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Abstraet

A high-Juminosity asymmetric energy ete™ collider, operated at the T(4§ ) en-
ergy, provides the best opportunity to study CP violation as a means of testing
the consistency of the Standard Model. If the phenomenon of CP violation is
explained by the Standard Model through the non-zero angles and phase of the
Cabibbo - Kobayashi - Maskawa matrix, then there are precise relations between
the CKM parameters and the various measurable CP violating asymmetries in
B meson decay. Should these consistency relations fail, the origin of CP vio-
lation must lie outside of the Standard Model framework. The measurement
would then lead to the first observation of physics beyond the Standard Model.

The B Factory will also carry out a varied, high quality program of studies of
other aspects of the physics of b quarks, as well as high precision measurements
in 7 and charm physics.

The peak luminosity of 3-10%% cm~2s~! necessary for such a physics program can

be achieved with a double ring ete™ collider that fits into the PETRA tunnel
at DESY, and that can be constructed using presently existing techniques.

We describe the design of a universal magnetic detector that is optimized for
the observation of CP violation, but also allows for a wide additional physics
program.

The combination of collider and detector can be built within 4 years for an
estimated cost of 175 MDM and 104 MDM, respectively.
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INTRODUCTION

INTRODUCTION

Over the last decade dedicated research programs in B physics — the physics of
the beavy fifth quark ~ were carried out at two facilities, the CESR ete~storage
ring at Cornell and the DORIS ring at DESY. Results from these two machines
had 2 major impact in shaping our present understanding of fundamental forces,
as summatrized in the Standard Model. The depth and richness of the physics
revealed in the CESR and DORIS energy range was far beyond the expectations
of the protagonists of this field and competes favorably with most other recent
enterprises in particle physics: However, it has also become clear that some of
the very fundamental questions in this new realm of B physics are beyond the
reach of those present machines. The most exciting prospect — the observation
of the violation of CP symmetry in the B system — requires improvements in
the achievable interaction rates by orders of magnitude. Such machines are
now technically feasible, and detailed studies of next-generation facilities for B
physics are being performed in nearly all major accelerator centers around the
world. In this document, we present a design study for a B factory at DESY
which optimally exploits the existing infrastructure - in particular the PETRA
tunnel - and which would guarantee the continuation of the successful research
program initiated by the ARGUS group.

A B factory - like other "factory” machines — explores the high luminesity fron-
tier of elementary particle physics, and tries to probe new physics in precision
measurements at modest energies and to examine rare processes. The history
of physics with kaons provides the most viable demonstration of this concept
~ minute effects at low energies are shown to probe interactions and fields at
multi~TeV mass scales, which cannot be reached in direct production experi-
ments. Of course, the mainstream of particle physics is still directed towards
the other frontier — the high energy frontier. There are, however, indications
that the rewards gained at this frontier may turn out to be quite limited. The
Standard Model - which will remain one of the lasting achievements of our
century — describes the most fundamental layer of nature so far discovered with
remarkable precision. The number of fundamental quark and lepton families is
most likely limited to 3, as shown by LEP and SLC. With the exception of the
t quark and the Higgs particle, no more fundamental particles are expected.
At the same time, the Standard Model has too many arbitrary parameters to
be truly fundamental. However, given that no indication for physics beyond
the Standard Model has ever been noticed, new accelerators providing the next
step towards higher energies are no longer guaranteed to find new physics.

On the other hand, the b quark is probably the most heavy charge -1/3 quark
ever. It is the heaviest object to form true bound states with other quarks,
which allows to study the strong interaction potential between guarks and the
still unresolved low—energy phenomenon of quark confinernent; in hadrons with
t quarks any level structure is completely smeared out because of the short life-

Physics motivation

High Iuminosity
versus high energy
frontier
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time of these heavy quarks. Future studies of quarks and leptons and of their
interactions will therefore not require higher energies, but need higher reaction
rates which can be achieved at “factory” accelerators. Factories are facilities
producing large rates of certain particles; compared to energy—frontier ma-
chines, they represent modest scale efforts. Among the various factories under
discussion, a wide consensus exists that a B factory provides an outstandingly
large physics potential.

In this situation, it seems appropriate that the high—energy physics community
would invest most but definitely not all of their resources in the struggle for
ever higher energies. The remaining resources should be invested in factories,
challenging the luminosity frontier. The hope being that a closer and more
precise look at the physics within the energy scale of the Standard Model will
lead to hints sufficient to develop a more fundamental theory.

The highlight and key measurement at a B factory is the observation of CP
violation. C stands for charge conjugation, but actually means the symmetry
of nature between particles and antiparticles. P means the symmetry of nature,
when viewed as a mirror image. All known basic laws of physics remain invari-
ant, when particles are exchanged by their antiparticles and looked at through
a mirror. Thus nature is expected to be CP invariant. But it is not. The
universe consists of matter and not of antimatter. Elementary particles were
discovered which do not respect the CP symmetry. In 1964 Cronin, Fitch and
collaborators in their Nobel price winning work observed that K° mesons in a
few permille of the cases decay in a CP violating way. Until now the origin of
this phenomenon is not understood. In 1972 Kobayashi and Maskawa proposed
that the Standard Model of those days could be generalized to describe 3 gen-
erations of quarks — which by then were not yet discovered — by enlarging the
Cabibbo matrix to a 3 ¥ 3 matrix. This matrix is known as the CKM matrix.
They also noted that if the CKM matrix was not entirely real, but contained
some imaginary part, this would automatically lead to CP violation. For a
complete determination of all relevant parameters of the Standard Model, the
direct observation of CP violation in B decays is indispensable; the kaon data
alone do not provide sufficient constraints.

Closely related to the question of CP violation and the structure of the CKM
matrix is another, even deeper question, namely the understanding of the mech-
anisms by which the masses of quarks and leptons are generated. The Standard
Model makes the assumption that the mass of a particle is given by the product
of a dimensionless coupling constant with the Higgs field strength. The Higgs
field and its field quantum, the Higgs particle, are the main research goals of
the next generation of high energy colliders, the LHC and SSC. Closely related
to this issue is the question of the origin of the quark coupling constants, and of
the relation between the mass eigenstates and the flavor eigenstates of quarks.
Here the CKM matrix plays an essential role, since it connects the individual
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couplings. Thus the next super colliders and a B factory address aspects of the
same fundamental physics.

For a complete determination of the CKM matrix a large number of different
measurements has to be performed, which can only be accomplished with a B
factory. While the physics of the CKM matrix is already enough justification
for a B factory, its physics potential is much richer, as will be discussed in detail
in part I of this study. Especially the charm and r~physics is competitive with
the stated goals of charm~ and 7—factories.

The concept of an asymmetric ete™ collider, operated at the CMS-energy of
the T(45) resonance, emerged at DESY and independently also at other places.
Such a machine would enable the measurement of interference effects in weak
decays, providing a direct measure of the CP violating part of the CKM matrix.
In an asymmetric storage ring, electrons and positrons collide with different
energies to give the B mesons, produced almost at rest in the CMS, a well
defined Lorentz boost in the lab-system. The B meson decay lengths are then
measurable and reveal a time dependent interference pattern.

The design of a B factory collider is based on progress in the technology of
storage rings. Detailed simulation calculations for the CP violation experiment
have lead to the definition of the specifications required for the machine, which
are given in part II of the study.

A luminosity of at least 10%* cm~25~! must be reached. In order to achieve this
safely, the proposed machine is designed for a luminosity of
L£=3-10* cm 32571,

For the CP violation measurement an asymmetry with beam energies of
Ey = 9.33 GeV and E; = 3.0 GeV is adequate. Although a B factory will
operate mostly on or near the Y(45), some related questions, such as the study
of B, mesons, may require slightly higher energy and larger asymmetries up to
E, = 14 GeV and E; = 2 GeV; in this case the requirement for the luminosity
is relaxed to about 3 .10%2 cm~25~1,

Several ideas have been considered how these specifications could be met: Nor-
mal conducting and superconducting linear colliders and various storage ring
configurations were studied in detail. We conclude that a large ring on large
ring collider is the only scheme which guarantees to meet the required specifi-
cations at a reasonable cost. The same conclusion was reached by all groups
which have studied B factory concepts at other laboratories. The various de-
signs have by now converged, and a consensus exists about the best technical
solutions.

The machine resulting from this study, HELENA, is designed to reach a lumi-
nosity 100 times larger than DORIS IL. This increase is essentially accomplished
by an increase in the bunch collision frequency. The luminosity per bunch col-

lision stays the same. DORIS has a collision frequency of 1 MHz, whereas
HELENA has 83 MHz.

Asymmetric
ete —collider

Collider design

11
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All new features of this machine design are consequences of the task to create
an environment where such a high collision frequency is possible. In particular,
it turned out that an asymmetric machine is advantageous to reach this goal.
Unequal beam energies allow for an efficient magnetic beam separation, avoiding
parasitic bunch crossings due to the small bunch distances. With the separation
scheme described in this document, combined with a carefully optimized set of
radiation masks, backgrounds and doses in the detector remain at tolerable
levels.

The PETRA ring has a circumference ideally suited for an asymmetric B fac-
tory. The B factory requires the construction of two new rings in the PETRA
tunnel, a high energy ring, HER, and a low energy ring LER. In addition the
PETRA machine, the injector for HERA and HELENA, must stay in the PE-
TRA tunnel.

The study presented here shows that a B factory using the PETRA tunnel is
feasible and meets the required specifications.

The design of a universal detector for a B factory, while less challenging than the
machine design, represents nevertheless a non-trivial task. To cover the broad
physics program, the detector must be equally suited for high-multiplicity BB
events, for annihilation events, for 77 events with few high-momentum particles,
and for two-photon events with their low-momentum tracks. Optimum use of
the particularly precious BB events implies full 4 = coverage, identification of
pions, kaons, protons as well as leptons over nearly the full momentum range,
and precision tracking close to the beam pipe to resolve B decay vertices.

The detector presented in section III of this document fulfils all these require-
ments. Essential parts of the concept are the asymmetric layout, which guaran-
tees uniform coverage and resolution in the centre-of-mass frame of the reaction,
and the use of Helmholtz coils to generate the main analysing field, resulting in
improved access to the calorimeter as well as in cost savings. The low-density
main drift chamber has a small inner radius and a design optimized for the
mostly low-momentum B decay products; its unconventional shape optimizes
the acceptance and momentum resolution and minimizes the obstruction of
outer dectector components due to supports and end plates. Further main
elements are the silicon vertex detector, the ring imaging Cerenkov counter
for particle identification, the scintillators for triggering, the homogeneous Csl
calorimeter, and the multi-layer muon detection system. The performance
of the detector is illustrated with detailed simulations of the most important
benchmark reactions.

After some years of operation, HELENA will have accumulated a data sample
corresponding to an integrated luminosity of 50 f6='. The following description
of the physics potential of HELENA is based on a collected data sample of this
size.
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If approved, HELENA would contribute significantly to the scientific output of
high energy physics of DESY and Europe.
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16 Physics Motivation

The scientific program of HELENA covers an exceptionally rich research field
which is accessible due to the favourable energy range and high luminosity of
such a machine.

1. B Mesons and the CKM Matrix

The elements of the CKM matrix are fundamental parameters of the Standard
Model. They can not be predicted by present theory but might be the key to
a more advanced theory. Most of the elements of the CKM matrix can only
be measured by high precision experiments with B mesons. Even the CKM
matrix elements involving the very heavy top quark are only accessible through
B mesons. Most important, the self-consistency of the CKM approach and its
description of CP violation can be put to a stringent test by the observation of
CP violation in the B system.

While the CKM matrix has previously been considered as a basic property of
the Weak Interaction, in a more modern view, the CKM matrix is introduced as
a consequence of the mechanism of mass generation of the elementary particles.
Much of the present effort in particle physics is focused on this problem, and
the study of b quarks is likely to provide important clues.

2, Beauty Spectroscopy

Many of the bound states of the heavy b quark are yet undiscovered. Of prime
importance is the yet missing discovery of the ground state of the bb system.
Furthermore the region of higher excited bb states has still to be explored.

For this research program HELENA provides ideal conditions. Since the top
quark will be too heavy to live long enough to form bound states, the beauty
guark is the quark which gives the most valuable spectroscopic information for
our understanding of the strong interaction.

3. Charm Physics

Many questions of charm physics are still unresolved. Charm decays offer the
possibility to study the simultaneous action of both weak and strong interac-
tions. Last not least, a good understanding of charm physics is essential for
high precision experiments with beauty.
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