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Long-lived Particles in SM

arXiv:1810.12602

SM great example of fundamental laws giving rise to LLP 



LHC and LLPs
arxiv:1911.00481 — CODEX-b

• How to unlock CMS’ full LLP discovery reach?


• How far can we extend the mass and lifetime? 



CMS Plays a Crucial Role on LLPs
arxiv:1911.00481 — CODEX-b

• CMS was doing well for c𝜏 < 1m and mLLP > 50 GeV

• Enabled by precision tracker: displaced jets 



CMS Plays a Crucial Role on LLPs
arxiv:1911.00481 — CODEX-b

• Goal: close coverage gaps and extend CMS reach

• Strategy: Enable a large c𝜏 and light LLP searches



Long-lived Particles in CMS

Displaced high 

multiplicity shower

 until they fall below
   

ed out of nucleus, deexcitation 



Tracker Based Searches



LLP Experimental Considerations

Ben KreisLLP

Generic Features of LHC LLP Searches
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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)?
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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).
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SM 
backgrounds acceptance trigger

Ben KreisLLP
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SM 
backgrounds acceptance trigger

Larger SM Bkg Reduced detector
Acceptance

LLP mass is very important:
large drop on efficiency at low masses 
due to low trigger efficiency.

Low LLP masses are motivated in Higgs portal models: e.g h0 → χ( jj)χ( jj)



Tracker Based Searches
Signature: 

Displaced Jets & Vertices

Key detector feature: reconstruction of displaced tracks and SV

Displaced 
Tracks

ECAL

HCAL

LLP

SV

EXO-19-021

https://arxiv.org/abs/2012.01581


Tracker Based Searches

Takeaways

• Most sensitive analysis at c𝛕 
~few cm 

EXO-19-021

https://arxiv.org/abs/2012.01581


Tracker Based Searches

Takeaways

• Most sensitive analysis at c𝛕 
~few cm 

• Peak sensitivity determined by 
tracker acceptance 

EXO-19-021

https://arxiv.org/abs/2012.01581


Tracker Based Searches

Takeaways

• Most sensitive analysis at c𝛕 
~few cm 

• Peak sensitivity determined by 
tracker acceptance 

• Clear drop in acceptance at 
lower mediator masses 
• Main limitation: high 

threshold HT triggers

EXO-19-021

https://arxiv.org/abs/2012.01581


Calorimeters



Calorimeter Based Searches
Signature: 

Trackless jets & delayed ECAL hits

Key feature: Lack of associated tracks and precision timing

Displaced 
Tracks

ECAL

HCAL

LLP

SV

t0 t1 t2
t3
t4

EXO-21-014 & EXO-19-001



Calorimeter Based Searches
Signature: 

Trackless jets & delayed ECAL hits

EXO-21-014 & EXO-19-001

Displaced 
Tracks

ECAL

HCAL

LLP

SV

t0 t1 t2
t3
t4
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Cosmic background
Observation

 = 1 m0τ = 2400 GeV, cg~GMSB m
 = 10 m0τ = 2400 GeV, cg~GMSB m
 = 30 m0τ = 2400 GeV, cg~GMSB m

PreliminaryCMS  (13 TeV)-1137 fb

Key feature: Lack of associated tracks and precision timing



Calorimeter Based SearchesCalorimeter Based Searches EXO-21-014

Search strategy: count number of displaced (“tagged”) jets

https://arxiv.org/abs/2212.06695


Calorimeter Based SearchesCalorimeter Based Searches EXO-21-014

Long-lived neutralinos (𝛘) excluded up to 1 TeV at c𝜏 ~1m

https://arxiv.org/abs/2212.06695


Calorimeter Based SearchesCalorimeter Based Searches EXO-21-014

Peak sensitivity at c𝜏 ~1m: complementary to tracker-based

https://arxiv.org/abs/2212.06695


Muon System



COMPACT Design + Small π→𝜇 mis-ID (10-3) 

Compact Muon Solenoid

ST
EE

L

STEEL

• Lots of STEEL →bkg suppression → Ideal for LLP searches
• 4-layers of highly segmented active element → LLP signal
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• Lots of STEEL →bkg suppression → Ideal for LLP searches
• 4-layers of highly segmented active element → LLP signal



LLP Muon System Analysis

• Large shielding against backgrounds: 
12-27 nuclear interaction lengths 

• Despite the lack of a dedicated trigger, CMS had 
opportunity to provide better sensitivity for 1 displaced 
vertex search. CMS has more steel to reject background

CSC (endcap)

DT (barrel)



LLP Muon System Analysis

• Opportunity to extend discovery reach 
at large lifetimes (> ~few meters)  

• Despite the lack of a dedicated trigger, CMS has 
opportunity to provide better sensitivity for 1 displaced 
vertex search. CMS has more steel to reject background

CSC (endcap)

DT (barrel)



→ LLP (s) decay

Search for LLPs in Muon System

LLP decays in MS → shower

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.

�
s

s

p

p f

f̄

f̄

f

(a)

h

�

�

p

p

f

f
f

f
f

f

(b) (c)

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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Search for LLPs in Muon System

Sensitive to a broad range of LLP decays

LLP decays in MS → shower

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

Strategy Basic event selection Benchmarks
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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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Muon System acts as sampling calorimeter

hadronic shower:
nucleus

nucleus 1 + n,p,α
nucleus 2 + 5p,n,...
fission ...

1.

2. secondary particles undergo further inelastic collisions until they fall below   
    pion production threshold

3. sequential decays
    π0→ γγ → electromagnetic shower
fission fragments  → β - decay,  γ - decay
nuclear spallation: individual nucleons knocked out of nucleus, deexcitation 
neutron capture → fission

nucleus*

 mean number of secondary particles ∝ lnE
   typical transverse momentum <pt> ≃ 350 MeV/c
 mean inelasticity (fraction of E in secondary particles) ≃ 50 %



Gas Detector
Cathode Strips

Wires

6 layers~15 cm



LLP Signature in Muon System

• LLPs that decay in the muons system leave a signature of:

• Large cluster of hits in the muon chambers


• Muon system acts as a sampling calorimeter (new)

First time this signature is explored at the LHC

Large cluster of hits

EXO-21-008

https://cds.cern.ch/record/2864874


Muon system acts as a sampling calorimeter

Muon Detector Shower (MDS) Efficiency

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.
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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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•High cluster reconstruction — up to 80-90%

•Dependence on LLP decay position

LLP decay position is plotted

At least 50 hit reconstruction cluster 

EXO-21-008

https://cds.cern.ch/record/2864874


Muon system acts as a sampling calorimeter

•Strong dependence on decay position (Z) 

•Highly correlated with amount of steel in front of CSC

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.
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LLP decay position is plotted

At least 50 hit reconstruction cluster 

Muon Detector Shower (MDS) Efficiency
EXO-21-008

https://cds.cern.ch/record/2864874


MDS Search Strategy
EXO-21-008

Search strategy: look for high-multiplicity MDS

https://cds.cern.ch/record/2864874


MDS Search Results

SR Expected Bkg (post-fit): 
1.8 ± 0.8 SR Observed: 3 

CSC Category

Unblinded 

Results

EXO-21-008

https://cds.cern.ch/record/2864874


MDS Search Results

• ENABLED CMS LLP sensitivity 
to larger c𝜏 

• Access to light LLPs (< 3 GeV) 

• Sensitivity to all masses 

• Calorimeter: sensitive to LLP 
energy

One of the CMS latest 
results

world-best results  
for c𝜏 > 25 m

Best sensitivity at BR(H→SS) ~ 10-3 !! 
EXO-21-008

https://cds.cern.ch/record/2864874


Muon System Enables Broad LLP Reach

• Strong reach when LLPs are light — critical to have 
sensitivity to all decay modes


• Strong reach for elusive LLPs decay to SM taus. Enables 
sensitivity unexplored BSM : e.g LL SUSY staus, heavy 
neutral lepton (HNL) 

JHEP11 (2019) 162

ee
/ɣ
ɣ

𝛕𝛕

Ha
dr

on
ic

EXO-21-008

https://cds.cern.ch/record/2864874


Heavy Neutral Leptons using MDS

• MDS broad sensitivity enables searches for  LLPs in neutrino 
portals 

• Heavy Neutral Leptons (HNLs) are naturally LL and displaced

HNL is LL

EXO-22-017

https://cds.cern.ch/record/2865227


HNL is LL

Heavy Neutral Leptons using MDS

• MDS broad sensitivity enables searches for  LLPs in neutrino 
portals 

• Heavy Neutral Leptons (HNLs) are naturally LL and displaced

EXO-22-017

https://cds.cern.ch/record/2865227


MDS HEPData Publication
• HEPData is a great tool to allow reinterpretation of CMS results 

• Digitized figures and additional material such as signal efficiencies 

• HEPData for EXO-20-015 allows to reinterpret in many BSM models



• Use the dedicated Delphes class/module and implement all cuts 
applied in the CMS paper


• Use the data and expected background yield in signal region 
provided in CMS paper 


• Validated that the standalone workflow is able to reproduce the 
limits from the CMS analysis for all 3 decay modes to within 30%

LLP mass = 15 GeV

First Results Validation

C. Wang at LLPX workshop

https://indico.cern.ch/event/1042226/timetable/


Light Scalar (S) Reinterpretation

Long-lived Scalar (S) couple to Higgs

Long-lived Scalar (S) couple to Higgs

A. Mitridate at LLPX workshop

https://indico.cern.ch/event/1042226/timetable/


Light Scalar (S) Reinterpretation

Long-lived Scalar (S) couple to Higgs

Very similar to CMS main interpretation  

No reach with this analysis 
(Mostly due to isolation and MET cuts)

A. Mitridate at LLPX workshop

https://indico.cern.ch/event/1042226/timetable/


Light Scalar (S) Reinterpretation
• Mixing angle (θ) controls the scalar lifetime 

• Exclusion obtain at 1% Br(h→SS): fixes production cross section × BR

• Scalar mass controls the decay mode and affects the acceptance 

• Current best sensitivity in a large region of phase space 

• Confirms reach to light LLPs ( < 1 GeV) for CMS 


• Closing the gap to dedicated LLP experiments 



Muon System: Displaced Muons

• Displaced Muons are a powerful signature for LLP


• 2 types of reconstructed muons: tracker muons and 
standalone muons

EXO-23-014

https://cds.cern.ch/record/2868338


Muon System: Displaced Muons
• Brand new search using 13.6 TeV (Run3) data


• New optimized trigger using displaced muon signature

EXO-23-014

https://cds.cern.ch/record/2868338


Muon System: Displaced Muons
• Best sensitivity for LLPs decaying to a pair of muons


• New triggers enable large sensitivity gain even with 1/3 of 
the 13 TeV data

EXO-23-014

https://cds.cern.ch/record/2868338


Triggers: the new LLP frontier

• Current L1 trigger have high-threshold: 
highly detrimental to light LLPs 


• HT > 300 GeV and jet pT > 200 GeV


• Trigger efficiencies below ~1% for light 
LLPs


• No seeds for beyond calorimeter 
signatures   


• Critical need and opportunity for LL 
Trigger in CMS during Run3 and HL-LHC



5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13 - 14 TeV 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 350 fb-1 3000 fb-1

4000 fb-1

20402027

BUILDINGS



New Run3 Triggers: Tracker

DP-2023-043

Strategy: lowered jet-pT threshold by requiring no prompt-tracks 

https://cds.cern.ch/record/2865844/files/DP2023_043.pdf


New Run3 Triggers: delayed jets

Strategy: lowered HT threshold by requiring time delay

DP-2023-043

https://cds.cern.ch/record/2865844/files/DP2023_043.pdf


New Run3 Triggers: HCAL delayed jets

HCAL Upgrade provides segmentation and timing information



New Run3 Triggers: HCAL delayed jets

Timing and segmentation at L1 (hardware) to trigger LLPs!

DP-2023-043

https://cds.cern.ch/record/2865844/files/DP2023_043.pdf


New Run3 Triggers: Muon System

Brand new L1 (hardware) trigger using muon detector shower (MDS)
DP-2023-043

https://cds.cern.ch/record/2865844/files/DP2023_043.pdf


New Run3 Triggers: Muon System

10x LLP signal acceptance gains in Run3!

New L1  
Trigger

Brand new L1 (hardware) trigger using muon detector shower (MDS)



HL-LHC New Enabler: CMS Track Trigger

Triggering at L1 in the LLP signature itself 

• Additional L1 track finder for off-pointing tracks 
• New displaced-tracks at L1 provides large gains (>5x) in acceptance 
• Allows to probe rare processes (smaller cross-sections) ~ 10-2 fb

mϕ = 30 GeV



HL-LHC: The MIP Timing Detector

SiPM

~400 nm photons

A Large Scale Precision Detector

A. Apresyan, S. Xie, C. Peña, et al., NIM , A 895 (2018) 158–172



HL-LHC: Catching LLPs with MTD
Phys. Rev. Lett. 122, 131801

Δtdelay =
lX
βX

+
la
βa

−
lSM

βSM

• Time delay arises due to two possible effects

• Heavy new states travel at speeds (β) only a fraction of speed of light

• Additional time delay due to increased path length to reach wrt to SM


• MTD measures the combined  effect to discriminate agains SM bkgs



In-flight SUSY

New particle (neutralino) is massive and 
displaced from interaction point

c

β < c

Neutralino travels slower than speed of light: time-delay

Signature: delayed photon



In-flight SUSY

MTD improves beam spot time-spread by 6x 

Large gains in decay length (c𝜏) and mass

MTD-TDR



Precision Timing Enables ECAL L1 Triggers

Higgs

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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• 15% efficiency for @ 10 kHz L1 rate 

• 10x improvement over current triggers

CMS L1 TDR (2020)

Greater than 10x increase 
in signal acceptance!

ECAL Timing Upgrade



Precision Timing Enables L1 ECAL Triggers

Higgs

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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MTD will significantly boost LLP 
reconstruction by combining 
multiple time measurements

• MTD critical to achieve realistic HLT rate

• Possible ECAL seeding to MTD @ L1: improve signal efficiency, beam 

spot resolution, robustness

• Average jet contains 2/3 charged particles 
• Time combination important for low-pt jets 

of Higgs portal models  

ECAL Timing Upgrade

t1
t2 t3

t5t4 t6



Outlook

• CMS is advancing LLP frontier now, Run3 and HL-LHC at CMS 

• Instrumentation (detector/sensor), trigger, and edge 
processing (front-end) paradigms are crucial elements for the 
implementation and improved new physics program with LLPs  

• Vertically integrated effort: theory, triggers, analysis, data 
management, algorithms, and impactful publications 

• LLP physics is incredible rich and requires cutting edge 
detector R&D (precision timing & others)  

• LLPs at CMS provide an exciting research program ahead of 
us that could presents us with fundamental discoveries 

Thank you!



• Backups



LLP Acceptance in Muon System

Acceptance in muon system peaks at a few meters

•LLP mass shifts peak acceptance location
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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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At least one LLP in CSCs



CMS Data Analysis Re-imagined

Current CMS data analysis chain

 is 


broken when LLPs are present

8

• 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

particle  
reconstruction

data formats 



• ~1% signal events kept after MET cut

• ~4500 events in acceptance

Tracker 

Muon system
ISR-Jet

LLP

Shower

LLP

MET/Higgs PT

Undetected 

Gen Higgs Pt [GeV]

Inclusive 
MET > 200 GeV

Require at least 1 LLP 
to decay in CSC

—  ISR-Jet > 200 GeV

• Start with ggH production mode — largest cross section

• Trigger on MET (lack of dedicated trigger) — recoil of Higgs against ISR

• For large cτ one of the LLPs will decay outside the calorimeter

LLP Muon System Analysis



CMS Data Analysis Re-imagined

trigger

• New trigger for LLP in MS; new dedicated LLP triggers (@2022/Run3)

• Re-designed muon system reconstruction to allow LLP-shower signature
• Designed new data formats to overcome limited content for LLP searches 

Data analysis chain fixed

particle  
reconstruction

data formats 



LLP with MS: other key selection

Many bkg cluster from OOT interactions

Signal cluster are in-time 
Signal: angle between pTmiss  and 

cluster position is aligned

Combined 20x bkg rejection power

80− 60− 40− 20− 0 20 40 60 80
Cluster Time [ns]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ac

tio
n 

of
 E

ve
nt

s

Data
Signal

CMS Supplementary

0 0.5 1 1.5 2 2.5 3
, cluster) miss

T
p(φ∆

2−10

1−10

1

10

210

310

Ev
en

ts

Signal
Region

d d→S 
 = 1mτc

 SS) = 1%→BR(H 

 (13 TeV)-1137 fb

CMS
Supplementary

 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

OOT data (time < -12.5 ns)
 < 130)hitsin-time Data (N

 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

OOT data (time < -12.5 ns)
 < 130)hitsin-time Data (N



Background Estimation

Nrechits

Δɸ
AB

0.75

ᴨ

~ 130

ABCD Plane

C D (SR)

High Nrechits 
Small Δɸ(cluster, MET) 

× c1

× c2

• Δɸ(cluster, MET) and Nrechits are independent 

• Validate the method in two separate validation regions

NA = c1 × BkgB + μ × SigA
NB = BkgB + μ × SigB
NC = c2 × BkgB + μ × SigC
ND = c1 × c2 × BkgB + μ × SigD



LLP with Muon Systems

SR Expected Bkg (post-fit): 
2.4 ± 0.9 (stat) ±1.5(syst) SR Observed: 3 

Unblinded Results
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LLP with Muon Systems

Best sensitivity at BR(H→SS) ~ 10-3 !! 

• ENABLED CMS LLP sensitivity 
to larger c𝜏 

• Access to light LLPs (< 15 GeV) 

• Sensitivity to all masses 

• Calorimeter: sensitive to LLP 
energy

New c𝛕 Reach and 100x better sensitivity

LLP = 15 GeV
(CMS-MS)



Higgs Portal to LLP

Higgs

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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• MTD expected to probe BR(H→ss) below 1e-6!

• Caveat: trigger strategy used for the study needs to be optimized

Large expected 
 improvement

DP-2022-025



Heavy Stable Charged Particles

• Ionization loss (dE/dx) depends on particles velocity (βɣ)

• Heavy new particles travel slowly  — small βɣ

• Large dE/dx expected according to Bethe-Bloch

Ann Wang — LLP11 

https://indico.cern.ch/event/1128662/contributions/4889852/attachments/2453695/4205053/2022-05-31-AWang-LLP-Workshop.pdf


Heavy Stable Charged Particles

××

×
×

×

• Precision tracking allows precise momentum (|p|) reconstruction

• Access to dE/dx measurement in silicon →  β measurement

• Mass reconstruction: |p| + β measurements from silicon tracker

|p | = γmβ



Heavy Stable Charged Particles

• dE/dx allows for small background level above ~ 800 GeV

• Exciting excess at large dE/dx consistent with heavy HSCP (3.3 𝜎)

• Timing is critical to unravel nature of the excess 

arXiv:2205.06013 
Ann Wang — LLP11 

https://indico.cern.ch/event/1128662/contributions/4889852/attachments/2453695/4205053/2022-05-31-AWang-LLP-Workshop.pdf


Heavy Stable Charged Particles

tMTD

tvtx

L

L
cβ

= tMTD − tvtx

• Precision timing can also measure β — TOF particle ID

• Independent HSCP mass reconstruction!  


• MTD adds new capabilities to complement/enhance dE/dx  



MTD TOF: Heavy Stable Charge Particle
J. High Energ. Phys. 2019, 37 (2019)

• 4D reconstruction allows PID and competitive HSCP discovery potential 

• Precision timing dominates sensitivity for large HSCP masses    

500 GeV HSCP will typically have delay of 1ns  
→ timing @ 100 ps 10 𝜎 bkg rejection  



MTD TOF: Heavy Stable Charge Particle
fb 104

102

103

104

101

100

10-1

Large expected gain in sensitivity with MTD precision timing



Detector Complementarity

• When looking at the nature of an excess MTD TOF has lots to say

• If TOF is not compatible with dE/dx new physics could have Q > 1   

• Precision timing provides unique insight to signal properties in case 

of discovery 

D. Teresi — LLP11 

http://www.apple.com


Muon System Enables Broad LLP Reach

• Strong reach when LLPs are light — below di-muon 
threshold, target unexplored ee and ɣɣ decays


• Strong reach when LLPs decay to SM taus. Enables reach 
for unexplored SUSY parameter space: e.g LL staus

ee/ɣɣ

𝛕𝛕



High Multiplicity Trigger (HMT)

• NEW L1 trigger with MS signature (HMT):


• NEW L1 seed will provide 20x increase in signal efficiency


• Will enable completely new search signatures MS-MS, 
MS-ECAL, MS-Tracker

New L1  
Trigger

• NEW L1 seed will provide 20x increase in signal efficiency

M. Kwok



Muon System Phase-II Upgrade
• Phase-II upgrade will provide significant gains for displaced muon reconstruction 

• Improved RPC timing will enable new HSCP trigger 


• Phase-II upgrade will enable HMT in DT (Barrel) 

• Will boost acceptance for central LLPs and double LLP searches (peak 
sensitivity) 

• TMB upgrade (under discussion) will improve HMT(cathode) in Ring2 and Rin3 

• New/improved RPC and GEMS ME0 will go 

HSCP



New L1 trigger with Muon System

• NEW L1 (Hardware) trigger with MS signature:


• NEW L1 seed will provide 20x increase in signal efficiency


• Will enable completely new search signatures MS-MS, 
MS-ECAL, MS-Tracker

New L1  
Trigger

• NEW L1 seed will provide 20x increase in signal efficiency

S. Dildick, M. Kwok, N. Menendez, D. Acosta, S. Jindariani, P. Padley



• NEW L1 (Hardware) trigger with MS signature:


• NEW L1 seed will provide 20x increase in signal efficiency


• Will enable completely new search signatures MS-MS, 
MS-ECAL, MS-Tracker

• NEW L1 seed will provide 20x increase in signal efficiency

> 10x 
improvement

Improvement in sensitivity 
from new MS trigger

• Will enable completely new search signatures MS-MS, 
MS-ECAL, MS-Tracker

New L1 trigger with Muon System



ECAL Barrel HL-LHC Upgrade

• PbWO4 crystals, APDs, mother boards, & overall 
mechanical structure will not change


• The FE and VFE electronics readout will be replaced:


• to satisfy the increased trigger latency (up to 12.5 μs) 
and L1 accept rate (750 kHz) requirements


• to cope with HL-LHC conditions (increased APD dark 
current, anomalous APD signals, higher PU) 


•  VFE maintains similar purpose, but reduce shaping time+ 
digitization ➜ reduce out-of-time PU contamination, 
electronics noise and spikes


• FE card becomes streaming readout, moving most 
processing off-detector



ECAL Barrel HL-LHC Upgrade

ECAL Barrel upgrade achieves 30 ps resolution 
for 50 GeV energy deposits



Hidden Valley Reinterpretation

A. Mitridate at LLPX workshop

Diphoton decay sensitivity due to 
unique signature of this search

https://indico.cern.ch/event/1042226/timetable/


Hidden Valley Reinterpretation

A. Mitridate at LLPX workshop

• CMS Results: Good sensitivity for challenging BSM signature 

• Re-intepretation shows importance of double tag search

• Projected Br exclusion at 1e-4 at HL-LHC → NEEDS TRIGGERS!

Exciting new possibilities with a model independent search

https://indico.cern.ch/event/1042226/timetable/


EM/Had LLP Efficiency in Muon System

LLP to 𝝉𝝉 decays probes EM vs hadronic dependence

•Decays with high-hadron energy fraction resembles s→bb

•Decays with high-EM energy fraction are less penetrating

s→𝝉𝝉

ee
/ɣ
ɣ

𝛕𝛕
Ha

dr
on

ic For example 

N. Interaction L = 16.8 cm

Radiation L       = 1.8 cm



• Confirm efficiency to EM decays using LLPs events 
decaying to  ee, ɣɣ, π0π0


• Confirm efficiency to Hadronic decays using LLPs events 
decaying to  k+k- and π+π-

ee
/ɣ
ɣ

Ha
dr

on
ic

𝛕𝛕

EM/Had LLP Efficiency in Muon System



Hidden Valley Reinterpretation

A. Mitridate at LLPX workshop

Effect of the Jet veto is explored

https://indico.cern.ch/event/1042226/timetable/


Example: new LLP ideas now

• Trackless jets with precision timing: best sensitivity 
at c𝛕 ~1m


• Delayed photons with ECAL timing: unique coverage 
with photon signatures


• New trigger for HL-LHC: ECAL timing at 50 ps level

CMS L1  
TDR (2020)



CMS Timing Detector

• Caltech CMS group the leader of this project since 2012 (with FNAL)

• Sustained effort and progress in precision timing R&D 

Barrel Timing Layer:

Scintillating crystal + SiPM

Endcap Timing Layer:

Silicon Sensor with Gain



Enhanced Physics Reach
Pileup degrades missing energy 

resolution

Increase EWK-SUSY mass discovery reach by ~150 GeV

Precision Timing

For SUSY searches:            
timing significantly reduces 

background



Enhanced Physics Reach
Pileup degrades missing energy 

resolution

Accessing 3x smaller production rates!

Precision Timing

For SUSY searches:            
timing significantly reduces 

background



In-flight SUSY

New particle (neutralino) is massive and 
displaced from interaction point

c

β < c

Neutralino travels slower than speed of light: time-delay

Signature: delayed photon



In-flight SUSY

MTD improves beam spot time-spread by 6x 

Large gains in decay length (c𝜏) and mass

HL-LHC


