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— Heavy-lon Collisions —

e Ultra-relativistic heavy-ion collision Relativistic Heavy-lon collision evolution

® Quark-Gluon Plasma (QGP): new state

of QCD matter made of quarks and — it Initial energy
Wy density
gluons
N}
Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
t~0fm/c t~1fm/c 1~10 fm/c t©~10' fm/c
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— Heavy-lon Collisions —

e Ultra-relativistic heavy-ion collision Relativistic Heavy-lon collision evolution

® Quark-Gluon Plasma (QGP): new state

of QCD matter made of quarks and — I Initial energy
Wy density

gluons

Jets will propagate and interact

with the produced QGP resulting

into jet energy loss and changes on

jet substructure

Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
t~0fm/c t~1fm/c t~10 fm/c t~10" fm/c
Jet Quenching
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— Jet 1t Reclustering

® In heavy-ion collisions, formation time allows to select jets strongly modified by the QGP

LA, Cordeiro, Zapp, EPJC 2021
LA, Guerrero-Rodriguez, Zapp, EPJC 2024

Propagation through QGP 2: PbPb (PYTHIA + JEWEL) .
1.8 —
- 6:_ V/SNN = 9.02 TeV _I
Z-boson + jet: N '45_ pr,j > 30 GeV/c -
S pr.z > 60 GeV/c 7
3 1.2 , —]
= - — Inclusive .
= 1= —  Tiorm < 1.68fm/c =
< 0.8 —  Ttorm > 1.68fm/c —
~ - ]
~ 0.6F —
- PTjer -
0.4 Xiz = ]
- ’ Prz -
0.2 =
O: ] N RN N N R RN A NN U M A N .
O 02 04 06 08 1 12 14 1.6
Lj,Z
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— Jet 1 Reclustering

® In heavy-ion collisions, formation time allows to select jets strongly modified by the QGP

LA, Cordeiro, Zapp, EPJC 2021
LA, Guerrero-Rodriguez, Zapp, EPJC 2024

af {/snx = 5.02 TeV -
Z-boson + ealy 0 . .45_ prs > 30 GeV /e _f
More jet energy loss .8 '25 pr,z > 60 GeV/c -
g T E — Inclusive .
wi 1:— —  Tiorm < 1.68fm/c -
Small Jet formation time, 7, 5 0'8:_ — Ttorm > 1.681m/c B
™ — _
0.6 —
- PTjer -
0.4 Xiz = ]
0.9k Prz -
: I ] ] ] | ] ] ] | ] | 1 l ] ] E

O 02 04 0.6 08 1 1.2 14 1.6
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“Early = More Energy Loss
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— Jet 1 Reclustering

® In heavy-ion collisions, formation time allows to select jets strongly modified by the QGP

LA, Cordeiro, Zapp, EPJC 2021
LA, Guerrero-Rodriguez, Zapp, EPJC 2024

; . o ——
] Time Propagation through QGP o PbPb (PYTHIA + JEWEL) -
af {/snx = 5.02 TeV -
Z-boson + ealy 0 . .45_ prs > 30 GeV /e _f
More jet energy loss .8 '25 pr,z > 60 GeV/c -
g T E — Inclusive -
= —  Ttorm < 1.68fm/c -
Small Jet formation time, 7; 5 0'8;_ — Tiorm > 1.68fm/c B
= - .
0.6 —
- PTjer -
0.4 xj,Z — N
Z-boson + “late”-jet: . N Prz -
0 y 0-2:— E
B | T N N N R A BN M A I -
' Less Energy loss X0 0.2 04 06 08 1 12 1.4 16
0 5,2
“Early = More Energy Loss
Large Jet formation time, Ty “[_ate ” = Less Energyloss
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— Boosted tops —

e Time at which hadronic particles start to “see” QGP will depend on the boost of the top quark
LA, Milhano, Salgado, Salam, PRL 2019

References QGP Sizes
. ®EW unquenched o t,=10fm/c = @  T,=5fm/C
Time Decay inside the QGP I quenched e 1= 2.5 fm/c mmemm 1,=10 fm/c
(Tior (Unquenched) [fm/c]
q o 08 07 09 1 14 06 0911 14 19 23
v Cmducve —117ev T Femve aoTey
G - HE-LHC Vs, =11TeV  {[ FCCs, =39 TeV
L 21b™ pp, 30 nb™ PbPb - 2 fb™"pp, 30 ib™! PbPb
80 F SR S e ' m S SR
b _ I : : :
QV
L
= - 5 E : - : :
RN SRR e 48
o ' : : [ : :
Oz -
& .
70 . . D - A . Y o AP S
65 F- oo S _— 1L SR o 15% quenching _
O 100 200 300 400 O 200 400 600 800
Piiop (DiN average) [GeV/c]
I B e I
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— Boosted tops —

e Time at which hadronic particles start to “see” QGP will depend on the boost of the top quark
LA, Milhano, Salgado, Salam, PRL 2019

References QGP Sizes
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— Boosted tops —

e Time at which hadronic particles start to “see” QGP will depend on the boost of the top quark
LA, Milhano, Salgado, Salam, PRL 2019

References QGP Sizes
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2030
AMI|]IAS

2031
AM[I|]IAIS

OIN|D|3J

2032
AM[I|]IAIS

2033
AM[I|]IAIS

Run 4

T

PbPb goal: &; . ~ 13 nb~!

Small Systems @ LHC -

Reveal the critical conditions for QGP formation
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— Small Systems @ LHC —

Reveal the critical conditions for QGP formation

2030
AM I[JAS

2031
AMI[I[AlS

ON

Dy J

2032
AM I[JIAIS

2033
AM I[JAS

Run 4

PbPb goal: &; . ~ 13 nb~!

v Pb
2727
p
QGP % — | QGP

Pb

Pb
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— Small Systems @ LHC -

Reveal the critical conditions for QGP formation

2030 2031 2032 2033
AM I[JAS AM I[JAS AM I[JIAIS AM I[JAS

OIN|D{1|FIM

Run 4

1 j 1

t-Reclustering: Early QGP-tomography \

Pb

Boosted tops: QGP-tomography
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— Small Systems @ LHC -

Reveal the critical conditions for QGP formation

Citron, LA, Milhano et al., CERN Yellow Rep.Monogr. 7 (2019)
J|FMAM|J|J|A/S|ON|D{J|FIMAM| ]| J|A[S|O|N|D| J[F|M|AM|J| | A|S|O|N|D{ 3| FIMAIM| | ] |A|S|O|N|D} R ' ' X
Run 4
'

1 j 1

t-Reclustering: Early QGP-tomography

max distinguishable t_ (20)

Pb v Pb
40 50 60 7080 10°
W ‘ D ?2?2? V\Pb;equiv. jumi [nb
ﬁ ; \ LHC PbPb goall
QGP — I QGP I8 1 month run
% (estimate)
Boosted tops: QGP-tomography
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— FCC —

Reference for QGP studies

(a) CMS PbPb s, =2.76 TeV, 220 < NJ'™ < 260
[55 — 60] %

1< ptTﬁg <3 GeV/c
1< p"Ts‘”c <3 GeV/c

NN
N o o

1

dszalr
ng dAn dA¢

=2 &~ Ridge:
T

Collectivity effects

v
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= FCC —

Reference for QGP studies

(a) CMS PbPb s, =2.76 TeV, 220 < NJ'™ < 260
[55 — 60] %

1< ptTrig <3 GeV/c
1< p""Tss°° <3 GeV/c

nonpoN
> o o

1

dszalr
N,[rig dAn dA¢

SN 4 Ridge:
s

Collectivity effects

v

Ridge:
277
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(a) CMS PbPb s, =2.76 TeV, 220 < NJ'™ < 260

1< ptTrig <3 GeV/c

1< paTss°° <3 GeV/c

nonpoN
> o o

1

dszalr
N,[rig dAn dA¢

L. Apolinario

[55 — 60] %

- ; :
\

Collectivity effects

FCC

B
Reference for QGP studies
Uncover hadronization mechanisms and QCD confinement
LA, Elayavalli, Olavo, submitted to PRD
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C/A
(Order by angle)

Jet t-algorithm

Jet algorithms are a set of rules in which clustering steps follow a given metric order:

<ilild

From: K. Zapp (21)

Iterative distance between 2 pseudo-jets:

(Generalized-kt family)

— min(n?
di; = mln(pT,l, p

AR?

Y

L]~ R2

p = 0: Cambridge/Aachen (C/A) Dokshitzer, Leder, et al,

2
dl:]' OC HZJ

JHEP 1997
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— Jet t-algorithm —

e Jet algorithms are a set of rules in which clustering steps follow a given metric order:

QGP is an extended medium

C/A T Iterative distance between 2 pseudo-jets:

(Order by angle) (Order by formation time) (Generalized-kr family)

AR’

_ 2p 2p v
d; = min(p}!. p)—

p = 0: Cambridge/Aachen (C/A) Dokshitzer, Leder, et al,
, JHEP 1997
dij X Hij
| ‘ L L l p = 1/2: Inverse formation time (t) LA, Cordeiro, Zapp,
— - EPJC 2021
2
From: K. Zapp (21) d X Tform Pt 9
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— Jet Energy Loss —

e [n-medium interactions will induce additional QCD radiation:

“Vacuum?” jets “In-medium?” jets

QGP

Hard scattering Hard scat

HOO00O0000

(== ==
<.E- -E-
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- Color (De)Coherence

® In-medium interactions can break expected angular ordering pattern

e Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

Medium saturation
scale: Q7 = gL

Qs Transport
coefficient: g
Medium length: L
Qs 2 0y
Medium “sees” quark and anti-quark as
a single emitter
Coherent loss of energy
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- Color (De)Coherence

In-medium interactions can break expected angular ordering pattern

e Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

Qs 2 Oy

Medium “sees” quark and anti-quark as
a single emitter
Coherent loss of energy

Medium saturation
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-
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- ]
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- L ' ]
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e O ) [ S
' 1
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] ]

-
A} 1
A 1
A U
Q (o
....... -
...... S— [ TTTTmmUS -l L R .
crem— /Yy TN R e -
~ 2R
S e . .
~
S ] Y
= ' \
Seo 1 1
~
~ [] 1
I 1
L] 1
1 ]
L ]

Transport

coefficient: g
Medium length: L

O 2 ‘96151

Medium “sees” quark and anti-quark

independently
Incoherent loss of energy
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- (Anti-)Angular Ordering

® In-medium interactions can break expected angular ordering pattern

e Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

Mehtar-Tani, Salgado, Tywoniuk, PLB 2012

12 |

0, :
®© 10 [
© i
3 8f
g ; medium-induced
5 6 ] radiation ,
? 4+ vacuum
>  radiation
| o[

O | I N
0 0.1
In the presence of a QGP, emissions do not need to follow angular ordering...
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QCD Parton Formation time

e QCD Parton Formation time understood as the time it takes for a quark/gluon to radiate

E 1
7:fo rm
M, . M

virt virt

(Estimated from Heisenberg uncertainty principle)

First unclustering step

is the one with the

shortest formation

time
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