other important backgrounds like55

the top quark and the W/Z bosons produced in association with a jet are reduced by asking a high56

transverse energy photon. The remaining SM backgrounds are processes with a Z or W boson produced57

in association with a photon (Z(νν) + γ is the only irreducible background), which may be suppressed58

and reliably estimated.59

Various theories involving new physics predict an excess of events with a single photon and a large60

EmissT . It is the case for instance in Large Extra Dimensions (LED) models where a photon is produced61

together with an invisible graviton or for pair production ofWeakly InteractingMassive Particles (WIMP)62

in association with a photon. This note presents an analysis of the mono-photon final state at ATLAS63

detector [1] with a dataset corresponding to an integrated luminosity of 4.6 fb−1. The total number of64

mono-photon candidates from data is compared to the Standard Model expectation and limits are set on65

the possible presence of new physics. Those limits are interpreted in terms of LED and WIMP models.66

A brief introduction on LED, dark-matter direct production and how mono-photon final state can67

be produced in the context of these models is presented in sections 2 and 3. Section 4 presents the68

characteristics of the data and Standard Model simulation used for the analysis. The various objects69

(photon, jet, EmissT , leptons) used for the mono-photon candidates selection are described in section 5.70

Section 6 presents the list of selection cuts defining the signal region (mono-photon candidates) and the71

control regions (region where only Standard Model Background is expected). The results for data and72

SM background in the control and signal regions are presented in section 8 and limits are set in section 9.73

2 Large Extra Dimensions74

Large Extra Dimensions have been proposed as a way to solve the hierarchy problem, i.e. to explain why75

gravity is so much weaker than the other forces. In the LED scenario of Arkani-Hamed, Dimopoulos,76

and Dvali (ADD)[2], gravity propagates in the 4 + n-dimensional bulk of space-time, while the other77

SM fields are confined to the usual four dimensions. The observed large difference in the characteristic78

mass scale of gravity (Planck mass) and the electroweak scale (W boson mass) is the result of the four-79

dimensional interpretation of the Planck scale. The four-dimensional Planck scale, MPl, is related to the80

fundamental 4 + n-dimensional Planck scale, MD , by M
2
Pl
∼ M2+nD R

n , where n and R are the number81

and size of the extra dimensions, respectively. An appropriate choice of R for a given n allows for a82

value of MD close to the electroweak scale. The extra spatial dimensions are compactified, resulting83

in a Kaluza-Klein tower of massive graviton modes. At hadron colliders, these graviton modes can be84

produced in association with a jet or photon . The production processes include qg → qG, gg → gG,85

and qq̄ → gG in the case of the production with a jet, and qq̄ → γG for the associated production with86

a photon1. As gravitons do not interact with the detector, the three first processes give rise to a mono-jet87

signature in the final state while the last one results in a mono-photon signature.88

3 WIMP direct production89

According to the present knowledge on astrophysics a large fraction of the Universe mass consists of90

non-luminous, nonbaryonic material, known as dark matter. Although its nature is unknown, Weakly In-91

1G stands for graviton, q for quark, g for gluon and γ for photon.
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in a Kaluza-Klein tower of massive graviton modes. At hadron colliders, these graviton modes can be84
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3 WIMP direct production89

According to the present knowledge on astrophysics a large fraction of the Universe mass consists of90

non-luminous, nonbaryonic material, known as dark matter. Although its nature is unknown, Weakly In-91

1G stands for graviton, q for quark, g for gluon and γ for photon.

• Models of large extra dimensions can provide an essential ingredient to            
a solution to the hierarchy problem.

• Arkani-Hamed, Dimopoulos, Dvali (ADD) model

• Gravity propagates in (4+n)-dimensional bulk space.

• Standard Model fields are confined to 4 dimensions.

• The extra spatial dimensions are compactified resulting in Kaluza-Klein 
towers of massive graviton modes.

• At LHC, gravitons can be produced in association with jets or photons, 
leading to monojet or monophoton detector signatures.
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Event Selection
• monojet selection

• all 2011 ATLAS pp data (4.7 fb-1)

• MET trigger (plateau above 150 
GeV, 98% efficient at 120 GeV)

• primary vertex with at least 2 
associated tracks

• leading jet pT > 120 GeV, |η| < 2

• |Δφ(jet2, MET)| > 0.5                 
in order to suppress              
back-to-back dijet events

• no more than two jets with       
pT > 30 GeV, |η| < 4.5
• no electrons with                      

pT > 20 GeV, |η| < 2.47

• no muons with                             
pT > 7 GeV, |η| < 2.5

• signal regions with symmetric cuts 
on the leading jet pT and MET                   
pT, MET > 120, 220, 350, 500 GeV

• monophoton selection

• all 2011 ATLAS pp data (4.6 fb-1).

• MET trigger (98% efficient at 150 
GeV)

• primary vertex with at least 5 
associated tracks

• leading photon                          
pT > 150 GeV, |η| < 2.37, 
excluding calorimeter          
barrel/endcap transition region 
1.37 < |η| < 1.52
• overlap removal                           

|Δφ(γ, MET)| > 0.4,                         
|ΔR(jet, γ)| > 0.4,                         
|Δφ(jet, MET)| > 0.4

• no more than one jet with         
pT > 30 GeV, |η| < 4.5
• no electrons with                      

pT > 20 GeV, |η| < 2.47
• no muons with                          

pT > 10 GeV, |η| < 2.5
4
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Background Estimation
• monojet analysis

• electroweak backgrounds   
(estimated in data-driven way 
from control regions)
• Z → νν + jets
• W → lν + jets
• Z → ll + jets

• top quark production (pure MC)

• multi-jet production (from data)
• di- or tri-jet events

• non-collision backgrounds            
(from data)
• detector noise
• cosmic ray showers
• beam-induced background 

leading to fake jets

• di-boson production (pure MC)
• WW, WZ, ZZ

• monophoton analysis

• electroweak backgrounds   
(estimated in data-driven way 
from control region)
• Z → νν + γ
• W → lν + γ
• Z → ll + γ
• W/Z + jet

• γ + jet and multi-jet production 
(from data)

• top quark production (pure MC)

• γγ processes (pure MC)

• di-boson production (pure MC)

• non-collision backgrounds            
(negligible)

5
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Background Estimation
• monojet analysis

• electroweak backgrounds   
(estimated in data-driven way 
from control regions)
• Z → νν + jets
• W → lν + jets
• Z → ll + jets

• top quark production (from MC)

• multi-jet production (from data)
• di- or tri-jet events

• non-collision backgrounds            
(from data)
• detector noise
• cosmic ray showers
• beam-induced background 

leading to fake jets

• di-boson production (from MC)
• WW, WZ, ZZ

• monophoton analysis

• electroweak backgrounds   
(estimated in data-driven way 
from control region)
• Z → νν + γ
• W → lν + γ
• Z → ll + γ
• W/Z + jet

• γ + jet and multi-jet production 
(from data)

• top quark production (from MC)

• γγ processes (from MC)

• di-boson production (from MC)

• non-collision backgrounds            
(negligible)

6
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Electroweak Backgrounds in the Monojet Analysis

• Data-driven estimation in four control regions (CR):

• Z → μμ
• W → μν
• Z → ee
• W → eν

• Background is estimated in the following way:

• The corrections are:

• multi-jet background in CR
• fraction of electroweak processes of a given kind in the control region
• lepton acceptance and reconstruction efficiency
• efficiency of the Z and W selection
• trigger efficiency and the luminosity correction (only for the electron CR)
• transfer factor from the full lepton phase space to the signal region (SR)

7

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

June 27, 2012 – 11 : 18 DRAFT 7

SR Z → νν̄+jets
W → τν+jets

W → eν+jets
Z → τ+τ−+jets

W → µν+jets Z → µ+µ−+jets

CR

W → eν+jets

W → µν+jets W → eν+jets Z → µ+µ−+jets
W → µν+jets

Z → e+e−+jets

Z → µ+µ−+jets

Table 3: Overview of processes in the control regions (CR) used to estimate background contributions of

processes in the signal regions (SR).

Z → e+e−+jets, Z → µ+µ−+jets. Using these, all contributions to the signal regions from Z and W decay249

modes are estimated with the same method (except for Z → e+e−+jets which is found to be negligible250

in the signal regions). Six background processes in the signal regions are predicted based on four control251

region processes, as detailed in table 3. For control regions that select electrons, an electron trigger is252

used which requires a correction to account for differences in efficiency and acceptance6 compared to253

the Emiss
T

trigger used for the signal region. A different trigger is required because, for the inclusive Emiss
T

254

trigger, the energy deposited by electrons is included in the Emiss
T

measurement at trigger level and will255

result in the selection of a different kinematic region than that of the signal regions. Muons, however,256

do not deposit large amounts of energy in the calorimeters and are not included in the Emiss
T

trigger. The257

specific selections for the four control region processes are given below:258

• W → eν+jets: Events are selected using electron triggers with thresholds of 20 or 22 GeV depend-259

ing on the data taking period. The CR electron definition is used (cf. section 3) and exactly one260

electron with a pT of at least 25 GeV is required. Events with additional electrons or muons are261

discarded. All triggers used are fully efficient above the chosen pT cut value. Jets are considered262

to be electrons and removed from the event if ∆R(e, jet) < 0.2. To further improve the W purity,263

Emiss
T
> 25 GeV and 40 < mT < 100 GeV are required.7 When applying the signal region Emiss

T
264

and jet requirements (cf. table 2), the quantity Emiss,!
T

is used for the estimate of Z → νν̄+jets in265

the SR (to mimic the decay to two undetected neutrinos). The calorimeter-based Emiss
T

is however266

used for the SR selection cuts when estimating W → eν+jets in the SR.267

• W → µν+jets: Events have to pass the inclusive Emiss
T

trigger used for the signal regions. Exactly268

one CR muon (cf. section 3) is required, and events with additional electrons or muons are rejected.269

Cuts on the transverse mass and missing transverse momentum are applied to improve the purity270

for W’s: mT > 40 GeV, E
miss,µ
T

> 25 GeV. Note that the Emiss
T

that includes the muon contribution,271

E
miss,µ
T

, is used for the W-specific selection cuts. When applying the signal region requirements272

on missing transverse momentum and jets (cf. table 2), the calorimeter-based Emiss
T

is used for the273

estimates of Z → νν̄+jets and W → µν+jets in the SR.274

• Z → e+e−+jets: Electron triggers are used in this channel. Exactly two opposite-sign electrons are275

required and events with additional electrons or muons are discarded. The selected electrons have276

to satisfy pT > 25 (20) GeV for the leading (sub-leading) electron. Jet-electron overlap removal277

is performed as described above for W → eν+jets. Finally, to enhance the fraction of Z’s, an278

6The acceptance is defined as the ratio of the number of reconstructed events to the number of originally simulated events

within the detector volume and passing analysis requirements. The efficiency is defined as the ratio of the number of events

within the detector volume at reconstructed level to that at the originally simulated level.

7The transverse mass mT is defined as mT =

√

2 pT Emiss
T (1 − cos∆φ($, Emiss

T )), with pT of the lepton (electron or muon).
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invariant mass requirement of 66 < me+e− < 116 GeV is applied. When applying the signal-region278

selections to estimate Z → νν̄+jets, Emiss,#e
T

is used for missing transverse momentum.279

• Z → µ+µ−+jets: The inclusive Emiss
T

trigger is used in this channel. Exactly two opposite-sign CR280

muons (cf. section 3) are required and events with additional electrons or muons are rejected. An281

invariant mass of 66 < mµ+µ− < 116 GeV is required to select Z candidates. The signal-region282

selections are then applied on the calorimeter-based Emiss
T

, for the Z → νν̄+jets, Z → τ+τ−+jets,283

Z → µ+µ−+jets estimates.284

Using the control regions defined above, the background predictions are derived using:285

N
predicted
SR

= (NData
CR − NBkg) ·C ·

NMC
SR

NMC
CR

=

(NData
CR
− N

multijet
CR

) · (1 − fEW)

A# · ε# · εZ/W · ε
trig
#
· L#

× εtrig
Emiss

T

×LEmiss
T
×

NMC
SR

NMC
jet/Emiss

T

. (1)

Data in control regions are corrected for backgrounds arising from other sources. Correction factors286

(C) based on MC simulation and data are applied to obtain the number of events predicted in the signal287

region: N
predicted
SR

. The other terms are:288

• NData
CR

and N
multijet
CR

are the number of data and multijet events in the control region, respectively. To289

estimate the multijet background in control regions with identified electrons, the selection cuts are290

varied, and the fake rate in those regions is extracted from data using real and fake electron effi-291

ciencies determined from samples enriched in electrons and jets. Using this estimate, the multijet292

contamination is predicted to account for 1-2% of the events in the W → eν+jets electron con-293

trol region when predicting the Z → νν̄+jets contribution. For the other electron control-region294

predictions and the muon control regions, the multijet contamination is found to be negligible.295

• fEW is the estimated fraction of electroweak or other SM backgrounds in the control region for296

a given process. This source of background contamination is due to top and di-boson decays as297

well as decays of Z or W bosons to leptons of another flavor than the one selected for that control298

region. The contribution of this contamination is obtained from MC simulation and represents299

about 2% for Z bosons, and 10% for W bosons. The top and di-boson contribution is negligible.300

• A# and ε# are the lepton acceptance obtained from simulation and the identification efficiency301

obtained from data, respectively.302

• εZ/W are the efficiencies for the Z or W boson selections obtained from simulation.303

• εtrig
#

and L# are the electron trigger efficiency (obtained from data) and the corresponding lumi-304

nosity associated with this trigger for the relevant control region. For muon control regions these305

factors do not apply and are set to unity because the signal-region trigger is used.306

• εtrig
Emiss

T

and LEmiss
T

are the Emiss
T

trigger efficiency (obtained from data) and the corresponding lumi-307

nosity, and are only relevant in electron control regions where the electron trigger efficiency and308

luminosity (ε
trig
#

and L#) are corrected.309

•
NMC

SR

NMC

jet/Emiss
T

is the ratio of simulated events in the signal region over simulated events in the control310

region with only jet and Emiss
T

related cuts applied. This term is a transfer factor that translates the311
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invariant mass requirement of 66 < me+e− < 116 GeV is applied. When applying the signal-region278

selections to estimate Z → νν̄+jets, Emiss,#e
T

is used for missing transverse momentum.279

• Z → µ+µ−+jets: The inclusive Emiss
T

trigger is used in this channel. Exactly two opposite-sign CR280

muons (cf. section 3) are required and events with additional electrons or muons are rejected. An281

invariant mass of 66 < mµ+µ− < 116 GeV is required to select Z candidates. The signal-region282

selections are then applied on the calorimeter-based Emiss
T

, for the Z → νν̄+jets, Z → τ+τ−+jets,283

Z → µ+µ−+jets estimates.284

Using the control regions defined above, the background predictions are derived using:285

N
predicted
SR

= (NData
CR − NBkg) ·C ·

NMC
SR

NMC
CR

=

(NData
CR
− N

multijet
CR

) · (1 − fEW)

A# · ε# · εZ/W · ε
trig
#
· L#

× εtrig
Emiss

T

×LEmiss
T
×

NMC
SR

NMC
jet/Emiss

T

. (1)

Data in control regions are corrected for backgrounds arising from other sources. Correction factors286

(C) based on MC simulation and data are applied to obtain the number of events predicted in the signal287

region: N
predicted
SR

. The other terms are:288

• NData
CR

and N
multijet
CR

are the number of data and multijet events in the control region, respectively. To289

estimate the multijet background in control regions with identified electrons, the selection cuts are290

varied, and the fake rate in those regions is extracted from data using real and fake electron effi-291

ciencies determined from samples enriched in electrons and jets. Using this estimate, the multijet292

contamination is predicted to account for 1-2% of the events in the W → eν+jets electron con-293

trol region when predicting the Z → νν̄+jets contribution. For the other electron control-region294

predictions and the muon control regions, the multijet contamination is found to be negligible.295

• fEW is the estimated fraction of electroweak or other SM backgrounds in the control region for296

a given process. This source of background contamination is due to top and di-boson decays as297

well as decays of Z or W bosons to leptons of another flavor than the one selected for that control298

region. The contribution of this contamination is obtained from MC simulation and represents299

about 2% for Z bosons, and 10% for W bosons. The top and di-boson contribution is negligible.300

• A# and ε# are the lepton acceptance obtained from simulation and the identification efficiency301

obtained from data, respectively.302

• εZ/W are the efficiencies for the Z or W boson selections obtained from simulation.303

• εtrig
#

and L# are the electron trigger efficiency (obtained from data) and the corresponding lumi-304

nosity associated with this trigger for the relevant control region. For muon control regions these305

factors do not apply and are set to unity because the signal-region trigger is used.306

• εtrig
Emiss

T

and LEmiss
T

are the Emiss
T

trigger efficiency (obtained from data) and the corresponding lumi-307

nosity, and are only relevant in electron control regions where the electron trigger efficiency and308

luminosity (ε
trig
#

and L#) are corrected.309

•
NMC

SR

NMC

jet/Emiss
T

is the ratio of simulated events in the signal region over simulated events in the control310

region with only jet and Emiss
T

related cuts applied. This term is a transfer factor that translates the311
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Electroweak Backgrounds in the Monojet Analysis

• Data-driven estimation in four control regions (CR):

• Z → μμ
• W → μν
• Z → ee
• W → eν

• Background is estimated in the following way:

• The corrections are:

• multi-jet background in CR
• fraction of electroweak processes of a given kind in the control region
• lepton acceptance and reconstruction efficiency
• efficiency of the Z and W selection
• trigger efficiency and the luminosity correction (only for the electron CR)
• transfer factor from the full lepton phase space to the signal region (SR)
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SR Z → νν̄+jets
W → τν+jets

W → eν+jets
Z → τ+τ−+jets

W → µν+jets Z → µ+µ−+jets

CR

W → eν+jets

W → µν+jets W → eν+jets Z → µ+µ−+jets
W → µν+jets

Z → e+e−+jets

Z → µ+µ−+jets

Table 3: Overview of processes in the control regions (CR) used to estimate background contributions of

processes in the signal regions (SR).

Z → e+e−+jets, Z → µ+µ−+jets. Using these, all contributions to the signal regions from Z and W decay249

modes are estimated with the same method (except for Z → e+e−+jets which is found to be negligible250

in the signal regions). Six background processes in the signal regions are predicted based on four control251

region processes, as detailed in table 3. For control regions that select electrons, an electron trigger is252

used which requires a correction to account for differences in efficiency and acceptance6 compared to253

the Emiss
T

trigger used for the signal region. A different trigger is required because, for the inclusive Emiss
T

254

trigger, the energy deposited by electrons is included in the Emiss
T

measurement at trigger level and will255

result in the selection of a different kinematic region than that of the signal regions. Muons, however,256

do not deposit large amounts of energy in the calorimeters and are not included in the Emiss
T

trigger. The257

specific selections for the four control region processes are given below:258

• W → eν+jets: Events are selected using electron triggers with thresholds of 20 or 22 GeV depend-259

ing on the data taking period. The CR electron definition is used (cf. section 3) and exactly one260

electron with a pT of at least 25 GeV is required. Events with additional electrons or muons are261

discarded. All triggers used are fully efficient above the chosen pT cut value. Jets are considered262

to be electrons and removed from the event if ∆R(e, jet) < 0.2. To further improve the W purity,263

Emiss
T
> 25 GeV and 40 < mT < 100 GeV are required.7 When applying the signal region Emiss

T
264

and jet requirements (cf. table 2), the quantity Emiss,!
T

is used for the estimate of Z → νν̄+jets in265

the SR (to mimic the decay to two undetected neutrinos). The calorimeter-based Emiss
T

is however266

used for the SR selection cuts when estimating W → eν+jets in the SR.267

• W → µν+jets: Events have to pass the inclusive Emiss
T

trigger used for the signal regions. Exactly268

one CR muon (cf. section 3) is required, and events with additional electrons or muons are rejected.269

Cuts on the transverse mass and missing transverse momentum are applied to improve the purity270

for W’s: mT > 40 GeV, E
miss,µ
T

> 25 GeV. Note that the Emiss
T

that includes the muon contribution,271

E
miss,µ
T

, is used for the W-specific selection cuts. When applying the signal region requirements272

on missing transverse momentum and jets (cf. table 2), the calorimeter-based Emiss
T

is used for the273

estimates of Z → νν̄+jets and W → µν+jets in the SR.274

• Z → e+e−+jets: Electron triggers are used in this channel. Exactly two opposite-sign electrons are275

required and events with additional electrons or muons are discarded. The selected electrons have276

to satisfy pT > 25 (20) GeV for the leading (sub-leading) electron. Jet-electron overlap removal277

is performed as described above for W → eν+jets. Finally, to enhance the fraction of Z’s, an278

6The acceptance is defined as the ratio of the number of reconstructed events to the number of originally simulated events

within the detector volume and passing analysis requirements. The efficiency is defined as the ratio of the number of events

within the detector volume at reconstructed level to that at the originally simulated level.

7The transverse mass mT is defined as mT =

√

2 pT Emiss
T (1 − cos∆φ($, Emiss

T )), with pT of the lepton (electron or muon).
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invariant mass requirement of 66 < me+e− < 116 GeV is applied. When applying the signal-region278

selections to estimate Z → νν̄+jets, Emiss,#e
T

is used for missing transverse momentum.279

• Z → µ+µ−+jets: The inclusive Emiss
T

trigger is used in this channel. Exactly two opposite-sign CR280

muons (cf. section 3) are required and events with additional electrons or muons are rejected. An281

invariant mass of 66 < mµ+µ− < 116 GeV is required to select Z candidates. The signal-region282

selections are then applied on the calorimeter-based Emiss
T

, for the Z → νν̄+jets, Z → τ+τ−+jets,283

Z → µ+µ−+jets estimates.284

Using the control regions defined above, the background predictions are derived using:285

N
predicted
SR

= (NData
CR − NBkg) ·C ·

NMC
SR

NMC
CR

=

(NData
CR
− N

multijet
CR

) · (1 − fEW)

A# · ε# · εZ/W · ε
trig
#
· L#

× εtrig
Emiss

T

×LEmiss
T
×

NMC
SR

NMC
jet/Emiss

T

. (1)

Data in control regions are corrected for backgrounds arising from other sources. Correction factors286

(C) based on MC simulation and data are applied to obtain the number of events predicted in the signal287

region: N
predicted
SR

. The other terms are:288

• NData
CR

and N
multijet
CR

are the number of data and multijet events in the control region, respectively. To289

estimate the multijet background in control regions with identified electrons, the selection cuts are290

varied, and the fake rate in those regions is extracted from data using real and fake electron effi-291

ciencies determined from samples enriched in electrons and jets. Using this estimate, the multijet292

contamination is predicted to account for 1-2% of the events in the W → eν+jets electron con-293

trol region when predicting the Z → νν̄+jets contribution. For the other electron control-region294

predictions and the muon control regions, the multijet contamination is found to be negligible.295

• fEW is the estimated fraction of electroweak or other SM backgrounds in the control region for296

a given process. This source of background contamination is due to top and di-boson decays as297

well as decays of Z or W bosons to leptons of another flavor than the one selected for that control298

region. The contribution of this contamination is obtained from MC simulation and represents299

about 2% for Z bosons, and 10% for W bosons. The top and di-boson contribution is negligible.300

• A# and ε# are the lepton acceptance obtained from simulation and the identification efficiency301

obtained from data, respectively.302

• εZ/W are the efficiencies for the Z or W boson selections obtained from simulation.303

• εtrig
#

and L# are the electron trigger efficiency (obtained from data) and the corresponding lumi-304

nosity associated with this trigger for the relevant control region. For muon control regions these305

factors do not apply and are set to unity because the signal-region trigger is used.306

• εtrig
Emiss

T

and LEmiss
T

are the Emiss
T

trigger efficiency (obtained from data) and the corresponding lumi-307

nosity, and are only relevant in electron control regions where the electron trigger efficiency and308

luminosity (ε
trig
#

and L#) are corrected.309

•
NMC

SR

NMC

jet/Emiss
T

is the ratio of simulated events in the signal region over simulated events in the control310

region with only jet and Emiss
T

related cuts applied. This term is a transfer factor that translates the311
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invariant mass requirement of 66 < me+e− < 116 GeV is applied. When applying the signal-region278

selections to estimate Z → νν̄+jets, Emiss,#e
T

is used for missing transverse momentum.279

• Z → µ+µ−+jets: The inclusive Emiss
T

trigger is used in this channel. Exactly two opposite-sign CR280

muons (cf. section 3) are required and events with additional electrons or muons are rejected. An281

invariant mass of 66 < mµ+µ− < 116 GeV is required to select Z candidates. The signal-region282

selections are then applied on the calorimeter-based Emiss
T

, for the Z → νν̄+jets, Z → τ+τ−+jets,283

Z → µ+µ−+jets estimates.284

Using the control regions defined above, the background predictions are derived using:285

N
predicted
SR

= (NData
CR − NBkg) ·C ·

NMC
SR

NMC
CR

=

(NData
CR
− N

multijet
CR

) · (1 − fEW)

A# · ε# · εZ/W · ε
trig
#
· L#

× εtrig
Emiss

T

×LEmiss
T
×

NMC
SR

NMC
jet/Emiss

T

. (1)

Data in control regions are corrected for backgrounds arising from other sources. Correction factors286

(C) based on MC simulation and data are applied to obtain the number of events predicted in the signal287

region: N
predicted
SR

. The other terms are:288

• NData
CR

and N
multijet
CR

are the number of data and multijet events in the control region, respectively. To289

estimate the multijet background in control regions with identified electrons, the selection cuts are290

varied, and the fake rate in those regions is extracted from data using real and fake electron effi-291

ciencies determined from samples enriched in electrons and jets. Using this estimate, the multijet292

contamination is predicted to account for 1-2% of the events in the W → eν+jets electron con-293

trol region when predicting the Z → νν̄+jets contribution. For the other electron control-region294

predictions and the muon control regions, the multijet contamination is found to be negligible.295

• fEW is the estimated fraction of electroweak or other SM backgrounds in the control region for296

a given process. This source of background contamination is due to top and di-boson decays as297

well as decays of Z or W bosons to leptons of another flavor than the one selected for that control298

region. The contribution of this contamination is obtained from MC simulation and represents299

about 2% for Z bosons, and 10% for W bosons. The top and di-boson contribution is negligible.300

• A# and ε# are the lepton acceptance obtained from simulation and the identification efficiency301

obtained from data, respectively.302

• εZ/W are the efficiencies for the Z or W boson selections obtained from simulation.303

• εtrig
#

and L# are the electron trigger efficiency (obtained from data) and the corresponding lumi-304

nosity associated with this trigger for the relevant control region. For muon control regions these305

factors do not apply and are set to unity because the signal-region trigger is used.306

• εtrig
Emiss

T

and LEmiss
T

are the Emiss
T

trigger efficiency (obtained from data) and the corresponding lumi-307

nosity, and are only relevant in electron control regions where the electron trigger efficiency and308

luminosity (ε
trig
#

and L#) are corrected.309

•
NMC

SR

NMC

jet/Emiss
T

is the ratio of simulated events in the signal region over simulated events in the control310

region with only jet and Emiss
T

related cuts applied. This term is a transfer factor that translates the311
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• Beam background muons can deposit significant energy (up to ~TeV )             
in the colorimeters that can be reconstructed as fake jets.

• Fake jets are balanced by MET. 
• Therefore, they lead to similar event topology as monojet signals.
• They fire MET triggers.

➡Monojet analysis requires efficient                                                                 
fake jet removal.

• Jet cleaning techniques based on jet quality criteria (e.g. jet charged fraction, 
electromagnetic fraction) provide efficient rejection at the level of 10-3.

• Residual level of non-collision backgrounds is estimated with dedicated tool 
that searches for signatures of particles traversing the detector parallel           
to the beam pipe.
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Figure 1: Distributions of jet kinematic and discriminating variables for fake jets before and after jet

selection. Distributions from the good jets enriched sample are also superimposed for subfigures (c) to

(h) and are reweighted in order to reproduce the bidimensional jet p
jet
T
versus jet η distribution obtained

in the fake jets enriched sample after Tight selection cuts. Jets are reconstructed with the anti-kt jet

clustering algorithm with a distance parameter of R = 0.4.
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Non-Collision Backgrounds
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Monojet Results
• Signal region 1

• Signal region 4

10
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Figure 2: Kinematic distributions for signal region SR1 are shown. Signal distributions for ADD and

WIMP samples at cross sections equal to the excluded values are drawn with dashed lines on top of the

predicted background distributions. The electroweak background estimate (cf. equation 1) is determined

in bins of the variable that is plotted.

6 Results and interpretation399

The SM background predictions are found to be consistent with the number of observed events in data for400

all considered signal regions. Comparisons of the SM predictions to the measured Emiss
T

and leading and401

sub-leading jet pT distributions are shown for SR1 in figure 2 and for SR4 in figure 3. For illustration, the402

figures also contain simulated signal distributions for ADD and WIMP scenarios. Good agreement both403

in the shape and the overall normalisation between background predictions and data is observed in all404

cases. To facilitate comparisons with other experiments shown below 90% besides the more conventional405

95% confidence level (CL) upper limits are set on the visible cross section defined as cross section times406

acceptance and efficiency (σ× A× ε), using the CLs prescription [59]. These limits take into account the407

systematic uncertainties associated with SM backgrounds and the integrated luminosity. The resulting408

visible cross-section limits, that apply for any source of BSM events, are summarized in table 5. Typical409

efficiencies of selection criteria related to jets and Emiss
T

of ε ∼ 83% are found in simulated Z → νν̄+jets,410

WIMP or ADD samples. The negative search results are interpreted as limits on ADD and WIMP411

scenario parameters in the following.412
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Figure 3: Kinematic distributions from signal region SR4 are shown. Signal distributions for ADD

and WIMP samples at cross sections equal to the excluded values are shown with dashed lines. The

electroweak background estimate (cf. equation 1) is determined in bins of the variable that is plotted.

6.1 Large extra dimensions413

Experimental and theoretical systematic uncertainties that affect the ADD signal are considered in order414

to set limits on the signal parameters. The experimental uncertainties on JES, JER, and Emiss
T

are con-415

sidered to be fully correlated with those obtained for the background estimate. They range from 3–10%416

depending on the signal region and the number of extra dimensions. An additional 1% uncertainty on417

the trigger, and a 3.9% uncertainty on luminosity are also considered for the signal only. Theoretical418

uncertainties on the expected ADD signal are associated with the PDF, ISR/FSR, and factorization and419

renormalization scales. For the PDF uncertainties, the CTEQ6.6 error sets are used, but are converted420

from 90% to 68% CL. They range from 4–14% on the product of signal cross section and acceptance421

(σ × A), depending on the number of extra dimensions. Uncertainties coming from the modeling of422

ISR/FSR are determined by varying the simulation parameters of PYTHIA within a range that is consis-423

tent with experimental data [60]. The resulting uncertainties vary from about 3–14%. The dominating424

theoretical systematic uncertainty affecting mostly the cross section rather than the acceptance is from425

the factorization and renormalization scales. Varying these scales between twice and half their default426

value results in 20–30% uncertainties on σ × A.8427

The visible cross sections predicted by the ADD generator for SR4 are shown for n = 2–6 extra428

8Note that in ref. [14] the squared factorization and renormalization scales were varied between twice and half their default

values.
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Monojet Results
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SR1 SR2 SR3 SR4

Z → νν̄+jets 63000 ± 2100 5300 ± 280 500 ± 40 58 ± 9

W → τν+jets 31400 ± 1000 1853 ± 81 133 ± 13 13 ± 3

W → eν+jets 14600 ± 500 679 ± 43 40 ± 8 5 ± 2

W → µν+jets 11100 ± 600 704 ± 60 55 ± 6 6 ± 1

tt̄ + single t 1240 ± 250 57 ± 12 4 ± 1 -

Multijets 1100 ± 900 64 ± 64 8 ± 9 -

Non-coll. Background 575 ± 83 25 ± 13 - -

Z/γ∗ → ττ+jets 421 ± 25 15 ± 2 2 ± 1 -

Di-bosons 302 ± 61 29 ± 5 5 ± 1 1 ± 1

Z/γ∗ → µµ+jets 204 ± 19 8 ± 4 - -

Total Background 124000 ± 4000 8800 ± 400 748 ± 60 83 ± 14

Events in Data (4.7fb−1) 124703 8631 785 77

σobs
vis

at 90% [ pb ] 1.63 0.13 0.026 0.006

σ
exp
vis

at 90% [ pb ] 1.54 0.15 0.020 0.006

σobs
vis

at 95% [ pb ] 1.92 0.16 0.030 0.007

σ
exp
vis

at 95% [ pb ] 1.82 0.17 0.024 0.008

Table 5: Overview of predicted SM background and observed events in data for 4.7 fb−1 for each of

the four signal regions. The total uncertainty quoted is the quadratic sum of statistical and systematic

uncertainties. Observed and expected 90% and 95% CL upper limits on the non-SM contribution to all

signal regions are also given in terms of visible cross sections (σvis ≡ σ × A × ε). The 90% CL upper

limits are given to facilitate comparisons with other experiments.

• Four independent determinations of Z → νν + jets, based on the four control 
regions, are combined.

• Background estimates are consistent with the number of observed events in all 
signal regions.

➡ 90% and 95% confidence level upper limits on the visible cross section (σ×A×ε) 
are set.
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 Monophoton Results

• Background estimates are consistent with the number of observed events in the 
signal region.

➡ 90% and 95% confidence level upper limits on the visible cross section (σ×A×ε) 
are set.
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Background source Prediction ± (stat.) ± (syst.)
Z(→ ν  ν) + γ 93 ± 16 ± 8
Z/γ∗(→ #+#−) + γ 0.4 ± 0.2 ± 0.1
W(→ #ν) + γ 24 ± 5 ± 2
W/Z + jets 18 − ± 6
top 0.07 ± 0.07 ± 0.01
WW,WZ,ZZ, γγ 0.3 ± 0.1 ± 0.1
γ+jets and multi-jet 1.0 − ± 0.5
Non-collision background − − −
Total background 137 ± 18 ± 9
Events in data (4.6 fb−1) 116

Table 1: The number of events in data compared to the SM predictions, including statistical and systematic
uncertainties. The quoted statistical uncertainties include both contributions from data and the limited size of the
simulated samples.

(n = 4), 1.82 TeV (n = 5), and 1.87 TeV (n = 6) are excluded at 95% CL. The observed limits decrease193

by 3% after considering the minus one-sigma uncertainty from PDFs, scale variations, and parton shower194

modelling in the ADD LED theoretical predictions (dashed lines in Figure 2). These LO results improve195

upon previous limits on MD.196

Similarly, 90% CL upper limits on the pair production of dark matter WIMP candidates are com-197

puted. The A × ε of the selection criteria are typically 18.0 ± 0.3(stat.) ± 0.9(syst.)% for the D5 and D8198

operators, and 23.0 ± 0.3(stat.) ± 1.3(syst.)% for the D9 operator, with a moderate dependence on mχ.199

Experimental uncertainties, as discussed above, translate into a 6.6% uncertainty on the signal yields.200

Theoretical uncertainties on initial- and final-state gluon radiation introduce a 3.5% to 6.0% uncertainty201

on the signal yields. The uncertainties related to PDFs result in 1.0% and 5.0% uncertainties on the signal202

A × ε and cross section, respectively. Variations of the renormalization and factorization scales lead to a203

change of 1.0% and 8.0% in the signal A × ε and cross section, respectively. Limits on the scale M∗ are204

extracted using the CLs method and the same prescription as for the ADD LED model. In the case of205

the D5 spin-independent operator, values for M∗ below 585 GeV and 156 GeV are excluded at 90% CL206

for mχ equal to 1 GeV and 1.3 TeV, respectively. Values for M∗ below 585 GeV and 100 GeV (397 GeV207

and 94 GeV) are excluded for the D8 (D9) spin-dependent operator for mχ equal to 1 GeV and 1.3 TeV,208

respectively. These results can be translated into upper limits on the nucleon-WIMP interaction cross209

section using the prescription in Ref. [12, 37]. Figure 3 shows 90% CL upper limits on the nucleon-210

WIMP cross section as a function of mχ. In the case of spin-independent interactions, nucleon-WIMP211

cross sections above 2.2 × 10−39 cm2 and 1.7 × 10−36 cm2 are excluded at 90% CL for mχ = 1 GeV and212

mχ = 1.3 TeV, respectively. Spin-dependent interactions cross sections in the range 7.6 × 10−41 cm2 to213

3.4 × 10−37 cm2 (3.6 × 10−40 cm2 to 4.3 × 10−37 cm2) are excluded at 90% CL for the D8 (D9) operator214

and mχ varying between 1 GeV and 1.3 TeV. The observed limits on M∗ decrease by 2% to 3% after215

considering the theoretical uncertainties on the WIMP model. This translates into a 10% increase of the216

quoted nucleon-WIMP cross section limits. The exclusion in the region 1 GeV < mχ < 3.5 GeV (1 GeV217

< mχ < 100 GeV) for spin-independent (spin-dependent) nucleon-WIMP interactions is driven by the218

results from collider experiments with the assumption of the validity of the effective theory. The upper219

limits presented in this letter improve upon previous CDF results at the Tevatron [4] and are similar to220

those obtained by the CMS experiment [6] which uses axial-vector operators to describe spin-dependent221

interactions.222
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ADD Limits

• Theoretical uncertainties on ADD are associated with PDF uncertainties,        
ISR/FSR, factorization and renormalization scales.

• 95% CL limits on MD as a function of the number of extra dimensions are set.

➡ MD values below 1.74 TeV (n=2) and 1.87 TeV (n=6) are excluded (monophoton).

➡ MD values below 3.79 TeV (n=2) and 2.34 TeV (n=6) are excluded (monojet).
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Figure 4: Left: Visible cross sections in SR4 as a function of MD as predicted by the effective ADD

theory, for n = 2, 4, 6 extra dimensions. The colored bands correspond to the theoretical systematic

uncertainties (PDF, ISR/FSR, scale). The horizontal lines are the expected and observed cross section

limits at 95% CL, taking into account experimental systematic uncertainties fully correlated between

signal and background, as well as uncertainties on the luminosity estimate, trigger efficiency, and MC

statistical uncertainties. Right: 95% CL lower limits on MD for different numbers of extra dimensions

based on SR4. Observed and expected limits including all but the theoretical signal uncertainties are

shown as solid and dashed lines, respectively. The gray ±1σ band around the expected limit is the

variation expected from statistical fluctuations and experimental systematic uncertainties on SM and

signal processes. The impact of the theoretical uncertainties is demonstrated with the red small-dashed

±1σ limits. The previous ATLAS limit [16] is also shown for comparison.

dimensions as a function of MD on the left-hand side of figure 4. Theoretical systematic uncertainties are428

shown as colored bands around the cross-section curves. The 95% CL expected and observed limits on429

the visible cross section σ × A × ε are shown as horizontal lines. The effect of restricting the simulated430

phase space to the kinematic region where the ADD effective field-theory implementation is valid is431

probed by evaluating the cross section after discarding events for which ŝ > M2
D. The amount by which432

the truncated cross sections differ from the full ones provides a measure for the reliability of the effective433

field theory. This difference increases with signal region and number of extra dimensions. n = 2 extra434

dimensions are found to be insensitive to truncation effects for MD values near the resulting limits for435

all signal regions. On the other hand, n = 3, 4, 5, and 6 extra dimensions show differences of 6%,436

20%, 45%, and 60% between full and truncated cross sections for SR4 and MD values close to the actual437

limits (cf. table 6). This search is probing kinematic ranges where the model does not make unambiguous438

predictions due to the high energy and luminosity used in this search.439

The 95% CL lower limits on MD versus n for the full phase space, not the truncated one, are shown on440

the right-hand side of figure 4. The selections of SR4 provide the best expected limits and are therefore441

used here. Limits of SR1, SR2, SR3 are typically 35%, 15%, 5% worse, respectively. The expected442

and observed limits in figure 4 are produced taking all but the theoretical uncertainties into account. The443

gray ±1σ band around the expected limit shows the variation anticipated from statistical fluctuations444

and from experimental systematic uncertainties on background and signal processes. The impact of the445

theoretical uncertainties associated with PDFs, ISR/FSR, and factorization and renormalization scales is446

represented by dashed ±1σ lines on either side of the observed limit. The resulting limit is taken as the447

observed −1σ line.9 All limits for SR4 are summarized in table 6, where the lower (upper) limits on448

9The previous ATLAS monojet search [16] has determined ADD parameter limits in a slightly different way. The effect of

the signal cross section theoretical uncertainty was folded into the quoted limit and hence was not shown separately.
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Figure 2: Observed (solid lines) and expected (dashed-dotted lines) 95% CL limits on MD as a function of the
number of extra spatial dimensions n in the ADD LEDmodel. The dashed lines around the observed limit indicates
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [29]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [29]. The upper two plots are based on SR3, the lower two plots on SR4.

• Lower limits at 90% CL on the suppression scale M* are set for different 
operators as a function of WIMP mass mχ.

• SR3 is used for D1, D5 and SR4 is used for D9, D11.
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ticles along with high-pT SM particles. In a more model-independent approach, WIMP pair production59

at colliders was proposed to yield detectable Emiss
T

signals if the WIMP pair is tagged by a jet or photon60

from initial- or final-state radiation (ISR/FSR) [28, 11]. Even though this approach does not rely on a61

specific BSM scenario, it does include assumptions: WIMPs are pair-produced at the LHC and all new62

particles mediating the interaction between WIMPs and the SM are too heavy to be produced directly,63

and can thus be integrated out in an effective field theory approach. The resulting interaction is hence a64

contact interaction between the dark sector and the SM. It is worth noting that the DM particles are not65

explicitly assumed to be interacting via the weak force. They may also couple to the SM via a new force.66

Throughout this work we are using the terms WIMP and DM particle (candidate) synonymously.67

Name Initial state Type Operator

D1 qq scalar
mq

M3
!

χ̄χq̄q

D5 qq vector 1
M2
!

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2
!

χ̄γµγ5χq̄γµγ
5q

D9 qq tensor 1
M2
!

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3
!

χ̄χαs(G
a
µν)

2

Table 1: Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,

following the formalism of ref. [29]. The tensor operator D9 describes a magnetic-moment coupling.

The factor of the strong coupling constant αs in the definition of D11 accounts for this operator being

induced at one-loop level. Gµν is the colour field-strength tensor.

It is assumed here that the DM particle is a Dirac fermion χ.1 Five interactions are considered (cf.68

table 1), namely D1, D5, D8, D9, D11, following the naming scheme of ref. [29]. D1, D5, D8, and D969

describe different bilinear quark couplings to WIMPs, qq→ χχ, and D11 describes the process gg→ χχ.70

The 14 operators for Dirac fermions in ref. [29] fall into four categories with characteristic Emiss
T

spectral71

shapes. D1, D5, D9, and D11 are a representative set of these four categories, D8 falls into the same72

category as D5 but is listed separately in table 1 because it is often used to convert LHC limits into limits73

on DM pair production. In the operator definitions in the table 1 M∗ is the suppression scale of the heavy74

mediator particles that are integrated out. The use of a contact interaction to produce WIMP pairs via75

heavy mediators is considered conservative because it rarely overestimates cross sections when applied76

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in refs. [13, 30].77

The effective theory provides a useful framework for comparing LHC results to direct or indirect dark78

matter searches. Within this framework, interactions of SM and DM particles are described by only two79

parameters, the suppression scale M∗ and the DM particle mass mχ.80

2 Data and simulated samples81

The ATLAS detector [31, 32] at the LHC covers nearly the entire solid angle around the collision point.82

It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic83

and hadronic calorimeters, and an external muon spectrometer incorporating three large superconducting84

toroidal magnets. A three-level trigger system is used to select interesting events for recording and85

1The only difference for Majorana fermions would be that certain interaction types are not allowed and that cross sections

are larger by a factor of four.
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [29]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [29]. The upper two plots are based on SR3, the lower two plots on SR4.

• WIMP miracle: The observed thermal relic density can be due to dark matter if 
the mass and the coupling of WIMPs is comparable to weak scale masses and 
weak force. 

➡ Thermal relic density based on WMAP measurements is also indicated assuming 
that WIMPs annihilate exclusively via a particular operator to four light SM 
quarks. 

➡ Above the thermal relic line, other couplings must exist if the WIMP miracle is 
still true.
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We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.

ΩX     observed thermal relic density ≈ 0.24
⟨σv⟩   thermally-averaged annihilation cross section
mχ      WIMP mass
gχ       WIMP coupling
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strongly to known particles. The latter possibility im-
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may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.
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(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [29]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [29]. The upper two plots are based on SR3, the lower two plots on SR4.
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WIMP-nucleon scattering cross section limits

• Bounds on M* can be converted to bounds on WIMP-nucleon scattering in the 
effective operator approach.

➡ comparison with direct dark matter detection experiments

• spin-dependent (SIMPLE, Picasso)
• ATLAS provides stronger limits for D8 (axial-vector) and D9.

• spin-independent (XENON100, CDMSII, CoGeNT)

• ATLAS provides stronger limits for D1 and D5 at low mχ region.
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Figure 6: ATLAS limits on WIMP-nucleon scattering. In all cases the thick solid lines are the observed

limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in

figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For

comparison, 90% CL limits from the XENON100 [64], CDMSII [65], CoGeNT [66], and CDF [19]

experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [67],

Picasso [68], and CDF [19] experiments are shown.

are particularly relevant in the low mχ region (< 10 GeV) where the XENON100 [64], CDMSII [65] or509

CoGeNT [66] limits suffer from a kinematic suppression. Should DM particles couple exclusively to510

gluons via D11, the collider limits would be competitive over almost the full mχ range covered. The511

spin-dependent limits are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5512

acceptances (as they are identical) together with D8 production cross sections. Both the D8 and D9 limits513

are stronger than those from direct-detection experiments.514

As in figure 5, the collider limits can be interpreted in terms of the relic abundance of WIMPs [13, 15].515

This is shown in figure 7 where the limits on vector and axial-vector interactions are translated into516

cross-section upper limits of WIMP annihilations to the four light quark flavors (using equations (10)517

and (11) of [15]). For comparison, limits on annihilations to bb̄ from Galactic high-energy gamma-518

ray observations by the FERMI LAT experiment [69] are also shown. The FERMI LAT values are519

for Majorana fermions and are therefore scaled up by a factor of two for comparison with the ATLAS520

limits for Dirac fermions (see for example the description of equation (34) of ref. [70] for an explanation521

of the factor of two). Gamma-ray spectra and yields from WIMPs annihilating to bb̄, where photons522

are produced in the hadronization of the quarks, are expected to be very similar to those from WIMPs523

annihilating to lighter quarks [71, 72]. In this sense the ATLAS and FERMI LAT limits are comparable.524

The figure also demonstrates the complementarity between the two approaches. The FERMI LAT is525

equally sensitive to annihilations to light and heavy quarks, whereas ATLAS at the LHC probes mostly526

WIMP couplings to lighter quarks, and sets cross-section limits that are superior at WIMP masses below527

20 GeV for vector couplings and below about 150 GeV for axial-vector couplings. At these low WIMP528

masses, the ATLAS limits are below the value needed for WIMPs to make up the cold dark matter529

abundance, assuming WIMPs have annihilated exclusively via the particular operator to SM quarks while530

they were in thermal equilibrium in the early universe. In this case WIMPs would result in relic densities531
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Figure 6: ATLAS limits on WIMP-nucleon scattering. In all cases the thick solid lines are the observed

limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in

figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For
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experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [67],

Picasso [68], and CDF [19] experiments are shown.
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Figure 3: 90% CL upper limits on the nucleon-WIMP cross section as a function of mχ for spin-dependent (left)
and spin-independent (right) interactions, corresponding to D8, D9, and D5 operators in Ref. [12, 37]. The results
are compared with previous CDF [4] and CMS [6] results and results from directWIMP detection experiments [11].
The CMS limit curve overlaps the ATLAS curve up to 1 TeV.

[19] ATLAS Collaboration, ATLAS-CONF-2012-020 (2012).260

[20] ATLAS Collaboration, Phys. Rev. D 85, 072004 (2012).261

[21] M.L. Mangano et al., JHEP 0307, 001 (2003).262

[22] T. Gleisberg, S. Hoeche, F. Krauss, M. Schoenherr, S. Schumann, F. Siegert, J. Winter, JHEP 0902,263

007 (2009).264

[23] J. Pumplin et al., JHEP 0207, 012 (2002).265

[24] G. Corcella et al., JHEP 0101, 010 (2001).266

[25] J. Butterworth, J. Forshaw and M. Seymour, Z. Phys. C 72, 637 (1996).267

[26] S. Frixione, B.R. Webber, Cavendish-HEP-08/14, arXiv:hep-ph/0812.0770.268

[27] H-L. Lai et al., Phys. Rev. D 82, 074024 (2010).269

[28] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Eur. Phys. J. C 63 189 (2009).270
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WIMP-nucleon scattering cross section limits

• Bounds on M* can be converted to bounds on WIMP-nucleon scattering in the 
effective operator approach.

➡ comparison with direct dark matter detection experiments

• spin-dependent (SIMPLE, Picasso)
• ATLAS provides stronger limits for D8 (axial-vector) and D9.

• spin-independent (XENON100, CDMSII, CoGeNT)

• ATLAS provides stronger limits for D1 and D5 at low mχ region.
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Figure 7: ATLAS 95% CL limits on velocity-averaged WIMP annihilation cross sections versus WIMP

mass. The thick solid lines are the observed limits excluding theoretical uncertainties, the observed limits

corresponding to the −1σtheory lines in figure 5 are shown as thin dotted lines. The ATLAS limits are for

the four light quark flavors assuming equal coupling strengths for all quark flavors to the WIMPs. For

comparison, high-energy gamma-ray limits from the FERMI LAT [69] for Majorana WIMPs are shown,

scaled up by a factor of two to make them comparable to the ATLAS Dirac WIMP limits. All limits

shown here assume 100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed

line indicates the annihilation cross section set by the WMAP measurement of the relic abundance.

that are too large and hence incompatible with the WMAP measurements. For masses of mχ ≥ 200 GeV532

the ATLAS sensitivity worsens substantially compared to the FERMI LAT one. This will improve when533

the LHC starts operations at higher center-of-mass energies in future.534

The value of using an e! ective field theory for WIMPs coupling to SM particles is that only two535

parameters, M∗ and mχ, can describe WIMP pair production at the LHC, WIMP-nucleon scattering mea-536

sured by direct-detection experiments, and WIMP annihilation measured by indirect-detection experi-537

ments. The complementarity (rather than competition) between the di! erent experimental approaches538

can hence be explored under a number of important assumptions: the e! ective field theory must be valid,539

WIMPs must interact with SM quarks or gluons exclusively via only one of the operators of the e! ective540

field theory (since a mix of operators with potential interference e! ects is not considered here), and the541

interactions must be flavor-universal for the four light quarks. In the future, should there be a WIMP sig-542

nal in at least one of the experimental fields, the e! ective-operator approach would allow for important543

tests of the underlying physics by probing all the available experimental data.544

• The limits on vector and axial-vector interactions can be translated into cross 
section upper limits on WIMP annihilations into the four light quark flavors, 
assuming the interactions are flavor universal.

• The results are compared to the annihilations to bb from Galactic high energy 
gamma ray observations by FERMI LAT.                                                      

➡ The results are comparable                                                                        
and complementary.

➡ Below 10 GeV for D5 and                                                                           
70 GeV for D8, the ATLAS limits                                                                   
are below the values needed for                                                            
WIMPs to make up the cold                                                                       
dark matter abundance in the early                                                                               
universe (provided WIMPs                                                                     
annihilate exclusively via                                                                                 
a particular operator).

➡ Above the thermal relic line,                                                                       
the abundance is too large and other operators are needed.

Relic abundance of WIMPs
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The WIMPless Miracle: Dark Matter Particles
without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that nat urally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction stre ngths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains ÞeldsY , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.
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Summary
• Searches for physics beyond Standard Model in events with monojet and 

monophoton signatures are carried out with the full 2011 pp dataset.

ATLAS-CONF-2012-084,   ATLAS-CONF-2012-085

• Four signal regions in the monojet analysis and one in the monophoton analysis 
(symmetric in the leading jet pT and MET lower boundaries) are defined.

• In each region, data agree with the Standard Model predictions.

• Limits on the visible cross section of any Beyond Standard Model signal are set.

• Extra large dimensions (ADD model)

• Lower limits are set on the (4+n)-dimensional Planck scale MD for different 
numbers of extra dimensions n.

• WIMP pair production

• Effective field theory is used to derive limits on a mass suppression scale M*.

• The results are converted into limits on WIMP-nucleon scattering and WIMP 
annihilation cross sections and compared with direct dark matter detection 
experiments.

• ATLAS provides complementary results to the direct WIMP searches.

20
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Limits on the visible cross section (σ×A×ε)

22

• monojet analysis

• monophoton analysis

• 90% CL upper limit = 5.6 fb

• 95% CL upper limit = 6.8 fb
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June 28, 2012 – 17 : 13 DRAFT 11

SR1 SR2 SR3 SR4

Z → νν̄+jets 63000 ± 2100 5300 ± 280 500 ± 40 58 ± 9

W → τν+jets 31400 ± 1000 1853 ± 81 133 ± 13 13 ± 3

W → eν+jets 14600 ± 500 679 ± 43 40 ± 8 5 ± 2

W → µν+jets 11100 ± 600 704 ± 60 55 ± 6 6 ± 1

tt̄ + single t 1240 ± 250 57 ± 12 4 ± 1 -

Multijets 1100 ± 900 64 ± 64 8 ± 9 -

Non-coll. Background 575 ± 83 25 ± 13 - -

Z/γ∗ → ττ+jets 421 ± 25 15 ± 2 2 ± 1 -

Di-bosons 302 ± 61 29 ± 5 5 ± 1 1 ± 1

Z/γ∗ → µµ+jets 204 ± 19 8 ± 4 - -

Total Background 124000 ± 4000 8800 ± 400 750 ± 60 83 ± 14

Events in Data (4.7fb−1) 124703 8631 785 77

σobs
vis

at 90% [ pb ] 1.63 0.13 0.026 0.006

σ
exp
vis

at 90% [ pb ] 1.54 0.15 0.020 0.006

σobs
vis

at 95% [ pb ] 1.92 0.16 0.030 0.007

σ
exp
vis

at 95% [ pb ] 1.82 0.17 0.024 0.008

Table 5: Overview of predicted SM background and observed events in data for 4.7 fb−1 for each of

the four signal regions. The total uncertainty quoted is the quadratic sum of statistical and systematic

uncertainties. Observed and expected 90% and 95% CL upper limits on the non-SM contribution to all

signal regions are also given in terms of visible cross sections (σvis ≡ σ × A × ε). The 90% CL upper

limits are given to facilitate comparisons with other experiments.
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ADD limits in the monojet analysis

• The limits on ADD are extracted using the full simulated phase space.

• However, the effective field-theory is valid only for √s < MD.

• The difference between the full cross sections and the ones truncated to the 
region of validity of the effective theory is between 6% and 60% depending on 
the number of extra dimensions.

23
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June 27, 2012 – 11 : 18 DRAFT 16

n MD [ TeV ] R [ pm ] Cross section truncation [ % ]

2 3.79 3.3 × 107 0.2

3 3.05 5.6 × 102 5.9

4 2.75 2.1 19.9

5 2.46 8.0 × 10−2 45.1

6 2.34 0.9 × 10−2 63.4

Table 6: 95% CL lower (upper) limits on MD (R) for n=2–6 extra dimensions, using a dataset corre-

sponding to 4.7fb−1 at
√

s = 7 TeV. These results are obtained using the selections of SR4. All values

are the −1σtheory lines in figure 4. The last column is the relative difference between full cross sections

and those of the truncated phase space (ŝ < M2
D). The ADD cross sections are calculated at LO, the

limits are derived from the full, not the truncated, phase space.

MD (R) are based on cross sections calculated at LO. MD values below 3.79 TeV (n = 2) and 2.34 TeV450

(n = 6) are excluded at 95% CL.451

6.2 WIMP pair production452

Systematic uncertainties on WIMP pair production are treated similarly to those of the ADD limits, ex-453

cept for the PDF and ISR/FSR uncertainties. The former are determined using CTEQ6M errors sets454

because the WIMP MADGRAPH5 samples are, unlike the ADD samples, simulated with CTEQ6L1 PDF.455

The ISR/FSR uncertainties are estimated differently in a way that is appropriate for the high-pT ISR/FSR456

regime probed here: a WIMP pair is recoiling against a high-pT ISR/FSR jet, whereas for ADD, addi-457

tional low-pT ISR/FSR jets dominate the uncertainty because of the jet veto.458

The JES/JER/Emiss
T

experimental uncertainties translate to 1–20% uncertainties on the WIMP event459

yield depending on signal region and the effective operator considered. Other experimental uncertainties460

affecting the WIMP event yield are associated with the trigger efficiency (1%) and the luminosity mea-461

surement (3.9%). The ISR/FSR uncertainties are estimated by varying the jet matching scale between462

MADGRAPH5 and PYTHIA by a factor of one half and two. Moreover, the αs scale is varied in PYTHIA463

within a range that is consistent with experimental data [60]. The resulting uncertainties on σ×A, added464

in quadrature, range from 3–5% for the matching scale and 4–6% for αs depending on the signal region.465

Negligible dependence of the ISR/FSR uncertainties on the effective operator choice was found. PDF466

uncertainties impact mostly the signal cross section and hardly the acceptance. They are found to depend467

on the effective operator chosen and not the particular signal region (since overall cross-section differ-468

ences affect the signal regions in the same way). Uncertainties ranging from 4% and 5% for operators D9469

and D5 to 16% and 18% for D11 and D1 are found. As for the ADD scenario, the dominating theoretical470

systematic uncertainty is from the factorization and renormalization scale. Varying these scales between471

twice and half their default value results in 30% signal uncertainties, independent of the effective operator472

choice or the signal region.473

Figure 5 shows the 90% CL lower limits on the suppression scale M∗, for all operators probed as474

a function of WIMP mass mχ. The values displayed are for the signal regions with the best expected475

limits where those limits from SR3 and SR4 are typically within a few percent of each other, those476

from SR2 are 15–20% smaller, those from SR1 40–50% smaller than in SR3 or SR4. The lower limits477

are based on simulation samples produced at mχ between 10 and 1300 GeV. Extrapolations are shown478

down to mχ = 1 GeV. These are valid (and could be continued to even smaller mχ values) since there479

is negligible change in cross section or kinematic distributions at the LHC for low-mass WIMPs. As480

before the central values of observed and expected limits on M∗ are displayed taking experimental but481

not theoretical uncertainties into account. The effect of ±1σ variations on the expected limit anticipated482
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ADD limits on the visible cross sections
in the monojet analysis

• 95% CL limits on the visible cross sections (σ×A×ε) at LO are obtained from 
SR4 for 2 - 6 extra dimensions.
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Sources of systematic uncertainties
in the monojet analysis

25
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Source SR1 SR2 SR3 SR4

JES/JER/Emiss
T

1.0 2.6 4.9 5.8

MC Z/W modelling 2.9 2.9 2.9 3.0

MC stat. uncert. 0.5 1.4 3.4 8.9

1 − fEW 1.0 1.0 0.7 0.7

Muon scale and resolution 0.03 0.02 0.08 0.61

Lepton scale factors 0.4 0.5 0.6 0.7

Multijet BG in electron CR 0.1 0.1 0.3 0.6

Di-boson, top, multijet, non-collisions 0.8 0.7 1.1 0.3

Total systematic uncertainty 3.4 4.4 6.8 11.1

Total statistical uncertainty 0.5 1.7 4.3 11.8

Table 4: Relative systematic uncertainties of all signal regions (in percent). Individual contributions are

summed in quadrature to derive the total numbers.

Systematic uncertainties on the non-collision background are 10%. This estimate corresponds to the355

average fraction of unpaired proton bunches that are used to determine εnon−coll.
tag , and that are close (25 ns356

distance) to an unpaired bunch in the opposite beam. Such configurations may lead to double counting357

in the efficiency estimation, and their total contribution is hence considered as an uncertainty.358

The JES and JER uncertainties are evaluated using a combination of data-driven and MC-based359

techniques [48]. They account for the variation of the uncertainty with jet pT and η, and for the presence360

of nearby jets. The Emiss
T

uncertainty is derived from the JES and JER uncertainties by propagating the361

relative jet-level variations to the calorimeter cluster based Emiss
T

. Since ratios are used to extrapolate362

from the control regions to the signal regions, the effects of those uncertainties are reduced.363

Theoretical uncertainties on Z and W production and the shape of W kinematic distributions are eval-364

uated by comparing background estimates using kinematic Z/W distributions from different generators365

(ALPGEN and SHERPA). Uncertainties on fEW are derived from comparing ALPGEN to PYTHIA [58], but366

also by taking JES and lepton-scale uncertainties into account.367

Systematic and statistical uncertainties on all background estimates are given in table 4. The contribu-368

tion from lepton scale factors is the quadratic sum of electron and muon uncertainties. The uncertainties369

from di-boson, top, multijet, and non-collision backgrounds are summed in quadrature. For the di-boson370

and top MC-based estimates, a 20% uncertainty is used.371

5.5 Backgrounds summary and additional checks372

An overview of all backgrounds is given in table 5 (cf. table 3 for the definition of the control regions).373

The final Z → νν̄+jets predictions are estimated from a combination of the four control regions. The374

combination is calculated taking correlated uncertainties into account. The combined Z → νν̄+jets375

prediction is dominated by the W control-region estimates and based on the assumption that the ratio of376

Z+jets and W+jets cross sections is well-modelled in the simulation. This assumption is supported by377

dedicated measurements [58], albeit for smaller jet momenta than the ones used in this analysis. The378

theoretical uncertainty on the ratio of Z to W cross sections is included in the uncertainty derived from379

comparisons of different MC generators discussed above.380

The electroweak background estimation relying on an exclusive W or Z selection in the control381

regions was compared to two alternative methods. In the first of these, which was the main method in382

the previous ATLAS monojet searche [14], an inclusive control region was defined by only inverting383

the lepton veto while keeping all other selections the same as in the signal regions. No additional Z or384
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Muon Control Regions
• Z → μμ
• MET trigger
• exactly 2 muons
• 66 < mll < 116 GeV

• W → μν
• MET trigger
• exactly 1 muon
• MET (calo-muon) > 25 GeV
• mT(l, MET) > 40 GeV

26

• Otherwise, except for the lepton selection, all control regions use the same 
cuts as in the signal region selection.
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W selections of the invariant or transverse mass were applied, thereby yielding a mixed control sample385

dominated by W and Z bosons. The resulting background predictions were found to be consistent with386

those of the default method. The second alternative modified the lepton definition in the control region.387

Instead of applying lepton selections in control regions that are more stringent than those of the signal388

regions, a modified exclusive control region was defined. The selections included less stringent lepton389

definitions where the lepton veto cuts of the signal region are simply inverted, and dedicated Z or W390

selections were used. Also here background predictions consistent with the default method are found.391

Distributions from all four control regions are shown in figure 1. The distributions are obtained392

by applying the exclusive Z and W selections plus SR1 kinematic cuts on Emiss
T

and jets and vetoes on393

additional electrons or muons. It should be noted that shape differences in Emiss
T

distributions between394

data and MC are irrelevant for an accurate background prediction in the signal regions, because no shape395

analysis is performed in this cut and count method. Only distributions of variables that are subject to MC-396

based efficiency or acceptance corrections, namely those involving electrons or muons, should agree in397

shape between data and MC.
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Figure 1: Kinematic distributions in control regions are shown. The upper row is Z → e+e−+jets (left)

and Z → µ+µ−+jets (right) and shows distributions after SR1 cuts on jets and Emiss
T

. The lower row is

W → eν+jets (left) and W → µν+jets (right) also after SR1 jet and Emiss
T

cuts.
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Electron Control Regions
• Z → ee
• electron trigger
• exactly 2 electrons
• 66 < mll < 116 GeV

• W → eν
• MET trigger
• exactly 1 electron
• MET (calo+electron) > 25 GeV
• 40 < mT(l, MET) < 100 GeV

27

• Otherwise, except for the lepton selection, all control regions use the same 
cuts as in the signal region selection.
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W selections of the invariant or transverse mass were applied, thereby yielding a mixed control sample385

dominated by W and Z bosons. The resulting background predictions were found to be consistent with386

those of the default method. The second alternative modified the lepton definition in the control region.387

Instead of applying lepton selections in control regions that are more stringent than those of the signal388

regions, a modified exclusive control region was defined. The selections included less stringent lepton389

definitions where the lepton veto cuts of the signal region are simply inverted, and dedicated Z or W390

selections were used. Also here background predictions consistent with the default method are found.391

Distributions from all four control regions are shown in figure 1. The distributions are obtained392

by applying the exclusive Z and W selections plus SR1 kinematic cuts on Emiss
T

and jets and vetoes on393

additional electrons or muons. It should be noted that shape differences in Emiss
T

distributions between394

data and MC are irrelevant for an accurate background prediction in the signal regions, because no shape395

analysis is performed in this cut and count method. Only distributions of variables that are subject to MC-396

based efficiency or acceptance corrections, namely those involving electrons or muons, should agree in397

shape between data and MC.
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Figure 1: Kinematic distributions in control regions are shown. The upper row is Z → e+e−+jets (left)

and Z → µ+µ−+jets (right) and shows distributions after SR1 cuts on jets and Emiss
T

. The lower row is

W → eν+jets (left) and W → µν+jets (right) also after SR1 jet and Emiss
T

cuts.
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Example of beam background event

28

June 21, 2012 – 16 : 59 DRAFT 46

Figure 35: Example of a non-collision background event in the monojet analysis signal region. CSC hits

(red) are visible on both sides, LAr calorimeter cells (yellow) contain high energy (green towers) that

forms a fake jet. EmissT (red arrow) is seen on the opposite side. The reconstructed tracks (blue) do not

point towards the fake jet.


