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Setting the scene

The Large Hadron Collider: pushing frontiers
● proton-proton collider at CERN

● energy: c.o.m. energy 7-8TeV in 2010-2012, now restarted at 13TeV

● luminosity: ~25/fb so far, goal of ~150/fb by 2018 and much more after

● Higgs boson discovery
in 2012

● very rich program of
precision measurements
and BSM searches

● intense exploration of
the electroweak scale



Setting the scene

The Large Hadron Collider: experiments
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Setting the scene

The LHC experiments as DM hunters
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Setting the scene

The LHC experiments as DM hunters
● focus on WIMP-like particles: no interaction in detector (*)

                    (*) though more exotic non-WIMP scenarios too (eg. arXiv:1503:05505)
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http://arxiv.org/abs/1503.05505


Setting the scene

The LHC experiments as DM hunters
● experimental signature is transverse momentum imbalance

                           MET + X

● many tens of publications using MET as key observable
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS10005


Setting the scene

Keep in mind that
● once we find a deviation, interpretation will be challenging!

 colliders cannot prove stability beyond the apparatus
 colliders may not distinguish single from multiple new invisible particles
 colliders provide poor mass resolution on the invisible (if any)
 colliders may have no handle on nature of interaction, particle type, quantum 

numbers,...

● the discovery paper may not mention “Dark Matter” at all
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On behalf of the ATLAS

and CMS collaborations



DM Production in the Lab

LHC search categorisation 

● example: SUSY

 LSP stable if R-parity conserved
 always 2 LSP's yielding observable 

momentum imbalance (MET)

● example: Higgs portal

 SM scalar coupling to dark sector
 still large invisible Higgs decay

width allowed
 kinematic limit from Higgs mass
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DM produced directly
DM produced in cascade decays

from heavier new states

  

● pair production in most models

 but back-to-back DM particles
are invisible

● higher-order diagrams provide
probe recoiling against DM pair

    Note: this distinction is somewhat artificial, an overlap zone exists



DM Production in the Lab

Non-LHC accelerator searches
● new low-mass “dark photon” A' well motivated as portal to DM

 can shed light on g-2, proton charge radius,...
 can provide right thermal relic for weakly coupling sub-GeV dark matter

● allowed parameter space beyond the reach of LHC direct production

● turn to high intensities

 high luminosity e+ e-  → γ A' (Belle (II) + fixed target proposals)
 detect interactions of DM beam created at beam dumps

in bremsstrahlung from electron beam dumps, eg. APEX, BDX, etc at JLAB

in π0/η0 decays from proton beam dumps, eg. MiniBoone at FNAL and SHiP at CERN
 also program for visible decays of A'

● very active field, many other ideas and proposals

 recent review: arXiv:1505.00011 [hep-ph]
 recent workshop: LDMA
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Tim Tait

http://arxiv.org/abs/1505.00011
http://www.ge.infn.it/~ldma2015/LDMA2015/Welcome.html


Modelling DM Production

Use models to guide experimental strategies
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Tim Tait



Modelling DM Production

● full models: DM as part of a UV complete theory

 coherent modelling of all interactions, decay channels, etc.
 often huge parameter space

need for reasonable assumptions to reduce scans (eg. pMSSM)
 at the same time, may lack coverage of possible experimental signatures

DM sector may be rather restricted

● effective theories: collapse SM-DM interaction in effective 4-point operator

 different operator depending on mediator's couplings

 only few parameters: mDM, EFT scale

 easy to translate to DM-nucleon cross section

 M must be (much) larger than the energy scale of the collision

truncation procedures allow to restrict to “sensitive” events
 probes one interaction at a time

Steven Lowette – Vrije Universiteit Brussel
TAUP 2015 – 8 September 2015 Page 12

Λ=M /√gχgq

σ (χ N→χ N )∼
gq

2 gχ
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M 4 μχN
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Modelling DM Production

 

● simplified models: only SM + few particles

 new physics restricted to what is relevant
for a certain topology

 aim for maximal experimental coverage
of that topology

 mediator and interactions specified explicitly
 usable as building blocks for recasting results

in full models
 parameter scans sizeable but manageable

● simplified models were the standard in 8TeV LHC SUSY searches

 complemented with some full-model scans

● searches for direct DM production mostly EFT in 8TeV run

 now also standardizing on simplified models as baseline
 LHC Dark Matter Forum to prepare 13TeV run (arXiv:1507.00966)
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http://arxiv.org/abs/1507.00966


Experimental Status

Searches for direct DM production
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MonoHiggs



Experimental Status

Spectacular signatures!
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CMS-PAS-EXO-12-048 ATLAS-CONF-2011-096

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048
http://cds.cern.ch/record/1369187


Experimental Status

“Classic” search: monojet
● DM recoils against a jet from QCD ISR

● selection highlights

 MET as sensitive observable, lowest analysis cut driven by trigger
 at least one central high-momentum jet away from MET
 electron, muon and isolated track/tau vetoes
 control fake jets / instrumental MET

● irreducible Z→νν dominant
after selection

● backgrounds well controlled
with predictions using data
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EPJC 75 (2015) 299

EPJC 75 (2015) 235

http://arxiv.org/abs/1502.01518
http://arxiv.org/abs/1408.3583


Experimental Status

Extension to hadronic mono-V
● DM recoils against a hadronically decaying W or Z

● estimate boson mass from 2 close by or a single merged jet with 
substructure

● otherwise analysis similar to monojet
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PRL 112 (2014) 041802

CMS-PAS-EXO-12-055

http://arxiv.org/abs/1309.4017
https://cds.cern.ch/record/2036044


Experimental Status

Leptonic mono-W/Z decay modes
● DM recoils against charged lepton or pair of leptons

● very clean prompt signatures

● well understood backgrounds: W and ZZ
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PRD 91 (2015) 092005

CMS-PAS-EXO-12-054

PRD 90 (2014) 012004

JHEP 09 (2014) 037

http://arxiv.org/abs/1408.2745
https://cds.cern.ch/record/2036048
http://arxiv.org/abs/1404.0051
http://arxiv.org/abs/1407.7494


Experimental Status

Many more searches
● mono-photon: DM recoils against a photon from QED ISR

 QED photon radiation from quarks suppressed wrt QCD gluon radiation

● DM + heavy flavour: DM recoils against heavy flavour quarks
 for a scalar interaction with Yukawa coupling to SM, signatures of MET + b quarks 

and MET + top quarks enhanced

● mono-top: DM recoils against a single top quark

 specific flavour-changing simplified model, resonant and non-resonant

● mono-Higgs: DM recoils against a Higgs boson

 low rates, but very clean in the H  → γγ decay channel
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PRD 91 (2015) 012008 arXiv:1410.8812 [hep-ex]

JHEP 06 (2015) 121 EPJC 75 (2015) 92

EPJC 75 (2015) 79 PRL 114 (2015) 101801

arXiv:1506.01081 [hep-ex]

http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1410.8812
http://arxiv.org/abs/1504.03198
http://arxiv.org/abs/1410.4031
http://arxiv.org/abs/1410.5404
http://arxiv.org/abs/1410.1149
http://arxiv.org/abs/1506.01081


Experimental Status

Interpretation
● all analyses found data compatible with expectation

● three levels of limits:

 purely experimental: upper limits on fiducial cross section x BR
 limits on EFT suppression scale or simplified model parameter space
 interpretations comparing to non-LHC searches (next page)
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EPJC 75 (2015) 235 EPJC 75 (2015) 299

http://arxiv.org/abs/1408.3583
http://arxiv.org/abs/1502.01518


Experimental Status

Comparing to direct and indirect DM detection
● translation of LHC limits into plane of SI and SD WIMP-nucleon scattering 

cross section

 advantage: visualizes the complementarity of the collider and DD/ID searches
 disadvantage: must be careful, oversimplification can lead to misinterpretation

Steven Lowette – Vrije Universiteit Brussel
TAUP 2015 – 8 September 2015 Page 21

EPJC 75 (2015) 299CMS-PAS-EXO-12-054

http://arxiv.org/abs/1502.01518
https://cds.cern.ch/record/2036048


Experimental Status

Interpretation with simplified models
● simplified models allow to map out low mediator masses

 resonant enhancement when mediator produced on-shell (s-channel)
 limits suppressed when going off-shell at low mediator mass

● mapping of non-LHC limits in the collider parameter space

 recommendations to be discussed in LHC Dark Matter forum successor
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EPJC 75 (2015) 299 CMS-PAS-EXO-12-055

http://arxiv.org/abs/1502.01518
https://cds.cern.ch/record/2036044


Experimental Status

Beyond direct DM production
● H  invisible→ : DM production through the Higgs portal

 limited to DM mass below mH/2

● some SUSY searches suited for direct DM production interpretation

 eg. dijet searches originally conceived for squark pair production

 eg. searches for compressed SUSY spectra in VBF topology

● in general, all RPC SUSY analyses are MET + X DM searches

 lightest SUSY particle at end of cascade is DM candidate
 simplified model interpretations assuming SUSY
 very rich program, linked summary for CMS and ATLAS (next slide ATLAS)

Steven Lowette – Vrije Universiteit Brussel
TAUP 2015 – 8 September 2015 Page 23

PRL 112 (2014) 041802 EPJC 74 (2014) 2980 arXiv:1508.07869 [hep-ex]

CMS-PAS-EXO-14-004 arXiv:1505.07826 [hep-ph]

CMS-PAS-SUS-14-019

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
http://arxiv.org/abs/1309.4017
http://arxiv.org/abs/1404.1344
http://arxiv.org/abs/1508.07869
https://cds.cern.ch/record/2002861
http://arxiv.org/abs/1505.07826
https://cds.cern.ch/record/2046988


Experimental Status
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Experimental Status

Full models: pMSSM
● 19-parameter reduction of the MSSM

● constrain with relevant (non-)LHC input

● apply constraints of many SUSY searches
to a large model scan

● reveals what is difficult or uncovered

Steven Lowette – Vrije Universiteit Brussel
TAUP 2015 – 8 September 2015 Page 25

arXiv:1508.06608 [hep-ex]CMS-PAS-SUS-15-010

http://arxiv.org/abs/1508.06608
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS15010


Experimental Status

Non-LHC light-DM searches
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http://arxiv.org/abs/1311.0029
http://arxiv.org/abs/1504.04855
http://arxiv.org/abs/1505.00011


Outlook

● LHC brings vast dark matter
program

 missing momentum signatures
 complementary to direct and

indirect searches

● LHC Run-II just started

 increased energy and luminosity
 first results appear of ongoing commissioning
 hard to underestimate importance of this LHC run

● future gains through increased luminosity

 further reach, better uncertainties

● light dark matter very active field at other accelerators

 many exciting and concrete proposals to cover large open parameter space in 
the next few years
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ATLAS-EXOT-2015-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/EXOT-2015-005/


Thank you
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