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Dark Matter and Dijets

• Rather than searching for 𝐸𝑇
𝑚𝑖𝑠𝑠 as evidence of the 

creation of DM, take DM mediator coupling to 
quarks and look for resonances in the dijet mass 
spectrum

• Dijet searches already a standard of collider-based 
experiments, but probing low masses is a challenge
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Triggers and Dijet Resonances
• ATLAS and CMS use a two-stage trigger to record 

events
• Level 1: Hardware based
• High level trigger: Software based

• Triggers select events to record and reject the vast 
majority (1.5 MB/25 ns < 1 GB/s)

• Light resonances produce low pT jets
• These jets have very high trigger rates
• High trigger rates are dealt with by prescaling (recording 

only a fraction of qualifying events)

• Searches for resonance must work around this 
limitation
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Light dijet resonance with ISR photon

• Z’ recoiling off ISR photon (or jet) and decaying to 
quarks
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• Trigger on ISR photon with pT > 
140 GeV

• Identify pair of pT > 25 GeV jets
• 𝑦∗ < 0.8 to exclude non resonant 

jet pairs (QCD processes contribute 
mainly at high y*)

• Data-driven background 
estimate via parametric fit to the 
reconstructed dijet mass

ATLAS-CONF-2016-070

𝑦∗ ≡
𝑦1−𝑦2

2

𝑓 𝑧 = 𝑝1 1 − 𝑧 𝑝2𝑧𝑝3+𝑝4 ln 𝑧

𝑧 =
𝑚𝑗𝑗

𝑠



• Determine limits by interpolating between limits 
derived at discrete points on mZ’-gq plane

• Limits set both on coupling and the Z’ mass
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Light dijet resonance with ISR photon
ATLAS-CONF-2016-070



• Trigger directly on lower-energy jets and record only a portion of 
the event
• Use L1 trigger to identify candidate events
• Record jet four-momentum and some jet substructure information, but 

little other event information

• Required dedicated jet calibration for partially built events

• Background calculated with fit to dijet mass spectrum
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Average 
prescale: 2300

Trigger level dijet resonance analysis
ATLAS-CONF-2016-029



• Analysis in two signal regions:
• 𝑦∗ < 0.3 & 𝑦∗ < 0.6

• In both cases leading-jet pT > 185 GeV for full L1 
efficiency

• Calculate limits at several points in the gq-mjj plane 
and interpolate – complements low mass-search
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Trigger level dijet resonance analysis
ATLAS-CONF-2016-029



Very boosted light dijet resonance

• Z’ recoiling off ISR jet and decaying to quarks
• Quark pair reconstructed as a single jet
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Jet 1: ISR

Jet 2: 
Collimated 
quark pair

• Trigger on HT or (relatively 
high) pT of jet

• Z’ initiated jet as leading jet 
(mass mZ’) with 2-prong 
substructure

• Background calculated using 
data-driven QCD scaling 
sideband method

EXO-16-030-pas



• Set limits for with 100 GeV < mZ’ < 300 GeV

• First limits below 140 GeV and highest sensitivity 
up to 300 GeV
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Very boosted light dijet resonance
EXO-16-030-pas



Combined Excluded Regions
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• 𝐸𝑇
𝑚𝑖𝑠𝑠 + X and dijet searches complement one 

another, exploiting as much of the mass range 
provided by the collisions as possible

• Both experiments working to expand “as possible” 
to lower masses 



Dark Matter in LLP Searches
• “Long-lived” = decays within or outside of detector 

volume

• Long-lived particles (LLPs) appear in a variety of 
models and can gain their long lifetimes via a 
variety of mechanisms
• Nearly conserved quantities, small couplings, phase-

space suppression

• Many LLP producing models include DM candidates
• Produced in association with the LLP, mediate 

interactions, result from a charged LLP decay

• LLP signatures tend to be unusual and require 
dedicated searches
• May be 𝐸𝑇

𝑚𝑖𝑠𝑠 triggered, but focus in on the LLP
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Example LLP Signatures
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Figure credit: Laura Jeanty



• Search for collimated pairs of leptons (lepton jets) 
as in FRVZ* models
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Displaced Lepton Jets
ATLAS-CONF-2016-042

• Uses specialized triggers for 
displaced objects

Decay products all 
within a ΔR < 0.5 cone

Jet lacks energy deposits 
in inner layers

*Falkowsky-Ruderman-Volansky-Zupan
arXiv: 1002.2952 1007.3496



• Selection efficiency depends on γd
decay position

• Background estimated via ABCD 
method using
• ∆𝜙 between the two lepton jets
• Sum of all ID track pT within ΔR cone 

of the LJs (for pT > 500 MeV)

• Limits set for both 2 γd and 4 γd 
decays
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Displaced Lepton Jets
ATLAS-CONF-2016-042



• Heavy Stable Charged Particles (HSCP) are low β
particles which may have non-integer charge
• Discovery would suggest non-WIMP DM, such as 

gravitinos, resulting from HSCP decay to LSP + x

• Low β long time-of-flight to outer systems

• Highly ionizing  large 
𝑑𝐸

𝑑𝑥

• Searches frequently focus on R-hadrons 
(hadronized gluinos or squarks) which may change 
sign or become neutral as they propagate
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Heavy Stable Charged Particles



• Search for singly and multiply charged heavy stable 
charged particles (both R-hadrons and lepton-like 
HSCPs)

• Trigger on 𝐸𝑇
𝑚𝑖𝑠𝑠 or a high-pT “muon”, two types of 

tracks
• Inner tracker only
• Inner tracker + muon system
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Heavy Stable Charged Particles Search
EXO-16-036-pas



• Search for R-hadrons with lifetimes from O(1ns)-
O(10ns), i.e. decays within the volume of the detector

• Trigger with 70 GeV 𝐸𝑇
𝑚𝑖𝑠𝑠 trigger

• 65% efficiency at 50 ns , 95% efficient at 0.4 ns lifetimes

• Estimate background via templates developed in control 
regions
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Metastable heavy charged particles
Phys. Rev. D 93, 112015 (2016)

Complementary ATLAS stable R-hadron search: Phys. Lett. B Vol. 760, 647-665



Conclusions

• Collider experiments provide means of searching 
for DM other than missing energy

• Challenges posed by trigger rates drive innovation 
in dijet resonance studies

• LLP searches often not explicitly DM searches but 
frequently feature DM candidates

• Unusual signatures open to reinterpretation in 
variety of models

Searches active and ongoing on the LHC!
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Backup
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• Similar to previous search, with time-of-flight to the 
calorimeter used to aid in identification of particles

• Cut on the β–βγ plane to isolate signal region
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Heavy Long Lived Charged Hadrons
Physics Letters B (2016), pp. 647-665



ATLAS Trigger System 2012
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ATLAS Trigger System 2015
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LJ LLP Triggers

• Narrow-Scan:
• New in 2015

• Requires single L1 muon item (most triggers require several)

• Scan in narrow cone (using only part of detector info) around 
first muon to find a second muon with no matching ID track

• Tri-muon MS-only: 
• Require three L1 muon RoIs in a narrow cone and reconstruct 

three muons with no associated ID tracks or jets

• CalRatio:
• Require a L1 TAU item (narrow than a L1 jet item, appropriate 

for a displaced decay)

• Require a reconstructed jet to lack large EM energy deposits 
and associated ID tracks 
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HSCP mass and lifetime
• Ionization energy loss and 

momentum 
measurements are 
combined to determine 
masses

• ToF measurement to 
calorimetry identify slow 
moving particles
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