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The word atom comes from the Greek
atomos, which means “indivisible.” The
early Greeks believed that atoms were the

indivisible constituents of matter; that is,

they regarded them as elementary particles.

A shower of particle tracks from a head-on collision of gold nuclei, each moving
with energy 100 GeV. This collision occurred at the Relativistic Heavy lon Collider
consisting of three constituent particles: (RHIC) at Brookhaven National Laboratory and was recorded with the STAR
(Solenoidal Tracker at RHIC) detector. The tracks represent many fundamental
particles arising from the energy of the collision. (Courtesy of Brookhaven National
in the 1940s, many “new” particles were Laboratory)

After 1932, physicists viewed all matter as

electrons, protons, and neutrons. Beginning

discovered in experiments involving high-
energy collisions between known particles. The new particles are characteristically very
unstable and have very short half-lives, ranging between 107¢ s and 1023 s. So far, more
than 300 of these particles have been catalogued.

Until the 1960s, physicists were bewildered by the great number and variety of

subatomic particles that were being discovered. They wondered whether the particles
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had no systematic relationship connecting them or whether a pattern was emerging
that would provide a better understanding of the elaborate structure in the subatomic
world. For example, that the neutron has a magnetic moment despite having zero elec-
tric charge (Section 44.8) suggests an underlying structure to the neutron. The periodic
table explains how more than 100 elements can be formed from three types of particles
(electrons, protons, and neutrons), which suggests there is, perhaps, a means of forming
more than 300 subatomic particles from a small number of basic building blocks.

Recall Figure 1.2, which illustrated the various levels of structure in matter. We stud-
ied the atomic structure of matter in Chapter 42. In Chapter 44, we investigated the
substructure of the atom by describing the structure of the nucleus. As mentioned in
Section 1.2, the protons and neutrons in the nucleus, and a host of other exotic particles,
are now known to be composed of six different varieties of particles called quarks. In this
concluding chapter, we examine the current theory of elementary particles, in which all
matter is constructed from only two families of particles, quarks and leptons. We also
discuss how clarifications of such models might help scientists understand the birth and

evolution of the Universe.

46.1 The Fundamental Forces in Nature

As noted in Section 5.1, all natural phenomena can be described by four funda-
mental forces acting between particles. In order of decreasing strength, they are
the nuclear force, the electromagnetic force, the weak force, and the gravitational
force.

The nuclear force discussed in Chapter 44 is an attractive force between nucle-
ons. It has a very short range and is negligible for separation distances between
nucleons greater than approximately 107> m (about the size of the nucleus). The
electromagnetic force, which binds atoms and molecules together to form ordinary
matter, has a strength of approximately 1072 times that of the nuclear force. This
long-range force decreases in magnitude as the inverse square of the separation
between interacting particles. The weak force is a short-range force that tends to
produce instability in certain nuclei. It is responsible for decay processes, and its
strength is only about 107 times that of the nuclear force. Finally, the gravitational
force is a long-range force that has a strength of only about 107% times that of the
nuclear force. Although this familiar interaction is the force that holds the planets,
stars, and galaxies together, its effect on elementary particles is negligible.

In Section 13.4, we discussed the difficulty early scientists had with the notion
of the gravitational force acting at a distance, with no physical contact between
the interacting objects. To resolve this difficulty, the concept of the gravitational
field was introduced. Similarly, in Chapter 23, we introduced the electric field to
describe the electric force acting between charged objects, and we followed that
with a discussion of the magnetic field in Chapter 29. In modern physics, the nature
of the interaction between particles is carried a step further. These interactions are
described in terms of the exchange of entities called field particles or exchange
particles. Field particles are also called gauge bosons.! The interacting particles
continuously emit and absorb field particles. The emission of a field particle by
one particle and its absorption by another manifests as a force between the two

'The word bosons suggests that the field particles have integral spin as discussed in Section 43.8. The word gauge
comes from gauge theory, which is a sophisticated mathematical analysis that is beyond the scope of this book.
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WSS Particle Interactions

Mass of Field
Relative Mediating Particle
Interactions Strength Range of Force Field Particle (GeV/c?)
Nuclear 1 Short (= 1 fm) Gluon 0
Electromagnetic 1072 © Photon 0
Weak 107° Short (= 1072 fm) W=, Z° bosons 80.4, 80.4, 91.2
Gravitational 10739 o0 Graviton 0

interacting particles. In the case of the electromagnetic interaction, for instance,
the field particles are photons. In the language of modern physics, the electromag-
netic force is said to be mediated by photons, and photons are the field particles of
the electromagnetic field. Likewise, the nuclear force is mediated by field particles
called gluons. The weak force is mediated by field particles called Wand Z bosons,
and the gravitational force is proposed to be mediated by field particles called grav-
itons. These interactions, their ranges, and their relative strengths are summarized
in Table 46.1.

46.2 Positrons and Other Antiparticles

In the 1920s, Paul Dirac developed a relativistic quantum-mechanical description
of the electron that successfully explained the origin of the electron’s spin and its
magnetic moment. His theory had one major problem, however: its relativistic wave
equation required solutions corresponding to negative energy states, and if negative
energy states existed, an electron in a state of positive energy would be expected to
make a rapid transition to one of these states, emitting a photon in the process.

Dirac circumvented this difficulty by postulating that all negative energy states
are filled. The electrons occupying these negative energy states are collectively
called the Dirac sea. Electrons in the Dirac sea (the blue area in Fig. 46.1) are not
directly observable because the Pauli exclusion principle does not allow them to
react to external forces; there are no available states to which an electron can make
a transition in response to an external force. Therefore, an electron in such a state
acts as an isolated system unless an interaction with the environment is strong
enough to excite the electron to a positive energy state. Such an excitation causes
one of the negative energy states to be vacant as in Figure 46.1, leaving a hole in the
sea of filled states. The hole can react to external forces and is observable. The hole reacts
in a way similar to that of the electron except that it has a positive charge: it is the
antiparticle to the electron.

This theory strongly suggested that an antiparticle exists for every particle, not only
for fermions such as electrons but also for bosons. It has subsequently been verified
that practically every known elementary particle has a distinct antiparticle. Among
the exceptions are the photon and the neutral pion (7 see Section 46.3). Follow-
ing the construction of high-energy accelerators in the 1950s, many other anti-
particles were revealed. They included the antiproton, discovered by Emilio Segré
(1905-1989) and Owen Chamberlain (1920-2006) in 1955, and the antineutron,
discovered shortly thereafter. The antiparticle for a charged particle has the same
mass as the particle but opposite Charge.2 For example, the electron’s antiparticle
(the positron mentioned in Section 44.4) has a rest energy of 0.511 MeV and a posi-
tive charge of +1.60 X 10719 C.

2Amiparticles for uncharged particles, such as the neutron, are a little more difficult to describe. One basic process
that can detect the existence of an antiparticle is pair annihilation. For example, a neutron and an antineutron can
annihilate to form two gamma rays. Because the photon and the neutral pion do not have distinct antiparticles, pair
annihilation is not observed with either of these particles.

Courtesy of AIP Emilio Segré Visual Archives

Paul Adrien Maurice Dirac
British Physicist (1902-1984)

Dirac was instrumental in the understanding
of antimatter and the unification of quantum
mechanics and relativity. He made many
contributions to the development of quantum
physics and cosmology. In 1933, Dirac won a
Nobel Prize in Physics.

An electron can make a
transition out of the Dirac sea
only if it is provided with energy
equal to or larger than 2m,¢>.
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An upward transition of an
electron leaves a vacancy in the
Dirac sea, which can behave as a
particle identical to the electron
except for its positive charge.

Figure 46.1 Dirac’s model for
the existence of antielectrons
(positrons).
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Figure 46.2 (a) Bubble-chamber
tracks of electron—positron pairs
produced by 300-MeV gamma rays
striking a lead sheet from the left.
(b) The pertinent pair-production
events. The positrons deflect upward
and the electrons downward in an
applied magnetic field.

Pitfall Prevention 46.1

Antiparticles

An antiparticle is not identified
solely on the basis of opposite
charge; even neutral particles have
antiparticles, which are defined in
terms of other properties, such as
spin.
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Carl Anderson (1905-1991) observed the positron experimentally in 1932 and
was awarded a Nobel Prize in Physics in 1936 for this achievement. Anderson
discovered the positron while examining tracks created in a cloud chamber by
electron-like particles of positive charge. (These early experiments used cosmic
rays—mostly energetic protons passing through interstellar space—to initiate high-
energy reactions on the order of several GeV.) To discriminate between positive and
negative charges, Anderson placed the cloud chamber in a magnetic field, causing
moving charges to follow curved paths. He noted that some of the electron-like
tracks deflected in a direction corresponding to a positively charged particle.

Since Anderson’s discovery, positrons have been observed in a number of experi-
ments. A common source of positrons is pair production. In this process, a gamma-
ray photon with sufficiently high energy interacts with a nucleus and an electron—
positron pair is created from the photon. (The presence of the nucleus allows the
principle of conservation of momentum to be satisfied.) Because the total rest
energy of the electron—positron pair is 2m,c* = 1.02 MeV (where m, is the mass of
the electron), the photon must have at least this much energy to create an electron—
positron pair. The energy of a photon is converted to rest energy of the electron
and positron in accordance with Einstein’s relationship £, = mc?. If the gamma-
ray photon has energy in excess of the rest energy of the electron—positron pair,
the excess appears as kinetic energy of the two particles. Figure 46.2 shows early
observations of tracks of electron—positron pairs in a bubble chamber created by
300-MeV gamma rays striking a lead sheet.

Quick Quiz 46.1 Given the identification of the particles in Figure 46.2b, is
the direction of the external magnetic field in Figure 46.2a (a) into the page,
(b) out of the page, or (c) impossible to determine?

The reverse process can also occur. Under the proper conditions, an electron
and a positron can annihilate each other to produce two gamma-ray photons that
have a combined energy of at least 1.02 MeV:

e +et — 2y
Because the initial momentum of the electron—positron system is approximately
zero, the two gamma rays travel in opposite directions after the annihilation, satis-
fying the principle of conservation of momentum for the system.

Electron—positron annihilation is used in the medical diagnostic technique
called positron-emission tomography (PET). The patient is injected with a glucose solu-
tion containing a radioactive substance that decays by positron emission, and the
material is carried throughout the body by the blood. A positron emitted during a
decay event in one of the radioactive nuclei in the glucose solution annihilates with
an electron in the surrounding tissue, resulting in two gamma-ray photons emitted
in opposite directions. A gamma detector surrounding the patient pinpoints the
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National Institutes of Health

source of the photons and, with the assistance of a computer, displays an image of
the sites at which the glucose accumulates. (Glucose metabolizes rapidly in can-
cerous tumors and accumulates at those sites, providing a strong signal for a PET
detector system.) The images from a PET scan can indicate a wide variety of disor-
ders in the brain, including Alzheimer’s disease (Fig. 46.3). In addition, because
glucose metabolizes more rapidly in active areas of the brain, a PET scan can indi-
cate areas of the brain involved in the activities in which the patient is engaging at
the time of the scan, such as language use, music, and vision.

46.3 Mesons and the Beginning of Particle Physics

Physicists in the mid-1930s had a fairly simple view of the structure of matter. The
building blocks were the proton, the electron, and the neutron. Three other par-
ticles were either known or postulated at the time: the photon, the neutrino, and
the positron. Together these six particles were considered the fundamental con-
stituents of matter. With this simple picture, however, no one was able to answer the
following important question: the protons in any nucleus should strongly repel one
another due to their charges of the same sign, so what is the nature of the force that
holds the nucleus together? Scientists recognized that this mysterious force must be
much stronger than anything encountered in nature up to that time. This force is
the nuclear force discussed in Section 44.1 and examined in historical perspective
in the following paragraphs.

The first theory to explain the nature of the nuclear force was proposed in 1935
by Japanese physicist Hideki Yukawa, an effort that earned him a Nobel Prize in
Physics in 1949. To understand Yukawa’s theory, recall the introduction of field
particles in Section 46.1, which stated that each fundamental force is mediated
by a field particle exchanged between the interacting particles. Yukawa used this
idea to explain the nuclear force, proposing the existence of a new particle whose
exchange between nucleons in the nucleus causes the nuclear force. He established
that the range of the force is inversely proportional to the mass of this particle and
predicted the mass to be approximately 200 times the mass of the electron. (Yuka-
wa’s predicted particle is not the gluon mentioned in Section 46.1, which is massless
and is today considered to be the field particle for the nuclear force.) Because the
new particle would have a mass between that of the electron and that of the proton,
it was called a meson (from the Greek meso, “middle”).

In efforts to substantiate Yukawa’s predictions, physicists began experimental
searches for the meson by studying cosmic rays entering the Earth’s atmosphere. In
1937, Carl Anderson and his collaborators discovered a particle of mass 106 MeV/c?,
approximately 207 times the mass of the electron. This particle was thought to be
Yukawa’s meson. Subsequent experiments, however, showed that the particle inter-
acted very weakly with matter and hence could not be the field particle for the
nuclear force. That puzzling situation inspired several theoreticians to propose two
mesons having slightly different masses equal to approximately 200 times that of the
electron, one having been discovered by Anderson and the other, still undiscovered,

Figure 46.3 PET scans of the
brain of a healthy older person (left)
and that of a patient suffering from
Alzheimer’s disease (right). Lighter
regions contain higher concentra-
tions of radioactive glucose, indicat-
ing higher metabolism rates and
therefore increased brain activity.

© Bettmann/Corbis

Hideki Yukawa

Japanese Physicist (1907-1981)

Yukawa was awarded the Nobel Prize in
Physics in 1949 for predicting the existence
of mesons. This photograph of him at work
was taken in 1950 in his office at Columbia
University. Yukawa came to Columbia in 1949
after spending the early part of his career in
Japan.
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Figure 46.4 Feynman diagram
representing a photon mediating the
electromagnetic force between two
electrons.

© Shelly Gazin/CORBIS

Richard Feynman

American Physicist (1918-1988)
Inspired by Dirac, Feynman developed quan-
tum electrodynamics, the theory of the inter-
action of light and matter on a relativistic and
quantum basis. In 1965, Feynman won the
Nobel Prize in Physics. The prize was shared
by Feynman, Julian Schwinger, and Sin Itiro
Tomonaga. Early in Feynman’s career, he was
a leading member of the team developing the
first nuclear weapon in the Manhattan Project.
Toward the end of his career, he worked on
the commission investigating the 1986 Chal-
lenger tragedy and demonstrated the effects
of cold temperatures on the rubber O-rings
used in the space shuttle.
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predicted by Yukawa. This idea was confirmed in 1947 with the discovery of the pi
meson (), or simply pion. The particle discovered by Anderson in 1937, the one
initially thought to be Yukawa’s meson, is not really a meson. (We shall discuss the
characteristics of mesons in Section 46.4.) Instead, it takes part in the weak and
electromagnetic interactions only and is now called the muon (w).

The pion comes in three varieties, corresponding to three charge states: 7", 7,
and 7. The 7" and 7~ particles (7~ is the antiparticle of %) each have a mass of
139.6 MeV/c?, and the 7" mass is 135.0 MeV/c2. Two muons exist: w~ and its antipar-
ticle w*.

Pions and muons are very unstable particles. For example, the 7, which has a
mean lifetime of 2.6 X 1078 s, decays to a muon and an antineutrino.? The muon,
which has a mean lifetime of 2.2 us, then decays to an electron, a neutrino, and an
antineutrino:

e S A o 7

wo = e +tv+v (46.1)
For chargeless particles (as well as some charged particles, such as the proton), a
bar over the symbol indicates an antiparticle, as for the neutrino in beta decay (see
Section 44.5). Other antiparticles, such as e* and u*, use a different notation.

The interaction between two particles can be represented in a simple diagram
called a Feynman diagram, developed by American physicist Richard P. Feynman.
Figure 46.4 is such a diagram for the electromagnetic interaction between two elec-
trons. A Feynman diagram is a qualitative graph of time on the vertical axis versus
space on the horizontal axis. It is qualitative in the sense that the actual values of
time and space are not important, but the overall appearance of the graph provides
a pictorial representation of the process.

In the simple case of the electron—electron interaction in Figure 46.4, a pho-
ton (the field particle) mediates the electromagnetic force between the electrons.
Notice that the entire interaction is represented in the diagram as occurring at a
single point in time. Therefore, the paths of the electrons appear to undergo a dis-
continuous change in direction at the moment of interaction. The electron paths
shown in Figure 46.4 are different from the actual paths, which would be curved
due to the continuous exchange of large numbers of field particles.

In the electron—electron interaction, the photon, which transfers energy and
momentum from one electron to the other, is called a virtual photon because it van-
ishes during the interaction without having been detected. In Chapter 40, we dis-
cussed that a photon has energy E = Af, where fis its frequency. Consequently, for a
system of two electrons initially at rest, the system has energy 2m,¢? before a virtual
photon is released and energy 2m,? + hf after the virtual photon is released (plus
any kinetic energy of the electron resulting from the emission of the photon). Is
that a violation of the law of conservation of energy for an isolated system? No;
this process does not violate the law of conservation of energy because the virtual
photon has a very short lifetime At that makes the uncertainty in the energy AE =
f/2 At of the system greater than the photon energy. Therefore, within the con-
straints of the uncertainty principle, the energy of the system is conserved.

Now consider a pion mediating the nuclear force between a proton and a neutron
as in Yukawa’s model (Fig. 46.5a). The rest energy E, of a pion of mass m_ is given
by Einstein’s equation E = m_c*. To conserve energy, as with the photon in Figure
46.4, the uncertainty in the system energy must be greater than the rest energy of
the pion: AE > E,. The existence of the pion would violate the law of conservation
of energy if the particle existed for a time interval greater than At = #/2E, (from
the uncertainty principle), where Ej, is the rest energy of the pion and A¢is the time
interval required for the pion to transfer from one nucleon to the other. Therefore,

3The antineutrino is another zero-charge particle for which the identification of the antiparticle is more difficult
than that for a charged particle. Although the details are beyond the scope of this book, the neutrino and anti-
neutrino can be differentiated by means of the relationship between the linear momentum and the spin angular
momentum of the particles.
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Because the pion cannot travel faster than the speed of light, the maximum dis-
tance it can travel in a time interval At¢is d = ¢ At. Therefore,

9 f fic

T = —

2(d/c) 2d
Table 46.1 shows that the range of the nuclear force is approximately 1 X 10715 m.
Using this value for din Equation 46.3, we estimate the rest energy of the pion to be

(1,055 X 107*J - 5)(8.00 X 10° m/s)
2(1 X 10" m)
1.6 X 1071 J = 100 MeV

Because this result is the same order of magnitude as the observed rest energies of
the pions, we have some confidence in the field-particle model.

The concept just described is quite revolutionary. In effect, it says that a system
of two nucleons can change into two nucleons plus a pion as long as it returns to its
original state in a very short time interval. (Remember that this description is the
older historical model, which assumes the pion is the field particle for the nuclear
force; the gluon is the actual field particle in current models.) Physicists often say
that a nucleon undergoes fluctuations as it emits and absorbs field particles. These
fluctuations are a consequence of a combination of quantum mechanics (through
the uncertainty principle) and special relativity (through Einstein’s energy—mass
relationship Ej, = mc?).

In this section, we discussed the field particles that were originally proposed to
mediate the nuclear force (pions) and those that mediate the electromagnetic force
(photons). The graviton, the field particle for the gravitational force, has yet to be
observed. In 1983, W= and Z° particles, which mediate the weak force, were discov-
ered by Italian physicist Carlo Rubbia (b. 1934) and his associates, using a proton—
antiproton collider. Rubbia and Simon van der Meer (b. 1925), both at CERN,*
shared the 1984 Nobel Prize in Physics for the discovery of the W= and Z° particles
and the development of the proton—antiproton collider. Figure 46.5b shows a Feyn-
man diagram for a weak interaction mediated by a Z° boson.

(46.3)

My

46.4 Classification of Particles

All particles other than field particles can be classified into two broad categories,
hadrons and leptons. The criterion for separating these particles into categories is
whether or not they interact via the strong force. The nuclear force between nucle-
ons in a nucleus is a particular manifestation of the strong force, but we will use the
term strong force to refer to any interaction between particles made up of quarks.
(For more detail on quarks and the strong force, see Section 46.8.) Table 46.2 (page
1412) provides a summary of the properties of hadrons and leptons.

4CERN was originally the Conseil Européen pour la Recherche Nucléaire; the name has been altered to the Euro-
pean Organization for Nuclear Research, and the laboratory operated by CERN is called the European Laboratory
for Particle Physics. The CERN acronym has been retained and is commonly used to refer to both the organization
and the laboratory.

Figure 46.5 (a) Feynman diagram
representing a proton and a neutron
interacting via the nuclear force with
a neutral pion mediating the force.
(This model is not the current model
for nucleon interaction.) (b) Feyn-
man diagram for an electron and

a neutrino interacting via the weak
force, with a Z° boson mediating the
force.

Pitfall Prevention 46.2

The Nuclear Force

and the Strong Force

The nuclear force discussed in
Chapter 44 was historically called
the strong force. Once the quark
theory (Section 46.8) was estab-
lished, however, the phrase strong
Jorcewas reserved for the force
between quarks. We shall follow
this convention: the strong force is
between quarks or particles built
from quarks, and the nuclear force is
between nucleons in a nucleus. The
nuclear force is a secondary result
of the strong force as discussed in
Section 46.9. It is sometimes called
the residual strong force. Because of
this historical development of the
names for these forces, other books
sometimes refer to the nuclear force
as the strong force.
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Particle Anti- Mass
Category Name Symbol particle (MeV/c?) B L, L, L, N Lifetime(s) Spin
Leptons Electron e” et 0.511 0 +1 0 0 0 Stable 3
Electron-neutrino v, v, < 7eV/c? 0 +1 0 0 0 Stable 3
Muon w wh 105.7 0 0 +1 0 0 2.20 X 1076 3
Muon-neutrino v, v, <0.3 0 0 +1 0 0 Stable 3
Tau T T+ 1784 0 0 0 +1 0 <4x 10713 3
Tau-neutrino v, V. <30 0 0 0 +1 0 Stable 3
Hadrons
Mesons Pion s T 139.6 0 0 0 0 0 2.60 X 1078 0
0 Self 135.0 0o 0 0 0 0 0.83x1071 0
Kaon K* K~ 493.7 0 0 0 0 +1 1.24 X 1078 0
K¢ K¢ 497.7 0 0 0 0 +1  089x101 0
K K¢ 497.7 0 0 0 0 +1 5.2 X 1078 0
Eta ) Self 548.8 0o 0 0 0 0 <1078 0
n' Self 958 0o 0 0 0 0 2.2 X 1072 0
Baryons Proton p P 938.3 +1 0 0 0 0 Stable 3
Neutron n n 939.6 +1 0 0 0 0 614 3
Lambda A? A 1115.6 +1 0 0 0 -1 2.6 X 10710 3
Sigma 3* i 1189.4 +1 0 0 0 -1 080x1071 3
30 30 1192.5 +1 o 0 0 -1 6 X 10720 3
3 St 1197.3 +1 o 0 0 -1 1.5 X 10710 3
Delta AT A 1230 +1 0 0 0 0 6 X 1072 3
A* A 1231 +1 0 0 0 0 6 X 1072 3
A° A 1232 +1 0 0 0 0 6 X 1072 :
A~ A* 12384 +1 0 0 0 0 6 X 1072 o
Xi =L =K 1315 +1 o 0 0 =2 2.9 X 10710 3
= B* 1321 +1 0 0 0 —2 1.64 X 10710 3
Omega Q- QF 1672 +1 0 0 0 -3 0.82 X 10710 3
Hadrons

Particles that interact through the strong force (as well as through the other funda-
mental forces) are called hadrons. The two classes of hadrons, mesons and baryons,
are distinguished by their masses and spins.

Mesons all have zero or integer spin (0 or 1). As indicated in Section 46.3, the
name comes from the expectation that Yukawa’s proposed meson mass would lie
between the masses of the electron and the proton. Several meson masses do lie
in this range, although mesons having masses greater than that of the proton have
been found to exist.

All mesons decay finally into electrons, positrons, neutrinos, and photons.
The pions are the lightest known mesons and have masses of approximately 1.4 X
102 MeV/c?, and all three pions—m*, 77, and 7%—have a spin of 0. (This spin-0
characteristic indicates that the particle discovered by Anderson in 1937, the
muon, is not a meson. The muon has spin § and belongs in the lepton classification,
described on page 1413.)

Baryons, the second class of hadrons, have masses equal to or greater than the
proton mass (the name baryon means “heavy” in Greek), and their spin is always a
half-integer value (3, 3, . . .). Protons and neutrons are baryons, as are many other
particles. With the exception of the proton, all baryons decay in such a way that
the end products include a proton. For example, the baryon called the E° hyperon
(Greek letter xi) decays to the A” baryon (Greek letter lambda) in approximately
107's. The A then decays to a proton and a 77~ in approximately 3 X 10710,

Today it is believed that hadrons are not elementary particles but instead are
composed of more elementary units called quarks, per Section 46.8.
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Leptons

Leptons (from the Greek leplos, meaning “small” or “light”) are particles that do
not interact by means of the strong force. All leptons have spin 3. Unlike hadrons,
which have size and structure, leptons appear to be truly elementary, meaning that
they have no structure and are point-like.

Quite unlike the case with hadrons, the number of known leptons is small. Cur-
rently, scientists believe that only six leptons exist: the electron, the muon, the tau,
and a neutrino associated with each: e™, u™, 77, v,, Vs and v,. The tau lepton, dis-
covered in 1975, has a mass about twice that of the proton. Direct experimental
evidence for the neutrino associated with the tau was announced by the Fermi
National Accelerator Laboratory (Fermilab) in July 2000. Each of the six leptons
has an antiparticle.

Current studies indicate that neutrinos have a small but nonzero mass. If they
do have mass, they cannot travel at the speed of light. In addition, because so many
neutrinos exist, their combined mass may be sufficient to cause all the matter in the
Universe to eventually collapse into a single point, which might then explode and
create a completely new Universe! We shall discuss this possibility in more detail in
Section 46.11.

46.5 Conservation Laws

The laws of conservation of energy, linear momentum, angular momentum, and
electric charge provide us with a set of rules that all processes must follow. In Chap-
ter 44, we learned that conservation laws are important for understanding why cer-
tain radioactive decays and nuclear reactions occur and others do not. In the study
of elementary particles, a number of additional conservation laws are important.
Although the two described here have no theoretical foundation, they are sup-
ported by abundant empirical evidence.

Baryon Number

Experimental results show that whenever a baryon is created in a decay or nuclear
reaction, an antibaryon is also created. This scheme can be quantified by assigning
every particle a quantum number, the baryon number, as follows: B = +1 for all
baryons, B = —1 for all antibaryons, and B = 0 for all other particles. (See Table
46.2.) The law of conservation of baryon number states that

whenever a nuclear reaction or decay occurs, the sum of the baryon num-
bers before the process must equal the sum of the baryon numbers after the
process.

If baryon number is conserved, the proton must be absolutely stable. For exam-
ple, a decay of the proton to a positron and a neutral pion would satisfy conser-
vation of energy, momentum, and electric charge. Such a decay has never been
observed, however. The law of conservation of baryon number would be consistent
with the absence of this decay because the proposed decay would involve the loss
of a baryon. Based on experimental observations as pointed out in Example 46.2,
all we can say at present is that protons have a halflife of at least 10%® years (the
estimated age of the Universe is only 1010 years). Some recent theories, however,
predict that the proton is unstable. According to this theory, baryon number is not
absolutely conserved.

Quick Quiz 46.2 Consider the decays i) n > 7" + 7~ + u" + u~ and
(ii) n — p + 7. From the following choices, which conservation laws are
violated by each decay? (a) energy (b) electric charge (c) baryon number
(d) angular momentum (e) no conservation laws

<« Conservation of baryon
number

1413
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Example 46.1 Checking Baryon Numbers

Use the law of conservation of baryon number to determine whether each of the following reactions can occur:

(A)ptnop+pt+tn+p

SOLUTION

Conceptualize The mass on the right is larger than the mass on the left. Therefore, one might be tempted to claim that
the reaction violates energy conservation. The reaction can indeed occur, however, if the initial particles have sufficient
kinetic energy to allow for the increase in rest energy of the system.

Categorize We use a conservation law developed in this section, so we categorize this example as a substitution
problem.

Evaluate the total baryon number for the left side of the 1+1=2
reaction:
Evaluate the total baryon number for the right side of 1+1+1+(-1)=2

the reaction:
Therefore, baryon number is conserved and the reaction can occur.

B)ptn—o>p+p+p

SOLUTION

Evaluate the total baryon number for the left side of the 1+1=2
reaction:

Evaluate the total baryon number for the right side of 1+1+ (1) =1

the reaction:

Because baryon number is not conserved, the reaction cannot occur.

Example 46.2 Detecting Proton Decay

Measurements taken at the Super Kamio-
kande neutrino detection facility (Fig.
46.6) indicate that the half-life of protons
is at least 10%% yr.

(A) Estimate how long we would have to
watch, on average, to see a proton in a
glass of water decay.

SOLUTION .

Figure 46.6 (Example 46.2) This
Conceptualize Imagine the number of detector at the Super Kamiokande
protons in a glass of water. Although this neutrino facility in Japan is used

to study photons and neutrinos. It
holds 50 000 metric tons of highly
purified water and 13 000 photo-

number is huge, the probability of a single
proton undergoing decay is small, so we

Courtesy of ICRR (Institute for Cosmic Ray Research), University of Tokyo

would expect to wait for a long time inter- multipliers. The photograph was
val before observing a decay. taken while the detector was being

filled. Technicians in a raft clean
Categorize Because a half-life is provided the photodetectors before they are
in the problem, we categorize this problem submerged.

as one in which we can apply our statistical
analysis techniques from Section 44.4.
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46.2 cont.

Analyze Let’s estimate that a drinking glass contains a mass m = 250 g of water, with a molar mass M = 18 g/mol.

m
Find the number of molecules of water in the glass: Nppolecules = NNy = I Ny

Each water molecule contains one proton in each of its two hydrogen atoms plus eight protons in its oxygen atom, for a
total of ten protons. Therefore, there are N = 10N, protons in the glass of water.

molecules

In 2 In 2 950
Find the activity of the protons (1) R=AN= ;‘ (101\—"21\@) = 1023 (10)( T £ 1)(6.02 X 102 mol ™)
from Equation 44.7: 172 yr g/mo
= 58X 10 yr!

Finalize The decay constant represents the probability that one proton decays in one year. The probability that any pro-
ton in our glass of water decays in the one-year interval is given by Equation (1). Therefore, we must watch our glass of
water for 1/R= 17 million years! That indeed is a long time interval, as expected.

(B) The Super Kamiokande neutrino facility contains 50 000 metric tons of water. Estimate the average time interval
between detected proton decays in this much water if the half-life of a proton is 10%% yr.

SOLUTION
. Ryamiokande _ Mgamiokand Niamiokand
Analyze The proton decay rate Rin a sample of water ;lo = = ]'\"710 2L = Rt = %R@m
is proportional to the number N of protons. Set up a glass glass glass
ratio of the decay rate in the Super Kamiokande facility
to that in a glass of water:
. . M Kamiokand,
The number of protons is proportional to the mass of Riamiokande = PHOREEE Ry
7 :
glass

the sample, so express the decay rate in terms of mass:

Substitute numerical values:

50 000 metric tons)( 1000 kg

8 X108 yr™") = 12yr!
0.250 kg )(58 Ol

RKamiokandC = < 1 metric ton

Finalize The average time interval between decays is about one-twelfth of a year, or approximately one month. Thatis
much shorter than the time interval in part (A) due to the tremendous amount of water in the detector facility. Despite
this rosy prediction of one proton decay per month, a proton decay has never been observed. This suggests that the half-
life of the proton may be larger than 103 years or that proton decay simply does not occur.

Lepton Number
There are three conservation laws involving lepton numbers, one for each variety

of lepton. The law of conservation of electron lepton number states that

whenever a nuclear reaction or decay occurs, the sum of the electron lepton <« Conservation of electron
numbers before the process must equal the sum of the electron lepton num- lepton number
bers after the process.

The electron and the electron neutrino are assigned an electron lepton number

L, = +1, and the antileptons e and v, are assigned an electron lepton number
L, = —1. All other particles have L, = 0. For example, consider the decay of the
neutron:

n > pte +7v,
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Before the decay, the electron lepton number is L, = 0; after the decay, itis 0 + 1 +
(—1) = 0. Therefore, electron lepton number is conserved. (Baryon number must
also be conserved, of course, and it is: before the decay, B = +1, and after the decay,
B=+1+0+0=+1)

Similarly, when a decay involves muons, the muon lepton number L, is con-
served. The u™ and the v, are assigned a muon lepton number L, = +1, and the
antimuons u* and v, are assigned a muon lepton number L, = —1. All other par-
ticles have L, = 0.

Finally, tau lepton number L_is conserved with similar assignments made for the
tau lepton, its neutrino, and their two antiparticles.

Quick Quiz 46.3 Consider the following decay: 7% — u~ + e* + v,. What con-
servation laws are violated by this decay? (a) energy (b) angular momentum
(c) electric charge (d) baryon number (e) electron lepton number (f) muon
lepton number (g) tau lepton number (h) no conservation laws

Quick Quiz 46.4 Suppose a claim is made that the decay of the neutron is
given by n — p + e”. What conservation laws are violated by this decay?
(a) energy (b) angular momentum (c) electric charge (d) baryon number
(e) electron lepton number (f) muon lepton number (g) tau lepton number
(h) no conservation laws

Example 46.3 Checking Lepton Numbers
Use the law of conservation of lepton numbers to determine whether each of the following decay schemes (A) and (B)
can occur:

A p —>e +7, +v,

SOLUTION

Conceptualize Because this decay involves a muon and an electron, L’L and L, must each be conserved separately if the
decay is to occur.

Categorize We use a conservation law developed in this section, so we categorize this example as a substitution
problem.

Evaluate the lepton numbers before the decay: L,=+1 IL,=0
Evaluate the total lepton numbers after the decay: LM =001 =41 L=+1+(1)+0=0
Therefore, both numbers are conserved and on this basis the decay is possible.

(B) > put +v, +y,

SOLUTION
Evaluate the lepton numbers before the decay: Lu =0 IL,=
Evaluate the total lepton numbers after the decay: L,=-1+1+0=0 IL,=0F 01 =1

Therefore, the decay is not possible because electron lepton number is not conserved.

46.6 Strange Particles and Strangeness

Many particles discovered in the 1950s were produced by the interaction of pions
with protons and neutrons in the atmosphere. A group of these—the kaon (K),
lambda (A), and sigma (2) particles—exhibited unusual properties both as they
were created and as they decayed; hence, they were called strange particles.
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Courtesy Lawrence Berkeley Laboratory, University of California,

Photographic Services

One unusual property of strange particles is that they are always produced in
pairs. For example, when a pion collides with a proton, a highly probable result is
the production of two neutral strange particles (Fig. 46.7):

7 +p — K+ A0

The reaction 7~ + p — K° + n, where only one of the final particles is strange,
never occurs, however, even though no known conservation laws would be violated
and even though the energy of the pion is sufficient to initiate the reaction.

The second peculiar feature of strange particles is that although they are pro-
duced in reactions involving the strong interaction at a high rate, they do not decay
into particles that interact via the strong force at a high rate. Instead, they decay
very slowly, which is characteristic of the weak interaction. Their half-lives are in
the range 1071% s to 107% s, whereas most other particles that interact via the strong
force have much shorter lifetimes on the order of 1072%s.

To explain these unusual properties of strange particles, a new quantum num-
ber §, called strangeness, was introduced, together with a conservation law. The
strangeness numbers for some particles are given in Table 46.2. The production of
strange particles in pairs is handled mathematically by assigning S = +1 to one
of the particles, S = —1 to the other, and § = 0 to all nonstrange particles. The law
of conservation of strangeness states that

in a nuclear reaction or decay that occurs via the strong force, strangeness
is conserved; that is, the sum of the strangeness numbers before the process
must equal the sum of the strangeness numbers after the process. In processes
that occur via the weak interaction, strangeness may not be conserved.

The low decay rate of strange particles can be explained by assuming the strong
and electromagnetic interactions obey the law of conservation of strangeness but

1417

Figure 46.7 This bubble-chamber
photograph shows many events, and
the inset is a drawing of identified
tracks. The strange particles A’ and
K" are formed at the bottom as a

7~ particle interacts with a proton
in the reaction 7~ + p — K’ + A0,
(Notice that the neutral particles
leave no tracks, as indicated by the
dashed lines in the inset.) The A°
then decays in the reaction A’ —
7~ + p and the K’ in the reaction
K7t +p + 7,

<« Conservation of strangeness
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Example 46.4

the weak interaction does not. Because the decay of a strange particle involves the
loss of one strange particle, it violates strangeness conservation and hence proceeds
slowly via the weak interaction.

Is Strangeness Conserved?

(A) Use the law of strangeness conservation to determine whether the reaction 7% + n — K* + X~ occurs.

SOLUTION

Conceptualize We recognize that there are strange particles appearing in this reaction, so we see that we will need to
investigate conservation of strangeness.

Categorize We use a conservation law developed in this section, so we categorize this example as a substitution

problem.

Evaluate the strangeness for the left side of the reaction §S=0+0=0
using Table 46.2:

Evaluate the strangeness for the right side of the S=+1-1=0
reaction:

Therefore, strangeness is conserved and the reaction is allowed.

B) Show that the reaction 7~ + p — 7 + 2 does not conserve strangeness.
P g

SOLUTION

Evaluate the strangeness for the left side of the reaction: S=0+0=0
Evaluate the strangeness for the right side of the S=0+ (-1) = -1
reaction:

Therefore, strangeness is not conserved.

46.7 Finding Patterns in the Particles

One tool scientists use is the detection of patterns in data, patterns that contribute
to our understanding of nature. For example, Table 21.2 shows a pattern of molar
specific heats of gases that allows us to understand the differences among mon-
atomic, diatomic, and polyatomic gases. One of the best examples of this tool’s
use is the development of the periodic table, which provides a fundamental under-
standing of the chemical behavior of the elements. As mentioned in the introduc-
tion, the periodic table explains how more than 100 elements can be formed from
three particles, the electron, the proton, and the neutron. The table of nuclides,
part of which is shown in Table 44.2, contains hundreds of nuclides, but all can be
built from protons and neutrons.

The number of particles observed by particle physicists is in the hundreds. Is it
possible that a small number of entities exist from which all these particles can be
built? Taking a hint from the success of the periodic table and the table of nuclides,
let explore the historical search for patterns among the particles.

Many classification schemes have been proposed for grouping particles into
families. Consider, for instance, the baryons listed in Table 46.2 that have spins
of %: p> 1, A0, 3F 30 57 5% and E-. If we plot strangeness versus charge for these
baryons using a sloping coordinate system as in Figure 46.8a, a fascinating pattern
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3 \\9‘ §=0 K’ \3} §=+1
_2— AO 20_ —— S= —1 — 7"4770_ ——S=0
N\ \ @
\
= =0 S=-2 K ' S=-1
\ Q=+1 \ Q=+1
Q=-1 Q=0 Q=-1 Q=0

is observed: six of the baryons form a hexagon, and the remaining two are at the
hexagon’s center.

As asecond example, consider the following nine spin-zero mesons listed in Table
46.2: ", 7%, 7, K, K%, K, 1, 0/, and the antiparticle K. Figure 46.8b is a plot of
strangeness versus charge for this family. Again, a hexagonal pattern emerges. In
this case, each particle on the perimeter of the hexagon lies opposite its antiparticle
and the remaining three (which form their own antiparticles) are at the center of
the hexagon. These and related symmetric patterns were developed independently
in 1961 by Murray Gell-Mann and Yuval Ne’eman (1925-2006). Gell-Mann called
the patterns the eightfold way, after the eightfold path to nirvana in Buddhism.

Groups of baryons and mesons can be displayed in many other symmetric pat-
terns within the framework of the eightfold way. For example, the family of spin-3
baryons known in 1961 contains nine particles arranged in a pattern like that of
the pins in a bowling alley as in Figure 46.9. (The particles E*+, 2x0, 3, B0,
and E* are excited states of the particles ¥, 39, 37, E°, and E". In these higher-
energy states, the spins of the three quarks—see Section 46.8—making up the par-
ticle are aligned so that the total spin of the particle is 2) When this pattern was
proposed, an empty spot occurred in it (at the bottom position), corresponding
to a particle that had never been observed. Gell-Mann predicted that the missing
particle, which he called the omega minus (£27), should have spin %, charge —I,
strangeness —3, and rest energy of approximately 1 680 MeV. Shortly thereafter, in
1964, scientists at the Brookhaven National Laboratory found the missing particle
through careful analyses of bubble-chamber photographs (Fig. 46.10 on page 1420)
and confirmed all its predicted properties.

The prediction of the missing particle in the eightfold way has much in common
with the prediction of missing elements in the periodic table. Whenever a vacancy
occurs in an organized pattern of information, experimentalists have a guide for
their investigations.

S=0 (A

NN S

S=-1—3"
corresponding

\ \ / particles in Figure

S=-2 :, 46.8. These excited

The particles
indicated with an
asterisk are excited
states of the

The absence of a

particle in the bottom states have higher
position was evidence / 0= +1 e il i 2,
of a new particle yet to P e
be discovered, the (. §=-3

-1 Q-0
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Figure 46.8 (a) The hexagonal
eightfold-way pattern for the eight
spin- baryons. This strangeness-
versus-charge plot uses a sloping axis
for charge number Q and a horizon-
tal axis for strangeness S. (b) The
eightfold-way pattern for the nine
spin-zero mesons.

Courtesy of Michael R. Dressler

g%

Murray Gell-Mann

American Physicist (b. 1929)

In 1969, Murray Gell-Mann was awarded the
Nobel Prize in Physics for his theoretical stud-
ies dealing with subatomic particles.

Figure 46.9 The pattern for the
higher-mass, spin-3 baryons known at
the time the pattern was proposed.
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Figure 46.10 Discovery of the
)~ particle. The photograph

on the left shows the original
bubble-chamber tracks. The
drawing on the right isolates the
tracks of the important events.

Mesons Baryons

V N
“‘(; )
=7}

ACTIVE FIGURE 46.11

Quark composition of two mesons
and two baryons.

Courtesy of Brookhaven National Laboratory

Yo The K™ particle at

the bottom collides with

a proton to produce the

77 first detected Q) particle
plusa K’ and a K™.

46.8 Quarks

As mentioned earlier, leptons appear to be truly elementary particles because there
are only a few types of them, and experiments indicate that they have no measur-
able size or internal structure. Hadrons, on the other hand, are complex particles
having size and structure. The existence of the strangeness—charge patterns of the
eightfold way suggests that hadrons have substructure. Furthermore, hundreds of
types of hadrons exist and many decay into other hadrons.

The Original Quark Model

In 1963, Gell-Mann and George Zweig (b. 1937) independently proposed a model for
the substructure of hadrons. According to their model, all hadrons are composed of
two or three elementary constituents called quarks. (Gell-Mann borrowed the word
quark from the passage “Three quarks for Muster Mark” in James Joyce’s Finnegans
Wake. In Zweig’s model, he called the constituents “aces.”) The model has three types
of quarks, designated by the symbols u, d, and s, that are given the arbitrary names
up, down, and strange. The various types of quarks are called flavors. Active Figure
46.11 is a pictorial representation of the quark compositions of several hadrons.

An unusual property of quarks is that they carry a fractional electric charge. The
u, d, and s quarks have charges of +2¢/3, —¢/3, and —e/3, respectively, where ¢ is
the elementary charge 1.60 X 107! C. These and other properties of quarks and
antiquarks are given in Table 46.3. Quarks have spin 3, which means that all quarks
are fermions, defined as any particle having half-integral spin, as pointed out in
Section 43.8. As Table 46.3 shows, associated with each quark is an antiquark of
opposite charge, baryon number, and strangeness.

The compositions of all hadrons known when Gell-Mann and Zweig presented
their model can be completely specified by three simple rules:

¢ A meson consists of one quark and one antiquark, giving it a baryon number
of 0, as required.

¢ A baryon consists of three quarks.

¢ An antibaryon consists of three antiquarks.

The theory put forth by Gell-Mann and Zweig is referred to as the original quark
model.
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WLCARSEITERY Properties of Quarks and Antiquarks

Quarks

Baryon
Name Symbol Spin Charge Number Strangeness Charm Bottomness Topness
Up u i +2¢ : 0 0 0 0
Down d i —1e : 0 0 0 0
Strange S i —1e i -1 0 0 0
Charmed c i +2e i 0 +1 0 0
Bottom b i -1 3 0 0 +1 0
Top t i +3e i 0 0 0 +1
Antiquarks

Baryon
Name Symbol Spin Charge Number Strangeness Charm Bottomness Topness
Anti-up u 3 -2 -1 0 0 0 0
Anti-down d i +1e -1 0 0 0 0
Anti-strange s 3 +ie -3 +1 0 0 0
Anti-charmed c i -2 -1 0 -1 0 0
Anti-bottom b i +ie —1 0 0 -1 0
Anti-top T 3 -2 -1 0 0 0 -1

Quick Quiz 46.5 Using a coordinate system like that in Figure 46.8, draw an
cightfold-way diagram for the three quarks in the original quark model.

Charm and Other Developments

Although the original quark model was highly successful in classifying particles into
families, some discrepancies occurred between its predictions and certain experi-
mental decay rates. Consequently, several physicists proposed a fourth quark flavor
in 1967. They argued that if four types of leptons exist (as was thought at the time),
there should also be four flavors of quarks because of an underlying symmetry in
nature. The fourth quark, designated c, was assigned a property called charm. A
charmed quark has charge +2¢/3, just as the up quark does, but its charm distin-
guishes it from the other three quarks. This introduces a new quantum number C,
representing charm. The new quark has charm C = +1, its antiquark has charm of
C = —1, and all other quarks have C = 0. Charm, like strangeness, is conserved in
strong and electromagnetic interactions but not in weak interactions.

Evidence that the charmed quark exists began to accumulate in 1974, when a
heavy meson called the J/'W particle (or simply W, Greek letter psi) was discovered
independently by two groups, one led by Burton Richter (b. 1931) at the Stan-
ford Linear Accelerator (SLAC), and the other led by Samuel Ting (b. 1936) at
the Brookhaven National Laboratory. In 1976, Richter and Ting were awarded the
Nobel Prize in Physics for this work. The J/W particle does not fit into the three-
quark model; instead, it has properties of a combination of the proposed charmed
quark and its antiquark (cc). It is much more massive than the other known mesons
(~8 100 MeV/c¢?), and its lifetime is much longer than the lifetimes of particles that
interact via the strong force. Soon, related mesons were discovered, corresponding
to such quark combinations as cd and cd, all of which have great masses and long
lifetimes. The existence of these new mesons provided firm evidence for the fourth
quark flavor.

In 1975, researchers at Stanford University reported strong evidence for the tau
(1) lepton, mass 1 784 MeV/c?. This fifth type of lepton led physicists to propose
that more flavors of quarks might exist, on the basis of symmetry arguments simi-
lar to those leading to the proposal of the charmed quark. These proposals led to
more elaborate quark models and the prediction of two new quarks, top (t) and
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WL Quark Composition of Mesons

Antiquarks
c s d a
b Y (bb) B~ (cb) B (sb) BY (db) B~ (ub)
c B.* (bc) N4 (cc) D.* (sc) D* (de) D (uc)
Quarks s B’ (bs) D~ (cs) n,mM (ss) K? (ds) K~ (us)
d B’ (bd) D~ (cd) K (sd) 7, n (dd) T (ud)
u B* (bu) D’ (cu) K* (su) s (du) 7, n (uu)

Note: The top quark does not form mesons because it decays too quickly.

TABLE 46.5

Quark Composition

of Several Baryons
Quark
Particle Composition
P uud
n udd
A0 uds
3t uus
30 uds
> dds
At uuu
A" uud
A0 udd
A~ ddd
= uss
= dss
O~ SSS

Note: Some baryons have the same quark

composition, such as the p and the A*
and the n and the A°. In these cases, the
A particles are considered to be excited

states of the proton and neutron.

bottom (b). (Some physicists prefer truth and beauty.) To distinguish these quarks
from the others, quantum numbers called topness and bottomness (with allowed val-
ues +1, 0, —1) were assigned to all quarks and antiquarks (see Table 46.3). In 1977,
researchers at the Fermi National Laboratory, under the direction of Leon Leder-
man (b. 1922), reported the discovery of a very massive new meson Y (Greek let-
ter upsilon), whose composition is considered to be bb, providing evidence for the
bottom quark. In March 1995, researchers at Fermilab announced the discovery of
the top quark (supposedly the last of the quarks to be found), which has a mass of
173 GeV/c?.

Table 46.4 lists the quark compositions of mesons formed from the up, down,
strange, charmed, and bottom quarks. Table 46.5 shows the quark combinations for
the baryons listed in Table 46.2. Notice that only two flavors of quarks, u and d, are
contained in all hadrons encountered in ordinary matter (protons and neutrons).

Will the discoveries of elementary particles ever end? How many “building
blocks” of matter actually exist? At present, physicists believe that the elementary
particles in nature are six quarks and six leptons, together with their antiparticles,
and the four field particles listed in Table 46.1. Table 46.6 lists the rest energies and
charges of the quarks and leptons.

Despite extensive experimental effort, no isolated quark has ever been observed.
Physicists now believe that at ordinary temperatures, quarks are permanently
confined inside ordinary particles because of an exceptionally strong force that
prevents them from escaping, called (appropriately) the strong force® (which we

The Elementary Particles and
Their Rest Energies and Charges

Particle Approximate Rest Energy Charge
Quarks

u 2.4 MeV +2¢
d 4.8 MeV —1e
s 104 MeV —1e
c 1.27 GeV +2¢
b 4.2 GeV —le
t 171 GeV +2¢
Leptons

e 511 keV —e
wo 105.7 MeV —e
T 1.78 GeV —e
v, <2eV 0
v, < 0.19 MeV 0
v, < 18.2 MeV 0

°As a reminder, the original meaning of the term strong force was the short-range attractive force between nucleons,
which we have called the nuclear force. The nuclear force between nucleons is a secondary effect of the strong force
between quarks.
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introduced at the beginning of Section 46.4 and will discuss further in Section
46.10). This force increases with separation distance, similar to the force exerted by
a stretched spring. Current efforts are under way to form a quark—gluon plasma, a
state of matter in which the quarks are freed from neutrons and protons. In 2000,
scientists at CERN announced evidence for a quark—gluon plasma formed by collid-
ing lead nuclei. In 2005, experiments at the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven suggested the creation of a quark—gluon plasma. Neither laboratory
has provided definitive data to verify the existence of a quark—gluon plasma. Exper-
iments continue, and the Large Hadron Collider at CERN will join the search when
it becomes fully operational.

Quick Quiz 46.6 Doubly charged baryons, such as the A™*, are known to
exist. True or False: Doubly charged mesons also exist.

46.9 Multicolored Quarks

Shortly after the concept of quarks was proposed, scientists recognized that cer-
tain particles had quark compositions that violated the exclusion principle. In Sec-
tion 42.7, we applied the exclusion principle to electrons in atoms. The principle
is more general, however, and applies to all particles with half-integral spin (%, g,
etc.), which are collectively called fermions. Because all quarks are fermions hav-
ing spin 2 they are expected to follow the exclusion principle. One example of a
particle that appears to violate the exclusion principle is the ()~ (sss) baryon, which
contains three strange quarks having parallel spins, giving it a total spin of 2 Al
three quarks have the same spin quantum number, in violation of the exclusion
principle. Other examples of baryons made up of identical quarks having parallel
spins are the A™" (uuu) and the A~ (ddd).

To resolve this problem, it was suggested that quarks possess an additional
property called color charge. This property is similar in many respects to electric
charge except that it occurs in six varieties rather than two. The colors assigned to
quarks are red, green, and blue, and antiquarks have the colors antired, antigreen,
and antiblue. Therefore, the colors red, green, and blue serve as the “quantum
numbers” for the color of the quark. To satisfy the exclusion principle, the three
quarks in any baryon must all have different colors. Look again at the quarks in
the baryons in Active Figure 46.11 and notice the colors. The three colors “neutral-
ize” to white. A quark and an antiquark in a meson must be of a color and the cor-
responding anticolor and will consequently neutralize to white, similar to the way
electric charges + and — neutralize to zero net charge. (See the mesons in Active
Fig. 46.11.) The apparent violation of the exclusion principle in the )~ baryon is
removed because the three quarks in the particle have different colors.

The new property of color increases the number of quarks by a factor of 3 because
each of the six quarks comes in three colors. Although the concept of color in the
quark model was originally conceived to satisfy the exclusion principle, it also pro-
vided a better theory for explaining certain experimental results. For example, the
modified theory correctly predicts the lifetime of the 7° meson.

The theory of how quarks interact with each other is called quantum chromo-
dynamics, or QCD, to parallel the name quantum electrodynamics (the theory of the
electrical interaction between light and matter). In QCD, each quark is said to carry
a color charge, in analogy to electric charge. The strong force between quarks is
often called the color force. Therefore, the terms strong force and color force are used
interchangeably.

In Section 46.1, we stated that the nuclear interaction between hadrons is medi-
ated by massless field particles called gluons. As mentioned earlier, the nuclear
force is actually a secondary effect of the strong force between quarks. The gluons
are the mediators of the strong force. When a quark emits or absorbs a gluon, the

Pitfall Prevention 46.3

Color Charge Is Not Really Color
The description of color for a quark
has nothing to do with visual sensa-
tion from light. It is simply a con-
venient name for a property that is
analogous to electric charge.
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I Meson
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Figure 46.12 (a) A green quark is
attracted to an antigreen quark. This
forms a meson whose quark struc-
ture is (qq). (b) Three quarks of dif-
ferent colors attract one another to
form a baryon.

Because the pion
carries charge, the
proton and neutron
switch identities.
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Yukawa’s pion model
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The exchanged ud quark
pair makes up a 7 meson.

Figure 46.13 (a) A nuclear interac-
tion between a proton and a neutron
explained in terms of Yukawa’s pion-
exchange model. (b) The same inter-
action, explained in terms of quarks

and gluons.
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quark’s color may change. For example, a blue quark that emits a gluon may become
ared quark and a red quark that absorbs this gluon becomes a blue quark.

The color force between quarks is analogous to the electric force between
charges: particles with the same color repel, and those with opposite colors attract.
Therefore, two green quarks repel each other, but a green quark is attracted to
an antigreen quark. The attraction between quarks of opposite color to form a
meson (qq) is indicated in Figure 46.12a. Differently colored quarks also attract
one another, although with less intensity than the oppositely colored quark and
antiquark. For example, a cluster of red, blue, and green quarks all attract one
another to form a baryon as in Figure 46.12b. Therefore, every baryon contains
three quarks of three different colors.

Although the nuclear force between two colorless hadrons is negligible at large
separations, the net strong force between their constituent quarks is not exactly
zero at small separations. This residual strong force is the nuclear force that binds
protons and neutrons to form nuclei. It is similar to the force between two electric
dipoles. Each dipole is electrically neutral. An electric field surrounds the dipoles,
however, because of the separation of the positive and negative charges (see Sec-
tion 23.6). As a result, an electric interaction occurs between the dipoles that is
weaker than the force between single charges. In Section 43.1, we explored how this
interaction results in the Van der Waals force between neutral molecules.

According to QCD, a more basic explanation of the nuclear force can be given
in terms of quarks and gluons. Figure 46.13a shows the nuclear interaction between
a neutron and a proton by means of Yukawa’s pion, in this case a 77~. This drawing
differs from Figure 46.5a, in which the field particle is a Y% there is no transfer of
charge from one nucleon to the other in Figure 46.5a. In Figure 46.13a, the charged
pion carries charge from one nucleon to the other, so the nucleons change identi-
ties, with the proton becoming a neutron and the neutron becoming a proton.

Let’s look at the same interaction from the viewpoint of the quark model, shown
in Figure 46.13b. In this Feynman diagram, the proton and neutron are represented
by their quark constituents. Each quark in the neutron and proton is continuously
emitting and absorbing gluons. The energy of a gluon can result in the creation of
quark—antiquark pairs. This process is similar to the creation of electron—positron
pairs in pair production, which we investigated in Section 46.2. When the neutron
and proton approach to within 1 fm of each other, these gluons and quarks can be
exchanged between the two nucleons, and such exchanges produce the nuclear
force. Figure 46.13b depicts one possibility for the process shown in Figure 46.13a.
A down quark in the neutron on the right emits a gluon. The energy of the gluon is
then transformed to create a uu pair. The u quark stays within the nucleon (which
has now changed to a proton), and the recoiling d quark and the u antiquark are
transmitted to the proton on the left side of the diagram. Here the u annihilates
a u quark within the proton and the d is captured. The net effect is to change a u
quark to a d quark, and the proton on the left has changed to a neutron.

As the d quark and u antiquark in Figure 46.13b transfer between the nucleons,
the d and u exchange gluons with each other and can be considered to be bound
to each other by means of the strong force. Looking back at Table 46.4, we see that
this combination is a 7, or Yukawa’s field particle! Therefore, the quark model of
interactions between nucleons is consistent with the pion-exchange model.

46.10 The Standard Model

Scientists now believe there are three classifications of truly elementary particles:
leptons, quarks, and field particles. These three types of particles are further classi-
fied as either fermions or bosons. Quarks and leptons have spin § and hence are fer-
mions, whereas the field particles have integral spin of 1 or higher and are bosons.

Recall from Section 46.1 that the weak force is believed to be mediated by the
W*, W™, and Z° bosons. These particles are said to have weak charge, just as quarks
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have color charge. Therefore, each elementary particle can have mass, electric
charge, color charge, and weak charge. Of course, one or more of these could be
zero.

In 1979, Sheldon Glashow (b. 1932), Abdus Salam (1926-1996), and Steven Wein-
berg (b. 1933) won the Nobel Prize in Physics for developing a theory that unifies
the electromagnetic and weak interactions. This electroweak theory postulates that
the weak and electromagnetic interactions have the same strength when the par-
ticles involved have very high energies. The two interactions are viewed as differ-
ent manifestations of a single unifying electroweak interaction. The theory makes
many concrete predictions, but perhaps the most spectacular is the prediction of
the masses of the W and Z particles at approximately 82 GeV/c? and 93 GeV/(?,
respectively. These predictions are close to the masses in Table 46.1 determined by
experiment.

The combination of the electroweak theory and QCD for the strong interaction
is referred to in high-energy physics as the Standard Model. Although the details of
the Standard Model are complex, its essential ingredients can be summarized with
the help of Fig. 46.14. (Although the Standard Model does not include the gravita-
tional force at present, we include gravity in Fig. 46.14 because physicists hope to
eventually incorporate this force into a unified theory.) This diagram shows that
quarks participate in all the fundamental forces and that leptons participate in all
except the strong force.

The Standard Model does not answer all questions. A major question still unan-
swered is why, of the two mediators of the electroweak interaction, the photon has
no mass but the W and Z bosons do. Because of this mass difference, the electro-
magnetic and weak forces are quite distinct at low energies but become similar at
very high energies, when the rest energy is negligible relative to the total energy.
The behavior as one goes from high to low energies is called symmetry breaking
because the forces are similar, or symmetric, at high energies but are very different
at low energies. The nonzero rest energies of the W and Z bosons raise the question
of the origin of particle masses. To resolve this problem, a hypothetical particle
called the Higgs boson, which provides a mechanism for breaking the electroweak
symmetry, has been proposed. The Standard Model modified to include the Higgs
boson provides a logically consistent explanation of the massive nature of the W
and Z bosons. Unfortunately, the Higgs boson has not yet been found, but physi-
cists know that its rest energy should be less than 1 TeV. To determine whether the
Higgs boson exists, two quarks each having at least 1 TeV of energy must collide.
Calculations show that such a collision requires injecting 40 TeV of energy within
the volume of a proton, however.

Because of the limited energy available in conventional accelerators using fixed
targets, it is necessary to employ colliding-beam accelerators called colliders. The
concept of colliders is straightforward. Particles that have equal masses and equal
kinetic energies, traveling in opposite directions in an accelerator ring, collide
head-on to produce the required reaction and form new particles. Because the total
momentum of the interacting particles is zero, all their kinetic energy is available
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Figure 46.14 The Standard Model
of particle physics.
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Figure 46.15 Computers at Fermi-
lab create a pictorial representation
such as this one of the paths of par-
ticles after a collision.

for the reaction. The Large Electron—Positron (LEP) Collider at CERN and the
Stanford Linear Collider collide both electrons and positrons. The Super Proton
Synchrotron at CERN accelerates protons and antiprotons to energies of 270 GeV.
The world’s highest-energy proton accelerator, the Tevatron at the Fermi National
Laboratory in Illinois, produces protons at almost 1 000 GeV (1 TeV). The Relativ-
istic Heavy Ion Collider at Brookhaven National Laboratory collides heavy ions to
search for the quark—gluon plasma as discussed earlier. CERN has completed con-
struction of the Large Hadron Collider (LHC), a proton—proton collider that will
provide a center-of-mass energy of 14 TeV and enable exploration of Higgs-boson
physics. (See page 829 for a photo of a magnet used by the LHC.) The accelerator
occupies the same 27-km circumference tunnel now housing the LEP Collider, and
many countries will participate in the project.

In addition to increasing energies in modern accelerators, detection techniques
have become increasingly sophisticated. We saw simple bubble-chamber photo-
graphs earlier in this chapter that required hours of analysis by hand. Figure 46.15
shows a modern detection display of particle tracks after a reaction; the tracks are
analyzed rapidly by computer. The photograph at the beginning of this chapter
shows a complex set of tracks from a collision of gold nuclei.

46.11 The Cosmic Connection

In this section, we describe one of the most fascinating theories in all science—the
big bang theory of the creation of the Universe—and the experimental evidence
that supports it. This theory of cosmology states that the Universe had a beginning
and furthermore that the beginning was so cataclysmic that it is impossible to look
back beyond it. According to this theory, the Universe erupted from an infinitely
dense singularity about 14 billion years ago. The first few moments after the big
bang saw such extremely high energy that it is believed that all four interactions of
physics were unified and all matter was contained in a quark—gluon plasma.

The evolution of the four fundamental forces from the big bang to the present is
shown in Figure 46.16. During the first 107%3 s (the ultrahot epoch, T~ 1032 K), it
is presumed the strong, electroweak, and gravitational forces were joined to form a
completely unified force. In the first 1073° s following the big bang (the hot epoch,
T ~ 10?2 K), symmetry breaking occurred for gravity while the strong and elec-
troweak forces remained unified. It was a period when particle energies were so
great (> 10'® GeV) that very massive particles as well as quarks, leptons, and their
antiparticles existed. Then, after 1073 s, the Universe rapidly expanded and cooled
(the warm epoch, T~ 10% to 10'® K) and the strong and electroweak forces parted
company. As the Universe continued to cool, the electroweak force split into the
weak force and the electromagnetic force approximately 10710 s after the big bang.

After a few minutes, protons and neutrons condensed out of the plasma. For
half an hour, the Universe underwent thermonuclear detonation, exploding as a
hydrogen bomb and producing most of the helium nuclei that now exist. The Uni-
verse continued to expand, and its temperature dropped. Until about 700 000 years
after the big bang, the Universe was dominated by radiation. Energetic radiation
prevented matter from forming single hydrogen atoms because collisions would
instantly ionize any atoms that happened to form. Photons experienced continuous
Compton scattering from the vast numbers of free electrons, resulting in a Universe
that was opaque to radiation. By the time the Universe was about 700 000 years old,
it had expanded and cooled to approximately 3 000 K and protons could bind to
electrons to form neutral hydrogen atoms. Because of the quantized energies of
the atoms, far more wavelengths of radiation were not absorbed by atoms than were
absorbed, and the Universe suddenly became transparent to photons. Radiation no
longer dominated the Universe, and clumps of neutral matter steadily grew: first
atoms, then molecules, gas clouds, stars, and finally galaxies.
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Figure 46.16 A brief history of the Universe from the big bang to the present. The four forces became distinguish-
able during the first nanosecond. Following that, all the quarks combined to form particles that interact via the nuclear

force. The leptons, however, remained separate and to this day exist as individual, observable particles.

Observation of Radiation from the Primordial Fireball

In 1965, Arno A. Penzias (b. 1933) and Robert W. Wilson (b. 1936) of Bell Labora-
tories were testing a sensitive microwave receiver and made an amazing discovery.
A pesky signal producing a faint background hiss was interfering with their satellite
communications experiments. The microwave horn that served as their receiving
antenna is shown in Figure 46.17. Evicting a flock of pigeons from the 20-ft horn
and cooling the microwave detector both failed to remove the signal.

The intensity of the detected signal remained unchanged as the antenna was
pointed in different directions. That the radiation had equal strengths in all direc-
tions suggested that the entire Universe was the source of this radiation. Ulti-
mately, it became clear that they were detecting microwave background radiation
(at a wavelength of 7.35 c¢cm), which represented the leftover “glow” from the big
bang. Through a casual conversation, Penzias and Wilson discovered that a group
at Princeton University had predicted the residual radiation from the big bang and
were planning an experiment to attempt to confirm the theory. The excitement
in the scientific community was high when Penzias and Wilson announced that
they had already observed an excess microwave background compatible with a 3-K
blackbody source, which was consistent with the predicted temperature of the Uni-
verse at this time after the big bang.

Because Penzias and Wilson made their measurements at a single wavelength,
they did not completely confirm the radiation as 3-K blackbody radiation. Subse-
quent experiments by other groups added intensity data at different wavelengths as
shown in Figure 46.18 on page 1428. The results confirm that the radiation is that
of a black body at 2.7 K. This figure is perhaps the most clear-cut evidence for the

Figure 46.17 Robert W. Wilson
(left) and Arno A. Penzias with the
Bell Telephone Laboratories horn-
reflector antenna.

AT&T Bell Laboratories
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The datum of Penzias and
Wilson is indicated in blue.
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Figure 46.18 Theoretical black-
body (brown curve) and measured
radiation spectra (black points) of
the big bang. Most of the data were
collected from the Cosmic Back-
ground Explorer, or COBE, satellite.

Hubble’s law »

Example 46.5

big bang theory. The 1978 Nobel Prize in Physics was awarded to Penzias and Wil-
son for this most important discovery.

The discovery of the cosmic background radiation brought with it a problem,
however: the radiation was too uniform. Scientists believed that slight fluctuations
in this background had to occur to act as nucleation sites for the formation of the
galaxies and other objects we now see in the sky. In 1989, NASA launched a satel-
lite called COBE (KOH-bee), for Cosmic Background Explorer, to study this radia-
tion in greater detail. In 1992, George Smoot (b. 1945) at the Lawrence Berkeley
Laboratory found, on the basis of the data collected, that the background was not
perfectly uniform but instead contained irregularities that corresponded to tem-
perature variations of 0.000 3 K. Smoot won the 2006 Nobel Prize in Physics for
this work. The Wilkinson Microwave Anisotropy Probe, launched in June 2001,
exhibits data that allow observation of temperature differences in the cosmos in
the microkelvin range. Ongoing observations are being made from Earth-based
facilities. In addition, the Planck satellite was launched in May 2009 by the Euro-
pean Space Agency. This space-based observatory should measure the cosmic back-
ground radiation with higher sensitivity than the Wilkinson probe.

Other Evidence for an Expanding Universe

The big bang theory of cosmology predicts that the Universe is expanding. Most
of the key discoveries supporting the theory of an expanding Universe were made
in the 20th century. Vesto Melvin Slipher (1875-1969), an American astronomer,
reported in 1912 that most galaxies are receding from the Earth at speeds up to
several million miles per hour. Slipher was one of the first scientists to use Doppler
shifts (see Section 17.4) in spectral lines to measure galaxy velocities.

In the late 1920s, Edwin P. Hubble (1889-1953) made the bold assertion that
the whole Universe is expanding. From 1928 to 1936, until they reached the lim-
its of the 100-inch telescope, Hubble and Milton Humason (1891-1972) worked at
Mount Wilson in California to prove this assertion. The results of that work and of
its continuation with the use of a 200-inch telescope in the 1940s showed that the
speeds at which galaxies are receding from the Earth increase in direct proportion
to their distance Rfrom us. This linear relationship, known as Hubble’s law, may be
written

v= HR (46.4)

where H, called the Hubble constant, has the approximate value

H=22Xx10%m/s - ly

Recession of a Quasar

A quasar is an object that appears similar to a star and is very distant from the Earth. Its speed can be determined from
Doppler-shift measurements in the light it emits. A certain quasar recedes from the Earth at a speed of 0.55¢. How far

away is it?

SOLUTION

Conceptualize A common mental representation for the Hubble law is that of raisin bread cooking in an oven. Imagine
yourself at the center of the loaf of bread. As the entire loaf of bread expands upon heating, raisins near you move slowly
with respect to you. Raisins far away from you on the edge of the loaf move at a higher speed.

Categorize We use a concept developed in this section, so we categorize this example as a substitution problem.

Find the distance through Hubble’s law: R=—=

v (0.55)(3.00 X 10 m/s)

= = 75X 1091y
H 22 X 10" m/s - ly
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46.5 cont.

m Suppose the quasar has moved at this speed ever since the big bang. With this assumption, estimate the age
of the Universe.

Answer Let’s approximate the distance from the Earth to the quasar as the distance the quasar has moved from the sin-
gularity since the big bang. We can then find the time interval from the particle under constant speed model: At = d/v =
R/v = 1/H = 14 billion years, which is in approximate agreement with other calculations.

Will the Universe Expand Forever?

In the 1950s and 1960s, Allan R. Sandage (b. 1926) used the 200-inch telescope
at Mount Palomar to measure the speeds of galaxies at distances of up to 6 bil-
lion light-years away from the Earth. These measurements showed that these very
distant galaxies were moving approximately 10 000 km/s faster than Hubble’s law
predicted. According to this result, the Universe must have been expanding more
rapidly 1 billion years ago, and consequently we conclude from these data that the
expansion rate is slowing.® Today, astronomers and physicists are trying to deter-
mine the rate of expansion. If the average mass density of the Universe is less than
some critical value p,, the galaxies will slow in their outward rush but still escape to
infinity. If the average density exceeds the critical value, the expansion will eventu-
ally stop and contraction will begin, possibly leading to a superdense state followed
by another expansion. In this scenario, we have an oscillating Universe.

Example 46.6 The Critical Density of the Universe

(A) Starting from energy conservation,
derive an expression for the critical mass 1
density of the Universe p,in terms of the \ 3

Hubble constant A and the universal
gravitational constant G.

SOLUTION )

Conceptualize Figure 46.19 shows a large
section of the Universe, contained within
a sphere of radius R. The total mass in

-2
\
-
=

Figure 46.19 (Example 46.6) The . e >

this volume is M. A galaxy of mass m <<
M that has a speed v at a distance R from
the center of the sphere escapes to infin-
ity (at which its speed approaches zero)

galaxy marked with mass mis escap- /
ing from a large cluster of galaxies

contained within a spherical volume of

radius R. Only the mass within R slows ‘
the galaxy.

if the sum of its kinetic energy and the
gravitational potential energy of the system is zero.

Categorize The Universe may be infinite in spatial extent, but Gauss’s law for gravitation (an analog to Gauss’s law for
electric fields in Chapter 24) implies that only the mass M inside the sphere contributes to the gravitational potential
energy of the galaxy—sphere system. Therefore, we categorize this problem as one in which we apply Gauss’s law for gravi-
tation. We model the sphere in Figure 46.19 and the escaping galaxy as an isolated system.

GmM
Ep = K+ U= tmo? = 2= =0

Analyze Write an expression for the total mechanical E

energy of the system and set it equal to zero, represent-

ing the galaxy moving at the escape speed: contined

“The data at large distances have large observational uncertainties and may be systematically in error from effects
such as abnormal brightness in the most distant visible clusters.
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46.6 cont.
. o s GmsmR'p,)
Substitute for the mass M contained within the sphere smo? = R
the product of the critical density and the volume of the
sphere:
.. . 3v?
Solve for the critical density: Pe= S s
8mGR
X . 3 v\2 3H?
From Hubble’s law, substitute for the ratio v/R = H: @1 p=——=\=] =
887G \ R 8w G
(B) Estimate a numerical value for the critical density in grams per cubic centimeter.
SOLUTION
SH? 3(22 X 10 2 m/s - ly)? ) .
In Equation (1), substitute numerical values Pe=g o= ( - — 2}7) 5 = 8.7 X 10°kg/m - (Iy)?
for Hand G- T 8m(6.67 X 107" N - m*/kg?)
R ile th its b ing ligh 8.7 X 10° kg/ (1)2( Ly >2
t t t - t ters: = o. . T —
econcile the units by converting light-years to meters P. N e e

=9.7 X 10" kg/m* = 9.7 X 107 g/cm®

Finalize Because the mass of a hydrogen atom is 1.67 X 1072* g, this value of p, corresponds to 6 X 10~° hydrogen atoms
per cubic centimeter or 6 atoms per cubic meter.

Missing Mass in the Universe?

The luminous matter in galaxies averages out to a Universe density of about
5 X 10733 g/cmg. The radiation in the Universe has a mass equivalent of approxi-
mately 2% of the luminous matter. The total mass of all nonluminous matter (such
as interstellar gas and black holes) may be estimated from the speeds of galaxies
orbiting each other in a cluster. The higher the galaxy speeds, the more mass in
the cluster. Measurements on the Coma cluster of galaxies indicate, surprisingly,
that the amount of nonluminous matter is 20 to 30 times the amount of luminous
matter present in stars and luminous gas clouds. Yet even this large, invisible com-
ponent of dark matter (see Section 13.6), if extrapolated to the Universe as a whole,
leaves the observed mass density a factor of 10 less than p, calculated in Example
46.6. The deficit, called missing mass, has been the subject of intense theoretical and
experimental work, with exotic particles such as axions, photinos, and superstring
particles suggested as candidates for the missing mass. Some researchers have made
the more mundane proposal that the missing mass is present in neutrinos. In fact,
neutrinos are so abundant that a tiny neutrino rest energy on the order of only 20
eV would furnish the missing mass and “close” the Universe. Current experiments
designed to measure the rest energy of the neutrino will have an effect on predic-
tions for the future of the Universe.

Mysterious Energy in the Universe?

A surprising twist in the story of the Universe arose in 1998 with the observation
of a class of supernovae that have a fixed absolute brightness. By combining the
apparent brightness and the redshift of light from these explosions, their distance
and speed of recession from the Earth can be determined. These observations led
to the conclusion that the expansion of the Universe is not slowing down, but is
accelerating! Observations by other groups also led to the same interpretation.

To explain this acceleration, physicists have proposed dark energy, which is energy
possessed by the vacuum of space. In the early life of the Universe, gravity domi-
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nated over the dark energy. As the Universe expanded and the gravitational force
between galaxies became smaller because of the great distances between them, the
dark energy became more important. The dark energy results in an effective repul-
sive force that causes the expansion rate to increase.”

Although there is some degree of certainty about the beginning of the Universe,
we are uncertain about how the story will end. Will the Universe keep on expanding
forever, or will it someday collapse and then expand again, perhaps in an endless
series of oscillations? Results and answers to these questions remain inconclusive,
and the exciting controversy continues.

46.12 Problems and Perspectives

While particle physicists have been exploring the realm of the very small, cosmolo-
gists have been exploring cosmic history back to the first microsecond of the big
bang. Observation of the events that occur when two particles collide in an accel-
erator is essential for reconstructing the early moments in cosmic history. For this
reason, perhaps the key to understanding the early Universe is to first understand
the world of elementary particles. Cosmologists and physicists now find that they
have many common goals and are joining hands in an attempt to understand the
physical world at its most fundamental level.

Our understanding of physics at short distances is far from complete. Particle
physics is faced with many questions. Why does so little antimatter exist in the Uni-
verse? Is it possible to unify the strong and electroweak theories in a logical and
consistent manner? Why do quarks and leptons form three similar but distinct
families? Are muons the same as electrons apart from their difference in mass, or
do they have other subtle differences that have not been detected? Why are some
particles charged and others neutral? Why do quarks carry a fractional charge?
What determines the masses of the elementary constituents of matter? Can isolated
quarks exist?

An important and obvious question that remains is whether leptons and quarks
have an underlying structure. If they do, we can envision an infinite number of
deeper structure levels. If leptons and quarks are indeed the ultimate constituents
of matter, however, scientists hope to construct a final theory of the structure of
matter, just as Einstein dreamed of doing. This theory, whimsically called the The-
ory of Everything, is a combination of the Standard Model and a quantum theory
of gravity.

String Theory: A New Perspective

Let’s briefly discuss one current effort at answering some of these questions by pro-
posing a new perspective on particles. While reading this book, you may recall start-
ing off with the particle model and doing quite a bit of physics with it. In Part 2, we
introduced the wave model, and there was more physics to be investigated via the
properties of waves. We used a wave model for light in Part 5. Early in Part 6, how-
ever, we saw the need to return to the particle model for light. Furthermore, we
found that material particles had wave-like characteristics. The quantum particle
model discussed in Chapter 40 allowed us to build particles out of waves, suggest-
ing that a wave is the fundamental entity. In this final chapter, however, we intro-
duced elementary particles as the fundamental entities. It seems as if we cannot
make up our mind! In this final section, we discuss a current research effort to
build particles out of waves and vibrations.

String theory is an effort to unify the four fundamental forces by modeling all
particles as various quantized vibrational modes of a single entity, an incredibly
small string. The typical length of such a string is on the order of 1073 m, called

"For an overview of dark energy, see S. Perlmutter, “Supernovae, Dark Energy, and the Accelerating Universe,” Physics
Today 56(4): 53—60, April 2003.
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As a rectangle, the shape
has two dimensions.

‘4—‘\@ »‘

The curled-up second dimension
is not visible when viewed from a
distance that is large compared
with the diameter of the straw.

Figure 46.20 (a) A piece of paper
is cut into a rectangular shape.

(b) The paper is rolled up into a
soda straw.

Concepts and Principles

Before quark theory was developed, the four fundamental
forces in nature were identified as nuclear, electromagnetic,
weak, and gravitational. All the interactions in which these
forces take part are mediated by field particles. The electro-
magnetic interaction is mediated by photons; the weak interac-
tion is mediated by the W= and Z° bosons; the gravitational
interaction is mediated by gravitons; and the nuclear interac-

tion is mediated by gluons.

the Planck length. We have seen quantized modes before in the frequencies of
vibrating guitar strings in Chapter 18 and the quantized energy levels of atoms in
Chapter 42. In string theory, each quantized mode of vibration of the string cor-
responds to a different elementary particle in the Standard Model.

One complicating factor in string theory is that it requires space—time to have
ten dimensions. Despite the theoretical and conceptual difficulties in dealing with
ten dimensions, string theory holds promise in incorporating gravity with the
other forces. Four of the ten dimensions—three space dimensions and one time
dimension—are visible to us. The other six are said to be compactified; that is, the
six dimensions are curled up so tightly that they are not visible in the macroscopic
world.

As an analogy, consider a soda straw. You can build a soda straw by cutting a
rectangular piece of paper (Fig. 46.20a), which clearly has two dimensions, and
rolling it into a small tube (Fig. 46.20b). From far away, the soda straw looks like
a one-dimensional straight line. The second dimension has been curled up and is
not visible. String theory claims that six space—time dimensions are curled up in an
analogous way, with the curling being on the size of the Planck length and impos-
sible to see from our viewpoint.

Another complicating factor with string theory is that it is difficult for string
theorists to guide experimentalists as to what to look for in an experiment. The
Planck length is so small that direct experimentation on strings is impossible. Until
the theory has been further developed, string theorists are restricted to applying
the theory to known results and testing for consistency.

One of the predictions of string theory, called supersymmetry, or SUSY, suggests
that every elementary particle has a superpartner that has not yet been observed. It
is believed that supersymmetry is a broken symmetry (like the broken electroweak
symmetry at low energies) and the masses of the superpartners are above our cur-
rent capabilities of detection by accelerators. Some theorists claim that the mass
of superpartners is the missing mass discussed in Section 46.11. Keeping with the
whimsical trend in naming particles and their properties, superpartners are given
names such as the squark (the superpartner to a quark), the selectron (electron), and
the gluino (gluon).

Other theorists are working on M-theory, which is an eleven-dimensional theory
based on membranes rather than strings. In a way reminiscent of the correspon-
dence principle, M-theory is claimed to reduce to string theory if one compactifies
from eleven dimensions to ten dimensions.

The questions listed at the beginning of this section go on and on. Because of
the rapid advances and new discoveries in the field of particle physics, many of
these questions may be resolved in the next decade and other new questions may
emerge.

Summary

A charged particle and its antiparticle have the
same mass but opposite charge, and other prop-
erties will have opposite values, such as lepton
number and baryon number. It is possible to
produce particle—antiparticle pairs in nuclear
reactions if the available energy is greater than
2mc?, where mis the mass of the particle (or

antiparticle).
. 4

continued
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Particles other than field particles are classified as hadrons or lep- Leptons have no structure or size and are
tons. Hadrons interact via all four fundamental forces. They have considered truly elementary. They interact
size and structure and are not elementary particles. There are two only via the weak, gravitational, and electro-
types, baryons and mesons. Baryons, which generally are the most magnetic forces. Six types of leptons exist:
massive particles, have nonzero baryon number and a spin of § or 3. the electron e, the muon u~, and the tau
Mesons have baryon number zero and either zero or integral spin. 77, and their neutrinos v, v, and v,.

v . <

In all reactions and decays, quantities such as
energy, linear momentum, angular momentum, elec-
tric charge, baryon number, and lepton number are
strictly conserved. Certain particles have properties
called strangeness and charm. These unusual prop-
erties are conserved in all decays and nuclear reac-
tions except those that occur via the weak force.

Theorists in elementary particle physics have postulated
that all hadrons are composed of smaller units known as
quarks, and experimental evidence agrees with this model.
Quarks have fractional electric charge and come in six fla-
vors: up (u), down (d), strange (s), charmed (c), top (t), and
bottom (b). Each baryon contains three quarks, and each
meson contains one quark and one antiquark.

o v
According to the theory of quantum chromodynamics, quarks have The electromagnetic and weak forces are
a property called color; the force between quarks is referred to as the now considered to be manifestations of a
strong force or the color force. The strong force is now considered to single force called the electroweak force.
be a fundamental force. The nuclear force, which was originally con- The combination of quantum chromo-
sidered to be fundamental, is now understood to be a secondary effect dynamics and the electroweak theory is
of the strong force due to gluon exchanges between hadrons. called the Standard Model.

v v

The background microwave radiation discovered by Penzias and Wilson strongly suggests that the Universe started

with a big bang about 14 billion years ago. The background radiation is equivalent to that of a black body at 3 K. Vari-
ous astronomical measurements strongly suggest that the Universe is expanding. According to Hubble’s law, distant
galaxies are receding from the Earth at a speed v = HR, where H is the Hubble constant, 7/ =~ 22 X 1073 m/s - ly,and R

is the distance from the Earth to the galaxy.

v

[Objective Questions

1. When an electron and a positron meet at low speed in
empty space, they annihilate each other to produce two
0.511-MeV gamma rays. What law would be violated if they
produced one gamma ray with an energy of 1.02 MeV?
(a) conservation of energy (b) conservation of momen-
tum (c) conservation of charge (d) conservation of baryon
number (e) conservation of electron lepton number

2. Which of the following field particles mediates the strong
force? (a) photon (b) gluon (c) graviton (d) W' and Z
bosons (e) none of those field particles

3. The Q- particle is a baryon with spin 3. Does the O~ par-
ticle have (a) three possible spin states in a magnetic field,
(b) four possible spin states, (c) three times the charge of
a spin -5 particle, or (d) three times the mass of a spin -4
particle, or (e) are none of those choices correct?

4. In one experiment, two balls of clay of the same mass travel
with the same speed v toward each other. They collide
head-on and come to rest. In a second experiment, two

[ ] denotes answer available in Student
Solutions Manual/Study Guide

clay balls of the same mass are again used. One ball hangs
at rest, suspended from the ceiling by a thread. The second
ball is fired toward the first at speed v, to collide, stick to
the first ball, and continue to move forward. Is the kinetic
energy that is transformed into internal energy in the
first experiment (a) one-fourth as much as in the second
experiment, (b) one-half as much as in the second experi-
ment, (c) the same as in the second experiment, (d) twice
as much as in the second experiment, or (e) four times as
much as in the second experiment?

5. An isolated stationary muon decays into an electron, an
electron antineutrino, and a muon neutrino. Is the total
kinetic energy of these three particles (a) zero, (b) small,
or (c) large compared to their rest energies, or (d) none of
those choices are possible?

Define the average density of the solar system pg as the
total mass of the Sun, planets, satellites, rings, asteroids,
icy outliers, and comets, divided by the volume of a sphere
around the Sun large enough to contain all these objects.
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The sphere extends about halfway to the nearest star, with
a radius of approximately 2 X 10'® m, about two light-years.
How does this average density of the solar system compare
with the critical density p, required for the Universe to stop
its Hubble’s-law expansion? (a) p¢sis much greater than p,.
(b) pgg is approximately or precisely equal to p,. (c) pgg is
much less than p,. (d) Itis impossible to determine.

7. What interactions affect protons in an atomic nucleus?
More than one answer may be correct. (a) the nuclear
interaction (b) the weak interaction (c) the electromag-
netic interaction (d) the gravitational interaction

[Conceptual Questions

1. Name the four fundamental interactions and the field par-
ticle that mediates each.

2. What are the differences between hadrons and leptons?

3. Kaons all decay into final states that contain no protons or
neutrons. What is the baryon number for kaons?

Describe the properties of baryons and mesons and the
important differences between them.

The E° particle decays by the weak interaction according to
the decay mode E° — A® + 7°. Would you expect this decay
to be fast or slow? Explain.

6. Are the laws of conservation of baryon number, lepton
number, and strangeness based on fundamental proper-
ties of nature (as are the laws of conservation of momen-
tum and energy, for example)? Explain.

7. An antibaryon interacts with a meson. Can a baryon be
produced in such an interaction? Explain.

Problems

@/”VebAssign The problems found in this chapter may be assigned
online in Enhanced WebAssign
1. denotes straightforward problem; 2. denotes intermediate problem;
3. denotes challenging problem

full solution available in the Student Solutions Manual/Study Guide

1. denotes problems most often assigned in Enhanced WebAssign;
these provide students with targeted feedback and either a Master It
tutorial or a Watch It solution video.

Section 46.1 The Fundamental Forces in Nature

Section 46.2 Positrons and Other Antiparticles

1. A photon produces a proton—antiproton pair according to
the reaction y = p + p. (a) What is the minimum possible
frequency of the photon? (b) What is its wavelength?

CHAPTER 46 | Particle Physics and Cosmology

8. Place the following events into the correct sequence from
the earliest in the history of the Universe to the latest.
(a) Neutral atoms form. (b) Protons and neutrons are no
longer annihilated as fast as they form. (c) The Universe
is a quark—gluon soup. (d) The Universe is like the core
of a normal star today, forming helium by nuclear fusion.
(e) The Universe is like the surface of a hot star today, con-
sisting of a plasma of ionized atoms. (f) Polyatomic mol-
ecules form. (g) Solid materials form.

|:| denotes answer available in Student
Solutions Manual/Study Guide

8. Describe the essential features of the Standard Model of
particle physics.

How many quarks are in each of the following: (a) a
baryon, (b) an antibaryon, (c) a meson, (d) an antimeson?
(e) How do you explain that baryons have half-integral
spins, whereas mesons have spins of 0 or 1?

10. In the theory of quantum chromodynamics, quarks come
in three colors. How would you justify the statement that
“all baryons and mesons are colorless”?

11. The W and Z bosons were first produced at CERN in 1983
by causing a beam of protons and a beam of antiprotons to
meet at high energy. Why was this discovery important?

12. How did Edwin Hubble determine in 1928 that the Uni-
verse is expanding?

13. Neutral atoms did not exist until hundreds of thousands of
years after the big bang. Why?

denotes asking for quantitative and conceptual reasoning
IE} denotes symbolic reasoning problem
m denotes Master It tutorial available in Enhanced WebAssign
denotes guided problem

shaded denotes “paired problems” that develop reasoning with
symbols and numerical values

2. Two photons are produced when a proton and an antipro-
ton annihilate each other. In the reference frame in which
the center of mass of the proton—antiproton system is sta-
tionary, what are (a) the minimum frequency and (b) the
corresponding wavelength of each photon?



3. Model a penny as 3.10 g of pure copper. Consider an anti-
penny minted from 3.10 g of copper anti-atoms, each with
29 positrons in orbit around a nucleus comprising 29 anti-
protons and 34 or 36 antineutrons. (a) Find the energy
released if the two coins collide. (b) Find the value of this
energy at the unit price of $0.11/kWh, a representative
retail rate for energy from the electric company.

4. At some time in your life, you may find yourself in a hospi-
tal to have a PET, or positron-emission tomography, scan.
In the procedure, a radioactive element that undergoes e*
decay is introduced into your body. The equipment detects
the gamma rays that result from pair annihilation when
the emitted positron encounters an electron in your body’s
tissue. During such a scan, suppose you receive an injec-
tion of glucose containing on the order of 10 atoms of
10, with halflife 70.6 s. Assume the oxygen remaining
after 5 min is uniformly distributed through 2 L of blood.
What is then the order of magnitude of the oxygen atoms’
activity in 1 cm?® of the blood?

m A photon with an energy E, = 2.09 GeV creates a
proton—antiproton pair in which the proton has a kinetic
energy of 95.0 MeV. What is the kinetic energy of the anti-
proton? Note: m,¢* = 938.3 MeV.

Section 46.3 Mesons and the Beginning of Particle Physics

One mediator of the weak interaction is the Z° boson, with
mass 91 GeV/c2. Use this information to find the order of
magnitude of the range of the weak interaction.

7. (a) Prove that the exchange of a virtual particle of
mass m can be associated with a force with a range given by

1240 987

47 mc? me?

where d is in nanometers and mc? is in electron volts.
(b) State the pattern of dependence of the range on the
mass. (c) What is the range of the force that might be pro-
duced by the virtual exchange of a proton?

Section 46.4 Classification of Particles

Section 46.5 Conservation Laws

8. Occasionally, high-energy muons collide with electrons
and produce two neutrinos according to the reaction
wh + e~ — 2v. What kind of neutrinos are they?

A neutral pion at rest decays into two photons according
to 7 — vy + v. Find the (a) energy, (b) momentum, and
(c) frequency of each photon.

10. When a high-energy proton or pion traveling near the
speed of light collides with a nucleus, it travels an average
distance of 3 X 10715 m before interacting. From this infor-
mation, find the order of magnitude of the time interval
required for the strong interaction to occur.
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11. Each of the following reactions is forbidden. Determine
what conservation laws are violated for each reaction.
@p+tp—u"+e
(bym +p—o>p+at
cp+tp—>pt+tptn
dy+p—>n+ 0
(e)v,+p—>n+e*

12. (a) Show that baryon number and charge are con-
served in the following reactions of a pion with a proton:

() 7" +p—>K +37
2 #t+powmt+3F

(b) The first reaction is observed, but the second never
occurs. Explain.

13.| The following reactions or decays involve one or more neu-
trinos. In each case, supply the missing neutrino (v, v,, or
v,) or antineutrino.
@@Qm >pu +2?
(c)?+p—-n+e”
@e?+n—->p+u

(b) Kt > pu* +7?
d?+n—->p+e
) —>e +2+72

14. Determine the type of neutrino or antineutrino involved
in each of the following processes.
@7 >m'+e"+?2 (b)?+pop +ptat
QA sp+pu +2 D7 opt+2+2

15.| Determine which of the following reactions can occur. For
those that cannot occur, determine the conservation law
(or laws) violated.
@powmt+a°
@pt+tp—opt+tat
e n—=p+e +v,

bp+popt+p+a’
(@7t —-u"+y,
7" —>ut+n

16. (a) Show that the proton-decay p — e* + y cannot occur
because it violates the conservation of baryon number.
(b) What If? Imagine that this reaction does occur and the
proton is initially at rest. Determine the energies and mag-
nitudes of the momentum of the positron and photon after
the reaction. (c) Determine the speed of the positron after
the reaction.

17. A K particle at rest decays into a 7+ and a 7~. The mass
of the K{ is 497.7 MeV/c?, and the mass of each 7 meson is
139.6 MeV/c?. What is the speed of each pion?

A A° particle at rest decays into a proton and a 7~ meson.
(a) Use the data in Table 46.2 to find the Q value for this
decay in MeV. (b) What is the total kinetic energy shared
by the proton and the 7~ meson after the decay? (c) What
is the total momentum shared by the proton and the 7~
meson? (d) The proton and the 7~ meson have momenta
with the same magnitude after the decay. Do they have
equal kinetic energies? Explain.

Section 46.6 Strange Particles and Strangeness

19.| Determine whether or not strangeness is conserved in the
following decays and reactions.
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20.

21.

22.

23.

24.
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(@ A">p+a (bym + p—>A"+K°
@Qp+p—=> A+ A )7 +pom +3F
e E-—= A"+ 7 O E'>p+a

The neutral meson p° decays by the strong interac-
tion into two pions:

ploat +a (T~ 1055)
The neutral kaon also decays into two pions:
K¢t +m (T, ~107105)

How do you explain the difference in half-lives?

Which of the following processes are allowed by the strong
interaction, the electromagnetic interaction, the weak
interaction, or no interaction at all?

(@7 +p—o2 b)) K +n—A"+ 7~
(K —»>7m +af (d) QY >E +a
(€) m—2y

For each of the following forbidden decays, determine what
conservation laws are violated.

@p —e +vy (b)n—>pte +v,
A >p+a° (d)p—oet +af
() B®—>n + 7°

Fill in the missing particle. Assume reaction (a) occurs via
the strong interaction and reactions (b) and (c) involve
the weak interaction. Assume also the total strangeness
changes by one unit if strangeness is not conserved.

@K'+p—o>?+p
b)) Q —?+7
(c) K*—)?+p,*+vﬂ

Identify the conserved quantities in

processes.

the following

@E >A"+pu + v, (b) K¢ — 270

K +p—>3+n d)20—> A"+ vy
e et +e sut+pu Op+n—>A"+3

(g) Which reactions cannot occur? Why not?

IV 1f a K meson at rest decays in 0.900 X 1071 s, how far

26.

does a K¢ meson travel if it is moving at 0.960¢?

The particle decay %" — 7% + n is observed in a bub-
ble chamber. Figure P46.26 represents the curved tracks of
the particles " and 7" and the invisible track of the neu-
tron in the presence of a uniform magnetic field of 1.15 T
directed out of the page. The measured radii of curvature

are 1.99 m for the % particle and 0.580 m for the 7" parti-
cle. From this information, we wish to determine the mass
of the 3" particle. (a) Find the magnitudes of the momenta
of the X% and the 7" particles in units of MeV/c. (b) The
angle between the momenta of the 2* and the 7* particles
at the moment of decay is § = 64.5°. Find the magnitude
of the momentum of the neutron. (c) Calculate the total
energy of the 7% particle and of the neutron from their
known masses (m, = 139.6 MeV/c2, m, = 939.6 MeV/c?) and
the relativistic energy-momentum relation. (d) Whatis the
total energy of the X" particle? (e) Calculate the mass of
the X' particle. (f) Compare the mass with the value in
Table 46.2.

Figure P46.26

Section 46.7 Finding Patterns in the Particles
Section 46.8 Quarks

Section 46.9 Multicolored Quarks

Section 46.10 The Standard Model

Note: Problem 73 in Chapter 39 can be assigned with

Section 46.10.

27. The quark composition of the proton is uud, whereas that
of the neutron is udd. Show that the charge, baryon num-
ber, and strangeness of these particles equal the sums of
these numbers for their quark constituents.

28. The quark compositions of the K% and A° particles are ds
and uds, respectively. Show that the charge, baryon num-
ber, and strangeness of these particles equal the sums of

these numbers for the quark constituents.

29. The reaction 7~ + p — K” + A% occurs with high probabil-
ity, whereas the reaction w~ + p — K° + n never occurs.
Analyze these reactions at the quark level. Show that the
first reaction conserves the total number of each type of

quark and the second reaction does not.

30. Identify the particles corresponding to the quark states

(a) suu, (b) ud, (c) sd, and (d) ssd.
31. What is the electrical charge of the baryons with the quark
compositions (a) nud and (b) udd (c) What are these
baryons called?



Analyze each of the following reactions in terms of con-

33.

34.

35.

stituent quarks and show that each type of quark is con-
served. (a) 7% + p > K" + 2% (b) K~ + p > K" + K’ +
Q)7 (c) Determine the quarks in the final particle for this
reaction: p + p > K’ + p + 7% + ? (d) In the reaction in
part (c), identify the mystery particle.

A 30 particle traveling through matter strikes a proton;
then a ¥* and a gamma ray as well as a third particle
emerge. Use the quark model of each to determine the
identity of the third particle.

(a) Find the number of electrons and the number of each
species of quarks in 1 L of water. (b) Make an order-of-
magnitude estimate of the number of each kind of fun-
damental matter particle in your body. State your assump-
tions and the quantities you take as data.

What If? Imagine that binding energies could be ignored.
Find the masses of the u and d quarks from the masses of
the proton and neutron.

Section 46.11 The Cosmic Connection

Note: Problem 21 in Chapter 39 can be assigned with this
section.

36.

37.

38.

39.

40.

Gravitation and other forces prevent Hubble’s-law expan-
sion from taking place except in systems larger than clus-
ters of galaxies. What If? Imagine that these forces could
be ignored and all distances expanded at a rate described
by the Hubble constant of 22 X 107* m/s - ly. (a) At what
rate would the 1.85-m height of a basketball player be
increasing? (b) At what rate would the distance between
the Earth and the Moon be increasing?

Review. Refer to Section 39.4. Prove that the Doppler shift
in wavelength of electromagnetic waves is described by

1+v/c
AN = —
1—v/c

where A" is the wavelength measured by an observer mov-
ing at speed v away from a source radiating waves of wave-
length A.

Assume dark matter exists throughout space with
a uniform density of 6.00 X 10728 kg/m® (a) Find the
amount of such dark matter inside a sphere centered on
the Sun, having the Earth’s orbit as its equator. (b) Explain
whether the gravitational field of this dark matter would
have a measurable effect on the Earth’s revolution.

Review. The cosmic background radiation is blackbody
radiation from a source at a temperature of 2.73 K. (a) Use
Wien’s law to determine the wavelength at which this radi-
ation has its maximum intensity. (b) In what part of the
electromagnetic spectrum is the peak of the distribution?

Review. Use Stefan’s law to find the intensity of the cosmic
background radiation emitted by the fireball of the big
bang at a temperature of 2.73 K.

41.

42.
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The early Universe was dense with gamma-ray photons of
energy ~ kyT and at such a high temperature that protons
and antiprotons were created by the process y — p + p
as rapidly as they annihilated each other. As the Universe
cooled in adiabatic expansion, its temperature fell below a
certain value and proton pair production became rare. At
that time, slightly more protons than antiprotons existed,
and essentially all the protons in the Universe today date
from that time. (a) Estimate the order of magnitude of the
temperature of the Universe when protons condensed out.
(b) Estimate the order of magnitude of the temperature of
the Universe when electrons condensed out.

If the average density of the Universe is small compared
with the critical density, the expansion of the Universe
described by Hubble’s law proceeds with speeds that are
nearly constant over time. (a) Prove that in this case the
age of the Universe is given by the inverse of the Hubble
constant. (b) Calculate 1/H and express it in years.

m The first quasar to be identified and the bright-

est found to date, 3C 273 in the constellation Virgo, was
observed to be moving away from the Earth at such high
speed that the observed blue 434-nm H, line of hydrogen
is Doppler-shifted to 510 nm, in the green portion of the
spectrum (Fig. P46.43). (a) How fast is the quasar reced-
ing? (b) Edwin Hubble discovered that all objects outside

(a) and (b) Maarten Schmidt/Palomar Observatory/

California Institute of Technology

Hs H, H
3C 273

-

e I

|
600 nm

400 nm H,; H,

Figure P46.43
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44.

45.

46.

47.

the local group of galaxies are moving away from us, with
speeds v proportional to their distances R. Hubble’s law is
expressed as v = HR, where the Hubble constant has the
approximate value H = 22 X 107® m/s - ly. Determine the
distance from the Earth to this quasar.

Bl The various spectral lines observed in the light from a
distant quasar have longer wavelengths A/, than the wave-
lengths A, measured in light from a stationary source. Here
n is an index taking different values for different spectral
lines. The fractional change in wavelength toward the red
is the same for all spectral lines. That is, the Doppler red-
shift parameter Z defined by

A=A

Ay
is common to all spectral lines for one object. In terms of
Z, use Hubble’s law to determine (a) the speed of recession

of the quasar and (b) the distance from the Earth to this
quasar.

7=

Using Hubble’s law, find the wavelength of the 590-nm
sodium line emitted from galaxies (a) 2.00 X 10° ly,
(b) 2.00 X 10% ly, and (c) 2.00 X 109 ly away from the
Earth.

The visible section of the Universe is a sphere cen-
tered on the bridge of your nose, with radius 13.7 billion
light-years. (a) Explain why the visible Universe is getting
larger, with its radius increasing by one light-year in every
year. (b) Find the rate at which the volume of the visible
section of the Universe is increasing.

In Section 13.6, we discussed dark matter along with
one proposal for the origin of dark matter: WIMPs, or
weakly interacting massive particles. Another proposal is that
dark matter consists of large planet-sized objects, called
MACHGOs, or massive astrophysical compact halo objects, that
drift through interstellar space and are not bound to
a solar system. Whether WIMPs or MACHOs, suppose
astronomers perform theoretical calculations and deter-
mine the average density of the observable Universe to be
1.20p,. If this value were correct, how many times larger
will the Universe become before it begins to collapse? That
is, by what factor will the distance between remote galaxies
increase in the future?

Section 46.12 Problems and Perspectives

48.

Classical general relativity views the structure of
space—time as deterministic and well defined down to
arbitrarily small distances. On the other hand, quantum
general relativity forbids distances smaller than the Planck
length given by L = (2G/c®)V/2. (a) Calculate the value of
the Planck length. The quantum limitation suggests that
after the big bang, when all the presently observable sec-
tion of the Universe was contained within a point-like sin-
gularity, nothing could be observed until that singularity
grew larger than the Planck length. Because the size of

CHAPTER 46 | Particle Physics and Cosmology

the singularity grew at the speed of light, we can infer that
no observations were possible during the time interval
required for light to travel the Planck length. (b) Calculate
this time interval, known as the Planck time 7, and state
how it compares with the ultrahot epoch mentioned in the
text.

Additional Problems

49.

50.

51.

For each of the following decays or reactions, name at least
one conservation law that prevents it from occurring.
@7 +po>3t+a

byu —7 +v,

©poat+awt + a7

Identify the unknown particle on the left side of the follow-
ing reaction:

Ptpon+put

Hubble’s law can be stated in vector form as v = HR.
Outside the local group of galaxies, all objects are mov-
ing away from us with velocities proportional to their
positions relative to us. In this form, it sounds as if our
location in the Universe is specially privileged. Prove that
Hubble’s law is equally true for an observer elsewhere in
the Universe. Proceed as follows. Assume we are at the
origin of coordinates, one galaxy cluster is at location R,
and has velocity v, = Hﬁl relative to us, and another gal-
axy cluster has position vector R, and velocity v, = HR,.
Suppose the speeds are nonrelativistic. Consider the
frame of reference of an observer in the first of these
galaxy clusters. (a) Show that our velocity relative to her,
together with the position vector of our galaxy cluster
from hers, satisfies Hubble’s law. (b) Show that the posi-
tion and velocity of cluster 2 relative to cluster 1 satisfy
Hubble’s law.

Y1 The energy flux carried by neutrinos from the Sun is

53.

54.

estimated to be on the order of 0.400 W/m? at the Earth’s
surface. Estimate the fractional mass loss of the Sun over
109 yr due to the emission of neutrinos. The mass of the
Sun is 1.989 X 103° kg. The Earth—-Sun distance is equal to
1.496 X 10! m.

Review. Supernova Shelton 1987A, located approximately
170 000 ly from the Earth, is estimated to have emitted a
burst of neutrinos carrying energy ~ 10*° J (Fig. P46.53).
Suppose the average neutrino energy was 6 MeV and your
mother’s body presented cross-sectional area 5000 cm?.
To an order of magnitude, how many of these neutrinos
passed through her?

Why is the following situation impossible? A gamma-ray photon
with energy 1.05 MeV strikes a stationary electron, causing
the following reaction to occur:

Yy +te —>e +e +et

Assume all three final particles move with the same speed
in the same direction after the reaction.
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radius of curvature of each track is found to be 1.33 m.
What is the mass of the original unstable particle?

60. [} An unstable particle, initially at rest, decays into a posi-
tively charged particle of charge +e¢and rest energy £, and
a negatively charged particle of charge —e and rest energy
E_. A uniform magnetic field of magnitude B exists per-
pendicular to the velocities of the created particles. The
radius of curvature of each track is » What is the mass of
the original unstable particle?

61. (a) What processes are described by the Feynman diagrams
in Figure P46.61? (b) What is the exchanged particle in

each process?

udu

Y

ddu

Figure P46.61

62. Identify the mediators for the two interactions described
in the Feynman diagrams shown in Figure P46.62.

Anglo-Australian Telescope Board

Figure P46.53 Problems 53 and 68.

S S
55. Two protons approach each other head-on, each with v o \\
70.4 MeV of kinetic energy, and engage in a reaction in :
which a proton and positive pion emerge at rest. What — — 4 !
third particle, obviously uncharged and therefore difficult /
to detect, must have been created? y e d d

A 30 particle at rest decays according to 3% — A® + . Find

the gamma-ray energy. Figure P46.62

57. Two protons approach each other with velocities of equal
magnitude in opposite directions. What is the minimum 3. Review. The energy required to excite an atom is on the
kinetic energy of each proton if the two are to produce a order of 1 eV. As the temperature of the Universe dropped
7" meson atrest in the reaction p + p—>p +n + 77? below a threshold, neutral atoms could form from plasma
and the Universe became transparent. Use the Boltzmann
distribution function ¢ **” to find the order of magnitude
of the threshold temperature at which 1.00% of a popula-
tion of photons has energy greater than 1.00 eV.

58. A m~ meson at rest decays according to 7 — u~ + V,.
Assume the antineutrino has no mass and moves off with
the speed of light. Take m_c* = 139.6 MeV and mILCQ =
105.7 MeV. What is the energy carried off by the neutrino?

59. An unstable particle, initially at rest, decays into a proton
(rest energy 938.3 MeV) and a negative pion (rest energy  Challenge Problems
139.6 MeV). A uniform magnetic field of 0.250 T exists per-

pendicular to the velocities of the created particles. The 64. A particle of mass m; is fired at a stationary particle of mass

my, and a reaction takes place in which new particles are
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65.

66.

created out of the incident kinetic energy. Taken together,
the product particles have total mass mg. The minimum
kinetic energy the bombarding particle must have so as to
induce the reaction is called the threshold energy. At this
energy, the kinetic energy of the products is a minimum, so
the fraction of the incident kinetic energy that is available
to create new particles is a maximum. This condition is met
when all the product particles have the same velocity and
the particles have no kinetic energy of motion relative to
one another. (a) By using conservation of relativistic energy
and momentum and the relativistic energy—-momentum
relation, show that the threshold kinetic energy is

K [7"32 - (ml + m2)2]c2

min

2my

Calculate the threshold kinetic energy for each of the fol-
lowing reactions: (b) p + p—p + p + p + p (one of the
initial protons is at rest, and antiprotons are produced);
(c) 7= + p > K% + A° (the proton is at rest, and strange
particles are produced); (d) p + p—>p + p + 7 (one of
the initial protons is at rest, and pions are produced); and
(e) p+ p = Z° (one of the initial particles is at rest, and
70 particles of mass 91.2 GeV/c? are produced).

A free neutron beta decays by creating a proton, an
electron, and an antineutrino according to the reaction
n—p + e + v. What If? Imagine that a free neutron were
to decay by creating a proton and electron according to the
reaction n — p + e~ and assume the neutron is initially at
restin the laboratory. (a) Determine the energy released in
this reaction. (b) Energy and momentum are conserved in
the reaction. Determine the speeds of the proton and the
electron after the reaction. (c) Is either of these particles
moving at a relativistic speed? Explain.

The cosmic rays of highest energy are mostly protons, accel-
erated by unknown sources. Their spectrum shows a cutoff
at an energy on the order of 1020 eV. Above that energy, a
proton interacts with a photon of cosmic microwave back-
ground radiation to produce mesons, for example, accord-
ing to p + y > p + 7. Demonstrate this fact by taking
the following steps. (a) Find the minimum photon energy
required to produce this reaction in the reference frame
where the total momentum of the photon—proton system
is zero. The reaction was observed experimentally in the
1950s with photons of a few hundred MeV. (b) Use Wien’s
displacement law to find the wavelength of a photon at the
peak of the blackbody spectrum of the primordial micro-
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wave background radiation, with a temperature of 2.73 K.
(c) Find the energy of this photon. (d) Consider the reac-
tion in part (a) in a moving reference frame so that the
photon is the same as that in part (c). Calculate the energy
of the proton in this frame, which represents the Earth ref-
erence frame.

Assume the average density of the Universe is equal to the

68.

69.

critical density. (a) Prove that the age of the Universe is
given by 2/(3H). (b) Calculate 2/(3H) and express it in
years.

The most recent naked-eye supernova was Supernova
Shelton 1987A (Fig. P46.53). It was 170 000 ly away in the
Large Magellanic Cloud, a satellite galaxy of the Milky
Way. Approximately 3 h before its optical brightening
was noticed, two neutrino detection experiments simul-
taneously registered the first neutrinos from an identi-
fied source other than the Sun. The Irvine—Michigan-
Brookhaven experiment in a salt mine in Ohio registered
eight neutrinos over a 6-s period, and the Kamiokande II
experiment in a zinc mine in Japan counted eleven neu-
trinos in 13 s. (Because the supernova is far south in the
sky, these neutrinos entered the detectors from below.
They passed through the Earth before they were by chance
absorbed by nuclei in the detectors.) The neutrino energies
were between approximately 8 MeV and 40 MeV. If neutri-
nos have no mass, neutrinos of all energies should travel
together at the speed of light, and the data are consistent
with this possibility. The arrival times could vary simply
because neutrinos were created at different moments as the
core of the star collapsed into a neutron star. If neutrinos
have nonzero mass, lower-energy neutrinos should move
comparatively slowly. The data are consistent with a 10-MeV
neutrino requiring at most approximately 10 s more than
a photon would require to travel from the supernova to us.
Find the upper limit that this observation sets on the mass
of a neutrino. (Other evidence sets an even tighter limit.)

A rocket engine for space travel using photon drive and
matter—antimatter annihilation has been suggested. Sup-
pose the fuel for a short-duration burn consists of N pro-
tons and N antiprotons, each with mass m. (a) Assume all
the fuel is annihilated to produce photons. When the pho-
tons are ejected from the rocket, what momentum can be
imparted to it? (b) What If? If half the protons and anti-
protons annihilate each other and the energy released is
used to eject the remaining particles, what momentum
could be given to the rocket? (c) Which scheme results in
the greater change in speed for the rocket?



