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Messengers of the Universe

violent astrophysical environments
L accelerate particles
L produce radiations

multimessenger picture 4§ neutrinos
cosmic rays

L each probe diff. physical processes
L provide complementary information
about astrophysical sources
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AGNs, SNRs, GRBs...

They are charged particles and
are deflected by magnetic fields.

* X

AGN: Active Galactic Nucleus
SNR: SuperNova Remnant
GRB: Gamma-Ray Bursts

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
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Messengers of the Universe

L cosmic rays

black
holes

ultra high energy cosmic rays
E >>E

UHECR man-made exp.

unique opportunity to study particle

interactions in extreme conditions
unlike at artificial colliders (LHC, RHIC,...)

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics

Chloé Gaudu | gaudu@uni-wuppertal.de

UHE: Ultra-High Energy

CR: Cosmic Ray

LHC: Large Hadron Collider

RHIC: Relativistic Heavy lon Collider

AGNs, SNRs, GRBs...

Where do cosmic rays come from?
Are cosmic rays produced within our galaxy,
or from extragalactic sources?

L What are the astrophysical accelerators capable
of reaching such extreme energies?
What are cosmic rays made of?

efc...

They are charged particles and
are deflected by magnetic fields.

* X
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Cosmic rays

L all-particle energy spectrum

power-law behavior over many orders of magnitude
L E~0O(10°-10%°) eV

d
4J g
dF

“sdgcond knee”

“ankle”

direct measurements @ low E

L, space-based, balloon-borne missions
indirect measurements @ high E

L ground-based experiments

E%dJ/dE [GeVm~2s7tsr™Y]

- N]

spectral features Extragalactic ¢
nd . W-ray bagckgrounc 0o ‘T“
L knee, 2" knee, ankle, suppression [ I

different acceleration and propagation regimes 1077 1

L galactic accelerators dominate @ low E

L extragalactic sources dominate @ high E | | ! I | | % | ] il
10* 16t 10*¥ 10® 10* TP 10% 10T 10¥* 10° 10 1o
E [GeV]

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de Eur. Phys. J. C 83 (2023) 971



900 —HEAT — .FD . SDDNN . AERA
Cosmic rays -

b mass composition

direct measurements @ low E 800
provide precise mass composition

L ~90% protons g
L~ 9% helium nuclei o)
L~ 1% heavier nuclei o~
>
o]
g

indirect measurements @ high E ]
infer mass comp. from secondary signatures lighter CR

L compare exp. data vs. simulations composition
L mass composition «< E
L carry large simulation uncertainties

......... QGSJet-11.04
— EPOS-LHC

600

| T Sibyll 2.3c
. . [ B [ B I [ N
secondary signatures? heavier CR " 19 20
composition 10 10 10
E [eV]
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UHE: Ultra-High Energy
CR: Cosmic Ray

Cosmic rays

L secondary signatures AGNs, SNRs, GRB...

cosmic rays interact with gga/g/;
Earth’s atmosphere

produce cascade
of secondary particles

= air shower
78% N
Earth’s atmosphere 21% O
1% Ar
fhéy aré charged particles and
are deflected by magnetic fields.
- X
S
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= cosmic ray
Cosmic rays Primary Particle

L air shower structure ¢ .
nuclear interaction

K KO/ with air molecule
air shower develop via part. interactions and decays *

- l‘*‘
', n--—K K
several shower components /
L hadronic = shower backbone
L mainly mT,K, nucleons 1
hadronic
et e

L transfer E to others components

7\
e\ ¢

cascade e

L electromagnetic LLHL'W_,LI'H

L from m°—y decays radiation

L pair production/bremsstrahlung

L carry large fraction shower E
L muonic YVVV

L from ﬂ,KFjecays u’r !~l+ v, Vu W p,nn K & yyeeyy e

> weakly interact reach ground nuclear fragments

and lose little E
muonic component hadronic electromagnetic
neutrinos component component
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= cosmic ray
Cosmic rays Primary Particle

L air showers
nuclear mteractlon

(7T S

T, n(—K K —>7t
study cosmic rays at highest energies
L need observatory capable of detection *
and accumulating sufficient statistics hadroni ‘/ ‘l’ J \ J \
\\ cascade e
indirect radiation
detection
PIERRE
AUGER VVVV
weowovovoow pnT.K € yyeeyy e
nuclear fragments
muonic component hadronic electromagnetic
neutrinos component component
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Pierre Auger Observatory

L overview

located in Malargue, Argentina

~3000 km? instrumented area
L study UHE cosmic rays

hybrid detector design
L Surface Detector (SD)
L ~1600 stations
L, water cherenkov detector
L scintillator surface detector
N radio antenna

L Fluorescence Detector (FD)
L 4 sites around the SD array
L 27 telescopes
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PIERRE
AUGER

OBSERVATORY
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Indirect detection of air showers
L at the Pierre Auger Observatory

PIERRE
AUGER

OBSERVATORY

When they reach the Earth, cosmic
rays collide with nitrogen in the upper
atmosphere to produce a particle shower

The particles are,aAl’sfo/
recorded vyheﬁlthey
react,wifﬁ the water
,Lnth,e tanks of the I =
surface detectors

The collision
between the
particles produces
a faint blue light,
captured by the / \ . \ ; :
fluorescence / B\ Avi & vl \ triggered stations
telescopes | 1| g N\ \ integrated in time )/’
L energy loss profile L signal footprint

. " 3
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Primary Particle

SimUIating air showers nuclear interaction

KK / with air molecule \\
L full simulation framework Y /

s sl
T ne—K K —>1’

\Hk Y/ \Y
hadronic J \L g\e_ g&

simulating air showers = computationally complex

cascade et e e
L detailed interaction physics : W,
- . : radiation
L track millions of secondary particles across atmosphere :
full simulation framework models the entire shower evolution vV Vv )
L from 1t interaction atop the atmosphere Bonovv PN K e yyeeyy e
. . . . . nuclear fragments
to particle distribution at the observation level i SomporEnt hadironia —
neutrinos component component
L  particle shower simulation codes
L provide full 3D simulations with detailed tracking of individual particle trajectories
>  hadronic interaction models
L predict outcomes of each collisions during shower development
Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 1
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Simulation framework

L particle shower simulation code

numerical code simulating full development of particle cascades in a medium
L tracks secondary particles individually in realistic 3D environments
L position, time, energy, momentum evolution
L samples stochastic processes generating new particles
L interactions, decays
L outputs measurable quantities
N Np(X), dE/dX, dN/dr, dN/dE at observer level

CORSIKA 8 = new C++ particle shower simulation code
L successor of CORSIKA 7, with focus on modularity C % R S I KA 8
L open-source community project
L hadronic interactions < high E = EPOS-LHC, QGSJet-11.04, Sibyll 2.3d
T low E = FLUKA

L EM cascades handled by PROPOSAL

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de
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QCD: Quantum Chromodynamics

Simulation framework

b hadronic interaction model (HIM)

petecter [J—

HIM describe hadronic interactions _ 4--—*/ | Tae————

L combining ¢ perturbative QCD (hard processes) _.
T + phenomenological models
(soft interactions, diffraction, nuclear effects)
L linking QCD theory to experimental observables

L tuned to accelerator experimental data
L extrapolated to higher energies

different use case
L particle physics = Herwig, Pythia, Sherpa
L air shower physics = EPOS-LHC, QGSJet, Sibyll

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 13
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Indirect detection of air showers

b relevant quantity: depth of the shower maximum X experimental measurement
max
@ Pierre Auger Observatory
energy deposited in the atmosphere o< air shower size /
[ — Gaisser-Hillas E=(24940.16) x 10¥ eV ]
40 - ¢ data I Xmax = (725.1 £3.8) g/em?®
shower — r e 12 14 I .
i (a] o g | @ el i
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Indirect detection of air showers

L relevant quantity: depth of the shower maximum X

dE/dX

X

max

shower
axis

dE/dX o< air shower size

X __ oc mass of cosmic ray
max

&

e

(&)

i

=

N

=1

o) Fe
© 3 X max

. j P

% Xmax

1000
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dE/dX [PeV/(g/cm?)]

40
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20

10

experimental measurement
@ Pierre Auger Observatory

/

X
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Indirect detection of air showers

b relevant quantity: depth of the shower maximum X _

X __ oc mass of cosmic ray
max

dE/dX

X

max

shower
axis

dE/dX o< air shower size

X

(X max) [g cm™]

lighter CR

900

800

composition

heavier CR

composition
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experimental measurement
@ Pierre Auger Observatory

A

r

N\

v HEAT

700

o« FD = SD DNN AERA
X SD Univ
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simulations
| ) e QGSJet -11.04
— EPOS-LHC
600 l L Sibyll 2.3¢ |
E [eV]
16



p@10'° eV air showers
simulations using CORSIKA

/

Indirect detection of air showers

b relevant quantity: number of muons at ground Np 0
20
shower 200
axis &S 10
longitudinal profile N (X) £

2 1. »
o | -+
- e s
v e 45 B
™ ~, =
3 50 eoma¥ | B
a— .,...... S—
<) - i
2 I 3
-
< 800} |__Hadrons

- (x 100)

I -1

NIJ ooy o, L, AL J.-’"....'I gt g
0 N 2 3 4 x10
number of muons reaching the ground p  Particle number
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Indirect detection of air showers

b relevant quantity: number of muons at ground Np

M at ground = early shower development in high altitude
shower

axis . .
heavier primary CR

Np(x) N more nucleons
L more T*, K*

Decay channel Branching ratio (%)

7t = uy, 99.987
T = U, 99.987
Kt =y, 63.56
K= — pi, 63.56
K} - ¥y, 27
Dt = uv, X 16
D% -y, X 7

Np AY = pv, X 4.5

N , o< mass of cosmic ray L more

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Indirect detection of air showers

b “Muon Puzzle”

experimental measurement
bservatory

@ Pierre Auger O

1.0 : :
0 Eros LHC
o QGSJET [I-04
& QGSJET 1103
¥ QGSJET01

0.8

0.6

—~

2T
M content
0.2

simulations —1
0.0

—

[o ]

E=10"eV,0 = 67°

Auger
data

/

680 700 720 740 760 780 800 820

(Xmax) / gem™
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“Muon Puzzle”

L

discrepancies between simulations
and experimental measurements



WHISP: Working Group on Hadronic
Interactions and Shower Physics

Indirect detection of air showers

b “Muon Puzzle” in other experimental apparatus

In (N,) —In(Nyp)

WHISP meta-analysis shows conflicting results between experiments 2=
L combine data from many p detectors In (N, Fe) —In (N, )
ly i . .
account for different methods and thresholds L z=1iron primary
L . _
introduce normalized z scale L z=0 proton primary
EPOS-LHC QGSJet-11.04 SIBYLL-2.3d
muons in E estimator
B high (> 50%)
) Fe B medium .
- o,“ . low (< 10%) measure the E_ _  with
PIAALS | [ ™ H{H "¢ = FDbased little or no p contribution
2 | ¥ B ity based . . .
i ) : ntensity base L show increasing p deficit
e ¥ T T T T T T T T T T T T T T Z /‘ m E
1015 1016 1017 ]0]8 ]019 1015 ]016 ]017 1018 ]019 ]0]5 ]016 1017 ]018 1019
EleV EleV EleV
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“Muon Puzzle”

L from model discrepancies to new modeling approaches

Pythia 8/Angantyr
L Pythia 8 (e"e", pp/pp)
L general purpose hadronic interaction model

L Angantyr (hA, AA)
L extension of Pythia for heavy-ion collisions
L v8.312 update w/ variable energy and beam
on event-by-event basis

bringing Pythia 8/Angantyr to air shower physics
1. implementation of Pythia 8/Angantyr in CORSIKA 8
2. tuning Pythia 8/Anganty for air shower physics

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de

® Pythia 8I/Angalntyr?l

1.0 :
o EPos LHC E=10Y¢eV, 0 = 67°
o QGSJET [I-04

0.8 & QGSJET I1-03 —_
% QGSJETO1

680 700 720 740 760 780 800 820
<Xmax> / gcm_z
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Implementation of Pythia 8/Angantyr in CORSIKA 8
and Its Tuning for Air Shower Physics
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1000 -

Pythia 8/Angantyr interface to CORSIKA 8

L technical changes

200 4

Cross sections for (7, target)

® P8 315/A

— fit

et —_—la 404,
20 — 160

Cross sections for (*Fe, target)

2000 4

® P8315/A
— it

— 1 S . V"

A0 Ay

— 2@ — 160

@ 600
coordinated changes in Tmain C8 codebase 'Téb e e
corsika-data submodule
L integrated Pythia 8/Angantyr in the CORSIKA 8 build system
L can be updated for new Pythia versions o
L updated nuclear particle definitions in Pythia 8
L stable isotopes up to *Fe ol
L set up reuse file for Angantyr initialization in corsika-data -
L added tabulated Pythia 8/Angantyr cross sections in corsika-data £ 2500 1
L projectiles = hadrons and stable isotopes up to %Fe >~
L targets = p, "°C, "N, 60, “OAr LY

L p,, from 100 to 10" GeV (discrete values of order of mag.)  150-

L modified pythia8 module in CORSIKA 8 for compatibility 1000 1

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Pythia 8/Angantyr interface to CORSIKA 8
b validating Pythia 8/Angantyr air showers

25

several shower geometries

L vertical
L inclined
L horizontal

several shower primaries
L EM particle (e*, y)
L light nuclei (p, CNO)
L heavy nuclei (Fe)

several shower Eprimary

several kinematic particle cuts

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de

curved shower front

zenith angle
detector array 0
— 1 1 - -~

benchmarking C8+P8 full air showers
incl. different set of kinematic particle cuts
L vertical p@10"" eV
L inclined (8 = 60°) p@10'"° eV
L inclined (8 = 60°) p,Fe@10'-10"% eV
N

inclined (6 = 67°) p,Fe@1019 eV } Auger cuts

1 MeV for e*ly
1 GeV for hadrons/p

24
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Pythia 8/Angantyr interface to CORSIKA 8
b validating Pythia 8/Angantyr air showers

longitudinal profile Np(X)

longitudinal production profile N roGI(X)

L depth of the particle shower maximum Xp e
energy deposit profile dE/dX

L depth of the shower maximum X
particles at ground

L energy dN /dE

L lateral dlstrlbutlon dN ldr

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de
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shower

axis y

dE/dX

shower
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Validating Pythia 8/Angantyr air showers

L depth of the shower maximum

dE/dX

X

max

shower

axis y

Pythia 8/Angantyr compatible with other HIMs
L deeper than QGSJet-11.04

L shallower than EPOS-LHC and Sibyll 2.3d

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics

Chloé Gaudu | gaudu@uni-wuppertal.de

pP@10'° eV, 8=67°

I'.'l (Xmax> = U(Xmax)/\/ﬁ
EPOS-LHC - HEH
Pythia 8.315 | | ® |
Angantyr
QGSJet-11.04 - 6]
Sibyll 2.3d - —
1 1 1 1
780 790 800 810
—3
Xmax / gcm

Fe@10'® eV, 0=67°

I'.'l <Xmax> =5 O'(Xmax)/\/ﬁ
EPOS-LHC - M
Pythia 8.315 | H
Angantyr
QGSJet-11.04 - lé|
Sibyll 2.3d - el
1 1 I 1
680 690 700 710

Xmax / gcm™2
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p@10'° eV, 8=67°
=

Validating Pythia 8/Angantyr air showers |

1 lateral distribution of muons at observer level p ] == Pythia 8315/ Angantyx
10 J #+#* QGSJet-11.04

] === sibyll 2.3d
e aaaanl L1

shower 1.4
axis ]
25 1.0
p* =R
0.6 ] | T 1 LU  § LILLLRLLL 1 LILBLLRLL
109 101 102 103 104
r/m
shower Fe@1 019 eV, 0=67°
axis 4 T
10% 4 124
Nu
Z| s 1
2]
ﬁi 10° § == gpos-LHC
Ct;\]. 1 = Pythia 8.315/Angantyr
Pythia 8/Angantyr vs. other HIMs 102 o " QGSJet-11.04
] === Sibyll 2.3d
L less muon close to shower core : s sinbausu N SRR
L more muons ~10km from shower core o=
= B
=
0.6 ] LA | E 3 BRI 1 LA 1 T rrrrn
Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 101 102 103 104
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Validating Pythia 8/Angantyr air showers

b vs. Pierre Auger Observatory measurements

Fe@10'° eV, 0=67°

+
10% 5
Z|& 1
-cl'c 10° 3 == EPOS-LHC i
Csl i = Pythia 8.315/Angantyr 10
102 4 "7 QGSJet-11.04
j === Sibyll 2.3d
L i 0 dr
I~ S
= E 1.0 '*“:‘.'ﬁ:—:;.\':"g':
1 -~
0,6 T T TTTT00 1} T T TTTT0T T T T TTTT00 1 ; T TTTTIT
10t 102 10° 10% Fe@10'® eV, 9=67°
r / m H <Xmax> G U(Xmax)/\/ﬁ
EPOS-LHC - H
Pythia 8.315 | H
Angantyr
QGSJet-11.04 - léf
Sibyll 2.3d A ]

680 690 700 710
3
Xax / gem
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x10°

7.5 4 m EPOS-LHC
® Pythia 8.315/Angantyr % Sibyll 2.3d

¢
6.0

56Fe, £ =10YeV, § =67°

¢ QGSJet-11.04

680

690 700
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Validating Pythia 8/Angantyr air showers

L vs. Pierre Auger Observatory measurements

2.0

unified picture of Nu and X___with model predictions
using Sibyll 2.3d as reference for common z scale 1.5
L translate Auger data from {In Ru) to z

o In <Nu> - <Nu,p> N
In (Nu,Fe> —In <Nu,p> Sibyll 2.3d

Sibyll 2.3d /‘B\J p@10' eV, 6=67°
Fe@10'" eV, 6=67° \&/

Pythia 8/Angantyr highest z scale value
L not compatible with Auger data —3 7

= = EPOS-LHC
=== Pythia 8.315/Angantyr T
weee QGSJet-11.04
— . Sibyll 2.3d

L yet closest to Auger data among HIMs

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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B = 10" ¢V, 0 =67°
7(l)0 750
<XmaX> / gcm‘Q

800
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2.0

== EPOS-LHC
== Pythia 8.315/Angantyr T
1.5 9 ==+ QGSJet-11.04

Implementation of Pythia 8/Angantyr in CORSIKA 8 B

L summary

successful integration of Pythia 8/Angantyr into CORSIKA 8

L consistent Angantyr initialization, interaction handling
maintainable interface within the modular C8 ecosystem

-

L benchmarked at interaction level T cross sections 051 p — 109ev, 0 = 670 s
final states —— 77—
L validated with full air-shower simulations (Ll 750 800
(Xmax) / gem™
P8+C8 vs. Pierre Auger Observatory measurements i N ——————
L highest Nu predictions among models e C
L still underestimates Auger data . ./-j;?j_ff.‘._,,.
L X, Predictions indicate lighter composition 800 :

solid foundation for future tuning and systematic refinement of
Pythia 8/Angantyr for air shower physics

(Xmax) / gem™2

700 £ 22

--- EPOS-LHC
=== Pythia 8.315/Angantyr
""" QGSJet-11.04

—= Sibyll 2.3¢

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 1017 10'18 10'19 10'20 30
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Implementation of Pythia 8/Angantyr in CORSIKA 8
and Its Tuning for Air Shower Physics
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Tuning for air shower physics

L motivation

HIMs use phenomenological models to describe particle collisions
L many parameters (O(10) to O(100)) not set from theory
L need to be tuned to experimental data

“tuning” = adjusting parameters
a “tune” = specific set of parameters + switches
many HIMs have limited, complex, or undocumented tuning interfaces
L attractive Pythia 8/Angantyr tuning interface

L user-friendly and well-documented
L existing published tunes (Monash 2013, ATLAS A14, ...)

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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2.0

1.5

—L8 5

== EPOS-LHC
== Pythia 8.315/Angantyr T
rers QGSJet-11.04
= Sibyll 2.3d

E=10"%eV, § = 67°

700 750 |
(Xmax) / gem™

800
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Tuning for air shower physics
L automatic tunin
9 “‘manual” tuning requires significant expertise and time

L automatic tuning frames it as a multi-parameter optimization problem

"

tuning algorithm HIM

. experimental data
analysis

framework

model & data agreement

e -
improves reproducibility quantified via x

scales better with many parameters and observables
requires machine-readable experimental data

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Tuning for air shower physics
L High Energy Physics Database (HEPData) " %

open-access repository of experimental high energy measurements
L different systems available < collider
fixed-target - o s
—@HEpData Qsecnrerons [ ©About @SubmissionHelp #Signin

stable and reliable reference for the community  py— ===
L model validation and tuning without ambiguity <ot e

Measurement of ZZ production
" - - le2 View Analyses v
inpp collisions at /s = 7 Tev Normalized ZZ fiducial cross section (multiplied by 10%6 for readability) in bins of the

h uman- and mach | n e—readable fo rmats andlimitsonanomalous ZZZand [ Lzrivet | transverse mass of the ZZ system for the 212nu channel. The first systematic

Table 8 1017182/mepdata.62535v1118 http:/wwwhepdatanet/r (7] . | ION

ZZy couplings with the ATLAS inty i detector the second is background systematic :
uncertainties. {
L YAML, CSV, ROOT, YODA/YODA2 detector Table 1 >
) ) ’
n Data from Page 17 of preprint cmenergies observables phrases reactions
|_) t d t The ATLAS collaboration 10.17182/hepdata.62535¥ 141
m red iduclal er 7 1G/DM Inclusi PP->2020X
€tadata Aad, Georges , Abajyan, Tatevik , Abbott, Brad , b oo e 370000 >.050 S lnckntey b2k
Abdallah, Jalal , Abdel Khalek, Samah , Abdelalim, uncertainty s the combined  single Differential Cross
|_) i i Ahmed All, Abdinov, Ovsat , Aben, Rosemarie , systematic uncertainty excluding
ana ySIS Se eC IOn Abi, Babak , Abolins, Maris hninasity the secood [ the. iR s
& 70
. . HEP 3
|_) klne atIC Cuts JHEP 1303 (2013) 128,2013 Table 2 >
m http://dx.doi.org/10.17182/hepdata.62535 Datafrom Page 20 of preprint
.. . . 10.17182/hepdata.62535v1/12 Visualize
L original publication RE PPZ0cLEPTON:LEPTON->20 <N
sections. The first systematic NUBAR >X
uncertainty s the combined 4000
. . Abstract (data abstract) systematic uncertainty excluding 3,000
|_) RIVET |u N aSSOCIGted CERN-LHC. Measurements of the cross section for uminosity,the second i the. SQRT(S) 7000.0 GeV
22 production using the 41 and 212nu decay a0
Hannels isions at MT(z2) 106 * 1/51G(fiducial) * D(SIG(fiducial))/DMT(2Z) 1,000
Table 3 >
mass energy of 7 TeV with 4.6 fb*-1 of data [GEV] 10,000~
collected in 2011. The final states used are 4 Data from Figure 8A oy
electrons, 4 muons, 2 electrons and 2 muons, 2 10.17182/hepdata.62535v1/t3 220-250 10500 4400 stat $300 sysdetector £1900 sysbackground
electrons and missing transverse momentum, and 2 Normalized ZZ fiducial cross 8000
muons and missing transverse momentum (MET). section (multiplied by 10*6 for 250-300 6320 £2630 sst 4230 sysdetector £280 sysbackground 7000
caadabilinin hine of the leading 6000
rivet.hepforge.org/analyses#ATLAS_2012_11203852 fonoT for
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Tuning for air shower physics

b RIVET | 1 X
modular analysis framework RIVET is the most widespread way to preserve the analysis code
L C++ plugins from the LHC and other high-energy collider experiments
L python interface
pp— 1’ in8.8 <y < 10.6at /s =7 TeV
@1071 ?*‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T LI
compares particle-level observables with directly experimental data % . .
L bypassing detector simulation 310* =
L, processes Monte Carlo events from HIMs i ]
L EPOS, Pythia, QGSJet, Sibyll, etc... 10,3? E
L outputs results as YODA histograms o | it data i_
L each publication = dedicated RIVET analysis plugin Pyﬂ“a&f”g/cf;?gzﬁfg; i
L) RIVET SUpportS CUStom analyses 105 ;—‘ [ ‘ Ll ‘ L ‘ L1 ‘ [ ‘ [ Sl})}\,lllzsldl |-i|-|—:
14 :7!‘ LI T ‘ T ‘ T T ‘ T T ‘ T T | 1T | LI = : Iil
8 12 f— é
g 10 B + $ $ b
D e P ! T T 4
S 08 ;7 } i
06 :‘ L 1h ‘ L1 ‘ L1 ‘ 11| ‘ 11| ‘ L1 | | | | | | | I—'I—'

-1.6 -14 ~1.2 -1.0 -038 —0.6 —0.4 —0.2 0.0
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Tuning for air shower physics

L RIVETization efforts ‘ X
) Detector
fixed-target measurements @ Super Proton Synchrotron, CERN V '
L similar as late secondary interactions in air showers _— s e
ve—— T
Beam Target
RIVET plugin name HEPData RIVET ppeam (GeVce™!)  projectile/target observable
NA22_1990_1301243 v drafted 250 Ttp do/dz, do—/dp?r
NA22 1992 1322980 v drafted 250 7tp, Ktp do/dxg,do/dp%
NA61_2017_I11598505 v drafted [20-158] pp d?n/dydpr
NA61_2017_11600971 drafted 158, 350 7= C xp dn/dzy
NA61 2019 11753094 v drafted 60, 120 pC gprod_ginel
NA61 2022 11868367 drafted 158 pp d?n/dydpr, dn/dy
NA61 2023 12155140 drafted 158, 350 7= C oProd d2n /dpdpr

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Tuning for air shower physics

Aq
L Pythia 8.315 F\,, M
—>»  Angantyr _)m’
b RIVETization efforts 5 . : =

NAG1/SHINE
‘ detector
fixed-target measurements @ Super Proton Synchrotron, CERN 4 +
L similar as late secondary interactions in air showers ™ ———— . /1/'%Tr +
— > ¢ NN~
P/p
RIVET plugin name HEPData RIVET ppeam (GeVe™!) projectile/target observable
NA22_1990_1301243 v 250 TP do/dzg, do/dpi
NA22_1992_ 1322980 v 250 mp, KTp do/dzp,do/dpF
NA61 2017 11598505 v [20-158] pp d?n/dydpr
NA61_ 2017 _I1600971 158, 350 7~ C xp dn/drp
NA61 2019 11753094 v 60, 120 pC giProd, giuel
NA61_2022_ 11868367 158 pp d?n/dydpr, dn/dy
NA61_2023_12155140 drafted 158, 350 7= C 0‘pr°d, dzn/dpde
L focus of Pythia 8/Angantyr “Wuppertal” tuning efforts
Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 37
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NAG61/SHINE
detector

Tuning for air shower physics ~ v,
m — s &6 —— t
L Pythia 8/Angantyr “Wuppertal” tuning efforts ——> C NP,

fixed-target
experimental data

NA61_2023_12155140

0
|—) Pythia 8.315

Anganlyr RIVET 4.1.0

Professor 2.5.3

X

model & data agreement
quantified via x?

*surrogate built on HIM sampled events

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L Pythia parameters

Multiparton
interactions

Lund string
fragmentation

Beam-remnant
momentum distributions

Popcorn mechanism

Hardness of beam-remnant
baryon fragmentation

{

MultipartonInteractions:ptORef _
MultipartonInteractions:ecmRef-—tjﬁxed!
MultipartonInteractions:ecmPow

StringZ:alund
StringZ:bLund

BeamRemnants: companionPower
BeamRemnants:valencePowerMeson
BeamRemnants:valencePowerUinP
BeamRemnants:valencePowerDinP
BeamRemnants: dampPopcorn
BeamRemnants:hardRemnantBaryon—ﬁ:/enabbd
BeamRemnants:aRemnantBaryon
BeamRemnants:bRemnantBaryon

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L accessible phase space

Pythia/Professor

interface

| |Beams:idA = -211

> |Beams:idB = 1000060120
Beams:frameType = 2
Beams:eA = 158.

, |Beams:eB = 0.

o |SoftQCD:all = on

MultipartonInteractions:ecmRef = 21.5
s |BeamRemnants:hardRemnantBaryon = on
10 |MultipartonInteractions:pTORef = {PTOREF}
11 |MultipartonInteractions:ecmPow = {ECMPOW}

12 |StringZ:aLund = {ALUND}
13 |StringZ:bLund = {BLUND}

11 |BeamRemnants:companionPower = {COMPANIONPOWER}

15 |BeamRemnants:dampPopcorn = {DAMPPOPCORN}

16 |BeamRemnants:valencePowerMeson = {VALENCEPOWERMESON}
17 |BeamRemnants:valencePowerUinP = {VALENCEPOWERUINP}
1= | BeamRemnants:valencePowerDinP = {VALENCEPOWERDINP}
19 |BeamRemnants:aRemnantBaryon = {AREMNANTBARYON}

20 |BeamRemnants:bRemnantBaryon = {BREMNANTBARYON}

22 |Main:rivetAnalyses = {NA61_2023_I2155140}

dn
dp

P

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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1 |PTOREF 0.
> |ECMPOW O
ALUND O 2
BLUND 0.2 2
COMPANIONPOWER O 4
DAMPPOPCORN O 1
VALENCEPOWERMESON 0 1.6
s | VALENCEPOWERUINP O 7

o | VALENCEPOWERDINP 0O 4

10 | AREMNANTBARYON 0 2

11 | BREMNANTBARYON 0.5 5

51
0.5
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phase space

e

high p tail outside
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N
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0.8
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0.24

004 TCHTX@158 GeV.c'

Y

encompass low p
experimental data

+ NAG61/SHINE data
—— Mean
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20 envelope

10!
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14

S 12
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S 08
0.6

Pythia 8/Angantyr “Wuppertal” tuning efforts

b resulting tune on NA61_2023_ 12155140

LU C—>1T+X@350 GeV. ¢!

T

- 4+ NAG61/SHINE data i
[ + Pythia 8.315/Angantyr =
- -+ P8.315/A Wuppertal .
I 1::1‘::} S E A
} 1 1 Il Il L1 ‘ 1 1 1 \T_
10! 10?

p[GeV/c]

MC/Data

0.06

0.04

0.02

0.00

14

12

1.0

0.8
0.6

1T_C—>K+X@350 GeV c‘1

T C—>pX@350 GeV c‘1

dn
Pdp

= =) = T ot
r = E NA61 / SHINE data + s
- b 020 = Pythia 8.315/Angantyr -+
r = P8.315/A Wuppertal +
- 1 osF -
% | o.wi— —i
- + NAG61/SHINE data ] 005 — —
- -+ Pythia 8.315/Angantyr ] L —+
C -+ P8315/A Wuppertal ] r

] 1 o] ] e
= ! - 14— =
g DA e~ DR B R HE
E B W= 3 1 = N S e e e S S WU U U (P | 3
B r L O T = B L = = o= = p B B | ]
= - = 0sf ]
F — 06 =
C 1 1 1 Il L 1 ‘ 1 1 O m} 1 Il L 3 ‘ 1 1 1 L 1 1 I

L for all outgoing secondaries studied (11*, K*, p/p)

» atbothp_

= 158,350 GeV/c
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Detector

Pythia 8/Angantyr “Wuppertal” tuning efforts — T//' ,
N~

. E
i ici leading p/n
L impact on elasticity Beam Target B
Ebeam
pp — nX (or nX) at /s = 13 TeV
0.6 ] 0.6 0.70 — | — T T T [
] L\ g \ \ | \ \ ]
| 0.65 — -
057 V060 -
04 055 | =
50 | E
0.3 A 0.45 f— é
] ] 0.40 ; LHCf data -+ é
p2d ——- EPOSLHC 024 777 EPO?'LHC = Pythia 8.315/Angantyr  +
1 = Pythia 8.315/Angantyr ~ ==*=* QGSJet-11.04 = Pythia 8.315/Angantyr ~ *===* QGSJet-11.04 0.35 — P8.315/A Wuppertal +
] —= P8.315/A v24 — = Sibyll 2.3d —w= P8.315/A v24 — = Sibyll 2.3d E ‘ ‘ l | | =
0.1 1 E———————— R e e e e e e e mrT 0132_7\l ‘ —t— ‘ —— | ——+ ‘ —1— ‘ i;
10 10? 10° 10* 10° 108 10 10? 10° 10 10° 10° o F E
8 12 =
Vs | GeV Vs | GeV g ) ]
] - T —
) E ]
L rise in p+air L similar in TT*+air > 08 E
06 cle e e e ey
0.6 0.8 1.0 12 14
L agreement in pp with LHCf data
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L impact on accelerator measurements

‘ Detector
fixed-target systems @ SPS V
‘o _ e
pp, pC, m*p, K'p, mC collisions @ p, . = 120, 158, 250, 350 GeV —_— \\A
L NA22, NA61 Beam Target

collider systems @ LEP/SLAC, LHC

e*e” collisions @ Vs = 91.2 GeV Releator —.
,  ALEPH, DELPHI, L3, OPAL, SLD
N A =
pp, pPb collisions @ Vs, Vs, = 0.9, 2.36, 2.76, 7, 8, 13 TeV T TN ot

> ATLAS, CMS/TOTEM, LHCf |

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L impact on accelerator measurements

‘ Detector

fixed-target systems @ SPS V
—_—
L much improved agreement with NA61/SHINE data _ ° \\A
L improved description of key fixed-target observables Beam Target

collider systems @ LEP/SLAC, LHC

L consistent description of LEP/SLAC e*e” data Reteciar —.
L validation of fragmentation parameters
L mixed agreement with LHC data — —/\ T —

L improved agreement at high E, forward regions _.

L reduced agreement at mid-rapidity, low-p.. regions

within the explored parameter space, P8/A doesn’t simultaneously describe
collider and fixed-target data without significant compromises

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de
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‘ Detector

Tuning for air shower physics $.7
. . —_— O —W!]}4Mm >
L impact on air showers — & \\A
Beam Target

Pythia 8.315
Angantyr

Professor 2.5.3

Y

air shower
simulation code
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‘ Detector

Tuning for air shower physics 1/
. . —_— O —W!]}4Mm >
L impact on air showers — & \\A
Beam Target

Pythia 8.315
Professor 2.5.3
Angantyr
X
Y 2.0
— = EPOS-LHC
=== Pythia 8.315/Angantyr
1.5 ==+ QGSJet-11.04
CORS'KA 8 —) = Sibyll 2.3d
N
4 e
051 _101%ev, 9 = 67°
Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics ' 760 s ' 750 C 8(I)0 '
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L depth of the shower maximum

dE/dX

X

max

shower

axis y

vs. default
L shiftinX__ < 6 g.cm~2 shallower for proton showers
3 g.cm™2 shallower for iron showers

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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EPOS-LHC

Pythia 8.315 _|

Angantyr

P8.315/A
Wuppertal

QGSJet-11.04
Sibyll 2.3d

EPOS-LHC

Pythia 8.315 _|

Angantyr

P8.315/A
Wuppertal

QGSJet-11.04
Sibyll 2.3d

p@10'° eV, 8=67°

H (Xmax> s O’(Xmax)/\/ﬁ
HH

e
H.I
—]

780 790 800 810
—2
Xmax / gcm

Fe@10'® eV, 9=67°

H <Xmax> & U(Xmax)/\/N

4
o
o

o

680 690 700 710
)
Xmax / gCm
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Pythia 8/Angantyr “Wuppertal” tuning efforts

L lateral distribution of muons at observer level

shower
axis

+

shower
axis
N
1]

vs. default
L 5% more p near shower core
L rising up to 10% at larger lateral distances

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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p@10'° eV, B=67°

4 = Pythia 8.315/Angantyr

=

102 4
_ ==== P8.315/A Wuppertal
1.2 — —_—
< e =
25 10
0.8 ] LA LI LI LI
10° 10! 102 103 104
r/m
Fe@10' eV, 6=67°
10% 5 wr
Z| s
""‘;’ 10% 5
& ]
N ]
9 1 === Pythia 8.315/Angantyr
10 _E === P8.315/A Wuppertal
12— —
§<\ i T e =
E‘E 103
0.8 e I LA 1 Ty 1 LI

10t 102 103 10%
r/ m
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Pythia 8/Angantyr “Wuppertal” tuning efforts

b vs. Pierre Auger Observatory measurements

x 109

Fe@10' eV, 0=67°

+ i
8.5 B EPOS-LHC ¢ QGSJet-11.04
® Pythia 8.315/Angantyr % Sibyll 2.3d
®
: 104 8.0 - P8.315/A Wuppertal
1 === Pythia 8.315/Angantyr @
102 _ === P8.315/A Wuppertal N[L / (l]' (iT
s|< 10 PSR = /E
o s Z
] @
0.8 T TTTTTIT T T TTTTTIT T T TTTTTIT 4 ; T TTTTIT ~ 7‘0 —
10' 102 103 104 Fe@10' eV, 8=67° *
d / At H (Xmax) ig(xmax)/\/ﬁ
EPOS-LHC - | 0.5
Pytglr?ggri%;? T |.|
FoLs( 1 . ¢
QGSJet-11.04 - Il 6.0 - 56Fe’ E = 109 eV, 0 =67°
Sibyll 2.3d el T T
P P L 680 690 700 710
—92 2
Ko/ g (Xine) / gem™
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Pythia 8/Angantyr “Wuppertal” tuning efforts 925

| == EPOS-LHC
b vs. Pierre Auger Observatory measurements = Pythia 8.315/Angantyr

2.0 == P8.315/A Wuppertal

srer QGSJet-11.04
unified picture of Nu and X___with model predictions =+ Sibyll 2.3d

using Sibyll 2.3d as reference for common z scale 1.5 1
L translate Auger data from {In Ru) to z

o In <Nu> - <NM,P>
In (Nu,Fe> —In <Nu,p> Sibyll 2.3d

Sibyll 2.3d /_B\j p@10' eV, 6=67°
Fe@10'" eV, 6=67° \&/

05 dE=101eV, 0 =670

N c.ompatible with Auger data 700 750 800
L highest z scale value among HIMs <Xmax> / g Cm_z
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NAG1/SHINE

detector
i i i T//v m
Tuning for air shower physics - = "
—— c >
L summary o N
Professor 2.5.3 Fythia. 5,815
Angantyr
X
Y
2.9 1 -~ EPOS-LHC
CORSIKA 8 5 === Pythia 8.315/Angantyr
2.0 4 =+ P8.315/A Wuppertal

vt QGSJet-I1.04
— Sibyll 2.3d

1.5 1

Pythia 8/Angantyr “Wuppertal” tune
L compatible with Auger data N
L unified description of LEP, SLAC, LHC,
and fixed-target data remains challenging

L tuning efforts possibilities are endless
(exp. data, parameters, new mechanisms, ...)

_054E=10"%eV, 0 =067 Ty

T

—T T

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics 700 750 800
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(Xmax) / gom

51



"= ,.\

A
19 U

\

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tunlng for Aeu& Shower PhyS|cs
Chloé Gaudu | gaudu@uni-wuppertal.de




Back up
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inclined (8 = 60°) p,Fe@10'-10"° eV

primery 10'F 10M°0 10'%  10'8E 100

Pythia 8/Angantyr interface to CORSIKA 8

proton 3000 3000 2000 999 1789

- i 3000 2000 2000 1000 1711
b vs. Pierre Auger Observatory measurements e
900
v HEAT e« FD = SD DNN 4 AERA I
80
60
E L
o0
\ L
2 40
\% L
o)
--- EPOS-LHC 20
I~ === Pythia 8.315/Angantyr i
600 po-l 2 QGSJet-I1.04
—= Sibyll 2.3¢
07 108 10 1020 (1)017 S o8 101 100

E /eV E /eV

Pythia 8/Angantyr+C8 yields shallower showers than other HIMs+C7

*accounting for known differences between C7 and C8 in terms of X nax
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Tuning for air shower physics

b next steps

0

Professor 2.5.3 L Pythle.5. 815
= Angantyr
A

RIVET 4.1.0

X

CORSIKA 8

purse tuning efforts to balance collider and fixed-target constraints

complete HEPData and RIVET collection for measurements relevant for cosmic ray physics

L SMOG/SMOG2 @LHCb

RIVET plugin name  HEPData Visnn (GeV) proj./target observable
SMOG_2018_11688924 % 110.5 pHe do/dpdpr, (zF)
SMOG_2019_11699199 86.6, 110.5 pHe, pAr  do/dy* dpr, (zF)
SMOG_2023_12084295 v 110.5 pHe Rz = f(p,pr)
SMOG_2023_I2673124 68.5 pNe do/dy* dpr, Aprod
SMOG_2023_12678329 68.5 pNe do/dy* dpr
SMOG_2023_12682616 68.5 PbNe o ratio
SMOG_2024_12788187 68.4 pNe Py = f(zr,pr,n)
SMOG_2025_12788187 68.5 pNe d?c /dpr dy*

L pO and OO @LHC (Run 3 2025)

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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2

51 -~ Epos-LuC

o | — sibyli23d
ha Auger
4. : lata
s e
e, g

S E=100ev, 0 =67 e
"

—— Pythia 8.315/Angantyr
=:=+ P8.315/A Wuppertal
cerr QGSJet-11.04

700 750 800
Kinae) / gem™
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Tuning for air shower physics

b next steps

global tuning efforts Ao

tuning algorithm

|

\_|_>-

event generator

AL T

cosmic ray
flux and
composition
model

o[ @y

air shower
simulation code

I RIVET-ike
translator

e
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Simulation framework
L CORSIKA 7 vs. CORSIKA 8

p@10"7 eV, 8=60°

EPOS-LHC -
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Tuning for air shower physics

1.0
L z scale >~ EPOS-LHC E=10"eV, 0 = 67°
091 = QGSJetll-04
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0.7F
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=06 [ - 1] data
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=
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Pythia 8/Angantyr parameters

L multiparton interactions

reference value of the screening scale p. . This is one of the
central parameters in any Pythia tune, and its optimal value is
strongly correlated with other model components

/

MultipartonInteractions:ptORef
MultipartonInteractions:ecmRef —
MultipartonInteractions:ecmPow

reference center-of-mass energy
used to define the scaling of p,

power governing the energy evolution of the screening scale

EC M ) ecmPow

pr,0 = (ptORe GeV) (ecmRef GeV
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QCD differential cross sections
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Pythia 8/Angantyr parameters

b Lund symmetric fragmentation function

StringZ:bLund
StringZ:alund

controls the suppression

regulates the hardness of the _
of high m_ at small z

longitudinal momentum distribution
in the z — 1 limit
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Pythia 8/Angantyr parameters

L beam-remnant momentum distributions x

integer exponent p governing the assumed gluon momentum distribution
used to model the x spectrum of companion sea quarks

/ power controlling the momentum distribution

BeamRemnants: companionPower .
of valence quarks in mesons
BeamRemnants:valencePowerMeson

BeamRemnants:valencePowerUinP . L .
. power controlling the momentum distribution
BeamRemnants:valencePowerDinP

\ "~ Y of valence u quarks in the proton

power controlling the momentum distribution of valence d quarks
in the proton
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Pythia 8/Angantyr parameters

r r r Y g r
L popcorn mechanism ® > B o—»—o—;—o—»—o
a
7 9 b b g 7 » Ibbbb3 r
* — o0 *—o >0 *—> 00 90 060>
c d

BeamRemnants:dampPopcorn

\—& controls whether a beam-remnant diquark can hadronize via popcorn production

A value of 1 corresponds to ordinary hadronization, where the leading hadron
approximately half of the time is a meson, while a value of 0 enforces leading baryon
production. Intermediate values interpolate smoothly between these two extreme
scenarios. This setting does not affect diquarks produced outside the beam remnant.
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Pythia 8/Angantyr parameters

b hardness of beam-remnant baryon fragmentation

enables harder-than-normal fragmentation of beam-remnant baryons

/

BeamRemnants:hardRemnantBaryon
BeamRemnants:aRemnantBaryon — O
BeamRemnants:bRemnantBaryon

:

parameter b of the fragmentation function for hard remnant baryons.

parameter a of the Lund symmetric fragmentation function
used for hard remnant baryons

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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RIVET

HepMC
/ \
i\
/ .
/

A | Rivet:Run | P ,’
| 1
o ‘\ S Rivet:
Shive |-y AnalysisLoader
Analysis.so \ I
\A_-»~ l 'l
: Rivet: | [ I
N
: Event . 1
: i "
rivet-build ) ~ v
\ SRRt A_/ \ - ) | - I'
- B Rivet::Analysis
e e e init()
~ » o . apaly;e(evt)
L I\«]yAnaIysis.ccj 2 flnallzle( )
—— !
1
S S Rivet:Projection
rivet-
(mkaneﬂ}fsis) e project(evt)

Rivet::AnalysisHandler

AnalysisHandler::init(firstEvt)
e  set metadata from first event
o beam information
o event weight names
e remove incompatible analyses

\ e initialise all analyses
(. \\
~
AnalysisHandler::analyze(evt)
e runall analyses for given event
e fill one histogram per event weight
-
AnalysisHandler::finalize()
. finalize all analyses
o scale/normalise histograms
o calculate eg. histo ratios
-
e
AnalysisHandler: :writeData(file)
e write out histograms etc.
\

p
[P
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RIVET plugin name ref. VIPC MTPC GTPC ToF-L/R ToF-F PSD

PSD

NA61_2017_I11598505 (78] v v v v
NA61_2017_I11600971 [77] v v v v
NAG61/SHINE NAG61_2019_I1753094 [79] v v v f v
NA61_2022_ 11868367 [56] v v v v
NA61_2023_12155140 [68] v v v
> ~13m .
MTPC-L
ToF-L
Vertex magnets
|_/ _/ ToF-F
GAP / VTPC-2
Target TPC
Beam
_>| | .......
sS4 S5
. ToF-R

MTPC-R
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Pythia 8/Angantyr “Wuppertal” tuning efforts

b resulting parameter values

type parameter default | “Wuppertal” tune
parm MultipartonInteractions:ptORef | 2.28 0.769878
parm MultipartonInteractions:ecmRef | 7000. 21.5
parm MultipartonInteractions:ecmPow | 0.215 0.223879
parm StringZ:aLund 0.68 1.456674
parm StringZ:bLund 0.98 1.458910
mode BeamRemnants:companionPower 4 4

parm BeamRemnants:valencePowerMeson | 0.8 0.547789
parm BeamRemnants:valencePowerUinP | 3.5 0.010093
parm BeamRemnants:valencePowerDinP | 2.0 0.027153
parm BeamRemnants:dampPopcorn 1. 0.380849
flag BeamRemnants:hardRemnantBaryon | off on

parm BeamRemnants:aRemnantBaryon 0. 0.494058
parm BeamRemnants:bRemnantBaryon 2. 3.346097
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Pythia 8/Angantyr “Wuppertal” tuning efforts
b NA61_2023_12155140
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Pythia 8/Angantyr “Wuppertal” tuning efforts

ly
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Pythia 8/Angantyr “Wuppertal” tuning efforts
b NA61_2023_12155140

T C—pX@158 GeV.c™ T C-pX@158 GeV.c™

5 b ! AN ! ! RS ss F L B T T T T T T T4
N NA61/SHINE data 4 ] 005 — I
s Pythia 8.315/Angantyr + - - ]
200 P8.315/A Wuppertal —+ - 0.04 ’ & =
0.15 %_ — 0.03 :—= + ‘ _f
- 1 0.02 ::*_ + —
0.10 — - C ]
- - C ==p.].0
- ] 0.01 — A=
005 [~ - C + NA61/SHINE data .
: ] 0.00 - Pythia 8.315/Angantyr —
B = r -+ P8.315/A Wuppertal .
000 - Lri = | e E 70.10!1*; R | R S N :g
8 12 = & ::':] ﬁ : E
< - B =1 - .
A = B c [ | 3
B e Al I E aEAARARRRRL N
S 08 = ] S o0sE ‘ —
06 1 1 | : : . '_: 06 ;_ I L I I I | \_‘I—‘\—:

10! 10! 102
p [GeV/c] p [GeV/c]

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
Chloé Gaudu | gaudu@uni-wuppertal.de



Pythia 8/Angantyr “Wuppertal” tuning efforts

L NA61_2023_T12155140
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Pythia 8/Angantyr “Wuppertal” tuning efforts
b NA61_2023_12155140
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Pythia 8/Angantyr “Wuppertal” tuning efforts
b NA61_2023_12155140
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Pythia 8/Angantyr “Wuppertal” tuning efforts
L LEP RIVET cross-check

RIVET plugin name HEPData RIVET Vs (GeV) proj./target observable
ALEPH_1996_1428072 v v 91.2 ete” do/dz, zg (p, AN/dNey
+ event shapes
DELPHI_ 1998 1473409 v v 91.2 ete” dN/dp
DELPHI 2011 I890503 v v 91.2 ete dN/dxy, (xp)
L3_1992 1334954 J £ 91.2 ete P(Na)
+ event shapes
L3_2004_1652683 v v 91.2 ete” do/d(y, P(Nen)
+ event shapes
OPAL_1998 1472637 v v 91.2 ete” do/dzy, (p, Nen
SLD_1999 1469925 v v 91.2 ete dN/dz,, (n)
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Pythia 8/Angantyr “Wuppertal” tuning efforts
L LEP RIVET cross-check

RIVET plugin name HEPData RIVET /s,v/syy (TeV) proj./target observable

ATLAS_2010_1882098 v v 0.9, 2.36, 7 pp dNe,/dn, do/dndpr,
d(T/d]\'Tch, <pT>
ATLAS_2015_I1360290 v v 2.76 PbPb d?Ng,/dpr dn, dNg,/d|n|
ATLAS 2015 11386475 v v 5.02 pPb dNga,/dn
CMS_2010_I855299 v v pp d?Ng,/dpr dn, dNg,/dn
CMS_2011_I879315 & v 0.9, 2.36, 7 pp P,, (pr)
CMS_2015_I1384119 s & 13 PP ANy /dn
CMSTOTEM_2014 11294140 V v 8 pp dNg,/dn
LHCF_2016_I11385877 v v T,/ 276 pp (pr), do/dy, d3c/dp?
LHCF_2018_11518782 v v 13 98] do/dFE
LHCF_2020_I1783943 v v 13 pp do/dE dn, dE/dn,
(1—k)
LHCF_2023_12658888 v v 13 pp do/dzp
TOTEM_2012_I11115294 v v 7 pp dN/dn

Implementation of Pythia 8/Angantyr in CORSIKA 8 and Its Tuning for Air Shower Physics
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2D Marginalized Posterior: aLund and sigma

Tuning for cosmic ray physics

LHC
LEP

Fixed-Target

LHC

+LEP

L Pythia 8/Angantyr tuning efforts

sigma

MultipartonInteractions:ptORef
MultipartonInteractions:ecmRef

2D Marginalized Posterior: pTORef and sigma

LHC

LEP
Fixed-Target
) LHC+LEP

StringZ:alund
StringPT:sigma akuod
RIVET plugin name RIVET histogram observable
fixed-target EHS_1988_I265504 d06-x01-y01 do/dp3
d17-x01-y01 do/dg,
LEP ALEPH_1996_T1428072 d59-x01-y01 P(Na)
L3_2004_1652683 d65-x01-y01 do/d¢,
d10-x01-y01 do/dndpr
LHC ATLAS_2010_I882098 d17-x01-y01 do /dNg,
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Impact on air showers

Ad-hoc modifications of collider
observables applied to final-state

particles
L cross section
L multiplicity
L elasticity
L 110 fraction

Shower fluctuations
Lo(X ), o(Np) in narrow E interval
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Effects of changing basic observables of hadronic interactions to different extensive air shower
observables for 10'%% eV proton showers simulated with CONEX using SIBYLL 2.1 as the baseline model
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