
Shin-Shan Eiko Yu  
National Central University, Taiwan 

On behalf of the ATLAS, CMS, and LHCb  
Collaborations

6 July 2017 
EPS Conference on High Energy Physics, Venice, Italy

Dark Matter Searches  
at Colliders



Shin-Shan Eiko Yu

• Overview of DM searches at colliders 

• Searches for direct production of DM or 
mediators 

• Experimental techniques 

• Interpretation of results 

• Searches for DM in cascade decays  

• Conclusion and outlook
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Outline

See following talks for more details of the results from each experiment
 

Deborah Pinna, “Searches for dark matter in hadronic final states at CMS”
Valerio Ippolito, “Dark Matter searches with the ATLAS Detector”

Andrea Mauri, “Search for long-lived scalar particles in B decays at LHCb”

36 fb-1 of data 
in 2016 

36 fb-1 of data 
in 2016 
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Complementarity of Dark Matter Searches

• Evidence of dark matter well established from astrophysical observations 

• The exact nature of DM is still unknown

Dark Energy 
68.3%

Ordinary Matter 
4.9%

Dark Matter 
26.8%

Dark Matter Searches
(arXiv:1305.1605)
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Complementarity of Dark Matter Searches

• Evidence of dark matter well established from astrophysical observations 

• The exact nature of DM is still unknown

arXiv:1305.1605
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Dark Matter Searches at Colliders

• LHC provides a prime laboratory for production of DM 

• Can probe a wide range of DM/SM interaction types

1 GeV~1 TeV

Collider Reach

ATLAS CMS LHCb
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• Neutral, weakly-interactive, massive, and stable on the distance-scales of tens 
of meters 

• Dark matter appears as missing transverse momentum in collider detectors
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What Is Dark Matter at Colliders?

Missing  
transverse momentum

7m
0m

3.
5 

m
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• Dark matter produced directly 

• Pair production of DMs 

• Mono-X signature where X=j, !, W, Z, 
h, bb, tt, t 

• Search for mediators 

• via dijet, dilepton, or Higgs
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Search Approaches at Colliders

• Dark matter in cascade decays 

• SUSY WIMPs, with R-parity 
conservation, 2 LSPs in final state  

• NLSPs, LSPs, gluinos, or stops with 
long life time→displaced vertex, 
disappearing tracks, heavy stable 
charged particle (HSCP)

R = −1( )2s+3B+L

  =
+1 SM
−1 SUSY

⎧
⎨
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• mDM, M*, underlying coupling type, 
DM types 

• Valid when Qtr2 ≪ M2
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Evolution of Models for Direct DM Production
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• mDM, M*, underlying coupling type, 
DM types 

• Valid when Qtr2 ≪ M2
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Evolution of Models for Direct DM Production
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• SUSY simplified models to search 
for DMs in cascade decays are 
standardized already at Run I  

• Starting from Run II, simplified 
models for direct DM searches are 
standardized and discussed in the 
LHC DM forum and working group, 
GitLab 

• Consensus of simplified models for 
MET signatures 

• Guidelines for the comparison of 
LHC and non-LHC DM search 
results 

• Guidelines for the comparison of 
direct DM searches and visible 
mediator searches 

• Prediction of major background
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LHC Dark Matter Forum and Working Group
arXiv:1507.00966

arXiv:1603.04156

arXiv:1703.05703

arXiv:1705.04664

http://lpcc.web.cern.ch/LPCC/index.php?page=dm_wg
https://gitlab.cern.ch/lhc-dmwg-material/
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• Mediator has minimal decay 
width 

• Minimal flavor violation 

• Minimal set of parameters 

• coupling structure, MMED, mDM, gSM 

(gq), gDM

Simplified Models for Direct DM Production

Features of Mediators

Tae Min Hong, LHCP 2017
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Mono-X Diagrams of Direct DM Production

Mono-jet Mono-W/Z(hadronic)Mono-Z(leptonic)

Mono-photon Mono-tt/bbMono-h (bb, !!)

Mono-top
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Mono-X Searches in Hadronic Final State

Mono-h (bb)

R=0.4, 0.8 or 1.0

Mono-W/Z(hadronic)

R=0.8 or 1.0

Mono-jet

R=0.4

Mono-top

R=1.5

Mono-tt/bb

R=0.4

R=0.4
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• Rely on MET triggers (offline MET cut ≳200 GeV) 

• Major background from Z(→##)+jets, W(→l#)
+jets 

• Estimated from a binned likelihood fit to five control 
samples: Z(→ee), Z(→µµ), γ, W(→e#), W(→µ#) + 
jets data, transfer factors from MC reweighed with 
NLO QCD and nNLO EWK, uncertainty studied 
following 1705.04664 

• 3 QCD uncertainties: scale variation, shape with pT 
dependence, difference between K-factors 

• 3 EWK uncertainties: missing NNLO effects, 
difference between NNL Sudakov approx. and NLO 
EWK, unknown Sudakov logs
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Mono-X Searches in Hadronic Final State
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• Rely on lepton or photon triggers, can probe 
models with lower MET 

• Mono-Z (ll), mono-photon:  

• Major background is W/Z+X where X=Z or !, 
estimated from a binned likelihood fit of MET in 
the control regions (by reverting the lepton-veto) 

• Transfer factor derived from simulation with 
NNLO QCD and NLO EWK corrections 

• Mono-h (!!) 

• Fit to the m!! spectra in data, background 
includes resonant and non-resonant contribution
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Mono-X Searches in Non-Hadronic Final State
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• high-pT/HT trigger for large-Mjj, ISR !/jet tag 
or data with only trigger-level objects (data 
scouting) for small-Mjj  
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Visible Mediator Searches
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• Sensitive to wide mediators or non-resonant signature 

• Dijet resonance searches exclude gq in the range of 0.07-0.35 
depending on MMED
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Dijet Angular Distributions
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Mono-X With Vector/Axial Mediators

Mono-jet

Mono-W/Z(hadronic)Mono-Z(leptonic)

Mono-photon
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Collider Results Only
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If We Use Different Parameter Values
Discussion in the  
arXiv:1703.05703

https://arxiv.org/abs/1703.05703
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SD)
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Mono-X with Scalar/Pseudo-Scalar Mediators
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• For the mono-V channel, pseudo-scalar/Scalar limits 
include ggZH diagrams only because VH generators 
do not yet include mixing with SM Higgs 

• ttbar is the best at low-mass
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Collider Results for Scalar/Pseudo-Scalar
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• Recast for mono-tt, limits better than mono-jet for low-mass scalars
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Reinterpretation of           Searches
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-17-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-037/
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• DM production through the Higgs 
portal for mDM < mH/2 

• Combining qqH VBF production, 
ZH, ggH, gives BR(H→inv) < 
0.24 (0.23) at 95% CL 

• Dominated by 8 TeV results 

• 2016 mono-X search also recast 
for BR(H→inv) 

• Mono-jet: < 0.53 (0.40)  

• Mono-Z: < 0.45 (0.44)
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Invisible Higgs Decays
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JHEP 02 (2017) 135, ATLAS-CONF-2016-056, JHEP 11 (2015) 206

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
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Search for DM in Cascade Decays
Pair production cross section for various SUSY particles 
NLO + NLL Tool, C. Borschensky et al

SUSY Primer by Steve Martin, LHCP 2017 by Till Eifert

wino→LSPwino→slepton 
→LSP
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• For production with decays via slepton, C1/N2 mass of up to ~ 1150 
GeV excluded
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Search for Chargino/Neutralino Production

See more details and updates in the “Higgs and new physics” session
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• Wino-only scenario, C1 and N1 nearly 
degenerate 

• Signature: a disappearing track, a high-pt jet 
from ISR, MET, and a low-momentum pion
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Search for Long-Lived Chargino
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New ATLAS Pixel layer (IBL) allows short-track reconstruction 
For C1 with lifetime of 0.2 ns, a mass of up to 430 GeV excluded

ATLAS-CONF-2017-017

IBL r~3.2 cm

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-017/
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• %+jet: single displaced vertex with several tracks 
and a high pT muon, coming from RPV neutralino 
decays (into a lepton and two quarks) 

• &LLP=[5,100] ps, mLLP=[23,198] GeV, inclusive 
mSUGRA neutralino production in PYTHIA 6 

• Di-jet: single displaced vertex with two associated 
jets, consider H→'v'v→qqqq

28

Searches for LLPs at LHCb

down to ~ 1 ps

do
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to

 2
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G
eV

Eur. Phys. J. C 77 (2017) 224 

m !g = 2 TeV

 arXiv:1705.07332

BR=0.25
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• LHC has an extensive dark matter 
program, including both searches for 
direct DM production and searches for 
DM in cascade decays 

• 45 fb-1 of data expected in 2017
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Conclusion and Outlook

• Moving towards more realistic scalar/
pseudo scalar models 

• New scalar with H mixing, more discussion in 
1607.06680 

• Currently DMWG studying 2HDM with extra 
pseudo-scalar: 1701.07427 

• t-channel production 

• spin-2 mediators, long-lived mediators 

• Beyond MFV

https://arxiv.org/abs/1607.06680
https://arxiv.org/abs/1701.07427
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Links To Analysis Documentation
Analysis Documentation and Links

Mono-jet or V-had CMS-PAS-EXO-16-048, ATLAS-CONF-2017-060
Mono-photon arXiv:1706.03794, Eur. Phys. J. C 77 (2017) 393

Mono-Z (ll) CMS-PAS-EXO-16-052, ATLAS-CONF-2017-040
Mono-Higgs (bb) arXiv:1707.01302
Mono-Higgs (γγ) CMS-PAS-EXO-16-054, arXiv:1706.03948

Mono-tt/bb
arXiv: 1706.02581, ATLAS-CONF-2016-086,  

CMS-PAS-SUS-17-001, ATLAS-CONF-2017-037,                   
ATLAS-CONF-2016-076, ATLAS-CONF-2016-077

Mono-top CMS-PAS-EXO-16-051

Dijet CMS-PAS-EXO-16-056, arXiv: 1703.09127 
CMS-PAS-EXO-16-046, ATLAS-CONF-2016-060

Boosted-dijet CMS-PAS-EXO-17-001, ATLAS-CONF-2016-030,                   
ATLAS-CONF-2016-070   

Invisible Higgs JHEP 02 (2017) 135, ATLAS-CONF-2016-056,  
JHEP 11 (2015) 206 

Long-lived particles ATLAS-CONF-2017-017, CMS-PAS-EXO-16-004,  
CMS-PAS-EXO-17-004

Summary Plots ATLAS Exotics, CMS Exotica, ATLAS SUSY, CMS SUSY

LHCb long-lived searches Eur. Phys. J. C 77 (2017) 224, arXiv:1705.07332

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-039
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-052
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-040/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-25/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-054
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-18/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-17-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-076/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
http://cds.cern.ch/record/2273454?ln=en
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
http://cds.cern.ch/record/2273455?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-017/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-047.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-065.html
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2017 data!



Backup Slides
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• One of the major 
backgrounds for 
mono-h, mono-top, 
and mono-tt/bb 

• Control region defined 
by allowing extra 
leptons in addition to 
the signal selection 

• Reduce number of b-
tags or anti-b-tag to 
separate W+jets and 
top background
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Estimation of Top Background
ATLAS-CONF-2016-086 

mono-bb

mono-top

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
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• Reconstructed either with a single 
large-radius jet or two small-radius 
jets depending on pT 

• Jet substructure variables 

• Mass, N-subjettiness, energy 
correlation functions, or combination 
with BDT
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Mono-W/Z/h(bb)/Top
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• Dedicated models (not necessary apply to other mono-X), e.g. Z’-2HDM, the 
bb decay mode dominates the sensitivity 

• SI cross section limits similar to that of mono-Z (with Z’B model)  
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Mono-Higgs (bb, !!) Interpretation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-18/
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• FCNC vector 0.2-1.75 TeV and charged scalar up to 3.4 TeV excluded
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Mono-Top New
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CMS Vector Mediator Results
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ATLAS Vector Mediator Results
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SDp)
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Collider v.s. Non-Collider Experiments (SDn)
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How To Translate (Vector)
arXiv: 1603.04156

https://arxiv.org/abs/1603.04156
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How To Translate (Axial-Vector)
arXiv: 1603.04156

https://arxiv.org/abs/1603.04156
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How To Translate (Scalar)


