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FOREWORD

CONSERVATION LAWS IN PHYSICS represent
simplification in Nature. They arise due to underly-
ing symmetries in the mathematical description of

our physical world. Thus, violations of expected symmetries have
wide-ranging impacts on our perception of Nature. The unequivo-
cal demonstration in 1957 of the violation of mirror symmetry
(better known as parity violation) in the weak interactions shook
the physics community. What was particularly shocking to purists
was the fact that parity violation was pervasive in the weak inter-
actions and that the size of the violation was maximal. Order was
restored when physicists realized that parity was simply the wrong
symmetry; the weak interactions are symmetrical under the com-
bined operation of charge conjugation and parity, known as CP.

But this tidy picture fell apart in 1964, when Val Fitch, James
Cronin, James Christenson, and Rene Turlay observed small, but
significant, violations of CP symmetry in the decays of long-lived,
neutral K mesons. Further experiments demonstrated that these
particles decayed ever so slightly less often to electrons than to

SLAC’s new Director

shares his thoughts
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the Universe is made 

of matter.
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their antiparticles, positrons—thereby providing
a possible link between the phenomenon of CP
violation and the asymmetry between matter
and antimatter. In 1967 Andrei Sakharov pro-
posed an idea for how our matter-dominated
Universe might have emerged from the Big Bang,
which produced equal amounts of matter and
antimatter. One of the key elements in this
theory is the requirement of CP violation. What
appears as a tiny violation of CP symmetry in the
weak interactions could well be a critical reason
why we exist.

While the dominant Standard Model of parti-
cle physics incorporates the phenomenon of CP
violation, the correctness of this implementation
is not experimentally verified. In addition, the
Standard Model fails miserably in its ability to
predict correctly the observed ratio of protons-to-
photons in our Universe. The size of this ratio, a
key relic of the Big Bang, is directly related to the
“strength” of CP violation, whose role  was to
transform a matter-antimatter symmetric birth
into an ever-so-slightly matter-favored infancy.
As the matter-antimatter soup cooled, pairwise
annihilations produced the sea of photons recog-
nized today as the cosmic background radiation.
Because of the tiny asymmetry, however, some
matter was left intact, leading to our proton-
dominated Universe. The larger the strength of
CP violation, the greater the initial asymmetry
and thus the larger the relic proton-to-photon
ratio. There exist alternative models of CP viola-
tion beyond the Standard Model that predict
proton-to-photon ratios in line with observa-
tions. It is crucial to make detailed measure-
ments of CP violation that have the capability of
challenging all these models and establishing an
experimental basis for its origin.

The study of CP violation in the neutral kaon
system continues to be fruitful. Recent results
from Fermilab and CERN are achieving
impressive levels of precision, establishing the
evidence for direct CP violation. The Phi Factory
in Frascati will soon begin producing data to add
to this knowledge. But to challenge the Standard
Model in a definitive way requires measurements
of the decays of the K meson’s heavy “brother,”
the B meson. Neutral B meson decays offer a
broad spectrum of channels whose measure-
ments will directly confront the predictions of
the Standard Model. What ten years ago was just
a gleam in experimenters’ eyes is now becoming
reality as facilities capable of producing and
studying huge samples of B mesons are coming
to fruition. The CDF experiment at Fermilab has
shown that it is capable of making CP-violation
measurements of B mesons; along with the D0
experiment, it awaits the first run of the new
Main Injector. At DESY, the HERA-B experiment
will soon commence data taking. But, the broad-
est attack on CP-violation will likely come from
the two asymmetric B factories, one at SLAC and
one at KEK. These two facilities have recently
begun taking data and should produce their first
results within a year. The articles in this issue
describe the capabilities of these different ap-
proaches to the great challenge of understanding
the origin of CP violation.

We are now poised at the onset of what will
surely be an important chapter in our under-
standing of CP violation. The next few years
should be exciting indeed.



TAKE YOUR MARKS
by ROBERT N. CAHN
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T’S A RACE with no 
starting point, no fixed 
course, and really no 
rules at all: walk, run, 
ride, do anything you 
want. Form a team, as 

big as you like. Build any sort of ma-
chine you wish with whatever mon-
ey you can get your hands on. Just
get to the finish line first.

That finish line isn’t a particular
place but a new understanding of a
symmetry (or rather, an almost sym-
metry) of the Universe. This rather in-
choate race is just now coming into
focus. Teams in Tsukuba, Hamburg,

Chicago, Ithaca, and Palo Alto have
been preparing for the final stretch
the last year or two.

No one announced this race. It be-
gan spontaneously in the 1980s when

physicists realized that they could use
the newly discovered B mesons to ex-

plore the violation of CP symmetry in
novel ways. This was welcome because ever

since its discovery in 1964, CP violation has been a particularly

I
Only when the race is over can we expect 

to know where the finish line is.
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enigmatic, if subtle, phenomenon. CP symmetry was salvaged from the
wreckage of the separate symmetries parity (P) and charge conjugation (C). For
thirty-five years its violation has been a preoccupation of particle physics.

Just as the human eye searches for symmetries, patterns of identical ap-
pearance, particle physicists seek symmetries in Nature. Some of these are
symmetries of space and time: Nature looks pretty much the same in every
direction and in every place, and the same today as yesterday. Other symme-
tries are less obvious, especially symmetries that assert that one particle is
the look-alike partner of another. For example the neutron and proton form
such a pair, related by a symmetry called isospin invariance; their masses
differ by only 0.13 percent, and their interactions with other neutrons and
protons are quite similar. Nonetheless, in matter they behave in dramatical-
ly different ways, because one is neutral and the other electrically charged.
The isospin symmetry that relates the neutron and proton is not respected
by the electromagnetic force: the symmetry is said to be broken by electro-
magnetism.

The progress in understanding elementary particles is a story of uncover-
ing unsuspected symmetries and then struggling to understand what breaks
them. The Standard Model of particle physics is based on a symmetry like
the one that connects the neutron and proton, but it makes much more im-
probable pairs. The electron, the stuff responsible for all chemistry (and thus,
life) is appointed the partner of a scarcely observable neutrino. More precise-
ly, the electron that spins clockwise around its direction of motion (a left-
handed electron) is the partner of the neutrino whose spin is similarly ori-
ented. The evidence for this bizarre identification is compelling.

Why is a distinction made between left-handed and right-handed parti-
cles? Before 1956 physicists thought such a distinction could hardly be fun-
damental. Surely one could build one laboratory and another that was its
mirror image and obtain identical results in the two. To be thorough, you
could hire left-handed graduate students to work in one and right-handed
ones for the other. Each setup would simply be the mirror image of the
other. In 1956, Tsung-Dao Lee and Chen Ning Yang pointed out that there

!
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invariance (C). If C symmetry were
respected, the antiparticle of the elec-
tron would be emitted left-handed
like the electron itself.

Even though both C and P sym-
metries were lost, if they were com-
bined, the result might still be a true
symmetry. CP would change the left-
handed electron into the right-handed
positron. These were both seen in nu-
clear decays, so it appeared that the
combination CP, though not either
C or P separately, was respected by
the weak interactions.

But in 1964 CP symmetry, too, fell
in a study of decays of neutral K
mesons. There are two such parti-
cles. One “K-short’’ (KS) decays in less
than a billionth of a second. The “K-
long’’ (KL) lives 500 times as long (see
bottom illustration on the next page).
This difference could be understood
in terms of CP. When CP acts on an
object it generally changes it into
something quite different: a left-
handed electron becomes a right-
handed positron. Some systems,
though, are turned into themselves
and these fall into two categories: CP-
even and CP-odd. In 1964 the KS was
thought to be purely even, which
would permit it to decay to CP-even
states π+π− and π0π0, while these de-
cays would be forbidden for the CP-
odd KL. Because the KL lacks these op-
portunities to disintegrate, it lives
longer. However, a careful experi-
ment by James Christenson, James
Cronin, Val Fitch, and Rene Turlay
showed that about two KL’s in a thou-
sand decay to π +π− , in violation of
the supposed CP symmetry.

In the subsequent thirty-five
years, CP violation has been the sub-
ject of investigation by ever more
thorough experiments. Why has such

was no evidence, at least for the weak
interactions like the beta-decay of ra-
dioactive nuclei, that these labora-
tories would be equivalent. Indeed,
in 1957 when Madame Chen-Shing
Wu and her collaborators tested the
parity symmetry (P) that connects
left-handed arrangements to right-
handed ones, they found that the weak
interactions could tell the difference
between them. The two mirror-image
laboratories got different results.

One manifestation of this parity
violation was that electrons emitted
in beta decay were overwhelmingly
left-handed (instead of being equally
right-handed and left-handed), show-
ing that parity was violated as much
as it possibly could be. On the other
hand, when positrons were emitted,
they emerged predominantly right-
handed. This violated another possi-
ble symmetry: charge conjugation

Madame Chen-Shing Wu and Wolfgang
Pauli. In 1930, Pauli proposed that in
nuclear beta decay the emitted electron
was accompanied by a light neutral par-
ticle, the neutrino. In 1957, Madame Wu,
with her collaborators, Raymond Hay-
ward, Dale Hoppes, and Ralph Hudson
from the National Bureau of Standards,
showed that parity is violated in beta
decay. (Courtesy AIP Emilio Segrè Visual
Archives)
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enormous effort been expended?
First, CP is clearly a very fundamen-
tal symmetry, or rather near sym-
metry. When combined with time-
reversal invariance, it gives the
combination CPT, which is believed
on very fundamental theoretical
grounds to be a true, unbroken, sym-
metry. Thus if CP fails, T must fail
in an exactly compensating way. Sec-
ond, Andrei Sakharov argued con-
vincingly in 1967 that CP violation is
probably essential to the creation of
the apparent preponderance of mat-
ter over antimatter in the Universe.
In other words, without CP violation
probably all matter and antimatter
would have annihilated leaving noth-
ing tangible behind. Thus CP viola-
tion is evidently at the heart of the
material world.

If CP symmetry held true, the KS

and KL would be purely even and odd
respectively. One could not be
changed into the other. Since CP
symmetry is not completely re-
spected, the odd and even states can
change back and forth, one into the
other. Physicists say they “mix.” Is
this the only source of CP violation?
Very careful study of the decays of
the neutral K meson can answer this
question, and just such studies have
been going on ever since the discov-
ery of CP violation. Experiments at
CERN and Fermilab now seem to
have convincing evidence that CP vi-
olation comes not just from the mix-
ing of the CP-odd and CP-even states
of the K.

In 1972, Makoto Kobayashi and
Toshihide Maskawa proposed an ex-
planation of CP violation within the
Standard Model. They recognized
that if there were three generations
of quarks, as we now know there are,

K

Short

K

Long

π+

π–

π°

π°

π°

Decay Time 0.9 × 10–10 Second

Decay Time 0.5 × 10–7 Second

K mesons have two different life spans.
One type of kaon, the K-short, decays
quickly into two pions, whereas the other
decays slowly into three pions. The
difference in behavior comes from the
two kaons having opposite CP symme-
try. Only rarely however, the K-long can
also decay into two pions, proving that
CP can be violated.

there could be a misalignment among
them. If that misalignment were sim-
ply like a spatial rotation, described
by three angles, no CP violation
would arise. But in general the mis-
alignment needs four angles for its
description, and in that case, CP sym-
metry is violated. The misalignment
is often represented by a complex 3×3
matrix, called the Cabibbo-
Kobayashi-Maskawa (CKM) matrix.

This dramatic prediction is about
to be tested in experiments at SLAC,
KEK (in Japan), DESY (in Germany),
Fermilab (in Illinois), and at CESR (in
New York). The experiments with K
mesons are not easily compared with
the theory of Kobayashi and
Maskawa. The new experiments,
which use B mesons instead of K
mesons, will confront the theory
directly.

B mesons are a lot like K mesons.
Every meson is made of a quark and
an antiquark. In a K0 meson there is
a d quark and an s antiquark. The
meson with a d antiquark and an s
quark is called a K

—0 (“kay-zero-bar”).
The KS and KL are combinations of K0
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How can we test CP symmetry
with B mesons? The simplest way is
to ask whether the decays B0→ J/ψKS

and B—0→ J/ψKS happen in exactly the
same way. CP symmetry would re-
quire them to be identical since the
action of CP on a B0 makes a B—0 while
it turns J/ψKS into itself.

But if we observe J/ψKS in a detec-
tor, how can we determine whether
it came from a B0 or a B

—0? This
requires a physicist-detective to
examine telltale clues in the remain-
der of the event. The b quark is always
produced together with an anti-b
quark. If evidence can be found for a
b quark elsewhere in the event, then
it must have been an anti b quark (and
thus a B0 meson) that decayed into the
J/ψKs. This detective work is called
“tagging.”

Actually, neutral B mesons are
more cunning than this. They change
into their antiparticles and back on
a regular basis, seventy billion times
a second. This makes tagging some-
what harder. When the b and anti-b
are produced so that they act inde-
pendently, we can forget about all
these oscillations and simply take an
average. This is what happens when
B’s are produced in high-energy col-
lisions of protons, as they will be at
Fermilab and at the HERA accelera-
tor at DESY.

At the electron-positron colliders
coming on line at SLAC and KEK, the
situation is totally different. There
the machine energies are fixed so that
the electron and positron combine
with just the right energy to make
exactly one B0 and one B

—0. Each
oscillates back and forth between
particle and antiparticle, but with
their oscillations synchronized so
that if one decays as a B0 then the

and K—0. The B mesons are exactly
analogous, except that they have a
very heavy b quark in place of the
much lighter s quark. Although the b
quark itself became known in 1977, B
mesons were discovered only in 1982.

The B meson is a master of dis-
guises. It disappears in dozens of
ways, using each no more than a few
percent of the time. An especially
nice decay is B0→ J/ψKS. It is attrac-
tive because the J/ψ is an extraordi-
nary particle. Called J by Samuel
Ting and his collaborators who found
it at Brookhaven and psi (ψ) by
Burton Richter and his collaborators,
who found it simultaneously at
SLAC, this particle decays into the
stunningly simply states e+e− and
µ+µ−—pairs of charged particles that
are easily identified. Unfortunately,
only one B meson in 2000 decays to
J/ψKS, and only 12 percent of these
have the wonderful e+e− or µ +µ − sig-
nature.

Toshihide Maskawa, left, currently Director of the Yukawa Institute at Kyoto
University, Kyoto, Japan, and Makoto Kobayashi, professor at the Institute of Particle
and Nuclear Studies at the High Energy Accelerator Research Organization (KEK) 
in Tsukuba, Japan. For a photograph of the pair when they were students, see
page 24.
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other must be a B—0 at that very in-
stant. To test CP violation in this
case, we need to tag one B and mea-
sure the time until the other decays,
for during that time it continues to
oscillate. A typical B makes only
about a quarter of an oscillation be-
fore decaying, but some live much
longer.

At SLAC and KEK physicists study
the behavior of B mesons as a func-
tion of the time interval between the
decays of the two mesons produced
in a single event. To do this, their
electron-positron colliders are op-
erated in a novel way: the energies of
the electrons are raised to about
9 GeV while the positrons have only
3 GeV. When the two collide, the re-
sulting resonant state,ϒ(4S), is mov-
ing at more than half the speed of
light in the direction of the electron
beam. The ϒ(4S) itself decays nearly
instantaneously into a B0 and B—0.
These mesons themselves decay, first
one then the other, after traveling
typically about a quarter of a mil-
limeter. By carefully tracing the paths
of the decay products, the locations
of the two decays can be determined.
The distance between these points
is a measure of the time that elapsed
between the two decays.

The “gold-plated” decay B0→J/ψKS

will be the immediate goal of every
CP violation experiment using B
mesons because it occurs not so in-
frequently and is easy to spot. More-
over, the interpretation of the results
will be straightforward.

CP violation measurements are
conveniently displayed in a figure
called the “unitarity triangle,” which
represents the CKM matrix and thus
the Kobayashi-Maskawa model of CP
violation (see the article by David

Hitlin and Sheldon Stone in the
Winter 1991 Beam Line, Vol. 21,
No. 4). Three sides of the triangle and
its three angles can all be measured
independently. The CP measure-
ments using B mesons determine the
angles of the triangle. By measuring
B0→ J/ψKS the angle known as β can
be determined. Information on the
sides come from a variety of experi-
ments including B decays not in-
volving CP violation. The goal is to
check the consistency of all the mea-
surements by seeing whether the tri-
angle constructed from the knowl-
edge of its sides has angles that agree
with those measured independently
in CP violation experiments.

The Cornell electron-positron col-
lider, CESR, has equal energies for
electrons and positrons and so the
detector there, CLEO, cannot mea-
sure CP violation in the same way as
the SLAC and KEK experiments
BABAR and BELLE. The CLEO collab-
oration and the ARGUS collaboration
at DESY discovered much of what is
known so far about B mesons. CESR
will contribute to tests of CP viola-
tion by extending its measurements
of the sides of the unitarity triangle
and by another kind of CP-violation
measurement that does not require
knowing time differences.

The decays of neutral B mesons
into two pions can determine the an-
gle known as α. This measurement
will take much longer because these
decays are very infrequent. Moreover,
the interpretation of these results
will not be straightforward. The third
angle γ is also very difficult to
measure. There will be very intense
competition to measure β over the
next two years or so. This will likely
be followed by more detailed and dif-
ficult measurements directed at the
remaining angles.

The competition between exper-
imental teams, some using nearly
identical techniques, and others us-
ing utterly different approaches, will
surely provide stringent checks on
the results obtained. Naturally, each
team is anxious to show that its ap-
proach to CP violation experiments
is a good one. Will the clean events
of the electron-positron annihilation
prove more effective than the mes-
sier, but much more copious, events
found in proton-antiproton colli-
sions? Will the stationary target used
at HERA prove a better geometry than
the colliding beams at Fermilab?

Will all the groups reach the end?
And will they all reach the same
end—the same picture of CP viola-
tion? Only when the race is over can
we expect to know where the finish
line is. This issue of the Beam Line
serves as a program for this compe-
tition, outlining the teams and their
strategies. Handicapping the race is
left to the readers.

Will the clean events

of the electron-positron

annihilation prove

more effective than

the messier but much

more copious ones found

in proton-antiproton

collisions?
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After All These Years

by PERSIS S. DRELL
Cornell Still Producing B



THE CORNELL ELECTRON STORAGE RING
CESR was designed in 1975 to produce collisions of
8 GeV beams of positrons and electrons. Its accom-

panying all-purpose solenoidal detector CLEO surrounds the
electron-positron collision point and records the fragments
emerging from their annihilations. During the construction
of CESR, in 1977, Leon Lederman’s group at Fermilab discov-
ered the first evidence for the bottom, or b, quark. It was an
incredible stroke of good fortune for us. The 5 GeV mass of
this quark meant that CESR could easily produce particles
containing them. Although the original goal of CLEO was to
explore the physics of electron-positron collisions up to an
energy of 16 GeV, it quickly became clear that the physics of
the b quark was going to dominate the experimental pro-
gram. Indeed, B mesons were discovered in 1982 using the
CLEO detector, which has studied them ever since.

CESR’s luck didn’t stop there. Not only was the machine
serendipitously well suited to produce B mesons, but the B
meson has also turned out to be much more interesting than
anyone ever expected.

The initial studies at CLEO (and the ARGUS detector
studying B mesons at DESY in Germany) focused on estab-
lishing the bottom quark as the partner of another heavy
quark known as top. There were important measurements of
the semileptonic decay rate and the energy spectrum of re-
sulting leptons, which established that decay via the charm
quark c, b → cW−, is the dominant decay mode of the b quark.
These studies, combined with measurements elsewhere of
the B meson lifetime, allowed the b → cW− coupling strength
of the CKM matrix, Vcb, to be determined.

BEAM LINE 11

Mesons
10 million B meson

pairs isn’t bad,

but nevertheless

CESR and CLEO

eagerly push

forward to unlock

the secrets of the

b quark.
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However, two measurements
made the B meson front-page news
in the physics community. In 1987,
the ARGUS collaboration observed a
large rate for BB

–
mixing. The two

species can change into each other
billions of times per second. One in-
terpretation of this behavior (which
turned out to be correct) was that the
top quark is very massive. The sec-
ond important result came in 1989
from CLEO, which observed that B
mesons can decay to final states
without a charm quark in them. This
result meant that B mesons were
prime candidates to help elucidate
one of the great mysteries of Nature:
the question of the matter-dominated
Universe. The first result meant that
rare B meson decays are an excellent
probe of new physics beyond the
Standard Model. Nobody really ex-
pects that B meson decays will pro-
vide conclusive answers to why

matter dominates in the Universe—
or that the B meson will silence the
lingering questions about potential
sources of new physics beyond the
Standard Model. But many hope that
B mesons will probe the role that CP
violation might play in creating the
cosmic matter/antimatter asymme-
try, as well as provide hints of new
physics at or below the TeV scale.
Interest in the B meson has grown
dramatically in the two decades since
its discovery!

As the B meson has become in-
creasingly well understood through
detailed studies of its decays , the de-
sire has grown to produce and detect
many more of them. Ever since it
was first turned on, the CESR accel-
erator has been continuously up-
graded to satisfy the seemingly in-
satiable demands of experimenters.
The figure at left shows the inte-
grated luminosity (which is direct-
ly related to the number of B mesons)
delivered per month, and always the
demand is for more. When CESR first
operated in September 1979, it had
a single bunch of electrons and a sin-
gle bunch of positrons in the same
circular orbit colliding head-on at
two opposite places in the ring. A
steady series of upgrades followed;
a “pretzel” orbit scheme allowed the
storage of up to seven bunches in
each beam without their colliding at
multiple points around the ring. The
final focusing quadrupole magnets
were inserted inside the CLEO de-
tector to decrease the cross-sectional
area of the beams when they inter-
sect, thus increasing the luminosity.
A small crossing angle of 2 millira-
dians introduced at the intersection
point allowed 45 bunches in each
beam to circulate in side-by-side

600

400

200

0

1990 1992 1994 1996 1998

C
E

SR
  L

u
m

in
os

it
y 

(p
b–1

 / 
M

on
th

)

800

2000

100

50

0
1982 1984 1986 1988

A plot of the integrated luminosity per
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is directly proportional to the number of
B meson pairs produced each month.
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pretzel orbits, colliding at a single
point in the center of the detector.

By February 15, 1999, when a
much-improved CESR turned off for
another upgrade, the collider had
achieved a world-record peak lumi-
nosity of 8×1032 cm−2s−1 and had pro-
duced over 10 million pairs of b
quarks for the CLEO detector. The
main components of this current up-
grade are to replace the copper mi-
crowave cavities in the machine with
niobium superconducting ones and
to install new superconducting
quadrupole focusing magnets around
the interaction point. In addition to
providing stronger focusing of the
beams, the new quadrupole magnets
also help minimize the long range
beam-beam interaction, where dif-
ferent electron and positron bunches
interact as they approach and depart
from the actual point of collision.
The superconducting cavities will
feed power to the beams much more
efficiently and also lower the im-
pedance of the machine, thus help-
ing reduce multi-bunch beam insta-
bilities. Additional work is being
done so that the CESR vacuum sys-
tem will be able to handle the in-
creased currents, and the linac will
feed electrons and positrons to the
machine more rapidly. When the up-
grade is finished, the rate of B meson
production should increase by yet an-
other factor of 2; when it turns back
on this fall, the luminosity will ap-
proach 2×1033cm−2s−1.

The CLEO collaboration has
steadily upgraded its detector as well.
When it first turned on in 1979, its
main goal was to establish the basic
properties of the b quark. The essen-
tial features of the detector were ex-
cellent particle-tracking capabilities

and the ability to detect the charged
leptons that would be the smoking
gun for the weak decay of a heavy
quark. As the CLEO effort matured,
the importance of high-efficiency de-
tection of photons from decays of
neutral pions became clear. Upgraded
in 1989 to CLEO II, the detector in-
cluded even better tracking with a
new drift chamber and vertex detec-
tor, as well as a spectacular cesium
iodide calorimeter with high effi-
ciency and good resolution for de-
tecting 10 MeV to 5 GeV photons.
Further upgraded in 1995 with the ad-
dition of a three-layer, double-sided
silicon detector, the CLEO detector
has now recorded the decays of
10 million B meson pairs.

In CLEO II the physics focus shift-
ed from the initial measurements
of the basic properties of b quarks to
detailed studies of quark mixing. The
B meson is a wonderful laboratory
for determining the parameters of
quark mixing, and CLEO II has made
measurements of two of them—Vcb

and Vub with ever increasing preci-
sion. It has also done detailed studies
of the dynamics of B meson decays
and verified that (at least at tree level)
the Standard Model picture of quark
mixing is correct.

While not all of the CLEO II data
are fully analyzed, many rare decays
are also being measured. This will
continue as the large data set is fully
exploited. New higher-order process-
es that have been discovered offer
useful windows on new physics. As
one example, measurements of the
rate for the b → sγ decay are already
probing physics at the 600 GeV mass
scale; a new particle this heavy could
significantly alter the rates for such
decays from those predicted by the
Standard Model. Rare decays (which
occur once in every 10,000 or 100,000
B decays) are definitely a growth in-
dustry right now. One of the goals for
CLEO’s future is to continue to use B
mesons to look for physics beyond
the Standard Model by studying
these highly suppressed processes.

The current upgrade of the de-
tector to CLEO III, now being com-
pleted, is designed to meet the chal-
lenges of these physics goals. Two
major areas of investigation will be
continued studies of rare decay
modes and studies that probe direct
CP violation through the decays such
as B → ππand B → Kπ. A crucial as-
pect of the detector upgrade is the ad-
dition of a high-performance ring-
imaging Cerenkov detector to im-
prove CLEO’s ability to distinguish
pions from kaons with high effi-
ciency. The CLEO III detector will
also have improved tracking capa-
bilities with a new silicon vertex de-
tector and drift chamber. In addition,
upgraded data-handling capabilities

The greatest triumph

of all will be

to find surprising

new physics where

we least expect it.
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will help us cope with CESR’s in-
creased luminosity. The figure on the
left shows a schematic of the new
detector. The components are now
being assembled and tested, with
installation scheduled to be com-
pleted in September 1999.

If the CKM matrix (see the pre-
vious article by Robert Cahn) pro-
vides the complete explanation for
quark mixing—and if there are no
new and surprising heavy particles
to be discovered—then the work ac-
complished in the next decade or
so by CLEO III and our colleagues at
Belle and BABAR will be a triumph of
detailed and precise measurements.
They will expose the B meson sys-
tem in all its complexity and ele-
gance. What we hope, however, is
that our luck will continue and that
the B meson is in fact much richer
than we can currently imagine. Per-
haps the value of the mixing angle β
will be inconsistent with the mea-
surements of the sides of the CKM
triangle, or the CP violation pattern
observed in K decays. Perhaps the
rates of certain rare B decays will
turn out surprisingly large or star-
tlingly small when compared with
Standard Model expectations. The
greatest triumph of all will be to find
surprising new physics where we
least expect it!
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ORLDWIDE INTEREST in learning more
about the inner-workings of particles
containing b quarks which
prompted the con-

struction of new B factories
at Stanford and
Tsukuba for
the

BABAR and BELLE experiments also
led to a radically different approach in

Hamburg called HERA-B. The scientific
goals of HERA-B are similar to those of the new electron-
positron collider experiments—searching for new phenomena
beyond the realm of the Standard Model of particle physics
by testing whether its ideas can explain subtle asymmetries
among electric charge, space, and time on the subatomic
level—but the experimental techniques employed are very
different.

HERA-B uses protons from the 920 GeV HERA proton stor-
age ring* at the Deutsches Elektronen Synchrotron (DESY) in
Hamburg, Germany. Protons hit stationary nuclei in fine wire 
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HERA-B
Variations on a Standard Model Theme
by ROY SCHWITTERS

W

*HERA is an electron-proton collider, but the electrons are not used by
HERA-B.
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targets surrounding the beam pro-
ducing hosts of subatomic particles,
among which are particles contain-
ing b quarks that are detected and
measured by the HERA-B apparatus.

ACCELERATORS & DETECTORS
CHOICES, CHOICES!

HERA-B, BABAR, and BELLE offer text-
book examples of the diverse choic-
es possible between types of beam
and target particles, accelerators, and
detectors for pursuing outstanding
physics questions. These choices in-
volve technical and financial trade-
offs of many kinds, but ultimately
come down to judgments that are the
art of experimental science.

HERA-B grew out of the pioneer-
ing studies of the b-quark system by
the ARGUS group working on the
DORIS electron-positron collider at
DESY. In the early 1990s physicists
associated with ARGUS also sought
a higher-intensity collider to com-
pete with new machines then being
proposed at SLAC, KEK, and Cornell.
DESY chose not to construct a B fac-
tory because of the cost and effort re-
quired, but as is so often the case,
compelling science became the
“mother of invention.” ARGUS
physicists recognized that b quarks
could be produced in proton-nucleus
collisions using the existing HERA
ring. The choice puts severe demands
on detector technology but elimi-
nates the need to build two new stor-
age rings.

The key new idea was ingenious:
place a fine wire beside the beam
stored in HERA and protons moving
relatively far from the center of the
beam will preferentially strike it be-
cause there are no other obstructions

nearby. The proton-nucleus colli-
sions are energetic enough to produce
pairs of particles containing b and
anti-b quarks that can be measured
in an experiment. The fine wire
would also precisely locate the point
of collision, a significant technical
advantage for experiments.

Protons behave quite differently
than electrons in high energy storage
rings because of their two thousand
times larger rest-mass. Synchrotron
radiation dominates the performance
of high energy electron-positron stor-
age rings but plays essentially no role
in even our highest energy proton ac-
celerators, the Fermilab Tevatron and
HERA. Minor errors in the fields that
guide electrons around storage rings
can be completely masked by the
ebb and flow of synchrotron radia-
tion and the radiofrequency power
needed to compensate for it. This
is not the case with protons—their
motion feels the sum of all minor
perturbing influences over the mil-
lions and millions of miles they trav-
el around a storage ring in the hours
they are captured. The mechanics of
chaos come into play and individual

protons gradually migrate outward
from ideal paths at the center of the
beam, forming the “halo” of parti-
cles which hit the HERA-B target
wires, while not affecting the other
collider experiments; HERA-B runs
simultaneously with them with lit-
tle or no interference.

A critical factor in the success of
the next-generation b-particle ex-
periments will be the yield of “gold-
plated” events, events displaying cer-
tain decay modes like B0→ J/ψK0

S that
are expected to manifest the particle-
antiparticle asymmetries most ea-
gerly sought. One of the great chal-
lenges to the accelerator physicists
of the electron-positron B factories is
achieving unprecedented luminosi-
ties required to produce sufficient
numbers of events. One of the ad-
vantages of the proton-wire approach
is that sufficient collision rates are
relatively easy to obtain and have al-
ready been demonstrated in HERA.

On the other hand, producing b
quarks through collisions of protons
and nuclei (or other protons) is con-
siderably “messier” than by electron-
positron annihilation—the strong in-
teraction produces them frequently
in many forms, but, unfortunately,
at the HERA-B energy only about one
pair of b quarks is produced for every
million collisions. When one seeks
particular gold-plated examples of b-
quark events of most interest, one-
hundred billion proton-wire colli-
sions take place for every nugget
found! The central challenge for
HERA-B is how to find the desired
events while rejecting enormous
backgrounds. To do this, new
levels of speed and complexity in
the digital processing and selection
of detector information—called

One of the advantages

of the proton-wire

approach is that

sufficient collision

rates are relatively

easy to obtain and 

have already been

demonstrated at HERA.
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“triggering”—will be required. It is
interesting that, on paper, the
projected capabilities of HERA-B,
BABAR, and BELLE are quite similar
even though the accelerator and
detector challenges are vastly differ-
ent. Our confidence in the proton
approach is strengthened by the pio-
neering work of the Collider Detec-
tor at Fermilab (CDF) group who have
published the best measurements to
date on asymmetries involving the
gold-plated events; CDF becomes a
strong competitor after improve-
ments to their detector and acceler-
ator are completed next year.

HERA-B target wires present a
“fixed-target” to HERA’s protons.
Kinematic rules dictate that the b
quarks and all others produced in a
collision are thrown forward into a
relatively small range of angles about
the proton beam direction. This has
important implications for the design
of the detector: one need only in-
strument a relatively small range of
angles, but the number of particles
passing through detector components
is large, imposing severe require-
ments on detector element size and
performance. In addition, compo-
nents must stand up to all the other
proton-wire collisions taking place.
To collect enough gold-plated events
in a reasonable period of time, the
rate of ordinary collisions will be in
the range 10–40 million per second.
These particle rates are comparable
to what will be encountered at
CERN’s Large Hadron Collider (LHC).
Our ability to design and build de-
tector components suitable for the
formidable HERA-B environment
rests on detector R&D carried out
in anticipation of the LHC and the
Superconducting Super Collider.

COLLABORATION & DETECTOR—
STATUS AND PLANS

HERA-B is being built and commis-
sioned by an international collabo-
ration comprising approximately 280
physicists from institutes in China,
Denmark, Germany, Italy, Nether-
lands, Norway, Portugal, Russia,
Slovenia, Spain, Sweden, Switzer-
land, Ukraine, and the United States.
The collaboration formed in the early
1990s to design a detector optimized
for b-quark physics. HERA-B was
formally approved by DESY manage-
ment in 1995. In spring 1999, major
parts of the detector were com-
missioned with HERA beams while
other components are still being built
and installed during pauses in the
program. The apparatus is expected
to be completed by the end of 1999,
and initial physics running is planned
for winter/spring 2000.

HERA-B collaboration members in front
of the electromagnetic calorimeter. Parts
of the muon detector can be seen in the
left background.
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of charged particles. The silicon de-
tectors determine the proton-wire
collision point and detect secondary
vertices arising from decays of B par-
ticles. Decay vertices occur over dis-
tances of millimeters to centimeters
from the wires because of the high
energy kinematics involved, making
them easily recognizable in the sil-
icon detectors. Products of B-particle
decays and other particles produced
in the target wires next pass through
a ten-meter-long system of track-
ing detectors and a dipole magnet for
determining momenta. There are
nearly 300,000 channels in the track-
ing system. Finally, a large ring-
imaging Cerenkov detector, electron/
photon calorimeter, and muon
absorber/tracker aid in particle iden-
tification and photon detection. In total,
HERA-B is about twenty meters in
length and comprises roughly one-
half million detector channels.

To date, the most vexing techni-
cal problem has been aging of track-
ing chambers—degradation in per-
formance when exposed to the large
fluxes of particles expected in the
actual experiment. Extensive tests
involving new fabrication techniques
and operating procedures indicate
that aging problems can be mitigated,
but the effort has resulted in delays.
The knowledge gained in these
studies, however, is of great utility

A basic principle underlying the
design of HERA-B is to record events
exhibiting highly distinctive decays
of B particles such as J/ψK0

S men-
tioned previously, and to “tag”
whether the trigger particles come
from decays of B particles or anti-B
particles by observing properties of
the other particles in the same event.
The decision to record an event is
made by means of a specialized trig-
ger processor that examines infor-
mation from several detector sub-
systems within the 96 nanosecond
period of time between collisions,
followed by subsequent levels of
processors using successively more
computation and more time to reach
a decision. Tagging is achieved by ex-
amining all the data recorded for the
event from a multiplicity of detector
types that respond differently to var-
ious kinds of particles. The choice of
detector components and layout fol-
lows from these considerations.

Eight remotely positioned target
wires surround the HERA proton
beam. During a run, one or more
wires are moved into the beam halo;
a feedback system makes fine adjust-
ments to wire positions to maintain
the desired rate of proton-target-wire
collisions. Downstream from the tar-
get wires, in the beam vacuum, are
136,000 channels of silicon detectors
for accurately measuring trajectories

to future high-intensity hadron col-
lider experiments such as those
planned for the LHC.

OUTLOOK

The next few years promise to be
landmarks in the study of the build-
ing blocks of matter with the new ex-
periments HERA-B, BABAR, and BELLE
starting up and joining ongoing and
upgraded efforts at other laboratories.
The multiplicity of approaches will
ensure full exploration of today’s
open questions and will provide road
maps to future inquiries which be-
come imperative in the happy event
that the b-quark system reveals new
mysteries not anticipated by the
Standard Model. HERA-B plays a cen-
tral role in this process both scien-
tifically and in lessons to be learned
about detecting B particles in intense
proton collisions, the likely future
path for this physics because of the
superior numbers of B particles that
can be produced in high energy pro-
ton collisions.

The technical challenges of build-
ing a new kind of detector system
within tight constraints of time and
resources, and the future promise of
the proton approach make HERA-B a
demanding, yet rewarding experi-
ence for the relatively small group
of people creating this interesting
variation among modern detectors.
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MAGINE A WELL PREPARED celebrity affair. 
Everything is perfectly planned. The candles match 
the color of the napkins. The program has been re-
hearsed many times. Everybody is anxiously awaiting
the appearance of the two superstars. Everything is

expected to go smoothly, but something unexpected hap-
pens. This is the story of some uninvited party crashers.

The Collider Detector at Fermilab (CDF) studies proton-
antiproton collisions at the world’s highest energy accelera-
tor, the Tevatron Collider. The study of B mesons, subatomic
particles containing a bottom quark, b, is among the most
exciting goals for CDF—although this was not at all antici-
pated when the detector was designed. The collision of a pro-
ton with an antiproton had been considered too complex an
environment, in which it seemed to be too hard to identify
the B meson. CDF was built primarily to study the properties
of the W boson, a particle mediating the weak force, and to
find the top quark, which was indeed discovered in 1995 (see
the article by Bill Carithers and Paul Grannis in the Fall 1995
Beam Line, Vol. 25, No. 3).

Several features in the original detector design were how-
ever advantageous for studies of B mesons. CDF has a large
magnetic tracking volume, in which the flight paths of elec-
trically charged particles are bent, a well-segmented calorim-
eter to detect electrons and to measure their energy, as well
as muon chambers that allow the detection of muons even at
low momentum. But it was the later installation of a silicon
micro-vertex detector in 1992 that made the study of B parti-
cles possible in a competitive way. This device finds the
point of origin (vertex) of particles, indicating how far a B me-
son traveled before it broke down and thus how long it lived.
In 1993, CDF physicists presented their first measurements of

CDF—The Party Crashers
by MANFRED PAULINI

You see things as they

are and ask ‘Why’? I

dream things as they

never were and ask

‘Why not’?

—George Bernard Shaw

I
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the lifetimes of B mesons, demon-
strating the capabilities of its silicon
micro-vertex detector. Since then,
the collaboration has pursued a broad
program studying the decays of B par-
ticles. With a detector not specifi-
cally designed for B physics, we are
now participating in the race to dis-
cover CP violation in the B meson
system, competing with physicists
whose accelerators and detectors are
optimized for this single purpose.
In this article, I illustrate why we feel
confident in joining the celebrants
setting out to reveal the nature of CP
violation in B decays.

There are particular advantages to
pursuing B physics at the Tevatron
Collider. It produces all species of B
particles, in contrast to the B facto-
ries, where only certain kinds of B
mesons appear. But the primary mo-
tivation is that the B meson produc-
tion rate is about 3000 times larger at
the Tevatron than at the B factories.
About 5 billion bb

–
pairs were pro-

duced during the 1992–96 run of the
Tevatron Collider, called Run I. Pro-
ducing B particles at high rate is thus
easy. But isolating events that con-
tain them is a major issue, since they
are produced in only one in every
thousand collisions. B mesons appear
in every fourth event at the B facto-
ries. The task at CDF is therefore
identifying the desired events while
rejecting copious backgrounds. The
“trigger” decides whether an event
is interesting enough to be recorded.
In Run I, all triggers used to find B
particles were based on easily iden-
tified leptons, electrons or muons.

Soon after CDF presented its first
B lifetime results in 1993, the col-
laboration embarked on a program to
explore whether CDF would be able

to  study CP violation in the B me-
son system. The best chance is with
the “gold-plated” decay mode B0

→ J/ψKS (see the illustration on the
left). In general, there are three in-
gredients that are essential to mea-
sure CP violation in this decay. First,
one needs  to reconstruct the decay
by finding π+π− pairs that come from
KS decays in events where two
muons from a J/ψ set off the trigger.
Approximately 400 signal events,
currently the world’s largest sam-
ple of B0 → J/ψKS, have so far been re-
constructed at CDF (see the graph on
the next page). Now the lifetime of
the B0 meson that decayed to J/ψKS

must be measured. Since B mesons
are produced independently at the
Tevatron, the clock starts ticking
with the initial proton-antiproton
collision whereas at the B factories
the clock runs from the decay of the
first B meson to the decay of the sec-
ond one. As the third ingredient, we
must determine whether the B me-
son involved was a B0 or its antipar-
ticle B

–0. This detective work—usually
called B-flavor tagging—requires ex-
amining the remainder of the event.
CDF physicists use certain clues to
tag the B0: another pion produced in
conjunction with the B meson dis-
integrating to J/ψKS, or a jet or lepton
produced by the other B particle in
the event (using the fact that B par-
ticles always come in pairs). The
charge of the pion, jet, or lepton tells
us whether a B0 or B

–0 decayed to the
J/ψKS. All these methods are imper-
fect, however, and cause uncertain-
ties in the measurement of the CP
asymmetry. Since B flavor tagging is
the crucial element of a CP violation
measurement, CDF has done exten-
sive studies of the various methods
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B particles emerging from the collision
between a proton and antiproton are rel-
atively long-lived, traveling on average
about 1 mm (dashed lines) before de-
caying. Here a B– meson decays into a
J/ψ and a K0

s particle. The J/ψ further dis-
integrates into two muons (µ+, µ−) while
the K0

s decays further into two pions. To
determine whether the B particle was
born as a B0 or its antiparticle B

– 0 certain
clues are used: another pion produced
in conjunction with the B decay prod-
ucts, a jet, or a lepton produced by the
second B particle in the event.


