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Long -lived  particles  (LLPs ) at colliders

arxiv:1810.12602

Long-Lived 
particles (LLPs)

Small couplings

Small mass splittings

Decays via massive particles

Lifetime

https://arxiv.org/abs/1810.12602


Axion  portal: Long -lived  Axion -like  particles



LLPs  at colliders : unconventional  detector signatures

Image credit: Heather Russell

Long-lived ALP decaying 
hadronically in the Calorimeters 

→ Displaced Jet (DJ)
Ly

Lx

ATLAS work in progress

ATLAS work in 
progress

https://hrussell.web.cern.ch/hrussell/graphics.html


• Theoretical Benchmark signatures

• Background content

• Event preselection 

• Signal identification

• Background estimation

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter 
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Theoretical  Benchmark  signatures

Charming ALP model [ALPs from the Top - arXiv:2202.09371]

EFT where ALPs only interact with up-type quarks at tree-level:

𝑐𝑢𝑐 = 𝑐𝑐𝑢 = 0

𝑐𝑖𝑗 = 1 → flavour violating coupling

except for

𝑐𝑖𝑖 free parameters for tuning lifetime coupling matrix elements

Single top + ALP (DJ) Top + light q + ALP (DJ)

https://arxiv.org/abs/2202.09371
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Charming ALP model [ALPs from the Top - arXiv:2202.09371]

EFT where ALPs only interact with up-type quarks at tree-level:

𝑐𝑢𝑐 = 𝑐𝑐𝑢 = 0

𝑐𝑖𝑗 = 1 → flavour violating coupling

except for

𝑐𝑖𝑖 free parameters for tuning lifetime coupling matrix elements

Single top + ALP (DJ) Top + light q + ALP (DJ)

Linear ALP model

[On the coupling of axion-like particles to top quark – 
arXiv:2303.17634v3] 

Only the ALP-top 
quark coupling ≠ 0  

EFT describes the ALP to third-generation 
fermion couplings as:

SM 𝑡 ҧ𝑡 + ALP (DJ)

https://arxiv.org/abs/2202.09371
https://arxiv.org/abs/2303.17634v3


Theoretical  Benchmark  signatures

Charming ALP model Linear ALP model

Paper: [arXiv:2303.17634v3] 

This search

This search

Single top + DJ Top + qDJ 𝑡 ҧ𝑡+ DJ

Paper: [arXiv:2202.09371]

https://arxiv.org/abs/2303.17634v3
https://arxiv.org/abs/2202.09371
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Background  content

Main Backgrounds:

• QCD multi jets (SM jets): 
• dominant background due to high cross-section 
• low probability to mimic signal 

• Beam-induced background (BIB): muon from bunch interacting 
with beam pipe undergoing bremsstrahlung in the HCAL 

• Cosmics: lowest rate. 

Can all look like trackless, narrow, with low/no energy in the ECal! 

BIB can be differenciated 
from signal with the timing
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Event preselection

The study is separated in three different searches, according to the final state signatures:

Signal Trigger Event cleaning Final selection ALP candidate jet

Single top + DJ ALP → DJ
Top quark → 1 b-jet + W 
decay products (lepton 

+MET or 2 hadronic jets)

Single lepton −3 < time(sig; bib) <15 ns

log10(EH/EM)> −1.5 for 

jetsig

Cuts in top quark 
decay products 

e.g:
pT

lepton > 25 GeV(μ) 

> 27 GeV(e)
MET > 30 GeV
mT,W > 50 GeV

ALP decay products  
features

pT(jetsig) 
Trackless?

Efrac per calo layer
Reconstructed as 1 
or 2 jet cones?

ΔR < 0.4 → 1 jet
ΔR > 0.4 → 2 jet

Neural Net for DJ 
identification

top +qDJ Exotic-top quark → 1 
light jet (u/c) + ALP → DJ
SM anti-top quark → 1 

b-jet + W decay products 
(lepton +MET or 2 
hadronic jets)

𝒕 ҧ𝒕+ DJ ALP → DJ
Top and anti-top quark
→ 2 b-jets + 2 lept + MET

or
→ 2 b-jets + 1 lept + 2 
hadronic jets

Single lepton

Dilepton
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Transformer  
Neural 

Network

Signal identification: per -jet NN
Developing a per-Jet Transformer Neural 
Network (NN)  to classify a jet as signal, QCD-
like or BIB 

Inputs variables:
• Track variables (pT, 𝜂, 𝜙, d0, z0 …)
• Jet variables (pT, 𝜂, 𝜙)
• Muon segment variables (𝜂 and 𝜙 position, 

𝜂 and 𝜙 direction, t0 direction)
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Signal identification: per -jet NN
Developing a per-Jet Transformer Neural 
Network (NN)  to classify a jet as signal, QCD-
like or BIB 

Inputs variables:
• Track variables (pT, 𝜂, 𝜙, d0, z0 …)
• Jet variables (pT, 𝜂, 𝜙)
• Muon segment variables (𝜂 and 𝜙 position, 

𝜂 and 𝜙 direction, t0 direction)

Output: 3 scores for each jet → Signal, BIB or SM-QCD 
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Background  estimation

Using only Monte Carlo (MC) simulations leads to:
• Low statistics when removing background
• No MC for BIB

Data driven background estimation - The ABCD method 
• Use two uncorrelated variables, divide a plane into 4 regions:

  A (signal region) and B, C, D (control regions)
• Background content in A can be estimated as



Summary

• Long-lived particles are one of the most promising approaches for Beyond Standard Model 
theories 

• Two benchmark models based on EFTs: charming ALP & Linear ALP
• A complete analysis staretgy is being developed from the scratch

• Event preselections defined
• Background content under study
• Developing new NN for signal identification
• Developing background estimation techniques to well identify signal from background

Expecting new data coming from HL-LHC era!!

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter 
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Event preselection

The study is separated in three different searches, according to the final state signatures:

Signal Trigger Event cleaning Final selection ALP candidate jet

Single top + DJ Single lepton −3 < time(sig; bib) <15 ns

log10(EH/EM)> −1.5 for 

jetsig

Cuts in top quark 
decay products 

e.g:
pT

lepton > 25 GeV(μ) 

> 27 GeV(e)
MET > 30 GeV
mT,W > 50 GeV

ALP decay products  
features

pT(jetsig) 
Trackless?

Efrac per calo layer
Reconstructed as 1 
or 2 jet cones?

ΔR < 0.4 → 1 jet
ΔR > 0.4 → 2 jet

Neural Net for DJ 
identification

top +qDJ

𝒕 ҧ𝒕+ DJ Single lepton

Dilepton



small couplings, small mass splittings
decays via off-shell particles Long-Lived 
particles (LLPs)

Long -lived  particles  (LLPs ) at colliders

arxiv:1810.12602

https://arxiv.org/abs/1810.12602


Long -lived  particles  at colliders

arxiv:1810.12602

Any model with small couplings, small mass splittings, 
or decays via off-shell particles can result in LLPs

https://arxiv.org/abs/1810.12602


Theoretical  Benchmark  signatures



Theoretical  Benchmark  signatures



Background  estimation  & systematics
Only using MC leads to:
• Low statistics when removing background
• No MC for BIB

Data driven background estimation: used to predict the expected background yield in the search region given the data in the 
other three regions

The ABCD method: use two uncorrelated variables, divide plane into 4 regions and use
Goal: estimate the background in the signal region 

•Train two BDTs to separate signal from background
•Use decorrelation to keep the BDT scores independent
•Define ABCD regions in the 2D BDT score plane:
Optimize for expected significance but maintain closure → i.e. keep ABCD prediction consistent with MC expectation

Signal MC
Background MC (ttbar, 

W+jets, single top)

→Algo de sistemáticos



Transformer  
Neural 

Network

Signal identification: per -jet NN
Mismodelling
- Large mismodelling in some variables 

can lead to data/MC discrepancies
e.g: timing

Timing:
• Very useful variable for distinguidh 

between BIB jets and signal
• Not well modelled in simulations

Solution: Define a QCD Control Region

• Complementary training in the TNN comparing 
data and MC

• Specific preselection to have low signal/BIB 
contamination, distinct region from training 
dataset

• Goal - dataset where data/MC are identical 
except for mismodeled variables

Add CR



Signal identification : per -jet NN

Timing is a variable that is very useful for distinguishing BIB jets from signal jets; however, it is not modelled correctly.
The data timing does not correspond to the timing used in the simulation. This prevents the neural network from learning 
properly, which would introduce a systematic error. Therefore, timing is a variable that leads to mis-modelling.

mismodelling in some variables can lead to big differences in data/MC performance

Control Region for NN Training Data: creation of a Control Region with only MC and data background to prevent the NN 
model learning from data/MC mismodeling in classification

CR dataset: multijet events - data and MC
• Specific preselection to have low signal/BIB 

contamination, distinct region from training dataset
• Goal - dataset where data/MC are identical except 

for mismodeled variables
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