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Neutral Long Lived Particles (LLPs)
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Muon escape

LLP escape 
and decay

● Long lived particles occur naturally and are part of 
the SM, e.g. muons

● If a neutral long lived particle exists, detection at 
existing general purpose detectors is challenging

● LLPs are theoretically well motivated and the LHC 
operations present an opportunity to investigate a 
wide number of theories and parameter spaces



LLP Theoretical Motivations

3

● LLPs offer potential solutions to a 
number of open questions in the SM

● If the LLP only (or preferentially) 
couples to the Higgs new detectors 
are needed

● Approved:
○ SHiP (no Higgs access)
○ FASER (limited parameter 

space)
○ Both ‘forward’ based 

● Proposed
○ ANUBIS
○ CODEX-B
○ MATHUSLA
○ All ‘transverse’ focused

D. Curtin et al. https://dx.doi.org/10.1088/1361-6633/ab28d6

https://dx.doi.org/10.1088/1361-6633/ab28d6


MAssive Timing Hodoscope for Ultra-Stable neutraL pArticles
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● The MATHUSLA40 detector proposes a modular design of 16 9x9 m2 towers
● Each tower comprises 6 tracking layers and 2 veto layers
● LLPs enter the decay volume without triggering the veto
● Decay products are reconstructed to an internal vertex
● Location proposed, but can move

○ Percent level effects on physics potential
○ Other designs (e.g. 3x5, 7x2) also possible to keep all 

our options open, even for weird shapes

CDR: 
https://arxiv.org/abs/2503.20893



Full Design
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● Engineering 
requirements call for 
central support pillars.

● Additional scintillators 
layers around the 
pillars provide 
additional information 
and a way to veto 
internal background 
sources



Detector Components
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● The core detector technology is two 2.35m extruded scintillator bars threaded with a 
wavelength shifting fiber

● SiPMs located at the ends of the fiber collect the light
● Timing resolutions of 1ns result in a 15cm position reconstruction 
● 32 bars make an “assembly” (2.35 X 1.12 m2) which is the base detector component



Detector Components
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● Assemblies are combined to form sub and full layers
● Layers are combined in alternating directions to take 

advantage of 3.5cm position resolution constrained by 
bar width

● Full tracking layer is expected to achieve reconstruction 
precision of 1 cm on the crossing locations



Physics @ MATHUSLA
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● Signals in MATHUSLA appear as a Displaced Vertex (DV) with 
N tracks originating from the vertex 

● MATHUSLA has no energy or momentum information so 
information is limited to:

○ Multiplicity (Relates to decay mode)
○ Track directions (LLP boost, and background rejection)
○ Track orientation (Missing energy)
○ Timing

● Primary physics goal is to measure H→XX, X→bb̅
● Secondary measurements include:

○ X→ cc̅, 𝜏𝜏
○ Heavy Neutral Lepton (HNL)
○ Dark Glueballs

● Opportunity to send trigger to CMS for to gain more information on 
the underlying process that produced the LLP



Backgrounds
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Signals

Backgrounds

● To study the background expectations a GEANT4 model has 
been implemented, and track reconstruction and vertex 
reconstruction software has been developed and validated

● Multiple potential sources of backgrounds, the expected 
primary backgrounds are:

○ cosmic rays
○ LHC muons
○ Atmospheric neutrinos

● For high multiplicity decays (X→bb̅) a low background 
environment is expected:

5 year exposure Generator
LHC muon 1 MADGRAPH+PYTHIA
Atmospheric neutrino 2 GENIE+PYTHIA
Cosmic proton 1/32 PARMA
Cosmic neutron 1/27 CRY

Expected background rates (N/5 years) for X→bb̅ search with ~50% signal efficiency 



Physics Potential
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● Sensitivity of MATHUSLA40 
to a hadronically decaying 
LLP as a function of lifetime

● MATHUSLA has unique 
sensitivity to lifetimes 
beyond cτ>10m

The dashed line shows an idealized search 
from 4 decays in the detector volume. The 
red line assumes a 49% signal efficiency 
and background vetoes 



Physics Potential
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● While X→bb̅ is the primary search 
mode we are designing the trigger 
to not exclude other models

● Sensitivity of MATHUSLA40 to dark 
glueballs with 4 detected decays as 
a function of the lightest glueball 
mass (m0) and the partner top (mt) 
in the folded supersymmetric 
(FSUSY) or fraternal twin higgs 
(FTH) models

The solid blue line corresponds to a 50% signal efficiency and 
low backgrounds, the dashed lines represent the theoretical 
uncertainties

Batz, A., Cohen, T., Curtin, D. et al. Dark sector glueballs at the LHC. 
J. High Energ. Phys. 2024, 70 (2024). https://doi.org/10.1007/JHEP04(2024)070

https://doi.org/10.1007/JHEP04(2024)070


x 16

DAQ
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● DAQ integrates signals from each 
assembly following a similar 
modularity

● Front End Boards (FEB) from each 
assembly are collected at a layer 
aggregator, then passed up to a 
tower aggregator

● Initial trigger decisions can be made 
at each aggregator level

● All hits can be stored in a buffer, with 
an expected data rate if ~100MB/s

● Trigger decisions must be made in 
~9μs to meet the CMS L1 
requirements

x 6



Trigger
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● Trigger algorithms are in development
● Goals:

○ Reduce background rates to O(10 Hz)
○ Maximize signal efficiency

● Constraints
○ No access to veto layers
○ Only information from adjacent tracking 

layers available 
● For the X→bb̅ search a trigger selection can be 

placed on the causally related points
○ Within 10m of each other
○ consistent with an upwards travelling 

particle with c>v>0.5c
○ At a cut of 20 pairs, the cosmic background 

rate is ~10Hz and the signal efficiency is 
95% 

● Further backgrounds and physics modes are 
under study



R&D @ UVic
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● A four layer prototype 
● Uses design length WLSFs
● Fibres all terminate at a 64 

channel SiPM array
● Able to 

○ Reconstruct cosmic rays
○ Characterize position 

dependent effects in light 
transport time

○ Study temperature effects



● A four layer prototype 
● Uses design SiPMs and mounting
● WLSF are cut to ~half design length
● Able to 

○ Reconstruct cosmic rays
○ Design DAQ system
○ Study layer spacing effects

R&D @ Toronto
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Scintillator bars 
underneath

SiPM + preamp



Canadian Leadership & Contributions

David Curtin (co-spokesperson, physics coordinator): Primary editor of CDR, led 
design of mathusla to enable background free LLP searches. Led development of 
MATHUSLA sensitivities to a variety of potential physics signals

Steven Robertson (communications): Worked on characterization studies of 
scintillator, WLSFs, and SiPMs, working closely with the UVic group. Led MRS 
supported design of modular scintillator assemblies and layers

Miriam Diamond (co-technical coordinator): Leveraged a CFI JELF to construct a 
MATHUSLA prototype detector and DAQ system with postdoc Runze Ren. Created 
a strategic partnership with FermiLab for the production of scintiallator bars 

Heather Russell (co-technical coordinator): Constructed a MATHUSLA prototype 
with postdoc Caleb Miller. Led a number of optimization and characterization 
studies of the detector performance. Led a study showing neutrino backgrounds 
can be kinematically rejected as LLP candidates 16



Conclusions
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● The HL-LHC run presents a potentially unique 
opportunity to search for LLPs

● MATHUSLA offers a significant improvement 
to what the existing detectors could search for

● The project is largely mature and ready for 
production

○ Characterization studies completed
○ background and signal simulation 

completed
○ Reconstruction software completed
○ DAQ and Trigger studies in progress
○ Conceptual design report available 

(https://arxiv.org/abs/2503.20893)
● Submitted NSERC NOI for next funding cycle, 

intending to apply for next CFI cycle as well
● Goal is to have first tower, MATHUSLA10(?) 

ready for start of HL-LHC operations

https://arxiv.org/abs/2503.20893


backup slides
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Physics Complementarity
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Figure from Codex-b paper: 
DOI:10.22323/1.476.1077



Feature Comparisons
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MATHUSLA CODEX-B ANUBIS

Large surface detector LHCb adjacent Roof of ATLAS cavern

New building required Built in existing room Suspended structure 

Full luminosity Limited luminosity Full luminosity

CMS/ATLAS Trigger 
possible

Strong coupling to LHCb Strong coupling to ATLAS

~100m from IP ~30m from IP ~20m from IP

~1 background /5 years Low backgrounds (under 
study)

Challenging background 
environment, expect low 
backgrounds (~20)



CDR Budget
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● Proposed budget from the CDR
● Construction of experimental hall 

costs are estimated separately in 
the CDR, ~21.5M CHF (expected 
CERN will cover significant portion 
of construction costs)

● Modular design of project suggests 
the first tower will cost ~$4M (w/o 
contingency)


