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Jets, bullets, bow waves & Mach cones




Jets and Mach cones in heavy-ion collisions

Multiple scattering
Transverse momentum broadening

Parton energy loss
Jet suppression

Medium response
Mach-cone excitation




Jet-induced medium excitation

Casalderrey-Solana, Shuryak & Teaney (2005), Stoecker (2005)

Jet induced Mach-cone in QGP

v=p/E > c;

Hydrodynamic approach
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Betz, Noronha, Giorgio, Gyulassy, .
Mishudtin, Rischke (2009) Li Yan, S. Jeon, C. Gale (2018)
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Mach cone from linear hydro response
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Status of searching for Mach-cone

* No sigh of the signature of Mach-cone
* False sighature: v3 — anisotropic flow

* Lack of more realistic simulations of jet propagation in
neavy-ion collisions




Microscopic picture of Mach wave

LBT: Linear Boltzmann Transport

p1-0f1 = —/dp2dp3dp4(f1f2 = f3f4)|M12—>34\2(27T)454(Zpi) + inelastic

Induced radiation
~ P
dzd?k, dt kT @l ) s 4,2 1 — 2) e, 5 .

 pQCD elastic and radiative
processes (high-twist)

* Transport of medium recoil

partons ( and back-reaction)
Back-reaction

* CLVisc 3+1D hydro bulk evolution (particle hole)

He, Luo, Zhu & XNW, PRC 91 (2015) 054908




LBT: Jet-induced medium response

(a) t=4fm/c (b) t=8 fm/c
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Energy distr. of medium response to an energetic parton in a static medium

He, Luo, XNW & Zhu, PRC91 (2015) 054908
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ColLBT-hydro
(Coupled Linear Boltzmann Transport hydro)

Concurrent and coupled evolution of bulk medium and jet showers

p-0f(p)=—C(p) (p-u>ply)
0, 1" (x) = 5" (z)

3 () = pl6W (z — 2)0(pl,; — p- )

1

LBT for energetic partons (jet shower and recoil)
Hydrodynamic model for bulk and soft partons: CLVisc
Parton coalescence (thermal-shower)+ jet fragmentation
Hadron cascade using UrQMD
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Chen, Cao, Luo, Pang & XNW, PLB777(2018)86
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Z/v-jet: probing QGP

(a) T=4.6 fm/c (b)
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Jet suppression, energy loss & medium response
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anti-k, R=04  Pb+Pb0-10 %
—(s=5.02TeV  lyl<2.1
- {5=2.76 TeV

100

— w/o recoil & w/o neg.
— w.recoil & w. neg.

— w. recoil & w/o neg.
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He, Cao, Chen, Luo, Pang & XNW 1809.02525
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anti-k, R = 0.4 jets —LBT 5.02 TeV4+ATLAS 5.02 TeV
—LBT 2.76 TeV+ATLAS 2.76 TeV

100 200 300 400 500 600 700 800 900 1000
p, (GeV)

Weak prdependence: initial jet spectra and
pr dependence of energy loss AE

Week energy dependence: increase of jet
energy loss and the slope of initial spectra
Medium response reduce jet net energy
loss
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" Energy loss in y/Z-jet at LHC

. Suppression of leading and multiple jets

p2>60 GeVi/c ® CMSpp
L _ s CMS Pb-Pb 0-30%
anti-K_jet R=0.3 .

. — Sherpa pp Z+jets
P30 GeVic —— Pb-Pb Z+jets
W*|<1.6 Sherpa pp Z+1jet
A >T7/8 Pb-Pb Z+1jet

: 3 — - - Sherpa pp Z+(=2)jetd
— - = Pb-Pb Z+(=2)jets

& p+p: CMS - Pb+Pb: CMS 0-30%
— p+p: PYTHIA =— Pb+Pb: LBT 0-30%
= p+p: Leading jet - Pb+Pb: Leading jet

vs=5.02TeV
Z(I)+jet
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Zhang, Luo, XNW, Zhang, arXiv:1804.11041 Luo. Cao. He & XNW. arXiv:1803.06785
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Medium modification of y-jets

Enhancement of soft hadrons R

[ jet+j.i.m.e C -2 jet-only A A CMS 10-30%(+2)

|n |arge anérés 5 ) / A ‘ Ns=0 [ jet+jime CZ2 jetonly M B CMS 30-50%(+4)
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|7t — p7| > Tm/8
pr>60 GeV/e |n,|<1.44

LBT 0-30% w. medium response
[ jet+j.i.m.e C -1 jet-only ® ® CMS 0-10%
[ jet+j.i.m.e C -2 jet-only A A CMS 10-30%(+1)

pEe> 1 GeV
[ jet+j.iime CZ jet-only B B CMS 30-50%(+2)

LBT 0-30% w/o. medium response

With recoil

P> 1 GeV
p"T' > 80 GeV
Vs =2.76 TeV

pr+Pb/ pp+p

Chen, Cao, Luo, Pang & XNW, 2005.09678

Luo, Cao, He & XNW, arXiv:1803.06785
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Medium response & soft gluon radiation

Jet is not a classical projectile: It radiates during propagation

Medium response: 5f(p) N e—p-u/T

Medium-induced gluon radiation:

2w X /
Formation time: T = k% N Tpq  — T RS 2w/q
T

Mean-free-path
limits the formation time

P <ANYT TP wmNG/2~T
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Signal of diffusion wake (DFW)
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Depletion of the background
In the y direction

Chen, Cao, Luo, Pang, XNW,
PLB777(2018)86
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Z-hadron correlation: MPI & medium response

Hl Pythia+recom pp
ColLBT-hydro 0_30% PbPb

ColBT-hydro 30_50% PbPb
4% CMSpp

enhancement ¢ CMS 0_30% PbPb enhancement
. ; CMS 30_50% PbPb .
of the away-side and broadening

MPI background of the jet peak
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Chen, Yang, He, Ke, Pang and XNW, 2101.05422 16
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3D structure of diffusion wake

Time: 0.4 fm
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o o o
Energy Density(GeV/fm?)
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3D structure of diffusion wake

Jet-hadron correlation in y/jet events

(b)
pt = 0-2 GeV/c pt = 0-2-GeV/c

Pb+Pb A
0-10%
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Double peak structure in n
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Diffusion wake and EoS

(Chydro models with different EoS are adjusted to give the same dN.,/d7)
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<Cs>eosq > <CS>895p

v Hardening of spectra = reduction of soft hadron yield & DFW valley
r_r/r}| ‘..\.‘ Larger Mach cone angle = shallower DFW valley
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Diffusion wake and viscosity

Chydro models with different 7)/s are adjusted to give the same dN_,/d7)
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Negative longitudinal shear correction = slows down longitudinal expansion = deepen DFW valley
M x5 — (7 4 wYY) /72

n/s hardens hadron spectra=> reduction of soft hadron yield
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Initial position & azimuthal correlation

v-hadron correlation
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https://arxiv.org/abs/2001.08321

Jet trajectories & Mach cone shapes

(x=-3.0,y=3.0) | (x=0.0,y=3.0)

| (x=3.0,y=3.0)

(x=-3.0,y=-3.0) (x=0.0,y=-3.0)

|
(x=3.0,y=-3.0)

0

| Ns=0.0 T7=6.6fm/c

(Vr/rml ||\|‘ p7'=200-250 GeV/c, p¢t>100 GeV/c in 0-10% Pb+Pb @ 5.02 TeV
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Longitudinal jet tomography

Zhang, Owens, Wang and XNW, Phys. Rev. Lett. 103, 032302 (2009)

length dependence
of parton energy loss

y-iet asymmetry X, ;.=pr¢'/p;!

Can be used to select
propagation length <L>
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v/jet asymmetry and diffusion wake

Larger y/jet asymmetry =2 more energy loss
- long propagation length - larger diffusion wake
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Transverse gradient tomography

n fdgngpfa(ﬁ, F)ﬁT > (7}

— (pr>3 GeV/c)
BT [ drdpfa(p.7) T

drift due
y to transverse
gradient along y

jet

He, Pang & XNW, Phys Rev Lett 125 (2020) 12, 122301
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Deep learning assisted jet tomography

(d)  x<-1.0 &y<-1.0

DL network selection

Actual distribution

v-soft hadron correlation
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4 : 5 " " . ; Yang, He, Chen, Ke, Pang
Aghet = piet-¢n At = piet-pP Aghiet = et Adhiet = pietgh and XNW, 2206.02393
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'-'/'}l ""‘ p'=200-250 GeV/c, p{et>100 GeV/c, p:"=1-2 GeV/c in 0-10% Pb+Pb @ 5.02 TeV
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https://arxiv.org/abs/2206.02393

Enhanced DFW signhal with ML jet tomography

All positions x<-1.0 & y<0.0
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Summary & future perspective

Medium response leads to
— enhancement of soft hadrons in jet direction

— depletion of soft hadron on the away side
Unique 3D structure of diffusion wake

Use 2D jet tomography to reveal the angular
structure of Mach-cone excitation

Future studies: ML improved 2D tomography
and constraint on EoS, transport coefficients

PAS
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Parton propagation in QCD medium

C] I

|
/ 0 / mwg \ Zhang & XNW (2021)
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= d P, () AN (I &
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medium TMD gluon distr.

| do 2k, -1 L — k1)
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Tf Formation time of the gluon emission yl_ /Tf
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Parton energy loss and jet transport

Jet transport coefficient:

. 47T2CMSCR . <Q_2L>
Q(y) — NCQ 1 p(y)xG(w)‘sz \

(High-twist approach)

Elastic energy loss

pQCD (BDMPS’96)
Ad S/C FT (Liu,Rajagopal &Wideman’06)
Iathce QCD (Majumder’12)



Jet Quenching phenomena at RHIC & LHC

Au+Au (central collisions):

Direct y (PHENIX Preliminary)
Inclusive h™ (STAR)
n® (PHENIX Preliminary)

e CMS (0-5%)

* Alice (0-5%)
GLV parton energy loss (dN%dy = 1100)

- GLV-CUJET
—— MARTINI-AMY
McGill-AMY

— — HTM

(z,)

o d+Au FTPC-Au 0-20%

— p+p min. bias ﬁfsim

* Au+Au Central

ya°
40-80%

Dglio%(2z,) / D
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Jet Quenching at RHIC & LHC

JET Collaboration:
e-Print: 1312.5003

e-Print: 2206.01340

e-Print: 2203.16352

JETSCAPE Matter M. Xie et. al, 2206.01340
rz71 JETSCAPE JETSCAPE LBT LIDO, 2010.13680
LIDO A JET Collaboration [ C. Andres et. al, KLN LHC, 1606.04837
QLBT-HQ & C. Andres et. al, KLN RHIC, 1606.04837
\L: QLBT_WB C. Andres et. al, Hirano LHC, 1606.04837
[::] Th is wo rk 95% Cl Au+Au at RHIC C. Andres et. al, Hirano RHIC, 1606.04837
20 pOSterior SampleS + M. Xie et. al, 2003.02441
Pb+Pb at LHC + X.Feal et. al, Quark Jet, 1911.01309
0.2 0.3 0.4
T (GeV)
{12503 (e T=3T0 MeV,
1 1.9+ 0.7 T=470 MeV,

Xie, Ke, Zhang & XNW (2022)
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Apolinario, Lee & Winn
Uncertainties reduced by IF Bayesian
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Jet energy, medium response and background

E. 1GeV]

% E GeV|
"°”e Calorimeter o
100 Towers Calorimeter
x il Towers

{ » 3 > d‘

Jet energy as defined in the jet reconstruction algorithm with a jet cone R
Uncorrelated background should be subtracted

Jet-induced medium response is correlated with jet: not background
Some of the energy lost by leading partons remain inside jet-cone

Frreeer i
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MPI: Multiple parton interaction

XNW & Gyulassy (1991)

[Ao(pr)T' (b)) Ao (pr)T(b)
q!

Multiple jet production in pp: g (b,pr) =

Probability of multiple jets (pr>py) with at least one jet with p> p,'"8

wis ) _ [700)T(O) {1 _ l(o(po) — o (F*=)) } o) ()

’ J't! . o(po)’
~ I g)g-(b) |
o(pg) 7’ —». }\\ .1—
Enhanced multiple minijet MPI mini-jets

Production in triggered jet events
- Azimuthal uncorrelated background from MPI
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MPI subtraction in Z-hadron correlation

N
o

—— Pythia+recom p+p VSyv = 5.02 TeV
=== MPI from p+p
MPI from p+p(MPI sub)
ColLBT-hydro Pb+Pb
-==MPI from Pb+Pb
MPI from Pb+Pb(MPI sub)
4 CMSp+p
4 CMS 0 _30% Pb+Pb

" i
N OB O

1/NzdN"/dA
S

Mixed event subtraction

Y=

=== ColLBT-hydro 0-30%(MPIoff)

CoLBT-hydro -
mmm CoLBT-hydro(MPI sub) : : dNMPI i dNriLli / do (dN" 3 thZ‘ B
+ CMS0-30% Pr do do .o do do ¢=

38
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Jet Quenching phenomena at RHIC

Au+Au (central collisions): e d+Au FTPC-Au 0-20%
Direct y (PHENIX Preliminary)
— p+p min. bias j:zx R

Inclusive h™ (STAR)
* Au+Au Central

7 (PHENIX Preliminary)
GLV parton energy loss (ng/dy =1100)

1/Nqg e AN/D(A0)

A ¢ (radians

055 0.6
ZT=p:SSOClpT



Hadron spectra from low to high p-

Pb+Pb @ |s,,=5.02 TeV

ColLBT-hydro:

CoLBT+UrQMD ALICE DATA —— TOTAL ALICE DATA

[ R _ - - - - Hydro. o mx100
h* 10-20% © 10-20% ’ - Cgal. A K

— 40-50% 4 40-50% || .. Frag. o Px0.01
Inl<0.8 ' .. 40-50%

Hydro : p;<2 GeV/c
Coal.: 2<p;<6 GeV/c

Frag.: p:>5 GeV

10
pT(GeV/c) pT(GeV/c)

Pb+Pb @ \s,, =502 TeV

CoLBT+UrQMD  ALICE DATA CoLBT+UrAMD  ALICE DATA pT<2 GeV/c: radial flow

— 10-20% o 10-20% — 10-20% o 10-20%

— 40-50% O 40-50% — 40-50% O 40-50%
K/n

i/ o T
200 m‘,n } ‘
sl (D4 G >
o .&l,.-“fa (] [|I [] 4! L)

2<pT<6 GeV/c: coalescence

pT>10 GeV/c: energy loss

Zhao, Ke, Chen, Luo & XNW,
PRL 128 (2022) 2, 022302 (2103.14657 )
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https://arxiv.org/abs/2103.14657

Solving R,,-v, puzzle

Pb + Pb @ \s,,, = 5.02 TeV

1 CoLBT+UrQMD ALICE DATA,10-20%] CoLBT+UrQMD ALICE DATA, 40-50%
O Rjpa

h*, 10-20%, Il<0.8 h*, 40-50%, l<0.8

15 10 15 20
pT(GeV/c) pT(GeV/c)
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Zhao, Ke, Chen, Luo & XNW,
PRL 128 (2022) 2, 022302 (2103.14657 )

Pb+Pb @ \s,, = 5.02 TeV

0.3CoLBT+UrQMD  DATA,10-20% ColLBT+UrQMD DATA,40-50%
5 o CMS — h o CMS

A ATLAS A ATLAS

o ALICE o ALICE

10-20%



https://arxiv.org/abs/2103.14657

Asymmetric-diffusion in nonuniform medium

of p, Of e Boltzmann equation under approximation

S —V2 r of small angle elastic scattering, no drag:
E oF, 4 p, f(D5T) 8 g, 8

ot

Deflection due
to transverse

gradient along y
jet

'.‘/'m o He, Pang & XNW, PRL 125 (2020) 12, 122301 "
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Enhancing the diffusion wake
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jet-induced medium excitation + Z-jet

—0.4-0.20.0-0.2-0:4 0.6 0.8GeV/fm"
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Chen, Yang, He, Ke, Pang and XNW, Phys. Rev. Lett. 127 (2021) 8, 082301
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