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CMS 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 is 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



Search for LLP in associating with a Z
EXO-20-003
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• Tracker-based quantities 

• LLPs make displaced-jet 

• Access light LLPs  

• trigger on Z→𝓁𝓁 

• New CMS sensitivity to light 
LLPs

Signal: up to 4 displaced jets

See D. Diaz talk
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Search for LLP in associating with a Z

Bkg falls rapidly when counting the number of displaced jets (Njdis)

LLP signals tend to have events with 2 or more displaced jets (Njdis)
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Search for LLP in associating with a ZSearch for LLP in associating with a Z

• Njdis >=2  defines the signal region 
• We define 7 validation samples to check the bkg estimation

Expected bkg  = 3.5 +/- 1.8 Observed = 3
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Search for LLP in associating with a Z
EXO-20-003

• ENABLED new CMS LLP 
sensitivity to light LLP 

• Access LLPs  as light as 15 GeV 
with tracker-based (~1-100 mm) 
search

Best sensitivity at BR(H→SS) ~ 5×10-2 !! 

CMS new result



Displaced low-mass dimuons
EXO-20-014

Strategy: Find low-mass 𝝻𝝻 resonances and associated DV

Dimuon scouting allows unprecedented mass reach

𝒍xy: Transverse displacement of the 𝝻𝝻-DV
See H. Routray talk



Displaced low-mass dimuons
EXO-20-014

φ production via 
B-hadron decay

Higgs portal to  
dark photon (ZD) 

Fit m𝝻𝝻 with S+B model 
36 total search bins (𝒍xy, pT𝝻, isolation)

No excess found



EXO-20-014

Displaced low-mass dimuons

Ɓ(ZD→𝝻𝝻) from JHEP 02 (2015) 157 Including 4𝝻 category

• Ɓ(h→ZDZD) exclusion ~3e-3 for mZd ~1-3 GeV 
• Ɓ(h→ZDZD) exclusion ~2e-4 for mZd ~11-50 GeV



Extending reach to large c𝛕



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

EXO-20-015 See C. Wang talk



LLP Muon System Analysis

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

• 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)

EXO-20-015



LLP Muon System Analysis

• 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)

• Opportunity to extend discovery reach 
at large lifetimes (> ~few 10 meters)  

EXO-20-015



→ 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.
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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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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

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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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 %

EXO-20-015



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 in CMS

Large cluster of hits

EXO-20-015



LLP Efficiency in CMS Muon System

Muon system acts as a sampling calorimeter

•High cluster reconstruction efficiency ~60%

•Strong dependence on decay position (Z)
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• ~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 AnalysisEXO-20-015



LLP with Muon Systems

• Signal: clusters with high hit-multiplicity 


• signal-clusters with up to 1k hits


• Bkg: quickly falling distribution


• Nearly no bkg in signal region (SR)

Large signal to bkg separation

Expect sensitivity below BR(H→SS) ~ 1% 
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EXO-20-015
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LLPs with CMS Muon System

SR Expected Bkg (post-fit): 2.0 ± 1.0 SR Observed: 3 

Unblinded results

EXO-20-015



LLP with Muon Systems

• ENABLED CMS LLP sensitivity 

to larger c𝜏 

• Access to light LLPs (< 7 GeV) 

• Sensitivity to all masses 

• Calorimeter: sensitive to LLP 
energy

CMS new result
Best results  
for c𝜏 > 40 m

Best sensitivity at BR(H→SS) ~ 10-3 !! 
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CMS h→SS Summary
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New results extend c𝛕 and mass reach 



Muon System Enables Broad LLP Reach

• NEW L1 (Hardware) trigger with MS signature (@Run3):


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


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

New L1  
Trigger

• NEW L1 seed expected provide 20x increase in signal



Outlook

Thank you!

• CMS released three new LLP results 


• Significantly extended CMS reach for light LLPs


• Large boost in sensitivity for large c𝜏 — current best 
result beyond 40 m


• @1km Ɓ(h→ss) < 20% for masses > 40 GeV


• Working on a Muon System Shower based L1 trigger 
for Run3: expect 20x more signal efficiency.



• Backups



LLP Efficiency in CMS Muon System

Muon system acts as a sampling calorimeter

•High cluster reconstruction efficiency ~60%

•Strong dependence on decay position (Z)
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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
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Displaced low-mass dimuons
EXO-20-014


