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Outline 
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• Particle production and collective flows 
 

• Core-Corona approach 
 

• Particle ratio analysis 
 

• Impact on the number of muons  



Number of muons Extensive air showers Particle Production 
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Only particles from remnants 

Strong mixing 

Mainly string contribution at mid  
rapidity with tail of remnants 

Only string contribution at mid  
rapidity 

At higher energies it is necessary to modify the string 
fragmentation and/or to take a different approach   

In this work we 
called it CORONA 

E 



Number of muons Extensive air showers Collective flows 

High-energy A–A interactions 

• High multiplicity of released partons 

• Collective flow behaviors 

 

The existence of a quark-gluon-plasma (QGP) is commonly assumed 

• Evolves according to the laws of hydrodynamics 

• Statistical Hadronization 

 

 

Even p-p interactions  at high enough energies can be viewed as 

collisions of light nuclei with collective flow in the highest 

multiplicity events. 
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Particle ratios from ALICE nature paper 
To see the evolution of the ratios as a 
function of the multiplicity, p-p,p-pb,pb-
pb 

The main goal is to show that collectivity in collisions of hadrons and nuclei can play a 

so far underestimated role in the understanding of muon production in air showers 

In this work we called it CORE 

Multiplicity of released partons is so large that they interact strongly 

among each other leading to “collective flow” behaviors, which has 

already been observed at RHIC and LHC. 



Number of muons Extensive air showers Core-Corona approach 

The final state particles originate from three different production mechanisms 

At fixed pseudorapidity, the influence of the 

core increases as a function of particle 

multiplicity.  
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• Core: High string density  

• Corona: Low string density 

• Decay of the beam remnants  

Statistical hadronization 

Say that this is a general picture of the core-corona approach 
When core increase, corona decrease 

EPOS-LHC 

EPOS-LHC 

Decir algo asi: EPOS implements a core-corona approach whre… 

Each one gives different 
particle ratios  Standard string fragmentation 

(implemented in all HE models) 



Number of muons Extensive air showers Heitler-Matthews Model 
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Hacer una slide con el ratio R or c, EM/hadr. 
And explain that coll hadr has pi/pi0 =1 what is not the case 
for corona approach because core has more heavier particles. 
And all these things change the fraction R from a value for 
corona to the value for core. 
Then we do that by changing part ratios in a realistic way in 
CONEX, show the spectra. And then show the evolution of R 
as function of f omega. Other part ratio in back up. 
So we will replace 3 slide with one slide with R, to make the 
message easier. 
16’ Then we tried to change at all energies, not only at  high 
energies. We have 2 type of hadronization with two different 
R value and then if you go from one to the other one then it 
will have an effect in the number of muon because R is 
smaller in coll hadr. Put 5 slide in bak up. 
Remember use the Heitler model to explain why R is 
important. Then explain why R is different for core-corona 

26’ Be more general, Say why 
this is important for muons. 
From Heitler model we know 
that Nmu depend on the 
pi0/Ntot (pi0 to total number 
of particles) and this values 
depend of the hadronization, 
core and corona gives two 
different number, so if you 
change the ratio the number of 
muons will change. 
Maybe use two slides, first 
introduce the hietler model 
quickly just to get the formula 
and explain how R is different 
for core or corona. Why R is not 
1 for corona. 
30’ Maybe compare the pion 
ratio between core and corona 
1 and 1.2. And say that the 
reason for that it’s in the core 
there are more baryons  

Number of muons depend of charged and total 
particle multiplicities of hadronic interactions, which 
depend of the hadronization model 

Del PAPER 
the muon number Nμ increases strongly with decreasing c, which is 
understandable since more hadrons is available to produce muons. A 
second quantity with a strong impact on the muon number was identified 
to be the hadron multiplicity Nmult. 

These multiplicities depend on the hadronization model. 
 
The core produces more baryons than the corona,  
hence c decreases and the number of muon increases. 

We define a ratio sensitive to the hadronization and closely related to c. 

The number of muons depends strongly on the neutral pion 
and the total particle multiplicities of hadronic interactions. 

See talk by H. 
Dembinski  



The particle ratios are modified from the corona to the core taking different values  of         and 

Number of muons Extensive air showers Core-Corona approach 
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At mid-rapidity the particles come 
from the core or the corona 

Corona ratio 
 (Unmodified Model) 

Core ratio 



Number of muons Extensive air showers Energy spectra in CONEX 
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𝑝 
𝑛 

𝜋± 
𝐾±

 

𝐾𝑙  

𝑝 
𝑛 

𝜋± 
𝜋0 

𝐾±
 

𝐾𝑙  
𝛾 

𝜇± 
𝑒± 

Air 

In order to get the particle ratios given by wcor , we modify the energy spectra used by 
CONEX in the cascade equation analysis, where just the following interactions are considered 

The spectra of these 
particles are modified 

Gamma spectra are 
calculated from the 
modified 𝜋0 spectra  

29’ Say that Core 
hadronization gives 
different part ratios and 
the one it’s use by the 
model now. we extract 
the ratios from the 
model and then go to 
this slide 

And all these things change the fraction R from 
a value for corona to the value for core. 
Then we do that by changing part ratios in a 
realistic way in CONEX, show the spectra. And 
then show the evolution of R as function of f 
omega. Other part ratio in back up. 
So we will replace 3 slide with one slide with R, 
to make the message easier. 
16’ Then we tried to change at all energies, not 
only at  high energies. We have 2 type of 
hadronization with two different R value and 
then if you go from one to the other one then 
it will have an effect in the number of muon 
because R is smaller in coll hadr. Put 5 slide in 
bak up. 

The easiest way to get the particle ratios given by wcor is modifing the energy spectra by a scale factor. 
 
But remnant contribution must not change and total energy must be conserved.  
 
Hence, the spectra of all particles, except the spectra with remnant contribution, are modified by a 
scale factor. And in the last step, the spectra with remnant contribution change because of energy 
conservation. 



Number of muons 

Spectra of neutral pions and protons in 𝑝 + air interaction at three different proton energies 

Extensive air showers Energy spectra in CONEX 
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Remnant contribution is 
not affected  

Pions change a lot, so 
we have to be ready to 
explain why 
We could say that the 
resonances which are 
produced is not the 
same in collective hadr 
And the it gives less pi0 

Say that this is  for 
pions and also for 
all other particles 

Let’s see how the spectra change in proton-air interaction for the case  

Spectra modified by E conservation Spectra modified by a scale function 

Eint=1010 GeV 

Eint=107 GeV 

Eint=104 GeV 



Number of muons 

EPOS-LHC 

Extensive air showers Ratio R 
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Put just the R ratio 
For each model 

19’ Say that it’s a mid rap (peak) 
Make the same plot but at 0,03-,3% or ,01-,1% 
So, make two plot, at mid rap and forward with 
the evolution of R with the different value of f 
omega. For each model separately. 
Show just Default lines, fw=1 and Escale=10^10 
and 10^6 
32’ forward plot it’s important becasuse is where 
the shower produce muons. So say that I change 
it at mid rap and also I change it forward but less 
due to the leading particle effect, and not only at 
highest energy but at all energies (10^2 to 
10^10). That is an important point, this is the 
difference to any other analysis before 

Mid-Rapidity 

17% 

Forward (E/Eint=0.03-0.3) 

16% 



Number of muons Extensive air showers Ratio R 
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Mid-Rapidity 

QGSJet-II.04 

23% 

Forward (E/Eint=0.03-0.3) 

21% 



Number of muons Extensive air showers Ratio R 
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Mid-Rapidity 

SIBYLL 2.3d 

 17% 

Forward (E/Eint=0.03-0.3) 

 16% 



Number of muons Extensive air showers Number of muons vs Xmax 

Full cascade equation showers 
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Number of muons Extensive air showers Z factor 
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We don’t have the 
data point for Sibyll 



Number of muons Extensive air showers Summary 
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• We have shown that the muon production significantly depends on the ratio  
      R = Eem /Ehad , which depends on the hadronization mechanism. 

 
• A core-corona approach has been implemented successfully in CONEX for 

cascade equation analysis. 
 

• The core was modeled through realistic values from the statistical 
hadronization increasing the changes logarithmically with energy. 
 

• Conservative core-corona scenarios can reproduce the muon measurements 
for most experiments. 



Thanks for 
your attention 



BACK-UP SLIDES 



Statistical Hadronization Model (SHM) 



Number of muons Extensive air showers Number of muons vs Xmax 

Full cascade equation showers 



Number of muons Extensive air showers Gamma spectra from π0 spectra 

 If neutral pion spectra are modified it is necessary calculate the new gamma spectra 

is isotropic in the rest frame, so 

The energy distribution of gammas from 
neutral pions with momentum p is 

So the number of gammas is 



Number of muons Extensive air showers Gamma spectra from π0 spectra 



Number of muons 

Spectra of pions in 𝑝 + air interaction at three different proton energies 

Extensive air showers Energy spectra 
Let’s see how the spectra change in proton-air interaction for the case  

Spectra modified by a 
scale function 



Number of muons 

Spectra of kaons in 𝑝 + air interaction at three different proton energies 

Extensive air showers Energy spectra 
Let’s see how the spectra change in proton-air interaction for the case  

Spectra modified by a 
scale function 



Number of muons Extensive air showers Particle ratio at mid rapidity 



Number of muons Extensive air showers Particle ratio at mid rapidity 



Number of muons Extensive air showers Particle ratio at mid rapidity 



Energy spectra 

Spectra shape change linearly with logE. 
Spectra of π± in 𝑝+air interaction  

for all  proton energies 



CONEX 

Describe average EAS development numerically based 
on cascade equations. 

𝑝 
𝑛 

𝜋± 
𝐾±

 

𝐾𝑙  

𝑝 
𝑛 

𝜋± 
𝜋0 

𝐾±
 

𝐾𝑙  
𝛾 

𝜇± 
𝑒± 

Air 

All other types of hadrons produced 
are assumed to decay immediately 

CONEX program Spectra of secondary particles in 
𝑝 + air interaction at 1019 eV 

EPOS-LHC model 

Each hadronic model is used to pre-calculate secondary 
particle spectra for later use it in the hadronic CE 

Hadronic component interactions: 



Statistical Hadronization Model (SHM) 

The physical picture of a high energy collision is: 
Underlying non-perturbative strong-interaction dynamics 
eventually giving rise to the formation of colourless 
extended massive objects  

Clusters decay coherently into multihadronic states in a purely statistical fashion  
Hadronization occurs at some critical energy density of a number of clusters. 

The single cluster’s decay rate into any channel would be 
determined only by its phase space with no special 
dynamical weight 

Phase space dominance 

It is mainly applied to heavy ion collision. 
This model has given strikingly good results in elementary collisions as well. 

Clusters or fireballs 

SHM lies in two assumptions 

• In the late stage of a high energy collision, clusters are produced which decay into 
hadrons at a critical value of energy density or some other relevant parameter 

• All multihadronic states within the cluster compatible with its quantum numbers 
are equally likely 

 


