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CMS program covers a broad lifetime range
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CMS long-lived particle searches, lifetime exclusions at 95% CL
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The LL program is sensitive to a 
wide variety of lifetimes, from well 
before the first active layer to well 
after the last active layer of CMS
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Many public 7/8 TeV searches (and two at 13 TeV)

4

Final state targeted 7 TeV 8 TeV 13 TeV
1 displaced e-e/μ-μ pairs 1211.2472 1411.6977

2 displaced μ-μ pairs in muon system 2005761

3 displaced e-μ events 1409.4789 2205146

4 displaced μ-μ pairs (dark photons) 1506.00424

5 displaced photons using ECAL timing 1212.1838 2063495

6 displaced photons using conversions 1207.0627 2019862

7 displaced vertices 2160356

8 displaced dijets 1411.6530

9 short, highly ionizing disappearing tracks thesis

10 disappearing tracks 1411.6006

11 kinked tracks thesis

12 fractionally charged particles 1210.2311 1305.0491

13 heavy stable charged particles (HSCP) 1205.0272 1305.0491 2114818 (2015)
2205281 (2016)

14 stopped particles 1207.0106 1501.05603

15 out of time muons thesis

covered in this talk

http://arxiv.org/abs/1211.2472
http://arxiv.org/abs/1411.6977
http://cds.cern.ch/record/2005761
http://arxiv.org/abs/1409.4789
http://cds.cern.ch/record/2205146?ln=en
http://arxiv.org/abs/1506.00424
http://arxiv.org/abs/1212.1838
https://cds.cern.ch/record/2063495
http://arxiv.org/abs/1207.0627
https://cds.cern.ch/record/2019862
https://cds.cern.ch/record/2160356
http://arxiv.org/abs/1411.6530
http://arxiv.org/abs/1411.6006
http://arxiv.org/abs/1210.2311
http://arxiv.org/abs/1305.0491
http://arxiv.org/abs/1205.0272
http://arxiv.org/abs/1305.0491
http://cds.cern.ch/record/2114818
http://cds.cern.ch/record/2205281?ln=en
http://arxiv.org/abs/1207.0106
http://arxiv.org/abs/1501.05603
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First of its kind on CMS (8 TeV) 

Targets SUSY RPV → tbs 
• small couplings → long lifetimes 

Short-ish lifetimes (inside beampipe) 

Reconstruct displaced vertices 
• using tracks with d0 > 100 μm 

Vertex selection: 
• ≥ 5 tracks, ≥ 3 with pT > 3 GeV 
• well measured vertex position 
• ≥ 1 track matched to jet 
• “substructure lite”: 

0 track pairs with ΔR > 4 
≥ 1 track pair with ΔR < 0.4
≥ 1 track pair with ΔR > 1.2

Create sample of 1-vertex events
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2160356

Background taken from 1-vertex data events 

Displaced multi-jet vertices
• Pair-prod.  𝑔 → 𝑡𝑏𝑠 : 2 displaced multi-jet vertices
• Focus on intermediate lifetimes down to 300 μm
• Background from mis-reconstruction, b quark jets
• Discriminant dVV: x-y distance between vertices
• Estimate background using distances, angles in 

one-vertex sideband

x

y

V

V B

dBV

dBV

ΔφVV

dVV

CMS, 8 TeV 
CMS-PAS-SUS-14-020

2016/6/16 J. Tucker 11

Signal expected in 2-vertex events

dvv: distance between vertices in transverse plane

High discrimination power expected from dvv

Taking two events from 
1-vertex data: 
dBV: vertex displacement 
ΔφVV: angular separation 

Create expected dVV 
shape in background

https://cds.cern.ch/record/2160356
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Bin i dVV range Observed ni Mean expected count
1 0.0–0.2 mm 6 6.2 ± 1.0
2 0.2–0.4 mm 193 192.2 ± 3.9
3 0.4–0.6 mm 45 48.0 ± 3.8
4 0.6–0.8 mm 5 3.5 ± 1.4
5 0.8–1.0 mm 1 0.3 ± 0.1
6 1.0–50 mm 1 0.3 ± 0.1

2160356

Exclusions at the fb scale
Signal extracted using dVV distribution 

Observation agrees well with background expectation
• slight excess for dVV > 0.6 mm 

χ0/g̃ models excluded beyond 1 TeV

Signal efficiency as high as 60%

Signal efficiency limited by: 
• kinematic cuts at low χ0/g̃ mass 
• d0 > 100 μm cut at low lifetime

https://cds.cern.ch/record/2160356
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2205146

8

Displaced eμ search
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1 Introduction and Theoretical Motivation

t̃t̃ ! be bµ

The discovery of a new boson with a mass of roughly 126 GeV
[1, 2], whose properties are, to-date, consistent with a stan-
dard model (SM) Higgs boson, has underscored the impor-
tance of investigating models that are designed to account
for the mathematical inconsistencies that are consequences
of introducing the Higgs potential.

For this search, the most relevant of these unsolved issues

beamspot
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CMS Simulation

J. Antonelli B2G Meeting  Dec. 19

Signal/Background Separation 
in Lepton Impact Parameter

!14

Update of 8 TeV search 

Targets RPV t→̃bl± in eμ final state

Lepton d0 used as discriminating variable

Improved displaced muon acceptance

Constrain search to decays  
within pixel detector (R < 10 cm)

!  Muon reconstruction efficiency as a function of the production radius, for muons from 
the direct decay  stop → b + µ  (with muon pT > 10 GeV and |η| < 2.4) 

!  Standard algorithms for muon-only (black) and tracker+muon (red) reconstruction, 
compared with the new algorithms for displaced-muon reconstruction: Displaced 
Standalone (blue) and Displaced Global (magenta)  

Displaced Global Muons: Efficiency 

Simulated signal process:  

!  PYTHIA8 stop pair production  

―  M(stop) = 200 GeV,  cτ = 1 m 

―  Decay:  stop → b + ℓ   

!  Flat average pileup distribution 10-50 
events 

!  Bunch spacing: 25 nsc 

εμ (2012) 

εμ (2015)

Select events with one OS eμ pair

https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsB2G12024

https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsB2G12024

https://cds.cern.ch/
record/2037372?ln=en

http://cds.cern.ch/record/2205146?ln=en
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12024
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12024
https://cds.cern.ch/record/2037372?ln=en
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HF + μ/e control regions
• b-tagged jet 
• back-to-back jet with nearby 

lepton 

Large, pure sample of HF events 

Construct d0 templates from 
data in these control regions

Calculate transfer factors 
from low d0 sideband to 
high d0 search regions 

http://cds.cern.ch/record/2205146?ln=en
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are able to exclude top squark masses up to 870 GeV for a mean proper decay length of 2 cm,
setting a stronger limit on the displaced supersymmetry benchmark model than the analogous
8 TeV search, which excludes top squark masses up to 790 GeV for the same lifetime.

Table 4: Numbers of expected and observed events in the three search regions. Systematic and
statistical uncertainties are added quadratically and the sum is quoted.

Event Source Search Region I Search Region II Search Region III
W!ln (1.1 ± 0.5)⇥ 10�3 (2.4 ± 1.7)⇥ 10�5 (0.25 ± 0.29)⇥ 10�5

single top (8.4 ± 1.2)⇥ 10�3 (35 ± 12)⇥ 10�5 (1.50 ± 0.91)⇥ 10�5

diboson (18.2 ± 5.8)⇥ 10�3 (39 ± 25)⇥ 10�5 (4.0 ± 4.6)⇥ 10�5

Z!ll (115 ± 25)⇥ 10�3 (100 ± 160)⇥ 10�5 (69 ± 71)⇥ 10�5

tt̄ (60.6 ± 5.1)⇥ 10�3 (226 ± 25)⇥ 10�5 (8.0 ± 1.6)⇥ 10�5

non-HF sum (203 ± 26)⇥ 10�3 (410 ± 170)⇥ 10�5 (82 ± 71)⇥ 10�5

data-driven HF < 3.0 < 0.50 < 0.019
total background < 3.2 < 0.50 < 0.020
observation 1 0 0

pp!et1et⇤1(Met1
= 700 GeV)

ct = 0.1 cm 3.8 ± 0.2 0.94 ± 0.06 0.16 ± 0.02
ct = 1 cm 5.2 ± 0.4 4.1 ± 0.3 7.0 ± 0.3
ct = 10 cm 0.8 ± 0.1 1.0 ± 0.1 5.8 ± 0.2
ct = 100 cm 0.009 ± 0.005 0.03 ± 0.01 0.27 ± 0.03

8 Summary
A search has been performed for new physics with an electron and muon in the final state
which are displaced transversely from the LHC luminous region, with no requirements made
on jets or missing energy. The data sample corresponds to 2.6 fb�1 of proton-proton collisions
recorded by the CMS detector at the LHC during the 2015 run at

p
s = 13 TeV. No excess is

observed above the estimated number of background events for displacements up to 10 cm.
The results are interpreted in the context of the displaced supersymmetry model with a top
squark LSP having a lifetime up to 100 cm/c. We place limits at 95% CL on this model as a
function of top squark mass and top squark lifetime. For a lifetime hypothesis of 2 cm/c, we
exclude top squarks up to 870 GeV in mass.

References
[1] CMS Collaboration, “Searches for Long-lived Charged Particles in Proton-Proton

Collisions at
p

s = 13 TeV”, Technical Report CMS-PAS-EXO-15-010, CERN, Geneva,
2015.
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[3] CMS Collaboration, “Search for disappearing tracks in proton-proton collisions at
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2205146

Three orthogonal search regions: 200 μm < d0 < 10 cm 

Observation consistent with  
(very small) background expectation 

Sensitivity limited by: 
• d0 > 200 μm cut at small cτ 
• lepton reconstruction efficiencies at large cτ

http://cds.cern.ch/record/2205146?ln=en
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2205281

2114818

Heavy Stable Charged Particle (HSCP) search

Most mature long-lived search on CMS 
• done at 7/8/13 TeV 

Heavy → slow 
Stable → interacts with detector 
Charged → tracker + muon system 
Particle 

Two discriminating variables: 
• dE/dx: energy loss in tracker 
• β-1: time of flight to muon chambers 

Since R-Hadron HSCPs can become 
neutral via detector interactions, 
Tracker Only and Tracker + TOF 
searches are performed

http://cds.cern.ch/record/2205281?ln=en


J. Antonelli      ICHEP 2016, Aug 6th 12

2205281
Background taken from data sidebands

3.1 dE/dx Measurements 3

using three technologies: drift tubes (DTs), cathode strip chambers (CSCs), and resistive plate
chambers (RPCs). Matching muons to tracks measured in the silicon tracker results in a rela-
tive transverse momentum resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% in the
barrel and better than 6% in the endcaps, The pT resolution in the barrel is better than 10% for
muons with pT up to 1 TeV [43]. The first level (L1) of the CMS trigger system, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to se-
lect events of interest within a fixed time interval of less than 4 µs. The high-level trigger (HLT)
processor farm further decreases the event rate from around 100 kHz to less than 1 kHz, before
data storage. A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [41].

3.1 dE/dx Measurements

As in Ref. [28], a dE/dx discriminator, Ias is used to distinguish SM particles from HSCP can-
didates. The discriminator is given by:

Ias =
3
N

⇥
 

1
12N

+
N

Â
i=1

"
Pi ⇥

✓
Pi �

2i � 1
2N

◆2
#!

, (1)

where N is the number of measurements in the silicon-tracker detectors, Pi is the probability for
a minimum–ionizing particle to produce a charge smaller or equal to that of the i–th measure-
ment for the observed path length in the detector, and the sum is over the track measurements
ordered in terms of increasing Pi.

In addition, the dE/dx of a track is estimated using a harmonic-2 estimator:

Ih =

✓
1

N85%

N85%

Â
i

c�2
i

◆�1/2

, (2)

where ci is the charge per unit path length in the sensitive part of the silicon detector of the
i-th track measurement. The harmonic-2 estimator has units MeV/cm and the summation is
over the 85% pixel and strip silicon detector measurements with the highest charge. Ignoring
the 15% measurements with the lowest charge increases the resilience of the estimator against
instrumental biases. This procedure is not necessary for Ias which is, by construction, robust
against that type of bias.

The mass of a candidate particle can be calculated [34], from its momentum and Ih dE/dx
estimate, based on the relationship :

Ih = K
m2

p2 + C, (3)

where the empirical parameters K and C are determined from data using a sample of low-
momentum protons. For 2016 data, the values of K and C where determined to be 2.6±0.2
and 3.9±0.4, respectively. As the momentum reconstruction is done assuming |Q| = 1e parti-
cles, the relation above would lead to an accurate mass reconstruction only for singly charged
particles.

The HSCP candidates are primarily selected using the Ias discriminator (see Section 5) because
it has a better signal-to-background discriminating power in comparison to the Ih estimator or
the mass. Nonetheless, the mass is used at the last stage of the analysis, after the Ias selection,
to further discriminate between signal and backgrounds since the latter tend to have a low
reconstructed mass.

dE/dx estimator (Ih) can be converted into rough mass estimate

K,C constants calibrated using low momentum proton data 

Background mass shape and normalization taken from low p, low dE/dX sidebands 

Loose dE/dx and β-1 selections applied to validate background estimate

http://cds.cern.ch/record/2205281?ln=en
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Limits set on a variety of models
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Table 1: Selection criteria for the various subanalyses with the number of predicted and ob-
served events.

Numbers of events
Selection cuts 2016

pT Ias 1/b
Mass Pred. Obs.(GeV) (GeV)

Trk-only > 65 > 0.3 -

> 0 92.4 ± 18.9 94
> 100 43.2 ± 8.9 46
> 200 4.3 ± 0.9 7
> 300 0.86 ± 0.18 0
> 400 0.25 ± 0.05 0

Trk+TOF > 65 > 0.175 > 1.250

> 0 53.1 ± 10.6 50
> 100 7.7 ± 1.5 8
> 200 0.82 ± 0.17 2
> 300 0.15 ± 0.03 1
> 400 0.04 ± 0.01 1

vation is seen for both tracker-only and tracker+TOF analyses. Figure 2 shows the observed
and predicted mass distribution for the tracker-only and tracker+TOF analyses with the final
selection.

6 Systematic Uncertainties

The sources of systematic uncertainty considered are those related to the background predic-
tion, the signal acceptance, and the integrated luminosity. The uncertainty on the integrated
luminosity is 6.2% at

p
s = 13 TeV. The uncertainties on the background predictions are de-

scribed in Section 5.

The signal acceptance is obtained from Monte Carlo samples of the various signals processed
through the full detector simulation (Section 2). Systematic uncertainties are derived by com-
paring the response of the detector to the data and the MC samples. The relevant uncertainty
sources are discussed below.

The signal trigger efficiency is dominated by the muon triggers for all the models except the
charge-suppressed ones. The uncertainty on the muon trigger efficiency has many contribu-
tions. A correction is applied to the muon triggers for the MC to account for a larger difference
between data and MC observed in 2016. For slow moving particles, the effect of timing syn-
chronization of the muon system is tested by shifting the arrival times in MC by the synchro-
nization accuracy observed in data, resulting in an efficiency change of less than 4% for most
samples and up to 8% for the 2.4 TeV gluino sample. The uncertainty in the Emiss

T trigger effi-
ciency is found by varying the jet energy scale in the simulation of the HLT as it is done in data.
The Emiss

T uncertainty is found to be less than 12% for all samples. The total trigger uncertainty
is found to be less than 13% for all the samples since the muon trigger inefficiencies are often
compensated by the Emiss

T trigger and vice versa.

Low momentum protons are used to compare the observed and simulated distributions for
the energy loss in the silicon tracker, Ih and Ias. The dE/dx distributions of signal samples
are varied by the observed differences to estimate the systematic uncertainty. The uncertainty

After final selection: 
no large excess at high mass

Cross section limits on the 1-10 fb 
scale

Mass limits up to 1.8 TeV

No loss from branching fractions!

http://cds.cern.ch/record/2205281?ln=en


J. Antonelli      ICHEP 2016, Aug 6th

There’s a lot to look forward to!
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Final state targeted 13 TeV
1 displaced e-e/μ-μ pairs
2 displaced μ-μ pairs in muon system
3 displaced e-μ events 2205146
4 displaced μ-μ pairs (dark photons)
5 displaced photons using ECAL timing
6 displaced photons using conversions
7 displaced vertices
8 displaced dijets
9 short, highly ionizing disappearing tracks

10 disappearing tracks

11 kinked tracks
12 fractionally charged particles

13 heavy stable charged particles (HSCP) 2114818 (2015) 
2205281 (2016)

14 stopped particles
15 out of time muons
16 top secret new searches

Updates to existing searches:
• 8→13 TeV boost gives dramatic 

improvement for high mass 
searches 

• Most searches are very  
statistics limited - and the LHC 
is killing it right now 

Brand new searches:
• No spoilers here… 
• LLP landscape is very sparsely 

covered by existing searches!

This are tricky analyses:
• Very sensitive to detector 

performance  
• generally wait for final 

calibration/alignments

http://cds.cern.ch/record/2205146?ln=en
http://cds.cern.ch/record/2114818
http://cds.cern.ch/record/2205281?ln=en
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Direct searches
• observe BSM particle 

passing through detector 
• better for long lifetimes 
• good for charged LLPs

16

Indirect searches
• detect LLP decay products 
• better for short lifetimes 
• good for neural LLPs

Direct and indirect searches are complimentary
tracker calorimeter magnet muon systems
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