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Start
here!

Do you take
up space, or
pile on?

pil

How many
smaller particles
are you made of?

What Particle Are You?

(Standard Model particles only! Dark matter and other exotica not welcome.)

just afew

many

Are your particles
strongly-interacting?

You might be an

atom

or a molecule or whatever.
Too complicated for particle physics.

You are a

hadron!
A colorless collection
of quarks and gluons.

yes

eon

A force

boson!

You are a

-carrying particle.

nonzero

Is your field

empty space?

How many
| guess you are
. . quarks are
positronium we talking?
or something?
Weirdo.
one quark,
one anti-quark
You area
You are a
yes . meson!
evenin nggS boson! Which is a kind of boson.
You mysterious
recluse, you. \

Color code:
elementary fermions
elementary bosons
composite particles

You are hypothetical at best.

You are a

glueball.

more than
three

be a pentaquark (or worse).

Probably a

nucleus,
although you could

Which is a kind of fermion.

You are a

baryon!

Areyou
found in

You are some excited
or strange or heavier
baryon. Enjoy your
brief lifetime!

K Yeah I'm not going
LG to list all the mesons. atomic nuclei?
up Pi k yes
N e ions, kaons,
space b I What force etas, rhos, etc. Youlare ? .
gauge poson: do vou carrv? , nucieon:
You reflect a symmetry Y y Whét = el You are kind of
of Nature. electric charge? What's your a big deal.
gravity strong electro- 0 electric charge?
magnetic
0
You are a You area You are a You are a You are a
graviton! gluon! photon! W boson! Z boson! Youarea Youarea
And you exist. In one of eight From radio to When fermions change Neutral currents proton! neutron!
Ignore the haters. colorful hues. gamma rays. flavor, it's your fault! for the win! Go you! Not bad!
You are an [ [ |
up-type quark! up charm top
You area You area
fermion! quark! Youare a [ [ |
A particle of matter. You are stuck inside d k' d b
some hadron. What's your own -type quark. own stran ge ottom
i electric charge?
You area | | |
You are a
Do you feel no lepton! charged lepton! electron muon tau
the strong force? epton:
Light, but powerful!
You area | | |
Sean Carroll 2012 neutrino! electron muon tau
http://preposterousuniverse.com/ neutrino neutrino neutrino




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 in<172. 372, 502, ...

v electr_on 2/3
neutrino

€ electron |0.000511 -1/3

2/3
-1/3

muon
vll neutrino 00002
/L muon 0.106
0 €0 <0.02 t top 2/3
neutrino
T tau 1.7771 b bottom : -1/3

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where Fi = h/2r = 6.58x1025 GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~19 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 = 1.60x10~1 joule. The mass of the proton is 0.938 GeV/c2
=1.67x10727 kg.

PROPERTIES OF THE INTERACTIONS

Electron
Size < 1078 m

Nucleus

14 0

Neutron
and
Proton
Atom Size =~ 1075 m
Size = 10-1%m

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.

force carriers
BOSONS spin =0, 1, 2, ...

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 gq 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.

Flavor Electric Charge Color Charge

10-41
10-41

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 spin but opposite
charges. Some electrically neutral bosons (e.g., 29, v, and I = cc, but not
KO = ds) are their own antiparticles.

Figures

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.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.

Interaction Note

Quarks, Leptons Electrically charged Quarks, Gluons m

An electron and positron

(antielectron) colliding at high energy can
annihilate to produce B and B° mesons
via a virtual Z boson or a virtual photon

2

60
Not applicable
to hadrons

pp—> ZOZO + assorted hadrons
14, 7

7 70
hadrons /

u
\ quarks &
_~ gluons hadro

d g hadrons \
-~ Z0

\N N

Two protons colliding at high energy can
produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.

Not applicable
to quarks

The Particle Adventure
Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

This chart has been made possible by the generous support of:
U.S. Department of Energy

U.S. National Science Foundation
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BURLE INDUSTRIES, INC.

©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
materials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org
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Big Bang (Encyclopedia of Science http://www.daviddarling.info)

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. ' Galaxies, Planets, etc.

Inflation

Quanturm
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Time line of the Universe. The expansion of the universe over most of its history has been relatively gradual. The
notion that a rapid period of "inflation" preceded the Big Bang expansion was first put forth 25 years ago. Recent
observations, including those by NASA's WMAP orbiting observatory favor specific inflation scenarios over other
long held ideas. Credit: NASA

The event in which, according to standard modern cosmology, the Universe came into existence some
13.7 billion years ago. The Big Bang is sometimes described as an "explosion;" however, it is wrong to
suppose that matter and energy erupted into a pre-existing space. Modern Big Bang theory holds that
space and time came into being simultaneously with matter and energy. The possible overall forms that
space and time could take — closed, open, or flat — are described by three different cosmological
models.



Creation to inflation

According to current theory, the first  famperature of Time from
physically distinct period in the Universe ; "Big Bang"
Universe lasted from "time zero" (the (s (R —— f 1093 gecond
Big Bang itself) to 103 second later, il L )

w}zlgen theg univgse was about 100 W : T "= 107 second
million trillion times smaller than a £ D &

proton and had a temperature of 1034 & -: ’ 3 g ﬂ%

K. During this so-called Planck era, 108 K- —————— d- S P g— % —————— 10710 second
quantum gravitational effects ML | s E:' %’ 3 % ——— 10~ second
dominated and there was no 18} by 2

distinction between (what would later 12F E i R

be) the four fundamental forces of 5 2 2

nature — gravity, electromagnetism, SeEL_ __f FE HE S
the strong force, and the weak force. ' Today

Gravity was the first to split away, at
the end of the Planck era, which marks the earliest point at which present science has any real
understanding. Physicists have successfully developed a theory that unifies the strong, weak, and

electromagnetic forces, called the Grand Unified Theory (GUT). The GUT era lasted until about 10738
second after the Big Bang, at which point the strong force broke away from the others, releasing, in the
process, a vast amount of energy that, it is believed, caused the Universe to expand at an extraordinary

rate. In the brief ensuing interval of so-called inflation, the Universe grew by a factor of 103> (100

billion trillion trillion) in 10732 seconds, from being unimaginably smaller than a subatomic particle to
about the size of a grapefruit.

Postulating this burst of exponential growth helps remove two major problems in cosmology: the
horizon problem and the flatness problem. The horizon problem is to explain how the cosmic
microwave background — a kind of residual glow of the Big Bang from all parts of the sky — is very
nearly isotropic despite the fact that the observable universe isn't yet old enough for light, or any other
kind of signal, to have traveled from one side of it to the other. The flatness problem is to explain why
space, on a cosmic scale, seems to be almost exactly flat, leaving the universe effectively teetering on a
knife-edge between eternal expansion and eventual collapse. Both near-isotropy and near-flatness
follow directly from the inflationary scenario.

Electroweak era (1()'3’8 to 10710 second)

At the end of inflationary epoch, the so-called vacuum energy of space underwent a phase transition
(similar to when water vapor in the atmosphere condenses as water droplets in a cloud) suddenly giving
rise to a seething soup of elementary particles, including photons, gluons, and quarks. At the same time,
the expansion of the universe dramatically slowed to the "normal" rate governed by the Hubble law. At
about 10719 seconds, the electroweak force separated into the electromagnetic and weak forces,
establishing a universe in which the physical laws and the four distinct forces of nature were as we now
experience them.



Particle era (10'10 to 1 second)

The biggest chunks of matter, as the Universe ended its first trillionth of a second or so, were individual
quarks and their antiparticles, antiquarks — the underlying particles out of which future atoms,
asteroids, and astronomers would be made. As time went on, quarks and anti-quarks annihilated each
other. However, either because of a slight asymmetry in the behavior of the particles or a slight initial
excess of particles over antiparticles, the mutual destruction ended with a surplus of quarks. Only
because of this (relatively minor) discrepancy do stars, planets, and human beings exist today.

Between 1070 and 107 second after the beginning of the Universe, when the ambient cosmic

temperature had fallen to a balmy 10'° K, quarks began to combine to form a variety of hadrons. All of
the short-lived hadrons quickly decayed leaving only the familiar protons and neutrons of which the
nuclei of atoms-to-come would be made. This hadron era was followed by the lepton era, during which
most of the matter in the Universe consisted of leptons and their antiparticles. The lepton era drew to a
close when the majority of leptons and antileptons annihilated one another, leaving, again, a
comparatively small surplus to populate the future universe.

One to 100 seconds

Up to this stage, neutrons and protons had been rapidly changing into each other through the emission
and absorption of neutrinos. But, by the age of one second, the Universe was cool enough for neutron-
proton transformations to slow dramatically. A ratio of about seven protons for every neutron ensued.
Since to make a hydrogen nucleus, only one proton is needed, whereas helium requires two protons and
two neutrons, a 7:1 excess of protons over neutrons would lead to a similar excess of hydrogen over
helium — which is what is observed today. At about the 100-second mark, with the temperature at a
mere billion K, neutrons and protons were able to stick together. The majority of neutrons in the
Universe wound up in combinations of two protons and two neutrons as helium nuclei. A small
proportion of neutrons contributed to making lithium, with three protons and three neutrons, and the
leftovers ended up in — an isotope of hydrogen with one proton and one neutron.

The first 10,000 years

Most of the action, at the level of particle physics, was compressed into the first couple of minutes after
the Big Bang. Thereafter, the universe settled down to a much lengthier period of cooling and
expansion in which change was less frenetic. Gradually, more and more matter was created from the
high energy radiation that bathed the cosmos. The expansion of the Universe, in other words, caused
matter to lose less energy than did the radiation, so that an increasing proportion of the cosmic energy
density came to be invested in nuclei rather than in massless, or nearly massless, particles (mainly
photons). From a situation in which the energy invested in radiation dominated the expansion of
spacetime, the Universe evolved to the point at which matter became the determining factor. Around
10,000 years after the Big Bang, the radiation era drew to a close and the matter era began.



When the Universe became transparent

About 300,000 years after the Big Bang, when the cosmic temperature had dropped to just 3,000 K, the
first atoms formed. It was then cool enough to allow protons to capture one electron each and form
neutral atoms of hydrogen. While free, the electrons had interacted strongly with light and other forms
of electromagnetic radiation, making the Universe effectively opaque. But bound up inside atoms, the
electrons lost this capacity, matter and energy became decoupled, and, for the first time, light could
travel freely across space. This, then, marks the earliest point in time to which we can see back. The
cosmic microwave background is the greatly redshifted first burst of light to reach us from the early
Universe and provides an imprint of what the Universe looked like about a third of a million years after
the Big Bang. Fluctuations in the nearly-uniform density of the infant Universe show up as tiny
temperature differences in the microwave background from point to point in the sky. These fluctuations
are believed to be the seeds from which future galaxies and clusters of galaxies arose.
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36. Clebsch-Gordan coefficients 1
36. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND dFUNCTIONS
- L J J
";i\_'ptgqu-Asquare-root sign is to be understood over every coefficient, e.g., for —8/15 read —/8/15. Notation: [,
1/2x1/2] ! 3 — mm
Mt 1 R Y0 =,/ cos@ [ 1 5/2
F17z+172. 11l 0 0 1 dr -\Z__X-I/Z_' 1520572 372 my m; Coefficients
|+1/2 172172 /2|1 3 o [z=72] ifs3r2+372
-1/2 +1/2|1/2-1/2}-1 Yll = - S_TI' sin G ei® +2-172| 1/5 4s5| 572 372
[c172-172[ 1 +1+172| 4/5-1/5}+1/2 +172
5 /3 1 1-1/2| 2/5 3/5| 5/2 372
0 ./ (200520 — = +
1x1/2 [372 Y=V (2 cos™ 8 2) 0+1/2| 3/5-2/5|-1/2 =172
X +3/2] 372 172 5 ) _0-1/2| 3/5 2i5| 5/2 372
72 1z 42 Yi=- /8_ sin 8 cos § i¢ F Z1+1/2) (2/553/5}-3/2 -372
+1-1/2] 173 2/3] 372 122 m /2%x1/2 -1-1/2 4/5 1/5] 572
0+1/2| 2/3 -1/3}-1/2-1/2 1 /15 ) 3 72 Lo 7] |L2a172 175 -ass|-5/2
Y2 = =, /22 sin2 g e2i¢ |#372 +1/72] 1] +1 +1 2 -1/2 1
0-172| 2/3 173| 372 iV 212 1)
-1+1/2| 1/3-2/3]-3/2 +3/2-1/72\1/4 3/4 2 1
213 TS +1/2+1/2(3/4-1/4] 0 0
X33 = 3/2x1 |2 wz-12)iz 2] 2
241 1]+2 +2 [ 1]+3/2 4372 -172+1/2)1/2-172) -1 1
+2 0{1/3 2/3 3 2 1 +3/2 0| 2/5 3/5] 5/2 3/2 172 -1/2-1/2| 3/4 1/4] 2
+1 +112/3-1/73] 1 +1 41 +1/2 +1| 3/5 =2/5|+1/2 +1/2 +1/2 -3/2 +1/2| 1/4-3/4]-2
+2-1|1/15 1/3 3/5 +3/2-1[1/10  2/5 172 2322172 3
1x1][?2 +1 0(8/15 1/6-310[ 3 2 1 +1/2 0| 3/5 1/15 -173| 572 372 172
+20 2 11 | o+1] 2/5-1/2 110 0 0 0 -1/2+1(3/10-8/15 1/6|-1/2 -1/2 <172
e 1+ A +1-1[1/5 1/2 3/10 +1/2-1(3/10 8/15 1/6
w1 o1z 12 2 1 0 oolas o0-2/5/ 3 2 1 -1/2 0| 3/5 =115 <173 5/2 372
0+if1/2-172) 0 0 0 -1+1/1/5-172 3710 -1 -1 1 -3/2+41/1110 -2/5 1/2}-3/2 =372
+1-1(1/6 1/2 1/3 0-1 2/5 1/2 110 |—1/2-1 3/5 2/5] 572
0 ol273 o0-173] 2 1 -1 0/8/15-1/6-3/10] 3 2 -3/2 0| 2/5 -3/5|-5/2
-1+1{1/6-1/2 1/3]-1 -1} -2+11/15-1/3 3/5| -2 ~2 |_3/2_1 1
0-1)1/2 172| 2 -1-1/2/3 173 3
Y, " = ()" -1 O01/2-1/2|-2 -2 011/3-2/3]-3 (jrjemima|jrjeJ M)
=1 o1 4r = iy e I iy g e ..
=t ge = \/T_HY["e imé |2 = (=1)7"I1"92 (jpj1mam| a1 JM)
J — m—-m’ ;7 3/2x3/2] 3 []
Ay m = (=1) &t = d—-m —m/ LR +? g g dj o= cosf iﬁ 12 =083 d}, = 1+;°SO
+ + + + ’ '
2x3/2 |72 +3/2+1/2| 12 12| 3 2 1 6 sin @
- 12 2 1724372 1/2-1/2] 41 +1 41 dyfa 1y =—sing d}’(’:_ﬁ
T3 > +3/2-1/2[1/5 1/2 3/10
+2+1/2| 3/7 4/7) 772 5/2 3/2 +1/2¢1/2(3/5 0 22/5[ 3 2 1 0 1 1—cosd
+1+3/2] 4/7-3/743/2 +3/2+3/2 -1/2+3/21/5-1/2 3710 0 o0 0 0 di1=—>
+2-1/2| 1/7 16/35 2/5 _
= +1+172| 477 1735-2/5[ 7/2  5/2 3/2 172 :?g _?g ;fgg }‘,’2_?5%8_}52
2)(2 4 3 3 0+3/2| 2/7-18/35 1/5{ +1/2 +1/2+1/2 +1/2 -1/2 +1/2 |9/20-1/4-1/20 1/4 3 2 ]
[2531 7] +3 +3 +2-3/2| 1735 6/35 2/5 2/5| |-3/2 +3/211/20-1/4 9/20-1/4] -1 -1 -1
+1-1/2|12/35 5/14 0 -3/10 -
+241(1/2,0721 4 3 2 0+1/2(18/35 =335 -1/5 15[ 772 572 322 172) |*1ao3el 12 Ve e 3 2
H1#2)1/2-1/2[+2  +2 +2 -1 +3/2| 4/35-27/70 2/5 -1/10) -1/2 -1/2-1/2 172} |Z3737172| 178-1/2 3710 -3 -3
+2 0]3/14 172 /7 1 -3/2] 4/3527/70 2/5 1/10
+1 411747 0-37| 4 3 2 1 o V3hase 3Zg g2 10 A R
0+2[3/14-1/2 2/7| 41 +1 +1  +1 -1 +17212/35-514 0 3/10| 772 s/2 3/g E32.21/2]1/2-1/213
:$ 101?/; 3{1/3 131/‘7‘ 3}1/3 -2 +3/2| 1/35 6/35 2/5 =-2/5 -2;3 -3/2—3;2 t3/2—3/2 1
-1/14- 0 -3/2 1 1/5
0 +1| 3/7 =1/5-1/14 3/10 4 3 2 1 0 “1 <172 a7 -?5;3-2/5 7/2  5/2
-1 +2|1714-3/10 3/7 -1/5 0 0 0 0 0 22 72| 1716735 273 —5/2 —3/
+2 -2 1/70 110 2/7 2/5 1/5 —1-372| 4/7 377 772
+1 -1 8/35 2/51/14-1/10 -1/5 _2- _anl-
0 01835 0-2/7 0 175 2-1/2) 34 -4/1pr/2
-1 +1 | 8/35 -2/51/14 1/10-1/5{ 4 3 2 1 [-2-32]
3/2 l4cosd 6 -2 +2 | 1/70-1/10 2/7 -2/5 /5] -1 -1 -1 -1
d3p32 = "5 83 +1 -2(1/14 310 3/7 1/5
) gr2 0 -1 3/7 1/5-1/14-3/10
32 \/—1+c059 8 a2 =( + cos ) -1 0l 3/7 -1/5-1/14 310] 4 3 2
d3maj2 =" TS 2 2,2 2 -2 +1/1/14-310 377 -1/5] -2 -2 -2
1+4cosf 0 -2(3/14 1/2 2/7
da/z ~12 = =3t coso Sg d31=-— —sinf -1 -1 47 0-37] 4 3
-2 0/314-1/2 277} -3 -3
1+ cosé
3/2 1~cos9 ] V6 . 2 _ 2TCO8C - 2 -2(1/2 172] 4
d3§2 _3p =5 sing d%,n'—'TSm” i1 5 (2eosf-1) 2 Z1|172-172]-4
3/2 3cosf—1 9 _  l-cosf . 2 __ 3. [z2_-2{ 1
d1/21/2 — 0s 5 dz,—l——Tsmf’ dl,o 2sm9c059
3/2 3cosf +1 [ 9 _ (l—rcosf#\2 2 _ l=—cosf 2 _ (3 o 1
4 = sing 4} = (—5) d3_y =~ (20050 +1)  djg= (5 cos?0- )

Figure 36.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley ( The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose ( Elementary Theory of Angular Momentum, Wiley. New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).
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