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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.

13
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18 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 fundarnental 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
CPF 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 s 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 rissing 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 beaunty
quark 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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4. The Heavy Lepton Tau

The heavy lepton T and its neutrino v, are still much less known than the other
leptons, the muon and the electron. Many theoretical models predict effects
of new physics proportional to the mass squared of the lepton invelved. Thus,
from the heavy lepton the largest effects could be expected. HELENA will
produce by far more 7 leptons than any other machine and will therefore offer
an excellent environment for this research program:.

5. Two Photon Physics

Thiough interaction of the photon clouds of the colliding electrons and
positrons, various hadronic states are produced. This allows to search for new
types of hadrons such as glue balls and 4- quark states which are theoretically
expected but have so far not been unambiguously identified.

The above list is by far not exhaustive but it shows the wealth of unique research
goals which can be successfully addressed by a B factory.

The basic measurements can be accomplished in the first five years of operation
of the HELENA storage ring. The broad scope of physics with HELENA will

guarantee the continuation of an outstanding research program for many more
years.

Heavy leptons are
a good searching
ground for new
physics.

47 physics may
give access to glue
balls and 4¢ states.
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Any quark decay
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proportional to a
specific CKM
matrix element.

The CKM muatrix
can give the
explanation of CP
violation in the
frame of the
Standard Model.
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1 The CKM Matrix

1.1 The Role of the CKM Matrix in Weak
Interactions

The central scientific subject of a B factory is a precise determination of the
CKM matrix which determines the weak couplings of quarks in the Standard
Model.

Any two quarks ¢ of different electric charge can transform into each other by
emitting or absorbing a Weak Boson W, see figure 1.

qi - Ix

Figure 1: Transformation of quarks by W emission.

All such interactions proceed according to the same formalism with a coupling
constant Vji specific to each possible transition between quarks. The constants
Vit can be collected in a matrix, namely the CKM matrix:

Vud Vus Vub
V=1 Vg Ves Va (1)
Iftd Vta mb

where the quarks d, s, and b have charge -1/3 and the quarks u, ¢, and ¢ have
charge 2/3.

The elements of this matrix are complex numbers, Non-vanishing imaginary
parts lead automatically to CP violation as observed in X % meson decays. The
mechanism of CP violation is a key ingredient not only in our understanding
of particle physics but possibly also in cosmology and in the creation of matter
in the universe.
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In the Standard Model the CKM matrix is introduced through the quark mass
term in the Lagrangian L:

C, 0 0 U
L = (u, e, t) 0 C. 0 ¢
0 0 C, ¢
Ca 0 O d
+(d,d0Yv i o ¢, o0 |V o° (2)
60 0 G b
m, 0 0 U
= (u,c,t) 0 m, 0 ¢
0 0 my i
myg 0 0 d
+Hd, s, YV ]| 0 m, o |V} & (3)
0 0 my b
where primes denote the transformed quark fields:
d d
s |=v] & |. (4)
b b

Here V is the CKM matrix, (u,c,t) and (d, s, b) are the quark fields, p° = 246
GeV is the field strength of the Higgs field, C,; are the coupling constants by
which the quark fields are coupled to the Higgs field, and m, are the quark
masses which are thus generated.

In order to give masses to the quarks, the mass matrix must be diagonal.
Obviously, the mass generating mechanism does not lead simultaneously to
diagonal mass matrices for both kinds of quarks. The two mass matrices are
rotated against each other by the CKM matrix. Thus the CKM matrix, though
it manifests itself in the Weak Interaction, is actually originating from the mass
generation mechanism.

A complete determination of the CKM matrix is important for a deeper under-
standing of this unresolved question at the frontier of our, knowledge.

1.2 The Unitarity Triangle

The CKM matrix in the above Lagrangian rust be exactly unitary. Any de-
viation from unitarity would be evidence of the failure of the Standard Model
and prove the existence of new physics.

Particle masses are
generated by the
Higgs field.

The CKM matrix
transforms
between mass and
weak interaction
eigenstates.
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The CKM matrix
is parametrized by
4 independent
parameters.

Unitarity of the
CKM matrix

The unitarity
triangle

Wolfenstein’s para-
metrization of the
CKM matrix

The unitarity
triangle checks the
Standard Model
and tests for new
physics
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With 3 families of quarks, a unitary 3 x 3 matrix is parametrized by three
rotation angles 6;, 8, 63, and one complex phase §. Using the abbreviations ¢; =
cos6; and s; = sinb;, Kobayashi and Maskawa originally chose the following
parametrization:

1 —$1€3 —81€3
# cycp83 + Sscae® . (5)
& 15383 — c;,C3e“5

V= §31€Cz C€1€2C3 — $283€
5387 (C182€3 + 623361

The unitarity condition reads as follows:

Z I’E};ij = 6ij; 1,§ = U, €t (6)
k=d,s,b
From these 9 equations one chooses the following one:
VudViy + VeaVih + ViV = 0- (7)
Eq. 7 can be visualized as a triangle in the cornplex plane, the so called unitarity
triangle [1].

A frequently used approximation of the CKM matrix has been suggested by
Wolfenstein [2]:

Vid Vus Vi 1- % A )«3A(,0 - 2’!’,")
V= Vcd Vcs Vcb 2 —A 1- % AzA (8)
Vie Vis Vi MA(1—p—ig) —-A%A 1

where A = sinf, (6. Cabibbo angle). In this particular representation the terms
of order higher than )® are neglected. X, A, p and 7 are related to the three
angles 6; and the phase § previously mentioned.

The representation of the unitarity triangle in the (p,7n) plane is shown in
fig. 2. Two corners of the triangle are fixed at (0,0) and at (1, 0). To fully fix
the triangle one has to measure the coordinates ( p, 1) of its apex.

The measurement of two sides and the three angles a, 8, v allows to check
the consistency of the CKM ansatz. In contrast, observing an inconsistency
between the measured values will reveal the presence of a fourth generation or
of new physics. We will now discuss the present knowledge about the unitarity
triangle.

1.3 Existing Measurements of the CKM
Matrix Elements

The first and second generation CKM matrix elements Vids Vess Vaug, and Veg
are essentially given by the well known Cabibbo angle. All other CKM matrix
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Figure 2: The unitarity triangle in the (p,7) plane of the Wolfenstein
parametrization. Indicated is the definition of the angles o, 8 and v.

elements are accessible in measurements of B meson properties. Two types
of transitions can be distinguished with regard to the change in the beauty
quantum number B:

1. |AB| = 1 transitions are responsible for B meson decays. A representative
set of quark diagrams of this type is given in fig. 3. B meson decays allow
to determine the CKM matrix elements |V| and |V

2. BB mixing occurs through |AB| = 2 tramsitions. The corresponding
Feynman graphs are the box diagrams shown in fig. 4. From B°B° mixing
one can extract |V;4|. Similarly, 2 measurement of B, B, mixing will yield
the value of |Vi,].

1.3.1 |V, from Semileptonic B decays

The CKM matrix element |V, is extracted from inclusive and exclusive mea-
surements of B decays by ARGUS [3,4] and CLEO [5]. The B lifetime 7, is
determined at high energy eTe~ colliders {6]. The width of the semileptonic
decay B> D%t~ 7, is given by
= BR(B°-D*i %
N(BO— D7) = ZEE DRy o p (9)

Tgo
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g 3
g q

a) b guark decay [external) b) b quark decay (intemal)

b b
) g,
a -

W < w C q

1 q

3 ™ g q

¢} W exchange ) d} Annihilation
W q. E"

g Yy, ] w 9.
a b o)
) o2 4

e) gluonic penguin fi Electromagnetic penguin

Figure 3: Quark diagrams of B meson decays.

d V!d i b d ng w b
0 70 i
B W w B, BY i ¢ —3
b - d b N —— d
) i Vu W Vu
Vo 8 Vi, W
$ b § ) b
B 159 w B B t ¢ B,
¥ a ,
b — 5 o ~~ 3
t WV, w W,

Figure 4: |AB| = 2 box diagrams responsible for B°B° mixing.

A large systematic where the parameter F is given by a form factor for which the theoretical pre-
error on |V is dictions are quite accurate. Using the measured values together with theoretical
due to charm calculations one obtains |V,,| = 0.043 £ 0.003 + 0.004 where the first error is

branching ratios.
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due to measurement errors in the B system and the second error is mainly due
to imperfect knowledge of charm branching ratios.

1.3.2 |V,4| from Charmless B Decays

Charmless B decays have been studied using B mesons from Y(45) decays.
Semileptonic B decays with a lepton momentum beyond the kinematical limit
for B—DIl*y transitions, p; > 2.3 GeV /¢, are clear indications for charmless B
decays [7,8]. Such leptons have been observed and it has been demonstrated for
a few events that these leptons belong indeed to semileptonic b—u decays such
as B°—r*u~v, and Bt —wpty, [9]. Having explicitly shown that b~ul~7,
transitions are responsible for the excess of leptons with momenta above the
kinematical limit for b—ci~ %, transitions, the strength of the b—wu coupling can
be obtained from the inclusive spectra.

However, the extrapolation from the restricted range 2.3 < p; < 2.7 GeV/c to
the full range depends on models. This results in a large systematic error for
the ratio IVub/.Vcb' H

v,
0.08 < lIVubll = Ay/p? + 7% < 0.20. (10)
cb

1.3.3 |V,4| from B°B° Mixing

B°B® mixing is mediated by second order weak interactions (|AB| = 2) through
the box diagrams [10]; see fig. 4. Evaluation of these diagrams in the Standard
Model yields the following analytic expression for the measurable parameter
zg = Am/T [11]:

GZ m2
T4 = 6_}; «Tge +Mmpo - Bpo 'fgo *NQCh . mf : F(—"f‘) ' |V*5V‘d|2’ (11)
T My

where

Am is the mass difference between the CP eigenstates;
* 7o = 1/T is the B® meson lifetime ({1.27 £ 0.06) - 1072 sec [12]);
¢ mpo is the mass of the B® meson (5.2794 £ 0.0015 GeV [6]);

¢ Bpo is the ratio of the relevant hadronic matrix element to its vacuum
expectation value, the so—called bag factor. It is believed to be of order 1;

¢ fpo is the B® decay constant and is theoretically estimated to be in the
range 100300 MeV from QCD sum rules [13] and lattice calculations [14];

® niocp ~ 0.86 is a known QCD factor:

A large systematic
error on |Vyp| is
due to model
dependence.
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A large systematic
error on {Vy4| is
due to theoretical
uncertainties.

The interpretation
of |eg| is hindered
by lack of a theory
for the K bag
factor.
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e m; is the mass of the yet undiscovered ¢ quark {m; > 89 GeV [15]};
o my is the mass of the W boson (80.6 £ 0.4 GeV [6]);

o F(m?/m%,) is a known function which smoothly decreases as m; gets
larger.

BYB° mixing was experimentally observed by ARGUS [16] through the com-
plete reconstruction of a Y(45)—B9B° decay where either B meson decays as
a B°. In this event both B® mesons decay like B°—~D**u*y,. The result on
zg4, derived from Y(45) decays into final states involving D**I~1~ and [1~
combinations, yielded 4 = 0.67 + 0.11 {16,17].

The measurement of x4 provides a handle on the value of |V34|? if one knows
the mass of the ¢ quark and the B° decay constant, fgo. Assuming m; = 135
GeV, |Va| = 0.043, and fpo = 150 MeV, we get:

A% .
1.0 < —=1[1-p—in < 1.35. (12)
1Vcdv’éb|

1.3.4 Constraints from |ex|

If the origin of CP violation is indeed due to the complex phase of the CKM
matrix, also |ex|, the parameter which measures the strength of CP nonconser-
vation due to mass matrix mixing in the K? K2 system, yields constraints on
the unitarity triangle. Its value is theoretically predicted to be [18]:

lex| = €+ Bg « |Vap|?|Vea* % {yc - Falye) + [Vl ye - folwe)(1 - P)} (13)

where C is a constant, B is the bag factor of the K0 and f;(y;) and fo(y;) are
two known functions with y; = m?/m},. Besides the yet unknown value for my,
large uncertainties exist on By. Predictions vary in the range 1/3 < Bx < 1.

The experimentally measured value (6]
lex ] = (2.27 £ 0.02) x 1672 {14)

allows nevertheless to further constrain the unitarity triangle.

1.4 Constraints on the Unitarity Triangle

The present experimental values of the quantities relevant for the evaluation of
the unitarity triangle can be combined to resirict the coordinates {p,n) of its
apex: The value of |V,;| yields a circular band around {p,7n) = (0,0) in which
the apex has to lie. The measurement of |Vyy| defines a circular band around
(1,0). The parameter |ex| allows a region bounded by hyperbolae.
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Global fits have been performed {19,20,21] in order to obtain the allowed range of
the apex. In [19], the input parameters are assumed to be Gaussian distributed
around their central values. The following numerical input has been used:
lex| = (2.263  0.023) x 1072, &y = 0.67 £ 0.15, [ = 0.100 & 0.008, m, =
(137 £ 39) GeV/c?, and By = 0.8 £ 0.1. fp is varied between 100 MeV and
300 MeV. The measurement of |¢//e] = (2.1 £ 0.9) x 1072 [22,23] does not add
more information. The fit results and the allowed area for the apex are shown
in fig. 5. For all values of fp+/Bp taken into account, |sin28} is larger than

0.15.

In the following chapters we shall demonstrate that a B factory is the ideal
instrument to measure the angles of the unitarity triangle. With an integrated
luminosity of £ = 50fb~1 it is possible to fully explore the expected range of
the angles o and 3. Moreover, 50 f6~* allow a precise measurement of the sides
of the unitarity triangle so that the triangle can be overdetermined.

|sin28] > 0.15
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Figure 5: The unitarity triangle in the (p,7n) plane. The dashed lines show
one, two, and three standard deviation contours around the best apex position
according to [19], drawn for different values of the B decay constant fg.
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2 CP Violation in B Decays

The measurement of CP violation in the B meson system is the main experi-
mental goal at a B factory and constitutes one of the primary reasons for its
construction. A variety of phenomena exists by which CP violation could be
detected. We will discuss two different kinds of decays: B meson final states f
which are flavor specific and those where f is not flavor specific. The flavor
non-specific final states comprise decays where f is a CP eigenstate. These
decays show at the same time rather large CP violating effects as well as siz-
able branching fractions. Because they are the best candidates, they will be
discussed in detail in the next chapter.

2.1 General Formalism

The mixing between the BY meson and its antiparticle is a phenomenon that
is now experimentally well established [16,17]. This effect is the consequence
of a situation where the mass eigenstates are different from the flavor eigen-
states which take part in the strong and electroweak interactions. Thus, the
mass eigenstates B;, By can be expressed as linear superpositions of the flavor
eigenstates B® and BP. In the most general case, one can write:

1+ ele**#|BC) + |1 — e|e?* [BY)

B =
, 1> 2(1_|_ !612) 3

- (15)
’Bz) = |1 + Ele_M’MlBO) - I]. — €|ei‘1’MIF0>

V2(1 + [e]?)

The quantity ¢ represents the deviation from the ideal mixing. ®ps is the
relative phase between B® and B®. This phase can be identified as the phase
Of th [11].

If CP is conserved, the mass eigenstates are identical to the CP eigenstates and
e =®p = 0.

The time evolutions of |By) and |B;) are given by

|B1(t)) - e—(§+im)t eiAz_mte%ttiBﬂ \
(16)
|By(t)) = e (FHimdt=ifgt 55t p )
where we have defined
my + T r
mE~12—m,F5—l;;-—2—, Am=my—my, AT=T,~Ty. (17)

Particle-
antiparticle
mixing
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One dominating
amplitude
simplifies the
situation.
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Here m; and I'; are the respective masses and widths of the neutral B mass
eigenstates, B;. Contrary to the K° system, it is expected that AT <« T and
AT €« Am in the B system [24].

The time-dependent amplitudes for the decay of a neutral B meson created at

the time o = 0 as a pure B° or as a pure BP are, respectively:
A (ED — f) = e-% e—imt
Amt —, Amt . 1
[cos ;” (£IT{B®) + i sin Tme‘mM:l—fz—;(flTkBo)]
and {18)

A(B® - f) = e~ 7 gmimt

Amt .. Amt 5e |1 — € =
0 2:® 0
[cos 5 (fIT|B%) + i sin 5 € M|1+€i <f|T|B >] .

Here (f|T|B°) and {f|T|B°) represent the overall transition amplitudes of a B®
and a BY into the final state f.

These amplitudes can be written as:

(ITB%) = 3 &% &% M, (19.2)
J=1

(FITIB%) = S e 5 M., (19.b)
=1

The phases ®; and @/ are those of the CKM matrix elements involved in
the decay amplitude while o; and o} are the phases due to the strong Final
State Interactions (FSI). Finally, M; and M; are the magnitudes of the decay
amplitudes. In eqs. 19.a, 19.b, the terms with different j denote amplitudes
with different CKM phases. Thus, distinct Feynman diagrams involving the
same CKM phase can be summed into a single amplitude.

If only one amplitude dominates in the decay, equations 19.a and 19.b become
much simpler. With the conventions M = My, M' = M{, f = &, + a3, and
B = @] — of they then read:

(fITB% = ¢* M, (20.a)

(F/IT|B® = " M'. (20;b)

Using equations 18 it is straightforward to derive the time-dependent decay
probabilities of neutral B mesons created at time i, = 0 as a pure B (or BY).
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(=) (=)
r(su f) x (oot ST | T BO)P

+
.9 Amt il (—) €|2 { )
s —

+ S (AT B
11+ ef?

(+) 4 11 ) €|

B sin Amt———e"¥¥(f | T | B°)(f | T | B°)"
1 + €

- i 1P

+ %sinAmt——-G)—-eziQM{f[TlBD}" (FIT|BY).
1

(21}

The same formulae hold if the CP conjugate f of the final state f is considered.
The time independent decay amplitudes {f|T|B°) and (f|T|B°) are obtained
from eqs. 19.a, 19.b by applying a CP transformation under which only the
signs in front of ®; and @ change, since CP is conserved in strong interactions.

2.2 The Final State f is Flavor Specific

Flavor specific final states f tag the b flavour of the B meson. This means that
KFITIBY=IfITIB)=0. (22)

A CP violating asymmetry can be observed by measuring asymmetries either
in decay rates or in mixing rates.

1. Asymmetry in the decay rates [25]

An asymmetry in the decay rates can be measured in decays of charged and
neutral B mesons (self tagging mode). CP violation occurs if T (E — 'j‘_) #
T'(B — f) which results in a non-zero asymmetry .4:

P(E—)?)-P(B_ef)

A [
T(B—7) +T(B~ f)

KEITIBP-[(fIT 1B . (23)

An asymmetry of these decay amplitudes is called direct CP violation. In the
Standard Model, this phenomenon is only possible if several amplitudes with
different CKM phases and different strong phases contribute to the decay. This
is not the case if f is a semileptonic final state but it may occur in some
particular neutral or charged B decays such as e.g. B¥ — K*p°, In the simple
example where only two amplitudes contribute in egs. 19.a, 19.b, one has

Self tagging mode.

Direct CP
violation.
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Direct CP

violation shows
small asymmetries.

Small asymmetries

are expected.
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2sin(®, — ®}) sin{a}, — ol )M M)

A= .
MP + M + 2cos(@] — &}) cos(a) — ab ) M{M;

(24)

It can be seen from this equation that, in order to get large asymmetries, M
and M} should be of comparable size and the difference between the final state
interaction phases should be large. We show in table I different examples of
final states for which the CP violating asymmetries are proportional to the
angles a, 3, and v in the unitarity triangle.

Table I: Examples of final states with which direct CP violation can be tested.
Together with their expected branching fraction [26,27], we give the range of
estimated asymmetries and the angle of the unitarity triangle measured.

Modes Branching | Expected | Measured
fraction | asymmetry angle
B nZp ~ 1076 (0.1-1.)% «
BT K=p° ~ 107° (1-10)% 8
BYf— KK ~10°° (1-10)% 5y

The maximum asymmetry is obtained if Mj = M} and o) — o} = % /2. Unfortu-
nately, this is in general not the case, and in practice the expected asymmetries
are small {~ 1072} [28]. Furthermore, even if CP violation is observed (whick
will be already a great achievement), it will be extremely difficult to extract
the value of sin(®) — ®}), the parameter that measures CP violation in this
scenario, since sin(a — b )M{ M is essentially unknown.

2. An asymmetry in the mizing rates

Since by assumption the final state f is flavor specific, it can only be reached
from either B or B, If mixing were involved, this statement would no longer
hold. Since mixing can only occur in the neutral B sector, one has to work with
the BB system. The fact that the mixing rate of B® — B is different from
the mixing rate of B® — B° leads to a CP violating effect, In contrast to the
previous case, the semileptonic B decays are now useful. Because ( fITIB% =
(FITiB®) for f = I"%;X and f = ITv).X, the asymmetry is:

T(B°—f)-T(B°~7)  dRec
T(B— f)+T (B ~7F) 14"’

A {(25)

If B°B° pairs are produced, this type of asymmetry could be established by
comparing, for example, the number of positive (ITI*) and the number of neg-
ative like—sign lepton pairs ({717).

Unfortunately, Re € is expected to be very small (~ 107%) [11], making the mea-
surement of the asymmetry extremely difficult. Nevertheless, it is important to



CP Violation in B Decays

measure this quantity since the observation of a large asymmetry would clearly
indicate new physics.

2.3 The Final State f 1s not Flavor Specific

An asymmetry in the time dependence of the decay rates can be observed [11] The final state f is
if the final state f is cornmon to both B® and B°. Then two paths are possible common to B°
to reach the final state f (fig. 6). and B°.

decay

¥y
=ty

B 0]
mixing decay

B
Figure 6: Two decay paths to reach a common final state from a B° and from
a B

The flavour of the decaying BY meson is tagged by measuring the flavour of the
partner B% meson produced simultaneously in the decay of the T(45)— B°B°,
All terms of eq. 21 contribute and, neglecting [¢f, the asymmetry reads

T (B~ f)-T(B~ f)
T(B—~7)+T(B~f)

A

= Rcos Amit + Dsin(2%pr + 8+ 8’} X sin Ami

(26
where R = (M? - M2)/(M? + M%) and D = 2MM'/(M? + M"?). In thii
asymumetry only the term with sin Amt contains the information on the CKM
phase. It is, however, difficult to show that CP is nol conserved by simply
measuring this asymmetry because the term that contains the CKM phase
depends on strong phases as well. To show that CP conservation is indeed
violated, one has to either use modes where the strong phases vanish or to
measure complementary modes from which the different phases can be sorted
ouf.
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Simple situation, if
fisaCP
eigenstate.

The phase &
corresponds to one
angle in the
unitarity triangle.

There exist other
“near-CP
eigenstates”,
which are also
expected to show
large asymmetries.
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Expression 26 gets particularly simple and interesting if the final state f is
a CP eigenstate such as J/9K$, n¥7~, or Kp®. As a matter of fact, if one
amplitude dominates, we have &} = &;, M] = M, and o] =y oraj =a; + 7
according to the nature of f (CP-even or CP-odd). Equation 26 then simplifies
to

A = nop sin 2@ sin Amt (27)

where the CP parity nop of the final state is £1 and & = @57 + $;.

In the Standard Model, this phase ® can be written as a well defined combina-
tion of the phases of V., and V;4 depending on the final state that is studied.
In fact, & is nothing else than the angle «, A, or 4 of the unitarity triangle
if fis #t7~, J/YK2, or K%p0, respectively. We emphasize the simplicity of
equation 27. If a single amplitude dominates the B — f decays, this expres-
sion allows to directly translate the measured value of the asymimetry into a
measurement of the phase & which is the origin of CP violation, without any
uncertainty due to the hadronic sector.

Finally, it should be noted that B decays to CP eigenstates are not the only
modes that are interesting to study.

¢ It has been shown [29] that non-CP eigenstates, such as ptrT and
D**DF, can be used efficiently as well. For these modes, in general
M' # M and o # o bat it is still possible to extract the value of sin2¢
using the time dependence of the asymmetry.

» The B decays into two vector particles, such as J/#K*%, are also use-
ful [30,31). Here it is important to know the helicity of the particles in
the final state. Using these decays without any further information on
the overall CP parity might lead to cancellations in the asymmetry. The
problem is overcome by analyzing the angular distribution of the decay
products of the vector particles.

Most promising for measuring CP violation are the flavour non-specific B de-
cays as far as event rates and the magnitude of the effect is concerned. This
case will be considered in more detail in the following section.
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3 Measurement of CP Violation
at a B Factory

In this section we shall discuss possible measurements of CP violating effects
in B meson decays. In the proposed B factory the B mesons originate from
Y{4S5) decays. Since the time dependence of the B decays has to be resolved,
the B mesons must have sufficient momenta. This is achieved by producing the
Y{4S5) at an asymmetric ete” collider.

3.1 Working at the T(45)

B meson studies at the T{4.5) have the following advantages:

¢ The peak cross section is high {~ 1.0 nb).

e Only BB final states are produced without any extra fragmentation
hadrons.

¢ The energy of the B mesons is known, allowing for an eflicient background
reduction by using the energy constraint.

A B°BO pair from a T(45) decay is in a p-wave state. Because of Bose statistics,
this pair remains in a coherent BOB® state as long as neither B has decayed.

Having observed the decay of one of the B mesons into a final state tagging

()
the flavor of a B _ at time i1, the decay probability at time 1, of the second
B meson into the final state f common to both a B® and a B° depends on the
time difference At = ty — t;. More precisely, the decay probabilities obtained
from egs. 19.a, 19.b, and 21 are:
A?

Pr (P’O(tl) — tag, B%(t3) — f) x (_2_) e~ TlAdl

X {1 — R x cosAmAt — D sin(2® 4+ Aarsy) % sinAmAt} (28.a)

5 A%\ _pia
Pr (Bo(tl) — tag, B%(t2) — f) x (—2~) e~Tlad
X {1+ R x cosAmAt + D sin(2® 4+ Aaps;) x sinAmAt} (28.b}

where A% = M7 + M}?, Aafsr = o) — af, and the quantities R and D are
defined in eq. 26. We have made the hypothesis that only one amplitude con-
tributes in eqs. 19.a, 19.b. This assumption is in general correct if & — ¢ quark

The decay
probabilities of the
BYB° system
depend on the
time difference.
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decays are involved, For processes where b — u quark decays are needed, other
diagrams (such as penguins or final state rescattering) might contribute [32].
However, there are ways to disentangle the different contributions [29,33,34].

Obviously, the asymmetry given in eq. 27 depends on At instead of {, and is an
odd function of At. This has a very important consequence: No asymmetry due
to CP violation can be observed, if one does not know the sign of At, namely
which B, the tagged one or the other one, has decayed first. A measurement of
at least the sign of Af is necessary to detect CP violation. The time difference
At is related to the measurable spatial separation Az of the two B decays by

Az = yy*BeAt +yy" B ccosbi(tz + 1) + O(8*%), (29)
where ¢ is the velocity of light and

s 3 and -y define the boost which links the Y(45) rest frame to the labora-
tory frame.

e 3* = (.066 and v* ~ 1 define the boost which links the B rest frames to
the Y(45) rest frame.

e 83 is the polar angle of the B decaying at time #, in the T{45) rest frame.

Although the second term in eq. 29 spoils the ideal one-to-one correspondence
between Az and At that one would obtain with #* = 0, its impact on the sin 2@
measurement turns out to be rather small.

Throughout this study we work with an asymmetric eTe~ collider operating at
a centre-of-mass energy /s = M’I( 48) The beam energies are E(e™) = 9.33

GeV for the high energy beam and E(e*) = 3.0 GeV for the low energy beam.

This yields 8 = 0.51, v = 1.17 and an average separation of the B decay
vertices of 210 um. The expected experimental vertex position resolution is
c(Az) = 50 pm.

Another conceivable possibility to measure CP violation is to use a symmetric
ete~ collider. It has to run at a centre—of-mass energy slightly above the
Y(45) mass in order to produce B°B*® and B®B*®pairs. Since the B**mesons
exclusively decay to B%y, the resulting B®BY system is in a C = +1 state
instead of C = —1. The decay probability depends then on Lt = ¢y + ¢, and
no cancellation of the sine term occurs in egs. 28.a, 28.b when the integration
over #; and ¢, is performed. In practice, this method needs at least six times
the integrated luminosity as compared to the asymmetric solution since the
production cross section for a BB* pair is about six times smaller than for the

Y(45) [35].
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3.2 Final States and Expected Event
Rates

Two classes of final states can be used for CP violation measurements: The
first class comprises states that are CP eigenstates, the second one consists of
“almost” CP eigenstates. For both kinds of final states we expect the CP vio-
lating effect to be reasonably large. Furthermore, the branching ratios promise
sensible event rates, and the detection efficiencies look encouraging. In the fol-
lowing we will discuss both classes and sketch the CP violation analysis. For
the relevant decay channels in each class, we present the expected number of
events. The Monte Carlo studies yielding the efficiencies necessary to calculate
these numbers are presented in detail in the section hereafter.

3.2.1 B Decays to CP Eigenstates

We start discussing the case where the final state f is truly a CP eigenstate
fop with definite CP parity ncp. Here the information on the CKM matrix can
be extracted most efficiently from the data, since there are no problems with
unknown effects due to strong interaction. The usable decay channels are listed
in table II. Monte Carlo studies show that good detection and reconstruction
efficiencies are expected for these decay modes in a typical B factory detector.
The numbers are summarized in table II together with the total number of
events that can be used to measure the angles 8 and « of the unitarity triangle
with an integrated luminosity of 50 f6~1.

Table II: Expected number N of reconstructed events for measuring 8 and «a.
The reconstruction efficiency includes the relevant branching fractions. A 42%
tagging efficiency has been used (see section 3.3). The assumed branching frac-
tions are either taken from experiments or from model dependent predictions.
The reconstruction efficiencies are obtained from Monte Carlo studies detailed
in section 3.3.

Modes Branching { Reconstruction | N events { measured
fraction efficiency (50fb1) { quantity
BY - J/yK2 | 4x107* 7% ~ 590 sin 23
BY - xa K2 | 1x107° 1.5% ~ 310 sin 283
BY - ¢/'K?Y 9x10% 1.6% ~ 300 sin 28
B° - D*DF | 5x 107! 1% ~ 100 sin 28
B - xtx- 2% 107° 6% ~ 320 sin 2«

The procedure how to measure CP violation at an asymmetric B factory when
either the B® or the B? is tagged and the other one decays to fop is presented
in the following. As “tagging decays” we denote those decays which are specific

There are two
classes of final
states which can
be used for CP
violation
experiments.

Several final CP
eigenstates provide
reasonably large
event numbers.

Explanation of the
measurentent
procedure.
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to the flavor of the decaying b quark. An example is the semileptonic decay
where I can only originate from b and I* only from b We use egs. 28.a, 28.b
with R = 0, D =1 and Aapsy = 0 or 7 according to the CP parity (n¢p) of
fep. Assuming a non-zero value for sin 2@, the corresponding time dependent
decay probabilities are shown in fig. 7.

probability
005 71—
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0.01
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Figure 7: Time difference between the decays of the tagging B (B° — fg) and

the tagged B (B° — fcp) (full line) and its CP conjugate process (dotted line).
sin 2@ = 0.4 is assumed.

To measure CP violation one classifies the events into four categories {see fig. 7):

e Ni: Events with Af > 0 and a tagging B;
o Nj: Events with At < 0 and a tagging B;
¢ Ni: Events with At > 0 and a tagging B;
o N,: Events with At < 0 and a tagging B.
These categories must be analyzed separately since CP violation produces two

different time distributions in ¢, — ¢;, one for (1) and (4) and another one which
characterizes (2) and (3).
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A measurement of CP violation is then extracted from the asymmetry built
from the four event numbers:
M+ Ni-Na— N
T Ny+ Ny+ No+ Ny~

(30)

A calculation (see e.g. ref. [36]) leads to the following expressions for the time
dependent rates in each decay category:

dN, |Atl

1. A [1+ nep sin ¢ sin(mT)] exp(—|At{/7), (31.a)
2. % x [1 - ncpsing sin(mlf_—ﬂ)} exp(—|At|/7), {31.b)
3. % x [1 — nepsing sin(z—%ﬁ)]exp(—lAtUT), (31.c}
4. % x [14 ngepsing sin(x i—1%‘-)] exp(—|At|/T). (31.4)

Here ¢ = 2& + Aapgsy according to egs. 28.a and 28.b. 7 denotes the B°
lifetime and # = Am/I" is the mixing parameter.

Using these expressions, the relation between the asymmetry A introduced in
eq. 30 and the CP violating phase ¢ is given as

4 t
A(=) = ncpsing sin(z—). (32)
T T
Integrating over time yields
- A 3
A-'UCPl_i_mz sin . (33)

3.2.2 B Decays to non- CP Eigenstates

We want to emphasize now that decays to CP eigenstates are not the only
useful ones to measure CP asymmetries. There are two more classes of final
states:

1. Near - CP Eigenstates

If the final states are made out of a collection of self conjugate quarks (q19,¢275),
the ratio B in eqgs. 28.a, 28.b is different from 0 and D = 1 - R? < 1.
A good example to illustrate this type of events is the decay B® — p*n¥.
The ratio R can be measured, e.g., ignoring the time order and integrating
eqgs. 28.a, 28.b over Af{. As for CP cigenstates, a global fit of the four time-
dependent distributions corresponding to Pr (E"(tl) — tag, B%(t3) — p"L‘Jr"')

and Pr (Fo(tl) — ptr=, B%t,) — tag) with t; > to and with 11 < t; allows

Asymmetry as a
measure of CP
viclation.

Time dependent
event rates.

Some classes of
non- CP
eigenstates can be
exploited as well.

Final states with
self conjugate
quark content
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to measure S = sin(2® + Aapsr). Since Aapgy is not guaranteed to be 0
{although likely [29]), one is not completely sure to measure sin 2. The rem-
edy to cure this uncertainty is to also investigate the CP conjugate final state
f = p~ 7" in much the same way. The time dependent distributions for f are

—2
P'f‘ (Eo(t]_) 3 tC&g,Bu(tg) — ?) o (A?) e-F!Atl

X {1 + B x cosAmAt — D sin (2% — Aagpsy) X sinAmAt} , (34.a)

2
= = A |
Pr(B%n) — tag, B°(12) » F) o ("2_) o
x {1~ B x cosAmAt + D sin (28 — Aarsr) x sinAmAt} . (34b)

The CP conjugate quantities A%, E and D are defined in the same way as 4, R

and D using M and M . The procedure already used for f can be applied here
in order to extract R and S = sin(2® — Aapss). It is important to note that
measuring R # R is an evidence for direct CP violation and would indicate that
more than just one amplitude contributes in that specific decay. In contrast,
R = R will tend to make the scenario with one dominating amplitude very
likely (although not 100% proof [29]). From the measured S and 5 one can
evaluate sin 2@ in the following way:

sin? 2% = % [1 + 58+ \ﬁl ~ §%)(1 - ?ﬁj : (35)

Here, one of the signs on the right hand side gives the true sin® 2&, while the
other gives cos? Aarss. A theoretical bias for Aapsy = 0 or 7 exists for some
particular fina] states like p*n¥ [37]. Therefore if one solution is measured
to be compatible with 1, one could try to resolve the ambiguity in eq. 35 by
identifying cos? Aapg; with that solution. In a more rigid approach one can
always use other decay modes (e.g. the CP eigenstate # ¥z~ ) to determine first
sin® 2& unambiguously (but perhaps less precisely) to sort out the solution
giving AQFSI-

Other final states besides pt»¥ are available with the same property of self
conjugate quark content. Significant numbers of events in some of them are
expected in a typical B factory detector. Table III lists the most significant
ones together with the expected event rates and the angle in the unitarity
triangle they measure.
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Table IIl: Expected number N of reconstructed events for near- CP eigenstates
(final states with self conjugate quark content}. The reconstruction efficiency
includes the relevant branching fractions when needed. The signal to back-
ground ratio is shown in the column §/B. A 42% tagging efficiency has been
used (see section 3.3).

Modes Branching | Reconstruction | §/B | N events | measured
fraction efficiency (30fb7%) | quantity
BY — p*rn¥ 6 x 10-° 48% 3 ~ 580 sin 2¢r
BY — o7 6x107° 21% 2 ~ 260 sin 2ex
B® — D**DF | 2x 103 5x 10~ 3 ~ 210 sin 23

2. Final States with Relative Angular Momentum

A second category of useful B° decays to non- CP eigenstates comprises those
modes where different partial waves contribute with different CP parity ncp [30,
31]. The decay of a B® meson to two vector particles belongs to this category.
A typical example for this class of events is the decay B® — J/9%K*°. In such
a final state, both CP parities ncp = +1 and —1 are possible according to the
relative angular momentum ¢ between J/t¢ and K*°. Therefore the possibility
exists that the asymimetry in eq. 30 vanishes if no additional information is
used to discriminate between {-odd and {-even contributions. In the following,
we sketch a method that could provide this discrimination. In the example,
the K*° meson decays to two spinless particles K 2 and #n°. A transverse axis
is defined as the normal to the plane containing the three particles J/y¥K 20,
The CP parity eigenstates of the final state can be determined using the spin
projection 7; of the particles along this transverse axis.

CPII[$K3r% T = 0} = (CPYinu( 1) [T 90 K2x% T = 0) {36)

where (CP);,; denotes the intrinsic CP parity of the particles. In the example,
T =TI since only the J/+ has spin. The different helicity contributions

(0 or 1) are sorted out using the angular distribution of the decay products
of the J/4 {i.e. a lepton pair) in its rest frame with respect to the transverse
axis. The price that has to be payed for such an analysis is an increase of the
error on sin 2@ as is shown in ref. [31]. In the worst case where helicity 0 and 1
contribute equally, the error o(sin2&) could be larger by a factor of 2 compared
to the situation where only one single helicity contributes. Obviously this type
of analysis is not needed if one helicity state largely dominates. A study of the
decay B* — J/%K** can clarify the situation.

It is possible to generalize this type of analysis to B® — V F decay modes where
F denotes a set of particles and V is a vector meson [31]. In table IV we list the
three classes of final states that can be used the way indicated. Table V shows

Relative angular
momentum
between the final
state particles may
wash out the
asymmetry. One
can isolate the
different
contributions,

Decays B® - VF
are useful and
promise
substantial rates.
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specific final states of this kind which will contribute significant event numbers
to the measurement of CP violation.

Table IV: The CP parity of the final state in decays of the type B® — VP.
V denotes a vector particle, F an intermediate state of spin 0 or 1 and P a
pseudoscalar particle. The spins of the particles Py and P, are denoted by sp,
and sp,, respectively.

Event class Examples CP parity
V=V J/lb(fgwo)nanres (CP)int X ("‘1)7
F=P + P
Pl = F‘I H P2 = -I—DE
V=V,F=F J/p{ntx=), [37] | (CP)ime X (=1)*F*7
F—- P+ P
Py =P, sp =sp, =0
V=F D*rD*~ {—1pFtT
F— P+ P prp
sp, = sp, = 0

Table V: Expected number N of reconstructed events for final states with rel-
ative angular momentum. The reconstruction efficiency includes the relevant
branching fractions where necessary. A 42% tagging efficiency has been used
(see section 3.3).

Modes Branching | Reconstruction | N events | measured
fraction efficiency (50Fb~1) | quantity
B — J/wKer® | 4x10™* 3% ~ 250 sin 23
B® — 'K r° 2x10°* 0.7% ~ 30 sin 23
B L DEpDsF | 2x1073 5x107° ~ 210 sin 283
B — ptp- 5x107° 20% ~ 210 sin 2o

3.3 Results of Monte Carlo Simulations

In the previous section we gave the event rates which can be expected operating
a detector at a B factory. To calculate these numbers several efficiencies have to
be known, such as geometrical acceptance, reconstruction and tagging efficiency.
Their values are the result of Monte Carlo simulations described on the following
pages. We investigated the reactions: B® — J/¢y K3, B® — xa K3, B® — ¢'K}
(measuring sin(28)) and B — xt1~ (measuring sin(2a)). They belong to the
group of final states which are CP eigenstates. Out of the group with rela-
tive angular momentum between the final state particles we present the decay
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B — J/¢K*® (measuring sin(23)). The first subsection on B® — J/$K§ ex-
plains the analysis procedure. Technical details on the event generator and the
detector simulation can be found in the appendix.

3.3.1 CP Violation in the decay B® — J/4K?

Reconstruction of one B and both vertices

In order to investigate the possibility of measuring CP violation in the decay
B — J/4K3, we have generaied several data sets of 40000 BYB° events each
for studying various aspects of the analysis as well as of the proposed detector.
These data samples were processed through a simulation of the detector, in-
cluding full particle identification. One B decayed to J /K3, the other one to a
variety of possible final states. For the J/+ only leptonic decays were taken into
account. These data samples are larger than expected for an integrated lumi-
nosity of 50 f6=1. The finally expected sensitivities for the reference luminosity
of 50 f6=1 will be discussed in chapter 3.5.

To reconstruct the J/¢ we demand two leptons to have an invariant mass within
+100 MeV of the J/t nominal mass and to form a single vertex with x* < 9.
73% of the J /v meet these criteria. The vertex coordinates of the J/+ serve
as the one B vertex. The KJ is reconstructed in both the #¥z~ and x%r?
decay modes where we only take well identified decay products and apply loose
selection cuts. We reconstruct 67% of K in neutral and charged decay modes.
We then calculate the invariant mass of J/9p K shown as the distribution with
error bars in fig. 8.

Since the B mesons have essentially no transverse momentun, we reconstruct
the vertex of the tagging B as follows: We search for vertices amongst all tracks
excluding the decay products of the J/¢ and the K2, and use the constraint
that these vertices have to lie on the z axis. The vertex with the lowest z value
is finally accepted. Because other particles usually decay downstream of the B
due to the boost, this choice is rather reliable and correct in 99% of all cases.

Tagging

In order to identify the tagging B, two methods have been used: lepton tagging
exploits semileptonic B meson decays, and kaon tagging uses charged K mesons
from the cascade b — ¢ — s. In both cases positively charged particles tag a
BY negative ones a B°.

Lepton tagging: To exclude wrong tags from charm semileptonic decays we
demand the tagging lepton to have a momentumn p* > 1.5 GeV/c in the Y(45)
rest frame which, to a good approximation, corresponds to the B rest frame.
Demanding one lepton with p* > 1.5 GeV/c we tag by this method 7.4% of the
accepted events, 92% of the tags being correct.

Generated data
samples.

Reconstruction of
J/pK2.

Reconstruction of
the second B
veriex.

Two tagging
methods are used.
The tagging
efficiency is 42%.
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Figure 8: Invariant J/$KY mass. Data points with error bars are from the
reaction B — J/$ K2, the hatched histogram constitutes the properly scaled
background from the decay B — J/¢K*°.

Kaon tagging: We accept charged kaons as a tag for the B flavour in two cases:
(1) If there is only one charged K and no K¢ other than from B® — J/¢ K, its
charge is taken. (2) If there are two same- charge kaons out of at most three,
this charge is used for tagging. This procedure tags 31% of the accepted events
being correct in 91% of the cases.

Combined tagging: In 3.7% of the accepted cases both tags are present. In 91%

of these cases the tags agree. Events with contradictory tags are treated as
untagged. Combined tagging is then correct to more than 998%.

In total we tag 42% of the events, 92% of which are correct. The efficiency for
tagging one B and reconstructing the other one in the decay B — J/¢K{ is
21%.

Analyzing the time distributions

From the measured z difference of the two B vertices, the time difference is
calculated by means of eq. 29 where only the first term is retained since 8* =
0.066 and ~+* = 1.002:
io — 11 - Az
r Byer

(37)



Measurement of CP Violation at a B Factory

With Sy = 0.6 one gets Byer =~ 210pm. This has to be compared to the
resolution we reach with the proposed vertex detector of o(Az) = 50um.

As an example for the analysis we show the results based on a data set of 40000
events generated with sin(23) = 0.3. We group the events according to the four
classes introduced earlier and extract sin{24) in two different ways:

1. Asymmetry determination from event counting:
Inserting the number of events N; found in the 4 categories into eq. 30
yields a raw asymmetry of A’ = 0.102 & 0.011, which can be converted to
sin(24’) = 0.217 & 0.023.

2. Determination of the raw sin(28') by fitting:
By simultaneously fitting the sum of the distributions (1) + {4) and (2} +
(3) to the expressions of egs. 31.a - 31.d, one gets a raw value sin(28'} =
0.228 1 0.020. The distributions along with the fit result are displayed in

fig. 9.
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Figure 9: Time distributions of events of categories (1)+(4), open squares, and
of (2)+(3), full squares. The lines represent the result of a simultaneous fit.

Both results have to be corrected for two different kinds of errors. The first
correction is due to wrong tagging, shuffling events between catagories (1} and
(3) and between (2) and {4). The second one takes into account wrongly re-
constructed vertex sequences, redistributing events between (1) and (2) and

Two ways to
extract the CP
asymumetry.

Corrections to the
raw values,
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between (3) and {4). Both effects can be corrected for by a migration coeffi-
cient formalism. After these corrections one arrives at the final numbers:

1. sin(283} = 0.283 £ 0.032 and

2. sin(2p3) = 0.298 & 0.026.

They are both in perfect agreement with the input value of sin(23)= 0.3.

Moreover, one notices that performing a simultaneous fit to the time distribu-
tions increases the statistical accuracy by about 20%, the origin of this gain
being due to more information contained in the functional dependence of the
distributions.

At the end of this chapter {section 3.5) we shall discuss the sensitivity of the
measurement of the angle 5.

Investigation of other detector options

Technical or financial pressures may require modifications in the detector. Two
designs will be described later in this document. Even with a less optimized
detector, the CP violation measurement is still feasible. To demonstrate this
we have, at the same level of detail as the analysis presented before, performed
analogue studies with different detector set-ups and investigated also the effect
of different boost values. We studied the following changes:

1. Perform the particle identification with a TOF system instead of the pro-
posed RICH counter.

2. Replace the silicon vertex detection system by a vertex drift chamber.

3. Change the radius of the beam pipe and therefore the distance between
decay vertices and the first layer of silicon.

4. Use B+ values other than 0.6.

The results are presented in turn.

1. As particle identification, in particular for charged kaons, is crucial for
the tagging procedure, we must be able to keep up the tagging efficiency
also in case a TOF counter will be used for particle identification. We
assume a TOF resolution of (TOF) = 80 psec. This does not change the
overall tagging efficiency of 42% and only marginally reduces the fraction
of correct tags from 92% to 90%. This decrease can be totally attributed
to changes in the kaon tagging sector. Use of such a TOF system would
not increase the luminosity needed to measure CP violation compared to
the proposed standard set-up.
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2. If unexpectedly bad background conditions prevent us from operating a
silicon vertex detector, we may have to use a gaseous vertex drift chamber
of the ARGUS type [38]. If we operated such a vertex device at the same
beam pipe radius of rg, = 2.5 cm, this would not influence the precision
of the CP violation measurement.

3. Changing the radius of the Be beam pipe has an impact on the resolution
and, in turn, on the integrated luminosity required to perform this mea-
surement. As mentioned above, in the standard set-up withrg, = 2.5 cm
we get a resolution ¢{Az} = 50pum. At rg. = 1.0 cm it improves to
o(Az) = 28um, while at 7p, = 4.5 cm it degrades to a(Az) = 80zm.
The quantitative consequences in terms of integrated luminosity are illus-
trated in fig. 10. If one has to increase the beam pipe radius to rg, = 4.5
¢, one needs 30% more integrated luminosity.
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Figure 10: Dependence of the reguired integrated luminosity on the radius of the
beam pipe. The value of the standard set-up with 7g. = 2.5 cm is normalized
to 1.

4. We also studied the effect of boost values different from the proposed one
of By = 0.6. For this investigation we took exactly the same detector
as optimized for the adopted value and performed similar analyses with
changed beam energies. We demand a measurement of sin(28) to the
same statistical accuracy as for the case where 8y = 0.6 and show the
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integrated luminosity £ needed in excess over £{fv = 0.6) in fig. 11. One
notices that £ does not change between a boost value of 8y = 0.45 and

By = 0.6.
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Figure 11: Relative integrated luminosity needed to measure sin(28) to the
same statistical accuracy as function of the boost value 3. The luminosity at
Bv = 0.6 is normalized to 1.

3.3.2 CP violation in the decay B® — x4 K%

A second decay channel which contributes significantly to the measurement
of the angle $ in the unitarity triangle is BY — x. K2 with a subsequent
radiative decay xo — 7J/v¢. A recent ARGUS analysis [39] shows a rather
large branching fraction for the analogous decay of the charged BY: BR(Bt —
xa1 K+) = 0.19 £ 0.14%. One can expect a similar decay rate for B® — xa K 2.

We performed an analysis of this decay channel. The reconstruction of the J/¢
again uses only the leptonic modes. As overall efficiency (including geometry,
reconstruction, and tagging) we find 16%. With a branching ratio BR(B® —
xe1K$) =1 x 1073, one finds that this channel adds ~ 55% of statistics to the
CP violation measurement compared to the B® — J/¢K$ events.
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3.3.3 CP violation in the decay B° — ¢/K}

The branching ration of the decay B® — 'K 2 is expected to be of the order of
1 x 1073, We analyzed this reaction, considering only the decay into charged
pions 9 — xntx~J/1¢. As before, the J/v was reconstructed in the leptonic
decay modes. The product of tagging efficiency, geometrical acceptance, and
reconstruction efficiency is 13%. This channel adds ~ 50% of statistics to the
CP violation measurement compared to the B® — J/¢ K2 events.

3.3.4 The Decay B® - ntn~

The decay B® — 7#t7~ is one reaction which allows, via measurement of CP
violation, to determine the angle & in the unitarity triangle.

The model of Bauer, Stech and Wirbel [40] predicts the branching ratio for the
decay B® — nTn~ tobe 2.1-1073% |V, /Vep|?. Recent ARGUS [7] and CLEO [8]
measurements on semileptonic B decays show that {V,;,/Ve! is of order 0.1.
This converts to BR(B® — 77 ™) & 2 x 10~°. The detection efficiency for this
channel including geometry and reconstruction is 76%.

Background sources are decays where the B disintegrates to very few low mass
particles some of which may be lost or misidentified. One candidate decay
investigated is B — « 7~ %° with a predicted branching ratio ten times as high
as B° - n*7~ [41]. Due to the good mass resolution and photon detection this
decay does not cause any problem.

Reflections from the decay B® — K+ 7~ where the KT is misinterpretedasa n+
do not spoil the signal. Particle identification provides a 3.5 standard deviation
7 — K separation in the RICH detector and 2 standard deviations in the dE/dx
measurement, Furthermore, the reconstructed energy of these B candidates is
more than 2 standard deviations away from the nominal energy.

3.3.5 CP violation in the decay B® - J/¢K*°

The decay B — J/¢K*0 K*® — K2x° belongs to the class where the relative
angular momentum between the final state particles determines the CP phase.

In these decays one has a mixture of longitudinally and transversely polarized
K*%. Both components have to be separated by a decay angular analysis
because they contribute to opposite CP parities as discussed earlier. The bhasic
idea how to do such a separation has been introduced in subsection 3.2.2. A
recent ARGUS analysis {42] gives evidence for a large longitudinal polarization
of the K*%, In this case all reconstructed and tagged J/K*° final states can
be used without any dilution and the intricacies of a decay angular analysis.

As for the J /4K final state we have performed an analysis of this decay chain
assuming the K*° to be fully polarized. We find an overall efficiency of 9%
including geometry, reconstruction and tagging.

For the decay
B® — ¢'K?% we
find an efficiency
of 13%.

BR(B® —» xtn™)
=2x107% is
expected.

The overall
efficiency is 9%.

47




Measurement of CP Violation at a B Factory

The problems to
measure the
angle ~v.

At least 300fb~1
are needed to
meastre -y in the
K2p° channel.

Error on the angle
measurement.
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3.4 Measurement of the Angle v

We have, so far, discussed measurements of the angles o and 8 in the unitarity
triangle. Measuring the angle v with one of the techniques presented above
requires to operate the collider at a slightly higher energy where B, mesons
are produced. Their decays provide the best opportunity to measure sin 2, in
particular the decay B® — K%p°.

The same technique as explained for J/$KJ can be applied. This analysis
will suffer from the smaller B, production cross section compared to the B
cross section on the Y{45). The relative background contribution from events
not containing B, mesons increases. Furthermore, another complication arises
because B? B? can produced in a mixture of CP parities ncp = +1 and

ep = —1.

In reference [43) the decay B? — K2p° has been studied. There the conclu-
sion 15 that at least 300 fb~?! of integrated luminosity is needed, assuming the
branching fraction for this decay to be 5 x 107*, Unless this branching ratio is
significantly larger or other modes can be used, the direct measurement of the
angle ¥ will be very difficult. We do not consider this measurement part of the
initial programme of the B factory.

3.5 Achievable Accuracy and Luminosity
Requirements

We shall now discuss how well the angles 8 and a can be measured for a given
integrated humninosity.

The value of sin2® (where @ = &, ) can be determined from the shape of the
time-dependent distributions. The expected variance of such a measurement is:

Cy 1+ 1:/(5/B)

F=3f) N x [1 + Ofsin® 28)) (38)

o?[sin 28] ~
where

- Oy = -1-11‘2“:722 with the mixing parameter 2 = z4 or z, according to the
parent BY or BY. For the B] system we take Cp = 3.

- d is a dilution factor. It is unity, if the final state is a CP eigenstate. If
the final state is not a CP eigenstate, one encounters the following two
cases: (1) Near- CP eigenstates (such as p*x¥ type decays) have d =
V1 — R%cos Aapsy. Here the notations of section 3.2 are used. (2) For
decays to two vector particles (like B® — J/¢K*®) one finds d in the
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range 0.4 - 1 depending on the fraction of decays with relative angular
momentum ¢ = 0 or 1 of the decay products [31].

- f represents the fraction of reconstructed B°BP events assigned to the
wrong one out of the 4 possible classes (see the discussion on pp. 43 and
the introduction of migration coefficients there}. It receives contributions
from events with either wrongly tagged flavor or incorrectly reconstructed
sequence of the B decay vertices. An average over migration coefficients
yields f = 0.125.

- 7, is an effective rejection factor resulting from the shape differences be-
tween the Az distributions of background and signal events. The 5, value
depends on the resolution o[Az]. For example, with o[Az] = 55 ym, one
has 1, ~ 0.20 for the continuum ¢g background. The conservative value
7, = 0.5 is used in the following.

- §/B is the ratio of the number of selected signal events over the number
of selected background events.

- N is the total number of selected B°B® events.

In tables VI and VII we give the expected errors on sin 28 and sin 2« for an
integrated luminosity of 50f5~! at an asymmetric collider.

Table VI: Expected error on sin 28 using the sum of all events.

[ Modes | J/yKS | D*:D¥F [ J/9pK*® | Al
¢'Kg ,¢1K*0
DEDT Dt DT
XclK.'O;“

d 1 1 0.7
Ne_ff/fb'l 26.0 3.6 4.8 34.4
o(sin 20] 0.064 0.172 0.149 0.056

50fb~1

Table VII: Expected error on sin 2« using the sum of all events.
Modes ata~ | ptx® [ ptp~ 1 AN |
afn¥

d 1 1 0.7
Neff/_fb_l 6.4 14.1 2.1 22.6

olsin2a] | 0.129 | 0.087 | 0.228 | 0.069
5061

Figure 12 shows the accuracy in the determination of the angles a and 8. The
accuracy of an angle @ > 90° is the same as for an angle 180° — &,

49



Measurement of CP Violation at a B Factory

At least a 3 S.D.
measurement is
possible.
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Figure 12: Accuracy in the measurement of the angles a {(dash-dotted line) and
B (full line), expressed in numbers of standard deviations (S.D.). The horizontal
line corresponds to 3 8.D.

From present constraints on the unitarity triangle (see section 1.4), sin2p is
expected to be greater than 0.15. In this case, a positive effect of CP violation
will be measured which is at least three standard deviations apart from zero.

However, we would rather take a more conservative attitude and fix sin 2@ = 0.1
(# = a, B) as the goal to be achieved. To ease comparison of event numbers in
different decay channels we introduce an effective event number N5y defining

42
1+n:/(5/B)’
which allows simple additive operations of the N.;; numbers. In the tables
we also give the sensitivity per luminosity unit N5/ fb™1. These numbers are

used to determine the luminosity needed to measure the CP violation angle &
to a given precision:

Ney=N (39)

C, 1 1
(1~ 2F)% Negs/ b1 o7[sin 28]’

L(fb )= (40}
To fully explore the range of sin 2a and sin28 down to a value of 0.1 with a

significance greater than 3 standard deviations will require 140f5~! for sin 24
and 216fb~! for sin 2a.
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4 Measurement of CKM Matrix
Elements

In this chapter we are going to demonstrate the improvements in the mea-
surements of CKM matrix elements one can expect from a data set of 50 b1
collected with a B factory. We shall address the determination of |Ve| and |Vy!
from semileptonic decays of B mesons, the prospects to measure fg (the decay
constant of the B meson) in the decay B~ — 777, and the expected accuracy
on the mixing parameter zg which measures |V;g).

4.1 |V, from Exclusive Semileptonic B
Decays

Exclusive measurements of semileptonic decays of B mesons can be used to
determine the CKM matrix elements |V;| and {V,;| in decays to mesons con-
taining a charm quark or only light quarks, respectively. Over the last years,
considerable progress has been achieved in the understanding of these decays.
The decay B® — D*~Itv has been observed and analyzed in detail [3]. Fol-
lowing this experimental observation the heavy quark effective theory (HQET)
was developed [44): In the limit of infinjtely large masses of the heavy quarks
two additional symmetries arise, namely a flavor symmetry where all heavy
quarks are treated in the same way, and a spin symmetry which predicts that
the pseudoscalar meson made of a heavy quark and a light antiquark and the
corresponding vector meson should degenerate. This symmetry allows to ex-
press all the hadronic form factors by one single universal function, the so called
Isgur- Wise function £(v - ') where v - v’ is the product of the four-velocities of
the heavy particles involved in the decay, e.g. for the decay B® — D*~1*w:

2 2 2
Mhe + M. —
y=voo = BT D T4 (41)
szomD.-_

The Isgur-Wise function is normalized at maximum momentum transfer ¢2,,. =
{mge — mp._ )% to £(1) = 1.

The framework of HQET provides the basis for a model independent determina-
tion of the CKM matrix elements |V,5| and |Vep|. It is exact in the infinite quark
mass limit, and corrections can be studied systematically. For b — ¢ transitions
these corrections are of order p?/m} =~ 5% where p is the characteristic mo-
mentum of quarks in the meson. Comparing the theoretical prediction for the
differential decay rate dT'/dy of the decay B® — D*~[Tv with data allows an
essentially model independent extraction of {V,3| at £(1) = 1 and the determina-

The heavy quark
effective theory
simplifies
calculations of
heavy mesons.

HQET allows a
model independent

determination of
[Vip| and [Vep.
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tion of the functional form of the Isgur-Wise function £(y). Once £(y) is known,
one can calculate any of the hadronic form factors and their ¢* dependences
by means of consistency relations. This allows to compute other semileptonic
decay rates, e.g. for semileptonic decays into transversely or longitudinally po-
larized D* mesons or D mesons. Already with the existent data the theory
works well and represents an improvement over various other models.

At the B factory we will be able to reconstruct 606000 decays B® — D [+
by use of the missing mass method [3]. A possible v - v' distribution is shown
in fig. 13. From such a measurement we can determine |V! at y = 1 with an
accuracy of better than 1% provided the branching ratios for charmed mesons
are known precisely. Also the functional form of £(y) can be determined. Similar
results can be obtained for the decay BY —» D*0lTy [45].

Von! €(y)
0.06 ¢ vr 1 v v e e
0.05 | :
0.04 E
0.03 F E
0.02 |
0.01 1
OO El RTINS VR SO S T T T WSS M AN S S TR SN AN T WA N T T SO N ;E
10 14 12 13 14 15 16

Figure 13: |Vi| £(y) distzibution for 60000 reconstructed decays B — D*~[*v.

4.2 The Semileptonic Decay B~ — p°l 7
and |V,

The HQET provides relations between the branching ratios for semileptonic
B decays and the corresponding D decays. These relations can be used to
determine the CKM matrix element |{V,;| precisely. The relation is particularly
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simple for decays of heavy 0~ mesons into light 0~ mesons like B® — r~etu:

7g0 |Van|® mpo

BR(B® - n7ety) = BR(D° — n*ev). (42)

Tno [Vcd|2 mi’)o

Large branching ratios are expected for the decay B — pl~7;. The relationship
between this decay and the corresponding one of ) mesons is more complicated
since in the heavy quark limit the longitudinal rate vanishes. Accurate data on
these decays including differential distributions like lepton spectra, ¢* behaviour
and polarization measurements which will be obtained e.g. for the decay B —
p®lty will improve our understanding.

We have investigated the decay B — pl~¥;, concentrating on the case where
a charged B ends up in a neutral p®(— m*x ). The branching ratio for this
decay is predicted to be BR(B — pl~7;} =~ 3 to 10x16~* for one specific lepton
flavor {40,46,47,48) if one takes |V,,] = 0.005 as indicated by recent ARGUS [7]
and CLEO [8] measurements. A preliminary result from ARGUS [49] indicates
a branching ratio BR{B — pl"7;) =~ 1 x1073.

In order to analyze this decay, we searched for 2 signal in the distribution of
the missing mass squared:

MM® = M% + Mﬁl ~ 2{EBE, ~ Pphy1)- (43)

Here we approximate pg & (0,0, ByMpg) exploiting the fact that the B meson
is essentially at rest in the overall c.m. system and therefore acquires only
longitudinal momentum because of the boost. In the case of the B~ — p%I™ %

decay one expects M M? = m? = 0.

We applied the following cuts: All #*7~ combinations in an event with an
invariant mass within 4150 MeV of the nominal p mass were taken. We cut
rather sharply on the c.m. momenta of both the p candidate and the lepton,
demanding for both particles the same minimal value of p* = 1.5 GeV. The
next two cuts take advantage of the fact that we can separate the B vertex
from the rest of the event, The m* 7 "] system must have a common origin
with ¥* < 9 and none of the three tracks should be attachable to any other
vertex in the event.

The resulting MM? distribution (fig. 14) shows a peak at MM? = 0 as ex-
pected and can be fitted by a Gaussian of width ¢ = 0.57 GeV?. T(45) decays
show an enhancement around 1.9 GeV? while continuum events are uniformly
distributed. Even with a branching ratio being ten times smaller, the decay
can be measured and the form factors analyzed.

In order to extract the CKM mairix element |[V,;| the measured branching
ratio has to be converted into a decay width: BR(B~ — p%l"7) = (B~ —
p%~7) x 7g-. The lifetime 7p of charged and neutral B mesons can be measured
at the B factory with an accuracy of better than 1% by using the large number
of tagged B mesons (see section 7.1).

Analysis of the
missing mass
distribution.
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Using HQET, V1!
¢an be determined
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Figure 14: Missing mass squared of #t7~1 combinations, only one specific
lepton flavor (data with error bars). The histogram shows the contribution
from usual Y{45) decays. Inputs to this plot are BR(B~ ~ p°1"%)) = 2x107*
and a data set of 50fb1.

The accuracy in the determination of |¥,;] is then limited by our understanding
of semileptonic decays of heavy mesons into light ones. Here the HQET will
allow us to determine |V,;) reliably and we conclude that the measurement of
semileptonic B decays into light mesons will result in a value for |V ;| with an
accuracy of better than 5%.

4.3 Search for the Decay B~ — 7 7,;and fp

The decay constant fp of a pseudoscalar meson P is defined as the expectation
value of the axial vector current between the vacuum and the meson state:
(0] A,(0}|P())= i fp g, where q is the momentwm vector of P. For pions and
kaons the decay constants are measured to be fr = 132 MeV and fx = 161
MeV. For the D mesons there exists an upper limit of fp < 310 MeV. In the
case of B decays one expects fp in the order of 200 MeV from QCD sum rule
calculations (see e.g. ref. [50}).
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The cleanest way to measure fg is to observe the decay B~ — 7~ 7,. The decay
constant is defined by the width of this decay mode:

- — G%’ 2 £2 2 m’
T(B™ —r7;) = GEWal fhmam? {1~ 75 ) (44)

Gy is the Fermi constant, |V,;| is the CKM matrix element for b — u transition,
mpg and m, are the masses of the B and the 7, respectively. Insertion of the B
lifetime and the other known quantities leads to the following branching ratio
prediction:

is )2(1%5%1)2. (45)

BR(B~ ¥, )=9.6x107° (
(B = 777) 200MoV 0.1

With fp = 200 MeV and |V,3/Va| = 0.1 one expects 4800 B~ — 7”7, decays
in the data set of 50 b1,

From detajled studies of this decay channel we could not find a clean and
efficient signature. We conclude that a measurement of fp from this decay is
difficult. A similar conclusion has been drawn in other studies {51,52].

4.4 |Vi4| from B°B® Oscillations

From the study of about 400000 B°B° pairs {the present statistics of ARGUS
and CLEOQ), the mixing parameter ¢4 is measured to be 24 = 0.67+0.11. With
a data sample of 50 fb~! we will in principle be able to determine the CKM
matrix element {¥,4} with an accuracy of better than 2%.

The relation between z4 and |Vi4 contains the unknown top quark mass m;
and the B decay constant fp-+/Bg (see eq. 11). There is some hope that the
top quark will have been discovered by the time a B factory starts running. As
we have seen in the previous section, it is difficult to measure fg. However,
there exists some hope that QCD lattice computations could reliably predict
this guantity [53]. If this turns out to be true, also [V34| could be measured with
an accuracy of a few percent, depending mainly on the precision with which m;
and fp - +/Bg will be known.

4.5 Conclusions

The detection of semileptonic B decays will enable us to measure the CKM
matrix elements |Vy! and |Vi| with high accuracy. Together with the corre-
sponding precision measurements in the charm sector, this represents a stringent
test on the unitarity of the CKM matrix. The precision in the CKM matrix
element |V,4| which will be measured through B°B° oscillations is not limited

BT - ry,

measures fp and

qubl‘

Given m; and

/5 VBB, |Vid| can

be measured to a

few percent
accuracy.
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by statistics but by the poor knowledge of the mass of the top quark and the
B decay constant. The same holds for {Vi,| which will be discussed in the next
chapter. However, the ratio |V;4{/|V;,| does not suffer from unknown quantities.
As discussed in chapter 7, this ratio can also be determined from measurements
of electromagnetic penguin decays.
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5 B,B, Mixing

A comparison between B® B® mixing and B, B, mixing allows to measure the
ratio of the CKM matrix elements |V,,| and |Vi4]. B,B, mixing can be observed
at centre-of-mass energies above the Y(45). The precision of measuring the
mixing parameter x, depends on the integrated luminosity £ of the available
data set, on the achievable spatial resolution of the vertex detector, and on the
asymmetry of the eTe™ beams, 7.e. on the boost value 8v. In the following we
will discuss which values of 2, are measurable.

5.1 Definitions and Formalism

Mixing in the B® B? system is measured by the ratio r:

P(B0 — .E'ho) 2?2
r= e
P(Bo — BB) 2+ 22

(46)

where the mixing parameter ¢ is given in equation 11. The same formalism can
be applied to B, B, mixing. For the the ratio z,/z4 one obtains

(47)

In the BOB® system 24 has been measured by ARGUS and CLEO to be 2y =
0.67 4 0.11 {54]. The unitarity of the CKM matrix implies that 2, is in the
range 3 < z, < 25 with a most probable value of z, around 10.

Such high values of the mixing parameter can no longer be measured with the
technique counting like-sign and unlike-sign lepton events because the ratio r
is close to unity. In order to measure large values of  one has to determine the
time evolution of the mixing.

Starting from the time dependent state vectors of B and B one uses the Pais-
Treiman formalism [55] to construct the states |B(t1)B(t;)) and |B(t1)B(tz2)),
where 1, and i, denote the decay times. These states must be projected onto
the specific final states. The rates are integrated over ¢; + i and then depend
only on the time difference At = {t; — ¢;| which can be measured. One finds
for the rate of unmixed events

N(BYB° — B°B°) ~

1 At ﬁ;—{2cosz(%—‘ﬁ})+32 —:nsin(a:%)}, C=+41,
—exp(——) N (48)
2 7 2cos (3—'1:‘) C=-1

Experimental
mixing ratio and
mixing parameter.

Probable value of
z, = 10

Time evolution of
mixing.
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and for the rate of mixed events

N{B°B® — B°B®) + N{B°B® — B°B®) ~

1 At r%{Qsing(gg)ﬁ—zz-l—:r:sin(mé—t)}, C=+41,
sexp(- )| TS e " (39)
2 T 2sin?(£4L) =-1
2 2
For C = —1 one simply gets exponentially damped trigonometric dependencies,

whereas in the C = +1 case additional contributions appear and the oscillations
are much less pronounced (see, e.g., ref. {56]).

We have studied the B,B, mixing on the Y(55) where the B,B, mesons are
produced in a mixture of different C parities.

5.2 Determination of z,

The goal of this study was to find the maximum measurable value of z,. A
Lorentz boost with 8y = 1.0 was used to increase the flight distance of the
B,. This is an essential parameter for the achievable sensitivity of the z,
measurement.

The analysis of mixing uses events where both B, mesons are tagged by the
leptons of their semileptonical decay. For the leptons, we require a minimuwm
momentum of p* > 1.4 GeV/c. The intercepts of the lepton tracks with the z
axis define the z coordinate of the respective B, decay vertices. From Monte
Carlo simulations, we find a resolution in the z distance of the two vertices of
o{Az) = 38 pm for leptons in the range 30° < & < 150°. This corresponds to a
time resolution (o(4!) = 0.1) according to eq. 29. Table VIII shows the masses
we used in the simulation.

Table VIII; Masses used in the B,B, mixing simulation.
[ particle | mass (GeV) |

1(55) 10.860

B: 5.427

B, 5377

For a cross section o{ete”—T(55)) = 0.27 nb, we generated the theoretically
predicted distributions for mixed and unmixed events following eqgs. 48 and 49
for C = —1 and € = +1 with 24 = 0.7 and different values of z,. The fractions
of the various Y(55) decays were taken from a potential model of Byers and
Hwang {57) and are listed in table IX. For the decay B; —<B,, a branching ratio
of 100 % was assumed. The life time of the B, was taken to be 7(B,) = 1.13
psec and its semileptonic branching ratio to be 12 %. The lepton detection
efficiency is 20%. For a data set of 20 fb~*and a mixing parameter z, = 15 we
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expect to observe a time difference distribution for same sign leptons as shown
in fig. 15. The spectrum is fitted with a linear combination of the functions 48
and 49. The fit gives z, = 14.9 + 1.6.

Table IX: Assumed decay rates of T(55) to neutral B pairs.

1 decay Lfraction—i mixingj C parity ]

B*B*0 | 0.436 zg -1
BBy | 0.292 z, -1
B®B*® | 0.179 24 +1
B,B? 0.078 z, +1
BYB° 0.013 zg -1
B.B, 0.002 z, -1
N/0.05
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Figure 15: Ai/r distribution of same sign leptons for z, = 15 and a data set
of 20 fb1. The full line represents the fit result, whereas the dasked line is the
background not coming from B, B, mixing.

In order to determine the sensitivity of the z, measurement, data sets with
different z,, luminosities, and boost values were studied. The boost value
determines the achievable resolution o(At/7). The maximum reachable value
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z,™** denotes the value where the statistics allows to exclude zero with three
standard deviations. The results of this study are combined in fig. 16. With a
luminosity of 20 f6~%, a spatial resolution of 38 um, and a boost of By =1 a
value z,™°% of 20 can be reached.
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20 | .
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Figure 16: z,™%% as a function of 1/o(At/T)

In conclusion, large values of the mixing parameter z, in the B, B, system can
be measured. Essential for this measurement is a high boost and a good vertex
resolution in order not to have unrealistic luminosity requirements.
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6 Achievable Precision in the Uni-
tarity Triangle

In this chapter all results on CKM matrix elements are summarized which
a B factory will yield. The great potential to check the consistency of the
Standard Model will be demonstrated. For this purpose, we shall discuss the
unitarity triangle drawn in the (p, 7) plane of Wolfenstein’s parametrization and
show how it will be constrained by the measurements described in the previous
chapters. First, the implications of the non—CP violation measurements of {V,,],
'Vep| and | V4| ate discussed. Then we add the information on the angles 8 and «
which can be extracted from the observation of CP violating effects. Combining
these data will overconstrain the unitarity triangle. Inconsistencies lead to the
necessity of extending or modifying the Standard Model. In case of consistency,
a deeper understanding of the underlying structure will be obtained.

6.1 Non- CP Violation Measurements

The accuracies of the measurements of |V,|, |Ve|, and |Vy4| described in chap-
ter 4 are given in table X. As mentioned before, the value of |V,4| depends on
the presently unknown mass of the top quark and on the B decay constant.

Table X: Expected accuracies on CKM matrix elements achievable with a data
set of 50 f6~! and values assumed to constrain the unitarity triangle.

CKM matrix element | relative error {%) assumed value
|Ves| 1 0.04500 £ 0.00045
Vs 5 0.00500 £ 0.00025
Vil ! 5 | 0.01200 + 0.00060

The measurement of |V}, |Vis| and |Via| at 2 B factory constrains the unitarity
triangle tightly. This is demonstrated in fig. 17 where we used the values of the
three CKM matrix elements as indicated in table X to arrive at the following
constraints:

¥,
0.105 < ,|Vub|i = A/ pt+n? <0117, (50)
cb
|Vial .
1143 < ——-= |1 — p— 1} < 1.271. 51

Obviously, there is not much room left for the apex coordinates of the unitarity
triangle to vary. Adding the information from CP violation measurements, .e.

Tight constraints
result from the
measurement of
CKM matrix

elements.
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Figure 17: Constraints on the unitarity triangle from measurements of |Ve,
|Vius| and |Vig4| at a B factory.

the values of the angles @ and 3, will then overconstrain the triangle. This is
discussed in the following section.

6.2 Constraints from CP Violation Mea-
surements

The potential of the CP violation measurements is demonstrated in figure 17
where the apex of the unitarity triangle is already tightly constrained with-
out using CP violating measurements. I the Standard Model is correct, the
assumed values of |Vys|, |Vis|, and |Viq| given in table X correspond to angles
a = 102° and 8 = 24°. These angles can be measured with a precision of
o, = 2.2° and og = 2.4°. The measurements are indicated in fig. 18. New
physics would be indicated if the four independent measurements do not lead
to a common apex.
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Figure 18: Constraints on the unitarity triangle from |V, [Vip}, and [Vig| and
the angles o and 8. The values of the angles are measured via CP violation at
a B factory.

6.3 Implications on the Unitarity Triangle
from the z, Measurement

Up to now we have only used results that will emerge from data taken at the
Y(45). In addition, the B,B, mixing parameter 2, can be measured in separate
runs at centre—of-mass energies above the T(4S).

The theoretical expression for the ratio z4/2,is given by

= X1 - p — in*(1 + k) (52)

where k ~ —0.1 takes into account QCD corrections.

The value of 4 will be measured with a data set of 50fb~! on the YT{4S5) to
much better than 0.5% relative accuracy so that the experimental error on the
ratio in eq. 52 will be dominated by the error on z,. If one assumes x4 = 0.7
and z, = 15.0 4+ 1.6 one obtains another independent constraint on the apex
of the unitarity triangle. It is concentric with the band originating from the
measurement of z4 and is shown as the dashed lines in fig. 19. If 2, < 15 this
band moves outwards and becomes more narrow, since the measurement will

A measurement of
z, vields another
independent
constraint.
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become more precise. If z, > 15 the radius of the band decreases and its width
gets larger.
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Figure 19: The additional constraint (dashed lines) on the apex of the unitarity
triangle which will result from a measurement of z, = 15.

64




Study of Other B Decays 65

7 Study of Other B Decays

The reconstruction of B mesons is important for many aspects:

¢ The existence of B mesons was ultimately demonstrated by their full
reconstruction [58]. Also b — wu transitions were unambiguously proven
to exist only by reconstructing charmless B decays {59]. It is very likely
that rare B decays induced by loop diagrams (see below) also will be
discovered by reconstructing them completely.

e The reconstruction of B mesons allows to measure precisely their masses
and to determine the branching ratios for specific decay channels which
is necessary for other experiments and of importance for comparison with
theoretical models.

e Another important aspect in reconstructing B mesons is for tagging which
provides a unique way to study inclusive and exclusive decays of charged
and neutral B mesons separately. Also the fraction of Y(45) decays into
pairs of charged and neutral B mesons can be determined.

7.1 Reconstruction of Hadronic B Decays

So far, the ability to fully reconstruct B mesons was very limited. The high-
est teconstruction efficiency was achieved by ARGUS and amounts to less
than 0.1%. This ability allowed to measure branchirg ratios for about 10%
of hadronie B decays. Clearly, this situation has to be improved. The main
reason for the poor ability to reconstruct B mesons lies in the fact that hadronic
B decays involve high multiplicities (Nchargea ~ 6) Which causes big combina-
torial problems. These problems can be overcome by using kinematical and/or
vertex constraints. So far, nearly all reconstructed B decays have D** mesons
in the final state and up to 3 pions. For kinematical reasons D*' mesons can
be reconstructed on low background.

With the use of vertex detectors one will be able to reconstruct as well B
decays into I? mesons by exploiting the vertex constraints for the D mesons.
The ability to reconstruct B decays will be further enlarged by allowing the D
or D* mesons to be accompanied by more than three pions which originate at
the B production vertex. By these arguments, the B reconstruction efficiency
will improve by more than a factor of 3. For the envisaged integrated luminosity
of 50 b~ we expect about 200000 fully reconstructed B mesons (together with
a comparable amount of reconstructed semileptonic B decays).

The use of a
vertex detector
will improve the
reconstruction
efficiency of B
mesons
substantially.
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One expects a
high efficiency to
reconstruct both
E mesons.

Reconstruction of
both B mesons
will allow to
measure branching
ratios reliably.

Fully
reconstructed B
mesons allow the
determination of
++ and 7°
individually.

Contributions of
non-spectator
diagrams can be
measured.

Hadronic B decay
branching ratios
will test the
Bauer-Stech-
Wirbel model.
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Of particular interest are events where both B mesons are reconstructed. Once
one B is reconstructed, ome can use kinematical constraints to increase the
reconstruction efficiency for the second B meson to about 3%. This would yield
about 6000 events with two reconstructed B mesons from which, for example,
the branching fraction T(4§) — BB can be determined with better than 2%
accuracy:

—. 1m N§ 1
B

where 7, is the reconstruction efficiency for one single B meson and 7. that
for the second one. The events with double tags can also serve for branching
ratio measurements which do not depend on the production rate of charged and
neutral B mesons.

About 85000 of the fully reconstructed B decays will be in clean channels on
low combinatorial background which can serve for tagging purposes as well.
These tagged B mesons will enable us to measure the individual lifetimes of
charged (7) and neutral (7°) B mesons with an error of less than 1%. With
the same accuracy one will be able to determine the individual semileptonic
branching ratios for charged (BR}) and neutral (BR{;) B mesons. As for K
and D mesons one should get:

rt  BRY

Bro= 57 BRY

In the B system one expects that the weak decays are dominated by decays
through spectator diagrams (fig. 20) which implies R.q close to unity. Devia-
tions from Ry = 1 will provide information on the importance of non-spectator
diagrams in B decays.

The measured decay width of many hadronic channels can be cormapared to
theoretical predictions. The decay rate for two body B decays such as B — D
is predicted in the model of Bauer-Stech- Wirbel [26]. In this model one assumes
that the decay amplitudes factorize into products of hadronic matrix elements.
The two-body decays are then described by two amplitudes only (fig. 20} which
are characterized by two parameters ¢, and a;. The parameter a, is represented
by the diagram (a) while the parameter a, is represented by the diagram (b).
The first diagram is the dominant one while the second one is the so called
“color - suppressed” diagram.

A systematic study of many hadronic decays will serve for the determination
of the parameters a; and a;. To extract the parameters a; and a; one depends
on the knowledge of the branching ratios of charmed mesons and furthermore
on the knowledge of the CKM matrix element |Ves| (see chapter 4). However,
relative rates can be compared more precisely with model predictions and prove
the consistency of the model.
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Figure 20: Diagrams contributing to the decays B~ — D% .

7.2 B Decays Induced by Loop Diagrams

So far, B decays other than the ones via b—c or b—u tree level diagrams have
not been observed. From the observed B decays one can conclude that more
exotic B decays contribute only little to the total decay rate of B mesons.

Whereas the tree level diagrams probe simply the classical theory without any
quantum corrections, the study of loop-induced B decays allows to look for
new physics. The observation of K meson decays proceeding via higher or-
der weak and electromagnetic interactions were useful for the development
of the Standard Model. The suppression of flavor changing neutral currents
was observed by studying the K%—pu*u~ decay and explained by the GIM -
mechanisimn. The AI = 1/2 rule, an empirical expression of the observed ratio
%i—:;%:—-:—% = 1/450, is possibly explained by the introduction of the so called

“penguin diagrams” {see fig. 21} involving the presence of strong interaction
effects due to gluon exchange. The direct CP violation, resulting in a non-zero
value of the parameter ¢, perhaps could be also explained by these penguin
decays. Contributions from penguin diagrams can, in principle, be calculated
in the framework of the Standard Model. However, quantitative estimates in
the case of the K mesons are not reliable, since strong interaction effects can
only be computed in a perturbative framework which is not applicable in this
case. Due to the small phase space available, there exist no decays of K mesons
which can only occur through penguin type diagrams, and can thus provide a
direct proof of their existence and significance.

Decays of the penguin type are more easily studied with B mesons, for the
following reasons:

® A larger number of rare B decays than K decays is possible since B
mesons are more than ten times as heavy as K mesons.

The existence of

penguin diagrams
may explain some
badly understood
peculiarities of the

Standard Model.

B decays are
especially well
suited to study

penguin diagram

processes.
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Penguin-diagrams
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existence of heavy
quarks.

|Visf is also
measurable in
penguin diagram
decays.
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Figure 21: Penguin diagrams for B decays.

e If flavor changing neutral currents are absent, perturbative QCD analysis
is expected to be applicable in the case of rare B decays. Thus, Standard
Model predictions can be tested.

¢ Special exclusive B decays, such as the decay B°—¢K? (fig.22), are pos-
sible only through the penguin diagram.

o In B decays the penguin diagram involves the CKM matrix elements
|Vt Vi) which are much larger than their counterparts |V,53V,,| in the K
system [60]. Comparing the relevant couplings one finds for the B system

ViV /Val* = 1
whereas, for the K system, one obtains

Vi Vie/ Va)* = 1075,

Since the exchanged quarks can couple to gluons, photons, or Higgs bosons,
there exist three different types of penguin diagrams which can be studied ex-
perimentally. Moreover, the contribution from the heaviest quark dominates
the loop amplitude and thus a measurement is potentially sensitive to the ex-
istence of a fourth family of quarks.

In the Standard Model with three families the transition amplitudes depend on
the mass of the ¢ quark and on the coupling of the ¢ quark to the s quark {V,,|
which can be potentially determined.

7.2.1 'The Transitions b— s~y

Quark diagrams contributing to the process b—sy are shown in fig. 23. The
amplitude for this transition depends strongly on QCD corrections [61,62,63]
which are expected to give a strong enhancement.
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Figure 23: The transitions b—s7y.

With three families and the minimal Standard Model with one Higgs doublet,
the branching ratio for the process b—s4 can be parametrized by [64]
Vis|?
BR(b—s7) 61074 (-t yae, Vool

o — 54
135Ge'\7/c:2 0.052 (54)

if we neglect ¢ — d transitions.

The inclusive photon spectrum for this process is hard (fig. 24) [65] and can
possibly be measured provided that the continuum contribution is suppressed
efficiently.

More favorable, the process can be detected through the observation of the
exclusive decay B— K *{890)y which has not been measured so far. The actual
probability of this final state to occur as the result of the quark level process,
however, is not understood since hadronic calculations cannot be performed re-
liably. With an estimate of the fraction for the exclusive channel B— K*(890)y
of about 5% of the b— sy rate one should be able to detect about 600 of these
decays with a reconstruction efficiency of 40%.

The exclusive decay B—py is suppressed with respect to the decay
B—K*(890)y in good approximation by a factor |Vig|?/|Vi,l%:
BR(B-py) |Vl
BR{B-K~(350)7) ~ Vel *
Monte Carlo simulations show that both decays can be disentangled by using the
excellent particle identification and energy resolution for charged and neutral

(55)

Measure the «
spectrum from
b — sv.

B — K*(890)y
should be seen.
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The measurement
of B — py and

B — K™ allows
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b — s gluon has
a large branching
ratio and is
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fourth

generation of
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Figure 24: Photon spectrum in b—sy [65].
particles. The ratio |Vi4}2/|Vis)® = 0.1 could be measured with an accuracy of
about 10% with 80 reconstrucied B—pv. Since

za _ (Vidl®
Ty IVtslz ’

(56)

such a measurement is complementary to the determination of z, from the
measurement of B, B, oscillations (see chapter 5). It should be sensitive up
to [Vigl*/|Vis|® = 0.03 corresponding to z, = 20 if the branching ratio for the
decay B— K*{890)y is in the expected range.

7.2.2 The Transitions b—s + [T

The process b—s + [TI~ can proceed through several amplitudes {fig. 25). The
inclusive branching ratio is predicted to be of the order of 107° (fig. 26). For
exclusive decays like B— K{*)e*e~ the expected branching ratio is about 1/10
of the inclusive one. Thus, several tens of such inclusive decays can be recon-
structed.

7.2.3 The Transitions b—s + gluon

The largest rate for inclusive penguin type decays is predicted for the transitions
b—s gluon (fig. 21) to be

BR(b—sgluon) =1 - 2%

in the Standard Model with three families [66,25,67]. The dependence on the
mass of the top quark is illustrated in fig. 27. The existence of a fourth family
could enhance this rate by an order of magnitude. The calculation of the
inclusive rate is affected by QCD corrections. Unfortunately, it is only possible
to detect exclusive decays like the decay B®—@K© where the uncertainty is
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Figure 26: Branching ratio for b—sl*i™.

even larger. As in the case of the usual B decays, high muitiplicities dominate
the decay b—s gluon (fig. 28) [68]. The largest branching ratio is expected for
a decay B— K 4 57 which can possibly be discriminated from b—e¢ decays by
rejecting candidates with subsystems of the Knw system close to the D mass
or with reconstructed decay vertices which do not coincide with the B decay
vertex.

7.2.4 Flavor-changing Neutral Currents in B Decays

Flavor-changing neutral curreats in B decays can be detected by observing
the decays B°—putu~ or B—ete~. The decay rates can be calculated by
evaluating the box diagram (fig. 29) and are expected to be very small. For
the decay B%—u*pu~ one obtains a branching ratio of 10~% which is still too
small to be observable with the envisaged sample of B mesons. However, the
discovery of such decays would be of tremendous importance since rates much
larger than expected would be a hint of new physics at higher energies. The
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observation of a decay B’—ute™ which is not allowed in the Standard Model
would even be the manifestation of a new interaction.
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8 YT-Physics

8.1 General Remarks

Bound states of heavy quark-antiquark pairs provide an interesting testing
ground for many aspects of perturbative and nonperturbative quantum chro-
modynamics (QCD). The new limits on the top mass [69) and the corresponding
large decay width of the toponium [70] exclude the possibility that its rich level
structure can be studied experimentally in detail. Therefore, for the time be-
ing, bottonium will stay the heaviest quarkonium system to be analyzed. Its
spectroscopy is easiest to be interpreted since both higher order perturbative
corrections and relativistic effects are less important than for lighter quarko-
nium systems. Its level structure (Fig.30) has only partially been verified by
experiments. We will show in the following that many of these open physics
items can only be clarified with a data volume not achievable at one of the
presently available storage rings. On the other hand, running the B-factory a
few months at the energy of the 3%, |bb >-state — which does not disturb the
main physics program at the B-factory — allows to collect m - 107 (3%5;)-decays.
This data set is large enough to solve many of the presently open problems as
follows from branching ratios based on theoretically well founded estimations.

A shopping list of interesting physics topics includes:

¢ The detection of the 15;- and 1P;-state which allows a detailed investi-
gation of the properties of the spin-spin interaction of the quarkonium
Hamiltonian [71]. While the strength of the spin-spin interaction is re-
flected in the hyperfine splitting of the 15p- and 3S;-states, a long range
component of the spin-spin force would produce a deviation of the mass
of the 1P -state from the center of gravity of the *P;-states.

¢ The observation of the 13D ;-states provides a sensitive test of the long
range structure of the spin-orbit interaction. While for the ®P;-states the
short range contribution dominates, for the 3D -states the long and short
range contribution are of equal importance [72].

¢ The investigation of the final hadronic states allows interesting tests of
QCD. The measurement of the ratio of branching ratios Br(T(1§) —
~2g) / Br(X{15) — 3 g) has provided one of the most reliable values of
a, {101]. Similarly the measurement of the ratio

15
Br(1*Py — 2¢) / Br(1*P; — 29) = S+ 3a,)

might alsc permit to measure a,.
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Figure 30: Leve] scheme of the bottomium system
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e Naturally the higher statistics available in such an experiment allows to
study with higher prescision states already observed in present experi-
ments. Note that only in one of the 4 first generation experiments the
splitting of the 13P;- states was measured precisely enough to fix the
Lorentz-structure of the interaction {74].

¢ Finally the relative long lifetime of the |bb > - states combined with
their large mass make them an interesting laboratory to search for new
particles, Examples are the standard Higgs, the axion, and the search
for supersymmetric particles performed up to now [75]. For sure, once a
B-factory starts data taking, new theoretical speculations will be around
to be confronted with data.

8.2 Hyperfine Splitting

One of the basic open questions in quarkonium spectroscopy concerns the nature
of the spin-spin force which is assumed to be of short range. Moreover, the
hyperfine splitting is expected to be of the order of 30 MeV to 50 MeV [71].
Assuming flavor independence of the interaction one can calculate the branching
ratio for the 13§, — 11§, M1-transition with the help of the corresponding
result for the J/-system to be

Ey )3

35, o 11 ~ 15 —5(__
B?‘(l 1 150'{'7) 1.5-10 10 MeV

This small branching ratio, combined with the high background from #%-decays
in the energy interval of interest, makes it hopeless to observe the decay in an
inclusive study.

Kuang et al. [76) have proposed to exploit the cascade decay

338, — ntx— 1P,

I—-’ v 1185,

to detect the scalar states. A reliable estimate of the branching ratio for the
second decay exists, Br(11P; — v 1155) ~ 0.5, while the theoretical predictions
for the hadronic decay 33§, — wt7~ 11P; are contradictory. Kuang et al.
[76] start from a multipole expansion of the gluon field of the decay which
they assume to convert with probability 1 into a nx-system. They predict
a branching ratio of 10~2 for this decay. A more sophisticated treatment of
this conversion using QCD low energy theorems [77,78] arrives at Br(33$, —
e~ 11 P) ~ 1074

A Monte Carlo simulation has been performed to study the suppression of
background from gg and gg events exploiting the good resolution of the proposed
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detector for charged and neutral particles. A cut on the recoil mass and the
energy of the photon allows to reduce the background by a f{actor of ~ 200,
Combining this result with the recent measurement of the inclusive y— spectrum
for Y(35) decays |79) shows that for a sample of 107 (3*5;) decays the (1*5,)
state should be detectable, if the product branching ratio is > 3- 1074

8.3 D-States

The strength of the long range spin forces influences strongly the splitting of the
3D ;-states, therefore, it has been proposed as an independent test of present
ideas of scalar confinement [72]. Two sirategies have been advocated to study
the splitting. Kuang et al. [76] propose to search for the cascade decay

3%8; — 4 2%P;
i—) ~ 13Dy
rta—138;

with an estimated product branching ratio of 3 -107%. Again the main uncer-
tainty is due to the hadronic decay in this chain, which according to a study of
Moxhay [77] is strongly suppressed. He predicts a product branching ratio of
< 107%. Clearly in the latter case the chance to observe the decay chain even
at a B-factory is small. :

On the other side the estimations of the branching ratio for the cascade decay

3381 — Y 23PJ
L ~v 1°Dy
L—) Y 1P,
715,

are reliable, since the branching ratios are either measured or can be calculated
reliably {80]. The product branching ratio amounts to O(3 - 107*). In this
case even the exclusive decay chain involving the decay 135, — ete ,uTpu~
should provide O(100) events. With the electromagnetic calorimeter described
in this proposal the different components of the decay 23P; — 13D; can be
disentangled (Fig.31). This is demonstrated in Fig.32, where the different
cascade decays are tagged by the photon from the 335; — 2°P, and 3*$; —
23 Py transition, respectively. Note, however, that there exist competing decay
channels which might simulate the cascade decay:

338, - =% x° 135,

Loyy boyy

Observation of
3Dj-states
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Figure 31: Low energy specirum for the decay chain 335, — 23P; — 13D
The expected energy and angular resolution of the electromagnetic calorimeter
described in chapter IIL7.7 has been taken into account.
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Figure 32: Observed photon lines for the decay 23p; — 13Dy — 13P; tagged
with a) the 335; — 2%P; and D) the 335, — 23P, transition.
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A Monte Carlo simulation shows that with the resolution of the proposed elec-
tromagnetic calorimeter this decay can be separated. This is not as easy for
background due to the decay cascade (Fig. 33)

3351 - 23PJ + v
2351 + v
L, 13P5 + 7
138 4+ 9

The product branching ratios are comparable to those of the channels in-
vestigated, moreover, the transition energies of the chanmnels of interest dif-
fer only slightly (Table XI). The 23P, — 13D3 + v — 13P, + 2y and the

N
800.0 S — ‘
F 331~>2P2 :

3 f{ 381"‘>2P1, .‘

400.0 - } :{ 251->1P; ~
i by # 28,->1P]

i t * i"+ o
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Figure 33: Low energy photon spectrum for the decay chain

335, — 28P; - 235,

23P, — 238 + 4 — 13P; 4 2v decays cannot be separated, if the 13D3-mass
has the predicted value [80]. This follows from Table XI and a comparison of
Fig.34, where the cascade gammas for the decays 2°P, — 235, — 13P; are
plotted, with Fig. 31.

In summary the excellent energy and angular resolution of the electromagnetic
calorimeter combined with the large statistics achievable allows to resolve the
(13D,) and (13D;) states of bottomium.
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Figure 34: Observed photon lines for the cascade decay 28P; — 235, — 1°P;
tagged with the transition 3%§; — 2°P;

Table X1: Cascade decays with the largest branching ratios via the
13D j-states, the competing decays via the 2°5;—state are also given.
Cascade via 13D -state | Competing cascade via 2>51-state | resolved
23P1 g% 13D2 2—161 13P1 23P1 2'3? 2351 %E!:rl 13P1 +
23p; B 13D, 2 13p, 23p, o35, Wit +
23p; 213D, B 13p, 23p; 2 225, ¥ 13p +
23p, 13D, 0 13P, 23p, & 235, W 13p, -
23p, W 13D, ¥ 13R 23p, 2 235, Bl 3P +

8.4 Hadronic Decays

A test of perturbative QCD predictions follows from the study of gluons pro-
duced in the decays 135; — 3g,7 29,13P, — 2g,13P; — 2g. The ratio

4 —
r(1%5; — 72¢)/T(1%51 — 39) = gai(l + 0.7 @y); (MS scheme)

allows to derive a, with a mild theoretical model dependence. The main uncer-
tainty is due to the extrapolation of the measured y-spectrum to low energies
which depends sensitively on the spectrum shape, which at present has not
been measured precisely enough (Fig.35). The high granularity and good en-



T-Physics

006 |- ' -

LS
<
2 0.4
e &
“on
(%3
ny
‘}_" in ]
< 0
0.0
o " 1 P I —

0.0 .0 1.0 1.5
X = Ey/Ebcnm

Figure 35: Measured photon spectrum for the decay T — 4 2¢ [101).

ergy resolution of the proposed electromagnetic calorimeter allows to improve
the measurement. Besides the study of inclusive radiative decays also the study
of exclusive channels in the decay T(1§) — v 2g is of interest, since definite
predictions for the branching ratios exist (72]. An improvement of the present
limits by a factor of 10, which easily can be achieved at the B-factory with one
menth running, allows to verify or disprove these calculations.

Also the measurement of the ratio
3 3 15
Br(1°P; — 2g) [ Br(1°FPp— 2g) = -?(1-{—30:,)

allows to determine a, {71]. The good energy resolution of the electromagnetic
calorimeter again is essential to achieve the necessary precision.

Note that an enhanced sample of monochromatic 2 gluon jets with E(2g) = Fragmentation of
10 GeV can be sclected from the data. ARGUS has shown [74] that a sig- gluons

nal/background ratio of 1 : 2 can be achieved, if one tags the 3P ;-states with
the photons of the transition 238; — v 13Pp 2 by detecting the photons which
convert {81} (see Fig.36). These data will allow to study the fragmentation
of kinematically well defined gluons in an energy regime where jet structure
already exists.

Finally, it has already been mentioned (see 8.1} that radiative decays of the Search for
T(15) meson open the window for searches of fundamental scalars [71,75]). The fundamental
necessary experimental requirements have been discussed in detail in ref. {43). scalars
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9 Beauty Baryons

The physics scope of the beauty factory may be extended by raising the center-
of-mass energy above the T(45) regime in order to successively pass the pro-
duction thresholds of more and more heavy beauty hadrons. In this way it will
be possible to tackle a wealth of spectroscopical investigations with growing
physical richness, As an example for possible investigations we shall discuss
production, masses and decays of beauty baryons which offers the peossibility
to study long range QCD in an essentially new context most similiar to atomic
physics. We will consider here only baryonic states with one beauty quark and
two light guarks u, d, and s, so that the heavy quark resembles the atomic
nucleus. This leads - in the spirit of the HQET (see page 51) - to additional
symmetries concerning flavour and spin of the heavy quark.

9.1 Production of Beauty Baryons

Let us develop two successively more interesting scenarios, taking into account
the fact that they are also of successively decreasing probability to be realized.

The first possibility is the production of beauty baryons at energies well above
the respective thresholds. The process here consists of the fragmentation of
a b-quark into a (leading) b-baryon by picking up a diquark from the sea.
A measurement of the rates will check fragmentation models which predict
a suppression of b-baryon production by about one order of magnitude with
respect to b-meson production.

The second and more rewarding possibility which we take into account is the
pair production of beauty baryons. Just at the threshold {which is unknown
until now for any of the states considered here} we expect the production of a
baryon-antibaryon pair with the quantum numbers of the photon, being (nearly)
at rest in the CMS. This gives us strong handles for the suppression of back-
ground and identification of initial states by “tagging” which is necessary for the
measurement of absolute branching fractions. In addition, the Lorentz boost
of the CMS with respect to the laboratory, v8 = 0.6, being necessary for the
observation of CP-violation and of B,B, mixing, procures us with measurable
vertex separations that help to beat down the combinatorial background and
make lifetime measurements possible.

The question of the production cross sections is completely open. They are
described by electric and magnetic form factors Gg, Gp(s) according to

do _ ot |

dsl  4s

4M?
2 sin® @ + |G pr|*(1 + cos® 6)
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where 3 is the CMS-velocity and M the mass of the produced baryons, leading
to steep maxima closely above threshold, since the form factors are expected to
drop fast with rising s; however, no theoretical prediction for their behaviour
in the time-like region at the Y-scale is known.

From pp- and AA- production data in their respective threshold regions [82] we
may derive in a very simple way a probability P for picking up {anti)diquarks
of the right colour by the primarily produced ¢g pair. From

Opp = (2Q% + QZ)%-P y O = Q?O’m- P

probabilities of P = (5.7 + 2.2)% and (5.9735)% are obtained in the first
and second case, respectively. Extrapolating this to ApAs, production at
V% = 11.5 GeV, a cross-section of

opg =42+ 1.2pb

is obtained, which corresponds to about 0.16% of the (continuum) hadronic
cross section at this energy.”

With the design luminosity of 3 - 103%cm™%s7!, we would expect production
rates of about 10°A;As/day. The reconstruction efficiency could be estimated
on the basis of running experience in the Y(45) region before a decision to
modify the energy would be taken. But even with an efficiency of the order of
only 1%, the rate of useful events would not be prohibitively low.

9.2 Masses of Beauty Baryons

The states to be considered here may be classified according to the flavor group
of the light quark pair into a sextet and an antitriplet

{3} x {3} = {6} + {3}

containing the diguark configurations as shown in Table XII. Together with
the b quark spin we have J = 1/2 for the antitriplet states and J = 1/2, 3/2
for the sextet states, the latter usually distinguished by a star. The Z; states
of the sextet and the antitriplet are not distinguished here: In fact they may
be mixed, depending on the details of the interaction. (This is not the case
for the A and TP states because the isospin invariance should be violated only
weakly).

*The MARK II collaboration has estimated the cross section for A A, pair production at
/3 = 5.2 GeV to be 0.85 = 0.2nb [83). Extrapolation to the beauty baryon threshold region
would accordingly lead to cross sections higher than estimated above, by about one order of
magnitude, So the above estimate has {0 be considered as a pessimistic one.
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Table XII: Diguark configurations. (The squared and figured brackets mean

(anti-) symmetrization in flavour and spin.)

I3 I | § | name | charge
1012 00 12 1
dd {du} wu] 1 10 -0+
{ds} {us} 12 -1] = | -0
ss 0 |-2 ﬂg*) -
{du] 3] 0 Ap ]
[ds] [us] 1/2+-1t B -0

To get a first orientation about the energy range required for the production of
these states, one may use mass formulas fitted to charm and strange baryons [84,
85], an experimental hint [6] of a beauty baryon (A or =) at 5.75 GeV/c?) and
a recent measurement of UA1 [86] giving M(AJ) = 5.64+0.05 £ 0.03 GeV /c?.
We take 5.70 GeV /c? as an experimental upper fimit. From potential models,
an upper limit of 5.66 GeV /c? for M{AD) has been derived [85). The strangeness
splitting M(Z0) — M(A{) may, to a first approximation, be taken from charm
data [6) to be equal to M(=D) — M{A}) = 188 MeV/c?. A further information
from the charm sector concerns the 2 — = mass difference to be 280 MeV /c?
(M(22) is derived from 3 events and not yet confirmed}. This rather large
splitting is not unreasonable, since here the sextet-antitriplet splitting is also
involved, whereas for the Zj . — A, . case the mixing of sextet-antitriplet = states
should lower this value.

There is no experimental information from the charm sector concerning the hy-
perfine splitting of the 1/2 and 3/2 baryon sextets. From the general trend
observed for strange and charm vector and pseudoscalar mesons, it should
decrease from charm to beauty baryons. Theoretical estimates [85] range
from near degeneration to ~ 50 MeV /c? for M(Z}) — M(Z3), much less than
M(Z*} — M(Z) ~ 192 MeV /c.

Putting everything together, the highest mass M({l}) to be considered here
should be less than 6.18 GeV/c? or 6.22 GeV /c?, if we base our estimate on
M(AL) = 5.66 GeV/c? or the experimental value of 5.70 GeV /c2, respectively.
To be on the safe side HELENA should be able to increase the CMS energy
to 12.6 GeV. Apart from higher power consumption, such an increase of the
design energy by 20% poses no serious problems to the accelerator rings. A

Mass estimates
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redesign of the crossing area is eventually required. The discussion of related
questions is left to a later stage of the design procedure.

9.3 Decay Modes

Although the hyperfine splitting is expected to be small, most theoretical esti-
mates predict a sextet-antitriplet splitting just larger than 140 MeV [85], so we
expect strong decays T — mAs, in analogy to £, — 7A.. The mass difference
M(Zp) ~ M(Ap) can then be measured with the same resolution as in the charm
case {compare [87]). To detect the hyperfine splitting is a priori not excluded.
Electromagnetic transitions are expected between @} and Q; and perhaps be-
tween some of the nearly degenerate Eg*) states. Their detection may be possible
with high resolution electromagnetic calorimetry as proposed in chapter IIL7.

Ap, Ep and € can only have weak decays, leading to measurable vertex sepa-
rations.

Semileptonic weak decays of beauty baryons should be well described by the
spectator model. For the dominating quark transition

b—=clm, l=e ,u", 77

the charm quark energy (in the rest system of the & quark)

2 2
mZ+ml—g

E. =
¢ 2my

is less than 2.8 GeV (for my = 5 GeV/c?, m. = 1.7 GeV/c?, ¢ = 0). The
invariant mass of the secondary hadronic system can be calculated in the rest
system of the spectator diquark as

2 2 2
Mi(gg) = Me + m:‘;q + 2E':.m?g < 8 GeV

if we approximately set (E! ~ E_) and take m,, = 0.7 GeV. The excitation
energy of the hadronic system is then

T = Mg(gq) — The — Thge < 0.4 GeV ,

rather small compared to charmed baryon masses; that means charmed baryons
are expected to be produced singly in most of the semileptonic decays of beauty
baryons (in analogy to the B — D17 dominance in semileptonic meson decays},
very much simplifying the identification of decay chains. Of course, this source
of charmed baryons is of interest in itself (see chapter 10).

As far as beauty baryons are produced at threshold, they have opposite helic-
ities. This is helpful for the study of decay asymmetries, (e.g. in the chain
Ay — A, — A) in order to gain information on the structure of weak baryonic
currents.
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Turning to nonleptonic decay modes, important guestions concern the role of
stimulated decays of baryons — as opposed to spectator decays — where the &
quark decay proceeds via weak scattering with other quarks, and last not least
the role of penguin diagrams in baryon decays!. In the case of beauty mesons,
the contribution of annihilation diagrams complicates the separation of these
processes. While it will be difficult to identify exclusive channels in this case,
important information is expected from lifetime measurements making possible
the comparison between tofal and semileptonic decay width.

'The possibility of observing measurable CP-violating asymmetzies of the order of 2 to
20% in connection with penguin graphs has been discussed by Bjorken [88].

Nonleptonic
decays
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10 Charm Physics

The present knowledge of charmed particle spectroscopy and decay is largely
due to experiments performed at e™e™ storage rings. They have the advantage
of a signal to background ratio at the production level which exceeds that of
other charmed particle sources by one to two orders of magnitude. This is
demonstrated by Table XIII, where typical production cross sections of the
A} particle in different experiments are compared with the corresponding total
cross section.

Table XIII: Ratio of A} production cross section

to the total cross section for different experiments.
o(A})/ ot reference

ete” w At +z | 6.2.1077 [89]

yp— AT+ 2 5.107% [90]

pp-AF +z |1073..107* [91]

Moreover, the relatively low multiplicity environment of charm production at
a B-factory in comparison to a high luminosity hadron collider run at high
energies provides a further advantage, since the combinatorial background is
appreciably smaller in the case of a B-factory. The disadvantage of a hadron
collider cannot be fully compensated by precise vertex measurements, since
multi-vertex reconstruction is far from being trivial. Note that no demonstra-
tion of successful secondary vertex reconstruction exists in case of more than
one interaction per bunch crossing. Hence the expected increase of the statistics
by a factor 100 ... 1000 compared to present experiments and the possibility
of precise vertex measurements provide the chance for e¥e™-experiments to
compete favorably with experiments on hadron colliders also in the future.

A rich charm physics program is possible which one gets for free, while run-
ning on the T(45), from the copiously produced c¢-background. Note that as
many ¢€ as bb pairs are produced by the virtual photon at this energy. Major
contributions to the field are expected from the investigation of the following
topics:

o Precise measurements of weak decays of charmed mesons and baryons
including polarization studies. The analysis of the resulting pattern can
lead to unique conclusions on strong interaction physics at the borderline
of soft and hard QCD [92,93]. The recent development of the effective

heavy quark theory [94] allows to make predictions which are a systematic
limit of QCD.

¢ Studies of semileptonic D-meson decays;
o Spectroscopy of charmed baryons and imesons;

« D°_D° mixing;
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¢ Rare charmed meson decays.

In the following the feasibility of such studies is discussed for a few examples.

10.1 Semileptonic D-Decays

Semileptonic D-decays have the great advantage that the results can be in-
terpreted easily. They are of particular interest since the Kobayashi-Maskawa
matrix elements V.9 and V., can be derived from the measured branching ratio
with relatively small theoretical uncertainty. Moreover, the hadronic informa-
tion factorizes and can be parametrized in a compact way by decay constants
whose interpretation is accessible both to analytical and lattice technigues.
Their interpretation provides important constraints to QCD [93].

The present analysis of semileptonic D-meson decays is based on an event sam-
ple of ~ 300 events [91]. Starting from 3.107 charm events per year available
at a B-factory one expects to observe O(10%) (D+ — K*0/*y;) decays. Because
of the long lifetime a clean data sample can be selected with a stringent vertex
cut. With this data sample an analysis of the four-momentum dependence of
the formfactor is possible allowing to check in detail theoretical predictions and
to extract a reliable value for V,.

Even more interesting is the study of semileptonic (¢—d) transitions, since
besides the determination of V4 they provide a testing ground for models de-
veloped to describe the transition between a heavy and a light quark [44,95).
These studies are of special importance in view of the derivation of V;, from
{b—u) transitions which should show a similar sensitivity to models. The decay
D+ = p%ty; and D° — n~ 1ty may serve as typical examples for such studies.
One expects to observe O(5.10%) decays in each channel [26]. They are sup-
pressed in comparison to the Cabibbo allowed transition mentioned above and
therefore suffer more strongly from background. A Monte Carlo study shows
that besides the cut on the secondary vertex a further signal/background en-
hancement by a factor of 2 seems to be possible, if one exploits the directional
information from the secondary vertex.

10.2 Spectroscopy of Charmed Hadrons

In recent years important contributions to charmed meson and baryon spec-
troscopy came from the ARGUS and CLEO experiments. Their results were
typically based on event samples of (O(100) events {96,97]. Already from this
observation follows that the field is still in its infancy and major improvements
can be expected from the high statistic data sample available at the B-factory.
The theoretical interest in detailed investigation has been stressed {98,99]; the

Results on
semileptonic
D-decays are easy
to interpret

Data volume will
be orders of
magnitude larger
than available up
to now

Study of (¢—d)
transitions

The system of a
light and a heavy
guark is the
‘hydrogen atom’
in quark physics
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analogy to the hydrogen atom of such a system consisting of a light and heavy
quark is obvious. As in the case of quarkonium the level splitting of the 3P and
3D states is of special interest since it provides a means to study the properties
of the long range spin dependent confinement potential.

Also for this study the signal/background ratio can be improved by a cut on
the secondary decay vertex of the stable D meson produced in the decay chain,
while the detection efficiency does not suffer too much. Again the increase
of statistics by a factor of 100 and more, possible at a B-faciory, is of special
importance in view of the small data samples of ~ 100 events presently available.

10.3 D° — D° Oscillations

D° — T° oscillations are expected to be small in the framework of the standard
model. The predicted mixing rate is of the order of rp = 1077 [100]. A mea-
surement of this small mixing seems to be out of range of present experimental
possibilities, but the observation of a larger value would be a clear signal for
new physics. Hence the measurement of D° — D° mixing is a sensitive tool to
search for physics beyond the standard model at a low energy machine.

Presently, experiments tag the produced D°-meson via the D** — D87 decay
which allows [101] to obtain a clean signal. At a certain level the fake of p°_D°
oscillations by doubly Cabibbo forbidden charm decays D® — K¥x~ cannot be
avoided in time integrated measurements. Extensive Monte Carlo studies [43]
have shown that high precision vertex measurements allow to separate doubly
Cabibbo suppressed decays (DCSD) from D° — D° oscillations since the two
processes develop differently in time [102]. In case of small mixing one finds

N(D® = K~ )ppe ~ teT*

N(DO — K_Tr"')pcsp' ~ e Tt

From the study foliows that D° — D° oscillations are observable with the statis-
tics collected at a B-factory, if rp > 5-107° and the power of the high resolution
vertex detector is used. Note that this analysis provides a means to study also
doubly Cabibbo forbidden charm decays which has an interest in itself {100}.

10.4 Rare Charm Decays

Since the Kobayashi-Maskawa matrix elements for Cabibbo favored charm de-
cays are large, the branching ratios of rare charm decays are expected to be
small. This disadvantage is compensated by the fact that the observation of
a signal beyond the expectation will present strong evidence for new physics.
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One loop decays and doubly Cabibbo suppressed decays will be discussed as
benchmarks.

The decay D” — ~+ serves as an example for the one loop decays. The treat-
ment as a two-step process D — =,n,77,... — 77 should lead to reliable
results as in the case of K? — 27. Since the first step is Cabibbo and the sec-
ond one electromagnetically suppressed, the branching ratio is estimated [100]
to be Br(D® — 2v) < 0(tg?6, - o®) = 3-106. With an integrated luminosity of
50 f6=* and o{ete™ — D° + 2) = 1.18 nb [103] this corresponds to 150 events.
The signal to background ratio can be improved appreciably, if only D®-mesons
produced in the cascade decay D* — D%r, D® — 24 are considered. In this
case ~ 100 events are expected with strongly suppressed background. Note,
however, that a sizeable cancellation of the different amplitudes contributing
to D® — 24 may exist, hence the chances to observe this decay channel at an
early stage of the experiment are marginal.

The sensitivity of the experiment for other one loop decays as D® — 11—, pte~
is of the same order as for the D® — 2+ decay, i.e. one can observe a Br >
O(10-°).

Also in this case the narrow m{D"*) — m{D°) signal can be exploited to improve
the signal/background ratio appreciably. Moreover, the reconstruction of the
secondary vertex provides a further means of improvement. In the standard
model these decays are either forbidden or strongly suppressed due to differ-
ent mechanisms (helicity—, wave function—, Cabibbo suppression), hence the
branching ratios are unmeasurably small. On the other side they are an ex-
tremely sensitive indicator of new physics, since e.g. in the case of SU(5) type
leptoguarks, it has been shown that no helicity suppression exists [104] and the
branching ratio could therefore be much larger than in the standard model.

Doubly Cabibbo suppressed decays are another class of rare decays. They
should be observable with the statistics corresponding to 50 f6~1. The expected
ratios of branching ratios are given in Table XIV [105,100]. The coefficients
reflect details of QCD corrections and wave functions, hence interesting infor-
mation on QCD follows from this analysis. The expected rates are included in
Table XIV. A comfortable statistics is available allowing to apply further cuts
to improve the signal to background ratio. Examples are the reconstruction of
the decay chain D* — Dr, D — K*x~,... and/or the selection of decays with
a well reconstructed secondary vertex. The rates expected for these subsamples
are still of the order of ~ 1000 events/ channel.

Bigi {100] has argued that doubly Cabibbo suppressed decays should have a
higher sensitivity to new physics than Cabibbo allowed D-decays. A charged
Higgs e.g. induces the ¢ — s(ud) as well as the ¢ — u(u5F) transition. Since
the strength of the Higgs coupling depends on the mass of the particle pro-
duced [106} one expects a strong enhancement of the Higgs induced decay in

One loop decays:
D% — yy

DY 11, ptem

Doubly Cabibbo
suppressed decays

Sensitivity to New
Physics
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Table XIV: Predicted ratios of branching ratios {105,100]
for doubly Cabibbo suppressed decays and rates
expected for an integrated luminosity of 50 671
Niag corresponds to events tagged by the decay
D*Jr b 4 DO'N+ or D*+ —_ D+7;'0_

N Ntag

Br(D%K¥n~

S — ) = 2-tg%6 5660 1000

Br DD—}K"'p" _ 4

E“ﬁgT—@l = 0.5- 190, 11800 2000

Br(DS=K"Fn1-) _ 7

W =3-14%0 2300 400

BT!D —K 1r°! _ o4

BriDtKoat) — 3 10 7260 1100

BT(D+—¢K°‘1T+! _ 4

SRy = (011)-1¢%0. | 11550 2800

Br(D¥ K Fn%) _ —

Br(DTKopT) = (22...25) - g6, | 26400 6400

B‘F‘ D - K pu . . 4

BJ——-——*J?(D_'KOP” = 0.35.1g%8, 1970 500

the doubly Cabibbo suppressed decay channel:

~4.10%,

Nie & d(uz))/N(c 5 d(us)) _ (E:)z 1
N{c B s(u&))/}\?(c w s(u-c_l)) 1940,

M4

The prospects to observe new physics in the suppressed channel are therefore
strongly enhanced.
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11 Tau Physics

11.1 Introduction

Since its discovery in 1975 the 7-lepton has been extensively studied. Most of
these analyses have been performed at the e* e~ storage rings SPEAR, DORIS,
PEP, and PETRA. Recently the LEP experiments started to contribute to this
field of physics. The available data samples of 7 pair events from the DORIS
11 and CESR experiments {e.g. = 5 x 10° events from ARGUS) are much Jarger
than those of PEP/PETRA experiments, but the latter, operating at higher
centre-of-mass energies, have the advantage of less background.

The new generation of detectors, taking data in the Egms region of the YT
resonances, will have high precision vertex detectors. With such devices one
will be able to use the long lifetime of 7 leptons to identify 7-pairs by observing
their decay vertices separated in space if at least one r decays into 3 or 5 charged
particles, or by measuring the distance of closest approach if both 7’s decay into
1 charged particle,

Tau physics at the B-factory will benefit from the huge number of 7-pairs which
will be produced. In fact, the B-factory is at the same time also a r-factory.
For an integrated luminosity of 50 fb~! approximately 5 x 107 7-pairs will be
available for the analysis, about two orders of magnitude more than there are
at present.

The Lorentz boost of the B factory’s CMS system, 87 = 0.6, is of minor impor-
tance in T physics, since it is small compared to the 84 > 2.5 which 7 leptons
acquire in the pair production process relative to the CMS system. It is desir-
able to perform some of the analyses, e.g. measurement of correlations between
T decay products, by boosting the particles back into the centre-of-mass system.
An excellent particle identification capability is necessary in order to determine
the 4-vectors of the particles, which is available at the proposed detector. The
energy spread of the collider has almost no influence on the results.

In the following we present some important topics in 7 physics that are within
the scope of a B-factory.

11.2 Properties of the 7 neutrino

11.2.1 Coupling Constants

The properties of the v, can only be measured indirectly by analyzing the
observable decay products of r-lepton decays. Recently the ARGUS collab-
oration presented the first measurement of the v,-helicity from a parity vi-

ete” — 7T

Vertex detection
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olating asymmetry in the 7 decay into three charged pions, proving the v,
to be lefthanded [107]. For both charge states of the 7, the asymimetry ap-
pears at the level of three standard deviations. From the measured asym-
metry, the normalized product of the axial and vector coupling constants
yav = 2949v /(g% + g¥) = 1.25 £ 0.23£3'22 has been derived which is in good
agreement with the standard model prediction. The result has been obtained
from a selected data sample of 5888 events, with =~ 20% background contri-
bution. Due to the vertex detection and particle identification capabilities of
HELENA a much cleaner data sample can be selected which is also larger by
orders of magnitude. Consequently, the precision of the measurement can be
improved by a factor of > 10.

11.2.2 Limits on the v, mass

In the framework of the standard model, neutrinos are considered to be mass-
less. However, the Standard Model is not based on the mass of the neutrinos.
In fact, many extensions of the standard model predict non-vanishing neutrino
masses. Massive neutrinos could contribute to the solution of some problems in
cosmology and astrophysics, as to neutrino oscillations and dark matter. Com-
pared to the present limits on the masses of v. and v, m{v.) < 18 eV/c? at
95% CL [108) and m(¥,) < 250 keV /c? at 90% CL [109], the upper bound on
the mass of the v, is quite large: m(r,) < 35 MeV /c? at 95% CL [110]. To make
considerable progress in the solution of cosmological problems, a sensitivity in
measuring m(v. ) of the order of O(1 MeV/c?) is desirable [111].

The most sensitive technique to determine the v, mass is to measure the end-
point of the mass spectrum of hadrons from 7 decays. The best existing limit
on m(v,) has been obtained by ARGUS by analyzing the (5« )-mass spectrum
in the decay 7~ — 57 v,. 12 events have been selected from a data sam-
ple of about 200000 T-pair events, leading to limit of m(»,;) < 35 MeV/c? at
95% CL [110). Recently ARGUS repeated the analysis including new data. The
same result has been obtained with 20 selected events. This demonstrates that
the method is very powerful even with only a small number of observed events.
However, the power of this method is clearly limited by the precision with
which the mass of the T lepton itself is known: m, = 1.7841%30027 GeV /c?.
Therefore a limit considerably below 10 MeV/c? cannot be achieved by this
method without new measurements of the mass of the 7. Such measure-
ments can be performed with the new e*e~ storage ring in Beijing (BEPC)
or with the proposed 7/charm-factory, where precisions of o{m,) < 1 MeV/ ¢?
and o(m,) &~ 0.1 MeV/c? [112], respectively, can be reached. This would enable
a determination of the v,-mass down to a limit of 2 MeV /c?.

The feasible limit depends strongly on the resolution function and the number
of events found with hadronic masses close to the mass of the 7, say mpqes >
1.7 GeV/c? In Fig. 37 the hadronic mass spectrum for the latest ARGUS data



Tau Physics

N
30 MeV/ctL e -

15 16 1.7 18 19

m, [GeV/c?]

i 11 1.2

Figure 37: (57)-mass spectrum of 20 events from the decay v~ — 577w, as
measured by ARGUS. The curve corresponds to the shape of a phase-space
decay weighted with the weak matrix element (m(z,) = 0 MeV/c?).

is shown together with the expectation of a phase space decay weighted by
the weak matrix element. It appears that the data can be described by such
model. Using this model, we expect to find 5% of the events to have (57 )-masses
above 1.7 MeV/c:.  Note that other attempts have been made to describe
the invariant mass spectrum by a ppr final state {e.g. [113,51]) which shows
a considerably larger fraction of events in the sensitive region. Making use of
the high precision vertex detector of HELENA to detect the 5-pion vertex and
cutting on the distance of closest approach to the single prong side, it seems to
be possible to obtain a detection efficiency 2 times the corresponding ARGUS
value. Thus the B-factory, with an integrated luminosity of 50 fb~?, will deliver
about 500 + 250 detected events of the type 7~ — 57 v, in the sensitive m{57)
region above 1.7 GeV/c?.

A precise measurement of the v, mass requires not only good statistics in the
sensitive region, but also an excellent mass resolution. In addition to a good
momentum resolution, the contribution of multiple scattering to the mass reso-
lution has to be small. The track parameters at the vertex are known with high
precision due to the vertex detector, thereby minimizing the influence of mul-
tiple scattering. A mass resolution of o(m(57)) < 10 MeV /¢? can be reached
which is again a factor of > 2 improvement as compared to the ARGUS exper-
iment.

Another decay channel, the decay 7= — K*K~7n~v,, is also an interesting
candidate in terms of measuring the v, mass. It can be shown that the number
of selected events from this channel is of the same order of magnitude as from

Mass resolution

7~ - KtK~n"v,
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the {57 )-decay. The experimental boundary conditions have been discussed in
detail in [51]. The same procedure as for the (57 )-decay can be applied, yielding
a comparable sensitivity for the mass of the v,. Using both decay channels and
taking into account an error of the 7-mass of o(m{7)) = 1 MeV /c* we estimate
from Monte Carle calculations that an upper limit of (95% CL)

m(v,) < 3.5 MeV /c?

can be achieved which is close to the value defined by the uncertainty in the
knowledge of the T mass. Note that this limit is comparable to the limit of
about 3 MeV/c? which is expected from a 7/charm-factory {113}.

11.3 7 Lifetime

The knowledge of the 7 lifetime 7, is not only of interest as one of the funda-
mental properties of the particle but is also needed to understand the present
consistency problem in 7 decays. Since the partial width of the leptonic decays
can be calculated, predictions on the leptonic branching ratios can be made by
using the 7 lifetime. With I'(7~ — e~ v, ) = (1.595 x 10712 s)™!, and using
the measured lifetime of 7, = (3.03 £ 0.08)"2* s [6], the predicted branching
ratio for 7= — € Do, is (19.0 + 0.5)%. This value has to be compared to the
world average of direct measurements which is (17.7 £ 0.4)%. The apparent

_discrepancy demonstrates the need of better measurements of the 7 lifetime

and the leptonic branching ratios.

All present measurements of the lifetime either determine the distance of closest
approach of each track of the = decay to the interaction point, calculated in the
plane transverse to the beam direction, or measure the transverse decay length
distribution for 3-prong tau decays. These methods contain some intrinsic
uncertainties: The flight direction of the T with respect to the beamline is
not known. When measuring the decay length, the direction of the measured
tracks has to be taken as the direction of the 7, causing additional systematic
uncertainties. In addition, the interaction point is not precisely known due to
the beam widths. The r.m.s. beam widths at DORIS II e.g. are 800 gm in
horizontal direction and 25 pm in vertical direction, respectively, comparable
to the mean decay length of =~ 250 um.

The high precision vertex detector of HELENA allows a direct measurement of
the impact parameter as well as the decay length in all coordinates. In order to
be independent of the beam widths and the underlying physics in the r decay,
the B-factory offers three additional methods to measure the 7-lifetime which
have been investigated by means of Monte Carlo calculations:

1. Measurement of the distance between the decay vertices of both 7’s de-
caying into a 3-prong. Monte Carlo calculations for events, with both 7’s
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decaying into 3 charged particles via the a;-meson, showed that a selection
efficiency of 25% without applying any sophisticated cuts is realistic, with
a background level of the order of 10%. Therefore we expect ~ 60000 T
events of this type for a collected integrated luminosity of 50 pb~!. With
this data sample we estimate that the lifetimne can be determined with an
error smaller than 1%.

2. Measurement of the distance of closest approach of the twe tracks from
both 7’s decaying into one prong. A very clean event sample with a
background contamination of only &~ 1% can be selected by using the
event types 7~ — e~ v¥ and 77 — p~vP. We expect to select more than
5 X 10° events.

3. Measurement of the distance of closest approach of the track from a single
prong 7 decay to a 3-prong T vertex. Again a very clean selection is
possible when one requires the single prong to be a lepton. Assuming the
other T to decay to be an a;, we expect to select =~ 5 x 10° events. The
background level is estimated to be of the order of 1%.

In addition, the conventional technique can be applied. This method has been
extensively studied in [51].

By applying all these methods, an accuracy of o{r,}/7, < 1% for the 7-lifetime
measurement is feasible. Recent results from LEP experiments on the 7 life-
time {114] indicate that & precision in the order of about 1% can possibly be
achieved. Note that a measurement of the r-lifetime is hardly possible for a
7 /charm-factory where 7-leptons are produced almost at rest.

11.4 7 Decay Branching Ratios

To make full use of the large number of produced 7-pairs, we want to measure
the decay branching ratios without being dependent on theoretical calculations
of ¢,» and the luminosity monitoring which are only accurate to 1% and =~ 1%,
respectively. Most of the 7 branching ratios can be measured relative to a
"tagging” decay. The leptonic decays of the 7 or the decay v~ — #tz %",
seem to be a good choice as a tag since these events can be easily selected with
only a small background contribution [115,107). The 7 branching ratios follow
from the measured fractions of the decays of the non-tagged 7. In addition,
measurements of 7 events, with both 7 decaying to the same final state, e.g.
T~ — p~ 1, and 77 — p*¥,, will provide extra information. Therefore, enough
data are available to determine the 7 branching ratios without knowing the
number of produced 7-pairs.

Accuracy

Tagging technigue
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CLEOQ has shown that it is possible to reconstruct final states containing
37%s [116], using a Csl electromagnetic calorimeter. The measurement of de-
cays with 7%’s in the final state is very important to solve the so-called 7-decay
problem, referring to the discrepancy between measured inclusive and exclusive
branching ratios, since the branching ratios of these decay channels are known
only with large errors. More information about “missing” single prong decays
can be obtained from inclusive photon counting in those decays. The fraction
of photons which do not originate from 7° decays can be determined from such
an analysis, giving information on possible new exclusive final states.

The particle identification capabilities of HELENA allow to measure with high
precision branching ratios of 7 decays into final states containing kaons, e.g.
= = K~ v,, 7= = K- 7~ 7Tv,. These branching ratios are known only with
large errors [6]. With today’s experiments major significant improvernents are
hardly possible to achieve, due to limitations in the data volume and in the
capabilities to identify particles. The large sample of 7 events can also be used
to search for decays which are forbidden in the Standard Model.

11.5 Rare 7 Decays

The search for neutrinoless 7 decays might lead to the opening of 2 window
to new physics beyond the standard model. Radiative 7-decays {e.g. 7~ —
L~ 7) can be caused by supersymmetry; lepton flavour changing Higgs couplings
can lead to final states such as g~ p~u'; other channels can be mediated by
leptoquarks, e.g. 7~ — 7% ™. Upper limits for a variety of decay channels are
available up to now which are ranging from = 10~° to = 10~2 [117], but an
improvement of the present sensitivity is highly desirable.

In i decays, lepton flavour violating channels have been searched for, too. For
example, Br(p~ — e”7) < 4.9 x 107* and

Br(u~ — e e"et) < 1.0 x 10712, whereas

Br{t~ — e"7) < 1.2 x 1074,

Br(r— - e"e"etT) < 1.3 x 1075, and

Br(r~ — p~p~ut) < 1.7 x 107%; all limits at 90% CL [6,118,119},

Although the limits on the muon decays are much more stringent, the sensitivity
in 7 decays to new physics can be higher due the larger mass of the 7, assum-
ing the same physical mechanism being involved. Supposing the neutrinoless
leptonic decays are caused by a Higgs boson, one estimates [120]:

Br(r~ — p"p~p*)  (m(T}\?*
Br{p~ —e"e"et) (m(e)) =107,

demonstrating that some present limits on 7-decays are already competitive
with those on u-decays. Up to now, limits on lepton and baryon-number vio-
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lating decays are available only for 3 decay channels, 7~ — 5 v, 7~ — p 7°
and 7~ — P 7. These limits are are not very stringent and are well above
2 x 107* [118]. An improvement of the sensitivity is highly welcome, With a
data sample of 5 x 107 7-pair events, obtainable at the B factory, the sensitivity
for rare decays can be increased by a factor of 0(200). Branching ratios of
< 107% can possibly be measured, a region where presently only upper limits
exist, whereas upper limits for rare decay channels of ~ 10~7 will be reached.

The search for hadronic decays, conserving lepton number and lepton flavour,
is another point of interest. The only possible combinations of spin, parity
and G-parity guantum numbers predicted by the standard V-A theory for
isovector hadronic finals states in r-decays are: JFG = 1-t 07~ or 11-.
The observation of final states with different JF¢ would indicate the existence
of second class currents, G-parity violation in the hadronization process, or
ancther non-standard decay mechanism.

The most extensive search up to now has been made for the decay 7~ — nx v,
(JPG = 0%-), yielding an upper limit for the branching ratio of < 0.9% at
95% CL [121]. Also the search for JP¢ = 1%* contributions in the decay
77 — wr~ v, showed no positive result. However, due to limited statistics,
only contributions larger then 50% (95% CL) could be excluded [122]. With
the increased statistics and the better detector performance of the proposed B
factory branching ratios of less than 10~* can be measured for the decay 7~ —
n%~v.. For this decay, predictions are available assuming isospin violating
effects. The predicted branching ratio amounts to Br(r~ — n7~w,) = 1.5 X
1075 [123] and is thus within reach of the experiment. It is likely that this
final state is produced via the a; which also decays into K~K°. Therefore, the
search for J¥¢ = 01~ final states is not limited to the search for 7~ — n7 v,
alone. In summary, the B-factory offers a wide area in the search for new and
exotic phenomena.

11.6 V—-A Tests

Contrary to the decays of muons, in 7-decays the parameters which describe
the interaction are very poorly known. Presently known is the sign of the v,
helicity. Measured values are 44y = 1.25+ 0.23+3:32 and the Michel parameter
p. The latter has been measured by several experiments. The most precise
value is p = 0.742 £+ 0.035 £ 0.020 and has been obtained by the ARGUS
collaboration [124]. However, these measurements, although in agreement with
the V-A value p = 3/4, do not uniquely determine the interaction since a
most general ansatz also allows other combinations of scalar, tensor and vector
couplings to yield the same value {125]. The complete Lorentz structure of
leptonic 7 decays can be fixed by the measurement of six parameters [125].

Hadronic decays

L/ L
(P = 0%7)

Lorentz structure

of the leptonic
T decay
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v, helicity;

T lifetime;

Polarization £’ of the daughter lepton (i or e);

o Decay asymmetry of the daughter lepton relative to the spin of the 7
which is described by the two parameters £ and &;

e Total cross section for the inverse decay v.e~ — 7~ v, with v, of known
helicity.

Apart from the measurement of the total cross section of the inverse 7 decay, in
principle all these parameters can be measured at a B-factory. To measure {' a
special polarimeter is required which is not included in the proposed experimen-
tal setup. However, such a device might be added. The necessary experimental
requirements have been discussed in detail in [120,125).

In summary, T parameters will be measurable at the proposed B-factory with
sufficient precision to be sensitive to effects of possibly existing non standard
interactions.



Two-Photon Physics 1061

12 Two-Photon Physics

12.1 Introduction

Two-photon scattering reactions (Fig. 38) have been extensively studied in re-

cent years at the e*e™ storage rings PETRA, PEP, SPEAR, DORIS, DCI,

VEPP-4 and others [126]). The most important results have been obtained on
Q.‘

e

Figure 38: The two-photon scattering process ete™ —ete X.

the two-photon production of hadrons and QCD related topics. Perturbative
QCD has been tested at the high-energy machines PETRA and PEP with mea-
sureinents of the photon structure function and of the production of hadrons at
large iransverse momenta. While this is the domain of higher energy machines,
in the kinematical range accessible to a B-factory the main issues in two-photon
physics will be:

¢ two-photon couplings of resonances,

¢ two-photon production of non-resonant final states, in particular hadron
pair production,

¢ the total cross section for hadron production by two photons.

Figure 39 shows the expected cross section for the production of a resonance by
the two-photon process for different beam energies. The logarithmic increase of
the ¥4 flux with the beam energy is partly compensated by a better acceptance
at lower energies due to smaller boosts of the yv system (the boost is propor-
tional to the difference in the photon energies). The acceptance for v+ events
is not affected by asymmetric beam energies due to the asymmetric design of
the detector.

The B-factory will be competitive with higher energy machines at least up to
the 7, region. With an integrated lmminosity of 10° pb~1, about 1.7 Mio. n.’s
will be produced allowing to study rare 5, decays with branching ratios down to
10~4 or 10~°, Particularly interesting is the possibility to detect the 7. in the
elastic channel, i.e. both production and decay via two photons. The expected

What to measure?

The B-factory Is a
prolific source of

2
Re's
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Figure 39: The cross section for the production of a resonance R in the process
ete~ —eTe R plotted for different bearn energies. '

branching ratio of #, into vy is about 10~%. This decay mode has not yet been

seen in radiative J/v transitions where most of our knowledge on the 7. comes

from. Thus a B-factory would be a prolific source for 7.’s or, one may say, an
- n.-factory.

By virtue of the expected high luminosity, two-photon experiments at a B-
factory will not merely improve the results obtained at the existing machines but
almost certainly will provide new physical perceptions. This can be achieved
largely with not much additional effort in the construction of a detector, in
particular if ’tagging’, i.e. the detection of the scattered electrons (Fig.38), is
not required.

12.2 Physics Issues

12.2.1 Two-Photon Couplings to Resonances

Pseudoscalar and Radiative decays are sensitive to the charge content of particles and thus to their
tensor mesons internal structure. The best understood C-even mesons are the pseudoscalar
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mesons 7°, n, 7' and the tensor mesons az, f2, fi. From the completely mea-
sured 4 widths their quark composition, expressed by the singlet-octet mixing
angles, and possible non-¢g admixtures have been analyzed.

For the scalar mesons the situation is much less clear because not even a regular
mass pattern of a meson multiplet is observed. The vyv widths appear to be
suppressed as compared to the tensor mesons which belong to the same P-wave
gg triplet. Suggestions that the confusion is due to low-mass scalar glueballs
and multi-quark states near the KK threshold can be scrutinized in a high-
statistics analysis of two-photon production of 77 and K K pairs at low masses
(127].

Recently, first observations of members of the J¥¢ = 2=+ nonet, a neutral =,
and the hitherto unobserved 7, have been reported [128]. The spectroscopy of
orbitally excited qg states is still in its infancy and very few states are estab-
lished. At high luminosity two-photon reactions offer in many cases particularly
clean conditions for filling the empty places in the chart.

A great challenge for two-photon resonance physics is the search for exotic,
i.e. non-qg states. QCD predicts bound states of gluons, the glueballs. Their
discovery would unambiguously prove the non-abelian structure of QCD. Since
glueballs contain no electric charge their v+ decay width should be OZI sup-
pressed. On the other hand, glueballs are expected to be abundantly produced
in radiative J/9 decays. In this reaction C-even mesons can be formed via the
coupling to two gluons rather than to two photons. Thus the comparison of
meson spectra obtained in these two reactions seems to be a good method to
prin down glueballs. However, until now the vy measurements are statistically
1ot yef comparable to the measurements of radiative J /¢ decays.

Another open guestion in meson spectroscopy concerns the existence of four-
quark states, ¢¢gq. Depending on their quark composition, characteristic two-
photon widths are expected. Those states which have dominant pseudoscalar-
pseudoscalar decompositions should have, via VDM, small vy couplings. Can-
didate states are the scalars ap(980) and fo(975) (formerly § and §). On the
other hand ¢qgq states with ‘superallowed’ decays into vector meson pairs would
naturally show up in 7+ interactions. The experimental investigation of vector
meson pair production has been stimulated by the observation of a large thresh-
old enhancement for y4— p°p% Similar channels, involving p, w ¢, and K*
mesons, have been investigated. A major contribution comes from the ARGUS
experiment exploiting its good particle identification and #° reconstruction ef-
ficiencies [129]. Crucial tests of the four-quark model are possible with partial
wave analyses. However, for most channels the luminosity available today is
not sufficient for this purpose.

Up to this point we were discussing the couplings to real photons. Measure-
ments of the g dependence of vy couplings are much more involved. They
Tequire tagging devices and need much more huminosity since the fluxes for

Scalar mesons

JFC = 9=+ .states

Gluebalis

Four-Quark states

Resonance
formation by
virtual photons

103



Two-Photon Physics

Axial vector states

Sensitivity:
Br-T > 0.01 eV

vy — hh at large
pr

Total cross
section

104

virtual photons are reduced. Resonance formation by virtnal photons allows
probing the spatial structure of the particles. Definite QCD predictions ex-
ist, e.g., for the large-q® behaviour of the #° form factor. Large-q® photons
(g% > 1GeV?) can be tagged by detecting the scattered electron in the central
detector. The 7° form factor has been measured up to about 2 GeV? [128]. At
the B-factory one could extend this range to 50 GeV? or more, well within the
regime where the QCD predictions can stringently be tested.

Some states are only accessible through virtual photons, e.g. axial vectors.
Recent measurements of an axial vector state in the E/. region [130] turned
out to have a strong impact on the interpretation of the states observed in this
region in radiative J/¢ decays.

Experience shows that the classification of resonances is not an easy task. The
identification of non-qg states can be convincing only if the conventional ¢f
states are found and if then extra states remain which do not fit into the
scheme. Obviously the situation becomes even more complicated if mixing
between the various objects occurs. This problem can only be solved if com-
plementary information from different reaction types can be combined, such as
from hadronic reactions, radiative J /4 decays and 7 reactions. The measure-
ments in two-photon physics are not yet on the same statistical level as, e.g.,
those in radiative J/+) decays. At a B-factory this situation could be signif-
icantly improved. From Fig.39 one finds that an experimental sensitivity of
Br(R — X)-T'(R — v7) = 0.01 to 0.1 ¢V can be reached in the region up to
the charm threshold.

12.2.2 Hadron Pair Production

The two-photon production of hadron pairs at large transverse momenta has
been calculated in the framework of perturbative QCD. It has been pointed out
[131] that a high luminosity B-factory would be well suited for measuring these
processes. The accessible kinematical region will probably only allow to study
the onset of the perturbative regime. However, for many channels the experi-
ments at higher energy machines have effectively been constrained to a similar
kinematical region because of lack of particle identification at higher momenta.
With improved particle identification features, a B-factory experiment will be
competitive for pion-, kaon- and proton pair production at least up to invariant
masses of 3 GeV.

12.2.3 The Total Cross Section for Hadron Production by
Two Photons

At the B-factory the total cross section for hadron production by two pho-
tons can be measured up to y+4 invariant masses, W.,.,, of several GeV. Such
measurements yield results on
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o the W.., dependence of the cross section,

» possible structures, in particular in the resonance region,
s the final state topology,

s the particle composition of the final staté,

» the q° dependence of the total eross section.

The total cross section depends on the two-photon invariant mass W, and the
momentum transfer q? of the photons. Measuring the angles and energies of
both the scattered electron and positron {double-tag) allows for the determi-
nation of these variables. In general, the total cross section has a complicated
helicity strueture which becomes simple only for quasi-real photons {g?— 0).

The direct measurement of the total cross section for two real photons requires
the detection of both leptons at 0° with good emergy resolution. However, 0°
tagging may have a major impact on the machine and its compatibility with
the high huminosity goal has to be studied. Tagging at larger angles makes a g*
extrapolation necessary and with no-tag or single-tag measurements the W,
determination becomes model dependent. With its good particle identification
features a B-factory experiment could improve the models for the two-photon
hadronic final states measuring inclusive particle spectra.

12.3 Detector Requirements

For two-photon physics in the resonance region the detector should have an
excellent capability for measuring exclusive final states. This leads to require-
ments on the apparatus very similar to those for the analysis of B-decays:

¢ good acceptance for charged and neutral particles with emphasis on the
detector coverage in the beam directions;

o efficient triggers for low-momentum particles and low-multiplicity events;

¢ high reconstruction efficiencies and resolutions for neutral particles (#°,
Moo )y

¢ good charged particle identification;

e good K vertex reconstruction down to low momenta (i.e. little material
in front of the tracking devices).

Particularly important for vy physics is the acceptance in beam direction and
the trigger requirements.

Real-photon cross
section

General detector
properties

Low bias trigger is
important
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A variety of two-photon experiments can be done without tagging. In particular
the reconstruction of exclusive final states produced by quasi-real photons can
be well done in the no-tag mode. There is a nice kinematical feature which
helps selecting completely detected final states: Since quasi-real photons are
emitted with preferentially vanishing transverse momenta the v+ final state is
characterized by a strong peaking at zero transverse momentum. With a cut on
the total transverse momentum of the detected particles, exclusive final states
can be extracted with little background.

There are different reasons why one may want to tag the photens:

e measurement of the g dependence of a reaction;
¢ background reduction (important for inclusive measurements);

s complete kinernatical reconstruction (total cross section).

For the first two points a single-tag can be sufficient, for the last one a double-
tag is required.

Tagging detectors measure the angles and energies of the scattered electrons.
For large q® values the central detector can serve as a tagger (test of the QCD
prediction for the 7% form factor, see sect. 12.2.1). Small-angle taggers cover
forward angles typically from about 20 to 100 mrad, restricting in the single-tag
case the two-photon flux to roughly 10% of the no-tag case. At the proposed
machine tagging devices can be installed in front of the mini-3 quadrupoles
starting at about 50 mrad. However, this may not cover sufficiently small
angles. Smaller tagging angles can be detected behind the mini-8 quadrupoles
or even further downstream. Such a scheme allows in principle 0° tagging using
the machine magnets near the interaction region to bend the scattered electrons
out of the beam. In addition, the magnets serve as momentum analyzers. Such
0° taggers have been operated at DORIS, DCI and VEPP4.

12.4 Summary

o Exploiting the very high luminosity of a B-factory experimenis on the
formation of resonances by two-photons will provide indispensable infor-
mation for the classification of light mesons. An issue of fundamental
importance is the search for glueballs.

o The experimental program would also include total cross section measure-
ments and inclusive and exclusive studies of the hadronic final states.

e With a rate of about 2 Mio. 7.’s per year the B-factory is also a 7.-factory
giving access to rare 7, decays.
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» A large part of two-photon experiments can be done without specific
requirements on the detector which would go beyond the needs for B-
physics.

¢ During the design stage of the detector attention should be paid to the
acceptance near the beam directions and the layout of the trigger.

¢ Small angle or 0° tagging devices will be installed if they are compatible
with the high luminosity requirements.
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13 Other Sources of B Mesons:
A Comparison

13.1 Overview

Other options to In recognition of the significant potential of the physics of b quarks, and partly

do B physics also becanse of the absence of new exotic phenomena, experiments at high-
energy ete~ colliders and at hadron machines are turning to the study of B
decays. Compared to a threshold B factory, LEP and in particular high-energy
hadron accelerators offer a much larger b production cross section (see Fig.40).
In this section, we outline the possibilities and limitations of those other options
for B physics. All these approaches differ from a threshold B Factory in that:

e cms energies are well above BB threshold; many other particles are pro-
duced together with the B’s, and all kinds of b-flavored hadrons, such as
B,, B, B,, B*, Ay, and possibly some B, can be produced;

¢ the B’s are no longer monochromatic (in the em frame); they have a wide
momentum distribution;

o while a b quark is still produced in association with its antiparticle, their
momenta and flavors are (essentially) uncorrelated;

s the b hadron and its antiparticle are no longer in a pure quantum state;
for all practical purposes, 2 B® and a B will e.g. oscillate independently
of each other.

Advantages These features offer some advantages over threshold B factories:

¢ all flavors of b hadrons, including B, and A, can be studied simultane-
ausly in ene experiment;

¢ the momenta of B’s and hence of their decay products are usually larger,
easing the influence of multiple scattering on the vertex reconstruction,
but making particle identification more difficult;

e compared to a 9.3 on 3 GeV B Factory, where the B’s are not yet fully
relativistic, average impact parameters of B decay tracks are up to 2 times
bigger.
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Figure 40: Total inelastic cross sections and bb production cross sections (as
implemented in the PYTHIA MC) as a function of /s, for ete™ collisions and
{for pp interactions {at TEV 1 energies and above, the difference between pp and
pp cross sections is negligible). The hadronic bb cross sections have significant
uncertainties [132].
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There are also significant disadvantages:

» it is no longer possible to tag the flavor and the momentum of one b
hadron by reconstructing its partner. However, even at SSC energies,
there will rarely be more than one bb pair be produced in an event; one
can therefore still use a b hadron to tag the anti-b hadron and vice versa;

s due to the incoherent oscillations of neutral B mesons, mistagging will
be somewhat more frequent and will dilute asymmetries compared to B’s
from Y(45} decays;

s since one can no longer use energy constraints, the mass resolution worsens
from 3-4 MeV (for threshold B factories) to 20-60 MeV, and combinatorial
backgrounds rise;

s at hadron machines, the b cross section is a very small fraction of the
total inelastic cross section, raising trigger problems.

This discussion shows already that independently of rates, efficiencies etc.,
threshold B factories and the other b sources will tend to complement each
other, and that most likely both approaches are needed to fully exploit the
physics of b quarks and their hadrons. This is evident from past B physics
results: high energy eTe~ colliders have e.g. provided interesting results on av-
erage lifetimes, average sernileptonic branching ratios or average mixing rates,
but have up to now failed to go beyond inclusive measurements and to recon-
struct exclusive decay modes. Collider experiments have offered tantalizing
glimpses - such as the 35 J/¢K, J/¢¥K* events of CDF or their limits on
B® — ptpu~, but could so far not compete on a broad basis with the wealth of
results from CESR and DORIS.

For later reference, Tables XV and X VI as well as Fig. 40 summarize the main
properties of b sources available now, or coming into operation during the life
cycle of the proposed B Factory. Experiments currently running, or in prepa-
ration for data taking, include the LEP and SLC general-purpose detectors,
the CDF and DO detectors at the Fermilab Tevatron collider, and several ded-
jcated fixed-target b experiments such as E-687, E-791, E-771 at Fermilab and
WA-82 at CERN. With the exception of E-771, these latter experiments use
an open geometry and try to enhance b events by triggering on charm; E-
771 is a restricted-geometry, special-purpose apparatus to detect two-body B
decay modes such as B® — vtz ~. A significant number of proposals for next-
generation B experiments are being discussed at this time, both for the Tevatron
collider and for the fixed-target program. Closer to home, the groups working
at HERA are actively studying the options for heavy quarks physics in electron-
proton collisions. Finally, it appears technically feasible to increase the LEP
luminosity to 1032 ecm~%s~*, with B yields comparable to those of a dedicated
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Table XV: Properties of B Sources

\/'.s- L JLdt Tinel g% [132} Opy/ Tinel bb

{TeV) | {(em™2s71) | per 107s | (hadr.) per 107 sec
B Factory 0.01 |3-10% 30 fb°1 | 4nb 1 nb 0.2 3.107
HERA (a) 0.31 | 1.5-10%% | 150 pb~* | = 5ub 4 nb ~107% |6-10°
LEP 0.0 [1.5.-10% | 150pb1 | 30 nd 5 nb 0.15 &.10°
TEV I Collider 1.8 | 10% 100 pb~ | 60 mb | 45 ub 8.107* | 5-10°
(before 1995)
TEV I Collider 1.8 | 5.10% 500 pb=1 | 60 mb | 45 ub 8.107% | 2.10%°
(after 1995)
TEV II 0.04 | {3-10%) 3f67* | 35mb | 15 b |[5-1077 |5-107
fixed target (b,c)
§SC 40 | 10% 1 f6~1 | 100 mb | 500 ub 5.107% ] 5.10%
Collider (b,d)
SSC 0.2 §(2-10%%) 2 f61 | 45mb | 900nb | 2-107% |2.10°
fixed target (b,c)

a) The total cross section used here refers to events with tracks in the detector ac-
ceptance and should only indicate the order of magnitude; the total photoproduction
cross section is significantly larger.

b} Trigger and radiation damage problems are likely to limit interaction rates to
10 MHz.

c) Numbers refer to pN collisions; use of a heavy target {W) is likely to increase the
(rate-limited) B yield by a factor 3-5, due to the different A dependence of total and b
cross sections.

d} Cross sections given for the SSC are uncertain by factors 2-5. The ratio of b
cross sections at the SSC and the LHC is roughly 2:1; the two machines are basically
equivalent as far as b physics is concerned.
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B meson yield of
HERA is not
sufficient to
measure CP
violation in B
decays

Table XVI: Properties of b sources: Median momentum Pg of reconstructed
B mesons, median momentum ppadron of their charged decay products, median
impact parameter § of charged decay products, and mean number n., of charged
tracks in the detector.The numbers quoted are based on the PYTHIA 5.4 MC;
they are approximate and depend somewhat on the detailed selection criteria.

Experiment Detector Pp (GeV/e) | Pradron (GeV/c) | §(mm) | nen
coverage
T(45) B TFactory 4w 3 0.5 0.17 11
LEP md o v 2.6 0.28 21
TEV II Fixed Target 10-200 mrad 120 2.4 0,29 14
TEV I Collider, forward | 10-600 mrad 43 3.7 0.28 26
TEV I Collider, central { > 600 mrad 7 0.8 0.21 17
SSC Pixed Target 2-100 mrad 500 37 0.29 22
SSC Collider, forward 2-600 mrad 100 7.9 0.28 46
SSC Collider, central > 600 mrad 10 1.0 0.21 21

B Factory; however, given the strong push towards LHC, it seems increasingly
unlikely that this option will be realized.

The following sections address the b physics potential of HERA, of LEP, of the
fixed target experiments and of the hadron colliders. Quoted annual rates refer
to one “Snowmass year” (107 s at nominal luminosity}.

13.2 Heavy Quark Physics at HERA

While HERA will provide a copious source of charmed particles - rates near 10°
charmed hadrons per year are predicted at design luminosity - the B hadron
yield from photon-gluon fusion processes is “only” comparable to already ex-
isting e*e~ facilities {133]. Due to the kinematics of the events and the rather
significant backgrounds, both trigger- and reconstruction efficiencies will be
smaller than at ete™ colliders [134]. We conclude that while HERA will cer-
tainly contribute to charm physics, the main goals in B physics, and the detec-
tion of CP violation in particular, are well beyond its projected reach.
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13.3 B Physics at LEP

The performance of LEP as a b-source has been discussed at various occasions
[135]. As far as the number of produced bb pairs is concerned, LEP is roughly
equivalent to a 10%2 em~2s~? B-Factory. The mass resolution for exclusive de-
cays is 10-20 times worse. Since, however, decay products of B and B are
well separated, the rise in combinatorial backgrounds will not fully reflect this
factor. Cuts on secondary vertices may ultimately allow similar S/B ratios as
for T{45) machines, at the expense of efficiency. Partial reconstruction should
be possible for “easy” decay channels such as DI, D*I, D,l. In those partial
modes, however, the lack of a good energy determination impairs the measure-
ment of proper decay times and results in a smearing of oscillation signals.
Ultimately, LEP experiments may collect samples of O(10%) fully or partially
reconstructed B, and By, and O(10%) B,, sufficient for separate lifetime mea-
surements in the 10%, and 20% range, respectively. Efficient flavor tagging in
experiments with kaon identification, such as DELPHI, is claimed to allow B,
mixing measurements up to £, = 10, or lower limits near 2, ~ 15 . The
limited b yield renders CP violation studies hopeless.

With a 10-fold luminosity upgrade, b rates at LEP are within a factor 3-4 of
the proposed B Factory, and CP violation may be marginally within reach. A
threshold B Factory is likely to have fewer systematic problems, since e.g. states
with opposite CP parity such as J/9 K, and J /% K,x° are more easily separated.
Without question, however, an enhanced LEP would nicely complement an
T(4S) B Factory.

13.4 B Physics at Hadron Machines

As is evident from Table XV, nearly all high-energy hadron machines qualify as
B factories in the sense that they produce 107 or more B’s per year; the problem
is mainly one of triggering and radiation damage, caused by the overwhelming
rate of “ordinary” events. Throughout this section, we assume that interaction
rates need to be limited to 10 MHz, for these reasons.

We would like to emphasize in the very beginning that due to the trigger prob-
lems, the questions of backgrounds and radiation damage, and the small b yield
(when compared to the total cross sections), present rate estimates for hadron
machines have significant uncertainties - often up to one order of magnitude
or more - in particular for complex processes such as the reconstruction and
tagging of a B decay chain. It is often impossible to run a detailed enongh sim-
ulation for a large enough sample of events, and trigger strategies will continue
to be optimized during the whole lifetime of an experiment. Proposals for new
detectors involve daring assumptions concerning data transfer rates and online
processing capabilities, and may prove to be too optimistic.

CP violation

studies are out of

reach for LEP 1

Problems of
triggering and

radiation damage

Rate handling

requires orders-of-

magnitude
speed-up
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required

Exclusive
B reconstruction
and lifetimes.
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13.4.1 Fixed Target Experiments

TEV II or SpS fixed target experiments start with a similar number of produced
bb pairs as do B factories. However, with respect to the fraction of b to all
events, they provide by far the most unfavorable environment and require highly
selective triggers, with low efficiency. Despite recent proposals for new and
interesting triggering schemes [136], we are not aware of any existing or planned
fixed-target B experiment, which would seriously and reliably challenge the
proposed B factory on a broad basis. While fixed target experiments may
ultimately be able to contribute to B spectroscopy and lifetimes, CP violation
measurements and probably even B, mixing studies are rmost likely beyond
their scope [137].

13.4.2 ‘The Fermilab Collider

The Tevatron collider (TEV I} will provide luminosities around 10%! cm~2s~1
in the near future, and 5 - 10®* cm=2s~? after the main injector upgrade fore-
seen for 1995. Both CDF [100} and D0 [139] have submitted proposals for
major upgrades. CDF needs electronics modifications to cope with shorter
bunch spacings and increased trigger rates, and expanded bandwidth into and
increased capacity of the online processor farm; also the muon coverage should
be improved. Especially for B physics, DO proposes to add a small super-
conducting solenoid with silicon and scintiliating fiber trackers, in addition to
electronics and processor upgrades. Ideas for dedicated B detectors include
“mini” and “micro” versions of the BCD apparatus discussed for the SSC [140],
and a variant of the P238 detector originally proposed for the CERN-S5ppS§
[141]. The BCD detectors cover the central and forward regions with silicon
tracking and Cerenkov particle identification; a “micro”-BCD could replace the
CDF or DO core detectors. The P238 detector is a forward spectrometer with
silicon trackers inside the beam pipe, at a few mm from the circulating beams,
using a data driven processor for on-line vertexing and triggering. Both the
BCD and P238 options require unprecedented (but not irnpossible) amounts of
trigger processors and higher-level online processor farms. In the following, we
discuss the expected performance of these detectors for some of the classical
B-physics benchmarks. Relevant B rates and expected sample sizes for existing
or discussed TEV land $SSC/LHC experiments are surnmarized in Table XVIIL

Straight forward extrapolation of present CDF results to a sample of 500 pb~1
let us expect O(10%) reconstructed B,,, B4 decays in modes with J/4, and some
10-100 events B, — J/vy¢. Lower lepton trigger thresholds and increased muon
acceptance are likely to raise these numbers by a factor = 10, sufficient for
reasonably precise lifetime measurements and mass determinations (see Ta-
ble XVII). With dedicated B detectors, B samples may increase by another
factor O(10). At CDF, rare decays like B? — p*p~ may become accessible at
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Table XVII: Expected B Event Samples and related Parameters

LExperiment CDF Mini BCD 1238 BCD P238 SM’84
@ TEVI | @QTEVI* | @TEVI | @ SSC @ ssc

Trigger lepton see. vix,,1 | sec.vix sec, vix.,1 | sec. vix. lepton

Luminosity 5. 103 5.10% 103t 1032 102 1032

7t of bb 2- 100 2.10% 5.10° 5.101 5. 101 5.101"

ftof B — J/TI, z-108 2.10° 5.10% 5.10° 5.10° 5.10°

detected VI, 5. 107 6-10° 1.10% 3108 1-10% 2.10

lifelime ecrror 5—10% < 5% 5% few % few %

tagged T K, afew () | 7-10%(K) | 4.10%(XK) | 2-10%(DI) | 4-103(X) | 2-10%(D)

S/B for YK, =1 >>1 >>1 >> 1 > 1 5> 1

Asin(208) = 1 0.15 0.2 0.03 0.06 0.08

# of B — ntx— 3.10° 3.10°% 7.104 7.10° 7-10° 7.10°%

deteeted wh o~ & few 3.104 7.307 2.10°

tagged ntn nfew (1) | 4-10%XK) | 2-10%(X) || 6-10%(DD)

/B xtn- << 1 < 1 & 0.1 w1

Dsin(2e) >> 1 > 0.1 2 1 x 0.02

Note: all numbers are based on 107s running at the nominal luminosity, which is
sometimes detector-limited. Almost all numbers involve some optimistic assumptions,
such as a 10 fold increase in trigger efficiency for CDF due to increased coverage
and lower lepton thresholds, 160% trigger efficiency in the case of BCD with (not yet

designed) J/+, lepton and sec. vertex triggers and almost perfect particle identification
for BCD and P238.
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branching ratios below 107, while the triggering problems for B® — =%z~ and
many other hadronic modes are likely to require a secondary vertex trigger, as
discussed e.g. by P238.

Studies of B, mixing require the determination of the B, decay vertex, and a tag
to identify the initial state. In the present CDF, only a lepton tag is possible,
resulting in less than 100 tagged B, for 500 pb~1, not sufficient for a mixing
measurement. A special detector using a kaon tag and a vertex trigger could
ultimately allow the reconstruction of O{10%) tagged B,; just about the number
needed to establish B, mixing in the expected range of mixing parameters, given
present estimates for backgrounds and mistagging.

CDF also proposes to study mixing using the distribution in the minimum dis-
tance of dileptons with p; above 5 — 10 GeV/c. The main limitation here is
the smearing due to the poerly known B, momentum. Nevertheless, a mea-
surement up to £, ~ 10 with an error of £ 2 is claimed to be possible with
less than 100 pb~1. However, even with more data it seems hard to extend this
technique to larger z,.

In the limit of small asymimetries, the error in the measurement of angles of the
unitarity triangle (via ¢ K, or similar decays to CP eigenstates) is giyen by

1 1+8

Asin2¢d = D{i— 2p) N

where NV is the number of events, b the signal-to-noise ratio, p the mistagging
probability, and D = 0.47 a dilution factor related to the oscillation frequency.
Table XVII lists the relevant numbers for CDF and for two special-purpose
detectors. CDF will have to rely mainly on a double-lepton trigger and a lepton
tag; the BCD- and P238-like detectors propose to use combined secondary-
vertex and lepton triggers and to tag with a kaon, exploiting their particle
identification.

As is evident from the table, CDF has little hope to study CP asymmetries; even
for a new state-of-the art detector and large asymmetries, the case is marginal
at best (given that e.g. the BCD numbers assume a perfect trigger, whereas
even the ambitious P238 vertex trigger has at most 20% efficiency).

13.4.3 SSC/LHC

Much of what has been said for the BCD and P238 detectors for the Fermi-
lab colliders can be carried over to their SSC/LHC incarnations, where usu-
ally an additional small-angle spectrometer is required to maintain the good
acceptance. Interaction rates and radiation damage limit the luminosity to
1032 ¢m~2s5~1, or even lower for P238 with its silicon detector very close to the
beam. Mainly due to the larger b production cross sections, bb rates rise to
5. 10! /year, compared to 2 - 101 for the (upgraded) Tevatron. About one
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in 200 events contains a b, easing triggering issues somewhat (but requiring
readout of up to 10° events, or 500 GBytes, per second). Assuming that these
problems can be solved, the SSC will contribute significantly to B physics. The
projected detectors provide mass resolutions around 10 MeV, sufficient for the
unambiguous identification of B final states. Even the (by today’s standards)
very cautious estimate of the snowmass group (SM 84) [142] puts the SSC/LHC
on par with a B Factory, as far as CP violation in 9K, modes is concerned;
more recent proposals [140][143] claim significantly enhanced sensitivity (see
Table XVII). At SSC/LHC energies, the merits of fixed-target experiments
increase due {o the larger b cross sections; the SSC fixed target program may
indeed provide serious competition for a B factory. A recent, more detailed
discussion can be found in [144].

13.5 Summary

In an optimistic scenario, some of the open questions of B physics will be
answered by the time a B Factory could come into operation. Measurements
of separate B lifetimes with 10% precision and an observation of B, mixing
(for z, < 10...15) seem feasible. CP violation studies will most likely have to
wait for a B Factory or LHC/SSC (where detectors require orders-of-magnitude
advances in technology and data handling capability). The study of decay
dynamics, b — wu transitions etc - which is needed for any comparison with
SM predictions - is rarely addressed in detail in other proposals, but we feel
that there - given similar numbers of events - a B Factory has a significant edge
due to the known B momentum.

CP violation
studies have to
wait for a

B Factory or
LHC/SSC
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A Appendix

A.1 Event Generation

For the event generation we use the framework of the LUND Monte Carlo
program version 6.3. The events are produced in asymmetric ete™ collisions
of 9.33 GeV against 3.0 GeV, corresponding to 3y = 0.6 . The LUND program
has been modified to generate decay vertices of long lived particles such as B’s,
charmed mesons and 7 leptons. The lifetimes used are listed in table XVIII.

Table XVIII: Lifetimes of heavy mesons and the v lepton used in the event
generation.

[ particle | lifetime (psec) |

By, B, 1.13
B, 1.13
D+ 1.03
Do 0.44
D, 0.39
T 0.46

All branching ratios were updated to be in accordance with the latest values
from the particle data group [6].

We generated a variety of data sets. The signal events for specific reactions
coming from Y(45) decays are described in the respective analysis sections. For
certain cases we had the option to switch to an extension of the LUND generator
which we especially developed to provide particle/antiparticle mixing and to
mode! the proper CP violating time distributions in the case of neutral B decays
in full detail. The present value of the mixing parameter in the By system is,
averaged over the ARGUS and CLEO results, 2y = 0.6710.11 [54]. Throughout
our study we use a value of 5 = 0.7. To investigate backgrounds we used data

, : _ BR(Y(45)-B°B% _ .
sets of usual Y(4S) decays with a ratio jf—i = BR(T((4S))—vB+B—) = 22

events coming from continuum ¢g production. We checked that the parameter
setting in the LUND program is compatible with measured distributions such
as multiplicities, topological quantities etc.

and
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A.2 Detector Simulation

Having generated the events they were passed through a simulation of the
detector as it is presented in part IIl. Before giving some details how the specific
components were treated we like to emphasize two points of interest.

¢ We accounted for multiple scattering in every detector component and
treated all the material exactly at its geometrical position.

e We allowed charged kaons, pions and muons to decay when traversing the
detector. Specific energy loss was applied wherever appropriate,

All detector components were simulated with the geometric dimensions and ma-
terials as presented in part IIl. Certain assumptions were made to accomodate
the CPU time needs in producing large data sets:

1, In the silicon vertex detector we assumed straight tracks for the charged
particles neglecting any deflection due to the magnetic field in that small
volume.

2. The momentum resolution of the main drift chamber was inferred by
a parametrization. We smeared the transverse momentum pr, the az-
imuthal angle ¢ and the polar angle cot #. The resolution in pr was taken
as

o(pr)
pr

- \/0.012 + (0.009 pr(GeV/c])2. (57)

3. The Ring Image Cerenkov counter was simulated in its geometry, the ex-
pression for the photoelectron statistics was taken into account properly.

4. The resolution of the electromagnetic calorimeter was parametrized, too.
Energy, azimuthal angle ¢ and polar angle cot ¢ were smeared. We took
the following energy resolution:

7(E)
E

_ 0.0122

=4/0.0042 + ————= .
‘/ * VE[GeV /Y]

In the analyses we adopt for particle identification the strategy which is stan-
dard in the ARGUS collaboration and is explained in detail in ref. {38]. In
short one calculates likelihoods for all particle hypotheses from the various
components capable of any particle identification (i.e. main drift chamber via
dE/dx, RICH, calorimeter, and p chambers) by comparing the measured with
the theoretically expected values, evaluates normalized likelihood and accepts
the hypothesis which exceed a given cut—off value.

(58)
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Part 11

Study of an Asymmetric ete™
Collider for B-Physics in the
PETRA Tunnel at DESY
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1 Introduction

The physics program for an asymmetric collider in the 10 GeV center of mass
energy range requires a luminosity of £ =~ 3 -10%¢m~2s-1. This is one to two
orders of magnitude larger than the luminosities which are presently obtained
in eTe™ storage rings. This study shows how such a large improvement can be
achieved. The essential factors which determine the luminosity are

e focusing of the beams at the interaction point,
» storage of beam currents,

s control of beam-beam forces.

As far as the focusing is concerned, there is not much room for improvement
with respect to present colliders. The bunch length imposes a lirnit for the size
of the beam envelope functions at the interaction point (IP). The bunch length
of stored eTe~ beams is not a very flexible parameter. It can be reduced on the
expense of a large increase in rf voltage and rf power or by reducing the longitu-
dinal focusing by choosing a less dispersive optical lattice. The change of these
parameters is limited by the rapidly increasing costs and by the destructive im-
pact on the beam stability. In addition, strong focusing requires strong lenses
and large beam envelopes within these lenses. This causes considerable chro-
matic aberrations and must be compensated by nonlinear sextupole fields in the
arcs which in turn introduce nonlinear acceptance limitations. Most existing
ete™ colliders operate already very close to the chromaticity limit. Moreover,
strong lenses have to be placed very close to the IP. This competes with the
space requirements of the detector. Very compact quadrupole lenses are needed
to overcome this problem. A large improvement with respect to conventional
quadrupole design has already been achieved by using rare earth permanent
magnets at the CESR collider at CORNELL [1] which allows one to focus the
beam very close to the bunch length limit.

An important performance limitation of ete™ storage rings is the beam-beam
interaction. The strongly nonlinear forces imposed by the beams upon each
other are parameterized by the induced betatron tune shift Av, which can be
calculated from a linearized beam-beam force. Even if one compares very dif-
ferent colliders, the tune shifts achieved for each interaction varies only between
0.015 < Av < 0.07 (see Table X). Its dependence on machine parameters like
circurnference, beamn energy, damping time, energy spread or number of inter-
action points is rather weak. As important is the optimization of operating
conditions, like closed orbit corrections, choice of tunes, optimization of damp-
ing distributions, compensation of optical distortions and corresponding dis-
tortions of symmetries, and the suppression of spurious dispersions [2]. Round
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beams (horizontal beam size equal to vertical beam size at the IP ¢, = Eys
B; = B;) promise higher values of the tune shift according to some simula-
tions [3]. However, they appear to be much more unfavorable from the point
of view of focusing and synchrotron radiation background [4]. Therefore, the
conventional flat beam scenario is still more attractive.

From these considerations one has to conclude that the major part of the gain
in luminosity has to come from an increase in the beam currents. Since the
intensity of a single bunch is limited by the beam-beam interaction and the
available aperture, the total current has to be increased by the use of many
bunches in each ring. Since additional parasitic bunch crossings must be avoided
this implies that the electrons and positrons are stored in different rings which
merge only at well defined interaction points.

Crucial for the experiments to be done at the new ete™ collider is the ability to
accurately measure the distance between the decay points of the two B mesons
originating from the reaction e*e~—Y(45)—B°B° (see Chapter 1.3). With
modern vertex detectors one is able to measure this distance with a resolution
of about 50 pm. If the ete™ collider is operated with equal beam energies, the
T(45) is produced at rest in the laboratory system and the B mesons travel
only about 30 um, a distance too small to be measured with present day’s
detectors. The solution to this dilemma is to boost the Y(45)in the laboratory
frame by running the ete~ collider with unequal beam energies, hence the name
Asymmetric Collider. If one chooses E~ = 9.33GeV and Et = 3.0GeV the
Y{4S5) moves in the laboratory frame with a Lorentz boost of 8y = 0.6 and the
mean distance between the two B meson decays becomes 210 um which is well
measurable.

As far as accelerator design and performance is concerned, an asymmetric
scheme offers certain advantages compared to symmetric high luminosity collid-
ers, but it also implies some problems. The advantage of asymmetric collisions
is that the beams can be separated magnetically and can therefore easily be
collided head-on. On the other hand, simultaneous focusing of the two beams
becomes a problem which can only be solved on the expense of larger chro-
maticity. There are no known direct disadvantages of unequal beam energies
for beam-beam collisions. However the fact that other important parameters
such as beam cross sections or B-functions at the IP of the two beams are
not necessarily the same and cannot easily be made equal can be disadvanta-
geous. Another problem is, of course, that there is no experience available on
asymmetric collisions and one relies completely on theoretical predictions and
simulations.

For fixed circumferences of the two machines, it is obvious that the costs of
installation and supply of rf power will increase rapidly with the ratio of the two
beam energies. Furthermore, the maximum beam currents will be unbalanced
due to the different sensitivities with respect to beam-beam forces which makes
it more difficult to achieve the beam intensities necessary for high luminosity.

Large beam
currents are
essential

Energy asymmeiry
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As a consequence, the design of a double ring ete™ collider presents an inter-
esting challenge. Main tasks have been identified in the following areas:

o The layout of the interaction region (IR) is rather complex. The two
beams need to be separated early after the collision to avoid parasitic
beam-beam interactions. The beam envelopes have to stay manageably
small and the single bunch currents low. Furthermore the beams have to
be focused more or less simultaneously to achieve small cross sections at
the IP for both beams (10 pm vertical rms beam size) while the beam
envelopes in the quadrupoles of the final focus section have to remain small
enough to stay within the aperture and chromaticity limits. This has to
be achieved without generating much synchrotron radiation in order to
obtain tolerable background conditions for the detector.

¢ The large beam currents to be stored in an asymmetric collider require a
large number of rf cavities to restore the energy lost by synchrotron radi-
ation. This implies a large impedance of parasitic resonant cavity modes.
They are responsible for a coupling between the particle bunches, causing
coherent instabilities. Special rf cavities which are optimized for smali
impedance of the parasitic modes rather than for high shunt impedance
of the fundamental mode are needed. Even with such an rf system, the
necessary beam currents cannot be kept stable in the machine without
powerful active dampers which control the coherent coupled bunch insta-
bility. Since the beam currents have to be distributed over many bunches,
such a damper system has to have a broad bandwidth. For the collider
described in this study the required bandwidth amounts to 42 MHz. The
requirements on strength and bandwidth exceed by far what has been
achieved in this field up to now. The feedback system is the most delicate
and critical new technical component of an asymmetric collider.

The remaining elements of the collider design are quite conventional and require
only state-of-the-art accelerator concepts and technology.

The machine has to be designed to meet the main parameters and boundary
conditions such as planned beam currents, an anticipated strength of the beam-
beam interaction, requirements on geometry and beam envelope to achieve
tolerable background conditions. However, main parameters and necessary
conditions can only be predicted from extrapolations with limited reliability.
Therefore it is necessary to keep the design flexible. This means especially that
the beta functions at the interaction point and the beam emittances must be
allowed to vary at least by a factor of two in either direction.

In this study, we demonstrate the feasibility of a high luminosity asymmetric
ete™ collider with two rings of the same circumference in the PETRA tunnel.
The aim of this study is to show how such a facility can be built in principle
and how it would fit into the PETRA tunnel. There is no detailed technical
layout of standard machine components yet; we reserve this for a later technical
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proposal. However, critical areas such as the layout of the interaction region
have been carefully investigated. Major components of the collider have been
designed in some detail to the extent to allow a first cost estimate.

The collider is based on tworings of the same size. The main reasons to abandon
the principle of rings of different sizes as described earlier [5,6,7,8] are to improve
the interaction region layout especially with respect to synchrotron radiation
background, to have the possibility of more than one experiment, to avoid some
problems with coherent beam-beam interactions [9], and to decouple the choice
of the location of the IP from the location of existing injection channels.

In contrast to other projects [16,11,12,13] an asymmetric collider in the PETRA
tunnel will have a somewhat large circumference of C = 2304 m. We consider
this a good size for an asymmetric beauty factory. In the present study, a copy
of the existing PETRA storage ring is forseen to store the high energy beam
(HEB). The available bending radius matches well the needs of a high intensity
9 GeV machine. The low energy beam (LEB) is stored in a ring of the same
circumference but with fewer and stronger bending magnets. The rf power and
rf installation needed to store the large beam currents necessary for the high
luminosity do not exceed the 10 MW already installed during PETRA 23 GeV
e*e~ operation. The power density of the synchrotron light radiated by the
HEB in the interaction region and in the arcs does not impose a heavier load
on the vacuum system than the one which has been mastered already during
previous PETRA operation. All the single bunch beam parameters of the two
equally sized rings can be achieved quite safely. A certain disadvantage of
a large circumference and a low revolution frequency is that it is potentially
more difficult to achieve large beam currents because the more densely spaced
lines of the beam spectrum overlap more likely with parasitic modes of the rf
resonators, On the other hand, the impedance of these parasitic modes scales
at least linearly with the inverse machine radius. Lack of radiation damping
is not expected to be an important issue. There is only a weak dependence of
coupled bunch stability and thus total beam intensity on the machine radius
which becomes irrelevant in presence of a strong active damper system. We
conclude that the optimurn circumference of a B-factory, were it to be designed

without the constraint of using existing facilities, would be rather close to the
PETRA circumference.

Two rings of same
size

High energy ring
(HER) + low
energy ring (LER)
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2 Choice of Parameters

The choice of the beam energies, e.g. the degree of energy asymmetry, is a com-
promise between optimum machine design and asymmetry requirements from
the experiments. As has been pointed out in Part I, there are good arguments
to keep the Lorentz boost 8y of the T(45) near 0.6 . This corresponds to beam
energies of E; = 9.3 GeV and E; = 3 GeV. The present study is based on this
asymmetry of E;/F, = 3.1. If one considers the 1f power consumption of the
high energy beam (HEB) of a double ring collider with equal circumferences and
the stability of the low energy beam (LEB), it is obvious that the asymmetry
should be as small as possible. At a first look one might conclude that for fixed
rf power consumption the luminosity of a symmetric collider would be roughly
twice as large as for a collider with an energy asymmetry of y3 /v, = 3.1. How-
ever, for small or zero asymmetry, the advantage of easy magnetic separation
would be lost and the optimum luminesity could not be achieved. An energy
asymmetry of v1/v2 = 3.1 is large enough to find satisfactory solutions for the
magnetic separation (see section 4.1).

The design parameters of the machine which are necessary to achieve the desired
luminosity of £ = 3-10%3%¢m~25~! may be derived from the luminosity formula

o NilNafy
Zr\/oﬁl + oﬁz \/031 + 032

where “1” and “2” indicate electrons and positrons, respectively, N is the num-
ber of particles per bunch, o, are the rms beam width and height at the IP,
respectively, ¢ and y indicate the horizontal and the vertical coordinate, and
fo is the bunch frequency. It can be seen from equation (59) that, if the beam
cross section of one of the two beams is decreased with respect to the other
one, the corresponding increase of the luminosity is limited to a factor of two.
However, the emittance blow up of the larger beam due to the nonlinear forces
imposed by the smaller beam prevents that this can be achieved. The damage
may be parameterized by the tune shift which results from linearizing the beam
beam force around the origin

(59)

ro N2 B

. 60
2T 41 Oy (022 + Ty2) (60)

A.Uyl =

Here, r( is the classical electron radius, #* the beam envelope function at the
IP, and v the relativistic factor; gaussian spatial distributions are assumed.
The tune shift rises quadratically with the decrease in ¢ of the opposite beam.
Moreover, experience on hadron collisions at the SPS {14] indicates that the
larger beam suffers additional damage by the increase of nonlinearity due to
the smaller size of the opposite bearmn. This does not mean that the beam cross
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sections have to be exactly the same. Tennyson|[15] for example demonstrated
by a semianalytic treatment that the optimum choice of beam sizes does not
necessarily correspond to exactly equal cross sections. However, in general one
may safely assume that the difference in cross section of the two beams needs
to be small (|0 /o2 — 1] < 1). If one neglects a small difference in cross sections,
the luminosity formula can be expressed by the parameters of either beam “1”
or 27 as

= Iiam2 A s (1 + &)
2€T0ﬁ;1,2

(61)

{(x is the aspect ratio of the beams, e is the elementary charge and J is the
beam current). For flat beams, it is a conservative guess that the horizontal
maximum beam-beam tuneshift is limited at the same value as the vertical one,
Av; = Av,. Hidden behind equation (61) are requirements on the current of
the opposing beam

=1 f2 2 N 62
y=ng 221 (62)
and on the beam emittances
Iyrg
g1 = 63
1 2re foyi Avi (1 + &) (63)
B
£ = £1 5 — 64
2= g (64)

The basic parameters of the collider are related by these formulae.

In this study, a collider design is presented which provides beam currents, beam-
beam tune shifts, 3* values, and beam emittances which correspond to a lumi-
nosity of 3-10%%c¢cm~25s~2. These main parameters are listed in Table I.

Design luminosity:
3.10%3cm %51
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Table I: Main Parameters of an Asymmetric et — e~ Collider
in the PETRA tunnel

High Energy Ring

Low Energy Ring

Particles electrons positrons
Beam Energy E/GeV 9.33 3.0
Circurnference L/m 2304 2304
Harmonic Number 3840 3840
Beam Current 1/4 0.71 1.1
Number of Bunches 640 640
Particles per Bunch 5.28 . 1010 8.21-10%°
Hor. Emittance ¢, /rad-m 0.5.10°7 1.0.10°7
ey/ta 0.05 0.05
B:/m 0.40 0.20
83 /m 0.02 0.01
Beam-Beam Tuneshift Av, 0.04 0.04
Beam-Beam Tuneshift Aw, 0.04 0.04

Luminosity £ = 3 - 10%%e¢m ™45~
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3 The Asymmetric Collider in the
PETRA tunnel

The asymmetric collider has to be integrated into the existing accelerator chains
at DESY. Especially the possible interference with the operation of the HERA
¢-p-collider has to be minimized. This means that PETRA has to be left es-
sentially untouched., The two B-factory rings have to be assembled in large
well-planned shutdown periods.

The preferred scenario is as follows: The two B-factory rings are situated on
top of the existing PETRA ring. The two rings will be supported from the
outer tunnel wall and the tunnel roof. Fig. 41 shows a cross section of the

’/ /‘{F L LLS S LS LSS LS LS

o Low Energy Ring ?
M —l=: /
2; d = High Energy Ring 2
/// }gﬁ E: E] PETRA g
g ?
g il v
/

A0 ?
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Figure 41: PETRA tunnel cross section in the arcs with HELENA magnets
added

PETRA tunnel in the normal arcs. In the rf sections conflicts between the
space requirements for waveguides, tuners and couplers of the three machines
will occur. This can however be avoided by placing the 1f systems in the two
remaining former experimental halls of PETRA. An engineering layout of the
rf sections still needs to be finalized.

Space
requirements
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Interaction region In the interaction region, the PETRA ring has to be separated horizontally from
in the PETRA NE the asymmetric collider. This is accomplished by inserting a 20 m long straight
hall section into the PETRA arcs about 120 i from the IP. The subsequent ends

of the arc are shifted into the straight section. No change in bending radius
is necessary. At the IP, the PETRA ring is horizontally separated from the
collider by 7 m (see Fig.42). The tunnel cross section has to be enlarged on
the outside over a length of ca. 200 m. The use of the PETRA North East
Hall as the experimental hall would be favorable, because the tunnel is above
ground level in this region and there are no buildings that could hinder the civil
engineering.
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Figure 42: PETRA bypass in the NE interaction zone

Infrastructure The cooling infrastructure of PETRA has to be upgraded by doubling the
present capacity. Additional cable trays at the inside tunnel wall and below the

ceiling are also needed.
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4 Design of the Asymmetric Col-
lider

4.1 = Layout of the Interaction Region

The most difficult part of the lattice design is the layout of the interaction
region (IR). Both beams need to be focused strongly to provide the small 3-
Tunctions which are necessary for high luminosity, They need to be separated
immediately after collision. Great care has to be taken to avoid intolerable
background conditions for the experiment due to synchrotron radiation reaching
the IR.

In the present design, early separation is provided in the vertical plane by
making partial use of the field of the detector solenoid (B = 1 T) which is
horizontally tilted by 110 mrad with respect to the beam axis. The orbits
of both the HEB and the LEB pass off-center through the low-3 quadrupole
magnets, where they are deflected further. The displacements of the quadrupole
axis with respect to the two orbits are carefully optimized. The displacements
are just large enough to preserve the necessary separation all along the low
focusing section. A minimum separation of two times seven vertical standard
deviations is obtained for all parasitic bunch crossings near the IP. There is
no symmetry in the quadrupole placements between the left and right side of
the IP. The offsets of the beam traveling towards the IP are kept as small as
possible. Thus the amount of synchrotron radiation generated during the beam
separation and directed towards the interaction region is kept at a relatively
low level.

Small values of the B-functions at the IP (8*) must be achieved for both beams.
This requires that the two beams must be focused more or less simultane-
ously to avoid large chromatic aberrations and unreasonable large values of the
beam envelopes in the high energy beam. The chromaticity of the two beams
is balanced by overfocusing the LEB by the inner low # quadrupole triplet
(Q1,Q2,Q3). The LEB focus is mapped that way into two additional waists
of the envelope function which oceur at a distance of 3.2m from the IP, Quter
quadrupole doublets (Q4,Q5) follow which focus the beam more gently to match
with the envelopes outside the low-3 insertion. Right in the additional envelope
waist points, strong additional quadrupoles lenses (Q3) are placed which have
an impact mainly on the HEB. This arrangement of six quadrupole lenses on
each side of the IP focuses the two beams simultaneously and yields for both
beams the same ratio of 8*-values and chromaticity.

After leaving the outer quadrupole, the trajectories of the two beams can be
separated completely. This is accomplished by a 10m long, very soft vertically
defocusing quadrupole {combined function separator magnet} which is aligned

Beam separation
in the vertical
plane

Simultaneous
focusing of both
beams
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along the axis of the HEB. The two beams enter this magnet already pre-
separated by the tilted solenoid and the displaced quadrupoles (see Fig. 45).
Therefore, the LEB trajectory diverges rapidly from the magnet axis. The high
field region is only reached towards the end of the quadrupole which is rather
far away from the IP and the detector. This magnet provides the final beam
separation in the vertical plane. The synchrotron radiation generated in this
beam separation scheme is extremely low. It provides an excellent starting
point for further reduction of detector backgrounds by optimized collimators
and masks.

There is sufficient space left between the quadrupole doublet and the triplet for
dipole correction coils and trim quadrupoles, vacuum pumps and beam position
monitors.

The two rings are finally completely separated by two vertical bending magnets.
One of such a pair is needed on both sides of the IP in each of the two rings.
Due to the limited space in a PETRA interaction straight section, vertical and
horizontal bending magnets are interleaved. As a consequence, the two beams
are tilted with respect to the main machine plane. This tilt is restricted to the
interaction region and has opposite signs for the two beams. Fortunately the
relative tilt angle of A® ~ 0.01 mrad is much smaller than the aspect ratio of
the beams (= 50 mrad).

It should be pointed out that this beam separation scheme is also applicable in
the horizontal plane. In addition it could be arranged antisymmetrically with
respect to the IP in order not to exclude the option of collisions at a crossing
angle with and without erab crossing. In this study, only the gecmetrically
most simple case has been worked out.

The reference solution has for the LEB S-functions at the IP of 8, = 1cm and
Bz = 20 cm. The natural chromaticities in the low-energy lattice are {, = —68.5
and £, = —88.3 whereas the lattice without insertion would have £, = —37 and
£, = 39.6. This is close to the limit given by the shrinking of the dynamic
aperture due to chromaticity correcting sextupoles.

For the HEB, the parameters are somewhat more relaxed with 8; = 2cm,
B = 40cm and chromaticities of {, = ~53, £, = —54 for the lattice with
the insertion and & = -29, §, = —30 without. Maximum S-functions do not
exceed 400 m in the HEB and are below 100m in the LEB. Fig. 43 and Fig. 44
show the beam envelopes for the HEB and the LEB in the IR.

The innermost low-8 quadrupole (Q1) is made from SmyCo; 7 permanent mag-
netic material. The other two gquadrupoles {Q2,Q3) in the first triplet are super-
conducting. The magnets including supports fit inside a polar angle of 200 mr.
These magnets are partly inside the magnetic field of the detector. The extra
HEB quadrupole (Q4) and the quadrupole doublet (Q5,Q6) are conventional
gquadrupole magnets. The separator magnet is a Panofsky type quadrupole
with a large aperture. They are described below.
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Beam transport elements in the IR and their properties are listed in Table IL
Table IIT deseribes the beam separation and beam focusing parameters.

Table II: Parameters of Elements in the IR
Left-side Elements (1)

Element type | distance | length | Gradient | Apertures
from IP hjv

ml | [l | Tfm] | mm)

Sol Solenoid 0.0 | 1.700 0.0000 25.
Qla-l Perman. Quad 0.60 | 0.270 3.0851 39.
Qla-l Perman. Quad 0.87 | 0.250 3.0851 42.3
Q1b-] Perman. Quad 1.12 | 0250 | 3.0851 48.5
Q2-1 S.C. Quad 1.37 | 0.860 | 3.2174 50.0
Q3-1 S.C. Quad 2.23 | 0.770 |  3.0851 50.0
Q4a-1 Normal Quad 3.30 | 0.860 2.7349 50.0
Q5-1 Normal Quad 4.20 | 0.705 3.2996 50.0
Qé6-1 Normal Quad 4.955 { 0.345 3.2016 50.0
Sep-] Panofsky Quad 5.50 10.0 0.0294 70.-150.

Right-Side Elements (1)

Sol Solenoid 0.0 [ 2.000 0.0000 25.
Qla-r Perman. Quad 0.60 | 0.270 3.0851 39.
Qla-r Perman. Quad 0.87 | 0.250 3.0851 42.3
Qlb-r Perman. Quad 1.12 | 0.250 3.0851 48.5
Q2-r 5.C. Quad 1.37 | 0.860 3.2103 50.0
Q3r S.C. Quad 2.23 | 0.770 3.1072 50.0
Q4-r Normal Quad 3.30 | 0.860 2.7369 50.0
Q5-r Normal Quad 4.20 | 0.705 3.2992 50.0
Q6-r Normal Quad 4.955 | 0,345 3.1983 50.0
Sep-r Panofsky Quad 5.50 10.0 0.0294 76.-150.

Fig. 45 gives a side view of the interaction region with enlarged vertical scale,
showing the apertures of quadrupole lenses and vertical beam envelopes of both
beams. Fig.46 shows the design of the IR magnet supports.

The lenses have to be positioned precisely. Without correction, the lenses are al-
lowed to deviate systematically by only Az = 0.1 mm from their ideal position.
Otherwise the orbit distortions in the interaction region exceed Az., = 10mm
which is all the available spare aperture. Uncorrelated displacements of the
quadrupoles have to be smaller than Az < 10 um. If one assumes that the
positions of quadrupoles within a triplet or doublet are not independent, the
requirement is relaxed to Az < 30 um. In order to prevent spontaneous sepa-
ration of the beams during beam beam interaction by more than 1/10 vertical
standard deviation, the mechanical motion of the lenses have to be limited to
amplitudes below 0.3 pm. This means that the mechanical motion has to be
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[ Table ITl: Beam Separation Parameters

Element Offset 10 ¢-Beam Envelope Beam
name HEB | LEB | HE-Hor I HE-Ver L[..E-Hor l LE-Ver | Separ.

[mm] [mm] [mm]

Left Side IR (1) HEB incoming
IP 0.0 0.0 1.3 0.065 1.3 0.065 0.0
Sol-u -0.4 -1.8 2.4 1.9 6.5 5.2 1.4
Qiald | 01| -23 3.2 2.8 6.5 5.2 2.4
Q1b-1-d 0.6 -2.2 4.3 3.4 9.8 5.4 2.6
Qlc-1-d 1.1 -1.8 5.6 3.7 15.2 4.5 2.9
Q2-1-d 0.8 -2.1 5.6 3.7 15.2 4.5 2.9
Q2-1-u 0.8 -4.5 8.1 6.2 15.2 3.4 5.3
Q3-1-d 2.8 -2.5 8.1 6.2 15.2 3.4 5.3
Q3-1-u 2.8 -4.1 10.2 8.1 4.2 3.7 6.9
Q4-1-d 00| -57 12.1 7.9 2.4 1.8 5.7
Q4-l-u 0.0 -5.9 13.8 8.8 2.4 1.7 2.9
Q5-1-d 5.0 -2.3 13.6 9.9 4.2 3.7 7.3
Q5-ln 5.0 -2.2 16.7 9.8 14.0 4.5 7.2
Q6-1-d 0.0 -6.9 17.2 9.6 15.3 4.2 6.9
Q6-1-u 0.0 -6.3 19.6 8.8 20.6 3.4 6.3
SEP-1-d | -30.0 -36.7 20.3 8.6 21.6 3.3 6.7
SEP-l-u | -30.0 { -114.6 41.0 4.0 24.3 2.1 84.6
Right Side IR {r) LEB incoming

1P 0.0 0.0 1.3 0.065 1.3 0.065 0.0
Sol-u 04| -1.0 2.4 1.9 6.5 5.2 1.4
Qlar-d 1.2 -2.3 3.2 2.8 6.5 5.2 3.5
Qlbr-d | 1.9) -2.2 4.3 3.4 9.8 5.4 4.1
Qlec-r-d 2.4 -1.0 5.6 3.7 15.2 4.5 3.4
Q2-r-d 3.4 0.0 5.6 3.7 15.2 4.5 3.4
Q2-r-u 5.4 0.0 8.1 6.2 15.2 3.4 5.4
Q3r-d 5.4 0.0 8.1 6.2 15.2 3.4 5.4
Q3-r-u 6.9 0.0 10.2 8.1 4.2 3.7 6.9
Q4-r-d 6.7 0.0 12.1 7.9 2.4 1.8 6.7
Q4-rn 7.4 0.0 13.8 B.8 2.4 1.7 7.4
Q5-r-d 8.7 0.5 13.6 9.9 4.2 3.7 9.2
Q5-r-u 8.9 0.5 16.7 9.8 14,0 4.5 9.4
Q6-r-d 6.8 -1.5 17.2 9.6 15.3 4.2 8.3
Q6-r-u 6.5 -1.5 19.6 8.8 20.6 3.4 8.0
SEP-r-d | -30.0 -38.3 20.3 8.6 21.6 3.3 8.3
SEP-r-u | -30.0 | -110.7 41.0 4.0 24.3 2.1 80.7

-u = upstream end, -d = downstream end
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Figure 45: Side view of the IR with enlarged vertical scale, showing the aper-
tures of quadrupole lenses and vertical beam envelopes of both heams.
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Figure 46: Design of the IR magnet supports
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stabilized very well and temperatures of the magnets and the supports during
operation have to be well controlled. Continuous monitoring of slow drifts in the
quadrupole positions appears to be necessary. Local dipole correction coils have
to be placed close to the low S-triplet. The permanent magnetic quadrupole
magnets must be movable within a few tenths of a millimeter. The longitudinal
component of the detector field causes a coupling of the vertical orbit into the
horizonta] plane. This can be compensated by a vertical tilt of the solenoid of
about 1irad.

The quadrupole gradients must be very precise. The systematic gradient error
should be as small as AG/G < 1072 to limit the S-beat to 10%. The rms
value of uncorrelated quadrupole errors has to be as small as {(AG/G)yms < 5-
104, This makes local quadrupole trims unavoidable since permanent magnetic
guadrupole magnets cannot be kept stable to such a precision. Measurement
of the beam spot at the IP appears to be necessary to correct for unavoidable
gradients errors.

4.2 Low Energy Lattice

The main issue of the low energy lattice design is to improve the weak radiation
damping which would be obtained for a low beam energy of E = 3.0 GeV in a
large machine with an average machine radius of R = 367 m.

In a realistic design, the lattices of the high energy ring and of the low energy
ring should not differ very much from the lattice of the existing PETRA ring
such that a common support structure and infrastructure can be used for the
three rings in the same tunnel. Thus the basic cells of the two lattices should
have the same length. This is an important constraint. The low energy ring
(LER) cell structure is therefore a copy of the PETRA FODO lattice. It is
composed of eight octants which are separated by four short straight sections
(the former interaction regions) and the four long straight sections. The IR
of the asymmetric collider is located in the North-East short straight section.
However, for sufficient radiation damping, the bending field which corresponds
to the nominal PETRA bending radius of p = 192 m is too weak. To obtain
strong magnetic fields, the 5.378 m long dipole magnets are placed only into
every 4th half cell. This reduces the bending radius to p = 48 m. It also reduces
the magnet costs for the LER since the same dipole magnets can be used for
HER and LER. Another advantage is that the strong magnetic field B = .21 T
is favorable for effective pumping with integrated ion getter pumps. The center
of the LER-dipole magnets has to be shifted radially outwards by 20 cm with
respect to the PETRA dipole in order to preserve the circwinference of 2304 m.
At each end of the arc a special dipole magnet is needed to match the design
trajectory atong the course of the tunnel in the straight section.

Radiation
damping in the
LER
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The two rings of the collider are arranged on top of each other. The vertical
distance between the two orbits in the arc is 50 cm. Two vertical bending

magnets at each side of the IR are necessary to match the low energy orbit to
the IR orbit.

The reduction of the bending radius is still not sufficient for satisfactory ra-
diation damping and large beam emittance. The lattice includes therefore six
superconducting wiggler magnets with an effective integrated magnetic field of
J ds|Buiggier| = 1.8 T x 6 m. With these magnets, the energy spread AE/E of
the LEB is increased to 1072, which is a limit given by the width of the T(45)
resonance. The damping times are reduced by a factor of about five {from
T, = 300ms to 7o, = 65ms). The required beam emittance of ¢, = 16~7 rad-m
can be easily obtained by choosing the appropriate value of the emittance of
the dispersion trajectory D2y, + 2a,D. D! + D28, inside the wiggler magnets.
This is accomplished by adjustment of six matching quadrupoles in the arcs.
The wiggler magnets are situated in the centre of the SE, SW and NW short
straight sections. They consist of eight short 25 cm long superferric magnets
separated by 1 m long drift sections where the synchrotron radiation of 30 kW
per magnet is absorbed.

The beam optics in the arc is determined by alternating focusing (QF) and
defocusing (QD) quadrupoles. The periodic cell which consists of two FODO
cells with one bending magnet has the structure

QF - BEND - QD -~ DRIFT - QF —- DRIFT - QD — DRIFT — ...

With a 120° betatron phase advance per cell (which corresponds to a 60° FODO
lattice) one obtains a rather periodic course of the dispersion function in the arc
{see Fig.47) which is necessary for an effective chromatic correction. Increasing
the phase advance to 180° between dipoles leads to an isochronous lattice. Thus
the momentum compaction factor which is ceomp = 1.1 - 102 in the nominal
120°-structure can be varied easily over a wide range which provides a large
flexibility in the longitudinal focusing and in the bunch length. The nominal
bunch length amounts to o, = 1 ¢m and requires an rf voltage of U,; = 9.5 MV
peak value. The parameters of the low energy ring are summarized in Table IV.

Due to the small B-functions at the interaction point of §; = lem and 2 =
20 cm and corresponding strong focusing in the interaction region, an elaborate
chromaticity correction system has to be installed. The natural chromaticities
amount to £, = —68.5 and £, = —88.3. This corresponds to values which
have been achieved earlier in PETRA ete™ operation for optics with vertical
B*-function values of 6 cm and four interaction points.

In order to compensate linear and quadratic tune shift with momentum, four
times six sextupole families are necessary (six families in each octant taking
into account the mirror symmetry of the lattice). With this effort, the optics
has a satisfactory chromatic behaviour (see Fig.48). The dynamic aperture
for an optimized adjustment of the sextupole families is sufficient. Stability is
provided for a six dimensional phase space volume which includes somewhat
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Figure 47: Beta functions and dispersion in one quadrant of the LER.
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Figure 48: Chromatics of the LER 1cm Optics. (a) Horizontal and vertical
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more than 6.5 ¢ of the transverse and longitudinal beam size (see Fig.49). The
blow up of the vertical beam emittance due to the nonlinear sextupole fields
is small. Further improvement of the dynamics is desirable and possible. This
can be achieved by the addition of eight sextupole circuits in the dispersion-
free straight sections in order to minimize first order sextupole driving terms of
nonlinear resonances and second order tuneshift terms.
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Figure 49; Dynamic aperture in units of rms beam size of the LER

4.3 High Energy Lattice

The high energy lattice is an identical copy of the present PETRA lattice with
the exception of the interaction region. Lattice parameters are given in Table
V. Only near the IR, small modifications are necessary to match the orbits of
the two beams in the interaction region. The arcs consist of FODO cells with
a betatron phase advance of 45°. HER and LER use the same type of bending
magnet. A considerable part-of the available long straight sections is needed to
install the 30 single-cell rf resonators. A special optics in the rf sections with
very small 8-functions of the order of 5 m is possible but has not been worked
out in detail. The linear chromaticity which corresponds to the collider optics
with 8; = 0.4m and 8} = 2cm is with {; = —45 and {, = —66 not particularly
large. Two sextupole families are sufficient to provide a satisfactory chromatics
which preserves sufficient dynamic aperture.
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i_ Table IV: Lattice Parameters of the LER T
Beam energy E = 3.0 Gel” |
Circumference C = 2304, m .
Bending radius p= 48.00 m |
Dipole length Ip = 5.378 m :
Relative power loss per turn AE/E = 0.000221 ;
Momentum compaction factor o= 0.0013
Energy spread Te = 0.0012 !

i Damping time (longitudinal) Ty = 36.0 ms
Horizontal] S-function IP By = 20,0 em
Vertical S-function 1P y = 1.0 cm
Horizontal tune G, = 35.20

{ Vertical tune Qy = 33.13
Horizontal chromaticity £ = —69.
Vertical chromaticity &y = 88,
Wiggler field B = 1.8 T
Wiggler period L= 4x025 m

Table V: Lattice Parameters of the HER ]

Beam Energy E= 9.333 GeV
Circumference C= 2304. ™m
Bend radius p = 192. m
Dipole length Ip= 5.378 m
Relative Power loss per turn AEJ/E = 0.000371
Momentum Compaction Factor a=  0.00235
Energy Spread oc. = 0.00058
Damping Time (longitudinal) Ty = 20.1 ™ms
Horizontal §-function IP S 40.0 em
Vertical B-function IP = 2.0 em
Horizontal Tune O = 26.17
Vertical Tune Q, = 22.58

{ Horizontal Chromaticity r = —47.

I&nﬁcal Chromaticity &y = —65.
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5 Radiation Background in the
Interaction Region

5.1 Introduction

The requirement of acceptable background conditions is one of the main issues
in the layout of the interaction region, concerning the beam optics, the vacuum
profile, the collimator geometry and beam pipe cooling. It also forces compro-
mises on the detector layout, in particular on the minimum radius of the beam
pipe, which strongly influences the experimental vertex resolution.

The radiation background originates mainly from two processes:

e Synchrotron photons are emitted wherever the beam is bent or focused.
The beam separation to prevent parasitic bunch crossings and the neces-
sity to focus the two beams at the IP make synchrotron radiation in the
vicinity of the detector unavoidable.

» Interactions with the residual gas cause beam particles to undergo deflec-
tions { Coulomb scattering) and radiative energy losses (bremsstrahlung).
Particles lost due to either process initiate electromagnetic showers when
hitting the beam pipe and may send shower debris into the detector.

The “acceptable” radiation doses in the detector region are defined by whichever
of the following criteria is the most stringent:

e The maximum dose which the detector components can stand without
being damaged.

¢ The maximum occupancy, i.e. the highest tolerable probability of back-
ground hits overlapping with real hits in the detector.

e The maximum background rate the trigger system can suppress without
producing excessive detector dead time.

¢ The maximum heat load for which adequate cooling can be supplied to
the beam pipe near the IP.
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Due to their proximity to the IP, the Silicon Vertex Detector (SVD) and the
innermost layers of the Central Track Chamber (CTC) are mostly subject to
radiation damage. Present day VLSI electronics associated with the silicon
counters survives some hundreds of Grays (see chapter 1I1.3). Consequently,
for a minimum lifetime of 107 s the energy deposition per time and area in
a 200 pm thick silicon layer must not exceed 10~% W/cm? or 0.1 Gy/h. For
the CTC sense wires, an accumulated charge of O(1 C) per cm of wire length
is considered the limit for proper performance {16]. This corresponds to a
deposition of 51071 W/cm? during 5-107 s, assuming an ionization energy of
25 eV, a gas amplification of 10* and a cell size of O(1 em). The corresponding
particle fluxes depend on the nature and the energy of the particle. For example,
a photon of 8 keV has a 95% chance of being absorbed in a 200 ym silicon
layer, and about 10% absorption probability in a CTC cell. The energy loss
of a minimum ionizing particle is 60 keV in the silicon layer and 4 keV in the
CTC cell.

The maximum occupancy is reached when the probability of false hits overlap-
ping with real ones amounts to a few percent. The occupancy limits are of the
same order of magnitude as the values for the maximum doses stated above. A
numerical example is given in section HI.3.3.3 for the Silicon Vertex Detector.

The trigger (chapter IIL9) is expected to be insensitive to synchrotron radia-
tion within the above limits. Charged particles, z.e. lost electrons or shower
debris thereof, are relevant when escaping the rejection criteria of the first level
trigger. The rate of tracks originating within + 5 cm from the nominal IP with
transverse momentum larger than 150 MeV /¢ should be well below 10 kHz.

The bulk of generated synchrotron radiation power, if not passing freeiy through
the interaction region, must be absorbed by collimators upstream of the IP. In
the present layout of the IR a power density of up to 50 Wem™2 occurs on
certain collimators requiring them to be water cooled. The heating of the
sensitive Be beam pipe due to radiation however is negligible. It is rather the
image current heating and HOM losses which may demand active cooling of the
Be beam pipe.

To determine the amount and spatial distribution of various types of back-
ground in the IR, Monte Carlo simulations have been performed, based on the
beam optical parameters as given in 4.1. In the following, methods and results
are presented separately for synchrotron radiation and background from lost
beam particles.

5.2 Simulation of Synchrotron Radiation
in the IR

The amount and spatial distribution of synchrotron radiation (SR) hits in the
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IR has been determined by following electron trajectories, randomly chosen in
phase space (=, z',y,y'), and sampling the radiation emitted tangentially along
the trajectory within each magnet. For a given beam current I and assuming a
Gaussian electron density distribution p(x, z’,y,y'), each trajectory represents
a number of electrons per second N./s. For a given Lorentz factor v and
local radius of curvature r, the critical photon energy E., the mean photon
energy {E.,) and the number of quanta N, emitted along an arc of length !
are computed. The total power assigned to a photon sample is then given by
{E,YN,N./s, where (17}

_ 3hey® 5 4 1

8
E\)= ——=F_; E. = : N, = ———~; Ne == s ‘: ) .
(Ey) TV 57 1= 518 /s = —plz,2,9,)

The geometry of the beam pipe within the detector and the surrounding three
silicon layers of the vertex detector have been modelled in detail. A photon
sample that hits the beam pipe is subdivided into portions of different photon
energies E.,, weighted according to the known power spectrum S(E,/E.). Each
portion is propagated like an individual photon through the different media,
using known cross sections [18] for the following processes:

» Rayleigh or Compton scattering with energy dependent characteristics;
¢ Photo-fluorescence, i.e. isotropic emission of a K, Kg or L-line photons;

e Non-radiative photoelectric absorption.

The propagation process continues until terminated either by non-radiative ab-
sorption or by leaving the IR. For each medium, the spectrumn of the deposited
power is recorded. The dose received per second is the integral over the spec-
trum, divided by the mass of the medium. For occupancy considerations, the
number of photons per second (= power/E.,) is the gnantity of interest.

The collision optics, resulting from an optimization process that went through
several iterations of lattice design and background caleulation including the
collimator geometry, is presented in chapter 4.1. However, the following results
on SR power distribution are obtained by using emiftances twice as large as
the design values to provide a safety margin for the case that the desired tune
shift of Ay 70.04 cannot be achieved and the emitiances have to be enlarged
accordingly.

As shown in Table VI, most of the radiation generated by the incoming LEB
is produced in the low-A-triplet {Q1,Q2,Q3). For the HEB the Q5 magnet,
required to keep its S-function sufficiently small, is the main source of radiation.
The smooth final separation in the 10 m long BSEP magnet produces only little
svnchrotron radiation. In total, the incoming LEB and HEB generate 310 W
and 5.1 kW, respectively.
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Table VI: Synchrotron radiation power generated by the
incoming beams assuming twice the design emittance.

I
I Magnet HEB LEB ! Distance to IP

W W j m
| Detector Field 525 85 0 :
| Q1 Pooas | 29 0.60 |
g2 99 | 83 1.37
Q3 . 649 19.3 | 2.23
L Q4 L 190 04 | 3.3 g
| Qs 3240 21| 4.2
| Q6 P 219 31 4.95 |
BSEP I 5.5

The critical part of the beam pipe is a 25 cn long Be tube of 25 mm radius
and 500 pm thickness, coated inside with 10 um Cu and centered around the
IP. It is highly transparent to photons above a few keV.

To protect this region from direct SR two elliptical synchrotron masks are
foreseen on either side of the IP {(Fig. 50). Without these masks, about 310 W
would be incident on the Be tube, 40 W of which would be deposited in the
detector. The outer masks (about 1 m from the IP) are introduced to absorb the
bulk of radiation power, where the heat load can be handled without conflicting
with the space requirements of the detector. The inner masks are placed at
both ends of the Be tube and shield it from any direct radiation and partly
from photons scattered off the outer masks.

On the HE side, the outer mask is made of copper, since the large power
deposition requires a good heat conducting material. For the inner masks.
where some backscattering into the detector cannot be avoided, titanium has
been chosen due to the comparatively low energy of its K, line (4.5 keV). All
masks are designed to stay clear by 2 mm from the 12-¢ beam envelope.

The outer HE collimator absorbs 3.1 kW of the radiation fanning out vertically.
Due to its inclined surface, no backscattered radiation can enter the detecior
and photons from forward "tip scattering” are mostly stopped by the inner
mask which receives no direct radiation.

In addition to the vertical fan, radiation from the LE beam spreads horizontally
due to the rather large horizontal 8-function at the low-3-magnets. Thus. the
outer mask is narrow in the horizontal plane but has a wide vertical opening as
to minimize backscattering of photons from the HE beam, and receives 18 W
of direct radiation. Its position is chosen to minimize direct radiation on the
inner mask which absorbs only 0.4 W.

About 3 mW are absorbed in the Cu coating of the Be beam pipe (Fig. 51
and 52). The spectrum of photons leaking through the beam pipe and being

Masking

Synchrotron

radiation reaching

the detector
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Figure 50: Vertical (above) and horizontal (below) view of the collimator system
and detector arrangement used in the background calculations. The labels of
the Si counters refer to Table VIIL
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Figure 51; Spectral distribution of synchrotron radiation power generated by
the HEB and deposited in the 10 um thick Cu coating of the beam pipe and in
the three layers of silicon detectors.
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Figure 52: Spectral distribution of synchrotron radiation power generated by
the LEB and deposited in the 10 pm thick Cu coating of the beam pipe and in
the innermost layer of silicon. There is no significant energy deposition in the
outer detector layers.
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absorbed by the innermost layer of silicon is dominated by the K, s lines of Cu
at 8 keV, and Ti at 4.5 keV (Fig.51 and 52). On average, 1.8 - 1072 W /cm?
from the HE bheam and 2.5 107! W/ecm? from the LE beam are absorbed
in this silicon laver. but the distribution is not homogeneous. Close to the
inner LE mask, it reaches 1.3 - 107!° W/cm?, mainly due to scattered photons
from the LE beam. This value, although obtained by using twice the nominal
emnittance, is still an order of magnitude below the dose and occupancy limits
stated above.

For the outer Si layers, the power spectra are shifted to higher energies with
much smaller integral values (Fig. 52). This contribution comes only from the
HEB. The photons from the LE are almost completely absorbed by the inner
§i laver.

High energetic photons between 40 keV and 80 keV from the HEB also enter
the drift chamber, where 1.5+ 1071 W or O{10*) photons/s are absorbed in a
large volume which leads to a deposition per em? well below the allowed limit.

5.3 Simulation of Background in the IR
from Lost Beam Particles

The interaction with residual gas molecules causes beam particles te change
their flight direction and to lose energy by emitting bremsstrahlung photons.
Since the scattering cross section rises steeply in the low energy limit as well as
at small angles, each effect can be treated separately while neglecting the other.
The computer code DECAY TURTLE {19] simulates both bremsstrahlung
and elastic Coulomb scattering for a given vacuum profile and transports off-
energy or off-angle particles through the lattice until they hit the beam pipe or
a scraper. Shower debris from particles hitting a scraper are also considered.
Once the particle flux incident on a specific surface is known, the code EGS4
[20} can be used to model the shower development in detail.

Using DECAY TURTLE. beam-gas interactions have been simulated for the
LEB and HEB respectively, with and without introducing scrapers. In all cases,
the vacuum was assumed to be 10~% mbar (see chapter 11). The tracking of
both electrons and positrons started 288 m away from the IP which is 1/8 of
the ring circumference. The energy of radiated photons was limited to 0.01 -
1 of the beam energv. The angular deflection due to Coulomb scattering was
restricted to 0.1 - 7 mrad. Scattering events outside of these boundaries do not
contribute to the energy deposition in the IR. The beam losses are 18 e~ / turn
and 35 e™ / turn which corresponds to a lifetime of 6.3 h for the HEB and 5 h
for the LEB.

Scrapers to remove particles which have lost energy due to Bremsstrahlung
should be placed at positions of large dispersion where the transverse displace-
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ment of these particles is large. After having undergone Coulomb scattering,
beam particles perform betatron oscillations of an increased amplitude. There-
fore, scrapers against off-angle particles are most effective at positions that are
multiples of half the oscillation wavelength away from the IP. 1t is not always
possible Lo find places where both conditions are fulfilled. There are three scrap-
ers used in the LE ring to reduce the number of hits by more than an order of
magnitude, while seven scrapers were required to produce a substantial effect
in the HE ring. The scrapers closest to the IP in either ring are effective against
Counlomb scattered particles but not against off-momentum particles, because
the dispersion is too low at these positions.

Energy (GeV/usec/5m)

10! pr—r
-300 -200 -100 0 100 200 300

z (m)

Figure 53: Flux of bremsstrahlung-scattered electrons and positrons as a func-
tion of the scattering point without (dotted histogram) and with scrapers (full
histogram).

To demonstrate the influence of the scrapers, the scattering point (either
bremsstrahlung or Coulomb scattering) of those electrons and positrons which
strike the sensitive part of the beam tube around the IP {within the Q2
quadrupoles = £1.37m) is displayed in Fig.53. The number and energy of
these tracks is given in Table VII for an interval of 1 us, which is a typical inte-
gration time for various detector components (CTC, ECAL). Particles hitting
the beamn tube outside this sensitive region do not deposit any energy in the
detector. Only the particles scattering within = 50 m around the IP cannot
be eliminated completely. Thus it would be sufficient to improve the vacuum

15%
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system around the IP, in order to further reduce the background of heam-gas
interactions. Fig. 54 shows where the scattered electrons and positrons hit the
beam pipe. The various peaks can be assigned to the synchrotron masks. Due
to the large distance of the scrapers from the IP, they cannot reduce the flux
of bremsstrahlung photons (Fig.55). Photons from the HEB are completely
absorbed (-z = 100 - 137 cm) by the HE synchrotron mask (Fig.50).

Table VII: Number and energy (GeV) of beam particles
striking the beam pipe around the IP per us

HEB ' ¢~ brems. ! 4 brems. i e~ Coul.

Hits no scraper 3. LT, 7.

Hits with scrapers 0.2 : 7. 0.03

Energy no scraper 22. t g, 62.

Energy with scrapers | 0.9 ‘ 9. 0.3

LEB et brems. | v brems. | ¢¥ Coul.

Hits no scraper 6.5 3. ; 26.

Hits with scrapers 0.6 3. 0.06

Energy no scraper 17. 0.9 TT.

Energy with scrapers | 0.8 0.9 0.2

As already mentioned, it is essential to study the effect of electromagnetic
cascades on the different detector components. Tracks striking the beam pipe
or one of the masks initiate an electromagnetic shower, swamping the detector
with many particles. Therefore all rays striking the beam pipe were passed
to an EGS4 simulation program. The geometry of the beam pipe including
the elliptical synchrotron masks has been included. All shower particles were
traced through the detector until they were either absorbed in the calorimeter
or their energy fell below a cutoff value. The total energy cutoffs were 0.6 MeV
for electrons and 0.01 MeV for photons. The interaction of the background
particles with the Silicon Vertex Detector, the Central Track Chamber and the
calorimeter was determined.

The SVD was approximated by three cylinders around the beam tube and three
planes perpendicular to the beam (Fig. 50). The CTC walls were included with
their proper thickness. CO; has been used as chamber gas in which electrons de-
posit about 4 keV per cm of path length. The magnpetic fields of the quadrupole
Q1 and of the tilted Helmholtz coils was also taken into account. Low momen-
tum charged tracks curl up in the magnetic field and can cross the detector
layers many times.

The discussion of the results starts with the most sensitive component, the 5i
vertex detector. The radiation damage in the Si layers is proportional to the
fux and not to the energy of the incident tracks. The number of hits and the
energy deposited per us are summarized in Table VIII. Photons passing the
Si layers without any energy loss were not included. To calculate the absorbed
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Figure 54: Flux of electrons and positrons striking the beam pipe without
(dotted histogram) and with scrapers (full histogram).
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Figure 55: Flux of photons striking the beam pipe without (dotted histogram)
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dose, a uniform energy deposition has been assurned which is, however, not quite
true. Off-momentum charged tracks are deflected in the arcs and thus strike
the beam pipe around the azimuthal angle & = z. The resulting asymmetry
is obvious from Fig.56 where the deposited energy is plotted as a function
of this angle for the three Si lavers. The innermost layer shows an additional
contribution coming from bremsstrahlung photons of the positron beam. Fig. 57
shows the radial distribution for the Si planes in forward direction. Except for
the innermost part, the incident flux falls off slowly with increasing radius. The
radiation load can be further reduced by filling the space around the Si-vertex
detector with a tungsten absorber.

Table VIII: Number of hits / us and energy
deposition (MeV /us) in the §j layers.
Hits/ us HEB | LEB | SUM
Si layer 1 0.4 3.1 3.5
51 layer 2 0.3 2.6 2.9
5i layer 3 0.4 2.0 24
Si plane 4 0.1 0.8 0.9
51 plane 5 0.2 0.6 0.8
Si plane 6 0.2 0.5 0.7
Energy (MeV/us) | HEB | LEB | SUM
Silayer 1 0.1 1.0 1.1
5i layer 2 0.1 0.8 0.9
Si layer 3 6.1 0.6 0.7
Si plane 4 0.01 | 6,08 | 0.09
Si plane 5 0.63 | 0.11 { 0.14
8i plane 6 0.04 | 0.09 | 0.13
Dose (Rad/h) HEB | LEB | SUM
Si layer 1 0.4 3.3 3.7
Si layer 2 0.1 0.7 0.8
S5i layer 3 0.05 | 0.3 0.3
Si plane 4 0.2 1.2 1.4
Si plane 5 ¢.2 0.5 0.7
Si plane 6 0.2 0.4 0.6

The backgrounds in the drift chamber and in the electromagnetic calorimeter
are characterized by the numbers collected in Table IX. The energy release in
the CTC falls off steeply in the inner region, because low momentum tracks are
curling in the magnetic field (Fig. 58). The calculated energy deposition in the
innermost layer is a factor 2 below the corresponding radiation limit of 0.03
MeV /us whereas for larger radii (layer 5) this factor is at least 10.
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Figure 56: Azimuthal energy distribution in the 3 Si layers. (1 = full, 2 =
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The amount of fake triggers can be estimated from the transverse momentum
distribution which is plotted in Fig. 59. With a trigger threshold of 100 MeV /¢,
the trigger rate due to beam gas interactions will be below 1 kHz.

No background problems are expected in the calorimeter (Table IX). Most
of the energy is due to low energetic photons. With a readout threshold of
0.2 MeV per crystal about 30 hits/us are to be expected, but only 0.2 faked
photons/us with an energy above 20 MeV will be produced.

Table IX: Number of hits / us and energy
deposition (MeV [ pus) 5
HEB | LEB SUM |
590. E 510. 1100.
04 34 3.8
260. | 200, 460.

| Energy (MeV/pus)
Beam pipe -z
Beam pipe Be
Beam pipe +2

Sync. mask -z | 7000. ‘ 400. 7400.
Sync. mask 4z | 240, i 14. 254.
CTC et | 0.08 0.2 0.28
ECAL = | 0.24 | 0.42  0.66
ECAL + | 21. 45. 66.

Hits / us | HEB | LEB SUM |
CTC e | 0.3 08 |11 |
ECAL e* 1 0.04 {007 [011
ECAL e* > 20MeV | 0.0005 | 0.0001 | 0.0006 |
ECAL + |17. {60. |77,
ECAL v > 20MeV 0.1 0.1 | 0.2

5.4 Conclusion

It has been demonstrated that the chosen beam optics and the design of the
interaction region allow to run the detector with tolerable background at the
design luminosity. The svnchrotron radiation absorbed in the innermost Si-
layer is an order of magnitude below the dose and occupancy limits despite the
fact that the calculations were performed using twice the nominal emittances.
The proper placing of scrapers reduces the flux of scattered beam particles
hitting the sensitive part of the beam pipe to a level which is acceptable for
all detector components. In addition, there is still room for improvements like
better vacuum around the IP and further optimization of the scraper positions.

Background in
ECAL
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6 Beam Beam Interaction

The luminosity of the asyvimnetric e¥¢™ collider will be limited by the beam-
beam interaction. A charged particle beam which collides with an oppositely
charged beam will suffer from the strong nonlinearity of the beam-beam force.
As a consequence of the nonlinearity, particles with different amplitudes will
have different tunes and the beam will cover an extended area in the tune plane
which must be {ree of strong resonance lines. The effective strength of the beam-
beam interaction is enhanced by increasing the density of the opposite beam or,
alternatively, by increasing the sensitivity of the beam under consideration by
enlarging the value of the envelope function or the IP A*. On the transition from
weak to strong beam-beam interaction, one observes first a widening of the tails
in the amplitude distribution of the beam. H the tolerable lirnit is exceeded,
the amplitudes of the particles in the beam will grow until they become larger
than the size of the opposite beam. This is the blowup phenomenon which has
been observed experimentally in all e*e~ colliders.

In colliding beam operation, both beams are usually close to the blowup limit.
In a symmetric et e~ collider, the forces which act on each of the two heams
are very close to be identical and the beam-beam limit is reached almost simul-
taneously which gives rise to the so called flip-flop effect where the two beams
are alternatively blowing up.

In an asymmetric collider this natural balance is not given automatically and
unless special care is taken, one of the two beams may reach the limit earlier
than the other one. Therefore the parameters of the two beams must be cho-
sen to end up in a quasi balanced situation in order to achieve the maximum
luminosity. The forces which the two heams experience may be very different.
Not only the linear lattices and lattice nonlinearities are different, the motion
may be influenced in addition by ion effects which are different for electrons
and positrons, which differ not only in charge but also in intensity and in beam
energy. To solve this problem, we follow the HERA principle by assurning
that there exists an individual beam-beam limit for each beam below which
the beam sizes are controllable. Approaching this limit from below with both
beams, we expect that the two beams can be operated simultaneously at their
individual limits. We do not expect a large advantage in making some of the
parameters like damping increments or linear beam-beam tuneshifts exactly the
same, since the remaining differences in the beam dynamics will still require
balancing. As far as the beam sizes at the interaction point are concerned jt
is well known from pp colliders [14] that the optimum has to be close to equal
values. Since the beta function values at the IP have to be pushed close to
the limits — which means that they become comparable to the bunch length -
unbalanced 3-values are unfortunate since particles in the tails of the longi-
tudinal distribution of the beam which has the smaller 3* value experience an
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additional enhancement of the beam-beam tuneshift by the square of the ratio
of 3* values. These considerations motivated the choice of parameters for the
asymmetric colliders with equal ¢* in both rings and 8% values which differ by
not more than a factor of 2.

The strength of the beam-beam interaction is usually parametrized by the linear
beam-beam tuneshift parameter

raNo3*
A = NP1 (65)
2T Y10 49{ 02 + Opa)

where 1 = 03 = v/€f A, = Wﬁ%@iﬁ Ay contains the beam bright-

ness [V/e and enters directly into the expression for the luminosity

Lo Avi Avyyive
518,

Experimental values for this important parameter are found in a surprisingly
narrow range which extends from Ar, > 0.015 to Ay, < 0.08 even if one
compares very different machines. Table X shows a collection of data ranging
from VEPP-2M to LEP as an illustration of this fact. On the other hand,
inside this range, the maximum achievable or tolerable tuneshift is hard to
predict, In particular, there are no simple scaling laws which would allow an
extrapolation of the experimental data from one machine to another one. If
a particular machine is considered the situation is somewhat better. In many
machines the tuneshift values scale well with the number of interactions points
Ay ~ ‘/l; and with energy Av ~ E®, 1 < a < 3, as suggested by [32]. Similar

(66)

conclusions have been obtained in a recent review on experimental results on
beam-beam interaction [24]. This in particular is true for PETRA. It has been
operated in colliding beam mode at different beam energies, among others at
7 GeV, 11 GeV and 17 GeV. At all three energies the machine was well tuned
and delivered luminosity to the experiments. In all three cases, the machine
has been operated close to the beam-beam limit. For the high beam energy
of 17 GeV, the limit has not quite been reached [2]. The three data points
‘lie on a straight line in a double logarithmic plot of tuneshift versus damping
decrement, as it can be seen in Fig. 60.

The high energy ring of the asymmetric collider will be almost identical to
PETRA being operated at 9.33 GeV with only one interaction point. We fee}
quite confident to interpolate between the existing data to estimate a tolerable
tuneshift limit for the high energy ring of Av = 0.035.

The low energy ring is a different machine. A considerable amount of the damp-
ing of the machine comes from wigglers. The energy spread which is associated

with achieving a certain damping tune is enhanced by a factor of Mg——:‘:f’%"
iggler
which amounts to roughly 3. There is no scaling law which can be applied

with confidence to describe the transition between PETRA and the LER of

Limits to the tune

shift

Tune shift in the

HER

Tune shift in the

LER
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Table X: Vertical Beam-Beam Strength Parameter Ay,
in Various e* — ¢~ Colliders
Collider circuinference | Energy | Number Ay, ref.
mi | [GeV] ] of IP’s !
LEP i 26659 46.5 4] 0.018 | ref[2]
TRISTAN 3018 | 30.70 41 0.023 | ref]22]
PETRA 2304 17 4120040 | ref]2]
PETRA 2304 11 4| 0024 ref[2]
PETRA 2304 7 41 0.014 | ref|2]
PEP 2200 14.5 1 0.050 | ref{23]
PEP 2200 14.5 2 0.065 | ref]23]
PEP 2200 | 13.7 6| 0.045 | ref|23]
CESR 768 5.5 2| 0.028 i refl24]
CESR 768 5.4 20 0.020 | ref[24]
CESR 768 5.3 2 0.026 | refj24]
CESR 768 5.0 2 0.022 | ref]24]
CESR 768 4.7 2 0.018 | ref]24]
KEK-AR 375 5.0 1 0.045 | refj25]
KEK-AR 375 5.0 2 0.030 | ref]25]
VEPP-4 365 5.0 [ 0.060 | ref]26]
DORIS-2 3186 5.3 2 0.026 | ref]27]
BEPC 240 1.6 2 0.035 | ref{28]
SPEAR 234 2.1 2| 0.055 | ref|29]
SPEAR 234 1.9 2 0.056 | ref]24]
SPEAR 234 1.2 2 0.018 | ref{29]
ADONE 105 1.5 6 | 0.070 | ref]30]
DCI 95 0.8 21 0.041 | ref[31]
VEPP-2 18 0.5 2| 0.050 | refi26]

the asymmetric collider. Due to limited resources, no simulation of beam-beam
behaviour has been performed for this study. However, extensive simmlations
have been performed elsewhere {33] for a very similar machine which do indicate
that tuneshift values of Ay = 0.040 are within reach of an asymmetric collider.
We have therefore based the choice of the main collider parameters on tune
shift values of Av = 0.040 in both rings.

The two beams of the asymmetric collider are exposed to long range beam-beam
forces due to parasitic crossings. There are four parasitic crossings on each side
of the JP. For the LEB, only the first parasitic crossing which occurs at a
distance of 1.8 m from the IP has a noticeable impact. It causes a horizontal
long range beam-beam tune shift of Ayl = 2 x 0.0095 and a vertical one
of Ayl = 2 x 0.0045. The horizontal long range tune shift of the HEB is
small. All eight parasitic crossings contribute almost equally to the tune shift
of Av = 0.0094. More critical is the vertical tuneshift of the HEB. It amounts
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Figure 60: Summary of PETRA performance

to Av &~ —0.042 and is composed of contributions from all 8 crossings. Table X1
contains a sununary of the parasitic beam-beam tune shift.

How important are these effects for the stability of the two beams? There is
experience available {from the PETRA ete™ operation. The two beams have
been separated at the IP by electrostatic separators. At the injection energy of
7 GeV, the ratio of head-on tune shift and parasitic tune shift for the separators
switched on and off, respectively, was measured as Avy, oo AV g & 0.11
[34]. Since the long range tune shift for constant separator voltage scales linearly
with energy this ratio was increased to 0.27 for the 17 GeV operation, where
tune shifts of 0.04 per interaction region have been achieved. The conclusion is
that PETRA has been operated routinely with a parasitic tune shift of

AvQ%prpa = 4 X 0.0106 without any serious performance limitations.

Experience from

PETRA
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Table XI: Parasitic Beam-Beam Interactions in the Asymmetric Collider

Parasitic | Distance | Separation Low Energy Beam
Crossing | from IP B By s | Oy Av, Ay,
# m mm m m mm | mm
1 left 1.8 4.4 51.6 | 26,5 | 2.1 | 0.34 | 0.0095 | -0.0049
2 left 3.6 16.0 0.16 [ 0.0131 1.2 | 0.07 ; 0.00005 10-¢
3 left 5.4 11.3 50.0 | 25.9 | 2.1 | 0.33 | 0.0018 | -D0.007
4 left 7.2 17.7 99.4 | 12.2 | 2.9 | 0.23 | 0.0014 | -6.0014
1 right -1.8 4.4 51.6 | 26.5 | 2.1 [ 0.34 | 0.0095 | -0.0049
2 right -3.6 10.0 0.16 { 0.013 1 1.2 | 0.07 [ 0.0005 | —107°
3 right -5.4 11.3 50.0 25.9 2.1 ] 0.33 | 0.0018 ! -0.0007
4 right -7.2 17.3 99.4 | 12.2 | 2.9 | 0.23 | 0.0014 | -0.0014
> Avparasitic 0.026 -0.014
Alpead—on | 0.040 | 0.040
SSAv | 0.066 0.026
Parasitic | Distance | Separation High Energy Beam
Crossing | from IP Bz By e Ty Av, Avy
# m T m m mm | mm
1 left 1.8 4.4 13.4 | 94.5 | 0.76 | 0.46 | 0.0013 | -0.0090
2 left 3.6 10.0 42.3 | 297.7 | 1.35 | 0.81 | 0.0008 | -0.0053
3 left 5.4 11.3 90.0 | 356.8 | 1.97 | 0.89 | 0.0016 | -0.0052
4 left 7.2 7.7 160.0 | 242.1 { 2,62 { 0.73 | 0.0010 } -0.0015
1 right -1.8 4.4 13.4 94.5 | 0.76 | 0.46 | 0.0013 | -0.0090
2 right ~ -3.6 10.0 42.3 | 297.7 { 1.35 | 0.81 | 0.0008 | -0.0053
3 right -5.4 11.3 90.0 | 356.8 | 1.97 | 0.89 | 0.0016 | -0.0052
4 right -7.2 17.3 160.0 | 242.1 | 2.62 | 0.73 | 0.0010 | -0.0015
Y. AVpgrasitic 0.026 -0.014
Atpesd-on | 0.040 | 0.040
T Av | 0.066 | 0.026
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7 Beam Intensity Limitations in
an Asymmetric Collider

In the following we investigate possible current limitations caused by single- and
multi-bunch instabilities. Instabilities are caused by the action of the beam on
itself through the metallic enviromment. This effect is usually described in terms
of wakefields or impedances. Short range wakes and their corresponding broad
band impedance affect the single bunch stability whereas long range wakes (nar-
row band impedance) couple the motion of subsequent bunches and determine
the multibunch stability. Since the bunch spacing is short and the total current
is very high, multibunch instabilities are almost unavoidable, Therefore means
are necessary to reduce the narrow band impedance and probably to stabilize
the beam by an active damper. 1ln comparison to that, the single bunch cur-
rents are relatively moderate and single bunch instabilities should not limit the
fuminosity.

7.1 Single Bunch Instabilities

Cavities, the vacuum system (bellows, flanges, etc.) and the complicated mask-
ing scheme to suppress the synchrotron radiation background in the interaction
region form the major part of the broad band impedance.

The impedance of the cavity has been calculated using TBCI [35]. The contri-
bution of the masking scheme has been estimated by considering a simplified
geometry which served as an input for TBCI. Since the design of the vac-
uum system is not fixed we take the PETRA vacuum system instead. The
impedance of the PETRA vacuum system has been estimated by using results
of measurements {36} and calculations. Comparison of calculations of the longi-
tudinal impedance of PETRA and HERA indicates that the vacuum impedance
of HERA is three times smaller than the broadband impedance of PETRA.
Therefore we assume that the impedance of the B-factory can be reduced to
one third of the PETRA vacuum impedance.

In Table XII we give the longitudinal loss parameter k|| and the transverse kick
parameter k; for the objects mentioned above.

The bunch length has to be kept constant in order not to lose luminosity. There-
fore longitudinal instabilities have to be avoided. The broad band impedance is
inductive because it is dominated by the vacuum system. Thus even potential
well distortion may lead to bunch lengthening., A good measure of the strength
of these two effects is the shift of the incoherent synchrotron tune, since it is of
the same order as the coherent shift of the internal bunch modes and describes
the distortion of the potential weil. If the incoherent shift is much smaller than

Bunch instabilities

Impedance

Longitudinal
instabilities
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Ji Table XI1: Impedance Related Parameters

| HER LER
object ki (V/pC) [ k1 (V/pC/m) || kg (V/pC) | k1 (V/pC/m)
cavities ! 6.35 16.2 3.76 ! 9.66
vacuum system 0.87 331 0.87 331
masking scheme 0.12 25.0 012 1 25.0

the synchrotron tune no instability and only a tolerable potential well distortion
will occur. The limnit of the relative shift of the incoherent shift is set to be 5%
so a potential well bunch lengthening of 5% is permitted. Using the value of
the impedance the shift of the incoherent tune in the HER ring is much smaller
than 5%. In the LER ring the shift is smaller but close to 5%. Therefore it
seems possible to keep the bunch lengthening below a 5% limit but the LER
ring needs a very careful design of the vacuum chamber.

The transverse mode coupling [37] instability is dangerous because it leads to
current loss. This instability occurs if the frequency of two head tail modes
(usually the rigid dipol mode and the first head tail mode) merge. Since the
frequency difference of two neighboring modes is the synchrotron frequency, the
instability does not occur for coherent frequency shifts which are much smaller
than the synchrotron tune. The calculated coherent betatron shift is only a
few percent of the synchrotron tune for both rings, and therefore the transverse
mode coupling instability should not impose a limit on the single bunch current.
On the other hand the frequency shift is bigger than the expected hetatron tune
spread so one could only rely on radiation damping to suppress coupled bunch
instabilities. A

7.2 Coupled Bunch Instabilities

The high luminosity can only be achieved by distributing a large average cur-
rent over a large number of bunches. Therefore coupled bunch instabilities are
likely to be a severe problern. Multi-bunch instabilities can be counteracted in
principle in two ways, (a) by passive damping and (b) by active damping.

Passive damping denotes the reduction of the narrow band jimpedance which
is equivalent to decreasing the Q-values of all parasitic cavity modes. The Q-
values required to store the design current can be determined as follows. The
geometric shunt impedance R./Q of the parasitic modes of a 5006 MHz copper
cavity are around 20 £2. Applying analytic formulae to determine the effective
shunt impedance [38] gives an upper limit for the Q-values of around 20-50.
Therefore the parasitic modes of a copper cavity have to be damped hy four
orders of magnitude since the Q-value is usually a few ten thousand.



Current Limitations

Some investigations show that it may be possible to reduce the Q-values by such
a significant factor [39:. Experiments indicate that it is possible to reduce the
Q-values by a factor of one hundred to values of around 400 {40]. Compared to
the required values of 20 the instability threshold will then be 5% of the design
current.

Therefore, the second way of fighting multi bunch instabilities is necessary,
namely powerful feedback systems. It should be pointed out that a strong
feedback system does not mean that one can use conventional copper cavities.
A feedback system will be able to increase the threshold current of the Jowest
order internal bunch modes — longitudinal dipole mode and transverse rigid
dipole mode — but for short electron bunches it seems impossible to increase
the threshold current for instabilities of higher internal bunch meodes as for
example head-tail modes by applying feedback. Since the threshold current of
instabilities of higher internal bunch modes is usually by a factor of 20 - 50
bigger than the threshold of the dipole modes, the Q-values have to be around
600 - 1000. Therefore, cavities with highly suppressed parasitic modes and a
powerful feedback system are necessary.

Active damping by
feedback systems
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8 Rf System

8.1 General Considerations

The two B-factory rings carry very large beam currents. The total power loss
of the beam due to synchrotron radiation is in the order of several MW, How-
ever, the voltage required to restore the energy loss of a single particle and to
provide the necessary longitudinal focusing is quite moderate as compared to
the previous PETRA operation.

The needed rf cavities produce a large impedance for the beam. The parasitic
cavity modes drive coupled bunch instabilities which are believed to be the
most important performance limitation for a high luminoesity two ring collider.
To minimize these impedances when delivering the necessary power and longi-
tudinal focusing to the beam is the main issue for the layout and design of the
tf system. There are several ways of reducing the impedance of parasitic cavity
modes.

¢ Reduction of the geometrical impedance R/Q by using single cell cavi-
ties and by choosing a smooth geometry. The impedance of the parasitic
modes is reduced in this case together with the impedance of the funda-
mental acceleration mode.

¢ Passive damping of selected modes by damping antennas.

¢ Active damping of the modes by an rf feedback

All these methods can be applied to reduce the parasitic impedances in normal
conducting cavities or superconducting cavities. Since the voltage required for
the asymmetric collider is quite moderate and since it is generally believed that
selected higher order mode damping will be much more easy to accomplish for
normal conducting cavities at room temperature, we have based our study on
normal conducting cavities.

The parasitic impedance of the rf system can be limited by the choice of the
impedance of the fundamental accelerating mode. The reduced impedance has
to be paid by an increased rf power need to produce the necessary voltage.
This is tolerable and reasonable as long as the power which has to be fed to the
beam exceeds the power dissipated in the cavities. The total impedance of the
rf system can be expressed by the following formula:

1 I.U-sing / 2P, — Py)
R ~R=:n R ERO( L fp e TR 67
HOML 2 " (P, - Ph) ( VT n R’ (67)
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Here R. is the shunt impedance of the fundamental mode per cavity cell, n,
is the number of cells per cavity, I is the total beam current, U is the circum-
ferential voltage, ¢ is the synchronous phase, P, is the power which can be
coupled into the cavity, and Pj is the power dissipated in the parasitic modes
of the cavities. The impedance is reduced if the accelerating structure will be
composed of single cell cavities each equipped with a high power input coupler.
The cell geometry is optimized for minimum impedance of the parasitic modes
rather than for large impedance of the fundamental mode. The impedance of
the higher order modes scales down at least linearly with the shunt impedance of
the fundamental mode. Some of the parasitic modes even disappear completely
or are reduced much stronger than the fundamental mode. A suitable cavity
geometry is shown in Fig.61. This shape has originally been optimized for the
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Figure 61: Shape of a single cell 500 MHz resonator for the Asymmetric Collider

DESY superconducting cavity. For a given cavity geometry, the total parasitic
impedance is minimized for the maximumn power P, which can be coupled into
the cavity. This power may be limited by the input coupler capacity or by the
amount of power L. which can be dissipated in the cavity. The cell impedance,
the input power, and the dissipated power are in this case related by

1(P, — P.)?
o= e Tl (68)
2 I?sin” ¢P,
Effective cooling of the cavity is essentijal.
The most important argument for the choice of the rf frequency is the avail- Rf frequency is
ability of the equipment and the available experience. The other arguments 500 MHz for both

HER and LER
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for a particular frequency are much weaker. A larger frequency would be ad-
vantageous to obtain the small bunch length more easily, and in addition the
longitudinal Landau damping would be enhanced. On the other hand, a lower
frequency cavity is more favorable from the point of view of cooling because
of the larger cavity surface. Furthermore the transient power losses and the
broadband impedance are reduced. If the coupled bunch instability thresholds
for rf systems with different frequencies are compared, one finds only marginal
differences. The rf frequency will therefore be 500 MHz for both HER and LER
which allows to use standard DESY rf equipment.

These considerations led to the concept of rf systems based on 500 MHz cop-
per rf resonators. Its geometry has been derived from the superconducting
rf resonators of the HERA rf system [41]. The shunt impedance of this res-
onator amounts to B, = 2.5 M (20°C). Standard rf window techniques allow
to couple more than 200kW into this resonator.

8.2 Low Energy Ring RF Parameters

The beam energy of the low energy ring is nominally 3 GeV. If the damping
wigglers are turned on, the energy loss per turn due to synchrotron radiation
is 664 keV (the power which is radiated in the bending magnets is only 150
keV). Since the vertical S-function at the IP should be as small as 1 c¢m, the
bunch length must be limited to 1 cm as well. The momentum compaction
factor is Qeomp = 0.0011, the rms energy spread of ¢(E)/E = 0.0012 is close to
the upper limit which can be tolerated by the experiment, and the longitudinal
damping time is 7, = 35ms. A 500 MHz accelerating structure has been chosen.
An 1f voltage of U = 9.5 MV (peak value) is needed to achieve the required
bunch length of 1 cm. The synchronous phase is 4.2° in this case.

The power which can be dissipated in the cavity is 80 kW (see below}. This is
matched by choosing the input power of the cavity to be F,, = 128kW. Assum-
ing these parameters, 16 single-cell 500 MHz-resonators are needed. The 30 cm
long cavities have a shunt impedance of R, = 2.5 MQ each. The accelerating
gradient is E .. = 2.11MV/m. A total rf-power of P = 1.95 MW has to be
made available. The total shunt impedance is B = 40 M Q. The rf power will
be delivered by two standard PETRA 500 MHz klystrons (see {42]). Table XII]
summarizes the rf parameters of the low energy ring. Fig. 62 shows the block
diagram of the rf system.

8.3 High Energy Ring RF Parameters

The beam energy of the high energy ring is 9.33 GeV. The energy loss per
turn due to synchrotron radiation in the bending magnets is 3.61 MeV, and the
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Figure 62: Block diagram of the rf sysiems of the two collider rings.
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Table XIII: Rf-Parameters of the Low Energy Ring [

Beam Energy E= 3.0 GeV :
Beam Current i= 1.1 A
Energy Loss per Turn AE = 664 keV
Beam Power Loss ‘ P, = 730 kW
Momentum Compaction Factor | a = 0.0011
Energy Spread o(E)/E= 0.0012
Damping Time {longitudinal) Ty = 36.0 ms
Circumferential Voltage (peak) U= 9.5 MV
Synchronuous Phase Gs = 8.5  degree :
Synchrotron frequency fo= 857 kHz
Bunch Length s = 1.01 cm
Rf-Frequency fry = 500 MHz E
Harmonic number h = 3840
Cavity Input Power Py, = 128 kW
Dissipated Power per Cavity P.= 80 kW
HOML Power per Cavity Py = 10 kW
Shunt Impedance per cavity K, = 2.5 M
Number of Cavities N. = 16
Total Rf Power P = 1.95 MW
Total Shunt Impedance R = 40 MQ
| Accelerating Gradient E = 211 MV/m

total energy loss of the beam due to synchrotron radiation in the arcs is 2.57
MW. The bunch length requirement is with ¢, = 1 cm the same as for the low
energy ring. The momentum compaction factor is Qeomp = 0.00236, the rms
energy spread is only o(E)/E = 0.000575. The longitudinal damping time is
7, = 20.7ms. In the HER we also use a 500 MHz rf structure and need a tf
(peak)-voltage of U = 16,5 MV to achieve the required bunch length of 1 cm.
The synchronuous phase is 12.6° in this case.

The power which can be dissipated in the 500 MHz-cavity is 80 kW (see below).
The input power of the cavity then has to be P, = 175kW. With these param-
eters, 27 single-cell 500 MHz-resonators are needed. The 30 cm long cavities
have a shunt impedance of R, = 2.5 MQ each. The HOM losses are estimated
to be Py, ~ 10kW per cell. The accelerating gradient is E,.e = 2.11 MV /m.
A total rf-power of P = 4.6 MW has to be made available. The total shunt
impedance is R = 67.5 MQ. The 1f power will be delivered by standard DESY
500 MHz tf equipment. Table XIV summarizes the rf parameters of the high
energy ring.
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[7 Table XIV: Rf-Parameters of the High Energyv Ring |

Beam Energy E= 9.333 GeV
Beam Current I= 0.710 A
Energy Loss per Turn AE = 3.61 MeV
Beam Power Loss P, = 2.57 MW
Momentum Compaction Factor a= 0.00236
Energy Spread oE)/E = 0.00057
Damping Time (longitudinal) Te = 20.7 ms
Circumferential Voltage (peak) f = 16.5 MV

{ Synchronous Phase ¢ = 11.75  degree

| Synchrotron Frequency fs = 6.5 kHz
Rf-Frequency frp = 500 MHz
Harmonic Number h= 3840
Bunch Length o, = 0.98 cm
Cavity Input Power P, = 175. kW
Dissipated Power per Cavity P, = 80.0 kW
HOML Power per Cavity P, = 10.0 kW
Shunt Impedance per cavity R, = 2.5 MG
Number of Cavities N.= 27
Total Rf Power P= 4.6 MW
Total Shunt Impedance R = 67.5 MO
Accelerating Gradient Eoe = 2.11 MV/m

8.4 Cavity Cooling
In order to limit the number of cells and to minimize the impedance, the power Pipe cooling

dissipated in each cavity is quite large. We are aiming at 100 kW to be dissi-
pated in a 500 MHz resonator. This can be achieved by cooling the cavities by
50 parallel cooling pipes with 4 mm inner diameter. These pipes are arranged
laterally. This way the areas near the irises which carry the largest wall current
density are cooled effectively. There is a common ring shaped feeder at the up-
stream end and a corresponding colleetor at the downstream end of the cavity.
A pressure gradient of (.51 bar is necessary to push 172 1 of cooling water per
hour through each cooling pipe. The flow velocity is 3.8 m/s. The temperature
gradient in the cooling system is limited to 10°C. This is considered necessary
to keep the frequencies of the cavity modes sufficiently stable. The tempera-
ture difference at the transition between the walls of the cooling pipe and the
water has been calculated to be AT = 20.2°C. The heat load per unit area in
the cavity is with 16.7 Wem™? quite large. The temperature gradient between
the cooling pipes peaks at the equator where it reaches 14.2°C. Assuming an
inlet temperature of 20°C, the cavity inner surface temperature does not exceed
69.4°C. The total rf system of the asymunetric collider requires a water ¢ooling
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capacity of 350 m®/h. The cavities have to be protected against loss of cooling
by an appropriate temperature monitoring and interlock system. This is not
expected to be a problem.

Higher power losses can be tolerated if bath cooling is used instead of pipe
cooling. The manufacturing technique for a bath cooled cavity is expected to
be even less complicated. On the other hand, there is an enhanced hazard for
the vacuum system. The final decision about the cooling system will depend
on a detailed cavity design study.

8.5 Damping of Parasitic Cavity Modes

In order to be able to control the coupled bunch instabilities by a feedback
system which damps the oscillations in the beam, the impedances of the para-
sitic modes of the rf cavities have to be reduced by a large factor by selective
higher order mode damping. This means that the power which is deposited
by a single bunch in the higher order modes has to be coupled out before the
next bunch arrives at the cavity. Standing wave accelerating cavities (8 = 1)
have been developed at different laboratories. Usually the transfer of generator
power to accelerating voltage has been optimized. The figure of merit is the
shunt impedance Z which is given by Z = U2/P = (R/Q)- Q where U is the
accelerating voltage, R/Q is the geometry constant, Q is the quality factor of
the cavity, and P is the power dissipated in cavity wall. The conductivity of
the metal wall determines the value of Q whereas the geometry of the cavity
enters via the geometry constant R/Q. Usually the factor R/Q is optimized
by computer cavity modelling (SUPERFISH, URMEL, etc.) with respect to
the fundamental mode frequency. As long as the excited HOM spectrum does
not influence the beam quality itself (i.e. at Jow beam currents) this procedure
is valid. With increasing beam current the HOM fields might deteriorate the
beam quality and finally lead to a complete loss of the beam. The most ef-
fective passive remedy is to couple out all single bunch deposited HOM power
before the next bunch arrives at the cavity. This can be achieved by strong
selective damping at the frequencies of the most dangerous HOM resonances.
The necessary strong damping requires couplers at a location with high HOM
fields.

In order to damp the strong TMO11 line mede, a capacitive beam pipe HOM
coupler will be used. This requires further development of the HOM couplers
of the DESY superconducting cavities, which is described elsewhere [43].

Because of the variety of HOM field patterns it is difficult to reach sufficient
coupling by only a few dedicated couplers. Furthermore, these couplers need
an effective rejection of the fundamental mode power.

A complementary method which leads to broadband damping of parasitic modes
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was investigated and developed {44]. Properly placed slots in the cavity wall
cause radiation of HOM power and thus reduction of their impedances seen by
the beam. The damping effectiveness of one slot vs. width, length and position
of the slot has been measured and the obtained results have been applied to a
single cell “slotted” cavity.

Test measurements on 1 GHz copper cavity models have been performed. In a
first step, the computer code URMEL [45] has been used to calculate frequen-
cies and R/Q values in the range of 1-3 GHz. For first measurements modes
with significant values of R/Q (monopole, dipole and some quadrupole modes)
have been selected. The HOM spectrum of the unperturbed cavity was mea-
sured (frequencies, mode patterns, polarizations, and Q values) before adding
one or more slots. As a first step, one slot was milled at the equator parallel to
the beam axis (Fig.63a). This orientation of the slot has the least influence on

fecrite

.b) ’ - .‘:\E

port for lereile

Figure 63: Slotted Cavity to reduce the Impedance for HOM.
(a) Location of the slot. (b) Slot covered with the ferrite.

the surface current of the fundamental mode, In early measurements the slots
radiated into the free space. Later a surrounding cavity, filled with absorbing
material, was added to dissipate the HOM radiated power. In another set of
tests, absorbing material (ferrite) was placed outside the cavity to cover the
slot area {Fig.63b). With proper size and location of the ferrite material this
results in the same damping as free space radiation. Once the optimum param-
eters (location, length, width) were found for one slot, cavities with increasing
number of slots were measured. Finally the influence of the slots to the low
R/Q HOM resonances were measured to prove the broadband character of this
damping scheme.

Fig.64a shows the damping of the most important HOM vs. increasing length
(L) of a 2 mun wide (W) slot. Fig.64b shows the damping of a 90 mm long slot
with increasing width. Two polarizations of non-monopole modes are affected

Test results for
slotted cavities
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Figure 64: Damping of HOM in a slotted cavity. (L,W = length, width of slot)
(a) Q vs. L, W= 2mm; (b) Q vs. W,L = 90 mm

differently by only one slot. It means that more than one slot is needed to
damp polarized field patterns. The polarization of T M2, plotted in Fig. 64,
shows less damping for a slot longer than 80 mam. This is due to a rotation of
this polarization caused by the slot.

Based on the single slot data, single cell cavities with 2, 4, 8 and 12 slots have
been measured. It turned out that a cavity with 8 equally spaced slots, each
100 mm long and 3 mm wide, is a good compromise between high damping of
HOM resonances and only moderate effect to the fundamental mode.

Table XV shows the properties of all modes in the frequency range 1-3 GHz
of a single cell resonator without slots and with 8 slots (L = 100 mm, W =
3 mm). With the exception of the two modes T Moy, (high R/Q) and T Moz
(low R/Q), all other HOM resonances are strongly damped. This demonstrates
that slots of proper width and length provide a broadband damping device.

One general problem with damping by slots is the fact that all HOM resonances
with only longitudinal surface currents (as in the case of the fundamental mode)
are less affected by longitudinal slots. To reduce the impedance of T Moz we
used one dedicated elecirical antenna coupler located at the equator. With
this coupler a quality of Q = 400 was reached. The vanishing electric field
of the fundamental mode at this location results in an only very weak (due to
asymunetry eflect) coupling to this mode so that only a moderate rejection filter
in needed. The strong electric field of the TMp;; mode, however, produces a
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Table XV: HOM spectrum of the 1-cell cavity
with no slots and with 8 slots

Computed Measured
URMEL-T[45]

No slot on Cavity Eight Slots on Cavity
Mode f(MHz) | R/Q(Q) [f(MHz) | Q| Z(kQ) | f(MHz) | Q| Z(kQ)

T Moo 999.36 | 111.646 | 987.0 | 29400 | 3286.0 | 986.0 | 26520 | 2960.9

TE1, 1359.64 19.540 987.9 | 23600 | 461.1 -1 < 50. <1
987.9 | 23500 | 458.8 -1 < 50, < 1.

TMi10 1411.26 44.994 987.9 | 24700 | 1088.6 | 1403.2 [ 2200 97.0
987.9 | 25100 | 1107.7 | 1486.0 | 2700 | 117.4

T M>10 1873.01 3.800 987.9 | 31900 | 121.1 | 1859.8 | 1000 3.9
987.9 | 32600 | 123.9| 1860.4 900 3.5

T Mo11 1971.05 33.932 987.9 | 31200 | 1058.8 | 1958.8 400 13.6
T Moao 2025.07 0.039 987.9 | 32600 1.0 | 2015.3 | 29600 0.9
T Mg 2148.15 2.652 987.9 | 18000 47.7 | 2123.3§ 1100 3.0
987.9 ; 18000 47.7| 2123.9| 1300 3.9

TMs;0 2235.40 0.656 987.9 | 33100 21.7 | 2232.81 1900 1.2
: 987.9 | 37700 24.7 | 2236.1 | 1700 1.1

TEs1 2300.27 0.112 987.9 | 27600 3.1 2281.0 400 0.1
987.9 | 27600 3.0 | 2288.4 500 0.0

1 TMa11 | 2654.06 10.802 987.9 | 21000 | 226.8 | 2634.9 500 5.5
987.9 | 22500 | 243.0 -| <20 | <02

TE41 2707.86 0.0026 | 2719.1 | 25400 0.1 2701.7{ 1200 ¢.0
2719.5 | 36700 0.1 | 2721.9 400 0.0

T Mz)o 2761.04 15.89 | 2787.4 | 28300 | 450.0 | 2781.0 | 3100 49.9
2789.0 | 25000 | 397.6 | 2783.6 1 3700 59.5

TEq94 2935.96 1.900 | 2939.1 | 38700 73.6 | 2946.0 490 0.7
2939.2 | 36200 68,9 ] 2957.8 600 1.1

strong coupling and thus a strong damping of this mode. In another solution
this single mode remains undamped and is tuned between machine lines.

Beam instabilities were simulated in the LER of the proposed asymmetric B-
factory using single cell cavities with an HOM spectrum as given in Table XV.
The calculated threshold current of multibunch instabilities is 2.7 A. In com-
parison, the beam would be limited at about 2.0 mA if the standard 7-cell
cavities of the PETRA ring would be used. For the given example of 8 slots
the fundamental mode impedance Z is slightly reduced from 3.3 MQ to 3 MQ
as compared to the cavity without any slots. If one accepts further reduction
of this value, even more damping can be gained. On the other hand, the dissi-
pated fundamental mode power warms the ferrite absorbers. For the presented
cavity geometry {scaled to 500 MHz) we expect about 1.3 kW fundamental

Threshold currents
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mode power dissipation in each absorber if the cavity operates at an accelerat-
ing voltage of U = 0.61 MV (2.1 MV /m). At this field level the power dissipated
in the cavity wall is 80 kW.
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9 Multibunch Feedback System

Passive damping of parasitic modes is not sufficient to provide stable condi-
tions for the large beam currents necessary in the asymmetric collider. An
active damper system is needed. Due to the high number of bunches (640), the
bandwidth of the feedback system necessary to cure the instabilities has to be
around 40 MHz. According to calculations of the threshold of instabilities for
the two machines it turns out that the natural damping times of about 12 msec
(transverse) and 20 msec (longitudinal) must be reduced down to 500 psec in
order to reach the design eurrents. This means that the machines have to be op-
erated at a factor of 20 above threshold currents. That this is indeed possible
has recently been shown [46] by operating the PETRA e~ machine success-
fully in such a regime with a feedback system of 5 MHz bandwidth adapted to
PETRA’s operation mode,

The feedback gain necessary to damp the transverse and longitudinal oscilla-
tions in the injection process determines the maximum feedback cavity voltages
in the longitudinal direction and the kicker strength in the transverse direction
respectively, The difference between the proposed system and the existing PE-
TRA/HERA broadband feedback system is the bandwidth of the deflecting and
accelerating devices. For the PETRA/HERA system, the deflecting kicker was
built up as a ferrite-capacitor loaded delay line together with a strip chamber,
to protect the ferrite material against beam induced currents. The advantage
of such a device is its high field at relative low input power. Its disadvantage
is the limited bandwidth. For the proposed system the kicker magnets will not
contain any ferrite and will therefore have a lower field strength but will have a
sufficiently broadband frequency response. A series of kicker-amplifiers provide
the necessary deflection.

In order to damp dipole oscillations in the longitudinal direction an overlapping
cascade of five 750 MHz-klystrons will be used. They are operated in single side-
band amplitude modulation mode and have a bandwidth of A f = 8 MHz each.

Each transmitter drives a single rf resonator of the HERA /PETRA feedback
type which has a bandwidth of 5 MHz.

The pick up of the PETRA/HERA feedback detection system has a bandwidth
of about 40 MHz. After the pick up the signal will be split in eight parallel
channels. For the digitization of each channel a 5§ MHz ADC will be avail-
able. Eight detectors and digital filters in parallel will provide the proper delay
and independently the required phase shift by using a three turn deep mem-
ory. After recombination the processed digital signals enter a DAC, The analog
signals drive five feedback transmitters after passing the corresponding band-
pass filters. A pre-equalizing network will be used to provide a sufficiently flat
frequency response.

Band width

Design of the
feedback system




Multibunch Feedback System

Most parts are All the components except the gated splitter and the equalizer are already
existing available and tested. They can be carried over from the PETRA /HERA system.
' Fig.65 shows the blockdiagram of the proposed system.
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Figure 65: Blockdiagram of the fast feedback system
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10 Magnets

The magnets of the asymmetric collider require only standard accelerator tech-
nology. Bending and focusing magnets outside the interaction region are con-
ventional magnets. They will be sketched below in order to allow a cost esti-
mate. In the interaction region permanent magnetic quadrupoles and supercon-
ducting quadrupoles will be used. The aim of their study is to make sure that
there exist technical solutions fitting into the limited space available near the
IP. A special magnet is the large aperture Panofsky-type separator quadrupole.
Interesting are also the short superconducting wiggler magnets in the LER.

10.1 Magnets in the Interaction Region

The first low beta quadrupole is placed only 60 cm from the IP inside the
detector field. The limited space available inside the 200 mrad polar angle cone
requires a very compact quadrupole design. A permanent magnetic quadrupole
is a good solution. A disadvantage of these quadrupoles could be their fixed
gradient which does not allow to vary the machine energy. This is not considered
an important constraint, however, since it concerns only the LER. Small scans
of the center of mass energy can be accomplished by varying the energy of the
HER.

There are several choices of permanent magnetic material for quadrupoles. Al-
though Sm;Co;7 does not provide the same magnetization as other materials, it
nevertheless appears to be the optimum choice for its small dependence of the
magnetization on temperature, its resistivity against external magnetic fields
and its good mechanical stability.

The first low beta guadrupole is divided into three sections of 25.7 em length
each, with rising inner and outer radii. They provide radial apertures of 33,
39 and 42 cm, respectively, for the beam and fit into the 200 marad polar angle
limit of the detector. A poletip field of G x r = 32.3 T/m x 28 mm is achieved
in a 16 segment guadrupole. Inbetween the 16 blocks a spacing of 0.6 mm is left
which is necessary for tuning the quadrupole [47]. The ratio of the inner free
aperture and the outer diameter with shielding is 4.8. This includes 5 cm for the
beam pipe and an outer supporting cylinder, as well as fixtures for the Sm;Co;7
blocks. An integrated gradient of 23.57 T is provided. The relative nonlinear
distortion of the quadrupole field at a radius of 10 o from the LEB is 3.8 x 107%.
Fig.66a shows a cross section of the permanent magnetic quadrupole, Fig. 66b
the magnetic field lines as calculated by the PANDIRA magnet code [48].

For the other two quadrupoles in the low beta triplet, a superconducting de-
sign was chosen. Possible solutions are the magnets considered in the PETRA

Most magnets are
standard

Permanent
magnetic
guadrupoles

Superconducting
quadrupoles
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Figure 66: Permanent magnetic low beta quadrupoles for HELENA: (a)
Schematic cross section and (b) Magnetic field lines as calculated by the
PANDIRA magnet code [48].
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microbeta study [49]} or the TRISTAN superconducting low beta quadrupole
(50].

The 10 m long combined function separator magnet is a hybrid between Panof-
sky quadrupole and window frame dipole. An aperture of 70 mm horizontal
and 150 mm vertical is needed. The required quadrupole gradient of 0.29 Tm™!
is very low. The maximum field inside this magnet does not exceed 400 Gauss.
Good field qualities are achieved with a simple design as shown in Fig.67. No
technical problems are expected for the layout of this magnet.
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Figure 67: Schematic cross section of the separator magnet with magnetic field
lines.

10.2 Conventional Magnets in the Arcs

Fig.68 and Fig. 69 show schematic cross sections of the LER magnets. Tech-
nical parammeters are listed in Table XVI and XVII. Fig.70 shows the field
distribution in the bending magnets. Although a detailed engineering design
still needs to be done for these magnets, no severe problems are expected. The
same magnet profile will be used for the dipole magnets of both the HER and
the LER. The two dipole types will only differ by their curvature.

The standard quadrupole magnet for the LER has been designed on the basis
of the HERA QR-type quadrupole magnet [51]. Its cross section is shown in
Fig.68. For the HER the same design will be used with somewhat increased
cross sections of the conductors and the return yoke.

Combined function
separator magnet

Standard design
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Figure 68: Schematic cross section of the LER quadrupoles.

| Table XVI: Technical parameters of LER quadrupoles

Quadrupole strength K.
Field Gradient

Pole distance

Effective magnetic length
Turns per pole

Mean winding length
Copper cross section
Resistance (50°C)

Current

Current density

Voltage

Power

Number of cooling circuits per magnet
Cooling water flow

Cooling water velocity
Cooling water pressure drop
Magnet length

Magnet cross section (height x width)
Iron weight

Copper weight

Total weight

Number of magnets

0.45
5.4
100
700
18
1.75
9 x 9;5p
~ 432
~300
~5
13
~4
1
14
1.15
6.6
800
~ 430 x 430
400
70
~500
328

m—2

T/m

mim
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Figure 70: Field homogeneity of the LER bending magnets,
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| Table XVI: Technical parameters of LER bending magnets |

Conductor material Cu | Al m?
Bending angle 6.4286 Grad
Bending radius 48 m
Sagitta 76 mm
Effective magnetic length 5.378 m
Pole distance 75 mm
Magnetic field 0.25 T
Ampere windings (no loss) 14920 A
Number of coils 2

Turns per coil 6

Conductor cross section 11 x 45;65° mm
Mean winding length 11.5 m
Resistance 5.5 8.7 mi
Current (with 1.8% loss) 1267 A
Current density 2.75 A/mm?
Voltage 7 11 \Y
Power 8.8 14 kW
Number of cooling circuits per magnet | 1 2

Cooling water flow 3.15 5 1/min
Cooling water velocity 1.6 | 1.5 | m/sec
Cooling water pressure drop 8.5 4.2 bar
Iron body length ~ 5310 mm
Iron weight 3 t
Conductor weight 0.53 | 0.16 t
Total weight 4 3.6 t
Number of magnets 56

Number of current circuits 1
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11 Vacuum System

For maximum average luminosity a beam-gas bremsstrahlung lifetime of better
than 10 h is needed in the asymmetric collider. The average vacuum pressure
in the two rings should therefore be better than 10~% mbar.

At the operating conditions of the asymmetric collider with beam currents of
I=1.1 A for the LER and I = 0.71 A for the HER a large gas desorption rate
is produced by the synchrotron radiation (SR) in the arcs. The linear power
density in the bending magnets peaks at 20 W/cm in the HER. In the LER
the power density reaches 5.4 W/cm. Outside the bending magnets the power
load falls off quickly, and in the largest part of the 23 m long straight sections
between bending magnets the load is negligibly small (see Fig.71).

The critical energies of the SR photons are 9.77 keV for the HER and 1.3
keV for the LER. For nominal operational parameters one calculates the
rates of photons per unit length to be N, = 4.25.10®s~'m~? (HER) and
N, =8.8-10"s"m™! for the LER. Following [52] we estimate the produc-
tion of nitrogen equivalent gas molecules with an effectivity of 7 ~ 10-5, This
leads to gas desorption rates of Q ~ 1.21.10~¢ mbar 1/s/m for the HER and
Q ~ 2.12-107° mbar 1/s/m for the LER. Table XVIII summarizes the vacummn
parameters for both rings.

Table XVIII: Parameters of the Vacuum System
HER LER

Beam Energy E/GeV 9.33 3.0
Beam Current /A4 0.71 1.1
Bending Radius /m 192 48
Linear Power Density W/cm 20.5 5.44
Power Density W/mm™—? 1.68 0.31
Critical Energy keV 9.77 1.30
Linear Photon Flux Density s~ Lem™! 4.25. 1018 8.48- 1018
Photon Dose Density cm~1h-1471 2.15.10%2 2.77 1022
Gas Production Efficiency 10-7 10-5
Gas Desorption Rate 1.21-10°% 3.12.1078
Pumping Speed 1/s/m 120 670
Pumps integr. Ion integr. Jon

Getter Pumps | Getter + distr. NEG
Average Pressure mbar 108 108

In case of the HER the vacuum requirements can be met using conventional ion
sputter pumps which will be integrated in the bending magnets. An optimized
ion sputter pump integrated into a HERA-type vacuum chamber made of Cu-
Sn-alloy provides an average pumping speed of S = 120 1/m/s which yields

Lifetime

Synchrotron
radiation power
load

Synchrotron
radiation power
load

Ion sputter pumps

for the LER
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Figure 71: Linear Power Density on the Beam Pipe from Synchrotron Radiation .
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an average pressure of 10~% mbar. Fig.72 shows the profile of the proposed
HER chamber. Copper, enforced by tin additions, appears to be the optimum
material not only because of its superior thermal properties but also because
of the highly developed production techniques available at DESY {53].

In case of the LER, conventional integrated ion pumps do not perform well
enough to provide the required vacuum. It is possible to reinforce the inte-
grated ion sputter pumps by NEG material in which case it should be easy
to achieve the required 300 1/s/m effective pumping speed. Due to the long
straight sections of 23 m between bending magnets, distributed pumps are
needed in addition. Six distributed Ti sublitnation pumps provide additional
50 1/s/m needed to maintain the vacuum in the straight sections.

Figure 72: Cross Section of the HERA Copper Vacuum Chamber.

Ti sublimation
pumps for the
HER
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12 Injection into the Asymmetric
Collider

The injection scheme for the preferred scenario is considered. The positrons for
the LER come from the existing LINAC II. They are accumulated at 400 MeV
and are then accelerated by the DESY II synchrotron up to 3 GeV and injected
into the LER of the asymmetric collider (see Fig.73). The existing positron
transfer channel between DESY II and PETRA-SOUTH EAST needs to be

e Inj HER
9.33 GeV

PROTON
bypass

Figure 73: Injection Chain into the Asymmetric Collider.
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- modified. The existing positron injection in PETRA II will be maintained. A
switchyard is needed in the straight section of the line which bends the 3 GeV
positrons for the LER upwards. In the arc of the line the 7 GeV and the 3
GeV lines run in parallel on top of each other. There is sufficient space in the
transfer tunnel.

The positrons need to be aceumulated in the LER. The present performance of
the positron source and acceleration chain is already sufficient. Every 160 ms
which is the cycle time of the synchrotron, 10'° positrons are delivered. Nine
shots are needed to fill the bucket with 8.3 - 100 positrons. To fill the LER will
take 16 minutes. This is just satisfactory.

Injection is accomplished in the standard way with a thin active septum (d = 3
mm) and a kicker bump with 3 kicker magnets. The emittance of the injected
beam is 7 mrad-mun. The available aperture for the injected beam amounts to
10 standard deviations of the circulating beam. The circulating beam has to be
kicked from a 10 o, distance to a 3.4 &, distance from the septum. The necessary
strength of the kicker amounts to 0.4 mrad corresponding to 40 Gauss-m. For a
rectangular kicker pulse of 100 ns length, 1.1-10® particles from the circulating
beam are lost at the septum. It is expected that a fraction of at most 10~3 or
10° particles will be lost in the detector region at each injection process which
is considered tolerable. This should allow a quasi continuous injection mode to
top-off the beam intensity which is important for high average luminosity.

The electrons of the HER are injected at top energy. This allows to top-off
the intensity and is also favorable with respect to instabilities. The existing
PETRA ring will be used as a 9.3 GeV injector. It has to be ramped between
its injection energy of 7 GeV to the 9.3 GeV transfer energy. Injection into the
HER is accomplished by a 26 m long straight transfer channel in the WEST
straight section. Two 1 m long 1T magnets are needed to bend the beam by
20 mr. Ejection and injection is in the horizontal plane. The bunch distance in
PETRA 1s 100 ns. Bunches are extracted from the axis using the same elements
as for the extraction towards HERA [54].

Particles could in principle be injected on the axis of the HER circulating beam.
However since the bunch distance of 12 ns is too short for the kicker to rise,
the beam has to be injected in quasi accutnulation mode. A kicker strength
of 0.27 mrad is needed which corresponds to 84 Gauss-m. The bunch spacing
in PETRA is 100 ns. 3 .10 particles in 70 bunches can be accelerated and
transfered at one time. Two bunches from PETRA have to be accumulated
in the HER to obtain the desired intensity of 5.3 - 1019 electrons per bunch.
This means that PETRA has to be ramped 18 times. Each ramp cycle from 7
to 9.3 GeV takes about 2 minutes. This is large compared to the filling time
of PETRA. The present electron injection system via LINAC II and the P1A
accumulator ring is able to deliver 3 - 10!° electrons every 160 ms. To fill the
HER takes about 20 minutes. Topping off the intensity appears to be very
desirable.

Injection into the

HER
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13 Cost Estimate

f Table XIX: Cost Estimate of the Asymmetric Collider

i B LER J HER ]
[MDM] (MDM]
Magnets 10.9 20.9
Vacuum 8.0 7.5
Stands = 1.0 = 1.0
Rf 16.4 29.3
Power Supplies 7.3 8.1
Cabling 2.1 2.1
Diagnostics 2.0 2.0
Controls 9.0 9.0
Cooling 3.5 3.5
Mounting 3.0 3.0
Interaction Zone 3.4 0.5
Cryogenics 4.3 —
Wiggler 2.4 —
Feedback 2.0 2.0
Total ~ 76.0 =~ 89.0
Civil Engineering 2 10.0

| Grand Total [ ~ 1750 MDM |
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Design of a Detector for a
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202 Universal Detector

1 General Layout

We propose to construct a universal detector. It is optimized for the observa-
tion of CP-violation, but also allows for an extremely wide additional physics
programie,

It consists of the following active detector components:

Abbreviation Component
SVD Vertex detector
cTC Central track chamber
RICH Ring imaging Cerenkov counter
TOF Time of flight system
ECAL Calorimeter
' MUCH Muon detector

A r,z-section through the detector is shown in Fig. 74, a cross section in 1,¢ is
given in Fig. 75.

The detector of an asymmetric B-factory has a similar structure as a classical
detector at a symmetric storage ring. The main difference is that is has to be
extended in the direction into which the high energy beam points, in order to
cover the same solid angle as for the symmetric case.

The shape of the detector is dictated by the Lorentz boost 3y of the centre of
mass system of the beams in the storage ring. It is given by the beam energies
E; = 9.33 GeV and E2 = 3.0 GeV

Ey - E,
= ——— = (.6
b= VEE,
Due to this Lorentz boost the average flight path of a B-meson originating from

T(45) resonance will be
’ ¢ = Byer = 0.21 mm

Distances of this order can be resolved by the vertex detection system of the
proposed detector.
The Lorentz transformation induced by this boost is illustrated in Fig. 76.

A fast particle emitted at an angle of * = 90° relative to the beam axis in the
CM frame will appear at a polar angle

1
#, = arctan — = 59°

By

in the detector. A forward moving low mass particle with CM momentum p*
will have its momentum transformed into the laboratory frame given by

pr={v+By)p" = 1.76 p".
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Figure 74: Cross Section of the Colliding Beam Detector (r,z view).
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0.=59°

{Lab.

Figure 76: Effect of the Lorentz boost 84 = 0.6 on high momentum particles.
Open arrows: CM momenta; black arrows: Laboratory momenta.

Correspondingly, a backward moving particle gets a Jaboratory momentum

p-=(y=P7)p" =057p".

Small polar angles 6* in the CM system are transformed into the laboratory
frame like o o
and 6_ = .
1.76 0.57
Due to a very sophisticated interaction region design, an angular coverage of

the detector down to an angle of

9+=

9+ = 12°

has been achieved in forward direction. This corresponds to a forward solid
angle coverage in the CM systeimn of

N = cos(1.76 6.} = 93.4 % of 27.
In the backward direction we choose a coverage down to
0. = 30°,

resulting in
' = cos(0.576_) = 95.6 % of 2.

Obviously the proposed detector covers an impressive solid angle range, which
in total amounts to
Q=945 % of 4n.

Acceptance
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Ellipsoidal shape
of the calorimeter

Drift chamber
radius

Conical shape of
the drift chamber
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In order to provide that calorimeter elements of equal size cover equal CM solid
angle elements, the calorimeter must have an ellipsoidal shape. The distances
of the calorimeter from the interaction point in the various directions should
relate like

forward : sideward : backward = 1.76: 1 : 0.57.

The shape of the proposed calorimeter approximates this shape.

The radius of the drift chamber » defines the scale and thus the overall size
of the detector. A large radius has advantages. The momentum resolution
improves like the square of the radius. Also pattern recognition and the reso-
lution of the specific ionisation measurement improves. However, there is also
a disadvantage connected with a too large chamber radius. Kaons will decay
within the chamber before being identified in the identification system behind
the chamber and thus get lost. As a result of simulation calculations we consider
a radius of
r =104 em

the optimal choice. This specification sets the scale for all other detector com-
ponents.

The shape of the drift chamber results from the requirement to obtain the
same momentum resolution for high-momentum particles regardless of their
flight-direction in the CM frame. Since the transverse momentum resolution is
proportional to the inverse square of the radius and to the transverse momen-
tum, the forward radius should be

Py = 74/sin(1.76 - 84 ) = 0.60 r.

In order to keep the length of the chamber within the limits of technical feasi-
bility, we choose r, = 54 cm which is still a fair approximation to the original
goal.

The backward radius should be

r_ = 7y/sin(0.57-8_) = 0.54 r.

Here we choose r_ = 52cm.

Thus the proposed conical shape of the drift chamber gives an almost constant
momentum resolution, independently of the polar angle of a track, in the CM
frame. In addition this shape minimizes the material traversed by photons
fiying to the calorimeter and it allows the optimal shape of the calorimeter to
be implemented. The usual separation into a barrel and an end cap calorimeter,
present in all classical detector designs, has been avoided here. This will lead
to a more homogeneous data quality and a substantial increase in detection
efficiency.
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A ring imaging Cerenkov counter is the ideal instrument for particle identifica-
tion at a B-factory detector. The detector design is based on the assumption
that such a counter can actually be built and operated. As a fall back solution
the space allocated for the RICH can be used to install a high performance
time of flight system which would guarantee reliable operation at a somewhat
reduced resolution. This option is illustrated in Fig. 77.

If a RICH is used, we foresee a simple time of flight system behind the RICH
which serves for triggering purposes.

We propose a calorimeter made of CsI{TI) crystals. Other apparently less
expensive solutions have been extensively studied. In particular, a calorimeter
design using scintillating glass was worked out in detail. No substantial savings
could be obtained, and CsI(T]) remained as the only reasonable choice.

Behind the calorimeter a 10 cm thick stainless steel housing supports the weight
of the calorimeter and serves as part of the muon filter.

The magnetic field is generated by a pair of superconducting Helmholtz coils.
Compared to the classical solenoid coil, they are less expensive and they allow
for access to the electronics of the calorimeter. The central field has a strength
of 1 T.

The outer shell of the detector is an iron magnetic return yoke which also serves
as a muon filter and contains the muon chambers.

The detector described here has been designed for the physics at a B-factory
without compromising the design because of economic reasons. It is optimized
within the limitations due to technical possibilities and unavoidable conflict-
ing requirernents which tend to distort the performance of one component by
optimizing another one.

However, it appears impossible to arrive at a substantially cheaper design which
would be still capable of performing all the measurements of the physics pro-
gramme planned.

Ring imaging
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Figure 77: Detector with Time of Flight Scintillation Counters for Particle

Identification instead of RICH Counters.
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2 The Magnet

The momentum p of charged particles is measured by the curvature of their
tracks in a magnetic field. We choose a magnetic field strength of B = 1T.

This choice is a compromise between the requirements of good momentum
resolution demanding a high field and of good acceptance for low momentum
tracks, which would be curled up by a high field. These conflicting requirements
are best satisfied by a low magnetic field strength and a large detector radius.

Simulation calculations for the pilot reactions to be observed by the detector
have shown that the momentum resolution o, required is

Op P
= =10.7
P % GeV/c
For a drift chamber with the proposed wire structure and a radius of 1 m this
resolution is achieved by a field of B = 1 T.

We foresee an iron flux return yoke with flat poles and an octagonal barrel part.
Two types of coils fit into this yoke: A solenoid or a pair of Helmholtz coils.

A study of these two options was performed at Saclay. It showed the feasability
of both options. While a'solenoid produces a more uniform field, the Helmholtz
coils allow for access to the electronics of the calorimeter and they are slightly
less expensive. A solenoid design would be a scaled down version of the ALEPH
coil, while the Helmholtz coil would be built with the technology developed for
the BEBC and EHS coils.

For the present detector design, we choose superconducting Helmholtz coils,
sinice access to the shower counters and easier mechanics to open the detector are
considered to be very important. Field distortions, caused by the compensation
coils needed to shield the beam magnets from the detector field, will arise in
either scenario, and are straightforward to compensate in the analysis software.
Hence this is not a decisive factor.

The coils are arranged in the classical Helmholtz coil configuration, each one
in equal distance from the centre of the magnet. The distance between the
two magnet poles is twice the distance between the coils. Thus the axial forces
on the coils are zero, as long as both coils are excited by the same current.
Nevertheless strong supports are foreseen, which will hold the coils in place in
case that one of the coils fails.

A coil is made of flat pancakes, with spacers between pancakes for helium
circulation in a pool boiling mode. The conductor is a copper stabilized tape
as currently manufactured, wound under tension together with a stainless steel
tape, which carries, in a distributed way, the radial magnetic load and avoids
the need for an outer thick shell. In this design the winding is mechanically
sound, without vacuum impregnation, and is properly cooled. The assembly

Choice of field
strength

Helmbholtz coils

Coil construction
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and electrical connections are easily controllable without complicated tooling
and sophisticated helium joints. The large axial forces have to be sustained
towards the iron yoke and require a number of axial supports. They are made
of high strength glass-epoxy colummns anchored in a vertical steel plate which
is connected to the iron yoke and also serves as a closing vacuum flange of the
cryostat. The two coils are completely separate and independent. The main
parameters of the coils are collected in Table L.

I Table I: The main characteristics of the coils 4]

| Inner diameter of cryostat 4.1 m
Quter diameter of cryostat 5.3 m
Length of a cryostat 0.76 m
Diameter of coil (centre} 4.7 m
Distance of coils {centre} 2.7 m
Number of pancakes per coil 10
Number of turns per pancake 50
Conductor size 30x4 mm?
Stainless steel tape 30x2  mm?
Rated current 5000 A
Central field 1 T
Peak field on conductor 5 T
Total Amp x turns 5.10°
Current density in conductor 42 A /mm?
Overall current density 25 A /mm?
Axial force on single excited coil 540 t
Axial force if both coils are excited | small
Stored energy 100 MJ

According to these specifications a cost estimate was made at Saclay. The coils
will amount to 18 MDM including cryogenics, but not helium refrigeration.

The iron yoke of the magnet has a weight of 1043 t. The cost of the iron yoke
is estimated to be 6.3 MDM.

The relatively low field required could also be achieved by a normal conducting
magnet. A normal conducting copper solencid with the same radius and cen-
tral field would cost about 6 MDM and have a power consumption of 4 MW.
Assuming an average electricity cost of 4 MDM per year, after a continuous
operation time of 3 years both a normal- and a superconducting magnet would
require about the same funds.

Field maps are shown in Fig. 78 and 79.

To facilitate an early separation of the two beams of the storage ring, the
detector magnet could be tilted by 110 mrd relative to the beam direction in
the horizontal plane. The detector components are not affected by this tilt.
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Figure 79: Field Distribution in z Direction at R = 0.1 cm, showing that the
beam magnets at a distance from the IP of more than 1.2 m are well shielded
against the main detector field by the compensation coils.
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Their axes remain strictly parallel to the beam axis. Alternatively an early
beam separation could also be accomplished by small permanent magnets.
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3 Vertex Detector

3.1 Introduction

The potential physics output of an asymmetric B-factory depends crucially on
the performance of a vertex detector, which gives access to the measurement of
time dependent effects down to time differences of 7 ~ 1071* s by measuring
space differences Fyer, where the asymumetric collider provides the Lorentz-
boost Sy of the B mesons. The main objectives of a B-factory include such
time measurements:

¢ The observation of CP violation in B decays to CP eigenstates, with
B — J/4K, being the most prominent example, which requires a deter-
mination of the time order of the two B decays.

» The study of the strongly time-dependent process of B,-B, mixing.

s The measurement of the individual lifetimes of beauty mesons and of the
T lifetime with an improved accuracy.

Furthermore a vertex detector adds to the reconstruction efficiency of reactions
in two ways:

¢ The separation of decay vertices in three dimensions reduces the combi-
natorial background in B and D decays and the hadronic background in
T-lepton decays.

s Adding high precision points to the track information obtained hy the
drift chamber improves the momentum determination.

In addition to an excellent spatial resolution, the innermost component of a
B-factory detector has to meet other demands. It is highly exposed to the
radiation background and can not be accessed for maintenance during long
periods of time.

3.2 Choice of Devices

3.2.1 Silicon Detectors

Double-sided silicon strip detectors appear to be the obvious choice for a precise
2-dimensional position measurement:

Combination of
asymmetric
collider and vertex
detector gives
access to
fundamental time
dependent effects

Strip detectors
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¢ An intrinsic resolution better than 5 um has been demonstrated [1]. This
is due to the high ionization statistics in Si, the limited charge diffusion
and the fine detector segmentation. A typical pitch size is 25 pm, but
when a charge is induced in >2 strips, the computation of the centroid
yields a position resolution much better than the strip pitch.

e Silicon detectors can cope with the speed requirements of high rate ex-
periments. The charge collection time is of the order of 10 ns, depending
on geometry and bias voltage, with an ultimate limit at carrier saturation
of O(1 ns). Contemporary VLSI preamps allow for a rise time of ~100 ns

2).

e Self-supporting structures are possible with silicon being a strong and
rigid material. The planar processing technology allows to fabricate strip
diodes with a high flexibility in design and a geometrical accuracy better
than 1 pm.

¢ The fine segmentation leads to a low probability for background hits over-
lapping with real tracks, i.e. a high occupancy limit.

e Silicon detectors are resistant to a radiation éxposure of several 10* Gy

[3]-

e There is growing experience in the use of various types of Si-detectors in
high energy physics and the development of new superior devices is an
active field of research.

Thickness A drawback of silicon strip detectors is their thickness of typically 300 gm which
introduces an angular uncertainty due to multiple Coulomb scattering of the
particle. For detectors fabricated on 4” wafers, the thickness can be reduced to
200 pm at the cost of a lower signal and higher fragility [4].

Radiation Another problem is the sensitivity of the associated VLSI electronics to ra-
sensitivity diation where the maximum dose is at present a few 10® Gy, but specifically
radiation hard chip designs and fabrication processes do exist in prototypes {5].

Pixel devices A severe limitation in the noise performance of strip detectors is the large
interstrip capacitance of ~2 pF/cm. This can only be avoided by detectors
segmented into pixels where the signal is amplified locally. Several realizations
of such a device have been proposed [6,7] and prototypes have already been
built and tested [8]. However, with pixel devices still being in an immature
state, the layout proposed in this study shall be based on strip detectors. The
option of using pixel detectors instead does not affect the general design.

cCD Charge coupled devices (CCDs) are pixel detectors that are used in some ex-
periments [9], but the readout by shifting the signal through the device at a
frequency of a few MHz per channel is far too slow for the present purpose.
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3.2.2 Other Devices

Drift chambers with small drift cells and operated at an increased pressure Vertex drift
have reached a considerable level of accuracy. A vertex chamber similar to chambers
the one operated at ARGUS [10] would suffice to measure CP violation in B
decays, but its resolution is clearly inferior to that of a silicon detector. The

amount of material in the sensitive volume appears to be in favor of a gaseous

chamber, but this statement is reversed, once the walls of the pressure vessel

and support structures for wires with large stereo angles are taken into account.

Furthermore, the background occupancy in drift chamber cells is expected to

be higher than in silicon strips {11]. This also comprormises the presumed good

pattern recognition ability of a drift chamber.

If the radiation background is too high to operate a silicon detector, a drift
chamber would not help either. Only for a high radiation dose delivered during
the injection phase, a drift chamber would be advantageous, because its aging
can be retarded by switching it off during critical periods. Since an improved
radiation hardness of VLSI electronics can be envisaged, the discussion of a
vertex drift chamber as a fallback solution will be omitted.

A combination of vertex drift chamber and silicon detector is disfavored because
it requires additional material and volume, and there is no significant benefit.

Gas microstrip detectors, where cathode and anode strips are fabricated on a (Gas microstrips
resistive substrate with a pitch of 100 pm or less, are the most promising alter-

native to silicon detectors. Prototypes {12,13] have not yet reached the intrinsic

resolution of silicon strip detectors, but further improvement is possible. Us-

ing Kapton as the substrate, these devices would be inexpensive, geometricaily

flexible and thinner than silicon detectors. A conceptual design of a vertex

detector with this new technology has been presented in [14].

Glass or plastic scintillating fibres [15] or capillaries filled with a scintillating Scintillating fibres
liquid have been proposed as central tracking detectors of high resolution. To

obtain a sufficient accuracy, 2-3 % of a radiation length material are required, by

far exceeding the thickness of a silicon detector. Furthermore, there is presently

no attractive readout technique. Image intensifiers followed by CCDs are clearly

too slow, whereas photomultipliers would occupy too much space.

In the forward® region, where the resolution of a cylindrical silicon detector Forward TPC
is strongly degraded by multiple Coulomb scattering, the use of a small time

projection chamber (TPC) has been proposed [16]. Apart from geometrical

conflicts, a high occupancy and problems with the required uniformity of the

magnetic field are expected. Instead, we propose to cover the forward region

by a suitable silicon device.

*“forward” and “backward” refers to the direction of the Lorentz boost.
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3.3 Design Considerations

3.3.1 Impact Parameter Resolution

The impact parameter resolution, i.e. the I-c extrapolation error perpendicular
to the track direction, depends on the detector’s intrinsic position error and on
the angular uncertainty from multiple scattering (MS). A beam pipe of radius
R, and thickness o in units of radiation lengths ultimately limits the resolution
to

0.014 GeV
o = rms angle x lever arm = z——-—ﬁ——i\/tolsin'ﬂ X Rp/sind  (69)
cp

where z, p and ¥ are the particle’s charge, momentum (in GeV/c), and polar
angle, respectively.

Consider a silicon detector of two cylindrical layers with intrinsic resolutions o;
and radii R; (¢ = 1,2), the inner layer being close to the beam pipe R; = Ro.
With o5 being the combined MS errors of the beam pipe and the first layer,
the impact parameter resolution is approximately given by

2 0‘1.R2 2 ( 0‘2R1 )2 2
- 12 s . 70
7 (Rz—R1> * Ry - Ry T M3 ' (70)

The gain from increasing the gap R; — R, is limited by ous and oy, t.e. the
properties of the beam pipe and the inner detector layer. For more detector
layers, the particle track may be written as

i
ylz:) = ap + Zaj(%‘ —z;_1); To=0
j=1

with z measured along and y perpendicular to the track, and neglecting the
small bending in the magnetic field. At each layer j > 0, at which MS occurs,
the particle is deflected by an angle a; =~ tana; with a momentumn-dependent
rms-value. The impact parameter resolution is then given by the uncertainty
in the determination of the coefficient oo, when applying a least squares fit
procedure.

It is found that a third layer of silicon strips does not further improve the
resolution. Nevertheless, at least three layers are required, if track recognition
is to be done from the silicon detector alone. The resolution of e.g. the two
outer layers pointing to hits in the innermost layer is then given by an expression
analogous to eq, 70, '

The intrinsic detector resolution depends on the angle of incidence. For inclined
tracks, the precision of the centroid of the induced charge is deteriorated by the
noise on the strips involved, and by energy straggling causing a non-uniform
charge distribution along the track. At large angles, the mean coordinate of
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“the strips within a hit cluster becomes even more accurate than the centroid.
These effects have been modelled in Monte- Carlo simulations [17] and have been
measured recently, but only preliminary experimental results are available [18].
A crude parametrization of the angular dependence

Cintrinsic = dum + 10um X (angle of inclination)2

may suffice for the present purpose, since the impact parameter resolution is
usually dominated by multiple scattering, particularly for inclined tracks.

3.3.2 Geometrical Limits

The space available for the vertex detector is limited by the outer radius of
the beam pipe (we assume 2,55 mm within 2z=4130 mm), the inner radius
of the drift chamber (130 mm) and a double cone of 200 mrad opening angle
(cosd = +0.98) centered at the z-axis, which is occupied by collider quadrupoles
and compensation coils.

The drift chamber covers polar angles of 9 = 12° — 150°. The true interaction
region is not pointlike, but extends longitudinally with a2 ¢, of 11 mm. The
silicon detector will be arranged such that tracks originating from a 2-¢, region
traverse three silicon layers before entering the drift chamber.

3.3.3 Background Limits

One limit on the tolerable amount of background radiation is set by the max-
imum dose the detector and readout electronics can resist. The other limit is
the acceptable probability for background hits interfering with real tracks (see
also {11]}.

Knowing the beam properties, the synchrotron radiation characteristics are pre-
dictable and masks can be designed to shadow the sensitive region from direct
radiation (see I1.5.2}. Photons scattered e.g. from downstream collimators and
leaking through the beam pipe are likely to be absorbed in the innermost silicon
layer. Their spectrum is dominated by the 8 keV line from K-shell fluorescence
in the copper coating of the beam pipe. At this energy, the mean free path in
silicon is only 0.07 mm.

A limit of 0.1 Gy/h (or 2.8 -10"% W/g) that allows readout chips available
today to survive about 107 s, corresponds to a flux of 10° photons/s of 8 keV
absorbed per cm? of a 200 um thick silicon layer. On average, charged particles
will induce charge on 4-5 strips of 50 uym width. Considering a 12 cm long
detector, 306000 background hits per second from synchrotron radiation are
expected in five adjacent strips. With a readout frequency of 10 MHz (see
3.4) the resulting occupancy probability of 3 % is just tolerable. The limit on
synchrotron photons is further relaxed by the fact that 8 keV photons are easily
discriminated from the »>50 keV hit clusters of minimum ionizing particles.

Geometry

Synchrotron
radiation
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However, the occupancy will become the limiting factor, when radiation hard
electronics permits a dose rate orders of magnitude higher.

Another source of background are beam particles deflected by interactions with
the residual gas. These lost particles and photons from interactions close to the
IP may send shower debris into the detector. The significance of this process
depends on the machine geometry, the vacuum profile and the beam conditions,
particularly during injection, and is hard to predict. Compared to synchrotron
radiation, the average energy is much higher and the tolerable flux of particles
lower. Since the first detection layer has to be as close to the beam pipe as
possible, there is no space for an effective shield against this radiation. For
beam particles hitting the masks or the conical slopes of the beam pipe, EGS4
[19] shower simulations indicate that a shield of >30 radiation lengths of heavy
material (lead or tungsten} can attenuate this radiation by a factor of ~10.

3.3.4 Environmental Considerations’

Apart from pile-up due to radiation background, the signals from the silicon
detectors may be distorted by thermal noise, electromagnetic pickup and, to a
certain extent, by the detector’s magnetic field.

The temperature in the vicinity of the vertex detector should not only be kept
at a moderate level, but also equilibriated within the detector volume to avoid
time-dependent and uneven thermal expansion. Contemporary CMOS readout
chips have a power consumption of 1 mW per channel [2] which results in
O{100 W) for the whole vertex detector. The heat load of the beam pipe due
to synchrotron radiation, image current heating, and higher order mode losses
may be even larger [20}].

Cooling by forced air yields about 1.3 kWs/(m®K). The forward detector de-
scribed below leaves a gap of 0.016 m? between detector and beam tube. With
a flow of a few m/s and a temperature difference of, say, 2° K, not more than
100 W can be handled. Cooling by contact to a liguid circuit or evaporative
cooling is more efficient and should be employed at suitable places, possibly in
combination with forced air to level out temperature variations. If the beam
pipe is cooled by a liquid between two concentrical Be tubes [21], the lever arm
in eq. 69 increases by 1 mm and #¢ is doubled, increasing the extrapolation error
by 50%.

Besides being sensitive to RF pickup, the vertex detector itself is a potential
source of noise: current VLSI chips require several 5 V driving signals trans-
mitted continuously at the sample frequency.

A magnetic field of 1 Tesla results in a Lorentz angle of 31 (165) mrad for
holes {electrons) in silicon [22]. This causes a broadening of the signal and a
systematic shift of a few ym that can be corrected for.
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3.4 Layout of a Silicon Vertex Detector

3.4.1 Strip Detector Layout

A generic design of a silicon vertex detector, based on technology existing today,
1s presented in this section.

Double-sided strip detectors with orthogonal strips are now available, providing
three-dimensional position information without doubling the detector thickness.
On a high-resistivity n-type substrate, p*-strips on one and n¥-strips on the
other side are introduced by ion implantation. The pt strips form diodes to
which a reverse bias voltage is applied. They are individually biased by polysil-
icon lines connected to a bus which provides ohmic contact between the strips.
Aluminum readout lines, congruent with the strips, are separated from the
doped material by a SiO, layer forming capacitors for AC readout. On the n*t
side, an accumulation layer of electrons builds up that would short the nt strips
if no measures were taken to isolate them, either by additional p* implantations
[23] or with field-induced junctions [24].

To match the diffusion width of the charge carriers, a strip pitch of 25 um is
chosen. A good resolution is achieved by taking advantage of capacitive charge
division (1] and connecting only every second strip to the readout electromics.

The readout electronics is placed on ceramic hybrid plates glued onto the detec-
tor edges and connected via ultrasonic wire bonding. Considering a rectangular
detector with orthogonal strips, it is desirable to access long and short strips
from the short edge only. A way to accomplish this is currently under study
[14,25]: The short aluminium lines are overlaid by a second metallization layer
with readout lines running perpendicular to the short strips, spaced at the
nominal strip pitch. Contact holes in the oxide layer separating the two metal-
lization layers connect every Nth short strip to a given readout line, where N
is the number of such lines fitting on the detector. This leads to an ambiguity
which is removed using the drift chamber information. In the z-coordinate, the
stereo angle of the drift chamber wires yields a resolution of @(1 mm) which
is more than sufficient. A rectangular detector and an analogous semi-circular
design are sketched in Fig. 80.

3.4.2 VLSI Readout Electronics

The silicon strip detectors are read out by VLSI-chips with a pad pitch of 50 pm.
Although other configurations are just as possible, 128 readout channels per
chip are assumed in the following. The chip is then 6.4 mm wide and of similar
length, depending in detail on the functions incorporated and the technology
used. Contemporary preamplifier chips with multiplexed readout [26,27,28,29]
are customarily fabricated with 3 um CMOS technology, but smaller integration
is already available. The functional units required for the present purpose are:

Double-sided strip

detectors

Strip pitch

Placement of
readout
electronics

Chip design
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Figure 80: Schematic design of strip detectors with double strip metallization.
Contact holes along the diagonal lines connect each readout line to a number
of short strips.

» A charge sensitive amplifier with low noise and low power consumption.

A discriminator providing digital information.

¢ An analog pipeline to store pulse heights for at least 3us and a second
buffer for ~10 events accepted by the first level trigger.

o Circuitry for multiplexed readout.

Noise performance, power consumption, speed, and detector capacitance are
interdependent quantities. Using CMOS chips, a power consumption adjusted
to 1 mW /channel is consistent with a rise time of 100 ns {2}, i.e. >8 bunch
crossings per sample. With 16000 electrons released by a minimum ionizing
particle traversing 200 wpm of silicomn, the equivalent noise charge should not
exceed ~1500 electrons for a detector capacitance of ~25 pF. This requires
additional filtering techniques, known as double and quadruple correlated sam-
pling {26,27), where samples are taken before and after the actual event. An
analog pipeline as discussed below can provide these samples.

A comparator provides digital information from channels above a preset thresh-
old. The minimum requirement for a first level trigger is the OR of all channels
on one chip. More detailed digital information can be used to decrease the
readout lime by addressing only the channels above threshold. The feasibil-
ity of such a feature has already been demonstrated {28}, but the anticipated
benefit has to be balanced against the additional chip area and higher power
consumption.




Veritex Detector

A decision from the first level trigger is.expected after 3 us which defines the
depth of the analog pipeline. None of the existing chips provides multi-event
storage, since there was no immediate need to do se, but developments in view
of future high rate experiments have started (2,30,31,32]. An analog pipeline
can be realized with switched capacitors, standard CMOS elements with a
sufficiently long memory decay time [33]. Building a ring buffer of 32 storage
cells for each channel would extend the chip length by 2 mm.

Several events selected by the first level trigger are stored to await the next level
decision, while data taking continues. This may happen in a shorter version
of the previous pipeline or, at this stage, one may even think of pipelining the
events through a successive-approximation ADC [30).

The second leve] trigger initiates the readout cycle where multiplexing reduces
10° channels to 10% readout lines, i.e. 8-12 chips share a bus on a thin Kapton
cable. At a cycle frequency of 5 MHz, this implies a readout time of 200 us.
The bus contains lines for the analog output, detector bias, chip power supply,
driving signals for the switching sequences of sampling and readout, and pos-
sibly address lines for selective readout. There is space available between the
detector and the first magnets to install cable drivers as close as 20 cm to the
chips.

3.4.3 Signal Processing

The role of further electronics depends on the functions implemented on the
chip. The required tasks include noise filtering, analog-to-digital conversion by
flash ADCs, elimination of time-dependent pedestals or cornmon mode fluc-
tuations, hit clusters identification and communicating the reduced data to a
computer. Since the multiplexed readout is a bottleneck, some of these jobs
may be done on-chip while awaiting a higher level trigger decision.

An example is the unit developed for the DELPHI silicon vertex detector [34].
For flexibility in the algorithm employed, a programmable processor is used
which allows for a processing time of ~2 ms.

To keep pace with the event builder, readout and data processing should take
no longer than 1 ms which appears to be feasible with 10 units working in
parallel.

3.4.4 'The Barrel Detector

The barrel detector consists of three cylindrical layers built of rectangular mod-
ules that contain up to four double-sided strip detectors (Fig.81a,b).

The radius Ry of the innermost layer is determined by the fact that it should be
very close to the beam pipe to minimnize the multiple scattering error. For the
outer layers, the module length increases with radius and so does the detector
capacitance. The radius R3 of the outermost layer is chosen as to yield a module

Analog pipeline

Multiplexed
readout

Electronics

Geometry of the
barrel detector
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Figure 81: Arrangement of the silicon detector modules
a) in the r-z plane,
b) r-¢ cross section at A (barrel part),
c) cross sections at B-E (forward modules).



Vertex Detector

length that equals four times the maximum length of a detector fabricated on
a 4" wafer, With R; and Rj; fixed, the radius R, of the intermediate layer
represents a compromise between different requirements. As shown in fig. 82,
the impact parameter resolution at the IP improves slowly as Ry — Rs, whereas
the highest background occupancy is expected on the innermost layer and good
track recognition ability of the outer layers implies Ry — R;. The geometrical
data resulting from these considerations are given in Table II. With a thickness
of 200 pm for the innermost layer and 300 um for the outer layers, the silicon

of the barrel represents {0.85/sin )% of a radiation length.
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Figure 82: Errors in e}itrapolating 1 GeV/c pion tracks from the two inner
layers to the IP (solid line) and from the two outer layers to R; (dashed line),
depending on R;. R; and Rj are fixed to 27 mm and 81 mum, respectively.

2 layer radluy {mm)-

Table II: Geometry of the silicon barrel detector.
The readout pitch of all detectors is 50 um
and their sizes inciude a rim of 500 un.

Layer no. 1 2 3
Number of modules 8 16 16
Number of deteciors 16 64 64
r-¢ readout channels 4096 16384 20480
r-z readout channels 4096 16384 8192
Inner radius [mm) 27.0 58.0 81.0
Detector width [mm] 26.6 26.6 26.6/39.4
Detector length [mm)} 52.2/77.8 | 52.2/77.8 77.8
Module length [mumn] 130.0 234.4 311.2
Detector thickness [pm] 200 300 300
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Once the layer radii are fixed, the number and widths of the modules are the
next issues. Approaching a cylindrical shape with many modules minimizes the
average radius and incident track angle, but increases the amount of dead ma-
terial, since state-of-the-art detectors require a > 500um wide rim. However,
computing the overall resolution for different polygons shows no pronounced
optimum and the choice is rather a matter of mechanical feasibility. A pos-
sible solution is shown in Fig.81b. An overlap between adjacent modules is
desired for full solid angle coverage and for software alignment using tracks
passing through more than one module. In the outer layer, modules of different
widths are used and are daisy-chained pairwise to reduce the number of readout
channels.

Individual detectors are giued together to form a module with additional pieces
of ceramic or carbon fibre being included for rigidity. Modules of the first
layer are built from two detectors, the outer two layers require four detectors,
all fabricated from 4” wafers. The innermost modules are read out from the
backward end only, whereas the modules of the two outer layers are read out
from both sides to split their capacitance.

On the forward end, the ceramic hybrid boards carrying the readout electronics
are tilted by 30° to minimize the obstructed solid angle. The 35 W produced
by these chips can be carried away by forced air. The chips at the backward
end of the barrel are out of the drift chamber’s acceptance region where a solid
support structure and contact cooling is possible.

The expected impact parameter resolution for charged pions with respect to
momentum, polar, and azimuthal angle is shown in Fig. 83 and 84.

3.4.5 Forward Detector

The impact parameter resolution of the barrel detector is strongly degraded
at forward angles, as shown in Fig.84. If the resolution in z is the quantity
of interest, the effect is even worse by a factor of 1/sin?. A suitably tailored
forward detector can improve the resolution, but only within the limit set by
the beam pipe {Eq. 69). Another benefit of a forward detector is that it allows
to reduce the length of the barrel modules.

Placing silicon detectors perpendicular to the particle tracks minimizes the ef-
fective detector thickness and optimizes the intrinsic resolution, but the average
lever arm increases. The optirmum could be obtained when keeping close to the
beam pipe with a saw tooth like arrangement of many small detectors. Con-
sidering dead material and mechanical feasibility, the number of such detectors
should however remain small. Arranging the detectors perpendicular to the
beamn pipe simplifies the construction without much loss in resolution. Four
detector planes are forseen (Fig.8la,c, and 85) and are arranged such that
each track traverses at least three planes. Their geometrical data are given in
Table IIL
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Figure 83: Momentum dependence of the impact parameter resolution for
charged pions at ¥ = 90° and different azimuthal angles.

Solid line: ¢ = 0° (defined as perpendicular incidence).

Dashed line: ¢ = 22°.

Dotted line: ¢ = 27° (overlap of two modules).

Table III: Geometry of the forward detector.

The readout pitch of the circular strips is 50 pm
and varies for the radial strips. A rim of 500 um is included.
Plane no. 1 2 3 4 |
Number of detectors 2 2 8 8
r-¢ readout channels 512 |} 512 | 3584 5120
r-z readout channels 512 | 512 | 3584 5120
z[mm] 91.0 | 124.7 | 165.0 212.0
Inner radius {nunj 26.0 | 26.0 | 35.2 43.0
Outer radius [mm] 39.8 | 39.8 | 81.0 108.0
Detector thickness {um] | 200 | 200 300 300

The first two forward planes (seen from the IP) are built using the semi-circular
type of detector shown in Fig. 80 which fits on a 4” wafer and is assumed to be
200 pm thick. The position of the second plane is given by the minirmum polar
angle ¥ = 12° The detectors of the first plane cover the adjacent polar angle
region.

The forward detector includes two more planes built from 45° segments as
shown in Fig. 81c. The position in z of the outer plane is chosen such that one
octant still fits on a 4” wafer. With 300 pm for these planes, the total thickness
of silicon is (0.85/cos 9)% of a radiation length for 4 = 12° — 26°.
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Figure 84: Impact parameter resolution for 1 GeV/c pions as function of the
polar angle 9.

Solid line: Barrel and forward detector.

Dashed line: Barrel detector only.

Dotted line: Resolution limit given by the beam pipe {Eq. 69).

The average resolution for pions distributed isotropically in the eTe™ rest frame
is 40 pm for ¥ = 26° — 150° and 116 pm (144 pm) for 9 = 12° — 26° with a
forward (barrel type) detector.

The detectors forming the forward planes do not overlap and the sacrificed rim
area of < 2% is occupied by the readout electronics. Evaporative cooling may
be used here with tiny pipes running radially outwards. Each detector is read
out from one end by VLSI chips on a ceramic hybrid board perpendicular to
the detector plane (Fig.85) which requires a non-trivial wire bonding technique
or other bonding methods. The chips may also be bonded conventionally and
placed directly on the detector at the cost of additional multiple scattering in
parts of the solid angle. One more alternative is a Kapton cable connection
between detector and readout chips [33).

3.4.6 Mechanical Construction

The silicon barrel and forward detector are rigidly connected and form a seli-
supporting structure. It is built in two half cylinders that are closed around
the beam pipe. The total weight of the silicon detectors is about 230g, chips
and hybrids add another 100g.
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Figure 85: Side view of the forward silicon detector and part of the barrel,
including VLSI electronics on ceramic hybrid boards.

The whole vertex detector requires support at both ends. The drift chamber
acceptance of ¥ = 12° — 150° permits a connection between vertex detector and
drift chamber at the backward end. A forward connection would have to be
beyond z = 13 ¢m/tan12° = 61 cm. Instead, we propose a forward support
ring that slides on the beam pipe which may underge longitudinal thermal
expansion, but should be inhibited in transverse motion.

The forward ends of the barrel detector modules could be supported by thin
semni-circular arcs made of carbon fibre, their backward ends would be mounted
on a structure that provides the connection to the drift chamber.

The positions of the forward detectors can be defined by vanes perpendicular
to the detector planes. These vanes would furthermore provide the connection
between forward and barrel detector and would connect the whole detector to
the forward support ring.

Extensive survey of the detector with a coordinate measuring machine is nec-
essary before and after a period of operation. In addition, some means of on-
line position monitoring, either by capacitive probes or using laser light spots,
should be employed. The final alignment information, however, comes from the
off-line track analysis.

Alignment
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3.5 Costs

The vertex detector presented here requires six different mask designs for
double-sided strip detectors and 164 individual detectors from 134 wafers of
4” diameter. A tentative cost estimate is 0.6 MDM to design and manufacture
the masks and 1.2 MDM for the detectors plus spares.

Consider 9.5 MDM to design a readout chip that meets the discussed require-
ments, 0.3 MDM to fabricate ~ 1000 chips, 0.3 MDM for the ceramic hybrid
boards and Kapton bus lines, 0.8 MDM for R&D in readout electronics and the
production of 10? units.

Building the vertex detector requires clean room equipment, microscopes, a
bonding machine, a probe station, a coordinate measuring machine, comput-
ers, oscilloscopes and other lab equipment. Starting from an already existing
laboratory, 1.0 MDM may be sufficient.

With another 0.5 MDM for mechanics and other small items, the estimated
costs total at 5.2 MDM, excluding manpower (see also Table IV).

| Table IV: Cost Estimate of a Silicon Vertex Detector |

Item Cost
MDM
Masks 0.6
Detector Elements : 1.2
Readout Chip Design 0.5
» ” Fabrication 0.3
Ceramic Hybrid Boards + Bus Lines 0.3
Electronics. Design + Production 0.8
Laboratory Equipment 1.0
Mechanical Parts 0.5
Total 5.2

3.6 Summary

The physics goals of an asymmetric B-factory require a precise position mea-
surement of secondary decay vertices,

The design of a vertex detector presented in this document is based on double-

sided silicon strip detectors, although alternative devices (silicon pixel detectors,
gas microstrip detectors) are not ruled out.

The strip detectors, fabricated on 4” wafers, would be 200 ym and 300 pum

thick with a strip pitch of 25 gm. On one side, the strips would be overlaid by
perpendicular readout lines to allow for readout from one edge.
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VLSI-chips, that combine small size, high speed, low noise and low power con-
sumnption are required to amplify the signal from the strip diodes and to store
several events in an analog pipeline. The required specifications can be met by
technology available today.

The geometrical layout of the vertex detector aims at an optimized spatial
resolution, full solid angle coverage and good track recognition ability, and
includes two parts which are rigidly connected to each other and to the outer
tracking device, i.e. the drift chamber:

e a barrel part with three concentrical, cylindrical layers of silicon

¢ a forward part with four planes perpendicular to the beam axis.
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Central Track Chamber

4 The Central Track Chamber

The Central Track Chamber (CTC) is the principal device for reconstructing
tracks of charged particles. Its tasks are the following omnes:

* Determine the number of charged tracks. The achievable reconstrue-

tion efficiency for charged particles mainly depends on the Central Track
Chamber. Other detector components contribute only marginally to track
recognition.

Determine the charged tracks’ momentum and direction. The momen-
tum resolution, even though iraproved by Silicon Vertex Detector (SVD)
information, depends essentially on the Central Track Chamber design.

Find vertices located outside the dedicated vertex detector SVD, e.q.
strange particle decay vertices and photon conversion points.

Provide the necessary input for reconstructing charged tracks in all other
detector components.

With the Silicon Vertex Detector, there exists an interplay in the sense
that, on one hand, the information of the SVD is of limited use without
knowing the tracks’ trajectories and that, on the other hand, the SVD
may contribute itself to the momentum resolution and even to the track
recognition,

The analysis of the outer detector components RICH, TOF, ECAL, and
MUCH unconditionally needs the charged tracks’ information.

A necessary condition for detecting neutral particles in the ECAL is to
identify and to discard those calorimeter signals which are induced by
charged particles.

Identify particles by measuring their specific energy loss dE/dx in the
chamber gas. This complements the dedicated particle identification sys-
tem RICH/ TOF as well as the electron identification in the calorimeter
and the muon identification in the muon chambers.

Allow for a fast trigger decision. Charged track information is an essential
input for an efficient and selective trigger.

We propose to build a drift chamber with small drift cells. All cells are slanted

with respect to the beam axis by a varying stereo angle. The shape of the

chamber, formed by cylinders and truncated cones, is novel.
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4.1 Design Criteria

In this section, the criteria are discussed which have been taken into consid-
eration in the proposed design. It will become evident that different criteria
frequently lead to contradictory demands on the detector. The necessary com-
promises and the adopted solutions will be discussed in subsequent sections.
Headings of sections referred to are indicated by bold face characters.

The chamber is designed for physics in the T(45) region. At these energies,
the event topology is isotropic (Y(45) — BB events) or only moderately jet—
like (gg events). The average charged multiplicity is about ii on the T(45}
resonance. Thus, in contrast to detectors for physics at higher energies, disen-
tangling complicated jet structures does not impose a major problem on the
chamber design (see section Cell Structure). Instead, the aspect of opti-
mizing the reconstruction of low momentum tracks has been placed into the
foreground.

4.1.1 Geometrical Acceptance

To achieve an optimum geometrical acceptance for a detector at an asymmetric
ete” storage ring reguires finding new solutions for the chamber’s geometrical
design. The Central Track Chamber’s novel shape ard its geometrical accep-
tance are described in the section Chamber Geometry.

4.1.2 Track Parameter Resolution

The following discussion of accuracies will mainly refer to the momentum reso-
lution o, which, in turn, depends on the transverse momentum resolution oy,
and on the polar angle resolution o4:

2 2 2 2y7 s 2

o, = (0p, + pio5s)/ sin’ ¥,

The azimuthal resolution o, is not treated here as it is hardly ever a limiting
factor in B physics analyses. The spatial resolutions of the tracks’ origin, o4

and ., was addresssed earlier in context with the vertex chamber.

4.1.3 Spatial Resolution

A drift chamber has been chosen to be used as Central Track Chamber as it
provides an optimum spatial resolution over a large volume in connection with
a relatively low density. The achievable spatial resolution in the drift cells op

depends on the Cell Structure and on the chamber gas (see section Gas and
Wire Materials).

Furthermore, all angular and momentum accuracies depend on the number of
measurements Np,.,, along the track trajectory (see Stereo Layers).

Optimized for
“low” energy
physics

Novel shape of the
cTC

Resolutions:
Op;
Tpry T,

Td, O

Choice of CTC:
Drift chamber

op

Nmea.a
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Figure 86: Pion momentum resolution o, /p vs. p for the proposed design (full
lines). In addition, the resolution of a hypothetical detector without multiple
scattering is shown (dotted lines). Both resolutions are given for polar angles
cos® = 0 and cos? = 0.9 as indicated in the figure.

4.1.4 Momentum Resolution

Multiple scattering effects in the chamber’s active volume * are non-negligeable
even at the highest interesting momenta. This is demonstrated in figure 86
which shows the finally obtained resolution together with the resolution of a
hypothetical detector with the same characteristics but without any multiple
scattering. In the following discussion on ¢y, and oy, multiple scattering will
first be ignored and taken into account later.

The transverse momenturn resolution o, depends on the Magnetic Field B
and on the Chamber Size given in terms of the radii of the innermost and
outermost drift layers R;pner and Rouser:

Oppr X OTpD - N_1/2 * B—l ° (-Router - Rinner)_’z-

meas

Consequently, an increase of the chamber size by 10% results in the same res-
olution improvement as an increase of the magnetic field by 20%.

For high momentum tracks where multiple scattering in the inner CTC wall

is small and thus the Silicon Vertex Detector contributes to the momentum
determination, Rinner in the above formula should be replaced by the SVD

outer radius Rgsyvp.

*To a good approximation, multiple scattering in the chamber’s inner wall does not deteri-
orate the momentum resolution of the CTC and is consequently ignored here. It determines,
however, to which extent the vertex chamber SVD contributes to the momentum measurement
(see below: Interplay with the vertex chamber).
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In a drift chamber, the best polar angle resolution o3 is obtained by using stereo
wires for the three—dimensional track reconstruction. This solution has been
chosen. The complications concerning the trigger and the track recognition
procedure are well understood from existing detectors; see, e.g., [35] for the
reconstruction prograrnme and [36] for the trigger. The polar angle resolution
oy depends on the track length s inside the active chamber volume and hence
on the Chamber Size. Furthermore, oy is a function of the stereo angle o
and of the number of stereo wires along the track trajectory Niiereo as paraxial
wires do not contribute to the ¥ measurement (see section Stereo Layers):

-3/ . 1 -1
08 X 0D * Nyporeo+sin™ o (RO’MC"' - Rinner) :

4.1.5 Multiple Scattering

Taking multiple scattering effects into account, the above statements on reso-
lutions remain true with the restriction that, with increasing distance covered
along the track trajectory, measurements are more and more spoilt by multiple
scattering and contribute less to the track parameter accuracy.

Thus, even when considering multiple scattering, ¢,, and oy depend on the
spatial resolution ¢, on the magnetic field B, and on the sterec angle « in the
sarne way as described above: 0, « op- B™? and 0y x op - sin" 1 a.

Furthermore, the o, and 6y dependence on N,ee, and Nypereo is similar with
and without multiple scattering: o, (Nmea,)’l/ ? and oy (N,te"o)‘l/ 2 if
these numbers are interpreted as density of measurements at the beginning of
the track and not as total number of measurements.

The dependence of the momentum resolution on the Chamber Size R, s ~
Rinner is weaker than described in the above formulae due to multiple s'cattering
effects. Nevertheless, a large chamber size is the most efficient way to improve
the momentuin resolution for high momentum particles. This is demonstrated
in figure 87. For high momenta (p > 1 GeV/c), the relations 05, & (Router —
Rinner) ™% and 03  (Router — Rinner ) ! are still a good approximation.

The most efficient way to keep multiple scattering effects small is to choose ap-
propriate Gas and Wire Materials with low Z, and to minimize the number
and thickness of wires (see Cell Structure),

The optimum choice for the wires and for the gas is still under discussion. Test
measurements have been done [37,38] and will be continued in future in order

to investigate, for example, the usablity of gas mixtures containing helium and
DME.

In the present paper, we assume propane to be used as the chamber gas and
copper—berylium for the cathode wires. These materials fulfil all requirements
on drift chamber materials except that concejvably they do not represent the
optimum choice with respect to multiple scattering. They have been used since

3D reconstruction:
Stereo wires

oy resolution

Dependence on:
oD, B’ o,

(Nmeas)y (Natereo)y

-Router - Rinne‘r

Appropriate
materials

Present choice of
gas and wire
materials
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Figure 87: Transverse momentum resolution o, /pr for pions vs. outer cham-
ber radius Ry, for various momenta indicated in units of GeV/c. Multiple
scattering effects are taken into account assuming a polar angle 9 = 90°.

many years in the experiment ARGUS [35], thus allowing for accurate predic-
tions on the performance of the new chamber.

As soon as other materials will be found which provide less multiple scattering
and, at the same time, match all other requirements, they can and will be chosen
without any major impact on the overall chamber design. The requirements
imposed on those new materials are discussed in the sections Gas and Wire
Materials.

4.1.6 Detection Efficiency for Low Momentum Tracks

We strongly emphasize that for low momentum particles the aspect of the track
parameter resolutions is of secondary importance compared to the aspect of
detection efficiencies. The efficiency at low momenta definitely influences the
physics analysis potential of a B-factory detector. It imposes intricate problems
on the chamber design and on the analysis software.

For performing a track fit, at least six coordinate measurements are necessary.
Pattern recognition requires that the track passes through seven layers f. A
larger number of layers definitely does improve the efficiency. Thus, a track

'Here, optimistically we suppose that different stereo views contribute about equally to
the measurements at the begin of the track. This is a specific feature of the proposed chamber
(see section Stereo Layers). A smaller number may be sufficient if the vertex chamber
contributes to the track recognition, too.
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must reach at least the radius of the seventh layer:
Ry = Ripper +6- ARlayer

with ARjgye- being the radial distance between adjacent layers. The maximum
distance from the beam line to the outermost point on a track originating at
the interaction point is given by twice the bending radius p:

piern] = 333 - pr (GeV/c] / B[T).

Using these formulae one can calculate the transverse momentum p';rmin below
which the track recognition efficiency completely vanishes:

mem[GeV/c] = 0.0015. B[T] - {Rinner + 6 - AR;aye,)[cm].

Thus, the demand for high efficiencies at Jow particle momenta requires a low
Magnetic Field, a small inner chamber radius (see Chamber Size) and
a small radial distance between layers (see Stereo Layers). In the design
presented here, a value prmin = 30 MeV/c has been achieved which provides
full detection efficiency for transverse momenta pr > 50 MeV/c.

Obviously, the above request for a low magnetic field is in contradiction to the
momentum resolution requirementis discussed before, and a compromise has
to be made. Other arguments favouring a moderate Magnetic Field (g.2.)
concern cell efficiencies and track recognition efficiencies. Another problem
with achieving high efficiencies at low momenta is that soft particles, instead
of leaving the chamber through one of the outer walls, perform one and more
full turns inside the active volume. Only the first turn really contributes to
the track measurement whereas the rest is a matter of background (see below:
“curling tracks”). Such curling tracks pass through drift cells not only in radial
but also in azimuthal direction. Actually, the point on the track where the
azimuthal direction dominates provides the most reliable starting point for the
track recognition procedure.

Consequently, for an efficient track recognition, the single drift cells must be
equally efficient for tracks passing through in any direction. This need for
isotropy has lead to the decision that the drift chamber consist of small square
and rectangular cells (“small cell” solution; see section Cell Structure).

4.1.7 Efficiency for Tracks not Pointing to the Interaction
Region

There is another argument which also leads to the isotropy requirement: Tracks
which do not point to the beam axis and thus can penetrate the drift cells in any
direction should be reconstructed with the same efficiency as tracks originating
at the interaction point.

This concerns, above all, decay particles coming from secondary vertices far

Low vs. high
magnetic field

Isotropy:
Precondition for
good efficiency

Choice of a
drift chamber
with small cells

Strange particle
decays
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from the interaction point, in particular products of strange particle decays. In
addition, background particles of any kind belong to this category. There is, in
fact, necessity to reconstruct background for the following two reasons:

First, background particles which reach the calorimeter, e.g. scatters in the
interaction region material and backscatters from the calorimeter itself, fake a
photon if the charged track is not reconstructed and the corresponding ECAL
signal is not associated to a track.

Second, low momentum tracks may perform several turns in the chamber ( “curl-
ing tracks”) and obscure large areas therein. A good efficiency for relevant
tracks hidden in those areas can only be granted if the background tracks are
reconstructed, too.

Even though the chamber’s isotropy allows for reconstructing most of the curl-
ing tracks, their abundance should be kept small. In particular, low momenturn
tracks with a polar angle close to 90° can perform many loops in the chamber.
Helpful would be a low Magnetic Field and absorbing material close to the
beam line, i.e. a small Chamber Size,

At an asymmetric storage ring, however, one may as well decide to live with
these curling tracks. The probability that low momentum particles have a polar
angle of 90° is by far smaller than at a symmetric machine due to the Lorentz
transformation which boosts particles into forward direction (for details see
section Chamber Geometry and figure 90).

4.1.8 Interplay with the Vertex Chamber

A reliable extrapolation of the track trajectories from the Central Track Cham-
ber to the Silicon Vertex Detector must be guaranteed in order to allow for
the unambiguous assignment of SVD signals to tracks found in the CTC. The
relevant quantities are the track’s spatial resolutions ¢V along the beam line
and o.gvp in azimuthal direction, both defined at the point where the track

intersects with the outermost SVD layer.

There exist three contributions to the resolutions ¢*V? and o5V L: The spatial
resolution of the track’s intersect with the inner drift chamber wall ¢ZT¢ and
o§7C, the uncertainty of the angles measured in the drift chamber o3 and o,
and multiple scattering. The size of the two latter effects depends on the lever

arm used in the extrapolation.

As the SVD is limited in size, either the CTC’s inner radius has to be kept as
small as possible in order to minimize the length of the lever arm, or one needs
an intermediate chamber between SVD and CTC. An intermediate chamber
would add more material to the detector at a location where it matters. Its
benefits would be only to bridge the gap between SVD and CTC for tracking
purposes but hardly to improve the momentum resolution or the reconstruction
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efficiency. Consequently, we propose to build a CT'C with a small inner radius Small inner radius
(see section Chamber Size).

The amount of material between the two detector components has to be kept as Drift chamber
small as possible in order to minimize multiple scattering effects. This concerns inner wall
mainly the inner wall of the drift chamber (see section Chamber Walls) which,

in the design presented here, can be built extremely thin due to the Chamber

Geometry and the mechanical stability following therefrom. The benefit of

such a thin wall is not only the ability to extrapolate reliably between CTC

and SVD but also the fact that the SVD contributes already at low momenta SVD: Impact on
to the momentum measurement accuracy. momentum
resolution

Note that all momentum resolution specifications given in this chapter are based
on the CTC only. The improvement due to the SVD is not taken into account.

4.1.9 Particle Identification

In a detector for an asymmetric B—factory, unique particle identification in Necessity for
the full momentum range is indispensable for properly performing the Lorentz unique particle
transformation from the detector rest system into the centre-of-mass (CM) identification

frame of the ete™ system. Momentum spectra, for example, cannot be ob-
tained without unambiguous identification. For the analysis of invariant masses
and other Lorentz—invariant quantities, the conseguences are less severe. Here,
problems with ambiguous mass hypotheses are well understood from present
experiments at symmetric storage rings.

The specific ionisation measurement dE/dx complements the dedicated parti- dE/dx

cle identification system RICH at low particle momenta. For high momentum

particles in the region of the relativistic rise of the ionisation, it provides addi-

tional information on identification even though full particle separation needs a Relativistic rise
coherent analysis of all detector components. Moreover, the existence of two in-

dependent identification systems allows to extract identification efficiencies and

misidentification rates from data. The size of the relativistic rise is a property

of the chosen gas (see Gas and Wire Materials).

The dE/dx resolution depends again on the gas, on the track length inside dE/dx
the active chamber volume (see Chamber Size), and on the number of mea- resolution
surements (see Cell Structure and Stereo Layers). Note that for a dE/dx

analysis, by far more measurements are necessary than for a good track recogni-

tion in order to calculate an appropriate mean value of the Landau distribution

(“truncated mean”). This has to be kept in mind in particular for a detector

at an asymmetric storage ring where the particle density in forward direction

is high. Even in extreme forward direction, a sufficient gas length and a suf-

ficient number of measurements have to be provided (see sections Chamber

Geometry and Cell Structure).

It is worth mentioning that for exclusive B meson analyses a good momentum Kinematical
separation
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resolution, in particular at the highest reachable particle momenta, contributes
to particle identification, too. It allows to kinematically separate different par-
ticle hypotheses: The B meson energy Ep in the decay T(45) — BB is known.
The sum of the energies of the B meson decay products 3 E; must be equal to
Eg. A wrong mass hypothesis for one decay particle leads to a wrong 3_ E,.

4.2 Chamber Geometry

In this section, the chamber’s shape will be described. To a large extent, its
size is independent of the shape and will be discussed in the next section.

The chamber geometry which makes optimum use of the available space is
shown in figures 88 and 89. It consists of a short inner cylinder A and an outer
cylinder D which are closed by truncated cones (B, C, E, and F). Details of
the Mechanical Construction are described in the corresponding section.

The major advantage of this novel structure is its extraordinary mechanical
stability. As a consequence, all chamber walls can be built by far thinner than
those of an ordinary cylinder chamber. In particular, the inner wall 4 is not
subjected to any mechanical force and is laid out for providing the minimum
achievable multiple scattering (see section Chamber Walls).

The cones B and F in backward and forward directions (see figure 88) fit
smoothly around the beam optics elements whose diameters increase with in-
creasing distance from the interaction point. Compared to a cylinder chamber,
the conical structure leaves more space for beam focusing elements while keep-
ing the chamber’s inner diameter smaller in the region close to the interaction
point.

The geometrical acceptance in the laboratory system is limited by the opening
angles of the cones F and B, r = 12° and 6p = 30°, respectively. These
numbers refer to the active chamber volume. In forward direction, this leads
to a remarkable solid angle coverage of np = cosbr = 97.8%. This has been
achieved by the interaction region layout and by the fact that the drift chamber
electronics and the access to the vertex detector and to the beam pipe are
located in backward direction only. Consequently, the backward solid angle
coverage is smaller: g = 86.6%.

This asymmetric shape fits nicely to the Lorentz boost of the detector system
with respect to the CM frame of the ete™ system. Relevant for physics analyses
aTe acceptances in the CM system, viz. n;./ g = Cos 0}/ p Where asterisks denote
quantities given in the CM frame.

For particles with velocities 8* ~ 1 and for the proposed Lorentz boost with
Bvy = 0.8, the angles 8/ given above transform into CM acceptances 7 =
93.4% and 7} = 95.6%. Thus, in the CM frame, the asymmetric detector shape
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Figure 88: The Central Drift Chamber in the R — z projection
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Figure 89: Perspectivic view of the Central Drift Chamber

provides approximately equal geometrical acceptance in forward and backward
direction. The total geometrical acceptance n* is 94.5%.

Since n} is even slightly larger than 7, one could argue that the detector is
still too symmetric. Such a discussion fails due to lack of technical feasability.
The acceptances in backward and, above all, in forward direction are squeezed
to the utmost. It demonstrates, however, that a detector for an asymmetric
B-factory necessarily must be asymmetric in order to achieve a reasonable
geometrical acceptance.

At small velocities B*, the effect of the Lorentz boost 1s most pronounced. For
7 mesons of various momenta, figure 90 shows the transformation of the polar
angle ¥* in the CM system into the corresponding angle ¥ in the detector
system. Particles with a momentum below p* = 80 MeV/c are always boosted
into the forward direction.

The geometrical acceptance achieved in the proposed design is shown in fig-
ure 91 (solid lines). It demonstrates again the excellent performance for high
momentum particles. At low momenta, the chamber geometry is actually not
the factor which limits the total track acceptance (c.f. the discussion on the in-
ner drift chamber radius in section Chamber Size). This statement, as a mat-
ter of fact, depends crucially on the forward solid angle coverage nr = 97.8%.
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The momentum resolution ¢,/p op-/p* in the CM system is approximately
independent of the polar angle 9* as shown in section Drift Chamber Reso-
lutions.

There are two more advantages of the novel drift chamber shape. First, it
grants an immediate onset of the acceptance if the track’s polar angle ¥ is close
to the acceptance limits denoted by 6r and 8p. There is no region where the
efficiencies slowly vary with 9 and where the acceptance determination strongly
depends on details of Monte Carlo simulations as it does in cylinder chambers.

There is either zero or full geometrical detection efficiency. The validity of this
statement is slightly affected by the pr dependence of the acceptance described
in the following section. More concisely: All particles with pr > 75 MeV/c
will traverse at least 30 layers of the chamber provided they pass through the
chamber at all. Beyond the acceptance argument given above, the true benefit
of this fact is that dE / dx analysis can be performed even in the extreme
forward direction (see section Cell Structure).

Lastly, the chamber shape fulfills the condition that the whole chamber volume
is usable for particles coming from the interaction point. There are no corners
which can only be reached by background or, less likely, by decay particies.
This is in contrast to cylinder chambers where such corners exist close to the
beam line where they are most dangerous. In the design presented here, the
wire occupancy is minimized. Only particles originating in a volume around the
interaction point pass through the innermost layers whereas many background
particles do not. Note that this vohune is also restricted in the 2 coordinate
along the beam line. The charged particle trigger and the pattern recognition
programime strongly benefit from this fact.

4.3 Chamber Size

The chamber size is given by the radii of the outer cylinder D (see figure 88)
and of the outer cones C and E. The chamber’s inner radius {cylinder 4) is also
discussed in this section as well as the implications following from the length of
the chamber and of the wires. The wall materjals will be described in the next
section Chamber Walls.

4.3.1 QOuter Radius

The advantages and disadvantages of a large chamber size are the following:

¢ An important background for muon identification and an inefliciency for
hadron identification is caused by 7% and K* mesons which decay be-
fore being absorbed in the detector material or in the iron. The decay
muons may reach the muon chambers and fake genuine muons if the track
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trajectories determined in the drift chamber are consistent with the mea-
sured impact points in the muon chambers. The probability for this kind
of misidentification increases with the decay volume and thus with the
size of the drift chamber. Nevertheless, this argument did not lead to
the choice of a small outer radius because a significant reduction of the
chamber size with severe consequences on the overall performance results
in a modest reduction of the decay volume only.

On the contrary, the chosen large size enhances the probability of de-
tecting = and K meson decays inside the chamber volume * even in the
typical cases where the decay vertices cannot be reconstructed. It allows
to divide the chamber into an inner and an outer part in either of which
track momenta and angles as well as dE/dx can be determined separately.
Inconsistencies between both parts indicate hadron decays.

¢ To a large extent, the chamber’s outer radius is related to the total ex-
penses for the detector. It is one of the factors which determine the
size and thus the cost of the outside detector components RICH, TOF,
ECAL, MUCH, and of the magnet. Compared to this, the cost of the
drift chamber alone does not depend that much on the size but rather on
the number of drift cells (see section Drift Chamber Cost).

* The chamber size determines the gas length, i.e. the length of the trajec-
tory inside the active gas volume, and thus the dE/dx resolution.

¢ To choose a large chamber size is the optimum way to improve the momen-
tum resolution o, for high momentum tracks when other factors, namely
reducing the multiple scattering and improving the spatial resolution, are
exhausted. The dependence of the resolution Opy On the chamber’s outer
radius is shown in figure 87.

The reasons why we optimize the momentum resolution by choosing the
largest feasible chamber size and not the largest feasible magnetic field
are described in the section Design Criteria.

The chosen radius of the outer wall of the chamber, R,.np = 104 ¢ which
leads to Royter = 1m,fisa compromise between the cost argument given above

on one hand and the momentum and dE/dx resolution arguments on the other
hand.

*The appropriate way to deal with x and K meson decays located outside the chamber is
to install an extra hadron absorber as close as possible to the outer wall.

$The radii of the wire layers vary slightly along wire direction due to the stereo angle; see
section Stereo Layers).

Misidentification
rate vs.
chamber size

7 and K decays in-
side the chamber

Impact on the total
cost

dE/dx
resolution

Momentum resolu-
tion

Ryeip = 104 ¢cm
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4.3.2 Inner Radius

The reasons for choosing the smallest feasible inner radius for the drift chamber
have already been mentioned in the section Design Criteria:

» The distance between SVD and CTC must be as small as possible in
order to provide a reliable assignment of SVD hits to tracks found in the
cre.

¢ The detection efficiency for low momentum particles increases with de-
creasing Rinper: PTmin[GeV /e = 0.0015 B[T) (Rinner + 6+ ARigyer ) [cm].

¢ A small inner radius is the cheapest way to increase the gas length and
thus to irnprove the dE/dx resolution.

The momentum resolution for high momentum particles, op, & (Router —
Rinner) ™2, is noticeably improved by a small inner radius only in those rare
cases where the SVD does not contribute to the momentum measurement.

Ultimately, the drift chamber inner radius is determined by technical consider-
ations. During the drift chamber assembly phase, a long support bar (= 10 m)
is needed in the hole formed by the inner wall. The radius of the support bar
which is necessary for the mechanical stability leads to a radius of the inner
wall of 13 em.

The accessibility of the SVD and of the beam tube does not represent the
litpiting factor. In the design presented here, the support for the beam optics
elements and their proper adjustment do not depend on the drift chamber inner
wall.

The acceptance for low momentum particles obtained with Ry, = 13 em
is shown in figure 91 (dashed lines}. Here, it is assumed that particles are
detected if they pass through at least seven layers of the CTC. The accuracy of
the track extrapolation from the CTC to the SVD is described in the chapter
Drift Chamber Resolutions.

4.3.3 Chamber Length

The size of the chamber leads to a maximum wire length of about 350 cm. At
these lengths, the gravitational and the electrostatic forces acting on the wires
impose non-negligeable problems (gravitational sag and electrostatic sag).

The gravitational sag cannot be the same for signal and for cathode wires. This
would lead either to an unmanageably small mechanical tension for the light
signal wires or to such high tensions for the heavy cathode wires that, even
though the elasticity limit is not exceeded, severe problems arise for the wire
fixation.

The electrostatic forces normally cause unstable equilibria of the wire positions.
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average
wall (see material thickness | radiation
figure 88) (mm) [ length / X,
A Carbon fibre 1 0.004
B Aluminum 10 irrelevant
preamplifiers,
cables, eic. 50 irrelevant
C Aluminum 10 0.11
preamplifiers,
cables, efe. 50 0.12
D Carbon fibre 5 0.02
E Carbon fibre 5 0.02
{ F Carbon fibre 5 irrelevant

Table V: The drift chamber walis

The presence of asymmetries, e.g. of the gravitational sag, leads to a large,
stable total sag. The problems are reduced if the chamber can operate with a
relatively low voltage (see chapter Gas and Wire Materials).

Test measurements on this topic are currently being done at DESY. First re-

Test measurements

sults indicate that the effects are sizable but smaller than in the ARGUS drift
chamber [35] where a deviation of the signal wire position from the drift cell
centre of up to =1 mm has been intentionally introduced for reasons which will
be described in the section Stereo Layers.

4.4 Chamber Walls

Materials and thicknesses of the chamber walls are summarized in table V.

Some comments:

¢ The inner wall A {see figures 88 and 89) needs not to stand any mechanical
force. Specifically, the sum of the mechanical tensions of all wires which in

Inner wall: 0.4% of
a rad. length

total corresponds to more than seven tons leads to a length deformation of
this wall of 200 wm only. It must stand, however, the difference between
the varying outside air pressure and the gas pressure inside the chamber
which must be kept constant. The chamber runs at a slight overpressure.
Thus, this wall must consist of a rigid material.

The uncertainty of the track extrapolation from the CTC to the SVD due
to multiple scattering effects in the inner wall is described in the section

Drift Chamber Resolutions.

Extrapolation
accuracy
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» All preamplifiers, cables, eic. are located on the backward side only (walls
B and C in figure 88). These walls should consist of a conductive material
in order to simplify the electrical connection amongst the potential wires
and to provide a good ground definition for the electronics. In a metal,
drilling holes for the signal wires does not deteriorate the mechanical
stability as much as it would do in carbon fibre material.

For particles going through wall C, the material of the whole drift chamber
(gas, wires, walls, read-out electronics, and cables) corresponds to 24% of
a radiation length. Note that this happens only in a solid angle #n* which
covers less than 23% of 4« in the CM system (see figure 99).

e The walls D and E consist of carbon fibre material without any holes
except some gas connections. The drift chamber material seen by particles
passing through these walls is between 3.5% and 5.5% of a radiation length
depending on the polar angle 9.

Thus, wall C, the bad case, still represents less material than the endplate of a
corresponding cylinder chamber. In a region which covers more than than 72%
of 47 in the CM system, i.e. in the solid angle corresponding to the walls D
and E, the detector material is minute.

4.5 Magnetic Field

4.5.1 Field Strength

Two criteria for choosing the appropriate strength of the magnetic field have
already been described in the section Design Criteria:

¢ Good momentum resolution requires a high field as 0, « B~1.

e Good detection efficiency for low momentum particles needs a low field
as Prmin x B.

There are two more arguments, both in favour of a moderate field:

» There exist intrinsic technical reasons why the charged particle trigger and
the pattern recognition can cover only a limited range of track bending
radii p: P 2 Pmin. A typical value is pni, = 15 cm for the pattern
recognition procedure. For the trigger, the corresponding value is larger.

One of these reasons is that for an efficient trigger and for an efficient
track recognition the track’s bending radius has to be much larger than
the typical distance between subsequent measurements along the track.
More specific: Fake tracks, consisting in reality of hits belonging to dif-
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ferent particles and of background hits, tend to have small p, typically
a few times the distance between hit wires. One gets swamped by this
background if the cut—off piin is chosen too small. This problem is seri-
ous in a drift chamber even in absence of background hits: It is a priory
unknown on which side a track passes a hit wire (“left-right ambiguity™).
Choosing the wrong side leads to fake tracks, most of which can efficiently
be discarded by requiring p > pmi» with an appropriate py;n.

Another reason is that the expenditure for the trigger is roughly propor-
tional to the range of radii it covers. ¥

The requirement to detect particles with the lowest feasible transverse
momentum pp which have at the same time large bending radii p, leads
to the requirement of a small magnetic field £ because pr =¢- B - p.

» The single cell efficiency depends on the Lorentz angle and thus on the
magnetic field. The size of dead corners where the drift time is extremely
large or where the charge never arrives at the proper signal wire increases
with the magnetic field. More details are described in the section Cell
Structure,

The final choice of the magnetic field is B =1 7.

At a much higher magnetic field, rising cell inefficiencies partly compensate the
expected gain in momentum resolution. The low momentum particle acceptance
is severely reduced.

At a lower magnetic field, the low momentum particle acceptance is only slightly
improved since other factors {multiple scattering etc.) start to play the dorni-
nant réle.

4.5.2 Inhomogeneities and Tilted Magnetic Field

The treatment of an inhomogeneous magnetic field is well understood from ex-
isting experiments [35]. Field variations in the order of several percent along
track trajectories in the active chamber volume, as is the case for the mag-
net proposed here, do not impose any major problem for the charged particle
trigger, for the track recognition procedure, and for the final track parameter
determination. There is no advantage if the field would be more homogeneous
unless the homogeneity would be exactly 100%.

The axis of the magnetic field is tilted by 7° with respect to the beam / detector
axis in order to provide a sufficient separation of the et and e~ beams. Relevant
for the transverse momentum resolution &, is the polar angle 9% with respect
to the field and not, as used for simplification throughout this paper, the angle 9
with respect to the beam axis. The approximation 9% = 9 is slightly optimistic.

TMoxe exactly, it is proportional to the range of curvatures £ = 1/p which makes it even
more difficult to reach a small ppmin.

Left-right
ambiguities

Trigger complexity

Single cell
eficiency
Dead corners

Moderately
inhomogeneous
magnetic field

Tilted magnetic
field
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In the extreme forward direction, ¥ = 12° translates into an angle 9% between
5° and 19°, depending on the azimuth ¢. Compared to an angle of 12° the
accuracy o, is worse for 97 = 5° and better for 9% = 19°. The deterioration
of the accuracy, however, is not compensated by the improvement. A similar
imbalance occurs for the reconstruction efficiency of particles with extremely
low transverse momentum pr in forward direction.

There remains a solid angle of 1% of 47 where the resolution of the tilted
detector is worse compared to the case where the detector and magnet axis
coincide. Even if taking into account that this occurs in the important forward
direction, the implications of the tilted magnetic field are small enough to be
neglected.

4.6 Cell Structure

We propose to build a drift chamber with small quadratic and rectangular cells
{“small cell” solution). Pictures of these cells are shown in figures 92 and 93.
The advantages of having two different cell types will be described below.

In the following, the features of the small cell solution will be discussed and
compared to an alternative solution, the “jet cell” structure [39,40]. It should
be well understood that some of the arguments given below are valid only for
the “low energy” regime of a B—factory detector.

¢ The small cell solution needs more signal wires and thus more electronic
channels than the jet cell solution. Comparing existing jet chambers with
the chamber proposed here, the factor is two to three. This is not consid-
ered to be a problem as there exist other detectors, e.g. the ARGUS drift
chamber [35], with more channels than the chamber proposed here.

e The small cell solution needs more wires (signal and cathode wires) and
thus gives rise for more multiple scattering. The validity of this statement
depends on design details of either chamber type. Anyway, the gas and
not the wires will most likely be the factor which determines multiple
scattering (see table VI and section Gas and Wire Materials).

¢ In small cells, signals from different particles going through the same cell
overlap in time and cannot be separated from each other. In such a case,
only the track with the smallest distance to the anode wire gives a useful
signal.
In the design presented here and for T(45) — BB events, 10% of the hits
in the innermost drift chamber layer are not usable because of this “track
overlap”. Only 1% of all tracks have no useful hit in the two innermost
layers due to this effect. For the outer layers, the track overlap probability
more and more vanishes.
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Figure 92: Rectangular drift chamber cells: Pattern of signal wires (full dots)
and cathode wires {(open dots) in ¢ — y projection. The dotted lines indicate
approximately the cell boundaries. Except for the wire diameter, the scale is
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Figure 93: Square drift chamber cells: Wire pattern as described for figure 92.
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* A benefit of the small cell solution is that there is no need for superlayers
(many subsequent layers of wires with the same stereo angle). Details will
be discussed in the following section Stereo Layers.

¢ There is no dead space in a chamber with small cells as other solutions
would have.

e The calibration is extremely simplified for small cells. Tn this respect, all
signal wires in square cells are identical, and the same holds for all wires in
rectangular cells. For either cell type, only one set of calibration constants
describes the drift time - space relation and the dE/dx behaviour. Thus,
a very small number of constants describes the entive drift chamber.

¢ The principal reason for choosing the small cell solution is the requirement
of isotropy in the drift chamber. This argurnent has been discussed in the
section Design Criteria.

The chamber can be completely filled with square cells if the number of wires
is increased by six from one layer to the next one and if the relation of height
to width is 7 : 3, i.e., the “square” cells are only approximately quadratic. For
the rectangular cells, the increase must be four wires per layer and the relation
height : width = 7 : 2 in order to avoid dead space in the chamber. As will be
explained in section Stereo Layers, the cell sizes vary slightly along the wire
direction.

Axn overview over the important numbers of the proposed chamber is given in
table VI. The wire pattern, the drift paths, and the isochrones for single cells
are shown in figures 94 and 95. The isochrones indicated in these figures
represent the set of all points with equal drift time. Particles passing through a
cell have, in general, many points where ionizations occur. Only that ionization
centre matters which leads to the smallest drift time. Thus, the drift time -
space relation is based on curves which are related to but different from the
isochrones.

Some cathode wires, namely those which delimit the drift cells in radial di-
rection, have no fixed position with respect to the signal wire. Their position
varies along the vector €, i.e. in horizontal direction in figures 94 and 95. This
effect is a consequence of the different stereo angles of signal wires and cathode
wires. It is well understood from the ARGUS detector (35] and does not impose
any major problem.

As can be deduced from figures 92 and 93, there are five cathode wires per
signal wire for either cell type. The reasons for this large number are listed
below:

¢ Installing more wires means, in fact, less material. This can be explained
as follows:
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Figure 94: Rectangular drift chamber cells. The central black dot represents
the signal wire and the other ones the cathode wires. Full lines: Isochrones for
t = 20, 40, 60, ..., 240 ns; dashed—dotted lines: Drift paths.

rectangular | square
cells cells z
Number of layers 30 16 46
Cell size (¢m?) | 1.286 x 2.020 | 3.0 x 7
Number of signal wires 3180 2544 5724
High voltage (V) 2500 2900
Signal wire diameter (um) 20 20
Cathode wire diameter (pm) 50, 60 60
Cathode wires / cell 5 5
Number of cathode wires 16572 13350 | 29922
radiation lengths: wires 0.0016 0.0006 | 0.0022
radiation lengths: gas 0.0037

Table VI: Drift chamber cells. The cell size is slightly varying and given here at
the most forward point along the wire. For the high voltages and for calculating
radiation lengths, propane for the chamber gas, W signal wires, and Cu-Be for

the cathode wires are taken.
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Figure 95: Square drift chamber cells. The central black dot represents the
signal wire and the other ones the cathode wires. Full lines: Isochrones for t =
30, 60, 90, ..., 570 ns; dashed-dotted lines: Drift paths. The scale is the same

as in figure 94.
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~— The electric field on the surface of cathode wires must be kept small
in order to avoid aging processes. For being on the safe side, the
proposed field of 23 kV/cm is 25% smaller than for the ARGUS
detector {35].

— For a given high voltage, usually a large wire diameter is chosen
for keeping the field low at the cathode wire surface. Another ap-
proach, however, is made here: To increase the number of wires
by simultaneously decreasing the wire diameter so that the product
Nouire X Taive 15 kept constant. This improves the multiple scattering
behaviour since this effect is proportional to N X rfuin. In praxi,

compromises have to be made because parallel wires which are too

close together impose problems due to electrostatic forces (¢.f. the

discussion on wire lengths in section Chamber Size).

In total, material is saved and multiple scattering effects are reduced by
the solution which uses more wires with a smaller diameter.

» More cathode wires reduce the size of dead corners in the cells. In either
drift cell shown in figures 94 and 95, two corners where no isochrones are
drawn are dead. With the chosen Magnetic Field (¢.v.) and the large
number of cathede wires, however, it has been achieved that this fact
has no consequence for the overall track reconstruction efficiency. It is a
factor only in those cells where tracks exactly go through one of the dead
corners with an angle of incidence of exactly 45° or 135°.

¢ As demonstrated in figures 94 and 95, the isochrones are to a good ap-
proximation circles. This holds for the rectangular cells almost as well
as for the square cells. Circular isochrones simplify the track recognition
procedure considerably.

4,6.1 Spatial Resolution

The spatial resolution ¢p which will be obtained with these drift cells is shown
in figure 96. This is an extrapolation from the ARGUS drift chamber [35] where
the resolution has been measured by analysing the residua, i.e. by comparing the
drift distance D expected from the final track reconstruction with the actually
measured distance.

At small distances D, the accuracy is poor due to ionisation statistics effects.
Here, the measured drifi time is not only a function of the distance between
the wire and the track but depends also on the positions along the track where
ionisations actually occur,

For large distances, the observed steep rise is a sum of several effects occurring
close to the cell boundary. For example, the exact parametrisation of the drift
time - space relation at large drift distances is extremely intricate as can be

Aging: Small
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wires

Large wire diame-
ter or many wires

Almost no dead
corners

Circular
isochrones

Jonisation
statistics

Resolution at the
cell boundary
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Figure 96: Spatial resolution op vs. distance D between wire and track. Full
Iine: large (square) cells. Dashed line: small (rectangular) cells for tracks with
radial incidence, Dotted line: small cells with azimuthal incidence.

deduced from the shape of the isochrones shown in figures 94 and 95. As a
pessimistic approximation, the calculation of spatial resolutions given here are
based on the assumption that the actual non—circular shape of the isochrones
can be described by circles everywhere in the cell. ’

In order to calculate the spatial resolution averaged over the full cell size, the
proper weights 1/0% have to be taken into account with which every measure-
ment contributes to the track parameter determination:

(0D> = fcell dD/O'D(DX
Jeew dD /o 3(D)

In the large square cell, {op) is 105 um. In the rectangular cell, the most
frequent case is approximately radial track incidence with (op) = 120 um. The
worst case is azimuthal incidence into a rectangular cell with {op) = 170 um.

In general, the average spatial resolution (op} is improved by choosing a larger
cell size. It turns out, however, that this gain in spatial resolution is counter-
balanced by the reduced number of measurements per track length (Npeas)-
The product (¢p) - (Nmeas) ™2/ which is relevant for the momentum accuracy
is at its optimum value for lateral cell lengths between 1 ¢cm and 3 em, i.e. for
the range of cell sizes discussed here.

4.6.2 Different Cell Sizes

The following reasons support the choice of two different cell sizes:




o The number of cells in each layer must be sufficiently large in order to
reduce the “track overlap” probability, i.¢. the probability that more than
one particle pass through a cell (see above). This request for granularity
limits the cell size in the inner part of the chamber.

¢ In the outer part of the chamber where the granularity is good enough
anyway, it would be a waste of material, electronics, and manpower to
use the same small cell size as in the inner part.

o For the drift chamber calibration, the additional expenditure caused by
having two different cell sizes is Justifiable as the total set of calibration
constants still remains small.

Choosing more than two different cell types does not reduce the number of
wires considerably. Instead, this procedure would require a larger effort for the
calibration and would lead to more problems in areas where different cell types
border on each other (c.f. the discussion of an intermediate layer in section
Stereo Layers).

4.6.3 Rectangular Cells and Square Cells

The shape of the smaller cells in the inner part of the chamber is chosen to be
rectangular instead of quadratic. The advantages of the rectangular shape are
described in the following:

* The resolution in rectangular cells depends on the track’s angle of inci-
dence into the cell. Comparing particles passing through a rectangular
cell in radial direction with particles going through a square cell with the
same area, the rectangular cell provides a better average spatial resolution
{ep) as the cell width seen by those tracks is larger. At the same time,
the number of measurements (Nmeas) is higher as the lateral cell length
is smaller. Thus, both factors in the product (6p} - (Npmeas)~2/2 lead to
an improvement of the momentum resolution. The gain for radial track
incidence has to be paid by a deterioration for azimuthal incidence.

For high momentum tracks coming from the interaction point and for the
beginning of low momentum tracks, the radial component of the particle
momentum vector dominates. Consequently, the larger impact on the
momentum accuracy for radial incidence compared to azimuthal incidence
is advantageous.

¢ The most important reason for choosing a rectangular cell shape is the
requirement for a good dE/dx resolutjon in extreme forward direction.
Here, the gas length is up to 190 cm, larger than anywhere else in the
chamber and thus fully adeguate. This fact, however, can be exploited
only if a sufficient number of measurements or, in other words, a large
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Figure 97: Pattern of signal wires in z ~ y projection.

number of layers is available. The derand for a large number of layers
together with the demand that the total number of cells must be kept
manageably small automatically leads to a rectangular cell shape.

Granularity ¢ Rectangular cells provide the same grapularity as square cells with the
same area (cell width x cell height). For a given track length, the area
and not the cell width determines the “track overlap” probability (see
above) provided that the cells in different layers are staggered.

Circular ¢ Even in rectangular cells, the isochrones form approximately circles.
isochrones

4.7 Stereo Layers

4.7.1 Layer Configuration

The layer structure is described in table VII. A picture of the signal wire pat-
tern is shown in figure 97. The innermost 30 layers consist of rectangular cells.
The outermost 16 layers are formed by larger square cells. Inbetween the rect-
Intermediate layer angular cells and the square cells, an intermediate layer (layer 31 in table VII)
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wire cell size stereo

layer | cells / | Rpin | Bmaz | length | at R = Ry, | angle
layer | (cm) | {em) | {em) (em?) {mrad}

1 48 14.56 | 15.43 99.1 1.21 x 1.91 +80.0

2 52 15.77 | 16.71 } 107.4 —80.0

3 56 16.98 | 18.00 | 115.8 4-80.0
28 156 47.30 | 56.14 | 322.1 —86.0
29 160 48.52 { 51.43 | 330.4 +80.0

30 164 | 49.73 | 52.71 | 338.6 | 1.21 x 1.91 —80.0

31 168 | 51.42 | 54.42 | 3524 2.16 x 1.91 +80.0

32 114 54.0 | 57.0 | 327.6 3.0 x 2.98 —-84.8
, 33 120 57.0 [ 60.0 | 317.2 3.0 x 2.98 +89.9
34 126 60.0 | 63.0 | 316.9 3.0x2.99 —95.3

45 | 192 93.0 | 96.0 | 192.5 3.0 X 3.04 +188.3
46 198 96.0 | 99.0 | 182.1 3.0 x 3.04 —-202.1
47 204 99.0 | 102.0 | 171.8 3.0 X 3.05 +217.6

Table VII: Drift chamber layers. Rmin and R,,,, are described in the text.

is foreseen. The main purpose of this layer is to provide an electric field for
the outer rectangular cells (layer 30) and for the inner square cells (layer 32)
which is similar to all other cells of the respective type. Thus, the existence of
layer 31 simplifies the calibration of layer 30 and 32.Il In addition, this layer has
the potential to contribute to track recognition, momentum determination, and
dE / dx measurement even though the electric field in these cells is asymmetric.
For the resolution specifications given here, this layer has been ignored.

4.7.2 Stereo Angle

A drift chamber with stereo wires has usually also layers of paraxial wires.
Paraxial cells are supposed to simplify the charged particle trigger and the
track recognition procedure,

Layers of paraxial wires form cylinders, in contrast to layers of stereo wires
which form hyperboloids. The radius of stereo wire layers is slightly varying

lFor the same reason, an additional layer of anode wires is foreseen between layer 1 and
the inner chamber wall. An analogous layer close to the outer wall is renounced as its benefits
are smaller.
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Hyperboloidal sag
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Alternating
paraxial and
stereo wires

Only stereo wires
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along the wire direction {“hyperboloidal sag”). The smallest and the largest
distance between the beam line and a wire are denoted by R, and R, (see
table VII}.

Even though the hyperboloidal sag is small, the problem remains how to fill the
drift chamber with cylindric layers and, at the same time, with hyperboloidal
layers. Two solutions have been chosen up to now:

e In the superlayer solution, several paraxial layers {cylinders) are placed
in sequence followed by several layers with an equal stereo angle (hy-
perboloids). The layers belonging to the same stereo view fit nicely one
into the other even though the stereo layers are not exactly parallel (see
below). At the border between paraxial and stereo cells, however, dead
space is unavoidable. Note that dead space normally affects the adjacent
cells because there the electric field is irregular.

Moreover, the superlayer solution is in contradiction to the requirement
that the different stereo views contribute about equally to the measure-
ments at the beginning of tracks. The reason for this requirement is to
improve the reconstruction efficiency for low momentum tracks (see sec-
tion Design Criteria).

¢ In the other solution, applied for the ARGUS detector [35], paraxial layers
alternate with stereo layers. The cathode wires inbetween two layers have
a stereo angle which leads to exactly half the hyperboloidal sag as the sag
of the stereo signal wires. Thus, the position of signal wires varies with
respect to the surrounding cathode wires or, in other words, with respect
to the cell centre. This variation is equal for stereo and for paraxial wires
and leads to a signal wire displacement of up to 1 mm in the ARGUS
case. The resulting maximum sterec angle, {which depends strongly on
the chamber length), is 80 mrad. As the chamber presented here is 75%
longer than the ARGUS chamber, this solution allows only for very small
stereo angles or it leads to an unacceptably large sag.

Thus, a third solution is chosen here: To relinqguish the paraxial wires. The
chamber consists of stereo cells only, forming hyperboloidal layers which are
nicely nested one into the other. There exist two stereo views, one with positive
and one with negative stereo angles. The layers belong in alternating sequence
1o either view.

The track recognition programme being used for the ARGUS drift chamber
[35] does not depend on the existence of paraxial wires. Here, the necessary
condition is that track trajectories viewed in any stereo projection can locally
be approximated by circle segments, This is fulfilled for the chamber presented
here. Moreover, new track recognition procedures are conceivable which take
advantage of the fact that there are only two stereo views and that the lay-
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ers belonging to either view are distributed to the highest possible degree of
homogeneity.

The charged particle trigger currently being installed at ARGUS [36] which
exploits the large stereo angle in the ARGUS Micro Vertex Chamber [10} is an
example for a trigger based mainly on stereo wires.

The finally chosen sterec angles are shown in table VIL. Note that even in this
solution with stereo wires only, geometrical considerations remain according to
which the size of the stereo angle should be limited.

s The hyperboloidal sag in the innermost layer must be small in order not
to interfere with the cylindric shape of the inner drift chamber wall. S$im-
ilarly, the stereo angle in layer 32 must not be too large. As will be
explained in section Chamber Construction, it must be granted that
the whole inner part of the chamber, consisting of layers 1 to 31 and of
the walls 4, B, and F, can be shoved through the hyperboloid formed by
layer 32.

As a consequence, the stereo angle is kept at a constant value of +80 mrad
for the inner layers 1 to 31.**

¢ The cell size is varying along the wire even in this solution. This is
a consequence of the fact that the distance between any two different
hyperbolae is not constant. The size of the variation depends on the wire
length and on the stereo angle. In the outer part of the chamber, i.e. in
layers 32 to 47, the stereo angles are chosen in a way that the cell size
variation does not exceed 1 mm.

In summary, the chamber design presented here provides an optimum polar
angle resolution oy, This is a consequence of the facts that there are no paraxial
wires, 7.e. that all measurements contribute to the 9 accuracy, and that the
stereo angles can be chosen to be very large. For physics analyses, ¢y hardly
ever represents a limiting factor.

4.8 Gas and Wire Materials

All resolution specifications given in this section are based on the assumption
that propane be used as chamber gas, Cu~Be for the cathode wires and W for
the signal wires. Test measurements on other chamber gases are currently in
progress [37,38]. The aim is to find materials with less multiple scattering, i.e.
to improve the momentum resolution. In the following, the requirements will
be listed which have to be fulfilled by new materials.

**In general, one does not profit by choosing a constant stereo angle. A marginal benefit
could be that the event display looks more convenient.

Maximum stereo

angle
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Wires For all wires, it is most important to avoid wire breakings with the highest pos-

‘ sible probability (see section Chamber Construction). This depends mainly
on the wire fixation. Alternative choices of cathode wire materials 1t are Al [41)
or Ti-Be which would reduce the radiation lengths from 0.22%2¢ to 0.04%z
and 0.10%zy, respectively.

Gas Using He based gas mixtures can reduce the material from 0.37%z, for propane
to typically 0.15%z¢. It is worth mentioning that, at least with respect to
multiple scattering, propane is a good choice when compared to, e.g., argon,
The requirements to be matched by the chamber gas are the following ones:

Spatial resolution

dE/dx: Low mo-
mentum particles

dE/dx: Relativis-
tic rise

High voltage

* To some extent, a degradation of the spatial resolution can be accepted

if, at the same time, multiple scattering is strongly reduced compared to
propane. For example: Reducing the size of multiple scattering effects
by a factor of two in connection with a two times worse spatial resolu-
tion leads to an improvement of the momentum resolution for pions with
momenta p < 1 GeV/e. At higher momenta, however, the momentum
resolution is deteriorated to such a degree that this example cannot be
regarded as a viable solution.

For low momentum particles, particle separation by means of measuring
the specific ionisation loss dE/dx is rather insensitive to the dE/dx reso-
lution (see figure 99). With propane, the separation of pions and kaons is
better than 4o for all momenta below 800 MeV/c. In a gas with a dE/dx
resolution twice as bad, this Limit is at 630 MeV/c.

The situation is different for high momentum particles. In order to exploit
the relativistic rise of dE/dx, a good resolution as well as a large size of
the rise is necessary both of which depend on the choice of the gas. In the
design presented here, a w — K separation of 2 — 3 standard deviations
is achieved with propane for momenta above 2 GeV /c(see section Drift
Chamber Resolutions). In the ARGUS experiment, the separation is
less than 20 and nevertheless contributes fruitfuily to exclusive analyses.

A 7 — K separation below 1o would even not allow for the minimum task
of the dE/dx measurement at high momenta, namely for determining the
identification efficiencies and fake rates of the RICH system from data.

Aging effects strongly depend on the high voltage necessary for running
with a specific gas. Moreover, a lower voltage allows for thinner wire

diameters.

" The contribution of the signal wires to rmuitiple scattering is stnall and neglected here.
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4.9 Mechanical Construction

A basically new aspect of constructing the chamber proposed here is that in No holeés for
forward direction, i.e. at the walls E and F in figure 88, no electronics and even cathode wires
no holes for wires are foreseen. The reasons are summarized in the following:

¢ The total amount of material must be minimal in forward direction. Con-
sequently, all electronics, cables, efc. are placed in backward direction only
(see section Chamber Walls).

¢ Holes degrade the stability of carbon fiber material substantially. Thus,
all holes except some gas connections are drilled in the backward cones
B and C which consist of aluminium.

s The truncated cone F has a length of 190 cin and an opening angle of 12°.
No procedure of passing wires through holes in such a cone is conceivable
due to lack of space,

Wire feed throughs are not only renounced in forward direction but also for
cathode wires in backward direction. Essentially, only the holes for the signal
wires, for the high voltage, and for the gas connection remain in this chamber.

The consequence of this design is that the wires have to be fixed from inside Wire fixation from
the chamber (see below}. Once the chamber is closed or even as soon as more inside
wires are strung, there is no more access to them.

This means that wire breakings have to be exciuded with the highest coneeivable
probability. The experience with the ARGUS main drift chamber [35] has shown
that it is well possible to run a detector since almost a decade without a single
wire breaking,

The mechanical construction ptocedure will shortly be sketched here:

¢ During the wiring phase, the chamber consists of two separate parts, an Wiring in two
inner one (walls A, B, and F) and an outer one (walls C, D, and E). In chamber parts
contrast to the outer part, the inner part is an unstable structure because
the wall A must not be subjected to any mechanical force at any time.
For this reason, the walls B and F are kept at a constant relative position
by means of a support bar fed through the hole formed by wall A. This
bar determines the inner chamber radius (see section Chamber Size).

o In the inner part, the wiring proceeds from inside to outside, and in
opposite direction in the outer part.

¢ The inner sides of the conical chamber walls have a steplike shape leading
to a surface consisting of many short cylinders. For every radius of wire
fixation points, one such cylinder exists.
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Fixation boards

Assemblage
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¢ The wires are attached to fixation boards on either end. On every board,
the wires belonging to many cells of the same layer are fixed, taking into
account the proper wire length and stereo angle. This work is done in a
separate clean room outside the chamber. The mechanical wire tension
can be tested before the wires are installed in the chamber.

» Every pair of fixation boards with all wires belonging to it is mounted on
the cylindrical surfaces on the inner side of the chamber walls. A sufficient
geometrical accuracy of about 100 um can be achieved.?

» When both parts are shoved one into the other, the support bar described
above serves as a guide for the outer part. During this procedure, the hy-
perbolic sag of layer 32 (the innermost layer of the outer part; see section
Stereo Layers) imposes a specific problem because the inner part must
fit through the hyperboloid formed by this layer. It has been achieved to
avoid dead space due to this effect by choosing slightly different radii of
the wire fixation points in forward and backward direction.

A similar wire mounting scheme has been applied for the ARGUS Micro Vertex
Chamber [10]. ,

The fact that the wires are fixed at the inner side of the chamber walls has the
following advantages: After a separate stringing procedure, the wires belonging
to many cells are installed simultaneously. The wire fixations can be tested
outside the chamber. This minimizes the time necessary for assembling the
drift chamber substantially. Manpower is saved, and the period during which
the chamber is open and, even in a clean room, exposed to dust is as short as
possible.

4.10 Drift Chamber Resolutions

4.10.1 Accuracy of the Extrapolation from CTC to SVD

The accuracy of determining the tracks’ intersect with the SVD is denoted by
o¥P and o5VP (see section Design Criteria). As o3V P is always smaller
than o5V 2, only the contributions to a5VD are described here. The following
numbers are valid for 7 mesons with a momentum p = 300 MeV/c.

The spatial resolution of the track’s intersect with the inner drift chamber wall
is 9T = 500 um. The contribution from multiple scattering in the inner drift
chamber wall amounts to ¢5¥0, .. = 160 pm. The uncertainty due to the
angular resolution ¢ in the CTC is o3VD = 140 pm. The two latter numbers

z,angle

$3A precise determination of every individual wire position has to be performed in the
reconstruction programme.
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are valid for a polar angle ¥ = 90° and have to be increased by factors up to 2

SVD SvVD
(07 malt.ocats.) @0d 1.6 (0750, ) for other polar angles.
The three contributions 0%7C, ¢2V0 . . and oV, can be added in

quadrature.* At lower momenta, the multiple scattering term dominates which
scales with 1/(p- 8) of the particle.

The accuracy of the extrapolation from the CTC to the SVD is fully sufficient.
This is a consequence of the small radius and the small thickness of the drift
chamber inner wall and of the large stereo angle.

4.10.2 dE/dx Resolution

Particle identification by means of the specific energy loss is complicated by the
fact that dE/dx measurements follow a Landau distribution where mean values
cannot be calculated. The remedy which will be applied in all following con-
siderations is to use the “truncated mean”. Following ref. [35], the 10% lowest
lying and the 30% highest lying measurements are discarded. The average value
calculated from the remaining 60% of the measurements is Gaussian—distributed
with tails correctly described in a region of more than three standard deviations.

For various particles, the energy loss in propane is shown in figure 98. The
curves represent measurements of truncated means obtained with the detector
ARGUS [35]. For propane, it is not necessary to rely on predictions (see, e.g.
[42,43,44]} rather than on measurements. For other gases, test measurements
are currently in progress [37,38].

In order to calculate the resolution of the chamber proposed here by extrapo-
lating from the resolution achjeved in the ARGUS detector {35}, the following
scaling predictions [45] have been used:

)—0.32 . ( )—0.43.

T4gjdx < (Sample Thickness Number of Samples

The ARGUS drift chamber has 36 layers and, at a polar angle ¥ = 90° a
gas length of 64 cm. The achieved relative dE/dx resolution in ARGUS is
4.4% for simple events (Bhabha events) and 5.0% for complicated events. The
extrapolation to the chamber presented here with 46 layers and a gas length of
85 c¢m leads to a resolution of 3.9% for Bhabha events and 4.4% for hadronic
events.

This extrapolation is pessimistic because particles are boosted into the forward
direction due to the Lorentz transformation. Consequently, the particle density
at 9 = 90° is smaller than at a symmetric storage ring, and the average gas
length is increased by more than a factor 85/64 as supposed above. The best
dE/dx resolution is achieved in the extreme forward direction where the gas
length is 190 cm, even though there are only 30 layers.

*This is somewhat pessimistic as the correlation between oS7

negative.

[#] .
and af,gfgk is lazge and

Landau
distribution

Truncated mean

dE/dx resolution
extrapolated from
ARGUS

Odbds < 4.4%
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Figure 98: dE/dx truncated means for e, p, 7, K, and p vs. momentum p.

The energy loss differences for various particle hypotheses relative to the dE/dx
for the pion hypothesis is given in figure 99. Assuming the conceivably worst
resolution of 4.4% (see above), the energy losses of pions and kaons are separated
by more than 4 standard deviations for all momenta below 800 MeV/c.

In the region of the relativistic rise, a # — K separation of two to three standard
deviations is achieved for momenta larger than 2 GeV/¢. This separation is in-
sufficient for an independent particle identification procedure. Experience with
the ARGUS detector [35) demonstrates, however, that even this kind of separa-
tion is valuable when the information of all detector components is coherently
taken into account.

4.10.3 Momentum Resolution

The momentumn tesolution is calculated from the spatial resolution described
in the section Cell Structure and from the layer configuration (see Stereo
Layers). An approximation has been used similar to the procedure described
in ref. [46) but modified in order to correctly deal with different cell sizes and
varying stereo angles.

This method has been compared with the more elaborate procedure used in
the ARGUS reconstruction programme (35] where multiple scattering is treated
literally as a series of many small scattering angles. For invariant mass calcula-
tions efc., this procedure leads to correct x* distributions. Down to momenta
of 150 MeV/c, both methods agree perfectly.




AdE/dx

Central Track Chamber

0.4
dE/dx
0.3

0.2

0.1

00 L i Lo T 1l
0.05 0.10 0.50 1.00 5.00 p [GeV/c]

Figure 99: Relative dE/dx differences | (dE/dx)r — (dE/dx)p | /{dE/dx)r for
particle hypotheses h = e, p, K, and p as indicated in the figure.

In multihadron events, crossing tracks etc. lead to a deterioration of the mo-
mentum resolution of 10% [35] compared to the calculation described above.
This factor is taken into account for all following resolution specifications.

In order to make comparisons with other track chambers possible, the improve-
ment of the momentum resolution due to the Silicon vertex detector SVD is
not taken into account here.

The momentum resolution for charged tracks in the detector rest system is
shown in figure 100. The zigzag of the curves in backward and, less pronounced,
in forward direction is caused by the fact that the number of hit layers depends
on the polar angle 9 and that every decrease of the number of layers leads to a
noticeable deterioration of the resolution.

As expected from the drift chamber shape, the momentum resolution for high
momentum particles in the detector rest system is asymmetric and depends
strongly on the polar angle 4.

The design criterion of the chamber, however, is to achieve an optimum reso-
lution in the CM system. This is shown in figure 101. Here, all quantities {9,
P, and op) are given in the CM frame. Except the curve corresponding to the
lowest mormentum (150 MeV/c¢), the resolutions are almost symmetric and flat
in a wide range of cos 9%,

The deterioration for low momentum particles in backward direction cannot be
avoided in detectors at asymmetric storage rings. It results from the fact that
the Lorentz transformation from the CM frame to the lab frame leads to so
small lab momenta p that multiple scattering ultimately limits the resolution.

Momentum resolu-
tion in complex
events

SVD not taken
into account

Resolution in the
lab system

Resolution in the
CM system

Resolution for low
momentum parti-
cles in Backward
Direction
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Figure 100: Pion momentum resolution o,/p vs. cosd for various momenta
indicated in units of GeV /c.
At these momenta, however, the resolution has hardly any impact on physics
analyses. '
Resolution for high At momenta around p* = 2.5 GeV /¢, the momentum resolution is better than
momentum 17 MeV/¢ in 80% of the full solid angle. Even though this resolution alone
particles does not allow for a kinematical separation of two-body B meson decays, e.g.
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B® - x#tx~ and B° —» 7t K, it contributes to an analysis which coherently
uses all information from particle identification and event kinematics.

4.11 Drift Chamber Cost Estimate

The cost of the drift chamber electronics (preamplifiers and flash~adc’s) 1s 400
DM per channel. This can be deduced from the price for the similar electronics
in the track chamber of the experiment H-1 [40]. Thus, the total cost for
electronics is 2.4 MDM.

The chamber mechanics, including the chamber walls and the mounting rack,
amount to 1.0 MDM. The gas system costs 0.3 MDM.

The tota} cost for the central track chamber is 3.7 MDM.
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Figure 101: Centre—of-mass = momentum resolution o, /p* vs. cos9* for vari-
ous CM momenta indicated in units of GeV/c.
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5 The Ring Imaging Cerenkov
Counter

5.1 Requirements for Particle Identifica-
tion

Identification of charged particles (PID) over a wide range of particle momenta
is one of the basic requirements for a B factory detector (see Part I). Several
components of the detector contribute to this task:

e Muon chambers (for muons with momenta above 1 GeV/c),

o Electromagnetic calorimeter {electron-hadron separation above
0.4 GeV/c),

» Drift chamber via dE/dx (30 separation 7/K up to 0.9GeV/c, K/p up
to 1.5GeV/c).

» Ring Imaging Cerenkov Counter (RICH), necessary to complement the
other techniques and extend the PID to higher momenta.

The RICH, as described in this section, has been designed to separate pions,
kaons and protons up to the kinematic limits in B meson decays. For a center
of mass system moving with 8y = 0.6 these limits correspond to a maximal
momentum of about 4.7 GeV/c. The counter described below fulfils these re-
quirements. It provides, in addition, a good e/, e/7 and even u/ separation
at low momenta, thus supplementing the information from the other compo-
nents of the detector.

5.2 The Choice of the Radiator and the
Photon Detector

The elements of the RICH counter are (Fig. 102):

¢ a radicior where Cerenkov photons may be produced by passing charged
particles,

a wire chamber cathode plane acting as a photo-cathode,
a wire chamber, capable of detecting photo-electrons from the photo-
cathode with high efficiency and with good resolution in two dimensions,

a drifi space separating the radiator and the wire chamber, wide enough to
obtain an accurate Cerenkov angle from the measured photon absorption
coordinates, and

e a wire chamber read-out sysiem.
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Figure 102: Side view of a section of the RICH counter.

The radiator consists of 1 cm of a special liquid, CgF14 (known as FC72), which
has also been used in the RICH of the DELPHI experiment [47]. The liquid is
contained in a box made of aluminum and equipped with a 3 mm thick fused
quartz exit window for the Cerenkov photons.

This radiator was chosen since it combines low dispersion (less then 2% varia-
tion in refractive index for photon energies between 6eV and 8¢V) and a low
Cerenkov threshold. For the mean value of the refractive index (1.278) the
Cerenkov threshold momenta for pions, kaons, and protons amount to 0,18,
0.62 and 1.18 GeV /c, respectively. The Cerenkov angle corresponding to 8 = 1
particles is 39° and amounts to 53° after refraction in the air (for tracks that
enter the radiator perpendicularly]).

We plan to use a cleaning system for the liquid radiator similar to the one used
in the DELPHI detector {47). This system has proven to be reliable even on a
large scale [48].

Cerenkov photons are detected by a reflective photocathode made of a 500 nm
thick layer of CsI on aluminum, activated by TMAE (tetrakis-dimethyl amino-
ethylen}, a chemically highly active photosensitive substance. TMAE is added
to the chamber gas by letting the gas flow through a cooled bubbler. Such a
photocathode was recently [49] shown to be sensitive to photons with energies
above 5.5 eV (Fig. 103}.

Radiator

Threshold

momenta

Cleaning system of
liquid radiator

Photocathode
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Figure 103: Quantum efficiency of a TMAE activated Csl photocathode vs.
photon energy [49]. Also shown are transmission curves for CgFiq (1cm) [47],
fused quartz (6 mm) {47) and a 90:10 methane-neopentane mixture (2mm) [50].

The photocathode is one of the two cathodes of a multiwire proportional cham-
ber (MWPC) with a 3 mm thick fused quartz entrance window, 2 mm anode
wire spacing and a 3 mm cathode to cathode distance. The photosensitive
cathode is divided into Csl covered aluminum pads 7 x 7 mm? large. The other
cathode, close to the quartz window, is made of 56 pm thick wires with a pitch
of 2 mm. .The anode wires are 10 um thick. The chamber is filled with methane
at Toom temperature. A small amount of neopentane is added to the chamber
gas in order to absorb feedback photons from avalanches in methane (their ener-
gies being at 6.42, 7.48 and 7.94 eV). Neopentane is chosen as a quencher since
its transmission characteristics [50] matches the spectrum of Cerenkov photons
arriving from the radiator (Fig. 103), while it absorbs about 60% of methane
feedback photons. Such a chamber can be operated at gas amplification factors
of up to 108. Combined with low noise read-out electronics (ENC ~ 1000 e) the
single electron detection efficiency can be as high as 80% [51,52,53].

Three-dimensional information on the photon absorption is provided by reading
out each of the 7 x 7 mm? large cathode pads separately. The pad dimension is
larger than the width of the electric charge distribution induced by an avalanche
on the cathode [54,52], so that on average only slightly more than one pad gives
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a signal for a single photon. The pads are, on the other hand, small enough not
to deteriorate the space resolution of the counter.

For the gas in the drift space between radiator and MWPC we have chosen
nitrogen.

The read-out electronics will be mounted on the back side of the MWPC. A
low noise highly integrated system of the type designed and developed for the
NaF-TEA RICH (33,52} seems to be a good solution. Pads are read out by
a shift register technique at 50 MHz. Since this can be performed in parallel
in several counter segments, the read-out time will be below 10 gs. To allow
for pipelining each pad is equipped with a digital delay (shift register) of a few
microseconds.

The amount of material of the RICH counter is summarized in Table VIII.

Table VIII: Thickness of materials in the RICH
in units of radiation length X,. ]
Layer Thickness
mm Xo

Radiator
CoFiq 10 0.050
Quartz window 3 0.024
Support (Al) 2 0.022
Photon detector
Quartz window 3 0.024
Chambers 35 0.020
Electronics (Si) 1 0.011
Cabling (Al) 1 0.011

| Total 0.162

Due to the relatively small dispersion of the FC72 liquid radiator, the mea-
surement errors in combination with a TMEA activated Csl photo cathode are
much smaller than in the alternative combination of a NaF radiator and TEA
photon detector [33,55).

Compared to the TMEA gas photon detector of DELPHI {47] the present design
has several advantages. Since only the cathode is photosensitive {(the partial
pressure of the TMAE gas in the MWPC is kept very low), the feedback photon
problem is easier to handle. Moreover, the detector does not have to be heated
to reach its full efficiency. Finally, the quantum efficiency is expected to be
even slightly better than for TMAE in the gas phase.
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5.3 Resolution of the RICH

The properties of the counter were studied by computer simulation. A charged
particle of velocity Bc was tracked through the radiator. Cerenkov photons
were generated by taking into account the variation of the refractive index
n(E) according to the relation n = 1.2177 + 0.00928 E [47). Photon refraction
and possible reflections at the boundary were handled by taking into account
the energy and the polarization of the photon. The photon was then followed
through the drift space. We have assumed contamination of the gas in the
drift space with 20 ppm oxygen (as e.g. has been observed in the ARGUS drift
chamber) and with 20 ppm water, and we have used the value of the photon
absorption cross-section from [56,57]. The energy dependence of the quantum
efficiency of TMAE activated Csl was taken from the measurement of Seguinot
et al. [49]. The detection efficiency for single photo-electrons was assumed to
be 80%. Finally, the position of the hit in the MWPC was found from the
coordinate of the corresponding cathode pad. From the photon hit coordinate
as measured by the photon detector MWPC and from the particle trajectory
as given by the drift chamber the photon path was reconstructed to obtain the
Cerenkov angle and thus the velocity of the particle.

Sources of errors in the velocity determination from single photons were studied
by comparing the generated and the reconstructed Cerenkov angle. The leading
contributions are:

¢ The chromatic error, a consequence of the variation of the refractive index
over the energy range of those Cerenkov photons that are seen by the
photon detector.

o The parallax error, due to the limited information on the position of the
ernission point.

¢ The finite coordinate resolution of the photon detector.

While the chromatic error is a property of the material, the remaining errors
depend on the geometry. The parallax error depends linearly on the radiator
thickness, the absorption point coordinate error is linear in pad size, and both
of them are inversely proportional to the length of the drift space.

The dependence of the average number of detected photons on the angle of
incidence of a charged particle with respect to the radiator plane is shown
in Fig. 104 for a particle with 3 = 1. This functional dependence can be
qualitatively understood in a simple picture. The index of refraction of CsFi4
is small enough {n < v/2), so that the Cerenkov angle (38°) is smaller than the
angle of total reflection (51°). As a consequence none of the Cerenkov photons,
which are produced by a particle that enters the radiator perpendicularly (i.e.
with angle of incidence 8; = 0°), is lost due to total reflection. The number of
detected photons remains essentially constant {about 30) with rising angle of
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Figure 104: Average number of detected photons as a function of the angle of
incidence of a charged particle with § = 1 hitting the radiator plane.

incidence until at @; > 10° part of the Cerenkov photons on the emission cone
are lost by internal total reflection at the radiator surface. This cut into the
cone produces at first a sharp drop in the number of detected photons which
then levels out to a fairly constant value of about 20 for angles of incidence
above 20°.

Since the average single photon resolution also improves if perpendicular inci- Performance
dence is approached, the overall performance of the counter is by far the best for
charged particles that enter the radiator perpendicularly (Fig.105). Fig.106
demonstrates the PID ability in this case: A 3o pion-kaon separation is possible
up to 5.4 GeV/c. Electrons can be well resolved from pions and muons below

1.6 and 1.2 GeV /¢, respectively. Even muons can be separated from pions below
1.0 GeV/c.

We note that there is an additional error in the velocity measurement which was Error induced by
not discussed above. It arises from the measurement of the particle trajectory as particle track
it leaves the tracking chamber. A rough estimate shows that for a drift chamber uncertainty

discussed in the previous section this error in the velocity measurement is of
the order of 0.001¢ and is thus not negligible. We note, however, that this
error is common to all detected photons of a single track. Due to the rather
large number of detected photons it is possible to remove the uncertainty by
including the track parameters into the fit of the Cerenkov angle.
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Figure 105: Velocity resolution as a function of the angle of incidence of the
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Figure 106: Expected particle separation, velocity difference in units of reso-
lution s;; = |8; — B;|/op for various pairs. Particles are assumed to enter the
radiator perpendicularly.
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5.4 Detector Geometry

As already discussed in the introduction, the aim of the proposed RICH is
to enable /K separation up to the kinematical limit defined by the decay
B — wr. Since the center of mass system is moving, this limit depends on
the direction of the decay particle. Specifically, in the forward direction (9, =
0°), the maximal momentum is 4.76 GeV/c in the case of 8*v* = 0.6. The
corresponding momenta in the backward direction and in the equatorial plane
are 1.52 and 2.38 GeV/c, respectively. From Fig. 105 we conclude that in
the forward direction a reliable identification is possible only if the counter is
designed in such a way that charged particles enter it at angles of incidence
below 10°.

There are additional reasons why one should aim for perpendicular incidence
also in other parts of the detector. First of all, the large number of photons
associated with normal incidence makes the counter less sensitive to possible
backgrounds, and allows for a simultaneous fit of the track parameters. More-
over, in this case Cerenkov photons emitted in the quartz window get trapped
in the guartz and do not contribute to the background in the photon detector.

Bearing in mind these arguments we have designed the counter in such a way
that everywhere, except in the backward direction, particles enter the radiator
at angles of incidence close to 0° . To achieve this, the radiator is divided into
15 sections of the polar angle, and each of the sections is further divided into
16 segments of the azimuthal angle (Figs. 74 and 75).

In order to allow all of the Cerenkov photons leaving the radiator to reach
the photon detector we have to add a mirror fo each of the radiator segments
(Fig. 102). It is worth noting that this planar reflecting surface is slightly tilted
with respect to the direction towards the interaction point. For tracks which
pass the radiator close to the mirror plane this tilt helps to resolve the ambi-
guity as to whether the Cerenkov photon emitted in the radiator has arrived
at the MWPC in a direct way or has been reflected. Mirrors are made with an
Al + MgF; coating which has a reflection coefficient of about 90% [47] in the
wavelength region of interest. The same type of mirrors has been used in the
DELPHI experiment with the gas radiator system.

5.5 Background

The spread in the Cerenkov angle of individual photons due to dispersion as
well as uncertainties in emission point and charged particle direction transform
into an uncertainty of the coordinate on the photon detector surface. This
uncertainty is typically much larger than the pad dimension, the actual error
of the position measurement. In order to collect all the candidate hits possibly
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belonging to a particle track, a certain region of the photon detector surface
A has to be scanned, taking this uncertainty into account. The number of
background hits collected in addition to Ns signal hits becomes then 4 - pp,
where pg is the background hit density. Thus the background level in the signal
region does not only depend on the background hit density pp, but also on the
geometry of the detector via the surface area A.

Throughout the study it was assumed that background hits are uniformly dis-
tributed over the photon detector surface. This assumption is at least locally
valid in case of uncorrelated background (electronic nojse, background events
such as synchrotron radiation and beam-gas scattering on top of a true event).
On the other hand, correlated background hits do occur due to Cerenkov pho-
tons from other charged tracks in the same event. These hits can, however,
only be considered as background until the pattern recognition in the RICH
{i.e. the assignment of hits to tracks) has been completed. As it will become
clear at the end of this section, the estimated background levels are low enough
so that the assumption of an uniform background is not critical.

1t is worth noting that the results of the background study depend strongly
on the refractive index of the radiator. In particular the conclusions would
be much less favourable if the mean refractive index exceeded +/2 so that the
Cerenkov angle were larger than the angle of total reflection (as e.g. in the case
of the NaF-TEA combination). '

The performance of the RICH in the presence of background was studied by
analysing simulated events. In addition to signal hits background hits were sim-
ulated for different uniform background densities pp. The particle identifica-
tion efficiency in the presence of background was calculated using the extended
likelihood method [58]. Results from this study are summarized in Fig. 167.
For the particularly interesting case of the 7 /K separation, we conclude that
critical values of pp start above 200 hits per square meter of detector surface
corresponding to a 1% probability of a pad to have a background hit.

To determine the amount of background to be expected in the RICH photon
detector during normal operation, a Monte Carlo study has been performed.
Simulated were real events and the following sources of background:

(1) Cerenkov photons emitted by products of primary photon conversion in
the material in front of the RICH radiator (drift chamber wall and RICH

support structure) and in the radiator itself,
(2) Shower electrons backscattered from the calorimeter,

(3) Interactions of particles from beam-gas and beam-wall interactions,

{4) Electronic noise.

Levels of backgrounds (1) and (2) were estimated by a computer simulation. By
using the EGS4 code (see 7.7) one learns that interaction products of a primary
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Figure 107: Pion identification efficiency in the presence of background, i.e. the
fraction of real pions for which the analysis results in a kaon probability larger
than 1%, for background densities pp of 2000 (dash-dotted), 200 (solid}, 20
{dotted) and 2 {dashed) m~2.

photon shower produce in average 5 hits in the RICH MWPC, largely indepen-
dent of the photon energy for photons between .05 and 5 GeV. Assuming a
primary photon multiplicity of less than ten we arrive at a pg < 2 m~%. For
primary electron showers a similar estimation, again using EGS4, yields pp < 2
m~2,

As far as source {3) is concerned, its intensity depends on details of the ac-
celerator and interaction region design, and can at present be estimated only
roughly. This type of background affects the performance of the main tracking
chamber as well. Since 10 background fracks in the drift chamber are consid-
ered to be the limit that can be tolerated, we take this number and compute
the corresponding background level in the RICH counter. In a simple model we
have estimated the energy distribution of photons and electrons, corresponding
to the background (3), and propagated it through the drift chamber gas into
the RICH MWPC. Assuming that the hit information in the RICH is collected
every 100 ns, we were able to relate the number of background tracks in the
drift chamber to the number of hits in the RICH MWPC.

The results of the background studies are surnmarized in Table IX. Comparing Background hit
these conservative estimates to the limit of pg = 200 m™~? as deduced from density
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Table TX: Estimated background hit density pp
in the photon detector of the RICH
Type of background PB
m~2/100 ns

Photon and electron showers in good events 4
Electronic noise 6
Charged particles from background events <30
Total <40

Fig. 107, we find that the background Jevel is expected to be at least a factor
of 5 smaller.

It is worth noting that there is yet another limitation for the allowed background
level. The average read-out time depends linearly on the background hit density
pg [33] and amounts to 5 us in case of 32x128 pad read-out sectors and pg =
40 m~%, A larger background level would either prolong the read-out time
unacceptably, or smaller and consequently more sectors would have to be used.

5.6 Cost Estimate

The estimated cost of the RICH counter is summarized in Table X.

| Table X: RICH Cost Estimate. B
Item MDM
Chambers (33 m?) 3.30
Quartz windows (60 m?) 1.80
Liguid radiator with cleaning system 1.00
Electronics (630000 pads) 6.30
Mechanical structure 0.50
Total 12.90
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5.7 Particle Identification by a High Res-

olution Time of Flight Measurement:
An Alternative to the RICH.

The Ring Imaging Cerenkov Counter described above is a very promising solu-
tion. It employs, however, techniques for which the experience is growing, but
is still limited. We therefore foresee an alternative in form of a novel time of
flight { TOF) measurement, where the time resolution is improved by increasing
the light output and by measuring the particle’s TOF with four or eight clocks
(instead of the conventional two). Averaging the flight times measured by n
independent clocks, the timing uncertainty can be reduced approximately by a
factor of 1/4/n. The particle separation power reached in this scheme will, as
discussed below, be considerably inferior to what one expects from the RICH.
It will, however, still allow to perform the main physics program described in
this paper.

The particle separation power of any PID system based on a velocity mea-
surement deteriorates with momentum as ¢(M?) = p? . o{7?), where p is the
particle’s momentum, 3 its velocity in units of the speed of light, and M? its
rest mass squared as reconstructed from the measured velocity and momen-
tum. In contrast to the RICH system discussed above, TOF systems do not
measure a particle’s velocity directly but only its flight time over track length 1.
Rewriting the above relation in terms of these quantities gives

o(M*) = 2.p*/1*.TOF - o(TOF).

Since TOF is proportional to [, one power of | is lost. Furthermore, the possi-
ble flight path length [ is limited to a few meters in 4 m-detectors operating at
storage rings. The only remaining parameter to be improved is the time reso-
lution ¢(TOF). Typical resolutions achieved with operating detectors at ete™
machines, e.g. ARGUS and CLEO, reach from 220 to 150 ps. For the particle
separation power required at HELENA one needs time resolutions of at least
100 ps.

Time resolutions of 50 ps and below can easily be achieved with small scintillator
pieces; it is, however, difficult to reach this region with counters of several meters
length, A TOF system for HELENA would therefore be highly segmented in
order to have short counters and little light attenuation; in addition, the counter
thickness would be chosen to match the phototube cathode diameter in order to
maximize the light output, and to minimize light losses and velocity dispersion.

Further, equipping a single scintillator module with several phototubes (PMs)
would enable one to average the individual times measured. Assuming each PM
to perform independently of its partner tubes, one is able to reduce the timing
error by a factor of 1/+/number of tubes. Test measurements [59) as well as

Time of flight
measurement as
an alternative to

the RICH

Improving the
time Resolution
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Figure 108: Time resolution as a function of the number of phototubes used for
read-out ( Monte Carlo simulation).

Monte Carlo simulations {60] demonstrate that this ‘one-over-square-root’ scal-
ing law is in fact true to a very good approximation. Fig. 108 shows the result of
a simulation for a counter of dimensions 60 - 20 - 5 cm®; the material was Pilot
U, the tubes used for the simulation Hamamatsu R2490 with timing properties
as described in the technical data sheet. The graph shows the variation of the
counter’s resolution when read out by one, two, four, and eight phototubes.

Finally, the resolution could be further improved by having two independent
layers of counters.

A possible design of a TOF system is sketched in Fig. 109. The principle idea is
to have each track traversing at least two counters. To cover dead space where
PM'’s are located, in total three layers of counters and photoiubes are necessary,
each layer containing four counters in cos@. The individual counter thickness
is 3 e, the segmentation in azimuth is 32-fold. This leaves space for equipping
the counters with 4, 6, 7 or 8§ phototubes each, depending on its position in
cos 8. The length of an individual counter module would be around 80 cm, its
width varying between 12.5 and 35 cmi. The phototube foreseen is Hamamatsu
R2490-05, This is an upgrade of Hamamatsu R2490-01, a fine mesh proximity
tube designed for operation in magnetic fields up to and beyond 1 T. A test of
the timing behaviour of R2490-01 is described in [61]. The scintillator material
could be either BI 408 or Pilot U. The tubes would be glued directly onto the
counter surface, without any light guides. The number of tubes per counter
could vary between four and eight, depending on the space available. The tube
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Figure 109: Design sketch of a TOF system for particie identification.

need not be perfectly aligned with the magnetic field; its performance should
not deteriorate as long as the angle of inclination of its axis with respect to
the field does not exceed 30 degrees. The use of several tubes per counter does
not only improve the time resolution, but in addition improves the reliability
and the spatial information available from the TOF counters; it finally helps in
resolving ambiguities and double hits.

Using the scaling law mentioned above and extrapolating from existing mea-
surements, one expects a nearly uniform time resolution of around 60 ps. Here
one meets the influence of the finite lengths of the ¢’ and ¢~ bunches which
introduces an a priori uncertainty in the annihilation time of about 50 ps. This
uncertainty could, however, be removed in an ofl line analysis taking into ac-
count TOF values and geometrical and kinematical parameters of all tracks
measured in the event. Then the expected particle identification capability in
terms of significance of separation is shown in Fig. 110. The separation power
sketched above is considerably inferior to the design performance of a RICH.
Especially the two-body B meson decays like e.g. B — #x and B — pm cannot
be identified by the TOF system. On the other band, the key reactions for the
measurement of CP violation in B meson decays would be well accessible. A
Monte Carlo study has shown that even with a resolution not worse than 100
ps the tagging of B rmesons by well identified kaons is still possible, the loss of
kaon tags being then only of the order of 10% .

The time between bunch crossings (12 ns) is much smaller than the time needed
for a trigger decision (~ 3 us). Therefore all information on an event candidate
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Figure 110: Expected particle separation with a muftiple readout time-of-flight
system

has to be stored in pipelines until the trigger decision is available. This excludes
the use of conventional TDCs on the TOF counters. Instead, novel techniques
have to be used, some of which are listed here:

o a high speed FADC system. While a 1 GHz clock for an FADC might be
within reach, it does not seem realistic to think of higher speeds. Sampling
the TOF phototube pulse in 1 ns steps, however, leaves the possibility to
derive the particle impact time, with the resolution wanted, in a fitting
protedure of the signal shape as a part of the offline analysis.

¢ an analogue pipeline {(e.g. the SLAC AMU [62]);
e a pipelined high resolution TDC [63];

e a mixing of analogue and digital pipelines {64]; here, a medium speed
FADC could be used in connection with a capacitor: charging starts after
the pulse fires a discriminator, and is stopped by the FADC cycle. The
charge is digitized and stored by the FADC. Assuming an 8 bit FADC
resolution, the tine resolution of this device equals the FADC cycle time
divided by 256.

The techniques mentioned are still under development and have at present not
yet reached the performance necessary in our case. But the progress is fast, and
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Figure 111: Expected 7 /K separation, velocity difference in units of resolution
si; = |Bi — B;l/ o, with the RICH or TOF, as described in this section, and by
measuring the specific ionization in the central tracking chamber (see section
4.10.2).

it seems realistic that one of these methods will soon fulfill the requirements of
a TOF readout system at a high luminosity B factory.

A TOF system as described here would at the same time serve as part of the
fast trigger. The necessity of a scintillator based trigger device is discussed in
chapter 6.

To summarize, the design of a TOF system with a time resolution of about 60
ps seems possible, and a readout scheme which matches this precision will most
likely be available in the near future.

The separation of pions from kaons in both cases, with RICH or with TOF
is summarized in Fig. 111. Also shown is the separation by combining the
measurements of time-of-flight and dE/dx in the CTC.

Summary
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6 The Trigger Scintillator System

6.1 Purpose and General Layout

The time between bunch crossings in the interaction region of HELENA is 12 ns.
For each detected interaction one has to identify uniguely the bunch crossing in
which the event occurred to provide the time reference ¢y for the event analysis.
The precise knowledge of y is mandatory, e.g. for drift time measurements in
the CTC and the integration of signals from the ECAL. In addition, tp will be
used to mark the time windows for transferring event specific information from
pipelines into the event buffers.

The time resolution of the device to be used {or determining tg must be smaller
than the time between bunch crossings, oy < 12ns. The technically most simple
solution is the introduction of a scintillation counter array of the time-of-flight
(TOF) type between RICH and ECAL, (see Fig.112).
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Figure 112: Arrangement of scintillation counters.

The information from such an array will also be valuable input for the first level
trigger and will in addition procure trigger signals for testing the detector with
cosmic radiation.,

The intrinsic time resolution of a simple trigger TOF system (TTS) will be of

the order of 300 ps or even better, depending on the counter thickness and the
choice of material. In order to be able to assign arrival times of scintillation
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light at the PM’s of the TOF modules uniquely to bunch crossing times, one
must ensure that timing uncertainties due to different particle flight times and
varying track impact points on the counters are well below 12 ns.

To match these timing requiremnents and to fit into the detector geometry, the
TTS must be segmented in polar as well as azimuthal direction. The TTS
should cover more than 90 % of the full solid angle in the centre-of-mass frame.
The thickness of the counter modules is defined by the time resolution wanted,
which in turn depends on the scintillation light output. The TTS discussed here
is expected to give only a binary information on whether a hit occurred or not.
Additionally, the readout of the TTS could be designed in a way as to deliver
information on charged particles’ flight times, adding a modest contribution to
the detector’s particle identification capability. The technical implications of
this additional option are, however, not discussed here.

If the High Resolution Time of Flight Option, described in Section 5.7, will be
chosen for particle identification instead of the RICH, it will also perform the
functions of the TTS, which is obsolete then.

6.2 Segmentation and Time Resolution

Segmentation of the TTS is done in a way that there are 3 counter modules
in the polar angle interval —0.87 < cos6 < 0.98 (see Fig.112) and 64 in az-
imuth. The counter lengths vary between 1.5 and 2 m, the widths between 6.9
and 12.8 cm. The thickness could be 2 cm, corresponding to 5% of a radia-
tion length. The time resolution of such a counter array, with the seintillator
material assumed to be Bicron BI 408 and each counter viewed by two photo-
multiplier tubes (PMs) is estimated to be around 200 ps rms. The phototubes
are assumed to be Hamamatsu R2490-5, a recently developed tube based on
the model R2490-1 which can be operated in a magnetic field as high as 1.5 T
(61).

The basic information element, input to the first level trigger, is the ‘yes’ from
a single counter module, realized by the AND of its two PMs. Timing un-
certainties of the order of several nanoseconds arise from particle flight time
differences, and different track impact points on a counter module, making the
scintillation light arrive at the PM photocathodes in a time interval depending
on particle momentumn and the counter size. With the above dimensions and an
effective speed of light of 15 cm/ns inside the counter, the time spread due to
scintillation light propagation is about 7 ns. The time spread due to different
particle momenta above 8 of 0.8 amounts to 3 ns. Timing uncertainties arising
from properties varying between individual modules have to be controlled by
calibration.

Geometry

Time spread

285



Trigger Scintillator System

Signal processing

286

There is one overall clock which is synchronized with the bunch crossing. The
TS modules have their own pipelines, data buffers filled by ’yes/no’ informa-
tion per bunch crossing. The stepsize of the TTS pipeline is defined by the
time between bunch crossings which is 12 ns. This corresponds to a 83 MHz
clock. The information from the TTS pipelines is read and used by the first
level trigger.
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7 The Electromagnetic Calorime-
ter

7.1 Physics Requirements

The wide range of research topics to be addressed at a B factory requires a
universal detector which measures neutral and charged tracks with compara-
ble precision. To fulfill this requirement, a state of the art electromagnetic
calorimeter has to be designed.

The main purpose of an electromagnetic calorimeter is to reconstruct decays
7%—v+v. In average B decays, 5.5 charged particles and 5.0 photons [65,66]
are produced. The complete reconstruction of a B meson thus requires the
detection of photons at all energies and the measurement of their direction and
energy with high precision.

From Monte Carlo studies of physics reactions one obtains the following desir-
able properties of the electromagnetic calorimeter:

o High detection efficiency (> 80%):
pointing geometry, large hadronic absorption length, little dead space.

* Good energy resolution (< 5% at 100 MeV) and low energy threshold
(~30MeV) : -
large signal, low noise readout, little material in front of the calorimeter.

s Good spatial resolution (< 1cm = 7mrad):
extensive segmentation of the calorimeter and/or readout.

» Good double hit resolution {~ 10 cm):
high granularity, pointing geometry, large distance to the IP.

e Good electron/hadron separation down to ~400MeV :
good energy resolution, large hadronic absorption length, pointing geom-
etry.

The importance of a low energy cutoff of the calorimeter is demonstrated in
Fig. 113, where the average reconstruction efficiencies for individual 7° mesons
from B decays and for complete B mesons are plotted as a function of the
photon energy cutoff. Cutoff values below 50 MeV are obviously very desirable
for efficient B meson reconstruction.

7.2 Choice of Medium

The requirements listed above imply a fully active medium which can either be

Physics
requirements

Fully active
medium
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Figure 113: #° - {full line) and B meson reconstruction efficiency (dashed line)
vs. photon energy threshold

a solid scintillator material or a noble liquid like Krypton or Xenon [67].

Liquid calorimeters exhibit some quite attractive features. They can be seg-
mented into small cells, thus measuring both the longitudinal and transversal
shower development. These liquids are insensitive to radiation damage. The
scintillation output of liguid Xenon is comparable to that of Nal(Tl) and the
decay time is about 3 nsec {68]. Liquid Xenon has to be excluded, however, due
to its price which is about one order of magnitude higher than what has to be
paid e.g. for a Csl calorimeter [69). The radiation length of liguid Krypton 1s
4.6 cm whilch requires a very large and expensive eryostat with an inner volume
of 45 m3. The results obtained so far with liquid Krypton detectors {70} are not
superior to those obtained with crystal calorimeters. In addition, there exists
no experience with large systems of this material up to now.

Among the many solid scintillator materials which are available, only scintillat-
ing glass and CsI(T1) were considered |71). All other materials ike BGO, BaF»,
CsI, CsI{Na), CeF3, NaI{Tl), GSO(Ce), and lead glass have been excluded for
at least one of the following reasons:

& t00 expensive;
e not enough light-output per deposited energy;

¢ unfavorable mechanical properties;
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s no experience with large systems.

However, it should be kept in mind that the SSC and LHC projects stimulated
an enormous R&D effort in precision electromagnetic calorimetry. BaF; and
liquid Xenon have been proposed as options (72]. Therefore the arguments
made in this section have to be reviewed when the final decision on the B
factory detector is taken.

The relevant features of the scintillating glass HED-1 [73] and Csl(T1) are listed
in Table XI. The advantages of the glass are the short decay time, sufficient

l—_ Table X1: Properties of some scintillating materials. ]
HED-1 | CsI{T1) BaF, LXe
References (73,74 [75,76] | {72,77,33] | [68,69,72]
Density (g/cm®) 3.44 4.51 4.89 3.05
Radiation length (cm) 4.12 1.86 2.05 2.77
Interaction length (cm) 43 37 30 55
Moliere radius (cm) 3.9 3.8 4.3 5.6
Critical energy (MeV) 22 10.2 12 10
dE/dxpin (MeV/cm) 5.2 5.6 6.6 3.9
Decay const. (nsec) 8745 900 630/0.9 25/3
Temp. coeff. (%/ °C) 0.18 0.25 -0.6 -
Apeak(nm) 435 550 320/210 -/170
Photoelec. /| MeV 12.5+1.2 2500 - -
Photons / MeV 330+42 | 4.5-10% | 5000/1000 | 2006/4 - 101
Price (DM/cm?) 0.58 2.6 11 8- 24
Rad. hardness (Gy) 6000 1600 108 large

radiation hardness and a low price /cm®. However, the last point is partially
compensated by the large radiation length as compared to CsI{Tl), resulting in
a volume three times as large. The amount of scintillation light [74] is small
compared to the light output of crystals which makes the readout by photo-
multipliers necessary. PM’s with sufficient amplification in magnetic fields are
very expensive [78]. For these reasons, the total price for a glass calorimeter
including PM’s will be about the same as for CsI(T1) with silicon photodiode
readout. In addition, a careful comparison of both materials reveals the su-
perior quality of CsI(T1). The performance of the CLEQ II calorimeter based
on CsI(Tl) crystals [79] is somewhat better than the expected performance of
an ideal glass detector. According to the manufacturer (73], no substantial im-
provement in the light output of the HED-1 glass can be expected, whereas the
following improvements have been reported for the crystal performance:

e The intrinsic resolution of Csl crystals doped with Thallivum was limited in
the past by a large variation of the Tl concentration along the longitudinal

Comparison of

scintillating glass

and CsI{Tl)
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axis of the crystal [75]. Meanwhile, the homogeneity of crystals has been
improved by using the "Kyropoulos” method |76].

s The widespread use of PIN Si photodiodes triggered the development
of types {78] having a larger sensitive area combined with a smaller
capacity/cm*. Together with the reduction in dark current, these new
diodes show an improved signal to noise ratjo.

The above mentioned points justify the assumption that a CsI(Tl) calorimeter
can be designed and constructed with a quality even superior to the existing
CLEO I or Crystal Barrel calorimeters. Accordingly we propose an electro-
magnetic calorimeter for HELENA based on Csi(T1) crystals.

7.3 Choice of Crystal Sizes, Support
Structure

The length of the crystals is determined by the amount of longitudinal leakage
allowed at the maximum energies of electrons/photons to be measured with
the calorimeter. Since electrons and positrons from Bhabha scattering are im-
portant for calibrating the calorimeter, a good resolution at their energy is
important. Longitudinal leakage should be limited here to 2%.

The maximum electron momentuwm and consequently the necessary length of
the crystals are a function of the polar angle. The required length has been
derived from a Monte Carlo simulation which will be described in more detail
below. In the forward region the crystal length should be 39 em = 21 rad.
length and 33.5 cm = 18 rad. length in the backward hemisphere.

The arrangement of the crystals follows the inverse flie’s eye principle, namely
that the longitudinal axis of each crystal points to the IP (see section i, Fig.
74). The-proposed ellipsoidal shape avoids the barrel/endcap separation which
is typical for many colliding beam detectors, Thus, the same performance is
guaranteed for all polar angles.

The granularity of the calorimeter is determined by the transverse dimensions
of the crystals. The cross section at the front side has been chosen to be about
5 x 5 cm?. The counters will be shaped like an obelisk with a trapezoidal
longitudinal cross section. The obtained granularity is a compromise between
the wish to optimize the spatial resolution and to minimize the dead space
between the crystals and the cost for the readout. This choice has been verified
in a Monte Carlo study. The results are presented in section 7.7.

The support structure of the calorimeter will follow the concept of the L3 design
[80). The crystals are mounted in a honeycomb structure providing a separate
compartment for each counter. Special care has been taken to guarantee that
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the planes separating the crystals are slightly tilted (15 mrad) with respect to
the direction to the main vertex. The honeycomb structure is connected to the
iron support shell around the calorimeter and is stabilized by an inner cylinder
made of 0.5 cm carbon fiber composite material. The walls between the crystals
are made from the same material and have a thickness of 0.1 cm (0.4% of a
radiation length) including the wrapping of the counters.

The calorimeter is subdivided in 80 rings (see section 1, Fig. 74) with the number Number of
of erystals per ring varying between 75 and 173. The total number of crystals crystals
amounts to 11000.

7.4 Readout

Recent tests of new CsI(T1) crystals and new Si diodes have demonstrated that Readout by
excellent energy resolutions can be obtained. Using a large crystal of 34 em Si-diodes
length {76] and the Si PIN diode $3204-3 (78], 9700 photoelectrons per MeV

and a noise of about 100 keV were observed [81,82]. Both results are much better

than the corresponding numbers of CLEO II or the Crystal Barrel (Table XII).

Another appealing feature of Si photodiodes is their easy handling and their

[ Table XII: Results obtained with different CsI(T1) detectors. B
CLEO II{79] Crystal Barrel[83] | Test[81,82]
Crystal cross section 5x 5 cm? ~ 5 x 5 cm? 4.5 x 4.5 cm®
Crystal length 30 cmn 30 cm 34 cm
Readout 4 diodes of 1em? WLS + diode 1.8 x 1.8 ¢m?
Npe / MeV 2500 2300 9700
Noise (keV) 400 250 100

excellent long term stability. Encouraged by these results, we plan to use just
one large area Si photodiode per crystal which will be followed by a low noise
charge sensitive preamplifier. The noise contribution of the preamp should not
exceed 400 e~ (rms) which corresponds to 80 keV using the assumptions of
section 7.7. Following the preamp, a pole-zero circuit eliminates the long tail of
the preamp pulse. Finally the pulses are shaped with a time constant of about
2 psec.

To digitize the pulses a flash ADC (FADC) system would be very attractive for Digitization
the following reasons. At a beam crossing rate of 83 MHz, pileup from beam gas

interactions might occur. If a signal is sampled in 50 time slices, such an overlap

can be recognized. In addition, a pulse shape analysis of the signal might help

to distinguish photons from energy depositions due to hadronic showers (split

offs) [84]. However, for the time being, a FADC system operating at 256 MHz

and with a dynamical range of 13-14 bits does not yet exist.
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A more conventional solution foresees a 16 bit ADC using the dual-range tech-
nique. Sample and Hold circuits then have to buffer the analog pulses, because
the long conversion time of the ADC’s (about hundred psec ) might otherwise
introduce deadtime.

A calorimeter trigger is accomplished by summing neighbouring crystals into
towers of 36 elements. The summed signals are shaped with a time constant
of 0.5 psec. If the signals of the individual crystals can not be digitized with
FADC’s, the signals of the trigger towers are analyzed with 10 bit FADC’s, in
order to compensate for the missing time information. At the Y(48), about 250
crystals will have an energy deposition above threshold. Based on this number,
the calorimeter will contribute at most 2 kbyte to the event record inciuding
the FADC information of the trigger sums.

7.5 Calibration

The precise intercalibration of the whole calorimeter and its time stability over
long periods are essential to obtain the desired energy resolution. The error
introduced by the calibration should be kept below 0.4%.

The absolute light output as well as the light collection along‘ the crystal axis
will be measured as a part of the acception test. The photodiode including
the following electronic chain can be calibrated absolutely by measuring the
photopeak of low energetic photons from a radioactive source [85]. The elec-
tronics itself can be monitored by injecting pulses of known charge into the
preamplifier. With these numbers at hand, an absolute precalibration of the
calorimeter at the level of 1% seems to be possible. The final calibration and the
long term monitoring can be obtained from Bhabha events {86]. The observable
Bhabha rate is about 300 Hz at a luminosity of 3 - 10%3/cm?sec. Although the
Bhabha events will be prescaled in the second level trigger, at least hundred
hits per érystal and day will be recorded, allowing for an absolute calibration
of all counters every week. The energy range can be extended by using radia-
tive Bhabha events. The linearity of the calorimeter response is checked by
reconstructing 7°’s with one photon measured in the shower counters and the
second one measured as converted photon in the CTC.

The calibration scheme presented here will not allow to correct for short term
variations like temperature drifts. The temperature gradient of CsI{T]) has
been reported to be 2.5-107%/°C at room temperature [82] which means that
the temperature in the detector has to be stabilized within :0.5% C. Short term
fluctuations can be corrected by using a radioactive source calibration or a light
pulser system. From our present experience (86] it seems to be very difficult
to design a light pulser system with an intrinsic stability at the level of 0.1%
due to the many components which are involved in such a system. Therefore
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preference is given to a radioactive source calibration which has the additional
advantage of providing a measurement at very low energies.

7.6 Radiation Damage

Sufficient radiation hardness of the shower counters is very important to main- Radiation effects
tain the quality of performance. Radjation damage will result in reduced light
output and nonlinear energy response which is very difficult if not impossible
to correct for. In the literature CsI(T1) has been reported to be very sensitive
to radiation [87]. A substantial reduction in light output at a dose level of 1
Gy was observed. However, in the context of the PSI B factory study (33] a
careful measurement has been performed [88] using small crystals (~ 1 cm® )
grown by different manufacturers. From this study it can be concluded that
the radiation hardness is strongly effected by impurities. Using CsI powder of
highest purity crystals were grown withstanding doses up to 1000 Gy without
any deterioration. For comparison, a CsI(T1) block hit by 1 MHz of minimum
jonizing particles during 108 sec ( = 10 “Snowmass years”) accumulates a dose
of 1000 Gy. Thus we do not expect any problems due to radiation damage
with high purity CsI(T1) crystals, provided that proper care is taken during the
whole manufacturing process.

7.7 Expected Performance

In order to estimate the expected performance of the electromagnetic calorime- Performance,
ter and to examine the interaction with the adjacent detector components, simulation studies
a Monte Carlo simulation was performed using the EGS4 code [89]. In this

study we concentrated on the most critical forward part of the calorimeter

(0.88 < cosd < 0.975). The material in front of the shower counters includes

the drift chamber (6% of a radiation length), the RICH detector with CeFy4

radiator, quartz windows, MWPC and electronics (17%) and 5% for trigger

counters and calorimeter support, summing up to a total of 28% of a radiation

length at perpendicular impact. The magnetic field of the detector was taken

into account in the region in front of the calorimeter which is essential for a

correct estimation of the background. However, the magnetic field can be ne-

glected for the tracking in the shower counters because its influence is negligible

here.

A matrix of 15 x 15 crystals belonging to the innermost 15 rings was simmulated Input parameters
(see section 1, Fig. 74). The material between the crystals amounts to 0.1 ¢m
of carbon fiber material. Photons and electrons were generated in an energy
interval of 0.02 - 5 GeV and 0.1 - 10 GeV, respectively. For simplicity, the
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carbon fiber walls pointed to the main vertex. The particles were generated off
origin to simulate the tilt of the walls.

A readout noise level of 200 keV /crystal and a light output of 5000 photoelec-
trons/MeV have been assumed {Table XII). In addition, a readout threshold
of 0.2 MeV per crystal ( = 1 ADC channel) has been applied. The MC events
were analyzed using a simple cluster algorithm. Due to shower fluctuations or
interaction in the material some crystals above threshold can be separated from
the main cluster which reduces its visible energy and therefore deteriorates the
energy resolution. In addition, the separated crystals can fake photons if their
energy is large enough.

Further effects which influence the performance of the calorimeter and which
have been taken into account in the simulation study are discussed one by one
in the following paragraphs.

Tt is known since many years that the response of crystals is not exactly propor-
tional to the energy of the incoming particle. This is due to the fact that the
scintillation efficiency depends on the specific energy loss. At high ionization
densities (protons, alphas), recombination effects occur which can be described
by Birks law [90]. At small dE/dx (electrons), the scintillation efficiency is
rising with the specific energy Joss. This effect can be easily observed by mea-
suring the CsI(T1) response with 4 sources of different energies (82]. However,
we do not expect that this effect contributes much at higher energies. Therefore
it has been neglected in the present study.

The uniformity of crystals has been improved during the last years. The man-
ufacturing techniques have been modified resulting in a very stable Thallium
concentration along the whole crystal [76). Furthermore, variations in the light
collection can be corrected for by a careful surface treatment reducing nonuni-
formities along the crystal to 1%, leading to a negligible effect on the energy
resolution. For comparison, the CsI{ T1) blocks of the Crystal Barrel experiment
show nonuniformities of up to 5% [83]).

The effect of electronic noise of the readout on the energy resolution increases
with the number of crystals contributing to a cluster. The cluster size is ap-
proximately proportional to +VE. Assuming a noise level of 0.2 MeV per block,
the contribution to the energy resolution is op/E & 0.001/E%7.

Photons of 50 MeV lose about 1% of their energy by backscattering. The loss
at 1 GeV is below 0.4%. The energy deposition as a function of the length of
the crystals is shown in Fig. 114. To obtain less than 2% leakage, the length of
the crystals has been fixed to 39 ¢m in the forward hemisphere (see Fig. 115).

The intercalibration error has been taken into account by adding 0.4% to the
energy resolution (see sect.7.5).

The energy loss in the honeycomb structure which is the same for incident
electrons and photons, is proportional to the thickness of the material and
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E / E(80cm)

Crystal length (cm)

Figure 114: Deposited energy, normalized at 80 cm, as a function of the crystal
length for 10 GeV e~ (full line), 5 GeV e~ {dashed line) and 5 GeV 7 (dotted

line which is almost identical to the full line).
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Figure 115: Relative energy loss due to longitudinal leakage for incident photons
{full Iine) and electrons {dashed line) for crystals of 39 cm length.
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shows almost no energy dependence. Both electrons and photons lose about
1.3% of their energy. The particles have to pass the trigger counters and the
support structure in front of the crystals where elecirons deposit about 20 MeV
and photons at most 10 MeV.

Photons from B decays have to pass 32% of a radiation length on average. This
material has a severe influence, and it should be tried to reduce it in the final
design. 20 - 30% of all photons convert before entering the calorimeter. How-
ever, in most cases the products of conversion of photons with energies above
250 MeV form one cluster in the crystals. Using the additional information
made available by the RICH and the scintillation counters it will be possible
to distinguish these overlaps from accidental overlaps of two photons and to
correct for the energy loss in the material.

In addition to extra e tracks and photons produced by showering particles in
the CTC endplates and the radiator of the RICH detector, many low energetic
electrons and photons are backscattered from the calorimeter which increases
the background in the RICH detector. In Fig. 116 the nurber of additional e®
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Figure 116: Numnber of additional et passing the RICH detector per incident
photon (full line) or electron (dashed line).

tracks due to these effects is plotted. Only electrons passing through the radia-
tor contribute to the background in the RICH, whereas photons have no effect
if they do not interact in the radiator or in the MWPC. Using this information,
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the number of background hits in the RICH detector and in the calorimeter
can be estimated.

The amount of energy which the incident particles lose due to interactions in the Energy loss
detector components in front of the calorimeter can be derived from Fig. 117
where the average fraction of visible energy is plotted. These losses can be
corrected for in the offline analysis, but they deteriorate the energy resolution.
As an example, the visible energy distribution for 100 MeV photons is shown
in Fig. 118. The spectrum can be described by a Gaussian plus an exponential
tail. However, the interaction in the material in front of the crystals results in
an almost flat tail down to very low energies. This tail strongly decreases at
higher energies, because the energy loss is roughly constant, To get an estimate
for the background in the calorimeter, Fig. 119 shows the energy spectrum of
photons produced in connection with primary 1 GeV photons. Most of these
additional photons have such small opening angles with respect to the primary
particle that they do not show up as extra clusters. However, some clusters
with an energy above 10 MeV are left which can fake photons (Fig. 120).

Due to the different components contributing to the energy resolution, no sim- Energy resolution
ple algorithm is available which takes into account the energy dependence of
each contribution. Therefore the energy resolution is described by an empirical
function fitted to the results of the MC simulation. The resolution quoted here
is derived fromm FWHM/2.35. To describe the tails quantitatively, the fraction
of particles measured with an energy within 3 ¢ of the peak value is given. The
energy resolution expected for photons is parametrized (Fig. 121) by

R 0.012\ 2

®= \/0.0042 + ( et
where 65% of all photons at 20 MeV are measured with this accuracy and
80% at 5 GeV. The rest is contained in the low energy tail. The above energy
dependence indicates that neither the photoelectron statistics (~ E~%%) nor the
electronic noise {~ E%-75) are the limiting factors. The resolution for electrons

is worse for energies below 1 GeV due to bremsstrahlung in the material in
front of the crystals

Photons

Electrons

op 0.01\?
- \/0.0072 + (EO-S"') ; 0.2GeV<E<1GeV.

About 80% of the electrons are measured with this precision. At energies above
1 GeV electrons are measured with slightly better precision compared to pho-
tons, because they have less longitudinal leakage.
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Figure 117: Fraction of visible energy (peak value) for photons (full line) and
electrons (dashed line).
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Figure 118: Spectrum of 100 MeV photons. A Gaussian plus an exponential
{(full curve) has been used to determine the width.
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Figure 119: Energy spectrum of photons hitting the calorimeter for incident
photons of 1 GeV,
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Figure 120: Number of reconstructed clusters with E > 0.01 GeV per incident
photon (full line) or electron {dashed line).
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Figure 121: Energy resolution for photons (full line} and electrons (dashed
line). Results of CLEO II [79] (full points) and Crystal Ball [92] (dotted line)
are included for comparison.

In ref. [74], a parametrization of the position resolution is given. Adopting this
for our calorimeter, we obtain the following expression

femm] = D/V12
oxlem] = -———m

with D being the crystal width. The angular resolution is o, = ax/R and
o9 = 0x/L = ox - sind/R . L is the distance between the impact point of the
photon and the interaction point; R is the radial distance to the beam line. In
the barrel region of the calorimeter we obtain
10mrad 10mrad
= ——— and

%= JTBr1 o= AELL

The influence of the granularity and of the angular resolution will be demon-
strated with three examples. First, the mass resolution of reconstructed 70
is considered. Fig. 122 shows the mass resolution as a function of the 7% mo-
mentum. According to the expression

1
Tm = l (_a.-ffﬂ_)z + (ﬁ)z + (E)2 :
1m0 2 1 — cosx E, E,
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Figure 122: Mass resolution versus momentum for reconstructed #° ’s (full line}
with separate contributions from energy resolution {dotted line) and angular
resolution (dashed line). The expected mass resolution of crystals with D=3
cm is included as a dashed-dotted line.

the mass resolution is dominated by the error on the opening angle o at large
momenturn. To obtain a flat {momentum independent) rmass resolution, the
crystal cross section would have to be reduced to 3 x 3 cm? (see Fig. 122),
which, on the other hand, would increase the dead space, and the number of
crystals would go up by almost a factor of three.

The second example refers to the measurement of monochromatic photons Monochromatic
which are produced in radiative Y decays or decays of excited B mesons photons
B* — B«v. In an asymmetric B factory, these photons are not monochromatic

in the laboratory system. Transforming them into the cm system, energy and

angular resolution determine the width of the energy distribution. Thus it has

to be checked that the excellent energy resolution is not deteriorated. A Monte

Carlo simulation of the decay B* — B~ confirmed that the accuracy of the di-

rection measurement is sufficient. The relative energy resolution of 52 MeV

photons is 2.54% according to the above mentioned formula. The resolution

is slightly betier in the lab system (2.48%) due to the boost. Transforming

the reconstructed photon in the B* system results in a minimal degradation to

2.52% which is negligible.

Third, the 7%/ separation will be discussed. For high energetic 7°’s the energy 7%/~ separation
depositions of both photons merge into one cluster. To distinguish these clusters
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from single photons of the same energy, the distance x between both impact
points must be at least three times the crystal size D: x = o+ L > 3-D where
L denotes the distance to the interaction point. Since the minimum opening
angle of a 7% is a = 2m,/E, , D is 5 em for a 7° of the maximum possible
energy from B decays in the asymmetric collider. This simple calculation was
substantiated by a Monte Carlo study. The energy deposition of 4.5 GeV 7°s
(a = 60 mrad) emitted in the forward region has been analyzed using a cluster
algorithm which is based on neural networks [91]. For all events it was possible
to Teconstruct two separate photon clusters. In average, the energies assigned to
these two clusters were 98.2% and 95.7% of the nominal photon energies. This
demonstrates that the granularity chosen allows to distinguish single photons
from 7°°s over the whole momentum range.

7.8 Cost Estimate

The price of the electromagnetic calorimeter is determined by the total volume
of the crystals and the number of readout channels. Given a volume of 13 m2,
the cost for the crystals amounts to 34 MDM. The price for the readout chain
has been estimated to be 400 DM per channel including the Si diode, amplifiers,
and ADC. Assuming a price for the honeycomb structure of 1.5 MDM, we end
up with a total price of 40 MDM for the calorimeter.

As a summary, the most important features of the proposed calorimeter are

collected in the following Table XHI

LTable XIII: Cost estimate of the proposed electromagnetic calorimetil

material

size of crystals
readout
volume

# of trystals
signal

noise

| total cost

photon energy resolution
7° mass resolution

CsI(T1)
~ 5x5x(33.5 - 39) cm®
1 PIN photodiode of ~ 4 cm?
13 m?
11000 arranged in 80 rings
> 5000 photoelectrons / MeV
< 200 keV [ crystal
2.6% at 50 MeV, 1.3% at 1 GeV
1.5 - 2.8%
40 MDM
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8 Muon Identification

Muon tracks are detected and their momenta are measured in the main drift
charnber. They are distinguished from kaons and protons by the RICH system
and by dE/dx measurements in the main drift chamber. In order to distinguish
them from pions two methods will be used, depending on the momentum of the
particle.

For momenta helow 1 GeV/c, the separation of muons and pions is achieved by
the RICH system. The separation is 30 at 1.0 GeV/c and 40 at 0.9 GeV/c.

For momenta above 1 GeV/c the separation of muons from pions is achieved
by exploiting their ability to penetrate matter without interaction other than
ionization. The existing Csl calorimeter, its iron support, and the magnet yoke
are used as hadron filter. The design of the muon detection system is mainly
dictated by background considerations.

The main backgrounds to muon identification by range measurements are the
following ones [33]:

o Punch-through of noninteracting pions is indistinguishable from muons.
Its rate falls off roughly as exp (- %) where 7 is the nuclear interaction
length in the filter [93]. This bebavior calls for a thick absorber which,
however, has to be weighed against an increased momentum cut-off for
real muons due to their finite range. Fig.123 shows punch-through prob-
ability and cut-off momentum vs. absorber thickness.

¢ Shower leakage also falls off exponentially but not as fast as punch-
through. This background can largely be eliminated by extrapolating
the muon trajectory through the absorber using at least two planes of the
muon detection chambers and checking whether position and direction of
the track is consistent with being a primary muon.

e 7, K decays: The probability for a pion to decay into muon and neutrino
within a cylindrical radius of 1.3 m is 2.3%/pr (pr in GeV/c) and for a
kaon 11%/pr. Kaons are less critical, however, since their decays within
the driftchamber are more readily detected by observing a kink and/or a
change in curvature of the track. Kaons decaying behind the RICH were
already identified. For pions passing the RICH there is strong competi-
tion between decay and nuclear interaction, depending on the distribution
of absorbing materials along the track. Pions decaying here can be rec-
ognized by determining the momentum of the decay muon which is lower
than that of the parent pion measured in the CTC.

Both shower leakage and pion decay background can be strongly reduced by
a rough momentum measurement of the track in the absorber. This requires
either to use a finely segmented range telescope or to detect the bending of
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Figure 123: Pion punch-through probability (dashed line, right scale) and muon
cutoff momentum (solid line, left scale) vs. iron absorber thickness. L1, L2 and
L3 mark the position of muon detection chambers in the proposed design (the
Csl calorimeter has been set equivalent to 17 ¢cm of iron).

charged particles in the magnetic field outside the CTC. Considering the huge
area that would have to be covered by muon detection chambers in the range
telescope approach, we prefer the latter technique.

8.1 Design of the Hadron Filter

Our design of the hadrop filter is shown in Fig.124. The Csl calorimeter pro-
vides one nuclear interaction length (= 1.0 Ar). It is directly surrounded by a
layer of 10 ¢m nonmagnetic iron {= 0.6 A;) in order to further reduce the num-
ber of pions that otherwise may decay in the free space between calorimeter
and magnet voke, giving rise to fake muons. The gap of ca. 100 cm between
calorimeter and magnet yoke, containing almost the full magnetic field, helps
in separating low momentum secondary particles from primary muons in the
subsequent muon detector. The iron return yoke is 35 cm thick and corresponds
to 2.1 A; at normal incidence. The total thickness of absorbing material until
here {= 3.7 X1) corresponds to a muon cutoff momentum of 0.9 GeV/c and a
nominal pion punch-through probability of 2.5% at normal incidence. Here the
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Figure 124: Arrangement of muon detection chambers.

first layer of muon detection chamnbers js positioned. Together with a second,
and in forward direction, a third layer with additional iron absorbers, it mea-
sures position and angle of penetrating particles. If these parameters fit to the
parameters measured in the CTC, the particle is identified as a muon.

The muon detection system covers 95% of 47, The geometrical arrangement
of muon chambers and iron (see ¥ig.124) takes into account the effect of the
Lorentz boost with high momentumn particles produced predominantly in the
forward direction and low momenta in the backward hemisphere. The respective
muon cutofl momenta as function of the lab polar angle are plotted in Fig.125.
For comparison, CMS momenta of 1.0, 1.5, and 2.0 GeV/c boosted into the
lab system with (8 = 0.6), are also shown.

Estimates of the probability of fake muons reconstructed in this detector have
been obtained by a Monte Carlo simulation and by scaling experimental results
from the ARGUS detector to the new geometry. The ARGUS collaboration
obtained experimentally a probability to misidentify a pion as a mmuon of 1 -
2% for momenta between 1 and 3.5 GeV /c [94] with a total absorber thickness
of 5.1 A; . In the same momentum band we expect a fake rate of less than 1% .

8.2 The Muon Chambers

The muon chambers (MUCH) have to cover a large area with a good efficiency

Solid angle,
momentum cutoff

Fake rate

Proportional tubes

and a moderate spatial accuracy of track detection. This can be economically
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Figure 125: Muon cutoff momentum vs.cosd for the three muon chamber
layers Ly » 3 (solid lines). Dash-dotted lines show pja, vs.cos®d for constant
Pems = 1.0, 1.5, 2.0 GeV /c.

accomplished with proportional tubes or with limited streamer tubes. Since
simple proportional tubes, used in the ARGUS detector, have shown excelient
reliability during 10 years of operation, we prefer this type of detection system.

The basic unit consists of a double layer of 16 stainless steel tubes of 30 mm
diameter staggered by half the width (see Fig.126). The length of the tubes
depends on the position of the module and varies from 2.7 to 3 m. In total
560 m? have to be covered with muon chambers, corresponding to 35 km of
tubes.

The spatial resolution perpendicular to the wire direction is given by the tube
diameter and the layer staggering, and is 15 mm. The coordinate along the
wire is obtained by measuring the difference of arrival times of the signals at
opposite ends of the tube. The coordinate is proportional to the measured
time difference. The coefficient for the conversion of the time difference to
a coordinate is 6.7 ps/mm. With electronic channels, each consisting of two
amplifier /discriminator combinations, connected to the ends of a tube, plus a
time stretcher and a TDC module, resolutions between 23 and 33 ram along
the wire have been obtained {95]. This compares well with the average radius
of 56 mm for the spot of intersection of a muon of 2 GeV/¢ with the first plane
of muon chambers due to multiple scattering in the preceding material.
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Figure 126: Design of a muon chamber module.

The above method allows a better ultimate resolution to be obtained than the Chaining tubes
charge division technique {96)]. It is also more economic since only one “analog
to digital” converter is necessary for a tube instead of two. Further savings
can be obtained by connecting several tubes to a chain and using only one set

of electronics at the ends of the chain, since in the muon detection system the
particle flux is small.
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9 Trigger, Rates and Data Acqui-
sition

9.1 General Considerations

The trigger system of a B-factory detector has to handle very high luminosities
at Jarge bunch crossing frequencies. In order not to limit the development
potential of the machine we want to assume in this chapter that a luminosity
of L = 10* cm~25~! with a bunch crossing frequency of 83 MHz or even twice
that may ultimately be reached. These conditions are certainly very different
and much more demanding than for current ete™ experiments with one to
two orders of magnitude less luminosity and bunch crossing frequencies around
1 MHz or less.

However, the conditions of a B-factory are also not so unusual: the requirements
lie somewhere between HERA with about 10 MHz bunch crossing frequencies
and LHC/SSC with similar luminesities and bunch crossing frequencies. Com-
pared to LHC/SSC a B-factory has the advantage that the event probability
per bunch crossing is orders of magnitude lower. We will certainly profit from
ongoing research and development for hadron machines [97]. However, our
trigger and data acquisition system outlined below can be built from electronic
components available today.

A trigger has the task to efficiently recognize good physics events and suffi-
ciently suppress background while keeping the deadtime low. Therefore we
first discuss the event topologies we want to trigger on and the features of the
backgrounds we want to reject before we turn to the description of a trigger
and data acquisition system.

9.2 Event Topologies and Rates

In the energy range of the proposed machine the events are either one-photon
or two-photon reactions:

ete~ — ¢g — hadrons (71}
ete” — It (I = e,u,7) (72)
ete™ — vy (73)
ete — eYe™ + hadrons (74)
ete™ — efem + 1T (I = ep,7) (75)

The first reaction covers quark pair production in the continuum as well as
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hadronic decays of the Y resonances, in particular Y(48) production with sub-
sequent decay into BB pairs. All these processes lead to multihadronic final
states, and most of them have many charged and neutral particles which can
hardly be missed by the trigger. No attempt will be made to select BB events
on the trigger level.

The QED processes QED events
ete” —ete”, ptpT, vy

can be identified by their two- or zero-track topology together with a large
energy deposition in the calorimeter or hits in the muon chambers. They are
useful as monitor reactions to measure the luminosity, and to calibrate detector
efficiencies and resolutions. However, the rate of Bhabha scattering will be so
large that it has to be prescaled. In the YT energy region with a luminosity
of L = 10% ¢cm~?s™? the Bhabha rate will be about 1000 Hz. Prescaling of
this rate requires a clean recognition of Bhabha scattering at the trigger level.
About 10 to 20% of the QED events radiate a sufliciently hard photon to make
these events more difficult to recognize as QED events.

The remaining QED process, 7F 7~ production, is an important topic in the
physics program of the B-factory. The 7 leptons decay dominantly into one or
three charged particles plus any number of neutrals. Due to the undetected neu-
trinos the events are in general not momentum balanced. Particularly difficult
to trigger on is the 1-1 topology (e.g. 7+ — 77, 77 — 771, ).

In the two-photon reactions {74) and (75), the scattered e™ and e~ usually Two-photon
disappear in the beam pipe. Low multiplicity and low particle energies and reactions
momenta are characteristic of the remaining final state. With respect to the

trigger two-photon annihilation events are similar to  pairs, since both require

low multiplicity triggers which may be troubled by the backgrounds. For the

two-photon reactions it is not so simple to quote event rates, since only a

small fraction of the total cross section is seen in the detector. For a beam

energy of 5 GeV and a two-photon invariant mass W, > 0.5 GeV the hadronic

vv reaction (74) contributes about 13 nb. The QED process (75) with the

additional restriction |cos@*| < 0.7 (#* is the lepton angle in the vy CM-

system) adds roughly the same amount. These estimates depend critically on

the kinematical restrictions, since the cross section inereases very fast for smaller

W.,., or smaller §*. A trigger requiring at least two charged particles with p >

150 MeV /c will accept about 150 Hz from v+ events. A more stringent trigger

requirement, in general, cuts also into 7 events., If it is required that trigger

tracks have to hit the scintillation counters, their transverse momentum pr has

to be larger than 200 MeV /¢ for a magnetic field of 1 Tesla.

The expected event rates are summarized in Table XIV. It follows that the Rates
total rate from physics events will be about 200 Hz (L = 16*# cm™2s~? ) with
the Bhabha rate already prescaled.

The full range of the physics program can be covered if one could afford a Conclusion
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| Table XIV: Event rates for an assumed
luminosity of 10%* em™?s™! at the T(4S)
i 1
Process Rate [Hz]
ete” — bb 10
ua, dd, 53, c¢ 35
ete™ {prescaled) 10
ptu” 10
vt 10
7Y 10
Sum one-photon events 85
Two-photon events
ek = 2, pr> 250 MeV/c 85
Total swm 170

charged particle trigger with a low-pr cut-off requiring at least 2 tracks or at
least 1 track with an additional neutral energy cluster.

9.3 Background Sources and Rates

In the following we discuss the known background sources, their characteristics
and the means to reduce their rates,

Electron scattering off the rest gas in the beam pipe creates mainly events with
low-pr tracks. This background can be reduced by improving the vacuum in
the interaction region, by setting appropriate pr cuts for the track triggers,
and by restricting tracks to a limited volume around the interaction point (in
particular along the beam axis to about &5 cm). As an example: with 51677
Torr and a beam current of 2 A, one expects a rate of 2 Hz per e¢m in 2z from
events with at least one track with pr > 150 MeV/c and 0.4 Hz/cm with at
least two such tracks.

This rate depends on machine conditions and the vacuum in the beam pipe. If
beam lifetimes of the order of 5 hours are achieved, a beam current of 2 A yields
a rate of lost particles of about 3 kHz/m (see I1.5.3). Using scrapers at suitable
positions in the machine, the loss rate near the detector can be reduced to
obiain acceptable running conditions. At small angles off-momentum particles
initiate showers in the IR which lead to both charged particles in the tracking
chambers and large energy deposits in the detector parts closest to the beam
pipe. With a pr cut of 100 MeV /¢, the rate of background tracks passing the
CTC is at most 1 kHz. The trigger rates can be further reduced below 100 Hz
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by requiring charged tracks to originate from the IR in r-z (e.g. Az = £5 cm)
and r-¢ (e.g. distance from origin dy < 0.5 cm).

The detector is continuously sensitive to cosmic rays since the bunch spacing
of the machine is comparable to the time resolution of all detector components.
However, requiring in the trigger charged tracks to originate from the IR in r-z
and r-¢ reduces the cosmic ray rate well below 1 Hz.

The synchrotron radiation from the beam optical elements near the IR is par-
ticularly dangerous. A major effort went into the design of the IR to minimize
the radiation into the detector {see IL5.2). To avoid aging problems of the drift
chamber not more than one photon per bunch crossing should be absorbed in
the chamber (corresponding to a total drift chamber current of about 30 to 50
pA). For the trigger this will not cause any problems even if this number goes
up by an order of magnitude.

In summary, the most effective background reduction is achieved by restricting
on the trigger level charged tracks to come within some allowances from the IR.
A low bias trigger, requiring at least 2 tracks with pr > 150 MeV would then
be acceptable, with a signal-to-background ratio around 1:1.

9.4 Trigger Types
The most important trigger types are:

¢ charged track trigger
e energy trigger

e muon chamber trigger
In addition calibration and monitor triggers have to be provided:

o luminosity monitor trigger from endcap crystals (prescaled)
¢ Bhabha trigger (prescaled)

® cosmic ray trigger

¢ random trigger

e electronic test triggers (pulsers etc.)

The triggers derived from the different components are usually OR’ed together.
Some low bias triggers may require a logical AND with other components.
Redundancy in the trigger system is important for cross checks and trigger
efficiency calculations. This also requires a complete recording of all fulfilled

Cosmic ray
particies

Synchrotron
radiation

Conclusion

Trigger types

Flexibility of the
trigger
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trigger criteria. The flexibility to allow for adjustments to the background
conditions is provided by variable thresholds for transverse momenta, energies
and multiplicities. The goal is to work with low bias triggers, e.g. requiring two
charged tracks with pr> 150 MeV /c, or one charged track plus a neutral energy
cluster. Turning thresholds up cuts into two-photon and certain 7 events, but
will not cause losses of multihadronic events, including BB events.

9.5 General Trigger Concept

Requirements The main requirements on the trigger system are

o efficiency for good events
o effective rejection of background

o operation without or with little dead time (say < 1%).

Deadtime In the environment of the planned B-factory the largest challenge for the design
of the trigger arises from the high bunch crossing frequency. To keep the dead-
time reasonable the trigger decisions have to be made on several levels with
stepwise decreasing rates. The input rates on each trigger level have to match
the deadtime per event on this level such that the total deadtime stays below
about 1%.

There are different ways how this matching can be done depending on the
relation between the input rate v}, and the decision time A#* at the level i:

(a) vi,At' < 1: In this case one can stop the experiment and wait for a
decision with a deadtime ratio v}, At'.

(b) #i, At =~ 1: This case allows for most efficient running, provided the
events are equally spaced in time (e.g. if v}, is the bunch crossing rate).
Otherwise one has to derandomize the events by buffering the events at
the input. The buffer should have a depth of about 10 events [98].

{¢) »{ At' > 1: This case can only be handled if many decisions are made in
parallel. There are three {or maybe more} ways to realize parallelism:

(i) multiplexing the events into n identical decision chains;

(ii) making the decision for an OR of n sequential “events” (e.g. bunch
crossings) and deciding at a later stage which of the events actually
fired;

(iii) pipelining the decision, i.e. dividing the decision in n time slices such
that v} At'/n <1 (= 1 applies for equally distributed input, randorm
input may have to be derandomized, see above). At any given time
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such a trigger pipeline works on n events at the same time, but each
event is in another process stage.

Applying the methods (i) to (iii), n times higher input rates can be ac-
cepted than without them.

Most critical is the first trigger decision which has to cope with the bunch Necessity for a 1st
crossing rate. A trigger decision with a frequency of 80 or 160 MHz couid, if level trigger
at all, only be achieved with fast scintillation counters. In the simplest scheme pipeline

such a “pre-trigger” would have to stop the experiment to give time for a more
sophisticated decision. Assuming a decision can be made in about 3 us, the
pre-trigger rate has to be smaller than 3 kHz to keep the deadtime below 1%.

An extrapolation from the current situation at ARGUS shows that such a low
pre-trigger rate cannot be achieved with scintillation counters alone. Scaling
the ARGUS pre-trigger rate of about 200 Hz by the luminosity increase of 16% to
10°% yields a rate of 20 to 200 kHz. Besides, at ARGUS the pre-trigger includes
also information from shower counters (fast scintillators) which is, within a
bunch crossing, not available from the Csl readout of the B-factory detector.

Thus the 1st level trigger needs already a lot of sophistication before one can
afford a stop of the experiment for some microseconds. We encounter here
the case where the product of the input rate times the decision time is much
larger than 1. The appropriate solution, in particular since the input is equally
spaced, is a pipeline scheme where the trigger logic is divided into many small
steps as discussed above.

It is important to note that the cycle frequency of the trigger pipeline has Cycle frequency
not to be the same as the bunch-crossing frequency. The time interval for each

trigger step can span over several bunch crossings (i.e. one can combine method

(ii} and (iii) listed above). With today’s technology we would feel comfortable

with cycle frequencies of about 20 MHz which, taking the design values of the

machine, corresponds to 4 bunch crossings within one cycle. Such a scheme

allows for an arbitrary high bunch crossing frequency, including the d.c. case.

A complication arises from the fact that at some point one has to identify the
bunch crossing in which the event occurred to provide the time reference to.
An accurate timing is needed, e.g. for the drift time measurements and the
integration of the CsI signals. We will discuss this below when we work out a
realistic scheme for the first level trigger.

While waiting for a trigger decision the relevant detector signals have to be Data pipeline
delayed or stored. To keep the 1st level decision deadtime-free the fast signals
of all detector components have to be stored in analogue or digital pipelines
which are part of the front end electronics of each detector component. Ex-
amples for analogue storage devices are CCD’s or Analogue Memory Units.
Digital pipelines can be realized by shift registers and fast dual port memory,
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an example being the buffer of a flash ADC. The delay or the depth of the
pipeline is adjusted to the time required by the trigger.

In general, pipelining digital signals is in many respects more comfortable (no
noise problems, no signal degradation with time etc.} [99]. However, fast
digitization is only possible with a limited resolution, e.g. 100 MHz FADC
accomplish today resolutions of up to 8 bit. Calorimeters require a dynamic
range of 14 to 16 bit. At the moment this can only be reached with conversion
times of the order of 1 us.

The 1st level data pipeline has to run synchronously with the bunch crossing
but will have, in general, a different time structure. The buffers for the following
levels could run asynchronously, data driven, and are in general less deep.

9.6 The Multi-Level Trigger System

9.6.1 General Scheme

A scheme for a three-level trigger system and the corresponding timing estimate
is shown in Fig.127. To be specific, examples for trigger rates and for the
necessary time intervals at the different steps are given at the left and right
side of the diagram, respectively. If after about 3 us a 1st level trigger (FLT) is
generated the pipeline is stopped. The data will be digitized if necessary and
then be transferred to local, asynchronous buffers within less than 5 us. These
2nd level (SL) buffers have a depth of about 10 events to derandomize the
triggered events for the 2nd level trigger (SLT). When the transfer is completed
the necessary resets are distributed and the FLT pipeline is started again.

The SLT marks the events which are to be further processed by the 3rd level
trigger (TLT). In this step the data of all detector components have to be com-
bined in one memory (‘event builder’). We estimate that after data reduction
by ‘fast local processors’ (zero suppression, peak finding, parametrization of
FADC data, etc.) the transfer from the SL buffer into the memory will have
to proceed with a bandwidth of 25 to 100 Mbyte/s. This appears today as the
most critical requirement on the system since it cannot be achieved by conven-
tional bus systems. However, novel techniques of accessing memory are being
developed [97).

The TLT consists of a farm of microprocessors, each of which works on one
event at a time. A manager processor organizes the distribution of the events
which are stored in a random access memory. Suitable systems are meanwhile
commercially available (see, e.g., the new third level trigger of the CDF exper-
iment [100}).

The events kept by the TLT will be recorded on a permanent storage device
at a speed of up to 5 Mbyte/s. Recording with this speed should be available
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Figure 127: Diagram for the data flow (left) and the three-level trigger decisions
(right). The rates and the timing are given as an example, the actual numbers
will depend on the final design of the data acquisition system.
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when the experiment starts, otherwise the speed can effectively be reached by
routing the output to several devices installed in parallel.

9.6.2 Time Constraints on the Trigger System

The CsI signals have to be integrated for about 2 to 4 us. Since the integrated
charge has to be measured with a resolution of about 14 to 16 bits it seems
not to be possible to pipeline the signals in usual flash ADCs or fast analogune
storage devices. We will therefore employ a scheme where the FLT generates a
gate after about 2 to 4 ps to hold the integrated charges on precision capacitors.
Thijs fixes the time available for the FLT decision to 2 to 4 us and thus the depth
of the 1st level data pipeline. The digitization with the required resolution can
be achieved within about 1 to 2 us. In principle, this introduces the only
unavoidable deadtime.

We expect the FLT rate not to be much lower than about 10 kHz since the
physics rate at this level {without Bhabha prescaling) is already above 1 kHz.
A reduction by an order of magnitude by the SLT certainly requires a decision
time of at least 10 us, probably more something like 100 ps. Therefore the
pipeline cannot be stopped during the time required by the SLT. Furthermore,
since the product of the input rate times the decision time will be close to 1,
a buffer for about 10 events is needed to decouple the SLT from the random
occurrenice of the FLTs (see sect. 9.5). The buffer runs asynchronously, driven
by the FLT, and has to store the data in a sufficiently large time window around
the FLT.

The first level pipeline has probably to be stopped during the data transfer into
the 2nd level buffer. Creating deadtime, the transfer should therefore be as fast
as possible, at least below 5 us to comply with a 5 % deadtime limit. This
can only be achieved if the transfer between pipeline and buffer, which should
preferably be placed on the same electronics board, is mainly parallel.

A SLT causes the data to be transferred from the local 2nd level buffers to
memory storage which can be accessed by microprocessors. Allowing 1 ms for
accomplishing this transfer the SLT rate has to be smaller than about 1 kHz.
On the other hand, it cannot be expected to be much smaller since the physics
rates at this level are several 100 Hz (assuming the Bhabhas to be prescaled).
Therefore a buffering of the 2nd level output before it can be transferred to the
mermories has to be provided. This buffering could be achieved by the same SL
buffer described above.
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9.7 The Three Trigger Levels

9.7.1 The First Level Trigger (FLT)

Prompt data which can be used for the FLT are available from the following
subdetectors:

- drift chamber,
- scintillation counters,
- Csl calorimeter,
- possibly Si-microstrip detector.
From these subdetectors we can derive
- charged track triggers,
- neutral energy triggers (total energy and topology),
- combinations thereof.

The drift chamber signals are available after the maximal drift time of about
200 to 300 ns. We will probably restrict ourselves to the inner 30 layers with the
small cells and correspondingly smaller maximal drift times. The Csl signals
will be split into a pulse for the relatively slow precision charge measurement
and a pulse going into a fast shaping circuit which provides within less than
500 ns energy information for trigger purposes (see sect. 7.4).

The scintillation counter signals (see chapt. 6) have a much better time resolu-
tion than the bunch crossing interval and serve the only purpose to provide a
good timing information at an early stage. It is possible that a solution for the
trigger which works also without scintillation counters can be found.

The silicon vertex detector (SVD) could provide for the FLT fast ORs of strips
with a resolution of a few millimeters. These fast ORs have to be formed in the

readout chips on the detector and have to be read out with the cycle frequency
of the FLT.

The charged track trigger is formed by the hit patterns of the central drift
chamber, the scintillation counters, and possibly the Si-microstrip detector.
The basic principle is to compare the measured hit patterns with predefined
masks. Desirable is a fully three-dimensional track recognition exploiting the
stereo wire arrangement of the planned drift chamber. The masks would be
defined for certain values of the variables: polar angle 8, azimuth angle ¢,
transverse momentum pr and vertex coordinate zy. This allows a restriction
on pr and on the vertex in r-z and r-¢. If the SVD could be included into the
FLT the geometry alone wonld already lead to an effective restriction of track
origins.

The charged track

trigger
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A trigger processor could work as follows: Adjacent layers in the drift chamber
are paired yielding 15 double layers in the inner small cell part. For all double
layers all possible coincidences between wires are made, the total number of
coincidences being about 30000. Each coincidence corresponds to a certain r-¢-
z bin with a width of about 20 mm in r-¢ and about 125 mm in z. The number
of bins in each layer varies with the radius. Table XV gives the number of r-¢
and z divisions together with the total number of coincidences for each double
layer. Taking the coincidences of the outermost layer as reference points we

Table XV: Number of coincidences in the first 15 double layers
of the CTC used for the definition of track masks W
in the FLT processor. |
Double layer r-¢ bins 2z bins coincidences

1 52 7 364
2 60 8 480
3 68 10 680
4 76 11 836
5 84 12 1008
6 92 14 1288
7 100 15 1500
8 108 16 1728
9 116 18 2088
10 124 19 2356
11 132 20 2640
12 140 22 3080
13 148 23 3404
14 156 24 3744
15 164 26 4264
Sum 1620 245 29460

define 4264 masks for straight tracks. For each straight track we add another
30 masks for curved tracks (15 for each curvature sign} to cover a pr range
down to about 150 MeV. This yields a total of about 130000 masks. The steps
in pr are listed in Table XVI. The vertex resolution in the 1-¢ projection will
be around 10 mm and in z about 100 mm.

Both resolutions can still be improved at the cost of multiplying the number of
masks which may, however, be prohibitive for parallel processing. Therefore a
fully three-dimensional track recognition with higher resolution, possibly using
also the drift time information {101] should be left to the SLT where the time
is long enough for serial decisions.

Given an 83 MHz bunch crossing frequency the trigger pipeline cycle frequency
could be around 20 MHz (at somewhat higher cost also 40 MHz) spanning over
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Table XVI: Nominal pr values of a set of masks
of the CTC charged track trigger.
Mask Track radius pPT

[mm] (GeV]

0 o0 o

1 6876 2.06

2 3440 1.03

3 2296 0.69

4 1725 0.52

5 1383 0.42

6 1155 0.35

7 993 0.30

8 872 0.26

9 779 G.23

10 704 0.21

11 643 0.19

12 593 0.18

13 551 0.17

14 515 0.15

15 484 0.i4

4 (2) bunch crossings (BC). If a track passes the chamber at a certain BC, each
hit wire sets a logical 1 for a time interval which allows for a coincidence of
all track hits after the maximal drift time plus an allowance for the 4 {2) BCs.
That means that each hit has the chance to be registered in several adjacent
pipeline cycles. The pipeline cycle is resolved in the mask processors where
the properly delayed scintillation counter hits are included. The scintillation
counter timing also defines the range in the data pipeline which has, after a
FLT has fired, to be transferred to the 2nd level buffer (the case where only a
neutral energy trigger fired is discussed below).

A trigger processor which has many of the required features for a FLT is cur-
rently being built for the ARGUS experiment [102]. It uses the information of
the ARGUS pVDC whose most distinguished characteristies are +45° stereo
layers (in addition to 0° layers) which are fully exploited for a three dimensional
track recognition.

The processor compares hit patterns seen by the chamber with masks stored in
random access memories. A decision is made in 20 steps, each step 50 ns long
(the cycle time of the used RAMs is about 20 ns). The processor works out
512 masks in parallel but repeats the process 500 times for different chamber
segments and vertex constraints. Since the system works in a pipeline mode

Example: ARGUS
trigger processor
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The neutral
energy trigger

Filter refinement
on 2nd level

Bhabha prescaling

Full event

reconstruction

320

the trigger decision takes only 500 x 50 ns = 25 us plus a constant time of 5
8.

Some of the features of the ARGUS pVDC trigger can be directly applied for
a charged track FLT, e.g. the pipeline with a cycle time of 50 ns (implying
averaging over an acceptable number of bunch crossings). However, the 500
serial steps have to be made in paralle], which should be possible by employing
VL51 technigues for the logical connections (probably custom made chips).

For the FLT the calorimeter provides fast signals with information on the energy
flow. The signals of groups of crystals, defining a “trigger segment™, are linearly
summed and shaped with an integration time of less than 500 ns. From the pulse
heights in the trigger segments one can form total or topological energy triggers.
The trigger pipeline could be build from rather conventional electronics.

The neutral triggers can be combined with charged track triggers. In this
case the timing can be obiained from the scintillation counters. For a stand-
alone neutral trigger the timing resolution is about 50 ns which is sufficient to
determine the range of data to be transferred to the 2nd level buffer.

9.7.2 The Second Level Trigger (SLT)

The SLT has to achieve a rate reduction by about an order of magnitude. The
available input will essentially be supplied by the same subdetectors as for
the FLT (drift chamber, scintillation counters, calorimeter), but also by the
Si-microstrip detector and the muon chambers. The necessary refinement will
mainly come from serial processing. For the charged track trigger masks with
higher resolution, in particular of the track vertex, can be defined.

An important task of the SLT processing is the clean recognition of Bhabha
events by their back-to-back topology both for the charged tracks and the energy
deposition. Prescaling of Bhabha events has probably to be done at this level.

The SLT marks the events which have to be transferred to the memory of the
3rd level processor farm,

9.7.3 The Third Level Trigger (TLT)

At the third level the data will be buffered in random access memory. A man-
ager processor distributes the events to a farm of microprocessors which have
access to the memory. All microprocessors in parallel carry out a full event re-
construction and a 3rd level event selection, i.e. the TLT is actually a software
trigger. The rate of events which pass the selection is close to the interesting
physics rate (about 100 to 200 Hz). These evenis are dumped to a permanent
storage device.
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9.8 The Data Acquisition System

The data flow in each detector component is shown in Table XVII. The large Data flow
amount of data on the first and second level are moved locally and fully parallel

in each component. At any given time the total of the data in the FL pipeline

amounts to about 2.5 Gbit and in the SL buffer to about 10 Mbit. From the

first to the second level data are reduced by rate reduction while before the

transfer to the TL memory the amount of data per event is reduced by fast

local processors.

The average event length will be about 10 kbyte with contributions from the
different subdetectors as shown in Table XVII. At the ultimate luminosity of
L = 10%* cm~2s~! we may reach TLT rates of up to 200 Hz which means that
the recording capacity has to be 2 Mbyte/s. Devices which are abie to record
at this speed are now becoming available [97).

[ Table XVII: Amount of data exl;ected from each detector component. |

Detector Number  Bits per Pipel. Channels TL data Perm.stored
component | of channels channel [MHz] fired [kbyte] [kbyte]
SVD 89088 10 5 2000 4 2
CTC 5724 8 100 400 5 3
RICH 400000 B 83 400 4 1
TOF 2432 8 1000 200 1 0.5
ECAL 11000 analog analog 250 2 2
MUCH 5000 8 no 100 0.8 0.2
Sum 527244 3270 16 9
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10 Detector Cost Estimate

r Table XVIII: Cost Estimate of the Asymmetric Detector 1
Subtotal | Total
MDM | MDM
1. Silicon Vertex Counter
Silicon counters 1.8
Read out chips 0.8
Read out electronics 0.8
Mechanics and support 0.8
Laboratory equipment 1.0
Total 5.2 5.2

2. Central Track Chamber

Gas volume 6.2 m®

Number of cathode wires 6.000

Cost per electronic channel 400 DM

Total electronics cost 2.4

Chamber mechanics 1.0

Gas system 0.3

Total 3.7 3.7

3. Ring Image Cerenkov Counter

Total area 33 m®

Area of quartz windows 60 m?

Quartz window cost per area 30.000 DM /m?

Quartz windows total 1.8
Number of pads 646.122

Cost per electronic channel 10 DM

Electronics, total 6.5
Chamber mechanics 3.2
Gas system 0.3
Liquid radiator system 0.5

Total 12.3 12.3
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L Continuation Table XVHI |
a Subtotal | Total
MDM | MDM
4. Time of Flight System

Total area 32.4 m?

Scintillator cost per area 2.500 DM /m?

Scintillator, total 0.1

Number of counters 195

Number of channels 384

Cost of one photomultiplier 1.500 DM

Photomultipliers, total 0.6

Cost per electronic channel 500 DM

Electronics, total 0.2

Total 0.9 0.9

5. Electromagnetic Calorimeter

Total volume 13.0 m®

Total weight 59t

Crystal cost per volume 2.6 DM/cm?®

Crystals, total 34

Number of channels 11.606

Cost per electronic channel 400 DM

Electronics, total 4.4

Support structure 1.5

Weight of steel housing 43 t

Cost of steel housing 0.4

Total 40.3 40.3
6. Magnet

Two superconducting coils 17.0

Refrigerator 1.2

Power supply 0.3

Compensation coils 1.0

Weight of magnet yoke 1643 t

Magnet yoke cost per mass 4 DM /kg

Magnet yoke, total 4.5

Total 24.0 24.0
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Continuation Table XVIII

Subtotal | Total
MDM | MDM
7. Muon Chambers
Area. 534 m*
Cost per area of chambers 150 DM/m?*
Total cost of chambers 0.1
Number of electronic channels 1984
Cost per channel 160 DM
Electronics, total 0.2
Gas system 6.3
Total 0.6 0.6
8. Electronics Hut
Area 300 m?
Cost per area 1.100 DM /m?
Total 0.4 0.4
9. Trigger Electronics
(Estimated by considering the effort
at other comparable detectors)
Total 5.0 5.0
10. Data acquisition and Online computing
Data acquisition system 0.7
Computers 1.0
Network 0.1
Total 1.8 1.8
Grand Total 94.2
10 % contingency 9.4
Total cost of the HELENA detector MioDM | 103.6
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SUMMARY

This study shows that an asymmetric B factory in the PETRA tunne] is feasible,
and that it provides excellent scientific value,

Most important is the unique possibility to observe CP violation in B meson
decays and thereby to measure one of the last yet unknown parameters of the
Standard Model, the imaginary part of the CKM -matrix.

Furthermore an extremely rich range of fundamental experiments and measure-
ments in many fields of elementary particle physics is offered. Thus a B factory
is by far the most attractive project at the high luminosity frontier of parti-
cle physics. A luminosity of at least 10%° cm~?s~! is required for a successful
physics program, including the measurement of CP violation.

For the observation of CP viclation it is essential that B mesons are produced
by electrons and positrons colliding with asymmetric energies. Beam energies
around 3 GeV on 9.3 GeV are found to provide optimal conditions.

We show that an electron positron storage ring, named HELENA, can be built
in the PETRA tunnel, and which will reach a luminosity of 10%* em~2%s7! and
probably even 3 - 10% cm~2s~. For some components of the collider major
development work is still required, but this can be accomplished during the
construction period of the machine.

It turns out that the circumference of PETRA is close to optimum for an
asymmetric B factory. In addition to the existing PETRA, which serves as
an injector, two new rings have to be built and accomodated in the PETRA
tunnel. The cost of these new rings amounts to 175 Mio DM.

The design of an asymmetric detector is relatively straightforward, as demon-
strated in this study. The cost of an adequate detector is around 100 Mio DM.
A significant fraction of the cost arises from the crystals of the electromagnetic
calorimeter.

The construction of both the collider and the detector can be completed four
years after approval.

HELENA can be constructed while HERA is operating and while a future large
project to succeed HERA is being prepared. Thus HELENA fits well into the
research program of DESY. Due to the large number of fields of particle physics
opened up, the project is ideal for the universities which use DESY for their
research.

If approved, HELENA will be, at the time of its completion, a unique research
facility with a new research potential for elementary particle physics in Germany
and Europe.
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