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Decay Products
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“Prompt”

decay 
immediately

Lifetime:

decay while travelling 
through detector

“LLP” “Stable”

not decay/
decay after detector

<≈ 0.0033 ns / 1 mm >≈ 33 ns / 10 m

Many possible LLP signatures to search for → see John Anders’ talk for more!
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• If LLP decays to several charged particles:

• Those tracks point back to vertex displaced from original proton-
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• These tracks require special Large Radius Tracking (LRT) to reconstruct. 

• Various DV reconstruction algorithms, usually assuming tracks 
point back to the same exact point
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In ATLAS, tracking occurs in Inner Detector (ID) 
and Muon Spectrometer (MS)
→ Focus today on DVs reconstructed in the ID

DVs characterized by:
• Number of tracks
• Invariant mass of tracks 

(𝑚DV)
• Vertex position 

(DV Τ𝑟𝑥𝑦/𝑥 𝑦/𝑧)
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closest approach to 
origin



Finding events with DVs in collision data

4

muons
jets
missing transverse energy (MET)
etc.



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

4

muons
jets
missing transverse energy (MET)
etc.



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

4

muons
jets
missing transverse energy (MET)
etc.



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

• DVs difficult to trigger on directly (we’re working on it!)
prefer triggering on, for example:

4

muons
jets
missing transverse energy (MET)
etc.



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

• DVs difficult to trigger on directly (we’re working on it!)
prefer triggering on, for example:

4

muons
jets
missing transverse energy (MET)
etc.

muons



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

• DVs difficult to trigger on directly (we’re working on it!)
prefer triggering on, for example:

4

muons
jets
missing transverse energy (MET)
etc.

muons jets



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

• DVs difficult to trigger on directly (we’re working on it!)
prefer triggering on, for example:

4

muons
jets
missing transverse energy (MET)
etc.

muons jets missing transverse 
energy (MET)



Finding events with DVs in collision data

• Collisions every 25 ns, cannot save every event

• Need “easy/fast” on-the-fly way of deciding whether to save the event 
→ Trigger  

• DVs difficult to trigger on directly (we’re working on it!)
prefer triggering on, for example:

• Therefore, analyses typically search for “DV+*something*”

4

muons
jets
missing transverse energy (MET)
etc.

muons jets missing transverse 
energy (MET)
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More Data

≥ 2 DV 
Events

Fuzzy 
Vertexing

• Requiring 2 DVs in the event allows us to search for 
lighter and fewer-track DVs   

→lighter LLPs! 
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More Data

≥ 2 DV 
Events

Fuzzy 
Vertexing

• If LLP decays into heavy quarks (i.e. slightly long-lived), 
final tracks no longer point back to same point

• Loosen requirement to vertex being a fuzzy volume

DV Displacement [mm]

Fraction of 

DVs actually 

reconstructed

Standard 
Vertexing

(SDV)     

Fuzzy 
Vertexing

(FDV)     
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1+ Standard DV
≥ 5 tracks 

𝑚DV ≥ 10 GeV

orthogonal

non-orthogonal

DV                                 +          MET

1 Fuzzy DV
≥ 5 tracks 

𝑚DV ≥ 10 GeV

All events must pass MET triggers and require MET≥150 GeV

2+ Fuzzy DVs
≥ 4 tracks 

𝑚DV ≥ 1.5 GeV

All events must:

Pass MET triggers

MET≥150 GeV



DV+MET: Benchmark Models
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(We do not require leptons)

1+ Standard DV
1 Fuzzy DV

2+ Fuzzy DV

Gluino R-hadron Bino-Wino 
Coannihilation

DFSZ AxinoHiggs Portal

LLP DV MET

𝑍
ത𝑞

𝑞

𝑍
ത𝑞

𝑞

Note: 
If model has 2 LLPs
where 1 lives long enough 
to be reco’d as MET
Don’t need neutrinos or any 
other MET-producing 
objects in diagram!
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෤𝜒3
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෤𝜒2
±

෤𝜒1
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෤𝜒4
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What non-new-physics processes also produce DVs?

• Normal particles interacting hadronically with detector material

• K-short and some other b-decays

→These are correlated to the number of tracks and jets in the event

→ Note that they are completely independent from MET, muons, 
photons, etc. in the event

DV+MET: Backgrounds

14

𝐾𝑠
0
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DV+MET: Data-Driven Background Estimate

15

DV+MET
Irrelevant

DV+photon
1) Determine fraction of 
events that have DVs

2) Determine #events total

3) 

#Events w. DVsphoton

#Total Eventsphoton

#Total EventsME𝑇

#Events w. DVsMET = #Total EventsMET

#Events w. DVsphoton

#Total Eventsphoton

Background DVs originate 
from event tracks and jets

Validation Regions are made by 
inverting the SR # tracks, mDV, # 
seed, or material veto SR 
requirements

Same SR selections made across.
Only selections change is related 
to trigger/MET/photon
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1+ Standard DV

1 Fuzzy DV
2+ Fuzzy DV

No significant excess found
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→Improvement on the 
2016-only search!
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Gluino R-
hadron

Higgs Portal

DFSZ Axino

Bino-Wino

Sensitivity at high lifetime 
from high xs ggH where 
1 LLP is reco’d as MET!

LLP Summary Plot

https://cds.cern.ch/record/2946396/files/ATL-PHYS-PUB-2025-039.pdf
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Gluino R-
hadron

Higgs Portal

DFSZ Axino

Bino-Wino

v

v

→Now included in 
SUSY Summary 
Plots!
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Gluino R-
hadron

Higgs Portal

DFSZ Axino

Bino-Wino

→ First explicit limits 
on this scenario!
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DV+muon: Benchmark Models (RPV SUSY)

• ෤𝜒1
0, ෤𝜒1

±, ෤𝜒2
0 Higgsinos within 1 GeV of each other. Others 

decoupled

• Small R-Parity Violating couplings make ෤𝜒 long-lived and 
decay to muon & hadrons (DVs!)

26

DV
LLP

muon
L-violating 𝜆211

′ :  𝜒 → 𝜇
𝑢

𝑑
 𝑑 B-violating 𝜆323

′′ : 𝜒 →
𝑡→𝜇𝑏

𝑏
 𝑠 𝑏 L-violating 𝜆211

′ :  ǁ𝑡 → 𝜇 𝑏

෤𝜒1
0

𝛾

𝑍

ℎ

𝐴0

𝑊±

𝐻±𝐻0

෤𝜒2
0 ෤𝜒1

±

෤𝜒3
0

෤𝜒2
±

෤𝜒4
0

෥→



DV+muon: Signal Regions
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orthogonal

non-orthogonal

DV                            +          muon

All events must pass MET triggers and require MET≥150 GeV

“displacement”= proton-proton vertex to DV transverse distance 

Tight_VarRad

Heavy-Flavour Veto:
Muon must be isolated (Tight_VarRad)

Cosmic Ray Veto: 
No muon segment opposite side of detector

Algorithmic Fake Veto:
𝜒2 < 3 of combined ID/MS tracks fit
3 precision layer hits

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/MUON-2018-03/
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DV+muon: Signal Regions

• All DVs must not be inside detector material

• All DVs must lie within DV𝑟𝑥𝑦 ≤ 300 mm, DV𝑧 ≤ 300 mm 
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≥ 4 tracks
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orthogonal
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DV                            +          muon

1+ “Far” DVs
displacement ≥ 4 mm

≥ 4 tracks
𝑚DV ≥ 20 GeV

All events must pass MET triggers and require MET≥150 GeV

Events must pass vetoes for 

the following backgrounds:

-Heavy-Flavour

-Cosmic Rays

-Algorithmic Fakes“displacement”= proton-proton vertex to DV transverse distance 

• Events must pass 1 of 2 normal muon 
triggers or new displaced muon trigger

• Muon must have pT ≥ 1.05x normal 
trigger threshold (63, 84 GeV), or be what 
new displaced muon trigger triggered on 

• 𝑝T ≥ 25 GeV, 𝑧0 < 300 mm, 
2 mm < d0 < 300 mm, Τd0 𝜎𝑑0

> 150

Tight_VarRad

Heavy-Flavour Veto:
Muon must be isolated (Tight_VarRad)

Cosmic Ray Veto: 
No muon segment opposite side of detector

Algorithmic Fake Veto:
𝜒2 < 3 of combined ID/MS tracks fit
3 precision layer hits

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/MUON-2018-03/


DV+muon: Data-Driven Background Estimate

• Muon and DVs independent

• Estimate number of events with muons slipping through veto 
through ratios

28

Invert muon veto 
corresponding to bkg 
you want to estimate

Invert DV dT selection

1 mm < 𝑑T PV, DV < 4 mm𝑑T PV, DV > 4 mm𝑑T PV, DV ≤ 1 mm or No DV

1+ “Near” DVs 1+ “Far” DVs

Applied

Not Applied

No DVsMuon Bkg Veto 

C

D Bnear

Anear

Bfar

Afar

𝐷

𝐶
=

𝐵

𝐴



DV+muon: Results
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1+ “Near” DVs 1+ “Far” DVs



DV+muon: Results

29No significant excess found

Observed                                 1                       3

1+ “Near” DVs 1+ “Far” DVs



DV+muon: Exclusion Limits
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Improvement on 
ATLAS Run 2 DV+muon 

search!

Improvement on 
ATLAS Run 1 
Higgsino-like 

Neutralinos search!

Complementary to
CMS Run 2 Hadronic 

DV Pairs search! 

L-violating 𝜆211
′ :  𝜒 → 𝜇

𝑢

𝑑
 𝑑 B-violating 𝜆323

′′ : 𝜒 →
𝑡→𝜇𝑏

𝑏
 𝑠 𝑏 L-violating 𝜆211

′ :  ǁ𝑡 → 𝜇 𝑏

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2012-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-013/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-013/


DV+muon: Cross-Section Limits
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L-violating 𝜆211
′ :  𝜒 → 𝜇

𝑢

𝑑
 𝑑 B-violating 𝜆323

′′ : 𝜒 →
𝑡→𝜇𝑏

𝑏
 𝑠 𝑏 L-violating 𝜆211

′ :  ǁ𝑡 → 𝜇 𝑏



Conclusion

• We searched for long-lived particles using displaced vertex 
signatures in the ATLAS detector, with events triggered by:
• Missing Transverse Energy

• Muons

• DV+MET had introduced an exciting new fuzzy vertexing 
algorithm to better reconstruct LLPs decaying into heavy quarks

• DV+muon had introduced a new displaced muon trigger to 
better trigger on LLPs decaying into muons

• No significant excess found, but great new limits set!
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Thank You
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SAY THE LINE BART

NO SIGNIFICANT EXCESS FOUND



Backup
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What could cause a BSM particle to be long-lived?

1) Fewer possible decay modes

2) Less phase space (small mass-splitting)

3) Small coupling between particles

35

𝜏 =
1

σdecay modes Γdecay mode

Γdecay mode ∝
Ԧ𝑝∗

𝑚𝑋
𝑀 2

∝
𝑚𝑋

2 − 𝑚𝑎
2 − 𝑚𝑏

2 2 − 4𝑚𝑎
2𝑚𝑏

2

𝑚𝑋
2 𝑀 2

𝑀 ∝ 𝑔

𝑋
𝑎

𝑏

𝑔



𝑋
𝑎

𝑏

What could cause a BSM particle to be long-lived?

1) Fewer possible decay modes

2) Less phase space (small mass-splitting)

3) Small coupling between particles

4) Very off-shell intermediary
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DV+MET: Data-Driven Background Estimate (1SDV/1FDV SRs)
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DV+MET
Irrelevant

DV+photon
1) Determine fraction of 
events of a certain number 
of tracks and jets that have 
DVs

2) Determine #events with certain number of 
tracks and jets

3) 

#Events w. DVsphoton

#Total Eventsphoton

#Total EventsME𝑇

#Events w. DVsMET =
#Events w. DVsphoton

#Total Eventsphoton
#Total EventsMET

Background DVs originate 
from event tracks and jets

# tracks
#

 b
-j

e
ts

# Events 
w. DVs

DV+photon

#Events w. DVsMET = σ

# tracks

#
 b

-j
e

ts

# Events 
w. DVs

DV+MET

= σ( /

# tracks

#
 b

-j
e

ts

# Total 
Events

DV+photon

)∗

# tracks

#
 b

-j
e

ts

# Total 
Events

DV+MET

Validation Regions are made by 
inverting the SR # tracks, mDV, # 
seed, or material veto SR 
requirements

Same SR selections made across.
Only selections change is related 
to trigger/MET/photon



DV+MET: Data-Driven Background Estimate (2FDV SRs)

• Similar to 1SDV and 1FDV SRs, except tracks are not as important, 
so focus on jets     
→ Do procedure using jets instead of events:

38

JetDP1 = σ

# tracks

#
 b

-j
e

ts

# Events 
w. DVs

DV+MET

#Evts w. 2DVsMET = #Total EvtsMET − #Evts w. 1 DVMET − #Evts w. 0 DVsMET

pT

b
-t

a
g

# Jets w. 
(1/2+) DVs

DV+photon

/

pT

b
-t

a
g

# Total 
Jets

DV+photon

Jet-(1/2+)DV Prob. =

#Events w. 2DVsMET

#Evts w. 0 DVsMET = ෍

Evts 𝐸

ෑ

jets 𝑗 in 𝐸

(1 − J1DP − J2DP)

#Evts w. 1 DVsMET = ෍

Evts 𝐸

ෑ

jets 𝑗𝐸 in 𝐸

J1DP ෑ

jets 𝑗≠𝑗𝐸 in 𝐸

1 − J1DP − J2DP



DV+MET: Results
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1+ Standard DV

1 Fuzzy DV
2+ Fuzzy DV

No significant excess found

visible 
cross-section

(All Limits at 95% Confidence Level)

# signal events

upper limits on



DV+muon: Results

40No significant excess found

visible 
cross-section

(All Limits at 95% Confidence Level)

upper limits on

# signal events

SRs divided into bins of 𝑚DV
red = 𝑚DV/Δ𝑅max

Where Δ𝑅max is max angular separation 
between tracks



DV+muon: Selections and Signal Regions
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• All events must pass 1 of 2 MS-only triggers or the new displaced muon trigger

• *Muon must have pT ≥ 1.05x MS trigger threshold (63, 84 GeV), or be what new displaced muon trigger triggered on 

• All DVs must not be inside detector material

• All DVs must lie within DV𝑟𝑥𝑦 ≤ 300 mm, DV𝑧 ≤ 300 mm (i.e. decays before first strips detector barrel layer)

Tight_VarRad

Muon Selection
𝑝T ≥ 25 GeV*                                      𝑧0 < 300 mm
2 mm < d0 < 300 mm,                  Τd0 𝜎𝑑0

> 150

Heavy-Flavour Veto:
Muon must be isolated (Tight_VarRad)

Cosmic Ray Veto: 
No muon segment opposite side of detector

Algorithmic Fake Veto:
𝜒2 < 3 of combined ID/MS tracks fit
3 precision layer hits

orthogonal

1+ “Far” DVs

dT PV, DV ≥ 4 mm
≥ 4 tracks

𝑚DV ≥ 20 GeV

1+ “Near” DVs

1 mm < dT PV, DV < 4 mm
≥ 4 tracks

𝑚DV ≥ 40 GeV

dT PV, DV = PV-DV 
transverse distance 

SRs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/MUON-2018-03/


DV+muon: Data-Driven Background Estimate

• Estimate done per individual muon bkg

• ABCD Method: SR=B*C/D

42

Invert muon veto 
corresponding to bkg 
you want to estimate

Invert DV dT selection

1 mm < 𝑑T PV, DV < 4 mm𝑑T PV, DV > 4 mm𝑑T PV, DV ≤ 1 mm or No DV



DV+MET: Example Event Display
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DV+muon: Event Display
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DV+MET
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Fuzzy Vertexing Efficiencies
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Material Map Veto

47



SDV VRs
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1FDV VRs
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2FDV VRs
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Variables used for Fuzzy Vertex Optimization
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Selections
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Model Efficiencies
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SDV Regions
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DV+muon

55



56



Validation Regions
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Distributions
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Signal Region Distributions
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Results
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