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Long-lived Particles in the SM

2

• Long-lived particles are everywhere in the SM
• Wide range of masses and lifetimes

arXiv:1810.12602
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Long-lived Particles at the LHC

SM Long-lived Particle: π±

• Lifetime can be treated as a free parameter
• Same reasons apply for BSM particles
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Long Lived Particles at the LHC

4 Ben KreisLLP

Searching for LLPs at the LHC
• If the LLP has electric or color charge, can be directly 

detected as it passes through detector 
• If neutral, can only be observed through their decays 

• Analysis strategy depends on mass and lifetime

4Following motivation in 1806.07396
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Lifetime ↔ Subdetector 

S. Knapen A. De Roeck

• LLPs follow an exponential decay
• Important to use all sub-detectors 
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Silicon Tracker
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LLP to Displaced Dijets in the Tracker Volume

6

Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

Tracker based

Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.

6

LLP decays in tracker volume → Secondary vertex

Use tracks with large d0 to form a SV
Use SV to suppress SM backgrounds

φ: Higgs

Benchmark Model

NEW: EXO-19-021
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Likelihood Discriminant 

15

Ø Build likelihood discriminant based 
on:

• Vertex track multiplicity;
• Vertex Lxy significance
• Cluster RMS

8/14/18 Jingyu Luo (Princeton)
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Tracker based

Displaced Dijets in the Tracker Volume

SV from LLP decays have higher track multiplicity 
Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

Other SV information:

NEW: EXO-19-021
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Tracker based

Displaced Dijets in the Tracker Volume
Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

NEW: EXO-19-021

SV information is combined into a Gradient Boosted Decision Tree (GBDT) 

Likelihood Discriminant 

15

Ø Build likelihood discriminant based 
on:

• Vertex track multiplicity;
• Vertex Lxy significance
• Cluster RMS

8/14/18 Jingyu Luo (Princeton)
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Displaced Dijets in the Tracker Volume

Inclusive approach — 1 Secondary Vertex

Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.

6

Tracker based

• Best sensitivity at ~10-100 mm

• Lost of sensitivity at 1m → acceptance

• Drop in sensitivity at low LLP masses
Li

gh
t L

LP
s

Drop in acceptance × tracking efficiency

NEW: EXO-19-021
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Displaced Dijets in the Tracker Volume

Inclusive approach — 1 Secondary Vertex

Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.
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Tracker based

• Best sensitivity for h → ss with:
• lifetimes  ~1- 50 cm and masses 40-55 GeV 

• LLP (s) → bb decreases sensitivity

• No sensitivity below ~20 GeV LLPs

Li
gh

t L
LP

s

Drop in acceptance × tracking efficiency

NEW: EXO-19-021

ALSO NEW: EXO-19-011→DNN-based LLP tagger
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Technology Legacy: Crystal Electromagnetic Calorimeter

• Designed for excellent energy resolution
• Crucial role in H→ɣɣ observation
• Resulted in outstanding time resolution

• LLP enabler
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Delayed Photons in the Electromagnetic Calorimeter

13

ECAL based

Lesson from tracker: LLP sensitivity drops at ~1m
: LLP — heavy: slow moving → delayed

: delayed and slanted at ECAL γ

χ̃0

ECAL Timing enables this search

Signature

photon energy

EXO-19-005
10.1103/PhysRevD.100.112003

See also Justin’s talk (here)

https://indico.cern.ch/event/868940/contributions/3815933/
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Use Cluster Shape to ID Photons from LLP Decays

14

ECAL based

Pointing (PV)
SM Bkg

Slanted
LLP signal

prompt-ɣ → bkg displaced-ɣ → signal

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf
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Use Cluster Shape to ID Photons from LLP Decays

15

ECAL based

Pointing (PV)
SM Bkg

Slanted
LLP signal

prompt-ɣ → bkg displaced-ɣ → signal

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf
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Delayed Photons in the Electromagnetic Calorimeter

9
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Figure 4: The p
miss
T (left) and tg (right) distributions for the 2017g (upper row) and 2017gg

(lower row) event selections shown for data and a representative signal benchmark (GMSB:
L = 200 TeV, ct = 2 m). The p

miss
T distribution for data is separated into events with tg � 1 ns

(blue, darker) and tg < 1 ns (red, lighter), scaled to match the total number of events with
tg � 1 ns. Signal (black, dotted) is shown only for events with tg � 1 ns. The tg distribution
for data is separated into events with p

miss
T � 100 GeV (blue, darker) and p

miss
T < 100 GeV (red,

lighter), scaled to match the total number of events with p
miss
T � 100 GeV. Signal (black, dotted)

is shown only for events with p
miss
T � 100 GeV. The entries in each bin are normalized by the

bin width. The horizontal bars on data indicate the bin boundaries. The last bin in each plot
includes overflow events.

• Signal delayed (>1.5 ns)  wrt SM backgrounds
• Final selection also uses pTmiss (200 GeV)

ECAL based
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Delayed Photons in the Electromagnetic Calorimeter
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Figure 5: The 95% CL exclusion contours for the GMSB neutralino production cross section,
shown as functions of the neutralino mass, or equivalently the SUSY breaking scale, L, in the
GMSB SPS8 model, and the neutralino proper decay length, ctec0
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.

ECAL Radius

Large extension in c𝜏 and mass

Peak sensitivity around ~few meters

LLP-HLT Trigger (2017) → 1 photon search → expanded c𝜏 coverage

ECAL based

1

1 Introduction

The results of a search for long-lived particles (LLP) decaying to a photon and a weakly-
interacting particle are presented. Neutral particles with long lifetimes are predicted in many
models of physics beyond the standard model (SM). In this paper, a benchmark scenario of
supersymmetry (SUSY) [1–14], with gauge-mediated SUSY breaking (GMSB) [15–23] is em-
ployed, commonly referred to as the “Snowmass Points and Slopes 8” (SPS8) benchmark model
[24]. In this scenario, pair-produced squarks and gluinos undergo cascade decays as shown in
Fig. 1, and eventually produce the lightest SUSY particle (LSP), the gravitino (eG), which is sta-
ble and weakly interacting. The phenomenology of such decay chains is primarily determined
by the nature of the next-to-lightest SUSY particle (NLSP). In the SPS8 benchmark, the NLSP is
the lightest neutralino, ec0

1, and the mass of the NLSP is linearly related to the effective scale of
SUSY breaking, L [15, 25].
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Figure 1: Example Feynman diagrams for SUSY processes that result in a diphoton (left)
and single photon (middle and right) final state via squark (upper) and gluino (lower) pair-
production at the LHC.

In the SPS8 model, L is a free parameter whose value determines the rate and primary produc-
tion mode of SUSY particles. Depending on the value of L, the coupling of the NLSP to the
gravitino could be very weak and lead to long NLSP lifetimes. The dominant decay mode of
the NLSP is to a photon and a gravitino, resulting in a final state with one or two photons and
missing transverse momentum (p

miss
T ). The dominant squark-pair and gluino-pair production

modes also result in additional energetic jets. If the NLSP has a proper decay length that is a
significant fraction of the radius of the CMS tracking volume (about 1.2 m), then the photons
produced at the secondary vertex tend to exhibit distinctive features. Because of their produc-
tion at displaced vertices and their resulting trajectories, the photons have significantly delayed
arrival times at the ECAL (order of ns) compared to particles produced at the primary vertex
and traveling at the speed of light. They also enter the ECAL at non-normal impact angles.

The present search makes use of these features to identify potential signals of physics beyond
the SM. We select events with one or two displaced or delayed photons, and three or more
jets. Signal events are expected to produce large p

miss
T as the LSP escapes the detector volume

without detection. In the case of very long-lived NLSPs, one of the NLSPs may completely
escape the detector, further increasing the p

miss
T . Previously, similar searches for LLPs decaying

to displaced or delayed photons have been performed by the CMS [26] and ATLAS [27] Collab-
orations using LHC collisions at a center-of-mass energy of 7 and 8 TeV, respectively. Past LHC

~10-fold increase in c𝜏 

EXO-19-005
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6.4 Background summary 9

6.4 Background summary

The estimated background yields and uncertainties are summarized in Table 2. The total back-
ground prediction is 1.1+2.5

�1.1 events.

Table 2: Summary of the estimated number of background events.

Background source Events predicted
Beam halo muons 0.02+0.06

�0.02 (stat)+0.05
�0.01 (syst)

Core and satellite
0.11+0.09

�0.05 (stat)+0.02
�0.02 (syst)

bunch collisions
Cosmic ray muons 1.0+1.8

�1.0 (stat)+1.8
�1.0 (syst)

7 Results and interpretation
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Figure 2: The timing distribution of the background sources predicted to contribute to the
signal region, compared to those for a representative signal model. The time is defined by the
jet in the event with the largest tjet passing the relevant selection. The distributions for the
major background sources are taken from control regions and normalized to the predictions
detailed in Section 6. The observed data is shown by the black points. No events are observed
in data for tjet > 3 ns (indicated with a vertical black line).

Figure 2 shows the timing distribution for events with jets passing all the SR requirements. The
distributions for the major background sources are taken from control regions and normalized
to the predictions detailed in Section 6. These distributions are shown for illustration only and
are not used for the statistical interpretation. The overall background prediction for the SR is
1.1+2.5

�1.1 events, which is consistent with the observation of 0 events.

The model used for the interpretation is the GMSB SUSY model in which gluinos are pair
produced and form R-hadrons. The long-lived gluinos then decay to a gluon and gravitino

Delayed jets in the Electromagnetic Calorimeter

Delayed signals jets in calorimeter

ECAL based

ECAL Time

• Energy weighted ECAL rechit time within ΔR < 0.4 of the jet are calculated to be the ECAL 
time


• Long tail in background is dominated by low energy jets

• Not enough discrimination power by itself (especially for low mass )—> explore additional 

handles from trackless variables !9

ECAL

ΔR < 0.4

treco = ∑ Eiti
∑ Ei

Per jet, signals matched

Use ECAL deposits 
define a jet timestamp

t1
t2

t3 t4 ̂t2̂t1

EXO-19-001
10.1016/j.physletb.2019.134876
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Figure 5: The observed and expected upper limits at 95% CL on the gluino pair production
cross section for a gluino GMSB model with meg = 2400 GeV. The one (two) standard deviation
variation in the expected limit is shown in the inner green (outer yellow) band. The blue solid
line shows the observed limit obtained by the CMS displaced jet search [20].
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Expands lifetime for heavy LLPs
(increased acceptance for longer lifetimes)

ECAL based

Delayed jets in the Electromagnetic Calorimeter

1

1 Introduction

A large number of models for physics beyond the standard model predict long-lived parti-
cles that may be produced at the CERN LHC and decay into final states containing jets with
missing transverse momentum, p

miss
T [1]. These models include supersymmetry (SUSY) with

gauge-mediated SUSY breaking (GMSB) [2], split and stealth SUSY [3–5], and hidden valley
models [6]. The p

miss
T may arise from a stable neutral weakly interacting particle in the final

state or from a heavy neutral long-lived particle that decays outside the detector.

The timing capabilities of the CMS electromagnetic calorimeter (ECAL) [7] are used to identify
nonprompt or “delayed” jets produced by the displaced decays of heavy long-lived particles
within the ECAL volume or within the tracking volume bounded by the ECAL. The delay is
expected to be a few ns for a TeV scale particle that travels ⇠1 m before decaying. A repre-
sentative GMSB model is used as a benchmark to quantify the sensitivity of the search. In
this model, pair-produced long-lived gluinos each decay into a gluon, which forms a jet, and a
gravitino, which escapes the detector causing significant p

miss
T in the event. A diagram showing

the benchmark model is shown in Fig. 1 (left figure).

p
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g
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Tracker

g~
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Figure 1: Diagram showing the GMSB signal model (left figure), and diagram of a typical
event (right figure), expected to pass the signal region selection. The event has delayed energy
depositions in the calorimeters but no tracks from a primary vertex.

There have been multiple searches for long-lived particles decaying to jets by the ATLAS [8],
CMS [9] and LHCb [10] Collaborations at

p
s = 7 TeV,

p
s = 8 TeV and

p
s = 13 TeV [11–25].

The use of calorimeter timing has so far been limited to searches targeting displaced photons
at

p
s = 8 TeV [26, 27]. The present study represents the first application of ECAL timing to a

search for nonprompt jets from long-lived particle decays. This technique allows the reduction
of background contributions to the few event level, while retaining high efficiency for signal
signatures of one or more displaced jets and p

miss
T in the final state. As detailed in Ref. [28],

this approach brings significant new sensitivity to long-lived particle searches. A diagram of
a characteristic event targeted by this analysis is shown in Fig. 1 (right figure). Such an event
would escape reconstruction in a tracker-based search because of the difficulty in reconstruct-
ing tracks that originate from decay points separated from the primary vertex by more than
⇠50 cm in the plane perpendicular to the beam axis. There are two effects that contribute to
the time delay of jets from the decay of heavy long-lived particles. First, the indirect path, com-

EXO-19-001
10.1016/j.physletb.2019.134876
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Summary
•CMS tracker-based search provides outstanding 

sensitivity for lifetimes ~ 1- 50 cm.

•CMS ECAL-timing LLP searches extend lifetime 

coverage and access unique LLP photon decays  

•Many opportunities for improvement remain for Run2, 

Run3 and Phase-II: 

•LLP aware triggers, innovative LLP reconstruction, 

precision timing
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Backups

21
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• CMS Fundamentals:
- 4T magnet & ALL silicon tracker
- Muons + Compact
- Crystal EM Calorimeter
• Precision timing & Track-Triggering

Physics
Legacy

Technology
Legacy

• Higgs and EWK Symmetry Breaking
• New Physics Probes
• Dark Matter
• SUSY (strong & EWK)
• Exotics (new resonances…)
•Probing Long-lived Particles
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New Physics at the LHC: long-lived particles

23

mX

cτX
Detector 
acceptance𝒪(mm)

Stable= MET

Up to now: large majority of experimental work

New Physics?

𝒪(10m)
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Long-lived Particles at the LHC (II)
N

ew
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c 
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Lifetime Mechanism

• Long-lived particles ubiquitous in BSM Physics
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Detecting Long-lived Particles Generic LLP 
signature

IP

SM

SM

LLP (neutral)

morphology: displaced decay-in-flight

signature: displaced vertex

C
A
L
O

Tracking Planes — charged particles

• Center-of-mass energy
• Fiducial Volume
• Distance from IP
• Triggering
• Irreducible background

Experimental Considerations

S
H
I
E
L
D
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CMS: Critical Role on Long-lived Particles

26

arxiv:1911.00481 — CODEX-b

• How to unlock CMS’ full LLP potential?
• How far can we push mass and lifetime?
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Technology Legacy: Silicon Tracker

σp

p
∼ p

σs

BL2

σs =
σrϕ

8
720

N + 5

Example: 1 TeV → s ~250 𝜇m ⇒ 𝜎s ~ 25 𝜇m (10% uncertainty)
20 

Momentum resolution 

L 

generally in experiment measure pt 

multiple scattering 
term conts. in pt 

track uncertainty ≈ pt 

Long path-length
“s” means curvature

Many layers (>10) with outstanding intrinsic resolution

This design WILL enable LLP searches in tracker

R.L. Gluckstern
NIM 24 (1963) 381
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Technology Legacy: Silicon Tracker

World’s largest all-silicon tracker

Momentum resolution: 1-3% for 1-100 GeV
Impact parameter resolution: ~few 10𝜇m
Ideal for displaced-vertex LLP signature 
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• Very soft (displaced) jets — well below current thresholds 
• Critical need for dedicated triggers — Run3 opportunity

Leading Jet pT (4b)

cτ = 1 m mɸ = 500 GeV

cτ = 1 m

cτ = 10 m

cτ = 0.5 m

!10

• Jets are more boosted with massive scalars 
• Jet pT are almost identically for different proper lifetime

Triggering on Long-lived Particles

Ben KreisLLP

Generic Features of LHC LLP Searches

6

6/19/18 Zhen Liu          LLP @ LHC                    LPC TOTW24

Realizing the great potential of the LHC

*except for forward physics, e.g., LHCb, FASER
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What’s the best place to
look for LLPs (short-
lifetime-limit, and long 
lifetime-limit)?

Z. Liu
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FIG. 1: Our central predictions for the CMS per-decay displaced dijet acceptances for t̃ ! d̄s̄, using

the detector model described in Appendix B and following the analysis described in Section II B.

The di↵erent colored lines are steps of 100 GeV in mass.

unity). This gives some indication of sensitivity to possible recasting errors. There are only

two specific searches where we do not follow this protocol. The first such search is for stable

charged particles, for which we do not explicitly include an error band. Our modeling here is

fairly basic and conservative, and the acceptance anyway turns o↵ exponentially fast at low

lifetimes. We have also recast CMS’s over-conservative “charge stripped” limits, estimated

in a scenario where interactions in the calorimeters always strip o↵ the R-hadron charges.

The second search is for low-EM jets at ATLAS, where we have opted to instead define

over-conservative and under-conservative treatments of the isolation against EM calorimeter

activity, which we cannot reliably model. Here, we require either that no decay particles

point back to the ECAL, or do not place any explicit isolation criterion (though in both

cases we employ a flat O(1) reconstruction e�ciency factor given in Appendix F).

16

Z. Liu and B. Tweedie, 1503.05923

SM 
backgrounds acceptance trigger

Large Efficiency drop for light LLPs

Light LLPs

Light LLPs
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Technology Legacy: Crystal Electromagnetic Calorimeter

• Designed for excellent energy resolution
• Crucial role in H→ɣɣ observation
• Resulted in outstanding time resolution

• LLP enabler



Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS31

Technology Legacy: ECAL Calibrations

• In-situ inter-calibrations using 
resonances, geometric symmetries, 
electron E/p
- For each of 75,000 crystals to 0.5% 

precision
• Live monitoring of crystal transparency 

with laser: once every 40 min for 
each crystal
• Corrections for local containment, 

module boundaries, shower shape, 
pileup, etc.

Each is a colossal task
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Physics Legacy: H→ɣɣ

H→ɣɣ observed @ 5.6𝜎 significance
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Physics Legacy (H→ɣɣ)  ⟹ Technology Legacy

Time resolution of ~ 100 ps for energetic photons

Excellent pulse
 shape stability

Stringent H→ɣɣ constraints required …
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Livia Soffi - 04/04/2018

CMS Global Timing Concept  
• CMS has now included a hermetic precision MIP Timing 

Detector in the Phase-2 upgrade scope

15/21

https://indico.cern.ch/event/700775

https://indico.cern.ch/event/679087132nd LHCC Meeting 30th Nov 2017: 

Timing Days 22th Mar 2018 (CMS only): 

Future Technology Legacy: Precision Timing
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LLPs and Precision Timing
6
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FIG. 5. The projected 95% C.L. limit on the Higgsino mass–
lifetime plane for signal process of Higgsino pair production
in association with jets, with subsequent decay of the lightest
Higgsino �̃0 ! hG̃ and h ! bb in GMSB scenario. We de-
coupling other electroweakinos and hence have Higgsino-like
chargino �̃± and neutralino �̃0

2 nearly degenerate with �̃0
1.

ground. After the cut, the backgrounds from SV and PU
for MS search are 0.11 and 7.0 ⇥ 10�3 respectively, and
SV background dominates. For PU background, the final
time spread includes the timing resolution and PU intrin-
sic time spread in quadrature. The reach for heavy X is
almost not a↵ected, while the sensitivity to the branch-
ing ratio can be reduced by at most a factor of a few for
light X.

We compare EC and MS (thick lines) with 13 TeV
HL-LHC (with 3 ab�1 integrated luminosity) projections,
two displaced vertex (DV) at MS using zero background
assumption (thin dotted) and one DV at MS using a
data-driven method with optimistic background estima-
tion (thin dashed) from [36]. It is clear that timing cuts
greatly reduces background and provides better sensitiv-
ity. For the long lifetime, the limit is proportional to c⌧

for searches requiring one LLP to be reconstructed as the
signal, and (c⌧)2 for searches requiring two LLPs to be
reconstructed as the signal. Therefore one LLP decay is
better. The projected limits from invisible Higgs decay
at 13 TeV [37] is also plotted in Fig. 4.

For SigB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m�̃ in GeV and
proper lifetime c⌧ in m in Fig. 5. The projected cov-
erage of the EC and MS searches in blue and red shaded
regions, respectively. Due to the slow motion of �̃, we
show the projections with a tight (solid lines) and a lose
(dashed lines) �t requirement. We can see minor di↵er-
ences between di↵erent delayed time cut choices for this
signal. Although in the previous section, EC and MS sig-
nal with �t > 1 and 0.4 ns cuts have background event of
order 1, we also show the sensitivity reach with a sizable
background of 100 at the HL-LHC. We observe a similar
generic behavior for the coverage of EC and MS searches

in term of the lifetime for SigB.
Furthermore, we draw gray dashed-dotted lines for the

corresponding model parameter
p

F of the fundamental
SUSY breaking scale for GMSB in the figure for refer-
ence. To compare with the reach of existing long-lived
particle searches and their projection, we follow Ref. [6]
and quote the most sensitive CMS displaced dijet search
conducted at 8 TeV [43], and show the projected sensi-
tivity at 13 TeV assuming statistical dominance for the
background. We can see significant improvement for tim-
ing enhanced LLP searches, almost doubling the reach of
m�̃ with lifetime around one meter. Furthermore, timing
searches extend the sensitivity to very long lifetime, up
to 105 m for a 200 GeV long-lived Higgsinos.

In Fig. 4 and 5, an upper bound on �t, �t < 25 ns,
is required for EC to stay in the same proton bunch. If
there is no such requirement, the pile-up background will
increases linearly with the number of proton bunches in
the time window. For the MS search, the recording time
extends to hundreds of ns, and the pile-up background
can be eliminated by screening the approximately ±0.5
ns window for each bunch crossing, which has negligible
impact on the signal e�ciency.

Discussion.–We demonstrate that exploiting timing in-
formation can significantly enhance the LLP searches at
CMS and ATLAS. To emphasize the utility of timing, we
have only made minimal requirements on the signal, with
one ISR jet and a time delayed signal. Further optimiza-
tion can be developed for more dedicated searches. The
timestamping ISR jet can be replaced by other objects,
like leptons and photons. Depending on the process, one
can also use objects from prompt decay. For example, in
the Higgs signal, the final state jh can be changed to Wh,
with the W boson decay leptonically. The charged lep-
ton from the W boson can trigger the event and calibrate
the time as well, in the meantime, the background is re-
duced from QCD to electroweak cross-sections. At the
same time, the signal is only reduced by a smaller produc-
tion cross-section, and all other features remain similar.
For instance, in R-parity violating SUSY, the pair pro-
duced squarks and gluinos can promptly decay to neu-
tralino plus jets. Those jets can provide the timestamp
for the event as well. In addition, for specific searches,
one should also optimize the selection of the signal based
on the decay products of the LLPs.

We have considered two concepts of timing layer at the
LHC. The CMS EC timing upgrade for HL-LHC already
provides significant improvement. The MS system has
the notable benefits of low background, a large volume
for the LLP to decay and more substantial time delay
for the LLP signal due to longer travel distance. As an
estimate of the best achievable sensitivity, given that the
MS is an ideal place to look for LLPs at the LHC, we
have also considered a hypothetical timing layer outside
of the ATLAS MS. We found robust enhanced sensitivity

Timing results in large gains in cτ and mass reach  
Needs L1-trigger to fully exploit LLP potential

study by Zhen Liu et al. 
https://arxiv.org/abs/1805.05957 2

some common characteristics. The rate of this process is
controlled by the production rate of the resonance and
the branching ratio into the LLP. The decay length of
the LLP, d = �c⌧ , plays an important role in determin-
ing signal rate within the detector volume. Moreover, the
boost � is also important in determining the time delay.
In this class of models, the boost of the LLP is set by the
mass ratio � / mY /mX .

In the second class of models, shown in the lower panel
of Fig. 1, the LLP(s) are produced directly without going
through a resonance. This would be the case, for exam-
ple, for heavier X with SM interactions. A typical bench-
mark would be the production of SUSY electroweak-inos.
The signal of this class of models have distinct features
as well. In particular, they will be produced close to the
threshold, with velocity being a fraction of the speed of
light. In this case, a large time delay is always expected.

To demonstrate the potential sensitivity to general
BSM signals with precision timing, we choose to show
two representative benchmark models following above
discussion about classes of LLP production modes, one
from Higgs decay into the dark sector, and the other
one from Drell-Yan pair production of supersymmetric
(SUSY) long-lived particles. With a very general trig-
ger and search strategy that can capture most of LLP
decays, we show striking improvement in the sensitivity
and coverage for LLP. In addition to the EC timing layer
at CMS, we also consider a hypothetical timing layer on
the outside of ATLAS Muon Spectrometer (MS) as an
estimate of the best achievable reach of our proposal.
Basics of timing.— While the particle identification
and kinematic reconstruction are highly developed, the
timing information is less used as prompt decays are of-
ten assumed for BSM signals. However, the signature
of an LLP, in general, could have a significant time de-
lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is
shown in Fig. 2. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 2. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new
searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 3, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].

Timing for LLPs 

Si Xie 3 

•  LLPs will generically give delayed signals 
•  Delay comes from two effects: 

1.  Path length difference ( LLP travels in some direction, 
then decays possibly towards a different direction) 

2.  LLP can be significantly slower than speed of light 

(2) 

(1) 



Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS36

Physics Legacy (H→ɣɣ)  ⟹ Technology Legacy

Time resolution of ~ 100 ps for energetic photons

Excellent pulse
 shape stability

Stringent H→ɣɣ constraints required …

Phase-I

Phase-I
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Physics Legacy (H→ɣɣ)  ⟹ Technology Legacy

Time resolution of ~ 30 ps for energetic photons

Excellent pulse
 shape stability

Stringent H→ɣɣ constraints required …

Phase-II

Fast-shaping time
High sampling rate

30 ps

30 GeV
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LLPs and Precision Timing

30%
40%

ECAL Barrel Only   

Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.

6

Mh = 125 GeV
Mx= 50 GeV, c𝜏 = 1m

• Use Timing (MTD or ECAL) to tag Jets at L1 
• 30 ps for 20 GeV neutral energy deposits in ECAL
• 30 ps for MIPS

• Jet pT > 20 GeV  and EB time > 1ns   

• One jet trigger  → signal efficiency is around 40%
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LLP to Displaced Dijets in the Tracker Volume

39

Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

Jet-Track Association and SV Reconstruction

7

Ø Offline Calo HT and Jet Selection: 
Calo HT>400GeV, Calo jets pT>50GeV, |eta|<2.0

Ø Track selection and jet-track association:
• Tracks are taken from the “generalTrack” collection, 

pT>1GeV, ”high-purity”;

• The direction of the track is determined by the momentum-
vector at the closest point to the primary vertex, then the
track is matched to the jets by requiring ∆R<0.5 (JTA@VTX)

• If one track satisfies ∆R<0.5 for more than one jet, it is 
matched to the jet with smaller ∆R.

Ø Secondary vertex reconstruction
• Select the tracks associated with the dijet candidate, and not 

compatible with the primary vertex (IP2D>0.5mm, IP2Dsig>5.0);

• Primary vertex is selected as the leading PV from 
“offlinePrimaryVerticesWithBS”

• Fit secondary vertex with Adaptive Vertex Fitter (AVF), and 
requires "#/ndof<5.0

8/14/18 Jingyu Luo (Princeton)

Introduction

4

Ø The theoretical motivations for long-lived particles are extremely rich:

• RPV SUSY 
• GMSB SUSY 
• Split SUSY;
• Stealth SUSY;
• WIMP triggered Baryogenesis;
• Many more.

Ø The analysis is designed to be sensitive to different final state topologies 
containing displaced jets

8/14/18 Jingyu Luo (Princeton)

Xàj+lepton/MET

Xàjj+…

Xàjjj+…

Utilize jet, track and SV
information to discriminate
displaced-jet signatures from
backgrounds.

Doesn’t require the existence 
of two displaced vertices, one 
vertex is enough

EXO-18-007

Tracker based

LLP decays in tracker volume → Secondary vertex
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CMS Technology Legacy: Phase1 Tracker Update
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CMS Technology Legacy: Phase1 Tracker Update

30% (rel) increase b-tagging efficiency @ 1e-2 light fake rate
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CMS Technology Legacy: Iterative Tracking

42
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Muon momentum resolution (expected) 

38 

ATLAS CMS 

Transverse momentum resolution degrades with particle momentum 

CMS Technology Legacy: Muon Momentum Resolution

CMS: Tracker does a lot of the job
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Technology Legacy: ECAL Calibrations

• In-situ inter-calibrations using 
resonances, geometric symmetries, 
electron E/p
- For each of 75,000 crystals to 0.5% 

precision
• Live monitoring of crystal transparency 

with laser: once every 40 min for 
each crystal
• Corrections for local containment, 

module boundaries, shower shape, 
pileup, etc.

Each is a colossal task
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HL-LHC Beamspot 

Si Xie 15 

•  Beamspot has a width in time of ~180ps 

RMS in time : 
~180ps 


