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20" Century Elementary Particle Physics Timeline

Theoretical Breakthroughs

1900 Black body radiation spectrum (Planck) >

1905 Light quanta Einsteing_.
1905 Theory of special relativity (Emnstem) __________J)

1913 Bohr’'s model of atom. momentum quantum (Bohr)—.

1925 Hypothesis of “no two fermions in 1dentical states” (Pault)_______
1925-26 Quantum Mechanics (Heisenberg, Schrodinger) 3

1928 Electron relativistic QM equation; antimatter (Dirac)
1930 Neutrino hypothesis (Pauli) |

1934 Weak Force (Ferm1)____3)
1935 Nuclear Force and Yukawa particles (Y ukawag—’

Discoveries of Building Blocks

&———1897-1899 Discovery of electron (Thompson)

§————1911 Discovery of nucleus (Rutherford)

4———1919 Discovery of proton (Rutherford)

g————1923 “Discovery” of photon (Compton)

1932 Discovery of neutron (Chadwick)
§————1933 Discovery of antimatter. positron (Anderson)

g&———1937 Discovery of muon (Anderson, Neddermeyer)




1946 Discovery of charged pion (Perkins)
1948 fam Blectio ics (Fey e amanags) | ¢———1947 Discovery of strange particles (Butler. Rochester)

&——— 1956 Discovery of electron neutrino (Reines. Cowan)

—4

1964 Three quarks (Gell-Mann. Zweis), &——— 1962 Discovery of muon neutrino (Lederman, Schwartz . Stein
1965 Color (Greenberg) 3

1968 ElectroWeak Unification (Wemberg. Salam. Glashow) 3
1970 Charm quarks (Glashow. Iliopoulos. Matant) 3} |

1973 Quantum ChromoDynamics

“I—— gy : s 3
(Gross. Fritzsch, Gell-Mann. Politzer, Wemberg, Wilczek) 4——— 1974 Discovery of charm quark (Ting. Richter)
1975 Discovery of t-lepton (Mark I. Perl)

¢—— 1977 Dascovery of bottom quark (Lederman)
&——— Late 1970s Observation quark and gluon jets (TASSO. JADE)

¢——— 1983 Discovery of W=, Z° (UA1. UA2. Rubbia)

Not shown on the time line, but still very important:

Expermment: ¢——— 1995 Discovery of top quark (CDF. D0)
- Discovery of electron spm (1925)
- Discovery of A-resonance (1952)
- Discovery of P-violation (1957)

e s s br s | ¢——— 2000 Discovery of tau-neutrino (DONUT. Lundberg)




Legend  pfectron (e-) quark

o uclear Science is the study of the structure, propertics, and interactions of the atomic nuclei. Nuclear .
scientists calculate and measure the masses, sha d decays of nuclei at rest and in collisions. They ask proton . positron (e*) gluon field 7 (L
y wmber 6
questions, such as: Why do nuclcons stay in the nucleus? What combinations of protons and neutrons are possible neutrino (v) gluon
neutron neutron

What happens when nuclei are cor d or rapidly rotated? What is the origin of the nuclei found on Earth?

antineutrino (¥)  photon (Y)

Unstable Nuclei
Phases of Stable nudlides form a narcow white band on the Chart of

the Nuclides. Scientists produce unstable nuclides far from this
Nuclear Matter band and stidy their decays, thereby learning abotst the extremes

of nuclear conditions. I its present form, this chart contains
IVisclear matter can exist in several phases. about 2500 different nudides. Nuclear theory predicts that
When collisions excite nucle, individual there are at least 4000 more to be discovered with Z < 113,

Expansion of the Universe s

Alict the Big Bang, the universe expanded and cooled. At about 10 second, the universe consisted of a soup of quarks, gluons, clectrons, and universe
neutrinos. When the temperature of the Universe, Tousme cooled to about 10V K, this soup coalesced into protons, neutrons, and clectrons. As fime
progressed, some of the protons and ncutrons formed deutcrium, helium, and lichium nuclei. Sl later, chectrons combined with protons and these
Jow-mass nuclei o form neutral atoms. Due to gravity, clouds of atoms contracted into stars, where hydrogen and helium fused into more massive
chemical elements. Exploding stars (supernoac) form the most massive clements and disperse them into space. Our carch was formed from

supermova debris.
i) M
3 (0}
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protans and neutrons may evaporate from
the nuclear fluid. At sufficiently high tem-
perature or density: a gas of nucleons (red

background) forms. At even more extreme
conditions, individual nucleons may ccase
to have meaningful identitics, merging
into the quark-gluon plasma (yellow

temperature (K)

Element

Big  quarkgluon proton & neutron formation of  formation of dispersion of today background). Current data 112

Bang plasma formation  low-mass nuclei  neutral atoms massive elements provide hints that physicists Sieni 3
oo 110K 1% K 10° K 4,000 K <50 K-3 K 3K have glimpond the quirk- cicntiss first synthesized
time 1065 1045 3 min 400,000 yr >3 % 10%yr 14%10%yr oo s . Element 112 in a particle

accclerator experiment. They
identificd it by obscrving its charac-
teristic six alpha particle decay chain.

Ak the center of the atom is a nucleus formed from

nucleons-protons and neutrons. Each nucleon is

made from three quarks held together by their strong
interactions, which are mediated by gluons, In urmn, the
Radioactive decay transforms vuscleus is held togethes by the strciss IURREIN

126 Niyclear reactions release enecrgy
when the total mass of the pro-
ducts is less than the sum of the
masses of the initial nuclei. The
“lost mass” appears as kinetic
encrgy of the products (E = m).
In fission, a massive nucleus splits

a nucleus by emitting different gluon and quark constituents of neiighb
particles. In alpha decay, the N car ph ts often use the exchange
nucleus releases a tHe nucleus f ch consist of

—an alpha particle. In beta decay, antiquark, such as the pion-tc

the nucleus cither emits an clec- nteractions among the nucleons
tron and antineutrino (or a posi-
tron and neutrino) or captures an

into two major fragmes
atomic electron and emits a v :,’::,l]‘l‘: :i::’::w’m mn’:: shae
neutring. A positron is the name S"O“g neutrons. In fusion, low mass

for the antiparticle of the clectron. neutron

b P " nudlei combine to form a more.
Antimater is composed of anti- ﬂeld massive nucleus plus onc of more
particles. Both alpha and beta cjected particles—neutrons,
decays change the original nucleus rotons, photons, or alpha

A 15to nackeus of 2 diffcrent panide

sO chemical clement. In gamma =

N
(ZZF YR M dccay, the nucleus lowers its <10"”m
internal encrgy by emitting a
Il photon-a gamma ray. This decay
v docs not modify the chemical

electromagnetic

field A

I an atom. electrons range around the nucleus
at ces typically up to 10,000 times

Chart of the Nuclides \ Za the nuclear diameter. I the electron doud

photon

152,

wDy

were shown to xcale, this chart would
T Chart of the Nudlides presents i graphic form all known & cover a small town,
nuclei with atomic number, Z, and neutron number, N L
Each nuclide is represented by a box colored
according 1o its predominant decay mode.
Magic numbers (N or Z = 2, 8, 20, 28,
50. 82 and 126) arc indicated by a
rectangle on the chart. They
correspond to major closed
shells and show regions

Applications

Nuclear Reactors

Noclear reacton wse the fiwion of
U oc 5P noxlei to produce

Radioactive Dating

Nitusally occurring radioactive isotopey
ssch as '9C arc used to date objects that

Space Exploration

Sojournce uied alpha pasticles 1o
idenify chemical ckments peescnt

Color Key

§ B Stable were ance living, such as wood. For example. in Martian rocks. On Earch, muckar choctric powe, Reactors and mast
:‘i"""’ """f‘" from 2 sudy of artifaces found at the site, veactions are used in many arcas ocher nuclear applications generase
Wnding encrgy. u 5P°_ﬂ“"'~'°'“ schentists derermined thar Stonchenge from criminal investigations 1o radioactive waste; disposal of this
fission was built nearly 4,000 years ago, an authentication. waste is 2 subject of urecar rescarch.
i W Alpha particle
emission Smoke Detectors [ 2o 1 Nuclear Medicine Magnetic Resonance Imaging
W Beta minus Many smoke detecrors use 3 semall amsount Rudioactive isotopes, sisch s "5 Te, $Co ‘ Mignctic Resonance Imaging (MRI) makes use of acomic
emission of the alpha emitter *fAm 10 ionize the sir. and "1, ste commaonly used in the disgnoiis eransitions involving the magnetic field of a nuclews 1o study
™ 1 grun Smoke entering the derector reduces the and treatment of disease. Positron cmirters ¥ the Jocal chensical environment. This techaique sccurately
Beta plus emission <urrent and sets off the alarm. such 303 arc used in Ponitron Emission \ mapi the deasity of hydeogen 1o produce
or electron Tomography (PET} to gencrate images of theee-dimensional images of the bumaa body,

www.CPEPweb.org capture L= | e
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Astrophysical picures courtesy NASA/JPL Caltech and AURA/STS<1.
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adpovia (strong interactions)
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The 6 quarks
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the "original”
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The 6 leptons

leptons

shown to be
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discovered

@ .*— in 1975
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nentrinos electron—like
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"normal” matter
leptons quarks is made up of these

| ! | ! / particles only
wmy [ (@ @ @ @
- these particles are unstable
2nd family . . @ @ -+—— and decay into particles
= from family 1

wor [ @@ ® @

these particles are very unstable
/ and decay into particles
from family 2
neutrinos

electron—like
partcles



Measurement of Z hadronic decays, versus energy,
with predicted rates if there were 1, 2 or 3 types of neutrino

7 [nk)

(ALEPH collaboration)

ALEFH

Energy (3eV)
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

tt tit t
FERMIONS Spin = 112, 3/2, 572, ..

. .
BOSONS in-0. 1.2

Structure within
the Atom

Quark
Size < 1079m
electron | <1x10-8
neutrino

Electron
Size < 10-'8m

electron |0.000511

Color Charge
Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-

Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-

and ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
Proton interactions and hence no color charge.
Atomn Size = 10-5m Quarks Confined in Mesons and Baryons
One cannot isolate quarks and gluons; they are confined in color-neutral particles called

Size ~ 10-19m hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

Nucleus
muon Size =107 m

C charm
neutrino

e
muon S strange

tau
neutrino

tau

Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the
quantum unit of angular momentum, where Fi = h/2r = 6.58x10725 GeV s = 1.05x10734 J 5. If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in.

size and the entire atom 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 is 1.60x10~1% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc?), where 1 GeV = 109 eV = 1.60x107'° joule. The mass of the proton is 0.938 GeV/c?
=1.67x107%7 kg.

hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons ggq and baryons gqq.

Residual Strong Interaction
The strong binding of color-neutral protons and neutrons to form nuclei is due to residual

strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be

viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Electric Charge | _Color Charge
“ Quarks Leptons Electrically charged Quarks, Gluons m
2 mm

1041 0.8 Not applicable
10-41 - 60 to quarks
o Not applicable
36
10 to hadrons 20

ete~ — BO B

070 +
PpP—> ZYZ pesoi =t acion The Particle Adventure

Matter and Antimatter /14, e Visit the award-winning web feature The Particle Adventure at

For every particle type there is a corresponding antiparticle type, denot- % ZO http://ParticleAdventure.org

ed by a bar over the particle symbol (unless + or - charge is shown). hadrons /

Particle and antiparticle have identical mass and spin but opposite X This chart has been made possible by the generous support of:
charges. Some electrically neutral bosons (e.g., Z°, v, and = c, but not d L N\ quarks & U.S. Department of Energy

KO = ds) are their own antiparticles. _~ gluons hadrons

Figures = A hadrons \

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

U.S. National Science Foundation

Lawrence Berkeley National Laboratory

Stanford Linear Accelerator Center

American Physical Society, Division of Particles and Fields

\ BURLE INDUSTRIES, INC.

Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
An electron and positron produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
A neutron decays to a proton, an electron, (antielectron) colliding at high energy can particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text

one are rare but can yield vital clues to the
via a virtual Z boson or a virtual photon. structure of matter.

and an antineutrino via a virtual (mediating) annihilate to produce B® and B? mesons

materials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org

W boson, This is neutron B decay,




The Standard Model
of Particles and Fields

Main postulates of SM:

1) Basic constituents of matter are quarks and leptons (fermions i.e. spin 1/2).
2) They interact by means of gauge bosons (spin 1).

3) Quarks and leptons are subdivided into 3 generations.

Structure within
the Atom

Quark

Size <107 19m

Electron

Nucleus :
Size < 108 m

Size ~ 1074 m

Neutron
and
Proton
< Size =10~ m

Atom

Size = 10710m
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Standart Model

v, electron | <1x10-8 does not
REutnno explain neither
€ electron |0.000511 appearance of
FMan <0.0002 C charm . the mass
M neutrino nor the reason
JA muon 0.106 S strange : for existence of

a0 3 generations

T neutrino

T tau

Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the
quantum unit of angular momentum, where fi = h/2r = 6.58x1072> GeV s = 1.05x10734 J s.

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~'° coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember
E = mc?), where 1 GeV = 102 eV = 1.60x10710 joule. The mass of the proton is 0.938 GeV/c2
= 1.67x107%7 kq.



Forces of Nature

Forces are being carried by specific particles, called gauge [‘gejdz] bosons.

=
2

[}

e iglal 1 ‘
"1ILtal

Quarks, Leptons Electrically charged Quarks, Gluons m
not yet observed W W Z Y

10-41 j 25 Not applicable

10-41 60 to quarks

Not applicable
to hadrons

10-36 20

= Electromagnetic and weak forces can be described by a single theory =
the “Electroweak Theory” was developed in 1960s
(Glashow, Weinberg, Salam).

= Theory of strong interactions appeared in 1970s:
“Quantum Chromodynamics” (QCD).

w The “Standard Model” (SM) combines both.
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Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; 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 particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qq and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.



Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or — charge is shown).
Particle and antiparticle have identical mass and spln but opposite
charges. Some electrically neutral bosons (e.g., Z9, v, and M, = ¢C, but not
K9 = ds) are their own antiparticles.

proton | UU d

anti-
proton

uud

neutron| Udd
lambda| Uds

omega







