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i The Pierre Auger Observatory - the best instrument to
HE study hadronic interactions above Vs = 50 TeV

auger.org, [NIM A 98 (2015) 172

SD signal FD longitudinal profile

* muon content
> from buried
scintillators, 8<45°
> from N, 6>65°

19’

e estimation of primary
masses from X __ fits

« interpretation of X

: moments using In A
e muon production depth J

> for core distance - A R A
r>1500m, 6>65° L. Surface Detector  BESSELRT

e p-air cross-section from
tail of X __ distribution

* muon energy spectrum SRR

> from attenuation with e s e * average shape c_>f

6 andr Fluorescence ‘ W longitudinal profiles
Detector (FD) '

see details about hadronic
interactions in the
R. Conceicao’s invited review
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» frequency of anomalous

* rise time of signal vs. r
showers



https://www.auger.org/
https://doi.org/10.1016/j.nima.2015.06.058

I The Pierre Auger Observatory - the best instrument to
A study hadronic interactions above Vs = 50 TeV

SD signal

e muon production depth
> for core distance
r > 1500m, 6>65°

[Phys. Rev. D 90 (2014) 012012]

* rise time of signal vs. r
[Phys. Rev. D 96 (2017) 122003]
+ neutrons in SSDs,
see talk of T. Schulz

auger.org, [NIM A 98 (2015) 172

FD longitudinal profile

Surface Detector 531"
it D) t

Fluorescence ‘ . s
Detector (FD)

not covered here, showers

e average shape of
longitudinal profiles

[JCAP 03 (2019) 018]

» frequency of anomalous

[EPJ Web of Conferences 144 (2017) 01009]

see references
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https://www.auger.org/
https://doi.org/10.1016/j.nima.2015.06.058
https://doi.org/10.1103/PhysRevD.90.012012
https://doi.org/10.1088/1475-7516/2019/03/018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.122003
https://www.epj-conferences.org/articles/epjconf/abs/2017/13/epjconf_atmo2017_01009/epjconf_atmo2017_01009.html

The Pierre Auger Observatory - the best instrument to
study hadronic interactions above s = 50 TeV

auge'r.org, [NIM A 98 (2015) 172

o sp)

Fluorescence ‘ : ==
Detector (FD) .

Especially for combination of SD and FD observables !
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https://doi.org/10.1016/j.nima.2015.06.058

Observables relevant to hadronic interaction models

PIERRE
YLl
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10" eV [Eur. Phys. J. C 80 (2020) 751] [Phys. Rev. D 91 (2015) 032003] 10%° eV
. 0.8 1.0 : : : : : :
SD Slgnal 1 E=108eV, o EPos LHC E=10YeV, 0 = 67°
C10°<0 <45 . 0 QGSJET 11-04
0.6 . 081 . oaser 11-03 —
* muon content = ] o of\ [ + ] Auger 0k # QGSJETOL Auger
> from buried 5 047 Tl N ! 6 L® ] data
scintillators, 8<45° £ 0 : =R
(o} — 2 T T €
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1 T ""-_‘ p
007 o EPOS-LHC g ©
1 O QGSJetll-04
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[Eur. Phys. J. C 80 (2020) 751] <Xma.x> / gcm {Xmax) / gcm*Z
o, /E« 2.0 ¢ UJih»V\'Ol'k‘ . t (X i) EPOS'LHC .
= ST = * ~2-30 problem to describe the
Sl= s - o= - ! % size of the muon content:
| l&i SRR "+ ! ¢ ¢ factor ~1.3-1.6 !
= 5 i = e  problem seen at various
R e - energies and zenith angles
2:10* 10" v 10"
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https://doi.org/10.1140/epjc/s10052-020-8055-y
https://doi.org/10.1103/PhysRevD.91.032003
https://doi.org/10.1140/epjc/s10052-020-8055-y

Observables relevant to hadronic interaction models
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SD signal * very hard in general with SD only
* large systematics from energy scale
* multi-detector approach necessary:
> SD+FD at different zenith angles
> WCD+RPC+SSD+UMD+RD _
@ AugerPrime + Radio Detector
SsSD
* muon energy spectrum see R. Conceicao’s
> from attenuation with invited review
Bandr
+ Underground
Muon Detector
UHECR 2024
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[Phys. Rev. D 90 (2014) 122005]
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Observables relevant to hadronic interaction models

[Phys. Rev. D 90 (2014) 122006] 10 17.8-19.6 ev

FD longitudinal profile

e estimation of primary

masses from X __ fits
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dependent on MC
Xmax Scale

- input into many
hadronic
interaction studies

see talk of T. Fitoussi for update
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https://doi.org/10.1103/PhysRevD.90.122006
https://doi.org/10.1103/PhysRevD.90.122005

Observables relevant to hadronic interaction models

[accepted in PRD, arXiv:2406.06319]

185 19010g10(E/ev)195 20.0 185 19010g10(E/ev)19.3 20.0 18.5-20.0
g FD gl @ — EPOS- LHC 10 . ; ev
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o] T E - m ZEew T FD longitudinal profile
”E 800
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795 .
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https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/026
https://arxiv.org/abs/2406.06319

Observables relevant to hadronic interaction models

g{%ﬁ{ [accepted in PRD, arXiv:2406.06319]
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https://arxiv.org/abs/2406.06319

Observables relevant to hadronic interaction models

[Phys. Rev. Lett. 109 (2012) 062002]
- Wy A, =558+23 glem? 1017.7-19.8 eV ?
1o g*” " [POS(ICRC2023)438]
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TP 102 eV e ot e e s ED Jlongitudinal profile
< i 03 Sibyll 2.3d h
><E = 0.0F L&@&@@mwwmmwwwwmw R ‘ ISU} Q:ﬁémmm "’
iy 0ol Y HE g
I ST § v |7 S sLE copmo ”,,::__: ---------
10.1‘_...H....|...|...|.’...HH ‘ |’ 0.0F %%%%%%%%%égéﬁ §75 f‘i*”s T
500 600 700 soo 900 1000 1100 1200 B ‘ : ‘ s ‘ 3 "
max [g/cm2] 1.0 i & 25 ,_,j ;F:_\':|4 * . f:fn—ﬁ
. i + B 9y s e, T
[PoS(ICRC2013)401] Equivalent c.m. energy Vs,, [TeV] - Z0.5¢ % % f f §§ ‘T ff ﬂ%% % m?% % L % iﬁ EL i E is . (E};\: L E
-1 £ A a - o(Ele
soo—>———— o fp——— 1 W 00 —it ‘ . . i ke ) )
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(decrease of systematics from He and Xnax scale)
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https://doi.org/10.1103/PhysRevLett.109.062002
https://pos.sissa.it/444/438/
https://pos.sissa.it/236/401/
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Combining SD and FD observables

* inclined showers + FD -> o(N,)

- correlation between X _ and S(1000)
« top-down approach -> R,
- applying shower-universality approach -> R,

o 2-dim distributions [S(1000),X

max

] - Rhad(e)’ AXm

Ground signal + Longitudinal profile

ax

UHECR 2024

J. Vicha (FZU): Overview of hadronic interaction studies at the Pierre Auger Observatory

11/25



Combining SD and FD observables

PIERRE
—ESAEPOS-LHC --EHQGSJetll-04 --- EHMSIBYLL-2.3d ® data
VB AN, s Xucitimodd Ground signal + Longitudinal profile
0.16 Ve "\~ [Phys. Rev. Lett. 126 (2021) 152002]
A 3\ . ;

CHEL LN * inclined showers + FD -> 6(N,) [ Eaat -\

JRCRT] S \

Y k - A

o]

< 010F {:{ T Ly ]

1 ko \
0.08} Hob~\ &\
\\ /*l‘l-
0088 W\ 0> 65°
— \‘ - - -
o Fe o109y « confirmation of a problem to describe the
00— 11 16 18 20 22 size of the muon content: factor ~1.3-1.6
<th> . . .
Lo _ _ * muon fluctuations are consistent with data
T pheloreeil —ma s (no obvious problem in the first interaction)
- " =» Strong constraints on the Lorentz
“E R invariance violation
"E (journal publication in preparation)
oty S€€ talk of O. Deligny
lngm(E/cV)
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https://pos.sissa.it/395/340/
https://doi.org/10.1103/PhysRevLett.126.152002
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Combining SD and FD observables

Ground signal + Longitudinal profile

N preliminary  _ L 1 == * inclined showers + RD = <N,> [l GtV
[PoS(ICRC2023)345]
- Sys. uncertainty
161 : AERA
Slbyll 2.3d . l::;phasel e
S S S
@] vy v e v
E 1.2 "
EI.O- ln . % f‘" ""v'-'.'.",','.‘:‘ vvvvvvvv
| e | U
0.8 | - &) — S— ]
0.6 1 -
0.7 1.0 1.4 2.0
 proof of concept: radio + WCD
see M. Gottowik’s poster « muon scale compatible with
previous results
 journal publication in preparation
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https://pos.sissa.it/444/345/

Combining SD and FD observables
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[ o e YR 04 (tOO shallow Xmax SC&'E)
c(ln A)
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https://pos.sissa.it/358/482/
https://doi.org/10.1016/j.physletb.2016.09.039

Combining SD and FD observables

2 : , ‘ :
19 | - . - .
18] \s\m ev Ground signal + Longitudinal profile
16
14 1
T 12} \
L
08 Syistematic Uncert. 1
! Qll-04p e
06T | Qll-04 Mixed ©
04 | | EPOSLIC Mixed o « top-down approach ->R,  ~1.3-1.6!
0.7 08 09 F:E (en;}by re;égaling; 3 [Phys. Rev. Lett. 117 (2016) 192001]
Stese(Res Rnaa); j = ReSemiij + RnaaREShad.i.j
sorp = 1000m | IPure I\-lll—SE)e:;I I i
Pure EM ——
ot EM from Liag, et 1
from Photprod. ------
= a0 S - « mass from measured X _ - depends on
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10 |
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sec(0)
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https://doi.org/10.1103/PhysRevLett.117.192001
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shower

geometry,

energy
and X

-0.2

max

from FD

Combining SD and FD observables

--p EPOS-LHC
—-Fe EPOs-LHC

p QGsJII-04 Xmax EPOS-LHC ~ <4-data
Fe Qas)II-04 Xmax QGsJII-04

T

PRELIMINARY

1850 1875 19.00 19.25 1950 19.75

Ig (EEP/eV)

Stot = Sey + Ry (S + Sey(u) + Sey(m))

Ground signal + Longitudinal profile

E 0.3
202 :
£ K ‘ 18.5-19.8
e a0 eV
I RARSESE S
f00. ey |

18.5 19.0 19.5

Ig (Eo/eV)

« applying shower-universality approach
-> Rha d ~1.1-1.3 [PoS(ICRC2023)339, arXiv:2405.03494]

see poster of M. Stadelmaier

500 10* .
100 —e e ~20 tension
— U 1000
g —om | E o « R, smaller than in top-down approach
7200 — total _
10/ 0 N « ~insensitive to the MC X __ scale
0|~ — N 1 \
~300 0 200 400 600 800 1000 1200 500 1000 1500 2000 ° journal publication in preparation
AX/gcm‘2 r/m
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https://pos.sissa.it/444/339/
https://arxiv.org/abs/2405.03494

RIERRE
AUGER [accepted in PRD, arXiv:2406.06319]

[Phys. Rev. D 90 (2014) 122006] [Phys. Rev. Lett. 117 (2016) 192001]

Mass composition & tests of hadronic interactions

[Phys. Lett. B 762 (2016] 288]
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[Phys. Rev. D 109 (2024) 102001]

S/ VEM

Mass 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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https://doi.org/10.1103/PhysRevD.90.122006
http://doi.org/10.1103/PhysRevLett.117.192001
https://doi.org/10.1016/j.physletb.2016.09.039
https://arxiv.org/abs/2406.06319
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001
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Improvement in data description

[Phys. Rev. D 109 (2024) 102001]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Improvement in data description

PIERRE 18.5-19.0
AUGER 10 eV [Phys. Rev. D 109 (2024) 102001]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Improvement in data description

18.5-19.0
KUGER 10 eV [Phys. Rev. D 109 (2024) 102001]
0 € (0°,60°)
500 — p(x?) = 0.88 2 p(x2)=0.16 1
& a0 [ “"wo p(x2) =076 2? I Eéf%fnm p-ValueS of fits from
s W Y o MC-MC tests > 10%
o0 - ol - — L
g 10 J o, 50l for all three models
~ 103 A o JPOS- = —
£ 102 {foow%fmg QGO ol EPOS-LHC'
g 10 3 loig, 03 0S- "
o il 549, . QGSJet 11-04°
lo-1 | T 04 In. % Epos-LHC  QGSIJET-11-04  SIBYLL2.3d
10-2 e = 05 bbbt none 2022.9 43508.0 2496.5
500 600 700 800 9(;0 1000 1100 1200 ) AX 138.6 1674.8 10157
X/ (gome) 0/ Rhag = const. 4892 684.4 521.6
0 < (0°,33%) 0 € (33°,39°) 0 € (39°,45°) 0 € (45°,51°) 0c(51°,60°) Riaa (6) 489.2 673.9 2176
e (0°, € (33°, € (39°, € (45°, e (51°, -
140 F ) ) + T ) ) Rpaq = const. and AXax 452.2 486.7 454.2
. 120 i 0.32 0.95 M o024 [ i+ 0.47 §¢ 14 10| Rnaq () and AXpgx 451.9 476.3 451.6 |
= 1g8 - M 003 ;% 0.90 gy 054 f # 039 R 00
& 3 '3 2 9 M 3 | | |
> ol s LA T i —
S ¢k a b [ 7§ o Significant improvement >50
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D P . 1 ol - - -
10 F “ﬁj '+ﬁ¢’° %, 4 % I :ﬁ*ﬁ %! " P (Likelihood ratio tests for nested
ror . p 19 ¢ o Lo b r| ﬂ’, _ . . .
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Fitted parameters

[Phys. Rev. D 109 (2024) 102001]

Zenith dependence of R, _, assumed to be - - v EPOS-LHC lo T .
linearin X_ . -X .. S+ QOSIllod) - 36 0.9 - X Z[;}CSEI;I}IICM T
- Rhad(emin~28°)‘ Rhad(emax~55o) b - St - e 08 j Sibyll 2.3d"
B 0.7 —
13 8 i
3 L *("cé 0.6 j
< L ( - <= E‘ 05 — W
g 120 SN \ (m\\ B
& C RN IS £ o4 \
900 - B PN NN N ~ l
L EPOS-LHC + AXmax \,0\0\\~* L1 = \"v 1 03 —
r EPOS-LHC - L =
850 [ m== QGSlJet 1I-04 + AXpax ] - L L 02 — “ ‘
+ QGSJet I1-04 — - L
[ == Sibyll 2.3d + AXpnax =+ L 0 l
P Sibyll 2.3d 1.0 - 0.1 B | IJ
Ng ; g [ ‘ Ll ‘ Ll | ‘ Ll ‘ L1l ‘ | ‘ Ll ‘ I 00
C) E = 20 -10 10 20 30 40 50 60
— 750 — T e®
/\: i o° < AXmax / (g/cmz) P He O
X 700 - o <
650§ ’ B e - deeper X__ predictions for all models !
e * alleviated “muon problem* to ~15-25%
T e * smaller model differences in mass composition
FD
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Attenuation of hadronic signal with zenith angle

[Phys. Rev. D 109 (2024) 102001]

1018519.0 @\/ -
Pt [— l
15 % |
% - v EPOS-LHC < [
N i 4 QGSJet II-04 = 01—
E 14— Sibyll 2.3d = = i )\ .
o UL & R [ S I L.~
- —— 30 — B | %
_oB = — - 50 - + [
— - / /-\ .
s - [(@), S | —— ey e s
T o121 A=A £ n T T M
~ L X & -\’ M
i e 1 _ ‘ 1
- ( i | T
11— _—
- 01 l 1 L 1 l 1
1.0 L E 5 § §
r £D 2D | +
Ol Coeoc b b e . 2\2 § OI\ Q—Ti § § _g
1.0 1.1 1.2 1.3 1.4 1.5 —E ._I. .jr = * = = 5
~B5° ; E £ - - o
Rhad (Bmax) 0,095 & m m > > 71 71 =

indication of harder muon spectra in
QGSJet 11-04 than in data
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001

Scanning in combinations of experimental systematics

PIERRE [Phys. Rev. D 109 (2024) 102001] Denser scan in the region of the closest
ARG £ 14% approach of the plane to [1,1,0 g/cm?]

X, t80/cm2 FP
1018.5-19.0 eV . . g . 5+ 7 \:| EPOS-LHC
_ Significance of improvement , 0 cosana

S(1000)-5%

IS

S(1000)+5% of data description always |- -
above 50 j E l | H H
X 99/cm?
E,,+14% N P
Animated view: A ln"g
https://doi.org/10.5281/zenodo. 10653685 50
EPOS-LHC
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Summary of tests of models using Auger data

test energy /EeV 0 /° EpPos-LHC QGSIJET-11-04 SIBYLL 2.3d
Xmax moments ~3t050 0to 80 no tension tension no tension (2.3c)
Xmax:S(1000) correlation 3to 10 0 to 60 no tension tension no tension (2.3c)
mean muon number ~10 ~67 tension M tension M tension
mean muon number 02to2 O0to4dS tension tension M —
fluctuation of muon number 4 to 40 ~67 no tension no tension no tension
muon production depth 20to 70 ~060 tension M no tension —
S(1000) ~10 0 to 60 tension tension M —

[Xmax, S(1000)] fits 3tol0 0Oto60 tension M tension M tension M

* all models have problems ...

- Issue in both observables !

* a need to describe consistently both Xnax and ground signal
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Summary on tests of models of hadronic interactions

RRE
AUGER
OBSERVATORY

* Indications of a problem to describe Auger data by models in many analyses

=» combinations of measurements of different shower components are
powerful tests of models

* Current models of hadronic interactions are proven to fail to describe combined
FD+SD data at 3-10 EeV with more than 50 !

— possible underestimation of experimental systematics ruled out
— possibility of a heavier mass composition should be considered
=>» alleviation of the “muon problem® but start of the “Xqax problem®

 New models of hadronic interactions (EPOS 4(LHCR), QGSJet lll, Sibyll*,
Pythia 8, ...) and new air-shower generator (CORSIKA 8) are approaching

* AugerPrime (2024-2035) will be the best cosmic-ray testing facility for hadronic
interactions at Vs ~ 10-200 TeV

* And new methods (Machine Learning) and more data ... Stay tuned !
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Observables relevant to hadronic interaction models

PIERRE
AUGER
1019-3-19.8 @\/ [Phys. Rev. D 90 (2014) 012012] [Phys. Rev. D 109 (2024) 094019]
650
SD Signal 600 | PriOh‘- == —_ Ng : p-induccd EAS '.‘o'.":
— "'@ i ‘O.:l‘l“
— 550 | . | ®F600 ‘
g . _ L — — - |
3 __ . ¢l 1 ne2 42 "27 s ’.:.‘-‘
= 500 [— . ® e 4 -t
4 E “ - o = 550 wod EPOS-LHC
3 Sibyll 2.3d
) 450 | .
* muon production depth tron . __ Epos-LHC » gg:ﬁ ::'04
> for core distance QGSJetll-04 . |
o 400 1 1 | | | | | | | 500 | I T T I I | | | I I I |
r>1500m, 6>65 2x10" 3x10 10%° 10" 10" 102°
. E [eV] E, (eV)
7F e X! 7 .
ﬁluon production point 6 QGS.letil-04 A X::: 6 Epos-LHC "1 l .
o st st Tl |+ EPOS-LHC and (likely also)
Vo, . 4 i el ‘- Sibyll 2.3d too deep ~20
’%,) K JTTETAR < " < .
“ = \r+(z—N)? c 3l £ 3L - .
xs{?% 0 /'l muon traveled distance to ground =3 *+t + ~ : + A [ ] MPD tunable by plon
K 2 - n‘4‘4 . . .
ot \ . il b iz aets™ diffraction (loosely constrained
Pt NP o thaiigestt P o—= . P_ by current accelerators data)
E [eV] E [eV]
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[Phys. Rev. D 96 (2017) 122003]

2

®m 750 m array

1.5

Observables relevant to hadronlc mteractlon models
10175200 ev |

= 1500 m array o
N

600
SD signal L s
400 |— 0.5
El - T
a0l data-driven i o, 0.5~
Benchmark 1 i
100 As = N Z Ai = -t QGSJetll-04 — _17—"__-"' - - QGSletll-04 —|
stations — EPOS-LHC r — EPOS-LHC
200 4(IJO 6(I)0 8(I)0 10I00 12I00 14IOO 16|00 18|00 2000 1.5 17‘.6 17".8 1‘8 lg.l 18|.4 lg.ﬁ 18.8 -1.5 1;_6 ]8‘_8 1|9 ]i)|_2 19‘,4 ll,‘)_(, ]9|_8 20
r [m] log(E/eV) log(E/eV)
LI T ™ ™ LA S AR
5 [ o X..ICRC 2015 — 5 [ o X..ICRC2015 R
<1 A> =1 56 <AS>P B <As>data = A, 1500 m array = A 1500 m array
I = 1n ® A, 750 m array ® A, 750 marray - +""
<AS>p_<AS>Fe b= oo o Fe 4__,_._.'__'._._._._._._._._._;‘.*.;.‘_,+.+__Fe
. - L] ""H- - - ".‘u_ u“
~1-20 inconsistent 2 pro S NI 1 I
interpretation of <In A> | = 1y ":Iu% i ELF e ++1 "¢ :
B L] - " " - = o ol
between As and Xmax e ¢._.'ii_"=*!__3;f¢ _______ e _._%%%__.+_+.~_JI-__5¢¢¢?._4’. + _____ e
CE, "ii =0 + . | Pop, "= ]
. . . 1 ni~, U 1 S5 _HO
* rise time of signal vs. r *ﬂnw{:ﬁﬁ'ﬁ 3
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.122003

Observables relevant to hadronic interaction models

[JCAP 03 (2019) 018]
1017.8-19.5 eV

oy \Emcm FD longitudinal profile
fon () = @EAX), (Foge) e ()
* so far consistent within
,2 ~20 with models
, XN\ X’ :
(dE/dX) = (HRT) exp (RL) * smaller systematics on
_ aerosol measurement
CC0.35_ —=—data —proton NE r —=—data — proton - ] .
[ ooamos " S [ o, oien could improve constraints
L — sibyl23¢ Do40- — sibyll 2.3c
L - L
0.3F
230/
0.25F - e average shape of
i longitudinal profiles
0.2; - 220__,::""---“
8 i85 19 195 8 i85 19 195
Iogm(E/eV) Iogm(E/eV)

UHECR 2024 J. Vicha (FZU): Overview of hadronic interaction studies at the Pierre Auger Observatory 29/25


https://doi.org/10.1088/1475-7516/2019/03/018

PIERRE

Observables relevant to hadronic interaction models

e [EPJ Web Conf. 144 (2017) 01009]
°§:12:_ FD longitudinal profile
H_ * %o effect at 10 eV, % effect at 10* eV
't * hard to reject presence of clouds
s =» additional cloud measurement is needed
o * possible constraints on presence of lightest primaries
S A S O | (and cross-section/elasticity)
by MR AT el % | * no application to the data yet
o [Astron. Nachr. 340 (2019) 2341 — [arXiv:1111.0504]
L « frequency of anomalous
- showers
°-|‘...|‘...|‘...|‘...|‘...|....|....|....|_ [EPJ Web of Conferences 144 (2017) 01009]
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https://doi.org/10.1051/epjconf/201714401009
https://doi.org/10.1002/asna.201913597
https://arxiv.org/abs/1111.0504
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Hybrid detection at the Pierre Auger Observatory

Fluorescence detector

[Nucl. Instrum. Meth. A 798 (2015) 172]
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https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub

re 1/B ref
Auger data: MethOd S = 5(1000) (g f) X = Xmax +D1g (E )

) E
2239 HQ events for 108190 gV FD el = 10157 oV FD
0 € (0°,33°) 0 € (33°,39°) 0 € (39°,45°) 0 € (45°,51°) 0 € (51°,60°)
60 40
432 events 425 events 499 events 447 events 436 events 35
50 2
30 §
= 407 O PR
84| ey
> 30+t 20 8
; 20 15 8
F 10 §
10 . s A
ol L e b by 0
600 700 800 900 1000 1100 600 700 800 900 1000 10O 600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 10001100
A * ™ EpOS-LHC 6 (0°,33°) )
1~ Example of p v % n i _likeli io fi
| MC template z@ " 2=+ i Ingk), ny >0 Simultaneous log-likelihood ratio fit of
= 25 2 R D3} Yo nj =0 two-dimensional distributions of X__
~ J
0 Freedom in X__ (AX__)and S(1000) (R, . (6)) and S(1000) in 5 zenith-angle bins with
VY °r and primary fractions MC templates for combinations of four
%0 600 700X8/00( /9002)1000 1100 1200 o Change of Shad and Sem due to Axmax primary nuclei (p’He,O’Fe)
g/em
- g incorporated

UHECR 2024 J. Vicha (FZU): Overview of hadronic interaction studies at the Pierre Auger Observatory 32/25



Motivations for modifications of MC predictions

» Properties of 4-component shower universality:

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

- S(1000) =S, ,+S,,

- S, very universal

« Main differences between model predictions:

- Scaleof (X__ )and (S )(0)

are approx. primary and energy

independent

Caveat: no modifications in fluctuations
or mass-depencies etc. considered

(Ximax) [g/cm?]

- — EPOS-LHC
i - QGSJet 11-04
S Sibyll 2.3d

800

750 =

18.5 18.6 18.7 18.8

log,(E/eV)

18.9

19.0

(Signal at 1000 m) / VEM

30

25

20

- eposLHC [ v
F o QGSJet 1104
\:I Hadronic

- Sibyll 2.3d

‘ Electromagnetic

b

1 1
0 200 400 600 800 1000
(Xatm — Xmax) / (g/em?)

X .,= 880/cos® glcm’

ad-hoc modifications
XITICIX9 Xmax+ A Xmax

Shad(e)_)shad (6)'Rhad(6)

1200
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https://doi.org/10.1016/j.astropartphys.2017.01.003

Effect of modified X __ on the ground signal

135 (0°,33°)(33°,39°) (39°,45°) (45°,51°) (51°,60°) 20
o Rpad(0) + AXmax Y EPOS-LHC B v 21;2§_L3(E)4
L L o A t 1I-
1.30 . Rpaa(0) A QGSlet 1104 18 — Siby1162.3d
C -~ AXmax : (]
1.25 — Sibyll 2.3 i Corrected for Ry,q(0) and AXppax
B . A . 16 —
C " > i
1.20 & § C
2 S U CESSE sl | .y
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mE e 2=
1.05 - e T 10 -
B T -
1'007‘\I\A\‘//‘\I\\‘\\\\‘\I\\‘\I\\‘\I\\‘ 8_ ‘ ‘ ‘ ‘ ‘ ‘
e wostic [ 065 070 075 080 085 090 095 200 300 400 500 600 700 800
L et 11-
PR Sibyll 2.3d [ | Hadronic fhad (Xatm Xmax) / (glcmz)
E L |: Electromagnetic 1.0
Z [ v EPOS-LHC o
= r 0oL 4 QGSletllo4 ,;" b
§ 15 |- T e Ssibyli23d ."“ ;i’
P L — osf “ it
Téb 10 } é it ’ b
& F o7 Fe jotdieet : s
s : i e
L P 06 - p \Lri'f:i’ ....
ol b v v e T L b
0 200 400 600 800 1000 1200 0 1'0 2'0 3‘0 4‘0 5‘0 6‘0
(Xatm*Xmax) / (g/sz) 0 / °
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Assumption on primary species

« AX__ decreases by about 5-7, 10-17 and 30-40 g/cm® and R,_ (0)

Increases by about 2-5%, 4-9% and 15-20% when the heaviest primary Fe
IS replaced by Si, O and He, respectively

In % ErPos-LHC  QGSIJET-1I-04  SiBYLL2.3d

p He 518.3 633.5 563.5 Significance of improvement
pHe O 467.5 523.3 4806.6 of data description above 50
p He O Fe 4519 476.3 451.6
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Systematic uncertainties
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MC-MC tests
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Adding muons ~ without changing Xmax

Core-corona model - collective

statistical hadronization = EPOS 4

Sibyll * - artificial enhancement of muons
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[Phys. Rev. D 107 (2023) 094031] [PoS(ICRC2023)429]
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https://pos.sissa.it/444/429/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.094031

Possible mass-(in)dependence of X _ shift

“changing the normalization of energy dependence” =» mass independent modifications

[arXiv:1612.09461 [astro-ph.HE]]
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https://arxiv.org/abs/1612.09461

[POS(ICRC2023)245]

MOCHI (preliminary)

“changing the shape of energy dependence” =» mass-dependent modifications
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Modifications of hadronic interactions
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[Phys. Rev. D 83 (2011) 054026] *
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.054026

e CONEX In CORSIKA: 3D information

Towards more complex explanation: MOCHI

MOdified Characteristics of Hadronic Interactions

* Modification factors in cross-section, multiplicity and elasticity

* MOCHI library:

Sibyll 2.3d

energy 1087 eV
protons and iron nuclei
5 zenith angles

1000 showers per ,bin*
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See [PoS(ICRC2023)245]
for more detail

750 000 showers (~200 TB, ~250y CPU time)
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Range of modifications and thresholds

Cross-section (Eq = 10'° eV)

- well constrained for p-p at LHC to a few % 1.8 | -
- unc. in conversion to p-A limited by CMS p-Pb ”“r’rf’jlf;fzﬁz
measurement 1.6 | elasticity -
Multiplicity (Ew = 10 eV) 1.4 -
- no p-A data, limited rapidity coverage -

1.2
Elasticity (Eux = 10 eV) 2
- difficult at accelerators, limits from nuclear emulsion w 1!
chambers =
- recent LHCf neutron elasticity measurement? 0.8 1
- range of modifications limited by internal e b
consistency '

log o (E/Er) s 1|4 1|5 1|6 1|7 1|B 19
F(E, fio) =1+ (fio—1) -
log;o(10 EeV/E) log, ,(E[eV])
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Importance of 3D simulation

All muons Muons around 1000m
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Comparison with Auger results

[Phys. Rev. D 109 (2024) 102001]
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Effect on tail of X,..x distribution
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Effect on X.ax fluctuations

PoS(ICRC2023)365
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