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Motivation

How to probe the QGP?
4+ Soft probes: hydrodynamics, ...

+ Hard probes: large transverse momentum,

such as jets, hadrons and heavy flavors

Jet : a collimated spray of high p; particles
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Jet quenching: jet energy loss and transverse
momentum broadening due to jet-medium interaction
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Fig: An illustration of jet quenching.
D. d'Enterria & B. Betz, (2009). 10.1007/978-3-642-02286-9 9.



Motivation

Jet quenching observables:
= [he inclusive jet nuclear modification factor

& | ATLAS ' antik, R=0.4jets  lyl<21 S
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Motivation

Jet quenching observables:
= The inclusive jet nuclear modification factor > n=1, direct flow

= The inclusive jet anisotropy flow » n=2, elliptic flow
» N=3, triangle flow

path-length dependence
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v Jet quenching leads to jet suppression
v Path-length dependence of jet quenching leads to jet anisotropy

x Can we describe both jet R 4 4 and ’U%et In a unified framework?



The linear Boltzmann transport (LBT) model
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- Zhang, Wang and Wang, PRL 93 (2004) 072301
shower parton radiation Model features:

+ re-scattering

+ back reaction
thermal parton .
| back re:\)c:tion )Ji recoiled parton + linear approximation,

and valid for§ f <« f
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The LBT model with a QGP-like medium: framework

The inclusive jet shower partons from PYTHIA 8
T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05 (2006) 026.

Initial condition from AMPT

Z.-W. Lin, C. M. Ko, B.-A. Li, B. Zhang, and S. Pal, PRC 72,
064901 (20095).

e-by-e 3+1D CLVisc: evolution with a hydro background:

out-of-cone jet energy loss

Pang, Wang & Wang, PRC 86 collisional + radiation in QGP phase, I
(2012) 024911 c t 1 in had . ) B ‘ R
Pang, Hatta, Wang & Xiao, PRD ree streaming in hadron phase D

91 (2015) 074027

freeze-outtemperature.

Final inclusive jet



The Iinclusive jet In pp collisions

PYTHIA 8 can well describe the experimental data at
LHC energies for different rapidity ranges.



Energy loss in the LBT model

medium recolil effect up to 15%

back reaction not negligible

larger cone size and radial expansion
enlarges the effects above.
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Jet energy loss: LBT & Bayesian extraction
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The Inclusive jet Raa

# iz, Shanshan Cao, Wei Chen, Tan Luo, Long-Gang Pang and Xin-Nian Wang. PRC 99 (2019) 054911
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Jet R,, has a weak pr dependence in the high p;rrange
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The Inclusive jet anisotropy vn



Initial jet producation at 2.76 TeV

5-10% 10-20% 5-10% 10-20%
20-30% 30-40% 20-30% 30-40%
40-50% 50-60% 40-50% 50-60%

single hydro event: fluctuating averaged over 200 hydro events: smooth
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Initial jet production localization
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# iz, Long-Gang Pang, Xin-Nian Wang. PRL 125 (2020) 122301
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v’ transverse jet
asymmetry correlates
with initial jet
production position
guantitatively

v’ Jet localization can be
used to study jet-
medium interaction In
detall, such as
diffusion wake

Wei Chen, Zhong Yang, # il =, Weiyao Ke, Long-Gang Pang and Xin-Nian Wang, RRL 127, (2021) 082301
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Jet azimuthal anisotropy
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p+ dependence of inclusive jet v2and vs

Event plane method:

vl B = ((cos(n[¢"*" — Wn))))
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Scalar product method:
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Weighted with bulk v.from e-by-e hydro profiles, slightly largerthan event plane method
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pT dependence of inclusive jet vzand vs3
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Jet v.at both colliding energy are almost the same and have a weak prdependence
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Hard-soft tomography
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Summary

v The LBT model can describe both jet suppression and jet anisotropy flow
v Jet energy loss distribution can be extracted from experimental data
v Jet anisotropy correlates with medium anisotropy

v'Initial jet production localization can be used to study jet-medium inteaction In
detall

Outlook

» Extract path length dependence of jet quenching from experimental data

Thanks for your attention!

20



Motivation

RHIC at BNL, operation in 2000
Au+Au at 200 GeV

W
_ EQDE{,:I;_ER

LHC at CERN, operation in 2010
Pb+Pb at 2.76 TeV, 5.02 TeV

Fig: RHIC and LHC, from https://www.innovationnewsnetwork.com/
technology-in-relativistic-heavy-ion-collider-physics-research/6466/ 21



CMS Experiment at the LHC, CERN
4 Data recorded: 2016-Nov-18 15:29:12.§28128 GMT
| Run/AEvent / LS: 285505./ 107810622 / 166
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Fig: Two gold ions collide head-on in the STAR detector, Fig: Proton-lead ion run for which no fewer than 449 particles tracks
from http://www.rhic.bnl.gov/STAR/) were reconstructed.(Image from CMS/CERN)
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Soft hadron anisoftropy: v2 and vs

soft hadron v2 soft hadron v3
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CLVisc hydro model can well describe the experimental data of anisotropy
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Effects of viscosity on jet v:



Effects of viscosity: vz distributions

d ﬁ
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~ Pbt+Pb 0-10%
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0 005 010 015

” Soft

No significant difference between ideal and viscous hydro
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Effects of viscosity: initial geometry
1000 hydro events
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Centrality and colliding energy dependence

jet v2
le—2
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The LBT model can well describe the experimental data of jet anisotropy v2
In the most and middle central collisions.




Effects of viscosity: jet Raa and jet v:
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Viscosity slightly increases jet suppression and jet anisotropy v2
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Effects of viscosity: hard-soft correlations

0.08 —
| Vs = 5 02 TeV

| Pb+Pb 0-10 %
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No significant difference between ideal and viscous hydro
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Effects of medium response on jet v:



Effects of medium response:

medium response (me. re.) : medium recoil + back reaction.

Jets without medium response get more quenched

jet Raa

A = O.lSwithme.“—»(xs — O.lSW/ome.
ietvs 227
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Effects of medium response:

LBT a ¢ = 0.15 with medium response

1BTa.=0.13w/omediumresponse

ratio=

jet Raaratio jetv:ratio

Larger cone size -> larger effect of medium response

33

0.02

0.01

-0.01

0.02

0.01

-0.01

- {s=5.02TeV
— Pb+Pb 0-10 % R =04

¥+ LBT o =0.15 showers only.
=+ LBT og=0.13 showers only.

- LBT o, = 0.15 shower+me. re. -

100 150 200 250 300 350
p, (GeV)



The LBT model with a uniform and static medium

Yayun He, Tan Luo, Xin-Nian Wang, Yan Zhu. Phys. Rev. C 91 (2015) 054908. arXiv:1503.03313.
parton energy loss

Inelastic energy loss:
quadratic in the first stage

Elastic energy loss: linear
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0.6 —4— 2.76 TeV
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5-10% 10-20% 20-30% 30-40% 40-50% 50-60%
centrality bin
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(v5°T) 4 Fusoft (v3°") £ du5™"

276 TeV 502 TeV 2.76 TeV 5.02 TeV
5 — 10% 10.047 & 0.00710.054 & 0.008 5—10% |0.031 £ 0.007|0.027 £ 0.007
10 — 20% | 0.060 &+ 0.008 |0.076 + 0.007 10 — 20%(0.031 £ 0.007 {0.029 £ 0.007
20 — 30% (0.076 + 0.008 | 0.086 + 0.008 20 — 30%(0.032 4+ 0.007|0.035 % 0.008
30 — 40% (0.089 + 0.008!0.095 + 0.009 30 — 40%(0.034 4 0.007|0.035 % 0.008
40 — 50% 1 0.079 &+ 0.008 | 0.086 + 0.009 40 — 50%10.038 4= 0.007 {0.034 £ 0.008
50 — 60%10.078 + 0.009|0.078 + 0.009 50 — 60%(0.035 £ 0.007 {0.032 4 0.008

TABLE II. The mean value and standard deviation of soft
hadron v5°"* in Pb+Pb collisions at /s = 2.76 TeV and
5.02 TeV in centrality bins 5 — 10%, 10 — 20%, 20 — 30%, 30 —

40%,40 — 50% and 50 — 60% from the CLVisc model.

TABLE 1. The mean values and standard deviations of soft
hadron v5°"* in Pb+Pb collisions at /s = 2.76 TeV and
5.02 TeV in centrality bins 5 — 10%, 10 — 20%, 20 — 30%, 30 —

40%,40 — 50% and 50 — 60% from the CLVisc model.
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Underlying Event Subtraction (UES)

UE: collisions of beam remnant, fluctuation of the
background, non-perturbative effects. Subtraction is needed
to exclude the soft particles.

ol _ Seed jet: for at least
s H L e one parton,and

ATLAS Collaboration, Phys. Lett. B 719, 220 (2013).

We only subtract the energy of seed jets,
and count all the final jets!

38



Effects of medium response and radial expansion

2.76 TeV

medium recoil effect up to 15%

back reaction not negligible

larger cone size and radial expansion
enlarges the effects above.

39



Cone size dependence of Raa

larger R flatterinitial spectrum + smallerenergy loss
->less suppression

guantitatively relates to mediumresponse
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Ap (GeV)
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jet-medium transport coefficient
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Jet reconstruction including medium recoils

and baﬂﬂ% 58&&%%%5@&@@0@96 S

R

M. Cacciari, G. P. Salam and G. Soyez, Eur. Phys. J. C 72,
1896 (2012).

considerallthe jets

modified FASTJET,
subtract the "negative” particles

medium recoil re-scattering,
back reaction (“negative particles”)
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Main Course: Jet energy loss distributions

Yayun He, Long-Gang Pang, Xin-Nian Wang. Phys. Rev. Lett. 122 (2019) 2562302, arXiv:1808.06310

MC transport models: 1.0

S 0.5

Bayesian analysis:

'_'0.0 N
O
. °
Datall-drlven & 0 \
model-independent 0.4- -

Parametrization: 0.0/ U |
0 5 100 2 4 600 02 0.4
a B [GeV/c] y

Fig: correlations of extracted parameters with
8 millions Monte Carlo Markov Chain samplings
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single inclusive jet in Pb+Pb

(0-10%)2.76 TeV | (20-30%)2.76 TeV | (0-10%)5.02 TeV
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Main Course: jet enerqgy loss distributions

~v-triggered jet in Pb+Pb
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Main Course: jet-induced diffusion wake
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