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CMS uses Particle Flow 
reconstruction:

- Aimed at reconstructing each 
particle individually 

- “Follow” the path of a particle 
through the detector

- Match deposits between 
subdetectors

- For each particle combine 
subdetector information for best 
E/momentum measurement
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The landscape of dark sector models
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Idea: Summarize this dark sectors search program and draw 
overall conclusions in a review paper (featuring over 40 
results with data collected during LHC Run-2 2016-2018)
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How do Higgs bosons decay 
according to the Standard Model?

Higgs boson discovery, CERN, 2012

Nature  607, 60–68 (2022)

Combination of all Higgs analyses currently allows an 
upper limit of 15% for new, unknown particles as 
decay products

→  Motivates search for decay to dark matter particles
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https://www.nature.com/


Collision 
recorded in 2016

sizable missing 
transverse energy (MET)

Characteristic signature:
Two jets very aligned 
with beam (“forward”) 

Statistical analysis of observed mjj 
spectra reveals no excess

→ Obtained an 18% upper limit 
for branching ratio H → invisible
 

V

V

Dark matter, by definition, 
does not interact with the 
detector

Disappearing Higgs Bosons (“Higgs portal”)

8



Energy frontier

portal

dark matter
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Energy frontier

portal

dark matter

No excess 😒

10



mono-jet
mono-photon

mono-Z(ll)

11



Higgs, W, Z

top quark

gluon/quark

Jet tagging with deep learning techniques 
(graph neural networks, transformers) 12



mono-Z(ll)
mono-H(bb) mono-top

mono-jet
mono-photon
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Comparison with Direct Detection

● Vector mediator → spin-independent DM-nucleon scattering cross 
section

● Axial-vector mediator → spin-dependent DM-nucleon
● Allows for comparison with direct-detection experiments

Spin-Independent Spin-Dependent

Simplified dark sectors
Spin 1
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symmetrymagazine.org

Intensity frontier
Look at smaller masses and higher rates
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Selected data
HLT threshold

New physics

L1 threshold

Energy (GeV)

Data Scouting

Limited bandwidth and disk space → cannot afford to 
save the full detector information for every event to disk
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Selected data
HLT threshold

New physics

L1 threshold

Energy (GeV)

Data Scouting

Limited bandwidth and disk space → cannot afford to 
save the full detector information for every event to disk

Idea: → Lower thresholds by changing event 
content to accommodate lower thresholds, store 
only trigger level information

HLT scouting

Intensity frontier

17



Dark Photons

● Dark photon —> two muons
● Novel MVA muon identification increases 

sensitivity by 30%
○ Track quality
○ Isolation
○ Vertex information

● Extract signal from fit to dimuon mass 
distribution

As sensitive as LHCb or BaBar 
with “2nd-grade” data 😋
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Hot off the press: Soft unclustered energy patterns (SUEPs)

A model of Dark QCD

“Dark” version of strong force

In certain coupling regimes:
Radiation off dark quarks happens 
at large angles → soft decay 
products

→ Soft, spherically distributed 
decay products

→ Very difficult to trigger on
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Hot off the press: Soft unclustered energy patterns (SUEPs)

Initial-state 
radiation

boosting
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Hot off the press: Soft unclustered energy patterns

Phys Rev Lett 133 (2024) 191902

Editors’ suggestion

Initial state 
radiation

High multiplicity 
energy pattern
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191902
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→ Probable observation of toponium!!



Lifetime frontier
Unlocking displaced signatures

Kung Fu Panda
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CMS was not designed to look 
for displaced new physics

Reconstruction algorithms, 
cylindrical geometry, trigger, all 

designed assuming particles 
emerge from the collision point

Why long-lived particles are tricky
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Inelastic Dark Matter with displaced muons

Two dark matter states with small mass gap coupled via dark 
photon. Depending on 𝛥mDM: no direct detection (“inelastic”)

Heavier DM (𝛘2) has long lifetime due to small mass splitting 
→ Pair of soft displaced muons + MET (from 𝛘1)

c𝝉  ∝              ; target  1mm - 1000mm range(𝛥mDM)5

(mA’)
4

Highly constrained by beam-dump experiments for < 1 GeV 29



Inelastic Dark Matter with displaced muons

Dedicated muon 
reconstruction using only 
muon system

Two dark matter states with small mass gap coupled via dark 
photon. Depending on 𝛥mDM: no direct detection (“inelastic”)

Heavier DM (𝛘2) has long lifetime due to small mass splitting 
→ Pair of soft displaced muons + MET (from 𝛘1)

c𝝉  ∝              ; target  1mm - 1000mm range(𝛥mDM)5

(mA’)
4
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Inelastic Dark Matter with displaced muons

Categorize by number of displaced muons that 
match in direction to a standard muon

- Fewer matches → larger displacement

- Use kinematics, isolation, displacement 
parameter to both suppress and estimate 
background (mostly QCD) 

First such search at a hadron collider!
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Stay tuned for Run-3 results!
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We have a plan



Backup



Vector and Axial-Vector Portals
● Vector and axial-vector mediators arise from a broken U(1) 

symmetry, with couplings to the SM and the dark sector
● Included searches:

• Dijet searches (visible final states, mediator coupling to 
SM)

• Mono-X searches (invisible final states, mediator 
coupling to DM)

● Benchmark scenarios from LHC DM WG recommendations

Vector Mediator Axial-Vector Mediator

Simplified dark sectors

Spin 1
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Signal region backgrounds

extrapolate from 
data control 
regions

Control regions
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Selected data
HLT threshold

New physics

L1 threshold

Energy (GeV)

Remedy: Scouting

Limited bandwidth and disk space → cannot afford to 
save the full detector information for every event to disk

→ Lower thresholds by changing event content to 
accommodate lower thresholds

HLT scouting
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Scouting at CMS during Run-2

Dimuon mass resolution slightly worse than LHCb (1-1.5%), not 
much worse than offline

Resolution for 2 TeV resonance using calo jets -20% compared 
to offline

Dedicated low-precision data stream saving almost all the 
information used by HLT algorithm for years 2017-2018

(and onwards for Run-3)
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Fully exploiting HLT Scouting data by 
selecting events with two muons pT > 4 GeV 
(very soft!)

Novel MVA muon identification increases 
sensitivity by 30%

- Track quality
- Isolation
- Vertex information

Extract signal from fit to dimuon mass 
distribution

Taking it to the extreme (i.e., below the Y)

surprise after unblinding More sensitive than LHCb or 
BaBar with “2nd-grade” data 😋

But sadly no new physics 😢
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