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How many of you

Have had a course on Quantum mechanics?
Have had a course on field theory?
Kinow what is the Large Hadron Collider (LHC)?

Khhow what are gluoihs, quarks, piowns, hadrowns,
barvons, mMesons?

Have a[ppu;eci some form of Fer&urba&mv\
theory?



Even more fundamental,
how many ot you

o Know what particle physics is abouk?

o Understand the distinction between &heorv,
experiment and the place of phenomenology?

o Are aware of this: having a theory to describe
some phenomena, doesnt necessarily mean that
you can use tk to t:ompuﬁe whatever you wank?

o See the importance of what we call “physical
observable” and the way such a notion influences a
physical theory?



Whab this kalle is
nolb about

o It its not an introduction to
Quantum chromodynamics (QCD)

o It will not cover in depth the
different sub-fields of QCD %keorj,
experiment and phenomenology of
the strong interaction



Whab Ehis kalle is
abouk?

o You will get an idea of the main
characteristics of QCD

o You will get an overview of the main sub-
flelds within QCD phenomenoclogy

o I hope you will get a feeling of the continuity
of ideas in particle physics and the paradigm
shifts occurred in the phenomenology of the
strong interaction but this will depend on
what questions you ask



Particle
pkemomm\otogv

Particle physics phenomenology is a subfield of physics that nvolves
both theoretical and experimental aspects. It aims to connect the
mathematical models of theoretical physics with the experimental
data from high-energy particle experiments.

Phenomenologists use theoretical tools to make predictions and
imEerF.'reE observations, as well as experémem&at methods to kesk
hypotheses and measure parameters.

In sclence, key experiments are often the spark for new theoretical
devato[omanﬁs.

In particle physics Llots of examples where theoretical developments
quided new exparimem&ai. discoveries.

A 900d ermomematogis& needs ko know bobh sides reattv well



Cornerstones in modern
F:'k siLes
(phenomenoloqgy?

Classical Mechanics Classical Field Theory

Relativity Quantum Mechanics Electromagnetism

Basic concepts

Quantum Field Theory
Interactions/Propagators

Gauge Field Theories

A. Rubbia,
“Phenomenology

: of Particle
Experimental tests

Physics”
Beyond SM
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The strong
inkeraction

o The Strong interaction binds
together protons and neutrons in
the atomic nuclel

o Back to 1930s: what holds the
nucleus toqgether? After all, the
positively charged protons should
repel one ancther violently There
musk be some other force, more

powerfui than the force of Yukawa: a first attempt ot o
electrical repulsion, that binds theory of the strong foree,
the Pro&gy\s (and neutrons) with a new quanta, the meson.
toqgether, The new nfo,.me WOLS The “screened Coulomb Fo&em&iai":

e —Ar

labeled the strong force U(r) ~ g2
r



The strong interaction
— early attempts

In the 19505 and 1960s, Llobks of new hadrons were discovered, that is,
particles that feel the strong interaction.

o Various theoretical attempts to describe the interactions of hadrons:

o

S-matrix theory: A framework that focused on the scattering amplitudes
of particles, without speca«afjﬁvxg the underlying dynamics or flelds.
Unitarity, analyticity, and symmelry,

Reqgge theory: A method that used complex angular momentum to analyze
the high-energy behavior of scattering processes. It predicted the
existence of families of particles, called Regge trajectories, that have
linear relationships bebween their spin and mass squared.

Bootstrap theory: This was a hypothesis that all hadrons are composed of
each other, and that there are no elementary constituents. ALl particles
are resonances of each other.



The strong interaction
— Fowards QCD

o In the 19505 and 19605, Lokts of new
hadrons were discovered, Ehat is,
particles that feel the strong

n(940) p(938)

inkeracktion,

o Attempts to dass&ft} these into families
were very successful (Eightfold W&v) =" (1321)  E0(1315)
and led to the conclusion that hadrons
(pra&oms, neutrons, plons, kaons ebke)

were not fundamental particles. B =45 GV oo
L = eV =6°

E, =10 GeV; 6 = 6°
o Instead, they are composite, their e et
constituents were named guarks S,
(partons). Ancther indication of their

compositeness were resulks from deep

d%0 /dQdE; [pb/sr/GeV]

inelastic e-p scattering experiments



The strong interaction
—~ the advent of QCD

o In the early 19705, QCD was formulated as a non-Abelian gauge field
theory of quarks that interact by the exchange of spin-1 massless gluons

o QCD is i many asye_«c&s similar to Quanbtum etec:&rodyno\mics (QED). The QED
vertex couples a spin-1 photon with zero rest mass to an electrically
charged fermion. In QCD, the strong force is mediated by eight (massless)
spin-1 gluons. Quarks carry the “color charge,” which comes in three types
called 3 and

o Since gluons are colored and therefore carry a strong charge, they interact
with other gluons or “self-couple” via QCD vertices involving three or four
gluons (hon-Abelian).




The advent of QCD, two ey
Fheoretbical achievements

o 't Hooft & Veltman, showed in 1971 that “non-abelian”
gauqge theories are renormalizable, a &jpé of quantum
fleld theory that can be made free of infinities by a finite
number of redefinitions of the parameters and fields.

o Asymptlotic freedom in QCD was discovered i 1973 bv
David Grross and Frank Wilczek, and imdepemdemﬂj bv
David Politzer in the same year. The interactions between
quarks and gluons become weaker as the energy scale
inereases and the distance scale decreases, At low
enerqgies, we have confinement: the interactions become
stronger and quarks and gluons are confined within
hadrowns, such as protons and neubrons,




First evidence of
the gluon

o In 1979, experimen&s at the DESY Labora&orj ih Germany
provided the first direct proof of the existence of gluons - the
carriers of the strong force that “glue” quarks into protons,
neutrons and the other particles kiown collectively as hadrons.
This discovery was a milestone in the history of particle physics,
as ik hetpec'k establish QCD as the theory of the strong
nteraction.,

o “The results followed from an idea that struck theorist John
Ellis while walking in CERN’s corridors i 1976, As Ellis recounts,
he was walking over the bridge from the CERN cafeteria baclk to
his office, turning the corner by the Library, when it occurred to

him that “the simplest experimental situation to search ciire{:&tj
for the gluon would be through production via bremsstrahlung
A e:i.e.t&rowyc;si,&rom annithilation”, In this process, an electron
and a positron (the electron’s am&ipar&iai«a} would annihilate and
would occasionally produce three Vjebs” of particles, one of TASSOC detector ab DESY
which being generated by a gluon radiated by a guark-antiquark

pair” CERN News, 1¥ JUNE, 2019



The QCD
Lagrangian

Locp =2(1/Jq,zy [6 0 +zg( ) ]1/} -m wazpql)—iGﬁngv
q

1 Y
Loy = P,ir" [0, +ieA, [y, -mp,y, —ZFWF“

* G =0"G, -9"G: - gf""G4G}  color fields tensor
e G four potential of the gluon fields (o-=1,..8)
°t  3x3 Gell-Mann matrices; generators of the SU(3) color group

*f*" structure constants of the SU(3) color group
*. Dirac spinor of the quark field (/ represents color)

*g=/4ma, (h=c=1) color charge (strong coupling constant)

WITOLD NAZAREWICZ webpage



Perturbation theory




Perturbation H«em'v
- F-‘—'“@.vumav\ diagrams

P. Skkands, arXiv:1207.23%9

The Fe di hows + ks exchangin
a 31.«:'%1? ??ke :g :'mc a wsofwggpgﬁm ; e

u(graa) WU tblwe)

Gluons carry
one color and
one anticolor

U(blue) ucqreen) Color charge
green-a.nhblue | | g : is conservccl’




QCD
pkemomm\otogv

o Nowadays, QCD is the established theory of the
strong interaction, It describes how guarks and
gluons interact to form hadrons, such as protons
and neutrons and how hadrons interact with each
other.

o QCD phenomenology is the study of the observable
consequences of QCD, such as the production and
decay of hadrons, the structure oi nucleons, and
the properties of nuclear matter. Most of the work
within QCD phenomenclogy is connected to
collider experiments.



QCD
kaemomev\omgv

o Some of the main areas of QCD
pheﬂomehai&gv are:

o Parton distribution functions (PDFs): NNPDF 3.1 NNLO O= 2.0 GeV
These are the probability densities of |
finding a quark or a gluoh with a
given fraction of the momentum of a
hadron, such as a proton or a
neutron, PDFs are essential for
predicting the cross sections of hard
processes ivolving hadrons at high
energles, such as d@.ep thelastic
scattering or hadron collisions,




QCD
F’L‘\QV\O meuotogv

o Some of the main areas of QCD
Pkehomehciogj are:

o Jek ?k:}Si&S: Jeks are collimaked ATLAS o

EXPERIMENT

sprays of hadrons that originate . ...

Event: 690925592

from the fragmentation and Sl N
hadronization of high-energy .

quarks and gluowns, Jet physics N "V &
is tmportant for testing the NS SN
Far&urba&ive aspects of QCD and R R

for probing the structure of the
protoin and the nucleus.



QCD
Pkema menolog

o Some of the main areas of
QCD phenomenology are:

o Lattice QCD: Lattice QCD is a
numerical method for solving
the QCD equations of motion
on a discrete space-time grid.
Lattice QCD allows for the
Movw[oer&urba&ve calculation
of various QCD observables,
such as hadron masses, d&t&v
constants, form factors, and
phase transitions.

http: //www. physics.adelaide.edu.austheory/staff/leinweber/Visual QCD/ImprovedOperators/index html



Gl

pkemmmamotogv

o Some of the main areas of QCD
Fhenomemaiagj are:

o Precision physics: the s?:u,o\j of the
effects o{ quan&um corrections and
higher-order processes on the
observables measured at high-energy
particle colliders. Main goal the
improvement of the theoretical

predictions and experimental
measurements of the strong
interactions, such as the strong coupling
constant, the parton distribution
functions, the jet cross sections. This
can reduce the uncertainties and
enhance the sensitivity of the collider
searches and analyses.

T decay (N?LO) =
low Q? cont. (N3LO) e
HERA jets (NNLO) ++
Heavy Quarkonia (NNLO)
e“e jets/shapes (NNLO+res) =
pp/pp (jets NLO) =
EW precision fit (N>LO) +e—
pp (top, NNLO)

0.05
1

August 2021

[Particle Data Group - QCD 2021]




Gl
Pkemome&«otagj

CMS Experiment at the LHC, CERN
Data recorded: 2011-Dec-01 14:35'39.907994 GMT
Run/ Event/LS: 182798 / 2268703 / 117

o Some of the main areas of |
QCD phenomenoloqgy are:

a;;

o Heavv town collisions —i i.
thsi,c:s: ex[oi.ores the Pl«mse 7 i
diagram of QCD matter 0 4
and the formation of a
new state of matter called
quark-gluon plasma,
which is believed to exist
ak ex&remetj high
temperatures and densities
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QCD
pkemomm\otogv

o And there are many other areas, such as soft and hard
diffraction and Forward physics, exclusive processes, spin
physics, QCD at finite temperature and density, and QCD in
strong maqgnetic fields.

o QCD phenomenology is a rich and active field
of research that aims to understand the
fundamental nature of the strong force and iks
manifestations in nature.

o It is one of the most exciting and demanding
flelds of research in particle physics.
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Guitherme Milhano [LIP-Lishoa]
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Nuno Castro [LIP-Minho]
SM/BSM [also ATLAS]

Sowe of the LIP

Liliana Apolinario [LIP-Lishoa]

Jet Physics, Q6P

Jodo Pires [LIP-Lishoa]
QCD precision

Miguel Romao [LIP-MinholLisboa]
Machlne Leammg SMIBSM :

Grigorios Chachamis [LIP-Lishoa]

QCD precision

Ricardo Gongalo [LIP-Coimbra/Lishoa]

SMIBSM [also ATLAS]

Antonio Onofre [LIP-Minho]
SMIBSM [also ATLAS]
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PHENO @ LIP

High energy phenomenology group at LIP

News Research activity Join us! Outreach v Team

RESEARCH ACTIVITY

. QCD
. Heavy-lon Physics

. Forward Physics
. Precision QCD
. BSM

Ruben Conceicao [LIP-Lishoa]
QGP, Cosmic Rays

Pletrn Faccioli [LIP-Lishoa]
QCD quarkonium production

Agenda

'I“

Pablo Rodriguez [LIP-Lishoa]
Jet Physics, Q6P




Mon 05/02 || Tue 06/02 | All days

Hands on Neutrinos Hands on Higgs
Ivo Varzielas, Valentina Lozza Jorge Romao, Rute Pedro

Oeiras INATEL 09:00 - 10:45 Oeiras INATEL 09:00 - 10:45

Coffee Break & Poster Session by PhD and MSc students

Oeiras INATEL

Hands on Neutrinos Hands on Higgs
Ivo Varzielas, Valentina Lozza Jorge Romao, Rute Pedro

Oeiras INATEL 11:30 - 13:30 Oeiras INATEL 11:30-13:30

Full screen

¥ Apolinario

Detailed view Filter

: . Hands on Hadrons

& Mr Dario Vaccaro, Liliana

: Oeiras INATEL 09:00 - 10:45

¢ Hands on QCD Jets
& Mr Dario Vaccaro, Liliana

¥ Apolinério

Oeiras INATEL

11:30 - 13:30

j Alfred Stadler, EImar Biernat

! Oeiras INATEL 09:00 - 10:45

10:45 - 11:30

! Hands on Hadrons
f Alfred Stadler, EImar Biernat

¥ Oeiras INATEL 11:30 - 13:30



https://pages.lip.pt/pheno/




A grapkic impression of
quarks and gluons inside
the proton (CERN)




QCD
pkemomm\otogv

o Some of the main areas of QCD
Phenomemotogy are:

3 Heo\v? quark Ph?smsz Haavv quarks, such as
charm, bottom, and top, have masses much
Llarger thawn the Ejpicai. QCD scale, Heavy quark
physics explores the properties and interactions
of hadrons containing heavy quarks, such as
mesons and baryons, and the effects of QCD
on the flavor and CP violation phenomena.



The strong
inkeraction

Boson Charge Mass (GeV/c?) Width (GeV/c?) Lifetime (sec) Force
photon 0 0 0 o0 EM

+1 80.399 + 0.023 2.085 + 0.042 3.14 x 1072°  weak

0 01.1876 + 0.0021  2.4952 +0.0023 2.64 x 1072  weak
0 “0” strong

) Nowaciavs, Quanktum
Chromodynamics (QCD) is the
Ehﬁory thot describes the Skrong
interaction that binds together
protons and neuktrons in the
atomic nuclet




