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1. Overview of the ATLAS LLP search program


2. Recent Run 2 public results

- Disappearing track 

- Exotics Higgs to LLPs

- Stopped particles 

- Displaced vertices in the muon spectrometer


3. Looking forward

- Combinations 

- Search ideas 

- Run 3 & HL-LHC 
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LLP Searches at ATLAS
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•Organization of analyses: 

- SUSY group: R-parity violating/long-lived (RPVLL)

- Exotics group: Unusual signatures and Exotic Higgs 

(UEH)

• Key signatures that we need to 
recognize:


- Displacements: single objects or 
vertices


- Timing

- Ionization (non-MIP particles)


• Key exclusion parameters: 

- LLP mass(es) 

- LLP lifetime

- Production cross section (parent 

branching ratio)

…and more!

H. Russell
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LLP Searches at ATLAS
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…and more!

H. Russell

Calorimeters: 

3. Stopped particles

Muon spectrometer: 

4. DV in MS

ID: 

1. Disappearing track


2. Exotic Higgs 

•Organization of analyses: 

- SUSY group: R-parity violating/long-lived (RPVLL)

- Exotics group: Unusual signatures and Exotic Higgs 

(UEH)
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Disappearing Tracks
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At 13 TeV with the ATLAS detector

5

http://cdsweb.cern.ch/record/2759676

Search for  
disappearing tracks

➡“Search for long-lived charginos based on a 
disappearing-track signature using 136 fb-1 
of pp collisions at √s = 13 TeV with the 
ATLAS detector”  [Moriond, March 2021]


•Physics target: strong or electroweak 
production of long-lived chargino 

- Mass: O(100s GeV)

- Lifetime: O(ps - ns), from small mass splittings 

between χ± and χ0


•Signature: soft pion that is indistinguishable 
above background, leaving charged track 
from chargino → invisible 

Signature

Process

https://cds.cern.ch/record/2759676?ln=en
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Disappearing Track Analysis
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•Key strategy: ≥1 pixel tracklets

- At least 4 hits in consecutive pixel layers (gain 

sensitivity to short lifetimes)

- pT >20 GeV, 0.1<|η|<1.9 

- Veto on SCT Hits 

- No significant calorimeter energy in 

tracklets’ trajectory

- High ETmiss


•Background: data-driven

- Processes: charged lepton scattering/reversal, 

fakes from random hit combinations

- Pixel tracklet pT templates from CRs: low-ETmiss, 

mid-ETmiss, high ETmiss lepton scattering


•Results: strong improvement from lumi + 
tracklet Etopo cut


- Mass of pure wino (higgsino) charginos > 660 
(210) GeV


‣ > 1.4 TeV for Δm = 50 GeV

- Strongly produced in cascade decay of heavy 

gluino: mg > 2.1 TeV for mχ± 300 GeV
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Figure 8: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure higgsino scenario.
The limits are shown separately for the higgsino lifetime or mass splitting as a function of the chargino mass. The
black dashed line shows the median value, and the yellow band shows the 1� uncertainty band on the expected limits.
The red line shows the observed limits and the red dotted lines, the corresponding 1� uncertainty on the signal
cross-section. The violet broken line shows the observed limits from the ATLAS result [15].

25

➡ new in 
Run 2!

  Higgsino 𝛕 vs. mass 

Selecting disappearing tracks

7

Strong production
Electroweak 
production

Pixel Tracklets: 
- 4 hits in consecutive Pixel detector 

layers, including innermost 
- pT > 20 GeV, 0.1 < |η| < 1.9 
- Isolated + associated to Primary Vertex 
- Veto on upstream SCT hits 
- Cut on upstream calorimeter activity New !

Tracklet Etopo 
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Exotic Higgs Decays to LLPs
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➡“Search for exotic decays of the Higgs 
boson into long-lived particles in pp 
collisions at √s = 13 TeV using 
displaced vertices in the ATLAS inner 
detector”  [arXiv:2107.06092, July 
2021]


•Physics target: exotics Higgs to scalar a

- Higgs to BSM branching ratio: existing 

constraint < 21% (ATLAS+CMS)

- Mass: a ~ O(10s GeV)

- Lifetime: O(1-100s mm)


•Signature: two displaced vertices with 
high mass and track multiplicity

Search Exotic  
Higgs decays  
to LLPs
At 13 TeV with the ATLAS detector

16

https://arxiv.org/abs/2107.06092

Signature
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Figure 1: Tree-level Feynman diagram representing /� production with � ! 00 ! 11̄11̄.

o�-shell Higgs boson (with Yukawa-ordered branching ratios), causing decays into 11̄ to dominate with
lifetimes anywhere in the micrometer to kilometer range [6].

Bottom-up scenarios, such as hidden valleys [18, 19] and minimal scalar extensions to the SM, are also
well motivated because the SM Higgs field admits the renormalizable portal interaction n |( |2�†

�. These
simplified scenarios often arise naturally in the infrared limit of more complete theories such as Folded
SUSY [9], and provide generic examples of scenarios in which the Higgs boson decays into LLPs.

This paper considers a simplified model in which a new electrically neutral pseudoscalar 0 boson is
produced in pairs through decays of the Higgs boson, with the 0 boson subsequently decaying exclusively
into 11̄, as shown in Figure 1. The mean proper lifetime 2g0 and mass <0 of the 0 boson are treated as
free parameters. Aside from the �00 interaction, the Higgs boson is assumed to be that of the SM.

Several searches for � ! 00 ! 1111 decays have been performed at the LHC, optimized for di�erent
regimes of 2g0. Searches based on standard 1-tagging techniques were performed by ATLAS, with
sensitivity for 2g0 . 1 mm [20, 21]. While these searches focused on the topology of associated +�

(+ = , , /) production of the Higgs boson, where leptonic + decays provide a trigger object, other searches
have targeted gluon–gluon fusion production of the Higgs boson, which has a much larger cross section.
For longer 0 boson lifetimes, standard 1-tagging algorithms become ine�cient compared to specialized
reconstruction algorithms. The LHCb experiment performed a search for displaced vertices (DVs) resulting
from LLP decays, obtaining sensitivity in the range 1 mm . 2g0 . 0.1 m [22]. The CMS experiment also
performed a DV-based search, yielding sensitivity in the range 1 mm . 2g0 . 1 m for <0 � 40 GeV [23].
To identify LLP decays in the hadronic calorimeter, the ATLAS experiment selects jets that deposited
anomalously more energy in the hadronic calorimeter than in the electromagnetic calorimeter (both at
trigger level [24] and o�ine), providing sensitivity for 0.1 m . 2g0 . 10 m [25]. Finally, ATLAS extends
this sensitivity to 2g0 . 100 m with searches for LLPs decaying within the muon spectrometer, by requiring
a cluster of muon regions-of-interest from the first-level trigger [24] and a DV reconstructed from muon
spectrometer tracklets [26, 27].

The search presented here targets LLP decays within the ATLAS inner-detector volume, resulting in
the presence of at least two DVs that may be reconstructed from inner-detector tracks. The specialized
algorithms for reconstruction of LLP decays are computationally expensive and therefore cannot be used at

3

Process

https://arxiv.org/abs/2107.06092
https://arxiv.org/abs/2107.06092
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://arxiv.org/abs/1809.10733
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Figure 2: The distribution of (a) =trk for preselected DVs with reduced mass exceeding 3 GeV and (b) reduced mass
for preselected DVs with =trk > 2, in simulated signal samples (dashed lines) and a background-enriched data sample
(black points). DVs in events satisfying the control region selection, defined in Section 5, are considered. An arrow
indicates the selection requirement which is applied to the observable. The distributions are normalized to unit area.

Table 1: The full set of selection criteria applied to DVs.

Selection type Requirement
Track pruning |3DV

0 | < 0.8 mm
|IDV

0 | < 1.2 mm
f(3DV

0 ) < 0.1 mm
f(IDV

0 ) < 0.2 mm
Vertex preselection j

2/=DoF < 5
A < 300 mm
|I | < 300 mm
pass material veto

Vertex selection =trk > 2
</�'max > 3 GeV
A/f(A) > 100
max( |30 |) > 3 mm
�'jet < 0.6

5 Event selection

Events consistent with the /�, � ! 00 topology were first selected using the lowest-threshold unprescaled
single-lepton (4, `) triggers operating during each data-taking year [37, 38]. Events are then identified for
reprocessing with the LRT and displaced vertex reconstruction algorithms using an additional selection,
referred to as a filter, which makes use of the results of the standard ATLAS reconstruction algorithms to
identify jets consistent with originating from an LLP decay. The selection requires the presence of at least
one jet with ?T > 20 GeV, where at this stage the full jet calibration is not yet applied and the jet energy is
calibrated at the electromagnetic scale [83]. At least one of the two leading, central (|[ | < 2.1) jets must

9

Higgs → LLPs Analysis

8

• Key strategy: large radius tracking

- Looser track-to-vertex association on 

d0/z0

- At least 2 displaced vertices (DVs)

- Trigger on Z decay products (2 OSSF 

leptons in Z mll window)


• Background: data-driven

- CR defined with # DVs < 2

- Probability of DV reweighted across 

jet pT and DL1 b-tag score

- Validated in ɣ+jets


• Results: 

- BR < 10% for LLP 4 < 𝑐𝜏 < 100mm  

- mLLP < 40 GeV: most stringent 

constraint in this lifetime regime 

DV Track Multiplicity

• Mediator in hidden valley models can be Higgs Boson itself
• O(cm) decay lengths difficult to cover due to background + triggering 
• Exploit ZH production: trigger on leptons, benefit from large BR to b-quarks

• Use “large-radius tracking” (with looser track-to-vtx association 
requirements) to reconstruct displaced vertices (DVs)

• Require ≥ 2 jets, leading 4 b-jets matched to DVs

• Data-driven bkg estimate  
based on DV probability as  
function of pT & b-tagging  
(measured in low-DV regions, 
validated in y+jet region)

• Main systs: non-standard  
tracking vertexing (2-12%), 
theory uncertainties (~5%)

Exotic Higgs to 4b

17

Displaced  
Vertices (DVs)

Fills gap in coverage at 
O(cm) decay lengths

Predicted events: 1.30 ± 0.08 (stat.) ± 0.27 (syst.)  
Observed events: 0

H → BSM BR vs. c𝛕
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Stopped Particles
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Search for stopped  
long-lived particles
At 13 TeV with the ATLAS detector

9

https://arxiv.org/pdf/2104.03050.pdf

➡“A search for the decays of stopped 
long-lived particles at √s = 13 TeV with 
the ATLAS detector” [JHEP 07 (2021) 
173, July 2021]


• Physics target: suppressed gluino decay 
due to heavy off-shell squark (R-hadrons)


- Mass: O(TeV) 

- Lifetime: O(10-5 - 103 sec)  


• Signature: cluster of calorimeter energy 
when no pp collision occurs

Stopped particles: motivation 

10

• If LLP is slow moving and loses momentum though 
interactions with detector, there is a probability it can be 
stopped, then decay at a later time:
• Example: split SUSY: long-lived gluinos

• Strategy: use empty bunch crossings (BXs) from LHC 
bunch train to pick out decays of particles in previous BXs

• 2017 dataset: 49.0/fb filled BXs, 298h empty BXs 
• 2018 dataset: 62.1/fb filled BXs, 281h empty BXs

Semi-stable 
for high mq!~

Filled  
(Collisions) Empty Filled  

(Collisions) EmptyEmpty Filled  
(Collisions)

LHC bunch train

 hadronises 
and stops

g̃

Lifetime-dependent exponential decay probability

DecayProduction

(different bunch train configuration)

Figure concept: 
S. Morgenstern

Process

Signature

https://link.springer.com/article/10.1007/JHEP07(2021)173
https://link.springer.com/article/10.1007/JHEP07(2021)173
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• Key strategy: empty bunch crossings (BXs) [100-150 ns 
buffer with collisions]


- Signal scales with lumi and live time (when trigger selects/
accepts signal-like events in empty BCs)


- Signal is isotropic in decay, high pT jet, no primary vertex


• Background: jet pT templates in non-collision CRs

- Cosmics: dedicated 2016 dataset with no circulating beams

- Beam-induced background: unpaired bunches (only one 

beam)

- Cavern background


• Results: gluinos masses up to 1.4 TeV excluded for 
lifetimes from 10μs to 1 day 


➡First of its kind! Previous exclusion 832 GeV in this 𝛕 range

Stopped particles: motivation 

10

• If LLP is slow moving and loses momentum though 
interactions with detector, there is a probability it can be 
stopped, then decay at a later time:
• Example: split SUSY: long-lived gluinos

• Strategy: use empty bunch crossings (BXs) from LHC 
bunch train to pick out decays of particles in previous BXs

• 2017 dataset: 49.0/fb filled BXs, 298h empty BXs 
• 2018 dataset: 62.1/fb filled BXs, 281h empty BXs

Semi-stable 
for high mq!~

Filled  
(Collisions) Empty Filled  

(Collisions) EmptyEmpty Filled  
(Collisions)

LHC bunch train

 hadronises 
and stops

g̃

Lifetime-dependent exponential decay probability

DecayProduction

(different bunch train configuration)

Figure concept: 
S. Morgenstern

Stopped Particles Analysis

#
SR
events = !

int ⇥ f6̃6̃ ⇥ 2 ⇥ n
SR ⇥ 5stopping ⇥ (live fraction)

where !
int corresponds to the total integrated luminosity delivered, f6̃6̃ is the gluino production cross-

section and n
SR is the signal selection e�ciency for the signal regions. For a signal model with

<(6̃, j̃0
1) = (1400, 100) GeV, nSR ranges between 25% and 34% for the signal regions considered in this

search. The stopping fraction 5stopping corresponds to the fraction of produced '-hadrons that are expected
to come to a stop within the detector. For gluino '-hadrons this fraction varies from 4% to 8% for gluino
masses between 0.6 and 2.6 TeV, with the stopping fraction increasing as a function of gluino mass. There
is a factor of two to account for the fact that the gluinos are pair-produced. The gluino decays are unlikely
to happen simultaneously, hence there are potentially two chances to detect the decay per produced gluino
pair. The signal models used in the interpretation of the search results are normalised following this
procedure.

5 Event selection

Events used in this analysis must pass the following preselection requirements. In each event the jet with the
highest ?T must satisfy a set of cleaning criteria to reject events triggered by detector noise or non-collision
backgrounds. Additionally, this leading jet is required to have ?T > 90 GeV and to reside within |[ | < 2.4
to be within the geometric acceptance of the search sample trigger.

To avoid selecting events where most of the energy associated with a jet could be produced by localised
noise, events are rejected if the leading jet has >90% of its energy associated with a single constituent
cluster or layer within the LAr calorimeter. Potential background from noise bursts [38] in the LAr
calorimeter is rejected via a veto on events where the leading jet’s largest energy deposit is located in
the EM endcap calorimeter, where noise bursts originate. Noise-induced jets in the HEC are removed
by imposing the HEC-specific cleaning of the BadLoose selection criteria described in Ref. [39]. These
cleaning requirements reject approximately 20% of events in the signal samples used in this analysis.

To e�ectively remove collision backgrounds from the data used in this analysis, events selected in the
search sample, BIB sample and cosmic sample are required to contain no primary vertex. A primary vertex
is defined as a reconstructed vertex that is associated with two or more tracks of transverse momentum
?T > 500 MeV. In empty BXs in 2018 (2017), less than 0.0005% (0.00002%) of events passing the search
sample trigger and standard data-quality requirements were found to contain a primary vertex. In contrast,
over 80% of events passing the BIB sample triggers contained a primary vertex, which are mostly due to
‘ghost’ collisions (where protons in the filled bunch in one beam collide with de-bunched protons – or
ghost charge – in the nominally empty bunch [40]). There are no events containing a reconstructed primary
vertex in the cosmic sample.

Events that enter the signal regions (SRs) are selected from the search sample, and the leading jet in the
event is required to have ?T > 150 GeV. Two SRs, each divided into three leading-jet ?T ranges, are
defined:

• The central SR (SRC) has an additional requirement that the leading jet reside within |[ | < 0.8.
These SRs are optimised for the split-SUSY-inspired scenarios targeted by this search, which tend to
contain central decays.
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Figure 8: Observed and expected leading-jet ?T distributions, with the bin boundaries considered for the interpretation,
in 2017 data (left) and 2018 data (right) in SRC (top) and SRIncl (bottom). All statistical and systematic uncertainties
of the expected background are included in the hatched band. The last bin contains the overflow. Two example signal
models with a gluino mass of 1.4 TeV and neutralino masses of 100 GeV and 900 GeV are overlaid, where the yields
are calculated assuming a gluino lifetime within the range of the live-fraction plateau.
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Displaced Vertices in Muon Spectrometer
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http://cdsweb.cern.ch/record/2777238

Search for displaced  
vertices in the  
Muon Spectrometer
At 13 TeV with the ATLAS detector

13

New for EPS-HEP21!

➡“Search for events with a pair of 
displaced vertices from long-lived 
neutral particles decaying into 
hadronic jets in the ATLAS muon 
spectrometer in pp collisions at √s 
= 13 TeV”  [EPS, July 2021]


•Physics target:

- Mass: s ~ O(10s GeV), ɸ~ O(100s 

GeV) [including SM Higgs]

- Lifetime: O(0.1-1000s mm)


•Signature: narrow, high-multiplicity 
hadronic showers in muon detector

Why displaced MS vertices?

14

• Neutral LLPs travel through ATLAS undetected until they 
decay: signature depends on decay position

• Example: Hidden Valley models, where LLPs produced 
via Higgs-like mediator Φ. Scalars s are long lived due 
to weak coupling to SM.

• This search: pairs of displaced vertices (DVs) in MS, 
using 139/fb of 13 TeV data.
• ATLAS Muon Spectrometer has good acceptance for a 

broad range of LLP lifetimes: O(mm) - O(km)
• Require 2xDVs to severely reduce background
• Dedicated HLT trigger:  

MS cluster with at least 3 (4) L1 muons within 0.4 of 
seed in barrel (endcaps)

• Dedicated vertexing algorithms  
(for barrel/endcaps with different magnetic fields)

JINST 8 (2013) P07015

JINST 9 (2014) P02001

New for EPS-HEP21!Process

Signature

http://cdsweb.cern.ch/record/2777238
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DV in MS Analysis

12

•Key strategy:

- Dedicated HLT trigger [JINST 8 (2013) P07015]

- Dedicated vertexing algorithms [JINST 9 (2014) P02001]

- 2 isolated MS vertices outside of transition regions with ΔR > 1, matched to trigger clustering 


•Background: punch-through QCD jets + residual 

- Validated in non-isolated VR


•Results: 

- H→BSM BR < 10% for LLP 4 cm < 𝑐𝜏 < 71.3 m  

- First ATLAS exclusion for LLPs → ttbar in the MS


➡See Audrey’s talk tomorrow!

• Two isolated MS vertices. Exclude DVs in MS/HCal Barrel-Endcap transition regions
• MS vertices matched to triggering cluster(s), and vertices separated by ΔR > 1

• Main background = punch-through QCD jets. 

• Main uncertainties:  
lifetime extrapolation O(0-30%),  
modelling of trigger efficiency O(20-25%), 
vertex reconstruction efficiency O(10-15%)

MS vertex: selection, backgrounds, results

15

4.6 x 10-7 3.2 x 10-3 3.53 x 10-2674775 3 0

= 0.32 ± 0.05 (statistical errors)  0 events 
observed in data

Limits set on a wide range of Hidden-Sector models 
for mediator masses between 60 GeV and 1 TeV 
and scalar LLP masses between 5 and 475 GeV

New for EPS-HEP21!

https://indico.cern.ch/event/1042226/timetable/#45-atlas-displaced-vertices-in
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Putting It All Together

13

• Lifetime coverage: ~17 decades! b-tagging [ps] — O(1 
day)


- Be sure to integrate prompt searches in summaries!


•Many Run 2 displaced objects/vertices searches: 

- Inner detector: ✔︎ DV+μ, displaced leptons, dilepton DV, 

DV+jets

- Ecal:  ✔︎  e/ɣ vertex

- Hcal: ✔︎  calorimeter ratio

- Muon spectrometer: ✔︎ DV in MS


•Higgs to LLP decays: B(H → aa → 4b) reaches a few % 
for lifetimes around ~1 ns for LLP masses of 35—55 GeV 


• Ionization: 

- Milli/fractional-charged particles

- Multi-charged/highly ionizing searches (pixel dE/dx, 

stable MS TOF)


•Dark sector: emerging/semi-visible jets 

•Notes on summaries/combinations: 

- RECAST-ability: lifetimes → model couplings?

RPV searches: What about electroweak?

● Many RPV searches focus on strong production
● We have provided nice summary plots as a function of coupling
● Should consider similar plots for electroweak

○ LLE coupling covered by 4L/ SS analyses
○ RPV 1L and stop 2x2 consider UDD coupling

● Motivated RPV models include taus in their final states (arXiv:1403.7197)  
○ LSP can be a higgsino, final state is τqq
○ Recast RPV 1L search? 

6

LLP Summary Plots: Stau/Slepton Summary

13

● “New gaps” have been revealing in the 
foreseen “stau summary plot”.

● Some could be addressed by RECAST
● There are also challenging gaps.

Disappearing Track may 
occupy here! → RECAST

Gap!

Maybe VRs of
Pixel dE/dx are 
sensitive to here.
→ Followup PUB?

This is a challenging gap!
Would an “isolated high-pT track” 
search address it??
Or (1track + 1tracklet)*dE/dx?RECAST-able

(Gap)

2x dE/dx?

SMP RECAST

Micro-displaced leptons

● Of course “displaced taus” 
search joining this summary plot 
is crucial.

Sketched by M.Adersberger in 2018 Stockholm

M. Adersberger

Strong Summary vs. Coupling

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.051802
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h

h
h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h h h

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

FIG. 2: The exotic Higgs decay topologies we consider in this document, along with the labels

we use to refer to them. Every intermediate line in these diagrams represents an on-shell, neutral

particle, which is either a Z-boson or a BSM particle.

parentheses we list the section numbers where a particular decay mode will be discussed in

more detail. A pair of particles in parentheses denotes that they form a resonance.

• h ! 2

This topology occurs for Higgs decays into BSM particles with a lifetime longer than

detector scales. It includes h ! invisible decays [24, 46–48] and, in principle, h ! R-

hadrons, although the latter scenario is strongly constrained. In this paper, we consider

only:

1. h ! invisible (E/T ) (§2)

• h ! 2 ! 3

Here the Higgs decays to one final-state particle that is detector-stable and another

one that decays promptly or with a displaced vertex. Possibilities include

1. h ! � + E/T (§12).

2. h ! (bb) + E/T (§18).

3. h ! (⌧⌧) + E/T (§19).
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Future Search Considerations
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➡ Be sure to well-cover areas of phase space of interest for current 
anomalies/mysteries

- Muon g-2 & LHCb flavor anomalies imply possible new couplings to leptons; 

could be explained for ex. by RPV SUSY with 3rd generation super partners 
[2106.15647]
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Figure 8: Hmm
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Bilinear RPV: Neutrino/Neutralino Mix

Contributes to 
neutrino 
masses:
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This implies an upper bound .ϵ ≲ 10−6

Lower bound on the lifetime of the two-body wino decays, 
~ 100 microns. Displaced vertices! (Possibly 
macroscopically displaced; standard lepton ID may fail.)
Large literature, e.g., papers by Valle et al.

29

➡ Unusual/uncovered/unexpected… ? 

- Exotics Higgs: 


‣ Decays to LLPs where daughters have different masses ? 

‣ VBF topology triggers for LLP searches in signatures without leptons/

MET/energetic jets? 

- Role of anomaly detection: model-independence through very 

careful background characterization

- Neutrino masses: neutrino/neutralino mixing 
from bilinear RPV couplings → 100μm lower 
bound on decay lifetime. Many possible 
decays/reinterpretations [0712.2156]

a

b

https://arxiv.org/abs/2104.03281
https://arxiv.org/abs/2002.12910
https://arxiv.org/abs/2106.15647
https://arxiv.org/abs/0712.2156
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Towards Run 3 & HL-LHC
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• Large radius tracking: run over hits leftover 
from standard tracking [ATL-PHYS-
PUB-2017-014]


- Reprocessing of full Run 2 dataset 

- Run 3: 95% reduction in fakes with only 

10-15% reduction in efficiency [ATL-PHYS-
PUB-2021-012]

A
n
al

ys
is

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

[ATLAS-TDR-030, ITk Pixel]

•New displaced e/μ object triggers: 
extend production radius 


•Phase-II Upgrades: 

- Inner detector: expect DV increased 

efficiency due to new Si Inner Tracker 
(ITk)

- High Granularity Timing Detector 

(HGTD): σt ~ 30 ps/track

LRT Displaced Lepton Reco Efficiency 

ITk R-Hadron Acceptance

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-012/
https://cds.cern.ch/record/2285585?ln=en
https://cds.cern.ch/record/2642118?ln=en
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Conclusions
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• Broad and exciting LLP search program at ATLAS! 

- Many important theoretical interfaces: SUSY, dark sector, flavor 

anomalies… 


• LLP searches are the place to be for Run 3: 

- Large radius tracking → increased displaced track efficiency

- Many yet-to-be-covered signatures of interest 


• Long-term program through HL-LHC lifetime

- Important complementarity with eg. MATHUSLA, FASER, milliQan, etc.


➡ Integration & connectivity are crucial! Detector expertise, 
interpretations/combinations all overlapping in LLP searches
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Backup
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Disappearing Track Results
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which the pure wino lifetime is shown by the grey dashed line. For pure higgsinos, chargino masses are
excluded up to 210 GeV as shown in Figure 8, in which the relative sensitivity di�erence between the
higgsinos and winos is explained by two factors: the smaller production cross-section of higgsinos relative
to the wino case, and the extremely short lifetime of the higgsinos. For the strong production channels, the
exclusion limits are set as a function of the lightest chargino mass and the gluino mass. The exclusion
limits for charginos with lifetimes fixed to 0.2 ns and 1.0 ns are shown in Figure 9. Gluino masses are
excluded beyond 2 TeV for chargino masses up to 600 GeV. Chargino masses below 1.4 TeV are excluded in
the case of compressed spectra with a mass di�erence of 50 GeV between the gluino and the chargino.
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Figure 7: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure wino scenario.
The limits are shown as a function of the chargino lifetime and mass. The black dashed line shows the median value,
and the yellow band shows the 1� uncertainty band on the expected limits. The red line shows the observed limits
and the red dotted lines, the corresponding 1� uncertainty on the signal cross-section. The blue and violet broken
lines show the observed limits from the ATLAS results [14] and [16] respectively.
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Figure 8: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure higgsino scenario.
The limits are shown separately for the higgsino lifetime or mass splitting as a function of the chargino mass. The
black dashed line shows the median value, and the yellow band shows the 1� uncertainty band on the expected limits.
The red line shows the observed limits and the red dotted lines, the corresponding 1� uncertainty on the signal
cross-section. The violet broken line shows the observed limits from the ATLAS result [15].
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Figure 9: Exclusion limits at 95% CL obtained in the strong production channel. The limits are shown as function of
the lightest chargino mass vs the gluino mass, for chargino lifetimes of 0.2 ns (a) and 1.0 ns (b). The black dashed
line shows the median value, and the yellow band shows the 1� uncertainty band on the expected limits. The red line
shows the observed limits and the red dotted lines, the corresponding 1� uncertainty on the signal cross-section. The
observed exclusion limit from this search in direct electroweak wino production channel with ⌧�̃±

1
= 0.2 ns (a) and

1.0 ns (b) is overlaid in green.
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The number of events in the validation regions is shown in Table 7. Good agreement is observed between
data and background predictions in all validation regions. No significant excess above the background
predictions is observed in the high-Emiss

T signal regions as shown in Table 8. The probability of a
background-only experiment being more signal-like than observed (p0), its equivalent formulation in
terms of the number of standard deviations (Z), and the upper limit on the model-independent visible
cross-section at 95% CL using the CLs technique [55] are also shown in Table 8.

Electroweak channel Strong channel

Middle-Emiss
T VR

Calo side-band Low pT Calo side-band Low pT
pT > 60 GeV pT < 60 GeV pT > 60 GeV pT < 60 GeV

Fake 4.3 ± 2.2 5.5 ± 1.5 3.2 ± 1.5 3.5 ± 1.0
Hadron 1.0 ± 0.8 23 ± 6 0.36 ± 0.23 13 ± 4
Electron 0.8 ± 0.5 1.2 ± 1.3 0.29 ± 0.20 0.5 ± 0.5
Muon 0.023 ± 0.007 0.25 ± 0.06 0.012 ± 0.004 0.129 ± 0.032

Total Expected 6.1 ± 1.9 29 ± 5 3.8 ± 1.5 17 ± 4

Observed 5 30 3 18

Table 7: Expected and observed number of events and corresponding background predictions in the validation regions.
The uncertainty on the total background prediction is di�erent than the quadratic sum of the individual components
due to anti-correlation of fit parameters between the backgrounds.

Electroweak channel Strong channel

High-Emiss
T SR

Fake 2.6 ± 0.8 0.77 ± 0.33
Hadron 0.26 ± 0.13 0.024 ± 0.031
Electron 0.021 ± 0.023 0.004 ± 0.004
Muon 0.17 ± 0.06 0.049 ± 0.018

Total Expected 3.0 ± 0.7 0.84 ± 0.33

Observed 3 1

p0 (Z) 0.5 (0) 0.38 (0.30)
Observed �vis95% [fb] 0.037 0.028
Expected �vis95% [fb] 0.038 +0.014

�0.009 0.024 +0.009
�0.003

Table 8: Expected and observed number of events and corresponding background predictions in the signal regions
with transverse momenta above 60 GeV. The uncertainty on the total background prediction is di�erent than the
quadratic sum of the individual components due to anti-correlation of fit parameters between the backgrounds.

Model-dependent exclusion limits at 95% confidence level (CL) are placed on the various signal models.
The likelihood function is expanded to contain both signal and background components. The signal
normalization is the parameter of interest and is unconstrained in the fit. For the electroweak production of
pure winos or pure higgsinos, the exclusion limits are shown as a function of the chargino lifetime and
mass. In the case of pure winos, chargino masses are excluded up to 660 GeV as shown in Figure 7, in
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Figure 3: The per-jet DV probabilities computed in the CR, as a function of jet ?T and DL1 1-tag score. The
rightmost column of bins is inclusive and includes jets with ?T > 500 GeV.

If the event contains fewer than four jets, then the probability is computed from all jets in the event. The
probability for an event to fall in the SR is given by %�2 = 1� %0 � %1. Therefore, the background estimate
is obtained by weighting preselected data events by %�2.

The presence of signal contamination in preselected data would increase the per-jet DV probability, as well
as the population of events to which this probability is applied. Both of these e�ects would artificially
increase the background estimate, potentially concealing the presence of signal in the SR. This e�ect was
studied with a conservative assumption about the branching ratio B(� ! 00) and found to have less than
a 10% e�ect on the background prediction, negligible in comparison to the size of injected signal.

To compute the uncertainty in the background estimate, pseudo-experiments are performed. Each pseudo-
experiement is assigned a unique set of per-jet probabilities by varying each (?T,DL1) bin within statistical
uncertainties, and the varied probabilities are used to predict the background yield. The mean of the
pseudo-experiments determines the central value of the expected yield, with its statistical uncertainty given
by the RMS of pseudo-experiments. Using this method, a background estimate of 1.30 ± 0.08 events is
obtained, where the uncertainty is statistical only.

This method for computing the background prediction relies on the assumption that the per-jet DV
probabilities are una�ected by the presence of multiple DVs in an event. To validate this assumption, the
VR defined in Section 5 is used. The parameterization of the per-jet DV probabilities in terms of ?T and
DL1 allows for a robust validation of the method despite the kinematic properties of the jets in this region
being di�erent from those in the SR. By studying the predicted and observed numbers of events with at
least two DVs in the VR, the core assumption of the background estimate may be tested and any systematic
di�erences may be taken into account as an additional uncertainty in the background estimate.

Following the same procedure as is used in the CR, the per-jet DV probability is calculated using events
in the VR with fewer than two DVs, and used to predict the number of events with at least two DVs.
Using this method, a mean of 19.9 ± 0.4 events are predicted and 23 are observed, as shown in Figure 4,
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Exotics Higgs to LLP 
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Background Estimation
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Figure 2: The distribution of (a) =trk for preselected DVs with reduced mass exceeding 3 GeV and (b) reduced mass
for preselected DVs with =trk > 2, in simulated signal samples (dashed lines) and a background-enriched data sample
(black points). DVs in events satisfying the control region selection, defined in Section 5, are considered. An arrow
indicates the selection requirement which is applied to the observable. The distributions are normalized to unit area.

Table 1: The full set of selection criteria applied to DVs.

Selection type Requirement
Track pruning |3DV

0 | < 0.8 mm
|IDV

0 | < 1.2 mm
f(3DV

0 ) < 0.1 mm
f(IDV

0 ) < 0.2 mm
Vertex preselection j

2/=DoF < 5
A < 300 mm
|I | < 300 mm
pass material veto

Vertex selection =trk > 2
</�'max > 3 GeV
A/f(A) > 100
max( |30 |) > 3 mm
�'jet < 0.6

5 Event selection

Events consistent with the /�, � ! 00 topology were first selected using the lowest-threshold unprescaled
single-lepton (4, `) triggers operating during each data-taking year [37, 38]. Events are then identified for
reprocessing with the LRT and displaced vertex reconstruction algorithms using an additional selection,
referred to as a filter, which makes use of the results of the standard ATLAS reconstruction algorithms to
identify jets consistent with originating from an LLP decay. The selection requires the presence of at least
one jet with ?T > 20 GeV, where at this stage the full jet calibration is not yet applied and the jet energy is
calibrated at the electromagnetic scale [83]. At least one of the two leading, central (|[ | < 2.1) jets must

9

• Mediator in hidden valley models can be Higgs Boson itself
• O(cm) decay lengths difficult to cover due to background + triggering 
• Exploit ZH production: trigger on leptons, benefit from large BR to b-quarks

• Use “large-radius tracking” (with looser track-to-vtx association 
requirements) to reconstruct displaced vertices (DVs)

• Require ≥ 2 jets, leading 4 b-jets matched to DVs

• Data-driven bkg estimate  
based on DV probability as  
function of pT & b-tagging  
(measured in low-DV regions, 
validated in y+jet region)

• Main systs: non-standard  
tracking vertexing (2-12%), 
theory uncertainties (~5%)

Exotic Higgs to 4b

17

Displaced  
Vertices (DVs)

Fills gap in coverage at 
O(cm) decay lengths

Predicted events: 1.30 ± 0.08 (stat.) ± 0.27 (syst.)  
Observed events: 0

Unblinded 
SR
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Table 1: Overview of the data samples used in this analysis. The kinematic requirements at the HLT or L1 trigger that
events are required to pass in order to be recorded are indicated under ‘trigger requirements’, with the corresponding
requirements enforced at analysis level indicated under ‘o�ine requirements’. No ‘bunch structure’ is listed for the
cosmic sample, since no beam was circulating in the LHC machine while these cosmic data were being collected.

Data sample Bunch Trigger O�ine

(purpose) structure requirements requirements

Search sample Empty HLT jet ?T > 55 GeV Leading jet ?T > 90 GeV
HLT ⇢

miss
T > 50 GeV

HLT jet |[ | < 2.4 Leading jet |[ | < 2.4
Cosmic sample � L1 jet ?T > 12 GeV Leading jet ?T > 90 GeV

Leading jet |[ | < 2.4
Beam-induced background sample Unpaired L1 jet ?T > 12 GeV or Leading jet ?T > 90 GeV

L1 jet ?T > 50 GeV
Leading jet |[ | < 2.4

Cavern background sample Empty Random �

Additional datasets are used to study background processes. Cosmic rays can result in energetic muons
traversing the detector, which can in turn induce energetic jets in the calorimeters, presenting an important
background for this search. To obtain a pure sample of cosmic-ray events free of beam-induced backgrounds
(BIB), a cosmic run (taken without beam in the LHC machine) recorded during 2016 provides a cosmic
sample. Beam-induced backgrounds in this search arise as a result of stray protons interacting with material
upstream from the detector, producing energetic particles that traverse the detector in the horizontal plane.
Jets induced by energetic muons produced in these interactions present the other important background
process for this search. An additional BIB sample for studying beam-induced backgrounds is taken
from unpaired BX data. Here only one of the crossing LHC beams contains a filled bunch (with the
corresponding bunch in the other beam remaining unfilled), reducing contributions from beam–beam
collisions. Events are selected from these datasets using a trigger requiring the presence of a jet with ?T

greater than either 12 GeV or 50 GeV at L1. Because of its high rate, only a fraction of the events passing
the 12 GeV trigger is recorded. This trigger, therefore, is only used to select events in which the highest jet
?T is under 120 GeV. The contribution from events selected by this trigger is scaled by the inverse of the
corresponding fraction, to ensure a smooth jet-?T distribution when transitioning between events selected
using the 12 GeV and 50 GeV L1 trigger (the latter trigger is used to select events in which the highest jet
?T is �120 GeV). An additional cavern background sample is formed using events recorded by a random
trigger, which was active during empty BXs. This is used to provide an unbiased sample from which to
derive the amount of noise expected in the ATLAS detector due to e�ects such as activity from errant
neutrons and photons commonly called ‘cavern background’. A summary of the data samples used in this
analysis is given in Table 1. The same ?T requirements are placed on each data sample used in the analysis
in order to make the samples selected using di�erent triggers consistent. The exception to this is the cavern
background sample, where an unbiased sample is obtained by making no kinematic selection.

5

L.Corpe

contamination is <25% for models with a 1.4 TeV gluino and a 100 GeV neutralino, with the signal
population decreasing significantly for 1.4 TeV gluino models with smaller mass-splittings. The signal
contamination can be up to 100% for models with lower gluino masses and large mass-splittings.

Table 4: Overview of the validation regions and the low-?T regions used to normalise the BIB templates for the
corresponding validation region. A central set and an inclusive set of these regions are defined to test the background
modelling in both SRC and SRIncl. The VRs are also checked separately using data from 2017 and from 2018 to
ensure consistent background modelling in both years. The main requirements that distinguish the validation regions
from the signal regions, and the normalisation regions from the validation regions, are indicated in boldface. Events
for which U cannot be determined are included in the U > 0.2 selection in VR(Incl/C)-U, VR(Incl/C)-bib and the
corresponding NRs.

Region Data Number of Leading " Leading jet Leading

sample muons jet pT [GeV] w5 jet |(|
Central validation regions

VRC-U
Search sample

� 1 (|(| < 1.4)

> 150
> 0.2 > 0.02

< 0.8VRC-bib 0 > 0.2 0.01–0.02

VRC-Fq 0 < 0.2 > 0.02

Inclusive validation regions

VRIncl-U
Search sample

� 1 (|(| < 1.4)

> 150
> 0.2 > 0.02

< 2.4VRIncl-bib 0 > 0.2 0.01–0.02

VRIncl-Fq 0 < 0.2 > 0.02

Central BIB normalisation regions

NRC-U
Search sample

� 1 (|[ | < 1.4)
90–150

> 0.2 > 0.02
< 0.8NRC-bib 0 > 0.2 0.01–0.02

NRC-Fq 0 < 0.2 > 0.02

Inclusive BIB normalisation regions

NRIncl-U
Search sample

� 1 (|[ | < 1.4)
90–150

> 0.2 > 0.02
< 2.4NRIncl-bib 0 > 0.2 0.01–0.02

NRIncl-Fq 0 < 0.2 > 0.02

The resulting background predictions are compared with the observed data in each of the VRs in Figure 6.
The predicted distributions are in good agreement with the observed data in the VRs.
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Stopped particles: Results 

12

Target SUSY 
models where 
decays happen 
centrally

More general 
region where 
decays need 
not be central

No excess 
observed (similar 

2018 and 
SRIncl)

Uncertainties 
dominated by 
background 
normalisation 
and shape, 
O(20-50%)

• Limits extracted using multi-bin fit in Search 
Regions and extrapolated using calculated live 
time as a function of lifetime

• Gluinos masses up to 1.4 TeV excluded for 
lifetimes from 10μs to 1 day

Stopped particles: backgrounds 
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Figure 10: Expected (dashed lines) and observed (solid lines) signal cross-section exclusion limits at 95% CL using
the 2017 and 2018 datasets in the central signal regions. The cross-section limits are shown as a function of gluino
mass. The shaded coloured bands represent the ±1fexp variations from systematic and statistical uncertainties in the
expected yields. The di�erent sets of colours represent the limits for di�erent assumptions about the gluino–neutralino
mass splitting. The grey dotted line and band represent the NNLO+NNLL theory prediction and uncertainties in the
production cross-section, respectively.

9 Conclusion

This paper presents a search for long-lived particles that have come to rest within the ATLAS detector
at the LHC, using data collected in empty bunch crossings during 2017 and 2018

p
B = 13 TeV ??

collision data-taking. The data are found to be consistent with the background prediction, and the results
are interpreted in the context of simplified models of gluino pair-production, where the gluinos form
'-hadrons. Gluino masses up to 1.4 TeV are excluded for gluino lifetimes of 10�5 to 103 s, assuming a
neutralino mass of 100 GeV. This analysis represents the first search for stopped long-lived particles at
ATLAS using

p
B = 13 TeV ?? collision data, significantly expands the limits on such signatures given by

previous ATLAS analyses, and includes new methodologies for the estimation of non-collision background
processes.
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Figure 7: Summary of the relative uncertainties in the total expected background prediction in each jet ?T bin of SRC
for 2017 (left) and 2018 (right) data.

yields. Signal cross-sections are calculated to approximate next-to-next-to-leading order in the strong
coupling constant, adding the resummation of soft gluon emission at next-to-next-to-leading-logarithm
accuracy (approximate NNLO+NNLL) [46–53]. The nominal cross-section and its uncertainty are derived
using the PDF4LHC15_mc PDF set, following the recommendations of Ref. [54].

8 Results

The integrated yields in the central and inclusive signal regions are compared with the expected background
in Tables 5 and 6, respectively, for 2017 and 2018 data. The binned jet-?T distributions are shown for these
regions in Figure 8. The central control and normalisation regions are used to provide the background
estimates in SRC, and the inclusive control and normalisation regions are used to provide the predicted
yields in SRIncl.

Assumptions about the mass di�erence �< impact the point at which the jet ?T distributions of various

Table 5: Breakdown of the expected and observed data yields in SRC in 2017 and 2018, integrated over the jet ?T

spectrum. The quoted uncertainties include statistical and systematic contributions. The expected event yields from
two example signal models with a gluino mass of 1.4 TeV and neutralino masses of 100 GeV and 900 GeV are also
included, where the yields are calculated assuming a gluino lifetime between about 10�5 and 103 s (within the range
of the live-fraction plateau in Figure 2).

Central signal regions SRC (2017 data) SRC (2018 data)

Observed events 92 100

Total expected background events 88 ± 28 119 ± 32

Beam-induced background events 37 ± 23 72 ± 29
Cosmic-ray-induced background events 51 ± 21 47 ± 19

<(6̃, j̃0
1) = (1400, 100) GeV 5 6

<(6̃, j̃0
1) = (1400, 900) GeV 5 6
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yields. Signal cross-sections are calculated to approximate next-to-next-to-leading order in the strong
coupling constant, adding the resummation of soft gluon emission at next-to-next-to-leading-logarithm
accuracy (approximate NNLO+NNLL) [46–53]. The nominal cross-section and its uncertainty are derived
using the PDF4LHC15_mc PDF set, following the recommendations of Ref. [54].
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The integrated yields in the central and inclusive signal regions are compared with the expected background
in Tables 5 and 6, respectively, for 2017 and 2018 data. The binned jet-?T distributions are shown for these
regions in Figure 8. The central control and normalisation regions are used to provide the background
estimates in SRC, and the inclusive control and normalisation regions are used to provide the predicted
yields in SRIncl.

Assumptions about the mass di�erence �< impact the point at which the jet ?T distributions of various

Table 5: Breakdown of the expected and observed data yields in SRC in 2017 and 2018, integrated over the jet ?T

spectrum. The quoted uncertainties include statistical and systematic contributions. The expected event yields from
two example signal models with a gluino mass of 1.4 TeV and neutralino masses of 100 GeV and 900 GeV are also
included, where the yields are calculated assuming a gluino lifetime between about 10�5 and 103 s (within the range
of the live-fraction plateau in Figure 2).

Central signal regions SRC (2017 data) SRC (2018 data)

Observed events 92 100

Total expected background events 88 ± 28 119 ± 32

Beam-induced background events 37 ± 23 72 ± 29
Cosmic-ray-induced background events 51 ± 21 47 ± 19

<(6̃, j̃0
1) = (1400, 100) GeV 5 6

<(6̃, j̃0
1) = (1400, 900) GeV 5 6
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LLP: Result Releases

3

　 Disappear. Pixel dE/dx SMP DV+MET DV+Jets DV+mu Dilepton DV Disp.Leptons Photons Stoppped

7TeV 2011 2011 2011 2011 　 　 　 　 　 2012

　 2012 2012 2012 　 　 2013 　

8TeV 2013 2015 2014 2015 - 2015 2015 　 2014 2013

2015 　 2016 2016 　 　 　 　 　 　 　

2016 2017 2018 2019 2017 - - 2019 　 　 　

Full Run2 2021(CONF) Draft1 R&D R&D post-PAR 2020 R&D 2020 Unblinded 2021

2nd wave R&D Being
discussed micro-displaced photon DV

R&D

● 3 new results were released since the last workshop!
● 2 upcoming unblinded results in the pipeline
● More analyses getting matured, and 2nd wave analyses

Public Presence (ATLAS Briefing)

● Cheers to high-profile analyses!
● Also had a CERN LHC Seminar

○ CMS had a couple of LLP search CERN seminars recently :-o
2

ATLAS Physics 
Briefings


