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Outline

Today’s lecture:

e Partl: e PartlIl:
e Heavy-Ion collisions: e Probes of QGP short wave-length
behaviour:

e What? Why?

e High-momentum particles
® Quark-Gluon Plasma:

hat? Why? o Jets & Jet substructure
® What? Why*

See Gian Michele’s lectures for
quarkonia and heavy-quarks

e Hydrodynamics & Flow

® Quark-Gluon Plasma properties:
e Initial state

e Transport coetficients
e Small Systems

e Timescale evolution
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Hard Probes

High-momentum particles produced concurrently with the collision
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Hard Probes

probing small distance scales (x) —

High-momentum particles produced concurrently with the collision
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Proton-proton vs AA

e “Shoot” a calibrated probe and see the final modifications with respect to a reterence (usually pp)

A+A
Example: jets in pp Example: jets in PbPb
(well known and theoretically (modifications related to the QGP
understood) miCroscopic properties)
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QGP short wavelength behaviour

Probes of the produced medium:

q: fast colour triplet | >
?Q,) Induced )
X

- gluon

g: fast colour octet J&ij radiation <{>

A EIRTRY 0 >

- dN, log scale

Q: slow colour | Energy dy

triplet - \QQ.\ = Sy do PP
de,jet
QCD medium

PT jet
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QGP short wavelength behaviour

Probes of the produced medium:

]

q: fast colour triplet o
f%,) Induced '\
o P

gluon
g: fast colour octet 9% radiation <(>
ot \
- dN, log scale
Q: slow colour | Energy dy
triplet - YQQ,\ — loss ? J/ do PP
de,jet

QCD medium

PT jet
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QGP short wavelength behaviour

Probes of the produced medium:

]

q: fast colour triplet o
f%,) Induced '\
o P

gluon
g: fast colour octet J&iﬁu radiation <{>
NLAVEYRRY 0 >
- dN, log scale
Q: slow colour | Energy dy
triplet il YQQ.\ ™ loss? X, do
de,jet
QCD medium

PT jet
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QGP short wavelength behaviour

Probes of the produced medium:

]
!

q: fast colour triplet f@'
0 Induced "\

gluon
g: fast colour octet 195 Ladiation <(>
NLCEVEIRRY, 0 >
dN, |
| og scale .
Q: slow colour | o Energy dy PbPb/pp scaled Ratio
triplet . (Q& loss? ./ do
de,jet
QCD medium

PT,jet DT, jet
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QGP short wavelength behaviour

e Probes of the produced medium:

. . :
See Gian Michele’s lectures T 1/(r)
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QGP short wavelength behaviour

e Probes of the produced medium:

. . :
See Gian Michele’s lectures T 1/(r)
450 MeV Y(1S)
J/ %p(1P)
q
: 240 MeV J/(1S)
| 200 MeV %(1P)
lllustration: A.Rothko|
1=0 Te<T

QQ: slow colour 'h o TC
singlet/octet | issociation | .
n €. (Re)generation
QGP melting

Energy Density

QCD medium

Quarkonium R, ,
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QGP short wavelength behaviour

Probes of the produced medium:

log scale PbPb/pp scaled Ratio

do pp
de,jet Pbe

RAA=1

v*: colourless

M{

: Controls
v: colourless —y

QCD medium

PT,jet PT jet
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QGP short wavelength behaviour

Probes of the produced medium:

[ .
|

q: fast colour triplet %V
Q..

Induced T\
gluon
g: fast colour octet radiation <(>
22898 >
L. ng
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triplet - % | loss? ./
| e
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QGP short wavelength behaviour

Probes of the produced medium:
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L. Apolinario

QGP short wavelength behaviour

e What is the QGP?

QZA

P+ Initial Parton

Scattering from
Point-Like Bare
Color Charges

pQCD

What scale sets this transition?

Scattering
from Thermal
Mass Gluons?

What scale sets this transition?

pQCD Scattering

From Quasiparticles

with size ~ upgpye

P
@D (D ED'

L% %
i ;MD
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Strong Coupling
No Quasiparticles

MDebye 20
A\ [/

Ad3/CFT
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Jet Quenching



Jet Quenching

e What happens to a jet inside of a hot and dense QCD matter?

‘__——— /\'4111" (
Q000000000 YR
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Jet Quenching R

e What happens to a jet inside of a hot and dense QCD matter?

Medium: Fast expansion!
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Jet Quenching

e What happens to a jet inside of a hot and dense QCD matter?

Medium-induced e

Medium: Fast expansion!
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Jet Quenching

e What happens to a jet inside of a hot and dense QCD matter?

Medium-induced e

Collisional ene

Medium: Fast expansion!
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Jet Quenching o S ARSI,

e What happens to a jet inside of a hot and dense QCD matter?

Medium-induced e

Collisional ene

Medium: Fast expansion!
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Jet Quenching

e What happens to a jet inside of a hot and dense QCD matter?

Medium effects on Hadronization?
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Medium: Fast expansion!
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Jet Quenching

e What happens to a jet inside of a hot and dense QCD matter?

Medium effects on Hadronization?

Start with the building blocks:
, @
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Medium: Fast expansion!
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Jet Quenching
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20> Single-gluon
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Medium-induced radiation

Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium

(QGP):

w,]{iJ_

RO
\\

L. Apolinario 15 CERN-Fermilab HCP Summer School



Medium-induced radiation

Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium

(QGP):

w,]{iJ_

RO
\\

BEREEE 3 4= -2
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Medium-induced radiation

Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium

(QGP):

AAST LIGHT CON®
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:

Vacuum QCD
Feynman rules

prm

= 59

p? —m?2 + e

L. Apolinario 16 CERN-Fermilab HCP Summer School



In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:
Vacuum QCD In-medium QCD
—
Feynman rules Feynman rules
-
p+m

p? —m?2 + e

= 59
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:

Vacuum QCD In-medium QCD
—
Feynman rules Feynman rules

. SEE
L

p+m
p? —m?2 + e

= 59

Wilson line (change in colour):

r L_|_ )
W(xO—HL—F;XJ_) — PGXp< Zg/ dZL"_|_A_(Qf_|_,XJ_) '

0+ /
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:

In-medium QCD

Feynman rules

Due to Lorentz contraction one can further assume

Alwy,z—,x1) = A(z4,2.)

e—
g -

X “.":
k ) y Gluon fields

Wilson line (change in colour):

= — ig/ >
'."' \ X

W(2ot, L;x1) = Pexpy dry A_(r4,x1)

N 0+ /

X Path-ordered gluon fields
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:

Vacuum QCD In-medium QCD
—
Feynman rules Feynman rules

. SE
L

_ ’i5ab p +m
p? —m? +ic . . . Gluon fields
Wilson line (change in colour):
r L_|_ / N
W(xO—H L—|—7 XJ_) — Pexp ) Zg/ d513_|_A_(33_|_, XJ_) '
4/4/ \ ) aias ’
Medium longitudinal limits from [X¢4,L4 ] Path-ordered gluon fields

Transverse coordinate of the incoming parton
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:

Vacuum QCD In-medium QCD
—
Feynman rules Feynman rules

_ ’i5ab p T m
2 2 | ;
D° — Mm* + 1€ L.
Green's function (+ change in x7): /Kvlnetlc energy
ri (Ly)=x1 in. Ly dr | 2
G(@o+,Xo1; Ly, X1 [py) = / Dr, (&) exp 7/ dg (d_>
// r | (ro+)=XoL Lo+ g
Transverse positions at medium limits [Xo4,L4 ] X Wixoy, Ly;ry (€ ))\

Incoming parton’s energy Path-integral (all possible trajectories)
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In-medium propagators

e Adapt Feynman rules to account for a hot and dense QCD medium:
Vacuum QCD In-medium QCD
—
Feynman rules Feynman rules

_ b PEm (...

2 2 1 .
D° — Mm* + 1€ L.
Green's function (+ change in x7): /Kvlnetlc energy

ri (L4)=x1 ; Ly Ir o\ 2
G(C’?0+>X0L;L+7Xﬂp+):/ DI‘L(f)eXP ﬁ/ d§ (—L>

— 1 (To4)=%0L K 0+ dg
Transverse positions at medium limits [Xq,L.] X W($ o0+, Liy;r (f ) ) \

Incoming parton’s energy Path-integral (all possible trajectories)
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
wdwd2k 27'(' 2,2 Re/ / / P-q IC( y (5 7p) (OO, 7 7q)
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
wdwd2k 27'(' 2,2 Re/ / / P-q IC( y (5 7p) (OO, 7 7q)
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
wdwko 27'(' 2,2 Re/ / / P-q IC( y (5 7p) (OO, 7 7q)

d—

| 1
P(t" k:t',q) = /dzze—z(k—q).z exp {5 / dsn(s) a(z)}
, t

/
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
wdwko 27'(' 2,2 Re/ / / P-q IC( y (5 7p) (OO, 7 7q)

d—

| 1
P(t" k:t',q) = /dzze—z(k—q).z exp {5 / dsn(s) a(z)}
, t

/

L. Apolinario 18 CERN-Fermilab HCP Summer School



Medium-induced radiation

e Accumulation of momenta enhances gluon radiation:

e Single-gluon emission spectrum:

dl QOéSCR »
wdwdzk QRe/ dt/ dt/ P qIC( » (5 7p) P(OO,k,t,q)

(27)2w

Density of scattering centres:

n(xry) = /dmi+5(x+ — Ti1).

Momentum Broadening:

/1 / 9 _ilk—a)- 1 £ Dipole cross-section (collision rate):
Pt kit ,q)= | d®ze kD2 exp{ —= dsn(s)o(z)
, 5 2 Y . i iq1

[T IR v o(r)= [W(g)[1-eT)

| \ J q - ::

[l i s°

[1 P

: q 0 '¢'
. : x" Parton-medium

) PR interaction
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR »
wdwdzk 2I{e/ dt / dt/ q /C( y» (5 7p) P(OO,k,t 7q)

(27)2w

Kt z:t,y)

/ oiaz—py) }E (t', q:t,p)
J pq

r(t')=z t iw .o 1 - o(r) = / V(g) (1 —e'"
— / Dr exp / ds ([7 - —n(s)a(r)) Jq ( )
. t. |

r(t)=y
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Medium-induced radiation

e Accumulation of momenta enhances gluon radiation:

e Single-gluon emission spectrum:

dl QOéSCR »
“dwd?k 2Re/ dt/ dt/ p-q K(t' q:t,p) Ploo kit', q)

(27)2w
Density of scattering centres:

Emission Kernel: n(zy) = /d$i+5($+ ~ Tit);
K (t,: zit,y) = / 42 PY) (tla q:t,p) Dipole cross-section (collision rate):
Pq
r(t')=z -t 1 | o(r) = / Vig) (1 —e""
:/ Dr exp / ds (Erz — —'l'z,(s)(f(r)) q ( )
r(t)=y Ji 2 2 _

Solution to the path integral (for an arbitrary potential) poses significant technical challenges...
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Medium-induced radiation

Medium-induced gluon radiation (numerical evaluation)

Physical picture

dl QCVSCR
dt dt Kkt
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Medium-induced radiation

Medium-induced gluon radiation (numerical evaluation)

dl QCVSCR
dt’ dt
“dwd®k (27)2w? Re/ / /
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Medium-induced radiation

Medium-induced gluon radiation (numerical evaluation)

dl QQSOR
dt’ dt
“dwd®k (27)2w? Re/ / /

Physical picture

L. Apolinario 20 CERN-Fermilab HCP Summer School



Medium-induced radiation

e Medium-induced gluon radiation (numerical evaluation)
dl 200, C
W = — 7% Re / dt’ / dt /
dwd’k  (27)%w?

8T 1
(g% + p?)?

Scattering rate :

(interaction potential)

o(r) o< V(q) =

Scaled energy: = — = —/—

Scaled transverse momentum: kK< = —

L. Apolinario 20

Medium IethH: L

[Andrés, Apolinario, et al

(2002.01517)]

| Full Yukawa

0.05

0.00 -

10~2

101 1
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Medium-induced radiation

e Medium-induced gluon radiation (numerical evaluation)

dl QCXSCR
— dt’ dt
* dwd?Kk (27)2w? He / / /

Medium IethH: L

[Andrés, Apolinario, et al

(2002.01517)]

0.35 7
, ; 305 Full Yukawa
Scattering rate 8T L 307
. . J _o(r)oxV(g) = 5 :
(interaction potential) (g2 + p?) [_-
~ 0.257
L _
W 2w ~= _
Scaled energy: = — = — 0.20 -
7, wC “ L % )
A/
_/\-@66\ h().lS‘
i~
12 3 0.10-
Scaled transverse momentum: k%= —
. " 0.05 -
,666666 d
In-medium 0071— S S
suppression 1072 107 1 10 10(
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From the probe to the medium

Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)

Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

Dipole cross-section (collision rate):
|\/:\‘I kT _ iay
R o(r) = [ V(@) (1= )

J q
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From the probe to the medium

Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)

Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

Dipole cross-section (collision rate):

I\/:\‘I kT ______________ , .T - o
- e o220 a(r) = [ (g) [1 - ')
[ 1 J q g :
] i ’¢¢
I I ”¢
: 9 . _.» " Parton-medium
' et interaction
N ~,
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From the probe to the medium

Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)

Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

Dipole cross-section (collision rate):

I\/:\AI kT _____________ ¢ T - iqr
A 22 S W) 11 - )
| . J g - ::
i : ,*
. ) I | "'
Transport coefficient: : q : l,"Parton-medium
cj _ <k?T> " — ',:x" Interaction
A
do(q)
A 2 2 2
x [ d
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From the probe to the medium

e Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)

e Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

y X ATLAS [1805.05635]
Ria = AA Particle Energy Loss S (A e ' —————
(Tan) - oX o | ATLAS  anti-k, R = 0.4 jets, {5y, = 5.02 TeV
AA pp PHENIX [2002.11156] eSS OSSN ||.
~ [T |
o U+U, |s,, =192 GeV Au+Au, s, =200 GeV B}jmjjmdj:mj:}: l ]
~~ ® 1’ p >5GeV/c O o0 : | o[#13 o L §
10 = ' P, 2w, p,>5 GeV/c, PRL101:232301 = - EE:EBEEE
- P,>5 GeVic Ks, p >6 GeVic . . ,EE'IEE KX : ‘DD
| " Kg p >5GeVic - e * K3k
- Cu+Cu, \s,,,=200 GeV _ + EEI’E | %
PH ENIX R ™ el
= pre]iminary v Ks’ pT>6 oVic 0_5--------------------------------_-ELI -------------------------------------------- N
Raipa=1 Y — <238 =] =10 - 10%
- ‘ . -1 -1 [+120 - 30%
- 2015 data: Pb+Pb 0.49 nb™, pp 25 pb 4140 - 50
— . . = 0
No energy loss : - IIIII .<T.AA.> almld Ium|n03|tyluncer.l  [160 - 70%
- P 1 40 60 100 200 300 500 900
: AA < p_[GeV]
Jet Energy Loss T

Energy loss
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From the probe to the medium

e Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)

e Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

Y, RHIC (AuAu 200 GeV) ATLAS [1805.05635]
Raa = S [ at1a8  ant ' o ey
X ATLAS anti-k, R =0.4 jets, (S.. = 5.02 TeV
(Taa) - opy, PHENIX [2002.11156] S T jets, |y = 5.02 TeV Ji1--
~ ——— T ———— T |
m‘ U+U, |s,,=192 GeV Au+Au, |'s,, =200 GeV Bhﬂmdj:ﬁt#:# l ,
~~ ® 1’ p >5GeV/c O o0 : | o[#13 o L §
10 = ' Py O n, pr>5 GeV/c, PRL101:232301 = . EEE'EEEEE
- ¥ n.p>5GeVie Ks, p >6 GeVic - . ]EE’IEE R : ‘DD
| " Kg p >5GeVic - i * ERE2
i _ Cu+Cu, |s,, =200 GeV _ + jﬂjﬂ T4 " [ ¢
- PHvéle ~ K, p.>6 GeVic — E]I’: NI '
= preliminary e O5j: """"""""""""""""""""""" 7
Raipa=1 _ v <2.8 = ©0-10%
- 2015 data: Pb+Pb 0.49 nb™", pp 25 pb %4218 : ggojo
No energy loss . - ll.ll (TAAI) anld Iuminosityluncer.l  [+160 '.790/2. -
- 40 60 100 200 300 500 900
1 Raa <1 p_[GeV]
Energy loss LHC (PbPb 5.02 TeV)
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Medium transport coefficients

e From single-particle or jet suppression recover ¢

A A | L 1 I T ] L 4 L4 2 | 1 4 ] T
< - .
o U+U, |s,,=192 GeV Au+Au, |s =200 GeV
~ 10— ® " p,>5GeVic =°, p_>5 GeV/c, PRL101:232301 —|
— WK, p>5GeVic B
— T —
- Cu+Cu, |s,, =200 GeV _
—
- PH ENIX o~ Kg, p.>6 GeVic -
71 preliminary T
VR g 3
- (U zg N
£l L. :
|yl < 0.35 o | ATLAS  antik, R = 0.4 ets, |5, = 5.02 TeV |
peeeeemmeeeeeem e S o1 -
10—1 | 1 | | A i | '
0 100 200 Ew |
“m |
|
1 e T B o -
<28 =10 - 10%
(o)
2015 data: Pb+Pb 0.49 nb™", pp 25 pb™’ Eig - ggéo
» IIIII .<T.AA.> elmld Iuminosityluncer.l %60 '.7O,Cy:’
40 60 100 200 300 500 900
p. [GeV]

L. Apolinario

16

14

12

10

[Apolinario et al (2203.16352)]

JETSCAPE Matter

JETSCAPE LBT

A JET Collaboration

I I I | I I I | I
M. Xie et. al, 2206.01340 —
LIDO, 2010.13680

[1 C.Andres et. al, KLN LHC, 1606.04837 |
O C. Andres et. al, KLN RHIC, 1606.04837 -

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837 |
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Medium transport coefficients

e From single-particle or jet suppression recover ¢

[Apolinario et al (2203.16352)]

| [ [ [ [ [ [ | [ [ [ | [
16 B JETSCAPE Matter M. Xie et. al, 2206.01340 —
e 7T T ' L i B JETSCAPE LBT LIDO, 2010.13680 ~
m‘t U+U, |s,, =192 GeV Au+Au, |5, =200 GeV 1 4 | —
~ 10l ® % p >5Gevic 5, p.>5 GeVic, PRL101:232301 — oo - A JET Collaboration ~ [] C. Andres et. al, KLN LHC, 1606.04837 -
- ¢ n,p5GeVic Ks, p,>6 GeVic . o - &) C.Andres et. al, KLN RHIC, 1606.04837 -
|~ WK p >5GeVic ’ 12 — —
. Cu+Cu, |'s,, =200 GeV N B C. Andres et. al, Hirano LHC, 1606.04837
TN - —]
. PH ENIX - i |
- preliminary ¢ Ke P26 GeVic 10 ! C. Andres et. al, Hirano RHIC, 1606.04837
L 1 = " i 4 M. Xie et. al, 2003.02441 _
FISS MY B . -1 t

- (U gl _ B ' |
1 F S s E N O 8 | + X. Feal et. al, Quark Jet, 1911.01309 —
- . S - I I . I — -
- Iyl <0.35 S [ ATLAS ant R =04jes, 5 =502ToV I, - I -
10‘-1 | Il | | 1 A | A 6 __ __
0 100 200 e n _
by A _

¢ 4 — + +
| I _
e _ Y |
=] | B [;]E + t |
] — —
S - i 2 B + ? = + o
vl <28 =10 -10% i O om + ]
2015 data: Pb+Pb 0.49 nb™, pp 25 pp™! [+129 - 3076 i |

» IIIII .<T.AA.> elmld Iuminosityluncer.l . %60 '.7O,Cy:’ O | | | | | | | | | | | | |
40 60 100 200 300 500 900 0.2 04 0.6 0.8
p_[GeV]
T (GeV)

L. Apolinario

23

CERN-Fermilab HCP Summer School



L. Apolinario

Medium transport coefficients

From single-particle or jet suppression recover ¢

AR, k
IR > AR, K ]
\\l \\‘ ‘\\‘ AR3, kT,3
> > > &:_
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Medium transport coefficients

From single-particle or jet suppression recover ¢
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[Apolinario et al (2203.16352)]
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Medium transport coefficients

e From single-particle or jet suppression recover ¢

Assume independent gluon emissions:

A

T~
~

2> T2

Consider different medium time-
evolution scenarios:

L. Apolinario
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Medium transport coefficients

e From single-particle or jet suppression recover ¢

Assume independent gluon emissions:

A

T~
~

2> T2

Consider different medium time-
evolution scenarios:

L. Apolinario
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Jet Quenching Il R0 Jao

e What happens to a jet inside of a hot and dense QCD matter?

Medium effects on Hadronization?

' - ‘
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Medium-induced e

Collisional ene
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Medium: Fast expansion!
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Jet Quenching Il R0 Jao

e What happens to a jet inside of a hot and dense QCD matter?

Medium effects on Hadronization?

Beyond single gluon emission...

' - ‘

0y

@

Medium-induced e

Collisional ene

Medium: Fast expansion!
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QCD Angular ordering

QCD Antenna setup: emission from a qqgbar pair:

\Ch

* q2 )/9 0o
Y 1
7 M’fﬁ e 9%%
01 w, k|
d1
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD

q2 2
«7/9
1
v
W, kJ_
q1
Probability of emitting “soft” (low-energy) gluons:
dw sind do
dN;”_)O ~ asCR ©(cost; — cosb)
w 1—cosf
QCD Angular ordering
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD

2
Probability of emitting “soft” (low-energy) gluons:
dw sinfdo
dN(‘]"’_)O ~ a,Cp ©(cos by — cos )
w 1 —cosb
QCD Angular ordering
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD For large angle emissions:

2
NN\ —— ¢
Probability of emitting “soft” (low-energy) gluons:
dw sind do
dN(‘]"’_)O ~ a,Cp ©(cos by — cos )
w 1—cosf
QCD Angular ordering
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD For large angle emissions:

2
NN\ —— ¢
i
Probability of emitting “soft” (low-energy) gluons:
dw sind do
dN(‘]"’_)O ~ asCR ©(cost; — cosb)
w 1—cosf
QCD Angular ordering
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD For large angle emissions:

2
NN/ — ¢
i
Probability of emitting “soft” (low-energy) gluons:
dw sinb db
dN;"_)O ~ asCR O(cos by — cosh)
w 1—cosb
QCD Angular ordering Photons do not carry colour charge...
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QCD Angular ordering

QCD Antenna setup: emission from a qqgbar pair:

dw sinb do

w 1 —cos6

ANS 7" ~ a,Cr ©(cos i, — cosb)

L. Apolinario 28 CERN-Fermilab HCP Summer School



QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD — In-medium QCD

dw sinb db

w 1 —cos6

dw sin 0d6O

w 1 —cost

O(cosf; —cosb) +

dN(;"_)O ~ asCRr ©(cos i, — cosb) dN;_)O ~ asCR

)
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair: A ol — o2 Q7
—
dw sinf do w—s0 dw sin 6do
w—0 _ dN ~ agzC © 01 — 0
qu asCR N COSHG(COS 01 — cos ) q asCR 01— cos B O(cos bty — cosb) +

AmedO(cost — cos )]

QCD Anti-Angular ordering

Antenna Transverse resolution:

/m\ r, = 6L
\j Medium Transverse Scale:

Qs'=(q L)
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair: A ol — o2 Q7
—
dw sinf do w—s0 dw sin 6do
w—0 _ dN ~ agzC © 01 — 0
qu asCR N COSHG(COS 01 — cos ) q asCR 01— cos B O(cos bty — cosb) +

AmedO(cost — cos )]

QCD Anti-Angular ordering

(@)
(- .
5 Antenna Transverse resolution:
o ﬂ
| S —
= \U Medium Transverse Scale:
(@)) N\
<CE QS-1= \/(q L)-1

Afmed — 0
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QCD Angular ordering

e QCD Antenna setup: emission from a qgbar pair:

Vacuum QCD

dw sinb db

—0
dN;_)O ~ asCR O(cos f; — cos ) AN,
w 1 — cos6
2
= Antenna Transverse resolution:
= //\ )
S T ri=0L
‘—§ \U Medium Transverse Scale:
N Q5= V(q L)
Amed — (0
8

12,2
Amed ~]1 —e 5 @571

In-medium QCD

dw sin 0d6O

~ a,C ®(cosf; — cosb) +
SYHR 1 —cosO O ! )
Amed@(cos 6’ — COS 91)]
QCD Anti-A gular orderlng
(@))
=
O
2
@) —
I ry —1
> s
C
< \
o
<
med — 1
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Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice...
e Need jet substructure!

e Whatis a jet?

constituents

L. Apolinario 29 CERN-Fermilab HCP Summer School



Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice...
e Need jet substructure!

e Whatis a jet?

constituents

S R I
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Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice...
e Need jet substructure!

e Whatis a jet?

constituents

-<dllll
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Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice...

e Need jet substructure!

e Whatis a jet?

constituents

<ilild

29
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Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice...

e Need jet substructure!

e Whatis a jet?

[Adapted from Yi Chen (QM2019)

GO
5
<0

/NN constituents

J1l1l1l1l1

[Adapted from K. Zapp (2021)
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Jet substructure

e To look for jet (de)coherence, single particle measurements will not suffice... p = -1: Anti-kr (signal jets)
[Cacciari et al (0802.1189)]

e Need jet substructure!
p = 0: Cambridge/Aachen

(Angular ordered tree, QCD)
[Dokshitzer et al (hep- ph/9707323)]

e Whatis a jet?

[Adapted from Yi Chen (QM2019)

p = 1: kT
(HI background)
[Catani et al, Ellis et al (hep-ph/9305266)]

GO
5
,,,,,

/N constituents

. . . p = 0.5: T (QCD Formation time
Iterative distance between 2 pseudo-jets _ _
ordered tree, jet quenching)
Generalized-kr family: Il - @ l l - [Apolinrio et al (2012.02199)
AR?. 0
s 2p 2p ¥] s — <P [Adapted from K. Zapp (2021)
dij = mln(pt,i7pt,j dip = Py

) R2 )
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Jet substructure

How can we access QGP-related information with jet substructure?

substructure
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Jet substructure

e How can we access QGP-related information with jet substructure?

0,

11

Angular ordered tree |
L. Apolinario 30 CERN-Fermilab HCP Summer School
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Jet substructure

e How can we access QGP-related information with jet substructure?

[Adapted from Yi Chen (QM2019)

L mlﬂ(pT,lapT,z)
g =
pPT,1 + PT,2
AN substructure = 'ALIICIEIp'pl\(IEI=I7I'I:eI\/l ' eData 3
- . : _ &= Shape Uncertainty -
7B AgtlskTCthLa;goegLe\;?,cR_OA = PYTHIA 6 Perugia 2011 —
o - grget o1 +PYTHIA + POWHEG 1
N 6“0 PP Zou =1 +PYTHIA 8 —
o : S = -
Jet splitting function 5 = == == =
1 . I} O - -
min(pr 1, pr,2) Ry 0  4F =
‘ when > Zeut o} = =
pT,l —|_ pT,2 RO Z 3;_ —_—— _;
= s S ——
63 [Larkoski, Marzani, Soyez, Thaler (1402.2657)] 1= =
[Dasgupta, Fregoso, Marzani, Salam (1307.0007)] = | n A I | n =
S 4B -
O® 'k
{2l
r_| o o 09
|__‘ 01 015 0.2 025 03 035 04 045 05
o PP o svcoeoo => Zq

PT,1 CD o PT,2 [ALICE PLB 802 (2020) 135227]

- Angular ordered tree |
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Jet substructure

e How can we access QGP-related information with jet substructure?

1 a
(@) — 2(1 — 2)p; (g>

[Adapted from Yi Chen (QM2019)

5O
5
,,,,,

..... Pt,jet R
/N substructure [Mehtar-Tani, et al (1911.00375)]
[Caucal et al (2111.14768)]
. a=0.1 a=0.7
Groomed Jet radius Sensitive to decoherence I‘: — Vacuum :
angle? 107 E -- Medium w/ L fluc i
C : :
| - Mediumw/o L fluc ||
0, 2 81l / ;
Ll {
® /7 SIS 6l \i: :
4> - 5 |3 "
‘u' ols ‘i .
“‘\ ..“.. 4 i E
|71 |_—‘ Q---- QOO0OO0000 ’:‘o,'§°;‘;°;“
0..‘
- P & Go

Angular ordered tree
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Jet Quenching Il

e Medium = Hot gas of quarks and gluons:

r — ‘

Medium-induced e

Collisional ene

Medium: Fast expansion!

L. Apolinario 32

Medium effects on Hadronization?
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Jet Quenching lli

e Medium = Hot gas of quarks and gluons:

Medium effects on Hadronization?

, >— @
Medium-induced e §° | O// -— @
o \. 1 | \‘
. -~ @
i .:, ‘ ’O/y/‘ ‘ ‘
< | TS d
1 ‘ /‘_)_ ‘
. ()} @@
Collisional ene A >>‘ U o _ e
LS Q.~ » >
5 X >~ @
) 2 ()~ U-9 e
1 TS
~__ - @
coils? O_>_O N
[ _
A O o O

Medium: Fast expansion!
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Jet Quenching lli

e Medium = Hot gas of quarks and gluons:

Medium effects on Hadronization?

| , — @
Medium-induced e | S | O// — @
0% e
< | TS d
1 ‘ /‘ > ‘
" | —— @ >
Collisional ene | 55 R —— ¢
Pe. ) ®
- S ) — O — @ — @
| ~__ - @
ecoils? 'O_FO*‘ > @
| | ™~ e
A O o O
\‘ ~_ ®

Medium: Fast expansion!
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QZ
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What scale sets this transition?

Scattering
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Jet Quenching Il

e Medium = Hot gas of quarks and gluons:

Medium effects on Hadronization?

—— @

Medium-induced e

Collisional ene

Medium: Fast expansion!

L. Apolinario 32

probing small distance scales (x) —

aoﬂ( Qz)
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Aqcp

confinement

K
ooooooooooooo
O
.
D)
N

asymptotic
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QZ

o large momentum transfer (Q°) —
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Jet Quenching

%
K P ‘
Q) Medium response



L. Apolinario

Medium response

e QGP part that become correlated with the jet:

e Elastic scatterings with medium constituents or drag effect?

pQCD perspective

Jet
t

Medium recoll

do N A CRQT('Oéz
—= (8, [t]) =
dt

([t +up)?

34

AdS/CFT perspective

x|AS(x)
T3V

strongly coupled

Wake in the
fluid

e

- -15

P30
30 -45 TI'T:‘L'”
4 2 1
= T tin 2 2
stop \/ajstop — X
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Medium response -

e Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

Jet quenching Monte Carlo Jet quenching Monte Carlo

LBT MARTINI
3 [Park, et al (1807.06550)]
| LBT 0-30% w. medium response | |
e o Gy 1.6l Pb-Pb @ 2.76TeV (0-10%) |
2.5 - .
i : anti-£~. R=0.3
i LBT 0-30% w/o0. medium response S 14 p%et N 1TOOGeV/c, pr_trrk >_1GeV/c | I L:o_
e DI | GeV | | . o 0.3<|p|<2.0  With recoil T -
2 5[ T With recoil q 1.2 ——A—,*°
o - p'.> 80 GeV N . *
\é I ! Q el | ““
* L Vs =2.76 TeV e mme e \1-0“‘&%{;"1“‘:""":‘““;i‘:" ------------
Qﬁ-t 1.5 _— o ﬁ "’ | A ““‘
: R=03 L : @_\0_8— //’/‘ - “$$
n "": o &~ ¢/|‘|lllllllll|||| RSERP R it
1L e | w/o recoil  =-.. q 06 R /o M (=Ye o) | KRR
~— v without recoill
b Q. . .
i (b) 0.4t ==' with recoil (p.,, =4T)
T e — e S — A& & CMS 0-10%
0 0.05 0.1 0.15 0.2 0.25 03 ' .
" 0.0 0.1 0.2 0.3
[Luo, Cao, He, Wang, (1803.06785)] Ar
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Medium response

e Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

[Park et al (1807.06550)]

1.6 Pb-Pb @ 2.76TeV (0-10%) ; CMS 0-10%
S 1.4 o Ho0Gevic, pit >1GeV) i e e e PR
S 4 py" >100GeV/c, pr" >1GeV/c o i : 1a
| 0B<pt<20 f: - 500 < p’Tet <1000 GeV
12 With recoil © ",e* i
Q der os* O
S 1.0F AR gt o 15- -
3 | < - Ty
i LBT 0-30% w. medium response 0C < - 1
i m assoc m i =
- P > 1 GeV lllllllllllllll\lll— i — A .
23 i LBT 0-30% w/o. medium response — 1—'"/€"""""“i """ | LBT W/O reCO”S
‘ - . < I , | |
[ s 1 Gev With recoi /o recoll GE:E < I
33 20 p! >80 GeV | - - CMS
A I 0.3 i
i [ (s=276TeV  fEreeseses - —~ . .
& 151 c o _ 0.5 - [CMS, (2102.13080)] But might result into
= . Fum. muuw I T N YRR SN N TN ST TN AN Y TN S N SN S SN N 1 1 41
l 3eed additional energy at larger
! wem  wiorecoil ~L 02 0.4 06 0.8 1 |
' (b) angles...
Jet R
0.5 PR S S RN N T RN N S N TN SR SN SR NN N SR ST SR N SR SR SN S N S S S
0 0.05 0.1 0.15 0.2 0.25 0.3

r

[Luo, Cao, He, Wang, (1803.06785)]
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Medium response

e Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

[Park et al (1807.06550)]

1.6 Pb-Pb @ 2.76TeV (0-10%) ;
anti-k, R=0.3 RS
S 1.4} p) >100GeV/c, pi* >1GeV/c v
9 0.3 <[’ | <2.0 ~
~ =
1.2} : oo L.
% % With recaoll L
\1'0___A%¢‘AJ__—A___,______—_—_A:i“ ‘—‘ ———————————
3
i LBT 0-30% w. medium response
25: . pf;ssoC>IG€V NE R N R
. LBT 0-30% w/o. medium response
: ........ pf;ssoc>1GeV W-th -I m ,/O reCOiI
T 2 Ith recoil
= T pl>80GeV
£ 0.3
T [ (s=276TeV e
o 15 |
[ R=03
1} e w/o recoil *-1
i b)
s-—rn——_t-— 4 1 1l
0 0.05 0.1 0.15 0.2 0.25 0.3
r

[Luo, Cao, He, Wang, (1803.06785)]

R=0.2

AA

Ra. /R

1.5

0.5

llllllllllllllllll

MARTINI

1v

[CMS, (2102.13080)] 1

1A

I LBT with recoils

1 LBT w/0 recolls

CMS

But might result into

I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

0.2 04 06 08 1
Jet R

additional energy at larger

angles...

Is the enhancement due to medium-response or to poorly known non-perturbative physics?
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QGP-wake signal

Jet-induced medium exceptions in Z+jet events:

Jet quenching Monte Carlo y+hadron yield (PbPb-pp)
[Chen, Cao, Luo, Pang, Wang (1704.03648)]
541 (b) — pF/p¥<0.8
.| pY€E(200,250) Gev/c — = no cut in pr'/pf

ph € (1.0,2.0) GeV/c
Pt =100 GeV/c,
R=0.4

I
w
]

N
1

(-
1

MPI

o
1

0-10% Pb+Pb @vsyy =5.02 TeV
3 2 1 0 1 2 3
Aq)hjet — ¢h_¢jet

(1/NjetdN"/dd)an — (1/NjecdN"/dd)op

jet-induced medium excitation + Z-jet
—0.4-0.20.0.0.2-0:4 0.6 0.8GeV/fm?

- -

-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0
Y
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QGP-wake signal

Jet-induced medium exceptions in Z+jet events:

Jet quenching Monte Carlo y+hadron yield (PbPb-pp)
[Chen, Cao, Luo, Pang, Wang (1704.03648)]
541 (b) — pF/p¥<0.8
.| pY€E(200,250) Gev/c — = no cut in pr'/pf

ph € (1.0,2.0) GeV/c
Pt =100 GeV/c,
R=0.4

I
w
]

N
1

(-
1

MPI

o
1

0-10% Pb+Pb @vsyy =5.02 TeV
3 2 1 0 1 2 3
Aq)hjet — ¢h_¢jet

(1/NjetdN"/dd)an — (1/NjecdN"/dd)op

jet-induced medium excitation + Z-jet
—0.4-0.20.0-0.2 -0:4 0.6 0.8GeV/fm?3 Soft-hadron depletion in y direction
7 1 I 1 I 1 I |
-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0
Y
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QGP-wake signal

Jet-induced medium exceptions in Z+jet events:

Jet quenching Monte Carlo y+hadron yield (PbPb-pp)
[Chen, Cao, Luo, Pang, Wang (1704.03648)]
541 (b) — pF/p¥<0.8
.| pY€E(200,250) Gev/c — = no cut in pr'/pf

ph € (1.0,2.0) GeV/c
Pt =100 GeV/c,
R=0.4

I
w
]

N
1

(-
1

MPI

o
1

0-10% Pb+Pb @vsyy =5.02 TeV
3 2 1 0 1 2 3
Aq)hjet — ¢h_¢jet

(1/NjetdN"/dd)an — (1/NjecdN"/dd)op

jet-induced medium excitation + Z-jet
—0.4-0.20.0-0.2 -0:4 0.6 0.8GeV/fm?3 Soft-hadron depletion in y direction
7 1 I 1 I 1 I |
-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0
Y
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QGP time evolution



QGP: a fast expanding medium

What 1s the information that we get?

Integrated result of the whole medium (fast) Heavy-lon ]
: collision :
evolution g M-
. Hadron '
- 3 i -p

| ' ’ S 3 6P ph
However there 1s a strong time-dependence | F O Q6F pnass

of the medium properties (expansion and

cooling of the system) D e

- > 0"

pre-equilibrium dynamics viscous hydrodynamics

— — —_ - -

free streaming

collision evolution
t~0fm/c t~1fm/c t ~10 fm/c t ~ 1019 fm/c

~3x10%s
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L. Apolinario

Sensitivity to QGP timescales

e Reconstructed hadronic W boson jet mass:

Low P+, topreco

H ,g h P, topreco

anding QGP

Time (fm/c)

[Apolinario et al (1711.03105)]

6\ 5:IIII|IIII|II-II|I_IIL'IIII|IIII|IIII|IIII|IIII|IIII:
E 45 tT =W Wbb, \s=39TeV =
Py ,£ —+— Total delay time and std. dev (=4 GeV’fm") =
E = [ Coherence Time I =
3.9 W decay Time E
3 Top decay Time ) —
o 5[ ---- Total delay time @=1GeV*fm’)| -~ =
2 =
1.5F =
" :
0.5 =
:I ] ‘ 1 1 1 I:
OO 100 200 300 400 500 600 700 800 900 1000
Top Pt (GeV)
. _ 2 / 2 +1
Decay times boosted by: 71X = /P, x/ My
A 1/
qgbar remains coherent during: Td = (12/ (6]9(215,))
40 CERN-Fermilab HCP Summer School



L. Apolinario

Sensitivity to QGP timescales

e Reconstructed hadronic W boson jet mass:

Smaller my

nding QGP

Low P+, topreco

g
o)
®
§- B

Q gbar
-

D

I

Time (fm/c)

[Apolinario et al (1711.03105)]

6\ 5:IIII|IIII|II-II|I_IIL'IIII|IIII|IIII|IIII|IIII|IIII:
E 45 tT =W Wbb, \s=39TeV =
Py ,£ —+— Total delay time and std. dev (=4 GeV’fm") =
E = [ Coherence Time I =
3.9 W decay Time E
3 Top decay Time ) —
o 5[ ---- Total delay time @=1GeV*fm’)| -~ =
2 =
1.5F =
" :
0.5 =
:I ] ‘ 1 1 1 I:
OO 100 200 300 400 500 o600 700 800 900 1000
Top Pt (GeV)
. _ 2 / 2 +1
Decay times boosted by: 7ix = /P x/Mx
A 1/
qgbar remains coherent during: Td = (12/ (6]9(2,5,))
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Sensitivity to QGP timescales

e Reconstructed hadronic W boson jet mass:

Low P+, topreco

ng h P, topreco

anding QGP

Time (fm/c)

Smaller my

Higher my

[Apolinario et al (1711.03105)]

’a 5:IIII|IIII|II-Illl_llLlIIII|IIII|IIII|IIII|IIII|IIII:
€ 4502 tT =W Wbb, \s=39TeV =
Py ,£ —+— Total delay time and std. dev (=4 GeV’fm") =
E = [ Coherence Time I =
3.9 W decay Time E
3 Top decay Time ) —
o 5[ ---- Total delay time @=1GeV*fm’)| -~ =
2 =
1.5F =
s -
0.5 =
:I ] ‘ 1 1 1 I:
OO 100 200 300 400 500 600 700 800 900 1000
Top Pt (GeV)
. _ 2 / 2 +1
Decay times boosted by: 7ix = /P x/Mx
A 1/
qgbar remains coherent during: 7d = (12/(619(215,))
40 CERN-Fermilab HCP Summer School



Also with cchar: Gian Michele’s lecture

Sensitivity to QGP timescales

e Reconstructed hadronic W boson jet mass:

L. Apolinario

Low Pt topreco

H ,g h P, topreco

nding QGP

Smaller my

Higher my

Time (fm/c)

41

M [GeV/c?]

85

80

75

70

65

WmEE unquenched O
mms#ms quenched

(Tyor (Unquenched) [fm/c]

T,=1.0fm/c = ©
emew 1.,=2.5 fm/c =memm 1.,=10fm/c

1= 5'fm/c

[Apolindrio et al (1711.03105)]

2 fo™ pp, 30 nb™! PbPb -

2 fb™" pp, 30 b~ PbPb

0.6 0.7 0.9 1.1 1.4 0.6 09 11 14 1.9 2.3
- HE-LHC Vs, = 11 TeV FCCVs,, = 39 TeV

e d” © . & O A
e i W 15% quenching. ]
| | | | | x | x | x |

O 100 200 300 400

0

200 400 600 800

piiop (Din average) [GeV/c]

Tops as time-delayed probes of the QGP
(QGP tomography)
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Take-home messages

There 1sn’t a method able to address QCD in-medium processes across all momentum scales...

Success lies in pQCD accuracy + non-pQCD modelling
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Take-home messages

There 1sn’t a method able to address QCD in-medium processes across all momentum scales...

Success lies in pQCD accuracy + non-pQCD modelling

Hard probes are a powerful tool to study QCD 1n different density regimes
Access to:
QGP transport coefficients, QGP time-evolution,...

Novel phenomena w.r.t to “vacuum™ (e.g: anti-angular ordering)

Push/test pQCD boundaries!
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Take-home messages

There 1sn’t a method able to address QCD in-medium processes across all momentum scales...

Success lies in pQCD accuracy + non-pQCD modelling

Hard probes are a powerful tool to study QCD 1n different density regimes
Access to:
QGP transport coefficients, QGP time-evolution,...

Novel phenomena w.r.t to “vacuum™ (e.g: anti-angular ordering)

Push/test pQCD boundaries!

Thank you!
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Medium-induced radiation

2
=
9
Medium-induced gluon radiation (numerical evaluation) c_‘;'
4 2,
AsUR £
W Re dt’ dt Kt q:t, oo, k; t',
dwko (27)2w? / / / p-d 4t p) d a) = --- FullHTL T'L = 0.4
— Full Yukawa nogL =1
Yukawa: o(r) o< V(q) = Sy
| (g% + p?)?
g*N.m3T
Hard Thermal Loop: o(7) o< V(q) = ¢ D
D= g m3)
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Medium-induced radiation

Medium-induced gluon radiation (numerical evaluation)
dl 200, C
W * Re / dt’ / dt /
dwod?k (27)2w?

8T 1
(g% + p?)?

Physical picture

--- FullHTL T'L =04
— Full Yukawa nogL =1

2

Yukawa: o(r) o< V(q) =

gchm%T
q?(g% + m%,)

Hard Thermal Loop: o(r) o< V(q) =
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Medium-induced radiation

e Medium-induced gluon radiation (numerical evaluation)

dl QCXSCR
dt’ dt
“dwd®k (27)2w? Re/ / /

Physical picture

--- FullHTL T'L =04
— Full Yukawa nogL =1

8 112
Yukawa: o(r) o< V(q) = @ +'“,u2)2
2\ 7 Scaled energy:
Hard Thermal Loop: o(7r) o< V(q) = g( CTD )
q% +m%,

Scaled transverse momentum:
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Medium-induced radiation

e Medium-induced gluon radiation (numerical evaluation)

dl QCXSCR
— R dt’ dt
* dwd?Kk (27)2w? : / / /

&7 12
Yukawa: o(r) o< V(CI) = (q2 _,_“#2)2

cenled . W 2w

caled energy: =——= —=

We L

Hard Thermal Loop: o(7r) o< Viq) = g( NCTDT) "
q mr)
2 k?

Scaled transverse momentum: kK< = —

L. Apolinario 45

wdl [ dwdk?
& o o o &
75 5 2 7

Medium Ienétﬁ: L

--- FullHTL T'L =0.4

[Andrés, Apolinario, et al

— Full Yukawa noL =1 (2002.01517)]

0.35 -

0.30 -

— ' =32
EA ' =10
\ = 3.2

100
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Medium transport coefficients

. . . . ~ [Apolinério et al (2203.16352)]
From single-particle or jet suppression recover ¢

| T T T |
16 :— l JETSCAPE Matter l M. Xie et. al, 2|206.0134O l —:
B JETSCAPE LBT LIDO, 2010.13680 ~
14— A JET Collaboration ~ [1 C. Andres et. al, KLN LHC, 1606.04837  _
i & C. Andres et. al, KLN RHIC, 1606.04837 -
12 :_ C. Andres et. al, Hirano LHC, 1606.04837 _:
10 = )i C. Andres et. al, Hirano RHIC, 1606.04837 |
™ B + M. Xie et. al, 2003.02441 |
(%_ g + X Fealet. al, Quark Jet, 1911.01309 —
i + _
6 T =
4 * Aﬂ 1 -
3 5 "t 4 :
2 B + [3? o+ + o
u o® - _
oo 1 v v L T

0.2 0.4 0.6 0.8

T (GeV)
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Medium transport coefficients

. . . . ~ [Apolinério et al (2203.16352)]
From single-particle or jet suppression recover ¢

16

(@Y]

B JETSCAPE Matter M. Xie et. al, 2206.01340 ]

Changing QGP initialisation conditions 14L JETSCAPELST HPO, 2010.13680 B
| ¢ JET Collaboration [:] C. Andres et. al, KLN LHC, 1606.04837 _

i & C. Andres et. al, KLN RHIC, 1606.04837 -

1 2 —_ C. Andres et. al, Hirano LHC, 1606.04837 _—

1 O [ J\ C. Andres et. al, Hirano RHIC, 1606.04837 |

P B + M. Xie et. al, 2003.02441 |

<%— g + X Fealet. al, Quark Jet, 1911.01309  —|

4 _

AN
III|III|III|I

_+7
( |'> )

S —

——

——

N

&0
2 + kiT O :@ + +
O | | | | | | | | | | | | | | |
0.2 0.4 0.6 0.8
T (GeV)
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Medium transport coefficients

[Apolinario et al (2203.16352)]

From single-particle or jet suppression recover ¢

1 6 B JETSCAPE Matter M. Xie et. al, 2206.01340
: o ee e . B JETSCAPE LBT LIDO, 2010.13680
Changing QGP initialisation conditions 14
_ A JET Collaboration ~ [] C. Andres et. al, KLN LHC, 1606.04837
Energy loss during all parton shower evolution vs energy loss during final stage 1ol © C. Andres et. al, KLN RHIC, 1606.04837
(Compensation of effects with higher transport coefficient) i C- Andres et. al, Hirano LHC, 1606.04837
1 O __ J\ C. Andres et. al, Hirano RHIC, 1606.04837
. o ) i + M. Xie et. al, 2003.02441
Improved Bayesian analysis gives a stronger temperature dependence - - .
+ X Fealet. al, Quark Jet, 1911.01309

I
/
v
—+_
: e
—
—4—
4

o

0.2 0.4 0.6
T (GeV)

O
o
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Medium transport coefficients

. . . . ~ [Apolinério et al (2203.16352)]
From single-particle or jet suppression recover ¢

B I | I I I | I I I | I I I | I _
1 6 B JETSCAPE Matter M. Xie et. al, 2206.01340 __
: o ee e . B JETSCAPE LBT LIDO, 2010.13680 ~
Changing QGP 1nitialisation conditions 14L -
| ¢ JET Collaboration [:] C. Andres et. al, KLN LHC, 1606.04837 _
Energy loss during all parton shower evolution vs energy loss during final stage 1ol @ C.Andres et. al, KLN RHIC, 1606.04837 -
(Compensation of effects with higher transport coefficient) i C- Andres et. al, Hirano LHC, 1606.04837 7
1 O __ J\ C. Andres et. al, Hirano RHIC, 1606.04837 __
, o ™ / + M. Xie et. al, 2003.02441 i
Improved Bayesian analysis gives a stronger temperature dependence = - . .
<O 8 + X. Feal et. al, Quark Jet, 1911.01309 —
Include different data sets 5l 1 -
(boson-hadron correlations dominated by quark, inclusive particle spectra i + _
— JAN _
contains a mixture of the two) \— t + A _
B '@ N
Hadron vs Jet measurements \ [ﬁ t t i
- . . 2 = S —
L O + + —
(model-dependent description of medium response on jets) i O i
O B | | | | | | | | | | | | | | | i

0.2 0.4 0.6 0.8

T (GeV)
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Medium transport coefficients

. . . . ~ [Apolinério et al (2203.16352)]
From single-particle or jet suppression recover ¢

B I | I I I | I I I | I I I | I _
1 6 B JETSCAPE Matter M. Xie et. al, 2206.01340 __
: o ee e . B JETSCAPE LBT LIDO, 2010.13680 ~
Changing QGP 1nitialisation conditions 14L -
| ¢ JET Collaboration [:] C. Andres et. al, KLN LHC, 1606.04837 _
Energy loss during all parton shower evolution vs energy loss during final stage 1ol @ C.Andres et. al, KLN RHIC, 1606.04837 -
(Compensation of effects with higher transport coefficient) i C- Andres et. al, Hirano LHC, 1606.04837 7
1 O __ J\ C. Andres et. al, Hirano RHIC, 1606.04837 __
, o ™ / + M. Xie et. al, 2003.02441 i
Improved Bayesian analysis gives a stronger temperature dependence = - . .
<O 8 + X. Feal et. al, Quark Jet, 1911.01309 —
Include different data sets 5l 1 -
(boson-hadron correlations dominated by quark, inclusive particle spectra i + _
— JAN _
contains a mixture of the two) \— t + A _
B '@ N
Hadron vs Jet measurements \ [ﬁ t t i
- . . 2 = S —
L O + + —
(model-dependent description of medium response on jets) i O i
O B | | | | | | | | | | | | | | | i

0.2 0.4 0.6 0.8

T (GeV)
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LBT: [Cao, Luo, Qin, Waﬁg.(1_6) He, Luo, Wang, Zhu (17)]

" I\./IARTI‘I\iI: [Schenke, Gale, Jeon (09)]

Medium response o g S

e QGP part that become correlated with the jet:

e Seen as (pQCD approach):

s-channel
e Recoils from jet-medium interactions with a QGP particle distribution
t-channel T
=» Dominated by small momentum transfers (close to non-perturbative region)
do oA C R27T Oé2 u-channel
Eg: JEWEL —=(5,[t]) ~ — > E.g: LBT /
dt (It} + pp)

p p p1 - Ofa(p )=—/ d’ps / d’ps / d’py
m;)mer;tum ! il (27!')32E2 (27!')32E3 (271')32E4
9b
e D 5 [fa®) fo(p2) = fe(ps) fa(pa)] [Mabseal
medium recoil b(c,d)
parton parton

X Sg(s,t,u)(27r)454(p1 + p2 — P3 — p4),
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1.6

1.5

1.4

1.3

1.2

1.1

Ppropb(7)/ ppp(r )

Fast or Slow Thermalisation?

e Medium response:

e What exactly 1s the amount of medium response to the jet passage?

[Coupled Jet-Fluid: 1701.07951]

| | | | |

Inclusive, PbPb (2.76 TeV)
P> 100 GeV/e, R=10.3

- g0= 1.7 GeV/m, g, = 1.0 GeV/e

P> 1.0 GeVle

8- CMS (0-10 %) —
— Shower+Hydro '
—-== Shower |

PED SIS S S S e o

L. Apolinario

1.8

1.6

1.4

0.8
0.6
0.4

0.2

[Hybrid: 1609.05842]

1.2

1 - - T 1

et 7
0-10% 100 < Pr < 300 GeV Backreaction

phadron > 1 GeV No Backreaction -

03<|n<2,r<0.3 CMS Data +—e—

10-30% } l

¢
| 1 | | 1 | 1 1 -
0.05 0.1 0.15 0.2 0.2 0.3

48

1.6

1.4¢

1.2}

1.0

0.8}

0.6}

0.4f

0

[MARTINI:1807.06550]

' Pb-Pb @ 2.76TeV (0-10%)

{
anti-k; R=0.3 K
p%et >1QOGeV/C, p%rk >1GeV/c | ;.: ]
0.3 <[] <2.0 y:
. A "“
o “‘
0/’ | “‘
"0‘ A ! : “““
’/’ >+“‘-|‘
2}--“‘-‘
v without recoil
== with recoil (p,,, =4T)
A & CMS 0-10%
Ar
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Towards in-medium parton showers

e Jets propagate on a fast evolving medium:

Parton Shower Jet
| '
0>
0() .
‘__——_ /«11"". & . 63
Q000000000 33‘.‘:
()
4
i 0
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Towards in-medium parton showers

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet

c‘«uuuu@iﬂ" 3
o.,,®’

PP PP @& oS D
P

T4, 71 Ts, o T3, 73
Q1 >>02>>03... » T1>>T2o>>13...

(Vacuum) » (QGP)
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Towards in-medium parton showers

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet

c‘«uuuu@sﬂ"‘ 3
o.,,®’

TTTTTLT

T4, 71 Ts, o T3, 73
Q1 >>02>>03... » T1>>T2o>>13...

(Vacuum) » (QGP)
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Towards in-medium parton showers

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet
. ‘ ,,,,, ) < .
‘_ c‘«uuuu%;"'“
.0“'/“ . T3
‘ T2
p=0.5
' ] :
2
dZ] Y pTe Y
Tform .
T1
T4, 71 I, 72 s, 73 .
B1>>0:>>03... P T1>T2>>13...

(Vacuum) » (QGP)
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Enhancing quenching effects

0.2
0.18
0.16

£0.14
£.0.12

o
—

0.08

1/N dN/dLog

0.06
0.04
0.02

| O

L. Apolinario

Easily select two classes of jets:

JEWEL+PYTHIA pp

_.
S

1/N dN/dt
form

-
<
n

JEWEL+PYTHIA PbPb

JEWEL+PYTHIA \f Sy = 2.02 TeV

Anti-k, R=0.5 P, > 300 GeV
1st Parton Shower emission

Soft-Drop: =0

()]
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Enhancing quenching effects

e Easily select two classes of jets:

O “eaﬂy” je‘[s; 71 < 1 fm/c (strongly modified) [Apolinario et al (2012.02199, 2309, XXXXX)]

18¢e6 7 9 T
- tym<1fmic (v) - 1, <1fmlc (C/A) ---- ofiC <1fmlc -
% 9 . " 1.6— ___ — — .
e “late” jets: 7; > 3 tm/c (weakly modified) - T > 3 fM/C (1) — 7, >3 fmic (C/A) — M€ >3 fmic -
_ — Inclusive -
02 L T T T T | T T T T | T T T | T T T "] 1 '4 : :
- _ = JEWEL+PYTHIA (PbPb) Recluster: Generalized-k, ~
0.18— JEWEL+PYTHIA pp JEWEL+PYTHIA PbPb — 12— — .
- — T Vsxw=3.02TeV, Anti-k R =035 Soft-Drop:z_ =01, =0 -
01 6 [ — ‘6 . cu :
- JEWEL+PYTHIA s =502TeV - = 1 \ Pl —
—£0.14— " Anti-k, R=05p >300GeV — § < ':"_\__‘___ =T 1 -

2 B i’ 1st Parton Shower emission | @ — -
~ - N =7 '+\_ L —t

@90'1 2 o Soft-Drop: =0 - o8 08 a:%ﬁ—‘—[_‘_‘ 1 |
S o1 = . .
O - . O g
S 0.08[ - . L
< I - ond smf ooy daamd==
= 0.06]— — R S A N
0.04[— = -~
002 :_ _: | I N | l | S | I | . | I | I I L1 1 1 l | I l 11 11 l | S | I | m

S i = P00 150 200 250 300 350 400 450 500

2 4 6 p. (GeV)
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Enhancing quenching effects

e Easily select two classes of jets:

How can it be related to the QGP expansion?

[Apolinario et al (2012.02199, 2309, XXXXX)]

e “carly” jets: 7; < 1 fm/c (strongly modified)

e “late” jets: 7; > 3 tm/c (weakly modified)

0-2 [ | | | | | | | | | | | | | | | | | | | | | | |
0.18 :— JEWEL+PYTHIA pp JEWEL+PYTHIA PbPb —:
0.16[— —

— JEWEL+PYTHIA \f Sy = 2.02 TeV —

—£0.14— " Antik, R=05p_>300 GeV —
p"g = 1st Parton Shower emission  _
20.12— . Soft-Drop: f=0 -
NS :
= 01— —
'§ - 7
Z I _
S~ — —
— 0.06— —
0.04 =
0.02}= Fll'j =
O I | | | | ! ! | ! ! ! | ! ! E | ! ! | |~

L. Apolinario

()]

18207 ,
- tym<1fmic (v) - 1, <1fmlc (C/A) ---- ofiC <1fmlc -
1.6 - T Ty >3 fmle () — 1, >3 fmic (C/A) — 15, >3 fmlc
14— — Inclusive —
N JEWEL+PYTHIA (PbPb) Recluster: Generalized-k, N
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