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Run-2 starts

2010-2012: Run-1 at 7/8 TeV CM energy
Collected ~ 27 fb-1

2015-2018: Run-2 at 13 TeV CM Energy
Collected ~ 150 fb-1

2022-2026: Run-3 at 13.6 TeV CM Energy
Expect ~ 380 fb-1 to be delivered

The LHC: Run-3 is Ongoing!
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The CMS Experiment



• First Searches: Missing Transverse Energy+X   (WIMPs)

• Recently: Searches for new dark sector particle candidates

– Higgs direct decay to dark matter

– Explore an extended Dark Sector

• Dark Photons

• Dark Higgses 

• Multiple Dark Matter particles (with DM decays)

• Dark Mesons, Dark Showers etc.

– Axion like particles (ALPs), HNLs

– Millicharged particles

• Considering UV complete models in addition to simplied 

models, eg. 

– 2HDM+a    So far the most used benchmark model

– Higgs singlet mixing models, vMSM…

– (SUSY)

• Connection with Low DM mass searches (e.g.fixed target)

Dark Matter Searches@CMS : Evolution



CMS Dark Sector Review Paper 
This talk is based on the recent CMS
Dark Sector Review Paper (+ some 
updates) reporting the latest searches
in the Dark Sector: 2405.13778

Focus mostly on Run-2 data analyses

Two other related review papers:

Dark sectors paper reviews 40 CMS 
analyses in the quest to find FIPs and 
Dark Matter signatures 4



CMS Dark Sector Signatures
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CMS Data Streams in Run-2/Run-3

Trigger strategies to increase the rate for dedicated signatures
Scouting and parking: see  2403.16134

With scouting and dedicated selections,
can access down to ~1 GeV dark photons

Standard  + Scouting + Parked data streams

6

https://arxiv.org/abs/2403.16134


Model Landscape
Simplified dark sector
• Usually have a DM candidate + a mediator particle

• Includes the usual FIP portals (vector, scalar,

pseudoscalar and fermion)

Extended dark sectors
• Could be more complicated dark

scenarios with rich dynamics

Start with simplified sector… 2405.13778
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Scalar and Pseudo-Scalar Portals

Dark photon in VBF Higgs Mono-jet
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Scalar and Pseudo-Scalar Portals
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SM Higgs Boson Portal

Higgs boson acts as the mediator between SM and DM
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Vector and Axial Portals

Vector and axial-vector mediators arise from a broken U(1) symmetry,

with couplings to the SM and the dark sector
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Vector and Axial Portals

Vector and axial-vector mediators  

from a broken symmetry, with 

couplings to SM and 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

arXiv:1603.04156



Comparison with Direct Detection 

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

• Axial-vector mediator  → spin-dependent DM-nucleon scattering 
cross section

• Allows for comparison with direct-detection experiments
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Dark Matter Coverage by Experiments
Sketch how collider and accelerator experiments together can reach sensitivity

across many orders of magnitude of DM mass to couplings expected for

thermal-relic vector portal inelastic Direct DM production

P. Harris et al. 2210.01770
Contribution to Snowmass 2021

(*) To avoid 
overproduction
of DM(*)

Low mass DM search @LHC? E.g. SND@LHC experiment
Scattering of beam-produced DM on nucleons/electrons

JHEP03(2022)006



Dark Photon Portal
Spin-1 mediator with pure vector coupling, mixes with SM photon and Z boson

With data scouting and 
dedicated selections, the
analysis accesses down to 
~1 GeV dark photons

Summary plot includes two prompt dimuon analyses. 
Using “data scouting”:  EXO-21-005 and EXO-19-018
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Neutrino Portals
Heavy Neutral Leptons (HNLs) are sterile neutrinos with very small
mixing with active neutrinos.

Searches for long-lived HNLs in Type I seesaw model
• Many searches for long-lived HNLs performed
• Showing example  limits for Majorana HNLs in the 
muon channel & Dirac HNLs in the electron channel

Can probe down to
~1 GeV in HNL
mass with “Muon
Detector Shower”
signature.

2405.17605

16



Muon Detector Showers (MDS)

Neutral LLPs with ctau > 1m could decay beyond the calorimeter with:
• High-multiplicity shower (100s of hits/cluster) in muon system
• Essentially, we use the muon system as a sampling calorimeter
• Unique signature due to the presence of steel in the CMS muon system
• Excellent background suppression from shielding material (background rejection~1e6)
• Sensitive to decays in hadrons, taus, photons, and electrons 

arXiv:2402.01898

MDS analyses limited in Run 2:no dedicated trigger: New dedicated triggers in Run 3!



Extended Dark Sectors

But Nature could be more complicated…
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Higgs to LLPs

• Hidden valleys: dark sector model with rich dynamics at low energy
scales, and accessible at colliders at high energy scales

• LLPs are well-motivated in dark sectors:

• Interpretations of LLP searches with hadronic and leptonic decays

Muon Detector Showers can push sensitivity to small masses and long lifetimes
Dimuon scouting powerful at small masses and small lifetimes
Displaced dimuon search is inclusive setting limits in a wide range of lifetimes



Higgs to LLPs

Plots with CMS and ATLAS 
results (LLP-LPCC WG)

Results for s->bb branching 
ratio

Curves are envelopes of the 
of the individual results Presently

LHC best
limits->plots available on CMS/ATLAS 

EXO summary pages

process

ATLAS+CMS



Search for Inelastic Dark Matter 

Two  DM states which are almost 

degenerate in mass, such that the 

decay 𝝌2->𝝌1+ 2 muons is a LLP 

signature.

• Such models can account for the 

thermal relic abundance.

• First search in 3-80 GeV region.

2305.11649
Model: hep-ph/101138
1508.03050
1810.018179
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Dark QCD & Dark Showers
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Semi-Visible Jets

New interpretations of dijet and
monojet searches, together with the
dedicated semivisible jets search
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Emerging Jets

Emerging jets contain 

several displaced vertices 

from neutral particle decays 

which are potentially 

resulting from a dark shower

2403.01556

Limits for Dark Pions with mass of 20 GeV

Results for different emerging jet model scenarios (1405.6709,1803.08080)



Low Mass Dark Showers in Displaced Dimuons

B-parking 2018 dataset with new displaced trigger 

● Searching for decay of dark mesons into 2𝜇
with displaced vertex

● First such search at the LHC!

● Used BDT to separate signal from background

EXO-24-008

Most stringent limits on vector portal model

for ctau < 0.1 m and mass as low as 2 GeV

NEW

dimuon 
mass
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Search for LLP in 2018 Parked Data Set

LLPs from b hadron decaying in muon endcaps

● Data parking data set used (muon trigger)

● Events with high multiplicity clusters of hits

(ΔR<0.2, >50 hits) from LLP decay hadronic

shower in muon detector + displaced muon

● Main bkg from punch-through jets/tracks from 

prompt SM activity estimated using ABCD

EXO-24-004

NEW

Stringent limits
on b->𝜙 → 𝜋𝜋

trigger

95% upper
limits on Br
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Search for Vector-Like Leptons with LLP

VL Lepton masses excluded up to 1.5 TeV
● First search at LHC!

● Events with at least 1 muon hit cluster 

(ΔR<0.2, >50 hits) + hadronic tau

+ isolation from prompt activity ΔR and 

cosmics (Δ𝜙) and out of time pile-up

● Data-driven bkg estimation validated in CR 

(inverting some 𝜏 selection)

Photons lead to an e.m. shower in the return

yoke/muon detectors

2503.16699NEW

VLL

VLL

a𝜏: long lived pseudoscalar



Future Capabilities

• 20 ps time resolution

• 600 ps time resolution

Run-3: Improved scouting and trigger capabilities (see backup)
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Summary: The Big Picture

Unfortunately only limits so far… 

…Many other analyses reported
and ongoing (Run-3 data)… 
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MilliQan Detector
Motivation: 
• Particles with small charges?
•“Dark QED” ie QED in the dark
sector that kinematically mixes 
with the SM QED.

•The EDGES astronomical 
anomaly…?

Detection technique: 
-> A new detector is required:
scintillators-> low photon signals 

Hunting Millicharged Particles…  

CMS

2104.07151

First Run-3 results coming soon!!…



Backup
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More Studies…
• Universal Quark Couplings

• Dark Photon Portals

• 2HDM+a, HAHM

• Dark SUSY

• SUEPs

• Hidden valleys (dark QCD)

• Stealth SUSY

• Z’ to LLPs to 4b

• Z’ to LLPs to 2b+MET

• Dark Higgs to LLPs to 4b, to 2b+MET

• Heavy multi-charged and fractional charged particles

• Searches for ALPs..

• …
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Search for ALPs

Measurement of light-by-light scattering and the Breit-Wheeler 

process, and search for axion-like particles in ultraperipheral 

PbPb collisions at 5.02 TeV

arXiv:2412.15413Process: γγ→γγ
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HNL Studies
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HNL Studies
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Neutrino Portals
Heavy neutral leptons (HNLs) are sterile neutrinos with very small
mixing with active neutrinos (update added since Review Paper)

Search for long-lived heavy 

neutral leptons in pp collisions 

with a lepton-jet pair associated 

with a secondary vertex

2407.10717
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Search for Inelastic Dark Matter 

Comparison with theory from  1508.03050
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SUEP Studies

Soft unclustered energy patterns

Limits on temperatures TD and dark
Meson mass m𝜙
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Improvements for Run 3
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Improvements for Run-3
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MDS Trigger Introduced in Run-3 
L1T:
• Build shower candidates by 

counting a large number of hits in 
CSC chambers (in muon system
endcaps)

• Only CSCs had spare L1 bits
Data event triggered by 
CSC MDS L1T

HLT:
• By 2024, several triggers available 

with CSC clusters:
• Single CSC cluster (≥ 200/500 hits 

in outer/inner rings)
• Double CSC cluster (≥ 75 hits)
• 4 cross triggers:

Single CSC cluster + electron/muon/
hadronic tau/photon

• Also have triggers with DT clusters 
(in muon barrel, available at HLT but 
not L1):

• L1 pTmiss > 150 GeV + single DT
cluster

• Single CSC cluster + single DT cluster

This should allow to improve the low mass HNL searchs in Run-3
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Higgs to Invisible
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Muons in CMS
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Displaced Muons
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Displaced Muons
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Milliqan
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Other Signatures
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Feebly interacting particles:
characterized by small 
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Thx to J. Alimena
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