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• Semi-stable particles 
everywhere in the SM!

• Long-lived particles (LLPs) 
:= do not decay instantly 
(eg  Higgs, W/Z, t, etc)

LLPs in the SM

• LLPs occur when decay suppressed:

• Decay interaction very weak
• Mediator particle very heavy
• Density of final states very low 
• Particles very close in mass

B. Shuve
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• We all know SM has serious flaws...

• Why is H so light ?  
(Hierarchy Problem)

3

LLPs in BSM models

H
Plank 
Mass
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• We all know SM has serious flaws...

• Why is H so light ?  
(Hierarchy Problem)

• What is Dark Matter?

4

LLPs in BSM models
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• We all know SM has serious flaws...

• Why is H so light ?  
(Hierarchy Problem)

• What is Dark Matter?

• Neutrino oscillations + masses 

5

LLPs in BSM models
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• Proposed solutions often involve LLPs!

• Why is H so light ?  
(Hierarchy Problem)

 

6

LLPs in BSM models

→ SUSY

Semi-stable 
for high mq!~
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• Proposed solutions often involve LLPs!

• Why is H so light ?  
(Hierarchy Problem)

• What is Dark Matter?

7

LLPs in BSM models

→ SUSY

→ Hidden Sector
SM DM

H

May contain LLPs
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• Proposed solutions often involve LLPs!

• Why is H so light ?  
(Hierarchy Problem)

• What is Dark Matter?

• Neutrino oscillations + masses 

8

LLPs in BSM models

→ SUSY

→ Hidden Sector

→ Heavy Neutral Leptons

Semi-stable?
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LLPs in BSM models

Semi-stable 
for high mq!~

SM DM
H

Semi-stable?

May contain LLPs

Lifetimes typically 
unconstrained...

could decay within 
ATLAS detector volume?
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Check your  
blind spot

mm detector
edge

decay length

Is there new physics 
here?

• ...but ATLAS not designed for highly displaced activity!
• Usually assume new particles are unstable... LHC detectors 

designed for particles decaying near beam crossing. 
• LLP signals look like detector noise
• This is ATLAS and CMS’s blind spot!
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The ATLAS detector 
and neutral LLP signatures
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A cross section of ATLAS

μ

e

ɣ

p

Muon System  
(MS)

Hadronic Calorimeter  
(HCAL) 
 
Electromagnetic 
Calorimeter  
(ECAL)

Solenoid Magnet

Transition Radiation 
Tracker  (TRT)

Semiconductor 
Tracker (SCT) 

n

Inner Detector (ID)
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What would a neutral LLP 
signature look like?

Neutral LLP 
decaying in 
tracker:

Displaced vertex 
appearing in 
tracker

https://arxiv.org/abs/1504.03634

https://arxiv.org/abs/1504.03634
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What would a neutral LLP 
signature look like?

Neutral LLP 
decaying in 
calorimeter:

Trackless jet

https://arxiv.org/abs/1902.03094

https://arxiv.org/abs/1902.03094
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Neutral LLP 
decaying in 
Muons System:

lepton-jet or 
vertex in the MS

What would a neutral LLP 
signature look like?

https://arxiv.org/abs/1811.07370

https://arxiv.org/abs/1811.07370
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What would a neutral LLP 
signature look like?

Focus on  
LLP decaying in HCAL

How would it compare  
to a regular SM jet?
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What would a neutral LLP 
signature look like?

Focus on  
LLP decaying in HCAL 

How would it compare  
to a regular SM jet?  

- Narrow : shower  
starts much later, 
has less time to 
become spatially 
separated



Slide title

18

0 tracks

several 
tracks

Focus on  
LLP decaying in HCAL

How would it compare  
to a regular SM jet?

- Narrow 
- Trackless:  

neutral LLPs  
-> no hits in ID 

What would a neutral LLP 
signature look like?
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Little/no 
energy deposited 

in ECAL

Energy deposits 
in ECAL

Almost all 
energy deposited

in HCAL

Energy deposits 
in HCAL

What would a neutral LLP 
signature look like?

Focus on  
LLP decaying in HCAL

How would it compare  
to a regular SM jet?

- Narrow 
- Trackless
- Low fraction of 

energy in the ECAL: 
Define Calorimeter 
Ratio (CalRatio): 
EHCAL/EECAL 

Signal: CalRatio Jets
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Unusual Backgrounds...
QCD from multi-jet events

• QCD jets  
rarely look like 
CalRatio Jets

• ...but there are a 
LOT of QCD jets  
(>105 x signal!)

• Dominant 
background!
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Unusual Backgrounds...
Beam-induced Background

LHC beams

beam halo muons

• QCD jets

• Beam-induced 
background (BIB) 
from beam halo 
muons

pa
ra

lle
l t

o 
LH

C 
be

am
s
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Unusual Backgrounds...
Cosmic Rays

• QCD jets

• Beam-induced 
background (BIB)

• Cosmic Rays can 
traverse the cavern 
and leave deposits 
in the HCAL

pa
ra

lle
l t

o 
LH

C 
be

am
s
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Unusual Backgrounds...
Beam-induced Background

pa
ra

lle
l t

o 
LH

C 
be

am
s

• QCD jets

• Beam-induced 
background (BIB)

• Cosmic Rays 

• Can all look like 
narrow, trackless 
jets with high 
CalRatio!
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Analysis using CalRatio Jets
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Analysis Strategy

`§`§

• Three sister analyses:  
this one for CalRatio jets

• Signature-driven search : 
benchmark model  

• 2016 LHC dataset: 33/fb
• Hack ATLAS to look for LLPs!

CalRatio 

jet

CalRatio jet
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Trigger and 
Dataset 

Collection  
`§`§
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Le
ve

l 1
How to trigger LLP events 

at Level 1

PassFail

ET > 60 GeV HCAL deposit  
in  ‘narrow’ region:  
0.2 x 0.2 (η x ɸ) 

(default: 0.8 x 0.8)

PassFail

ET > 30 GeV HCAL deposit  
in 0.2 x 0.2 (η x ɸ)  
veto if matching  

ET > 3 GeV ECAL deposit

High-ET Trigger
(full 2016 dataset ~33/fb)

Low-ET Trigger  
(1/3 of 2016 dataset ~11/fb)

Level 1 : Hardware trigger, no track info, only rough calo info



Cluster z [m]
5− 0 5

Ti
m

e 
[n

s]
20−

0

20

1

10

210

 0.34≥ presel BIB-weight 
T

High-E

BIB dataATLAS  
-1=13 TeV, 33.0 fbs

28

Level 1

H
LT

≥1 jet with: 
- ET > 30 GeV
- |η|<2.5 
- log(EH/EEM) >1.2 
- custom noise suppression

+ BIB-removal algorithm: 
cluster timing + alignment

Pass BIB-removal: 
→Main dataset 
(→or Cosmics dataset)

Fail BIB-removal
→ BIB dataset

How to trigger LLP events 
at High Level Trigger

High-ET Trigger Low-ET Trigger

BIB jets: 
 ‘Banana’-shaped   

timing-vs-z distribution

OR

HLT : Computing farm, access to tracking information
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• Low-ET Trigger for mɸ ≤ 200 GeV: more sensitive, even with 1/3 data
• Better off with High-ET Trigger for mɸ > 200 GeV

Two analysis streams

• Low-mɸ models peak ~ 60-100 GeV 
high-ET trigger would kill signal!

High-ET Trigger 
turns on much later than
Low-ET Trigger 

• High-mɸ models peak 
> 150 GeV
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Preselection
`§`§
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• Require 2 jets (pT > 40 GeV) 
• Pick events with trackless jets:  ∑ΔRmin (jet, track) 

31

Preselection

ΔRmin ~0 

ΔRmin ~0 

ΔRmin ~0 

ΔRmin ~0 

ΔRmin ~0 

ΔRmin ~0 

ΔRmin ~1 

ΔRmin ~1 

Regular SM events:  
∑ΔRmin ~ 0

Event with 2 CalRatio-like jets:  
∑ΔRmin ~ 2

Preselection: ∑ΔRmin > 0.5 
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`§`§

Signal vs Background  
using Machine 

Learning

(Focus on Per-Jet BDT)



Identify signal jets: 
Per-jet BDT
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• Multi-class Boosted Decision Tree (BDT):  
separate jets as signal-like, BIB-like or multijet-like 

• Inputs: MLP decay position, jet width/energy variables, 
timing information...
• Trained on BIB Data, multijet MC, signal samples
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High BIB-weight

Per-Jet BDT 
performance
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`§`§

Selection Optimisation
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Final Selections

• Final selections remove any significant BIB or cosmics
• Optimised for high S/B in search region ‘A’
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`§`§
Background Estimate
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The ABCD method

• 2 ~uncorrelated variables, divide plane into 4 regions
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The ABCD method

• 2 ~uncorrelated variables, divide plane into 4 regions
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Similar for  
low-ET!
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Main selections Estim. A Estim. A A B C D

(a priori) (a posteriori)

High-ET selection 6.7+3.2
�2.3 8.5+2.3

�2.0 10 9 187 253

Low-ET selection 2.5+2.5
�1.4 5.3+2.1

�1.6 7 2 70 57 40

The ABCD method

• 2 ~uncorrelated variables, divide plane into 4 regions
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No excess 
 😞
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`§`§

Statistical 
Interpretation
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Limit Setting

• No excess → 95% CL limits 
(CLs method)

• Simultaneous S+B likelihood fit 
to all regions:

• Uncertainties as nuisances with 
Gaussian constraints.
• Bkg uncertainty ~25%
• Main signal uncertainty:  

Jet Energy (re-derive for 
CalRatio jets) ~15%

• Total signal uncertainty: 
10-25% depending on model
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`§`§

Combination with 
MS vertex 
analysis

Combine with other 
searches
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MS vertex analysis

• Same benchmark 
models as 
CalRatio search

• LLPs decaying in 
the MS

• Reconstructed as 
displaced vertices:
• 1- and 2-vertex 

channels

https://arxiv.org/abs/1811.07370

https://arxiv.org/abs/1811.07370


Slide titleCombination

s proper decay length [m]
1−10 1 10 210

 s
s

→ 
ΦB

95
%

 C
L 

U
pp

er
 L

im
it 

on
 

4−10

3−10

2−10

1−10

1

10

210

310

410

510
ATLAS  = 13 TeVs

 = 25 GeVs = 125 GeV, mΦm
 ]-1CR limit [10.8 fb

 ]-1MS1+MS2 limit [36.1 fb
CR+(MS1+MS2) limit

Obs.
σ 1±Exp. 

 ss→H B100% 
 ss→H B10% 

 ss→H B1% 

s proper decay length [m]
1−10 1 10 210

 [p
b]

 s
s

→ 
ΦB × 

σ
95

%
 C

L 
U

pp
er

 L
im

it 
on

 

3−10

2−10

1−10

1

10

210

310

410
ATLAS  = 13 TeVs

 = 150 GeVs = 600 GeV, mΦm
 ]-1CR limit [33.0 fb

 ]-1MS2 limit [36.1 fb
CR+MS2 limit

Obs.
σ 1±Exp. 

• Orthogonal selections
• Simultaneous fit of likelihood functions for each search
• Analyses dominated by different uncertainties
• Common resource for theorists 

45
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What Next for LLP searches?
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What Next ?  
Full Run 2 Analysis

• Explore new channels:
• ID + CalRatio
• MS + CalRatio
• CalRatio + missing energy 
• LLP decays in ECAL

• Full LHC run 2 dataset :  
5x more data!
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• Why?
• Duty to the taxpayer 😉

• Test new models without repeating search
• Faster feedback to theory community

• Challenges... How to get around BDTs, etc?

What Next ?  
Re-interpretation

• LHC is a billion-dollar machine :  
→ How can we preserve analyses for the future?
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• How? Searches with Non-SM bkg (eg CalRatio jets):  

use eg RECAST https://arxiv.org/abs/1010.2506

• Preserve + automate entire workflow in Docker
• Theorists may request new signals to be propagated
• Upcoming note: CalRatio search as proof of concept 49

What Next ?  
Re-interpretation
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Original  
Search

RECAST

https://arxiv.org/abs/1010.2506
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Longer-term 
Searches for LLPs

https://arxiv.org/abs/1901.04040

https://arxiv.org/abs/1901.04468

https://arxiv.org/abs/1810.06733
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Summary

• Long-lived particles occur in many BSM models...
• ... but in the blind spot for LHC experiments!
• LLP community: plug gap with signature-driven searches 
→ Showed CalRatio jets example

• No sign of LLPs yet... but programme very active
• Recently-published LLP community white paper details 

current efforts and promising avenues 
https://arxiv.org/abs/1903.04497

• → stay tuned!
• In meantime, focus on demonstrating re-interpretation of 

signature-driven search

https://arxiv.org/abs/1903.04497
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Any Questions?
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Backup
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Signal Samples

Used mainly for 
BDT training  
and systematics

Used analysis 
efficiency/limits, and 
for BDT testing 

Statistically independent!• We consider a range of different 
options for the mass of the 
mediator  

• From Higgs-like... 

• ... to 1 TeV! 

• And masses of the LLPs 

• For each hypothesis, we have two 
samples with different lifetimes: 

• One for training BDTs, 
systematic and cross-checks 

• the other for evaluating 
analysis efficiency
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How to trigger LLP events
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• Combatting QCD / Pileup at Trigger level:

• Requiring a high ET threshold or lack of activity in before the HCAL

• Combatting BIB at Trigger level:

LHC beam

bean halo muons

BIB deposits 
tend to be aligned 

horizontally 

BIB does not need to travel via collision point, so 
appears ‘early’ with respect to particles from IP BIB events have a characteristic 

distribution in timing vs z.
We call them ‘banana plots’
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Low-ET Trigger 
plateau ~60 GeV  

• Low-ET Trigger for mɸ ≤ 200 GeV: more sensitive, even with 1/3 data 
• Better off with High-ET Trigger for mɸ > 200 GeV

High-ET Trigger 
plateau >150 GeV

Two analysis streams

• Low-mɸ models peak ~ 60-100 GeV
• High-mɸ models peak > 150 GeV
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Trigger Plots
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• Multi-layer Perceptron (MLP) 
regression

• Objective: estimate  
LLP decay positions

• Inputs: 
• jet energy in each  

ECAL+HCAL layer
• jet η
• truth LLP decay positions

• Trained on range of signal 
models to reduce model 
dependence
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Per-jet BDT inputs
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Per-event BDT
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• Separate events as: 
signal-like vs BIB/QCD-like 

• Inputs:
• jet signal- & BIB-weights, pT, 

timing, cluster info
• event-level variables eg:  

HT/HTmiss, Meff

• Trained on signal vs BIB data
• Separately for  

High-ET and low-ET analyses
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High ET

Low ET



ABCD plots after 
 even cleaning
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Validation of ABCD Method

Validation selections Estim. A A B C D

VR

high-ET
66± 15 70 64 57 55

VR

low-ET
54± 17 36 35 34 22

Main selections Estim. A Estim. A A B C D

(a priori) (a posteriori)

High-ET selection 6.7+3.2
�2.3 8.5+2.3

�2.0 10 9 187 253

Low-ET selection 2.5+2.5
�1.4 5.3+2.1

�1.6 7 2 70 57
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The ABCD method
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Overview of uncertainties

• ABCD method 22% hight-ET plane, 25% low-ET plane 

• Jet energy scale and resolution 1 -10 %  

• Since we use non-standrad jets, estimate additional resolution, which is 
parametrised as a function of EMF in addition to eta. 1 -17 % 

• Trigger efficiency estimated from tag-and-probe method using b-triggers. 
Small, around 2% for all models 

• Pileup RW 1-12 % 

• PDF uncertainties 8% to 3% 

• BDT mis-modelling, around 2% 

• Lumi 2%
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• Signal generated for specific 
LLP lifetimes 𝝉gen

• Signal efficiency for other 
lifetimes by reweighing:

• w(t) for each LLP 
weight per-event to 𝝉new

• Method validated in test 
samples with alternate 
lifetimes

72

Lifetime Extrapolation
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Comparison to Run 1
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Limit Setting
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