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From PYTHIA 8.3 

Hard process in high energy


Transition from high energy to low energy 
—parton shower


Low energy soft regime 
—fragmentation  

hard scale

hadronization scale

stable particles

Fragmentation

Parton shower
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start from Sudakov form factor: Non-branching probability 

for example 


use Monte Carlo Method to generate kinematics variables  such as , ,  


use these variables to construct 


repeat the above algorithm recursively  

Δ(Q2, q2) = exp [∫
q2

Q2
dϕn→n+1

|Mn+1 |2

|Mn |2 ]
k⊥ z ϕ

ϕn → ϕn+1

generate a cascade of emissions. 

simulate the rich structure of the events or the jets

Parton Showers: 
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Sudakov form factor: Non-branching probability     exp [∫ dϕn→n+1
|Mn+1 |2

|Mn |2 ]

Δ (Q2, q2) = exp {∫
q2

Q2
dϕn→n+1

|Mn+1 |2

|Mn |2 }
Probability that there is no branching from Q to q is  Δi (Q2, q2)

Probability for one observed branching         1 − Δ (Q2, q2)
Probability one branching between the scale  to  q2 q2 + dq2

d
dq2 Δ (Q2, q2) = Δ (Q2, q2) × dϕn→n+1

|Mn+1 |2

|Mn |2

choose kinematic variable as 
the evolution scale

Additional radiations can be added according to the function  Δ (Q2, q2)
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generate a cascade of emissions. 

simulate the rich structure of the events or the jets

Parton Showers: 
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hadronization effects
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hadronization effects

hadronization parton level hadron+UE 

Banfi, Salam and Zanderighi 2010
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1103.4015
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1103.4015

The two main hadronization classes in current use are the string and cluster ones
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Initial string 


The string begins to form between them


A string break occurs, creating a new  pair.


More string breaks occur.


hadrons from the fragmentation process

q0q̄0

qq̄

string with energy density  GeV/fm κ ≈ 1 GeV/fm ≈ 0.1 GeV2
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Probability for string beak: a fragmentation function

<latexit sha1_base64="XxYU4F62tQVXJVMuWS1okFIwdJs="></latexit>

dP/d� / �a exp(�b�)

<latexit sha1_base64="S2q0a5Dg8hqdkOIQFG+vUVzEl/c=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQ4iXMBLeLEPSgxwhmgcwYajqdpEn3zNDdI4QhXvwVLx4U8epfePNv7CwHTXxQ8Hiviqp6QcyZ0o7zbWUWFpeWV7KrubX1jc0te3unpqJEElolEY9kIwBFOQtpVTPNaSOWFETAaT3oX438+gOVikXhnR7E1BfQDVmHEdBGatl73jUIAfgCF7w+xDFgT0NydF9q2Xmn6IyB54k7JXk0RaVlf3ntiCSChppwUKrpOrH2U5CaEU6HOS9RNAbShy5tGhqCoMpPxx8M8aFR2rgTSVOhxmP190QKQqmBCEynAN1Ts95I/M9rJrpz7qcsjBNNQzJZ1Ek41hEexYHbTFKi+cAQIJKZWzHpgQSiTWg5E4I7+/I8qZWK7mnx5PY4X76cxpFF++gAFZCLzlAZ3aAKqiKCHtEzekVv1pP1Yr1bH5PWjDWd2UV/YH3+ACrNlXE=</latexit>

� = (⌧)2

Heavy quarks, i.e. charm and bottom, are not produced at new string breaks (see below), but may be at the 
endpoints of a string.

, hadron production timeτ



/16

Lund String Model 

10

If the quarks have mass or transverse momentum, they must classically be produced

<latexit sha1_base64="5dc3TfuRnB/xaYuxEkcZ/14p9Cc=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxEMW8lamChbFI9CG1oXIcp7XqPGQ7iCrqzMKvsDCAECtfwMbf4LYZoOXoXunonHtl3+MlnEll299GYW5+YXGpuFxaWV1b3zA3t+oyTgWhNRLzWDQ9LClnEa0ppjhtJoLi0OO04fWvRn7jngrJ4uhWDRLqhrgbsYARrLTUMXdTx3ekQ9o4SUT8ABF0dNnWsYPsu+wQoWHHLNuWPQacJSgnZZCj2jG/2n5M0pBGinAsZQvZiXIzLBQjnA5L7VTSBJM+7tKWphEOqXSz8SlDuK8VHwax0B0pOFZ/b2Q4lHIQenoyxKonp72R+J/XSlVw4WYsSlJFIzJ5KEg5VDEc5QJ9JihRfKAJJoLpv0LSwwITpdMr6RDQ9MmzpH5koTPr9OakXLnM4yiCHbAHDgAC56ACrkEV1AABj+AZvII348l4Md6Nj8lowch3tsEfGJ8/gomXmQ==</latexit>

u : d : s : c ⇡ 1 : 1 : 0.3 : 10�11

A quark and an antiquark may combine to produce either a pseudoscalar or a vector meson.=

Quark masses lead to strangeness suppression

The suppression is viewed as a free parameter, and tuned to LEP data.

baryon-antibaryon pair example

Gaussian broadening  GeVσ ∼ 0.25
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arXiv:2503.05667

arXiv:2411.02194

message passing graph neural network extracting f(z)
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arXiv:2503.05667

arXiv:2411.02194

message passing graph neural network extracting f(z)

arXiv:2311.09296
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massless quarks and gluons  reshuffled to constituent quarks and massive gluons.


gluon is forced to split into a light quark-antiquark pair. 


isotropic in the gluon rest frame, and the flavor of ight quark-antiquark pairs are assigned randomly
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Heavy clusters

Cluster Fission

The hadrons produced are then selected according to this weight
The decay products for hadrons with the relevant flavour of the cluster 

the basic cluster model does not include interaction between clusters,
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Replace the part of the cluster 
decayer inside Herwig with a GAN

arXiv:2203.12660

arXiv:2305.17169
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Hadronization Models in 

Monte Carlo Event Generators

HadronParton
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https://indico.ihep.ac.cn/event/25318/
ဣउ-ၧܖ
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य़กდ Thank You !! 

https://indico.ihep.ac.cn/event/25318/

