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Cosmic Rays
Why are CRs interesting?

Information on 
Astrophysical events and 
sources 
Testing ground of models 
and theories 
Cosmology 

Questions: from where do 
they come? 

Energies and acceleration 
mechanisms? 
Masses?
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Cosmic Rays

Classification
High Energy Cosmic Rays 

(HECR) 
Direct detection: 

Balloon-borne detectors, Satellites,… 
Regular energy spectrum power law 
Well-know mass composition



UHECRHECR

Cosmic Rays

Classification
Ultra-High Energy Cosmic Rays 

(UHECR) 
Indirect detection: 

via Extensive Air Showers (EAS) 
Structures in the Energy Spectrum 
Structures in the Mass Composition 

(changes of source types!)
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e, μ, γ, and hadrons

Primary particle

Secondary particles
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e, μ, γ, and hadrons

Shower axis

Core



Air as a calorimeter: Heitler Model

Bremsstrahlung Pair production

E0
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EM cascade
The Model 

Every radiation length  (≈ 37 g cm−2 in air): 

•  and  do Bremsstrahlung, emitting a 
photon  

• s do  +  pair productions 

• Energy is ~halved:  

l/ρ = Xem
e+ e−

γ
γ e+ e−

Et = E0/2t
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EM cascade
The Model 

Every radiation length  (≈ 37 g cm−2 in air): 

•  and  do Bremsstrahlung, emitting a 
photon  

• s do  +  pair productions 

• Energy is ~halved:  
The process stops after  steps 
@  ≈ 86 MeV in air, i.e.  

l/ρ = Xem
e+ e−

γ
γ e+ e−

Et = E0/2t

tmax
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Air as a calorimeter: Heitler Model
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Bremsstrahlung

The Model 
Every radiation length  (≈ 37 g cm−2 in air): 

•  and  do Bremsstrahlung, emitting a 
photon  

• s do  +  pair productions 

• Energy is ~halved:  
The process stops after  steps 
@  ≈ 86 MeV in air, i.e.  

l/ρ = Xem
e+ e−

γ
γ e+ e−

Et = E0/2t

tmax
Ecrit

Pair production
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• step t with the radiative maximum production 
 

• Number of particles at the radiative maximum 
 

• Depth of the radiative maximum

EM cascade



Air as a calorimeter: Heitler-Matthews Model

Hadronic cascade

Mesons are mostly Pions and Kaons, 
s decay in s faster than / , 

Pion shower! 
K π π+ π−
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Air as a calorimeter: Heitler-Matthews Model

Hadronic cascade

Mesons are mostly Pions and Kaons, 
s decay in s faster than / , 

Pion shower! 
After , every step produces  pions 

• 1/3 are s 

• s decay faster than /  

Every  initiates 2 E.M. cascades with 
starting energy 

 
2/3 are charged pions that produce 
the next generation 

 

 in air

K π π+ π−

Xh nmult
π0

π0 π+ π−

π0

E0/(2nmult)

nch = 2/3nmult
Edecay

crit ≈ 20 GeV



Air as a calorimeter: Heitler-Matthews Model

Hadronic cascade
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Mesons are mostly Pions and Kaons, 
s decay in s faster than / , 

Pion shower! 
After , every step produces  pions 

• 1/3 are s 

• s decay faster than /  

Every  initiates 2 E.M. cascades with 
starting energy 

 
2/3 are charged pions that produce 
the next generation 

 

 in air
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Color matching:

• e and μ are corresponding

• γ are cyan in pic, blue in plots

• Hadrons are blue in pic, black in plots
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Observables in atmosphere

Air Shower development

With , ~90% of  is 
carried by the E.M. particles 

after the first , the shower 
development is ~ an E.M. 
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Observables in atmosphere

Air Shower development

With , ~90% of  is 
carried by the E.M. particles 

after the first , the shower 
development is ~ an E.M. 

cascade!

n ≈ 6 E0

Xh

⇒

Xmax ≈ Xh + Xem
max ( E0

2nmult ) = Xh + Xem

ln 2 ln ( E0

2nmultEdecay
crit )

Integral: Energy 
: massXmax

The more Energetic, the deeper; 
the less, the shallow (particle absorption starts earlier in !) X
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Observables in atmosphere

Air Shower development

With , ~90% of  is 
carried by the E.M. particles 

after the first , the shower 
development is ~ an E.M. 

cascade!

n ≈ 6 E0

Xh

⇒

Ne = E0
Ecrit [1 − ( 2

3 )
n

] Nμ = ( E0

Edecay
crit )

α

with α = ln nch
ln nmult

∼ f(Z, A)

Xmax ≈ Xh + Xem
max ( E0

2nmult ) = Xh + Xem

ln 2 ln ( E0

2nmultEdecay
crit )



The mass composition

From observables to the primary
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The mass composition

From observables to the primary

Via High-Energy Hadronic 
Interaction (HEHI) Models
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The mass composition

From observables to the primary

: 
from 0 (p) 

to 1 (Fe)

z

Via HEHI 
Models
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State-of-the-art [Astrophys. Space Sci. 367 3, 27 (2022)]

The Muon Puzzle

Modifying  and  
(ratio of electromagnetic 

to hadronic energy)

nmult R

(Observable changes in varying the simulation parameters 
Grey areas: ±10% and 30% of variation)

Simulations predict fewer muons than Reality!

https://doi.org/10.1007/s10509-022-04054-5


Polarization modifies the cross-section 

The Spin Puzzle

/Collins

(whether target, projectile, or both)



Polarization modifies the cross-section, BUT NOT ONLY!

The Spin Puzzle

From HERMES and 
COMPASS: 

an extra transverse 
momentum 
appears!

(whether target, projectile, or both)

 (GeV/c)pT

Preliminary

 
A U

T

e±p → π+X e±p → K+X

[PoS QCDEV2015 007 (2016)]

https://doi.org/10.22323/1.249.0007


What if the Spin Puzzle is the cause of the Muon Puzzle?

A Hypothesis…

Right energy Range

 (GeV/c)pT

Preliminary

 
A U

T

e±p → π+X e±p → K+X

Secondaries in Krakow from 1000 showers at 
104 < E[GeV] < 105
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What if the Spin Puzzle is the cause of the Muon Puzzle?

A Hypothesis…

Right energy Range: Yes, for muons at the ground! 
High-Energy muons: No effect introduced 

No change on  at the Early stages 
Small deviations can cumulate, increasing , hence increasing the 
muon production in later stages! 

More , more absorption lengths when ( ): It can balance 
out/reduce the extra muons produced for <100 PeV showers
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A Krakow case!

Experimental conditions
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A Krakow case!

Experimental conditions

Right energy Range: Yes, for muons at the ground! 
High-Energy muons: No effect introduced 

No change on  at the Early stages 
Small deviations can cumulate, increasing , hence increasing the 
muon production in later stages! 

More , more absorption lengths when ( ): It can balance 
out/reduce the extra muons produced for <100 PeV showers 

To test it, we need: 
Testing discrepancies in the muon trajectory predictions 

The more , the more the discrepancies cumulates 
Reducing the variables (unknown Energy and Mass descriptions)  
A good charge separation due to the Geomagnetic field 

related to how much particles are polarized

Xmax
n

n E < Edecay
crit

n

Krakow altitude 
~200 m a.s.l.

From simulations, 
a clear charge separation!

Let’s use HECR! 
know E and mass

, E = 105 GeV θ = 30∘



µ-Puzzle with J-PET

µPPET
Modular J-PET

x [m]

y 
[m

]

Big Barrel J-PET

Probe: 
Muon Tracker

Shower reconstructor: 
Primary Core and diretion

Module

scintillator



Repurposing Modular J-PET as a scintillator array

Shower Reconstructor

A first example Optimized for electrons 
(more bundnt) 
Reconstruction of the 
geometry of the shower 
(Core nd Direction) 

Brss Events:  single 
triggered detector for 
clibrtion nd testing 
(no geometry 
reconstructions!) 
Silver Events: 3 or more 
triggered for geometry 
reconstruction nd 
Chrge seprtion 
constrints



Big-Barrel J-PET as a muon tracker

Probe
Trjectories from verticl muons (not cut, not reconstructions!)

, 

with  the FWHM 
⇒ Resolutions  for both

f(x) = p0
1
π

1
2 Γ

x2 + Γ2

4
Γ

σ < 1

Z

ϕ



Experimental and Phenomenological side simultaneously

Strategy
Experimentl nd Anlysis 

Brss Events: for clibrtion nd testing (no geometry 
reconstructions!) 
Silver Events: for Chrge seprtion constrints to Polriztion 
Golden Events: Probe + 2 (or more) triggered scintilltors to mesure 
the muon trjectory discrepncy 

Golden + Silver: combined nlysis (Byesin nd NN) 

Phenomenology 
Including the Spin Puzzle in the HEHI models 
Including the Polriztion prmeters  
Updtes bck-nd-forth long with experimentl results 

Outcome 
Breakthrough + Pathfinder! 

Hypothesis rejected + Survey


