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The Standard Model and QCD
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ALICE
strong interaction
— binds quarks into hadrons
— binds nucleons into nuclei

described by QCD
— quantum chromodynamics
— interaction between colour charges
(quarks, gluons)
— mediated by strong force carriers (gluons)

very successful theory!
— jet production, heavy flavour production, ...

... but with outstanding puzzles...
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Two puzzles in QCD ALICE

* hadron masses
— e.g.: a proton contains 2 u, 1 d quarks
] & - my+m,+my=12 MeV
—  but m(p) = 938 MeV!
- how is the extra mass generated?
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2
‘4 The force mediators I
3

« confinement

iz cheten 4\ Iy — nobody ever detected an isolated quark
is - Q (o = . .
) AV vV I e | o — quarks appear to be permanently confined
SR —0 2 o § - it seems that one half of the fundamental
[ Leptons | = il fermions are not directly observable!

— compelling arguments this is due to
non-abelian nature of QCD
(no rigorous proof, though...)
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Lattice QCD and deconfinement

« the most rigorous way of doing calculations in the non-perturbative regime
« discretisation on a space-time lattice
— ultraviolet (large-momentum scale) divergencies can be avoided

—> at high energy density: phase transition to QCD plasma (quark-gluon plasma”)
— e.g.: energy density vs temperature

S Borsanyi et al: Phys. Lett. B 370 (2014) 99

* ¢, s change rapidly around T,
-> activation of partonic degrees of freedom

« T.=160 MeV (= g, = GeV/fm3)

| : I 150 ‘ 290 ‘ 250 I
L L L |
200 300 400 500
T[MeV]
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The QCD phase transition ALTGE
>~ . « Big Bang evolution
% 2 — QGP to hadrons att~ 10 us
=
o « origin of nucleon masses
o
i
8 100 « phase transition in quantum field theory
g > — the only experimentally accessible one!
'_
5 « fundamental constituents <-> matter
’ — inasingle step!

Nuclei Net Baryon Density
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Ultrarelativistic nuclear collisions ALIGE

* how can we compress/heat matter to such cosmic energy densities? b P
* by colliding two nuclei accelerated to ultrarelativistic energy!
the conditions for deconfinement are recreated, for ~ 1033 s
the system then expands and cools down - back to hadrons i
- condensed-matter physics of QCD!

14 fm

e .. final detected
Relativistic HCGVY-IOH Collisions parﬂcl/edfsfribuﬁons

made by Chun Shen Kinetic
fre

Hadronization
Initial energy
density

viscous hydrodynamics

free streaming
——

collision evolution
t~0fm/c t~1fm/c T ~ 10 fm/c T ~10% fm/c
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Nuclear collisions at the Large Hadron Collider ALTGE
* ideal conditions: net baryon density = 0
— close to conditions at Big Bang < ™2 . A
— theoretical calculations more reliable o -\ & et
« LHC is an excellent collider of nuclei! B B Hadron:%"”%
— excellent luminosity IR A
— even asymmetric collisions (p-Pb) in spite of 2-in-1 design! )/‘g Nﬁt Cotrsuper
- abundance of hard, “calibrated” probes —— - él’,}yo:::::;y
— heavy flavour, jets, ... :
- very high multiplicity e R i
— key for precision studies of collectivity T A e [
- state-of-the-art detectors I e = an
- ALICE R P i
— dedicated experiment _ BT E e
— 1036 authors, 170 institutions, 40 countries b |1
« ATLAS, CMS, LHCb also participating in programme Bl i A

Energy (GeV)
F Antinori - Kruger 2022 - 5 December 2022 10
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The ALICE experiment

Two main parts:
— barrel (|n]<0.9), B = 0.5 Tesla
— muon spectrometer, -4<n<-2.5

LA

RF—\—1—

i 5
//ﬂf//w ),
il |y
A AT v/
[

High precision reconstruction:
— low material tracking e
— high resol. vertexing
— hadron and lepton ID

Triggers:
— minimum-bias (MB)
« or centrality, in Pb-Pb
— single and di-muon
— EMCAL, high-mult., UPC
— TRD

Collisions systems (so far) : Pb-Pb, pp, p-Pb, Pb-p, Xe-Xe

F Antinori - Kruger 2022 - 5 December 2022
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Important contribution from SA!

United Kingdom, 29 Azerbaijan, 3
Bangladesh, 4
Kral Austria, 10 Bulgaria, 6
Turkey, 10 UK3in ) Brazil, - B2"&
e, 7 Armenia, 3 33
Croatia, 8 Cuba, 4
Thailand, 37 United Czech Republic, 35 D K, 26
Switzerland, 110 States, -
109 Finland, 13
Sweden, 16
Sri Lanka, 6
South Africa, 25
Slovak Republic, 32
Russia, 157
Germany, 236

Romania, 32

Republic of Korea, 71
Greece, 6
Poland, 99
Hungary, 22

Peru, 4
Pakistan, 30

Norway, 43

Indonesia, 12

2010 MEMBERS, 173 institutes
Netherlands, 59 40 countries
Mexico, 48 / Malta, 7 Japan, 59

F Antinori - Kruger 2022 - 5 December 2022

ALICE

iThemba LABS

University of Cape Town
University of Witwatersrand

. 5 scientists
. 4 PhD students

. Muon Arm

. Transition Radiation Detector
«  Computing

*  Physics Analysis
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Status of data taking %

ALICE

System Year(s) Vsyy (TeV) Lt
2010, 2011 2.76 75 ubl
Pb-Pb 2015, 2018 5.02 800 pbt
2022 5.36 0.15 pb-t
Xe-Xe 2017 5.44 0.3 pb?
oh 2013 5.02 15 nb?
p- 2016 5.02, 8.16 3 nbt, 25 nb-!
2009-2013 0.9, 2.76, 200 ub, 100 nb-
7,8 1.5 pb?, 2.5 pb? Pb-Pb 5.36 TeV
pp  2015,2017 5.02 1.3 pb! % 1B N errier 2022
2015-2018 13 36 pb'l ALICE 16:52:47393
2022 13.6 18 pb-

F Antinori - Kruger 2022 - 5 December 2022 14
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Contents

The ALICE experiment:
A journey through QCD

20

. much more here!
A selection of results R

— with a zoom on heavy flavours
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Geometry of a nucleus-nucleus collision ALTGE

central collisions
— small impact parameter b

<& — high number of participants = high multiplicity
1'0 « peripheral collisions
> — large impact parameter b
— low number of participants = low multiplicity
4
for example: sum of the amplitudes % = + La‘; S w
. . . > = E N\
in the ALICE VO scintillators > 102 — Glauber it :
reproduced by Glauber model fit (red): ol 1o
— Woods-Saxon distribution inside nucleus [, e "3
M‘“’M‘”‘f"wm .
— random relative position of nuclei in transverse plane 1 3
— simple particle production model gl2lg| 8 2 2 ]
- , 1wl d | d| 3 = E
(deviation at very low amplitude expected | < (e N -
due to non-nuclear (EM) processes) 102§ e L L

VZERO Amplitude (a.u.)
F Antinori - Kruger 2022 - 5 December 2022 16
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Identified particles AlTee
Textbook-quality Run 2 data!

107 llllllll I "llllll I lllllll I I Illllll IIIIIII T T llllll'
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4N T R ] - F -
Q 103 ALICE, | 5,y = 5.02 TeV (@ T O, ly|<05  po-Pb (b) ‘G 10L ALICE Preliminary Pb-Pb |5y, = 5.02 TeV
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ALICE, arXiv:1910.14419 RyiGevic)
- QGP hadronisation, radial expansion, freeze-out, ...
F Antinori - Kruger 2022 - 5 December 2022 18

More and more species
Resonances, hyperons,...
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* hadron chemistry in central Pb-Pb

Integrated ylelds

h d . ilibri ALICE
vor KK K ¢ p B = T @ © d d ‘HeFe IH A ‘'He Fie — ~at thermodynamic equilibrium
g 10 o @@0‘_ - i  ALIE,0-10% PPo, (5 =276 TeV ] - very different from pp!
S of 0 eTTe m"”ap"?"y -+ 1 > strangeness enhancement!
o b ;"';"' s 1 = looking at the fine print: some deviations
" : Model  TMev) V(m) ' XZINDFE Bnézs%é :  afewo: K¥, p//\/E
107 F | —tHeERmUs 30 18522 5825+411 455199 Wi g i | ) ) . . .
| --sHares 186+3 4d76s606 27enel | Lo i3 - key window on interactions in hadronic final state
107 b [oo ThermalFIST (energy dep. BW) 1852 49622368  22479f . . .a.: . .
o [ | - - GSH-Heidelberg (S-Matrix) _157s2 4175380 t7amef i i i 4 i ... even for nUC|e|, hypernUC|e|
] — in spite of very low binding energy!
-O .
g — substantial enhancement wrt pp
S . .
= - AAis a (hyper-)nuclei factory
1] g
ki — for each additional nucleon:
] C 1 — T T T T T ] > oF
E SRR IO SO SO SO S i _i_ ALICEppis=7TeV, <05 1 2 11005 ALICE
? — CpAct fit f E
arXiv:2211.04384 107 . g
Tchem = TC = 156 MeV 104;_ d _; E
o y nE ] Pb-Pb:
—-> hadronisation very close to the phase transition "€ pp: /1000 E b /300
0 7 ; 7 0-10% Pb-Pb, | 5, = 2.76 TeV
F Antinori - Kruger 2022 - 5 December 2022 E 1 T R R T R R
! 2 8 3 2 4 0 1 2 3 4
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Hypertriton lifetime

Theoretical predictions
== Nuo. Cim. 46 (1966) 786 =+ Nuo. Cim. 51 (1979) 180-186
— J.Phys. G18(1992) 339-357 =-= PRC 57 (1998) 1595

PRC 102 (2020) 064002 PLB 811 (2020) 135816

Theoretical predictions

===+ NPB47 (1972) 108-137

= arXiv:1711.07521

PRCT7 (2008) 027001
EPJA(2020) 56

L B L N . B ™
PR 136 (1964) B1803 H i

PRL 20 (1968) 619

ik

PR 180 (1969) 1307 Fe——

NPE 16 (1970) 46

1

PRD 1(1970) 66

4
|

|

NPB 67 (1973) 269

.{|-

STAR, Science 328 (2010) 58

HypHi, NPA 913 (2013) 170

|

ALICE, PLB 754 (2016) 360

§)

1]1=A lifetime - PDG value—|

o

- |

[ —

STAR, PRC 97 (2018) 054909 == |,; P
ALICE, PLB 797 (2019) 134905 B : ; f— | ] | |
STAR, PRL 128 (2021) 202301 B : I : ] E |
= ; ' H — —E}- .
ALICE'PbeSOZ_eV..‘.I..‘i.l‘l:‘i.l....\..‘.\ HI.,.I‘.‘Ii.t|.‘.\...l‘.
0 100 200 300 400 500 -04-02 0 02 04 06
°H lifetime (ps) B, (MeV)
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[ ]
NPB1 (1967) 105

[ ]
NPB4 (1868) 511
PRD1 (1970) 66

[ ]

NPBS52 (1973) 1

STAR, Nat. Phys 16 (20%0)

ALICE, Pb-Pb 5.02 TeV

ALICE

binding energy: 130+30 keV
— one of the smallest E,;,q observed

abundantly produced in QGP
— even if size comparable to medium!

unprecedented precision!

~ free A lifetime
— no evidence of deviation

loosely bound d-A molecule!

20



T, (GeV)

Radial flow .%

ALICE
“Blast-Wave” fits to hadron spectra

model of radial expansion

0.2 | S T " R ]
0188 3%%%@%&%\% 3 mass dependence > kinetic parameters
- x = . .
0.16F _@io OOE&X“ ] Tiin: Kinetic freeze-out temperature
o3 ° 3 E — By radial flow velocity
0-1E Global Blast-Wave fit range: N e
0.08= 7 (0.5-1.0 GeV/c), K (0.2-1.5 GeV/c), p (0.3-3.0 GeV/c) & « Run 2 (5.02 TeV)
C ALICE =]
0.06F- . op, is=7TeV § P iE=13ToN = — ~ 2/3 ¢ (largest B ever observed)
0.04F ¢+ p-Pb,\5,=502TeV m Pb-Pb,|sy=502TeV =
0 02:_ | pp, \s =13 TeV, A(0.6-3.0 GeV/c), no & e
' E o [lap, 1S = 1|3 TeV, FalstReso | 1 | ]
01 02 03 04 05 06 07
B

ALICE, EPJC 80 (2020) 693 T

F Antinori - Kruger 2022 - 5 December 2022 21
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Azimuthal asymmetry ALICE

of produced particles :
° iciti ? Reactions:: /“l
why is it |mportai1n.t. e N1 TX
* non-central collisions are asymmetric in 1075 "
azimuth Z
azimuth = angle in the plane of the screen b L e S

... In the transverse momentum distribution Q Mok, @ | Ay
w 1I}1-plane=

Out-of—pla‘r'i.e

— transfer of this asymmetry to momentum space provides a measure of the strength of
collective phenomena
* large mean free path
— particles stream out isotropically, no memory of the asymmetry
— extreme: ideal gas (infinite mean free path)

« small mean free path
— larger density gradient -> larger pressure gradient -> larger momentum
— extreme: ideal liquid (zero mean free path, hydrodynamic limit)

F Antinori - Kruger 2022 - 5 December 2022 22
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Vs

« to quantify the asymmetry:

—> Fourier expansion of the angular distribution:
142y, cos(p—-y,)+2v,cosy -y, ]) +...
— in the central detector region (3 ~ 90°) - v, ~ 0 - asymmetry quantified with v,

« experimentally: v, ~ as large as expected by hydrodynamics

~ 012
>

o
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, i
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L m
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radial expansion = signature in ID particle v,
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Higher harmonics: a beautiful tool...

ALICE
initial-state geometrical asymmetries —> final state momentum asymmetries
— dynamic response of QCD medium _ bb-Pb 2.76 TV, 0.2% contral
— interaction of hard probes with QCD medium 1.015- * 2= <25 Govie
1.01— . * 08 < lanl < 1.8
= 1.005 “\t e
R e e s
0.995 3; i ‘ ;-"'"
0.99 *¥ l ¥ X*/ndf = 33.3/35
1.002 ' ' N
g 1| by Fe® *‘T-*'*.f. LI I +'¢¢-
£ 0.998—* L 2k 4 . ‘ ¥ Te T . * 4 I'F t
5 3 a
Ao [rad]
0.35 - Centrality
0.3 —o— 0-2%
0.25 2 <p) <2.5GeV/c
— o2l (aC u] 1.5 < pi <2 GeV/c
2015
. g . . . . >= 0.1— -
- Fourier decomposition of azimuthal distribution .
. H ” = =]
— “flow harmonics o T
— sensitive to transport parameters of medium e NV T e as
F Antinori - Kruger 2022 - 5 December 2022 n 24



dN,,/dy, ANy, dE, /dy (GeV)

Ratio

(pr) (GeV)

Entering precision eral! %

ALICE
* High data quality enables quantitative extraction of medium parameters
— e.g.: Bayesian parameter estimation from ALICE (mainly) data (Duke group)
- extraction of temperature dependence of medium bulk and shear viscosity
o o QGP shear viscosity vs. temperature
iy - = S | : \ALICE, Nat. Phys. 15 (2019) 1113
: " 1 P2

vk

Pl ¢ v} " ]
w7 ALICE+CMS | Water P,
/ 4 V] 4 oE

D 1) MBLER ] -

O amgmmangemmmsgzz=ad 12} : ] . 2

i ‘ ‘ ‘ T AR | Helium P,

g M e R ‘%‘ %\ \%2&
s | )L
—— ) i L i LJILLL]J_‘: . | Quark-gluon
————— kg0 e oty  plasma ]
ALICE L ERLEE R REY ] , ‘ ‘ ‘ ,
- T - 0 =2l l l l | ll‘l L l ll l LL 0 0.5 1.0 15 2.0 2.5
= ——— % ::(13_ T/TC
T e T T T e o - QGP viscosity with ~20% precision
2> Q

GP ~10 times less viscous than any other form of matter
F Antinori - Kruger 2022 - 5 December 2022 25
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Identified particles AlTee
Textbook-quality Run 2 data!

107 llllllll I "llllll I lllllll I I Illllll IIIIIII T T llllll'
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RF‘be
—
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0.2
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0.4r
0.2r

0.8f
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0.2

Nuclear modification factor

Norm. __ I ALICE __
] charged particles b

* [sw=502TeV 3 ?77I<0.8 d

0 Vs =276TeV 1] T

1 ———

'. —.— ] r- [t 1 ]
" 05% TU %™ 5-10% T 10-20% 7
| +1 +1 ]

et ,\ .
= 18 == I 1%
r‘-.,..“ ] r " 1 ]
20-30% T 30-40% T 40-50%
. i) by =
IR R 4t - ]
L - “ru-' ]
== IR I
A" ] F T
50-60% T 60-70% T 70-80% 7
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T T T

ALICE

o __ (@N/dp),
=
<Nw”>(dN /dp,),

sensitive to energy loss of partons
— before hadronisation

very strong quenching!

very similar at 2.75 and 5.02 TeV
— although spectra harden with Vs

[ALICE, arXiv:1802.09145] .



A Large lon Collider Experiment %

Small systems: a new frontier ALICE

« evidence for collective behaviour in high-multiplicity p-Pb, pp
— e.g. symmetric double-ridge when subtracting low from high mult'y p-Pb

0-20% 60-100%

2<p,, <4GeVic p-Pb | s, = 5.02 TeV 2<p, <4GeVic p-Pb | 5y, = 5.02 TeV

1< Py g0 < 2 GeVIC 0-20% 1< T 2GeVic 60-100%

2<py,, <4GeVic p-Pb | s, =5.02 TeV

(0-20%) - (60-100%)

—*O -

£ 14 g

HES ol

83 HE]

Z|5 1.2 ==

5|3 o=
A ©lo -—

£ — B pu—
2 10 1
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v, for identified particles in p-Pb

ALICE

» clear mass ordering at high multiplicity

-~ 1 1 1 1 1
8 ALICE Preliminary Improved template fit — same as in Pb-Pb
VvV 021 b Pb |5, =5.02 TeV 7
g VOA, 0-20% I ! T . T s0ka0w
v H m 0.3 ’i | .
< 015 - & [
:), i i E OA 0.2+ [ ! % -
o B/ 5 +
o~ O1f E - = ; 3
><\| ™| B Q‘:"\, 0.1F g ¢ 8
@48/ ALICE Hydro-coal-frag § >
005 ai® OLs Ont - ok 4
& (=1K* oK 0 2 4 6 8 10
Lt *pP) Op®) p. (GeV/c)
0 1 1 1 1 1
0 1 2 3 4 5 6
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consistent with common velocity field

- consistent with hydrodynamic expansion!
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Strangeness enhancement in pp!

JUNE 2017 VOL13 NO 6
www.nature.com/naturephysics

ELECTRON GASES
Spinand charge partways

QUANTUM SIMULATION
Hamiltonian learning

TOPOLOGICAL PHOTONICS
Optical Weyl points and Fermi arcs

Nature Physics (2017) doi:10.1038/nphys4111

F Antinori - Kruger 2022 - 5 December 2022

one of the hallmarks of QGP
predicted in 1982

J Rafelski & B Muiller, PRL 48 (1982) 1066
observed at SPS in the 90’s

WAQ97, NAS7, NA49

now observed in high-mult pp!
— not reproduced by models

a precursor phenomenon?

QGP in high-mult pp???

new directions for research!

— study effects turn-on, evolution
— new weapon: pp generators!

Particle / event / wound. nucl. relative to pBe

(B

ALICE

Lopp> 0, lyey,, <05

NA57

L+«3

f TE O+Q*

[=3]
"o

=1

[roi]
L]

Fba

>

PbPh
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Hadron chemlstry vs system size ALIGE

g W@ﬂ@n ® FwehaggP (6

0
@.maman § 0§ @ el 0w 2K
, Gt 0 0D Dnom,,

g {M’M’M@ 0 G0 B0k g
K]

- 8 ¥ 0 HGODD s pe)
:_+ $ #M [ﬁ][@[ﬁ”ﬂ]cﬂjgﬂjgm (x12)
7

% @w ALICE Preliminary

@+ ALICE ® pp,\s=13TeV
B O pp, \s=7TeV O Pb-Pb, s, =5.02TeV |
O p-Pb, |5, =5.02TeV M Xe-Xe, |sy, =544 TeV

_.
2

Ratio of yields to (r*+m)

Ll

=

1072

[=m==]

|1||\1

10—3 R | ! Lol | | L Lol
10 10? 10° 10*

(dN_/dn)

Inl<05

- new avenue to microscopic understanding
of buildup of collectivity!

« strangeness enhancement vs size
— smooth evolution vs event multiplicity

» challenge for pp event generators
— e.g.: T Sjostrand at Quark Matter 2018

Summary and outlook

@ Conventional pp generators successful,
with MPI + CR generating some collectivity,
but now cracks.

@ Need new framework for baryon production.

@ String close-packing likely to influence hadronization,
before (shoving), during (ropes) and after (rescattering).

@ Currently no known unique solution, so free to explore.

@ Several recent & ongoing studies look promising,
but much work and few active with pp generator outlook.

-> could help resolve muon puzzle in cosmic rays? o Further experimental input cruciall

T Pierog et al, UHECR 2018, EPJ Web Conf
S Baur et al, arXiv:1902.09265

T Pierog, ESPP Symposium, Granada

T Pierog, ICRC 2019, Madison

F Antinori - Kruger 2022 - 5 December 2022

Whole new field of study opening up!
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But no sign of quenching yet! n:uce
« e.g.: RpPb for n0

g. N T T 5 1T 17T l T T T T 1 171 II T T T T L ll T 1
@ | ALICE Preliminary, p-Pb, s, =8.16 TeV i
] 5"_ [e]nP, -1.3<y<0.3 N
L 7, -1.3<y<0.3 _
1.0 —
0.5_— - m® NLO, PDF:EPPS16 - FF:KKP, u = P, —
- ] n° NLO, PDF:nCTEQ - FF:KKP, u = P,
i —_— no,n CGC, k; fac., FF:DSS LO ]
i - n® FCEL, y =-0.5, gg - gg i
1 1 1 11 11 | 1 1 1 1 11 1.1 I 1 1 1 1 11 1 II 1

007533 1 2 3 4567 10 20 30 100 200

P, (GeV/c)

[ALICE: PLB 827 (2022) 136943]
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T

2 1.4p

A Large lon Collider Experiment

Heavy flavour: a gold mine!

1.2 =

T T T T l T T T T I T T T T I T T T 1 ] T T 1 T I

ALICE
Pb-Pb, ys,, = 5.02 TeV
Centrality 0-10%

. T[t

o Charged particles

o Jhy, 0-20%, |y| < 0.9

0 Prompt J/iy, ly| < 2.4, CMS
Non-prompt Jiy, ly| < 2.4, CMS

ly| <0.5

i

llllllllllllllllllllllllllll

ALICE: JHEPO1 (2022) 174

F Antinori - Kruger 2022 - 5 December 2022

50
P, (GeV/c)

(B

ALICE

controlled probe

O  mass
o colour charge
o pQCD

generated in initial parton scattering
conserved throughout evolution
large mass - “Brownian” probe
powerful probe of hadronisation

experimentally:

strongly coupled to medium
clear hierarchy at low pr
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A Large lon Collider Experiment

Strongly involved

in the flow

0 —

- ALICE

F Pb-Pb, {5, = 5.02 TeV T
o Prompt D°, D*, D** average, lyl<0.8 T

I []Syst. from data 1

[ [ Syst. from B feed-down

o
n
o

v, {SP, IAnI>0.9}
o
@

o
o
o

0.05F 7.3
0.00F

-0.05F- Centrality 0-10%

$—:— Centrality 30-50%

. t —t— 1
b Wy TAMU
Lo20F ----- PHSD
< ——im - Catania
@015k — — POWLANG HTL
@, 0-15¢ DAB-MOD M&T
A T BAMPS el

0.10

0.05F
0.00

-0.05F
i , I

&
=1

NN\ MC@sHQ+EPOS2
LGR

= LIDO
- LBT
............... BAMPS el+rad

1 2 3 4567810

2 3 4567810

20 30 1
P, (GeV/c)

ALICE, PLB 813 (2021) 136054
F Antinori - Kruger 2022 - 5 December 2022

20 30
p, (GeV/c)

V, (geometry-driven)

v; (fluctuations-driven)

ALICE
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A Large lon Collider Experiment

State of the art

ALICE

Pb-Pb, Y5, = 5.02 TeV
Centrality 0-10%

Prompt D°, D*, D** average
¥ <05

o w B R R

0.8

0.6

0.4

e,

0.2
4x10™' 1 2 34567 10 20 30
P; (GeV/c)
P maaan — ——
o< 6F ALICE ]
14F Pb-Pb, ys=5.02TeV
[ Centrality 30-50%
[ —~ o e ]
1.2F 7 \\ Prompt D", D", D*" average —|
F 4 <05 ]
1.0| N = ——i—— ———— =

0.8

\
v

PEFEPE FEPIPE IATETS IS YR

|

0.2

s a il L PR
20 30
P, (GeV/c)

4x107' 1 2 34567 10

ALICE

e substantial model constraints...

o T —— . .
> 020f ZZTAMU  £NYMC@sHQEPOS2 ]
[ E3UDo LB ] § 18— & @ e :
[ - - PHSD - - - POWLANG-HTL ] & ace ] Sossf
015F 3:2—[:}/;0D LGR ] 14F Pb-Pb (E-502TeV ] 030k B oo A\ LI0o wio radiative
[ ] 120 Centrality 0-10% E 0'255_ LGR LGR w/o radiative
L . I ly|<0.5 ] E
[ h 1.0F— —~ — — — — N 0.20
[ ] o s:— EH E 0.15F
£ 1 E ; 1 0.10F
08 ) 3
3 1 oosf \\\\\\\
F ] o4 B E—
i ] 0.2k e 3 2 055_ Centrality 30-50%
—0.05F Centrality 0-10%, |y| < 0.8 7 “F ] F yl<08 ]
h P o gpral L L . I 1 -0.10f | E
1 2 3 4 567890 20 30 410" 1 2 34567 10 20 30 1 2 3 45678910 20 30
p; (GeVic) P (GeVic) p, (GeVic)
% taint diffusi fficient
e 50% uncertain Yy on dalrrusion coetticien
> 035 TAMU MC@sHQ+EPOS2 . |
osof EBLUDO  --LBT o o it starts to be a measurement!
—— DAB-MOD LGR ]
0.25F  _...Catania E
gt E F ] 1QCD, L. Altenkort et al, PRD 103 (2021) 014511
0.15] 4
E - M QCD. H.T. Ding et al, PRD 86 (2012) 014509
0.10, 3
E F I (QcD, D. Banerjee et al, PRD 85 (2012) 014510

Centrality 30-50%, ly| < 0.8

-0.10 L L

1 2

ALICE: JHEPO1 (2022) 174

3 4 567890

20 30
Py (GeV/c)

i [N STAR, PRL 118 (2017) 212301

' I AUCE, JHEP 01 (2022) 174

P I R B

ALICE, PLB 813 (2021) 136054

6

B I VU T T
2nD, T, at T, ~ 155 MeV

8 10
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A new regime for J/iyy production! %

ALICE

« aremarkable change of behaviour from SPS/RHIC!
Q::E1 4 o Ilrlmcl|ulsi\|/el.1|/\‘,”_>lul+ul- o R 0::((1 4:_ Inlclulsiv; J/:y;pl*p',IO-ZIO%Icelntrallityl T E
’ i ® ALICE, Pb-Pb s, =5.02 TeV, 25<y<4,p <8GeVic 1 r ® ALICE, Pb-Pb \/s, =5.02 TeV, 25 <y <4 ]
1oB] ™ AUCE Pb-PO (5w =276TeV,25<y <4,p_<8 GeV/c h 1ok B ALICE, Pb-Pb \s,,=2.76 TeV, 25 < y <4 E
I O PHENIX,Au—Au\{%:O.ZTeV,1.2<Iy|<2.2,pT>0GeV/c ] ’ N ] PHENIX,Au—AuM:O.ZTev,1.2<Iy|<2.2
1E * L '
it ] : ]
0.8 pliE 3 08Fm - 3
Al OO ] : H ]
0.6: I @D@DDIIED.@@{ 0.6F [e] .
r |§| g ] - W @ ]
o B B E HW S e B
02 o B g g H ; 02f@m w B [ ]
0'....||||||||||||||||||||I||||I||||I||||l_ 0:,,,|,,.|...|...|...|...
0 50 100 150 200 250 300 350 400 0 2 4 6 8 10 12
(N p, (GeVic)
* in both the centrality and the p; dependence
[ ]

evidence for production by recombination of exogamous cc¢ pairs!
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A Large lon Collider Experiment

Charm quarks themselves flow

S L L L B B L I B B
ALICE 20-40% Pb-Pb \s, =5.02 TeV

0.2~ Inclusive Jiy, 2.5 < y < 4

e v, {SP, |An|> 1.1}
[ ]Syst. (uncorrelated)

i

- TAMU (X. Du et al.)
i [ ]Inclusive J/y
—0.1— - = Primordial J/y

ALICE: JHEP 10 (2020) 141
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A Large lon Collider Experiment

Beauty is quenched, too...

ALICE lyl <0.5
Pb-Pb, {5\, = 5.02 TeV
Centrality 0-10%

] L e —— '._—

=  Average D°, D*, D** N

¢ s et .

0.8 . H— ° Charged particles g

¢ Jhy, 0-20%, ly| <0.9 gl

0.6 0 Prompt J/y, y| < 2.4, CMS —

i : Non-prompt JAy, ly| < 2.4, CMS ]

0.4 S —— = B -

i ]

. . # -

0.2§ -]

0 1 1 1 1 I 1 1 1 1 I ]
10 20 30 40 50

P; (GeV/c)

less so than charm...

F Antinori - Kruger 2022 - 5 December 2022

RAA

1.5

1.0

0.5

ALICE, Pb—
0-10%, |y|

Pb, {5 = 5.02 TeV

<05

e non-prompt D°
e prompt D°

- open markelrs: P, extrapolated pp reference |

1

10

ALICE
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A Large lon Collider Experiment

... and it flows, too...

5.02 TeV PbPb (0.58/1.6 nb™)

B T T T T L B T ! ]
0.25~ CMS Preliminary B
- m Prompt D’, lyl <1 ]
3 ¥ (b =) D% lyl <1 New! T
0.2: PmMP‘t’ Do (b —) JAp, 10-60% New! -
C O 16<lyl<24 T
0.15F = ¢ lyl<24 .
B [ ] ]
g . .f ]
> 0.1 " E
. % " m ' .
0.05 0] sfel et -
B Y ]
of ¥ ] il .
S i =
N b > D Cent. 10-30% ]
F > :
—0.05_ | | | oo | lb ']-/‘*‘ —]
1

F Antinori - Kruger 2022 - 5 December 2022

10
P, (GeV/c)

(B

ALICE

 J|ess so than charm...

« similar trend for vs:

0.08
0.06
0.04
™
> 0.02

-0.02
-0.04

CMS Preliminary PbPb 5.02 TeV (0.58 nb™)

—e— Prompt D° (PLB 816 (2021) 136253)
—e— D’ fromb quark hadrons

Prompt D°

t
:&_H__ﬁ: b>D°

L

kg
g

Centrality: 10-30%
CMS-PAS-HIN-21-003
..5....110....1l5....2b....25....
P, (GeV/c)



Y states seem to follow sequential suppression ALTGE

€ [FTEGQIBATJIRUT[RESTJHRTIT[EETT OGO FI TA]
T 1.2~ ALICE (0-90%, p_ < 15 GeV/c) * Y(1S) = Y(2S)
~  CMS (0-100%, p_ <30 GeV/c) = Y(1S) = Y(2S) 1]

L =

- Pb-Pb s, =5.02TeV  Hydrodynamics -

08 4w n/s =3 _|

- Zl4n n/s=2 .

ALICE, arXiv:2211.04384
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... but the Y doesn’t seem to flow much... n.%xcs

» could it be that b quarks don’t flow?

~ _I TT I/fl T I T I/ T I TTT I TTT I LI I LI I TTT I TTT I TT I_ R .
> F | JALICE Pb-Pb |5 =502TeV ; — and B get their flow from light quarks?
0.3 ! ’ . _ 3
C ly|<0.5 TAMU: b
C / om_ Inclusive J/y :
025F PP s -
r ,'0,0‘”‘)% ; - Primordial Y(1S) ]
oz ¢ % s
C P i %5 .
0'15:_3' % ;o X(s) B
C ¢ 4 : ]
o1E e .
_?' I\ ! <> B
Ci / / ? ]
0.05E ﬁ/ J 8 E
0 f = .,-,J:: oo @ ]
L T 25<y <40 J
C ? e Inclusive J/y, 20-40% ]
-0.05 Boxes: syst. unc. * Y(18), 5-60% -
_I 11 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 11 I_
0O 2 4 6 8 10 12 14 16 18 20

P, (GeV/c)

ALICE: PRL 123 (2019) 192301
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... but the Y doesn’t seem to flow much... H.L%ICE

» could it be that b quarks don’t flow?

~ [ I/I I TTT TT T T IIII I_ . .
> f /ALICE  Pb-Pb |5,y = 5.02 TeV ] — and B get their flow from light quarks?
0.3 - yl<05  TAMU: E
- rs = Prmordald ]
025F i oo
b & T revmmsmae 1 ¢ but should Y flow reflect b quark flow?
L i Blast-wave: .
SN e ; — recombination component should be small
045 6t : 3
Co % ]
C 9 ]
0.05 :," i) # 7
0 C 25<y <40 ]
r e Inclusive J/y, 20-40% ]
-0.05 Boxes: syst. unc. * Y(18), 5-60% ]
111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 11 I_

o TT

2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

ALICE: PRL 123 (2019) 192301
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... but the Y doesn’t seem to flow much... n:uce

» could it be that b quarks don’t flow?
S UAlGE | PoPb gy -502Tev ] — and B get their flow from light quarks?
0.3 - y|<05 _ TAMU: B
g O S oy E
0-25¢ | S mordial (19) .
ook & T but should Y flow reflect b quark flow?
. 15; MR b ] — recombination component should be small
: :_é?’ % “Yds) E
o alt —f |
vosk ? % 1+ shouldn’t Y suppression feel the geometry?
B :--E] . — shouldn’t that asymmetry be there, at least?
0 C 25<y <40 ]
r e Inclusive J/y, 20-40% ]
-0.05 Boxes: syst. unc. * Y(18), 5-60% ]
11| I 11| I 111 I 111 I 111 I 111 I 111 I 11| I 11| I 1 I_

2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

o TT

ALICE: PRL 123 (2019) 192301
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... but the Y doesn’t seem to flow much... n:uce

» could it be that b quarks don’t flow?

S E 'ALCE | Pb-Pb 5 -502TeV — and B get their flow from light quarks?
5 0" ey
0.25 - /, PP é;gtnglo {ré;a?)Y “:S =
AN Timeme §  butshould Y flow reflect b quark flow?
. 155 MR ’g/ia : — recombination component should be small
RS ¢ “¥ds) E
0.4f 6t o8 E
005k \ % 1+ shouldn’t Y suppression feel the geometry?
| S P D ] — shouldn’t that asymmetry be there, at least?
0F = ]
0.05 E T T .f&g)l:s?;: j/ﬁ, 20-40% ]
V. - oxes: syst. unc. * (18), 5-60% 7 .
L nd o perhaps two populations?

o TT

2 4 6 8 10 12 14 16 18 20 _
p, (GeV/c) — e.g.: colour octet and colour singlet?

— colour octet disappears?

— colour singlet goes through ~ isotropically?
ALICE: PRL 123 (2019) 192301
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... but the Y doesn’t seem to flow much... n:uce

» could it be that b quarks don’t flow?

S E 'ALCE | Pb-Pb 5 -502TeV — and B get their flow from light quarks?
5 0" ey
0.25 - /, PP é;gtnglo {ré;a?)Y “:S =
AN Timeme §  butshould Y flow reflect b quark flow?
. 155 MR ’g/ia : — recombination component should be small
RS ¢ “¥ds) E
0.4f 6t o8 E
005k \ % 1+ shouldn’t Y suppression feel the geometry?
| S P D ] — shouldn’t that asymmetry be there, at least?
0F = ]
0.05 E T T .f&g)l:s?;: j/ﬁ, 20-40% ]
V. - oxes: syst. unc. * (18), 5-60% 7 .
L nd o perhaps two populations?

o TT

2 4 6 8 10 12 14 16 18 20 _
p, (GeV/c) — e.g.: colour octet and colour singlet?
— colour octet disappears?
— colour singlet goes through ~ isotropically?
ALICE: PRL 123 (2019) 192301 -

° =
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A Large lon Collider Experiment

How about small systems?
* no sign of quenching for charm (like for everything else...)

e)
o
3

c

B T 1T | T T 1T T T 17T T T T | T T 1T ] T 1T | T T 1T | T I_
- ALICE p—Pb, |5,=5.02 TeV 1
1.6— —
1.4F -
1.2 N
0.8 -
0.6 -
0.4:— Prompt D mesons, —0.96 < Yoms < 0.04 ]
- = Average D°, D¥, D* ]
02~ ©D° ]
: &b D; -
o C 111 1 | L1 11 I 11 | 1111 I L1 11 I L1 11 I L1 | 11 ]

0 5 10 15 20 25 30 35
P (GeV/c)

ALICE

ALICE: JHEP 2019 (2019) 92
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...but flow seems to be there...! .%

ALICE
><\1 T T LI L B L B B B L L L
0-2__ ALICE ® (cb)—e ln <08, lag<1.2 ]
- p-Pb’\/s—NN=5'02TeV O Charg. part., Inl <0.8,0.8 <IAnl < 1.6
[ (0-20%) - (60-100%) 0 u,p-going-4<n<-2515<IAg <5
0.15[~ %, Pb-going -4 <y <-2515<lAn <5
- 4@——@—
0.1 al & N
C o m
g
0.05_—@% — g: —
[ —3— T ]
o . . '+ ALCE: PRL 122 (2019) 072301
1 2 3 4 5 6

P, (GeV/c)
e ... what’s this??? (isn’t charm produced isotropically in initial parton-parton scattering?)
— a sign of azimuthally-dependent energy loss??? &...

« could it just be the light quarks...?
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A Large lon Collider Experiment

... also for J/y...

= »
%>N | p-Pb, (0-20%)-(40-100%), |S,,=5.02,8.16 TeV ALICE
—eo— 2.03<y""<3.53
02 . -4.46<y""<-2.96
" Pb-Pb, 2.5<y""<4, \5,,=5.02 TeV
- —e— 520%
————  20-40% [%]
0.1

T
_@ S

e R

Transport model, Pb-Pb, 20-40%, 2.5<y"'<4, |/s,,=5.02 TeV

[ Inclusive J/y

Primordial J/y

T T T

T

ALICE, PLB 780 (2018) 7

F Antinori - Kruger 2022 - 5 December 2022

ﬂLiCE
... N0, it's not just the light quarks...
— it seems to be the c themselves...

consistent with R, measurements?

these are supposed to be mostly
pair-produced cc, propagating
together... right? ...

if v, is due to energy loss, does its
amount carry information about
octet v singlet?
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... but not for beauty... .%

ALICE
(aV] L D LN SEE SR E SN S O T
> 0.15: ATLAS : aqother one of those beauty
- pp Vs=13 TeV, 150 pb'| l thlngs...
N 4<p_<6 GeV ol
0.1 T }
: 1.5<|AT||<5 [} :
[ & Ep * * d
0.05-¢c b—u ) +__
— et
_0'05_. s a0 s o5 5 0 e meou T o oo T s woop T w o an )
0 20 40 60 80 100 120
rec
ch

ATLAS: PRL 124 (2020) 082301
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A Large lon Collider Experiment

In-medium hadronisation, a rich sector!

ALICE
charmonium HF baryons
< L L L L B L L L BB LN B ) L '
oy 14 Inclusive J/y — h - 1-4__ALICE 502 TeV |y| <05_
' i ® ALICE, Pb-Pb s, =5.02TeV,25<y <4,p <8 GeV/c ] 2L r ]
1ok B ALICE, Pb—Pb s, =276 TeV, 25 <y <4,p_<8 GeV/c b 1.2 -
’ ‘ O PHENIX,Au—Au\/%:O.2TeV,1.2<Iy|<2.2,pT>OGeV/c ] C ]
* Ly —— 0-10% Pb-Pb
] 0.8 i —-—1;(; -50% Pb- Pb_:
EIIDD@@EDD....@E'_: 0.6:— __$ _:
e ; 0.4l 0 ‘H}_H_ ]
i ] ] C ]
B H g m @ 3 0.2F —H—= f ]
T T T T D DU T : A R A A
50 100 150 200 250 300 350 400 0 5 10 15 20
N p_ (GeV/c)
part T
ALICE, arXiv:2112.08156
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A Large lon Collider Experiment

Strangeness enhancement!

/ (D% /D" ;

)Pb—Pb

(D;/D°

—_
6]

0.5

| ' oo
[ 0-10% Pb-Pb

=

20 30
P, (GeV/c)

1 2 3456 10

ALICE: PLB 827 (2022) 136986
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— 0.8
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0.4
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0.2

0.1

B.?

S "
C T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T ]
- ALICE pp, Vs =5.02TeV Ilyl<0.5 1
a Prompt Non-prompt E
- e Data = Data E
C FONLL + PYTHIAS8 Dec. -
E D! < B%+B"+BM+A; E
- Dy < B%+B" 1
- Dy < BS E
; $$$§ e

O 2 4 6 8 10 12

[ (GeV/c)

ALICE: JHEP 05 (2021) 220
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dN/dy

(mod.-data)/mod.

A Large lon Collider Experiment

Chemical equilibrium for HF hadrons?
« for charm, looks like...

ALICE

%5 WD D+ D:+D; AR
DD D+D D" = —epe Jyx30 — not for absolute o, of course...
12 - - - - -
- . . - ] - o
- ALICE midrapidity 0-10% Pb-Pb, /sy = 5.02 TeV - — ¥ ~ 30 for 0-10%
10— 5 | GSl-Heidelberg SHMc, JHEP 07 (2021) 035 e and, once again, b is different...
C : : T = 156.5 MeV (LF constrained) .
81— V = 4997 fm° (LF constrained) — — SHMb ~ 3 x data for Y(1S)
C + ! ! do Jdy =579 £ 87 pb (normalised to D’, PDG) . > g0 o |
61— do_/dy = 680 ub (normalised to D°, enh. c-baryons) | —| g al Lo 0 Pb-Pb \/s\,=5.02 TeV 0-10% |
- i | | | i 1 310 ¥ y1<0.5
41— : . ! ! — I ]
C e pompt 1 5 : [1] : ] 102+ .
= ¢ inclusive ! ' 1 A ' B QEb B
2 [ [Jdatasys E E E = E E . t % ™ Y (1S)
— Xtr: ' I —] .
- extrap sys 1 : ] 10_3 : o ¢ 3
: [ mn ]
2 = i
| S A o prommeeeees AR pree = 107 @)
0E- - B T = —= : ég
AR drmm e P L L - - s - - R —= 5|
Y = O O S SR 3 10" ¢ SHMb, T, =156.5 MeV REES)
[ do, - /dy=24.1+ 4.8 ub ]
_6 1 1 1 1 1
056 7 8 9 10 1

F Antinori - Kruger 2022 - 5 December 2022
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A Large lon Collider Experiment

Already in pp, p-Pb...

 HF baryon/meson enhanced wrt e*e- (especially at low p+)

/D°

L ALICE

+
Cc
—_

A

081 ‘thr

O 1 1 1 1

—e— pp, s =5.02 TeV —
—— PYTHIA 8 (Monash)

------- HERWIG 7

—— POWHEG .
—— GM-VFNS

ALI-PUB-488244

ALICE: P
2

o RL127 (2021% 202301
F Antinori - Kruger 2022 - 5 Decembe 2

r 20

<Do ettt

L = Data 4
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Fragmentation Fractions: pp # e*e- %

ALICE
- ‘ ‘ ‘ ] : e
* | waucEpp sosczTev || * fragmentation factorisation is violated
= 0.8 B + B factories, e'e’, Vs = 10.5 GeV | — ah-eady in pp
- +LEP, e'e’, Vs = m, | I
I ) « HERA, ep, DIS ]
00 % HERA, ep. PHP 71« hadronisation in hadronic environments
I | is a different game than in e*e-
0.4 - —
[ |
- & [ et ]
0.2 i 3 (%] m i
: \ \ g;a \ ¥ \ II] | :

D D" DI A} == D¢

ALICE: PRD 105 (2022) LO11103
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dN/dx, (arbitrary units)

dN/dx, (arbitrary units)

A Large lon Collider Experiment

But already at the SPS...
«  WAS82 (OMEGA): m~A collisions

f‘—‘#ﬁ‘m—ﬁ, D+ (o) — charm production in forward hemisphere
0? ﬁ"—gtw— — —
] T  beam valence: du (n™)
[ o WA82 D* Byre, L N _
o Le PYTHIA D* Rt » excess of D~ (cd) over D* (cd)
s NTLO© 2a ~ D/D*=1.3440.13
a Tt )
E » 1+ particularly pronounced close to beam xg
s« (try and do this with Peterson’s fragmentation...)
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 09 .
« o modified PYTHIA tune:
N 1 , : ‘
g D7 O s Cmamoy | . %L
 wAg2 D fRppact _}f‘**n’ O8] © E7e1@s00GeV ‘ % ] E Norrbin and T Sjostrand:
10 Lo PYTHIA D" A ’ @%}f | PLB 442 (1998) 407
FA NTLOC A ‘f
[ JAN
L . \(asymmetw VS Xg)
E N ]
-1 A
10 b n .011. P .0?2. P .013‘ P AOL‘; e ;015; i 1016. P .0.17; i AOJB. Fa .09 55
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Multiplicity evolution?

[
o

_ALICE

|y|<05

pp, /s=13TeV p multiplicity classes

trkl

(AN /dn):
—o— 6.9, INEL>0

= 3.1
-a—10.5
& 22.6

——37.8

0.1F

oof GEE g tpedE
I@ﬁ ﬂ: E Pazse

T T

Pyom Multiplicity classes
(dN 4 /dn):
—o— 6.9, INEL>0
—a— 4.4

—a— 13.8
—— 315

0.8F
07f®
-
0.5F RE-
E | |
0.4:—
03F -&-

0.1F

0.25— -E-'E'$—B]— —

ALICE: PLB 829 (2022) 137065
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(B

« clear evolution for A./D ALICE

— (not so much for D¢/D...)
— (wrt neither to cent nor to fwd mult’y)

« and not much for the mtegrated ylelds’?

e 095_ ALICE |y|<05 _E
0.8 = e pp, {s=13TeV -
<o - = pp, (s=5.02TeV E
0.7E & p-Pb, 5,=502TeV =
0.6 m =
055 iy E
0.4F |i| =
o PYTHIA 8.243 3
0.3 Monash 2013 —e— stat. =
0.2 = CR-BLC Mode 0 [ syst. =
s 7771 CR-BLC Mode 2 P extr. 3
= CR-BLC Mode 3 =
01 =
E . oo by g

0 10 20 30 40
<chh/dn>|77[<0.5

o ... 5
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Where do we go from here...?

V2

0 ———— : .
ALICE 020 wz TAMU Y MC@sHQ+EPOS2 A §1.>‘..H| T T )Noasi T e | T T
Pb-Pb, {5,y = 5.02 TeV [ EmLIDo ---LBT b ot ALICE T -
P i . [ - - PHSD --- POWLANG-HTL ] 1.4 Pb-Pb, {5 =502TeV o.30F. M uoo A\ LIDo wo radiative
Centrality 0-10% 0.15] DAB-MOD LGR E 3 i E LGR LGR w/o radiati
Prompt D", D', D* average g F =... Catania E oF Centrality 0-10% E 0256 w/o radiative
ly|<0.5 F q L lyl<0.5 E
o.10F . ——— — — — —H 0.20-
[ ] E 0.15F
[ ] 0.8 - F
0.05[ . E £ 0.10F
£ ] 08 3 :
0.05-
4 3 3
0-00: ] 04 E]l ] 0.00F —_———
r 1 o 2:_ ey E Py 3 Centrality 30-50%
—0.05F Gentrality 0-10%, |y| < 0.8 7 L E y<0s ]
h I L L L L 0.0 ! 3
410" 1 2 34567 10 20 30 1 2 3 4567890 20 30 470712 3456710 20 3?GeV/c) ! 2 3 45678910 ZD(G:\‘}/C)
p; (GeV/c) P, (GeV/c) Pr Py
H | ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511
< T —_————— —
<16 ” 2
= . . :ZLchs i Ly AERGRE - M  QCD, H.T. Ding et al, PRD 86 (2012) 014509
14r P o = - - - PHSD --- POWLANG-HTL
. Centrality 30-50% —— DAB-MOD LGR H I QCD, D. Baneriee et al, PRD 85 (2012) 014510
1.2 S N\, Prompt D’, D*, D** average =11 Catania
e % ¥i<0s - N SR, PAL 118 (2017) 212301

- I AUCE, PLB 813 (2021) 136054
' M ALCE, JHEP 01 (2022) 174

v b b b e b e e b e e b 1y

10 12 14 16 18 20
2nD, T, at T, = 155 MeV

Centrality 30-50%, |y| < 0.8

L MR | s L

410" 1 2 34567 10 20 30 1 2 3 4567890 20 30
Py (GeV/c) p; (GeV/c)

e 10-100 x expected from Run 3, 4 - entering high-precision eral
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DD correlations

« constrain energy loss and angular decorrelation simultaneously

 sensitivity to collisional vs radiative eloss vs momentum scale

SR X1 0I73| T T l T T I T T T T l T T T T I T T T T I T T T
. . . o 60 ALICE 3 Study, L, = 35 nb’" —
¢ fu I | ISOtrO p I Sat| on at IOW pT? © [~ Noaquenching PYTHIA 8.2, {8y, = 5.5 TeV, 0-100% central .
o = 50 - Full thermalisation D°-D° azimuthal correlations, bkg-subtracted i
2 | o C pY'>4GeV/c,2<p¥ <4,y | <4 :
S8 r " ]
. o _ 40 —
- e.g.:ALICE3 Lol - 22 el
= $adot e e
L Tt t 1 T4
20 + 't t 5
C & ]
10 C Correl. unc. + 1.8e-04 (indep. c-cbar contrib.) s
- Unc. NS width + 18.0%, AS width + 3.8% .
= Unc. NS yield + 19.3%, AS yield + 3.4% .
0 C 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1| I 1 | I 1 1 1 1 I 1 1 a

-1 0 1 2 3 4
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A Large lon Collider Experiment

Low-p; beauty!

(B

ALICE

- b mass just at the right spot?
o to see equilibration on the move...?

beauty not fully equilibrated?
— less suppression than for charm

_ Jless flow than for charm & [ Acerernyg st ] gk [ AUGE Po-po g -se2Tel
: o prompt O 1.6f oot D
— SHM seems to fail 15 S i Dt
i 1.2F g
. . 10F----ffler--------- -4 ot HlRE---- - - 4-
relaxation ~ 3 times slower than charm '} %}ﬂm@ 0sE Eﬁ#ﬂ] 1 +
m . - ] 0.6F ".T” dil | —f
— of course this does not imply that b Lo crmmnectey 1~ | e s ]
cannot fully equilibrate... 1 10 py(GeVic) 1 10 py{GeVic)
« given enough volumel/time... _ .
— ....but experimentally it looks like it ~ need high-precision b down to pr=0

doesn't...

- (and watch the hadrochemistry!)
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Jets as quark proxy

direct access to parton (ideally, at least...)
< 18? T T T ‘ T T T T T T T ]
:E14_III;4ITILIAISIIIHIIHI”IIHIII”|_I|lelallcljl|;7l'lt”|”_ < | ALICE Preliminary ]
a1 = moael 0-jets — 1.6 . ]
@ [ Pb+Pb 2018, 1.4(1.7) nb” ESILIDO model ightets [ 0-10% Pb-Pb sy, = 5.02 TeV ]
L pp 2017, 260 pb° —Daietal b-jets i 1.4 charged jets, anti-k; 0. _ -
1217 anti-k, R=02jets, Iyl <21 oot dhmdusielels - - * DL A=03 ]
T {Sy = 5-02 TeV, Centrality 0-20% . 12 3<pyp<36GeVic 7
1 _El ] r e Inclusive jets, R =0.2 ]
- — *L -j
0.8 - - _ ]
C : 0.8~ ‘ — B
g o = 05 J&L T W :
paf = _- oag WL T HJ;QHH J&
B \E b-jets @ inclusive jets ] EH-—E_ T |_—| -
Lo b b b b b b b b 0.2~ M |_T .

80 100 120 140 160 180 200 220 240 260 280 0: L N
p_ [GeV] 10 102
T pT(GeV/c)

ATLAS: arXiv:2204.13530 ALICE: SQM 2022
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Jets as imaging of in-medium parton processes .%

ALICE
25 N L CMS Prelimi
[ =] b (PbPb)/b (pp) [ i eliminary
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e-f 15 ] / :_ _+_ﬁ:
Ef i L i [ ==
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[>% 1: %ﬁﬁ’“‘, - t : %ﬂﬁﬂ- o
C [ _anoLt
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Multi-charm: the final frontier?
huge enhancements predicted

— up to 103 wrt pQCD for the Q!

Statistical Hadronisation Model

— 2 ¢ F
3 A [ & Po-Pb (5,,=5.02 TeV 0-10%
N TE A lyl<0.5 1
<107 ¢ { \,W
>107%¢ N
S 10°; 3
S 107*F v . 98 1
10-5 48
10 9* o
1 0—7 r u,d,s only particles 1
10_8 r —— ¢ =1 particles ;; 9e ‘
1 0‘9 r —— ¢ =2 particles B ‘
i 0—10 F  —— c=3particles ; e E
107" .
10-12 & SHMc, T,,=156.5 MeV R
1078 | do, ;/dy=0.532 £ 0.096 mb 3
14
1045 2 25 3 35 4 45 5 55 6
Mass (GeV)

A Andronic et al.: JHEP 07 (2021) 035
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do(=
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negligible production in Single-Parton Scattering

— unlike J/ Y
035F T
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+
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P Skands & C: arXiv:2205.15681

only “exogamous” production

unlike J /y

ultimate sensitivity to degree of ¢ thermalisation!
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Charmed hypernuclei?

nuclei containing a charm baryon
— sometimes called supernuclei

e.g.: c-deuteron (Afn), c-triton (Afnn)
first suggested in the 70’s

— C B Dover and S H Kahana, PRL 39 (1977) 1506
existence/stability debated ever since

at SHM abundances - expected to come into view at LHC
if full equilibration confirmed both for ¢ and for nuclear states...

- discover or exclude existence!

+ direct study of AZ-N potential via femtoscopy?
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significance

Counts
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LHC timeline

2021 2022
I[[AlS

N

J[FIMAMI3[3]AlS

e during LS2:
— LHC injector upgrades, Pb-Pb rate - 50 kHz (now ~10 kHz)
— major ALICE upgrades campaign (vertexing, data collection speed)

« aim for > 13/nb Pb-Pb collisions (Run 3 + Run 4)

F Antinori - Kruger 2022 - 5 December 2022

s

Last updated: January 2022

Shutdown/Technical stop

Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training
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ALICE LS2 upgrades

Main physics goals

« study heavy quark interaction in QCD medium
- heavy flavour dynamics and hadronisation at low pt

 study charmonium regeneration in QGP e

- charmonium down to zero pt ALICE Experiment
« chiral symmetry restoration and QGP radiation

—> vector mesons and virtual thermal photons (dileptons)
« production of nuclei in QGP

—> high-precision measurement

Upgrade of the
Time Projection Chamber
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ALICE LS2 upgrades

Layout

New Inner Tracking System (ITS)

— MAPS: improved resolution,
less material, faster readout

New Muon Forward Tracker (MFT)
— vertex tracker at forward rapidity
New TPC Readout Chambers
— 4-GEM detectors - continuous r/o
New forward trigger detectors (FIT)
— centrality, event plane

Upgraded read-out for TOF, TRD,
MUON, ZDC, EMCal, PHOS,
new Online-Offline system (O?)

— record minimum-bias Pb-Pb data
at 50 kHz (in Run1,2: <1 kHz)
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Run 3 has started!

\ I y Ili'l""[ ':“‘ '\I'l‘f’f'l‘)"'l;hI,'”u',"vhjvd A

A

Pb-Pb 5.36 TeV
% LHC22s period

18th November 2022
ALICE 16:52:47 893




LS3 upgrades: FoCal ALICE

« proposal to instrument ALICE with a Forward Calorimeter in LS3 ALICE-PUBLIC-2019-005
— FoCal-E: high-granularity Si-W sampling calorimeter .. FoCal-H

« photons, m°
— FoCal-H: sampling hadronic calorimeter — FoCal-E

* photon isolation, jets
—> access to gluon parton distribution functions ~ Semeten  Anniiation

q ¥ 9 v \\
g q | |

EM and DIS measurements

T T T
DIS(NdLO)
+ other observables :
R e e
* jets (and di-jets) T W
« Jy,YinUPC
1 eowz LN
] | i ] Forward region on
"y @1« eventplane and centrality - | Asside instrumented
10°  10°  10*  10°  10% 10" 1 | only by FIT T9/VO



http://cds.cern.ch/record/2696471/files/focal.pdf?version=1

LS3 upgrades: ITS3 Vertex detector (3 inner layers) %

a new, ultra-light Inner Barrel in LS3
Letter of Intent https://cds.cern.ch/record/2703140
« advances in Silicon technology: ultra-thin, wafer-scale sensors
— eliminate active cooling (for power < 20 mW/cm?)
— eliminate electrical substrate (if sensor convers full stave length)
— perfectly cylindrical geometry
(30 um thick can be curved to 10-20 mm radius)

Silicon Genesis: 20 micron thick wafer

truly cylindrical
vertex detector

END-WHEEL (Aside)
END-WHEEL (C-side)

0.05% x/X, per layer

open-cell

Pipe:r=16mm , AR=0.5mm carbon foam

LO:r=18mm, L1:r=24mm. L2:r= 30 mm
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LS4: ALICE 3!

ALICEZ ==

. 4 November 2022
Letter of intent “LICE

A next-generation heavy-ion
experiment at the LHC

VERSION 2

ALICE
compact, “all-silicon” tracker
wide rapidity acceptance (8 units)
high-resolution vertex detector

o as close as possible to beams!
superconducting magnet system
hadron, muon, electron identification
electromagnetic calorimeter

forward conversion tracker

arXiv:2211.02491
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https://arxiv.org/abs/2211.02491

ALICE 3 physics potential (just a few examples...) %

ALICE
heavy flavours, quarkonla Superconducting RicH

o multi-heavy flavoured hadrons (Z¢, Qee, Qccc) magnet sy3tem

o D D correlations

o B mesons at low pr

o yc. X, Y, Z states and exotic hadrons
low-mass dielectrons

o chiral symmetry restoration

o thermal continuum (virtual photons)
fluctuations of conserved charges :

o over wide rapidity range 4 ablvslggger
ultra-soft photons '

o down to MeV scale with dedicated forward spectrometer .
nuclei, hyper-nuclei, search for super-nuclei (with ¢ baryons)
BSM searches

Muon
chambers

© dark photons arXiv:2211.02491
o axion-like particles
O

— a new, unique instrument at the LHC for runs 5 and 6!
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Summary and conclusions %

« with high-energy accelerators, we can recreate the QCD plasma in the lab
— direct window on collectivity with fundamental constituents, phase transition in QFT!
— at the LHC: ideal conditions (~ baryon-free, high statistics, calibrated probes)

« particle yields appear to be thermalised (= strangeness enhancement)
* pressure gradients result in an exploswe radlal expansion at ~ 2/3 c
. almost ideal fluid behaviour ’

« key advances in heavy-flavour sector } * E
— new regime for J/y production e
— calibrated “brownian” probe (and more...)

- quantitative access to QGP parameters! | )

« collectivity in small collision systems: new dimension, new opportunmes =
— explore turn-on of collectivity

* high-statistics, high-precision era about to start...

S
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