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How does the presence of a colored
QGP affect hadron formation?

Freeze-out .
Hadronisation @ ...

Initial state QGP formation § e

Time: 0 fm/c ~10 fm/c ~1015 fm/c

F. Bellini | SSL 2024 | Heavy lons
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Quarkonium (qq) as a thermometer for QGP

In vacuum, at T=0, a qq pair is bound by the Cornell e
tential 4 R
Po J/ ( \ In vacuum
04 Confi tt r~0.3fm 6 —
V(r) :__+kr_/' ontfinement term \ r / T 0
r, — \ \‘—’/ S Bound state
Coulomb term
When the qq is immersed in the hot deconfined QGP . . In QGP
(T>0), the “confinement term” vanishes. M T>0
The surrounding color charges screen the binding B No bound
potentials (Debye color screening), resulting in o r | € state if
o i i 6 r > Ap or
—rlAp;
V(r) =——=¢ gt Debye lenght T'>Tp
r T-dependent!
A bound state can be found by minimizing the energy
p? « It does NOT admit bound
E=———¢ "/ solutions if A, = 0.6 fm
20 T
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Quarkonium as a thermometer for QGP

Charmonium suppression (J/i, ¥',...) suggested Effective coupling from lattice QCD vs T
T : TR . 1.2 ' T I
as “smoking gun” signatures for the QGP back in a1 a0V
the 1980’s. [Matsui, Satz, Phys. Lett. B 178 (1986) 416] 1 O | 0 Cr O
b 160 ——
| ] T
Modern lattice QCD calculations show that 07" 320
1 1 : b 800
the strenght of the mteractlpn (coupling a5) > 1200~
between g and g at large distances gets 0af
progressively reduced as temperature of the 0.3
medium increases. il
OE

- qq melting, depending on temperature |
- quarkonium as a thermometer for QGP

Y 0.3 0.56fm /\ /_\ 1.2fm Ve=0.3
Key observables: Zuns N poaGal 0.2Ge\ 0.06GeV A
. q(_l RAA Y(’S;)  Xo(PPor2)  JIW(®S,) Y(3S4(n=2) Y(3S4(1=3)) W (3S4(n=2)

e ground and excited qq states To larger radius R

To lower binding energy >
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J/Y (cc) suppression

+ observed atthe SPS (Vsyy = 17 GeV) < 4 Inclusive Jiy — i, Pb-Pb | 5,=2.76 TeV, Au-Au | $,=0.2 TeV,
* later measured at RHIC (\/SNN:200 GeV) @ 192 ] w ALICE, 2.54y44j p.<8 Gev;‘g | ’global syst.N:i ;5%
up to very high multiplicities ' O PHENIX, 1.2<|y|<2.2, p.>0 GeV/c ~ global syst.= + 9.2%
For similar multiplicities the suppression at 1:
SPS is similar to that at RHIC despite the 0.8} .J LHC. V5. = 276 TeV
energy difference (not shown) - L \@ Lo
o6 L ﬁ - u .
At the LHC, J/p is less suppressed than [ ﬁ
at RHIC 041 & 5o
> larger charm cross section 0k OB
- regeneration I oo
v e by v b v by v b b by
OO 50 100 150 200 250 300 350
<Npart>

Centrality
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CC Cross section vs energy

The cross section for producing a cc pair
increases with Vs

In a central event
At SPS ~0.1 cc
At RHIC ~10 cc
At LHC ~100 cc

c from one cc pair may combine with ¢ from
another cc pair at hadronization to form a J/y
-> regeneration!

T OO/)' S ,J——/m\\»’_ D
P 4 R A NaD \/
. % OO/ . ho ° X 07' \J/{l/i @D ‘,,D w\cﬁ)/,‘Dﬁﬁ_/
High %/ v o ’\ \Of g d ‘;\’9)[) c;o\ Jy (/
(LHC) W e % e ab°oroo@®D° L
energy W %{» #0000 % @®P @ 5
e oo o @
_° o@D

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

cc production cross section

- ALICE
o PHENIX
+ STAR

-
-
w

cC
do/dy| . (Mb)
>

v
102 :_ —:
- FONLL .
10 ——— NNLO —
:I [ | | | | I I | | | | | [ | | :
4x1072% 107 '2x10™" 1 2 34 10
Phys. Rev. D 105, L011103 (2022) \/E (TEV)



J/Y regeneration

R Midrapidity > R, forward rapidity
 Regeneration of charmonium and charmed
hadrons take place in QGP or at the phase

boundary.

* R\, depends on the local charm quark
density in the medium

- Signature of de-confinement.

R ¢ = @P
. 1e < -t o”\o by \J/tpé @D @D WA
(LHC) A, oo R D
energy ‘;% A #00°,% ¢ © _/D
> v @D
®PD

@D

P. Braun-Munzinger, J. Stachel., Nature 448, 302-309 (2007)
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RAA

L ALICE —
| Pb-Pb, sy =5.02 TeV
Inclusive Jiy

® |y<09(0.15< p; < 15 GeV/e) |
® 25<y<4(03<p <8 GeVic) |

I L L | 1 1 L |
0 200 400

N
arXiv:2303.13361 ( Dart>
o —r r Tt 1 r r r T 1 T T T
— | ALICE |
i Pb-Pb, s\ = 5.02 TeV |

Inclusive J/hy

® 0-10%, |y| <0.9

e
0””5llll10””15|”|20
pT(GeV/c)
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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.

R
AA
«10° PbPb 368 ub™ (5.02 TeV) = $ = > = - $

[ T T T T T T T T T T T T ]

—~ LT T 1T | T 1T | T 1T | T 17 | T TT | 1T 1T 1T | ' ]

N - . - = EI=—§-_|_ ]

-><3 455Y(1S) ﬂ p, <30 GeV/c CMS - B e ——— =2 -
©  4F lyl <2.4 E N == 8 15
O - p" >4 GeV/c PbPb ] Sp = & . %
o T ¢ Data ] - ! = do

A 35_ LB . : Bl - ! (@) —

: - Cent. 0-100% — Total fit ] breg | =
o 3:_ ------- Signal E e ; Jo
: - .Y(ZS) -.-.Background ] 923 . - = pa— E c:r

- P - = S - : 1. -
12, 2.9 Do Y(3S) pp = %3 - + + + 1=
GCJ oF LS 5 -- Overlaid 7 S s £ £ — w
= - ; . - 8 = S O o 18
¥ ] W — E 1
1St : SE . 2 2 =
1= - Qe = z S O 12
0.5E bb E - 4 - s D 13
s A . SC s [[=< ¥ 45
s T S [ Iy ~— II —] <
0_ ottt e g e L b ] I I I I T — | I - I ~
8 9 10 11 12 13 14 =1 o o
2 ® S i3
m,, (GeV/c?) =
' T | | | |
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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

%x10° PbPb 368 ub™ (5.02 TeV) 16 PbPb 368/464 b, pp 28.0 pb™” (5.02 TeV)

—_— CT T T 1 | T 1 T 1 | 1T T 1 | T T T 1 | T 1T T 1 | T T 1 _] . 7\\ T | T T | T 1T ‘ T T | T T ‘ T 1T | T TT ‘ T T 1T ‘ \77 ]

Al C n L pp 4 -

&) = E i p" <30 GeV/c CMS = 1

S 4'5§ Y(1S) ﬂ :"TI<Z°4GGWC CMS : 141 <24 Preliminary |

O 4C yl<2. = il T i

© - P! >4 GeVr/c PFFE’)%,[a ] 1.2 + ]
S 3-5¢ [] centoto0% — —Totalfit 3 goyasy t Cent. |

— 3F Y'(2S) " Background — 0 m sy, =276 TeV 1 0-100% -

- = ] s 0.8- @ Vs, =5.02TeV T _

_'CB 25:_ A Y(3S) pp B oC i 1 ]

P e T T

W 1.5¢ E E I - T ]

= . 0.4- ® @ - % ]

1 2 - ® . ]

- - ] 0_2; 1 _

0.5F bb E - i 1

- 5 s S 3 7\ L 11 | L1 | L1 11 ‘ L 111 | L 111 ‘ L1 11 | L 111 ‘ L 111 ‘ \77 ]

O L 1 l..Jl“‘.l | J_'"J.~“‘J "’.4 - | | O | [ N | | Lol J 1] 0
s 9 10 17 15 13 T4 0 50 100 150 2|\(|)0 250 300 350 400
part

m,. (GeV/c?)

F. Bellini | SSL 2024 | Heavy lons 64



What about the bulk of hadrons formed
by hadronisation of the QGP?

Freeze-out
Hadronisation @ ...

QGP formation | = .eeetUAD

.

Initial state

F. Bellini | SSL 2024 | Heavy lons
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BUIk partICIe prOdUCtlon 3% everything else

[ -
QU

The bulk of particles is soft and composed
by light flavour hadrons that are
produced when the QGP transitions into
a hot (T< 155 MeV) and dense gas of
hadrons.

T

A collective motion is observed: the
dynamic and thermodynamic properties
of the QGP are studied by measuring p;

1/Ng, d°N/(dp_dy) (GeV/c)"
_ <

distributions azimuthal angle (¢) 102 o050 - v, T

distributions. | Wi x 200 N
- = K'x50 .

in mi 107 =P
Keep in mind: K, p are the most [ORKXT0 o (50276 TeV
abundant hadronic species produced in - :xgg[; <05 NN
- + 0 XU, )

the CO”ISIOn! 10_6T| [ N N N N | I N | L1 1 1 | L1 1 1

0 1 2 3 4

P, (GeV/c)
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Chemical equilibrium temperature from SHM

Statistical hadronization model (SHM) describes 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 T ifx Pb-Pb \5y=2.76 TeV -
of a Grand Canonical (GC) ensemble % (2L ; 0-10% centrality '
] TSN N

o TolnmZzZ, ¢ [ p2dp S 10f e g
ng = N;/V = ——— = - / . : S b O ]
Vo Ou 212 J expl(FE; — ;) /T] £ 1 Q)
0 107} *d 1
where chemical potential for quantum numbers are 102F
constrained with conservation laws. 10°F e s
10*F @ Data, ALICE '*zng :
How to use it: 10°F Statistical Hadronization .
: . : : : ol total (after d . He ]
O Predict yields (see right figure) at a given temperature 10 T o 4
O Fit measured particle yields (or ratios) to extract g, 07005 1 15 2 25 3 35 4
T. V Mass (GeV)

ch» V-

A. Andronic et al., Nature 561, 321 (2018
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Chemical freeze-out temperature

10*
10°

dN/dy

10

107

3., 377
at+n K'+K o KK p+p Z4+= 4+Q° AH+ H 5 4 4
> > Ks > o > A > 5 d 4% "He “‘He “He
qp 4] ] @
[ : . ALICE, 0-10% Pb-Pb, 276 Te
: : : : : : 3 W7 o 2 3 'I.SNN =:2-76 e‘v'
— e : : : . . . . : : =
[ : : DL e ¥ e : : : : : _
2 D PV PP o
i : : : e § § -
| £k Mot in fit —
i $ Extrapolated . : : : _
[ Model T (MeV) | V (fm) w2/NDF |: PR o A
| |— THERMUS 2.3 155+2 | 5924 £543  24.8/11 | SER ==t : : i
'_ - = GSl-Heidelberg 156 + 2 5330 + 505 19.6/11 |: _'
i =+ SHARE 3 156 + 3 4476 + 696 15.1/11 |: : " :

— 200 [+
‘ﬁ; -
2180;
— 160
140 |

120
100
80

60 |
40 f

20

‘ T T LI \Il
Quark-Gluon Matter ]
- iy ﬁ% .
Hadronic Matter %%
C Lattice QCD, T, & .
Borsanyi et al.; HotQCD Collab. O ]
Statistical Hadronization, T E[I:]
[ O Cleymans, Redlich ]
¢  Vovchenko et al. ¢ ]
A Becattinietal. ]
¥ STAR Collab.
[ O Andronic et al. ]
Nuclei
I\II‘ L L I\\I\Il L L \Illl\l \\I' ]
2 3
1 10 10 10
ug (MeV)

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: [imiting 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
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Hydrodynamics at play: radial flow (1/2)

—  Radial flow in heavy-ion collisions

A collective motion is superimposed to the thermal

Collective motion

motion of particles — the system as a medium IR (explosive source)
= AN
Radial flow Q y—

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

— Affects the low py distribution of hadrons and their O S """""" .@ "

ratios depending on their mass

Thermal motion
% (random)

explosive
mr = \/ (mQ -+ p%) purely thermal | source

SOuUrce
dN —ma [T

mrdmr _

R. Snellings




Hydrodynamics at play: radial flow (2/2)

107

1/N, d“Ni(dp,_dy) [(GeV/c)
o

T (GeV)

1078

11 lllll 1 1 & lllll
1 10
p. (GeV/c)
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Global Blast-Wave fit range:

ALICE

m  Pb-Pb, \s,,=2.76TeV

¢ p-Pb,\s,,=502TeV

Preliminary
v Xe—Xe, \Snn = 5.44 TeV
A Pb-PDb,\s,,=5.02TeV
+ pp,\s=7TeV
® pp,\s=13TeV
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32
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=
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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.

More central (higher
multiplicity) events have
lower T,,, and higher
flow velocity

T, ~ 100-140 MeV
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Hydrodynamics at play: anisotropic flow (1/2)

Coordinate space

Initial geometrical anisotropy ("almond” shape) in non-central Hl
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 ¢

vV, = harmonics
/

3 2 C
JON 1 N (142 Y vacos[n(p —¥a)]),
1

dp? ~ 27 prdprdy

n=

In-plane
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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 “harmonlcs

c L | 1T 17T | L ‘ T T [ L | T T 17T | L
- O vp{2,An| > 1} ALICE Xe-Xe |5, = 5.44 TeV
@ v,{2,An| > 2} 02<p <3.0GeVic
- O vo{4) —
[ | v§{4,3 sub-event} i <0.8 V 2
0.1 o v,{6} —
T Vi8] ° ° i
O vyf2,an] > 1) ¢ ®
- e v2an>2 o i
| O vi2hanl>1) e M m 7
! o W /' & [* ]
005~ e R Non-flow removed V N
_e 3 .
R ° L ® -
) (™ V
A 4 -
5 0 O O o) o) Q |
0 11 1 | | 11 1 1 | L1 1 1 ‘ L1 1 1 { L1 1 | | 1 1 1 | | L1 1
0 10 20 30 40 50 60 70

ALICE, PLB 784 (2018) 82-95  Centrality (%)
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| [ ] _
- et S . . -
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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 Ag (difference in azimuthal angle).

Peak at An ~ O:
short-range correlations O jets

3< p‘T <4 GeV/c Pb-Pb 2.76 TeV
Broad ridge” in a wide An range:

2<p?<25GeVic @ ___— . )
Py s long-range correlations emerging from
O / early times (causality) O anisotropic flow
105" e

C(Ag, An)

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

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 7.

52.0

CMS PbPb \/s,, = 2.76 TeV
L,:=120 ub'1
0-0.2% centrality

d2 Noair

Ntrig dAﬂ dA(I)
9
(6]

1

.
i .
1< p‘T"g‘l <3GeVlc %, 0
assoc /
1<p; <3 GeV/c

A¢ (radians)

CMS, JHEP 02 (2014) 088
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Hydrodynamical modeling

|deal hydrodynamlcs | o | VT — 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 — eufu? — (P — CO)AMY — 2, gh
- Includes corrections for dissipative effects:

bulk ¢ and shear viscosity n, charge diffusion, « TP = qut + V" (1) T)

\
R e N N SN — ¢
E = s
w =» B
Diffusion
ETPansion Figs. from Rezzolla and Zanotti, 2013
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y [fm]

Shear viscosity

Shear viscosity (expressed as viscosity over entropy, 7n/s)

washes out initial-state anisotropies

- Larger consequences on higher-order harmonics
- Larger n/s reduces flow

Initial conditions

600

-10 -5 0 5 10

. m/s=0.16

X [fm]

Water: n/s ~ 30 | Olive oil n/s ~ 240

Measured v, is described very well by hydrodynamic models
— QGP behaves as a ~perfect liquid!

F. Bellini | SSL 2024 | Heavy lons

X [fm]

MUSIC, Sangyo

0.15~

Larger n/s reduces flow
012 | I | | | 1 I

Elliptic flow vs viscous hydro model

0.1

| " ] | LI I LI L | L | LI | LI I L L | L L L
- IP-Glasma+MUSIC+UrQMD .
- —— n/s(T) default =

- - 1/s(T) min at 0.08 |

——ALCE 7/s ~ 0.08 - 0.16

&
e iz

[ Pb-Pb, |/s,, = 2.76 TeV

oo by e ey by s by s by e by
10 15 20 25 30 35 40
Centrality (%)

Kovtun, Son, and Starinets
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QGP properties from flow 1/2

Bayesian analysis of yields, mean p, flow o Is: brob. distrib. of each
harmonics measured by ALICE has been used g olf?%?ggosr{a?-r c;h'ov\',z ?nté?d:sgndzircaem'
to extract the QGP properties. al, | A among parameters

S.A. Bass et al. / Nuclear Physics A 967 (2017) 67-73
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J. E. Bernhard et al, Nature Physics 15 (2019) 1113
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QGP properties from flow 2/2

Bayesian analysis of yields, mean p+, flow

harmonics measured by ALICE has been used

to extract the QGP properties.

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

Yields

dN/dy

Ratio
o
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L ]
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J. E. Bernhard et al, Nature Physics 15 (2019) 1113
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90% credible region

Shear viscosity
n/s(T) € 0.08 - 0.2
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Bulk particle abundances are described by the
statistical hadronization model assuming chemical

equilibrium and with Tch ~ 156 MeV i |EPHE;'U3156 MeV(—)—‘
The QGP expands rapidly under radial flow. | .
Spatial anisotropy of the initial collision region causes | Ry,
anisotropic flow. o Tyin ~ 100-140 Mem

: m Pb-Pb,|s,,=276TeV ¥ Xe-Xe, |5, =544TeV
Spectra and flow coefficients are well described by M
viscous hydrodynamics with a very low shear viscosity Teres il
(77/3 ~ 0.08 —016) - “perfeCt quUid” 1s(T) min at 0.08

—o— 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 (%)




Formation of quark-gluon plasma at the LHC

The conditions to form a QGP are met and exceeded in heavy-ion collisions at

the LHC.

The initial energy density estimated in central
collisions is ~12 GeV/fm3 at the early time of 1
fm/c

The initial QGP temperature is up to 5 times
higher than the QCD decofinement temperature
predicted by ab-initio lattice QCD calculations,
Tpe = 155-159 MeV

The matter created has the largest temperature
and energy density ever observed!

F. Bellini | SSL 2024 | Heavy lons

ALICE, arXiv:2211.04384

Hydrodynamic stage

P -
To: Y(25).Y(1S)
Tes(y)
@ Tesf(h™)
@ Chemical freeze-out (Tchem)
@ Kinetic freeze-out (Tyin)

< Lattice QCD: Crossover phase transition range

015 030 045 060 075 090

Temperature (GeV)
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an we produce a QGP 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.

Aridge 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.

CMS pp 7 TeV CM .0GeV/c<pT<3.0GeV/c

1<p;<3GeVic

= =
< } W <
g () “ \“‘0',] (=% e
- Uepsess T S,
PR %")"‘"\\S < =
U Gl
N7
4 CMS, JHEP 09 (2010) 091
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The “ridge” in pp, p-Pb collisions

(d) CMS N> 110, 1 .0GeV/c<pT<3.0GeV/c 2<p_ <4 GeVic

..... p-Pb |5, =5.02 TeV
1 <Py o <2 GeVic (0-20%) - (60-100%)

p-Pb

Low-multiplicity

R(An,A¢)

CMS, JHEP 09 (2010) 091 ALICE, PLB 719 (2013) 29
Near side ridge

ATLAS pp 0.5<p:’b<5 G:v LHCb Pb+p sy =5 TeV

s=13 TeV, 64 nb N:;CZ1 21) 1.0<p, <2.0Ge /e P b - p
p p ) Event class 0-3%
< 22
—_ <
< Z|
31. ) 2.15 .

3 3 ‘n\\\\e::"‘\‘“
> : RS
| = o
X\ “‘ "
“‘4“

‘ \

ATLAS, PRC 96, (2017) 024908 LHCb, PLB 762 (2016) 473—-483
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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:

v,{4} = v,{6} = v,{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

pﬁ“

Elliptic flow v, Triangular flow v,

d3N 1 d2N

(142 ) vncos[n(ep —¥

Elliptic flow from multi-particle correlations in all systems

T —TT
( ) DRI R o'o'go’g;gg Rabie
ARSI OO0 ) & .0, I P C .
0’0’0’0’0&? % OO S dhdie Ry -
X X
- o $
-¢ o z *
%
X 8 ®
»
g
OO0
%

.
N ’.

pp p-Pb Xe-Xe Pb-Pb
V wn (TeV)

13 5.02 544 502 |s
ol =0 FBE 80 v,{4}

AW
—_open = without n-subevent [B& < [EEN AA v,{6}

|||||||]||l|||l||]
s
QEE
oio
%)
= T
":‘\
" '3‘0‘ |
# R
o
& 9
-
-

¥, ‘,
*
Xe-Xe %
- *
'0:0
@

IIIIIII|III|III|III|III

: solid = wuthn subevent B WV v.(8}

1o2 10°
PRL 123, 142301 (2019)

(h1|<0

&

85



Discovery of strangeness enhancement in small systems

'E T
Strangeness enhancement relative to pp suggested in the j; N y 22 bl
1980’s as QGP smoking gun. g 10 5 SIS 0 0 g
> A (2)
Multi-strange to non-strange yield ratios increase "; | 4 g b I
significantly and smoothly with multiplicity in pp and g M b Z4E (06) |
p-Pb collisions until saturation in Pb-Pb o ’ i # " [H] :
1072 —f #%MH Q+Q' (x16)
— Particle composition evolves smoothly across e
collision systems, depending only on final-state ~ @ ppVs=13Tev
multiplicity 5 Mo iens 802 7oV
O Pb-Pb,\jsTm=2.76TeV
—— PYTHIAS + color ropes
OPEN QUESTION: “emergence” in hadron production , TS wonash
mechanism, from microscopical hadron production oL o PYTHIASMonash NoOR |
mechanisms (string overlap, color reconnection) to the 10 102 10°
onset of a QGP (thermalization, equilibration)? N fdm,. o5
N A Challenge for mOde|S! 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 R,, 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 p; High pT, centrality dependence
m§ _I I ol I ! ! ! L I ! ! - g [ I T T T I T T T I T T T I T T T I T T T I |
N 0-5% 5-10% 10-15% £ 15-20%  © 20-25% ] @ L Pb-Pb, s, =5.02 TeV, charged particles, |1 | < 0.8 -
10— 25-30% * 30-35% 4 35-40% 7 40-45% 4+ 45-50% _ 120 = ALICE data 8 < p <20 GeV/ ]

B 50-55% 55-60% 60-65% 65-70% 70-75% 7] T a8, Py evie =

B ° 75-80% + 80-85% * 85-90% = 90-95% ¢ 95-100% i i HG-PYTHIA, PLB 773 (2017) 408 ’
o L pmnemene __
o E “8F model with E
0.6f— | Outlook to Runs 3 and 4 ]
F O Search for energy loss effects with light ion collisions ]

| x (e.g. O-O, Ar-Ar, low N, multiplicity similar to p-Pb, known geometry) 1
[ Mg 02 = —

0'2: ALICE, Pb-Pb, {5, = 5.02 TeV i - (o] -
of charged particles, |n | < 0.8 = 0 central penpheral ]

(| |_1 1 1 1 1 11 1 II 1 1 1 1 { - | II 1 1 (I) L 1 I2Ic) L 1 I4IO L 1 I6IO 80 160

10 1 10 P, (GeV/c) Centrality (%)

PLB 793 (2019) 420



p (PIRREIRRNPCCO & O @ & w i g P (46)
o W W il 00 2K
Particle chemistry:
 continuity observed across collision systems % © B0 g 200
« depends on charged particle multiplicity 0 WD = oo
« Strangeness production in enhanced in presence of a QGP b oa i
. " : R R R
In AA collisions (established)

0D 0O0om,,

Ratio of yields to (xt+7")

* In small systems, strangeness enhancement observed Pev ALICE Prlmiary
with increasing multiplicity (to be understood!) O o (AmmS2 TV B XaXe, Yoo 44 Tov

Collective dynamics

. pp 13 TeV p-Pb5.02TeV Xe-Xe 5.44 TeV Pb-Pb5.02 TeV
- Radial and anisotropic flow P — ¥ S — S —
»  Flow up to higher harmonics in heav-ion collisions 7 S b B
- Discovery of collective phenomena in small systems at A 02<py<a0Ceve o,

the LHC, whose origin is to be understood.

Any energy loss in small systems?




Summary and outlook

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 (n/s),
High temperatures, mostly statistical particle production (Tchem, Tkin)
Heavy-ion-like effects observed in pp and p-Pb collisions

A new frontier

* |sthere 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 gquestions to be addressed in Run3 and beyond.
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/N CERN Summer Student Lectures 2024
ERN
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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



Bonus material



What's next?

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

F. Bellini | SSL 2024 | 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

e S
4 )

High luminosity LHC

:\‘l». .-.u'-'V'/

Major upgrades for _*f \weare

ALICE and LHCb —— here ATLAS and CMS phase I ALICE 3: a whole new

ALICE ITS3 and FoCal dedicated HI detector!
LHCb upgrade Il

A L 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-p; 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

Runs 3+4 - Nuclel and small systems

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

Expected significance

10°

10

107

ALICE Upgrade projection
Pb-Pb, \(s,,, = 5.5 TeV (0-10%), B=0.5 T

%ﬁ —°He + n*

— A

| (*) theoretical

F' rrT

B.R. = 25% (")
‘H - *He+m*

B.R. =50% (*)
%% > He+p+n*
B.R. =32% (")

CANNN_ 0

e o

. ..-"'/. e 1 1
-
= LWl | |\||||I [

16—‘ 1 10
Min. bias integrated luminosity (nb™
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A “small systems” programme to study collectivity, &
strangeness/chemistry, hadronisation
* Investigate the onset of QGP like features

T T LELELIL II T T T LELELELEL I T T T L I
| ALICE Upgrade projection
Multiplicity slicing with mid-rapidity estimator

—+

Q+Q /[ (m*+m)
5-:.'0

.";l- '
L oeoees

4
{ a
4
¥
L
-

T
Comfae
!
?
=
1

T
—
"y
m
o
(]
5
]
|

pp. Vs =7 TeV Nat. Phys. 13 (2017) 535

F'r{:{?e{:tkﬂfur 14 TeV pp, 200 pb’
p-Pb, (S, = 5.02 TeV PLE 728 (2014) 25
Preliminary Pb-Pb, {s,,, = 5.02 TeV

Oceo “w.r

L o

\

10 102 10°
(dN_ /dn)

Inl< 0.5
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Runs 3+4 — Dileptons and chiral symmetry

Lattice QCD predicts chiral symmetry restoration to Di-lepton mass distribution

occur around the same temperature as the
confined/deconfined transition
- but no experimental observation yet!

(GeV/c?)!

7’ n,0,n',¢ -Dalitz

Chiral Condensate

st
Lt

Order Parameters

0.5r
Polyakov DD
Loop D
.'E’E
."‘-'-'-D
e i
0
0_5 1 1.5 IIII|IIII|III|IIII|IIII|IIII|II
T/ 1 0 0.5 1 1.5 2 2.5 3
O Search for signatures of chiral symmetry e Mg (GeV/c?)
restoration at the QCD phase boundary by omega/phi region:
measuring intermediate mass dilepton spectrum chiral symmetry and

rho-ai mixing
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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

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

O 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:

* statistics 0 0.5 1 1.5 2 2.5 3
* reduced, well-known material T — m,. (GeV/c)
* heavy-flavour rejection Very low mass: omega/phi region:

conductivity Large mass:

chiral symmetry and

. very early times
rho-ai mixing y eay
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Runs 3+4 — Dileptons

= ALICE Upgrade Simulation
Pb-Pb |5, =55 TeV

Measurements of dilepton spectrum:;

Rapp p (broad)

. . 0-10%, L, =3 nb’" Rapp QGP
O Searc_h for signatures of chiral symmetry S2 Be02T Rapp Sum
restoration at the QCD phase boundary by In1 <038 — & ‘meas.’ - & - cockt.

p,_>0.2GeV/c [27] syst. uncert. sig. + bkg.

=— Syst. uncert. cc + cocktail

&
1T

measuring intermediate mass dilepton spectrum

2N"™/dM . dy (GeV/c?)"
o
LN

O Access the temperature of QGP in the early 107

stages by measuring the mass spectrum of o y
dileptons in the large mass range and dilepton 23 \
excess due to electromagnetic radiation emitted by =107 3
the QGP i §
L ,
107 E
Bonus in Runs 3 and 4: - : .
© staustics . o 05 1 1.5 > 25
* 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-ai mixing y eay

F. Bellini | SSL 2024 | Heavy lons 97



Runs 3+4 - More charm

Higher precision for rarer probes in the HF sector

* Low-p; production and v, of several HF hadron
species

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

« B hadrons and b-jets (main focus of ATLAS and

CMS)

O Study mass dependence of energy loss,
iIn-medium thermalization of heavy-flavours

O Access to the medium transport properties,
e.g. charm diffusion coefficient

F. Bellini | SSL 2024 | Heavy lons

Vv,

in charm sector

VNN i

;‘u 0.3_ LI I T T T I T T T | LI | LI I T T 71 | L | T T |_ 0.4: >N
ALICE Upgrade Simulation . - CMS ®  Charged hadrons
0255 e ) E 0-35-" projection [®]0°
251 Pb-Pb, {53255 TeV, Ly, = 10 nb - 0sh. CLUET 30
C H E E 0255 —— LBT
0.2  D°3050%centr. & —— PHSD charm
» Di 30-50%centr. ] 02re * TAMU
0_15 $ Eﬁ v AL 1040%centr. ] SO ysrehe e SUBATECH
0.1 -
C H L
0.05[- ] i _
@ ook Centrality 30-50%
|||I|||I|||||||||||I||||||||||| 7\\\‘\\l\‘\l\‘\l\\‘l\\\l\\\\‘\\\\‘\\l\‘
T S E— TR 0 5 10 15 20 25 30 35 40
p_(GeVic) P, (GeV)

prior
20 current Jeq, 70%C.R
future geyp, 90%C.R
15+ -
Ly a]
]
E pr=0 GeV/c g
10+ N
1
5 4
0 T T r
1 2 3
T/T,

Projections for extraction of charm diffusion coefficient

Ads\CFT

QPMCatania) EM

D-MEsmTAMU] = = = =
D-Meoofrvenchek elal] = = = =

OFMCaana LV -
L0 pOTD ix, (T3 e

L0 oD =04




Runs 3+4 - More beauty .

<25 — RpaiN the beauty sector
ac . ALICE Sirmuratromn
: - Upgrade - ]
. .. . | Pb-Pb, |/s,, = 5.5 TeV ]
Higher precision for rarer probes in the HF sector ~ *° L =10 nb cmntralty 010 % -
i B* =D (D' —K'r) 1 Example: B+ O DOt
. 1_57 ¢ projected statistical uncertainty 1 (dlsplaced) Chann6| down to
® - | 2.76 TeV, Uphoff et al., Phys.Lett.B 717 | . .
Low Pr production and v, of several HF hadron L WereTo nemar wvimecss | low py accessible in the
Species 1.0 * ALICE central barrel thanks
+ first measurements of b at forward y down to S . to the upgraded ITS
zero p; (main focus of ALICE) 0.5 Sttt !
« B hadrons and b-jets (main focus of ATLAS and i ]
CMS) 0.00"'516 1520 25 30" 35 40
pr(GeVic) | Baryon/meson in b sector
o F ' ' " .' I
O Study mass dependence of energy loss, 3 v, in beauty sector TR rorn o soror oty 0200
. . . . L - L I e s e B B B s e B B B I B B I r W ! .
in-medium thermalization of heavy-flavours > [ ALICE Upgrace Projectons, 10 b’ I8 Ly =10 " E
r Pb-PDys,,=502TeV,25<y<40 b r 7
015 F : ﬂr"{‘:s‘)’_“;ﬁluz_%ﬁ;& B 75_ —— Ko thnm - made, Au-Au 200GV
. . [ L2 o T(28) - p'w, 5-60% ] - Yoo s K Gty thiEsg Tt =
O Access flavor-dependence of in-medium o, TR 1% Ty T s e
fragmentation functions with jet measurements oosk & % 4] 1 F H o E
roa® B SRt e | ERER et LR af- 3
E g JT] - ' :
e — :
_0-05:_ TT?:;EMOGSI (TAMU) Tyl:l_ro?;:l;mca] Model (KSU) _f 5 E_ E .- _E
E e £ E
B - S N PRy o 1
pr (Gevic) 0" 'sl""llu""1|5""zlullllela -
P, (GeV/c)
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Runs 3+4 — More quarkonia <. ThEETITL

ki Statistical Hadronization Mode

> O — - Transport Model (TAMU)
Measure charmonium and bottomonium 0'125."'$ 25V J/w |
spectrum with increased precision 01 H LGl
0.08¢ E ]
0.06F -

* Nuclear modification R PN ]
* LlJ(ZS)/Jll.lJ, Y(ZS)/Y(].S) z:z: E
« explore feeddown 1 ]

T TR R R T N T N
Ol] 50 100 150 200 250 300 350 400

i N part
O constrain models
O probe melting and regeneration of 1.2+ _Raa OF prompt J/psi | 12 Ran Of bottomonia
Uarkonia m-_-E ’ | ATLAS Centrality 0-20% ] é ' i ALICE Upgrade Projections, 10 nb™
g o decont [ Prompt iy Iy <2 oo s o PP (g =502Tev,25<y <40
probe aeconfinement e Cotor screening (Phys. Lot 5778 (2018) 364 . N T(15) - p'y
. L . L Ii o T —+ u‘y
O access the medium temperature 0,8] comrscomno s revcon @z ] oo PN 09 Tanort e ML)
- mm Energy loss [Phys. Lett. BT&7 (2017) 10] T F ol 2
[ -~ Energy loss [Phys. Rev. Lett 119 (2017) 062302] ] i E]E “" T(25) Transport Model (TAMU)
- w, =20.6 GeV —] = E % —--=-- T(15) Hydrodynamical Model (K5U)
0-6: & et ] DE: ) : El é <. 7T Y(2S) Hydrodynamical Model (KSU)
0.4k ! - 0.4 [E e [ T
» .__'.h - o . » . TR E'
- . e P
| A I DU U DU PR I@'....l....l....|....|....|jt.m.".'."|.'.'."'.'_'|'.'."'.".'
10 15 20 925 30 35 40 0 50 100 150 200 250 300 350 400

Npan
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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 p;=0
(w/ retractable inner tracking layers)

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

F. Bellini | SSL 2024 | Heavy lons

ALICE 3 detector concept

TOF

Muon
chambers

Muon
absorber

101


https://arxiv.org/abs/1902.01211

Unique physics with a fast ultra-light detector

++ + +
QCCC = QCC + n

« Multi-HF states production to investigate Qf - Q0 4 7+
hadronization from the QGP = QR->Q 2t
Multi-charm baryon production expected to be enhanced by a factor of W @ - A+K B
102-103, low p; B, % X, ... @ ¢ A2 ps

' 1/

* Dilepton radiation from various phases of the collision & Eo_ 7

C C

« Effect of chiral symmetry restoration (predicted by
lattice QCD) on the dielectron spectrum

L
hadronie (o msimngs ----- |
hachranic (s mixing) |
= LD ||||'.||I:-' EEEER 3
ST LIOER Mgy =

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

AV Ak LA

« Ultra-soft (pr ~ 10 MeV) photon production relative to
hadron production (non-pert. QCD)

1 b I

...and more new unique windows opened at the LHC! T oz o

L L |
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Characteristics of a heavy-ion detector: ALICE

Inner Tracking System ITS2

ALICE is the dedicated heavy-ion detector at the IR s oY

LHC, designed and built specifically for this purpose. T =5

Solenoid: magneticfield B=05T

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

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

Electromagnetic calorimeters

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

Particle identification o

Pb-Pb

5 El
S 900 So, =2.76 TeV
3 800F
: : e : : : L5 700F-
- Direct identification: 1, K, p, light (anti)nuclei O goof-
- Electron identification using calorimeters and transition radiation " so0f SR
detectors S AR
300
- Strange and heavy-flavour hadrons: 200F
- reconstruction of secondary vertex and weak decay topology R
. ] . 0' 1 1 1
+ PID + Invariant mass reconstruction 01 02 03 1 2 3 45
p/Z (GeV/c)

- Photons detected in calorimeters and through pair production

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

o 110
p— _ p— _— [T I
=— AT =—Amn S 1 i
.. : - — — .. : - — s — . _ 09F 1
(similarly f91 __Q AK) (s:lcjﬂgﬂarly for Q—AK") Jy—pru Jhy—ete : 4
o 2 [ 10<p_<15GeVic 2 ALICE 20 - 40% P-PE |5,,, = 5.02 ToV o5 E 8
T i F 3 3 T. - ==t E éﬁliﬁﬁﬁwzl—gﬂ 4 Gavic :r}dlu:isugwgc:’e‘z'ﬁ GeWic 0 7 -
DCA VO Neg. dghter A VO.b 8 I ':d} = += 81 S000F | .zsu [ - ] 06 E 10°
i Prim. Wiy V0.2 ® Opposite-sign pairs =——  Fit total . R #  Opposite-sign pairs ’ E
\ P . [ — Fiteignal ===~ Fitbackground T @ O Mixed event pairs | 05F
kY ..-"’" » — X Vi 10000 —— MC signal shape F 102
P E .. 0.4 e :
Prim. \ /i “es 03F -
Vil Vo.a Sooor e ] N
nRT ; “ee, 02F
: : : L L L | L L g I Lt N | | 0.1_“““"'“ T : - 3 1
WC | I 1.3 132 1.34 1.36 3426 28 3 52 54 36 38 424 26 28 3 32 34 36 0 05 1 15 2 25 3 35 4 (gzwcf
R M (GEVIC?) m,, (GeVic?) My, (GeV/c?) p
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Glauber model

Nucleus-nucleus interaction as incoherent
superposition of nucleon-nucleon collisions
calculated in a probabilistic approach

[M. L. Miller et al., An. Rev. Nucl. Part. Sci. 57 (2007) 205-243]

Cross section (mb)

- nucleons in nuclei are considered as point-like
and non-interacting

- nuclei (and nucleons) have straight-line
trajectories (no deflection)

Input:
 Nucleon-nucleon inelastic cross section
* Nuclear density distribution, e.g. Fermi

2
1 + w(?’/ R) p° = density in the nucleus center

r—R R = nucleus radius
1 + exp ( a ) a = skin depth

w = deviations from spherical shape

p(r) = po

Proton-proton cross section (from PDG)

O AL L A A1 B A AL e p
A A A LHC(p)
102}
- Fi W
| . ] om_ |
L] il
| . Ch
B W
. n .
[ ] il
] .
| . Ch
] m
] ]
n ‘m
= ‘m
| | H |
= m
10 |- i T
| n I
- n -
| . . .
| | |
[ ) { |
‘ | | | | | | | ==
107 1 10 10° 10° 10* 10° 10° 10 10°

I
1.9

1 T T TTTIT T T T TTTIIT T T T TIT1I0 T T TTTIT1 T 1
2 10 1 10° 10t
Center of mass energy (GeV)

Examples of density distributions of nuclei

— 0 (A=18)
— Cu (A=63)
— In (A=115)

8 9 10
Radius [ fm ]



Glauber model (2)

Output: Iyl < 1
» Interaction probability , 1210 8 6 4 2 0 (b(fm))
F 1 | | | | I ]
* Number of elementary nucleon-nucleon collisions (Neoi)  F o 100 150 200 250 300 350 T
* Number of participant nucleons (N,,)
« Number of spectator nucleons o E
« Size of the nuclei overlap region €
>
s
These variables are fundamental to study the scaling 8 107 3
properties of observables in HIC — Rule of thumb: o5
- Ny, scaling of soft particle production 109 .
- bulk of the system F b
S0 70 80 0 95 olo_ (%)\
- N, scaling of high p; particle p.roductlon_ | 1o e L
—> hard partons produced early in the collision N

ch
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Initial stage of heavy ion collisions

207

pQCD
evolution
equation
) (o)

non-perturbative region

In Q2

saturation

In x

0.

5

R L L L LT

CTI8Z at 100 GeV

=

~1

09

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

Saturation (momentum) scale o
Q.. = inverse size scale of )
smallest gluons which are
closely packed

—> gluons of size larger than
1/Q.,; no longer fit

N g

=" Increasing Energy

CGC

L. McLerran, https://bib-pubdbl.desy.de/record/296833/files/ismd08 mcl intro-corr.pdf
+ more reviews in literature,

Initial Glasma sQGP Hadron Gas
Singularity
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Light ions at the LHC

Mol
,&'Xe)(e 30-50%

- large )
@ PbPb 50-70%
100 2 XeXe 50-70%
- ATAT ¢ eAe oU-/U7
i small  ©O4f PbPb 70-90%

I pPb - ° XeXe 70(80%
L9

pAr v
10 0O

proposed [1812.06772]

'~ "PbPb 30-50%4

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 0ppoatL HC [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.

Aleksas Mazeliauskas aleksas.eu

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

G pprtunities

1)
09F
08
07F

0.6~

at the LHC

= 7Peb 45&8-10, 2021

cern.ch/OppOatLHC,

0-0 0-100% {5, = 6.37 TeV.
L,=1nb"

W nPDF + E-loss models
[IwLEPPS16

- ALICE projected

Il Norm. uncertainty

0.5~

00 30 40 50
pT(GeV/c)
ALICE (2021) [43]

21/23

‘39 100
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Determination of the initial temperature with photons

Direct photons
= photons not originating from hadron decays

- Produced at every stage, they do not interact with the
QGP nor the hadrons

Prompt: produced in hard scatterings of incoming partons
« provide information on parton distributions in nuclei

« follow a power law spectrum .
« dominate at high transverse momentum, p: = 5 GeV/c fime: - ofme <tme om0

Thermal: emitted by deconfined quark—gluon matter as well as hadronic matter, rate o T?exp(-E,/T)
« carry information about the temperature, collective flow and space-time evolution of the medium
« follow an approximately exponential spectrum

« dominate at lower transverse momenta, p; < 4 GeV/c

From jet-photon conversion, ie. from the interaction of hard scattered partons with the medium
« important for p- < 10 GeV/c.
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Thermal photon excess In central Pb-Pb collisions

Direct photon fraction quantified by

R. = Yinc Y.dec - Yinc
param param .dec

Excess in thermal photon region (p; < 3
GeV/c) observed in central Pb-Pb collisions
wrt pQCD expectations

Phys. Rev. C 99, 024912 (2019)

F 7 T T
1.5 [¢] ALICE

— 3

pp, \s =8 TeV
’ 45_ £= NLO pQCD, PDF: CT10, FF: GRV p p ;
“E ---NLO pQCD, PDF: CTEQS.1M, FF: BFG2 .
130 £ 1JETPHOX, PDF: NNPDF2.3QED, FF: BFG2 =

- F-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS
1.2

1.4

1.0

0.9— =

0.8— =

(b)
= L L N | =
0.3 0.4 1 2 3 4 567890 20

pT(GeV/c)

Phys. Lett. B 754 (2016) 235-248

_I T T T T T T T T T T | ]
| 0-20% Pb-Pb {s,, =2.76 TeV Pb-Pb i
| [e1ALICE 1
. = NLO pQCD PDF: CTEQ6MS5 FF: GRV -
I I 1.5— JETPHOX PDF: CT10, FF: BFG2 —
Spectrum con5|§tent W.I'[h NLO pQCD [ B JETPHOX nPDF: EPS09. EF: BFG2 _
calculations at high p;in all systems; - o T 2
No excess observed in pp, p-Pb. e ~
NN Lo ]

Thermal excess, 1
from QGP P, (GeVic)
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Effective temperature from direct photons

§ 102E — Aexp(-p/Ty)  0-20% Au-Au 5, = 200 GeV ;
N e = 26 MV - After subtraction of the pQCD expectation, spectra at
I 3 E: low p; are fitted with an exponential distribution
ol PG
: %WO‘E SS@%EBQ 3
.
. F = 2 , —;JT/T\[['
Joef | d~Ny,, /(prdprdy) o< e P/
B _35 11'131 3 .
R 3 T E T = (304 + 41) MeV in 0-20% Pb-Pb
10“‘E PP Y2 = 276 ToV @m:mm E larger than the IQCD critical temperature!
107° Paquet et al. o [ =
= Linnyk et al. % = R
10‘55— =1+ V. Hees et al. °¢°© =
10_% éozoLE}bE-Pb V5. =276 TeV - E
10_8% ' 'Te:ﬂ='5;[j:4|i " MeV: —————++ @“ﬁg
o E NB: This represents an effective temperature of the
& 4 e Je fireball and can be related to the “trge” temperature
o S _——l‘—_—_l_ 3 by accounting for the radial expansion of the system,
08E . . ... T R which causes a blue-shift of the emitted photons.
4x10 1 2 3 456 7891?G9V!c)
P;

ALICE, Phys. Lett. B 754 (2016) 235-248
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Dead-cone effect in pp

The pattern of the parton shower in vacuum is
expected to depend on the mass of the
initiating parton

First direct observation of the dead cone
effect in QCD in hadronic collisions (pp 13 TeV)
using D°%-meson tagged jets

* new iterative declustering technigues used
to reconstruct the parton shower of charm

quarks [Frye et al., JHEP 09 (2017) 083, Dreyer et al., JHEP
12 (2018) 064]

To be measured next:
* In beauty sector - mass dependence
 |n AA collisions = in-medium vs in-vacuum

ALICE, Nature 605 (2022) 7910, 440-446
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Ratio of the splitting angle
distributions for D%-meson

and inclusive jets, in bins of Eg,giator

()

(e) — Charm quark
. * Gluon emission vertex
tagged jets Emitted gluon
6,>6,> ...> 6;

Egadiatont > > Eadiators

Fully reclustered jet

Sl 5

\  Dead-cone effect

1 anO jets 1 dypinclusive jets
R(O) = , / . —
( ) NDOJets dln(l/e) Ninclusive jets dln(1/9)
kTsERadiator
ch,leading track
B ALICE Data --- PYTHIABLQ /inclusive pp s =13 TeV plrert 228 GeVle
no dead-cone limit
—— PYTHIA 8 charged jets, anti-k;, AR=0.4 ki > Agep . Agep = 200 MeVie
— === SHERPA LQ /[ inclusive crari
SHERPA o dead-cone limit C/A reclustering In| <05 6 (rad)
0.37 0.22 0.14 0.08 0.22 014 0.08 0.22 0.14 0.08 0.05
- IIII|IIII|IIII|||||IIII|IIII|||||||||||||||||||||||||||||
E 5 < Eppgane < 10 GV 10 < Eq,giator < 20 GeV 20 < Eq_ator < 35 GeV
1650 e e  REEEEEES
i + mamsm [-r ------------ I __;. ______
. EEEEEEE EEEEEEH :::::: ------- u
1—.---.- +
e S0 -L. v 2
= g v '
[ |
05} -
E]""l""l""l""""|""|""|""""|""|""|""
1 15 2 25 15 2 25 156 2 25 3
) > In(1/6)
< ] E .
Dead-cone size radiator
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Nuclear modification in the charm sector

HAA

1.5

0.5

Nuclear modification factor of light
and charmed hadrons vs p;

Ag, |y]<0.5, 0-80%
p—Pb reference from JHEP 04 (2018) 108

e Average D°, D%, D, |y|<0.5, 0-10% (arXiv:1804.09083)

-

_H‘E"
o g

& D, |y|<0.5, 0-10% (arXiv:1804.09083)

¢ charged particles, |77|<0.8, 0-10% (arXiv:1802.09145)

H A . Pb-Pb min. bias
Pb—Pb, |s, = 5.02 TeV

L : ﬁ
oﬂﬂﬂ G _lﬁ:__g_

o All charged

10 20 30 40

ALICE, PLB 04 (2019) 046
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P, (GeV/c)

HF nuclear modification factor in p-Pb

R pPb

1.6~
1.4

1.2{f

0.8:: |

0.6

~
<
<

0.4

0.2

\II|II\|$~\\|

ALICE

- --- CGC (Fujii-Watanabe)
—— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF
----- Vitev et al.: power corr. + kT broad + CNM Eloss
we Kang et al.: incoherent multiple scattering

p-Pb, | 5=5.02 TeV ]

Prompt D mesons, -0.96<y__ <0.04
—=— Average D°, D*, D™

i
g

D mesons @

l|ll|l||||||mll|lll||l|

llllll

OO

5

10 15 20 25
P, (GeV/c)

ALICE, PRC 94, 054908 (2016)
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In-medium jets: main questions

Related to the nature and properties of the medium
- Density of the medium and transport properties
- Nature of the scattering centers
- Distribution of the radiated energy

Jet structure
(mass, shape,

Related to the nature of the energy loss mechanism grooming)
- Path length dependence
- Broadening effects
- Microscopic mechanism for energy loss
— Study the shape and structure of jets for insight into
the details of jet modification mechanisms due to
Interactions with the plasma

- Flavour dependence
— measure charm and beauty R,,
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