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Introduction

Motivation

- Need to complement searches for BSM physics at the LHC

• Dark matter. 
• Asymmetry of matter-antimatter in the universe. 
• Smallness of neutrino mass. 
• Inflation. 
• Hierarchy problem, etc.

- LLPs appear in the context of different BSM scenarios:

- Limitations of the LHC detectors? Looking in wrong 
place?

- There are not signals of physics beyond standard model (BSM) at LHC yet.

Examples: Gluinos, neutralinos, hidden hadrons, axions,  
                  Dark photons, etc.

CMS Collab., PRD 94 (2016)112004

LLPs may 
decay outside 

detector

• New neutral particles with long lives (LLPs) may 
escape the detector without being observed. 

Prompt decays are observed
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Introduction

• To build a large area hodoscope detector to look for decay of LLPs in a volume of 100 m x 
100m x 25 m of air. 

• On the surface above CMS, at 70 m from interaction point. 
• Environment with low background. 
• Planned for the next High Luminosity-LHC run.

• Limits to LLPs in the MeV - TeV mass range and cτ= [0.1, 107] m interval.

Leptonic decay Hadronic decay

Mathusla coll., Rep.Phys.Prog. 82 (2019)

Mathusla proposal
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Experimental design

7.5 m offset

9 m x 9 m modules/layer

• 9 scintillator layers 
      -  5 on the top. : Trigger 
      -  2 intemediate: Increase performance
      -  2 at bottom.  : Veto for charged particles  

- Tracker:

CMS

Assa
mbly a

rea

•   Coupled to SiPMs with wavelength shifters 
•    5m x 4cm x 2cm 
•    From one layer to the other, long dimension of     
      the bar rotated 900. 
•    Spatial resolution: 1 cm 
•    Time resolution.  : 1 ns 

- Scintillator bars:

(grou
nd

 le
ve

l)

Ground
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• Background from neutrinos and  muons from LHC, atmospheric neutrinos, cosmic rays. 
• Rejected from information of tracking system and timing information.

Letter of Intent for MATHUSLA, CERN-LHCC-2018-025, LHCC-I-031

18/year for 
E > 400 MeV

1.7 MHz

Experimental design

Mathusla proposal
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RPC from ARGO

RPC from ARGO

RPC from ARGO

Scintillator
 from D0

Scintillator
 from D0

- Characteristics:
• Data collected during 2018 
• Above ATLAS interaction point (Δx, Δy) = (2.4 m, 0 m) 
• 2.5 m x 2.5 x 6.5 m volume 
• 6 RPC/2 Scintillator layers 
• Reconstruction of tracks using a chi2 fit 
•    Time resolution : 2.5 ns 

Ground level
- Goal:

• Design studies. 
• Measure dominant sources of  background at 

MATHUSLA: 
❖  Downward cosmic rays.
❖  Upward SM charged particles.

Mathusla coll., arXiv:2005.02018 [physics.ins-det] (2019)

 - Muons from pp collisions at LHC. 
 - Inelastic backscattering from CRs.

Test stand
Downward CRs

Scattered CRs
Muons

83 m

https://arxiv.org/abs/2005.02018


Upward muons from LHC + backscattered CRsDownward signals from CRs

- Results:

• Data is in agreement with MC 
simulations. 

• Background under control.

Mathusla coll., arXiv:2005.02018 [physics.ins-det] (2019)

Example of upward-going track in data

Test stand

https://arxiv.org/abs/2005.02018
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Mathusla as a cosmic ray detector
- Mathusla could also detect the extensive air showers  (EAS) that 

cosmic rays produce in the atmosphere
• Opportunity for cosmic ray research 
• But problem of signal saturation at the scintillator bars  

for more than 1 hitting particle.

• Important to measure as many components of the EAS

A. Haungs

> 90%< 10 %
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Mathusla as a cosmic ray detector

- Plan to add an extra RPC layer to enhance EAS detection for cosmic ray research.
• Measurements of charged particles at EAS (e + μ): 

❖ Densities (up to several 104 charged particles/m2) 
❖ Arrival times of 1st particle per strip (time res.= 1 ns) 

• 2500 big pad sizes: 2 m x 2 m 

• Big pads would provide fine space-time structure of EAS.

1m above middle 
double layer
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ARGO-like design: Glass 
gas mixture of Argon (15%), Isobutane (10%) and Tetraflouroethane (75%). 
B. Bartoli et al., Astroparticle Physics 67 (2015) 47–61 
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Mathusla as a cosmic ray detector

Mathusla

ICECUBE collab., arxiv: 1908.07143v1, astro-ph.HE

Frontier between direct and indirect experiments

- Primary cosmic ray energy range: E = [105, 108] eV

Ef
fic

ie
nc

y

log10(E/GeV)

- Measurements around the knee of the total energy 
spectrum —> Galactic cosmic rays

θ =[00, 900]

DAQ period = 3 yr (HL-LHC Run 4: 2026-2029) 

Field of view = π sr 

—> Acceptance ∼3× 1012 m2 ·s·sr. 

Knee
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SD

(1 part/ m2 s)

low-energy ankle

(1 part/ km2 s)

Energy spectrum extends from O(100) MeV up to ZeV
> CR questions:

1) More fine structures
in individual spectra 
of nuclei? 

2 ) Composition.

  —> Acceleration 
         Mechanisms.

3) Anisotropies

  —> Sources
  —> Propagation.

Galactic

Extragalactic

Mathusla as a cosmic ray detector
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Mathusla as a cosmic ray detector
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Coordinates of the center of each bar/Big Pad with signal due to the 
shower event in each plane of MATHUSLA 

Show
er axis

Core position

Example for a MC vertical shower

RPC 2.0
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Mathusla as a cosmic ray detector
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- Times  
—> Arrival direction

- Signal distribution  
—> Shower core

- Amplitude of distribution  
—> Energy scale
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EAS reconstruction θ < 20o

(E/GeV)
10

log
3 4 5 6 7 8 9

 R
 (m

)
Δ

1−10

1

10

210

310

410
QGSJET-II-04

H 
Fe

]°, 20° = [0θ 

(E/GeV)
10

log
3 4 5 6 7 8 9

)° (
α 

Δ

2−10

1−10

1

10

210

310
QGSJET-II-04

H 
Fe

]°, 20° = [0θ 

The above are only upper limits, they can be improved with better reconstruction methods!

Arrival direction with RPC 
(fitting a plane to arrival times)

Core position with RPC 
(fitting a cone to density distributions)

Hits > 50

KASCADE: Δα < 0.3 deg KASCADE: ΔR < 1 m

ARGO: ΔR < 1 mARGO: Δα <  [0.4, 1] deg 

ICETOP: Δα = [0.2, 1] deg ICETOP: ΔR < [4, 18] m

NIMA Volume 513, Issue 3, 11 November 2003, Pages 490-510

Astroparticle Physics 93 (2017) 46–55

J. Phys.: Conf. Ser. 718 052033

Mathusla as a cosmic ray detector
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Mathusla as a cosmic ray detector

Inclined air showers

- For inclined EAS the attenuation of the  e + γ  component is more important. 

- Muons are the dominant component for high energy EAS at MATHUSLA altitude and θ > 500. 

- Important deviations between muon data and predictions have been found for inclined EAS.

At ultra-high energies muon discrepancies have been observed 
by Auger:  Deficit of muons in MC predictions (zenith angle effect)

Relative number of muons (measured data over protons 
QGSJET-II predictions at 1019 eV) at 1000 m from the EAS core.

Auger Collaboration, EPJ W. of Conf. 53 
(2013)
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Mathusla as a cosmic ray detector

x (cm)
1000 2000 3000 4000 5000 6000 7000 8000 9000

y (cm)

100020003000400050006000700080009000

z 
(c

m
)

0
100
200
300
400
500
600
700
800
900

Hit spatial distributionProton, (xc, yc) = (2500, 8000) cm, log10(E/GeV) = 7.62, θ = 74.60o

Coordinates of the center of each bar/Big Pad with signal due to the 
shower event in each plane of MATHUSLA 

Sh
ow

er
 a

xis

Core position

Example for a MC inclined shower

Plane 6 
Plane 5

Plane 4
Plane 3
Plane 2

Plane 1

Plane 0

RPC 2.0
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Mathusla as a cosmic ray detector
Inclined MC event: Core position, density, times 
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Mathusla as a cosmic ray detector
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The above are only upper limits, they can be improved with better reconstruction methods!

Arrival direction with RPC 
(fitting a plane to arrival times)

Core position with RPC 
(fitting a cone to density distributions)

Hits > 50
70o < θ < 80o

KASCADE: Δα < 0.6 deg KASCADE: ΔR < 40 m

Auger: Δα < 0.5 deg Auger: ΔR < 108 m
JCAP, Volume 2014, August 2014

ICRC 2007, ID 491, Vol. 4 (HE part 1), pages 203–206

EAS reconstruction
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Mathusla as a cosmic ray detector

RPC: Resistive plate chamber 
TD: Tracking detector 
WCD: Water Cherenkov detector 
IACT: Imaging air Cherenkov telescope 
ICD: Ice Cherenkov detector 
Sci: Scintillator detector 
AC: Air Cherenkov 
FD: Atmospheric fluorescence detector

- MATHUSLA + RPC would have several 
advantages:

• Full coverage (80 %). No other running CR 
detector has such capabilities. 

• Detail measurements of the temporal and spatial 
structure of the EAS.  

• New muon data from very inclined EAS at PeV 
energies. 

- Physics potential:

• Cosmic ray spectrum and 
composition. 

• Anisotropies in the arrival direction of 
cosmic rays. 

• Study the structure of the EAS front. 
• Tests of hadronic interaction models. 
• Muon bundles.
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Cosmic Ray physics group
 C. Alpigiani1,  J.C. Artega-Velázquez2, K..S Caballero-Mora3, P. Camarri4, G. Di 
Sciascio4, A. Fernández Tellez5, H.J. Lubatti1, P.A. Paye Mamani6,  M. Rodríguez 

Cahuantzi5, Rinaldo Santonico4, M. A. Subieta Vázquez6

1. University of Washington, USA
2. Universidad Michoacana de San Nicolás de Hidalgo, Mexico
3. Universidad Autónoma de Chiapas, Mexico
4. Istituto Nazionale di Fisica Nucleare, Italy
5. Benemérita Universidad Autónoma de Puebla, Mexico
6. Universidad Mayor de San Andrés, Bolivia

Invitation is open to participate
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Mathusla as a cosmic ray detector

https://mathusla-experiment.web.cern.ch/

- Documents:

- Link to webpage:
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https://arxiv.org/search/hep-ph?searchtype=author&query=Chou%2C+J+P
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https://arxiv.org/abs/1901.04040


1. MATHUSLA could complement the search for LLPs at the LHC during the next  High Luminosity 
runs at CERN.

2. The detector is planned to be installed at the surface, close to the CMS interaction point.

3. MATHUSLA would be composed of a tracking array of 9  planes of scintillator detectors, each of 
    them with a modular design.

4. The detector could also work as a cosmic ray air shower observatory.

5. Enhancement of the air shower detection capabilities can be achieved by using an extra RPC 
    detector layer.

6. With this extra layer, MATHUSLA could become a new kind of instrument to 
    - Study the spatial and temporal structure of extensive air showers, 
    - Test the predictions of hadronic interaction models, muon bundles, 
    -  Perform research on some open issues of the physics of PeV cosmic rays.

Summary
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Thank you!


