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Heavy-lon Collisions

e Heavy-ion collision:

e Probe the QCD phase diagram

/&
® Understand the QCD fundamental
. . quark-gluon plasma
interactions
~150
MeV

e Collectivity from a gauge-field theory?

-3
e Tools used to study created matter shared s ! hadrons — quarks ..
o |
with nearby physics fields research badron nclear - -. § .

o . resonance gas Y color superconductivity
e QGP vs colliding nuclei?
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:

e Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
e Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

e Hard probes (large-Q2 process): high-momentum particles - pQCD based description Focus of this talk
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Heavy-lon Collisions

Different QGP probes will access different wavelengths:

Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

Hard probes (large-Q? process): high-momentum particles - pQCD based description

Common difficulty: QGP is dynamically
evolving system

All observables require interpretation in
the framework of transport models
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Heavy-lon Collisions

Different QGP probes will access different wavelengths:

Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

Hard probes (large-Q? process): high-momentum particles - pQCD based description

Common difficulty: QGP is dynamically
evolving system

All observables require interpretation in
the framework of transport models

Heavy-ion collision characterisation:

A multi-scale problem!
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Jets Iin heavy-ions

e Also a multi-scale problem:
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Jets in heavy-ions

Evolving medium

e Also a multi-scale problem:

Medium-induced e

va'h'

QCD QCD
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Jets in heavy-ions s T

Evolving medium

e Also a multi-scale problem:

Medium-induced e

Collisional ene

Q? = 0(100°GeV* ~ 1TeV?)
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Improving theoretical
control



In-medium processes

Amount of energy loss measures transparency to the passage of a high momentum particle:

Towards higher accuracy 1in elementary building blocks of the parton shower
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In-medium processes

e Amount of energy loss measures transparency to the passage of a high momentum particle:

e Towards higher accuracy in elementary building blocks of the parton shower

Dominant for light (high-energy) partons

Inelastic scattering processes:

@)Z// Elastic scattering processes:

Parton

SN

- R

Medium recoil

Relevant for heavy (low-energy) partons
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

Q(XSCR /
dt dt P(oo, k; t,
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
dt” | di P(o0, k; ',
wdwdzk 271207 Re/ / / P-q /C( q:t,p) P( q)

Momentum Broadening:

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

/

d—
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
dt” | di P(o0, k; ',
wdwdzk 271207 Re/ / / P-q /C( q:t,p) P( q)

Density of scattering centres:

n(xry) = /dmi+5(x+ — Ti1).

Momentum Broadening:

. 1 " Dipole cross-section (collision rate):
Pt" kit q)= [ d?ze kD= exp{ —= dsn(s)o(z)
‘ 2 t’ r qr
| o(r) = /1 (q) (1 —e"")
J q

d—
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

Single-gluon emission spectrum:

dl Q(XSCR ,
dt” | di P(o0, k; ',
wdwdzk 271207 Re/ / / P-q /C( q:t,p) P( q)

Density of scattering centres:

n(xry) = /dmi+5(x+ — Ti1).

Momentum Broadening:

. 1 " Dipole cross-section (collision rate):
Pt" kit q)= [ d?ze kD= exp{ —= dsn(s)o(z) .
2 P ey Via)
| & o250 — [Wig) 11— o)
' Y . qﬁ = :—
i . .’
0 ,°

: q i ’¢'
' . _-°_  Parton-medium

.~ 2% interaction
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

>

>

>
Single-gluon emission spectrum: N

dl Q(XSCR /
Cddwdzk (27)2%w? Re/ / / P-q /C( q;t,p) P(oo Q)

Density of scattering centres:

n(xry) = /dmi+5(x+ — Ti1).

K ( t', z:t, Y) = / {g-2=py) K(f q:t,p) Dipole cross-section (collision rate):
Pq
(t )—Z R4 ks ] — 4 _ eWar
w ., 1 o(r) /‘ (q) (1 —€
- / Dr exp / ds <‘—’r2 — 7/1(.5')(7(7‘)) Jq ( )
Jr(t)=y RE 2 2 |
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

>

>

>
Single-gluon emission spectrum: N

dl Q(XSCR /
Cddwd2k (27)2%w? Re/ / / P-q /C( q;t,p) P(oo Q)

Density of scattering centres:

n(xry) = /dmi+5(x+ — Ti1).

. / . ila-z—o-u T / .
Ktz ty)= / ' TPV I (t',q:t,p) Dipole cross-section (collision rate):
J pq
r(t')=z R4 i 1 ) (7(7‘) — /"(q) 1 — (ﬁiq'r-'
= / Dr exp / ds ( — 7t — 7/1(8)0(7‘)) Jq | )
Jr(t)=y RE 2 2 ]

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

Accumulation of momenta enhances gluon radiation:

e
>
° . >
In addition to energy loss, parton also undergoes transverse N
momentum diffusion See also Sievert talk (Tue) § § § P—
5

Medium-induced transverse momentum broadening

Transport coefficient:

— 0 —— = | k7  {kp)
- o o 1=
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

e
>

In addition to energy loss, parton also undergoes transverse

momentum diffusion See also Sievert talk (Tue) § § § P—
>

Medium-induced transverse momentum broadening

Transport coefficient:

— 0 —— = | k7  {kp)
- o o 1=

Dipole cross-section (collision rate):

o(r) = [ Vig) (1)
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

e
>
° . >
In addition to energy loss, parton also undergoes transverse VY
momentum diffusion See also Sievert talk (Tue) § § § P—
5

Medium-induced transverse momentum broadening

Transport coefficient: Medium-interactions per emission?
- —— — ™ I k-t ) <kT> w'/é\
- : : g — f«{)ﬂGO . |
o o A A Multiple-soft scattering
Dipole cross-section (collision rate): ()
A 2 aa? do(q) <50 . -
o(r) = / Vi(q) (1 B ()'1'q7’) q X q q 22q <6O° Single-hard emission
N | " — TN
J q
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Current landscape

e Medium-induced energy loss and momentum broadening closely connected

Jet Energy Loss <

ATLAS [1805.05635]
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Current landscape

LHC (PbPB 5.02 TeV) _ - -

Jet Energy Loss
e Medium-induced energy loss and momentum broadening closely connected ATLAS [1805.05635]
| - | A S [ATLAS _ antik, R =04 ot Sy =502TeV |
e From single-particle or jet suppression, recover ¢ I
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Current landscape

Medium-induced energy loss and momentum broadening closely connected

From single-particle or jet suppression, recover ¢
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[HQ: Beraudo et al (1803.0382),
" " . Gdo et al (1809.07894)]

See also Escobedo (Quarkonia - Th) and Ru (CNM - Th) .t.a'lks

[LA, Y-J Lee, M. Winn (2203.16352)]
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Current landscape

[HQ: Beraudo et al (1803.0382),
" " . Gdo et al (1809.07894)]

Medium-induced energy loss and momentum broadening closely connected

14
From single-particle or jet suppression, recover ¢
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Current landscape

Medium-induced energy loss and momentum broadening closely connected

From single-particle or jet suppression, recover ¢

& | ATLAS  anti-k, R = 0.4 ets, (5, = 5.02 TeV
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How can we improve it?
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Several ansatz:

- Initial state (factorisation to final-

state effects)?

- Medium temperature and
energy-density time-evolution
profiles?

- QGP phase initialisation time?

- Energy loss during partonic and

hadronic phases?

- QGP EoS and degrees of
freedom?
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" " . Gdo et al (1809.07894)]

See also Escobedo (Quarkonia - Th) and Ru (CNM - Th) .t.a'lks

[LA, Y-J Lee, M. Winn (2203.16352)]
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Improving medium-induced radiation

Y 0
o . . ‘ _A‘V\
Accuracy of radiation spectrum: or

Improved analytic opacity expansion (expand multiple soft interaction) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk
. (1910.02032, 2106.07402)]
n(s)o(r) ~ §Qr2 + O(r*Inr?) = v(r, s)go + dv(r, s)

L. Apolinario 14 DIS 2022
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Improving medium-induced radiation -

Accuracy of radiation spectrum: _/\@6@\ or R
Improved analytic opacity expansion (expand multiple soft interaction) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk
. (1910.02032, 2106.07402)]
n(s)o(r) ~ 5@}1'2 + O(r*Inr?) = v(r, s)go + dv(r, s)
Full numerical solution: [Andrés, LA, Dominguez, Gonzales

(2002.01517,2011.06522)]

Solve the spectrum by using Schwinger-Dyson type equations (In momentum space):

1

0. P(1,k;s,l) = _5“(7) / ok — kK"P(1,k'; s,1)
J k!

—

‘
2w 2

. . - 1 ~ /
K (s, q:t,p) = 2—K(s,q:t,p) + —n(t) / o(k' — p)K(s,q: t, k)
J ke

Set of integro-partial differential equations that can be numerically solved to any (realistic) potential

Also: [Feal, Salgado, Vasquez (1911.01309)]
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Improving medium-induced radiation -

Accuracy of radiation spectrum:
Improved analytic opacity expansion
Full numerical solution:

Solve the spectrum by using Schwinger-Dyson

type equations (In momentum space):

L. Apolinario 15

wd]mod/dw

12 1%
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[Andrés, Dominguez, Gonzales
(2011.06522)]
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'TY'
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\ —  Full j
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"""" Low-w limit -
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Improving medium-induced radiation

[Andrés, LA, Dominguez, (2002.01517)]

Accuracy of radiation spectrum: --- FullHTL TL = 0.4
—  Full Yukawa ngL =1

Improved analytic opacity expansion 0.35 -
Full numerical solution:

Solve the spectrum by using Schwinger-Dyson

4
el

N
type equations (In momentum space): “g
=
i 877 12 ~
Yukawa potential: V(q¢) = ——— ~3
(g* + p°)° 3
g* Ncm%T

HTL potential ! Viq)
otentual: - qg) —
P 2 q%(q®> + m7)
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Improving medium-induced radiation -

Effects of medium expansion on energy loss (HO): ¢ = ¢(?)

Static equivalent of an expanding medium obtained by scaling laws:

9 L+to [Adhya, Salgado, Spousta, Tywoniuk, (1911.12193)]
(9) = 73 dt (t —to)q(t)
to
100
| %QOLQ static medium
104 Weff = 4§ 24GoL? exponentially expansion
1 2GotoL. Bjorken expansion
ST
3|13 0.100}
0.010}
static static AN
exponential exponential N
0.001} _: .
F T - Bjorken : N R - Bjorken
104 0001 0010 0400 1 10 104 0001 0010 0100 1 10 100
w/{wc) W] Weft
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L. Apolinario

Effects of medium expansion on energy loss (HO): ¢ = ¢(?)

Static equivalent of an expanding medium obtained by scaling laws:

L+to
W= [t~ 10)a)

to
Jo [GeV?] static | exponential | Bjorken
no scaling 0.2 0.2 0.2
soft scaling 0.2 0.05 1.66
optimal scaling | 0.2 0.09 1.84
scaling by (w.) | 0.2 0.1 3.33
16

< 1.4

C

1.2

0.8

0.6

0.4

0.2

Also: [Barata, Sadofyev, Salgado (2202.08847)]

Improving medium-induced radiation -

[Adhya, Salgado, Spousta, Tywoniuk, (1911.12193)]

| "Optimal scaling"
Static soft, analytical, =30 GeV

—

—— Static, v =100 GeV
5 Exponential, o =45 GeV
| —— Bjorken, ©.=920 GeV, 1/t =0.03
® ATLASR,,

—

|

|

| l | |

10°

P, [GeV]
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Also: [Barata, Sadofyev, Salgado (2202.08847)]

Improving medium-induced radiation

Effects of medium expansion on energy loss (full solution):

Static equivalent of an expanding medium obtained by

scaling laws:

L 212 L

nou-L

nyl = J dt n(t) 0,“2 = J' dt t n(f) u*(t)
0 0

For a hydrodynamic medium, use instead a power-law

equivalent to improve accuracy

nhydm(t) — le(t) n(,) ﬂ’z

, , (t+ 1y)” (1 + 1y)2@
/‘hydm(t) = k,T(2)

L. Apolinario 17

[Andrés, LA, Dominguez, Gonzalez, Salgado (on—go.in*g‘)]
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Improving "medium” parton showers

Multiple emitters:

Interference eftects suppressed (+ anti-angular ordering)

dw sin 0d6O

w 1—cosf

Aneq®(cos — cos b))

ANS 70 ~ a,Cr ©(cos by — cosb)

Analytic: [Casalderrey-Solana, lancu, Mehtar-Tani, Salgado,
Tywoniuk (1105.1760, 1210.7765)]
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Improving "medium” parton showers

Multiple emitters:
Interference eftects suppressed (+ anti-angular ordering)

Non-1nstantaneous emissions will induce modifications to the vacuum parton shower structure:

q2 J@@S\

q1 _‘/\—\/\

dw sin 0do

de—)ON SC |
9 “ 01— cosf

©O(cos b — cos )

Monte Carlo: [Q-PYTHIA, JEWEL]

[Armesto, Cunqueiro, Salgado (0907.1014),
Asneq©(cos — cos 01 )] Zapp (1311.0048)]

Analytic: [Casalderrey-Solana, lancu, Mehtar-Tani, Salgado,
Tywoniuk (1105.1760, 1210.7765)]
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New experimental
handles



handles

New experimental

Heavy-lon
collision

pre-equilibrium dynamics

t ~0fm/c

-

t~1fm/c
~3x10%s

\/\/\/

viscous hydrodynamics

collision evolution

" Hadron '
gas \
20 r',. o bl N S

~

- free streaming

t ~10 fm/c

t ~ 101 fm/c



From particles to jets

L. Apolinario

constituents

How can we access QGP-related information?
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® —o—— C. Andres et. al, Hirano, 1606.0483Z
M. Xie et. al, 2003.02441 m
—#—— X. Feal et. al, Gluon Jet, 1911.01309 |
— @ — X Feal et. al, Quark Jet, 1911.01309 |
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From particles to jets

L. Apolinario

How can we access QGP-related information?

However:
- Susceptible to hadronization effects...

constituents

l|I||I||III|I|I||II|II]|I|I

Jetscape Matter
Jetscape LBT
—@—— Jet Collaboration
—@— M. Xie et. al, 1901.04155
——H—— C. Andres et. al, KLN, 1606.04837
—o—— C. Andres et. al, Hirano, 1606.0483Z
M. Xie et. al, 2003.02441 1

llIlll

—M@— X. Feal et. al, Gluon Jet, 1911.01309 |
—@—— X. Feal et. al, Quark Jet, 1911.01309 |
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- Sensitive to average quantities...
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From jets to jet substructure

How can we access QGP-related information?
What more information can they provide?
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From jets to jet substructure

How can we access QGP-related information?
What more information can they provide?

0,

11

Angular ordered tree
L. Apolinario 21 DIS 2022
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From jets to jet substructure

How can we access QGP-related information?
What more information can they provide?

o mlﬂ(pT,l , pT,Q)
g =
pPT,1 + PT,2
L L LA R RN B BN LML
B ALICEpp Vs =7 TeV ‘gr?;ape Uncertainty E
— : , _ — | -
7= ok, herged e =04 w PYTHIA 6 Perugia 2011 —
o E DS Lo +PYTHIA + POWHEG
N 6 ©OM" ProP Zau =0 +PYTHIA 8 —
e - e, = =
Jet splitting function 0, ] S s E
. O = -
min(pr, 1, pr,2) Ry 0 4F =
‘ when > Zeut | —/5— o} - -
pra + Pr,2 Ry < 3 —a —
. . - *—.j_
93 [Larkoski, Marzani, Soyez, Thaler (1402.2657)] 1= —
[Dasgupta, Fregoso, Marzani, Salam (1307.0007)] m e | e
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O IE ¥ + :
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K 50

|71 0.9
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- @

- - o o D Zy

pT1 0 > < > pro IALICE PLB 802 (2020) 135227]

o Angular ordered tree
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From jets to jet substructure

® How can we access QGP-related information?

Groomed jet radius

&

o
11

Angular ordered tree

-2

L. Apolinario

1 (1 2) ( 6
Z\1L —Z —
Pt jet bt R

(@) —

What more information can they provide?

;

substructure [Mehtar-Tani, Soto-Ontoso, K. Tywoniuk
(1911.00375)] [Caucal, Soto-Ontoso, Takacs (2111.14768)]
a=0.1 a=0.7
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From jets to jet substructure

How can we access QGP-related information?

Jets in PbPb # Jets in pp + Background

A

ot correlated
?J% background

background

T

[Zapp OM (17)]
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From jets to jet substructure

L. Apolinario

How can we access QGP-related information?

Jets in PbPb # Jets in pp + Background

- Background-resilient to distinguish quenching models

O
&)

IIIIIII|IIII|IIII|IIII|IIII|

1/Njets deetc%/dAS12
o S
N )
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0.1
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- QPYTHIA (q

— JEWEL (vac)

)

ASlg — 21 — X9

Symmetric subjets

|

)
) Asymmetric subjets

- - JEWEL (med) \

[LA, Milhano, Ploskon, Zhang (1710.07607)]

AS

12

23

Fully reclustered anti-kt subjets

background

correlated

background

[Zapp OM (17)]
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From jets to jet substructure

L. Apolinario

How can we access QGP-related information?

Jets in PbPb # Jets in pp + Background

- Background-resilient to distinguish quenching models

- Leading jet: quantifies quark vs gluon in-medium energy loss

O
&)

IIIIIII|IIII|IIII|Ill||llll|

1/Njets deetc%/dAS12
o S
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ASlg — 21 — X9
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0. Symmetric subjets
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) Asymmetric subjets
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[LA, Milhano, Ploskon, Zhang (1710.07607)]

12

23

Fully reclustered anti-kt subjets

Z1
L2
[Neill, Ringer, Sato (2103.16573)]
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From jets to jet substructure

Fully reclustered anti-kt subjets

How can we access QGP-related information? R

AOs,

Jets in PbPb # Jets in pp + Background

- Background-resilient to distinguish quenching models

[STAR (QM2019)]

- Leading jet: quantifies quark vs gluon in-medium energy loss

3 I
- Allows to create samples that are the same in pp and in PbPb S 12 2007 AuAu. 2006 pp 200 GeV
> ' anti-kt R=0.4
- : t
O 1o}  ChiNe Jets, i+R" <1.0
z 1o

%3
I '\ Purity > 72%

STAR Preliminary ® Au+Au
@ p+p @ Au+Au

14 rrr o oo .. r. ..., rrrrrrmrr rrrrrrr1 1
—

4T Purity > 99% ‘h
2:_ Qwe =
I R B e .1 u IR EN NN BN
0 0.1 0.2 0.3 04 0.5
0

SJ
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ST See also:
Barrera, Basyak, Szczurek, Singh,
*Mondal, + CMS/ATLAS (Tue)

From jets to jet substructure

Jets propagate on a fast evolving medium:

Parton Shower Jet

Q000000000

=)
(O
@
@
A
P P @ PP @
P
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ST See also:
Barrera, Basyak, Szczurek, Singh,
*Mondal, + CMS/ATLAS (Tue)

From jets to jet substructure

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet

‘_ i %00000000‘0‘

PP o @& oD
P

T1, 71 i, - s, 73

01 >>02>>03... b 1> 120>>13...
(Vacuum) » (QGP)
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ST See also:
Barrera, Basyak, Szczurek, Singh,
*Mondal, =+ CMS/ATLAS (Tue)

From jets to jet substructure

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet

‘_ i %00000000‘0‘

TITTILT
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ST See also:
Barrera, Basyak, Szczurek, Singh,
*Mondal, =+ CMS/ATLAS (Tue)

From jets to jet substructure

e Jets propagate on a fast evolving medium:

In-medium radiation

Parton Shower Jet

‘_ i %00000000‘0‘

TITTILT

T3
T2
p=0.5
dzg ™~ pT92 ™~
Tform
71
T4, 71 | . i, 3
B1>>0>2>>03... » 1> 10>>13...

(Vacuum) » (QGP)
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Easily select two classes of jets:

Novel jet reclustering tools

JEWEL+PYTHIA pp

_.
S

1/N dN/dt
form

-
<
n

JEWEL+PYTHIA PbPb

JEWEL+PYTHIA \/s N =35.02 TeV

N
Anti-k, R=05p_> 300 GeV
T

1st Parton Shower emission
Soft-Drop: =0

()]
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e Easily select two classes of jets:

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

e “late” jets: 71 > 3 tm/c (weakly modified)

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

— JEWEL+PYTHIA \f Sy = 2.02 TeV —
€014 Anti-k; R=05p_>300 GeV
P"Q = 1st Parton Shower emission  _
v,c_’o-1 21— Soft-Drop: p=0 -
8) : 1072 :
= 0.1 —
'§ - 7
Z I _
S~ — —
— 0.06— —
0.041— =
0.02F— =

0 L E | 7]

L. Apolinario

()]

Novel jet reclustering tools

[LA, Cordeiro, Rodriguez, Zapp (2012.02199, on-going)]

1 -8 rrr,r,r r r ™~ —-’r-m~——m"1r77rrrr TrUoYTYYYYrYYrTTTTTTT |
- " Yo < 1 fmlC (v) -~ 7, <1 fmic (C/A) ---- T}i¢ <1fm/c -
1.6 - T T >3 fmle (t) — 1, >3 fmlc (C/A) — 105 >3 fmlc -
14— — Inclusive =
[ JEWEL+PYTHIA (PbPb) Recluster: Generalized-k;, -
L - S\ =5.02TeV, Anti-k R=05 Soft-Drop:z_ =0.1, f=0 -
3 - u
= 1 m 1 ~1 o
s oafrrost TR b,
= - — :
@ Y-Or %:',—M_H e
0.6 [ .
e e et Tede rots SO SUL B Sl 2 St e =t el b 3
0.2f=::= ; —
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e Easily select two classes of jets:
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e “‘carly” jets: 7; < 1 fm/c (strongly modified)

e “late” jets: 71 > 3 tm/c (weakly modified)

/dt
form

1/N dN

-
<
n

JEWEL+PYTHIA pp

JEWEL+PYTHIA PbPb

JEWEL+PYTHIA s =5.02 TeV
Anti-k, R=0.5 P> 300 GeV

1st Parton Shower emission
Soft-Drop: p=0

()]

Novel jet reclustering tools

How can it be related to the QGP expansion?

[LA, Cordeiro, Rodriguez, Zapp (2012.02199, on-going)]

S 7 =
- " Yo < 1 fmlC (v) -~ 7, <1 fmic (C/A) ---- T}i¢ <1fm/c -
1.6 — ¢ >3fmlc () — 1, >3l (CA) — ¢ >3fmic -
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Novel heavy-flavour observables

e Hard probes: result of the full integrated medium evolution 3
s
e Time-differential measurements might be possible with tops 4 &
1
(Tiop (Unquenched) [fm/c] [LA, Milhano, Salgado, Salam
85 06 07 09 1.1 14 06 09 1.1 14 1.9 2.3 (1711.03105)] 2
| | | | I. . | | | | | . | 6:
- HE-LHC Vs, =11TeV || FCCs, =39 TeV e
. 2 b7 pp, 30 nb™! PbPDb - . 2fb T pp, 30 nb~! PbPb O
TP TRT SERTREN T : ST SERRIIN ST ' Ig b
80 _ _ _ *_ i 1
_ ' : : : ' Expanding Medium
B -
> B . : : B : ) . .
G 75T g - - Y il » _ _
=, . ; : ; . : : ®mo® unquenched @& 1,=1.0fm/c = @  T1,=5fm/C
%; _ ' _ | ' | | ms#mm quenched  wmem T =25 fm/c mwemm 1.=10 fm/c
S ' E ' _ E ' E E 5 :
00 gt = &> F o g _ Tops as time-delayed probes of the
§ QGP (QGP tomography)
65 e o ,,,,,,,, ,,,,, 1L ¥ o ,,,,,,,,, 1@-3,%, ,q,uen,cf;,hi,n,g, ] First tops measured in PbPb (CMS - 2006.11110)
0O 100 200 300 400 O 200 400 600 800 oo aleo: Yo. Tork. Kal Antonioli. Seidel
p{ﬁgg (bin average) [GeV/C] ee also: Ye, lork, Kalteyer, Antonioli, (Ve\;ej)

L. Apolinario 20 DIS 2022



From dense to light



See .alsc; P. Steinberg (today)

QGP onset

e No energy loss 1n pA...

g “f - Pb-Pb (ALIGE)  ® M PPD | Sy = 5.02 TeV, NSD (ALICE) -
@ 1.8F 4t Po-Pb (CMS) - * Y- Pb-Pb |5, = 2.76 TeV, 0-10% (CMS) -
:_ Sy = 2.76 TeV, 0-5% | | & W, Pb-Pb |'s,,, = 2.76 TeV, 0-10% (CMSE
- [l w 2% Pb-Pb |5, = 2.76 TeV, 0-10% (CMS)

v v by by by by by o by oy Iy
0 10 20 30 40 50 60 70 80
pT(GeV/c)
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See .alsé P. Steinberg (today)

QGP onset

e No energy loss in pA... but strong evidence 1n support of hydrodynamic behavior

[PHENIX (PRL 123, 039901)]

2 0.2|ll|||llllllll|lllllIIll|Illll::llIlllllllllllllllllllllIlllll
@_ ) hi’lpb_Pbl(AUCEl) .I e p—FI’b \qu j 5.02|TeV, N|SD (ALIICE) 0.18Fp*Au \s,, =200 GeV 0-5% (a) —5_ d+Au \s,, = 200 GeV 0-5% (b)
O 18F4k Popo (CMS) — * ¥, Pb-Pb \s =276 TeV, 0-10% (CMS) - 0.16f —® V. Data + PHENIX
- i ’ N I ] —4— v, Data I
8 6 [\ S = 276 TeV, 0-5% | | & vxg Pb-Pb I‘i“ =2.76 TeV, 0-10% (CMS), 0.14F v. SONIC 3
o l Y Z',Pb-Pb \'s  =2.76TeV, 0-10% (CMS) 0.12F == v_iEBE-VISHNU -
T o14f s : > 0.1 _ [ [t 3
' " ] 0.08 A g -
-yE ’
0.06 p e .
0.04 . ‘ I;I —-
0.02F 2 ran $ +
0 e o adiil ﬂﬂ? > ’La_f_LE - ¢
0 1 15 2 25 3 05 1 15 2 25 3
p_(GeV/c) p_(GeV/c)

Flow coefficients well reproduced by hydro
predictions, but not by initial state effects only

v v b by by by by by
0 10 20 30 40 50 60 70
pT(GeV/c)
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,-Soudi (2008.04928)]

Extrapolation from dense to light needs further understanding...

0.1fm/c 1.0fm/c

—_— —
QGP Hydrodynamic

Thermalisation expansion
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,-Soudi (2008.04928)]

Extrapolation from dense to light needs further understanding...

0.1fm/c 1.0fm/c

—_— ————{

QGP Hydrodynamic
Thermalisation expansion
—e
Energy loss
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,-Soudi (2008.04928)]

Extrapolation from dense to light needs further understanding...

0.1fm/c 1.0fm/c

—_— ————{

QGP Hydrodynamic
Thermalisation expansion
o —
2 Energy loss
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems """

[Sehlichting,«Soudi (2008.04928)]

e Extrapolation from dense to light needs further understanding. ..

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control

the 1initial state [Huss, et al (2007.13754)]
00 /s yw=7 TeV Lyp=0.5 nb™’ lynl<1.0

Future OO run similar to PbPb peripheral — — | | |
(better suited to system-size dependence) 1.10 - L —— ey ]
1.05 "mﬁmmmjgjfmmﬁ SR .
Future pO run crucial do reduce nPDF 1.0 B i R e —

uncertainties R f
_0.95
= §.99 1 E-loss models _
LU rwt EPPS16(90%CL)
0.385 [ BKK LO (scale)
BKK NLO (scale)
.80 —-=-= KKP NLO

0.75 - ——— stat. projection—

| | | | | | |

20 25 30 40 50 10 100 150 200

pr (GeV)
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems """

[Sehlichting,«Soudi (2008.04928)]

e Extrapolation from dense to light needs further understanding. ..

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control

the 1nitial state [Huss, et al (2007.13754)]
00 /s yw=7 TeV Lyp=0.5 nb™’ lynl<1.0
Future OO run similar to PbPb peripheral 1 — | | |
(better suited to system-size dependence) 1.18 - L —— ey ’
Future pO run crucial do reduce nPDF 1.0 B i e —
uncertainties R f
_0.95
Cold or Hot nuclear matter effects? = 9.90 ~— ' E-loss models
I rwt EPPS16/(90%CL)
Tra T = 0%, dE/dy = 3453 GeV JETSCAPE, T = 0%, dE/dy = 2766 GeV 0.85 i BKK LO (Scale) i
| B I 2 20 BKK NLO (scale)
| ) ' ~-—-- KKP NLO
Nucleon structure at g ‘ k o ok ., 0.75 |- o A sta’lc. projelction_
high energy: > 3 > | z
J 9y . - 20 25 30 40 50 70 100 150 200
8 4 0 ! 8 -4 0 4 8 ! PT (Gev)

(fm) x (fm)
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,«Soudi (2008.04928)]

. : . See also Mikuni, Klest (Tue), Lim, Radhakrishnan,
e Extrapolation from dense to light needs further understanding. .. Morales, Vitev (Th)

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control

the 1nitial state [Huss, et al (2007.13754)]
" 00 /s y=7 TeV Lyp=0.5 nb™] lyh]<1.0
5107? Y S R S DES IR SR EE R AR BN e A B R A ;
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10 “ & ” =
= [ ] BCDMS Top | Hix LHeC 102__ "
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M 163  Precision
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Wrapping up



Summary

Heavy-ions are a vibrant field full of activity
From far-from-equillibrium QCD to a fully thermalised medium
Quark-Gluon Plasma studies have entered precision physics era

Determination of energy loss, momentum broadening and structure of a medium-modified parton

showers

Future runs will provide crucial input to many of our current unsolved questions

HL-LHC, sPHENIX, LHeC, EIC...
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Summary

Heavy-ions are a vibrant field full of activity
From far-from-equillibrium QCD to a fully thermalised medium
Quark-Gluon Plasma studies have entered precision physics era

Determination of energy loss, momentum broadening and structure of a medium-modified parton

showers

Future runs will provide crucial input to many of our current unsolved questions

HL-LHC, sPHENIX, LHeC, EIC...

Thank you!
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Heavy-Quark transport coefficiéﬁis 2

B

[LA, Y-J Lee, M. Winn (2203.16352)]
Heavy-quark transport coefficients 1 - . 1 T T T 1 T

— —

i Lattice QCD
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é _ " mAltenkort et al. 21' ]

m B
mun®
-----
"
--------
n

ODing et al. 21'

3

L. Apolinario 34 DIS 2022



Soft vs Hard

Compilation of the specific shear viscosity as 10 [LA, Y-J Lee, M. Winn (2203.16352)]
[ | [ I I I I I | I I [ I | I I | [ | I | [ I

a function of temperature of the medium.
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Zg 1st SD

Ratio of zg JEWEL (PbPb/pp):
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1st and 2nd Emissions

- 12

11 Exponential fit
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