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JETSCAPE framework

MC event generator package for heavy ion collisions

JETSCAPE, arXiv:1903.07706

- General, modular and customizable (users can add their own modadules)
- Support communications between modules
- Available on ) GitHub

JETSGAPE Event Generator
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http://github.com/JETSCAPE

JETSCAPE framework

MC event generator package for heavy ion collisions

JETSCAPE, arXiv:1903.07706

- General, modular and customizable (users can add their own modadules)
- Support communications between modules
- Available on ) GitHub
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https://indico.cern.ch/event/1162218/
http://github.com/JETSCAPE

JETSCAPE framework

Medium response to jets in JETSCAPE framework

JETSCAPE, arXiv:1903.07706

JETSCAPE Event Generator

=

=

o
© 5
tE
a =
=]
- O
c a
=

4 UV 4 VU
HE ¥V B v

Viscous Fluid Dynamics for .
Medium

—

=
tl-g @
c = L
> 8 «
= Q
il
d:g g
s 2 -
® S 2
Btz =
® o =
£ = ©
e O o
-

=

=

| —
T ==
N = =
_— N B
S 5§
=0 »
£ 35

=

JE}SE‘”“EJ@E Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022 3



JETSCAPE framework

Medium response to jets in JETSCAPE framework

JETSCAPE, arXiv:1903.07706

- Recoil partons (> E_.4) by jet energy loss modules

JETSCAPE Event Generator
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JETSCAPE framework

Medium response to jets in JETSCAPE framework

JETSCAPE, arXiv:1903.07706

- Recoil partons (> E_.4) by jet energy loss modules

- Diffusion into medium ( 2 E_.4) by energy-momentum deposition modules

JETSCAPE Event Generator
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JETSCAPE framework

Medium response to jets in JETSCAPE framework

JETSCAPE, arXiv:1903.07706

- Recoil partons (> E_.4) by jet energy loss modules

- Diffusion into medium ( 2 E_.4) by energy-momentum deposition modules

- Hydrcdynamm evolution ( ~ ) by hydrodynamic models

~ JETSCAPE Event Generator

. o

Viscous Fluid Dynamics for
Medium
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JETSCAPE framework

Medium response to jets in JETSCAPE framework

JETSCAPE, arXiv:1903.07706

- Recoil partons (> E_.4) by jet energy loss modules

- Diffusion into medium ( 2 E_.4) by energy-momentum deposition modules

- Hydrodynamm evolution ( ~ ) by hydrodynamic models

~ JETSCAPE Event Generator

4 UV 4 VU
HE ¥V B Vv .

Viscous Fluid Dynamics for
Medium
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Description of medium response
by modules in JETSCAPE package

{
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Recolls

K. C. Zapp, F. Krauss, U. A. Wiedemann ('13), X.-N. Wang, Y. Zhu(13), T. Luo, et al.(15,18), C. Park, S. Jeon, C. Gale(18), S. Cao, A. Majumder (18)

IN-Mmeaium

Partons scattered off from medium

- Sample a parton from thermal QGP medium for
each scattering

- Add the recoiled partons to the jet shower

- Reasonable for partons with £ > £ _ 4
- Weakly coupled with the medium
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Recolls

K. C. Zapp, F. Krauss, U. A. Wiedemann ('13), X.-N. Wang, Y. Zhu(13), T. Luo, et al.(15,18), C. Park, S. Jeon, C. Gale(18), S. Cao, A. Majumder (18)

IN-Mmeaium

Picked up momentum from medium
(a.k.a negative partons or holes)

- Original momenta of sampled thermal partons
Assumed to freestream

Not necessarily isotropic (background flow)
o be subtracted from final signal

dp* dp"
dndg dnd¢

signal holes

JE}SE“;;J‘;E Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022 6



Hydrodynamic evolution of jets

Thermalized part of jets

—volve as a part of the bulk medium

Hydrodynamic equation with source term
vV, T (x) = J*(x)

TH: energy-momentum tensor of bulk medium

JY: energy-momentum exchange with
the non-thermalized part of jet

- Reasonable description for ~ E_ 4

- Strongly coupled with the other medium

constituents
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Hydrodynamic evolution of jets

Jet-correlated medium hadrons

- Brought by jet-induced flow

- Cannot/should not be subtracted

- Calculated by Cooper-Frye together with the
entire bulk medium

- Require appropriate background subtraction

ém\fﬁ; Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022 8



Diffusion during thermalization

Thermalization of jet

- Diffusion of jet energy and momentum

\ - Transition from particle (£ > E_.4) to fluid
field (~ E_.)

- Provide source term J* for hydro equation
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Diffusion during thermalization

Energy-momentum deposition

- SOoft parton and hole absorption
(for hybrid with recoils)

dep
P upuia<E_

+"a ‘1

[ ]
. %
s?®

4
e .‘ .A
I’. .
DUy q < E4P
fluid cut

- Reaction to momentum change
(e.g. simulation w/ AdS/CFT module)

D.Pablos (16)

JE}SE”;;?“,;E Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022

Hydro source term (J*) generation

- Relativistic diffusion equation

[_ + Tgitt =5 — DdlffV2] J (x) =

with point-like initial condition

jy(t — tdep’ ?) — p(ll/epé(z,)(? — ?dep)
J'(t = tiy + At, X)

FE ~ Loy X) I &”»

Return analytic solution without flow or
temperature effect

— further update or new module

10



Diffusion during thermalization

Energy-momentum deposition

- SOoft parton and hole absorption
(for hybrid with recoils)

dep
p H 7 Ungia < E P

., ) :
% I’l
-'. ’w p
Uy -0 < EIP
/ P Hfiid = Feyy

- Reaction to momentum change
(e.g. simulation w/ AdS/CFT module)

D.Pablos (16)
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Hydro source term (J*) generation

- Relativistic diffusion equation

[_ + Tgitt =5 — DdlffV2] J (x) =

with point-like initial condition
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temperature effect
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JETSCAPE

Diffusion during thermalization

Energy-momentum deposition

- SOoft parton and hole absorption
(for hybrid with recoils)

dep
p H 7 Utlig < E P

dep
/ P -Uuia < Epy

- Reaction

to momentum change

(e.g. sim

Y. Tachibana for the

ulation w/ AdS/CFT module)

D.Pablos (16)
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Hydro source term (J*) generation

- Relativistic diffusion equation

+ Taise— — Daigr Vz] J (x) =

with point-like initial condition

J @ = tyeps X) = Pliop 00 (X — X gep)

et

U

e

JY(t = taep + AL, x)

J (@t ~ tuep, X) I £

analytic solution without flow or

Pe

rature effect

— further update or new module
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JETSCAPE

Diffusion during thermalization

Energy-momentum deposition

- SOoft parton and hole absorption
(for hybrid with recoils)

dep
pﬂ D - ufllld < ECllt

dep
/ P -Uuia < Epy

- Reaction

to momentum change

(e.g. sim

ulation w/ AdS/CFT module)

D.Pablos (16)

Ap Ap Ap Ap Ap Ap Ap*
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Hydro source term (J*) generation

- Relativistic diffusion equation

+ Taise— — Daigr Vz] J (x) =

with point-like initial condition

J @ = tyeps X) = Pliop 00 (X — X gep)

- Ret

U

e

JY(t = taep + AL, x)

J (@t ~ tuep, X) I

analytic solution without flow or

Pe

rature effect

— further update or new module
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Results from JETSCAPE simulations
with recoil medium response

{
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Jet simulation with recoils using JETSCAPE

p+p simulation setup
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Jet simulation with recoils using JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR FSR)
Parton Shower: MATTER (vacuum)
Hadronization: Lund String
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Jet simulation with recoils using JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR FSR)
Parton Shower: MATTER (vacuum)
Hadronization: Lund String

A+A simulation setup

JE“IS,:’“;;J;;E Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022 1 2



Jet simulation with recoils using JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR FSR)
Parton Shower: MATTER (vacuum)
Hadronization: Lund String

A+A simulation setup

Hard Scattering: Pythia8 (w/ ISR FSR)
Parton Shower: MATTER+LBT (recoll on, 0., =2 GeV)
Hadronization: Lund String
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Jet simulation with recoils using JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR FSR)
Parton Shower: MATTER (vacuum)
Hadronization: Lund String

A+A simulation setup

Initial
Hard Scattering: Pythia8 (w/ ISR FSR) Co;?;)'on Initial Condition: TRENTo+Freestreaming
Parton Shower: MATTER+LBT (recoil on, Q,, =2 GeV) uh(x)

. , Hydro Evolution: VISHNU (2+1D viscous)
Hadronization: Lund String
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Jet and single particle energy loss

1.0

JETSCAPE

Pb+PDb collisions at 5.02 TeV
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JETSCAPE, arXiv:2204.01163
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

Pb+PDb collisions at 5.02 TeV
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

Pb+PDb collisions at 5.02 TeV
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energy loss

JETSCAPE, arXiv:2204.01163
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

Pb+Pb at 2.76 TeV Au+Au at 200 GeV
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Recoils’ contribution to jet K

Pb+Pb collisions at 5.02 TeV
- With VS without the hole subtraction
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JETSCAPE, arXiv:1903.07706
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Recoils’ contribution to jet K

Pb+Pb collisions at 5.02 TeV
- With VS without the hole subtraction
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1.2

0.4

JETSCAPE, arXiv:1903.07706
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

) 2.0
Jet Shape function - 5.02 TeV, PbPb 0-10%
. - : _ jet |
_ Angular Structure Of Je-t | 8 _aﬂtl-]ft, R = 04, Pr > 120 GeV, ‘ﬁjet‘ < 1.0
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

) 2.0
Jet Shape function - 5.02 TeV, PbPb 0-10%
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JETSEAFE

Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

Jet shape function

- Angular structure of jet

1 2trkE(riﬁr/Z) Pt

trk

P(r) =
Njet jet

Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

Jet fragmentation

- Momentum structure of jet

AP

1 AN,
D(z) = —
N jet dz
Jet in jet
Lo 126< ' <158 GeV | 158< plt <200 GeV - 200< py <251 GeV | 251< py’ <316 GeV M
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2 ATTAS 1iet| < 0.3
£ ¢ [PRC 98, no.2, 024908 (2018)] aritti—kt, R=04 yALLTER LB
~ trk stitch =2 GeV
Y T, = 0.16 GeV
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

Jet fragmentation

- Momentum structure of jet

N; dz
Jet jet in jet
Lo 126< ' <158 GeV - 158< it <200 GeV | 200< it <251 GeV | 251< pt <316 GeV M
' — With Recoil (w/ coherence) | — With Recoil (w/o coherence) : | JETSEWI\:H%LFME
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

Jet fragmentation

- Momentum structure of jet

N, dz
Jet Jet in jet
Lo 126< ' <158 GeV | 158< plt <200 GeV - 200< py <251 GeV | 251< py’ <316 GeV M
! — With Recoil (w/ coherence) | — With Recoil (w/o coherence) - | JETSEWI\:H%LFME
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- ATLAS 1iet| < 0.3
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109 101
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Recoils’ contribution in Jet Substructures

JETSCAPE (in preparation)

Jet fragmentation

- Momentum structure of jet

N; dz
Jet jet in jet
Lo 126< ' <158 GeV - 158< pl <200 GeV - 200< p <251 GeV - 251< P <316 GeV AADLNVNx_
[ — With Recoil (w/ coherence) | —— With Recoil (w/o coherence) : | JETSEWI\:H%LFME
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ATLAS
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JETSCAPE simulations
with hydrodynamic medium response

{
Jg‘éscg}f Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022



Hydrodynamic medium response in JETSCAPE

JETSCAPE (in preparation)

Jet-medium hadron correlation

- Jet following flow by positive energy deposition

- Diffusion wakes and flow by momentum picked-up from medium

Temperature field modification in medium by jet propagation

MATTER+LBT (Recoil ON) + Causal Diffusion + MUSIC Viscous Hydro
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JETSCAPE (in preparation)

Jet-medium hadron correlation
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Hydrodynamic flow induced by jet momentum deposition

JETSCAPE (in preparation)

Jet-medium hadron correlation

dp* dp*
dndg | mea. dndg | med.

signal w/o jet

MATTER+LBT (Recoil ON) + Causal Diffusion + Viscous Hydro
Adapted from Chun Shen

It T3

AEVTSLAFE
Preliminary
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Hydrodynamic flow induced by jet momentum deposition

JETSCAPE (in preparation)

Jet-medium hadron correlation
dp*
dl]d¢ med.

w/o jet

dp*
dnde | med.

signal

MATTER+LBT (Recoil ON) + Causal Diffusion + Viscous Hydro
Adapted from Chun Shen
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JETSCAPE

Medium response to jets in JETSCAPE framework
- Recaoll in jet shoer evolution modules (> E_.4)

- Source term generation by energy-momentum deposition modules (

- Jet-induced flow in the medium by hydrodynamic models (

Results from JETSCAPE with recoils

- Sizable effect in jet Raa
- Angular structure broadening and soft component enhancement

Hydrodynamic medium response in JETSCAPE

t-induced flow wi
t-correlated struc

Y. Tachibana for the JETSCAPE Collaboration, ECT*, June 15th 2022

Summary
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'h causal structure
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Multi-stage jet evolution in JETSCAPE

Majumder, Putschke, PRC 93, 054909 (2016), JETSCAPE, PRC96, 024909 (2017)

- In-vacuum: Virtuality ordered splitting

Small-0

Large-0O

0° = p'p, — m*: virtuality (off-shellness)
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Multi-stage jet evolution in JETSCAPE

Majumder, Putschke, PRC 93, 054909 (2016), JETSCAPE, PRC96, 024909 (2017)

- In-vacuum: Virtuality ordered splitting

Small-0

- Large-Q: Medium effect on top of in-vacuum splitting

Large-0

——>

0’ = p*p, — m*: virtuality (off-shellness)
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Multi-stage jet evolution in JETSCAPE

Majumder, Putschke, PRC 93, 054909 (2016), JETSCAPE, PRC96, 024909 (2017)

- In-vacuum: Virtuality ordered splitting

Small-0

- Large-Q: Medium effect on top of in-vacuum splitting

Large-0Q - Small-Q: Splitting driven almost purely by medium effects

——>

0’ = p*p, — m*: virtuality (off-shellness)
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Multi-stage jet evolution in JETSCAPE

Majumder, Putschke, PRC 93, 054909 (2016), JETSCAPE, PRC96, 024909 (2017)

- In-vacuum: Virtuality ordered splitting

Small-0

- Large-Q: Medium effect on top of in-vacuum splitting

Large-0Q - Small-Q: Splitting driven almost purely by medium effects

——)-

0° = p*p, — m*: virtuality (off-shellness)
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Multi-stage jet evolution in JETSCAPE

Z Small-0

Large-Q 4
e s P>
_ AN,

-

TR

—

Virtuality separation scale: Q.
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Multi-stage jet evolution in JETSCAPE

Z Small-0

Large-Q 4
e s P>
_ AN,
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R

Switching between modules for parton by parton ELUSARE&EE Qs

—
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Multi-stage jet evolution in JETSCAPE

JETSCAPE, PRC96, 024909 (2017)

Graph of parton shower generated by JETSCAPE
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Multi-stage jet evolution in JETSCAPE

JETSCAPE, arXiv:2204.01163

Coherence effects

- Scale evolution of QGP constituent distribution

- Less interaction for large-Q? partons
— Implemented iIn MATT
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

.. P A. Maj 1 T04 2, Wed. 17:4
Pb+Pb collisions at 2.76 TeV oster by A. Majumder [1704.2, Wed. 17:46 ]
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

Au+Au collisions at 200 GeV Poster by A. Majumder [1 T04_2, Wed. 17:46 ]
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Jet and single particle energy loss

JETSCAPE, arXiv:2204.01163

Au+Au collisions at 200 GeV Poster by A. Majumder [1 TO4_2, Wed. 17:46 ]
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Jet substructures
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Heavy flavor energy loss
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y-jet correlations
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Jet-medium interaction
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