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Outline

Today’s lecture:

e Partl: e PartlIl:
e Heavy-Ion collisions: e Probes of QGP short wave-length
behaviour:

e What? Why?

e High-momentum particles
\ ® Quark-Gluon Plasma:

o Jets & Jet substructure
e What? Why?

See Gian Michele’s lectures for
quarkonia and heavy-quarks

e Hydrodynamics & Flow

® Quark-Gluon Plasma properties:
e Initial state

e Transport coetficients
e Small Systems

— e Timescale evolution
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SM & QCD

Standard Model of Elementary Particles

. three generations of matter interactions / force carriers
e Standard Model (SM); (fermions) bosons)
| ]

- @ R 5 = g - T
o - -_ .

S StI'OIlg and El@CtI’O-WG&k interactions ' “n‘sf 22 MeV/cZ’ N\ =1.28 G-'/c2 =173.1 GeV/Cé | ‘ 'l S L =124.97 GeV/c2
charge 25 % % &0 ;  0
3 spin % LI/ Y C/ % t/ « Y H
e Color sector of SM: 3 up I charm I top ’  higgs
. . # a ' =4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2
e Described by Quantum Chromodynamics ) L i
e f 1 d T 1 b - JE
: down strange bottom #
| - f51 M-eV/c2 ) 11056 vV/c2- ;—*.768 Gc2 i m
=
| HEL
electron ‘ muon I tau o %
2 M 0
Z <1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2 ®,
O o 0 0 +1 LL] 0
= | Ve N V N VT X w 8 =
all -
1L electron uon tau <L O
J neutrino neutrino neutrino W bOSOﬂ (D g
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Quantum Chromodynamics (QCD)

Lagrangian structure fixed by requiring SU(3) gauge invariance:

All (anti-)quark flavours exist in 3 (anti-)colours: R(ed), G(reen), B(lue)
N
% —
Y3

L. Apolinario 0 CERN-Fermilab HCP Summer School



Quantum Chromodynamics (QCD)

Lagrangian structure fixed by requiring SU(3) gauge invariance:

All (anti-)quark flavours exist in 3 (anti-)colours: R(ed), G(reen), B(lue)
K o A
wa — [fQCD — Z (»C'q + »Cg) ﬁq — lba(w au5ab — gs7Y tabA,u o m)%
_¢3_ flavours

A
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Quantum Chromodynamics (QCD)

Lagrangian structure fixed by requiring SU(3) gauge invariance:

All (anti-)quark flavours exist in 3 (anti-)colours: R(ed), G(reen), B(lue)

Va

1

V3

Locp = Z (Lg+ Ly)

flavours

Lqg=q (737“({9“5&1, — gsv“tfbflf —m)y

1

__ _ MV pApv
L, = i

4
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See: Gregory Soyez’s lectures

Quantum Chromodynamics

L. Apolinario

e Coupling 1s scale dependent (renormalisation)
e Seclf-interacting gauge fields lead to asymptotic freedom

e Quarks and gluons as degrees of freedom only at o

short distances (high momentum scales)

0.16

0.14

0.12

0.10

0.08

0.06

[ATLAS (2301.09351)]

—

1

lllll

os(m,

x\\\\& Ocs(mZ

1 | | - l

I

v CMS ﬁ;mt m DD R,g;ef [ DO incl. jet; p*

arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710

. m3 . HT2 | | « et
» CMSM; 2 o CMSR,,;=2  CMSincl. jet;p,
arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331

) =0.1175 _+0°-0°0°13: (TEEC Global) ‘%
) =0.1179 + 0.0009 (PDG 2022)

1

I IIIIIII 1 I I

« ATLASR,;3' o TEEC7 TeV;

arXiv:1805.04691 arXiv:1508.01579

. HT2
o TEEC 8 TeV;'

arXiv:1707.02562

e TEEC 13 TeV;n.

. l
VR LIE,

YAl

+ \Vl

llllllllllllllllllllll

1 1 1 | | Ll I 1

-
—
—

10°

10°
Q [GeV]

CERN-Fermilab HCP Summer School



L. Apolinario

From dilute QCD to dense QCD

e QCD 1s not limited to a collection of small particles...

e QCD matter has a rich and vast phase diagram

quark-gluon plasma

~150
MeV

= o
. hadrons — quarks
A =<' v
% .
hadron nuclear - * = & o

resonance gas o color superconductivity
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From dilute QCD to dense QCD

e QCD 1s not limited to a collection of small particles...

e QCD matter has a rich and vast phase diagram

QCD theory (1973)
SU(3) Color symmetry; confinement; asymptotic 1
freedom, ...
QGP initial idea (/975) ~150)

“Weakly coupling quark soup” MeV

State of matter where quarks and gluons are

asymptotically free

quark-gluon plasma

- 9.
. hadrons — quarks g =
E o 9 -
had 1 :
wadron nuclear = o

resonance gas color superconductivity
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From dilute QCD to dense QCD

e QCD 1s not limited to a collection of small particles...

Fundamental question: How collectivity emerge from

e QCD matter has a rich and vast phase diagram elementary particles interaction?

QCD theory (/1973)
SU(3) Color symmetry; confinement; asymptotic 1
freedom, ... quark-gluon plasma
QGP initial idea (1975) ~190

“Weakly coupling quark soup” MeV

State of matter where quarks and gluons are

st s

asymptotically free * hadrons — quarks % ' '.'
‘ ‘ l’,‘ : p | :

L) Lo ’
G hadron nuclear - g 88 S

P at present | .
Q P resonance gas color superconductivity
“Strongly coupled fluid”
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QCD Phase transition

It quarks and gluons eftectively become free — new d.o.t

Stefan-Boltzmann (SB) 1deal quark-gluon gas:

Np=2x8 Np=2x2x3x3

/o / !

spin color spin color flavor: u/d/s

particle/antiparticle
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QCD Phase transition

It quarks and gluons eftectively become free — new d.o.t

Stefan-Boltzmann (SB) 1deal quark-gluon gas:

7.‘.2 7 [Borsanyi et al (1007.2580)]
((T) = Mo g 2T Mios=Np+ gNr LR BN P 7= s e
Np=2x8, Np=2Xx2x3Xx3 I R -
spé c:})lor sp{1 coTIor flavor: u/d/s "{ __ —_ 10
particle/antiparticle E : :
w e -
— -5
Lattice QCD results (first principles calculations) I i
| I | | | I | | | I | | | I | | | |
QGP far from SB limit due to non-perturbative effects 200 400 600 800 1000

T[MeV]
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QCD Phase transition

It quarks and gluons eftectively become free — new d.o.t

Stefan-Boltzmann (SB) 1deal quark-gluon gas:

7.‘.2 7 [Borsanyi et al (1007.2580)]
((T) = Mo g 2T Mios=Np+ gNr T T dnmos S5
Np=2x8, Np=2Xx2x3Xx3 I R -
spé c:})lor sp{1 coTIor flavor: u/d/s "{ __ —_ 10
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w e -
— -5
Lattice QCD results (first principles calculations) I i
| I | | | I | | | I | | | I | | | |
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Discovering QCD phase diagram

How to unveil the unknown corners of the QCD phase diagram?

Through heavy-1on collisions: T

quark-gluon plasma

ety . s final detected
Relativistic Heavy-Ion Collisions pm'ac__u_g_..afsfrmuﬁons 750

Kinetic
freeze-out _— MeV

. - _/—"".'
Hodron-zahgi/ .

Initial energy J——— ;

denfiiy____ J—— =3 ®
| . hadrons — quarks
[~ A a .
4 [ a8
QGPPhOSG 3 o/ 1)
R hadron nuclear 2 3
)

resonance gas | color superconductivity

eguilibr.ium , e -
Ynam|cs VISCOUS nydrodynamics

-~ free __s_Tr'eamlng .

collision evelution | |
t~0fm/c t~1fm/c t ~10 fm/c t ~ 10! fm/c
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Discovering QCD phase diagram

How to unveil the unknown corners of the QCD phase diagram? LLHC PbPb (TeV)

Through heavy-ion collisions: T RHIC AuAu (hundred GeV)

quark-gluon plasma Fair (few GeV)

final detected

Relativistic Heavy-Ion Collisions particle_distributions 750
Kinetic =
freeze-out _— MeV
Hadronization - A ShE
Initial energy cosiat ' rus %
density ol [ - ) - A
30y L
"5 A o
QGP phase 4
VA hadron

resonance gas color superconductivity

eguilibr.ium , e -
Ynam|cs VISCOUS nydrodynamics

-~ free __s_Tr'eamlng .

collision evelution | |
t~0fm/c t~1fm/c t ~10 fm/c t ~ 10! fm/c
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QGP @ Colliders

. . . . . .. dN,
Macroscopic quantities estimated from the number of particles produced at mid-rapidity: dnh o (1v/5nn)""

70 ~ 1fm/c

y
Lf(_{_ e 7 € — dET 1 TNAl/S
Energy density computed with Bjorken estimate: —/6 T .— ~dn Tomr?
:

[A. Dainese et al. (1605.01389])
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QGP @ Colliders

. .. . . . . dNc
® Macroscopic quantities estimated from the number of particles produced at mid-rapidity: dnh x (v/5nn)"°

n:

70 ~ 1fm/c

Yf.

P~ A1/3

[A. Dainese et al. (1605.01389])

- AR voon EEEE o P rEEr
Quantity SPS RHIC LHC FCC E
Vsnw [TeV] 0.017 2 5.5 39 =
Homogeneity volume [fm?] 1200 2300 6200 11000
e(r = 1fm/c) [GeV /fm?] 3-4 4-7 16-17 35-40
Decoupling time [fm/c] 4 7 11 13

Denser medium = longer expansion and larger volume

Higher 1nitial energy = larger temperature and smaller thermalisation time

107 10 1

10
time (fm/c)
L. Apolinario 11 CERN-Fermilab HCP Summer School



. . o *® \ " .
Proton-proton vs heavy-ions
e Proton-proton vs heavy-ion collisions:
K time
Proton-proton collisions % 0P, e A
Low multiplicity event * >
A S
&
g
2
CMS Experiment at the LHC, CERN :
Data recorded: 2018-Apr-28 20:29:25.681984 GMT
Run / Event / LS: 315357 / 157197154, /1190
Hydrodynamic
Evolution
: "z
a) without QGP
L. Apolinario A B CERN-Fermilab HCP Summer School




Proton-proton vs heavy-ions
e Proton-proton vs heavy-ion collisions:
| n, K, p, ..
. x K. p e Lead-Lead collisions
Proton-proton collisions acalaie d e A f | o
e A Tto High multiplicity event
Low multiplicity event * > o~ Jen .
I 3 | / (result of QGP formation)
c oul T
€|  Free®
2 o
gr\:S Expe;in(];'er;tﬂit;—h: L—Zg,;;FZZNZS 681984 GMT : (0016 /0\?

Run / Event / LS: 315357 / 157197154,/190

e“)‘o’a‘ ;

Che d MS Expérimerit at the THE, CERN
- . A
p— - N . e ” ¥ N
ﬁ 0@ pata recorded: 20‘1’"0-N_ov-Q§3 1_0:22:07‘.82~8203 GMT(11:22.0%#C
L ' s
Q : (%) Run / Event: 150431 /541464 ™

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
a) without QGP b) with QGP
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Quark-Gluon Plasma (QGP)

We can create it 1n the lab. But how to study it? probing small distance scales (x) —

T :
R . e final detected >
Relativistic Heavy-Ion Collisions particle astributions [
Kinetic
freeze-out _—"

— 3 Initial energy Hadronization __or i)

“. densﬁy‘ = __..-—f-"'"/f l e

‘} | T asymptotic

» - B confinement freadom —>

) QGP phase

large momentum transfer (Q°) —

v

~

R e W

N

A

/
collision
overiap zone

?Iffg’.
equilibrium , .
ﬁynam,-cs viscous hydrodynamics

free streaming

collision evelution | L
t~0fm/c T ~1fm/c t ~10 fm/c t ~ 1012 fm/c
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Quark-Gluon Plasma (QGP)

We can create it 1n the lab. But how to study it? probing small distance scales (x) —

T :
R . e final detected >
Relativistic Heavy-Ion Collisions particle astributions [
Kinetic
freeze-out _—"

— 3 Initial energy Hadronization __or i)

“. densﬁy‘ = __..-—f-"'"/f l e

‘} | T asymptotic

» - B confinement freadom —>

) QGP phase

large momentum transfer (Q°) —

v

~

R e W

N

A

/
collision
overiap zone

?Iffg’.
equilibrium , .
ﬁynam,-cs viscous hydrodynamics

| free stream ng

collision evolution  remememsmmsnnecn,
==0fale =1k \c-10fm/c j  t~10°fm/c
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Quark-Gluon Plasma (QGP)

probing small distance scales (x) —

We can create 1t in the lab. But how to study 1t?

aQCD(Q2)

aeﬂ(QZ)

e, - final detected
Relativistic Heavy-Ion Collisions particle dfstributions
freeze-out _— ;

N Hadronization g
Initial energy —
density i

!

T asymptotic
confinement freedom —

A

3
:
i
»
\
'

large momentum transfer (Q°) —

v

N

///
/
collision
overiap zone

A

bR 2 aaW

non-pQCD
. pre-
eguilibr_ium . tagaion & .

ynamics | viscous hydrodynamics | free streaming

collision evolution  remememimmsmnscn,
==0fale =1k \c-10fm/c j  t~10°fm/c

-
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Quark-Gluon Plasma (QGP)

We can create it 1n the lab. But how to study it? probing small distance scales (x) —

T :
< | co(@)
Sy A “s - final detected o
Relativistic Heavy-Ion Collisions particle_dfstributions c
Kinetic
freeze-out _—"
— B Hadronization //
Initial energy ~essiat 1
densify.____ g
T asymptotic
confinement frzyedgm N
large momentum transfer (Q°) —
Hard probes
non-pQCD pQCD

| Pl'."g'.
equilibrium . .
ﬁynam,-cs_ viscous hydrodynamics

.| free streaming

~

collision evolution  remememimmsmnscn,
x~0fm/c T~1fm/c Lt~ 10 fm/c_} T ~ 10" fm/c
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Setting the collision system...



Collision Geometry

e Colliding Nucle1 ~ collection of nucleons

Peripheral Collision (near) Central Collision

e Collision system ~ nucleons that participate in

the collision
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Collision Geometry

e Colliding Nucle1 ~ collection of nucleons

Peripheral Collision (near) Central Collision

e Collision system ~ nucleons that participate in

the collision
e To define collision geometry:

e Impact parameter (b): the transverse
distance between the center of masses

of the two nuclei

o It will control the extent of the medium

that 1s created
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Centrality Classes

e Using a geometrical model (Glauber), one can relate impact

12 10 8 6 4 2 0 <b(fm)>
— | I I I I I
parameter to average :
g - 50 100 150 200 250 300 350 <Npart>
e Number of participants in the collision =
S,
510
o
10}
Peripheral Collision (near) Central Collision
10°
10-4 1111111111111111111111111111111111111111111 1 P11l
0 400 800 1200 1600 2000

Nch
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Centrality Classes

e Using a geometrical model (Glauber), one can relate impact > 10 8 5 A 2 0 <b (fm)>

parameter to average

Tl

50 100 150 200 250 300 350 <Npart>

I | | | I |

e Number of participants in the collision

do/dNgh (a.u.)

e Number of produced particles

1072

Peripheral Collision (near) Central Collision

10°

0 400 800 1200 1600 2000

Nch
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Centrality Classes

e Using a geometrical model (Glauber), one can relate impact 9 10 8 5 A 2 0 <b (fm)>

parameter to average

Tl

50 100 150 200 250 300 350 <Npart>

I | | | I |

e Number of participants in the collision

do/dNgh (a.u.)

e Number of produced particles

e Centrality class defined as percentile ranges of minimum-

. . -2
bias cross section 10

Peripheral Collision (near) Central Collision - |
B R o |
10°% 0 3 | ] S S | 0L
- Lo o o T W
- M (@ — LN E O
L j § i i
- 50 70 80 90 95
o/ctot (%) \
10-4lIIIlIIIl|IIll|IIIl|llll|llll|l|ll|ll|l|lll||III
0 400 800 1200 1600 2000

Nch
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Centrality Classes

See Gian Michele’s lectures

e Using a geometrical model (Glauber), one can relate impact > 10 8 5 A 2 0 <b (fm)>

parameter to average

T Tl

50 100 150 200 250 300 350 <Npart>
|

I | | | I

e Number of participants in the collision

do/dNgh (a.u.)

e Number of produced particles

e Centrality class defined as percentile ranges of minimum-

. . -2
bias cross section 10

Peripheral Collision (near) Central Collision -
R R S o
10 @ | R | R S i %
- L o = o T '
- M (@\| — N o
L i § i i
- 50 /70 80 90 95
o/otot () \
10-4lIlIlIlIl|llll|llll|llll|llll|llll|llll|lll||III
0 400 800 1200 1600 2000

Nch
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Macroscopic view:

7Y Soft Probes



Heavy-lon Collision bulk

Collection of final-state particles that are the result of the QGP evolution

Relativistic Heavy-Ion Collisions

N Hadronization g
Initial energy —
density i

—>

3
:
i
»
\
'

A

v

J
4
/
/

collision
overiap zone

bR 2 aaW

| pre-
egulllbr‘.lum
ynamics
collision evelution

t~0fm/c Tt ~1fm/c

L. Apolinario

viscous hydrodynamics

final detected
particle distributions
freeze-out _—

—

.| free streaming

-

t ~10 fm/c t ~ 1012 fm/c

18

probing small distance scales (x) —

2
O cp(Q°)
T asymptotic
confinement freedom —
large momentum transfer (Q°) —
non-pQCD
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From central to peripheral nggf:)
Au

=
/
- ! o
y Z
X

e Try different centralities and check response of the system to initial spatial Reaction plane: z-x plane

anisotropy:

Superposition of multiple pp collisions

dN

d¢
1.0}

0.8
0.6
0.4
0.2
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From central to peripheral

e 'Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour Pressure driven expansion:
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participants t )
U

From central to peripheral spectators MW 5/

A
L ~ v
- . 7 2 \\\s
Au A o
T A I/z'
X

Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=0.0fm/c
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participants t )
U

From central to peripheral spectators MW 5/

A
L ~ v
- . 7 2 \\\s
Au A o
T A I/z'
X

Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=0.0fm/c
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participants

From central to peripheral

Au

Reaction plane: z-x plane

Try different centralities and check response of the system to initial spatial

anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=1.0fm/c
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From central to peripheral @ej 7
\g/

\
\\“

Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=3.3fm/c
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

00 Fourier parameterisations:

dN N " -

% = 2r |12 vncos(n(¢ — ¥n))
n=1 !
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

00 Fourier parameterisations:
dN B N |19 v
do — % T Z P COS (n(qﬁ o n)) SQUARE WAVE SAWTOOTH WAVE
n=1 '

d

Reaction plane angle

(where the nth harmonic component has its maximum
multiplicity)

L. Apolinario 23 CERN-Fermilab HCP Summer School
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

[Busza et al (1802.04801)]

dN N 0.16- ' | | ! | T
— = (1 19 Z Uy, cos (n(¢p — U ))) n/s=0.20 ¢ ALICE v, {2}
¢ " 0.14 |-—— n/s=paraml LHC 2.76 TeV Pb+Pb ~
— n/s =param?2
Reaction plane angle 0.12- /s —param3 pr =[0.2...5.0] GeV  _
(where the nth harmonic component has its maximum 010L n/s =paramA4 V7
multiplicity) ' @
0.08 -
0.06
0.04
From charged multiplicity, extract elliptic (v2), triangular 0.02
(v3),... flow coefficients
0.00 '
vy = (cos2(¢p — Usy)) 80

centrality [%]

24
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

AN N o0 0.16
—=—|(142)» v,cos(n(¢—",))
dp 27 nz::l / 0.14
Reaction plane angle 0.12
(where the nth harmonic component has its maximum
o 0.10
multiplicity)

From charged multiplicity, extract elliptic (v2), triangular
(v3),... flow coefficients

Vo = <COS 2(¢ — \IJQ)>

24

[Busza et al (1802.04801)]

I I I I I I L]
n/s=0.20 ¢ ALICE v, {2}

/s =paraml LHC 2.76 TeV Pb+Pb —
n/s =param?2 s mnioogory

n/s =params3
n/s =param4

centrality [%]
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

N N 50 0.16
= 1—|-22Vncos(n(¢—\11n))
0.12

Reaction plane angle
(where the nth harmonic component has its maximum
multiplicity)

From charged multiplicity, extract elliptic (v2), triangular
(v3),... flow coefficients

Vo = <COS 2(¢ — \P2)>

24

[Busza et al (1802.04801)]

(1/s=paraml |
'n/s =param?2
' 1/s =param3

I I I I L
¢ ALICE v, {2}

LHC 2.76 TeV Pb+Pb —

centrality [%]
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Hydrodynam

hydrodynamics?

e Why
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Hydrodynamics

e Why hydrodynamics?

e Complicated to withdraw information from QCD Lagrangian...

e Lattice QCD:

e Discretise space-time and evaluate numerically the Lagrangian

e Use Monte Carlo sampling to obtain the relative likelihood of

all possible configurations

-
—

—

-
o

.r"

"

Excellent tool to calculate static \
properties but 1t 1s computational
demanding for high-energy

ProCecsSEs

gluon

25

1.
quark

Locp= » (Lj+Ly)

flavours

1
Eg — —ZFZVFA'LLV

‘C’q — % (i/)/'ua,u(sab — gswutgbAg’ — m)wb
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Hydrodynamics

e Why hydrodynamics?

e Effective theory that describes extremely well QGP phenomena

e Input includes the Equation-of-State (EoS)

Energy-momentum tensor (ideal hydro):

T = eutu” + p (g"" + ufu”)

\

EoS (ideal hydro):

Velocity
p = p(€)
Pressure Ener}‘ density

L. Apolinario 20

Energy-momentum conservation:

py
9, T"" =0
Current conservation:
mo__
9, N" =0
U

Hydrodynamic evolution equations

CERN-Fermilab HCP Summer School



Hydrodynamics

e Why hydrodynamics?
e Effective theory that describes extremely well QGP phenomena
e Input includes the Equation-of-State (EoS)

e Provided by, e.g: Lattice QCD

Energy-momentum tensor: :
9y Energy-momentum conservation:

pr
T“”:eu“u”—l—(p—|—7rbu|k)(g“”—|—u“u”)—|—7r“” aﬂT =
- e Current conservation:
Bulk viscous pressure y
EoS: Shear viscous tensor o,N" =0
P = p(G, n) v
~ Charge density (More involving) 3+1 Hydrodynamic

evolution equations

Deviations from ideal hydro (viscous hydro) include additional coefficients:
Shear viscosity 7, bulk viscosity ¢, ...
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Specific Shear Viscosity n/s

e The shear viscosity (n) of a system measures 1s resistance to flow.
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Specific Shear Viscosity n/s

The shear viscosity (n) of a system measures 1s resistance to flow.

The “specific shear viscosity (n/s) measures the effects of shear viscosity in

a relativistic fluid

Dimensionless parameter that quantifies the amount of entropy

produced within the fluid as a sound wave propagates through 1it.

L. Apolinario 28

high viscosity

( i low viscosity
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Specific Shear Viscosity n/s

e The shear viscosity (n) of a system measures 1s resistance to flow.

e The “specific shear viscosity (n/s) measures the effects of shear viscosity in

a relativistic fluid

e Dimensionless parameter that quantifies the amount of entropy

produced within the fluid as a sound wave propagates through 1it.

n/s + EoS + temperature dependence

= Hydrodynamic calculation data comparison

(With hadronic re-scattering after QGP)

L. Apolinario 28

high viscosity

.

/
/ ‘ /"
-—-—'—‘—_"

low viscosity

tlTe n, K, p, ... f
Tto
. FY el p
) 9/ g
- '

Central region

~
~
-~
| P

(to< 1 fm/c)

beam

N

7
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QGP Fluidity

® QGP 1s an (almost) 1deal fluid:

S L L L L L
o 01 | —
> - ) Range of expected 1
008 | / values from ideal _
I o H / Hydrodynamics -
0.06— + ¢ _
; 2’| :
004 J .
i é i
0.02_— é o
i STAR (RHIC) 2008 a _
0_ P B DR BT BT B

0 0.2 0.4 0.6 0.8 1
N_./Nax

Peripheral <«—  Central
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QGP Fluidity

4
® QGP 1s an (almost) 1deal fluid: -
L L DL R L AL I
~ 01 —
> - ) Range of expected 1
008 | / values from ideal _
I | H / Hydrodynamics -
0.06— + ¢ ® U — 1%
: ¢ : =
0.04_— Q ]
i ® _
0.02_— é o
i STAR (RHIC) 2008 A _
0_ N B B B B B
0 0.2 04 0.6 0.8 1
N_./Nax
Peripheral <«—» Central

(T-To)/ To
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QGP Fluidity

® QGP 1s an (almost) 1deal fluid:

25 , . . . . |
O STAR 200GeV MinBias
20 -
- n/s=0.08
=T §
2 i | —
Highly sensible % 10 n/s=0.16 =

to »n/s

PRC 79 (2009) 039903

1 P 3 | A

p[GeV]
Peripheral
-1' 0 -d 5 'ofo 0'5 1'0
(T-To)/ To
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QGP Fluidity

4
QGP 1s an (almost) 1deal strongly-coupled fluid: -
’é‘ B | .
I 40 - String Theory Bound (KSS)
E E pQCD (AMY) [dashed for scale dependence]
- -
35—
30
25:_ ’—"—___‘_\-:‘: ——————— :‘
) Pt ).___/
o~ T/ T
15
10
5:_ KSSBound N T TN S T
) - -1.0 -0.5 0.0 0.5 1.0
0 0.5 1 1.5 2 2.5 3 3.5 4
Temperature (T/T) (T'TO)/ TO

C
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QGP Fluidity

QGP 1s an (almost) 1deal strongly-coupled fluid:

’é‘ B | .
I 40 - String Theory Bound (KSS)
E E pQCD (AMY) [dashed for scale dependence]
350 Weak coupling
B 2
B \ gs
30— a, = — K 1
- \Nea\‘ 4
25:— """"""
oF @ T T———— T
15—
10
5 [
- KSS Bound
- a, ~ 1
0

0 0.5 1 1.5 2 2.5 3 3.5 4
Temperature (T/T)

C
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Initial State

%
" P ‘ . 4
Y » From nucleil to
. QGP



Initial state

e Will the final result depend on the 1nitial conditions?

What were the QGP initial conditions?
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Initial state

e Will the final result depend on the 1nitial conditions?

What were the QGP initial conditions?

Are the fluctuations of the initial energy density distribution able to survive the hydrodynamic evolution?
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Initial state

Will the final result depend on the 1nitial conditions?

Ideal hydrodynamics Viscous hydrodynamics
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Initial state

Will the final result depend on the 1nitial conditions?

Ideal hydrodynamics Viscous hydrodynamics
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Initial state

Will the final result depend on the 1nitial conditions?

Ideal hydrodynamics Viscous hydrodynamics

t=2.41fm/c
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Initial state

Wi1ll the final result depend on the 1nitial conditions?

Ideal hydrodynamics Viscous hydrodynamics

t=95.1fm/c
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Nuclear Parton Distribution functions

® In collinear factorisation:

o0
00(s, Q%) = E ag(ﬂ%z)' E /dxldx?fz’/hl(mia“%‘)fj/h2(xjaN%‘) X 6i,j—>O+X(Q(33ia$ja3)711%2,#%‘),
n=0 1,7

® Nuclear PDF (nPDF):
Z A—Z7

fi,(A,Z) ('TMU'F) — Zfi,p(A,Z) (xalu'F) ! A fi,n(A,Z)(xaH’F)
/

Average proton and neutrons PDFs

Modifications less important for higher energies, but it will affect softer
processes

= Extraction of QGP properties highly dependent on initial conditions
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Nuclear Parton Distribution functions

® In collinear factorisation:

o0
( QQ) _ n(, 2 dr-d o2 2 A Q . . ) 2 2 )
o0\, = ag(pg) - 21422 fi/p1 (@i, ) Fijn2(T5, bE) X 6ij»0+x(Q(Zi; 5, 8), bR, L)
n=0 1,]
Typical form of PDF modifications in a nucleus.
] 4 Lq Le
® Nuclear PDF (nPDF): 103 DT Y ALY LR W
— Z ! A—-2Z O; 1.2 ¥ antishadowing maximum -
fia,z)(@, pr) = Zfz‘,p(A,Z) (z, pr) - V) fina,2) (T, uF) 2 S L1
1.0 - § L
Average proton and neutrons PDFs i ]
oo~ [ e s Ye
. _ _ _ o 0.8  small-x shadowing / _
Modifications less important for higher energies, but it will affect softer . l -
processes L EMC minimum
§ o T S . = Y
= Extraction of QGP properties highly dependent on initial conditions 0.5 ;[Eskola et al (1612.05741)] 7
0.4 sl
10 10 10 5 10" ]
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Nuclear Parton Distribution functions

Able to probe nucleus through DIS:

IR [N R I ERLL (BRI [N [N (R RRRLL G

Kinematic coverage still limited...

| lllllll [ 111

parton

| IIIIIIII| llllllll| Illllllll IIIIIIII| Illllllll I T

LRI

OoN
QD
-t
L)
(o)
—
X
'

—k
o
N

lllllll/7
/
/

wl 1o

(/ dAuU@present _
anjc/ DIS+DY"

&

1 =
10'1 || llllll| || lllllll || lllllll || lllllll || lllllll || lllllll || llllll| || ll!!!!—
-8 - -6 -5 - -3 - -
10° 107 10 10 10% 10 102 107 1
XA
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Nuclear Parton Distribution functions

e Able to probe nucleus through DIS:

e Kinematic coverage still limited...

e Low-x region dominated by uncertainties...

Effect of including additional data (D-mesons and
dijets) on gluon PDF:

1-6 1 1 lllllll 1 1 lllllll 1 1 lllllll T T TT1
| 4 [Apolinério et al (2203.16352)]

1.2

-

eV?)

1
T

10 C

1.0
I 08

=™

S 06

(z,

— 04

& 02 , __

EPPS16

00 L nul L uul L nul L L L 1Ll
4 3

10 10" 10~ 10"
A

EPPS21

L. Apolinario

109 T [N R (IR (BRI BRI [N (R RRRLL IR

) llllllll R

6
parton > 10
—
r-P \

| Illlllll I llllllll | Illlllll I llllllll | IIIIIII| | Illlllll [k

oON
Q
I
)
(o)
p_—
>
'

/dAuU@Ppragent

ml 1o

108 “ | DIS+DY:
= Yt s ¥ Y + =
- /," RH]C? _
1= ' ' =
10‘1 | || llllll| | lllllll || lllllll || lllllll || lllllll [ lllllll || llllll| | ll!!J—
10 107 10° 10° 10* 10° 102 10 1
Xa
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Nuclear Parton Distribution functions

e Able to probe nucleus through DIS:

109 :E I Illlll| | IIIIIIII I IIIIIII I Illlll] | Illlllll [ lllllll I Illlll| | llll'ﬁg
e Kinematic coverage still limited... T 108 ;_ Hints of breaking of linear evolution at HERA _;
. - but not yet conclusive evidence.. -
. . . . 7 — 7
e Low-x region dominated by uncertainties... T 107 _
F Need probing of larger x-Q2
e 1 N 10 = phase space
< 105 E_ ";
I: ?
® Onset of saturation: S 10 7
10° = ) \-
Transverse area Number of gluons - Q. pp(X)
10%E ’ F:
\2 Awg(x,Qg) - 2 1/3 0.3 0.3y E\ ;
TRy ~ 02 = Qs ~ A (Vsnn) e 10 =
S : -
/ 13 @ E
gluon Size -~ 1/Q 2 -1 L | IIIIIII| | lIlIllIl | IIlIllIl | Illlllll | IlIlIIll | IIIIIII| | IIIIIII| | Ill!!,!—
S _’ 10 -8 -7 -6 -5 -4 -3 -2 -1
10 10 10 10 10 10 10 10 1
X
A
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Small systems

20 Conditions for
. QGP formation?



L. Apolinario

From AA to pA

e Going to a “simpler” system to understand the initial conditions:

AA collisions
(Large systems)

Learn about created medium (QGP)

40

pA collisions
(Small systems)

Learn about incoming nuclei (Pb/Au)
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From AA to pA e

e Going to a “simpler” system to understand the initial conditions:

pA collisions
(Small systems)

AA collisions
(Large systems)

15

10 ¢

y (fm)
(]

10 | Learn about incoming nuclei (Pb/Au)

_15 1 1 L 1 1
-15 -10 -5 0 5 10 15

X (fm)

Learn about created medium (QGP)
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From AA to pA

e Going to a “simpler” system to understand the initial conditions:

Soft probes Collectivity signs? = QGP?

0 18 ..J_ EX D E® Jr e w o g =at T 1 r e e | e e maE f
18E PHENIX |5y, = 200 GeV 0-5% -
0.16 =
- -4 °He+Au I .
0.14 — = d+Au I l l .
- e p+Au ' $ -
0.12 - » ¢ -
- l ¢ :
«~ 010 s ] B -
C b %
0.08 [ L] = B
oos W ® -
. - . %
004 ® -
- . "
0.02 — —
~1 Vg g g Bl g o g g R o p o o R 2 5 g 3 Qo o .o o I~
0.5 1.0 1.5 2.0 2.5 3.0

p; (GeV ¢)

(Compatible with hydrodynamics expectactions)
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From AA to pA

e Going to a “simpler” system to understand the initial conditions:

No jet quenching — no QGP

Normalised ratio of yields
between AA and pp

YA); A+A

X

Ras =
AA (Tan) - 0%,

P*P

L. Apolinario

IIIIIIIlIIIlIIIlIII|III|III|IIIIIlIII

1.8  ALICE, charged particles -
"~ @ p-Pb \s,,=5.02TeV, NSD, | ncmsl <03 -
1.6 - = Pb-Pb \s,=2.76 TeV, 0-5% central, | nl<0.8 -
1 44 Pb-Pb \Syy = 2.76 TeV, 70-80% central, | n1<0.8 =
g f :
A PR LI,
BV o IR
o] B
n_ [ i
o |
m -

0O 2 4 6 8 10 12 14 16 18
P (GeV/c)

Raa = 0: No Energy loss
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From AA to pA

e Going to a “simpler” system to understand the initial conditions:

Soft probes Collectivity signs? - QGP? No jet quenching — no QGP

018:"I"""tl""l""I""r III|III|III|III|III|III|III|IIIIIIIII
E PHENIX Ysyy =200 GeV 0-5% E 1.8  ALICE, charged particles —
016 = o 310 Au s ~ @ p-Pb |5, =5.02TeV, NSD,In_ 1<0.3 :
o1 :_ - ik l l e 1-6:_- Pb-Pb \s, =2.76 TeV, 0-5% central,| n1<0.8 -
Tk pA I I ) 1 4 Pb-Pb \syy=2.76 TeV, 70-80% central, | n1<0.8 1 Raa =0: No Energy loss
0.12 I - 2 r " -
B l ® ¥ £ 120 E H
= 0.10 - Vel o 1_ ) HHHHHHEH_ _____ % _________________
of ! : S | E
0.08 |- = D - .
- ° : S 0.8 4 I
. - - ALY
0.06 |- . < o HHHHHH . ; :
o -
0.04 ® 3
C . .
0.02 |- 2
—1 l A 1 L L l 1 L 1 L l L A A L I A A A A l A A A L l-
0.5 1.0 1.5 2.0 2.5 3.0 [ 11 | | I | | 1 1 | | 1 | | | 1 1 | | 1 | | [ 1 1 | | 1 | | [ 1 | | |
b (GeV c) O 2 4 6 8 10 12 14 16 18

P (GeV/c)

L. Apolinario 43 CERN-Fermilab HCP Summer School

(Compatible with hydrodynamics expectactions)



QGP onset conditions

e Extrapolation from dense to light needs further understanding...

Pr,
e 0.1fm/c 1.0fm/c

R R

QCD kinetic theory

-1 Kurkela [1601.03283]
e —
QGP Hydrodynamic

Thermalisatior |
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QGP onset conditions

e Extrapolation from dense to light needs further understanding...

Pr,
e 0.1fm/c 1.0fm/c

R R

QCD kinetic theory

Kurkela [1601.03283]

—_— —————
QGP Hydrodynamic

Thermalisatior |

—(
Energy loss
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QGP onset conditions

e Extrapolation from dense to light needs further understanding...

Pr,
e 0.1fm/c 1.0fm/c

R R

QCD kinetic theory

Kurkela [1601.03283]

—_— —————
QGP Hydrodynamic

Thermalisatior |

--—- ——t
2 Energy loss
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QGP onset conditions

e Extrapolation from dense to light needs further understanding...

L
€

1/3 =fm--=cmm-eepemmaenanas

QCD kinetic theory

Kurkela [1601.03283]

—_— —————
QGP Hydrodynamic

Thermalisatior |

--—- ——t
2 Energy loss

44

Effective kinetic theory can bridge the dynamics from out-of-

equilibrium 1nitial conditions to hydrodynamic description

Weak coupling < Strong coupling

CERN-Fermilab HCP Summer School



QGP onset conditions

e Extrapolation from dense to light needs further understanding...

P,
€
1/3 =~ """"""""r--------—2 equilibrium initial conditions to hydrodynamic description

Effective kinetic theory can bridge the dynamics from out-of-

Weak coupling « Strong coupling

Description based on quasiparticle distribution functions f,

QCD kinetic theory

Evolution follow Boltzmann equation with elastic and

-1 Kurkela [1601.03283] radiative collision rates:
e T s ——————
QGP Hydrodynamic 9,
o y y . fp _ Cl<—>2[fp] _|_CQ<—>2[fp]
Thermalisatior | oOT
. . / |
2 Energy loss

1
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Effective Kinetic Theory

e Pre-equillibrium studies using effective kinetic theory:

How does the thermalisation time arise?

. |
Particle escape

. . 3( DT IS %
Fluid expansion )0 g:mgg %‘8 EOO %. ((

[Pre—equilibrium)

hydrodynamics

quasi-particles

nnnnnnnnnnnnn
vvvvvvvvvvvvv

s strong fields

Incoming nuclei Pb Pb

L. Apolinario 45

Ofp

Total pressure anisotropy

ot

Py, /Pr

— Cle[fp] + CQHZ[fp]
4 !

p—— —_— — — —_— —_— —_— —_— —_— —_— —_— —_———_——_——_——————

0.8

0.6 -

04 -

NI
1>

| 1st qrder

=3
<
Q.

T/TR
Scaled time
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Effective Kinetic Theory

e Pre-equillibrium studies using effective kinetic theory:
How does the thermalisation time arise?

Particle escae\: ® © @ @ ? ®

p G s
. . 3( TETR IS ICTN 4
Fluid expansion )0 g:mgé? %‘8 EOO %. ((

[Pre—equilibrium)

-l

hydrodynamics

quasi-particles

nnnnnnnnnnnnn
-------------

strong fields

Incoming nuclei Pb Pb

L. Apolinario 45

Ofp

Total pressure anisotropy

ot

Py, /Pr

— Cle[fp] + CQHZ[fp]

'd l<

1

1 | | | | | | |
[Kurkela et al (1811.03068)]
08 b———— e
0.6 +
04 +
A= 5 errrereens
r A=1.0
0.2 - 1 A\=005 =-—=—-
] A=0.1
o B | 1st order hydro -----
O 05 1 15 2 25 3 35 4

T/TR
Scaled time
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Future Experiments

|
Flectron-lon Collider SPHE@
Project Launch

=

outer HCal

inner HCal ki Fi .
71 | solenoid

e EMCal
—TPC

INTT & MVTX

Electron lon Collider (EIC)

Nucleon/Nuclei Structure affect the initial state RHIC/LHC Upgrades
_ Beam Energy Scan (RHIC)/ FAIR
(important for small systems) + Hiah b densities. had
> 2025 0O run (LHC) - High baryon ehnS| ies, hadron
2018-2025 gas phase

2018-2020, > 2024
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Future Experiments 2 R

Electron-lon Collider.
Project Launch

outer HCal B E==
inner HCal

INTT & MVTX

Ill

2
10°F Measurements with A > 56 (Fe):

o eA/uADIS (E-139, E-665, EMC, NMC)

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

Top

o DY (E772, E866) ‘
2L e o 30n =) y
N 10 - . guEEEEn 7 EIC - p /l_L S
QN : ‘REEETL(E - A Higgs | STAS
% 8 e ™M 103 _ Precision — <=
" = » 3 , o
o dsisae | : A= 0LDc - SO
(D 19k e o ol a2l
ezl I R <l _
Nucle(« i Y L IHIC/LE _ /
i * el B 1 : ' AT, Jeuvertey :
O 1 perturbative E . E ¢ - > 10 3 Non-linear QCD ST AT )/ FAIR
e T e : , , ! QO e
~ : B ladron
00 ¢ . / T o

20 1

11 L1 gisgiygiry L1131 10 b vl vl S ] o vl il Lol v vl
i b : a -8 -7 -6 -5 4 -3 -2 -1
10 10° 10? 10" 1 10° 10 10~ 10 10 107 10 10 1

X x

0.1
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Take-home messages

Heavy-Ion collisions are a rich laboratory to study QCD
QGP Phase transition at high temperature/density

Application of first principle QCD (pQCD, Lattice QCD) and effective models (Hydrodynamics,...)

Soft probes (non-pQCD sector) are a powerful tool to identify QGP macroscopic properties
Quark-Gluon Plasma 1s a strongly coupled fluid:
Present 1n proton-nucleus (small systems)?

Conditions to form a QGP? Saturation effects?
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Take-home messages

Heavy-Ion collisions are a rich laboratory to study QCD
QGP Phase transition at high temperature/density

Application of first principle QCD (pQCD, Lattice QCD) and effective models (Hydrodynamics,...)

Soft probes (non-pQCD sector) are a powerful tool to identify QGP macroscopic properties
Quark-Gluon Plasma 1s a strongly coupled fluid:
Present 1n proton-nucleus (small systems)?

Conditions to form a QGP? Saturation effects?

Thank you!
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Backup Slides



Collision Geometry

Colliding Nuclei ~ collection of nucleons

Collision system ~ nucleons that participate 1n the collision
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Collision Geometry

RaulY
> |«
Colliding Nuclei ~ collection of nucleons R At[ e
Collision system ~ nucleons that participate 1n the collision )
Pa— % >
To define collision geometry:
E | b >

Impact parameter: the transverse distance between the

center of masses of the two nuclei
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Collision Geometry

e Colliding Nucle1 ~ collection of nucleons
e C(ollision system ~ nucleons that participate 1n the collision
e To define collision geometry:

e Impact parameter: the transverse distance between the

center of masses of the two nuclei

® Location and motion of the nucleons in the nuclei

51

Monte Carlo Simulation for

RHIC AuAu 200 GeV

YN

y (fm)

15

10

10

-15

Y X

-15

-10 -5 0 5 10 15

X (fm)
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Collision Geometry

e Colliding Nucle1 ~ collection of nucleons

e C(ollision system ~ nucleons that participate 1n the collision

e To define collision geometry:

e Impact parameter: the transverse distance between the

center of masses of the two nuclei

® Location and motion of the nucleons in the nuclei

® NSpec + Npare = AL + Ar

Ngpec Will continue travelling along beam pipe

(but cannot be measurable experimentally)

Npare Will collide with at least other nucleon

(what we want to know)

51

Monte Carlo Simulation for

RHIC AuAu 200 GeV

YN

y (fm)

15

10

10

-15

Y X

Participants

-15

-10 -5 0 5 10 15

X (fm)
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Side view

G Iau ber Model Projectile B Target A

A
e Geometric model to calculate: B P by Ay
T b S| | z—»
® N,,: number of participants U - S | Nuclear thickness function :
o N.,: number of total collisions U Ta/p(b) = / pa/B(b,24/8) dza/s
Monte Carlo Simulation for /
RHIC AuAu 200 GeV . o _
o Probability of finding a nucleon at a point (b, z) per
15 . | _ [Borsanyi et al (1007.2580)] )
unit volume
10 ¢ —)

: Thickness function from overlap region:
5t ) ]
' _ 2 Tip(b)db = A-B
10 | Participants - Tag(b) = /TA(S) Tg(s —b) d”s / 48(b)
-15 1 1 1 1 1
-15 -10 -5 0 5 10 15
X (fm)
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Glauber Model

Geometric model to calculate Ny, and N

Geometry (Optical Glauber model) allows to
NN
Ncoll (b) — O, TAB (b)

calculate average N, and N

Nou(b) = / Ta(s) (1 —exp [N Ty(b —s)]) ds

n / To(b—s) (1 —exp [~ Ty(b)]) ds
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Glauber Model

o Geometric model to calculate Ny, and N

Ncoll (b)
Npa'rt(b)
10
S
E o
>
-9
-10

|

Q
2
2
-
3
D

el

inel

+ Tp(b—s) (1 —exp|[—ojn

[Loizides et al (1408.2549]

Ta(s) (1 —exp|—opd Te(b—s)|)ds

TA (b)] ) ds

53

Geometry (Optical Glauber model) allows to

calculate average Ny, and Ny

How about fluctuations?

Individual nucleons are stochastically distributed
event-by-event in nucle1 following Wood-Saxon

distribution

1+ w(r/R)?
1 + exp(=Z%)

a

p(r) = po
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Glauber Model

o Geometric model to calculate Ny, and N

Ncoll (b)

Npart(b)

Geometry (Glauber model) relates multiplicity to Npart and impact parameter (b)

L. Apolinario

— /TA( ) (1 —exp|[—0jq Tr(b—s)])
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Glauber Model o fon 270 Toul

o Geometric model to calculate Ny, and N g
v ol
—_— NN ;:!:‘ 33’
NCO” (b) = Oinel TAB (b) o ..:_:;:rf‘

Nyou(b) = / Ta(s) (1 —exp [=o¥N Ty(b —s)]) ds

¥ / To(b—s) (1 —exp [0 Tx(b)]) ds o Noar

10°

———
'§400 i iGlagberMG _1
Geometry (Glauber model) relates multiplicity to Npart and impact parameter (b) <= Ty Wy :Pb'*:Db #-SNN:z 2.76 TeV~
R b :
Can now define centrality classes R 19107
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W ey ~
[0-5]% [50-70]% o ! %t =H 1< 10°
Central collisions Peripheral collisions . L"r_' T
M I
100 | b b 10
BRI S S
E E E E t‘:"-.l . -
| PR P - -
% fo . 15 20 10

L. Apolinario 54



L. Apolinario

Centrality Classes

e Centrality class defined as percentile ranges of minimume-bias
Cross section:

12 10 8 6 4 2 0 <b (fm)>

| | | | |

T TTTI

50 100 150 200 250 300 350 <Npart>
I

10 6) n|<1

1072

do/dN¢h (a.u.)

B O S

10°%F ¢ R = = S L

-l o o o T \n

- M N — N o

| | i i |

' 50 70 80 90 95

0/Utot(%)\

10.4lIllIllIlIlllIIIIll|llll|llll|IllIIlIlllllllI L

0 400 800 1200 1600 2000

Nch
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Big-Bang vs “Little-Bang” L85 gl

e Harmonics also applied to CMB analysis

Cosmic Microwave Background

6000

5000

-
Lol 1 [ W T N . | 1 1 1 | 1 1 1

10 100 500
~300 pK 300 Multipole moment [

W

o

o

o
"'l"l"lll"'l"'ll"ll"'ll"'l""'l"'"III'I""I"II

CMB anisotropies reveal information about recombination epoch (when photons decoupled)
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Big-Bang vs “Little-Bang”

e Harmonics also applied to CMB analysis

0.16 | | | | | | | L
1 event of a heavy-ion collision 0.0 — /s i0.20 ¢ ALICE v, {2}
0.14 -=—— n/s=paraml LHC 2.76 TeV Pb+Pb ~
— n/s =param?2
0.12+____ n/s —param3 pr =[0.2...5.0] GeV _|
0.10 L n/s =param4

K

- 0.08 -
0.06
0.04

0.02

0.00

4 5999905 1 44501

8=rr centrality [%]

In heavy-ion collisions, they yield the anisotropic coefficients
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Big-Bang vs “Little-Bang”

The Universe: Slow Expansion

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages
400,000 yrs. //

{
g A 1”““‘3” .

Development of
Galaxies, Planels, elc.

Inflation

Quantu
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

IA
Credit: NASA

13.7 billion years

Heavy-ion Collisions: Rapid Expansion

collision evolution

lumpy initial
energy density

: ". d

expansion and cooling
kinetic
freeze-out
N ——

cluster formation »

quark and gluon
egrees of freedom

. particle
detectors
distributions and

correlations of
produced

particles

o e S
_.\/],J..' e o~
200 » " o~
N "‘;\* \'(’ .o:" g

FS o
£

- T L e
“k 4 - Nl o
& o TR By Y $o
‘s LALA . <k g iws gy -

2y LTV atv s s

- . * \~ Y pl .
< ) A P - .
SO B ot s i o s
T A SN Oy P

Y,
% A '?'.
> Rt A
Y ‘S'II.
s

s
" ;5.‘:_3
J -9

4L
&

o
29

r .'?l

|.‘Jr ‘

% {_L:"

L Yo A0
~ e %%
4. .

CERN-Fermilab HCP Summer School




Big-Bang vs “Little-Bang”

reavy-ion Collisions: Rapid Expansion

collision evolution

The Universe: Slow Expansion

Afterglow Light
Pattern
400,000 yrs

inflation

.\

:

Quantum
Fluctuations

Credit: NASA

L. Apolinario
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Big-Bang vs “Little-Bang”

reavy-ion Collisions: Rapid Expansion
collision evolution particle

U : : Sl " | expansion and cooling detectors

The Universe: Slow Expansion e, Rl
Dark Energy freeze-out -/ '\ correlations of

Afterglow Light finsdssznbay sk i produced
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From dense to light systems

e Extrapolation from dense to light needs further understanding...

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control the

1nitial state [Huss, et al (2007.13754)]

00 /s =7 TeV Lyy=0.5 nb™ lynl<1.0
Future OO run similar to PbPb peripheral — — , , |

(better suited to system-size dependence) 1.10 |- -
1.05 |
Future pO run crucial do reduce nPDF 1 g9 L= "'

uncertainties
. 0.95
= §.99 ~ 1 E-loss models  —
T rwt EPPS16(90%CL)
0.385 | BKK LO (scale) -
BKK NLO (scale)
.80 —-—-- KKP NLO
0.75 - ——— stat. projection—
I I I I I I I

20 25 30 40 50 10 100 150 200

pr (GeV)
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From dense to light systems

e Extrapolation from dense to light needs further understanding...

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control the

initial state

Future OO run similar to PobPb peripheral
(better suited to system-size dependence)

Future pO run crucial do reduce nPDF
uncertainties

Cold or Hot nuclear matter effects?

Tra r=0% dE/dy = 3453 GeV_ JETSCAPE, 7 = 0*, dE/dy =
DL

2766 GeV
30

G vam 2
O
S
y (fm)

—8¢

8t 8r

] 4 4—

Nucleon structure at high g | ) ol
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0

—8 —4 0 4
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L. Apolinario
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[Huss, et al (2007.13754)]

00 /s =7 TeV Lyy=0.5 nb™ lynl<1.0
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Effective Kinetic Theory

e Pre-equillibrium studies using effective kinetic theory also on jets (next lecture)

O0fp

ot

K>

A

= C 7 [fp] + C*7 [ fp] + C¥P o]

e | N\

—_

% % E\ Longitudinal expansion

Glasma

?

Kinetic
theory

Wdrodynamics

>
T

G (GeV?/fm)

10

How does the thermalisation time arise?

[Boguslavski et al (2303.12595)]
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QGP onset?

e Hydrodynamic applies when system 1s 1n local equilibrium

Light and dilute?

Lo 1
PP (@i L~1 fm

Or small but dense?

Need to collider smaller/different systems to 1dentity QGP onset conditions
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From dense to light systems

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control the

initial state

Future OO run similar to PbPb peripheral [Huss, et al (2007.13754)]

(better suited to system-size dependence) 00 Vs =7 TeV Lypy=0.5 nb™" [ynl<1.0
| | | | | | |
1.9 - 7
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From dense to light systems

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control the

initial state

Future OO run similar to PbPb peripheral [Huss, et al (2007.13754)]

(better suited to system-size dependence) 00 /s =7 TeV Lpp=8.5 nb™ [yl <1.0
I I I I I I I
.10 = -
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