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Particles are the fundamental constituents of matter (i.e. to our
current knowledge they have no internal structure); in the context of
atoms, nuclei and hadrons, we have discussed:

» Electron (e)

» Baryons (e.g. proton (p) and neutron (n)) uarks
» Mesons (e.g. pion (n) ...) d

and mentioned some other: photon (y), muon (i), and neutrino (v).

Particle Zoo

© Electron

® L ]
.
g - L J
i 5 ® e -
.. Quark "?‘;‘?‘5--’.' -

PROTON ? °

The question is whether (and how) this all fits together in a common
framework (= “Standard Model” of elementary particle physics)
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a quantum theory that summarizes our current knowledge of the physics of

FERM'ONS matter constituents

spin = 1/2, 3/2, 5/2,
Leptons spin =1/2 Quarks spin =1/2
[ Approx.
Mass
GeV/c2

interactions are manifested by forces and by decay rates of unstable particies).

force carriers

BOSONS spin=o0, 1,

Unified Electroweak spin = 1

Structure within
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Strong (color) spin =1
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Flavor Flavor Name Name ‘

Quark |

(0-0.13)x10~ Y

olectron 0.000511 down

wr
wH

W bosons

Color Charge
Only quarks and gluons carry “strong charge”
(also called "color charge®) and can have strong
0.106 interactions. Each quark caries three types of

i color charge. These charges have nothing to do
— = with the colors of visible light. Just as electrically-
hoctner | (0.04-0.14)x10-2 10p N < charged particies interact by exchanging photons,

in strong interactions, color-charged particies

interact by exchanging gluons.

Quarks Confined in Mesons and Baryons

Quarks and gluons cannot be isolated — they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particies (quarks and gluons) move apart, the
energy in the color-force field between them increases. This energy eventually is converted into
additional quark-antiquark pairs. The quarks and antiquarks then combine into hadrons; these
are the particles seen to emerge.

Electron
Size <10-€m

Nucleus
Size = 107 m

middle
W' neutrino®

(0.009-0.13)x10-9

charm

muon strange

tau 1.777 bottom
~—— Atom

10°"

*See the neulrino paragraph below.
Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the quantum
unit of angular momentum where h = h/2r = 6.58x1072° GeV s =1,05x10

Size m

1 the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be 0.1 mm in size and the
entire alom would be about 10 km across,

Electric charges are given in units of the proton's charge. In SI units the electric charge of the proton
s 1.60x10" " coulombs.

The energy unit of particie physics is the electronvolt (eV), the energy gained by one
electron in crossing a potential difference of one volt. Masses are given in GeVic?
(remember E = mc?) where 1 GeV = 10° eV =1.60x10"'° joule. The mass of

the proton is 0.938 GeV/c? = 1.67x107% kg.

Two types of hadrons have been observed in nature mesons qg and baryons qaq. A

many types of baryons observed are the proton (uud), antiproton (4d), neutron (udd), lambda A
(uds), and omega 2 (sss). Quark charges add in such a way as to
make the proton have charge 1 and the neutron charge 0. Among
the many types of mesons are the pion x* (ud), kaon K~ (i),

B89 (db), and n (cZ). Their charges are +1, -1, 0, 0 respectively.

Properties of the Interactions
The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Weak Electromagnetic

Interaction Interaction
(Electroweak) fetactio

Neutrinos

Neutrinos are produced in the sun, supemovae, reaclors, accelerator
coliisions, and many other processes. Any produced neutrino can be
described as one of three neutrino flavor states ¥e, ¥y, of ¥y, labelled by the
type of charged lepton associated with its production. Each is  defined
quantum mixture of the three definite mass neutrinos Vi ¥y, and ¥ for
‘which currently allowed mass ranges are shown in the table. Further
exploration of the properties of neutrinos may yield powerful clues to puzzies
about matter and antimatier and the evolution of stars and galaxy structures.
Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denoted by
a bar over the particle symbol (unless + or — charge is shown). Particle and
antiparticle have identical mass and spin but opposite charges. Some
electrically neutral bosons (e.9., Z°, 7, and 1) = ¢ but not K° = d3) are their
own antiparticles.

Visit the award-winning web feature The Particle Adventure at

ParticleAdventure.org
This chart has been made possible by the generous support of
U.S. Department of Energy
U.S. National Science Foundation
Lawrence Berkeley National Laboratory

Gravitational
Interaction

Strong
Interaction

Acts on: Mass - Energy Flavor
Al

Graviton
(not yet observed)

1024
10-41

Electric Charge
Electrically Charged

Color Charge

Particles experiencing Quarks, Leptons Quarks, Gluons

Particles mediating: w+ w- 20
08
10-4

Gluons
25
60
Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particie physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

107%m
Strength at {

3x10° CPEPweb org

Particle Processes

These diagrams are an artist’s conception. Blue-green shaded areas represent the cloud of gluons.

Universe Accelerating? Why No Antimatter? Dark Matter?

- Origin of Mass?
ete” — BOB

Sz °

An electron and positron

o~

‘ 3 S
"ol o1l
&

Tho expansion of the universe appearstobe | Matter and antimatter were created in the Big Invisible forms of matter make up much of the in the Standard Model, for fundamental particies

Afree neutron (udd) decays to a proton

(uud), an electron, and an antineutrino
via a virtual (mediating) W boson. This
is neutron B (beta) decay.

(antieloctron) colliing at high
energy can annihate (o produce
B2 and B% mesons via a virtual Z
boson or a virtual photon.

accelerating. Is this due to Einstein's Cosmo-
logical Constant? If not, will experiments
reveal a new force of nature or even extra
(hidden) dimensions of space?

Bang. Why do we now see only matter except
for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?

mass observed in galaxies and clusters of
galaxies. Does this dark matter consist of new
types of particies that interact very weakly
with ordinary matter?

10 have masses, there must exist a particle
called the Higgs boson. Will t be discovered
500n? Is supersymmery theory correct in
predicting more than one type of Higgs?

Standard Model
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In the Standard Model, the matter particles are the quarks and the
leptons; each come in 3 “families” or “generations” of charge states
and with increasing mass:

The World of Particles

The makeup of matter and antimatter according to the Standard Model of particle physics

ATOMS CQUARKS [ TEPTONS |

Q‘; Up around 1970 % Electron prior to 1899

Normal
¥ Down around 1970 % Electron neutrino 1956 matter

W% Strange around 1970 % Muon 1936 Mz;]titet:
in hig
# Charm 1974 & Muonneutrino 1962 5{;‘;2?“

¥ Bottom 1977 « Tu 1975

1995 Tau neutrino 2000

EA Protons and neutrons ' Top
EX Atoms have an outer In turn each consist of 1 Atotal of six types of quarks and six so-called leptons, which
electron shell as well as a three elementary particles Include for example the electron, constitute all matter. Eight of
nugleus composed of protons known as quarks. these 12 particles only occur In high energy states.
and neutrons.

Normal matter consists of up- and down-quarks and electron and it’s
neutrino.

15. September 2013 Institut far Kernphysik (IKP) Folie 5



Lecture 4 — Particles — Constituents J JULICH

Mass —={2.4 mev 1.27 GeV

Charge %
Spin = 2 C
Name charm

104 MeV
-1 S
14

strange

92}
c
@]
—
Q.
@
—

Standard Model: Matter Particles
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One major puzzle is why Nature likes this repetition in form of the 2
and 3" generation?

Example: When the muon (u) was discovered, |. Rabi asked: “Who
ordered that?” [A similar question can be asked for the tau (7)]

Muons have a mass about 200 times the mass of an electron. Since
the muon's interactions are very similar to those of the electron, thus a
muon can be thought of as a much heavier version of the electron.
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muon e
muon neutino  &lectron antmeutnno

equation: L — V  + e + V,

electron 0
number:

muon
number:

tau 0
number:

Lepton (Quantum) Numbers
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Cosmic Ray Muons
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Neutrinos are the electrically neutral leptons, affiliated with the corres-
ponding charged ones: € - v, L- Vv, T-V,

The neutrino was postulated first by Wolfgang Pauli in 1930 to explain
how nuclear 3- decay could conserve energy, momentum, and spin,;

Example:
60
#CO
5272 a Z Observed Expected
' 0.31Mev 3 9988% 9 spectrum of electron
o) energies energy
0.12% i D
148 Mev /5~ 11.1?32 MeV 7 =
o)
0
1.3325 MeV 7 -
. e Z
- Ener N
s Ni - Endpoint of
spectrum
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Scintillator coupled to photomultipliers

:

Positron e?

Flu?< ot Neutron n “a Electron e
antineutrons P 4
from nuclear > > v ray photons
power plant _' roton p* =, ¢

Y ray I)hné(m rf)m R

foos : - e* annihilation

rom

n® capture

Water with CdCl,

4

4
Scintillator coupled to photomultipliers

O = e
e

| n°+'3Cd — "Cd* —= "4Cd + Y
et+ e—2y

(First) Neutrino Detection

Institut fir Kernphysik (IKP)
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Neutrinos are very abundant in the Universe (second most after
photons): ~ 37 v’'s per cm?3; the neutrino flux from the sun is calculated
to be 5 x 10 cm2 s1; every second trillions of neutrinos pass our
bodies

Neutrinos interact very little with matter (= reason why they were
discovered so late); gigantic detectors have been built to measure their
properties: AMANDA (Mediteranian Sea), IceCube (Antartica), Super-
Kamiokande (Japan), ...

Neutrinos have a mass > 0 (although no finite neutrino mass has been
measured yet; this is inferred from the fact that the different neutrino
flavors can change into others (“neutrino oscillations”):

Q -0
\ 4
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Extra-Galactic
) Galactic

Accelerator

Lecture 4 — Particles — Constituents

Atmospheric
SuperNova

Cross-Section (mb)

1012 1014 1015 1I018
Neutrino Energy (eV)

Neutrino Cross Section
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CATCHING :‘f\. NS
Cosmlc Clues o

‘\- —

AYAAAS

Neutrino Detectors
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The Standard Model particles have to be extended by force carriers,
l.e. particles which mediate the interactions between particles:

boson
force
symbol name
strong g Qluon
electromagnetic ¥ photon
WOW o I bosans
weak
£e Z boson

Scientists have discovered force carriers for three of the four known
forces: electromagnetism, the strong force and the weak force.
(They are still searching for experimental evidence of the force carrier
for the fourth force, gravity. Note: gravitation will not be discussed here

further.)
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Not all fundamental particles take part in all of the interactions:

Interaction Carriers act on Fundamental Particles
Cravitation—* Graviton

Weak» W™ W, Z° ' elecirons, muons,
NeUiTinos

Electromagnetic —» Fhoton

quarks
Strong — Gluon

The strong interaction only acts between quarks, the electromag-
netic interaction does not influence the uncharged neutrinos, but

the weak and the gravitational interaction act on all fundamental
particles.
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Mass —={2.4 mev 1.27 GeV 171.2 GeV

Charge % % t
Spin = 2 C
photon

Name charm elecromagnetic

force

104 MeV

_1/3 S =
1
/2 1 gluon

strange strong force

7
=3
o

e’
Q.
4}

=]

80.4 GeV
+

W
1
weak
force

A more complete Table of SM Particles
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The electromagnetic force is a fundamental interactions in nature; it
IS described by electromagnetic fields, and has innumerable physical
Instances including the interaction of electrically charged particles:

P N
BeTen 3K HK HK

The electromagnetic force is the interaction responsible for almost all
the phenomena encountered in daily life, with the exception of gravity:
molecular and atomic binding, electromagnetic waves (light) ...

The foundation of classical electrodynamics is provided by the
“Maxwell Equations”
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Lecture 4 — Particles — Force Carriers

The now called ,Maxwell Equations” were first written down in complete
form by physicist James Clerk Maxwell during the 19t century:

Name Integral equations Differential equations

Gauss's law E dS = —/// pdTrr

Gauss's law for magnetism B ds =1

Maxwell-Faraday equation _
(Faraday's law of induction) % E df //B dS

Ampére's circuital law (with
Maxwell's correction) i B -df= po // ('] + o5 ) -dS

Unification of electricity and magnetism

Prediction of electromagnetic waves

Maxwell Equations
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Maxwell's equations (along with the rest of classical electromagne-
tism) are extraordinarily successful at explaining and predicting a large
variety of phenomena; however, they are not exact laws of Nature, but
merely approximations; for example, Maxwell's equations do not
involve “photons”.

For accurate predictions in all situations, Maxwell's equations have
been superseded by quantum electro-dynamics (QED): the interaction
happens by the exchange of force carrier bosons called photons:

Photon e e @ E
2 Q= @
- ©Q |
—@ - © O

b)

(@) (
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Virtual
photon

Feynman Diagram: Repulsion
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Feynman Diagrams: Interaction, Annihilation
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Electromagnetic interactions are long range attractions or repulsions
between any particles or antiparticles that have charge:

Force F (arbitrary units)

' ' 1/4

1/9
1/25

1 2 3 4 5 6
Distance r (arbitrary units)

Charged particles interact, because there is a continuous exchange
of photons

15. September 2013 Institut fir Kernphysik (IKP) Folie 23



Lecture 4 — Particles — Force Carriers !) JULICH

FORSCHUNGSZENTRUM

The weak force underlies some forms of radioactivity (3-decay),
governs the decay of unstable subatomic particles (such as mesons),
and initiates the nuclear fusion reaction (e.g., in the Sun)

The weak force acts upon all known fermions, i.e., elementary
particles with half-integer values of intrinsic angular momentum (spin)

Enrico Fermi proposed the first theory of the weak interaction, known
as Fermi's interaction by suggesting that beta decay could be
explained by a four-fermion interaction, involving a contact force with
no range; example: neutron-decay

Pk

<

MEULnGH

anth-neutring
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Lecture 4 — Particles — Force Carriers

Weak Decays
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The weak force is unique in a number of respects:

» ltis the only interaction capable of changing the flavor of quarks
(i.e., of changing one type of quark into another)

» lItis the only interaction which violates P or parity-symmetry. It is
also the only one which violates CP symmetry

O e

» Itis propagated by carrier particles (known as gauge bosons) that
have significant masses (~ 100 x mass of the nucleon)
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The weak force is confined to a distance range of 1077 m, which is
about 1 percent of the diameter of a typical atomic nucleus, because of
the large mass of the force carriers (W*, W- and Z°)

In radioactive decays the strength of the weak force is about 100,000
times less than the strength of the electromagnetic force. However, the
weak force has intrinsically the same strength as the electromagnetic
force, and these two apparently distinct forces are known to be different
manifestations of a unified electroweak force:

Electro- Weak
mag

inverse short

square range
law

@D G
N 7

Electroweak | «—

photon, W* W-,Z0
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Unification of Forces
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Lecture 4 — Particles — Force Carriers

+ —_
e e —hadrons

Cross-section (pb) |

TRISTAN SLC ]
LEPI LEP 11 E

IIIIlIIIIlIIIIIII]I I
60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

Discovery of Gauge Bosons
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The strong force (interaction) is observable in two areas:

» on a larger scale (about 1 to 3 femtometers (fm)), it is the force that
binds protons and neutrons (nucleons) together to form the nucleus
of an atom - in this form, it is often referred to as the nuclear force

» on the smaller scale (less than about 0.8 fm, the radius of a
nucleon), it is the force (carried by “gluons”) that holds quarks
together to form protons, neutrons and other hadron particles (=2

color force)
...Proton

. .__NEutmn
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Quark-quark takes place by
colored gluon-exchange:

o o

Gluons have color-anticolor
(in this case red-antigreen)

Strong Interaction (Gluon Exchange)
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The strong force (interaction) acts between the colored quarks and
antiquarks:

Ouarks Antiguarks

1~

I weak

3

I weak

I weak

|

66 66 &6
1oy
(i~ (::(:: (=ul=

—F
sirong strong

... In such a way that the color (-charge) is conserved (i.e. the overall
does not change!)
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Strong Interaction (8 Gluons)
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The strong force (interaction) only allows bound systems that don't
have color (-charge); they are color-neutral (“white”):

- quark-antiquarks (“mesons”); 3 quarks (“baryons”), ...
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00

Bound System (e.g. Neutron)
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A consequence of the fact that gluons are colored is, that free quarks
are not allowed — quarks are “confined” inside hadrons; as examples:
separation of quarks in a meson or a baryon:

0 ¢ 0
@ oo O }_0.—.
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Quantum mechanics allows, and indeed requires, temporary violations
of conservation of energy in quantum fluctuations, so one particle
can become a pair of heavier particles (the so-called “virtual particles”),
which quickly rejoin into the original particle as if they had never been
there:

While the virtual particles are briefly part of our world they can interact
with other particles, and that leads to a number of tests of the quantum-
mechanical predictions about virtual particles: one example is the
Lamb-shift in hydrogen (see: “atoms”).
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Vacuum Fluctuations
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Hadrons are thus much more complicated multi-particle systems;
Example: proton

-
i
&
o

Q@ iguark Q) vauark @ Gantiquark @ “dauvark S Glen TN Quark loop
\J
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m

[ Force

Number of
Bosons

e

Bosons

15. September 2013

Weak Nuclear J

L

3

+1,0

Left Handed
particle arRight
Hzndead anti-
particle with
Flavour

Forces
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Graviton®*

Anything
With Mass

Folie 41



Lecture 4 — Particles — Bottomline f) JULICH

FORSCHUNGSZENTRUM

Table $4.2 The Four Forces

Relative Strength Relative Strength Exchange
Force Within Nucleus® Bevond Nucleus Particles Major Role

Srrong Gluons | [u|-:|i|'|;’_I nucled fopet he
f':||_'i_'|_|'|||1'|.;|;-_r|l'|i_"'|ii_' Photons thd_‘l'lialrj-. and |'rit:|||\|_'h:l
Wieak ; Weak bosons Nuclear reactions

Gravity Time L Gravitons Large-scale structure

* The: foree laws for the strang and weak forces are more comples than the inverse squarne laws for the eectromagnetic force and gravity: hence the numbers given for
the strong and weak forces are very rough

Forces
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Fermions
Matter

. Quarks

Leptons

#) JULICH
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Bosons
Force Carriers

- Gauge bosons
Higgs boson

Particles of the Standard Model

Standard Model
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FERMIONS* BOSONS
First Second Third
10° Generation Generation Generation
Top quark Higgs
= )3'.

W

Bottom quark

Fermions Charm quark
D J

Tau

P Strange quark

Muon
Down quark

9
° Up quark

J

Electron

Leptons and Spin =
Quarks

Baryons (qqq)

._.
<

Mass (giga-electron-volts)
|
o

107

N " MASSLESS

1070 BOSONS
Muon- )

neutrino Tau- Photon
107t Electron- ) neutrino
neutrino o Gluon

Spin=1°
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Bosons

Force Carrier
Particles

Mesons (qq)

Masses of Fundamental Particles

Folie 44
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The Higgs boson or Higgs particle is an elementary particle, which is
associated with the Higgs field and is pivotal to the Standard Model,
since it explains why some fundamental particles have mass and why
the weak force has a much shorter range than the electromagnetic

force:

eL eR
e V
M
'lll. uR
4 tn
t
L
xy:
v >
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Massless particles are As particle moves through field it which give particles mass
surrounded by Higgs field attracts Higgs boson particles .. and slow its movement

Higgs Field

> —— -

i
Higgs Field
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S00

o
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£

Higgs Discovery at CERN (July 4, 2012)

15. September 2013 Institut fir Kernphysik (IKP) Folie 47




Lecture 4 — Particles — Standard Model !) JULICH

FORSCHUNGSZENTRUM

The Standard Model of elementary particle physics is a triumph of 20t
century science — but it is not without problems; for one thing it has too
many elementary constituents:

6= 2x3 Lhione
6 = (2 x 3) peiensl + anti-particles

8 gluons
3 gauge bosons
1 photon 6 1

1 (atleast)  Higgs boson

It does not attempt to explain gravitation; it needs to be modified in
order to accommodate the fact that neutrinos have mass, and it
cannot explain “dark matter” — there must be “physics beyond the
Standard Model” (BSM) ...
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Particle zoo

Particles are divided into two families called bosons and fermions. Among them are groups known as leptons, quarks and
force-carrying particles like the photon. Supersymmetry doubles the number of particles, giving each fermion a massive boson
asasuper-partner and vice versa. The LHCis expected to find the first supersymmetric particle

e B Hypothetical

muon down
tau charm
electron neutrino strange
muon neutrino bottom
FERMIONS tau neutrino top

v *

Hypothetical @ > @ 5

GLUON PHOTON | w:

The lightest supersymmetric particleis
called the neutralino. It could be any one
of the -inos, or a combination of them

| Standard model

Supersymmetry (SUSY) ?
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unknown universe
95%

,Dark Universe”
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Neutrinos ¢4,
Heavyclements, : . Hydrogen & helium gas

,Dark Universe”
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Dark Matter is matter that emits or reflects minimal to no light,
but does have a gravitational influence;

Evidence appears present, e.g., in motion of the stars
In galaxies

Possible candidates: MACHOS (large objects) or
WIMPS (subatomic particles) — none discovered yet!

Dark Energy a possible yet unseen influence that may be causing
the universal expansion of the Universe to accelerate.

,Dark Universe”
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Nine key questions define the field of particle physics.

ARE THERE UNDISCOVERED PRINCIPLES
OF NATURE : NEW SYMMETRIES, NEW
PHYSICAL LAWS?

HOW CAN WE SOLVE THE MYSTERY OF
DARK ENERGY? '

ARE THERE EXTRA DIMENSIONS
OF SPACE?

DO ALL THE FORCES BECOME ONE?

15. September 2013

WHY ARE THERE SO MANY KINDS OF
PARTICLES?

WHAT IS DARK MATTER? HOW CAN WE

MAKE IT INTHE LABORATORY?

WHATIARE NEUTRINOS TELLING US?

»

Key Questions

Institut fir Kernphysik (IKP)

A jOLICH

FORSCHUNGSZENTRUM

HOW DID THE UNIVERSE COME TO BE?

WHAT HAPPENED.TO THE ANTIMATTER?

/
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"MAKE EVERYTHING AS SIMPLE
AS POSSIBLE, BUT NOT SIMPLER"
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