


Evidence of the creation of a strongly-interacting
medium in central heavy ion collisions comes from the
observed strong suppression of particle production,
explained by the energy loss of colored partons in the
colored QGP.

« Radiative energy loss dominates at high p+ for light 200 o PP S o pp 20 B0 48800
flavours, gluons and charm | oot
. . ) * Average D% D', D*, |y|<0.5
« cand b also affected by dead cone effect and collisional | L et s
energy loss
A quantitative characterization of the properties of the | .##ﬂﬁi*;ﬁﬁ e

medium (e.g. transport coefficient, ...) requires models.
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How does the presence of a colored QGP
affect hadron formation”?



Quarkonium as a thermometer for QGP

Charmonium suppression (J/i, Y’,...) was suggested
as “smoking gun” signature for the QGP back in the
1980°S [Matsui, Satz, PLB178 (1986) 416-422]

In vacuum (T=0), qq is bound by the Cornell potential.

Vir)=-2 +kr
r

In the dense and hot QGP (T>0), the binding potential
is modified by color-charge (Debye) screening effects

Vir)=- e

r

The effective coupling between q and q at large
distances gets reduced -2 qq melting

N VACUUM IN HED|UM
s Ty T2 0p
¥ ks
: : ‘ ' I (C) ;
y " R — : F
R 0.3 fum - W -~
A ho bound skake

Effective coupling from (2+1) QCD at various T

1.2

11

1L
0.9
08 r
0.7 ¢
0.6

0.5

04r
03¢
02
0.1r¢

0

T
oga(rT)
e [T v
%0(") =&,
160 v ¢
180
220
260
320
500
800
1200 —=—
1800 —o—
2200 —=—
& T o ? © o "t
. (RIS 2° & N
m] Fe ta
1 1 L 1 |r|[|\|1 E5ﬂ1=z¢|¢
0.01 0.02 0.03 0.06 0.1 02 03

Distance between qg (fm)




Quarkonium as a thermometer for QGP

cc (J/W, W’,..) and bb (Y’, Y, Y') states are a laboratory for QCD:
« Small decay width (~keV), significant BR into dileptons
 Intrinsic separation of energy scales: mg >> Aqcp and mg >> Be
« Avariety of states characterized by different binding energies

- P 0.48m
=bind

Y(3S))  Xo(Por2)  JIW(S,) Y(331(n=2)) Y(381(n=3)) ll"(3s1(n=2))

0.56fm
0.64GeV

To larger radius
To lower binding energy

— Goal: understand mechanisms of dissociation and regeneration in QGP
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J/Y (cc) suppression

« observed at the SPS (Vsyy = 17 GeV)
» later measured at RHIC (Vsyy=200 GeV)
up to very high multiplicities

For similar multiplicities the suppression at
SPS is similar to that at RHIC despite the
energy difference (not shown)

At the LHC, J/y is less suppressed than
at RHIC

—> larger charm cross section

-> regeneration
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CC Cross section vs energy

| cc production cross section

The cross section for producing a cc pair 2§
increases with Vs i . ALICE LHG ,
=10 = pHENIX -
In a central event > 4+F & =
At SPS ~0.1 cc % |
At RHIC ~10 cc =
At LHC ~100 cc |
10° |
c from one cc pair may combine with ¢ from
another cc pair at hadronization to form a J/y
-> regeneration!
FONLL
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Phys. Rev. D 105, L011103 (2022) \'s (TeV)

P. Braun-Munzinger, J. Stachel., Nature 448, 302-309 (2007)
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J/p regeneration

R, midrapidity > Ra, forward rapidity

ot
ng 2L ALICE ]
: . Pb—Pb, |5 = 5.02 TeV
* Regeneration of charmonium and charmed - Inclusive% .
hadrons take place in QGP or at the phase - o 0.10%, Iy| < 0.9 .
o, .
boundary. @[ ® 0-20% 25<y<4 |
* Raa depends on the local charm quark 1 EF J& """"""""""""""""""" =
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P. Braun-Munzinger, J. Stachel., Nature 448, 302-309 (2007)
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Sequential melting of bb states

Measurements reveal a sequential suppression of high mass bb states (bottomonium).
* The centrality dependence is consistent with progressive suppression in a hotter medium.

%10° PbPb 368 ub™ (5.02 TeV) PbPb 1.6 nb™!, pp 300 pb™' (5.02 TeV)
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Sequential melting of bb states

Measurements reveal a sequential suppression of high mass bb states (bottomonium).
* The centrality dependence is consistent with progressive suppression in a hotter medium.
* Increased suppression with increased collision energy - no recombination at hadronisation
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Inclusive J/y — p*w’, Pb-Pb | s,,=2.76 TeV, Au-Au | s,=0.2 Te
| B ALICE, 2.5<y<4, pT<8 GeV/c global syst.= + 15%

Ta ke home 2 / 4 ) :i'! O PHENIX, 1.2<)y|<22, p>0 GeV/c  global syst.= +9.2%

The study of quarkonium (cc, bb) states provides
information on the mechanisms of dissociation and
regeneration of strongly-bound state in a medium oo, e o tey NPT R
(T> O ) . Inclusive Jiy (Npan>

® 0-10%, ly| < 0.9
® 0-20%,25<y<4

« The high density of color charges in the QGP
leads to melting of quarkonia

« The large abundance of charm quarks at LHC
results in regeneration of the amount of J/y

»

IS
[ S I ST I IS I )

P, < 30 GeVic
lyl<2.4

p: >4 GeVic
Cent. 0-100%

w

« States with smaller binding energies are more
suppressed

"OT/Te A/ [fm]

Y(1S)

N
L
>
[
O)
e
©
=
~
[2]
i
c
o
>
L

—_

J/y(1s)

o

% (2P)
8 9 10 11 12 2(1P)

m,, (GeV/c?) ‘{ggg

o




How does the QGP affect production of hadrons?



Bulk particle production

Initial state Hard QGP formation and expansion  Hadronization and freeze-out ’; 10"2F ""’-.\ ALICE, charged particles |
scatterings — & wﬂ:t""‘\-..\-... Vsan=276TeV, [7]<0.8 |
T~1fm/c T~5 fm/c T~10-151m/c 510 :*”* “--.\..'\,...:. :
Q 08l Tt~ ™ ..".. i
g 0 . "'“""No:\‘o..:"-.‘"...’0,.. i
T gl — N
> 104 W"'ﬁ..\. \.'. ‘\..‘0.."0,.. .0. ..-0'*—0_:
102: ﬂ""\'\'%..\*:%":"":. "-:.7'*:+2
-_—+—++++ .\'0 .\'.....””"o "'0."* :
1 Pb_;:"““'?+++ N, e, ", ]
. . . n : 0:5"/«; :108 +++++ L7 ..’ 0'... 0... *’* ol
The bulk of particles is soft and composed by light flavour 10°F T S o0 107 R M
e : E e 20-30% x 10° + % e,
hadrons that are produced when the QGP transitions into a 1074 - 3040% <10 T °' ]
hot (T< 155 MeV) and dense gas of hadrons and resonances. il T e —~ Ty
o .
,,m—o-l R— o ——
A collective motion is observed: the dynamic and ‘ = . (GeVic)
thermodynamic properties of the QGP are studied by
measuring pr and azimuthal distributions of particles produced
in the bulk
F. Bellini | SSL 2023 | Heavy lons 13



The hadron-gas phase and freeze-outs

After hadronisation, the system is a hot
(T< 155 MeV) and dense gas of hadrons
and resonances.

Freeze-Out
Kinetic f.o.

Chemical f.o.

Chemical freeze-out
» Inelastic collisions stop
« Relative particle abundances are fixed £ 1 fm/c

Hadronisation
T, = (155 - 159) MeV
from IQCD

V4

Kinetic freeze-out
* (pseudo)elastic collisions stop
« Momentum distributions are fixed

— Fit abundance of identified hadrons: probe chemical equilibrium at chemical freeze-out
— Fit shape of p; spectra: probe final hadron kinematics at kinetic freeze-out

F. Bellini | SSL 2023 | Heavy lons 14



|dentified particle production

TTKp are the most abundant hadronic

species produced in the collision

- Integrate d°N/(dydp+) spectra over p;

to extract yields, dN/dy.

3% everything else

10°°

80-90%
|8l = x 18000

o K*x 4000
& px40
© K2x 1000
* AX3
99x0.5

« KIx 10
e Ax005  ALICEPb-PD S\ =2.76 TeV
% ¢ x 0.005 |y|<05
—rllllllllI|IIII|IIII|IIII
0 1 2 3 4
p. (GeV/c)
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Statistical hadronisation model in a nu

tshell

It models an ideal relativistic gas of hadrons and resonances in chemical equilibrium

(as the result of the hadronization of a QGP in thermodynamical equilibrium.

Particle abundances are obtained from the partition function -
of a Grand Canonical (GC) ensemble Yokl Pb-Pb \[$,=2.76 TeV
g, 102 _ ...K 0-10% centrality _

oo P 8 " 3

v TolmzZ, g, p*dp S g e

= NV = =—— =5 / S ; _ S o ‘
V. ou 2m? 4 exp|(F; — ;) /T) £ 1 3 o 1

107" *‘t.:g .

where chemical potential for quantum numbers are 102F
constrained with conservation laws. 107 Hes,,
10*F e Data, ALICE ! 4

/ui — /IBBi -+ /ISSi — /1],I3i — /uCCi 10‘5;— Statistical Hadronization ’ -

> of total (after decays) JHe

10 SRR primordial f
O Predict yields (see right figure) at a given temperature 0705 1 15 2 25 3 35 4
Mass (GeV)

O Fit measured particle yields (or ratios) to extract ug, T, V.
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A. Andronic et al., Nature 561, 321 (2018

16



Chemical freeze-out temperature

3 3
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10°5 | |[—THERMUS 2.3 156+ 2 5924 + 543 24.8/11 |: :BR = 25% %
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Production of (most) light-flavour hadrons (and anti-nuclei) is described (x?/ndf ~ 2) by thermal
models with a single chemical freeze-out temperature, T, = 156 MeV

— Approaches the critical temperature roof from lattice QCD: limiting temperature for hadrons!

— the success of the model in fitting yields over 10 orders of magnitude supports the picture of a
system in local thermodynamical equilibrium

F. Bellini | SSL 2023 | Heavy lons
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Hydrodynamics at play: radial flow (1/2)

—  Radial flow in heavy-ion collisions

A cgllectlve rpotlon IS superimposed to thg thermal Collective motion
motion of particles — the system as a medium i , (smlesesacs]

Radial flow

radial expansion of a medium in the vacuum under a
common velocity field v v

— Affects the low py distribution of hadrons and their : _______ @
ratios depending on their mass vl

Thermal motion
(random)

explosive
mr = \/ (m? +p?) purely thermal source

source
dN —

mmT me

R. Snellings

1/m; dN/dm;




Hydrodynamics at play: radial flow (2/2)

1/N,, d“N/(dp_ dy) [(GeV/c) ]

. . ; [=]
10°F Increasing radial flow - T
107 L%
wl
1077
10A8 lllllll 1 1 lllllll 1
1 10
P, (GeV/c)
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At low p; the radial flow “pushes” particles to higher momenta
— spectra get “harder” for more central collisions
— mass dependence

A simplified hydrodynamical model, the Boltzmann-Gibbs blast-
wave model is used to quantify radial flow and the kinetic
freeze-out temperature.

/>\ 0'2:' T UL L L L L ]
S 0.18F = :
= o R 3 More central (higher
~ ’ C b . . .
0.44E- 4 multiplicity) events have
0.12F- Mg, ™ % -4 lower Ty, and higher
0'1;— Global Blast-Wave fit range: m _; ﬂOW VeIOCIty
0.08F = (0.5-1.0 GeV/c), K (0.2-1.5 GeV/c), p (0.3-3.0 GeV/c) 3
0 06:— ALICE Preliminary _Z
Y B Pb-Pb,\s,, =276 TeV v Xe-Xe, | Sy, =544 TeV ] L~ -
0.04F ¢ p—Pb,\sN,T'i 5.02 TeV A Pb—Pb,\s::=5.02 TeV Tkln 100 140 Mev
- + pp,\s=7TeV -
0'02:_ ® pp,\s=13TeV =
C o e e e e e by by oy oy 0 T
% 01 02 03 04 05 06 07
B
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Hydrodynamics at play: anisotropic flow (1/2)

Initial geometrical anisotropy ("almond” shape) in non-central HI
collisions — eccentricity

Pressure gradients develop — more and faster particles along
the reaction plane than out-of-plane

Scatterings among produced particles convert anisotropy
in coordinate space into an observable momentum anisotropy

— anisotropic flow
— quantified by a Fourier expansion in azimuthal angle ¢

v, = harmonics

dp? 27 prdprdy (1+ Z vncos[n(¢ n)]);

n=1

F. Bellini | SSL 2023 | Heavy lons
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Hydrodynamics at play: anisotropic flow (2/2)

The strong centrality dependence of v, reflects the degree of “anisotropy” in initial geometry.

Fluctuations of the initial state energy-density lead to different shapes of the overlap region
— non-zero higher-order flow coefficients ( harmomcs

Xe-Xe Pb-Pb
[ T T 1T | T T T T | T 1T | T T T | T 1T | T T 17T | 1T T T
= | 0wz ALICE Xe-Xe |5y = 5.44 TeV |
® v,{2,An| > 2} 0.2<p <3.0GeVic
- O va4 <0.8 B
B v,{4,3 sub-event} i V2 " Fig. 2. (color online) Characteristic shapes of the deformed initial state den
0.1 ¢ v,i8) — Of £1, 5, £, E4 and &5 (from left to right). Li Yan 2018 Chm Phys é 45 042001
[ q} V2{8} . 0 Q . : rrrrprrrrprrrrprrrr T rr T I L I T I _ : _l LI I L I L I 1T I T I T I T I T I ]
O vilzanl > 1 s | > - ATLAS . - ATLAS :
T 5 ;ﬂzm: : 1; ® e 0.2 Xe+Xe |5, =544 TeV,3ub"  Ov, Ov, —  0.04[ Xe+Xe Vs =544TeV,3ub"  Av, by, Ve
- n - Pb+Pb \s,,, =5.02TeV,22 ub™ ey, Byv - - Pb+Pb \s,, =5.02TeV,22 ub™ aAv, +v; ¢ v -
(e o D@& n NN ' 2 3 Z B NN 1 5 i
i ° / 0.15[ <25 0.5<p (GeV)<60 = 0.03F <25 05<p (GeV)<60 =
| . _ . - u ]
0.05 o M Non-flow removed |74 ro® 8 © O. ° - E A& A e A ]
o 3 - 0.1 - . — 0.02 A A A A . -
- e o ° ° ° ¢ v, i - Ca s A
) C 0 z C - -
I3 | 4 - 005F o @ Om - o - 001 % & o+ 4 -
- | O - | U U _
o 0 O © © @ © LY "So= i A RPN o+
B i [ - C 9 B
0 | I I | | | I | | I | | | I | | I | | | I | | | 0 | T __ 0 _~+ ---------------------------------------------------------------------- .
O 1 O 20 30 40 50 60 70 1111111111111111111111111111111111111111111111111111111111111111
- 1 1 200 2 4
ALICE, PLB 784 (2018) 82-95  Centrality (%) 0 50 100 150 200 250 300 350 I\?OO) 0 50 00 50 00 50 300 350(N OO)
part PRC 101, 024906 (2020) part
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Two-particle correlations in Pb-Pb collisions

Collectivity can also be studied by looking at correlations of two particles vs An (difference in
rapidity) and A (difference in azimuthal angle).

Peak at An ~ O:

short-range correlations — jets
3< ptT <4 GeV/c Pb-Pb 2.76 TeV

Broad ridge” in a wide An range:
............................................... long-range correlations emerging from

T~ / early times (causality) — anisotropic flow
P —-..

In azimuth: structure determined by the
medium response to the initial transverse
geometry

C(A¢, An)

ALICE, Phys.Lett. B 708 (2012) 249-264
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Two-particle correlations in Pb-Pb collisions

Collectivity can also be studied by looking at correlations of two particles vs An (difference in
rapidity) and A (difference in azimuthal angle).

- Decomposition in Fourier series of the azimuthal distribution at large .

52.0 F—————————y

CMS PbPb \/s,, =2.76 TeV
L,..=120 ub™
0-0.2% centrality

E_
= |
V|
N

dngair

1

%,
trig O/@
1< P, < 3 GeV/c O@/ o)

1<p;”* <3GeVic

A¢ (radians)

CMS, JHEP 02 (2014) 088
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Hydrodynamical modeling

Ideal hydrodynamics

V" =0  V,Jh=0

applies to a system in local equilibrium (e.g. thermodynamical)
requires energy and charge conservation

system is described by energy density &, pressure P, velocity u’, and charge n and by 5
equation of motion, closed by one equation-of-state (EOS) & = &(P)

The response of the system to external solicitation is controlled by the EOS

Viscous hydrodynamics TH — eyt — (P — CO)ARY — 2,6

Includes corrections for dissipative effects:

bulk ¢ and shear viscosity n, charge diffusion,
( Yy g K JH — qup I /{V'Li(,LL/T)

9 s \
AN S/
PITASINY = ~
\ ;F- Y \:\\,)/
/ \ Diffusion
erpansion Figs. from Rezzolla and Zanotti, 2013
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Shear viscosity

Larger n/s reduces flow
012 | I I I I I |

Elliptic flow vs viscous hydro model
015I_III]IIITIITIII]IIIIIIIIIIIII]IIIIIIIIII_I

Shear viscosity (expressed as viscosity over entropy, n/s)
washes out initial-state anisotropies

- Larger consequences on higher-order harmonics [ |P-Glasma+MUSICUrGMD |
- Larger n/s reduces flow L —— n/s(T) default -

- e 1/s(T) min at 0.08 7
Initial conditions . n/s=0.16 0. T AUCE 7/s~0.08-0.16

600
| Pb-Pb, V— 2.76 TeV

-1
PlLae
!
-
.
-
-

-10 -5 0 5 10
X [fm]

x [fm]

Water: n/s ~ 30 | Olive oil n/s ~ 240 MUSIC, Sangyo 05

5 10 15 20 25 30 35 40

Measured v, is described very well by hydrodynamic models Centrality (%)

— QGP behaves as a ~perfect liquid! Kovtun, Son, and Starinets
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QGP properties from flow 1/2

Bayesian analysis of yields, mean pq, flow

harmonics measured by ALICE has been used

to extract the QGP properties.

10° - Yields

dN,,/dn, dNIdy, dE; /dy (GeV)

dN/dy

Ratio
o

(pr) (GeV)

Ratio
o

T T T T K T
0 20 40 60
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8p1/(p7) Ratio

Ratio
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o
o
o

1.1 4

1.0

0.9

Flow cumulants V
— ¢ Pb-Pb2.76 TeV n
=== ¢ Pb-Pb5.02 TeV _--==0-"""5
e
vy{2}
v,{4}
+10%

T T .
Mean p; fluctuations

_Op1/pr

+10%

T T T - :
20 40 60
Centrality (%)

1
80

J. E. Bernhard et al, Nature Physics 15 (2019) 1113

F. Bellini | SSL 2023 | Heavy lons

{/s width

[GeV]

[GeV]

|||||

‘‘‘‘‘

.....

14.4%)2

250
sk
Sv
zZ e
20,8417
30 e 8

S.A. Bass et al. / Nuclear Physics A 967 (2017) 67-73

0.08
0.03+0.9

Diagonals: prob. di

strib. of each param.

Off-diagonal: shows interdependence

among parameters

+0.3
11403

{/s max

L L ’ f \
) i i 3 0897511
- /\ 0.59%0 41
NI NN 2
L 0.065 03
n/s min
. . . - — — 5gi0
LRI nis slope
_‘ L \ ' ' - l - 0.0519%
L " ‘ . 0.015:253
l| L] ] + o __¥ | —— 0.0210%
' L 4 A L & R S
| ! | ) - - -
N - N:nn (/"” fl r"r; 0 /s slope % l g
TeV 02 TeV [fm] [fm/c] [GeV-']



QGP properties from flow 2/2

Bayesian analysis of yields, mean pq, flow

harmonics measured by ALICE has been used

to extract the QGP properties.

10° - Yields

dN,/dn, dN/dy, dE;/dn (GeV)

dN/dy

Ratio
o

(pr) (GeV)

Ratio
o

T T T T K T
0 20 40 60
Centrality (%)

vk

8p1/(p7) Ratio

Ratio

0.10

0.05

0.04

o
o
o

1.1 4

1.0

0.9

Flow cumulants V
n

— ¢ Pb-Pb2.76 TeV
=== ¢ Pb-Pb5.02 TeV _--==0-"""5
e

+10%

T

T T T
Mean p; fluctuations

_Op1/pr

+10%

; - - - - T ]
20 40 60 80
Centrality (%)

J. E. Bernhard et al, Nature Physics 15 (2019) 1113
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0.3

0.2

nls

0.1

Calibrated to:
Pb—Pb 2.76 and 5.02 TeV

—— Posterior median
90% credible region

Shear viscosity
n/s(T) € 0.08 - 0.2

150

0.08

0.06 —

0.02

T
200

250 300

Temperature (MeV)

Bulk viscosity

150

T
200

T 1
250 300

Temperature (MeV)
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Take home 3/4

Bulk particle abundances are described by the

statistical hadronization model assuming chemical -
equilibrium and with Tch ~ 156 MeV [T = 156 MeVV“m)

|—THERMUS 23 156 + 2 5924 + 543 24.8/11
The QGP expands rapidly under radial flow. o ¥ %W%m
Spatial anisotropy of the initial collision region causes _ %‘%m
anisotropic flow. v Tiin~ 100-140 MeV*
: m Pb-Pb,|s,=276TeV v Xe-;e, \ S = 5.4 TeV
Spectra and flow coefficients are well described by I [ —
viscous hydrodynamics with a very low shear viscosity 0 i ke
1 . Nt T/s(T) default
(T]/S ~ 008 —016) - perfeCt I|qU|d Ws(T) min at 0.08

—— ALICE

The success of SHM and hydrodynamic description
also supports the idea of a medium in local
thermodynamical equilibrium.

10 15 20 25 30 35 40
Centrality (%)




Can we produce a QGP also in pp collisions?




Discovery of collectivity in small systems

The first indication of the presence of collective phenomena in high-multiplicity pp collisions
came from the study of two-particle correlations vs An and Ag.

A ridge is observed in high multiplicity pp but not in minimum bias pp collisions!
The ridge is not reproduced by pp Monte Carlo generators, e.g. PYTHIA.

CMSpp 7 Te CM .0GeV/c<pT<3.OGeV/c

1<p;r<3GeV/c

5 & s

3 47 N 3

z &
4
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The “ridge” in pp, p-Pb collisions

(d) CMS N > 110, 1.0GeV/c<pT<3.0GeV/c

R(An,A¢)

CMS, JHEP 09 (2010) 091

2<p_ <4GeVic
Ttrig
1<p <2GeV/c

sssssss

p-Pb |5 = 5.02 TeV
.\ (0-20%) - (60-100%)

KRR p-

Pb

ALICE, PLB 719 (2013) 29

Near side ridge

ATLAS pp o.5<p:b<5 GV
Vs=13 TeV, 64 nb™! NUN12)

ATLAS, PRC 96, (2017) 024908
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LHCb Pb+p s =5TeV
1.0< p, < 2.0Ge //c
Event class 0-3%

8"
W
G, SN
¢“ /l 6 ‘ \\“"‘_‘

s \
50
b

»

LHChb, PLB 762 (2016) 473-483

Signs of collectivity in small systems
“discovered” at the LHC in terms of
long-range (2 < |An| < 4) near-side (A¢ = 0)
“ridge” in 2-particle correlations, visible in
high multiplicity pp, p-Pb, Pb-p collisions

Are the long-range correlations in high-
multiplicity pp coming from (hydrodynamic)
flow?
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Collectivity correlates many particles over a wide n range

Elliptic flow from multi-particle correlations:

Voi4} = V,{6} = v2{8} > 0

- subtract jets and other physical 2-particle
correlations due to non-flow
- measure with rapidity gap

In AA collisions, collectivity originates from
the presence of a strongly-interacting QGP

OPEN QUESTION: what is the origin of
the emerging collectivity in pp, p-Pb
collisions?
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Voik}

Flow in heavy-ion collisions

non-central
collisions

3\9&,
d3N 1 d*N

dP3 T 2r PTdPTdy

Elliptic flow v, Triangular flow v;

(1+2 )i vocos[n(@ — ¥n)])

n=1

Elliptic flow from multi-particle correlations in all systems

= T T T T T3 T —
- R -
0.08— - .ﬁ. ¥ g&&ﬁ ol —]
= s %ﬁ 2 ® & .
006 — o'o:i*i’)'.‘v %id @ @ ]
: 2 ;;0:;. % ‘* g’ + + :
0.04=" b & =
= 4 pp p-Pb Xe-Xe Pb-Pb —
0.02F PP. F§J PO 55 502544 502 Vo (TeV) ¥ X -
- ol =0 BEE 0 v,{4) Xe-Xe % -
0—open = without n-subevent [l < BEEN [AA v,{6} ]
- solid = with n-subevent . B B v.{8} E

2 3
10 10 (m| <0.8)

PRL 123, 142301 (2019)
32



Chemistry from small to large systems

k
Multi-strange to non-strange yield ratios increase é .
significantly and smoothly with multiplicity in pp and e
p-Pb collisions until saturation in Pb-Pb %
« strangeness enhancement relative to pp suggested in g‘
the 1980’s as QGP signature S
v

— Particle composition evolves smoothly across 102
collision systems, depending only on final-state
multiplicity

" @ pp, Vs=13TeV
) pp, Vs =7TeV .

{ p-Pb, |5 =5.02 TeV

; O Pb-Pb, \/STJN =2.76 TeV

L —— PYTHIA8 + color ropes

------- HERWIG7

OPEN QUESTION: “emergence” in hadron
production mechanism, from microscopical hadron

. . . R — PYTHIA8 Monash
production mechanisms (string overlap, color ool PYTHIAS Monash, NoCR
reconnection) to the onset of a QGP (thermalization, T T

ilibration)?
equilibration)? (AN Jdm), oo
— A challenge for models! Nature Physics 13 (2017) 535-539,

EPJC 80, (2020) 167 and 693
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No energy loss in small systems?

Not observed so far.

« Strong change of behaviour of Ry beyond 80% centrality is reproduced considering biases in
event selection and collision geometry, and no nuclear modification = not a medium effect!

OPEN QUESTION: when (which system “size”) does energy loss sets in?

Charged particle nuclear modification factor vs pr

High pT, centrality dependence

:E _I I LI I T T T T LI I _
T 0-5% 5-10% 10-15% 15-20% 20-25% -
19 " 25-30% 30-35% 35-40% 40-45% 45-50% _
N 50-55% 55-60% 60-65% 65-70% 70-75% ]
B e 75-80% 80-85% * 85-90% 90-95% ¢ 95-100% _
08_ * & | || [EE X | @ nT ]
o6 | Outlook to Runs 3 and 4:
04—
0.2— % o)
- ALICE, Pb-Pb, \[s,, = 5.02 TeV =2
— .
0 — charged particles, |n| < 0.8 !
1 I_‘I 1 1 1 L1 11 I 1 1 1 1 L1 1 I 1
10 1 10 P, (GeV/c)

PLB 793 (2019) 420
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1.2

— Search for energy loss effects with light ion collisions
(e.g. O-O, Ar-Ar, low N, multiplicity similar to p-Pb, known geometry)

1 I I 1 I I I 1 1 I 1 1 1 I 1 1 ] I i
Pb-Pb, s, = 5.02 TeV, charged particles, || < 0.8

= ALICE data, 8 < p, < 20 GeV/c —
HG-PYTHIA, PLB 773 (2017) 408

02 :-:F':E.jm 0 ]
0 central penpheral N

I L 1 L I 1 1 1 I 1 1 1 I L I
0 20 40 60 80 100

Centrality (%)
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Take home 3/4

Soft probes probe the bulk of the system as a whole.

Particle chemistry:

« continuity observed across collision systems

« depends on charged particle multiplicity

« Strangeness production in enhanced in presence of a QGP
in AA collisions

* In small systems, strangeness enhancement observed with
increasing multiplicity

Collective dynamics

« Radial and anisotropic flow

* Flow up to higher harmonics in heav-ion collisions

« Discovery of collective phenomena in small systems at the
LHC, whose origin is to be understood.

Ratio of yields to (w++m1")

Do i L‘. 1INI> ﬂ @* [m ﬂ m“gmp.{.p ()(6)

@ W el 0 2K

00O om,,,
B0 W0k g2

D B0 P ez )
i ﬁ gl i Eﬂj Q+0" (x12

ALICE Preliminary
@® pp,\s=13TeV
O pp,\s=7TeV O Pb-Pb, | sy =5.02 TeV
O p-Pb, |5y =5.02TeV W Xe-Xe, | sy =5.44 TeV

10*
(dN_/dm)

|nl< 0.5

pp 13 TeV p-Pb5.02TeV Xe-Xe 5.44 TeV Pb-Pb 5.02 TeV
[0 v {4}
. V2{4}3_Sub [ v, {4}
o v,{6} 0 v,{6}
ALICE Preliminary
0.2< p,< 3.0 GeV/c
nl <0.8

3-sub



Summary and outlook - take home 4/4

Experimental probes and evidence for a QGP formed in heavy-ion collisions

Strong jet quenching and medium-induced modification
Quarkonium suppression — Melting of states as a function of temperature

Regeneration and partial thermalisation of charm

Radial and anisotropic flow — Collective behavior of a QGP with very low shear viscosity (r/s),
High temperatures, mostly statistical particle production (Tchem, Tkin)

Heavy-ion-like effects observed in pp and p-Pb collisions

A new frontier

* |s there QGP in small systems?

« Can we explain these effects without a QGP?

« Can we describe these emerging phenomena in one unified picture across systems?

Big progress towards a quantitative characterisation of the properties of the QGP with still

open questions to be addressed in Run3 and beyond.
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Further readings:

» [review] ALICE Collaboration, The ALICE experiment -
- A journey through QCD, arXiv:2211.04384

« [future] CERN Yellow Report on QCD with heavy-ion
beams at the HL-LHC, arXiv:1812.06772

 [future] Letter of intent for ALICE 3: A next generation
heavy-ion experiment at the LHC, arXiv:2211.02491

+ many more reviews on specific topics available on arXiv

Contact: francesca.bellini@cern.ch



What's next?

Heavy-ion program at the LHC in Runs 3+4 — An appetizer

F. Bellini | SSL 2023 | Heavy lons
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Recall: Heavy-ion physics at the LHC

2010-2012 2015-2018 2022-2024 2028-2030 2032-2034 2036-2039

o I “huns | oo | Rune
4 )

High luminosity LHC

. ,“L. .‘4-"1
Major upgrades for . Weare

ALICE and LHCb o here ATLAS and CMS phase Il ALICE 3: a whole new

ALICE ITS3 and FoCal dedicated HI detector!
LHCb upgrade Il

AL I C E 3 Supercon

magnet

- Letter of Intent: CERN-LHCC-2022-009
- next-generation HI experiment

- all-Si MAPS tracker

- ultimate vertex detector

- minimal mass (essentially only sensor)
- 5 mm from beam (LHC aperture)

ducting R|cH
system

Muon
absorber

Muon
chambers

Physics focus:
- low-pt heavy-flavour
- electromagnetic radiation from QGP
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https://cds.cern.ch/record/2803563/files/LHCC-I-038.pdf

(anti-)nuclei and (anti-)(hyper-)nuclei up to A = 4
Clarify formation mechanisms of nuclear bound

states from a dense partonic state
Determine T, even more precisely

Runs 3+4 - Nuclel and small systems

ALICE Upgrade projection
Pb-Pb, |5\, = 5.5 TeV (0-10%), B=0.5 T
. %ﬁ —°He + n*
B.R. =25% (%)
140 ioa +
102 . AH —"He+mn
B.R. =50% (%)
%% - He+p+
B.R. =32% (%)
| (*) theoretical

I T T T TTTT

Expected significance

10

~

[;' rrT

2 —
= | !
- 1 | L1 L1l | Ll

1072 10™ 1
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10
Min. bias integrated luminosity (nb™

A “small systems” programme to study collectivity, &
strangeness/chemistry, hadronisation
 Investigate the onset of QGP like features

T T LI ll T T T LI I T T T Tt I
| ALICE Upgrade projection
Muittiplicity slicing with mid-rapidity estimator

—t

Q+Q / (n*+m)

llllll
llllll

!
‘§ eeeeee

_ i’@ —— PYTHIAS
A DIPSY
w— EPOS LHC

T
1

1

N |
"
1

pp, /s =7 TeV Nat. Phys. 13 (2017) 535
ProLectlon for 14 TeV pp, 200 pb”

sm 5.02TeV PLB 728 (2014) 25
Prellmmary Pb-Pb, {5,y = 5.02 TeV

o e S

T

lllll

;ﬁ

10 T2 1(1)3
(dN_/dn)

[nl< 0.5
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Runs 3+4 — Dileptons and chiral symmetry

Lattice QCD predicts chiral symmetry restoration to
occur around the same temperature as the
confined/deconfined transition

-=> but no experimental observation yet!

1.0 Chiral Condensate

o ) ...-"" -
7] o
§ o) O
:
g 0.5 d
3 Polyakov
g Loop DD
,.l._;iEr
&
o-— . , \ !
8_5 | 1.5 |||1|||||||||111111111111111111
T/T. 0 0.5 1 1.5 2 2.5 3
— Search for signatures of chiral symmetry ———— Mee (GeV/c?)
restoration at the QCD phase boundary by omega/phi region:

chiral symmetry and

measuring intermediate mass dilepton spectrum
rho-a1 mixing

41
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Runs 3+4 — Dileptons and early QGP temperature

Di-lepton mass distribution

Measurements of dilepton spectrum:

(GeV/c®)

7’ n,0,n',¢ -Dalitz

— Search for signatures of chiral symmetry
restoration at the QCD phase boundary by
measuring intermediate mass dilepton spectrum

dN

— Access the temperature of QGP in the early
stages by measuring the mass spectrum of
dileptons in the large mass range and dilepton
excess due to electromagnetic radiation emitted by
the QGP

Bonus in Runs 3 and 4:

IIIIIIIIIIIIIllllllllllllllllll

 statistics 0 0.5 1 1.5 2 2.5 3
* reduced, well-known material - M, (GeV/c?)
« heavy-flavour rejection Very low mass:

omega/phi region:
chiral symmetry and
rho-a1 mixing

Large mass:
very early times

conductivity
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Runs 3+4 — Dileptons

Measurements of dilepton spectrum: 15 ALICE Upgrade Simulation E
- Pb-Pb |5 =55TeV Rapp p (broad) :
— Search for signatures of chiral symmetry - 019% L =300 Rapp QGP -
. ITS2, B=02T Rapp Sum
restoration at the QCD phase boundary by In1<0.8 —&— ‘meas.’ - c& - cockt.

& TTTTT]

) Syst. uncert. sig. + bkg.

measuring intermediate mass dilepton spectrum
E==] Syst. uncert. cc + cocktail

pT,e >0.2GeV/c

Lol

—h
S
N

— Access the temperature of QGP in the early

stages by measuring the mass spectrum of
dileptons in the large mass range and dilepton

d’N"™"/dM_dy (GeV/c?)™
o
|

evt

=
excess due to electromagnetic radiation emitted by =10° 3 E
the QGP ng -
10 E

Bonus in Runs 3 and 4: - -
° icti Cooo E Sl 1]

statistics : 0 0.5 1. 2 2.5
* reduced, well-known material e — M. (GeV/c?)
* heavy-flavour rejection Very low mass: omega/phi region:

conductivity Large mass:

chiral symmetry and

. very early times
rho-a1 mixing
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Runs 3+4 - More charm

Higher precision for rarer probes in the HF sector

» Low-pt production and v, of several HF hadron
species
 first measurements of b at forward y down to

zero pt (main focus of ALICE)
« B hadrons and b-jets (main focus of ATLAS and

CMS)

— Study mass dependence of energy loss,

in-medium thermalization of heavy-flavours
— Access to the medium transport properties,

e.g. charm diffusion coefficient

F. Bellini | SSL 2023 | Heavy lons

V, in charm sector

T

NN -

>(\l 0,3_| LML L L L L L L L ) L B 0_4: >N
ALICE Upgrade Simulation ] 0.35F CMS _ @' Charged hadrons
0.25F q b "t Projection [ ]D°
25¢ Pb-Pb, [5.;=5.5 TeV, Ly, = 10 nb ] ot CUJET 30
o [ 0 S —
e ! » D’ 30-50% centr, o —— PHSD charm
C D, 30-50% centr. 02fe ° I TAMmu
0.15 H <$> % v AL 10-40%centr. ] = isal - SUBATECH
o1 % . E ;
r CL] ] ¥
0.05}- . :
—005F Centrality 30-50%
G|||Il||Illll1II|IIIIIlIllllIIII_ . :ll \ Illl lJIIlJJIllJlllJIlllllllJlIl
R R S S T T R T 0 5 10 15 20 25 30 35 40
p. (GeVic) Py (GeV)
Projections for extraction of charm diffusion coefficient
prige s ===
20 . current Oeygp, 90%C.R 1o TMOmIB ———  RCOmmzad) e
future Oex, 90%C.R e
g o
:5 pr=0 GeV/c B
10+ -
10F
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0 T 03
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Runs 3+4 - More beauty

Higher precision for rarer probes in the HF sector

» Low-pt production and v, of several HF hadron
species

 first measurements of b at forward y down to
zero pt (main focus of ALICE)

B hadrons and b-jets (main focus of ATLAS and
CMS)

— Study mass dependence of energy loss,
in-medium thermalization of heavy-flavours

— Access flavor-dependence of in-medium
fragmentation functions with jet measurements

F. Bellini | SSL 2023 | Heavy lons

02

assuming recorded pp reference with 2 highg
T

Raa in the beauty sector

0.15
0.1
0.05

—0.05f

0}?5’.}.

L PD-PD {5, =5.02TeV, 25 <y <4.0

 Transport Model (TAMU) Hydrodynamical Model (KSU)

-== Jiy

L —— T(s)

Y(28)

< T ‘ 1T ‘ TTTT | TTTT ‘ TTTT
e ALICE Sitruratom -
i - Upgrade - 1
20 Pb-Pb, |s, =5.5TeV -
, L, =10 nb”, centrality 0-10 % |
i B*-D 1t (DOHKJ(TC_)
1.5+ ¢ projected statistical uncertainty —
L 2.76 TeV, Uphoff et al., Phys.Lett.B 717
i fill2.76 TeV, He et al., arXiv:1208.0256 ]
1.0@*!" i u
L ]
B | ]
-
0.5~ e z 8
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@
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" ALICE Upgrace Projections, 10no” ]

o Jhy = pu, 20-40%
e T(1S) — p'y’, 5-60%
* YT(2S) — p'yw’, 5-60%

—= T(1S)

o

2

Example: B* — DOt
(displaced) channel down to
low pt accessible in the
ALICE central barrel thanks
to the upgraded ITS

o0 Baryon/meson in b sector
95 ALICE Upgrade simulation E
E Pb-Pb |5y, = 5.5 TeV, centrality 0-20% 3
8 Ly =10 nb™ 3
7 : ]
F K thraa-quark madeal, Au-Au 200 Gav
o N e K geclr thiea-auark 3
6 %, —— Kodiquarkmodel, AR 00 GV 1
F N U Ko extr diquatk E
5 — —— PYTHIA —
4 -
3 =
o = =
= =
0:1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I :

5 10 15 20 25
P, (GeV/c)
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Runs 3+4 — More quarkonia

Measure charmonium and bottomonium
spectrum with increased precision

* Nuclear modification Raa
. WE2S)UIY, Y(2S)/Y(1S)
* explore feeddown

— constrain models

— probe melting and regeneration of
quarkonia

— probe deconfinement

— access the medium temperature
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ALICE 3: a new dedicated HI experiment in Run 5 and beyond

ALICE 3: a new dedicated heavy-ion experiment at the LHC

» replace ALICE between Run 4 and Run 5

» Expression of Interest submitted in 2019 (ESPPU),
arXiv:1902.01211

» Letter of Intent submitted to the LHCC: CERN-LHCC-2022-009

Superconducting R|cH

magnet system
Physics from pp to Pb-Pb:

* Vertexing accuracy and tracking down to pr=0
(w/ retractable inner tracking layers)

« Particle identification
« Wide rapidity coverage
« Extreme acquisition rates for soft probes

F. Bellini | SSL 2023 | Heavy lons

ALICE 3 detector concept

TOF

Muon
chambers

Muon
absorber
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https://arxiv.org/abs/1902.01211

Unique physics with a fast ultra-light detector

++ + +
QCCC - QCC + T

« Multi-HF states production to investigate Qt - Q04 2t
hadronization from the QGP o QR>Q 4+t
Multi-charm baryon production expected to be enhanced by a factor of e fere @ - IX”{ _
102103, low pr B, %0 X, ... @ & optE

. Tk

- Dilepton radiation from various phases of the collision 407

c ¢

« Effect of chiral symmetry restoration (predicted by

lattice QCD) on the dielectron spectrum TR SRIRNER T

(1GeV)

 QGP parameters (diffusion coefficients, conductivity
properties, ...) with unprecedented precision

dM dn)

« Ultra-soft (p; ~ 10 MeV) photon production relative to
hadron production (Low’s theorem, non-pert. QCD)

].\.h: ‘l:\::‘ll

ITRaIf Rapp (priv. comm.)

...and more new unique windows opened at the LHC! O e 0z 04 @5 03 1 12 14 15 12

M (GeV)



Bonus material



Characteristics of a heavy-ion detector: ALICE

Inner Tracking System ITS2

ALICE is the dedicated heavy-ion detector at the
LHC, designed and built specifically for this purpose.

o —

P
A
5~V\E=/‘.

e\
O

Solenoid: magneticfield B=05T

// )
il Ay
, l//// oy /2w

[
H

Inner Tracking System + Time Projection
Chamber: vertexing and tracking + identification
(TPC) down to very low pr ~ 0.1 GeV/c

Time-Of-Flight, TRD, HMPID, etc.:
Particle identification detectors

Electromagnetic calorimeters

+ Forward rapidity detectors and ZDC: trigger, , Forward muon spectrometer
centrality, event time determination, ...
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Energy loss of long lived particles in TPC

Particle identification o

S5 E "Pb-Pb
& 900E So, =2.76 TeV
% 800F
: : e e : : : 12 700F
- Direct identification: m, K, p, light (anti)nuclei 5 ook -
o -
- Electron identification using calorimeters and transition radiation " s00F-
detectors 400E
300
- Strange and heavy-flavour hadrons: 200F- e
- reconstruction of secondary vertex and weak decay topology 100 e
+ PID + invariant mass reconstruction 01 02 03 T 2 3 45
p/Z (GeV/c)

- Photons detected in calorimeters and through pair production

- Quarkonia through leptonic decays Particle velocity from TOF measurement
and momentum

o 11pF
pr— . p— — L F
=—ATn =—Am S 1
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) AT e 100001 — Fit signal ==+ Fit background { L ° O Mixed event pairs | 051
\ T X"V = MC signal shape F
PP / o 0.4 -
pim. \ /. 93’5. 03F
Vi el - V0.a 5000 °e g
T ®e, 0.2
Vo c ‘ : - . i ' 1 I — i\ N} | 0'1 :‘ I I — = : 1
hach 13 132 134 1.36 242628 3 32 34 5638 424 26 28 3 32 34 36 ¢ 05 1 18 2 25 3 93 4 (é:V /Cf
e m,,, (GeV/c?) m,, (GeV/c?) M, (GeV/c?) p
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Light ions at the LHC

100

10

LI A | T | L L L

0

,A,XeXe 30-50%

'~ "PbPb 30-50%

From A. Mazeliauskas, EPS-HEP 2021:

Light-ions (e.g. O, Ar, Kr) Yeliow report (2018) [17]:
m High achievable luminosity.
m Short oxygen run planned in LHC Run 3.
m pO: strong interest from cosmic ray physics.
m OO comparable to pPb, but better geometry control.
m Many physics opportunities se oppoatLHC [indico]

Experimental projections and theory calculations show
measurable energy loss signal in 10 GeV < pr < 50 GeV.
Huss, Kurkela, AM, Paatelainen, van der Schee, Wiedemann (2020) [41]

Opportunity to discover jet quenching in small systems.

Rleksas Mazeliauskas aleksas.eu

Brewer, AM, van der Schee (2021) [42]

€ pprtunities
at the LHC

Pebn' 5&8-10, 2021
cern. ch/OppOatLHC

0.9
0.8
0.7~ Ly=1nb"
2 I nPDF + E-loss models
[JwtEPPS16

- ALICE projected

0.6~
% W Norm. uncertainty

0-00-100% sz =6.37 TeV

I
10 20 30 40

|
50

[ (GeV/c)

ALICE (2021) [43]

21 /23

Npart9

- large )
,EI PbPb 50-70%
: ArAr,éxxexe 50-70% ]
: smal| OO4 PbPb 70-90% |
- pPb -~ XeXe 70{80% |
LQ
i PAr _
- pO -
PP & proposed [1812. 06772] :
L L [ R | 1 [ | L

1 10 100
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Hydrodynamical modeling (details)

Describe the expanding medium macroscopically. arXiv:1712.05815
Gauge/Gravity Kinetic (BGK) pQCD Lattice QCD
P 3P Eq. (3.30 3P Eq. (3.125
Input A BEY in ol
7 g~ In(2.760g™
- Initial conditions o oh
. . 1 T 7R e' P
- equation-of-state (EOS) & = &(P) from latticeQCD Ae | 2nma - ~2n7R ?;(5%)
. . . . A 0 0 7
- bulk ¢ and shear viscosity 7, charge diffusion, k . o 0 XD 03615)7
Refs. | [19, 28, 29 28] 119, 120] [121-123] [124-127]
128, 129] [130] [131,132]
Output
Table 2.1:  Compilation of leading-order results for transport coefficients in
- Any Other relevant Observable’ e_g_ SpeCtra, Jet various calculational approaches, see text for details.
quenching, ...

Flow observables are related to the response of the system to the initial spatial anisotropies
— Can be used to deduce conclusions on initial conditions, EoS and transport coefficients by data
comparison
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Searching for the “ridge” in the smallest systems

ALEPH e*e” — hadrons, Vs = 91GeV
Ny = 30, |cos(0|ab)| <0.94
p'Tab > 0.2 GeV

Lab coordinates

» () @
T

Lls —PYTHIA+v2=0;/
I.g e ——— i

1

e*e — hadrons, Vs = 91 GeV
L A I L I LN B ALY SN I IR R LA b
ALEPH Archived Data
[ - Data T1.6<|An <32 /]
— Fit to PYTHIA6.1 o A :
T > 2

PYTHIA + v,=0.1 // Wi 2 80 /

| —PYTHIA +v,=0.2 1 y

‘%/lg BJ* e

S - =359 (e (am=1.28 7
ZYAM ZvAM
No yield Lal coordinates

IThru‘\s‘;‘t cogr&inlates (20x)

o o5 1 15 2 25 30 05 1 15 2 25 3

Ad

(Ngy o2eeein=1?) = 39.8 ALICE Preliminary
1 <P, trigiassoc <2 GeV/c pp Vs =13TeV

NEW 2022

(1/Nirig)d?NPT/dAndAg
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Y.J.Lee et al, PRL 123, 212002 (2019)

_, | ALICE Preliminary

| pp VS =13TeV
Y °

[ J —]
1<pr, trig/assoc < 2GeV/c |

1.4<|An|<1.8

® ALICE 3 95%cL|
ALEPH thrust

1
—— e ——

-6l
Low mult. T Se.9L3ey, )
- [ [ O BN BN B

ete” 91 GeV 95% C.L. —
I g (

0 8 16 24 32 40 4¢

(pr >0.2GeV/c, |n| < 1.0)
ch

A long-range (2 < |An| < 4) near-side (A¢ = 0)
“ridge” in 2-particle correlations discovered in
high multiplicity pp, p-Pb, Pb-p collisions

—> First signs of collectivity in small systems
discovered at the LHC

— Checked in e+e- using ALEPH archived data:

-> No ridge observed

L atest result:

- -> ridge observed in low-multiplicity pp collisions

Are these long-range correlations in pp
coming from (hydrodynamic) flow?
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Hadronisation by fragmentation and recombination

Ratios of baryon to meson production spectra
are sensitive to competing particle production Figure from B. Hippolyte, EPJC (2009) 62: 237242
mechanisms, depending on transverse momentum ‘

Fragmentation (a) of high-p; partons into mid-py
hadrons

Recombination (b,c) of low-p; partons close in
phase space into mid-p; hadrons via coalescence

Ed% /d°p (mb.GeV-2c?)

+ influence of collective flow

F. Bellini | SSL 2023 | Heavy lons 955



Investigating hadronization mechanisms

© LI T LA AL BEELAE LN SLELELELEY B L

L ; & - _

- NKOS " O ALICE = 1.4- ALICE IS\ = 5-02 TeV, |y| < 0.57

- \ e wlo < h ea B ]

20 SN |7 s bl 1.2f 3

i / \ | = only fragm. i C ]

.g 1.5 \ |- = coal.+frag. no flow| 1= 1l —— 0-10% Pb-Pb —

=150 i N _

& B —— 30 -50% Pb—Pb -

v L 0.8_— Ll ]

\10__ - I _‘—pp -

< 0.6 H | —

Y < S ' : i {:_;H} A+c/DO :

0.5 § N : 0.4F “g T AH* -

; j ~ - : - .

c— [ = .

0 Levliliviiiliil Lovoiilaocl | | | 021 .

o 1 2 3 4 5 6 7 8 9 C P T TR T
- p; [GeV] 0 5 10 15 20

V. Minissale et al., PRC 92 (2015) 054904 arXiv-o112.08156 Pr (GeV/c)

At intermediate pr, a baryon/meson enhancement is observed for p/m, A/K%
— interplay of radial flow and recombination

N\./D? enhancement possibly due to the recombination of charm quarks traveling through the QGP
with light quarks from the QGP.
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Flow of identified hadrons

Light flavour hadron v, Heavy flavour hadron v,
o I WL N I L W NN [N L I
- - N - — _
Al [ ALICE Pb-Pb {s..=5.02 TeV 0.3 ALICE Pb—Pb \'Snn = 5.02 TeV
T/} 0.3 e i e o‘ n“j_,“ 0o | 30-50% o1t Iy <05
< i o, 7Y i e Prompt D, |y| < 0.8
- i dh oK Ks g % e Inclusive J/y,25<y <4
N ook 1 o) @p+p OA+A 0.2 = L &, e Inclusive J/y, |y| < 0.9
>c\| I ol e " L b-e,lyl <08
i ++% P kg mY(1S)560%,25<y<4 |
- GO @5 LS —
o1k o % i # 0.1} ‘ @ %w% . ;
" | : o% '[%J/lp = cC]
ff==ssges=ssssescsssaassnoana ™ + Y(18)'=Dbb
o 2 4 6 8 10 12 14 a g
p_ (GeV/c) i I a0 5 i awMod e f ¢1 51 594
2 4 6 8 10 12 14 16 18
P, (GeV/c)
Light flavour hadrons exibit “textbook” flow Charm v,>0
* Mass dependence at low p; « charm partially thermalised with the QGP
* Interplay of production mechanisms at mid-py * recombination with LF at hadronisation
(baryon/meson separation - recombination) No significant evidence of flow of beauty
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Strangeness production in a hadron gas

In a hadron gas at high temperature (e.g. hadronic phase of HIC, T = 150 MeV < T),
(multi-)strange hadron production is an energy threshold problem

By multi-step hadronic processes By direct production

eg.m+n-> K+ A, Ey~540 MeV e.g. m+mn->mn+1mn+ A+ A-bar, Ey~2200 MeV
n+N\>K+= Eu~560MeV M+ T2 +T+ = +=*bar, Ey~2600 MeV

« Requires longer medium lifetime « Have to happen very early

« under-saturation of strangeness « By non-thermalised hadrons

The strangeness quantum number has to be conserved locally and exactly in a finite system

(e.g. pp), which reduces the phase space available for particle production.
[K. Redlich, A. Tounsi, Eur. Phys. J. C 24, 589-594 (2002)]

— canonical suppression due to quantum number conservation
— Relaxation of canonical suppression with increasing Vs (and number of particles)

F. Bellini | SSL 2023 | Heavy lons
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Strangeness production in a QGP

Strangeness is produced dominantly by fusion of thermalized gluons (a) in the QGP.
Energy threshold for s-sbar: ~200 MeV (if m;@“P — mJHi9gs by restoration of chiral symmetry)

(@ gg —=>s§ b) gq —> s
g i s Abundance of s quark
g 3 a < relative to baryon number

The backward reaction of (b) depends on the s quark density,
thus on the QGP lifetime.

- saturation of strangeness abundance reached on the time
scale of ~ 1-few fm/c

Strangeness enhancement in HIC relative to pp was 0 = i W

_?3 -
historically proposed as a signature of the presence of a 0 0" tisec) 10

. QGP lifetime
deconfined Quark--Gluon Plasma. J. Rafelski, B. Miiller, Phys. Rev. Lett. 48 (1982) 1066
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Observation of strangeness enhancement at SPS

NA57, J.Phys. G32 (2006) 427-442

& &
/% pr>0, Iy-y,l<05 2 pr>0, Iy-y,l<05
= =
_ _ s | Vs =17.3GeV P Q+0 _

Yields normalised to N,,ounqg £ § E ISI =3
relative to p-Be E 2 E

E: 10 - ?E = Tg: 10 C
=> l_\lotjust an eff.ec.:t of s 0 % 3 o IS| = 2
having more participants s [ T s | E@i =
in Pb-Pb! Z F Tg A 2} E =

= | T 3 =

4 @

: : : ;

< | = =Bz _ ISI =1

£ - { I E°g2 QA

= 4 —4 = 1

P 3k
p-Be u§ed as a proxy fgr PP sInce | pBe pPb CD peb () | pBe pPb CD PbPb ©
N.oung iS close to 2 (as in pp) I I
1 IIII 1 1 IIIIIII 1 1 IlIIIII 1 1 IIIIIII 1 1 lIIlIII 1 1 IIIIIII
1 10 10 10° 1 10 10° 10°
<Nwound > < 1\.wound >

Enhancement observed in Pb-Pb collisions wrt p-Pb, p-Pb for multi-strange (anti)baryons
- Anti-baryons less enhanced than baryons -» quarks (not anti-quarks!) in the initial stage
- Hierarchy of the enhancement with the strangeness content

- Increase of the enhancement with the centrality of the collision
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Strangeness production from RHIC to LHC

ALICE, PLB 728 (2014) 216-227

© - 1
= = = n ey g
© r —_
N (R CY 1
S Lg _
Q] +! ' _
S i
(- L ] I
(@]
O Pl
()
s
T10°% l % 1
I 1 Q/T é ]
I : % :
s I I
I I
[ ; f
| I B ALICE Pb-Pb at 2.76 TeV
I [l ALICEppat7TeV
I I [ ALICE pp at 900 GeV
l /\ | [] STAR Au-Au, pp at 200 GeV
104 : A ALICE Pb-Pb at 2.76 TeV
iL A ALICEppat7TeV |
! : /\ STAR Au-Au, pp at 200 GeV 1
I | 1 111 ||| | 1 1 111 ||| | ||
I | |
l 2
1l 10 10
1 PP, (N_ )
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RHIC: Vs = 200 GeV (empty markers)
LHC: Vs = 2.76 TeV (full markers)

Observation of
* increase of strangeness production relative to strange-less
rin pp collisions with increasing Vs

« strangeness enhancement in HIC relative to minimum bias
pp collisions

« saturation of strangeness from peripheral to central Pb-Pb

- Prompted more differential studies in pp collisions as a
function of charged particle multiplicity
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Discovery of strangeness enhancement in pp collisions

x4

— L B S L L) B
5 i dp i Qe
& b gt #8505,
o 10" o
w D O O D00 ]
E i ﬁwﬂw A+A (x2) "
s ‘
c | mi@i@&@ =4 08 |
I#!i Pb Pb-Pb
PP Pp- -
T I IS e
t 1021 <ﬂ>% EHJ PrrrT
Q+Q" (x16)

1073

ALICE
® pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539
(} p-Pb, sy = 5.02 TeV PLB 728 (2014) 25-38
] Preliminary Pb-Pb, VTW =5.02TeV

- 10 102 10°
(dN_/dn)

In|< 0
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Multi-strange to non-strange yield ratios increase
significantly and smoothly with multiplicity in pp and
p-Pb collisions until saturation in Pb-Pb

Enhancement in pp is larger for hadrons with larger
strangeness content

Double ratio = enhancement
relative to min bias pp

3of e | | e
%EZ zfggf’ﬁt‘;,s\;;;ee\sl.oz TeV Eﬁ: EﬁT (S=3)
z [ ®p ﬂ: |
~ [ A @: — 5=2)
§ 1.5 4o ﬂ”@ {}{}G__(
S ' ' ]
i 20
s ﬁ% ppr BEEEE @ 200 D (s-0)
0.5HH o -
10
Nature Physics 13 (2017) 535-539 AN dm s
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Initial stage of heavy ion collisions

207

CT18Z at 100 GeV Color Glass Condensate: at high energy and small x, the hadron
_° content is dominated by gluonic matter “packed” into high density

Saturation (momentum) scale p
Q.. = inverse size scale of ’
smallest gluons which are

b | closely packed

= R ey —> gluons of size larger than

10°10% 107 10° 107 02 05 09 1/Q4t N0 longer fit
A
Q3(x)
{ <
pQCD !
~ evolution i
S equation i
- ? a .
> | CGC Initial Glasma sQGP Hadron Gas
. | Singularity
saturation v
non-perturbative region %1 L. McLerran, https://bib-pubdb1.desy.de/record/296833/files/ismd08 mcl_intro-corr.pdf
In x + more reviews in literature,
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