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Introducing the lecturers

Lecturers: i Tutors:

Marcel Merk Y Lex Greeven
Jaccode Vries 4 7 L Robbert Geertsema

Research (theoretical): Research (experimental):

- Why a matter-vs-antimatter asymmetry in nature? - Detector technology at the Large Hadron Collider.
- Why do we have three generations of particles? - Measurements of CP violation rare decays




The Goal of these Lectures

* A first course in particle physics theory and experiment
 Solid preparation for a master on particle physics

e Various topics introduced
* Cannot go to “deep” in each topic

 Aim is to give you a “feel” for the subject
* Quite some mathematics later on, but focus on the concept if you find the math difficult!

* Follow-up possibilities in master education:
* Theoretical Particle Physics: Field theory courses
* Theoretical and Experimental Particle Physics: Advanced particle physics courses
* Experimental Particle Physics: Detection techniques for particles



Particle Physics — contents of the course

 Week 1: “Particles” * Week 1-5:
* Nuclear Physics and Particle Physics * Homework exercises 1 exam “bonus”
e Week 2: “Forces” * Week 6: Research Project
* Electromagnetism, Weak force, Strong force * Written paper > points
" ) * Presentation 5 points
* Week 3: "Waves * Week 7: Exam 10 points

* Wave Equations
e Schrodinger, Klein — Gordon, Dirac, Photon-field
* Lagrange Hamilton mechanics and Gauge Invariance

Literature belonging to the lectures:
e Griffiths: “Introduction to Elementary Particles’

U

e Week 4: “Symmetries” * Lecture notes PP1 master course from Nikhef:
* The Standard Model gauge symmetry https://www.nikhef.nl/~i93/Master/PP1/2017/
* Discrete symmetries Lectures/Lecture2017.pdf
* Symmetry breaking: the Higgs Mechanism
. Week 5: “Scattering” Other good books:
: 8 * Mark Thomson: “Modern Particle Physics”
* Scattering Theory « Halzen and Martin: “Quarks & Leptons: An
* Feynman Calculus Introductory Course in Modern Particle
 Week 6: “Experiments” Physics”
* Experimental techniques, LHC detectors * Aitchison and Hey: “Gauge Theories in Particle

Physics” — 2 volumes




“Particles”

Lecture 1
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Tools: Relativity and Quantum Mechanics

Classical Mechanics

Smaller Sizes (h)

Newton

From our experience we are not used to relativistic and quantum
mechanical phenomena. That’s why we find it counterintuitive.
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A Feynman
Quantum Field Theory

Einsteis




| ciassical Mechanics Quantum Mechanicsy <= Experimentally tested
domain of the Standard Model

Smaller Sizes
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Big Bang

Relativity Theory
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Do we understand the=pp»
physics also here?
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| ciassical Mechanics Quantum Mechanicsy <= Experimentally tested
Smaller Sizes domain of the Standard Model
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Big Bang

Relativity Theory

The Large Hadron Collider




Inflation

Expansion




1. Which are the elementary building blocks of matter?

2. Which forces exist in nature and what are their
essential differences?

3. Is empty space (‘the vacuum’) truly empty?

4. Can we explain the existance of our universe from
the big bang using the known laws of nature?

 Wanted: a consistentttreeryrthat can
answer these questions




Lecture 1: Particles

Part 1
The Structure of Matter
(Nuclear Physics)



Molecule
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Neutron

Atom
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Exercise-1: Which mental picture do you make of an atom?

Classic picture of the atom

e Does something “move”?
e How empty is it?
* How does an electron “exist”?

=» Consider QM interpretations




Exercise-1: Which mental picture do you make of an atom?

Classic picture of the atom

Hydrogen Wave Function

Probability density plots.
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e Does something “move”?
e How empty is it?
* How does an electron “exist”?
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Griffiths §1.1

Discovery of the Electron

e JJ Thomson (1897):
Cathode rays are bent by
electric and magnetic field

e Charged particles

1. Compensate Electric
and magnetic
deflection:

FE —_ FB
qE = quB ;v ="/
2. Only B-field, cycle orbit:

Fc = Fp
muv?
- = quB —

Cathode (=) Anode (+)

L m rB?

Electrons are much

lighter than ions of
same charge!

- B
High '
voltage Cathode ray ~ Charged Magnets " Scale on
iy plates outside
of glass
* Plum-pudding model of atoms:
Positively charged
matter
q E

Electron

@)




Rutherford Scattering

Scattered Particles Most particles e Rutherford (1911)

are undeflected
* a-particles at gold target

* Most particle pass undisturbed, few have a
“hard” collision

* Atom has substructure: small heavy nucleus

Beam of _Thin gold
paiticies == \ Foil THOMSON -
“ PN
fo = N\ \
/ - \ \
e
Circular flurescent _T. N (a)
£ h
Sourceof  Sroe i TY N o
(¥ particles T 3 ‘e
RUTHERFORD s | L \®
. . . \. - - \N e
e Atom is basically just vacuum: ___.A. *: e
* Atomsize:~1071%m . — g \
| SO | LN

H . N _15
* Nucleus size: ~ 10 m ~cattorin



Example Rutherford scattering

e Rutherford scattering

e Formula derivation:
https://en.wikipedia.org/wiki/Rutherford scattering

Flash of
light

Microscope

Fluorescent
@ 0 screen
- 4 e .
Scattering

angle

* —>not required

Polonium Gold
sample foil

\. symmetry
. plane

P = momentum of the
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Target nucleus



Example Rutherford scattering

e Rutherford scattering

. . Flash of
 Formula derivation: light Microscope
https://en.wikipedia.org/wiki/Rutherford scattering Fluorescent
. uor
* —>not required Z1Z262 6 screen
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Bohr Atom
* Niels Bohr, 1914:

: n=3
e Calculate atomic energy levels
using semi classical method

n=2
de Broglie: A= h /p e

o AE = hv
+Ze
L=rp
L=r h/A
L=rnh/(2mnr)
L=nh/(2rn)=nh

* Balmer spectrum of visible wavelengths in hydrogen:




Bohr Atom

* Niels Bohr, 1914:

* Calculate atomic energy levels n=3
using semi classical method
n=2
Exercise-2 “Pub Quizz”: /
1: How come an atom is stable? n=1 = ’\A/;/VX\_»
( =
2: What hits each other when you clap your hands? +7e v

3: Why does a hydrogen electron not interact with the proton?

' &N ol

nucleus @ é’:‘ / )2? -—




Nuclear Physics

* Nuclei include protons, p

* Masses of nuclei studies in chemistry (Avogadro)
* Hydrogen = 1 proton: My = 1 GeV /c? = 200 M,

 Study g/m of nuclei:
* Masses of nuclei do not scale with charge, but with

A = 2XZ
* A= mass number, Z=atomic number = nucleus charge < mmERRR
 What keeps heavy nuclei together? A
© @ G ¢
e Chadwick 1932: Discovery of neutron, n N §
* Neutron has almost same mass as proton Ao oo i o
. 1 electron (2 protons + 2 neutrons)
* Neutrons act as a glue to nucleons in the nucleus @ < ﬁif\'“"i’fi\
* Later we will see it is due to the gluon color force e“hg"’e"ctt?"’""g-’”‘)l\
P oy Jch e @ e
* Notation: ZMyAtom, with Z = #p , A = #(p + n) O A f
e |sotopes: same #p , different #n i, L eon, e
e o

3 electrons 10 electrons




Electric Force vs Nuclear Force

Electric Force: inverse square law Strong nuclear force
* Generated by exchange of massless photon quanta

Nuclear Force
* must be (much) stronger than electric force in the nucleus
* must be (much) weaker than electric force outside the nucleus

Pauli exclusion principle: Two fermions (protons, neutrons)
cannot be at the same position

* The potential must have a very strong repulsive core at small r

Potential square well model

* For protons there is a “Coulomb barrier” Vg

* Beyond the range R it is negligibile

* With Rutherford scattering the range can be determined
« R A3

Nuclear force generated my exchange of massive pion Electrostatic repulsion




Electric Force vs Nuclear Force

. . Coulomb
e Electric Force: inverse square law | Repulsion
* Generated by exchange of massless photon S &
Vi(r) "————@—\2&-{: ————— Eo
* Nuclear Force ———F=—- —
* must be (much) stronger than electric force in the nucleus
* must be (much) weaker than electric force outside the nucleus
( ) e Neutron
* Pauli exclusion principle: Two fermions (protons, neutrons)
cannot be at the same position 2 OO0
* The potential must have a very strong repulsive core at small r
* Potential square well model
* For protons there is a “Coulomb barrier” Vg vor |
* Beyond the range R it is negligible
: : . Vi | s g E
* With Rutherford scattering the range can be determined o ___B_{,>r"___\_f__..
° RocAl/?’ r=r(r)nin r
* Nuclear force generated my exchange of massive pion .\,;RL Proton




Yukawa’s pion

Heisenberg operator uncertainty in QM: AEAt = g

Translated to popular language:

* You can violate energy conservation as long as:

h

L h .
* time is shorter than: At < —— or energy is less than AE < —
2AE 2At

Electromagnetic force is transmitted by photon quanta

 E=hf = % such that: At~% and the range R~cAt = A is infinite

Nuclear (“strong”) force is transmitted by massive pions:

n
e F = mc? such that At~

—and R~cAt = —
2mc 2mc

* The heavier the particle, the more difficult to “violate energy
conservation”, the shorter the range

In 1937 a particle with the correct mass was found in cosmic
rays, but it did not interact with nuclei!

* “Who ordered that?” (Isidor Rabi). It was the muon.

In 1947 the pion was discovered

Griffiths: problem 1.2, PP1 §i.2

e Yukawa (1934) pi-meson gives attractive force between nucleons

Who ordered
THAT!?!?




Exercise-2 : The Yukawa Potential

* The electric force is transmitted by a photon with m = 0. The wave equation for a static
electric field caused by pointlike charge e is: V2V (r) = 0 (Laplace equation)

a) Show that the Coulomb potential V(r) = —62% fulfills this equation.

* Note that the potential is spherical symmetric, ie. use spherical coordinates.

* The nuclear force is transmitted by a pi-meson with m = m . The wave equation for a

static nuclear field caused by a pointlike color charge g is: V2U(r) = m?U(r) (Klein-

Gordon equation)
-r/R

b) Show that the Yukawa potential U(r) = —g* c fulfills this equation for a certain value of R,
the range of the force. What is the relation between R and m?
* Again note that the potential is spherical symmetric.
e This value is between the electron and proton mass, hence the particle was called a pi-meson or pion.
c) Calculate the range of the force from Heisenberg’s uncertainty relation, using R = cAt and
AEAt < ~and AE = mc?.

d) The weak force is mediated by W (80 GeV) and Z (91 GeV) bosons. What is the estimated
range of the weak force?



The nucleon-nucleon potential

W\
* Woods Saxon Potential, 1954 0g A =50
Vo a=0.5 ];m
e V(r) =— o 04— R=46fm
7 ) ™7
 Nuclear Radius: R = 1.25 fm x A1/3 > s
A is mass number, Vo = 50 MeV,a = 0.5 fm 08 /
* Many models in 1970 — 1990 fm]
* Reid Potential, 1968, (semi-empirical) implements | | | |
repulsive core: .|
e KT e ~4ur e—7ur [
* Veeia(R) = —10.463 e 1650.6 o + 6482.2 o 0‘;:

in MeV withu = 0.7 fm™1
 Famous nucleon-nucleon potential is the
Nijmegen potential:
* De Swart, Rijken et al., 1980 - 1990 il
 https://arxiv.org/pdf/nucl-th/9509024.pdf

0 0.5 1 1.5 2 2.5
Range (fm)



Binding Energy

V()= 212262/R0

A V(I‘)
. . . . o Coulomb
* The energy of the state inside the potential well is 7 Barrler
lower than the energy of free particles g
* |f you “build” a nucleus from free particles energy 0 R, DISTANCE BETWEEN NUCLEI r
becomes available: “binding energy” £ | Atractive
) uclear
g8 | Potential
. . . <
* This appears by a reduction of mass: the nucleus is

lighter than the sum of its components.

Binding energy: E = Am c?

* Am = Myycleus — (NpMp + NnMn)

= Mpucleus — (ZMp + (4 - Z)Mn) <0
* This holds for all bound systems
* Hydrogen: my, + m, = my + 13.6 eV /c?
* Deuterium: my, + my, = Mp + 1.7 MeV /c?

Binding energy per nucleon (MeV)

Binding energy per nucleon vs Mass number A
°Fe has the highest binding energy T N T S e R R s g S

Mass number (A)




Nuclear decay (Radioactivity)

L Y Y R R W N AR
! 4. teny )

* Radioactivity (1896) el e SO VRE

’l'n"(.'& 15 i

Henri Becquerel, Pierre and

Marie Curie:
e Unstable nucleus
e Quantum tunneling process

Becquerel discove

» Rutherford classification into: alpha, beta, gamma decays
* alpha and beta decay changes chemical element (Z)

* In nature things decay exponentially:

e Equal probability per unit time:
—dN = ANdt
N(t) = Nge ™ = Nye~t/7

* Halflife:
1
Nijp = No/2 — e t/2/7= 5 7 —t1/2/T=In

1

2

- t1/2 =1ln2

alpha decay

Strong force ///*

beta decay —
Weak force e

gamma decay >
Electromagn. force f\J




Nuclear decay (Radioactivity)

PEgo( A

e Radioactivity (1896) Pulled

. . together
Henri Becquerel, Pierre and 5 nepelet
/ \N Repulsive
Marie Curie: e
. 0 -
* Unstable nucleus
* Quantum tunneling process Allactve nuciear

» Rutherford classification into: alpha, beta, gamma decays
* alpha and beta decay changes chemical element (Z)

* In nature things decay exponentially:

e Equal probability per unit time:
—dN = ANdt
N(t) = Nge ™ = Nye~t/7

* Halflife t1,, vs decay time t:

N1/ = No/2 - e t1/2/T= >

1
- —t1/2/1=1nz >ty =7In2

alpha decay
Strong force

o

beta decay
Weak force

gamma decay

Electromagn. force @\




* Alpha particles
stopped by piece of

paper

* Beta particles
stopped by sheet of
aluminium

* Gamma particles
stopped by layer of
|Ead

a &
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alpha decay

W\
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beta decay
Weak force

gamma decay

Electromagn. force <




Nuclear Decays

* Alpha particles
stopped by piece of

paper

* Beta particles
stopped by sheet of
aluminium

* Gamma particles
stopped by layer of
lead

126

82

50

28

AN
(Number of Neutrons)

Chart of isotopes
and their decays

14 |...

L mpt

mp

 Ha

! WFission

. mProton

: mNeutron

: mStable Nuclide
“IUnknown

Nz = Ny

Type of
Decay

14 28 50

(Number of Protons)

82

-
Z

alpha decay
Strong force

ey

beta decay
Weak force




Radioactive Elements

* Half-lives vary enormously

. At least one stable element exists

. Slightly radioactive 7, /, ~ millions of years

Radioactive: 7, s, ~ thousands of years

. Highly radioactive: 7, ,, ~ minutes to weeks

". Extremely radioactive: 71/, ~“seconds m v vV VI VI VI

|
1 2
1 H He
2 3 4 5 6 7 8 9 10
Li Be B c N (0] F Ne
3 11 || 12 13 || 14 || 15 || 16 17 18
Na || Mg Al Si P S Cl Ar
4 19 || 20 21 || 22 |[ 23 || 24 || 25 (| 26 || 27 || 28 || 29 || 30 || 31 || 32 || 33 || 34 || 35 || 36
'8 K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
=
&’ 5 37 || 38 39 || 40 (| 41 || 42 44 || 45 || 46 || 47 || 48 || 49 || 50 51 52 53 54
Y Zr Nb || Mo Ru Rh Pd || Ag || Cd In Sn
65 || 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 8:|. 82
Tb Dy
97 || 93
Bk cf




UnitS in Radiation and Tissue Inform yourself on doses related

to Chernobyl and Fukushima.

* Activity:
 Number of disintegrations in a radioactive source is used to measure the intensity of
the source

 Main unitis Bequerel (Bqg). 1 Bq is one event per second (typical kBg, MBq, GBq)

* Absorbed dose (exposure for X-rays):

 The amount of energy coming from a source that is absorbed in a tissue. Used to
assess the potential for biochemical changes in specific tissues.

* Main unit is Gray (Gy). 1 Gy means that one kg of matter absorbed one joule of energy
(typical mGy)

e Equivalent or biological dose:

* Used to assess how much biological damage is expected from the absorbed dose.
Different types of radiation have different damaging properties

e Main unit is Sievert (Sv). 1 Sv equal 1 Gy multiplied by a weighting factor

e Effective dose:

* Used to assess the potential for long-term effects that might occur in future. Takes
into account all the organs in the body, the timespan of irradiation etc.



Units in Radiation and Tissue

lonizing radiation related quantities view - talk - edit

Quantity Unit Symbol Derivation Year Sl equivalence
Absorbed dose (D) gray Gy J-kg™? 1974 Sl unit
Absorbed dose (D) erg per gram erg/g erg-g! 1950 1.0 x 1074 Gy
Absorbed dose (D) rad rad 100 erg-g 1953 0.010 Gy
Activity (A) becquerel Bq s1 1974 Sl unit
Activity (A) curie Ci 3.7 x 1010571 1953 3.7x10%1° Bq
Activity (A) rutherford Rd 106571 1946 1,000,000 Bq
Equivalent dose (H) sievert Sv J-kg™tx W, 1977 Sl unit
Equivalent dose (H) :T?;\r'c]gen equivalent rem 100 erg g™ x W, 1971 0.010 Sv
Exposure (X) coulomb per kilogram | C/kg C-kg?of air 1974 Sl unit
Exposure (X) réntgen R esu/0.001293gof g9 258 x 10 C/kg

air




Exercise-3: How does Radiocarbon dating work?

: Atmosphere
H . Photosynthesis
* Exercise: g co, to
* Explain how the Carbon dating dissolved
method works ] A ‘[ Y
Terrestri
.e estrial Respiration Dissolved Surface
biosphere carbonate ocean
1.3% / 1.00 o CO, 2.4% | ~0.95
Death Mixing Mixing_and
upwelling
Decay
Dead organic Deep
matter ocean
3.6% /< 1.00 90.8% / < 0.95

Percentages show the fraction of the total carbon reservoir of each type.
Numbers after slash show ratio of 1“C to 1°C as fraction of atmospheric ratio.



A model of the nucleus: Liquid drop model (~1935)

Nucleus ~ uniform density, like an incompressable drop of water

Strong nuclear force — pairs of nucleons: expect ~42, but:

* Very short ranges: sees only nearest neighbours
* 'Volume’ energy term o< A

* At surface less neighbours: a negative correction
« ‘Surface tension’ term: « A%/3 |, (since radius o< A1/3)

See Wikipedia:
Semi-empirical_mass_formula

Coulomb repulsion: Long rage, all protons see all others. R « A/3
« ’Coulomb term’: < Z2A~1/3  (think of sphere of charge density < Q?/R)

Pauli exclusion:

* Asymmetry term, prefer to fill up low energy states first:

e ‘Pauliterm’:x (N —Z2)%2/A or (A—-2Z2)?/A

Spin-spin coupling (pairing term), lowers energy if even #p or even #n:
e o« §A73/* (empirical) where § = {—1,0,1}if = {Z and N = even,A = odd, Z and N = odd}

Binding energy (semi-empirical):
2 _7\2
EB = alA — a2A2/3 — dj z (N=2)

EVERC
Bethe-Weizsacker empirical mass formula:
E
M(A,Z) = (A—Z)ymy, + Z(m,) — c—f

+ 661514_3/4

Values:

a; = 15.6 MeV, a, = 16.8 MeV,
az = 0.72 MeV, a, = 23.3 MeV
as =~ 34 MeV



A model of the nucleus: Liquid drop model (~1935)

Nucleus ~ uniform density, like an incompressable drop of water

e Strong nuclear force — pairs of nucleons: expect ~A4?, but:
* Very short ranges: sees only nearest neighbours
* ’Volume’ energy term « A See Wikipedia:
e At surface less neighbours: a negative correction Semi-empirical_mass_formula
« ‘Surface tension’ term: « A%/3 |, (since radius o< A1/3)

» Coulomb repulsion: Long rage, all protons see all others. R oc A1/3 A 16
* ‘Coulomb term’: o«c Z2A=1/3  (think of sphere of charge density < Q2/R) Lower energy  Higher energy
* Pauli exclusion: 22 00
* Asymmetry term, prefer to fill up low energy states first: > 89 e

e ‘Pauliterm”:x (N —Z)?/A or (A-2Z)?/A otons Neutrons

 Spin-spin coupling (pairing term), lowers energy if even #p or even #n:
e o« §A73/* (empirical) where § = {—1,0,1}if = {Z and N = even,A = odd, Z and N = odd}

e Binding energy (semi-empirical): Values:

2 _7\2
EB = alA — a2A2/3 — dj Azl/3 — Uy W AZ) + 661514_3/4 a = 15.6 MeV, a, = 16.8 MeV,
_ o az; =~ 0.72 MeV, a, = 23.3 MeV
* Bethe-Weizsacker empirical mass formula: as ~ 34 MeV

M(A,Z) = (A= Z)my + Z(my) — Ii_f




inding Energy: ‘magic numbers’

Binding energy per nucleon [MeV] oo

9.0

8.5

1.5k

N = 20 28

Z= 210 2|8

50
|

Bethe-VWeizsacker

Number of protons Z

0 20 40 60 80 100 120 140
Number of neutrons N

N W H (9] [«)] ~ 0
Binding energy per nucleon (MeV)

=

o

* Fits quite well

* Cannot explain ‘peaks’ that occur at ‘magic numbers’
where the nucleus is strongly bound.

* NorZ =2,8,20,28, 50, 82, 126

* Double magic nuclei (both N and Z are magic):
° 4He 160 40Ca 48Ca 48Ni 208Pb




Nuclear Shell model (1949)

e Similar to the atomic shell model (remember hydrogen
atom) for electrons):

e Atomic shells: Energy levels; n, [, s guantum numbers
. Solutlon of Schrodlnger equation (QED)

. _ N p2 __e 1
lh l/)— l7 Y+ VY withlV = e T :
. Now strong force. which potential V? Hydrogen atom reo
e Use the nuclear potential |
2d3 /5 4
* Try square well, try Harmonic oscillator, V = uw?r?/2 38 — ju 2
Need somethmg inbetween. » 2ds/2 0
* Woods Saxon works well: V(r) = — VO,, = P— 0 120!
texp(5) Al
e Spin orbit interaction is stronger than in atom Y  1fs. 8[28]
" . )/ 2s — 533/2 4
* Nuclear shells “magic numbers”: 1d B
* Count energy levels of shells including spin:
e 1pyy2 2
e 2x1=2, 2x(1+3)=8, 2x(1+3+6)=20, ... b i
* Filled shell 2 more tightly bound =>larger Eg Nuclear levels
1s ——— 1812 2[2]




Nuclear Fission and Fusion

9 — 3ag  BFe BaKy
2 -
Most stable nucleus
7—®4 238

h

Region of very
stable nuclides

Binding energy per nucleon (MeV)

0 -
| I I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)



Nuclear Fission

* Heavy elements: less binding energy per nucleon (=more mass)

* Transition heavy = light: free some mass = energy (E = mc?)

* Form high mass unstable isotope: eg. 233U + 1 neutron. Reaction:
23%U - 121Ba + 32KT +3ln
236.045568u — 140.914411u + 91.926156u + 3x1.008644u
Am =0.18u = E =Amc? =2.68x1071] = 168 MeV

* Note: 233U occurs as 0.72% natural Uranium
* To use it as an energy source it must be enriched (centrifuge)

* E5 turned into kinetic energy =>high temperature = steam

* Nuclear reactors: controlled reaction, moderators for neutron absorption
* Nuclear bombs: uncontrolled reaction



Nuclear Fusion

* Light elements fuse to free energy (Am)

* Need to overcome Coulomb barrier in order to fuse together
* FuseHorD

_ 2
4 V(f) V(r)= ZiZ-€e /Ro . .
®  Classically possible to fuse?
> Coulomb . :
7 Barrler * Would require extremely high
2 kinetic energy = unrealistic
T temperature
* Sun would not burn!
0 > .
R, DISTANCE BETWEEN NUCLEI r * Quantum mechanical tunneling
g Attractive hel pS:
S :'»“o‘%‘é'net?él * Go through the barrier instead of
= over it
* Gamow factor
Coulomb barrier for charged-particle reactions




Nuclear Fusion: lab

* Fusion for power: need high energies and densities
* ITER in France

« 150%10° °C

e Challenges:
e keep confined
* Keep sustained
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Nuclear Fusion: Universe

e Fusion in stars:

* Proton-proton chain reaction (sun) * How are heavy elements formed
* CNO catalytic cycle (mgiqr > 1.3 mgyn) in the universe?

1Ha?1H 1H%?1H e Colliding neutron stars
A

RV
Y/Af ﬁv

1 1| |
O Proton

Y Gamma ray 4

O Neutron
V  Neutrino He

(O Positron




Exercise-4: Fission vs Fusion

Calculate the energy released if 1 gram of U-235 splits into La-148 + Br-87.

Calculate the energy released in the fusion process of 0.5 grams of heavy
water (D20) with 0.5 grams of superheavy water (T20), creating He-4 and a
neutron. You may neglect the binding energies of the molecules.

Compare the energies released per gram of fuel calculated above. Which
would you prefer?



Lecture 1 : Particles

Part 2
Subatomic Particles



Particle Physics: Historical introduction — Griffiths chapter 1

).J Thomson
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The classic era

Black body spectrum: Planck

e ~1900: Lord Kelvin on physics: 1 VES
* “There is nothing new to be discovered in physics now. All that -
remain is more and more precise measurements.” [\ Clasica tfory 200
 Enter Relativity Theory and Quantum Mechanics E “ / \
e 1896-1897 Becquerel, Rontgen, Marie & Pierre Curie discover 5 . o\
radiation I SRR
. . ;‘> - / // \\\\
e 1897:J.) Thomson noted cathode rays are quantized particles, J .
charge to mass ratio: discovery of electrons e
* 1900: Planck: The blackbody spectrum can be explained by
introducing emission of light in quanta h " [ Photoelectric Effect: Einstein
e 1905: Einstein: photo electric effect: light is quantized: photon / /
* Scattering behaviour verified in 1923 by Arthur Holly Compton %{1 © 'C)
* 1911: Rutherford: nucleus hydrogen is a proton % /I
e 1932: Chadwick: discovery of the neutron g ® @@e’ ® o
* Neutral particle with the mass of a proton © ©©°




Mesons 1934 - 1947

* The nucleus is held together by strong force,
mediated by pions or pi-mesons.

e Can we see these pion quanta of mass ~ 150 MeV?

* In 1937 particles where detected in cosmic rays:
* There mass was a bit too light: m = 105 MeV
e They did not interact strongly with nuclei ?!

* |t turned out to be a muon, heavy version of the

electron
e “Who ordered that?”: Isaac Rabi

* Particles:
* Hadrons (p,n), Mesons (1), Leptons (e, u)

Lepton: Greek “small” or “thin”: small mass, feels no nuclear force
Hadron: Greek “thick” : large mass, feels nuclear interaction
Meson: Greek “middle”: medium mass, feels nuclear interaction

Who ordered
THAT!?!?




Griffiths §1.3

Discovery of the pion

 Powell, 1947
* Go to mountain top
* Photographic emulsion

* Observes that cosmic rays
include muons and pions

e m, = 140 MeV /c?
» my, = 105 MeV /c*

e A pion can decay into a muon,
which can again decay into an

electron

* The pion was Yukawa’s meson

30000 m

Secondary
cosmic rays

\" l.l
20000 m

Concorde

Vi

10000 m
Everest

- — '_,\%i

VW~ -, wr b
U e T ST g -
e - &=
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Antimatter particles 1928 - 1956

* In 1928 Dirac predicted the existence of
antimatter particles, combining relativity

theory and quantum mechanics exiting pos'trof}. T e
J _ 3 \

* We will learn about Dirac’s equation later O & S

* Exercise: convince yourself that Klein-
Gordon equation: E? = p%c? + m?c*
is in agreement with the relativistic

lead plate

formulae: E = myc and p = myv

* Dirac: E can have positive and negative g g
solutions: b e e
* Positive: matter particles (electron) ﬁ . ; }l
* Negative antimatter particles (positron) entering positron it

* In 1932 the positron was discovered by
Anderson Question: How did he know which direction the particle went?



Antimatter particles 1928 - 1956

* Feynman Stlickelberg interpretation of particles (more in lecture 3):

* The negative energy solution of a particle corresponds with the positive energy
solution of an antiparticle going backwards in time.

L, -5-
- + —Et
Y (4 t) = a ent™PED
e CPT theorem: an antiparticle is an anti-particle going backwards in time

* For each particle p there exists a mirror anti-particle p in nature.
* Berkeley Bevatron: discovery anti-proton (1954, Chamberlain, Segré) and
discovery anti-neutron (1956, Cork).

* The antiparticle has the same mass, lifetime and spin, but opposite internal
quantum numbers like charge.

e Matter and antimatter have identical interactions. Definition what is what?

* Wheeler: is there only one electron in the entire universe?

e Question: is there also an anti-photon?



Antiparticle and Crossing Symmetry

* Crossing symmetry:
If: A+ B — C + D, then also possible:
A->B+C+D
A+C—->B+D
C+D->A+ B
Limited by energy conservation.

* Example:
Compton scattering = pair annihilation
y+e -oy+e = e +etosy+y

* General symmetry between matter and
antimatter (CPT theorem)
=>Why is the universe matter dominated?
=>Subtle features in the weak interaction!

y+e —->y+e

inciaent
photon

-0
Ai

Compton scattering

Target

electron .-°

atrest .-’

Ap—Ai=AA= L(l—cose)
m,c

"0
N {9

Recoil
electron /

Scattered
photon

y photon
(511 keV)

e"+et-sy+y




* Crossing symmetry:
If: A+ B — C + D, then also possible:

Antiparticle and Crossing Symmetry

(2012)

)

(0.02 GeV/c

Events /

LHCb

\'s =7 TeV Data

GeVlc

N
[=]
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(=)

Events / (0.02

Compton scattering Recoil
electron
y+e —->y+e” ©
Target &
g LHCb
— Preliminary

\'s =7 TeV Data

BY > K*tm~

BY — K*+1~

}
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-

a

5. 5.6

K*1 invariant mass (GeV/c?)

antimatter (CPT theorem)
=>Why is the universe matter dominated?
=>Subtle features in the weak interaction!
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Neutrinos 1930 - 1962

* Nuclear beta decay: 4 - B+ e~ 5

* Exercise: calculate the kinetic energy of
the electron.

* Observed kinetic energy in tritium decay
Is a spectrum

:
l

S
k-

* Niels Bohr was thinking to abandon

the law of conservation of energy(!) °H - 5He + e~

No. of counts per unit energy range

| | |
0 5 10 15 20

Electron kinetic energy (KeV)

e Pauli proposed that an undetected neutral particle was produced
* Proposed the name neutron
* Fermi presented beta decay theory, neutrino: n-p+e™ +v



Neutrinos 1930 - 1962

* Powell’s discovery of
muon and pion

* Piondecay:m = u+v




Neutrinos 1930 - 1962

* Powell’s discovery of
muon and pion

* Piondecay:m —» u+v

* Later discovery of Powell
* Pion and muon decays: T —> u + v il
followed by: u—->e+v+v
s

* Neutrinos: are they a bookkeeping
device or are they real particles?
* Very weak interaction
e Can penetrate 1000 lightyears thick lead plate
e What s their mass? m, # 0?

W
- R

mTo>pu+v T U+v

\‘v



Observation of neutrinos

e 1955 Cowan and Reines observe “inverse beta decay”
* Water tank next to Nuclear Reactor

* Antineutrinos colliding with protons: v + p* » n+e™
* Inverse beta decay

* Are neutrinos their own antiparticles, like photons?

* From Cowan and Reines and crossing we know that: v + n — p* + e~ must
exist

* Davis and Hamer looked for: v + n - p* + e~ It does not exist
* Neutrino is not its own antiparticle. Or is there more going on?

* What distinguishes a neutrino from an anti-neutrino?
* A nice research topic: “Dirac” neutrinos vs “Majorana” neutrinos



Lepton Number and Lepton Flavor

e 1953, Introduction Lepton number
e Leptons (e™,u",v) have quantum number L = 1
* Antileptons (e = e*, u = u*, v) have quantum number L = —1
* Lepton number is conserved in reactions, eg:
- -o>u +v or wtout+v
L: O 1 -1 0 -1

* Lepton Flavor: how about: u= = e~ + y ? It is not observed!
e Each lepton ‘family’ has its own lepton number conservation, eg:
u-—-e +v.+yy
Lepton number is conserved for each
1 0 0O 1 ,
type (‘generation’) separately

L#:

L, 0 1 -1 0

* Provenin 1962: v, +p —» u™ + n was observed,

while: v, +p - e* +n was not!

 How did they know? Because these neutrino’s were produced by pion decays into a
muon at Brookhaven lab.



Lepton summary 1962 - 1976

Lepton  Electron Muon
number number  number

Leptons

e 1 1 0
Ve 1 1 0
w 1 0 1
Vy 1 0 1
Antileptons

et —1 -1 0
Ve —1 —1 0
wt —1 0 —1
Yy —1 0 —1

* Are neutrinos massless? Not exactly —> Neutrino oscillations
* Neutrino’s can oscillate to different neutrino type and back! (good research topic)



Strangeness (1947 — 1960)

nciaent cosmic ray
* Rochester and Butler observed strange \37 shower
“V-prongs” in cosmic rays:

an1
of lead

“Unusual
fork"'

Debris

e Strange: produced copiously, but decay slowly!

* Abraham Pais: They are produced with the strong
force, but they decay with the weak force.

Similarly observed: A —» pTm~



Example of associated strangeness production

Bubble chamber picture of the associated reaction t™ + p = K° + A. Incoming pion is indicated by the arrow.
The unseen neutral particles K° and A are detected by their “V°” decays: K® > n® + 7~ and A > 7~ + p.

It turns out these strange particles are always produced in pairs.



e Also observed: KT - nt +nt + 1~

= M;~500 MeV ;it’s a meson

1952, Brookhaven cosmotron: new strange baryons: ~ (~1.2 GeV), = (~1.3 GeV)

In production (strong interaction) conserve baryon number as well as strangeness

B:

T~ +p->Kt+3X- 0+1 -
- K%+ A 0+1-

>t + X 0+1 -

- Kt + K"~ 0+1 -

0+ 1 0+ 0
0+ 1 0+ 0
0+ 1 0+ 0
0+ 0 0+ 0

S:

I 1

1+ -1
1+ -1
0+ -1
1+ -1

In decay (weak force) strangeness is not conserved: long lifetimes

eg. decays: A->pt+m~

Electric charge is always conserved!

Xt on+mn”

OK?
Yes
Yes
No
No



The Particle Zoo and the Eightfold Way

Griffiths §1.7

* So many particles! “The finder of a new elementary particle should be
punished by a 10,000 S fine!” - Willis Lamb, 1955.

e Gell-Mann (1961): Make a classification a la Periodic Table

S:O —_——— T

Meson Octet

Spin— 0

Baryon Octet




The Particle Zoo and the Eightfold Way

II/

* SO many particles

punished by a 10,000 S fine!” - Willis Lamb, 1955.

e Gell-Mann (1961): Make a classification a la Periodic Table

* For heavier baryon particles (spin- 3/,)
there is a decuplet

* The reason that spin- % baryons form an
octetland spin-3/, a decuplet is far from
trivial.

* The () particle was not known yet:
* Mass and lifetime was predicted
e Observedin 1964

* Octets and decuplets suggest an
underlying structure! — quarks!

The finder of a new elementary particle should be

A~ A°

§=0———— »

Spin =3/,

Baryon Decuplet




Discovery of the Omega particle

. ,..“ : ! : } -~ _’,.. » - N : ;
L R P L
¥ R P s N

Decay in three steps,
each with AS = -1




The Quark Model (1964)

* Gell-Mann and Zweig independently proposed that elementary particles are
composed of spine-%2 quarks: up, down, strange:

T N * Baryons: particle consisting of 3 quarks
N\ or antiquarks (q g g) or (q q q)
R =2  Proton=uud , neutron= udd , etc
quarks Yoeg * Mesons: particles consisting of 1 quark

and 1 anti-quarks: (g q)

s=1-———— — o Pions: t* =ud, n° = uu+dd, 1~ =du
Kaons: K™ = us , etc
m d
s=0—————- -

\ Explains “elementary particles” as quark
anti-quarks  q--2 a-1 combinations, spin, strangeness etc.




The Quark Model (1964)

* Gell-Mann and Zweig independently proposed that elementary particles are
composed of spine-%2 quarks: up, down, strange:

>
The mesor(nonet The baryon decuplet
qq Q S Meson 9  Q S Baryon
wi o o 20 uuu 2 0 AT
P — uud 1 0 AT
1 0 - udd 0 0 A°
:_;i?l """"""""" O """"""" ; ddd —1 0 A~
. { JF-E uus 1 —1 DIk
s 1 ! K uds 0 —1 5#0
< 0
s 1 K dds -1 -1 ¥
S? -1 -1 IS_ Uuss 0 —2 g*0
sd o -1 K’ dss  —1 -2 Ch
s oo s 3@
. . /.
* Complications: n° singlet, baryon octet:

e Spin and (anti-)symmetrization of wave functions!



Complications

* The spin-% octet is like the spin-3/, decuplet with the corners missing.
* Wave function has:

* 3identical quarks(uuu),(ddd), or(sss)
* 3identical spin directions of quarks: T T or L\

EO

S=-1———> X" :

A
S§=-2-———-——— = —> \
Spin — % N Spin —3/,

\\ /,I/ \

Baryon Octet Q=c-1 Baryon Decuplet o)

. =




Desperate Measures

* A quantum mechanical problem: check A**:

 Wave function has:

e 3identicalquarks(uuu),(ddd), or(sss)
 3identical spin directions of quarks: T T or L\

* Not allowed by Pauli-exclusion principle:
* This wave function is symmetric under particle exchange

* Identical spin-¥ particles must have an asymmetric wave

function under exchange of the particles Baryon Decuplet \

* Quarks differ by having an additional quantum number: color
* A quark can have quantum number: “red”, “green”, “blue”
* An anti-quark can carry guantum number: “anti-red”, “anti-green”, “anti-blue”

 All physical particles must be colorless (“confinement”):
* baryons>rgb , mesons=2>rr,gg ,or bb

No free quarks in nature!




How to make a mental picture of a proton?

* Looking from “afar” there are three colored quarks: reg, green, blue

e Zooming in it becomes a quantum foam of particles + antiparticles +
force particles (gluons)



Deep Inelastic Scattering (“DIS”)

* Indeed individual quarks have never been observed.
* Do they actually exist or are they just a mathematical bookkeeping tool?

e ~1970 SLAC: “DIS” — —
* Proton substructure is seen \ One nucleus k Three “nuclei”
similar to Rutherford scattering \, %A
- . =
] o Atom has A: Proton has
° Quarks are real and they ca rry § — \. substructure — A substructure
- o Y A
an additional quantum 50 LN AW
number which can have three |23 \\ . V4
values B \ % ~ \ Ta,
“ ”oe e \ ® o \ A
* “Color” is just a name - \ - \ “
\
| | \ ] 1 1\ i |
Research: (a) - (b)
Scattering angle

what is the principle behind
confinement, ie. being colorless?




The November Revolution: 1974 - 1983

Griffiths §1.9

 Fundamental particles:
* Why 4 Leptons: (e, v,) (i, v, ) and 3 Quarks : (u, d, s) ?

* 1974 Two groups discover a new particle: Ting at BNL (“J”) and Richter at SLAC (“i”)
» |/ particle is special: very heavy M ~ 3000 MeV , long lifetime t~1000Xlonger than heavy hadrons
=>»new meson consisting of heavy charm quarks: cc =>» Enter: charm quantum number

» Existence of charm also solved the Glashow, lliopoulos, Maiani (GIM) puzzle.

* It explained why the K; particle had a very long lifetime

* Other new particles were discovered soon afterwards
e Mesons: D° (cu), D* (cd) , DF (cs), ..
* Baryons: X, (uuc), A (udc), . (usc) , Q. (ssc), ...

)

* Similar to “strangeness”, “charm” is conserved in production
(strong force), and violated in (weak force) decay

K; decay diagrams

sinBc W~
S w
u VM
a +
cosO¢ W' B
cosbc W~
S w
C VM
d u’




The November Revolution: 1974 - 1983

* 1974 Discovery of charm brings Lepton-Quark symmetry:
* (Ve, €) (vy, ) and (u,d) (c, s)

e 1975 Discovery of the 7- lepton breaks symmetry again
* Also a corresponding v, heutrino

e 1977 Discovery Y (bE) particle, consisting of bottom or beauty quarks
= Baryons: 1980: A (udb), 2006: X; (uub), 2007: E; (dsh),
= Mesons: 1983: B°(bd), B~ (bu), later also: BO(bs), BF (bc)
First Bf — B2 weak decay observed by J.A. de Vries et al.

* Terminology: upness, downness, strangeness, charm, beauty = “Flavour”
* Quarks have charge, flavor and color qguantum numbers

* Now 6 leptons and 5 quarks?
* (Ve; e) (Vu, ‘Ll) (V‘L'J T) and (ui d) (C;S) (bl )



Top quark
e Discovered at Fermilab 1995 \\ Out
*pt+p-o>t+t /

@
* Top decay immediately and form \ fﬂo/v u

so-called jets
- 9o 9w * On Om On O»

c ‘.-J/
Jet

* Top quark:
* m; =176 GeV, very heavy quark /
- Jet
Jet

e 7, = 5%X1072°s, extremely short
* No bound states with top quark exist



Standard Model of particles

Griffiths §1.10 and §1.11

mass
charge

spin

QUARKS

LEPTONS

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

three generations of antimatter

(elementary fermions) (elementary antifermions) (elementary bosons)
I Il 1l I Il 1l
=2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? ’;) =124.97 GeVic?
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=3 =3 -3 3 Y3 = Y3 0 (D
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. . . o,
L down l strange L bottom Lantldown ktntlstrange tmtlbottom photon | ) 2
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Current Fundamental Questions in Particle physics

 Why are there three generations of particles?
* Why are the masses of the particles what they are?
* Why is there no antimatter in our universe?

 Why is the charge of the electron exactly opposite to that of the proton?
Or: why is the sum of the charge of leptons + quarks exactly equal to zero?

* |s a neutrino its own anti-particle?

e Can all forces be described in a single theory? Unification
* Are quarks and leptons truly fundamental

* What is the source of dark matter?

* What is the source of dark energy?



Exercise=5: Natural Units

* In particle physics we make often use of natural units
* Very confusing at first but very convenient when you are used to it (“sloppy”)
Setc = 2.998x108m/s =1 and A= 1.055x10"3*Js =1
(Just leave them out and put them back at very end of any calculation)
e Consequence: there is only one basic unit for length, time, mass and energy: GeV

* Exercise: derive the numbers on the conversion table on the next page



Natural Units: conversion table

quantity symbol in natural units equivalent symbol in ordinary units
space T x/hc

time t t/h

mass m mc?

momentum D pc

energy E )

positron charge e er/he/eg

Conversion of basic quantities between natural and ordinary units.

quantity conversion factor natural unit normal unit
mass 1 kg = 5.61 x 10*® GeV GeV GeV/c?
length  1m =5.07 x 10" GeV ™! GeV ! hic/ GeV
time 1s=1.52x10*GeV GeV~! h/ GeV

Conversion factors from natural units to ordinary units.



Exercise-6 : the quark model; wave function of hadrons

a) Quarks are fermions with spin 1/2. Show that the spin of a meson (2 quarks) can be
either a triplet of spin 1 or a singlet of spin O.

e Hint: use the “Clebsch-Gordon” coefficients in adding quantum numbers. In group theory this is often
represented as the product of two doublets leads to the sum of a triplet and a singlet: 2®2 =3 @1 or,
in terms of quantum numbers: 1/2®1/2 = 10.

b) Show that for baryon spin states we can write: 1/2©®1/2®1/2=3/2®©1/2®1/2 or
equivalently2©®2®2=4©2®2

c) Let us restrict ourselves to two quark flavours: u and d. We introduce a new quantum
number, called isospin in complete analogy with spin, and we refer to the u-quark as
the isospin +1/2 component and the d-quark to the isospin -1/2 component (or u=
isospin “up” and d=isospin “down”).

 What are the possible isospin values for the resulting baryon?

d) Optional for die-hards! The A++ particle is in the lowest angular momentum state
L = 0) and has spin J; = 3/2 and isospin I; = 3/2. The overall wavefunction
L=space-part, S=spin-part, [=isospin-part) must be anti-symmetric under
exchange of any of the quarks. The symmetry of the space, spin and isospin part has a
consequence for the required symmetry of the Color part of the wave function.

* Write down the color part of the wave-function taking into account that the particle is color neutral.



Graphical views of the Standard Model of particles

91.2GeV/c?

80.4GeV/c2




Graphical views of the Standard Model of particles

The Standard Model
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