Our bodies are made of neutrons, protons and electrons. Practically all of the protons and
electrons originated 13.7 billion years ago during the Big Bang. At some point in time
some of them come together and form our bodies that carry life and informational
environment called 'soul’. During a brief moment of life they stay together, and then they
disperse in space - forever. Most of them will exist trillions of years - as long as the
universe itself.

So, enjoy your brief but beautiful moments of life.

Sergei Zverev
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More than 200, most of which liviE0® ¢ 10%%s. Stable: electron, proton, photon (form regular matter)

\ TypeH Name H Symbol HMass MeV/cz)H Mean lifetime \
Electron /Positron | e~ /€™ 0.511 > 4.6 x 10%® years
Leptor] Muon / Antimuon || p /|u,+ 105.6 2.2 x 107° seconds
Tau lepton / Antitau|| 7~ /77 1777 2.9 x 1071? seconds
NeutralPion || 79 [ 135 |84 x 10~ seconds
Meson , T = _8
ChargedPion (Y 139.6 2.6 x 10" seconds
5 Proton / Antiproton || p™ /p~ 938.2 > 10* years
aryor
Y Neutron / Antineutrol] 72 /7 939.6 885.7 seconds
W boson W™ /W™ 80,400 10~** seconds
Boson —25
Z boson H 7 H 91,000 H 10 seconds ‘

me = 0.91140% kg = 0.511 MeV/c m,= 1.673x1G" kg = 938.2 MeV/c

The diameter of a single proton is believed to be 1.6%1@ (nucleus of hydrogen), and the diameter of
the heaviest nuclei, such as uraniuis,about 15x10"fh. The radius of the nucleus can be approximated
by the following formula:

1/3
R = T.D:l ! ,

where A =atomic mass number ang = 1.25x 10° " fh. The neutron has a positiwetharged core of radius

F n &§ M mumrounded by a compensating negati darge of radius between 0.3x18fh and
2x10 “f. The proton has an approximately exponentially decaying positive charge distribution with
mean square radius of about 80 .

Matter and Antimatter: for every type of matter particle we've founthere also exists a corresponding
antimatter particle, orantiparticle. Antiparticles and behave just like their corresponding matter particles,
except they have opposite charges. For example, a proton is electrically positive whereas an antiprotot
electrically negative. Gravity affects matter and antimatter the same way because gravity is not a charg
property and a matter particle has the same mass as its antipatrticle.

+ +
© € When a matter particle and antimatter 'L gluon o
iy particle meet, they annihilate into pure up, ™ ._b* — top,
N energy.Typical example: an electron and a [ anti-tap
e e

up f

proton annihilate and produce a photon I' annihilation -
e®+e' .

If the energy of a photon is greater than 0.542MeV (the sum of mEenergies for
electron andpositron), then this photon in the area of a stromdectric fiend near the nucleus can produce
an electronpositronpair.!  [treS


http://en.wikipedia.org/wiki/MeV
http://en.wikipedia.org/wiki/Speed_of_Light
http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Pion
http://en.wikipedia.org/wiki/Pion
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It was postulated that there is an exchange of force carriers
between charged particles. These particles served to transfer
momentum  between charged particles. Quantum
electrodynamics explains the interaction of charged particles
and light and extends qu&mm theory to fields of force,
starting with electromagnetic fields. For examplelectric
charged particles interact by the exchange of virtual photons,
photons that do not exist outside of the interaction and only
serve as carriers of momentum/force.

The gluon generates a color change for the quackdue,
green, red) The gluons are in fact considered to becblored,
carrying a unit otolor and a unit of antcolor. For example,
the gluon exchange converts a blue quark to a green one and

vice versaPhoton and graviton are massless, move at the speed of light, producedagg force.



Fundamental Particles

What Does "Fundamental" Meant the 1930s, it seemed that protons, neutrons, and electrons were the
smallest objects into which matter could be divided and they were termed "elementary particles". The
word elementary then meant "having no smaller constituent parts", or "indivisisligle new "atoms", in
the original sense.

Again, later knowledge changed our understanding as physicists discovered yet another layer of struct
within the protons and neutrons. It is now known that protons and neutrons are made up quarks2@ver
other "elementary" particles were discovered between 1930 and the present time. These elemental
particles are all made from quarks and@mtiquarks.These particles are calldédrons.

Once quarks were discovered, it was clear that all these hadrons eeen@osite objectsLeptons,on the
other hand, still appear to be structureless.

Today, quarks anképtons,and their antiparticles, are candidates for being the fundamental building blocks
from which all else is made. Particle physicists call themfilvedamental“particlesdenoting that, as far as
current experiments can tell, they have no substructure.

What are Fundamental Particles?

All we know is that quarks and leptons are smaller thar®ifieters in radius. As far as we can tell, they
have no internal structure or even any size. It is possible that future evidence will, once again, show t
understanding to be an illusion and demonstrate that there is substructure within the particles/éhadbw
view as fundamental.

Three Generations The Standard Model
of Matter (Fermions)
I I 11
mass—|2.4 mev 127Gev | [1712Gev | [0 Physicists have developed a theory calldee Standard Model
charge—| 24 % % t 0 Y that explains what the world is and what holds it together. It is
spin=|%% 2 2 1 a simple and comprehensive theory that explains all the
hame=  up R =k photon | [yndreds of particleand complex interactions with only:
4.8 MeV 104 Mev 4.2 Gev 0 w 6 quarks.
v | d s 4 b 0 g w 6 leptons. The besknown lepton is the electron. We will
5 |2 Y5 Y5 1 talk about leptons in just a few pages.
& | down || strange || bottom || gluon w Force carrier particles like the photon. We will talk about
<2.2ev <017Mev ||<155Mev | |912GeV these particles later. _ _
0 V 0 V 0 V 0 Z All the know matter partlcles are composnfas of quarks ar_1d
2 Y€ e VH e VT 3 — leptons, and they interact by exchanging force carrier
r?leeucttrri%rc]) neutrino neltjatyino f%?(?é( § particles.
os1imev | |1057mev | [1777Gev | [80.a Gav E The Standard Model is a godtieory. Experiments have
g -1 e -1 -1 ..[ :1W @ verlf_led its prgdlctlons _to incredible precision, and all t_he
= | Ya l—l Ya 1 S particles predicted by tis theory have been found. But it
@ | electron || muon tau Yook S does not explain everything. For example, gravity is not




included in the Standard Model.

In the modern theory, known as the Standard Model there are 12 fundamental matter particle types ar
their corresponding antiparticles. The matter particles divide into two classes: quarkkeptons. There
are six particles of each class and six corradpw antiparticles.

Quarks have the unusual characteristic of havindraetional electric charge, unlike the proton and
electron, which have integer charges of +1 afidrespectively. Quarks also carry another type of charge
called colorcharge whichwe will discuss later.

The most elusive quarkhye top quark,was discovered in 1995 after its existence had been theorized for 2C
years.In addition, there are gluons, photons, and*¥hd Z bosons, the force carrier particles that are
responsible forstrong, electromagnetic.and weak interactions respectively. These force carriers are alsc
fundamentalparticles.

We know that quarks and leptons are smaller thar4eters in radius. As far as we can tell, they have no
internal structure or even any size. It is possible that future evidence will, once again, show th
understanding to be an illusion and demonstrate that there is substructure within the particles/éhadbw
view as fundamental.

The Generations of Matter

Note that both quarks and leptons exist in three distinct sets. Each set of quark and lepton charge type:
called ageneration of matter (charges +2/3;1/3, 0, and-1 as you go down each genemt). The
generations are organized by increasing mass.

All visible matter in the universe is made from the first generation of matter particlep quarks, down
qguarks, and electrons. This is because all second and third generation particles ardeunsthlguickly
decay into stable first generation particles.

Quarks

Quarks only exist inside hadrons because they are confined by the strong (or color charge) force fie
Therefore, we cannot measure their mass by isolating them. Furthermore, the mass of a hadron gt
contributions from quark kinetic energy and from pat&l energy due to strong interactions. For hadrons
made of the light quark types, the quark mass is a small contribution to the total hadron mass. F
example, compare the mass of a proton (0.938 G&\écthe sum of the masses of two up quarks and one
down quark (total of 0.02 Ge\A

So the question is, what do we mean by the mass of a quark and how do we measure it. The quantity
call quark mass is actually related to the m in F = ma (force =xnasseleration). This equation tells us
how an objecwill behave when dorce is applied. The equations of particle physics include, for example,
calculations of what happens to a quark when struck by a high energy phdtoa.parameter we call
guark mas controls its acceleration when a force is applied. It is fixed to give the best match betwee
theory and experiment both for the ratio of masses of various hadrons and for the behavior of quarks
high energy experiments. However, neither of these noelh can precisely determine quark masses.



Hadrons, Baryons, and Mesons

Quarks only exist in groups with other quarks and are never found alone. Composite particles made
qguarks are callethadrons Although individual quarks have fractional electridarges, they combine such
that hadrons have a net integer electric charge. Another property of hadrons is that they have no net col
charge even though the quarks themselves carry color charge (Weywd talk more about this lateif we
have timg. Hadrons have no net strong charge (or color chabye)they do have residual strong
interactions due to their colecharged substructure (similar model: two electric dipoles interact despite
the fact that their net electric charges are zero).

There are two classes of hadrons: baryons and mesBasyons are particles made from three quarks (and
anti-baryons from three antiquarks.). Mesoosntain one quark.

J J j : Protonsare made of two up quarks and one down quark (uud).
l [ _ Neutronsare baryons toqudd).

and a down anitiquark. The antiparticle of a meson just has its quark
and antiquark switched, so an antipion{ is made up a down quark
and an up antiquark.

) One example of a meson is a pict’), which is made of an up quark

Sample Fermionic Hadrons
qqq)and Anti-baryons (mq)
Quark Electricc Mass
Conten|Charge(GeV/?)

Baryons

Symbo, Name Spin

P proton 1m1¢l | 1 | 0.938 [1/2
| anti-proton md -1 0.938 |1/2
| neutron 3¢l O | 0.940 12
A | lambda | 11¢ly | O | 1.116 1/2

E_l- omega = gag -1 1.672 |3/2

Only a very very very small part of the mass of a hadron is due to the quarks in it. For example, a proton
(uud) has more mass than the sum of the masses of its quarks:

u + u + d = proton
mass: 0.003 + 0.003 + 0.006 = 0.938

Most of the mass we observe in a hadron comes from its kinetic and potential energy. These energies ar:

converted into the mass of the hadron as described by Einstein's equation that relates energy and mass,

mc?.



Baryons
Baryons carry an odd half quantum unit of angular momentigmin) and, hence, ardermions, which
means that they obey the Pauli Exclusion Principle rules.

The proton is the only baryon that is stable in isolation. Its basic structure is two up quarksardown
guark. Neutrons are also baryons. Although neutrons are not stable in isolation, they can be stable ins
certain nuclei. A neutron's basic structure is two down quarks and one up quark. More massive baryc
may be made from any set of three aks. Baryons containing more massive quarks are all unstable
because these quarks decay via weak interactions. There are also more massive baryons that have
same quark content as a proton or a neutron but have additional angular momentum. Thesiasdlyy
very shortlived because they can decay to a proton or a neutron and a meson via residual stror
interactions.

Mesons
Mesons are coleneutral particles with a basic structure of one quark and one antiquark. There are n

stable mesons. Mesons W@ integer (or zero) units of spin, and hence bosons,which means that they
do not obey Paukxclusion Principlailes.

Sample Bosonic Hadrons - Mesons (11
Symbol Name Quark Content Electric Charg Mass (GeV/€) | Spin

7t pion nd +1 0.140 0

| kaon 411 1 0.494 0

.t h —

fa, rho 114 +1 0.770 1
+ D+ ~d +1 1.869 0

D C{ :

- eta-c ce 0 2.979 0

The most common mesons are:
1 Pions (or pi mesons), made from up and down type quarks and antigaahkgfor example, a pi
plus meson is a u and an adtiquark).
1 K mesons, which contain one u or d type quark or antiquark and one s type (for exaplpkeiK a
u and an ants quark).
These are the only types of mesons which are {lwegd enough to be seen directly by their tracks in a
detector.
More massive mesons with the same quark content but higher angular momentum, as well as othe
containing one or more of the more massive guépes, are all very short lived. They have been found by
studies of their decay products, but they decay too quickly to leave a track that cdetdeed
Particles that contain the more massive quark types, for example B, D, or N c particles dewaaki
interactions slowly enough that their production can be inferred from the fact that the decay produc
tracks emerge from a vertex point outside the beam collision region. Vertex detectors are precision tracki
devices designed chiefly to detect sudecay vertex points.



Complex Structure

The quarks inside a meson or baryon are continually interacting with one another via the strong force fie
At any instant in time, they may contain many virtual particles: gluons and additional-gnaguarkpairs.

The picture of a proton as made of three quarks is thus a gross simplification. For example, we know fr
measurements that in a highmomentum proton only about half the momentum is carried by quarks, the
rest is carried by gluons.

The strong fece carrier particles are callegluonsbecause they tightly "glue” quarks together.
But!

Color chargebehaves differently than electromagnetic charge. Unlike photons which do not have
electromagnetic charge, gluons have so named color charge. And gyh#deks have color charge,

composite particles made out of quarks hame net color charge(they are color neutral)important
disclaimer:"Color charge" has nothing to do with the visible colors, it is just a convenient naming convention for a mathlematic
system physicists developed to explain their observations about quarks in hadrons.

Color Charge

Quarks and gluons are coloharged particles. Just as electricalhyarged particles interact by
exchanging photons in electromagnetic interactions, caluarged particles exchange gluons in
strong interactions. When two quarks are close to one anotlieey exchange gluonsand
LI) create a very strongolor force field that binds the quarks together. The force field gets
stronger as the quarks get further apart (imagine that they are connected with springs). Quarl
constantly change their color charges asyttexchange gluons with other quarks.
How does color charge work?

Color
- ' - Quarks

Anti-Quarks
Anti-Color
q =8 There are three color charges and three corresponding anticolor
Quarks carry
L J a color (complementary color) charges. Each quark has one of the three color charge
= and each antiquark has one of the thrarticolor charges. Just as a mix of red,
—— green, and blue light yields white light, in a baryon a combination of "red,"
ﬁ :5,’,,,";,}“ " "green,” and "blue" color charges is color neutral, and in an antibaryon
anti-color "antired," "antigreen,"” and "antiblue" is also color neutral. 86ms are color

neutral because they carry combinations such as "red" and "antired.”

‘ Gluons carry
[ U ﬁ a C°'°tf_ a"? Because gluoemission and absorption always changes color, andddition
an anti-color . . .
- color is a conserved quantjtgluons can be thought of as carrying a color and
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an anticoles charge. Since there are nine possible c@loticolor combinations we might expect nine
different gluon charges, but the mathematics works out such that there are only eight combination:
Unfortunately, there is no intuitive explanation for this result.

Quark Confinement

Colorcharged particles cannot be found individually. For this reason, the -C
charged quarks areonfinedin groups (hadrons) with other quarks. These compos
are color neutral.

The development of the Standard Model's theafythe strong interactions reflecte:
evidence that quarks combine only into baryons (three quark objects), and me
(quarkantiquaik objects), but not, for example, fotquark objects. Now we
understand that only baryons (three different colors) and nres¢color and anticolor)

are colorneutral. Particles such asl or uddd that cannot be combined into colareutral states are never
observed.

ColorForce Field

The quarks in a given hadron maelychangegluons.For this reason, physicists talk abouettolor-force

field which consists of the gluons holding the bunch of quarks together. If one of the quarks in a giv
hadron is pulled away from its neighbors, the cediorce field "stretches” between that quark and its
neighbors. In so doing, more andone energy is added to the coldorce field as the quarks are pulled
apart. At some point, it is energetically cheaper for the cétoce field to "snap” into a new quark
antiquark pair. In so doing, energy is conserved because the energy of thdawlefield is converted into
the mass of the new quarks, and the ceforce field can "relax" back to an unstretched state.

gnapt

ne

Quarks cannot exist individually because the color force increases as they are pulled apart.

Quarks Emit GluongColor charges always conserved.

When a quark emits or absorbs a gluon, that quark's color must change in order to conserve color cha
(since gluons carry color charg&pr example, suppose a red quark changes into a blue quark and emits
red/antiblue gluon (themage below illustrates antiblue as yellow). The net color is still red. This is becau:
- after the emission of the gluonthe blue color of the quark cancels with the antiblue color of the gluon.

The remaining color then is the red color of the gluon.

0‘.
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Quarks emit and absorb gluons very frequently within a hadron, so there is no way to observe the color
an individual quark. Within a hadron, though, the color of the two quarks exchanging a gluon will change
a way that keeps the bound system ic@or-neutral state.

Leptons

The other type of matter particles are tHeptons. There are six leptons, three of which have electrical
charge and three of which do not. They appear to be pbket particles without internal structure. The
best known lepton is thelectron (e ). The other two charged leptons are thauon (1) and thetau (1),
which are charged like electrons but have a lot more mass. The other leptons are the three types
neutrinos (v). They have no electrical charge, very little mass, and they are very hard to detptiins
are divided into thredepton families:the electron and its neutrino, the muon and its neutrino, and the tau
and its neutrino.

The six known types of leptons are shown in the table below. There are also depaoni types, one for
each lepton.

Flavor Mass (GeV/C) Electric Charge (e)
Vg electron neutrino <7 x 10 0
i electron 0.000511 -1
Vi muon neutrino <0.0003 0
L muon (muminus) 0.106 -1
V. tau neutrino <0.03 0
T tau (tau-minus) 1.7771 -1

Electrons and Positrons
The electron is the least massive charged particle of any type. It is absolutely stable because conservatic
of energy and electric charge together forbid atecay.

Muons

The negatively charged muon (aminus) is just like an electron, except it is more massive. Muons are
unstable-- they decay to produce a virtual WWoson and the matching neutrino type. Thelson then
decays to produce an electron and an electtgpe arti-neutrino.

The antiparticle of a muninus is a mplus. Particle physicists use the name muon for eitherpiug or a
mu-minus a muon. The mplus decays to produce an amtiuon type neutrino and a Yglus boson, which
then decays to a positron and areetrontype neutrino.

Muons are produced in particle physics experiments. They also are produced by cgrBecause they
are much more massive than electrons, muons readily pass through the electric fields inside matter with
very little deflection. 8§, muons do not radiate and slow down as electrons do. However, they can cause
ionization and this makes them readily detectable in matter, for example, with a Geiger counter.
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Tau Leptons
The tauminus isan electrontlike particlewhich isalso unstable The tauminus decays to produce its
matching neutrino and a virtual ¥Winus boson. The Whinus has enough energy that there are several
possible ways for it to decay, such as:

1. An electron and an electrotype antineutrino.

2. Amu-minus and an muortype antineutrino.

3. A down quark and an utype antiquark.

4. An s quark and an ufype antiquark.

The quark and antiquark do not emerge individually. One or more mesons emerge from the decay tt
containsthe initial quark and antiquark, and possible additibnaarkantiquark pairs produced from the
energy in the strong force field between them.

For tauplus, a similar set of decays occurgust replace every particle by its antiparticle (and wegsa,
every antiparticle by the matching particle.) Thimr, example, tatplus can decay to give a tau type anti
neutrino and a positron and an electrdaype neutrino.

Neutrinos.

The neutrinowas first postulated to preserve the conservation of energy, conservation of momentum, an
conservation of angulamomentum in beta decaythe decay of an atomic nucleus (not known to contain
or involve the neutron at the time) into a proton, an electron and an antineutrino:

NIy Wb S A

There are three types of neutrinos, one associated with each type of cthdegson. All are particles that
are somewhat like electrons: they have half a quantum unit of spin angn@nentum, and do not
participate in strongnteractions.However, neutrinos differ from electrons in that they have zero electric
charge and smalmas®s:In 2009 lensing data of a galaxy cluster were analyzed to predict a neutrino mas
of about 1.5eV. All neutrino masses are nearly equal.

The only known difference between the three neutrino types is which type of the charged lepton they al
associted with during production or decay processes.

Since neutrinos have no electric charge, they participate only in weak interaction or gravitational process
Because of thathtey are very difficult to detectMost neutrinos passight through the earthwithout ever
interacting with a single atom of itWe observe them only by the effects they have on other particles with
which they interact. For example, a highergy electrorype neutrino can convert to an electron by
exchanging a Woson with a neutra (which becomes a proton when it absorbs the W boson). This rarely
happens. With an intense source of neutrinos and a large detector containing many neutrons, one
observe events with no visible initiating particles that can only be explained asmeirtiiated processes.
What is seen in the detector is the recoiling electron and proton after the process occurs

Even harder to see is the process where the neutrino is deflected by exchangimgsarZwith a proton or
neutron. The proton or neutronans energy from this exchange, so one searches for events where
recoiling proton or neutron is seen with no associated electron and no visible initiating particle.
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In highenergy particle experiments, we often use energy and momentum conservationfeéo that
production of one or more neutrinos occurred. If the detector detects everything but neutrinos, then ar
event where the total final energy detected (or the total final momentum) does not match the initial
energy (or momentum) in the incoming parfes, then neutrinos must have been producékhe neutrinos
carried off the missing energy (and momentum).

Lepton Decays

The heavier leptons, the muon and the tau, are not found in ordinary matter at all. This is because wh
they are produced theyery quicklydecay,or transform, into lighter leptons. Sometimes the tau lepton will
decay into a quark, an antiquark, and a tau neutrino. Electrons and the three kinds of neutrinos are stal
and thus the types we commonly see around us.

When a heavy lgpn decays, one of the particles it decays into is always its corresponding neutrino. Tt
other particles could be a quark and its antiquark, or another lepton and its antineutrino.

Physicists have observed that some types of lepton decays are possiblsoane are not. In order to
explain this, they divided the leptons into thréepton families: the electron and its neutrino, the muon
and its neutrino, and the tau and its neutrino. The number of members in each family nemstin
constantin decay: gparticle and an antiparticle in the same family "cancel out" to make the total of them
equal zero.

Lepton Type Conservation

Leptons are divided into threkepton families: the electron and its neutrino, the muon and its neutrino,
and the tau and its neutrino. We use the terms "electron number,” "muon number,” and "tau number" tc
refer to the lepton family of a particle. Electrons and their neutrinos have electron numbegyosityons

and their antineutrinos have electron numbet, and all other particles have electron number 0. Muon
number and tau number operate analogously with the other two lepton families.

One important thing about leptons, then, is that electron numbeuon number, and tau number are
always conserveavhen a massive lepton decays into smaller ones.

Let's takeexampledecay.A muon decays into a muon neutrino, an electron, and an electron antineutrino:

muon e
muon  peutrino  S1€AON  anfneutrino

equation: U — V, + € + C’e
electron 0
number:

muon
number:

tau = + +
number: 0 v 0 0

—
I
1..

o
},

o



14

As you can see, electron, muon, and tau nunsbare conserved. These and other conservation laws are
what we believe define whether or not a given hypothetical lepton decay is possible.

b2gs tSiQa GFr1S FY20KSNI €221 Fd F2dz2NJ AYGSNI OG A
Residual BM Force

Atoms usually have the same numbergpodtons and electrons. They are electrically neutral, therefore,
because the positive protons cancel out the negative electrons. Since they are neutral, what causes then
stick together to form stable molecule3he answer is a bit strange: we've disc@ekthat the charged

parts of one atom can interact with the charged parts of another atom. This allows different atoms to bind
together, an effect called theesidual electromagnetic forceThesimplestexampleg attraction of two

neutral dipolegbecausehe combined force of attraction between the opposite charges is greater than the
combined force of repulsion between like chargedue to the fact that electric force is inversely
proportional to the distance between the chargers squared):

P— = ~P—9
So the regiual electromagnetic force allows atoms to bond and form molecules, allowing the world to stay

together and create the matter you interact with all of the time. All the structures of the world exist simply
because protons and electrons have opposite chsrge

Residual Strong Force

So now we know that thetrong forcebinds quarks together because quarks hawdor charge.But that

still does not explain what holds the nucleus together, since positive protons repel each other wit
electromagnetic force, and protons and neutraare colorneutral. So what holds the nucleus together?

A residual effect of the strong force works similar to the residual effect of electromagnetic force. Th
residual strong force acts between hadrons, such as protons and neutrons in atomic nuclei. It is a mil
residuum of the strong force which binds quartogether into protons and neutrons. This same force is
much weakebetweenneutrons and protons, because it is mostly neutraligethin them, in the same way
that electromagnetic forces between neutral atoms are much weaker than the electromagneegs fibrat
hold the atoms internally together, but at the same time residual strong fmtattraction between
hadrons, such as protons and neutroris much greater than the electromagnetic force of repulsion
between them.

Unlike the strong force itself, thresidual strong forcedoes diminish in strengthwith distance. The
decrease is approximately as a negative exponential power of distance, though there is no sim,
expression known for this. This fact, together with the iegsid decrease of the disrtipe electromagnetic
force between protons with distance, causes the instability of larger atomic nuclei, such as all those w
atomic numbers larger than 82.

Weak Interactions

Weak interactionsare responsible for the decay of massive quarks and leptons into lighter quarks an
leptons (that is why the only matter around us that is stable is made up of the smallest quarks and leptol



15

which cannot decay any further). We observe the fundamentatiglarvanishing and being replaced by
two or more different particles.

Only weak interactions can change a fundamental particle into another type of particle. Physicists ¢
particle types "flavors." The weak interaction can change a charm quark sttarage quark while emitting

a virtual W boson (charm and strange are flavors). Only the weak interaction (via the W boson) can cha
flavor and allow the decay of a truly fundamental particle.

Fundamental weak interactions occur for all fundamental jgées except gluons and photons. Weak
interactions involve the exchange or production of W or Z bosons.

Weak forces are very sheranged. In ordinary matter, their effects are negligible except in cases where
they allow an effect that is otherwise fodden. There are a number of conservation laws that are valid for
strong and electromagnetic interactions, but broken by weak processes. So, despite their slow rate a
short range, weak interactions play a crucial role in the makef the world we obsew.

W Bosons

Any process where the number of particles minus the number of antiparticles of a given quark or leptc
type changes is a weak decay process and involveshasoéh.Weak decays are thus responsible for the
fact that ordinary stable matter cotains only up and down type quarks and electranSlatter containing

any more massive quark or lepton types is unstaltfehere were no weak interactions, then many more
types of matter would be stable.

Z Bosons

Processes involving-tibsons (called "autral current processes") are even more elusive tharbd¥on
effects, and were not recognized until after the electroweak theory had predicted they must exist in th
early 1970s. Careful searches then found events that could not be explained withoyirseelsses.

Beta Decaythe First Known Weak Interaction

The weak interaction was first recognized in cataloging the types of nuclear radioactive decay chains,
alpha, beta, and gamma decays. Alpha and gamma decays can be understood in terms of other kn
interactions (residual strong and electromagnetic, pestively). But, to explain beta decay required the
introduction of an additional rare type of interactioncalled the weak interaction.

Beta decay is a process in which a neutron (two down quarks andigyaisappears and is replaced by a
proton (two up quarks and onelown), an electron, and an anélectron neutrino. According to the
StandardModel, a down quark disappears in this process and an up quark and a virtual W boson
produced. The W boson then decays to produce an electron and awlactron type neutrino. This can be
represented by the Feynmatiagram:

When a quark or lepton changége for example,a muon changing to an electron) it is chargyflavor.
All flavor changes are due to the weak interaction.
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Reminder: he carrier particles of the weak interactions are Whe+ , W-, and the Zparticles. The W's are
electrically chargd and the Z is neutral.

Gravitational Interactions

Gravitational interactions occur between any two objects that have energy. Mass is just one possible fo
of this energy. (Photons are massless, but they experience gravitational forces).

Gravitatioral interactions between fundamental particles are extremely weak, at least thirty orders o
magnitude (that is 18% smaller than the weak interaction. Hence, gravitational effects can be ignored ir
particle physics processes involving small numbeadicles.

Why is Gravity so Obvious to Us?

The only reason we experience gravity as an important force is that there is no such thing as nega
energy and, thus, the gravitational effects of all objects adihere is never any cancellation. The tar
exerts a much stronger gravitational pull on us than its electric pull. The electric charges in the earth are
balanced out (the positive charges of atomic nuclei screened by the negative charges of the electrons),
the masses of all the atoms the earth add together to give a large gravitational effect on objects at the
surface of the earth.

Quantum Gravity

The carrier particle for gravitational interactions has been named gnaviton. However, no fully
satisfactory quantum theory of graviianal interactions via graviton exchange has been identified. Thus
the combination of gravity and particle physics remains a major outstanding problem. Much work |
theoretical physics today is focused on this problem.

If we want to understand the bigamg-- the very earliest moments in the history of the universave will
need to understand quantum gravity. The universe, at that time, was a very dense fluid dfigergnergy
particles. Gravitational interactions are comparable in strength to otparticle interactions in that
environment, so we need a consistent theory that can treat both interactions together to really understan
that era.

ECKS2NE 2F 9OSNRBOKAYy3IE

It is hypothesized that éTheory of Everything(TOE) will bring together all the fundamental forces, matter
and curved spacetime under one unifying picture. For cosmology, this will be the single force th
controlled the Universe at the time of formation. The current approach to the search for aisT@E
attempt to uncover some fundamental symmetry, perhaps symmetry of symmetries. There should
predictions from a TOE, such as the existence of the Higgs patrticle, the origin of mass in the Universe.
One example of an attempt to formutaa TOE isupergravity, a quantum theory that unities particle types
through the use of ten dimensional spacetime (see diagram below). Spacetime (4D construct) w
successful at explaining gravity. What if the subatomic world is also a geopiaenomenon?

Many moe dimensions of time and space could lie buried at the quantum level, outside our norme
experience, only having an impact on the microscopic world of elementary particles.
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It is entirely possible that beneath the quantum domain is a world of pure ch@tsut any fixed laws or
symmetries. One thing is obvious, that the more our efforts reach into the realm of fundamental laws, tr
more removed from experience are the results.

Higgs Physics

One part of the Standard Model is not yet well establishe@ 8% not knowfor surewhat causes the
fundamental particles to have masses. The simplest idea is called the riggisnism.This mechanism
involves one additional particle, called the Higgs boson, and one additional fypee mediated by
exchanges offtis boson.

The Higgs particle has not yet been observed. Today we can only say that if it exists, it must have a r
greater than about 80Ge?. Searches for a more massive the Higgs boson are beyond the scope of tt
present facilities at SLAC or eldeswe. TheLarge Hadron Collider &ERNor upgrades of present facilities

to higher energies are intended to search for the Higgs particle and distinguish between competil
concepts.

String Theory

Another recent attempt to form afeory of BEverythingis through M (for membrane) or string theory.
String theory is actually a high order theory where other models, such as supergravity and quantum grav
appear as approximations. The basic premise to string theory is that subatomic entities, suchkasamalar
force carriers, are actually tiny loops, strings and membranes that behave as patrticles at high energies.

§ ¢

:/

One of the problems in particle physics is t@nfusingnumber of elementary particles (muons and pions
and mesons etc). String theory answers this problem by proposing that small loops, about 100 billion bill
times smaller than the proton, are vibrating below the subatomic level and each mode of vibratio
represents a distinct resonance which corresperid a particular particle. Thus, if we could magnify a
guantum particle we would see a tiny vibrating string or loop.
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According to Mtheory (M for membraneg)the leading version of String Theory, all particles that make up
matter are composed of stringémeasuring atf 1.616x10 ° fheters) that exist in an Xdimensional
universe. These strings vibrate at different frequencies which determine mass, electric charge, color char
and spin. A string can be open (a line) or closed in a loop (adiomensiona& sphere, like a circle). As a
string moves through space it sweeps out something callewrdd sheef(in string theory, theworld sheet

is a twodimensional manifold which describes the embedding of the string in spacéti®iging theory
predicts * to 10-branes (a dbrane being a string and a “ane being a l@imensional object) which
prevent tears in the "fabric" of space using the uncertainty principle (e.g. the electron orbiting a hydroge
atom has the probability, albeit small, that it could &eywhere else in the universe at any given moment).
String theory posits that our universejist a 4brane, inside which exist the 3 space dimensions and the 1
time dimension that we observe. The remaining 6 theoretical dimensions are either very tdrgudad up
(and too small to affect our universe in any way) or simply do not/cannot exist in our universe (becau
they exist in a grander scheme called the "multiverse” outside our known universe).

Some predictions of the string theory include existeraf extremely massive counterparts of ordinary
particles due to vibrational excitations of the fundamental string and existence of a massleg&spspticle
behaving like the graviton.

The fantastic aspect to string theory, that makes it such an attractandidate for a TOE, is that it not only
explains the nature of quantum particles but it also explains spacetime as well. Strings can break i
smaller strings or combine to form larger strings. This complicated set of motions must obegrsatiten
rules and the constraint caused by these rules results in the same relations described by relativity theory.

Another aspect of string theory that differs from other TOE candidates is its high aesthetic bekety.
general relativity the string theorydescribes objects and interactions through the use of geometry and
does not suffer from infinities or what is called normalization problems such as quantum mechanics. It m
be impossiblgunfortunately) to test the predictions of string theory since itowld require temperature
and energies similar to those at the beginning of the Universe. Thus, we resort to judging the merit of tt
theory on its elegance and internal consistence rather than experiment data.
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Radioactivity

Scientists identified several distinct typesrafliation, the particles
resulting from radioactive decays. The three types of radiation were
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Alpha particles are helium nuclei (2 p, 2 ﬁ
Beta particles are speedyeetrons: "eeeeehaaaal o

Gamma radiation is a higgnergy photon:
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These three forms of radiation can be distinguished by a magnetic field since
wthe positivelycharged alpha particles curve in one direction,

wthe negativelycharged beta particles curve in the opposite direction,

wand the electricalhneutral gamma radiation doesn't curve at all.

Alpha particles can be stopped by a sheet of paper, beta particles by aluminum foil, and gamma radiat
by a blockof lead. Gamma radiation can penetrate very far into a material, and so it is gamma radiatic
that poses the most danger when working with radioactive materials, although all types of radiation al
very dangerous. Sadly, it took scientists many yearsdbzethe danger of radioactivity...

If It Can Happen, It Will

Subatomic particles do not behave like everyday objects. We can't really say what a paiitide, only
what a particlemight do. Particles move around like everyday objects and renergy andmomentum,
but they also have wave properties. Quantum mecharscstatistical theory thaexplains the behavior of
particles in terms of probabilities.

he proton i Since particles are wadike, it is impossible to knowreciselyboth their
most likely here... position andtheir momentum While it is easier to think of particles as peint
B s n 8= like spheres this is misleading since they are better thought of as fuzz)
regions in which you are most likely to find the particle.

Protons and neutrons migrate around inside a nucléltsere
is a tiny, tiny chance that a conglomeration of two protc . These may

and two neutrons (which form an alpha particle) may, at" migrate outside
same instant, actually migrateutside the nucleus. There is the;hucievs
greater chance of this happening in a large nucleus than ui a

smdl one. The alpha particle would then be free of the residual str
force trapping it inside the nucleus, and like a suddenly released sy
the charged alpha particle would fly away from the nucleus.

This idea that'if it can happen, it will happen!"is fundamental to quantum

0 mechanics. For some atoms there is a certain probability that it will undergo
‘e E 0 radioactive decay due to the possibility that the nucleus mdpr the shortest

e _ L
mds : i :: of instants-- exist in a state tht allows it to blow apart. You cannot predict
s

. when a particular atom will decay, but you can determine pinebability that it
God's Dice will decay in a certain period of timé&or some it is upsetting to think that
chance can rule physical properties. In respotasthis theory Einstein proclaimed "God doesn't play dice!"
mening that by definition our Universe is deterministic.
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Half-Life

A lump of uranium left to itselivill gradually decay, one nucleus at a time. The rate of decay is measured &
how long it would take for half of a given bunch of uranium atoms to decayh@lfdife). The decay of an
individual uranium nucleus is completely unpredictable, but we aaoumately

You think the lottery has i
bad odds? | only have a DFEdICt the way a

50/50 chance of decaying The decay of an unstable nucleus is random. However, it is equally likely t

4,460,000,000 : . . >
®ears. Sheesh. Bunch of  decay at any time. Therefordor N nucleiof a particular radioisotope, the

whiners. ydzYo SNJ 2 ¥ RdBlexpettedSabScyiriinti se¢ondss proportiona to
\ the number of atoms preser{thange in number of nucledN is negative since
122, N decreases with each decay evprilK Sy (G KS LINR o | dNANj id G &

proportional todt:
uU-238

dN
—— | =A-dt.
(%)

Where< deaayconstantwhich has units of 1/timeThe solution tdhis firstorder differential equation is
the following function:

T T —_ T —t/
J.I?\II [:f} — J.I?\Flﬂ [ At — J.I“\FIG [ ff T.
WhereN;y is the value oN at time zero (= 0).

The differential decay constartcan also be represented as_lMhere_ is a characteristic time for the
process. This characteristiene is called the time constant of the processd itis the mean lifetime for
decaying atoms. Each atom "lives" for a finite amount of time before it decays, and it may be shown tr
this mean lifetime is the arithmetic mean of all the atoms' lifetimeasgl that it is_, which again is related to
the decay constantas ' MK < @

Missing MassNlass Defecy

Uranium238 has a mass of 238.0508 atomic mass units (u). It can decay into thorium (234).@4@b6an
alpha particle (4.0026). But uranium's mass minus the mass of its decay products is OUOGXABY is
there missing mass?

When uranium nuclei undergadioactive decay, some of their mass is converted into kinetic energy (the
energy of the moving particles). This conversion of energy is observed as a loss of mass.

Definition of mass defect: mass defect = the difference between (sum of masses of paotbngutrons)
(measured mass of nucleus). When protons and neutrons are grouped together to form a nucleus, they I
a small amount of mass, i.e., there is mass defect. This mass defect is released as energy (radiant
kinetic energy of products) acrding to the relation Emc. This energy is a measure of the forces that
hold the protons and neutrons together, and it represents energy which must be supplied from th
environment if the nucleus is to be broken up. It is known as binding energy,henchass defect is a
measure of the binding energy because it simply represents the mass of the energy which has been los
the environment after binding.
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Particle Decays

How does a fundamental particle decay into other fundamental particles? Fundamental particles cann
split apart, because they have no constituents, btiit they somehow turn into other particles. It turns out
that when a fundamental particle decays, itamges into a less massive particle and a faaeier particle
(always a W boson for fundamental particle decays). These force carriers may thererge as other
particles. So, a particle does not just change into another particle type; there is eimediate force
carrier particle which mediates particle decays

In many cases, these temporary forcarrier particles seem to violate the conservation of energy because
their mass is greater than the available energy in the reaction. However, theselgsexist so briefly that,
because of Heisenberg's Uncertainty Principle, no rules are broken. These arevoall@gdparticles. For
example, a charm quark (c) decays into a less massive particle (strange quark, s) and a force carrier pa
(W boson which then decays to u and d quarks.

In 1927, Werner Heisenberg determined that it is impossible to measure both a particle's pasitiais
momentum exactly. The more precisely we determine one, the less we know about the other. This is cal
the Heisenberg Uncertainty Principleand it is a fundamental property of quantum mechanics. The precise
relation is:

AX ® Ap 25
0 7 it
The uncertainty ...cannot be zero: it must be

in position... W at least this constant

..times the uncertainty
in momentum...
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bar," and equals 1.05 x Ebjoule*seconds, or 6.58 x THeV*seconds.

The act of measuring a particle's position will affect your knowledge of its momentum, andevgze We
can also express this principle in terms of energy and time:

o h
AE*At=35

Personally | like the explanation which en@sizes therobabilisticnature of the Universe: the Uncertainty
Principle is a property of quantum states, and the measurement in quantum mechanics has statisti
properties. For example, a physicist is measuring an electron in a particular quantum state. The physi
repeatsthis procedure 200 times, and for 100 times measuresgbsition and 100 times measures the
momentum The answers will be different in each of the first 100 and second 100 experiments, and the
will cluster around some mean with some spread, measuredhieystandard deviation. The standard
deviation of the position times the standard deviation of the momentum is never lesd #2an

h
Ox0p 2 =

2
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This means that if a particle exists for a very brief time, you cannot precisely determine its energy- A shol
lived paricle could have a tremendously uncertain energy, which leads to the idaewdl particles.

Virtual particles do not violate the conservation of energy. The kinetic energy plus mass of the initial
decaying particle and the final decay products is eqlia virtual particles exist for such a short time that
they can never be observed.

Most particle processes are mediated by virtgalrier particles. Examples include neutron beta decay, the
production of charm particles, and the decay of an-etfgartide.

Particles decay via strong, electromagnetic, and weak interactions. Howendgmental particles decay
only viaweak interactions. Physicists call particle types "flavors.” For example, the weak interaction ce
change a charm quark into a strange quark while emitting a virtual W boson (charm and strange
flavors). Only the weak interaction (via the W boson) can cBangTf I @2 NJ | yR | f 2
transformation) of a truly fundamental particle.

Example of weak decaleutron Beta Decay n=»- PE- v.e

A neutron (udd) decays to a proton
(uud), an electron, and an antineutrino.

wFramel: The neutron (charge = 0) made of up, down, down quarks.

wFrame2: One of the down quarks is transformed into an up quark. Simeedwn quark has a charge of
-1/3 and the up quark has a charge of 2/3, it follows that this process is mediatedibya W particle,
which carries away al) charge (thus charge is conserved!)

wFrame3: The new up quark rebounds away from the emitted Whe neutron now has become a proton.
wFrame4: An electron and antineutrino emerge from the virtuat Béson.

wFrame5: The proton, electron, and the antineutrino move away from one another.

The intermediate stages of this process occur in about a billionth of a billionth of a billionth of a second,
and are not observable.

Example of electromagnetic decay:eth® (neutral pion) is a meson. The quark and antiquark can
annihilate; from the annihilation come two photons.

Another electromagnetic decay examplgectron/Positron Annihilation
When an electron and positraeollide, they can annihilate to produce charm quarks whiobn produce D
+ and D¢ mesons:

wFramel: The electron and positron zoom towards their certain doom.
wFrame2: They collide and annihilate, releasing tremendous amounts of energy.



