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Motivations
Introduction
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Models to describe jet-induced excitation of medium

Background medium flow effect
- Wakes induced as medium response evolve in an expanding fluid
- How can wakes’ contribution in jet be affected?
- Different effects in different models for medium response?

- Extension from jet side: weak coupling, scatterings based on pQCD 
- Extension from medium side: strong coupling, hydrodynamics



Models



1. Weakly-coupled Description: Recoils

5

Models

Recoils

Hole: Picked up energy and momentum

- Freestreaming
- Subtracted from final signal

- Medium partons kicked out by jet parton
- Propagate as a parton in jet shower

dpμ

dθ
signal

=
dpμ

dθ
jet shower

−
dpμ

dθ
hole

- Sampled from thermal medium

In-medium
 Zapp, Krauss, Wiedemann (’13), Wang, Zhu(13), Luo, et al.(15,18), Park, Jeon, Gale(18),  Cao, Majumder (18) 

- Wakes induced by successive scatterings

x
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2. Strongly-coupled Description: Hydro Response
Models

Small-E

In-medium

6

Diffusion into the medium

Evolution as part of bulk medium
- Flow excited by diffused jet momentum

- Soft partons

- Holes’ energy and momentum

- Jet-correlated particle emission from medium

( typical energy scale in thermal medium)Eparton ∼

Model: 

Model: 

Causal Diffusion Equation

Hydrodynamics with Source
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Diffusion into the medium

Evolution as part of bulk medium
- Flow excited by diffused jet momentum

- Soft partons

- Holes’ energy and momentum

- Jet-correlated particle emission from medium

( typical energy scale in thermal medium)Eparton ∼

Model: 

Model: 

Source Profile for Fluid

Hydrodynamic Response

Causal Diffusion Equation

Hydrodynamics with Source



2. Strongly-coupled Description: Hydro Response
Models
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Conventional hydrodynamic equation

Hydrodynamic equation with source term

∇μTμν
med(x) = 0

: energy-momentum tensor of medium fluidTμν
med

- Energy momentum conservation in medium fluid

∇μTμν
med(x) = Jν

jet(x)
: Incoming four-momentum density due to jet propagation (source term)Jν

jet

e.g.) YT, Chang, Qin (17,19), Chen, Luo, Cao, Pang, Wang (18)

- Medium fluid evolution with energy-momentum deposition
- No distinction between soft part of jets and the bulk medium
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Conventional hydrodynamic equation

Hydrodynamic equation with source term

∇μTμν
med(x) = 0

: energy-momentum tensor of medium fluidTμν
med

- Energy momentum conservation in medium fluid

∇μTμν
med(x) = Jν

jet(x)
: Incoming four-momentum density due to jet propagation (source term)Jν

jet

e.g.) YT, Chang, Qin (17,19), Chen, Luo, Cao, Pang, Wang (18)

- Medium fluid evolution with energy-momentum deposition
- No distinction between soft part of jets and the bulk medium

Modeled with Causal Diffusion Equation



2. Strongly-coupled Description: Hydro Response
Models
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Energy-momentum deposition Causal source profile

[ ∂
∂t

+ τdiff
∂2

∂t2
− Ddiff ∇2] jν(x) = 0

- Relativistic diffusion equation- Soft partons
- Holes’ energy and momentum

jν(t = tdep, ⃗x ) = pν
dep.δ

(3)( ⃗x − ⃗x dep)
with initial condition

jν
i (t ∼ ti, x)

jν
i (t = ti + Δt, x)

< cΔt

E <Edep
cut

E<Edep
cut

Parameters
: Diffusion coefficientDdiff

: Relaxation time in diffusionτdiff: Timescale for in-medium thermalizationΔt
:  Energy scale for in-medium thermalizationEdep

cut
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Energy-momentum deposition Causal source profile

[ ∂
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: Diffusion coefficientDdiff

: Relaxation time in diffusionτdiff: Timescale for in-medium thermalizationΔt
:  Energy scale for in-medium thermalizationEdep
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2. Strongly-coupled Description: Hydro Response
Models
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- Jet propagation in a medium fluid with static uniform initial profile
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- Jet propagation in a medium fluid with static uniform initial profile



Simulations and Results



- Shower evolution by MATTER +LBT  in JETSCAPE

Simulation setup: Jet
Simulations and Results

11

Single jet shower propagation in a medium
- Start with a single parton with a fixed energy Einit =140 GeV

- 2 different models for medium response for comparison

 Majumder(13), Kordell, Majumder(17),  
   Cao, Majumder(17)
*

 Wang, Zhu(13), Luo, et al.(15,18) 
   Cao, et al.(16,17), He, et al.(18)
†

* †

Weakly-coupled: Recoils Strongly-coupled: Hydro Response

JETSCAPE Collaboration (18)

Edep
cut = 2 GeV

τrelax =1 fm, Ddiff =0.6 fm, tth =1.5 fm for diffusion

- Jet interacts with QGP medium with  upto T > 160 MeV t = 8 cm



Simulation setup: Hydro Part Contribution
Simulations and Results

12

Estimation of hydro response contribution
- Ideal (theoretically defined) background subtraction

- 2 different ways to calculate hydro contribution

dpμ

dθ
signal

dpμ

dθ
shower

+
dpμ

dθ
w/ jet

−
dpμ

dθ
w/o jet

med. med.
=

w/o Particlization w/ Particlization (Cooper-Frye)

uflow

pmeddVdV

(pi
med = Ti0

med)

uflow

dV

- Treat fluid elements as particles - Consider thermal distribution in fluid elements

x
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Estimation of hydro response contribution
- Ideal (theoretically defined) background subtraction

- 2 different ways to calculate hydro contribution
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dV

fth(p⋅uflow) : Boosted thermal distribution

- Treat fluid elements as particles - Consider thermal distribution in fluid elements

x
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Estimation of hydro response contribution
- Ideal (theoretically defined) background subtraction

- 2 different ways to calculate hydro contribution
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w/o Particlization w/ Particlization (Cooper-Frye)
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med)

- Treat fluid elements as particles - Consider thermal distribution in fluid elements
No Flow

dV

fth(p0) : (Isotropic) thermal distribution
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Estimation of hydro response contribution
- Ideal (theoretically defined) background subtraction

- 2 different ways to calculate hydro contribution
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fth(p⋅uflow) : Boosted thermal distribution
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(b) Expanding, Outward (c) Expanding, Inward

Simulation setup: Flow in the medium
Simulations and Results
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3 different configurations for an ideal fluid medium

(a) Brick

- Brick, medium with uniform static initial condition
- Expanding fluid with initial 3-D Gaussian energy density profile

- No Flow - Following Flow - Opposing Flow
xxx

T = 0.25 GeV Tcenter = 0.5 GeV Tcenter = 0.5 GeV

- Medium evolves upto t = 10 fm



Results: (a) Brick
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Angular Structure of Jet
- Jet energy and momentum
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- Detailed substructure
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Jet

- Widely spreading flow as hydro response (strong)
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Angular Structure of Jet
- Jet energy and momentum
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- Widely spreading flow as hydro response (strong)
- Backward suppression due to particlization (strong)
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Angular Structure of Jet
- Jet energy and momentum
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- Widely spreading flow as hydro response (strong)
- Backward suppression due to particlization (strong)
- Backward suppression due to holes (weak)
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Results: (b) Expanding, Outward
Simulations and Results
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Angular Structure of Jet
- Jet energy and momentum
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Angular Structure of Jet
- Jet energy and momentum
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Angular Structure of Jet
- Jet energy and momentum
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θ

- Collimation due to push by the flow
- No backward suppression by particlization (strong)
- No backward suppression due to holes (weak)
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θ

- Collimation due to push by the flow
- No backward suppression by particlization (strong)
- No backward suppression due to holes (weak)
- Difference between strong and weak



0

50

100

150

200

E
(µ

)(
G

eV
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

µ

0

25

50

75

100

125

P
x
(µ

)(
G

eV
)

Strong, particlized
Strong
Weak
Vacuum

0.0 0.5 1.0
µ

2

4

6

Ω E
/Ω

va
c

E

0.0 0.5 1.0
µ

2

4

6

Ω P
x
/Ω

va
c

P
x

Jet

x
<latexit sha1_base64="wFMugZqUWMZFtRU5ugq9AHBJ7EQ=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpgl0W3LisYB/QDiWTZtrYJDMkGbEM9Rvc6tqduPVfXPonZtoK1seBkMM593LvPWHCmTae9+4UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHyR++1bqjSL5bWZJDQQeChZxAg2Vmr1QpHdTfvliudWvRzoN/Hd2e9VYIFGv/zRG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWSzbafoxCoDFMXKPmnQTP3ekWGh9USEtlJgM9I/vVz8y+umJqoFGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU91786q9Rri3SKcATHcAo+nEMdLqEBTSBwAw/wCE/OvfPsvDiv89KCs+g5hCU4b5+tkJXj</latexit><latexit sha1_base64="wFMugZqUWMZFtRU5ugq9AHBJ7EQ=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpgl0W3LisYB/QDiWTZtrYJDMkGbEM9Rvc6tqduPVfXPonZtoK1seBkMM593LvPWHCmTae9+4UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHyR++1bqjSL5bWZJDQQeChZxAg2Vmr1QpHdTfvliudWvRzoN/Hd2e9VYIFGv/zRG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWSzbafoxCoDFMXKPmnQTP3ekWGh9USEtlJgM9I/vVz8y+umJqoFGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU91786q9Rri3SKcATHcAo+nEMdLqEBTSBwAw/wCE/OvfPsvDiv89KCs+g5hCU4b5+tkJXj</latexit><latexit sha1_base64="wFMugZqUWMZFtRU5ugq9AHBJ7EQ=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpgl0W3LisYB/QDiWTZtrYJDMkGbEM9Rvc6tqduPVfXPonZtoK1seBkMM593LvPWHCmTae9+4UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHyR++1bqjSL5bWZJDQQeChZxAg2Vmr1QpHdTfvliudWvRzoN/Hd2e9VYIFGv/zRG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWSzbafoxCoDFMXKPmnQTP3ekWGh9USEtlJgM9I/vVz8y+umJqoFGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU91786q9Rri3SKcATHcAo+nEMdLqEBTSBwAw/wCE/OvfPsvDiv89KCs+g5hCU4b5+tkJXj</latexit><latexit sha1_base64="wFMugZqUWMZFtRU5ugq9AHBJ7EQ=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpgl0W3LisYB/QDiWTZtrYJDMkGbEM9Rvc6tqduPVfXPonZtoK1seBkMM593LvPWHCmTae9+4UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHyR++1bqjSL5bWZJDQQeChZxAg2Vmr1QpHdTfvliudWvRzoN/Hd2e9VYIFGv/zRG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWSzbafoxCoDFMXKPmnQTP3ekWGh9USEtlJgM9I/vVz8y+umJqoFGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU91786q9Rri3SKcATHcAo+nEMdLqEBTSBwAw/wCE/OvfPsvDiv89KCs+g5hCU4b5+tkJXj</latexit>

Results: (c) Expanding, Inward
Simulations and Results

16

Angular Structure of Jet
- Jet energy and momentum

Px(θ) = ∫
θ

0
dθ′ 

dpx

dθ′ 
signal

- Detailed substructure

ρE(θ) =
1

E(θ=0.4)
dE
dθ

signal

,

E(θ) = ∫
θ

0
dθ′ 

dE
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signal

,

ρPx
(θ) =

1
Px(θ=0.4)

dPx

dθ
signal

x
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- Accumulation in backward
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Angular Structure of Jet
- Jet energy and momentum
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- Detailed substructure
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- Accumulation in backward
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Results: (c) Expanding, Inward
Simulations and Results
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Angular Structure of Jet
- Jet energy and momentum

Px(θ) = ∫
θ

0
dθ′ 

dpx

dθ′ 
signal

- Detailed substructure

ρE(θ) =
1

E(θ=0.4)
dE
dθ

signal

,

E(θ) = ∫
θ

0
dθ′ 

dE
dθ′ 

signal

,

ρPx
(θ) =

1
Px(θ=0.4)

dPx

dθ
signal

x
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θ

- Accumulation in backward



Results: Jet Mass
Simulations and Results
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(c) Expanding, Inward

Angular Structure of Jet Mass
Pμ(θ) = ∫

θ

0
dθ′ 

dpμ

dθ′ 
signal

M2(θ) = Pμ(θ)Pμ(θ),

x
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- More prominent bump structures for the cases with the brick and the opposing flow
- Negative mass in the Brick before the particlization (space-like momentum transfer)

dV
Efluid = Eoriginal + Einduced⃗p fluid = ⃗p induced
| ⃗p induced | > Einduced is allowed if Efluid > | ⃗p fluid |



Summary
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Background flow effect with medium response

Medium response to jet propagation in QGP fluid
- Transport energy and momentum as wakes by medium constituents
- Treated as part of jets observed in heavy ion collisions
- Weakly coupled description: Recoil
- Strongly coupled description: Hydro response (hydro+causal source)

- Significant effect for both recoil evolution and hydro response
- Clarify the difference between strongly and weakly coupled description
(Stronger effect for hydro response)

Future outlook
- Full simulations with realistic configurations for heavy ion collisions


