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Dark Matter Characterisation at the LHC

Hunting for  DM at Colliders

process

High PT 
jet (g)

Large 
missing 
PT (2DM)

DM

DM

q

q

g

monojet
signature



Alexander  Belyaev 4

      

Dark Matter Characterisation at the LHC

If DM is produced at the LHC:
We need to be able to identify the underlying model.

● SUSY? Extra Dimensions? Inert Two Higgs Doublet Model?
We need to know: Mass, Spin, Mediator properties

Also: From LHC DM forum (arXiv:1507.00966)
“Different spins of Dark Matter particles will typically give similar 
results.....  Thus the choice of Dirac fermion Dark Matter should be 
sufficient as benchmarks for the upcoming Run-2 searches.”
Is this true? Important for future studies on exclusion/discovery of DM

Motivation for DM Characterisation

The effects of DM spin on observables at the LHC for Spin=0,1/2,1 for 
events with a mono-jet signature
Consider contact interactions first: simplest case.

Complete  set of DIM5/DIM6 operators involving two SM quarks (gluons) 
and two DM particles.

Explore  LHC discovery potential for scenarios with different DM 
spins and potential to distinguish these scenarios

This study
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Dark Matter Characterisation at the LHC

DIM5/6 operators (spin 0,1/2,1) 

additional,
not-independent 
operators can be written
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Dark Matter Characterisation at the LHC
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Dark Matter Characterisation at the LHC

Mono-jet diagrams from EFT operators
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Dark Matter Characterisation at the LHC

Missing ET (MET) distributions: the large range of slopes 

M
DM

=10 GeV
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Dark Matter Characterisation at the LHC

MDM dependence is weak for  10-100 GeV range 

M
DM

=100 GeV
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Dark Matter Characterisation at the LHC

C1

D1

V1

MET distributions are the same for the 
fixed mass  of DM pair [M(DM,DM)]  and the fixed SM operator
With the increase of M(DM,DM), MET slope decreases (PDF effect)
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Dark Matter Characterisation at the LHC

 M(DM,DM) distributions are defined by energy behaviour of DM 
operator and are different for different DM spins

M
DM

=10 GeV
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Dark Matter Characterisation at the LHC

On the BG uncertainty

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/#AddFig

CMS-PAS-EXO-16-013 

The BG is statistically driven, e.g. pp-> Zj  → j BG is defined 
from the pp  Zj  l→ → +l-j one
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Dark Matter Characterisation at the LHC

On the BG uncertainty
The BG is statistically driven, e.g. pp-> Zj  → j BG is defined 
from the pp  Zj  l→ → +l-j one

CMS-PAS-EXO-16-013 
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Dark Matter Characterisation at the LHC

On the BG uncertainty

The BG is statistically driven, e.g. 
pp-> Zj  → j BG is defined from 
the pp  Zj  l→ → +l-j one
For the high enough statistics the 
BG error can be as low as 1%, but 
not much lower than this!
Once ~ 1% BG is reached
(we assume as a floor), 
the increase of luminosity does 
not improve LHC sensitivity:
the BG uncertainty linearly grows 
with luminosity together with 
signal
at about 300 fb-1 such saturation 
is reached for all operators for 
current LHC cuts
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Dark Matter Characterisation at the LHC

LHC@13TeV reach at 3.2 fb-1 

scalar DM

 fermion DM

 vector DM

CalcHEP/ Madgraph → LHE
CheckMATE 2 → ATLAS@13 TeV, 1604.07773

mailto:LHC@13TeV
mailto:ATLAS@13
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Dark Matter Characterisation at the LHC

LHC@13TeV reach at 300 fb-1 

scalar DM

 fermion DM

 vector DM

CalcHEP/ Madgraph → LHE
CheckMATE 2 → ATLAS@13 TeV, 1604.07773

mailto:LHC@13TeV
mailto:ATLAS@13
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Dark Matter Characterisation at the LHC

Distinguishing DM operators: 
different efficiencies (MET slopes) – about factor of 50 
spread (in IM7) for different operators and the SM BG 
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Dark Matter Characterisation at the LHC

Distinguishing the DM operators: 2 for pairs of DM operators

: if2>9.48 (95%CL for 4 DOF) 
– operators can be distinguished!

N1 signal is assumed at 1
N2 signal is tested against it
at high luminosity
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Dark Matter Characterisation at the LHC

Distinguishing the DM operators: 2 for pairs of DM operators

: if2>9.48 (95%CL for 4 DOF) 
– operators can be distinguished!
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Dark Matter Characterisation at the LHC

Different DM spin  different energy dependence of the DM operator,  →
different MDMDM distributions   different   slopes of MET→

potential to characterize DM spin, different efficiencies, should be 
explored by ATLAS/CMS

Application  beyond EFT
when the DM mediator is not produced on-the-mass-shell - MDMDM is not 
fixed:  t-channel mediator or mediators with mass below 2MDM

On the contrary, when DM comes from the resonance decay, MET shape 
will be the same for different DM spins (given that SM operator is fixed)

Projection for  300 fb-1:  it is  possible to distinguish   C1-C2,C5-C6,D9-D10,V1-
V2,V3-V4,V5-V6 and V11-12 from each other; all models are public at HEPMDB, 
https://hepmdb.soton.ac.uk/ has got a permanent server status at SOTON!

Re-interpretation at high-luminosity is limited by present searches
Low MET cuts  low S/B ratio, hits 1% floor at 300 fb→ -1, is this a limit?
the study  on improving  of the LHC sensitivity  within the CheckMATE is 
on the way: will add a  “projected” analysis to CM

Summary/Discussion

https://hepmdb.soton.ac.uk/
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Dark Matter Characterisation at the LHC

Thank you!
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Dark Matter Characterisation at the LHC

Backup Slides



Alexander  Belyaev 23

      

Dark Matter Characterisation at the LHC

Absolute values of the cross sections provide an additional 
information to distinguish EFT operators
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Dark Matter Characterisation at the LHC

Missing ET (MET) distributions: the large range of slopes 

M
DM

=10 GeV
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Dark Matter Characterisation at the LHC

MDM dependence is weak for  10-100 GeV range 

M
DM

=100 GeV
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Dark Matter Characterisation at the LHC

MET shape visibly changes for heavy DM case

M
DM

=1000 GeV
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Dark Matter Characterisation at the LHC

While M(DM,DM) distributions are defined by spin of DM!
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Dark Matter Characterisation at the LHC

LHC@13TeV reach at 300 fb-1 

scalar DM

 fermion DM

 vector DM

mailto:LHC@13TeV
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Dark Matter Characterisation at the LHC

LHC@13TeV reach at 300 fb-1 

scalar DM

 fermion DM

 vector DM

mailto:LHC@13TeV


Alexander  Belyaev 30

      

Dark Matter Characterisation at the LHC

LHC@13TeV reach at 300 fb-1 

scalar DM

 fermion DM

 vector DM

mailto:LHC@13TeV
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Dark Matter Characterisation at the LHC

LHC@13TeV 
reach at 100 fb-1 

mailto:LHC@13TeV
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Dark Matter Characterisation at the LHC

LHC@8TeV  

scalar DM

 fermion DM

 vector DM
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Dark Matter Characterisation at the LHC

LHC@8TeV  

scalar DM

 fermion DM

 vector DM
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Dark Matter Characterisation at the LHC

Distinguishing the DM operators: 2 for pairs of DM operators

: if2>9.48 (95%CL for 4 DOF) 
– operators can be distinguished!
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