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JETSCAPE

® Package of MC event generator for heavy ion collision

Current version, JETSCAPE 1.0 available at https://github.com/JETSCAPE

General, modular and highly extensible

Lecture by E.Khalaj and J. Putschke
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https://github.com/JETSCAPE

JETSCAPE

® Package of MC event generator for heavy ion collision
Current version, JETSCAPE 1.0 available at https://github.com/JETSCAPE

General, modular and highly extensible

Lecture by E.Khalaj and J. Putschke

JETSCAPE Event Generator
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)

‘ In-vacuum ‘ Small-Q

Large-Q

Q?: virtuality (off-shellness)

- Virtuality ordered splitting in vacuum
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)

‘In-medium‘ Small- Q0

Large-Q

O?: virtuality (off-shellness)

Virtuality ordered splitting in vacuum

At 3
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)

‘In-medium‘ Small- Q0

Large-Q

-

O?: virtuality (off-shellness)

Virtuality ordered splitting in vacuum
- Large-Q0 —> Medium effect on the top of in-vacuum splitting
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)
Small-Q Large-E

‘In-medium‘

Large-Q

-

O?: virtuality (off-shellness)

Virtuality ordered splitting in vacuum
- Large-Q0 —> Medium effect on the top of in-vacuum splitting
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)
Small- O_ Large-E

‘In-medium‘

Large-Q

-

O?: virtuality (off-shellness)

Virtuality ordered splitting in vacuum
Large-Q —» Medium effect on the top of in-vacuum splitting
- Small-Q , Large-E — Splitting driven almost purely by medium effect
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)
Small- O_ Large-E

‘In-medium‘
Large-Q
.-r/)
-) — Small- 0
Small-E

O?: virtuality (off-shellness)

- Virtuality ordered splitting in vacuum

Large-Q —> Medium effect on the top of in-vacuum splitting

Small-Q , Large- E — Splitting driven almost purely by medium effect
- Small-0Q , Small-E —» Energy-momentum diffusion into medium
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Multi-stage jet evolution in JETSCAPE

® Multi-scale description of parton shower wmajumder, Putschke(16), JETSCAPE(17)
Small- O_ Large-E

‘In-medium‘
Large-Q
.-r/)
-) — Small- 0
Small-E

O?: virtuality (off-shellness)

- Virtuality ordered splitting in vacuum
Large-Q —> Medium effect on the top of in-vacuum splitting
Small-Q , Large- E — Splitting driven almost purely by medium effect
Small-Q , Small- E — Energy-momentum diffusion into medium

No single model can describe all stages of jet evolution
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Multi-stage jet evolution in JETSCAPE

® Jet energy loss modules and their transition in JETSCAPE

5 Virtuality separation scale: O,

g

—_——
Large-QO ( > Q) Small-Q ( < Q)
Large-E Small-£
MATTER LBT MARTINI AdS/CGFT
Majumder(13), Kordell, Majumder(17), Wang, Zhu(13), Luo, et al.(15,18) Schenke, Gale, Jeon(09), Chesler, Rajagopal(14, 15)
Cao, Majumder(17) Cao, et al.(16,17), He, et al.(18) Park, Jeon, Gale(17, 18) Pablos, et al.(15, 16, 17)
Radiation dominated Scattering dominated Diffusion into medium
Virtuality ordered splitting On-shell parton transport

Higher Twist Higher Twist AMY /N = 4 super
Formalism Formalism Formalism Yang-Mills
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Multi-stage jet evolution in JETSCAPE

® Jet energy loss modules and their transition in JETSCAPE

E Virtuality separation scale: O,

g e

M

Large-Q ( > Q,) Small-Q ( < Q)
Large-E Small-£
MATTER LBT MARTINI AdS/CGFT
Majumder(13), Kordell, Majumder(17), Wang, Zhu(13), Luo, et al.(15,18) Schenke, Gale, Jeon(09), Chesler, Rajagopal(14, 15)
Cao, Majumder(17) Cao, et al.(16,17), He, et al.(18) Park, Jeon, Gale(17, 18) Pablos, et al.(15, 16, 17)
Radiation dominated Scattering dominated Diffusion into medium
Virtuality ordered splitting On-shell parton transport

Higher Twist Higher Twist AMY /N = 4 super
Formalism Formalism Formalism Yang-Mills
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Multi-stage jet evolution in JETSCAPE

® Jet substructure observables

- Jet shape (angular structure)

- Jet fragmentation distribution (momentum distribution)

- Sensitive to details of jet energy propagation and dissipation

jet Ry SiNgle hadron R, 4, Jet v,, hadron v, * Talk by C. Park

® Purpose of this study
Demonstrate results from multi-stage jet evolution in JETSCAPE

- Comparison among different module settings
(MATTER+LBT, MATTER+MARTINI, MATTER+AdS/CFT, etc. )

Fine tuning of parameters both for pp and for AA are not done yet
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Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions
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Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions

- MATTER vacuum shower down to 0 = 1GeV
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Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions

- MATTER vacuum shower downto O = 1GeV

- Initial hard partons generated by Pythia (MPI, ISR: ON)
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Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions

- MATTER vacuum shower downto O = 1GeV
- Initial hard partons generated by Pythia (MPI, ISR: ON)

- Lund Hadronization

>
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Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions

- MATTER vacuum shower downto O = 1GeV
- Initial hard partons generated by Pythia (MPI, ISR: ON)
- Lund Hadronization

- No underlying-event (UE) subtraction

>

Jf\yrstﬁi‘ﬁ”f Y. Tachibana for the JETSCAPE Collaboration, 2nd JETSCAPE Winter School and Workshop 2019, Texas A&M University, January 12th 2019



Simulation for pp collisions with JETSCAPE

® Settings in simulations for pp collisions

- MATTER vacuum shower downto O = 1GeV
- Initial hard partons generated by Pythia (MPI, ISR: ON)
- Lund Hadronization

- No underlying-event (UE) subtraction

>
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Jet Shape (pp)

trk |
» 1 1 Likeesririom PT
=3 |-
i jet
note: self-normalized observable
‘ 7 TeV ‘ *Parameters in Pythia8.230 are default
ATLAS from PRD 83 (2011) 052003
T T T T | T T | T T | T T | T T 1 -8_| T T | T T | T T | T T | T T | T T

10 anti-k, jets R=0.6 E o anti-k, jets R=0.6 N
e et . 6 | -
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N - - ~ _ —_——
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B — = PYTHIA8.230 Preliminary  _ 0.4— PYTHIA8.230 Preliminary —
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Jet Shape (pp)

trk |
» 1 1 Likeesririom PT
=¥ |
i jet
note: self-normalized observable
‘ 7 TeV ‘ *Parameters in Pythia8.230 are default
ATLAS from PRD 83 (2011) 052003
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r r
Very good agreement with experimental data v
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Jet Shape (pp)

p(r) = L Z 1 2 ket PT
]thet jet p"JFet or
note: self-normalized observable
‘ 276 TeV ‘ *Parameters in Pythia8.230 are default

CMS from PLB 730 (2014) 243
JETSCAPE, pp 2.76 TeV, anti-k1 R = 0.3, p)* > 100 GeV, 0.3 < |5 | < 2.0, ps* > 1 GeV

T
[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ I I 1.5:| I I [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ [ I_
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Jet Shape (pp)

_ trk_
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]Vjet jet p"ert or

note: self-normalized observable

‘ 276 TeV ‘ *Parameters in Pythia8.230 are default
CMS from PLB 730 (2014) 243

JETSCAPE, pp 2.76 TeV, anti-k1 R = 0.3, p)* > 100 GeV, 0.3 < |5 | < 2.0, ps* > 1 GeV

T
[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ I I 1.5:| I I [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ [ I_
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Similar behavior to default Pythia8
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Jet Fragmentation Function (pp)

D(z) = L P (2=pi/pict)
Z —_—

‘ 2.76 TeV ‘ *Parameters in Pythia8.230 are default
ATLAS from EPJ C77 (2017) 379

| <2.1,p¥* > 1 GeV

JETSCAPE, 2.76 TeV, pp, anti-ky R = 0.4, 100 < pi < 398 GeV,0 < | ¥,

T et
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Jet Fragmentation Function (pp)

D (z) = 1 2l (= =peipl)
— Z =
]vjet dz i

‘ 276 TeV ‘ *Parameters in Pythia8.230 are default
ATLAS from EPJ C77 (2017) 379

| <2.1,p¥* > 1 GeV

et

JETSCAPE, 2.76 TeV, pp, anti-ky R = 0.4, 100 < pi < 398 GeV,0 < | ¥,

_| I I I I T T | I I I I T T T 1_4_' I I I I T T | I I I I 1T I_
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4 <
Deviation at high-Z, need further tunings 9
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

QGP fluid N

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT: No medium response (to be implemented in future)

QGP fluid

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: 9, = 2 GeV

QGP fluid

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)

QGP fluid

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)
- Lund Hadronization

QGP fluid

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)

- Lund Hadronization

QGP fluid

- 2+1D, event-averaged (data table)

10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)

- Lund Hadronization

QGP fluid
- 2+1D, event-averaged (data table) ~
- TRENTo initial condition+free-streaming
Liu, Shen, Heinz(15) .
10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)

- Lund Hadronization

QGP fluid
- 2+1D, event-averaged (data table) ~
- TRENTo Initial condition+free-streaming
Liu, Shen, Heinz(15) >
- VISHNU (viscous hydro calculation)
Shen, Qiu, Song, Bernhard, Bass, Heinz(16)
10
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Simulation for PbPb collisions with JETSCAPE

® Settings in simulations for PbPb at 2.76 TeV

‘Jet‘

- MATTER, LBT: Recoil ON
MARTINI, AdS/CFT. No medium response (to be implemented in future)

- Virtuality separation scale: Q, = 2 GeV
- Initial condition from TRENTo+Pythia (MPI, ISR: ON)

Moreland, Bernhard, Bass(14)

- Lund Hadronization

QGP fluid
- 2+1D, event-averaged (data table) ~
- TRENTo Initial condition+free-streaming
Liu, Shen, Heinz(15) >
- VISHNU (viscous hydro calculation)
Shen, Qiu, Song, Bernhard, Bass, Heinz(16)
10

JEd/TSI:ﬁIgE Y. Tachibana for the JETSCAPE Collaboration, 2nd JETSCAPE Winter School and Workshop 2019, Texas A&M University, January 12th 2019



Jet Shape (PbPb)

k_ _ _jety2 _pjety2
1 1 ztrke(r—ér/Z,r+5r/2) pr (r —\/(np 1 (= P )
p(N=-—2 | =2 |
jet _]et pT r 4+t —"

note: self-normalized observable

‘ PbPb/pp ‘

CMS from PLB 730 (2014) 243

JETSCAPE, 2.76 TeV, PbPb : 0-5 %, anti-k+ R = 0.3, p%et > 100GeV, 0.3 < |;7jet| < 2.0, p%k > 1GeV
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Jet Shape (PbPb)

trk_
» 1 1 ztrke(r—ér/Z,r+5r/2) Pr
=73 |
i jet
note: self-normalized observable
‘ Pbe/ PP ‘ CMS from PLB 730 (2014) 243
JETSCAPE, 2.76 TeV, PbPb : 0-5 %, anti-k+ R = 0.3, p%et > 100GeV, 0.3 < |;7jet| < 2.0, p%k > 1GeV
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I

Enhancement around the edge of jet cone due to recoils in LBT
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Jet Shape (PbPb)
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Jet Shape (PbPb)
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Jet Fragmentation Function (PbPb)
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Jet Fragmentation Function (PbPb)
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Jet Fragmentation Function (PbPb)
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Jet Fragmentation Function (PbPb)

1 d]vtrk

D 7) = — pirky jet
() ]vjet dz (Z i )

| PbPb/pp |

ATLAS from EPJ C77 (2017) 379
JETSCAPE, 2.76 TeV, PbPb : 0-5 %, anti-kr R = 0.4, 100 < pi < 398 GeV, 0 < | Y| < 2.1,pik > 1 GeV

T
1 _8_' I I I I T 1T | I I I I T TT I__l I I I I T 1T | I I I I T TT I__l I I I I T 1T | I I I I T TT I_
. e ATLAS (0-10%) 1 e ATLAS (0-10%) 1 o ATLAS (0-10%) i
- — MATTER+LBT -+ MATTER+MARTINI -+ MATTER+AdS/CFT (Q,=2 GeV)
— 1.6_— — = MATTER(vacuum)+LBT | — — MATTER(vacuum)+MARTINI | = coeeeee MATTER+AdS/CFT (Q, =1 GeV) |
N+ =+ [ :
S 14l AN T Nt 1 Nt :
Q - JET_Sl;ﬂFE T JET_SI?HFE 1 JET_SI?HFE i
>\ 1 2____ Preliminary | F-_ _:__ Preliminary l T Preliminary -
& L =+ - -
a) B __ i '
% 1 [ q%i,f ! ]
0.8- 1 1 _‘
! I | MARTINI | AdS/CFT
1072 1072 107 1072 107" 1

Medium effect during virtuality ordered splitting

Jf\yrsc”fi‘ﬁ”f Y. Tachibana for the JETSCAPE Collaboration, 2nd JETSCAPE Winter School and Workshop 2019, Texas A&M University, January 12th 2019

14



Jet Fragmentation Function (PbPb)
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Summary

® Multi-stage jet evolution in JETSCAPE

- Switching between different energy loss modules by virtuality of partons
Large- Q : virtuality ordered splitting (MATTER)
Small- Q : on-shell transport or strong coupling (LBT, MARTINI or AdS/CFT)

® Jet substructure from multi-scale description of jet shower

- Significant contribution from recoll effect in LBT

Medium effect during virtuality ordered splitting

Jet shape: small
Jet fragmentation function: sizable at large-Z
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® Rigorous analysis

- Further parameters tuning both for pp and for AA

- Other observables (more sensitive to details of jet evolution)
® Updates

- Recoils in MARTINI and medium response in AdS/CFT

- Hydro back reaction to deposited energy and momentum from et

- Other modules and their combinations

iy
AEVILAFE

(Thaiks to all collleborators!
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Jet Shape
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Jet Shape

i k i — __jetN2 . iet\2
1 1 ztrke(r—ér/Z,r+5r/2) pic| (r= \/("P 7+ (9, = ¢))
,0(7‘) - N. Z jet 5 e e

note: self-normalized observable

‘ Pbe ‘ *Parameters in Pythia8.230 are default
CMS from PLB 730 (2014) 243
JETSCAPE, 2.76 TeV, PbPb : 0-5 %, anti-k+ R = 0.3, p%et > 100GeV, 0.3 < |;7jet| < 2.0, p%k > 1GeV
B I I I I | I I I I | I I I I | I I I I | I I T | I I I I B I I I I | I I T | I I I I | I I I I | I I I I T I I |
i (JETSCAPE PRELIMINARY) | 165 —— MATTER+LBT ]
i | T — — MATTER+MARTINI i
10 =R o P MATTER+AdS/CFT -
- . ~ T MATTER(w/o recoil, w/ broadening) -
P  ——— i & . ]
‘Q ' Q hasssmgunnns w |
2y e e < [ ]
O 1= : = —~~ 1 S - S
A L . N - : == |
= [ . cMs(0-10%) 1 Dol el o s
B MATTER+LBT : 2 "ML e SICTET G
- == MATTER+MARTINI Zeanannnnannd QL B ]
....... MATTER+AdS/CFT ' 0.6 - EXP: CMS (PbPb 0-10%) _
1071 MATTER(w/o recoil, w/ broadening) — T (JETSCAPE PRELIMINARY) |
: | | | | | | | | | | | | | | | | | | | | | | 1 1 | | | | | . i | | | | | | | 1 1 | | | | | | | | | | | | | | | | 1 1 | | |
0) 0.05 0.1 015 0.2 025 0.3 O'40 0.05 0.1 015 0.2 025 0.3
r r
b 19

sewserre Y. Tachibana for the JETSCAPE Collaboration, 2nd JETSCAPE Winter School and Workshop 2019, Texas A&M University, January 12th 2019



