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THE FINAL FOCUS TEST BEAM is one experiment in a worldwide
research and development effort directed towards a TeV-scale
linear collider. The goal is to fully understand all the sub-systems

of such a collider.
One of the most important components of a future linear collider is

a pair of linear accelerators—one for electrons, one for positrons.
Several different schemes for the accelerators have been proposed,
and these form the basis for four of the experiments. Scientists atDESY
(in Hamburg, Germany) have proposed a design called TESLA—TeV
Electron Superconducting Linear Accelerator—which uses supercon-
ducting RF cavities for the necessary acceleration. Their system is being
prototyped and tested at the TESLA Test Facility (TTF) at DESY. Also
at DESY is the S-Band Test Facility, which is developing an extremely
advanced form of the SLAC acceleration scheme, suitable for the
demands of a future linear collider. Another scheme, proposed atCERN
(in Geneva, Switzerland), uses a low-power, high-current “drive” beam
in one accelerator to provide power for a high-power, lower-current beam
in a second accelerator running alongside it. The machine which uses
this scheme is called CLIC, for Cern LInear Collider. The CLIC two-beam
accelerating technique is being developed at theCLIC Test Facility (CTF)
at CERN. A fourth acceleration system, using a room-temperature rf
system at a much higher frequency than the SLAC linac, is being devel-
oped at SLAC in the form of the Next Linear Collider Test Accelerator
(NLCTA). The wakefield properties of this system were tested last year
in the ASSET (Accelerating Structure SETup) experiment, also at SLAC.

A crucial element of a TeV-scale linear collider is a beam injector and
damping ring system which can produce the small emittance, high-inten-
sity bunch trains which will be accelerated by the linac. At KEK (in
Tsukuba, Japan), construction has begun on the Accelerator Test Facil-
ity (ATF), a prototype for the injector-damping ring complex of a high-
luminosity linear collider.

A new generation of beam instrumentation will be required to com-
mission and tune a future linear collider. Prototypes for much of this
instrumentation have been developed already for theFFTB. These include
the beam position monitors and precision wire scanners (SLAC), the
stretched-wire alignment system (DESY), the magnet movers (Max
Planck Institute), and advanced beam size monitors (KEK and LAL Orsay).
New developments include a beam position monitor of even higher res-
olution developed at KEK, and a “laser-wire” beam size monitor being
developed at SLAC for the SLC.
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digitized and recorded for later
analysis whenever something
interesting happens in the
detector.

The figure shows the signals in
the CLEO detector at Cornell

University when an
electron and anti-

electron annihi-
late to produce

a pair of
taus. The
taus decay
before
reaching the
detector, so
we see only

the particles
that they decay

into. In this event,
one tau traveling up

and to the left decays into a muon
and two neutrinos, while the other,
traveling down and to the right,
decays into three pions plus a
neutrino. We recognize the muon
by the signal that it leaves in the
outermost layers of the detector—
it is the only particle that pene-
trates that far. The neutrinos
escape undetected.

Events like this one can be
used to measure the tau lifetime.

ATYPICAL MODERN particle
detector is really a collec-
tion of many devices each

with its own capabilities. These
devices are layered around one
another like the peels of an onion,
all centered on the point
where the two accel-
erated particle
beams collide.
In most
detectors,
the inner-
most layers
display the
trajectories
of charged
particles. By
placing these
devices in a large
magnetic field, we learn
not only the particle’s direction of
travel, but also its momentum,
which is inversely proportional to
its curvature in the magnetic field.
Other devices measure the parti-
cle’s velocity, which combined
with the momentum measurement
reveal its mass and therefore its
identity. Yet other devices detect
photons and other electrically
neutral particles.

Each of these devices pro-
duces electrical signals which are
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A new stream of research is now emerging in
which the cosmos is used not only as a natural

source of high energy particles but also as a
laboratory where we can explore temperatures,

energies, mass densities, distance, and time
scales that cannot be obtained directly on earth.







Department of Energy

High Energy Physics 11300
Nuclear Physics 5000
Theory (10 %) 2300
High Energy Laboratories 4400
Weapons Laboratories 3000

Total 26000

National Science Foundation

High Energy Physics 3000
H.E. Theory 1000
Nuclear Physics (incl. 10% theory) 4500
Astronomy 3500
Polar Programs 1000
Gravity (does not include LIGO) 11000

Total 24000

NASA

Cosmic Rays 1500
Theory 500

Total 2000

Approximate United States Funding
for Particle and Nuclear Astrophysics

for Fiscal Year 1994
(thousands of dollars)
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PUTTING A NEW SPIN
ON PART ICLE PHYSICS
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THE ELECTROWEAK THEORY is constructed by
assigning each fermion two weak charges: the third
component of weak isospin I3, and the weak hyper-

charge YW . The electric charge of each particle (in units
of the electron charge) is related to the weak charges by
the expression, Q = I3+YW / 2. The weak charges of each
particle in the first generation of fermions in the Standard
Model are listed below along with the gauge bosons that
they are coupled to.

THE WEAK CHARGES AND INTERACTIONS
OF THE FIRST GENERATION OF FERMIONS

Fermion I3 Yw Gauge Bosons

νL +1/2 −1 W1, W2, W3, B
eL −1/2 −1 W1, W2, W3, B
uL +1/2 +1/3 W1, W2, W3, B
dL −1/2 +1/3 W1, W2, W3, B

νR 0 0 —
eR 0 −2 B
uR 0 +4/3 B
dR 0 −2/3 B

The symbols ν, e, u, and d refer to the neutrino, electron,
up quark, and down quark, while the subscripts L and R
refer to left- and right-handed helicity. Note that all of the
left-handed particles come in doublets of weak isospin and
couple to three W bosons. Both left- and right-handed

THE ELECTROWEAK THEORY
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particles couple to the hypercharge-sensitive boson B. The
physical gauge bosons are linear combinations of the Wi
and B states:

where W ± are the charged gauge bosons that mediate
ordinary weak processes such as beta decay, Z is the car-
rier of the neutral weak interaction, A is the ordinary photon
that mediates electromagnetic force, and θW is the weak
mixing angle. The weak mixing angle is also related to the
strengths g' and g of the interactions that depend on hyper-
charge and weak isospin,

Numerically, the size of the weak mixing angle is approxi-
mately 0.5 radian.

The asymmetry between left- and right-handed particles
survives the mixing of the gauge bosons. The coupling
strengths of the left- and right-handed fermions to the
physical gauge bosons are given below. The W bosons
couple to left-handed fermions only. The photon couples
to both left- and right-handed fermions with equal strengths
proportional to e = g sin θW . The Z boson also couples
to both left- and right-handed fermions but with different
strengths gL

f and gR
f.
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An important parameter mea-
sured by SLD physicists,
called “the left-right asym-

metry” or ALR , is equal to the dif-
ference in Z boson production
rates when left- and right-handed
polarized electrons collide with
unpolarized positrons, divided by
the sum of these two rates:

The second step follows from
the fact that the individual produc-
tion rates are proportional to the
squares of the respective Zee
couplings. Note that the value of
ALR must lie between 1 (only left-
handed electrons produce Z
bosons) and −1 (only right-handed
electrons produce Z bosons). The
Standard Model predicts that ALR
should be somewhat positive;
more Z ’ s are produced by left-
handed electrons than by right-
handed electrons.

The left-right asymmetry is a
particularly simple quantity to mea-
sure. Since exactly half of the SLC
pulses have left-handed helicity
and the other half have right-
handed helicity, we need only form
the asymmetry in the number of Z
events detected with left- and
right-handed beams, NL and NR ,
respectively. This “raw” asymmetry
must be corrected to account for
incomplete beam polarization,

where Pe is the beam polarization,
which is the fraction of the beam
that is spin polarized (the unpolar-
ized fraction 1 − Pe is equally
divided between the two helicity
states).
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Radial Velocities
of 25 Spiral Nebulae

Velocity Velocity
Nebula km (sec−1) Nebula km (sec−1)

N.G.C. 221 -300 N.G.C. 4526 +580
224 -300 4565 +1,100
598 -260 4594 +1,100

1023 +300 4649 +1,090
1068 +1,100 4736 +290
2683 +400 4826 +150
3031 -30 5005 +900
3115 +600 5055 +450
3379 +780 5194 +270
3521 +730 5236 +500
3623 +800 5866 +650
3627 +650 7331 +500
4258 +500

Velocities for the 25 spiral nebulae thus far observed.
In the first column is the New General Catalogue number
of the nebula and in the second the velocity. The plus
sign denotes the nebula is receding, the minus sign that
it is approaching. (From “A Spectrographic Investigation
of Spiral Nebulae,” by Vesto M. Slipher, Proceedings of
the American Philosophical Society 56, 403-409 [1917],
reprinted in A Source Book in Astronomy and Astro-
physics, 1900–1975, ed. Kenneth R. Lang and Owen
Gingerich, Harvard University Press, 1979.)

“....It has for a long time been suggested that the spi-
ral nebulae are stellar systems seen at great distances.
This is the so-called ‘island universe’ theory, which
regards our stellar system and the Milky Way as a great
spiral nebula which we see from within. This theory, it
seems to me, gains favor in the present observations....”

—Op. Cit.
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The Hubble diagram as first plotted by Hubble. He
used apparent brightnesses of whole galaxies as his pri-
mary distance indicators (and his distance scale differed
by a factor of 5–10 from the present one, in the sense of
being too small). Notice that the vertical coordinate is
incorrectly labeled as kilometers, when it should be
km/sec. His fit to the data yielded H= 536 km/sec/mpc
with error bars of less than 10% (a mistake being made
right down to the present time). [Figure adapted from “A
Relation between Distance and Radial Velocity among
Extra-Galactic Nebulae,” Edwin P. Hubble, Proceedings
of the National Academy of Sciences 15, 168–173
(1929)].

“....The results establish a roughly linear relation
between velocities and distances among nebulae for
which velocities have been previously published, and
the relation appears to dominate the distribution of
velocities....”

—Op. Cit.
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....Measurements of the effective zenith noise tem-
perature of the 20-foot horn-reflector antenna (Craw-
ford, Hogg, and Hunt 1961) at the Crawford Hill Labo-
ratory, Holmdel, New Jersey, at 4,080 Mc/s have
yielded a value about 3.5K˚ higher than expected.
This excess temperature is, within the limits of our
observations, isotropic, unpolarized, and free from
seasonal variations (July 1964–April, 1965). A possi-
ble explanation for the observed excess noise tem-
perature is one given by Dicke, Peebles, Roll, and
Wilkinson (1965) in a companion letter this issue....

—Arno A. Penzias and Robert W. Wilson, Astro-
physical Journal 142, 419-421 (1965).

The Microwave
Background Radiation
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A good introduction to historical materials is N.S.
Hetherington, Ed., Encyclopedia of Cosmology,
Garland Publishing, NY, 1993.

A great place to start if you want to learn to do
real calculations and evaluate real observations is
P.J.E. Peebles, Physical Cosmology, 2nd edition,
1993.

Ralph Alpher and Robert Herman have told their
story in Phys. Today 41, 24 (1988).

Some recent words on nucleosynthesis and
COBE results are, respectively, C.J. Copi et al.,
Science 267, 192 (1995), and G. Smoot et al.,
Astrophys. J. 437, 1 (1994).

The very latest word at any given instance must
be sought at conferences and on your preprint
shelves.

One view of what came before the Big Bang is
expressed by A. Linde, “The Self Reproducing Uni-
verse,” Scientific American, November 1994, p. 32.
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