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Radioactive Dating

Because the radioactive half-life of a given radioisotope is not
affected by temperature, physical or chemical state, or any other
influence of the environment outside the nucleus save direct particle
interactions with the nucleus, then radioactive samples continue to
decay at a predictable rate. That is, any radioactive nucleus acts as a
clock. If determinations or reasonable estimates of the original
composition of a radioactive sample can be made, then the amounts
of the radioisotopes present can provide a measurement of the time

elapsed.
Index

One such method 1s called carbon dating, which is limited to the
dating of organic (once living) materials. The longer-lived
radioisotopes in minerals provide evidence of long time scales in
geological processes. While original compositions cannot be
determined with certainty, various combination measurements
provide self-consistent values for the the times of formations of
certain geologic deposits. These clocks-in-the-rocks methods provide
data for modeling the formation of the Earth and solar system.

More detail about dating process

A brief overview of time.
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Radioactive Dating

Because the radioactive half-life of a given radioisotope is not
affected by temperature, physical or chemical state, or any other
influence of the environment outside the nucleus save direct
particle interactions with the nucleus, then radioactive samples
continue to decay at a predictable rate and can be used as a clock.
This makes several types of radioactive dating feasible. For
geologic dating, where the time span is on the order of the age of
the earth and the methods use the clocks in the rocks, there are two
main uncertainties in the dating process:

1. What was the amount of the daughter element when the
rocks were formed?

2. Have any of the parent or daughter atoms been added or
removed during the process?

Starting with the simplest case where there are no daughter atoms
present and no mass is lost from the sample, the age can be
determined by measuring the relative amounts of the isotopes. This
can be done by chemical means, but for precise determinations,
mass spectrometry can be used. From the radioactive decay
equations, an expression for elapsed time can be developed. Using
the common nuclear practice of calling the isotopes "parent" and
"daughter", we use P and D to indicate the associated numbers of
atoms. The requirement of keeping the same number of nuclei
gives

Np(t)+ Np(t)) = Np(ty)
and the radioactive decay relationship is
Np(t)) = Np(t)e *(1710)

The elapsed time is then

but with the use of the first expression above can be expressed in
terms of the present concentrations of the parent and daughter
1sotopes.
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Af = llnll + N”(rl)]
A N (1))

Now suppose that there was an original amount of the daughter
element present at the formation time of the sample being studied.

: . : : Index
This adds an additional unknown in the process, and requires an
additional piece of data to permit a solution for elapsed time. The
: . Reference
requirement on the populations is now Krane
Sec 6.7

Np(t;)+ Np(t)) = Np(tg) + Np(ty)

Fortunately for radioactive dating processes, additional information
1s available in the form of other isotopes of the elements involved in
the radioactive process. If there is another isotope of the daugther
element D' which is presumed to be constant throughout the
process, then the population requirement can be expressed in terms
of the ratios

Ny (1) N, (tp)

We can be reasonably confident that the isotope D' is contant if it is
not radioactive (not part of one of the natural radioactive series).
Using the radioactive decay equation as above, this becomes

Np(t) _ Np(ty) (0110 1]+ Np(to)
Nﬂl(tl) N” (tl) NDI“[I)

We still have too many unknowns to solve directly for the age, but
it is a reasonable presumption that all the minerals which crystallize
together should show identical ages and identical isotopic ratios
Np/Np. We can then plot the ratio y = Np(t)/Np(t;) against x =
Np(t1)/Np(t;) for a number of minerals in a given crystalline
sample and take the slope of the line. The age can then be
calculated from that slope as follows:

y= I[E‘Mﬁ‘fu? —~ l] + ¥,
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dy _

e~ M=l — ] = slope of line
dx

1 a"v:|
At=—In|l1+—| = :

1 [ I calculated age

I,_-,I' .‘"
Eﬁsr
ar

al#]

Bgy

This calculation is expressed in terms of the decay constant A,
which is related to the half-life of the isotope.

Example
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Rubidium/Strontium Dating
Example

For geologic dating, the age calculation must take into account the
presence of the radioactive species at the beginning of the time
interval. If there is a non-radiogenic isotope of the daughter element
present in the mineral, it can be used as a reference and the ratios
of the parent and daughter elements plotted as ratios with that
reference isotope. The slope of the curve then gives the time
interval.
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vl S Reference
Rubidium-Strontium Krane
Dating Method : Sec 6.7

Age 4.53 x 109 yr
26 =0.04 x 10° yr

B0 =
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@ |
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@ Ay =,

% y =.300
= A= 57 = Slope

Ax = 4.51
Il I i Il I I 4 I 1 i
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X= F-:ba?fSr 86

7o

I A
At = n 111[1 + Iﬂ = calculated age
At =453x107 yrs
T, =488x10° yrs 1_ e
1/2 0.693

Rubidium/Strontium Radioactive Dating
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Nuclear Fission

If a massive nucleus like uranium-235 breaks apart (fissions), then
there will be a net yield of energy because the sum of the masses of
the fragments will be less than the mass of the uranium nucleus. If
the mass of the fragments is equal to or greater than that of iron at
the peak of the binding energy curve, then the nuclear particles will
be more tightly bound than they were in the uranium nucleus, and
that decrease in mass comes off in the form of energy according to
the Einstein equation. For elements lighter than iron, fusion will yield
energy.

Index
The fission of U-235 in reactors is triggered by the absorption of a
low energy neutron, often termed a "slow neutron" or a "thermal Fission
neutron". Other fissionable isotopes which can be induced to fission || concepts
by slow neutrons are plutonium-239, uranium-233, and thorium-
232.

On

a0 |
Rb Il'vﬂl'"? one of many
_ T —7 possible
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235 . .
U Fission

Uranium-235 Fission
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Uranium-235 Fission

In one of the most remarkable
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phenomena in nature, a slow

neutron can be captured by a slow
uranium-235 nucleus, rendering it neutron - -~
- =1 o,_;
. m L )
unstable towarFl nuclear fission. A Index
fast neutron will not be captured, @
SO neutrons.must be slowed dpwn " jON Fission
by moderation to increase their = one E:;Lman;r concents
e . | possble concepts
capture probgbﬂlty n fission 0= Aivisions
reactors. A single fision event can M w e
yield over 200 million times the I'\'J> »
energy of the neutron which s Cs
triggered it! Mater =235
E=(2)c2
176 units*
Conversion *1 UNIT = energy
to energy use of one U5,
per kg fuel citizen in 1 year.

More detailed illustration||Comparison with fusion||Some history.

Detailed energy release calculation
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Uranium Fuel

Natural uranium is composed of 0.72% U-235 (the fissionable
isotope), 99.27% U-238, and a trace quantity 0.0055% U-234 . The
0.72% U-235 is not sufficient to produce a self-sustaining critical
chain reaction in U.S. style light-water reactors, although it is used in
Canadian CANDU reactors. For light-water reactors, the fuel must
be enriched to 2.5-3.5% U-235.

Uranium is found as uranium
oxide which when purified has a Index
rich yellow color and is called
"yellowcake". After reduction,
the uranium must go through an
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isotope enrichment process.
Even with the necessity of
enrichment, it still takes only
about 3 kg of natural uranium to
supply the energy needs of one
American for a year.
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Fissionable Isotopes

While uranium-235 is the naturally occuring fissionable isotope,
there are other isotopes which can be induced to fission by neutron
bombardment. Plutonium-239 is also fissionable by bombardment
with slow neutrons, and both it and uranium-235 have been used to
make nuclear fission bombs. Plutonium-239 can be produced by
"breeding" it from uranium-238. Uranium-238, which makes up
99.3% of natural uranium, is not fissionable by slow neutrons. U-
238 has a small probability for spontaneous fission and also a small
probability of fission when bombarded with fast neutrons, but it is
not useful as a nuclear fuel source. Some of the nuclear reactors at
Hanford, Washington and the Savannah-River Plant (SC) are
designed for the production of bomb-grade plutonium-239.
Thorium-232 is fissionable, so could conceivably be used as a
nuclear fuel. The only other isotope which is known to undergo
fission upon slow-neutron bombardment is uranium-233.

Index

Nuclear fission

R ||Go Back

Nave

HyperPhysics***** Nuclear

J[RGRJ[UKEU RJ[ CUVI IUW GFW JDCUG PWEGPG HUUIQP J\O NE


http://en.wikipedia.org/wiki/Yellowcake
http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html
http://hyperphysics.phy-astr.gsu.edu/hbase/nuccon.html#nuccon
javascript:history.go(-1)
http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/fission.html#c3
http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/fasbre.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/fission.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html
http://hyperphysics.phy-astr.gsu.edu/hbase/nuccon.html#nuccon
javascript:history.go(-1)

0 WENSCT ( WUKQP

History of U-235 Fission

In the 1930s, German physicists/chemists Otto Hahn and Fritz
Strassman attempted to create transuranic elements by bombarding
uranium with neutrons. Rather than the heavy elements they
expected, they got several unidentified products. When they finally
identified one of the products as Barium-141, they were reluctant to
publish the finding because it was so unexpected. When they finally
published the results in 1939, they came to the attention of Lise
Meitner, an Austrian-born physicist who had worked with Hahn on
his nuclear experiments. Upon Hitler's invasion of Austria, she had
been forced to flee to Sweden where she and Otto Frisch, her
nephew, continued to work on the neutron bombardment problem.
She was the first to realize that Hahn's barium and other lighter
products from the neutron bombardment experiments were coming
from the fission of U-235. Frisch and Meitner carried out further
experiments which showed that the U-235 fission yielded an
enormous amount of energy, and that the fission yielded at least two
neutrons per neutron absorbed in the interaction. They realized that
this made possible a chain reaction with an unprecedented energy
yield.

Index

R ||Go Back

HyperPhysics***** Nuclear
= ® Nave

J[RGRJ[UKEU RJ[ CUVI IUW GFW JDCUG PWEGPG HUUIQP J\O NE


http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html
http://hyperphysics.phy-astr.gsu.edu/hbase/nuccon.html#nuccon
javascript:history.go(-1)

0 WENGCT ( WUKQP

Nuclear Fusion

If light nuclei are forced together, they will fuse with a yield of energy
because the mass of the combination will be less than the sum of the
masses of the individual nuclei. If the combined nuclear mass is less
than that of ron at the peak of the binding energy curve, then the
nuclear particles will be more tightly bound than they were in the lighter
nuclei, and that decrease in mass comes off in the form of energy
according to the Einstein relationship. For elements heavier than iron,
fission will yield energy.

For potential nuclear energy sources for the Earth, the deuterium- Index
tritium fusion reaction contained by some kind of magnetic confinement
seems the most likely path. However, for the fueling of the stars, other || Fusion

fusion reactions will dominate. concepts
/ deuterium tritium
One proton decays 8@
tD a neutron, forming
deutenurn fast (—g@
Oyv——" partlcles
Proton ) . )
fusion Deuterium-Tritium Fusion

Fusion reactors||Conditions for fusion

o
o
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Deuterium-Tritium Fusion

The most promising of the
hydrogen fusion reactions
which make up the deuterium
cycle is the fusion of
deuterium and tritum. The
reaction yields 17.6 MeV of
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FUSION energy but requires a
temperature of approximately || 1,dex
fast ‘deuteriym  tntium  ~ 40 million Kelvins to
particles . G-(_)@) 8@ overcome the coulomb barrier | Fysion
p and i-gnite it. The deute.r%um concepts
m=2 II | m=3 fuel is abundant, but tritium
\'/ must be either bred from
1 UNIT = energy lithium or gotten in the
use of one U.S. . .
citizen in 1 year. operation of the deuterium
cycle.
P, ) .
® = Compare with fission
Mafer =4.98 Conversion Conditions for fusion
E= [.02)432 to energy
676 units  Per kg fuel
HyperPhysics***** Nuclear R Go Back
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Hydrogen Fusion Reactions

Even though a lot of energy is required to overcome the Coulomb
barrier and initiate hydrogen fusion, the energy yields are enough to
encourage continued research. Hydrogen fusion on the earth could
make use of the reactions:
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. _ deuterium
deuterium P

fast H@(}‘D
particles
(H+ H— He+ jn+3.27TMeV ) MeV T He-3

A
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#
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,f;f/ff
Deuterium-deuterium Index

Fusion . um :
deuterium C2U1eMUM || Fusion

%‘3 “ |[concepts

'H+ H— 'H+ H+4.03MeV

"H+ H — iHe+ \n+17.59MeV
Deuterium-tritium

caal
- =
Fusion @) netron

These reactions are more promising than the proton-proton fusion of
the stars for potential energy sources. Of these the deuterium-tritium
fusion appears to be the most promising and has been the subject of
most experiments. In a deuterium-deuterium reactor, another reaction
could also occur, creating a deuterium cycle:

&

Hdguterium He-3 .- f
! -
Deuterium-helium-3 7 MeV X, He-4

: .z !
Fusion 7 @
@pmmn

*H + *He — ‘He+'H +18.3MeV 'Sﬁfﬁc.;;‘“

Q
S

w
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Deuterium Cycle of Fusion
The four fusion reactions which can occur with deuterium can be
considered to form a deuterium cycle. The four reactions:
'H+H— He+ ,n+3.27MeV
fH+ E’H — fH+ :H+4.U3M£V
Index
"H+ H — iHe+ \n+17.59MeV
) Fusion
¥
{H+ He — jHe+ |H +18.3MeV concepts
can be combined as
6. H+ H+,He— 2 He+ He+ H+2 H +2,n+43.2MeV
or, omitting those constituents whose concentrations do not change:
6 H — 25 He+2 H +2,n+43.2MeV
HyperPhysics***** Nuclear R G Back
Nave
Tritium Breeding
Deuterium-Tritium fusion is the most promising of the hydrogen
fusion reactions, but no tritium occurs in nature since it has a 10
year half-life. The most promising source of trittum seems to be the
breeding of tritium from lithium-6 by neutron bombardment with the
reaction
6 | 4 3
sLi+ n— yHe+ [ H +4.8MeV Index
which can be achieved by slow neutrons. This would occur if cl(j%leol}[s
lithium were used as the coolant and heat transfer medium around || <2 =2=
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the reaction chamber of a fusion reactor. Lithum-6 makes up 7.4%
of natural lithium. While this constitutes a sizable supply, it is the
limiting resource for the D-T process since the supply of deuterium
fuel is virtually unlimited. With fast neutrons, tritium can be bred
from the more abundant Li-7:

sn(ast) + 1 Li — H + 3 He + yn( siow)

R ||Go Back
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Deuterium Source

Since the most practical nuclear fusion reaction for power generation
seems to be the deuterium-tritium reaction, the sources of these

fuels are important. The deuterium part of the fuel does not pose a Index
great problem because about 1 part in 5000 of the hydrogen in

seawater is deuterium. This amounts to over 10! tons of deuterium.| Fusion
Viewed as a potential fuel for a fusion reactor, a gallon of seawater ||Concepts
could produce as much energy as 300 gallons of gasoline. The
tritium part of the fuel is more problematic - there is no sizable
natural source since tritium is radioactive with a halflife of about 10
years. It would have to be obtained by breeding the tritum from
lithium.

R ||Go Back
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Nuclear Medicine

There are a number of processes involved in health care that
make use of the properties of the nucleus. Nuclear medicine is a
broad term encompassing both diagnostic and therapeutic
processes. To some extent this is unfortunate, since in the cases
where nuclear radiation is involved the doses involved in
diagnostic procedures are very small and those in therapeutic
applications are very large. It is therefore important to make clear
distinctions between the risks involved in diagnostic and
therapeutic applications. Still another class of processes include
diagnostic procedures such as magnetic resonance imaging which
mmvolve nuclear properties but do not involve any exposure to Index
lonizing radiation.

Nuclear Diagnostic Procedures with No Ionizing Alemns
Radiation to Health
Magnetic Resonance Imaging (MRI)
Nuclear Diagnostic Procedures with Low Dose
Radiation
Myocardial Perfusion Imaging|PET Scan
Nuclear Therapeutic Processes
Radiation Therapy for Cancer)
R ||Go Back
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Magnetic Resonance Imaging

Proton nuclear magnetic resonance (NMR) detects the presence of
hydrogens (protons) by subjecting them to a large magnetic field to
partially polarize the nuclear spins, then exciting the spins with
properly tuned radio frequency (RF) radiation, and then detecting
weak radio frequency radiation from them as they "relax" from this
magnetic interaction. The frequency of this proton "signal" is
proportional to the magnetic field to which they are subjected during
this relaxation process. In the medical application known as Magnetic
Resonance Imaging (MRI), an image of a cross-section of tissue can
be made by producing a well-calibrated magnetic field gradient across
the tissue so that a certain value of magnetic field can be associated
with a given location in the tissue. Since the proton signal frequency is
proportional to that magnetic field, a given proton signal frequency can
be assigned to a location in the tissue. This provides the information to
map the tissue in terms of the protons present there. Since the proton
density varies with the type of tissue, a certain amount of contrast is
achieved to image the organs and other tissue variations in the subject
tissue.

Since the MRI uses
proton NMR, it images
the concentration of
protons. Many of those
protons are the protons in
water, so MRI 1s
particularly well suited for
the imaging of soft tissue,
like the brain, eyes, and
other soft tissue structures
in the head as shown at
left. The bone of the skull
doesn't have many
protons, so it shows up
dark. Also the sinus
cavities image as a dark
region.

Bushong's assessment is
that about 80% of the
body's atoms are
hydrogen atoms, so most
parts of the body have an
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abundance of sources for
the hydrogen NMR
signals which make up the
magnetic resonance
image.

The schematic below may help visualize the imaging process. It is
presumed that there are two regions of the sample which contain
enough hydrogens to produce a strong NMR signal. The top sketch
visualizes an NMR process with a constant magnetic field applied to
the entire sample. The hydrogen spin-flip frequency is then the same
for all parts of the sample. Once excited by the RF signal, the
hydrogens will tend to return to their lower state in a process called
"relaxation" and will re-emit RF radiation at their Larmor frequency.
This signal is detected as a function of time, and then is converted to
signal strength as a function of frequency by means of a Fourier
transformation. Since the protons in each of the active areas of the
sample are subjected to the same magnetic field, they will produce the
same frequency of radiation and the Fourier transform of the detected
signal will have only one peak. This one peak demonstrates the
presence of hydrogen atoms, but gives no information to locate them
in the sample.

Static magnetic field B, Amplified signal Signal vs
vs time lrequency
m |“m|"" ﬂdluﬂuﬁmw’ Fourier
RF excitation Proton —» time Tm”s'fﬂ"“ —» frequency
relaxation

to raise proton
spins to upper
level.

Praton MMA signal

at only cne frequancy
bacause of the
constant magnetic
field.

Faourier M

Transform 4o ency

Praton MMA fraguency
varies with position
bacause of tha gradient
magnetic field.

signal recelved

AF excitation
broad-banded
anaugh to

COVar rasonance
at all field values

F’r-:ntr:m —= ftime

relaxation

Added gradient signal received

magnetic field B

Information about the location of the hydrogen atoms can be obtained
by adding a calibrated gradient field across the region of the sample as
shown in the bottom sketch above. With an increasing magnetic field
as you move to the right across the sample, the spin-flip energy and
therefore the frequency of the emitted signal increases from left to
right. When excited by an RF transmitter, the emitted signal contains
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different frequencies for the two proton concentration areas. These
frequencies can be separated by means of the Fourier transform and
the example gives two different regions of frequency for the two
sample areas. This is the beginning of the process of locating the
hydrogen atoms. In the sketch, it only locates them along the
horizontal direction, giving no indication that they are at different

When a rotating field gradient is
used, linear positioning
information is collected along a
number of different directions.
That information can be
combined to produce a two-
dimensional map of the proton
densities. The proton NMR
signals are quite sensitive to
differences in proton content that
are characteristic of different
kinds of tissue. Even though the
spatial resolution of MRI is not
as great as a conventional x-ray
film, its contrast resolution is
much better for tissue. Rapid
scanning and computer
reconstruction give well-resolved
images of organs.

Nuclear Magnetic Resonance (NMR

HyperPhysics***** Nuclear
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Gluons

Gluons are the exchange particles for the color force between
quarks, analogous to the exchange of photons in the
electromagnetic force between two charged particles. The gluon
can be considered to be the fundamental exchange particle
underlying the strong interaction between protons and neutrons in a
nucleus. That short-range nucleon-nucleon interaction can be
considered to be a residual color force extending outside the
boundary of the proton or neutron. That strong interaction was
modeled by Yukawa as involving an exchange of pions, and indeed
the pion range calculation was helpful in developing our
understanding of the strong force.

Gluon interactions are often
represented by a Feynman diagram.
Note that the gluon generates a

color change for the quarks. The Index
gluons are in fact considered to be .
bi-colored, carrying a unit of color Particle
and a unit of anti-color as suggested concepts

in the diagram at right. The gluon

green

exchange picture there converts a Reference
blue quark to a green one and vice m
versa. The range of the strong force (f|r.J;-r;3r;|- -. e Section
is limited by the fact that the gluons green Sfﬂff,f”‘ 213

interact with each other as well as _ _

) ) Feynman diagram for an interaction
with quarks in the context of quark  petween quarks generated by a
confinement. These properties gluon.
contrast them with photons, which
are massless and of infinite range.

The photon does not carry electric
charge with it, while the gluons do
carry the "color charge".

Within their range of about a fermi, the gluons can interact with
each other, and can produce virtual quark-antiquark pairs. The
property of interaction with each other is very different from the
other exchange particles, and raises the possibility of gluon
collections referred to as "glueballs". The internal state of a hadron
1s viewed as composed of a fixed net number of quarks, but with a
dynamic cloud of gluons and quark-antiquark pairs in equilibrium.

| I
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Feynman Diagrams

Feynman diagrams are graphical ways to represent exchange forces.
Each point at which lines come together is called a vertex, and at
each vertex one may examine the conservation laws which govern
particle interactions. Each vertex must conserve charge, baryon
number and lepton number.

Developed by Feynman to
decribe the interactions in
quantum electrodynamics
(QED), the diagrams have
found use in describing a
variety of particle
interactions. They are
spacetime diagrams, ct vs X.

The time axis pO-lntS upward The |iI'II-E is indicative An electron enters,
and the space axis to the of particle progress,  emits or absorbs
but not & trajectory & photon, and

right. (Particle physicists

often reverse that PN

orientation.) Particles are Hime

represented by lines Wl.th . A Wavy line or ther

arrows to denote the direction space type of line for particle

of their travel. with Solid line ) which iz its own
.. > ) for particle - antiparticle

antiparticles having their

arrows reversed. Virtual

particles are represented by

wavy or broken lines and

have no arrows. All

electromagnetic interactions

can be described with

combinations of primitive

diagrams like this one.

12  Primitive exits.
j.,ﬂrﬁlrtlex

*

Only lines
entering or
leaving the
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diagram
represent
observable
particles. Here
two electrons
enter, exchange
Feynman diagram for a photon, and
like charge repulsion  (hen exit. The
time and space
e e axes are usually
not indicated.

2  Primitive
J.,(”.r-artlex

Solidtine P28\ Aline which begins and ends :
for particle 1 in the diagram reprasents a The Vertlcal
“virtual particle”. In this case direction
itis a virtual photon. indicates the
progress of Index
time upward,
but 'the Particle
horlgontal concepts
spacing does
not give the References
distance Griffiths
between the Ch?2
particles.

Other electromagnetic process can be represented, as in the examples
below. A backward arrow represents the antiparticle, in these cases a
positron. Keep in mind that time progresses upward, and that a
downward arrow is not a particle progressing downward, but an
antiparticle progressing upward ( forward in time).

e B _Lt ‘J_ e e _L)
< e "\ ﬁ i {
2 f L =

e

;] e e ‘1_
electron-positron  electron-positron  electron-positron Compton
attraction annihilation pair production scattering

After being introduced for electromagnetic processes, Feynman
diagrams were developed for the weak and strong interactions as
well. Forms of primitive vertices for these three interactions are

e q q
Wz Wz
L
e q ¢ q {
charges quarks quarks leptons
electromagnetic strong weak interaction
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Particle interactions can be represented by diagrams with at least two
vertices. They can be drawn for protons, neutrons, etc. even though
they are composite objects and the interaction can be visualized as
being between their constituent quarks.

e

virtual photan

Electromagnetic Weak

green P n
green-
green antiblue blue P n
gluon
between quarks between nucleons
Strong Interaction
Feynman diagrams for:
Lamb Neutron Weak Quark Strong
shift decay interaction decay interaction

Twisted Feynman diagrams and crossing symmetry

R ||Go Back
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Intermediate Vector Bosons

The W _and Z particles are the massive exchange particles which
are involved in the nuclear weak interaction, the weak force
between electrons and neutrinos. They were predicted by
Weinberg, Salam, and Glashow in 1979 and measured at CERN in
1982. The prediction included a prediction of the masses of these
particles as a part of the unified theory of the electromagnetic and
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weak forces, the electroweak unification. "If the weak and
electromagnetic forces are essentially the same, then they must also Index
have the same strength. The fact that the experimentally observed ,
strengths seem quite different is attributed to the masses of the W Particle
and Z particles-under certain conditions a force of large strength concepts
can have the appearance of a force of small strength if the particle
that carries the force is very massive. Theoretical calculations show Referqnce
that at a fundamental level the weak and electromagnetic forces Ohanian
have the same strength if the W and Z particles have masses of 80 Sec 46.5
and 90 GeV respectively." The masses measured at CERN were 82
and 93 GeV, a briliant confirmation of the electroweak unification.
The experiments at CERN detected a total of 10 W bosons and 4 Z
bosons. In the extended experiment at Fermilab's Tevatron known
as "Run 1" (1992-96), the DO detector facility measured over
100,000 W particles. The DO value for the mass of the W is
80.482 +/- 0.091 GeV. Current values combining the experiments
at the Tevatron and at CERN's LEP electron-positron collider are
My = 80.41 +/- 0.18 GeV and My =91.1884 +/- 0.0022 GeV.
HyperPhysics***** Quantum Physics R |G Buck

. v - Nave

Properties of W and Z
The W and Z particles are called intermediate vector bosons and are
the exchange particles for the weak interaction. The weak interaction
visualized in the Feynman diagram below is responsible for the decay
of the neutron and for beta decay.
Y,
+ \ps- A
Wt W 804Gev .
“hg- Index
Z 0 9 1 . 2 G ev Feynman diagram for Particle
I weak interaction -
involved in beta decay. | SQNCeEPts
The charged W bosons participate in the transformation of quarks in Reéer}el:lrlice
0
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which the flavor of the quark is changed. The neutron Z boson does Ch. 18
not participate in changing the flavor of quarks, so its interactions are
harder to detect. It interacts by influencing the scattering cross sections
for neutrinos in what are called "neutral currents".

The W bosons can decay by a number of

.t N processes, and this provides a variety of decay

W — u” + v, paths for those particles which decay by the weak
interaction. An interesting example is the decay of
the D meson.

o+
W' e+,

4
W' s th+ v,
W S ud

o ; .
W — cs Feynman diagrams of quark transformations

Go Back
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Photon

Photon is the name given to a quantum of light or other
electromagnetic radiation. The photon energy is given in the Planck
relationship. The photon is the exchange particle responsible for the
electromagnetic force. The force between two electrons can be
visualized in terms of a Feynman diagram as shown below. The
infinite range of the electromagnetic force is owed to the zero rest
mass of the photon. While the photon has zero rest mass, it has
finite momentum, exhibits deflection by a gravity field, and can exert
a force.

Index

Particle
concepts

= The photon has an intrinsic angular
momentum or "spin" of 1, so that the
electron transitions which emit a photon
o must result in a net change of 1 in the
angular momentum of the system. This
Feynman diagram for the 1s one of the "selection rules" for

electromagnetic force between .-
two charges. electron transitions.

e

virmal plioton

: : Go Back
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Graviton
Index

The graviton is the exchange particle for the gravity force. Although
it has not been directly observed, a number of its properties can be || Particle
implied from the nature of the force. Since gravity is an inverse concepts
square force of apparently infinite range, it can be implied that the
rest mass of the graviton is zero.
HyperPhysics***** Quantum Physics R||Go Back
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Quarks

Quarks and Leptons are the building blocks which build up matter,
1.e., they are seen as the "elementary particles". In the present
standard model, there are six "flavors" of quarks. They can
successfully account for all known mesons and baryons (over
200). The most familiar baryons are the proton and neutron,
which are each constructed from up and down quarks. Quarks are
observed to occur only in combinations of two quarks (mesons),
three quarks (baryons). There was a recent claim of observation
of particles with five quarks (pentaquark), but further
experimentation has not borne it out.

: Baryon NN *
Quark |[Symbol||Spin|Charge Number S_ C E T ||Mass
T 1733
+
Up U 172 +2/3 1/3 i 0 i 0 MoV
NN NN EEEE
Down D 172 || -1/3 1/3 i 0 i 0 MoV
Charm|| C 172 || +2/3 1/3 ]10|[+1]/0] 1270 MeV
Strange| S 172 -1/3 /3 ||-1]/0 /0] 101 MeV
Top T 172 +2/3 /3 ||0 0|+1] 172 GeV
1 419 Index
Bottom| g lyn i3 | 13 Jofol-1] 0 GGZ(;\;IS) Particle
GeV(1S) concepts
_ References
*The masses should not be taken too seriously, because the Serwa
confinement of quarks implies that we cannot isolate them to Ch 47:
measure their masses in a direct way. The masses must be implied '
indirectly from scattering experiments. The numbers in the table Rohlf

are very different from numbers previously quoted and are based Ch. 17
on the July 2010 summary in Journal of Physics G, Review of
Particle Physics, Particle Data Group. A summary can be found Gri

: riffiths
on the LBL site. These masses represent a strong departure from Ch. 1
earlier approaches which treated the masses for the U and D as
about 1/3 the mass of a proton, since in the quark model the
proton has three quarks. The masses quoted are model dependent,
and the mass of the bottom quark is quoted for two different
models. But in other combinations they contribute different
masses. In the pion, an up and an anti-down quark yield a particle
of only 139.6 MeV of mass energy, while in the rho vector meson
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the same combination of quarks has a mass of 770 MeV! The
masses of C and S are from Serway, and the T and B masses are
from descriptions of the experiments in which they were
discovered.

Each of the six "flavors" of quarks can have three different
"colors". The quark forces are attractive only in "colorless"
combinations of three quarks (baryons), quark-antiquark pairs
(mesons) and possibly larger combinations such as the pentaquark
that could also meet the colorless condition. Quarks undergo
transformations by the exchange of W bosons, and those
transformations determine the rate and nature of the decay of
hadrons by the weak interaction.

Why "quark"?|(Has anyone ever seen a quark?

What is the evidence for quarks inside protons?

What is the evidence for six quarks?

HyperPhysics***** Quantum Physics

Nave
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Why "Quark"?

The name "quark" was taken by Murray Gell-Mann from the book
"Finnegan's Wake" by James Joyce. The line "Three quarks for
Muster Mark..." appears in the fanciful book. Gell-Mann received
the 1969 Nobel Prize for his work in classifying elementary
particles.

Index

Particle
concepts

HyperPhysics***** Quantum Physics Nave ||Go Back
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Up and Down Quarks

The up and down quarks are the most common and least massive
quarks, being the constituents of protons and neutrons and thus of
most ordinary matter.

The fact that the free neutron decays

Protan n->p+e’ +ve Index
@ and nuclei decay by beta decay in Particle
(u) @ _ processes like concepts
() ="up" quark *3e
1

P¥? - §¥ +e 4+

@ @ ="down" quark - 3E

1s thought to be the result of a more
Heutron fundamental quark process

d - U+ e + Ve

Table of quark properties
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The Strange Quark

In 1947 during a study of cosmic ray interactions, a product of a
proton collision with a nucleus was found to live for much longer

time than expected: 10719 seconds instead of the expected 10723

seconds! This particle was named the lambda particle (AO) and the
property which caused it to live so long was dubbed "strangeness"
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and that name stuck to be the name of one of the quarks from which
the lambda particle is constructed. The lambda is a baryon which is
made up of three quarks: an up, a down and a strange quark.

The shorter lifetime of 10723 seconds was expected because the
lambda as a baryon participates in the strong interaction, and that
usually leads to such very short lifetimes. The long observed lifetime
helped develop a new conservation law for such decays called the
"conservation of strangeness". The presence of a strange quark in a
particle is denoted by a quantum number S=-1. Particle decay by the
strong or electromagnetic interactions preserve the strangeness
quantum number. The decay process for the lambda particle must
violate that rule, since there is no lighter particle which contains a
strange quark - so the strange quark must be transformed to another
quark in the process. That can only occur by the weak interaction,
and that leads to a much longer lifetime. The decay processes show
that strangeness is not conserved:

u+dd

uds  wud  Ud uds  udd 7
A= p+n” A= n+nl
S=-1=20+10 S=-1 =20+ 10

The guark transformations necessary to accomplish these decay
processes can be visualized with the help of Feynmann diagrams.

The omega-minus, a baryon
composed of three strange quarks,

1s a classic example of the need for
the property called "color" in

Omega-minus describing particles. Since quarks

Ma;aiy::? vz are fermions with spin 1/2, they
must obey the Pauli exclusion

)~ S ='strange" quark -3¢ principle and cannot exist in

identical states. So with three
strange quarks, the property which
distinguishes them must be capable
of at least three distinct values.

Conservation of strangeness is not in fact an independent
conservation law, but can be viewed as a combination of the
conservation of charge, isospin, and baryon number. It is often
expressed in terms of hypercharge Y, defined by:

S = Strangeness

B = Baryon number
Q= Electric charge
I = Isospin

Y=5+B=2(0-1)
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[sospin and either hypercharge or strangeness are the quantum
numbers often used to draw particle diagrams for the hadrons.

Table of quark properties

R||Go Back

Nave

HyperPhysics***** Quantum Physics

The Charm Quark

In 1974 a meson called the J/Psi particle was discovered. With a
mass of 3100 MeV, over three times that of the proton, this particle
was the first example of another quark, called the charm quark. The
J/Psi is made up of a charm-anticharm quark pair.

Index

The lightest meson which contains a charm quark is the D meson. It
provides interesting examples of decay since the charm quark must Particle
be transformed into a strange quark by the weak interaction in order |[concepts
for it to decay.

One baryon with a charm quark is a called a lambda with symbol
A+c . It has a composition udc and a mass of 2281 MeV/c?.

Table of quark properties

R||Go Back

Nave

HyperPhysics***** Quantum Physics

The Top Quark

Convincing evidence for the observation of the top quark was
reported by Fermilab 's Tevatron facility in April 1995. The evidence
was found in the collision products of 0.9 TeV protons with equally
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energetic antiprotons in the proton-antiproton collider. The evidence
involved analysis of trillions of 1.8 TeV proton-antiproton collisions. Index
The Collider Detector Facility group had found 56 top candidates over
a predicted background of 23 and the DO group found 17 events over || particle
a predicted background of 3.8. The value for the top quark mass from|| concepts
the combined data of the two groups after the completion of the run
was 174.3 +/- 5.1 GeV. This is over 180 times the mass of a proton |Reference
and about twice the mass of the next heaviest fundamental particle, Ladbury
the Z0 vector boson at about 93 GeV.

(Extamal
The interaction is envisioned as follows: c%fw
D-Zero

¥ | + hadrons
b C h:adruns anl
—_ I + I:I
qq — tt t—=%wb - 1 = 1epton
From the proton-antiproton The top quark decays to + v W= lepton
collision, aquark and antiquark forma W bosonand a W < ua c5 neutring
interact to form a top-antitap bottom quark ! sl

. The b and % have alternate decay
pair.

possibilities which must be accounted
far in the data analysis.

Table of quark properties
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Confinement of Quarks

How can one be so confident of the quark model when no one has
ever seen an isolated quark? There are good reasons for the lack of
direct observation. Apparently the color force does not drop off with
distance like the other observed forces. It is postutated that it may
actually increase with distance at the rate of about 1 GeV per fermi.
A free quark is not observed because by the time the separation is
on an observable scale, the energy is far above the pair production
energy for quark-antiquark pairs. For the U and D quarks the
masses are 10s of MeV so pair production would occur for distances
much less than a fermi. You would expect a lot of mesons (quark-
antiquark pairs) in very high energy collision experiments and that is
what is observed.

Basically, you can't see an isolated quark because the color force

does not let them go, and the energy required to separate them Index
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produces quark-antiquark pairs long before they are far enough apart
to observe separately. Particle

concepts
One kind of visualization of quark confinement is called the "bag

model". One visualizes the quarks as contained in an elastic bag Reference
which allows the quarks to move freely around, as long as you don't|| Rohlf
try to pull them further apart. But if you try to pull a quark out, the || Sec 6-6
bag stretches and resists.

Another way of looking at quark confinement is expressed by Rohlf.
"When we try to pull a quark out of a proton, for example by
striking the quark with another energetic particle, the quark
experiences a potential energy barrier from the strong interaction that
increases with distance." As the example of alpha decay
demonstrates, having a barrier higher than the particle energy does
not prevent the escape of the particle - quantum mechanical
tunneling gives a finite probability for a 6 MeV alpha particle to get
through a 30 MeV high energy barrier. But the energy barrier for the
alpha particle is thin enough for tunneling to be effective. In the case
of the barrier facing the quark, the energy barrier does not drop off
with distance, but in fact increases.

Evidence for quarks in deep inelastic scattering

R||Go Back
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The Bottom Quark

In 1977, an experimental group at Fermilab led by Leon Lederman
discovered a new resonance at 9.4 GeV/c*2 which was interpreted

as a bottom-antibottom quark pair and called the Upsilon meson. Index
From this experiment, the mass of the bottom quark is implied to be
about 5 GeV/c"2. The reaction being studied was Particle
concepts
p+rNoap+p + X
Reference
where N was a copper or platinum nucleus. The spectrometer had a || Rohlf
muon-pair mass resolution of about 2%, which allowed them to Ch. 17

measure an excess of events at 9.4 GeV/c"2. This resonance has
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been subsequently studied at other accelerators with a detailed

Table of quark properties

investigation of the bound states of the bottom-antibottom meson.

HyperPhysics***** Quantum Physics
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Leptons

Leptons and quarks are the basic building blocks of matter, i.e., they
are seen as the "elementary particles". There are six leptons in the
present structure, the electron, muon, and tau particles and their
associated neutrinos. The different varieties of the elementary
particles are commonly called "flavors", and the neutrinos here are
considered to have distinctly different flavor.

Mass energy

0.000511 GeV e ©  Electron These leptons are pictured as particles.

The tau is 3477 times as massive as
0.1066 GeV M €  Muon the electron, but none of these particles

show internal structure. "Size®™ may not Index
1.777 GeV T € Tau be a meaningful word to describe them.

Particle
concepts

Important principles for all particle interactions are the conservation
of lepton number and the the conservation of baryon number.

Now that we have experimental evidence for six leptons, a relevant
question is "Are there more?". The present standard model assumes
that there are no more than three generations. One of the pieces of
experimental evidence for that is the measured hydrogen/helium
abundance ratio in the universe. When the process of
nucleosynthesis from the big bang is modeled, the number of types
of neutrinos affects the abundance of helium. The observed
abundance agrees with three types of neutrinos.

Table of lepton properties
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Electron and Positron

As one of the leptons, the electron is viewed as one of the fundamental
particles. It is a fermion of spin 1/2 and therefore constrained by the
Pauli exclusion principle, a fact that has key implications for the
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building up of the periodic table of elements.

The electron's antiparticle, the positron, is identical in mass but has a
positive charge. If an electron and a positron encounter each other,they
will annihilate with the production of two gamma-rays. On the other
hand, one of the mechanisms for the interaction of radiation with
matter is the pair production of an electron-positron pair. Associated
with the electron is a the electron neutrino.

Rest
mass

MeV/c2
0.511

0(<7 x
1076

Lifetime
(seconds)

Anti-

Particle particle

Symbol L(e)||L(muon)||L(tau)

Electron e’ +1 Stable

Neutrino

(Electron) Stable

+1

Electron spin
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Muon

The muon is a lepton which decays to form an electron or positron.

e 4T
L € +Ve +Vu o ass- 207m= 105.7 MeVic?

+ + _ ofp
W€ +V,+Vy

The fact that the above decay is a three-particle decay is an example
of the conservation of lepton number; there must be one electron
neutrino and one muon neutrino or antineutrino in the decay.

The lifetime of the muon is 2.20 microseconds. The muon is produced
in the upper atmosphere by the decay of pions produced by cosmic
rays:

T ut+ Vi T—= Il + Vi
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Measuring the flux of muons of cosmic ray origin at different heights
above the earth is an important time dilation experiment in relativity.

Muons make up more than half of the cosmic radiation at sea level,
the remainder being mostly electrons, positrons and photons from
cascade events.(Richtmyer) The average sea level muon flux is about
1 muon per square centimeter per minute.

Rest
mass

MeV/c2

Lifetime
(seconds)

Anti-

Particle particle

Symbol L(e)||L(muon)||L(tau)

+1 0 |[2.20x10°

Muon l’t- “—'_ 105.7 0

Neutrino
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Some history||Atmospheric muons
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Tau

The tau is the most massive of the leptons, having a rest mass some
3490 times the mass of the electron, also a lepton. Its mass is some 17

times that of the muon, the other massive lepton. Index
, Rest o Particle
. Anti- Lifetime ||| —
Particle ||Symbol particle massz L(e)||L(muon)||L(tau) (seconds) concepts
MeV/c
Tau T o || 1777 || © 0 +1 |12.96x10°13
Neutrino
< +
(Tau) Vi Ve |03 0 0 1 Stable
Go
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Positron Annihilation

The positron is the antiparticle of the electron, and when a positron
enters any normal matter, it will find an abundant supply of
electrons with which to annihilate. The energy released by the
annihilation forms two highly energetic gamma rays, and if one
assumes that the momenta of the positron and electron before the
annihilation, the two gamma ray photons must travel in opposite
directions in order to conserve momentum. Index

These coincident gamma rays at 180 || Particle
N ‘ degrees provide a useful analysis tool. ||concepts
Pa'r‘ ~ For one thing, eliminating all gamma
annihilation eyents which are not coincident at
\ 180 degrees improves the signal-to-
electron Py . . . .
'y == noise ratio of experiments using
Seio fron After \ positron annihilation. Another
. om_ o2 interesting application is the use of the
nergy = <MeC %. coincident gammas to locate the
\  source by back projecting. This is
used in medical PET scans.
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Electron-Positron Pair
Production

When a photon has quantum energy higher than the rest mass
energy of an electron plus a positron, one of the ways that such a
photon interacts with matter is by producing and electron-positron
pair.

Index

The rest mass energy of the electron is

Particle
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X-ray of 0.511 MeV, so for photon energy above concepts
gamma ray . 1.022MeV, pair production is possible. For
%;.:u . E Pns'tmf photon energies far above this threshold,
' pair production becomes the dominant
"o electron mode for the interaction of x-rays and
gamma-rays with matter.
More detail in relativity section
HyperPhysics***** Quantum Physics R |Go Back
“ v v Nave
Properties of the Leptons
. Rest .
Particle ||Symbol Ant1- mass | L(e)||L(muon)|/L(tau) Lifetime
particle ) (seconds)
MeV/c
Electron | ¢~ e’ 0.511 || +1 0 0 Stable
0= Index
Neutrino </ X
Y% \Y% +1 0 0 Stable
(Electron)| ¢ —C 1076 Particle
Muon | - | pt [ 1057 |0 | +1 0 | 2.20x10°6 ||| SonCERLs
Neutrino Reference
(Muon) Vi vy 0(<0.27)|| 0 +1 0 Stable Giancoli
Tau T " 1777 || O 0 +1 [2.96x10°13
Neutrino
< +
(Tau) Vi Vi || 0(<31) || O 0 1 Stable
Numerical data from Giancoli
HLepton discussion”
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A force which can hold a nucleus together against the enormous
forces of repulsion of the protons is strong indeed. However, it is not
an inverse square force like the electromagnetic force and it has a very
short range. Yukawa modeled the strong force as an exchange force in
which the exchange particles are pions and other heavier particles.
The range of a particle exchange force is limited by the uncertainty
principle. It is the strongest of the four fundamental forces
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Since the protons and neutrons which make up the nucleus are
themselves considered to be made up of quarks, and the quarks are
considered to be held together by the color force, the strong force
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between nucleons may be considered to be a residual color force. In
the standard model, therefore, the basic exchange particle is the gluon
which mediates the forces between quarks. Since the individual gluons
and quarks are contained within the proton or neutron, the masses
attributed to them cannot be used in the range relationship to predict
the range of the force. When something is viewed as emerging from a
proton or neutron, then it must be at least a quark-antiquark pair, so it
is then plausible that the pion as the lightest meson should serve as a
predictor of the maximum range of the strong force between nucleons.

n P

The sketch is an attempt to show one of many forms the gluon
interaction between nucleons could take, this one involving up-antiup

pair production and annililation and producing a n” bridging the
nucleons.

Feynman diagrams and the strong force

Index

Fundamental
force

concepts
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The Electromagnetic Force

Strength Range (m) Particle
= { :j.p phaoton
EIECIH} @ 11? Infinite mass = 0

magnetic ©O>=<® spin = 1

One of the four fundamental forces, the electromagnetic force
manifests itself through the forces between charges (Coulomb's Law)
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and the magnetic force, both of which are summarized in the Lorentz
force law. Fundamentally, both magnetic and electric forces are
manifestations of an exchange force involving the exchange of photons
. The quantum approach to the electromagnetic force is called
quantum electrodynamics or QED. The electromagnetic force is a
force of infinite range which obeys the inverse square law, and is of Index
the same form as the gravity force. -

Fundamental

Electric Magnetic force
kq,q
F= |2 )
-

concepts
_ s/,
F ""i-"Il f-?'u F

-— @ ‘@— [ Ve readme ]
Like charges repel - - -~
F=qvxB

The electromagnetic force holds atoms and molecules together. In fact,
the forces of electric attraction and repulsion of electric charges are so
dominant over the other three fundamental forces that they can be
considered to be negligible as determiners of atomic and molecular
structure. Even magnetic effects are usually apparent only at high
resolutions, and as small corrections.
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The Weak Force

Strength Range (m) Particla
-5 -18 Intermeadiata
10 10
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; of a proton) W5 W5 Zq,
neutring Interaction mass > 80 Ge\/
induces beta decay spin =1

One of the four fundamental forces, the weak interaction involves the
exchange of the intermediate vector bosons, the W and the Z. Since
the mass of these particles is on the order of 80 GeV, the uncertainty

principle dictates a range of about 10718 meters which is about 0.1%
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of the diameter of a proton.

The weak interaction changes one flavor of quark into another. It is
crucial to the structure of the universe in that

Index
1. The sun would not burn without it since the weak interaction
causes the transmutation p -> n so that deuterium can form and Fundamental
deuterium fusion can take place. force

concepts

2. It is necessary for the buildup of heavy nuclei.

. . _ Reference
The role of the weak force in the transmutation of quarks makes it the| G iffiths

interaction involved in many decays of nuclear particles which require Ch?2
a change of a quark from one flavor to another. It was in radioactive
decay such as beta decay that the existence of the weak mteraction
was first revealed. The weak interaction is the only process in which a
quark can change to another quark, or a lepton to another lepton - the
so-called "flavor changes".

The discovery of the W and Z particles in 1983 was hailed as a
confirmation of the theories which connect the weak force to the
electromagnetic force in electroweak unification.

The weak interaction acts between both quarks and leptons, whereas
the strong force does not act between leptons. "Leptons have no
color, so they do not participate in the strong interactions; neutrinos
have no charge, so they experience no electromagnetic forces; but all
of them join in the weak interactions."(Griffiths)

Show Feynmann diagrams
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| Feynman Diagrams for Weak |
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Force

Decay of neutron

NP +8 +7
A free
neutron will
decay by
emitting a
W~, which
produces an
electron and
an
antineutrino.

Meutring interacts
with newutron

N+ Ve p+e
When a neutrino
mteracts with a

neutron, a W~
can be
exchanged,
transforming the
neutron into a
proton and
producing an
electron.

Meutring interacts
with neutran

N+ v-aep+e
This interaction
1s the same as
the one at left

sincea W™

going right to
left is
equivalent to a

W going left to
right.

norp vary

vory
norp

n or pinteracts
with meutring or
antineutring

A neutron or
proton can
interact with
a neutrino or
antineutrino
by the
exchange of

az0

One of the four fundamental forces, the weak interaction
involves the exchange of the intermediate vector bosons, the W

and the Z. Since the mass of these particles is on the order of 80

GeV, the uncertainty principle dictates a range of about 10718
meters which is about .1% of the diameter of a proton. The
weak interaction changes one flavor of quark into another. For
example, in the neutron decay depicted by the Feynman diagram
at left above, one down quark is changed to an up quark,
transforming the neutron into a proton.

The primitive vertices in the Feynman diagrams for the weak
interaction are of two types, charged and neutral. For leptons

they take the following form

wW- z°
T T T T T T T T T T Ll
_ The W= carries The Z ? transforms
e away the negative neither charge nor
charge and transforms Mmass.

the electron to an
electron neutrino

The electron is used as an example in these diagrams, but any
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lepton can be substituted on the incoming side. The exit side
(top) will be the same for the neutral vertex, but determined by
the charge of the W in the charged vertex. Besides conserving
charge, the vertex must con lepton number, so the process
with the electron can produce an electron neutrino but not a
muon neutrino.

The neutral interaction is

simpler to conceive, but . e 0 e \e v A
rarely observed because it~ »---=---
P - >

_ . . Index
competes with the much e
stronger electromagnetlc Neutral weak Electromagnetic  ||Fundamental
interaction and is masked by interaction interaction force
It. concepts
With the charged vertices, one can
postulate an interaction like Reference
M, Ve > ¢, v, and draw a Feynman Kaufmann

diagram for it. This interaction is not ! € Ch. 29

likely to be oberved because of the W — .

incredible difficulty of observing the V. Griffiths
L

scattering of neutrinos, but it suggests Ch2
other interactions which may be
obtained by rotating or twisting the
diagram.

With a twist of the Feynman diagram
above, one can arrive at the nteraction
responsible for the decay of the muon,
a so the structures obtamed from the
Y Vo @ primitive vertices can be used to build
W \/ up a family of interactions. The
o transformation between the two
w Feynman diagrams can also be seen as

an example of crossing symmetry.

Twisted Feynman diagrams and
crossing symmetr

The charged vertices in the weak interaction with quarks take
the form
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So it is seen that the quark changes its flavor when interacting

via the W™ or W'. As drawn, this interaction cannot be observed
because it implies the isolation of an up quark. Because of quark
confinement, isolated quarks are not observed. But rotating the
Feynman diagram gives an alternative interaction, shown below
for both electron and muon products.

W- W
P = A
—_— —_—

T T

This suggests the weak interaction mechanism for the decay of
the pion, which is observed to happen by the muon pathway.

T — L™+ ‘?u
The weak interaction in the electron form at left above is

responsible for the decay of the neutron and for beta decay in
general.

Discussion of weak force
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