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Motivations Toolkit Towards a Pythia tune

Extensive air showers

Phys. Rev. D83, 054026 (2011)

Extensive air showers (EAS)

↰

particle interacts with Earth’s atmosphere
inducing a cascade of secondary particles

γ/e± electromagnetic profile
µ± muons at ground

Need for air shower simulations to
interpret EAS observations

• key observable Nµ↰

infer mass composition of cosmic rays
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.054026
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Muon puzzle

Muon puzzle: significant muon deficit in air shower simulations with respect to
measurements from the TeV scale, increasing with energy.

Phys. Rev. D 91, 032003 (2015)

↰

composition of secondary particles
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.032003
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Muon puzzle

Muon puzzle: significant muon deficit in air shower simulations with respect to
measurements from the TeV scale, increasing with energy.

Phys. Rev. D 91, 032003 (2015)

Forward phase space probed at E < 350 GeV

↰
require extrapolation to PeV energies

Largest uncertainties in EAS simulations

↰

limited knowledge of hadronic interactions
at high energies

↰

need to improve models
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Muon puzzle

Muon puzzle: significant muon deficit in air shower simulations with respect to
measurements from the TeV scale, increasing with energy.

Phys. Rev. D 91, 032003 (2015)

• What is the impact of high- and low-
energy interactions on EAS observables?

• Which model parameters can we tune?
• What kind of accelerator data do we need ?

gaudu@uni-wuppertal.de Tuning of the Pythia 8 hadronic interaction model for simulations of UHECR induced air showers 3 / 14
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Study case

Study case
• focus on NA61/SHINE1 dataset for π−C @ 158 & 350 GeV/c

↰

compare Pythia 8.3 Angantyr to hA data

↰

tune Pythia 8.3 to selected dataset

↰
using Apprentice python library

↰

discuss the effects of tune parameters on muon production

↰

using air shower simulation code Corsika 82

↰

using coupled cascade equations solver MCEq 3

1Phys. Rev. D 107, 062004 (2023)
2gitlab.iap.kit.edu/AirShowerPhysics/corsika
3github.com/mceq-project/MCEq
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https://iamholger.gitbook.io/apprentice/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.062004
https://gitlab.iap.kit.edu/AirShowerPhysics/corsika
https://github.com/mceq-project/MCEq
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Study case

Testing Pythia 8.3
• fixed-target collisions settings

↰

π−C interactions↰

pz(π
−) = 158, 350 GeV/c

• using Rivet analysis framework & internal Pythia toolkit

Eur. Phys. J. C (2020) 80:485
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https://link.springer.com/article/10.1140/epjc/s10052-020-8033-4
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Rivet plug-in NA61SHINE_2022_I2155140

Measurement of Hadron Production in π−C Interactions
at 158 and 350 GeV/c with NA61/SHINE at the CERN SPS4

• particle production spectra → p dn
dp distributions

• outgoing identified particles: π+, π−, K+, K−, p and p ( + K 0
s , Λ, Λ )

• incoming π− momenta: 158 and 350 GeV/c

4Phys. Rev. D 107, 062004 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.062004
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Pythia 8 updates for hA interactions

Pythia 8.2.30
• new Angantyr class

↰

pA and AA collisions with a simple model

Pythia 8.3.08
• PythiaCascade wrapper class

↰
simplified model unrelated to Angantyr↰

fixed-target hA collisions and decays↰

Ehadron
kin, min = 0.2 GeV

Pythia 8.3.09
• Angantyr model updated

↰

several nuclear geometries5↰

harmonic oscillator shell model (A ≤ 16)

git branch angantyr-varBeams

• Angantyr model updated

↰

attempt to allow variable beams

Pythia 8.3.10
• Angantyr model updated

↰

variable energies usable↰

all Beams:frameType handled↰

MPI initialization reuse enabled

5/pythia.org/manuals/pythia8309/HeavyIons.html
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https://pythia.org/manuals/pythia8309/HeavyIons.html
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π−C @ 158 GeV/c Pythia 8.3

• π−C → π+X @158 GeV/c
• p dn

dp = f (p [GeV/c])

• Ratio plot:
Pythia 8.3

NA61/SHINE data
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Cross-section regularization Pythia 8.3.09 Angantyr-varBeams

SciPost Phys. Codebases 8 (2022)

Partonic cross-section
dσ̂
dp2

T

∝
α2
S(p

2
T )

p4
T

↰

divergent for pT → 0
• multiplicative damping factor

with pT ,0 as free parameter

dσ̂
dp2

T

→
α2
S(p

2
T ,0 + p2

T )(
p2
T ,0 + p2

T

)2

MultipartonInteractions:pT0Ref

↰

sets pRef
T ,0 so pRef

T ,0 = pT ,0(E
Ref
CM)
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Fragmentation functions Pythia 8.3.09 Angantyr-varBeams

Torbjörn Sjöstrand

Lund fragmentation function

f (z) = (
1
z
)(1−z)a×exp (−

bm2
T

z
)

StringZ:aLund

↰

sets exponent value a
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https://pythia.org/download/talks/SjostrandCern17hi.pdf
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Fragmentation functions Pythia 8.3.09 Angantyr-varBeams

Lund fragmentation function

f (z) = (
1
z
)(1−z)a×exp (−

bm2
T

z
)

StringZ:bLund

↰

sets exponent value b
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Leading-diquark fragmentation Pythia 8.3.09 Angantyr-varBeams

Controls whether a beam remnant
diquark can hadronize to a leading
meson by the popcorn mechanism

BeamRemnants:dampPopcorn

↰

1: ordinary hadronization

↰

0: diquark −−−−→
always

leading baryon
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Baryon production Pythia 8.3.09 Angantyr-varBeams

If popcorn production allowed,
mesons may be produced

in between baryon & antibaryon

StringFlav:popcornRate

↰

sets the relative rates of B ,B̄
and B ,M,B̄ production
P(B,M,B̄)

(P(B,B̄)+P(B,M,B̄))
= popcornRate

(0.5+popcornRate)
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Conclusion

• Pythia 8.3

↰

MultipartonInteractions:pT0Ref↰

StrinZ:aLund & StringZ:bLund↰

BeamRemnants:dampPopcorn?↰

StringFlav:popcornRate?
• Rivet

↰
NA61SHINE_2022_I2155140 plug-in

• Corsika 8

↰

interface computation of cross-section
tables from Pythia 8.3

• MCEq

↰

interface Pythia 8.3 with chromo to
compute dE/dX tables EPJ Web Conf. 283 (2023) 05010
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https://www.epj-conferences.org/articles/epjconf/abs/2023/09/epjconf_uhecr2023_05010/epjconf_uhecr2023_05010.html


Pythia Rivet

Inelastic cross-sections Pythia 8.3.10

• Study case π−C
• Air-shower case

↰

π+O↰

pO

pz(π
−) σinel(π

−C)
158 GeV/c 210.027 mb
350 GeV/c 221.526 mb

EPJ Web Conf. 283 (2023) 05010
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https://www.epj-conferences.org/articles/epjconf/abs/2023/09/epjconf_uhecr2023_05010/epjconf_uhecr2023_05010.html


Pythia Rivet

Pythia tune parameters

• MultipartonInteractions:pT0Ref
• regularization of the divergence of σQCD for pT → 0↰

sets value of pRef
T ,0 so that pRef

T ,0 = pT ,0(E
Ref
CM)

• StrinZ:aLund & StringZ:bLund
• Lund symmetric fragmentation function: f (z) = ( 1

z )(1 − z)a × exp (− bm2
T

z )↰

sets exponent values a and b

• BeamRemnants:dampPopcorn

↰

controls whether a beam remnant diquark can hadronize to a leading meson
0: diquark −−−−→

always
leading baryon; 1: ordinary hadronization

• StringFlav:popcornRate
• mesons (M) may be produced in between baryon (B) and antibaryon (B̄)↰

sets the relative rates of B,B̄ and B,M,B̄ production
P(B,M,B̄) / (P(B,B̄) + P(B,M,B̄)) = popcornRate / (0.5 + popcornRate)
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Pythia Rivet

Rivet plug-in files

There is an analysis for every physics paper implemented.
It follows a plug-in friendly architecture.

A Source code
B Experimental data
C Plotting settings
D Paper and analysis

information A .cc (Eur. Phys. J. C (2020) 80:485)

B .yoda C .plot D .info
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https://link.springer.com/article/10.1140/epjc/s10052-020-8033-4
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