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• Long-lived particles are common in SM as well as BSM

• Well motivated and predicted in many BSM models: SUSY, Heavy neutral 

leptons, Higgs portals …

Small coupling
Small phase space

: Scale suppressionm ≪ Λ

Long-Lived Particles

τ−1 = Γ ∼ y2(
m
Λ

)nΦ
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Long-lived Particle Search @ LHC

• Rich LLP physics program at CMS using Run 2 data covering LLP 
decays in different detector volumes


• New full Run 2 results from CMS: 
• Trackless + delayed jets with ECAL timing

• Displaced showers in muon detectors


• Twin Higgs with MET (EXO-21-008)

• HNL with single lepton (EXO-22-017)


• Disappearing tracks → covered in Samuel Bein’s talk on Friday

• New LLP triggers in Run 3 extending the discovery reach of CMS

Tracker
ECAL

Displaced jet

Muon System

HCAL

displaced showers  
in muon detector

LLP
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Displaced experimental signature

New!

New!

https://indico.cern.ch/event/1214022/contributions/5450567/


Delayed + Trackless Jet with ECAL
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• Jets are delayed (ECAL timing):

• Longer path length 

• Heavy long-lived particles


• Jets are trackless:

• No tracks pointing in the 

same direction as jet

(ti, Ei)
(ti, Ei)

arXiv: 2212.06695

https://arxiv.org/abs/2212.06695


Delayed + Trackless Jet with ECAL

• Jets are delayed (ECAL timing):

• Longer path length 

• Heavy long-lived particles


• Jets are trackless:

• No tracks pointing in the 

same direction as jet
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Delayed + Trackless Jet with ECAL
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MET

• Search for hadronic decays of LLPs using MET + delayed and trackless jets 

• Dedicated DNN jet tagger using ECAL time and trackless variables  
• 82% signal efficiency with 1e4 background rejection

• Significantly improves reach to lighter LLPs compared to previous analysis

arXiv: 2212.06695
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Exclude LL neutralino from 120 
GeV - 1.18 TeV for ~m lifetime

• Estimate background using mistag rate measured in lepton + jet control region 

• Exclude LL neutralino from 120 GeV - 1.18 TeV for ~m lifetime
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Run3: Delayed + Trackless Jet with ECAL Timing
• Run 2 analysis limited by the MET trigger: limited sensitivity to low mass 

mediators

• New suite of HLT paths in Run 3 using ECAL timing would enable sensitivity to 

new models and allow access to delayed jets from <100 GeV LLPs
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High trigger efficiency for delayed jets
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Tracker

ECAL

Muon System

HCAL

LLP

γ Muon Detector Showers 
• Twin Higgs with high MET (EXO-21-008)

• HNL with single lepton (EXO-22-017)

New!
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Displaced Showers in the CMS Muon System

ed out of nucleus, deexcitation 

LLP decay and resulting 
particle shower is detected 
with a large hit multiplicity

Endcap Cathode Strip 
Chamber (CSC)

• Muon system covers decays far away from IP ( sensitive to large cτ )

• Excellent background suppression from shielding material

• Steel interleaved with active chambers → sampling calorimeter

LLP

PAS-EXO-21-008

PAS-EXO-22-017

https://cds.cern.ch/record/2864874?ln=en
https://cds.cern.ch/record/2865227


• Muon system acts as a sampling calorimeter: sensitive to a broad range of decays: quarks, taus, pions, 
kaons, electrons, photons…  


• Search for displaced shower with high multiplicity isolated from jets and muons

• Due to the shielding and the exotic signature, this analysis can be sensitive to very light LLPs (mLLP < 1 GeV)

CSC hit Cluster

LLP
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Displaced Showers in the CMS Muon System
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• Due to the lack of dedicated trigger, use separate triggers to target different models 
• Target Higgs portal models with MET trigger (PAS-EXO-21-008)

• MET comes from recoiling with an energetic jet, selecting for boosted Higgs phase space


• Target Heavy neutral leptons with single lepton triggers (PAS-EXO-22-017)

• Trigger on the prompt muon or electron produced with HNL
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Muon System Analysis Trigger Strategy
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Figure 1: Feynman diagram for the production of a Majorana(left) and a Dirac(right) HNL
via a W boson and through its mixing with an SM neutrino. The prompt lepton from the
W boson serves as a clean signature for triggering, while the decay products of the HNL are
reconstructed as a cluster of muon detector hits.

2 The CMS detector46

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,47

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip48

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator49

hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.50

The ECAL consists of 75 848 lead tungstate crystals, which cover |h| < 1.48 in the barrel region51

and 1.48 < |h| < 3.00 in the two endcap regions. The excellent signal-to-noise ratio and sta-52

ble pulse shape of the ECAL sensors allow for timing measurements with the best resolution53

achievable at very large energies of better than 100 ps per hit [34]. The HCAL is composed of54

cells of width 0.087 in h and azimuth (f, in radians) for the region |h| < 1.74, progressively55

increasing to a maximum of 0.174 for larger values of |h|, along with the forward calorimeters56

extending the h coverage provided by the barrel and endcap detectors. Muons are measured57

in the range |h| < 2.4, with detection planes embedded in the steel flux-return yoke outside the58

solenoid and made using three technologies: drift tubes (DTs), cathode strip chambers (CSCs),59

and resistive-plate chambers (RPCs).60

The barrel DT chambers are located in regions of pseudorapidity |h| < 1.2 and are organized61

into 4 stations, labeled MB1 to MB4, comprised of rings of chambers each assembled between62

two layers of the steel flux-return yoke, while being divided along the beam axis in 5 wheels.63

The stations are located approximately 4, 5, 6, and 7 m away from the interaction point radially64

(r). In the first 3 stations, every DT chamber consists of 3 ”superlayers”(SL), each comprising65

4 staggered layers of parallel drift tube cells, giving a total of 12 layers. The innermost and66

outermost SLs measures the charge particle position in the r � f plane, while the middle SL67

measures the position in the longitudinal plane. The chambers in the last station (MB4) contains68

only two SLs that measures position in the r � f plane. The drift tube cells are designed to69

provide a uniform electric field such that the position of traversing charged particles can be70

inferred from measured arrival time and the constant drift velocity.71

The CSC detector covers a region of pseudorapidity between |h| = 0.9 and 2.4 and is composed72

of four stations in each endcap, labeled ME1 to ME4, which are rings of chambers interleaved73

between two layers of steel-flux return yoke at approximately the same value of z. The stations74

Prompt
Higgs portal Heavy neutral lepton

PAS-EXO-21-008

PAS-EXO-22-017

Displaced

https://cds.cern.ch/record/2864874?ln=en
https://cds.cern.ch/record/2865227


Muon System Analysis Strategy

• Reconstruct muon detector clusters with CSC/DT hits

• Use cluster ID selections to enhance signal purity and 

reject background from main collision (overall 
background rejection ~106)

• 3 categories twin Higgs: single cluster in barrel, single 

cluster in endcap, double clusters

• 2 categories for HNL analysis, due to singly-produced 

HNL

• Nhits is the main discriminator for both analyses
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Limits on twin Higgs model

•No excess above SM background observed

• Interpret the search result in different decay modes with hadronic shower ( ), EM shower ( ), or both ( )

•Better sensitivity for hadronic showers due to higher cluster reconstruction efficiency


•Analysis sensitivity is independent of masses 
•Achieve first LHC sensitivity to sub-GeV mass LLPs at BR(H →ss) = 10-3 level 

dd̄ π0π0 τ+τ−
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Limits on twin Higgs Model
• Show limits as a function of both LLP mass and lifetime incorporating the BR inherited from the Higgs

• The limit improves at higher masses, due to larger branching fractions for decays to hadronic showers

• Significant extension and improvement to the previous endcap-only analysis (EXO-20-015)

• Working on providing reinterpretation materials for the barrel muon detector clusters 
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https://arxiv.org/pdf/2012.07864.pdf

Due to mixing between S and the Higgs boson, S 
inherits all the coupling of the Higgs evaluated at mS
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Limits for Heavy Neutral Leptons
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PAS-EXO-22-017

• No significant excess observed 

• Analysis is sensitive to all HNL types and significantly extends sensitivity to smaller mass and 

mixing angle  
• First CMS result for Tau-HNLs 

Electron HNL Muon HNL Tau HNL

Extend sensitivity to lower mass
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Outlook to Run 3: Muon Detector Shower
• For Run 2, triggering on single lepton or MET (only 1% efficiency for higgs portal)

• New L1 CSC shower seed selecting for a large number of cathode and anode-wire hits in CSC chambers 

• New HLT paths targeting single and double muon detector showers

• Actively analyzing the 23/fb of data taken in 2022

17                      Nhits

High L1 efficiency measured w.r.t. offline object

DP-22-062

https://cds.cern.ch/record/2842376?ln=en


Phase scan (2023 collisions) data

HCAL delayed timing tower efficiency during the 2023 HCAL phase scan, with efficiencies split by iη = 1, 8, 15. The delayed timing towers require at 
least one delayed cell and no prompt cells in the four depths contained in the tower, and the efficiency is calculated relative to towers with any 
valid timing code. Here, towers have a valid timing code if they contain one or multiple cells with energies over 4 GeV and with TDC code prompt, 
slightly delayed, or very delayed. A prompt cell has TDC value < 6	ns, and a delayed cell has TDC value ≥ 6	ns. The timing turn on curve shows a 
sharp turn on between QIE11 phase delays of 0-6 ns, as expected with the prompt timing range set at 6 ns by the HCAL TDC look-up-table (LUT). At 
low values of the phase offset there is a small fraction of towers flagged as delayed, due to the pulse arrival time spread. With prompt collisions 
pulses, the tails extend into the delayed region, causing a few towers to be flagged as delayed. 9
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New Run 3 Trigger: Delayed + Trackless Jet with HCAL

• New L1 seed LLP decays using upgraded HCAL 
(Phase 1) 
• Timing to select LLPs that are delayed wrt collision

• Depth information to select LLPs that deep in 

HCAL


• Enable new searches with LLPs decay using 
calorimeter for CMS 

18

High L1 trigger efficiency 
measured in 2023 phase scan data



Summary

• Presented brand new LLP search results from CMS targeting different decay 
modes and using different sub-detectors with full Run 2 dataset

• Displaced showers in muon detectors

• Trackless + delayed jets with ECAL timing


• New Run 3 trigger capabilities (L1 + HLT) will enable new discovery potential!
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Backup Slides
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Data-driven Background Estimation
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• Use fully data-driven background estimation method (ABCD method) for all 3 categories

• Cluster and MET directions are aligned for signal

• Background estimation method validated in 2 separate validation region
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Nhits Distribution
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Analysis Strategy
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LLP mass = 40 GeV

• Single DT cluster dominates at large cτ

• Double cluster dominates at intermediate cτ 

• Single CSC cluster dominates at low cτ



• Reject clusters from punch-through jets and muon 
bremsstrahlung shower:


• Veto clusters matched to jets and muons (ΔR < 0.4)


• Active vetos in first station (ME11/12 or MB1)


• ~50% signal efficiency when LLP decays between 
ME1 and ME4


• Background rejection is ~106

Cluster Selections
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Reinterpretation Materials
• LLPs can arise in MANY other models… 
• The search is driven by the displaced signatures and is model independent 
• Along with the CMS result, we released a set of detector response function parameterized 

using only gen-level LLP information that would allow for recasting of the analysis with 
other models


• Only gen-level LLP hadronic energy, EM energy, and decay positions are needed as 
inputs to the parameterization

https://www.hepdata.net/record/104408
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Delphes Module for Recasting
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• Integrated the CSC cluster objects with the detector response functions as official Delphes classes 
and modules: https://github.com/delphes/delphes/pull/103

• Validated that we are able to reproduce the limits from CMS for all 3 decay modes to within 30%


• We recasted the CMS analysis in a number of models: dark scalar, dark photon, ALPs, inelastic 
DM, hidden valley models, and HNL 

• Will focus on dark scalar and HNL today
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No reach in this analysis 

(due to MET > 200 GeV cut)

Production and decay channels are decoupled

Light Scalar Model

30



Light Scalar Reinterpretation
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•  controls the decay mode and affects the acceptance


• 3 search strategies considered for phase 2:

• Solid line : same analysis strategy and simply scale the result by luminosity

• Dot-dashed line: increase Nhit cut until 0 bkg is achieved 

• Dotted line: remove MET cut and require 2 CSC clusters
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Production cross section fixed
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arXiv:2304.06109

Submitted to PRD



Heavy Neutral Leptons
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Heavy Neutral Leptons can be LLPs !  See reviews for HNL phenomenology 
 M. Drewes, Int.J.Mod.Phys.E 22 (2013) 1330019, arXiv:1303.6912 

 F. Deppisch, P. S. Bhupal Dev, Apostolos Pilaftsis, New J.Phys. 17 (2015) 7, 075019, arXiv:1502.06541
 Y. Cai, T. Han, Tong Li, R. Ruiz, Front.in Phys. 6 (2018) 40, arXiv: :1711.02180

The Present and Future Status of Heavy Neutral Leptons, Snowmass, arXiv: 2203.08039

Neutrino mass mechanism involving HNL, specific BSM model, HNL 
mass and nature are unknowns. In the minimal HNL model we can 
have:

Latest LHC LLP HNL searches (CMS PAS EXO-20-009 (arXiv:2201.05578) ,  EXOT-2019-29 (arXiv:2204.11988 )) 
consider prompt lepton triggers  (i.e. electron or muon) and the identification of a displaced vertex signature. They 
place constraints in the electron/muon mixing plane vs HNL mass.

Tau-mixing not covered yet at LHC, what can we do?
Starting point of our idea was presented as a Snowmass LoI https://www.snowmass21.org/loi

Adapted from G. Cottin, J.C. Helo and M. Hirsch, PRD 98 (2018)
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• Latest HNL searches at the LHC use prompt lepton triggers (e/μ) and displaced vertex 
signature targeting leptonic decays of W*/Z*


• Tau mixing is not covered yet at the LHC

• Muon detector shower: target HNLs decaying in the muon system, sensitive to 

particle showers from the displaced lepton and inclusive W*/Z* decays

G. Cottin



HNL Reinterpretation

• Can reach mixings as low as ~5 x 10-7 and HNL masses between 1 and 6 GeV for both electron and τ-type 

• Strategy 1 : Maintains high MET trigger but with a tighter Nhit cut.

• Strategy 2: Lower MET cut > 50 GeV and increased Nhit. Enabled by the new dedicated trigger for Run 3

Electron-type

JHEP 02 (2023) 011

section 3.3. This sensitivity estimate corresponds to a dataset with an integrated luminosity
of 3 ab≠1 and which is represented by the dashed green “strategy 1” line in Figure 2. For
strategy 2, which uses a new dedicated displaced trigger, sensitivity estimates for datasets
with luminosities of 300 fb≠1 and 3 ab≠1 are shown in black and brown, respectively.

As can be seen in figure 2, the sensitivities in |V·N |2 can reach values down to |V·N |2 ≥
5◊10≠6 for mN ≥ 5 GeV with 3 ab≠1 of integrated luminosity using strategy 1. Upgrading
to strategy 2 can improve the sensitivity in |V·N |2 down to 5◊10≠7 for the same integrated
luminosity. On the other hand, in the case of mixing with the electrons, the CMS muon
system can reach values of the mixing parameter down to |VeN |2 ≥ 10≠5 for mN ≥ 4 GeV
using strategy 1 for an integrated luminosity of 3 ab≠1. For the strategy 2 the limits can
be improved up to |VeN |2 ≥ 10≠6 for mN ≥ 5 GeV for the same integrated luminosity.

Figure 2 also compares our limits with the current experimental bounds for this model,
represented by the dark gray area at the top of each plot. These constraints refer to the
limits from the DELPHI [45] and ATLAS experiments [9]. We also show for comparison the
projected sensitivities from the proposed SHiP [46], MATHUSLA [47], and FASER2 [48]
experiments. As we can see, our forecasted limits can reach values of the mixing |V·N |2 sev-
eral orders of magnitude smaller than current experimental bounds and are complementary
to the proposed far detector experiments.

Finally, it is important to mention that in our analysis we have only considered W

boson decay as the main production mode of the HNLs. However, for masses mN . 5 GeV,
the HNLs can be also produced in meson decays or tau lepton decays if it’s kinematically
allowed. These contributions to the HNL production are expected to be important for the
limits obtained using strategy 2, which has a new dedicated displaced trigger, and does
not require triggering on high pmiss

T nor a high pT prompt charged lepton. The analysis of
the sensitivities of a displaced shower signature on HNLs coming from meson decays will
be studied in a future work where we will also extend the range of our analysis for HNL
masses smaller than 1 GeV.
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Figure 2. Projected sensitivity of the di�erent proposed search strategies with a displaced shower
signature in the CMS muon system. The minimal HNL scenario is considered with mixings in the
· and electron sectors, shown in the left and right panel, respectively.
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Limits on Dark Shower Model

• Achieve first sensitivity to dark shower model produced from Higgs decay at BR(H →ss) = 10-3 level

Gluon portal (hadronic shower)

38

Vector portal (semi-visible shower)Photon portal (photon shower)

Paper
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Limits on Dark Shower Model (Gluon Portal)

• Achieve first sensitivity to dark shower model produced from Higgs decay at BR(H →ss) = 10-3 level

• Better sensitivity for fully visible showers as expected
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Shown here again 
just for completion

(xiω, xiΛ) = (2.5,2.5)(xiω, xiΛ) = (2.5,1)(xiω, xiΛ) = (1,1)



Limits on Dark Shower Model (Higgs Portal)
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• Achieve first sensitivity to dark shower model produced from Higgs decay at BR(H →ss) = 10-3 level

• Better sensitivity for fully visible showers as expected

(xiω, xiΛ) = (2.5,2.5)(xiω, xiΛ) = (2.5,1)
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Limits on Dark Shower Model (Photon Portal)
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• Achieve first sensitivity to dark shower model produced from Higgs decay at BR(H →ss) ~ 4e-3

• Sensitivity is slightly worse compared to fully hadronic showers, due to lower cluster reconstruction efficiency for EM showers

• Better sensitivity for fully visible showers as expected

(xiω, xiΛ) = (2.5,2.5)(xiω, xiΛ) = (2.5,1)(xiω, xiΛ) = (1,1)
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Limits on Dark Shower Model (Dark Photon Portal)
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• Achieve first sensitivity to dark shower model produced from Higgs decay at BR(H →ss) ~ 1e-2

• In the dark photon portal, dark scalar meson promptly decays to two dark photons (LLPs) that decay back to SM → LLP multiplicity doubles compared to other portals

• Jet veto efficiency is much lower in dark photon portal, since LLPs that decay in tracker and create jets can veto the muon detector shower

(xiω, xiΛ) = (2.5,2.5)(xiω, xiΛ) = (2.5,1)
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