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Beyond Conventional DM Searches
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Traditional Dark Matter Searches New Dark Matter Searches

• Focus: WIMPs (Weakly Interacting Massive 
Particles)

• Signature: high p!"#$$ recoiling against 
visible SM particles

• Current Status: no evidence reported by 
CMS and ATLAS experiments at LHC

• Target: Novel physics objects from Dark QCD 
models (beyond traditional WIMPs)

• Applications
• SVJs (Semi-visible jets) : p!"#$$ aligned with 

jets
• EMJs (Emerging jets) : Multiple displaced 

vertices
• SUEPs (Soft unclustered energy patterns) : 

Spherical low-pT tracks

Galaxy Rotation Curves Gravitational Lensing Cosmic Microwave Background (CMB)

The Standard Model (SM) is insufficient to explain these observations, providing a compelling motivation 
to search for BSM physics.
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Dark QCD Model
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• Strongly InteracFng Hidden Sector
• New Dark Force: An independent gauge interacTon inherent to the hidden sector
• Completely decoupled from the SM Gauge Groups

• Confinement and Dark HadronizaFon
• Confinement Scale: Occurs at a disTnct dark sector scale (Λdark)
• Stable Dark Baryons: Dark MaYer candidates
• Unstable Dark Mesons: πd, ρd

• Mediator Portals to the Standard Model
• Weak Coupling via heavy mediators : Zʹ vector boson, scalar Φ
• SM quark annihilaTon (qq̄ → Zʹ) : iniTates dark parton showers and dark jet phenomenology 4



Why Dark QCD?
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Evasive Collider Signatures

• Unconventional topologies 
frequently overlooked by standard 
model-dependent BSM searches

• Traditional high-pT + MET strategies 
prone to rejecting dark showers as 
QCD background or noise

Suppressed Signals in Non-
Collider Experiments

• Indirect DetecQon: Asymmetric dark 
maRer producQon mechanism 
suppresses annihilaQon signals

• Direct DetecQon: Ultra-weak 
couplings suppress direct detecQon 
signals and visible decay products

Strong Cosmological 
Motivations

• Composite Nature: Parallel to the 
visible sector where most dominant 
matter is composite (hadrons)

• Coincident Densities: Similar relic 
abundance (ΩDM ~ 5 × Ωbaryons) 
strongly hinting at a shared cosmic 
origin

Conventional DM Dark QCD

Weakly interacting Strongly interacting

Invisible final states Visible + invisible final states

Mono-X SVJs , EMJs , SUEPs

Simple dark sector Rich dark dynamics
5



Signal Structure
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• Hadronization of Dark Quarks
• Confinement in hidden sector yielding stable/unstable 

dark mesons
• Decay mode co-existence determines overall jet 

phenomenology

• Semi-Visible Jet (SVJ) Topology
• Single jet composed of the mixture of stable and unstable 

dark hadrons

• Distinct Kinematic Features
• Stable Hadrons (invisible) : Dark Matter candidates
• Unstable Hadrons (visible) : Decay promptly into SM 

particles

• Key Signature : p!"#$$ aligned with jet axis

6

SVJ searchDijet search WIMP search

dark parton
shower

dark hadrons



Effective Parameters of SVJ Models
20

26
 C

AU
-IB

S 
BS

M
 W

or
ks

ho
p

CH
AN

G
-S

EO
N

G
 M

O
O

N
 (K

N
U

)

• Production and Mass Scale Parameters
• Mediator Mass (mmed)

• Mass of the portal particle (e.g., Zʹ) coupling the Standard Model 
and the Dark Sector

• Confinement Scale (ΛD)
• Dark sector equivalent to the QCD scale, governing dark quark 

confinement and hadronization physics
• Dark Particle Masses (mπD, mρD, mqD)

• Masses of the lightest pseudoscalar mesons, vector mesons, and 
dark quarks

• Dark Jet Composition Parameters
• Invisible Hadron Fraction (rinv)

• Defined as Nstable / (Nstable + Nunstable)
• Directly controls the ratio of missing energy escaping the detector

• Vector Meson Fraction (pvector)
• Probability of producing vector mesons (ρD) over pseudoscalars (πD)

7

Mediator
mass , couplings

Dark Sector
𝑁% , 𝑁& , Λ'()*  , 𝑚'()*

Final State
decays, branching fractions,

rinv , pvector



CMS Run 2 SVJ Search Landscape at LHC
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s-channel
(full hadronic)

JHEP 06 (2022) 156

boosted

EXO-24-009

scouting

EXO-25-016

s-channel 
(lepton-enriched)

lepton-enriched
CMS-PAS-EXO-24-029

tau-enriched
CMS-PAS-EXO-26-005

t-channel

EXO-24-010
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s-channel (tau-enriched)

• Physics approved : s-channel (lepton-enriched)

• Physics Approval Date : 2025-08-18

• Paper in preparation



Run 2 : Signal-Background Discriminants (CMS)
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s-channel (lepton-enriched) s-channel (tau-enriched)s-channel (full hadronic)

• GNN-based jet tagger LunNet
• Mass-decorrelated ABCDisCoTEC used 

for background estimation

• Model dependent BDT-based jet 
tagger

• Data-driven method based on transfer 
factors from control to signal regions 
used for background estimation

• GNN-based jet tagger LunNet
• Mass-decorrelated ABCDisCoTEC used 

for background estimation

9



Run 2 : Background Estimation (CMS)
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s-channel (full hadronic)

• Model dependent BDT-based jet tagger
• Data-driven method based on transfer factors from 

control to signal regions used for background 
estimation
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• low-𝑅+ : 0.15 < 𝑅+ ≤ 0.25
• high-𝑅+ : 𝑅+ > 0.25
• low-SVJ2 : both leading jets tagged as semi-visible jet in the low-𝑅+

region
• high-SVJ2 : both leading jets tagged as semi-visible jet in the high-𝑅+

region



Run 2 : Background Estimation (CMS)
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s-channel (lepton-enriched)

• GNN-based jet tagger LunNet
• Mass-decorrelated ABCDisCoTEC used for background 

estimation
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Region D Region C

Region B Region A



Run 2 : Background Estimation (CMS)
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s-channel (tau-enriched)

• GNN-based jet tagger LunNet
• Mass-decorrelated ABCDisCoTEC used for background 

estimation
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Region D Region C

Region B

Region A



Run 2 Analysis : Exclusion Limits (CMS)
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s-channel (lepton-enriched) s-channel (tau-enriched)s-channel (full hadronic)

• GNN-based jet tagger LunNet
• mass-decorrelated ABCDisCoTEC used 

for background estimation

1.8 < mZ’ < 3.5 TeV

• Model dependent BDT-based jet 
tagger

• Data-driven method based on transfer 
factors from control to signal regions 
used for background estimation

1.5 < mZ' < 5.1 TeV

• GNN-based jet tagger LunNet
• mass-decorrelated ABCDisCoTEC used 

for background estimation

1.5 < mZ' < 4.7 TeV
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Run 2 : Signal-Background Discriminants (ATLAS)
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t-channels-channel

• ML-based PFN , ANTELOPE SVJ classifier
• Data-driven 𝑚! spectrum fitting for 

QCD background estimation

PFN : Particle Flow Network
ANTELOPE : Anomaly Detection on Particle Flow 
Latent Space

• Jet-MET alignment variables for SVJ 
identification

• Simultaneous likelihood fit using signal 
and control regions

14

CERN-EP-2025-101 CERN-EP-2023-084



Run 2 : Background Estimation (ATLAS)
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t-channels-channel

• ML-based PFN , ANTELOPE SVJ classifier
• Data-driven 𝑚! spectrum fitting for 

QCD background estimation

• Jet-MET alignment variables for SVJ 
identification

• Simultaneous likelihood fit using signal 
and control regions
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PFN ANTELOPE

𝑝!"#$ (Transverse momentum balance) : Measures the transverse 
momentum imbalance between the two leading jets.



Run 2 Analysis : Exclusion Limits (ATLAS)
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t-channels-channel

• ML-based PFN , ANTELOPE SVJ classifier
• Data-driven 𝑚! spectrum fitting for 

QCD background estimation

m%% ≈ 3.2 TeV for R#&' = 0.2
m%% ≈ 2.0 TeV for R#&' = 0.4

• Jet-MET alignment variables for SVJ 
idenaficaaon

• Simultaneous likelihood fit using signal 
and control regions

m( ≈ 2.4 TeV for R#&' = 0.4
m( ≈ 2.7 TeV for R#&' = 0.8
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CMS Run 2 Ongoing Analyses
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boosted scouting t-channel
• Model independent cut-based 

and BDT-based boosted SVJ 
tagger

• rhalphabet used for 
background estimation

• GNN and GAE-based SVJ tagger
• scouting data
• Double DisCoTEC used for 

background estimation

• Non-resonant search
• Particle Net and WNAE-based 

SVJ tagging
• ABCDisCoTEC used for 

background estimation

17

Key Idea
boosted ISR recoil boosts low-mass semi-visible jet
scouting Trigger level reconstruction for low-mass resonant production
t-channel Non-resonant production topology

Results for boosted , scouting , t-channel in CMS are not yet public.



CMS Run 3 SVJ Analysis Strategy
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Unified Analysis 
Framework

• Multi-mode integration

• s-channel, t-channel, 

boosted, scouting

Jet Tagging and 
Reconstruction

• GNN taggers
• Lund plane representation
• Supervised / Unsupervised

• ML-based Dark hadron mass 
reconstruction
• GROOM (Graph Reduction 

for Optimal Object Mass)

Background and 
Systematics

• ML-based Background 

estimation

• ABCDisCoTEC

• rhalphabet

Final Signal Extraction

• High-sensi=vity bump 

hunt

• dark hadron mass 

spectrum

18



Performance evaluation
: Area Under the ROC Curve (AUC)

Advanced GNN Tagging
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• Graph Neural Network (GNN) Tagger via Lund Plane
• Lund plane representation mapped for efficient jet clustering

• Dual Algorithmic Approaches
• Supervised

• high-precision categorization against specific signal benchmarks
• Unsupervised

• Graph Autoencoder (GAE) framework for model-independent anomaly detection

• Algorithmic Improvements for Run 3
• Graph Wasserstein Autoencoder (WNAE) with Wasserstein normalization
• Enhanced sensitivity to exotic dark topologies

Figure adapted from CMS PAS EXO-24-029

19

IRC (Infrared and Collinear) safety
• Insensitive to soft radiation and 

collinear splittings
• Preserves the physically meaningful jet 

structure



Dark Hadron Mass Reconstruction
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• GROOM: Graph Reduction for Optimal Object Mass

• Event Variable Network based framework

• ML-based reconstruction of the dark hadron mass scale (mdark)

• Recovers mass information despite invisible energy loss in semi-
visible jet events

• Robust performance across the broad range of dark sector 
parameters

• Jet Substructure and per-Jet Observables

• Extracts dark hadron mass information from jet substructure

• Suppresses contamination from soft radiation and detector noise

• Provides the per-jet mass observable suitable for localized bump 
hunting

References : arXiv:2105.10126, arXiv:2303.16253 20

SD : Soft Drop grooming



Background Estimation 1
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• ABCDisCoTEC (ABCD with Distance Correlation + Training Enhanced with Closure)

• Machine-learning based extension of the traditional ABCD method
• Automated closure training using control and signal regions
• Distance-correlation and non-closure constraints incorporated into the loss function 

• Minimizes correlations between discriminating variables to improve prediction accuracy
• Enables data-driven background prediction in complex multi-dimensional phase spaces
• Reduces residual correlations between control and signal variables

21

Run 2 results of Semi visible jet s-channel

Region D Region C

Region B Region A



Background Estimation 2
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• rhalphabet Parametric Method
• Data-driven estimation of the QCD multi-jet background

• Uses decorrelated discriminant variables to define control and signal regions

• Background shape propagated through the continuous transfer function (Rpl(m))

• Designed to preserve the jet-mass spectrum while minimizing selection biases

• Predicts the background shape in the signal region from control region data

22

• No public results yet.

• rhalphabet used in boosted semi-visible jet 

searches (run 2)



CMS Run 3 Data Analysis Status
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• Framework Automation & Parameter Scanning

• Automated workflows established via Bash and Condor JDL scripts to scan Dark QCD parameter space.

• Production configurations validated through multi-job submissions using Pythia8 and Delphes.

• Framework Optimization & Repository Centralization

• Custom developments structured to be merged with the central repository: https://github.com/cms-

svj/model_building.git

• Next phase focuses on establishing official CMS benchmark models and expanding parameter scans.

Reference : O. Pacheco-Vazquez and A. Garcia-Bellido, "Automation of Dark Model Variables for SVJ Studies," presented at the LHC Dark 
Showers Benchmarking WG, Mar. 16, 2026.

23

https://github.com/cms-svj/model_building.git
https://github.com/cms-svj/model_building.git
https://github.com/cms-svj/model_building.git


Summary
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• New Paradigm in Dark Matter Searches
• Shifting from traditional WIMPs to Dark QCD scenarios to explore complex hidden-sector phenomena.

• Semi-Visible Jets (SVJs) provide unique collider signatures with missing transverse momentum (pT
miss) 

characteristically aligned with the visible jet axis.

• Comprehensive Constraints from Run 2 Searches
• Established a diverse search landscape across multiple channels: s-channel (full hadronic/lepton-

enriched), boosted, scouting, and t-channel topologies.

• Broad Z' mediator mass ranges successfully excluded (up to 5.1 TeV in s-channel), setting stringent 

constraints on Dark QCD benchmarks.

• Advanced Strategy and Infrastructure for Run 3
• Deploying LundNet taggers and GROOM networks for dark hadron mass reconstruction.

• Implementing ML-driven background control (ABCDisCoTEC, rhalphabet) for high-precision bump hunts.

• Streamlining systematic parameter scans via automated workflows integrated into central repositories.
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