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Lecture 3 (next lecture):
• Main processes: sca-ering and 

decays
• Amplitudes, cross sec7ons and 

probabili7es
• Feynman diagrams as graphical 

representa7on
• Basic kinema7cs
• Phase space
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• Units, scale and language
• Par7cles of the standard model, 

their proper7es
• Bosons and fermions
• An7par7cles
• Composed par7cles: hadrons
• Four interac7ons
• Long-lived and short-lived par7cles
• Interac7on with ma-er
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Ques%ons on the lecture

• A"er going through the material of the lecture, post at least one 
ques6on through the anonymous google form:
• h9ps://forms.gle/WWFYYegapPcvm6po6

• We will go over the ques6ons during the live lecture
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Particle physics

• There are two basic ques0ons in Par0cle Physics: 
• 1 What are the fundamental cons0tuents of ma;er? 
• 2 What are the fundamental interac0ons between them? 

• And there are many approaches and instruments to address these 
ques0ons! 
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Elementary par,cle physics: Ma3er

What usually people imagine when 
hear ma#er: 

What ma4er is down to its 
cons7tuents: UNIVERSITEIT/

GENT/
Units/in/parHcle/physics//
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Time!(R/c)!!!~10523s!!!6

Fundamental constituents of ordinary matter:
• leptons, e.g. electron 
• quarks, e.g. up- and down-quarks making up 

protons and neutrons 
Leptons and quarks together are called fermions
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Characteristic scales in particle physics
UNIVERSITEIT/

GENT/
Units/in/parHcle/physics//
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To deal with par.cles need to go down 
several orders of magnitude in everything.
E.g. for a proton: 
• length (R) ∼10−15 m 
• mass (m) ∼10−27 kg 
• energy (mc2) ∼ 10-10 J

The SI is not well suited at this level ⇒
need to rescale our units.
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Units in par*cle physics = Natural units
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Or else called Planck units postulate:

• the speed of light in a vacuum c = 1 
• speed is measured in units of c: v → v/c 
• m, p and E are measured in the same units: eV = 1.6 × 10−19 J 

• the reduced Planck constant ћ = 1: 
• E = m = λ−1: heavier or more energeNc objects have shorter wavelength
• trick for easy conversion from MeV to m: ћc ≈ 200 MeV· fm, where fm = 10−15 m 

• the Coulomb constant ε0 = 1
• fine structure constant is simply α = e2/4π ≈ 1/137 

• the gravitaNonal constant G =1 

• the Boltzmann constant kB = 1 



Natural units: SummaryNatural Units: Summary

Quantity SI Natural units Conversion

Mass kg E 1 GeV = 1.8⇥ 10�27 kg
Length m 1/E 1 GeV�1= 0.197⇥ 10�15 m
Time s 1/E 1 GeV�1 = 6.58⇥ 10�25 s
Energy kg m2/s2 E 1 GeV = 1.602⇥ 10�10 J
Momentum kg m/s E 1 GeV = 5.39⇥ 10�19 kg m/s
Force kg m/s2 E2 1 GeV2 = 8.19⇥ 105 N
Area (cross section) m2 1/E2 1 GeV�2 = 0.389 mb = 0.389⇥ 10�31 m2

Charge C=A s none 1 = 5.28⇥ 10�19 C
e = 0.303 = 1.602⇥ 10�19 C

Correct unit dimensions to derive the numbers above:
Energy GeV Time (GeV/~)�1

Momentum GeV/c Length (GeV/~c)�1

Mass GeV/c2 Area (GeV/~c)�2

c = 2.998⇥ 108 m/s
~ = 1.055⇥ 10�34 J s

In reality, these conversions are rarely needed: we will use GeV throughout
the course.

6 / 33

In reality, these 
conversions are 
rarely needed: 
we will use GeV 
throughout the 
course.
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Known ma(er

• the fundamental “ma-er” is described by point-like spin-1/2 fermions
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Known matter

• the fundamental “ma-er” is described by point-like spin-1/2 fermions
• there are three genera=ons: the par=cles in each genera=on are 

copies of each other differing only in mass 
• we do not know why exactly 3

• the neutrinos are much lighter than all other par=cles (e.g. ν1 has m < 
2 eV): we now know that neutrinos have non-zero mass 
• don’t understand why so small
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Elementary par,cle physics: Forces
• there exist four fundamental

interac2ons between the ma5er 
par2cles 
• the forces are communicated to 

the ma5er par2cles by means of 
messenger par2cles – bosons
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Physics Beyond the Standard Model  SS 2013    ETH Zurich 

Basic Forces 

2) There exist four fundamental interactions  
    between the matter particles  

The forces are communicated to the matter  
particles by means of messenger particles 

  bosons 



Known forces

• forces are mediated by the exchange of spin-1 gauge bosons 
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Known forces

• forces are mediated by the exchange of spin-1 gauge bosons
• fundamental interac8on strength is given by charge g
• related to the dimensionless coupling “constant” α, e.g. QED: 

• convenient to express couplings in terms of α which, being genuinely 
dimensionless, does not depend on the system of units (this is not 
true for the numerical value for e) 
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Elementary particles and forces
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The standard model (SM)
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The Standard Model (SM) of particle physics describes the fundamental laws 

of the Universe in terms of only a few input parameters 

• Such a theory must include the two pillars of modern physics: (special) 

relativity and quantum mechanics 

⇒ relativistic quantum field theory

• (Local) gauge symmetries dictate the form of the fundamental interactions: 

⇒ U(1)×SU(2)×SU(3) (works for 3 out of 4 forces)

• but it is just a “model” with many unpredicted parameters, e.g. particle 
masses
• it is not the ultimate theory (if such a thing exists), there are many 

mysteries



The standard model (SM)
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It took almost a century 
to build the standard 
model and to 
experimentally prove it is 
a closed self-consistent 
theory:



Elementary par,cles and ac,ng on them 
forces:
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Standard model vertices
• interac(on of gauge bosons with fermions described by SM ver(ces 
• proper(es of the gauge bosons and nature of the interac(on between 

the bosons and fermions determine the proper(es of the interac(on 
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Feynman diagrams
Par$cle interac$ons can be described in terms of Feynman diagrams: 
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Feynman diagrams

• “"me” runs from le. – right, only in sense that:
• LHS of diagram is ini"al state 
• RHS of diagram is final state 
• Middle is “how it happened”  

• an"-par"cle arrows in –“"me” direc"on 
• energy, momentum, angular momentum, etc. 

conserved at all interac"on ver"ces 
• all intermediate par"cles are “virtual”, i.e. 
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Feynman diagrams

• a generic Feynman diagram represents the sum of the quantum 
mechanical amplitudes for the two possible 8me-orderings 
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Feynman diagrams

• the central part of the Feynman diagram shows 
the par5cles exchanged and the SM ver5ces 
involved in the interac5on, but not the order in 
which these processes occurred 
• once the Feynman diagram has been drawn, it 

is straigh=orward to write down the quantum-
mechanical transi5on matrix element using the 
relevant Feynman rules, thus avoiding the need 
to calculate each process from first principles in 
Quantum Field Theory 
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Mandelstam s, t, and u
• in par'cle sca,ering/annihila'on there are three par'cularly useful 

Lorentz Invariant quan''es: s, t and u 

• consider the sca,ering process 1 + 2 → 3 + 4 

• (simple) Feynman diagrams can be categorized according to the four-
momentum of the exchanged par'cle 
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Mandelstam s, t, and u
• can define three kinema.c variables: s, t and u from the following four 

vector scalar products (squared 4-momentum of exchanged par.cle)
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E.g. Center-of-mass energy, s:

• this is a scalar product of two four-vectors ⇒
Lorentz Invariant
• since this is a L.I. quan9ty, can evaluate in 

any frame
• choose the most convenient, i.e. the center-

of-mass frame:
p1 =(E1,p⃗),p2 =(E2,−p⃗) ⇒ s=(E1 +E2)2
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• ⎷s is the total energy of collision in the center-of-mass frame 



From Feynman diagrams to Physics
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Par3cle Physics = Precision Physics 
• par-cle physics is about building fundamental theories and tes-ng their 

predic-ons against precise experimental data 
• dealing with fundamental par-cles and can make very precise theore-cal predic-ons – not 

complicated by dealing with many-body systems
• many beau-ful experimental measurements ⇒ precise theore-cal predic-ons challenged by 

precise measurements
• for all its flaws, the standard model describes all experimental data! 
• This is a (the?) remarkable achievement of late 20th century physics 

Requires understanding of theory and experimental data 
• in this course, Feynman diagrams mainly used to describe how par-cles interact 
• as an addi-onal material, can show how to use  Feynman diagrams and 

associated Feynman rules to perform calcula-ons of some processes 



Quiz
Which diagram represents a valid SM vertex:
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Quiz
Draw possible Feynman diagrams for a given 
transition or interaction:
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Nonelementary par-cles



Elementary particles and forces

• Leptons (3 genera.ons)
• neutral/charged
• e/µ/t

• Quarks (3 genera.ons)
• charges of -1/3; 2/3
• u/d/s/c/b/t

• Bosons (3 interac.ons + H)
• W/Z, g, g, and Higgs boson
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Elementary par,cles decays

• all decays of the elementary par1cles go via weak charged current (W±):
• this is the only interac1on which can change flavor

• for a decay to occur, there should be par1cles with lower mass (energy 
conserva1on) 
• electron is the lightest charged par1cle ⇒ nothing to decay to ⇒

electron is stable 
• also neutrinos are stable 
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Elementary particles decays: example

• example of a muon decay

• note an an0par0cle ν ē in the decay: to conserve lepton number  
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Nonelementary par-cles
Quarks form bound states - hadrons - thanks to the strong force:

• baryons half-integer spin: three quarks (qqʹqʹʹ, e.g. p, n, ∆), 
pentaquarks (also referred to as exo$c baryons) 

• mesons integer spin: quark-an?quark pair (qq ̄́ , e.g. π, ρ, K, B), 
tetraquarks (also referred to as exo$c mesons) 
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Nonelementary particles
• quarks are fermions ⇒ they cannot have iden2cal quantum numbers 

in a baryon, i.e. should quark flavors be always different in a baryon? 
• but baryons out of 3 iden2cal quarks exist ⇒ there is another 

quantum number: color which is changed by strong interac2on during 
a gluon emission 
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Lightest hadrons examples
• proton and neutron: |p⟩ = |uud⟩ and |n⟩ = |udd⟩
• proton is stable: a baryon number conserva6on in the SM 
• neutron (and other baryons) decay down to a proton:
n→pe−ν ̄e,where weak transi6on d→ue−νe ̄ is an underlying process

• pions

• π+ → μ+νμ - domina6ng decay mode (quark annihila6on into W)
• π0 → γγ - electromagne6c process 
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Nonelementary particles decays
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• numerous decay modes are possible (see in the PDG) 

• their relative strength depends on a process a decay goes through: 

• as α ∼ 1 and α ∼ 10−2, decays via strong interaction dominates 

• in the same way, decays via EM interaction dominate over the weak one 



Par$cle life$me
Order of magnitude of a par0cle life0me depends on the processes available 
for a decay, e.g.: 
• π± and n decay only via a weak interac0on ⇒ large life0mes, long-lived 
• π0 decays electromagne-cally ⇒ an intermediate life0me
• ρ can decay via a strong interac0on ⇒ a very short life0me, short-lived 
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Par$cle proper$es measurement
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To understand an underlying process need to be able to determine properties of particles in a 
considered event: 
• most of the particles decay shortly after production 
• particles which are seen in the detectors are: photons, electrons, muons, pions, kaons, 

neutral hadrons 

Complex particle detectors combine information about each particle which allows to deduce 
the initial picture. 



Par$cle proper$es measurement
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To understand an underlying process need to be able to determine proper-es of 
par-cles in a considered event: 
• need to detect these ones and use them to reconstruct mother par-cles 
For this need a complete informa-on on each par-cle in the event: 
• its charge 
• energy and momentum 
• kind of par-cle (so-called par$cle iden$fica$on or PID) 
• point where the par-cle was produced (called produc$on vertex) or decayed 

(decay vertex) 
• what was the mother par-cle 
When have the proper-es of all the “stable” par-cles in the detector, try to 
reconstruct an ini-al process in a collision. 



Reconstruc*on with kinema*cs
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Deduce the properties of short-
lived particles by kinematic 
reconstruction from the measured 
momenta and energies of their 
decay products: 
• mass of the decayed particle

where the sum goes over all 
particle daughters i
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Reconstruc*on with kinema*cs

For this need to: 
• either measure both energies 

and momenta of all par4cles: 
usually not possible or lacks 
precision 
• or measure a combina4on: 

energy+mass or 
momentum+mass, where mass 
is inferred from the par4cle type 
(e±, μ±, π±, K±, p, etc) 
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Calo jet 
pT = 59 GeV 

Calo jet 
pT = 46 GeV 

PF jet 
pT = 81 GeV 

PF jet 
pT = 69 GeV 

Ref jet 
pT = 85 GeV 

Ref jet 
pT = 72 GeV 



Example of par,cle proper,es measurement: 
dimuons

Decayed particle mass determination: 
• measure the momenta of μ+ and μ−

• calculate muon energies 

• calculate mass of the decayed particle 

Result:
• narrow peaks: known resonances 
• flat distribution: background from 

random muon combinations 
• green peaks: example of a new 

particle signal (not observed in data!) 
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Example of par,cles proper,es measurement

• to observe and measure Higgs 
boson mass, look at various decay 
modes 
• H→ γγ is one of the “easiest” since 

it allows to fully reconstruct mass 
peak 
• photons must be well measured! 
• use energy-momentum 

conserva@on: 

• compute MH ≈ 125 GeV 

44New Technologies for New Physics Basics of Par@cle Physics – Track 1, Lecture 2



Quiz

45

• Which par+cles are stable:
• Positron, muon, tau neutrino, charged pion, photon, an+proton

• Taking the momentum of par+cles to be p = 100 GeV, compute 
average decay length for: 
• muons, charged kaons, B mesons, tau leptons, neutral pions, J/psi

• Why par+cles look like a peak in the invariant mass spectrum?
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Interac(on with ma/er



Par$cle detec$on
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Par:cle size: ≤ 10−15 m (proton radius)
Wavelength reached by an electron microscope: λ ∼ 10−10 m 

⇒ visualizing by eye is impossible 
⇒ need an indirect detec:on with devoted instruments 

• there exist many different types of par:cle detectors: scin:llators, bubble or 
cloud chambers, wire chambers etc
• all of them rely on the detec:on of a perturba7on induced in maOer by a passing 

par:cle 
• in most cases, the perturba:on is either an ioniza7on (electrical signal) or 

excita7on (scin:lla:on light) of atoms through electromagne7c interac:ons 
between the incident par:cle and the atomic electrons 

⇒ works only for charged par7cles and a photon
• all detectors have a sensi:ve volume in which the perturba:on occur: 

• gas (e.g. Ar or CO2)
• liquid (e.g. water, C3H8) 
• solid (e.g. Si, emulsion, ice) 



Ionization

• A track of posi-ve and nega-ve ions is formed by a charged par-cle 
that kicks out an electron from the atom: 
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Ioniza'on

• The ioniza*on energy loss per unit length traversed is given by the 
Bethe-Bloch equa*on: 
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Ionization
• The rate of ioniza-on energy loss does not depend significantly on the 

material except through its density ρ: 
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Ioniza'on graph

In case no other energy 
losses present for a 
par1cle, at MIP level it can 
travel
a long distance: e.g. muons 
in iron lose 13 MeV/cm 
and have a range of
several meters. 
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Scintillation

• scin%llator molecules are excited 
by a traversing charged par%cle 
or a photon which leads to 
emission of photons
• if the medium is transparent to 

these emi9ed photons, they can 
be detected
• the light is guided to 

photodetectors for amplifying 
and detec%ng the signal

A SciFi tracker for the LHCb detector
The tracking system of LHCb will be replaced in 2020. Downstream the magnet, the stations will be made of 
scintillating fibres (SciFi) read out by SiPMs.

Double cladded, polystyrene Ø250 µm, 2.8 ns 
decay time, ~3.3 m attenuation length

Assembled in 2.5 m 
long “mats” of 6 
layers of fibers

Production with a 
custom winding 

machine

Scintillator Custom SiPM array by 
Hamamatsu

SiPMs

250 µm

SiPM 
channel

~60×60 µm2 
pixels

32.54 × 1.625 mm2

Optimised for 
high photon 
detection 

efficiency (PDE) 
and low 

correlated noise

PDE Total correlated 
noise

12 detection 
layers with total 

area = 360 m2
SciFi tracker

2× 3 m

2×
 2

.5
 m

11’000 km of 
fibres

4600 SiPM arrays 
590k read-out 

channels 
-40°C operation

Detection layers 
with stereo angles 

0, -5, +5°

Working principle

Incident particle 
deposits energy in the 

scintillator

About 20 photons are 
detected by a 

photosensor for a 
scintillating bar of 5mm 

thickness

Scintillation process is very fast (1 – 50 ns) 
but different for organic and inorganic 

scintillators.

In organic 
scintillators:

Two categories 
of scintillators 
are common:

Energy released 
in the organic 
solvent by the 
particle

1

Energy transfer from the 
solvent to the primary 
scintillator  (Förster 
transfer, non-radiative 
energy transfer)

2

Wavelength conversion 
from first to second 
scintillator (wavelength 
shifter WLS)

3

• Plastics 
• Low density 

and low Z 
• Fast!

Organic

• Crystals 
• High density 

and high Z 
• Good for γ

Inorganic

2

31

Scintillator

Silicon PhotomultipliersSilicon Photomultipliers (SiPMs) are photodetectors made of many 
avalanche photodiodes (APDs) working in Geiger-mode.
Their main advantages: APD working principle:

Photon 
absorption

Multiplication 
(large E field)

Operation above the breakdown voltage (Vop > VBD)

Avalanche quenching with a series resistor (RQ)

i(t
)

t

Pulse shape

I

Vop

V
VBD

Avalanch
e

Qu
en

ch

Recharg
eThe APDs are connected in parallel and form a matrix of pixels. 

The total signal is the sum of the signal from every pixel and is 
therefore proportional to the number of detected photons.

(TOF-) PET 
scanner

Medical

Radiation monitor

Security and Industry

Scintillating Fibre 
Tracker, Calorimeter

Physics research

Inorganic scintillator 
(LYSO) for time 

coincidence between 
two γ-rays

Applications

Kuraray SCSF-78 blue 
emitting fibre

High amplification G=106 -107 
Fast (<50ps timing resolution)

High photodetection efficiency
Single photon counting

Scintillators and SiPMs are used together in a wide 
range of applications:

Laboratoire de 
physique des hautes 
énergies

LPHE

Scintillators and Silicon 
Photomultipliers
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Cherenkov radia-on 

• light is produced at the angle 

• light is emi2ed if: β > 1/n 
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is a coherent photon emission at a fixed angle θ to the trajectory of the 
charged particle: happens when the velocity of the particle is greater than the 
speed of light in the medium, v > c/n
This threshold behavior is utilized to aid the identification of particles of a 
given momentum p! 



Bremsstrahlung and e+e− produc4on 
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• Bremsstrahlung: 
• is the main energy loss mechanism for electrons with energies 

above a “cri-cal energy” Ec ∼ 800/Z MeV, i.e. prac-cally always 
in current par-cle physics experiments; 

• ∝ m−2 ⇒ not important for muons and heavier par-cles

• Pair crea7on: dominant energy loss mechanism for γ 
with Eγ > 10 MeV 

• Compton sca:ering: γ e− → γ e− important for E γ ~ 1
MeV

• Photoelectric effect: low-energy photon absorp-on by 
an atomic electron, ejected from the atom 



Balance of various processes for a photon
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UNIVERSITEIT/
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ParHcle/interacHon/with/material/
• /Bremsstrahlung:/addiHonal/to/the/ionizaHon/ee/and/e+/loose/energy//through/
radiaHon/of/photons,/bremsstrahlung./Depending/on/the/material/and/the/energy/it/
can/be/dominant/////

• /Photons:/interact/with/the/mafer/via/
• /Photoelectric/effect//
• /Compton//effect/
• /Pair/producHon//

!/depends/strongly/upon/the/medium/and/
the/energy/involved//

• /Cherenkov/radiaHon:/is/photon/emission/from/charged/parHcles/that/cross/
through/a/medium/with/a/velocity/greater/than/the/speed/of/light/in/that/medium.//

• /Nuclear/reacHons:/Important/for/the/detecHon/of/neutral/hadrons/(e.g./
neutron)/that/do/not/parHcipate/in/above/types./!/Nuclear/fission,/necapture/(eVe
KeV),/elasHc/and/inelasHc/scafering/(MeV)///



Radiation length
Important material characteris0c – radia0on length X0: 

• average distance over which the energy of an electron is reduced by 
bremsstrahlung by a factor of 1/e

• ≈ 7/9 of the mean free path of the e+e− pair-crea0on for a photon 

56

• Examples for typical high-Z materials: 
• X0(Fe) = 1.76 cm 
• X0(Pb) = 0.56 cm 
⇒ X0 is rather short 

• EM shower: alterna0ng bremsstrahlung and 
pair crea0on processes 



Summary
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Layout and main components of par>cle physics experiments: 

• tracking detectors measure momentum of charged par>cles and their charge 
• calorimeters (electromagne>c an hadronic) measure the energy of par>cles 
• Cherenkov detectors allow to determine par>cle speed 
• rela>ve posi>on of various types of par>cle detectors is op>mized to collect all 

possible informa>on 



Quiz
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• Which par+cles can traverse all the LHC detectors and fly further?
• electron, muon, tau lepton, neutrino, charged kaon

• Mass spectrum:
• what determines the width of these peaks?
• why some peaks are wider and some are more narrow? 
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