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Dark Matter models

Dirac fermion, 1008.1783

Majorana fermion, 1005.1286

Complex scalar, 1008.1783Real scalar, 1008.1783

Used in this razor analysis
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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.

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  |  SUSY2015



4

Jets and Razor variables
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‣ At least 2 AK5 jets with PT > 80 GeV and |eta| < 2.4.

‣ Force events to be dijet+MET topology, two 
megajets are formed from reconstructed jets with    
PT > 40 GeV and |eta| < 2.4.

‣ Reject if |deltaPhi| between 2 megajets > 2.5.

‣ Use momenta of two megajets to compute razor 
variables,

with

‣ Events with MR >200 GeV, and R2 > 0.5 are retained 
for the analysis.
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Razor: motivations
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Phys. Rev. D 86, 015010
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Event selection at trigger levels
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‣ Parked data was used with corresponding integrated luminosity 18.8 fb-1.

‣ Two jets are reconstructed at L1 in the central path.

‣ At the HLT, at least two jets with PT > 64 GeV are considered.
• R2 > 0.09 and R2 x MR > 45 GeV are considered.
Table 1.1: Measured trigger efficiency for different MR regions.

MR Range (GeV) 200� 300 300� 400 400� 3500
Trigger Efficiency 91.1±1.5

1.7 90.7±2.3
2.9 94.4±2.4

3.6

3

Trigger efficiencies for different MR regions
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Event categories
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Table 1.2: Definition of the event categories based on the MR value, the muon multi-
plicity, and the output of the CSV b-tagging algorithm. For all the samples,
R2 > 0.5 is required.

Sample b-tagging selection MR selection

0µ, 1µ, and 2µ no CSV loose jet

200 < MR  300 GeV (VL)
300 < MR  400 GeV (L)
400 < MR  600 GeV (H)

MR > 600 GeV (VH)
0µbb � 2 CSV tight jets

MR > 200 GeV
0µb =1 CSV tight jets
1µb � 1 CSV tight jets2µb

Z(µµ)b � 1 CSV loose jets

Table 1.3: Comparison between the observed yield for 1µ events in each MR category
and the corresponding prediction from background simulation and from the
data-driven method, using the 2µ sample. The uncertainty on the data driven
predictions take into account both the statistical and systematic uncertainty.
The quoted uncertainty on the prediction from simulation reflects the size of
the simulated sample.

MR Z(⌫⌫̄)+jets W(`⌫)+jets Z(``)+jets tt̄ Predicted Predicted Observed
category (simulation) (data driven)

VL 0.7 ± 0.3 4558 ± 32 133 ± 3 799 ± 9 5491 ± 33 5288 ± 511 5926
L 0.5 ± 0.3 1805 ± 17 44 ± 2 213 ± 4 2062 ± 18 1840 ± 233 2110
H 0.1 ± 0.1 915 ± 11 16 ± 1 66 ± 2 997 ± 11 629 ± 240 923

VH - 183 ± 5 2.6 ± 0.2 8.5 ± 0.8 194 ± 5 166 ± 93 143

4
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0-Tag: Background estimation
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1 muon events to predict
- remaining W(lv)+jets
- Z(vv)+Jets

2 muon events
to predict 
- remaining Z(ll)+jets

- bin-by-bin prediction.
- Independent MR categories
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0-Tag: Data-vs-SM predictions
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0-Tag: Interpretation in EFT framework
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Axial-­‐vector	
  operator  
spin-­‐dependent	
  (SD)

Vector	
  operator 
spin	
  independent	
  (SI)	
  

‣ To translate upper limit to lower limit of the 
cutoff scale, and DM-Nucleon cross section,

‣ Validity of the EFT 
approach
• Kinematics for s-
Channel

• Effect of the EFT cutoff, 
1307.2253

Qtr < M

gq, g� < 4⇡

Qtr <
p
gqg�⇤ < 4⇡⇤
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0-Tag: Interpretation in EFT framework

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO14004
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048
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b-Tag: Background estimation
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‣ A method is similar to the no b-Tag.

‣ Background is dominated by ttbar events, and V+Jets is subleading.

‣ ttbar events in the 0-muon+b-Tag sample can be computed as

‣ W(lv)+Jets and Z(vv)+Jets are predicted using the Z(mumu)b
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b-Tag: Data-vs-SM predictions
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Table 1.8: Expected background predictions from simulation and observed yields for
search samples with b-tagged jets. A data-driven background prediction is
also provided, derived as described in the text.

Sample Z(⌫⌫̄)+jets W(`⌫)+jets Z(``)+jets tt̄ Predicted Predicted Observed
(simulation) (data driven)

0µbb 44 ± 3 14 ± 2 0.2 ± 0.1 204 ± 4 262 ± 5 271 ± 37 247
0µb 417 ± 8 216 ± 7 2.4 ± 0.4 1480 ± 12 2116 ± 16 2231 ± 281 2282

8
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b-Tag: Interpretation in EFT framework
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Summary

‣ Presented the multijet+MET analysis with/without b-tagged jets at the CMS.

‣ No excess of events over the estimated SM background.

‣ Limits to EFT DM models have been obtained, and translate into             
dark matter-nucleon cross section.

‣ Looking forward for 13 TeV results.
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