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e ALICE: A heavy-ion detector at the LHC

e Study of strongly-interacting matter at
extreme temperatures and energy densities
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A journey through QCD

CERN-EP-2022-227
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The ALICE experiment:
A journey through QCD

ALICE Physics achievement
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ALICE data taking in Run 3
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()-baryon masses
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Flow of charm quarks
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Search for c-deuteron
12010-2013 2015-2018

ALICE 1 + ALIGE 2
1000 75— —
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c-deuteron A. Andronic et al., JHEP 2107 (2021) 035
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ALICE I LHC Run 4

2022- 2026

ALICE 1 ALICE 2 ALICE 2.1
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X[Xo [%] for tracks in [n| <1

ALICE ITS3 — Material budget
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2022- 2026 2030-2033
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ALICE ITS3 - Multi-charmed baryons
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ALICE FoCaI — Prototype
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FoCal-E Pads
* 18 layers Si pad sensors
» wafers of 9 x 8 cm?

» pad size 1 cm?

» readout with HGCROC v2

FoCal-E Pixels

»« 2ALPIDE pixel layers
Monolithic Active Pixel Sensors
pixel size of ~30 x 30 ym?

two tested prototypes (HIC,pCT)

: FoCal-H

. . * 9 Cu-scintillating fiber modules
 towers size ~ 6.5 x 6.5 cm?

* length ~110 cm

» readout with CAEN DT5202
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ALICE FoCaI — Performance
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ALICE FoCal
MM Run 3 } LS3 m Lol: CERN-LHCC-2020-009
TDR: CERN-LHCC-2024-004

ALICE 1 ALICE 2 ALICE 2.1
| , 07 Hadronic+UPC measurements
xG x, e - [ 1 IIIIII| [ IIIIII| | IIIIII| 1 IIIIII| T T TTI1 :
Compensator - - ng (x) ~ A( ZQ ) o< A1/3x_A %) B _
1 | TTRY S | _
YA o | entral LHC ]
2 1
( og <1
A \ 10 —
DGLAP : .
C\b oQ : :
c & JIMWLK 5 ]
BFKL 5 i
E Qs(Pb)
: : 1= — —
saturation 7 : s \ ) :
non_perturbative region (XS~ 1 ] [ IIIIIII [ IIIIIII I 1 IIIIIII I 1 IIIIIII I 1 IIIIIII I 1 lllll—
- 107° 107° 107 107 1072 10~ 1
In X X

14



Beyond LHC Run 4 — Questions

2022-2026 2030-2033
MMMM ?
ALICE 1 ALICE 2 ALICE 2.1

Understanding the thermalization of heavy quarks in the quark-gluon plasma
= QQbar correlations, multi-charm baryons, p-wave quarkonia, exotic hadrons

Accessing the quark-gluon plasma temperature evolution with thermal radiation
= Azimuthal asymmetry of electromagnetic radiation

Characterizing the cross-over to the quark-gluon plasma phase
= Chiral symmetry restoration, fluctuations of conserved charges

Exploiting a new laboratory for hadronic physics

= Nuclear bound states and hadronic interactions, ultra-soft photons and tests of
quantum field theories

15



2022-2026 2030-2033

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3
e Compact all-silicon tracker with a high- Outer Tracker ALICE 3

e | arge acceptance and extensive particle TOF
identification t ~~~~~~~~~~~~~~~ o o
e Superconducting 2T solenoid Fb T

¢ Continuous readout and online processing
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Inner tracker
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Inner tracker
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Inner tracker
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Particle identification

2022-2026 2030-2033 2036-
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Direct reconstruction of beauty hadrons
allows us to test beauty quark
thermalization and hadronization
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HF-tracker of multicharm baryons
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Match hits to topologically SIMUL-510894
reconstructed candidate to Highly efficient reduction of background from

greatly improve precision primary hyperons thanks to the pointing resolution!



QGP time evolution

L1OEIIIIIIIIIIIIIII||l||||l|l|l|lllIIIIIIIIIIE
S ~ ALICE 3 Study 1 -
S F $ L,=56nb -
8 — 0-10% Pb-Pb, s, =5.02 TeV —
;; 1E- TOF+RICH (40, rej), B=05T Syst. Uncertainties: .=
g [ 02< Py <4GeVieln <08 Mg (59%)+ bkg. (0.02%) -
= 0L No bremsstrahlung included B
" E DCA, <120 [ Jee(15%) +LF (3%) =
2 |fe. rosioin .
= r . 32 -mJT |
. x (m,T)" e N
10—3§ ==
107 £ Dominated by =
- QGP radiation .
IIIIIIIIIIIIIIllllllllllllllllllllllIIl
.-F__E
L
O
O
L
©
©
O
ALI-SIMUL-607723 Mee (GeV/c?)

300

- ALICE 3 Study -
© 0-10% Pb-Pb, \[Syy = 5.02 TeV
-~ L,=56nb’ -

N

) ¢

250 -
ool FitRange: 1.1 < mg, < 1.8 GeV/c?

- e [ (stat. unc. only) ]

- Treal |
150 [ 1 1 1 | [ 1 1 | | [ 1 1 1 | I I | [ 1 1 1 | I I I |

o 05 1 15 2 25 3 0-4

S P; .. (GeV/c)

23



l. Moult, H.-X. Zhu et al.
Phys. Rev. Lett. 130 (2023) 051901
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2-point energy correlators In jets

d J f H
V) i
i

Hadronic Collision

Perturbative Non-perturbative

Hard process Parton shower Confinement
>> 0(1GeV) > 0(1GeV) ~ 0(1GeV)
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Hadronic Collision

>> 0(1GeV)

Perturbative Non-pirturbative
Hard process Parton shower Confinement

> 0(1GeV) ~ 0(1GeV)

QCD emissions in parton showers are angular ordered

= Early splittings (perturbative) wider RL
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Hadronic Collision

Perturbative Non-pirturbative
Hard process Parton shower Confinement

>> 0(1GeV)

L

]

a ¢
.'.’

> 0(1GeV) ~ 0(1GeV)

QCD emissions in parton showers are angular ordered
= Early splittings (perturbative) wider RL

= |_ate splittings (hon-perturbative) narrower RL
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2eec(AL)

Hadronic Collision

Perturbative Non- pirturbatlve
Hard process Parton shower Confinement

>> 0(1GeV) > 0(1GeV) ~ 0(1GeV)

ALICE arXiv:2409.12687

~ ALICE pp \s =5.02 TeV
~ Anti-k; charged-particle jets, R = 0.4, Inietl <0.5
- p >1 GeV/c

T,track pCh jet

= (40, 60) GeV/c
¢ (60, 80) GeV/c

. _
e (20, 40) GeV/c

O | | |
107

EEC(R;,) = Z/dRL(S Ry, — R} )25
Jet pT Jjet

theoretical calculations

Derived from QFT and precise
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2-point energy correlators In jets

ALICE arXiv:2409.12687

’-:I | | | | T T T | |
o ~ ALICE pp \s =5.02 TeV T
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L | —
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6 Pr
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O
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_T- -
- _-_ —
Perturbative o |- - - _
=-—+_-_ 4. 4
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Hard process Parton shower Confinement G na= -y
>> 0(1GeV) > 0(1GeV) ~ 0(1GeV) o ¥
- - O | | | | NN | |
virtuality ~ p+R; 1072 10”

T X 1/ (pTRﬁ)
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Parton-hadron transition
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Parton-hadron transition

07 ALICE arXiv: 2409 12687

Theory / Data

O
o))

' \(_sL 5. 02 TeV
Anti-k; charged-particle jets, R = 0.4, Inietl <05
> 00 GeV/c

ch jet

ransition fegion . (20, 40) GeV/c

------- Peak 42.39 GeV/c = (40, 60) GeV/c
¢+ (60, 80) GeV/c

p

ion Pertubative region
— pQCD

o _ -
oo a4 N PO

, Q
| (pZ")R, (GeVic)

e Scaling 2eec with|pTjetRL|= Proportional to virtuality

7 ~ 1/(prR?)

e Small R.: Clear linear scaling = “free” hadron regime

EEC(Ry) = Z / AR, §(Ry, — R, ) PTAPTs
Jet pT jet
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Parton-hadron transition

07 ALICE .a.r.XiV:2.40.9'.1 2687 _ . . . .
= 'F AUCE pp 52502 Tev 7 e Scaling 2eec with|pTjetRL|= Proportional to virtuality
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e Small R.: Clear linear scaling = “free” hadron regime

e | arge RL: Well described by pQCD = max. dev. ~20%
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Parton-hadron transition

07 ALICE arXIV 24009. 12687

e Scaling 2eec with|pTjetRL|= Proportional to virtuality

+0.17 GeV/c

v~ 1/(prRY)

e Small R.: Clear linear scaling = “free” hadron regime

0.4-Hadron region
= L —AxR,

e | arge RL: Well described by pQCD = max. dev. ~20%
Phys. Rev. D111 (2025) L011502
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<RI e Peaks are aligned at ptjetRL = 2.4 GeV/c
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QFT anomalous demesions

Ao,

-
—o— 60 < p;“”'et < 80 GeV/c
~= 40 < pih’jet <60 GeV/c
—ie= 20 < p?h’jet < 40 GeV/c

12 . |
o ALICE Preliminary
© [ ppVs=13TeV
b% O anti-k;, ch-particle jets
© B R = 04, /njet/ < 05
pie > 1 GeVic
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6| —+ T
i '+_ ++
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P
- ==
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107

Large-R. slope: probe the quantum corrections

doq.

dO'E:,)C dRL

] —
L/R! "

Slope ~ I/RE_”3

12 . . O
ALICE Preliminary chjet
N
10— anti-k;, ch-particle jets —8- 40 < p_ ®<60GeVic  —
. R=04,In | <05 = 20 < pih’jet < 40 GeV/c _
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T
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_+_ - == e
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107 107

= Anomalous dimensions of EEC (y2) and E3C (y3) operators

= EEC/E3C oc k" " o ar In Ry
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Determination of as

Summary of as(Mz)

CMS Phys. Rev. Lett. 133 (2024) 071903 "= NLO " NNLL SA 1 N0 0 10
-1 Reference Vs (TeV) Observable i
CIMS | | | ———— | 36|3|ﬂ:|) | .(.1.:,3 Te\./) JHEP 06:018 (2020) 7,8 W/Z cross sec. —A— CMS %
O 6_— Data  —— NNLL,pp0x+NP - ag(m) 1.02 PLB 728:496 (2014) 7 if cross sec. " /
N I : — ---0.136 1 D EPJC 79:368 (2019) 13 #f cross sec. —_—
LLJ o : 97'220 GeV . 0.100 &)r ~+
a i _ :_ - 098 o EPJC 80:658 (2020) 13 tt differential ——
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w15 ' - a 1.02 substructure
- T : 638-846 GeV - , ci EPJC 73:2604 (2013) 7 R,, =
I . E N3 EPJC 75:288 (2015) 7 Inclusive jet —n
B - | 0.98 EPJC 75:186 (2015) 7 3-jet mass -—
1.4 _ ' o
i 2 11.02 JHEP 03:156 (2017) 8 Inclusive jet o
- - 1 @ EPJC 77:746 (2017) 8 Dijets (3D) —_— g
1.3 f_ 10.98 JHEP 02:142 (2022) 13 Inclusive jet — @
I 21 v - 1.02 arxiv:2312.16669 (2024) 13 Dijets (2D/3D) —h—
: o 1 CMS-PAS-SMP-22-015 (2024) 13 Energy correlators ¥
1.2 B x CMS-PAS-SMP-22-005 (2024) 13 R,, -—
7, T - R SR ey 0.98 Prog. Theor. Exp. Phys. 083C01 (2023 update) : World average -o—
10_1 10_1 llllllll|llll|Illl|llll|ll|l||lll|l
XL 0.07 0.08 0.09 0.1 0.11 0.12 0.13
n - aS(M )
Large-RL slope: probe the quantum corrections 2

= Anomalous dimensions of EEC (y2) and E3C (y3) operators

= EEC/E3C o R 7 o a In Ry
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ALICE: Towards lower jet pr

Ct_l f' I . ! (og 8 2 T T
Sfe - ALICE Preliminary 1. LY ALICE Preliminary
(@) -
3 B8l ppis=13Tev _ ESC/EEC, pp Vs =5.02TeV | .70 <p
S L antiky, ch-partile jets 18— Ak civpartce s -
1.6~ R-04,]7 |<05 | T el < +
- plack 1|7é2|v/c All pairs, PtTrac" >1GeV/c T I B — I N R N B B B B
i + i = R, NLL 4+ LO + Q(Ry)
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as(mz) =0.125
— v5(Mmy) = 0.115

0.8 1'2__ ++++ i — ay(mz) = 0.105
0.6 F +++ +++
0.120_2 102 107

e Charged particle jets down to prjet = 20 GeV/c

|
|
T
I
I
l
|
|
|
|
bbb v b b by

HE I SR A
: : : 1= s UL B | |
= Small R.: identical slope for all prjet intervals Gl T
EE . E P%thz’a E Herwig =
. . i—}_‘% = | | | | | | | | | | | | | | | | | |
= Map to as. access non-perturbative correlations 500 1000 1500 2000
Q(GeV)
e Ongoing: map charged to full jets to set energy scale Phys. Rev. Lett. 133 (2024) 231902

= Track functions, model dependent mapping...
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..... . B ALICE data === PYTHIA v.8 LQ/inclusive
% e One of fundamental properties of e e i

e ‘ QCD: suppression of gluon TR
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EEC in heavy-ion collisions
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Sensitive to the onset of color coherence
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Large angle enhancement
due to medium response

A non-exhaustive list of theoretical activities...
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EEC in Pb-PDb collisions

See also CMS Phys [ett. B866 (2025) 139556

O B | I I | I I I | | i O I [ [ I I [ T | O
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e No significant difference between w and w/o wake, slightly favor elastic scattering?
consistently overestimates the low-RL enhancement
o ol 51 does well at low-RL but doesn’t capture large-RL suppression
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Not conclusion
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2022-2026 2030-2033 2036-

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

e B-hadron production and flow Outer Tracker ALICE 3

e Multicharm baryon production Inner Tracker

e Angular and momentum correlations of
charm meson pairs

e y+jet correlations for jet quenching
e Production of xc1,2 and xc1(3872)

RICH
¢ Net-proton event-by-event fluctuations ECal
e Dielectron production and elliptic flow Magnet
Absorber
e | ow-pT1 photon production at forward rapidity Muon identification —

* Axion-like particle searches in yy —vyy. FeT
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