
CORISKABackground
Our Steering Card What Is CORSIKA Cosmic Ray Muons

Thundercloud Formation
Thundercloud Formation can be broken down into two steps: cloud formation and 
charge separation. The cloud starts to form when warm, moist air rises. As the 
surrounding air gets colder with altitude, the water vapor in the rising air gets 
supercooled, becoming ice when attaching to small particles in the air. As this state is 
maintained, the ice particles will build up, becoming more and more massive until they 
fall due to their weight. The falling ice particles start a downdraft in the cloud that begins 
the charge separation process.

Many physical processes contribute to the overall charge separation between the top 
and bottom of the thundercloud. One theoretical process, which C.T.R. Wilson outlined, 
points to polarized water molecules as a main catalyst for this phenomenon. In fair 
weather there is a small electric field downwards in the air. As the water (or ice) falls 
through the air, the electric field creates an induced dipole moment in the water droplet. 
Because the surrounding air is conductive, there exist slow moving ions in the air. Since 
the water droplets are falling, the ions will only come into close contact with the 
underside of the water droplet, where the positive end of the dipole lives–thus positive 
ions are repealed from the water droplet, and negative ions come into the water droplet. 
The droplet obtains a net negative charge and falls, explaining how negative charge is 
carried into the lower part of the cloud, leaving an overall positive charge distribution in 
the high sections of the thundercloud. 

The electric field in a thundercloud is not so simple as a parallel plate capacitor–the 
average charge density varies with altitude through the cloud, and at the base of the 
cloud there is a small concentration of positive charge, for reasons unknown to this day.

Motivation: Relation between Muon Charge Ratio and 
Thundercloud Structure

This project is directly inspired by Chilingarian et al. and their article Muon Tomography 
of Charged Structures in the Atmospheric Electric Field.  The findings for this paper 
suggests that the muon charge ratio in a positive electric field will be less than the muon 
charge ratio when no electric field is present.  On the other hand the muon charge ratio 
in a negative electric field will be less than the muon charge ratio under no electric field.  
It is important to note that the natural muon charge ratio is greater than one because 
there are more positive muons than negative muons (more matter than antimatter).  
With this finding, Chillingarian’s group suggests that muon tomography can be a valid 
way to determine the structure of an electric field. This inspired our group to try to verify 
these findings by simulating muon interaction with electric fields in hopes of revealing a 
correlation between muon charge ratio and an electric field, which could be applied to 
obtain information about the electric field structure in a thundercloud.

Acknowledgements
We would like to thank the ULAB staff for their support, resources, and feedback throughout the 
semester. We would also like to thank Professor William Collins for his feedback on our initial 
research. Finally, we would like to thank the Astronomy and Physics departments for showing their 
support by attending the ULAB poster session

Citations
1. Bahmanabadi, M., & Fazlalizadeh, M. (2019). Muon charge ratio using the corsika simulation code. Physical Review D, 100(8). 
https://doi.org/10.1103/physrevd.100.083004  2. Chilingarian, A., Hovsepyan, G., Svechnikova, E., & Zazyan, M. (2021). Electrical 
structure of the thundercloud and operation of the electron accelerator inside it. Astroparticle Physics, 132, 102615. 
https://doi.org/10.1016/j.astropartphys.2021.102615 3. Collins, P. (2011, October). An introduction to Regge theory and high energy 
physics. Retrieved from 
https://www.cambridge.org/core/books/an-introduction-to-regge-theory-and-high-energy-physics/E628F1657888F248E6BF23628335
0588 4. Feynman, R. (2013). The Feynman Lectures on Physics Vol. II Ch. 9: Electricity in the Atmosphere (M. A. Gottlieb & R. 
Pfeiffer, Eds.). Retrieved from The Feynman Lectures on Physics website: https://www.feynmanlectures.caltech.edu/II_09.html  5. 
Heck, D., Knapp, J., Capdevielle, J. N., Schatz, G., & Thouw, T. (1998). CORSIKA: A Monte Carlo code to simulate extensive air 
showers. Report fzka, 6019(11)   6. Jaadi, Z. (2023, March 23). A step-by-step explanation of principal component analysis (PCA). 
Retrieved from https://builtin.com/data-science/step-step-explanation-principal-component-analysis 7.Khaerdinov, N. S., & Lidvansky, 
A. S. (2005). Variations of Intensity of Cosmic Ray Muons due to Thunderstorm Electric Fields. 29th International Cosmic Ray 
Conference Pune. 8.Muon Tomography | CMS Experiment. (n.d.). Retrieved from The CMS Experiment at CERN website: 
https://cms.cern/content/muon-tomography

Results
The effects on the positive and negative muons by varying strengths of the electric field is shown 
in this graph.  While both subplots do not show a clear correlation, it is important to note that only 
one simulation has been conducted with each electric field strength, so each point currently 
contains high error.

Conclusions and Next Steps 
We used our data in a PCA (Principal component analysis). PCA is a analysis method of 
making large data sets with many variables into data with less variables (making it easier to 
study and understand) but still containing the crucial data. We have isolated key components 
that can vary muon charge ratio, rather than a code using linear algebra. We analyzed 
variables that previous papers had indicated as significant as well as using variables that we 
were interested in. The data that we gathered can be used in future PCA analysis of muon 
charge ratio and thundercloud reconstruction [6]. 

Further experiments that can be tested are including shapes of electric fields into the simulation 
itself. Our current experiment only uses the electric field that spans the entire atmosphere.  
Having a localized area (a cloud) in which an electric field is set up may produce different and 
more impactful results that allow us to further probe our research question. The difficulties will 
lie in diving deeper into the CORSIKA code and implementing the custom structure of the 
electric field.  Once this challenge is figured out, we will be able to put in different shapes that 
represents the possible structures of the thundercloud and determine whether muon 
tomography is viable to reflect its electronic structure.
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Muons (µ) are subatomic particles that are a type of 
lepton and are classified as an elementary particle due to 
their lack of substructure. Muons have the same charge 
as electrons (-e) but weigh significantly more (~200 times 
more mass). When cosmic rays, high-energy particles 
from space primarily consisting of protons and alpha 
particles, impact the Earth's atmosphere, they generate 
high-energy collisions that produce cascades of lighter 
particles, which initially produce pions and kaons, and 
then decay to produce muons. With an average life of t - 
2.2 µs, ground-bound muons travel close to light speed. 
Thanks to their speed and Einstein's relativity, muons can 
be detected at sea level; current research estimates a 
rate of 1 per square centimeter per minute. [5]

- CORSIKA (COsmic Ray SImulations for KAscade) is an air shower simulation that uses 
C++ and Fortan77. It uses includes monte carlo simulations (which predict the possible 
outcomes and uncertain events and repeat them multiple times). Many different studies 
that look at cosmic rays, thunderclouds, and atmospheric electric fields used CORSIKA for 
modeling (such as A. Chilingarian, et al. [2]). 

- Some important equations in studying muon charge ratio and thunderclouds are the:
- The Mandelstam Variables are numerical quantities that encode the energy, 

momentum, and angles of particles in a scattering and is given by: 

- The Muon-Electron Interaction Cross Section is the fraction of the total number of 
scattered particles that come out in the solid angle 𝑑Ω, where omega traces the 
surface area of a sphere around the collision and is given by: 

- The Kinetic Equation for Muon Intensity for Thundercloud is given by:
[7]

- CORSIKA EPOS is the code we used and it is based on the neXus model. The neXus model is a 
combination of the VENUS AND QGSJET models with an addition of hard interactions and 
nuclear and high density effect. VENUS AND QGSJET are based on Gribov-Regge theory. The 
Regge theory is the study of particle scattering as a function of angular momentum, but angular 
momentum is allowed to be a complex number [3].

The effects on the  positive and negative muons by varying strengths of the electric field is show in this 

graph.  While both subplots do not show a clear correlation, it is important to note that only one simulation 

has been conducted with each electric field strength, so each point currently contains high error.

This figure shows the muon charge ratio fluctuating against the electric field strength.  While this plot 
seemingly has no correlation between the charge ratio and the field strength, it does support that the natural 
muon ratio is greater than one.  However, as stated in the first figure, there are still uncertainties in the 
individual points themselves since they are first simulation data.

https://doi.org/10.1103/physrevd.100.083004
https://doi.org/10.1016/j.astropartphys.2021.102615
https://www.feynmanlectures.caltech.edu/II_09.html
https://builtin.com/data-science/step-step-explanation-principal-component-analysis

