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Hadroniza2on models
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Hadroniza)on
• Hard process: ini.al high-energy interac.on (perturba.ve)
• Evolu.on: parton shower (perturba.ve)
• Hadroniza.on: combine quarks and gluons (non-perturba.ve)

• Two primary models:
• String: itera.vely split parton connected by QCD 

color strings with linear poten.al (Lund model)
• Cluster: pre-confine partons into proto-clusters, 

then split by two-body decays
• QCD does not determine spliHng—opportunity for ML
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Pythia,
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cSWAE architecture
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condi.onal Sliced-Wasserstein AutoEncoder

NNNN

• 𝒄! is a condition (quark energy)
• 𝒙! is an observable (hadron 𝑝" or 𝑝#)
• 𝒛! is a latent variable following a user-

defined distribution
• ℒ$% is the sliced-Wasserstein distance
• ℒ&'( is the reconstruction loss
• En/decoder is a neural network

Train encoder and 
decoder to minimize

ℒ!" + ℒ#$%
using Pythia-simulated 

pion emissions

SciPost Phys. 14, 027 (2023)
arXiv:2303.04983
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https://scipost.org/SciPostPhys.14.3.027
https://arxiv.org/abs/2203.04983


cSWAE for hadroniza)on
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Pythia

NN
• ℎ! hadron
• 𝑠! string fragment
• 𝑝) 4-momentum
• Λ Lorentz transform
• FS flavor-selector
• D decoder

Impose 𝐸/𝑝
conserva.on

SciPost Phys. 14, 027 (2023)
arXiv:2303.04983

h1 h1

h2 h2

step 1

step 2

string cluster

https://scipost.org/SciPostPhys.14.3.027
https://arxiv.org/abs/2203.04983


• Event genera*on is *me-consuming, 
so we want to reweight events 
without regenera-ng

• We calculate event weights for 
different hadroniza-on op-ons in a 
single Pythia event genera*on

8 May 2023 Michael K. Wilkinson 5

Reweigh)ng Pythia events

time/energy
scale

MPIMPI

dσ̂0

∙
∙

∙∙

meson
baryon
antibaryon

·

hard interaction
resonance decays
matching/merging
FSR
ISR
QED
weak showers
hard onium
multiparton interactions
beam remnants
strings
primary hadrons
secondary hadrons
hadronic rescattering

block 1:
hard process

block 2:
evolution

block 3:
hadronization

1 2 3 4 5 6 …Event:

w=1 w=1 w=1 w=1 w=1 w=1

w=1 w=1 w=1 w=1 w=1 w=1

w=1 w=1 w=1 w=1 w=1 w=1

par=i

par=j

par=k

…

…

…

Sa
m

pl
e

w=1
wj
wk

w=1
wj
wk

w=1
wj
wk

w=1
wj
wk

w=1
wj
wk

w=1
wj
wk

…par=i
Sa

m
pl

e

Instead of genera.ng three 
samples with weight=1, 
generate one sample with 
weight={1, wj, wk}



Reweigh)ng saves )me
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Generated 
samples of 
100,000 events 
with more and 
more 𝑟* varia.ons 
in Pythia

Marginal cost of 
≈ 𝟓 𝛍𝐬 per 
variation
vs. ≈ 1,000 µs per 
unvaried event 
vs. ≈ 1,000,000 µs
with detector sim.

preliminary



Normalizing flows
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hHps://github.com/janosh/awesome-normalizing-flows

NN NN NN NN

Start with Gaussian, want to 
transform into observable 
distribu>on

NFs learn likelihood directly
without training separate 
Encoder and Decoder

Each NN in the NF learns a 
differen2able, inver2ble
func>on 𝑓&, which together 
convert from 𝑝' 𝑧' to 𝑝( 𝑧(



NFs can be reweighted
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preliminary

𝑏 is a free 
parameter in 
the Lund 
func.on used 
in Pythia: 
StringZ:bLund

Nominal: 𝑏 = 0.98
Perturbed: 𝑏 = 0.80

Train nominal 
NF, get 
likelihood

Train 
perturbed NF, 
get likelihood

Reweight 
nominal 
output using 
ra.o of 
likelihoods

https://pythia.org/latest-manual/Fragmentation.html


Next steps
• Finalize Pythia reweighJng

§ Implement/validate more fragmenta*on parameters
§ Compare reweigh*ng for more observables
§ Release as part of Pythia

• Finalize normalizing flows architecture
§ Train with/interpolate between more meson masses
§ Validate reweigh*ng

• UlJmately, adapt architecture to train on experimental data
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FIN

cSWAE publica.on:
SciPost Phys. 14, 027 (2023)
arXiv:2303.04983
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https://scipost.org/SciPostPhys.14.3.027
https://arxiv.org/abs/2203.04983


BACKUP

8 May 2023 Michael K. Wilkinson 11



8 May 2023 Michael K. Wilkinson 12

cSWAE replicates Pythia pions
SciPost Phys. 14, 027 (2023)

arXiv:2303.04983

https://scipost.org/SciPostPhys.14.3.027
https://arxiv.org/abs/2203.04983


Reweigh)ng vs. seEng values
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𝑤 is reweighted 
from 𝑟* = 0.855
𝑣 has 𝑟* set 
explicitly

preliminary

Blue sample and 
each orange 
sample 
correspond to 
1,000,000 Pythia-
simulated events

Can reweight 𝑟!
without redoing 
genera.on in 
Pythia

𝑟* is the Bowler 
modification to 
the Lund 
function: 
StringZ:rFactB

arXiv:1701.05116

𝑧 ⁄𝐽 𝜓 =
𝑝" ⁄𝐽 𝜓
𝑝" jet

https://pythia.org/latest-manual/Fragmentation.html
https://arxiv.org/abs/1701.05116


Distribu)ons
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Ra)os
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preliminary



NFs
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Normalizing flows architecture
preliminary

𝑝+ 𝑧+ = 𝑝, 𝑧, E
)-.

+

det
𝜕𝑓) 𝑧)/., 𝑐!

𝜕𝑧)/.

/.

• 𝑧+ = J𝑥!
• 𝑧)~𝑝) 𝑧)
• 𝑝, = 𝒩 (Gaussian distribu.on)
• 𝑓) a differen.able, inver.ble func.on 

(learned by a neural network)
• 𝑛 neural networks in the normalizing flow

arXiv:2303.04983

cSWAE
NFs learn likelihood directly
without training separate 
Encoder and Decoder

𝑛 NNs

NN NN

https://arxiv.org/abs/2203.04983


cSWAE NFs
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NFs for hadroniza)on
arXiv:2303.04983 preliminary

https://arxiv.org/abs/2203.04983
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Normalizing flows replicate Pythia
preliminarypreliminary
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cSWAE vs. normalizing flows

Inver.ble

𝒙! = 𝑝"
or 𝒙! = 𝑝#

𝒙! = 𝑝", 𝑝# *

cSWAE
(published)

NFs
(preliminary)

*Have also done 
with cSWAE

Reweigh/ng 
without 

regenera/ng

Pions
𝒄! = 𝐸

Any meson
𝒄! = 𝐸,𝑚 *


