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Standard model particles
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Strong nuclear force

Deep Inelastic Scattering
¢*¢ Annihilation (o)
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Strong nuclear force
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electrostatic force
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Strong nuclear force

L= Z@q,a(i/yua,ué’ab — gS/ylujtgbAg — maéab)wq,b 4F:11/FA7'LW
q

0.5
Q) [\

0.4 [\\}

Fo = 0y A) — 0, A, — gsfapc AL A

Deep Inelastic Scattering
¢*¢ Annihilation (o)
Hadron Collisions o
Heavy Quarkonia " ®

' \ A(Fslls ots(My)
245 MeV ===- 0.1209
0.3 VD Ja10Mev — 0182 | -
| O(ee3)
180 MeV — —0.1155

0.1 ¢

| IOéS(QZ) _ 127

(33 — 2ny) ln(Q2/A%QCD)

o 1

I 10 QA[ (ieV] 100 5



QCD phase transition

QCD running coupling constant

e Quark confinement and asymptotic freedom

Hadronic
Matter

Increase
tem re
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QCD phase transition

e Quark confinement and asymptotic freedom

Hadronic
Matter

QCD running coupling constant

Increase

@ Quarks
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Heavy-ion collisions

Freeze-out .
Hadronisation @ ...

Initial state QGP formation

Hadrop;
ronjc rescatte n

Time: 0 fm/c <1fm/c ~10 fm/c ~101° fm/c



QCD phase diagram
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HISTORY OF THE UNIVERSE

Cosm
RHIC & .Bcuik.gr
Accelerators |LHC is visible
heavy
LHC ons
protons

High-energy
cosmic rays

d 37¢
TEHSSOC/

IVW Y
Al

|

-
=

icrowave
d radiation

| cture |
formation

Quark-gluon plasma

e The earliest known
state of matter In
the Universe

t = Time (seconds, years) Y
E = Energy (GeV) % - 5 2%\ i
Key 29 ’h\..
e quark o . % J (\c,;( \ e e
neutrino ion \ 8 .
# gluon ‘L:/ V e, a' e
M bosons TN s
©® clectron . atom ',d galaxy >
D meson e
M muon (’ R ’ black
€@ tau D baryon photon " hole 1 0
Particle Data Group, LBNL © 2014 Supported by DOE
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) (chh/d

part

(N

= For 0-5% most central collisions, confirms trend from lower energies

2016) 222302

MEEENN AL ICE Pb—Pb
W at 5.02 TeV

14IIII| I IIIIIII| 1 T 1T | I |
i pp(pp), INEL AA, central
- O ALICE m ALICE
12— cMs ¢ CMS ~
-V UA5 e ATLAS
o<+ PHOBOS + PHOBOS
- A ISR A PHENIX
- v BRAHMS
8 pA(dA), NSD % STAR —
" m ALICE % NA50
A PHOBOS
I @,@' -
ar Eﬂ* 0-103(2)
20 e -
- X In] < 0.5 -
O_IIII| | IIIIII| III| IIIIII| I_
10 10° 10° 10
V'S (GeV)

dET

1
&0 ==

dy

e Central Pb—Pb collisions at 5.02 TeV dN/dn ~ 2000
= Energy density € ~18 GeV/fm?3

= Above deconfinement transition (~1 GeV/fms3)
o ALICE: Pb—Pb at 5.02 TeV — highest energy so far
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C? 105%_ [ [ | [ [ [ [ [ [ [ [ | _§ C? | | | | | | | | | | | | | | | | | | | | | | | | |
o = Pb-Pb |5, =2.76 TeV SR L ]
> 10‘t-  [®] 0-20% ALICE — PDF:CTEQ6M5, FF:GRV | = e |ALICE
G £ [¢]20-40%ALICE -- (n)PDF: CTEQ6.IM/EPS09,2 (3 9F 0-20% Pb-Pb {5, = 2.76 TeV -
. % 1032_ [+]40-80% ALICE FF: BFG2 = % ] \Q\ — A eXp(-pT/ T o) ]
2|a o [ JETPHOX 12 e | Ty =304 £ 1157 £40™" MeV -
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10‘7%— —% E O
:1 [ _{ L L L L L L1 1 1|0 ] 10—50 L1 1 | !I I I é I I :|3 L 11 | 4|]. 1 L1

ALI-PUB-97880 ALI-PUB-97914

pT(GSeV/c)
o Low-pT: 2.60 excess w. r. t. models in 0-20% central — thermal contribution

o [ =304 + 11(stat.) + 40 (syst.) MeV in central collisions — way above Tc ~ 170 MeV
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QGP signatures

Hard
probes

~

hadron Gas
ch M2

Central region 5’
@

He

Soft
probes

eie

\\m!’ :

beam

v

(to< 1 fm/c)

beam

Heavy-ion collisions probe the strongly-
Interacting matter — the quark-gluon
plasma (QGP) under extreme conditions
of high temperature and energy density

Hard probes created at initial stage of
the collision

= QGP tomography

Soft probes created in the “fireball”

= Fingerprint of the QGP evolution 13



Collective expansion
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Anisotropy flow

Collective expansion — results in complex
azimuthal structure of final state particles

= |nteractions in medium, access to medium
properties, e.qg. viscosity, equation of state

S 101t A commityotnm<os
OT 008 [ . é:l;,{; An| > 1} elliptic flow
1,006 F T \ 1 fﬂ*
1.004} . v = (cos(29))
w _0025\,\. ; & @\ radial flow <p§ —P?, >
1= vl L ViR — O\
0.998 § S T A
0.996 directed flow triangular flow
0.994 vy = (cos(4)) U3 ={cos(39))
0.992 N/ =<&> '\6"" _<p§—3pmp§>
_1 Pt - pg’ 1 5

ALICE Phys. Rev. Lett. 107 (2011) 032301 ALK(:cH



Radial flow

Collective expansion

= “Zero order” —

radial flow

\Hﬂ"

radial flow

o P 4
t)‘/‘;“

= Push low pr particles toward
iIntermediate pr

po: initial momentum
B: flow velocity
m: particle mass

(1/N,,) d2N/(de dy) [(GeV/c)]
32229 9 9

—r
<
O — N

1072
107°
107%¢
107
107°
107”7

Pb—Pb |5, = 5.02 TeV

Uncertainties: stat. (bars), sys. (boxes)

pp Is=5.02 TeV

1078
107"

1

10
P, (GeV/c)

1

ALICE Phys. Rev. C101 (2020) 044907 g+

P (GeV/c)



Radial flow

Collective expansion

= “/Zero order” — radial flow —~ 1.8 —
E — ALICE VO Multiplicity Classes TRENTo (Bayesian, Duke)
L/ ) > nl K —— Pb- =
1.6 T P Pb-Pb |5, = 5.02 TeV
% T # 8 - Pb-Pbysy=502TeV e = ¢ Pb-Pb |5, = 2.76 TeV
A7 el 14l Pb-Pb (5., =276TeV o m ¢ Y E
- N . ~~ “TL  pp, ¥s=5.02 TeV o o ¢ -
i« :\;\‘\ radial flow \D/.I_ o C  pp. (5 =276 TeV 0 o o
, - .
= Push low pr particles toward 'E 5 SO
: : I ¢
intermediate pr 08 4 I
—_ |po: Initial momentum 0.6 —
B: flow velocity 0.4 :_ ol —— o cnermmrmerl
—/ |m: particle mass s | . T ]
= More pronounced In central
| _p ALICE Phys. Rev. C101 (2020) 044907 (chh/dn>Inl <0.5
collisions
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QGP properties

e Measurements described by viscous hydrodynamics considering low
viscosity (n/s)

e Bayesian estimation using RHIC and the LHC data: QGP x10 less viscosity

than any other form of matter —“perfect” liquid

< 0.2
% - ALICE
S [ po-pp, S\ = 5.02 TeV Pb-Pb, s = 2.76 TeV
30'18_ m BG-BW 5 BG-BW
. @ BW FastReso o BW FastReso
I ®
0.16 - O oo
i (),
“a
0.14+

-~ Spectra fit range
012" J

- 1. 0.5-1 GeV/c
- K: 0.2-1.5 GeV/c

0.1—
p 0 3 3 GeV/c

v, fitrange: 0.5-1.5 GeV/c

IIIIIIII llllllll I

T
2 %{%
.

0.4 O 45 O 5

0.55 0.6 065 0.7

n/s

10—:

0.1 -

Water

Quark—gluon plasma

—

0.5

1.0
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Heavy quarks (charm and beauty produced at the early stage of the

collisions before the QGP creation

—
> 3
®

Central region

Energy loss in QGP medium

beam beam

dNaa/dpr
Raa(pr) = 7 1 T
< Taa > dopp/dpr sy
(to< 1 fm/c)
_ o Fan =1 I1f no medium effect

e Radiative vs. collisional energy loss

19



Heavy quarks (charm and beauty produced at the early stage of the
collisions before the QGP creation

Collective expansion

—
> 3
®

o T = Anisotropic flow

Central region

elliptic flow

= (cos(2¢))

U2
_ | pi—p;
P;

triangular flow
R vy = (cos(39))

. pi - 3pa:p§
p;

(to< 1 fm/c)

= Results In complex azimuthal
structure of final state particles
beam beam

20



<E | | IIIII | | | IIIII | | | | I_
« 1-8-ALICE, Prompt D -
1_6__Pb Pb, ysyy = 5.02 TeV -
- Centrality 0-10% )
1.4 —
128 ... -
VA :
1.0_ "‘ .:
0.8F \ -
0.6FH] /5% \ -
< / , \ ’e
L=< ‘ 1
VS
0.2 o ~
0.00——1 S R
4x107 1 2 345 10 2030
P (GeV/ce)

e Most charm quark transport models able to describe both the Raa and v»
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0.15
0.10

0.05>
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- = PHSD
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-.=LBT
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Centrality 30-50%

2 3 4567 10

¢ Use to estimate the spatial diffusion coefficient Ds

20 30
P (GeV/ce)
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I B IQCD, L. Altenkort et al., PRD 103 (2021) 014511 Diffusion coefficient Ds

- T IQCD, H.T. Ding et al, PRD 86 (2012) 014509 e Almost independent of
- BB QCD, D. Banerjee et al, PRD 85 (2012) 014510 quark mass

- D STAR, PRL 118 (2017) 212301 e Characterization of the
- | ALICE, PLB 813 (2021) 136054 transport properties of

the medium
- B ALICE, JHEP 01 (2022) 174
T o e Constrains the specific

2 4 6 8 10 12 14 16 18 20 shear viscosity n/s
2nD T at T, =155 MeV

The newest constraints from ALICE by combining D meson Raa and v»
o 1 5< ZHDS(T) < 45, Tcharm = (mcharm/ T) DS(T) = 3-9 fm/C < Tmedium = 10 fm/c

¢ |[ndicate charm may thermalize in the medium 22



Dead-cone of charm radiation

. » ALICE data PYTHIA v.8 LQ/inclusive
- — One of fundamental properties of st

= PYTHIA v.8

S Y e QCD: suppression of gluon

N adiator N e——— e oo Charm
-

«ex  @Mmissions within cone 6 <maq/ E ——— SHERPA = == SHERPA LQ/inclusive
no dead-cone limit
— dead-cone effect

—— Charmquark .0
q ~.,.2.1\ Dead-cone effect

%  Gluon emission vertex Gluon emissions are

7 Emitted gluon T, N OE o %Z'/Zfine 0.37 0.22 0.14 0.08
0,>0,> ... > 0 " i T IS I I O O B
Egadiator,1 > - > ERadiator,5
0 " S < Ep_jiator < 10 GeV
® Direct observation for charm ol |
quarks in pp — QCD vacuum
- =z===z==zfk======1]
S 1rme +
Ny e
i

0.5k $

ol 1 1 | AR R B B A B A

1:0 1.5 2.0

* In(1/6)
ALICE Nature 605 (2022) 440
23



: “  ALICE data PYTHIA v.8 LQ/inclusive
< One of fundamental properties of pibslaaaconalit

e M QCD: suppression of gluon —rrTHA

................. aax  emissions within cone 8 < mq/E = SHERPA --- SHERP(;A Lo/inl_clu_five
Tommam | ne et — dead-cone effect
T 5, B 0 e 0.37 0.22 0.14 0.08
ERad‘:t; 9>z > > --E;‘:Z . ' N | | I D | B G | | I I
e Direct observation for charm o T |
quarks in pp — QCD vacuum
=z=z=z=z=z=zk=z=z=z===1
S 1-0:.="'""“ B
i E
e I
e \Whether is it still validated in QCD medium? | ————
= Mass dependent heavy quark radiative energy loss
0 L1 1 5 l L1 1 1 | L1 1 1 | L1 1 1

AEpeauty < AEcharm = RAA(beauty) > RaaA (Charm) 1.0 1.5 2.0 2.

In(1/6)
ALICE Nature 605 (2022) 440
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ALICE, Pb—Pb, {5 = 5.02 TeV © <

0-10%, |y| < 0.5 IS
e non-prompt D’ §

e prompt D’ g&‘

C

ALICE JHEP 2212 (2022) 126

Beauty quark energy loss

e data - LBER central value i
R LLLELY ) m_settom, (E-loss) ii) m_set to m, (coalescence) —
-rmm i) w/o shadowing e e V) wJo coalescence .
/ . -
(o / S— — T
/ ~ ~
—
- / e — []
1 =Rt . = —
P Bi _E_ H N g iR g R RI e —
P T < il L CEIO
:___ !. A ‘_‘_____:‘__,_l. ___________________________ —
0 5 10 15 20
pT(GeV/C)

¢ Mass effect is important to describe data

e However, coalescence Is more critical

Non-prompt D mesons are less suppressed than

prompt D mesons

RAA(beaUty) > RAA (Charm) = AEbeauty < AEcharm (?)

25



Beauty quark energy

loss

5 - e data " LER central value _
ALICE, Pb-P \, =5.02 TeV S < R LLLEEY ) m settom, (E-loss) o i) m_set to m_ (coalescence) ]
CE, Pb-Pb, S\N 5.0 S QQ:< 4T - mm i) w/o shadowing e [V/ ) w)o coalescence 7
0-10%, |y| < 0.5 = i /N
0 Q i
e non-prompt D S - ~N
5 3 r S~ -
0
e promptD S < i / N
Cm< | \ - r—l
. 1 ——
o |— ‘/ M=t . . — —
B g e =
!‘- Ry ,\,“ TR 1 -------------------------
175 =gl it s il —
0 — : 70 75 20

ALICE JHEP 2212 (2022) 126

Non-prompt D mesons are less suppressed than
prompt D mesons

RAA(beaUty) > RAA (Charm) = AEbeauty < AEcharm (?)

pT(GeV/ C)

¢ Mass effect is important to describe data

e However, coalescence Is more critical

|

dead-cone effect be explored|
directly in the n? |




o
LW

0.2

o
o
AN
<
<
T
2
(QV
N

©
—

0.1

M | I | | | I | | | I | | | I | | | I | | | I |
[ ALICE Preliminary y| <0.8-
- 30-50% Pb-Pb, \[SNN =5.02 TeV i
~ e Non-prompt D° ’
Syst. from data
- _'.___-,__—l [ 11 . - |_T
"._‘_a""‘,l‘.‘. ._.E.‘a_--.-.’- frra B
gl
[ Langevin, 2xTDg = 3
[ mriim Langevin, 2xTD, = 4 -
||_ | I | | | I | | | I | | | I | | | I | | | I | i
2 4 6 8 10 12
P, (GeV/c)

F?AA

1.5

0.5

i 0-10% Pb-Pb, |5 = 5.02 TeV

e  Non-prompt D° (arXiv: 2202.00815) _|
Syst. from data

ALICE JHEP 2212 (2022) 126}

® [s obtained in beauty sector is similar to that in charm

sector (21Ds = 1.5-4.5 for charm)

¢ |ndicate Toeauty « Mbeauty Ds = Tmedium (Mbeauty = 3 Mcharm)

® Beauty particle Raa and v2
measured via non-prompt DO by
ALICE

® Conclusion is similar to the
measurements of B mesons,
non-prompt J/W and B meson
semileptonic decays by ATLAS
and CMS

N STAR, PRL 118 (2017) 212301
B ALiCE, PLB 813 (2021) 136054
B  ALICE, JHEP 01 (2022) 174

IQCD, L. Altenkort et al., PRD 103 (2021) 014511

IQCD, H.T. Ding et al., PRD 86 (2012) 014509

IQCD, D. Banerjee et al, PRD 85 (2012) 014510

| | | | | | | | |
2 4 6 8 10 12 14 16 18

20

onD, T, at T, ~ 155 MeV

= \What is thermalization DOF of beauty in the QGP medium?
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1 « ALICE, pp, (5 = 5.02 TeV : ¢ Hadronization non-universal between e-et/
= 0.8 B + B factories, e’e”, Vs = 10.5 GeV _ .
+LEP, e'e", V5 = m, _ ep and pp collisions

i e HERA, ep, DIS i
0.6 — j'* o HERA, ep, PHP —

e Additional constraint to hadronization —

gk - heavy quarks created in hard scatterings
0.2 — (f ; d': —
S : e |[mportant to calibrate heavy-quark
. ' D ' D: ' AL ' o p observables for QCD matter studies

28



—~ 1.0 | | | |
I n
! i = ALICE, pp, Vs = 5.02 TeV
= 0.8 - + B factories, e'e”, Vs = 10.5 GeV
- +LEP, e'e”, \s=m,
i e HERA, ep, DIS
0.6 — j'* o HERA, ep, PHP
0.4 —[»
¢
- - +
0.2 - L : i
i ¥ .
@ G "
| | | |
DY D D: A = D"
doPP—Hq
dpr

Parton distribution jHard scattering crossjjFragmentation function
functions (PDF)

e Hadronization non-universal between e-e+/
ep and pp collisions

e Additional constraint to hadronization —
heavy quarks created in hard scatterings

e Important to calibrate heavy-quark
observables for QCD matter studies

section (pQCD) (Hadronization)
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I IIII | |

Ratio of yields to (mr+m")
-

B (ﬁ# ALICE Preliminary

¢ p-Pb,\s,,=8.16 TeV

llllll

II | | Illlll'

IIIII

HEREEDEw,, A (x2)

g 8 B0 B g 0 x2)
T [l ﬂﬁ'ﬂ# ! E+E (X3)
I % i 00 (x12)=

ALICE
O pp,\1s=7TeV

* Xe-Xe, |\ s, =5.44 TeV ® pp, \s=13TeV

O p-Pb, \s,,=5.02TeV

B Pb-Pb, \s,, =5.02 TeV (Kg, AE Q) HE Pb-Pb,\s, =502TeV(p,¢)

The “pandora box” at the LHC

[ 1 1 1 11

10

ALICE Nature Phys

AN /dn)

ch
13 (2017) 535

ALICE Eur. Phys. J.

C80 (2020) 167

L Ll T B A
102 10° 10*

n|< 0.5

e Smooth evolution of particle production from
small to large systems vs charge multiplicity

= Strangeness enhancement considered
defining feature of heavy-ions — now seen
in high-multiplicity pp / p—PDb!

® \Where all this comes from?
= |nitial stages effects?

= Better understanding of the observables we
use in heavy-ion for small systems?

= Common mechanism of particle production?

= Final state effects? 30



Spin alignment

L, B

o~

W

/ 4

4 / 4 r
- y
4 / / ~ 4
/ / / /
i A 4
3 / / ; 7

’: " 4

(/ / A/

"4
4
b

e | arge angular momentum in non-central
collisions — rotating QGP (~1021 r/s)

STAR Nature 548 (2017) 62

ry

Au+Au 20-50%
v A this study

@ A this study
¥ A PRC/76 024915 (2007)
O A PRC76 024915 (2007)
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Magnetic field effects

- - -
o o o =
4 (@) o0 [—

eField (GeV/fm)

S
=
o

charm
Tform

Standard hydro T,

LHC: Pb+Pb@2.76 TeV

b=9.5 fm, n=1.0

— CE
X

— €5
y

1 I |
0.5

]
t (fm/c)

| I 1
1.5

N L1 LM

ALICE Preliminary
10-40% Pb-Pb, |5, = 5.02 TeV

Not feed-down corrected

Not efficiency and acceptance corrected

3 < p. < 6 (GeV/c)

\
-

fit function: k x 7
k=52x10"+1.8 x 10" (stat) £ 5.5 x 10 (syst)

N

| | | | | |
—0.5 0 0.5

|
—

A

n

| ALI-PREL-307073

T ALICE Preliminary

f
IIIIIIIIIIIIIIIIIIIIII

Pb-Pb \s,, = 5.02 TeV 5-40% 8 ub"’
p.> 0.2 GeV/c

—o—V;’-V'1

PR
-
-”
-

..... l_'

fit function: k - m i

k = 1.68 + 0.49 (stat) + 0.41 (syst) - 10" ]

bars: stat. err. i

B boxes (filled/empty): syst. err. (corr./uncorr.) ]

:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
-0.6-04-02 0 0.2 04 0.6

n

ALI-PREL-129689

Hint of positive slope with a significance of 2.70

Similar trend observed for charged particles, but

different magnitude
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e Test of CPT invariance of residual nuclear force by measuring mass difference in the

nuclei sector ((He and deuterons)

p/z (GeV/c)

® Improved by one to two orders of
magnitude compared to earlier
measurements

¢ First measurement of binding-energy for (anti-)3He

m, (GeV/c2)

W

e Confirms CPT invariance for light nuclei

-@- ALICE
% A TR - == CPT prediction ! 110
{0 d—d :
R l i *He-3He ,—o— 1®
-0.002 -0.001 0.00 0.001 0.002 '
Alm/|z|)/(m/|z|)
i N : —16 X
He- He ‘ %\
—G— ANT71 @
: (Am/m) s
— 4
- d-d é ] .
——©&—— DOR6S5 9= —e— I
S MAS65 e DEN71, KES99
¢ g 0 ¢ ¥ ¢ 1 5 ] T S S R S 0
-010  -0.05 0.00 0.05 010 -10 -0.5 0.0 0.5 1.0
AM/|z|) px/(Mm/|2]) Aepz/€p

ALICE Nature Physics 11 (2017) 811

33



Photon interactions

Ann. Rev. Nucl.
Part. Sci.55:271
(2005)

V=p,o ,0, J/y

STAR Phys. Rev. Lett. 123 (2019) 132302

R AA

:@ ALICE, Pb-Pb |s,, = 2.76 TeV

25<y<4
t  0sp_<0.3GeVlc, global syst =+ 15.7 %
+ 0.3 = p_<1GeV/c, global syst = = 15.1 %
+ 1< p_<8GeVlc, global syst = = 11.5 %

? Common global syst = = 6.8 %

@

&

50 100 150 200 250 300 350

< Npart >

< 10%F L R B L — 1 T T T T1T] I L 3
e = Au+Au 60-80% .
B [[F e Au+Au 40-60% :
- H EEJ] ¢+ Au+Au 20-40% 7
i o U+U 60-80% i}
10 [‘F o U+U 40-60% _
= p+p baseline uncertainty -
- E{,] Hl 60-80% N_ , uncertainty -
- [,g’] Bl 40-60% N__, uncertainty -
- E}] & I 20-40% N_, un<|:§rtainty -
1E I:'11] @ 1 -
- sTAR © T W & :
. |I| -
10 10" 1 10

P (GeV/c)

® Exceed J/Y at low-pr:
coherent photo-production

® Sensitive to gluon

distribution function at very

low Bjorken-x
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: B ALICE data &
d B coulomb
a b In‘teracuon ------ Repu|sive Coulomb + p—Z~ HAL QCD p_Q—
S “ \\N“\ — Attractive 6 1 -Coulomb+p—§2‘ HAL QCD elastic
A % ob— T | Repulsive I Coulomb + p—©~ HAL QCD elastic + inelastic
) g = \/ . —— Attractive .
= <3
. . . . O —~
Fm | T 2
Emission source S(r*) Schrodinger equation ‘ 50 100 150 200 3 | ' : . . .
v k* (MeV/c) |
Two-particle wavefunction Correlation function 6
[y (k*, r)
l / | | |
100 200 300
l " | I | k* (MeV/c)
c MY Attractive mteractlon ALICE Mot 588(020) 535
* * 5 * same ature
Ck*) = J'sr)lwks, r)|2d3r = E(k¥) + enhancement above
N_. (k%) : : ALICE Phys. Rev. Lett. 127 (2021) 172301
mixed Coulomb interaction

ALICE Phys. Lett. B822 (2021) 136708

e Unveiling strong-interaction potentials among hadrons via femtoscopy

¢ |mportant test for lattice QCD, input for EOS of neutron stars
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(Anti-)nuclel factory

—~ [ ® ALICEon<A>=174 —  — Geant4

- . & Production not yet fully understood

\\ . .
_j:“\\ ® Nucleon coalescence, statistical

/// ' hadronizaton...

- e New tool to study QGP hadronizaton

? i O ALICEon <A >=31.8 — —  Geant4

(D)
0_16%{ " 5xALICEon< A > =347 —— ——  Geant4 x5

j =
192 __\\ @ ALICEon < A > = 17.4 95% confidence upper limit
\ ALICE Preliminary

III|III|III|III|III|III

ALICE Phys. Rev. Lett. 127 (2021) 172301
p (GeVic) Nature Phys. 19 (2023) 61

BESS-Polar

e Strong impact on Dark Matter
searches, e.g.

= YoXo — &,3H€+X

Voyager 2 -

o B ' S heliosphere '
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Plank epoch

e God created the Universe at
=0

e Physics started at

I=tp=104s

e Temperature
T(tr) = mp = 1019 GeV

e Gravitational interaction is strong, classical
concept of space-time breaks down
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Conjectural epochs

hmp
112

e Grand unified epoch
<1036 s, T > 1016 GeV

Currently no hard evidence that nature is
described by a Grand Unified Theory

no=\

e [Inflection epoch
106 <t <1032 s

The detailed particle physics mechanism
responsible for inflation iIs unknown
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Standard model

epochs

e Electroweak epoch ends at
t=1012s, T = 150 GeV

e Quark epoch

1012 <t <103 s
150 MeV < T < 150 GeV

=1.275 GeV/c? =173.07 GeV/c?

» 213 u 2/3 C 2/3 t

in-> 1/2 1/2 112

up charm top

=95 MeV/c? =4.18 GeV/c?
-1/3 d -1/3 S -1/3 I
1/2 1/2 112

down strange bottom

0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic?

@ | . @ @ e Hadron epoch starts at

1/2 1/2 1

electron Z boson

t=10°5s, T <150 MeV

Dr

172

electron muon tau
neutrino neutrino neutrino

1(r) = \

hmp

o112
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- proton (existing)

Japan J PARC HI = HI (under planning
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Circumference: 290 m
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Heavy-ion program

Temperature T [MeV]

o< Net baryon density n/ n,
No=0.16 fm—3
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Heavy-ion program

% 200 High temperature and low pg: LHC, RHIC

7; ® Gilobal properties (T, n/s...) and collectivity
g ® Hard probes (jets, heavy quarks...)

£

=

o<, Net baryon density n/ n;
No=0.16 fm—3
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Heavy-ion program

Temperature T [MeV]

100

(\‘\\

— non .1 6 fm_3

Net baryon density n/ n,

Finite temperature and ps: RHIC-BES, NICA

® Critical point search

® Correlations, di-lepton production...
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Heavy-ion program

%

S 200

b=

v

=

e

v

=

£

s

100
Low temperature and large us: NICA, FAIR
® Search rich structure of phase diagram
Q
(\(Q Net baryon density n/ n,

® EOS at large ps, chiral symmetry...

No=0.16 fm—3
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Radial flow

Collective expansion

= “/ero order” — radial flow

\?ﬁ@

radial flow

. B
..

= Push low pr particles toward
iIntermediate pr

po: initial momentum
B: flow velocity
m: particle mass

= More pronounced in central
collisions

(1/N,,) d®N/(dp_ dy) [(GeV/c)
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w
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~

—h —h
o O O
H &) (o)}
N o™ TTE

s
o
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107
1072
107°
107
107 %
o0 Pb-Pb |s,, = 5.02 TeV *,
e Jpp Vs=5.02 TeV
10”"F Uncertainties: stat. (bars), sys. (boxes)
10—8 | Illlllll | Illlllll ] IIIIIII | | IIIIIII |
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Radial flow

Collective expansion

= “/Zero order” — radial flow —~ 1.8 —
E — ALICE VO Multiplicity Classes TRENTo (Bayesian, Duke)
L/ ) = — K —— Pb- =
1.6 T P Pb-Pb |5, = 5.02 TeV
% T # 8 - Pb-Pbysy=502TeV e = ¢ Pb-Pb |5, = 2.76 TeV
* B = saF Pb-Pb (5., =276TeV o m ¢ b
- N . ~~ “TL  pp, ¥s=5.02 TeV o o ¢
i« :\;\‘\ radial flow \D/.I_ o C  pp. (5 =276 TeV 0 o o
= Push low pr particles toward e 5
i - 08 °
iIntermediate pr A
po: initial momentum 0.6 —
D = D + ﬁm B: flow -velomty 0.4 o0
m: particle mass ] L] L
. 103
= More pronounced In central
P ALICE Phys. Rev. C101 (2020) 044907 (chh/dn>Inl <0.5

collisions

48



QGP hydrodynamics
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ALICE Nature Phys 13 (2017) 535

ALICE Eur. Phys. J. C80 (2020) 167

(Multi-)strange hadron to pion yield ratio

= Smooth evolution with charged-particle

multiplicity across different collision systems
(Pb—Pb, p—Pb and pp)

= No collision energy dependence at the LHC

= Enhancement is stronger with larger

strangeness content (Q= > == > A)

Canonical Statistical Model (CSM) [Vovchenko et al. Phys. Rev.

Possible explanation

C100 (2019) 054906]
= EXxact conservation of charges in correlation volume

Core-Corona two-component model [Kanakubo et al. Phys.
Rev. C101 (2020) 024912]

= Evolution from thermal QGP to string fragmentation

Ropes

nadronization [Nayak et al. Phys. Rev. D100 (2019) 074023]

= Qver

apping strings at high energies
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