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PART 1 Introducing the Quark Medium Plasma – Collision and Pre-equlibrium

Soft matter:

• Multiple nucleon collision

• TRENTO: parametrized entropy deposition

• Free streaming approximation

Hard parton:

• TRENTO: sample nucleon positions

• Momentum distribution: Pythia with nuclear PDF 

• Free streaming approximation
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AuAu collision @ 200GeV, figure credit: Hannah Petersen



PART 1 Introducing the Quark Medium Plasma – Hydrodynamical expansion

Soft matter:

• Hydrodynamical expansion 

• Near local equilibrium

• Equation of State from Lattice QCD

• Shear and bulk viscosity 𝜂𝜂
𝑠𝑠
𝑇𝑇 , 𝜁𝜁

𝑠𝑠
𝑇𝑇

Hard parton:

• Transport models - Lido

• Collisional & radiational energy loss 

-> jet quenching
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AuAu collision @ 200GeV, figure credit: Hannah Petersen



PART 1 Introducing the Quark Medium Plasma – Hadronization and Rescattering

Soft matter:

• Particlization at 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
• Hadronic rescattering (UrQMD)

Hard parton:

• Recombination + fragmentation

• Hadronic rescattering (UrQMD)
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AuAu collision @ 200GeV, figure credit: Hannah Petersen



PART 2 Lido Transport Model - Interactions

We further divide the interaction kernels into large and 
small momentum transfer 𝑞𝑞 ones, where the switching 
scale 𝑄𝑄𝑠𝑠𝑐𝑐𝑠𝑠 should obey 𝑔𝑔𝑇𝑇 ≪ 𝑄𝑄𝑠𝑠𝑐𝑐𝑠𝑠 ≪ 𝑇𝑇.

The evolution of hard parton distribution functions are 
described by Boltzmann transport equation:

Ke, Weiyao, Yingru Xu, and Steffen A. Bass. arXiv:1810.08177 (2018).
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝒟𝒟 𝑑𝑑 + 𝒞𝒞1↔2 𝑑𝑑 + 𝒞𝒞2↔2 𝑑𝑑 + 𝒞𝒞2↔3 𝑑𝑑



PART 2 Lido Transport Model - Interactions

1. Elastic and large 𝒒𝒒 collisions (vacuum QCD matrix 
element)

𝑅𝑅 =
𝑔𝑔𝑠𝑠

2𝐸𝐸1
�

𝑑𝑑3𝑝𝑝2
2𝐸𝐸2 2π 3 𝑑𝑑0 𝑝𝑝2 2 �̂�𝑠�

𝑠𝑠
�
−�̂�𝑠

0 𝑑𝑑σ𝑠𝑠
𝑑𝑑�̂�𝑑

𝑑𝑑�̂�𝑑

2. Elastic and small 𝒒𝒒 diffusion

𝑑𝑑𝑥𝑥𝑠𝑠
𝑑𝑑𝑑𝑑 =

𝑝𝑝𝑠𝑠
𝐸𝐸

𝑑𝑑𝑝𝑝𝑠𝑠
𝑑𝑑𝑑𝑑 = −𝜂𝜂𝐷𝐷𝑝𝑝𝑠𝑠 + 𝜉𝜉𝑠𝑠 𝑑𝑑
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3. Inelastic and large 𝒒𝒒 collisions

The matrix elements for 2 →
3 processes are derived 
under the limits 𝑘𝑘, 𝑞𝑞 ≪ 𝑠𝑠.

4. Inelastic and small 𝒒𝒒 collisions

𝑅𝑅1→2 = 𝜅𝜅𝑇𝑇 �𝑑𝑑𝒌𝒌2 𝑑𝑑𝑥𝑥
𝛼𝛼𝑠𝑠𝑃𝑃 𝑥𝑥

2𝜋𝜋 𝒌𝒌2 + ⁄𝑚𝑚𝐷𝐷
2 2

The reverse inelastic process rates R3→2 and R2→1 can be written down by the requirement of detailed 
balance but are omitted in the current setup due to their small contribution to the total collision rate.



PART 2 Lido Transport Model – The LPM Effect

The formation time for a certain splitting is 

τ𝑓𝑓 ≈
2
ωθ2

τ𝑓𝑓 can be much bigger than the mean free path λ ≈ 1/𝑔𝑔2𝑇𝑇 for hard and colinear splitting. 

• When this is the case, theoretical calculations indicates the radiation rate is suppressed by a factor 
proportional to 𝜆𝜆/𝜏𝜏𝑓𝑓 (deep LPM regime) compared to the incoherent limit.

• When formation time is short, the incoherent limit rate recovers and is called the Bethe-Heitler regime. 

• Need a Monte-Carlo method that interpolates these two regimes and can be extended to a dynamic 
medium.
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PART 2 Lido Transport Model – The LPM Effect

(The factors 𝑎𝑎 and 𝑏𝑏 are used to match to NLL calculations in a infinite medium)
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A “non-local” Boltzmann Equation. Figure credit: Weiyao Ke



PART 2 Lido Transport Model – The LPM Effect

Comparison with AMY formalism in 
an infinite medium

Splitting rate in a finite medium 
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PART 2 Lido Transport Model – Open-Heavy Flavor Results

Calibrated results on open heavy flavor observables 90% CL of transport coefficients

Ke, Weiyao. arXiv preprint arXiv:2001.02766 (2020).



PART 3 Jet and Jet Substructure – Jet Substructure

𝜌𝜌 𝑟𝑟 =
1
𝛿𝛿𝑟𝑟

1
𝑁𝑁𝑗𝑗𝑗𝑗𝑠𝑠

�
𝑗𝑗𝑗𝑗𝑠𝑠𝑠𝑠

∑𝑠𝑠 𝑝𝑝𝑠𝑠,𝑇𝑇
𝑝𝑝𝑇𝑇
𝑗𝑗𝑗𝑗𝑠𝑠

Jet shape:

Jet fragmentation function:

𝑧𝑧 = 𝑝𝑝𝑇𝑇𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐 ⁄𝑅𝑅 𝑝𝑝𝑇𝑇
𝑗𝑗𝑗𝑗𝑠𝑠

𝐷𝐷 𝑧𝑧 =
1
𝑁𝑁𝑗𝑗𝑗𝑗𝑠𝑠

𝑑𝑑𝑛𝑛𝑠𝑠𝑠
𝑑𝑑𝑧𝑧

𝐷𝐷 𝑝𝑝𝑇𝑇 =
1
𝑁𝑁𝑗𝑗𝑗𝑗𝑠𝑠

𝑑𝑑𝑛𝑛𝑠𝑠𝑠
𝑑𝑑𝑝𝑝𝑇𝑇

𝐴𝐴𝐽𝐽 =
𝑝𝑝𝑇𝑇1 − 𝑝𝑝𝑇𝑇2
𝑝𝑝𝑇𝑇1 + 𝑝𝑝𝑇𝑇2

,Δϕ >
π
2

Dijet asymmetry:

𝑍𝑍/𝛾𝛾 tagged jets:

1
𝑁𝑁𝑣𝑣

𝑑𝑑𝑁𝑁𝑗𝑗𝑣𝑣
𝑑𝑑𝑥𝑥𝑗𝑗𝑣𝑣
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PART 3 Jet and Jet Substructure – Preliminary results 

The hydrodynamic simulation is event-averaged and jets are clustered at the parton level. We also 
compare the results with recoil partons from the medium and without. 
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𝑅𝑅𝐴𝐴𝐴𝐴 with recoil 𝑅𝑅𝐴𝐴𝐴𝐴 without recoil

𝑅𝑅 = 0.4 𝑅𝑅 = 0.4
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PART 3 Jet and Jet Substructure – Preliminary results – no recoil

Dijet asymmetry with recoil Dijet asymmetry without recoil



PART 3 Jet and Jet Substructure – Preliminary results
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Preliminary W Ke, XN Wang, work in progress



PART 4 Summary & Outlook

• Lido is a hybrid transport model for both light and heavy parton transport.

• Jet observables are powerful tools for probing the QGP medium which reveal both

longitudinal and transversal parton-medium interactions.

• Considering the progress we are making, we think it is a promising project towards

heavy jet analysis.

• After including event-by-event hydro, medium response, hadronization and background

subtraction, we will apply a Bayesian analysis on the transport coefficients and compare

with previous results.

• Adaption of JETSCAPE 3.0 in the near future.
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Thank you!
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APPENDIX Jet and Jet Substructure – What is a Jet?

• Collimated ensemble of highly 

energetic particles usually created by 

initial hard scatterings

• Reconstructed by jet algorithm

• Quenching (energy loss) observed →

QGP transport properties
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APPENDIX Jet and Jet Substructure – Jet Algorithm

Jet algorithms should be infra-red safe and collinear safe. We adopt the sequential clustering algorithm:

• 𝑑𝑑𝑠𝑠𝑗𝑗 (distance between particle i and particle j) and 𝑑𝑑𝑠𝑠𝐵𝐵 (distance between particle i and beam B) are defined as:

𝑑𝑑𝑠𝑠𝑗𝑗 = min 𝑘𝑘⊥𝑠𝑠
2𝑝𝑝, 𝑘𝑘⊥𝑗𝑗

2𝑝𝑝 Δ𝑠𝑠𝑗𝑗2

𝑅𝑅2
𝑑𝑑𝑠𝑠𝐵𝐵 = 𝑘𝑘⊥𝑠𝑠

2𝑝𝑝

where Δ𝑠𝑠𝑗𝑗 = 𝑦𝑦𝑠𝑠 − 𝑦𝑦𝑗𝑗
2 + ϕ𝑠𝑠 − ϕ𝑗𝑗

2
, 𝑘𝑘⊥𝑠𝑠 is the transverse momentum, 𝑦𝑦𝑠𝑠 is the rapidity and ϕ𝑠𝑠 is the azimuthal angle.

• 𝑝𝑝 is a input parameter, 𝑝𝑝 = 1 is the 𝑘𝑘𝑇𝑇 algorithm, 𝑝𝑝 = 0 is the Cambridge/Aachen algorithm and 𝑝𝑝 = −1 is the anti-
𝑘𝑘𝑇𝑇 algorithm. 

• At each step, the minimum among all the values of 𝑑𝑑𝑠𝑠𝑗𝑗 and 𝑑𝑑𝑠𝑠𝐵𝐵 is found. If the smallest element is 𝑑𝑑𝑠𝑠𝑗𝑗, combine 𝑖𝑖
and 𝑗𝑗. If the smallest element is 𝑑𝑑𝑠𝑠𝐵𝐵, 𝑖𝑖 is labeled as a jet and removed from the list. 
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APPENDIX Jet and Jet Substructure – Nuclear modification factor/Background subtraction 

Nuclear modification factor:

𝑅𝑅𝐴𝐴𝐴𝐴
𝑗𝑗𝑗𝑗𝑠𝑠 =

�
𝑑𝑑2𝑁𝑁𝑗𝑗𝑗𝑗𝑠𝑠
𝑑𝑑𝑝𝑝𝑇𝑇𝑑𝑑𝑦𝑦 𝐴𝐴𝐴𝐴

�< 𝑁𝑁𝑏𝑏𝑠𝑠𝑏𝑏 >
𝑑𝑑2𝑁𝑁𝑗𝑗𝑗𝑗𝑠𝑠
𝑑𝑑𝑝𝑝𝑇𝑇𝑑𝑑𝑦𝑦

𝑝𝑝𝑝𝑝

Nuclear modified jet shape:

𝜌𝜌𝐴𝐴𝐴𝐴 𝑟𝑟 / 𝜌𝜌𝑝𝑝𝑝𝑝 𝑟𝑟

Because there are soft contributions from the bulk medium within the jet cone that we are generally not 
interested, background subtraction are often required to remove those low 𝑝𝑝𝑇𝑇 particles (jet grooming and re-
clustering are also used in experimental analysis). However the implementations might differ for different 
experiments. How to ensure an apple-to-apple comparison with experiments is what we need to pay attention 
to. 
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APPENDIX Lido Transport Model - Interactions

1. Elastic and large 𝑞𝑞 collisions

𝑅𝑅 =
𝑔𝑔𝑠𝑠

2𝐸𝐸1
�

𝑑𝑑3𝑝𝑝2
2𝐸𝐸2 2π 3 𝑑𝑑0 𝑝𝑝2 2 �̂�𝑠�

𝑠𝑠
�
−�̂�𝑠

0 𝑑𝑑σ𝑠𝑠
𝑑𝑑�̂�𝑑

𝑑𝑑�̂�𝑑

2. Elastic and small 𝑞𝑞 diffusion

𝑑𝑑𝑥𝑥𝑠𝑠
𝑑𝑑𝑑𝑑 =

𝑝𝑝𝑠𝑠
𝐸𝐸

𝑑𝑑𝑝𝑝𝑠𝑠
𝑑𝑑𝑑𝑑 = −𝜂𝜂𝐷𝐷𝑝𝑝𝑠𝑠 + 𝜉𝜉𝑠𝑠 𝑑𝑑

where ⟨𝜉𝜉𝑠𝑠(𝑑𝑑)⟩ = 0, ⟨𝜉𝜉𝑠𝑠 𝑑𝑑 𝜉𝜉𝑗𝑗(𝑑𝑑′) ⟩ = (𝜅𝜅𝐿𝐿
𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗
𝑝𝑝2

+ 𝜅𝜅𝑇𝑇 𝛿𝛿𝑠𝑠𝑗𝑗 −
𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗
𝑝𝑝2

)𝛿𝛿(𝑑𝑑 − 𝑑𝑑′)

𝜅𝜅𝑇𝑇 = �
0

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐2

𝑑𝑑𝑞𝑞2
𝛼𝛼𝑠𝑠𝑚𝑚𝐷𝐷

2𝑇𝑇
𝑞𝑞2 𝑞𝑞2 + 𝑚𝑚𝐷𝐷

2 𝜅𝜅𝐿𝐿 = �
0

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐2

𝑑𝑑𝑞𝑞2
𝛼𝛼𝑠𝑠 ⁄𝑚𝑚𝐷𝐷

2 2 𝑇𝑇
𝑞𝑞2 𝑞𝑞2 + ⁄𝑚𝑚𝐷𝐷

2 2
𝜂𝜂𝐷𝐷 =

𝜅𝜅𝐿𝐿
2𝐸𝐸𝑇𝑇 −

𝜅𝜅𝐿𝐿 − 𝜅𝜅𝑇𝑇
𝑝𝑝2 −

𝜕𝜕𝜅𝜅𝐿𝐿
𝜕𝜕𝑝𝑝2
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APPENDIX Lido Transport Model - Interactions

3. Inelastic and large 𝑞𝑞 collisions

4. Inelastic and small 𝑞𝑞 collisions

The matrix elements for 2 → 3 processes are derived under 
the limits 𝑘𝑘, 𝑞𝑞 ≪ 𝑠𝑠 and can be found in the appendix.

𝑅𝑅1→2 = 𝜅𝜅𝑇𝑇 �𝑑𝑑𝒌𝒌2 𝑑𝑑𝑥𝑥
𝛼𝛼𝑠𝑠𝑃𝑃 𝑥𝑥

2𝜋𝜋 𝒌𝒌2 + ⁄𝑚𝑚𝐷𝐷
2 2

The reverse inelastic process rates R3→2 and R2→1 can be written down by the requirement of detailed 
balance but are omitted in the current setup due to their small contribution to the total collision rate.
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APPENDIX Lido Transport Model – The LPM Effect

1. When a splitting happens at 𝑑𝑑0, final state partons b and c are not immediately treated as physical objects to the 

system. The parent parton can carry arbitrary numbers of such “preformed” final-state copies.

2. Evolve from 𝑑𝑑 to 𝑑𝑑 + Δ𝑑𝑑 the “preformed” final state partons in each copy with only elastic processes. While the 

parent parton is evolved under the full Boltzmann equation.

3. Recalculate formation time 𝜏𝜏𝑓𝑓 for those “preformed” partons after each time step.

4. Repeat steps 1 to 3 until 𝑑𝑑 − 𝑑𝑑0 > 𝑎𝑎𝜏𝜏𝑓𝑓 𝑑𝑑 is satisfied.

5. Then, the “preformed” final state is considered to become the physical final state with probability 𝑝𝑝 =

𝑚𝑚𝑖𝑖𝑛𝑛{1, 𝑎𝑎𝑏𝑏λ 𝑠𝑠
τ𝑓𝑓

}.

(The factors 𝑎𝑎 and 𝑏𝑏 are used to match to NLL calculations in a infinite medium)
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APPENDIX 𝟐𝟐 → 𝟐𝟐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

Light parton scattering: Heavy parton scattering:
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APPENDIX 𝟐𝟐 → 𝟑𝟑 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

Colinear approximation: 𝑘𝑘⊥2 , 𝑞𝑞⊥2 ≪ 𝑥𝑥 1 − 𝑥𝑥 �̂�𝑠 , 𝑥𝑥 = 𝑘𝑘+/ 𝑠𝑠

The matrix-element is factorized into an amplitude for the splitting process (approximated in the 
collinear limit) times the amplitude for two-body collision with the medium parton.
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APPENDIX Factorization

𝜎𝜎𝐴𝐴𝐵𝐵→𝑋𝑋+𝑗𝑗𝑗𝑗𝑠𝑠

= �
𝑎𝑎𝑏𝑏𝑠𝑠𝑎𝑎

𝑑𝑑𝐴𝐴 𝑥𝑥𝑎𝑎 ,𝑄𝑄𝑓𝑓 ⨂𝑑𝑑𝐵𝐵 𝑥𝑥𝑏𝑏,𝑄𝑄𝑓𝑓 ⨂𝜎𝜎𝑎𝑎𝑏𝑏→𝑠𝑠𝑎𝑎(𝑥𝑥𝑎𝑎 , 𝑥𝑥𝑏𝑏,𝑄𝑄𝑅𝑅)
𝜎𝜎𝐴𝐴𝐵𝐵→𝑋𝑋+𝑗𝑗𝑗𝑗𝑠𝑠 = ∫𝑔𝑔𝑗𝑗𝑒𝑒𝑒𝑒𝑗𝑗𝑠𝑠𝑒𝑒𝑒𝑒 ∑𝑎𝑎𝑏𝑏𝑠𝑠𝑎𝑎 𝑑𝑑𝐴𝐴′ 𝑥𝑥𝑎𝑎 ,𝑄𝑄𝑓𝑓 ⨂𝑑𝑑𝐵𝐵′ 𝑥𝑥𝑏𝑏,𝑄𝑄𝑓𝑓
⨂𝜎𝜎𝑎𝑎𝑏𝑏→𝑠𝑠𝑎𝑎 𝑥𝑥𝑎𝑎 , 𝑥𝑥𝑏𝑏,𝑄𝑄𝑅𝑅 ⨂Ρ 𝑥𝑥𝑠𝑠 → 𝑥𝑥𝑠𝑠′ 𝑇𝑇,𝑢𝑢𝜏𝜏)
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APPENDIX 𝑸𝑸𝒑𝒑𝒄𝒄𝒄𝒄 dependence

03/18/20 JETSCAPE WORKSHOP 27



APPENDIX Performance – Bulk medium
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APPENDIX Performance – Bulk medium
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APPENDIX Performance - Lido
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PART 3 Jet and Jet Substructure – Preliminary results
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Jet shape with recoil Jet shape without recoil
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