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• Within exotics, the ‘very’ exotic analyses generally include 
particles with long lifetimes c𝜏0 > 1 mm. 

• The manifestation of where the long-lived particle enters 
into the model can generate a rich variety of signatures.

Long lived Particles: The “Very” Exotic 

“Hey…”

“we have needs too…”

•  First 13 TeV results focus on strongly produced long-lived particles 
•  Long-lived gluinos or squarks hadronize into “R-hadrons” 
 
 

•  Experimentally relevant properties 
–  Slow, β < 1 à late time of arrival in calorimeters and muon system 
–  Highly ionizing à dE/dx larger than minimum ionizing particle 
–  Little energy lost in hadronic interactions à measured missing transverse momentum (ET

miss), 
used for trigger 

What is an R-hadron? 
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!g+ qq !g+ qqq!g+ g

R-meson	 gluino	ball	 R-baryon	

produc>on	(and	eventual	decay)	 hadroniza>on	

• Individual needs are generally not 
met by what are otherwise ‘standard’ 
prompt analysis procedures and large 
coordinated effort . 

• What makes these analyses 
challenging, also makes them 
powerful and important to 
undertake ‘beyond the energy 
frontier’ 
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• Split SUSY 
• Baryogenesis 
• Twin Higgs 
• RPV SUSY 
• Emerging Jets 
• Semi-visible Jets 
• Dark Photons 
• GMSB 
• Hidden Valley Models

Long-lived Theoretical Motivations

As purely kinematics gains from 
the LHC diminish exotic decays  
continue to indirectly probe 

higher energy scales

Zurek, Kathryn M. arXiv:1001.2563

Including but not limited to:
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• We like results we can geometrically see, generally this is the shape of a 
resonance, but displaced vertices can be similarly striking. 

• In depth tracking analysis of a single event could be a very convincing 
sign of new physics.

Convincing Discoveries
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30mm Sample

generalTracks
GEN Particles
ak4CaloJets

Long Lived X

private work 
displaced di-jet 

simulation
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• Non-standard physics objects can break in prompt 
analyses 

• It can be difficult to determine signal systematics with 
no ‘precise’ control samples in Data. Heavy reliance 
on detector simulation of displaced objects (besides 
muons). 

• Most analyses, are intimately tied to the edges of 
tracking performance. Analyses wait for final 
alignment. 

Considerations in ‘Very’ Exotic Analyses
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• Track reconstruction is becoming more challenging with increasing 
PU. Prompt lepton reconstruction is the top priority, and this (with 
good reason) generally comes at the expense of displaced tracks. 

• Future analysis could require dedicated tracking (as ATLAS already 
performs) a CPU intensive task that competes for resources. 

• Analyses are often trigger efficiency limited, or require specialized 
triggers that require significant overhead in manpower/
development which competes for bandwidth.

Considerations in ‘Very’ Exotic Analyses
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• We have to be very careful we are not throwing out ‘very’ exotic events. 
Especially, at early stages of data processing. 

• Simple quality requirements for prompt searches when applied to displaced 
signatures can have dramatic effects. 

• Decays in calorimetry look like electronics noise. 
• Magnetic Monopoles are limited by low level trigger spike cleaning in the 

ECAL.  
• Decays in the CMS HCAL look like a common CMS electronics issue that 

usually generates fake missing energy. 
• Primary Vertex selection (quality in prompt analyses and selection in displaced 

analyses)

Breaks in the Analysis Chain
primary vertex 

quality

missing energy 
event cleaning 

?
particle 

flow tracking 

out of time 
pile up  

subtraction 

data management

trigger

physics object  
monitoring
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• Do Particle Flow Jets work for tracks we’ve never seen before? Very few 
analyses use calorimeter jets. 

• B tagging performance drops exponentially beyond ~1 cm (upper cuts on 
displacement to eliminate fakes) 

• Data formats for analysis are being more centralized and very Exotic analyses 
need information that most people do not use (ex. timing, dE/dx, and tracking 
information). These datasets are much larger and first to be deleted. 

• With small teams it is harder for long-lived teams to investigate detector 
issues, which do not have central ‘physics’ object groups nor physics objects to 
monitor quality

Breaks in the Analysis Chain
primary vertex 

quality

missing energy 
event cleaning 

?
particle 

flow tracking 

out of time 
pile up  

subtraction 

data management

trigger

physics object  
monitoring
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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 vertices 2160356

6 displaced dijets 1411.6530

7 displaced photons using conversions 1207.0627 2019862

8 displaced photons using ECAL timing 1212.1838 2063495

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

leptonic

hadronic

single 
tracks

photonic

veto
bunch 

crossing

contains 
displaced 
vertices

CMS Exotic Long Lived From 7 to 13 TeV

still many 13 TeV
analyses to

look forward to

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
https://cds.cern.ch/record/2160356
http://arxiv.org/abs/1411.6530
http://arxiv.org/abs/1207.0627
https://cds.cern.ch/record/2019862
http://arxiv.org/abs/1212.1838
https://cds.cern.ch/record/2063495
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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Graphic Credit: Jamie Antonelli
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CMS Lifetime Exclusion Space
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Displaced Vertex Analysis
• New 8 TeV Analysis targeting RPV pair-

produced displaced decays with a final 
state of top+bottom+strange

t̃

�̃0, g̃ t̄

b̄

s̄

1

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

• Considers ‘intermediate’ lifetimes 
between prompt and most displaced 
searches well within the beam pipe (signal 
region bins as low as 0.2 mm) 

• Discriminating variable is the distance 
between the two reconstructed vertices 
in the transverse plane (dvv) 

• Trigger strategy: HT, with no additional 
requirements

final search distribution

https://cds.cern.ch/record/2160356
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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
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• Require at least 3 tracks per vertex with 
through two dR requirements  

• Require separation ΔΦ between the two 
vertices 

• The dVV distribution is generated from the 
shape of dBV for both vertices

Background Estimation
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• Benchmark model of pair produced 
stops decaying to b+l with equal 
lepton branching fractions (tau, e, 
mu) 

• Utilize |d0|, the transverse impact 
parameter to separate signal from 
background 

• No secondary vertexing increases 
inclusivity 

• Dedicated displaced lepton triggers

13 TeV Displaced Lepton Analysis

t̃t̃ ! be bµ
~d0

[cm]

1
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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
cds.cern.ch/record/2205146?ln=en

http://cds.cern.ch/record/2205146?ln=en
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• Run 2 analysis greatly improved displaced 
muon reconstruction, limiting factor in 2012 

• Improved displaced muon triggering, with 
dedicated displaced muon paths

Displaced Lepton Analysis

J. Antonelli B2G Meeting  Dec. 19

Signal/Background Separation 
in Lepton Impact Parameter

!14

!  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 

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

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

 2012

2015

• Analysis performed in the 2D plane of 
muon and electron |d0|   (left) 

• Three independent signal regions in  
regions of |d0| > 0.2 mm to |d0| >1 mm

offline reco efficiency 2015

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12024
https://cds.cern.ch/record/2037372?ln=en
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Dominant Background Prediction
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Displaced Leptons Result
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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.

[2] ATLAS Collaboration, “Searches for heavy long-lived charged particles with the ATLAS
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[3] CMS Collaboration, “Search for disappearing tracks in proton-proton collisions at
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TeV”, JHEP 01 (2015) 096, doi:10.1007/JHEP01(2015)096, arXiv:1411.6006.
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• Best limit at about 2 cm, the stop 
mass is excluded up to 870 GeV 

• Good agreement between 
observation and prediction within 
the three signal regions 

http://cds.cern.ch/record/2205146?ln=en
http://indico.cern.ch/event/432527/contributions/1072042/attachments/1321320/1981614/Antonelli_ICHEP2016_CMSLLP.pdf
http://cds.cern.ch/record/2205146?ln=en
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• Very small excess for dvv > 0.6 with 7 events 
observed and 4.2 expected. 

• Overall, observation agrees with prediction. 
• Kinematic cuts limit analysis sensitivity  below 

mg < 400 GeV. 
• Past the kinematic cuts signal efficiency is as 

high as 60%. 
• Excludes beyond 1 TeV gluino SMS xsec for 

all bins, and beyond ~1400 GeV beyond a few 
millimeters.
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Displaced Vertex Results
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CMS: Heavy Stable Charged Particle (HSCP)
cds.cern.ch/record/2114818

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 =
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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:
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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.

• Search for long-lived (stable on 
detector scales) charged R-Hadrons. 

• Most mature analysis for CMS long-
lived subgroup with 7,8, and 13 TeV 
results. 

• Two main discriminating variables: 

• dE/dx (Ih): energy loss in tracker. 
• 1/β: time of flight to muon 

chambers. 
• Trigger using a Muon or Missing 

Energy as leptonic-like HSCPs are 
generally reconstructed as muons.

http://cds.cern.ch/record/2114818
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Background Estimation
• dE/dx measurement can be inverted 

into a mass measurement 
• This inversion has constants K and 

C calibrated using low momentum 
protons (HIP)

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:
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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:
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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.

• Separate Tracker Only and Tracker + 
TOF searches are performed 

• Background estimation is validated in 
loose regions of dE/dx and 1/beta
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• Numerous interpretations. Including stop, 
gluinos, staus, and Q=2 models 

• Limits are placed up to 1.8 TeV (1-10 fb) 
• A strict cross-section exclusion with no 

sensitivity lost to the branching fraction.

HSCP Results

7

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

Tracker+TOF

Tracker Only
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ATLAS Summary Signatures

4 

Disappearing	track	

Displaced	vertex	

Highly	
ionizing	
par>cle	

Highly	ionizing	and	
slow	par>cle	

Detector	signatures	of	
long-lived	heavy	par>cles	

Isolated	/	late	jets	
Phys.	Rev.	D	88,	
112003	

Phys.	Rev.	D	92,	072004		

Phys.	Rev.	D	88,	112006	

Phys.	Rev.	D	93,	
112015	

Phys.	Let	B	(2016)	647-665	

13	TeV	Result	

13	TeV	Result	

Late	photons	
Phys.	Rev.	D	
90,	112005	

Graphic Credit: Laura Jeanty

not shown: 
lepton jets
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ATLAS Long-lived History

Outlook 
•  Early 13 TeV results exclude R-hadrons up to 1590 GeV 
•  Many more production and decay topologies under study now, expect significant 

improvement over results from 8 TeV 

12 

8 TeV 13 TeV
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• Very Inclusive Trigger Strategy (Vertex + X): 
• Muon pt >50 
• 1 Photon pt > 120 or 2 Photon pt > 40 
• 4 Jets pt > 40 or 5 Jets pt > 55 or 6 Jets pt > 

45 
• MET > 80 GeV 

• Reconstruct a secondary vertex and veto 
vertices that are reconstructed within the 
detector material.  

• Require at least 5 tracks per vertex or two OS 
leptons.

ATLAS Displaced Vertex/Dileptons (8 TeV)
Phys. Rev. D 92, 072004

material vertex veto

gmsbrpcrpv
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• Large number of interpretations. Too 
many to list here. 

• Background free signal region sets 
strong limits. 

• No displaced vertex events are 
observed in all channels.

Displaced Vertex/Di-lepton Results
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FIG. 14: The 95% confidence-level upper limits, obtained
from the dilepton search, on the production cross section for
a pair of gluinos of di↵erent masses that decay into two quarks
and a long-lived neutralino in di↵erent models: (a) the RPV
scenario with a pure �

121

coupling, (b) the RPV scenario
with a pure �

122

coupling. All relevant final-state lepton-
flavor combinations are used. The shaded bands around the
observed limits indicate ±1� variations in the expected limit,
while the horizontal bands show the theoretical cross sections
and their uncertainties. In some cases limits are terminated
for c⌧ <⇠ 1mm due to limited statistical precision.
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FIG. 15: The 95% confidence-level upper limits, obtained
from the dilepton search, on the production cross section for a
pair of gluinos of mass 1.1 TeV that decay into two quarks and
a long-lived neutralino in the GGM scenario for two values of
the neutralino mass.. For further details see Fig. 14.
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• Uses dE/dx to look at lifetimes >12cm 

• Triggers on missing energy caused by 
recoiling ISR from heavy pair production. 

• Large background tail in dE/dx due to 
merged tracks of charged particles. 

• Neural net performed at track 
reconstruction removes merged tracks.

ATLAS Search for Meta-stable R-Hadrons
Phys. Rev. D 93, 112015  

•  Analysis overview 
–  3.2 fb-1 of 2015 data 
–  Use dE/dx to look for heavy charged 

particles with lifetimes >= 0.4 ns  
–  Trigger using ET

miss 
–  Estimate particle mass using dE/dx 

and momentum 
–  Background estimated from data  

•  low ET
miss data region used to derive 

background dE/dx distribution 
•  low dE/dx data region used to derive 

background momentum, η distributions 

•  13 TeV analysis improvements 
–  Higher production cross-section 
–  Improve background rejection using 

clusters identified as merged by 
neural network used in tracking 
reconstruction  

–  Use newly added pixel layer in ATLAS 
to improve dE/dx measurement 

Search for meta-stable R-hadrons 

6 

Phys.	Rev.	D	93,	112015	
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merged	clusters	iden>fy	energy	deposits	
consistent	w/	mul>ple	par>cles	

merged tracks

• New inner barrel layer 
(IBL) improves dE/dx 
resolution. 

• Tail in dE/dx 
suppressed by 50%.

•  Analysis overview 
–  3.2 fb-1 of 2015 data 
–  Use dE/dx to look for heavy charged 

particles with lifetimes >= 0.4 ns  
–  Trigger using ET

miss 
–  Estimate particle mass using dE/dx 

and momentum 
–  Background estimated from data  

•  low ET
miss data region used to derive 

background dE/dx distribution 
•  low dE/dx data region used to derive 

background momentum, η distributions 

•  13 TeV analysis improvements 
–  Higher production cross-section 
–  Improve background rejection using 

clusters identified as merged by 
neural network used in tracking 
reconstruction  

–  Use newly added pixel layer in ATLAS 
to improve dE/dx measurement 

Search for meta-stable R-hadrons 
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Tracks w/ merged clusters 
•  Removing tracks which are identified as having at least one cluster 

which is shared or split with another track significantly reduces the 
long dE/dx tail from overlapping SM particles  

14 
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Meta-Stable R-hadrons Result

Results 
•  Good agreement between background expectation and data 
•  Mass distribution used to set limits on production cross-section 
•  Results interpreted for gluino R-hadrons with varying lifetimes, 

assuming gluino decays to 100 GeV neutralino 
–  all other SUSY particles are decoupled 

à Exclude R-hadrons at 95% CL with masses up to 740 - 1590 GeV, depending on 
lifetime 8 
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• The reconstructed mass distribution from dE/dx is used to set limits on the 
mass of the R-hadron. 

• R-hadron decay to qq+neutralino with fixed mneutralino = 100 GeV. 
• R-hadrons are excluded between 740 and 1590 GeV for lifetimes of 12 cm 

to stable. 
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• Analysis formed in the plane of two 
mass estimations: 
• dE/dx and track βƔ.
• Calorimeter time of flight. 

• Estimate background using sidebands 
of track momentum, β and βƔ.

ATLAS: Search for stable R-hadrons

•  Analysis overview 
–  3.2 fb-1 of 2015 data 
–  Use dE/dx to estimate mass from track βγ 
–  Use calorimeter time-of-flight measurement to estimate mass from track β 
–  Trigger using missing transverse momentum 
–  Background estimated from data  

•  sidebands of track momentum, β, and βγ distributions in data used to generate background 
probability distribution functions 

•  randomly drawn values are used to estimate background mass distribution 

Search for stable R-hadrons 

9 

Se
ar
ch
	fo

r	h
ea
vy
	lo
ng
-li
ve
d	
ch
ar
ge
d	
R-
ha
dr
on

s		
Ph

ys
.	L
et
	B
	(2

01
6)
	6
47
-6
65

	

•  Good agreement between background 
expectation and data 

•  Limits on production cross-section set based on 
# events w/ mass above a value dependent on 
hypothetical R-hadron mass 

•  Results for gluino, stop, sbottom R-hadrons  
–  all other SUSY particles are decoupled 

Results 

11 

Phys.	Rev.	D	93,	112015	

à	Exclude	R-hadrons	at	95%	CL	with	masses	up	to:	
1580	GeV	(gluino	R-hadrons)							805	GeV	(sbo^oms)							890	GeV	(stops)	
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time of flight

dE
/d

x 
+ 
βƔ

• Trigger using Missing Energy 
• Sidebands yield background pdfs, 

which are used to estimate the 
background in the signal region
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Limit on production cross section set based on events with predicted mass 
above a given value (varies by the signal model). 95% confidence upper limits: 

• gluinos: 1580 GeV 
• stop: 890 GeV 
• sbottoms: 805 GeV

Stable R-hadron Result
•  Good agreement between background 

expectation and data 
•  Limits on production cross-section set based on 

# events w/ mass above a value dependent on 
hypothetical R-hadron mass 

•  Results for gluino, stop, sbottom R-hadrons  
–  all other SUSY particles are decoupled 

Results 
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• New result since ICHEP: ATLAS-CONF-2016-042 
• Search for highly collimated jets lepton jets produced by a 125 GeV Higgs 
• Robust displaced trigger strategy. Three specialized triggers 

• Narrow Scan: 1 soft muon pt > 6 in a cone near a harder muon pt > 20 GeV  
• Tri-muon MS:  3 Muons pt > 6 only within the muon spectrometer  
• Calo Ratio: Single Isolated jet with small EM fraction

ATLAS: Displaced Lepton Jets 

the gluon–gluon fusion Higgs production cross section is higher by a factor of approximately 2.3 [37],
leading to increased expected production of LJs in models where dark photons appear in decay chains
starting from a Higgs.
The LJ definition and two simplified benchmark models for LJ production are presented in Section 2. A
brief description of the ATLAS detector follows in Section 3. The signature and the search criteria used
to select LJs are discussed in Section 4 and Section 5. Section 6 describes two additional cuts imposed at
event level to improve the selection of LJs. In the Section 7 the acceptance time reconstruction e�ciency
for the signal models is reported. The final results, the residual background evaluated using a data-driven
method and the systematic uncertainties on the search, are presented in Section 8. The results of the search
are also used to set upper limits on the product of cross section and Higgs decay branching fraction to LJs,
as a function of the dark photon (�d) mean lifetime. Section 9 summarizes the results of this search.

2 Signal benchmark models

Amongst the numerous models predicting �d, one class particularly interesting for the LHC features the
hidden sector communicating with the SM through the Higgs portal. The two benchmark models used in
this analysis are the Falkowsky-Ruderman-Volansky-Zupan (FRVZ) models [8, 9] where the Higgs boson
decays to a pair of hidden fermions fd2 . As shown in Figure 1, the first benchmark model produces two
�d while the second produces four �d. In the first benchmark model (left), the dark fermion decays to
a �d and a lighter dark fermion fd1 , assumed to be the HLSP (Hidden Lightest Stable Particle). In the
second model (right), the dark fermion fd2 decays to an HLSP and a dark scalar sd1 that in turn decays to
pairs of dark photons. In general, dark sector radiation can produce extra dark photons, but the number

γd 

H 
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fd 2 
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Figure 1: The two FRVZ models used as benchmarks in the analysis. In the first model (left), the dark fermion
decays to a �d and a HLSP. In the second model (right), the dark fermion fd2 decays to an HLSP and a dark scalar
sd1 that in turn decays to pairs of dark photons.

produced is model-dependent because the number of radiated dark photons is proportional to the size of
the dark gauge coupling ↵d (see, for example, equation 3.1 in [7].) The dark radiation is not included in
the signal MC, which corresponds to assuming weak dark coupling, ↵d . 0.01.
A low-mass dark photon mixing kinetically with the SM photon will decay mainly to leptons and possibly
light mesons, with branching fractions that depend on its mass [8, 38, 39]. In the models considered, the
decays to tau-leptons are not included. The �d decay lifetime, ⌧ (expressed throughout this note as ⌧ times
the speed of light c), is controlled by the kinetic mixing parameter, ✏ [39] and is a free parameter of the
model. The set of parameters used to generate the signal MC is listed in Table 1. The Higgs boson is
generated through the gluon–gluon fusion production mechanism, the dominant process for a low-mass
Higgs. The gluon–gluon fusion Higgs boson production cross section in pp collisions at

p
s = 13 TeV,

3

dark photon is very 
light <1 GeV

large associated signal e�ciency losses in the case where the muons are produced close together.
These losses are mainly due to the limited granularity at L1, resulting in fewer reconstructed L1
muon objects than “real” muons, and due to the inevitable matching ambiguity between the L1 and
the HLT muon objects. To compensate for the high rate from only one L1 muon object (which
is fully matched at HLT), a “scan” is performed for another muon at HLT without requiring it to
match a L1 muon object. To limit the online resources consumption, the scan is limited to a narrow
cone around the previously fully matched muon, where e.g. other constituents of the lepton-jet are
expected to be found. In the trigger used in this analysis, neither of the fully matched HLT muons is
required explicitly to have a matching ID track, while the “scanned” muon is explicitly required to
be unmatched to an ID track. In this analysis the trigger is implemented such that the fully matched
muon must have pT � 20 GeV, while the “scanned” muon must lie in the a cone of �R = 0.5 around
the leading muon and have pT � 6 GeV.

• Tri-muon MS-only [51]: selects events with at least three MS-only muons with pT � 6 GeV. It
is seeded at L1 by a cluster of three muon ROIs in a �R = 0.4 cone, and is required to have no
reconstructed jets within a cone of �R = 0.5.

• CalRatio [51]: selects events with an isolated jet of low EM fraction. The CalRatio trigger is seeded
by a L1 tau-lepton trigger with pT � 60 GeV. A L1 tau-lepton seed was chosen over a jet seed
because the L1 ⌧ seed uses a narrower calorimeter region than the L1 jet seed. Decays of �d in the
HCAL tend to produce narrow jets. The trigger requires the jet to have |⌘ |  2.4 (to ensure that ID
tracks can be matched to it) and ET � 30 GeV. A selection requirement on the calorimeter energy
ratio is then imposed, requiring log(EHCAL/EECAL) � 1.2. Finally, ID track isolation selection
around the jet axis (no track with pT � 2 GeV within �R  0.2 from the jet axis) and BIB tagging
are performed to reject fake jets from beam-halo muons.

The resulting trigger acceptance times e�ciencies on the benchmark models, defined as the ratio between
the number of triggered events and the total number of MC generated ones, are shown in Table 2. The
Narrow-Scan trigger, which was not available in Run 1, provides a large increase in trigger e�ciency. The
CalRatio trigger has lower e�ciency for this analysis in Run 2, due to the increased minimum tau-lepton
pT threshold at L1.

Trigger Higgs! 2�d + X Higgs! 2�d + X Higgs! 4�d + X Higgs! 4�d + X

mH = 125 GeV mH = 800 GeV mH = 125 GeV mH = 800 GeV
Tri-muon MS-only 2.0 2.4 4.9 7.8

Narrow-Scan 10.6 23.0 8.3 38.4
CalRatio 0.3 9.7 0.1 7.4
OR of all 11.9 32.0 11.8 44.8

Table 2: The acceptance times e�ciency (in %) of the triggers for MC of the benchmark processes.

5.2 Rejection of cosmic-ray muons background

Cosmic-ray muons that cross the detector in time coincidence with a pp interaction constitute the main
source of background to the Type0 signal, and a sub-dominant background to the Type1 and Type2 signals.
A sample of events collected in the empty bunch-crossings (bunches not filled with protons) with the same

7

acceptance x 
efficiency
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• Background prediction is data driven using 
ABCD method of uncorrelated variables 

•  ΔΦ between the two lepton jets. 
• lepton jet in event with the highest sum 

track pt 

• Analysis gains inclusivity splitting jets into 3 
types (above)

ATLAS: Lepton Jet Analysis

Cone%of%opening%angle%ΔR%

J%%TYPE0%L%L	J	Type0		

Cone%of%opening%angle%ΔR%

J%%TYPE1%L%L	J	Type1		

Cone%of%opening%angle%ΔR%

ID#
EMCAL#
HCAL#
MS#

J%%TYPE2%L%L	J	Type2		

Figure 2: Schematic picture of the LJ classification according to the �d decay final states. Electrons and pions
originating from �d decay appear as jets. Type0 LJ is composed of only muons (left). Type1 LJ is composed of
muons and a jet (centre). Type2 LJ is composed of only jets (right).

a cone of a fixed �R. The algorithm is seeded by the highest-pT muon. If at least two muons are found
in the cone, the LJ is accepted. The search is then repeated with any unassociated muon until no muon
seed is left. For Type0 LJs, the size of the search cone is optimised using the distribution of the maximum
opening angle between the muons or between muons and jets in the benchmark model MC. It is found
that for the benchmark models considered in this analysis, a cone size of �R = 0.5 contains all the dark
photons decay products.
For the Type2 LJs an anti-kt calorimetric jet search algorithm [48], with the radius parameter R = 0.4,
is used to select �d decaying into an electron or pion pair. Jets must satisfy the standard ATLAS quality
selection criteria [49] with the requirement pT � 20 GeV. The otherwise standard requirement on the
electromagnetic (EM) fraction, defined as the ratio of the energy deposited in the EM calorimeter to
the total jet energy, is removed to accommodate decays in the HCAL. The jet energy scale correction
as defined in [50] is applied. LJs produced by a single dark photon decaying into an electron/pion pair
and LJs containing two dark photons, each decaying to an electron/pion pair, are always expected to be
reconstructed as a single jet due to their large boost.

5 Event preselection and background rejection

Data used for this analysis were collected during the entire 2015 data taking period, where only runs in
which all the ATLAS subdetectors were running at nominal conditions are selected.

5.1 Triggers

A large fraction of the standard ATLAS triggers [46] are designed assuming prompt production and
therefore are very ine�cient in selecting the products of displaced decays. The logical OR of the
following dedicated triggers is used:

• Narrow-Scan: The Narrow-Scan trigger was introduced for the 2015 data-taking, and adopts a
specialised and novel approach for a wide range of signal models featuring highly collimated muons
such as in the LJ case. The Narrow-Scan algorithm begins with requiring at least one L1 trigger
muon object. Other multi-muon triggers, which usually require more L1 trigger muon objects, have

6

Systematic uncertainty Value

Luminosity 2.1%
Trigger: Narrow Scan 6.0%

Trigger: Tri-muon-MS-only 5.8%
Trigger: CalRatio 11.0%

Reconstruction e�ciency of single �d 15.0%
E�ect of pile-up on ⌃p

ID
T 5.1%

Reconstruction of the pT of the �d 10.0%

Table 4: Summary of systematic uncertainties on the expected number of signal events.

8.2 Final data-driven background estimation

In order to extract the signal yield, taking into account the multijet and the cosmic-ray background residual
contaminations, a data-driven likelihood-based ABCD method is used. This is a simultaneous data-driven
background estimation and signal hypothesis test in the signal and control regions, robust against control
regions with small number of events. The method is also used to find optimised values for the selection
requirements defining the signal region. The analysis was blinded, with unoptimised approximate values
employed for the selection requirements defining the signal region, until the method was completely
validated in the control regions. The two variables, Max⌃pT and |��|LJ, are used to define the ABCD
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Figure 8: Schematic of the ABCD method in the ( |��|LJ, Max⌃pT) plane with the definition of the ABCD regions.

regions as shown in Figure 8. These two variables are highly uncorrelated, with a correlation factor of
2% in data (evaluated after application of all the selection criteria in Table 3.) The selection requirements
optimization method is run with the di�erent benchmark models, with very similar results in all cases for
the requirement values. The two lines in the Figure correspond to the result of the optimization defining
the signal region A: Max⌃pT  4.5 GeV and |��|LJ � 0.628 rad. These values define the final set of
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muons only muons + jet jet only
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• Good agreement between observed and 
expected with and  without Type II jets 

• Limits for the 4 and 2 dark photon final states

Lepton Jets Results
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Figure 9: Ratio of the acceptance times e�ciency at a given c⌧ to that at c⌧ = 47 mm (red line) of the reference
SM 125 GeV Higgs ! 2�d + X MC. Solid black diamonds show the values of this ratio found directly from
additional full-simulation MC at other �d lifetimes; the good compatibility of these points with the curve validates
the e�ciency-finding method.

ratio (�⇥BR) for the various benchmark models. The resulting exclusion limits on the �⇥BR, assuming
the 125 GeV Higgs boson SM gluon-fusion production cross section �SM = 44.13 pb [40] and removing
the Type2–Type2, are shown in Figure 10 as a function of the �d mean lifetime (expressed as c⌧) for the
Higgs! 2�d + X and Higgs! 4�d + X models. The expected limit is shown as the dashed curve and
the solid curve shows the observed limit. The horizontal lines correspond to �⇥BR for two values of the
BR of the Higgs boson decay to dark photons. The same exclusion limits for the 800 GeV heavy scalar
are shown in Figure 11; the horizontal line defines a 95% CL exclusion limit for the �d lifetime assuming
a �⇥BR of 5 pb for the heavy scalar decay to two or four �d. Table 7 shows the ranges in which the �d
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ratio (�⇥BR) for the various benchmark models. The resulting exclusion limits on the �⇥BR, assuming
the 125 GeV Higgs boson SM gluon-fusion production cross section �SM = 44.13 pb [40] and removing
the Type2–Type2, are shown in Figure 10 as a function of the �d mean lifetime (expressed as c⌧) for the
Higgs! 2�d + X and Higgs! 4�d + X models. The expected limit is shown as the dashed curve and
the solid curve shows the observed limit. The horizontal lines correspond to �⇥BR for two values of the
BR of the Higgs boson decay to dark photons. The same exclusion limits for the 800 GeV heavy scalar
are shown in Figure 11; the horizontal line defines a 95% CL exclusion limit for the �d lifetime assuming
a �⇥BR of 5 pb for the heavy scalar decay to two or four �d. Table 7 shows the ranges in which the �d
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selection requirements and allow the expected background to the signal region to be derived from the
control regions B, C and D.
As a validation of the ABCD method, region B is populated using somewhat looser selection requirements
than those specified in Table 3, in order to increase the statistics. Region B is then divided into 4 sub-
regions. The sub-region with lower Max⌃pT and higher |��|LJ is treated as a mock signal region, with
the other sub-regions serving as control regions. Applying the method, the expected number of events in
the mock signal region is in good agreement with the observed number. The ABCD method is also tested
using two independent data samples. One is equivalent to 1 fb�1 of 2015 di-jet data which is obtained
by loosening the requirement on EM fraction to < 0.6 in order to increase the statistics. The second
sample is cosmic-ray-dominated, obtained by inverting both the |z0 | and the jet timing requirements. The
expected number of events in the signal region for the di-jet data sample is 169 ± 72, compared with the
observed 141 ± 12 in the nominal selection. The expected number of events in the signal region for the
cosmic-ray sample is 1257 ± 361, compared with the observed 1082 ± 33 in the nominal selection. The
two samples are combined with a scale factor derived by fitting the sum of the two |��|LJ distributions
to the data. The resulting number of events in the signal region for the combined sample is 329 ± 75,
compared with the observed 270± 27 in the nominal selection, implying the closure of the method within
the uncertainties.
The ABCD method has two sources of systematic uncertainty. One contribution originates from a
possible residual correlation between the two observables used in the ABCD method: |��|LJ and Max⌃pT.
This contribution is estimated by recomputing the expected number of background events in the signal
region excluding the events falling in a gap between the signal region and the control regions. The
signal region is kept fixed, while the size of the gap is varied based on the expected resolution on the
|��|LJ variable (estimated comparing the LJ direction at the MC generator level with the reconstructed
direction, � |�� |LJ ⇡ 0.1 rad), and on the Max⌃pT (estimated from the ID track isolation distribution
using the Z ! µµ data sample, �Max

P
pT ⇡ 0.25 GeV). A bootstrap resampling method is applied to

deconvolute the contribution from statistical fluctuation. This technique is applied only to the set of
events with a Type2–Type2 LJ pair, and then to the orthogonal set of events with all LJ pair types except
Type2–Type2. Similar results are obtained for the two sets; the expected systematic uncertainty on the
number of expected background events in the signal region is taken to be the larger of the two results as
15%.
The second contribution comes from the non-closure of the ABCD method performed on the sum of
cosmic-ray and di-jets samples, as described above. The systematic uncertainty from this contribution
amounts to 22%. Adding the two contributions in quadrature, the final systematic uncertainty is 27%.
The additional e�ect of signal leakage into the control regions are taken into account by the simultaneous
ABCD method used.
Table 5 shows the final result: the observed data events in the signal region, and the expected multijet and
cosmic-ray residual contaminations. Taking into account the expected high background for the Type2–
Type2 events, the ABCD method is performed on three categories: all events, excluding the Type2–Type2
event, and only the Type2–Type2 event. In all categories, no evidence of signal is observed. Assuming a

Category Observed events Expected background

All events 285 231 ± 12 (stat) ± 62 (syst)
Type2–Type2 excluded 46 31.8 ± 3.8 (stat) ± 8.6 (syst)

Type2–Type2 only 239 241 ± 41(stat) ± 65(syst)

Table 5: Results of the ABCD compared with the observed events on data after all selection requirements are applied.
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final yields

• Excludes a SM Higgs branching ratio of 
10% between a few [mm] up to 10’s of [cm]. 
Exclusions as low as ~1 pb 

• Heavy higgs signatures are also 
investigated with mH = 800 GeV as low as 
~.6 pb

two dark photon

four dark photons
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• Many analyses are more sensitive/inclusive 
than they appear, as we have seen through re-
castings of existing searches 

• Often models are excluded with no gaps in 
lifetime, from prompt to stable.  

• Re-casts give a good idea of which analysis 
strategies can, given re-casting assumptions, 
cover the most ground.

Future Benchmarks and Recasting

ATLAS µ spect

LHC8 projection

charged stable

charge-stripped

prompt jets + MET

ATLAS HCAL

a)  g ! q q B,  m(B) = 0  (mini-split)~ ~

CMS dijet

~

CMS stopped gluino

ATLAS prompt
jets + MET recast
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CMS dijet
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FIG. 10: Recast constraints on displaced g̃ ! qq̄B̃ in mini-split SUSY: a) m
˜B = 0, b) m

˜B =

mg̃ � 100 GeV. Colored bands indicate acceptance variations up/down by 1.5. The dot-dashed

lines indicate the intermediate squark mass, assuming that either dR or sR dominates the decay.

Prompt limits (gray) are derived from [89, 97]. They are conservatively cut o↵ at 1 mm. Additional

displaced limits come from stopped R-hadron searches [24] and ATLAS’s recast prompt limits [10].
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Z. Liu B. Tweedie arXiv:1503.05923  

ATLAS µ

LHC8 projection

charged stable

charge-stripped

prompt jets + MET

ATLAS HCAL

q ! q G  (GMSB)~ ~

CMS dijet

FIG. 6: Recast constraints on displaced q̃ ! qG̃ in general GMSB, conservatively assuming con-

tributions from only d̃R and s̃R. Colored bands indicate acceptance variations up/down by 1.5.

The dot-dashed lines indicate contours of the SUSY-breaking scale
p
F . Prompt limits (gray) are

derived from [89]. They are conservatively cut o↵ at 1 mm.

proxy for the gravitino LSP for squark decays in Pythia8. For the gluino, such an analogous

decay to neutralino does not exist at tree level, is not part of the MadGraph5 MSSM model,

and would not obviously be matched if forced to proceed in Pythia8. Instead, we compare

the unmatched Pythia8 predictions for its first shower emission to MadGraph5, both with

gravitino LSP. We again find similar decay kinematic distributions, with Pythia8 predict-

ing a somewhat slower fallo↵ out to �R(j, j) ⇠ ⇡. But the major di↵erence is in the total

emission rate, which Pythia8 over-estimates by a factor of about 1.8. To approximately

compensate for this, we rescale the individual vertex reconstruction e�ciencies by 1/2. It

should be understood that O(10%) modeling uncertainties on the displaced dijet reconstruc-

tion e�ciencies for GMSB gluinos should likely be applied, though we anyway e↵ectively

absorb this into our ad hoc systematic variations.

Starting with the squark NLSP, we display the results in Fig. 6. We conservatively

assume just two degenerate species, d̃R and s̃R. This is a technical possibility if the SU(3)

contributions to the sfermion masses are small, the SU(2) contributions are large, and the

third-generation squarks receive additional mass contributions. The exclusions are similar to

those of the RPV stops (Figs. 2 and 3), although now with much stronger prompt jets+ 6ET

searches. Unbroken coverage over lifetime is achieved up to about 450–550 GeV, limited by

the crossover between the HSCP and displaced dijet searches.
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displaced 
FSR can ‘in principle’ 
give displaced dijets

• However, these are and cannot account for 
nefarious detector effects or regions of 
displaced tracking we may not yet 
understand 

• Track based analyses are still learning about 
the basis of sensitivity to analysis variables  
(boost, flavor,  side-ways approaches, track 
matching to energy deposits,…)
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Benchmarks and Re-interpretation

• A consolidated set of models can 
encourage corresponding prompt 
analyses to perform re-interpretations 

• We need to perform searches for 
missing coverage. This is mostly 
organizational and not incredibly labor 
intensive

Are we hitting targets we didn’t aim for? 
I certainly hope so….but bizarre tracking signatures 

should be simulated/studied.

• Of course, no group of simplified models 
can fully capture the enormous space of 
long-lived analyses. 

• A well selected set can, however, 
streamline MC generation and cross 
checking re-interpretations. This very 
helpful when small teams devise new 
analyses

With a small number of highly inclusive displaced 
analyses. We either need to understand the inclusivity 

or find more man power for dedicated searches



36

Displaced Vertex / Dileptons + X [ATLAS 8 TeV] 
• Trigger on ‘everything’: MET, Jets, Muons, Electrons (as photons) 
• Construct a secondary vertex and veto the detector material 
• limitations: 3,4 track vertices and lighter states 

Displaced Di-jet [CMS 8 TeV] 
• Specialized Trigger, two energy deposit with small energy from prompt tracks 
• Sensitivity to electrons, taus, jets, and muons  
• Limited by signatures that do not have di-jet vertices X->MET+jet, L1 

thresholds for HT 

dE/dx R-hadron Searches [CMS & ATLAS 13 TeV]  
• Inclusive to all final states, limits are placed on xsec not xsec*BR 
• Very mature analyses and continuity between datasets 
• Limited by level 1 to have dedicated trigger  

All Mono-X Analyses [CMS and ATLAS] 
• Working points where the particles generally leave the detector are generally 

not generated to be re-interpreted by mono searches

Very Inclusive Analyses
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Throughout Run 2 the long-lived community has elicited and 
received significant feedback on where we can improve:

So Where Are the Holes in Coverage?

General Summary of Suggestions 
• More inclusive triggering strategies  
• Softer hadronic signatures (Higgs portal / twin Higgs) 
• Higher and lower mass working points  
• No analysis explicitly investigating long lived decays to taus 
• Explicit checks of prompt analyses performance on shorter 

lifetime signatures

Lets go into some detail on specific models not explicitly within 
our current coverage…
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• Class of BSM models with a new SU(Ndark) gauge 
symmetry with a new dark QCD scale ~TeV 

• Dark hadrons are light and must decay through a 
heavy mediator, leading to displaced decays. 

• Produces striking signatures with multiple 
displaced vertices within each jet

Emerging Jets
P. Schwaller, D. Stolarksi, A. Weiler.  ‘Emerging Jets’ arXiv:1502.05409

• Relevant mass scales determined by 
requiring the dark baryon to be a viable 
DM candidate 

• No dedicated search yet performed, not 
obvious if secondary vertexing in past 
hadronic analyses will work…

DANIEL STOLARSKI     May 12, 2016      LLP Mini-Workshop

MEDIATORS
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How does the SM talk to the hidden sector? 

Example 2:        is a vector that couples to quarks and 

dark quarks.
Zd

Strassler, Zurek, PLB 07. 

q

q
Zd

Qd

Qd

Emerging jet

Emerging jet
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Semi-Visible Jets

New Observables

Cohen, ML, Lou [1503.00009]  

Non-minimal dark sectors may result in complicated final states with
many particles, displaced vertices, unusual tracks, …

Some of these final states may require fundamentally different
search strategies at the LHC

Example: Semi-Visible Jets

Z 0

q

q̄

q

q
q

q

q

q

q

q̄

q̄

q̄

q̄

q̄

q̄q̄

�̄1

�1 Jets that contain both visible hadronic 
states, interspersed with stable neutral particles

4

standard resonance search, one would use the invariant
massM2

jj

= (p1+p2)2, where p1,2 are the momenta of the
two final large jets j1,2. However, the M

jj

variable is not
useful when there are a significant number of dark-matter
particles in the shower. A variable that incorporates the
missing momentum is the transverse mass:

M2
T

= M2
jj

+ 2
⇣q

M2
jj

+ p2
Tjj

�E
T

� ~p
Tjj

· �~E
T

⌘
. (4)

In a detector with perfect resolution, M
jj

 M
T

 M
Z

0 .
Figure 2 shows the distribution of M

jj

,M
T

and Mmc af-
ter event selection. Mmc is the reconstructed M

Z

0 com-
puted from all the reclustered jets and truth-level dark-
matter four-vectors. M

T

in general yields a narrower,
more prominent peak closer to Mmc. The top panels of
Fig. 2 show sample events for the di↵erent signals. The
dark-sector particle multiplicity decreases for smaller ↵

d

.
As rinv is increased, the signal degrades because more
stable mesons are produced and more information is lost.

To estimate the reach at the LHC, we simulated
60 ⇥ 106 QCD events, 5 ⇥ 106 W±/Z + jj events, and
5 ⇥ 106 tt̄ events. All samples were binned in H

T

in
order to increase statistics in the high-M

T

tails [45] us-
ing Madgraph5 [46] at parton level and PYTHIA8 for the
shower and hadronization. The dominant background af-
ter event selection is QCD andW±/Z+jj. For the signal,
25000 events were generated for each choice of M

Z

0 in in-
crements of 500 GeV, using the benchmark parameters in
Table I. An 8 TeV sample was used to validate the QCD
background and limit-setting procedure [47] against the
CMS dijet resonance search [48]. The �E

T

distribution
was also validated [49].

Each event was required to have at least two R = 0.5
anti-k

T

jets with p
T

> 200 GeV and |⌘| < 2.5, as well
as �E

T

> 100 GeV. These pre-selection cuts model the
impact of the trigger. Then, the following cut-flow was
applied:

• Recluster jets into R = 1.1 CA jets (j1, j2);

• Require |⌘
j1 � ⌘

j2 | < 1.1;

• Require �� < 1, where �� is the minimum az-
imuthal angle between �~E

T

and ~p
Tj1,2 ;

• Veto isolated e±/µ± with p
T

> 20 GeV, |⌘| < 2.4;

• Require �E
T

/M
T

> 0.15.

The R = 1.1 jets capture the wider radiation pattern
expected from dark-shower dynamics. The cut on the
pseudo-rapidity di↵erence removes t-channel QCD [48,
50]. The lepton veto and �� requirements suppress elec-
troweak backgrounds. Finally, the�E

T

/M
T

cut e↵ectively
acts as a missing energy requirement; cutting on the di-
mensionless ratio avoids sculpting the M

T

distribution.

After applying these cuts, a bump hunt was per-
formed using M

T

. Following the dijet resonance searches
[48, 50, 51], the resulting background distribution was
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FIG. 3: Expected �⇥Br for the signal benchmark in Table I.
The shaded green (yellow) band corresponds to ±1(2) stan-
dard deviations. The dashed black line shows the � ⇥ Br for
a Z0 with the same coupling to quarks as the SM Z0; the
dashed red line shows estimates 5� discovery. The shaded
purple region indicates where the vertices are displaced, as-
suming gdZ0 ' 1 and that the shower is dominated by vector
mesons.

parametrized using a fitting function—see Supplemen-
tary Material. Assuming the background exactly follows
the fit obtained from simulation, the exclusion reach for
the signal benchmark can be computed. Figure 3 shows
the results for 100 fb�1 of 14 TeV LHC data as a function
of M

Z

0 for the benchmark parameters (Table I). We as-
sume a 10% width for the Z 0, as computed using the
benchmark parameters. The production cross section
times branching ratio for a Z 0 with the same coupling
as the SM Z0 is shown as a reference. A Z 0 with SM
couplings can be discovered (excluded) up to masses of
⇠ 2.5 TeV (3.5 TeV).
We estimate that the dijet limit on �⇥Br(Z 0 ! qq̄) is

comparable to the limit obtained for the dark-sector de-
cay mode. For gd

Z

0 ' 1, the branching ratio to the dark
sector varies from 80% to 50% along the expected exclu-
sion bound as the Z 0 mass increases. Thus, the model
would be discovered in the semi-visible jet channel before
it would be observed by the irreducible dijet channel; this
conclusion only gets stronger for more integrated lumi-
nosity.

We simulate prompt decays for the dark mesons. For a
su�ciently heavy Z 0 and small couplings, the dark vector
meson decays could yield displaced vertices. Requiring
that the lab-frame decay length be . O(1 mm), a lower
bound on the couplings can be obtained:

gSM
Z

0 & 10�2

✓
1

gd
Z

0

◆ r
B

10

✓
M

Z

0

3 TeV

◆2 ✓
20 GeV

⇤
d

◆ 5
2

, (5)

where B ⇠ 10 is the average boost factor computed from

T. Cohen, M. Lisanti H.K. Lou — arXiv:1503.00009  

• Displaced di-jet analyses unlikely to have 
sensitivity without a common two jet vertex  

• Possible sensitivity in ATLAS’s Displaced 
Vertex + X search. 

• Need to pro-actively generate benchmarks 
to check sensitivity.

• Complicated final states containing jets that are 
visible hadronic states + stable neutral particles. 

• Missing energy is aligned with the jet direction, 
usually selected against to suppress QCD. 

• When these particles are long lived the signature is 
two large jets (recommended DR=1.1) with no 
common vertex.

pair-produced 
semi-visible jets
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• Kinked/Disappearing Tracks : 
long lived particles with lifetimes 
on the scale of detector  they 
undergo a decay within the 
tracker.  

• Quirks: Anomalous track shapes. 
Dedicated track reconstruction? 

• ‘Exploding’ Tracks: Benchmarks 
are needed for charged R-hadrons 
that decay within the tracker. Not 
clear how this affects analyses that 
use neutral benchmarks

Strange Track Signatures

quirk anomalous track bending
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decays are a 
powerful probe of 

Naturalness!

Long-lived

Production rate and lifetime 
related to naturalness of theory

• Very challenging signature, from 
both the triggering perspective and 
analysis of very soft jets. 

• Long lived glue-balls typically decay 
hadronically: b’s, taus, and light flavor. 

Higgs Portal Processes 

Resulting Neutral Naturalness Sensitivity
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DC, Verhaaren 1506.06141

LHC can probe TeV-scale uncolored top partners!

• Need coverage of 125 GeV higgs 
decaying to displaced light mass X’s 
10-60 GeV in hadronic final states 

• Gives neutral naturalness motivations 
for long-lived particles. 

• Gives motivations for high lumi 
analyses, many higgs produced to 
probe low BR.

d. curtin

DC,Verhaaren 1506.06141 
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• With the LHC strong performance new 
luminosities and PU will continue to 
raise trigger thresholds to stay within 
bandwidth constraints. 

• This issue is particularly acute at the first 
trigger level (L1 for CMS) where tracking 
is not available until future upgrades.

Triggering In The Intensity Frontier

• Creativity is necessary at the higher trigger 
levels to keep the thresholds as low as the 
L1. 

• Upgrades to tracking and fast timing open 
new opportunities for triggering as well as 
analysis. 
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Specialized Displaced Triggers 
• Displaced-dijet: “prompt” energy fraction, no vertexing, sensitivity 

to leptons 
• Displaced Muon: specialized tracking online 
• Calorimeter Ratio: decays inside of calorimetry.   
• Muon Chamber Only Trigger: lepton jets, MS activity 
• Out of time Decays: veto bunch crossing and look for jets/muons

Known Triggering Strategies

Associated Production “prompt” Triggers 
• VBF without b-tags. low level triggering is limiting until upgrades. 
• leptons (can also be used for charged particle analyses) 

Tracking Blind Inclusive Triggers: 
• dijets, single jet, photons 
• Missing Energy, HT

Simplest solution…but also the 
 most affected thresholds by increased 

luminosity
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• Long-lived analyses from the experimental perspective have 
very special needs and smaller teams than prompt analyses.  

• Analyses easily achieve background free signal regions with 
high efficiency.  When the space is large it is better to improve 
our coverage than marginal improvements in dedicated 
searches.

Conclusions

• Increase inclusivity of final states [tau’s, no secondary vertices] 
• Softer hadronic kinematics [twin higgs] 
• Improve trigger strategies in the face of ramping luminosity.

• We need to check that analyses can be as inclusive as we might 
believe. A  structure of benchmarks/SMS’s can be very helpful 
organizationally 

• Many first 13 TeV long lived results are on the way! 
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• Long Lived Particle Mini-Workshop. CERN 2016. 
https://indico.cern.ch/event/517268/ 

• Jamie Antonelli, “Searches for Long-lived Particles at 
CMS.” CMS ICHEP 2016. 
http://indico.cern.ch/event/432527/contributions/1072042/ 

• Laura Jeanty. “Searches for long lived SUSY particles.” 
ATLAS. ICHEP 2016. 
http://indico.cern.ch/event/432527/contributions/2219937/

Important Sources for this Talk

https://indico.cern.ch/event/517268/
http://indico.cern.ch/event/432527/contributions/1072042/
http://indico.cern.ch/event/432527/contributions/2219937/

