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I. Introduction

We propose to study the spectroscopy of strange; charm
and bottom particles and their production in collisions of
high energy hadrons with stationary targets. To accomplish
this study, we must build a special forward spectrometer,
capable of unusually accurate and complete reconstruction of
complex multiparticle reactions at startlingly high rates.

We anticipate reconstruction of at least 105 events per secdnd
at interaction rates in excess of 106 per second. This
detector will be uniquely capable of mining a wealth of
elementary particle physics which will otherwise remain
relatively untouched. As an example of the power of this
technique, we expect data rates of at least 104 fully
reconstructed charm pairs per hour,‘fully isolated and
identified.

This proposal is a direct descendant of Fermilab Proposal
627, which we recommend reading for its discussion of measure-
ment problems and solutions. We have improved the design of
the magnetic spectrometer to measure an even larger dynamic
range of reaction products. Furthermore,'this spectrometer
can be built up more gradually, with a steadily productive
and improving measurement program. We now propose a series
of measurements in a charged hadron beam with energy variable
up to full Tevatron primary beam energy. Although we hope
eventually to propose later experiments using this detector

to study interactions of high energy photons, we feel that




charged Hadrons offer much higher signal rates with a much
simpler beam. The detector will have such general measurement
capability that experiments should eventuaily span a range

of beams and targets.

We can efficiently use the high interaction rates
available in hadron beams to measure reactions as rare and
complex as charm production with high signal rates and little
background. The domination of "new particle" physics by e+e"
annihilation experiments, despite their vanishingly low rates,
has long been explained by the existence of large "backgrounds"”
in external beam reactions, particularly in hadron-hadron
collisioné. These "backgrounds"” do not reflect any intrinsi-—
cally undesirable properties of hadronic reactions but rather
quite correctable limitations of individual experiments. Two
distinctly different problems are frequently labelled “back-
ground”. The first is simply the saturation of measurement
rate at unpleasantly low signal levels as a resulf of
limitations on the amount of offline computation, the speed
and selectivity of online event selection, or even the
resolving time of the detector. A second problem arises when
otherwise readily isolated signals are inadequately measured.
VWe have solutions to both of these problems, and we hope to
demonstrate that detailed measurements of both new and old

physics are practical on a scale well beyond present experience.




II. Physics

A. General Physics Goals

We wish to study the production and spectroscopy of
strange, charm and bottom particles. Our initial goals
include:

1) syétematic study of exclusive reactions, ?articularly

diffractive dissociation,

2) a simple catalogue of the remaining stable charm

particles, with details of production and decay,

3) determination of the scale of bottom production in

hadron collisions. |
We ultimately expect to accurately measure lifetimes, branching
ratios and production cross sections, as well as observe excited
states and additional production details for all S, ¢ and B
production by hadrons. |

Since we will begin this experimental program a decade
after the discovery of the w,l and two decades after the
discovery of the last stable straﬁge particle,2 one might
reasonably wonder just héw much of what we could measure
would still be §f interest to the physics community by the
time we could measure it. Despite occasional rumors that all
of elementary particle physics is now well understood, very
little detail has actually been measured, and we can predict
gquite safely that relatively little detail will appear until'
an experiment such as we propose has actually been conducted.

With the extension of the original three quarks of SU,

to at least five, one expects a large spectrum of hadron




states which is largely unexplored.3 Of the large number

of stable charm particles predicted, only D mesons and the
ﬁcvhave been firmly established, and they were discovered

in e+e_ annihilation experiments,4 where the rates are simply
too low for significant chance 6f additional such discoveries.
Detection éf these particles in photoproduction and hadron
reactionérhas been difficult, with a few mass bumps of modest
statistical significance or a few probable observations of
the finite lifetime of short-lived particles.S No real
measurement of production cross sections or establishment of
new states has been possible in either hadron or photoproduction
experiments so far. We expect the rafity and complexity of
signals to continue to limit the results of conventional
experiments in external beams.

Surprisingly enough, even detailed measurement of sS
production does not now exist, for many of the same reasons
that significant observations of charm production in hadron
interactions haverproven elusive: namely, that specific
signals are too complex and rare for traditional measurement
techniques. Tﬂe single most extensive study of exclusive
strange particle production is a bubble chamber study of
10-25 GeV neutron interactions in hydrogen,6 with observation
of a few events in each of a long but very restricted list
of exclusive reactions with a v° and no missing neutrals.

Because we will be able both to measure the information
necessary to reconstruct the exclusive, or partially inclusive,

final states, and also to isolate and record these events at




high rates, we will for the first time ever be able to‘

record a long list of such reactions with very high statistics.
Such méasurements are desirable for a variety of réasons:

in the first place any measurement of charm and bottom
production calls for strong constraints to exclude backgrounds
and high fates to obtain signals, and secondly we think it unlikely
that details of strong interaction dynamics can be discovered
in purely inclusive measurements. Isolation of resonances in
strange, charm and bottom systems may prove particularly
informative. If the excitation spectrum of the CC and BB
systems is any indication of what we may encounter in heavy
quark systems;?-we may very well encounter a rich readily
interpretable spectrum of states which would lead to a simple
undefstanding of at least the low energy interacticns of ‘
their constituents.

To get some idea of what measurements might be practical,
let us first see what information might be present in
collisions of energetic hadrons with fixed targets at the
Tevatron. Present expectations of C and B préduction Cross
sections still await firm measurement, but are expected to be
of order 10—3 and 1072 of the total cross section.® With a
target thin enough for multiparticle measurements, 5% inter-
action length, we expect to dope with 1 MHz interaction rate
and 20 Mz charged beam particles. With a thousand seconds
of beam expected per hour of Tevatron operation, hourly

interaction rates become a billion total interactions,




including a million charm pairs and ten thousand bottom
pairs.

Of course, the available information varies dramatically
from event to event. Even thoﬁgh relatively unconstrained
measurements with high backgrounds may prove useful with high
statistics, the most useful events will be not only fully
reconstructed but also in special kinematic regions. As we
déscribe below, we expect our ability to reconstruct the
majority of individual charm particle decays to combine with
an estimated ten to twenty percentnof the total charm production
appearing in readily isolated reactions to yield well over 104
fully reconstructed and fuliy isolated charm pairs ﬁef hour.
Fortunately, these will be spread over an enormous number of
different topologies and reactions. |

B. Diffractive Dissociation

We wish to study fully reconstructed diffractive single
dissociation reactions for a variety of reasons: they offer
an opportunity to study an incredibly wide range of hadronic
states in the simplest possible reactions, with the greatest
isolation from other phenomena and with strong measurement
constraints. Although there is no universally accepted
definition of such reactions, diffractive guasi-two-body
reactions account for at least half of the hadronic total
cross sections.9 Such reactions include elastic scattering,
single dissociation and double dissociation. Diffraction
phenomena are present in most of the total cross section, in

the small P, behavior of inclusive single particle production,




for example. Such effects are to be egpected in the
production of finite sized objects in collisions of similarly
large objects.

Single dissociation reactions can be written as

h. + h. - h, +X

1 2 1
where a collision between two hadrons hl and h2 results in
little four-momentum transfer to hadron hi but hadron h2

breaks up into system X with mass MX. Missing mass measure-
ments that rely only on measurement of the outgoing hadron hl
have been performed for various hadrons at several energies.gwl5
Although the various measurements appear consistent with each
other, their interpretations differ greatly, with varying
parameterizations and estimates of diffractive dissociation.
Experiments with adequate resolution see structure in the
region of MX2 between 2 and 4 GeVz, with little variation of

MX2 ég“g with MXZ between 4 and 10 Gev®. The broadest study

d
was reported for pp and Tp collisions in the Fermilab bubble

chamber,lO with reported missing mass distributions shown in

Fig. 1. An internal target experiment at Fermilab reports a

simple parameterization of the missing mass cross section for

pp collisions over a wide range of missing mass and center of
14

mass energy:

2

~ - = (3.8 % 0.3)/Mx4' + (15.7 *+ 1.1)/s mb/Gev® .

AMy

All of these experiments identify the low mass enhancement

as diffractive single dissociation, but they are unable even




in principle to determine what fraction of the missing mass
spectrum is single dissociation. The ISR experiment reporting
a total cross section for single.dissociation did not rely
sélely on missing mass, but included all MXZ < 0.1 s in which
the undissociated proton appeared alone in its hemisphere.g
Elastic scattering and single dissociation appear to

approach constant cross sections at high energies, presﬁmably
the result of similar energy-independence of more inelastic
cross sections rather than an intrinsic property of diffraction.

. . . . + - +
Proton dissociation into pm 7 16 and AK 17,18

have now been
measured over a wide range of energies. These reactions are
clearly diffractive single dissociation and fall with
increasing energy to a constant cross section at ISR energies,
with an energy dependence quite consistent with missing mass
measurements. On the other hand, the entire inelastic cross
section cannot be usefully considered to beAsingle dissociation.
We might expect to identify proton diffraction into bottom
pairs with MXZ = 125 at s = 500, but we would not consider

all reactions with sz € 0.25 s to be single dissociation.

We suspécﬁ that approximately 20% of’the‘total'production
of 8, C and B particles occur as single dissociation into low
multiplicity states, but such reactions have never been
systematically measured and could be less frequent than we
estimate. The overall rates and background rejection are
nevertheless sufficiently high that we can study S, C and B

physics at production levels well below our estimates. We




assume, for example, that strange particle production in
single dissociation is approximately 800 pb at high energies,
but the only two measured reactions, pp - pAK+ and pp - ppK+K",
account for only 8-10 pb and 2 pb, respectively, at the ISR.18
On the other hand, the lower energy bubble chamber measurement
of exclusive reactions reports a long list of reactions with
larger cross sections, and reports strong evidence for
diffractive dissociation in most of these reactions.6 When
one considers the large number of S = 1 baryon and meson
states that should be produced with comparable frequency.

the possibility that proton dissociation into AK+ is only

1% of dissociation into SS seems quite plausible.

As for charm production, even less has been clearly
measured. Reported observation of pion dissociation into DD
in 200 GeV wp interactions at Fermilab,19 with an estimated
cross section of 6-10 b, and reported observation at the
ISR of large forward production cross sections for charm
particles,zo consistent with diffractive dissociation, all
support our assumption. On the other hand, all of these
experiments report small single particle mass bumps with
large backgrounds. |

One might conclude that diffraction is fundamentally a
low mass phenomenon, and that particles as massive as charm
or bottom particles are best sought elsewhefe, perhaps the

central region or at high P In fact, the total cross

o
section is dominated by low mass phenomena, and diffractive
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dissociation allows one to isolate relatively rare fundamentally
massive phenomena. Beéause the mass spectrum for dissociation
falls so rapidly, and because S, C and B production turn on

at progressively highef maéses. we expect them to be fair
fractions of pbssible candidates. We thus expect’abSOlﬁtely
negligible'background to isolation of charm production, which
should be at least a few percent of dissociation into suffic-
iently massive states, with multiplicities comparable to
strange particle production. The two charm particle mass
constraints should provide rejection factors of 1073 to 10"5
for massive strange particle production. The relatively low
multiplicities minimize the combinatorial backgrounds.

C. Hard Collisions

Complete event reconstruction is not restricted to low
multiplicity quasi~tWo~body reactions. We have excellent
acceptance out to the kinematic limits for high mass or high’
transverse momentum. We can reconstruct jets of’modest
multiplicity in reactions with moderate multiplicity (~ 20
particles). Such réactions are easily selected with a
calorimetervtrigger. Note that we anticipate reconstruction

of up to 108 events per hour chosen from 109 interactions.
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IIX. Detector

The physics measurements which we propose are possible
only with a very powerful detector. The full detector is
shown in Fig. 2 and>described in some detail in Tables 1, 2
and 3. In particular, fhe detector which we propose is
capable of: |

1) efficient detailed measurement of very complex
reactions,

2) performing.the traditional fast trigger function -
selection of desired events - with very high efficiency, even
when the desired signature is very complicated,

3) operation in the presence of tens of millions of
detectable particles per second, |

4) supplying, in useful form, considerably more infofma—
tion than is hormally available for offline analysis.

Both the amount of information measured in individual
reactions and the rate at which measurements can be performed
are ﬁnusually high; For most of the center of mass phase
space, particularly the forward hemisphere, we accurately
and efficiently identify and measure all charged particles,
photons and neutral hadrdns. Decays of‘strange particles,

including K_ - T, A - pT , 2 - AT and 0 - AK (as well

S
as the antihyperons), are efficiently reconstructed over
very nearly all phase space. Directions of neutrals are
determined with precision comparable to charged particle

measurements, but energies, particularly for neutral hadrons
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(X, n and n) are less precisely determined. Identification
of charged hadrons (7Kp) represents a significant advance
over any previous experiment.

A. Magnetic Spectrometer

We have designed a magnetié spectrometer capable of rapid
efficient measurement of charged particles in complex multi-
particle reactions over a very large dynamic range. The
spectrometer, shown in Fig. 2 and described in Table 1, uses
two analyzing magnets and a series of 9 drift chamber modules.
Particle momenta are measured with an accuracy of a fraction
of a percent over a momentum range of 200 MeV to 100 GeV.
Particles with decreasing momentum and increasing lab angle
require progressively less of the spectrometer for accurate
measurement. For 400 GeV beam particles, for example, the
only center of mass kinematic region not covered is the most
backward 1% of the full solid angle, and that only for
extremely relativistic particles, with By at least 10 in the
center of mass. Of course, suéh particles are not uncommon,
particularly in dissociation reactions where the target system
acguires littleemass,_but we accept strange, charm and bottom
production everywhere, including the target fragmentation region.

We have located a CEA.spectrometer magnet, the "Jolly
Green Giant", which has lain idle in a storagé yard at Brookhaven
for the past decade. This magnet is ideal for a first magnet
"outer detector", covering a large solid angle and permitting

measurements with chambers at depths within the magnetic field
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which increase with particle momentum. - This magnet has an
aperture 8-ft wide, 4-ft high, and 7-ft deep. Its pole
faces, however, are only 5-ft wide and 4-~ft deep, resulting
in a smoothly varying field with a relatively small volume

at nearly peak magnetic field. Only because particles |
entering the magnet see an increasingly strong field can our
simple configuration easily measure such a large momentum
range. We would operate the magnet at 8 kG peak field, or a
total field integral of 400 MeVv, with about half its original
megawatt power consumption.

The second magnet would be a new magnet, with an aperture
4-ft high, 5-ft wide and about 6-ft deep, with a field integral
of 600 MeV. Although this magnet could be a conventional
pictureframe dipole, we would like to investigate alternate
designs to see if a more convenient coil configuration is
practical and whether the return yoke could be segmented to
permit calorimetry and muon identification. We suspect that
a transformer-style coil configufation is feasible, with an
increase in copper for fixed power consumption offset by ease
of construction, and with the advantage that the coils would
not interfere with the upstream photon detector or the
downstream Cerenkov counter optics, permitting a more compact
geometry for fixed field volume.

The 9 drift chambers each consist of 3 planes measuring
the horizontal bending of the charged particles, with 1 vertical

plane and 2 planes rotated away from vertical by + 15°. These
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drift chambers are highly segmented to permit efficient high
speed measurement of crowded reactions at high interaction
rates. The anode wire spacings range from 2 mm in the first

2 chambers to 6 mm in the 1as£ chamber. We use a‘purely
digital TDC which measures the time.of the first signal on
each wire with time bins of 2.5 ns width, with ability to
read out measurements at 20 MHz per plane. The chamber
memory times range from 60 to 100 ns, so that with a diverging
beam of 1 to 2 inches in diameter, we can cope with 20 MH=z
charged beam particles and 1 MHz interaction rate.

We have studied track reconstruction for this detector
in considerable detail. We have developed excellent algorithms
for conventional Fortran track reconstruction and for hardware_
reconstructipn. We have already tested a fast Fortran
reconstruction program and conducted Monte Carlo studies of
resolution and efficiency. Speed and efficiency benefit
considerably from sufficiently fine wire spacing that pattern
recognition does not depend on ambiguous and relatively
inefficient drift time measurements.

Track recdnstruction_is similar to that of Experiment 87A.
Tracks are first located in single views, with poor resolution
but with adequate speed and efficiency. Tracks appearing in
two different views with the same momentum define a single
track in all planes with sufficient resolution to initiate
an iterative least-square fit in which left-right ambiguities

associated with drift times are quickly resolved. As before,
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we first find stiff highly constrained tracks passing through
a majority of the chambers, and then pick up less constrained
tracks. We locate all tracks above 5 GeV in the last 6
chambers, all above 1 GeV in the first 6 chambers, all remaining
tracks in three sets of four conﬁiguous chambers, and finally
any remaining soft, wide tfacks in the first three chambers-»
This yields very nearly all reconstructable charged particles,
ineluding decays of stable particles. Decays of Kg = i,

A -pr , 8 - AT and O - AK are highly constrained and
efficiently reconstructed, as are decays of the corresponding
antihyperons. The decays of 2# are efficiently reconstructed
as strongly kinked tracks, but require observation of the
neutral decay particle.

B. Photon and Hadron Calorimeter

Immediately downstream of the magnetic spectrometer we
measure the conversion points and energies of photons and
hadrons with a large highly segmented calorimeter, described
in Fig. 2, in which showers developing in lead and iron are
sampled with wire proportional counters. The calbrimeter
would have an active aperture 8~ft square, with a 4-sqg in.
hole for uninteracted beam particles. This detector must
tolerate interaction rates above 106 per second and resolve
closely spaced particles in high multiplicity reactions.

Good resolving power is particularly vital for the
multiparticle measurements we wish to make. This requires

both highly segmented sampling and limited shower dimensions.
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We presently favor a design similar to that developed for

21 with layers of Pb alternating

the MAC detector at PEP,
with extruded aluminum ribbed sheets that provide small
rectangular cross section tubes, each of which would then
contain a single proportional counter anode wire. To reduce
the memory time of the counter and to maximize its density,
thereby minimizing shower spread; we would keep the sampling
volume as small as practical, with about 6 mm of sampling
structure separating the lead sheets. Such a structure would
be slightly faster and twice as dense as the counter.described
in Proposal 627. The sampling would be segmented first into
separate 4-ft square quadrants, which are segmented into 1 cm
vertical and horizontal strips. The photon calorimeter would
be segmented longitudinally into three units of eight
radiation lengths each, with sampling every half radiation
length. The total number of analog charge measurements is
3,000, or 500 per view for each longitudinal sample. With
this calorimeter, we should at least equal the performance
of the detector tested for Proposal 627, or 24%//E r.m.s.
energy resolution and 2 mm spatial resolution, with resolution
of showers separated by 1 in. or more, over a moderate range
of relative.energies.

The photon calorimeter has roughly 50% detectipn
efficiency for neutral hadrons, which typically deposit little
energy upon interaction, but instead initiate a relatively

broad and penetrating shower. We would follow the photon
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calorimeter with two more sections identical to the photon
detector, except that each contains 16 layers of 6 mm iron.
Most neutral hadrons will thus be detected with transverse
coordinates localized to within a few mm. To measure the
hadron energy, the hadron interaction detector is followed‘
by a conventional iron plate calorimeter with éhower

sampling provided by proportional counter planes with cathode
readout in a 32 x 32 rectangular grid. The total number of
analog measurements in the photon and hadron calorimeter is
6,000.

C. Charged Hadron Identification

Distinguishing among the stable charged hadrons in'
multiparticle states at Tevatron energies is probably the
most difficult technical challenge we presently face, but we
are not alone in this respect. Practical procedures for
identifying hadrons above 50 GeV should be found within the
next few years. For the moment, however, we rely on techniques
we understand today and continue to use segmented threshold |
Cerenkov counters. This has the primary advantage of restric-
ting final state particles to momenta less than 50 GeV for
m, K identification and less’than 100 GeV for proton identifif
cation.

The 3 Cerenkov counters, described in Table 3, have pion
threshold momenta of 3, 6 and 12 GeV. They are atmospheric
pressure counters segmented as much as practical with

conventional 2-in. phototubes. We use rectangular arrays of
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spherical mirrors to reflect Cerenkov light onto recténgular
baffles which direct photons with at most one grazing-
incidence reflection onto a photocathode. The’two smaller:
‘counters require aluminized mylar plane mirrors to deflect
the light to spheriéal mirrors outside the active aperture
of the spectrometer. For long life and quick recovery, the
phototubes will be operated at relétively low gain, witﬁ
limiting amplifiers in the phototube bases.

The measurement of the Cerenkov light is segmented
twice, first by the individual photon's apparent coordinate
at the midplane of the counter'and then by its coordinates
at the spherical mirror array. This scheme permits a
considerable reduction.in confusion in multiparticle
reactions at a cost similar fo more conventional Cerenkov
counter segmentation with fewer but larger phototubes.

D. Lepton Identification

Electrons will be identified by the photon calorimeters.
Low energy electrons, below 3 GeV, can be identified in the
first Cerenkov counter. Dalitz pairs and Bethe-Heitler
production in the target can be very efficiently identified,
with the very wide dynamic range of the mégnetic spectro-
metér providing efficient detection of low energy electrons
in very asymmetric pairs.

Muons will be identified by lack of interaction in

several interaction lengths of highly segmented calorimeter.
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For an additional positive signature of non-interaction, we
follow the calorimeter with concrete and two planes of
multiwire proportional chamber. Decays in flight of

pions and kaons are largely suppressed by trajectory

measurement.

E. Vertex Resolution

with the chamber system described above, we will be
able to detect and measure lifetimes on the order of 10713
seconds. Not only does that ability permit accurate
determinations of charm and bottom decay parameters but it
presents an additional constraint possibly extending the
kinematic conditions under which such particles are
measurable.

" In the portion of the program investigating dissociation
physics with a long hydrogen target, Monte Carlo
calculations indicate that our resolution in crt

' -+
should be € 0.1 mm for A, - pK T . p°

~ Kr and DY L K'rrTr

We see two straightforward ways to make significant
improvements in that resolution for future parts of this
program: (a) When studying dissociation from short nuclear
targets, we will add a high pressure drift chamber directly
downstream of the target, yielding at least a factor of 5
improvement in vertex resolution. (b) Eventually we hope

to utilize & fully instrumented target such as the silicon

targets currently under development.
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F. Detector Electronics

Because we wish to reconstruct 105 interactions per
second with low deadtime, we require that all measured
information be transferred within 1 pus, freeing the detector
for another measurement. All fast eleétronics except simple
discriminators would be of Nevis design. An inexpensive
drift chamber TDC capable of supplying at least 20 measure-
ments per plane within 1 ps has been testedrand is being
supplied in quantity to Fermilab Experiment 605. Relatively
minor design modification of an inexpensive 12-bit ADC, more
than 6,000 of which have been supplied to other experiments,
will permit analog measurements to be buffered within 1 us
for subsequent digitization with 10 pus. Time of flight
measurements will be made with similar devices in which a
linear gate is replaced by a gated time to voltage converter.
The drift chambers will have 8-channel preamplifiers mounted
on the chambers and cabled to 32~channel amplifier discriminators
nearby, which in turn drive long delay cabies to the 6-bit
TDC system.

' G. Online Reconstruction

We have developed at Nevis a simple approach to fast
digital computation which wili allow us to reconstruct online
at least 105 multiparticle reactions per second, accurately,
inexpensively, and in as much detail as we find necessary.
This approach is described in some detail in an addendum

to Proposal 627.
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The most important features of the processor we summarize
here. It is a synchronous pipeline structure in which an
eﬁormous number of very simple computations are performed
simultaneously. A clocked system with a well defined seqﬁence
of states, it can be simulated exactly with a simple Fortran
program. The actual élapsed time before an event is
sufficiently reconstructed for a trigger decision may be
several tens of microseconds, but a new event can enter the
pipeline every 10 pts. The computation can be modified or
expanded easily at any time. Operation and maintenance are

simple and reliable.
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IV. Measurement Program

A. Phased Development of Full Detector

The proposed detector is sufficiently complex that one
might worry about the time scale, particularly the amount of
beam time, required for the construction of the many large
components and their successful integration into a working
detector. We propose a multistage program which will allow
both detector and beamline to develop continuously from
relatively modest beginnings,»with a steadily productive
physics program. We would begin with a study of target
proton dissociation into massive all charged particle states
that would require little more than the upstream portion of
the magnetic spectrometer.

We would start with the system shown in Fig. 3, consisting
of the upstream magnet, six drift chambers, a single threshold
Cerenkov counter, some scintillation counters for trigger
and time of flight measurement, and of course the nucleus
of the evehtual data acquisition system, including online
track reconstruction. We have proposed using this simple
spectrometer t6 study strange and charm particle production
at the Brookhaven AGS (Proposal 766). This would permit us
to bring to Fermilab a working tested spectrometer at the
earliest availability of a suitable experimental area, presently
estimated as late 1984. Once installed in a high energy
charged hadron beam at Fermilab, this aetector would permit
an immediately productive and steadily improving experiment,

with online reconstruction providing access to incredibly
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high signél rates at every stage.

To overcome the long lead times associated with
construction and installation of most of the large components
of the full spectrometer, we would construct the full
spectrometer concurrently with the first stage measurements.
Installation of downstream elements would benefit from the
existence of the upstream detector, which could calibrate
and generally check out any new elements. New downstream
elements could not interfere with upstream measurements,
but would instead add enormously to overall measurement
capabilities once they have been integrated into the
detector. |

B. Study of Target Fragmentation into Massive States

For the special kinematics of target fragmentation into
massive states, little more than the upstream portion of the
spectrometer is necessary for the isoiation and measurement
of exclus%ve all charged particle topologies. The upstream
spectrometer measures charged particles with lab momenta as
low as 200 MeV for lab angles out to 45°, and out to 300
mrad for particle momenta above 1 GeV, with momentum resolu-
tion sp/p s 0.01 at lb GeV. The single threshold Cerenkov
counter Cg, identifies pions between 3 and 10 GeV. Scintilla-
tion counters at the fourth and sixth drift chambers provide
time of flight identification for partigles’with velocities

up to 0.75 and 0.9, respectively.
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To isolate the exclusive reactions, we must also know
the incoming and outgoing beam partiéle directions and
momenta with sufficient precision to permit measurement of
overall transverse momentum conservation to within 30 MeV
and longitudinal momentum conservation to within a few
percent. Measurement of the outgoing particle requires a
second small magnet, with roughly 6~in. square aperture and
a few hundred MeV transverse momenﬁum kick, 50 ft downstream
of the spectrometer, and followed by 3 small drift chambers
with 2-mm wire spacing.

The result is a strong four-constraint fit for fully
‘reconstructed target dissociation reactions. The two trans-
versevmomentum constraints suppress reactions with undetected
particles. Longitudinal momentum conservation further suppresses
reactions with undetected forward particles. The fourth
constraint, best expressed as conservation of E—PL,
suppresses reactions with missing or improperly identified
target fraéments.

This‘fourth constraint insures accurate measurement of
the mass Mx of fhe target fragmentation system without
requiring particle identifiéation and also insures efficient
reliable particle identification. For the relatively low
momentum target fragments, the value of E-P, = (m2+PT2)/
(Jm2+P2 + PL) depends noticeably on particle mass m. The sum
of this quantity §ver all target fragments must add up to the

target proton mass to within experimental resolution of a

few MeV.
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We wish to measure reactions of the type
b+p->b+X
where the high energy beam particle b loses a small fraction
of its energy to the target system and acquires a momentum
‘JPT'transverse to the original beam particle direction. If
the outgoing beam particle is sufficiently energetic that its
E—PL is'negligible compared to mp, we find that

2
= -+ -
gx mp(ZPL mp) PT

_ where the directly meaéured guantities are the momentum

2

m and PL’ both measured

with high precision. Measurement of the outgoing beam

components of the target system, P

particle also provides an accurate measurement of P and a
coarse measurement of PL’ Note that particle identification
is not required. The expression can be inverted to yield PL

in terms of MX and P,,, demonstrating that the appearance in

Tl
‘the lab of the target system is quite independent of beam

momentum, for high beam momentum:

P
L p p

= (MX2 + PT2 - m %)/2m_ .

One might also ﬁote in passing that for very high mass

systems containing bottom pairs, the target fragmentation is
well métched to the full spectrometer so that detection of
neutrals will be possible, and that complete hadron identifica-

tion will be straightforward without an imaging Cerenkov

counter, even for TeV beam particles.
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Althbugﬂ not comparable to the acceptance of the full
spectrometer for forward production, the acceptance of the
upstream magnet system for charged particles from target
fragmentation is quite respectable for strange énd charm
production. In Table 4, we list-Monte Carlo computation

of detection efficiency for specific reactions, where we

-7p 2 _
have assumed do/dPT2 x e T and all particle decays

have isotropic Lorentz invariant phase space distributions.

C. Target Dissociation Rates

The selection of desired target dissociation events 1is
almoét within reach of conventional fast trigger logic. We
should be able to obtain an efficient trigger with no more

‘than 10% deadtime, selecting fewer than 104 events per secohd
at interaction rates of 106 per second and 2 x 107 beam
particles pér second. With online track reconstruction
hardware designed for much higher event rates, we anticipate
little difficulty isolating the one hundred most attractive
events eaéh second. We first isolate fully reconstructed
reactions by requiring overall transverse momentum conservation.
We should then.be-able to select events solely on the basis
of the mass of the target system, strictly a function of its
observed laboratory momentum. Although available, online
particle identification and vertex reconstruction should not
be necessary. From the missing mass measurements, we éxpect
about 1% of the interactions to have Mx between 4 and 6 GeV,
for example, but fewer than 1% of these should result in

fully reconstructed all-charged particle states.
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To obtain an event trigger, we first require a three-
fold coincidence between a small beam counter and the two
time of flight hodoscopes, located outside the beam envelope
immediately behind drift chambers 4 and 6. This provides a
gate signal for fast coincidence registet¢logic, with roughly
lO6 per second and less than 100 ns deadtime. We select
target dissociation by then requiring at least one beam
particle within the downstream spectrometer, which has

acceptance only for A6 € (1 GeV/Pbeam) and AP/P € 0.2.

beam

4+ We would also veto any event with more than 10 GeV deposited

in a small electromagnetic shower counter, 24 in. diameter
with 6 in. beam hole, immediately upstream of the small beam
magnet. To select candidates for reconstructable target
dissociation, we also reqﬁire the presence of charged
particles in the drift chambers and the absence of detectable
particles, including photons, in the wvicinity of the target
but outside the spectrometer acceptance.

If we‘assume that target dissociation into charm is

4 of all interactions, we expect 100 such events per

10~
second or 10° per hour. But with fewer than 10% of the
decays of individual charm particles reconstructable, and
with detection efficiency typically 20% for states without
unobservable neutrals, we expect between 10 and 100 fully
reconstructed charm pairs per hour.

Although this is fully three orders of magnitude lower

than we would expect for measurement of beam particle
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fragmentation with the full spectrometer, with its greater
detection efficiency and efficieﬁt measurement of neutrals,
these reactioné are sufficiently constrained that we can
measure them in detail with negligible background. We assume
that target‘diSSOCiétion into stfange particlées is 400 pb.
The backgrounds that these reactions present to charm produc-
'tioh are completély negligible. Even‘though Charm production
is a factor of 100 smaller, it occurs at values df Mx higher
than most of strange particle production and can be separated
from possible background with at least a factor of 104
rejection arising from the two charm particle mass constraints.
The lowest multiplicity strange particle reactions are not
candidates for charm production. The higher multiplicities
suffer the same inefficiencies that reduced charm detection.
The usﬁally deadly combinatorial amplification of
backgrounds is also largely absent, for a variety of reasons.
First of all, every single hadrbn is identified unambiguously,
eliminating the usual multiple choice guessing game based
on measurements in which most particle identities are unknown,
but one or two‘particles have been isolated as not-pions.
Secondly, the single dissociation reactions have the lowest
possible multiplicity, either with the production of
relatively unaccompanied charm particles, with at most a
few combinations per event, or with the production of charm
particle resonances to provide additional very strong

constraints. For example, the relatively low multiplicity
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reactions p - pK K 7 7 and p - AK 1 7" are each candidates
for p - ACBO with only one combination each. Among the
highest multiplicity candidates for p -~ Acﬁo is p = (AT )
(k¥ 7™ 77) with nine combinations.

Because individual’chafm particles have more than one
reconsttuctable decay mode, we expect specific production
reactions to show up in several topologies. For example, in 200 hrs.,
if the target fragmentation reaction p - Acﬁo is 40 nb

6 of all reactions, 10"'3 of charm production), we expect

+

(10~
a total number of reactions p - Acﬁo ~ pK'Km'm of (0.25)

(0.02)2(10“6)(2 x lOll) or 20 events. To estimate background

. from this topology,.note that the entire topology accounts

for less than 10-4 of all interactions, with a mass spectrum
strongly peaked below 3 GeV, falling sufficiently rapidly

above 3 GeV that we expect only about i% to lie above charm
threshold. For masses M(pK+K-w+v-) above 4.2 GeV, the

M(pK—W+) and M(K+W—) should be broad but peaked at low masses,
partiéulariy M(K+W"), so that the region within 10 MeV of the
(M(Ac). M(D®)) point in the two dimensional distribution should

5 of the total. Additional restrictions,

contain less than 10~
such as exclusion of ¢ - K+K—, can help further. Assuming
the same detection efficiency as for the charm productiont
reaction, we predict less than 0.5 event background from this
topology. Other topologies should have comparable signal-to-

noise ratios, so that, if we include other detectable decay

modes of A and P°, we expect a few hundred events with at
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most a few background events. For p ~ 2c++D*" - (W+Ac)(v“ﬁo),
to take an extreme example,'we expect comparable signal, but
the cascade decays prd&ide additional constraints that
suppress backgrounds by roughly another factor of 10"5.

Note that detection efficiency, éonstraints and overall
rate generélly conspire to permit measurement of target
dissoéiation into some quité exotic states at the level of
a few events pér picobarn. In addition tb simple associated
production'of strangeness or charm, we should see reactions
like X - pnQ and possibly X - chﬁc. Until we can see
neutrals, however, each additional charm pair will be
accompanied by'a decrease in detection efficiency at least
as great as the decrease in crdss section. Without neutrals,
we can hope to observe multiply charmed particles with
detectable cascade decays to singly charmed particles, but
not production of two charm particle pairs. For target
dissociation to bottom pairs, the low cross section and high
multiplicify expected do not leave much room for optimism
about detection of individual bottom particles without
neutral detectién, but with target dissociation into bottom
pairs expected at the level of 103‘per hour we may be able
to detect an enhahéement near Mx = 11 for dissociation
ihto massive states with moderately isotropic decays into

several strange particles.
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D. Physics Measurements with the Full Detector

As the various pieces of the full detector are finished,
they will be added to the spectrometer. We stress again that
the addition of these pieces will add enormously to the physics
measurement prowess of the experiment independent of which
pieces arrive first. For example, the existence of the photon
detector would significantly augment the capabilities of
the spectrometer as soon as it is online. Thus, the physics
program would not only be productive initially but would
expand toward the capabilities of the full detector yielding
ever more interesting physics during the transition. Instead
of discussing the measurement program for different apparatus
construction schedules, we summarize below the program we
currently foresee for the full detector. |

The goals of the measurement program are to study the
production and spectroscopy of strange, charm, and bottom
particles. Initially, we will be concentrating on diffractive
exclusive éeactionsyto accomplish these goals.

3

Assuming that the total charm cross section is 107° of

the total cross‘section and given 20 MHz charged beam and

a 1l Mz interaction rate, we estimate that we will fully
reconstruct and isolate 104 charm pairs per hour. We stress
that these rates are observed decays including all branching
ratios. We note that these rates are significantly higher
than previous experience. However, it is just that high rate
coupled with our trigger selectivity which will allow us to

meet our goals.
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In the course of a 1000 hour run with the fuil detector,
we would record some 107 charm pairs and perhaps as many as
105 bottom pairs. In that gargantuan sample, we would
| clearly be able to find most, if not all,‘of the possible
charm/bottom states especially the charm strange (or darkly
strange) baryons and the exotic bottom states. Not only
would such gtates be observed but moét of their branching
ratios would be simultaneously measured. We should be able to
measure lifetimes as small as 10—13 sec. We dan observe the

spectrum of excited states, along with details of production
kéﬁd decay-. ’

| We note in additioﬂ that the physics program we envisage
Vfor the full detector is by no means restricted to the
wealth of data in the S, C, and B systems. The selectivity
of our detector will permit us for example to probe deeply
into allAdissociation phenomena and to study "hard scattering”

processes such as jet production. In a real sense, the

physics potential of this program is extremely broad.
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Requests, Costs, Schedule

The physics program described above requires:
A. Magnets

1. The "Jolly Gréen Giant" would have to be écquired
from BNL and assembled at Fermilab.

2. A sﬁall dipole with aperture at least 6 in. square
and field integral of at least 500 MeV, required initially
for a downstream beam particle spectrometer.

3. Spectrometer magnet M2, aperture 48 x 60 x 72 (hwd)

+» peak field ~ 8 kG.
B. Beam Line

' We require a hadron beam capable of deliverying 20 MHz

of charged particles, with momentum variable from 200 GeV
to full Tevatron energy, with ~ 1% momentum spread. We
reqﬁire a beam diverging from a point source (~ 1 mm diameter)
to a diameter of two inches at the detector 200 ft downstream.
C. Beam Time

The mﬁltistage program outlined above requires 400 hours
of target fragmentation measurements during installation of
full spectrometér. - 1000 hours of beam with full detector.

D. Costs |

Only a modest investment by Fermilab is required. 1In
addition to ‘the beamkline and experimental area, we are
requesting that Fermilab supply an analyzing magnet and iron

for the hadron calorimeter. The cost of the major portions
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of the target fragmentation phase is estimated at $400 K.
This includes the processor, chambers and Cerenkov counters.
(If we run at BNL before coming to Fermilab, this equipment
will be tested and operational.) |

We estimate the cost of the major additional items as:

Photon/hadron calorimeter: | $400 K
Cerenkov counters Cqy» CZ: 150 K
Drift Chambers 7, 8, 9: 200 K
Additional Reconstruction Hardware: 50 K

E. Schedule

We will be ready to take beam as soon as a beam area

cén be proposed for us (~ early 1984). We would install

the pieces of the full detector as they are completed with

the full detector assembled by mid-1985.
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Table 1: Magnetic Spectrometer

Magnet Aperture (hwd) Field Integral
ML 48 in. x 96 in. x 90 in. 400 MeV
M2 48 in. x 60 in. x 72 in. 600 Mev

Distance From Dimension Wire # of

Chamber "Target (in.) Hx W (in.) Spacing (mm) Wires
1 5 24 % 36 2 3 x 450
2 12 24 x 36 2 3 x 450
3 24 40 x 60 3 3 x 480
4 36 40 x &0 3 3 x 480
5 60 40 » 60 3 3 x 480
6 84 48 »x 72 4 3 x 450
7 120 72 x 80 4 3 x 500
8 252 48 x 66 4 3 x 410
9 474 96 % 96 12) 3 x 384

12,252
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Table 2

Cerenkov Counter

Radiator

(n-1)x106

Pion Threshold
Length of Radiator
Downstream Size (in.)

Number of Phototubes

8C!

# of Photoelectrons

Segmentation

12

Hi

e e bk i o e 5 5 et . M i
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CO Cl C2
C 4H10 Nz NZ/HC
1200 300 75
3 6 12
24 in. 100 in. 180 in.
6 x 80 48 » 60 96 x 96
116 116 105
50 mr 25 mr 12 mr
8 8 8
A 4 4 4
4 4 4 4
4 9 4 4
4 41 4] 4
4 414} 4
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Table 3:

Photon Calorimete:
3 modules, each 8 radiation lengths, 16 samples transverse
segmentation:

1) 4 ft x 4 ft quadrants

2) 1 cm strips alternately horizontal and vertical
Total segmentation 500 strips per view, each module or
3,000 analog measurements.

Hadron Calorimeter

2 modules, identical to photon calorimetér, except for

6 mm Fe replacing 3 mm Pb.

Followed by 48 in. of iron (9 ft square cross section)

24 samples: cathode readout MWPC in 32 x 32 rectangular grid

Total segmentation 3,000 analog measurements.
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Table 4: Detection Efficiency
- (X-Production Given by 0‘2 = e )
dp
t
. ) Mass
pp - pX Thres-— bg[
- hold 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0
R T '
prow T T 1.0 .01 .01 .03 .05 .09 .13 .19 .30
ACkt « o - ' , A
L pr- 1.61 .04 .05 .09 .13 .18 .22 .25 .29
| 7t 1.76 .01 .02 .03 .06 .09 .13 .17 .20
“ pTT ,
prtr-rtr-rtr'1.78 .00 .01 .02 .03 .05 .09 .15 .23
— .
AOK+mHr 1.89 .07 .05 .07 .09 .13 .17 .22 .29
L p'}T"
PK+K~ 1.93 .80 .18 .17 .21 .27 .34 .41 .53
pKOK®
L #+r—~ 1.93 .01 .02 .03 .05 .09 .13 .17 .24
e
A°K°w+v Tt
l I 2.04 - .01 .02 .03 .05 .09 .13 .21
pK K+” 2.07 - .06 .07 .09 .13 .19 .23 .32
L. -
- T T :
-+ .
T S A - .07 .05 .06 .08 .11 .15 .24
AO*(169O)K+
L, pOor*r 2.19 - .04 .06 .10 .14 .20 .26 .33
L. pT_ )
pKYK-THT- 2.21 - .26 .17 .20 .25 .30 .42

.18


http:pK+K-1f+V-2.21
http:1f+1f-2.19

-] -

pPp - pPX Mass MX
‘ Thres-—
x‘—o hold 205 3-0 3-5 4-0 405 500 600
= KKt ~
L por- 2.31 .27 .15 .14 .17 .21 .22 .24
L pr
—o_+ + - - :
PRK m m 2.35 .05 .06 .07 .09 .13 .19 .28
L rteT
= "KOR 7T
L oo
_ 2.46 - .04 .07 .09 .12 .15 .19
ACT |
V L pT
o* . + 4+ -
1690
AL (1690)K ' m 2.47 - .16 .17 .21 .26 .32 .43
pPK :
ettt 2.49 - .19 .15 .16 .20 .25 .33
A°* (1690) K T
L ok 2.75 - .03 .04 .06 .09 .13 .21
pK
ppp 2.82 - .99 .81 .68 .65 .64 .69
pppT T 3.10 - - .57 .51 .50 .53 .58
o Kok k"
L L T
AOK 3016 — hand -35 -30 -29 -31 -33
L pr™
pAO"‘O
l L pT 3.17 - - .64 .53 .45 .39 .32
- pT
pE & —
Jﬂ ACT 3.58 - - - .43 .34 .27 .18
A Tr: L §7r+
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L Ktr~ 4.42
pK"Tr+

Mass
pp px Thres-— MX
X o hold 4.5 5.0 6.0
+ -o
Ay D
‘ L <t 4.14 .25 .30 .43
— pK_.?T
+ =o
Ag ﬁw i
W Ko 4.14 .12 .16 .26
- ﬁiﬁ*#"w+
pT
AC+D"1r+ ,
L whrr 4.29 .19 .22 .32
- pK“'H'.*.
pa 0 __ .
Q
| AK 4.29 .75 .66 .49
LA°K™  pr
L pT-
2 ™ p”
c L, + - -
‘ L K 4.30 .19 .23 .35
pK 7T |
++ -
E, D
L x°r '
L l 4.30 .08 .13 .21
pKOrt Lty
I—QTT+7T"
-
2 ﬁ
L KT 4.30 .12 .16 .28
pKor*
L oo*r
Aéﬁﬁa i
.27 .24 .33
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