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Why are CRs Interesting?

Cosmic Rays

o |[nformation on
Astrophysical events and
SOUrces

o Testing ground of models
and theories

o Cosmology

Questions: from where do |
they come?
o Energies and acceleration
mechanisms? -

o Masses?
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Primary particle




Primary particle

Secondary particles

e, U, v, and hadrons



e, U, v, and hadrons



e, U, v, and hadrons




e, U, v, and hadrons




e, U, v, and hadrons



e, U, v, and hadrons




EM cascade

-

Ailr as a calorimeter: Heitler Model

Eo

t=0
o

The Model
Every radiation length //p = X, (= 37 g cm~2 in air):

Bremsstrahlung | Pair perduction e ¢ and e~ do Bremsstrahlung, emitting a

photon y
e ysdoe™ + e pair productions
o Energyis-~halved: E, = E/2’
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EM cascade

Ailr as a calorimeter: Heitler Model
Eo The Model
o Every radiation length //p = X, (= 37 g cm~2 in air):

Bremsstrahlung | Pair perduction e ¢ and e~ do Bremsstrahlung, emitting a

= N photon ¥
\>Z/ e ysdoe™ + e pair productions
, o Energy is ~halved: E, = E,/2’

The process stops after ¢, ,, steps
@ E_,; =86 MeV in air, i.e.
dE loniz dE
dX E=FEcyit dX

t=0

brems

E:Ecrit




=MV cascade
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Ailr as a calorimeter: Heitler Model

Eo

The Model

t=0

Bremsstrahlung ‘

Every radiation length //p = X, (= 37 g cm~2 in air):

e

Pair production , ¢* and ¢~ do Bremsstrahlung, emitting a

t=2

pd|

photon y
e ysdoe™ + e pair productions
o Energyis-~halved: E, = E/2’

The process stops after ¢, ., steps
it = 86 MeV in air, 1.e.

dE ioniz dE brems
dX E:Ecrit dX E:Ecrit
. e . . 1 Eq
e step t with the radiative maximum production tmax = —— In
lﬂ 2 Ecrit
. L . Eq
e Number of particles at the radiative maximum Nipax = 5
crit
X em EO

e Depth of the radiative maximum

Xmax — Xem . tmax

n (o)

In 2 Ecrit



-

Hadronic cascade

Ailr as a calorimeter: Heitler-Matthews Model

Mesons are mostly Pions and Kaons,

Ks decay in zs faster than 77 /7™,
Pion shower!
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Hadronic cascade

Ailr as a calorimeter: Heitler-Matthews Model

Mesons are mostly Pions and Kaons,

X Ks decay in 7s faster than 71 /x~,
h Pion shower!

n=1 After X,, every step produces n

____________________ e 1/3 are 70

W \\/ na [U'al o Vs decay faster than 7t /7~
‘ .

mult pions
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Hadronic cascade

Ailr as a calorimeter: Heitler-Matthews Model

Mesons are mostly Pions and Kaons,

X Ks decay in zs faster than 7z /7 ",
h Pion shower!

n=1 After X, every step produces n_, ;; pions

____________________ e 1/3 are 70

/ nGJUaI o s decay faster than #1/z~

> Every 7V initiates 2 E.M. cascades with
“““““““““““““““““““““ starting energy

' Ey/(2np,)

2/3 are charged pions that produce
the next generation

N=3 ., =2/3n

\'Z

mult

Eieifay ~ 20 GeV in air




Hadronic

-

cascade

Ailr as a calorimeter: Heitler-Matthews Model

Ehad

Mesons are mostly Pions and Kaons,

X Ks decay in zs faster than 7z /7 ",
h Pion shower!

n=1 After X, every step produces n_, ;; pions

e 1/3 are Vs

SRR nGJUaI e 7' decay faster than #1/z~

> Every n' initiates 2 E.M. cascades with
starting energy

E()/ (znmult)

2 2/3 are charged pions that produce
the next generation

N=3 ., =2/3n

3
O

mult

Eieifay ~ 20 GeV in air

(e ()]
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Pr|mary Particle  (no color matching)

nuclear |nteract|on

t Ky with air molecule \\

lé
f néK K'—>n°

it e&” AR
Lﬁ%

radiation

Color matching:
- e and i are corresponding

y are cyan in pic, blue in plots W R e enmKd yyedyy 6
Hadrons are blue in pic, black in plots e e e
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Primary Particle (no color matching) t=0

|

nuclear interaction

+ K7 with air molecule

hadronic
cascade

Color matching:

* e and u are corresponding
- y are cyan in pic, blue in plots | L
- Hadrons are blue in pic, black in plots e e t=4




Primary Particle (no color matching) t=0

|

nuclear interaction
with air molecule

hadronic
cascade

Color matching:

* e and u are corresponding
- y are cyan in pic, blue in plots & R

- Hadrons are blue in pic, black in plots B S s ¢ t=4
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Primary Particle (N0 color matching) , _ 0

nuclear interaction

B
§$X-+

K K —>n°

v
Ky with air molecule ‘L\\

hadronic
cascade

(rrol) sonskeib o100

Color matching:

V Vv
ooy, v p, T, K,
nuclear fragments

* e and u are corresponding
* y are cyan in pic, blue in plots

muonic component hadronic electromagnetic

- Hadrons are blue in pic, black in plots

neutrinos component component
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Alr Shower development

Observables in atmosphere
~ O
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L e e T after the first X, the shower
10" | | 00 \ 3 development is ~an E.M.
PO harons / h cascade!
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Alr Shower development

Observables in atmosphere
~ O

3 _
3 § ”
: 3
:.E- R {10
E 18 withn ~ 6. -90% of E is
- | '8 carried by the E.M. particles
N ' + . — 515 4
)L em e T after the first X, the shower
| | xaon N development is ~ an E.M.
800 | / 3 |
| | hagrons h cascade!
|| (x 100) A
1(1!)— I 1| . 1, | Integral: Energy
0 1 2 3 x10% .
coredistance (km) partide XmaX' MAass

X X, + X L X, + _ 1 L
x ~ Ap X — 4Ap n
e " 2nmult In2 2nmultEgreif v

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



partide density (m?)
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Alr Shower development

-

Observables in atmosphere
~ O

atmospheric depth (g'an?

.-

— 10

18 Withn ~ 6,-90% of E, is

| '8 carried by the E.M. particles

5" U

e after the first X, , the shower

development is ~ an E.M.
cascade!

E

decay
2n multE crit

o ()
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Alr Shower development

Observables in atmosphere
~ O

3 P
e |
()
io ik
18 Withn ~ 6,-90% of E, is
. | '8 carried by the E.M. particles
s U
. g |
9 - after the first X, , the shower
10" \ 3 development is ~ an E.M.
] } cascade!
102 / .
10~ T T A B
2 3 4 x10°
partide number

yem EO
— Xh + 1 2 ln decay
1 2nmultEcrit
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From opservables to the primary

The mass composition

o
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From observables to the primary ™

The mass composition
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From observables to the primary ™

The mass composition
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From observables to the primary ™

The mass composition
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From observables to the primary ™

The mass composition
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From opservables to the primary

The mass composition
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The mass composition

From observables
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_adiscrepancy occurs!
3 HEHI Models (+ variants)

EPOS-LHC

QGSJet-IL04

SIBYLL-2.3d

SIBYLL-2.1

QGSJet01

QGSJet-11.03

SIBYLL-2.3

SIBYLL-2.3c

105106107108 10"

10'510'610'7 108 10"
EleV

10'510'610'710'8 10!

10'510'610'710'8 10!

ERERRRERE

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU*
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax

- GSF

“ not energy-scale corrected

-



_adiscrepancy occurs!
3 HEHI Models (+ variants)

EPOS-LHC

QGSJet-IL04

SIBYLL-2.3d

SIBYLL-2.1

. QGSJet01

QGSJet-11.03

SIBYLL-2.3

SIBYLL-2.3c

105106107108 10"

O Xmax correct

10'510'610'7 108 10"
EleV

10'510'610'710'8 10!

10'510'610'710'8 10!

EREERRERE,

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU*
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax

- GSF

“ not energy-scale corrected



_adiscrepancy occurs!
3 HEHI Models (+ variants)

EPOS-LHC QGSJet-11.04 SIBYLL-2.3d SIBYLL-2.1

#

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU*
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax
==+ GSF

N QGSJet01 QGSJet-11.03 SIBYLL-2.3 SIBYLL-2.3c

PYTEIERLY

\
J

“ not energy-scale corrected

10'15 10'16 10'17 10'18 10'19 10'15 1616 10'17 1d]8 10'19 10'15 10'16 10'17 10'18 1619 10'15 10'16 10'17 10'18 10'19
E/eV

Xmax correct

Lateral density incorrect



_adiscrepancy occurs!
3 HEHI Models (+ variants)

EPOS-LHC

QGSJet-IL04

SIBYLL-2.3d

SIBYLL-2.1

. QGSJet01

QGSJet-11.03

SIBYLL-2.3

SIBYLL-2.3c

10'15 10'16 1617 10'18 10'19

O Xmax correct

O Lateral density incorrect

O At <100 PeV, the discrepancy is not evident

10'15 1(516 1617 10'18 10'19
E/eV

1675 107 107 10 167

10'15 10'16 10'17 10'18 1619

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU“
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax
==+ GSF

AR RERE X

“ not energy-scale corrected

-



_adiscrepancy occurs!
3 HEHI Models (+ variants): SOME “EFFECT” IS MISSING!

EPOS-LHC QGSJet-11.04 SIBYLL-2.3d SIBYLL-2.1

Xy

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU“
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax
==+ GSF

N QGSJet01 QGSJet-11.03 SIBYLL-2.3 SIBYLL-2.3c

AR RERE X

“ not energy-scale corrected

- 10'15 10'16 1617 10'18 10'19 10'15 1(516 1617 1618 10'19 10'15 10'16 10'17 10'18 1619 10'15 10'16 10'17 10'18 1619
E/eV

Early stages of the EAS: Isn’t it there, or is it negligible?
O  Xmax COrrect

O Lateral density incorrect

O At <100 PeV, the discrepancy is not evident



~adiscrepancy occurs!
3 HEHI Models (+ variants): SOME “EFFECT” IS MISSING!

EPOS-LHC

QGSJet-IL04

SIBYLL-2.3d

SIBYLL-2.1

. QGSJet01

QGSJet-11.03

SIBYLL-2.3

SIBYLL-2.3c

10'15 10'16 1617 10'18 10'19

Early stages of the EAS: Isn’t it there, or is it negligible?

O Xmax correct

10'15 1616 1617 1618 10'19
E/eV

1675 107 107 10 167

1075 107 107 16 167

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU“
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xpax
==+ GSF

AR RERE X

“ not energy-scale corrected

Later stages of the EAS: Does the effect occur here, or is it magnified?

O Lateral density incorrect

O At <100 PeV, the discrepancy is not evident
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_adiscrepancy occurs!
3 HEHI Models (+ variants): SOME “EFFECT” IS MISSING!

EPOS-LHC QGSJet-11.04 SIBYLL-2.3d SIBYLL-2.1

#t

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU*
KASCADE-Grande*
AGASA [Preliminary]
Expected from Xyax
==+ GSF

N QGSJet01 QGSJet-11.03 SIBYLL-2.3 SIBYLL-2.3c

AR RERE X

“ not energy-scale corrected

10'15 10'16 1617 10'18 10'19 10'15 1616 1(517 1618 10'19 10'15 10'16 10'17 10'18 10'19 10'15 10'16 10'17 10'18 1619
E/eV

Early stages of the EAS: Isn’t it there, or is it negligible?
O  Xmax COrrect

Later stages of the EAS: Does the effect occur here, or is it magnified?
O Lateral density incorrect

Does it not happen often at low energies? Does shower physics balance it out at high n?
O At <100 PeV, the discrepancy is not evident
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The Muon .

PL7Z7le

State-of-the-art |Astrophys. Space Scl. 367 3 .27 (2022)]
Simulations predict fewer muons than Reality!
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https://doi.org/10.1007/s10509-022-04054-5

The Spin .

PU7Z7le

Polarization modifies the cross-section
(whether target, projectile, or both)

Unpolarized

Spin-spin correlations|

icity

Transversit

Spin-momentum
correlations
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The Spin .

PU7Z7le

-

Polarization modifies the cross-section, BUT NOT ONLY!
(whether target, projectile, or both)
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COMPASS positive pions x<0.032
COMPASS positive pions x>0.032
HERMES r* PRL 103 (2009)
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https://doi.org/10.22323/1.249.0007

Frequency

A Hypothesis...

What if the Spin Puzzle 1s the cause of the Muon Puzzle?
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A Hypothesis...

What if the Spin Puzzle 1s the cause of the Muon Puzzle?

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

U Nochange on X at the Early stages
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A Hypothesis...

What if the Spin Puzzle 1s the cause of the Muon Puzzle?

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

M No change on X..x Ot the Early stages

L) Small deviations can cumulate, increasing n, hence increasing the
muon production in later stages!

[J More n, more absorption lengths when (E < E(ieitcay): 't can balance

out/reduce the extra muons produced for <100 PeV showers
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A Hypothesis...

What if the Spin Puzzle 1s the cause of the Muon Puzzle?

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

™ No change on X..x Ot the Early stages

™ Small deviations can cumulate, increasing n, hence increasing the
muon production in later stages!

™M More n, more absorption lengths when (E < Ei‘;’tcay): 't can balance

out/reduce the extra muons produced for <100 PeV showers

To test it, we need:

2 Testing discrepancies in the muon trajectory predictions

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

4p related to how much particles are polarized



Experimental conditions

A Krakow case!

Krakow altitude
~200 m a.s.l.

To test it, we need:

P Testing discrepancies in the muon trajectory predictions

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

4p related to how much particles are polarized
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Experimental conditions

A Krakow casel
Let’s use HECR!

Krakow altitude
~200 m a.s.l. know E and mass
' ' | arigorov —— | S
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To test it, we need:

P Testing discrepancies in the muon trajectory predictions

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

4p related to how much particles are polarized
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Krakow altitude Let's use HECR! From simulations,
~200 m a.s.l. know E and mass a clear charge separation!
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To test it, we need: y [m]

P Testing discrepancies in the muon trajectory predictions

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

4 reloted to how much particles are polarized
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uPPET

nu-Puzzle with J-PET
Modular J-PET

Module

i scintillator

€ 60 ' -
S, r . gen_hits_xy_pos
> - - , . Entries 1217412
S 40 v - - % Meanx  0.04105
3 L = g o™ =2, T ~ Meany  -0.0201
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Probe: Shower reconstructor:

Muon Tracker Primary Core and diretion
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Shower Reconstructor

Repurposing Modular J-PET as a scintillator array

| 4p Optimized for electrons
flrst example

(more abundant)

4 Reconstruction of the
geometry of the shower

40.80 (Core and Direction)

‘s 4 Brass Events: asingle
‘ triggered detector for
calibration and testing
(no geometry
reconstructions!)

4p Silver Events: 3 or more
triggered for geometry
reconstruction and
Charge separation
constraints

P

,._,_r-", Mi mgolf




counts [a.u]

Prope

Big-Barrel J-PET as a muon tracker
Trajectories from vertical muons (not cut, not reconstructions!)

reco Hit XY_PLANE TRAJECTORY 6000 — )
—_— : e | DELTA_PHI
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— EXT PARAMETER STEP FIRST
4000 — NO.  NAME VALUE ERROR SIZE DERIVATIVE
— 1 po 2.38063e+04 1.56203e+02 -0.00000e+00 -4.74672e-14
~ 2 gamma 2.13674e+00 2.07895e-02 -0.00000e+00 1.41174e-06
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FCN=719.733 FROM MIGRAD STATUS=CONVERGED 27 CALLS 28 TOTAL

EXT PARAMETER EDM=6.93849e-13 STRATEGY= ;TEP ERROR P;%I\;Zi)( ACCURATE i Resolutions 0 < 1 fOr both

NO. NAME VALUE ERROR SIZE DERIVATIVE
1 po 2.35049e+04 1.54906e+02 2.02978e+00 1.12439%e-10
2 gamma 2.24198e+00 2.16519%e-02 2.83813e-04 5.43924e-05




Strategy

-

Experimental and Phenomenological side simultaneously

Experimental and Analysis

» Brass Events: for calibration and testing (no geometry

reconstructions!)

. Silver Events: for Charge separation constraints to Polarization

: Probe + 2 (or more) triggered scintillators to measure
the muon trajectory discrepancy
4 + Silver: combined analysis (Bayesian and NN)

Phenomenology

» Including the Spin Puzzle in the HEHI models
» Including the Polarization parameters
» Updates back-and-forth along with experimental results

Outcome
* Breakthrough + Pathfinder!
‘ Hypothesis rejected + Survey



