The Search for Intermediate
Vector Bosons

In theory these massive elementary particles are required to serve

as the carriers of the weak nuclear force. They should be detected

soon in the aftermath of collisions between protons and antiprotons

by David B. Cline, Carlo Rubbia and Simon van der Meer

ne of the major achievements of
O modern physics has been the

development over the past 15
years or so of a new class of unified the-
ories to describe the forces acting be-
tween elementary particles. Until these
theories were introduced the four ob-
servable forces of nature seemed to be
quite independent of one another. The
electromagnetic force governs the inter-
actions of electrically charged particles;
the weak nuclear force is responsible
for such processes as the beta decay
of a radioactive atomic nucleus; the
strong nuclear force holds the nucle-
us together, and gravity holds the uni-
verse together. The most successful of
the new theories establishes a link be-
tween electromagnetism and the weak
force, suggesting that they are merely
different manifestations of a single un-
derlying force.

The unified electroweak theory is
about to be put to a decisive experimen-
tal test. A crucial prediction of the theo-
ry is the existence of three massive parti-
cles called intermediate vector bosons
(also known as weakons). The world’s
first particle accelerator with enough en-
ergy to create such particles has recently
been completed at the European Orga-
nization for Nuclear Research (CERN)
in Geneva. The accelerator was origi-
nally built to drive high-energy protons
against a fixed target, but it has now
been converted to a new mode of opera-
tion, in which protons and antiprotons
collide head on. The colliding-beam ma-
chine has just completed its preliminary
runs and is scheduled to resume operat-
ing next month with an elaborate new
particle-detection system in place. If the
intermediate vector bosons exist and if
they have the properties attributed to
them by the electroweak theory, they
should be detected soon. They are cur-
rently the most prized trophies in all
physics, and their discovery would cul-
minate a search that began more than 40
years ago.

According to the prevailing view of
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the interactions of elementary particles,
a force is transmitted between two par-
ticles by the exchange of a third, inter-
mediary particle. Such a description is
the essence of a quantum field theory.
The idea of a field extending throughout
space is needed to explain how particles
can act on one another at a distance; it is
a quantum field because it is embodied
in discrete units, namely the interme-
diary particles. In electromagnetic and
weak interactions the exchanged parti-
cle is a member of the family called the
vector bosons. This term refers to a clas-
sification of particles according to one
of their most basic properties: spin an-
gular momentum. A boson (named for
the Indian physicist S. N. Bose) is a par-
ticle whose spin, when measured in fun-
damental units, is an integer, such as 0, 1
or 2. “Vector” designates a boson whose
spin value is equal to 1.

In the case of electromagnetism the
exchanged vector boson is the photon,
the massless and chargeless “wave pack-
et” of electromagnetic energy that func-
tions as the quantum of the electromag-
netic field. Photons are easy to observe
experimentally (in the form of light, for
example), and from the study of their
properties physicists have constructed
the remarkably precise and compre-
hensive theory called quantum electro-
dynamics, or QED, which is the quan-
tum field theory of the electromagnetic
force.

The corresponding force carrier in
weak interactions is the intermediate
vector boson (intermediate simply be-
cause of its mediating role between par-
ticles). The existence of such a particle
was first suggested in 1935 by the Japa-
nese physicist Hideki Yukawa, who at
the time was seeking a unified explana-
tion of the two newly discovered nucle-
ar forces: the strong and the weak. Yu-
kawa noted that the range of a force
should be inversely proportional to the
mass of the particle that transmits it.
For example, the range of the electro-
magnetic force is infinite, in accord with
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the masslessness of the photon. On the
other hand, the two nuclear forces have
only alimited range, and so Yukawa sug-
gested they should be carried by parti-
cles with mass.

Specifically, Yukawa postulated the
existence of a moderately heavy parti-
cle, later named the meson, the ex-
change of which gives rise to the strong
attractive force between the proton and
the neutron. The first particle of this
type to be correctly identified, the pi
meson (or pion), was discovered in 1947
in the shower of secondary particles
generated by the collision of a cosmic-
ray particle with an atom in the atmo-
sphere; large numbers of mesons can
now be made at will with particle ac-
celerators.

The particles of the nucleus, including
the mesons, are now thought to be com-
posed of the more fundamental constit-
uents known as quarks. The quarks are
bound together by the strong force, but
in this context the force has a form quite
different from the one observed between
protons and neutrons. The force be-
tween quarks is thought to be transmit-
ted by the family of eight massless vec-
tor bosons called gluons. A property
with the arbitrary name “color” is as-
signed to the quarks and the gluons and
plays the same role in strong interac-
tions as electric charge does in electro-
magnetic interactions. In recognition of
this analogy the quantum field theory
of the strong force is called quantum
chromodynamics, or QCD.

he weak nuclear force has a still

shorter range than the strong force
that acts between protons and neutrons.
The intermediate vector bosons of the
weak force can therefore be expected to
have a mass larger than that of the pi
meson. Early attempts to detect the in-
termediary particles associated with the
weak force were unsuccessful, presum-
ably because the bosons’ larger mass put
them out of reach of the existing particle
accelerators. Until the advent of the uni-
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NEW PARTICLE DETECTOR at the European Organization for
Nuclear Research (CERN) in Geneva was designed and built by a
team of more than 100 physicists from 11 institutions in Europe and
the U.S. The first observation of an intermediate vector boson is ex-
pected to be made with the aid of this device. The large, multipur-
pose detector, named the UA1 (for Underground Area One), is seen

here in its “garage” adjacent to the largest particle accelerator at the
CERN site: the Super Proton Synchrotron (SPS), which was recently
converted into a proton-antiproton colliding-beam machine. When
the detector is ready for operation, it is rolled to the left on rails into
the path of the colliding beams. Electronic equipment covers the
outside of the apparatus, obscuring the central detection chambers.
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fied electroweak theory in the late
1960’s and early 1970’s, however, there
was no good estimate of the mass of the
weak-force particles.

The electroweak theory was devel-
oped independentiy by Steven Weinberg
of Harvard University and Abdus Sa-
lam of the International Center for The-
oretical Physics in Trieste, with major
contributions by Sheldon Lee Glashow
of Harvard and others. The theory,
which can now be considered the “stan-
dard” account of electromagnetic and
weak interactions, for the first time
made specific and testable predictions
about the properties of the intermedi-
ate vector bosons, including their mass.
Furthermore, the theory required that
there be three such particles, with elec-
tric charges of +1 (the W+), —1 (the
W-) and zero (the Z9). The best present
estimate of the mass of the intermediate
vector bosons, expressed in terms of
their equivalent energy, is 79.5 GeV for
the W+ and W- and 90 GeV for the Z0.
(The abbreviation GeV stands for giga-
electron volts, or billions of electron
volts; for comparison the mass of the
proton is equivalent to a little less than
one GeV.)

The idea at the heart of the standard
theory is that electromagnetism and
the weak force both stem from a single
and more fundamental property of na-
ture. At exceedingly high energy (high
enough for W and Z particles to be
made as readily as photons) events me-
diated by the two forces would be in-
distinguishable. This theoretical unifi-
cation is accomplished by assigning the
photon and the intermediate vector bos-
ons to the same family of four particles.
At energies accessible today there is no
question that electromagnetic events are
quite different from weak ones; more-

COUNTERROTATING BEAMS of protons
and antiprotons are generated at CERN as
the end products of a sequence of events in
several interconnected accelerator rings. First
a beam of protons (gray) is accelerated to an
energy of 26 GeV (billion electron volts) in
the Proton Synchrotron (PS). The protons
are then directed at a metal target, producing
(among other things) a few antiprotons with
an energy of 3.5 GeV. The antiprotons (color)
are collected and transferred to the Antipro-
ton Accumulator (AA), where they are com-
bined with previously injected antiprotons and
concentrated in dense “bunches” numbering
several hundredbillion particles each. The an-
tiproton bunches are next sent back to the PS
ring, where they are accelerated to 26 GeV.
The 26-GeV antiprotons are injected into
the SPS ring, where protons of the same ener-
gy are already circulating in the opposite di-
rection. The two beams are finally accelerat-
ed to 270 GeV each in the larger ring. The
overall site plan (bottom) shows the loca-
tion of the new particle detectors, which are
placed' in two long straight sections of the
SPS ring where the counterrotating beams are
brought into collision. The other rings shown
are used for a variety of other experiments.



over, the photon and the W and Z parti-
cles seem to be unlikely siblings, since
the first is massless and the other three
are among the heaviest particles sup-
posed to exist. The discrepancy is ex-
plained in the standard theory by the
notion of a broken symmetry, which dis-
tinguishes between the forces as the en-
ergy is lowered in much the same way as
a substance separates into different
phases as the temperature is lowered.

One approach to understanding the
unified electroweak theory begins with
an imaginary primordial state in which
the photon and the intermediate vector
bosons were all equally massless. It was
the breaking of a symmetry of nature
that endowed the W+, the W- and the
Z% with large masses while leaving the
photon massless. A mechanism for dis-
criminating in this way among the carri-
ers of the forces was first discussed in
1964 by Peter Higgs of the University of
Edinburgh. Curiously, the Higgs mech-
anism is able to supply masses for the W
and Z particles only by postulating still
another massive particle, which has
come to be called the Higgs boson. It is
being sought along with the intermedi-
ate vector bosons.

The electroweak theory received im-
portant experimental support in 1973
from a discovery made at CERN and
at the Fermi National Accelerator Lab-
oratory (Fermilab) near Chicago. Up
to then all known weak interactions of
matter entailed an exchange of electric
charge. For example, a proton might
give up its charge of +1 to a neutrino
(a massless particle with no charge). As
a result the proton becomes a neutron
and the neutrino is converted into a posi-
tron, or antielectron. All such events
can be accounted for by the exchange
of the charged intermediate vector bos-
ons W+ and W-. The 1973 experiments
revealed weak interactions in which the
particles maintain the same charges
they had before the event, as they do in
electromagnetic interactions. A weak
interaction of this type can be explained
only by the exchange of a neutral inter-
mediate vector boson (the Z° particle)
or, in an equivalent description, by the
operation of a neutral weak current
[see “The Detection of Neutral Weak
Currents,” by David B. Cline, Alfred K.
Mann and Carlo Rubbia; SCIENTIFIC
AMERICAN, December, 1974]. In
1979 Weinberg, Salam and Glashow
were awarded the Nobel prize in phys-
ics “for their contributions to the theo-
ry of the unified weak and electromag-
netic interaction between elementary
particles, including...the prediction of
the weak neutral current.”

Once the existence of neutral weak
currents had been fully confirmed
it was only natural to try to find a way to
detect the Z° as well as the W+ and W-.
The task of creating particles with such
a large mass, however, remained daunt-
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ANTIPROTON ACCUMULATOR performs two functions essential to the CERN collid-
ing-beam experiments: it “stacks” the successively injected bunches of antiprotons, and it
“cools” them by a statistical process known as stochastic cooling. For cooling the ring incorpo-
rates a number of linked “pickup” and “kicker” devices (gray shapes) as well as the beam-bend-
ing and beam-focusing magnets (white shapes) found in any storage ring. In stochastic cooling
a pickup at one section of the storage ring senses the average deviation of the particles from the
ideal orbit; a correction signal is then sent across the ring to a kicker on the other side, arriving
just in time to nudge the particles back toward the ideal orbit. One such link is indicated.

STACKING AND COOLING of antiprotons in the AA ring are illustrated in this sequence
of cross-sectional diagrams. First a bunch of about 20 million antiprotons is injected into the
ring and made to circulate on the outside of the wide-aperture vacuum chamber (). During
the injection this space is shielded from the rest of the chamber by a mechanically operated
metal shutter. The injected particles are precooled by the stochastic method for two seconds, re-
ducing their random motion by a factor of 10 in both the longitudinal and the transverse direc-
tions (2). The shutter is then lowered and the precooled antiprotons are magnetically shifted
into the stack position in the main body of the chamber (3). The shutter is raised again and a
second bunch of antiprotons is injected 2.4 seconds after the first one (4). The second bunch is
subjected to the same procedure, ending up in the stack after being precooled (5). About an
hour later, when 1,500 bunches have been injected and some 30 billion antiprotons have been
precooled and stacked, a dense core begins to form in the stack (6). After 40 hours, when
60,000 bunches have been injected, approximately a trillion antiprotons are orbiting in the
stack, most of them concentrated in the core (7). Magnetic fields are then actuated to extract
the core, providing about 600 billion antiprotons for the colliding-beam experiments. The resi-
due of some 400 billion antiprotons remains stacked in the AA ring and is available to start the
formation of the next core (8). After another 24 hours the second core of 600 billion antipro-
tons will be cooled and ready for injection. In each case the inside of the ring is to the right.
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NEW PARTICLES are expected to appear in the aftermath of high-
energy proton-antiproton collisions when a quark from the proton’s
structure interacts with an antiquark from the antiproton’s struc-
ture. As the idealized drawing at the top indicates, the proton is pre-
sumed to consist of two “up” quarks (labeled «) and one “down” quark
(d), whereas the antiproton has two “antiup” antiquarks (%) and one
“antidown” antiquark (d). Quark-antiquark interactions that might
contribute to the production of intermediate vector bosons are shown
in symbols at the left and diagrammatically at the right. Three inter-
mediate vector bosons are postulated: two charged particles (desig-
nated W+ and W-) and one electrically neutral particle (Z°). All three
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are expected to be extremely short-lived and hence to be detectable
only by virtue of their decay products, represented generically here by
the symbol X. The first row shows the three most likely processes.
The next four rows show processes in which intermediate vector bos-
ons are created in association with energetic photons (y). The last two
rows show processes in which pairs of intermediate vector bosons are
formed. (Where particles are shown moving in both directions along
a vertical line the interaction can proceed by either mechanism.) The
numbers in parentheses below the symbols at the left give the electric
charge of each particle; the equations show that charge is conserved
in all cases. Quarks are fractionally charged. Photons have no charge.
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ing. The largest particle accelerators
at the time were machines in which
a single beam of protons is raised to
high energy and then directed onto
a fixed target. In the ensuing collision
of a beam particle with a target par-
ticle most of the energy released goes
into moving the two-particle system
rather than demolishing it; only a small
fraction of the beam energy is made
available for the creation of new parti-
cles. The only chance of observing an
intermediate vector boson, it- seemed
clear, would be in a colliding-beam ma-
chine, where the accelerated particles
meet head on, transforming essentially
all their energy into new particles.

Storage rings for electrons and posi-
trons had already been in operation for
several years. The great advantage of
employing electrons and positrons is
that a single ring of magnets and radio-
frequency cavities can simultaneously
accelerate a particle and its antiparticle
in opposite directions, so that counter-
rotating beams are formed in a single
doughnut-shaped vacuum chamber. On
the other hand, because electrons and
positrons are very light they rapidly dis-
sipate their energy when they are made
to follow the curved path of the stor-
age ring. It did not seem feasible then
to build an electron-positron machine
large enough to reach the energy of the
intermediate vector bosons. The plan in-
stead was to build storage rings in which
protons would collide head on with
other protons; two interlaced rings are
needed to arrange such collisions. The
first of these proton-proton machines
were not scheduled to begin operating
until the mid-1980’s or later.

hen in 1976 two of us (Cline and
Rubbia), together with Peter M.
Mclntyre, came up with an alternative
idea. Instead of building an entirely new
colliding-beam machine, we proposed,
it would be feasible (and much cheaper)
to convert an existing fixed-target pro-
ton accelerator into a colliding-beam
machine by arranging to generate a
counterrotating beam of antiprotons in
the same annular space occupied by the
original proton beam. Our suggestion
was well received, and after a thorough
review of the problems likely to be en-
countered in such a project it was decid-
ed to build proton-antiproton machines
at two of the world’s largest proton ac-
celerators: the Super Proton Synchro-
tron (SPS) at CERN, which began oper-
ating at a peak energy of 400 GeV in
1976, and a more advanced version of a
comparable machine at Fermilab that
was then still in the planning stage.
The CERN conversion was in many
ways easier to accomplish, and it was
completed by last summer, under the di-
rection of Roy Billinge and one of us
(van der Meer); the first proton-antipro-
ton collisions at the designed peak ener-
gy of 270 GeV per beam were observed
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DIRECTION OF SPIN of the particles involved in the production and decay of intermediate
vector bosons has an important effect on the direction of motion of the decay products. The re-
sult is an asymmetry in the rate at which charged leptons are expected to be observed in differ-
ent directions with respect to the incoming beams. (Leptons are particles such as electrons and
muons that participate in weak interactions but not in strong ones.) For example, when a
charged intermediate vector boson (W+ or W-) decays to form a muon (u* or pw-) and a
muon-type neutrino (v, or ¥,), most of the positively charged muons leave the collision in
the direction of the incoming antiproton beam, whereas most of the negatively charged muons
leave in the direction of the incoming proton beam (here left and right respectively). The obser-
vation of this effect, which is unique to interactions mediated by the weak force, would be tak-
en as strong evidence for the fleeting existence of charged bosons among the decay products.
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PRODUCTION RATE OF CHARGED LEPTONS
(ARBITRARY UNITS)
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ANGLE BETWEEN DIRECTION OF ANTIPROTONS AND DIRECTION OF
CHARGED LEPTONS (DEGREES OF ARC)

ASYMMETRY IS PREDICTED in the angular distribution of charged leptons emerging
from proton-antiproton collisions in which charged intermediate vector bosons are created.
Here the theoretical production rate of the charged leptons is given at various angles in rela-
tion to the direction of the antiproton beam. The effect is strongest in the forward direction
(that is, at small angles with respect to the antiproton direction). Electrons (¢-) and positrons
(e*) as well as muons are expected to contribute to the effect, although the electrons and pos-
itrons interact with the materials of the detector more readily than muons do and hence are
detected less frequently. The data points for the two curves were calculated for proton-anti-
proton collisions at a total energy of 2,000 GeV, the goal of the colliding-beam machine now
under construction at the Fermi National Accelerator Laboratory (Fermilab) near Chicago.
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HIGGS BOSON might also make its first appearance in the colliding-beam experiments at
CERN or Fermilab. The discovery of this massive, uncharged particle (designated H0) is con-
sidered the ultimate test of the “standard” unified theory linking electromagnetic interactions
and weak interactions. Two processes that might lead to the production of Higgs bosons are il-
lustrated. At the left a Higgs boson is created in association with a neutral intermediate vector
boson. At the right a Higgs boson arises from the fusion of two gluons emitted during a graz-
ing collision between a proton and an antiproton. (Gluons are the intermediary particles of
the strong force that is thought to hold the quarks together inside the particles of the nucleus.)

in July. By late December, when the ma-
chine was shut down for the Christmas
holiday, more than 250,000 such colli-
sions had been recorded; because of the
comparatively low rate at which inter-
mediate vector bosons are expected to
be produced in proton-antiproton colli-
sions, however, it was not surprising that
none were detected in these early runs.
This situation is expected to change dra-
matically in the next round of experi-
ments, in which the particle intensity of
the beams, and hence the collision rate,
will be increased by an order of magni-
tude or more.

The big proton-antiproton colliding-
beam machine at Fermilab is still under
construction and is scheduled to begin
operating in 1985. Because it was origi-
nally designed to accelerate a single
beam of protons to an energy of 1 TeV,
or a trillion electron volts, it was named
the Tevatron. In its reincarnation as a
colliding-beam machine it is expected to
be able to produce collisions with a to-
tal energy of 2 TeV (2,000 GeV), as
opposed to 540 GeV for the CERN ma-
chine. When the Fermilab machine is
completed, it will have the further dis-
tinction of being the first large accel-
erator to employ a ring of supercon-
ducting magnets.

ow does one go about generating

opposed beams of matter and an-
timatter in a storage ring? The hardest
part in the two present instances is to
accumulate a dense enough “bunch” of
antiprotons to ensure a large number of
collisions with the counterrotating pro-
tons. Unlike protons, antiprotons are
not readily available from any natural
source; they must themselves be creat-
ed in high-energy collisions. A beam of
high-energy protons is directed at a met-
al target, and antiprotons created in col-
lisions with the target atoms are steered
magnetically into a specially designed
storage ring. The process is extremely
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inefficient; on the average one compar-
atively low-energy antiproton is pro-
duced for every million or so high-ener-
gy protons striking the target. To put
this production rate in perspective, it
has been calculated that in order to
obtain a useful number of proton-anti-
proton collisions in the colliding-beam
machine at CERN one must collect
bunches of antiprotons (and protons)
each made up of at least 100 billion par-
ticles. Successive bunches of antipro-
tons are collected and “stacked” every
2.4 seconds; at this rate it takes about
24 hours to accumulate a few hundred
billion antiprotons for the colliding-
beam experiments at CERN.

Creating enough antiparticles is not
the only problem. As the antipro-
tons emerge from the target they have
a range of velocities and directions.
Viewed in their own frame of reference
the antiprotons form a gas, and their
random motions are indicative of a tem-
perature. If the temperature is too high,
some of the particles will strike the walls
of the accelerator and the beam will be
dissipated. Therefore some method is
needed to “cool” the antiproton beam
(that is, to reduce its random motions) in
order to keep it as concentrated as possi-
ble before it enters the accelerator ring.

One such beam-cooling technique,
called electron cooling, was first pro-
posed more than a decade ago by Gersh
I. Budker of the Institute of Nuclear
Physics at Novosibirsk in the U.S.S.R.
Basically it operates by mixing a “cool”
beam of electrons (one in which all the
particles have the same velocity and di-
rection) with the “hot” antiproton beam
for a short distance. In the process some
of the random thermal energy of the an-
tiprotons is transferred to the electrons.
Mixing the antiproton beam repeatedly
with fresh electron beams can cool the
antiprotons significantly, provided their
energy is not too high to start with. As it
happens, the CERN scheme calls for an
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antiproton beam whose energy is initial-
ly too high to be cooled effectively by
this method, and it is no longer being
studied for this purpose. Electron cool-
ing is still under consideration, however,
for a role in the Fermilab project.

Alother beam-cooling method, better
suited to the requirements of the
CERN proton-antiproton machine, was
invented in 1968 by one of us (van der
Meer). This method, called stochastic
cooling (because it relies on a statistical
process), utilizes a “pickup,” or sensing
device, in one section of a storage ring to
measure the average deviation of the
particles from the ideal orbit. The mea-
surement is converted into a correction
signal, which is relayed across the ring
to a “kicker” device on the other side.
The kicker applies an electric field to its
section of the ring in time to nudge the
center of mass of the passing particles
back toward the ideal orbit. Although
the particles move with nearly the speed
of light, the correction signal can arrive
in time because it takes the shorter path
across a chord of the cooling ring.

Both beam-cooling techniques have
been tested successfully in the past few
years at Novosibirsk, CERN and Fermi-
lab. As a result there is every reason to
believe full-scale antiproton collector
rings such as the ones at CERN and Fer-
milab will work as planned. Beam cool-
ing is becoming a routine part of accel-
erator technology.

For the experiments at CERN the
particles are directed through a complex
sequence of interconnected beam-ma-
nipulating devices. First a beam of pro-
tons is accelerated to an energy of 26
GeV in the Proton Synchrotron (PS), the
original accelerator ring at CERN, com-
pleted in 1959. The proton beam is then
directed at a copper target, producing
a spray of particles, including a small
number of antiprotons with an energy of
3.5 GeV. The antiprotons are collect-
ed and transferred to a wide-aperture
storage ring called the Antiproton Ac-
cumulator (AA), where they are first
precooled by the stochastic method and
then moved to a slightly smaller orbit,
where they are stacked with the previ-
ously injected bunches and subjected to
further cooling. After a few hundred bil-
lion antiprotons have been collected
they are sent back to the PS ring, where
they are accelerated to 26 GeV before
being injected into the SPS. Meanwhile
protons at 26 GeV from the PS ring are
injected into the SPS ring in the opposite
direction. The counterrotating beams
are finally accelerated to 270 GeV each
in the SPS ring. The beams collide at
two interaction sites, where the large
particle detectors are placed [see illustra-
tion on page 50]. The interactions are so
rare that the beam lifetime of several
hours is not affected by them.

At present the Fermilab plan calls for
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ESTIMATED PRODUCTION RATES of intermediate vector bos-
ons and Higgs bosons by various collision processes vary as a func-
tion of the total energy of the colliding beams. The curves indicate
the rate calculated for each process for one day of operation at the
designed collision rate of the CERN and Fermilab colliding-beam
machines. (The actual detected rate will be lower because of various
experimental background effects.) The two vertical gray lines indi-
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TELLTALE SIGNALS of the production of intermediate vector
bosons (color) are expected to stand out above the background
“noise” (gray), particularly at large angles with respect to the beam
axis. The graph at the left shows the calculated mass spectrum of the
charged leptons that would be emitted with a large transverse mo-
mentum from proton-antiproton collisions in which charged inter-
mediate vector bosons are created. The peak in the signal is predicted
to appear at about half the estimated mass of a charged intermediate

cate the designed total energy of the proton-antiproton collisions at
CERN and Fermilab. The processes that result in the production of a
charged intermediate vector boson accompanied by an energetic pho-
ton are expected to serve as sensitive indicators of the magnetic prop-
erties of the W+ and W~ particles. The process in which a Higgs bos-
on is produced by the fusion of two gluons has a less predictable rate
than the other processes and so is represented by a range of values.
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vector boson. The background rate of leptons expected from other
sources related to the collision process has no peak and is lower than
the rate expected from the decay of the W+ and W- particles. The
graph at the right shows the calculated mass spectrum for the decay
of a neutral intermediate vector boson into a pair of charged leptons.
The spectrum in this case has a peak near the predicted mass of the
Z0 particle (90 GeV). The negligible background noise makes this
process the one in which the Z° is most likely to be discovered.
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UA1 DETECTOR IS INSTALLED in a cavernous experimental
area approximately 25 meters underground. In both the plan view
(upper diagram) and the corresponding end view (lower diagram) the
detector is drawn in black line when it is in its operating position
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straddling the beam pipe of the SPS and in gray tone when it is parked
in its garage. The UAL1 is by far the largest detector ever built for a
colliding-beam experiment: it is 10 meters long by five meters wide
and weighs 2,000 tons. It was built at a cost of roughly $20 million.
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a more intense antiproton source than
the one in operation at CERN. Pro-
tons with a higher energy will be used
to make the antiprotons at Fermilab.
Several alternative schemes are being
investigated. One would rely on a com-
bination of stochastic cooling and elec-
tron cooling to accumulate 100 billion
antiprotons in less than an hour. The
antiprotons would be injected into the
Tevatron ring, accelerated to an energy
of 1,000 GeV and made to collide
with counterrotating 1,000-GeV pro-
tons in two experimental areas. The first
area, where construction is scheduled
to start soon, is designed to house a
very large detector.

Acording to the electroweak theory,
intermediate vector bosons can be
created in proton-antiproton collisions
by a variety of mechanisms in which a
quark from the proton’s structure inter-
acts with an antiquark from the antipro-
ton’s structure. Both the proton and
the antiproton are assumed to be made
up of three constituent particles; in the
whimsical nomenclature of the QCD
theory the proton is said to harbor two
“up” quarks (labeled «) and one “down”
quark (d), whereas the antiproton has
two “antiup” antiquarks (x) and one
“antidown” antiquark (d). When a
quark and an antiquark collide, they
annihilate each other, creating a burst
of energy that can rematerialize as new
particles, including intermediate vector
bosons. In some cases a single interme-
diate vector boson is expected to appear
(accompanied by other kinds of parti-
cles); in other cases a pair of intermedi-
ate vector bosons is predicted [see illus-
tration on page 52).

The expected production rate of W+,
W- and Z° particles in proton-antipro-
ton collisions varies as a function of an
experimental parameter called the lumi-
nosity, which is defined as the number of
high-energy particles per square centi-
meter per second passing through the
cross section of the interaction region.
The designed luminosity of the CERN
machine, assuming the injection of 600
billion antiprotons per bunch, is 1030
particles per square centimeter per sec-
ond. Given the same number of antipro-
tons per bunch, the Fermilab machine
should attain a luminosity of 4 X 1030
particles per square centimeter per sec-
ond (owing to its higher energy and
hence smaller beam size). It can be cal-
culated that at such luminosities the
production rate of W+, W- and Z° par-
ticles, both singly and in pairs, should
be high enough for them to be detected
fairly often, perhaps as often as thou-
sands of times per day [see top illustration
on page 55]. Just before the CERN ma-
chine was shut down in December it
briefly reached a luminosity of 1028 par-
ticles per square centimeter per second,
putting it at the threshold of where one
would expect to catch the first glimpse
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SIDE VIEW of the UA1 detector shows it in place in the SPS beam line. Experimental compo-
nents for various purposes, including the search for intermediate vector bosons, are labeled.

of an intermediate vector boson. (The
initial operating experience with the
CERN collider has also shown that pro-
ton-antiproton collisions could in prin-
ciple be obtained at luminosities of 1031
particles per square centimeter per sec-
ond or higher, provided enough antipro-
tons are available.)

How will intermediate vector bosons
produced in such collisions make their
presence known? The lifetime of the
particles is expected to be exceeding-
ly short. In approximately 10-20 second
they should decay spontaneously to
form a variety of other particles, mainly
quark-antiquark pairs and lepton-anti-
lepton pairs. (Leptons are particles that
respond to the weak nuclear force but
not to the strong one.) Charged leptons
such as electrons and muons can be de-
tected by various means. In general the
object is to detect the charged leptons
from the decay of the intermediate vec-
tor bosons and to compare their produc-
tion rate or other properties with the
values expected from other causes aris-
ing in the collision process. The signal,
in this case the angular distribution of
leptons from the decay of W+, W- or Z°
particles, is expected to stand out above
the background “noise” of leptons from
other sources, particularly at large an-
gles with respect to the beam axis [see
bottom illustration on page 55).

One unmistakable indication of the
presence of intermediate vector bosons
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would be the appearance of a marked
asymmetry in the rate at which leptons
are detected in the forward and back-
ward directions (measured arbitrarily
with respect to the direction of the anti-
proton beam). Leptons that arise direct-
ly from strong or electromagnetic inter-
actions of the beam particles should be
completely symmetrical. According to
the electroweak theory, however, decay-
ing intermediate vector bosons should
emit positively charged leptons predom-
inantly in the forward direction and
negatively charged ones predominantly
in the backward direction. The expected
lepton asymmetry, which is unique to
events mediated by the weak force, re-
sults from the spins of the particles in-
volved in the production and decay of
intermediate vector bosons [see illus-
trations on page 53). The observation of
this effect will be taken as strong evi-
dence that the long-sought intermediate
vector bosons have finally been discov-
ered. Their other properties can then be
measured.

The ultimate test of the correctness of
the electroweak theory would be the ob-
servation in the debris of proton-anti-
proton collisions of the Higgs boson.
The discovery of this particle would
demonstrate not only that electromag-
netism and the weak force are unified
but also that the unification is of the
kind prescribed by the standard elec-
troweak theory. A full discussion of
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PROTONS

CENTRAL DETECTION SYSTEM of the UA1 consists of three
cylindrical “drift” chambers, each containing an array of closely
spaced wires and a gas at low pressure. In all three chambers the
wires are strung horizontally. In the central chamber the horizontal
wires are arranged in vertical planes; in the two flanking chambers
they are arranged in horizontal planes. A charged particle passing

ANTIPROTONS

/
~ MAGNETIC /
FIELD /2

through the chamber ionizes molecules of the gas, which then drift to
the wires, depositing their charge. The pattern of charges appearing
on many wires is recorded electrically and can later be analyzed by
a computer to reconstruct the trajectory of the particle on the face
of a cathode-ray tube. The chambers are approximately three me-
ters in diameter. The wires are spaced about three millimeters apart.

VISUAL RECORD of a proton-antiproton collision that took place
late last year in the central detection system of the UA1 was made by
photographing a computer-generated display. The event is the same
one that appears on the cover of this issue of SCIENTIFIC AMERI-
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CAN. More than 250,000 events of this type have been registered so
far in the computer. Millions more will be recorded when the search
for intermediate vector bosons resumes at CERN next month. The
applied magnetic field bends the paths of the charged particles.
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the experimental technique required to
detect the Higgs boson is beyond the
scope of this article. Proton-antiproton
collisions could give rise to Higgs bos-
ons, however, and the estimated rate of
production is high enough for them
to be discovered by means of their
characteristic decay products in either
the CERN or the Fermilab colliding-
beam machines.

Several large detectors have been de-
signed to search for the decay prod-
ucts of intermediate vector bosons and
Higgs bosons. One of these devices,
named the UA1, is now finished and
ready for next month’s resumption of
the search at CERN. The detector is
the result of a collaborative effort by a
team of more than 100 physicists from
11 institutions in Europe and the U.S.:
the University of Aachen, the Annecy
Particle Physics Laboratory, the Uni-
versity of Birmingham, CERN, Queen
Mary College (London), the College de
France (Paris), the University of Cali-
fornia at Riverside, the University of
Rome, the Rutherford Laboratory, the
Saclay Nuclear Research Center and
the University of Vienna. It is 10 meters
long by five meters wide, and its total
weight is 2,000 tons. The underground
hall in which it is installed is large
enough for the detector to be rolled
back into a “garage” when it is not in
place in the path of the colliding beams.

The UA1 detector is a multipurpose
device, designed to sense many kinds of
particles and to collect information over
a wide solid angle surrounding the point
where the beams collide. It measures the
energy of the particles by several means,
including the curvature of their paths in
a magnetic field. A large dipole magnet
applies the main magnetic field hori-
zontally throughout a volume of 85 cu-
bic meters.

Inside the magnet, surrounding the
beam tube, there are three “drift cham-
bers,” each containing an array of close-
ly spaced wires and a gas at low pres-
sure. An electrically charged particle
passing through the chamber ionizes
molecules of the gas; the ions then drift
to the wires, where they deposit their
charge. From the pattern of charges ap-
pearing on many wires the trajectory of
the particle can be reconstructed. The
central drift chamber has its wires ar-
ranged in vertical planes; the two flank-
ing chambers have their wires arranged
in horizontal planes. Signals from parti-
cles crossing the wire planes can be proc-
essed by a computer to yield an image
of the decay products on the face of a
cathode-ray tube [see illustrations on op-
posite page).

Surrounding the three drift chambers
are various other detectors. Just outside
the innermost detector is a lead calorim-
eter, a device that measures the amount

ANOTHER LARGE DETECTOR, the UA2, has recently been completed at CERN. It was
designed more specifically to search for intermediate vector bosons. Unlike the UA1, it has no
magnetic field. It is installed in a second experimental area, built more than 60 meters un-
derground, some distance away from the UA1. The detector is shown in place in the SPS beam
line; when it is not in operation, it is rolled back into the large work area in the foreground.
The large cylindrical shaft at the top is used to lower bulky components from the surface.

of energy deposited in it by a charged
particle such as an electron. The calo-
rimeter is enclosed in turn by a series of
iron plates interleaved with scintillation
counters to measure the energy of heav-
ier particles such as pions by means of
their interactions with iron atoms in
the plates. Finally, on the outside of
the apparatus there are several large
chambers for the detection of muons
that pass through both the lead and the
iron plates.

Another large detector, the UA2, is
designed more specifically to search for
intermediate vector bosons. It has no
magnetic field but instead relies on a
large array of calorimeters similar to
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those in the UA1 detector to measure
the energy and direction of the emerging
particles [see illustration above]. Detec-
tors comparable to the UA1 and the
UAZ2 are planned at Fermilab. If in-
termediate vector bosons exist, we be-
lieve these detectors will be adequate
to discover them and to investigate their
properties, thereby confirming the uni-
fied electroweak theory. If Higgs bosons
exist, they might also be detected, there-
by providing further support for the the-
ory. Of course, it is still possible that
the electroweak theory is incorrect and
that none of these particles is real. One
way or the other, the answer should be
known soon.
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