<CHAPTER 13

Elementary Particles

13.1
INTERACTIONS AND PARTICLES

Which affects which

13.2
LEPTONS

Three pairs of truly elementary particles

13.3
HADRONS

Particles subject to the strong interaction

13.4
ELEMENTARY PARTICLE QUANTUM NUMBERS

Finding order in apparent chaos

13.5
QUARKS

The ultimate constituents of hadrons

13.6
FIELD BOSONS

Carriers of the interactions

13.7
THE STANDARD MODEL AND BEYOND

Putting it all together

13.8
HISTORY OF THE UNIVERSE

It began with a bang

13.9
THE FUTURE

“In my beginning is my end.” (T. S. Eliot, Four Quartets)

Ordinary matter is composed of protons, neutrons, and electrons, and at first glance these particles seem enough to account for the structure of the universe around us. Not all nuclides are stable, however, and neutrinos are needed for beta decay to take place—indeed, without neutrinos the reaction sequences that power the stars and that lead to the creation of elements heavier than hydrogen could not occur. Furthermore, as discussed in Sec. 11.7, the electromagnetic interaction between charged particles requires photons as its carrier, and the specifically nuclear interaction between nucleons requires pions for the same purpose. Even so, only a few particles seem to be needed, all of them with clearly defined roles to play.

But things are not nearly so straightforward. Hundreds of other “elementary” particles have been discovered, all of which decay rapidly after being created in high-energy collisions between other particles. It has become clear that some of these particles (called leptons) are more elementary than the others, and that the others (called hadrons) are composites of a far smaller number of rather unusual particles called quarks that have not been detected in isolation (and probably will never be).

13.1   INTERACTIONS AND PARTICLES

Which affects which

The four interactions we already know about—strong, electromagnetic, weak, and gravitational—are apparently enough to account for all the physical processes and structures in the universe on all scales of size from atoms and nuclei to galaxies of stars. The basic characteristics of these interactions are given in Table 13.1.

The list of fundamental interactions has changed over the years. Long ago, the strong and weak interactions were unknown and it was not even clear that the gravity that pulls things down to the earth, which we might call terrestrial gravity, is the same as the gravity that holds the planets to their orbits around the sun. One of Newton’s great accomplishments was to show that both terrestrial and astronomical gravity are the same. Another notable unification was made by Maxwell when he demonstrated that electric and magnetic forces can both be traced to a single interaction between charged particles.

As we shall see, the electromagnetic and weak interactions turn out to be different manifestations of a single electroweak interaction. This in turn seems to have links to the strong interaction, though the details of the relationship are still not entirely clear. The final step in understanding how nature operates would be a single picture that includes gravitation, and there are strong hints that such a Theory of Everything is not beyond reach (Fig. 13.1).

The relative strengths of the various interactions span 39 powers of 10 and the distances through which they are effective are also very different. While the strong force between nearby nucleons completely overwhelms the gravitational force between them, when they are a millimeter apart the reverse is true. The structures of nuclei are determined by the properties of the strong interaction, while the structures of atoms are determined by those of the electromagnetic interaction. Matter in bulk is electrically neutral, and the strong and weak interactions are severely limited in range. Hence the gravitational interaction, utterly insignificant on a small scale, becomes the dominant one on a large scale. The role of the weak force in the structure of matter is apparently that of a minor perturbation that sees to it that nuclei with inappropriate neutron/
proton ratios undergo corrective beta decays.

The universe would be very different if the strengths of the various interactions had other values. For instance, as mentioned in Sec. 11.4, if the strong interaction were more than a trifle stronger, the universe would be filled with diprotons and the fusion reactions that give energy to the stars and create the chemical elements could not take place. If the strong interaction were weaker, protons could not combine with neutrons, also eliminating the exothermic fusion path to helium and heavier elements. The gravitational interaction is in a similar state of balance. If it were more powerful, stellar interiors would be hotter, their fusion reactions would occur more often, and stars would burn out sooner—perhaps too soon for life to have developed on their planets. Significantly weaker gravity, on the other hand, would not have clumped matter into stars to begin with. One of the tasks of a Theory of Everything is to establish why the fundamental interactions and the particles they affect have the properties they do.

Leptons and Hadrons

Elementary particles fall into two classes, leptons and hadrons, depending on whether they respond to the strong interaction (hadrons) or do not (leptons).

The simplest particles are the leptons (Greek: “light,” “swift”), which seem to be truly elementary with no hint of internal structures or even of extension in space. Leptons are affected only by the electromagnetic (if charged), weak, and gravitational interactions. Of the particles to which we have already been introduced, the electron and the neutrino are leptons; there are four other types.

Hadrons (Greek: “heavy,” “strong”) are subject to the strong interaction as well as to the others. They also differ from leptons in that they occupy space, rather than being infinitesimal in size: hadrons seem to be a little over 1 fm (10215 m) across. Hadrons are composed of either two or three quarks, which, like leptons, are structureless and as close to being point particles as present measurements can establish. Hadrons that consist of three quarks, such as the proton and neutron, are called baryons; mesons, such as the pion, consist of two quarks. Like nothing else in nature, quarks have charges of}13}e or}23}e, and their combination in hadrons is always such that the hadron charges are either 0 ore. Quarks have never been observed outside of hadrons, but, as we shall see, there is convincing evidence that they do exist. The strong force that acts between hadrons is the external manifestation of the more basic interactions among the quarks they contain and is mediated by the exchange of mesons, as described in Sec.11.7.

13.2   LEPTONS

Three pairs of truly elementary particles

Table 13.2 lists the six known leptons and their antiparticles. Because the neutrinos involved in beta decays, which were discussed in Chap. 12, are associated with electrons, their proper symbol is ne.

The electron was the first elementary particle for which a satisfactory theory was developed. This theory was proposed in 1928 by Paul A. M. Dirac, who obtained a relativistically correct wave equation for a charged particle in an electromagnetic field. When the observed mass and charge of the electron are inserted in the solutions of this equation, the intrinsic angular momentum of the electron is found to be }12}" (that is, spin }12}) and its magnetic moment is found to be e"y2m, one Bohr magneton. These predictions agree with experiment, and the agreement is strong evidence for the correctness of the Dirac theory.

An unexpected result of Dirac’s theory was its requirement that an electron can have negative as well as positive energies. That is, when the relativistic formula for total energy
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is applied to electrons, both the negative and positive roots are acceptable solutions. But if negative energy states going all the way to E2` are possible, what keeps all the electrons in the universe from ending up with negative energies? The existence of stable atoms is by itself evidence that electrons are not subject to such a fate.

Dirac rescued his theory by suggesting that all negative energy states are normally filled. The Pauli exclusion principle then prevents any other electrons from dropping into the negative states. But if an electron in the sea of filled negative states is given enough energy, say by absorbing a photon of energy hn . 2mc2, it can jump out of this sea and become an electron with a positive energy (Fig. 13.2). This process leaves behind a hole in the negative-energy electron sea which, just like a hole in a semiconductor energy band, behaves as if it is a particle of positive charge—a positron. The result is the materialization of the photon into an electron-positron pair, g e2 1 e1, as described in Sec. 2.8.

When Dirac developed his theory, the positron was unknown, and it was speculated that the proton might be the positive counterpart of the electron despite their difference in mass. Finally, in 1932, Carl Anderson unambiguously detected a positron in the stream of secondary particles that result from collisions between cosmic rays and atomic nuclei in the atmosphere.

The positron is the antiparticle of the electron. All other elementary particles also have antiparticles; a few, such as the neutral pion, are their own antiparticles. The antiparticle of a particle has the same mass, spin, and lifetime if unstable, but its charge (if any) has the opposite sign. The alignment or antialignment between its spin and magnetic moment is also opposite to that of the particle.

Neutrinos and Antineutrinos

The distinction between the neutrino n and the antineutrino nw is a particularly interesting one. The spin of the neutrino is opposite in direction to the direction of its motion; viewed from behind, as in Fig. 13.3, the neutrino spins counterclockwise. The spin of the antineutrino, on the other hand, is in the same direction as its direction of motion; viewed from behind, it spins clockwise. Thus the neutrino moves through space in the manner of a left-handed screw, while the antineutrino does so in the manner of a right-handed screw.

Prior to 1956 it had been universally assumed that neutrinos could be either left-handed or right-handed. This implied that, since no difference was possible between them except one of spin direction, the neutrino and antineutrino are identical. The assumption had roots going all the way back to Leibniz, Newton’s contemporary and an independent inventor of calculus. The argument is as follows. If we observe an object or a physical process of some kind both directly and in a mirror, we cannot ideally distinguish which object or process is being viewed directly and which by reflection. By definition, distinctions in physical reality must be capable of discernment or they are meaningless. But the only difference between something seen directly and the same thing seen in a mirror is the interchange of right-handedness and left-handedness, and so all objects and processes must occur with equal probability with right and left interchanged.

This plausible doctrine is indeed experimentally valid for the strong and electromagnetic interactions. However, until 1956 its applicability to neutrinos, which are subject only to the weak interaction, had never been actually tested. In that year Tsung Dao Lee and Chen Ning Yang suggested that several serious theoretical discrepancies would be removed if neutrinos and antineutrinos have different handedness, even though it meant that neither particle could therefore be reflected in a mirror. Experiments performed soon after their proposal showed unequivocally that neutrinos and antineutrinos are distinguishable, having left-handed and right-handed spins respectively.

Other Leptons

The muon, m, and its associated neutrino nm were first discovered in the decays of charged pions:

Charged pion decay
p1m11nm    p2m21nwm(13.1)

The pion was discussed in Sec. 11.7 in connection with the strong force between nucleons, which it mediates. The pion’s mass is intermediate between those of the electron and the proton, and it is unstable with a mean life of 2.631028 s for p6. The neutral pion has a mean life of 8.7310217 s and decays into two gamma rays:

Neutral pion decay
p0g1g(13.2)

The neutrinos involved in pion decays are not the same as those involved in beta decay. The existence of another class of neutrino was established in 1962. A metal target was bombarded with high-energy protons, and pions were created in profusion. Inverse reactions traceable to the neutrinos from the decay of these pions produced muons only, and no electrons. Hence these neutrinos must be different in some way from those associated with beta decay.

Positive and negative muons have the same rest mass of 106 MeV/c2 (207 me) and the same spin of }12}. Both decay with a relatively long mean life of 2.231026 s into electrons and neutrino-antineutrino pairs:

Muon decay
m1e11ne1nwm    m2e21nm1nwe(13.3)

As with electrons, the positive-charge state of the muon represents the antiparticle. There is no neutral muon.

Because the decay of the muon is relatively slow and because, like all leptons, it is not subject to the strong interaction, muons readily penetrate considerable amounts of matter. The great majority of cosmic-ray secondary particles at sea level are muons. The muon lifetime is long enough for a negative muon sometimes to temporarily replace an atomic-electron to form a muonic atom (see Example 4.7).

The final pair of leptons is the tau, t, which was discovered in 1975, and its associated neutrino nt whose existence was not confirmed experimentally until 2000. The mass of the tau is 1777 MeV/c2, almost double that of the proton, and its mean life is very short, only 2.9310223 s. All taus are charged and decay into electrons, muons, or pions along with appropriate neutrinos.

An immense number of neutrinos are produced in the sun and other stars in the course of the nuclear reactions that occur within them, and these neutrinos are apparently able to travel freely throughout the universe. Several percent of the energy released in such reactions is carried away by the neutrinos.

In the case of the sun, its observed luminosity implies a neutrino production rate of around 21038 per second, which means that 60 billion or so neutrinos should pass through each square centimeter of the earth’s surface per second. To detect the most energetic of these neutrons, Raymond Davis installed a detector in an abandoned gold mine 1.5 km underground in South Dakota to prevent interference from cosmic rays. The detector contained 600 tons of the dry-cleaning liquid perchlorethylene, C2Cl4, and the reaction


ne 13717Cl 3718Ar 1 e2
was looked for. The argon isotope 3718Ar remains in the liquid as a dissolved gas and can be separated out and identified by its beta decay back to 3717Cl.

During eighteen years of operation only about a quarter as many neutrino interactions were observed (less than one per day) as were expected on the basis of an otherwise plausible model of the solar interior. The discrepancy was well beyond uncertainties in the measurements and in the calculations. More recent work with methods that respond to lower-energy neutrinos showed a smaller discrepancy, but still a major one. Something serious was wrong either with the theory of how stars produce energy, which in all other respects agrees well with observations, or with theories of how neutrinos come into being, travel through space, and interact with matter, which have also proved successful in their other predictions.

One speculation was based on the existence of muon and tau neutrinos as well as electron neutrinos. If neutrinos have masses (very little is needed), then after its creation a neutrino of one type (or flavor) could oscillate between that flavor and another one or perhaps both others. Since the sun gives off only electron neutrinos, if some of them have a different flavor when they reach the earth, the number of electron neutrinos recorded here will be less than the number expected. We can think of each neutrino flavor not as a particle with a distinct identity but as a mixture of mass states whose waves travel with different velocities. The waves interfere, and as time goes on the likelihood of being observed fluctuates in amplitude among the various flavors.

This hypothesis was confirmed in 1998 in measurements made in Japan with the Super Kamiokanda detector, which monitored the Cerenkov radiation (see Sec. 1.2) given off by the debris of interactions between incoming neutrinos and nuclei present in a tank of 50,000 tons of water. The results indicated that muon neutrinos (produced in the decays of cosmic-ray pions and muons in the earth’s atmosphere) indeed metamorphose to and from tau neutrinos. Further experiments will no doubt provide a definitive answer to whether electron neutrinos also undergo oscillations into another flavor or flavors. In the meantime the solar neutrino mystery no longer seems so mysterious and it appears that neutrinos do have mass, settling a question seventy years old.

13.3   HADRONS

Particles subject to the strong interaction

Unlike leptons, hadrons are subject to the strong interaction. Table 13.3 lists the hadrons with the longest lifetimes against decay into other particles. Mesons are bosons and consist of a quark and an antiquark; about 140 types are known. The lightest meson is the pion, with other meson masses ranging beyond the proton mass. Baryons are fermions and consist of three quarks; about 120 types are known. Of the hadrons listed, the p0 and h0 are their own antiparticles. The charged pions differ in charge, so they are antiparticles of each other, but have no other attributes that are different, so each is both a particle and an antiparticle.

The lightest baryon is the proton, which is also the only hadron stable in free space. Or apparently stable—current theories call for the proton to decay with a very long lifetime, perhaps longer than the experimentally determined lower limit of 1032 years. Hence the ultimate stability of the proton is still an open question. (For comparison, the age of the universe is a little over 1010 years.) The neutron, although stable inside a nucleus, beta-decays in free space into a proton, an electron, and an antineutrino with a mean life of 14 min 49 s.

All baryons other than nucleons decay with mean lives of less than 1029 s in a variety of ways, but the end result is always a proton or neutron. For example, here is one sequence which the V2 baryon can follow in its decay:


V2J01p2

L01p0

p11p2
The J0 and L0 particles are successively lighter baryons than the V2. The p2 and p0 mesons themselves decay as described earlier, so the final result of the decay of the V2 is a proton, two electrons, four neutrinos, and two photons.

Resonance Particles

Most of the particles in Table 13.3 exist long enough to travel as distinct entities along paths of measurable length, and their modes of decay can be observed in various devices. A large body of experimental evidence also points to the existence of many hadrons whose lifetimes may be only about 10223 s. What can be meant by the idea of a particle that is in being for so brief an interval? Indeed, how can a time of 10223 s be 
measured?

Ultra-short-lived particles cannot be detected by recording their creation and subsequent decay because the distance they cover in,10223 s is only ,3310215 m even if they move at nearly the velocity of light—a length characteristic of hadron dimensions. Instead, such particles appear as resonant states in the interactions of longer-lived (and hence more readily observable) particles. Resonant states occur in atoms as energy levels; in Sec. 4.8 we reviewed the Franck-Hertz experiment, which demonstrated the existence of atomic energy levels by showing that inelastic electron scattering from atoms occurs only at certain energies.

An atom in a certain excited state is not the same as that atom in its ground state or in another excited state. However, such an excited atom is not spoken of as though it is a member of a special species only because the electromagnetic interaction that gives rise to the excited state is well understood. The situation is somewhat different for elementary particles because the weak and strong interactions that also govern them are more complicated and were not really understood until relatively recently.

Let us see what is involved in a resonance in the case of elementary particles. An experiment is performed, for instance the bombardment of protons by energetic p1 mesons, and a certain reaction is studied, for instance


p11pp11p1p11p21p0
The effect of the interaction of the p1 and the proton is the creation of three new pions. In each such reaction the new mesons have a certain total energy that consists of their rest energies plus their kinetic energies relative to their center of mass.

If we plot the number of events observed versus the total energy of the new mesons in each event, we obtain a graph like that of Fig. 13.4. Evidently there is a strong tendency for the total meson energy to be 783 MeV and a somewhat weaker tendency for it to be 549 MeV. We can say that the reaction exhibits resonances at 549 and 
783 MeV or, equivalently, we can say that this reaction proceeds via the creation of an intermediate particle which can be either one whose mass is 549 MeV/c2 or one whose mass is 783 MeV/c2.

From Fig. 13.4 we can even estimate the mean lifetimes of these uncharged intermediate particles, which are known respectively as the h and v mesons. In Chap. 12 we used the formula

Mean lifetime
t5(12.23)

to relate the mean lifetime t of an excited nuclear state to the width G at half-maximum of the corresponding resonance peak. Applying the same formula here gives a mean lifetime of 510219 s for the h meson and one of 710225 s for the v meson.

13.4   ELEMENTARY PARTICLE QUANTUM NUMBERS

Finding order in apparent chaos

The interactions and decays of the hundreds of known elementary particles and resonances form what seems to be a bewildering array. Order can be brought into this situation by assigning certain quantum numbers to each entity and establishing which of these numbers are conserved and which can change in a given process. We are already familiar with two such quantum numbers, namely those that describe a particle’s charge and spin. These quantum numbers are always conserved. In this section we shall look at some of the other quantum numbers that have proved useful in under-standing the behavior of elementary particles.

Baryon and Lepton Numbers

One set of quantum numbers is used to characterize baryons and the three families of leptons. The baryon number B 5 1 is assigned to all baryons, and B 5 21 to all antibaryons; all other particles have B 5 0. The lepton number Le 5 1 is assigned to the electron and the e-neutrino, and Le 5 21 to their antiparticles; all other particles have Le 5 0. In a similar way the lepton number Lm 5 1 is assigned to the muon and the m-neutrino, and the lepton number Lt 5 1 to the tau lepton and its neutrino.

The significance of these numbers is that, in every process of whatever kind, the total values of B, Le, Lm, and Lt separately remain constant: the number of baryons and of each kind of lepton, reckoning a particle as 1 and its antiparticles as 2, never changes.

An example of particle-number conservation is the decay of the neutron, in which B 5 1 and Le 5 0 before and after:


n0

p1
1
e2
1
nwe
Neutron decay
Le:
0
0
11
21


B:
11
11
0
0

This is the only way in which the neutron can decay and still conserve both energy and baryon number B. The apparent stability of the proton is also a consequence of the need to conserve these quantities: there are no baryons of smaller mass, hence it cannot decay.

Example  13.1
Show that pion decay, muon decay, and pair production conserve the lepton numbers Le and Lm.

Solution

Pion decay

p2 m21 nwm

Lm:
0
11
21

Muon decay

m2 e2
1 nm 1 nwe

Le:
0
 11
021


Lm:
11
0
 110

Pair production

g e21e1

Le:
0  11 
21

Strangeness

Introducing baryon and lepton numbers still left some loose ends in the world of elementary particles. In particular, a number of particles were discovered that behaved so unexpectedly that they were called “strange particles.” They were only created in pairs, for instance, and decayed only in certain ways but not in others that were allowed by existing conservation rules. To clarify the observations, M. Gell-Mann and, independently, K. Nishijina introduced the strangeness number S, whose assignments for the particles of Table 13.3 are shown there.

Strangeness number S is conserved in all processes mediated by the strong and electromagnetic interactions. The multiple creation of particles with Sﬁ0 is the result of this conservation principle. An example is the result of this proton-proton collision:


p11p1L01K0p11p1

S:
0
0
21
11
0
0

On the other hand, S can change in an event mediated by the weak interaction. Decays that proceed via the weak interaction are relatively slow, a billion or more times slower than decays that proceed via the strong interaction (such as those of resonance particles). Even the weak interaction does not allow S to change by more than1 in a decay. Thus the J2 baryon does not decay directly into a neutron since



J2n01p

S:
22
0
0

but instead via the two steps


J2L01p2
L0 n01p0

S:
22
21
0
21
0
0

A remarkable theorem discovered early in this century by the German mathematician Emmy  Noether states that

Every conservation principle corresponds to a symmetry in nature.

What is meant by a “symmetry”? In general, a symmetry of a particular kind exists when a certain operation leaves something unchanged. A candle is symmetric about a vertical axis because it can be rotated about that axis without changing in appearance or any other feature; it is also symmetric with respect to reflection in a mirror.

The simplest symmetry operation is translation in space, which means that the laws of physics do not depend on where we choose the origin of our coordinate system to be. Noether showed that the invariance of the description of nature to translations in space has as a consequence the conservation of linear momentum. Another simple symmetry operation is translation in time, which means that the laws of physics do not depend on when we choose t50 to be, and this invariance has as a consequence the conservation of energy. Invariance under rotations in space,  which means that the laws of physics do not depend on the orientation of the coordinate system in which they are expressed, has as a consequence the conservation of angular momentum. 

Conservation of electric charge is related to gauge transformations, which are shifts in the 
zeros of the scalar and vector electromagnetic potentials V and A. (As elaborated in electromagnetic theory, the electromagnetic field can be described in terms of the potentials V and A instead of in terms of E and B, where the two descriptions are related by the vector calculus formulas E52=V and B5=3A.) Gauge transformations leave E and B unaffected since the latter are obtained by differentiating the potentials, and this invariance leads to charge conservation.

The interchange of identical particles in a system is a type of symmetry operation which leads to the preservation of the character of the wave function of a system. The wave function may be symmetric under such an interchange, in which case the particles do not obey the exclusion principle and the system follows Bose-Einstein statistics, or it may be antisymmetric, in which case the particles obey the exclusion principle and the system follows Fermi-Dirac statistics. Conservation of statistics (or, equivalently, of wave-function symmetry or antisymmetry) signifies that no process occurring within an isolated system can change the statistical behavior of that system. A system exhibiting Bose-Einstein statistical behavior cannot spontaneously alter itself to exhibit Fermi-Dirac statistical behavior, or vice versa. This conservation principle has applications in nuclear physics, where it is found that nuclei that contain an odd number of nucleons (odd mass number A) obey Fermi-Dirac statistics while those with even A obey Bose-Einstein statistics. Conservation of statistics is thus a further condition a nuclear reaction must observe.

More subtle and abstract than those mentioned above are the symmetries associated with the conservation of such quantities as baryon and lepton numbers and strangeness. These symmetries were important in the thinking that led to current theories of elementary particles, notably the quark model of hadrons.

The Eightfold Way

From Table 13.3 we can see that there are hadron families whose members have similar masses but different charges. These families are called multiplets, and it is natural to think of the members of a multiplet as representing different charge states of a single fundamental entity.

A classification system for hadrons, called the eightfold way, was proposed independently by Murray Gell-Mann and Yuval Ne’eman to encompass the many short-lived resonance particles as well as the relatively stable hadrons of Table 13.3. This scheme collects multiplets into supermultiplets whose members have the same spin but differ in charge and strangeness. The two supermultiplets shown in Figs. 13.5 and 13.6 consist respectively of spin }} baryons and spin 0 mesons, all stable against decay by the strong interaction. The supermultiplet of Fig. 13.7 consists of spin }32} baryons which, except for the V2, are resonance particles. The V2 was unknown when this supermultiplet was worked out, and its later discovery confirmed the validity of this classification method.

The members of each supermultiplet would all be the same in the absence of any interactions, which are responsible for the differences that occur. Figure 13.8 shows how this idea applies to the baryon supermultiplet of Fig. 13.5. The strong interaction splits the basic baryon state into the four components J, S, L, and N (for nucleon), and the electromagnetic interaction further splits the J, S, and N components into multiplets. Because the strong interaction is more powerful than the electromagnetic one, the mass differences between multiplets are greater than those between members of a multiplet. Thus there is only 1.3-MeV difference between the p and n masses, but 176 MeV separates them from the L mass.

13.5   QUARKS

The ultimate constituents of hadrons

An effort to explain why only certain hadron families, such as those shown in 
Figs. 13.5, 13.6, and 13.7, occur but not others led Gell-Mann and, independently, George Zweig to propose in 1963 that all baryons consist of three still more fundamental particles. Gell-Mann called these particles quarks from the phrase “three quarks for Muster Mark” that appears in James Joyce’s novel Finnegan’s Wake. The original three quarks were called up (symbol u), down (d), and strange (s); whereas u and d quarks have the strangeness number S 5 0, the s quark has S 5 21 (Table 13.4).

Because each baryon (B 5 1) is made up of three quarks, the baryon number of a quark must be B 5 }13}. Antibaryons (B 5 21) are made up of three antiquarks, so the baryon number of an antiquark must be B 5}13}. Mesons, for which B 5 0, consist of a quark and an antiquark. Quarks all have spins of }12}, which accounts for the observed half-integral spins of baryons and the 0 or integral spins of mesons.

In order for hadrons to have charges of 0 or integral multiples ofe, the various quarks must have the fractional charges shown in Table 13.4. No other particles in nature have fractional charges, which made the quark hypothesis hard to accept at first, but soon the evidence for it proved overwhelming. The most direct experiments that point to the reality of quarks involved the scattering of high-energy (hence short-wavelength) electrons by protons, which revealed that there are indeed three pointlike concentrations of charge inside a proton. Quarks are thought to be elementary in the same sense as leptons, essentially point particles with no internal structures. Figure 13.9 shows the quark compositions of the hadrons of Fig. 13.5 and Table 13.5 details how the properties of several hadrons are derived from those of the quarks they contain. Figure 13.10 illustrates the quark models of nucleons and antinucleons.

Color

A serious problem with the idea that baryons are composed of quarks was that the presence of two or three quarks of the same kind in a particular particle (for instance, two u quarks in a proton, three s quarks in an V2 baryon) violates the exclusion principle. Quarks ought to be subject to this principle since they are fermions with spins of }12}. To get around this problem, it was suggested that quarks and antiquarks have an additional property of some kind that can be manifested in a total of six different ways, rather as electric charge is a property that can be manifested in the two different ways that have come to be called positive and negative. In the case of quarks, this property became known as “color,” and its three possibilities were called red, green, and blue. The antiquark colors are antired, antigreen, and antiblue.

According to the color hypothesis, all three quarks in a baryon have different colors, which satisfies the exclusion principle since all are then in different states even if two or three are otherwise identical. Such a combination can be thought of as white by analogy with the way red, green, and blue light combine to make white light (but there is no connection whatever except on this metaphorical level between quark colors and actual visual colors). Similarly, an antibaryon consists of an antired, an antigreen, and an antiblue quark. A meson consists of a quark of one color and an antiquark of the corresponding anticolor, which has the effect of canceling out the color. The result is that

Hadrons and antihadrons are colorless.

Quark color is thus a property that is significant within hadrons but is never directly observable in the outside world.

The notion of quark color is more than just a way around the exclusion principle. For one thing, it has turned out to be the key to explaining why the neutral pion has its observed lifetime. On a deeper level, the strong interaction can be considered as being based on quark color, just as the electromagnetic interaction is based on electric charge.

Flavor

Not only do quarks come in three colors, but additional varieties (or “flavors”) of quarks have had to be included in the scheme to supplement the original u, d, and s trio; see Table 13.4. The first of the new ones, the charm quark c, was proposed largely by analogy with the existence of lepton pairs: if quarks are elementary particles in the same sense as leptons, then there ought to be pairs of them, too. This may not appear to be very much of an argument, but so significant have symmetries of various kinds proved to be in physics that it is actually quite reasonable. Such a quark has a charge of 1}23}e and a charm quantum number of 11; other quarks have 0 charm. Charm apparently influences the likelihood of certain hadron decays, and both charmed baryons and mesons that contain c and cw quarks have been found.

Amazingly, all the properties of ordinary matter can be understood on the basis of only two leptons, the electron and its associated neutrino, and two quarks, up and down, which constitute the first generation of Table 13.6.

The second generation of two leptons and two quarks—the muon and its neutrino, the charm and strange quarks—is responsible for most of the unstable particles and resonances created in high-energy collisions, all of which decay into members of the first generation. In the third generation the leptons are the tau meson, whose mass of 1.74 GeV is nearly twice that of the proton, and its neutrino. The quarks are called top and bottom. Both are extremely heavy, many times the proton mass, which is why hadrons that contain them can be produced only in the highest-energy events. The existence of the bottom quark was verified in 1977, that of the top quark not until 1995.

Are there further generations? Apparently not. Experiments sensitive to the number of generations of leptons and quarks unambiguously point to exactly three generations.

Quark Confinement

But for all the persuasiveness of the quark model of hadrons, and for all the searching that has gone on since 1963, no quark has ever been isolated. The present status of quarks may seem like that of neutrinos for twenty-five years after they were proposed: their reality is suggested by a wealth of indirect evidence, but something in their basic character impedes their detection. The parallel is not really accurate, however. The elusiveness of the neutrino was due merely to its feeble interaction with matter. On the other hand, a fundamental aspect of the color force seems to prevent quarks from existing independently outside hadrons. Indeed, the detection of a free quark would represent a failure of the theory, called quantum chromodynamics, that describes them and their behavior.

The explanation for quark confinement begins with the idea that, as though they were connected by a spring, the attractive force between two quarks goes up as the quarks move apart from their normal spacing. This means that more and more energy is needed to increase their separation. But with enough energy added, instead of a quark breaking free from the others in a hadron, the excess energy goes into producing a quark-antiquark pair. This results in a meson that does escape. To illustrate the effect, Fig. 13.11 shows what happens when an energetic gamma-ray photon impinges on a neutron (composition udd) and causes a uuw quark-antiquark pair to come into being. The quarks udd 1 uuw then rearrange themselves into a proton (duu) and a negative pion (uwd), so that the net reaction is

g1n0p11p2
Quark confinement is not the only example in physics of things that cannot be separated—the north and south poles of a magnet cannot be freed from each other either. If we pull apart a magnet so that it breaks we then have two magnets, each having a north and a south pole, instead of independent north and south poles.

13.6   FIELD BOSONS

Carriers of the interactions

As we saw in Sec. 11.7, the mutual forces between two particles can be regarded as being transmitted by the exchange of other particles between them. This concept applies to all the fundamental interactions. The particles exchanged, which are all bosons, are listed in Table 13.1. The graviton is the carrier of the gravitational field. The graviton should be massless and stable, have a spin of 2, and travel with the speed of light. Its zero mass can be inferred from the unlimited range of gravitational forces. If energy is to be conserved, the uncertainty principle requires that the range of the forces be inversely proportional to the mass of the particles being exchanged (see Eq. 11.19). Hence the gravitational interaction can have an infinite range only if the graviton mass is zero. The interaction of the graviton with matter should be quite feeble, making it extremely hard to detect. There is no definite experimental evidence either for or against the existence of the graviton.

The carriers of the weak interaction are called intermediate vector bosons, of which there are two kinds. Because the weak interaction has so short a range, the  masses of such particles are large. One kind, called W, has a spin of 1 and a charge of 6e and is responsible for ordinary beta decays. Its mass is 85 times the proton mass. The other kind, called Z, also has a spin of 1 but is electrically neutral and heavier than the W (97mp); its effects seem confined to certain high-energy events. Both decay in10225 s. Although the W particle is a natural concomitant of the weak interaction and was proposed many years ago, the idea of the Z particle originated more recently in a theory that unites the weak and electromagnetic interactions, and its discovery helped confirm the theory.

The connection between the weak and electromagnetic interactions was independently developed in the 1960s by Steven Weinberg and Abdus Salam. The key problem to be overcome in constructing the theory was that the carriers of the weak force have mass whereas the carriers of the electromagnetic force, namely photons, are massless. What Weinberg and Salam did was to show that, at a certain primitive level, both forces are aspects of a single interaction mediated by four massless bosons. Through a subtle process called spontaneous symmetry breaking, three of the bosons acquired mass and became the W and Z particles, with a consequent reduction in the range of what now appears as the weak part of the total interaction. One way to look at the situation is to regard the masses of the W and Z bosons as being attributes of the states they happen to occupy rather than as intrinsic attributes. The fourth electroweak boson, the photon, remained massless and the range of the electromagnetic part of the total interaction accordingly stayed infinite.

Since hadrons seem to be composed of quarks, the strong interaction between hadrons should ultimately be traceable to an interaction between quarks. The particles that quarks exchange to produce this interaction are called gluons, of which eight have been postulated. Gluons are massless and travel at the speed of light, and each one carries a color and an anticolor. The emission or absorption of a gluon by a quark changes the quark’s color. For instance, a blue quark that emits a blue-antired gluon becomes a red quark, and a red quark that absorbs this gluon becomes a blue quark. Because gluons have color changes, they should be able to interact with one another to form separate particles—“glueballs.” The search for glueballs has thus far been fruitless, however.

13.7   THE STANDARD MODEL AND BEYOND

Putting it all together

The theory of how quarks interact with one another is known as quantum chromodynamics because it is modeled on quantum electrodynamics, the well-established theory of how charged particles interact, with quark color taking the place of electric charge. Quantum chromodynamics attempts to explain how quarks endow hadrons with their properties and has predicted a number of effects that have been observed in high-energy particle experiments.

The theory of the strong interaction has been added to that of the electroweak interaction to make a composite picture called the Standard Model that describes the structure of matter down to 10218 m. It includes all the known constituents of matter—six leptons and six quarks—and the three strongest of the four forces that govern their behavior. As its name suggests, the Standard Model has been a considerable success, and its founders received over twenty Nobel Prizes over the years for their work.

But the Standard Model contains too many loose ends to be the last word. To begin with, important elements of the model have to be inserted arbitrarily. Instead of telling us the values of 18 basic quantities, such as the masses of the leptons and quarks, the model requires us to measure them ourselves; indeed, the essential fact that there are exactly three generations of leptons and quarks comes from experiment, not theory. The strong force that binds nucleons into nuclei and is mediated by meson exchange is the external manifestation of the color force between quarks in the nucleons that is mediated by gluon exchange, but nobody has been able to actually derive the details of the strong hadron force from the color quark force.

In order for the Standard Model of leptons and quarks to be mathematically consistent, the Scottish physicist Peter Higgs showed that a field, now called the Higgs field, must exist everywhere in space. The Higgs field has an additional significance: by interacting with it, particles acquire their characteristic masses. The stronger the interaction, the greater the mass. We can think of the Higgs field as exerting a kind of viscous drag on particles that move through it; this drag appears as inertia, the defining property of mass.

As with other fields, a particle—here the Higgs boson—mediates the action of the Higgs field. The mass of the Higgs boson cannot be predicted from the Standard Model, but it is thought to be substantial, perhaps as much as 1 TeV/c2, a thousand times the proton mass. Finding the Higgs boson would be a major step in validating the Standard Model, and knowing its mass and behavior would help to tie up loose ends in the model. Looking for the Higgs boson is one of the motivations for building particle accelerators more powerful than existing ones, which are inadequate for this search. Of course, nobody really knows what such accelerators will turn up— which is the best reason to build them. One such new machine, the 4-billon-dollar Large Hadron Collider at CERN in Switzerland, is planned to be operating in 2005. Another, an upgraded accelerator called the Tevatron at the Fermi National Laboratory near Chicago, ought to be ready earlier, but it will be less powerful. (The top quark was discovered with the help of the original Tevatron.)

The next step is to weave together the electroweak and color interactions into a grand unified theory (GUT) that reveals the exact relationship between leptons and quarks. Among other things, a valid GUT should explain why the electron, a lepton, and the proton, a composite of quarks, have electric charges of the same magnitude. In order to do this, proposed GUTs require the existence of a lepton-quark interaction that would eventually cause protons to decay with a half-life of 1030 to 1033 years, which means that today’s matter is inherently unstable. As mentioned earlier, experiments show that the proton half-life is at least 1032 years, so the question of ultimate proton stability has no answer as yet.

The search for a satisfactory GUT has led to a new symmetry principle called 
supersymmetry. If the universe is supersymmetric, it turns out that every particle must have a supersymmetric counterpart—a sparticle—whose spin differs from its own by }12}. Thus every fermion must be paired with a boson and every boson with a fermion. The boson superpartners of the fermion leptons and quarks are called sleptons and squarks, and the fermion superpartners of the field bosons g, W6, and gluons are called photinos, winos, and gluinos. The two salient aspects of supersymmetry (apart from the fun of naming the supposed new particles) are first, it integrates the separate theories in the Standard Model to form a much more satisfactory whole and second, no sparticle has ever been found despite much searching. Sparticles may well be too massive to be created in existing accelerators, and future accelerators may be able to produce them. And it is conceivable that the “missing” mass in the universe discussed in Sec. 13.9 consists of sparticles, though there has been no sign of them thus far.

A long-standing issue, one of the most basic in contemporary physics, is how gravitation connects with the other fundamental interactions. General relativity accounts for gravity in terms of the properties of spacetime and its conclusions have been verified whenever they have been tested. But general relativity is not a quantum-mechanical theory, unlike the components of the Standard Model and the proposed GUTs, so it cannot hold in its present form on very small scales of size.

According to its proponents, string theory can come to the rescue and be the basis of a final Theory of Everything. In this theory, leptons, quarks, and field bosons are not points in the four dimensions (x, y, z, t) of spacetime but vibrating loops of string in a space of ten dimensions. Each particle type represents a different mode of vibration of the string loops, which are supposed to be only about 10235 m across and so appear as point particles to us. We are unaware of the additional six space dimensions because they are somehow “rolled up” by analogy with the way a two-dimensional surface (such as a sheet of paper) can be curled tightly to become a one-dimensional line. String theory, which is mathematically very difficult, incorporates the main features of GUTs, including in particular supersymmetry.

The notion that there may be additional hidden space dimensions goes all the way back to 1919, when the Polish mathematician Theodor Kaluza came close to successfully extending general relativity to include electromagnetism by postulating an extra dimension to provide a structure to every point in ordinary space. Kaluza’s proposal was further developed by the Swedish physicist Oskar Klein, but some conclusions of the resulting theory, such as the ratio between the charge and mass of the electron, disagreed with measurements. With the ferment in physics in the 1920s that accompanied the advent of quantum mechanics, the Kaluza-Klein idea faded away until reborn and expanded into string theory starting over half a century later.

String theory has many attractive elements, notably that general relativity emerges from it in a natural way. An enormous amount of research into strings has been carried out, with results that encourage in many physicists a belief that it represents the road to a Theory of Everything. But thus far its predictions cannot be directly confronted with the results of experiment, so there is no way to know whether minute loops of string in ten dimensions actually exist with their vibrations making up the world we see around us.

13.8   HISTORY OF THE UNIVERSE

It began with a bang

The observed uniform expansion of the universe points to a Big Bang around 13 billion years ago that started from a singularity in spacetime, a point whose energy density and spacetime curvature were both infinite. In the absence of a quantum-mechanical theory of gravity, nothing can be said about the immediate aftermath of the Big Bang. After 10243 s, however, the theory that ties together the strong, electromagnetic, and weak interactions, even though incomplete, permits a general picture to be sketched of what may well have happened.

As the initial compact, intensely hot fireball of matter and radiation from the Big Bang expanded, it cooled and underwent a series of transitions at specific temperatures. An analogy is with the cooling of steam, which becomes water and then ice as its temperature falls. Figure 13.12 shows the different phases of the universe on a graph of temperature (actually kT) versus time, both on logarithmic scales. The unit of kT here is the electronvolt, where 1024 eV corresponds to1 K.

From 10243 to 10235 s the universe cooled from 1028 to 1023 eV. At energies like these the strong, electromagnetic, and weak interactions are merged into a single interaction mediated by extremely heavy field particles, the X bosons. Quarks and leptons are not distinguished from one another. At 10235 s, however, particle energies became too low for free X bosons to be created any longer and the strong interaction became separated from the electroweak interaction. At this time the universe was only about a millimeter across. Quarks and leptons now became independent. Up to this time the amounts of matter and antimatter had been equal, but the decay of the field bosons was not symmetric and resulted in a slight excess of matter over antimatter—perhaps one part in 30 billion. As time went on, matter and antimatter annihilated each other to leave a universe containing only matter.

From 10235 to 10210 s the universe consisted of a dense soup of quarks and leptons whose behavior was controlled by the strong, electroweak, and gravitational interactions. At 10210 s the cooling had progressed to the point where the electroweak interaction became separated into the electromagnetic and weak components we observe today. No longer were particle collisions energetic enough to create the free W and Z bosons characteristic of the electroweak interaction, and they disappeared as the X bosons of the unified interaction had done earlier.

Somewhere around 1026 s the quarks condensed into hadrons. At about 1 s neutrino energies fell sufficiently for them to be unable to interact with the hadron-lepton soup—the “freezing out” of the weak interaction. The neutrinos and antineutrinos that existed remained in the universe but did not participate any further in its evolution. From then on protons could no longer be transformed into neutrons by inverse beta-decay events, but the free neutrons could beta-decay into protons. However, nuclear reactions were starting to occur that managed to incorporate many of the neutrons into helium nuclei before their decay. Nuclear synthesis stopped at about T 5 5 min when the ratio of helium mass to total mass should have been, according to theory, between 23 and 24 percent, which is indeed the ratio in most of the universe today. No stars or galaxies or gas clouds have been found with less than this proportion of helium. As a star ages, of course, its helium content increases as the result of nuclear reactions; in the sun’s outer layers, which are accessible to measurement, the helium proportion is close to 28 percent. To be sure, some 2H and 3He were originally left over from incomplete synthesis of 4He, and a little lithium also was produced, but 1H and 4He have been by far the main constituents of the universe after the first 5 min.

From 5 min to around 100,000 years after the Big Bang, the universe consisted of a plasma of hydrogen and helium nuclei and electrons in thermal equilibrium with radiation. Once the temperature fell below 13.6 eV, the ionization energy of hydrogen, hydrogen atoms could form and not be disrupted. Now matter and radiation were decoupled and the universe became transparent. The electromagnetic interaction was frozen out, as the strong and weak interactions had been before: photons had too little energy to materialize into particle-antiparticle pairs and, in a universe of neutral atoms, bremsstrahlung could not be produced by accelerated ions.

The radiation left behind then continued to spread out with the rest of the universe, undergoing doppler shifts to longer and longer wavelengths. An observer today would expect this remnant radiation to come equally strongly from all directions and to have a spectrum like that of a blackbody at 2.7 K—and such radiation has actually been found in microwave measurements made from the earth and from satellites. Thus we have three observations that strongly support Big-Bang cosmology:

1 The uniform expansion of the universe

2 The relative abundances of hydrogen and helium in the universe

3 The cosmic background radiation

Once matter and radiation were decoupled, gravity became the dominant influence on the evolution of the universe. Density fluctuations (whose existence is confirmed by irregularities—“ripples”—in the sea of 2.7-K radiation that were discovered in 1992) led to the formation of the galaxies and stars that adorn the night sky. Early supernovas spewed out the various elements heavier than helium that later became incorporated in other stars and in their satellite planets. Living things developed on at least one of these planets, and quite possibly on a great many others as well, which brings us to the present.

13.9   THE FUTURE

“In my beginning is my end.” (T. S. Eliot, Four Quartets)

Will the universe continue to expand forever? This depends on how much matter the universe contains and on how fast it is expanding. There are three possibilities:

1 If the average density r of the universe is smaller than a certain critical density rc that is a function of the expansion rate, the universe is open and the expansion will never stop (Fig. 13.13). Eventually new galaxies and stars will cease to form and existing ones will end up as black dwarfs, neutron stars, and black holes—an icy death.

2 If r is greater than rc, the universe is closed and sooner or later gravity will stop the expansion. The universe will then begin to contract. The progression of events will be the reverse of those that took place after the Big Bang, with an ultimate Big Crunch—a fiery death. And after that another Big Bang? If so, then the universe is cyclic, with no beginning and no end.

3 If r 5 rc, the expansion will continue at an ever-decreasing rate but the universe will not contract. In this case the universe is said to be flat because of the geometry of space in such a universe (Fig. 13.14). If r , rc, space is negatively curved; a two-dimensional analogy is a saddle. If r . rc, space is positively curved; a two-dimensional analogy is the surface of a sphere. In all cases, however, spacetime is curved (Sec. 1.10).

To find the value of the critical density rc we begin the same way we would to find the escape velocity from the earth. The gravitational potential energy U of a spacecraft of mass m on the surface of the earth, whose mass is M and radius is R, is U 5 2GmMyR. (A negative potential energy corresponds to an attractive force.) To escape permanently from the earth, the spacecraft must have a minimum kinetic energy }12}my2 such that its total energy E is 0:


E5KE1U5my2250(13.9)

This gives y5œ2GMyRw 5 11.2 km/s for the escape velocity.

Now we consider a spherical volume of the universe of radius R whose center is the earth. Only the mass inside this volume affects the motion of a galaxy on the surface of the sphere provided the distribution of matter in the universe is uniform, which it seems to be on a large enough scale. If the density of matter inside this volume is r, the volume contains a total mass of M 5 }43}pR3r. According to Hubble’s law (Sec. 1.3), the outward velocity y of a galaxy R from the earth due to the expansion of the universe is proportional to R. Hence y 5 HR, where H is Hubble’s parameter. Calling the galaxy’s mass m, if it has just enough speed never to return, we have from Eq. (13.9)

my25
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Critical density
rc5(13.10)

The critical density for a flat universe depends only on Hubble’s parameter H, which is not accurately known. A reasonable value for H is 21 km/s per million light-years, which gives rc 5 8.9 3 10227 kg/m3. The mass of a hydrogen atom is 1.67 3 10227 kg, so the critical density is equivalent to somewhere near 5.3 hydrogen atoms per cubic meter.

Dark Matter

The actual density of the luminous matter in the universe is just a few percent of rc. Adding in the mass equivalent of the radiation in the universe increases the density only a little. But is luminous matter—the stars and galaxies we see in the sky—the only matter in the universe? Apparently not. Very strong evidence indicates that a large amount of dark matter is also present; so much, in fact, that at least 90 percent of all matter in the universe is nonluminous. For instance, the rotation speeds of the outer stars in spiral galaxies are unexpectedly high, which suggest that a spherical halo of invisible matter must surround each galaxy. Similarly, the motions of individual galaxies in clusters of them imply gravitational fields about 10 times more powerful than the visible matter of the galaxies provides. Still other observations support the idea of a preponderance of dark matter in the universe.

What can the dark matter be? The most obvious candidate is ordinary matter in various established forms, ranging from planetlike lumps too small to support the fusion reactions that would make them stars, through burnt-out dwarf stars, to black holes. The snag here is that, in the required numbers, such objects would certainly have been detected already. Another possibility rooted in what we already know is the sea of neutrinos (over 100 million per cubic meter) that pervades space. Neutrinos appear to have mass, but very little, nowhere near enough to account for all the dark matter. Indeed, if neutrinos were responsible for the dark matter, the universe could not have evolved to what it is today; galaxies, for example, would have to be much younger than they are. So neutrinos, too, may be part of the answer, but only part.

There is no shortage of other possibilities, all classed as cold dark matter. “Cold” means that the particles involved are relatively slow-moving, unlike, say, neutrinos, which constitute hot dark matter. Two main kinds of cold dark matter have been proposed, WIMPs and axions. WIMPs (weakly interacting massive particles) are hypothetical leftovers from the early moments of the universe. An example is the photino, one of the particles predicted by the supersymmetry approach to elementary particles. The photino is supposed to be stable and to have a mass of between 10 and 103 GeV/c2, much more than the proton mass of 0.938 GeV/c2. Axions are weakly interacting bosons associated with a field introduced to solve a major difficulty in the Standard Model. WIMPs and axions are being sought experimentally, thus far without success.

The dark matter needed to account for the motions of stars in galaxies and of galaxies in galactic clusters brings the total density of the universe up to about 0.1rc. There may be still more dark matter, however. In 1980 the American physicist Alan Guth proposed that, 10235 s after the Big Bang, the universe underwent an extremely rapid expansion triggered by the separation of the single unified interaction into the strong and electroweak interactions. During the expansion the universe blew up from smaller than a proton to about a grapefruit in size in 10230 s (Fig. 13.15). The inflationary universe automatically takes care of a number of previously troublesome problems in the Big Bang picture, and its basic concept is widely accepted. One of Guth’s conclusions was that the density of matter in the universe must be exactly the critical density rc. If the inflationary scenario is correct, then, the universe is not only perfectly flat but as much as perhaps 99 percent, not merely 90 percent, of the matter in it is dark matter. Finding the nature of the dark matter is clearly one of the most fundamental of all outstanding scientific problems.><#><
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There seems to be no reason why atoms could not be composed of antiprotons, antineutrons, and positrons. Such antimatter ought to behave exactly like ordinary matter. If galaxies of antimatter stars existed, their spectra would not differ from the spectra of galaxies of matter stars. Thus we have no way to distinguish between the two kinds of galaxies—except when antimatter from one comes in contact with matter from the other. Mutual annihilation would then occur with the release of an immense amount of energy. (A postage stamp of antimatter annihilating a postage stamp of matter would give enough energy to send the space shuttle into orbit.) But the gamma rays of characteristic energies that such an event would create have never been observed, nor have antiparticles ever been identified in the cosmic rays that reach the earth from space. It seems the universe consists entirely of ordinary matter.
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Elementary Particles
#><Emmy Noether (1882–1935) was born in Germany and grew up among mathematicians, who included her father and brother. Her own mathematical work, mainly in algebra, was brilliant and original, and her papers and teaching had considerable influence. The atmosphere at the University of Göttingen, an outstanding center of mathematics where she went in 1919, was hostile to women, and she found it difficult to obtain a position there despite an appeal by the great mathematician David Hilbert: “I do not see why the sex of the candidate should be an argument against her appointment as Privatdocent; after all, we are not a bathhouse.” The rise of Nazism in Germany led to her leaving in 1933 for the United States, where, after a period at the Institute for Advanced Study in Princeton, she became a professor at Bryn Mawr. Complications after what had seemed a successful operation ended her life at fifty-three while she was still full of ideas and energy.><#
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#><Murray Gell-Mann (1929– ) was born in New York and entered Yale University at fifteen. After obtaining his Ph.D. from the Massachusetts Institute of Technology in 1951 he was at the Institute for Advanced Study in Princeton and at the University of Chicago before joining the faculty of the California Institute of Technology. In 1953 Gell-Mann introduced strangeness number and its conservation in certain interactions to help understand the properties of elementary particles. In 1961 he formulated a method of classifying elementary particles that enabled him to predict the V2 particle, which was later discovered. Two years later Gell-Mann came up with the idea of quarks, the ultimate entities from which particles subject to the strong interaction are composed. He received the Nobel Prize in Physics in 1969.><#
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#><Sheldon Lee Glashow (1932– ) grew up in New York City and received his Ph.D. in 1958 from Harvard University, where he is now professor of Physics. Glashow was a student of Julian Schwinger, one of the pioneers of quantum electrodynamics, who had become interested in the weak interaction and its possible connection with the electromagnetic interaction. In 1961 Glashow took the first step in what was to prove the correct path to unifying these interactions, which was finally done in 1967 by Steven Weinberg and Abdus Salam working independently. All three received the Nobel Prize in 1979 for their contributions to the electroweak theory, which was given its final confirmation in 1983 when the predicted W and Z “carriers” of the weak interaction were experimentally observed at the CERN laboratory in Geneva. In 1970 Glashow and two collaborators proposed the existence of the charm quark; the discovery of particles that contain charm quarks and antiquarks followed a few years later. What is now called the Standard Model combining the strong and electroweak interactions that Glashow and Howard Georgi pioneered in 1974 accounts reasonably well for a number of otherwise unexplained observations.><#
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Two fundamental constants are involved in general relativity: the gravitational constant G and the speed of light c. Similarly, Planck’s constant h is the fundamental constant of quantum theory. We can combine G, c, and h to arrive at a “natural” unit of length, called the Planck length lP, given by


 lP5 !ß54.05310235 m

The Planck length is significant because, at shorter distances, quantum fluctuations allowed by the uncertainty principle disrupt the smooth geometry of space that is central to general relativity. On larger scales of length, quantum theory and general relativity each describe well different aspects of physical reality. For lengths less than about lP, however, both fail, leaving us ignorant about structures and events in this realm of size.

The time needed by something moving at the speed of light to travel lP is the Planck time tP, given by


tP55 !ß51.35310243 s
To deal with time intervals smaller than tP we also require a theory that unifies quantum theory and general relativity. No such theory is yet adequate for such a purpose. What this lack means is that today we have no way at all to inquire into what the universe was like earlier than about 10243 s after the Big Bang.><Planck Length and Time><Gh

}

c3><Planck length><
}

c><Gh

}

t5><Planck time><#
Chapter Thirteen><
Elementary Particles
#><#
Chapter Thirteen><1

}

2><GmM

}

R><1

}

2><GmM

}

R><1

}

2><Gm

}

R><4

}

3><3H2
}

8pG><
Elementary Particles
#><#
Chapter Thirteen><Exercises

I have yet to see any problem, however complicated, which, when you looked at it in the right way, did not become still more complicated.—Poul Anderson><13.2 Leptons


1.
The interaction of one photon with another can be understood by assuming that each photon can temporarily become a “virtual” electron-positron pair in free space, and the respective pairs can then interact electromagnetically. (a) How long does the uncertainty principle allow a virtual electron-positron pair to exist if hn,2mc2, where m is the electron mass? (b) If hn 2mc2, can you use the notion of virtual electron-positron pairs to explain the role of a nucleus in the production of an actual pair, apart from its function in ensuring the conservation of both energy and momentum?


2.
The t1 lepton can decay in any of the following ways:


t1e11ne1nwt
t1m11nm1nwt

t1p11nwt


Why is only one neutrino emitted when the t1 decays into a pion?
13.3 Hadrons


3.
Find the energy of the photon emitted in the decay S
L1g.


4.
Find the energy of each of the gamma-ray photons produced in the decay of a neutral pion at rest. Why must their energies be the same?


5.
Show that 4mec2, where me is the electron mass, is the minimum energy needed by a photon to produce an electron-positron pair when it collides with an electron in the process g1e2e21e11e2.


6.
The p meson has neither charge nor magnetic moment, which makes it hard to understand how it can decay into a pair of electromagnetic quanta. One way to account for this process is to assume that the p first becomes a “virtual” nucleon-antinucleon pair, the members of which then interact electromagnetically to yield two photons whose energies total the mass energy of the p. How long does the uncertainty principle allow the virtual nucleon-antinucleon pair to exist? Is this long enough for the process to be observed?


7.
A neutral pion whose kinetic energy is equal to its rest energy decays in flight. Find the angle between the two gamma-ray photons that are produced if their energies are the same.

13.4 Elementary Particle Quantum Numbers


8.
Why does a free neutron not decay into an electron and a positron? Into a proton-antiproton pair?


9.
Which of the following reactions can occur? State the conservation principles violated by the others.


(a)
Lp11p2

(b)
p21pn1p0

(c)
p11pp11p1p21p

(d)
g1np21p


10.
Which of the following reactions can occur? State the conservation principles violated by the others.


(a)
p1pn1p1p1

(b)
p1pp1L01S1

(c)
e11e1m11p2

(d)
p1pp1p11K1L

11.
According to the theory of the continuous creation of matter (which has turned out to be inconsistent with astronomical observations), the evolution of the universe can be traced to the spontaneous appearance of neutrons and antineutrons in free space. Which conservation law(s) would this process violate?


12.
The products of a collision between a fast proton and a neutron are a neutron, a S0 particle, and another particle. What is the other particle?


13.
A m2 muon collides with a proton, and a neutron plus another particle are created. What is the other particle?


14.
A positive pion collides with a proton and two protons plus another particle are created. What is the other particle?


15.
A negative kaon collides with a proton and a positive kaon and another particle are created. What is the other particle?


16.
The hypercharge Y of a particle is defined as the sum of its strangeness and baryon numbers: Y 5 S 1 B. Verify from Table 13.3 that the hypercharge Y of each hadron group is equal to twice the average charge (in units of e) of the members of the group.

13.5 Quarks


17.
Why must the quarks in a hadron have different colors? Would they have to have different colors if their spins were 0 or 1 rather than }12}?


18.
The L particle consists of a u quark, a d quark, and an s quark. What is its charge?


19.
A member of the S group of particles consists of two u quarks and an s quark. What is its charge?


20.
Which quarks make up the negative pion? The J2 hyperon?


21.
What particle in Table 13.3 corresponds to the quark compositions uus?


22.
One kind of D meson consists of a c and a uw quark. What is its spin? Its charge? Its baryon number? Its strangeness? Its charm?

13.6 Fundamental Interactions


23.
All resonance particles have very short lifetimes. Why does this suggest they must be hadrons?


24.
The gravitational interaction is the weakest of all by far, yet it alone governs the motions of the planets around the sun and the motions of the stars of a galaxy around the galactic center. Why?


25.
The initial reaction of the proton-proton cycle that provides most of the sun’s energy is

11H111H21H1e11n


This reacton occurs relatively infrequently in the sun for two reasons, one of which is the coulomb “barrier” the protons must overcome if they are to get close enough together to react. What do you think the other reason is?


26.
The “carriers” of the weak interaction are the W6, whose mass is 82 GeV/c2, and the Z0, whose mass is 93 GeV/c2. Use the method of Sec. 11.7 to find an approximate figure for the range of the weak interaction.

13.9 The Future


27.
Figure 1.8 shows the expanding-balloon analogy of the expanding universe. As the balloon expands, the angular separations of the spots (as measured from the center of the balloon) remain constant. (a) If s is the distance between any two spots, show that the recession speed dsydt is proportional to s, which is the equivalent of Hubble’s law in this situation. (b) Find an expression for Hubble’s parameter H for the expanding balloon. Is H necessarily constant?

Aerial view of CERN, the European particle physics laboratory near Geneva, Switzerland, where many important discoveries were made. A tunnel 27 km in circumference under the large circle will contain the new Large Hadron Collider in which protons and antiprotons will move in opposite  directions as they are accelerated to the highest energies yet achieved in the laboratory. It is hoped that their interactions will shed light on the process that gives particles mass. The smaller circle marks an earlier proton-antiproton collider.
Table 13.1 The Four Fundamental Interactions. The graviton has not been experimentally detected as yet.




Relative
Particles
Interaction
Particles Affected
Range
Strength
Exchanged
Role in Universe


Quarks


Gluons
Holds quarks together to form
Strong

,10215 m
1

nucleons


Hadrons


Mesons
Holds nucleons together to form 






atomic nuclei

Electromagnetic
Charged particles
`
,1022
Photons
Determines structures of atoms,





molecules, solids, and liquids; is





important factor in astronomical





universe

Weak
Quarks and leptons
,10218 m
,1025
Intermediate
Mediates transformations of




bosons
quarks and leptons; helps





determine compositions of





atomic nuclei

Gravitational
All
`
,10239
Gravitons
Assembles matter into planets,





stars, and galaxies

Figure 13.1 One of the goals of physics is a single theoretical picture that unites all the ways in which particles of matter interact with each other. Much progress has been made, but the task is not finished. 
Table 13.2 Leptons. All are unaffected by the strong interaction and are fermions. The neutrinos are uncharged; their masses are unknown but 
unlikely to exceed a few eV/c2.
Lepton
Symbol
Antiparticle
Mass, MeV/c2
Mean Life, s
Spin

Electron
e2
e1
  0.511
Stable
}}

e-neutrino
ne
nwe
Very small
Stable
}}

Muon
m2
m1
  106
2.231026
}}

m-neutrino
nm
nwm
Very small
Stable
}}

Tau
t2
t1
  1777
2.9310223
}}

t-neutrino
nt
nwt
Very small
Stable
}}

Figure 13.2 Electron-positron pair production. (a) A photon of energy hn . 2mc2 (.1.02 MeV) is absorbed by a negative-energy electron, which gives the electron a positive energy. (b) The resulting hole in the negative-energy electron sea behaves like an electron of positive charge. 

Figure 13.3 Neutrinos and antineutrinos have opposite directions of spin.
Table 13.3 Some hadrons and their properties. The symbol S stands for strangeness number, discussed in Sec. 13.4. Antiparticles have strangeness numbers the negative of those shown.





Mass,
Mean
Class
Particle
Symbol
Antiparticle
MeV/c2
Life, s
Spin
S


p1
p2
140
2.631028


Mesons
Pion
p0
Self
135
8.7310217
0
0



p2
p1
140
2.631028



K1
K2
494
1.231028



Kaon
KS0
KKwSw0w
498
8.9310211
0
11



KL0
KwLw0w
498
5.231028


Eta
h0
Self
549
5310219
0
0



h9
Self
958
2.2310221
Baryons
Nucleon  
p
pw
938.3
Stable
}12}
0



 
n
nw
939.6
889



Lambda
L0
Lw0w
1116
2.6310210
}12}
21



S1
Sw2w
1189
8.0310211

Sigma
S0
Sw0w
1193
6310220
}12}
21



S2
Sw1w
1197
1.5310210


Xi
J0
Jw0w
1315
2.9310210


J2
J1
1321
1.6310210
}12}
22


Omega
V2
V1
1672
8.2310211
}32}
23

One of the accelerator sections of a proton-antiproton collider at CERN. In these sections protons and antiprotons are accelerated by alternating electric fields. Magnetic fields are used to focus the particles and to keep them in circular paths during the millions of orbits during which they gain energy. 

Collisions between high-energy protons and antiprotons produce a variety of elementary particles whose properties and decay schemes can be studied with the giant UAI detector at CERN.

Figure 13.4 Resonant states in the reaction p1 1 pp1 1 p 1 p1 1 p2 1 p0 occur at effective masses of 549 and 783 MeV/c2. By effective mass is meant the total energy, including mass energy, of the three new mesons relative to their center of mass.

Figure 13.5 Supermultiplet of spin }12} baryons on a plot of strangeness S versus charge Q (in units of e).

Figure 13.6 Supermultiplet of spin 0 mesons.

Liquid hydrogen bubble chamber photograph showing the production of a V2 baryon by the 
interaction of a K2 meson (moving upward from the bottom) with a proton together with the 
sebsequent decay of the V2 into a J0 baryon and a p2 meson. The sketch shows the identities of the charged particles that caused each track; the dashed lines indicate the paths of neutral particles that leave no tracks. A magnetic field deflected the paths of the charged particles and enabled their momenta to be determined. The V2 baryon was predicted theoretically before its discovery in 1964. (Courtesy Brookhaven National Laboratory)

Figure 13.7 Baryon supermultiplet whose members have spin }32} and (except V2), are short-lived resonance particles. The J* and S* particles here are heavier and have different spins from the ones in Table 13.3. The V2 particle was predicted from this scheme.

Figure 13.8 Origin of the baryon supermultiplet shown in Fig. 13.5.
Table 13.4 Quarks. All have spin }} and baryon number B 5 }}. Antiquarks have charges that are the negatives of those shown and baryon number B 5 2}}. 
The strange antiquark has a strangeness number of S 5 1.

Quark
Symbol
Mass, GeV/c2
Charge, e
Strangeness

Up
u
0.3
1}}
0

Down
d
0.3
2}}
0

Strange
s
0.5
2}}
21

Charmed
c
1.5
1}}
0

Top
t
174
1}}
0

Bottom
b
4.3
2}}
0

Figure 13.9 Quark compositions of the spin }12} baryons shown in Fig. 13.5.
Table 13.5 Compositions of some hadrons according to the quark model


Quark
Baryon
Hadron
Content
Number
Charge, e
Spin
Strangeness

p1
udw
}13}2}13}50
1}23}1}13}511
5 0
0105 0

K1
usw
}13}2}13}50
1}23}1}13}511
5 0
011511

p1
uud
}13}1}13}1}13}511
1}23}1}23}2}13}511
5 }12}
010105 0

n0
ddu
}13}1}13}1}13}511
2}13}   2}13}1}23}50
5 }12}
010105 0

V2
sss
}13}1}13}1}13}511
2}13}  2}13}2}13}521
5 }32}
2121215 23

Figure 13.10 Quark models of the proton, antiproton, neutron, and antineutron. Electric charges are given in units of e.
Table 13.6 Quarks and leptons and the interactions that affect them. Ordinary matter involves only the first generation. For each quark and lepton there is an antiquark and antilepton.

Quarks
Leptons


First
Up
Down
Electron
e-neutrino



u
d
e
ne


Second
Charm
Strange
Muon
m-neutrino



c
s
m
nm

Third
Top
Bottom
Tau
t-neutrino



t
b
t
nt

Electric
1}23}
2}13}
21
0



Red


Color
Green
Colorless


Blue


Color


Electro-

magnetic


Weak

Figure 13.11 No matter how much energy is imparted to a hadron, an individual quark never emerges. Here energy is given to a neutron by a photon, and the result is a quark-antiquark pair created inside the neutron. The various quarks may then rearrange themselves into a proton and a negative pion.

Computer reconstruction of the results of a proton-antiproton collision in which a W boson was created. The UAI detector is outlined in the display. The W boson, one of the “carriers” of the weak force, was first identified at CERN in 1983.

Figure 13.12 Thermal history of the universe on the basis of current theories. Nothing can be said about the state of the universe until 10243 s after the Big Bang in the absence of a quantum-mechanical theory of gravity.

Radio waves thought to have originated in the primeval fireball that marked the start of the expansion of the universe were first detected by Arno Penzias and Robert Wilson with a sensitive receiver attached to this 15-m-long antenna at Holmdel, New Jersey.

Figure 13.13 Three cosmological models that follow from the equations of general relativity. The quantity r is the average density of the universe and rc, the critical density, is in the neighborhood of 9 3 10227 kg/m3, equivalent to about 5 hydrogen atoms per cubic meter.

Figure 13.14 Two-dimensional analogies of the geometry of space in open, flat, and closed universes.

Figure 13.15 The inflationary universe.><
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