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“Search for long-lived particles using 
displaced vertices and missing momentum in 

proton-proton collisions at  √s = 13 TeV”

1



2



3



4

quark and neutralino 
final state (split SUSY)

gluon and gravitino 
final state (GMSB SUSY)

Target: Long-lived Gluinos

0.1 - 1000 mm

This theory is 
crap



The Large Hadron Collider: LHC

The Large Hadron Collider (LHC) is the biggest 
particle accelerator located at CERN

● protons and heavy ions

● several acceleration stages

● centre of mass energy √s = 13 TeV

Four interaction points: CMS, ATLAS, LHCb, 
ALICE.
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The Compact Muon Solenoid: CMS

The Silicon Pixel detector is used to 
track particles and to reconstruct the 
vertices.

The ECAL aims to reconstruct photons 
and electrons.
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Event Selection & Background Sources
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○ events with: 
○ collected data in 2016-2018 

(analyzed separately)

Event Selection Signal Simulation

○ proper decay lengths: 0.1-1000 mm

0.1 - 1000 mm

1200-2600 GeV 1800-2800 GeV

○ Dominant
■ QCD
■

0.1 - 1000 mm○ Additional
■ W/Z boson
■ single top
■ diboson

Background Processes

Split SUSY GMSB SUSY

With Mass



Vertex reconstruction

Secondary vertex reconstruction with Kalman Filter algorithm:

● Track quality selections (pT and n hits in tracker)
● Tracks from displaced vertices

○
● Vertex selection:

○
○                     
○                             
○                     
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dBV

charged
tracks

neutral  particle
 → pT missing

decays within the 
beam pipe

suppress contribution 
from boosted B and K 
decays

Remove prompt 
SM tracks.

beam axis



What next?
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Machine Learning Strategy
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LLP (1) QCD (0) Graph Representation

GNN-based model

Output Score SML

Binary Cross Entropy

+

L2 Regularization

+

Distance Correlation

Decorrelation to number of tracks in displaced vertex

Training Data Interaction Network Loss

Tracking information:
- Momentum
- Impact parameters 

(both transverse and 
longitudinal)



Model Performance
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SML
 > 0.2 ⇒  Identify ～97% of Signals & reject ～97% of Backgrounds



Background Estimation

Red - Signal region,
Yellow - Validation region, 
Grey - Control region
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● SML and ntrack are stat. independent 

● Number of background events:

● C region validates the Method



Systematic Uncertainties

No systematic uncertainties from background estimation
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Results & Statistical Interpretation
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Summary

- The CMS studied LLPs.

- Most stringent limits for split 
and GMSB model to date!

- No SUSY …yet ?

- Still hope …? 
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Backup slides



Long-lived Gluino in Split-SUSY and GMSB

● A mechanism generates the SUSY breaking term 
● Sfermions in very high energy scale, gauginos in 

weak-scale
● Gluino decay into LSP and pair quarks mediated 

by extremely heavy squark (                  ), make it a 
long-lived particle able to traced at current 
detectors.
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Long-lived Gluino in Split-SUSY and GMSB
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● Background Processes
○ dominated and additional background
○ generated by various simulation tools and parameters

■ LO     (Leading Order)
■ NLO  (next-to-LO)

Background
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dominant additional

background QCD W/Z boson single tops diboson

generator MADGRAPH5 
aMC@NLO 2.6.5 

MADGRAPH5 
aMC@NLO 2.6.1

MADGRAPH5 
aMC@NLO 2.6.5 POWHEG PYTHIA 8.240 

at LO NLO LO NLO



Reconstruction
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● Reconstruction
○ same algorithms as used for data

■ (using the CMS detector and GEANT4)
○ ensure that simulation accurately
○ reflects the characteristics of real data



Interaction Network

Send relation matrix

Receive relation matrix

B    ⇔    S
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Track Info.

0    ….     1 
:  Multilayer perceptrons



Distance Correlation (2001.05310)
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Related to the 
dimension of X and Y

Weight function: uniquely determined 
by requiring invariance under shift, 

orthogonal and scale transformation.

Distance correlation: 
bounded in 0 and 1



Train and test samples
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Event selection & Signal efficiency
● Signal region contains events 

○ Passes preselection
○ At least one displaced vertex with ntrack ≥ 5, and have 

SML > 0
● Signal efficiency

○ Fraction of generated signal events pass signal region 

27

Sy
st

em
at

ic
 u

nc
er

ta
in

ty
 

in
 s

ig
na

l e
ffi

ci
en

cy

Vertex reconstruction & ML tagging efficiency
● Artificially displacing track in data
● Simulated background mimics displaced vertex 

as LLP

● Fraction of artificially displaced vertex 
reconstructed with in 200µm

● Fraction of reconstructed with SML>0.2


