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>Concentrating on general concepts and a broad overview.

>This lecture cannot replace a university course on particle physics

>Very different level of knowledge: Hard to devise a course that fits all....
— Some parts more interesting to beginners, some more to the advanced

©  You will see many formulas ! Don’t panic and don’t focus on them. They are
there to support a physics explanation or just to give you a glimpse of what is
the theory behind all these concepts (i.e. show that something exists even if
we won't talk in depth about it).

>Please do ask questions!

> If you have any further question, my email is : alvaro.lopez@desy.de
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>0) Introduction
- What is the Standard Model?
- Coupling constants, masses and charges
- Units and scales

>1) Interactions
- Relativistic kinematics
- Symmetries and conserved quantities
- Feynman diagrams
- Running couplings and masses

>2)Quantum electrodynamics
- Test of QED: Magnetic momentum of the muon
- Test of QED: High energy colliders
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>3) Strong Interaction: Quantum-Chromodynamics
- A short history of hadrons and quarks
- DIS and gluons
- QCD and its properties

>4) Electroweak interactions
- Discovery of electroweak bosons
- Tests of angular distributions
- Feynman rules
- Handed-ness of electroweak interactions
- More tests of the electroweak SM

>5) The Higgs
- Why was it predicted?
- How was it found?
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Introduction



Introduction to the Standard Model

From atoms to the galaxies and clusters, the history of our Universe and its
evolution is determined by the presence of particles and the interactions
amongst them

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

s o S R o

T R 'c F o o 5 _:\.‘
n' 4.!..“ s R

Fluctuations L

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

During these days, we will try to summarize our current knowledge of
the most basic components of Nature and their interactions

Alvaro Lopez Solis | Introduction to the Standard Model |- DESY Summer student program | 24.07-26.07.2023 | Page 7



Let’s start easy: what is a particle in QM ?

In your quantum mechanics courses, a particle is described by a
wave-function.

Momentum (or position) and

time
=40 55 5L L)) i
1 —ipz/h
¢(P)=m/¢($)€ P
Spin Angular momentum

D :

j=312 j=1/2
I m;=3/2,1/2,-1/2,-3/2  mj=1/2,-1/2

+ other properties

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY Summer student program | 24.07-26.07.2023 | Page 8



Let’s start easy: what is a particle in QM ?

The evolution of the wave-function is governed by Schroedinger equation

a Harmonic oscillator of 1 particle system

h— U\ = H |U
Z at‘ ) )

of form Energy
Fkx? ? Transition
\ ' energy/
n=4 T ’[
' h
TP, Creation and n=s\ : . E,=(n+1)ho
Hamiltonian ontt \ ot/ 2
annihilation AN T/
n=1 :
~o : . | ) | 1> n=0 : Eo=%h°_’
4 P 1 " : an) =cyp|n— Internuclear separation X
H="—+ -muw?X? ;
2m "l 2 . ~

x=0 represents the equilibrium
separation between the nuclei.

E AT =d N
" a' n n+1
A= (ata+}) g ) =dajnrtly p

. :

a = gw—hX P
2mwh 1 fin-1) = E,_iln—1)= (B, - hw)|n—1)

o X " Vamonl 1 Hin41) = Enppln+1) = (En+hw)|n+ 1)

Energy is quantized. Ground state of minimal energy and excited states.
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Let’s start easy: what is an interaction in QM ?

Interactions between particles, via classical continuous fields.

Classical field

Continuous

Mainly describing forces

Following field equations

v.E=P2
€
V- B=0
JB
Vi Bt
A ot
1 OE
V xB = i+ — —
“ uo‘]+c7-8t
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Let’s start easy: what is a particle ?

In modern particle physics, particles are just an excited states of an
underlying quantized field !
[¥(x)) = ¢(x) [0)

[ d&p 1

B / (27)° \/2wp

Free scalar field for particle creation at position x

Ground state of muon field ¢(X)

(ap_i'al.p) eip-x

ﬂ/ / / / Excitation of> One fleld — one partiCle type
field > Matter fields and force fields

/ / / / ' / / > Discrete (quantized), not continuous
/ / / / / / Bosonic fields (integer spin)
/

b [ed]=ienee-s
/ / / /ﬂ;/ / / Fermionic fields (semi-integer spin)
Ground state of electron field {a'p7 b;r,/ } =1 (27T)3 5 (p — pl)
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Let’s start easy: what is an interaction between particles ?

Interactions in QM

|¢out >

In QM, encoded in potential terms in
Hamiltonian

" 2
<wout| H |¢’in) = <¢out| HO + HI |¢in> e <¢out| - 2h—mV2 Ly V(q) hbin)

T o |{(Yout| V(q) [¥in)|*

L. Forces/interactions in QFT

Interaction are exchanges of “force” fields

Possible between fields that have a coupling/charge
associated to this force field in Lagrangian

; 2
Probability of interaction so state |Yiy) 1= [Yout) ? M x |Q%M (Yout| Ay |¢in>|

)%
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Let’s start easy: what is an interaction between particles ?

Interactions in QM

—~ \\( [Your) In OM_encoded in notential terms in

| Quantum field theory is the theoretical framework we use to
describe dynamics and interactions of different fields

|'¢'in> + V(q) [¥in)
N ‘ T v 2
Probability of interaction so state |?,D1n 1= [Yout) ? X |<¢out| (Q) |¢in>|
Out Forces/interactions in QFT
\ Interaction are exchanges of “force” fields
\ Possible between fields that have a coupling/charge
|¢'m associated to this force field in Lagrangian
5 2 2
Probability of interaction so state [Yin) = [tout) ? M x |gEM (Yout| Ay |¢in>|

)%
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Let’s start easy: what is an interaction between particles ?

Interactions in QM

—~ \\( [Your) In OM_encoded in notential terms in

| Quantum field theory is the theoretical framework we use to
describe dynamics and interactions of different fields

+V(q) [¥in)

|win>

N ‘ 2
Probability of interaction so state |'¢in> 1= [Yout) ? T |<¢out| V(Q) |¢1n>|

e-\ lah ) Forces/interactions in QF T

The Standard Model is the theory that describes all fields

elementary known particles and their interactions. .
charge

; 2
Probability of interaction so state [Yin) = [tout) ? M x |g%}M (Yout| Ay |¢in>|

)%
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What is the Standard Model?

mass — =23 MeVic? «1,275 GeV/c* «173.07 GeV/c* 0 ) . =126 GeVie?
charge —+ 203 213 g
spn - 172 12
up J . top J

=48 MeV/ic? =95 MeVic? =418 GeV/c? 0

-t

L p—

v , :
v |- & A3 A -3 0
X 12 12 £
< ' i
g down J ~ strange J bottom J photon
0.511 MeVic? 105.7 MeV/c? 1.777 GaVic? 91.2 GeVic?
A , - 1 B 0
172 @ 172 w 12 1 )
=
electron muon - | Zboson O
R— E— — 7))
w <2.2eVic* <0.17 MeV/c* <15.5 MeV/ic? 804 GeVic* 8
g 0 1 2 0 - 0 u: ik +1 w
12 ' 12 1w 1 g
S electron muon tau | Wboson | =
“, _neutrino ~ neutrino  neutrino J o

>picture from wikipedia
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

mass - =23 MeV/c* =1.275 GeV/c* ~173.07GOVl‘c‘ =126 GeV, Matter fields
e -+ 23 213 \ 213 4 . . ngn
@@ |- . @ H  These are the fields of which most of the traditional
_w J cham || top J gluon higgs  particles (protons, neutrons, electrons) that we know
" =48 MeV/ic® . =95 MeVic? - =418 GeVic® are Composed
90 @| @
g . down J strange J,L bottom J photon

) () (e > Leptons: don'’t interact with strong force
. @I @I- @ & > Quarks: interact with strong force
~electron J muon J ti_) Z boson > Spln Vo
o T e : > 3 Generations or flavours
- & || w w f‘ W

LEPTONS

electron mu |
_neutrino | neutrino | | nevaino W boson
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

B W | W™ |G° Matter fields
o - - @ ([ © H  These are the fields of which most of the traditional
— J charm J w )| wen | He  particles (protons, neutrons, electrons) that we know
AN | | - are composed
O Q| @ @
g | down J strange J bottom J photon

T (e Fr > Leptons: don'’t interact with strong force
- @I @II- @I & > Quarks: interact with strong force
electron J muon J tau ]| Zboson > Spln Vo
e ) [ras e = > 3 Generations or flavours
- W W || W W

LEPTONS

electron muon tau 'l wo
: : : i v . DOson
_neutrino | neutrino | neutrino
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

mass —» «2.3 MeVic*

charge + 213
spin - 112 w

=1.275 GeVic* =173.07 GeV/c*

. @ |- # 9

J» charm J gluon
=4.8 MeVic* =95 MeVic? =4,18 GeVic®
W
N -3 ¥ -113
1’;;, down J ~ strange J bottom J photon
0.511 MeVic* 105.7 MeV/ic* 1.777 GeVic? 1.2 GeV
A
- @ W | 3 . @
electron muon | = Zboson
— —— 7=_J’
7, <22eVic <0.17 MeV/c* <15.5 MeVic* 8
Z 0 P 0 41
o . U W i Jﬁ W
[ .
electron ,
“ ' neutrino | neutrino > neutnno ) | W boson
=4 8 MeV/c?
Ta
-"3‘ "
:{’ -1/3 3
ﬁ:‘j‘r 1 f2 :
= |
— down 1
® 4 y
RS - S—

H

Higgs
boggn

Matter fields

These are the fields of which most of the traditional
particles (protons, neutrons, electrons) that we know
are composed

Leptons: don’t interact with strong force
Quarks: interact with strong force

Spin Y2

3 Generations or flavours

VVVvVvyvy

Particle properties

> Baryon number

> Lepton number

> Electric charge, weak isospin and color

> Mass
+|sospin, strangeness, charm, bottomness, topness
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

: Force fields
D!/ © - @ I!| . H  These are the fields exchanged in the interactions
up o | gluon beddn  between matter fields
d S D || . > Gauge bosons
down strange bottom photon .
| : > Spin 1
8 @ . @ | . . > Mediator of interactions between particles that
doctron - zboson | & are charged under the treated interaction
L 80.4 GeVic* 8
’ o|m
D - D | o :
@ V |- @ | . S Three forces currently described by the SM
;tl;IETI!I\ ;W g n thIltJWFi)IIW]EJ ne Ltl?l;\’“ o) LX W bOSOﬂ J g

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY Summer student program | 24.07-26.07.2023 | Page 19



What is the Standard Model?

> Fields described by the Standard Model can be classified as

Force fields
u C t g H  These are the fields exchanged in the interactions
top gluon 2 between matter fields

d 8 b I ‘ > Gauge bosons
strange bottom hoton
: > Spin 1
e K T Z = Mediator of interactions between particles that

are charged under the treated interaction

De l)u 1)1 W

electron muon tau W boson
neutrino neutrino neutrino )OS0

Three forces currently described by the SM

Electromagnetic interaction
Gauge boson: photon (Au)

Possible between fields that possess
electromagnetic charge (g,,)

Quantum electrodynamics (QED)
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

Force fields

u |- € g H  These are the fields exchanged in the interactions
up top gluon bidn  between matter fields
d 3 b Y > Gauge bosons
down strange bottom yhoton
1 9!2(:0V|.‘ > Spin 1
e 0] B || ‘ > Mediator of interactions between particles that
electron tau Z boson are charged under the treated interaction
_—
l)e ,1,)“ | ,D" ‘ ’ Three forces currently described by the SM
:rlﬁi:tll'l\ ;*r]‘ n i‘l‘]ljlltli(l)fl‘lfj ne LIJ?!:\‘” o) L W bOSOﬂ J

Weak interaction
Gauge bosons: W*, W-, Z° (W)

Possible between fields that possess
Isospin and/or hypercharge (g

weak)

v
GSW mechanism
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

- ; - Force fields
u -l ‘ H  These are the fields exchanged in the interactions
up top gluon f9% between matter fields
d 3 b X > Gauge bosons
aow | range ottom pn > Spin 1
e 0 = % > Mediator of interactions between particles that

are charged under the treated interaction

electron muon tau Z boson

De Du . D W

electron muon tau
neutrino neutrino neutrino

Three forces currently described by the SM

Strong interaction
Gauge bosons: gluons

Possible between fields that possess
color charge (g_,,.,)

Quantum chromodynamics (QCD)
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What is the Standard Model?

> Fields described by the Standard Model can be classified as

electron

De
electro

n
neutrino

=« Higgs field

D .. & & || H Particles in the Standard Model obtain masses via
top gluon seds | interaction with the Higgs field.
3 b X > Excited quanta : Higgs boson
range ttom photo > Spln O
1 5 Z > The strength of the coupling between the Higgs
- P field is the reason of the mass hierarchy in SM
| = Larger coupling — higher mass of the
Dy % W particle.
ngl?fltjxfl)rl“]cj ne Ltl?l:\"“ 0 W boson
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What is the Standard Model?

> Fields described by the Standard Model can be classified as
Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (el tary antifermions) (elementary bosons)
| 1] 1l | 1l 11l
- - - - = N
mass  =2.2 MeV/c? =1.28 GeVic* =173.1 GeV/c* =2.2 MeV/c* =1.28 GeV/c? =173.1 GeVic* 0 =124.97 GeVic*
charge % % % 2 % % % Thi 0 0
- @ @I @I @I @ | @ | . H
up charm top antiup anticharm antitop gluon higgs
. o\, 7 VAN v \ 7
= - o N\ /)
‘Q =4.7 MeV/c* R =96 MeV/c?* =4.18 GeV/c* B =4.7 MeV/c* =96 MeV/c? Wl =4.18 GeV/c? ) 0 f;?
S % i % A % = % % = 0 (2] -
9O @ @ O @2 3
< (o) 2]
. . . "
= down strange bottom antidown ntistrange| | antibottom photon 0na O
g\ J\ J\ J\ N \ J O g (11}
— m— — — — — o2 14
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeVict =0.511 MeVic? =105.66 MeV/c* =1.7768 GeV/c* -91.19 GeVic? wa <
-1 g -1 -1 P 1 g 1 : 1 : 0 O o |
% ‘ % % a % % % 1 =0 b ¢
g : ; <o ©
electron muon tau positron antimuon antitau Z° boson w (7))}
» \ \ . . \ \ O =
z <2.2eVic? <0.17 MeV/c* <18.2 MeV/c* <2.2 eVic* <0.17 MeV/c* <18.2 MeV/c* V=BD.39 GeV/c? h =80.39 GeV/c*
Ol 4& 0 0 : 0 = 0 5 0 5 1 -1
- |« % % g % “ % 1 1
a] electron muon tau electron muon tau
A : . 3 A ; A g . W*boson || W boson
-J | neutrino J{ neutrino J| neutrino Jlantineutrino) antineutrino) antineutrino

Particles and anti-particles
Each of the particles in the SM has its anti-particle

Same mass
Same flavour but opposite lepton or baryon number
Same spin

vV Vv Vv YV

Alvaro Lopez Solis | Introduction to the Standard Model |- DESY Summer student program | 24.07-26.07.2023 | Page 24

Color — anti-color ; negative electric charge —positive electric charge %



Units and scales

>“natural units” - c=1 h=1

(masses, energies and momenta measured in GeV)

Conventional Mass, Length, Time Units, and Positron Charge in Terms of

h = ¢ =1 Energy Units

h=c=1 Actual
Conversion Factor Units Dimension
\"
1kg = 5.61 X 10*° GeV GeV Gez =4.8 Mo
‘ o
— 15 -1 -1 C ,.1;;
1m=5.07 X 10" GeV GeV GeV »1 112
h
_ 24 -1 ~1 down
1 sec = 1.52 X 10°® GeV GeV GeV oy |
e = Vdra — (he)!/?

Some Useful Conversion Factors

1 TeV = 103 GeV = 10° MeV = 10° KeV = 10!? eV
1fermi=1F=10""cm = 5.07 GeV !

(1F)2 =10 mb = 10% pb = 10" nb = 10'° pb

(1 GeV)~2 = 0.389 mb

Ac ~ 197 MeV fm

[Taken from:

Quarks and Leptons:

An Introductory Course in Modern Particle
Physics

Francis Halzen/Alan D. Martin |
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Units and scales

Myproton = 1 GeV
Melectron = 0.5 MeV

atom~102cm
E > 0.05 MeV

eV = L602-10"= ]

keV = 10%eV
MeV = 10%eV
GeV = 10° eV
TeV = 10" eV.

E>2TeV
electron
<10"%cm
, proton
(neutron) hzx2ley
quark
<10"%cm
nucleus
~10"2cm
E > 200 MeV ~10"%cm
E >2 GeV
m. = 511 keV
m, = 938 MeV
m,, = 939 MeV

E.(LEP) = 104.5 GeV
E,(Tevatron) = 980 GeV
E,(LHC) = 7 TeV.
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Basic blocks of the Standard
Model: conserved quantities,
Interactions, Feynman !



We have the Standard Model. Why did we do that ?

>We have formulated how fields interact in a consistent way. Why ?

y SM! Nice to
meet you ! | like
history. Tell me
the history of this
light ?

. N
/R
You know that photons at hlgh L 1) 7 PN
energy cannot travel too far, right C o=
osmic
sy Standard Mode ?! Someone cooled them down e e nerbnateefrom E;"QreText
10101 ; ends '_I A

R ——— . to 3000 K at one point ; ] bezjns

mass | =2.2 MeV/c* =1.28 GeV/c* =173.1 GeV/c* =2.2 MeV/c* =1.28 GeV/c* = / !
charge | % % % % A % g % Inflation Quiarks Protons ‘
o i " o j P ’ Prot
oo w 4 y 4 3 % y % y o 0 \ AN Protons i Positrons L ¢
uj charm to| | antiu| anticharm antito| luon higgs | Muois
L pg k — 3 L P# ( L ( — ( P 9 J 99 " '. Neutrons He \ Age of", J/
[ b
=4.7 MeVic! =96 MeV/c? =4.18 GeVic* =4.7 MeV/c* =96 MeV/c? =4.18 GeVi/c* o » Blg 1‘ AQ Age of Age of . stars |
i W % i y e w_ %8 i y_ o . ’ Bang ions atoms and
%\ % ﬁ % % % y %\ 1 4 -
: : < o “." ) s gaIaX|es
) L down L strange L b L d e g Cntlbottom photon (72} 2 1 A Electrons He
¥ ) J ) -y J —/\ J 8 8 | Mesons Electrons Electrons |
:t: 511 MeVic? ::as 66 MeVict :: 7768 GeVic T:) 511 MeVic? T105 66 MeV/c? T1 7768 GeVic* (o119 Gevie w 8 i Photons Photons Photons
i i i : i1 T O
OO 9| 9| @ @ g5 |
electron muon tau ositron antimuon antitau Z° boson 2
& L JU P L J 1\ J\ ) of ; : ’ y i , ; s
Z | <22evic <017 MeVict <18.2 MeV/c* <2.2eVict <047 MeVic? <182 MeVic? '-80.39 GeVic: (80,39 Gevic: Time (s, y) 10:’: 10'0:‘:75 10";35 225“5 1000y 3000y 300,000 y present
ol B X o = . = |l & , B Temperature (K) 102 1 10 10 100,000 60,000 3000 27
E @ @ O @ @ |- @ ! Energy (GeV) 10° 101 01 10+ 10* 5 107 3% 10 2.3 % 10%
w slectron J\ neutrino J| tau || tectron | anuon. Montirtiinol | W boson || W boson Figure 11.8.2: An approximate timeline for the evolution of the universe from the Big Bang to the present.
J @ @ )
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We have the Standard Model. Why did we do that ?

We have formulated how fields interact in a consistent way. Why ?

Ey SM! | need you
again! Will | be
crashed by the
background If | search
for the Higgs boson ?

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interaction: uo rce carriers
(elementary fermions) (elementary antifermions) (elementary bosons| )

mass (2.2 Mevi 126 Gevie
charge % %
wlx & |+ &

105,66 MeV/c* =1.7768 GeVic* 0,511 MeVic ~105.66 MeV/c* =1.7768 GeV/c

| 9| ®|| ®| @| @

¢ | VECTOR BOSONS
I3
<

“+ 2] GAUGE BOSONS

t: it it tit: ® b
g o mm i e di%"f"
e Ik "L Ol ®| ® '3
% ml:b_n I (au electron | muon !
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We have the Standard Model. Why did we do that ?

>We have formtglated how fields interact in a consiste;nt way. Why ?

| | | | | | | |
\\2%0
. e, 8%, (b) Lead (Z = 82) =
:@' "o o -experimental G,
IMb[— =
p.e
E = Hi SM ! Again, | need your magic. | am
§ building my photon detector. What is the
g —  ORayleigh probability of photons to decay into
S electron-positron?
1kb [~
=
2
§ -
e |
O ,
1bf
P )
| Y Compton 3 B
’ 3 ‘\ \\\
A T o TS
10 mb I R N— Need to know if | need a
10V IkeV IMeV. calorimeter or a photo-multiplier.

Photon Energ _
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We have the Standard Model. Why did we do that ?

>We have formulated how fields interact in a consistent way. Now, what ?

-1 O @ H . -
e @ L 9 | Knowledge of what interactions we
up top . gluon g'éggﬁ .
(o e can expect from every particle.
5 (_down_J{_strange J{_bottom ) {_photon Predictions + measurements of
-01.51IMOVIC' ‘ -1105,7 MeVic* "1777 GaVic? :‘ 2 GeVic* maSSeS and Cou pI i ngS .
12 g 112 & 12 y 1 é (2
electron muon tau Z boson 8 . . .
" o (o) () () © Predictions of how likely an
= 0 0 0 1 \ w . . .
& electron muon tau Wboson | <
' neutrino neutrino neutrino T)

Deviations from the Standard Model predictions — New Physics !

New particles (DM..) or forces (super-QED ? ) — New Physics !
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How do we calculate probabilities ? The big SM monster

Lagrangian formalism
SM describing dynamics of fields and
interactions -> Using a lagrangian

Kinematics of spin-1 bosons
Kinematics of fermions.
Interactions between fields

V VvV VvV

Kinematics of spin-0 fields (no
interactions)
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How do we calculate probabilities ? The big SM monster

Lagrangian formalism
SM describing dynamics of fields and
interactions -> Using a lagrangian

Kinematics of spin-1 bosons

>
>
> |nteractions between fields
>

Kinematics of spin-0 fields (no
interactions)
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How do we calculate probabilities ? The big SM monster

Lagrangian formalism
SM describing dynamics of fields and
interactions -> Using a lagrangian

Kinematics of spin-1 bosons

>
>
> |nteractions between fields
>

Kinematics of spin-0 fields (no
interactions)

Coupling between different fields.
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How do we calculate probabilities ? The big SM monster

Lagrangian formalism
SM describing dynamics of fields and
interactions -> Using a lagrangian

Interactions between fields

Kinematics of spin-0 fields (no
interactions)

Euler-Lagrange oL oL
o ( )

Equations of motion W - W =0

Klein-Gordon eq.: kinematics spin-0 fields

0ud(2)0" $(z) — m*$(z)¢p(z) = 0

Dirac equation: kinematics spin "2 field

iy o, —myp =0
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Probability that two particles interact (e.g electrons

through QED)?

> The strength of an interaction depends on the probability of a process to
happen.

|¢out>
|2

M x |gi§?3M <¢out| Au |¢in>

Questions for a possible interaction:

> Is the process kinematically available? Do we have
enough energy in the interaction to produce a
mediator?

> Are there symmetries of my interaction that wouldn't
allow me to have this interactions ?

= E.g. everything seems fine, but spin of the system
is not preserved in the interaction.

> Do my fields have a coupling in the lagrangian?
= How large is the numerical value of this coupling?
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Interactions and conserved quantities: symmetries

> From Quantum mechanics: Symmetry connected to conserved quantity
= Different interactions conserve different quantities

quantity interaction invariance
strong elm. weak
energy yes yes yes translation in time
momentum yes yes yes translation in space
angular momentum yes yes yes rotation in space
P (parity) yes yes no coordinate inversion
C (charge parity)  yes yes no charge conjugation (particle < anti-particle)
T (time parity) yes yes no time inversion
CPT yes yes yes
lepton number yes yes yes
baryon number yes yes yes
Isospin yes no no

+ Flavour : conserved by strong and electromagnetic. Not by Weak interaction.
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Interactions and conserved quantities: Relativistic

kinematics
particle quantities are described as 4-vectors:

energy/momentum: p=(E, p)
time/space: x=(t,%)
> product of 4-vectors is invariant: p,-p,=(E-E,— p,  p,)=constant
— can use the “easiest” reference frame for calculations
> special case: p-p=(E’—p-p)=(E;—0)=
with f=v/c and y=1/N1-8°: E=ym and |p|=Bym
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Interactions and conserved quantities: Relativistic

kinematics
Pair-annihilation/creation

Particle-antiparticle annihilate and
produce alternative field

Scattering

Interacting particles exchange a
vy force field

Decay

Intermediate state

Particle decays into several
subparticles

Initial state Final state  Radiation

Emission of a final state particle

Kinematically allowed ? — Conservation of total 4-momentum between initial and
final states

Ei+ E, Es + Ey

P1 T P2 = P3 1T P4 =

p1+ D2 p3 + Pa
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Kinematics: on-shell (real) and off-shell (virtual) particles

On-shell particle or real particle

Particles produced in the collision and
satisfying momentum-mass relation

7 p-p=m?

Off-shell particle or virtual particle

Intermediate particles in the interaction.
Conserve momentum and energy in the
vertices. Quantum fluctuation, possible for very
short time thanks to Heisenberg principle.

2
p-pFEM
AEAt > ~ 6610 “MeVs

Probability of interaction, higher if on-shell particles
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Kinematically allowed: decay example

Decay of on-shell Z-boson

Mass of Z-boson ~ 91 GeV
Mass of electron/positron = 0.511 GeV

m,, >> 2 x m(electron-positron)

Allowed !

Decay of Higgs boson to top quarks

Mass of Higgs boson ~ 125 GeV
Mass of top/anti-top = 175 GeV

Top-quark has mass (highest mass in
SM) — Interaction H-t exists

m(H) << 2 x m(top)

Not allowed !
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Relativistic kinematics: additional concepts

~ centre-of-mass energy of a collider, e.g. HERA
= > e pp=(Ep, Pp)=(Ep,0,0,E})
920 GeV 27.6 GeV p.=(E. p.)=(E.0,0,—F.)

S=(pP+pe)2=(EP+Ee>2_(EP_Ee)2=4EPEeNIOSGevz
= Js=318GeV

> decay of a particle X—Y 7 :
¥ Mi( - (pX)2 - (py+pz)2
= my+tmy+2p,p,
a > - m§f+mé+2(EYEz_ﬁY'ﬁz>

2 2 .9 2
, £z = mz+|pz|

= if daughter particle types are known (or their masses are negligible),
mass of decaying mother particle can be reconstructed from the
momenta of the daughters (“invariant mass”)

7 andEi, = mi,-l—]py
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Symmetries of the interaction: conserved quantities

> Interactions, apart from 4-momentum, conserve properties of the initial and

final state.
Decay of on-shell Z-boson

Muon into electron and photon

Electric charge of the Z° =0
Electric charge of electron = -1
Electric charge of positron = +1

Y a=) g =

initial final

| can clearly write a lagrangian term for
this (theory would allow me)

Lepton flavour is violated and SM don’t
violate flavour
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Other conserved properties of an interaction?

Pgrlty | | Charge conjugation
Mirror the coordinates of the particle.
Changes sign of momentum, coordinates Change a particle by its anti-particle

Spin doesn’t change sign.

Parity Transformation
>

=4.7 MeV/c?
=4.7 MeV/c?

@ @

antidown

j—

This world “Mirror” world

Time reversal
And combinations: CP, CPT ?

If | revert the time, would the interaction
take place in the same way ?
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Cross-section of interaction

>|f my interaction is not violating any symmetry or kinematics, time to make
some calculations !

Cross-section
Encodes the probability of the interaction to
happen

__—
________ .

scattering
center

dQ

Depends on:
e Type and geometry of the interaction
e Incident particles 4-momentum.
e Quantum amplitude of the interaction.

General cross-section formula for processes such that: A+ B — C +D +E + .... (Peskin, Schroeder)

1 d3pf 1
do = x| M = p)[2(2) 264 (pa+pB—
2E42EB|va — vB| 1;‘[ (2m)3 2Ey [M(pa,ps = ps)I"(2m)"0"(Pa+p ;Pf)
Y N ~N ~
Momenta and energy Momenta of outgoing Amplitude of interaction . 4-moment_um
(here’s where the SM magic conservation

of input particles (A,B)  particles
happens)
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How to calculate the amplitude of the interaction?

Lsy=-13 909, - 9. f*8,929595 — L2 fo fodgbgcglgs — W, W, —
MWW, —

30,200,23 — s M* 2072 — 10,A,0,A, — igeu (8, Z(W;i Wy —
W, W) = ZUW W, — W, a,W}) + ZUW, oW, — W, 9,W))) -
198, (8, A (Wi W, —WiW,) = A,(WFo,W; — W a,W;)+ A W}a,W, -
W, W) — S Wi W Wi W, + Sg* Wi W, WiW, + g2 (ZW,) Z2W,, —
Z0Z0W; W) + gL (AW, AW, — ALAWIW, ) + gsucu(AuZ0(W W, —
WiW;) = 2A,Z0W; W,) - 18,H8,H — 2M?a, H? — 8,6*8,6™ — 18,6",¢° —
B (’{,# +3LH + L(H? + ¢°¢° + 2¢*¢‘)) + ay, -
ganM (H? + He'¢" + 2H* ¢-) —
19% (H + (¢°)' + 4(¢*907)? + 4(0°) %0t ¢~ + 4H¢* ¢~ + 2(¢°)*H?) -
gMW W H — 398 Z)Z0H —
%’g (WJ(¢00”¢— " ¢-8“¢0) = Wu_ (¢00u¢+ b ¢+a“¢0)) +
39 (W, (HOW™ — 6"0uH) + W, (HOW" — *0,H)) + ho - Z)(HO,8 - 4°0,H) +
M (L Z00,6°+ W, 0,0~ + W, 8,0") ~ig = MZYUW, ¢~ W, ¢*) +igsuM A, (W, ¢~
W, 6") = ig' TR 208" 06 — 6" 0,8") +ig8uAu(9" O™ — 60,") ~
LPWIW, (H? + (8 +26°¢7) - b* 2020 (H® + (¢°)° + 226, — 1)%6*¢7) -
175 Z000(Wig™ + Wigh) — Lig mZOH(Wié™ — Wio%) + Lg%, A" (Wi~ +
Wio¢*) + fig*suALH(W G~ — W, ¢t) — 9?22}, — 1)Z]A, 6% ¢ —
9L AAGT S + Yig, Ny (a7 rq7)gl — € (19 + md)er |- A (0 + m) — @) (70 +
my)u) = d)(v0 + m})d} +igsu A, (@7 eI [ 510}7"w) — §(d}y"d))) +
L Z{(P (1 + W) + (EF (s, = T=7)e’) + (d}r*(35 — 1 —°)d}) +
(@7 (1 = §8% + 7Y} + 3 HW, (P21 + )V Pane®) + (@7 (1 +7°)Crndf)) +
Wi (€U Plar (1 + 2002 + (dCh (1 +4°)u))) +
ot (~mE(PAU' (1 = 2%)er) + my(PPUPpl(1 + 7°)e") +
mikg™ (MUY (1 +4)) — my@U P (1 - ) — $5RH ) ~
$TH(ES) + $3 () - $56° (@) — §0a ME (1 - 75)00 ~
TAME (1= 7)o + 7fmd* (—mi(@)Cxm(1 = 7°)d5) + m3(@]Crs(1 +7°)d5) +
rvAd (M.?(J?Clu(l +7°)uf) — my(d}C),(1 - “r"’)“?) - §5rH(@) -
ASEH( ) + $5 (@) - $5° (@) + GG + 9.f*0,C°CPg; +
XH(@ - MY)X* + X~ (8* - M) X +X°(& — ) X0 + YOY +ige W, (,X°X~ ~
8, X+ X)+igs W} (9,Y X~ - 8,X*Y) +ige, Wy (9,X~X° -
XX *)+igs, W, (8, XY - 8,YX") +ige, Z) (9, X" X" ~
0, X~ X" )+igs, A, (9, X+ X+ —
uX"X")-4oM (X*X*H + X X~H + F X°X°H) +12%igM (X*X°%" - X~X°¢")+
aigM (X°X~¢* - X°x+¢-)+igM§.,, (X°X-¢+ — XOX+¢~) +
LigM (X*X*¢" - X-X¢°) .

e'e — U
One of most simple
interactions (in QED)
e Annihilation of electron-positron,
virtual photon, and pair-creation

Fermion fields

d? 1 5,8 —iP-x st 8 +iP-x
[ e S e ) )

dp 1

Vi) = / (27)3 \/2E, Z (a3t ul(p) €% + b v*! (p) "7 %)

Boson fields

d3 ) .
P(x,t0) = / ﬁ(%(to)em + al (to)e~P¥)
Photon field

d3 s _s —ipT st _s* %
10) = [ s T L (abeblp)e™ + o p)e™)

Each step : creation, annihilation for final prob

Mo (0|Tor(z)dr(y)d1(21) - - - ¢1(24n)|0)
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How to calculate the amplitude of the interaction?

Lsy=-— ugf, 8,95 — 9. f*8,959095 — ,.y.f“"f““g”,.g gigs — W oW, —

M’W*W‘ ,z°a 70 - FrM*Z02) - 10,A.0,A, - zgcw(a,z°(w+w-
w;w;) z°(w*a W, -W;a, w+)+z°(w+a W, -W,a,W})) -
1985O, ANWIW, —WIW:) - A (w+a W - Woo,W5) + A Wro,w; -

W, aW;)) - kWi W, W W +1 ’W*W w*w +9°c (Z°w+23w; -
z°z°w*w )+ g%2 (A, W AW = A A WAWS) + g2sucalA, Z°(W,;w; -
W w,,—) — 24, ZOWAW;) — ga,,Ha,,H — 2M2ayH? - 8,6*0,6~ — 19,6"8,¢ -
B (B8 + BLH + §(H? + 9°6° +267¢7)) + o —
ganM (H3 + H4® + 2H@*¢~) -

19% (H + (¢°)' + 4(¢*907)? + 4(0°) %0t ¢~ + 4H¢* ¢~ + 2(¢°)*H?) -
gMW W, H — .Jg-q-ZOZ"H -

Lig (W}H(9°0,0~ = ¢70,¢°) = W, (¢°0,6" — 6*8,¢")) +
t9(W/!(HO.¢™ — ¢ 0,H) + W, (HOp* ~ 6 O.H )) + 39-(Z)(HO,6° — ¢°9,H) +
M (200,80 + W, 0™+ W, 0,6%) —ig =M ZUW,} ¢~ ~W, %) +igsu MA,(W,} ¢~
Wi 6%) = ig'gie20(6" 0u6™ — 6" 046") +igsudy(8* 0u™ — 67 040") -
}g’w,;*wu- (H? +(¢°)* +2¢*¢7) = 49°F Z0Z)) (H? + (¢°)* + 2(285, — 1)’¢*¢) -
YR WSie™ +Woeh) - L' Z)H(Wié™ — Widt) + 1978, A8 (WiHe™ +
W, ")+ digls A H(WS ¢~ — W ¢t) — g*=(2c2 — 1)Z0A,¢* ¢~ ~
9L AAD 6 + Yig, Ny (a7 Y"40)gl — € (10 + md)ed |- A (70 + mAW — @)(7D +
m})u} — d}(v0 + m})d} +|igsu,.4,. (=" e") [F 5y u}) = §(d}y"d})) +
B Z{ (P (1 4+ A°W) + (s, — T=70)e’) + (d}* (380, — 1 = 2°)d}) +
(@7 (1 = §8%, + ¥ )u))} + 35 W, (7P (1 + 7 U'Pree”) + (@]7*(1 +7°)COredl})) +
W, (U (1 + 920 + (dCha (1 + 7)) +
79" (~mE(PAUP (1 = 7°)e*) + m(PAUPrx(1 + 7)) +
wMAD (mé\(é'\ulq" A+ ) - “(éAU"" (1- ’75)1"‘) ~ $ZLH (M) -
zz\l:'H(éAe'\) 2 ™M ¢0(V\75V\) M ¢0(eA '\) -~ %‘."\ MAx (l 35 '75)”'! s
LA ME (1 = y5)ix + —A;"qu‘ md(u"C,\,‘(l 7°)d5) 4+ m(@)Cr(1 +7°)d}) +
k™ (mi@Cl 1+ ) - m~(d%cg,(1 —P)u5) - $5RH (u3) -
LM H (D)) + 20 (@0y'u)) - ST (D' d) + G°*G° + 9, f*D,G°G g +
x’f(a2 M) X* X (0* = M) X~ +X°(&° — ) X0 + YOY +ige, W, (0, X0X- —

8, X+ X ) +igs WHO,Y X~ - 8,X*Y) +ige, W, (8, X X~
8, XX *)+igs,W; (8,X"Y - 8,YX*) +ige, 209, X" X+ —
0, X X" )+igs,Au (9, X T X+ —

1 Z (a; u® (p) e—iP-a: s b;f ,Us(p) e+iP~z)

zP-z + b; ’UST (p) e+'iP-:1:)

\/ﬁ Z aer uer

Boson flelds
- d3—p ipX T —ipX
00,10) = [ (s e aplt0)e™ + a(i)e™)

Photon field

)e—ip::: 5 ast .:: (p)eip:z:)

z) = / —d3p Z (as e
(2r)3 /2By <4 \'®
Each step : creation, annihilation for final prob

Mo (0Tor(z)pr(y)dr(z1) - -+ d1(24n)|0)

X-X")-1gM (X*XtH+ X~ X"H + + XOXOH )+ 52%igM (X+ X" — X~ X%~ e
O )=39 ( i i )+ T WM (XX $ 1t summer student program | 24.07-26.07.2023 | Page 47 DESY
Y
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Reason why particle physicists LOVE Feynman

Feynman diagrams

Because these are not just visual representations
of the process

They are recipes on how to build the equation of
each possible interaction leading to your process.

Fevnman rules
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Feynman rules: example QED

1. Incoming fermion e = u*(p)
+ P
+
e u 2
2.  Incoming antifermion ~—————e = 2°(p)
3.  Outgoing fermion o—p»— = u*(p)
Y g
e

4. Outgoing antifermion e—a—o0 = v¥(p)
5. Incoming photon M{)\M = ¢
6.  Outgoing photon 0\/\;\/\- =
7. Phot t w S

oton propagator '\/\;W = S

o} ) R —t0uw \ _r ST Py 8.  Fermion propagator — B M
= 7 (p')(—iey")u’(p) q_2 a" (k)(—iey”)v" (k') P p? —m? + ie
9. Vertex w< = —jey"
Which is what we would’ve arrived
Wlth doing |t the hard Way 10. Impose 4-momentum conservation at each vertex.
. dp
11. Integrate over momenta not determined by 10.:
(01T ¢1(z)pr(y)pr(21) - - - ¢1(240)(0) (2m)*

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY ! 12- Figure out the overall sign of the diagram.



Feynman rules: example QED

1. Incoming fermion e = u®(p)
D
= i
Incoming antifermion = ———e = 2°(p)
Outgoing fermion o—:— = u*(p)
- )<
—
Outgoing antifermion e———o0 = v¥(p)
/
5. Incoming photon M;\M = €
6.  Outgoing photon rvx;’\m =
—ighv
7.  Phot t Scs.
oton propagator '\/\;\N p2 AT
: z i(pp + m)
-1 8.  Fermion propagato = _z_(y_
= (7" () J n ‘@@@ e P2 —m? + e
q —
. . y . /
Which is what we would’ve arrived
Wlth dOing |t the hard Way 10. Impose 4-momentum conservation at each vertex.
. dp
11. Integrate over momenta not determined by 10.: —
01T ¢r(z)p1(y)d1(21) « - - D1(24n)|0) (@)t

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY ! 12- Figure out the overall sign of the diagram.



Feynman rules: different for each force

- electro- -

75t magnetic gul ¥ weak NC q.1
gemNVaem gZ Nmf ===
/ H
g g,1",v g1
neutrinos???
q strong g4 {v) weak CC
g N\/; i always 2 fermions
; ; o wo (W) and 1 boson
q q',v(I")

- mixes generations for quarks
- specific helicity structure
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Channels and Mandelstam variables

R R R\/% R /pa

s-channel t-channel u-channel
Mandelstam variables
s=(p1+p2)* = (ps +ps)’

t=(p1 —p3)° = (ps — p2)°
u = (p1 —P4)2 = (p3 —P2)2
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Leading order and high order diagrams

When collision of particles happen, several kind of Feynman diagrams might appear

W8 Three of the O(a*) Feynman diagrams contributing the QED annihilation processete” — .

All of these diagrams contribute to the total amplitude of the process to happen !

But the more vertices, the lower is the contribution to the total amplitude (given couplings z 1)
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Leading order and high order diagrams

When collision of particles happen, several kind of Feynman diagrams might appear

Leading order (LO) diagrams Higher order (NLO, NNLO,...)
Diagrams with less number of vertices possible Diagrams with larger number of vertices
to allow the interaction by a certain force One hiah order diaaram in QED

+ LO in QED gt € €

e
) M,
, LOinQCD . .
- + > 2
. - q q : M? a;‘m
o LO in Weak ¢ g One high order dia_qram in QCD
70 \
q- q- b
o

o

q

All of these diagrams contribute to the total amplitude of the process to happen !
But the more vertices, the lower is the contribution to the total amplitude (given couplings )

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY Summer student program | 24.07-26.07.2023 | Page 54




How to measure a cross section

= (simple) example: > SR B L LN B
- ATLAS -

Z° — p*u” from ATLAS g :igg b RPN 7T fL dt =33 pb’ 5

> identify muons in the & O :
detector, select events with 512000 [ aeo .

at least 2 muons of opposite 1000F =
charge, calculate the ShE 4
invariant mass, fill the mass .
into a histogram 600 -

>  determine how much 400 E
background 200} 3

— use the prediction from a 0 e I S S| .
MC simulation (works if 70 80 90 100 110
background is well known) m,, [GeV]
— fit a function of the form (N il Bkg)
f(m) = signal(m) + bkg(m) o= =
to the data (works if ex- € BR f Ldt

pected shapes are known)

- »
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Feynman diagrams: example of eu scattering

Wf v
>Measurements: Cross section = ———~ (number of final states)
(initial flux)
10 E i [ { I I I I I 1 I 1 ! I I I I T T T ;
E ete” —putum E

v Jade
- O Mark J _
>Need to integrate over 1 APluto
full solid angle here : o Tasso :
and momenta s [ :
: : 47o? .._..
Ogep = T
2 0.1 E_
0.01 N S | | [ S | I j I S l | T
0 10 20 30 40
Vs (GeV)

Fig. 6.6 The total cross section for e"e* — p~pn" measured
at PETRA versus the center-of-mass energy.

L
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