


Nestled in the lush 
countryside near 
Palo Alto, the Stan­
ford Linear Accelera­
tor Center, or SLAC, 
has been a rich 
source of data for 
high-energy physi­
cists. The large 
building in the fore­
ground houses the 
linear collider's 
particle detector, 
while the smaller 
building to its right 
will accommodate the 
proposed B factory's 
detector. The 1-280 
crosses the linear 
accelerator, which 
slingshots electrons 
and positrons to more 
than 99.99999 percent 
of the speed of light. 

Of Symmetries and Factories, 
Matter and Antimatter 

by Alan J. Weinstein 

In 1991, the Department of Energy and the 
National Science Foundation commissioned a 
panel to identify the most important goals in 
high-energy physics and to recommend funding 
priorities. The committee concluded that one 
of the few top priorities for the next decade is the 
"comprehensive study of CP violation in B meson 
decays at ... a B factory." What is CP and what is 
its violation? What are B mesons? What is a B 
factory, and why is it so important to particle 
physics? The observation of CP violation in B 
meson decay has become a focal point for high­
energy physics in general. Even more signifi­
cantly, CP violation may lie at the root of why 
there's more matter than antimatter in the 
UnIverse. 

The physics of elementary particles is a vast 
field whose ambitious goal is a fundamental 
description of the nature of matter and energy. 
The field's language and body of theory is the 
most accurate known to modern science. That 
language is called quantum field theory, a forced 
marriage between field theory and quantum 
mechanics. Field theory was developed in the 
mid-1S00s by Faraday, Maxwell, and others to 
describe electricity and magnetism, and is now 
used to describe the distribution of all matter and 
energy in space and time. Quantum mechanics is 
a product of the early 20th century-the distilled 
wisdom of the great physicists of the era-and 
describes the laws that hold sway at atomic 
distances, where the classical physics of Newton 
and his successors breaks down and traditional 
notions of objective reality are challenged. 

The marriage is forced in that both quantum 

CP violation may 
lie at the root of 
why there}s more 
matter than 
antimatter in 
the universe. 

mechanics and field theory stand alone quite 
happily until we consider high energies, where 
we're compelled to use both theories. Further­
more, the mathematics seems forced-it's diffi­
cult, it's devoid of the beautiful simplicity 
of theories such as general relativity, and it's 
plagued with unphysical results called infinities 
that must be eliminated through an ugly pre­
scription called renormalization. Mind you, 
quantum field theory and renormalization are 
profound and important ideas; nonetheless, the 
marriage that produced them seems forced. What 
is important here is inevitability-physicists are 
happiest when their theories couldn't possibly 
turn out any other way. Quantum field theory 
is inevitable in this sense, but I wouldn't be 
surprised if, one day, someone writes down a 
much more satisfying, simple, and elegant 
mathematical formulation of it. 

Quantum field theory also makes use of the 
theory of special relativity-Einstein's discovery 
in 1905 of the relationships between space and 
time, and between matter and energy. And, 
finally, the symmetry principles around which 
much of the rest of this article revolves are de­
rived from group theory. The branch of mathe­
matics dealing with the relationships of objects 
to one another, group theory was founded by the 
brilliant French mathematician Evariste Galois, 
who led a colorful life before being killed in a 
duel in lS32 at age 20. 

Quantum field theory is the language of the 
so-called Standard Model. The Standard Model 
attempts to provide a full description of the 
behavior of all the particles (which the model 
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LEPTONS 

PARTICLE SYMBOL REST CHARGE 
NAME MASS 

(MeV) 

Electron Ye -0 0 
neutrino 
Electron 0.511 -1 

Muon Y~ -0 0 
neutrino 
Muon W 106 

Tau Vr < 3] 0 
neutnno 

Tau T I -1 

FORCE RANGE RELATIVE 
STRENGTH 

Gravity Infinite 1O~'(' 

Electro- Infinite 1O~2 

<1()16 cm 1O~;j 

Strong < HrH em 1 

The standard model 
in a nutshell. 
Top: The six known 
leptons (particles that 
are not made up of 
quarks, and are thus 
''fundamental'' in their 
own right) are mir­
rored by the six 
known or hypothe­
sized quarks. Quarks 
and leptons come in 
three pairs, or "gener. 
ations," based on 
their masses. MeV 
stands for million 
electron-volts-
1 electron-volt is 
2 x 1 ()-33 grams. 
Middle: The four 
fundamental forces of 
the universe and the 
particles that carry 
them. GeV stands for 
billion electron-volts. 
Bottom: A bestiary of 
popular particles. 

PARTICLE 
NAME 

Proton 
Neutron 
A 
L+ 
LO 
L-
:::0 
S-
Q-

Ar+ 

n+,n 
nO 

K+,K-

KO,KD 

D+,D-
DO, 'Do 

B+, B-
BO,Bo 

TIl£' 
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QUARKS 

PARTICLE SYMBOL REST CHARGE 
NAME MASS 

(MeV) 

Up u -300 + 2/3 

Down d -300 -

Charm c -1,500 +2( 

Strange s -500 -

Topor t > 50,000 + 
Truth (not yet 

discovered) 
Bottom or b - 5,000 1/3 
Beauty 

CARRIER REST CHARGE STATUS 
MASS 
(GeV) 

Graviton 0 0 Not yet 
discovered 

Photon 0 0 Observed 
directly 

w+ 80 +l Observed 
directly 

W· 80 -1 Observed 
directly 

ZO 91 0 Observed 
directly 

Gluon 0 0 Confined 

QUARK CHARGE MASS 
CONTENT (MeV) 

uud +1 938 
udd 0 940 
uds 0 1116 
uus +1 1189 

uds 0 1193 
dds -1 1197 

uss 0 1315 
dss -1 1321 

sss -1 1642 

ude +1 2285 

ud, du +1, -1 140 

(ULl - dCl)/"2 0 135 
us,su +1, -1 494 

as, sci 0,0 498 
ecl,dc +1, -1 1869 

ell, ue 0,0 1865 
uD,bii +1, -1 5280 

do, ba 0,0 5280 
ec 0 3097 

describes as fields, in order to provide the mathe­
matical tools needed to create and destroy parti­
cles via E = mc2

) and forces (also known as inter­
actions) in the universe. The Standard Model 
doesn't quite do all that, but it does describe, 
in detail, three of the four known fundamental 
forces in terms of the particles (or fields) that 
carry them. The most familiar of these forces 
is the electromagnetic one, which pervades our 
daily existence in the form of light waves, TV 
signals, and so forth, and which is carried by the 
photon. Less well known is the strong nuclear 
force, which holds quarks together to form pro­
tons and neutrons (and protons and neutrons 
together to form atomic nuclei), and which is 
carried by gluons. Even more obscure is the weak 
nuclear force, which is responsible for certain 
forms of radioactivity and for the decay of heavy 
quarks into lighter ones, and which is carried by 
the W+, W-, and ZO bosons. Gravity, carried by 
the hypothetical graviton, is excluded, because 
it's difficult to quantize. The force and particle 
content of the Standard Model is summarized in 
the tables at left. 

The Standard Model has been tremendously 
successful at describing atomic structure, semi­
conductor behavior, solar physics, radioactive 
decay, and virtually every other phenomenon to 
which it has been applied. In some cases, agree­
ment between experiment and theory has been 
demonstrated to one part in a trillion. In the last 
30 years, this theory has even been applied to the 
Big Bang-the birth of the universe itself. In the 
early universe, the relationship between matter­
energy and space-time was particularly intimate, 
as predicted by Einstein's general theory of rela­
tivity. Cosmologists use the Standard Model to 
understand the creation and behavior of matter 
and energy in that earliest epoch. The very 
existence of matter may depend on CP-charge­
parity-violation (see box opposite). 

The Standard Model is extremely successful, 
but it is incomplete. Nagging questions remain 
about its mathematical consistency, and about 
the many parameters whose values cannot be 
derived from the theory but must be taken as 
they are found in the real world. For example, 
the theory does not predict what the mass of the 
electron ought to be, nor the amount of the 
charge on it. Some fundamental questions re­
main as well. What is the nature of mass? (We 
believe it has something to do with a particle 
called the Higgs boson, the discovery of which 
was the goal of the Superconducting Supercpllid­
er, or SSC, an ambitious project that Congress 
killed this past summer.) What lies beyond the 
Standard Model? Those nagging inconsistencies 



The names of the 
quarks, and the 
term flavor, are 
arbitrary; they 
ref/ect the fact 
that most physi­
cists don't know 
Latin. 

hint at some more complete theory. Studying 
the origin and nature of CP violation will help 
complete the model. 

So what does the Standard Model say? First 
off, it contains a classification scheme for parti­
cles. Just as the hundred-odd elements of the 
periodic table reduce to aggregates composed of 
only three building blocks (the protons and neu­
trons in the atomic nucleus, orbited by electrons) 
the hundred-odd denizens of the particle zoo 
derive from combinations of a handful of quarks. 
There are two important exceptions to this rule, 
however-the electron and its heavier brethren, 
the muon and the tau, are indivisible, quarkless 
particles, as are the three kinds of neutrinos 
associated with them. Quarks come in six known 
"flavors," called down, up, strange, charm, bot­
tom, and top in order of increasing mass. The 
"bottom" and "top" quarks are also known as 
"beauty" and "truth," respectively. The names 
of the quarks, and the term flavor, are arbitrary; 
they reflect the fact that most physicists don't 
know Latin. However, no one knows why there 
are six different quarks (if in fact that's all there 
are), and no one knows why they have the masses 
they do. 

But the key to the Standard Model is the 
mathematics of symmetries, which wrestle the 
model's welter of complex details into a sem­
blance of order. Thus, for example, the strong 
nuclear interaction, which binds quarks together 
into particles, is flavor-symmetric. In other 
words, the strong interaction doesn't care what 
flavor the quark happens to be-it treats all six 
flavors alike. 
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As any lefty 
knows, the hu­
man world is far 
from being pari­
ty-symmetric; a 
parity-inverted 
pair of scissors 
is a welcome 
possession. 

Likewise, symmetries inform the Standard 
Model's description of the fundamental forces. 
For example, electrically charged particles parti­
cipate in the electromagnetic interaction. With­
out going into detail, electromagnetic charge can 
be thought of as a pointer arrow buried within 
each particle. No matter how an interaction 
rotates, or transforms, the pointer, the symmetry 
laws ensure that the particles' behavior remains 
unchanged as far as the outside world is con­
cerned. This symmetry constraint is sufficient 
to derive all the properties of the electromagnetic 
force, including Maxwell's equations. The two 
other forces described by the Standard Model, the 
strong and weak nuclear forces, can be similarly 
described. It may even be possible to unite all 
three forces into a single grand unified theory at 
energies corresponding to 1020 K, where higher 
symmetries (again, with respect to abstract 
"pointers" within these subatomic particles) 
would become manifest, and the three forces 
would become indistinguishable from one 
another. Nothing in the universe has been that 
hot since 10-34 seconds after the Big Bang, when 
the observable universe was about a meter in 
diameter. 

These symmetries are continuous because the 
physical quantities they describe vary smoothly­
in shades of gray, as it were. For example, the 
strength of an electromagnetic field can be 
plotted as a smooth, continuous curve. And for 
every continuous symmetry, there is a conserved 
quantity---one whose net value doesn't change, 
although its distribution among the particles 
within the system may vary. Thus, the symmetry 
that gives rise to electromagnetism is associated 
with conservation of electric charge. The strong 
nuclear force also has a conserved "charge"-three 
of them, actually-known fancifully as color. 
And the weak nuclear force conserves something 
called hypercharge. A particle carrying a charge 
associated with one of these forces interacts with 
other such particles via that force. 

There are other, equally important discrete 
symmetries that describe discontinuous, black­
or-white quantities-an electric charge is either 
positive or negative, for example. Chief among 
the discrete symmetries are the following three: 
Parity inversion is the inversion of all three spa­
tial dimensions through some arbitrary point as if 
by a mirror, making right-handed systems appear 
left-handed and vice versa. Time reversal is the 
inversion of the temporal dimension, as when one 
runs a film backward. And charge conjugation is 
a change in the sign of the charges of all the par­
ticles in the system so that each particle becomes 
its antiparticle-for example, electrons become 
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anti-electrons, called positrons, and vice versa. 
These symmetries are respected at the sub­

atomic level. Biological systems aside, the rates 
of chemical reactions rarely depend on whether a 
molecule is left-handed or right-handed. (Almost 
all of the molecules essential to life are left­
handed. This is an example of spontaneous sym­
metry breaking---once one form of matter gains 
an advantage over another, even ifby accident or 
happenchance, that dominance is maintained 
thereafter.) And a movie of two atoms colliding 
to form a molecule, run backward, is indistin­
guishable from a movie of that same molecule 
splitting up into the two atoms. Furthermore, 
when subatomic collisions convert energy to 
matter (via Einstein's E = mc2

), they produce 
exactly as many positrons as electrons. 

However, these symmetries aren't perfect. 
The different quark flavors have different masses 
and electric charges, and thus they behave differ­
ently-in the real world, the flavor symmetry is 
broken. The electromagnetic, strong, and weak 
interactions are vastly dissimilar in our experi­
ence. Furthermore, as any lefty knows, the 
human world is far from being parity-symmetric; 
a parity-inverted pair of scissors is a welcome 
possession. And as anyone who has ever spilled 
milk knows, the world looks funny when the film 
runs backward, so time-reversal symmetry is 
broken. It's equally obvious that charge conjuga­
tion is a poor symmetry in narure, or positrons 
would be as abundant as electrons, anticarbon 
as common as carbon. 

The lack of symmetry we see with respect to 
parity, time, and charge is the result of spontane­
ous symmetry breaking and the second law of 
thermodynamics. But at the fundamental level, 
these symmetries are conserved. In fact, in any 
universe in which one simultaneously performs 
the charge, parity, and time transformations, the 
laws of physics should be unchanged. This is 
known as the CPT theorem, and it is built into 
the mathematics of quantum field theory. It is 
difficult to even conceive of a universe in which 
the combination of charge, parity, and time 
transformations would yield different physical 
laws. 

However, it is possible to imagine a universe 
in which one or more of these three symmetries is 
violated, as long as an equal but opposite viola­
tion occurs in one or both of the other two. In­
deed, this is the case in our own universe. It was 
discovered in 1957 that the weak nuclear inter­
action, in which the ghostly particle known as 
the neutrino plays a crucial role, holds commerce 
only with left-handed neutrinos and right-handed 
antineutrinos. (The neutrino comes in both left-
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and right-handed, as well as particle and antipar­
ticle, incarnations.) It appears that the weak 
interaction, unique among the known fundamen­
tal forces, violates parity conservation and charge 
conservation; but it was believed that, at least, 
the product of parity and charge was conserved. 
Thus, reactions would proceed in an identical 
manner to their mirror reflections, if all the 
reacting particles were replaced by their antipar­
ticles. This is illustrated in the drawing (above) 
of muon decay, in which the handedness of the 
electron so produced is measured. 

A universe in which both parity and charge 
have opposite senses with respect to ours would 
be indistinguishable from ours. Or would it? 
The weak interaction violates charge and parity 
individually, while conserving the combina­
tion--called CP for short-to a very high degree. 
But in 1964, while Christensen, Cronin, Fitch, 
and Turlay were studying the decays of the K 
meson, they observed that CP was violated in one 
decay in 500. If CP were strictly conserved, the 
decay rate for kaons, as K mesons are also called, 
as a function of time would be exactly equal to 
that for antikaons. In fact, there was a slight 
asymmetry in the decay rates. Not only was 
this very subtle phenomenon difficult to observe 
experimentally, it was also difficult to interpret 
theoretically. The explanation that eventually 
emerged runs as follows. The particles studied 
by Christensen et a1. were neutral kaons-the K\ 
which is composed of a down quark and a strange 
antiquark; and the Kl'S antiparticle, the 1(0, 
which is composed of a down anti quark and a 
strange quark. But, says the theory, the particles 

In this example of 
charge-parity conser· 
vation, a negatively 
charged muon (11) 
decays into a left· 
handed electron (e-J, 
an electron anti­
neutrino (ve ), and a 
muon neutrino (v). 
The reaction looks 
just the same in the 
CP mirror, except that 
the particles' signs 
are reversed, and the 
positron (e"), or anti­
electron, is now right­
handed. An electron's 
handedness can be 
measured by bounc­
ing it off a target of 
known spin polariza­
tion, and observing 
the scattering angle. 
(It's hard to measure 
the handedness of 
neutrinos, as they 
don't interact much 
with matter.) 

coursing through the experiment's beam pipes 
and detectors were somehow neither and both: 
they were quantum-mechanical superpositions 
of KO and 1(0 mesons. This is a classic example 
of mixing, a bizarre phenomenon unique to 
quantum mechanics. As a final complication, the 
experiments revealed that the superposition itself 
exists in two states, called Ks and KL because the 
former's lifetime is about 100 times shorter than 
the latter. Relatively speaking, of course-KL 
lives to a ripe old age of about 50 billionths of 
a second. 

If one applies the CP transformation to the 
Ks and KL states-changing the quarks to anti­
quarks and vice versa (charge) and swapping the 
two quarks' positions within the particle, so that, 
as it were, the quark on the left is now on the 
right (parity)-something strange happens. The 
mathematical representation of the Ks, which is 
CP-even, retains its original sign-while the KL, 
which is CP-odd, changes its sign. But things 
get stranger still. Experiments have revealed that 
the mixing pattern is only approximate. At some 
small level, the KL has a CP-even piece, and the 
Ks has an equal but opposite CP-odd piece. One 
way in which this shows up is that the Ks, being 
primarily CP-even, decays into an even number 
of particles-in this case, a positively charged 
pion and a negatively charged antipion. The CP­
odd KL decays into an odd number of particles, 
with the third one being an uncharged pion, 
which is its own antiparticle. In the absence of 
CP violation, a plot of pion-antipion pairs 
produced versus time should go to zero very 
quickly as the short-lived Ks's decay. Seeing a KL 
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Right: A plot of KOs 
decaying to W1r pairs 
over time. If all the 
1t+1t~ pairs were 
produced by Ks 
decays, the rate 
would quickly fall to 
zero, as indicated by 
the dashed line. But 
instead, a small 
percentage of KL 
mesons decay the 
"wrong" way, contrib­
uting a trickle of W1r 
pairs even after the Ks 
mesons are all gone. 
("Proper time" is time 
corrected for the 
velocity at which the 
particles are travel­
ing. At the near­
lightspeed clip these 
guys are going, time 
slows down signifi­
cantly.) 

Below: How the data 
would actually appear 
in a particle detector. 
If there were no CP 
violation, the number 
of detection events 
versus difference in 
decay lengths (Az)in 
both plots would be 
identical, as shown 
by the dashed lines. 
Instead, there is a 
slight excess of one 
decay, matching a 
slight deficit in the 
other. 
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go into only two pions indicates that it has a CP­
even piece to it. Instead of dropping all the way 
to zero, a trickle of pion-anti pion pairs remains, 
produced by KL's that violate CP symmetry and 
decay the wrong way. This is what Christensen 
and his colleagues observed. Which brings us 
back to the question of a CP-inverted universe ... 

Suppose there existed, in some remote part 
of the universe, a realm peopled with intelligent 
beings made of antimatter-high-energy 
antiphysicists. If we could communicate with 
such beings, how could we determine whether 
they were indeed composed of antistufP. Touch­
ing them would suffice; if our matter and their 
antimatter annihilated ourselves and them, we 
could be sure that they were of a different breed. 
Short of that, we could imagine communicating 
via the exchange of light signals, i.e., photons. 
Bur photons are their own antiparticle, and 
would behave the same in an anti world as they do 
in ours. And how could we agree, unambiguous­
ly, on what "left-handed" and "right-handed" 
mean? We could tell them that the electrons 
emitted from the radioactive decay of, say, cobalt-
60 were left-handed; but this would be insuffi­
cient information unless we could also uniquely 
define which is "matter" and which is "antimat­
ter" or, equivalently, a "negative" or "positive" 
charge. CP violation provides an unambiguous 
answer. Antiphysicists could perform experi­
ments with KL and Ks mesons. A negative charge 
is then defined as that of the electron associated 
with the slightly less abundant decay mode of the 
KL • The spin of those electrons is defined as left­
handed, and matter is composed of nuclei with 
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a positive charge, while antimatter has negatively 
charged nuclei. Which are you? 

If matter-antimatter symmetry were respected 
in the universe, sooner or later the matter and 
antimatter would find and annihilate each other. 
Stable chunks such as stars, planets, and people 
would not be around for long. In some sense, 
then, we have CP violation to thank for our en­
during presence, and it behooves us to ask where 
it comes from. Except for the weak nuclear force, 
the fundamental forces of nature appear to respect 
CP symmetry. Is there something inherent in the 
weak interaction that permits such violations? 

There does exist a mechanism in the Standard 
Model that can produce CP violations; it was 
proposed by Kobayashi and Maskawa in 1973. 
At the time, only three quarks (up, down, and 
strange) were known. Kobayashi and Maskawa 
anticipated the discovery of three more quarks, 
grouped by their masses into three pairs, or gen­
erations. The up and down quarks form the first 
generation; the then-undiscovered charm quark 
pairs with the strange quark in the second gen­
eration; and the still-undiscovered top quark 
rounds off the third generation, currently occu­
pied only by the bottom quark. The quarks in 
the second and third generations have proved to 
be unstable. The second and third generation's 
heavier quarks (charm and top) decay primarily 
to the lighter particle in that same generation, via 
the emission of a W+ boson (W- for antiquarks). 
The subsequent decay of the lighter quark to a 
lower-generation particle occurs because the 
down-type quarks (down, strange, and bottom) 
quantum-mechanically mix with one another. 
This happens at a much slower rate than the 
decay from the heavy quark to the light quark 
within a generation, which is an unmixed reac­
tion. There is a wave function that describes the 
mixed reaction, and another one that describes 
the unmixed reaction, and it is the complex phase 
difference between the two wave functions that 
produces the interference pattern characteristic of 
CP violation. Kobayashi and Maskawa knew that 
the down and strange quarks mixed, and boldly 
suggested that a third generation of quarks-and 
thus a third down-type quark that could mix 
with the down and the strange quark----existed, 
three years before there was any experimental 
evidence for that third family. (The mathematics 
of the Standard Model won't produce CP viola­
tion with only twO generations of quarks-it 
takes three.) 

To really test this idea, we have to perform 
experiments on the third generation of quarks. 
And it is the bottom quark, being the one that 
quantum-mechanically mixes in order to decay, 



Feynman diagrams of 
three things that can 
happen when an 
electron (e-, and a 
positron (e+' collide. 
Top: They annihilate 
each other, forming a 
virtual photon (y*) that 
relapses into an 
electron-positron pair. 
Middle: The photon 
transmutes into either 
a muon-antimuon (Jl±) 
or tau-antitau ('t±) pair. 
Bottom: The photon 
becomes a bottom 
quark (b)-bottom 
antiquark (5) pair, 
bound together into 
''bottomonium'' by the 
exchange of gluons­
rendered here by 
coiled squiggles 
resembling telephone 
cords. The bottomoni­
um acquires a paired 
down quark (d) and 
antiquark (iI) from the 
vacuum, forming a 
pair of B mesons (BO 
and gO). 
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that is the key to the puzzle. This is fortunate, 
since the top quark is so very massive that it 
hasn't yet been discovered! (E mc2

; and the 
biggest particle-accelerator yet built-the Teva­
tron, at Fermilab near Chicago--is just at the 
threshold of generating enough E to make the 
top quark's m.) But a bottom quark can't be 
studied in isolation, because the strong nuclear 
force, which binds quarks into particles, is so 
strong that only combinations of quarks having 
no net color can be isolated. So we have to study 
B mesons, which are the commonest colorless 
combinations containing bottom quarks, instead. 
A bottom quark combined with an up antiq~rk 
makes a B- meson. Other possibilities include its 
antiparticle, the B+, formed from a bottom anti­
quark and an up quark. And a bottom antiquark 
and a down quark form a BO. Its antiparticle is 
the 13°, formed from a bottom quark and a down 
anti quark. B mesons can be produced in a high­
energy collision, but they're rare because they are 
so massive. (Like car crashes, particle collisions 
tend to produce a very few massive chunks and a 
lot of small, lightweight debris.) The B mesons' 
large mass also makes it possible for them to 
decay to lighter particles in many different ways, 
and with a very short lifetime-about one tril­
lionth of a second. The experimental study of 
B decays is no easy matter. 

Most of what we know about B mesons comes 
from electron-positron colliders. The Cornell 
Electron Storage Ring (CESR) at Cornell Univer­
sity in New York, and the DORIS ring at the 
DESY Laboratory in Hamburg, Germany, are 
circular rings of magnets that store counter­
rotating beams of electrons and positrons moving 
at 99.99999953 percent of the speed of light, and 
bring them into collision in the center of large 
and complex particle detectors. Each beam runs 
at about 5 billion electron volts, or 5 GeV, of 
energy. (An electron volt is the amount of energy 
it takes to move an electron across a one-volt 
electrical potential. One electron volt is not 
an awful lot of juice-by comparison, it takes 
13.6 eV to ionize a hydrogen atom.) 

Lots of different things can happen when 
electrons and positrons collide. Most often, they 
just bounce off each other. Less frequently, the 
electron and positron can annihilate into a virtual 
photon (the carriet of the electromagnetic force), 
or a ZO (the electrically neutral carrier of the weak 
nuclear force). (A virtual particle is one that 
fleetingly materializes from the quantum­
mechanical vacuum of space. Virtual particles 
live on energy "borrowed" from the vacuum, not 
unlike the junk-bond kings of the 1980s, who 
lived on borrowed money from paper profits that 

Virtual particles 
live on energy 
{(borrowed" from 
the vacuum, not 
unlike the junk­
bond kings of the 
1980s, who lived 
on borrowed 
money from 
paper profits that 
weren't really 
there either. 

weren't really there either.) Almost immediately 
thereafter, the photon or zo will transmute into 
a particle-antiparticle pair. Any charged particle­
antiparticle pair can be produced through a 
virtual photon, as long as the beam energies are 
sufficient to produce the mass of the two parti­
cles. And any particle-antiparticle pair that 
participates in the weak nuclear force-and all 
known particles do--can be produced through 
a ZO, even the electrically neutral neutrinos. The 
Feynman diagrams associated with some of these 
reactions are shown at left. The cross section, or 
probability, for annihilation into quarks depends 
on the center-of-mass energy, which, in a sym­
metric collider, is twice the beam energy. 

If the energies of each beam are tuned to pre­
cisely 5.29 GeV, then the production of bottom 
quark-bottom antiquark pairs can just barely 
proceed, with almost no energy left over to kick 
the members of the pair thus produced in 
opposite directions. At this beam energy, the 
pair binds together into "bottomoniurn." This 
state decays, again almost immediately, into a 
pair ofB mesons: B+-B- or BO-Bo. The B mesons 
lumber off slowly, at around 6 percent of the 
speed of light. They don't last long enough to 
make it to the detector themselves, but they 
decay into characteristic showers of less massive 
particles that do. By tracing the trajectories of 
these secondary particles back to their sources, 
the identities and flight paths of the original B 
mesons can be deduced. These lighter particles 
that actually register in the detector include 
photons, as well as electrons, muons, pions, 
kaons, protons, neutrons, and their antiparticles. 
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How to tag a BO: The 
boHomonium cruises 
along the solid line at 
lower left, decaying to 
a Bo-Io pair at the 
arrowed end of the 
line. Shortly thereaf­
ter, the BO (the tag) 
shows up in the 
detector as a muon 
(dashed line labeled 
11+) and some other 
particles, shown here 
as a solid line. The 
'10 flies a bit farther 
before decaying into a 
Ks, which reaches the 
detector as a pion-
antipion pair (rr' and 
Jr), and a ,J/'P, which is 
detected as a muon-
antimuon pair (W, 11+, 
dashed lines). 

The] /0/ particle 
has a double 
name because it 
was simulta­
neously discovered 
by two groups, 
neither of which 
was willing to 
relinquish the 
right to 
christen it. 
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Neutrinos and antineutrinos typically sail 
through the detector unseen. 

What makes the observation of CP violation 
possible here is the fact that BO's and BO's mix, 
just as KO's and KO's do. (This phenomenon was 
first observed by the ARGUS experiment at 
DORIS.) As the B mesons fly apart from each 
other, each one oscillates between its BO and EO 
identities. A given B meson has a certain proba­
bility of mixing before it decays and a certain 
probability of decaying within a finite time. 
Specifically, a B meson has a mean life of 1.5 
trillionths of a second, or 1.5 picoseconds. In 
that time, 63 percent of all B mesons will decay. 
If a B meson decays in exactly 1.5 picoseconds, it 
has a roughly 70 percent chance of having mixed 
first. In other words, if you have a sample of 100 
B mesons, all of which decayed in exactly 1.5 
picoseconds, about 70 of them will have mixed 
first. As in the kaon system, the interference 
between the two wave functions describing these 
two outcomes produces the observable CP­
violating effect. 

But the effect is very small. To look for 
such a small effect, one can try to measure a 
tiny asymmetry in common decays. However, 
a better approach is to look for a large asymmetry 
in certain very rare decays. Most promising are 
decays into systems of particles that are CP­
eigenstates, that is, in which the CP product 
is conserved--either the particles formed by 
the decay are their own antiparticles, or the decay 
forms particle-antiparticle pairs. Either way, the 
final state is accessible to both BO and 13°. One 
particularly promising decay is the formation of 

" . 



If a cement truck 
and a Volks­
wagen go head­
to-head, the 
mangled metal 
will fly in the 
direction the 
cement truck 
was gozng. 

a J 1'1' -Ks pair. (The J 1'1' particle has a double 
name because it was simultaneously discovered 
by two groups, neither of which was willing to 
relinquish the right to christen it.) The JI'P is 
a charm-anticharm bound state, and thus its own 
antiparticle; it shows up in the detector through 
its decay to an electron-positron or muon­
antimuon pair. The Ks is not its own antiparti­
cle, but it is a CP eigenstate; it is detected in its 
decay to a pion-anti pion pair. Another promis­
ing decay, that of a BO or a E° to a pion-antipion 
pair, can be observed directly. Under certain 
conditions, the CP asymmetry in these decays can 
be as large as many tens of percent. Unfortunate­
ly, only about one in 10,000 B mesons decays in 
the JI'P -Ks or pion-antipion mode. 

Therefore, one needs to produce many, many 
pairs of B mesons to see these decays. The high­
est luminosity-a measute of collision frequen­
cy--electron-positron collider in the world is 
the CESR machine at Cornell. On its best days, 
it produces one pair of Bs every five seconds. 
Taking into account the fact that not every pair 
produced is observed, the CLEO detector at 
CESR has still recorded nearly one million 
pairs over the last two years. But even with this 
unprecedentedly large amount of data, 10 to 100 
times more data would be required to perform 
statistical analyses on these rare decays. There­
fore, a B factory is needed. 

Granted sufficient luminosity, observing CP 
violation remains a tricky matter. The simplest 
method is to observe the ratio of, say, BO to JI'P­
Ks decays and 13° to JI'P-Ks decays. The first step 
in this process is to determine whether the other 

member of the B meson pair is a BO or a E°, thus 
revealing the identity of the particle that decayed 
into aJI'P-Ks. And the easiest way to identify 
that other B is to use events in which it decays 
into an electron or muon (plus other, perhaps 
unobserved, particles). This electron or muon, 
called a tag, is positively charged if its parent B 
was a BO, in which case the B we're interested in 
was a 13°. Conversely, if the tag is negatively 
charged, its parent was a 130 and the B that 
spawned the JI'P-Ks pair was a BO. Such a 
decay sequence is shown on the opposite page. 

All B mesons oscillate between their BO and 
130 identity at the same rate before decaying, so 
in order to tell whether the particle that we are 
seeing decay as a BO was really a BO when it left 
the collision that formed it, we must measure its 
flight distance. (This applies to both members 
of the B meson pair.) But at existing electron­
positron coUiders, the B mesons' slow speed and 
short lifetime mean that they only travel about 
25 microns before decaying. Present detector 
technology is simply not precise enough to 
measute such short decay lengths. And running 
the collider at higher beam energies, so that the 
outgoing B's are moving faster, is impractical 
because the production rate falls rapidly. Measut­
ing both decay lengths is essential, however, so a 
new idea was clearly needed. 

And a new idea was born, inspired by the 
asymmetry that was the goal of the experiment. 
An electron-positron collider with beams of equal 
energy will produce the bound quark pair called 
bottomonium at rest with respect to the detector. 
But in 1987, Pierre Oddone of Lawrence Berke­
ley Laboratory proposed an asymmetric B factory. 
If two loaded cement trucks run into each other 
head-on, the wreckage will remain where they 
collided. But if a cement truck and a Volkswa­
gen go head-to-head, the mangled metal will fly 
in the direction the cement truck was going. 
Similarly, Oddone realized that by giving one of 
the collider's beams more energy than the other 
while keeping the total collisional energy equiva­
lent to bottomonium's mass, the collision could 
produce a bottomonium pair moving in the 
direction of the higher-energy beam. When the 
bottomonium decays into a B meson pair, the B's 
will be moving, too, and at a significant fraction 
of the speed of light. Thus a B flies a lot farther 
in its fleeting lifetime. (Its lifetime gets longer 
too, due to the relativistic effect of time dilation 
as a particle's speed approaches that of light!) 
Sufficiently asymmetric collisions will produce 
decay lengths of 200 microns or more, lengths 
measurable with today's detector technology. 

A particle detector works a bit like an eyeball. 
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A cross section of an 
asymmetric B facto­
ry's particle detector. 
The high-energy 
beam, (HEB) enters 
from the left; the low­
energy beam (LEB' 
from the right. The 
detector is asymmet­
ric, too--its center is 
to the LED's side of 
the collision point, as 
the debris will fly in 
that direction. The 
vertex detector is the 
small yellow square in 
the center. The noz­
zles to either side are 
magnets that cause 
the beams to collide. 
Drift chambers fill the 
"Main Tracking Cham­
ber.JI The red rectan­
gle called "Fast RICH" 
is a Ring Imaging 
Cherenkov counter, 
a particle-velocity 
detector. The cesium 
iodide crystals in the 
calorimeter are drawn 
as thin red and blue 
slabs-the blue ones 
'onn the cylindrical 
detector's circular 
end caps. The 
tracking system is 
embedded in a super­
conducting magnet. 
The "lnstRimented 
Flux Retum" contains 
iron sheets (yellow) 
and muon-detecting 
drift chambers 
(white,. 

We see something by measuring the direction, 
color, and intensi ty of light from a scene, from 
which our brain constructs an image. Analogous­
ly, a particle detector "sees" a collision by measur­
ing the angles, energies, and number of particles 
coming from it, from which a computer con­
structs an image. However, a particle detector is 
considerably more sensitive than an eyeball. The 
detector can sense a sing le particle, wherea<; only 
the best-trained eyeballs can detect a sing le pho­
ton. And the detector measures a great range of 
energy carried by particles of all sorts, not just 
photons of visible light. Most importantly, the 
detector can distinguish different kinds of parti­
cles, instead of merely registering photons. Of 
course all this sensitivity and precision comes at 
a price- a particle detector is considerably larger 
and more massive than an eyeball. A detector 
suitable for a B factory would be about the size of 
a two-story house, would weigh some 500 tons, 
and wouJd look something like the illustration at 
left. The detector must be capable of recording 
data at a tremendous rate; it might have 100,000 
channels of electronic readouts, and be sensitive 
to collisions occurring every few nanoseconds. 

The detector is actually a concentric set of 
cylindrical detectors, each of which measures 
different things, nested around the electron­
positron collision point like the bun around a hot 
dog. The innermost layer is the vertex detector 
- in this case an array of silicon-wafer diodes that 
register the passage of charged particles. The 
diodes record the point at which the charged 
particle passes through them with an accuracy 
ofberter than 10 microns, or 10 millionths of 
a meter. The diooes are placed just outside the 
two-centimeter-radius beam pipe at the collision 
point, because their job is to disting uish between 
the trajectories of particles resulting directly from 
the collision and the trajectories of secondary 
particles whose progenitors-including B mesons 
- may have traveled a quarter of a millimeter 
before decaying. The vertex detector is surround­
ed by many layers of drift chambers, which are 
chambers filled with inert gas and containing 
high-voltage wires strung in arrays parallel to 
the cylinder's axis. A charged particle passing 
through a chamber will interact wi th a number 
of gas atoms en route, and will knock an electron 
loose from some of them . These electrons drift to 
the wi res, registering as a pulse of electrical 
charge. The time it takes the electron to drift to 
the wire is proportional to the distance from the 
wire to the point where the particle hit the atom. 
By measuring the drift time, that point can be 
located to an accuracy of 150 microns or better. 
By col '-ecting many such measurements, the 



Right: An end-on view 
of how a BO decay 
registered at the 
CLEO detector at 
Cornell. The BO 
decayed into a K*o 
and a photon. The K*o 
then decayed into a K~ 

and a pion (rr), as 
labeled. (The unla­
beled tracks belong 
to the decay products 
of the other BO.) The 
drift chamber is tinted 
yellow; dots along 
each particle's path 
show where a wire 
was triggered. The 
squares in the same 
region show calorime­
ter crystals in the end 
cap that lit up. The 
blue region displays 
the crystals in the 
calorimeter ba"el, but 
here the lit crystals 
are black. The flat 
rectangles in the 
intervening white ring 
are lit up elements of 
the t ime-of-flight 
detector. The photon 
I'YI hit the large black 
region at five o'clock. 
The red rectangles 
are muon detectors; 
all the black registra­
tions, however, are 
spurious. 

Below: Heisenberg 
Fellow Gerald Eigen 
holds a crystal of 
thallium-doped 
cesium iodide, scintil­
lating here under an 
ultraviolet light. This 
crystal, the size of the 
ones to be used in the 
B factory calorimeter, 
is about 34 centime­
ters long and weighs 
some five kilograms. 

particle's trajectOry can be reconstructed. 
The next layer out is some kind of charged­

part icle identification system to disting uish pions 
from kaons from protons by measuring their vel­
ocit ies. (The ttacking system has already mea­
sured their momentums; dividing a part icle's 
momentum by its velocity gives its mass, which 
identifies the particle.) T hen comes a precision 
crystal electromagnetic calorimeter to measure 
the energies and ang les of photOns and electrons. 
T he calorimeter is an array of clear crystals, prob­
ably of cesi um iodide, segmented into tOwers 
aimed at the coll ision point. An electron, posi­
tcon, or photon entering a tower interacts with 
the crystal's massive atOms, creat ing an "electro­
mag netic shower" of countless electIOnS, posi­
tcons, and photons. T he shower causes the crystal 
to scintillate-to absorb the energy and reemi t it 
as light. A photod iode at the crystal's far end 
converts the scintillation light into an electrical 
pulse proportional to the energy of the incident 
partide. Energy measurement is like tempera­
ture measurement, so the device is called a 
calorimeter. These calorimeters aren 't cheap; 
the crystals can COSt as much as $20 mill ion. 

The entire apparatus is surrounded by a cylin­
drical magnet that generates a rough ly one-tesla 
mag netic field . (Earth 's magnetic field at the 
planet 's surface is abour 0.00005 tesla.) The 
field is solenoidal, which is to say that within the 
mag net it is everywhere parallel to the cylinder's 
axis. As the charged particles emanate from the 
coll ision point, the field bends their trajectOries 
into helical arcs, and it is these arcs that the 
detectors see. (See drawing above.) The arcs con-

tain a wealth of information about the particles 
tracing them. Hig h-momentum particles leave 
nearl y straight tracks, while low-momentum 
particle tracks curl up on themselves. Posi tively 
charged part icles curve in one di rection, and 
negatively charged ones veer in the other. 
Uncharged particles, of course, fly straig ht on 
th rough. And finall y, outside the magnet , some 
100 tons of iron return the mag netic flux and 
absorb any hadrons-particles composed of 
quarks-that have made it out this far. The iron 
allows muons, which contain no quarks, to escape 
into another set of drift chambers that identifies 
them. 

T hus the key ingredients of the Asymmetric 
B Factory are an extremely high-lum inosity 
electron-posi tron coUider tuned to the production 
ofborromonium , asymmetric energy beams, and 
a high-precision detector. The B factory should 
produce three BO-s o pairs per second, or, assum­
ing a normal operating schedule, 30 million pairs 
per year. Nothing like it has ever been built 
before, but teams of physicists around the world 
have spent the last five years convi ncing them­
selves that it can be done. They have now con­
vinced the Cl inton administration, too--the 
Department of Energy announced on October 5, 
1993, that a B factory will be bui lt at the Stan­
ford Linear Accelerator Center (SLAC). The 
SLAC machine is illustrated on the next page. 
Similar proposals are being considered in Europe, 
Russia, and J apan. 

A Cal tech group led by Batry Batish, Linde 
Professor of Physics, and me has been exploring 
the physics of B mesons with Cornell 's CLEO 
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A cutaway view of 
the B factory. A new 
ring for low-energy 
positrons will be 
added to the existing 
electron ring, which 
will be souped up. 
The electron beam 
comes from an elec­
tron gun--basically a 
bigger version of the 
cathode-ray gun in 
your TV set-at the 
drawing's upper right. 
A damping ring then 
squeezes the beam 
until it is thinner than 
a pencil lead, making 
it easier to inject. 
Next, the beam rock­
ets down the linear 
accelerator to reach 
injection speed. Most 
of the beam gets 
injected clockwise 
into the high..energy 
electron storage ring. 
However, some elec­
trons get shunted into 
a side tunnel, where 
they slam into a 
tungsten plate. The 
tungsten atoms emit 
positrons, which get 
piped back to the 
beginning of the linear 
accelerator. There 
they hang a tight U­
tum, come back 
through a damping 
ring of their own, and 
shoot down the 
accelerator toward 
a counterclockwise 
injection in the low­
energy ring. 

detector since 1990. And Professor of Physics 
David Hitlin and Associate Professor of Physics 
Frank Porter have led [he effort w build an asym­
metric B facwry a[ SLAC. Hitlin heads [he de­
tector-design team, and Porter is helping design 
the accelerator itself and the computing systems 
needed to analyze the large volume of data. 

(It may also be possible w study CP violation 
at proton-proton coUiders such as the Tevatron. 
There, B mesons are produced far more copiously, 
but it's considetably more difficult to reconstruct 
them from their decay products, because proton­
proton colliders produce more of everything else, 
[QQ. It 's easy for [he B decay products w literally 
get lost in the backgwund.) 

At the B factory, physicists would measure the 
B meson's decay rates into various CP eigenstates 
as a function of the decay length. If, indeed, 
Kobayashi and Maskawa's suggested mechanism 
is responsible for CP violation in the K and B 
systems, and if there are exactly three generations 
of quarks, then the measuted asymmetries will 
satisfy certain mathematical relations. If all the 
factory's data fall in the expected tange, then we 
will have performed a crucial test of the self­
consistency of the Standard Model. If they do 
not, this would represent the first failure of the 
Standard Model, and we will have a "smoking 
gun" for physics beyond it. The observed devia­
tions from the Standard Model's predictions will 
provide valuable clues as to the nature of the new 
physics. This would be even more noteworthy 
than observing CP violation itself. 

If one ignores or fails to measure the decay 
flight distances, as in the case of a collider with 
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beams of equal energy, the CP-violating asymme­
try vanishes-you don't know which particle you 
started with, and therefore which set of decay 
products to expect. This is why you need an 
asymmetric collider to study CP violations. 
However, the asymmetry doesn't vanish, even 
at a symmetric coUider, if charge, parity, and 
time are all violated. As mentioned above, CPT 
invariance is built into quantum field theories, 
and it is d ifficult to even conceive of a theory in 
which CPT is violated. Nevertheless, it should 
be possible to detect CPT violations in B meson 
decays at the percent level, should they exist, at 
a B factory. Such a discovery would revolutionize 
particle physics! 

The B factory is ambitious and costly, but 
doable. It may be [he best, perhaps even the only 
chance we have of observing CP violation at the 
fundamental level, outside of the kaon system. 
Either it will confirm Kobayashi and Maskawa's 
mechanism fot producing CP violation-which 
is far from answering the question of why CP vio­
lation exists-or it wiU provide crucial clues to 

physics beyond the Standard Model. Ei ther way, 
it is des tined to be a landmark experiment. Such 
a machine will also permit physicists to perform 
very precise studies of the decays of other heavy 
particles as a spin-off from the ultimate goal of 
observing CP violation. 

CP violation in the B system is one of the high 
frontiers of particle physics. Exploring this far­
removed-from-everyday-life phenomenon has 
become a focus for hundreds of particle physi­
cists around the world, who are eager to devote 
a large part of their careers and research dollars to 
it. This obscure effect is something of a keystone 
in the elaborate structure of particle physics, an 
edifice that encompasses everything we think we 
know about the fundamental nature of all forms 
of matter and energy. Buried in this phenome­
non somewhere is a profound insight into the 
nature of space-time and matter-energy, and into 
the very basis of our existence. 0 

Assistant Professor of Physics Alan}. Weinstein 
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where he worked on the linear collider, among other 
things. Weinstein came to Caltech in 1988. 


