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Gauge Theories of the Forces
between Elementary Particles

All the basic forces of nature are now described by theories

of this kind. The properties of the forces are deduced from

symmetries or regularities apparent in the laws of physics

n understanding of how the world is
put together requires a theory of
how the elementary particles of

matter interact with one another. Equiv-
alently, it requires a theory of the basic
forces of nature. Four such forces have
been identified, and until recently a dif-
ferent kind of theory was needed for
each of them. Two of the forces, gravita-
tion and electromagnetism, have an un-
limited range; largely for this reason
they are familiar to everyone. They can
be felt directly as agencies that push or
pull. The remaining forces, which are
called simply the weak force and the
strong force, cannot be perceived direct-
ly because their influence extends only
over a short range, no larger than the
radius of an atomic nucleus. The strong
force binds together the protons and the
neutrons in the nucleus, and in another
context it binds together the particles
called quarks that are thought to be
the constituents of protons and neu-
trons. The weak force is mainly respon-
sible for the decay of certain particles.

A long-standing ambition of physi-
cists is to construct a single master theo-
ry that would incorporate all the known
forces. One imagines that such a theory
would reveal some deep connection be-
tween the various forces while account-
ing for their apparent diversity. Such a
unification has not yet been attained, but
in recent years some progress may have
been made. The weak force and electro-
magnetism can now be understood in
the context of a single theory. Although
the two forces remain distinct, in the
theory they become mathematically in-
tertwined. What may ultimately prove
more important, all four forces are now
described by means of theories that
have the same general form. Thus if
physicists have yet to find a single key
that fits all the known locks, at least all
the needed keys can be cut from the
same blank. The theories in this single
favored class are formally designated
non-Abelian gauge theories with local
symmetry. What is meant by this for-
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bidding label is the main topic of this
article. For now, it will suffice to note
that the theories relate the properties of
the forces to symmetries of nature.

Symmetries and apparent symmetries
in the laws of nature have played a
part in the construction of physical theo-
ries since the time of Galileo and New-
ton. The most familiar symmetries are
spatial or geometric ones. In a snow-
flake, for example, the presence of a
symmetrical pattern can be detected at a
glance. The symmetry can be defined as
an invariance in the pattern that is ob-
served when some transformation is ap-
plied to it. In the case of the snowflake
the transformation is a rotation by 60
degrees, or one-sixth of a circle. If the
initial position is noted and the snow-
flake is then turned by 60 degrees (or by
any integer multiple of 60 degrees), no
change will be perceived. The snowflake
is invariant with respect to 60-degree ro-
tations. According to the same princi-
ple, a square is invariant with respect to
90-degree rotations and a circle is said to
have continuous symmetry because ro-
tation by any angle leaves it unchanged.

Although the concept of symmetry
had its origin in geometry, it is general
enough to embrace invariance with re-
spect to transformations of other kinds.
An example of a nongeometric symme-
try is the charge symmetry of electro-
magnetism. Suppose a number of elec-
trically charged particles have been set
out in some definite configuration and
all the forces acting between pairs of
particles have been measured. If the po-
larity of all the charges is then reversed,
the forces remain unchanged.

Another symmetry of the nongeomet-
ric kind concerns isotopic spin, a prop-
erty of protons and neutrons and of the
many related particles called hadrons,
which are the only particles responsive
to the strong force. The basis of the sym-
metry lies in the observation that the
proton and the neutron are remarkably
similar particles. They differ in mass by

only about a tenth of a percent, and ex-
cept for their electric charge they are
identical in all other properties. It there-
fore seems that all protons and neutrons
could be interchanged and the strong in-
teractions would hardly be altered. If
the electromagnetic forces (which de-
pend on electric charge) could somehow
be turned off. the isotopic-spin symme-
try would be exact: in reality it is only
approximate.

Although the proton and the neutron
seem to be distinct particles and it is
hard to imagine a state of matter inter-
mediate between them, it turns out that
symmetry with respect to isotopic spin is
a continuous symmetry, like the symme-
try of a sphere rather than like that of
a snowflake. I shall give a simplified ex-
planation of why that is so. Imagine that
inside each particle are a pair of crossed
arrows, one representing the proton
component of the particle and the oth-
er representing the neutron component.
If the proton arrow is pointing up (it
makes no difference what direction is
defined as up), the particle is a proton; if
the neutron arrow is up, the particle is
a neutron. Intermediate positions corre-
spond to quantum-mechanical superpo-
sitions of the two states, and the particle
then looks sometimes like a proton and
sometimes like a neutron. The symme-
try transformation associated with iso-
topic spin rotates the internal indicators
of all protons and neutrons everywhere
in the universe by the same amount and
at the same time. If the rotation is by
exactly 90 degrees, every proton be-
comes a neutron and every neutron be-
comes a proton. Symmetry with respect
to isotopic spin, to the extent it is exact,
states that no effects of this transforma-
tion can be detected.

All the symmetries I have discussed so
far can be characterized as global sym-
metries; in this context the word global
means “happening everywhere at once.”
In the description of isotopic-spin sym-
metry this constraint was made explic-
it: the internal rotation that transforms
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FOUR BASIC FORCES mediate all known interactions among the
particles of matter. The forces differ greatly in strength and effective
range, but they are all described by theories of the same mathemati-
cal form, namely local gauge theories. Electromagnetism and gravita-
tion are said to be of infinite range, although their influence declines
as the square of the distance between two interacting particles. The
weak force is confined to an dingly small range of about 10 15
centimeter. The properties of the strong force are somewhat more
complicated. As the strong force is observed acting between hadrons,
such as the proton and the neutron (solid colored line), it has a finite
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range of some 10 13 centimeter. The strong force also binds together
the particles called quarks that make up hadrons, and in that context
it could be expected to follow an inverse-square law (broken colored
line). The actual behavior is apparently stranger: the force remains
constant regardless of distance (dotted colored line). In quantum field
theories (diagrams at left) the force between two particles is made
manifest through the exchange of a third particle, which is called a
virtual particle. The range of the force is determined by the mass of
the exchanged virtual particle. Massless virtual particles, such as the
photon and the graviton, give rise to forces that have infinite range.
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CONCEPT OF A FIELD, a quantity defined at each point through-
out some region of space and time, is important in the construction
of gauge theories. A scalar field has only a magnitude at each point;
in this example the magnitude is given by the area of the dots. A vec-
tor field has both a magnitude and a direction and can be illustrated
by drawing an arrow at each point. A scalar field might represent a
quantity such as the temperature or the density of a fluid, whereas
a vector field could represent its velocity. In quantum field theories
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the influence of a field can be embodied in a virtual particle. The
number of components in the field is reflected in the number of dis-
tinct orientations of the particle, which in turn depends on its spin an-
gular momentum. A scalar field has just one component (its value
can be given by a single ber) and is repr d by a spi 0
particle with one spin state, or orientation. A vector field in three-
dimensional space has three P ts (a magnitude and two an-
gles), and it corresponds to a spin-one particle with three spin states,




protons into neutrons and neutrons into
protons is to be carried out everywhere
in the universe at the same time. In addi-
tion to global symmetries, which are al-

most always present in a physical theo--
ry, it is possible to have a “local” sym-,

metry, in which the convention can be
decided independently at every point in
space and at every moment in time. Al-
though “local” may suggest something
of more modest scope than a global sym-
metry, in fact the requirement of local
symmetry places a far more stringent
constraint on the construction of a theo-
ry. A global symmetry states that some
law of physics remains invariant when
the same transformation is applied ev-
erywhere at once. For a local symmetry
to be observed the law of physics must
retain its validity even when a different
transformation takes place at each point
in space and time.

Gauge theories can be constructed
with either a global or a local symmetry
(or both), but it is the theories with local
symmetry that hold the greatest interest
today. In order to make a theory invari-
ant with respect to a local transforma-
tion something new must be added: a
force. Before showing how this comes
about, however, it will be necessary to
discuss in somewhat greater detail how
forces are described in modern theories
of elementary-particle interactions.

he basic ingredients of particle theo-

ry today include not only particles
and forces but also fields. A field is sim-
ply a quantity defined at every point
throughout some region of space and
time. For example, the quantity might
be temperature and the region might be
the surface of a frying pan. The field
then consists of temperature values for
every point on the surface.

Temperature is called a scalar quanti-
ty, because it can be represented by po-
sition along a line, or scale. The corre-
sponding temperature field is a scalar
field, in which each point has associated
with it a single number, or magnitude.
There are other kinds of field as well, the
most important for present purposes be-
ing the vector field, where at each point
a vector, or arrow, is drawn. A vector
has both a magnitude, which is repre-
sented by the length of the arrow, and a
direction, which in three-dimensional
space can be specified by two angles;
hence three numbers are needed in order
to specify the value of the vector. An
example of a vector field is the velocity
field of a fluid; at each point throughout
the volume of the fluid an arrow can be
drawn to show the speed and direction
of flow.

In the physics of electrically charged
objects a field is a convenient device
for expressing how the force of electro-
magnetism is conveyed from one place
to another. All charged particles are
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SYMMETRIES OF NATURE determine the properties of forces in gauge theories. The famil-
iar symmetry of a snowflake can be characterized by noting that the pattern is unchanged when
it is rotated 60 degrees; the snowflake is said to be invariant with respect to such rotations. In
physics nongeometric symmetries are introduced. Charge symmetry, for example, is the invari-
ance of the forces acting among a set of charged particles when the polarities of all the charges
are reversed. Isotopic-spin symmetry is based on the observation that little would be changed
in the strong interactions of matter if the identities of all protons and neutrons were inter-
changed. Hence proton and neutron become merely the alternative states of a single particle,
the nucleon, and transitions between the states can be made (or imagined) by adjusting the
orientation of an indicator in an internal space. It is symmetries of this kind, where the trans-
formation is an internal rotation or a phase shift, that are referred to as gauge symmetries.

supposed to emanate an electromagnet-
ic field; each particle then interacts with
the sum of all the fields rather than di-
rectly with the other particles.

In quantum mechanics the particles
themselves can be represented as fields.
An electron, for example, can be consid-
ered a packet of waves with some finite
extension in space. Conversely, it is of-
ten convenient to represent a quantum-
mechanical field as if it were a particle.
The interaction of two particles through
their interpenetrating fields can then
be summed up by saying the two par-
ticles exchange a third particle, which
is called the quantum of the field. For
example, when two electrons, each sur-
rounded by an electromagnetic field, ap-
proach each other and bounce apart,
they are said to exchange a photon, the
quantum of the electromagnetic field.

The exchanged quantum has only an
ephemeral existence. Once it has been
emitted it must be reabsorbed, either
by the same particle or by another one,
within a finite period. It cannot keep go-
ing indefinitely, and it cannot be detect-
ed in an experiment. Entities of this kind
are called virtual particles. The larger
their energy, the briefer their existence.
In effect a virtual particle borrows or
embezzles a quantity of energy, but it
must repay the debt before the shortage
can be noticed.

The range of an interaction is related
to the mass of the exchanged quantum.
If the field quantum has a large mass,
more energy must be borrowed in order
to support its existence, and the debt
must be repaid sooner lest the discrep-
ancy be discovered. The distance the
particle can travel before it must be re-
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GAUGE SYMMETRY OF ELECTROMAGNETISM is an invari-
ance with respect to shifts in the phase of the matter field that repre-
sents an electron. The phase itself cannot be measured, but it has an
influence on such observable quantities as the interference pattern
formed when the waves of an electron field pass through a pair of
slits. The peaks in this pattern are found wherever the waves are in
phase, and the nodes are found where the waves are out of phase. A
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LOCAL GAUGE SYMMETRY of the electron matter field is re-
stored when magnetic fields are taken into account. Shifting the phase
of one diffracted electron beam but not the other clearly alters the
observed interference pattern (diagram at left). The same effect can
be obtained, however, by introducing a small magnetic field perpen-
dicular to the electron beam and between the slits (diagram at right).
Remarkably, the magnetic field induces the phase shift even when
shields are arranged so that the field cannot penetrate the region
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shift in phase greatly alters the configuration of the field, but it leaves
the observable interference pattern unchanged. The symmetry is an
exact one, so that the phase shift cannot be detected. It is therefore
only a matter of convention what phase is chosen in any theoretical
description of the field. In the absence of forces acting between the
electrons, however, the symmetry is a global one: the observed pat-
tern is invariant only if the same phase shift is applied everywhere.
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where the electron waves propagate and interfere. An experimenter
examining the interference patterns could not distinguish between
the effects of a phase shift imposed arbitrarily on one electron beam
and the effects of a magnetic field introduced between the slits. Any
local shift in the phase of the electron matter field could therefore be
reproduced by electric and magnetic fields, and so the phase of the
electron field is arbitrary. The theory that combines electron matter
fields with electric and tic fields is electrodynamics.




absorbed is thereby reduced and so the
corresponding force has a short range.
In the special case where the exchanged
quantum is massless the range is infinite.

The number of components in a field "
corresponds to the number of quantum-.

mechanical states of the field quantum.
The number of possible states is in turn
related to the intrinsic spin angular mo-
mentum of the particle. The spin angu-
lar momentum can take on only discrete
values; when the magnitude of the spin
is measured in fundamental units, it
is always an integer or a half integer.
Moreover, it is not only the magnitude
of the spin that is quantized but also its
direction or orientation. (To be more
precise, the spin can be defined by a vec-
tor parallel to the spin axis, and the pro-
jections, or components, of this vector
along any direction in space must have
values that are integers or half integers.)
The number of possible orientations, or
spin states, is equal to twice the magni-
tude of the spin, plus one. Thus a parti-
cle with a spin of one-half, such as the
electron, has two spin states: the spin
can point parallel to the particle’s direc-
tion of motion or antiparallel to it. A
spin-one particle has three orientations,
namely parallel, antiparallel and trans-
verse. A spin-zero particle has no spin
axis; since all orientations are equiva-
lent, it is said to have just one spin state.

A scalar field, which has just one com-
ponent (a magnitude), must be repre-
sented by a field quantum that also has
one component, or in other words by
a spin-zero particle. Such particles are
therefore called scalar particles. Simi-
larly, a three-component vector field
requires a spin-one field quantum with
three spin states: a vector particle. The
electromagnetic field is a vector field,
and the photon, in conformity with
these specifications, has a spin of one
unit. The gravitational field is a more
complicated structure called a tensor
and has 10 components; not all of them
are independent, however, and the
quantum of the field, the graviton, has a
spin of two units, which ordinarily cor-
responds to five spin states.

In the cases of electromagnetism and
gravitation one further complication
must be taken into account. Since the
photon and the graviton are massless,
they must always move with the speed
of light. Because of their velocity they
have a property not shared by particles
with a finite mass: the transverse spin
states do not exist. Although in some
formal sense the photon has three spin
states and the graviton has five, in prac-
tice only two of the spin states can be
detected.

The first gauge theory with local sym-
metry was the theory of electric and
magnetic fields introduced in 1868 by
James Clerk Maxwell. The foundation
of Maxwell’s theory is the proposition

that an electric charge is surrounded by
an electric field stretching to infinity,
and that the movement of an electric
charge gives rise to a magnetic field also
of infinite extent. Both fields are vector
quantities, being defined at each point
in space by a magnitude and a direction.

In Maxwell’s theory the value of the
electric field at any point is determined
ultimately by the distribution of charges
around the point. It is often convenient,
however, to define a potential, or volt-
age, that is also determined by the
charge distribution: the greater the den-
sity of charges in a region, the higher its
potential. The electric field between two
points is then given by the voltage differ-
ence between them.

The character of the symmetry that
makes Maxwell’s theory a gauge theo-
ry can be illustrated by considering an
imaginary experiment. Suppose a sys-
tem of electric charges is set up in a lab-
oratory and the electromagnetic field
generated by the charges is measured
and its properties are recorded. If the
charges are stationary, there can be no
magnetic field (since the magnetic field
arises from movement of an electric
charge); hence the field is purely an elec-
tric one. In this experimental situation
a global symmetry is readily perceived.
The symmetry transformation consists
in raising the entire laboratory to a high
voltage, or in other words to a high elec-
tric potential. If the measurements are
then repeated, no change in the electric
field will be observed. The reason is that
the field, as Maxwell defined it, is deter-
mined only by differences in electric po-
tential, not by the absolute value of the
potential. It is for the same reason that a
squirrel can walk without injury on an
uninsulated power line.

This property of Maxwell’s theory
amounts to a symmetry: the electric
field is invariant with respect to the addi-
tion or subtraction of an arbitrary over-
all potential. As noted above, however,
the symmetry is a global one, because
the result of the experiment remains
constant only if the potential is changed
everywhere at once. If the potential
were raised in one region and not in an-
other, any experiment that crossed the
boundary would be affected by the po-
tential difference, just as a squirrel is af-
fected if it touches both a power line and
a grounded conductor.

A complete theory of electromagnetic
fields must embrace not only static ar-
rays of charges but also moving charges.
In order to do that the global symmetry
of the theory must be converted into a
local symmetry. If the electric field were
the only one acting between charged
particles, it would not have a local sym-
metry. Actually when the charges are in
motion (but only then), the electric field
is not the only one present: the move-
ment itself gives rise to a second field,
namely the magnetic field. It is the ef-

fects of the magnetic field that restore

. the local symmetry.

Just as the electric field depends ulti-
mately on the distribution of charges
but can conveniently be derived from an
electric potential, so the magnetic field is
generated by the motion of the charges
but is more easily described as result-
ing from a magnetic potential. It is in
this system of potential fields that local
transformations can be carried out leav-
ing all the original electric and magnetic
fields unaltered. The system of dual, in-
terconnected fields has an exact local
symmetry even though the electric field
alone does not. Any local change in the
electric potential can be combined with
a compensating change in the magnetic
potential in such a way that the electric
and magnetic fields are invariant.

Maxwell’s theory of electromagnet-
ism is a classical or non-quantum-
mechanical one, but a related symmetry
can be demonstrated in the quantum
theory of electromagnetic interactions.
It is necessary in that theory to describe
the electron as a wave or a field, a con-
vention that in quantum mechanics can
be adopted for any material particle. It
turns out that in the quantum theory of
electrons a change in the electric poten-
tial entails a change in the phase of the
electron wave.

The electron has a spin of one-half
unit and so has two spin states (parallel
and antiparallel). It follows that the as-
sociated field must have two compo-
nents. Each of the components must be
represented by a complex number, that
is, a number that has both a real, or ordi-
nary, part and an imaginary part, which
includes as a factor the square root of
— 1. The electron field is a moving pack-
et of waves, which are oscillations in the
amplitudes of the real and the imaginary
components of the field. It is important
to emphasize that this field is not the
electric field of the electron but instead
is a matter field. It would exist even
if the electron had no electric charge.
What the field defines is the probability
of finding an electron in a specified spin
state at a given point and at a given mo-
ment. The probability is given by the
sum of the squares of the real and the
imaginary parts of the field.

In the absence of electromagnetic
fields the frequency of the oscillations in
the electron field is proportional to the
energy of the electron, and the wave-
length of the oscillations is proportion-
al to the momentum. In order to define
the oscillations completely one addition-
al quantity must be known: the phase.
The phase measures the displacement of
the wave from some arbitrary reference
point and is usually expressed as an an-
gle. If at some point the real part of the
oscillation, say, has its maximum posi-
tive amplitude, the phase at that point
might be assigned the value zero de-
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ISOTOPIC-SPIN SYMMETRY serves as the basis of another gauge theory, first discussed in
1954 by C. N. Yang and Robert L. Mills. If isotopic-spin symmetry is valid, the choice of which
position of the internal arrow indicates a proton and which a neutron is entirely a matter of con-
vention. Global symmetry (upper diagram) requires the same convention to be adopted every-
where, and any rotation of the arrow must be made in the same way at every point. In the
Yang-Mills theory isotopic spin is made a local symmetry (lower diagram), so that the orienta-
tion of the arrow is allowed to vary from place to place. In order to preserve the invariance of
all observable quantities with respect to such local isotopic-spin transformations it is neces-
sary to introduce at least six fields, corresponding to three vector particles, or vector
bosons. One of these particles can be identified as the photon; the other two carry electric
charge. The theory has been influential, but in its original form it was unrealistic. It makes pro-
tons and neutrons indistinguishable and predicts massless charged particles that do not exist.

grees. Where the real part next falls to
zero the phase is 90 degrees and where
it reaches its negative maximum the
phase is 180 degrees. In general the
imaginary part of the amplitude is 90
degrees out of phase with the real part,
so that whenever one part has a maxi-
mal value the other part is zero.

It is apparent that the only way to de-
termine the phase of an electron field is
to disentangle the contributions of the
real and the imaginary parts of the am-
plitude. That turns out to be impossi-
ble, even in principle. The sum of the
squares of the real and the imaginary
parts can be known, but there is no way
of telling at any given point or at any
moment how much of the total derives
from the real part and how much from
the imaginary part. Indeed, an exact
symmetry of the theory implies that the
two contributions are indistinguishable.
Differences in the phase of the field at
two points or at two moments can be
measured, but not the absolute phase.

The finding that the phase of an elec-
tron wave is inaccessible to measure-
ment has a corollary: the phase cannot
have an influence on the outcome of any
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possible experiment. If it did, that exper-
iment could be used to determine the
phase. Hence the electron field exhibits
a symmetry with respect to arbitrary
changes of phase. Any phase angle can
be added to or subtracted from the elec-
tron field and the results of all experi-
ments will remain invariant.

This principle can be made clearer
by considering an example: the two-slit
diffraction experiment with electrons,
which is the best-known demonstration
of the wavelike nature of matter. In the
experiment a beam of electrons passes
through two narrow slits in a screen and
the number of electrons reaching a sec-
ond screen is counted. The distribution
of electrons across the surface of the
second screen forms a diffraction pat-
tern of alternating peaks and valleys.

The quantum-mechanical interpreta-
tion of this experiment is that the elec-
tron wave splits into two segments on
striking the first screen and the two
diffracted waves then interfere with
each other. Where the waves are in
phase the interference is constructive
and many electrons are counted at the
second screen; where the waves are out

of phase destructive interference re-

. duces the count. Clearly it is only the

difference in phase that determines
the pattern formed. If the phases of
both waves were shifted by the same
amount, the phase difference at each
point would be unaffected and the same
pattern of constructive and destructive
interference would be observed.

It is symmetries of this kind, where the
phase of a quantum field can be adjusted
at will, that are called gauge symme-
tries. Although the absolute value of the
phase is irrelevant to the outcome of ex-
periments, in constructing a theory of
electrons it is still necessary to specify
the phase. The choice of a particular
value is called a gauge convention.

Gauge symmetry is not a very de-
scriptive term for such an invariance,
but the term has a long history and can-
not now be dislodged. It was introduced
in about 1920 by Hermann Weyl, who
was then attempting to formulate a the-
ory that would combine electromagnet-
ism and the general theory of relativity.
Weyl was led to propose a theory that
remained invariant with respect to ar-
bitrary dilatations or contractions of
space. In the theory a separate standard
of length and time had to be adopted at
every point in space-time. He compared
the choice of a scale convention to a
choice of gage blocks, the polished steel
blocks employed by machinists as a
standard of length. The theory was near-
ly correct, the necessary emendation be-
ing to replace “length scales” by “phase
angles.” Writing in German, Weyl had
referred to “Eich Invarianz,” which was
initially translated as ““calibration invar-
iance,” but the alternative translation
“gauge” has since become standard.

The symmetry of the electron matter
field described above is a global
symmetry: the phase of the field must be
shifted in the same way everywhere at
once. It can easily be demonstrated that
a theory of electron fields alone, with no
other forms of matter or radiation, is not
invariant with respect to a correspond-
ing local gauge transformation. Consid-
er again the two-slit diffraction experi-
ment with electrons. An initial exper-
iment is carried out as before and the
electron-diffraction pattern is recorded.
Then the experiment is repeated, but
one slit is fitted with the electron-optical
equivalent of a half-wave plate, a de-
vice that shifts the phase of a wave
by 180 degrees. When the waves ema-
nating from the two slits now interfere,
the phase difference between them will
be altered by 180 degrees. As a result
wherever the interference was construc-
tive in the first experiment it will now
be destructive, and vice versa. The ob-
served diffraction pattern will not be
unchanged; on the contrary, the posi-
tions of all the peaks and depressions
will be interchanged.



Suppose one wanted to make the the-
ory consistent with a local gauge sym-
metry. Perhaps it could be fixed in some
way; in particular, perhaps another field

could be added that would compensate
for the changes in electron phase. The.

new field would of course have to do
more than mend the defects in this one
experiment. It would have to preserve
the invariance of all observable quanti-
ties when the phase of the electron field
was altered in any way from place to
place and from moment to moment.
Mathematically the phase shift must be
allowed to vary as an arbitrary function
of position and time.

Although it may seem improbable, a
field can be constructed that meets these
specifications. It turns out that the re-
quired field is a vector one, correspond-
ing to a field quantum with a spin of one
unit. Moreover, the field must have infi-
nite range, since there is no limit to the
distance over which the phases of the
electron fields might have to be recon-
ciled. The need for infinite range implies
that the field quantum must be massless.
These are the properties of a field that
is already familiar: the electromagnetic
field, whose quantum is the photon.

How does the electromagnetic field
ensure the gauge invariance of the elec-
tron field? It should be remembered that
the effect of the electromagnetic field is
to transmit forces between charged par-
ticles. These forces can alter the state
of motion of the particles; what is most
important in this context, they can alter
the phase. When an electron absorbs or
emits a photon, the phase of the elec-
tron field is shifted. It was shown above
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EFFECTS OF REPEATED TRANSFORMATIONS distinguish
quantum electrodynamics, which is an Abelian theory, from the Yang-

that the electromagnetic field itself ex-
hibits an exact local symmetry; by de-
scribing the two fields together the lo-
cal symmetry can be extended to both
of them.

The connection between the two fields
lies in the interaction of the electron’s
charge with the electromagnetic field.
Because of this interaction the propaga-
tion of an electron matter wave in an
electric field can be described properly
only if the electric potential is specified.
Similarly, to describe an electron in a
magnetic field the magnetic vector po-
tential must be specified. Once these
two potentials are assigned definite val-
ues the phase of the electron wave is
fixed everywhere. The local symmetry
of electromagnetism, however, allows
the electric potential to be given any
arbitrary value, which can be chosen
independently at every point and at ev-
ery moment. For this reason the phase
of the electron matter field can also take
on any value at any point, but the phase
will always be consistent with the con-
vention adopted for the electric and the
magnetic potentials.

What this means in the two-slit dif-
fraction experiment is that the effects of
an arbitrary shift in the phase of the
electron wave can be mimicked by ap-
plying an electromagnetic field. For ex-
ample, the change in the observed inter-
ference pattern caused by interposing a
half-wave plate in front of one slit could
be caused instead by placing the slits
between the poles of a magnet. From the
resulting pattern it would be impossible
to tell which procedure had been fol-
lowed. Since the gauge conventions for

GR

the electric and the magnetic potentials

_can be chosen locally, so can the phase

of the electron field.

The theory that results from combin-
ing electron matter fields with electro-
magnetic fields is called quantum elec-
trodynamics. Formulating the theory
and proving its consistency was a labor
of some 20 years, begun in the 1920’s by
P. A. M. Dirac and essentially complet-
ed in about 1948 by Richard P. Feyn-
man, Julian Schwinger, Sin-itiro Tomo-
naga and others.

The symmetry properties of quantum
electrodynamics are unquestionably
appealing, but the theory can be invest-
ed with physical significance only if it
agrees with the results of experiments.
Indeed, before sensible experimental
predictions can even be made the theory
must pass certain tests of internal con-
sistency. For example, quantum-me-
chanical theories predict the probabili-
ties of events: the probabilities must not
be negative, and all the probabilities tak-
en together must add up to 1. In addition
energies must be assigned positive val-
ues but should not be infinite.

It was not immediately apparent that
quantum electrodynamics could qualify
as a physically acceptable theory. One
problem arose repeatedly in any at-
tempt to calculate the result of even
the simplest electromagnetic interac-
tions, such as the interaction between
two electrons. The likeliest sequence of
events in such an encounter is that one
electron emits a single virtual photon
and the other electron absorbs it. Many

O

ent results if their sequence is reversed. Rotations in three dimen-
sions exhibit this dep

d on Q electrodynam-

Mills theory, which is non-Abelian. An Abelian transformation is
commutative: if two transformations are applied in succession, the
outcome is the same no matter which seq is ch An pl

is rotation in two dimensions. Non-Abelian transformations are not
commutative, so that two transformations will generally yield differ-

ics is Abelian in that successive phase shifts can be applied to an elec-
tron field without regard to the sequence. The Yang-Mills theory is
non-Abelian because the net effect of two isotopic-spin rotations is
generally different if the sequence of rotations is reversed. One se-
quence might yield a proton and the opposite sequence a neutron.
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more complicated exchanges are also
possible, however; indeed, their number
is infinite. For example, the electrons
could interact by exchanging two pho-
tons, or three, and so on. The total prob-
ability of the interaction is determined
by the sum of the contributions of all the
possible events.

Feynman introduced a systematic pro-
cedure for tabulating these contribu-
tions by drawing diagrams of the events
in one spatial dimension and one time

UNBROKEN SYMMETRY

dimension. A notably troublesome class
of diagrams are those that include
“loops,” such as the loop in space-time
that is formed when a virtual photon is
emitted and later reabsorbed by the
same electron. As was shown above, the
maximum energy of a virtual particle is
limited only by the time needed for it
to reach its destination. When a virtual
photon is emitted and reabsorbed by
the same particle, the distance covered
and the time required can be reduced to

BROKEN SYMMETRY
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HIGGS MECHANISM can lend mass to the photonlike vector bosons of the Yang-Mills theo-
ry, thereby making the theory more realistic. The massless bosons have three possible spin ori-
entations (parallel, antiparallel and transverse to the direction of motion), but only two of these
are observable; the transverse state does not exist, a peculiarity of all massless particles, which
move with the speed of light. If the Yang-Mills particles were to acquire a mass, the transverse
state would become observable, and this added mode of motion must have some source. In the
Higgs mechanism the source is an extra scalar field, corresponding to a p o bo-
son. The Yang-Mills particle is said to “eat” the Higgs boson, which thereupon becomes an
unobservable “ghost.” The Higgs field also provides a frame of reference (gray arrows) in
which protons can be distinguished from neutrons. The arrow of the Higgs field rotates along
with the other arrows in a gauge transformation, and so there is no absolute orientation, but
the relative orientation of the isotopic-spin arrows can be measured with respect to the Higgs
arrow. The symmetry of the theory, which without the Higgs mechanism would have abol-
ished all differences between the proton and the neutron, has not been lost but only hidden.
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zero, and so the maximum energy can be

_ infinite. For this reason some diagrams

with loops make an infinite contribution
to the strength of the interaction.

The infinities encountered in quantum
electrodynamics led initially to predic-
tions that have no reasonable interpre-
tation as physical quantities. Every in-
teraction of electrons and photons was
assigned an infinite probability. The in-
finities spoiled even the description of an
isolated electron: because the electron
can emit and reabsorb virtual particles
it has infinite mass and infinite charge.

The cure for this plague of infinities is
the procedure called renormalization.
Roughly speaking, it works by finding
one negative infinity for each positive
infinity, so that in the sum of all the pos-
sible contributions the infinities cancel.
The achievement of Schwinger and of
the other physicists who worked on the
problem was to show that a finite resi-
due could be obtained by this method.
The finite residue is the theory’s predic-
tion. It is uniquely determined by the
requirement that all interaction proba-
bilities come out finite and positive.

The rationale of this procedure can be
explained as follows. When a measure-
ment is made on an electron, what is
actually measured is not the mass or
the charge of the pointlike particle with
which the theory begins but the proper-
ties of the electron together with its en-
veloping cloud of virtual particles. Only
the net mass and charge, the measurable
quantities, are required to be finite at all
stages of the calculation. The properties
of the pointlike object, which are called
the “bare” mass and the “bare” charge,
are not well defined.

Initially it appeared that the bare
mass would have to be assigned a value
of negative infinity, an absurdity that
made many physicists suspicious of the
renormalized theory. A more careful
analysis, however, has shown that if the
bare mass is to have any definite value, it
tends to zero. In any case all quantities
with implausible values are unobserva-
ble, even in principle. Another objection
to the theory is more profound: mathe-
matically quantum electrodynamics is
not perfect. Because of the methods that
must be used for making predictions in
the theory the predictions are limited to
a finite accuracy of some hundreds of
decimal places.

learly the logic and the internal

consistency of the renormalization
method leave something to be desired.
Perhaps the best defense of the theo-
ry is simply that it works very well. It
has yielded results that are in agree-
ment with experiments to an accuracy
of about one part in a billion, which
makes quantum electrodynamics the
most accurate physical theory ever de-
vised. It is the model for theories of the
other fundamental forces and the stan-
dard by which such theories are judged.



At the time quantum electrodynam-
ics was completed another theory based
on a local gauge symmetry had already
been known for some 30 years. It is
Einstein’s general theory of relativity.
The symmetry in question pertains not
to a field distributed through space and
time but to the structure of space-time
itself.

Every point in space-time can be la-
beled by four numbers, which give its
position in the three spatial dimensions
and its sequence in the one time dimen-
sion. These numbers are the coordinates
of the event, and the procedure for as-
signing such numbers to each point in
space-time is a coordinate system. On
the earth, for example, the three spatial
coordinates are commonly given as lon-
gitude, latitude and altitude; the time co-
ordinate can be given in hours past
noon. The origin in this coordinate sys-
tem, the point where all four coordi-
nates have values of zero, lies at noon
at sea level where the prime meridian
crosses the Equator.

The choice of such a coordinate sys-
tem is clearly a matter of convention.
Ships at sea could navigate just as suc-
cessfully if the origin of the coordinate
system were shifted to Utrecht in the
Netherlands. Every point on the earth
and every event in its history would
have to be assigned new coordinates, but
calculations made with those coordi-
nates would invariably give the same re-
sults as calculations made in the old sys-
tem. In particular any calculation of the
distance between two points would give
the same answer.

The freedom to move the origin of a
coordinate system constitutes a symme-
try of nature. Actually there are three
related symmetries: all the laws of na-
ture remain invariant when the coordi-
nate system is transformed by transla-
tion, by rotation or by mirror reflection.
It is vital to note, however, that the sym-
metries are only global ones. Each sym-
metry transformation can be defined as
a formula for finding the new coordi-
nates of a point from the old coordi-
nates. Those formulas must be applied
simultaneously in the same way to all
the points.

The general theory of relativity stems
from the fundamental observation that
the structure of space-time is not neces-
sarily consistent with a coordinate sys-
tem made up entirely of straight lines
meeting at right angles; instead a curvi-
linear coordinate system may be need-
ed. The lines of longitude and latitude
employed on the earth constitute such a
system, since they follow the curvature
of the earth.

In such a system a local coordinate
transformation can readily be imagined.
Suppose height is defined as vertical dis-
tance from the ground rather than from
mean sea level. The digging of a pit
would then alter the coordinate system,
but only at those points directly over

WEINBERG-SALAM-WARD MODEL

GEORGI-GLASHOW MODEL

ELECTRON
LEPTONS ﬂn
(SPIN = 72) MULTIPLET
e
: MULTIPLET
<— PHOTON
GAUGE VECTOR

BOSONS (SPIN = 1)

< INTERMEDIATE
VECTOR BOSONS

~l
0 j—L—
==

: H- H* |

SCALAR PARTICLES
(SPIN = 0)

|
<——-GHOSTs ——> "~

WEINBERG-SALAM-WARD MODEL incorporates electromagnetism and the weak force
in a local gauge theory. The model applies to the interactions of the particles called leptons,
which include the electron (¢ ), the muon (p.-) and two kinds of neutrino (v, and v,). A re-
quirement that the interactions of these particles remain invariant with respect to local trans-
formations of a leptonic equivalent of isotopic spin gives rise to four massless fields. Three of
these fields are then given a mass through the Higgs mechanism; they become the intermediate
vector bosons W+, W~ and Z0. The fourth vector boson is the photon. Three of the Higgs parti-
cles are eaten by the vector bosons and become ghosts, but a fourth is left over and should be
observable. The theory does not truly unify the electromagnetic forces and the weak forces be-
cause the photon is still in a family of its own. A theory proposed by Howard Georgi and Shel-
don Lee Glashow suggested a more profound unification, where the photon and the massive

vector bosons were in the same family, but th:

the pit. The digging itself represents
the local coordinate transformation. It
would appear that the laws of physics
(or the rules of navigation) do not re-
main invariant after such a transforma-
tion, and in a universe without gravita-
tional forces that would be the case. An
airplane set to fly at a constant height
would dip suddenly when it flew over
the excavation, and the accelerations
needed to follow the new profile of the
terrain could readily be detected.

As in electrodynamics, local symme-
try can be restored only by adding a new
field to the theory; in general relativity
the field is of course that of gravitation.
The presence of this field offers an alter-
native explanation of the accelerations
detected in the airplane: they could re-
sult not from a local change in the coor-
dinate grid but from an anomaly in the
gravitational field. The source of the
anomaly is of no concern: it could be a
concentration of mass in the earth or a
distant object in space. The point is that
any local transformation of the coordi-
nate system could be reproduced by an
appropriate set of gravitational fields.
The pilot of the airplane could not dis-
tinguish one effect from the other.

at theory is now contradicted by experiment.

Both Maxwell’s theory of electro-
magnetism and Einstein’s theory of
gravitation owe much of their beauty to
a local gauge symmetry; their success
has long been an inspiration to theoreti-
cal physicists. Until recently theoretical
accounts of the other two forces in na-
ture have been less satisfactory. A theo-
ry of the weak force formulated in the
1930’s by Enrico Fermi accounted for
some basic features of the weak interac-
tion, but the theory lacked local symme-
try. The strong interactions seemed to
be a jungle of mysterious fields and res-
onating particles. It is now clear why
it took so long to make sense of these
forces: the necessary local gauge theo-
ries were not understood.

The first step was taken in 1954 in a
theory devised by C. N. Yang and Rob-
ert L. Mills, who were then at the Brook-
haven National Laboratory. A similar
idea was proposed independently at
about the same time by R. Shaw of the
University of Cambridge. Inspired by
the success of the other gauge theories,
these theories begin with an established
global symmetry and ask what the con-
sequences would be if it were made a lo-
cal symmetry.
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The symmetry at issue in the Yang-
Mills theory is isotopic-spin symmetry,
the rule stating that the strong interac-
tions of matter remain invariant (or

nearly so) when the identities of protons -
and neutrons are interchanged. In the.

global symmetry any rotation of the in-
ternal arrows that indicate the isotopic-
spin state must be made simultaneously
everywhere. Postulating a local symme-
try allows the orientation of the arrows
to vary independently from place to
place and from moment to moment. Ro-
tations of the arrows can depend on any
arbitrary function of position and time.
This freedom to choose different con-
ventions for the identity of a nuclear
particle in different places constitutes a
local gauge symmetry.

As in other instances where a global
symmetry is converted into a local one,
the invariance can be maintained only if
something more is added to the theory.
Because the Yang-Mills theory is more
complicated than earlier gauge theories
it turns out that quite a lot more must be
added. When isotopic-spin rotations are
made arbitrarily from place to place, the
laws of physics remain invariant only if
six new fields are introduced. They are
all vector fields, and they all have infi-
nite range.

The Yang-Mills fields are constructed
on the model of electromagnetism, and
indeed two of them can be identified
with the ordinary electric and magnet-
ic fields. In other words, they describe
the field of the photon. The remaining
Yang-Mills fields can also be taken in
pairs and interpreted as electric and
magnetic fields, but the photons they de-
scribe differ in a crucial respect from the
known properties of the photon: they
are still massless spin-one particles, but
they carry an electric charge. One pho-
ton is negative and one is positive.

he imposition of an electric charge

on a photon has remarkable conse-
quences. The photon is defined as the
field quantum that conveys electromag-
netic forces from one charged particle
to another. If the photon itself has a
charge, there can be direct electromag-
netic interactions among the photons.
To cite just one example, two photons
with opposite charges might bind to-
gether to form an “atom” of light. The
familiar neutral photon never interacts
with itself in this way.

The surprising effects of charged pho-
tons become most apparent when a lo-
cal symmetry transformation is applied
more than once to the same particle. In
quantum electrodynamics, as was point-
ed out above, the symmetry operation is
a local change in the phase of the elec-
tron field, each such phase shift being
accompanied by an interaction with the
electromagnetic field. It is easy to imag-
ine an electron undergoing two phase
shifts in succession, say by emitting a
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photon and later absorbing one. Intui-
tion suggests that if the sequence of the
phase shifts were reversed, so that first
a photon was absorbed and later one
was emitted, the end result would be the
same. This is indeed the case. An unlim-
ited series of phase shifts can be made,
and the final result will be simply the
algebraic sum of all the shifts no matter
what their sequence.

In the Yang-Mills theory, where the
symmetry operation is a local rotation
of the isotopic-spin arrow, the result of
multiple transformations can be quite
different. Suppose a hadron is subjected
to a gauge transformation, 4, followed
soon after by a second transformation,
B; at the end of this sequence the isotop-
ic-spin arrow is found in the orientation
that corresponds to a proton. Now sup-
pose the same transformations were ap-
plied to the same hadron but in the re-
verse sequence: B followed by 4. In gen-
eral the final state will not be the same;
the particle may be a neutron instead of
a proton. The net effect of the two trans-
formations depends explicitly on the se-
quence in which they are applied.

Because of this distinction quantum
electrodynamics is called an Abelian
theory and the Yang-Mills theory is
called a non-Abelian one. The terms are
borrowed from the mathematical theo-
ry of groups and honor Niels Henrik
Abel, a Norwegian mathematician who
lived in the early years of the 19th centu-
ry. Abelian groups are made up of trans-
formations that, when they are applied
one after another, have the commuta-
tive property; non-Abelian groups are
not commutative.

Commutation is familiar in arithme-
tic as a property of addition and multi-
plication, where for any numbers 4 and
B it can be stated that A+ B=B+ 4
and 4 X B= B X A. How the principle
can be applied to a group of transfor-
mations can be illustrated with a famil-
iar example: the group of rotations. All
possible rotations of a two-dimension-
al object are commutative, and so the
group of such rotations is Abelian. For
instance, rotations of +60 degrees and
—90 degrees yield a net rotation of —30
degrees no matter which is applied first.
For a three-dimensional object free to
rotate about three axes the commuta-
tive law does not hold, and the group
of three-dimensional rotations is non-
Abelian. As an example, consider an
airplane heading due north in level
flight. A 90-degree yaw to the left fol-
lowed by a 90-degree roll to the left
leaves the airplane heading west with
its left wing tip pointing straight down.
Reversing the sequence of transforma-
tions, so that a 90-degree roll to the
left is followed by a 90-degree left yaw,
puts the airplane in a nose dive with the
wings aligned on the north-south axis.

Like the Yang-Mills theory, the gen-
eral theory of relativity is non-Abelian:

in making two successive coordinate

. transformations, the order in which they

are made usually has an effect on the
outcome. In the past 10 years or so sev-
eral more non-Abelian theories have
been devised, and even the electromag-
netic interactions have been incorporat-
ed into a larger theory that is non-Abeli-
an. For now, at least, it seems all the
forces of nature are governed by non-
Abelian gauge theories.

he Yang-Mills theory has proved to

be of monumental importance, but
as it was originally formulated it was
totally unfit to describe the real world. A
first objection to it is that isotopic-spin
symmetry becomes exact, with the re-
sult that protons and neutrons are indis-
tinguishable; this situation is obviously
contrary to fact. Even more troubling is
the prediction of electrically charged
photons. The photon is necessarily
massless because it must have an infinite
range. The existence of any electrically
charged particle lighter than the elec-
tron would alter the world beyond rec-
ognition. Of course, no such particle has
been observed. In spite of these difficul-
ties the theory has great beauty and phil-
osophical appeal. One strategy adopt-
ed in an attempt to fix its defects was
to artificially endow the charged field
quanta with a mass greater than zero.

Imposing a mass on the quanta of the
charged fields does not make the fields
disappear, but it does confine them to a
finite range. If the mass is large enough,
the range can be made as small as is
wished. As the long-range effects are
removed the existence of the fields can
be reconciled with experimental obser-
vations. Moreover, the selection of the
neutral Yang-Mills field as the only
real long-range one automatically dis-
tinguishes protons from neutrons. Since
this field is simply the electromagnetic
field, the proton and the neutron can be
distinguished by their differing interac-
tions with it, or in other words by their
differing electric charges.

With this modification the local sym-
metry of the Yang-Mills theory would
no longer be exact but approximate,
since rotation of the isotopic-spin ar-
row would now have observable con-
sequences. That is not a fundamental
objection: approximate symmetries are
quite commonplace in nature. (The bi-
lateral symmetry of the human body is
only approximate.) Moreover, at dis-
tance scales much smaller than the
range of the massive components of
the Yang-Mills field, the local symme-
try becomes better and better. Thus in
a sense the microscopic structure of the
theory could remain locally symmetric,
but not its predictions of macroscopic,
observable events.

The modified Yang-Mills theory was
easier to understand, but the theory still
had to be given a quantum-mechanical
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where the exchanged virtual particle is a photon. The Weinberg-

Salam-Ward model predicts that weak interactions can also proceed without charge transfer;
these neutral weak currents are mediated by the neutral boson Z°, which is identical with the
photon except that it has a very large mass, Neutral weak currents were first observed in 1973.

interpretation. The problem of infinities
turned out to be severer than it had
been in quantum electrodynamics, and
the standard recipe for renormalization
would not solve it. New techniques had
to be devised.

An important idea was introduced in
1963 by Feynman: it is the notion of a
“ghost” particle, a particle added to a
theory in the course of a calculation that
vanishes when the calculation is fin-
ished. It is known from the outset that
the ghost particle is fictitious, but its use
can be justified if it never appears in the
final state. This can be ensured by mak-
ing certain the total probability of pro-
ducing a ghost particle is always zero.

Among theoretical groups that con-

tinued work on the Yang-Mills theory
the ghost-particle method was taken
seriously only at the University of
Utrecht, where I was then a student.
Martin J. G. Veltman, my thesis adviser,
together with John S. Bell of the Euro-
pean Organization for Nuclear Re-
search (CERN) in Geneva, was led to
the conclusion that the weak interac-
tions might be described by some form
of the Yang-Mills theory. He undertook
a systematic analysis of the renormali-
zation problem in the modified Yang-
Mills model (with massive charged
fields), examining each class of Feyn-
man diagrams in turn. The diagrams
having no closed loops were readily
shown to make only finite contributions

to the total interaction probability. The

. diagrams with one loop do include infi-

nite terms, but by exploiting the proper-
ties of the ghost particles it was possible
to make the positive infinities and the
negative ones cancel exactly.

As the number of loops increases, the
number of diagrams rises steeply; more-
over, the calculations required for each
diagram become more intricate. To as-
sist in the enormous task of.checking all
the two-loop diagrams a computer pro-
gram was written to handle the algebra-
ic manipulation of the probabilities. The
output of the program is a list of the
coefficients of the infinite quantities re-
maining after the contributions of all the
diagrams have been summed. If the in-
finities are to be expunged from the the-
ory, the coefficients must without excep-
tion be zero. By 1970 the results were
known and the possibility of error had
been excluded; some infinities remained.

The failure of the modified Yang-
Mills theory was to be blamed not
on any defect in the Yang-Mills formu-
lation itself but rather on the modifica-
tions. The masses of the charged fields
had to be put in “by hand” and as a re-
sult the invariance with respect to local
isotopic-spin rotations was not quite
perfect. It was suggested at the time by
the Russian investigators L. D. Faddeev,
V. N. Popov, E. S. Fradkin and 1. V.
Tyutin that the pure Yang-Mills theo-
ry, with only massless fields, could in-
deed be renormalized. The trouble with
this theory is that it not only is unreal-
istic but also has long-range fields that
are difficult to work with.

In the meantime another new ingredi-
ent for the formulation of gauge theo-
ries had been introduced by F. Englert
and Robert H. Brout of the University
of Brussels and by Peter Higgs of the
University of Edinburgh. They found a
way to endow some of the Yang-Mills
fields with mass while retaining exact
gauge symmetry. The technique is now
called the Higgs mechanism.

The fundamental idea of the Higgs
mechanism is to include in the theory an
extra field, one having the peculiar prop-
erty that it does not vanish in the vacu-
um. One usually thinks of a vacuum as a
space with nothing in it, but in physics
the vacuum is defined more precisely as
the state in which all fields have their
lowest possible energy. For most fields
the energy is minimized when the value
of the field is zero everywhere, or in
other words when the field is “turned
off.” An electron field, for example, has
its minimum energy when there are no
electrons. The Higgs field is unusual in
this respect. Reducing it to zero costs
energy; the energy of the field is smallest
when the field has some uniform value
greater than zero.

The effect of the Higgs field is to pro-
vide a frame of reference in which the
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orientation of the isotopic-spin arrow
can be determined. The Higgs field can
be represented as an arrow superposed
on the other isotopic-spin indicators in
the imaginary internal space of a had-
ron. What distinguishes the arrow of the
Higgs field is that it has a fixed length,
established by the vacuum value of the
field. The orientation of the other iso-
topic-spin arrows can then be measured
with respect to the axis defined by the
Higgs field. In this way a proton can be
distinguished from a neutron.

It might seem that the introduction of
the Higgs field would spoil the gauge
symmetry of the theory and thereby
lead again to insoluble infinities. In ac-
tuality, however, the gauge symmetry
is not destroyed but merely concealed.
The symmetry specifies that all the laws
of physics must remain invariant when
the isotopic-spin arrow is rotated in an
arbitrary way from place to place. This
implies that the absolute orientation of
the arrow cannot be determined, since
any experiment for measuring the ori-
entation would have to detect some var-
iation in a physical quantity when the
arrow was rotated. With the inclusion
of the Higgs field the absolute orienta-
tion of the arrow still cannot be deter-
mined because the arrow representing
the Higgs field also rotates during a
gauge transformation. All that can be
measured is the angle between the ar-
row of the Higgs field and the other
isotopic-spin arrows, or in other words
their relative orientations.

The Higgs mechanism is an example
of the process called spontaneous sym-
metry breaking, which was already well
established in other areas of physics.
The concept was first put forward by
Werner Heisenberg in his description
of ferromagnetic materials. Heisenberg
pointed out that the theory describing a
ferromagnet has perfect geometric sym-
metry in that it gives no special distinc-
tion to any one direction in space. When
the material becomes magnetized, how-
ever, there is one axis—the direction
of magnetization—that can be distin-
guished from all other axes. The theory
is symmetrical but the object it describes
is not. Similarly, the Yang-Mills theory
retains its gauge symmetry with respect
to rotations of the isotopic-spin arrow,
but the objects described—protons and
neutrons—do not express the symmetry.

How does the Higgs mechanism lend
mass to the quanta of the Yang-Mills
field? The process can be explained as
follows. The Higgs field is a scalar quan-
tity, having only a magnitude, and so the
quantum of the field must have a spin of
zero. The Yang-Mills fields are vectors,
like the electromagnetic field, and are
represented by spin-one quanta. Ordi-
narily a particle with a spin of one unit
has three spin states (oriented parallel,
antiparallel and transverse to its direc-
tion of motion), but because the Yang-
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Mills particles are massless and move
with the speed of light they are a special
case; their transverse states are missing.

_If the particles were to acquire a mass,

they would lose this special status and

- all three spin states would have to be

observable. In quantum mechanics the
accounting of spin states is strict and
the extra state must come from some-
where; it comes from the Higgs field.
Each Yang-Mills quantum coalesces
with one Higgs particle; as a result the
Yang-Mills particle gains mass and a
spin state, whereas the Higgs particle
disappears. A picturesque description
of this process has been suggested by
Abdus Salam of the International Cen-
ter for Theoretical Physics in Trieste:
the massless Yang-Mills particles “eat™
the Higgs particles in order to gain
weight, and the swallowed Higgs parti-
cles become ghosts.

In 1971, Veltman suggested that I in-
vestigate the renormalization of the
pure Yang-Mills theory. The rules for
constructing the needed Feynman dia-
grams had already been formulated by
Faddeev, Popov, Fradkin and Tyutin,
and independently by Bryce S. DeWitt
of the University of Texas at Austin and
Stanley Mandelstam of the University
of California at Berkeley. I could adapt
to the task the powerful methods for re-
normalization studies that had been de-
veloped by Veltman.

Formally the results were encourag-
ing, but if the theory was to be a realis-
tic one, some means had to be found to
confine the Yang-Mills fields to a finite
range. I had just learned at a summer
school how Kurt Symanzik of the Ger-
man Electron Synchrotron and Benja-
min W. Lee of the Fermi National Ac-
celerator Laboratory had successfully
handled the renormalization of a theo-
retical model in which a global symme-
try is spontaneously broken. It therefore
seemed natural to try the Higgs mecha-
nism in the Yang-Mills theory, where
the broken symmetry is a local one.

A few simple models gave encourag-
ing results: in these selected instances all
infinities canceled no matter how many
gauge particles were exchanged and no
matter how many loops were included
in the Feynman diagrams. The decisive
test would come when the theory was
checked by the computer program for
infinities in all possible diagrams with
two loops. The results of that test were
available by July, 1971; the output of
the program was an uninterrupted string
of zeros. Every infinity canceled exactly.
Subsequent checks showed that infini-
ties were also absent even in extremely
complicated Feynman diagrams. My re-
sults were soon confirmed by others,
notably by Lee and by Jean Zinn-Justin
of the Saclay Nuclear Research Center
near Paris.

The Yang-Mills theory had begun as

a model of the strong interactions, but
by the time it had been renormalized
interest in it centered on applications to
the weak interactions. In 1967 Steven
Weinberg of Harvard University and in-
dependently (but later) Salam and John
C. Ward of Johns Hopkins University
had proposed a model of the weak inter-
actions based on a version of the Yang-
Mills theory in which the gauge quanta
take on mass through the Higgs mecha-
nism. They speculated that it might be
possible to renormalize the theory, but
they did not demonstrate it. Their ideas
therefore joined many other untested
conjectures until some four years later,
when my own results showed it was just
that subclass of Yang-Mills theories in-
corporating the Higgs mechanism that
can be renormalized.

he most conspicuous trait of the

weak force is its short range: it has a
significant influence only to a distance
of 10-15 centimeter, or roughly a hun-
dredth the radius of a proton. The force
is weak largely because its range is so
short: particles are unlikely to approach
each other closely enough to interact.
The short range implies that the virtual
particles exchanged in weak interactions
must be very massive. Present estimates
run to between 80 and 100 times the
mass of the proton.

The Weinberg-Salam-Ward model
actually embraces both the weak force
and electromagnetism. The conjecture
on which the model is ultimately found-
ed is a postulate of local invariance with
respect to isotopic spin; in order to pre-
serve that invariance four photonlike
fields are introduced, rather than the
three of the original Yang-Mills theory.
The fourth photon could be identified
with some primordial form of electro-
magnetism. It corresponds to a separate
force, which had to be added to the theo-
ry without explanation. For this reason
the model should not be called a unified
field theory. The forces remain distinct;
it is their intertwining that makes the
model so peculiar.

At the outset all four of the fields in
the Weinberg-Salam-Ward model are of
infinite range and therefore must be con-
veyed by massless quanta; one field car-
ries a negative electric charge, one car-
ries a positive charge and the other two
fields are neutral. The spontaneous sym-
metry breaking introduces four Higgs
fields, each field represented by a scalar
particle. Three of the Higgs fields are
swallowed by Yang-Mills particles, so
that both of the charged Yang-Mills
particles and one of the neutral ones
take on a large mass. These particles are
collectively named massive intermedi-
ate vector bosons, and they are designat-
ed W+, W- and Z9. The fourth Yang-
Mills particle, which is a neutral one,
remains massless: it is the photon of
electromagnetism. Of the Higgs parti-



cles. the three that lend mass to the
Yang-Mills particles become ghosts and
are therefore unobservable, but the last
Higgs particle is not absorbed, and it
should be seen if enough energy is avail-
able to produce it.

The most intriguing prediction of the
model was the existence of the Z9, a par-
ticle identical with the photon in all re-
spects except mass, which had not been
included in any of the earlier, provision-
al accounts of the weak force. Without
the Z0 any weak interaction would nec-
essarily entail an exchange of electric
charge. Events of this kind are called
charged-weak-current events. The Z0
introduced a new kind of weak interac-
tion, a neutral-weak-current event. By
exchanging a Z9, particles would inter-
act without any transfer of charge and
could retain their original identities.
Neutral weak currents were first ob-
served in 1973 at CERN.

The elaboration of a successful gauge
theory of the strong interactions, which
are unique to hadrons, could not be
undertaken until a fundamental fact
about the hadrons was understood: they
are not elementary particles. A model of
hadrons as composite objects was pro-
posed in 1963 by Murray Gell-Mann
of the California Institute of Technolo-
gy; a similar idea was introduced inde-
pendently and at about the same time
by Yuval Ne’eman of Tel Aviv Univer-
sity and George Zweig of Cal Tech. In
this model hadrons are made up of
the smaller particles Gell-Mann named
quarks. A hadron can be built out of
quarks according to either of two blue-
prints. Combining three quarks gives
rise to a baryon, a class of hadrons that
includes the proton and the neutron.
Binding together one quark and one an-
tiquark makes a meson, a class typified
by the pions. Every known hadron can
be accounted for as one of these allowed
combinations of quarks.

In the original model there were just
three kinds of quark, designated “up,”
“down™ and *“‘strange.” James D. Bjor-
ken of the Stanford Linear Accelera-
tor Center and Sheldon Lee Glashow of
Harvard soon proposed adding a fourth
quark bearing a property called charm.
In 1971 a beautiful argument by Glash-
ow, John Iliopoulos of Paris and Luci-
ano Maiani of the University of Rome
showed that a quark with charm is need-
ed to cure a discrepancy in the gauge
theory of weak interactions. Charmed
quarks, it was concluded, must exist if
both the gauge theory and the quark the-
ory are correct. The discovery in 1974 of
the J or psi particle, which consists of
a charmed quark and a charmed anti-
quark, supported the Weinberg-Salam-
Ward model and persuaded many phys-
icists that the quark model as a whole
should be taken seriously. It now ap-
pears that at least two more “flavors,” or
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QUARK MODEL describes all hadrons, including the proton and the neutron, as being com-
posite particles made up of the smaller entities called quarks. In the original form of the model
the quarks were assumed to come in three “flavors,” labeled u, d and s, each of which is now
said to have three possible “colors,” red, green and blue. There are also antiquarks with the cor-
responding anticolors cyan, magenta and yellow. The interactions of the quarks are now de-
scribed by means of a gauge theory based on invariance with respect to local transformations
of color. Sixteen fields are needed to hold this invariance. They are taken in pairs to make up
eight massless vector bosons, called gluons, each bearing a combination of color and anticolor.

Kinds, of quark are needed; they have
been labeled “top” and “bottom.”

The primary task of any theory of the
strong interactions is to explain the pe-
culiar rules for building hadrons out of
quarks. The structure of a meson is not
too difficult to account for: since the me-
son consists of a quark and an anti-
quark, it is merely necessary to assume
that the quarks carry some property
analogous to electric charge. The bind-
ing of a quark and an antiquark would
then be explained on the principle that
opposite charges attract, just as they do
in the hydrogen atom. The structure of
the baryons, however, is a deeper enig-
ma. To explain how three quarks can
form a bound state one must assume
that three like charges attract.

The theory that has evolved to explain
the strong force prescribes exactly these
interactions. The analogue of electric
charge is a property called color (al-
though it can have nothing to do with
the colors of the visible spectrum). The
term color was chosen because the rules
for forming hadrons can be expressed
succinctly by requiring all allowed com-
binations of quarks to be “white,” or
colorless. The quarks are assigned the
primary colors red, green and blue;
the antiquarks have the complementary
“anticolors” cyan, magenta and yellow.
Each of the quark flavors comes in all
three colors, so that the introduction of
the color charge triples the number of
distinct quarks.

From the available quark pigments
there are two ways to create white: by
mixing all three primary colors or by
mixing one primary color with its com-
plementary anticolor. The baryons are
made according to the first scheme: the
three quarks in a baryon are required to

have different colors, so that the three
primary hues are necessarily represent-
ed. In a meson a color is always accom-
panied by its complementary anticolor.

The theory devised to account for
these baflling interactions is modeled
directly on quantum electrodynamics
and is called quantum chromodynam-
ics. It is a non-Abelian gauge theory.
The gauge symmetry is an invariance
with respect to local transformations of
quark color.

It is easy to imagine a global color
symmetry. The quark colors, like the
isotopic-spin states of hadrons, might
be indicated by the orientation of an ar-
row in some imaginary internal space.
Successive rotations of a third of a turn
would change a quark from red to green
to blue and back to red again. In a bary-
on, then, there would be three arrows,
with one arrow set to each of the three
colors. A global symmetry transforma-
tion, by definition, must affect all three
arrows in the same way and at the same
time. For example, all three arrows
might rotate clockwise a third of a turn.
As a result of such a transformation all
three quarks would change color, but
all observable properties of the hadron
would remain as before. In particular
there would still be one quark of each
color, and so the baryon would remain
colorless.

Quantum chromodynamics requires
that this invariance be retained even
when the symmetry transformation is a
local one. In the absence of forces or
interactions the invariance is obviously
lost. Then a local transformation can
change the color of one quark but leave
the other quarks unaltered, which would
give the hadron a net color. As in other
gauge theories, the way to restore the
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invariance with respect to local symme-
try operations is to introduce new fields.
In quantum chromodynamics the fields
needed are analogous to the electromag-
netic field but are much more compli-
cated; they have eight times as many
components as the electromagnetic field
has. It is these fields that give rise to the
strong force.

he quanta of the color fields are
called gluons (because they glue the
quarks together). There are eight of
them, and they are all massless and have
a spin angular momentum of one unit.
In other words, they are massless vector
bosons like the photon. Also like the
photon the gluons are electrically neu-
tral, but they are not color-neutral. Each
gluon carries one color and one anti-
color. There are nine possible combi-
nations of a color and an anticolor, but
one of them is equivalent to white and
is excluded, leaving eight distinct glu-
on fields.
The gluons preserve local color sym-

COLORLESS HADRON

metry in the following way. A quark is
free to change its color, and it can do so
independently of all other quarks, but
every color transformation must be ac-
companied by the emission of a gluon,
just as an electron can shift its phase
only by emitting a photon. The gluon,
propagating at the speed of light, is then
absorbed by another quark, which will
have its color shifted in exactly the way
needed to compensate for the original
change. Suppose, for example, a red
quark changes its color to green and in
the process emits a gluon that bears the
colors red and antigreen. The gluon is
then absorbed by a green quark, and in
the ensuing reaction the green of the
quark and the antigreen of the gluon an-
nihilate each other, leaving the second
quark with a net color of red. Hence in
the final state as in the initial state there
is one red quark and one green quark.
Because of the continual arbitration of
the gluons there can be no net change in
the color of a hadron, even though the
quark colors vary freely from point to

000

point. All hadrons remain white, and the
strong force is nothing more than the

‘system of interactions needed to main-

tain that condition.

In spite of the complexity of the glu-
on fields, quantum electrodynamics and
quantum chromodynamics are remark-
ably similar in form. Most notably the
photon and the gluon are identical in
their spin and in their lack of mass and
electric charge. It is curious, then, that
the interactions of quarks are very dif-
ferent from those of electrons.

Both electrons and quarks form
bound states, namely atoms for the elec-
trons and hadrons for the quarks. Elec-
trons, however, are also observed as in-
dependent particles; a small quantity
of energy suffices to isolate an electron
by ionizing an atom. An isolated quark
has never been detected. It seems to be
impossible to ionize a hadron, no mat-
ter how much energy is supplied. The
quarks are evidently bound so tightly
that they cannot be pried apart; para-
doxically, however, probes of the in-
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COLOR SYMMETRY requires that every hadron remain white, or
colorless, even when the colors of its constituent quarks have been al-
tered. The color of a quark can be indicated by the position of an arrow
in an imaginary internal space. Global symmetry is easily achieved.
If a hadron initially consists of three quarks, one in each of the three
colors, then any synchronized rotation of all three of the arrows must
leave the overall balance of the colors unchanged. In the absence of
forces between the quarks, however, the global symmetry cannot be
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converted into a local symmetry. Changing the position of one col-
or arrow while leaving the other two arrows fixed gives the hadron
a net color. In order to preserve the local color symmetry, forces
must be introduced. In particular when the color of one quark is
changed, a virtual particle must be emitted that will readjust the col-
ors of the other quarks so that the hadron as a whole will remain col-
orless. The fields that are required to ensure the colorlessness of all
the hadrons are the eight gluon fields of quantum chromodynamics.



ternal structure of hadrons show the
quarks moving freely, as if they were not
bound at all.

Gluons too have not been seen direct-
ly in experiments. Their very presence
in the theory provokes objections like
those raised against the pure, massless
Yang-Mills theory. If massless particles
that so closely resemble the photon ex-
isted, they would be easy to detect and
they would have been known long ago.
Of course, it might be possible to give
the gluons a mass through the Higgs
mechanism. With eight gluons to be
concealed in this way, however, the
project becomes rather cumbersome.
Moreover, the mass would have to be
large or the gluons would have been
produced by now in experiments with
high-energy accelerators; if the mass is
large, however, the range of the quark-
binding force becomes too small.

Atentative resolution of this quanda-
ry has been discovered not by modi-
fying the color fields but by examining
their properties in greater detail. In dis-
cussing the renormalization of quantum
electrodynamics I pointed out that even
an isolated electron is surrounded by a
cloud of virtual particles, which it con-
stantly emits and reabsorbs. The virtual
particles include not only neutral ones,
such as the photon, but also pairs of op-
positely charged particles, such as elec-
trons and their antiparticles, the posi-
trons. It is the charged virtual particles
in this cloud that under ordinary cir-
cumstances conceal the “infinite” neg-
ative bare charge of the electron. In
the vicinity of the bare charge the elec-
tron-positron pairs become slightly po-
larized: the virtual positrons, under the
attractive influence of the bare charge,
stay closer to it on the average than the
virtual electrons, which are repelled. As
aresult the bare charge is partially neu-
tralized; what is seen at long range is the
difference between the bare charge and
the screening charge of the virtual posi-
trons. Only when a probe approaches to
within less than about 10-10 centimeter
do the unscreened effects of the bare
charge become significant.

It is reasonable to suppose the same
process would operate among color
charges, and indeed it does. A red quark
is enveloped by pairs of quarks and anti-
quarks, and the antired charges in this
cloud are attracted to the central quark
and tend to screen its charge. In quan-
tum chromodynamics, however, there is
a competing effect that is not present in
quantum electrodynamics. Whereas the
photon carries no electric charge and
therefore has no direct influence on the
screening of electrons, gluons do bear a
color charge. (This distinction expresses
the fact that quantum electrodynamics
is an Abelian theory and quantum chro-
modynamics is a non-Abelian one.)
Virtual gluon pairs also form a cloud
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EXCHANGE OF GLUONS maintains a baryon (made up of three quarks) or a meson (made
up of a quark and an antiquark) colorless. In this process the total color of the particles is con-
served. For example, a red quark can be converted into a green quark only by emitting a gluon
that bears the color red and the anticol g the magenta can be interpreted as antigreen.
Hence the red of the quark is carried off by the red of the gluon, and green and antigreen are
created in equal quantities. If the gluon is absorbed by a green quark, the green of the quark and
the antigreen of the gluon annihilate each other, leaving the second quark with the color red.

around a colored quark, but it turns out
that the gluons tend to enhance the color
charge rather than attenuate it. It is as
if the red component of a gluon were
attracted to a red quark and therefore
added its charge to the total effective
charge. If there are no more than 16 fla-
vors of quark (and at present only six are
known), the “antiscreening” by gluons is
the dominant influence.

This curious behavior of the gluons
follows from rather involved calcula-
tions, and the interpretation of the re-
sults depends on how the calculation
was done. When I calculate it, I find that
the force responsible is the color ana-
logue of the gluon’s magnetic field. It
is also significant, however, that virtual

gluons can be emitted singly, whereas
virtual quarks always appear as a quark
and an antiquark. A single gluon, bear-
ing a net color charge, enhances the
force acting between two other color
charges.

As aresult of this “antiscreening” the
effective color charge of a quark grows
larger at long range than it is close by. A
distant quark reacts to the combined
fields of the central quark and the rein-
forcing gluon charges; at close range,
once the gluon cloud has been penetrat-
ed, only the smaller bare charge is effec-
tive. The quarks in a hadron therefore
act somewhat as if they were connected
by rubber bands: at very close range,
where the bands are slack, the quarks

VIRTUAL ELECTRON

AND ANTIELECTRON e

VIRTUAL GLUON

REAL
QUARK VIRTUAL

GLUON

REAL ELECTRON

REAL
ANTIQUARK

@)

VIRTUAL QUARK\LAND ANTIQUARK

POLARIZATION OF THE VACUUM explains to some extent the peculiar force law that
seems to allow quarks complete freedom of movement within a hadron but forbids the isola-
tion of quarks or gluons. In quantum electrodynamics (/ef?) pairs of virtual electrons and anti-
electrons surround any isolated charge, such as an electron. Because of electrostatic forces the
positively charged antielectrons tend to remain nearer the negative electron charge and there-
by cancel part of it. The observed electron charge is the difference between the “bare” charge
and the screening charge of virtual antielectrons. Similarly, pairs of virtual quarks diminish the
strength of the force between a real quark and a real antiquark. In quantum chromodynamics,
however, there is a competing effect not found in quantum electrodynamics. Because the glu-
on also has a color charge (whereas the photon has no electric charge), virtual gluons also have
an infl on the magnitude of the color force between quarks. The gluons do not screen
the quark charge but enhance it. As a result the color charge is weak and the quarks move free-
ly as long as they are close. At long range infinite energy may be needed to separate two quarks.
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move almost independently, but at a
greater distance, where the bands are
stretched taut, the quarks are tightly
bound.

The polarization of virtual gluons
leads to a reasonably precise account
of the close-range behavior of quarks.
Where the binding is weak, the expected
motion of the particles can be calculat-
ed successfully. The long-range interac-
tions, and most notably the failure of
quarks and gluons to appear as free par-
ticles, can probably be attributed to the
same mechanism of gluon antiscreen-
ing. It seems likely that as two color
charges are pulled apart the force be-
tween them grows stronger indefinitely,
so that infinite energy would be need-
ed to create a macroscopic separation.
This phenomenon of permanent quark
confinement may be linked to certain
special mathematical properties of the
gauge theory. It is encouraging that per-
manent confinement has indeed been
found in some highly simplified models
of the theory. In the full-scale theory
all methods of calculation fail when the
forces become very large, but the prin-
ciple seems sound. Quarks and gluons
may therefore be permanently confined
in hadrons.

If the prevailing version of quantum

chromodynamics turns out to be cor-
rect, color symmetry is an exact symme-
try and the colors of particles are com-
pletely indistinguishable. The theory is a
pure gauge theory of the kind first pro-
posed by Yang and Mills. The gauge
fields are inherently long-range and for-
mally are much like the photon field.
The Qquantum-mechanical constraints
on those fields are so strong, however,
that the observed interactions are quite
unlike those of electromagnetism and
even lead to the imprisonment of an en-
tire class of particles.

Even where the gauge theories are
right they are not always useful.
The calculations that must be done to
predict the result of an experiment are
tedious, and except in quantum electro-
dynamics high accuracy can rarely be
attained. It is mainly for practical or
technical reasons such as these that the
problem of quark confinement has not
been solved. The equations that describe
a proton in terms of quarks and gluons
are about as complicated as the equa-
tions that describe a nucleus of medium
size in terms of protons and neutrons.
Neither set of equations can be solved
rigorously.

In spite of these limitations the gauge
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STANDARD MODEL of elementary-particle interactions describes the four forces of nature
by means of three non-Abelian gauge theories. The fundamental particles of matter are six lep-
tons and six flavors of quark, each of the flavors being present in three colors. Electromagnet-
ism and the weak force are mediated by the gauge particles of the Weinberg-Salam-Ward
model, namely the massless photon and a triplet of very massive vector bosons, the W+, W~

and Z0. The strong force is attributed to the eight 1

gluons of q chromodynam-

ics. Gravitation results from the exchange of a massless spin-two particle, the graviton, which
is described by another local gauge theory: the general theory of relativity. In addition there is
one surviving Higgs particle, which is massive and electrically neutral. In the coming years the
search for the massive vector bosons and the Higgs particle will serve as tests of this synthesis.
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theories have made an enormous con-

_tribution to the understanding of ele-

mentary particles and their interactions.
What is most significant is not the philo-
sophical appeal of the principle of local
symmetry, or even the success of the in-
dividual theories. Rather it is the grow-
ing conviction that the class of theories
now under consideration includes all
possible theories for any system of parti-
cles whose mutual interactions are not
too strong. Experiment shows that if
particles remain closer together than
about 1014 centimeter, their total inter-
action, including the effects of all forces
whether known or not, is indeed small.
(The quarks are a special case: although
the interactions between them are not
small, those interactions can be attribut-
ed to the effects of virtual particles, and
the interactions of the virtual particles
are only moderate.) Hence it seems rea-
sonable to attempt a systematic fitting
of the existing gauge theories to experi-
mental data.

he mathematics of the gauge theo-

ries is rigid, but it does leave some
freedom for adjustment. That is, the pre-
dicted magnitude of an interaction be-
tween particles depends not only on
the structure of the theory but also
on the values assigned to certain free
parameters, which must be considered
constants of nature. The theory re-
mains consistent no matter what choice
is made for these constants, but the ex-
perimental predictions depend strongly
on what values are assigned to the con-
stants. Although the constants can be
measured by doing experiments, they
can never be derived from the theory.
Examples of such constants of nature
are the charge of the electron and the
masses of elementary particles such as
the electron and the quarks.

The strength of the gauge theories is
that they require comparatively few
such free parameters: about 18 con-
stants of nature must be supplied to
account for all the known forces. The
tangled phenomena of the strongly in-
teracting particles, which seemed incom-
prehensible 15 years ago, can now be
unraveled by means of a theory that in-
cludes only a handful of free parame-
ters. Among these all but three are small
enough to be safely ignored.

Even if the free parameters have been
reduced to a manageable number, they
remain an essential part of the theory.
No explanation can be offered of why
they assume the values they do. The fun-
damental questions that remain unan-
swered by the gauge theories center on
these apparent constants of nature. Why
do the quarks and the other elementary
particles have the masses they do? What
determines the mass of the Higgs parti-
cle? What determines the fundamental
unit of electric charge or the strength of
the color force? The answers to such
questions cannot come from the existing



gauge theories but only from a more
comprehensive theory.

In the search for a larger theory it is
natural to apply once more a recipe that
has already proved successful. Hence
the obvious program is to search for
global symmetries and explore the con-
seguences of making them local symme-
s This principle is not a necessary
one. but 1t is worth trying. Just as Max-
well's theory combined electricity and
magnetism and the Weinberg-Salam-
Ward model linked electromagnetism
and the weak force, so perhaps some
larger theory could be found to embrace
both the Weinberg-Salam-Ward model
and quantum chromodynamics. Such a
theory might in principle be constructed
on the model of the existing gauge theo-
ries. A more sweeping symmetry of na-
ture must be found; making this symme-
try a local one would then give rise to
the strong force, the weak force and
electromagnetism. In the bargain yet
more forces, exceedingly weak and so

far unobserved, may be introduced.

Work on such theories is proceeding,

and it has lately concentrated on sym-
metries that allow transformations be-
tween quarks and leptons, the class of
particles that includes the electron. It is
my belief the schemes proposed so far
are not convincing. The grand symme-
try they presuppose must be broken in
order to account for the observed dis-
parities among the forces, and that re-
quires several Higgs fields. The resulting
theory has as many arbitrary constants
of nature as the less comprehensive the-
ories it replaces.

A quite different and more ambitious
approach to unification has recently
been introduced under the terms “super-
symmetry” and “supergravity.” It gath-
ers into a single category particles with
various quantities of angular momen-
tum; up to now particles with different
spins were always assigned to separate
categories. The utility of the supersym-
metric theories has yet to be demon-

strated, but they hold much promise.
They offer a highly restrictive descrip-
tion of some hundreds of particles, in-
cluding the graviton, in terms of only a
few adjustable parameters. So far the
results do not much resemble the known
physical world, but that was also true of
the first Yang-Mills theory in 1954.
The form of unification that has been
sought longest and most ardently is a
reconciliation of the varipus quantum
field theories with the general theory of
relativity. The gravitational field seems
to lead inevitably to quantized theories
that cannot be renormalized. At ex-
tremely small scales of distance (1033
centimeter) and time (10-44 second)
quantum fluctuations of space-time it-
self become important, and they call
into question the very meaning of a
space-time continuum. Here lie the
present limits not merely of gauge theo-
ries but of all known physical theories.
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