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Introduction and Logistics

* Ricardo Goncalo

Logistics:

Email: jgoncalo@uc.pt
Office: E.20

Office hours: Tuesday 11lam?

* Research interests:
Higgs boson properties
Hadronic jet physics
Trigger development
Detector upgrade

Data analysis

etc




Overall learning objectives

+ Elementary particles, their spectrum and classification; fundamental interactions and corresponding
gauge bosons

+ Klein-Gordon and Dirac equations and their free-particle solutions; zero mass and helicity limit;
neutrinos and the V-A structure of weak interactions

* Fermion and boson propagators; Yukawa potential of a bosonic field; propagators

* Feynman diagrams; cross section calculation at 1st order for simple processes; higher order diagrams
and renormalization

* Proton form factor and structure functions; quarks and gluons; notions of quantum chromodynamics;
strong coupling constant; quark confinement and asymptotic freedom

* Neutrino physics; mixing and oscillation

« P, C, and T symmetries; CP and T violation and the CPT theorem

* Unified electroweak theory and the Standard Model; neutral and charged currents, W and Z bosons
* The Higgs mechanism and electroweak symmetry breaking

* High energy collider- and non-collider based experiments; important results

« Limitations of the Standard Model and searches for new physics



Course structure

« 14 theory lectures:
» Mixture of slides and blackboard
 |If time allows: a seminar (to be defined)

* 14 problem sessions:
« Sometimes will use for theory

« Grading:
» Final test during 18th May problem session (50%)
* Problem sets to deliver individually (50%) in Inforestudante



Bibliography

* Main book (in principle):
— Mark Thomson “Modern Particle Physics” ] Introduction to
7 *\ L) ‘ Elementary Particles
. 'MopERN |

e Sometimes | will use: .\ PARTICLE
— D. J. Griffiths “Introduction to Elementary i~
Particles”
— G.Barr et al. “Particle Physics in the LHC Era”

— F. Halzen & A.D. Martin “Quarks & Leptons”

QUARKS &
LEPTONS:

. . An Intreductory Course in
Particle Physics o Modern Partcle Prysics

other relevant information iy e o
— PDG: http://pdg.Ibl.gov G. e
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Particle Physics




Particle Physics

* High Energy Physics? Same as particle physics, physics
of elementary particles, etc

1fm =101 m (fermi)

1 barn = 1028 m’ 1pb=10"2b
1ps=101s;1ns=107°s
1 GeV =10°eV
1eV=1.602x101°)

m
107 1012 109 106 1073

< “ _ m
m‘»‘f’ ‘.10 3 100 107 1012 101 1018 1921 o2




MATERIA ATOMO

NEUTRINO
DO ELETRAO 5

NEUTRINO
DO MUAO

NEUTRINO
PIUS DO TAU

antiparticles

NUCLEO

PROTAO

STRANGE

b




And the forces...
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Standard Model Production Cross Section Measurements Status: July 2018
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Back to school: Units




Standard Units

Grandeza fisica SI Factor de conversao Unidades Standard
Comprimento m 107 fm
Tempo S 1 S
2
C MeV
Massa kg =5.609x10% >
1.602x107" A
MeV
2
| ; ¢l _1871a0” Ve
Momento linear kg ms™  1.602x107" ¢ Velocidade em
unidades de ¢




Natural Units: h =c¢c =1

Unidades
Grandeza fisica SI Factor de conversao
Naturais
1015
Comprimento —— 5.068x10" MeV™
c
1 21
Tempo S = =1.519x10 MeV™
c’ — 5.609%10%
Massa kg 1602x1072 MeV
C2 10]5 1 =l MGV
Momento linear kgms™ 1.602x107" hc (%] " Velocidade em
=1.871x10" unidades de ¢

Plus the electric charge: a = ,/47160 =137



Standard vs Natural Units

Unidades Factor de Unidades
Grandeza fisica
Standard conversao Naturais
1 N
Comprimento fm I 5.068x107° MeV™
z
1 21
Tempo S E =1.519%10 MeV !
Massa Me%z c? MeV
MeV
A MeV
Momento linear Velocidade em C Velocidade em
unidades de ¢ unidades de ¢




Particle Properties
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Quarks, Leptons, Gauge bosons

Ve Vi V¢  no charge, no color Ve Vu Vr | no charge, no color
AN Y )
e- w T | -1 charge, no color [e"'J [ﬂ+J (TJFJ +1 charge, no colo
\. / \\ / \ J/
particles
7 N 7 N 7 ™ f N f N f — N
U C t +2/3 charge, color u C t -2/3 charge, color
\ J J y N J \\ J \, J
oY amn Y SR () (=)
d S b -1/3 charger color d S b +1/3 Charge, COlOr
\ J \ J \\ J S s\ 7\ S
Nl | | antiparticles
[ 7 || W= | Mediators of EM interaction
J \ J
. . . agent of spontaneous
Y [ Mediator of EM interaction H .
symmetry breaking
)
g | Mediator of strong interaction




Gauge Bosons

e Spin 1; different charges
* Responsible for properties of interactions
* Massive vs massless bosons

Sector Q Colour charge Mass Width Jr

EW Wt 41 0 80.399(23) GeV  2.085(42) GeV 1
Z° 0 0 01.1876(21) GeV  2.4952(23) GeV 1
vy 0 0 0 0 (stable) 1™

Strong g 0  SU(3)colour 0 0 (stable) 1~

octet




Leptons

 Unit charge, spin 1/2
 Feel electromagnetic and weak, but not strong force

* Lepton number L, L, L,

* Found to be conserved in all known interactions

State (@ Mass L. L, L; Lifetime

e~ —1 0.511 MeV +1 0 O > 4.6 x 1026 years
Ve 0 < 2eV +1 0 0 Stable

- —1 105.7 MeV 0 +1 0 2.197034(21) x 10755
Yy 0 < 0.19 MeV 0 +1 0 Stable

T —1 1776.82 4+ 0.16 MeV 0 0 +1 (290.6+£1.0) x10~1°s
e 0 < 18.2MeV 0 0 +1 Stable




P

xt+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
utu, [b] (99.98770-+0.00004) % 30
pt v,y [c] (200 4025 )x10~*% 30
et v, [b] ( 1.230 =+0.004 )x 10~ 4 70
et Vo [c] (739 4005 )x10~7 70
ety 0 (1.036 +0.006 )x 10~8 4
et v.et e (32 405 )x1079 70
et v 1T < 5 x 1070 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
y P g
7R L [d] < 1.5 x 1073 90% 30
w g LF [d] < 8.0 x 103 90% 30
p~etety LF < 1.6 x 1076 90% 30

Particle Data Group: https://pdg.Ibl.gov



Quarks

Fractional electric charge, spin 1/2 (see later about Isospin)

Always confined in hadrons: mesons (qq); baryons (qqq)

Explain basic (static) structure of hadrons

Colour quantum number:

« 3values: Red, Green, or Blue
 Introduced to explain some
baryon wavefunctions, for
example of A++ (uuu)

* Only colour-neutral particles
are stable

« Stable combinations are

qqq and qq
e Gluons are bi-coloured:

rg, bg, br, gr, gb.

Q Mass I I,

d L 1.1-58MeV 41 !
3 2 9
2 1 1
il 1.7-3.3 MeV - -

“ *3 ¢ *3 *3
1

s -3 80-130 MeV 0 0
9

c +3 1.18-1.34 GeV 0 0
1 +0.18

b - 4.19+0-18 Gev 0 0
2

¢ +3 172.0 + 1.6 GeV 0 0

L (ri — bl_)), L (ri 4+ bb — 297)

V2 V6



* In the laboratory, we never see “free quarks” but bound systems:
* "mesons”: quark and antiquark pair
* “baryons”: three quarks bound together
* "antibaryons”: three antiquarks bound together
» Collectively they are called “hadrons”
* To understand the underlying mechanism for a process involving hadrons,
consider the constituent quarks (look it up, no need to memorize)
e D" =bound state of anti-c quark and d quark
e p = bound state of anti-u quark and d quark

B’ = D +em +1. Boﬁp_—I—eJr—l—V63
Ve Ve

W/" = W'," E
b—q—l—q—c b—‘_‘—‘_u




=140 known mesons

=65 baryons plus resonances
59 hadrons found at the LHC
until 2021

| - )
.

(9 1 q)(q)

q) /,' ) "" ,/
2 " —
Baryons Antbaryons Mesons

Mass Lifetime Spin Charge Isospin | Strangeness
Name (MeV /c2) () J? [A] Qe T 8
QUARKS:
:nupn L 4:11? CD? % +% % C.
“down™  d | 4117 oo? L -3 3 0
“strange” & 5587 oo? 3 -3 0 -1
MESQONS:
. af: 2.6x 108 _
pion s 138 }‘{ot: 8.132)< 1?6178 0 -1,0,+1 1 o Kﬁ 1
: L2 x 1)~ _ 1 s H
kaon K 495 KO: ambignous | 1,0,+1 L ROK- 1 1
eta 7 549 8.9 x 1071 0~ 0 0 0
rho 2 F70 43 x 10~ 1- —-1,0,+1 1 0
OImega w 783 6.58 x 10~ 1- 0 0 0
phi o 1020 1.6 x 1072 0 0 0 )
. _ _ K R +1
K 892 133 x 1072 1 -1,0,+1 L B0 K1 1
BARYONS:
proton {(p) : oo i+ 1
nucleon N 038 neutron (n) : 920 5 0,+1 5 0
lambda A | 1116 2.6 x 10710 i+ 0 0 -1
A ) Ef g 110 +
sigma z 1190 0 1 10-14 5 -1,0,+1 1 -1
cascade 2 | 1320 ~2 x 10710 i+ -1,0 L -2
delta A 1232 5 x 10-24 3| 1,0,+1,+2 3 0
= | 1383 1.6 x 1023 at -1,0,+1 1 -1
| 1530 6.6 x 10~23 at -1,0 ! -2
Omega 0 | 1672 13 x 10710 3 -1 0 -3




Feynman Diagrams




| nt re ra Ct | O n S Diagramas de Feynman

* em cada vértice :
» —conservagao do quadri-momento
* —conservag¢ao da carga

Interaction between two particles A

and B interpreted as exchange of « —conservacio dos nimeros quanticos respeitados
medlatlng part|C|e X P! cada—b—mteragaiIinhadofermiéo

—_— — linha anti-fermido

Left hand side: initial state

MMWWW —>  linha do fotao, W*fZO
. . . TYEEEETE —  linha do gludo
Right hand side: final state . . lonade i

M |dd Ie hOW tranSItlon happened Tﬂ vértice contem a natureza da interaccao

Time runs from left to right(*) B

(*) But only in the
sense that
“before” is initial
state and “after” is
final state

v




* Fundamental building block of an interaction is the “vertex”

electromagnetism

" . _u weak charged current weak neutral current
quantum electrodynamics

X X i J y y

o (Oem)~1/137 %/30 \4/30

W /

'

x is any charged particle  i:4+2/3 quark, j: -1/3 quark y is quark or lepton
or
strong interaction v i T
“quantum chromodynamics” Vi)
9 9 * Some “laws” are automatically built into the diagrams
» Conservation of electric charge
0(5~1

» Conservation of lepton number

" I n [ LI i
o e, "pt T

Baryon number

_ _ e number of quarks
g is any quark (colored object)



* Fundamental building block of an interaction is the “vertex”

electromagnetism

p . weak charged current weak neutral current
quantum electrodynamics

X X I ] y y

o (Qew)~1/137 %/3@ \4/30

W /

Y ; :
1 : :

x is any charged particle  i:+2/3 quark, j: -1/3 quark y is quark or lepton

or
. . v, ol
strong interaction
“quantum chromodynamics”
9 S * arrows: direction matters!

* backward arrow means “antiparticle” (opposite charges)
s~ 1 e don't mix up arrow and label
* same letter means same particle
* vertex factor “coupling constant”

e not part of diagram but indicates “strength” of interaction
g is any quark (colored object)



* \ertices can be rotated and connected by common particles (“propagator”)

€ e
Y
Y
Y
e
e e

.._




* |n fact, any allowed process has an infinite number of possible diagrams

* The coupling constant:
e diagrams with more vertices have vertex factors
e if this is small, diagrams with more vertices contribute less

e we do calculation at "order N” where N is the number of vertices.

* must consider all diagrams of “order N”

 if we want more precise calculation we go to higher order



f f Cross-section calculation from diagrams:

e from probabilities, and in turn,from quantum mechanical
transition matrix elements.

these contain one g factor for each vertex.

TS Mx g ~a IM|? x g* ~ a?

Time-ordering is left - to -right. . ¢ ¢ b2 ¢
But due to the uncertainty . y
principle, we cannot know X - 2 2 X
all about the “virtual”
. . d
particle being exchanged. i : : . :
state Time Time

A vertical line represent all s
possible time-orderings. -

An infinite number of
diagrams is possible for the
same initial and final state.

classified according to the

number of vertices |M7|2 0.¢ 012 > > |M77|2 0.¢ Oé4



