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Learning outcomes and goals

@ Describe the cosmic ray (CR) energy spectrum and composition.

&

Discuss the detection principles and measured quantities (mass,

(‘FQ rigidity, energy, direction, ...) of astroparticle
physics experiments.

888 Interpret the main results of selected experiments

Assess / Evaluate the state of the art of astroparticle physics
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AMS Rigidity relative error

Relative Error
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* [isthe total path length
immersed in the magnetic
field.

* Listhe distance between the
first and last position
measurement (different L >
different «spans»)
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[DEH AMS-02 Track reconstruction and rigidity measurement

DEFINITION: The maximum detectable rigidity (MDR) is the rigidity value
for which the relative error is 100%.

The spatial resolution o(x) is 10.7 um for protons and 6.5 um for helium.
» The maximum detectable rigidity (MDR) is 2.0 TV for protons, 3.2 TV
for helium.

The degradation of ofR)/R at high energies is because the bending of the
particle’s trajectory by the magnetic field is smaller, therefore the curvature
radius is measured with less precision.

For low rigidities (< 20 GV) o{R)/R is 0.1.

The degradation of ofR)/R at very low rigidities (< 1 GV) is related to the
multiple Coulomb scattering.
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https://inspirehep.net/files/71c48c76263c1f7bee2621c779ba3320

DAMPE spectra
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Energy measurement in DAMPE

Plastic Scintillator Detector

BGO Calorimeter o |\]ade of 14 layers of 22 BGO (bismuth germanium oxide)
crystal bars each (size of a bar: 2.5 cm x 2.5 cm x 60 cm) =

calorimeter depth = 31 radiation length = 31 X, Verify
* Each crystal end is coupled to a photomultiplier tube (PMT)

Silicon-Tungsten_
Tracker

* Adjacent layers are arranged perpendicularly to reconstruct
the shower topology in the calorimeter.

on Detector

y * We select only «well-contained» showers: i.e., showers

with the maximum before the 10th layer.
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Proton event
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Calorimeter enerlution

Z. Zhang et al., NIM A 836 (2016) 98-104
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* In calorimeters o(E)/E < 1/sqrt(E): energy resolution improves with energy

* In magnetic spectrometers o(R)/R « R: the rigidity resolution deteriorates linearly with rigidity
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http://dx.doi.org/10.1016/j.nima.2016.08.015

Differences between a magnetic spectrometer and a calorimeter

Charge measurement Only absolute value of the charge
(sign + absolute value)

o(R)/R < R o(E)/E « 1/sqrt(E)
the rigidity resolution deteriorates energy resolution improves with energy
with rigidity
There is a MDR: There is not energy limit in principle but
Maximum Detectable Rigidity at high energies becomes difficult to

contain the shower

Solution: stronger magnetic (B) ESqution: deeper calorimeter
field and larger detector (L)

IAPP 2025 C. Perrina 7



Future calorimeter: HERD S 6mn32me20m

The High Energy cosmic-Radiation Detection (HERD) facility is a space-borne CR calorimeter experiment
which will be launched and installed onboard the China Space Station (CSS) in 2027 and operational for
at least 10 years.

161 1,ISCD&PSD

ol i
SCDi«PSD

The experiment is based on a
homogeneous, isotropic and finely-
segmented calorimeter that will
measure the cosmic ray flux up to the
knee region, search for indirect signals
of dark matter and monitor the
gamma-ray sky.

Silicon Strip
Charge Detect
(SCD)

Silicon Tracker

Tracks

Yy conversion
(STK)

Only top
Transition Radiation 3D Imaging glcaii:ﬁators
Detector Calorimeter (PSD)
(TRD) (CALO) N ID
TeV energy scale Energy gr\]{
calibration Particle ID gl

Launched separately

https://indico.cern.ch/event/1463191/c
ontributions/6434058/
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https://indico.cern.ch/event/1463191/contributions/6434058/
https://indico.cern.ch/event/1463191/contributions/6434058/

The objectives of HERD

Expected e*+ e flux in 5 years
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Search for signatures of annihilation/decay
products of dark matter in the energy spectrum

72 P and anisotropy of high energy
I T T R electrons+positrons (10 GeV — 100 TeV).
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Energy spectrum of p and He up to a few PeV and

heavier nuclei up to a few hundreds of TeV/n.

e The first direct measurement of p and He
knees will be very important to understand the
physical nature of the knee of cosmic rays.

* The extension of the B/C ratio to higher energy
will probe the propagation mechanisms of

cosmic rays. 102 Lot
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Question

What will come after HERD?

IAPP 2025
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Question

What will come after HERD?

IAPP 2025

Solution: stronger magnetic (B)
field and larger detector (L)

Solution: deeper calorimeter

Hybrid space-borne detectors: MS + deep calo

C. Perrina
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Detector performance comparison

Past Present Future

A A A
f \Yd N7 )

PAMELA AMS-02 Fermi CALET DAMPE HERD ALADINO AMS-100

g g [ Magnetic field [T] 0.43 0.14 0.8 (HTS) 1 (HTS)
25 MDR [TV] 1 2t04 > 20 70
= ;g,,_ , Acceptance [m?sr] 0.002 0.5 > 10 100
Energy resolution 5.5 3 10 2 1.5 <1 2 <1*
(e and y) @100 GeV [%)]
g Angular resolution 0.3 0.3 0.1 0.2 0.1 <0.1 <0.1* <0.01
£ | (eandy) @100 GeV [%]
% e/p discrimination 10° 10° 103 10° 10° > 10° > 10° > 10%*
° Depth [X,] 16.3 17 8.6 27 32 55 61 70
S Acceptance [m?sr] 0.06 0.09 1 0.12 0.3 >3 9 30
2§ { Acceptance [m?sr] 0.002 0.09 3 30
]
(@)

* Educated guess

HTS: high temperature superconductive

IAPP 2025 C. Perrina 12



ALADINnO: Antimatter Large Acceptance Detector in Orbit

Physics objectives: Location Lagrange Point L,

> 2040 (pathfinder in 2030)

4.4 m (diameter) x 2m (length) | High Temperature Superconducting (HTS)

6.5t

magnet
10 coils in toroidal configuration (0.8 T).

* Anti-nuclei Installation
* Anti-protons up to 10 TV Di .
* Anti-D, anti-He in GeV Imensions
* Nuclei spectra up to 1 PeV/n Mass
Launcher

Ariane 5 rocket

)5
< /b/"/,?o
7? 4,
777

AMS-100

N ] Time-of-flight
Silicon tracking planes

system

Lagrange Point is the most proper stable orbit to operate a superconducting magnet in space:

*No heat radiation from sun or earth
*Allows cryogenic experiments

IAPP 2025
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AMS-100

Location Lagrange Point L,

- — Installation > 2040
Physics objectives: - - :
e Anti-nuclei Dimensions 4 m (diameter) x 6 m (length)
* Anti-protons up to 10 TV Mass 40t
* Anti-D, anti-He in GeV Launcher  SpaceX’s starship rocket Z NG
* Nuclei spectra up to 1 PeV/n 17 o P comensatn
1.51
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T L — 2 x 4 Measurements,
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Silicon-Tracker
2.0 2.5

Measurement of R and Z * : .
Inner-Support x [m] Outer-Support

2 x 12 Space Points, Tube Tube

5um resolution.



Question

Physics objectives:

* Anti-nuclei
* Anti-protons up to 10 TV
* Anti-D, anti-He in GeV

* Nuclei spectra up to 1 PeV/n

How AMS-100 and ALADINO could measure nuclei spectra at PeV/n?

IAPP 2025 C. Perrina 15



Question

Physics objectives:

* Anti-nuclei
* Anti-protons up to 10 TV
* Anti-D, anti-He in GeV

* Nuclei spectra up to 1 PeV/n

How AMS-100 and ALADINO could measure nuclei spectra at PeV/n?
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Detector Acceptance and Mass

: :lllllll 1 1 llllll 1 Vl ! |||||I 1 'I ,l: .
N 02k omsiousony | AMS-100 seminar
3 S < s 100 3 @CERN (Nov 2022):
8 oL o ALADIND Sonly AET00 Cricl ] https://indico.cern.ch
g : B ALADINO CaloOnly - /event/1210735/
s - HERD'@ © ALADINO :
)
8 1 EF - @AMS-02 Inner ?g
< a @ DAMPE , .
-1 @ CALET
10 EF @ AMS-02 Full | ?g
10_2 El ] ll III | L L1 11 Iill 1 L1 llllI 1 1 E
1 10 10%
Weight (t)

Calorimeter depth: AMS/CALET/DAMPE/HERD/ALADINO/AMS-100 = 17 X,/27 Xy/31 X, /55 X,/61 X5 /70 X,

CALET @ISS: https://video.desy.de/video/Highlight-New-Results-from- - 7
the-first-5-years-of-CALET-observations-on-the-International-Space- "
Station/062e093a6184b0ble8c7a3e95b5b0fa2
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https://video.desy.de/video/Highlight-New-Results-from-the-first-5-years-of-CALET-observations-on-the-International-Space-Station/062e093a6184b0b1e8c7a3e95b5b0fa2
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https://indico.cern.ch/event/1210735/
https://indico.cern.ch/event/1210735/

Direct vs. indirec detection of Cosmic Rays

4
- L - +  LEAP-satellite For energies up to 10%°> eV:
l';f 102 — X Proton - satellite ° high flux
> - * Yakustk - ground array . .
3 . & Haverah Park- ground array -> Possible detection on top of the atmosphere (on
%10 — O Akeno-ground array balloons) or in space (on space stations or
NE - A AGASA - ground array Satel | ites)
N — m] Fly’s Eye - air fluorescence
E 10'4 — * HiRes1 mono - air fluorescence .
L —_— 0 HiRes2 mono - air fluorescence For energIeS from 1015 EV:
, —— HiRes Stereo - air fluorescence ° Low ﬂux
107~ e - Possible only detection on ground or
— underground.
N When a cosmic ray (except for neutrinos) interacts
1077 with a nucleus of the high atmosphere many
— energetic particles are produced.
107°
:: These particles interact with other nuclei or decay
10 and a cascade of particles is produced: an
- Extensive Air Shower (EAS).
1022
- Direct Detection
105 e With “space-borne” or “direct”
i_ : : %{] detection experiments
Y I T O S _— ______ . .
10 j_I.LLllIl IIIIIIIII IIIIIIIII IIIIILIJ' IIIIIlI]‘ IIIIIlIII IIIIILlII IIIIILllI IIIIILIJJ IIIILLII| IIIILlIJj IIIIILIJFEIIIIHUJJ lndlreCt DeteCtlon
* With “ground-based” or “indirect”
10° 10 10" 10" 10" 10™ 10'® 10" 10" 10'® 10" 10? . g , frc
Energy (eV) etection experiments or arrays
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Direct vs. indirect detection of Cosmic Rays

ietecafencusasanengeranane

107

+ LEAP - satellite

X Proton - satellite

e Yakustk - ground array

g Haverah Park - ground array
fe) Akeno - ground array

A AGASA - ground array

m} Fly’s Eye - air fluorescence

* HiRes1 mono - air fluorescence
4 HiRes2 mono - air fluorescence
X HiRes Stereo - air fluorescence

Auger - hybrid

Direct
Detection

..................

.............

NI IRRATT IR AT AT Wi

10° 10" 10" 10" 10" 10" 10" 10" 10" 10'® 10" 10%
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Energy (eV)
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For energies up to 10%> eV:

*  high flux

-> Possible detection on top of the atmosphere (on
balloons) or in space (on space stations or
satellites)

For energies from 10%° eV:

* Low flux

-> Possible only detection on ground or
underground.

When a cosmic ray (except for neutrinos) interacts
with a nucleus of the high atmosphere many
energetic particles are produced.

These particles interact with other nuclei or decay
and a cascade of particles is produced: an
Extensive Air Shower (EAS).

Direct Detection
*  With “space-borne” or “direct”
detection experiments

Indirect Detection
*  With “ground-based” or “indirect”
detection experiments or EAS arrays
19



Direct vs. indirect detection of Cosmic Rays

10*¢
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107

LEAP - satellite

Proton - satellite

Yakustk - ground array
Haverah Park - ground array
Akeno - ground array

AGASA - ground array

Fly’s Eye - air fluorescence
HiRes1 mono - air fluorescence
HiRes2 mono - air fluorescence

HiRes Stereo - air fluorescence

Auger - hybrid

Direct
Detection

kn&?‘q?ar)
‘Indirec

1 particle/(m’ year).

10° 10" 10" 10" 10" 10" 10" 10" 10" 10'® 10" 10%
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For energies up to 10%> eV:

*  high flux

-> Possible detection on top of the atmosphere (on
balloons) or in space (on space stations or
satellites)

For energies from 10%° eV:

* Low flux

-> Possible only detection on ground or
underground.

When a cosmic ray (except for neutrinos) interacts
with a nucleus of the high atmosphere many
energetic particles are produced.

These particles interact with other nuclei or decay
and a cascade of particles is produced: an
Extensive Air Shower (EAS).

Direct Detection
*  With “space-borne” or “direct”
detection experiments

Indirect Detection
*  With “ground-based” or “indirect”

detection experiments or EAS arrays
20



Ground-based experiments
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Atmospheric depth and altitude

X: (vertical) atmospheric depth
X = 0: top of the atmosphere

X

slant-depth

X = / o(B') dI
h

h: altitude or height
h = 0: sea level

The pressure p (atmospheric weight per unit of area S) at the depth Xis:

mg g 7 ., :
= — == h')Sdh' = gX
P=-g =3 /h p(h) g
The atmospheric pressure at sea level, is
- the depth at sea level is X(h =0) = p(h = 0)/g = 1’033 g/cm?.




proton

Extensive Air Showers

ffffffffffffffffffffffffffff 1 X
* https://pdg.lbl.gov/2023/AtomicNuclearProperties/index.html ;
= Air (dry, 1 atm) o Componeft AN

e The nuclear interaction length for hadrons in air 0, e

is A = 90.1 g/cm2. |

15 -20 km

* The radiation length for photons and electrons in air

is Xg=36.62 g/cm?= 1/3 k.

u
u

The thickness of the atmosphere is X(h = 0) = 1’033 g/cm? , 8 )

—> It corresponds to 28 X, and 11 A " - :

sea %/l v,

No one “original” cosmic ray arrives at the sea level. lovel i

ha\dron '
component ‘ ‘ :

At altitudes of 15 —20 km all cosmic rays interact with atomic nuclei
of the air and start an Extensive Air Shower (EAS).

muon
component

neutrino
UNDERGROUND component

IAPP 2025 C. Perrina
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https://pdg.lbl.gov/2023/AtomicNuclearProperties/index.html

Development of an EAS (e.m. component from ©°)

Primary partlcle |

HUCIGdr lnterdctlon
| 07 with air molecule \\ * Protons constitute the
_ ¢ largest fraction of primary

Tt(—K K —7r°

cosmic rays.
M' Y Y
hadrogic ,/ ¢ / \ \ * The secondary particles
cascadce + - * . Y - .
S sl 5 et 3 most copiously produced
% are pions
radiation P :
fluorescence
Cherenkov
radio * Kaons are also produced
/ YYYY r 4 but with a probability of
Hou pnm,K € YYEeeTY e 10% — 15% compared to
muonic cqmgonent, nuclear fragments eleg(t)r;gl;féfttlc pions.
neutrinos hadronic
component

Neutral pions start electromagnetic (e.m.) showers via the decay

T = 7y
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EAS (/v comp., hadronic comp. & e.m. comp.)

muonic component,

neutrinos

IAPP 2025

Primary particle

nuclear interaction
t 0 / with air molecule \

1t<—K K —>1t

\r‘

hadronic / / \ / \
cascade
radiation
fluorescence
Cherenkov
radio
YYYY v
st e ee y
o’ K YYeev Y e
nuclear fragments electromagnetic
. component
hadronic P
component

C. Perrina

Charged pions and kaons can decay or
interact.

The competition between the decay
and the interaction probability is a
function of energy.

* lifetime (charged kaons) =12 ns
* lifetime (charged pions) = 26 ns
For the same Lorentz factor: charged
kaons have a larger decay probability
compared to charged pions.

The leptonic decays of pions and kaons
produce the penetrating muon and
neutrino components.

The energy loss of relativistic muons
not decaying in the atmosphere is low
(~ 2 GeV). They constitute with 80% of
all charged particles the largest
fraction of secondary particles at sea
level.

25



EAS (1/v comp., hadronic comp. & e.m. comp.)

Primary particle Charged pions and kaons can decay or

interact.
The competition between the decay

nuclear interaction ) i ren
07 with air molecule ¢\ ?lT:cEihoenlgieeriSr:yn probability is a

ne—K K’ _>7t  lifetime (charged kaons) =12 ns
\ l  lifetime (charged pions) = 26 ns
For the same Lorentz factor: charged
hadronic / / \ / \ kaons have a larger decay probability
cascade H{{H:‘y compared to charged pions.
radiation The leptonic decays of pions and kaons
E‘l'lggzﬁ'?e produce the penetrating muon and
radio neutrino components.
YYYY ‘V
W 0. nat Kf N YYeEyY Y e The energy Io_ss of relativistic mu_ons
. nuclear fragments electromasnetic not decaying in the atmosphere is low
HIuoNIC component, s (~ 2 GeV). They constitute with 80% of
neutrinos hadronic component all chareed .
ged particles the largest
component fraction of secondary particles at sea
level.

Some secondary baryons and mesons can survive down to sea level. The total fraction of hadrons at ground level,
however, is very small.
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EAS (1/v comp., hadronic comp. & e.m. comp.)

Primary particle Charged pions and kaons can decay or

interact.
The competition between the decay

nuclear interaction ) i ren
07 with air molecule ¢~\\ ?l:‘:c’;ihoen':;eerigtr:yn probability is a

1t KK )n  lifetime (charged kaons) = 12 ns
* lifetime (charged pions) = 26 ns

“‘ For the same Lorentz factor: charged
hadroglc / * / \ / \ kaons have a larger decay probability
4 + - .
cascade e e H{{H:LL, compared to charged pions.
radiation The leptonic decays of pions and kaons
2‘;;;2;%’?6 produce the penetrating muon and
radio neutrino components.
YYYY Y
' i [ ) S
W 0. nat Kf € YYeeYyYy e The energy Io_ss of relativistic mu_ons
) ) not decaying in the atmosphere is low.
muonic component, nuclear fragments electromagnetic . ) .
. component They constitute with 80% of all charged
neutrinos hadroni p i .
adronic particles the largest fraction of
component

secondary particles at sea level.

Some secondary baryons and mesons can survive down to sea level. The total fraction of hadrons at ground level,
however, is very small.

Muons can also decay and contribute via their decay electrons to the e.m. component.
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Electromagnetic shower

e 1 bremsstrahlung

2 pair production
1 3 Compton scattering

Y$\ o 4 photoelectric effect (" . ) N
) v+ (A, Z) et +e” +(A,Z) Medium needed because
Iy of momentum
y conservation
i | \- y,
e

T AN |
.

e /3 i N f 4
— —  The electron absorbs part of the
e — (&
VT VT energy of the incident photon,

which therefore varies its frequency.

B = E7
T 14 225 (1= cos )
- mec? )
=
§
2
E
& L )
_ Not possible on a free
100 1000 10000 Y+ A, Z) vem +(A,Z2+1) electron because of
gamma-ray energy (keV) momentum conservation
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Electromagnetic shower (Heitler model)
n“-“ Process continues until

the energy of the
particles falls below the
critical energy, E..

E. is the value of E for
which the losses due to
the ionization equal
those due to the
bremsstrahlung.

1. Bremsstrahlung
2. Pair production
3—Compton-scattering
4—Photoeleetric-effeet

3. The energy is equally distributed in the interaction products.
4. The mean free path for the bremsstrahlung and pair
production process is the same: X1, = In (2) Xo.
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Primary
particle: proton
at 10 TeV

e I
S——— 2

hower core : :
Showe Coe;Showerams

https://www.iap.kit.edu/corsika/index.php

Number of particles (N)

Depth (X)

Xmax

Nmax
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Lateral profile

https://www.iap.kit.edu/corsika/index.php Lateral profile:

—

Primary particle: proton at 10 TeV 10" ~———m i

Longitudinal profile
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