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Jet production
4 Highly energetic
B: — jet (leading jet)

Quark-gluon

plasma /’

Low energy |et
(subleading jet) Strong interactions with the medium
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Collective reaction of QGP

IN-medium thermalization process
Bulk property of QGP medium
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il CMS Experiment at LHC, CERN
| Run 133450 Event 16358963

Lumi section: 285
Sat Apr 17 2010, 12:25:05 CEST
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il CMS Experiment at LHC, CERN
| Run 133450 Event 16358963

Lumi section: 285
Sat Apr 17 2010, 12:25:05 CEST
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il CMS Experiment at LHC, CERN
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Jet production
¢/ Highly energetic
i €— jet (leading jet)

Quark-gluon

plasma /’

Low energy |et
(subleading jet) Strong interactions with the medium
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v bhiEQGP EHHAEERIT 5D H?

N—F7Z% vy MlE, V7 FEQGPICHANIEFICE L IZHENRT 13T .
TNHAT— NI KRELENTOEDICEEHAERT 5 E\WZ D07
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v bhiEQGP EHHAEERIT 5D H?

N—F7Z% vy MlE, V7 FEQGPICHANIEFICE L IZHENRT 13T .
TNHAT— NI KRELENTOEDICEEHAERT 5 E\WZ D07

QGP OH A4 AT FIc KRE VD)6
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v bhiEQGP EHHAEERIT 5D H?

N—F7Z% vy MlE, V7 FEQGPICHANIEFICE L IZHENRT 13T .
TNHAT— NI KRELENTOEDICEEHAERT 5 E\WZ D07

QGP OH A4 AT FIc KRE VD)6

QGP QGP nggrl: ~ 1 fm : QGP DA B hFE
T < L \\

4
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N—F7Z% vy MlE, V7 FEQGPICHANIEFICE L IZHENRT 13T .
NS AT —INITRKRELHNTVADIZEEHEFEHT A EWZ D07

QGP OH A4 AT FIc KRE VD)6

QGP QGP nggrl: ~ 1 fm : QGP DA B hFE
T < L \\

4
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Space-time Geometry

Position of jet creation

Transverse distribution of nucleon-nucleon
collisions In the nucleus

Nucleon distribution in a nuclear: \Woods-Saxon

Nucleon positions sampled event-by-event
X (MC-Glauber)

- Same geometry used to generate the initial profile
of bulk QGP fluid

Adapted from Miller, et al. (2007)
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Space-time Geometry

Background QGP medium evolution

- Non-uniform, non-static — complicated path dependence (e.g. (AErad) X QLz)

- Space-time profile, u*(x), T(x), from hydro simulation

- BEvent-by-event Initial profile correlated with jet production point

)6; ; . / : 4 — :
\;{', L ] “( > ¢ . “'/ ' -

O—I—

Adapted from Chun Shen
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IN—hk V- EEHAFHA

S S

Medium Parton
Elastic scatterings with thermal particles

. .
K 0 ©
’

Jet Parton = ? S 1 =

Medium Parton

Adapted from Sangyon Jeon

Collinear radiation

- Modity jet parton’'s energy and momentum - Modify and enhance jet parton’s radiations

i F 21— NY IS, 20249 8H 6H
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Elastic component

P, ki P, ki P k1
t —channel u—channel s —channel
t=(p1— ki)’ U= (p1 — ko)? 5= (p1 + p2)°
Adapted from Sangyon Jeon
d3P2 d3k1 d3k2 > (27T)45(4)(P1 +py— k= k) 2
Fel — 3 3 3 fth P 2) 0 | %pIPZ_)klkZ
) Qr)’2E, (2r)2E, (2r) 2E; 2py

- Calculation performed at the local rest frame of the fluid by boost with flow velocity u#(x)

- P, is @a medium parton sampled from thermal distribution f;.(p5)
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Medium-modified/induced partonic radiation

| Er+tt Higher Twist
2 5 -
ng — U P(y,Q ) 1 4+ df_l_ K(f_l_ + y p+ Q2) q—(l-v)’[-l-
dydQ? ~ 2z Q? u R
Ex
_ — q_ C]—_V ,-[_L
Example:
Higher Twist calculation C [2 — 2 cos (§+ — 5:/7_'_)]
Kyr=¢
o y(1 = )01 + ,)2
Adopted from N. Armesto et al., PRC86, 064904 (2012)

Radiation spectrum modification controlled by the jet transport coefficient

AVAVAVAVS
T

Pl

2 p1 =10 — &
—

0

33
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Large-0O
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Jet parton-medium interaction

- Exchange energy and momentum
Small-0 - Jet structures modification by the medium effects

Shower pattern modification
- In-vacuum: Virtuality ordered splitting
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Large-0
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Jet parton-medium interaction

- Exchange energy and momentum
Small-0 - Jet structures modification by the medium effects

Shower pattern modification
- In-vacuum: Virtuality ordered splitting
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v MDD QGP BB TORE

Jet parton-medium interaction

- Exchange energy and momentum
Small-0 - Jet structures modification by the medium effects

Shower pattern modification
Large-0Q

——>

- In-vacuum: Virtuality ordered splitting

- Large-Q: Medium effect on top of vacuum-like splitting
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v MDD QGP BB TORE

Jet parton-medium interaction

- Exchange energy and momentum
Small-0 - Jet structures modification by the medium effects

Shower pattern modification
Large-0Q

——>

- In-vacuum: Virtuality ordered splitting

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

- Small-Q: Splitting driven almost purely by medium effects
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v MDD QGP BB TORE

Jet parton-medium interaction

- Exchange energy and momentum
- Jet structures modification by the medium effects

small-0

Shower pattern modification
Large-0Q

——>

- In-vacuum: Virtuality ordered splitting

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

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

Medium response

- Recolls: Medium partons struck by |et partons
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v MDD QGP BB TORE

Jet parton-medium interaction

- Exchange energy and momentum
- Jet structures modification by the medium effects

small-0

Shower pattern modification
Large-0Q

——>

- In-vacuum: Virtuality ordered splitting

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

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

Medium response

- Recolls: Medium partons struck by |et partons

- Hydrodynamic response: jet induced flow
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Hydro Medium Response to Jet in QGP

i Fa2— Y PILfZES, 20249 88 6H
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Jet energy-momentum deposition
- Thermalization of some energy and momentum

N QGP

Medium excitation by the deposition

- Hydrodynamic flow induced by jet propagation
- Jet energy-momentum transport mediated by
QGP fluid

Hadrons from hydro response

- SOft, spread out from jet
- Jet-correlated, cannot/should not be subtracted

- Affect structures inside/around jet



Hydro Medium Response to Jet in QGP
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Jet energy-momentum deposition
- Thermalization of some energy and momentum

N QGP

Medium excitation by the deposition

- Hydrodynamic flow induced by jet propagation
- Jet energy-momentum transport mediated by
QGP fluid

Hadrons from hydro response

- SOft, spread out from jet
- Jet-correlated, cannot/should not be subtracted

- Affect structures inside/around jet



Hydro Medium Response to Jet in QGP
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Evolution of Hydrodynamic Medium Response

MATTER + LBT + Causal Diff. + Ideal Hydro [Static Brick, T} ;4 = 250 MeV]
YT, C. Shen, A. Majumder, PRC 106, L021902 (2022)

- Jet-Induced flow induced by a parton shower propagating in the x direction
<

Orange: Region with T > 250 MeV

Red: Energetic Partons
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MATTER + LBT + Causal Diff. + Ideal Hydro [Static Brick, T} ;4 = 250 MeV]
YT, C. Shen, A. Majumder, PRC 106, L021902 (2022)
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med
4 lead

P parent

22

- More energy carried away via radiations enhanced by the medium (dominant)

- Drag force due to the elastic component of parton-medium interaction

- Mechanism of the energy loss of hadron from the leading parton
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- Lost energy = Energy carried away from the jet cone

2484

med

Iﬁa

- Dominated by (daughter) parton-medium interaction at large angles

- Almost directly affect on the energy loss of reconstructed (hadron) jet
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Full picture of jet quenching in heavy-ion collisions

- Re-distribution of the jet energy and momentun
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Nuclear Modification Factor R, ,

Spectra of jets and high-p hadrons
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Nuclear Modification Factor R, ,

Nuclear modification factor R, ,
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Nuclear Modification Factor R, ,
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Jet Shape

- Angular distribution of momentum In jets
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Jet Shape

- Extended to out-cone region
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Jet Fragmentation Function

- Momentum distribution in jets — DMATTERALBT (w/ mod. cob)
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Groomed Jet Observables

Soft Drop Grooming
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Groomed Jet Observables
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y/Z-tagged Jet

Prompt y/Z production at hard scattering
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y/Z-tagged Jet

y/Z-tagged jets q Y

N

S N e |
4 (a)

-y, Z ISEE EMHEERULRL 999999,\

g q

(p%’z—p%et~°\\:: v NDIXRILF—EX) e —
N o

- JA—DU Ty NHMEAL s

® 0.8 '

L ZIETSIAY T =y avh S DE5HEL Y E
yir :////"/ trigger ﬁ
- BEMEXAALA T back-to-back (CHIFRE i Z:_ -
— IR e e 2:5

p;‘ [GeV/c), E- [GeV]

BRE, BITRILF—BAAAVEROYIE 72—~ 7IURS, 20245 8H 6H 51




y/Z-tagged Jet

y-jet asymmetry
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Substructures of y/Z-tagged Jet

Energy loss IC & % selection bias $15E D, Flavor k7F1%
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Substructures of y/Z-tagged Jet
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Energy-energy Correlator



Energy-energy Correlator
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Energy-energy Correlator
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Energy-energy Correlator
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Energy-energy Correlator
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Energy-energy Correlator

n - SOoft contribution is further suppressed
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- I\— R\ — b VEELICE D ER NS/ K
- Jet reconstruction algorithm (anti-k, & &)
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v NRERDY 7 NGRS
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- Medium response, HE

ZEHVRKE LN

Energy-energy correlator
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xv bDOABEIE @ pp
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This 1s the last slide.






Formation time of parton splitting

Jet parton paths in space-time

- Local interactions with medium evolving Iin space-
time [Inputs from hydro: u*(x), T(x)]

>

- Need space-time information of splittings

- TIme for a virtuality-driven splitting:

L | Rest F (LRF)
Qe FOSL A ' pdaughterl (Q/2 le) [LRF 2
Tform E
* [LAB [LRF 2E

parent (Q O) Tf()rm o nyorm Q2

pdaughterZ <Q/2 - Q/2)
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Formation time of parton splitting

Large-Q

BRE, mLTRILF—E

51 A EZEDY)IE

High virtuality phase
Small-Q 2F

- Time for a virtuality-driven splitting: Teorm ~ 0?2

Low virtuality phase

- Virtuality gain from the medium: AQZ? . ~ 4T

- Formation time for medium induced radiation:

2F 2F

ny/

TﬁmJN
2 A
A Qmed qTform

2E
.4” TmnnAJ\’

q
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High and low virtuality phase

- Formation time: 7r.y, ~ —

0? Small-Q
| | | , A 2gF
- Virtuality gain from the medium: AQ; eq ~ 4%torm ™ 02
= o = h
High virtuality phase Large-Q

2gE
Q” > AQ; 4 ~ q * Q% > \/2GE *

Low virtuality phase

2
0° < AQ? .

) 0’ <.\/24E
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Color (de)coherence

- parton splitting »' formation time & TH, BB IC DB NDSXTICHBELHIND Z ENH D

ot

1 1
E ORI — ) — ~ ——
Qs Qt
- BEICOBEINDLDICKRBIERB (31— L > XEHE): l
1
| | 1 13
th n —— ~ t ~
Qs qtd * d [992]
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Conesize Dependence (Jet Shape)
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Quantum Chromodynamics (QCD)

- SU(3) gauge theory (hon-Abelian)
- Strong interactions between partons with color charge: quarks and gluons

9s 9s
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Asymptotic Freedom

~— (A (O
.12
* | . es(@?)] 127
q°= - aS(Q ) — 47T = 02
Sept. 2013 (11NC - an) lOg
o (Q) v T decays (N3LO) AQCD
. 2 Lattice QCD (NNLO) |

a DIS jets (NLO) | 2 2 2
03} 0 Heavy Quarkonia (NLO) J as(Q ) — + 0 (Q \ AQCD)

o e'¢ jets & shapes (res. NNLO) |

¢ 7 pole fit (N3LO)

v pp—> jets (NLO)
0.2

- Weaker coupling at large momentum transter

ey SXQU% — Perturbative for hard processes (O > 1 GeV?)

0.1+ - ’ :
= QCD 0x(M,)=0.1185 £ 0.0006
1 10 100 1000
Q [GeV]
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Parton Shower (in Vacuum)

DGLAP Evolution
4, : - Probability of a perturbative spilit

P(y):

D(z, 0%

- Scale evolution of FF

-0 1

a, [(<dl, [ dy Z

D(z, Q%) = D(z, u*) o lJ P(y)D <—»M2>
“ <

p 2 anle_ nljz_dll r'ldy ~ 1 dy/ z
0 | S L / 2
D(z,p*) (2n>uﬂz ittty )y PP (yy”ﬂ )
+ ...
D(Z & d s 'd <
) 000 = 5= [ Zpow (;,QZ)
%
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Parton Shower (in Vacuum)

Monte-Carlo simulation of in-vacuum parton shower

QZ

BRE, mLTRILF—E

D(z, 0%

51 A EZEDY)IE

D(z,p%)

D(z, 1))

i F 21— NY IS, 20249 8H 6H

- DGLAP-like evolution in negative Q2 direction

(not in time)

- Generate splittings via DGLAP based formalism

(Sudakov form factor)

- Sampled radiated daughters also evolve in Q2

with further splittings

- Switch to hadronization model™ when Q2

reaches a value predetermined in the model
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Parton-medium Interactions

Bayesian analysis for the extraction of ¢
(a) M
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- o i = -
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Motivations of Studies of Jets in QGP

Dynamical probing of the QGP medium

- Interaction strength between jet and medium

Parton distribution in the QGP medium

- Jet virtuality and energy dependence

(Multi-resolution scale)
Adapted from Chun Shen
In-medium thermalization of partons B \
- Clue to understand the QGP formation deh
Hard
Parton
+ﬁu= R |

i F 21— NY IS, 20249 8H 6H
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3. Jets in Heavy-ion Collisions

More Jet Observables

Jet fragmentation

1 AN,
D) = —
( ) Njet Z dz

Jet in jet

Jet Shape

i
1 Zie(r—&r/Z, r+6r/2) Pt

(r =/ O = 1 + (¢, — $7Y?)

p(r) =

Jet Mass

M. =./pltp*

AAVEZEDOYIE F1— K PILIFES, 20244 88 6H
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Monte-Carlo Simulation for Heavy-ion Collisions

Physics elements involved in a heavy-ion collision event

- Geometric initial conditions

- Hydrodynamic evolution of the bulk QGP,

- Production by hard particles

- Jet parton shower evolution, etc.
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Example: JETSCAPE framework

JETSCAPE, arXiv:1903.07706
MC event generator package for heavy ion collisions

- General, modular and customizable (users can add their own modules)

- Support communications between modules
- Available on ) GitHub
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http://github.com/JETSCAPE

4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Multi-stage Parton Shower Evolution

Large-0

——)-

BRE, mLTRILF—E
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- In-vacuum: Virtuality ordered splitting

Small-0
- Large-Q: Medium effect on top of in-vacuum splitting

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

i F 21— NY IS, 20249 8H 6H
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Multi-stage Parton Shower Evolution in JETSCAPE
Z Small-0

Large-0 2l

Virtuality separation scale: Q.
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Multi-stage Parton Shower Evolution in JETSCAPE
Z Small-0

Large-Q 4 2l
O - v ®

-

R

Switching between modules for parton by parton ELUSARE&EE Qs

—
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Multi-stage Parton Shower Evolution in JETSCAPE

JETSCAPE, PRC96, 024909 (2017)

Graph of parton shower generated by JETSCAPE
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

High Virtuality Parton Shower [example: MATTER]

A. Majumder, PRC88 014909 (2013), A. Majumder, S. Cao, PRC101, 024903 (2020)

Virtuality-ordered splitting with medium effect correction
- Assume medium effects small enough to keep the virtually ordering structure
2F

~ 2 A
0 * Q- > \/ 2gF

- Jet parton path estimated by sampling with the formation time z¢,.., = 2E/ Q*

2 2 A —
Q > Qmed ~ qTform T

- DGLAP evolution with medium-modified splitting function calculated in Higher Twist

d a, (! dy Z
2 D , 2y — 8 J : 2 D .y 2
0 rPE =57 | P10 (y Q)
., ., T 4f(Q))[2 ~ 208 (£¥/5tm) |
Pred(s Q%) = P(Y) + Ppeg(v, Q%) Ppey(v, Q7 = P(y) <L1+ l A G j

- Solve DGLAP event-by-event using the Sudakov form factor in Monte Carlo

- Elastic energy loss with recoils taken into account at the same time

BIRE, LRI F—EBEAAVEEOYIE F2— MY 7ILIAES, 20244 8H 6H 85




4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

High Virtuality Parton Shower [example: MATTER]

A. Majumder, PRC88 014909 (2013), A. Majumder, S. Cao, PRC101, 024903 (2020)

Coherence effects

- Scale evolution of QGP constituent distribution

- Less interaction for large-Q? partons

BRE, ®LTXILF—E

—

| 1]
A

Implemented in MAT T

dur1J(O7)

Q%) =

CA]HTL = (,

51 A EZEDY)IE

1 + Cq lnz(Qszw) %) 1n4(Q82W)
1 + ¢; In2(Q?) + ¢, In*(0?)

426(3) o Fn aﬁxT3 In 2ET
T 6 T%afx

i F 21— NY IS, 20249 8H 6H

......
. 3

LI L SO LA L L L L L L=

B q;zL [without coherence effect] _

10 &~ ~=E=10GeV ==E = 500 GeV—

A . 2 |

1 = QHTLT];(Q ) [with coherence effect] =

u m——F = 10GeV =—F = 500GeV _]

10 E 7=04Gev =

— Running coupling =

— o =03,0., =2 GeV =

- Cl=10, 62:100 =
1072 T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50

Q2 (Gevz) 86



4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Low Virtuality Parton Shower [example: LBT]

Y. He, T. Luo, X.-N. Wang, and Y. Zhu, PRC91, 054908 (2015), S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, PRC94, 014909 (2016),

Kinetic theory-based approach (time ordered)
- Assume medium effects large enough to be dominating sources of radiations

A . 2E ~
Q2 < Qried ~ YTorm = E * Q2 < \/qu
Boltzmann equations in Monte Carlo
pﬂaﬂf(xap) — pO (%el T %lnd)

scatterings estimated using the rates

- Solve Linearized

- Collision integrals for elastic (Cgel) and inelastic (Cginel)

FZI_ZQE;JH L

BRSSP (P, + Dy = Pe = P | M gy

3
b,c,d i=b,c,d (271-) 2E
. 1 dN, 1, L 2a(DPOWI t—t,
el — dydl? = dydl? sin’ l
“ T Ttoe )7 dyaiar L+0¢ ) i + y2m2) T < 27 )
HT

Recolls generated in the the elastic processes

87
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Weaklx-cougled Medium Response: Recolls

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

n-medium Recoll Partons

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

- Wakes Induced by successive scatterings

Hole: Picked up energy and momentum

- Sampled from thermal medium
- Freestreaming

- Subtracted from final signal

dp" dp"
do do

signal hole
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Jet simulation with JETSCAPE

p+p simulation setup

i F 21— NY IS, 20249 8H 6H

BRE, LRI T—EBEA A VEROYE

89



Jet simulation with JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR and MPI)
Parton Shower: MATTER (vacuum)

Hadronization: Lund String

i F 21— NY IS, 20249 8H 6H
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Jet simulation with JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR and MPI)
Parton Shower: MATTER (vacuum)

Hadronization: Lund String
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Jet simulation with JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR and MPI)
Parton Shower: MATTER (vacuum)

Hadronization: Lund String

A+A simulation setup

i F 21— NY IS, 20249 8H 6H
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Jet simulation with JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR and MPI)
Parton Shower: MATTER (vacuum)

Hadronization: Lund String

A+A simulation setup

Hard Scattering: Pythia8 (w/ ISR and MP)
Parton Shower: MATTER+LBT (recoll on, 0, =2 GeV)

Hadronization: Lund String

i F 21— NY IS, 20249 8H 6H
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Jet simulation with JETSCAPE

p+p simulation setup

Hard Scattering: Pythia8 (w/ ISR and MPI)
Parton Shower: MATTER (vacuum)

Hadronization: Lund String

A+A simulation setup

Initial
SOndifion Initial Condition: TRENTo+Freestreaming

Hard Scattering: Pythia8 (w/ ISR and MPI) T(x)
Parton Shower: MATTER+LBT (recoil on, Q,, =2 GeV) ut(x) Hydro Evolution: VISHNU (2+1D viscous)

Hadronization: Lund String

i F 21— NY IS, 20249 8H 6H
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

RAA

JETSCAPE, arXiv:2204.01163

Light flavor particles and jet

Jet and high-py particle energy loss for PbPb@5.02 TeV
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Light flavor particles and jet Kaa

JETSCAPE, arXiv:2204.01163

Jet and high-py particle energy loss for PbPb@5.02 TeV
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Light flavor particles and jet Kaa

JETSCAPE, arXiv:2204.01163

Jet and high-py particle energy loss for PbPb@5.02 TeV

.
.
.
.
.
.t
.
.
s
.
---
.
.
.
.
P
.
Py
-

......

Ly
N
g oW
T 7
.........
.........
. .
.........
.....
"a

| I 1 1 1 1 I 1 1
10k ® ATLAS [PLB 790, 108 (2019)] | 1.6-PbPDH (0_10%), m — 5.02 TeV —
" W CMS [JHEP 05, 284 (2021)], |njet|<2.0 1| < 1.0 M _
- — MATTER+LBT (w/ coherence effect) ) 1.4 &€ —
0.8+ =~ MATTER4LBT (w/o coherence effect) [ — _ 15 '_ ® CMS [JHEP 1704, 039 (2017)] DETSCRAFE __
i * 1 "L = MATTER+LBT (w/ coherence effect) 1
1.0 =~ MATTER+LBT (w/o coherence effect) —
55061 oo ¢ ¢ + - <l } ¢ i
St { &

PbPb (0-10%), /38~ = 5.02 TeV

anti-kr, R = 0.4, |yjet| < 2.8

0-2" _M )

4 1% Running Coupling 0.2

i JETEFHFF (). _—92 (1eV ) Pnnning Coupling |

1 I | | |
107

0.0

AAVEZEOYIE F1— KU ZILIAERSE, 20244 88 6H 90

(TLL

BRE, mLTRILF—E



4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Light flavor particles and jet Kaa

JETSCAPE, arXiv:2204.01163

Jet and high-p particle energy loss for PbPb@2.76 TeV
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. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Light flavor particles and jet Kaa

JETSCAPE, arXiv:2204.01163

Jet and high-py particle energy loss for AuAuU@200 GeV
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. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Light flavor particles and jet Kaa

JETSCAPE, arXiv:2204.01163

Jet and high-py particle energy loss for AuAuU@200 GeV
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Charm hadron Raa

JETSCAPE, arXiv:2208.00983

Role of multi-stage description for energy loss

1.4
~«... MATTER
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1.2F — MATTER + LBT JEVILAFE
- 4 CMS, D° 0-10%

1.0~ ALICE, D, 0-10%
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Charm hadron Raa

JETSCAPE, arXiv:2208.00983

Role of multi-stage description for energy loss

1.4
~...: MATTER
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1.2_—_ MATTER + LBT AEVYSLAPE
- 4 CMS, DY, 0-10%

1.0~ ALICE, D, 0-10%
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Charm hadron Raa

Coherence Effectson g — QQ
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Charm hadron Raa

Coherence Effectson g — QQ
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Jet Fragmentation Function

- pr distribution of charged track particle inside jets . — '
g
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Jet Fragmentation Function

- pr distribution of charged track particle inside jets . — '
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Jet Fragmentation Function

- pr distribution of charged track particle inside jets . — '
e
P ;
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Jet Fragmentation Function

- pr distribution of charged track particle inside jets . — '
S g
P ;
D(p*) = 1 2 ANy e
' Nijet =4 dpi™ B —
] Jet injet ~~~~~~ e —— G >
)| 126< Pt <158 GeV | 158< pi' <200 GeV L 200< pi' <251 GeV | 251< pi' <316 GeV M
: — With Recoil (w/ coherence) | — With Recoil (w/o coherence) - - JETSEWE%LFME
20 _ -==+ Without Recoil (w/ coherence) o Without Recoil (w/o coherence) i _ Preliminary
Y ATLAS Yiet| < 0.3 +
3 ® [PRC 98, n0.2, 024908 (2018)] ik, B — 0.4 | MATTER+LBT
\Q—/ trk t stitch = 2 GeV
QoS - e T. = 0.16 GeV
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

- Hardest splitting determined by Soft

Jet Substructures

Jet splitting function

Drop

- Momentum fraction in the hardest splitting of jet (zg)

min(pT,la pT,Z)

1 dUSD,jet

PbPb
P

BRE, ®LTXILF—E

Zg —
Pt tPrp

2.0
- PbPb, /sy = 5.02 TeV " M ALICE [PRL 128, 10.10, 102001 (2022)]

i Charged Jets, anti-k; - —— JETSCAPE [MATTER+LBT (w/ coherence)] \l/ \glm

1.5 | Soft Drop zewt = 0.2, 5 =0 | == JETSCAPE IMATTERA+LBT (w/o coherence)] L JEYSLCRAPE
: 0.15 < ptr]:l:k < 100 GeV Preliminary

1.0 L _# _. | *- == | el e * ..............................................................................................
i T e - e — J [ - - -

0.5 0-10% | 0-10% | 30-50%
: RZOQ, .|77(3h,jet| <0.7 R:O4, ‘nch,jet‘ <0.5 R:O4, .‘nch,jet’ <0.5
| 60 <pii® <80 GeV | 80 < pi* <100 GeV | 60 < paI® <80 GeV

O'O ] 1 ] ] ] ] 1 ] ] ] ] ] ] 1 ] ] ] ] 1 ] ] ] ] ] ] 1 ] ] ] ] 1 ] ] ] ]
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

- Hardest s
- Momentu

1 dUSD,jet

PbPb
P

BRE, mLTRILF—E

2.0

Jet Substructures

Jet splitting function

olitting determined by Soft Drop
M fraction in the hardest splitting of jet (zg)

min(PT,p PT,z)

Zg=

Pt tPrp

: Pbe, A/ SNN — 5.02 TeV
- Charged Jets, anti-k;
- Soft Drop zeyt = 0.2, 8 =0

- 0.15 < pifk < 100 GeV

" M ALICE [PRL 128, no.10, 102001 (2022)]
- —— JETSCAPE [MATTER+LBT (w/ coherence)]
_ =~ JETSCAPE [MATTER+LBT (w/o coherence)]

-

|._.|._.l

i 0-10%

I =

RZO.Q, |77(:h,jet‘<0-7

I\t

JEVTILAPE

Preliminary

AN MChjet _OoONn Y\ _\X7T -

on _ _ch.jet _
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i 0-10% |
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30-50%
R:O4, ‘nch,jet’ <0.5
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Splitting radial distance distribution

- Hardest splitting determined by Soft

Drop

- Ty the opening radial distance In the hardest splitting

1 dUSD,jet
Tjet d(Tg/ R)

PbPb
P

BRE, ®LTXILF—E

2.0

1.5

=
Sy

Pbe, A/ SNN — 5.02 TeV
Charged Jets, anti-k; |
0.15 < pik < 100 GeV |

B ALICE [PRL 128, no.10, 102001 (2022)]

"

1.0}

- 0-10%
- Soft Drop zeyt = 0.2, 8 =10
. R:O2, |77Ch,jet| <0.7

60 < pPt <80 GeV

— JETSCAPE [MATTER+LBT (w/ coherence)] |
== JETSCAPE [MATTER+LBT (w/o coherence)][

I\t

; JEVTILAPE

Preliminary

- 30-50%
- Soft Drop zeyt = 0.2, 8 =10
L R=0.4, [Nenjet| <0.5

60 < pPt <80 GeV

- 30-50% +
-Soft Drop zeyt = 0.4, 8 =10
L R=0.4, |Nenjet| <0.5

60 < pPt <80 GeV

OO ' ' —_— 1 | — M I - ! - T B
0.00 0.05 0.10 0.15 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15
T'g Tg Tg
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Splitting radial distance distribution

- Hardest splitting determined by Soft Drop

- Ty the opening radial distance In the hardest splitting

2.0
' PbPb, /snn = 5.02 TeV : B ALICE [PRL 128, no.10, 102001 (2022)] :
Charged Jets, anti-k; | — JETSCAPE [MATTER+LBT (w/ coherence)] } M
' ' | trk | == JETSCAPE [MATTER~+LBT (w/o coherence)|| I g
E&\ 1.5 F 0.15 < pT < 100 GeV _ [ + (w/ )]_ JE]‘EEHFE
25 " + : Preliminary
o=
=3 I
— br"qi 10 - | I R S—— | S E— [ b—p—
o - 0-10% - 30-50% - 30-50% +
% 0.5 FSoft Drop zewt = 0.2, =0 - Soft Drop zeyt = 0.2, 8 =10 -Soft Drop zeyt = 0.4, 8 =10
- [ R=0.2, [fenje| <0.7 R=0.4, |7jenjet| <0.5 R=0.4, |7jenjet| <0.5
60 <pCTh":AL - -
0.0 =———— U E—
0.00 ( 0.15 0.20
@) @) @)
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

Jet Substructures

Substructure Dependence on Jet Energy Loss

- Hardest splitting determined by Soft Drop

- Ty the opening radial distance In the hardest splitting

1.4 F 158 < pk' < 1000 GeV L 158 < i’ < 200 GeV L 200 < plf’ < 316 GeV 316 < pit* < 501 GeV
[ [ ' i
L2 ; ' > M
| 3 5 3 JETILAFE
10 ................................................................................................................................................................................................................................... o L D _
P - | _
= 08|
a |
0.6 |
0.4 f =

- JETSCAPE

[ ) . I : : MATTER+LBT (w/ coherence)] :
0.2 § Pbe, 0 10%, A/ SNN — 5.02 TeV [ ___ JETSCAPE [ - ATLAS
- anti-k;, R = 0.4, ’yjet‘ <21 - Soft Drop, zewe = 0.2, 5 =0.0 : MATTER+LBT (w/o coherence)] | [ATLAS-CONF-2022-026]
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4. Monte-Carlo Studies of Jets in Heavy-ion Collisions

1.4

1.0}

Raa

0.2

0.0

Jet Substructures

Substructure Dependence on Jet Energy Loss

- Hardest spilitt

INg determined by Soft Drop

- Ty the opening radial distance In the hardest splitting

1.2

0.8
0.6 |

0.4 f

I'g

L 158 < pi’ < 1000 GeV L 158 < i’ < 200 GeV

r
g
i F 21— NY IS, 20249 8H 6H
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3. Jets in Heavy-ion Collisions

Summary

Monte-Carlo Simulation for Heavy-ion Collisions

- Many physics components are involved
- Communication between components

Multi-stage evolution of jet shower

- Switching description of in-medium parton shower evolution depending on Q2

- Extension of multi-stage jet energy loss by coherence effect (Qz—dependence)

- Simultaneous description of jet and single particle at various 4/ S~

- Detalls of interaction encoded in jet substructures (coherence, recoils)

R =T R F—EAAVEEOYE F 1 — kU FILIITES 20044 88 6F 99




3. Jets in Heavy-ion Coll

ISIONS

Simulation Setup in the Session

Hard scatterings at 5.02 TeV by PythiaGun

Adapted

from

Sangyong Jeon

Nucleon

Nucleon

BRE, ®LTXRILT—E

51 A EZEDY)IE

i F 21— NY IS, 20249 8H 6H

- Generate only scatterings with
100 < pp < 160 GeV.

- Same number of hard scatterings for pp

and PbPb (not the number of collision
events)

XML File

<Hard>
<PythiaGun>
<pTHatMin>100</pTHatMin>

<pTHatMax>160</pTHatMax>
<eCM>5020</eCM>
</PythiaGun>
</Hard>
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Description of Medium Response

Recoll

Weakly-coupled ( > E_.,)

BRE, mLTRILF—E

51 A EZEDY)IE
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~ Lih 2 Emed

Strongly-coupled ( ~ E_.J)
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Description of Medium Response

Recoll

Weakly-coupled ( > E_.,)
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Strongly-coupled ( ~ E_.J)
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Description of Medium Response

Recoll

Weakly-coupled ( > E_.,)
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Description of Medium Response

Recoll

Weakly-coupled ( > E_.,)
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Description of Medium Response

Recoll

Weakly-coupled ( > E_ .4)

BRE, mLTRILF—E

51 A EZEDY)IE
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Hydrodynamics

Strongly-coupled ( ~ E_.J)
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Description of Hydro Medium Response to Jets

Medium fluid evolution with energy-momentum deposition

- Hydrodynamic transport of jet energy-momentum via thermal partons
- (3+1)D evolution together with the bulk QGP fluid

V,.T! (&%) = Ji (x)
// \\

—nergy-momentum tensor —nergy and momentum
of the QGP fluid deposited into the fluid

. Source term JJ”et constructed from jet-shower evolution calculation

- Bulk part particle with hydro response obtained via the Cooper-Frye

BIRE, LRI F—EBEAAVEEOYIE F2— MY 7ILIAES, 20244 8H 6H 102




Recoil+Hydro Response Description in MC Approach

Energy-momentum deposition

- SOoft partons
- Holes’ energy and momentum

Causal source profile

- Relativistic diffusion equation

o 0*
[— + Thitt =5 — DdlffV2] J (%) =

ot ot>
E <E;
R 4 with initial condition
2T 2 . N — —
\%'.'.A ]V(t - tdep’ x) = pgep-a (3)()&' B xdEP)
- - j:(t:ti+At,x)
/“ E<Ey, 7~ 1) I
Parameters

L. Energy scale for in-medium thermalization

At: Timescale for in-medium thermalization

D 4;¢¢: Diffusion coefficient

Tq4;er- DElaxation time in diffusion
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Recoil+Hydro Response Description in MC Approach

Energy-momentum deposition

- SOoft partons
- Holes’ energy and momentum

E <k,

Causal source profile

- Relativistic diffusion equation
0 0 ,
— + Tair—5 — Daire V" | J (¥) =

with initial condition

J(t = tgeps X) = Pl 6O (X — Xgep)

Ut = t;+ At,x)

. y od
-
» |
’
»
.
.
. -

le(t ~ L, X)

Parameters

L. Energy scale for in-medium thermalization

At: Timescale for in-medium thermalization

D 4;¢¢: Diffusion coefficient

Tq4;er- DElaxation time in diffusion
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Recoil+Hydro Response Description in MC Approach

Energy-momentum deposition Causal source profile
- Soft partons - Relativistic diffusion equation
- Holes’ energy and momentum 0 0’ o
— + Tgier—5 — Daige V™ | J (X)) =
ot Ot>
. E <k,
P with initial condition

. v, J (= Lieps X) =P§ep.5 (3)(’—‘) _ fdep)
_p”/ p”
s - J @t =t + At, x)
/‘ = P Jilt ~ £ %) * @ ™

Parameters
L. Energy scale for in-medium thermalization D 4;¢¢: Diffusion coefficient
At: Timescale for in-medium thermalization Tq4;er- DElaxation time in diffusion
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Evolution of Hydrodynamic Medium Response

10.0
T =93fm/c 1 >
1.5 4 ﬂ
| 1
5.0 1
i’ﬂ
2.5 R
= i
q\j 0.0 A ‘ E O gﬂ
>\. -2.9 5
5
5.0 - = i 2
(@)
5 N, o A <
JPErgIEn?n‘:rFyE Adapted from Chun Shen B Jlﬁ';ain?n':rfrf Adapted from Chun Shen —1
-10.0 T v T T T T T . T T T T
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 1.5 10.0 2 4 6 8 10
x (fm) T (Im/c)

- Jet following flow by energy-momentum deposition
- Diffusion wakes (negative contribution)
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Evolution of Hydrodynamic Medium Response

BRE, ®LTXILF—E

10.0
7=931m/c
7.5 4
5.0 -
2.5
/4
qg 0.0 1
)
>
_2‘5 -
-5.0 -
=71.5 1 M
AETSLCAFE
Preliminary
-10.0

b

-

Jet

Adapted from Chun Shen

-10.0 -].3 —-2.0 -

5.0 7.5 10.0

2; (fo;rl) LD

_10_

JIE';?n?n':rEE Adapted from Chun Shen
2 ' 10

trdm/e)

- Jet following flow by energy-momentum deposition
- Diffusion wakes (negative contribution)
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Evolution of Hydrodynamic Medium Response
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- Jet following flow by energy-momentum deposition
- Diffusion wakes (negative contribution)
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Evolution of Hydrodynamic Medium Response

BRE, ®LTXILF—E
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Preliminary
-10.0

.

Adapted from Chun Shen
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- Jet following flow by energy-momentum deposition
- Diffusion wakes (negative contribution)

51 A VEZEOYIE F1— K IR SE, 20244 88 6H

e

-

‘l ,

=LV

(AQIN) PO —Rtmy

104



Evolution of Hydrodynamic Medium Response
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- Jet following flow by energy-momentum deposition
- Diffusion wakes (negative contribution)
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Signal of hydro medium response in the final state

Jet-modified spectrum of bulk medium (single event example)
dp*
dndd¢

signal

Adapted from Chun Shen

Mo | 3

AETSCRFE
Preliminary- |
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Signal of hydro medium response in the final state

Jet-modified spectrum of bulk medium (single event example)

dp*
dnd¢

signal

Adapted from Chun Shen

JWN 3
Jlgil_sfhﬁ “52
rrrrrrrr v | S
* 5

f S

% 2

g =

[0 @

(g~

S

10¢
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3. Jets in Heavy-ion Coll

ISIONS

Simulation with JETSCAPE (Im-medium Jet Evolution)

IN-meaium

BRE, mLTRILF—E

O?: virtu

51 A EZEDY)IE

Large-()

Virtuality ordered splittings with small medium effect

Model: Medium-modified Sudakov (MATTER)

Splittings driven by in-medium scatterings
Models:

ality (off-shellness)

i F 21— NY IS, 20249 8H 6H
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3. Jets in Heavy-ion Col

lisions

Simulation with JETSCAPE (Im-medium Jet Evolution)

IN-meaium

Large-()

Virtuality ordered splittings with small medium effect

Model: Medium-modified Sudakov (MATTER)

Splittings driven by in-medium scatterings

Models:
- m—

‘ Small-E( < E;)
Large-Q > \ Energy-momentum diffusion into medium

BRE, mLTRILF—E

O?: virtu

51 A EZEDY)IE

Model; Causal Diffusion (Causal Liquefier)

Small-E
Hydrodynamical evolution with bulk medium

ality (off-shellness) Model:

i F 21— NY IS, 20249 8H 6H

106



Ba. 74— « JlIb—A> - T35~V (QGP)

X: https://github.com/MasakiyoK/Saizensen.git
BFEE (2+1 flavors): WB, PLB 730 (2014), HQ, PRD 90, 094503 (2014)
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https://github.com/MasakiyoK/Saizensen.git

B5. VAT - JI—HA> - T5XY (QGP)

QGP DR
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