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Abstract

A proposed measurement of the rare decay K; — 7lvv is de-
scribed. The method employs kaon time-of-flight and full kinematic
reconstruction of the 7° to suppress backgrounds to a level well below

an anticipated signal in the range 3 £ 2 x 10711,
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1 K; — 7'%vp — Theoretical Motivation

1.1 Standard Model

Understanding the phenomenology of quark mixing and CP violation is cur-
rently one of the central goals of particle physics. Examining the CKM ansatz
of the Standard Model (SM) through precise determination of its basic pa-
rameters, several of which are poorly known at present, is crucial. To assure
a clear interpretation of experimental results, the ideal observable must not
only be sensitive to fundamental parameters, but must also be calculable
with small theoretical ambiguity.

The rare decay K; — 7% is unique among potential SM observables;
it is dominated by direct CP violation [1] and is entirely governed by short-
distance physics involving the top quark (for general reviews see [2]). Theo-
retical uncertainties are extremely small because the hadronic matrix element
can be extracted from the well measured decay K+ — 7% T, where small
isospin breaking effects have been calculated. Since the dominant uncertainty
due to renormalization scale dependence has been practically eliminated by
including next-to-leading QCD corrections, the remaining theoretical uncer-
tainty for B(Ky — 7%wv) is reduced to O(1%).

Ky, — 7% is a flavor-changing neutral current (FCNC) process that is
induced through loop effects in the Standard Model. The leading electroweak
diagrams are shown in fig. 1. The expression for the K; — 7% branching

Figure 1: The leading electroweak diagrams inducing K — 7°vv.
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Figure 2: Direct CP violation in K — 7%vv. K decays into 7° by means of

the transition current T' = )\QKM(Ed)V—I—)\*CKM(JS)V. The CP transformation
properties are CP K° = —K° CP 7%= —7% and C'P(ds)y CP~! = —(5d)y.

ratio can be written as

7(Kp) 3a?
T(K+) 272 sin® O

B(Ky — %) =r;gB(KT — 7%*tv) > AN X2 (zy)

(1)
where
z |z +2 3r —6
X = — | = (0.985 2
(@) =nx - g P Sl nx (2)

and x; = m?/M%,. Here the appropriate top quark mass to be used is the
running M S mass, m; = my(m;), which is related by mi(m:) = mi(l —
4/3 - as(my)/7) to the pole mass m; measured in collider experiments. With
this choice of mass definition the QCD correction factor is given by nx =

0.985 and essentially independent of m; [3]. The coefficient r;p = 0.944
0

summarizes the leading isospin breaking corrections in relating K7 — 7°vv
to KT — 7%ty [4].
Yvv is driven by direct CP violation due to the CP properties

of Ky, 7% and the relevant short-distance hadronic transition current. Since

[(L—>7T

K, is predominantly a coherent, CP odd superposition of K° and K°, only
the imaginary part of V; ~ n survives in the amplitude, as illustrated in fig.

2. As a consequence B(Ky — 7%vv) ~n? (eqn. 1). Using current estimates



for SM parameters, the branching ratio for Kj — 7°

the range of about (3 4 2) 107!,
We have employed the Wolfenstein parametrization (A, A, o, n) of the

vv 1s expected to lie in

CKM matrix, which allows a display of unitarity in a transparent way. The
Wolfenstein parameters may be defined by

‘/us = )\ ‘/cb = A)\2 ‘/ub = A)\S(Q - H]) (3)

While A, o, n are treated as quantities of order one, the sine of the Cabibbo
angle V,;, = A = 0.22 is a small number that can be used as an expansion
parameter. The unitarity relation

Vid Vi VdVy,
1+ = — Y =p+1 4
VaVi o vavy Y (4)

determines a triangle in the (g,7) plane. Here g = (1 — A?/2) and 7 =
n(1 — A?*/2) to an accuracy of better than 0.1%. This unitarity triangle
is illustrated in fig. 3. A clean measure of its height is provided by the
K — 7% branching ratio.

Opv. How-

The charged mode K™ — ntvv is closely related to K — =
ever, it is not CP violating and receives a non-negligible charm contribution
leading to a slightly higher theoretical uncertainty (about 5%) [5]. Mea-
surement of B(KT — ntvw) allows the extraction of |V with the least
theoretical uncertainty. Together with B(Ky — #°vv) the unitarity triangle
is completely determined as shown in fig. 3. Only a few other possible SM
observables (e.g. xs/xq, B — [T]7 or certain CP asymmetries in B decays)
provide similar opportunities for unambiguously revealing SM effects.

To illustrate the phenomenological potential of B(K, — 7% 1) we briefly
discuss a few conceivable applications of a branching ratio measurement.
Of the four independent CKM parameters A, A, o and 5, A is measured in
K — 7wev and A = V;/A* can be extracted from B — D~ev or inclusive
semileptonic B decay. Two of the most important channels that will be
studied at the B factories and elsewhere are B® or B — 77 and B° or
BY — J/i)Ks. At B factories the time-dependent asymmetry in the rate
between B® and B° must be measured in both cases. These CP violating
asymmetries measure sin 2« and sin 23, respectively, and could be used to
infer o and 7 (fig. 3), completing the CKM determination.

10



Figure 3: The unitarity triangle.

As an alternative, o and 7 can be obtained from the two K — wrv decay
modes as seen in fig. 3. A comparison of both strategies is displayed in Table
1 (see also [6]), where, as an example, the following input has been used

Vi, = 0.040 £0.002  my = (170 + 3)GeV (5)

B(Kp — 7°vv) = (3.0£0.3)-107""  B(KT — 7#tvv) = (1.04£0.1)- 1071

(6)
The charm contribution in Kt — 7tvv is assumed to be known to +15%.
The measurements of CP asymmetries in B; — n7 and By — JY Kg, ex-
pressed in terms of sin 2« and sin 23, are taken to be

sin 2a = 0.40 £ 0.10 sin2/3 = 0.60 + 0.06 (7)

which corresponds to the accuracy being aimed for at B-factories prior to

the LHC era.
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| sin28 | g 0 [ [Vial/1077 |
K — 7w 0.62+£0.05|0.38£0.04 | =0.10£0.16 | 10.3 £1.1
B —ar,J/¢YKs || 0.60+0.06 | 0.32+0.04 | 0.044+0.02 | 8.9+0.5

Table 1: Illustrative example of the determination of CKM parameters from
K — wvrv and from CP violating asymmetries in B decays. The relevant
input is as described in the text.

As can be seen from Table 1, the determination of CKM parameters from
K — 7wy is comparable to the one possible with CP asymmetries in B de-
cays, with the exception of p. However, the extraction of sin 2a from B — #nx
is complicated by the presence of penguin contributions. If only the chan-
nel B, — =t
theoretical uncertainties [7]. On the other hand, avoiding penguin effects

7~ is used, these contributions introduce potentially sizable

requires a careful isospin analysis and a combination of several modes, in-
cluding the challenging decay By — 7°7°. Also, inferring ¢ and 7 from sin 2«
and sin 23 involves discrete ambiguities, so that some additional information
(e.g. on the size of V) is necessary to single out a unique solution. The
CKM analysis for K — wrv is less complicated, which could turn out to be
of advantage in the unitarity triangle determination. We finally note that in

Table 1 the error on # from Kj — 7% v can be further reduced by lowering

the uncertainty in V. It would decrease to below 4+0.03 if AV,, = +0.001.
Alternatively, results from the CP violation experiments in B physics
and a K; — =°
determinations of the CKM matrix. In a scenario proposed in [8], A would
be derived from K — 7wev as usual, while B; — 77 and By — J/# Kgs could
give p and . Then, knowing n, K — =°
determination of A, taking advantage of the fact that A depends only rather
weakly upon B(Kj — 7%w), A ~ [B(Ky — 7°vw)]"/* (1). This step would
complete a CKM matrix determination that is essentially free of hadronic

vv measurement could also be combined for high precision

vv should allow a very accurate

uncertainties. The method could become interesting in particular when CP
asymmetries in B decays will be measured with improved precision at the

LHC. As an example we assume sin 2a = 0.40 + 0.04, sin 23 = 0.60 4+ 0.02
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and B(Ky — 7%w) = (3.0+0.3)- 107" m, = (170 £ 3)GeV. This yields [6]
0=0.044+0.01 5=0.32+£0.01 |V, =0.0428 +0.0014 (8)

Such a precise determination of the independent CKM parameters, in
which K; — 7%w plays a crucial role, would provide an ideal basis for
comparison with other observables sensitive to mixing angles, like Kt —
tvv, B — wlv, as/xg or Vi from b — ¢ transitions. Any additional,
independent determination of CKM parameters would then constitute a test

s

of the Standard Model. Any significant deviation would point to new physics.

1.2 Non-standard Models

Extensions of the Standard Model can in principle modify the physics dis-
cussed above in many ways. Usually extended models introduce a variety of
new degrees of freedom and a priori unknown parameters, and it is therefore
difficult to obtain definite predictions. We would however like to make a
%v and the comparison with CP
asymmetries in B decays. For a review of CP violation in B physics beyond
the SM see [9].

A clean SM test is provided by comparing 7 as determined from B — 7w
and B — J/¢YKs with n from K; — 7%w. A discrepancy would clearly
indicate new physics. The theoretical precision of the observables under
discussion is crucial as the deviation might not be very large.

Next, a measurement of CP asymmetriesin B — 77, B — J/1 Ks would

few general remarks relevant for Ky — =

still be consistent with superweak theories if sin 2« turned out to coincide
with —sin23. On the other hand, just establishing a non-zero B(Kp —
7o) rules out a pure superweak explanation of CP violation.

Furthermore, in some new physics scenarios, as multi-Higgs doublet mod-
els or minimal SUSY in which the CKM matrix remains the sole source of
CP violation, the extraction of sin 2« and sin 23 from CP asymmetries in B
decays would be unaffected. Such effects might then show up in a compar-
%vv, where e.g. charged Higgs contributions modify the
top quark dependent function X () in (1).

In [10, 11] the decay K — 7°vv has been studied within the framework
of extended Higgs models. The simplest possibility is a two-Higgs doublet
model with natural flavor conservation. In this model CP violation still

ison with K;, — 7
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originates entirely from the CKM matrix. Constraints derived from existing
measurements of CP violation in K — 77 (¢x), B — B mixing and b — sv
decay are known to restrict the allowed parameter space (tan 3, My+) sub-
stantially. In spite of this, the K — 7% branching ratio could still exceed
the SM expectation by ~ 50% if tan 3 ~ 1. This result should also be in-
dicative for models like minimal SUSY, where the additional contributions
are also constrained by data on the above mentioned observables. In the re-
lated case of K+ — wTvu this has been demonstrated in [12], where several
SM extensions such as minimal SUSY, fourth-generation and left-right sym-
metric models were analyzed. The general conclusion to be drawn from this
investigation was that these more conventional extensions do not allow too
dramatic deviations from the SM result for K+ — 7t v once the known ex-
perimental constraints are imposed. Large deviations could not be excluded
only in some more exotic models, typically involving tree-level FCNC. A

Opp as well.

similar behavior can be expected for K, — =

Examples for new physics scenarios that show drastic deviations from the
Standard Model are provided by some of the extended Higgs models discussed
in [11]. Specifically in theories where CP violation arises predominantly from
the Higgs sector, as in the two-doublet model of spontaneous CP violation
of Liu and Wolfenstein and in the three-doublet model due to Weinberg, it
was found that B(Ky — 7°vv) would be much smaller than in the Standard
Model after inclusion of the £x constraint. A measurement of K; — 7w
at the SM level would thus severely constrain those types of new physics

scenarios.

1.3 Theoretical summary

As a consequence of unprecedented theoretical precision and anticipated ex-
perimental accessibility, a measurement of K — 7% can unambiguously
test the SM origin of CP violation and ultimately yield the most accurate
determination of the CKM CP violating phase n. This rare decay mode
therefore provides an exceptional and unique opportunity for making signif-
icant progress in our understanding of flavor-dynamics and CP violation. It
is competitive with and complementary to future measurements in the B
meson system. Absence of K? — 7% within the expected range of about
(34+2)-107* or a conflict with other CKM determinations would certainly
indicate new physics.

14



2 The KY — 7%v7 Experiment

2.1 Introduction

The signature of the K? — 7% decay mode involves exactly two photons

whose invariant mass is consistent with that of a 7°, and nothing else. The
difficulty of positively identifying K? — 7% v stems from the all neutral
initial and final states and the fact that the probability that a decaying K¢
will emit at least one 7° is about 0.28 whereas the mode being sought has
a decay probability ten orders of magnitude smaller. To make the problem
worse, interactions between hadrons in the beam (neutrons and kaons) and
residual gas in the decay volume can also cause emission of single 7% as can
the decays of copiously produced lambdas (i.e. A — #°n).

For any experiment seeking 7% v the most important means of eliminat-
ing unwanted events will be to determine that nothing other than one 7° was
emitted in the decay, i.e. to veto any extra particles. The most difficult mode
to suppress in this manner is K{ — 27°(K?,). If this were the only defense
against unwanted events, however, an extremely high (perhaps unachiev-
able) photon veto detection efficiency would be required. Although AGS
experiment E787 has extensively studied hermetic detector photon detec-
tion efficiency, considerable uncertainty exists as to the role of photonuclear
processes, making predictions of significant advancement in veto efficiency
unreliable. Thus, to increase the probability that the source of observed 7°
plus nothing events is truly the 7°%»# mode another handle is needed. That
handle is found at the AGS: measurement of the decaying K momentum
using time-of-flight. This measurement is achieved by employing very low
momentum kaons and a highly time-structured proton beam. Such a system
imposes kinematic constraints allowing event-by-event reconstruction in the
K¢ center of mass frame which not only aids in rejecting bogus kaon decays,
but significantly helps in avoiding other potential backgrounds which would
be extremely difficult, if not impossible, to eliminate otherwise. Along with
its position as the world’s most intense proton synchrotron, the new mi-
crobunching capability makes the AGS a uniquely suited facility with which
to perform this critically important experiment.

In addition to enhancing the neutral particle momentum resolution at-
tainable via time-of-flight measurements, there are other benefits of working
at low, rather than high energies. Among these are that As, a serious poten-
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tial background source at higher energies, are suppressed to negligible levels
because they do not survive to reach the decay volume. In addition, most
beam neutrons are too low in energy to produce 7% and many of those with
sufficient energy arrive later than the kaons of interest. In addition, any
photons originating in the production target region arrive simultaneously,
several ns prior to the fastest kaons. The hypothetical advantage of working
at higher energy, improved photon detection efficiency, is greatly overshad-
owed by the kinematic constraints offered in the low energy regime discussed
here.

The goal of this project is to observe and definitively measure the rate
of the decay K¢ — 7% . We aim to unambiguously detect a large sample
of events so that n, the SM CP violation parameter, can be determined to
better than 15% statistical accuracy without serious interference from back-
ground or systematic effects. We have scoped the experiment for a sensitivity
of approximately 4 x 107? allowing for nearly an order of magnitude con-
tingency to meet the goal of a successful measurement. In this report, we
demonstrate conceptual technical solutions for the significant challenges pre-
sented by the measurement of K — 7% v, for the most part involving only
minimal extensions of existing technology. Continued evolution of the design
of individual components, comprehensive simulations and detailed designs,
engineering and prototyping will be pursued.

In the following, we give a brief discussion of previous experiments and
techniques followed by an overview of the proposed method. Aspects of
the AGS proton beam and targeting, the design of the neutral K beam,
the detector and estimates of backgrounds and sensitivity are presented in
subsequent chapters.

2.2 Previous experiments and techniques

The first experiment to explicitly search for K — 7% was done at

FNAL[13]. In this work, an upper limit of < 5.7 x 107° was reached us-
ing the 7° — eey Dalitz decay to define a restricted region of transverse
momentum (P;). Although the Dalitz decay has a branching ratio of only
1.2%, its use was effective in the effort to suppress backgrounds from A de-
cays and radiative K.3 decays at the level of sensitivity sought. Using this
technique along with an enhanced photon veto capability and improved trig-
gering, E799 at FNAL aims at a sensitivity of about 10™® where backgrounds

16



from KY, (KY, branching ratio of 9 x 107*) become important. An exper-
iment was recently proposed at KEK seeking a single event sensitivity of
2 x 107" employing a highly collimated “pencil” beam.

Yvv, the dom-

inant source of background is likely to be K%, decay in which two photons
0

In future experiments aiming for a measurement of K¢ — «
are missed. The phase space for K — 7% decay could be restricted
to the small P; region above the K°, two-pion center-of-mass momentum
(which would be further reduced by resolution effects). However, this limited
acceptance approach would still leave the equally serious “odd pairing” back-
ground which occurs when one photon from each 7% is missed or (“hides”
within the shower of another) and the remaining pair conspires to mimic a
7°.

The main impediment to fully suppressing K%, is imperfect photon de-
tection efficiency. Limitations on achievable detection efficiency have been
extensively explored in the AGS experiment E787 for 7% of 205 MeV/c
which have decay photons in the range of 20 to 225 MeV. 7 inefficiency of
approximately 107¢ has been demonstrated. It appears that shower leakage
and photo-nuclear effects (in which photons interact and “disappear” leaving
only invisible energy in the form of neutrons or excited nuclei) result in a
finite achievable detection inefficiency even when nearly hermetic coverage is
attained or nearly ideal crystal photon detectors are used.

Time-of-flight in neutral kaon experiments was effectively employed in
early experiments at electron accelerators like SLAC where the high RF
frequencies lead to beam bunches with widths of a few picoseconds and at
proton accelerators such as the PPA which had bunched beams. As will be
discussed below, the AGS has recently acquired the capability to provide
tightly bunched beams.

0

2.3 Overview of the K — 7%7 measurement tech-

nique

Since the 3-body 7° spectrum is the only observable in K — 7°

vv, the most
effective strategy for an unambiguous measurement is to fully reconstruct
the 7% in the K center of mass frame. This can only be efficiently and
unambiguously accomplished by completely measuring the kinematics of the

decay photons including time, position, angle and energy and by determining

17
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Figure 4: Layout of the K — 7% experiment.

the K7, momentum by time-of-flight from the production target. This method
results in positive identification of the signal and effective suppression of the
background since, for example, the two-body K?, decay identifies itself by
the unique momentum of the 7° when viewed in the K rest frame. Once

the K7, momentum is known, a large fraction of the K¢ — 7°

vv phase space
is available for detection and all the major sources of background become
manageable as discussed below.

Figure 4 shows a schematic of the proposed arrangement of the experi-
ment. A 500 psr solid angle neutral beam is extracted at 45° to produce a
“soft” K, spectrum peaked at 0.65 GeV/c; kaons in the range from about
0.5 GeV/c to 1.3 GeV/c will be used. The vertical acceptance of the beam
(0.004 1) is kept much smaller than the horizontal acceptance (0.125 r) so that
effective collimation can be obtained to severely limit beam halos. Down-
stream of the final beam collimator is a 3.5 m long decay region which is
surrounded by the main detector. Approximately 16% of the kaons decay
vielding a decay rate of about 25 MHz. The beam region is evacuated to
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Figure 5: K? — 7% v detector.

a level of 10~7 Torr to suppress neutron induced 7° production. The decay
region is surrounded by an efficient Pb/scintillator photon veto detector.

In the forward detection region the primary photon detector system, il-
lustrated in fig. 5, consists of two sections: a fine grained preradiator in
which the photons are converted and the first e /e~ pair is tracked, followed
by a 18 radiation length (Xg) calorimeter in which the remaining energy of
the photon shower is measured. The preradiator consists of 42 layers each
with plastic scintillator, 0.03 Xy of heavy metal and dual coordinate drift
chambers. The preradiator which has a total effective thickness of 1.5 X,
functions to measure the photon positions and directions accurately in order
to allow reconstruction of the K decay vertex while also contributing to the
achievement of sufficient energy resolution. The calorimeter is constructed
using thin Pb sheets formed to accept scintillating fibers in an arrangement
similar to that recently made for the KLOE experiment at DA®NE; in our
implementation of the calorimeter, a significantly higher visible light fraction
will be used to further improve the energy resolution. Downstream of the
main 7° detector, a beam hole photon counter consists of Cerenkov detectors
designed to be insensitive to neutrons.
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Figure 6: p* distributions using kinematic fitting. (a) KY — 7% v and (b)
KO,

To illustrate how the proposed detector will function to identify the K9 —
7% decay and reject backgrounds using the added handle of kinematics,
we will consider the background associated with K%, when one of the 7%
is missed.! Fig. 6 shows the reconstructed momentum of the detected 7°
in the K center-of-mass frame (p*) for both K¢ — 7% v signal and the
K?, background from a Monte Carlo simulation. Resolution in the measured
quantities were set to reference values given in Table 2.  The histograms
include all events where two photons were within the detector’s geometric
acceptance. The reconstruction included a kinematic fit to reduce the width
of the background peak.

Fig. 7 shows the acceptance of a p* cut on the signal and background.
A cut with a rejection factor of 50 against the background will have an
acceptance of about 35%. When reasonable photon veto efficiency values

!The two types of K2, backgound are the “even pairing” case when the two observed
photons come from one 7° and the odd pairing case when each photon originates from a
different 7Y. The odd pairing events will generally not reconstruct to the 7 mass and are
also suppressed by kinematic constraints as will be discussed below.
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Quantity | Nominal value o used in smearing
E Cr (0.03 GeV'/?) Ce/VE

0. O6z- (0.025 radians) | 04,

0, 0ay» (0.025 radians) | ogy.

T Cy (0.45 em-GeV/?) | C,/VE

y C, (0.45 cm-GeVY?) | C,/VE

t o; (0.25 ns) oy

Table 2: Nominal smearing parameters and ¢’s used in the simulation. Fach
measured quantity was smeared by adding a quantity G'o where ¢ is a ran-
dom value chosen from a normal distribution with zero mean and unit vari-
ance, and o is given in the table.
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Figure 7: Acceptance vs. p* cut position for (a) KY — 7%w and (b)
K?, (note the logarithmic vertical scale).
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based on E787 measurements are also assumed, the added capability of full
kinematic reconstruction leads to the K%, background being suppressed to
a level well below the anticipated signal. A more complete discussion of the
potential backgrounds is given below.

3 AGS

3.1 Primary beam luminosity

In recent years the AGS has achieved new records of intensity for syn-
chrotrons. The present SEB peak extraction current of 6 x 10'® protons/pulse
(with 1.6 s pulses every 3.6 s) is expected to double by 1999. For estimates
here we will assume that 5 x 10'® protons/pulse will be available for K,
production. Coupled with a high current micro-bunched beam, good duty
factor and extended availability during the RHIC era,? the AGS is the ideal
accelerator site for rare neutral kaon decay experiments employing time-of-

flight.

3.2 Bunched beam

Short O(100ps) bunches of protons on the kaon production target are desired
so that the time-of-flight measurements can result in a few % momentum
resolution in the experimental configuration described above. The poten-
tial method of keeping the beam bunched in RF buckets and compressing
them would require excessive voltage to make the bunches this short. The
method[14, 15] chosen here involves the following three steps: 1) With con-
stant field in the main guide magnets, power an RF cavity that creates a
string of empty RF longitudinal buckets around the AGS at a radius outside
a de-bunched, coasting beam; 2) Set the radius of the extraction transverse
resonance at the radius of these empty buckets; and 3) Force the protons in
the coasting beam between these buckets by slowly reducing the main guide
field. As extraction occurs where the beam is being forced between the sep-
aratrix lines of the empty buckets at the point at which they are closest, the

2RHIC is projected to operate for 30 to 40 weeks per year and requires injection from
the AGS for 2 hours/day. Thus, approximately 22 hours/day are available for AGS proton
operation.
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extracted beam has the desired structure.

There has been a recent series of tests of this concept at the AGS, ex-
ploiting a VHF acceleration cavity that is normally used to dilute the beam
in longitudinal space. It operates at about 93 MHz with ~ 30 KV across
the gap. For bunched extraction it is powered after the beam is accelerated
to full energy and the main field is fixed. This creates 251 empty buckets,
every 3.35 m around the AGS, with an energy width of 20 MeV. The guide
field is then reduced at a rate of about 0.4%/sec. The resultant stable phase
angle is 0.5° and the gap between buckets is 15° or 0.5 ns. The frequency
of the cavity is also ramped down, since the momentum of the extracted
protons is falling with guide field (this frequency change is ~ 1 part in 10°).
The motion through this gap is highly non-linear; tracking of particles in
simulations[15] indicate the RMS width of a bunch forced between buckets
with this configuration should be ~ 160 ps.

During the 1995 SEB run, an initial test of this concept was carried out
using separated K*’s in the C4 beam line. Signals from a beam Cerenkov
counter were timed against the RF acceleration voltage. As the radius and
thus frequency of extraction was not directly measured, the frequency was
adjusted to minimize bunch width. The minimum achievable bunch width
was limited by the beam momentum dispersion and by instrumental resolu-
tion, but well-separated bunches of ~ 550 ps were observed. In 1996, test
activities were moved to the B2 test beam off the B target where very fast
timing counters were available. To avoid the effects of possible momentum
dispersion, electrons were selected. In a May test run, bunch widths < 400
ps were achieved. There were some hints that smaller widths were occurring
during short periods of the spill, but software problems prevented following
this up.

After improvements in the beam line and analysis software, another test
was performed in June. The RMS bunch width and phase as a function of
frequency from this test is shown in fig. 8. The widths are still somewhat
larger than expected. As the beam did not have a uniform distribution in
momentum, the momentum did not change linearly in time and the frequency
of the cavity with a linear ramp did not correctly track the velocity change of
the protons. Measuring the bunch width for 15% of the spill showed a 35%
reduction in bunch width. Fig 9 shows the narrowest of these distributions,
from which a Gaussian fit extracts an RMS width of ~ 300 ps.

Further progress is expected as the instrumentation and feedback circuitry
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Figure 8: Phase and bunch width vs. frequency difference. The x’s are the
measured RMS for the entire spill, while the +’s are the measured RMS for
the central 15% of the spill. The diamonds are the measured phase delays.
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Figure 9: Times measured in scintillation counters (T1 and T2) and in a
Cerenkov counter with respect to RF timing. Lower left histogram indicates
the system resolution.
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is improved, but the present results are already extremely encouraging. For
use in the proposed experiment, a new cavity with a lower frequency will be
built. Since the minimum RMS bunch width goes as ~ V_%, we propose to
commission a 100 KV, ~ 20 MHz cavity. This is well within the reach of
current technology and can be expected to reach a level of < 150 ps which
would be more than adequate for our purposes.

3.3 Neutral beam

The spectrum of neutral kaons produced at 45 degrees shown in fig. 10 was
obtained using a code based on a fit to CERN charged particle production
data [16].> A series of precision collimators, followed by scrapers and sweep-
ing magnets will be used to define the asymmetric neutral beam of solid angle
500 psr (0.004 r vertical and 0.125 r horizontal). The beam contains a K,
flux of 2.5 x 10® per pulse at 10 m from the production target. The neutron
spectrum in the beam has been calculated with the ARC code, and with
GEANT3 using both the GCALOR [24] and GHEISHA hadronic interaction
packages. There is some disagreement among the programs in their predic-
tion of low energy neutrons, but they agree that the n/K ratio at production
will be about 2 for neutrons above 1 GeV/c. Most of the potentially trou-
blesome neutrons (those above the pion production threshold, approximately
800 MeV/c) arrive at times later than the kaons of interest.

The neutron halo is expected to be < 107* of the central beam based
on extrapolations of measurements made in AGS E791 which has a similarly
narrow aperture as proposed here. One source of the halo can be particles
created in the dumping of the primary proton beam. For high energy neutral
beams, such as E8 at Fermilab and E791/871 at the AGS, this is an important
source of halo because the production angle must be small, and the dump is
located near the neutral beam acceptance. For our experiment, due to the
large production angle, this source should not be a problem.

A second source of halo is from secondaries scattering from the faces of
the neutral beam collimator. This source can be greatly reduced by locating
the target upstream of the apex of the collimator acceptance as indicated
in fig. 11 so that the particles emitted can’t see the collimator faces. For

3This code gives results consistent with several recent Kj beams and with other cal-

culations using GEANT3 [23] and ARC [17].
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Figure 10: K spectrum at 10 m for 5 x 10'* 24 Gev protons striking a 1.2
interaction length target at 45° into a beam of solid angle 500 psr. A 5 cm
thick gamma filter has been used in the calculations to suppress photons.
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example, the 10 cm target (which projects to 7 c¢m in the horizontal plane)
can be placed 50 cm upstream of the apex of the collimator so that particles
produced do not see the collimator face. If the collimator aperture begins
5 meters downstream from the apex, the loss in acceptance is 10%. We
will locate the vertical collimator apex at the target and begin the vertical
collimator aperture close to the target. In this way, secondary scattering in
the heat sink above and/or below the target will not see into the neutral
beam acceptance.

Another source of halo in neutral beams is the gamma filter. Traditionally
it is located downstream after charged particles have been swept away, and
in a magnetic field to curl up charged particles produced there. Its purpose
is to soften the photon spectrum. Neutrons in the beam will scatter, result-
ing in halo downstream. We are considering placing the photon converter
next to the target, upstream of the collimator apex, but within the triangle
formed by the collimator acceptance and target. This must be studied with
simulations. We expect that we will be able to soften the photon spectrum
without producing particles which contribute to the halo.

The target can be a series of platinum plates, to divide the heating longi-
tudinally, in a water bath. It could be similar to the rotating target used in
the current g-2 experiment at the AGS which is designed to accept 60 TP in
eight 20 ns bunches. Our experiment will use 50 to 60 TP delivered in a 1.6
s spill. The key point is that the collimator design must eliminate the heat
sink as a source of halo.

We plan one sweeping magnet, near the target, with a vertical field of
about 20 kG. The coils should be well away from the production plane to
reduce radiation effects, with the poles telescoped close to the production
plane. A hole in one back leg will allow the primary proton beam to exit.
The field and collimator geometry will be optimized by simulating particle
production and scattering. The magnet will be similar to a split 18D72.

The beam dump can be located quite far away from the experiment,
similar to the g-2 dump arrangement. A second sweeping magnet will be
included to remove particles produced in the first defining aperture.

3.4 Neutral beam simulation

To understand the neutral beam line we have initiated a study of the pro-
duction and transport in the proposed configuration of the neutral kaons,
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P"(MeV/c) | n/Ky | n/y
137 27 0.8
445 13 2.3
800 2.6 0.5

Table 3: Calculated neutron to kaon and gamma ratios at 10 m for neutron
momentum thresholds P!, No gamma filter is used in the calculation.

neutrons and gammas using a Monte Carlo GEANT-CALOR [23, 24] code.
Figure 12 shows the momentum spectra of the neutrons at the exit of the
last collimator, 10 m downstream of the target for 3.7 x 10° protons on the
Pt target. The n/Kj and n/y ratios at the exit of the last collimator for
several neutron momentum cuts are presented in Table 3.

4 Detector

4.1 Choice of design parameters

In an effort to identify the crucial parameters of the proposed experimental
apparatus, we have studied the K% background in a number of scenarios.
Fig. 13 shows the dependence of the width of the K%, background peak (in
this case E* the Kp-center-of-mass energy of the 7 is used) as the resolution
in one of the measured quantities is varied from a nominal value shown in
Table 2. A notable feature of this study is the importance of the photon
angular resolution which is determined primarily by multiple Coulomb scat-
tering effects. The variation of the width of the background peak with energy
resolution is another important question dealt with in these studies. It was
found that the primary effect of varying the energy resolution in a range
from 2 to 4%/+/ E(GeV') would be to reduce the K} — #°vi acceptance by
about 25% under the constraint that the background rejection power remains
constant.
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Figure 11: Geometry of the beam line front end (not to scale).
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Figure 12: Neutron momentum spectrum at the exit of the last collimator,
10 m from the production target. The low energy cutoff is at F,=10 MeV.
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4.2 Preradiator

The requirements of the preradiator include a photon angular resolution of
approximately 0.02 r, a photon conversion efficiency of about 0.7 (1.5 Xy),
a good measurement of the deposited energy and as short as possible linear
extent. The principle we will employ is to measure the x and y directions of
the first electrons in the shower in a series of thin converter/detector modules.
To keep multiple scattering of these electrons at the 0.02 r level each detector
module will be <0.05 X,. Since our position resolution will be roughly 200
pm, the detector modules must then be separated by about 1 em.

The primary preradiator arrangement under consideration employs 42
modules illustrated in fig 14. Each layer consists of a 2 mm thick x 16 em
wide scintillator (either scintillator plate or arrays of fibers), a layer of drift
chambers or straw tubes with sense wires separated by 10 mm and 5 mm
wide cathode strips running perpendicular to the wires, and a 0.035 Xg thick
metal radiator. Mechanical rigidity is given to a module by pleating the
metallic radiator, thus avoiding the need for heavy frame structures around
the beam region. The thicknesses of scintillators and radiators are similar to
that of the calorimeter so that the energy resolution will be largely unaffected
by the preradiator.

The position resolution in the direction perpendicular to the wire will
be determined from the drift time, within about 150 pm. The left-right
ambiguity is solved by extrapolation from the subsequent layers. The position
measurement along the wire direction comes from the induced charge on the
cathode strips. The cathode position resolution is expected to be < 200 pm
which is estimated from experience with comparable length cathode strips
used in the E787 central drift chamber.* The opening angle of an electron-
positron pair produced by a 200 MeV photon is of the order of 5 mr but
the subsequent transport in the preradiator is rather dominated by multiple
scattering and other effects. Since the cathode strip position measurement is
determined by the average location of the charges due to an electron-positron
pair while the anode hit comes from the closest track to the wire, alternating

4The E787 drift chamber obtains about 700 pum resolution from the cathode strips
which run at 45 degrees to the wires. In the present case the integration time will be an
order of magnitude shorter (about 90 ns instead of up to 800 ns for the larger E787 cells)
leading to an improvement in signal to noise, the dominant component in the resolution,
of a factor of three.
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Figure 14: Schematic of a preradiator layer.
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the anode and cathode angles in every other layer provides the information
needed to determine the photon direction. In order to avoid a possible high
rate problem near the beam region, anode wires may be strung at 45° with
respect to the vertical direction. In this case the strips would run at —45°.
This arrangement uniformly distributes the particle rates (due to the beam
halo) among the wires and reduces the chance of having two hits on the same
wire or strip which causes ambiguity in the hit assignments. The total rate
at the entrance of the preradiator is due to charged particles from K decays
and may be as high as 20 MHz shared by 300 wires. The hottest wire may
be counting at 100 KHz.

The total numbers of channels for anodes and cathodes are 25K and
50K, respectively. In order to minimize the cost and take advantage of the
potential for pipelining made possible by the bunched beam time structure,
digitization will be done on-board at the chambers. The cathodes will employ
switched capacitor arrays and multiplexed ADC’s and we are considering the
use of an on-board 500 MHz clock in phase with the machine microbunch for
time digitizing of the anodes.

The number of scintillator channels is about two thousand which may
be multiplexed among several layers for readout. The scintillators may be
oriented vertically and shifted by a half width for every other layer to reduce
ambiguity. In this geometry, the attenuation of the light in the scintillator can
be corrected for the energy measurement by using the chamber hit-position.

In addition to the arrangement described above, a scintillation-fiber track-
ing option is also being considered. In this design, there are 30 layers of
sandwiches of three 1 mm thick scintillator-fiber planes (in one plane the
fibers run horizontally and in two planes fibers run vertically), three 0.013
Xp lead sheets and a 1.2 cm gap. The resolution expected for a single layer
is 1 mm/v/12 ~ 300um (which could be improved by a factor of 2 by adding
another layer of fibers shifted by a half fiber-width).

The horizontal fibers are 4.3 m long and cross the preradiator from one
side to the other, while the vertical fibers are 2 m long and the beam pipe
separates upper and lower sections. In order to reduce the number of read-
out channels to a manageable value for conventional phototubes, the fibers
can be grouped by 200 (20 cm wide) with each end of a fiber multiplexed
into two different readout channels. One possible multiplexing arrangement
for the horizontal fibers is as follows: at one end 20 consecutive fibers (e.g.
(1-20), (21-40)...) are viewed by one phototube whereas at the other end,
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every twentieth fiber (e.g.(1,21,41...),(2,22,42...)...) is viewed by another pho-
totube. This uniquely determines which of the 200 fibers is hit if there is a
single hit. The gain and attenuation can be corrected for each fiber. The
chance of having two random hits (other than hits by the same ete™ pair)
within a group of 200 fibers, assuming a total hit rate of 107Hz, a 2 ns time
resolution and 20 fiber groups, is <0.1%. If coincident hits occur there will
be a maximum of N? possible assignments where N is the number of hits. For
the vertical fibers, only one end of a fiber is accessible so two layers of fibers
overlapping each other can be treated like the two ends from one fiber for
multiplexing purposes. Then, the same type of multiplexing scheme as for
the horizontal fibers can be applied. However, in this case each pulse height
measurement is independent and attenuation effects will be be corrected by
using the position information coming from the coincident horizontal fiber
location. The total number of phototubes in the all fiber preradiator would

be about 36 K.

4.3 Calorimeter design

In the K — #°

pies an area of 4 x 4 m? behind the preradiator. The optimization study

vv experiment configuration, the endcap calorimeter occu-

described above and other considerations lead to the following requirements
for the calorimeter:

1. Time resolution approximately 60 ps/ 1/ F(GeV)

2. Energy resolution 2 - 4%/\/E(GeV)

3. Granularity 10 cm

In considering the design of the calorimeter we examined through GEANT
simulation the consequences on overall energy resolution of placing the 1.5
X active preradiator described above in front of an ideal calorimeter. The
result was that preradiator “spoiling” amounted to an added component of
approximately 1%/1/F(GeV) and therefore has little consequence on the
overall photon energy resolution.

A natural choice to satisty the requirements of the experiment might
involve the use of 18 Xy of pure inorganic crystals such as BaF, or Csl

with fast light output components. Resolutions of < 2%/1/E(GeV') would
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be expected. In this regard, we are exploring the use of a 2.5 m? array of
pure Csl crystals now being used in a K decay experiment at KEK by the
Kyoto group participating in this proposal; these crystals will come available
sometime in 1997 and are not presently committed elsewhere. However, it
may be possible to avoid the significant expense and time delay associated
with producing a new crystal calorimeter to cover the remaining 14 m? of the
endcap detector by advancing the alternate technology of lead-scintillating
fiber calorimetry.

Recently, the KLOE group at DA®NE has constructed a large lead-
scintillator sampling calorimeter [25] consisting of very thin (0.5 mm) lead
layers in which are embedded 1 mm diameter scintillating fibers. The lead
layers and fibers run perpendicular to the incident photons instead of along
the fiber direction (as in previous spaghetti calorimeter designs) leading to
superior energy and timing resolutions. In prototype modules the KLOE

group achieved energy resolution of o(F)/FE = 4.4%/\/E(GeV) and time
resolution of 34ps/\/ E(GeV) for photons in the energy range 20 to 300 MeV.

Little dependence was observed on incident photon angle and entry position
within calorimeter modules. Fig. 15 shows the structure of the calorimeter
modules which are read out at both ends of the fibers in 4 x 4 cm? cells. The
KLOE detector employs a 4.3 m long barrel detector surrounding two 4 m
dia. endcaps.

In a sampling calorimeter, the energy resolution is determined primarily
by fluctuations in the fraction of the shower energy absorbed in the active
layers. A large fraction of the energy of an electromagnetic shower is de-
posited by low energy (<few MeV) electrons generated by the photo-electric
effect or Compton scattering. These processes have high power 7 dependence
and usually take place in the absorber layers with visible energy deposited
only by electrons able to escape into the nearest active material. In a fine
sampling calorimeter, the energy resolution can be parameterized in terms
of the sampling structure and the amount of energy deposited in the active
material:

g — 5% (1—A)A0'5(1_A) (9)

where A is the energy in MeV lost by a minimum ionizing particle (m.i.p.)
in one layer (both active and inactive) and A is the visible fraction of energy.
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Figure 15: Internal sctucture of the KLOE calorimeter.

As shown in refs. [26] and [27], this expression is valid within about 20%
for a wide range of operating calorimeters. For the KLOE calorimeter, the
predictions of the formula agree with GEANT simulations® and with the
measurements cited above (including photo-statistics).

Although the resolutions achieved by the KLOE group are nearly suffi-

cient for the K¢ — #°

vy experiment, we would benefit from improvements.
We are therefore investigating a similar structure that also uses 1 mm dia.
fibers but has the lead layers reduced in thickness by a factor of three, to 0.17
mm. In this configuration, the visible fraction of light increases by a factor
of 2, to 0.33, and, thus, a significantly lower energy spectrum of electrons can
escape from the inactive medium. The calorimeter density will be about 2.2

g/cm? and the Moliere radius will be about 8 cm. For such an arrangement

we may anticipate an energy resolution of < 2.8%/4/FE(GeV) including a

2.3% contribution to the constant from sampling fluctuations and 1.5% from
photo-statistics. We are presently developing a GEANT simulation of this

% A specially tuned version of GEANT was used to accommodate properly the important
low energy processes.
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structure and expect to construct and test a prototype calorimeter module.

4.3.1 Calorimeter construction

The K¢ — 7w endcap calorimeter will be similar in area to one of the
KLOE endcap calorimeters which covered a circular area of diameter 4 m.
Although the KLOE endcap modules had 90 degree bends, in our case, all
modules will be straight and of uniform size (comparable to the KLOE barrel
modules) simplifying manufacture.

The calorimeter modules will be assembled by gluing 1 mm dia. single
clad fibers between thin grooved lead plates which have been deformed using
techniques developed by the KLOE collaboration. They used foils of 6 m
length and 15 ¢cm width which were produced using high precision grooved
rollers of hardened steel ground to shape by a sintered diamond tool. The
groove thicknesses in the KLOE lead plates were uniform within a few tens
of pm and deviated from straight lines by less than 0.1 mm. Optical epoxy
manufactured by Bicron was used to attach the fibers to the grooves. The
grooves can be made large enough so that the fibers are not squeezed by
subsequent layers.

Suitable fibers with peak emission at about 435 nm are made by Bicron
(BCF-12), Pol. Hi. Tech. (POLIFI 044-100) and Kuraray (SCSF-81); these
fibers typically have rise times of 2.5 ns, attenuation lengths in the neigh-
borhood of 3.5 m and light output 3 to 5 photoelectrons/mm (at 4 cm with
a standard photocathode) for a m.i.p. We have contacted the first two of
these suppliers to confirm their manufacturing capabilities. In addition, Pol.
Hi. Tech. has indicated to us that they are performing tests to evaluate
the forming of 0.2 mm lead sheets for calorimeter construction. The fiber
pitch we expect to use will be about 1.3 mm resulting in a structure with a
fiber:lead:glue volume ratio of 72:21:7. This calorimeter structure will have a
radiation length of approximately 3.5 cm (compared to 1.6 cm for the KLOE
design) and will be rigid and machinable.

The light collection system developed by the KLOE group will be used.
It employs a tapered mixing section and a Winston cone which concentrates
the sensitive fiber area onto the phototubes yielding an area reduction factor
of 2.7 while maintaining 90% of the light.

The K — 7%v endcap calorimeter will use 2.5 x 10° 1 mm dia. fibers
of length 4.3 m. This represents roughly half the number of fibers used in
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all the KLOE calorimeters. Segmenting the calorimeter into regions of 6 x
6 cm? read out by a 2 in. phototube on each end results in approximately
1200 channels required.

4.4 Veto detectors
4.4.1 Barrel detector

Suppression of most backgrounds is provided by a hermetic high efficiency
photon detector. Several techniques are being considered for the barrel pho-
ton veto detector which will have thickness of 18 Xy. The leading possibility
is the KLOE calorimeter design with 0.5 mm lead. It has excellent sampling
efficiency and high light output giving excellent timing and energy resolutions
as discussed above. The barrel detector for the K — 7% experiment will
be very similar in size to the KLOE barrel and therefore would also require
about 2 x 10° 1 mm dia. fibers. The barrel sections here would have 90°
bends at the ends for readout (just like the KLOE endcap modules) so that
hermeticity of the photon veto system would be maintained.

We will also mention another alternative we are investigating, layers of
< 1 mm lead and 5 mm scintillator, which could be simpler and less expensive
to manufacture. To read light from the scintillators an embedded wave length
shifting fiber (WLS) technique can be used[18]. The WLS fibers are placed in
the grooves which run along the 4 m scintillator slabs with spacing of 10-15
mm to get both transverse and longitudinal uniformity in the light yield. The
summed output of phototubes reading out both ends of the fibers shows less
than a 10% variation over the length of the scintillator in the case of BC408
scintillator with 6 m BCF92 fibers[18]. In this experiment the BC408 (Bicron
) and multiclad WLS fiber with dopant Y11 (Kuraray) glued in the grooves
with silicon based glue (for example SE777) can be used. The WLS fiber uses
K-27, a green-emitting compound, as the dopant. The fiber of 1 mm diameter
has an attenuation length of about 4 m. In order to reduce attenuation, the
WLS fiber can be spliced to a clear optical fiber with attenuation length of
about 10 m[21]. Multiclad fibers provide a factor of 1.4 to 1.8 larger light
yield than single clad fibers because of the increase of the numerical aperture
due to the lower refractive index of the outermost cladding. The clear fibers
have an identical multiclad construction. The light yield obtained for 5 mm
thick and 10 mm wide scintillator and 1 mm diameter 4 m length WLS fiber
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with both ends readout is 40-50 photoelectrons per m.i.p. with a standard
bialkali HAMAMATSU R-580 phototube[19]. For the barrel geometry with
long and wide scintillator plates the light yield at the level 20 photoelectrons
per visible MeV energy loss in the scintillator is expected. This number is
somewhat larger than obtained in the BNL E787 barrel veto. The multiclad
fiber can be bent into single-turn loops with radii as small as 1 cm before the
light loss reaches 3%. An aging study showed no change in light transmission
through small loops of multiclad fibers after an interval of seven months[20].
This allows one to simplify the fiber readout at the both ends of the barrel
with little dead space between the preradiator detector and barrel veto.

4.4.2 Upstream and other detectors

In the upstream endcap veto region we are considering a tower configuration
consisting of very thin interleaved lead and scintillator plates read out by
WLS fibers. If one module has, for example, 0.6 mm thick lead sheets as
the absorber material and 1 mm thick scintillator (e.g. Kuraray SCSN-81)
with WLS fibers spaced by 4 mm, it will produce about 1300 photoelectrons
per GeV deposited energy and give an energy resolution o /E = 6%/VE [22].
The radiation length of this module is 1.5 ¢cm and the Moliere radius is 3.5
cm. An important feature of a detector comprised of such modules is the
absence of physical boundaries between the modules. This provides a light
yield uniformity < 0.5%. For gammas with energies close to a veto threshold
of say, 5 MeV, a light yield of about 6 photoelectrons is produced. Reduction
of the thickness of the lead plates by factor of 2 would increase the light yield
by factor 2.

We are investigating the possibility of having the calorimeter and veto
counters (barrel and endcap) read out by phototubes produced in Russia by
the company MELS (Moscow). Parameters of FEU115M tubes are given in
Table 4.

4.4.3 Charged particle vetoes

Vetoing charged particles is important for suppressing background modes
such as K3 and for reducing the trigger rate. To accomplish this function,
the first layer in each of the photon detectors and vetoing systems will consist
of at least 1 cm thick scintillator. In the downstream beam hole direction

41



Photocathode diameter 25 mm
Number of stages 12
Quantum efficiency at 490 nm 15%
Gain 6 x 10°
Rise time <4 ns
Nonlinearity up to 80 mA peak current <2%
Nonlinearity up to 200 mA peak current | <10%
Rate at 3 p.e. threshold 10 Hz

Table 4: Specifications for Russian FEU115M phototubes.

beyond the calorimeter, charged particles will be swept out of the neutral
beam with a bending magnet into veto scintillators. We anticipate achieving
charged particle veto inefficiencies of < 1072,

4.4.4 Beam Catcher

Since the downstream beam hole represents a potentially serious inefficiency
in the photon veto system a “catcher” detector must be included in the
experimental arrangement. While the catcher must have a good photon
detection efficiency (O(107?)), it must also have low sensitivity to hadrons
to avoid a high rate of “accidental” veto spoiling.

The catcher is designed to veto decay photons whose trajectories are
directly in the beam. Those photons which pass through the beam hole, but
leave the beam region further downstream will be vetoed by other counters
surrounding the downstream beam pipe (see the experimental layout drawing
fig. 4). In order to minimize the number of decay photons that must be vetoed
by the catcher, the catcher’s solid angle as seen from the decay volume must
be as small as practical. To reduce this solid angle and to make maximum
use of the primary beam time structure (which forces all residual gammas
to arrive simultaneously several ns prior to the earliest kaon decay product,
and similarly allows elimination of counts induced by the large number of
low energy neutrons), the catcher will be located a relatively long distance
(10 to 15 m) downstream from the calorimeter.

To minimize hadron interactions while maximizing photon detection ef-
ficiency, it is desirable to employ a detector medium for the catcher that
has a small ratio of radiation length to interaction length, Xo/A;. Various
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Material Xo A7 Xo/Ar | Density
(g/cm?) | (g/cm?) (g/cm”)
Scintillator 43.8 82. 0.54 1.03
Lucite 40.6 83.6 0.49 ~ 1.2
Pb 6.37 194. 0.033 11.35
Csl 8.4 167. 0.05 4.53
Liquid Xe 8.48 169. 0.050 3.52
Pb/Lucite 6.67 99.3 0.067 2.14

Table 5: Potential beam catcher detector materials. The Pb/Lucite ratio
used is 1:5 by length.

possibilities are listed in the Table 5.

The most suitable choice is a 10 Xy Ceerenkov counter which is blind to low
energy protons and charged pions and responds primarily to 7% produced in
the material of the detector itself. The counter should be highly segmented
and directionally sensitive to maximize its sensitivity to high energy photons
from the decay region and to suppress interactions caused by low energy
particles produced at larger angles. Liquid Xenon presents an interesting
possibility which we are investigating. However, we are primarily considering
a Pb-Lucite sandwich counter which is economical to construct and employs
well known technology.

A lead-lucite detector using 50 layers of 1 mm lead and 5 mm lucite, read
out from the top and bottom is a prime candidate.® The Cerenkov light from
a [ = 1 particle entering perpendicular to the lucite surface is trapped by
total reflection and transmitted to photomultiplier tubes. From experience
with the E787 beam Cerenkov counter and barrel veto, we expect 1 photo-
electron per MeV of incident photon energy. The total internal reflection
condition sets a minimum momentum for producing a signal of 1.1, 300, and
2000 MeV /c for electrons, pions and protons, respectively. Because neutron
induced charged pions and photons from 7° decays do not always go along the
original beam direction, some angular selection in this counter will further

5An extra Be absorber may be added between the lead and lucite to further suppress
low energy photons.
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suppress background rates. Using the beam particle fluxes given in this pro-
posal, and known neutron scattering and pion production cross sections, we
estimate that the instantaneous rate in the catcher during the signal arrival
window will be less than 20 MHz. This will result in < 4% loss with a 2 ns
veto timing window. With a horizontal segmentation of 40 the counting rates
in individual phototubes would be about 1 MHz. If higher than anticipated
beam rates were encountered, pileup problems can be addressed by further
segmentation and by locating the catcher further downstream. Although the
E787 beam counter has operated without problem for many years in a flux of
~ 1 MHz/cm?, we are investigating the potential issues of radiation damage
for this application.

A Pb-Lucite counter located 15m downstream of the exit of the main
detector will have an active volume approximately 12 cm high, by 375 cm
perpendicular to the incident beam, by 30 cm along the beam. It would be
viewed from the top and bottom by 40 phototubes, uniformly arrayed along
the long dimension of the counter, perpendicular to the beam. We expect to
perform GEANT simulations and to gain experience with prototype counters
in a test beam before a final design is made.

4.5 Vacuum and Mechanical Considerations

The decay volume and the entire beam path for the K9s (and accompanying
neutrons), from the production target to the downstream catcher, must be
at high vacuum (1077 torr ) in order to suppress background from neutron
interactions with the residual gas producing 7%. The walls of the vacuum
containment must be of minimal material in order to minimize photon con-
version and also photon production from charged particles, for example, in
K.s decay via charge exchange and annihilation. The high-vacuum con-
straint precludes materials subject to significant out-gassing, either in the
vessel itself, or in the form of detector systems within the vacuum volume. A
metallic vessel inside the photon detection systems would be suitable if the
walls and/or the support structure can be thin enough.

The collimated beam will be narrow in vertical angular spread (4 mr) and
wide in horizontal angular spread (125 mr) to give a nominal cross section
profile of 4 ¢cm vertical (Y) by 1.5 m horizontal (X) in the detector. A
beam box of nominally 20 cm in Y by 1.8 m in X will extend from the
target /filter/collimator region to the upstream end of the detector assembly
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( 10 m). It will be stiffened in the X dimension by external ribs, and will
include a high vacuum pumping station. A similar but larger (to follow the
expanding beam) box will extend from the downstream end of the detector
to the catcher. Elliptical geometry may provide the optimum strength verses
minimum mass in these areas.

Within the photon detector/veto array, the general dimensions of the vac-
uum vessel are constrained by the nominal decay volume length of 3.5 m, and
by the extent of neutron beam halo surrounding the nominal beam profile. In
the design under study, the main structure of the vessel will be cylindrical, or
nearly cylindrical (elliptical) as indicated in fig. 16. The main axis is on the
beam axis and the vessel is essentially a variation of the beam sections with
the vertical dimension of the ellipse increased, approaching a circular shape.
The upstream and downstream ends will be elliptical transitional sections
with the vertical dimension varying to match the beam section at one end
and the detector section at the other. Wall thickness at all points will be
minimized using external ribs and/or undulated (corrugated) shapes. There
may be some additional mass in the form of flanges, struts, etc., to support
the vacuum vessel in the detector and to support some of the atmospheric
pressure load.

The design goal in the direction of the photon preradiator is 5% Xo. Var-
ious techniques have been used to produce thin vacuum vessels, in order to
reduce eddy current losses in accelerators, or simply to reduce material costs.
Ribbed elliptical structures [28] have been developed for DESY II, and cor-
rugated cylinders have been constructed to contain large gravitational wave
detectors [29]. These examples can be scaled to our required dimensions
using standard engineering formulae [30]. Actual thickness dimensions de-
pend strongly on details of the structure and on acceptable safety allowances.
The conventional construction has been in stainless steel. However in order
to achieve the thickness goal, other materials will be explored to provide a
better strength to mass ratio. A small ( 10%) gain using other steel alloys
is possible where non-magnetic properties are not required. Aluminum or
aluminum-titanium alloys can give up to a factor of two reduced radiation
lengths and energy loss. Exotic materials such as beryllium and carbon fiber
composites can give factors of 3 — 4 over stainless steel. Although beryllium
is not practical for large structures, metalized carbon fiber composite and
honeycomb sandwich structures [31] are under development. Using a combi-
nation of sophisticated structural techniques and materials, wall thickness in
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Figure 16: Ilustration of vacuum vessel concepts.
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the range of a few percent of a radiation length in the critical regions of the
detector are expected.

The pumping system required to maintain a base pressure of less than
10~ Torr is straightforward. Since the volume will not be vented often,
pump-down speed is not a serious constraint. Provided that the vessel has
only metallic surfaces and can be thoroughly cleaned or baked out, out
gassing also is not a problem. Either turbo molecular or cryogenic pumping
would be suitable, with a modest mechanical pumping system for roughing
and backing. Two pumping stations, one each in the upstream and down-
stream beam boxes will be used.

Other mechanical systems for structural support of the main detector, are
expected to be relatively conventional, as there are no exceptional require-
ments for positional precision. The primary constraints will be to minimize
occlusion of detector elements, and to provide for adequate access for assem-
bly and service of detector systems.

4.6 Trigger and data acquisition
4.6.1 Trigger

The trigger will be based on the appearance of two photon clusters in the
endcap detector with appropriate spatial and energy correlation and the ab-
sence of energy (above O(10 MeV)) detected elsewhere in the detector in
prompt coincidence. Signals from phototubes will be acquired using 500
MHz transient digitizers (e.g. GaAs CCD’s and flash ADC’s as in E787);
this technique facilitates achieving maximum timing resolution, reduction of
the allowed signal timing window and rejection of coincident pile-up back-
ground.

There will be at least two levels in the trigger logic (Level0 and Levell).
The Level0 logic is based on conventional NIM or ECL logic. After vetoing on
charged particles, the major contribution to the LevelQ counting rate comes
from the decays K} — #%7%%% (21 %) and K¢ — 7°%° (0.1 %). Photon veto
in the barrel region and a cut on the number of active endcap elements can
reduce the Level0 trigger output to less than 10° Hz for 107 K decays/s.
At this stage, the two neutral modes above and the decay K¢ — ~v are
the most significant and contribute to the trigger rate almost equally. The
output signal from Level() will be used to initiate ADC gate and digitizer
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Detector Readout | # Channels | Hit data | # Hits/~ | Data/y
Type Bytes Bytes
Preradiator scint. TD 2000 30 20 600
Cal & Veto scint. TD 2500 30 30 900
Tracking anodes TDC 25000 4 20 80
Tracking cathodes | SCA 50000 12 60 720

‘ All (incl. overhead) ‘ ‘ ‘ ‘ ‘ 2500 ‘

Table 6: A summary of readout data.

trigger signals.

The Levell trigger can be based on conventional CAMAC or VME mod-
ules such as memory look-up units and arithmetic units. Counting the num-
ber of shower clusters (instead of the number of hit elements) can be done at
this stage. The process may take 100 ns to 1 us for access to memory look-up
units. Transverse momentum conservation, ¥ P; sin §; = 0, can be simulated
by the equation, ¥T;tan; = 0 if § ~ 0 and P; ~ T;. This means the sum of
energy-weighted decay angles (or hit positions) is nearly zero for the decay
modes with final states 77 and 4+ without neutrinos. Combining these two
requirements, we expect to be able to reduce the trigger rate to 100 Hz.

4.6.2 Data Acquisition

For the readout system, we will instrument phototubes with short range (512
ns) Transient Digitizers and the tracking system with TDC’s on the anodes
and SCA (switched capacitor arrays (SCA), 30 MHz, 64 buckets) on the
cathodes. All these readout modules will have zero suppression capability
and event buffering. A summary of the readout is given in Table 6.

Assuming trigger rates as described in the previous section and the results
of preliminary Monte Carlo calculations, we estimate data rates shown in

Table 7.

The data will be kept on local front-end crates during the spill and trans-
fered to a host computer in the inter-spill period. The estimated total data

48



Modes | Trig./spill | # of ~ | Data /spill

K Bytes

77970 40 6 600

770 40 4 400

vy 80 2 400
Al | | | 1400 |

Table 7: A summary of data rates.

rate of 1.4M Bytes/spill can be handled easily by one Digital Linear Tape.
Such a data acquisition system collects less than 10% of the data presently
handled in the E787 experiment.

4.7 Calibration and monitoring

The decay K} — 4+ with a branching ratio 5.7 x 10™* provides an excellent

source for calibration and monitoring in the K'Y — 7°
0

vy experiment. The
event topology is the same as the K — 7%wp and there is no signal in
the veto counters. Thus, the K flux, detection efficiencies, false vetoing and
reconstruction efficiencies can all be studied and monitored. The event rate
is roughly 1 K/pulse so there is no shortage of events to populate the entire
detector.

For monitoring the phototube gains we will likely use a Xe flash lamp

system as a stable light source.

5 Simulations

An initial GEANT Monte Carlo study of the detector has been done, in-
cluding simulation of the preradiator arrangement similar to that described
above. The simulation included the effects of the varying position of the K,
decay vertex, solid angle acceptance (including the beam hole), and recon-
struction efficiency. Fig 17 shows the 4+ mass distribution for signal events
with m? resolution (RMS) approximately 10 MeV. Figure 18 shows the an-
gular resolution obtained for several photon energy regions. The simulation
results were consistent with the nominal values of resolution and acceptance
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Figure 17: Reconstructed 44 mass from the detector simulation.

in Table 2. It is expected that, with further optimization, these resolutions
will be somewhat improved.

6 Photon veto

6.1 Detection inefficiency

E787 has achieved 7° detection inefficiency of 107° at photon energies of
20-225 MeV using a lead/scintillator detector. The main photon detector
consisted of about 1 radiation length of plastic scintillator (range stack) fol-
lowed by multiple layers of 1 mm thick lead and 5 mm thick scintillator
(barrel veto) for a total of about 15 Xo. The inefficiency for the lowest
energy photons is ~ 1072 and appears to be mainly limited by sampling fluc-
tuation. The inefficiency for higher energy photons is ~ 107* and appears
to be limited by sampling fluctuations, shower escape and photonuclear re-
actions which may be contributing at comparable levels. Although the E787
group has attempted to study the origin of the residual inefficiency through
measurements and simulations, considerable uncertainty remains. Thus, as-
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suring the achievement of substantially higher photon detection efficiencies,
for instance, at higher photon energies than the existing measurements, may
be extremely difficult to establish reliably without actually performing the
relevant measurements. The uncertainties are even larger for the region be-
low 20 MeV photon energy which will be preferentially populated by K?Y,
background events involving higher energy 7°’s than observed in E787. It is
for these reasons that, although advancements in detection efficiency may be
possible to achieve, we will only rely on small extrapolations from the K787
measurements in predicting the level of 7% inefficiency.

The goal in the K} — #°
efficiency approaching 107®. This may be feasible since both photons are

v experiment is to have 7 detection in-

generally in the higher energy range of the E787 measurements where sin-
gle photon detection inefficiencies of 10™* have been measured. Since we also
have kinematic handles available, we can suppress those kinematic configura-
tions of K, events with low energy missing photons and reasonably expect
to achieve the goal as discussed below.

Small improvements in the photon detection inefficiency for lower energy
photons may be possible until the photonuclear limit is reached by using a
fully active calorimeter or a finer sampling calorimeter as discussed above.
The photon detection efficiency of higher energy photons may also be im-
proved by a small factor until the photonuclear limit is approached by im-
plementing more radiation lengths to block remaining shower escape. In the

0

K¢ — 7% experiment described here, we will increase the thickness to 18

Xop.

6.2 Kinematics for suppressing low energy photons

Because the momentum of K is tagged, we can obtain the energy of the
missing photons in K% events by subtracting the measured energies of
the two observed photons from the K energy. Requiring significant to-
tal missing energy (i.e. (E(KL)— E,1 — E,3) as is generally the case for

%»u events suppresses most potential background events that con-

KY -«
tain lower energy missing photons (where the inefficiency is greatest). How-
ever, in unusual cases when one of the missing photons has very high en-

ergy and one has very low energy an additional cut on missing mass (i.e.

\/(E(KL) —FEq—FEp)?—(P(KL)— P,y — P.y)?) is effective. Because the
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missing mass in K2, events is proportional to \/Fiisst * Epnissz, Where E,
is the energy of a missing photon, the missing mass also becomes small for
the asymmetric energy sharing case. Figure 19 shows the missing mass vs.
missing energy distribution of photons for K%, and K¢ — z°
After removing the low missing mass and low missing energy region, we can

vy events.

suppress the low energy photons to achieve 10™® detection inefficiency for the
two missing photons in K, events.

6.3 Photon loss through holes and shower escape

The largest aperture in our detector is the downstream beam hole which is
covered by the “Catcher”. The contribution of the beam hole is estimated
to be less than 10% of the overall inefficiency assuming that the photon
detection inefficiency of the Catcher is a factor of 10 worse than in the other
sections of the detector.

Photons can also hide in the showers of other detected photons. These
overlapping photons can occur a few % of the time in K%, events when the
distance between two photons at the calorimeter is less than 50 ecm (about
6 Moliere radii) and less than 1% of the time when the separation is less
than 20 ecm. When the distance between two photons is 20 cm to 50 cm,
one can identify the overlapping photons by comparing the shower center of
gravity in the calorimeter which has a position resolution ¢ ~ 3 ¢m with the
expected position obtained by extrapolating the preradiator track; assuming
an inefficiency of 107 for the center of gravity method and including the
probability of the conversion of the extra photon in the preradiator, the
photon veto inefficiency due to overlap is ~ 107°. When the separation is
less than 20 cm and the overlapping photons merge, the invariant mass of
the photons always becomes much larger than the 7° mass and the missing
energy and mass are small. The inefficiency of this invariant mass cut is
limited by the photonuclear reaction probability (a few times 1073) of the
overlapped photon. Again, taking into account the photon non-conversion
probability, the photon detection inefficiency due to overlap in the region of
separation < 20 cm is also estimated to be ~ 1072,

Due to the relatively large Moliere radius of our calorimeter/preradiator
system, some signal events can fail the overlapping cut by sending a “splash”
of shower energy outside the single photon acceptance region. A GEANT
Monte Carlo simulation was done by injecting 200 MeV photons into the
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Requirement
Solid angle 0.36
Mgy = Moy 0.72
B 0.38
Photon energy cuts 0.35
Gamma conversion and reconstruction | 0.45
Acceptance 0.016

Table 8: Acceptance for K? — #%vu.

preradiator/calorimeter system. Only 2% of the events gave more than 50
MeV outside of the 20 c¢m radius from the shower center and 1.5% of the
events show more than 10 MeV outside the 50 cm radius. The acceptance
loss due to this mechanism is estimated to be a few percent.

7 Sensitivity estimate

Table 8 gives factors leading to the estimated acceptance of approximately
1.6%. It includes the solid angle, photon conversion and reconstruction fac-
tors and phase space (E*) acceptance in addition to cuts on missing energy
and mass and on photon energy sharing. The inefficiency due accidental
spoiling of good events is estimated to be < 10 % for a threshold of a few MeV
and a timing window of 2 ns. The expected number of K — 7% events to
be accumulated for 8000 hours of beam at 5 x 10'* protons/spill is 70. The
signal yield is calculated as follows:

Nik = (1.9 x 107 K1, decays/pulse) - (8 x 10° pulses)
= 1.5 x 10" K} decays
Ny = Nig-e-B
(1.5 x 10™) - (0.016) - (3 x 107'")
= 73 events
and B= 3 x 107" is the SM central value for the branching ratio. The single

event sensitivity of the experiment would be approximately 4 x 10712 if not
limited by background.
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8 Background estimates

8.1 Background rejection

Potential sources of background include Ky — 7%7°

four photons are missed (the odd and even-pairing cases), neutron produc-
tion of 7%, other K decays like K.3 and K — vy and A — n7° decays.
Suppression of most backgrounds is accomplished by the hermetic high effi-

events where two of the

ciency photon detector along with kinematic constraints. Our expectations
for the efficiency of the photon veto detectors are based on experience with
similar detectors in BNL-E787 as discussed above.

The energy and direction measurements of photons by the preradia-
tor/calorimeter arrangement described above along with momentum tagging
of the Ky by time-of-flight provide powerful kinematic constraints, such as
the mass of the two photons (m.,) and the center of mass energy of the 7°
(E*). Vertex constraints from photon tracking also help in rejecting acciden-
tals and rejecting particles produced near the surface of the detector by the
beam halo. Tight vertical collimation of the beam reduces the beam halos
and provides an extra vertex constraint. The 47 coverage of the photon veto
(%) and charged particle veto (charge) are effective in suppressing other K7,
decays. The entire decay volume will be evacuated to suppress production
of particles in the decay region.

A summary of the background estimates is given in Table 9. The signal

Process Modes Main source | Events
K¢ — n%w 70
Ky, decays (%) 7070 O 0m0 w0y 7070 7
Kp — v vy Y 0.04
Ky, decays (charge) rreFfu atuFoate T ety 0.01
Ky, decays (7, charge) | #¥a- 7% 75 F vy, a5 Fvrlntn—ny ata =m0 0.003
Other particle decays | A — 7%n, K~ — 777 X% - 7% | A — 7% 0.03
Interactions n, Kp,~ n — 7 0.5
Accidentals n, Kp,~ n, Kp,~ 0.3

Table 9: Estimated event levels for signal and background.
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Requirement 797% odd | 7%7° even

~ combinations 4 2

Solid angle 0.34 0.37

My = My 0.08 0.74

L 0.76 0.008

Photon veto 1.3x107% | 4.2x1078

Photon energy cuts 0.07 0.17

BR 9x 1074 9 x 1074

Photon conversion and reconstruction 0.45 0.45
Acceptance 3.5 x 107 | 1.6 x 10714

Table 10: Acceptance for K%, backgrounds.

is estimated to exceed the background by an order of magnitude with the
backgrounds dominated by K?,. We expect that the actual background levels
will be determined reliably from the data. In the following we address the
most important potential background sources highlighted in the table.

8.2 K; — w'x0

The dominant background for K¢ — % is the CP violating decay Kj —

797 (K,2), whose branching ratio is 9x 10™*. By tagging the K7, momentum
as well as determining the energy and direction of 4’s, one can reconstruct the
kinematics. In the case of even pairing where one 7° is missing, a kinematic
cut on the monochromatic center of mass energy of the 7° (E7%,) is effective.
In the case of odd paring where one photon from each 7° is missed, the 7°
mass requirement (m.,) is effective. Additional photon energy cuts, such as
E% vs. E(Kp)— B3 — E7,, are also very effective in further suppressing
K?, backgrounds.

Table 10 gives the estimated acceptance factors for the K2, backgrounds.
Including all combinations of 2 missing photons out of the 4 photons from
K?,, we expect 5 events from the odd pairing source and 2 events from
the even pairing source. These background levels would be further reduced
if the photon detection efficiency achieved is better than the conservative
assumptions used here and if more detailed study of the kinematical tests
proves effective.
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8.3 K — vy

Ky — ~~ is very tightly constrained kinematically. For example, by knowing
the direction of one photon, one could know the energies of both photons and
the direction of the other photon. Cutting on the monochromatic photon
energies in CM system (E7), using an invariant mass cut on 2 photons(m., ),
and the CM energy of the 2 photons (£%) brings this process under control.

We expect 0.04 events from this background source.

84 K; — 7 e'v

99 and annihilation

When the 7~ and e™ react via charge exchange 77 p — 7
te~ — ~7 before they are detected, two photon clusters, each of which
is made of 2 photons, remain. Inagaki et al.[32] found charged particle veto
inefficiencies to be 3.2 x 107 for ¢™ and 6 x 10™* for 7~ with a veto threshold
of 1 MeV.

In our present design, there are two extra kinematic handles on this back-
ground: the two photon mass (m..), which tends to be much larger than
myo and the center of mass energy of the 2 photons (£ ) which tends to
be at the end point of the phase space. Due to the use of a low energy

beam, the photons from 7=p — n7® can be identified as two photon clusters,

€

which provides the extra rejection power needed to suppress this mode. The
K; — w7 etv background is estimated to be 0.01 events limited by cases
where the secondary photons undergo photonuclear reactions.

85 A — 7'

Because of the large angle of the neutral beam used here, the cross section
for producing As is low and they decay completely before reaching the decay
volume. Backgrounds could arise from A’s produced by halo neutrons and
Ki’s. Again, the production cross section of As by the beam halo is low
because the beam is soft and it is hard for As to reach the fiducial decay
volume from the interaction point. Good collimation of the beam as well
as a vertex cut to eliminate events produced near the surface of the last
collimator suppress this background to a negligible level of 0.2 events.
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86 nA—7a'A

Neutrons interacting with the residual gas in the decay volume can produce
single 7% without any other easily detectable activity. This background is
primarily suppressed by having an excellent vacuum (1077 torr) and by the
reduced number of neutrons above the 7% production threshold (800MeV /c)
at the 45 degree production angle. The micro-structure of the beam provides
further suppression of the neutrons: Figure 20 shows the arrival time of K ’s
and neutrons with respect to photons at 10m from the production target.
Neutrons with momenta between 1 and 2.4 GeV/c fall into our arrival time
of interest (i.e. K with momenta between 0.5 and 1.3 GeV/c). Within this
time window, the neutron to Ky ratio is improved by a factor of 5. Despite
the fact that a low energy beam is used here, the effective n/ K7, ratio is as
good as or better than in higher energy experiments. This background is
further suppressed by the kinematic cuts used for K?, because it involves
a large unphysical kinematical phase space due to the missassignment of
an incoming neutron as a K. We expect 0.5 events from this background
source.

8.7 Accidentals

Accidental backgrounds are caused by beam halo neutrons, photons and
K1’s which are scattered from the last collimator and get into the detector.
Multiple stages of collimation of the narrow vertical beam should provide
good collimation. From the experience of BNL E791, we would expect to
bring the neutrons, kaons and gammas scattered into the detector down to
100 KHz, 100 KHz, and 10 KHz, respectively. Requiring the converted track
in the preradiator further suppresses neutrons and K s because they show
different track characteristics from photon conversions in the preradiator.
Finally, photon tracking allows us to reject those photons coming from the
upstream collimators. Assuming the signal event coincidence timing window
of 1 ns, the rate of the accidental background is estimated to be 0.3 events.
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Figure 20: Arrival time of K7’s and neutrons with respect to photons at 10m
downstream from the production target.

60



9 Preliminary measurements and prototyp-
ing plans

There are a number of issues that need to be pursued at the AGS:

1. Further microbunching studies. We will continue the series of mi-
crobunching studies using the 93 MHz dilution cavity. The beam, beam
instrumentation, data acquisition system, and feedback systems can all
be further improved. We need data with which to refine the simulations
that would enable the final system to be used in the experiment to be
designed. When the 20 MHz cavity becomes available, studies using
it in concert with the 93 MHz cavity are needed so that the narrowest
possible bunches can be achieved. It would be very desirable to get op-
erational experience with the final system before the experiment runs,
so that the most efficient possible use of beam time can be made.

2. Measurements of neutral particle production at large angles. Since
there is some uncertainty in the large angle neutron production, an
early measurement would be very desirable. At the same time we would
confirm the predictions of the gamma rates and of the K yields. We
would welcome a proposal from the AGS on where such a test could
most conveniently be carried out.

3. Test beam time is required to test detector prototypes. It would also be
desirable to set up a simple tagged photon beam using the electrons in
a test beam. Such a facility is needed for testing the angular resolution
of the preradiator for photons. It is possible that some of this work can
be done at other sites ( e.g. at the tagged photon beams at LEGS or
Tokyo/INS), but it would be very convenient to be able to make such
tests at the AGS.

Detector prototype tests will also be necessary: small prototypes of the
electromagnetic calorimeter will be made and tested for energy, position, and
timing resolution, linearity of response, and other characteristics. Preradia-
tor prototypes planned include single chamber prototypes (to test position
resolution, collection time, pulse shape, etc.), stacked chamber prototypes
(to test angular resolution), single active converter layers (to test fiber light
output, uniformity, and mechanical issues) and full preradiator prototypes
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Item H Cost(K$) ‘

Calorimeter 3140
Preradiator 3195
Catcher 250
Trigger, DAQ and Digitizers 1625
Vetoes 2913
Vacuum and mechanical 350
Subtotal 11473
Contingency (30%) 3442

| Total | 14914 |

Table 11: Estimated costs of the detector itemized in Appendix A.

backed up by calorimeter modules to test overall system performance. Other
likely prototypes include the beam catcher, veto counters (barrel, upstream)
and electronics such as wave form digitizers, chamber amplifiers and trigger
modules.

10 Cost Estimates and schedule

The estimated cost for the detector system is $15M including 30% contin-
gency as indicated in Table 11. The basis for these preliminary estimates is
given in Appendix A. It is anticipated that a considerable amount of existing
equipment can be used to reduce the overall cost. Although not yet detailed
the cost of major items such as the calorimeter are based directly on the
actual expenditures on the KLOE calorimeter which was dominated by the
scintillation fibers. For the veto calorimeter systems we have also used the
KLOE costs which may be more than a factor of two higher than the alter-
nate technologies involving lead-scintillator plates which we are considering.
The cost estimate for the vacuum system was made based on conventional
stainless steel fabrication and on the pumping requirements indicated above.

We would expect that following a period of minimal R&D outlined above
we could initiate production of the fibers and construction of the calorimeter
modules late in 1997. Production, assembly and testing would encompass a
two year period; much of this may be carried out by industry under group
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supervision. Design and construction of the neutral beam line could be com-
pleted in one year after which studies of neutron halo would commence. The
experiment could be ready for engineering running in 1999 given early ap-
proval and funding.

11 Conclusion

A detector system has been presented to measure the rare decay K — 7%vi.
It is designed to allow definitive observation of a large sample of events with a
signal that exceeds backgrounds by an order of magnitude. Special features of
the AGS allow provision of an intense pulsed beam of neutral kaons suitable
for time-of-flight measurements. Significant redundancies and contingency
factors are built into the technique. The standard model origin of CP vio-
lation will be confirmed and the complex phase parameter 1 determined to
a precision of < 15% or the absence of K¢ — 7% can be established at a

level not consistent with the standard model.
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12 Appendix A. Cost Estimates

Preliminary cost estimates for the various components of the experiment are
shown Tables 12, 13, 14, 15, 16 and 17. Since we are continuing to optimize
the design in several areas, we intend these estimates to be used as a guide
to the cost of the experiment. We are investigating several approaches which
may lead to lower estimates than those shown.
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