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ABSTRACT 


We propose a comprehensive study of low-multiplicity B decays to fully-charged final 

states, to be carried out using a high-rate open-geometry spectrometer. This spectrometer 

will be assembled in stages over the next two fixed-target runs, building on systems already 

available from E789 and (possibly) other fixed-target experiments. It will differ from 

existing open-geometry spectrometers in the use of a small beam and target, with a small 

beam hole extending through the apparatus, to maximize rate capability while allowing 

efficient triggering based on decay-vertex topology and the presence of high-transverse

momenum secondaries. Our goal for the 1994/95 run is ,...., 100 events reconstructed per 

mode in BO -+ dihadrons, BO -+ J /1jJKlIl B± -+ J /1jJK±, B -+ D7r±, etc. Our long

term goal is observation of CP violation in B decay, which we may achieve by the end of 

the decade if we can develop further techniques for increasing the rate capability of the 

spectrometer. 

I. Physics goals 

Observation of CP violation in B-meson decay is one of the most sought-after goals of 

contemporary high energy physics. Recent work has focused attention on a few rare, 

low-multiplicity decay modes with large expected CP-violating asymmetries which, taken 

together, can test the Kobayashi-Maskawa model for CP violation by overconstraining the 

"unitarity triangle." These include the decays Bd -+ 7r+7r-, Bd -+ J /1jJKII , and BII -+ pO K ,I , 

two of which have yet to be observed. Available evidence suggests that these modes should 

have observable branching ratios (to final states with no neutrals) of order 10-5 , thus 

observation of CP violation in these modes will require the production of at least 109 B 

mesons in an experiment configured to have large acceptance and good tagging capability. 

Our intended experiment will have substantial sensitivity to other low-multiplicity modes 

as well. Although CP sensitivity is our ultimate goal, for the 1994/95 run we propose as 

a step along the way""" 108 bb events produced into a large acceptance. Below, we argue 

that this level of sensitivity is a reasonable extrapolation of what we have already achieved 

in E789. 
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II. Experimental approach 

Sections III et seq. layout our proposal for the first (1994/95) run. Here we consider how 

sensitivity at the CP-violation level might ultimately be obtained in a subsequent run. 

Many experimental approaches to beauty CP violation have been discussed. These 

include asymmetric e+e- collider experiments, Tevatron, LBC, and SSC collider experi

ments, and HERA, LBC, and SSC internal and external fixed-target experiments. Most 

of them share two things in common: they require accelerator facilities which do not yet 

exist, and they are expensive. We thus ask: is there another way to approach this physics 

which might be cheaper or feasible with existing accelerators? Specifically, might a fixed

target experiment at the Tevatron be able to measure a sample of '" 109 B mesons? This 

question cannot at present be answered with certainty. A crucial difficulty is the small 

size of the bb cross section at fixed-target energy - "'" 10-6 of the total cross section 

which implies an interaction rate in excess of 200 MHz. The radiation-damage properties 

of silicon microstrip detectors then impose severe constraints on detector placement. These 

are the Scylla and Charybdis with which a Tevatron fixed-target beauty experiment must 

contend. 

These difficulties, while substantial, do not appear to us insurmountable. We consider 

a detector configuration with a central beam hole and a beam tightly focused on a small 

target. The size of the hole is determined by the rate and radiation-flux capabilities of the 

detectors. Such a configuration facilitates triggers based on decay-vertex reconstruction 

and minimizes backgrounds due to secondary interactions. Ultimately it should permit 

operation well above one interaction per RF bucket. 

It is unrealistic to expect to achieve CP-level sensitivity in a single step, both because 

of the difficulty of assembling and commissioning a new state-of-the-art apparatus, and 

because of the small size of the signal and challenging level of performance required. Ex

perience teaches that in high-rate experiments aiming to detect small signals, each new 

order-of-magnitude in sensitivity brings with it new problems, the nature of which is often 

difficult to anticipate in advance. (For example, E70/288 / 494, before discovering the b 

quark, took data in Proton Center for five years; this experience was crucial and provided 

ultimately a factor> 1000 in sensitivity.) We intend to describe a program of staged 

upgrades, proceeding in a natural way towards a CP-level experiment by the end of the 

decade. 

Three ideas for achieving CP-level sensitivity have been considered. One of us l has 
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sketched an experiment based on radiation-hard silicon pixel detectors which appears to 

have the necessary interaction-rate capability. Pixel detectors are under intensive develop

ment by several groups2 in preparation for experiments at LHC and SSC, and it is possible 

that they will become available in rad-hard versions before the end of the decade. 

The second idea3 is to take advantage of the strong energy dependence of the beauty 

cross section, yet retain the relative ease of triggering and secondary-vertex reconstruction 

provided by fixed-target geometry, by arranging collisions between proton beams of widely 

differing energies. This might be achieved by modification of the Main Injector to allow 

collisions between its beam and that of the Tevatronj to preserve the desired small interac

tion region, the beams should be made to cross at a modest angle. Preliminary discussions 

with Main Injector accelerator physicists indicate that such a scheme may be feasible. 4 

A third possibility is that a spectrometer composed largely of silicon microstrip detec

tors might be operable beyond the generally accepted limit of irradiation, either through 

improvements in silicon-detector fabrication techniques or through explicit engineering of 

the mounting system for ease of chip replacement, so that damaged detectors might be 

replaced several times in the course of a run. (This approach is now being investigated by 

the ARGUS group for an internal-target B-decay CP-violation experiment at HERA.S) 

We recognize that any or all of these techniques may prove insufficient to reach CP 

sensitivity. However, even in that case one will have done some substantial B production 

and decay physics, made precise lifetime measurements, and developed techniques for 

triggering, vertex reconstruction, B tagging, and particle detection and identification at 

high rates which will be important for SSC and LHC beauty experiments. 
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III. Goal for the 1994/95 run 

By 1994 it is possible that dihadronic decays of BO will have been seen by CLEO and 

likely that the B. and Ab will have been firmly established by CDF and LEP, so the 

mere observation of these phenomena will no longer be a sufficient goal. Our goals for the 

first run are the measurement, at a useful level of statistical significance, of the ratios of 

various rare decays of these particles, as well as the exploration of the feasibility of various 

strategies for tagging the beauty quantum-number of the other B in the event. The former 

goal calls for the achievement of a significantly higher level of sensitivity than CLEO will 

by 1994-5; we take this to mean'" 100 reconstructed decays per 10-5 branching ratio. This 

will yield a sufficient sample of fully and partially reconstructed B mesons and baryons to 

permit detailed study of cross sections, branching ratios, lifetimes, and tagging strategies. 

Many B-tagging strategies seem potentially useful: tagging with high-pt leptons or 

with moderate-pt kaons; tagging with those particles but also imposing impact-parameter 

requirements at the primary vertex; tagging with partially-reconstructed decays; and tag

ging with fully-reconstructed decays. These strategies will provide various levels of purity 

and efficiency which can be approximately predicted by Monte-Carlo simulation. An ex

perimental test is required before their utility can be assessed with confidence. 

Before discussing the characteristics of the proposed spectrometer, we summarize 

what has been achieved so far. In the last run beauty sensitivity was achieved in open

geometry (E672, E771) and restricted-geometry experiments (E789) using various beam 

and spectrometer configurations (see Table IlL1). The sensitivities achieved were limited 

by running time and radiation shielding. A factor ~ 10 increase in sensitivity could be 

expected in each experiment from a full run. For 1994/95 we seek an additional order of 

magnitude: single-event sensitivity of ~ 2 x 10-7 per BO -+ dihadron mode, with corre

sponding sensitivities in other low-multiplicity modes (see also Table VLl below). 
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TABLE 111.1 Fixed-target beauty results (estimated): 1990/91 run 

E672 (1990)6 E771T E789 

beam 530-GeV 71"- 800-GeV p 800-GeV p 

interaction rate achieved 0.6 MHz 2 MHz 65 MHz 

running time (live beam-seconds) 5 x 105 4 X 105 1.2 X 106 

1013interactions 2 x lOll 8 X lOll 3 X 

bb produced 4 x 105 8 X 105 3 X lOT 

B ~ J /1/J acceptance x efficiency 6% 4% 0.15% 

estimated B ~ J /1/JX observed* ~ 30 ~40 ~ 100 

BR per fully-reconstructed B ~ 4 x 1O-4 t ~ 3 x 1O-4 t ~ 2 x 1O-5 t 

* 	Note that E789 detected both e+e- and JL+JL- events while E672 and E771 detected 

only JL+ JL- . 

t In B± ~ J /1/JK± or BO ~ J /1/JK*. 

t In each B O ~ dihadron mode. 

IV. Characteristics of proposed spectrometer 

We propose to configure a vertex spectrometer of silicon microstrip detectors to achieve 

larger solid-angle coverage than in E789 while maintaining E789's high rate capability. 

In E789 the first silicon detector was also the one located closest to the beam axis. It 

experienced the highest rates: 10-2 hits per interaction per 50-JLm strip on the inner strip, 

which was located 0.3 11 from the beam. Since the pseudorapidity bite covered by a detector 

at a given distance from the beam axis is independent of its distance from the target, we 

conclude that a silicon detector located 0.3" from the beam axis at any distance from the 

target will see this same rate to a good approximation. Thus a substantially larger solid 

angle than E789's may be covered by a series of detectors, each 0.3 11 from the beam axis, 

spread over a suitable range of distances from the target, large-angle secondaries being 

detected close to the target and small-angle secondaries farther downstream. 

We consider two such detector arms, one above and one below the beam, each com

posed of silicon-microstrip detectors (SMDs) measuring three views in stereo. The SMDs 
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cover lab angles from 10 to 200 mrad, with a total channel count of about 20 to 40 thousand 

strips. (For comparison, the E789 vertex detector included 16,000 strips, of which about 

10,000 were instrumented with electronics; this instrumentation is of course available and 

is assumed to be reused in the new experiment.) Following the two silicon-detector arms is 

a small dipole magnet of::::::; 300 MeV/e Pt kick, then an array of high-rate detectors to de

termine the momenta of charged particles. All detectors are assumed to have 1-RF-bucket 

resolution; for maximum rate capability the detectors downstream of the magnet might be 

gas micros trip chambers, scintillating-fiber hodoscopes,8 ::::::;1-mm-pitch MWPCs operated 

with a fast gas and with drift-time measurement ("minidrift" chambers), straw tubes, or 

pad chambers similar to those being considered for the GEM tracker. 

We are currently investigating the resolution needed and the optimum choice for these 

detectors. Since the silicon detectors accurately determine the track of each particle up

stream of the magnet, measurement of a point in the bend view downstream of the magnet 

suffices for precise momentum determination. Additional measurements are provided to 

improve the precision of the momentum measurement and add redundancy to the pattern 

recognition. The acceptance of such a spectrometer for various low-multiplicity B decay 

modes has been estimated by Monte Carlo; the results are given in Table IV.!. Note that 

despite the beam hole, the acceptances are relatively large (e.g. > 50% for BO ---+ 7j+7j-). 

TABLE IV.1 Estimated beauty acceptance of 10 to 200 mr spectrometer'" 

BO ---+ 7j+ 7j 0.54 
BO ---+ J / tPK II ---+ 1+ 1-7j+7j 0.15 
B± ---+ J/tPK± ---+ l+l- K± 0.40 
B± ---+ D7j± ---+ K 7j7j 0.40 

'" These estimates are preliminary; we will carry out additional Monte-Carlo simulation 

prior to presentation of a full Proposal. 

Supplemented by suitable particle identification and an efficient beauty trigger, this 

spectrometer could constitute the nucleus of an experiment capable of exceeding our 

1994/95 sensitivity goal by a factor> 5, since its acceptances are approximately 50 or more 
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times larger than those achieved in E789 during the 1991 run. However, construction of the 

additional detectors and triggering systems required will be difficult to complete by 1994. 

Therefore, we describe in Section V.2 below our plan to utilize existing E789 equipment 

to trigger with somewhat reduced efficiency, giving effective acceptances of 10 to 15%. 

V. Triggering 

We describe in Section V.I several strategies which appear promising for use in future runs. 

It is likely that not all will be feasible to implement by the 1994/95 run. In Section V.2 we 

propose a triggering strategy for the 1994/95 run which is consistent with the sensitivity 

goal described in Section III. 

V.I Trigger strategies for a high-sensitivity beauty experiment 

We assume a data acquisition system similar in bandwidth to those ofE690 and E791, hence 

the task of the trigger is to reduce the rate to ;S 10 kHz. (Note: this is an order-of-magnitude 

increase in bandwidth compared to the existing E789 data acquisition system.) Two 

promising ideas for triggering on the heavy-quark decay vertex are now under development 

by groups in Europe and at Fermilab: the optical impact-parameter trigger proposed 

by Charpak, Giomataris, and Lederman9 and the Cherenkov multiplicity-jump trigger of 

Halling and Kwan. 10 Each appears capable of providing at least an order of magnitude 

in background suppression while maintaining high efficiency for beauty decays occurring 

downstream of the target. Both require the use of a thin (~few mm) target. In addition, 

the optical impact-parameter trigger requires an interaction region of small diameter (~few 

hundred /Lm) transverse to the beam axis, while the multiplicity-jump trigger is feasible 

with a plate target and transversely large beam. Development efforts are in progress, with 

first beam-test results already presented in seminars and conferences,11 and we believe that 

with adequate support one or both of these devices will be ready in time for the 1994/95 

run. 

If the impact-parameter and multiplicity-jump triggers together can provide a rejec

tion'" 103 , at 108 interactions/s the resulting rate (rv 100 kHz) is low enough to trigger a 

pipelined processor of the E690/E789 variety, which must then provide an additional factor 

'" 10 in rejection to bring the rate within the capability of the data-recording system. Such 

rejection can be achieved by looking for sets of tracks consistent with a vertex downstream 

of the target and with invariant mass in a suitable range near the B mass. 
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If the impact-parameter and multiplicity-jump triggers prove insufficient to satisfy the 

input bandwidth requirement of the pipelined processor, high-speed highly-parallel trigger 

systems may be employed to look for patterns in the silicon and chamber hits consistent 

with desired decay topologies (e.g. sufficiently many moderate-pt tracks having non-zero 

impact parameters at the target)j prototypes for such systems include the E605 fast trigger 

matrix and neural networks12 under development by a number of groups. Calorimetric 

information may be used to select events with high E t , providing rejection at the order-of

magnitude level. 13 Trigger strategies relying on high-pt lepton detection have been used in 

other B experimentsj 14 these have the drawback of low efficiency for nonleptonic modes. 

V.2 Triggering in the 1994/95 run 

We propose here a strategy which will permit the achievement of significant physics 

(~ 2 X 10-7 single-event sensitivity) in the 1994/95 run. The proposed spectrometer 

is relatively small and can be mounted upstream of an existing fixed-target experiment, 

which can then provide triggering at somewhat reduced acceptance or luminosity. The 

most attractive option is to use the E605 spectrometer (Figure 1), which at a setting 

appropriate for beauty detection can operate at ~ 108 interactions/so Located in Meson 

East, the E605 spectrometer (using small-cell drift chambers, scintillation hodoscopes, 

scintillation-sandwich calorimeters, a muon-detector array, and a ring-imaging Cherenkov 

counter) precisely momentum-analyzes and identifies charged particles deflected around 

the beam dump by the large "SM12" analyzing magnet. While it has small acceptance 

for multiparticle states, its beauty acceptance is relatively good if only a single particle is 

required to traverse it (in contrast to E789, in which two particles were required). 

A high-pt single-particle trigger based on roads in the hodoscopes in combination 

with an energy threshold in the calorimeter or hits in the muon detector counts at ~ 10-2 

per interaction. At 1 interaction/bucket, a factor 10 rejection from impact-parameter or 

multiplicity-jump triggers reduces this rate sufficiently for input to a pipelined processor, 

which can reduce the rate sufficiently for taping. We estimate that with some rearrange

ment of detectors, a one-particle trigger can be formed using the E605 spectrometer which 

is (for example) approximately 15% efficient for BO -+ 1r+1r- decays, leading to the sensi

tivity estimates of Table Vl,1. (This use of the E605 spectrometer does not preclude the 

use of some additional strategies described in Section V.1 should they become available; 

there is thus the possibility of substantially higher sensitivity if sufficient progress is made 

to permit triggering over the full solid angle.) 
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We have also considered cOIIlbining elements of the E789 spectrometer with the E690 

large-aperture spectrometer. This option has the advantage of requiring minimal con

struction of new equipment; the E789 SMD electronics, SMD mounting system, small-cell 

drift chambers, and muon detector could be installed around the existing E690 appara

tus to make a hybrid experiment with substantial beauty sensitivity (as shown in Table 

VI.1 ). New detector chips with central beam holes would be installed in the existing E789 

SMD fanout boards and configured so as to cover the aperture 5 mr < j8.z I < 180 mr, 

IOyl < 180mr. The E690 and E789 drift chambers would be suitably deadened near 

the beam to maximize their interaction-rate capability. We assume the use of an optical 

impact-parameter trigger to help in reducing the trigger rate to match the input band

width of the E690 pipelined processor. Assuming that the E690 spectrometer can operate 

at a 10-MHz interaction rate,15 the larger trigger acceptance approximately makes up for 

what is lost in luminosity in comparison with the E605 option described above. 

Some members of the E690 collaboration have expressed interest in the possibility of 

joining us for the 1994/95 run, however more work is needed to assess this option in detail. 

Compared to the first option proposed, the E690 option has substantially lower interaction

rate capability, and thus a more difficult upgrade path to the ,...., 10-8 sensitivity to be 

sought in the 1996/97 run. The existing N-East beam line would need to be substantially 

upgraded to permit a 10-MHz interaction rate with a few-percent target, or the E690 

spectrometer would need to be moved to another beam line. 

VI. Sensitivity estimates 

Table VI.1 gives sensitivity estimates for the proposed experiment, triggered on one particle 

in the E605 spectrometer, compared to sensitivities achieved in E789. Using standard 

assumptions for B production and hadronization and branching ratios, in the 1991 run 

E789 achieved a sensitivity of ;S 1 event for BO __ 1("+1("-. We assume in 1994/95 a factor 

2.5 increase in running time, a factor 2 increase in average interaction rate, and a factor 

20 increase in B -- dihadron acceptance. The estimates below are based on 800-GeV 

operation of the Tevatronj operation at 900 GeV should provide 40% greater sensitivity 

due to the increase of the bb cross section with energy.16 For comparison, estimates for the 

E690 option described above are also presented. 
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TABLE VI.l Estimated sensitivity in representative modes'" 

E789 (1991) This :ero:eosal E690o:etion 

average interaction rate 25 MHz 50 MHz 10 MHz 

running time (live beam-seconds) 1.2 x 106 3 X 106 3 X 106 

interactions 3 x 1013 1.5 X 1014 3 X 1013 

bb pro~uced 3 X 107 1.5 X 108 3 X 107 

BO -+ 1r+1r- (BR assumed 1 x 10-5 ) 

events produced 200 1000 200 

acceptance 0.008 0.16 0.7 

efficiency 0.2 0.2 0.2 

events detected 0.4 40 30 

BO -+ J/1/JKIJ -+ l+l-1r+1r- (BR = 4 x 10-5 ) 

events produced 1000 5000 1000 

acceptance 10-4 0.1 0.5 

efficiency 0.2 0.2 O.It 
events detected 0 100 50 

B± -+ J/1/JK± -+ l+l- K± (BR 9 x 10-5 ) 

events produced 2000 11000 2000 

acceptance 10-3 0.1 0.6 

efficiency 0.2 0.2 O.lt 
events detected 0.6 200 120 

B± -+ D1r± -+ K1r1r (BR = 1.4 x 10-4 ) 

events produced 3000 17000 3000 

acceptance 10-3 0.1 0.6 

efficiency 0.02 0.2 0.2 

events detected 0 300 360 

... 	 These estimates are preliminary; we will carry out additional Monte-Carlo simulation 

prior to presentation of a full Proposal. 

t 	E690 assumed to reconstruct J /1/J in p.+ p.- mode only. 
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VII. Particle identification 

Hadron identification is desirable in an experiment such as this, both to reduce the com

binatoric background for decays containing charged kaons and to permit kaon tagging of 

the second B. Anderson et al. IT have proposed a technique for Cherenkov-ring imaging 

which is well suited for this purpose: it is fast « 1 bucket timing) and has the granularity 

needed for high-multiplicity events. The photodetector consists of CsI-plated cathode pads 

coupled to a low-pressure MWPC. Small spherical mirrors focus the Cherenkov light on 

photodetectors located outside the aperture. A gaseous ethane radiator at 1 atm should 

provide 7i-K separation in the range ~ 5 to 50 GeV. 

Electrons can be identified using a TRD in combination with calorimetry. A TRD 

may also be helpful in identifying hadrons at high momentum. Muons can be identified 

using the standard technique of detectors interspersed with shielding. 

Depending on manpower and resources available, the detectors just described may 

or may not be available for the 1994/95 run. In any case, the upstream spectrometer 

will be designed to have a resolution sufficient to allow kinematic separation of most low 

multiplicity decays. 

VIII. Beam and target 

The optical impact-parameter trigger requires a small interaction region. To achieve this we 

intend to focus a primary proton beam on a high-Z target (such as Fe or Au) approximately 

300 J.Lm in diameter x a few mm in thickness. In E789 we targeted ~ 70% of the Meson

East beam on the thin edge of a Au target 250 J.Lm high x 5 cm wide X 3 mm thick, at 

intensities up to 6 X 1010 protons per pulse. To achieve a comparable targeting fraction in 

300 J.Lm diameter will require moving the focussing elements in the beam line. The optimal 

way to implement this is under study. Depending on the target chosen and the limiting 

rates in the spectrometer, intensities up to about 1011 protons per pulse may be required. 

Since this is approximately two times greater than the beam intensity used in E789, some 

shielding improvement may be needed. 

- 12 




IX. 	Manpower 

The proposed program represents a large undertaking and will require a strong collabora

tion. We have had discussions with many physicists (in addition to the co-authors of this 

Letter) who may be interested in joining us but are unable to make such a decision on the 

time scale required by the September 1 proposal deadline to which this Letter responds. 

We anticipate submitting a more detailed Proposal at a later date with a substantially 

strengthened collaboration. 
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ABSTRACT 


We propose a comprehensive study of charm and beauty decays, to be carried out using 
a high· rate open·geometry spectrometer. The spectrometer will be assembled in stages over 
the next two fixed·target runs. It will differ from existing open·geometry spectrometers in 

several important respects, including: 1) the use of a small beam and target, with a small 
beam hole extending through the apparatus, to maximize the rate capability; 2) high·rate 
high-resolution tracking based on scintillating fibers; 3) efficient triggering based on decay
vertex topology and the presence of high-transverse-momentum secondaries; and 4) hadron 
identification by means of a unique high-rate ring-imaging Cherenkov counter. Our goal for 
the next two fixed-target runs is the study of ,...., 1014 interactions, yielding fully-reconstructed 
samples of ,....,107 -108 charm and ,....,104 beauty decays. A novel optical impact-parameter lst 
level trigger facilitates operation at the 50 MHz interaction rate required for such sensitivity. 
The large acceptance and high tagging efficiency of the proposed spectrometer will provide 
unique samples of tagged events, permitting observation of B.-B. mixing and extraction 
of absolutely-normalized charm branching ratios. Additional issues to be addressed include 
rare beauty decays such as B - X",(, l+l- X, 11"11", 1I"K, 1I"p, Kp, etc. as well as rare charm 
decays, DD mixing, and CP violation in the charm sector. Our long-term goal is observation 
of CP violation in B decay, which we may achieve by the end of the decade if we can 
develop techniques for increasing the rate capability of the spectrometer; alternatively, the 
spectrometer might be moved to a higher-energy interaction region, either in fixed-target or 
collider mode, at the Tevatron, LHC, or SSC. 
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1 PHYSICS MOTIVATIONS 

In the nineteen years since the discovery of charm and the fifteen since that of beauty, interest 

in heavy-quark decays has grown steadily. Several recent technical [1, 2, 3, 4, 5] and physics 

developments make this physics more accessible than ever to fixed-target experimentation 
at Fermilab: 

• 	 The success of E687 and E691/769/791 in amassing large samples of reconstructed 
charm events using Fermilab external beams and carrying out comprehensive studies 

of charm production and decaYi 

• 	 The success of E789 in operating silicon vertex detectors at > 50 MHz interaction 
rate [6] and in triggering on secondary vertices [7]; 

• 	 The development of high-rate tracking devices for SSC experiments [8, 9]; 

• 	 The growing feasibility of recording and analyzing extremely large data sets using 
commercially available data acquisition and computing equipment. 

These developments lead us to propose a new spectrometer to take the study of heavy 

quarks to new levels of sensitivity. We envision an apparatus capable of studying ...... 1014 

interactions per fixed-target run, triggering on charm and beauty events with 10-3 - 10-" 

trigger rejection against light-quark backgrounds, and fully reconstructing ......107 - 108 charm 
and _104 beauty decays. A novel optical impact-parameter trigger [1], described in Section 
3.6.1 and Appendix III, is key to achieving this performance. 

As will be seen in Section 3, our proposed apparatus resembles a more compact version of 
the fixed-target beauty spectrometer proposed for internal-target operation at HERA [10]. 

That highly ambitious proposal aims to observe CP violation in the BO ---+ J /'f/;KII mode 
with'" 109 beauty events produced. We believe that before such a large effort is undertaken, 

the utility of such an approach should be demonstrated by taking a smaller, less costly step 

in sensitivity. This can be accomplished by designing for the 108-produced-event regime, as 
here proposed. As discussed above, such a sample corresponds to ...... 10" beauty decays fully 
reconstructed and a larger number partially reconstructed. 

Since the spectrometer has similar acceptances for charm and for beauty, a large sample 
of charm decays will be amassed simultaneously with the beauty sample. The cross section 
times branching ratio for fully-reconstructable charm decays is ......105 times that for beauty. 
To bring the rate of recorded minimum-bias events down to acceptable levels necessitates a 

trigger which is 1 - 10% as efficient for charm as for beauty. Thus the fully-reconstructed 
charm sample will amount to some 107 to 108 decays. . . 

1.1 Beauty physics goals 

The study of b quarks is entering an advanced stage. Many general properties of the B 

system are known, such as: the existence of B~ and B2 mixing (11], limits on FCNC B 
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decays [12], initial estimates of the B±, B~, B~, and Ab lifetimes [13], and the observation of 

decays that imply that IVuIIl =1= 0 [13]. However, several important issues remain, including 

(i) The measurement of X. for B~ - B~ mixing 

(ii) Precision measurement of Ab, B~ lifetimes 

(iii) 	Search for FCNC processes b --+ 8, and b --+ 8/L+ /L

(iv) 	Measurement of interesting rare decays such as B --+ 1l"1l", 1l"K, etc. 

(v) Detection of CP violation in B decays 

We believe that some of these issues can be resolved using the approach proposed here. We 
next discuss these issues in more detail. 

(i) 	Measurement of x. 
While B~ - B~ mixing is inferred from the measurements at pp colliders (UAI [11], 
CDF [14]) and LEP (all 4 detectors) [13], the value of x. is at present unknown. The 
most likely value is between 8 and 24 and measures 

2 
Vtd 

x. <X Vb ' 
1 1 

a crucial ratio of the CKM matrix. These large values of x. can only be observed by 
measuring the mixing oscillations, and thus the proper time for each B~ decay. It is 
also necessary to tag the initial beauty quantum number of the B~. We are simulating 
two B~ decay modes which appear promising: 

B~ --+ Dt + l + ii X 
'--+ tfnr+ 

'--+ K+ K

--+ D+ + l + ii + X• 
'--+ feo K+ 

'--+ K-1l"+ 

As shown in Section 2.2.2, these modes will provide substantial samples of partially
reconstructed events. However, undetected neutrals will induce smearing of the recon
structed decay vertex which could limit sensitivity at larger values of X•• There will 
also be smaller samples of fully-reconstructed events, for example: 
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l3? - D~ + 71"
'---+ <p7I"+ or 1(*0 K+ 

etc. 

(ii) 	Precision Measurement of An and B~ Lifetimes 
For the charm system there is a large variation in the lifetimes. From LEP data [13] 
we already know that the same situation does not hold for the b-quark systems. Nev
ertheless, there could be variations at the level of 20%, and considerable precision can 
be obtained using the fixed-target experiment proposed here. A key element of this 
program is to identify B~ decays as discussed before and Ab by the decay chains 

Ab- A+c + 1,- + ;; 
"--+ A0 + 71"+ 

'---+ yrr

and Ab - J/1/J + A 
'---+ 1,+1,

(iii) 	Search for FCNC Processes b - 87 and b - 8",+"' 

While it is well known that tree-level Flavor-Changing Neutral Currents (FCNC) are 
not observed in the K system, the situation for heavy quarks is less certain. Currently 
the best limit comes from the UA1 experiment [12]: 

BR (B - JL+JL- X) ::; 5 X 10-6 
• 

These processes probe small tree-level FCNC amplitudes, loop diagrams with a t
quark mass sensitivity, and possible SUSY contributions to FCNC (one of the few 
low-energy processes which could be sensitive to SUSY). The real- and virtual-photon 
processes also probe different matrix elements and Feynman diagrams (as shown by 
Mark Wise and colleagues at Caltech [15]): whereas the real-photon process probes 
states accessible only to a real photon, the virtual-photon states allow massive photons 
with arbitrary polarization. For example, the final states 

can be reached in this latter process, and interference with virtual loop digrams is 
expected (15, 16, 17]. 
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The experimental signatures and backgrounds are quite different for the two processes. 
We discuss first b -+ (~) + ;, which would be detected as 

B-+ 
and B-+ 

The expected branching ratios of these processes are ,..... 10-4 and '" 10-5 , respec
tively [16]. Of course there will also be exclusive processes like 

B -+ K* +; 
and B -+ p + ; 

which might be detected at a lower branching-ratio level. The detection of these 
processes in hadroproduction is quite challenging due to the large number of 7r°'S in 
each event, but it may be possible given sufficiently good electromagnetic calorimetry 
and photon isolation techniques. A recent calculation by Ali et al. [18] suggests that 
B -+ K;(1430); could make up a substantial fraction (17 37%) of these decays, 
providing an additional signature considerably cleaner than the inclusive-; spectrum. 

The detailed study of B -+ X + ; is very important for our understanding of the 
Standard Model as applied to B decays and the search for physics beyond the Standard 
Model. This process is very sensitive to the possible existence of FCNC at tree level 
and to such extensions of the Standard Model as Supersymmetry [19]. It also has some 
slight sensitivity to the t-quark mass. The current experimental limit on B -+ X; is 
8.4 X 10-4 from CLEO II [20]. 

In contrast, the process B -+ X,."+,.,,- is highly sensitive to the t-quark mass as well as 
to the existence of tree-level FCNC. While UA1 (and presumably CDF) have searched 
for this process in a tiny region of phase space at the high-mass end of the ,.",." mass 
spectrum (I"V 5 GeV), the proposed experiment will be sensitive to masses down to or 
below the 1/;/1/;I mass region [15, 17]. 

(iv) 	Measurement of interesting rare decays 
The decay BO -+ 7r+7r- is of interest both because of its large predicted CP asymmetry 
in the Standard Model [21, 22] and because its branching ratio is proportional to 
!Vu,,1 2 [21]: 

BR(BO --+ ,,+,,-) '" 2 x 1O-31~:1' 
It has not yet been observed; the best experimental limit comes from CLEO and is 
< 4.8 X 10-6 at 90% confidence level [13]. Other charmless dihadronic beauty decays 
are likely to be observed simultaneously with BO -+ 7r+7r-: BO -+ 7r±K=f, K±K=f, pp, 
A" -+ p7r- , etc. The rates of these decays are of interest in that their comparison with 
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1["+1["- yields information about the role of penguin diagrams, final-state interactions, 
and baryonic effects in beauty decay. 

(v) 	Detection of CP violation in B decays 
Observation of CP violation in B-meson decay is one of the most sought-after goals 
of contemporary high energy physics. Much attention [10, 21, 23] has been given to a 
few rare, low-multiplicity decay modes with large expected CP-violating asymmetries 
which in principle can test the Kobayashi-Maskawa model for CP violation by overcon
straining the "unitarity triangle." These include the decays Bd ~ J/,pK., Bd ~ 1["+1["-, 

and BII ~ pOK II , two of which have yet to be observed. The first of these modes has 
an observable branching ratio of 2 x 10-6 

, and models suggest that the last two could 
have observable branching ratios of order 10-6 and 10-6 , respectively [21,24]. Thus in 
the Standard Model observation of CP violation in these modes will probably require 
the production of at least 109 B mesons in an experiment configured to have large 
acceptance and good tagging capability. At the lOS-event level, useful investigations of 
backgrounds and tagging strategies can be carried out. It is also possible that physics 
beyond the Standard Model (or favorable parameter values within the Standard Model) 
could lead to observable CP asymmetries at this level; for example, Gronau [22] has 
recently suggested that penguin effects in BO ~ 1["+1["- could lead to a CP asymmetry 
as large as 40%, possibly observable in the proposed experiment (see Section 2.2.3). 

Many B-tagging strategies seem potentially useful: tagging with high-pt leptons or with 
moderate-pt kaons; tagging with those particles but also imposing impact-parameter 
requirements at the primary vertex; tagging with partially-reconstructed decays; and 
tagging with fully-reconstructed decays. These strategies will provide various levels of 
purity and efficiency which can be approximately predicted by Monte-Carlo simulation. 
An experimental test (such as that proposed here) is required before their utility can 
be assessed with confidence. 

In addition to the modes discussed above, Dunietz and others [25] have emphasized the 
role of charged-B and self-tagging neutral-B modes in constraining the CKM matrix. 
These may be accessible with somewhat fewer produced B's than are required for 
the tagged modes. They may also have greater potential for determining the CKM 
angle; than does the B. ~ pOK. decay [25]. Since some of the self-tagging modes 
include final-state 1["°'S, good electromagnetic calorimetry might significantly enhance 
the ability to study CP violation. 

1.2 Charm physics goals 

Previous experiments have reached the 106 -reconstructed-charm level, and in the next run 
E831 is expected to reconstruct f'V 106 charm events. We propose a further increase in sensi
tivity by one to two orders of ma.gnitude. At such sensitivities the following physics issues 
could become accessible: 
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(i) 	Second-order weak interactions (DO - DO mixing) and CP violation in charm meson 

decays [26] 

(ii) Pure leptonic decays of D+ and Da , yielding !D and !D, 

(iii) 	High-statistics study of semileptonic decays, yielding more precise mesurements of the 

CKM matrix 

(iv) 	Rare DO, D+, and Da decays measuring radiative and hadronic penguins and searches 
for new physics (decays outside the Standard Model); measurement of doubly-Cabibbo
suppressed decays and beyond 

(v) 	Measuring lifetimes to better than 1% and absolute branching ratios (using the double
tagged method pioneered by ACCMOR [27]) 

(vi) 	Charmed baryons 

(vii) 	Search for FCNC charm decays such as D -+ JL+ JL- X and DO -+ JL+ JL- [28] 

We next consider a few of these topics in greater detail. 

(i) 	DO -DO Mixing 

DO - DO mixing would be characterized by a mass splitting t:1MD and width difference 
t:1r, and parametrized in the usual way by XD = t:1MD/r and YD = t:1r/2r. As in EO 
mixing we expect t:1r/2r « 1. The mixing can be detected by observing events with 

or 

through same-sign dimuon and Cabibbo-forbidden processes. For example, one may 

detect 

Calculations by Wolfenstein [26] give TD < 10-6 in the Standard Model, although 
calculations which attempt to take into account final-state interactions between the 
light quarks predict a value closer to 5 X 10-4 [29]. The current experimental limit 
is approximately 4 X 10-3 [30]. New physics could give larger values of TD, thus this 
channel is important to the search for physics beyond the Standard ModeL To detect 
DO - DO mixing to the level of 10-6 requires the study of >106 double-semileptonic 

decays. A careful study of various backgrounds is required to determine whether this 
level of signal can be extracted from the data! 

A second technique is to use the decay D·+ -+ D°7r+ to tag the flavor of the DO; 
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then the DO can be fully reconstructed through the large decay modes K-7r+ and 

K-7r+7r+7r-. Essentially, a non-mixed decay is signalled through the opposite sign of 

the soft pion and the kaon in the D decay. DO - jjO mixing (or a doubly Cabibbo

suppressed decay) would be indicated by a soft pion and a kaon of the same sign. The 

ratio of the same-sign and opposite-sign rates is a function of integrated proper time if 

mixing is occurring; this allows sorting out of mixing from doubly Cabibbo-suppressed 

decays. It should be possible to obtain a limit near 1 X 10-4 using this technique. 

(iii) 	Semileptonic Decays 
This is an extremely rich area of charm physics: studies of semileptonic decays permit 

the determination of several parameters of the Standard Model. Currently-observed 
semileptonic decay modes for the DO are listed in Table 1.1. 

TABLE 1.1 Selected charm semileptonic branching ratios 

Decay Mode BR (%) Exp't 
DO -+ K-e+ve 3.8±O.5±O.6 

3.9±O.2±O.7 
3.8±O.3±O.6 
3.4±O.5±O.4 

E691 [31] 
ARGUS [32] 
CLEO [33] 
Mark III [34] 

DO -+ K- JL+v~ 2.5±O.4±O.5 E653 [35] 
DO -+ 7r-e+ve O.39:!:~:~~±O.O4 Mark III [36] 

Branching-ratio measurements of D+ -+ K*lv and DO -+ Klv should permit de

termination of IVe.1 to about 1%. We can then extract the form factor using the 
world-averaged DO lifetime and the absolute branching fraction from Mark III [36]. 

This form factor can be compared to that found in 4-body hadronic decays of the D 
mesons [37]. It is also possible to measure IVe. / Ved.1 in the proposed experiment by 
using the branching ratio of DO -+ 7r-e+ve : 

The dominant source of error in this measurement in likely to be the error of the form 
factors, since the statistical error will likely be < 1%. 

Relative branching ratios and form factors can also be extracted for the D+ and D. 
mesons, as well as the polarization of the W for all meson decays. With the sample 
sizes expected it should also be possible to study interference effects between various 
decays involving resonances, and we should be able to study semileptonic decays of 

charmed baryons in detail. 

(iv) 	Doubly Cabibbo-suppressed decays 
Doubly Cabibbo-suppressed decays (DCSD) of charm states can be most straightfor

11 




wardly addressed using the D+, since there is then no possibility of confusion with DO 
DO mixing. Examples of decay modes are D+ -+ K+7r-7r- and D+ -+ K+ K+ K-. The 
second mode has possibly been seen by E691 (D+ -+ </>K+)j if their""" 20- signal is cor
rect we should expect to see several thousand in the proposed experiment. We expect 
the DCSD rate to be down relative to the Cabibbo-allowed mode by tan4 ()c """ 3 X 10-3 , 

which is well below the E691 observation, however even this lower value implies hun
dreds of reconstructed decays in our apparatus. 

(vi) 	Charmed Baryons 
Much less is known about the baryon sector of charm. This has to do in large part 
with the smaller production cross sections and short lifetimes of the charmed baryons. 
Most charmed-baryon decays involve hyperons, which impose special requirements on 
the apparatus in order to detect them. Our proposed spectrometer has about 2 meters 
of decay space between the target and the downstream fiber tracker. This should allow 
good acceptance for both neutral (AO) and charged (l~±) hyperon decays (even though 
the decays may occur inside the magnet [38]). The RICH detector will offer good 
particle identification for the proton produced in the decay. 

(vii) 	Search for FCNC decays 
The search for charm-changing neutral currents can be carried out via 

DO -+ p+p-

and DO -+ p+ p- X 

Both of these processes are expected to have very small branching ratios in the standard 
model (:5 10-16 for DO -+ p+p-), and thus provide a window for physics beyond the 
Standard Model [28J. The search for D -+ p+ p- X is similar to that for B -+ p+ p- X 
except that the long-range pole in the DO case is the </>. Thus, it is important to search 
for this process in the low-mass range, """ 1 GeV dilepton mass. 

12 




2 PROPOSED MEASUREMENTS 

The proposed apparatus (see Section 3) is rather general and is expected to address a wide 
range of physics. In this section we consider several illustrative examples. 

2.1 Predicted yields 

The cross section for production of D mesons by 800 GeV protons has been measured by 

E653 [39] and E743 [40] using emulsion and hydrogen targets, respectively: E653 finds 
(76 ± 9 ± 27)JLb (assuming (jD <X A1) and E743 (48::~0 ± 12)JLb. (Preliminary results 
from E789 are consistent with these values.) Averaging the two, we find a total charm 

cross section of (56 ± 8 ± 14) JLb, neglecting the small contribution due to D. and charmed 
baryons. Since these are individual meson cross sections, the cc cross section is ~ 1/2 this 
value. Precise measurements of the A-dependence for J /1/J production are available from 
E772 [41], giving (jJN <X AO.92±0.01. A preliminary D A-dependence measurement from E789 

90gives (jD <X AO. ±o.04, consistent with the E772 J /1/J result. Given the cross-section and 

A-dependence uncertainties, it clear that charm yields are known to about ± (25 - 50)%. 
Thus the uncertainty in the number of charm events recorded will be dominated by the 

uncertainty in trigger efficiency. 
While the bb cross section in 800-Ge V hadroproduction is not precisely known, based on 

O(a~) QeD calculations [42] Berger [43] has predicted it to lie in the range 9-19 nb; we 
use 10 nb in this proposal. (Preliminary results from E789 are consistent with this value.) 
The A-dependence of beauty production is unknown but generally assumed to be linear. 
E772 [44] has measured (jT <X AO.96±0.01. We therefore assume (conservatively) the same 

A-dependence for open-beauty production. 

We assume a 50 MHz interaction rate for a canonical fixed-target run of 3 x 106 seconds 
of beam, giving 1.5 x 1014 inelastic interactions. Table 2.1 estimates the resulting yields of 

charm and beauty events. 

TABLE 2.1 Expected yields of heavy-quark events 

charm beauty 

(jq4 28 JLb 10 nb 
A-dependence enhancement factor· 3.0 3.7 
events/interaction 2.6 x 10-3 10-6 

total events produced 1.7 X 108 

• assuming gold target and (jt% <X A 0.92, (j1Jlj <X A0.96 
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In estimating yields of reconstructed decays, we assume for simplicity that the geometrical 
acceptance for an n-prong final state is given by (0.7)n. Appendix I shows that this is likely to 
be a slight underestimate for beauty and a slight overestimate for charm, but these errors are 
small compared to the uncertainties in the beauty cross section and charm trigger efficiency. 
Based in part on experience in E789, we assume a 20% trigger efficiency for beauty and 
a reconstruction efficiency of 0.9/prong. For modes containing a final-state 7("0 or missing 
neutrino, we reduce the reconstruction efficiency to account for additional kinematic and 
calorimetric cuts. 

2.2 Beauty measurements 

2.2.1 b -+ s"( 

The predicted inclusive branching ratio, '" a few x 10-4 [16], implies several x 104 b -+ s"( 

events produced, of which 103 ,..., 104 are expected to satisfy the acceptance and the trigger. 
The,,( spectrum [16] in the B rest frame is shown in Figure 2.1; as one expects it peaks near 
1/2 the mass of the the B. The crucial difficulty in detecting the signal is the substantial 
background of photons due to 7("0 decay. Preliminary Monte-Carlo simulations (see Appendix 
I) suggest that with good electromagnetic calorimetry, background suppression adequate for 
the inclusive-,,( signal to be discerned is possible. Confirming evidence should come from 
exclusive modes such as B -+ K*"(, of which there should be several thousand produced 
events and 103 '" 103 reconstructed. 

2.2.2 B. mixing 

The LEP experiments have measured [13] the following product of hadronization and branch
ing ratios: 

BR(b -+ B.) x BR(B. -+ D~Xrii) = (1.59 ± 0.42)%. 

Thus, including the flavor-conjugate (B.) mode, we expect to produce 0.032 ± 0.008 such 
decays per bb event. Table 2.2 gives expected sensitivities in the most copious B. modes, 
and Table 2.3 gives sensitivities in selected fully-reconstructed modes. (Table 2.3 is based 
on the assumption BR(b -+ B.) = 0.125.) Applying the tagging efficiencies discussed below 
(see Section 2.2.3), we estimate 2,500 and 400 tagged B. or B. events in the partially
and fully-reconstructed samples. Simulations are in progress to estimate the resulting x. 
sensitivity. 
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TABLE 2.2 Expected yields of E. ~ D~l-iiX ~ K+ K-7r+l-vX 
and B. ~ D-; l+vX ~ K- K+7r-l+iiX 

D. ~ </nr D. ~ K·oK 

bb events produced 1.7 X 108 1.7 X 108 

(D; Xlv) per bb event 0.032 0.032 

BR(D. ~ KK7r) 0.0137 0.0162 

geometrical acceptance 0.24 0.24 

trigger efficiency· 0.2 0.2 

reconstruction efficiency· 0.5 0.5 

number of events (E. + B.) 1800 2000 

• note that vertex cuts are made both on- and off-line, thus verte.xing efficiency is included 
in both trigger and reconstruction efficiencies. 

TABLE 2.3 Expected yields in selected fully-reconstructed B. ~ D modes 

D-7r+ I- . . . .•. jjOK.O ... . . . ..,mode: /I 

final state: K+ K-7r-7r+ K+7r- K+7r- K+7r-7r° K+7r- K+7r-7r-7r+K+7r

BR· 1.5 x 10-4 1.3 X 10-4 4 X 10-4 3 X 10-4 

geometrical acceptancet 0.24 0.24 0.12 0.12 

trigger efficiency 0.2 0.2 0.2 0.2 
reconstruction efficiency t 0.6 0.6 0.4 0.4 

number of events (Ell + B.) 180 160 160 120 

• B. branching ratios are estimated from corresponding Bu and Bd modes. 

2.2.3 Charmless beauty decays 

These are of interest for their sensitivity to IVuh I, final-state interactions, and penguin 
diagrams; they may also exhibit large CP asymmetries [21, 22]. We take BO ~ 7r+7r- as an 

example. Using the best current estimate [13] for I Vuh / Vcb 1~ 0.07, one finds 
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leading to the sensitivity prediction of Table 2.4. We note that the CLEO and ARGUS data 

can accomodate a range of IVuh / V cO I from 0.05 to 0.15 [13], giving a branching-ratio range 
(0.5 - 5) x 10-5 • Other charmless two-prong modes of BO (1\"±K':f, K+ K-, and pp) will 

have similar acceptances and efficiencies as 1\"+1\"- , but their branching ratios are even more 
uncertain, due to their increased sensitivities to penguins and final-state interactions (21]. 
There will also be significant sensitivity to charmless decays of B II , B±, and beautiful baryons. 

TABLE 2.4 Expected yield of BO --+ 1\"+1\"

bb events produced 1.7 X 108 

hadronization fraction bb --+ bd or bd 0.75 
BR (BO --+ 1\"+1\"-)* 1 x 10-5 

geometrical acceptance 0.5 
trigger efficiency t 0.2 
reconstruction efficiencyt 0.8 

number of events 100 

* assuming I V uh / V cO I = 0.07 

t note that vertex cuts are made both on- and off-line, thus vertexing efficiency is included 
in both trigger and reconstruction efficiencies. 

Table 2.5 indicates how many reconstructed BO --+ 1\"+1\"- events are likely to be flavor
tagged by a lepton or a charged kaon. Our estimates of tagging efficiency and dilution follow 
Albrecht et al. (10]. The numbers of tagged events are small, and given the dilution factors, 
even if the CP asymmetry is as large as 40% it will be observed only at the ~1.5-0" level. 
Sensitivity could be improved if further tagging strategies or means to ameliorate the dilution 
factors can be devised, or if the yield of reconstructed events is larger than estimated here. 

TABLE 2.5 Expected yield of tagged BO --+ 1\"+1\"

lepton tag kaon tag 
reconstructed events 100 100 
tagging efficiency 0.15 0.52 
dilution factor 0.52 0.36 

number of tagged events 15 50 

Another potentially interesting charmless mode is BO --+ PP1\"+1\"-, which may have been 
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observed by ARGUS [45]. While with better sensitivity CLEO failed to observe it [46], the 
ARGUS and CLEO results are barely consistent if the actual branching ratio is :::::: 1 x 10-4 

, 

in which case several hundred events would be expected in the proposed experiment. 

2.2.4 Self-tagging CP-violating modes 

Dunietz [25] has emphasized a class of self-tagging charged-B decay modes which may exhibit 
observable CP asymmetries. We consider the decays B- _ DO + X- and B- _ DO + X-. 
The first occurs via a b _ c conversion and the second via b _ u. If the DO (DO) is 
observed in K+ K-, 11"+11"-, or another mode accessible to both DO and DO, then the D 
and D final states are indistinguishable and should interfere, leading to the CP violation 
BR(B- _ DO + X-) i= BR(B+ _ DO + X+). The final-state phases in these modes are 

rather uncertain, but Dunietz estimates Standard-Model CP asymmetries in the range 1 
10% [25]. Table 2.6 estimates the sensitivity in a few of these modes. The reconstruction 
efficiencies given are only educated guesses at this point; detailed simulations are required 
to refine them further. However, the possibility of useful CP sensitivity in these modes is 
evident: a 10% asymmetry would be observed with a significance of:::::: 3 standard deviations. 

TABLE 2.6 Expected yields in selected B± _ DO (DO) + X± modes 

B- _ DO(DO) + X, where X = l-v 11"- 11"+11"-11"- p
....... K+K- or 11"+11"

BR* 9.8 x 10-5 2.0 X 10-5 5.0 X 10-5 6.3 X 10-5 

geometrical acceptance 0.34 0.34 0.17 0.17 
trigger efficiency 0.2 0.2 0.2 0.2 
reconstruction efficiency 0.5 0.7 0.6 0.5 

number of events (B- + B+) 400 100 100 100 

• branching ratios are averages of B+ and BO branching ratios from the Review of Particle 
Properties, Phys. Rev. D46, Part 2 (1992). 

2.2.5 Fully reconstructed B - D decays 

Large numbers of beauty decays to final states including D mesons will be reconstructed. 
These may be used for precise determination of lifetimes and masses. Approximately 10% of 
neutral and charged D decays are visible in fully reconstructed modes (K1I", K1I"1I", K311", ... ). 
Using this approximation, Tables 2.7 and 2.8 estimate the expected numbers of events in 
representative charged and neutral modes. These samples could also be used to search for 
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B-meson excited states, which would be signalled by the presence of soft pions or photons 

collinear with the B. Since the proposed target represents:::::: 1/3 of a radiation length on 
average, a significant fraction of these photons will emerge as electron-positron pairs, which 

will be measured accurately by the magnetic spectrometer, and an additional sample of 
unconverted photons will be measured by the calorimeter. 

TABLE 2.7 Expected yields in selected fully-reconstructed B± - D modes 

mode: D°7r- D°7r+7r-7r- DOp

BR- 3 X 10-4 9 X 10-4 1 X 10-3 

geometrical acceptancef 0.34 0.17 0.17 

trigger efficiency 0.2 0.2 0.2 
reconstruction efficiencyf 0.7 0.6 0.5 

number of events (B- + B+) 2000 2000 2000 

- branching ratios are averages of B+ and BO branching ratios from the Review of Particle 

Properties, Phys. Rev. D46, Part 2 (1992), scaled by 0.1 to account for DO reconstruction. 

t acceptances and reconstruction efficiencies are estimated for 2-prong decay of the DO. 

TABLE 2.8 Expected yields in selected fully-reconstructed BO - D modes 

mode: D+7r- D+7r+7r-7r- D+p

BR- 3 X 10-4 9 X 10-4 1 X 10-3 

geometrical acceptancet 0.24 0.12 0.12 

trigger efficiency 0.2 0.2 0.2 
reconstruction efficiencyt 0.6 0.5 0.4 

number of events (B- + B+) 1000 1000 1000 

- branching ratios are averages of B+ and BO branching ratios from the Review of Particle 
Properties, Phys. Rev. D46, Part 2 (1992), scaled by 0.1 to account for D± reconstruction. 

t acceptances and reconstruction efficiencies are estimated for 3-prong decay of the D±. 
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2.2.6 Partially reconstructed beauty decays 

Since essentially 100% of beauty decays produce a D meson, there will be a very large 
number of partially reconstructed decays B - D + X. These will determine the average 

beauty lifetime to high precision. For rare modes such as BO 
- 7r+7r- and B - K'"" 

requiring an additional partially-reconstructed B in the event could be a good strategy for 
reducing non-beauty background. 

2.3 Charm measurements 

More detailed simulations than have so far been completed are required to establish the 
geometrical acceptance, the efficiency of each level of our proposed vertex trigger, and the 
off-line reconstruction efficiency for each charm decay of interest. As a preliminary estimate 

we use an acceptance of 0.7/prong. As mentioned in Section 1, we expect a vertex trigger 
efficiency in the range (0.2 - 2)% (Le. (1 - 10)% of that estimated for beauty); in the tables 
which follow, we have used 0.2%. We base our reconstruction efficiencies on those of E687 
and E791. We include in this section two examples of our projected charm sensitivity based 
on these preliminary efficiency and acceptance estimates. 

2.3.1 Semileptonic charm decays 

Expected yields of DO semileptonic decays are indicated in Table 2.9. 

TABLE 2.9 Semileptonic DO yields 

Decay Channel BR (%) • Events 
K l+v 3.4 105 

7r l+v 0.4 104 

K· l+v 6.2 ~05 
p-l+v 0.4 04 

2.3.2 Charmed-baryon decays 

Charmed-baryon yields should be approximately 1% of the meson yields. This gives a Ac 
sample of order 105_106 events; the 2:c: and !lc should be down from this by another factor of 
10 -- 50. With samples of this size it will be possible fully to study the resonant structure of 
the 3- and 4-body decays of the Ac and to determine to what extent 2-body decays occur in 
the baryon sector. Table 2.10 summarizes expected yields for some interesting decay modes 
of charmed baryons. The spectroscopy of charmed baryons is largely unexplored; we expect 
to observe doubly-charmed baryons as well as charmed-baryon resonances! 
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TABLE 2.10 Estimated Yields for Selected Charmed Baryon Decays 

Decay Channel Events 
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3 APPARATUS DESIGN 

3.1 General considerations 

We aim to maintain the high interaction-rate capability (::::;1 interaction per accelerator RF
bucket, or 5 X 107 interactions/s) demonstrated in E789 while increasing the solid-angle 
coverage (and hence beauty acceptance) substantially. At 800 GeV, the central 3 units of 
rapidity contain some 70% of produced particles. Monte-Carlo studies (see Appendix I) 
confirm that geometrical acceptance of ::::;(0.7)n can be achieved for n-prong heavy-quark 
decays by instrumenting such a rapidity range. (In laboratory polar angle, this corresponds 
to approximately 8 to 150 mr.) 

Figure 3.1 shows a typical event from E789, obtained at an interaction rate of 50 MHz. 
The hit density in the silicon detectors (::::;20 hits per plane on average) is seen to be 
quite tractable for pattern recognition. Figure 3.2 shows the transverse position resolu
tion achieved. Figure 3.3 shows the observed dimuon mass distributions for events with 
reconstructed vertex upstream, inside, and downstream of the target; a clear B -fo J /1/J 
signal is evident in the downstream-vertex sample. 

Figure 3.4 depicts the conceptual design of the proposed spectrometer. As in E789, 
the central beam hole permits operation at interaction rates up to 50 MHz. The choice of 
detector technology at each position in the spectrometer is driven by considerations of rate, 
coverage, resolution, and radiation damage. 

3.2 Silicon detectors 

The needed decay-vertex resolution dictates the use of silicon detectors near the target. 
These could be microstrip detectors, or the pixel detectors now under development by sev
eral groups [47]. Compared to strip detectors, pixel detectors could confer great benefits in 
pattern-recognition capability, radiation hardness, and cost [48, 49], but no existing proto
type has sufficient speed or radiation hardness for the proposed experiment. Should high
speed radiation-hard pixel detectors become available on the needed time scale, we will revise 
our spectrometer design to make use of them. For the present, we present below a design 
based on strips. 

The silicon detectors are arranged in two arms, one above and one below the beam. Their 
minimum transverse distance from the beam is driven by the maximum allowable radiation 
fiuence, which we estimate to be ::::; 10 MRad [50, 10] if the detectors are to remain functional 
for an entire fixed-target run. For the desired sensitivity of 1014 interactions, this requirement 
leads to a ::::;6 mm minimum transverse distance from the beam, which is compatible with 
the desired angular coverage if the silicon detectors extend to ::::;1.3 m from the target. 

Note that in this design, the tracks of large-angle secondaries are measured by the silicon 
planes close to the target, while those of small-angle secondaries are measured far from the 
target. To malntain the same impact-parameter resolution at the target for all angles, the 
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detector separation scales geometrically. With this arrangement we find an average of 12 
silicon-detector hits per track, approximately independent of angle, in the vertical angular 
range 8 to 150 mr. Since track momentum tends to scale as 1/0, the multiple-scattering 
contribution to the vertex measurement error is also approximately angle-independent. In 
any given plane the hit density is no greater than that of the most upstream silicon planes 
in E789, thus we are confident that the tracks can be well reconstructed. Also the radiation 
damage will be similar to that encountered in E789. Simulations are in progress to verify the 
pattern-recognition efficacy of the proposed configuration. The large number of measure
ments per track should substantially improve trackfinding compared to E789 experience. 

We propose to employ two new silicon-microstrip detector configurations made from 
double-sided 4" wafers (see Table 3.1). These feature small-angle (10°) stereo, thus each 
double-sided plane measures both the bend view (y) and a 1L (+10°) or (by 180° rotation) 
v (-10°) view. As in E789, holes are provided in the fanout circuit boards above and 
below the detector chips; these allow large-angle secondaries measured by the upstream 
planes to pass above and below the downstream planes with minimal scattering. Also as in 
E789, the detectors are mounted in a helium-filled box which provides electrical shielding, 
minimizes scattering, and permits cooled operation of the detectors to alleviate radiation
damage effects. The preamplifiers, mounted far from the beam at the edges of the fanout 
boards, receive much lower irradiation than the detectors and experience negligible radiation 
damage. 

22 




'ABLE 3.1 Silicon-Microstrip Detector Configuration 

plane z l:Z:maatl IYminl IYmaatl channels / arm 
(cm) (cm) (cm) (cm) 

ys1/us1 16.0 4.4 0.64 2.56 384/384 
ys2/vs2 18.8 4.4 0.64 3.20 512/512 
ys3/us3 22.0 4.4 0.64 3.20 512/512 
ys4/vs4 25.9 4.4 0.64 3.20 512/512 
ys5/us5 30.3 4.4 0.64 1.92 256/256 
ys6/vs6 35.6 4.4 0.64 1.92 256/256 
ys7/us7 41.8 4.4 0.64 1.92 256/256 
ys8/vs8 49.0 4.4 0.64 1.92 256/256 
ys9/us9 57.5 4.4 0.64 1.92 256/256 

ys10/vs10 67.5 4.4 0.64 1.92 256/256 
ys11/us11 79.2 4.4 0.64 1.92 256/256 
ys12/vs12 93.0 4.4 0.64 1.92 256/256 
ys13/us13 108.0 4.4 0.64 1.92 256/256 
ys14/vs14 118.0 4.4 0.64 1.92 256/256 
ys15/us15 128.0 4.4 0.64 1.92 256/256 

Total channel count: 9,472 up 9,472 down = 18,944 

.3 Analyzing magnet 

small magnet (Pt kick ::::::0.5 GeV) suffices for < 1% r.m.s. mass resolution. A modified 
lOD4S" magnet previously used by E711 is available and appears suitable (as shown in Fig
re 3.4). To achieve the desired momentum resolution, we propose to increase the magnet's 
: kick by shimming its pole pieces to a taper matching that of the instrumented aperture. 

. 4 Downstream tracking detectors 

ownstream of the analyzing magnet, the aperture is necessarily substantially larger than 
pstream, due to the divergence of the large-angle secondaries. Thus a detector technology 
. needed which can cover a large (> 1 m2 ) area but also cope with high rates. The most 
kely choice appears to be scintiliatingflbers read out with visible-light photon counters 
{LPCs) [S, 9], which have lately received substantial development support from the SSC. 
his is also the technology of choice for tracking in the DO upgrade, and we expect its 
:asibility for large-scale application to be demonstrated by the DO "3000-channel test" under 
~eparation at Fermilab. Our collaboration includes members of the SDC fiber tracking 
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group, and we are also following closely the DO-upgrade R&D effort. Alternate choices for 
these detectors include gas microstrip [51] and small-cell cathode-pad chambers [52J; we 
judge these technologies to be at a less advanced stage of development, but they are fallback 
options should unanticipated problems be encountered with fiber tracking. 

The scintillating fibers will be of the "multiclad" type lately developed by the Kuraray 
Co. for SDC. Recent test results obtained at Fermilab with such fibers show that over 60% 
more photons are captured and transmitted through them compared to single-clad fibers of 
the same type [53]. Each fiber will consist of a 740-p.m-diameter polystyrene core doped 
with 1500 ppm of 3-hydroxyflavone (3HF) and 1% of p-terphenyl (PTP), with a two-stage 
step-index cladding. The total diameter of the fiber will be 800 p.m, with each cladding 
layer of 15 p.m thickness. As detailed below, we anticipate a minimum of ~5 photoelectrons 
detected per minimum-ionizing particle, thus ensuring good detection efficiency. Tests of 
3HF+PTP-doped polystyrene fibers show that they are radiation resistant beyond 10 MRad 
fluence [54J. 

As shown in Table 3.2, we propose to build five scintillating-fiber stations. The fiber 
planes will be organized in doublets, with half-cell stagger of the planes in each doublet to 
ensure good efficiency at the boundaries between adjacent fibers and to improve the posi
tion resolution. Each station will comprise three fiber-plane doublets measuring y, tt, and 
v. Within each fiber plane the spacing is 800 p.m. Each fiber is up to 3m in length and is 
coupled to 3 m of clear optical fiber to carry the photons to the photodetectors. We believe 
that VLPCs will serve well as the photodetectors. Rockwell International Science Center has 
already produced [55] over 50,000 channels of VLPCs for UCLA, the SSC Laboratory, and 
Fermilab, of which several hundred have so far been packaged and tested. Since VLPC de
velopment is an ongoing process, devices from various production runs have differed in quan
tum efficiency and in dark-count rate. The latest batch fabricated [55] (30 wafers containing 
45,000 channels in total) have quantum efficiencies ranging from 45 to 85% for the ~530-
nm-wavelength photons produced from 3HF+PTP scintillating fibers (see Figure 3.5) [56]. 
Much of the parameter variation within a batch is attributed to low levels of contamination 
in the epitaxy process, due to Rockwell's use of their device-development epitaxial reactor 
rather than their production reactor; they are confident of achieving > 65% quantum effi
ciency routinely in batches fabricated using their production reactor, in which cleanliness is 
more stringently controlled. Nevertheless, we have designed our tracking planes based on the 
conservative assumption of 45% quantum efficiency. Rate capability of 30 MHz/pixel has 
been demonstrated [57]. The use and operation of VLPCs is by now well understood after 
several rounds of cosmic-ray [8,9] and beam [58] tests. The UCLA/Fermilab/Rockwell test 
units have operated successfully with a number of installed channels in the hundreds. Work 
is in progress at Fermilab to design cryogenic systems for DO fiber tracking to maintain the 
VLPCs at the desired temperature, and we anticipate using this design as well. 
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TABLE 3.2 Scintil1ating~Fiber Detector Configuration 

plane z IXmozl IYminl IYmozl channels / arm 
(cm) (cm) (cm) (cm) 

yf1 259 52 1.5 42.46 1024 
ufl 260 52 1.5 42.46 1024 
vf1 261 52 1.5 42.46 1024 
yf2 359 72 1.5 62.94 1536 
uf2 360 72 1.5 62.94 1536 
vf2 361 72 1.5 62.94 1536 
yf3 459 92 9.0 51.46 1024 
u£3 460 92 9.0 51.46 1024 
v£3 461 92 9.0 51.46 1024 
yf4 659 112 1.5 16.86 384 
uf4 660 112 1.5 16.86 384 
vf4 661 112 1.5 16.86 384 
uf5 859 150 2.0 22.48 512 
vf5 860 150 2.0 22.48 512 
yf5 861 150 2.0 22.48 512 

Total channel count: 13,440 up + 13,440 down = 26,880 

The fiber core diameter is chosen to give efficient tracking and good resolution with fibers 
up to 3 m in length. The photoelectron yield is extrapolated from measurements made at 
UCLA and Fermilab. Cosmic-ray tests were carried out at UCLA [9] using Kuraray single
clad fibers, of 785 p.m core diameter and doped with 1000 ppm of 3HF and 1 % PTP, coupled 
to 3 m of single-clad clear fiber. Cosmic rays passing 60 cm from the optical joint yielded 11.5 
photoelectrons, using VLPCs with 80% quantum efficiency. We expect a > 60% increase in 
light yield from the multiclad fibers, a 10% increase from the higher dopant level, and up to 
a 40% loss due to attenuation. {The photon attenuation length in the multiclad scintillating 
fibers is expected to be 5 m, and in the clear optical fibers, 7.5 m.} Thus a minimum of 
12 photons will be incident on the VLPCs for minimum-ionizing tracks passing through 
the fibers at normal incidence, giving >5 photoelectrons even for VLPCs of 45% quantum 
efficiency. The staggered doublets should provide RMS position resolution of ~100 p.m. With 
the SDC fiber tracking group we have developed techniques to place fibers to the precision 
needed to preserve this resolution. 
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3.5 Particle identification 

For complete particle identification, the tracking system just described is augmented with 
Cherenkov detectors, TRD, calorimetry, and a muon detector. We are exploring possible 
options for these devices, including the reuse of existing equipment from E789 and other 
completed experiments. 

3.5.1 Ring-imaging Cherenkov counter 

Hadron identification is desirable, both to reduce the combinatoric background for decays 
containing charged kaons and to permit kaon tagging of the second B. These functions could 
be performed by a series of threshold Cherenkov counters, but a ring-imaging Cherenkov 
(RICH) counter can identify hadrons over a larger momentum range and with shorter de
tector length, thereby reducing the total cost of the spectrometer. In addition, a RICH is 
better able to cope with the high density of particles produced at small angles. Appendix II 
summarizes the design issues and alternative technologies available for a fast RICH counter. 
Of the three technologies considered, we propose to choose VLPC readout due to its high 
speed, high rate capability, high quantum efficiency in the visible, good aging characteris
tics, and commonality with other systems used in the spectrometer. Working in the visible 
(rather than the UV as in previous RICH counters) leads to reduced radiator-contamination 
problems and improved mirror reflectivity. 

In detail, the specific choice we have assumed in all simulations for this proposal is a 
1.9-m-Iong radiator of 20% argon and 80% C.F10. This gives a Cherenkov angle of 50 mr 

for a f3 = 1 particle, and thresholds of 3/10/20 GeV for 1r / K/p. An array of 16 mirrors, 
each 60-cm square and of 1.8-m focal length, will focus the Cherenkov light on two 64-by-64
element hexagonal arrays of Winston cones (on 4-mm centers) at the ring focus above and 
below the active aperture. Each Winston-cone array will have 4096 clear fibers capturing and 
transporting the photons to a VLPC array external to the radiator volume. The VLPCs will 
record ;::::50 photons per ring at f3 = 1 (spread over ;::::125 cells), determining the Cherenkov
ring radius to ;::::0.2 mm RMS. This will allow 1r IK separation to about 100 Ge V Ic. 

3.5.2 Transition-radiation detector 

Electron identification using longitudinally-segmented calorimetry typically can reject hadrons 
at the 10-3 level. With the proposed use of single leptons as beauty flavor tags, more strin
gent rejection is desirable. This can be achieved using the transition radiation emitted by 
fast (typical "I > 10·) electrons. The high proposed interaction rate places stringent require
ments on the speed of signal generation. A design for a fast transition-radiation detector 
(TRD) has been developed and tested at CERN [59]. It employs small (4-mm diameter) 
thin-walled straw-tubes embedded in a polyethylene-foam radiator. Hadron rejection at the 
10-2 - 10-3 level has been demonstrated [59]. The straw tubes have a maximum drift time 
of 32 ns, somewhat longer than is desirable given the 19-ns bunch spacing of the extracted 
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beam. However, the TRD will be used to confirm the electron identity of a track which 
has already been reconstructed using the good timing of the scintillating fibers, thus some 
pile-up from neighboring buckets is acceptable. We estimate that R:20k channels will be 
required. 

3.5.3 Calorimetry 

An electromagnetic calorimeter is needed for electron identification and photon and 1r0 re
construction. A hadronic calorimeter is desirable to catch electromagnetic shower leakage, 
help identify muons, and provide a fast trigger which can be used to enhance the beauty 
fraction of triggered events. It is also possible that a fraction of decays including final
state neutrons and K2 's might be reconstructed; E687 has demonstrated this capability 
using photoproduction, but it remains to be demonstrated in the (dirtier) hadroproduction 
environment. As shown in Figure 3.4, we propose separate-function electromagnetic and 
hadronic calorimeters. We next outline our concepts for the electromagnetic calorimeter. 

We require the electromagnetic calorimeter to identify electrons and photons, and to mea
sure their energies and positions. Because of the high interaction rate, we are constrained 
by the occupancy per cell and the total particle flux passing through the calorimeter. Fur
thermore, to keep the size of the detector elements downstream of the calorimeter within 
reason, we wish to place the calorimeter as far upstream as possible. As shown in Figure 3.4, 
we propose to locate the calorimeter 10 m downstream of the target, with a cross-section 
of 4 m x 3 m. The innermost cells will be located 8 cm from the beam axis. With an an
ticipated 4 photons per unit rapidity per interaction, at 1 interaction/event there will be 
0.07 photons per cell of 10-cm2 area at this radius. However, the true occupancy is com
plicated by the lateral size of the showers; this leads us to a design which minimizes the 
Moliere radius. Furthermore, fluctuations in instantaneous intensity introduce a trigger bias 
which favors high-multiplicity buckets; thus we are designing for an average intensity of two 
interactions / event. 

Our design choice is a Pb/scintillating-tile calorimeter with fiber readout, as is presently 
being prototyped for the SDC detector. With sandwiches of 3-mm Pb and 6-mm scintillator, 
a stochastic term of lO% in the energy resolution is predicted by an EGS4 simulation of 
the calorimeter. (A similar result was obtained by the SDC collaboration and is shown in 
Figure 6-6 of the SDC Technical Design Report.) The constant term should be kept at or 
below 2% for this device. Twenty-seven radiation lengths are sufficient for 95% containment 
of showers up to 200 GeV. Experimental studies of a device of similar design have shown 
that over 80% of the shower is contained within a cone of radius 3.2 cm about the shower 
axis [60], thus we believe segmentation at this level is feasible. Since the occupancy falls off 
quadratically with radius, we use cells of 3.2 cm by 3.2 cm from 8 to 40 cm from the beam, 
6.4 cm by 6.4 cm from 40 to 78.4 cm, and 12.8 cm by 12.8 cm beyond 78.4 cm. The total 
number of towers is then 1,420. With two segments in depth, 2,840 readout channels are 
required. 

27 




The issue of possible radiation damage can be addressed by considering the particle flux 
at shower maximum. For a 20-GeV shower, we expect 200 minimum-ionizing particles (mip) 
at shower maximum [61]. In the worst case this will be totally contained within one tower 
of area 10 cm2 • Since the shower occupancy is 0.07/interaction, we have 1.4mip per cm2 per 
interaction. For a run of 1.5 x 1014 interactions the cumulative dose will be 7 MRad. The 
measurements of Bross and Pla-Dalmau [54] on 3HF-doped polystyrene indicate that rapid 
exposure to 10 MRad can reduce light yield by about 20%. For concentrations of 1% 3HF 
and above, annealing by exposure to air at room temperature for about 3 weeks restores the 
light yield to 97% of the unexposed value. Thus we do not expect severe radiation damage 
under our conditions, but will monitor the scintillator response throughout the run. The 
mechanical design will allow for replacement of the innermost towers if needed. This choice 
of scintillator leads us to choose phototubes with multialkali cathodes to match the emission 
spectrum of the 3HF fluor. 

While the energy sharing among the calorimeter towers will give some spatial informa
tion, we are exploring the construction of a preshower sampler or a shower-maximum position 
detector. The former can enhance the 1C' / e rejection and provide precise position measure
ment for photons; the latter can also give precise position information and might improve 
the two-shower resolution. We would employ a design based on scintillating strips read out 
by fibers and VLPCs. With 2-mm strips, a total of 4,500 channels in either detector would 
provide y-u-v small-angle stereo. 

Due to the larger transverse spread of hadron showers, the hadron calorimeter need not 
be as finely segmented as the electromagnetic. We propose an Fe/scintillator tower array, of 
transverse segmentation one-half that of the electromagnetic calorimeter, and with only one 
segment in depth. The total channel count is thus 360. 

For the calorimeters themselves the per-channel cost includes $100 for towers, $100 for 
phototubes, and $50 for ADCs and cabling. (We anticipate the need for 12-bit dynamic 
range; by contrast, the 16-bit KTeV ADCs are estimated to cost $170/channel.) The total 
calorimeter cost is thus ~$1M. An alternative design which reduces the occupancy per tower 
close to the beam uses tungsten as a converter and is also under study. 

3.5.4 Muon identification 

With some modification, the existing E789 muon detector is suitable for use in the proposed 
experiment. It consists of scintillation hodoscopes and proportional-tube chambers covering 
a 3 x 3m2 area, interspersed with zinc and concrete absorber, and provides position mea
surement in :z: and y with 4-mm resolution. The detectors and absorbers will be rearranged 
to create a 10 cm gap at beam height and to provide small-angle stereo measurement. 

3.6 Triggering 

The goal of the triggering system is to reduce the event rate from the 53 MHz accelerator RF 
frequency to the 5 - 25 kHz which can be written to tape. The least biased trigger approach 
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is one based on secondary-vertex detection, and we propose to trigger on vertices at Levell 
using the Cherenkov-based optical impact-parameter trigger already under development by 
our collaboration [1,2]. In addition, Level-l triggers selecting high-Et events and events 
containing high-pt leptons or photons can be provided by the calorimeters and the muon 
system; we intend to employ these as redundant alternatives to the optical trigger which can 
be used to study its efficiency. Subsequent levels of trigger can make use of track information 
from the silicon-strip and scintillating-fiber planes in fast matrix, memory-lookup, or neural
network systems, and the final trigger decision can be made by a fast processor system, 
to select events containing tracks consistent with moderate- or high-mass states decaying 
downstream of the target. All of these approaches are under investigation, and we intend to 
present detailed simulation results shortly. 

3.6.1 Level-l (main): optical impact-parameter trigger 

The optical trigger, conceived by Charpak, Giomataris, and Lederman [1], is a powerful 
technological advance in triggering on displaced vertices. It consists of a thin spherical 
shell of transparent crystal of refractive index nl, focussed on the (point-like) target and 
surrounded by a medium of refractive index n2 (see Figure 3.6). The indices are chosen so 
that 

with f small and positive. It is straightforward to show that under this condition, Cherenkov 
light emitted within the crystal by particles originating in the target escapes through the 
convex face of the crystal; in contrast, particles whose tracks have sufficiently large impact 
parameter at the target emit Cherenkov light a portion of which is trapped within the crystal 
by total internal reflection. Trapped Cherenkov photons emerging at the edge of the radiator 
are imaged by an array of clear multi clad optical fibers. The acceptance angle of the fibers 
is ±30o and their photon attenuation length is 9 m. The fibers transmit the photons to 
VLPCs, which are located 3 m from the beam axis. 

Appendix III discusses optical-trigger design issues in detail. Our current design is a 
4-shell sandwich of sapphire radiators clad with quartz or liquid-CCL,. The total thickness 
is 2.5% of a radiation length (we have verified by Monte Carlo simulation that this makes 
only a small contribution to the mass resolution at the D and a negligible contribution at 
the B). With CCl" cladding we calculate 2.5 photoelectrons detected per charged particle at 
an impact parameter of 500 p.m. Simulations based on PYTHIA indicate that requiring at 
least 2 photoelectrons detected should then provide a rejection of 10 against minimum-bias 
events, with beauty and charm efficiencies of 70% and 30% (respectively). We are working 
on approaches for achieving additional minimum-bias rejection based on simple pattern
recognition using the detected image; a fallback position which is capable of ~ 100 rejection 
is to divide the radiator into azimuthal segments and require a two-fold coincidence [62]. 
The design will continue to evolve in concert with the ongoing test-beam effort at CERN. 
This effort will address such issues as the optimal choice of radiator and cladding materi
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als, optimization of the optics for light-collection efficiency and chromatic aberration, and 
detailed studies of backgrounds and methods for their rejection. 

First tests of the optical-trigger principle have been carried out using test beam at Fermi
lab and at CERN. The results are encouraging and have been submitted for publication [2, 3] 
(see Appendix IV). The performance of a realistic trigger, including VLPC readout, will be 
tested this summer in a test beam at the CERN PS. 

3.6.2 Level~l (alternate): E t trigger 

Based on the differential cross section vs. Et measured in 800-Ge V p-Pb interactions by 
E557/672 [63,64], Figure 3.7 shows the efficiency for minimum-bias events vs. Et threshold. 
(We have not yet included in this calculation effects due to calorimeter resolution or magnetic 
deflection of charged particles.) One sees that (for example) an 8-GeV Et threshold gives a 
rejection factor of 4, and a 10.5-GeV threshold 10. 

To evaluate the efficacy of an Et trigger for charm or beauty, one needs to model the Et 

distribution of heavy-quark events produced in a heavy target. A commonly used model, 
that of the PYTHIA Monte Carlo, is unsuitable in that it lacks nuclear effects; PYTHIA 
predicts < E t >= 1.6 GeV for minimum-bias events, in disagreement with the heavy-target 
data [64]. PYTHIA's predicted 8-GeV mean E t for beauty events is thus suspect in the 
case of a heavy target. The FRITIOF Monte Carlo does model nuclear effects but does 
not contain a bb generator. To estimate beauty efficiency vs. Et threshold then requires 
a procedure such as coupling PYTHIA bb generation with FRITIOF nuclear fragmentation 
effects. This study is in progress. 

A simple preliminary estimate suggests that an E t trigger for beauty may be effective: 
if the 8-Ge V mean Et predicted by PYTHIA for beauty adds linearly to the 6-Ge V mean 
Et observed by E557/672 [64] for minimum-bias events, an 8-GeV threshold in Et could 
have efficiency close to 1. These effects are rather subtle, and their Monte-Carlo simulation 
is unlikely to be sufficiently trustworthy to depend on in designing a beauty trigger. We 
therefore intend to study the efficacy of an Et trigger for beauty experimentally as part of 
the proposed experiment. 

3.6.3 Level-l (alternate): lepton/photon triggers 

A coarse muon coincidence will be generated using sixteen-channel summed signals from 
the y detectors in the two muon planes. Likewise a series of fast calorimeter outputs will 
be generated for sections of the electromagnetic calorimeter. Using standard NIM logic a 
(lepton ED photon)up . (lepton ED photon)nowN signal can be formed which will be used as 
an alternate Level-l trigger. Single-lepton and -photon triggers will also be provided, with 
Pt thresholds adjusted so as to give acceptable trigger rates. These alternate triggers are 
invaluable in maximizing the sensitivity to heavy-quark decays which include leptons or 
photons. The lepton triggers complement the E t trigger in that heavy-quark events with low 
calorimetric Et typically contain final-state muons. 
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3.6.4 Level-2: silicon trigger matrices 

A fast triple coincidence of neighbouring silicon planes can be used to trigger on tracks 
with an apparent finite impact parameter. The geometrical spacing of the silicon planes 
is arranged so that neighbouring y planes are at distances of z, 1.17z, and 1.38z. Thus, 
the projection of single 50-p.m-wide microstrips from the first and last planes to the target 

defines an impact parameter with an RMS resolution of about 100 p.m. The triple coincidence 
with the middle plane serves to suppress chance coincidences from neighbouring tracks in 
the silicon. The matrix can be set to trigger on impact parameters from 100 to 1000 p.m. 
Simulations show that this gives an efficiency of almost 100% for B decays that fire the 
Level-l optical trigger, and a further rejection of at least ten against the events that fool the 
optical trigger: delta rays, low-energy backgrounds, etc. 

The matrix required is the classic almost-diagonal matrix that can be implemented in 
fast gate-array logic, possibly arranged in a neural net to facilitate tuning for the needed 
rejection. A coincidence between a matrix output in the upper silicon planes and the lower 
silicon planes constitutes the second-level trigger. Since the average track passes through six 
y silicon planes, the inefficiencies of this trigger due to single missing silicon hits should be 
very low. Detailed simulations of this trigger strategy are in progress. 

3.6.5 Level-3: trigger processor 

E789 demonstrated the efficacy of a trackfinding trigger processor in reconstructing charm 
decay vertices on-line. The processor [7] was constructed from Nevis Laboratories processor 
modules [65] and used hits in the bend-view drift chambers, hodoscopes, calorimeter, muon 
detectors, and silicon detectors to find tracks in two dimensions, requiring the presence of 
tracks consistent with a decay vertex downstream of the target. (For monitoring purposes, 
a prescaled sample of events failing the processor requirements was also recorded.) The 
processor provided a rejection factor of 10 for noncharm events. Due to its relatively simple 
algorithm, it was rather sensitive to inefficiencies in the silicon planes, leading to an efficiency 
for D -+ dihadron events of 50% and hence an overall enhancement factor of 5. 

A more complex algorithm has been implemented in a Nevis processor by the E690 
collaboration and successfully used to carry out the E690 first-pass data reduction, recon
structing 5.4 x 109 events in ::::::5 weeks of processing time [66]. While the suitability of the 
Nevis approach for implementing complex pattern-recognition algorithms has thus been am
ply demonstrated, the early-1980s technology (ECL-I0,000 MSI integrated circuits) which 
it represents has been superseded by recent developments. Using field-programmable gate 
arrays, application-specific integrated circuits, or full-custom integrated circuits, it is now 
possible to construct modules based on the Nevis approach but featuring significantly im
proved speed, density, reliability, and ease of use [67]. We thus propose to update the 
processor implementation using whichever combination of these technologies proves most 

cost-effective. 
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3.7 Data acquisition 

3.7.1 Front end 

Fully-pipelined front-end electronics are under development for KTeV and SSC experiments. 
We anticipate that a similar system is appropriate for the proposed experiment. The pream
plifiers of the silicon, scintillating-fiber, and RICH detectors will put out parallel streams of 
pulses which can be discriminated and stored 1 bit/channel in digital pipelines. Since the 
first- and second-level triggers are quite fast, a pipeline depth of some tens of buckets should 
suffice. When the first- and second-level triggers are satisfied, the appropriate pipeline bucket 
needs to be retrieved, sparsified, and read into event buffers in '" 1 ps for processing by the 
trigger processor. 

The Fermilab QPA02 ASIC preamplifier used in E771 and E789 is suitable for readout of 
the silicon and fiber systems. However, a new scheme for mounting the preamplifier chips on 
the silicon detectors is desirable, to reduce both the capacitance of the fanout traces and the 
tendency of the QPA02 to oscillate. The discriminator could be based on the Berkeley design 
used in E789 or the Fermilab design used in E77!. In addition to feeding the pipelines, the 
discriminator needs to provide prompt outputs for the trigger matrices. The digital pipeline 
need not be as sophisticated as that being designed for KTeV, since for our purpose it should 
handle streams of independent bits rather than 16-bit words on which arithmetic is to be 
performed. We believe that a simple pipeline chip suitable for our experiment would be a 
natural building block for the more sophisticated KTe V application. For the calorimeters, 
the 16-bit KTeV /SSC phototube-base/ADC could be employed, but we believe that our (less 
demanding) application does not justify the cost. We propose to use instead a conventional 
phototube base with delay cable and remote 12-bit ADC. 

3.7.2 Back end 

The cost of computing continues to fall by about a factor of 2 per year. In 1991-92 E789 
recorded > 109 events, which will all have been reconstructed during the ~l-year period 
ending in the summer of 1993. While E791 arguably recorded more data than is optimal to 
process at this time (2 x 1010 events), it appears likely that by 1997 it may be practical to an
alyze"" 1011 events/year (see Figure 3.8). The physics goals presented above will require the 
amassing of high statistics for charm decays. In view of the difficulty of achieving adequate 
efficiency for charm with better than 10-3 trigger rejection, we believe it is appropriate to 
plan for'" 1011 events recorded per run. If the trigger functions well, we may find we do not 
need this full capacity, however it would be unwise to plan on significantly lower bandwidth. 

The above bandwidth is a straightforward extrapolation of what has been achieved by 
E690 and E791, and we believe it is within the scope of the DART data-acquisition system 
under development by the Fermilab Computing Division. We expect our events to be similar 
in length to those of E791 (~10 kb). Since the construction of the E791 data-recording 
system, which employs 40 8-mm Exabyte tape drives in parallel, Exabyte has developed 
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improved drives which provide a factor 2.5 in density and a factor 2 in data rate. Considering 

that the E791 data set was recorded only during the latter half of the run, one sees that a 
""lOll-event/run recording capability already exists. Another alternative is the Honeywell 
VLDS drives employed by E690j a single VLDS drive allowed the recording of 5.4 x 109 

events during the few-week E690 run. 

3.8 Beam and target 

The optical impact-parameter trigger requires a small interaction region. To achieve this we 
intend to focus a primary proton beam on a high-Z (probably gold) target approximately 

300 JLm in diameter x 2 mm in thickness. Depending on the target chosen and the limiting 
rates in the spectrometer, beam intensities up to about 1011 protons per pulse may be 

required. 
The target will be mounted by thin filaments to a remotely-controlled stage, which can 

be translated in all three dimensions to permit precise alignment relative to the optical 
trigger. As in E789, the target should be located in vacuum to eliminate possible confusion 

between decay vertices and downstream interactions. The thin beam-vacuum window will be 
located just downstream of the optical trigger and just upstream of the silicon-detector box. 
Downstream of the silicon detectors, the beam will be transported through the spectrometer 

to the dump via a thin-walled vacuum pipe. 
It is not yet clear in what beam line the proposed experiment could best be carried out. 

One option is Meson East, with the apparatus to be installed upstream of the large "SM12" 

analyzing magnet and beam dump. E789 targeted ~ 70% of the Meson-East beam on the 
1010thin edge of a gold target 250 JLm high x 5 cm wide x 3 mm thick, at intensities up to 6 X 

protons per pulse. To achieve a comparable targeting fraction on a 300-JLm-diameter target 
will require some rearrangement of the existing focussing elements in the beam line. The 

optimal way to implement this is under study. 
In the Meson-East option, some of the new equipment could be installed for testing 

before the 1994/95 run and debugged using beam halo during the short E866 run. (The 
silicon detectors could be in the tunnel during this period but could not be moved into their 
final positions until the completion of E866.) Upon completion of E866, the new target 

and the optical trigger would be installed. We are also investigating the suitability of other 
Fermilab beam lines which may become available. 
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4 BACKGROUNDS 
In an experiment such as proposed here, in which small signals are sought, backgrounds are 
a prime concern. Some of us [68] have done extensive studies in the past on backgrounds 
to the observation of beauty decays in fixed-target hadroproduction, and we believe that 
these studies remain applicable to the proposed experiment. E789 has demonstrated the 
power of vertex cuts, in a geometry comparable to the one proposed, to suppress adequately 
light-quark backgrounds to charm and beauty (see Figure 4.1) [69]. One must then consider 
whether backgrounds from the heavy-quark events themselves will compromise the proposed 
measurements, as well as whether differences between the proposed experiment and E789 
affect the light-quark background in detail. 

4.1 Dihadronic beauty decays 

Due to their small expected banching ratios and the small number of constraints in a two
prong vertex fit, dihadronic beauty decays pose an especially challenging background prob
lem. Events from the QCD dihadron continuum will occasionally fake decays downstream of 
the target due to large scatters in the first silicon plane or pattern-recognition confusion in 
the vertex reconstruction. In modes containing kaons or protons, Cherenkov hadron identifi
cation provides a suppression factor ranging from 3 to over 10 against continuum events. In 
E789, superb mass resolution, combined with vertex cuts, was key to reducing the QCD7r7r 
continuum to the < 10-& beauty-branching-ratio level. It is not as easy to achieve :::::::0.2% 
mass resolution for EO ~ dihadrons in a large-acceptance experiment such as proposed here; 
Monte-Carlo simulation of the proposed apparatus indicates 0.5% RMS mass resolution for 
EO ~ 7r+7r- (see Appendix I). This mass resolution will be adequate in view of the factor 
:::::::100 rejection against light-quark events which the optical trigger will provide (note that the 
optical trigger is insensitive to scattering in the silicon and to tracking pattern-recognition 
problems). 

Another concern is beauty decays in which there are missing neutrals, for example EO ~ 
P+7r- followed by p+ ~ 7r+7r0 • In the Wirbel-Stech-Bauer model [24] the branching ratio for 
this mode is predicted to be :::::::3 times that for EO ~ 7r+7r-. However, the mass resolution 
of the proposed spectrometer is sufficient to leave only a negligible fraction of such decays 
in the BO ~ 7r+7r- mass region (see Figure 4.2). 

4.2 b -+ s, 
We expect that the dominant background to the search for b ~ s"( will be other photons 
(primarily from 7r0 decay) in the beauty event. Appendix I details the simulations in progress 
to study this background and its rejection. Preliminary results are promising, indicating that 
a rejection factor> 103 can be achieved while retaining signal efficiency> 10%. 
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4.3 Other modes 

Simulations of backgrounds to other modes of interest are also in progress, but results at 
this time are too preliminary to report. 
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5 COMPETITION 

Studies of B physics at CESR, DORlS, and LEP, and at pp colliders such as SppS and the 
Tevatron, show that much B physics will be carried out at existing e+e- and pp colliders. 
However, particular goals of this proposal, such as the study of B -+ X + rand B. mixing, 
will be very difficult at both e+e- and pp colliden. At the e+e- colliders the total sample 
of bb final states is limited, in the case of LEP to 106 produced events in the final data"-J 

set, and in the case of CLEO to ....., 107 produced events by 1996. For pp colliders the rate 
of bb production is much greater, but a restrictive trigger is required to reduce the rate to 
an acceptable level, and in existing detectors the tagging efficiency for the other B in the 
event is quite small. We therefore believe that a dedicated optically-triggered fixed-target 
experiment is competitive with these experiments. We note that charm studies are even more 
difficult at the e+e- and pp machines, since the experimental signature of high-pl. leptons 
used for bb tagging and triggering is less effective for charm. Even an e+e- r-charm factory 
would not provide an adequate rate to search for DO mixing at the level suggested in this 
proposal. 
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6 COST ESTIMATES 
The preliminary estimated breakdown of costs is as follows: 

l) Silicon Detectors 
Silicon (30 double-sided wafers + spares) 
Mounts 

$300k 
50k 

Preamps (20k channels) 
Discriminators/Delay/Latch (20k channels) 
A/C & RF shielding 

lOOk 
500k 
50k 

Total $1.0M 

2) Scintillating-Fiber Tracking 

Rockwell International Science Center has prepared a cost estimate for the SSC Fiber 
Tracking group giving a per-channel cost of $52, broken down as follows: 

Fibers and mechanical support $ 2 
VLPCs and cryogenic cassettes: 25 
Amplifiers: 5 
Readout electronics, cables, & connectors: 20 

giving the following total cost: 

27k channels x $52/ channel = $l.4M 

3) RICH 
VLPC readout (8k channels) $400k 
Tank, mirrors, gas system 500k 

Total $O.9M 

4) TRD $1.0M 

5) Calorimeters 
Electromagnetic calorimeter: 

Towers $300k 
Phototubes 300k 
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ADCs & cabling 
Preshower or shower-maximum detector: 
Hadron calorimeter: 

Towers 
Phototubes 
ADCs & cabling 

Total 

150k 
200k 

40k 
40k 
20k 

$1.1M 

6) Trigger and DAQ system $1.0M 

Grand Total $6.4M 
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7 PROPOSED SCHEDULE 

7.1 Near-term schedule 

• 	 Run 1 (1994/95) Test as much as possible: at least a portion of the silicon and fibers 
and the optical trigger, a partial RICH counter, and an E t trigger using a borrowed 
calorimeter 

• 	 Run 2 (1996/97) Full run with full coverage, triggering, and particle-ID 

7.2 Longer-term prospects 

Experience teaches that in high-rate experiments aiming to detect small signals, each new 
order-of-magnitude in sensitivity brings with it new problems, the nature of which is often 
difficult to anticipate in advance. (For example, E70/288/494, before discovering the b 
quark, took data in Proton Center for five years; this experience was crucial and provided 
ultimately a factor> 1000 in sensitivity.) We intend to carry out a program of staged 
upgrades, proceeding in a natural way towards a CP-Ievel experiment by the end of the 
decade. 

Three ideas for achieving CP-Ievel sensitivity have been considered. One of us [4] has 
sketched an experiment based on radiation-hard silicon pixel detectors which appears to have 
the necessary interaction-rate capability. Pixel detectors are under intensive development 
by several groups [47] in preparation for experiments at LHC and SSC, and it is likely that 
they will become available in radiation-hard versions before the end of the decade. 

The second idea [5] is to take advantage of the strong energy dependence of the beauty 
cross section [70], yet retain the relative ease of triggering and secondary-vertex reconstruc
tion provided by fixed-target geometry, by arranging collisions between proton beams of 
widely differing energies. This might be achieved by modification of the Main Injector to 
allow collisions between its beam and that of the Tevatronj to preserve the desired small 
interaction region, the beams should be made to cross at a modest angle. Preliminary 
discussions with Main Injector accelerator physicists indicate that such a scheme may be 
feasible [71]. More generally, the detector might be moved to a higher-energy interaction 
region, for example fixed-target or collider operation at LHC or SSC. Even internal-target 
operation at the SSC REB would provide an order-of-magnitude increase in cross section 
compared to 800 GeV, probably sufficient for sensitive CP-violation measurements. We note 
that the proposed detector bears a generic resemblance to forward spectrometers proposed 
for Tevatron- and SSC-collider operation and could straightforwardly be augmented at large 
angles to improve the beauty acceptance at 2 - 40 TeV. 

A third possibility is that a spectrometer composed largely of silicon microstrip detectors 
might be operable beyond the generally accepted limit of irradiation, either through im
provements in silicon-detector fabrication techniques or through explicit engineering of the 
mounting system for ease of chip replacement, so that damaged detectors might be replaced 
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several times in the course of a run. (The latter approach has been proposed by the ARGUS 
group for an internal-target B-decay OP-violation experiment at HERA [10].) 

We recognize that any or all of these techniques may prove insufficient to reach OP 
sensitivity. However, even in that case, one will have done substantial beauty and charm 
production and decay physics, made precise mass and lifetime measurements, and developed 
techniques for triggering, vertex reconstruction, B tagging, and particle detection and iden
tification at high rates. (It would help to understand some of these technical issues before 
building SSO and LHO beauty experiments!) 
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APPENDIX I: DETAILS OF SIMULATION STUD
IES 

We are carrying out several simulation studies for this proposal. They range from sim
ple aperture-based estimates of geometrical acceptance to full GEANT simulation of the 
proposed apparatus, using PYTHIA and FRITIOF event generators. 

1.1 Acceptance simulation 

To estimate the geometrical acceptance of the proposed spectrometer, we generate individual 
charm or beauty particles according to phenomenological models and force them to decay 
in particular modes of interest. We then track the decay products through a simulation 
of the apparatus which includes Moliere scattering in all detector materials. Production 
models used are listed in Table I.1. Due to the large angular coverage of the proposed 
spectrometer, the acceptance is relatively insensitive to the details of the production and 
decay dynamics and depends to first order only on the number of particles in the final 
state. This is summarized in Table I.2. Acceptance per prong averages somewhat lower for 
charm than for beauty; we attribute this to the lower average laboratory-frame momentum 
of charm decay products, which increases the probability of a particle being de:Bected out of 
the aperture by the analyzing magnet. Figure 1.1 shows the daughter momentum spectra 
and the ~F and Pt distributions of charm and beauty particles for which all decay products 
are accepted. 

TABLE 1.1 Production models used in acceptance simulations 

model quark dN/d(ptF dN/d~F 

1 charm exp(-pU2) (1 - I~FI)7.6 

2 charm exp ( -pi /2.275) exp (-40~}) 
3 beauty exp (-pU5.275) exp(-18~}) 

4 beauty exp ( -P: /125) exp(-18~}) 
5 beauty PYTHIA PYTHIA 
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TABLE 1.2 Geometrical acceptance for various decays modes and models 

model mode acceptance RMS mass resolution 
(MeV) 

1 DO -+ K-7r+ 0.45 ± 0.02 6.7 ± 0.3 
2 DO -+ K-7r+ 0.47 ± 0.01 6.5 
3 BO -+ 7r+7r 0.55 ± 0.01 23.5 ± 0.8 
4 BO -+ 7r+7r 0.55 ± 0.02 25 ± 1 
4 B± -+ J /"pK± 0.42 ± 0.02* 19 ± 1 
4 BO -+ J /"pK. 0.16 ± 0.01* 17 ± 2 

4 BO -+ JjopO -+ K+7r-7r+7r 0.29 ± 0.02 28 ± 2 

* assuming K. is reconstructed in the silicon detectors; acceptance doubles if K. allowed 
to decay inside analyzing magnet 

1.2 Resolution simulation 

To study resolution effects, we add least-squares trackfitting to the simulation just described. 
We have also used a more detailed GEANT-based simulation, featuring Kalman-filter track

fitting, to verify the results of the first simulation. A magnet with 0.5-Ge V Pt kick is assumed, 
with the detector dimensions, locations, and pitches as given in Section 3 above. Figure 1.2 

shows the reconstructed mass distribution for BO -+ 7r+7r- decays. Figure 1.3 shows the 

resolution in decay distance (zreconstructed - Zthrown) and in proper time (Treconstructed -Tthrown)' 

The RMS mass resolution for various modes is summarized in Table 1.2. 

1.3 Pattern-recognition simulation 

A key issue is the performance of the proposed detector configuration for pattern recognition. 
Sufficient redundancy is required for reliable track:finding with good rejection against ghost 
tracks; on the other hand, too many redundant measurements not only wastes resources but 
degrades resolution by increasing multiple scattering. The proposed geometrically-spaced 
silicon detectors provide 12 hits per track on average, independent of angle from 8 to 150 
mr. A full simulation of track reconstruction is quite involved, and while we have begun 
such a study, we do not yet have results to present. 

1.4 b -+ 8'1 simulation 

Simulation studies are being conducted of the photons from the inclusive decay b -+ 8'1 

and the exclusive decay B -+ K*°'Y using the Monte Carlo program PYTHIA to generate 
B events. Since b -+ 8'1 decays are not implemented in PYTHIA, we treat the decay as 
two-body, assuming that the 8 and spectator quarks hadronise into a state with a mean 

mass halfway between the K* and the K:. This generates a mass distribution with FWHM 
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equal to the K; - K'" mass difference. The shape is a gaussian, truncated at the low end at 
the mass of the K'" and at the high end at the mass of the B. 

We assume an energy resolution of ~, an angular resolution of 1 mr for 'Y's, and (since 
the calorimetric photon measurement will dominate the resolution) a perfect momentum 
resolution for hadrons. 

The transverse momentum distributions for 'Y's from B events have been obtained. The 
B background includes all 'Y's; the signal includes only those 'Y's originating from the b quark. 
The Pt spectrum of 'Y's from non-B events is also obtained to permit background subtraction. 

According to Ali the Standard-Model prediction for the branching ratio of b -+ S'Y is 
(2'" 5) x 10-4 • Assuming a branching ratio of 4 x 10-4, 20 signal events correspond to the 
50,000 background events we generated. Since even at the peak of the signal Pt spectrum 
the background exceeds the signal by 2 orders of magnitude, we have investigated several 
cuts to see whether we can extract the signal from the background. 

In order to suppress 'Y's from 1['0, we exclude from the analysis all 'Y's which are consistent 
(within the calorimeter resolution) with making up a 1['0 in combination with any other 'Y 
in the event. Various 'Y'Y mass-range cuts are examined. Excluding the range 0 < mn < 
0.2 GeV, the signal-to-background ratio is improved by a factor of 140 with a signal retention 
of 55%. 

At the high end of the Pt spectrum the signal-to-background ratio is further increased by 
a cut on the energy of the gammas. The E.., distribution from background events drops off at 
40 GeV, whereas the distribution for signal events is relatively uniform from 0 to 120 GeV. 
Requiring E.., > 40 GeV, the signal-to-background ratio is improved by an overall factor of 
2500, with a background retention of 15%. This cut is so effective that we are left with too 
few simulated background events to complete the analysis, and much higher Monte-Carlo 
statistics are needed. 

Preliminary studies are also being conducted of the exclusive decay mode B -+ X "'0'Y. 
The 1['0 mass-range cut used above to veto 'Y's from 1['0 is again applied. The next cut used is 
to require X 1[' pairs to fall within the X'" peak by vetoing events in which the invariant mass 
is outside the range 0.7 to 1.1 GeV. Following this the X"''Y pairs are required to lie near the 
B mass, from 5.0 to 5.5 Gev. The final cut is to veto events in which the opening angle of 
the X"''Y pairs is outside the range 24 to 560 mr. Again these cuts are so effective that we 
need to continue the study with higher statistics. The results are promising, and we believe 
that with optimised cuts we may be able to distinguish the signal from the background. 
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APPENDIX II: RICH DESIGN ISSUES 

The RICH is to provide 7r/K discrimination up to ~100 GeV/c with a kaon threshold of 
~10 GeV. It is desired to cover the entire angular range of the proposed spectrometer (8 
to 150 mr in y and ±200 mr in z) with a detector of minimal length and cost. The central 
region must allow for the passage of the beam protons. There is still much design work to be 
done, but this section will provide a guide for what is needed and rough cost estimates. For 

a first run, one might very well use a RICH from another experiment, with some upgrades 
to make it usable at our interaction rates. 

Several current research projects are attempting to design RICH detectors similar to 
what would be required for this experiment [72]. Demanding applications such as LHC 
and SSC experiments illustrate the range of approaches which appear feasible at this time. 
Detailed studies for our proposed geometry are in progress; we describe here our current 
understanding, which is somewhat preliminary. 

II.I RICH mechanics and optics 

Table 11.1 summarizes the relevant parameters of three gases covering the range in kaon 
threshold which may be of interest: 

TABLE II.I Properties of typical radiator gases 

gas n* 7r / K / p threshold 
(GeV/c) 

photons/m 
(eV-l) 

p@1/0.5 mr sep. 

(GeV/c) 
8c@/1 = 1 

(mr) 

C4F 1O 

Xe 
Ar 

1.00153 
1.000705 
1.000283 

2.5/8.9/17 
3.7/13/25 
5.9/21/39 

110 
50 
20 

45/65 
55/78 
70/98 

55.2 
37.5 
24.0 

.. C4 F 10 at 177 nm, Xe and Ar for D light, n for Ar increases to 1.000379 at 150 nm. 

Previous RICH detectors have typically achieved 1 mr resolution. A detailed analysis 
should include the improvement in performance arising from multiple detected photons per 
ring, but the momenta given in Table ILl at which 7r and K are separated by 1 and 0.5 mr 
are indicative of the approximate performance limits expected for a given set of thresholds. 
At the limit, resolution will be dominated by optical defects of the mirrors for a short RICH. 
Mirrors produced by slumping methods have been made with ~1 mr dispersion, so such mir
rors may be suitable. Slumped mirrors, which are typically thinner than the ground mirIors 
used e.g. in the E605 RICH, may be desirable to reduce scattering, photon conversions, etc. 

We now consider the physical constraints on the size of the RICH in order to have an 
idea of the size and type of photon detectors that will be needed. The goal is to keep the 
RICH as short as possible in order to reduce the cost of the downstream components of the 
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spectrometer. A quick calculation shows that if one uses a spherical mirror to focus light on 
detectors as in E605/789 there is a problem with a short radiator: in order for the light rays 
to miss the front surface of the radiator, the mirror must be at a fairly large angle. This 

leads to problems with astigmatism (see e.g. Jenkins and White [73]). 
The calculation given here assumes the front face of the RICH is at z = 3.8 m, thus 150 mr 

coverage corresponds to a height of ±0.57mj we assume a front surface of size ±0.70m to 
allow for the frames necessary to mount the photon detector apparatus. The inclination 
angle of the mirrors relative to the beam axis depends on the radiator depth and the mirror 
size. Table II.2 gives the minimum mirror angle for particles striking the mirror array. 

TABLE 11.2 Configurations considered for aberration analysis 

case 
. .ffilrror SIze radiator thickness minimum mirror angle # mirrors 
(cm) (m) 

1 25.40 1 16.00 6x6 
2 40.64 1 13.90 4x4 
3 25.40 2 8.00 8x8 
4 33.02 2 7.60 6x6 
5 48.26 2 6.50 4x4 

Using equations from Klein [74J, one finds for a spherical mirror that the off-axis aberra
tion is 

4r r3 r2 

W = -[32f3 + 4J2 tan" cos ¢> + rtan 
3

" cos t/J + 4/ tan 
2

" (2 cos
2 

¢> + 1)], 

the lateral spherical aberration from a circular zone of radius r is 

the comatic circle will have a radius 

and the compromising best focus for astigmatism will give a circle of radius 

1 
5 = 2'rtan

2
", 

where" is the angle of the track relative to the optical axis of the mirror, which varies from 
the minimum mirror angle to the minimum mirror angle plus the angle subtended by the 
mirror. The ra.dius r would normally be the radius of the mirror, but since only a cone of 
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radius L tan flo is illuminated, where L is the radiator length and flo is the Cherenkov angle, 
we should use L tan flo instead of r in calculating the above aberrations. The focal length f 
is assumed to be roughly the length of the radiator. Since astigmatism is the major problem 
here, increasing the focal length will not help, e.g. with a mirror of 3 m focal length and 
a 2·m-Iong radiator, the minimum mirror angle must be increased. Values for each of the 
aberrations for the five cases given above are tabulated below assuming C4F 10 as the radiator 
gas. The first value is for the minimum (3 and the second for the maximum (3 (note: z does 
not depend on (3). 

TABLE 11.3 Aberrations for each configuration 

case W z A 5 
(mm) (mm) (mm) (mm) 

1 1.4/2.4 0.2 0.2/0.2 2.2/3.2 
2 0.9/2.3 0.2 0.2/0.2 1.6/3.0 
3 0.2/0.4 <0.1 <0.1/<0.1 0.5/0.9 
4 0.1/0.4 <0.1 <0.1/<0.1 0.5/1.0 
5 0.1/0.5 <0.1 <0.1/<0.1 0.3/1.0 

Since for a mirrorof 1 m focal length, 1 mr corresponds to 1 mm at the image plane, one can 
see that astigmatism rules out a 1 m radiator. A 2 m radiator is tolerable. 

11.2 RICH photon detector 

Per interaction the photon detector needs to cope with -10 tracks above threshold, each 
giving -10 detected photons. At 1 interaction/RF·bucket this is a 5 GHz photon rate. In a 
run of 1014 interactions, a detector based on wire chambers operating at a gas gain of lOS 

would generate ",,1021 electrons, or 1015 electrons/mm2 for 1 m2 detector area. (The central 
regions would see even a higher rate). 

These estimates imply that the photon detector will need: 

• Pad or pixel readout 

• <19ns time resolution 

• High rate capability 

• Radiation hardness (good resistance to aging) 

• A fast readout system. 

We next estimate of the number of pads needed. Assuming a 2 m focal length, 2 mm 
position resolution gives 1 mr angular resolution. This requires pads approximately 7x 7 mm2 • 
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Case 5 minimizes the channel count, using two detectors each 50 cm wide by 50 cm high: 

70 x 70 pads = 4,900 pads per detector. This assumes each mirror is focussed on a slightly 
different area of the detector to avoid confusion in reconstruction. 

Three photon-detection technologies are under consideration: solid CsI photocathodes 
coupled to MWPCs, MWPCS operated in a photosensitive gas, and VLPCs. 

CsI photodetectors are currently under development at Fermilab and in Europe [75, 76, 

77]. Their main drawback is the 30% drop in quantum efficiency observed in aging tests after 
2 X 1014 electrons/mm2 [77]. This is an order of magnitude below the average electron dose 

we anticipate. If this problem can be overcome, or if the detector does not degrade further 

at higher dose, this would likely be the ideal detector due to its very good time resolution 

and compatibility with quartz windows. 
A fast TEA-based photon chamber for RICH has been discussed [78J by Lund-Jensen 

et al. It is an MWPC filled with CH4 bubbled through TEA at 20°C. Monte-Carlo studies 

give 15 ns time resolution [78J. Aging of a TEA chamber may be a concern, but with proper 
design, replacing or cleaning bad wires or chambers during the run could be possible. Due 
to the high ionization potential of TEA, CaF2 windows are required; we would plan to reuse 

the E605 RICH windows. 
The third idea under consideration is an array of VLPC detectors coupled by clear fibers 

to an array of small Winston cones located at the image plane. Working in the visible portion 
of the Cherenkov spectrum rather than the UV, this approach has several advantages: 

• 	 The coupling optical fibers can enter the radiator-gas volume, so that no additional 
windows are required. 

• 	 The mirrors do not have to work in the UV part of the spectrum. 

• 	 Requirements for radiator-gas purification are substantially eased. 

• 	 Partial instrumentation is easy, so that a phased construction plan can be followed. 

• 	 The shape of the detector plane can be optimized to reduce aberrations and astigma
tism. 

The obvious drawback is that no such device has yet been built. However, any problems 
associated with VLPCs will have to be solved for other parts of the spectrometer. 

11.3 RICH Cost estimates 

The major cost will be for readout electronics. A VLPC with its electronics, mechanics, and 
cryogenics is estimated to cost about $50. Thus the readout cost would be ~$0;5M (10k 
channels x $50/channel). We estimate the cost of the detector itself at ~$0.4M; this includes 
photon-detector hardware and mounts, mirrors, radiator box, gas system and monitoring 
equipment. It will be important to monitor temperature, pressure, and index of refraction of 
the radiator gas. Light sources will also be useful to allow monitoring ofthe photon detector. 
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If the CsI.photocathode chamber is chosen, the reduced cost of the readout will be offset 
by the necessity of quartz windows and higher detector construction cost. Thus, the cost of 
the detector will likely remain in the above range unless fewer pads are instrumented. 

48 




APPENDIX III: OPTICAL TRIGGER DESIGN CON
SIDERATIONS 

111.1 Introduction 

Following a recent suggestion (1], we propose to use as pretrigger of the experiment a portion 
of a spherical crystal shell centered on the middle of the production target. The crystal, of 
refractive index nil is surrounded by a medium of refractive index n2. Appropriate choices 
of refractive indices satisfy n~ - n~ = 1 E, with E positive and close to 0 (e.g. nl = V2 for 
a single crystal surrounded by air or vacuum). The crystal has the interesting capability of 
selecting in very short time (ns range) only those Cherenkov photons produced in the crystal 
by a charged particle having an impact parameter with respect to the center of the target 
larger than a threshold value bmin• The quantity bmin depends only on the crystal properties 
and can be tuned, as illustrated in Figure IILL 

Feasibility studies were performed during 1992 at Fermilab (2] using a flat MgF2 crystal 
and at CERN [3] with a 100-mm-radius spherical shell of LiF of 3-mm thickness and 60
mm aperture. The results are encouraging: the crystal indeed functions as a fast impact
parameter band selector, with both upper and lower cutoffs tunable. The lower cutoff is 
adjusted by an appropriate choice of the parameter E defined above, the upper cutoff by 
collimation of the output light. Figure IIL2 shows the collected signal, obtained with a 
photomultiplier, as a function of the impact parameter of the incident charged particle. 
The measured shape is in good agreement with Monte-Carlo simulations. For small impact 
parameters, the background level is seen to be quite low, of order a few percent. The average 
number of photoelectrons for impact parameters below 2 mm is however too low for high
efficiency beauty-event selection using this first prototype. 

A research and development proposal [62] was accepted by CERN in autumn 1992 with 
the goal of improving the sensitivity of the optical discriminator in the 0.3- to 1-mm impact
parameter range and to study the associated background. For beauty-event selection one 
needs to improve on past results with respect to both the threshold and slope of the signal 
as a function ofimpact parameter. The impact parameter threshold is given by 

(1) 

where R is the radius of the crystal sphere and n2 the refractive index of the coating material. 
Generally, within the visible spectrum E is an increasing function of wavelength, thus the 
threshold bmin can be adjusted using a filter which retains only those photons with energy 
lower than Em_ defined by e( Emalll ) =0. Of course Email: should be within the sensitivity range 
of the photodetector. At low impact parameter the signal is small, thus a detector having 
good single-photoelectron response is needed. So far only photomultiplier tubes have been 
used; their characteristics are compared in Table II!.1 with the very promising VLPCs [8], 
which have much higher quantum efficiency and localisation capability. 
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TABLE III.! Comparison between photomultiplier and VLPCs 

Photomultiplier b) VLPC 
200-500 400-800Wavelength range [nm] 0) 

20 >50Average quantum efficiency [%] 
66Single-p.e. FWHM resolution [%] <35 

Single-p.e. dark count rate [kHz] 0.1 i 10 . .. . .II) Range WIthin which the quantum effiCIency exceeds 50% of Its maxImum value 
b) Ham.a.m.atsu R2059 with bialka1i photocathode of type 4005 

The threshold behavior of the crystal response is very sensitive to the variation of E within 
the sensitivity band 5E of the photodetector. Assuming a linear variation of E with photon 
energy one can define an impact parameter bM = E{Emin)R/2n2' Emin being the low-energy 
edge of the sensitivity band of the photodetector. The average number of photoelectrons Npe 
produced by a particle with impact parameter b larger than an effective impact parameter 
threshold beJl is then approximately given by 

Npe = K{b - beJI) , (2) 

where beJI = 0.78 (bmin + bM ) and the constant K is given by the relation 

(3) 


K (in [mm- I ]) depends on the crystal refractive index, the photodetector quantum efficiency 
Qe, the available bandwidth 5E {in [eVD, and the light collection efficiency Ceo This simple 
relation is valid as long as the impact parameter does not exceed the crystal thickness. 
At higher impact-parameter values the number of photoelectrons first saturates and then 
(due to a drop in collection efficiency) diminishes; the drop in collection efficiency for large 
impact parameters is designed to suppress backgrounds due to delta rays and strange-particle 
decays. (At low impact parameters, this relation is only approximate, in that it considers the 
photoelectron yield to be zero up to beJI; this is a convenient approximation for comparing 
various crystals, but in fact between bmin and beJI the signal is not zero but averages about 
10% of its value at b = 2beJl.) 
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TABLE III.2 Performance of various radiator materials 

LiF 0) Sapphire/ Quartz Sapphire/CCI" 
Readout Fibers/VLPCMirror/PM Fibers/VLPC 
Radius [mm] 100 50 50 
Filter [nm] 305 600 400 

0.75 b) 0.08 b) 0.08 c) 


[mm] d) 


bmin [mm] 
2.75 0.28 0.24 

Effective band width leV] e) 

bM 

0.521.5 1.0 
A verage quantum 20 55 55 
efficiency assumed [%] 
Collection efficiency [%] 28 J) 80 80 

2.75 0.28 0.25 
K [mm-I] 
befJ [mm] 

0.45 1.3 2.5 
1.24 g) 0.36 0.63Npe/track/layer@ b = 2befJ 
0.15 0.04 0.07• Npe/track/layer@ b = (bmin + befJ )/2 

1.44 2.52i Npe/track@b = 2befJ (4 layers)  I. . .0) EXIstIng and tested LIF crystal 3mm thick 

b) Can be adjusted by a proper choice of the filter 

c) Can be tuned by adjustement of the temperature of the cladding CCI" fluid 

d) Given by the E variation within the effective bandwidth 

e) Given by the high-wavelength limit of the quantum-efficiency curve 

J) This low value results from the poor reflectivity (35%) of the mirror used 

g) Measured value 1.23 


In Table III.2 we compare the characteristics of the tested LiF crystal with two promis
ing couples of core and coating materials: sapphire/quartz and sapphire/liquid-CCI". The 
crystal radius has been taken to be 50 mm (which improves the sensitivity by a factor of 
two relative to the 100-mm prototype tested at CERN, whose performance is also indicated 
in the Table), and we use VLPCs as the photodetector. We emphasize that no special de
velopment is needed to realize such a device; it can be constructed right now using known 
technology. The simple configuration of sapphire with pure quartz cladding, while attractive 
from the viewpoint of simplicity of construction and installation, is approximately a factor 
two less efficient than the combination sapphire/CCI". A test undertaken to improve the E 

achromaticity domain of the sapphire/quartz couple by doping the quartz has not yet been 
successful. Moreover, the liquid-cladding configuration is advantageous and flexible, since 
the refractive index can be easily adjusted to its optimal value by either adding small quan
titi~s ofa second liquid or by varying the temperature. One can tune the chromaticity ofJ:b.e; . 
system in the large-wavelength domain, as well as the value of the minimum impact param
eter. For sapphire/CCI" one expects a variation of the threshold of 200 to 300l'mperoC. 
The sapphire/CCI. combination will be tested at CERN this year with both phototube and 
VLPC readout. 

A further improvement can be obtained by replacing the single shell by 4 or 5 sub-shells 
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with the same total thickness. For impact parameter up to the thickness of the sub-shell 
the average number of photoelectrons should be multiplied by the number of sub-shells. 
Table IIl.2 shows that for a 4-layer device, an average of 2 - 3 photoelectrons per particle 
with 500-l'm impact parameter is well within reach. As shown in Section IlI.4, this should 
suffice for efficient triggering on beauty. 

III.2 Crystal design and backgrounds 

A four- or five-subshell device with liquid coating is suitable for the proposed experiment 
(see Section IIl.4). The liquid coating is thin and represents only a small fraction of the total 
thickness of the device. The crystal has a hole in its center to let the beam pass through. 
The diameter of the hole is a compromise between the acceptance of the device and the level 
of background associated with beam halo particles crossing the crystal. We are considering 
a hole of 1mm, diameter, giving an acceptance cutoff at 10 mr for a 50-mm-radius crystal. 
More work is needed to estimate the halo-induced background with such a hole size. 

The average number of photoelectrons in the range of impact parameter between bmin 

and bef/ is about 10% of the number of photoelectrons for an impact parameter 2bef/' A good 
efficiency for charged particles arising from beauty decay, with average impact parameter of 
about 600 I'm, cannot be achieved without some sensitivity of the device for particles with 
100- to 200-l'm impact parameter. It is therefore important to maintain the target size as 
small as possible such that most of the impact parameters associated with the dispersion of 
the primary vertex inside the target will be kept below a few hundred I'm. This is realised 
with a target that does not exceed 300 I'm transversely and has a thickness of up to 2 mm 
along the beam. 

The remaining backgrounds arise from multiple reflections to the edge of the crystal of 
light which should normally be refracted out of the crystal, delta rays or nuclear interactions 
produced in the crystal by particles from the primary vertex, and production and decay 
upstream of the crystal of strange particles. 

III.3 Trigger scheme 

Since the optical discriminator is very fast it can be used as a first-level trigger. We plan 
to achieve a rejection factor of about 100 for minimum-bias events while keeping about 40% 
of the produced beauty events. This will be realised in two steps. The first step is based 
on a threshold imposed on the total number of photoelectrons detected. This functions as 
a combined charged-particle-multiplicity and impact-parameter trigger. It will provide a 
reduction factor of order 10 for minimum-bias events and a beauty efficiency above 60%. 
In the second step we take advantage of the granularity of the VLPC photodetector to 
reject background events according to topological criteria. This second part of the trigger is 
presently under study, with two options under consideration. 

In a first option, light-collecting optical fibers at the edge of the crystal are arrayed on 
a cone whose apex coincides with the average virtual source of the outgoing photons. This 
solution requires about 600 VLPC channels and provides a measurement of the azimuthal 
angle of the outgoing photon. Photons belonging to the same particle tend to group within a 
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sector of 10 to 20 degrees; for example the two charged particles from a two-prong decay will 
tend to produce two groups of photons detected at azimuthal angles 1800 apart. Requiring 
at least two distinct groups of photons will greatly reduce the background without much 
affecting the efficiency for beauty events. 

A more ambitious option places the fibers farther from the crystal edge, with an appro
priate optical system inserted in between so as to get also information on the angle of the 
photon with respect to the normal to the exit face. This option might require up to an 
order of magnitude more VLPC channels, but in principle one would be able to reconstruct 
the entire image, determine the impact parameter with more precision, and to some extent 
determine the location of the crossing point of the particle inside the crystal. The contri
butions to the resolution on these quantities due to the variation of the Cherenkov opening 
angle with photon wavelength, the crystal thickness, the geometrical constraints, and chro
matic aberrations at the exit are not yet sufficiently understood to conclude whether such 
an option is worthwhile. 

111.4 Monte Carlo simulation 

We have simulated the response of a 4-layer device consisting of spherical sapphire shells 
of O.4-mm thickness, each with diameter of 30 mm and radius of curvature of 50 mm. The 
spacing between the crystals is 0.1 mm and is filled with pure CCl. liquid. The total thickness 
of the device is 0.7 g/cm2 and represent 0.7% interaction length and 2.5% radiation length. 
The central hole in the device has a diameter of 1 mm. The angular coverage is from 10 to 
300 mr. We assume a cylindrical gold or tungsten target 200 pm in diameter and 2 mm in 
thickness and an interaction rate of 100 Mhz. As photodetector we assume VLPCs coupled 
to the crystal through optical fibers with double cladding and large numerical aperture. The 
threshold on each VLPC discriminator is set at 0.5 photoelectron. The fiber arrangement 
corresponds to the first option described above. The simulation includes most known effects, 
including pileup of events from multiple interactions, but at this point includes neither the 
interaction of halo particles with the device nor secondary nuclear interactions inside the 
device. We use the PYTHIA event generator from the Lund Monte Carlo. The results are 
presented in Figure III.3, where the efficiencies for minimum-bias, charm, and beauty events 
(with one B decaying in the 71"+71"- channel and the other decaying at random) are plotted 
as a function of the threshold applied to the total number of photoelectrons detected. 
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APPENDIX IV: RESULTS FROM OPTICAL-TRIGGER 
TESTS 

Attached are two recent preprints describing the first tests of the principle of the optical 
impact-parameter trigger. 
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Figure 3.1 - Typical event from E789 obtained at an interaction rate of 50 

MHz. The hit density in the silicon detectors is ::::::20 hits per pla.ne on average. 
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TEST OF PRlNCIPLE OF AN OPTICAL TRIGGER FOR BEAUTY 

D. M. KAPLAN, M. APOLINSKI,cz and W. LUEBKE 
PhY:Jics Depa"ment~ Northem Rlinois Univer:Jity, DeKalb~ IL 60115, USA 

s. W. 1. KWAN 
Particie Detector Group, Fermiiab~ BaiGT1ia, IL 60510. USA 

We have earried out a ,est of ,he principle of the Optical Trigger for Beauty propOied by 
Charpu. Gioma~. and Lederman. We measure 'he production and trapping by total internal.. 
reHec,ion of ChereU:oy light produced in a Hat cry"al of MgF II by the Pa.sM8e ot high-energy muou. 
U sing an array of drift tubes '0 measure 'he trajec,ones of the muou, we observe a t.lueahald in 
the prociucUon of Uapped ChereUoy Ught as a function of muon incident angie. The shape Ot 
the threshold cune is coDlis,ent whh that expected !rom a simple optical calculation. An angie-
independent component of trapped Che.reuoy light, apparently due to delta lay., is alao obserred. 
We ciiscua pro.pecia iOI a practical dmce. 

1. Introduction 

Tlie.production <;If beauty quarks in the collisiou of hadrou is a amall fraction of 
the. total interaction crOll section; for example, in 800-Ge V proion-nuc:leon colliiiou, 
b& events are e%pecied to occur of order once per million interacUou {I]. On the other 
hand, intenae be&ID.I of hadrou can be made to interact in solid targetl, givinl the 
potential to produce ..... 109 beauty events per yeu of 111nning.· To take. advantap
of this potmiial. a. powerful trige:ring technique is needed to seleci beauty-decay 
events while suppresaing the background of "m;Dimum-biu" events which couutuie 
the bulk of the iotal interaction crOll section. Such a iriger will need. to exploit 
characterisUc. of beauty production and decay which distinguish thiJ prOCell from 
the background. Beauiy decays can be diltiDpiahed by (amODI other characteristics) 
their high ~ multiplicity (5 on average {2]); in addition, due to the long b-quark 
lifetime (1.4 x 10-12 s (3]) and itl dominant cucade decay to ch.&rm, many of the decay 
parlicles have large impact parameters (i?! 500 ISm) relauve to the primary interacuon 
point. 

* e.g. 101 seconds ot beam && 10· interactiou/I; Ct. re{elCDce {9J. 
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2. Optical trigger 

Charpak, Giomataris, and Lederman (4} have proposed a trigger device (the "Op
tical Trigger for Beauty") to take advantage of these characteristics. The proposed 
device consists of a thin spherical shell of transparent crystal focussed on a point 
target. In the simplest version, the crystal is chosen to have refractive index just 
below v'2. Any particle originating in the target impinges on the crystal at normal 
incidence, whereas a particle from a decay downstream of the target in general has. 
non-zero impaci parameter at the target and impinges on the crystal at an angle 
which is correlated with its impact parameter. By virtue of the crystal's curvature, 
Cherenkov light emitted within the crystal by particles originating in the target es
capea through the conftX face of the crystal; in contrast, particles whose tracks have'
sufficiently large impact parameters at the target emit Cherenkov light a portion of 
which is trapped within the crynal by total internal reiiection. The trapped light 
emerges at the edge of the crystal, where it can be detected by a suitable photode
tector. 

Given the substantial probability per interaction to produce a K: or hyperon, one. 
might expect an impact-parameter trigger to reject only a small fraction of interac
tions. However, the crystal can be placed a few beauty decay lengths downstream of 
the target, upstream of most strange-particle decays; in addition, the light-collection 
optics can be a.r:ranged to suppress sensitivity at the larger impact parameters (> a 
few mm) characteristic of strange-particle decay. The device should thus produce 
little or no signal for minimum-bias events, but a large signal for beauty decays oc
curring dOWDJItream. of the target. It. effiCiency for charm should be conaiderable, 
although (due to charm's smaller average lifetime and decay multiplicity) leu than 
that for beauty; however, at trigger level charm is not an important background, as 
it is produced only tow 10-3 per interaction [5]. 
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3. Test of principle of optical trigger 

The device relies on the sharp angular dependence of totally-internally-refiected 
Cherenkov light. The needed performance could be compromised if there is a signifi
cant contribution due to scintillation in the crystal, delta rays, or nuclear interactions. 
We have carried out a test to usesl the importance of the first two of these effects. 

9.1 AptJGratUl de,cription 

Because of ita good mechanical properties, transparency, and radiation hardness, 
and because it has refractive index close to v'2 while not exceeding that value in 
visible wavelengths, we chose MgF2 for our test. Our apparatus is shown in Figure 
1. A llat, rectangular crystal of MgF2 of dimensions 2.5 x 3.2 x 0.2 cm" was placed 
in the muon lux downstream of an operating experiment (Fermilab Experiment 789) 
in December 1991 during the final days of the fixed-target run. The crystal was-
held in place against a Hamamatsu R1828-01 photomultiplier tube by a lucite cookie 
(Figure 2). Silicone optical grease (GE VISC-600M) between the crystal's edge and 
the photomultiplier-tube's entrance window minimized light losses due to reflection. 
To allow room for excess grease, the cookie was relieved to a depth of 4.8 mm around 
the crystal as shown in Figure 2. An aluminum cap surrounding the crystal and 
cookie fit snugly over the phototube's magnetic shield and excluded ambient light. 
Two holes of 1-cm diameter bored in the cap and covered with black plastic tape 
minimized the material in the muons' path. 

The tracks of muons pusing through the crystal were measured using a telescope 
of eight Imall drift tubes arrayed in 600 Itereo on either side of the Cryltal [6J. The 
drift tubes provided position measurement to < 150 p.m (RMS) and angular resolution 
< 1 mr. The photomultiplier-tube assembly was mounted, with the tube pointing 
downward, on a pivot, so that its vertical angle with respect to the drift-tube telescope 
could be varied manually via a Icrew adjustment. The trigger required coincident 
pulses in two 2.5 x 2.5 cm2 scintillation counters surrounding the telescope, and also 
in a 30 X 30 cm2 counter placed downstream of 4.6 m of shielding concrete, thus 
ensuring a minimum muon energy of 2 Ge V and minimizing effects due to multiple 
scattering. 

9.! DaM acqvuition and anal'll,u 

For each muon triggering data acquisition, the pulse area from the photomulti
plier tube wu digitized using one channel of a LeCroy 2249W ADO, and read out 
along with the eight drift times, which were digitized by a LeCroy 2229 eight-channel 
TDO whOle "start" signal was derived from the scintillator coincidence. The data 
were recorded on the hard disk of an IBM PC and subsequently transferred to a VAX 
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system for off-line analysis. In the off·line reconstruction, the drift· direction ambigui
ties in the eight drift tubes led to 256 hypotheses for each muon track; the hypothesis 
giving the smallest X2 was chosen. 

3.9 Angular dependence 0/ pw.e area 

Initially, large light output was observed independent of the muon incident angle. 
Two mechanisms were hypothesized to account for this: 1) some light refracted out 
of the crystal could still impinge on the cookie and enter the phototube, and 2) some 
light incident on the edges of the crystal, which were unpolished, could be reflected 
back towards the phototube. To absorb the refracted light, we wrapped the crystal 
with black paper and covered the exposed face of the cookie with black plastic tape. 
To absorb light incident on the crystal'. edges, we blackened with indelible ink all 
edges except the one contacting the phototube. Following these improvements, a 
strong angular dependence was observed, as shown in Figure 3a: in the threshold 
region, the pulse area is seen to increase by a factor of 10 over::::: 40 mr.* The figure 
represents data taken at three overlapping settings of the phototube vertical-angle 
adjustment; each setting covered a range of ::::: 20 mr. 

In the planar crystal employed here, Cherenkov-light trapping depends on hori
zontal (8a ) as well as vertical angle of incidence (8,). The observed dependence on 
8a is shown in Figure 4. To isolate the dependence on 8" the data of Figure 3 are 
restricted to the range 0 < B. < -0.012, over which the variation of pulse area with 
8. is small. 

A simple optical calculation explaina the observed effect. For each incident angle 
81/, the light intensity at the phototube is proportional to the range of azimuth (~t,6) 
over which Cherenkov light is trapped. For B. =0, it can be shown that cos (~t,6/2) 
is a solution of the quadratic equation 

where n is the (wavelength-dependent) index of refraction of the medium. Figure 3b 
shows At/J/21r for a range of wavelengths. At any siven wavelength the threshold in 
angle is quite sharp: as the threshold is crossed from below, Cheren.kov light becomes 
trapped over a rapidly increasing range in azimuth. Once the azimuth range for 
trapping matches the dimension of the end of the crystal, the light intensity at the 

• No aUempi w .. made to alip the cryltalabsolutely wUh rapect to the drift tubes, hoce the 
lelO of ulPe in Fipn:s aa ud " is ubiirary. 



phototube reaches a plateau beyond which no further increase is possible (assuming 
light incident on the crystal's other edges is totally absorbed). 

The phototube is sensitive over a wavelength range of approximately 300 to 
700 nm, over which the refractive index of MgF2 varies significantly [7] (see Figure 5). 
Upon integration over the full wavelength range a rather gradual angular dependence 
results, similar to that which we observe. This is shown by the solid curve in Figure 
3b, which represents the superposition of the inc:lividual curves for each wavelength 
weighted by the spectral response of the phototube [8J and the Cherenkov emission 
spectrum and averaged oYer the fiducial region. The solid curve in Figure 3a repre
sents a best fit of this wavelength-integrated curve to the observed data, in which the 
zero of '11 and the gain and offset of the pulse area are all allowed to vary. The slight 
disagreement of the calculated threshold shape with the observed data most likely 
reB.ects some variation with respect to nominal of the phototube's spectral response, 
for which only a "typical" specification wu available. 

9 • .., Ponti<m-deperadence of pwe areca 

Figure 6 shows the dependence of pulse area on the vertical c:llstance from the·~ 
phototube ofthe muon's point of incidence; superimposed is the expected dependence. 
This dependence arises simply from the geometry of light collection: the range in 
azimuth over which. Cherenkov light is collected increuea with decreaaing c:llstance. 

9.5 Coratrihtiora from delta ray. 

In both angular and position dependence, the agreement of the calculation 
with the experimental data is reasonably good, provided an approximately angle
independent background level of light, equal to ~ 10% of the "plateau" value ob
served at large incident angles, is added to the prec:llcted curve. To investigate the 
origin of this background light, we illuminated the crystal with an a source and an 
X-ray source. No ftuorescence or scintillation wu observed. We conclude that the 
background light represents the contribution due to delta rays. 

9.6 Number of photoelectron..t ezpected and ob.ert1ed 

The number of photoelectrons expected, Nth can be estimated as follows: 
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where a is the fine-structure constant, L the crystal thickness, D.</> the azimuthal 
angle subtended by the end of the crystal at the point of muon incidence, QE the 
quantum efficiency of the phototube, and A the wavelength; 8Ch is the Cherenkov 
angle, given by cos 8Ch = 1fn{3, where n is the refractive index of the crystal and (3c 
the velocity of the muon. We take QE(A) from the manufacturer's specification [8]; 
weighted by the Cherenkov emission spectrum, its average value is 15% in the interval 
300 to 700 nm. We evaluate D.cP event by event; its average value is 1.014 ± 0.005. 
Performing the integration numerically, we find N. =2.0. 

After the data were taken, the phototube and ADC were taken io a test bench for 
calibration. A deuterium lamp whose spectrum approximated that of Cherenkov light 
wu used to illuminate the phototube. We find a calibration of 92.3 ± 4.3 counts/p.e. 
and a mean of 1.9 ± 0.1 p.e. in the "plateau" region of Figure 3a (8, > 0.016). Of 
this, 90% or 1.7±0.1 p.e. should be due to muon-induced trapped Cherenkov light (in 
reuonable agreement with the value calculated above), and the remainder delta-ray 
induced. (No correction has been made for possible transmission losses in the MgF2 
and optical greue or for reflection losses at the phototube entrance window.) 

4. Summary of main results 

We have observed a threshold in the production of trapped Cherenkov light &I .. 

a function of muon incident angle. The shape of the threshold curve is consistent 
with that expected from a simple optical calculation, as is the observed dependence 
of light intensity on distance from the phototube. An angle-independent component 
of trapped Cherenkov light is attributed to delta rays and amounts to ~ 10% of the 
plateau value oblerved at large incident angle. 
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5. Future prospects 

In collaboration with Cha.rpak. et oJ., we are pursuing the further development of 
this technique. We hope to employ it in a future experiment at Fermilab [9]. Our goal 
is a facior > 10 suppression of minimum-bias events, while retaining ~30% efficiency" 
for B-decay events. Since the device is intrinsically £ast, it can be used as a low-level':. 
trigger, euing the bandwidth requirements of subsequent stages of triggering and 
data acquisition. 

Background suppression by more than an order of magnitude appean to be.:: 
achievable in principle but depends on overcoming two effects: 1) the dispersion-" 
induced spread in angular threshold and 2) the contribution due to delta rays. Dil·'· 
persion might be overcome either by limiting sharply the range of lensitive wavelenSih 
or by the use of an "achromatic couple" [10], consilting of a Ipherical shell of one: 
material clad with another material (e.g. sapphire clad with quartz), rather than_ 
a single material operating in air or vacuum as discuued above. AI dilcussed b~ 
low, the delt ..ray contribution can be luppressed subltantially by employing luitable 
lipt-collection optica. 

While the average number of photoelectrons observed in this teat is small, due to 
the hip beauty decay multiplicity a typical '" event might be expected to produce' 
up to 10 times that number. Of coune, since low ..multipliciiy B decays IUch U-' 
BO - ...+1r'- are of particular interest [11), the trigger neecia to be efticient even when: 
the larp-impact-parameter charged multiplicity il U.lmall U 4 or 5. In addition, a 
practical device will need to have a central hole to allow the uninteraded beam to pUI. 
throqh, lurther reducing the detectible multiplicity. Alao, trapped Cherenkov lipt 
is emitted ouly within a thin layer of crystal (of thicknell - the impact parameter 
[4,12}) near the exit lurface. Thus for the ~ 500 p.m impact parameters typical of 
beauty decay, ouly ~1/4 of a 2-mm-thick cryltal will produce trapped light. 

To increase the level of signal, we intend to purlue three ideas: 1) a multilay
er structure of several concentric Cryltal shella can subltantially increase the lipi 
yield for impact parameters near threshold [12]; 2) sapphire clad with quartz, in 
addition to ita achromaticity, will yield 40% more Cherenkov photonl than MgF2 
due to lapphire's higher refradive index [12]; and 3) a solid-state detedor, such as . 
the visible-lipt photon counter (VLPC) [13], can provide a factor 3 to 4 increase in 
quantum efficiency. Other possible photodetectors are &lao being considered. 

Use of the pixel information provided by VLPCs might lead to improved back
ground rejection, both on- and off-line. The exit angie of trapped photons at the edge 

* While thia efficiency may seem. undesirably small, beauty evenu f'ailing the optical trigger are 
u.nIibl,. to be reco'f'erable ofF-line: such evenu have .mall impact pa.rameien and are cillBculi to 
diat.illpiah from background. 
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of the crystal is correlated with the impact parameter of the particle which emitted 
them. Light-collection optics which preserve exit-angle information have been demon
strated by Charpak et aI. [10,14]; this information can be employed to suppress the 
delta-ray contribution substantially, since light due to delta rays emerges over a much 
wider angular range than that from beauty decays. 

If the exit angle of each photon can be read out, this information could sup
plement track information reconstructed from vertex silicon-strip detectors. Unlike 
reconstructed tracks, which suffer from pattern-recognition ambiguities (leading to 
"gholt tracks") whenever there is a high local density of hit strips, the optical infor
mation in principle directly reflects actual particle trajectories. The processes which 
degrade the optical information (such &8 dispersion and photodetector noise) are un
likely to correlate with ghost tracks in the silicon. Thus the optical information can . 
potentially be used off-line to reject backgrounds remaining after vertex-track re
construction. On-line, information about the number of distinct impact parameters 
might be derivable by a suitable trigger processor, which could be used to improve 
still further the rejection against delta rays and low-multiplicity strangeness decays. 
These ideu are currently undergoing simulation. 

Acknowledgements 

We th&nk D. F. Anderson, C. N. Brown, and L. M. Lederman for useful advice, 
and K. Gray for uaembling the trigger counters and the crystal mount. This work 
wusupported in part by the U. S. Department of Energy, under contract DE-FG02
91ER40641. 

8 




References 

a 	Present address: Physics Department, Louisiana State University, Baton Rouge, 
LA 70803, USA. 

[1] 	 E. L. Berger, "Heavy Flavor Production," Argonne preprint ANL-HEP-CP-88-26 
(1988). 

[2] 	 B. Gittelman and S. Stone, in High Energy Electron-Politron Ph1laic., A. Ali and 
P. Soding, ea.., World Scientific, Singapore (1988), 273. 

[3] 	 V. Sharma, "Review of B Lifetimes from LEP," talk given at the 1992 Annual 
Meeting of the APS Division of Particles and Fields, Batavia, IL, USA, November 
10-14, 1992. 

[4] 	 G. Charpai:, Y. Giomataris, and L. M. Lederman, Nucl. Inatr. &: Meth. A306 
(1991) 439. 

[5] 	 R. Ammar et 41., Phys. Lett. 178B (1986) 124; K. Kodama et 41., Phys. Lett. 
263B (1991) 573. 

[6] 	 D. M. Kaplan et 41., "A Simple Drift-Tube Telescope for Detector Tests," to be 
submitted to Nucl. Inatr. It Meth. 

[7] 	 BaMboo. 0/ Optic., W. G. Driscoll, ed., McGraw-Hill, New York, NY (1978), 
7-95. 

[8] 	 Hamamatsu Technical Data Sheet, Photomultiplier Tube R1828-01 (1983). 

[9] 	 "Letter of Intent for a High-Sensitivity Study of Rare Low-Multiplicity Beauty 
Decays," Fermi1ab Proposal 865, D. M. Kaplan, spokesman (1992). 

[10] 	 Y. Giomataris, seminar presented at the "Second Workshop on B Physics at 
Hadron Machines," sse Laboratory, August 13-14, 1992. 

[11] 	 I. I. Bigi and B. Stech, in Proceeding. o/the Woruhop on High SetVitivity Beauty 
Phy~ at Femrila6, A. J. Slaughter, N. Lockyer, and M. Schmidt, edt., Fermilab 
(1988), 239. 

[12] 	 G. Charpai: et 41., "Study of an Optical Trigger to be used for Beauty Search in 
Fixed Target Mode at the LHC," CERN proposal 91-32, DRDC/30 (1991). 

[13] 	 M. Atac et 41., Nucl. Instr. It Meth. A320 (1992) 155. 



[14] 	 G. Charpa.k et al., "Experimental Study of an Impact·Parameter Optical Dis
criminator," to be submitted to Nucl Instr. &; Meth. 

Figure captions 

FIGURE 1. Schematic diagram of apparatus (cross-section at z = 0); the shielding 
concrete and downstream trigger scintillation counter are not shown • 

. FIGURE 2. Lucite cookie used to mount the MgF2 crystal (all dimensions in mm). 

FIGURE 3. a) Observed pulse area (arbitrary units) va. muon vertical incident angle 
81/ (arbitrary zero) for -0.012 < 811 < 0; curve is relult of calculation described in 
text. b) Dashed curves: calculated threshold behavior at wavelengths from 300 to 800 
nmj solid curve il integrated over wavelength ta.king into account Cherenkov emission 
spectrum, phototube spectral response, dilPersion in MgF2, and variation of point of 
muon incidence over face of crystal. 

FIGURE 4. Observed pulle area (arbitrary unitl) VI. muon horizontal incident angle. 
'. (arbitrary zero). 

FIGURE.5. Refractive index of MgF2 (ordinary ray) VS. wavelength..\ (from reference 
[7]). 

FIGURE 6. Pulle area (arbitrary units) VI. distance from phototube for the interval'r > 0.016, -0.012 < 'II < o. 
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Abstract 

An optical discriminator. sensitive to the impact parameter has been tested in a 

particle beam. The device is based on the detection of Cherenkov light produced 

and trapped in a thin spherical crystal shell viewed by a fast photodetector. The 

detector is only sensitive to charged particles with a non-zero impact parameter 

relative to the centre of the crystal sphere. A prototype using a LiF crystal has 

been tested and the experimental results are in agreement with expectations. 

We outline the foreseen developments in order to use such a detector for a fast 

selection of B events in fixed-target experiments at proton accelerators. We also 

discuss the use of the detector as presently conceived for the fast selection of 

strange particles. 
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1 Introduction 
Up to now CP violation has only been observed in the J{O_f{0 system. An addi

tional measurement of this effect in the BO-Bo system will allow checking of the internal 
consistency of the Standard Model which describes the CP violation by the phase of the 
CKM matrix [1]. Such a study requires the production of a large amount of B events. 

At future hadron machines [Large Hadron Collider (LHC). Superconducting Super 
Collider (SSC)] the b-quark production will be large enough to ensure in one year the 
detection and tagging of more than 103 rare BO( BO) decays into CP eigenstates such as 
BO(BO) -t J/1/J](? or BO(BO) -t 71"+71"-. This is the case for hadron colliders as well as 
for high-energy fixed-target experiments. In spite of a lower b-production cross-section, a 
fixed-target experiment has the following advantages compared with a collider experiment 
[2]: multiplicities are smaller, particles are more energetic and, provided that the size of 
the target is small, the primary vertex is precisely localized. 

For example, at the LHC, a luminosity of 1033 cm-2 s-1 can be achieved using a 
small jet target [3], the longitudinal size of which is u = 1 mm. the transverse dimension 
(75 pm both in x and y) of the interaction region being given by the beam itself. However. 
the ratio of the b-production cross-section to the total cross-section is 10-5 and the event 
rate is expected to be 70 MHz. The time between two interactions (15 ns) is too short 
for a first selection based on. say. a silicon microvertex detector, unless sophisticated 
processing is used (pipe-line and parallel processors). However. if the rate is reduced by a 
factor of 100, the average time between two selected interactions is 1.5 ps, which allows the 
operation of a second-level trigger based on real-time processing of the silicon microvertex 
detector looking for a secondary vertex. 

Therefore, an efficient and fast first-level selection of the events in a very high 
background environment is mandatory. The optical discriminator, described hereafter, we 
believe solves this problem. The idea is to use the Cherenkov light emitted by charged par
ticles crossing a spherical crystal shell and retain those having a sizeable impact parameter 
with respect to the centre of the sphere where the target is located [4]. 

In this paper, we present the experimental results obtained with a prototype. We dis
cuss improvements that will allow us to select B events. We also consider small 
modifications of the present prototype with which one can achieve a good sensitivity 
for strange-particle selection. 

2 The Principle of the Optical Discriminator 
In this detector, particles with zero impact parameter produce no detected light, 

whereas those with a small impact parameter will be seen. The principle of the Optical 
Discriminator (OD) is illustrated in Fig. 1. 

The radiator is a thin crystal with a refractive index nl. It is shaped as a shell 
limited by two concentric spheres surrounded by a medium of refractive index n2. A 
charged particle emerging from the target (the geometric centre of the spheres) generates 
Cherenkov light. Most of it is refracted out of the crystal: the small reflected part is 
rapidly attenuated before reaching the photodetector. owing to multiple reflections in the 
crystal shell. For particles produced off the centre of the device with a non-zero impact 
parameter. the above refraction condition will not be met any more. A sizeable fraction of 
the Cherenkov light produced in the crystal is totally reflected. trapped by total internal 



A""""1:-----.:~ 
Cerenkov 
photon 

a) b) 

Figure 1: The principle of the optical discriminator: a particle ''lith zero impact parameter 
(a) produces Cherenkov light refracted through the outer surface of the crystal. whereas for 
it particle with a non-zero impact parameter (b), part of the Cherenkov light is internally 
reflected and trapped. 

reflection, and reaches the crystal edge with negligible losses. The light collection at the 
exit can be optimized by an appropriate choice of the edge cut angle D. 

The detailed geometry of Cherenkov emission is shown in Fig. 2. A particle with a 
velocity ,8 generates Cherenkov light at an angle given by 

1 
cos ()c = -;;- (1) 

JJ n l 

The number of emitted photons in an interval 2lE is 

\ " {} ( \E . ,) 
> I = keD -.\ sm~ O~ . (2) 

where to is the path length of the particle inside the crystal shell. A photon emitted at 
a distance p from the centre 0 of the crystal shell reaches the outer face of radius R at 
point P with an incidence angle w given by 

(3) 

where b is the impact parameter of the particle relative to the centre 0, qJc the azimuthal 
angle around the particle direction. such that 0(' = 0 along b (see Fig. 2). The total 
reflection limit at the point P is 

I (n')) 1 
COSIN)im = VI - n~ (4) 



Figure 2: Cherenkov light emission and transmission in the crystal. For a LiF crystal the 
collecting edge is cut at n ::::: 45°. 

To avoid the detection of particles coming from the target, i.e. with b ::::: O. w has to be 
smaller than W1im; thus the refraction indices have to satisfy the following condition: 

(5) 

for any p. in particular for its maximum value p = R, which means that 

(6) 

Let us define the quantity £ by 
(7) 

The relation (6) is equivalent to 
(8) 

For relativistic particles, the condition on the indices becomes 

~ > 0 . (9) 

Only relativistic particles will be considered hereafter, since the above condition (9) 
is sufficient to reject primary non-relativistic particles as well. When a single crystal is 
used in air or vacuum. n2 = 1. and nl has to be close to. but lower than. J2. 

The choice of ~ will determine the minimum impact parameter bmin which will be 
the threshold of the device [from Eqs. (:3) and (4)]: 

(10) 
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Figure 3: Probability for a Cherenkov photon to be trapped. as a function of the depth 
p where it was produced inside the crystal and of the impact parameter b of the incident 
charged particle. Two values of the refractive index are considered. 

A useful approximation of this formula for small e: is 

(11) 


The incidence angle ()min of the track at the external face is given by 

() , _ bmin (12)mm- R 

and depends only on the refractive indices. The right hand side of Eq, (10). or;::, can take 
negative values. In this case bmin and Omin take unphysical values! which only indicate 
the optical properties of the two materials. From relation (3), one sees that. for a given 
impact parameter b, the incidence angle w is maximum when p = R and cos Oc = -l. 
This means that most of the photons trapped in the crystal shell: 
a) travel in a plane containing the centre of the spheres and emerge in the hemisphere 

opposite to the one containing the impact parameter b(¢c = 180°); 
b) 	 are emitted when the particle is close to the exit face of the shell (p ~ R) because the 

incidence angle on the exit surface is larger; the useful track length £.. i.e. the distance 
along which the track emits Cherenkov light, which can be caught. is related to the 
impact parameter b by 

(13) 


and hence, the impact parameter for which the useful length becomes maximum, 
equal to the total depth d of the device, is 

bo = bmin + d x Jni - 1 . 	 (14) 
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Figure 4: Refractive indices as a function of the photon energy or wavelength for crystal 
LiF (black solid line) and MgF2, which is birefringent (grey solid line for ordinary ray, 
dashed line for extraordinary ray). 

The process is illustrated in Fig. 3, where the probability for a photon to be in
ternally reflected and trapped is plotted as a function of the impact parameter of the 
incident particle and its depth of creation inside the crystaL The photon signal rises from 
a minimum impact parameter, bmin , up to bo and then saturates. Thus the thickness d of 
the crystal to use is related to the range of interesting impact parameters that we want to 
explore: for the charged decay products of the B mesons, for instance, whose mean impact 
parameter is about 600 11m, we can choose d such that the corresponding bo is equal to a 
few times 600 11m (a crystal a few millimetres thick in this case). 

In order to have a good sensitivity to very small impact parameters, Omin must be 
as small as possible (positive). On the other hand, in order to avoid background from 
minimum bias tracks corning from the optical centre and giving a signal through multiple 
Fresnel reflections. a lower limit to 8 min must also be required. 

So far. we have not considered chromatic dispersion. In fact n. e:, 8min , and bmin are 
A-dependent. This chromaticity has to be minimized. The slower the variation of Omin 

with /\. the wider the bandwidth of the produced Cherenkov light in which Omin has the 
required value and the larger the number of photons on the photodetector. Unfortunately, 
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Figure 5: The experimental set-up: the LiF crystal, the ellipsoidal mirror, and the photo
multiplier inside the vessel and the two fibre crosses outside. 

such a quasi-achromatic behaviour cannot be obtained with a single medium (nl ~ v'2 
and n2 = 1): Omin and bmin vary with the wavelength (chromatic aberration). The effective 
bmin is obtained by convolution over the bandwidth of useful Cherenkov light. However, 
if the crystal is constructed with a core of a high index material (nd and a cladding of 
an appropriate lower index material (n2), the wavelength dispersion of the core material 
may be balanced by the dispersion of the cladding material giving an achromatic pair. 

In this experiment we have been concerned with testing the principle of the detector. 
Therefore we have chosen the simplest case of a single medium. The most important 
requirement for the crystal is that its refractive index must be close to, but not exceed, 
v'2 for the largest bandwidth of the radiated Cherenkov light. This is well satisfied by 
the LiF and MgF2 media (see Fig. 4) for wavelengths above 270 and 220 nm respectively, 
although MgF2 monocrystals exhibit an important birefringent behaviour. 

The edge-cut angle which optimizes. in this case, light collection is 45° with respect 
to the tangent plane; the photons produced in the crystal, and internally reflected, exit 
with an angular distribution peaked at the normal to the edge. The outgoing photons 
appear to come from a virtual source located on the crystal axis. Large impact param
eters introduce a defocalization as exit angles with respect to the normal increase with 



increasing impact parameter. 

We have tested such an OD device using a LiF crystal in a particle beam at the 
CERN PS. 
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Figure 6: The Pulse-height distribution from the UV lamp. The peak at zero photoelec
trons is divided by 10. 

3 The experimental set-up 
The experimental set-up is shown in Fig. 5. The main components are: a LiF crystal. 

an ellipsoidal mirror, and a photomultiplier. The LiF spherical shell was shaped and 
delivered by the firm Quartz et Silice. The crystal shell has a thickness of 3 mm, a 
diameter of 60 mm. and a spherical radius of 100 mm. The reflectivity of the mirror 
was roughly measured in the UV range. It lies between 0.4 and 0.6. Placing the virtual 
source, from which the photons appear to come, at the first focus of the mirror, the light 
is focused on a photomultiplier whose photocathode is placed at the second focus. The 
photomultiplier has a 2 in. diameter quartz window [5] and is mounted at an angle of 
7.50 to the beam axis. Diaphragms of variable sizes and filters can be mounted in front 
of the photocathode. Choosing suitable filters we can let through only those Cherenkov 
photons for which the wavelength corresponds to a refractive index lower than .J2. Two 
filters were used. cutting wavelengths shorter than 280 nm and 305 nm (Fig. 7). All the 



above components are mounted on a 20 mm thick aluminium plate. An aluminium cover 
ensures the light tightness of the system. Two thin 100 11m circular aluminium windows. 
npstream and downstream. are used to minimize nuclear interactions. radiations. and 
multiple scattering effects of the beam. The whole system is mounted on a moving table 
which allows a scan in the horizontal plane transverse to the beam (x) with a precision 

of 50 11m. 
The set-up was installed in the CERN PS test beam T9 providing 8 GeV Ie mo

mentum pions. The particle trajectory is reconstructed with two drift chambers, each 
equipped with x-y planes and having a spatial resolution of 150 /Lm ; they are mounted 
upstream and downstream of the OD system. Each plane has six cells of 2.5 cm drift 
space between a double sense wire and a single cathode wire. Double tracks in the same 
cell are not resolved. Close to each drift chamber, a pair of crossed, 2.5 mm diameter 
scintillator fibres are mounted on the support plate. They have been mechanically placed 
along the axis of the system to determine precisely the relative position of the chambers 
in this system. The chambers were triggered by a hodoscope consisting of two 3 x 3 cm2 

plastic scintillators placed upstream of the set-up. The size of the beam was sufficiently 
small to use, after alignment. only the central drift cell of each chamber plane. For each 
trigger the Pulse height of the photomultiplier is recorded in a standard Lecroy 2249W 
CAMAC ADC. The data acquisition and on-line analysis was controlled by a Macintosh 
computer. Events were written onto a disk and transferred. when necessary, via Ethernet 
to the central computing system at CERN. 

4 Calibration 
A hydrogen pulsed lamp with a CaF2 window is used as a source of UV photons 

for on-line calibration. The emitted light is guided through an optical fibre to a position 
facing the photomultiplier. A set of attenuators can reduce the light down to the operating 
level of a single photoelectron (p.e.). 

Calibration runs were performed to determine the gain and the single photoelectron 
response of the photomultiplier. The Pulse-height distribution for an average of 1.5 p.e. 
per pulse of the UV lamp is shown in Fig. 6. It exhibits clear peaks corresponding to 1, 2, 
... p.e. This distribution can be well fitted with a series of Gaussian peaks, the positions 
and widths of which are correlated, and an exponential background which reproduces the 
pedestal tail. The ,,2 per degree of freedom for the fit is 1.4. The non-linearity of the 
photomultiplier has been evaluated to be about 3% between two peaks. The resolution 
for the single p.e. peak is (J' = (0.28 ± 0.03) p.e. In the fit, the areas under the peaks were 
left free: we found that these areas do follow a Poisson distribution. In the region between 
the pedestal and the single p.e. peak. the contribution of the Gaussian peak and that of 
the decaying exponential were chosen randomly once the sum of their contributions had 
been determined. The same procedure is applied for the analysis of the data. 

5 Experimental results 
The particle impact parameter is measured by reconstructing the track with the two 

drift chambers. A first filtering of the data is performed by requiring only one hit per wire 
plane. This constraint rejects most of the background, such as pile-up, and electromagnetic 
or hadronic showers. \Vrong track reconstruction can only occur when two particles cross 
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Figure 7: Quantum efficiency of the photomultiplier (dashed line, right scale), the LiF 
Omin angle (solid line, left scale), and the measured filter transmission (right scale): filter 
of 280 nm (dark gray line) and filter of 305 nm (light gray line). 

the same central cell during the drift-time in this cell. The rate has been lowered to less 
than 4000 incident particles during a 350 ms spill so that the probability of getting two 
particles in the central cell is kept below 1%. A second filtering of the data consists in 
cutting the tails of the angular beam profile. This removes part of the scattered particles. 
The beam defined by the trigger hodoscope allows the scan of impact parameters in the 
range of 10 mm. To reach higher values of impact parameters, the main vessel was moved 
in the horizontal plane (x-direction). Taking into account the spatial resolution of the 
chambers, the resolution on the impact parameter is 250 /-Lm. 

In spite of a careful mechanical alignment of the crystal axis, with the fibre crosses. 
small deviations cannot be avoided. Fortunately, these deviations can be determined from 
the data themselves. since the signal delivered by the crystal has to be minimum for 
particles going through the centre of the sphere. Indeed, near the centre, the efficiency 
of the device is minimum (see Fig.8). We have fitted the distribution of the amplitude. 
given as a function of the transverse coordinates x and y, by a paraboloid of revolution. 
This allowed us to determine the centre with a precision of ± 50 /-Lm. 'vVe found that the 
coordinates of the centre are x == -0.620 ± 0.05 mm and y = +0.015 ± 0.05 mrn. Since 
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Figure 8: x - y impact in the crystal of tracks giving a signal of more than 2 p.e .. 

mechanical adjustments have been performed with about 0.1 mm precision~ we can only 
interpret the x shift as resulting from a slight tilt of the crystal. 

The distribution of the amplitude of the signal in p.e. units. after correction for 
the right position of the crystal. is shown in Fig. 9. as a function of the impact pa
rameter b; the sign attributed to b is that of the vertical y (Fig. 9a) or horizontal x 
(Fig. 9b) coordinate of b. It can be seen that the response is symmetric with respect to 
the horizontal plane (Fig. 9a) but not to the vertical one (Fig. 9b). This x asymmetry 
is due to the angle of the mirror axis with respect to that of the crystal (7.5°). The 
background due to the scintillation of the air inside the vessel during the passage of the 
particles has been subtracted: it was measured in dedicated runs by hiding the crystal 
from the photomultiplier and was found to be (0.030 ± 0.008) p.e. This background is 
trivial, since it depends on the light readout system and can otherwise be shielded or 
suppressed by operating in vacuum or in an appropriate gas. 

A Monte Carlo program has been developed to simulate the observed signal. The 
following physical processes for the optics have been taken into account: polarization 
of the generated Cherenkov light. Fresnel reflections and refractions. index chromaticity 
C:(A) of the LiF crystal. mirror collection with a mean reflectivity of 0.4, measured filter 
transmission and quantum efficiency of the photomultiplier (Fig. 7). The agreement with 
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Figure 9: Amplitude of the signal as a function of the signed impact parameter. with a 
40 mm diaphragm. data (crosses) and Monte Carlo (line). 

the Monte Carlo simulation is good and the behaviour of the device well understood. As 
expected, the signal rises to 1.6 p.e. at an impact parameter of 7 mm, then goes down for 
larger values of b. The fall at large impact parameters is due to the cut-off imposed by a 
40 mm diaphragm in front of the photomultiplier. With a smaller diaphragm, i.e. of 20 mm, 
the fall occurs at a lower value of b. This can be seen in Fig.10, where the signal versus b 
for both 20 and 40 mm diaphragms is shown. Rejection of large impact parameters can 
thus be achieved by adjusting the diameter of the diaphragm. This is an additional good 
property of the 00, as closing the window will reduce the background due to delta rays 
and nuclear interactions. If optical fibres are used. instead of a mirror for light readout, 
the same pleasant feature is encountered. owing to the optical fibre aperture. Figure 10 
also shows the effect of cutting short wavelengths: the dip at very small values of b is due 
to the cut-off of shorter wavelength Cherenkov light induced by the filter. 

At zero impact parameter the observed signal is not zero. This is due to two kinds 
of sources: 

i) Processes that take place in the crystal and may still be present in future B experi
ments (or other future experiments where the 00 would be installed). These processes 
would contaminate impact parameter discrimination: this is why we already consider 
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Figure 10: Amplitude of the signal as a function of the impact parameter with and without 
filter and with two different diaphragms. 

here their contribution as inherent background. Such processes are delta rays and 
nuclear interactions generated by the particle inside the crystal and propagation of 
unwanted photons through multiple Fresnel reflections down to the exit edge of the 
crystal. 

ii) 	 Effects that are associated with our test-beam measurement and the set-up exclud
ing the crystal (external background). Since the signal is small, tiny effects of this 
second kind may strongly affect the estimate of the first type of background. Such 
effects are photons from outside sources as well as biases due to track selection and 
reconstruction. 
All sources of photons related to the beam and having an origin outside the crystal 
have thus to be removed or precisely measured. We recall that the gas scintillation 
is already subtracted out. Other unknown sources may still remain. For example, a 
variation with the beam position of the background at zero impact parameter has 
been observed. This is not yet understood and is not shown here. 
Set-up related biases that have not yet been precisely evaluated are: wrong impact 
parameters due to tracking errors; multiple scattering inside the vessel: possible mis
alignments of the different components of the optical system: the production of sec



ondary particles upstream of the crystal. giving two particles in t he same drift cham
ber cell. of which only one is detected: the chamber hit multipiicity cut: and the cut 
in the angular beam profile. 

The observed value of (O.O,! ± 0.02) p.e. has to be considered as a first estimate 
of the crystal-induced inherent background. Studies are being pursued for a more precise 
determination. 

The contamination of the inherent background. in B-meson research. will depend 
on the threshold imposed on the signal. Simulation studies are under way and show that 
contamination can be suppressed by coincidence techniques. 

Figure 11 shows the efficiency per particle of the device as a function of impact 
parameter with a threshold set at 1 p.e. and Fig. 12 gives the efficiencies at impact 
parameters of 1 and 10 mm as a function of the threshold value. 

>. 0.8 
u 
c... 
.~ 

W 0.7 

0.6 

+ 
O.S 

+-+- .....L 
I 

0.4 

+ 
0.3 

-+
0.2 

0.1 

! ! ! I ! 
4 6 8 10 12 14 16 18 20 

Impact Parameter (mm) 

Figure 11: Efficiency with a threshold at 1 p.e. as a function of impact parameter. obtained 
with a filter of 305 nm and a diaphragm of 40 mm. 

By improving the quality of the mirror. we can increase the maximum signal to the 
level of 3 p.e. per particle. Additional improvements to increase both the collected signal 
and the sensitivity at low impact parameters are discussed in the next section. 
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the threshold [p.e]. 

Perspectives 
The experimental results obtained are in agreement wi th expectations and demon

strate the ability of the OD to reject small impact parameters. A first application of 
such a device with an increased radius for the spherical crystal can be considered: it can 
provide a fast trigger for K~ or hyperon selection. As an example, a MgF 2 crystal with 
200 mm radius and 2 mm thick could be suitable for K~ (C'i = 2.675 em), ~+ (2.40), n
(2.46). However, the presently obtained threshold is too high and its rise too smooth for 
a direct application as a B-event selector. 

A program of technical development of the device has started, to obtain a high 
efficiency in B-meson pairs and a strong rejection factor against unwanted minimum bias 
events [6, 7]. A first way to lower the impact parameter threshold of the device was 
mentioned in Section 2: Omin should be small for the largest possible bandwidth of the 
Cherenkov light. vVe have investigated various optical materials: crystals. glasses, etc. [8} ... 
Standard optical glasses have indices greater than 1.46 and are not suitable in such a 
design. Other materials whose indices are not too far from y'2, could be used if doped. 
vVe mention the possibility of doping of LiF or MgF2 to bring the useful bandwidth into 
a lower dispersion region. or of CaF2 in order to lower its index value. 



Another solution could be to replace the air or vacuum surrounding the crystal by a 
liquid or a gas under pressure. to reach the threshold condition for optical materials with 
indices slightly over V2: CaF'2 is again a good candidate and in that case the pressure 
might be a convenient parameter to monitor the indices constraint (6). 

A complementary possibility is to use the reflection threshold condition on the inner 
surface of the crystal instead of on the ou ter one. In that case the formulae of Section 2 
are slightly modified and the effective bmm is decreased by a quantity depending on the 
crystal thickness. 
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Figure 13: (}min as a function of the photon energy or wavelength for a sapphire crystal 
coated with silica. 

Nevertheless. a 2-layer design. a core coated with a cladding, appeared to be more 
promising, a compensation being possible between the wavelength dispersions of the core 
and the cladding materiaL The use of such a pair of indices enlarges the wavelength region 
where the quantity £ is small and therefore it is possible to decrease the impact parameter 
threshold. The external surface of the cladding has to be absorbent in order to dump the 
light refracted at the corelcladding interface. which would otherwise be reflected at the 
air (or vacuum) / cladding interface. \tVe are concentrating our efforts on a reliable and 
radiation-hard pair of materials: sapphire (AI20 3 ). coated with a layer of about 2 J-lm of 
silica (Si0 2 ). As shown in Fig. 13. the required condition (9) on e (and hence on 8min) is 
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satisfied for the bulk materials between 600 and 1000 nm. The possibility of extending it to 
the UV region and to diminish the variations of Omin is under investigation in collaboration 
with the LETI laboratories [9J. Other pairs of materials~ such as Alz03-KCl or LiCI-NaF, 
have also been considered. 

A further improvement of the signal at small impact parameters can be obtained by 
splitting the total thickness of the device into four or five such 2-layer elements. For small 
impact parameters the number of detected photons begins to increase almost linearly with 
the number of slices. This is due to the fact that only photons emitted close to the exit 
face contribute to the signal (Fig. 3). An optical trigger based on this idea of multilayers 
is under study. 

Another way to improve the efficiency is to increase the quantum yield of the pho
todetector. Reflection-type photomultipliers are expected to give higher quantum effi
ciency (~ 45%) to be compared with 25% efficiency of the transmission ones used in this 
set-up. However, the entrance windows of reflection-type photomultipliers are still too 
small. Silicon avalanche photo diodes have a quantum efficiency close to unity, but their 
gain is limited at the level of a few hundreds and they are not at the moment available 
as single photon detectors. 

A new development concerning visible-light photon counters (VLPCs) seems to be 
promising, as quantum efficiency is optimum (80%) in the range from 400 to 800 nm [10] 
where c is appropriate in the case of the pair sapphire-silica. These devices exhibit fast 
response « 5 ns), and can operate at high rates. At nominal operation conditions the 
gain is 3 x 104 and the resolution for single photons is excellent. The device operates at 
6.5 K where the dark noise is quite low, i.e. 5 x 103 counts per second. For the OD project 
low temperature is not an obstacle, since light signals can be guided using optical fibres 
to the cryostat which lies far from the interaction point. A test of the OD with VLPC 
read-out is in preparation. 

Conclusions 
Experimental results from the tests with a full Optical Discriminator are very en

couraging and demonstrate the feasibility of such a device as a fast Impact Parameter 
Detector. which could be used as a first-level trigger. Its simplest configuration could be 
a one-channel device. The collected signal as a function of the particle impact parameter 
exhibits the shape expected by the Monte Carlo simulation program. 

The device is insensitive to very small and very large impact parameters. The sen
sitivity thresholds can be controlled and tuned. This allows selection of the desirable 
impact parameter window and considerable rejection of background from delta rays, nu
clear interactions produced in the crystal, and other large impact parameter processes. 
The use of existing technologies, such as the new generation of avalanche photodetectors 
(VLPCs) and the multilayer shell based on sapphire coated with doped silica should allow 
us to reach the characteristics necessary for an efficient B-meson decay detection with low 
background. Minor changes in the design of the present prototype can open up a new 
experimental approach to the study of rare strange particle decays. 
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