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G4 Geometry & Material content

• The 100m thick Rock Overburden (dimensions – 400m x 400m x 100m) above UA83.

• Material content (limestone – MgCO3 (10%)+ CaCO3 (90%))

• Material density = 2.71 g/cm3

• The Physics list used in the model is QGSP_BERT_HP.

• Additional regions in the model. 

• Scoring region (100m x 100m x  20m) with Air 

• Sensitive Detector Volume (30m) with plastic scintillators (1m x 1m x 1.2m)

• Scintillator Material – Vinyl toluene plastic scintillators in G4. 

• The figure shows the G4 geometry as seen from below.
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Sampling Angular 
distribution of Cosmic 
muons

• The theta (angle of incidence – zenith 
angle) distribution of cosmic muons is 
based on the Muon distribution function 
defined in. (arXiv:1606.06907)

• The Phi distribution is uniform. 

• G4 General Particle Source (GPS) uses 
this distribution to provide the initial 
(𝜃, 𝜙) the muons. 
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https://arxiv.org/abs/1606.06907


Qualitative understanding 
of the size of rock slab

• For a slab area 160000m2 (400m x 400m) 
– Greatest Muon angle accepted – 75.964°

• An exponential increase in rock area for 
every additional degree. 
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Energy 
distribution of 
Cosmic muons

• Using EXPACS - PARMA 4.0 for 
estimating cosmic ray fluxes (used in 
G4 simulations on MATHUSLA)

• EXPACS - EXcel-based Program for calculating 
Atmospheric Cosmic-ray Spectrum

• PHITS-based Analytical Radiation Model in the 
Atmosphere: PARMA

• https://journals.plos.org/plosone/article/file?id=
10.1371/journal.pone.0144679&type=printable
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https://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0144679&type=printable


Sampling energies 
from the distribution 
predicted by PARMA

The energy distribution at the surface at CERN 
(altitude 400m above sea level) 
is provided in the Geant4 GPS which gives the 
initial energy distribution of Cosmic Muons.
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Particle fluxes out of the Rock Overburden
• Muon & secondary particle flux 

using PARMA muon distribution 
using 1000 muon runs for 107

events each. 

• Particle flux through 100m 
thickness of Rock Volume. 

• Total Incoming Muons (all runs) = 
1000*1e7 = 1e10

• Integrated flux at rock surface –
0.55 muons per square centimeter 
per minute – using PARMA dist. 

• 1 minute – 8.8e8 muons incoming. 
• Currently ~ 11 minutes statistic. Mu- flux at the top surface of rock (400m altitude) = 𝟗. 𝟐 ± 𝟎. 𝟗 × 𝟏𝟎!𝟑 𝒄𝒎!𝟐𝒔!𝟏 (PARMA)

Mu- flux exiting the –Z face of 100 m rock overburden  = 𝟒. 𝟎𝟒 ± 𝟎. 𝟎𝟔 × 𝟏𝟎!𝟓 𝒄𝒎!𝟐𝒔!𝟏
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Muon flux – the takeaways.
• Mu- flux at the top surface of rock (400m altitude) = 𝟗. 𝟐 ± 𝟎. 𝟗 × 𝟏𝟎−𝟑 𝒄𝒎−𝟐𝒔−𝟏 (PARMA)

• Mu- flux exiting the –Z face of 100 m rock overburden  = 𝟒. 𝟎𝟒 ± 𝟎. 𝟎𝟔 × 𝟏𝟎−𝟓 𝒄𝒎−𝟐𝒔−𝟏

• The top area of the detector is 4.4 x 104 cm2

• # of muons crossing per second = (4.4 x 104 cm2 )  x  (4.04 x 10–5 cm–2 s–1) = 1.78 muons/sec

• This rate will be further reduced by the veto panels.

A D I T Y A  U P R E T I  - L H C C  M E E T I N G  O N  M A P P

8



Cosmic muons coming out of the rock
Energy/momenta distribution at the last 
step in boundary (coming out of rock)

Selecting outgoing muon events from the 
bottom edge of rock overburden

Muon events sampled from this distribution to further 
propagate particles through the full MAPP geometry. 
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Kinetic energy 
distribution of 
muons 

• ..before and after passing through 
the rock overburden of 100m 
thickness. 

• Ratio of Muons exiting 

= # "# $%"&' ()*+*&, +-( ."++"/ '%0#12( "# 0"23
# "# $%"&' '*/%41+(5 #0"/ +-( +"6 '%0#12(

= 4.2 ± 0.6 × 1078
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Rate of inelastic backscattering 
from cosmic muons 

• Rate of Backscattered electrons – 106 muons 
simulated

• condition Z-Momentum of Electron Pz > 0 
(upward going)

• Rate of backscattered electrons 

= 
# '( )*+,-. /-,012

#3)456- '( .'+3+,-. 7307.63/ 0'2470 4)'32

= 𝟑. 𝟏 ± 𝟎. 𝟓 × 𝟏𝟎!𝟓

Comparing with MATHUSLA     ->
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The spectrum and multiplicity of back-scattered 
secondary electrons produced from initial muon 
spectrum through the detector region. 

Z-Momentum of Electron Pz > 0



In summary

• Initial results of the same order of magnitude for primary, secondary and backscattered flux. 

• NEXT STEPS

• Integrating with Matti’s Geant4 model of MAPP arena. 

• Simulations for secondary particles including Neutrons.

• Full simulation with cosmic muons using the complete MAPP geometry for final results. 
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mQP’s in Geant4
• Kinematics of mQPs produced in p-p 

collisions via the Drell-Yan mechanism 

• Derived from Madgraph model for mQPs.

• (more details about the model in Michael’s
talk)

• 100k events were generated. 

• Momentum distribution of mCPs ->
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Angular & Energy 
distribution of DY 
produced mCPs

• The angular and kinetic energy 
distribution was converted into 
a Geant4 macro

• to propagate particles in G4 
using General Particle Source 
(GPS). 
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mQP Physics in Geant4
Modeling energy loss of mQPs in Geant4

• Defining the mQP particle properties in G4

• Defining the Physics list corresponding

to the physics processes. 

• mQPs model modified from the standard 

G4 Muon Model

https://www.osti.gov/pages/biblio/1637466

• mQP class defined in Geant4
• Modified from G4MuonMinus class. 
• Separate classes for positively (mQP+) and 

negatively (mQP–) charged mQPs.
• mQP– charge defined as –> “–fabs(charge)*eplus” 

where charge is fractional, eplus = 1*e. 
• PDG ID set as 90 (arbitrary).
• Mass variable (0.1 GeV to 100 GeV) 
• STABLE  – True, lifetime = 0  (do not decay).
• SHORTLIVED – False
• Default charge = 0.01e
• Default mass = 1 GeV
• (mass & charge can be changed using Physics 

Messenger in G4)
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A rough initial geometry in Geant4 to test the model 
(in progress)

• Basic geometry was developed with air, concrete & scintillators. 

• UA83 is protected from SM background from IP8 by at least 35–
40m of concrete.  – G4Material – ‘ShieldingConcrete’

• Scintillator dimensions (for deploying in hole as out–trigger) 

• 30cm x 60cm x 5cm (or 30cm x 30cm x 5cm)

• World material – G4Air

• mCPs were simulated using the kinematics from MG5 model via 
GPS.

40mSource (IP8)

Concrete

Scintillator (not to scale)
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Summary of the milli charged particle G4 model
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S.No. Implemented in Model Yet to be implemented/ongoing

1. mCP+ and mCP- physics definition (default charge/mass) Calculating the # of scintillation photons per event (ongoing)
Precise values for MAPP scintillator optical parameters  

2. mCP physics processes Comparison (with a basic model) & validation of the model.

3. Basic detector model (scintillators) + concrete
Simulations for varying charges and masses and subsequent 
energy losses

4. Madgraph kinematic model of mCPs via Drell-Yan mechanism
Detailed MAPP geometry (Matti)

5. G4 General Particle Source to propagate particles with arbitrary 
energy/angular distribution

6. Sensitive detector volumes and flux scorers of primary (mCPs) and 
secondaries.
G4OpticalPhysics for counting optical photons in scintillator

Timescale for the completion of study – Mid-January

7. ROOT NTuples saving the energy loss, track length in sensitive volume, 
outgoing flux of primary, secondaries, number of secondaries.



Thank you!
Questions & comments... 
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Additional slides
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MILL I  CHARGED PARTICLES  
GENERATED IN  MADGRAPH A D I T Y A  U P R E T I  - M A P P  S I M U L A T I O N S
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G4 Physics Lists + GPS

• The Physics lists for Muons – G4MuBetheBlochModel, G4MuBremsstrahlungModel, 
G4MuPairProductionModel, G4MuMultipleScattering are modified to account for mCP charge 
and mass to compute mCP energy losses. (list of modifications –> next slide) 

• G4EmStandardPhysics – standard module is included to simulate the secondaries generated by 
the interaction of the mCPs in material. 

• G4GeneralParticleSource is linked to the Geant4 model to simulate particles using the energy 
and angular distributions produced via Madgraph
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Modifications in the physics list 
1. G4MuBetheBlochModel –

• multiplying the cross section per electron by mCP charge squared. 

• multiplying the dE/dX per volume by mCP charge squared. 

2. G4MuBremsstrahlungModel –

• minThreshold changed from 1keV to 50eV

• lowestKinEnergy changed from 1GeV to 100eV

• While setting particle as mCP, 

‘coeff’ multiplied by charge squared, 

used in Compute Microscopic Cross section, 

referenced by Bremsstrahlung energy loss.
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Modifications in the physics list (2) 
3. G4MuPairProductionModel –

• Lowest limit for pair production dependent on particle mass (limit = mass*8)

• Lowest KE = limit , Max KE = 10 TeV. 

• multiplying the dE/dX per volume by mCP charge squared. 

• multiplying cross section per atom by mCP charge squared

4. G4MuMultipleScattering –

• Replaced UrbanMsc Model95 by WentzelVI Model 

• (original source code for Muons includes headers for UrbanMsc and WentzelVI but 
uses only UrbanMsc)
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Four adjacent scintillator bars
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Source (IP8)

mCP track

Plastic scintillator bars 
10cm x 10cm – cross sectional ar. 1m2

75cm in length
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Implementing 
G4OpticalPhysicsA
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• For calculating the number of optical photons 
produced in the scintillators by the milli 
charged particles. 

• Optical properties 

• – Refractive Index, Absorption Length, 
Scintillation Yield, Resolution Scale, Fast Time 
Constant, Yield Ratio (using default values in 
G4)

• (position of source closer for testing the model 
and visualization)
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Optical photon 
tracks (red)

Scintillator 
boundary

mCP track 
(blue)

Gamma, e–
Secondaries 
(rock volume 

invisible)



Adding details to scintillator geometry
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Reflector - Glass

Reflector Optical Properties
Ref. Index = 1.49
Absorption Length = 420 cm
Density = 1.032 g/cm^3

Scintillator  - Plastic Scintillator BC408
Cross sectional area - 10 cm*10 cm
Base – Polyvinyl toluene

Scintillator Optical properties
Ref. Index = 1.58
Absorption Length = 250 cm
Scintillation yield = 11136 (photons/MeV)
Emission peak = 425 nm
Slow/fast yield = 0.27
Fast decay time = 2.1 ns
Slow decay time = 14.2 ns

Optical surface
Type – Dielectric metal
Model – Glisur
Finish – Polished

75 cm 2 cm



Particle fluxes in other units.
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