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Long-lived particle - collider experimentalist’s view
2

a neutral particle that decays a 
macroscopic, reconstructable distance 
from the p – p interaction point. 

a charged particle that decays as 
above, or is quasi- stable on the 
scale of the relevant detector. 

Timing, ionization and “displacements” are the key ingredients.  

Despite the different signatures, BSM LLPs have one thing in common: 

they need dedicated tools!  

This talk will focus on the Tracking Signature relevant for Displaced Vertex.  

New long-lived particles are both theoretically and experimentally strongly 
motivated. See excellent talks in the Wednesday section! 
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‣ Trigger: combination of hardware + software that must decide very quickly whether to save an event or 
lose it forever 

• First step in every search for LLPs: make sure that interesting events are saved! 

1. In associated production, trigger on prompt particle (Eg. WH prod. trigger on muons or MET) 

2. Design and develop a new trigger. Need to keep trigger rates under control and within budget 

• new in Run-2: “including topological triggers” 

‣ Object identification algorithms assume prompt particles. Need to adapt them 

‣ Dedicated reconstruction methods and search strategies 

‣ Backgrounds: usually instrumental background has to be taken into account 

‣ Systematic uncertainties: can’t use ATLAS recommendations for object reconstruction nor trigger

Challenges in LLP searches

weak decays of 
heavy flavour

material interactions beam halo muons cosmic muons

‣ LLPs come with interesting signatures, hard to realize
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Weak decay of heavy flavor Material interactions

beam halo muons cosmic muons
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JINST	3	(2008)	S08003	

JINST	3	(2008)	S08004	
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ATLAS and CMS 5ATLAS	and	CMS	experiments	
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11	

ATLAS	 CMS	

MagneFc	field	 2T	solenoid	+	toroid	(0.5T	barrel,	1T	endcap	 4T	solenoid	+	return	yoke	

Tracker	 Si	pixel,	strips	+	TRT	
σ/pT≈5	�	10-4	pT	+	0.01	

Si	pixel,	strips	σ/pT≈1.5	�	10-4	pT	+	0.005	

EM	calorimeter	 Pb	+	Lar		
σ/E≈10%	/	√E	+	0.007	GeV	

PbWO4	crystals		
σ/E≈3%	/	√E	+	0.003	GeV	

H	calorimeter	 Fe	+	scint.	/	Cu	+	Lar	(10λ)	
σ/E≈50%	/	√E	+	0.03	GeV	

Brass	+	scint.		(7λ+catcher)	
σ/E≈100%	/	√E	+	0.05	GeV	

Muon	 σ/pT≈2%	@	50GeV	to	10%	@	1TeV	 σ/pT≈1%	@	50GeV	to	10%	@	1TeV	(DT/
CSC+Tracker)	

Trigger	 L1	+	RoI-based	HLT	(L2+EF)	 L1	+	HLT	(L2+L3)	

HCAL	

CRYSTAL	ECAL	INNER	TRACKER	MUON	CHAMBERS	

RETURN	YOKE	

VERY	FORWARD	
CALORIMETER	

Total	Weight:								14500	t	
Overall	diameter:	14.6	m	
Overall	length:							21.6	m	
Magne8c	field:							4	T	

SC	COIL	
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so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks



LLP - Inner Tracking 8
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Standard Tracking 9

Standard tracking in the ATLAS detector 
consists of  
 • Silicon seeded tracking – seeds and 

creates tracks in the silicon detectors 
(pixels and SCT) and extends them out 
into the TRT  

 • TRT seeded tracking – takes seeds in the 
TRT and extends them inwards towards 
the proton-proton interaction point  



Disappearing or Kinked Tracks 10

Charged LLPs that are not stable on the 
detector scale 
• Decay to a neutral stable particle and 

a SM particle 

• Predicted by various SUSY scenarios 
where a chargino and a neutralize are 
nearly mass-degenerate  

arXiv:1712.02118 
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6Disappearing track: track reconstruction
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Standard tracks

ATLAS Simulation Preliminary

-310×

Pixel SCT TRT

‣ Inclusion of the innermost tracking layer (IBL) 
significantly improves the sensitivity to short chargino 
lifetimes 

‣ Track reconstruction in 2 steps:
1. standard tracking
2. second pass using only hits not associated with tracks in 1. 
‣ Looser criteria, require >=4 pixel hits with hits on all four pixel layers , zero holes
‣ Veto hits on SCT —> identify “pixel tracklets”, disappears between the pixel and the SCT
‣ Tracklets isolated from jets and MS tracks

‣ 10x larger acceptance for 400 GeV 
AMSB chargino decaying before the SCT

E. Torró        25 April 2017
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‣ Search for disappearing track + MET + jets 
‣ AMBS model with almost degenerate neutralino and chargino (0.2 ns -> 6 cm)

Disappearing tracks description
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‣ Chargino track “disappears” when it decays, into MET
‣ Low momentum pion track (0.1 GeV) is lost
‣ Challenge to reconstruct short tracks with decent momentum resolution
‣ Search sensitive to LLP lifetime of 10ps to 10 ns



Disappearing or Kinked Tracks 11

Single or multi-track vertices with specialized large transverse impact 
parameter and secondary vertex reconstruction.
• Follow with jet reconstructions 

 • or simply displaced lepton pair. 

arXiv:1712.02118 



Large Radius Tracking 12

A third tracking pass for reconstructing tracks 
with large impact parameters 
 • Uses the hits left over from standard tracking  

 • Like the first standard tracking pass, seeds 
tracks in the silicon subdetectors and extends 
them into the TRT  

 • Certain tracking parameters loosened  

Ok, what is large radius tracking?

• So, large radius tracking – a third tracking 
pass for reconstructing tracks with large 
impact parameters
• Uses the hits left over from standard tracking
• Like the first standard tracking pass, seeds 

tracks in the silicon subdetectors and extends 
them into the TRT

• Certain tracking parameters loosened  

5
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Large Radius Tracking 13

Track reconstruction efficiency

8
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Large radius tracks
Combined
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• Fiducial selections on signal truth in denominator
• Numerator considers tracks matched to those truth particles, 

reconstructed with standard tracking, large radius tracking, or either
• Contribution primarily from the large radius tracking after ~20-30 mm

Track reconstruction efficiency
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MC signal models for testing

7

g̃

g̃

q̃⇤

q̃⇤

p

p

q

�̃0
1

q

q

�̃0
1

q

q̃

q̃

�̃0
1

�̃0
1

p

p

q

�

`

`
⌫

q

� ⌫
`

`

 [mm]prodr
0 50 100 150 200 250 300 350 400

Tr
ut

h 
pa

rti
cl

es
 (n

or
m

al
iz

ed
 to

 u
ni

ty
)

4−10

3−10

2−10

1−10

1 Displaced leptons
Displaced hadrons

 Simulation PreliminaryATLAS
Signal particles

 [GeV]
T
p

0 50 100 150 200 250 300 350 400 450 500

Tr
ut

h 
pa

rti
cl

es
 (n

or
m

al
iz

ed
 to

 u
ni

ty
)

5−10

4−10

3−10

2−10

1−10

1
Displaced leptons
Displaced hadrons

 Simulation PreliminaryATLAS
Signal particles

MC signal models for testing
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MC signal models for testing
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Displaced Vertex 14

Who cares about large radius tracking?

• We do!
• Several SUSY and 

exotics searches in 
ATLAS make use of large 
radius tracks
• Signatures including both 

displaced leptons and 
displaced jets

• Already public -> SUSY 
Displaced Vertex + MET 
search CONF note

3

From ATLAS-CONF-2017-026
Impact on vertex reconstruction 
efficiency with addition of large 

radius tracks

ATLAS-CONF-2017-026 

Significant improve on vertex reconstruction efficiency 
with addition of large radius tracks 



dE/dx: heavy stable charged particles 15

Metastable Heavy Charge Particles

2017-07-07 N.Pettersson (UMass) 12

Phys. Rev. D 93, 112015 (2016)

• LLP with a larger unit of charge than expected by SM 
particles 
◄Measured by the energy loss in the pixel subsystem dE/dx

◄Targeting models predicting R-hadrons of a wide range of lifetimes

• Additional pixel layer in after run-1: Insertable B-Layer (IBL)
◄Improves dE/dx measurement capability

◄Reduces the tail of measurement and increasing the number of tracks 
with valid ionisation measurement

• A charged particle usually crosses several pixels and the deposits in 
adjoining pixels are combined into clusters
◄All pixels in a cluster are used to calculate the total charge

• And finally the dE/dx is measured as the charge in the cluster per unit 
length of the track in the sensor
◄Using all clusters associated to a track

• One or two of the highest dE/dx measurements are removed to reduce 
tails of the distribution

e
e

e

e

e

e
e

e

e

e

e

e

 • LLP with a larger unit of charge than expected by SM particles  
 Measured by the energy loss in the pixel subsystem dE/dx  
     If lifetime is long enough, HSCP may look like slow muons. 

 



Improvement metrics 16Potentials for long-lived particle 

Great timing resolution

⬇
Slow/Stopped particle 

search 

Great tracking performance

⬇
Disappearing particle

search

Great energy resolution

⬇
Large dE/dx particle 

search

Displaced particle

⬇
Great spatial resolution

ATLAS detector performance enable us to reconstruct unconventional signatures.

Hidetoshi Otono ASPEN 2018 – The Particle Frontier 27

Calorimeter 
(beyond the scope of this talk)



HL-LHC 17

ü Instantaneous luminosity: up to 7.5~1034 cm-2s-1 (ultimately)  

ü Average pileup: <µ>~ 140 (baseline) →	
  200 (ultimately) 
ü Integrated luminosity: 3 ab-1 (baseline), ultimately up to 4 ab-1  

ü Starting from 2026, 10+ years of operation 

We are here



Disappearing Tracks 18
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  ATLAS Simulation

ATLAS-TDR-030, ITk Pixel TDR

ü Sensitivity
• charged LLP which decays within 

tracker to invisible
• Lifetime: ~10 ps - 10 ns

ü Selection
• A 4-hit pixel tracklet which 

disappears in strip
• Large MET
• A jet (for trigger)

ü It is expected a decrease of 
acceptance due to the new layout. 
• mainly for short lifetime due to 4 

hits requirements. 
• Although track reconstruction and 

analysis will be still optimized, the 
reach can extend significantly the 
current Run 2 results. 

 • It is expected a decrease of  
acceptance due to the new layout. 

 • mainly for short lifetime due to 4  
hits requirements. 

Lifetime: 10ps -10ns



LLP at the HL-LHC 19

Increase of acceptance is 
significant thanks to new full 
Silicon tracker (Inner Tracker)

A
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9

ü Sensitivity
• neutral or charged LLP which 

decays within tracker to at least 
one vertex with >= 5 tracks

• Lifetime: ~10 ps - 10 ns
ü Selection

• Relies on reconstruction of 
displaced track and displaced 
vertices from displaced tracks

• Veto on vertices in material
• MET

ü Increase of acceptance is expected 
thanks to the new Si tracker. 
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ATLAS: Displaced vertices in tracker 

Graphic credit: Hideyuki Oide

Lifetime: 10ps -10ns



CMS Heavy Stable Charged Particle 20
ATLAS-CONF-2017-026 

Anomalously high dE/dx is measured by the Inner Tracker. The Outer 
Tracker provides a binary readout only but a High Ionization Flag is 
implemented to restore some sensitivity 

HIP 



Summary 21

• Dedicated tools have been developed to probe non-
conventional long-lived particle signature 
• A playground to practice creative ideas  

• More improvements are being developed for the HL-LHC  

• To go beyond the current LHC experiments  
- dedicated LLP experiments are clearly needed.
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LHCb experiment 23

LHCb	experiment	

17
/0
7/
17

	
Ex
pl
or
in
g	
th
e	
Da

rk
	U
ni
ve
rs
e	
20
17
	

12	

LHCb	

MagneFc	field	 Bending	power	of	4Tm	

Tracker	 Si	strips	+	straw	drio	tubes	
σ/pT≈1	�	10-2	pT	@200GeV	

EM	calorimeter	 Pb	+	sci.	pads	(25X0)	
σ/E≈10%	/	√E	+	0.01	GeV	

H	calorimeter	 Fe	+	scint.	(5.6λ)	
σ/E≈69%	/	√E	+	0.09	GeV	

Muon	 Iron	and	MWPC	

Trigger	 L0	+	HLT	

Single	arm	forward	spectrometer	

IP	

Vertex	locator	

Tracking	staFons	

Muon	staFons	

Calorimeters	


