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Heavy-ion collisions

« Why heavy-ion collisions? 6 ﬁ'

ﬁ—

=) Heavy-ion collisions generate temperatures millions of times higher than the
core of the Sun (~10%*? K) and energy densities on the order of ~GeV/fms3.

Study of the fundamental properties of matter under extreme conditions.
Creation of the quark-gluon plasma (QGP).

=P Study of new physics through ultra-peripheral collisions (UPC)

Very clean environment that allows us to study rare processes.
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Creation of Quark Gluon Plasma

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

Initial Hard QGP Hydrodynamic

state collisions  formation expansion .

Time | | | T 3
MADAI Collaboration O 1 10 100 t (fm/c)
* QGP lifetime ~ few fm/c. ” Properties of the stream of free

« Study of the QGP performed through indirect signals. particles reaching the detector.
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https://madai.phy.duke.edu/

Heavy-ion collisions at the LHC
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Collective motion in heavy-ion collisions

 Initial spatial anisotropy — pressure gradients lead to final
momentum anisotropy of the produced particles.

« The QGP thermalizes developing collective behavior.

« Expansion of anisotropic distribution in momentum space into Fourier series:
" v, = flow harmonics

(00)
dN N
= [1+2 v cos(n(¢p — Wgp)) |
do 2m
n=1

Vo = Eliptic flow V3 = Trangular flow
Initial collision Event-by-event
geometry fluctuations

* Probe fundamental properties of the QGP: viscosity, degree of collectivity, and thermalization efficiency.
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Charged hadrons flow

ALICE: JHEP (2018) 103

Charged hadron V, ATLAS: Eur. Phys. J. C78 (2018) 997
LHCb: Phys. Rev. C 109, (2024) 054909
AMPT: NUCL SCI TECH 32 (2021) 113

< O3F HCh PoPb (5o = 5.02TeV | ]
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« AMPT simulations: string melting model that produces a dense system of partonic matter.
It includes quark coalescence.

« AMPT simulations overestimate the results at low p; (<2.5 GeV/c).
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https://link.springer.com/article/10.1007/JHEP07(2018)103
https://link.springer.com/article/10.1140/epjc/s10052-018-6468-7
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.054908
https://link.springer.com/article/10.1007/s41365-021-00944-5

Heavy-flavour hadrons flow
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CMS PLB 850 (2024)138389 PbPb 5.02 TeV (0.58 nb™ 055 Pb-Pb, 30-50% centrality -

02’ E Run 2, W_SOQTeV E
““[+Prompt D° (PLB 816 (2021) 136253) | 04F 3 Be o P bio om ey 21T

'*Do from b hadron decays . %ﬁ 0-3;_ Run 3, {5,y = 5.36 TeV (20% of 2023 Pb-Pb sample) =

S - L ° D, D* average .

. . 0.2 i -

N ol -. o : :
S ¥ o T, |
{ Lo T | . + 5
------------------ SRR 0.0 == ——————
C |:| Syst. from data E

: - N/ L un 2: > 0.
-. PO PP | Centrahty 0 100/0 e -. PO S WP WP TP RN PO L | 1.0 ‘310 {o. A _01:_ éE/:I%EREEEjAEE%E%z jSYSt' from B feed-down _E
0 5 10 15 20 25 5 10 15 20 25 —0.21' 2 3 4 567 '1'0 2'0 3‘040
P; (GeV/c) P, (GeV/c) p; (GeV/c)

» Sizable v, measured for charm and beauty hadrons as well.

« Mass ordering clearly visible (heavier particles flow less).
v, (charded hadrons) > v, (prompt D°) > v, (non prompt DY)

« Good agreement within uncertainties between ALICE and CMS results.
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https://www.sciencedirect.com/science/article/pii/S0370269323007001?via%3Dihub
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Heavy-flavour hadrons flow
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TAMU: PLB 735 (2014) 445
LGR: EPJC 80 (2020) 671
PHSD: Phys. Rev. C 78 (2008) 034919
Catania: PLB 821 (2021) 136622
LBT: PRC 94 (2016) 014909
LIDO: PRC 98 (2018) 064901
: Chinese Phys. C 44 (2020) 114101

Qualitatively good agreement between theory and data.
=P Use comparison to understand which physics effects are relevant.
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Eur Phys. J. C 83 (2023) 1123

N ALICE
- 30-50% Pb-Pb, s, = 5.02 TeV

el

ly| < 0.8

«  Non-prompt D°
[ ] Syst. from data

1. Radiative energy loss important to describe intermediate and high p.
2. Hadronization via recombination crucial to describe low and intermediate p-.
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https://www.sciencedirect.com/science/article/pii/S0370269314003591
https://epjc.epj.org/articles/epjc/abs/2020/07/10052_2020_Article_8243/10052_2020_Article_8243.html
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.78.034919
https://www.sciencedirect.com/science/article/pii/S0370269321005621
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.014909
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.064901
https://iopscience.iop.org/article/10.1088/1674-1137/abadee
https://link.springer.com/article/10.1140/epjc/s10052-023-12259-3

Antinuclel flow

ALICE Run2: PLB 805 (2020) 135414
Blast-wave: PRC 101 (2020) 014910
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 Blast-wave model tends to underestimate the data.

« Better description provided by coalesce model.
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https://www.sciencedirect.com/science/article/pii/S0370269320302185?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.014910

In-medium energy loss

* |nteraction with the medium constituents via

Fragmentation Fragmentation

e o in vacuum in medium
radiative and collisional processes.
o R =1 No modification Pb J Pb
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https://arxiv.org/abs/2211.15257
https://www.sciencedirect.com/science/article/pii/S0370269317310006?via%3Dihub

D meson energy loss

What about heavy flavour?
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 Theoretical models catch the data.
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https://epjc.epj.org/articles/epjc/abs/2020/07/10052_2020_Article_8243/10052_2020_Article_8243.html
https://link.springer.com/article/10.1007/JHEP02(2016)169
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905
https://link.springer.com/article/10.1007/JHEP12(2022)126

D meson energy loss

What about heavy flavour?
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« Theoretical models that include quark coalescence and collisional and radiative energy loss catch the data.
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https://epjc.epj.org/articles/epjc/abs/2020/07/10052_2020_Article_8243/10052_2020_Article_8243.html
https://link.springer.com/article/10.1007/JHEP02(2016)169
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905
https://link.springer.com/article/10.1007/JHEP12(2022)126

B meson energy loss

arXiv:2409.07258
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https://arxiv.org/abs/2409.07258

Charmonia

JHEP 02 (2024) 066
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https://link.springer.com/article/10.1007/JHEP02(2024)066

Excited quarkonia states
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https://link.springer.com/article/10.1140/epjc/s10052-008-0847-4
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054912
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.054901

Dielectron mass spectrum

Still about the QGP temperature

« Dielectrons (e*e™) are produced during all stages of
the collision.

Yield (log. scale)

« Unaffected by strong final-state interactions.

« Thermal radiation from quark-gluon plasma: ~e™™T
=P \Measurement of the QGP temperature.

Pseudoscalar and vector mesons (7% n, ’, ®, ¢)
Semi-leptonic decays of HF hadrons
Thermal radiation from quark-gluon plasma
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Dielectron mass spectrum

arXiv:2308.16704

Iémz :L:gfpbpw_mw @Elili;.l@ e * Implementation of a hadronic decay_ cocktall to be suptracted
8 b S2nstosdein <o _:E:ET?:;,:%:-T:j:_edeﬂ to the full spectrum to measure the dielectron thermal yield.

3 g’“ Jhp — e'e, e'ey ‘

1 — a5 — e'e (N,-scaled)  Measurement of the thermal dielectron in the intermediate

—bb - e'e (N _)-scaled)
---¢€ — e'e" (Ry,  ° -modified)

mass range (1.1 — 2.7 GeV/c?).

-E' :-1. IIIIII_I_I] IIIIII.III IIIIII.I.II IIIIII.I.I.| IIIII|.|.l|_I_i

107 ;E '\I‘I";fl;. j},*_“ : ---bb — e*e~ (RS~ “’-modifi)
okl L 1 m=p only HF-dielectron production relevant in this range.
10°5 B “-h
25 $ —— ”'v'“'q""w
%% 155 cuaw? 9 E
o ‘ T =+:m | E - Ratio between data and hadron cocktail compatible with unity
Si ;5 € Pt l:;:[tjﬁﬂﬂw m=p QGP radiation in the int.ermediat.e mass range (IMR) is
N B b absorbed by HF cocktail uncertainty.

Larger data sample and better control of HF background are needed to quantify the excess!
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Jet observables

Vacuum fragmentation In-medium fragmentation
Spha})r\t/(\?gr ............................. /(g
............ o >
T o,
......... Lt
nadronizator e i
adronization \4*

In the medium, partons lose energy and change direction through medium-induced gluon radiations and
collisions with medium constituents.

Various jets observables available to probe the interactions with the medium:

Energy loss Substructure modification Deflection

/-

-

.

<
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Jet Ry

Eur. Phys. J. C 84 (2024) 813

. . ) . . 2
High-p; hgdrons an_d jets allow to explore different Q:é s ALICE {55, =502 TeV :
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. N . 08t It
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shower. 041 ) E
Phys.Lett.B 790 (2019) 108-128 02 - - o ]
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. : Pt Ll > Single particle vs multi-particle energy loss.
05 """""""""""""" :'-";"-""L'-'l' """""""""""""""""""""" b .
pusas: o =0 - 10% » Jet broadening.
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NEEEN (T d luminosit . — it i i i
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https://www.sciencedirect.com/science/article/pii/S037026931830995X
https://link.springer.com/article/10.1140/epjc/s10052-024-12935-y
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Jet R, - substructures

Phys. Rev. C 107 (2023) 054909

lllllll T T T T TTT] T T

[o ] > 158 Gev
[ = | 158 < p* < 200 GeVv

[+ ]200 < p* < 315 GeV
[* 315 < p* <501 Gev

i

LI

CTTsET Tl

llllllllllllllllllllll

IIIIIIII

0.4 \i_
JETSCAPE (MATTER+LBT) :
0.2f [ ] ( + 2
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Strong dependence of jet suppression on r,.

More info on jet suppression from jet substructures!

< 1.6
T 1.4
1.2

1
0.8
0.6
0.4
0.2

0

=P |\ore collimated jets lose less energy and are

less suppressed.
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Lack of p; dependence of Ry,

Raa decreases smoothly with increasing ry,.

for jets with similar structure.

B |I|I Inclusive | ATLIAS ]
- [E1r=0 0-10%
- [570.00 < ry<0.02 -
~ [57002<r,<011 [ JETSCAPE |
- [=10.11< r <0.26 (MATTER+LBT)
© C026<7,<040 E
- a0 0 el ]
. - w ® . —
- ﬂ B ﬁ g WM @ £ ’
— L —
R .
M C N -
S pp5.02Tev, 260pb’ K A i .
- Pb+Pb 5.02 TeV, 1.72 nb” 2, =02 f -0 -
200 300 400 500 600

P2 [GeV]

20


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054909

Jet energy redistributions

Trigger

_ Arecoil (p T) AA Track
Ixn =
AA = Ty N
recoil ( pT)pp Recoil jet
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.014906

Jet energy redistributions

_ Arecoil (pT)AA
Arecoil (pT)pp

IAA

JETSCAPE: Phys. Rev. C 107 (2023) 034911
JEWEL.: Eur. Phys. J. C 74, 2762 (2014)
Hybrid Model (no wake): JHEP 01 (2019) 172
Hybrid Model (wake): JHEP 02 (2022) 175
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15 - TT{20,50} — TT{5,7} Elastic, Wake B
1 s
0.5F =

0 C 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | _I

0 20 40 60 80 100 120 140
GeV/c

pT,ch jet ( )

Hybrid: elastic energy loss (i.e. ‘Moliere’ scattering) medium
response with and without wake,

JEWELS: collisional and radiative parton energy loss
mechanisms. Medium response effects via treatment of recoils.

« The rising trend is qualitatively described by all the predictions.

* Hybrid model with wake effect and JEWEL with recoils on
capture the yield enhancement at low p-.

=P Medium response could be responsible for enhancement.

* Hybrid model and JEWEL predictions overestimate
the suppression at high p-.
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Jet energy redistributions

* In vacuum: transverse broadening due to gluon emissions (Sudakov broadening).

* In medium: deflection of the recoiling jet due to the interaction with the medium.

Angle (o) of the recall jet relative to trigger track axis:

PRL 133 (2024) 022301

TE 107" L ;D-:'p‘ . <20 GeVic 'i'ALICE lsu‘:pT_d*ll-cso GeVic I
® ¥ (s =502Tev A1recoil (p T)AA
:; 1072 _'__'_ﬂx Ch-particle jets, anti-k IAA =
o 200 TTE, Arecoil (PT)
> TT120.50] - TTI.7] ——r recoil \PT)pp
Qim“"‘ =¢=—|—*
3 e
< 107 —— Pb-Pb 0-10% o _ _ _
105 A=04.1y,1<05 —— pp | * Recoil jet broadening and jet yield enhancement
, , o meenany. in Pb-Pb for 10 < py ;. < 20 GeVi/c.

_ * Recoll jet yields suppression in Pb-Pb
| Sl o S for 30 < pr ¢t < 50 GeVic.

Ag (rad) © Ag(rad)
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Jet energy redistributions

« Angle (o) of the recoll jet relative to trigger track axis:

Trigger
Track

* In vacuum: transverse broadening due to gluon emissions (Sudakov broadening).
Recoil jet
* In medium: deflection of the recoiling jet due to the interaction with the medium.

PRL 133 (2024) 022301
L] L] L] T I L] T L] L] I L] L] L] L] I L]
ALICE 30<p < 50 GeVic
T,ch jet ]

V5o = 5-02 TeV E A
Ch-particle jets, anti-k- . recoil (pT)AA

I
. =% AA
TT{20,50} - TT{5,7} i_:t: ] A1recoil (pT)pp

————
<p < 20 GeV/c

T,ch jet

* Hybrid model captures the yield enhancement at low p-
—— Pb-Pb 0-10% §

~=pp ] but no broadening effect predicted (even with wake on).
[JSys. uncertainty

107° - _
e R =04 In, | <95

1ok T T T amese + 4 JEWEL with recoils on describes the 1,, in all the
—— JETSCAPE (Matter+LBT) ¥ PACDELO + ; No Elastic, No Wake . . ) AA
== oo | GmomenSECS ST measured pyrange, including the broadening effect
< T PN + == (@ L) = 26 GeV* aste, Thare
iy 1E---A _;;...-------.;%E:EEE:: ...................

L £ ' -1 All features of distribution reproduced by JEWEL with recoils on.

VZE =1 mmsPp Observed broadening consistent with medium response
2 25 S € e J rather than Moliére scattering.
Ag (rad) Ao (rad)
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Jet axis decorrelation

« Study of jet-axis decorrelation through the observable Aj:

Aj = \/ (Dr—creme = Pwra)® + e —ccheme — MWTA)” * E-scheme axis from four-vector sum at each
step of clustering:

» average energy flow of jet
» sensitive to soft radiation

* Winner-Take-All (WTA) set axis to harder
prong at each step of clustering:

» leading energy flow of jet

* Modifications in E-scheme — WTA correlations as a probe of the jet-medium interactions.
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Jet axis decorrelation

arXiv:2303.13347

- ALICE ® pp 1 + Relative enhancement at lower and suppression at higher Aj in Pb-Pb
40 VS =5.02TeV W Pb-Pb0-10% . .
- Ch-particle jets, anti-k, Syst. uncertainty - w.r.t. pp collisions.
30- my, WTA-Standard E
- Mooy <P < : : . - :
20/ o o h ST 1« Same Aj trend observed when comparing Pb-Pb central collisions with
103 . 3 . E peripheral collisions.
- . . n i i f . ]
25\ emmbes T JEWeL Fzﬂlgﬁ E CMS Preliminary _ PbPb, |s,, = 5.02 TeV (0.66 nb)
15 P P E ' 120 < p2*' < 150 GeV |
A o4 3> PP—P distribution dominated by Z ecentrality: 0-10% |
05 3 quark-initiated jets? 50 ;! = m centrality: 10-30%
oF ' ' b (L =0) . _initi : —_ A centrality: 30-50%
: H;brid (Lygs = 2/T) _gluon Initiated j-etS are exp_ected to %|-§ I == v centrality: 50-80%
Hybrid (Lyes = =) interact more with the medium. -z | o ]
10k anti-k; R =0.4 ]
e B <16 -
: =y

Ratio to 50-80%

e Hybrid, JEWEL and JETSCAPE MATTER+LBT catch the data.

0.6_ L L 1 1 | __
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Energy-energy correlators

« EECs measure how energy is distributed within a jet.

 Ability to separate with a single observable, perturbative and non perturbative regions.

N T B e
Ar = Ary; \/ (m: —n;)" + (¢ — ¢;) a7 Angular distance pairs of particles
within the jet, weighted by the

product of their momenta.

(0.e] (0.e]

z z (pT,L' pT,j)n

jets €[pt,1,pT,2] pairs €[Ary, Arp]

EEC(Ar) =

pairs

* In heavy-ions collisions, EECs proposed as probe of
medium color coherence and jet wake effect.
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Small Ar:
hadron phase

EEC

transition between
hadrons and
partons phase

« Models with jet wake and color coherence show qualitatively similar

10 | anti-k. R =0.4
e n | <1.6
-~ | = jet
: : -— p"h >1 GeV
" CMS Prelimpinary n=1
5 PoPb 0-lo% =

Sep +f\ﬁ
1 :_ : 1I++
L1 | | | 1 | L1 | | |
1072 107"
Ar

Energy-energy correlators

Intermediate Ar:
transition toward
hadronic phase

1.70 nb™' PbPb (5.02 TeV) + 302 pb™' pp (5.02 TeV)

I 120 < jet p_ < 140 GeV

behavior as data but cannot describe it.

« Pb-Pb enhancement in large Ar non described by any model.

Large Ar:
perturbative
parton shower

Hadron, transition, and free quark/gluon regions
visible in EECs.

Pb-Pb enhancement in small Ar (hadron regime).
=P nergy loss moves the peak to smaller Ar.

1.70 nb PbPb (5.02 TeV) + 302 pb ' pp (5.02 TeV)

1.5

CMS Prel/mmary 120 < ]et pT < 140 GeV |f
anti-k; R=0.4

In J<16 &

=== PbPb 0-10% / pp
[ Hybrid, no wake
[ Hybrid, pos. wak
E Hybrld fuII wake

e p°h>1GeV
n1

: o
)]
lYlI]IIIIIIIIlIII

Data syst unc. — - Data stat. unc.

II]TI
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Flash slide on small systems

Several effects discussed in this talk were considered as unique signatures of the QGP formation in

heavy-ion collisions w.r.t. the basiline provided by small systems.

v,{4]

o
N

pp: PLB 829 (2022) 137065

p-Pb: Phys. Rev. C 104 (2021) 054905

0.15

0.05

0.1

pPb 186 nb' (8.16 TeV) + PbPb 0.60 nb™” (5.02 TeV)
AN BN BN NLELELE NLELEL AL BN NI BLELEL B

:— CMS Preliminary

og

185 < N2/ < 250
4 subevent

by

« pPb 8.16 TeV
o PbPb 5.02 TeV

Pb- Pb PhVS Lett B 839 (2023) 137796

~30 1214 76
(GeV)

P;

1]
18

e 1_4_AL|CE |y|<05_,
+<U -
1_2_o pp. Vs =13 TeV — stat. —
L ¥ pp, Vs =502 TeV [ ]syst.
1 4 p-Pb, |5, = 5.02 TeV extr. —
- = Pb-Pb, \s, =5.02 TeV [ total
0.8 —
0.6~ t Voo
.
0.4 4y S
0.2 e*e E
G
Il Il 11 Hl 11 II\‘ 1 111 \\II‘ Il 11
1 10 10° 10°
(dN . /dm) 05

Collectivity

Charm baryon enhancement

PRL 131 (2023) 061901

I
LHCb pp »f_— 13 TeV
0-9; : pp—BB+X 5.4 b 1
0&L iiete—Z"—>BB =
; J e —)} {“'\]H){‘l[j‘ ]
0.7F —PYTHIAS8 (CR) 7]
= 0eb --PYTHIA8 (W0 CR) | -~ 3
5 0'65 — Linear fit 7
= 05 ]7*
0.4; Jﬁ(ﬁ -
0.3E ﬂ ¥ ]
02671
0.1;— (a) 0<pT<6GeV/c
0_ | | | | | I | | L 1 | L

0 2

4

NVELO / NVELO

6

tracks tracks NoBias
Strangeness enhancement

Hadronic colliders revealed a totally different situation: presence of phenomena so far associated to QGP
formation in hadronic small systems as well.
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UPC collisions

+ Ultraperipheral collisions (UPCs) occur when a virtual photons interact w/o nuclear overlap.

« Absence of hadronic interactions.
M=) cleaner and easier to interpret final state

« Access to parton distribution functions (PDFs).

M=) probe the parton distribution functions over
a wide range of Bjorken x.

;' 7 ’P mm‘%/////////////////////////// « Access to rare processes.

| m=) photon-photon collisions, photonuclear
interactions
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J/Psi in UPC

PRL 132 (2024) 162302

v + Pb collisions are sensitive to gluon distribution inside nuclei:
Incoherent y + Pb — Jiy + Pb
» Coherent production: probe the averaged gluon density. T ALICE, Pb—Pb UPC {8, = 5.02 TeV
» Incoherent production: probe the local gluon density fluctuation (gluon saturation). &  H™, ALICE incoherent Jiy, ly| < 0.8
.g B —+—"~'f.::h —+- Uncorrelated stat. + syst.
Bjorken-x = NG _+_,_° el Correlated syst.
- -3 - ! — b
R 19{? | 10|”H o 194 1{)“5" T 102 o~ e
2 10° 4 o> = £ a0 e Teel
= F ¢ ALICE, Pb-Pb |s,,, = 5.02 TeV (arXiv:2305.19060) | 2 = % WQ?J;: e - \\
E T & CMS, Pb-Pb {5, =5.02 TeV (arXiv:2303.16984) 1m0 i i ~ . R
= & Guzey et al., using ALICE Pb-Pb |/s,, = 2.76 TeV (PLB 726 (2013) 290-295) . 'U m B - .. \\ "~ T
© 4 Contreras, using ALICE Pb-Pb |5, = 2.76 TeV (PRC 9 (2017)015203) -~ | |0 |< i \\‘ T,
r Impulse approximation a7 — : I'II'I \"‘--...:‘
-~ STARIight P w|T i N
10— _ EPS09LO Shadowing “,/—: 5'5 e “"*1‘:'-.,‘&
C LTA P - B -7 —~ - a- -hs i~ —
T ----GG-HS S —----""_.-,---_'I_;ﬂ}]-..[ﬂ--[*]" ] § § 103 -= MS-p .~
- -bBKA S [ - | NS - —=- GSZ-eldiss
I 1TRE [ - GSZel g a
et = W o L 1 L . |
e - 8 150 - o
s Coherent y + Pb — J/y + Pb 3 S LR P e
§ L L , ] 8 05 ¢ ¢ 0 .
20 30 40 50 12 20 107 = 00——755 0.4 06 08 1.0
W o, (GV) It (GeV?)
« Lower-x  Dbetter described with models including

shadowing/saturation (

, b-BK-A)).

Models cannot describe the data

Interplay between shadowing and gluon

« Higher-x better described by Glauber calculation (STARIight). saturation needed to catch the data
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DO photonuclear production in UPC

« Photonuclear D° production in UPC collisions. 1020M3 Preliminary 1.38 nb™ (5.36 TeV PbPb)
g* ;llllIIII[T]1I|III[[[IH]111]'|III[IIT]]]III|II[§

. . - D - .

«  XnOn Pb-Pb events with rapidity gap: gDﬁ B ZDC XnOn + reflected OnXn w/ gap -
(measurement performed also in OnXn) £ 10¢ Qlobal uncert. £5.06%

%P E O | E

no neutrons (On) > 1 —

4 in the Zero Degree Calorimeter (ZDC) % = 3

Rapidity gap in the hadronic “o - [ - -

> forward calorimeter (HF) 107 S | ¢ ] E

—eeee g ‘—]+ . ° ;

10_2;_ [+ | _

L — : =

- [+ 1 1

at least one neutron 10_3:_ -2 < p. < 5 GeV _:

in the ZDC (Xn) E + 5« p < 8 GeV E

- +8< p <12 GeV ]

10—4 I 11l | 11 I 1 I (| | L1 11 | L1 11 I 11 I| L1 | L1 11 I L1l

2 15 1 05 0 05 1 15 2
. o D"y
» Clear rapidity dependence of the DO cross-section with respect to AN\ .00000
the incoming photon direction.
DU\C.QQQQQ J\/\/\.AVDO
« Constraints on PDFs with a clean probe in a large regime of (x,Q?2). "W" -,
» C C ‘.“
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Magnetic monopoles via
the Schwinger mechanism

M

in UPC:
Pb*
Pb . o
M
M
Pb*
Pb e

agnhetic monopole search in UPC

Events / bin

Data / Bkg.
oo —

arX|v 2408 11035

T I T 1T | L ‘ T 1T 17 | T 1T I | T T
ATLAS ‘. Data 262 pb1
[ Background
108k Pb+Pb ysy =536TeV ./ Bkg. uncertainty
5 — Signal, m = 100 GeV
10

CR1{ VR SR

a N =
L S L

ooio_k' i
ol

3 events in SR, consistent with background estimate (4 + 4).

Better cross-section upper limits w.r.t. MOEDAL for MM in
mass range between 20 and 150 GeV.

102

GUPC [ub]

10
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npixCl
T =(1/npixc) ) |Fi <Al

1=1

T > 0.95 for signal events

MOEDAL Nature 602 (2022) 63

T IIIIIIl

T \I\IIII

T IlHIIl

T

T T T T T T T T T T T T T T
I I \\ I I I_
ATLAS ‘._\ 3
R \‘ 7
Pb+Pb (5, = 5.36 TeV, 262 ub" .\
NN .\ -
FPA Model
-1 E
g,/ =1g, ‘ E
Observed 95% CL limit AN 3
------ Expected 95% CL limit -
Expected 95% CL limit +1c 7
Expected 95% CL limit +2¢ _
—— —— - FPAModel, (s, = 5.36 TeV
--------- FPA Model, {5, = 5.02 TeV —
————— MOoEDAL observed 95% CL limit, {Sy = 5.02 TeV
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LHCb

ALICE 2

LS 3

Phase Il upgrades

LHC program timeline

Run 4 LS 4

Muon chambers
FCT

ALICE:

upgraded Inner Tracking System (ITS 2)
Muon Forward Tracker (MFT)

Fast Interaction Trigger (FIT)

Renewed data processing (0O?)

LHCb:

upgraded Vertex Locator (VELO)
Upstream Tracker (UT)
Scintillating Fiber tracker (SciFi)
+ Si Photo-Multipliers (SiPMs)
Renewed data flow

ATLAS and CMS:

- new trackers with CMOS technology
- mcoverageupto4

- faster readout electronics

- New zZDC

- CMS high-granularity calorimeter (HGCAL)
- ATLAS high-granularity timing detector (HGTD)

ALICE:
- ITS3
-  FoCal

Absorber
Magnet

ALICE 3:

- Excellent pointing resolution
- Large n coverage

- Exceptional PID capabilities

ALICE 3

ECAL
RICH

TOF
Tracker

Vertex detector

LHCb:

- full centrality range in Pb-Pb
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Conclusions

« Heavy-ion collisions provide a unique environment to explore fundamental aspects of QCD.
« Experimental evidences confirm the creation of a hot nuclear medium with deconfined color charges (QGP).

» Understand the initial state effects.

=) |nitial anisotropy converted into anisotropy of the
final state particles. QGP behaves like a liquid.

» Probing QGP with penetrating particles

) Energy redistribution in the medium through both
radiative and collisional energy exchange.

» UPC to probe PDFs and to explore new physics.

Heavy-ion physics program will continue throughout the entire life of the LHC!
) Detector upgrades to enable precise measurements of new observables

Luigi Dello Stritto, PIC 2024, 22/10/2024 35
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Theoretical models

Collisional

Radiative

en. loss en. loss Coalescence Hydro nPDF
TAMU X
LIDO
PHSD X
Catania )(
MC@sHQ+EPOS
LBT
Cujet 3.1 X

But more importantly: different implementations and input parameters.

Luigi Dello Stritto, PIC 2024, 22/10/2024

TAMU: PLB 735 (2014) 445

LGR: EPJC 80 (2020) 671

PHSD: Phys. Rev. C 78 (2008) 034919
Catania: PLB 821 (2021) 136622

LBT: PRC 94 (2016) 014909

LIDO: PRC 98 (2018) 064901

Langevin: Chinese Phys. C 44 (2020) 114101
CUJETS: JHEP 02 (2016) 169
MC@sHQ+EPOS2: PRC 89 (2014) 014905
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J/Psi in UPC

« v+ Pb collisions are sensitive to gluon distribution inside nuclei:

» Coherent production: probe the averaged gluon density.

» Incoherent production: probe the local gluon density fluctuation (gluon saturation).

do p/dlt] (mb c? GeV?)

Model / Data

-
o

ALIGE Pb+Pb — Pb+Pb+Jiy s, =5.02 TeV

e =

-és\\_\ ALICE coherent J/w, |y|<0.8 1
B . + Experimental uncorrelated syst. + stat. ]
i Sy Experimental correlated syst. i
h \‘\-\,\ UPC to yPb model uncertainty
B '\E - i
™, \'\,\

| STARIight (Pb form factor) " i
- --- LTA (nuclear shadowing) AN =

- — - b-BK (gluon saturation) \I ==

N

B \ \.\ —

N

N
1 L | ; i : L
B ° o STARIlight/Data_|
B “ o LTA/Data |
g 9 ° . v b-BK/Data
R S e e
0.002 0.004 0.006 0.008 0.01 0.012
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PRL 132 (2024) 162302
Incoherent y + Pb — Jiy + Pb

T L ALICE, Pb-Pb UPC {8y = 5.02 TeV
& _'i_““'h.h ALICE incoherent Jiy, |y < 0.8
.g ==, —— Uncorrelated stat. + syst.
£ RRETR Correlated syst.
N e
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T 102N W teemmeell
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- ‘. \ “a T
. ~ g
\ "-\-‘
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~ "s_‘
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It| (GeV?)
Models cannot describe the data
Interplay between shadowing and gluon

saturation needed to catch the data.
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Charm quark hadronization

1. Modified hadronization « Similar enhancement in pp collisions also for
heavier charmed baryons (X %+, & 0+, Q).

\C\I\ 0.8 L R L ) 06 [T |C T Tt T
@ E ALlCE - _ - -'(_U' O ALI E o EO/DO - BR unc. S T T T T T T T T T T T T T
cg 0.7 — |y <0.5 Pp. 15 =13 TeV E 0.5F PP; s=13TeV, EZ/DO o % 1 éggggnia (coal.+fragm.) AHICE
- - (@) - - = L ' - - =
:,:\ 0.6 E - PYTHIA 8.243, Monash 2013 - 8 - ly| < 0.5 s SHM+RQM &9 1 [ :gaétpa‘\nma (coal.+fragm.+res.) pp. Vs [};I|3<T§\5/
2P - PYTHIA 8.243, CR-BLC: 1 EQ4F -w-e Catania (coal.+fragm.) 1§ 107 o= — '
05 Mode 0 ---vm- Mode 2 4 O CoW T acM X 102 - iMonash CoMode2 BRI — Q) = 0,519 1%
LT Mode 3 1z . PyTHAs243 4 10 [IMonash [_]Mode 2 € R S
- SHM+RQM o -
0.4 N W CatarJ{ia g-. 033 ....... m2325§ .
u QCM S Mode 2
0.3 g _________ M BR uncertainty @02 n —— Mode3 -
0.2 - :
- /e X1O B
QAP - E
E 11 1 { 11 1 | 11 1 I 111 | 1 1 I“ ‘/”‘I 11 -l-.;--\:-’l-;":.::l : O : I I I I I I l : : : : : O 2 4 6 8 1 0 1 2
> 4 6 8 10 12 14 O 2 4 6 8 10 12 14 p (GeVic)
ALI-DER-493901 pT (GeV/C) ALI-PUB-487391 pT (GeV/C)
« Pure fragmentation models underestimates most of the charm baryon to meson ratios.
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Baryon-to-meson ratio vs multiplicity

1. Modified hadronization PLB 829 (2022) 137065
- R L B B B LN LR B BN B
o T AucE 4 Y.ChenandM.He  PYTHIA 8.243 - _ _ o
c» [ Ppis=13TeV.ly[<05 T F CE-SHmodel  —— Monash 1+ Increasing trend with multiplicity.
< 08 N,,, multiplicity classes T CR-BLC Mode 0

(dN_/dm): ALICE; PYTHIA; SH model g CR-BLC Mode 2

j = 31 29 31 B  CRBLCMode3 ]

0.6k —— 378 406 378 I _m_ h

i\ T | + A,Y/D° ratios in pp are enhanced

- w.r.t. e*e- collisions, also in the
lowest multiplicity interval.

—p [ragmentation fractions of charm quarks are not a universal process among different
collision systems.
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Baryon-to-meson ratio vs multiplicity

1. Modified hadronization

B
o |
< 08}

0.6}

0.2F

—
ALICE

pp. ¥s=13TeV, |y| <0.5

N, multiplicity classes

(dN_/dn): ALICE; PYTHIA; SH model

PLB 829 (2022) 137065

L LA L IR L
Y. Chen and M. He

‘i CE-5H model

PYTHIA 8.243
== Monash 1

CR-BLC Mode 0 |
2] CR-BLC Mode 2 A

—— 3.1; 2.9; 3.1 CR-BLC Mode 3
—— 37.8; 40.6; 37.8 |
0.4 {8l .
T it F!M\MM‘“\“\.:
L I L J 1 I L I 1 IHI L I I 1 1 1 I I L T-—-I
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PYTHIA Monash = simple string
fragmentation model. Fragmentation
functions tuned on e*e-.

Skands et al, Eur. Phys. J. C 74 (2014) 3024

- PYTHIA CR-BLC = string formation beyond the leading colour apprOX|mat|on Baryon productlon enhanced

via junction. christiansen & Skands, JHEP 1508 (2015) 003

q

%>—<

q

q

- CE-SH + RQM = canonical ensemble statistical hadronization model including feed-down from addltlonal
excited baryon states predicted by the Relativistic Quark Model (RQM). Hee & Rapp, PLB 795 117-121 (2019)
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https://link.springer.com/article/10.1007/JHEP08(2015)003
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://www.sciencedirect.com/science/article/pii/S037026932200199X?via%3Dihub

Integrated prompt A.*/D° baryon-to-meson ratio

p—Pb: Phys. Rev. C 104, 054905
Pb—Pb: arXiv:2112.08156

2 4L ALICE y]<0.5-
< op (52 13 TeV e - + The p,-integrated A_*/D° ratio vs multiplicity in
v pp, {5=5.02TeV T syst. ] pp, p—-Pb and Pb-Pb measurements are
1 4 p-Pb, |5, = 5.02 TeV extr. - compatible with each other.
-~ m Pb-Pb, |5, = 5.02 TeV N total .
0.8 ]
0.6/ § t E ) - « Re-distribution of p; that acts differently for
0.45 L0 N \ - baryons and mesons. No modification of
] - overall py-integrated yield.
0.2 -
B 11 IIIII| | 11 IIIII| 11 IIIII| | | I_
1 10 102 10°
AN ./dm),<05

Same mechanism in all collision systems? Modified hadronization? Radial flow?
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https://arxiv.org/abs/2112.08156
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905

Flow In heavy-ion collisions

v,{2,|An| > 0.8}

2. Collectivity « Collectively expanding medium: modification
dN N > in momentum and angular distribution.
= [142 ) vycos(n(p — Yep))]
dp 2m L
i 20-30% | ALICE | ‘L\\\\ //‘
Pb-Pb s, = 5.02 TeV 8o = 3
!‘Ei * | | < 0.8 .
i - i T e h 5 p(P)
'+; o ol A(R)
¥ SRR B D
s . # =)
o Kg % QQ)
p. (GeVic) arXiv:2206.04587 « Mass ordering at low p; (heavier particles

flow less).

« Baryon-meson splitting at intermediate p-:
flow + recombination at the quark level

Luigi Dello Stritto, PIC 2024, 22/10/2024 43


https://arxiv.org/abs/2206.04587

Flow 1n small systems

2. Collectivity
) T T T T T
G ALICE Preliminary Improved template fit
Vv 02 5 Pp s, =5.02TeV X
g VOA, 0-20% - H | N
v * H H M H « Mass ordering and baryon-meson splitting
e 11 5 BB ﬁ \ \ observed in high multiplicity p-Pb and pp
o) &gi F 'S collisions as well.
o ' .
A E 1/ B | —
> -
0.05 ig: ; A[%CF Hydrgcioal'frag ﬁ | * Model with hydrodynamics, quark coalescence
| o / 177,2 D’ér ; and jet fragmentation describes the data.
Zs/ ®p@) [P
O = 1 1 1 1 1
0 1 2 3 4 5 6
P, (GeV/c)
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Flow In the heavx-ﬂavour sector

2. Collectivity Do heavy quarks participate in the collective expansion?

JHEP 150 (2019)

N ] l T I 1 | 1 I L] | I I I . . .
> b o pb (s =502 Tev I Non zero anisotropic flow measured in Pb-Pb
02 L IShn = > ] collisions for charm heavy flavour.
OO0y,
&%

0.1 —;’ e ¥ % o @ — * vy(™) > v,(prompt D°) > v,(J/¥) at intermediate pr.
ﬁ o “"[+] s ‘% . =) |arger flow for light quarks.

o 1, l¥|<0.5 , ALICE
® Inclusive J/Jw , 25<y <4 ALICE

0.1+ o Prompt D°, [y] < 1, CMS —
L | | | L | | L 1 1 | L L ] | 1 L
2 4 6 8 10 12 14 16
P, (GeV/c)
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Flow In the heavx-ﬂavour sector — Small systems

2. Collectivity
po— q—% Pb

CMS 186 nb™' (8.16 TeV)

[T T T T T T T T T T T
03 W I<1 CGC (Zhangetal)  — |
: O Kg ® Prompt D’ - - - Prompt D° | 5
- b A B D’ from b hadrons —— Prompt J/y : :U
. N0 112
o2l 12< |y|ab| <24 D" from B mesons | 0o
| <= Prompt J/y - G > ) S
§ 11w
-?J:;\l B E E] :l‘} |:"}| 1 P~
u EI 0 . B
01— O . ¢ ————— oy — 100
- D EBJ _ ,{’ - . - - % . H
B s . ~ . D i [ —
O - < =
s T8 o il
] 4P 'i' J [
=)
___________________________________________ %
4 1O

| | |

« Charm quark anisotropic flow measured in
p-Pb and pp collisions as well.
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Flow in the heavy-flavour sector — Small systems

2. Collectivity
po— q—% Pb
60'14: ALICE [ 1.P-Pb V5, =8.16TeV, 203 <y <353 >N0.15j' 111111[1 >
b pusk L~ p-going, VOM: (0-20%)-(60-90%) ~ ATLAS po—r<ep ||
ga teb o 1 PPb. |5, =502TeV, 203 <y, <353 - pp V=13 TeV 11&
- ing, VOS: (0-20%)-(60-100%) i ; 1T
> 01 (o] > o, p-F: (S =5.02TeV,-1.26<y__<0.34 0.1 N5°>60 p— 13
0.08:_ p-going, VOA: (0-20%)-(60-100%) - e . ) :
: L.} - " S
0.06-  #7 l 0.05[- ., ! Jlo
® -+ m B m - E %
o.04- & + i s
: + kg OF « Charged hadron I l | 1
0.02 » 9 | & | | Il )
- - o Co ¥ I 19
& | - ] ! 41
O | - b-u 412
C -0.05} e | Lo ool oo dapae Vogas )
_O 0 .—l | % B W L | 85 P l | &% W= | < li L) LJJ Ll J b &1 BNl WA 1 Rkl l V &1 l | B SRS l | &3 B A . - e i S
212 3 4 5 6 7 8 9 10 o 1+ 2 3 4 5 6 7 8
p. (GeVic) P, [GeV]
« Charm quark anisotropic flow measured in « Beauty quark anisotropic flow in small
p-Pb and pp collisions as well. systems compatible with O.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.082301

Quenching

3. Energy loss

Nuclear modification factor

Rapa = —

1 d*Nga/dppdy

<j\ coll > d? j\rpp/dp’l’ dy

27.4 pb™' (pp) + 35 nb™ (pPb) + 404 b’ (PbPb) 5.02 TeV

1.5~ Mgyl <1

= RPA [ T, uncertainty CMS
[e1R,, [ T, uncertainty
[ ] pp lumi. uncertainty

6€0 (LT0C) 70 dIHT 'SD

1

Fragmentation in vacuum Fragmentation in medium

Measurements presented until
consistent with the presence of a small-sized
medium in pp and p-Pb.

now are

Absence of suppression in p-Pb collisions.

Quenching in small systems yet unobserved.

Luigi Dello Stritto, PIC 2024, 22/10/2024
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https://link.springer.com/content/pdf/10.1007/JHEP04(2017)039.pdf

Quenching

3. Energy loss

1 d*Nga/dppdy
<jvcoll> dzjvpp/dpldy

Raa =

(0202) £ d3HT

3III|III|III|III|III|III|III|III|III|III|I
- p-Pb, \Syy = 5.02 TeV ALICE
Lbec— (e +e)2 -1.06<y <0.14
2 5 | cms _
L ~&- Minimum bias trigger (PLB 754(2016)81)
- Trigger E S’ > 7 GeV
2 - Trigger E Sy’ > 11 GeV ]
i . Normalisation uncertainty
o L
D:“a 1.5 —
i I\
I % ]
LI '-!Ki%b'l’!‘ﬂ!!\(!ﬂ!! = il L LR A RN ==
f B il
i 77 Incoherent multiple scattering i
05— W Coherent scattering + CNM energy loss —
I FONLL + EPS09NLO shadowing |
i = Blast wave calculation ]
O_III|III|III|III|III|III|III|III|III|III|I_
0 2 4 6 8 10 12 14 16 18 20

P, (GeVl/c)

Fragmentation in vacuum Fragmentation in medium

now are

Measurements presented until
consistent with the presence of a small-sized
medium in pp and p-Pb.

Absence of suppression in p-Pb collisions.

Quenching in small systems yet unobserved.
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https://link.springer.com/article/10.1007/JHEP02(2020)077

Integrated prompt A.*/D° baryon-to-meson ratio

p—Pb:Phys. Rev. C 104, 054905

Pb—Pb: arXiv:2112.08156

o T T T T ] | L B
9 09t ALICE, |y| <0.5 E
“’085—. pp, [s=13 TeV —
< % - = pp, (s=5.02TeV E
0.7 ¢ p-Pb, (s, =5.02 TeV E
0.6f m =
055 |ty =
0.4F =
0.3E PYTHIA 8.243 E
~E Monash 2013 —e— stat. ]
0.2 = CR-BLC Mode 0 ] syst. =
E CR-BLC Mode 2 extr. =
0.1 = CR-BLC Mode 3 -
E | 1 | | | 1 | | 1 I | 1 | | 1 | I | :

0 10 20 30 40
(AN, /dm)<05

« The p;-integrated A */DP ratio vs multiplicity in
pp, p—-Pb and Pb-Pb measurements are
compatible with each other.

* Re-distribution of p; that acts differently for
baryons and mesons. No modification of
overall py-integrated yield.

Same mechanism in all collision systems? Modified hadronization? Radial flow?

Luigi Dello Stritto, PIC 2024, 22/10/2024
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https://arxiv.org/abs/2112.08156
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905

Integrated prompt A, */D° baryon-to-meson

D [ T T T T 11717 | 1 IIIIII| 1 1 I_
- ALICE 0T 4 6 GeV/c_
SR AP Pr>0% <Pp<8GeVIC  ph.Phys. Rev. C 104, 054905
+ 0 - T :
1.2 _ - —+ — .
< - EE: g;;ziv :I:;i T m 1 Pb—Pb: arXiv:2112.08156
1:_ A p-Pb, |5, =5.02 TeV extr. el E
osk * Pb-Pb, |5, = 5.02 TeV total T R
- N
0.6F N N+ ]
ST - W g [Jﬂ
oaf § OH - :
0.2f + -
: Lo el Lo sl 0ol L |:: Lo v el AN RET] rovov el L1 |-
1 10 10? 2 10 10? X

10 10
(dNg/dm) <05 (AN/dm)yi<o5

« The p;-integrated A, */D° ratio vs multiplicity in pp, p—Pb and Pb-Pb measurements are compatible with each
other.

« Re-distribution of p; that acts differently for baryons and mesons. No modification of overall p; -integrated yield.

Same mechanism in all collision systems? Modified hadronization? Radial flow?

Luigi Dello Stritto, PIC 2024, 22/10/2024 51


https://arxiv.org/abs/2112.08156
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Flow In small sxstems

2. Collectivity
= T T T T T =3 J R ' I !
- ALICE Preliminary Improved template fit © ALI?_E Preliminary Template fit method
v eer - = v s=13TeV
X p—Pb \s,, = 5.02 TeV 2 015 PP |
g VOA, 0\1;275'0/o H ‘ H g VOM, 0-0.1% I )
- Vv
< 0.15[ M . m - - : E .
S Bﬁi ‘ " i 5 01f E J 3 EQ _
o e o n
N 0.1 E ‘ E = &
>N E E }N ] ﬂ
W¥% / ALICE Hydro-coal-frag ﬁ R B
0.05F =i [o]nt Ot = 0.05 - e e
v mK: oK 5 = [#l=* (ol
. *1p(@) Or@) - =K [+p@)
O V.’ 1 1 1 1 1 | ] ] ]
0 1 2 3 4 5 6 0 1 3 4 5

» Mass ordering and baryon-meson splitting observed in p-Pb and pp collisions as well.

« Model with hydrodynamics, quark coalescence and jet fragmentation describes the data.

Luigi Dello Stritto, PIC 2024, 22/10/2024
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Flow In the heavx-flavour sector

2. Collectivity Do heavy quarks partecipate in the collective expansion?
CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
0.2 Centrality: 0-10% [ Centrality: 10-30% Centrality: 30-50%
0.15 —e— Prompt D” (PLB 816 (2021) 136253) [~ B%EEE E%E
—e— D’ from b quark hadrons C
Z 005 l —| maz%‘ﬂjﬁL _ - ?
of s : ﬁ @ _ '
~0.05 - _
0.08 =

ot ff :
o 32% &gﬂr& == Hgiﬁiﬂ—_ﬂj ]‘%Egﬂﬂ H

[l
~0.02 - id

~0.04 = = H

.....................................................
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Quenching

3. Energy loss Fragmentation in vacuum Fragmentation in medium

1 d*Nga/dppdy

Ray =
T 2NT . ,
<j\coll> d j\pp/dpldy
é _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
oo 1.8 Avice
1 g Pb-Pb.{sy=502TeV 4 0-10% = 30-50%
E Average D°, D*, D** e 60-80% + p-Pb
1.4~ |y|<05
- « Measurements presented until now are

consistent with the presence of a small-sized
medium in pp and p-Pb.

« Absence of suppression in p-Pb collisions.
0.4 Ky H
K g
0.2F —p— L
0:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ ¢ QuenChing in Small SyStemS yet unObservedl
5 10 15 20 25 30 35 40 45 50
P, (GeV/c)
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Jets flow

~  0A——T—

« Understanding the path-length dependence of energy loss > T ATLAS
0.08~ Pb+Pb |5, =5.02 TeV,2.2nb™"
0.06F- anti-k, R=0.2,y| <1.2 ]
) 6; 10-20% E

» Similar p; and centrality dependence of jet and o0y f By E

T . _ t ] il i ¢| ]
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Recolling jet broadening

« Angle (o) of the recoll jet relative to trigger track axis:

 In vacuum: transverse broadening due to gluon emissions

(Sudakov broadening)

* In medium: deflection of the recoiling jet due to the interaction with

the medium.

PRL 133 (2024) 022301

e B e e S
QU(pT e 30 GeVic
ch je

Tﬁ -1
g 10
s V5, =5.02TeV
:: 1072 Ch-particle jets, anti-k; :;:
S TT[20,50] - TT[5,7]
% .
OET p—— -
3 p—
<|Q 107 —+— Pb-Pb 0-10% —_—— ]
== pp E
D Sys. uncertainty
107° -

ALICE 0 < Prm< 50 GeV/ie
e

3

Ag (rad)

— Arecoil (pT)AA
Arecoil (pT)pp

NN

* Recoil jet broadening
for 10 < pr < 20 GeVic.

* No significant deviations
for 20 < py < 30 GeV/c.

* Recoll jet yields suppression
for 30 < pr ¢t < 50 GeVic.
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Recolling jet broadening

Angle (o) of the recall jet relative to trigger track axis:
 In vacuum: transverse broadening due to gluon emissions
(Sudakov broadening)
* In medium: deflection of the recoiling jet due to the interaction with
the medium.
PRL 133 (2024) 022301
"%10“' o '10'-:',0;”;]; <20GeVic ¥ B .,;et‘l‘:"l‘-’ GeVic = ALICE 3o<p < 50 GeVic -
S ' VS = 5.02 TeV ]
8 Ch-particle jets, anti-k; 3
5 TT{20,50} - TT{5,7} e e
< =

— Pb-Pb 0-10%
[ Sys. uncertainty

———————————
= = | JETSCAPE (Matter+LBT)

-+ JEWEL (recoils off)
=« JEWEL (recoils on, 4MomSub)

. -5 . . '

—H——— —+—+ —+
Hybrld model E

pACD@LO + @@ No Elastic, No Wake

Sudakov broademng =1 No Elastic, Wake

(qL) 13 GeV*® Elastic, No Wake

Elastic, Wake
L) = 26 GeV*

G}

- - P L L e O

" Ag (rad) Ao (rad)

Ag (rad)

Luigi Dello Stritto, PIC 2024, 22/10/2024

— Arecoil (pT)AA
Arecoil (pT)pp

NN

Recoll jet broadening
for 10 < pr < 20 GeVic.

No significant deviations
for 20 < py < 30 GeV/c.

Recoill jet yields suppression
for 30 < pr ¢t < 50 GeVic.
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Jet energy redistributions

Trigger
Track

Arecoil (p T)AA

AI'@COﬂ (p T)pp Recoil jet

IAA

JETSCAPE: Phys. Rev. C 107 (2023) 034911
JEWEL: Eur. Phys. J. C 74, 2762 (2014)
Hybrid Model (no wake): JHEP 01 (2019) 172

Hybrid Model (wake): JHEP 02 (2022) 175
| T 1 1 I 1 1 1 | I T 1 | 1 1 T I 1 1 T |
ALICE - DataSC
Pb—Pb 0—10% -=- JETSCAPE (Matter+LBT)
— JEWEL (recoils off
* Sy = 9.02 TeV — JEWEL grecoils on? 4AMomSub)
Ch-particle jets, anti-k;  Hybrid model

JETSCAPE with Pb-Pb tune:
1903.07706, Phys.Rev.C 107 (2023) 3
Multi-stage energy loss MATTER+LBT

= I No Elastic, No Wake
2 R=04, |njet| <05 mm No Elastic, Wake EWEL:
Ap — | < 0.6 Elastic, No Wake J ’
TT{20,50} - TT{5,7} Elastic, Wake arXiv:1311.0048, https://jewel.hepforge.org/

Includes collisional and radiative parton energy loss mechanisms in a pQCD approach.
'1 medium response effects via treatment of ‘recoils’

—
O,
||II|IIII|IIII|IIII||II||IIII
L
IIII|IIII|IIII|IIII|IIII|IIII—

1
|
05 Hybrid Model:
| | | ! | | | JHEP 02 (2022) 175,JHEPO1(2019)172
00 B I2OI | I4OI | IGOI | I8OI | I‘IOOI | I120I | |140| ”With/without elastic energy loss (i.e ‘Moliere’ scattering)
p (GeV/c) 'medium response via with and without wake.
T,ch jet '
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Jet substructures
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« Jets narrower in Pb-Pb compared to pp.
or « Significantly more jet narrowing in balanced jets.
« Wider jets less likely to survive QGP.
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Quenching

Prompt Non prompt What about heavy flavour?

( 2.2: T T T T I T T T T | T T T T I T T T T | T T T T I T T T T : r T ' r | - . T ' I ™ T T T | - - - v | T | I I v )
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