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KCDC TUTORIAL – NENµ-PLOT 

HOW HEAVY IS A COSMIC RAY PARTICLE?  

 

 

This description can be downloaded from  

https://kcdc.iap.kit.edu/static/pdf/kcdc_education/NeNmuTutorialEn.pdf   

 

Requirements 

• knowledge in programming language Python 2.7  
• basic knowledge in matplotlib, numpy and dateutil 
• basic knowledge on cosmic radiation 
• basic knowledge on air showers 

https://kcdc.iap.kit.edu/static/pdf/kcdc_education/NeNmuTutorialEn.pdf
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PHYSICAL BACKGROUND 

WHY IS THE MASS OF A COSMIC RAY PARTICLE OF INTEREST? 

High energetic cosmic rays (fully ionised atomic nuclei) collide with the molecules of air when entering the earth 

atmosphere initiating a particle cascade. The primary cosmic particle does then not exist anymore. Thus the KASCADE 

experiment is designed to measures only the part of the cosmic ray air shower reaching ground level not the primary 

particle. 

HOW CAN WE DETERMINE THE MASS OF A COSMIC RAY PARTICLE? 

The mass can be determined by comparing the number of electrons with the number of muons in an air shower. From 

other experiments here on earth, we know that muons interact less with the atmosphere than the electrons. Electrons 

generated in the atmosphere, react faster and more frequently with atoms of the air. Thus it happens that electrons are 

absorbed, so that the electrons are  "swallowed" and / or new electrons are generated. 

Electrons are generated and annihilated until the energy of the original particle is completely consumed. Muons on the 

other hand, often reach the ground, once they have been created. However,  in the interactions much less muons are 

generated compared to electrons. The longer the electrons and muons are travelling through the atmosphere, the more 

the ratio shifts in favor of the muon number. 

Another important factor for this ratio, is therefore the height in the atmosphere in which the first interaction takes 

place. A simple rule is that the heavier the cosmic ray particle is, the sooner it collides with a molecule of the atmosphere 

and the smaller the ratio of electrons to muons will be. Thus, from the measurement of the ratio of muons to electrons at 

ground level, on can deduce how heavy the primary cosmic ray particle was. 

Of course, the physics of air showers is not quite that simple. Apart from the nature of cosmic rays also other factors have 

an impact on the number of electrons and muons in air showers. For example, it could happen that a light cosmic ray 

particle collides  very early in the atmosphere with a molecule of the atmosphere. Then the cascade starts rather early 

and the ratio of the electron to the muons does not correspond to the average values of this mass. In physics, this 

behavior is described as fluctuations in the probabilities of interactions and generation of secondary particles. 

Therefore it is not possible for a single air shower to state whether it has been produced by a light or a heavy cosmic ray 
particle. But looking at a huge number of air showers (called events), one can say at least with a certain probability that 
an air shower was triggered by a light or a heavy cosmic ray particle. 

DETECTION OF ELECTRONS AND MUONS IN THE KASDCADE EXPERIMENT 

For the detection of electrons and muons sophisticated particle detectors are used. In the KASCADE experiment we use so 

called scintillation detectors. A scintillator is a material that flashes very shortly (similar to a flash light) when a charged 

particle traverses the material. It is thus possible to measure the number of charged particles just by counting the light 

flashes, or the electrical pulses generated by these in a so-called photomultiplier tubes. Since electrons and muons are 

both loaded, you can measure both with such a particle detector (in physics the word  detect is often used). 

How do we distinguish between electrons and muons? 

In order to distinguish between electrons and muons, one uses a trick. From other experiments, we know that muons 

penetrate much deeper into material than electrons. That one can take advantage of. One can build a detector module, 

which consists of two scintillators, separated by a thick layer of lead. If a particle traverses the detector module 

completely (both scintillation layers and the lead) you will get a signal from both counters. If however the particle is 

stopped in the lead, only the top scintillator will generate a signal.   
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That's the basic idea how to distinguish muons and electrons. Since muons interact less with material than electrons, 

muons can pass through the entire detector and thus generate two flashes. Electrons on the other hand are almost 

always stopped in the lead layer and thus generate only one flash. So you simply count how many times you've seen two 

flashes and how often you have seen only one flash. Performing this procedure on many stations you can estimate how 

many electrons and how many muons were in an air shower. 

ONE DIMENSIONAL HISTOGRAMS 

A histogram is a commonly used tool in physics, to investigate and display complicated data. Histograms can be created in 

several dimensions. 

What is a histogram? When creating a histogram you essentially only count how often something happens. You can 

imagine histograms as a set of drawers, in which the data are sorted. Think about a Lego box with a colorful mixture of 

100 stones in the colors red, black and blue. When putting away  the stones they are sorted by color. The same happens 

when filling a histogram. First, choose a criterion (in this example the color) then the data are sorted into categories. The 

three categories are in this example red, black and blue. 

The special feature of a histogram is that we are not interested in the individual data, but on the number of data in one 

category. In our Lego example this corresponds to the number of blue, red and black stones. Histograms are usually 

graphically illustrated like that: 
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In our example, we have 20 red stones, 50 black stones and 30 blue stones. Altogether, 20 + 50 + 30 = 100 stones into 

three categories. Such a histogram is called a ‘one dimensional histogram’ which only uses one criterion,  in our case it’s 

the color.  Categories are also called ‘bins’. 

TWO DIMENSIONAL HISTOGRAMS  

In two-dimensional case, two criteria are considered. This can be most easily imagined on a seed box or a checkerboard. 

Instead of sorting the stones only by color, it is possible to sort at the same time according to another criteria. In our 

previous example with the Lego stones eg by type: roof tiles, normal stones and special stones. So there are then two 

criteria: 

The color with three categories:  red - blue - black 

And the type also with three categories:  roof tiles - normal stones - special stones. 

To sort the Lego stones now not only 3 drawers but 9 are required. Three of each color and for each color again 3 for each 

type (i.e black tiles, black ordinary stones, etc.). After all the stones have been sorted count again how many stones are in 

each category (or bin). 
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Since it is a two-dimensional histogram in this case, the number of Lego stones are displayed in color-coded in each 

drawer. From the above plot can be seen that: 

• All the red stones are roof tiles  

• No black roof tiles exist 

• 10 blue roof tiles and 20 normal stones but are no special stones exist 

• There are only black special stones 

etc. 

With the help of a two-dimensional histogram one can easily represent and study correlations that depend on two 

categories. In physics, the categories are generally measured variables such as the azimuth and zenith angles, or even the 

number of electrons and the number muons in air showers. 
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DATA SETS & ANALYSIS 

To determine the mass of the primary particle the electron number and muon number must be compared. For this 

purpose we make use of a graphical representation (also known as plot) of a two-dimensional histogram. This histogram 

has two criteria: The first criterion is the number of electrons, the second criterion is the number of muons in an air 

shower. 

By means of these two criteria the air showers, also called events, can be sorted. 

To create the histogram, first, a data set is required. We use the record "DataNeNmu.zip", which can either be 

downloaded directly from  https://kcdc.iap.kit.edu/Education/DataNeNmu.zip or as a request in the KCDC DataShop as 

described in Appendix A 

We use the following data sets for this analysis: 

Ze Zenith angle  range cut  18° - 24° 

Ne Number of Electrons full rnage 4. – 8.7 (log10) 

Nmu Number of Muons full rnage 2.5 – 7.7 (log10) 

E recontructed Energy full range 14. -18. (log10) 

Furthermore a computer has to be programmed for this task. There are a number of programming languages which can 

create these plots. Here is an example program in Python is discussed. Also conceivable, however, are all other programs 

that make it possible, to create histograms from a text file (series of numbers), as supplied by KCDC. 

The required programs and libraries to write this program are: 

 Python 2.7/3.x 

 matplotlib 

 numpy 

CREATING THE PLOT 

This tutorial is written in Python explaining every single step in the creation of the plot. 

To create this plot, the required libraries must be loaded in the program first, starting with the library which does the 

actual drawing of the plot. 

import matplotlib.pyplot as plt 

import matplotlib.colors as colors 

 

Thereafter, the numerical library for reading the data and calculating values. 

import numpy as np 

 

After the libraries are loaded the raw data must be read. This is done by means of a  numpy library (numpy is abbreviated 

with np). For this purpose, we first take a look at the raw data and the supplied information file "infos.txt". 

The "info.txt" file contains all the information on the delivered data format, for example, which values are available. Since 

we are interested in the number of measured electrons and the number of measured muons, we learn from "infos.txt" 

that we need the columns labeled Ne (electrons) and Nmu (muons). In addition we get the information that both values 

are logarithmic. This representation was chosen because the ranges of both quantities can fluctuate between  some 100 

and  some millions. 

https://kcdc.iap.kit.edu/Education/DataNeNmu.zip
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In physics, we also say that the plot covers several decades. To better represent such large differences in physics the 

logarithm of numbers is used. The logarithm is a mathematical function that indicates the decade, i.e, whether it is 10, 

100, 1000 and so on. Because there are several logarithms in mathematics, this is called the logarithm to the base 10. 

One example illustrates what is meant by: 

 log10(10) = 1 

 log10(100) = 2 

 log10(1000) = 3 

 log10(1500) = 3.1761 

 log10(5000) = 3.6990 

 log10(10000) = 4 

Ssimplified the logarithm indicates, how many zeros follow the number ‘1’ when the power is 10. That is why these 

logarithms are also called the logarithm to the base 10 is.  

For better illustration the given values for the electron number and the muon number are given logarithmically. 

A look into “array.txt” shows that only columns 3 and 4 are needed. 

   E    Ze        Ne                    Nmu       

 1.45581e+01     4.39082e+00     3.63374e+00     5.59538e-02 

 1.40149e+01     3.84734e+00     3.05025e+00     4.50847e+00  

 1.55442e+01     5.65031e+00     4.51845e+00     1.11908e-01 

   ….            ……           …...        ..….  

 

To read data we use the genfromtxt function from the library numpy. The first line of the file "array.txt" contains the 

name of the variable. These are used by the "names" as an identifier of the column. With the parameter "usecols" we can 

also specify which columns we want to read. Since we have "names = True", we can select the columns simply by its 

name. 

  events = np.genfromtxt("array.txt", usecols=('Ne', 'Nmu'), names=True) 

 

The data are stored in the variable events.  events has the shape of a table with two columns: 

 measured number of electrons 

 measured number of muons 

Access to single events (i.e. lines in the table events) can be done with: 

  events[0]  # for the first line / the first event 

 

Note:  ‘#’ marks a comment in Python 

The respective column is obtained by accessing this via the names: 

 

  Events ['NE']  # for the 1st column (number of electrons) 

 

Since this is a large data set, reading may take several minutes. After successfully reading the data, they must be prepared 

for plotting. Since we want to create a two-dimensional histogram we first sort the events.  
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To define the individual bins, it is sufficient to use the function "arange" from the "numpy" library. There initially the 

lower and upper limits are specified. The third number defines the bin width. The following line results for muons 

therefore a lower limit of 3.4 and an upper limit of 7.0: 

  xbins = np.arange(3.4, 7.1, 0.05)    # muons 

  ybins = np.arange(4.0, 7.7, 0.05)    # electrons 

Now that we have defined our bins, we have to sort only the events. This is done directly by the hist2d function from the 

library matplotlib: 

  plt.hist2d(x=events['Nmu'],  y=events['Ne'],  bins=[xbins,ybins], norm=colors.LogNorm()) 

Four parameters are passed to this function: the number of muons, the number of electrons, the two-dimensional bins 

and the color table. 

To better recognize the differences, the logarithm is applied to the histogram. This is done via the parameter norm which 

is assigned a logarithmic color table. 

At this point the plot is already finished. For clarity we add a color table, a so-called color bar. 

  cbar = plt.colorbar() 

Finally, we complete all axes with captions, making it unmistakably clear which variables are displayed. 

  plt.xlabel("$\\rm{log}_{10} \\ \\rm{(number\\ muons)}$") 

  plt.ylabel("$\\rm{log}_{10} \\ \\rm{(number\\ electrons)}$") 

  cbar.set_label("$\\rm{number\\ events}$") 

  plt.title("Electron-Myon distribution") 

  plt.savefig("muons_electrons.png") 
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Thus the plot is done. For a better understanding here again the entire script to plot the data: 

# -*-coding: utf-8 -*- 

# python script to plot a 2-dimemnsional Ne-Nmu histogram 

 

import matplotlib.pyplot as plt 

import matplotlib.colors as colors 

import numpy as np 

 

events = np.genfromtxt("array.txt", usecols=('Ne', 'Nmu'), names=True) 

 

xbins = np.arange(3.4, 7.1, 0.05)    # Myonen 

ybins = np.arange(4.0, 7.7, 0.05)    # Elektronen 

plt.hist2d(x=events['Nmu'],y=events['Ne'],bins=[xbins,ybins], norm=colors.LogNorm()) 

cbar = plt.colorbar() 

plt.xlabel("$\\rm{log}_{10}\\ \\rm{(number\\muons)}$") 

plt.ylabel("$\\rm{log}_{10}\\ \\rm{(number\\electrons)}$") 

cbar.set_label("$\\rm{number\\events}$") 

plt.title("electron-muon distribution") 

plt.savefig("muons_electrons.png") 

plt.savefig("muons_electrons.svg") 

plt.savefig("muons_electrons.pdf") 
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And the result: 

 

INTERPRETATION OF THE PLOT 

In the above plot you can see that on one hand there are no events which only have electrons and the other hand, no 

events that only have muons. All events are therefore always a mixture of electrons and muons. In addition, you can see 

that the events group around a central axis, the diagonal in the plot. Such behavior is called a correlation. This means that 

a causal relation between two variables, in this case the number of electrons and the number of muons exists. The 

correlation, which can be seen here, can also be formulated as follows: "If there are more electrons in the air showers, 

then more muons in air showers". However, it also obvious,  that this rule no longer applies to small muon and electron 

counts. Therefore no law can be derived thereof.  The following statement does for example not apply: "There are always 

twice as many muons as electrons in air showers". 

Actually we are not interested this correlation, but the mass of cosmic ray particle. This  can also be derived from this 

plot. As discussed in introduction, under the item physical background, one can conclude from the number of electrons 

and muons on the mass of cosmic ray particle. In our plot is the number of electrons on the y-axis and the number of 

muons plotted on the x-axis. 

All events in the plot form a "pear-shaped" structure with two edges. Air shower events near the upper edge (red line), 

have relatively more electrons than muons compared to all other events. Air shower events near the lower edge (blue 

line), however have fewer electrons than muons. Following our considerations in the introduction to the events near the 

upper edge can therefore be attributed to a light cosmic ray particles. 

Since protons are lighter than iron cores, one therefore also speaks of the proton (upper) and iron (lower) edge. 
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GLOSSARY 

 

eV In physics the electronvolt is a unity of energy used in atomic physics, nuclear physics and 
particle physics. The symbol is eV. 

By definition, it is the amount of energy gained (or lost) by the charge of a single electron 
moved across an electric potential difference of one volt.  

The highest energy measured up to now (in cosmic ray physics of course!) is 1020 eV 
which corresponds to the energy content of a tennis ball moving at 100km/h but 
concentrated on the size of an atomic nucleus. 

primary energy The primary energy of high energetic cosmic radiation cannot be measured directly 
because the incoming particle collides with the molecules of the earth’s atmosphere and 
triggers a shower cascade and is lost for the direct measurement at ground level. Huge 
detector systems like KASCADE can measure many of the secondary particles. From their 
energy deposits in the different detectors one can draw conclusions on the energy and 
the mass of the primary particle by means of highly sophisticated simulations including 
air shower properties and detector response functions. 

 

 

SOURCES & LINKS: 

Cosmic radiation in general (german videos): 

 http://www.br.de/mediathek/video/sendungen/alpha-centauri/alpha-centauri-218.html  

 http://www.br.de/mediathek/video/sendungen/alpha-centauri/alpha-centauri--strahlung-2003_x100.html  

 http://www.weltderphysik.de/gebiet/astro/kosmische-strahlung/  

Programming: 

 https://www.python.org/  

  

http://www.br.de/mediathek/video/sendungen/alpha-centauri/alpha-centauri-218.html
http://www.br.de/mediathek/video/sendungen/alpha-centauri/alpha-centauri--strahlung-2003_x100.html
http://www.weltderphysik.de/gebiet/astro/kosmische-strahlung/
https://www.python.org/
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APPENDIX A. – DOWNLOAD THE DATA SETS USING THE KCDC DATASHOP 

As a registered KCDC user you have access to the DataShop on the KCDC Homepage  (https://kcdc.iap.kit.edu/) . If you are 

not registered you will be asked to register by generating a user account 

 

Fig. A.1.. KCDC DataShop  

 

https://kcdc.iap.kit.edu/
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Fig. A.2.. Select the detector component and the quantities 

 

 

This window enables you to select the quantities required for your analysis and to apply cuts to reduce the amount of 

data transferred via https.  

For our example we need the following quantities: 

• Ze  Zenith angle 
• Ne  Number of Electrons 
• Nmu  Number of Muons 
• E  Reconstructed Energy 
• Datetime Date and Time 

The parameters Run Number and  Event Number are always shipped with the data for a unique identification of an event. 

These two quantities cannot be deselected but as they are stored in a different array called ‚general.txt‘ they can be 

ignored. 
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Fig. A.3. Applying cuts 
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If all parameters are selected cuts have to be applied by pressing the ‘add cut’ button of the respective quantity. 

In our case 5 cuts are applied to limit the amount of data and to improve the data quality at the same time. 

 Ze  18.0 - 24.0° 

 Ne  4  - 8.7 (in log 10) 

 Nmu  2.5 – 7.7 (in log10) 

 E  14 – 18 (in log10) 

 Datetime 2000-01-01 – 2000-12-31 

The information  boxes  at the right  hand side provide helpful information on how to supply the quantitie’s cuts.  

 

Check and submit your request  

Tis page holds an overview on the parameters chosen as well as the cuts applied. If everything is fine submit your request 

using the submit retrieval request button. 

 

Fig. A.4. Overview on the selected quantities and cuts 

 

On the KCDC User Review Page you can follow the status of your job. After a few seconds the status information will 

switch from PENDING to  STARTED, indicating that the data selection is in progress. After successfully terminating your 
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request the status will switch to SUCCESS and you will get an email with a link to download your data selection via the 

DOWNLOAD button on this page. 

 

Fig. A.5. Your requests 
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APPENDIX B. – USED FILES & SCRIPTS 

The packed file DataNeNmu.zip contains 5 files 

 array.txt   Data file for the quantities E, Ne, Nmu, Ze 

 general.txt  Data file for the quantities  Datetime, R, Ev (always provided) 

 row_mapping.txt  Mapping table holding the correlations between ‚array.txt‘ and ‚general.txt‘ 

 info.txt   Information concerning the selected parameters, cuts and the number of events 

 EULA.pdf  License agreement to use the KCDC data 

The packed file ProgNeNmu.zip holds program codes and helps 

 NeNmuPlot.py  Python program code 
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ANHANG C – AVAILABLE DATA SETS 

For this example two data sets are available. The 'normal' data set ‘DataNeNmu.zip’ contains data as described above, 

the file ‘DataNeNmu-large.zip’ contains data between 1.1.1999 and 31.12.2000. Details are given in the following tables. 

Datensatz DataNeNmu DataNeNmu-large 

Size Zip-File 100 MB 513 MB 

Anzahl Events 4.102.995 20.954.998 

Size Datenfiles entpackt 390 MB 2.022 MB 

 

‘Cuts’ bei Datensatz DataNeNmu DataNeNmu-large 

Datetime 2000-01-01-2000-12-31 full range 

E (log10) [eV] 14 – 18 14 – 18 

Ze [°] 18 -24° 18 – 24° 

Ne (log10) 4.0 – 8.7 4.0 – 8.7 

Nmu (log10) 2.5 – 7.7 2.5 – 7.7 

 


