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Dark matter
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Current dark matter interpretations

‣ Limits are quoted in terms of the WIMP-Nucleon cross-section.

Direct	
  detec)on Collider

‣ Contact interaction if ‣ Use of effective field theory (EFT) to 
place a limit on the contact interaction 
scale

‣ EFT will be valid if 
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Dark Matter models @ Collider

Dirac fermion, 1008.1783

Majorana fermion, 1005.1286

Complex scalar, 1008.1783Real scalar, 1008.1783



7

X + Missing Transverse Energy
4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

MonoJet

χ
χ

qbar

qg

g

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

W/Z

MonoB MonoTop

MonoPhotonMonoZ
q
q

MonoW (monoLepton) MonoW/Z (Hadronic) BBbar /TTbar

Higgs Portal

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014



8

MonoJet

Event selection

‣ MET > 250 GeV

‣ One energetic jet, pT > 110 
GeV, |h| < 2.4, and allow an 
additional jet (pT > 30 GeV)

‣ Veto event if j3 pT > 30 GeV

‣ Veto event if 
DeltaPhi(j1,j2)>2.5 

‣ Veto event if they contain 
isolated electrons, isolated 
muons, or hadronic tau with  
pT >10 GeV (20 GeV for tau)

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

EXO-12-048: http://cds.cern.ch/record/1525585

Spin-­‐dependentSpin-­‐independent

MET MM/Lambda
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MonoTop (top decays hadronically)

‣ Three jets, with j1, and j2 pT > 
60 GeV and j3 pT > 40 GeV
‣ One jet is tagged b-jet
‣ Veto events with j4 pT  > 35 
GeV or isolated e(μ) pT > 
20(10) GeV 
‣ M(j1j2j3) < 250 GeV
‣ MET> 350 GeV

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

B2G-12-022: http://cds.cern.ch/record/1668115

‣ Excellent agreement with 
data
‣ DM coupling set to 0.1 for 
q=u/d [arXiv:1106.199]
‣ Exclude scalar (vector) DM 
masses below 327 (655) GeV

Results

Event selection
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MonoZ (Z decays leptonically)

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

METDilepton	
  inv.	
  mass
‣	
  Muon (Electron) PT (ET) > 
20 GeV, |h| < 2.5 (2.47) 

‣ 76 < M(ll) < 106
‣ DeltaPhi(PT(ll),MET) > 2.5

‣	
  |hll| < 2.5

‣(PT(ll) - MET)/PT(ll) < 0.5   

Event selection

Spin-­‐dependent Spin-­‐independent	
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MonoW (W decays leptonically)
EXO-13-004: http://cds.cern.ch/record/1563245 Dark Matter production with a W

‣ W recoiling against pair-produced DM 
‣ Vector- and axial-vector couplings considered
‣ Interference effects parameterized by ξ (W+)   

Event selection
‣ Muon (Electron) PT > 45 (100) GeV 
‣ 0.4 < PT/MET < 1.5
‣ DeltaPhi(lepton,MET) > 0.8*Pi   

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

Spin-­‐dependent

Spin-­‐independent
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MonoW (W decays leptonically)
arXiv:1407.7494

Event selection

‣	
  Muon	
  (Electron)	
  PT	
  >	
  45	
  (125)	
  GeV	
  
‣	
  MET	
  >	
  45	
  GeV	
  (Muon),	
  125	
  GeV	
  (Electron)
‣	
  MT	
  >	
  252	
  GeV	
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MonoW, Z (W,Z decays hadronically)
PhysRevLett.112.041802

‣	
  MET > 150 GeV 

‣ At least, a CA1.2 jet with PT > 
250 GeV, |h| < 2.5, 50 < mjet < 120

‣ Reject if there are more than one 
AK0.4 jet with PT > 40 GeV, |h| < 
4.5 which is not completely 
overlapping with CA1.2
‣ Reject if events contain electron, 
photon, or muon candidates

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

mjet	
  in	
  the	
  control	
  region

Event selection

Spin-­‐dependentSpin-­‐independent	
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‣ MET > 140 GeV
‣ One energetic photon, pT > 145 GeV, 
|h| < 1.4442
‣ Veto on jets, leptons, and pixel seeds 
(hit pattern in the pixel detector)
‣ DeltaPhi(photon,MET) > 2 
‣ MinMET > 120 GeV, Prob(χ2) 
(Reduce fake MET events)
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EXO-12-047: http://cds.cern.ch/record/1702015Event selection
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Top quark pair
B2G-14-004: http://cds.cern.ch/record/1749153 

‣ Select pairs of top quarks in the di-lepton channels
‣ Exactly two identified leptons, and at least two jets are selected. 
‣ M(ll) > 20 GeV and |M(ll) − 91 GeV| > 15 GeV
‣ MET > 320 GeV
‣ HT(j1, j2) < 400 GeV, HT(l1, l2) > 120 GeV, DeltaPhi(l1, l2) < 2

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

Event selection
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Higgs Portal to Dark Matter
arXiv:1404.1344v2

DM particles have the direct couplings to the 
SM Higgs sector, H ➝ χ χ  
‣ Limits on branching fraction of Higgs to “invisible” 
particles used for limits on DM
‣ Can be scalar, vector or fermionic couplings
‣ Limits only up to DM mass Mχ < MH/2

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014
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Preparation for LHC Run2 / HL-LHC

‣ Develop for X + MET Triggers

‣ Object IDs for Run2 

‣ Background estimations, and uncertainties (Reduce bkg uncertainties)
• Challenging goal for HL-LHC (next slide)

‣ Experiments should firstly provide the model independent limits

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014
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Preparation for LHC Run2 / HL-LHC

‣ Projection study (assume that EFT is valid)

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

ATL-PHYS-PUB-2014-007

5% unc

1% unc

mDM = 50 GeV mDM = 400 GeV



‣ Physics models
• No one knows the correct 
theory to describe particle 
dark matter
• EFT and its validity
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Preparation for LHC Run2 / HL-LHC
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http://agenda.albanova.se/contributionDisplay.py?contribId=280&sessionId=254&confId=4115

arXiv:1404.8257
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Preparation for LHC Run2 / HL-LHC

‣ Physics models
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Preparation for LHC Run2 / HL-LHC

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

A workshop to further develop simplified models and effective field theory approaches 
to DM, taking stock of the final results of the 8 TeV LHC run, and to prepare for the 
next phase of data-taking at higher energies.
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Summary

‣ Presented the collider based search results for Dark Matter at  ATLAS and CMS 
detectors, and comparisons with direct, and indirect DM searches.

‣ Preparing for LHC Run2, HL-LHC
• Model independent / Reduce the uncertainty of background prediction 
• Various models of DM production @ collider

‣ Since we don’t know what is/are the particle DMs, their couplings, or masses, the 
powerful future collider can help us to scan the wide range of possibilities of DM 
productions.
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Backup
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Dark matter

Strong evidences for the existence of dark matter, i.e. :

Galactic rotation curves 

Bullet cluster

Strong Gravitational Lensing
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Dark matter

73% Dark Energy

23% Dark Matter

3.6% Intergalactic Gas
0.4% Stars, Organic forms, etc.
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Searches for dark matter

1. Direct Detection Experiments 
- Dark Matter-nucleus scattering. 
- Low mass DM particles not probed yet. 
- Less sensitive to spin-dependent coupling. 
- XENON-100, CDMS, CoGeNT 
2. Indirect Detection Experiments 
- Observe annihilation products. 
- Low mass DM particles not accessible. 
- Depends on DM density and annihilation model. 
- Super-Kamiokande, IceCube, AMS-02 
3. Collider Experiments 
- Laboratory production of DM particles. 
- Sensitive to huge mass range. 
- Both spin-dependent and spin-independent couplings. 
- Tevatron, LHC 

Needs independent verifications from various astrophysical and 
non-astrophysical experiments.
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Direct detection

S. Worm
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Indirect detection

S. Worm
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Collider
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minMET (monophoton)
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BDT parameters, Z(bb)+H(inv)
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Compact Muon Solenoid (CMS) 

 

 
 
Fig. 1: Schematic view of the CMS Detector showing its main components. 
 
The 66 million silicon pixels and 9.3 million silicon strips, forming the tracker, are used to determine 
the trajectories of charged particles. The multilayer silicon detectors provide accurate tracking of 
charged particles with excellent efficiency, especially important for the high-pileup conditions at the 
LHC. The magnetic field curves the trajectories of charged particles, allowing the measurement of 
their momenta. The track-finding efficiency is more than 99% and the uncertainty in the 
measurement of transverse momentum, pT, (projection of the momentum vector onto the plane 
perpendicular to the beam axis) is between 1.5% and 3% for charged tracks of pT ~100 GeV. By 
extrapolating tracks back towards their origins the precise proton-proton interaction points, or 
collision vertices, can be determined. Decay vertices of long-lived particles containing heavy-quark 
flavors, such as B-mesons, can similarly be identified and reconstructed. Such “b-tagging” is 
particularly useful in searches for previously unobserved particles, such as the Higgs boson. 
 
The electromagnetic calorimeter (ECAL) absorbs photons and electrons. These produce showers 
of particles in the dense crystal material, which yield scintillation light detected by photo-detectors 
glued to the rear faces of the 75,848 crystals. The amount of light detected is proportional to the 
energy of the incoming electron or photon, allowing their energies to be determined with a 
precision of about 1% in the region of interest for the analyses reported here. Since electrons are 
charged particles they can be discriminated from photons by matching the ECAL signal with a track 
reconstructed in the tracker.  
 
Hadrons can also initiate showers in the ECAL, but they generally penetrate further into the 
detector, reaching the hadron calorimeter (HCAL) surrounding the ECAL. The measurements of 
particle energies in the HCAL are not as precise as those of the ECAL but are well adapted to the 
needs of the CMS physics program. 
 
The solenoid is surrounded by a large detector system that identifies and measures momenta of 
muons. It comprises three different types of gas-ionization detectors that enable muon momenta to 

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

PRESHOWER
Silicon strips ~16m2 ~137,000 channels

SILICON TRACKERS
Pixel (100x150 μm) ~16m2 ~66M channels
Microstrips (80x180 μm) ~200m2 ~9.6M channels

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR
Schematic view of the 

CMS Detector showing 
its main components.
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Compact Muon Solenoid (CMS)
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Dark matter

Strong evidences for the existence of dark matter, i.e. :

Galactic rotation curves 

Bullet cluster

Strong Gravitational Lensing
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Dark matter

73% Dark Energy

23% Dark Matter

3.6% Intergalactic Gas
0.4% Stars, Organic forms, etc.
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Searches for dark matter

1. Direct Detection Experiments 
- Dark Matter-nucleus scattering. 
- Low mass DM particles not probed yet. 
- Less sensitive to spin-dependent coupling. 
- XENON-100, CDMS, CoGeNT 
2. Indirect Detection Experiments 
- Observe annihilation products. 
- Low mass DM particles not accessible. 
- Depends on DM density and annihilation model. 
- Super-Kamiokande, IceCube, AMS-02 
3. Collider Experiments 
- Laboratory production of DM particles. 
- Sensitive to huge mass range. 
- Both spin-dependent and spin-independent couplings. 
- Tevatron, LHC 

Needs independent verifications from various astrophysical and 
non-astrophysical experiments.
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Direct detection

S. Worm
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Indirect detection

S. Worm
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Collider
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Current dark matter interpretation

‣ Limits are quoted in terms of the WIMP-Nucleon cross-section.

Direct	
  detec)on Collider

‣ Contact interaction if ‣ Use of effective field theory (EFT) to 
place a limit on the contact interaction 
scale

‣ EFT will be valid if MCCABE, Christopher: http://
agenda.albanova.se/contributionDisplay.py?
contribId=280&sessionId=254&confId=4115
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Dark Matter models

Dirac fermion, 1008.1783

Majorana fermion, 1005.1286

Complex scalar, 1008.1783Real scalar, 1008.1783
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X + Missing Transverse Energy
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

W/Z

MonoB MonoTop

MonoPhotonMonoZ
q
q

MonoW (monoLepton) MonoW/Z (Hadronic) BBbar /TTbar

Higgs Portal
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MonoJet

Event selection

‣ MET > 400 GeV
‣ One energetic jet, pT > 110 GeV, |h| < 2.4, and allow an additional jet (pT > 30 GeV)
‣ Veto event if j3 pT > 30 GeV
‣ Veto event if DeltaPhi(j1,j2)>2.5 
‣ Veto event if they contain isolated electrons, isolated muons, or hadronic tau with  
pT >10 GeV (20 GeV for tau)

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

EXO-12-048: http://cds.cern.ch/record/1525585
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MonoJet
EXO-12-048: http://cds.cern.ch/record/1525585

Axial-­‐vector	
  operator
spin-­‐dependent	
  (SD)

Vector	
  operator
spin	
  independent	
  (SI)	
  

Results
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Monojet
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048

Event display
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Monojet
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048Results

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048
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MonoTop (top decays hadronically)

Event selection

‣ Three jets, with j1, and j2 pT > 60 GeV and j3 pT > 40 GeV
‣ One jet is tagged b-jet
‣ Veto events with j4 pT  > 35 GeV or isolated e(μ) pT > 20(10) GeV 
‣ M(j1j2j3) < 250 GeV
‣ MET> 350 GeV

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

B2G-12-022: http://cds.cern.ch/record/1668115
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MonoTop (top decays hadronically)
B2G-12-022: http://cds.cern.ch/record/1668115

‣ Excellent agreement with data
‣ DM coupling set to 0.1 for q=u/d 
[arXiv:1106.199]
‣ Exclude scalar (vector) DM 
masses below 327 (655) GeV

Results
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MonoZ (Z decays leptonically)

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

Shapes	
  of	
  the	
  MET	
  distribu)on MET

Dilepton	
  inv.	
  mass

Event selection

‣	
  Muon	
  (Electron)	
  PT	
  (ET)	
  >	
  20	
  GeV,	
  |h| <	
  2.5	
  (2.47)	
  

‣	
  76	
  <	
  M(ll)	
  <	
  106
‣	
  DeltaPhi(PT(ll),MET)	
  >	
  2.5
‣	
  |hll| <	
  2.5

‣(PT(ll)	
  -­‐	
  MET)/PT(ll)	
  <	
  0.5	
  	
  	
  

PhysRevD.90.012004
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MonoZ (Z decays leptonically)
PhysRevD.90.012004

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

Spin-­‐dependent	
  (SD) Spin	
  independent	
  (SI)	
  

Results
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MonoW (W decays leptonically)
EXO-13-004: http://cds.cern.ch/record/1563245 

Dark	
  Ma/er	
  produc6on	
  with	
  a	
  W
‣	
  W	
  recoiling	
  against	
  pair-­‐produced	
  DM	
  
‣	
  Vector-­‐	
  and	
  axial-­‐vector	
  couplings	
  considered
‣	
  Interference	
  effects	
  parameterized	
  by	
  ξ	
  (W+)	
  	
  	
  

Event selection

‣	
  Muon	
  (Electron)	
  PT	
  >	
  45	
  (100)	
  GeV	
  
‣	
  0.4	
  <	
  PT/MET	
  <	
  1.5
‣	
  DeltaPhi(lepton,MET)	
  >	
  0.8*Pi	
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Axial-­‐vector	
  operator
spin-­‐dependent	
  (SD)

Vector	
  operator
spin	
  independent	
  (SI)	
  

Results
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MonoW (W decays leptonically)
EXO-13-004: http://cds.cern.ch/record/1563245 
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MonoW (W decays leptonically)
arXiv:1407.7494

Event selection

‣	
  Muon	
  (Electron)	
  PT	
  >	
  45	
  (125)	
  GeV	
  
‣	
  MET	
  >	
  45	
  GeV	
  (Muon),	
  125	
  GeV	
  (Electron)
‣	
  MT	
  >	
  252	
  GeV	
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Results

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

MonoW (W decays leptonically)
arXiv:1407.7494
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  independent	
  (SI)	
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MonoW, Z (W,Z decays hadronically)
PhysRevLett.112.041802Event selection

‣	
  MET	
  >	
  150	
  GeV	
  
‣	
  At	
  least,	
  a	
  CA1.2	
  jet	
  with	
  PT	
  >	
  250	
  GeV,	
  |h| <	
  
2.5,	
  50	
  <	
  mjet	
  <	
  120
‣	
  Reject	
  if	
  there	
  are	
  more	
  than	
  one	
  AK0.4	
  jet	
  
with	
  PT	
  >	
  40	
  GeV,	
  |h| <	
  4.5	
  which	
  is	
  not	
  
completely	
  overlapping	
  with	
  CA1.2
‣	
  Reject	
  if	
  events	
  contain	
  electron,	
  photon,	
  or	
  
muon	
  candidates
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mjet	
  in	
  the	
  signal	
  region mjet	
  in	
  the	
  control	
  region
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MonoW, Z (W,Z decays hadronically)
PhysRevLett.112.041802
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Results

Spin-­‐dependent	
  (SD)Spin	
  independent	
  (SI)	
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MonoPhoton
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Event selection

‣ MET > 140 GeV
‣ One energetic photon, pT > 145 GeV, |h| < 1.4442
‣ Veto on jets, leptons, and pixel seeds (hit pattern in the pixel detector)
‣ DeltaPhi(photon,MET) > 2 
‣ MinMET > 120 GeV, Prob(χ2) (Reduce fake MET events)
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EXO-12-047: http://cds.cern.ch/record/1702015
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MonoPhoton
EXO-12-047: http://cds.cern.ch/record/1702015Results
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Top quark pair
B2G-13-004: http://cds.cern.ch/record/1697173 

‣ Select pairs of top quarks in the di-lepton channels
‣ Exactly two identified leptons, and at least two jets are selected. 
‣ M(ll) > 20 GeV and |M(ll) − 91 GeV| > 15 GeV
‣ MET > 320 GeV
‣ HT(j1, j2) < 400 GeV, HT(l1, l2) > 120 GeV, DeltaPhi(l1, l2) < 2

Event selection
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Top quark pair

Results
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B2G-13-004: http://cds.cern.ch/record/1697173 
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Higgs Portal to Dark Matter
arXiv:1404.1344v2

Event selection: VBF+H(inv)

‣ Veto events with an identified 
electron, or muon with pT > 10 GeV.
‣ VBF tag jet pair, pT,j1, pT,j2 > 50 GeV,       
|η| < 4.7, ηj1, ηj2 < 0, ∆ηjj > 4.2, and 
Mjj > 1100 GeV
‣ MET > 130 GeV
‣ DeltaPhi(j1,j2)< 1.0
‣ Central jet veto (event that has an 
additional jet with pT > 30 GeV and 
pseudorapidity between those of the 
two tag jets)

DM particles have the direct couplings to the SM Higgs sector,
H ➝ χ χ  
‣ Limits on branching fraction of Higgs to “invisible” particles used for limits on DM
‣ Can be scalar, vector or fermionic couplings
‣ Limits only up to DM mass Mχ < MH/2
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Higgs Portal to Dark Matter
arXiv:1404.1344v2

Event selection: Z(ll)+H(inv)

‣ Two well-identified, isolated leptons 
of the same flavor and opposite sign
with PT > 20 GeV, M(ll) is within +/- 
15 GeV of Z mass
‣ Veto event if there are two or more 
jets with PT > 30 GeV
‣ Veto event containing a bottom-
quark decay identified by either the 
presence of a soft-muon or by the 
CSV b-tagging algorithm
‣ MET > 120 GeV
‣ 
‣
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Higgs Portal to Dark Matter
arXiv:1404.1344v2Event selection: Z(bb)+H(inv)

Results (Combine)

‣ Assuming the SM production cross section and acceptance. mH = 125 GeV
‣ 95% CL observed upper (expected) limit = 0.58 (0.44)
‣ 90% CL observed upper (expected) limit = 0.51 (0.38)
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Higgs Portal to Dark Matter
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arXiv:1404.1344v2Results

Upper limits on the spin-independent DM-nucleon cross section 
in Higgs-portal models, derived for mH=125GeV,

and B(H→inv) < 0.51 at 90% CL, as a function of the DM mass.
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