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3 Hadronic interaction Models used (+ variants)

Houston, we have a problem!
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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
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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 shallower, the more discrepancies on trajectories accumulate 

Reducing the variables (unknown Energy and Mass descriptions)  
A good charge separation due to the Geomagnetic field 

related to how many particles are polarized

Xmax
n

n E < Edecay
crit

Krakow altitude 
~200 m a.s.l.
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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 shallower, the more discrepancies on trajectories accumulate 

Reducing the variables (unknown Energy and Mass descriptions)  
A good charge separation due to the Geomagnetic field 

related to how many particles are polarized

Xmax
n

n E < Edecay
crit

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-PETBig Barrel J-PET
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Shower reconstructor
μPPET

Modular J-PET

Removable casing

Steel mounting plate

Isolating foot
A pair of Modules 

(from the J-PET “Modular”)

Preliminary PONNS [Physical 
Observables NN 
System] 
A hybrid 
architecture 
2xCNN+PINN to 
reconstruct events 
observable in a 
station: position, 
direction, energy, 
and charge 

Improved Reconstruction with 
Graph NN

Flexible Array on rooftops 
12/24 active station, close/far to Big Barrel 



A new hypothesis for a 15-years long issue—the Muon Puzzle
Outlook

J-PET repurposed: suitable detectors and experimental conditions 
Experimental setup 

Search for anomalies in muon trajectories 
Big Barrel as a muon tracker 
Modular as a shower reconstructor 

Analysis technology 
Detailed calibration [J-PET interest] 
Better tracker resolution, developing a  Physics-Informed Neural 
Network (PINN) [J-PET interest] 
Accurate shower reconstruction and event rejection rate reduction 
via Graph Neural Network (GNN) 
Access to new observables—charge—(PONNS) [J-PET interest]
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Thank you!
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Polarization modifies the cross-section 

We have a geomagnetic field!

/Collins

(whether target, projectile, or both)



Polarization modifies the cross-section, BUT NOT ONLY!

We have a geomagnetic field!

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 Polarization is the cause of the Muon Puzzle?

A Hypothesis…

The right scale of energy

 (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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The geometry of calibration

Top side

Peak moves:  
“Low energy” 
region increases

∝ X
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Long side



The geometry of calibration

Top side

Peak reaches a 
plateau (more events 
because Azimuth) 
A second peak 
appears (long side 
keeps with )  
“Low energy” reduces 
its importance after a 
maximum and 
behaves more as a 
landau tail

∝ X

Short side

Long side

More Azimuthal 
angles involve the 

short side

Less azimuthal 
angles involve the 

long side



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
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γ
γ e+ e−

Et = E0/2t
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Air as a calorimeter: Heitler Model

tmax =
1

ln 2
ln

✓
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Ecrit
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Nmax =
E0

Ecrit
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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

E0
<latexit sha1_base64="1/WXfAU6bXdqRZdmeAmuuLF3dD0="></latexit>

dE

dX

����
ioniz

E=Ecrit

⇡ dE

dX

����
brems

E=Ecrit
<latexit sha1_base64="9kTbte3zh7SCCklBRKgPN0zq1i8="></latexit>

• step t with the radiative maximum production 
 

• Number of particles at the radiative maximum 
 

• Depth of the radiative maximum

EM cascade
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Pion shower! 
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Hadronic cascade
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Galaxy movements shows all supeclusters attracted gravitationally by something…



The Great Attractor
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