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2Why MATHUSLA?
• ATLAS, CMS, LHCb have a wide program to search for LLPs 

• However these searches are limited by a number of factors: 

• triggers 

• backgrounds from collisions (including pileup) 

• backgrounds from the beam 

• cosmics 

• the size of the detector 

• A detector working in a clean background-free environment would increase the sensitivity 

• MATHUSLA is designed to be such detector 

Line	of	Fire:	

>	3	cells	with:		
Δφ(cell,	jet)	<	0.2,	
ΔR(cell,	jet)	>	0.3	and		
@ming	consistent	with	a	beam	halo	muon	
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• MATHUSLA: MAsive Timing Hodoscope for Ultra Stable neutraL pArticles 
• Going to Big Bang Nucleosynthesis (BBN) limit (107 - 108 m) lifetime, need to suppress SM backgrounds 

• Dedicated detector placed on the surface above CMS or ATLAS detectors LHC:  

O(90) meters of rock takes care of problem ☺

• Large volume filled with air as decay volume with several detector layers for tracking

MATHUSLA concept
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• Going to Big Bang Nucleosynthesis (BBN) limit (107 - 108 m) lifetime, need to suppress SM backgrounds 

• Dedicated detector placed on the surface above CMS or ATLAS detectors LHC:  

O(90) meters of rock takes care of problem ☺

• Large volume filled with air as decay volume with several detector layers for tracking

MATHUSLA concept

• need robust tracking 
for vertex 
reconstruction 

• need good timing for 
separating upward going 
charged particles from 
downward going cosmic 
muons.

cosmic 
muon
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• MATHUSLA: MAsive Timing Hodoscope for Ultra Stable neutraL pArticles 
• Going to Big Bang Nucleosynthesis (BBN) limit (107 - 108 m) lifetime, need to suppress SM backgrounds 

• Dedicated detector placed on the surface above CMS or ATLAS detectors LHC:  

O(90) meters of rock takes care of problem ☺

• Large volume filled with air as decay volume with several detector layers for tracking

MATHUSLA concept

• need robust tracking 
for vertex 
reconstruction 

cosmic 
muon• 2 layers on the floor to veto on particles 

coming from the IP  
• No side veto walls. 

• 5 layers for robust tracking (originally RPCs, currently 
scintillators are being considered)

• need good timing for 
separating upward going 
charged particles from 
downward going cosmic 
muons.
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6MATHUSLA concept
• Original design gives sensitivity to neutral LLPs with lifetime up to the Big Bang Nucleosynthesis (BBN) 

limit (107 - 108 m): arXiv 1811.00927
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Figure 5. Comparison of reach for 30 GeV LLPs produced in exotic Higgs decays and decaying hadronically,
for various MATHUSLA geometries (curves correspond to 4 LLPs decaying in the detector volume) and the
LHC main detector exclusion projection using a single-DV search in the ATLAS Muon System [97].

[89, 90]). Ref. [97] studied the reach of the HL-LHC main detectors to such an LLP scenario in the
long lifetime regime and obtained sensitivity projections for a single-DV search in the ATLAS Muon
System. Since LLPs that decay to jets in the tracker and are produced in exotic Higgs decays are too
light to efficiently pass Level 1 triggers without e.g. being limited to associated Higgs production,
the ATLAS Muon System is uniquely well suited for an inclusive main detector search. It is shielded
from QCD activity by the calorimeters, and can trigger at Level 1 on a single LLP decay. However,
the search is still limited by O(100fb) of backgrounds at the HL-LHC.

By comparison, MATHUSLA is able to search for these LLPs without background (or trigger)
limitations. We compute the number of LLPs decaying in MATHUSLA by convolving the geometries
from Fig. 3 with the kinematic distribution of LLPs produced in exotic Higgs decays following [1].
Sensitivity projections assuming 4 events decaying in MATHUSLA are shown in Fig. 5. MATH-
USLA200 has three orders of magnitude better sensitivity to LLP production cross section or long
lifetime than ATLAS. MATHUSLA100 and MATHUSLA50, despite being 1/4 and 1/16 the size of
MATHUSLA200, have about 0.4 and 0.1 times the sensitivity of MATHUSLA200, due to the slightly
greater importance of the common decay volume closest to the IP. This is perhaps the simplest demon-
stration of the enormous physics potential MATHUSLA contributes to the LHC.

MATHUSLA100 and in particular MATHUSLA200 are able to probe LLP lifetimes approaching
the c⌧ . 107m upper limit from BBN [98]. Apart from being the ceiling of the majority of LLP
parameter space, this reach is significant in another way. If the HL-LHC detects a nonzero invisible
Higgs boson decay at the 10% level, then regardless of detection at MATHUSLA, its LLP searches
will help resolve the nature of the newly discovered signal. If MATHUSLA sees no LLP decays, then
due to the near-universal nature of the BBN bound, it can be regarded as highly likely that the Higgs
decays to a stable invisible particle, hence confirming the production of a dark matter candidate at the
HL-LHC. On the other hand, if the invisible Higgs boson decay produces an unstable constituent of a
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• Requires large footprint (area) and large decay 
volume (height) for good acceptance: three 
benchmarks were studied: 

• 20 m high 

• surface of 50x50 m2, 100x100 m2, 200x200 m2 

• with increasing sensitivity
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Mathusla has no SM backgrounds 
→ sensitivity gain wrt ATLAS

Can approach BBN limit 

• Requires large footprint (area) and large decay 
volume (height) for good acceptance: three 
benchmarks were studied: 

• 20 m high 

• surface of 50x50 m2, 100x100 m2, 200x200 m2 

• with increasing sensitivity
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• MATHUSLA: MAsive Timing Hodoscope for Ultra Stable neutraL pArticles 

• Designed to accomplish excellent background rejection and robust tracking 

• Original idea: J-P Chou, D. Curtin, H. Lubatti arXiv 1606.06298  

• Mathusla Physics case - theory white paper to be published in Physics Reports: arxiv: 1806.07396 

• Letter of Intent submitted to LHCC in November 2018: MATHUSLA LoI: arXiv 1811.00927 

• Input to European Strategy for Particle Physics: arxiv 1901.04040 

• Planned to start working for the HL-LHC

MATHUSLA Documentation

https://arxiv.org/abs/1606.06298
https://arxiv.org/abs/1806.07396
https://arxiv.org/abs/1811.00927
https://arxiv.org/pdf/1901.04040.pdf
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9MATHUSLA backgrounds
• LHC collision backgrounds (muons): low rate O(1) Hz, reject with timing and entrance hit position 

• Exposed to cosmic rays and atmospheric neutrinos…"   

• Cosmic rays: 1.7 MHz (7 MHz) for 100x100 m2  (200x200 m2 ) detector 

• Requires veto of downward going cosmic rays (good timing) 

• In 5 m (top layers), ∆t(top,bottom) ≈ 16 ns

• Upward atmospheric neutrinos that interact in air decay volume 

• Estimate Low rate ~ 10-100 per year above 300 MeV 

• Most have low momentum proton (∼ 300 MeV - reject with time of flight)
Scintillator

Multi-layer
tracker

Air-filled 
decay volume

LHC
interaction

point

leptons jets
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Figure 2. Schematic illustration of LLP decay signal (top) and main backgrounds (bottom) in a MATHUSLA-
like detector consisting of a robust multi-layer tracker (a) above an air-filled decay volume. A veto of scintillator
or tracker (b) may surround the decay volume to provide additional background rejection, but depending on the
outcome of detailed background studies, this may not be required.

displaced vertices of upwards-traveling charged tracks that are reconstructed by a highly-robust multi-
layer tracking system near the roof. The original simplified design proposed in [1] assumed 5 layers of
Resistive Plate Chambers (RPCs), which are suitable for economical coverage of very large areas with
good position and timing resolution. This is also the basis for the more realistic preliminary detector
design proposed in Section 7 of this letter, though other technologies are also being considered.

Fig. 3 shows the position of three simplified geometries for the MATHUSLA decay volume
we will consider in this letter. To a reasonable approximation, sensitivity to LLP production rate
(long lifetime) scales inversely (linearly) with detector area, assuming fixed height. As long as the
detector starts . 100m horizontally displaced from the IP on the surface, the sensitivity is not greatly
dependent on the precise position of the detector.

MATHUSLA200 has a 200m⇥200m⇥20m decay volume. This is the geometry proposed in [1]
and studied in most previous works, including the physics case white paper [46]. Significantly, this
large size would allow MATHUSLA to probe LLP lifetimes close to the Big Bang Nucleosynthesis
(BBN) limit c⌧ . 107m for LLPs produced in exotic Higgs decays (see Section 4). It could be
implemented if sufficient land was made available, but the default benchmark we consider in this
letter is MATHUSLA100, which is smaller by a factor of 4 with a 100m ⇥ 100m ⇥ 20m decay
volume. The reason for making this choice is that an available experimental site near CMS may be

– 7 –
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10Modular concept
• Need to cover a wide surface with detector material 

• Current design considers a modular configuration 

• Easy to adapt to available land / specific site conditions 

• Allows for modular construction, staged integration with 
incremental ramp-up 

• 9mx9m modules 

• 5 tracking/timing layers on top 

• 20 - 25 m air decay volume 

• 2 veto layers on the bottom 

• Studies conclude scintillator veto surrounding entire 
volume is not need. 

� Current layout has individual 9 m X 9 m modules 
� 5 tracking/timing planes (red) at top of 20 m 

decay volume and bottom detector layers (violet).

� Easy to adapt to site specific conditions.

� Allows for modular construction, staged installation 
of modules & incremental ramp-up.

� Allows for possibility of adding material for 
electron identification (e/µ in cosmic rays).

� Exploring housing modules in a large building. 
� Trigger unit: 3 x 3 modules is the baseline.

� Choice based on largest inclination angle 
for 200 m X 200 m detector and very safe for 
100 m X 100 m detector.

Modular Concept

Quy Nhon, Vietnam                                                                                 H. Lubatti                 1 -6 July 2019

10

• Trigger unit: 3 x 3 modules is the baseline.  

• Choice based on largest inclination angle for 200 m X 
200 m detector and very safe for 100 m X 100 m 
detector.
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11MATHUSLA Detector on the surface of CMS

• Must fit on CERN owned land at P5, restricted by existing 
structures 

• excavating below surface  

• increases solid angle wrt surface option 

• sensitivity is comparable to the original 200x200 m2 

• repects landscape

• Working with Civil Engineers from CERN to define building and the layout of MATHUSLA at P5. 

• The current MATHUSLA concept is 100x100 m2 
experimental area located at the surface of CMS 
• 30m x 100m adjacent detector assembly area. 

• Crane coverage from assembly area to detector building   

• Enclosed building for experimental and assembly areas  
with cranes

• ~7.5m offset to center of beam 

• ~68m to IP on surface and IP ≈ 80m below surface  

• gain of 1.5 wrt detector at 100 m and IP 100 m below
~68m
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12Preliminary layout

127 m100 m

102 m
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Decay Volume: 

Below ground  

+ 5m above ground

• A 3-d model of detector building and basic structures exists and will continue to evolve. 
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33 m

11.5 m

Crane 
support 
columns

Detector modules

Three 
20T 
cranes

Asse
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 ar
ea

possibility: extra 5m decay volume  

increase sensitivity closer to 
200mx200m benchmark
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14MATHUSLA technology

• Extruded scintillators coupled to SiPMs  

• THE GOOD 
• SiPMs operate at low-voltage (25 to 30 V). 

• No gas involved. 

• Timing resolution can be competitive with RPCs. 

• Cost wise competitive with RPCs. 

• General concept: scintillator bar ∼ 5mx4cmx2cm with 
wave-length shifting fiber readout at both ends. 

• Transverse resolution σ = 4cm/√12 ≈ 1 cm. 

• Time difference between two ends gives longitudinal 
resolution (aiming for ∼ 1 cm)

• RPCs planes are used in many LHC 
detectors. 
• THE GOOD☺ 

• Proven technology with good timing and 
spatial resolution. 

• Costs per area covered are low. 

• The Less GOOD " 
• Require HV ~10 KV 

• Gas mixture used for ATLAS and CMS has 
high Global Warming Potential (GWP) and 
will not be allowed for HL-LHC. 

• RPC experts are attempting to find a 
replacement gas with lower GWP.

• Two technologies being evaluated that provide good time/space resolution needed for cosmic ray rejection and 
vertex reconstruction.
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(a) (b)

Fig. 6: (a): schematic view of the MATHUSLA test stand. (b): picture of the final assembled structure in his test
area in the ATLAS SX1 building at CERN. The green dots identify the two scintillator layers used for triggering,
while the red dots the three RPC layers used for tracking.

derstanding the cosmic ray rate in the test stand and to extrapolate the LHC-correlated background rate
from the test stand to MATHUSLA. A precise measure of the charged particle flux in the test stand will
provide the veto efficiency requirement for the main detector. The goal is to achieve a sufficient timing
resolution to guarantee that no cosmic particles can fake a charged particle coming from LHC.

The on-going analysis of the data collected during 2017 and the beginning of 2018, along with
all the experience gained from the construction, assembling and commissioning of the test stand, will be
crucial for the preparation of the Letter of Intent that the MATHUSLA Collaboration plans to submit to
the CERN Committee in late 2018.

2.6 Cosmic Ray Physics with MATHUSLA
The design of MATHUSLA is driven by the requirements of reconstructing upward-traveling displaced
vertices and distinguishing them from downward-traveling cosmic rays. It therefore comes as no sur-
prise that MATHUSLA has all the qualities needed to act as an excellent cosmic ray telescope. In fact,
MATHUSLA’s particular combination of robust tracking and large area allow it to make many unique
measurements that could address important and long-standing questions in astroparticle physics. The
study of cosmic rays is therefore an important secondary physics goal of MATHUSLA. These measure-
ments, which in no way interfere with the primary goal of LLP discovery, represent a “guaranteed physics
return” on the investment of the detector, as well as an opportunity for CERN to establish a world-leading
cosmic ray physics program.

The cosmic ray physics program at MATHUSLA warrants in-depth examination beyond the scope
of this work. Some initial studies will be presented elsewhere [33]. Here we only briefly comment on
the qualities that make MATHUSLA a uniquely interesting cosmic ray experiment, and outline some
possible measurements that are of particular interest to the astroparticle physics community. To this end,
we first review some basic facts about cosmic rays and how they are detected.

Cosmic rays, dominantly protons and heavier atomic nuclei, arrive at earth with an energy that
spans some 12 orders of magnitude, from a few hundred MeV (108 eV) to 100 EeV (1020 eV) [43–45],
see for example, Fig. 7. They are produced in violent astrophysical scenarios within our own galaxy (for
energies E . 1018 eV) and beyond (for E > 1018 eV). At the highest energies, however, the origin of

20

Test stand above the ATLAS IP 
• To help guide background studies and understand LHC collision backgrounds we built a TEST STAND 

• Goal to get some idea of upward LHC backgrounds 

• 2.5x2.5x6 m3 test stand with three layers of RPCs and top and bottom scintillator layers 

• RPCs – spares from ARGO experiment 

• Scintillators - recycled from D0 forward muon trigger wall 

• RPCs and scintillators have timing resolution of σ ~ 2.5 ns. 

• With a total length of ~ 6 m, ∆t(top,bottom) ≈ 20 ns or 8 σ. 

• Two triggers running simultaneously. 

• Downward trigger for cosmic rays 

• Upward trigger for tracks from IP 

• Took data in 2018 to end of Run-2. 
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• Took data in different LHC conditions: with beam and without beam 

• MC simulation has been implemented for cosmic muons and for particles generated at the ATLAS IP 
• Preliminary results – MC not corrected for efficiency or multiple scattering 

• Angular distribution for down tracks (cosmic muons) match very well expected from MC 

• Arbitrary normalization 
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17Test stand preliminary results
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Test stand data

Up tracks no beam consistent with 
downwards tracks faking upwards tracks

• Took data in different LHC conditions: with beam and without beam 

• MC simulation has been implemented for cosmic muons and for particles generated at the ATLAS IP 
• Preliminary results – MC not corrected for efficiency or multiple scattering 

• Accumulation for zenith angle < ∼ 4° consistent with upward going tracks from IP when collisions occur 

• Arbitrary normalization 

Observed peak of up tracks at small 
angles in runs with beam consistent with 

particles from IP
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18Going forward
• Detector footprint at CMS to be finalized 

• Building details coming together and goal is to have a preliminary cost estimate this year.  

• Goal is to make tracker technology choice early next year.  

• Open items to be fixed include:  

• Frontend electronics  

• Trigger details 

• Tracking chamber support structure  

• Installation procedures 

•  Complete Technical Design Report (TDR) by end 2020.  

• Finalising the preliminary results from the Test Stand to obtain reliable up tracks rate
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backup
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20Current configuration
• 100x100 m2 buried a few meters deep has several advantages: 

• getting closer to the IP, increases solid angle wrt surface option 

• sensitivity is comparable to the original 200x200 m2, used as benchmark in the LoI 

• repects landscape
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21MATHUSLA concept
• MATHUSLA: MAsive Timing Hodoscope for Ultra Stable neutraL pArticles 

• Going to BBN lifetime limit need to suppress SM backgrounds 

• Dedicated detector placed on the surface above CMS or ATLAS detectors LHC: O(90) meters of rock 
takes care of problem ☺

• Requires large footprint (area) and large decay volume (height) for good acceptance.  

• Large volume filled with air as decay volume with several detector layers for tracking
slide from Cristiano Alpigiani


