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A Matthews Heitler Model — mass resolution in EAS
measurements

depth of shower
maximum

Xt =XP —X, InA

max max

radiation length X,=36.7 g/cm?2

electron-muon ratio
Ig(Ne/Ny) = C—0.0651n 4.

J. Matthews, Astropart. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533 JRH, Nucl. Instr. and Meth. A 588 (2008) 181
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A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical
maximum uncertainty
Xﬁlax = anaX_XolnA AXmCLaZ' % 20 g/Cm2

radiation length X,=36.7 g/cm?2

electron-muon ratio

Ig(Ne/Ny) = C—0.0651n 4.

N
A ~ 16% — 20%
Ny,

J. Matthews, Astropart. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533

JRH, Nucl. Instr. and Meth. A 588 (2008) 181
Jorg R. Hoérandel, ISCRA Erice 2026 8



A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical expected mass
maximum uncertainty resolution
Xgax = anaX_XolnA AX’)’)’LCI,CU % 20 g/Cm2

radiation length X,=36.7 g/cm?2

* AlnA~08—-1

electron-muon ratio

lg(Ne/Ny) = € —0.065In 4. N *4 to 5 mass groups
ALE~16% ~20% © p, He, CNO, (Si), Fe

U

J. Matthews, Astropart. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533 JRH, Nucl. Instr. and Meth. A 588 (2008) 181
Jorg R. Hoérandel, ISCRA Erice 2026 8



The KASCADE Array
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shield 10 cm Pb +4 cm Fe = 20 X,
= E, > 300 MeV

— measurement of particle densities and arrival times

JRH 06/96

The KASCADE Central Detector

lead shield top cluster

detectors L

iron
absorber

trigger

J shielding
concrete

multi wire proportional chambers

4 different detector systems:
Q Top array 32 x 0.45 m? scintillation counters (14 m2)
Q Trigger layer 456 x 0.45 m? scintillation counters (206 m2)
Q 32 Multiwire proportional chambers (2 x 150 m2) Ep > 2 GeV
Q Iron sampling calorimeter (16 x 20 m2)
8 active layers — 10 000 liquid ionisation chambers
40 000 electronic channels
separation of individual hadrons by a fine segmentation

depth = 11 A, =» hadrons up to 10 TeV 95% contained

JRH 06/96
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Simultaneous measurement of

shower components

~ .

“T.-Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490
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KASCADE
GRANDE Array

37 detector stations

370 m2 ely: KASCADE

scintillation counter L oo - 200 m x 200 m
T

b
TR T
-5

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207



KASCADE
GRANDE Array

37 detector stations

370 m2 e/y:
scintillation counter

KASCADE
200 m x 200 m

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207



KASCADE-Grande — Lateral distributions

Electromagnetic component Muons
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KASCADE-Grande — Lateral distributions
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KASCADE: Energy spectra for elemental groups
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KASCADE: Energy spectra for elemental groups
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KASCADE: Energy spectra for elemental groups
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KASCADE-Grande
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PHYSICAL REVIEW D 100, 082002 (2019)

Cosmic ray spectrum and composition from PeV to EeV using 3 years Ice C u be - Ice TO p

of data from IceTop and IceCube
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PHYSICAL REVIEW D 100, 082002 (2019)

Cosmic ray spectrum and composition from PeV to EeV using 3 years Ice C u be - Ice TO

of data from IceTop and IceCube
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Ice Cube - Ice Top
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Cosmic-ray energy spectrum
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Cosmic-ray energy spectrum
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Cosmic-ray energy spectrum
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Cosmic-ray energy spectrum
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Cosmic-ray energy spectrum
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Cosmic-ray energy spectrum

w0 =

X =

8 o — 2
" 10 o
w 1M
- 10-24
lh \“\
o ¥ L

3

£10
0
N

[we

LLl

' 2

(o] A

ur 10 £

-

= —

© -

5 10

™ = ‘

b i M :
1 | llllllll | lllllll L LIl l| L L1 lllll llll“ LM 1 V.

103 104 105 106 107 10 109

Ehergy £, [(GeV]

JRH, Astropart. Phys. 19 (2003) 193

Jorg R. Horandel, ISCRA Erice 2026

21



Cosmic-ray energy spectrum
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general considerations about accelerators

trajectory of particle in B field

centripedal force = Lorentz force

’02

m—=q-v-bD m-v=p momentum
T
P_ 7 o.B
T
_ p .
rp = Larmor radius
z-e- B

L dimension of accelerator
L>2r
QTL

closer look (Hillas 1984): |, - 5

U
velocity of scattering centers [ = .

A.M. Hillas, Ann. Rev. Astron. Astrophys. 22 (1984) 425
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He energy spectrum - LHAASO

Z~~ )
o All-spectrum LHAASO(2024) Protons AMS-02(2021) EPOS-LHC ( a)
i ) .

= 10°E Helium AMS-02(2021) I Protons DAMPE(2019)

N [ .

LoE - ¥ Helium DAMPE(2021) T Protons LHAASO
" -1 HeliumLHAASO o, 400000

> S L BG'QQQOOOQQQ‘

[0)) — o Og™ O o g 0000 o8

g R ey v v D .D. a v" - Helium ¢

41— A R NUCLEON(2019

'-_'é 10" E g CALET(202(3) )

= — CREAM-111(2017)

Z — lceTop SIBYLL 2.1(2019)

5 — KASCADE SIBYLL 2.1(2005)
0 KASCADE QGSJET 01(2005)
N ¢

m 1- III 1 1 1 1 111 II 1 1 1 1 111 II 1 1 1 1 111 II 1 1 1 1 111 II 1 1 1 1 111 II -

(b)

)

L

L

9 ......

T o2’ ®e ot

Y oF
10° 107

PHYSICAL REVIEW LETTERS 136, 121001 (2026)



rigidity - LHAASO

& u Proton EPOS-LHC '
A% - AMS-02(2021) (a )
7 - T DAMPE(2019) RRTTLLLN
N-E = T  LHAASO L " m oy, eeee’ o.’
: 4 | | |
Q>D 10 = R ‘00000........090
N—" — - [ | ’
i N e L Helium ¢
2 - o A AR AMS-02(2021)
Z
O — ¥  DAMPE(2021)
N § LHAASO
e 103 n — | n wl | ol ] :
s °K (b)
= \ .
T = ® o,
o 41 1 awso coe 0 o, ..¢’++++
© |} DAwmPE * » o'
Y ¢ + o®
5| { LHAAsO °®
10 10? 10° 10° 10° 10° 10’
R (GV)

PHYSICAL REVIEW LETTERS 136, 121001 (2026)



HAWC all particle energy spectrum
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all-particle energy spectrum
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Proton Spectrum
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Helium Spectrum
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CNO Spectrum
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Iron Spectrum
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Cosmic-ray Composition
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Energy dependence of the knee in the cosmic-ray spectrum
across the Milky Way

C. Prévotat,1 M. KachelrieB,2 S. Koldobskiy ,3 A. Neronov,l’4 and D. Semikoz
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Energy dependence of the knee in the cosmic-ray spectrum
across the Milky Way
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all-particle energy spectrum & mean mass
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1st order Fermi acceleration at strong shock

a) rest system of unshocked ISM |Sp b) rest system of unshocked ISM

E— s
P2, T2, p2 P1: T, P4 314 U,
—>USchock —
vo = 3/4 Us vi=0 -~
— —
vg = Ug
c) rest system of shock front d) rest system of shocked ISM
| p— -
Vo = 1/4 v4 vq = Ul -
- | — —
3/4 Ug
| — —_—
vg =0

. AE U,
energy gain — x =
E C

wmP N(E)dE < E~*dE

power law with spectral index
-2.0 ... -2.1

Bell, Blanford,Ostriker (1978)

Supernova remnant (SNR)
Cassiopeia A
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Article

SOUrces

Ultrahigh-energy photonsupto1l.4
petaelectronvolts from12y-ray Galactic

see also Gao-

LHAASO, Nature 594 (2021) 33-36

Fig.1|Spectralenergy distributions and significance maps.a-c,Dataare
shown for LHAASOJ2226+6057 (a), LHAASOJ1908+0621 (b),and LHAASO
J1825-1326 (c). Spectralfits withalog-parabolafunction (solid lines) in the form
of [E/(10 TeV)] ¢ 2loelt/10TeVli g re compared with the power-law fits E7 for:a=1.56,
b=0.88and/=3.01(a);a=2.27,b=0.46andM=2.89(b);anda=0.92,b=1.19
and/"'=3.36(c). Thedotted curves correspond to the log-parabolafits
corrected for theinterstellar y—yabsorption (see Methods for the radiation
fieldsand Extended DataFig. 6 for the opacity curves). The comparison of the
power-law (PL) model and thelog-parabola (LOG) model with the Akaike
Information Criterion® (AIC) gives: AIC,,c=12.3 and AIC,, =24.4 for LHAASO
J2226+6057; AIC,,;=15.1and AIC,; =30.1for LHAASOJ1908+0621; and
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AIC,oc=11.6 and AIC, =14.8 for LHAASOJ1825-1326. The insets show the
significance maps of the three sources, obtained for y-raysabove 25 TeV. The
colour barsshow the squareroot of test statistics (TS), whichisequivalent to
thesignificance. The significance (/TS) maps aresmoothed with the
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68%
contaminationregions) areshownatthebottomright of each map. We note
thatthe PSFs of the three sourcesare slightly different owing to different
inclination angles. Namely, the 68% contamination angles are 0.49° for
LHAASOJ2226+6057,0.45° for LHAASOJ1908+0621and 0.62° for LHAASO
J1825-1326. Error barsrepresent one standard deviation.

CR +ISM — 7% — ~
also ambiguities due to e/m channels
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Microquasar and Quasar
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SS-433 central engine
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Leptonic and hadronic models of the high-
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Highest-energy photon detected from any
source In the sky E=3.7 PeV
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NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the see also

Galactic plane Tal=er

IceCube Collaboration*t
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Pathlength of cosmic rays in Galaxy
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Pathlength vs. interaction length

pathlength in Galaxy Aese = D — 10 g/cm2

| interaction length

nuclear radius r — rOAl/B ro = 1.3 - 10_13 cm
cross section Op_a = (1, + 19 AL/3)3
ISM: protons n = 1/Cm8 p=1.67-10"% g/cm3
. . _ P
interaction length )\p—A —
Op—A T

App =21 g/cm® > Aese
)\p—Fe — 1.6 g/cm2 < )\esc
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Propagation of super-high-energy cosmic rays in the Galaxy

Jorg R. Horandel **, Nikolai N. Kalmykov °, Aleksei V. Timokhin ©

The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear 1nteract10ns and energy losses)

(1)

Q(r) 1s the cosmlcray source term and D;(r) the diffusion
tensor.

example of knee due to
propagation/leakage
from Galaxy
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Propagation of super-high-energy cosmic rays in the Galaxy
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The steady-state diffusion

equation for the cosmic-ray density N(r) is (neglecting
nuclear 1nteraet10ns and energy losses)

VD,V NG = 00). (1)
o(r) is the cosmleray source term and D;(r) the diffusion

tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) 1s presented 1n cylindrical
coordmates as i
T 10 0 9.0 0

[_? AT e R

1 O 0
D az]mr,z) - 0(r.2).
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Where N(r z) 1S the cosmic- ray den51ty averaged over the
large-scale fluctuations with a characteristic scale L ~
100 pc [3]. D, o< E™ is the diffusion coefficient, where m is
much less than one (m ~ 0.2), and D4 o< E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>10'°eV). The sharp
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. . . . The magnetic field of the Galaxy consists of a large scale
Propagatlon of Supcer 'hlgh'energy CoOSMmMIC rays in the Galaxy regular and a chaotic, irregular component B = Breg —|—Blrr

A purely azimuthal magnetic field was assumed for the reg-

Jorg R. Horandel **, Nikolai N. Kalmykov °, Aleksei V. Timokhin © ular field
2 2
B.=0, B, =0, By=1pGexp (—Z—z—r—z)
. . Z r
The steady-state diffusion o0
equation for the cosmic-ray density N(r) is (neglecting where zo = 5 kpc and ro = 10 kpc are constants [3].
nuclear 1nteract10ns and energy losses)
VD, (VN () = 00). (1)
O(r) 1s the cosmic- ray souree term and D;(r) the diffusion

tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) 1s presented 1n cylindrical
coordmates as
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Where N(r z) 1S the cosmic- ray den51ty averaged over the
large-scale fluctuations with a characteristic scale L ~
100 pc [3]. D, o< E™ is the diffusion coefficient, where m is
much less than one (m ~ 0.2), and D4 o< E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>10'°eV). The sharp
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The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear mteractlons and energy losses)

BTG
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Q(r) 1s the eosmleray source term and D;(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) 1s presented 1n cylindrical
coordmates as
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A purely azimuthal magnetic field was assumed for the reg-
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B.=0, B, =0, By=1pGexp <—
where zo = 5 kpc and r¢ = 10 kpc are constants [3].
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100 pc [3]. D, o< E™ is the diffusion coefficient, where m is
much less than one (m ~ 0.2), and D4 o< E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>10'°eV). The sharp

Fig. 7. Proton flux as obtained from various measurements, for references
see [28], compared to the spectra shown in Fig. 6 (black lines) and the poly-
gonato model [26] (grey, dashed line).



Transition to extragalactic CR component
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nuclear charge numbers. The sum of all elements yields the galactic all-particle spectrum (—) which is compared to the average measured flux. In addition,
a hypothetical extragalactic component is shown to account for the observed all-particle flux (- - -). Right panel: Transition from galactic to extragalactic
cosmic rays according to Berezinsky et al. [451]. Calculated spectra of extragalactic protons (curves 1, 2, 3) and of galactic iron nuclei (curves 1/, 2/, 3’) are
compared with the all-particle spectrum from the Akeno and AGASA experiments. KASCADE data are shown as filled squares for the all-particle flux and
as open circles for the flux of iron nuclei.
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Transition to extragalactic CR component
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Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory
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Cosmic rays at the knee
Results and implications
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e no final conclusion yet
e complex picture seems to evolve
with different source populations
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e enormous progress in last years
e precision measurements
(direct & indirect)
e more details evolve in spectra
(individual nuclei + all-particle)
¢ potential sources (gamma rays)
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