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Conference room

 My hotel



this Tuesday
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There exist a huge gap between

Theory

Experiments
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There exist a huge gap between

Event Generator

Experiments

Theory



• They translate theoretical models into quantities directly measurable by detectors

• dictate real events as close as possible

• Generators simulate all these steps using 

Monte Carlo (MC) techniques
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[proton-proton collision event]

incoming proton

incoming proton

hard process

hadronization

hadron decay

(Parton Distribution Function)

This presentation concentrates 
on this part (parton shower)!

parton shower

What are Event Generators?



• They translate theoretical models into quantities directly measurable by detectors

• dictate real events as close as possible

• Generators simulate all these steps using 

Monte Carlo (MC) techniques
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[proton-proton collision event]

incoming proton

incoming proton

hard process

hadronization

hadron decay

(Parton Distribution Function)

This presentation concentrates 
on this part (parton shower)!

parton shower

What are Event Generators?

Most important things in this 
talk are highlighted with:

BRWON and RED



Parton Shower Algorithm?

• Every coloured particles do QCD showers to make colour singlet final states

• Each parton radiation can be treated separately from the hard process
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“ Factorization Theorem ”

𝜎෩𝑖𝑗

𝜎𝑖+𝑗

𝑃෩𝑖𝑗→𝑖+𝑗

hard process

Parton shower



Parton Shower Algorithm?

• Every coloured particles do QCD showers to make colour singlet final states

• Each parton radiation can be treated separately from the hard process
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“ Factorization Theorem ”

𝜎෩𝑖𝑗

𝜎𝑖+𝑗

𝑃෩𝑖𝑗→𝑖+𝑗

hard process

Parton shower
▪ total cross section

splitting function

hard process
x

→ The splitting function contains kinematic 
properties of radiations

z  : energy fraction ~ Ein/Eout

෤𝑞 : angular-order variable ~ 𝜃 ∙ 𝐸



BSM Radiation



MOTIVATION

• Low scale BSM searches in LHC down to 1 GeV
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JHEP 2023, 70 (2023)



MOTIVATION

• Low scale BSM searches in LHC down to 1 GeV
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JHEP 2023, 70 (2023)

Cannot pass trigger



MOTIVATION

• Low scale BSM searches in LHC down to 1 GeV
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Interplays with jets are neccessitated



MOTIVATION

• Low scale BSM searches in LHC

• Low mass BSM bosons can be produced during the PS process

• tones of samples are necessitated over huge parameter spaces

• hard to consider all higher order diagrams

• The additional time taken by adding BSM radiation grows slowly with the number 

of emitted particles
14

JHEP 2023, 70 (2023)
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Cropped from Jennifer’s slide on Monday
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Cropped from Jennifer’s slide on Monday
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Hidden
new physics
in peturbative
regime?
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Need a new bridge for BSM!

Event Generator

Experiments

Hidden
new physics
in peturbative
regime?



Parton Shower Algorithm?

• Every coloured particles do QCD showers to make colour singlet final states

• Each parton radiation can be treated separately from the hard process
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“ Factorization Theorem ”

𝜎෩𝑖𝑗

𝜎𝑖+𝑗

𝑃෩𝑖𝑗→𝑖+𝑗

hard process

Parton shower
▪ total cross section

splitting function

hard process
x

→ The splitting function contains kinematic 
properties of radiations

z  : energy fraction ~ Ein/Eout

෤𝑞 : angular-order variable ~ 𝜃 ∙ 𝐸



How to?

• Goal: Implement BSM showers as general as possible in Herwig7

21

(NPB 126, 2 (1977) 298-318)

• Calculate splitting functions for BSM particles

master formula by Altarelli and Parisi

only depends on their spin and mass

𝜎෩𝑖𝑗

𝜎𝑖+𝑗

𝑃෩𝑖𝑗→𝑖+𝑗

hard process

Parton shower

for all types of interactions: 

See Andrea’s slide on Tuesday 
for massive particle radiations 
(quasi-collinear limit)

https://indico.physics.brown.edu/event/18/contributions/391/attachments/215/476/2025_BOOST_Ghira.pdf
https://indico.physics.brown.edu/event/18/contributions/391/attachments/215/476/2025_BOOST_Ghira.pdf
https://indico.physics.brown.edu/event/18/contributions/391/attachments/215/476/2025_BOOST_Ghira.pdf
https://indico.physics.brown.edu/event/18/contributions/391/attachments/215/476/2025_BOOST_Ghira.pdf
https://indico.physics.brown.edu/event/18/contributions/391/attachments/215/476/2025_BOOST_Ghira.pdf


𝑓 → 𝑓′ 𝜑 splitting

• Matrix element

22

CP-odd coupling can be introduced in BSM scenarios

• Spin-dependent matrix elements

• Spin-dependent splitting function

→ This explains both SM higgs radation & new scalar particle radiation out of heavy flavour fermions 



Performance test

23

Resummed shower (RS) 
– additional leg from Herwig7 parton shower

Fixed-order (FO)
– additional leg from MadGraph5

(MadGraph5) (Herwig7) (MadGraph5)

BSM particle BSM particle



𝑓 → 𝑓′ 𝜑 splitting

24

• Important BSM phenomena: FCNC! 

• b → sH splitting in general 2HDM

• m(𝑯) = 10 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• Resummed-shower (RS) result: 

𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b → 𝒔𝑯 (HW7)

• Fixed-order (FO) result: 

𝒆+𝒆− → 𝒔ഥ𝒃𝑯 (MG5) + counter part

→ Wonderful agreements
especially @ soft & collinear regions

∆R(b, H) m(b, H) 

soft region collinear region

✓ Only one BSM 𝐻 radiation is allowed
even without SM shower for validation

[JHEP 08 (2024) 064]

BSM shower

diagram

process SM shower
decay/

hadronisation

𝒆+

𝒆−

𝒔

ഥ𝒃

𝑯



𝑓 → 𝑓′ 𝑍′ splitting

• Novel chance to study BSM physics in boosted region!

• 𝑝 𝑝 → 𝑍′𝑗 𝑗 samples @ 𝑠 = 13 TeV

25

dR(jet, Z’)

[J.-B. Lee, T. Kim, U.-K. Yang, M.A., M. Seymour]

(𝑚 𝑍′ = 10 GeV) 

BSM shower

diagram

process SM shower
decay/

hadronisation

𝒑

𝒑

𝒋

𝒋
𝒁′

- All included

FastJet (AK4)



How to?
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will automatically set all BSM splittings

private git

now one can download Herwig 7.4𝛼
on my private git

Herwig 7.4 public release

[JHEP 08 (2024) 064]

https://github.com/joonblee/herwig74alpha


Extensions of BSM parton shower
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[Kling, Pläzer, Reimitz, AM]

[Eur. Phys. J. C 84 (2024) 1210]

1. Dark shower in Herwig7

✓ Implementation of the hidden valley model

✓ Splitting kernels are exactly same as before

✓ SU(3) dark interaction tree, dark quarks, dark 

cluster hadronisation, and decay

2. Dark photon production in Herwig7

✓ Inclusion of light dark portal model

✓Dark photon radiation & bremsstrahlung

3. Extension to exotic fermions (𝑠 = 3/2) and gravitons

SM

LHC

d
a
rk

 sh
o
w

er

“hidden valley”



Summary

• BSM showers are implemented in Herwig7

• Results are validated by comparing with MadGraph5 LO simulations

   → show great agreements @ soft/collinear regions

→ with some well-understood discrepancies

28

Take home messages

• For low scale BSM searches, BSM + multi-jet processes are necessary

• BSM shower is an efficient way to do this!



29

BOOSTAMOS



Brief Introduction to Herwig 7
• Event Generators

• Parton Shower Algorithm

• Angular-ordering



What are Event Generators?

31

[proton-proton collision event]

incoming proton

incoming proton

hard process

(Parton Distribution Function)

• They translate theoretical models into quantities directly measurable by detectors

• dictate real events as close as possible



What are Event Generators?
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[proton-proton collision event]

incoming proton

incoming proton

hard process

parton shower

(Parton Distribution Function)

• They translate theoretical models into quantities directly measurable by detectors

• dictate real events as close as possible



What are Event Generators?
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[proton-proton collision event]

incoming proton

incoming proton

hard process

parton shower

hadronization

hadron decay

(Parton Distribution Function)

• They translate theoretical models into quantities directly measurable by detectors

• dictate real events as close as possible



• LHC gives ~50 charged tracks for each event
→ at least 150-dim integration 

Why Monte Carlo integration?

34



• LHC gives ~50 charged tracks for each event
→ at least 150-dim integration 

• Traditional integration algorithms necessitates regular 𝑛𝑑 grids
• 𝑛: integration points, 𝑑: dimension of the integration

• e.g. Trapezoidal Rule

• MC integration
• Law of large numbers (LLN) – a huge number of independent and identical random samplings 

make its average value converge to the true value

→ It makes the accuracy only depends on the number of random points independent to the 
dimension

[Relative uncertainty of 
each integration method]

traditional methods
depending on 𝑑

independent to 𝒅

Why Monte Carlo integration?



Herwig7: angular-order parton shower

• Shower algorithms

36

Herwig7 PYTHIA8

shower 
algorithm

angular-order pT-ordered dipole shower

- When we consider parton showers, colour coherence is a great issue
(Most of old generators(PYTHIA6 …) cannot treat this effect correctly)

⊃

interference → colour coherence



Herwig7: angular-order parton shower

• Shower algorithms

37

Herwig7 PYTHIA8

shower 
algorithm

angular-order pT-ordered dipole shower

- When we consider parton showers, colour coherence is a great issue
(Most of old generators(PYTHIA6 …) cannot treat this effect correctly)

[Chudakov effect] 
A radiating parton (blue gluon) only sees the charge of the initial parton (green) = total charge of the final partons

⊃
angular-ordering catch this effect completely!

θ

interference → colour coherence



• Splitting probability:

(integrated & normalized splitting function)

Parton Shower in Event Generators

38

• No emission probability: 

[ChatGPT4.0 – Sudakov Form Factor]

𝑞2 runs from hardest scale, e.g. 𝑚𝑍
2

will terminate @ hadronization scale (𝑄0
2) ~ GeV



Parton Shower in Event Generators

39

• No emission probability: 

• Splitting probability:

- normalized splitting probability: 

(integrated & normalized splitting function)
0 1

randomly choose 𝜆



Parton Shower in Event Generators

40

[ChatGPT4.0 - cumulative q→qg splitting function]

Choose 𝑟

Then it gives 𝑧



Parton Shower in Event Generators

41



BSM Parton Shower Algorithm
• Motivation

• Splitting Functions

• Validations



Motivations

• Radiation of a BSM particle can distort kinematic distributions

43



PYTHIA HERWIG

shower 
algorithm

pT ordered dipole shower angular order (averaging a 
radiation along the radiator)

accuracy only LL accuracy + NLL (+ NNLL, process 
dependent) 

limitation cannot be used for some 
observables, e.g. gaps b/w jets

Slide 44   

PYTHIA vs HERWIG

“Chudakov effect”
A radiating parton only sees 
the total charge of initial 
partons

E-p conservation is achieved 
by balancing the 
momentum of the daughter 
partons and it of recoiler

What does the “dipole” 
mean?

Is it right?



Herwig7

• color coherence -> angular order

• splitting function -> intuitive

• no ambiguity in a parton history

give identical results in the collinear limit, but different extrapol
ations away from it 



INTRODUCTION

• Goal: Implement BSM showers as general as possible in Herwig7

• Step by step guidelines

1) Calculate matrix elements of each process from Feynman rules

→ only depends on their spin and mass

2) Calculate new splitting functions

• master formula by Altarelli and Parisi

3) Herwig7 reads BSM model information and calculate all necessary ingredients automatically

• Important processes

1. Splitting out of scalar bosons:

2. Splitting out of vector bosons:                            ,

3. All the other combinations can be calculated by symmetries
46

(NPB 126, 2 (1977) 298-318)

model independent

No needs to calculate shower
process for each BSM model/particle



(spin) 1/2 → 1/2 0 splitting

• Matrix element of q→qφ

47

CP-odd coupling is added

• Spin-dependent matrix elements

• Spin-dependent splitting function

• SM q→qH splitting function

← SM setup

“generalized” splitting function



(spin) 1/2 → 1/2 0 splitting

48

• Important BSM phenomena: FCNC! 

• b → sH splitting in general 2HDM

• m(𝑯) = 10 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• Resummed-shower (RS) result: 

𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b→ 𝒔𝑯 (HW7)

• Fixed-order (FO) result: 

𝒆+𝒆− → 𝒔ഥ𝒃𝑯 (MG5) + counter part

(All irrelevant diagrams are removed)

* Wonderful overall agreements

෤𝑞 z

∆R(b, H) m(b, H) 

soft region collinear region
✓ Only one BSM 𝐻 radiation is performed

even without SM shower for validation



How to

• PS concept

• What we should do when developing new PS processes

• = add new splitting functions



How to calculate

• 1->2 splitting

• angular order

• spin-independent – spin matrix of an incoming particle

• Why matrix element for 1->2? (+citation)



Parton Showers

• perturbative

• factorization theorem says 

• the cross section for the emission of an extra parton is fully factorised

• (n+1)/n

• sudakov form factor

• splitting function

https://arxiv.org/pdf/1904.11866.pdf



Splitting function



Sudakov form factor



Simplest case: (spin) 0 → 00 splitting

• Fully symmetric and no spins!

→ gives constant matrix element

• Splitting function from the master formula

54

- symmetric factor

→ No parton indices occured



Simplest case: (spin) 0 → 00 splitting

• Fully symmetric and no spins!

→ gives constant matrix element

• Splitting function from the master formula

• Highlights

1) Both CP-even/odd higgs bosons are included

2) Charged higgs bosons and FCNCs can be treated

55

- symmetric factor

→ No parton indices occured



Simplest case: (spin) 0 → 00 splitting

• SM h → hh splitting can be obtained with
SM higgs parameters

→ advantage of the generalized parton shower

• Validation

• 100 TeV pp collider

- Resummed-shower (RS) result

pp → Zh (MG5) + h → hh (HW7)

- restriced to have only 1 BSM splitting

- Fixed-order (FO) result

pp → Zhh (MG5)

- the second higgs boson should come from

the higgs boson (not from Z)

56

pT(h) z

m(h, h) ∆R(h, h) 



Simplest case: (spin) 0 → 00 splitting

• SM h → hh splitting can be obtained with
SM higgs parameters

→ advantage of the generalized parton shower

• Validation

• 100 TeV pp collider

- Resummed-shower (RS) result

pp → Zh (MG5) + h → hh (HW7)

- restriced to have only 1 BSM splitting

- Fixed-order (FO) result

pp → Zhh (MG5)

- the second higgs boson should come from

the higgs boson (not from Z)

57

good agreement @ soft/collinear regions

pT(h) z

m(h, h) ∆R(h, h) 



Simplest case: (spin) 0 → 00 splitting

• SM h → hh splitting can be obtained with
SM higgs parameters

→ advantage of the generalized parton shower

• Validation

• 100 TeV pp collider

- Resummed-shower (RS) result

pp → Zh (MG5) + h → hh (HW7)

- restriced to have only 1 BSM splitting

- Fixed-order (FO) result

pp → Zhh (MG5)

- the second higgs boson should come from

the higgs boson (not from Z)

58

notable discrepancies @ hard regions
- factorization theorem is less effective
- can be recovered by adding hard jets

pT(h) z

m(h, h) ∆R(h, h) 



Simplest case: (spin) 0 → 00 splitting

• SM h → hh splitting can be obtained with
SM higgs parameters

→ advantage of the generalized parton shower

• Validation

• 100 TeV pp collider

- Resummed-shower (RS) result

pp → Zh (MG5) + h → hh (HW7)

- restriced to have only 1 BSM splitting

- Fixed-order (FO) result

pp → Zhh (MG5)

- the second higgs boson should come from

the higgs boson (not from Z)

59

great accuracy @ dominant region

pT(h) z

m(h, h) ∆R(h, h) 



Simplest case: (spin) 0 → 00 splitting

60

• BSM 𝑯 → 𝒉+𝒉− splitting in general 2HDM

• m(𝐻, ℎ+) = 10 GeV

• pp → H+j as a baseline @ 13.6 TeV LHC setup

• RS: pp → 𝐇 𝐣 (MG5) + 𝐇 → 𝐡+𝐡− (HW7)

• FO: pp → 𝐡+𝐡− 𝐣 (MG5)

(All irrelevant diagrams are removed)

- overall shapes are similar to the previous case

∵ in both cases 𝑚/ 𝑠 ~ 0.001

pT(ℎ+) z

∆R(ℎ+, ℎ−) ∆R(ℎ+, 𝑗) 



Simplest case: (spin) 0 → 00 splitting

61

• BSM 𝑯 → 𝒉+𝒉− splitting in general 2HDM

• m(𝐻, ℎ+) = 10 GeV

• pp → H j as a baseline @ 13.6 TeV LHC setup

• RS: pp → 𝐇 𝐣 (MG5) + 𝐇 → 𝐡+𝐡− (HW7)

• FO: pp → 𝐡+𝐡− 𝐣 (MG5)

(All irrelevant diagrams are removed)

- overall shapes are similar to the previous case

∵ in both cases 𝑚/ 𝑠 ~ 0.001

→ but RS slightly overestimates FO due to the 

soft/collinear enhancement

pT(ℎ+) z

∆R(ℎ+, ℎ−) ∆R(ℎ+, 𝑗) 



(spin) 1/2 → 1/2 0 splitting
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• b → bH splitting in general 2HDM

• m(𝐻) = 10 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• RS: 𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b→ 𝒃𝑯 (HW7)

• FO: 𝒆+𝒆− → 𝒃ഥ𝒃𝑯 (MG5)

(All irrelevant diagrams are removed)

• notable decrease @ m ~ 500 GeV
due to centre-of-mass energy limit

* Shapes are identical

෤𝑞 z

∆R(b, H) m(b, H) 



(spin) 1/2 → 1/2 0 splitting
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• b → bH splitting in general 2HDM

• m(𝐻) = 10 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• RS: 𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b→ 𝒃𝑯 (HW7)

• FO: 𝒆+𝒆− → 𝒃ഥ𝒃𝑯 (MG5)

(All irrelevant diagrams are removed)

• Overestimation of RS?

Herwig7 allows dynamial scale choices
w.r.t the running b mass @ low scale

෤𝑞 z

∆R(b, H) m(b, H) 



(spin) 1/2 → 1/2 0 splitting
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• b → bH splitting in general 2HDM

• m(𝐻) = 130 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• RS: 𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b→ 𝒃𝑯 (HW7)

• FO: 𝒆+𝒆− → 𝒃ഥ𝒃𝑯 (MG5)

(All irrelevant diagrams are removed)

• notable decrease @ m ~ 500 GeV
& ෤𝑞 = 1 TeV due to 𝑠 limit

• also affects to the 𝑧 distribution

* Wonderful overall agreements

෤𝑞 z

∆R(b, H) m(b, H) 



(spin) 1/2 → 1/2 0 splitting

65

• Important BSM phenomena: FCNC! 

• b → sH splitting in general 2HDM

• m(𝐻) = 10 GeV

• 𝑒+𝑒− → 𝑏ത𝑏 as a baseline @ 1 TeV

• RS: 𝒆+𝒆− → 𝒃ഥ𝒃 (MG5) + b→ 𝒔𝑯 (HW7)

• FO: 𝒆+𝒆− → 𝒔ഥ𝒃𝑯 (MG5) + counter part

(All irrelevant diagrams are removed)

* Wonderful overall agreements

෤𝑞 z

∆R(b, H) m(b, H) 



A cheating sheet for you

• upto m2(pT
2) order in quasi-collinear limit(m, pT→0)

66

1. Splitting out of spin-0 particles

2. Splitting out of spin-1 particles



VVV Splitting functions

• upto m2(pT
2) order in quasi-collinear limit(m, pT→0)

67

Process Splitting Function

V→V’V”

- VVV process is a maximally symmetric process, even though its form looks messy



1→10 spltting function

• We can restore an interesting feature of the goldstone mode in V→V𝜑 splitting

68

[0→00 splitting function]

* massless case
No longitudinal polarization & mass

! The goldstone mode in the vector bosons pop up !



Spin-2 Splitting functions (next paper)

• Considering Kaluza-Klein excitations of gravitons

69

Fermion-Fermion-Graviton Lagrangian: 

Eur.Phys.J.C56:435-447,2008

- This is completely new feature. Anyone has never seen this spin-2 splittings! -



Why BSM parton shower?
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