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beam

beam

High energy collision

Many low energy radiations 
along beam directions

Stable 
particles 
detected

Many radiations

From PYTHIA 8.3 
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The purpose of Monte Carlo event generators is to generate events in as much 
details as nature (generate average and fluctuation right) 

Hard process in high energy 

Transition from high energy to 
low energy 
—parton shower 

Low energy soft regime 
—fragmentation  

hard scale

hadronization 

stable particles

Fragmentation

Parton shower

Parton shower: a model for the evolution from high scale to hadronization scale 

𝒫event = 𝒫Hard ⊗ 𝒫Decay ⊗ 𝒫ISR ⊗ 𝒫FSR ⊗ 𝒫MPI ⊗ 𝒫Had⋯
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𝒫event in p+p ⊗ 𝒫FSR in QGP

In heavy-ion collisions  
initial state: PDFs to nPDFs

branching probabilities are 
modified by the presence of the 
QGP

alters the Sudakov form factor 
and introduces medium-induced 
emissions

Physical consequences 
Partons lose energy as they pass 
through the QGP


Jet substructures, such as jet 
mass, fragmentation, and angular 
distributions, are modified
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Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

Parton showers approximate higher-order 
real-emission corrections to the hard 
scattering process

2. Parton Showers

6

In the collinear or soft limit, the matrix element can be factorized as

|M(⋯, pi, pj, ⋯) |2 i||j g2
s 𝒞 P(z)

sij
|M(⋯, pi + pj, ⋯) |2

|M(⋯, pi, q, pj, ⋯) |2 q→0 g2
s 𝒞

pi ⋅ pj

pi ⋅ q pj ⋅ q
|M(⋯, pi, pj, ⋯) |2

n+1 external legs n external legs 

Together with phase space integration, the cross section is 

dσn+1 = 1
2s ∫ dϕn+1 |Mn+1 |2 = dσn ⊗ dϕn→n+1 ×

|Mn+1 |2

|Mn |2

Starting points



/22

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)

2. Parton Showers

7

Starting points
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Improve the splitting kernels 

arXiv:2406.02661

NLO corrections to resummation kernel

2. Parton Showers

8

NLO parton shower
d

dQ2 (1 − Δ (Q2
0 , Q2))

branching probability 
= − ∫

dΦ3
dΦ2

δ (Q2 − Q2 (Φ3)) (a0
3 + a1

3)
born and virtual correction 

Δ (Q2
0 , Q2)

− ∫
dΦ4
dΦ2

δ (Q2 − Q2 (Φ4)) a0
4

real correction 

Δ (Q2
0 , Q2)

What we expect for NLO showers

HTL, Skands, arXiv:1611.00013

arXiv:2307.11142
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QCD radiation in this approximation is always simulated as the radiation from a 
single color dipole, rather than a coherent sum from a color multipole. 

Leading Color Approximation: Dipole Shower

2. Parton Showers

9

CVolver, arXiv:2502.12133

simulates parton showers at the amplitude level with full color information 
a color density operator Deductor, arXiv:1902.02105

Improve the Colors
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Usually showers will give (  )0 → n

Fixed order should look like 

(0 → 1) × (1 → 2) × ⋯ × (n − 1 → n)matrix element ratio

Sudakov factor from showers Δ0 × Δ1 × ⋯ × Δ(n−1)

2. Parton Showers

10

Using generalized parton 
shower to generate fixed 

order corrections  

 Sudakov Nesting of Hard Integrals

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111

Sunshine

Fixed order
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keep the parent events after branching, and ask the event branches  
times at stage  , then shower them afterwards

m
0 → 1

keep all the intermediate states and shower them   times 
from  partons to  partons

mk
k − 1 k

sum  to infinitymkUsing generalized parton 
shower to generate fixed 

order corrections  

 Sudakov Nesting of Hard Integrals

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111

Sunshine

2. Parton Showers

11

Fixed order
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2. Parton Showers

12

Using generalized parton 
shower to generate fixed 

order corrections  

 Sudakov Nesting of Hard Integrals

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111

Sunshine

Fixed order
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For observables that involve scale hierarchies 
resummation is required 

NLL:  PanScales, Alaric, Herwig et al 

with higher order effects: Vincia, DIRE et al

2. Parton Showers

13

PanScales: 

arXiv:2002.11114

Resummation and accuracy



/22

For observables that involve scale hierarchies 
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NLL:  PanScales, Alaric, Herwig et al 

with higher order effects: Vincia, DIRE et al

2. Parton Showers

13

PanScales: 

arXiv:2002.11114

Resummation and accuracy

Gao, HTL, Zhu, Zhu, in preparation
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2. Parton Showers
Resummation and accuracy
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3. Matching and Merging

15

Matching: 

combine a fixed-order (typically NLO) calculation with a parton shower, avoiding double-counting in 
overlap regions


Merging: 

combine multiple inclusive (N)LO event samples into a single inclusive one with additional shower 
radiation, accounting for Sudakov suppression and avoiding double-counting in overlap regions 
(typically via phase-space slicing) 
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3. Matching and Merging

16Resummation from Showers Hard emissions From fixed orders+

From parton shower

σPS
NLO = σ0Πi (Δi(Q2, Q2

0) + ∫
Q2

Q2
0

dq2

q2 Δi(Q2, q2)∫ dzPji(z))
0-radiation 1-radiation (Sudakov suppressed)

𝒫(unresolved) + 𝒫(resolved) = 1

From the definition of Sudakov factor, we have

probability conservation from the definition of Δ

1 − Δi(Q2, Q2
0) subtracted real

σNLO = σ0 + (∫ dΦnV + ∫ dΦn+1S) 𝒪n + ∫ dΦn+1(R𝒪n+1 − S𝒪n)

virtual integrated 
subtraction 

LO parton showers reproduce the NLO singular behavior 
of the underlying hard process with unitarity assumption 

.V + ∫ R = 0

From NLO calculations

σNLO = σn
0 + ∫

tn

0
dσn

(1) + ∫tn
dσn+1

(1)

  as the resolution scale for 1-radiationtn

From Showers
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Additive (MC@NLO-like) 

Using Parton Shower evolution kernel as infrared 
subtraction terms


Multiply LO event weighted by Born-local K factor 
including the loop corrections and integrated 
subtraction terms


Add hard remainder function consisting of subtracted 
real corrections

dσMC@NLO = dΦ0 [B (Φ0) + αsV1 (Φ0) + αsB (Φ0) ⊗ ∫ dΦ1∣0P (Φ1∣0)]
× [Δ (Q2, Q2

0) + ∫Q2
0

dq2
1

q2
1 ∫ dz1

αs
2π

P (z1) Δ (Q2, q2
1)]

+dΦ1αs [R1 (Φ1) − B (Φ0) ⊗ P (Φ1∣0)]

born loop
Integrated 
subtraction

subtracted real 
generated by 
shower

Preserves logarithmic accuracy of PS 
Parametrically  correct 𝒪(αs)

3. Matching and Merging
Matching 
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Multiplicative  (POWHEG-like) 

Use matrix-element corrections to replace parton-shower 
splitting kernel in first shower branching 


Multiply LO event weight by Born-local NLO K-factor


Eliminate negative weights.


In order to cover full phase space for real-emission 
correction.


Enhance the large  contributionpT

Δ̄ (Q2, q2) = exp [−∫ dΦ1∣0( > q2)αs
Rs

1 (Φ1)
B (Φ0) ]

Modify the Sudakov factor for first emission 
using full MEC

dσPOWHEG = dΦ0B̄ (Φ0) [Δ̄ (Q2, Q2
0)

+∫ dΦ1∣0( > Q2
0)αs

R1 (Φ1)
B (Φ0)

Δ̄ (Q2, q2
1)]

B̄ (Φ0) = B (Φ0) + αsV1 (Φ0) + αs ∫ dΦ1∣0S1 (Φ1)

+αs ∫ dΦ1∣0 [R1 (Φ1) − S1 (Φ1)]

NLO-local k factor 

NLO corrections

enhanced hard radiation

3. Matching and Merging
Matching 
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3. Matching and Merging
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Matching@NNLO 

Sharp cut-off for Strongly ordered sector shower


Ordered phases space with Matrix element corrections


With 2to4 showers the full phase space is populated

Ordered

Unordered

Subtraction terms from Shower kernel V.S.  Double Real 

x = s134/s1234 x = s234/s1234

Convergence in triple-collinear limit


With full spin correlations upto 2 radiations

A first study by Campbell, Hoech, HTL, Pruss, Skands, arXiv:2108.07133 
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4. Showers and Jet
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Splitting kernel is approximated 

Norrbin, Sjostrand arXiv:hep-ph/0010012
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HTL, Vitev, arXiv:1801.00008

4. Showers and Jet

arXiv:2409.12687

21
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5.Summary

22

Parton showers are built on soft and collinear approximations to the full cross sections


conserve flavor and four momentum, and 


constructed with the assumption unitarity, 


Matching and merging


Briefly discussed antenna shower and its NNLO expansions


Present several examples of jet distributions 

Indispensable tools for phenomenology studies in p+p and A+A colliders  
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Parton showers are built on soft and collinear approximations to the full cross sections


conserve flavor and four momentum, and 


constructed with the assumption unitarity, 


Matching and merging


Briefly discussed antenna shower and its NNLO expansions


Present several examples of jet distributions 

Indispensable tools for phenomenology studies in p+p and A+A colliders  

Thank you!


