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Outline of the talk

Rt Brlef |ntroduct|on to cosmlc rays

State of the art: UItra hlgh energy cosmlc rays (UHECR)
. Muon puzzle and VAN got beyond | | |
. Heavy metal scenano of UHECR and |ts consequences
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Cosmic ray’s’: _steeply falling ﬂljx
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balloon / spacecraft ~ . AR e
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/above 10%° eV !
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Cosmic rays: steeply falling flux

—

e — § Need of huge

B observatories to
B collect a reasonable
| statistics of events
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o,

1 particle/km?/century | il

) UHECR

Energy [eV]
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~ Cosmic rays: general origin , . =

by the VLA

Accelerated
Electrons

Magnetic Fields

Rooted to the Sun

air shower measurements ———>

balloon / spacecraft v Galacti C 5
mainly H, ..., Fe |
nuclei

measurements

Ll
[
(%]

[
o

RCW 86 (Chandra and XMM-Newton X-ray data) - J. Vink

N
N

Flux [arbitrary units]
[
o,

"ICRDB

5 10 15 20 25 30 35 40 45 5 55 6
Z

Extragalactic
H, He, CNO, Si, Fe
10%° nuclei
Energy [eV] (mostly considered)
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Cosmic-ray propagation. - 1.G=104T

Interactions with cosmic
- microwave background,

Bending in"GaIa_c"tiC. magnetic field ~pG

A resonance

/'phomn
P 1018 eV

Fe 26 1018 eV

; ,_.p"10.2°"ev, ;
' --Fe"Z-6°"|_O'20 eV

- Extragalactic magnetic field is usually considered

v ¥
101 102 103

| _ Bropagafic. Sietancs (i) . weaker ~nG, but it might interact at larger distances ..
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“Long- Iastlng mystery at the highest energles

Hillas 1984 B ~ Relation between the size
ity of acceleration region and -
-Candldates need to be Well above the I/nes R : its magnetic field strength -

[Front.Astron.Space Sci. 6 (2019) 23] 1 PC 1 kpC 1 I\/Ipc

Sl constralnts on candldate
sources

. Ideal case, stlll need to.
‘account for '

' energy | Iosses i
. eﬁrcrency of aoceleratron it
AGN

S (s .. Iumlnosrty of source |
L AN | I _

“Magnetic Field Strength [G]

Very difficult to find a consistent theory ...

107 101 10¥ 10 10 102 10%°
Comoving size - [' [cm]

(Somewhat easier for heavier nuclei)
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https://doi.org/10.3389/fspas.2019.00023

‘Long-lasting mystery at the highest éne_rgies

Need accelerator of size of Mercury’s orbit
to reach 1020 eV with LHC technology

. AGN

ws Hotspots

el AGN
“<_Lobes

“Magnetic Field Strength [G]

Unger, 2006

107 1019 102 106 10@ 102 10®
Comoving size - [' [cm]
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‘Long-lasting mystery at the highest éne_rgies

tidal

e actlve - disruption Q

¥ nucleus -

. \\ Hotspots
el AGN

“<_Lobes
S

. i 1 ’
S . e
~ S : o
~ g .

107 1019 102 106 10@ 102 10®
Comoving size - [' [cm]

“Magnetic Field Strength [G]

galaxy cluster | starburst galaxy
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e e Extenswe air showers
 — =+, (7)1

(m%)~10"" s

* For UHECR bllllons of partlcles

~» Secondary hadraons (mostly pions)

~« Electromagnetic ca,scade (from e decay)
. Ivluons (from T, K decay)

—50 km Primary cosmic ray

N

| Y — /&
- 20 km ,-}*’J; /‘4-%&\; N
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. : e
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=
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Electromagnetic Hadronic Muonic
Components

J. Knapp
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Extensive air showers

Lohgiiudi'nal profile

=

Pmo)-1017st b} r(m)-10¢ s (RE, Pierog, Heck, ARNPS 201 1) —

S (n")/2(n")=2

atmospheric depth (g/cmz)
[
S
=
o
=

~1000 g/cm?

<
altitude (km)

1]

=
o
&
[=]
g
e
9.’
‘a
)
=]
£
-
S

hadrons
(x 100)

. _ P LI I B S T i R
Electromagnetic Hadronic Muonic : i ! . 10
Components J K s L : 1 2 3 . 4 x10
- Anapp Seriis gophrai st particle number
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- Extensive air showers: Xyax

Lohgiiudi'nal profile

=

[Astropart. Phys. 22 (2005) 387, Astropart. Phys. 35 (2012) 660] . -

X, (A)=~X,(E,/JA)+X In[{!kE,JA]—A.In[3N_(E,/A)]

max

(RE, Pierog, Heck, ARNPS 2011)

[
=]

Sensitivity to primary mass /.

atmospheric depth (g/cmz)
[
S
=

<
altitude (km)

72}
—-—
c
1 O
=
@
S 5
—
)
O
£
3
=z

Xiax.
: 800

slant depth of " [ 4rons
maximal number (x 100)

%0 of particles

L

- I .I'|T|_._h —_ A
800 700 800 900 1000 1100 1200 B
Xmax [9/cM?] |

" LR T 1 ' Ll |
1 2 3 4 x10"
particle number
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https://www.sciencedirect.com/science/article/abs/pii/S0927650504001598
https://doi.org/10.1016/j.astropartphys.2012.02.004

Extensive air showers: muons

Lateral profile

[Astropart. Phys. 22 (2005) 387, Astropart. Phys. 35 (2012) 660]

o

—
Il
>
e
=
7
=
=2
=
)
p—
&
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o
=

Number of eventé

core distance (km)
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https://www.sciencedirect.com/science/article/abs/pii/S0927650504001598
https://doi.org/10.1016/j.astropartphys.2012.02.004

. Extrapolation of hadronic inter.a_'ct'i,on’s

Main source of systematic uncertainties -
on interpreted mass composition Equivalent c.m. energy Vs, (GeV)

10° 10° 10* 10° 108

NI

HERA (y-p) Tevatron (p-p) |7 TeV 14 TeV HiRes-MIA
RHIC (p-p) LHC (p-p) HiRes |
HiRes Il

LHC collisions Vs=14TeV

Multiplicity Energy Flux ‘
. » E,.,=10"7eV

IIHI|T| T TTITI

Auger ICRC 2013

%ﬁﬁ knee TA SD 2013

2nd knee

g
!

g

dE/dn [TeV]

Scaled flux E*° J(E) (mZ2s'sriev'™)

# ATIC KASCADE (SIBYLL 2.1)

& PROTON KASCADE-Grande 2012

¢ RUNJOB Tibet ASg (SIBYLL 2.1)
IceTop ICRC 2013

[ ATLASICMS "L 'HCHzZIbC
= C.ASTE. R

5 10 15

n
Most of the energy flows into very forward

IIIIIH| IIIIIIII| IIIIIIII| IIIIII|T| IIIIIIII|

i Dlﬁerent klnematlc reglons and o [T BRI B AR RTTTT RN AR ETT BN WETIT B SRA T BN AR EENEEWRTIT il SRRt

10" 10" 10" 10" 10'7 10'® 10'® 10% 102!

several orders in magnitude of energy . _ Energy  (eV/particle)

: Currently used models of"high-en'er'gy-.Hadrohic.i-nteractio_n’s“:" EPQ_S; Q'GSJet_, Sibyll
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DEtECtIOﬂ Of extenswe all‘ ShOWEI‘S

Colllmated Cherenkov
rad|at|on in air or in water

primary
| particle

Cherenkov
~ Radiation
N

" Isotropic emission of
~fluorescence light

+,
rel. Intensity (area scalad to unity)
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Detection. of extensive air showers

primary
| particle

Most common technlques

Fluorescence detector (FD)
.| precise measurement W|th
e ~13% duty cycle

~ Surface detector (SD): -
shower sampling at
large area with
s _ i | ~100% duty cycle
21st May 2026 i ; J. Vlcha (VlCha@fle cz): Heavv metal scenario at ultra hlgh energies ?- 16/47




Observatorles of ultra-hlgh energy cosmlc rays

. Pierre Auger Observatory

T[ﬁ@ @ﬂ@w@ AUGET; ng@waﬁ@ﬁ:y 1660 water-Cherenkov stations-
N—— B in the Southern hemlsphere

[km]

Loma Amarilla

60

* Telescope Array:

. 507 scintillators in the
‘Northern hemisphere

Los
7.7/ Morados

MALARGUE™N

: Argentina Los Leones
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Upgraded observatories -
( P ')\Radio Antenna

TAX4

 AugerPrime | |
' | Increase exposure > 10'° eV:

Better mass discrimination 7 ~ . * more surface stations. -
S | -+ more fluerescence telescopes.

TA/TALE/TAx4 Array

using: i
*« SSDs '

* Radio .

» Faster electronics
 Small PMT

o AMIGA

sner

Antenna

\ 1
AMIGA solar panel T, 5D station 5D electronic,

communication system and
5D battery box il - ) trigger synchronization
AMIGA battery box and L | = - electronics = 1.
distribution system f g = i J b Tk : 3 1.5 ok’ b L J
o 4 . / v gl 1\)@ Ty
B wo

AMIGA access tube
Underground
cabling pipe
AMIGA underground
module
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'Reconstruction of air showers at Auger

Surface detector reconstruction

A*Ndf: 10.8/ 11
—e— candidates

- ,Hy'brid ‘reconstruction -

7AMNdf= 42.45/44

o
o

—a— saturated recovered
—B— saturated
¥ non-triggering

Depth of
shower
maximum

signal [VEM)]

o— accidental

dE/dX [PeV/(g/cm?)]

b ) \i{i{m
Signal on ground i

at 1000 m from 200 400 600 800 1000 1200 1400 1600
the shower core i slant depth [g/cn]
".

500 1000 1500 2000 2500 3000 3500

distance to axis [m] .J:::::::E::E o J _: I " '.' tlmlnglnformatlon
* W W S _-;-':;31'_-';___._ - from SD station - .
L TS S SRR R . closest to the shower
seeore.., - &
-+ measurement of Xmax
. of em component

calibrated by
precise FD energy -
* sensitive to em and |
muon particles

- Energy, dlrectlon mass
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Energy spectrum at uItra-hlgh energles
~ Around year 2000 ..

[Phys. Rev. Lett. 100 (2008) 101101]

FD

Exotic sources
B HiRes_1 Manoeuior like decays of
7 AGASA (AE=0.2) superheavy
_ % particles?
SD T Or GZK effect of
o E protons?

8 Actually the first
strong indication
3 of a problem to
B describe
| secondary muons
| by simulation...

20.5 21

log.olE) {eV}
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“Energy spectrum at ultra-high energles

No exotlc scenarlo

Auger SD 433 m + UMD (2023), U.L. at 95 % C.L.
Auger HeCo + SD 750 m (2022), U.L.at95% C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2023), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), UL. at90% C.L.

Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

[
=]
3
[
s
Ln
B

GZK proton | (Kampert et al. 2011)

GZK proton |l (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)
SHDM la (Kalashev & Kuznetsov 2016)

SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

, [POS(ICRC2023)016]
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—
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—

o
73
<)

>
1P]
L
]
L
=
N
=
=t
(]
&
X
o~
&
e
P\.:

Energy density [erg Mpc dex’]

S
Energy density [erg Mpc'3 dex!]

g

suppression

Integral photon flux for E > E_[km? sryrT]

instep .
. Rk Lt ol |
ankle a4 10" 10

E,y [eV]

spectral index * o, + Oy
et 00 008 Orlgin of spectral features is unclear |
[ 7,-3452005 2010 R need to know mass composition and-origin
R | (propagation effects vs. different spectral

indices of dn‘ferent types of sources)

J(E) x E? [km? yr!lsr!eV?]
>
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https://arxiv.org/abs/2008.06488

Auger vs. TA: energy spectrum
AT T) o A 2C(O" of ~3:
£0.008 ~ Systematics, or

292022 3 . _ different max. =~
05 ] | 4 energy of sources’
2.92%0- in the Northern
(0.15%0.02) EeV q,3.220. and Southern -
'  hemispheres?

>
)

H

D)

Y

>
g

4

3

E J(E)

o TA, ICRC 2019
" Auger, ICRC 2019

[PoS(ICRC2019)234]
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https://doi.org/10.48550/arXiv.2001.08811

Sky map above 100 EeV .

Backtracklng of Fe nucleus
[ApJL 962 (2024) L5]

2MASS galaxies local galaxies ~ ® Swift-BAT AGNs ® radio galaxies ® starburst galaxies ™==m Amaterasu localization

1 e TSR % > ” T > 3 e X TR
L e, fe oo Wi Ve avs S SRR - Y ATy o N
A/ Yo i ‘o S ey S 3

equatorial coor.

Equatorial ICRC 2023

" NGC6946 Preliminary

* MSEF
+ MikSOE) Mrk421 &

sin(latitude)

B o & ; ST L B8 ‘$OYA'.‘E ; :
AL L VPN PSP R U e T P8 it
30 -30 S —120 —150

longitude / degree

enp
g \(_nf_49-1’)

Dec.(deg)

sin(latitude)

+ No obvious clustering of events - 5 i ]
» Accounting for Galactic magnetic fleld does not help S o 5
— stronger Galactic or extragalactlc magnetic. flelds ok e e e

> new type of sources ? exotic origin? . g
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Anlsotropy searches at mtermedlate scales

O(Epuger = 38 EeV) - W =27° [Auger Coll., PoS(ICRC2023)016]

752 Galactic

30

N
[3)]

N
o

latitude

-
(=

Cumulated TS = E,
—
(4]

longitude

PR TS SN N SR NN SO NN N ST NS ST NS ST SN NS SRR |
-2 0 2 20 40 60 80 100 120 140
Li & Ma significance [o] Pierre Auger Obs. exposure = 32 EeV [1 0° km? yr sr]

2

25°-radius oversampling saxieriae [TA Coll., PoS(ICRC2023)008]
E=57%x10"7eV . Pt 59,

Time variation of the events inside the hotspot circle of 25°

—e— Data
*20

- a B ~30 global
- - B significance
B e W . ; o iy
lL :

Equatorial coor. L
— %08 2010 2012 2014 2016 2018

-4 2 Year
Deficit




.~ Anisotropy searches at large scales

ll[Science 57 (2017) 1266] -
' TOP 10

BREAKTHROUGH

Dipole Amplitude

10
Energy [EeV]

Galactic coor.

* More than 50 wrt. isotropy above 8 EeV
 Direction of the dipole > 120° away from the Galactic center
— Extragalactic origin!
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“Mass composition of cosmic rays: Xm.x moments

« FD = SD DNN AERA

[POS(ICRC2025)331]

proton

(o))
o

(_rr!
Q
=11]
—
S~
4
&
E
<
~

-]
-
<

O(X o) [g cm™]
N
jaw]

o
o

QGSJet -11.04
— EPOS-LHC
Sibyll 2.3¢

IIIIJH[ 1

| JIllJll] 1 llJJtJIl | IIIIJlll

Mass composition is getting heavier towards highest energies
Interpretation based on Xmax Scale predicted by a HI model

D1st May 2026 - T I VihaGhchei e Ly



Mass composition of cosmic rays: fitting Xmaxdlstrlbutlons

A®HEAT 2017 Preliminary

AOFD

O Sibyll 2.3
A EPOS-LHC

—_
i Usys

éaﬁ%éi* &

proton

helium

=
S
=
Q
&
-
o
)
>
=
=
[
a4
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[PoS(ICR02025)331]

| EPOS-LHC

log(E/eV) =
19.0-19.1

700 800
Xmax [g/cm?]

= - Fitted Fe fraction very low
* Seemingly low spread between
the two selected models




~Correlation between ground S|gnal and Xmax

[Phys. Lett. B 762 (2016) 288].

Auger tg =—0.069 +0.017 | 1g(E/eV)=18.5-19.0 EPOS-LHC
lg(E/eV)=18.5-190 2652 events pl'ﬂt(.)l'l. re= 0.04
+ _iron, rg=0.12

Model-independent
estimation of mass mixing
EE] — evidence of presence of

S:s [VEV] nuclei heavier than He

Tension with QGSJet 11-04
mass fractions (p+He only)

15 Auger M ® - QGSJet I1-04 predicts too

1g(E/eV)=18.5-19.0 1g(E/eV)=18.5-19.0

shallow Xmax!

preliminary
IR RN
=00

preliminary
R
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Muon puzzle In Auger data

[Phys. Rev. Lett. 126 (2021) 152002]
—E#EPOS-LHC --E#QGSJetll-04 - EMSIBYLL-23d o data |nC|Ined Showers

SRl (zenith angle 6 > 60°)
with suppressed em
contamination ~ direct

‘[Phys. Rev: Lett. 117 (2016) 192001]

| measurement Of ¥ ; ' . . ! ; i st s - Sy;stematlcouungirtp ?
muons RS EPOSINC,
iy ; S . ’ EPOS-LHC Mixed O

-Showers within 60° - indirect

Direct measurement of n muons with inclined showers (> 60° ) ~ estimation of hadronic
[Phys. Rev. D 91, 032003 (2015)] . i i e X0 ' component ~ muon content
: o> { 3Ol g ’ Total —e—

Pure Muon —=—
Pure EM ——

© Ero sLll(_ E=10"YeV, 0 =67

EM from pu Decay
EM from Had. Jet
u from Photprod.

Models underestimate
the amount of muons

] Auger
data

by ~30-60% wrt.
predicted Xnax scale

680 700 720 740 760 780 800 820
\‘::Xn'la)‘::‘ /gCITl72
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Beyond the Muon puzzle.
[Phys. Rev. D 109 (2024) 102001] -

EPOS-LHC

1g(E/eV)=18.5-19.0

data + oy,
+ syst. B o,
log(E/eV) = ' = S o
19.0-19.1 : ’

Sy'stematic Uncert.

H Qll-04 p L]
i Qll-04 Mixed o
{ EPQOS-LHCp =
EPOS-LHC Mixed o]

l?:{’l 175 180 185 190 195 20.0 500 600 700 800 900
lg(E/eV) Xmax [9/cm?]

40 60 80
Sk [VEM]

e

ass composition fit of observed [X__,S(1000)](0) distributions with free
modification of MC predictions not only of hadronic signal but also of X__
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‘Main differences in model prec_li.ot'i,ons'

[Astropart Phys. 87 (2017) 23, Astropart. Phys: 88 (2017) 46]

. Propertles of 4- component shower I wostic [ woa d [ — rrosuic

- QGSJet II-04 QGSJet 11-04

Sibyll 2.3d || Hadronic Sibyll 2.3d

Electromagnetic

universality: - :
S(1000) = Shad + Sem”

Sem IS Very universal

(Signal at 1000 m) / VEM

s Maln dlfferences between modeI

0 200 400 600 800 1000 1200 18.5 18.6 18.7 18.8 18.9

predlctlons I W ; . I' : . ; _ (Xatm_Xmax)/(g/cmz) \ . logm(E/eV)
. IR X, = 880/cos0 g/cm’ [ e By
scale of <Xmax> and <Shad>(6) T
are approx primary and energy I T
ad-hoc modifications

|ndependent
X2 X tAX

max

Shad(e)_)shad (e)'Rhad(G)
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https://doi.org/10.1016/j.astropartphys.2016.11.008
https://doi.org/10.1016/j.astropartphys.2017.01.003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Fitted parameters

‘Zenith dependenCe of R, L v EPOS.LHC

.assumed to be linear in'X_ X = -~ -4 QGSIetIL04
-R,,0._~28°, R, (6

v EPOS-LHCT
4 QGSJet I1-04"

; vto L) 32 A 4 [-o Sibyll2.3d
mi e Sibyll 2.3d"

max

Primary fraction

EPOS-LHC + AXmax
EPOS-LHC

7 QGSJet 1-04 + AXpax
QGSJet 11-04 =
Sibyl1 2.3d + AXpax =4
Sibyll 2.3d ==

\\I‘\l!\

-20 -10 0 10 20 30 40 50 60
AXmax / g/cmz)

o , « Deeper X __ predictions — heavier mass composition
o e | © Smaller model differences in mass composition

[ R R A A B R R B R

e G B - Alleviated “muon puzzle®: from ~30-60% to ~15-25%

l‘l\\\[\\f\‘f\\[‘\l!\‘

lg( Epp / V)
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Scannlng in comblnatlons o] experlmental systematlcs

Denser scan in the region of the closest
approach of the plane to [1,1,0 g/cm?]

| | | o r — [] eposLEC
Significance of improvement S . ﬂ 3 oosee

of data description always .- - 1 1

bov 50 i i gL HﬁTTHL

20 40 60 80
Aln.Z
et

Aln.Z

B link to the animated rotation of plots :
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https://doi.org/10.5281/zenodo.10653685

Auger DNN applled to time traces of S'D signals

[Phys. Rev. D 111 (2025) 022003]

21st May 2026

IOg]O(E/(‘\/
19.0 19

FD
SD (DNN) £ otat
+ oy

—— EPOS - BHC
—== QGSJetll | 04
SIBYLL2.3d

10@,10 E/(‘\ )
19.0

19.5 20.0

B FD

¢ SD (DNN) + oy

—— EPOS - LHC
QGSJetIl - 04
SIBYLL2.3d

VE /EV
EPOS - LHC

100

SIBYLL2,3d

¢ SD(DNN) + oy

mixed

Bl pure

10

30
E BV

S(1) / VEM

ER i L. ) A
) 500 1000 1500 2000 2500 30 500 1000 1500 2000 2500 300
i/ ns 1/ ns

- Interpretation of both Xmax
- .moments depends on MC.
eoeedle
() = Koy
IE o
0? (Ximax) — 03, ({In 4))

b (rg + f‘%

[JCAP 02 (2013) 026]

igh enerles P

Iridicati'on of too shallow MC predictions !
unphysical (Gradual increase of <In Ay while ¢?(In A) IS
almost constant)
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https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/026
https://doi.org/10.1103/PhysRevD.111.022003

‘Heavy-metal Scenario of UHECR i

.[J\/, A. Bakalova, O. 'Tkachenko, A. L. Miiller, M. Stadelmaier: Astrophys. J. Lett. 986 (2025) L34] '

I\/Ieasured data are better descrlbed by deeper model
predrctrons on Xmax (for EPOS-LHC, QGSJet 11-04, SlbyII
i 3d) WhICh |mpI|es a heavrer mass composrtlon _;'

* How WeII are the cosm|c ray data at UHE descrlbed by the

heaV|est pOSSIb|e mass composmon 2 | ' |
. i B il Note trans /ron nuclel not consrdered

b ikl .'.»». e
ot Ny

Assumptlons

- 1) Only freedom in model predlctlons |s the mass and energy mdependent Xmax scaIe
2) Pure Fe nuclel above 10jL96 eV (beglnnlng of flux suppressmn) as the heavrest nuclei
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https://iopscience.iop.org/article/10.3847/2041-8213/add536

Heavy-metal Scenarlo Determmmg the Xmax scale

. EPOS-LHC unphySICaI 0 (Xmax) [PoS(ICR02023)230] ] owtu-rmmx
o 900 — — Sibyll 23d  +AX o,

— Omltted . ’ j : 3 R . # Auger DNN

@ Auger FD
A Auger A

. Use ofAuger DNN data
MC: X, X +Axm

max max

- Flttlng AXmax above 10*¢ eV to have pure Fe nuclel

Sibyll 2.3d:  AXpax = 29 + 1132 g/cm?
QGSJet 11-04: AX ., = 52 + 1+11 g/cm?

ConS|stent with AXmax from [Xmax, S(lOOO)] flts at 3 .’LO Ee

[Phys Rev. D 109 (2024) 102001]

)/ (gem?)

max

o( X

Very
universal ! 7180 185 190 195 200
lg(E/eV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Heavy-metal Scenario: In A moments within "umbrella™
K Xmax moments from Auger DNN

e In A moments W|th|n the allowed region of the umbrella plot

o oYInA) conS|stent- with results from correlatpon- coeff'|c|_ent |
r'c Of Xmax and grbUnd Signall in 3'1OE9V [Phys. Lett. B 762 (20_'16)' 288] .

4 QGSJet I1-04 + AX
m Sibyll 2.3d  +AX

max g8

max

A QGSJetII-04 + AX
m Sibyll 2.3d +AX..
A QGSJet I1-04
S O Sibyll 2.3d

max

QGSJet I1-04 AL
Sibyll 2.3d 8
rG(,S‘ X

387 111'1\-:)
38 as :

19.0 19.5
- : lg(E/eV)
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He‘avy-metlal- Scenario: Alleviation of the._'rh,uqn" problem

* Heavier mass.composition means more predicted myons

* The muon"prqbiem is reduced by.appro.Xima_ter half;
without an ind-icatic)n'of'a.zenith or a'n energy dl_epe'n'd'ence |

—— QGSlet 11-04 + AX,,.
— — QGSlet 11-04

— - Sibyll 2.3d + AX s
------ Sibyll 2.3d

=
£

[

S, /S

“muon signal'S,

(InR,),(In(p, /m?))

18.5
lg(E/eV)

600 650 700 750 800 850
-2
(X )Y/ (gem™)

max
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Heavy-metal Scenarlo Astrophysmal Consequences
Backtracklng

Sibyll 2.3d + AX,;,

F owerdaw Galactic coordlnates 90

gauss X exp. / [ ] >8 EeV /’—\ " >78 EeV
o 5
/ 2MRS \

Primary fraction

Sy . PRI ' ! » 1
5190 195 . ; \ / Eriskt I
lg(E/eV R
& ) . ; ¥ Augerdipole @
\_,/ I Auger dipole 16 |8 : o

Auger dipole 20 [

. Instep feature (~15 EeV) caused by
fading of N'nuclei

'ooo"’f..
278 EeV

a
>
L)
5
&
L
=)
o
£
=
P
m
-
m
=
-

g § Auger

RV N and Fe nuclei mlght orlglnate from
Ceeen . sources W|th the same r|g|d|ty cutoﬁ

/\ . Dipolar distributioh of ar'r'ivel"'direc':tiohsf.- |

‘above 8 EeV and also the arrival
: ..,_ dlrectlons of the hlghest-energy partlcles
16.5 17.0 175@1(8;/;8/5\]1)90 195 200 S explalnable

J(E) B [km? yr!srleVv?]
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‘New models Mean and std. dev. of Xmax dlstrlbutlons

[Pos(ICRC2025)442]

Energy/eV | . Energy/eV |
10"

--#-- EPOSLHC-R
EPOS-LHC
-%.- QGSJet-1IL01
==+ QGSJet-11.04
—_ smyu 2. a(d L) i

190 195 200 . . .
lg(E/eV) 1g(E/eV)

. EPOS and QGSJet got deeper 0} ~25 g/cm2 In Xmax predictions
QGSJet: predlcts unphysmal Xmax fluctuatlons for Fe nuclei (as old EPOS)
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New models Mean and std. dev. of Xmax dlstrlbutlons

[Pos(ICRC2025)442]

o Energyllgly | . Energy/eV |

Heavy-metal
scenario

-- EPOSLHC-R
EPOS-LHC
-%.- QGSJet-1IL01
==+ QGSJet-11.04
—_ smyu 2. 2(d ‘.) i

190 195 200
Ig(E/eV)




New models and new data

[Auger FD (2004-2021) ’,/" Auger FD (2004-2021)

=9}
(e}

" NewFDdata! -
. submited to PRD

[ arXiv:2605.12598 ]

(Xmax> / gcm_2
~
w
<
=)} ~l
=} <

~J

[\®]

th
T

~]

~]

[,
[en)

o

(T(Xmax)/gcm_z

~]

jan]

(=)
T

2
(=}

675 ]
——EPOS LHC-R
i ====Sibyll 2.33]

—EPOS LHC—R_
‘ ‘ ‘ i ——--Slhy]llicl .
19.0 19.5 . 18.5 19.0 19.5 20.0
lg(E/eV) lg(E/eV)

¥ EPOSLHC-R 4 Sibyll23e

650

Var (InA)

~ Interpreted mass composition got
- heavier, but larger differences
between models occurred.
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https://arxiv.org/abs/2605.12598

New models: primary fraction fits t0 Xmax dis_tributions |

I ® EPOSLHC-R T Sibyll 2.3

ol ﬁlﬁﬁtﬂﬁﬁﬁﬁihthiiii L

RERRTLRLNY HW%

ents / (10 g cm™2)

]
“J '

PP | .'-_-I.'n'terp'r'et'ed_.mass composition got
. #Ety ¥, BRR T U heavier, but larger differences
17.8 3 182 184 186 /188 190 192 194 196 198 i bEtWeen mo‘del,s occurred.

Ig(E /eV) ; : ; :
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New models: correlation between ground signal and Xmax

QGSJet-IL01 B/dege [35,60]

EPOS LHC-R B/dege [35,60]

] Auger (2025)

A $ ] 3F - preliminary
i

=

¢ 2162 $ 655 1 B "I Ap & Fe 050%p+50%Fe O FD X, mix
2855

1419 1B : 18.4 18.6 188 19.0 192
967 ] lg(E/eV)

Auger (2025) E Sibyll23e  6/dege[35,60)

preliminary | : g

O O -

Ap < Fe O50%p+50%Fe  OFD X ,,x mix

i o i
O : , ] + 754

18.4 18.6 18.8 19.0 19.2 19.4 B < oo Auger (2025)
lg(E/eV) 3 preliminary

O
O

A p < Fe O 50%p+50%Fe O FD X . mix

18.4 18I,6 15;.8 19I.0 19I,2
1g(E/eV)

'Mixi'ng pre‘dicted 0)Y, EPOIS'.'an_S'i”s'teht‘ with data 5
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New models [Xmax,Slooo](e) flts

. [JV for Plerre Auger CoII PoS(ICRC2025)431]
1.5

?"0 - v EPOS-LHC-R % B v EPOS-LHC-R
L? i %G . QGSJet I-01 N Lo lo . QGSJet II-01
X 14 o Sibyll 2.3 v - —— 30 Sibyll 2.3¢

i 140 — S0 £ 150 — 50
<2) - P - -
: ;'/--_- \\ B \ BT
~ 13- L @) ~ 14[ D
£ - NN E T
o N D -
[~ - ~ 1.3 /\ ~
2 1.2+ 2 - . F\S\\
= ~ = L
B Xk R
1.1~ \ .(\ 3 -
B \\%5) L1
L T~ _7/’ -
1.0/ 1.0
TI‘ll\\'l\ll|||\|||\|||||\‘||\\||||I‘\||\ _f|||||\‘||\||||I‘I||\||\||‘\||\||||||\\||
-20 =10 O 10 20 30 40 50 60 -20 =10 O 10 20 30 40 50 60
AX ! (g/cm?) | X/ (glem?)

ONT LHC R predlcts consistent XmaX scale but there IS tensmn in muon attenuatlon W|th 0
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Summary

e A|r shower modelling is cruC|al to |nterpret the mass composmon Wthh |s the key to understand
the or|g|n of UHECR . ~ : : .

« Tests of hadronic- |nteract|on model predlctlons using air- shower data have revealed problems '
both in N, and Xmax: = | | |

 The recent developments |n hadronlc mteractlon models decreased some of the tension, but _
| drscrepanC|es remaln yet mass composition is mterpreted heawer than before.

. ConS|der|ng the freedom in Xmax Scale and the heaviest p033|ble mass composition, the Heavy-
 metal scenario is a viable UHECR pOSS|b|I|ty glven the current P|erre Auger Observatory data
.though astronomlcally unpleasant | - 4

. What could help in near future B ® B
> P O colI|S|ons at LHC. Iast year flrst results from ATLAS [arer 2604 05512] LHCf th|s Summer o%
> data from upgraded Augerane and TA X 4 A e '

« We should be open also to new theones I|ke ultra heavy nucle| from blnary neutron star mergers
(tranS|ents 1) - see Division Semlnar of Glennys Farrar, June 15th 10 a.m.
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“Muon content observed by multiple experlments

[Astrophysms and Space Science 367 (2022) 27]
{EPOS-LHC QGSJet-11.04 SIBYLL-2.3d SIBYLL-2.1

Auger FD+SD
Auger UMD+SD
Telescope Array
IceCube

Yakutsk
NEVOD-DECOR
SUGAR
KASCADE-Grande
EAS-MSU?
AGASA
HiRes-MIA“
Haverah Park
Expected from Xiax
- GSF

>

P

SAERERRERE

QGSJet-11.03 SIBYLL-2.3 SIBYLL-2.3c

“ not energy-scale corrected

ln(NﬂCt) 1r1(N‘dcr

-1 ldls ld'6 10'17 10'18 ldlg 10'15 10'16 10’17 16]8 ldlo 10'15 10'16 ldl? 10'18 ldw 10'15 ld,l6 ldl? 10'18 10'19
EleV E/eV EleV EleV ln<Nﬂ*f‘Fe) — In(NgeL)

No clear observation of energy dependence of the muon deficit in simulations §
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‘Models enhancing the muons

[POS(ICRC2023)429]

0 =67°, 10EeV

750 800
(Xmax) (g/(21112 )

Sibyll 2.3d
Sibyll 2.1
8*(p)

S* [)O)
S*(K*0)

mix)

*(p—mix)

* (0

(
(
*(
(
(

uger

p°—mix) §

B
==
Z
=
—
|
=
2
=)
—
~

[PRD 107 (2023) 094031]

EPOS LHC

750

Xmax> /

B Predicted Xmax Scale ~untouched ! 5
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Auger data: 2239 events

for 1018.5—19.0 eV

60

50

S / VEM

10

0 € (0°,33°)

1/B ref

ref

. Method

|5 = 5(1000) WX = Xonax +D1g

0 € (33°,39°) 0 € (39°,45°) 0 € (45°,51°) 0 € (51°,60°)

40

30
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432 events

436 events

\
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]
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PR I YT I NI AR
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=
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>
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[
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£
g
=
Z.
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600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 10001100

X / (g/om’)

EPOS-LHC 0 € (0°,33°)
~ Example of p
. MC template

1 1 1 1 1 1
600 700 800 900 1000 1100 1200
X/ (g/cmz)
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S

19
(=]
Number of events

Simultaneous log-likelihood ratio fit of
two-dimensional distributions of
X_..and S(1000) in 5 zenith-angle
bins with MC templates for
combinations of four primary nuclei
(p,He,O,Fe)
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« FreedominX_ _(AX )and

)
v

S(1000) (R, _.(0)) and

had

N
G

primary fractions

« ChangeofS, andS_ due

to AX__ incorporated
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Heavy'-metal Scenario: why pure Fe beam.aboye 10196 eV ?

— QGSlJet 1I-04 + AX
— — Sibyll 2.3d  +AX
¢ Auger DNN
@ Auger FD o
Z

Fe nuclei
© (X, )QGSJet I1-04

= (X, )Sibyll2.3d
+ o(X,, ) QGSJet I1-04
= o(X__)Sibyll2.3d

max

Si nuclei
+ (X, )QGSlet 1-04

= (X, )Sibyll 2.3d
+ o(X_ ) QGSJet 11-04
= o(X_ ) Sibyll2.3d

max

(X007 (gem?)

\\1[\\I‘\\!‘\I\‘If\‘

Il\[\\l[\l{‘\{\‘l{\‘

N SR B B S SR S IR R S S
19 19.5 . 19 19.5

Ig(E_/eV) Ig(E_/eV)

r 1T 1T T [T T 1T T [T 1T T T [ T 1T 1T T[T T
[ | | | I

QGSJet 11-04|
 Sibyll 2.3d
| |

' Caveéat: sys. uncert. .not considered

| d <Xmax> / d (Ig E) and G(Xmax) of smgle prlmary
speC|es are very unlversal quantltles

for Fe nuclel data above 10196 eV are fuIIy

- 80 185 190 193 200 e Con5|stent Wlth a pure beam '
lg(E/’eV) '
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Heavy-metal Scenario: Fairly described tail of Xmax
~+ Good description of the Xmax distributions . ' : :

Higher A, might be obtained by:
from Auger FD -measurement [pPhys: Rev. D 90 (2014) 122005]

‘ * Lower: fractlon of He nuclel
e Smaller p—p. melastlc Cross sectlon
| | _ e models o :
QESJELl0f Xl L .. = Higher élasticity in models. .

Sibyll 2.3d + AXm;lx 3 A,,'I‘_:"SO.O- +0.4gcm™

. Compared to slope of the Xmax ta||
| A,=55.8+ 2.3 (stat.) +1.6 (SyS.) g cm:2 from [Phys. Rev. Lett. 109 (2012) oezooé]_

QGSJET II-04 + AXax | 1g( E/eV ) = 18.0-18.5 Sibyll 2.3d + AXp.x | 1g( E/eV ) =18.0-18.5

Auger
sum

oo
=
o
=
o
Q

0 1 .
500 600 700 800 900 1000 1100 1200
Xmax / (g cm’z)

0. ‘
500 600 700 800 900 1000 1100 1200
_n
Xmax / (gem °)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.122005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.062002

What could help

" Updates of models of hadronic -

AugerPrime; . interactions and their tuning to new -, TA*4' :
improvementof . . | HC data (p+O collisionsin 2025) ~ .27
primary mass o e — B
identification

increase of statistic

p + p — chrg 13 TeV CMS inelastic

o/— EPOSLHC %

(& - - QGSJETI-O4 <,
-— SIBYLL2.3c @
+ DPMJETILIZ-1

9
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6

= 1
)
i c 14
©

iy
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........

ey
o

5
pseudorapidity 1
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What could also help Phenomenology studies

[PoS(ICRC2021)310]
| Combinations of ad-hoc modi_fications of cross-
cross-section ’ | : section, elasticity and multiplicity of interactions
multiplicity S . i L Lk g g

elasticity / _
1

s
=

14 15 16
log,,(E[eV])

Difficult with modifications of “macro”
parameters... We need to go to “micro”
parameters like energy spectra and
production rates of secondary particles

loglO(E/Ethr)

J(E, fi9) =1+ (flo—1)-
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Attenuation of hadronic signal

v EPOS-LHC
4 QGSJet I1-04
Sibyll 2.3d

— lo
—— 30
— - 50

3

X max + ngcm“

1.1 1.2 1.3 14 1.5
Rhad(emax)

S(1000) — 5%
S(1000) + 5%

Indication of harder muon spectra in
QGSJet 11-04 than in data
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e Auger VS. TA: Xmax A

TA ---- (Auger’ + TAY)'?
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Auger and TA measurements of Xmax

are compatible
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