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Motivations for BSM models and searches
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• “Naturalness” & Unification ⇒ learn more about the higgs sector, new BSM Higgses? 
Higgs self-coupling?  Top partners? Light gluon partners (gluino, KK-excitation)? New 
scalars? 

• Flavour anomalies ⇒ New Z’ with FCNC? Leptoquarks? EFT-based bsll searches?

• Dark Matter motivated ⇒ MET, mono-X, mediator searches, electroweakino, …

• Neutrino mass ⇒ HNL, new W’, Z’, …

•Because we see nothing ⇒ Axion-like particles,  
stopped charged particles, heavy tracks, …
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[See talks by V. Hegde, + 27 WG2 talks + ?? Posters] 

Over 300 searches from ATLAS & CMS SUSY, Exotics groups

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV


What does it take to test a theory at the LHC?
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• Write down the general Lagrangian + find parameter space the gets you the 
right phenomenology (e.g. DM density)

• Identify the corresponding LHC production + decay modes; make a “simplified 
model” based on this (this is so we can capture the general features)

• Pick particles + interactions & scan over Masses, couplings, (or lifetimes)

• Identify if any existing searches (LHC + DD etc.) are sensitive to this model; 
reinterpret all existing limits; do they leave off some interesting phase space?

• Provide a proof-of-concept search strategy; useful if cut-and-count because 
more transparent



Simplified models — a blessing and a curse
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Easy to optimise your analysis

Few model 
parameters,  easy 

to provide 
efficiencies to 

recombine

Rely on having the same “topology” and angular distributions



Lagrangian + 
parameters

Analysis cuts & 
statistical 

predictions

Observable 
processes: 

production of new 
particles, interference 

etc.

e.g. Jets+leptons+MET, unusual signal 
strengths (branching fractions)


Exotic signals: Displaced vertices, 
disappearing tracks

Change 
params

Pythia8 

Pythia 8.2 Manual (2015) 


 SUSY & SLHA (2012) 

Dark Matter in Pythia8 (2018) 


Pythia 8.3 Manual (2022)MO
NT

E C
AR
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ST CheckMATE2


Dercks, Desai, et al (2017)

LLP searches (2021)

Simulate detector 
effects

Monte Carlo

Recasting

Compare with published 
shapes/limits

Needs to be validated! 
Cut flow, benchmarks, 
detector acceptances 
and efficiencies etc. 
needed to accomplish 
this

11
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MC generators are complicated beasts

BSM models

•  2203.11601

Pythia8 Coll. 2203.11601

Changes in showering?

https://arxiv.org/abs/2203.11601


Flowchart for Recasting analyses
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386 D. Dercks et al. / Computer Physics Communications 221 (2017) 383–418

Fig. 1. Flow chart to demonstrate the chain of data processing within CheckMATE.

besides removing the requirement for large storage. However, if the user requires so, the intermediate objects can be written to the disk
using the switches WritePythiaEvents and WriteDelphesEvents, cf. Section 3.

2.3. Event use or generation:

One of the core parts of Monte Carlo based collider phenomenology is the simulation of final state configurations that would be
produced in a collider experiment if a particular model of BSM physics was true. In the first version of CheckMATE, the event generation
had to be done externally by the user. MC event files and the corresponding cross section – either from the same event generator or from
an external cross section calculator like Prospino [31–35] or NLLFast [31,32,36–40] – were mandatory input parameters which were
then processed via Delphes 3within CheckMATE. Besides the practical inconvenience that every CheckMATE user had to use an external
event generator, the forced split between event generation and detector simulation/analysis also yields a computational disadvantage as
already explained above. Consequently, the new CheckMATE version now provides an automatic link to both MadGraph5_aMC@NLO [41]
and the Pythia 8 [42] event generation. With this new functionality, CheckMATE provides different types of modes to either run
MadGraph5_aMC@NLO and Pythia 8 or simply use already generated event files:

Provide an externally produced .hepmc or .hep event file: We first emphasise that if the user wishes to provide Monte Carlo events
in either .hepmc or .hep format to CheckMATE, this option is still supported. CheckMATE will then pass these events directly to
Delphes 3 for detector simulation.

Generate events entirely using Pythia 8: Pythia 8 is capable of generating events for BSM models followed by parton showering
and hadronisation of the final state. This functionality can be accessed by CheckMATE in two different ways.
The first possibility is to provide the Pythia 8 setup via an .in file which uses the Pythia 8 internal syntax, see Refs. [42–44], to set
the internal parameters. This mode allows for the full flexibility of the Pythia 8 program as all parameters can be changed via this
input file method. Most importantly, the .in file is used to define the model and the list of processes which should be generated. All
model parameters (e.g. couplings, masses, widths, branching ratios etc.) must be provided in the input file. If a supersymmetric (SUSY)

5 We show later that we can gain a factor of 3 in speed between CheckMATE version 1 and CheckMATE version 2 depending on the details of the benchmark model and
the number of parallel runs. Details can be found in Section 6.

Write the Lagrangian

Generate signal events

Include QCD effects

Include detector effects

Simulate kinematic cuts

Compare to published

upper limits

Dercks, ND et al. Comp. Phys. Comm. (2017)

*

* Delphes output is not sufficient to do LLPs; we do our own vertexing/efficiencies to validate



What are issues in Reinterpretation?
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See also ongoing workshop of the Re-interpretation Forum:  https://indico.cern.ch/event/1197680/

• Make sure that published results are actually usable; multiple topologies, no missing 
efficiencies; check you can validate 
 
 
 

• Publication of correlations, full likelihoods where possible 
  Formats are complicated, only just started 
 

• NEW How to reuse ML/BDT based searches? 

RiF recommendations 2003.07868,  2109.04981 
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Recap: A case for DM searches @ LHC through LLPs

15

• Direct and Indirect DM searches rely of dark 
matter that is already existing and therefore 
sensitive to uncertainties (e.g. local density)

• Producing at colliders is complementary and 
does not rely on astrophysical estimates

Cosmological

Direct Detection Indirect Detection 

Collider

e.g. Cosmic Microwave Background, 



Recap: A case for DM searches @ LHC through LLPs
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•LHC Production mode + lifetimes of particles directly predicted by how DM produced in 
early universe 

• Well-motivated cosmological regimes (freeze-in, co-scattering) can be tested by LLPs 
because they predict small couplings.
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No WIMPs seen in Direct Detection or LHC so far

WIMPS

ATLAS MET search with full Run 2: 2102.10874Summary from Xenon at Gran Sasso Lab (LNGS)

CMS Run 2 Jets + MET: 2107.1302



Motivation for LLPs: Co-scattering Dark Matter
Co-scattering = small coupling + some compression:
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D’Agnolo et al. 1705.08450

Garny et al. 1705.09292

18



Motivation for LLPs: Freeze-in Dark Matter
Freeze-in: start with zero DM density, populate later via mediator decay/interactions
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Hall et al. 0911.1120



Co-scattering and Freeze-in
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DD

ID

Collider

DM has feeble couplings with 
SM

Needs mediator with SM

Mediator likely has very small 
decay width and is long-lived

Look for long-lived mediators

Co-scattering

  

Freeze-in

(    )



What does long lifetime signify?

Three ways to get a long-lived particle (i.e. very small decay width):

1. Small couplings 

2. Heavy intermediate particle (e.g. mesons in SM, mediator doesn’t have to be super heavy)

3. Compressed spectrum (e.g. new SU(2) Triplet fermion )

Ways to produce a particle at the LHC:

1. Needs to have colour/EW-charge to be produced directly

2. Can be produced in decays of another particle if it does not have SM charges

21



LLP Signature vocabulary

Displaced Leptons

Vertices

Jets Displaced, emerging, with lepton, trackless, …

with muons, lepton veto (n_trk ≥ 3), dimuon

eµ, µµ

“Prompt” Heavy charged track

Disappearing track

Tr
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M
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n
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CMS LLP searches include all of these



Understanding the CMS displaced lepton search
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CMS-PAS-EXO-16-022



Theoretically motivated but fall through search cracks!
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NN improves sensitivity many fold!
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Blekman, ND, et al 2007.03708

https://arxiv.org/abs/2007.03708


What triggers?
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2110.14675, CERN-LPCC-2021-01

The LLP WG has identified multiple 
avenues where more work is necessary



Hidden Valley & Dark Showers
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Hidden Valley: Strassler & Zurek hep-ph/0604261 
Emerging jets: 1502.05409 

Semi-visible jets: 1503.00009

Trick of using strongly 
charged production 

 
Potentially strong 

interactions between SM & 
DM

CMS 1810.10069
SM (pp)

Hidden sector “quarks”

Heavy Mediator

SM

Off-shell  
Heavy Mediator

Hidden sector  hadrons

   Dark shower  
+ Hadronisation

[See also talk by S. Kulkarni]



What would be the best way to describe these?
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• Current use of full Pythia8 machinery 
results in too many parameters (at a 
minimum, a scan in 8 dim; partly “tuning”)

• But clearly, many choices result in non-
distinguishable* phenomenology

• Can we encapsulate the difference 
meaningfully? —
• Mass of resonance to set production 
kinematics

• Simplified model-like one kind of 
dark hadron decay at a time


• Encapsulate the jet shape using our 
understanding of extremes

g = 0.1; fixed

g = 0.3; fixed

g = 0.1; running

g = 0.3; running

Jets from a 1 TeV resonance with different coupling & running 

Pythia Coll+ 1006.2911, 1102.3795, 2203.11601  



Take away —
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• ML ideas to find anomalies — autoencoders, energy mover distance, etc.
• Jet substructure techniques + QCD resummation improvements for heavy new 
particle searches

•…

• BSM search techniques at LHC are really quite mature now.  Innovation has shifted to 
finding really exotic signatures and preservation + reinterpretation of analyses.

• ML/BDT studies gaining popularity because what can be discoverable at Run 3 is clearly 
very hard to see (else we would have had an indication).

• New focus on improving coverage in LLPs and finding gaps in coverage

Not in this talk


