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Theoretical Motivation
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The usual fundamental mysteries (Hierarchy Problem, DM, 
Baryogenesis, Neutrinos, …) aren’t going anywhere!

Maybe our prompt searches for high-pT objects have been 
looking in the wrong place? 

Long-Lived Particles (LLPs) occur in the SM.  Tiny decay width 
for many reasons (approx symmetry, heavy mediator, etc…) 

Bottom-up point of view:
same mechanisms → LLPs in BSM theories. 

Top-down point of view:
LLPs can solve these fundamental mysteries!

Motivation for LLPs 1806.07396
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Top-Down LLP Motivation

Most of these scenarios are still 

poorly constrained at LHC 1806.07396

5



Bottom-up Motivation: Hidden Sectors

Generically arise due to the 
"grammar" of QFT.

Confirmed examples: ν’s

Particles & forces hidden from us 
due to small coupling, not high 
mass.

Give non-minimal IR spectra from 
minimal theory input 
(e.g. QCD cousins like Hidden Valleys)

Can talk to SM via small portal couplings, e.g. 
Heavy Mediators Higgs Portal Photon Portal
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LHC can probe tiny exotic branching ratios if decays are spectacular.
Sizable Higgs Portal couplings to new physics are generic.

1. Exotic Higgs Decays as probes

2. Long Lived Particles (LLPs) are generic

3. Complementarity between Cosmology and Colliders

Once produced, Hidden Sector states can only decay back to SM via 
small portal couplings, generically leading to long lifetimes. 
The LLP lifetime is (almost…) a free parameter!

Models which avoid signatures in 
one will often show up in the 

other 

(e.g. dark radiation, 
DM with structure, etc.)

SM hidden

LLP

SM hidden

Non-standard
Relics

Motivation for LLPs
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Motivation for LLPs

Closely related theories can give rise to either or both: metastable 
hidden sector particles (LLPs), and stable particles which are part or all
of Dark Matter

4. Weird DM

+

top
mirror

top

SM
mirror 
sector

Z2

exchange

particles

and

gauge

groups

Spectra & dynamics of the stable particles can be 
as rich and varied as the hidden sectors we can 
imagine.
Use top-down motivated hidden sectors as 
signature generators to understand DM complexity

e.g. Asymmetrically Reheated Mirror Twin Higgs
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LLP Detectors at the HL-LHC
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LLPs at the LHC

ECAL

HCAL

Muon System

Tracker

IP

~
 1

m

~
1
0
m

Displaced
Decay

Neutral LLPs that
decay in the detector

are spectacular signatures
that are missed by most
standard searches, since

trigger & detector are
designed for prompt signals.

Comprehensive search
program has been

ramping up last
few years.
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A Coordinated LLP Search Program

Simplified Model Roadmap of LLP Signature Space:

1903.04497
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Lots of progress in past few years.

1811.07991

1811.07370

Higgs→LLPs in ATLAS Muon System Displaced Jets in CMS tracker

Searches are extremely labour-intensive due to customized event 
reconstruction, special triggers, complicated backgrounds

First searches for “low-lying fruit” LLPs are underway or finishing!
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The problem of long lifetimes:
The LHC could be making LLPs that are 

invisible to its detectors!

Any LLP can have lifetime up to BBN limit ~ 0.1s
(cτ ~ 107-108 m)

If the LLP has lifetime >> detector size, 
most LLPs escape detector

Tiny rate of decays in detector ➞ searches at ATLAS/CMS 
become very vulnerable to even small backgrounds.

Low-background environment is critical! 
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Searches at other facilities have also been proposed (e.g. SHiP, 
LDMX)
But HL-LHC has advantages:
• High center of mass energy, access to heavy states 

potentially coupled to LLP (e.g. Higgs) not easily produced 
at lower energies

• Large data sample
• Enormous investment in machine and experiments

2013 European Strategy: “top priority should be the 
exploitation of the full potential of the LHC”
2014 P5 Report: “The LHC upgrades constitute our highest-
priority near-term large project”

Why search for LLPs at HL-LHC at all?
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• Aim for low background at trigger level by shielding, zero 
background in analysis

• When possible, leverage existing main detectors (ATLAS, CMS, 
LHCb) for additional event information

• Complementary to existing experiments at LHC and elsewhere

Proposed New LHC Projects
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Basic Concept
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An external LLP detector for the HL-LHC

Simple instrumentation but highly robust tracking is essential!

available
CMS site

(CERN-owned)

Basic idea: search for LLPs by reconstructing displaced vertices in air-
filled decay volume, removed from LHC collision backgrounds

100 m



Signal vs Background

LLP DV signal has to satisfy many 
stringent geometrical and timing 

requirements 
(“4D DV” with cm/ns precision)

These signal requirements + a 
few extra geometry and timing 

cuts veto all backgrounds!

MATHUSLA should be able to search for neutral 

LLP decays with near-zero backgrounds!
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Backgrounds
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High enough rate to serve 
as cosmic ray telescope! 

(more on this later)



Backgrounds
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Backgrounds
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Backgrounds
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Backgrounds
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Diagnosing LLPs with MATHUSLA

DC, Peskin 1705.06327

MATHUSLA can’t measure particle momentum or energy, but: 
track geometry → measure of LLP boost event-by-event!

leptons hadrons

LLP

If production mode is known:

Boost distribution → LLP mass

If LLP mass is known:

Track multiplicity → LLP decay mode
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MATHUSLA - Main Detector Correlations

Complete LLP characterization possible with O(100) events!

Let MATHUSLA be CMS L1 Trigger and correlate event 
information off-line to determine production mode!

Work in progress
with Jared Barron



MATHUSLA Collaboration
1811.00927

1901.04040

mathusla.web.cern.ch

http://mathusla.web.cern.ch/mathusla/


LLP Sensitivity
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LLP Sensitivity
LLP cross section reach

(exotic Higgs decay example)

Probe TeV+ scales!

Any LLP production process 
with σ > fb can give signal.

This is for 200m x 200m x 20m physics benchmark detector volume.
Realistic and much smaller detectors can reach same sensitivity.

Physics Case 
White Paper 
1806.07396

from 1605.02742, 
consistent with 

1811.07370

Up to 1000x better
sensitivity than main detectors



A high-mass LLP example: Higgsinos

1806.07396
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Low-mass LLP scenarios

PBC BSM working group report 1901.09966

For scenarios like Dark Scalar or axion+fermion/gluon 

couplings, where the long-lifetime limit (>100m) is accessible, 
FASER, SHiP and MATHUSLA are highly complementary, 
covering lower, medium, high lifetimes.

For Dark Photon or axion+photon coupling scenarios, SHiP

reigns supreme. 

Sterile Neutrinos don’t fall exactly into these categories. 
SHiP is generally best but MATHUSLA is close.
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PBC BSM working group report 1901.09966

Dark Scalar only

very complementary coverage… MATHUSLA, SHiP and FASER

cover longer, intermediate and shorter lifetimes.
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PBC BSM working group report 1901.09966

Dark Scalar with exotic higgs decays

LHC external detectors probe higher masses
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PBC BSM working group report 1901.09966

Sterile RH Neutrinos

very complementary coverage
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PBC BSM working group report 1901.09966

Dark Photon only

For < ~GeV or massless dark photon + invisible or milli-
charged states, need LDMX, milliQan
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Axion-like Particles: Pure fermion coupling

PBC BSM working group report 1901.09966
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Cosmic Ray Telescope
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Guaranteed Physics Return

MATHUSLA is an excellent Cosmic Ray Telescope!
Has unique abilities in CR experimental ecosystem 

(precise resolution, directionality, full coverage of its area)

mostly muons at sea level
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Guaranteed Physics Return
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Guaranteed Physics Return
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Detector Design
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Current MATHUSLA Layout Concept near CMS

100m x 100m area detector fits on CERN-owned land near CMS!

Engineering concept developed in collaboration with CERN engineers.



Current MATHUSLA Layout Concept near CMS
N



Preliminary Design

43



Preliminary Design
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Preliminary Design
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Modularity

100 Modules In 𝟏𝟎𝟎𝒎 × 𝟏𝟎𝟎𝒎 Footprint
4 Detector Units in Each Module Plane
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Modularity

5 tracking layers on top + floor layer + mid-level layer

Modular design to facilitate construction and staged commissioning 
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Resistive Plate Chambers used in many LHC detectors

THE GOOD 
◦ Proven technology with good timing and spatial resolution

◦ Low costs per area covered

The Not-So-Good 
◦ Require high voltage (~10 KV)

◦ Gas mixture currently used in ATLAS & CMS has high Global 
Warming Potential and will not be allowed for HL-LHC
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Extruded scintillator bars with wavelength-shifting fibers coupled to Silicon 
Photo Multipliers: cost-competitive with RPCs

THE GOOD

◦ SiPMs operate at low-voltage (25 - 30 V)

◦ No gas

◦ Timing resolution can be competitive with RPCs

◦ Tested extrusion facilities in FNAL

◦ Used in several experiments, e.g. Belle muon trigger upgrade, Mu2e

Each scintillator bar  5m x 4cm x 2cm, with readout at both ends

◦ Transverse resolution   1 cm

◦ Time difference between two ends gives longitudinal resolution: need 
 90 ps per SiPM
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Tracker Technologies: Scintillators



• Readout: 700,000 channels

• Does not require sophisticated ASIC

• Goal for front-end: $1/channel

• Collect all detector hits with no trigger selection 

• Separately record trigger data and move it to central trigger processor

• Want to associate trigger with CMS bunch crossings

• MATHUSLA will have ~9 s to form trigger and get the data to CMS Level-1 trigger

• Trigger rate  2 MHz

• Trigger unit: 3 x 3 modules

◦ ~1 MB/s (~30 TB/year) per module
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Test Stand Results
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 To understand LHC collision backgrounds (upward-going 
muons), built a test stand

 ~2.5 x 2.5 x 6 m3 , 3 layers of RPCs plus 
top and bottom scintillator layers

 RPCs from Rinaldo Santonico Rome -- spares from 
ARGO experiment

 Scintillators recycled from D0 
forward muon trigger wall

 RPCs and scintillators had timing
resolution  ~ 2.5 ns

 Top-to-bottom Δt  20 ns or 8

 Two triggers running simultaneously:

 Downward trigger for cosmic rays

 Upward trigger for tracks from IP

Took data above the ATLAS IP in 2018!

Test Stand
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Test Stand

53



Test Stand: Results

Downward-going tracks consistent with cosmic-ray simulations
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Test Stand: Results
Accumulation for zenith angle   4 consistent with upward-going tracks from IP 
when collisions occur
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Next Steps

56



Simulation: 
- muon and neutrino studies should wrap up soon
- cosmic ray details need more work

Test Stand Data Analysis: 
- data taking & analysis framework completed
- analysis almost completed
- measurements of up & down tracks, w/ & w/o beam provide 

vital input for detector design & MC

Engineering: 
- CERN engineers preparing cost estimate for structure

Cosmic Ray Physics Case:
- simulation and initial studies planned out, but very short on 

person-power. Help welcome!

Tying up preliminary efforts
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R&D Plan
For MATHUSLA to go online ~2026, R&D needs to be 
completed over next few years:
- Finalize detector technology choice
- Design frontend electronics
- Develop trigger (simple concept, nontrivial 

implementation)
- Overall detector design (module parameters, 

tracking chamber support structure, installation 
procedures…)

- COST OPTIMIZATION of detector components 
(scintillator, WLS, SiPMs)

- Detailed cost estimate
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R&D Plan
Over the next 2-3 years, need to
1. produce a prototype MATHUSLA module
2. produce a Technical Design Report.

Currently applying for O($ few million) over O(few) years to fund 
the R&D program. 
Government grants and private foundations in USA, Europe, 
Israel, Canada including NFRF Transformation Stream

A few funding opportunities are for more money, which could go 
towards building the full detector.
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A call to Canadian PI’s!
We are planning to prepare a MATHUSLA application for 
the Transformation fund. Current Canadian PIs: 
- Miriam Diamond (UToronto & MI, hep-ex)
- David Curtin (UToronto, hep-th)
- Steven Robertson (McGill, hep-ex)
- Ue-Li Pen (Utoronto & CITA, astro-ph)

We are looking for other PI’s to join, with a commitment of 
contributing to MATHUSLA if serious $ gets awarded!

This is a chance for Canada to assume a world-leading 
position in exploring the lifetime frontier! 
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Conclusions
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Conclusions

Exploration of the Lifetime Frontier has to be central to the 
future of the LHC program to discover new physics. 

MATHUSLA is the only way to probe deep into the LLP 
lifetime parameter space a wide range of masses. 

Unique opportunity for Canada to assume leadership role 
at the lifetime frontier. 

Need experimentalist PIs to join the 
NFRF Transformation proposal ASAP!
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BACKUP
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Top-Down Motivation: Examples
WIMP Baryogenesis:

SM

SM

XB

XB

annihilation

q1

long

lifetime

q2

q3

decays produce
baryon asymmetry

Meta-stable WIMP-like 
parent can be made at 

colliders with observable 
decay length.

Cui, Sundrum 1212.2973

Neutral Naturalness: 
hep-ph/0506256 Chacko, Goh, Harnik
hep-ph/0609152 Burdman, Chacko, Goh, Harnik

+
Discrete Symmetry relates 
SM to mirror copy with its 

own set of gauge forces
Neutral top partners
stabilize Higgs massHidden valley LLP signatures!

top
mirror

top
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Asymmetrically Reheated Mirror Twin Higgs
In MTH model, Z2 symmetry
predicts perfect SM copy to 
protect the Higgs mass.

+

top
mirror

top

Cosmologically unacceptable: mirror Υ, ν → ΔNeff ~ 5

Model building solution: 
hard Z2 breaking removes 
light degrees of freedom.

Craig, Katz, Strassler, Sundrum 1501.05310
DC, Verhaaren 1506.06141, and much more

This makes some or all hidden 
sector dof unstable. 
→ LLPs @ LHC via Higgs Portal
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Asymmetrically Reheated Mirror Twin Higgs
In MTH model, Z2 symmetry
predicts perfect SM copy to 
protect the Higgs mass.

+

top
mirror

top

Cosmologically unacceptable: mirror Υ, ν → ΔNeff ~ 5

Cosmological solution:
make hidden sector colder than
visible sector by dumping 
entropy into the SM particles.

Easy in natural MTH extensions, 
e.g. adding RH neutrinos

Chacko, Craig, Fox, Harnik 1611.07975
Craig, Koren, Trott 1611.07977

SM
mirror 
sector

Z2

exchange

particles

and

gauge

groups
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Asymmetric MTH Cosmology

1803.03263, 1910.XXXX Chacko, DC, Geller, Tsai

- mirror-BBN: predicts ~ 75% mirror Helium mass fraction in 
mirror sector (compare to 25% SM).

- Mirror-baryo-acoustic oscillations modify matter power 
spectrum, shows up in CMB & LSS:
Current Ly-α constrains rall < ~ 10%
CMB Stage IV will probe rall ~ 1%

- ΔNeff ~ 0.few
same free-streaming vs scattering fraction as SM

- Mirror baryons part of our galaxy, but cool slower than 
SM baryons. Feedback is complicated. 
Distribution may be disk-like or halo-like.
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Signal Acceptance

Geometrical acceptance for LLP decays in the long lifetime 
limit studied for a variety of LLP production modes & 
masses.

Results:

• Engineering benchmark design is nearly optimal. 

• Engineering benchmark design has 80% the LLP 
acceptance of 200m x 200m original physics benchmark. 
(Likely much better for shorter lifetimes.)

• Original sensitivity estimates apply to realistic detector 
geometry with 1/4 the area of original benchmark. 

Work by Imran Alkhatib
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Simulating MATHUSLA events

GEANT4 detector model of test stand and toy full detector.

LLP signal simulation is “easy”. Verified that modular design 
can have good displaced vertex reconstruction efficiencies.

Neutrino background: 

analytical calculation of scatterings in detector from 
atmospheric and LHC neutrinos predict O(10) events per year, 
>99% rejection with track-speed and geometrical cuts.
Detailed study with GENIE neutrino event generator in 
progress.
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Muons from the LHC:
upwards rate is O(1-10 Hz) with tiny fraction of inelastic 
scatters that can be vetoed by floor detector. 
Full study of LHC muon production (W/Z, tt, bb) and 
propagation in rock nearly completed. 

Cosmic Rays:
- Rate of ~2 MHz over full 100m detector. 
- Can be rejected with timing and tight requirements on 

displaced vertex reconstruction.
- Detailed study is challenging due to large rate. 

Detailed MC study with CORSIKA in progress. 
Cosmic Ray FastSim is in beginning stages of development. 



Canadian NFRF Transformation Stream

Perfect for MATHUSLA R&D! 
(And even part of full detector?)
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