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QCD is the theory that describes the Strong interaction that binds together
protons and neutrons in the atomic nuclel
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particle data group

Particle Listings
R.L. Workman ef al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
Cut-off date for Listings/ Summary Tables was Jan. 15, 2022. Files can be downloaded directly by clicking on the icon: . For a key to the listings click here.

Expand/Collapse All

Gauge & Higgs Bosons
Leptons (e, mu, tau, neutrinos, heavy leptons ...)
Quarks (u,d,s,c,bt...)

Mesons (pi, K, D, B, psi, Upsilon, ...)

Light Unflavored Mesons (S = C = B = 0)

pia— omega(3)(1670)
pi0 pi(2)(1670)
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“If | could remember the names of all these particles,

| would have been a botanist” - Enrico Fermi

Gauge & Higgs Bosons
Leptons (e, mu, tau, neutrinos, heavy leptons ...)

Quarks (u,d,s,c,bt...)

Mesons (pi, K, D, B, psi, Upsilon, ...)

Light Unflavored Mesons (S = C = B = 0)

o omega(3)(1670) (7o)
pio pi(2)(1670)
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“Periodic table” of hadrons
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Jets in hadronic colliders
_ Ta OATLAS

i b " I EXPERIMENT

Run: 276731
Event: 876578955
2015-08-22 07:43:18 CEST

2 high pT jets
(1.3 and 1.2 TeV)
with invariant mass 6.9 TeV
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The PROTON

forza forte

quark up (gludns)

quark down

proton

Two (valence) up quarks + one (valence) down quark
+ a cloud of quarks, antiquarks and gluons - quantum fluctuations
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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, , ...

Quarks and gluons in the Lagrangian

N\

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

F

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

“»  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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Gluons have color charge

- Crins 19 JusT AN BAMPE )
Gluons change the ? | 54 0\ /4
color of the quark Ll (0/40)| 4 © 0 |
[the corresponding vertex in QED (0¢ 0) (’h D) \0 © o 0
does not change the charge ot — Cda R /
the electron] \PC (M(‘)JC:') 0 )\‘JJ ?L {1) \/,3
. . . 1
Color transformations with the Gell-Mann matrices ¢, = ~a
1 0O 1 O , O —1 0 , 1 0 O . 0O 0 1
4 ((1) 8 8)A ((') 8 S)A (8 _01 S)A ((1) 8 8) Quark’s color - fundamental
| P representation of SU(3)
(88 ) (3 d) (38 0) (B0 ) 1,17] = it
i 0 0 0 1 0 0 i 0 0 0 2
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Asymptotic freedom
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A picture of confinement

o © O
In quantum field theory, vacuum is a ® @
medium which can screen charge. ® o ®
(quarks or gluons disturb vacuum). ® . ® o
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A picture of confinement

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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A picture of confinement

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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A picture of confinement

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
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String picture

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

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

, Q
€ .j ') ";" .q“:}. -
et 5 Wy SV,
; ' {";E(?‘a 8 O, ) ““:I‘

- o= -~ :
ALY e - .. N G -

&3
Y,

“ . ‘w .;- Pd'... ® 4’. Bt 0 -g_..__: " = \. Lot s/
S ILMAY '* ’ AN _, s Z“ “: ,.. AR
. ;i ' { "..‘ ] — ! ' " el

Colorless object

The potential between a ¢g pair at separation r is
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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) = AY) - Kr

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

QCD lecture - LLIP2023 - Mini-school
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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]

QCD lecture - LLIP2023 - Mini-school Carlos A. Salgado 15



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 %r%_ h c
“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

>
: : : U
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QCD phase diagram
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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

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

outer crust 0.3-0.5 km

/ ions, electrons

inner crust 1-2 km

-#—— electrons, neutrons, nuclei

\

outer core ~ 9 km
neutron-proton Fermi liquic
few % electron Fermi gas

Lat
very cha

ice QCD
enging at finite ¢z

)

o

Pressure (MeV fm

; 'l

; :

1000 F ; 3

: pQCD

¥ 5 5 . matter

i inner : ; 5 y
1 : crust / g 3 -
. matter | 5
E ' : 5 N
0.001 = =
d
: VI ol 5 é
le-061 'S : Hl _C:)
Quark Chemical Potential p — . /3 (MeV) =
<C

Region relevant for neutron star
structure largely unknown
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FoS constraints from GW

[
-
B~

p—
-
w

pressure [MeV /fm”]
= =

p—t
-
-

102

| [ D I

energy density [MeV /fm”]

[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]
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R [km| of QM core in 2M, star

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

Z(T,V, ;) = Tx exp{—%(H SN0}

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
oV 0 0T 7 8,u7;

Expectation values can be computed as

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

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*

Prox3xT* Pogp < (2x2x3+2x8) xT*
—_—— N~
quarks gluons

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

I ' | ' I ' I [
161" SB limit —— 4
- [MILC Collaboration 2006] : S [p/T _
14 —_ — [ EEEEENEEE
- A48 & , A A :
17k Eii§§ _ 4 -
10 ~ Z =6
‘ﬂ‘t I g - 3 i ;:8
B _ . N.=10
o : | N:=12
6 — 2 r " P4, N=6 ——
- E o N, =6 _ o/ 04, N.=8
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T(MeV)
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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]
1.5 '\ | ‘\I L | | L | | L 1 -|
- ’\‘ "\ -
.\.\.\.'\'. 0.9 _
L O 5# -‘-.—---F__—__—.-T_- 08 _ ) ’ ’

-——-_—-——l—
—
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— — —
- _————_ —
— —
——

- (
= " g
g ‘ | 3-loop, HTL
3 _ |
S ‘ 0.5 |
g (In(1/g)+0.7)| |
I  4d lattice - | T [I\/IeV]
0.0 8= gy b T TR S — o4 +——1r—u— ! .
1 10 100 1000 400 600 800 1000 1200 1400 1600 1800 2000
T/AM—S

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
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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

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
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QCD order parameters ||

Confinement: for. m, — oo the order parameter is the potential
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[Kaczmarek et al 2000]
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However. ..

When masses are taken into account the potential is screened
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[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

oo

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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A possible picture of hot QCD
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[Taken from Hatsuda, J/¥ workshop BNL, May 2006]
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High energy heavy ion collisions:
Collectivity and new phases of QCD

QCD: first levels of complexity at the most fundamental level
at scales easy to reach in collider experiments

forza forte

quark up (gludns)

quark down

proton

[Confinement; chiral symmetry breaking and mass generation; new phases of matter; hadronic spectra;
non-trivial vacuum structure; asymptotic freedom...]
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summary

QCD is the theory of strong interactions

7 QCD has a rich dynamical content well within experimental reach
> 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

7 Needed for all phenomenology at hadron colliders (and most of other colliders as well)

— not that much mentioned here but very important...

Asymptotic freedom allows to perform perturbative computations at large scales
1 However, non-perturbative contributions always present (due to confinement)

Jets and Parton Distribution Functions (PDFs) two main tools at the LHC

Huge effort in precision computations at NNLO and more
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Youtube video - QGP (in Spanish)

https://youtube.com/watch?v=JddahywF2_D4


https://www.youtube.com/watch?v=JdahywF2_D4
https://youtube.com/watch?v=JdahywF2_D4

Youtube video - QGP (in Spanish)

https://youtube.com/watch?v=JddahywF2_D4


https://www.youtube.com/watch?v=JdahywF2_D4
https://youtube.com/watch?v=JdahywF2_D4

