
 

S T A N F O R D  L I N E A R  A C C E L E R A T O R  C E N T E R
Winter 1995, Vol. 25, No. 4



A PERIODICAL OF PARTICLE PHYSICS

WINTER 1995 VOL. 25, NUMBER 4

Editors
RENE DONALDSON, BILL KIRK

Contributing Editor
MICHAEL RIORDAN

Editorial Advisory Board
JAMES BJORKEN, GEORGE BROWN,
ROBERT N. CAHN, DAVID HITLIN,

JOEL PRIMACK, NATALIE ROE,
ROBERT SIEMANN

Illustrations
TERRY ANDERSON

Distribution
CRYSTAL TILGHMAN

The Beam Line is published quarterly by 
the Stanford Linear Accelerator Center, 
PO Box 4349, Stanford, CA 94309. 
Telephone: (415) 926-2585 
INTERNET: beamline@slac.stanford.edu
FAX: (415) 926-4500 
Issues of the Beam Line are accessible electronically on
the World Wide Web at http://www.slac.stanford.edu/
pubs/beamline/beamline.html
SLAC is operated by Stanford University under contract
with the U.S. Department of Energy. The opinions of the
authors do not necessarily reflect the policy of the
Stanford Linear Accelerator Center. 

Printed on recycled paper

Cover: Martin Perl (left) and Frederick Reines (center)
receive the 1995 Nobel Prize in physics from His Majesty
the King of Sweden at the awards ceremony last 
December. (Photograph courtesy of Joseph Perl)

page 4

page 41

page 35



FEATURES

4 Discovery of the Tau
THE ROLE OF MOTIVATION &
TECHNOLOGY IN EXPERIMENTAL
PARTICLE PHYSICS
One of this year’s Nobel Prize in physics
recipients describes the discovery 
of the tau lepton in his 1975 
SLAC experiment.

Martin L. Perl

28 RARE KAON DECAYS
Rare kaon decay experiments are
achieving unprecedented sensitivity 
to new physics.

Jack L. Ritchie

35 PHYSICS AT DAΦNE
A mother-daughter team describe the
fundamental symmetries of nature that
will be studied at the first particle
“factory” being built in Italy.

Paula Franzini & Juliet-Lee Franzini

DEPARTMENTS 

2 GUEST EDITORIAL
Gerson Goldhaber

41 THE UNIVERSE AT LARGE
The Department of Celestial Magnetism
Part I
Virginia Trimble

52 CONTRIBUTORS

CONTENTS

page 28

“We conclude that the signature
e-µ events cannot be explained
either by the production and decay
of any presently known particles
or as coming from any of the well-
understood interactions which can
conventionally lead to an e and a
µ in the final state. A possible ex-
planation for these events is the
production and decay of a pair of
new particles, each having a mass
in the range of 1.6 to 2.0 GeV/c2.”

13

113

x

x

x

x

x x

x
x

xx
x

x

page 4

page 35



2 WINTER 1995

GUEST EDITORIAL

THE LEAD ARTICLE in this issue of the
Beam Line is Martin Perl’s descrip-
tion of the discovery of the tau lep-

ton. The story goes back to the mid-1970s, at
a time when the SPEAR electron-positron
storage ring at SLAC had recently come into
operation, and a joint SLAC/LBL collabora-
tion was using its pioneering solenoidal de-
tector and track reconstruction algorithms in
the early experimental program. The two-
mile-long linear accelerator came into being
largely through the efforts of Pief Panofsky,
SLAC’s first Director; Burt Richter, SLAC’s
present Director, was largely responsible for
SPEAR.

Martin Perl was one of very few team
members who approached our experiment at
SPEAR with a definite goal—to find a heavy
lepton. Other approaches were more in the
bubble chamber tradition of analyzing the
data and following the clues revealed by the
analyses. As circumstance would have it,
both approaches met with remarkable
success. 

During the brief period that the original
SLAC/LBL solenoidal magnetic detector
(Mark I) was operational, from 1973 to 1977,
our experiment was arguably one of the most
productive in the history of particle physics.
We discovered the psi, the psi-prime and

Gerson Goldhaber is now Professor in the Graduate School,
University of California at Berkeley and Faculty Staff Sci-
entist emeritus at the Lawrence Berkeley Laboratory (LBL).
He was co-group leader with George Trilling at LBL when
they joined Willie Chinowsky of LBL and Martin Perl and
Burton Richter’s groups at the Stanford Linear Accelerator
Center to build the SPEAR solenoidal detector. This collabo-
ration lasted from 1971 to 1990 moving from SPEAR to PEP,
and then to the SLC. For the discovery of charmed mesons
he received the 1977 California scientist of the year award
and in 1991 the Panofsky Prize of the American Physical
Society (shared wtih Francois Pierre). Since 1990 he has
been working with Saul Perlmutter at LBL in a search of the
most distant supernovae. The Supernova Cosmology Pro-
ject has by now observed 27 supernovae, mostly type Ia
that can be used as standard candles. The aim of the exper-
iment is to measure the deceleration parameter of the
Universe (but this is a topic for a future Beam Line article).
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BEAM LINE 3

their quantum numbers, the decays of psi-
prime to psi, the radiative decays of the psi,
the chi states (the first one observed at DESY)
and general psion spectroscopy, the evidence
for quark jets, beam polarization leading to
spin 1/2 quarks, the anomalous electron-
muon events that became the tau lepton as
described in the following article, and the D
mesons that proved what some theorists had
suspected all along—that the J/psi was a
bound state of charmed quarks.

It was in mid-1975, in the wake of the
psion spectroscopy, beam polarization, quark
jets—one thrill a week—that Martin came to
Berkeley to tell our half of the collaboration
about his observations. He told us about his
24 electron-muon events, sometimes known
as “Perl’s pearls,” and about his meticulous
study of backgrounds and why he thought
these events represented the decay of a pair
of new particles. The initial reaction of the
collaboration was interest blended with
skepticism. As soon as I had a few hours to
spare from all the other exciting projects, I
studied these events using my own criteria,
and I convinced myself that they were indeed
real and that Martin had observed “anom-
alous lepton” production. What was more
difficult to believe was that these electron-
muon events were actually the decay

products of new particles and in particular
the heavy leptons that Martin had set out to
find, rather than simply some phenomenon
related to the J/psi system that was then un-
der study in precisely the same energy
region.

With Gary Feldman’s active participation,
Martin persisted, and together they found
the corresponding “anomalous” muon pairs.
With the discovery of the D mesons in May
1976 it became clear that whatever it was
that Martin had found had nothing to do
with the long-sought charmed meson.

It is amusing that when the muon was dis-
covered it was at first confused with the
then-predicted Yukawa meson, the pion, and
indeed the masses are rather close. This situ-
ation again repeated itself with the tau lep-
ton and the D meson.

As shown in the following article, Martin
was indeed correct, and those who at first
doubted his interpretation have long since
become believers. Among the believers are
the members of the Nobel selection commit-
tee, who have chosen Martin Perl to share
the 1995 Nobel Prize in physics for his dis-
covery of the tau lepton—a fascinating story.
Read on.

—Gerson Goldhaber
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THERE HAVE BEEN SEVERAL chronological descriptions

of the discovery of the tau lepton, Perl1,2 Feldman.3 In this

article I take a different approach, I compare the discov-

ery of the tau with the discovery of the other leptons: electron, muon,

electron neutrino, and muon neutrino. My purpose is to illustrate

the roles of motivation and of scientific technology in experimental el-

ementary particle physics. I do not intend this article to be a thorough

recounting or examination of the histories of lepton discoveries; I only

discuss or reference those parts of the histories which are relevant to

my purpose.

Discovery of the Tau
The Role of Motivation & Technology 
in Experimental Particle Physics
by Martin L. Perl

One of this 

year’s Nobel Prize 

in physics recipients 

describes the discovery 

of the tau lepton 

in his 1975 SLAC

experiment.
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THE DISCOVERY OF THE ELECTRON was the result of almost a half cen-
tury of experimental work and speculation on the nature of cathode rays.4

It was already known in the eighteenth century that an electrical voltage
applied between conductors in a partially evacuated glass tube could pro-
duce light. Inside the tube the gas glowed; the size and shape of the glowing
region depended on the voltage, geometry, and pressure. By the 1870s it was
recognized that in simple geometries the glowing region was caused by, or
consisted of, rays which traveled in straight lines, with one end of the
ray’s path at the cathode and the other at the anode.

Many physicists of the late nineteenth century studied the cathode-ray
phenomenon, including William Crookes, Eugen Goldstein, Heinrich Hertz,
Walter Kaufman, Philipp Lenard, Joseph Thomson, and Emil Wiechert. Grad-
ually more was learned experimentally about cathode rays—for example,
sufficiently thick foils stopped them; they were bent in a magnetic field; and
they either carried, or caused, the transfer of negative electric charge.

Still until the middle 1890s there was dispute about the nature of cath-
ode rays. Some physicists thought the rays were made up of negatively
charged matter—the particles we now call electrons. Others believed them
to be a kind of electromagnetic wave. There were several objections to the
particle explanation. First, if the rays consisted of charged particles simi-
lar to ions, the mean free path would be too short to explain the straight line
behavior. Second, if the rays consisted of charged particles they should be
bent in an electric field, but this had not been observed.

There were four types of instrument technology used in cathode-ray
experiments: production of magnetic fields, production of electric fields,
measurement of small amounts of charge using an electroscope, and the use
of vacuum pumps to produce a partially evacuated discharge tube. It was
the improvement of vacuum pump technology that enabled Joseph Thom-
son to demonstrate that in a tube with a sufficiently
good vacuum, cathode rays were bent in an elec-
tric field.5 Describing his experiment with the
tube shown on the right he wrote:

At high exhaustion the rays were deflect-
ed when the two aluminum plates were connected
with the terminals of a battery of small storage
cells. . . . The deflection was proportional to the
difference of potential between the plates. . . .
It was only when the vacuum was a good one that
the deflection took place.

Earlier attempts to deflect cathode rays in an electric field had failed
because there was electrical conduction in the partial vacuum. Gas ions col-
lected on the deflecting plates, canceling the charges on the plates and hence
the potential difference. Thus the discovery of the electron depended on the
gradual improvement of late nineteenth century instrument technology,
particularly vacuum pump technology. I have omitted discussion of the
extensive research that led to the determination of the charge and mass of
the electron and of the research that showed the electron has the same
properties whether it is emitted from a cathode, produced by ionizing a gas,
or produced in radioactive decay. The process of discovering the electron
was interwoven with the process of determining the basic properties of
the electron.

The cathode ray
tube apparatus
used by Thomson.

CATHODE RAYS AND THE ELECTRON’S DISCOVERY
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The motivation that led to the discovery of the electron was the need
to explain the cathode-ray phenomenon. I call this a “phenomenon-driven”
discovery.

THE DISCOVERY OF THE MUON has many similarities to the discovery of
the electron. Both discoveries were phenomenon driven and both discov-
eries depended upon improvements and inventions in scientific technology.
As with the electron the muon discovery process was interwoven with
the process of determining the properties of the muon; and as with the elec-
tron many physicists were involved in these processes. Some of these physi-
cists have given fascinating accounts, Carl Anderson and Herbert Ander-
son,6 Gilberto Bernardini,7 Marcello Conversi,8 Oreste Piccioni,9 and Bruno
Rossi.10

The first observed effect of cosmic rays was the discovery using electro-
scopes that air in the atmosphere was slightly ionized. As summarized by
Rossi,11 in the middle 1920s it was believed that cosmic rays began as
high energy gamma rays. The ionization was attributed to the high energy
secondary electrons produced when the gamma rays scattered on elec-
trons in the atmosphere, the Compton process.

In a famous experiment in 1929 Walther Bothe and Werner Kolhörster12

used two Geiger-Müller counters separated by four centimeters of gold to
show that 75 percent of the ionizing rays passed through this gold. Gamma
rays would not penetrate four centimeters of gold, nor would electrons,

unless their interaction cross section declined
drastically at high energies. This experiment—
and similar contemporary and subsequent

ones—established the existence of a
penetrating component in cosmic rays.

The Geiger-Müller tube, shown
on the left, has a long history. In 1908

Ernest Rutherford and Hans Geiger13 used
a primitive tube (above) to count the num-

ber of alpha particles coming from a radioactive
source. The traditional type of Geiger-Müller tube
(left) dates from 1928.14 Thus progress in the in-
vestigation of the nature of cosmic rays depended
on new technology.

During the first half of the 1930s there were many
experimental and theoretical attacks on the

problem of the nature of the penetrating component in cosmic rays. There

COSMIC RAYS AND THE MUON’S DISCOVERY

Geiger-Müller
counters. The top
is a primitive type
used by Ernest
Rutherford and
Hans Geiger, and
the bottom is a
traditional design.
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was even the speculation that the electron interaction cross section decreased
at high energy. Finally in 1937 three sets of experiments15–17 reported that
the penetrating component could be explained by the existence of a particle
more massive than an electron but less massive than a proton. For simplicity
I discuss the Seth Neddermeyer and Carl Anderson experiment.15 They used
a magnetic cloud chamber triggered by Geiger-Müller counters. The illus-
tration on the right shows a typical one of that period.18 Once again new
technology was required. Quoting from the Neddermeyer and Anderson
paper15:

there exist particles of unit charge, but with a
mass (which may not have a unique value) larger
than that of a normal free electron and much
smaller than that of a proton.

The experimental fact that penetrating particles
occur both with positive and negative charges sug-
gests that they might be created in pairs by pho-
tons, and that they might be represented as higher
mass states of ordinary electrons.

We now know that the positive and negative muons in cosmic rays
came from the decays of positive and negative pions; still pair production
was a good guess. And the last part of the quoted sentence is a prophetic nod
to the electron-muon problem.

The box on the next page reproduces the cosmic radiation entry in the
Analytic Subject Index for the 1937 Physical Review volume which con-
tained references 15 and 17. It illustrates the large amount of research ac-
tivity in cosmic-ray physics.

It was almost another ten years before the full nature of the muon was de-
termined. Conversi,8 Piccioni,9 and Rossi10 have described the research of
themselves and their colleagues in the early 1940s; their experiments used
the then newly developed coincidence and anti-coincidence circuits. One
enormous source of confusion was the connection of the muon to the par-
ticle proposed by Hideki Yukawa19 to explain the nuclear force, the pion.
The masses seemed similar; could the muon and the pion be two different
forms of one particle? In 1947 C. M. G. Lattes et al.20 dispelled the confu-
sion by finding in emulsions exposed on the top of a mountain the decay 

π→ µ + missing energy

with a measured π–µ mass difference of about 25 MeV. The 1947 Robert Mar-
shak and Hans Bethe paper21 summarized the solution of the confusion: the
π partakes of the strong interaction but the µ does not; the π decays to the
µ and the µ itself decays, both through beta decay, that is, through the
weak interaction.

Solenoid Solenoid

Solenoid Solenoid

Pole Piece

Pole Piece

Pole Piece

Camera
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A 1.5 tesla mag-
netic cloud
chamber built by
Carl Anderson in
1933. The vertical
cloud chamber
itself is 16.5 centi-
meters in diameter
and 4 centimeters
deep.
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Cosmic radiation
Absorption in atmosphere, L. W. Nordheim—1006(A);

—1110(L)
Altitude test of radio-equipped meter, C. D. Keen—60(A)
Analysis of primary rays, A. H. Compton—59(A)
Bursts; noncollinear counters, G. L. Locher—386(A)
Diurnal variation, S. E. Forbush—1005(A)
Earth's magnetic field, top of atmosphere, I. S. Bowen,

R. A. Millikan, H. V. Neher—1005(A)
Effect of galactic rotation, W. F. G. Swann—1006(A)
Galactic rotation and intensity, W. F. G. Swann—718
Grain spacing of tracks in photographic emulsion, T. R. 

Wilkins, H. J. St. Helens—1026(A)
High energy electrons, stopping of, A. Bramley—387(A), 

682(A)
Intensities in stratosphere, W. F. G. Swann, G. L.

Locher, W. E. Danforth—389
Ionization of air by γ-rays, pressure and collecting field,

I. S. Bowen, E. F. Cox—232
Ionization by high energy beta-particles, F. T. Rogers,

Jr.—528(L)
Ionization under various thicknesses of Pb, 

R. T. Young, Jr., J. C. Street—386(A)
Latitude effect; coincidence counter, D. N. Read, T. H.

Johnson—396(A); 557
Multiplicative showers, J. F. Carlson, J. R. Oppen-

heimer—220
Nature of particles, energy losses, H. R. Crane—50(L);

J. R. Oppenheimer, R. Serber—1113(L); S. H. Nedder-
meyer, C. D. Anderson—884; J. C. Street, E. C. 
Stevenson—1005(A)

Nature of rays producing showers, W. E. Ramsey, W. 
E. Danforth—1105(L)

Nuclear disintegrations, A. Bramley—385(A)
Origins of rays, A. H. Compton, P. Y. Chou—1104(L)
Radio-transmitted measurements of intensities, T. H.

Johnson—385(A)
Secondary particles from penetrating component, W. H. 

Pickering—628
Shadow effect, E. J. Schremp—1006(A)
Shower mechanism, M. H. Johnson, Jr., H. Primakoff—

612
Shower production in Pb, W. M. Nielsen, K. Z. Morgan

—689(A); R. B. Brode, M. A. Starr—1066 (A)
Shower production in Pb and Fe, K. Z. Morgan, W. M.

Nielsen—689(A)
Showers, production and absorption of, L. Fussell, Jr.

—1005(A)
Soft component, nature of, C. G. Montgomery, D. D. 

Montgomery—217
Variations with latitude on Pacific Ocean, A. H. Comp-

ton, R. M. Turner—1005(A)

The Cosmic
radiation entry in
the Analytic
Subject Index of
the 1937 Physical
Review volume
that contained the
important muon
discovery papers
by Seth
Neddermeyer and
Carl Anderson 15

and by Jabez
Street and E. C.
Stevenson.
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THERE ARE TWO MAJOR DIFFERENCES between the nature of the
discoveries just described and the nature of the discovery of the 
electron antineutrino, an accomplishment for which 
Frederick Reines shares the 1995 Nobel Prize in Physics
with me. The first major difference is in motivation. 

As described in the original papers22,23 and Reines’ mem-
oir24 it was expected from the hypothesis of Wolfgang
Pauli25 that the missing energy in beta decay was car-

ried off by a small mass particle. But the neutrino had 
never been detected. The motivation of Reines and Clyde
Cowan was to see if the neutrino really existed; their 
experiment was designed:23

to show that the neutrino has an 
independent existence, i.e. that it 
can be detected away from the site 
of its creation. . . .

Therefore the motivation in the narrow sense was to test an hypothe-
sis. In a broader sense the motivation was to see if a particle with the strange
properties of the proposed neutrino could exist. This kind of motivation is
very different from the phenomenon-driven motivations of the electron and
muon discoveries.

The second major difference was that all the work in the detection of
the electron antineutrino, ν–e, was carried out by one small group of physi-
cists, not by many small groups as was the situation with the muon dis-
covery. This makes it all the more remarkable that
Reines and Cowan were able to assemble an innova-
tive and, for the time, very large detection apparatus23

(above right); for example, the apparatus used over 300
five-inch photomultiplier tubes.

The detection method (right) used reactor-produced 
electron antineutrinos and the reaction sequence

ν–e + p → e+ + n

e+ + e− (in scintillator) → γ1 + γ2

n + Cd nucleus → Cd nucleus + several γ’s

The experimental signal was the detection of the prompt γ1 and
γ2 and the delayed several γ’s when the reactor was on. There
would be no authentic signal with the reactor off—a very difficult
experiment just inside the limit of the experimenter’s technology
and skill.

The liquid scin-
tillator apparatus
used by Reines to
detect the electron
antineutrino in the
late 1950s.

7.6cm

Liquid
Scintillation

Detector

Liquid
Scintillation

Detector

1

2

A

Cadmium Capture
Gamma Rays

Annihilation
Gamma Rays

n Capture
in Cadmium

after Moderation

Target
Proton

Annihilation

H2O + CdCl2
(target)

n

β∗

DISCOVERY OF THE ELECTRON ANTINEUTRINO

The method used
by Reines to de-
tect the electron
antineutrino.



���
���
���

��
��
��CB A D

10 WINTER 1995

IN 1960 MELVIN SCHWARTZ26 AND BRUNO PONTECORVO27 independently
proposed the use of high energy neutrinos to study the interaction of neu-
trinos with matter. Their initial motivations were somewhat different.
Schwartz in his letter26 emphasizes that the use of high energy neutrinos,
E > 2 GeV, increases the interaction cross section to about 10−38 cm2.
This is 106 times larger than the cross section with which Reines and

Cowan struggled. Pontecorvo27

emphasized the possibility of distin-
guishing the electron neutrino (νe) from
the muon neutrino (νµ). That possibili-

ty was also discussed by T. D. Lee and
C. N. Yang28 in a letter following
Schwartz’s letter. 

Here we see the beginning of the
multiple motivations which char-

acterize modern high energy physics ex-
periments. The two-neutrino discovery

paper of Gordon Danby et al.29 summarizes
the motivations: test the predicted behavior of the neutrino interaction cross
section with energy; find out if neutrinos from π+ → µ+ + ν produce µ’s when
they interact; find out if such neutrinos produce e’s when they interact; and
look for the intermediate boson.

Once again the discoverers used innovative technology—a high ener-
gy neutrino beam (top) and large, thick plate optical spark chambers (bot-
tom). They found that the electron neutrino is different from the muon neu-
trino, thus establishing the conservation of separate lepton numbers in
the e–νe and µ–νµ systems. They also initiated the fertile field of high en-
ergy neutrino experiments. For these accomplishments, Leon Lederman,
Melvin Schwartz, and Jack Steinberger received the 1988 Nobel Prize in
Physics.

THE DISCOVERY OF THE TAU came from a sequence of motivations. The
first of my motivations was to explore the electron-muon problem of the
1960s. By the early 1960s it was known that the e and µ comprised a queer-
ly related pair of particles (see box on next page). With respect to the strong
and electromagnetic interactions the muon behaves simply as a heavier elec-
tron, 206.8 times heavier. But the expected electromagnetic decay

µ+ → e+ + γ
µ− → e− + γ

DISCOVERY OF TWO KINDS OF NEUTRINOS
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Steel

Concrete

Lead

The pioneer muon
neutrino beam of
Gordon Danby
and colleagues at
the Brookhaven
Alternating Gra–
dient Synchrotron
proton accelerator
used to show the
existence of two
kinds of neutrinos.

The large optical
spark chamber
and scintillation
counter system
used by Danby
and colleagues to
detect the muon
neutrino.

DISCOVERY OF THE TAU: MOTIVATION
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does not occur, or occurs so
rarely that it has never been
detected. Instead the decay
occurs through the weak in-
teraction process

µ+ → e+ + νe + ν–µ
µ− → e− + ν–e + νµ

in which one neutrino and one antineutrino are produced in each decay.
The µ and the e differ in some fundamental property such that in the de-
cay of the µ− its “muness” must be transferred to the muon neutrino, νµ;
and in the creation of the e− its “electronness” must be balanced by the cre-
ation of an electron antineutrino, ν–e, with an “anti-electronness” property.

The electron-muon problem consisted of several questions: Is there a con-
nection between the e and the µ? What law sets the ratio of the µ mass to
the e mass? What is the nature of the “muness” and “electronness” prop-
erties?

My initial motivation to explore the electron-muon problem is some-
what similar to the motivation of the research that led to the discovery of
the two neutrinos (see opposite page ). But unlike the two neutrinos research,
the work of my colleagues and myself on the electron-muon problem was
not fruitful. I have described elsewhere1,2 our work at Stanford Linear Ac-
celerator Center (SLAC) in the late 1960s and early 1970s on measuring
muon-proton inelastic scattering and comparing it with electron-proton in-
elastic scattering. We were looking for a new difference between the e
and the µ, but we didn’t find any!

Since my attack on the electron-muon problem was thwarted by na-
ture I turned to another idea that had been in my mind since the early 1960s.
Perhaps there was another undiscovered and heavier charged lepton. This
was the second motivation, look for a new charged heavy lepton. I held in
my mind simultaneously the electron-muon problem motivation and the
new lepton motivation. And as my attack on the electron-muon problem
began to go badly I became more and more optimistic about finding a new
charged lepton. As Voltaire wrote in Candide, “Optimism, said Candide, is
a mania for maintaining that all is well when things are going badly.”

My next question to myself was, what sort of new charged leptons should
I look for? The box on the next page lists the speculations of the 1960s about
the possible existence and types of new leptons. To choose among them I
turned to a third motivation—simplicity. I had left research in strong in-
teraction physics and started research in lepton physics to work in a sim-
pler field1,2 so why not continue in that direction? I fastened on the se-
quential lepton model. (To describe this model I take the remainder of
this section from reference 1.)

Helped by my SLAC colleagues Paul Tsai and Gary Feldman I thought
of a sequence of lepton pairs:

Properties of the Electron and Muon.*

Particle Electron Muon
Symbol e µ
Electric charge +1 or −1 +1 or −1
Mass 1 206.8
Does particle have electromagnetic interactions? yes yes
Does particle have weak interactions? yes yes
Does particle have strong interactions? no no
Associated neutrino νe νµ
Associated antineutrino ν–e ν–µ
Lifetime stable 2.2×10−6 sec

*The electron charge is given in units of 1.6×10–19 coulombs. The mass is given in units 
of the mass of the electron 9.1×10–31 kilograms.
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e− νe
µ− νµ
L− νL
L'− νL'
• •
• •
• •

each pair having a unique lepton number. I usually thought about the lep-
tons as being point Dirac particles. Of course, the assumptions of unique
lepton number and point particle nature were not crucial, but I liked the
simplicity. After all, I had turned to lepton physics in the early 1960s in a
search for simple physics.

The idea was to look for

e+ + e− → L+ + L− (1a)
with

L+ → e+ + undetected neutrinos carrying off energy
(1b)

L− → µ− + undetected neutrinos carrying off energy
or

L+ → µ+ + undetected neutrinos carrying off energy
(1c)

L− → e− + undetected neutrinos carrying off energy

This search method had many attractive features:

• If the L were a point particle, we could then search up to an L mass
almost equal to the beam energy, if we had enough luminosity.

• The appearance of an e+µ− or e−µ+ event with missing energy would
be dramatic.

• The apparatus we proposed to use to detect the reactions in the above
equations would be very poor in identifying types of charged par-
ticles (certainly by today’s standards) but the easiest particles to iden-
tify were the e and the µ (see page 16). 

Speculations in the 1960s and early 1970s
on Types of Heavy Leptons.*

Type Remark or Example

singlet charged lepton stable
fractional charge lepton stable
singlet neutral lepton stable
spin 0 or spin 1 lepton precursor to supersymmetric theory
charged sequential leptons e −,νe ; µ −,νµ; L−,νL; L ', νL '; . . .

with m (L) > m (νL)
L− → νL + . . .

excited charged lepton e *+ → e + + γ
µ *+ → µ + + γ

neutral lepton pairs L0,l0 with m (L0) > m (l0)
L0 → l0 + ...

reversed mass lepton pairs L0,L− with m (L0) > (L−)
L0 → L− + . . .

special e or µ related leptons E +, E 0 have lepton number of e −

m (E +) > m (e), m (E 0) > m (e)
νe + nucleon → E + + nucleon
E + → e − + . . .

pairs of doublet leptons e −, νe ; e '−, νe'

*m is mass
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There was little theory involved in predicting that the L would have the
weak decays

L− → νL + e− + ν–e
L− → νL + µ− + ν–µ

with corresponding decays for the L+. One simply could argue by analogy
from the known decay

µ– → e– + ν–e + νµ.

I incorporated the search method summarized by Eqs. (1) in our 1971
SLAC–LBL proposal to use the not-yet-completed SPEAR e+e− storage ring.

My thinking about sequential leptons and the use of the method of Eqs.
(1) to search for them was greatly helped and influenced by two seminal
papers of Paul Tsai. In 1965 he published with Anthony Hearn the paper
“Differential Cross Section for e+ + e− → W+ + W− → e− + ν–e + µ+ + νµ.”30

This work discussed finding vector boson pairs W+W− by their eµ decay mode.
It was thus closely related to my thinking, described above, of finding L+L−

pairs by their eµ decay mode. Tsai’s 1971 paper entitled “Decay Correlations
of Heavy Leptons in e+ + e− → L+ + L−”31 provided the detailed theory for the
application of the sequential lepton model to our actual searches. In 1971
Harry Thacker and J. J. Sakurai also published a paper on the theory of se-
quential lepton decays,32 but it is not as comprehensive as the work of Tsai.
Also important to me was the general paper “Spontaneously Broken Gauge
Theories of Weak Interactions and Heavy Lepton” by James Bjorken and
Chris Llewellyn Smith.33

As the reader knows, the sequential lepton model turned out to be right
for the first three leptons. The simplicity motivation worked here. But it
is not always a wise motivation. For example, I don’t recommend using
this motivation in research on the strong interactions.

DISCOVERY OF THE TAU: GENERAL TECHNOLOGY

EACH OF THE PREVIOUS lepton discoveries depended on a different tech-
nology, and this was also true for the discovery of the tau. The crucial new
technologies were

• Electron-positron circular colliders.
• Large solid angle detectors.
• Storage of data on computer tape.
• Computer-aided data analysis.

Gustav-Adolf Voss34 has described the history of electron-positron cir-
cular colliders. In our case, SLAC Group C led by Burton Richter built the
SPEAR collider (next page) over a period of several years, completing con-
struction in 1973. Gary Feldman and I and our Group E joined with Group
C and a Lawrence Berkeley Group led by William Chinowsky, Gerson Gold-
haber, and George Trilling to build the SLAC-LBL detector, one of the first
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large solid angle detectors (previous
page, opposite). This detector was lat-
er expanded to improve the muon de-
tector (previous page, bottom) and
then modified to improve the elec-
tron and photon detection (right).35

In the first years of the tau dis-
covery the PLUTO detector (middle
right illustration) was important be-
cause of its new technology. It was
used at the DORIS electron-positron
collider at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg,
Germany. Reference 36 describes
PLUTO and reference 37 describes
early work of the PLUTO experi-
menters on the tau. Also technolog-
ically important was the DELCO de-
tector38 at SPEAR. It was the first
large solid angle detector to use
Cherenkov radiation to identify elec-
trons (bottom figures).

The PLUTO
detector used at

the DORIS
electron-positron
circular collder at

DESY.
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THE BEST WAY TO DESCRIBE the specific technology we used to find the first
evidence for the existence of the tau and at the same time describe that
evidence is to reproduce with comments our 1975 Physical Review Letter39

where we announced the discovery of unexplained eµ events. I will preserve
the actual Letter format with the original table and figure numbers of the
Letter. My comments on the material in the Letter are interspersed.

Evidence for Anomalous Lepton Production in e+-e - Annihilation*

M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
J. T. Dakin,† G. J. Feldman, C. E. Friedberg, D. Fryberger, G. Goldhaber, G. Hanson,

F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Lüke,‡
B. A. Lulu, V. Lüth, D. Lyon, C. C. Morehouse, J. M. Paterson,

F. M. Pierre,§ T. P. Pun, P. A. Rapidis, B. Richter,
B. Sadoulet, R. F. Schwitters, W. Tanenbaum,
G. H. Trilling, F. Vannucci,|| J. S. Whitaker,

F. C. Winkelmann, and J. E. Wiss

Lawrence Berkeley Laboratory and Department of Physics, University of California,
Berkeley, California 94720

and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 18 August 1975)

We have found events of the form e+ + e− → e± +µ−+ + missing energy, in
which no other charged particles or photons are detected. Most of these events
are detected at or above a center-of-mass energy of 4 GeV. The missing-energy
and missing-momentum spectra require that at least two additional particles be 

produced in each event. We have no conventional explanation for these events.

We have found 64 events of the form

e+ + e- → e± + µ−+ ≥ 2 undetected particles (1)

for which we have no conventional explanation. 
The undetected particles are charged particles
or photons which escape the 2.6π sr solid angle 
of the detector, or particles very difficult to de-
tect such as neutrons, KL

0 mesons, or neutrinos. 
Most of these events are observed at center-of-
mass energies at, or above, 4 GeV. These events 
were found using the Stanford Linear Accelerator 
Center–Lawrence Berkeley Laboratory (SLAC-
LBL) magnetic detector at the SLAC colliding-
beams facility SPEAR.

DISCOVERY OF THE TAU: SPECIFIC TECHNOLOGY
& FIRST EVIDENCE
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We were cautious; we didn’t claim to have found a new particle, and in
particular we didn’t claim to have found a new lepton. The data agreed
well with the hypothesis of the production of a pair of new particles, still
caution was best. Using the pair production hypothesis, the data agreed bet-
ter with the three-body purely leptonic decay of a new heavy lepton than
with the two-body purely leptonic decay of a new heavy meson, but this was
far from conclusive. I already felt strongly that it was a new lepton. There
is less caution these days in claims for the discovery of a new particle or a
new particle physics phenomenon because so much speculative theory
has been published and because there is so much pressure to be the first to
break out of the standard model.

Events corresponding to (1) are the signature 
for new types of particles or interactions. For 
example, pair production of heavy charged lep-
tons1-4 having the decay modes l - → νl  + e- + ν–e, 
l +→ν–l +e + + νe, l -→ νl +µ -+ν–µ, and l +→ ν–l + µ+

+ νµ would appear as such events. Another possi-
bility is the pair production of charged bosons
with decays B - → e-+ ν–e, B + → e+ + νe, B - → µ-

+ ν–µ, and B + → µ + + νµ. Charmed-quark theories5,6

predict such bosons. Intermediate vector bosons 
which mediate the weak interactions would have 
similar decay modes, but the mass of such par-
ticles (if they exist at all) is probably too large7

for the energies of this experiment.  

We listed some possible explanations of the eµ events because we could
not prove that the origin of these events was heavy lepton decays

The momentum-analysis and particle-identifier
systems of the SLAC-LBL magnetic detector8

cover the polar angles 50˚ ≤ θ ≤ 130˚ and the full
2π azimuthal angle. Electrons, muons, and had-
rons are identified using a cylindrical array of
24 lead-scintillator shower counters, the 20-cm-
thick iron flux return of the magnet, and an ar-
ray of magnetostrictive wire spark chambers
situated outside the iron. Electrons are identi-
fied solely by requiring that the shower-counter
pulse height be greater than that of a 0.5-GeV e.
Incidently, the e’s in the e-µ events thus selected
give no signal in the muon chambers; and their
shower-counter pulse-height distribution is that
expected of electrons. Also the positions of the
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e’s in the shower counters as determined from
the relative pulse heights in the photomultiplier
tubes at each end of the counters agree within
measurement errors with the positions of the e
tracks. Hence the e’s in the e-µ events are not
misidentified combinations of µ + γ or π + γ in a
single shower counter, except possibly for a few
events already contained in the background es-
timates. Muons are identified by two require-
ments. The µ must be detected in one of the mu-
on chambers after passing through the iron flux 
return and the other material totaling 1.67 absorption
lengths for pions. And the shower-counter pulse
height of the µ must be small. All other charged 
particles are called hadrons. The shower count-
ers also detect photons (γ). For γ energies above 
200 MeV, the γ detection efficiency is about 95%.

The SLAC-LBL detector was one of the first large solid angle detectors used
in colliding-beam experiments. If the detector had had a small solid angle
we would not have found the tau for two reasons. First, we would not
have collected enough eµ events. Second, we could not have eliminated
events with additional charged particles. The detection systems were prim-
itive by today’s standards. In particular the muon detection system had just
1.67 pion absorption lengths, leading to poor π-µ separation. By the time this
Letter was written, Gary Feldman had built an addition to the muon de-
tection system called the muon tower. We had already detected eµ events
in which there was improved detection of the µ in the tower, but these events
were not used in this paper.

To illustrate the method of searching for events 
corresponding to Reaction (1), we consider our 
data taken at a total energy (√s) of 4.8 GeV. This 
sample contains 9550 three-or-more-prong events 
and 25 300 two-prong events which include e++ e-

→ e+ + e- events, e+ + e- → µ+ + µ- events, two-
prong hadronic events, and the e-µ events de-
scribed here. To study two-prong events we de-
fine a coplanarity angle

cosθcopl = − (n→1× n→e+) • (n→2× n→e+)/

|n→1 × n→e+| |n→2× n→e+|, (2)
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e+ + e - → e+ + e - and e+ + e- → µ+ + µ - is greatly re-
duced if we require θcopl > 20˚. Making this cut
leaves 2493 two-prong events in the 4.8-GeV sample.

To obtain the most reliable e and µ identifica-
tion9 we require that each particle have a momen-
tum greater than 0.65 GeV/c. This reduces the
2493 events to the 513 in Table I. The 24 e-µ
events with no associated photons, called the sig-
nature events, are candidates for Reaction (1).
The e-µ events can come conventionally from the 
two-virtual-photon process10 e+ + e- → e+ + e-

+ µ+ + µ - Calculations indicate that this source
is negligible, and the absence of e-µ events with
charge 2 proves this point since the number of
charge-2 e-µ events should equal the number of
charge-0 e-µ events from this source.

We developed criteria for selecting eµ events from heavy leptons which
are still used. Events with just two charged particles and no photons were
selected. The e and µ were not allowed to be back to back to eliminate
contamination from e+e−→ e+e− and e+e− → µ+µ− events. Minimum mo-
mentum criteria were applied to each particle because e and µ selection was
less certain at small momenta, as is still the situation today.

We determine the background from hadron mis-
identification or decay by using the 9550 three-or-
more-prong events and assuming that every par-
ticle called an e or a µ by the detector either was 
a misidentified hadron or came from the decay of
a hadron. We use Ph→l to designate the sum of
the probabilities for misidentification or decay
causing a hadron h to be called a lepton l. Since
the P’s are momentum dependent9 we use all the
e-h, µ-h, and h-h events in column 1 of Table I
to determine a “hadron” momentum spectrum,
and weight the P’s accordingly. We obtain the
momentum-averaged probabilities Ph→e = 0.183
±0.007 and Ph→µ = 0.198 ±0.007. Collinear e-e
and µ−µ events are used to determine Pe→h
= 0.056±0.02, Pe→µ = 0.011±0.01, Pµ→h = 0.08
±0.02, and Pµ→e < 0.01.
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TABLE I. Distribution of 513 two-prong events, ob-
tained at Ec.m. = 4.8 GeV, which meet the criteria |p→1|
> 0.65 GeV/c, |p→2| > 0.65 GeV/c, and θcopl > 20˚. Events 
are classified according to the number Nγ of photons
detected, the total charge, and the nature of the parti-
cles. All particles not identified as e or µ are called
h for hadron.

Nγ 0 1 >1 0 1 >1
Particles Total charge = 0 Total charge = ± 2

e-e 40 111 55 0 1 0
e-µ 24 8 8 0 0 3
µ-µ 16 15 6 0 0 0
e-h 20 21 32 2 3 3
µ-h 17 14 31 4 0 5
h-h 14 10 30 10 4 6

Ph→e and Ph→ µ were very large by modern standards, yet as shown next there
were so few hh events with 0 photons and 0 charge that only 3.7±0.6 events
were calculated to come from hh misidentification.

Using these probabilities and assuming that all
e-h and µ-h events in Table I result from parti-
cle misidentifications or particle decays, we cal-
culate for column 1 the contamination of the e-µ
sample to be 1.0 ± 1.0 event from misidentified
e-e,11 < 0.3 event from misidentified µ−µ,11 and
3.7 ± 0.6 events from h-h in which the hadrons
were misidentified or decayed. The total e-µ
background is then 4.7 ± 1.2 events.12,13 The sta-
tistical probability of such a number yielding the
24 signature e-µ events is very small. The same
analysis applied to columns 2 and 3 of Table I
yields 5.6 ± 1.5 e-µ background events for column 
2 and 8.6 ± 2.0 e-µ background events for column
3, both consistent with the observed number of
e-µ events.
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Thus the crucial 24 eµ events were contaminated by about 5 misidentified
events and so the eµ signal was very strong. This wonderful result was a
combination of two very fortunate things. First the e and µ detection sys-
tems were sufficiently selective; for example, if the P’s were 50 percent larg-
er, the contamination would have been uncomfortably large. The second
piece of good fortune was that the weak interaction gives 20 percent branch-
ing fractions for the e and µ decay modes of heavy leptons with masses of
several GeV. If these branching fractions were 10 percent the 24 events would
have been 6 events. Sometimes, but not often, the gods are kind to the spec-
ulative experimenter.

Figure 1(a) shows the momentum of the µ ver-
sus the momentum of the e for signature events.14

Both pµ and pe extend up to 1.8 GeV/c, their av-
erage values being 1.2 and 1.3 GeV/c, respective-
ly. Figure 1(b) shows the square of the invariant
e-µ mass (Mi

2) versus the square of the missing
mass (Mm

2) recoiling against the e-µ system. To
explain Fig. 1(b) at least two particles must es-
cape detection. Figure 1(c) shows the distribu-
tion in collinearity angle between the e and µ
(cosθcoll = -p→e• p→µ/|p→e||p→µ|). The dip near cosθcoll
= 1 is a consequence of the coplanarity cut; how-
ever, the absence of events with large θcoll has
dynamical significance.

We didn’t say it, but I knew these distributions were consistent with
heavy lepton production.

Figure 2 shows the observed cross section in 
the range of detector acceptance for signature
e-µ events versus center-of-mass energy with
the background subtracted at each energy as de-
scribed above.9 There are a total of 86 e-µ events
summed over all energies, with a calculated
background of 22 events.12 The corrections to ob-
tain the true cross section for the angle and mo-
mentum cuts used here depend on the hypothesis
as to the origin of these e-µ events, and the cor-
rected cross section can be many times larger 
than the observed cross section. While Fig. 2
shows an apparent threshold at around 4 GeV,
the statistics are small and the correction fac-
tors are largest for low √s. Thus, the apparent
threshold may not be real.
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A perfect detector with 4π solid angle coverage would have given a peak
cross section of 2×10−34 cm2. The reduction to an observed cross section
1/10 that size came mostly from the limited solid angle acceptance and from
the 0.65 GeV/c lower limits on the momenta of the e and µ. I am surprised
that we were so cautious about claiming a threshold.

We conclude that the signature e-µ events can-
not be explained either by the production and de-
cay of any presently known particles or as com-
ing from any of the well-understood interactions
which can conventionally lead to an e and a µ in
the final state. A possible explanation for these
events is the production and decay of a pair of
new particles, each having a mass in the range
of 1.6 to 2.0 GeV/c2.

A cautious but challenging conclusion. Thus we presented the first evidence
for the existence of the tau lepton and the third family of particles.

*Work supported by the U. S. Energy Research and
Development Administration.

†Present address: Department of Physics and Astron-
omy, University of Massachusetts, Amherst, Mass. 
01002.

‡Fellow of Deutsche Forschungsgemeinschaft.
§Centre d’Etudes Nucléaires de Saclay, Saclay,
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BY 1982 OUR DISCOVERY of the tau lepton was confirmed and the basic
properties of the tau were elucidated. This has been described in references
1–3. I will not repeat that history here, except to make a few remarks.

First, there are parallels between the 1937–1945 period of research on the
muon and the 1975–1982 period of research on the tau. Both periods in-
volved research by many groups confirming the original discovery and

DISCOVERY OF THE TAU: CONFIRMATION & 
ELUCIDATION
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determining the basic properties of the lepton. In the muon case there
was confusion between the muon and the pion since these particles have
similar masses. Similarly in the tau case there was confusion between
the tau and the charm meson since these particles have similar masses.1,2

Second, during the 1975 to 1985 peri-
od the improvements of technology de-
scribed at the end of the section on general
technology were necessary for the sepa-
ration and measurement of the major de-
cay modes of the tau:

τ−→ ντ + e− + ν–e
τ−→ ντ + µ− + ν–µ
τ−→ ντ + π−

τ−→ ντ + ρ−

τ−→ ντ + several mesons;
and for measurement of the τ mass.

Substantial improvements in technol-
ogy were necessary for the measurement
of the τ lifetime. Thus the measurement of the τ lifetime required the high-
er energy electron-positron colliders, PEP and PETRA, and secondary ver-
tex detectors40 (see illustration above).

LOOKING BACK ON THE DISCOVERIES of the electron, muon, tau, electron
neutrino, and muon neutrino, we see that each discovery required and used
a different technology. This is not surprising; the advance of experimental
science depends upon new technology. But there may be a warning in this
history with respect to the future, with respect to the discovery of new lep-
tons. We all think that if new leptons exist, they can best be found using
the e+e− annihilation processes:

e+ + e− → neutral boson → L+ + L–

e+ + e− → neutral boson → ν + ν–,

where the neutral boson is a photon, a Z0, or yet to be discovered. But
perhaps another technology will be required? An obvious possibility is
the use of very high energy pp colliders. Or a future technology will be re-
quired which is beyond our dreams. 

While the requirement of new technologies for new discoveries is well
known, the connection between different motivations and different dis-
coveries is rarely discussed. The electron and the muon discoveries were
motivated by the desire to understand already known phenomena. The mo-
tivation in the discovery of the electron neutrino was the desire to see if a

DISCOVERY OF THE LEPTONS: LOOKING BACK &
LOOKING FORWARD

Cross section of
the first precision
vertex detector
used at SLAC in
the Mark II
detector at PEP to
measure the
lifetime of the
tau.40
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proposed particle with peculiar properties actually existed. The discovery
of the two kinds of neutrinos had multiple motivations directed to the learn-
ing about the properties of neutrinos and of the weak interaction. The
discovery of the tau was initially motivated by the desire to find another
example of a charged lepton, that new lepton to be used to solve the elec-

tron-muon problem. It is ironic
that the discovery of the tau did
not help us with the electron-
muon problem, the discovery
simply extended the mystery to
the electron-muon-tau problem
(see table on the left). 

The importance of motivation
is that it sets the questions asked
by the experimenter. In today’s
world of particle physics the great
motivation is to break out of the
standard model of elementary
particle physics. Therefore we
search for new particles and for
unsuspected phenomena, we

search for deviations from the predictions of the standard model. If this
break-out motivation is wrong, then the questions we are asking may be
false guides to the technology we should develop and the experiments we
should do. This is a new thought for me—it came from writing this paper.
I have begun to wonder if there could be another motivation for experi-
menting in elementary particle physics.
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Properties of the electron, muon, and tau. The electron charge is given
in units of 1.6×10–19 coulombs. The mass is given in units of the mass

of the electron 9.1×10–31 kilograms.

Particle Electron Muon Tau
Symbol e µ τ
Electric charge +1 or –1 +1 or −1 +1 or −1
Mass 1 206.8 3480
Does particle have electromagnetic interactions? yes yes yes
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RARE
KAON

DECAYS

THE PARTICLES CALLED KAONS, or K
mesons, were first observed in the late 1940s in
cosmic-ray experiments. By today’s standards they

are common, easily produced, and well understood. Over the
last four decades research into how kaons decay has played a
major role in the development of the Standard Model. Yet, after
all this time, kaon decays may still prove to be a valuable
source of new information on some of the remaining
fundamental questions in particle physics. 

When first observed, kaons seemed quite mysterious. Experi-
ments showed they were produced in reactions involving the
strong force, or strong interaction—the most powerful of the
four fundamental forces in nature—but that they did not decay
(that is, transform into two or more less massive particles)
through the strong interaction. This is because kaons have a
property, ultimately labeled “strangeness,” which is conserved
in reactions that occur through the strong interaction. Indeed, 

by 
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Rare kaon decay 
experiments are achieving 
unprecedented sensitivity 

to new physics.
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the only fundamental force that does
not conserve strangeness is the weak
interaction—the force responsible for
nuclear beta decay. Therefore, kaons
can only decay in reactions occurring
through the weak interaction. This
fact has several important conse-
quences, one being that kaons are
long-lived compared to most other
subatomic particles. One type of
kaon, the KL

0 (called the “K-long”),
survives without decaying an aver-
age of 52 nanoseconds (that is, 
52×10−9 seconds). While that may
seem like an infinitesimal amount
of time, on the particle physics scale
it is extremely long. Of all the par-
ticles that are not absolutely stable,
only the neutron and muon are
longer lived than the KL

0.
Today we know that all the par-

ticles affected by the strong inter-
action (particles that we collective-
ly call “hadrons”) are made up of
quarks. There are six types, or “fla-
vors,” of quarks: down (d), up (u),
strange (s), charm (c), bottom (b), and
top (t). Kaons, it turns out, are par-
ticles consisting of a strange quark
and an up or down antiquark (or al-
ternatively, a strange antiquark and
an up or down quark), which are
bound together by the strong force.
The resulting kaons can have one
unit of electric charge, or they can be
neutral. Both charged and neutral
kaons have been important in the
history of particle physics and may
yet be the source of new discoveries.

Kaons have some interesting prop-
erties because of the way the weak
interaction works. Today we under-
stand the weak interaction in terms
of the electroweak theory of Sheldon
Glashow, Abdus Salam, and Steven
Weinberg, which successfully

explained electromagnetism and the
weak interaction as different mani-
festations of the same interaction. A
large body of experimental evidence
supports the validity of the elec-
troweak theory, and when it is tak-
en together with quantum chromo-
dynamics—the modern theory of the
strong interaction—we call the com-
bination the Standard Model. How-
ever, in the 1950s and early 1960s
when the early kaon decay experi-
ments were performed, the weak in-
teraction was still not understood. In
this brief article, it is not possible
to review the whole history of kaon
physics or to describe all the in-
stances where studies of kaons made
decisive contributions to our current
understanding. Let us consider the
single instance of CP violation to pro-
vide a hint of the importance of kaon
decays. 

Conservation laws are among the
foundations of physics. Much of the
history of particle physics has been
the struggle to find and to understand
the underlying conservation laws
that govern the behavior of sub-
atomic particles. Prior to 1964, it was
believed that all fundamental inter-
actions conserved the “charge con-
jugation-parity,” abbreviated CP, of
a physical system. In 1964 a kaon de-
cay experiment discovered other-
wise. That experiment found that a
particular type of kaon decay that
should have been forbidden by the
principle of CP conservation actu-
ally takes place, albeit infrequent-
ly. The experiment was performed
by James Christenson, James Cronin,
Val Fitch, and Rene Turlay (those
were the days when particle physics
experiments could be carried out by
a small team) at the Brookhaven

National Laboratory, using an accel-
erator called the Alternating Gradi-
ent Synchrotron (AGS). Specifically,
the experiment observed the decay 
KL

0 → π+π−. The π+ and π− are pions,
the least massive of the hadrons. The
frequency with which this decay oc-
curs compared to all KL

0 decays, a
quantity called the branching frac-
tion, is only 2×10−3—meaning that
only two in 1000 KL

0’s decay this way.
Since this discovery, trying to un-
derstand the reason for the CP vio-
lation seen in the weak interaction
has been one of the principal prob-
lems in particle physics. It remains
so today, as ever more sophisticat-
ed tools are brought to bear. The 
PEP-II B-factory now under con-
struction at Stanford Linear Accel-
erator Center has as its goal the study
of CP violation in the decays of B
mesons. The B mesons are particles
which are similar to the K mesons,
except that the more massive bottom
b quark takes the place of the strange
s quark (see box on next page). 

PRESENT KAON decay experi-
ments are active in two gen-
eral areas: (i) precision studies

of CP violation that usually focus on
ever-better measurements of the KL

0

decays into two pions, and (ii) search-
es for “rare” kaon decays. In this ar-
ticle, the focus will be on the second
category. Decays are rare when they
are so uncommon that they are hard
to observe. Over time, and with im-
provements in accelerators and de-
tectors, our standard of rarity
changes. The decay KL

0 → π+π− with
its branching fraction of 2×10−3 was
once rare. Now an experiment sen-
sitive to decays a billion times more
rare is in progress at the AGS. That
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CP VIOLATION

SYMMETRIES IN PHYSICS refer to the fact that when
certain types of changes are made, often called trans-
formations, the behavior of a system is not altered.

These transformations can be of two types: continuous or
discrete. An atomic clock keeps the same time in Chicago
and New York. The symmetry in this instance is that in dif-
ferent places the same laws of physics apply. Thus, the
transformation of moving the clock from Chicago to New
York, or indeed anywhere in between, does not alter its be-
havior. This transformation would be called continuous,
since the distance the clock is moved can take on any
value. 

A discrete transformation makes a change that cannot
take on a continuous range of values. There are three dis-
crete transformations of special importance: charge conju-
gation, parity (also called space inversion), and time rever-
sal. Charge conjugation (C) transforms all the particles in a
system into their associated antiparticles and all the antipar-
ticles into their associated particles. Parity (P) reflects each
point of a system through the origin of coordinates; thus a
particle at position (x, y, z ) is transformed to the position 
(−x, −y, −z ). Time reversal (T) reverses the direction of time. 

All processes involving both the strong and electromag-
netic interactions are unaffected by C, P, and T transforma-
tions. The weak interaction was found in the late 1950s to
violate P; that is, weak interaction processes are affected by
a parity transformation. The belief at the time was that a
combination of simultaneous C and P transformations re-
stored the symmetry. So it was surprising in 1964 when an
experiment showed that CP was not an exact symmetry of
the weak interaction. 

A very fundamental symmetry of all interactions is that
any physical system will behave the same if it simultane-
ously experiences all three of these discrete transforma-
tions. This is called the CPT theorem. In addition to having a
strong theoretical basis, it has also been tested experimen-
tally to great accuracy. Conservation of CPT, but violation of
CP, means that T alone cannot be an exact symmetry of the
weak interaction. Thus, even on the most microscopic scale
possible—the interactions of elementary particles—there is
a difference between going forward and backward in time.

CP violation is now recognized as an important ingredi-
ent in the evolution of the universe. Immediately after the
Big Bang the universe must have consisted of equal quanti-
ties of matter and antimatter. Over time it evolved toward
the situation we see today, namely an overwhelming excess
of matter over antimatter. Andrei Sakharov pointed out in
1967 that CP violation was necessary for the matter domi-
nance of the universe to come about. This is one of many
instances where particle physics has cosmological implica-
tions. Indeed, many theoretical physicists believe that the
amount of CP violation we know about so far is insufficient to
account fully for the matter dominance in the universe.
Clearly, understanding the origin of CP violation is one of the
most basic and far-reaching problems in particle physics.

It is possible to assign a definite value to the CP of some
particles, called CP eigenstates. Also, some combinations of
particles have a definite value of CP. For example, consider
two charged pions π+ and π−. Pions are P eigenstates with
parity −1. The C transformation changes the π+ into a π−

and the π− into a π+, so the full CP transformation returns a
state with the same particles we started with, but with two
factors of −1, which we multiply together to get +1. That is,
the CP of the two-pion state is +1. (For simplicity we have
ignored the orbital angular momentum of the pions, but for
this discussion no harm is done.) So, if CP is conserved, we
should never see a particle with CP of −1 decay into a π+

and π−. This is why the observation in 1964 of the decay of
long-lived neutral kaons into two pions was recognized as
CP violation. Such CP violation can occur in two ways: i) the
parent kaon can be a quantum mechanical mixture of
different CP eigenstates because of a CP-violating interac-
tion, or ii) a CP eigenstate may decay directly to a state of
different CP. The CP violation in the K0

L → π+π− decay is
mostly of the first type, but may also include a small
contribution from the second, which is called “direct” CP
violation. The amount of CP violation of the first type is
measured in terms of a quantity usually denoted ε, which is
a complex number whose magnitude is about 2×10−3. The
amount of direct CP violation, expressed in terms of an
analogous parameter ε', is known to be at least five
hundred times smaller.

The source of the CP violation observed in kaon decays
has not yet been established. A number of theories exist.
According to some of them, direct CP violation should not
occur. Within the Standard Model, direct CP violation is ex-
pected, although it may be very small in kaon decays. In the
last decade, a tremendous amount of effort has gone into
experiments trying to measure ε'. A non-zero value would
establish that direct CP violation occurs, thereby eliminating
an entire class of theories, and it would be a step toward es-
tablishing the Standard Model picture. Thus far the experi-
mental results are inconclusive, but new experiments are
being prepared at CERN and Fermilab that should be sensi-
tive to values of ε' as small as one part in 104 of ε. Also, a
very elegant approach, described in the following article, is
planned for an experiment in Frascati, Italy.

In addition to these ever-more precise studies of the two-
pion decays of neutral kaons, some rare kaon decays may
help provide an answer. For example, the decay K0

L → π0νν−

would be an almost perfect probe of direct CP violation in
kaon decays. Unfortunately, the branching fraction is ex-
pected to be very small, roughly in the range between
1×10−11 and 1×10−10. It will be years before we know
whether making a measurement is even possible, since
enormous technical problems must be overcome. Some
current experiments are searching for related decays in
which charged leptons take the place of the neutrinos.
Finally, the tremendous excitement surrounding the poten-
tial for studying decays of B mesons, where the effects of
CP violation should be much more striking, has motivated a
number of new initiatives, including the construction of the
PEP-II B-factory and its associated detector BaBar at SLAC.
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experiment is searching for the vio-
lation of another conservation law
called lepton-flavor conservation.

Leptons are particles that are be-
lieved to be as fundamental as
quarks. That is, they are part of the
minimal set of particles out of which
the entire Universe is constructed.
The electron, familiar as one of the
building blocks of atoms, is a lepton.
The leptons differ from the quarks in
a couple of key respects. For one
thing, they are not affected by the
strong interaction. For another, they
have integer values of electric charge
(either −1 or 0), while the quarks have
fractional charges (either +2/3 or 
−1/3). The leptons come in three
types: electron, muon, and tau. For
each type, there is a charged lepton
and a neutral lepton, called a neu-
trino. Hence, the electron e− has a
partner neutrino νe. Likewise the
muon µ− and tau lepton τ − have part-
ners νµ and ντ , respectively.

A mystery is that quarks of one
flavor can decay into quarks of an-
other flavor via the weak interac-
tion—as long as requirements such
as electric charge, energy, and mo-
mentum conservation are satisfied—
resulting in a net change of quark fla-
vor, but leptons of one type never are
seen to decay or to transmute in a
way that results in a net change of
lepton-type. To be more precise, a
quantum number is associated with
each type of lepton and its sum is
conserved in all interactions. For in-
stance, a muon decays by emitting
an electron, a muon-type neutrino,
and an electron-type antineutrino (µ−

→ e−νµν−e). The number of muon-type
particles is one before the decay, and
after the decay it is still one. The
number of electron-type particles is

zero before the decay, and it is also
zero afterwards, since the electron-
type antineutrino cancels with the
electron. This type of additive con-
servation of the number of each type
of lepton is sometimes called lepton-
flavor conservation (see box on the
right).

Lepton-flavor violation could
show itself in kaon decays if the de-
cay mode KL

0 → µ±e−+ is ever observed.
The notation µ±e−+ means the KL

0 may
decay into either µ+e− or µ−e+, since
both combinations of electric charge
are possible. A simpler notation is to
ignore the charges altogether, and
use KL

0 → µe to represent both KL
0

→ µ+e− and KL
0 → µ−e+. Notice this

decay does not include any neutri-
nos. If neutrinos (or antineutrinos)
were present after the decay to can-
cel the additive separate lepton num-
bers of the electron and muon, the
decay would not violate anything.
Searching for such a decay mode of
the KL

0 is an interesting gamble.
There is no convincing theoretical
prediction to suggest KL

0 → µe should
occur with a branching fraction large
enough to observe in today’s exper-
iments. On the other hand, if an ex-
periment observes KL

0 → µe, then it
will be a breakthrough of great im-
portance. It is a situation reminis-
cent of that in 1964 when there was
no particular reason to expect to ob-
serve CP violation. It is fortunate that
someone looked anyway. 

ANATURAL QUESTION is,
however, why kaons? Of all
the particles in the sub-

atomic zoo, why search for lepton-
flavor violation in kaon decays? In
fact, such searches are not limited to
kaon decays. Some very sensitive

LEPTON-FLAVOR
VIOLATION

NO EXPERIMENT has ever observed a
process that failed to conserve addi-
tively the quantum number associat-

ed with each type of lepton. The underlying
basis for this conservation law remains
mysterious. There are other additive con-
servation laws that are known to hold in
particle interactions. Some, such as the
conservation of electric charge, are under-
stood on fundamental grounds. 

In physics there is a deep relationship
between symmetry principles and conser-
vations laws. An additive conservation law
can hold only if there exists a particular
type of symmetry principle, called a global
phase invariance. In the case of electric
charge conservation, the global phase in-
variance arises from a symmetry property
of electromagnetism—in particular, the
property known as gauge invariance.
Some readers may have encountered
gauge invariance, perhaps in a physics
course, in the guise of the electric field not
changing when a constant is added to the
electric potential. (A similar property holds
for the magnetic field for certain changes of
the vector potential.) When electromagnet-
ism is carried into the quantum mechanical
world, this gauge invariance determines
the properties of photons. 

In the case of lepton-flavor conserva-
tion, the additive conservation laws imply
the existence of global phase invariances.
But unlike the case of charge conservation,
we know of no underlying gauge invari-
ances to cause them. Thus, most theoreti-
cal physicists expect these conservation
laws to be inexact—that is, for violations to
occur, but at levels too small to have been
seen so far. This is the general motivation
for testing these rules to the most stringent
possible levels. 

Many recent theoretical speculations at-
tempt to extend the Standard Model and to
address some of its perceived shortcom-
ings. These theories go by names such as
“supersymmetry” and “technicolor.” These
are topics well outside the scope of this ar-
ticle, but it is interesting that these theories
along with many others predict that lepton-
flavor conservation is not exact. 
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experiments have been and contin-
ue to be performed with muons,
searching for lepton-flavor violating
decays such as µ− → e−e+e− or µ−

→ e−γ (the symbol γ represents a pho-
ton). Indeed, virtually every experi-
ment with a large data sample takes
the time to look for processes that
would be lepton-flavor violating. For
instance, experiments at electron-
positron colliders have tried to find
decays such as B → µe, B → µτ,
τ → µγ, τ → eγ, Z → µe, Z → τe, and
many others. But indeed there are
reasons why kaon decays are a par-
ticularly promising place to look. 

One possible advantage of kaons
(over muons, tau leptons, or the Z,
for example) has to do with the gen-
eration structure of the quark and
lepton families. Just as with the lep-
tons, the quarks fall into a natural
grouping of three pairs. The up and
down quarks along with the electron
and electron-type neutrino make up
the first generation. They are the
lowest mass members of the hier-
archy. The charm and strange quarks
along with the muon and muon-type
neutrino make up another genera-
tion, intermediate in mass. Finally,
the top and bottom quarks and the
tau and tau-type neutrino comprise

Brookhaven National Laboratory on
Long Island, New York, is the home of
the Alternating Gradient Synchrotron, a
proton accelerator first operated in
1960. While the energies of AGS beams
are low compared to other proton
accelerators in use at Fermilab in Illinois
and CERN in Geneva, Switzerland, for
high-energy physics experiments,
upgrades over the last three decades
have increased the intensity of available
beams more than a thousandfold,
allowing the AGS to continue forefront
research. The AGS currently provides the
highest intensity multi-GeV hadron
beams in the world, making possible an
ambitious program of rare kaon decay
experiments. The recent commissioning
of the Booster, which feeds bunches of
protons into the AGS, has increased the
available proton flux to a time-averaged
value of about 3 microamperes. Other
Brookhaven facilities are also visible in
the photograph, including the
Relativistic Heavy Ion Collider (RHIC)
under construction.

a third generation, with the highest
masses. Some theories exploit this
apparent hierarchy. A common re-
sult of such theories is that reactions
which involve a change of generation
number are either forbidden or sup-
pressed. Suppose we assign a “gen-
eration number” of 1 to members
of the first generation (and −1 to its
antiparticles), of 2 to the members of
the second, and 3 to those of the third
generation. Then a muon decay such
as µ− → e−γ involves a net generation
number change of one unit. How-
ever, the kaon decay KL

0 → µe
involves no net change in generation
number. Thus, if such theories have
any validity, kaon decays may be a
more promising place to observe
lepton-flavor violation. 

Other advantages of kaons (over B
mesons, tau leptons, or the Z, for in-
stance) are the relative ease with
which they can be produced (making
it possible to produce them in large
numbers) and their long lifetimes,
which make it possible to form kaon
beams. The result is that kaon decay
experiments today can observe de-
cays whose branching fractions are
about a million times smaller than
is possible with B’s, τ’s, or Z’s. While
it is dangerous to generalize, this typ-
ically means that kaon decay search-
es have a greater sensitivity to vari-
ous potential sources of lepton-flavor
violation. 

The power of rare kaon decay ex-
periments to uncover new physical
processes can be put into quantita-
tive terms by making a simple ob-
servation. The force responsible for
a decay such as KL

0 → µe would be
carried by a particle, just as the elec-
tromagnetic force is carried by pho-
tons and the weak force by W and
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Z bosons. For the branching fraction to be as small as
we know it must be from experiment, the mass of that
particle must be extremely large. Indeed, based on the
sensitivity of current experiments, the particle would
have a mass of at least 90,000 GeV (or 90 TeV since 1 TeV
= 1000 GeV). This mass is so large that it is impossible
to produce such particles in collisions at any existing,
or foreseeable, accelerator. Consequently, one can think
of rare kaon decay experiments as probing the highest
energy scales possible, even though the method is some-
what indirect (see box on the left). 

PROGRESS IN RARE KAON decay experiments has
been rapid in the last decade. It is the result of two
simultaneous developments. The first is the avail-

ability of much higher intensity kaon beams than in the
past, owing to improvements in accelerators. The second
is progress in particle detector technologies, particu-
larly those associated with high-speed data handling.
The experiments that have achieved the highest sensi-
tivity to rare kaon decays have been performed at the
AGS facility at Brookhaven. This is because the AGS can
provide the most kaons per unit time to experiments
of any accelerator in the world. The AGS accelerates pro-
tons to an energy of typically 24 GeV. The protons are
then extracted from the circular accelerator and are

PARTICLES INTERACT through the electromagnetic
interaction by exchanging a photon. The photon is
a boson, because its spin has an integer value

(one). Particles interact through the weak interaction by
exchanging either a W or Z boson. When such interac-
tions occur, the bosons which are exchanged are
“virtual.” A virtual particle can very briefly exist with a
mass which is larger than that allowed by energy conser-
vation because of the principles of quantum mechanics.
As an example, a charged kaon (K+) can decay to a
muon and neutrino through the exchange of a virtual
W boson, as illustrated below.

The mass of a W boson is about 80 GeV, while the K+

mass is only about 0.5 GeV. The W boson can only ap-
pear as a virtual particle, since a real W would violate en-
ergy conservation. 

The first indication of the existence of the W boson
came with the observation of nuclear beta decay, many
years before the correct theory of the weak interaction
was developed and even more years before the W was
observed as a real particle in very high energy proton-
antiproton collisions at CERN in Geneva, Switzerland. A
similar situation would exist if a rare kaon decay such as
KL

0 → µe is ever observed. It would mean that some virtu-
al boson, thus far undiscovered, was being exchanged in
the decay process, for example as illustrated below. We
can relate the branching fraction for this decay to the
mass of the undiscovered boson, subject to a few rea-
sonable assumptions. When we do this, the result is that
the current upper bound on the KL

0 → µe branching frac-
tion of 3.3×10−11 implies the mass of the boson would
have to be 90 TeV (1 TeV = 1000 GeV) or more. Thus, we
can see how a search for rare decays is tantamount to a
search for very massive virtual particles.

MASS REACH

When an experiment searches for a decay such as KL
0 → µe

without finding it, the result of the experiment is an “upper
limit” on the branching fraction—-that is, the largest value 
of the branching fraction consistent with the experiment not
observing the decay. The graph above shows the history of
upper limits on KL

0 → µe. The experiments divide naturally into
two groups separated by a hiatus of over a decade, during
which improvements in both accelerator and detector
technology made large gains in sensitivity possible. 
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directed onto external targets, which
are the actual sources of the kaons.
With recent upgrades, the AGS can
now extract close to 6×1013 protons
every three seconds. 

Underway at the AGS are two ex-
periments searching for rare charged
kaon (K+) decays. One of these fo-
cuses on lepton-flavor violation and
the other seeks to measure an im-
portant Standard Model parameter
which is related to how the top quark
interacts with other quarks. A third
experiment searches for rare neutral
(KL

0) decays, including KL
0 → µe. An

earlier version of the KL
0 experiment

reached the best sensitivity ever ob-
tained in a kaon decay experiment.
No KL

0 → µe decays were observed,
but the experiment established that
the branching fraction must be less
than 3.3×10−11. The newer version
of the experiment will improve upon
the previous sensitivity by an order
of magnitude or more. The progress
in these searches is shown as a func-
tion of time in the figure on the pre-
ceding page. 

Rare kaon decay experiments are
also underway at other laboratories.
These experiments focus on rare
kaon decays which can provide more
insight into the phenomenon of CP
violation. Such decays typically in-
clude a neutral pion (π0) as one of the
daughter particles. Neutrals pions in

turn decay very quickly into two
photons, so high-quality photon de-
tection is essential in these experi-
ments. The higher Fermilab energy
(800 GeV for extracted protons) is an
advantage for the detection of pho-
tons, and currently the most promis-
ing experiment in this area is being
carried out at the Fermilab Tevatron
facility. In the future, after con-
struction on the Fermilab Main
Injector is completed, this experi-
ment should be able to make further
improvements because of the avail-
ablity of a higher intensity kaon
beam. An experiment with the same
focus is in progress at the KEK Pro-
ton Synchrotron (PS) in Japan. A rare
kaon decay program has been un-
derway there for many years, but the
experiments have thus far suffered
from the rather low intensity beams
available there. However, planning
is underway in Japan for a new
50 GeV proton accelerator which
could, if built, support state-of-the-
art rare kaon decay experiments.

Progress in particle physics de-
pends on experimentation on multi-
ple fronts. Sometimes it is said that
there are three experimental fron-
tiers: the high energy frontier, the
high precision frontier, and the high
sensitivity frontier. Most of the pub-
lic attention goes to the high ener-
gy frontier, because it involves build-
ing big and expensive new machines.
Some truly basic questions in particle
physics require this approach. Even
so, experiments at modest energies
which emphasize high precision or
high sensitivity, as in the case of rare
kaon decay experiments, may prove
to be the next source of an important
new discovery. The potential is
surely there. 
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An experiment designated E871 is in
progress at Brookhaven National
Laboratory in New York to search for
KL

0 → µe with sensitivity to a branching
fraction as small as 10−12. The detector
is over 30 meters long, much of it
surrounded closely by shielding to
protect personnel against the radiation
generated by the high-intensity beam.
The part of the apparatus seen here,
well removed from the beam region,
measures the trajectories of the muons
from kaon decays. E871 builds on the
experience of a previous experiment,
E791, which achieved the greatest
sensitivity to rare kaon decays of any
experiment to date.

A Summary of Active Rare K Decay Experiments

Designation Laboratory Primary Decay Mode Primary Physics Motivation

E787 Brookhaven K+ → π+νν– Top quark coupling to other quarks
E865 Brookhaven K+ → π+µ+e− Search for lepton-flavor violation
E871 Brookhaven KL

0 → µ±e
−+ Search for lepton-flavor violation

E799 Fermilab KL
0 → π0e+e− Study of CP violation

E162 KEK (Japan) KL
0 → π0e+e− Study of CP violation
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IN 1801 Thomas Young discovered that the pattern obtained by shining light onto two

fine slits was different from the mere superposition of the two patterns obtained from

light shining onto each slit individually. This could not be explained by understanding

light as composed of independent bits of matter, but it made sense if light was understood as

a wave-producing interference, or beat phenomenon. In modern physics, we understand that

all particles—whether the photons of light, the electrons and nucleons that compose all mat-

ter, or the myriad unstable particles such as mesons that exist only in cosmic rays, high en-

ergy accelerator collisions, and the early universe—must be understood in terms of a wave-

particle duality. However, interference patterns have never been seen for the case of two

particles flying in opposite directions. In 1996, in Frascati, Italy, a new accelerator, DAΦNE,

with a dedicated experiment KLOE, will observe such patterns for the first time, for K meson

pairs, and at the same time it will make measurements of CP and CPT violation with ground-

breaking precision.

PHYSICS AT DAΦNE
by PAULA FRANZINI & JULIET-LEE FRANZINI

A mother-daughter team describe

the fundamental symmetries 

of nature that will be studied 

at the first particle 

“factory” being

built at Frascati 

in Italy.
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FOR FIFTY YEARS experiments
involving the K mesons have
contributed much to the con-

struction of the present theory of el-
ementary particles and their inter-
actions, the so-called Standard Model
of particle physics. In this model
matter is made of two sets of parti-
cles and their antiparticles, quarks,
which make up the proton, and lep-
tons (the electron, e–, is an example).
Forces are transmitted by another set
of particles, the gauge bosons—the
photon for the electromagnetic force,
gluons for the strong force (a short
range force, holding the nuclei to-
gether), and W and Z particles for the
weak force (an even shorter range,
weaker force, accounting for the de-
cay of the neutron). In the Standard
Model particles undergo strong, elec-
tromagnetic, and weak interactions.
(For greater understanding of the
Standard Model, refer to Patricia Bur-
chat’s article “A People’s Guide to
the Standard Model,” in the Summer
1993 issue of the Beam Line, Vol. 23,
No. 2.)

The quarks come in six flavors. In
order of increasing mass they are u
(up), d (down), s (strange), c (charm),
b (beauty or bottom), and the recently
discovered t or top quark (see “Dis-
covery of the Top Quark” by Bill
Carithers and Paul Grannis in the
last issue of Beam Line, Vol 25, -
No. 3). Only u and d quarks occur in
ordinary matter, making up the pro-
ton and the neutron; the heavier
quarks are short-lived and form par-
ticles that are only seen in acceler-
ators or cosmic rays and presumably
in the very, very early universe. K
mesons, in particular, consist of a u
or d quark combined with an s an-
tiquark. B mesons, to be studied at

the Stanford Linear Accelerator Cen-
ter (SLAC) en masse in a few years,
are a similar combination with s re-
placed by b.

The threefold combination of sym-
metries, CPT, described on page 30 of
the previous article requires that par-
ticles and antiparticles should have
the same masses and lifetimes. It is
in the K-meson system that this test
can be carried out to its ultimate ac-
curacy (see section on page 38). 

CP VIOLATION’S cradle and, so
far, only home is the neutral
K system. Of course evidence

for it in other systems, for example,
the neutral B mesons, is also eagerly
awaited. This is in fact the mission
of the SLAC B-Factory.

For the strong and electromag-
netic interactions, the K0 (a d plus
a s–) and the K

–0 (d
–
s) are distinct par-

ticles, protected by the C symmetry
from changing into each other. The
weak interaction, however, violat-
ing C, allows both these particles to
decay, for example, into two π
mesons (a combination of two u or
d quarks and their antiquarks), and
therefore, at second-order, to change
into each other. Thus, we speak of
K0 and K

–0 as distinct particles be-
cause they are produced by the
strong interaction, but when it
comes to their decay by the weak
interaction, it no longer makes
sense to speak of them as distinct.

If CP were a perfect symmetry,
the physical particles would be the
symmetric and antisymmetric
combinations of K0 and K

–0. These,
called K1 and K2, are respectively
even and odd under CP, and as a  re-
sult must decay respectively to two
and three pions. Since the mass of

three pions is very close to the K
mass, there is a lack of what is called
phase space, and the K2 is thus much
longer lived. K0 mesons of two very
different lifetimes were observed in
1956; in 1964 the observation that
the K0 with a long lifetime decays a
minute fraction of the time to two
pions proved unambiguously that CP
also is violated. Instead of K1 and K2,
the physical states are now KS and
KL, where KS is K1 with a small ad-
mixture of K2, and KL is K2 with a
small admixture of K1. The amount
of this admixture is parametrized by
the CP violation parameter ε, which
has the measured value |ε|
= (2.259±0.018) × 10−3.

The story of CP violation has a fi-
nal twist. In addition to the well-
measured CP violation just described,
coming from the admixture of K1 in
KL, there is the possibility of direct
CP violation in the decay of K2. Phys-
ically it turns out that this can be
measured in the difference of the CP
violation in the neutral and charged
πdecays of the K’s. This direct CP vi-
olation is parametrized by the quan-
tity ε'. Thirty years of measurements
of ε' have not been able to determine
if ε' is zero or not, but have found that
it is much smaller than even ε. In-
creasingly accurate measurements
have only chased it closer and clos-
er to zero. Currently it is known to
be between zero and three thou-
sandths of ε. DAΦNE is being built to
reduce the uncertainty by another
factor of ten. This precision mea-
surement of ε’ will give us an im-
portant clue as to whether the Stan-
dard Model, which predicts its value
to be on the order of a few parts in
ten thousand, is sufficient or whether
it requires modifications.
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TO REACH the desired accu-
racy in ε’ requires the obser-
vation of five million KL → 2π

decays among five billion KL decays.
One way to obtain these astronom-
ical numbers of KL is to build a par-
ticle “factory” which produces a
known particle of approximately
twice the K-mesons’ mass, the phi
(φ). The φis the lightest vector meson
composed of a strange quark and an
anti-strange quark, making it the
lightest copiously producible parti-
cle decaying into two kaons. In June
1990 the first particle factory project,
DAΦNE, was funded by the Istituto
Nazionale di Fisica Nucleare, INFN,
of Italy, and was christened DAΦNE,
for Double Annular Φ-factory for
Nice Experiments. DAΦNE is an e+e−

collider, where electrons and posi-
trons of 510 million electron volts
(MeV) are hurled at each other head
on. At this total energy of 1019.4
MeV, the cross section (the effective
target area displayed by the electrons
and positrons to each other) for pro-
ducing a φ is very large, approxi-
mately 5×10−30 cm2, with negligible
accompanying background. DAΦNE’s
target luminosity, a measure of the
collision frequency per unit cross sec-
tion, is L = 1033cm−2s−1, which
means 5000 φ’s are produced per sec-
ond. Using the canonical high en-
ergy physics definition of one physics
year equals ten million seconds (one
third of an actual year, to account for
such things as down time, mainte-
nance, fine tuning), this means fifty
billion φ’s per year!

The φ decays into charged kaon
pairs about half of the time. These
kaons move at a quarter of the speed
of light (c), and on average travel
about one meter before they in their

The How of DaΦne

WHAT MAKES A FACTORY? The luminosity of a collider is given
by L = fnN1 N2/A. Here n is the number of bunches (rather
than being uniformly distributed, the particles in DAΦNE are gath-

ered into several (30–120) flat (3 cen-
timeters long by 3 millimeters wide by
0.02 millimeters high) bunches spaced
at roughly one meter intervals); f the
revolution frequency (how many times
around the collider the bunches go per
second); Ni the number of particles per
bunch for each species of particle, and
A the area of the beams (for fully over-
lapping beams). Thus, many bunches
of many particles going around at a
high frequency, focussed tightly into
beams of a very small area, produce a
high luminosity. Nonetheless, if these
parameters are modified to produce a
larger luminosity, without radically new
technology, the luminosity in a single
ring machine will be limited by what is
known as beam-beam interactions to be
about that of current colliders. The
beams get disrupted and thus the small
bunch size needed for high luminosity is
destroyed; bunches containing more
particles lead to stronger disruption.
Multiple bunches in a single ring do not
help; each bunch sees all of its counter-
parts and gets successively more and
more perturbed.

The solution generally found in “fac-
tories” is to have two separate rings
(hence the DA in DAΦNE, for Double An-
nular), which cross each other at a
small but non-zero crossing angle
(about 1 degree for DAΦNE). This
crossing angle is needed, even though
head-on collisions are less disruptive to
the beam, because if the two beams
were parallel even for a few meters,
each bunch would then pass several of
its counterparts in a small machine like
DAΦNE, where there will eventually be
more than one bunch per meter.

X

U.V.

550 MeV e+
800 MeV e–

LINAC

Accumulator
510 MeV

Test Beam

FI.NU.DA

KLOE

DAΦNE-L

The DAΦNE collider complex.

An artist’s view of the two rings of the
DAΦNE complex showing the magnet
layout and the two detectors, KLOE
for particle physics on the right and
FINUDA for nuclear physics on the
left.
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A φ (the black dot) decaying to two K's
(the white dots) in turn decaying at times
t1 and t2 to the final states f1 = π+e−ν−,
f2 = π−e+ν. Note that the neutrinos are
not depicted because they are
“invisible” particles.

Interference pattern for f1 = π+e−ν−,
f2 = π−e+ν.
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A φ (the black dot) decaying to two K's
(the white dots) in turn decaying at times
t1 and t2 to the final states f1 = π+π− and
f2 = π0π0 (each π0 decays finally to two
photons).

Interference pattern for f1 = π+π−,
f2 = π0π0.
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turn decay. In one physics year, 25
billion pairs are produced. Another
third of the time, the φ decays into
a pair of neutral kaons, moving at
1/5 c. Moreover, the kaons produced
at DAΦNE are not just any kaons, but
kaons in a well-defined quantum-
mechanical and kinematic state: one
of them is always a KS traveling on
average 6 millimeters. The other
kaon is always a KL, traveling on av-
erage 3.5 meters. In a physics year,
15 billion KSKL pairs are produced.

DAΦNE is shown schematically in
the box on the preceding page. There
are two interaction areas for the two
experiments KLOE (particle physics)
and FINUDA (nuclear physics) and
also the possibility for lower ener-
gy and medical research with the ul-
traviolet and X-ray beams of the
DAΦNE-L(ight) facility. The DAΦNE
main rings are 98 meters in perime-
ter, in a roughly rectangular shape of
32 by 23 meters. When DAΦNE starts
up, at one tenth of its final lumi-
nosity, it will already have about the
same number of particles in its 98
meter ring as the Large Electron
Positron (LEP) at CERN in Geneva,
Switzerland, currently has in its 27
kilometer ring.

AT DAΦNE neutral K-meson
pairs from φ decays are pro-
duced in a pure C-odd quan-

tum state. It turns out that this
means the observation of a KS (KL)
signals and guarantees the presence
of KL (KS) of opposite momentum; in
other words, we will never have a de-
cay with two KS or two KL. This gives
DAΦNE unique advantages for the
study of CP and CPT violation—
because of the quantum mechanical
coherence of the initial two kaons

state, interference phenomena can
be observed without identification
of KS’s or KL’s. One can understand
this by analogy with the classical ex-
periment of shining a light onto two
slits and observing the spatial pat-
tern on a screen beyond, without
knowing from which slit the photons
came. One notes that the pattern ob-
served when both holes are open is
not the mere superposition of that
obtained when one hole alone is
open added to that obtained when
only the other hole is opened. Be-
cause of the phase relationship be-
tween the waves, one gets a complex
pattern. In a similar way at DAΦNE,
the intensity distribution one ob-
serves depends on which final states
are involved, as described below. In
short, one can perform a whole spec-
trum of precision K-meson interfer-
ometry experiments by measuring
the decay intensity distributions of
the K-meson pair as a function of the
distance between the two decay ver-
tices for appropriate choices of the
two final states.

If we label the final state of one
K by f1, and the  time at which the
decay occurs by t1, and similarly f2
and t2 for the other K, by varying the
time difference t1–t2 and the final
states examined, it is possible to
measure many different parameters
describing CP and CPT violation. The
interference term is  sensitive to the
mass difference between KS and KL.
For example, with f1 = π+π−, f2 = π0π0,
as illustrated in the top illustration
on this page, one measures the real
part of ε' at large time differences,
and the imaginary part of ε' at short
time differences. The next illustra-
tion on the left shows the destruc-
tive interference pattern for this case.



conversion apex in the calorimeter. As illustrated, the flight
time measurements for even a single photon of the four from
π0π0 allow the determination of the KL decay path. The 
time-of-arrival of 
a photon  gives 
the flight path 
of the K0 to an 
accuracy 
δl = βKcδt
~ 6×10−3cm 
× δt (pico-
seconds). 
For a 510
MeV K 0, 
one expects 
a time reso-
lution of ap-
proximately 
100 pico-
seconds 
and a path 
resolution of 
0.6 centi-
meters.
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With f1 = π+e−ν− and f2 = π−e+ν, as
illustrated in the third and bottom
illustrations on the left on the pre-
ceding page, one can measure the
CPT-violation parameter, in other
words, test whether CPT is violated,
and in fact weigh the relative mass-
es of the K0 and K

–0, to one part in a
quintillion (1018). The bottom illus-
tration shows the constructive in-
terference pattern for this case.

Many other patterns result from
choosing different decay channels;
from them we can learn all about the
neutral K-meson system, that is, de-
termine the total set of 16 parame-
ters which define the system. No

other experiment at any other high
energy accelerator can do this.

THE KLOE detector’s main mis-
sion is to study ε' with a  sen-
sitivity of the order of one part

in ten thousand via traditional branch-
ing ratio methods as well as through
a whole host of quantum interferom-
etry measurements. It is also fully ca-
pable of investigating a whole range
of other physics. The scale of KLOE
is driven by a fundamental parameter,
the average distance the KL goes be-
fore decaying (3.5 meters). A practical
compromise is to detect KL decays in
a big, cylindrical chamber of radius

THE RADIUS of the beam pipe around the luminous point
is 10 centimeters. This allows the definition of a clean
fiducial region for KS decays. The beam pipe is made of

0.5 millimeter thick beryllium to minimize multiple scat-
tering, energy loss for charged kaons and KL to KS

regeneration. 
The almost uniform distribution of KL decay

vertices and secondary tracks in the
chamber volume requires a constant

size drift cell. This is achieved by
using only alternating stereo lay-
ers, with constant inward radial
displacement at the chamber
center. The total number of cells
is about 12,000. We use helium-
based gas mixtures, aluminum

wires, as well as spherically shaped
carbon fiber endwalls to minimize mate-

rials seen by the photons entering the
electromagnetic calorimeter.

Unique to the KLOE experiment is the method of determin-
ing the flight path of KL (the segment ID in the illustration
above) by time measurements. I is the phi decay point, the
direction of ID is given by −pKS, and A is the photon

e– I e+

p(KS)

KL

D

A

γ

KLOE cross section along the beam axis.

The How of KLOE
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approximately 2 meters and length 370
centimeters. The KLOE cross section
is shown in the box on page 39. De-
tector requirements are to collect sta-
tistics; to measure the path length of
the KS, KL decays to the required ac-
curacy; to reject backgrounds at the de-
sired level; and to be self-calibrating.
Thus, the experimental apparatus must
be able to track charged particles of mo-
menta between 50 and 250 MeV/c. It
must also detect with very high effi-
ciency (low failure rate) photons with
energy as low as 20 MeV, measure their
energies with a fractional resolution of
15 percent at 100 MeV, and provide the
space coordinates of the photon con-
version point, where the daughter pho-
tons from a π0 became an electron-
positron pair. A largely empty space,
with a special gas and fifty thousand
fine wires, lets us see where the charged
particles went. The photon measure-
ments are done in a lead-scintillating
fiber sampling electromagnetic calo-
rimeter with exceptional timing abili-
ties that surrounds the tracking cham-
ber. It is in turn surrounded by a
superconducting coil providing a sole-
noidal field of 0.6 tesla.

SINCE DAΦNE is also a prolific
source of charged K-mesons, not
only can CP studies be pursued

there too, but one can also further the
knowledge of the low energy meson
theory known as chiral perturbation
theory. It also is a perfect laboratory
for light meson spectroscopy and nu-
clear physics. Still, for the KLOE ex-
perimenters the thrill is really the op-
portunity to perform the most accurate
tests and measurements in particle
physics while being able to  observe
beautiful interference patterns in a
quantum mechanical system.An artist's conception of KLOE.
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The site and the buildings that will house DAΦNE and its detectors. The ferro-
concrete single span dome, designed by Pier Luigi Nervi, a famous Italian architect,
is a national landmark.
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THE UNIVERSE AT LARGE

Fritz Zwicky, who was right about a lot
of things, used to claim that producing
astrophysical magnetic fields from

scratch was so difficult that the solution
must lie in a phrase accidentally omitted
from the printed version of Genesis 1:14,
“Dixitque Deus: Fiat lux, campusque mag-

neticus.”* Many of us also suspect that, while the Creator
proclaimed the light to be good, if He had seen the magnetic
fields, he would have joined us in regarding them as a tire-
some and unnecessary complication.

*If you are looking for the Hebrew original of what God really said, ask any
Israeli physicist; they still speak it. If what you had in mind was English, “And
God said: Let there be light . . . . and magnetic fields” is a reasonable approxi-
mation. Zwicky was widely reputed to speak seven languages, all badly. I am
not sure whether this was meant to include Latin. 

by VIRGINIA TRIMBLE

“The larger our ignorance, the stronger the magnetic field.”

—Lodewijk Woltjer,
Nordwijk Symposium, 1966
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Why should the celestial magnetic landscape look un-
tidy? Electromagnetism is, after all, a solved problem.
Maxwell’s equations provide a complete, special-
relativistically correct description of charges, currents,
fields, and their interactions, apart, perhaps, from the
missing corner of the tablet that must have contained
the rest of the equation that begins ∇⋅Β = , so that we
cannot be sure whether the right-hand side is zero or
merely very small. Quantum electrodynamics, as grad-
ually assembled by Hans Bethe, Richard Feynman, Julian
Schwinger, Shinichiro Tomonaga, Freeman Dyson, and,
probably, others, takes care of the quantum mechanical
side of things. Thus, once you decide which calculation
to do, there is a single, correct way to do it. The astro-
physical difficulty is that we are not quite sure which
calculations to do. 

Magnetic fields in astrophysical objects are supposed
to be of three kinds. First, there are fossil, residual, or
frozen-in fields. The idea is that, if you take a magnet-
ic field and put it in a box with a plasma, it will proba-
bly still be there, flux conserved, later on, even if you
have expanded, compressed, or stirred the contents of
the box in between. Judicious stirring can even ampli-
fy the field sometimes. Magnetism in dead stars— white
dwarfs and neutron stars—is generally described as be-
ing of this type, with flux conserved from when they
were real stars, with nuclear reactions in progress. 

Second, there are dynamo fields, continuously re-
generated by electric currents of suitable geometry, draw-
ing their energy from rotation, turbulence, or other
mechanical sources, and requiring a small seed field to
get started. The earth, the sun, and the Milky Way galaxy
are believed by most to have dynamo fields. All three
have suitable substances to carry the currents (the earth’s
fluid iron core; ionized gases in stars and interstellar
medium) and a combination of rotational and turbulent
energy to draw on. 

The really big question is, of course, how much (if
any) of the preceding two paragraphs is true. Both mech-
anisms require some previously existing field and so
in a sense just push the problem a bit further back in

time, to the third class of astrophysical field, the
primordial. And in none of the cases can we specify
the initial conditions well enough to calculate anything
with the sort of rigor that you chaps over in physics gen-
erally expect. I will defer further discussion of origins
until after page 51.

Meanwhile, there are some simpler questions to which
partial answers exist: Which astronomical objects have
magnetic fields? (All of them, it seems.) What are their
geometries and intensities? What other phenomena
are they responsible for, and how would the universe be
different without them? And, of course, how do we know
these things? Curiously, given their ubiquity, astro-
physical magnetic fields are not often dynamically im-
portant, and the answer to “how different” is frequent-
ly “not very.” Our most important tools are the Zeeman
effect and Faraday rotation of linearly polarized light.
Our units are relentlessly cgs. 

FROM EARTH TO MOON IN A FRACTION 
OF A GAUSS

The earth is the only astronomical object that has been
known to have a magnetic field for even as long as a cen-
tury. Credit for the discovery belongs to the Chinese, the
Greeks, or the Asians Minor, depending on how much
faith you put in the “south pointing carriage” of the em-
peror Huan Tin, the shepherd Magnus, or the Hills of
Magnesia. The approximate dipole shape and strength
first revealed themselves to William Gilbert in about
1600 and secular changes to Edmund Halley in 1692.
The former has a unit named for him and the latter a
comet. The comet is about 10 km long; anyone who can
explain the size of a gilbert is entitled to a glass of wine
at the next APS meeting we both attend. 

The present average strength of the earth’s surface
field is a bit less than half a gauss, varying systemati-
cally with latitude and more chaotically with types of
nearby rocks and so forth. The north and south magnetic
poles coincide with the geographic ones only on aver-
age, and the westward drift of field pattern discovered
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by Halley was part of the averaging process. He was not,
and could not have been, aware of a much more
spectacular kind of change. The earth’s field reverses
(flips upside down) every half million years or so (174
changes in the last 100 million years, but the epochs are
not all of equal length). In more elegant words, the earth’s
field is an over-stable, self-excited dynamo, with a quasi-
period of about 5×105 years. 

What is our field good for? Sociological items come
first to mind: the importance of magnetic compasses
to 13th–19th century navigation and, more recently,
to the location of boy scouts by girl scouts, and
conversely.

Only the twisted mind of a frequent teacher of in-
troductory geophysics would think next of the impor-
tance of evidence from fossil magnetic fields in per-
suading much of the geophysics community of the reality
of sea-floor spreading and continental drift during the
period 1955–1965. The key observation is that undersea
rift valleys, like the East Pacific Rise and the mid-Atlantic
Ridge, are paralleled by symmetric stripes of positive

and negative field anomalies, about a milligauss in
strength and 10’s to 100’s of km wide. The interpreta-
tion is that the rifts are spreading centers and that mag-
netic domains in new, fluid basalt continuously solidi-
fy aligned with the instantaneous terrestrial field, parallel
or anti-parallel to the present one, only to be dragged re-
lentlessly away from their rift of origin. The strip widths
plus calibration of the times of field reversal (based on
radioactive dating of continental lava flows) tell you that
the oceans are opening and closing at a few centime-
ters per year. Fossil magnetic fields in continental ig-
neous rocks more than a few tens of millions of years
old also say that both the latitudes and the orienta-
tions of the continents have changed with time.

The terrestrial magnetic field extends (with strength
∝ l/r3) well above the earth’s surface, where it is re-
sponsible for trapping energetic particles in the Van Allen
belts and for standing off the solar wind in a bow shock
out at about 10 earth radii, with a tail trailing out be-
hind us. Energetic particles that do reach the earth’s sur-
face are a major source of mutations, suggesting our field
has biological importance. Efforts to associate periods
of rapid extinction with episodes of field reversal, when
field strength goes briefly through zero, remain fairly
indeterminate. 

Keeping up the earth’s field with dynamo processes
presents something of an energy problem. This sounds
screwy. The rotational kinetic energy is more than 1036

ergs. The energy dissipated per field reversal cycle (B2/8π
× volume of earth) is only 1018 ergs for a one gauss field.
But, it seems, only the convective energy flux is avail-
able for use, and the internal toroidal field is a hun-
dred times or more stronger than the surface dipole one.
Thus a conversion efficiency of about 10 percent is re-
quired—not impossible, but surprising. 

The moon, in contrast to the earth, is magnetically
dead, with little or no magnetosphere or dipole field. The
rocks returned by the Apollo astronauts and their in situ
magnetometer measurements, however, both displayed
local fossil fields up to a few milligauss (comparable with
typical frozen-in anomalies in terrestrial rocks). 

SCR IP P S

Magnetometer

Lava

Seafloor spreading (symbolic view). The shaded pattern
shown is that of residual magnetic fields, after the local
average has been subtracted. Lighter stripes have residual
field parallel to the earth’s present dipole, including the central
stripe of material currently being solidified from fresh lava.
Darker stripes have reversed residual polarity. The figure is
probably about 100–200 km across, representing 3–6 million
years of motion. The whale, magnetometer, and vessel
belonging to Scripps Institute of Oceanography are, therefore,
not to scale. Arrows show the direction of plate motion.
Modern oceanographic vessels are generally not sail
powered.
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THE SUN AND SOLAR SYSTEM

Our Friend The Sun became the second astronomical
object with a known magnetic field sometime between
1892 (when John Young observed the doubling of some
absorption lines in the spectra of sunspots) and 1908
(when George Ellery Hale measured opposite circular
polarizations for the two components coming from spots
at the center of the solar disk). This is, of course, the clas-
sic Zeeman pattern for field lines parallel to your line of
sight, that is, perpendicular to the surface of the sun. 

The 11 year sunspot cycle had been recognized about
75 years before, and Hale went on to demonstrate that,
during a given cycle, all spot pairs in the northern
(geographic) hemisphere have their right-hand spots of
one polarity and their left-hand spots of the opposite
polarity, with things backwards in the southern hemi-
sphere. And everything flips around the other way
(including the sign of the 0.3 gauss overall dipole field)
in the next cycle. Thus the real period is 22 not 11 years.
Fields in the spots and surrounding active regions range
from hundreds to a few thousand gauss. 
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George Ellery Hale discovered the magnetic field of the sun
and many of its systematics. One goal at which he failed was
that of photographing the corona at times other than during
total solar eclipse. The necessary device was developed by
others after Hale’s death and is comparably clever to his
device for obtaining solar magnetograms (shown here).
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Layers of the sun responsible for the various tracers of solar
magnetic field and activity (partial cutaway). Energy is
generated in the small, shaded core and carried outward by
radiation. The outer layer is convective, and fluid motions here
are somehow involved in dynamo field generation. The
photosphere is the layer you see, complete with sunspots,
with their polarities shown for some representative 11 year
half-cycle. The chromosphere is only a few thousand miles
thick and emits line radiation responsible for K line reversals,
etc. The corona extends out to many solar radii (more at cycle
maximum), blending into the solar wind. At a temperature of
about 106 K it emits X-rays and bremsstrahlung and
synchrotron radio waves (more during flares).
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The solar activity cycle, with spots, flares, enhanced
corona, and bursts of wind and energetic particles all
coming and going, is the most obvious manifestation of
the sun’s field. The variable ultraviolet, X-ray, and par-
ticle fluxes show up on earth as changes in the iono-
sphere (hence in propagation of radio and radar signals),
in carbon-14 production, and in the ozone layer. Not all
the changes go the way you might think. The particle
burst from a major solar flare can knock out over-the-
horizon radar for days (and has, with occasional near-
serious consequences); but you get the most C14 made
during cycle minimum, when the solar wind is weak
and allows more galactic cosmic rays to come in from
outside. Nobody quite knows how far you have to go
to reach the edge of the heliosphere, where the wind
finally comes to terms with interstellar gas and fields,
but it is anyhow well outside the orbit of Pluto, and the
Pioneer and Voyager space craft have not yet got there. 

Large numbers of observers and theorists earn their
precarious livings by reading each others’ preprints about
properties and models of various aspects of the solar ac-
tivity cycle. Most models derive at least remotely from
ideas put forward in the 1950s by Horace W. Babcock
and Robert Leighton, in which the overall dipole is
stretched and amplified by solar differential rotation and
convection until bits start popping out at mid-latitude.
More work is needed. 

A less obvious consequence of the solar field is grad-
ual slowing of the sun’s rotation, of which more later
under “nearly normal stars.”

The other terrestrial planets (Mercury, Venus, Mars) have
dipole fields and magnetospheres at most 1 percent that
of the earth. My explanation in introductory classes is that
Mercury and Mars lack fluid cores, while Venus is a slow
rotator. All are true, though the experts say things are re-
ally rather more complicated. The most clearly measured
of the three dipoles, Mercury at 330 nT, is apparently a frozen-
in field, left from when the planet had some partly molten,
metallic materials, threaded by the field of a younger, more
active sun. My favorite overestimate was a 1962 suggestion
of a 5000 gauss field for Venus, based on appparent decline
in geomagnetic activity when Venus was closest! 

The Jovian planets (Jupiter, Saturn, Uranus, Neptune)
all have measurable fields and magnetospheres with radii
10–100 times those of the parent planets. The Jovian
field is strongest, from 3–14 gauss. The others are all
about 0.9 G at their magnetic poles and weaker else-
where. No two of the planets have the same angles be-
tween field axis and rotation axis (or between rotation
axis and orbit plane), and none is much like the earth.
Thus you will need a different sort of compass for each
one you decide to visit. 

The magnetosphere of Jupiter showing the shock of
encounter with the solar wind, the trailing tail, and the radio-
emitting plasma connected with the moon Io. (Courtesy of
Fran Bagenal, University of Colorado, Boulder)
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The great strength of the Jovian field means that the
dinosaurs there could have seen aurorae much more spec-
tacular than those of earth up until they were all killed
by the impact of Comet Shoemaker-Levy 9. The motion
of Jupiter’s innermost large moon, Io, through the mag-
netosphere drives some impressive radio emission,
though the animals that could sense it became extinct
long ago, owing to the enormous ergonometric burden
of carrying microwave antennae on their heads. The
giant planets are all largely made of rapidly rotating plas-
mas, and field models are dynamos of various sorts. 
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NEARLY NORMAL STARS

Searches for Zeeman splitting and polarization in stel-
lar spectra began just a few years after Hale’s solar tri-
umph, but the first winner was Horace Babcock in 1946
(same guy, and not to be confused with his father H. D.
Babcock, who was, however, his collaborator on many
papers dealing with solar magnetism). The star was 78
Virginis, probably not
one you have often
wished upon. Young
Babcock made several
wise choices—a big
telescope (the Mt. Wil-
son 100-inch), an ana-
lyzer with mica quar-
ter-wave plate and
calcite crystal that
minimized instru-
mental loss of light
and was much like a
device Zeeman him-
self had used, and con-
centration on spectral
lines produced by
atoms of iron, chromi-
um, and cobalt, not the
more obvious, stronger
lines of hydrogen. The
disk-averaged field in 78 Vir implied by the wavelength
separation of right- and left-circularly polarized lines was
about 1500 G. 

Babcock was also lucky. He had chosen to look at stars
with surface temperatures of 10,000–20,000 K (types A
and B), most of which are rapidly rotating, on the grounds
that they ought to have stronger dynamo fields (Lar-
mor had already attributed the solar field to dynamo-like
action back in 1919). And he picked out a subset with
narrow lines, because otherwise Zeeman broadening
would be obscured by Doppler broadening, on the as-
sumption that they were seen pole-on. But his sample
included a few stars known to have exceedingly peculiar

spectra, with greatly enhanced lines of europium and
other lanthanides. These stars are actually slow rotators
with periods of many days (seen in the regular variabil-
ity of their brightnesses, field configurations, and spec-
tral line profiles), with regions of strong field and weird
composition studded across their surfaces in long-lived,
spot-like patterns. Local field strengths extend up to
50 kG, and many of the stars have their magnetic axes
nearly perpendicular to their rotation axes. This “oblique
rotator” geometry will appear again when we get to pul-
sars. These peculiar A (Ap) stars are still the only “nor-
mal” (hydrogen-burning) ones with magnetic fields strong
enough for Zeeman broadening to be seen from earth.

Nevertheless, the study of stellar magnetism and
related activity is a major astronomical enterprise, be-
cause we can look for analogs of solar field indicators.
Among these are flares, radio and X-ray emission from
coronae (advertized as being heated by Alfven—mag-
netohydrodynamic—waves), and variability in bright-
ness caused by groups of dark spots carried along with
the rotating stellar photospheres. The most useful in-
dicator of all has been the peak of emission that pokes
up at the bottoms of strong absorption lines (H-beta, theHorace W. Babcock, discoverer of

stellar magnetic fields and modeller
of the solar one. Believe it or not,
his Ph.D. dissertation was on the
rotation of the Andromeda galaxy
and counts as one of the very early
discoveries of dark matter.
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Emission line components in the solar lines of Ca II (calcium H
and K). The photospheric absorption extends the entire ±0.6Å
width of the figure and beyond. The emission pokes up from it
between +0.2 and -0.2Å from the line center. And there is a
final absorption dimple at the center where even the chromo-
sphere is optically thick. [Adapted from article by J. B. Zirker
in The Structure of the Quiet Photosphere and Low
Chromosphere (Bilderberg Conference, 1968), Reidel.]
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H and K lines of ionized calcium), discretely in the sun,
and blatantly in some other stars. These so-called line
reversals are photons coming from (magnetically?) heated
chromospheres. Their intensity in the sun is greatest
where there are most spot groups, flares, prominances,
and other heating sources.

Thus, way back in 1913, Karl Schwarzschild (of the
black hole solution) had asked rhetorically whether one
might not be able to find cyclic variations in calcium K-
line reversal intensities, thereby demonstrating the ex-
istence of solar type cycles in other stars. The answer
is yes. Olin Wilson started looking hard in the early 1960s

and, upon retirement, handed over the project to Sallie
Baliunas, who has added many measured cycle peri-
ods, most between 5 and 15 years (partly an observa-
tional selection effect) to Wilson’s handful. Curiously,
the Mt. Wilson 100-inch telescope is still among the
facilities she uses.

Stellar activity, according to these various and well-
correlated indicators, is best predicted by Rossby num-
ber. Eh? Translation—you get lots of activity (driven, we
presume, by strong dynamo flelds) when the star is a
rapid rotator having a deep convective envelope. Con-
vection sets in at a surface temperature a bit below
10,000 K, reaches down 30 percent of the radius in a
5700 K sun, and takes in the whole star below 4000 K.
And, indeed, the most spectacular flares come from faint,
cool stars. Rapid rotation is a gift of stellar youth and
dies away in 107–9 years, except in close pairs of stars,
where rotation and orbit are synchronized, so that a
rotation period of a few days lasts forever, instead of
slowing to a month or more as in the sun.

Where does the rotation go? It is carried off by mag-
netized winds that co-rotate out to large distances and
then dump angular momentum where they interface
with interstellar gas. Thus our sun was almost certain-
ly a rapid rotator 4.5 billion years ago when it first
formed, as are solar-mass stars in young clusters today. 

Does any of this matter to the price of beans? Maybe.
A more active, young sun implies more ultraviolet ra-
diation, X-rays, and high energy particles reaching the
earth to affect its atmosphere, hydrosphere, and bios-
phere. There may even have been nuclear reactions
among flare particles, making lithium and a few other
rare nuclides. 

But the most important possession of the rapidly ro-
tating proto-sun was its protoplanetary disk. Indeed,
through the 1920s and 1930s, mainstream opinion held
that our planetary system must have resulted from a
close encounter between the sun and another star, be-
cause there was no way to achieve the present distrib-
ution of angular momentum between the sun and plan-
ets in a closed box system. True enough; it's just that
the box is open at the opposite end from what
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Changes with time in the H and K emission in spectra of two
stars somewhat cooler than the sun. For HD 201091 evidence
for a period near seven years is fairly clear. HD 201092 is
clearly variable but less obviously periodic. Other stars show
an essentially constant, low level of emission for decades.
More recent data are not cleaner (though some now extend
over longer time periods) because the short term fluctuations
ar real, not instrumental errors. Reprinted with permission from
the Astrophysical Journal.



48 WINTER 1995

Chamberlain and Moulton had in mind, and angular mo-
mentum gets out rather than in. 

Stellar encounters close enough to drag out materi-
al for planets will happen about once per galaxy in the
age of the universe (even if you could be sure of the stuff
condensing afterward). Protoplanetary disks, in constrast,
are common around newly-forming stars. They can be
studied because gas and molecular gas in them emit con-
tinuous and band radiation in infrared and millimeter
regimes. Thus the rapid rotation of young, cool stars and
their consequent dynamo magnetic fields are intimate-
ly connected with the existence of the earth and other
potentially habitable planets orbiting other stars. 

You will probably have noticed that the strong, spot-
ty fields of the Ap stars are not part of this rotation +
convection pattern—their atmospheres are radiative and
they are slow rotators. Thus the origins of their fields
are even less well understood than those of solar-type
poloidal + toroidal fields, powered by alpha-omega dy-
namos. Alpha is the convective part and omega the ro-
tation, and I have no idea whether the person who coined
the name had any religious associations in mind!

THE REALLY BIG FIELDS—NEUTRON STARS 
AND PULSARS

Although white dwarfs entered the
astronomical inventory early in
this century and neutron stars not
until 1968, the
neutron stars had
strong fields first,
both predicted and
measured (remark-
ably, in that order).
Two rather simi-
lar, but apparent-
ly independent,
predictions date
from 1964 and
1967. In the
former, Lodewij

Woltjer wrote: “If a star contracts in a spherically sym-
metrical way and if flux is conserved [and] if neutron star
densities are reached the field intensity would increase
by a factor of 1010, and thus stellar fields of up to
1014–1016 G could be reached. . . .one may well specu-
late that such a theory could have a direct bearing on the
problem of the origin and acceleration of the relativis-
tic electrons in the Crab Nebula.” 

And Franco Pacini mused in 1967:
The problem therefore arises of finding out
whether the energy stored in the neutron star
plays an important part in connection with the
activity observed in some supernova remnants
such as the Crab Nebula. The vibrations of the
neutron star, however, do not last long enough
for our purpose. . . . It seems more rewarding
therefore to look for some mechanisms by which
the neutron star can release either its magnetic
or its rotational energy or both.

To which we can only say: Yes, one may and it does. Paci-
ni, incidentally, continued by giving the equation for ra-
diation by a rotating magnetic dipole that we now all
use to calculate pulsar field strengths and ages, though
pulsars had not yet been discovered.

The March 1968 announcement of pulsars by S. -
Jocelyn Bell, Anthony Hewish, and others did not im-
mediately pin things down, since wrong models out-
numbered right ones (rotating oblique magnetised
neutron stars) for the first few months.* Convergence
came with a measurement of the rate of slowing down
of the pulsar in the Crab Nebula, remnant of the 1054
supernova recorded by Chinese astronomers. Given the
period, its derivative, and the relevant volumes of Lan-
dau and Lifshits, anyone could calculate the rate at which
energy was being lost (yes, it was enough to power the
surrounding nebula) and the dipole magnetic field need-
ed to radiate that much energy. The answer is roughly
1012 G, a million or so times as strong as the strongest
laboratory fields, but still small compared to what the
stars could support without being distorted by mag-
netic pressure. 

*This is not quite like always finding things in the last place
you look, but there are similarities.
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Lodewijk Woltjer.
Later director
general of the
European
Southern
Observatory,
Woltjer for some
years focussed
on force-free magnetic fields in galaxies
after completing a thesis on the Crab
Nebula (another place where magnetic
fields are important). He was among the
pre-discovery predictors of neutron star
fields.
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Nobody really quite knows how pulsars convert 1028

to 1038 erg/sec from dipole radiation at 0.2–600 Hz to
the much higher frequencies and particle fluxes that we
see, and, in accordance with Ehrenfest's remark about
the difficulty of explaining things you don’t understand,
I won’t try. At least one other major puzzle remains in
the realm of neutron star magnetism, though all sorts
of things have been measured in the decades since 1968. 

A relatively narrow range of field strengths, 1012±1 G,
takes care of (a) all pulsars with spin-down ages of 107

years or less, (b) the X-ray emitting neutron stars whose
energy source is material from a massive companion star
channelled down on to their surfaces by their fields, and
(c) the subset of X-ray neutron stars whose spectra show
cyclotron resonance features at energies of 20–70 keV.
Within this class, field strength is not strongly corre-
lated with rotation period, age, location in the Milky
Way, or anything else you can think of. All single pul-
sars of this type have rotation periods between 0.033 and
5 seconds and are slowing down. The binary ones have
periods of 2–1500 seconds and are as likely to be getting
faster as slower. Thus we come to the other major

mystery: just how do the objects described in this para-
graph evolve to the ones in the next paragraph? 

A second class of pulsars is characterized by (a) spin-
down ages of 108–10 years, (b) rotation periods of 1.55
to 100 msec, (c) dipole magnetic fields of 108–10 G, and
(d) frequent presence of companions (mostly white dwarfs
or other neutron stars). They somehow go with a second
class of X-ray binaries in which the neutron star is ac-
creting from a low-mass, old companion and shows no
evidence of either cyclotron features or magnetically-
funneled accretion. The rapid rotation is blamed on spin-
up by accreting gas during the X-ray phase (after which
some, but not all, of the born-again neutron stars are
liberated). 

But where has most of the magnetic field gone? Did
it just die away through enhanced Ohmic dissipation,
removal by elves, or something? If so, why are there
no field-age correlations among the younger objects? Has
it merely been temporarily buried by the accreted gas
(the “in” word is advected)? Perhaps, but we are not at
all sure that all the single, millisecond pulsars have been
through a binary phase. 

Oh yes. Is it now definitely established that the fields
are really the fossil, flux-conserving kind that Woltjer
and Pacini predicted? Not at all. Theorists abound who
prefer some sort of dynamo, Hall currents, or other in
situ production mechanism. Many of the scenarios for
field formation and destruction involve periods when
most of the magnetic energy is in higher moments than
dipoles. Such fields do not make for efficient pulsar
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Locations of many pulsars, both normal (young) and reborn in a
field-strength vs. period diagram. Period is directly measured.
Field strength is calculated from P and dP/dt on the assumption
of magnetic dipole radiation from a 1.5 MO.10 km radius neutron
star (B2 = 1039 P × dP/dt, B in Gauss, P in seconds).
Millisecond pulsars are in the lower left corner. Solid diagonal
lines are the loci of pulsars whose slowing-down ages
t = P/2(dP/dt) are 104 and 1010 years. Neutron stars to the right
of the hatched zone are not energetic enougn to make e± pairs
and so do not radiate. Other symbols indicate membership in
binary systems, presence of a supernova remnant, and so forth.
[Courtesy E. S. Phinney and S. Kulkarni, Annual Reviews of
Astronomy and Astrophysics 32, 591 (1994).]
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emission and can be very hard to detect. Nor can I think
of any way that the universe would be fundamentally
different if neutron stars had no magnetic fields at all,
or much stronger ones than they do.

THE MAGNETIC FIELDS OF WHITE DWARFS—
A STELLAR AFTERTHOUGHT

No one seems to have estimated or searched for mag-
netic fields in white dwarfs (the remnants of burnt out
stars of relatively low mass) until pulsars (the corre-
sponding remnants of bigger stars) had been seen and
crudely understood. Soon after, most of the people you
would expect entered the prediction market (J. P. Ostriker
at Princeton, V. I. Ginzburg in Moscow, Woltjer at Co-
lumbia), pointing out that fields of megagausses and more
would result from the same sort of flux conservation
that seemed to apply to neutron stars.

The secret to successful measurement was finding the
right lamppost to look under. George Preston of the Hale
Observatories thought of quadratic Zeeman shifts of hy-
drogen absorption lines in white dwarf spectra (the ma-
jority of which display nothing else; helium only is
second commonest; and third comes no lines at all).
He used wavelengths for 70-some stars, published in the
preceding few years by Trimble (yes, that Trimble) and
Greenstein (Jesse L. of Caltech) and arrived at an upper
limit of less than 106 G for all of them. Unfortunately,
he had neglected to consult the data gatherers—an act
not totally unprecedented among interpreters. We had,
in fact, thrown out the higher Balmer lines when they
disagreed with the stronger, longer-wavelength ones, au-
tomatically eliminating the possibility of seeing any qua-
dratic Zeeman effect. Rootling back into the raw data,
I discovered what first looked like many fields at the few
Megagauss level. It was actually an obscure, previously
unimportant, wavelength-dependent curvature of lines
on spectrograms exposed through the prime focus spec-
trograph of the 200-inch Palomar telescope. And we were
back to (slightly looser) limits on white dwarf fields. This
was not the right lamppost. It still isn’t. The majority of

white dwarfs have fields too weak for quadratic Zeeman
shifts to be seen even today. As for the rest, stay tuned.

The winning strategy was circular polarization. A cou-
ple of upper limits appeared back-to-back with Preston's
I970 Zeeman paper, and a detection the next year. The
telescope used was not the 200-inch or even the 100-
inch, but a 24-inch at Pine Mountain Observatory (wher-
ever that is). The first observer was not any of the fa-
mous people at Lick, Palomar, or Kitt Peak, but James
C. Kemp of Oregon State University, primarily a labo-
ratory physicist. And the field he found was not a mere
Megagauss but considerably more than 107 G. The star,
however, was famous, called Minkowski’s star for
Rudolph, who took the first spectrogram of it in 1938,
said he could make neither heads nor tails of its spectral
features,and went back to supernovae and galaxies.

Strangely,* the star is now more often called Grw
+70˚8247 (meaning the 8247th star in a zone of the sky
70˚ north of the celestial equator as recorded in a cata-
logue compiled at the Greenwich Observatory), and it
has been followed by several dozens of white dwarfs (a
few percent of the ones examined) with fields of 3 to 300
MG or more. At this field strength, all degeneracy of hy-
drogen energy levels disappears, and the components
of the Balmer lines run, seemingly at will, all over the
wavelength landscape. The features you see correspond
to components whose wavelengths remain relatively
constant over some reasonable range of Megagausses. 

Megagauss-plus magnetism is commoner among bi-
nary than among single white dwarfs, turning up in 10
percent or more of them, vs. a few percent of the singles,
but the fields are confined to a much narrower range
of 20–50 MG. This is, of course, not understood. The
fields are fossil ones by default—nobody has figured out
how to make them in the degenerate dwarfs. Thus ob-
viously one ought to look for some kind of correlation
with the fields in the progenitors of binary vs. single
white dwarfs. Well, we did anyhow agree a section or

*Perhaps not. This is, after all, the generation that prefers
http://to Dear Rudolph. 
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two back that close binary stars, by continuing to rotate
rapidly as they age, keep up their activity longer and
thus, perhaps, their magnetic fields. Now you pick a
hypothesis! 

Binary magnetic white dwarfs often have coronae that
produce emission lines, X-rays, and ultraviolet photons.
Do the single ones, at least those cool enough to have
convective surfaces? Apparently not. Several of us
thought it likely enough to apply for satellite time to
look for the X-rays, and the negative results are now suf-
ficiently numerous that further requests are unlikely to
be approved! Look for Zdzislaw Musielak as first author
on one set of papers, Trimble as last author on some oth-
ers, and theorist Vladimir Zheleznyakov, who was
Ginzburg’s co-author on one of the early prediction papers
and, I think, has still not quite given up. 

The magnetic fields of white dwarfs, like those of neu-
tron stars, do not seem to make any great difference in
the grand scheme of things. 

INTERMISSION

So far, we have encountered magnetic fields, both
dynamo and fossil, in planets and stars. In no case is the
magnetic energy content even as much as 1 percent of
the gravitational potential energy, nuclear energy, or oth-
er reservoirs in the objects. Please tune in next quarter
for a look at some cases where fields are dynamically
important (star formation, bipolar outflows, quasar jets)
and some others (like the spiral arms of galaxies) where
again they are apparently just along for the ride. 

FOR MORE DETAILS (though personally I think you
have had about enough for one day) 
F. Krause et al. Eds. The Cosmic Dynamo (IAU 

Symposium 157), Kluwer (1992). 
F. Bagenal, “Giant Planet Magnetospheres” in Annual 

Reviews of Earth and Planetary Sciences 20, 289 
(1992).

D. J. Helfand and J.-H. Huang, Eds., The Origin and
Evolution of Neutron Stars (IAU Symposium 
125), Reidel (1987).

V. Trimble and P .J. T. Leonard, “Astrophysics in 
1993” section 3 (The Evolution of Stellar Rotation 
Rates and Activity). Publications of the Astronomi-
cal Society of the Pacific 106, 1 (1994).

R. Cavallo et al. “An Upper Limit to Coronal X-rays 
from Single Magnetic White Dwarfs” Journal of 
Astrophysics and Astronomy 14, 141. 

AND FOR THE HISTORY, G. Verschuur, Hidden
Attraction: The History and Mystery of
Magnetism, Oxford University Press, 1993. Once,
long ago, there was also a wonderful book called
Soul of Lodestone, but I have no idea who wrote it
or how to find it, now that my father’s copy has
disappeared. 
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MARTIN PERL, one of this year’s re-
cipients of the Nobel Prize in
physics, led the team that found the
first evidence for the tau lepton at
Stanford Linear Accelerator Center
in 1974. His article, “Evidence for
Anomalous Lepton Production in
e+-e− Annihilation” (part of which is
reprinted in this issue), has been cit-
ed in more than 650 publications
since March 1, 1996.

A graduate student of the Nobel
laureate Isidor I. Rabi at Columbia
University, Perl came to SLAC in
1963 and spent the next eleven years
trying to find something other sci-
entists didn’t take seriously. It is no
wonder that he is now concerned
about funding for young scientists,
particularly for women, and that
with the tightening of research funds
off-beat or strange ideas might go un-
funded. 

JACK RITCHIE is an Associate Pro-
fessor of Physics at the University of
Texas at Austin. He received his PhD
from the University of Rochester.
Upon graduating, he became inter-
ested in rare kaon decays and got in-
volved, as a post-doc at Stanford Uni-
versity, in an experiment which was
being planned to search for lepton-
flavor violation in neutral kaon de-
cays at Brookhaven National Labo-
ratory in New York. Work on that
experiment continued after his move
to Texas. With the first experiment
completed, a new and improved ex-
periment was designed and built and
is now taking data. 

CONTRIBUTORS
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VIRGINIA TRIMBLE’S encounters
with astrophysical magnetic fields
have been largely negative. In addi-
tion to the failures recounted in this
edition of the “Universe at Large,”
she once attempted (as a compulso-
ry graduate course research project)
to measure solar magnetic fields on
size and intensity scales intermedi-
ate between the dipole and sunspot
fields. The method was to look for
a correlation of widths of weak ab-
sorption lines with the Lande g-fac-
tors of the absorbing levels (a mea-
sure of how much Zeeman
broadening a line should experience).
There was a correlation all right, a
negative one. Since the expected re-
lationship is of the form, width ∝
B2g, the only possible conclusion was
that the solar magnetic field on those
scales is imaginary. This result is be-
ing published here for the first (and
last) time.

While primarily an experimental
physicist, JULIET LEE-FRANZINI
has specialized in the more theo-
retical aspects of the numerous ex-
periments in which she has par-
ticipated. She received her PhD
from Columbia University where
she performed her first null ex-
periment at Nevis Laboratories.

In 1963 she joined the faculty
of the State University of New
York at Stony Brook and as its
founding particle experimentalist
contributed for thirty years to-
wards that institution’s becoming
a premier research university.

Since 1991, as VIP physicist of
the INFN, she has concentrated her
efforts on KLOE and DAΦNE while
continuing her particpation in the
D0 Collaboration at Fermilab
which co-discovered the top quark
in 1995.

PAULA FRANZINI received her un-
dergraduate degree in physics from
Cornell University and a PhD in high
energy phenomenology as a student
of Fred Gilman’s at SLAC, receiving
her degree in 1987. Since then she
has wandered from CERN in Switzer-
land to Lawrence Berkeley Nation-
al Laboratory in California to LAPP
in France and PSI in Switzerland. She
has always concentrated on studies
and analyses for present and future
e+e− colliders—SLC, LEP, CESR, and
DAΦNE. She is currently taking a sab-
batical from physics  to study art in
Lisbon, Portugal.
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