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Outline

Lecture 1: QCD at colliders - “gluon multiplication”

0 Jets
0 Parton Distribution Functions

Lecture 2: Hot and dense QCD

o The structure of matter in extraordinary conditions of temperature and density

Afternoon - two cases revealing guantum coherence
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QCD and collectivity

Standard Model built/discovered looking for the highest possible degree of simplicity

All particle content and interactions of the Standard Model discovered using this principle
— greatest success of the reductionistic approach in Physics

Also very successful — Complex systems with emerging behavior
[Strongly-coupling many body systems; qguantum entanglement with many d.o.f...]

Region of transition — largely unknown

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments

Best available tool to study the first levels of complexity
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An apparently simple lagrangian hides a plethora of emerging

[This animation was done before LHC started]

Nucleus-nucleus collisions provide optimal conditions for these
QCD studies - extended object in the transverse plane



QCD

QCD is the theory of strong interactions.
It describes interactions between hadrons (p, =, ...)
Asymptotic states.
Normal conditions of temperature and density.
Nuclear matter (us).

Colorless objects.
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QCD

QCD is the theory of strong interactions.
It describes interactions between hadrons (p, m, ...)
Quarks and gluons in the Lagrangian

Fundamental particles.

charge=+2/3 | u(~5MeV) | c(~1.5GeV) | t (~175 GeV)
charge=-1/3 | d (~10 MeV) | s (~100 MeV) | b (~5 GeV)

Colorful objects. color = charge of QCD — vector
Similar to QED, but gluons can interact among themselves
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QCD

QCD is the theory of strong interactions.
It describes interactions between hadrons (p, m, ...)
Quarks and gluons in the Lagrangian

“u  Fundamental particles.

charge=+2/3 | u(~5MeV) | c(~1.5GeV) | t(~175 GeV)
charge=-1/3 | d (~10 MeV) | s (~100 MeV) | b (~5 GeV)

8 Colorful objects. color = charge of QCD — vector
Similar to QED, but gluons can interact among themselves

“»  Gluons carry color charge — This changes everything...
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QCD

QCD is the theory of strong interactions.
It describes interactions between hadrons (p, m, ...)
Quarks and gluons in the Lagrangian

No free quarks and gluons: Confinement.
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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, , ...

Quarks and gluons in the Lagrangian

No free quarks and gluons: Confinement.

Strength smaller at smaller distances: Asymptotic freedom.
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Plcture

o © ©
In quantum field theory, vacuum is a ® @
medium which can screen charge. ® o ®
(quarks or gluons disturb vacuum). ® s ® o
® ° °
4 @
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Plcture

In quantum field theory, vacuum is a
medium which can screen charge.
(quarks or gluons disturb vacuum).

confinement —- isolated quarks
(gluons) = infinite energy
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Plcture

In quantum field theory, vacuum is a
medium which can screen charge.
(quarks or gluons disturb vacuum).

confinement —- isolated quarks
(gluons) = infinite energy

colorless packages (hadrons)
— vacuum excitations.
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Plcture

In quantum field theory, vacuum is a @
medium which can screen charge.
(quarks or gluons disturb vacuum).

confinement —- isolated quarks
(gluons) = infinite energy

colorless packages (hadrons)
— vacuum excitations.

Masses:
mass (GeV) > qm (GeV)
T ~0.13 My + mg ~ 0.02 PP
o ©
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String picture

A way of visualizing a meson — a ¢q pair join together by a string

‘l" \ll\\*\u‘f"i g ?.m
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Colorless object
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String picture

A way of visualizing a meson — a ¢q pair join together by a string

Colorless object

The potential between a ¢g pair at separation r is

Vir) = AY) - Kr
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String picture

A way of visualizing a meson — a ¢q pair join together by a string
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Colorless object

The potential between a ¢g pair at separation r is

Vir) = Air) - Kr
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String picture

A way of visualizing a meson — a ¢q pair join together by a string

Colorless object

The potential between a ¢g pair at separation r is

Vir) = AY) - Kr

When the energy is larger than m, + mg a qq pair breaks the string
and forms two different hadrons.
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String picture

A way of visualizing a meson — a ¢q pair join together by a string

Colorless object

The potential between a ¢g pair at separation r is

Vir) = A(r) - Kr

r

When the energy is larger than m, + mg a qq pair breaks the string
and forms two different hadrons.

In the limit m, — oo the string cannot break (infinite energy)
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Chiral symmetry

In the absence of quark masses the QCD Lagrangian splits into
two independent quark sectors

£QCD — Lgluons T igL/V'uD,uQL -+ igR/y'uD,uQR

For two flavors(i = u, d) Lqop is symmetric under SU(2);, x SU(2)g
However, this symmetry is hot observed

Solution: the vacuum |0) is not invariant

(0|gr.gr|0) #0 ——  chiral condensate

Symmetry breaking

Golstone’s theorem = massless bosons associated: pions
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So, properties of the QCD vacuum
n Confinement
o Chiral symmetry breaking

s there a regime where these symmetries are restored?

QCD phase diagram

Free quarks and gluons®

Asymptotic freedom: Quarks and gluons interact weakly at
@ Small distances — increase density
@ Large momentum — increase temperatures

TAE 2022 - Benasque
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QCD phase diagram

>
T

Fig. 1. Schematic phase diagram of hadronic matter. pg is the
density of baryonic number. Quarks are confined in phase I
and unconfined in phase II.

[Cabibbo and Parisi 1975]
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QCD phase diagram

1 Quark Gluon Plasma

Nuclear matter

First lattice calculation found a first order phase transition
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QCD phase diagram

. Quark Gluon Plasma

Hadron gas

Nuclear matter

First lattice calculation found a first order phase transition
Including quark masses probably not a first order
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QCD phase diagram

HIC

B Quark Gluon Plasma

T

Superconductor
L

Nuclear matter B

First lattice calculation found a first order phase transition
Including quark masses probably not a first order

Present status: several different phases found.
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QCD phase diagram

HIC

Quark Gluon Plasma

Superconductor
[

First lattice calculation found a first order phase transition
Including quark masses probably not a first order

Nuclear matter

Present status: several different phases found.
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QCD phase diagram

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments — e.g. E0S

Experimental tools

S
> 200[ m
High-energy heavy-ion coll. [high T, low ng] é %"- Quarks and Gluons
LHC — pp, pPb, PbPb, XeXe, (other lighter ions under study) l; % Critical point?
RHIC — pp, dAu, AuAu, CuCu, UU,... :3: 7 \ D@co,%
Medium energies HIC [moderate T, high ng] B l ¥ %/
100k » Hadrons %
RHIC Beam Energy Scan CEL ?i N
“AIR at GS 0 A & K
NICA at Dubna | & %g)
Cosmological observations — notably GWs ] / o, Clorsuper
Neutron star coalescence - lOW T, high ng . 3 7/
Future — access to QCD transition in early Universe? INdgles Net Baryon Density
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QCD phase diagram

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments — e.g. EoS

Experimental tools

>
: : : W
High-energy heavy-ion coll. [high T, low ng] = Quarks and Gluons
LHC — pp, pPb, PbPb, XeXe, (other lighter ions under study) — Critical point?
W |
RHIC — pp, dAu, AuAu, CuCu, UU,... = o D@cooﬁ
] ] [ - | //7
Medium energies HIC [moderate T, high ng] o l @”’e/
Y 100} » Hadrons %
RHIC Beam Energy Scan = & 75
] - e
“AIR at GS| L p g?’ %,
NICA at Dubna & %
: : _ Color Super-
Cosmological observations — notably GWs / Neutron s
Neutron star coalescence - low T, high ng . 3 7/ '
Future — access to QCD transition in early Universe? Nigle Net Baryon Density
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QCD phase diagram

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments — e.g. E0S

Experimental tools

> 200F m

High-energy heavy-ion coll. [high T, low ng] é : Quarks and Gluons

LHC — pp, pPb, PbPb, XeXe, (other lighter ions under study) = Critical point?

RHIC — pp, dAu, AuAu, CuCu, UU,... % 1 m )

- . . = RHIC BES

Medium energies HIC [moderate T, high ng] - l YH . FAIR

RHIC Beam Energy Scan CEL i % NICA

~AIR at GSI @ A 5’ g

NICA at Dubna | & %g)
Cosmological observations — notably GWs ] / o, Clorsuper

Neutron star coalescence - low T, high ng . 3 7/

Future — access to QCD transition in early Universe? INdgles Net Baryon Density

TAE 2022 - Benasque QCD lectures |1



QCD phase diagram

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments — e.g. EoS

Experimental tools

High-energy heavy-ion coll. [high T, low ng]
LHC — pp, pPb, PbPb, XeXe, (other lighter ions under study)

RHIC — pp, dAu, AuAu, CuCu, UU,...

Medium energies HIC [moderate T, high ng]

RHIC Beam Energy Scan
FAIR at GS
NICA at Dubna

Cosmological observations — notably GWs

Neutron star coalescence - low T, high ng
Future — access to QCD transition in early Universe?

Temperature T [MeV]

Critical point?

~

RHIC BES
FAIR
NICA
, —
> %,
& %
& s,

Quarks and Gluons

Color Super-
oo o7 C) Al conductor?

Nuclei

Net Baryon Density
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Neutron stars

-0S determines neutron star structure ! ) !
.',a_.‘_»;-r | t 0.5 km o?; 1000 i pQCD—
ions, electrons -— : : : :
- % h :inner : : g matter!
inner crust 1-2 km \2_, 1 — éCI’US’[ / =
-&—— electrons, neutrons, nuclei S ; neuiron 00’
§ : ma?ter ' 8
\ outer core ~ 9 km 9 0001 - : - E
neutron-proton Fermi liquic  ©- S
few % electron Fermi gas -
le-06 N { lIIEIII . RN N L1 |El|||| a GC)
inner core 0-3 km 1 10 1 1000 %
? Quark Chemical Potential p —p. /3 (MeV) §
<
Lattice QCD Region relevant for neutron star
very challenging at finite ¢p structure largely unknown
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FoS constraints from GW
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[Annala, Gorda, Kurkela, Vuorinen 2018; Annala, Gorda, Kurkela, Nattila, Vuorinen 2019;
also Most et al. 2018; Dexheimer et al. 2019 - More recent studies available, not shown]

The existence of quark-matter core found to be a common feature of the allowed EoS

Further constraints for the EoS at higher and higher baryon density in future experiments FAIR, NICA
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QCD thermodynamics |

In the grand canonical ensemble, the thermodynamical properties are
determined by the (grand) partition function

1

Z(T,V, ;) = Tr exp{—T(H . Z 1; N;)}

where kg = 1, H is the Hamiltonian and V; and u; are conserved
number operators and their corresponding chemical potentials.

The different thermodynamical quantities can be obtained from 7

Oln Z O(T In Z) OlnZ
P oV 0 0T | 8,u7;

Expectation values can be computed as

(0) — TrOexp{—+(H — >, uiN;)}
Trexp{—%(H — Zz ,uzNz)}

TAE 2022 - Benasque
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QCD thermodynamics |

In order to obtain Z for a field theory with Lagrangian £ one normally
makes the change —it = 1/T, with this, the action

1/T
iSEi/th%S:—/ dTL g
0

and the grand canonical partition function can be written (for QCD) as

. 1/T
Z(T,V, 1) = /szszDA“ exp{—/o dxo/vdgaﬁ(ﬁg — uN)

where N = 9y is the number density operator associated to the
conserved net quark (baryon) number.

Additionally, (anti)periodic boundary conditions in [0,1/7'] are imposed
for bosons (fermions)

AM(0,x) = A*(1/T,x), ¥(0,x)=—¢(1/T,x)

TAE 2022 - Benasque
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QCD thermodynamics |l

In order to solve these equations
Perturbative expansion

N ag(T) small for large T — bad convergence, but some results
obtained.

Lattice QCD
S  Discretization in (1/T, V) space

N Contributions to Z are computed by random configurations of fields
in the lattice

N Most of the results for 11 = 0
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First example: EoS

efT4

16
14
12
10

— ] += o)

Naive estimation:Let’s fix i = 0, the pressure of an ideal gas (of
massless particles) is proportional to the number of d.o.f: P oc NT*

P, x3xT*

Pogp < (2x2x3+2x8) xT*
S

quarks gluons

[notice that proportionality factors are different, Fermi/Bose-Einstein statistics]

] . SB limit =—
[MILC Collaboration 2006] tm g

i 3 -

-_ E ® Ht - 6 |

B A Nt = 4 -

- ’{ myd = 0.1 mg (my/my=0.3) | _|

L F 1 | I | | | | | 1

00 200 300 400 500 600

T(MeV)

- prr?

N_=6
N_=8
N_=10
p4NI{l=12
’ T -
p4, N =8

| [Bazavov, Petreczky, Weber 2018]

T [MeV]

200 400 o600 800 1000 1200 1400
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Perturpative calculations

Different orders in PT compared to lattice results

[Kajantie, Laine, Rummukainen, Schroder 2003] [Plot from Bazavov, Petreczky, Weber 2018]
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Convergence for very large temperature
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Order parameters

In order to know whether the change from a hadron gas to a QGP is a
phase transition or a rapid cross-over order parameters are needed

~

¥

T

First order: discontinuity in the order parameter
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Order parameters

In order to know whether the change from a hadron gas to a QGP is a
phase transition or a rapid cross-over order parameters are needed

T

Second order: discontinuity in the derivative

TAE 2022 - Benasque QCD lectures 19



Order parameters

In order to know whether the change from a hadron gas to a QGP is a
phase transition or a rapid cross-over order parameters are needed

T

Cross-over: continuous function
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QCD order parameters |

Chiral symmetry restoration: for m, = 0

chiral condensate is the order parameter . 0
P Susceptibility: Xm = I (qq)
- \ _ B q
<O\QLQR|O> ?’é 0 ’ <O|QLCIR|O> =0
T'— o0
c.opmrm7m7mm 7777 | i | I | 1T T 1 | 1T T 1 | i L | o | L | L | -
.l i 100 — A 4x123 ] 200 B % A 6><183_‘
| i g8 5 4%x163 ] i 5 B 0 6x243 ]
0.4+ 80 — § 5 O 4x243 — 150 - § é o 6x323
. ~ : 4 ~ - s -
Al Z - ? & 1 K i ]
o * X 60 [ " 4 = - Eﬁ = -
- : & 8 : 100 _ EII B ]
i} 20 & .3 - _ i §A . |
— '* - 33 & -
0.1F | -8 a - - a_ .
mq/T - O . 08 | 20 __ ] ] ] ] ] ] ] ] ] ] ] ] a_- 50 __ ] ] ] ] ] ] ] ] ] ] ] ‘I*‘:*
22 s 5. 32 33 34 35 3.4 35 3.61p0kbdt al 2006]
6/ g2 6/9?
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QCD order parameters ||

Confinement: for. m, — oo the order parameter is the potential

14 I
0
V(R,T)/T
10 L B - -0.05
3.950
4.000
T 0. L 4.076
T -U. X \ —%— —
10 + 28‘518 il i 4.085 —5—
b 18
4.070 0.15 / 4.20
8 | b4 480 v
0.2 1
6 éi+ _ | &
] 0251 |/ ]
s L
%
; RT | RT
4 | | | | | | | _03 1 1 1 | | |
0.5 1 15 2 25 3 35 4 0.5 1 1.5 2 25 3 3.5 4

[Kaczmarek et al 2000]
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However. ..

When masses are taken into account the potential is screened

2.50

2.00

1.50 |
1.00 -
0.50

0.00 1

Lightgq pair creation breaks the string

even below T

----- —@—
V(NNo
_ ¢ M=0.6 —e
.." T m=0.2 e —
: oWe o m=0.1 —e—
% ¢9? m=005 — @
| R e N m=0025 l—‘—l_
%&0&0 iﬁﬁ%oiﬁuu ®

™0 ™ e 0900,0,060 0 , O

o
0) 1 2 3 4 5

[Karsch, Laermann, Peikert 2001 ]
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Physical quark masses

0 — Chiral condensate

(1
Two order parameters !

m, = oo — Potential

Ty~175 MeV Ta~270 MeV

M § 5 phy.s. Cr/(/)ssover
- pou’lt

Ty~155 MeV

0 my, md 00

For physical masses, all results indicate a cross over
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Quarkonia spectral functions

Naively, all bound states are destroyed in deconfinement. Quarkonia should then
disappear in HIC [Matsui, Satz 1986]. The situation is, however, more complicated

— 5.0 I I I I I I I I I I I

O T=140MeV T=151MeV T=160MeV T=173MeV

p — 4.0 - |3S; charmonium 4 | alis alis -

8 > n=8 T>0

N 2 30 - 1k 1k :

o} 3 2.0 - 1 1 .

< S 10 ! 11 11 :

46 OO | | | | | i

s 3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6

> 50 M I I I I I I I I I I I

= T=185MeV T=199MeV T=223MeV T=251MeV

N — 40 F 1 b 1t 1k BR, —

= T 30 1 F 1+ 1k MEM -

L 3 20 F 1 F 1+ 1+ .
- S 1ot s q+ s -

é OO " | i L | | 1 | ! |

— 3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6

w [GeV] w [GeV] w [GeV] w [GeV]
Different quarkonia states melt at different Y >2.631C
temperatures
P Xb1 119 — 1.44 Tc

[some bound states survive transition]

J/PY 1290 —1.35Tc

Sequential suppression X1 1.19 Tc
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A possible picture of hot QCD

1
s, J
& s
o o
10°T B
|
=
o 'y
2T, > T
Strongly int. - 5— O
Q+G+PFP . = - 2
plasma & E e =
T £
o
Resonance a
gas Ll =3 o
f [mm—— E ?
Pion gas
ORI 3
n._ (]
0

[Taken from Hatsuda, J/¥ workshop BNL, May 2006]
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)Uuw‘]-—tm crllivins WM\AM
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Lo dueped

forza forte
(gludns)

quark up

quark down High-densities/temperatures
0 In the early Universe

proton 1 Core of neutron stars

0 Heavy-ion collisions

EXperimenta tool
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particles in central PobPb
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~oene 1 IME evolution of a HIC

In contrast to usual HEP, time and distance are relevant variables in heavy-ion collisions
Building collectivity in extended (macroscopic) systems
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Saturation - Color Glass Condensate

Nywbes T [Teos - T
& . ¢ IS :
Vol Nzt )
4\"}“’1 Tfﬁgé A : Pb-Pb, Sy =5.02 TeV |
! m ALICE l
6~ I/ HIUING 21,5, =028 -
1 '/ = . 5{/ :IrECKR'-I', /s = 0.20
Spluration Sade Qew A%y’ [ o
4 e Armesto et al. _
2 o o Khemeeveral -
Nowhar of ceakd ]m%‘c@m v Re (1) Sy I R R

Color Glass Condensate
Large occupation numbers - classical fields

Quantum Corrections - evolution egs.

Color Glass Condensate provides a general
framework to compute initial stages
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Bunyoljyos uslios

p”é’uf(x,p) = Cocsolf] + Cro2|f]

[Bottom-up thermalization — Baier, Mueller, Schiff, Son 2001]

Pz ™ a?Qs (QST)

~ s
[Arnold, Moore, Yaffe 2001; Kurkela, Zhu 2015; Keegan, Kurkela, Pz ™ Q)7
Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet,
Schlichting, Teaney 2019...]
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}l»LJxo.le U €S Q/A‘TP |/:-'_. o

<—F Equathm Of iétlé)

+ Initial time

Y
\ TF: lerp)ulu’- mrﬁ Urg m-‘J,] ceiackino + freeze-out
femperature

=

Far from equilibrium initial state needs to equilibrate fast (~1 fm or less)

Most of the theoretical progress in the last years:
— Viscosity corrections and consistency
itions

— Fluctuations in initial cond
— Emergence of hydro from

TAE 2022 - Benasque

KInetic eqs, holography, etc...
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E0S — high temperature

—quation of state at #p =0 Is rather well known by 5 P
lattice at moderatg temperature — reasonably good .l ., 2+1 flavor continuum +—— S
matching with perturbative at 7 < 1GeV S
t 7 N
2 C
i I_II_ r1 r 1 1+ r11®P1+1> 11> 17T 171> 17 1717 1771771711 " 3 2 B ﬁ CC)
- C . ©
’ i ﬂ—--- = 1t “{ §
i é 5 | D
L = =
B stout HISQ @ 5 §
(e-3p)T* W W 1% t o, -
(¥ O p/T4 B 10 g i @
1 y L t. lim </4T4 . i % § . §
No/N;=4 Nf=2+1 M,=160MeV ] _ * S &
| I I I I N I I NN AN N N N N RN NN NN SN N N BN N N | 2 B O
0 2+1 flavor contmzhg][ : =,
130 170 210 250 290 330 370 al 5, 1+1 flavor continuum
[‘nC‘Uded iﬂ hydrO Simu\ations] ° 160 260 360 460 560 660 760 860 960 1000

T [MeV]
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Harmonics: the golden measurement

[simplified discussion]

Remember the Euler eqs. — and use conformal EoS € = 3P

|
b'/I'ransverse plane

op c? /\J of the collision

— = VP x -V

dt e+ P X ‘ /

Initial state
spatial »

anisotropies

Final state

momentum P\\

anisotropies

These final state momentum anisotropies are measurable, e.g.

N
@ ol /IJZULL@fL}g

L? Etﬁ«\ﬂ\'c Flow
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Description of data and viscosity

[Hirvonen, Eskola, Niemi 2022]

Fluctuation in |.C. generate higher harmonics
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Quarkonia suppression

- Atuitive DI | v 370 o | oo -1
Simple intuitive picture [Matsui & Satz 1986] (A / 8™ — ppsha;,e" Lotz T TTe
] 2 |- | Y(1S)
Potential screened at high-T . : b
> Quarkonia suppressed
» Seqguential suppression of excited states :
> Quarkonia as a thermometer

: Xb(IP)

E L2l 7/(15) Y'(25)

X (2P) Y"(35)
x(1P)  w'(25)

I|III
07 8 9 10 1

NI AN I A
12 13 14
Mass(up) [GeV/c]

t ReV [GeV] + ImV [GeV]|
- 05 17148 MeV HH 205 MeV ' 286 MeV F-
164 MeV F 232 MeV

A PV 2 ey Dynamical picture:

» different effects:
# screening / rescattering / recombination
» Induced transition between quarkonia states

Quarkonia as an open quantum system

[Bambrilla, Soto, Escobedo, Vairo, Ghiglieri, Petreczky, Strickland, Blaizot,
Rothkopf, Kaczmarek, Asakawa, Katz, Gossiaux, Kajimoto, Akamatsu, Borghini .. .]

[Lafferty, Rothkopf 2020]
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Jet quenching

Particles with color are suppressed by interaction with the medium
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Conclusions - lecture 2

QCD has a rich dynamical content

Confinement and chiral symmetry breaking in vacuum

New phases of matter at high energies/densities

Quark gluon plasma universal form of matter at high enough
energies

Heavy ion collisions are the experimental tools

However, QGP is only one of the manifestations of a wider and
richer accessible physics

QCD is the only sector in the Standard Model where studies of
collectivity at the fundamental level are experimentally possible
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