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Snapshot of CMS LLP Searches
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CMS Exotica Summary Plots

CMS has covered a wide range of models and LLP  
signatures across many orders of magnitude in cτ 

Note: 8th LHC LLP WS is this week!

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Long_lived_particle_summary_plot
https://indico.cern.ch/event/922632/timetable/
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PRF-14-001

http://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-14-001/
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Disappearing Tracks: 2004.05153   

LLP7 slides from B. Francis

Charginos excluded for pure W LSP 
scenarios up to 474 GeV and 0.2 ns  

(175 GeV and 0.05 ns for H LSP)

~

~

Distinct signature! 

 Arises naturally in AMSB and 
compressed SUSY scenarios with 

O(100 MeV) splittings

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/
https://indico.cern.ch/event/863077/contributions/3850748/attachments/2044912/3425644/bfrancis_disappTrks_llp7.pdf
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Displaced Jets: EXO-19-021

LLP7 slides from J. Luo

Sensitive to many LL models 
with decays within the tracker  

(~1 mm to ~1 m)

Dedicated trigger selects events  
containing jets with ≤2 prompt tracks 

Reconstruct SVs using pairs of jets;  
use a NI-veto map and a GBDT to  

suppress background.
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Specialized displaced-jet triggers

1509/29/20

❖ The high-level trigger (HLT) system of CMS has the ability of reconstructing 
prompt tracks and displaced tracks online. 
‣ Enables us to capture the displaced-jet signatures in a model-independent 

way; 
‣ Unique sensitivities to low-mass LLPs (e.g. Exotic decays of the SM-like 

Higgs) 

❖ We can tag displaced-jets with the HLT system by counting the number of 
prompt/displaced tracks associated with the jets  

Jingyu Luo (jingyu.luo@cern.ch)

PV PV
SV

• Veto jets with a large number of prompt tracks;
• Tag jets with displaced tracks;

Specialized displaced-jet triggers

1509/29/20

❖ The high-level trigger (HLT) system of CMS has the ability of reconstructing 
prompt tracks and displaced tracks online. 
‣ Enables us to capture the displaced-jet signatures in a model-independent 

way; 
‣ Unique sensitivities to low-mass LLPs (e.g. Exotic decays of the SM-like 

Higgs) 

❖ We can tag displaced-jets with the HLT system by counting the number of 
prompt/displaced tracks associated with the jets  

Jingyu Luo (jingyu.luo@cern.ch)

PV PV
SV

• Veto jets with a large number of prompt tracks;
• Tag jets with displaced tracks;

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-021/
https://indico.cern.ch/event/863077/contributions/3850789/attachments/2045871/3427613/DisplacedJets_LLP7.pdf
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SIMPs with Trackless Jets: EXO-17-010

My LLP8 slides

SIMPs (w/ these couplings) 
excluded for masses up to 

900 GeV!

Simplified model has SIMP couplings 
resulting in hadronic showers that start and 

are contained in the HCAL 

Look for jet pairs w/ small ChF; estimate 
background with data-driven technique

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-010/index.html
https://indico.cern.ch/event/922632/contributions/4098270/attachments/2143334/3612091/2020-11-16%20LLP8%20CMS%20Results%20Final.pdf
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Search for long-lived particles 
decaying to jets with displaced vertices

EXO-19-013

Extension of 1808.03078, 
now with the full Run 2 dataset 

(+ the upgraded CMS Pixel Tracker)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-013/index.html
https://arxiv.org/abs/1808.03078


Signal Models
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RPV SUSY models w/ small couplings prevent e.g. proton 
decay, while allowing the LSP to be long-lived before decaying. 

We use these as our benchmark models, but the search is 
fairly model-independent!
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General Analysis Strategy
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Select events using HT trigger 

• Require HT > 1200 GeV and ≥4 jets 

Use tracks to reconstruct the two LLP decay points as  
two displaced vertices. Select high-quality tracks with:  
• pT > 1 GeV 
• Npixel hits ≥ 2, Nstrip hits ≥ 6 
• Hit in the innermost pixel layer (results in <σ(dxy)> ≈ 72 μm) 

• dxy/σ(dxy) > 4 to select displaced tracks



Vertex Reconstruction and Selection
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Custom vertex reconstruction: iteratively 
merge tracks into vertices, fit w/ Kalman 

filter, and arbitrate w/ quality requirements.

Vertex Reconstruction and Selection
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Custom vertex reconstruction: iteratively merge tracks into 
vertices, fit w/ Kalman filter, and arbitrate w/ quality 
requirements (χ2, vtx-vtx distance, trk-vtx IP, etc.).



Vertex Reconstruction and Selection
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Only accept DVs 
within beam pipe

TrackerMaterial
Position2018

(avoid bkgs from 
material interactions)

Note: r < 1.8 cm and r > 3.7 cm not shown for visibility

https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackerMaterialPosition2018
https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackerMaterialPosition2018
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Require dBV > 100 μm 
(avoid displaced PVs) 

 
σ(dBV) < 25 μm allows 
us to suppress b-jet 
vertices (collimated) 

Custom vertex reconstruction: iteratively 
merge tracks into vertices, fit w/ Kalman 

filter, and arbitrate w/ quality requirements.Vertex Reconstruction and Selection
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Require dBV > 100 μm  
(avoid displaced PVs) 

 
σ(dBV) < 25 μm allows us to 

suppress b-jet vertices 
(collimated) 



Vertex Reconstruction and Selection
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Signal vertices: 
ntrack ≥ 5

Control sample: 
ntrack = 3 or 4
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Require dBV > 100 μm 
(avoid displaced PVs) 

 
σ(dBV) < 25 μm allows 
us to suppress b-jet 
vertices (collimated) 

Custom vertex reconstruction: iteratively 
merge tracks into vertices, fit w/ Kalman 

filter, and arbitrate w/ quality requirements.



During vertex reconstruction, remove any tracks that 
significantly affect vertex z position by > 50 μm 

 
Reduces background by 40% with small impact on 

signal efficiency!

Suppression of pileup tracks
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Dan Quach  | EXO General Meeting8 Sept 2020

Method of Suppression

12

PV1 PV2 PV1 PV2 PV1

SV
SV’ SV’

Remove any track that significantly affects a vertex’s z position

Δz

This procedure reduces the background by a factor of 3 to 10 (larger reduction at larger dBV) 
while retaining signal efficiency (~96% with respect to nominal)
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Method of Suppression

12

PV1 PV2 PV1 PV2 PV1

SV
SV’ SV’

Remove any track that significantly affects a vertex’s z position

Δz

This procedure reduces the background by a factor of 3 to 10 (larger reduction at larger dBV) 
while retaining signal efficiency (~96% with respect to nominal)
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Search Strategy
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Background vertices arise from misreconstructed tracks—no 
guarantee that simulation can faithfully reproduce such effects!

Data-Driven Background Estimation
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Background vertices arise from misreconstructed tracks—no 
guarantee that simulation can faithfully reproduce such effects!

Data-Driven Background Estimation
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Instead: 
• Look at characteristics 

of a two-vertex event 
• Emulate dVV in data 

using (bkg-dominated) 
single-vertex events
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Construct a background dVV 
template from single-vertex 

data using: 

• Two random dBV values 

• Randomly chosen ΔφVV, 
estimated via jet anglesSingle-vertex 

events
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Single-vertex 
events

Construct a background dVV 
template from single-vertex 

data using: 

• Two random dBV values 

• Randomly chosen ΔφVV, 
estimated via jet angles 

• Corrections for b-quarks 
(larger displacements)



Data-Driven Background Estimation
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Construct a background dVV 
template from single-vertex 

data using: 

• Two random dBV values 

• Randomly chosen ΔφVV, 
estimated via jet angles 

• Corrections for b-quarks 
(larger displacements) 
and overlapping vertices



Data-Driven Background Estimation
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Construct a background dVV 
template from single-vertex 

data using: 

• Two random dBV values 

• Randomly chosen ΔφVV, 
estimated via jet angles 

• Corrections for b-quarks 
(larger displacements) 
and overlapping vertices

Overall normalization of the dVV shape ≈ Npresel * (1-vtx bkg ε)2,  
with these corrections accounted for
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Events with pairs of 
vertices with <5-tracks 
validate the procedure. 

(use any differences as 
syst uncertainty)



Dan Quach  | EXO General Meeting8 Sept 2020

Signal Systematics: Vertex Reco

25

MC
Data

Manually displace the tracks from a set of jets by a known 
amount to create artificial signal vertices

Evaluate systematic uncertainty from difference in 
reconstruction efficiency between data and MC

Separate procedures tailored to dijet and multijet benchmark 
signal models to capture the details of their final states

Signal Efficiency and Systematics
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Signal Systematics: Vertex Reco

25

MC
Data

Manually displace the tracks from a set of jets by a known 
amount to create artificial signal vertices

Evaluate systematic uncertainty from difference in 
reconstruction efficiency between data and MC

Separate procedures tailored to dijet and multijet benchmark 
signal models to capture the details of their final states

Manually displace tracks from SM jets in data and MC to 
create artificial displaced vertices. 

Measure vertexing ε to determine ε corrections and  
systematic uncertainties to apply to signal MC.
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Efficiencies largest at high masses (due to HT requirement) 
and lifetimes compatible with beampipe constraint (≲ 20 mm).

χ~0 → tbsg~/ → ddt~

Signal Efficiencies
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Predicted 
0.342 total 

background 
events
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Predicted 
0.342 total 

background 
events

Expect >5 signal events 
in this bin alone 

(for some allowed σ values)
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Predicted 
0.342 total 

background 
events

Expect >5 signal events 
in this bin alone 

(for some allowed σ values)

And 
observed 

zero!



Results
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Reinterpretation recipe available in EXO-19-013!
Note: prompt RPV searches (36 fb-1) currently have mass 
limits up to 1500 GeV for gluinos and 520 GeV for stops

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-013/index.html
https://arxiv.org/abs/1810.10092
https://arxiv.org/abs/1808.03124


Hadronic LLP Summary
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DV search nicely 
complements 

other CMS 
searches at 

longer lifetimes

Split SUSY model

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Long_lived_particle_summary_plot
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Long_lived_particle_summary_plot


Displaced vertices provide a nice handle to search for LLPs

• No evidence for new LLPs yet 

• CMS search is largely model-independent, and can be 
reinterpreted for other models 

• Working on new ideas to extend the search, even with  
Run 2 data: 

• better sensitivity at low masses (alternative triggers) 

• new signal models to focus on 

• further understand/eliminate backgrounds, ultimately to 
relax other aspects of selection and improve signal ε

Summary
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Thanks!



 

Backup
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Phase-1 Pixel Detector Upgrade
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Table 1. Summary of average r, z positions and number of modules for the four BPIX layers and
the six FPIX rings.

BPIX
Layer Radius [ mm ] z position [ mm ] Number of modules
L1 29 �270 to+270 96
L2 68 �270 to+270 224
L3 109 �270 to+270 352
L4 160 �270 to+270 512

FPIX
Disk Radius [ mm ] z position [ mm ] Number of modules
D1 inner ring 45–110 ±338 88
D1 outer ring 96–161 ±309 136
D2 inner ring 45–110 ±413 88
D2 outer ring 96–161 ±384 136
D3 inner ring 45–110 ±508 88
D3 outer ring 96–161 ±479 136

Phase-1
upgrade

Original

BPIX FPIX

D1 D2 D3

L1

L2

L3

L4

r=29mm

r=68mm

r=109mm

r=160mm

r=102mm
r=73mm

r=44mm

Figure 1. Layout of the CMS Phase-1 pixel detector compared to the original detector layout, in
longitudinal view.

to transmit the increased data volume from the CMS Phase-1 pixel detector through the
existing optical fibers to the data acquisition (DAQ) system. Since the CMS Phase-1
pixel detector has 1.9 times more channels than the original pixel detector, the power
consumption increases accordingly. The CMS Phase-1 pixel detector uses DC-DC power
converters to supply the necessary current to the modules while reusing the existing cables
from the power supply racks to the tracker detector patch panel inside the CMS magnet

– 5 –



Displaced Vertices Event Yields
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Event category 3-track 4-track ⇥ 3-track 4-track �5-track
one-vertex 61818 — 14730 2211
two-vertex 185 101 12 See Sec. ??0

Predicted multijet signal yields

dVV range Predicted background yield 0.3 mm 1.0 mm 10 mm Observed

0–0.4 mm 0.235 ± 0.003 (stat) ± 0.059 (syst) 0.7 ± 0.2 0.7 ± 0.1 0.20 ± 0.02 0

0.4–0.7 mm 0.096 ± 0.003 (stat) ± 0.031 (syst) 0.8 ± 0.2 1.1 ± 0.2 0.10 ± 0.01 0

0.7–40 mm 0.011 ± 0.001 (stat) ± 0.006 (syst) 0.8 ± 0.2 5.4 ± 0.9 12 ± 1 0

Observed in control samples + search region:

Observed and predicted in search region bins:

800 GeV, σ = 0.3 fb
Note: Overall normalization of the background template:

Npred ≈ (bkg vertex ε)2 w/ corrections à la template construction



Displaced Vertices Background Validation
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Events with pairs of vertices with <5-tracks used to validate 
the procedure—good agreement observed! 

(and any differences used as syst uncertainty)
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DV background systs

Systematic effect Dijet uncertainty (%) Multijet uncertainty (%)

Vertex reconstruction 11–41 1–36

PDF uncertainty 1–8 1–8

Integrated luminosity 2–3 2–3

Jet energy scale 5 5

Jet energy resolution 2 2

Pileup 2 2

Trigger efficiency 1 1

Changes in run conditions 1 1

Overall 13-42 7-36

Shift ± Statistical Uncertainty (%)

Systematic effect 0–0.4 mm 0.4–0.7 mm 0.7–40 mm

Closure in 3-track control sample 1 ± 10 7 ± 12 38 ± 32

�5-track template normalization factor 23 ± 7 23 ± 7 23 ± 7

Difference from 3-track vertices to �5-track vertices:

Modeling of vertex pair survival efficiency 9± < 0.5 20 ± 1 25 ± 5

Modeling of DfVV 3± < 0.5 6 ± 1 5 ± 3

Variation of b-tag fraction 1± < 0.5 3 ± 1 5 ± 3

Variation of b-tag correction factors 0± < 0.5 0± < 0.5 1 ± 1

Overall 25 ± 12 32 ± 14 51 ± 33

DV signal systs
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1D Limits
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For a gluino with 
m = 800 GeV and 

cτ = 1 mm, we 
excluded: 

σ = 0.3 fb 
(2015+2016 only) 

 
vs. 

σ = 0.08 fb  
(full Run 2)


