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A PROPOSAL TO STUDY THE PROPERTIES OF HEAVY QUARK PRODUCTION AND DECAY

Proposal Summary

We propose to study the hadronic production, and subsequent decay, of states
containing heavy quarks by using a high resolution, high rate, visual vertex de-
tector in conjunction with a comprehensive downstream multiparticle spectrometer,
the Heavy Quark Spectrometer (HQS).

We believe that the field of heavy quark physics, when studied with high re-
~solution and high sensitivity, has great promise for new physics both for the
study of the ¢ and b quarks and t lepton as well as for the search for new, un-
expected phenomena. In addition, we believe that a major program of research,
such as is proposed here, must be both flexible and comprehensive. For this
reason, we propose to build the HQS as an "open-geometry" multiparticle spec-
trometer to take advantage of the variety of decay modes expected for heavy quark
states. While a final design effort is still underway, we expect the HQS to
contain the following elements:

(1) a high energy, high py_muon_trigger will be achieved by tracking a muon
through an iron range absorber. Multimuon triggers also appear to be
promising;

(2) the use of high resolution, visual vertex detectors ( a high resolution
streamer chamber and a microsonic bubble chamber) eliminates much of the
combinatorial background which is a serious limitation to all other effec-
tive mass studies of heavy quark states. Additional resolution is expected
through the use of holographic imaging of the tracks: _

(3) a high field (~ 2T) magnet allows the detection of charged particles in-
cluding those associated with the heavy quark non-hadronic decay which
provides the trigger as well as those from the subsequent decay of the other
associated heavy quark; ,

(4) the open geometry provides a maximal geometric acceptance for K° and A decays;

(5) two atmospheric pressure Cerenkov counters and a lead/scintillator sandwich
shower detector provide the identification of particles from the heavy quark
decays.

The d%rect observation of large numbers of B events (~2000) and charm decays
(~100,000), as could be obtained in the program proposed here, would allow the
following studies: :

(1) determination of the Kobayashi-Maskawa parameters from measurements of 1life-

- times and branching ratios; :

(2) confirmation that the b quark does have conventional weak couplings as ex-

pected if it is the q = -1/3 partner in a third Teft-handed quark doublet;

) study of the lifetime and decay modes of the t lepton;

g possibility of observing CP violation in both neutral and charged B systems;

)

the spectroscopy of the b (and c¢) states can be examined; and

study the hadronic production mechanisms for both b and ¢ quark states.

In addition to the above studies, it is important to note that the HQS, with
its anticipated sensitivity and resolution, is ideally suited to search for new,
unexpected phenomena in hadronic reactions. The high resolution of the visualude~
tectors should permit the study of short-lived states with 1ifetimes 31.4x10™ sec.
The high sensitivity (~1 event/25pb) of these devices will allow the study of new
and rare processes. : ‘

For this initial phase, we request 1000 hours of running with the streamer
chamber and 1000 hours of running with the microsonic detector. We propose to run
with proton beams at 400, 600 and 800 GeV and a =~ beam at ~500 GeV with beam rates.
of 106-107/sec. ‘
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A PROPOSAL TO STUDY THE PROPERTIES OF HEAVY
| QUARK PRODUCTION AND DECAY

I. Introduction

We propose to use high resolution vertex detectors--both a high pressure,
hign resolution Streamer Chamber (HRSC) and a Microsonic Bubble Chamber (MSD)--~
and an open-gecmetry spectrometer with associated charged particle identifica-
tion, electromagnetic shower detector, and muon detector to study the hadronic
production and subsequent decay of particles containing the b quark.

The collaboration listed on the title page has been formed because of the
common belief that the study of short-lived particles can best be performed
using a high resolution (< 30 ) visual detector with high-rate capability in
front of a comprehensive downstream multiparticle spectrometer. Thus, this
collaboration proposes to build the two vertex detectors and a downstream multi-
particle spectrometer, the Heavy Quark Spectrometer (HQS). These two vertex
detectors have complementary properties. The streamer chamber has excellent
sensitivity but may be limited to track widths of 20-30 um. The MSD, on the
other hand, nas Timited sensitivity but offers the potential for tracks of
width 2 to 5 um. In the program proposed here, we have tried to utilize
these complementary aspects in an optimum manner.

We believe that for an experiment that proposes to search for heavy quark
decays with a starting date ~ 1983, the system must be both flexible and com-
prehensive. For this reason we have proposed to build an "open-geometry®
spectrometer which contains the following features:

i) measurement of charged particle momenta;

ii) identification of a large fraction of the produced 7 and Ki;
iii1) possibility of observing K; and A decays;
iv) ~vy,m° and electron detection and energy measurement; and

v) good muon identification.

We believe that all of these features are available in the system proposed in
Section III.

In this experimental program we propose to use a high resolution vertex de-
tector and the downstream spectrometer (HQS) to study the following physics
topics related to the hadronic production and subsequent decay of B mesons and
baryons :

a) a study of the production differential and total cross sections with

high geometric acceptance;



b) a direct measurement separately of the lifetimes for the different
charged and neutral B states by observation of both production and
decay vertices in a visual detector;

c) since the trigger will involve only the decay of one b quark, we will
study the inclusive decay modes of the other b quark; hence we can
measure various branching ratios (e.g. nonleptonic, semileptonic,etc.)
in an unbiased manner;

d) a study of the mass spectroscopy of the B systems by means of the
effective mass technique, but without the usual combinatorial pro-
lems associated with non-visual detectors; and

e) a search for and the measurement of CP violation in B decays.

In the following section, these and other topics are discussed in more detail.

The program of physics which can be carried out with the system we pro-
pose is a broad one which can develop along many lines, some of which we can
forsee now and others which will become apparent only after the research gets
underway. It is unreasonable to propose, at this time, all of the potential
physics which could be done with the apparatus.

We have therefore planned, and proposed here, an initial phase which re-
quests 2000 hours to survey the production properties of the B particles, to
collect a substantial number of B events (~ 2000) and to collect a large
sample (~ 100,000) of charm decays. Proposals for subsequent experiments
would follow after this initial phase was at least partly completed.

Finally, we note that we are in the early stage of the design of the down-
stream system. The design, and costs, presented here are a "first-cut" in
which we have tried to address the "large" questions in the design of such a
system and to set the scale of the required apparatus. We are in the process
of making a much more complete design effort, including an attempt to minimize
costs. This is a substantial effort which will continue for some months. We
do believe, however, that the design we have presented here will turn out to
be representative of our "final" design and that it does reasonab1y display
the scale of the equipment needed.

IT. Physics Goals
In this section we discuss some of the outstanding questions that cur-

rently need to be answered concerning the nature of B production and decay.
In addition, we indicate what information this experiment could provide to




answer some of these questions. Information from studies of the B can be
generaily classified into one of three categories:

(a)
(b)
(c)

Production Mechanisms (Strong Interaction Physics),

Decay Processes and Rates (Weak Interaction Physics), and
Spectroscopy of neavy quarks.

(a) Production Mechanisms

i)

iii)

Total B production cross section: From measurements of BB production

by different beams (p, n, wt, and p), one will learn about the relative
contributions of the qq and gg fusion diagrams (see Fig.1). While one
"knows" what to expect from these two processes from studies of ¥ pro-
duction, it will be important to confirm these expectations directly.
In particular, the overall normalization of the cross section could
yield information on how the color-octet gq configuration rearranges
itself by soft-gluon emission into a color-singlet final state.(ij
In addition, these studies will provide necessary input for the sub-
sequent choice of running conditions for future studies of heavy

quark physics.

tailed information on the re{aggve contributions of the gJ and qgg
mechanisms. Furthermore, depending upon the specific final state
observed one can even study the various diagrams, eg., Fig.1 (b,c,

and d). Small discrepancies between data and theory might enable one
to learn about diagrams Fig.1 (e and f). In addition, one might learn
about the heavy quark distributions in hadrons (see Ref.2).
Diffractive Production: This process has been studied in charm pro-

--------------------- (3)

duction, but even here the picture is far from clear , and there
have been no theoretical predictions for the diffractive hadronic

production of B mesons or baryons.

(b) Decay Processes and Rates

Most of the items considered below apply to all of the B-mesons and
baryons but will be discussed only for the mesons as examples of what

might be studied. In addition, what is Tearned from e'e” machines in
the next couple of years may well modify any trigger rates that are est-

imated for this experiment.



i)

iii)

iv)

Lifetime of the B-Mesons (Bg, B

us Bes BZ,...): This is a study that
will not be made at e'e” machines. Knowledge of the Tifetime of the
B's will yield approximate information on the value of the elements
(and hence angles) of the Kobayashi-Maskawa (KM) matrix (see Appendix I).
Lifetime of the t-Lepton: From studies of B - tv, B* - tv or F (cs) ~
t7v, etc., one could study the t decay length distribution in a high
resolution vertex detector and therefore measure the t 1ifetime. An
estimate of the t lifetime is 2.7x10”]3sec.(4) In addition to its
lifetime, if one sees the t decay in the vertex detector one can
aWSo(Q):

a) determine whether the t and p couplings are the same;

b) Tlook for the = » vK  decay mode;

¢) study the multihadron decay modes of the t; and

d) set limits on forbidden decay modes., eg. T~ p7y.

Specific decay rates: From studies of B-meson decay rates one can

obtain information on the ;s & KM parameters of Eq (AI-1). Since
these parameters govern the lifetimes, decay branching ratios, mixing,
and CP nonconservation of heavy quark systems, it is of considerable
interest to determine them and the best way may be from studies of
B-meson decay. The most likely key to measuring Uy, and Uy, (the
amplitudes for b > u and b - ¢, respectively) is through a study of
multileptons from B decay. One could hope to measure I'(b -+ u)/T(b > c)
by using the 1ike-sign dilepton events from the cascade:(5'8)

b b
+
I-—-»C,Q_X ‘ L—»EX :
L—»;‘R"X

Non-Leptonic Enhancement Factors: Knowledge of the values of the

é§—ggé;;;-;; QQSBQB?y_Bécé§§£;§-1n order to extract dynamical en-
hancement factors from B lifetime measurements. In princip]e,(g)
with measurements of the ratios FSL(b +~u)/FNL(b + u) and FSL(b > c)/
FNL(b -+ ¢) we can measure the dynamical nonleptonic enhancements with-

‘out knowing the KM angles; however, this is likely to be hard and

(9)

probably will be easier if the KM angles are known.




vi)

vii)

viii)

decay will yield information on the dynamics of the non-leptonic decays.
Depending upon how (or if) the color-octet cc system emits soft gluons
to become an observable color singlet final state, there is a factor

of 9 uncertainty in the calculated rate for B decays into cc bound
Tests of the b Spin: A suggestion

states.
Tests o (10) has been made to search for
effects that could indicate that the b quark has spin 3/2 rather than
1/2. If Sp = 3/2 and Su.d = 1/2, then the lowest-lying mesons in the
B system stable against strong and electromagnetic decays will be
spin 1, not spin 0 as for charm. Furthermore, b decays could occur
via flavor changing neutral spin 0 or Z mesons.

Kane and Raby emphasize that if a spin 3/2 b quark were to be
found, we would have to consider seriously the possibility that
quarks and Teptons were made of more elementary objects.

Measurement of the weak decay constant for B mesons: ,,
-------------------------------------------- Measurement of

the branching ratic for B™ - t7v would give direct information on f_.

Even though this nmode is relatively small (0.4 ~ 42), it could be

studied in this experiment. Several calculations (in)

yield the ex-
pectation that fB ~ 00 MeV. However, another estimate(]z) based on

the MIT bag model predicts f, ~ 50-70 ieV. Thus, a measurement of f

B B

through leptonic B decays could yield information about the hadronic
structure of the charged B mesons.

Evidence for "Penguin’ graphs: Guberina et al''® have suggested
that it would be good to look for the effects of penguin graphs in a
nonleptonic multibody channel. Specifically, they suggest looking at
the two and four-body decays B~ +~w‘E°, m n° or B > K3r, 4r. Accord-
ing to their analysis they expect that B - wK(B - K37) should be sim-
ilar to the rate for B - 2n(B - 4n), in contrast to the naive predic-

tions of the KM model (see Eq. AI-3). (Indirect production of K3n

.coming from B - Dr > K37 or B + D=xn - K3n should be comparable but

can be isolated by studying the effective mass distributions for the
D contribution.)


http:sr;;i).ll

ix) Flavor-changing neutral currents: If t's are made at reasonable rates

at Tevatron energies via B (and/or F) decays, than the search for the
reactions t - upe or eee would set limits on flavor-changing neutral
currents.(14) It will be impossible to approach the limit suggested(]d)
by K° data of B(t - nppe) <5 x 10"]0; but even a limit of 1073 might
be useful since no directly measured 1imit exists at present.
x) CP Violation Studies: For only four quarks (two weak isospin left-
handed doublets), any complex phase parameter in the weak currents
can be transformed away by a redefinition of the quark fields. Thus,
in the absence of further interactions, there is no CP viclation. For
the case of six quarks this is no longer true and the phase parameter
§ appears (see Eq. AI-1). Consequently, there is CP violation if §
differs from zero.
Now consider B°B® production followed by the semileptonic decays
B® - g'vx+, B° » 2*9X™. CP violation appears as a charge asymmetry
A S VIO Y
that charge asymmetries

in the number of like-sign dilepton events: a = (!
Since A = (WH+ n7)/2nt T 0.4, we see (15718)
could be large in B - B° decays: |a| ~ 4 x 107% (v 4 x 1073) for
By (BS}. Given the large vaive of A, sucn valuss of |aj could be ob-
served with a large number of dilepton B° events. Furthermore, the

analysis of Ref. 15 suggest that a < 0. Hence, if Jarge lepton charge

2, or in the direction of (++) rather

than (--), were to be observed, this would be evidence for an alter-

asymmetries in excess of 10~

nate means of CP violation.

The above CP violation effects occur due to virtual (off-shell)
mixing effects in their mass and width matrices. Recent studies(19“20)
have shown thét it may be better to look for CP violation in processes
where CP violation is coming mostly (for B®) or completely (for BY)
from on-shell transitions in the decay amplitudes(Z]). Although the
CPT theorem guarantees that the total widths of particle and anti-
particle are identical, one prediction(]g) of CP violation is that
the decay rate of a particle into a definite final state can differ
from the rate of the antiparticle decaying into the corresponding

charged-conjugated state: T(i - f) # r(i +?). Such differences,




xi)

if observed, would yield the first evidence for time-reversal violation

involving non-neutral systems(lg). Thus one should ook for asymmetries

between particle-antiparticle decay rates such as

(B - DX) - 1{
(B + DX) + (B =+

conjoot

+ DX)
DX)

Three types of studies have been suggested

=

(19,20)' (19)

In the first type
one can study asymmetries in either partial widths or inclusive decays
of the charged B™ mesons (B and Bé):

Bﬁ > nig® , K'w
+ + -
B - wX vs B - #¥%X.

The second type involves producing, through mixing, a coherent beam of

B and B° and observing a decay channel to which both components contri-
bute:

B® = D°X » K;YX with rate T

3t

B® » DX - K;YX with rate

om G +s - PR +
BdBd - K Ks X with rate T
- KK X" with rate T .

(20) conclude that a = (r-T)/

(r+t) ~ few % and thus might be observed in future high statistics

For the latter reactions, Carter and Sanda

experiments. Finally, they stress the importance of observing hadronic
(as opposed to semileptonic) final states and, in particular, those
final states containing Kg‘

The third type of study involves the interference between B - DK;X
and B~ DK;X if a common decay channel KgKgY is detected.
Evidence for eight or more guarks: Since the charged-current matrix
must be unitary, knowledge of the KM angles might enable one to lTook
for evidence of more than 6 quarks. The presence of new guarks 1eads(22)
to the deviation of the matrix from unitarity, with their contribution

bein 1/Im .
g~ 1/ q



(c)
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xii) Evidence for the conventional six-quark model: Most discussions assume

that the b quark is the q = -1/3 partner to a third quark doublet.
While the efe™ data from CESR (23) seem to suggest that the b quark does
have conventional weak couplings (24), it is still important to check
that the properties of the b are inconsistent with other theories in

(24) (25)

which there is no t quark As an example, Barcer and Pakvasa

have considered the consequence of assigning the b quark to a lTeft-
handed singlet rather than to the weak isospin doublet (t,b)L. In this
case, no higher mass t quark would be required. Distinctive tests of

a singlet assignment would be the neutral current modes with the fol-
lowing signatures :

b+~ sete™ (2%) observed as B > Ke'e™, KreTe; ...

b - Su+u- (2%) B » Ku+u_, Kwu+u_, ce

b + swv (12%) B -~ K + missing energy
or b de'e”  (1%) B ome e, etc.

The existence of a t quark can be established by ruling out these decay
modes at this level (268). Note that both PETRA (26) and CESR data may

. . . . + - . + - .
be close to doing this, with B(B - e e X)}<5% and B(B » v n X)<1.7%
o P 0 A L « o ..

(207 C.L.Y vor CLED data ™'/, Ancuher cecay wose of incerest is

b -~ sss (3%)

with an additional 6% sS§s contribution from b > c¢€s and ccc. Hence the

total sss contribution is almost double that expected in the KM (t,b)L
doublet model. This is particularly interesting in view of the excess
of K's observed experimentally at CESR (23).

Spectroscopy of Heavy Quarks

Any study of B mesons will certainly include a study of the mass spectros-
copy of the b quark. While the first states are likely to be found in
e+eﬂ experiments, it is quite likely that there are many states which are
not produced in e+e' reactions or states which are difficult to detect in
a colliding beam experiment. Clearly, any experiment which can trigger
effectively on b decavs and detect the decay vertex in a visual detector
will have a great advantage in eliminating from an effective mass calcu-
lation those particles which do not come from the decay vertex. Thus the
hadronic decays of b states (v 635 of the decays are non-leptonic) will
permit a clean study of both mesons and baryons containing the b quark.
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How do we tell B from chqrm?

Since it appears that the easiest trigger for a B search experiment will

involve one or more detected leptons (e,u), it will be important to

"remove" as much of the "charm background" as possible. In this section

we consider some of the characteristic features of bb production and

decay.

i)

ii)

i)

One can search for the observation of two distinct short-lived decays
in an event in which an jdentified muon, produced in the event, does
not come from either of the two distinct decays. Events of this type
will "signature" B production even if the B lifetime is tooc short to
observe as aclearly distinct vertex in the vertex detector. The
efficiency for such events will be high for our experiment because
we will have excellent resolution for charm detection, B's are known
to largely decay via charm and our trigger responds mainly to the
muon from the B(é).

Two-kink Tracks: Following a trigger, one can scan the pictures

from a visual detector and Took for tracks which contain two sequen-
tial kinks. This does not guarantee B production and decay:

b -~ ¢ + X,
L-~s + X
since one couid also have rare charm procasses such as

Fo>x+ X.
Lu+X

However, even these processes are of interest, and furthermore, some of
the two lepton triggers can be used to suppress this process.

Effective Mass Combinations: If a single decay vertex has been located
in a picture, the combinatorial problems associated with the usual effec-
tive mass plots in nign multiplicity events will be greatly reduced.
Since one will "see" which charged tracks emerge from thé decay vertex
(with maybe a single ambiguity depending upon how well one can match
tracks, detected downstream with the tracks observed in the visual de-
detector), the effective mass calculation need only include those
charged particles. In general, there will still be some ambiguity in
assigning the detected +°'s and K;'s, but the problem will be greatly
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H H]

reduced over experiments which do not "see" the decay vertex.
iv) Exotic decays of 95: Despite the factor of 10% in the ratio of
20t all
interactions, cc in 1073 and bb in 10—6), there are various exotic
final states which clearly signal b-quark production. While all

of these rates are quite small, they may still be of use either

production cross sections for cc to bb (sS occurs in 5x10°

incorporated as a trigger (eg., the multilepton final states) or

in the off-1ine analysis (eg., the multi-strance final states). 1In
particular, the trigger will be extremely important to suppress
"charm background" for B studies.

v) Multilepton final states: In Appendix II we consider the various
multilepton final states that are possible from BB decay. The most
important results, and ones which will be used in the trigger and

event calculations below, are the following:

a) zly(or e) = 0.40

b) z2u(2e, or ue) = 0.040

c) B>y~ 2u(or 2e) = 0.0028
)

d) B> 1" > u~{ore”) =0.01.

Funariran® sl Aonaratug

The Tayout of the proposed downstream detector is shown in Figure 2. In
section wa discuss each of the components.
Bean

Since we believe that a detailed study of B preducticn should include a
comparison of BB production by both mesons and nucleons, we request high
intensity = and proton beams. For this proposal we have assumed a 10
second pulse every 60 seconds at the Tevatron. As discussed in Section V,
we propose to begin our program with proton beams of ~ 107 per second

(or 108 per 10 sec TeVatron flat top), and with =~ beams of 106 per sec
(107 per pulse). However, we expect to require more intense beams in the
later stages of the program. In particular a proton beam of 108 per
second (109 per pulse) or a neutron beam of similar intensity will be es-
sential for the very large statistics runs %fo study special aspects such
as CP violation. The beam optics should be such that all beams can be
designed to fill the sensitive area of the vertex detector, the Targest
of which is the HRSC with dimensions 10cm x lcm (and Z0cm in the beam
direction). The MSD will require a finely focussed beam of dimensions

3cm o x Zim. Finally, we note that for the charged particle beams, we will
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buiid a pair of heam tagging hodoscopes (Ha,H to measure the direc-

)
b
tion of the beam for use in triggering for the "low" intensity beam
cases.

Vertex Detector

The visual vertex detector proposed for this experiment is described in
detail in Anpendix IV.

Magnet

We request a magnet 1.2m wide and 0.6m gap. The magnet should be 2m in
the beam direction and be capable of procducing a 2T central field.
Proportional Multiwire Chambers

Directly following the vertex detector, we propose to place two PWC trip-

lets P1,P2. Inside the magnet volume, we propose to use 5 PHC triplets

P3~P7. The properties of all of these chambers are given in Table I.
Table T
Proporticonal Wire Chamber Chavracteristics
Spacing
PUC Triplet Width x Height Vertical, & 20° Total Wires
P1,PQ 0.6m x 0.3m Tmm, 2mm 2600
P o200 Ty Zon, Lo JRese:
- I &m 3w, 3 0o
P8 P]g 2.0m x 1.6m m, 3n 11050
21250

Downstream of the magnet, we propose to use 5 large PWC's also described in

Table I. The first two of these planes, P, and P_, are used to provide

8 9
tracking of particles after the magnet, through the two Cerenkov counters

and into the shower detector. The last three triplets, , are used

10712
to track the muon through the steel absorber and will be discussed later
in connection with muon identification.

Cerenkov Detectors

As we have seen, we expect that most B decays will occur via charm and hence

yield strange particle final states. In Section 1V, we present the momentum

il vE7

spectra tor the K's and note that it ranoes from approximately 5-50 GeV/c
(see Figure 3). In order to identify as many K© as possible, we propose to
o

use two Cerenkov counters with the following prorerties:
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Table IT
Cerenkov Counter Characteristics
Dimensions Number Threshalds Max
Cerenkov long x wide x high of Cells Gas p_ K =« Radius
C] 2.5m x 2m x 1.0m 28 CO2 3317 5 7.Tcm
CZ 4.0m x 2m x 1.6m 28 Ne 82 43 12 4.5¢cm

The maximum number of photoelectrons expected, assuming a figure of merit

of A=100cm'] (note that a neon counter has achieved A=260cm'], see Ref. 54),
are 20 and 5 respectively. In addition, behind each Cerenkov counter, we
place a hodoscope (H1’H2) which matches the sizes of the mirrors in each
counter.

Electromagnetic Shower Detector

Our preliminary design for a shower detector has dimensions of 2.4m (wide

x 1.6m (high) and is located 10m downstream of target center. It is designed
to meet the demands of 1) a good e/w separation in the momentum range

5-50 GeV/c, and 2) detection of #°'s ip the 10-50 GeV/c range. The shower
detector is of a lead/acrylic scintillator sandwich construction, with a
total depth of approximately 20 radiation lengths (r.].),\suffféient for
total absorption of showers up to 50 GeV/c. (55)

The shower detector forms an array made of 32 modules. Each module
has a sensitive area of 240cm x 5c¢m and consists of 32 identical layers,
each of which has 1/8" (0.6 r.1.) of lead followed by 1/4" of plexipop,
yielding a total of approximately 20 r.1. The energy resolution to be

expected from this type of shower counter is given by (56)

o 12%

—_— o —
E Ve

.Each'module is read out by means of wave shifter at both ends. Thus the
longitudinal posiﬁion along the length of a module is determined by compar-
tng the relative pulse heights and timing information of the two corres-
ponding photomultipliers. A resolution of + 2cm has been reported in a
similar device (57 . A further 1mpro#ement in position as well as in e/n
separation is to be achieved by inserting two wire chambers with lcm wide

cathode strip readout in each module at a depth of 3 and 7 r.1. respectively.
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With good energy and spatial resolution of the shower detector, com-
bined with a good momentum resolution in the magnetic tracking system, we
expect a pion rejection ratio in excess of']03 at 10 GeV and about 5x103,
at 30 GeV with a loss of only 5-10% of the electrons.

For identifying #°'s, the minimum separation (at 10.0m} between two
photons is (E in GeV) d ~ 270cm/E. Hence, with a conservative resolution
of o ~ 2cm, ©°'s of energy 50 GeVi(d:g_S,ﬁcm) can be readily identified.

i

The expected trigger for this experiment will be a single muon with

momentum greater than 10 GeV/c and with a transverse momentum.Z 1.5 GeV/c.
We expect to use a range absorber (7.3m of Fe)to select muons above the
minimum momentum. To select the transverse momentum trigger, we propose
to insert three large PWC's (P10‘P12) after 4m, 5m and 6m of steel. The
4m position is selected in order to cut the particle rate from =, K punch-
through to a reasonable value. The other locations are chosem to provide
adequate position measurement to select muons coming from the vertex
detector (in the non-bending direction) and the measurement of the momen-
tum and angle (in the bending direction). The final elemewt in the muon
detector is a 20 cell hodoscope (H3) which is used to trigger the system
and to provide the additional trigger logic of multimuons {either of like-
sign or of opposite sign) by selecting various patterns of hits.

(h) Trigger Processor

Because of the memory time of the visual vertex detector, we must make a
trigger decision in about lusec. The technique that we are presently
considering is an asynchronous parallel processor based upon mmltiple
fast memory lookups (MLU). Such a system has been designed by Barsotti
et al 58 and is currently used in E516, with a second such system cur-
rently being installed in E-537. A single MLU takes 35-50 nsec in this
system with each lookup beginning @s soon as the input data (address) is
available. High speed is attained by using multiple MLU's in parallel sa
as, for example, to calculate x and y track parameters at the same-time.
Designing the chamber placement and readout to facilitate the twrigger calc-
ulation, an MLU trigger processor should give a muon trigger cut on both
Pu and PT in lusec or less, |

e LT LI L ]
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IV. Acceptances and Trigger Rates

The triggers selected for this experiment will be one or more leptons.
The simplest trigger is the detection of a high transverse momentum ( Py e
1.5 GeV/c), high momentum ( p > 10 GeV/c) muon. In order to calculate the
rates that we can expect, we have performed Monte Carlo calculations for
the fo]]owihg sources of high PT muons:

a) Background due to n*, K* decays;

b) DD production, followed by D + Kuv, K*uv decays; and

c) the signal from BB production, followed by

B+ wD {(nw), D {(mn)
L Kyv, Krpv.

a) Background from n*, K*:

We parameterize the . (Ki) production spectra following B. Alper et a1(28)
at 800 GeV/c ( ¥v§ = 39 GeV):
2
dN -Ap; o-BY

dyapT = Pse

where A = 7.5 (4.6)(GeV/c)"1 and B = 0.205 (1.39) with an average number
of mi+ n 10.4 per event, and an average number of kKF+ K = 0.56/event.
Including a K » u branching ratio of 0.635, this yields 0.36 (K-u)/event.
b) Background from DD production:
Following A. Diamant-Berger et al (29), we parameterize the DD spectra as

dMiEdPT ) :43 pe™ T (1-[x|) e ¥ (1)
where ¢ = 1.3 (GeV/c)'], n==6andd= 20, M (=23.8 GeV) is the mass of
the DD pair and x,py refer to the M system which then decays into DD iso-
tropically. The two D - mesons are then allowed to decay into(30) Kuv
(with B.R. = 0.59x0.082) and K*uv (B.R. = 0.41x0.082) with a phase space
distribution.
¢} Signal from BB production:

The production of BB events was also parameterized by equation (1)}

with ¢ = 2.2 (GeV/c)™', n = 3 and d = 15. Data from CLEO'3?) show that
the observed charged particle multiplicity for BB decays agrees well with
a Monte Carlo calculation when nC(B§i> = 11.8 £ 1.0 is used. Hence we
find <:p¢(8);> = 5.9 20.5 or correcting for neutrals <:h(82> = 1.5 x 5;9 =
9 + 0.8. Therefore we allow the B to decay into an average of 9 particles.
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Since most B decays are expected to occur via b + ¢ (see Appendix I), we
have considered the following sources of muons:

B + Duv (47); (2)

> (u) Dv (4n); and , (3)

Kuv, Ky |

> D (7n) . (4)
Kuv, K*uv

Since there are some indications(27)that semi-leptonic B decays may occur
through pvD and uvD* (2000), we have also considered the decay

B » Duv . : (5)
Using reaction (5) rather than reaction (2), increases the acceptance for
single muons from B decay by ~ 10%. For the remainder of this proposal,
however, we just use reactions (2)-(4).
d) Production Cross Sections
We have assumed the following cross sections:

a (NN)inel 41 -7 = 34 mb,
o (DD) = 50 ub, and
o (BB) = 50 nb .

Justification for the last value is given in Appendix III.
e) Acceptance Results

Using the downstream system, with the given dimensions as discussed
in 111, the results for the reactions (2)-(4) are shown in Fig 4 as a

function of the minimum value of the muon pr that we accept. A minimum
momentum cut of 10 GeV/c has been applied. The results are presented in

- terms of the acceptance times expected branching ratio for production of
auinB decay. The upper curve in Fig 4 shows the sum of the three Tower
curves.

As we have seen in Section II, many of the B decay channels yield K
meson final states. Using the two Cerenkov counters discussed in Section III
and reactions (2) and (4), we show in Fig 3 the momentum spectrum for K*
that strike the mirrors of both Cerenkov detectors. As shown, the overall
acceptance for each reaction is about 80%. (The acceptance for K's from
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DD - K is greater than 90%, not shown).

The trigger rates, expressed as the number of triggers per NN inter-
action, are shown in Figure 5 as a function of the cut on Py of the muon.

We note that background u's from =* decay are negligible compared to K*
decays. The trigger rates from DD production are a factor of 100-200 greater
than the rate from BB production.

In the charm rate calculations to be presented in Section V we have used
the charm production cross sections calculated by Afek et a1.(59) These are
low by a factor of two at 800 GeV/c incident momentum in comparison with the
50ub used in the trigger calculation above. We have taken the conservative
point of view of using the larger charm cross section when calculating back-
ground triggers for B production and the -lower charm cross section when
calculating yields of charm events for physics studies. We have used the
Afek et al. (59) calculation because it provides a censistent prediction of
charm cross sections for the full range of incident beam energies we propose
to study.

The actual value of the transverse momentum cutoff which will be used
will be determined after considerable experimental as well as "theoretical"
study. A key consideration will be the trade-off between trigger acceptance
and trigger rejection rate. A proposed program for the first phase of our
experiment is given in Section V. We present in Table III the principal
parameters of the proposed HRSC and MSD which enter into the rate calcula-
tions of Section V. '




19 -
Table III

PARAMETERS OF PROPOSED HRSC

Gas Ne/He @ 100 atmospheres or equivalent
Dimensions of visible region 20cm x 10 cm x 1 cm

Fiducial length 20 cm

Fiducial interaction probability

per incident nucleon .0118

Non-fiducial interaction probability
per incident nucleon (dead gas,

windows , upstream,,etc.) 7 .0066
TOTAL .0184

Chamber dead time per picture 50 ms

Track width (space) 20-30 um.

- —— o — W M W W W e WS e R e e A e W W e e S T A W A e T T e W e . T O -

PARAMETERS OF PROPOSED MSD

Liquid Composition : Freon (CFBBr)
Dimensions of visible region 10 cm diameter x 0.36 cm deep
Fiducial length in beam direction 8 cm
Fiducial interaction probability 0.1
Non-fiducial interaction probability 0.025
TOTAL .125
Chamber cycling rate 104 HZ

Track width (space) 2-5 um
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V. Proposed Pfogram

The system we are proposing will have a broad capability'
for the study of heavy quark phyéics, We envision an experi-
mental program with this system which will encompass many dif-
ferent aspects of the physics, many different experimental rums
and, undoubtedly, other exoerlmenters besides those listed on
this proposal.

We propose to start this program with an initiall”survey"
~ phase which will_give the necessary information for the choice
of future expériments as well as providing answers to some of
‘the "first order questions” of b quark physiecs, and provide a
1arge (2 70,000) sample of charm decays.

The details and rationale for this initial phase are given
below. Subsequent. experiments with the system‘wlll be the subject
of future proposals.

The HRSC, with its high sensitivity, is the instrument of
choice for measuring the B particle production cross sections.

It is important to note that in the system we propose, B particle
production can be identified with high efficiency even if the
lifetime of the B particles is too short to obsexrve directly in
the HRSC. This is because the HRSC will have excellent efficiency
(¢ 90%) for charm, and, with our triggering scheme -- one or more
high transverse momentum muons (with Pr 2 1.5 - 2.0) -- the
“"trigger" muon is almost always from a B partlcle not from a
daughter charmed partlcle

In the event of a 'short" B lifetime, a B production event
will then appéar as an event with two visible charmed particles
in the chamber and with a muon which "comes from" the primary
vertex. The ideﬁtification of muon tracks in the HRSC will be
done by matching the track direction with the direction of the
muon(s) identified by the downstream system. GCareful attention
is being given to the system design to assure that this matching
can be done to sufficient accuracy to make the identification of
the muon track(s) in the HRSC essentially free of ambiguity.
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‘Although we are still in the process of carrying out de-
tailed Monte Carlo studies of direct observation of B particle
decays in the HRSC and the MSD we have approximéte estimates of
expected efficiencies from the previous work of ourselves and
others. Figure 6 shows the results of a detailed charm Monte
Carlo carried out by the Rutherford group in the LEBC collab- |
orétionﬁanThe_detection efficiency for B's can be expected to
be quite similar Sd that direct observation of B particles in
‘the HRSC (track width 20-30 um) will be > 50% efficient for
g 2 10“13 sec, and in the MSD (bubble dlameter 2-5 um) will be
* 50% efficient for 7y > 1.5 x 10714 ¢ ec. Direct observation of
charm will be highly efficient for both detectors.

Our strategy for the initial phase is then to use the HRSC
to study B particle production with proton beams at three ener-
gies, 400 GeV, 600 GeV and the peak operating TEVATRON energy
which we take, for this proposal, to be 800 GeV,

We also propose to use the HRSC to study B production by
pions at the highest energy for which 106 pions per second
(107 pions per 10 sec pulse) can be provided in the beam to the
detector. We have estimated this pion energy to be 500 GeV for
TEVATRON operation at 800 GeV.

The MSD would be used, in this proposal, to make a long run
( 1000 hours) at the peak energy, in a proton beam, to collect a
sample of events with the maximum possible resolution. We have
requested protdn beam fluxes that correspond to 10 tracks per
sensitive time (about 1 us for both HRSC and MSD). The presence
of 10 beam tracks in a picture is acceptable even with ordinary
imaging optics. With holographic recording, an order of magnitude
larger number of beam tracks per picture should be acceptable.
For the "initial‘phase" we have, however, kept the maximum flux
to the 10 per us level, partly to be conservative on the photo-
graphy and‘paftlyAbecause this flux corresponds to 10 MHZ of
beam passing through the downstream spectrometer. We will give
careful consideration to the rate capability and beam "hardness"
of the downstream spectrometer and it may well be that higher
beam fluxes may be useable in future runs. We therefore request
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that the beam line we use be such as to allow the use of proton
fluxes up to 108 per second (lO9 per pulse).

~ We would expect to need a period of running time, somewhat
hard to estimate now, to shake down the system and to study
experimentally the various triggers. We estimate approximately
500 hours for this shakedown phase. This could largely be done
at lower beam intensity. The actual, initial; data running con-
ditions would of course be determined after these studies. We
do believe, however, that we have a fairly good overall idea of |
the data phase running requirements. The tables below summarize
our requests and expected yields for the start up and initial
experimental phase of our proposed program. Typical calculations
of the rates listed in the table are also given below.

’ , Table IV
HQS - "Shakedown' Phase
Energy \‘Particle' Incident Flux | Hours Comments
(GeV) L B ; Requested
‘ Instantaneous per
’ pulse
»AOOTSOO (as| P 2 104 2 105 400 General set-up,
available) : : Timing, trigger
Studies, etc.
800 - P 107 8 i
: 0 10 100 [Maximum rate
o g Studies




Table ¥i HQS - B Particle Production Survey (HRSC)

. Py nmin for
‘Beam Energy Incident | Trigger Hours Total Fiducial Total | Fiducial | Total _
‘Particle | (GeV) ~ Flux '(GeV/c) |Requested| Pictures| BB per pix| Fiducial BR DD per pix| Fiducial DD
: "] Inst, per | ' s /
| pulse A2/3 A A2/3 A AZ/B A AAZ/S A
7 8 : | 501 (.1 | 11 5 5
L P 800 lO» 10”7, 2.0 _ faoo 2.9x10 303 | 113 959 2577 8.8 | 3.3 | +33x107} .88x10
| » 70 .8 | 5| 1| 1 1| b 4
: P 600 10 10 2.0 100 .725%10 e15 | 229 118 | 317 179 | 74 | -61x107| 1.64x10
i o
i B
i
i 7 8 ) 5 1 1 1 1 : 4 4
? 400 10 10 2.0 200 1.45x;.0 1954 777 74 1 200 159 | 5.9 | ° 92x107 | 2.46%10
I 6| 447 50 1 | 1 S 4
| T 500 10 10 | 1.5 300 1.35x10 3211 1195 42 } 113 25.9 | 104 4,820 1.30x10

Totals 1,000 6.425%10° 1,193} 3,207 53,120 | 142,000

, Table VI HQS - Highest Resolution Study (MSD) . ,
Beam Energy Incident| Pymin for Hours Total Fiducial Total _| Fiducial Total _
Particle | (GeV) Flux Trigger Requested| Pictures| BB per pix Fiducial BB| DD per pix Fiducial DD
(GeV/e) ' , 5
Tnst.| per a230 0 [ AM3 A a3 4 w23 A
. [pulse] S S
' 7 5 .. 1 1 4 4 -
P 800 | 10 10 1.5 1000 3,17x10 730 | 372 433 1,165 | 14.8 | 5.5 | 2,14x10"| 5.76x10

£€e
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‘As an example of the calculations used for tables V- and

VI we give below the details for the 800 GeV proton exposure
of the HRSC.

From the table of chamber parameters in section IV:

Total interaction probability

per incident proton for HRSC = - .0184
 Fraction of all interactions 0118 '
which are in fiducial region = —= = 64
o .0184

- From figure 4 we see that the net probability of triggering
on a BB produétion,event by detecting one or more muons with
P, > 2.0 GeV/c (and as assumed throughout, Pu > 10 GeV/c) is
2.3 x 1072, From figure 5 we see that the total probability of
triggering under these conditions is 7.0 x 10“6 per interaction
and is largely due to charged K decays.

For 10/ instantaneous beam rate the ungated trigger rate

is N :
~ u

N, = .0184 x 7 x 107° x 107 = 1.288 sec”"
The gated trigger rate NT is (recalling that chamber dead time

is .05 sec.)
NT = 1, 288(1 .05N )

.288 .
Np = 10654 = 1,21 gated triggers/sec.
- Assuming, askbefore,'that the TEVATRON produces a 10 sec
pulse every 60 sec we now . calculate the number of gated triggers
(the\number of pictures) in 400 calendar hours:

No. of gated trlggers in 400 hrs = ““Gﬂ x 60x60x400 2.9x105

Taklng the a2/3 case, i.e., assuming that BB production

scales with the A of the target nucleus as A2/3, we now calculate
the BB event yields in these pictures.

As noted in section IV, we assume the BB production cross
section in nucleon-nucleon collision at 800 GeV incident energy

is 50 nb. For the A2/3 case, both BB and ordinary interactions
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scale the same way with A, so f, the fraction of inelastic interxr-
actions producing BB is: '

Fraction of inelastic interactions

109
. 50x10 -6
producing BB =/ = 1.57x10
31 8x10

(We have taken the p-p inelastic cross section to be 31.8 mb)

The fraction of triggers contain-
ing BB in flduc1al region

-6 2

x2. 3x10
-6

_ 1.57x10" .64

7.0x10

| -3 _ 1
3.301x10 = m

The number of plctures in 400 hr
run containing BE in fiducial
region ‘

it

2.9x10°x3.301x10" 3
957.3

I

The calculation, with the assumption that BB nroduction
scales like A of the target proceeds in a straightforward manner.
We note for the 9/1, Ne/He gas of the HRSC:

< 2?3 - 6.88
<A> =18.4

Thus for the A assumption, BB trigger rates are enhanced
ralative to the A 2/3 case by 18.4/6.88 = 2.7.

For D partlcle production, we use the DD trigger rate given
in figure 7, scaled down by the ratio 24.8/50 because we assume
the DD productlon cross section of Afek, et. al.Gg) for physics
rates and the flat SOVub of DD for background trigger rates to
BB events. , : ‘ ‘

The expected ylelds for the lower energies are calculated
assuming the calculations of Afek, et. 1.(&» for the BB produc-
tion cross section. For the pion incident beam, we have assumed

the same cross section as for protons of the same energy.


http:18.4/6.88
http:1.57xlO-6x2.3xlO-2x.64
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VI. Analysis of Holograms

Since hundreds of thousands of holograms will be taken during this experi-
ment, it is important that the scanning and measurement be quick, convenient,
and accurate. Plans for the development of both equipment and software are
already underway.

It appears that the equipment and programs will be comparable to and per-
haps even simpler than was the case for analyzing normal bubble chamber photo-
graphs. This arises partly because of the experience gained with normal photo-
graphs. Further, since each hologram produces three dimensional images, tracks
will not often cross one another, thereby decreasing the confusion and the dif-
ficulty of pattern recognition. The fact that all three dimensional informa-
tion is on a single hologram instead of on three different rolls of film is a
considerable advantage.

Before discussing specific hardware, we present a few general consider-
ations. Let us assume the bubbles or streamers are 5 microns in diameter.
Given an adequate image and a good stage, it should be possible to measure to
1 micron in a plane (X,Y) parallel to the plane of the hologram. The accuracy
in the direction perpendicular to the plane of the hologram (Z) is not so ob-
vious. It can easily be shown that:

As = Cs/D -
where D = diameter of the effective area on the film,
C = diameter of circle of confusion in a real size image,
s = distance from film to object.
As = depth of focus = change of s from the position of perfect focus

such that a point object produces a circular image of diameter C.

To get a feel for the possibilities, take s = 20 cm and D = 1 cm (reason-
able numbers for the holograms from BIBC). For a scan mode at low magnification,
where most or all of the chamber is visible at once, C = 250 microns may be quite
acceptable, thus giving As = 5 mm. Measuring at high magnification, C = 5 microns
may already be noticeable, giving As = 100 microns. It thus seems possible to
see a large fraction of the chamber at low magnification, and, at high magnifi-
cation, to get good resolution in "Z".

At this time there has been 1little experience in the analysis of holograms.
However, with the current interest in Europe and here, it is expected that the

learning curve will be very steep. We describe here a simple and cheap device
that is useful for gaining experience and which has actually been constructed
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at Rutherford Laboratory(61) by making small modifications to a Vanguard measur-
ing machine (see Fig. 7). The ordinary Vanguard Tight source is replaced by a
laser, spatial filter, and beam expander. The film platen is mounted on a stage
with 50 mm of vertical travel (this will have to be digitized). Two TV cameras
are than arranged to view the holographic image at magnifications of 22X and .
200X as seen on TV monitors which replace the viewing screen.

This device, which is adequate for the accurate measurement of holograms
was described by Colin Fisher at a conference(6]) at Rutherford on January 19/20,
1981 as costing about $7,000 and "about $25,000 to do right". This does not,
of course, include the cost of the Vanguard.

Tests are now being carried out both of the taking and of the reprojection
of holograms to gain a better and more detailed understanding. Finally we note
that the scanning of these holograms can be significantly speeded up by using

off-Tine analysis of the donwstream detectors to predict the position of the
vertex.
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VII. Cost Estimate
| To provide the cost scale for this proposed experiment, we have made
a "first pass" estimate of the cost of the apparatus as presented in this
proposal. As discussed in the Introduction, we are in the process of making

a more complete design, but the following estimates are expected to be repre-
sentative of the needs of this experiment:

Cost Summary for HQS

a) Vertex Magnet $1,187 K (1)
b) 122 K
o) ¢, 122 K
d) PWC System (P,-P.,.) 1,680 K

1 12 3 (2)
e) Muon Steel Absorber (2x1.6x7.3m~) 400 K
f) On-Line Computer 200 K
g) Hodoscope Systems (Ha,Hb,H1—H3) 158 K
h) Trigger Processor 250 K
i) Shower Detector 650 K
j) Microsonic Detector (MSD) i) R+ D 100 K
ii) chamber 200 K

k) High Resolution Streamer Chamber (HRSC)
i)R+D 250K
ii) chamber 250 K
TOTAL $5,569 K

(1) This magnet is the size and has the field of a magnet which has already been
built at Fermilab (MPS). ‘
(2) This is the cost of new steel. We may be able to use some steel that cur-

rently exists at Fermilab.
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Figure Captions

Figure 1 Feynman diagrams for {a) - {(d) production of b quarks; pro-
duction of /T through (e) fusion of g=u,d,s quarks, and
(f) fusion of c,b quarks.

Figure 2 Layout of proposed experiment - heavy quark spectrometer.

Figure 3 Momentum spectrum for K* produced by B -+ Duv4r and B » D7«
followed by D » Ktpv. '

Figure 4 Single muon acceptance times branching ratio as a function of the
minimum cutoff applied to the transverse momentum of the muon.

Figure 5 Trigger rate per NN interaction as a function of the minimum
cutoff applied_to the_transverse momentum of the muon for muons
from =*, K*, DD and BB decays. The dotted T1ine shows the
trigger rate for B - Duv. The dashed Tine shows the trigger
rate for B - Duvén. 4

Figure 6 The relation between lifetime sensitivity and bubble diameter in
LEBC.

Figure 7 Rutherford Laboratory design of a .Vanguard Optical Layout for

Holography.
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» RESULTS OF MONTE CARLO STUDY
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Figure 6

Results of the Monte Carlo calculation carried out for
charmed particle detection in a visual detector by the
Rutherford group for the LEBC collaboration@d) The
diagonal lines give the relationship between charmed
particle lifetime and bubble diameter (equivalent to
track width for the HRSC) for wvarious detection

efficiencies.
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APPENDIX I

Theoretical Estimates of B-Meson Decay Rates

The ground state mesons (bd, bd, b3, bE) can only decay weakly. Further-
more, since the dominant transition b - t is forbidden kinematically, all
decays of the B-mesons are Cabibbo suppressed. To calculate the various

decay rates for heavy quarks, the standard SU(2)XU(1) six-quark model of
Kobayashi and Maskawa(33) js commonly used with the three left-handed doublets
of leptons and quarks,

(Pe) » Cn), C1) and (), (S, (5.

The standard flavor-basis mass eigenstates d, s, and b (each with charge

-1/3) are related to the gauge-group quark eigenstates d', s' and b' by a
3X3 unitary transformation U:

d' d o] S1C3 is S1S3 d
(S.) U(S) = "'51 Co Ci1CpC3~ 5253916 C1C253+ 52039 (S), (AI"'])
b S1 Sz C1S,C3t €y53€ C1S2S3- c2c3e b

Various authors have put limits on the values of 0, and §. In general, there
is the usual quadrant ambiquity for §: ¢ = s1gn(c5) = - 1 Some recent

estimates (34,35) are shown below for £ = *1, m, = = 15, 30 GeV:
Case 2 m |51| |Szl |S3] !Ssl
(a) +1 15 GeV  0.228 0.20 0.278 1.1 x 1072
(b) -1 15 GeV 0.50 0.5 x 1072
(c) +1 30 GeV 0.10 1.0 x 1072 (419
(d) -1 30 GeV 0.40 0.3 x 1072
Using the values in (AI-2}, we can solve for the elements of U (where we
follow Ref. 35 with 0 < 61,0, 83 < 90° and m, = 15 GeV):

(a) 0 <5 <90° (b) 90° < & < 180°
U]1 = ¢ = (0.974 ) 0.974
‘U]2 = 51C3 =  {.219 0.219
U"3 = 5153 = 0.063 ) 0.063
Upy = =5,S, N = -0.223 . -0.197
U22 = C1C3C3- S253€ = 0.861 - 0.61 x 10 1‘ 0.950 - 7.0 x 10~ 1
Upz = C1CpS3+ SgCge = 0857 +2.1 x 1074 -0.247 + 2.4 x 10° i
U3l = -5152 - = ““Oo046 . ‘0 ]]4
Usa = ciszca+ cosze' S = 0.459 + 3.0 x 107 1 C0.227 +1.2x 10 1
U3z = cCyS,83- c2c3e16 = -0.888 - 1.0 x 10 0.967 - 4.2 x 10° i
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In the KM model, the aB = 1 (flavor-changing) charged weak current can be
‘written as

- - . d
=l G v, (1= vs) U (5),

and the bottom~f1av0r-chang1ng neutral current as

LN @)y, <1~YS)U(s)

The total weak AB = 1 effective Hamiltonian is

yAB=1 _ 0B=T  AB=]

C N *
where ,
AB=1 _ G AB=1,C(N)
He(n) —1J£; Ju JAB 1,C(N) *h.c.
2
The J AB=0,C(N) would be the charged (neutral) currents already measured in

the decays of bottomless particles.

To investigate explicitly the dominant hadronic decays of the b quark as a

function of mt, £:

H (UT3EU + U;gEC) (Ullad + UlzaS + Uz]_Ed + UzzES)

[}

UTsUp buld + . . . .

Hence we can calculate |U, |2 for each transition:

ij k
(a) mt=15 (b) (c) mt=30 (d)
buiid ©0.0038 0.0038 0.0038 0.0038
b-uiis 0.0002 0.0002 0.0002 0.0002
b+u§d 0.0002 0.0002 0.0002 0.0002 4y 3
bsucs 0.0029 0.0036 0.0032 0.0037
bscid 0.1981 0.0579 0.1264 0.0175
brcus 0.0100 0.0029 0.0064 0.0009
brced 0.0104 0.0024 0.0069 0.0008
bsccs - 0.1548 0.0551 0.1086 0.0174

Thus we see that the dominant decays are b-cud and b-ccs.
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Using these expressions, Barger g;hgl_(36) have investigated the role of
“nonspectator" diagrams in B decays. The net spectator contribution
including strong enhancement factors is:

= 2 2
rspect.(a) vg[7.59 U, |2 + 3.07]y, |21,

where = G%m5/192n =6 x 10i3s™1

After including both spectator and nonspectator contributions, they find:
r(BS) =yB[10.41]Ubu]2 + 4.95 ]UbC|2]
r(B2) =y,[ 8.67|U_ |2 + 3.75 |U__|2]

s° B bu be (AI-4)
") = 2 2
r(B,) =vgl 9.67|U |? + 3.07 [U [%]

r(B.) =yl 7.69|Up,l2 + 5.17 [Up.|?]

Thus these rates are not dramatically different from the spectator rate.(36)

B-Meson Lifetimes and Branching Ratios

Given these decay rates we can calculate the total decay rate and hence the
lifetime and branching ratios for various decay modes.

(i) B-Meson Lifetimes 13
From the values given above, we find Tgo =(0.3 - 2) x 100 sec. We
might expect that 8- is a little larger since some of the diagrams for
B; decay cannot occur [F(B'u) < F(B )]. However, from Eq. (AI-4) we see
that the ratia of tg-/tgo should be ~ 1.1 - 1.6 rather than ~ 3-4 as is
found for TD+/TD°

(ii) Leptonic Decays
The decay rate for B™ - T_vT is (for m_= 1784 MeV) :

r(8” » v v ) = |Uys[2 (1-m ?/m2 )2m2 - GZfZm /8n

and hence (37) [the u and e leptonic decays are down by (mu/mr)2 etc.]:
B(B” >~ t7v ).= 0.19 lulalz/lU2al2

3.6 x 10‘ and 12.4 x 10 for my
5.7 x ]0‘ and 40.9 x 10 for m

15 GeV
30 GeV.

o
m

t
Note that the observation of this decay mode would prov1de a measurement of
the weak decay constant, fB :
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(i)

(iv)
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Semileptonic Decays

Thé semileptonic decays can be calculated in the same way as above.

The t~ semileptonic channel is suppressed by phase space. Barger

g;_gl_(36) find the semileptonic branching ratios to be

By 4, (By) = vgl2.11 U |2 + 0.92 [U, |21/1(By)

B

B,)

2 2
o +u( o = vgl2.25 [y, |% +0.92 lubcl 1/T(By)

Again we see that the charmed final states should dominate. From these
equations, Barger et al calculate that

Be +u(B§) =2 x 10%

By ,(By) =2 x (12-15)%

(38)

Other recent calculations also based on soft gluon interaction

effects inside hadrons have been performed for both D and B decays:

B(D° > evX) = 4.8% (Data_(39): < 4% or 6+5%)

B(D' » evX) = 26% (Data ). 2316% or 17:6%
and B(B® > evX) = 9%;

B(B~ » evX) = 16%,

(27)

in good agreement with recent results from CESR of 13 = 3(£3)%.

Nonleptonic: ;
Because of the heavy mass of the b quark, we expect the B Meson to decay

into many particles and to have many hadronic decay modes. The dominant
modes involve charm and some of the more interesting modes involve

Bq + (cq)(cs). Measurement of the inclusive rate for B > ypX will yield
information about the dynamics of nonleptonic decays. As we have seen,
the lowest order effective Hamiltonian is -

Hoce (bc)(Ss) « C(EGSB)(ESCQ)

where the second line is obtained by Fierz rearrangement, the color indices
are summed over, and C = 1/3 for a bare Hamiltonian and C=1/3(2f+ - f)
for an effective Hamiltonian. Thus measurement of the inclusive rate gives
information about the importance of color rearrangement due to gluonic

final state interactions. EBC is in a color singlet for 1/9 of the final

o
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states and in a color octet for 8/9. Therefore there is a factor of
9 difference in the predicted rate for B + yX depending on whether
or not we neglect. color reakrangement. (The color octet can emit
soft gluons to become a singlet.)

Using BR(B -+ yX) ~ BR(b - c&) BR(cC - ), this type of decay has
been estimated by many authors. The most extensive calculations have
been made by Kuhn gg_gl_(40). Their results for the branching ratios
for B into charmonium states are shown below in terms of C2(for mB=5 GeV).

{cc) B(B > (cc)X) Kuhn et al Wise DeGrand Fritzch
| Ref. 40 C=1/3 Ref.41 et al Ref.42 Ref. 43

n(3.0) 0.12¢2 1.3% ~o1%

J/v (3.095) 0.21c2 2.3% N 2% n 1.8% 3%

P/x, (3.51) 0.07¢° 0.8%

v” (3.686) 0.07¢" 0.8% 0.6% ~ 0.4%

¥" (3.771) 0.01¢° 0.1%

4.04 0.02C2 o 0.2%

4.16 0.02¢" 0.2%

4.4 0.003C 0.03% )

Inclusive §(cEi)+s 0.58(32 6.4%

Finally, we consider strange particle production in B decays.

A detailed calculation using nonleptonic enhancement factors yie]ds(SG)

<nK(Bd) > 75[1.9 ]Ubu{2 + 5.7 lUbC{QJ/T(Bd)
' 2 2
<nK(Bu) > 78[4.3 IUbuj + 3.8 lchl ]/F(Bu)
with an additional 15-20% from sS pair creation from the vacuum. This

result yields:

it

1.5

It

b+ c <nK(Bd)? 1.4; <nK(Bu)>

0.2

it
n

b-+u 0.5.
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For comparison with experiment, CLEO has studied strange particle
~ production at the T(4S). They find (23,32)

<ng> = 2.5 ¢ 0.5 + 0.6
This is ~ 20 more than the calculations above estimated and would
imply that '

(b+>cW ) > (b~>uW)

as the calculations based on the weak mixing angles suggest.
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APPENDIX II

Estimates of Rates for Lepton Final States
To find the possible multilepton final states possible from b decay, it is
instructive (5,8,44,45) to consider the following table (5) for the process

b(-1/3) + quark(+2/3) + W"

e es = ; :
, . uI TV, u (d,s) c (d,s)
e” u NL e”  uw N
quark
¥
u or c>NL e uo - u - - e u -
+ - - - + -+ - -
c e e'e e’ u ee en e e ee ey e
+ - + - + - -+ + - + -  +
cC >y pe TRRY pe TRRTIIT, u pe pu o

- + ' . . + -
Now we can write down the sources of single y or u , and opposite sign u u . The
- - + -
Same rates apply to single e or et or uTet or uTe” if we Tet B(t > e) = B{x » u).

a) From single b decay:

single v (e”) i) b~ u-GuX~ : (b+cu){c>X)+ (b>uu)+

(b > ucX){c ~ u").

ii) b > ccX (b > ccX)(c ~ X)(c > u X
v VUX
iii) b~ T“GTX (t > uX)[(b>ct7)c+X) + (b~ ut)]
u_ﬁva .
single u+(e+) i) b~ ii. _ (c > uX)[(b » ct) + (b >cc)(c > X) +
u+vuX ' (¢ » t)(r » X)] |
opp. sign utu” i) b »»cu'vux (b =cu)(c > uX)
Lo+ |
M vUX ,
ii) b > c&X (b » ccX)(c » u)
}L*’ u‘§ux
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iii) b~ thGTX - (b » ct)(c » u)(t » u)
Lq¢»u vV,

u+v X
U
Evaluating these we find:
B(u): B(uT): B(u'u7): Bno v*) = 0.13: 0.05: 0.01: 0.81

(b) from double b decay:

opposite sign vty i) (b~ u+u'X2(5 > X) + (b X)(b > uFuX)
i1) (b > wX)(b » u'X)
i11) (b > uX)(b > u7X)
Like sign u'u™ (or wu7) i) (b1 X)(b > X
Tri-leptons T (or CuT) i) (b u+X)(b - u-u+X)
‘ ST+
i) (b u'u” X)(b > u'X)
Tetra-Leptons 2u*2u~ i} (b X)) > ptux)
These branching ratios are:

B(utu™): B(u*u*): B(3u): B(4p) = 0.038: 0.008: 0.002: 1.2 x 1074

Finally, we can calculate the branching ratios for this theory for different
lepton triggers.

1. 214" (or w7, ef) 0.199 X 2 = 0.40

2. 2 2% (or 207, 2¢%, vF e®)  0.038 +0.0021 +1.2 X 107% = 0.040

3.2 3u (or 2ue, 3e) 0.0021 + 1.2 x 1074 - 0.0022

4. 20727 (or de, 2u2e) (1.23 x 10742 = 1.5 1078
5. By 2u (ory > 2e) (0.02 X 0.07) X 2 = 0.0028

6. B>t »yu (or< >e) 0.06 X 0.171 = 0.010
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APPENDIX III

Estimates of Hadronic Production Cross Sections of B-Mesons

Current folklore would suggest that unbound héavy quarks (c,b,t...) should
be produced at least as copiously as bound (q3) states (¢, T...). Such
phenomenological estimates have some experimental basis for strange and
charm quarks:

(46) o(KKX) _ _2.5mb

a) for pp at 24 GeV/c B 99) 158 = 350 = 15.8
(47)  o(KKX) _ 13.4 mb o
for pp at 150 GeV/c > 5(eX) - 660 % 200 wb 20.3 + 6
for exclusive channels in n-p at 19 GeV/c (48),
o(KK 3mp)  _
5{33557 = 119.3 + 30
b) For y and DD production we find for
7N at 150 GeV/c, o(DDX)  _ 15-20ub  _
StoX) ~ = 94 % 3Tnb - 150-200
pN at 400 GeV/c, cénﬁx) = 25ub
‘ a(vX 2435 - 103
and
=N at 400 GeV/c, o(DDX) - 30-40ub _
o 1X) T40 b 210-290
¢} On the basis of these values let us assume that at high energy
we have
chéX} -
(X)) 100
Hence, we estimate that for 400 (800) GeV/c =N interactions:
at 400 GeV/c Avy . _ -
(/s=27.4 GeV)’ o(BBX) = 100 o(TX) = 100 x 0.26 nb = 26 nb
at 800 rﬁV/C O‘(BEX) =

(‘fs._.as.a Gev)a 1000’(TX) = ]00 X‘0.79 nb = 79 nb.’

We now consider some of the theoretical predictions for Bé production cross
sections. Figure 1 {upper part) shows the lowest order QCD diagrams for the
heavy flavor creation of bE‘quarks in n"p and pp interactions (]’49).
Analogous diagrams hold for cc¢ production. There are also two other diagrams

(shoWn in the Tower part of Figure 1) which could, in principle, contribute
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to cc or bb production. Figure 1(e), corresponding to the fusion of light
(u,d,s) qq pairs annihilating to ¢, is negligible because of the (Zweig's
rule) coupling 9q6¢/4wa=]0'5. Figure 1(f) shows thezfusion of heavy quarks
to produce y. Here the coupling is not so small, chw/4“*=°-5’ but the
small heavy quark sea enters the cross section quadratically, so this
diagram also gives a negligible contribution. 1). As a result, only the
first four diagrams of Figure 1 contribute. Note (]), that since Figqure
1(d) is not gauge invariant, diagrams 1(b and c) are also needed. Further-
more, the relative weight of the qq and gg contributions is fixed by the
quark and gluon content of the mesons. Since
M2 = $X1Xys
qualitatively we expect that the contributions from the gluon-gluon fusion
diagrams Figure 1{b-d) should be suppressed and the valence qd annihilation
mechanism should dominate at low energies. Since the gluon spectrum in
hadrons is rather soft, the gluon fusion mechanism should become more impor-
tant at high energies. For pN data, presumably the process will be due to
gluon fusion. These ideas can be tested by comparison of y production by
different beams and by measurements of the Xp distributions of production.
These comparisons with data show that (50)
i) qq annihilation alone cannot reproduce the trend of the
data, but that the two processes combined give good
agreement. |
ii) for K" and p, which do not contain valence u or d
antiquarks, gg fusion dominates at all energies, while
iii) for =%, P, K* beams qd dominates at low energies {for

/%;SIOFGeV) and the gg process dominates at high energies.
From various theoretical calculations we find:

o(pp ~ BX) ~ 10nb at 400 GeV/c
~ 60nb at 800 GeV/c.

o(n"p ~BX) ~ 15nb at 400 GeV/c

o(Pp -~ BX) ~ 80 nb at 800 GeV/c.

In summary, both the phenomenological analyses and QCD calculations seem to
agree on the approximate cross sections that one might expect to find:

o(nN ~ BBX) ~ 25 nb at 400 GeV/c
oo 80 nb at 800 GeV/c, and

o(pN' > BBX) ~ 10 nb at 400 GeV/c

~ ~ ~ 60 nb at 800 GeV/c.
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Experimental Results on B-Meson Production

At the current time only three experiments have reported ]imfts on B-meson
production: ’ ‘
a) WA 11 group: This experiment triggered on y - u+u' using
150 and 175 GeV/cn™N interactions at the CERN SPS. Orig-
inally (51) they presented evidence (based on 9000 y¢'s) for
a yK°n® state with a mass of 5.3 GeV. The rough cross section
estimate was Bo = 2nb/nucleon. After doubling their sample
(17,700 g's) in November, 1979 (52), the significance of the
signal had decreased and Bo ~ 1.7 nb. Their latest data
(based on 40,000 y's) correspond (3) to Opf ° B(B + wK°wi) < 0.51
nb and ops + B(B + yK°) < 0.08 nb. Using B(B ~ pKonE)u1%, the
most recent data thus suggest a total production cross section

1imit of S?é < 51 nb.

b) Stanford-Cal Tech: From a study of a variety of multimuon
final states in 400 GeV/c pFe interactions at Fermilab, this

experiment (31) has set a limit of cBé < 50 nb (with certain

assufptions about decay modes yielding multimuons.)

¢) Chicago-Illinois Princeton: From a study (53) of 3u final
states in 225 GeV/c = N interactions at Fermilab, this
experiment set a 1imit (with B (v » wtu™) = 0.07 and a linear

A dependence),
20gg - B(B -+ yX) - B(B -~ uX) < 81 pb/nucleon.

With the estimate that B(B -+ yX) ~ 3% and B(B » uX) = 12 + 4%,
this yields Ggé < 11 nb.

In conclusion, we see that none of these experiments has seen a positive signal.
However, their uppér 1imits are not in disagreement with the cross sections
expected at current energies. Hence, for calculations of event rates for

this proposal we will use a cross section oBé = 50 nb at 800 GeV/c.
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Appendix | IV

Properties of the Microsonic Detector (MSD)

We are in the process of developing a new detector. The basic idea is
to develop a ''super clean' small bubble chamber that can cycle at sonic rates.
We have already determined that a super clean bubble chamber using heavy freon
as a working liquid can be built. This is detailed in this note. The basic
idea of a "'super clean'' bubble chamber is to encase the operating liquid (in
this case CPsBr) in an inert liquid (C2H602) . This technique prevents any
surface boiling and implies very rapid cycling; of the order of 10 kilohertz
seems possible. This rapid cycling prevents large bubble growth and hence the
"memory'' of previous tracks in prior expansions should have a very small
effect on picture quality.

The dimensions of the active volume of the final chamber will be 10 centi-
meters diameter and 4mm deep. A test model is under construction which is
4 centimeters in diameter and 4mm deep. It is possible to produce bubbles of
arbitrary small diameter (by adjusting the light source delay time) and to
achieve 300 bubbles per centimeter (by adjusting temperature and pressure con-
ditions). We have measured the growth rate of bubbles in CFsBr with bubble
density of 200 bubbles per centimeter. We find the diameter of a bubble D to

be: ,

D=5Vt
where D is measured in microns and t in microseconds. Hence,l for a 5 micron
diameter bubble, we have ~ 1 microsecond for our trigger logic. For 300 bubbles
per centimeter, we might have a relation D = 2\[1:_: If this turns out to be true,
then we could have up to four seconds for our trigger logic.

The interaction length for CFSBr is ~ 80 cm. If we assume a 10cm diameter
chamber, we can use 5cm for the fiducial volume. If we also assume 10 tracks per
expansion and 10* expansions per second, we can cé.lculate the number of inter-
actions per second.

No interaction/second = ;brzglxi'pﬁggﬂfengths x number tracks x number
‘geles = > 10 x 10% = .625 x 10%
second 80 x 20X =025 x :

The resolution achieved in CF3Br by the BIBC chamber in CERN (using CF3Br)
is less than 8 microns on a chamber of several centimeters deep. This was a-
chieved by using holographic techniques. We will surely be able to achieve less
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than 5 microns in our very shallow chamber using similar holographic techniques.
A. Properties '
1. Good spatial resolution
2. Moderate flux capability
3. Moderate event rate
4. Small volume
B. Purpose
1. Short-lived phenomena (B mesons, charm, etc.)
€. Characteristics
1. Active volume: Zam x 2cm x 0.3cm
2. Density: 1.5gm/cm?
3. Absorption length: 82cm
4. Radiation length: 1llcm
5. Spatial resolution: < 10 microns
D. Characteristics: to be demonstrated
1. Resolution in space: < 5 microns
2. Rate: 105 - 106 charged particles/sec.
E. Principle of Operation '
The MSD is a super clean bubble chamber driven at 10-50KHz.
F. Experimental Use ,
In an experiment, it would be used as a vertex detector to detect short-
lived particles (B mesons, etc.). It would be followed by a downstream
multiparticle spectrometer with good particle identification.
Figure Captions ‘

Figure 1: Test Device: The sensitive fluid (CF3Br) is completely en-
cased by the inert fluid (C,HgO5). The freon is heavier than the gylcol
and rests at the bottom of the test tube (12). The glass piston (13), by
the use of a two-way air cylinder, alternately expands and compresses the
sensitive freon using the inert gylcol as a buffer medium.

Figure 2: The data is the measured bubble growth rate for two di fferent
temperatures of the freon.

Figure 3: Photograph of 130 MeV/c photon brehmsstrahlung beam.

Figure 4: Proposed expansion cycle for a 5 KHz test.
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