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A search was made for correlations between muons observed in a down-
stream spectrometer and neutral strange particles observed to decay inside a
.one meter streamer chamber. The streamer chamber was triggered on inter-
actions Of a 225 GeV/c % beam, incident on a Lucite target (CSHSO2) mountad
inside the chamber, with two mucns being detected by a d&wnst:eam muon
spectrometer. Pictures of the interaction were examined for the presence of
decays of neutral strange particles, their momentun was measured, ané the
charged secondaries in the reaction were counted. The momentum of a fraciion
of the muons was also measured. A control sample of data was taken with the
identical trigger, except that muons were not required. By cohparing the two
samples,‘we hoped to find an excess in the number of neutral strange decays
observed in the dimuon trigger sample. Observation of such a correlation
would be strong evidence for the existence of charmed particles being produced
in hadron-hadron interactions.' No excess was found but a rather low uprer
limit on the charm signal present was determined.

Also presented is evidence that the dimuon part of the interaction
factors from the rest of the interaction, except that the number of charged

hadrons produced in association with high mass dimuon pairs appears to be

higher than in a normal interaction.
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In November of 1974, one of those rare events occurred which make

I. INTRODUCTION

elementary particle physics the exciting field it is. The discovery of a
new, unexpected particle was announced simultaneously by two separate
gtoués of experimenters. fhe stanford Linear Accelerator Center-Lawrence
Berkeley Laboratory (SLAC-~LBL) collaboration found the new state in electrcn~
positron collisions in the colliding beams of SéEAR at SLAC.(I) The
Brookhaven National Laboratory-Massachusetts Institute of Technology
(BNL~MIT) group saw the particle's dimuon decay mode while studying proton-
Berylium interactions at BNL.(2>
This new particle, named the Psi (Y) at SLAC and the J at BNL, was
soon joined by another, discovered by the SLAC-LBL group and named the §°'.
The masses of the two particles were quickly determined to be 3095 and
3684 MeV/c2 respectively. The distinguishing characteristic of these
particles is their ex£remely narrow width, 70 and 225 KeV respectively.
This is surprising because such massive states. would be expected to cecay
via the strong interaction with the "normal® hadronic width of n 250 MeV
if they were hadrons. Since the width of any state is inversely propor-
tional to its lifetime, the small widths of the new paxtic;es implies that
some mechanism is suppressing their decay by a factor of over 1000. The
simplest assumption one can make as to the nature of the suppression
mechanism is that some new quantum némbet has appeared in the Y. This
quantum number must be conserved in strong interactions, and so, perhazs
coupled with a dynamical suppression, retards the decay of the y. It is

the question of the nature of this new quantum number that has stirred up

the high energy community. How does it fit into the scheme of things?
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fot iment
This dissertation is a description of a streamer champez experime

performed at the Fermi National Accelerator. Laboratory by groups of

paysicists from the University of Washington, Seattle, Washington; the

University of California at pavis, Davis, California; and the Laboratoire

de 1'Accé1érateu£ Linéaire, Université de paris-sud, Oxsay, France. This is

the Seattle-Orsay-Davis Collaboration (SOD). The experiment was performed

in early 1975 to answer some of the guestions raised by the V/J.

i v
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II. THEORY

A number of possibilities exist as to the nature of the new quantun
number indicated by tha ¥/J. I shall not attempt to discuss all of the
theories embodying the various possibilities. They all have problems. I
will, however, sketch the ideas behind one of the most intriguing classes
of theories,based on the charm hypothesis. For a detailed discussion of
the various possibilities, I refer the zeade;-to several excellent rewview

articles.(3)

As is well known, nature has divided all known particles into two
major classes: the leptons and the hadrons, neglecting the field guanta,
which are special cases, There are four known leptons {and their anti-
particles). These can be grouped into two doublets, the electron and its
neutrino, and the muon and its neutrino. Neglecting the ¢'s it is
possible to generate the quantum numbers of all known hadrons from three
constituent quarks, a doublet, the u (up) and d (down) quarks and a singlet,
the s (sidewise or strange) quark. As long ago as 1964 Bjorxen and
Glashow(4) proposed adding a fourth quark which they combined with the s
quark to form a second doublet, producing a one to one correspondence
between the leptons and the hadrons. This quark was differentiated from the

“normal® quarks by a new quantum number which they, “tongue~in-cheek”,
called charm.

The correspondence between the hadrons (guarks) and leptons is
illustrated in Figure 2-1. The correspondence requires the new ¢ quark
to have the same charge as the u quark. In terms of these quarks and
leptons, the weak and electro-magnetic cuxrents take the same form for

both the hadrons and the leptons. In matrix notation the weak current is:

’
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QUARK (HADRON) - LEPTON
u c . Ve v
d’' s' . e u
- + i
d'=d cosec s smsc
s' = 5 cos - d s:‘.nec
FIG. 2-1

Quark-Lepton Correspondence

=

wx - qY (1+75)c q for the hadrons,

LU = ly (1+Y5)C Z for the leptons,

where q and £ are the four component column vectors:

C v
a e
q= a 3 L - vu
s -
e
i~
cH and CL are the 4 x 4 matrices:
t ]
0 ! U 0 ;12
C. = femmfunn . . ———beae
H \olo ) ]
[ Q 0
-siné e cosd 0
U= < : I =
cosec smec o 1

Similar terms can be written for the electro-magnetic current, using

the same Cy and CL. (5,6)
The effect of the unitary 2 x 2 matrix U is very importamt. It

mixes quark states of the same charge, in this case, the d and s quarks.

This mixing comes about because. the states of well defined mass are not

eigenstates of the weak interaction. In fact the u and ¢ quarks coulvd aiso

be mixed but this only adds an unobservable phase to CH' which can be removed

by a suitable definition of the quarks. S0 by convention we speak only oz

a6 s mixing. With this choice of phase, ec is the 'well-known Cabibbo

angle.
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Expanding the weak hadronic current, we can observe the effect of

6

this mixing. Suppressing the space part ¢f the current, we have:

WK - - s
JH s (4 cosec +s sineb) +c (s cosec- a sznec)

= 4 d' + ¢ s’
- ‘.
The first term is the well established part of the weak current which gives
rise to strangeness changing decays. The second term is new, It couples
the new charmed guark to both the s and d gquarks and implies that when a
charmed quark decays, it decays to a strange quark with amplitude propor-
tional to cosec. Its decay to the non-strange quark is suppressed’by the
sin® factor.
c
The four-quark scheme lay dormant for several years until Glashow,

Iliopoulos and Maiani(s)

pointed out that it is just such a scheme that is
needed to cancel strangeness-changing neutral currents. In the three-
quark scheme, one would expect second-crder decays like K° + u+u- to

" proceed as shown in Figure 2-2a. Such decays are not seen. The charmed
quark provides a very natural suppression of this type of process by pro-
viding the alternate path shown in Figure 2-2b. Because of the -sinec

at the upper vertex in Pigure 2-2b these dlagrams cancel, neglecting
differences in the quark masses. The need for such a cancellation becomes

even more pressing when one considers the gauge theories with their

. b -
neutral currents. Here, one would expect the reaction K® + y u to proceed
(5)

by the first-order process in Figure 2-3. It is easy to show

—

bthat in

the four-quark scheme the neutral current is diagonals 2° « uu +cc - &d - 68,
where I have suppressed the space part of the current. Thus, the Z° canAot
couple two different quarks, but only a quark and its antiquark. The graph

in Pigure 2-3 is, therefore, forbidden in the four-quark scheme.

(a) (b)

~ (cosecsinec) + (-cosecsinec)

FIG. 2-2

K® + W+W- - u+u-
Weak Second Order Neutral Current Decay
a) Allowed decay, both SU(3) and SU(4)

b} Channel added by SU(4)

"FIG. 2-3
+

KO » 2% >y
Weak First Order Neutral Current Decay .
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FIGURE 2-4
Su{4) 0~ MESONIC CUBOCTAHEDRON

frem M.K. Gaillard, B.W. Lee, and J. L. Rosner,
Rev. Mod. Phys. (April 1975)

.

The introduction of the charmed quark has profound implications for
particle spectroscopy. The most obvious effect is that the spectrum of
hadronic matter is enlarged from SU(3) to SU(4). For example, the familiar
mesonic 0 nonet (8+1) of SU(3) is enlarged to a 16—p1'et: (15+1) in SU(4-).(7)
This enlarged multiplet is shown in Figure 2~4. The seven new states form
an SU(3) triplet and an antitriplet with C = +i and -1 respectively and a
singlet with C = 0. These s£ates should not be too much more massive than

the non-charmed states in the multiplet., From the known rates for the

various neutral current, strangeness-changing processes as well as the known

'Kz K: mass difference, an upper limit of a few GeV/c? can be put on the

charmed quark mass. This in turn leads to estimates of the charmed meson

masses that are at most a few Gev/c2 higher than their non-charmed partners.

The lightest of these new states will have lifetimes characteristic

_ of weak decays. They cannot decay strongly to less massive charmed states.

The leading decays will have amplitudes propo'rticnal to the weak coupling
constant, G, and dimensional considerations lead to éecay widths proportional
to G2 (mass)s. Inserting reasonable masses for the charmed states and
noting the similarities between decays of charmed and strange particles, one
guesses that the charmed states should have lifetimes in the neighborhood

of 10-13 sec. n

In addition, since ¢ + s coch they will decay primarily
to states containing a strange quark. Por example, the D+ of FPigure 2-4
will decay semi-leptonically to a state with the quantum numbers of the l-(o,
with a strength proportional to coszec. For more details on the spectroscopy
and decay modes of the charmed quark model, ificluding the baryon states, I

refer the reader to Gaillard, Lee, and Rosnex.(”

N
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The charm scheme seems to provide a ready-made explanation for the long
lifetimes of the ¥ and §'. In this context' the ¥ would be a state with
“hidden® charm. It might be a bound ¢ state, the partnexr of the p, ¢, and w
in the 1”7 multipl'et. The §* would then be a radial excitation of this
“charponium® system. This view has been strengthened by the observation of
radiative decays of the ¥' to Pc' X and X' and of the ¢ to the X. 8 Thei‘r
long lifetimes would then follew if the ¥' were even slightly below threshold
for production of charmed pairs. In this case they would have to decay.

9 This rule states that interactions

strongly by violating “"Zweig's Rule".
involving non-connected quark lines are suppressed. Thus the decay of the
$ (an ss state) to non-strange states is suppressed relative to decays into
two strange particles, even though much mor‘e phase space is available for the
non-strange decays.

'Associating the ¢ with the SU(3) singlet sets the mass scale for the
rest of the SU{4) charmed states. The lightest of the charmed states,

presumably the D meson, should have a mass near 2 GeV/cz. ™

The lightest
baryon would be somewhat more massive, but still under 4 Gev/cz. With this
information and noting the similarities between possible production mechanisms
of charmed and strange pairs, it is possible to try to estimaté the total
production cross section for charmed pairs. Unfortunately, these &stimates
vary widely depending on the parxticular mechanism assumed. An estimate by
Snow 19 who cornsiders diffractive production of magsive states, leads to a
cress saction which scales as (mass)- which implies, for a charmed mass of
2-4 Gev/cz, a production cross section as high as. several tens of micro-

7

barns. However, estimates of two~body associated production based on

Regge pole phenomernology are far smaller.

, " l
a t

11

Another question which is crucial in any search for charmed states is
that of their decay ratios. In particular, what is the ratio of leptonic,
or semi-leptonic decays to non-leptonic. On the basis of 20 dominance
(the.su(4) extension of SU(3) octet dominance or the AI = % rule), the wgak
decays of charmed hadrons should be predominantly non-leptonic, with semi-
leptonic decays contributing less than 10% of tﬁe total and leptonic decays

(8) (12)

being even smaller. It has been pointed out that 20 dominance

may not be as effective as is octet dominance due to the large mass of the ¢

quark. If 20 dominance does not enhance the non-leptonic decays at all,
then simple counting gives semi-leptonic branching ratios of 20% for each

species of lepton (¢ + 2 leptons and 3 quarks equally). Such large

(31) .

branching ratios to leptons seem to be ruled out by the O'Neill experiment

at SPEAR, a3

which puts an upper limit on the order of 10% for this ratio.
This limit, however, is far from unassailable.

The preceding discussion suggests the types of observations which
would establish the existence of charm and the pProperties of charmed states
which may make their observation possible. The most crucial test of the
charm hypothesis is the existence of a rich spectrum of new states. At
least some of these should decay with very long lifetimes, on the order of
10"13 seconds. They should decay principly to states containing a strange
particle and may have substantial semi-leptonic decay modes, on the order of

10% branching ratios to muons.

’



III. ESEARCHING FOR CHARM

Since the observation of the Y there have been mahy attempts to
establish the existence of charm. The first attempts were made at the
e+e- colliding beams at SL@C shortly after the discovery of the y. The
SLAC-LBL group noted that the ratio of U(e+e- - hadzons)/v(e+e- > u+u_) ER
;akes a drawatic jump from ~ 2.5 to ~ 5.5 at a center of mass energy ngar
; GeV. If one assumes that the constituents of the hadrons are point,
spin ¥ particles, this ratio'should be just the sum of the squares of the
charges of the constituents. Thus, the rise in R at 4 GeV might be
associated with a threshold where a new type of constituent is beginning
to be produced, probably bQ‘associated production of pairs of new st;tes
containing the new constituent. They have, therefore, searched in the
region above 4 GeV for evidence of narrow peaks in the two and multibody
mass spectra, especially in those spectra involving a strange pax£icle.
Initially, they observed no clear signal. However, they have now
greatly increased their data sample, and very recently have reported the
observation cf narrow peaks in the Ktﬂ; and Ktn:utn; channels at an
effective mass of 18§5 + 15 Mev/czfl4) The properties of this new particle
irdicate that it is very probably the D ﬁeson of Figure 2-4. The observed
cross section times branching ratio of the two decay modes are 0.20 £ .05 nb
ard 0.87 ¢+ 0.11 nb for the Xa and K3n modes, respectively, compared with the
average total hadronic production cross section in the enercgy region searched
of 27 £+ 3 nb. These .numbers irdicate that the charmed particles have
substantial branching ratios to multiparcicle.states{ as had been suspected
previously. It is difficult to determine just what fraction of the total
charm production cross section these modes represent since there are
indications of something else going on at the same energies. They see a

as)

nurber of events ccntaining a pe pair with missing neutrals. These are

)

being interpreted as production of a heavy lepton, It is therefore uncertain

13

just how much of thé rise in R is due to charm production, and how much is
due to the heavy lepton.
There is also some evidence that charm has been seen in neutrino-

(16) A few dimuon events have been observed and it is

proton interactions.
claimed that these are inconsistent with being decays of the intermediate
vector boson of the weak interaction, or with a new heavy lepton. Thus,
they migh; be the result of the decay of a new hadron with a new quantum
number, which might be charm,

Searches for the new states have been made in bubble chambers in
hadron-hadron interactions. These searches have looked for neutral decays

17
an enhancements in the mass spectra

{18)

of the longest lived charmed states,

which include a neutral strange particle, and enhanced neutral strance

particle production when a muon is also present.(lg)

All of these searcies
have had negative results. The negative results are not difficult to
explain. A particle with a lifetime of 10-13 geconds would be difficult to
detect in bubble chambers, even at the highest Fermilab energies. Such a
track would be at most a few mm long. The others suffer mostly  from lack
of statistics; they set limits on the production cross sections in exclucive
channels of a few microbarns and in the semi-inclusive u-V°® channel of 330~
500 microbarns.

Another way to search for new particle production is to look for
threshold effects which would be characteristic of the decay of some
massive, long~lived object. This has been done by bintinger et 31(20) who
looked at single muon production as a function of transverse womentum. They

failed to see any effect which could be attributed to either two or three-

body decay of such a state with a mass of 2.3 Gev/e?, setting lizits ca
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the cross section times branching ratio of 400 nb and 2ub for two and three-
body decays respectively, assuming a specific production distribution.
The most extensive searches for charm in hadron-hadron interactions

(21

have looked for two~body decay modes, especially in the K7 system. These

(22) ,have

sa2arches have, in general, been negative although Abolins et al
seen a marginally significant enhancement in the Kw spectrum at 2.3 Gev/cz.

We will have to wait and see if this enhancement holds up to the test of

tizme and increased statistics. These two~body searches are very difficult,
They suffer from the same problems as do the similar searches at SPEAR,
nacely small branching ratios to an exclusive channel plus many mdre
possible wrong corbinations which dilute any signal present.

So the problem still exists - where do we look to find charm in hadron=~
radron interactions? One fact is abundantly clear from Ehe above dis-
cussion. Charm is extremely elusive. The ideas discussed above, however,
give us hints of what types of experiments might successfully see charm.
virst, the experiment should be "inclusive“. That is, it should be
.sensitive to as many decay modes as possible, especially the high multiplicity
modes. It should bé sensitive to production of strange particles si;ce
wost decays of charmed states will contain a strange particle in the final
state, either a K cr a A. And lastly, a trigger should be chosen to enhance
the charm signal.

A good candidate for a trigger which would enhance the charm signai
iz to trigger on produced leptons, éither electrons or muons. As
mentioned above, the lightest charmed state may have branching ratios to
leptons as high as 10%. This is several orders of magnitude larger than
such "norzmal® particles as p, ¢, w and n. Thus, the decrease in rate of

measured charm production causcd’by introducing the branching ratio, or

) LI ¢
a t

even the square of the branching ratio when triggering on two leptons is

15

more than compensated by the increase of the signal to the ba;kgrcund ratio.
In this connection, a muon trigger would be easier to use than an electron
trigger since background from converting gammag would be absent. Thus an
apparatus which is sensitive to strange particles and which can be
triggered By muons would have a good chance of establishing that charm
exists, merely by finding an enhanced strange particle signal correlated
with the muons, if triggers from muons from pion and kaon decay can be
suppressed. Performing the experiment at Fermilab helps suppress such
decay triggers. The factor of By in the lifetime introduced by the boost
to the laboratory frame greatly diminishes pion and kaon decays when caz-
pared to colliding beam experiments. Such an apparatus would have to be
able to accept moderatelQ high beam flux. The u/7 ratio is only 10—4 at

(23)

greater than 1 GeV/c. Thus, the muon trigger rates would not be high.

B
In addition enough additional quantities should be measurable so that if an

enhancement were seen, the charm signal could be further isolated. In
particular, one should be able to measure the neutral strange particle
momentum spectrum and the spectrum of the other hadrons produced with the
triggering muons as well as the momentum spectrum of the muons. These
measurements could tell one a great deal about the source of the strange
particles and the muons, and about the mechanism producing the charmed states,
if such were found.

Triggering on muéns has an additional advantage - it addresses the
open question of anomalous lepton production. In particular, what does
the spectrum of hadrons look lige when a prompt muon is produced? Azamalous
lepton-production has been studied at several labofatories(za) b?

studying the inclusive lepton spectra, but no one has, as yet, studied in
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detail the hadrons produced in association with these leptons,
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The University of Washingtc-m's one .meter ctreamer chamber is id;_ally
suited for the studies outlined above. It is a superlative, triggerable
vertex d'e.tecbot which is capable of accepting beam rates of up to 106
particles/sec. It is a visual detectoz_' with resolution comparable t?. a
' bubble chamber. It has the special advantage of being ablev to look at
processes with very small cross sections if an appropriate trigger can be
established. One can easily accunulate 10 events per nanobarn of cross
section in a few days of data taking..

An efficient muon trigger is relatively easy to install., Thus, we
detemnined that we could study the hadrons produced in association with
triggering muons. In particular, we could study correlations between the
muong and neutral strange particles which decay in the ;:haxnber. These
correlations can be studied with a minimum of experimental bias by always
comparing the events collected with the muon trigger to a “control" sample
takan under identical conditions but without th; muon requirements.

Under these conditions, if charm is being produced at appreciable
levels at Fermilab .enezgies, we expected to be able to observe an enhance-
ment in neutral strange particles produced in corr;zlation with triggering
wuons. The source of the additional strange particles should be reflected
in their momentum distributions and perhaps in the spectra of the co-
prcduced hadrons.

The experiment described in this dissertation is the second
experiment of this type run. In March ¢f 1975, the Szattle~-Orsay-Davis
collarorztion performed a very similar experiment using much of the same

equipnent as was used in the present experiment, The earlier run was a

quick test to sce if such an experiment was feasible. The results of

)

the earlier run indicated that indeed charm might be observed using t'his

17

technique. We observed a three-standard deviation enhancement &f neutral
strange particle production when we compared the samples of data taken
with and without a muon requirement. This result was of only marginal
statistical significance and _there were several background signals which
were not well determined. We, therefore, asked for additional rurning time
from Fermilab with which we hoped to collect additional data with an
improved system. In particular, we wished to improve both the muon trigger
and the system's trigger diagnostics. This dissertation describes the

experiment performed with the improved system.
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The streamer chamber as a partigle\deteqtor shares many of the

IV. STREAMER CHEMBER

attributes of bubble charbers, It is a visual device with nearly 4w
gzeoetry. The ionization trails of charged particles passing through the
chamber are made visible and photographed in stereo by high~speed cameras,
By measuring the particle tracks on f£ilm and using large computgr geometry
procrams, one is able to reconstruct the paths of the particles in space,
Since the chamber is housed in a large magnet, this allows the momentum

of the particle to be determined. Thus data collection, measurement, and
mcst of the analysis of streamer chamber deta are identical te hubble
chaabers. In addition, the inherent measurement accuracy of the streamer
chamber is very nearly the sanz and may, in fact, be better than in bubble
chazbers. Although the streamers in a streamer chamber are larger than the
bubbles in a bubble charber, with attendant larger setting errors, the
fact that the streamer chamber is gas filled, while bubble chambefs are
ligquid filled means that streamer chambers have much less multiple

scattering.  The increased setting error and decreased multiple scattering
on‘measu:ing accuracy nrearly cancel over 2 large momentum range.(24) It is
the manner of making the particle tracks visible that makes the streamer
chamber different and in scme ways mo;e powerful than the bubble chamber,
The natural phernomena used by a streamer chamber to make particle
.tracks visible is that sparks can form in a gas which contains a high
clectric field. The trick is to control the formaticn of these sparks.
The usual mechanism for forming the initial conducting path for a
sparx is to accelerate a free electron in the gas, such as are present
along the ionization trail left by a high encrgy particls, forming a °

Tewncend avalanche. The avalanche will, in general, not be visible,

However, if tha field is high enough, it is possible for the electxen

y -

density at the head of the avalanche to reach a point where the electric
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field from the free electrons cancels the externally applied field between
the "h?ad" and the "tail" of the avalaﬁ%he. At this point, spark formzticoa
shifts to the “streamer" mode. In this mode spark propagation is via
photoionization of the surrounding gas. Photoions formed just outside the
“head" and the "tail" of the original streamer are in regions where the
electric field is nearly twice as high as the applied field. These, there-
fore quickly avalanche and combine with the criginal avalanche causing thae
Streamer to grow very rapidly in both directions along the applied

field lines. These streamers are easily bright enough to photograzh. I
refer the reader to references 25 and 26 for more complete descriptions of
streamer propagation. The tfick is to shut off the electric field while
spark formation is in the streamer mode but before the spark has spanéed
the gap. At typical eleotric fields, streamers grow at approginately 108 am/

sec. This implies that a high-voltage pulse of the order of 10 nsec wile

‘would give streamers one cm long.

To produce good streamers at ataospheric pressure, the pulse on the
chamber must have a height and width which satisfy: 331B/p2=c,(27_28) where
E is in kV/cm, Tz is the pulse width in nsec at 10% above the base, p is
the pressure in atmospheres and C is an empirical constant which depends

on the gas used.(za)

Table 4-1 lists experimental values of the constant
C for a few gases. For a Ne-He (90-10) gas mix at atmospheric pressure,
an electric field of approximately 25kV/cm is needed for a 10 nsec pulse.
For our chamber with two 15 cr gaps, this implies a high voltage pulse of
approximately 375 kv,

Producing such narrow high voltage pulses requires special techniques.

The device used in most streamer chamber systems to perform the necessary
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Gas ' £’ p/P K
He-tie (10-90) 1.6 £ 0.2 x 10°
He-le (25-75) 1.7 £ 0.2 x 10°
He . 4.8%0.5x10°
1 : 29 1 4x10° '
Hy + 50 pmSFg 22 +4x10°
Hy = 0.5% G, 23 £3x10°
a . 80 :8x10°
¥ £ = Electric field in Kv/am, .

Ty = Pulse width at 10% field in nsec.

P = Pressure in atmospheres.

TABLE 4-1
STREAMER FORMATION CONDITION

E3TB/p =C
pulse shaping is the Blumlein line. An ideal Blumlein network is shown in
Pigure 4-1. Conceptually its operation is very simple. One charges the
intermediate conductor B to some voltage, vo. When switch A'is closed,
the discharge pulse travels down channels 1 and 2. At point C these
pulses "see" three channels, two with impedance zo and one with impedance
220. One~half of each Pulse is transmitted down c?annel 3, one-quarter of
each is reflected down each of channels 1 and 2. A voltage -v° is therefore
developed on the transmission line 3., The pul;e in channel 1, upon reaching
B sees an open circuit and is again reflected, with no phase change. The:
pulse in channel 2, upon reaching point A, sees a closed circuit and is

reflected with a 180° phase change. Upon reaching point C, the second time

21

27,

FIGURE 4-1

IDEAL BLUMLEIN LINE
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these pulses are equal in magnitude but of opposite polarity, Thus they

cancel, shutting off the pulse in channel 3, voltage U(t), If 7 is the :5
5
transmission time for a pulse from A to C and from B to C then the width of '7;
the pulse U(t) is just 2r. " If the transmission line is terminated with a )
resistive load of 2Z_the energy of the pulse is transferred to the load and
(] __{::l——- —D = ———I—u—f
o further reflections occur. The streamer chamber itself is part of the —3—— ¢ .4:]_-
transmission line. o }_:'L 0 e—g——i
-
ie 4s ; . < —-——b ——$— .
This discussion was for an ideal Blumlein line. A real system is much 5 '_)_
5 —i — o i}
more complicated and I refer the reader to the literature, especially to : ) L(;—- —_ — 'é
2 ; ; : . & l
P. Rohrbach et al( 8 who give a good discussion of the technical problems § _[:H‘ —% —3—1i
. A +—1—¢ 1
of streamer chazber construction. i . « _i:]_
. ’ : i — | ¢—3—f—]
In our system as well as most other streamer chamber systems, the Ly ) - $
. i | ,_}
applied voltage Vo is not a DC voltage. It is a pulse supplied by a Marx —it Ly
high voltage generator. The marx is shown schematically in Figure 4-2, It is [ gg'
0 N ° ok
essentially ten banks of capacitors which are charged in parallel through H £ 3 o
+ 1

charging resistors and discharged in series through the spark gaps in the : ‘

FIGURE 4-2
MARX HIGH-VOLTAGE GENERATOR

Marx tube. The system is charged by two high voltage power supplies to a
maxizum voltage of T 25 XKV. This gives the capability of voltages on the |

streamer chamber of up to 500 KV (10 stages x 2 polarities x 25 XV). The

maximum repetition rate of the system is limited by the Marx charging time

{~ 100 msec) plus the time it takes the sparks in the Marx tube to quench . .

(150-200 msec}. Both of these times cculd be shortened but for the experi-~
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o

{777) cnnncinG caraciions
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ments we have considered this is.unnecessary.

KFM\
Y

The Marx pulse, when applied to the intermediate conductor of the
Blumlein line causes a spark gap to fire. There are three gaps which can be

operated simultaneously, normally, however, only one was in use at any one

time. 7his gap acts as the switch (A in Figure 4-1) which triggers the
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streamer chambec pulse, This pulse is transmitted ihto the streamer chamberx

im

GLASS
WINDOW
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R CHAMDER

>

STREAME

SCINTILLATOR
FIGURRE 4-3

ETRIGGER COUNTER

for this chamber, a Lucite target was mounted in the end of the beam pipe.

. . . (&}
by an o0il-filled coaxial transmission line and an SF6 filled transition zgg
section which makes the transition from the coaxial geometry of the zg
. zZW @ T
Blumlein line to the strip gecmetry of the streamer chamber. These Ea w : s
- L
. rw =
sections of the system, along with the streamer chamber itself, are shown W 42 — g
. . 4 - UJ< n
in Pigure 4-3. EI E ©
. ' . . 0o = T
Because this system was designed to be used with downstream LD)}— '
LJ
[
spectrometer systems, great care was taken to minimize the amount of ‘;g z
' <
material inside and downstream of the chamber itself. This mecans that xl—-\
o
the high voltage pulse must enter the chamber from the upstream end. - 7s] ™~
==
This in turn implies that a team pipe capable of being evacuated = =]
must be incerporated into the coaxial and transition sections of the high gg ©
. - s
voltage transmission line to minimize upstream interactions of the beam. * LIZJ a}— 2]
. Z0
Because of limited space, this beam pipe was only 3.2 cm inside diameter. 4 é(l-})-'
Thne beam pipe extends approximately 2.5 cm into the visible volume of the ég i'.-\
streamer chamber. Normally, this pipe is sealed by a 13 um thick mylar gas ;& ~
. <z
seal. But for the particle search, since we d¢ not have a hydrogen target 82
v
=z
<
@
’_

To veto residual upstream interactions, a large veto counter was

3.2cmlID
BEAM PIPE

E

Z
incorporated into the design of the streamer chamber (W in Figure 4-3}). G
aX
This counter covered the full aperature of the streamer chamber and was s
. : < —— m
mounted £lush against the upstream end of the streamer chamber gas cell, E.ﬁl = x
- P ., s ESXSTT o~
It fit tightly to the outside of the beam pipe leaving a 3.8 cm diameter ! S =)
f
hole. This counter vetoed any particles entering the chamber except
those inside of the beam pipe. . . °

To mininize sccondary interactions incide the chamber, stretched

wire planes were used for the high voltage planes instead of the more

H2

VETO COUNTER
SCINTILLATOR
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conventional wire mesh. This has the added advantage of minimizing
diffraction of the light from the streamers, To m;i.nimize secondary
interactions downstream of the chamber the amount of material at the
charber exit was kept to a minimum. In addition, a large trigger
ccunter was built into the charber just outsiée the gas cell (S in
Figure 4-3). This counter was mounted against the downstream end of the
gas cell and contained a 4.45 cm diameter hole to allow non-interacting
beam particles to pass. A count from this counter,-together with the

ansence of counts from the upstream veto counters, thus ensured that

there had been an interaction inside the chamber, More detailed discussions

of the design of the University of Washington's streamer chamber system
have been given elsewhere. (29)

The delay between the Marx receiving a trigger pulse and the high
voltage pulse being applied to the streamer> chamber was found to be less
than 500 nsec. Thus, even with extensive fast trigger logic, somewhat
.less than two microseconds was required from the time an interacticn
occurred inside the streamer charber until the chamber actually fired.
Eowever, the lifetime of ions in pure Ne-He gas can be several )';undred .
nicroseconds. Such a long "memory" time would severly limit the beam
rates the chanber could accept. A method must therefore be found to
decrease and control the lifetime of ions in the chamber. We found that
introducing a few parts in 107 Sulfur Hexafleride (SFG) to the Ne-He
gas fill was acdequate to reduce the chamber memory time to approximately
2 ysec. Since it is necessary to flow gas through the chamber at all
times to continually purge Oxygen from the system, SF6 must be continually
added to the pure gas. We found that' the simplest and a completely

adeguate way to control the necessary concentration of SFG was to manually

27 )

control the two separate flow rates into a mixing chamber and thence
into the streamer chamber, We purchased a single bottle of premixed
Helium—.SFs with 13. parts per million SF‘S. We normally flow tr'xe Ne-He
gas at 0.25-0.50 lit/min and the He—SF6 mix at 5~10 cm3/min. These flow
rates are easily controlled using sensitive but commercially available
flow meters. At these flow rates, a single bottle of the He-SP6 mix has
been used for several months of continuous flow. Using the very simple
gas control system described above,’we were able to reduce ghe memory time
of the chamber to 2 usec, allowing the chamber to accept up to ].O6 bean
particles per second with an average of two beam tracks per picture.

The design parameters of the entire system are surmmarized in
Table 4-2a and the chamber operating characteristics are listed in
Table 4-2b.

The University of Washington's streamer chamber system described

above is a very precise triggerable vertex detector with nearly 4=

' geometry. It can accept moderately high beam rates of 106 particles/sec.

and has the capability of accepting four triggers/sec.
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HIGE VOLTAGE SOURCE: 2-voltronics high voltage power sup-
plies (type BPO 50-60, 50 KV-70 mA)
MARX: Dual polarity
10 stage
27 nF capacitance/stage-0.,27 uPF T .
total MARX:
SPARX GAPS: . Stainless steel-fixed High Voltage: 1 20 xv
' separation &~ 25 mm o
. Spark Gap Pressure: 3 Atm Nz
MARY TUBE: 10 cm dia. Lucite, will with-

stand up to 5 Atm pressure

BLUMLEIN LINE: Stainless steel & Lucite
Coaxial 250 line, oil filled

Conical in region of spark gaps,
gas filled ) . .

BLUMLEIN LINE:
Spark Gap Separation: 16 mm
Spark Gap Pressure: 13.5 Atnm

SPARK GAPS: Stainless steel-variable

0-25 mm, will withstand
~ 15 Atm gas pressure

STREAMER CHAMBER:

. Gas: . Ne-He (90-10) +
STREAMER CHAMBER: Dual 15 cm gaps " 2 x 1077 SF,
: .2 it/mi
VISIELE VOLUME: 30 x 50 x 100 cm? _ ( 15 lit/min f£low)
t A

MAIN BODY: 1.2 cm Aluminum plate 3 tn
WINDCW: & mn plate glass HV: 375 KV = 25 KV/ca
HV WIRE PLANES: .25 mm stainless steel wire,

window plane Beam Pipe: Air at 1 Atm-

.5 mm stainless steel wire,

central plane ,

2.5 mm separation
GAS CELL: 2.5 cm Lucite, upstream and

sides 0.25 cm downstream
LDRMINATION: 6~8 carbon resistors (250

total)
BEAM PIPE: 3.2 cm ID, 0.3 cm wall '

Lucite and Stainless steel { TABLE 4-2b
[N —~1re - > s 2 . .
W~-VETO COUNTERS: g xg:xcic;xgilllator 50 x 30 e STREAMER CHAMBER OPERATING PARAMETERS

. « e ]
(ALL VALUES ARE TYPICAL)

S-TRIGGER COUNTERS: § mm Scintillator 50 x 30 cm?

4.45 cm hcle

TABLE 4-2a
STREAMER CHAMSBER DESICGN PARAMETERS



At the time that the ¢ was discovered, we were assembling and testing

. . 30) .
our streamer chamber system in the Fermilab's M1l bean 1ine( 0 in the Meson

V. EXPERIMENTAL APPARATUS

Detector Building. We were thus in a position to install the particle

search experiment very quickly.

The apparatus used for this seatch‘consistcd of a beam defining §ection
‘where great care was taken to get a good, very compact beam onto the
experimental target and to vets wide angle beam associated backgrounds. The
primary detector was a one meter streamer chamber housed in a large momentum

analyzing magnet with its data recorded on high-speed film. The trigger

was supplied by the counters built into the streamer chamber which gharanteed ’

hat an interaction cccurred in the chamber and by eight muon telescopes
which were downstream of 5 meters of iron and lead, part of which could be

The apparatus also included a small calorimeter to measure

magnctized.
haéronic punch through in the muon trigger, and six planes of wire spark

¢hamsers which ellowed us to collect data on the muons which supplied the

trigger.

Tre Ml beam is a high energy, high resolution beam which collects
secordary particles produced in a production target at angles near 3.5 mr

6 :
of modarate secondary beam fluxes greater than 10 particles/

0
The beam line is shown schematically in Figure 5-la.(3 ) The beam

: . . 3
envelope obtained with our beam tune is shown in Figure 5—lb.( b

and is capabl

@

Sec.

The beam is

initia2lly gathered and steered away from the forward direction by a

series of three Half-Quadrupole magnets and three Septum-Dipole magpets.
Ealf-Quad magnets are Quadrapole magnets which have Seen spiit longitudinally.

Tw#o of the magnetic poles are replaced by an iron plate., These half magnets

are necessary because six beam lines use the meson production target. All

ar

collect particles produced within a few milliradians of the forward direction
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50 the area just in front of the production target is verv congested.
These magne£s and two following dipole magnets momentun -disperse
the beam. The momentum dispersed beam is focused in the horizontal plane
qnto the momentum slit at Fl in Figure Salb; This slit picks out the
momentun and the momentum "bite" (4p/p) desired. The section of theibeaa
line between F1 and F2 rec@mbine the beam and focus it in both planes at
F2. It is then taken to a parallel focus in the region between 1050 and
1175 feet. This section éontains the first of two threshold Cherenkov
counters (Cl). In our experiment, the last group of guadrupoles were set.
to focus the beam at I3, inside the streamer chamber. The second of the
Cherenkov counters (C2) is located in this last section of the beaz line.
We ran the experiment with a 225 GeV/c negative beam. The species
of beam particle was determined by the two upstream threshold Cherznkov
counters. Both counters were operated just above the pion threshold. By
requiring both counters to have fired, we obtain a very pure pion bean.
However, inefficiencies in the counters and'our very conservative
threshold setting did not allow us to obtain a pure kaon beam. The
counters both registered pions for only 85% of the beam. An earlier

experiment(32)

performed a careful study of the particle species fracticns
in this beam. Extrapolating their curve for 300 GeV/c incideat protons to
225 GeV/c secondaries and correcting for decays in flight, we expect that
only 1.5§ of the beam is X .

The beam was defined by three upstream scintillation ccunters. The
position of these are shown sn the beam line schematic, Figure 5-la,
and in Figure 5-1b. They are labeled Bl, B2, and B; respectively. Puls2

height analysis was performed on the last ‘beam scintillation counter

signal (B3) to discriminate against multiparticle RP "buckets", upstreax
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interactions and interactions in this scintillator. Beam halo was vetoed
by a series of hole anticounters which covered the entire aperature .of the
detectiop system. These are labeled H1, H2, and H3 and W in Figure 5-2
which also shews the rest of .the apparatus. The W counter was located
inside the body of the streamer chamber and was discussed in the previous

i

chapter. H2 and H3 were large counters surrounding the beam pipe just
upstream of the point where the beam pipe entered the high voltage
transmission line. H1l was a small counter bujlt into the beam pipes .
extending through the pipe's walls. It had a hole 2.5 cm in diameter and
thus formed the final aperature for the beam into the system, .

Because the beam en*::ered the streamer chamber through the 3.2 cm
inside diameter be.‘;m pipe, it was necessary to hold a very good beazm “tune“.
Therefore, we made continuous use of Fermilab's beam monitoring multiwire
preportional charbers (MAPC), the so-called “Type A® cha;nbers. These are
exall champers with 2 mm wire spacing. Signals from each wire are
individually scaled during a beam spill, thus integrating over the spill.
These scalars could be read and displayed using the Meson Lab's beam control
cesputer. We hed four pairs of wire chambers placed at the points marked
MAl, MW2, MW3, MA4 in Figure S5-la and b. In addition, we placed another
pair of small MWPC's at MW4. These chambers had 1 mm wire spacing and
could be read into this experiment's data collection system. Using these
beam monitoring chemberxs, we were able to attain and maintain a beam at
the streamer chamber which was only 7 mm in diameter, full width at half :
maximum, a size which could easily pass through the beam pipe with only a
snmall p:ob&bility. of interacting in the walls of the beam pipe.

The streamer charber was mounted inside of a large momentum analyzing

magnet. This magnet was run with approximately an eight kilogauss magnetic

) )
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field for this experiment. The cameras for recording data from the
streamer charber were mounted on the inagnet ai)prox.imately 2,5 meters from'
. thie chaober's center line., The three cameras viewed the chamber through one
of the magnet ‘coils with a maximum stereo angle of approximately 150.

Downistrezm of the streamer chamber was t.;He muon spectrometer., This ;
was ccaposed of 5 meters (29 absorbtion lengths) of lead and irc;n absorber
ard eight muon telescopes.. There were two telescopes in each quadrant
around the beam, covering laboratory angles from 9 to 94 milliradians
horizontally and from 2 to 44 milliradians vertically. 91 milliradians
in the lab corresponds to 90° ;n the center of mass at this beam energy.

The telescope layout is shown in the insert of Figure 5-2. The absorber was
placed as close to th.e target as possible, the first 40 cm of lead was
inside the streamer chamber magret, starting 150 cm from the. target. This
lead block had a 10 cm square hole through it, centered on th:z beam. This
wis necessary to reduce triggers from backscatters to an acceptab;e levei.

Outside of the magnet was a solid 31 cm thick block of lead. Down=-

streaz of this hlock there was a 3 meter section of magnetized iron {the SOD
magnet). This magnet was capable of 50 £ 10 Kg-m of bending power, which
served tc bend low momentum hadrons from the hadronic shower, and muons

rom picn and kaon decay out of ocur acceptance. Both the streamer chamber
,zmagnet and the SOD magnet tend in the vertical plane. Data samples were
collacted both with and without the iron magnetized.

The SOD magret was. followed by the eight muon telescopes. The tele-
scopes were composed of scintillation counters in two planes separated by 1.2
ceters of iron. mrrésponding scinti.llators in the two planes subtended
rearly the same solid angle at the target. By placing corzes;;c.nding counters

s B : s . to have
in the two planes in coiacidence, we required the triggering particle ha

Py

)

come from the approximate direction of the target. A 10 em vertical q.ap
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was left to eliminate beam muons and very low mass dimuons produced in the
forward direction from the trigger. Since both of the magnets bend in the
vertical plane, these muons pass.ed, unseen, thx--ough the vertical gap.

Downstream of the telescopes we placed three 1 x 1 m? spark chambers
each having two wire planes. .'I‘hese were intended mostly to monitor back~
ground triggers. When the iron was magnetized, we were able to deterzine
the muon momentum by assuming they originated in the target and determining
from the spark chambers the track's curvature through the iron. We could
alse determine approximately where the tracks originated by; extrapolating
the tracks back toward the target in the non-bending plane. These points
will be discussed in more detail in a later chapter.

Béhind the wire chaxftber; was placed a calorimeter to measure hadrenic
punch-through in the trigger. The calorimeter covered the central area
.around the beam. It was 46 x 46 m?, of which only the central 30 x 30 cm?
was used, and was composed of 24 stages with 3.8 cm of iron alternating
with 5 cm of scintillator. We found, (33) even with the magretized iron
off that hadronic bunch-through was negligible.

Parts of this apparatus were supplied by each of the collaboraters
and by Fermilak. The streamer chamber and its electronics and the wire
chambers were supplied by Scattle. The high~speed caneras and the large
momentum~analyzing magnet were sizpplied by Orsay. The calorimeter and
the muon telescope scintillators came from Davis. The iron and lead forl
the absorber, including the iron-for the SOD magnet, were supplied by
Fermilab. The SOD maguet was built in a peri'od 'of 10 days at Fermiiab.

The iron was machined by Fermilab, wound by the e_xperimehters_ in one, all-

night effort, and assembled by the experimenters with the able assistance
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of the Meson Section personnel. All of this took place after the start of

the experiment when political pressures kept'us from magnetizing an available

section of magnetizable iron.

In addition to the apparatus discussed above, the electronics, discussed

in the next chapter, also came from several sources. Most of the fast
electronics came from Fermilab's PREP stocks. The on-line computer for data
collection wes supplied by Seattle, although Fermilab kindly loaned us

several modules which greatly increased the capabilities of the bare

coaputer. Parts of the wire chamber and calorimeter read-out electronics wera

supplieé by Seattle, Davis, and Fermilab. This experiment was truly a joint

effoxt.

VI. TRIGGER _ELECTRONICS AND DATA COLLECTION

The electronic signals from the various detectors discussed in the
previous chapter were transmitted to a%entral counting room f'ar processing.
This ar.ea was less than 30 meters from the major pieces of apparatus,
minimizing signal transmission delays. It was here that the signals
were processed by fast NIM standard logic units and the decision to trigger
the streamer chamber was made.

The basic trigger logic is sketched in Figures 6-la-~d. Figure 6-la
shows the Beam (B) and Event (E) definition logic. All scintillator
signals, with the exception of the calorimeter signals, werxe first passed
through threshold discriminators to suppress signals due to phototube noise
and to shape the signals to NIM standard (0 to -0.7 volts). The beam
definition was performed by first putting the beam telescope counters
(81, B2, and B3 in Figures 5-1) into coincidence, forming ché Bean

Telescope (BT) signal. An "OR" of the anti-counter signals (BA) was

_then put into anti-coincidence with BT forming the beam definition (B).

This "OR" was formed in steps so that the partial "OR’s" could be used for
beam diagnostics. One scintillator, B3, was used as both a positive
counter and an anti-counter. This counter was the last of the three beax
telescope counters. Two signals were taken from B3. One signal, B3L,
was put through a discriminator which was set to accept a signal corres-
ponding to one or more minimum-ionizing particles. This was the positive
signal, input to BT. The second signal, 33H, was passed through a dis-
criminator which was sat to accept only signals corresponding to two or
more particles. The output of this discriminator was used to veto multi-
particle RF "buckets", upstream inelastic interactions, and interactions

in B3 itself.



-

« {Beam Telescope) - o= n

FANOUT " moon

it4

n o m—
1060
n o— >
| S |
MULTIBLE V
BaL (.)__| ) SR .__J (BEAM) A t
A [ 10GIC )
B3H |
o—{f >— 1 =
H) | cl Data
a @ > i . O~ > Register
nl P '
b @ c2 Data
L (HOLE ANTI) (BEAX ANTT) o—F > Register
H2 {CHERENKOV)
a
.
b {EVENT)
H3 * . r--- ¥---9
| MUON '
LOGIC -
H3b Loy
(Window) - - - -=
W O——‘I —— § MULTIPLE i
a * INTERACTION
LIOGIC., . J
1] .
b : _ R 2
s, - (Scatter) | TRIGGER |
a . } LosIC
s JAEA
s
b - F~ GATED BY BEAM SPILL *[)  LOGICAL "AND"
D PISCRIMINATOR D LOGICAL "OR" *
*  SIGNAL SCALED
FIGURE 6-la
BEAM/EVENT LOGIC .
bl Y
"m'l“'“ """" I |
. DATA ' Delayed
Iyo REGISTER ’
'LB 2 , Beam Start
T T U Gate
:REI’EATED FOR Start GATE
{MUON TELESCOPES GENERATOR
P . )
J2_ R4 _ sample
DIVIDER
ny-B
“ :
signal
M
sampl
+
’ #
Data Register
#  SELECTED SIGNAL 70 M N P GATED BY REM{ SPILL
samploe
+ SELECTED SIGNAL TO TRIGGER. D DISCRIMINATOR
[ INGICAL "AHD"
>  1ocieaL ror®
* SIGNAL SCALED .

FIGURE 6-1b
MUON LOGIC

[0j4




selected input
lines used
——\

-E
gggnal

E
mympk?

»
*

GATED BERM/EVENT
DIAGNOSTIC ONLY

B O GB 13
T s g
GATIE
COMPUTER @~—2E—| GENERATOR .
VETO "
star ToeaD” 300 usec

All Apparatus

Triggers

=

— e

GATED BY BEAM SPILL

> DISCRIMINATOR
O LOGICAL "AND"
D LOGICAL "OR"

*

SIGNAL SCALED

FANOUT

Data Regi;?;; :
Gate

|
IBEAM/INTER~ ;
IACTION LOGIC

|

FIGURE 6-1lc

FINAL TRIGGER/DEADTIME LOGIC

st EGG GP100/n
PILEUP GATE
- 1 Ts++
TB et =T - == DATA REGISTER
r——O - MB
Pileup
(Multiple
Beam) fe— 1 —i
GATE pelayed | Tp [ " kTqs!
T T T -
GLNE&QTOR ou FAN | "__——-——1[“_——
D
F‘d
Any TB or TE in V
time slot 7. causes
TAG at Tq °
- EGG GPI00/n
TE 2 PILEUP GATE|
1 o pileup :E%::)___; DATA REGISTER
8
(Multiple
Interaction)
o+
= Tiwc delay between trigger signal leaving counting room and high voltage
being applied to thc streamer chamber (5 500 ns).
++ : .
s = Steamer chamber sensitive time (~ 2psec).
t Sec Figure 6-la.
$ Sce FPigure 6-lc.

PIGURE 6-

14

MULTIPLE BEAM/INTERACTION LOGIC

-4



)

The bean definition was then: B I Bl:B2-B3L- (B3H+H1+H2+H3+W)
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{refer to Figures 4-3, 5-1, and 5-2 for co&nter positions), where the bar
implies the logical "NCT". This definition guaranteed that a beam
particle ent;:ed the region 5f the target with at most a small angle
eléstic séatter upstream. The Cherenkov counters were not inc}uded in
the beam definition. We felt that there might be something to be learned
by comparing events from the pure pion beam with those from the enriched
kaon beam. The Cherenkcv counter signals were, therefore, input to a
data register, gated by the final trigger, for storage.
By adding the requirement that the downstream "scatter" counter
(s in Figures 4-3 and 5-2) had fired in coincidence with a beam
particle, we guaranteed that an interaction ©r "event" had.qccurred
inside of the streamer chamver. Thg event trigger was then: E 2 B-S.
Trhese svents supplied the primary trigger for the system. Samples of
these triggers were taken at intervals throughout %he run to act as a
control sample for the muon triggers.
Because we ran with uvp to 8 x 105 beam particles per 800 msec beam

spill, with a streamer charber menory time of nearly 2 usec, we often

had two or mcre beam tracks visible in the streamer chamber in one
picture. Thus, when a interaction occurred with two incident beam
particles, the extra track somctimes could not be separated from the

a . int t i Recall that the beam was only
secondary tracks from the interaction. €C 7 mm

i i 3
full width, half height ~he same is true when two interactions occurred
full w . ha t. T

i ible to
curing the memcry time of the streamer chamber. It is not poss

veto an eve W ch extra beams nteractions occ the
event when su beams or int tion urred during

nearly 500 nsec between the time that the trigger signal left the

ting room and thae high-voltage pulse was applied to the streamer
countin

)

chamber, We, therefore, decided to accept all such second beam and -
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second interaction events. But they were tagged so that if necessary,

we could delete them from the data samples at a later time. Figure 6-1d
shows the circuits used to determine and tag these occurrences,

To the beam and basic event information discussed above rust be'
added the information from the downstream muon spectrometer. The
logic for gathering this information is shown in Figure 6-1b, Each of
the signals from the sixteen muon counters was passed through the usual
Pulse height discriminator and then the signals from corresponding

counters in the two counter planes were Put into coincidence. A nuon

was defined as a particle which gave a count in both scintillators of one

of the eight telescopes. The geometry of the system was such that these

particles must originate in the general direction of the target, and thus

had to pass through all 5 meters of absorber,

The number of muon telescopes which fired was determined by lipeaxly

adding the NIM standard outputs of @ach of the eignt telescope coincidence

units and pulse height analyzing the result. The pulse height aralysis
was done by simply fanning the summeg signal out to four threshold
disciminators whose thresholds were set to accept one, two, three, and
four times the NIM standard pulse height, These signals were pPut into
coincidence with the beam signal (B), and with the event signal (E).

Each of the higher level discriminator units was used to veto the next

lower level coincidence unit. The outputs of these coincidence units
then corresponded to one, two, three, and four or mere muons in
coincidence with a beam particle or with an event in the streamar chacher .,

Any one, or any combination, of the muon requirements discussed

above could be used for the streamer chamber trigger. When two or more
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.
ouons were reguired, the data rates were so low that we were able to
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simultaneously use the “ny-B" trigigers. Trese ;vere identical to the
nu-B triggers except that the § counter requirement was absent. The
p?imary _in::ezactions from these “nu-3" triggers were mostly in the ruon
shield, but from the fracticn of those which did interact in the target
we gain information on the true trigger cross section without the added
cczplication of the nolé in the “"scatter" counter. 1In addition, the
spark chamber and calorimeter data from these triggers has proven
jnvaluable in determining the source of the muons in the normal "nu-E*
triggers. 3Because "nyeBY triggers we:e‘much rore frequent than the
equivalent "nu-E" triggers, due to the target thickness, the "nu-B"
trigger was gated on for only a fraction of the beam spill, using the
Muon Savple circuit in Figure 6-1b., This kept the systen deadtime
froo accepting these triggers at an acceptible level. The outputs of
sacn of the nuon telescopes, as well as the muon sample output were
input to the data register. Thus, for sach trigger we had available,
ormation on which counter, or counters nad participated,
ard whother it was a beam (B) or an event (E) type trigger.

Depanding on the particular trigger, oY triggers we were currently
accepting variocus of these snu+E" or sampled “nu°B" triggers were input
to the finel trigger and gating logic pictured in Figure 6-lc, The
varicus timing gates necessary for our system added a slight complication
to the trigger electronics, All of the counters in the trigger (except
for the beam telescope counters mentioned earlier) were first gated by
the bean spill. In order to avoid problems associated with structure
in the beam spill, we gated off the first and last 100 msec,of the spill

i igh.* This left
where the instantaneous beanm rates were sometimes vexy hig .
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800 msec of the 1 sec s;;ill available for data taking., In addition, the
trigger had to be gated off to allow;time for the Marx to recharge, the
cameras to advance, and the computer to process the data. The Marx
deadtime was supplied by a fixed length, 300 msec, pulse generator. The
camera and computer deadtimes were supplied by the computer which checked
the status of the cameras and only turned off its trigger veto when the
cameras were ready and it was ready to receive more data, The camera
and computer deadtimes were much shorter than the Marx deadtime (150-200
msec for the cameras and computer versus 300 msec for the Marx). It was
necessary to know wha;. effect these deadtimes had on the rates. ¥e,
therefore, set up parallel circuits for some of the trigger electronics,
giving rate information both with and without these long deadtimes,

In order to continuously monitor the system performance, various
scintillator sigrals a;xd combinations of signals (those marked by * in
rigures 6-1) were scaled by CAMAC-compatible, 50 »Hz blind scalers.
These were displayed using an LRS Type 72 display system. We thus had
available continuously updated information on counter performance, bean
transmission fractions, beam rates, and event rates.

The pulses from the calorimeter scintillators were fed directly
into 12 bit Analog-to-Digital Convertors (ADC). These were CAMAC
compatible ADC units which were gated by the streamer chazber tricger
pulse. The spark chambers' magnetostrictive delay line signals were inrut
to a Science Accessary Corporation, CAMAC-compatible scalar system which
pexformed the necessary Time-to~Digital conversion (TDC). The ADC and
TDC data for each event as well as the MWPC registers and the data
registers were read by an on-line Digital Equipment Corporation POP 11/29

computer. The computer was programmed to histogram the various pieces oIf
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could be displaved at will on a Tektronix type 611 storage oscilloscope.
A running summary of the expetime$€ was tﬁué av;ilable. The computer also.
cutput the data register information as well as data run, film roll, and
picture fr;ie nunbers to a binary data box attached to the streamer chamber.,
This data was imgprinted on the film before.the computer ordered the
cameras to advance the film in preparation for the next eve;t: The
cemputer also wrote all‘of the data collected for each event onto magnetic
tape. Once each spill it also read in and wrote out the current scalar
readings. Flow diagrams of the computer program are shown in Figures 6-~2a-c,

The electronics described in this chapter gave us very tight
contrel aad extensive diagnostics of every portion of the experimental
azpparatus. The diagnostics, as well as the spark chamber and the calo-
rineter data, were continuously available during the rug and all electronic
information has been permanently stored on magnetic tape so that it can

be correlated with the data stored on the film,
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The apparatus and the trigger eiectronics discussed in the preyioué

VII. MEASUREMENTS AND BACKGROUND

chapters were very good at picking out the type of event in which we were

- interested, that is, an event in the target, with or without muons. But as
is always the case, they were not perfect. There are many background
signals present which they cculd not filter out. . [}

‘Before I consider the question of background signals, it is necessary
to digcuss briefly just what measurements were made and how they were made.
hs was discussed in the previous chapter, the occurrence of any of the
sossible trigger conditions was scaled and recorded on magnetic tape. We,
therefore, have a reccrd of the nunber of beam particles kB) ente;ing the
target region, the number of interactions in the chamber (E), and the
rumber of n muon events in coincidence with either a beam or an event
(nu-3 and nu-2} as & function of operating conditions. _In addition, we
have the spark chamber data which can provide information on the sign and
morentua of some of the muons; the calorimeter data which can, for a small
fractica of triggers tell us that we did, in fact, have a muon trigger;
and mwost importantly, we have the streamer chamber data on film. We took
scme pictures with each of the triggers mentioned above (except for the
lu-8). We therefore have full data from each ¢f them.

Since the f£ilm centains the largest store of information from the
experinent, it has been scanned with considerable care. All of the film

raken after we were sure of our triggers has been scanned twice by the

.

scanning staffs at the three collaborating institutions. A portion of
the film (with the SOD magnet on) has been indepegdently scanned at all
three institutions. The scanners were instructed to carefully search
each picrure for neutral decays, either gammas or neutral -strange

particles (V®'s). These were recorded as such. When any doubt existed as to

)

whether a pair of tracks was, in fact, a V° or gawna, it was recorded as a
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doubtful. These are not included in the final data sample but were useful
in keeping the search effort high. for the purpose of the sca;. a gamma
was defined as a neutral V with minimum-ionizing tracks where one or both
had curvatures greater than that of a 250 MeV particle. Positive,
heavily ionizing tracks with momentum greater than 500 MeV/c were noted,
These are good candidates for lambda's. Data pertirent to the prirary
interaction were also recorded. These data included the number of fast
tracks from the primary; the presence of any fast, dark tracks which are
probably nuclear fragments; and the Presence of any electrons or positrons
coming from the primary vertex. Nuclear fragments and electrons or
positrons were not counted in the chargs multiplicity. In addition, if a
givep frame was not scanned, the scanners recorded the reason. After the
completion of the two éomplete scans, the scans were compared and any dis~
agreement was resolved by a physicist. It is the data of this resolved,
double scan which is the basis of all of our results.

Figure 7-1 shows two frames of our streamer chamber. film. These are
fairly typical of the film scanned. You will note from these one of the
biggest problems our scanners had. Because of the very large number of
tracks present and the relatively small (8 KG) field, the density of tracks
in the forward direction is very high. Often the scanners could not tell
precisely how many fast tracks theie were in a given event. When the
differences between the two scans were resolved, a one~-track disagreemént
was allowed. In this case, the track count was arbitrarily taken from
thg second of the two scans. A larger discrepancy than this was resolved
by a physicist. .

Before we continue, I would like to make 6ne very imp&::aht point,

Since ultimately we will be calculating the cross section for charm
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EXEMPLE OF FILM TAXEN WITH THE STREAMER CHAMBER
a) 9-prong event with Ve

b) 17-prong event with 2 Ve's plus a secondary
interaction
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production by comparing the dimuon (2u*E) triggers with the E trigger,
the errors which are quoted for the quantities measured during the film
scans are the statistical errors only. The major strength of this-
experiment is that we can use such a direct comparison and are, therefcre,
insensitive to systematic effects. Although there are doubtlessly large
systgmatic effects in the number of neutral decays found, the number of
charged tracks counted, as was mentioned above, and even in which pictures
were kept, or rejected, it was fairly easy to make certain that whatever
biases were present were the same for the different data samples, indepen—
dent of the trigger. Since the triggers were mixed on the same rolls of
£ilm, both to reduce differences due to operating conditions and to
improve data taking efficiency by taking multiple triggers simultaneously,
the scanners did not know whiéh trigger resulted in a given picture. Thus,
no psychological biases could enter the scan. It will also be shewn that
picture quality, as measured by rejected frames, did not vary a great deal
between the triggers, except for the 2u-B trigger. Because this trigger
produced pictures which primarily contaired only beam tracks, it was a
special problem.

From the double, resolved scan we obtain the eff}ciency for obtaining
pictures of events which occurred in the target. This data is swmmarized
in Table 7~1. The reject types listed in this table are broken down by
trigger or roll subgroups only if they vary significantly with one cf
these. You will notice that the streamer chamber was very efficient,
The fraction of blank or very faint frames was 11% early in the run but
decréased to only 3% at the end. The "beam only" triggers listed in
Table 7-1 were caused by the beam interacting in the material down-

stream of the chamber with a “"backscattered" secondary entering the §
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Primary interaction was upstream of the target.

*

Two interactions in or near the target.
Primary interaction Jdownstream of the target.
Only beam tracks visible, no interaction,
Blank or faint pictures.

TABLE 7-1
TARGETTING STUDY - STREAMER CHAMBER EFFICIENCY
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counter, These show a variation with the trigger. The trigger with the
highest probability of being due to pion decay (lu*E) has fewer of these
than does the E trigger while those with extremely small c:oss.sections
(2p°E and 3u*E) have more. From these nurbers, we see that the overall
system efficiency was rather high. The fraction of all pictures which
were bright enough to scan, were not obscurred by old tracks, and had a
single interaction in the target was near 60% throughout the run, varying
only slightly by trigger.

By removing from this data sample those pictures where the scanners
could not be sure whether or not an event had occurred in the target, we
can determine how cfficien; the trigger apparatus was at choosing inter-
actions in the target. This result ig listed in Table 7-2 along w?th the
raw.trigger rates and the corrected "in target" trigger rates, You will
note that these trigge; efficiencies range from 70% for the 2x°E (S0D)
trigger to 85% for the lu‘E (SOD), (neglecting the 3u‘E and 2u*B triggers).
This variation is caused mostly by variation in the number of "beam only”
pictures. You will also notice that the dimuon trigger rates were very
low. With the SOD magnet on, for exaxple, we took one good 2u*E picture
each 15 peam spills (at 5 x 105 particles/spill), or on the average, cne-
half good picture per minute (8 spills/min).

Once a complete list of events was available, with the trigger
responsible, and whether or not a V° was present, we went back to the
£ilm to garner more information about the events of interest. In parzicular,
we wanted to know the position and momentum spectra of the V°'s found.

The tracks of each of the V°'s and gammas found in the resolved double scan
were mznually digitized on an Image Plane Digitizer {IPD) wizh a setting

error of approximately 10 um on film which translates to 280 um in space



s )

INTERACTION RATES

srrrG/B(raw) 7T #TRIG/B (CorrecTED) TT

TRIGGER
E L0459 .036 & .001
Non-S0OD
No pictures -4 -4
AueE 1.4 x 10 1.13 x 10
2u-2 9.0+ .3x 1077 7.2 % .7x 10"
3uE 2.0+ .4x20°% 1.7: .4x10°8
1u+B No pictures 1.174 + .001x1073 -
2B No pictures  17.5 + 1 x 10°° -
soD
-5 -5
lp-E 3.51 x 10 3.0+ ,2x10
2u-E 1.87 ¢ .05%x1077 1.31 % .07 x 1077
3z 1.50 £ .3 x 100 7.6 £ 2.1 x 1072
1.8 0.420 x 1073 - ~
258 8.08 + .003x107° 9.0 £ .7 x 2077
2u"E
corrected -7
for muon 0.72 £ .08 x 10
origin
¥ Efficiency = (Good + Close Second Interaction)/(Total - 0ld -
Beam Only)
o e

Errors quoted are statistical only. If no error is quoted, :

the errer is less than the last significant digit.

TABLE 7-2
TOTAL TARGETTING EFFICIENCY
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for our cameras., Special care was taken to assure that the point measured
at the V° or gamma vertex was the same point on all three views when the
vertex was clear enough to allow this. These points were then Qeconstruc:ed
in space. This being the, first' time this optical system had been used

and in the interest of getting a result quickly, we did not do a full-
scale optical determination. . Pin~hole optics was assumedé. This is a
reasonably good approximately for this system. These cameras were designad
to minimize the distortion introduced by the camera lenses. This was dona
by tilting the film planes and optic axes of the lenses so that the axes

of the cameras intersect approximately in the center of the streamer chamber,
thereby making greater use of the center of the lenses than in an uatilted
system.

.A feeling for the accuracy of the reconstruction may be gained by
studying Figure 7-2. Figure 7-2a shows the reconstructed primary vertax
position in the direction perpendicular to the beam and to the average
optic axis (the y direction, the coordinant system used is shown in
Figure 5-2). Figure 7-2b shows the same thing for the direction parallel
to the average optic axis {the z direction). The peak in 7-2a has a half
width of approximately 7 mm which reflects the width of the beans. The
width in the z direction is nearly 20 mm. Two effects account for this
broadening in addition to pin-hole optics assumption. The first is that
since the primary vertex is inside the Lucite target, it is never visi:cle.
Thus, the measured vertex position on each view is an estimate by the
scanners of where it actually is. Any errors in this estimation are saen
primarily in the z direction due to the small stereo¢ arngle. The second
contributing factor to the broadehing in the 2z dixecqion is the langth of

the streamers. We ran the streamer chamber with higher than normal veltage -
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b} z direction, parallel to optic axes

)

This gave us very bright strdamérs which made identification of V°'s easier

(3%

at the expense of forming rather long streamers (2-3 c¢cm), which since the
electric field was in the z direction, adds a rather large uncertainty to

the track position, in the z ‘direction only.

Another way to study the precision of the reconstruction is to study
the reconstructed position of identified gammas. Since the streamer chazber
is gas filled, the probability of a gamma converting in the gas is virtually
zero. However, the high-voltage wire plane in the center of the chamber pro-
vides sufficient mass to convert significant numbers of gammas. The gammas
identified by the criteria given earlier should, therefore, be reconstructed
on a plane at the z position of the central wire plane. This distribution
for identified gammas is shown in Fi§ute 7-3a and should be compared to 7-3b
which is the same plot for.therv° sample. The main peak in this distribution
has a full width which is consistent with that found from the primary
vertex. However, this distribution shows an appreciable tail. Comparing
the position of this tail with the beam position, one sees that this tail is
somehow connected with the beam, or the forward secondaries from the primary
interactions.

In order to determine the origin of this tail, we once again turmed to
the film and carefully studied each of the 73 gammas in question. They had
several origins;

i) Gammas with flares at the vertex. These flares were ver
bright areas caused by delta rays knocked out of.the wires by the e+e-

pair. This made it impossible to pick a corresponding point at the vertex.

L In such a case, the scanner was instructed to choose a point which could be

identified in all three views and was as closa as possible to the vartex.

This point was most likely to be a point on one of the fast secondary
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tracks which would likely be near the beam position.
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ii) ©Past delta rays incorfectly maiched with a positive ttack:
iii) e+e_ pairs originating near the downstream end of the target
on frames that were light enough that it was not clear whether they con-
verted inside or outside of the target. ¢
' iv) Slew X®'s which were mistaken for gammas. This éan happen if
a track is very close to ghc linit of the curvature for defining gammas and
has an appreciable momentum component parallel to the magnetic field,

The problems mentioned above are all peculiar to identification and
measurement of slow gammas; the first because only gammas convert on the
wire plane and if enocugh energy was lost to start a flare, the e+ or e will
in general te iden:gfied; the secend and third because a scanner seeing
either a slow electren or positron will try very hard to match it with a
second track. A small fraction of these will be incorrectl; matched. The
tail will, therefore, not be present in the fast gamma sample which is
identified as V°'s. ’

The discussion above irdicates that we must make a fairly genexrous
cut to delete most of the gammas, significantly reducing the number of VO's
acceprad. That such a separaticn is necessary is evident by studying
Pigures 7-3b and c. These are the reconstructed z and y vertex pesitions
of the V°'s. The z positicn peak is not only significantly wider, but it
is not symmetric about the beam position. From the asymmetry, we estimate
that approximately lOt.of the identified V°'s are in fact fast gammas.

This could significantly alter our results if the number of gammas were
scmehow dependent on the trigger., The results of making the cut on the

central wire plane will be discussed in the next chapter along with other

cuts we have made. The y position plot demonstrates the overall scanning

)

efficiency for V°'s. The éip in the center of this peak is due to V°'s

€5

which were lost in ﬁhe very forward direction. We estimate that the
scanners did not see approximately 10% of the V°'s because they were
obscurred by the forward Jjet“ of fast particlés. However, the loss of
neutral strange particle decays in the forward direction, as well as the
loss by deleting those found £o be near the central wire plane does not
bias the data samples. The losses are the same for both triggers. Their
overall effect is to reduce the effective fiducial volume of the chacber,
and thus reduce the phase space open to obsexrved decays. Since the
reduction is the same for both samples, it dees not introduce a bias.

Now that we know the efficiency cf our kasic trigger and of the
streamer charber and we haye a feeling for £he measurements made in’
the ;treamer chamber, we must determine how efficient the various muon
triggers were. In particular, we must determine what background signals
were present in the muon definition and at what level.

As mentioned earlier, the calorimeter data indicate that the hadrenic
component in the muon triggers was negligible. No hadronic signal was
seen in 448 events where a particle entered the calorimeter. This is cnly
a small fraction of all triggers taken since the calorimeter covered only
the central area (30 x 30 cm?) of the apparatus.

The largest background present in any of the triggers was due to
pion decay in flight. When tﬁese triggers were originally installed, it
was our hope that we could use the single muon trigger (lu-E) to colléct
the primary muon data sample. ' This has the obvious advantage that we would
bé measuring a quantity proportional to thé branching ratio to muons of the

charmed state. A dimuon requirement demands that both menbars of the C
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(Charmed-Anti~charmed) pair decay to muoﬁs, introducing the branching
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ratic sguared. Unforturately, we gquickly found that the one-muon trigger

: < : -3
was dominated by pion decay. The measured rates of 3 x 10 ~ of all

interacticns without the SOD magnet and 0.8 x J.O_3 with the SOD magnét
are very close to that expected from pion decay. The question of pionf
d;cay background is extremely important for this experiment. 3Because
of the very nature of the experiment, we could not place the absocrber
closer to the target than 152 cm. The streamer chamber extends to that
point. Adding one mean abscrbtion path in lead (18 cm) to this gives'a
:inimum decey path of 170 cm. 1In order to determine just how much back-
ground wa do have, we must therefore rescrt to Monte Carlo techniques.

(34)

The method used in this study was to start with real data,

the reconstructed track data from a 205 GeV/c ﬂ-p exposure ih the 30"
bucble chamber at Fermilab.(35) The tracks from this exposure were
prepagated through the streamer chamber magnet's magnetic field and were
allowed to decay with the probability determined by their momentum and
track length, assuming all particles were pions, Those that did not
decay were allowed to interact one collision length into the absorber.
It was assumed that the nurber of secondaries produced in this collision
followed a Poisson distribution, and that the energy was shared eveﬂly
between each of the secondaries. Each of these was allowed to decay or
reinteract, etc. until the enerqgy available to a possible decay muon was
teco little for the muon to be able to traverse the remaining absorber,

Any muons produced in the sequence described above were propagated through

the remaining absorber, taking energy loss and multiple scattering into
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account, The numbgr of such decay muons which would have fired one of
the eight muon telescopes was tabulated as a function of the nucber of
charged tracks from the primary, interaction., To increase statistics,
this entire sequence wac repeated several times with a randonly chosen
azimuthal angle for each evegt. The probability of each topology
producing one Cr more muons in our trigger has been folded into our
observed multiplicity distribution to determine the fraction of decay
trigger events we would expect. This study has only one weakness. <Tre
bubble chamber statistics are very poor at higher multiplicities where we
still have substantial signal. Recall that there was a large (4.45 ¢cm)
hole in the main trigger counter, the scatter (S} counter, and a thick
(5.22 cm) solid Lucite target was used. Taken together, these raise the
observed average multiplicity substantially. It was, therefore, necessary
to extrapolate to the higher maltiplicities. This extrapolation is soze~
what uncertain. Even so, several interesting results emaerged from this
study. The first is that fewer than 20% of decay muons result £reom tertiaxy
particles produced ir the absorber. Thus, this study was faitlyAinse:sztive
to the assumed momentum distribution of the tertiary particles. Secondly,
the predicted single muon trigger rates are consistent with the rates
actually observed. Thirdly, the dimuon trigger rate predicted frea pien
decay was only 2% of the observed rate with the SOD magnet. Because of
these results, we concluded that the dimuon trigger must be used for our
primary muon sample. Pion decay is a negligible contribution to this
trigger, at least with the SOD‘ragnet enexrgized.

. A second way to estimate the background from pion decay in :he_dimucn

trigger and to check the Monte Carlo results is to assume that all of thae
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single muon triggers were due to pion or kaon degay. Then the dimuon

€8

trxigger rate from decays is less than 3/8 of the square of the one-muon
rate [(Zu-s/z)D < 3/8 (lu'E/E)z . The 3/8 results from a factor of 1/2 to
correct for‘&ouble counting and 3/4 from our acceptance. This limit is
derived in detail in Appendix A. From the measurcd rates, tabulated in
Table 7-2, we find upper limits of the contribution of pion or kaon decay
to the dimuon triggers ocv7.2t and 18% with and without the SOD magnet
energized, respectively.

A similar calculation can be used to .check the assumptions made in
the Monte Carlo program, In particular, we can check that the contribution
to the pion and kaoq decay trigger rate from decays in the absorber is
inaeed small csmpared tc decays befcre the absorber. This is done by
noting that the cascade from a beam particle is nearly the s;me whether
er not it first interacts in the target, or in the absorber. This follows
from the exgerimental observation that most of the gnergy of an interaction
is carried by those particles produced in the very f;rward direction., With
this in mind, we substitute the lp-B/B rate for the lu+E/E rate in the above
calculation. The lu-B rate was principally due to beam particles which
irnteracted first in the aksorker, as was discussed in the preceding chapter,
This gives 0.8¢ and 3.0% for the SOD and non~SOD cases, respectively.
Thesa nunbers are 11% and 17%, respzactively, of the corresponding numbers
'zequirinq an interacticn in the target. This is in good agreement with the
Monte Carlo calculation.

We, therefore, conclude that when the SOD magnet was energized the
contribution to the dimuon trigger from pion and kaon decays was negligible,
Even with the magnet off, the dimuon trigger rate from these deéays_was less

than 18% of the total.

)

In the case of pion décé&, this is all that needs to be said. They'
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merely produced a small number of extra ﬁimuon triggers which could not
contribute to any excess of observed neutral strange particles. However,
since strange particles are produced in pairs, this is not true of the
triggers from kaon decay. This question is discussed in detail in
Appendix B, where I show that one would expect to observe a neutral strange

particle decaying in the streamer chamber in approximately <% of those

triggers produced by pion and kaon decay. Thus, even for the data with the

SOD magnet off we would expect to see less than a 1% increase in neutral
strange particle production attributed to this source. We conclude,

therefore, that decays in flight of pions and kaons were not a problem.

A source of muons which is harder to measure is due to muons
direetly produced in the -absorber by the interaction secondariés. Muens
produced upstream are veto;d by the halo counters or pass through the
various holes in the counters and cannot produce triggers. This is not
t;ue of muons produced in the absorber. In order to estimate the
fraction of our dimuon triggers which came from this sourcé, we use the
data from the six spark chamber wire planes.

Recall that the three spark chambers were located downstream of
the last of the absorber and muon telescopes. The chambers were placed
starting 1.0 meters downstream of the last telescope scintillator plane
(8.1 m from the target), ard were spaced at intervals of approxicately
0.4 meters. The central chamber was rotated by 45° with respect to the
outside pair of chambers in orxder to minimize the number of ambiguous

tracks. Magnetostrictive readout was used which gave position resolution

of approximately 1/3 mm. With the 40 cm separation between chambers,
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this irplies an angular resolution of better thén 1 mrad. A muon with
the beam momeantum will be displacea, on the'average, by 1.1 mrad and

3 mm in angle andé position, respectively, by multiple scattering through
the absorbeé. The system's resolution was therefore dominated by
=zultiple scattering in the absorber. This produces an approximately
constant 15% uncertainty in the muon momentum. )

Because of the larqé amount of multiple scattering and the large
number of secondary hadrons, it is very difficult to match the tracks
measured in the spark chambers with tracﬁs measuze@ in the strecamer
cramber. Thus, only the final angles and positions of the muons are

measured. However, by assuming a production point, the track's momentum

can be calculated from the angle and position in the bend plane., Recall

that both the streamer chamber and the SOD magnets bend iﬂ the verticle
ith the momentum known, one can predict the amount of multiple
scattering present in the ron-bend plane and can then attempt to separate
those produced in the target from those produced ié the abscorber.
Unfortunately, this separation is not ¢lean. A “typical" muon might be
cdisplaced 10 ¢z from the beam at the first spark chamber, This is 8 meters
from the target and approximately € meters from a point one interaction
length into the zbsorber for a beam particle which passes through the

hole in the first lead block. The difference in the production angle from
these two possibilities is only 4 milliradians, an angular difference
which is easily within the error fraom multiple scattering for a particle

with meomentum less than 70 GeV/c. A clean track by track separation

of the muon origin is therefcre not possible.

71

We were able to reconstruct two tracks in only a small fracticn of
the dimuon triggers. The spark chambﬁfs did not cover the full aperture
of the apparatus, In addition, they were inefficient, especially for
multiple tracks. These chambers were designed several years ago £or an
elastic scattering experiment. They have foil rather than wire high-
voltage planes. Thus, "spark robbing" was a severe probleam. This occurs
when one spark dominates the spark formation process, "robbing" most of
the energy from other sparks, Because the chambers were old, they had
deteriorated to the point where there were often spurious sparks in the
chambers. In addition, the magnetostrictive "wands" showed very savers
attenuation of the spark signals.

However, the eight muon telescopes which provided the muon trigger
gave an extra constraint on the tracks in the spark chambez;. By con-
straining possible tracks to extrapolate back through one of the trigrering
telescopes, we could use four point tracks and still unarbiguously cheocse
the correct combinations of sparks to form two tracks in most cases. The
target origin constraint in the non-bend plane also helps in this regard.

Taken together we(36)

were able to reconstruct single muon tracks in
approximately 50% of the dimuon triggers and two tracks in 10% of the f
triggers.

Using the reconstructed muon tracks, we were able to study the
question of the origin of the muon. Did they originate in the target or
in the absorber? We studied this point using both the 2u*E and the 2u°B
triggers. The 2u-B triggers provide a substantial sample of events with
the production point inside the absorber wiFh,which we can compare the

2u+E distributions, Extrapolating single tracks back toward the target irn

the non~bend plana and plotting the intersection point with the plane of
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the beaxm, one has a plot of the track's apparent origin. The intersection C

point for the 2u-E events with interactions in the target and for the

<
2u-B events with their primary interactions in the absorber, and the ’ .
difference 'in these distributions is plotted in Figure 7-4. The 2u'E and
. — 4 —— $ + +
2¢-B curves have been snermalized to have the same area in the region between
: M
260 cm and S1C om from the target. This region is well inside the absorber o o
. T Y ‘g +3
s . , . : 0
where ciffercnces in thé cascade absorbtion of the hadrons from the two + l?g
§ E
triggers should pe small. The differernces in the two curves is then a = .
T 8w 1
measure of the target associated dimuon production. With this method, we r @ -
: . 3R
fird that 55 £ 4% of the 2u-E trigger dimuons were target associated, L L g
=
Another method of determining the origin of the dimuons is to examine ‘ "‘E
~
. 9 S
the intersecticn point when two tracks are reconstructed. This should in 2
. LI 42
principle be a petter determination of the dimuon origin since the angle '2 ~
tetween the two tracks is, on the average, twice the production angle of
! | 1s
cng track. We found that the origin of 5 of the 42 2u<B reconstructed -
dimaons was upsuream of the target, while 19 of 57,2u°E events had apparent : o
. 4 . : . + > T°
origins there. By assuming that half of the target associated dimuons will o
13
recenstruct upstream and half downstreamn ¢f the target, we find that
<
1 B
55 v 22% of the dimuons are target asscciated. = i
o
. . - ; : . o
X <hird, but net independent, methed of determining the dimucn origin o B
| - B s +3
3 : \ , e - C AN ~
is to calculate a Chisquare for both tracks from the positions and angles . ~ 3 A
found in the spark chambers, assuming a target origin and an absorber -+ — + + T
n o 7] © w o ©
.. (37) y 2, . . s ? ~ ~ ~ ~
origin. The lower ¥~ should then identify the true origin of the event. :

wd 0Z/83USAZ |

This has been done for all Iu-E and 2u-B triggers without regard to the
location of the primary interacticn. It was found that 49 of 90 recon- .
strucred dimuon events from the 2uE (SOD) trigger fit the .t_arget origin

assumpticn, while 15 of €3 events from the 2u-B trigger £it. . Cokrecting

FIGURE 7-4
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thezs nurbers for event crigin leads to an estimate of 57 + 8% target

nt
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azsociatad dimicns with an interaction in the target. '
these results arc self-consistent, we take the weighted average
&5 ouf kest estimate and find that 55 # 3% of the 2u°Z triggers were
caused@ by target associated cimuons. ;

The fraction of dimuon triggerc which do not originate in the target
doas nos directly offect the results of the experiment. There is no
- pelicving that the primary interaction for those events where
cr muuns are produced by a secondary should be any different than
thosz everts seen with the E trigger. In particular, the number-of and

of the neutral strange particles should be the

nomentun Gis

tue cnly effect of these non-target origin triggers is to

twe larger background signal than one might hope to have,

and thus lowsr cur sensitivity. Thus, I conclude that most of our muon

» to prespt muons, and that over half of these criginated

{ ) . v '
&
VIII. EXPERIMINTAL RESULTS

\/
Now that we have an understanding of the apparatus, its capabilities

the types of accuracy of the measurements made, an id of & ACKeTre: M
’ ol _hebq_-cr,:xzs-

¢rals
bresent in the triggers, w i i
] ¢ e ar its x4 i
g . ¢ 10 a positica to lovk in detail at the dara

collected.

Before we can make any statements about what we see, or &o not see i
the data, we need to convert the trlgger rates listed in Table 7-2 into cress
H13dd

sections. This table lis t T racxs vhic ntler 9 in
t hy €1 £ t. hich = cted
3 e Iraction of beam acx it 3 acted

the target and satisfied the other trigger requirements. These can te con

verted to cross sectio i ¥
ns 3 et 3 issi
by using the standard transmission formula:

I =1 exp(- R i
o D { -Zno‘M) where, I is the number of transnitted beam particies Zor

Io incident particles; £ is the target length; n is the oolecular nusp
g he = clar mizber

density; and o, i i
. g y is the molecular cross Sectica. Then the cross saction Per

nucleon is:

a
G = M - 1
. —cn qnz— f-In{l-¢)]

where ¢ is the £ i f inte i
he fraction of interacting beam particles {e = {I-X )/} an

LS

c sypad n n A
n T LA 2 5012)7 + (1) » 2(18)" for Lucite (C.H.O ),
582
Cn = 46.91 n = 0,67
= 56.24 = 0,75 ‘
= 100.00 = 1.0

where A is the atonic number of the nucleous in cuestion. wnese ¢avices

for the A dependence Of the nuclear cro S seection are rerzrosern ative valuss
P £ acle S i X esentat ps

only. The value n = 0,57 is predicted froam siopl

o
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value n = 1 is predicted for "valence” quark interactions where tx
y T ! t?

ucleous is expected to be transparent to the incoming beam, and hais - e
{ . has z2een

observed for production of dimuons with nﬁss greater than 1 GeV/cz 29
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e n = 0.75 dependence is an experimental value determined for the total

¥ A crcss section at 100 and 175 Gev/c.(ag) Using the target parameters

listed in Table 8-1 and the formula givern above, it is a simple matter to
calculate the cross sections corresponding to the rates listed in Table 7-2.
These ¢ross sections are tabulated in Tgble 8-2 for the three assumed,;
atemic number dependences. The dimuon cross sections are listed twice, The
first iz the trigger cross scction, which includes muons produced in the
gbsorber. Tre second has had these removed, assuming that the fraction of
zbsorber to target originated dimuons is the same without the SOD magnet

as it was measured to be wi;h the SOD magnet (.55 & ,03 targét assoc}ated/

total).

p = density = 1.26 + .03 gm/cm?

£ = thickness = 2.055 ¢ ,055" = 5,2197 % .0013 cm

A = molar wt = 100,11831 gm/mole
Lucite (C55802)

N, = Avogadro's # = 6.022045 x 10°>/mole
; ensitye ) 21
= ¥ deasity=;N, /A = 7.58 x 10°"/cm3
2 = 2.528 x 10723 = 25,28 barn

=
[

TABLE 8-1
TARGET CROSS SECTION PARAMETERS
Having only cne target, we cannot make a direct determinacion of the
atomic nunber deperdence of the nuclear cross sections, although we can make
0.67

scme estimates. The A dependence 1s very probably too slow a dependence,

et least for the E trigger. From Table 8~2 we see that this dependence
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“n = NON-SOD (531-601) - SOD {£72-793)
TRIG n"=0.67 0.75 1.0 0.67  0.75 1.0
E(mb) 19.8 16.5 9.3 19.8  15.5 9.3
1u-E" (ub) 60.9  50.8 28.6 l6.2 13.5 7.6
2uE(nb) 338 324 182 70.6 58.9 33.1
3u-E (nb) 9.2 7.6 4.3 4.1 3.4 1.9
2y E (nb)
corrected for| 213 178 100 38.8 32,4 18.2
muon origin

t The lu-E trigger rates are consistent with being due to
pion decay. :

**  Nuclear cross section varies as A™.

TABLE 8-2
TRIGGER CROSS SECTIONS

gives a trigger cross section of 20 mb, Put because of the 4:45 ca diaeter
hole, we did not trigger on the elastic or the majority of the low-mass
diffractive cross sections. At 175 Gev/c, the ﬁ-p cross section of

(41}

24 mb, we would expect the E trigger cross section to be less than

18 mb and probably closer to the 16.5 mb found assuming the Ao'7s éerendence.
The atomic number dependence of the 2u*E tf;gger is even more difficult to
determine. However, we would not expect the dimuon cross section tc vary
'slower than the E trigger crdss section, We expect, therefore, that the

2u*E trigger cross section was in the 30-60 nb range. We now seé that our

experimental sensitivity was fairly good., We collected 719 2u*E (SOD)
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events (395 with target-associated muons) in four days of running which then we may use standard combinatorial probability analysis to write the
means that we have 22 events per nanobarn of dimuon cross section, . probability of observing one or more strange particles from the two sources
assuning the A dependence. . ass | <

* a-as+ac-as'ac {8-1)

Now that we know the sensitivity of the experiment, we must look in

datail at the quantity we were attempting to moasure and how it is

where “s and a, are the probabilities of observing one or more strange

extracted from the data, We wished to measure the cross section for pro- . .
P particles produced by the normal mechanism and via charm production,

duction of a state which carries the charm quantum number. However, w , . .
N 1 . ve respectively. Likewise, the probability of observing any strange decay is

actually counted the number of pictures containing one or more neutral
: Y - 9 the sum of the contributions from the two sources:

decays s % uiber of neutral de it
ecays, and the total nuxb [+) u 1 'cays seen, with and without a <V dme O >s <y >c. (8=2)
dimuon requirement. These numbers divided by the number of events observed
Since charm is a quantum number for which one must search, it is a
are the best estimators of the probabilities for observing an event with
safe assumption that the contribution to strange particle producticn from
cne or more neutral decays, and for observing any neutral decay.
charm decays is negligible in the E trigger data sample. For the E.trigger,
We have, trercfore, directly measured:
) Bquations 8~1 and 8-2 become:
i) ua = the probability of observing one or more .

neutral decays in an eventc with the E

trigger; . <V > = <Y >,
E -3

i) < V'>E = the probability of observing any

neutral strange decay with the E trigger; Substituting these into 8-1 and 8-2, we have for the dimlon trigger:

iii) a, = the prcbability of observing one or more ’ A, =G+ QG =G 0
¢

2u 2y B E ¢

neutral decays with the dimuon trigger; and
<SVO> =<V > +<Ve>
iv) < V%>, = the probability of chserving any neutral 2 E ¢
strange decay with the dimuon trigger. Solving for the charm contributions, we find:

7
The neutral strange particles with either trigger can have two . u<: = (“21,1

- 1l1- S~

a )/ ( ag) (3-3)
sources, The first is from "normal" associated pxoduction of strange <ye >c - < ye >2u- <ye >E' {3=4)
particles., The second is from decays of charmed states, which should

decay preferentially to states containing a strange hadron, Thesa sources

should be independont and if we alse assume that they are nonexclusive ’
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These equations depend only ona the assumptions that:

i) the contribution to strange paréicle.production from the '
decay of the charmed states is negligible compared to
‘the normal mechanism in the total cross section, and,
therefore, in the E trigger data sample; R

ii) charm production and normal strange particle production
are irdepzerndent and nonexclusive: and

iii) normal strange particle production is independent of .

éimuon production.

The first assumpticn is a very safe assumption as I believe everyone

¢ seccnd is reasonable. The only part of this assumption

e

will agree.
that ore might arﬂﬁe with is that they are ronexclusive. This assumption
would tend to overestimate the charm contribution, if it were invalid. If the
two were exclusive, for example, the factor (1 - aE)-l in Equation 8-3 would
‘kecume unity. I will show later that, in fact, this is the conservative
approcach. The third assumpticn is tantamount to défining charm productien
as being any mechanism that produces neutra) strange particles correlated with
muons. This assumption also tends to overestimate the charm cross section,
Equations B-3 and 8-4 demonstrate the method used to extract the
prezabilities of observing neutral strange particle decays which are
correlated with two mucns. These probabilities can be coaverted to cross

sectiocns by multiplying by the trigger cross section for the data sample

.

frem which they come, the 2u*E cross sections calculated earlier. The

:n involve not only the production cross

resulting cross sections will ti
section of the charmad state, but also branching ratios to neutral strangs

particles, branching ratios to muons and the probabilities that the £final

state nsutrals and mucns were detected. The form that these expressions

)

take will be discussed in the next chapter where I discuss several Monte
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Carlo calculations which were performed to determine the detection
<

efficigncies of the apparatus.

Before we can attempt to extract the charm production cross secticn
° . A,
from ac and <V >c’ we must determine how sensitive these nunbers are to
various event and neutral decay selection criteria. We will first examire
the individual data samples to determine Low sensitive each sample is to the
selection criteria. Then wi i i i
e will examine ac and < v* >c as a function of

the same criteria.

The numbers which have the most significance when comparing data samples

and selection criteria are:

. i) the total number of events in a given trigger sample;

ii) the average charged multiplicity ( < Ry > ) of the
sample;

iii) the dispersion of the multiplicity distribution
4 2 2 e s
@ = < nCH >T -« nCH >>, this is a measure of the
width of the distribution;

iv) the number of events containing one or more neutral
decays;

v) the fraction of events this represents (a);
vi) the average charged multiplicity of the events with
neutral decays < >
ve {<ngy >y

vii) the dispersion (Dv) of these events;

Y:

viii) the totsl number of neutral cecays; and

ix) the average number of neutral decays per event
(<ves), L '
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These are listed for each of the three pfimaxy triggers, the E (total
cress section), the 2u+E (SOD), and the 2u*E (non-SOD) triggers in the
data tables, Tables 8-3 and 8-4. The fraction of events containing at
least one neutral decay and the average. number of neutral decays were chosen
for chvious reasons. The average charged multiplicities and dispersions
;:e giver because the production of massive states could exhibit its
presence in these quantities. In addition, they summarize the effect
‘of the varicus selection requirements on the hadronic spectra, as do the
nevtral decey guantities. .

211 of these data are from the Seattle scan only. Thesé are th; only
samples wiich I can study in detail. Later, I will add in the data scanned
at the other labs.

We first investigate the effect of selecting events on the basis of
the beax conditions of the experiment as determined by the electronic logic
discussed in Chapter VI. fThere are three circumstances that could affect
the results:

i} the presence of extra interactions in an event, not seen by

the scanners;

ii) the presence of extra beam tracks not seen by the scanners;

iii) and, the kaon contamination in the beam
The first two conditions could affect the results, if the beam conditions
were different for the £w0 triggers. This should not be a large affect,.
since the triggers were interspersed at regular and frequent intervals,
mny affect of the kaon contamination should also be small, since we know
that the number of kaons in the beam was small, Indeed, we see from
Table 8~3 that choosing those events where none of these océurred has

litele, if any, affect.
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++:e:tral decays within this distance to the primary interaction are

thin this distance to the central wire plane are deleted,
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TABLE 8-4
S VE TION
RESULTS OF SELECTING NEUTRAL DECAYS ON THE BASIS OF ITS VERTEX POSI

o )

In addition to examining the effect of making these selections on the oyerall

average numbers, we -have examired th

2ir effect on the various c‘str.butxo*s,

including the various charged multxolxcxtxes, the decay vertex Position

distributions, and the stxange particle momentum distributions. Nona of
them change significantly. Since these cuts make no significant difference

in the experimental results and there is no a priori reason to favor maki. ing
any of them, we have decided to use the full data sample, without Daking
these "cuts" on the data for the rest of this investigation.

. The next question to investigate is the question of garma contanination

in the data sample. Since most ‘of the gammas seen will have come from °
decay, the number present in‘the strange particle sample could be sensitive

to fairly small variations in the rhysics of the interaction. As was
discussed in the previous chapter, any gammas which convert in the Streazer
chamber must do so in ché wires of the central high-voltage glane. Thus
deleting those V°'s which have their vertex near the central wire plane

w111 delete most of the gamma contamination from the sample. Because the

vertex reconstruction is not as Precise as one would like, w2 have trieg

several different widths for the wire cut; + 1,25 cm, ¥ 1,50 ¢, and

£ 1.75 cm. The *

1.25 om width corresponds to cutting at the full widsh,
half maximum of the garma distribution of Figure 7-3a, * 1.75 corresponds

to approximately the full width at the base of this distribution, and

t1.50 em {5 an intermediate value. we have also investigated the effect

of deleting those V°'s which decayed close to the primary vertex, ané,

therefore close to the target. These are Suspect because it ig often
Aifficult to determine if such a pPair of tracks is actually a neutral decay,

We have, therefore, deleted Vet which decayed closer than 16 ca to tae

Primary -vertex. The rosults of

making these sclections are tabulated in
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Table 8-4 for the three triggers. The total number of events, their charged

multiplicities and multiplicity dispersions are taken from Table §-3 and are
listed here only for reference. The V°'s in the full doubly scanned and
resoived sample which could not be measured have been deleted from the
satples, even though they were clearly V°'s. We lost 8, 6, and 3 V°'§,ﬁyom
the 2, 2u*E FSOD) and 2u+E (non-sop) sampies, respectively, as unmeasurable.
Obviously, the nurker of V°'s varies with the cut, but their distributions
§o not vary significantly as measured by the average charged multiplicities
and dispersions of the sample.

W2 can now examine the gffect of making these data selections on the
charm probabilicties, Taoble 8-5 lists o and < Vv° > calculated using the E
and 2u+E values in Tables 8~3 and 8-4, and the Equations 8-3 and 8-4, Also
lisred are the results of the non-SOD data scanned at Orsay and Davis and
the weighted average of these results for the three labs. w; use the
weighted average because scanning rules and procedures used at the three
labs were slightly different. fThe Orsay group, for example, were much more
conservative in their definition of an acceptable neutral decay. They,
therefore, found approximately 10t fewer decays than did we at Seattle.
Howaver, except for the number of V°'s found, the three scans of the SCD
data agree in all cther respects. Nost importantly, the difference in the E
znd the 2y°-E samples was found to be zero at all three labs. All of the
SO0 data were scanned at all three labs. The non-80D data, on the other
tand, did not show sucﬁ a uniformity. Nonoverlapping portions of this
data were scanned at the three labs., Both the Orsay and Seattle labs found
a ore-standard deviaticn excess of V°'s in the 2u*E (non-SOD) data. The
Cavis sample shows a two-standard deviation excess in the E trigger. This

is the cnly difference found between the samples and is reflacted in the

.

)
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weighted averages listed in Table 8-5. These differences in scanning

rules are a further test of the sensitivity of the result to data selection,
We conclude that we see no evidence of the produétion of neutral ;tzange
decays which are correlated with ‘the triggering ‘dimuons.

Since we see no charm signal, we are forced to calculate an upper
limit on the amount of charm which could be present in oux sarple without
being seen. Before we can do this, however, we need to say a few words
on how the errors on the listed probabilities were calculated, since an
upper limit depends crucially on the errors assigned. As was mentioned
earlier, the errors quoted are statistical only. Systematic errors shculd
cancel by taking the differences between the E and 2u-E samples scanned at
each lab. Then, the standard deviation of the mean is:

§= { %(xi - u)2/n(n-1)]% , Where u is the mean, n is the number of cvents
and Xy is the measured value. In the case of a, % is zero or one; an

event either contains one or more decays or it dces not. 1In this case,

this reduces to: ¢ = [a(a-l) /(n—l)]&. For the average nuxmber of decavs,

L3 is the number observed in a given picture, and: &= [(<(V“)2>—<V°>z)/(n-l)lg.
The standard deviations listed in Tables 8-3 and 8-4 were calculated using
these formulae,

The parent distributions from which these means are drawn should be
binomial in the case of o and multinomial in the case of < V° >, However,

since the number of trials (pictures) is reasonably large, both of these

_ distributions are very nearly normal (gaussian)., We therefore calculatad

the standard deviation of < y° >c by adding the standard deviations of
, ) ve | ove ve

€V >, and <ve >2u in qu‘adraturez Gc = t_(GZV)z + (GE )_‘J}s. The .

calculation for 6: has the usual modification to account for the standard

deviation of the denominator.
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I = (1.28 ¢ +qa )a. ,
a [ ¢ 2u
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We then define the ‘upper limit as: ands

v° o Jol £ L 3 oo g
E, ve s (1.28 Gc + <V >c)°2u'. The factor of 1,28 in the eguations

above are found by solving the integral equation for x:

® 2
- 2
0.9 = 2 e £/ dt.
xj 2w

¢ are only concerned with the probability that the effect observed co

larger,

W uld be

thus the += integration limjt. The cross section in the limits

(02u) converts from probabilities to observed cross sections as mentioned
earlier. This is the total dimuon trigger cross Section, uncorrected for

' muon origin, since we cannot make an event by event segaration on the Lasis

of muon origin.,

Table 8-6 lists the results of this calculation for each of the
probabilities listed in Table 8-5, assuming the A atomic number dependence
of the cross sections listed in Table 8-2. There are several things evizent
from this table and the Preceding tables. Tge first is that the upger lizits
do not strongly depend on the selection criteria. There is only one criteria

which leads to a limit which is much higher than the others. This is when we

select those events with neither an extra interaction (loss: ~ 1% of ai2

events) nor an extra beam (loss: ~ 55% of all events) within the Dencry tise
of the streamer chamber, This increase in the limit is Gue to loss of
statistical significance caused by this selection. It also deronstrates th
vulnerability of 90% upper limits. There are several small limits 13

and the negative limits implied by the Davis non-s$CD data. We have checkel

the Davis data and can find no Systemmatic. réason for their having cbserved

fewexr neutral decays in their 2u-E samples, or Seattls and Orsay cbservirg

more in their samples. fThe effect of this difference in the data samples
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is to increase the standard deviation, and, therefore, the upper limits of .
the non-SCD data.

It is clear froam Table 8-6 that it does not matter a great deal,
in terms of the upper limit, which selection criteria we use. Except

that tc be conservative, we will not choose the extrermes. rr

We can now check some of the assunptions made earlier in deriving the
expressions for the charmed probabilities. I stated that the assumption of
. the nonexclusivity of charm and normal strange particle production was the
conservative approach, since it overestimates the charm contribution. We
see now that this iz the case. Anything that overestimates an upper limit
is conservative.

Another assumption we made was that strange particle production is
independent of dimuon preduction. If this, in fact, is true, and it scems
to ke, it would bc one ofvthe most surprising and importa;t results of the

experiment. To demonstrate this result, we will examine each of the distri-

‘buticns accessible to us. 1In particular, we will demonstrate that none of

these variables show a difference, within statistics, that migic be a -

rmarifestation of charm production, X will not attempt to show all of the
distributions that we have studied. As a representative sample, I will
cuneentrate on the 2u+E (SOD) data, comparing it with the E trigger data

and bubble chamber data where appiicable.

We first examine the distribution of neutral decays among the event
tepolegies. These are shown in Figures 8-la and b, Figure 8-la shows the
full 2u*E (S0D) and E trigger data samples, while Figure 8«lb shows the

effect of deleting those decays within 10 cm of the primary vertex and

. .

Q‘
o1 . .

SOD NON-SOD

z T ° I I, v "

. ac < V >c ) a <V >c DATA CUT
ALL VALUES ARE NANOBARN/NUCLEON Event Selection
0.8 0.4 . 11 10 -
0.7 0.3 11 9.6 I
1.5 0.8 20 22 I+ 3
0.6 0.2 11 9.6 I+

Neutral Selection
Wire Vertex

0.6 0.1 7.9 9.6 - -
0,8 0,7 9.0 9.0 *1.5 -
0.6 0.6 6,7 7.3 $1.5 0.
0.6 0.5 5.3 6.2 *1,25 10.
0.7 0.6 5.6 7.3 $l1.75 10.
SEATTLE 11 10 Ncne
ORSAY 7.3 - NONE
DAVIS - 2.8 - 2.3 NOuZE
Weighted Average )
of Seattle~Orsay-Davis 5.3 3,0 NONE

TABLE 8-6

CHARM CROSS SECTION UPPER LINITS AS A FUNCTION OF SELECTICN
CRITERIA,.ASSUMING AN A DEPENDENCE OF THE NUCLEAR CROSS SECTION
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x 1.5 cm of the central, high-voltage wire plare, We can detect no significant

éifference between the two samples and deléting the gammas reveals nothing
new, also shown for cempariscn are the average number of K:'s scon in a
260 CeV/c xd expzosure in the 20" bubble chamber at Fermilab (DKSW).(42)

Ac are in reasonable agreement with this, Eonsidezinq that our neutral decays
are unfitted, *

The saze near identity of distributions is evident when one plots the
charged multiplicity of the samples, even when ¢ne requires a ncutral decay.
Taesé ar€ shown in Figure 8~2, where for comparison, I have overplotted the
cuzrve from the measured B trigger dis:rkbution {the dotted curve).

The only quastity left to examine is the neutral strange particle
momentun sgpectrumy  7his has been done in two ways for the data sample
scanned éq Seattle eonly. The first is independent of the momentum fits and

i3 nearly independent of vertex measurement accuracy. We plot the distance
4 z 34 2

frem the primary vertex to the decay vertex.

Fiqures 8-3a and b show these

plots for the decays cbserved in the
plotted on 2 semi-legarithnic scale.
and shews

selsction criteria applied

efficiency for decays very near the target is evident.

E and the 2u:E (SOD) data samples
Pigure 8-3a has had no neutral
several effects, The loss in scaaning

It is also clear

£rca the non-exponential share of this distribution, that it contains a

significant nen-strange particle corponent.

It is not a simple matter of

subtracting & cocnstant background from garmas as ‘one might expect. Gammas

@0 not have a uniform probability of

of the chaxber,

converting everywhere along the length

The high-voltage wire plane is offset from the beam by

2.5 em. Thus, cnly very wide angle garmas will strike the wires near tha

target and if a garma does strike a wire there, it will have a shorter
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Furthermore, for smaller angles, such that a gamma could strike a wire fax
from the target, the angular region occupied by the wires decreases. 'Thus,
the garmas tend to convert in the central region of the chamber producing
the curved shape observed. Figure 8-3b has had the 10 cm vertex and

t 1.5 cm high~voltage wire cuts appliad. This plot shows a smooth 0
exgonential fall with a cha:acteristic.length of approximately 30 cm, The
lire in this plot is an "eyeball® fit to the data. This length corresponds
o K:'s with average momentum of 5.5 GeV/c¢c. This plot also shows the fall
in scanning efficiency in the downstream half of the chamber. Neutral
édecays which convert near the downstream end of the chamber. are much more
1ikely to be fast with small opening angles. 7Thus, they are more likely to
ke obscurred by the other fast tracks, and the small opening angle makes
then difficult to identify.

Tne second method used to study the momentum distributions of the

neutrzl strange particles was to measure both tracks cf the V° and thereby
. reconstruct their momenta. Normally, cne would input these measurements
into a large three-view gacmetry program for full spatial reconstruction.
Fewsver, since we &t present have orly pin-holz optics for this system,
guch & reconstruction would be questionable at best. We decided, therefore,
to determire the momentum of the tracks from the curvature in one view,
choosing the view which had the best measurement. The assumption we make
is that the magnetic field is perpendicular to the plane of the film in

the view we chose, %his is not a bad approximation; it is wrong by at most
15° which decreased the measured momenta byvapproximately 5%. We, therefore,
neasura the mcmentA of the tracks in a plane nearly perpendicular to the
magnetic field. The sum of these is the momentum of the neutral in that

rlane. Since we know the neutral's directicn in space from the vertex

)y -

reconstruction, it is a simple matter to calculate its momentum cemponent

99

‘parallel to the field. We, of course, cannot determine the individual

tracks' momentun parallel to the field, so we cannot determine the mass ¢f
the neutral. This is the Zeason }hat our data Are not subdivided into its
K: and A° components. However, we do have measurcments of the neutral
strange particle momenta.

The measured total momentum in the lab of the V°'s is shown in
Figqure 8-4 and the transverse momentum (pT) is shown in Figure 8-5, for
the E and 2u*E.(SOD) triggers, with and without the V°® vertex cuts. For
completeness, in Figure 8-6, I have plotted the data as a function of the
longitudinal momentum in the reaction center of momentum frame (p;), and of
X = 292//1;, where Y s is the total energy availabie to the reaction in
the cefiter of momentum frame; I have also included, for comparison, data

(42)

taken from the DKSW 200 GeV/c 7 d bubble cChamber exposure, weighted by

the acceptance of this experiment. The total numbar of V°'s plotted here

. 1s somewhat fewer than in the previous figures because some events ware lost

due to cuts on the quality of the measurement. For example, we have
demanded that the tracks' fitted curvature be of opposite sign. We have
lost 7 V°'s due to this cut and a total of 12 V°'s from all of the
measurement quality cuts on the 2u-E (SOD) sample. One can see, once acain,
that within statistics, the E and the 2u°*E triggers give identical results.
Comparing the fiqures with and without the V¢ vertex cut, one sees little
if any change caused by the cut except in the pT distribution. Here we are
deleting a fair numbexr of real V°'s along with the gammas and the cut is én
off-center fiducial volume cut. It discriminates most heavily against the
high pT Vve's. This makes the agree&ent with the bubble:chamber data some-

what worse but does not significantly chande the agreement bestween the two
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streamer chamber samples,

There is one very important conclusion which can be drawn from these
mentum plots - there is no enhancement of high momentum neutral strange

particles. Such an enhancement would signal that perhaps charmed states

were being produced which decay to muons and neutral strange particlgs
v

‘but have such high mcmenta that they decay outside of the chamber, Such a

result is rot indicated by this data.
I roted earlier that our efficiency for detecting V®'s decreases for

fast, fcrward neuvtrals. In Figure 8-7, I have plotted the probability that

o . foes .
a Ks of a A°® would decay within the streamer chamber volume.as a fupction

of ?Z and z, for a number of different pT values. These curves have had the

decay vertex cuts included; this produces the steep p_ dependence in the

baczward hesmisphere. We se2 that there is a very high probability of a Vv°

produced in the backward center of mass hemisphere decayiﬁg inside of the
chamber, especially at high P and that the acccptance falls rather quickly

cwith momentun in the forward hemisphere. Thus, if the V°'s from the decay

of a charm particle always had a large momentum forward in the center of
@ass, we would not see them. Such behavior is not expected, however, The

charma2é states should be fairly massive (a few GeV/c). The V°, therefore,

ave a reasonably hign momentum in the rest frame of the charmed

should b

tate and choulé as often decay backward as forward in that frame. Thus,

o
3

even if the charmed state were produced with a large momentum in the
rezction center of mass, the V° should no: always be highly forward in the
reacton center of mass, and therefore fast in the lab. This gquestion will

be discussed in more detail in the next chapter.
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The data presented so far in this section indicates that the haldrens
produced in association with muon pas$rs are surprisingly similar to these

prcdﬁced without the muon refuirement. And thus that the upper linit ve

have calculated for the production of charmed states which decay to nmevtral’

strange particles and to muons is valid as stated.

We can now look to the muon data to see if there is any subsacple

that data which shows anything peculiar and to get a feeling for the

sensitivity of the experiment. I have not as yet discussed in precise terms

the muon acceptance of the apparatus, since this has little bearing cn the
streamer chamber results presented thus far. However, it is now necessary

to discuss to what portion of the muon's phase space we were sensitive
Figure 8-8a shows the prébability that a single muon produced in the carget
would be accepted by the muon telescopes as a function of its longitudinal
center of mass momentuwa (p;) and the x variable for several values ¢f ctrans=-

verse momentum (PT)' with the SOD magnet energized. Figure 8-8> shows the

same thing for the non~-8Q0D case. You will note that the acceptance is

virtually all in the forward center of mass hemisphere at moderate to high

Por although it does extend all the way to 90° in the center of

sass. The
*
fall at small pL(x) is due to energy loss in the absorber and the effasct of

the magnetic field in the SOD magnet. The fall at p_ less than 0.6 GeV/c

is due primarily to the gap left in the muon telescope planes. You will
also note that the overall muon acceptance is considerable. You can see this
more clearly by assuming a p, distribution and integrating the acceptance

over pT- Figure 8-9 shows the result of such a calculation for the SID
case where we have assumed an e Fr dependence on pT.‘ Such a dependence

3 fend . 4
is characteristic of ¥ productlon.( 3 We see that the single mucn

acceptance is more than 10% for 0.06 £ x § 0.4 for the SCO nagnet data.
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This is a considerable portion of phase space.

The measured $ingle muon momentum spectra have been plotted in
Figures 8-10 and 8-11 in the lab frame and for completeness, I have included
plots of the data as a functioﬂ of p; and x in Figure 8-12., We can, cf
course, only plot this data for the case where the SCD magnet was energized.
These distributions are cut 6ff by the acceptance at the low momentum end,
but fall off much faster than the acceptance at high momentunm, as expected.
The shoulder in the Pp distribution is due to high-mass dimuon pairs. Thg
shaded events are those (x 4} where two muons were reconstructed and have a
wmass greater than 2 Gev/c.

We can gain a feeling for the sensitivity of the experirent by plotting
the reconstructed dimuon mass. Figure 8-13 shows the effective mass of the
recofistructed dimuons. In‘making this plot, I have summed the 2u+E and the
2u+B data, but have shaded the 2u°E events. These two samples have th:
primary interaction in the target and in the absorber, respectively. The
sacoth solid curve on this plot is a curve of the experimental acceztance
as a function of mass for particle states produced with a flat x distrikutica
(0 £ x £1) and with a P distribution which falls as e ©
bution is characteristic of the w.(43) we have alsc assumed that it decays
unformly in its rest frame, for want of a botter assumption.

We see & broad, low-mass enhancement with mass less than 2 Gev/s?.

We have calculated the number . of vector mesons with mass lower than the y
that we would expect to see in the low-mass peak. These are all small, TFer
example, we would expect to see 1l + 6 (5 x 3%)p° mesons in this sanple,
This was calculated assuming that the rho ;s produced with an x distribucion

4.7

proportional to (l-x) 3.82, (33)

and a Py distribution: da/dPT X Pre

In addition, we have assumed that the average number of p°'s produced per
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event is 0.3 It would appear, therefore, that our trigger was not
primarily due to the decay of the usual vector mésons. We do not have
enough aata to determine the production mechanism responsible for the low-
mass events, nor was such an attempt contemplated for this experiment.

We see a Y signal in the mass spectra thch gemonstrates the
sensitivity of the experiment. Recall that only 1 in 10 dimuon events was
fully reccnstructed. The width of tﬁe ¥ peak is consistent with our mass
resolution. The resolution is dominated by multiple coulomb scattering of
the muons in the 5 meters of absorber. This implies a mass resolution of
azproximately 20% for the dimuons. '

Wz alsc see a few events at higher mass, We do not have enough data to
say more akout these events, other than that they are present. And,
uwifortunately, since these events come from 2u°B triggers, none of them
heve interactions in the target.

Wz new separate those events where we have streamer chamber data and

brstudy ccrrelations between the muons and the hadrons produced in association
with tham. Cne observes no enhancement of strange particles produced with
trie high mass Jdimuons. Only one of the "Y" events contains a V°. One might
exrect an enhancerent due to decays of charmed states produced in association
with the ¥ by the preduction process sketched in Figure 8-14. We see no
evidence for this. However, with seven events we cannot say mora.

Thexe is one surprise in this data that is completely unexplained. When
we plot the charged multiplicity of the fully-reconstructed dimuon events, we
find a distribution which is consistent with that of the full dimuon sample.
It has an average multiplicity of 13,3 % 1.€ as compared to 12.7 £ .5 for thas

-

FIGURE 8-14

¥ = CHARM~-ANTICHARM ASSOCIATED PRODUCTION MECHANISM
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£311 2p-E (SCD) sample. However, when we' look at the multiplicity of those -
events in the ¢ region (m PN 2 Gev/c?), we find that the lowest- '
multiplicity event qpntai;sulz charged tracks with an average of 18.6 * 7.0.
This result is contrary to what ¢ne might naively expect. Cne would expect
that preducing a'massive state like the y would extract a significant |

raction of the erergy which could go into producing other hadrons. Thus,
cne would expect that the number of hadrons produced in association with a

vy would ze lower than the average, not higher. A plot of the average
multiplicity is shown in Figure 8-15 as a function of the dimuon mass.
Tais plot is very suggestive, but the statistics are too low for a goéd

dztermination. However, it would be difficult to fit a falling curve to

.+

hi

L

Pio%.
~he last distribution we can examine is the effective qéss of the muon=-
strange particle pairs found in the ekpetiment. This distribution is
plotted in Figure 8-16. The smooth curve was calculated by combining a

mucn and a Ve from different events and exhibits the lack of correlation in
the p-V°® mass. The "peak" at 4 Gev/e? is probably not zeal., It is only

one standard deviation above the background. The background curve could

b<e renormalized to make this "peak" stronger, but it would still be

Iz is c¢lecar from the data presented here, that if charmed states are
teing produced in hadron-hadron collisions, we are unable to find evidence
of it, even though cur sensitivity was good, as exhibited by the presence of

¢ zignal in the dimuon mess distribution. We have found no evidence for

©

charm producction in any of the available variables, and as stated earlier,
we €0 not need to make any corrections to the calculated upper limits. We

reed only chose that upper limit from Table 8-6 which we feel is the most

<
"en

121
f—— + .
5 -
204~
‘-“ . ——+
1+ 1 T

R

o
-
(8]
L. wte
FS

M (Gev/c 2y

-

'FIGURE 8~15

AVERAGE CKARGED MULTIPLICITY VERSUS DIMUON MASS



123

valid., In making this choice, we note two points. The upper limits are

stable with respect to the details of the data selection, but we do not

wish to choose either of the extremes in the value calculated. and, as far

as is possible, we feel thdt the gamma contanina.tion should be removed.

For the SOD data, we have, therefore, cheosen to use the limit calculated after
deleting those neutral decays which lie within 10 cm of the primary vertex,

) and within ¢ 1.5 ¢m of the central high-voltage wire plane. For the non-SQ2

. data, we use the weighted average of the data scanned &t Seattle, Orsay,
;

] 1 . and Davies. This data has no cuts made, Table 8-7 lists the values of these
T four upper limits using all three of the assumed atomic’ number dependences
15 4. ¥
which lead to the cross sections listed in Table B8~2. I have kept both the
$0D and non-SOD limits, and the limits calculated from o, and from <V*>
YO - | MaSS : . .
~No / A since these could in principle have very different acceptances in our
=~ 0
- -
3 \ . apparatus. I will discuss this question of acceptances in the next chapter.
%2}
o ;'1 ye - p mass Three features of the dat:z presented in this chapter are especially
= -~ | {uncorrelated)
2 i 1 interestiag. The first is that we dc not obssrve a charm signal. Upper
- .
b l limits at the 90% confidence level of the charm signal which could be
: M
B

present in the data are given in Table 8-7. The second is that we see no

E
T ey o

difference between the spectra of the hadrons produced with dimuons when

compared to an all inclusive reaction (the E trigger). This is surprising

when one considers the difference in the trigger cross sections:
2
» (Gev/c™)
Y

Vo~ - . -
. c(ni\+nu+x)/o(w1\~>x)=3.6x106.
I
FIGURE g-16 Onz would raively expect at least some differences in tre data samzles. This
MUON~STRANGE PARTICLE EFFECTIVE MASS '

result implies that in somc fashion, the dimuon "piece" of the reaction
factors from the rest of the interaction. The only exception te this last

statement is that we see some evidence that the multiplicity of those
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LIMIT TYPE n = 0.67" n = 0.75%
L, (SOD) (nb) 1.4 1.7
Ly §50D) (nb) 1.2 1.0
I {NON=~SOD) {nb) 11.4 9.5
Z e, (NON~SOD) (nb) 6.3 ' 5.3

* Nuclear Cross Sections vary as A

TABLE 8~7

5.4

3.0

UPPER LIMITS AT 90% CONFIDENCE LEVEL OF THE C.ROSS
SECTION OF THE CHARM SIGNAL PRESENT IN THE DATA

.

)

events which contain massive dimuon pairs, in the "{¢" mass region above

125

2 Gev/c2 , is higher than average. Unfortunately, our data are extremely
limited in this region, so a definitive statement on this point must be

left for a later experiment.
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IX. MODEL CALCULATIONS

n the previous chupter, we presented _the experimental results of the
search for charm in the streamer chamber. We found very low upper limits on
the chara sigx;al present in the dimuon data samples, with and without the
magnetized iron energized, and we found nothing in the particle distri-
butions which would indicate charm was present in a subsample of the data.,
These limits are model independgnt. We found no differences between the
diruon samples and the contrel zample which would i:ndicate a need to apply
corrections to the results. However, the limits, as stated, are strong
fuastions of our experimencal acceptance. Removing this dependence cannot
te done in a model independeni: way. Therefore, ve have calculated model ac-
ceptances using several different models.“.s) These span a range of possible
types and indi.cate the zypes of production mechanisms to which we were . .
sensitive.

7.5 wantioned carlier, the upper limits we have calculated are upper

‘ limits on a quantity like: .a Bi (V°) g, where GcE is the production cross
section of a Charmed-anti-charmed pair, Bi (v*) J'TS the square of the
wranching ratio to muons and ve's, and g is the acceptance. The charmgd
pair could in principle b2 any charmed states which can decay fiirectly or
through a cascade of charmed states to a muon and a strange particle. This
could include any of the charmed mesons or baryons. Any of these could

. o ; .
produce an excess of V°'s {either K  or A°) in the dimuon sample. In

a3dition, the mechanisn pictured in Figure 8-14 could contribute. However,

.-

for simplicity in the calculations we have neglected all of the heavier
pairs of charmed states and have concentrated on the lightest, presumably
the 0 D mescn cf Figure 2-4. The ) pair should have the largest

production c:oss'section simply because it should be the lightest. We have

)

also restricted ourselves to two and three-body decay modes. We wanted to
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keep the assumptions necessary for the calculations to a minimum. One
should keep in mind that the acceptances we have calculated are, in a
sense, lower bounds on our true acceptance, We were sensitive to many
more production modes and decay modes than those considered here.

These restrictions limit ocur investigation to production of D+D-
pairs with the subsequent decays: both semi-leptonically, D -+ Ko‘.lv) one
semi-leptonically and one leptonically, D -+ uv. The upper limits we have
found then correspond to: , )

$20. (8% g, +B_B.g,) 5-1)
oo~ Sk 1 SL L72
. D

where BSL and BL are the semi-leptonic and leptonic branching ratics,

respectively, 9 and 9, are the corresponding acceptances, and o . - is
DD
the prcduction cross section for the o'p pair. Since the D* or D™ decays

to K° or K*®, respectively, with a strength proportional to <:oszt‘vc as
mentioned earlier, we have assumed that this portion of the branchirg ratio
is uaity. The branching ratios of the K° and X® to x(: and then to x+1s—,
which can be seen in the chamber have been absorbed into the acceptances.
Recall that we have calculated two different upper linits; one based
on the number of events containing neutral strangs decays observed (Iu) and

one based on the average number of strange decays per event cbserved (I, 'v-" >).
The acceptance for the leptonic-semi-leptonic decay mode (q2 is the sa:e fcr
these cases, only one V* could be observed. The semi-leptonic-sami-lepzonic
acceptance (gl) is slightly different for the two cases, 1In calculating the
average numbex of decays seea, those events where two are seen are counted
twice, However, we will see that in these models, the difference is so

small that it can be neglected.



Three

128

ces + - N : . . :
ifferent D D production models have been investigated, The

o

first was an independent production mcdel (the Independent Model), where

each D was indcpendently produced like a ¢, that is with a flat x distri-
2

: ~13.6: “P, : s
bution, 0 £ x £ 0.6 and e 13.6x for x > 0.6 and ¢ T transverse distri~
147} R . .
buticn. The only correlation built into-this model was that momentum

t

muist be conserved, Aop ZD_: 1. In the second model (the Correlated Model),

thre D+D- system was given a momentum determined by the ¢ distribution, and
was then allowed to decay, with no relative momentum between the D+ and the
2”. Ané in the third model (the Diffractive Model) the D+D- system was
given 225 GeV/c longitudinal momentum and’ 2 transverse momentum according
2

o an e TOFT gigeribution. The DD system was then allowed to decay
izotropically with a}total kinetic energy of 400 MeV in the D+D- xest
fraze.

fach of the D's were then allowed to decay isotropicaliy in the decay
center of mass, either both semi-lepronically, or one semi-leptonically and
the other leptonically. The muons were propagated through the streamer
chamber magnet's magnetic field and the absorber, both with and without the
magnetic field in the 50D magnet, taking multiple scattering and energy loss
into account., It was then determined if the two muoas would have been
countel by two different muon telescopes. The probability that the X°'s

would have decayed in the streamer chamber was also determined, The

racticn of Monte Carlo generated events which satisfied the requirements

"y

that both mucns and at least one of the V°'s were accepted was recorded,
m1i5 entire process was repeated for three assumed D masses; two, three,

nd five GeV/c?. The resulting values for 910 9ye and g = 9, * 9, for all
of <he various cases are tabulated in Tables 9-1, The valus g = gl + 92

is included because if we assume that BSL a BL = B, then our limit becomes

TABLE 9-1a

+ -
D'D ACCEPTANCE (SOD)

T .
Acceptance for Semi-~leptonic -~ Semi-leptonic
Acceptance for Leptonic - Semi-leptonic Mode

129
<
+ + $ TRt
a <Ve > °
g7 9, 9, g g V>
INDEPENDENT MODEL
.0078 .0085 0148 523 .023
.0136 L0150 .0178  .031 .033
L0161 .0175 .0038  .040 .041
CORRELATED MODEL
L0059 .0065 .0098  .0l6 .0Is
.0106 .0118 L0142 .025 L0268
L0141 .0154 L0196  .034 .035
DIFFRACTIVE MODEL
L0112 L0113 o158 .027 .028
.0184 .0198 .0270  .045 .047
.0202 .0219 .0252  .045 .047

ode
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g=49; +9,
D mass u-+ <V°>+ # a <Ve >
9 1 9, g
{Gev/c?) -
INDEPENDENT MODEL
2 .0172 .0187 .0222 .039 L0411
3 .0244 .0267 .0318 .054 .059
5 L0234 .0252 .0300 .053 L0355
CORRELATED MODEL .
2 .0153 .0169 .0230 .038 .040
3 .0192 .0212 .0252 .044 .046
3 L0202 .0204 .0286 .049 .049
DIFPRACTIVE MODEL
2 .Q178 0189 .021¢ .039 . 040
3 .0256  .C273  ,0300  .056 -  .057
. 0287 .0308 .0364 .065 .067

for Semi-leptonic -~ Semi-leptonic Mode

ceptance for Leptonic - Semi-leptonic Mode
Recep o)

TABLE 9-1b

p*D”. ACCEPTANCE (NON-SOD)

131 . h

L2 32g o, In the table gl and g are listed twice. The first
DD
(g1 and g%) corresponds to the upper limit using the number of events

ss <ye > <Vve >
containing one of more V°'s (Eq). The second (gl and g )

cyo >l e

corresponds to using the average number of V°'s per event (I
We see from the tables that the diffexence between the acceptance for

E“ and E<V’>

is, indeed negligible. We also see that none of the accertances
are large but none are extremely small. The overall values of g are between
1.6% and 4.5% for the SOD case, and between 3.8% and 6.7% with the SOD

magnet off. Notice that these acceptances are very similar. The higher
momentum regquired for z muon to pass through the apparatus with the SO0D

magnet on, makes at mest a factor of two difference in the acceptance.

We have purposely avoided models which would have given very high
acceptances at the expense of being more artificial than are these., Such
models would be those which peak strongly at small x. The dzcay of such a
state could easily put the X° and the muon into oppcsite centzr of mass
hemispheres, and thus into the part of phase sp;ce with the largest accept-~
ance for each.

What can we now say about the cross sections for producing Charmed-

2 :
anticharm states? Tables 9-2 lists ¢ _ B~ for the three models discussed

DD

above, and for three masses, using the upper limits I (SOD) and

<yl >
I ye > (non-S0D) of Table 8-7, with the assumptions that:

i) oD production dominants charm production;
ii) Only D + uv and D -+ Xuv are important;

iii) B =3B = B;

SL L
iv) Nuclear Cross Sections varxy as A.
The first two assumptions are almost certainly wrong. However, restricting

the calculation this way, Overestimates the cross sections, so it is the
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N
MODEL !SOD)

D mass
(Gev/c?) Independent Correlated Diffractive
2 24.3 nb 35.6 nb 20.4 nb
3 17.3 nb . 21.9 nb 12.1 b
"5 13.9 nb 16.3 nb 12,1 ndb
MODEL (NON-SOD) *

D mass . - .
(GeV/c?) Independent Correlated Diffractive
2 73.2 nb 75.0 nb 75.0 nb
3 5G.3 nb €5.2 nb 52.6 nb
5 54.5 nb §1.2 nb . 44.8 nb

* Cross Sections Assume:

i} DD dominate

ii} Oaly D -+ uv

iv) ‘luclear Crc

UPPER LIMIT ON ¢

s charm producticn;

and D + Xuv are important;

-] : .. =B ]
Semi-leptonic Leptonic’

s3s Secticn varies as A.

TABLE S$-2
=2
DD

_3" FGR THREE MODELS CF DD PRODUCTION

)

safe thing to do. We can now 'go one step further. If we assume that
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B = 0.1, as was discussed in Chapter II, and take, as a representative

number the cross section for a D of 2 Gev/cz, produced diffractively, then:

[ < 2.0 ub,

+ -
DD

The calculations discusséd in this section are really only guesses,
We would be very surprised if any of them turned out to be correct. Howevar,
they do show that this experiment did have considerable acceptance for
charmed states. It is very likely that the D+D-, two and three-body decay
modes considered here are only a small part of the total charm cross section

to which we were sensitive. In fact, it is not at all unreasonable that

Total’

by ¢
+ - har
o'p Charm

one could replace ¢ everywnere in the tables.

.



X. CONCLUSION

In this dissertation, I have discussed 3 streamer chamber search for new
states of matter performed in early and mid 1975 at the Fermi National Accel-,
erator Laboratory by the 3eattle-Orsay-Davis collaboration.

We. triggerad the streaser chamber on interactions of a 225 GeV/c n”~ bean
incident cn a Lucite (Csﬂsoz) target in the streamer chamber, both with and
without a directly produced muon pair. We then looked in the streamer chamber
for correlations between the triggering muons and the co-produced hadrons.
in particelar we searcned for an enhancement in the number of neutral strange
particle decays cbservad with the dimuon trigger. An enhancement, if found, -
woild be strong evicdence for the existence of the production of pairs of
perticles which carry the charm guantum number. HNo enhancement was found.

We therefore set a rather low upper limit on the strength of charmed particle
sroduceion in the experiment, of 0.6 nb to 1.2 nb with part of the iron hadron
abgorber magnetized and 3.0 nb to 6.4 nb without it magnetized. The range

: 0.67 :
in the limits corresponds to assumptions of A and A atomic numbexr

dependence of the nuclear c¢ross section. The data‘and methed by which these
limits were cgalculateé were presented in detail in Chapter VIII.

Inserting acceptances found by assuming the three different production
necharisms discussed in Chapter IX, and assuning an A cross section
degzendence, we f£ind tne very conservative upper limits on the charm cross
cection times branching ratio to muons squared listed in Takle 9-2.

We nave shown that the background signals present in the data are
small, except that approximately 45% of the triggering dimuons were
produced by secondary interacticns in the hadron absorber. This back-
ground, however, does not effcct the result, since it could not effect

tre nusber of strange particles observed in the streamer chamber. The

possibla background signals were discussed in detail in Chapter Vi,
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along with the details of the measurements made.

We have shown that we were sensitive enough to datect a ¥ signal in
10% of the data where we were.able to fu;&y reconstruct the dimuon pair., W=
had an overall sensitivity of 22 events per nanobarn of dimuon cross
section, assuming that the cross section depends on the target's atamic
number as A. We have also shown that the probability of detecting a dimuon
Plus at least one neutral strange particle from D+D- decays was good, being
near 2-4% for some reasonable models, as discussed in Chapter IX.

And lastly, although our search for new states of matter was negative,
we did find two very surprising results. The first is that within the
statistical significance of this experiment, there is no differsnce between
the spectrum of hadrons producéd with and without directly produced dixuons.
This result is presented in Chapter VIII, Figures 8-1 through 8-6. Thé

second, and even more surprising result is that the events in which a v is

Produced, seem to have an above average number of charged secondaries.

3
o7
oo
7]

éompletely unexpected and unexplained result is presented graphically in

Figure 8-15.



APPENDIX A

This appendix gives the details of the derivation. of ;n upper limit on
decay contributions to a dimuon trigger, assuming that the measurcd single
muon rate is prin:':ipally due to such decay. This is included in this
dissertaticn because there has been much controversy among our collaborators
on the subject and I believe that it is woi:th setting down in detail.

First, I must define a few quantities.

Let al{p) = the probability that a secondary pion, or kaon
of meomentunm p will reproduce a mucn, which ig
in ocur expetrimental acceptance either by decay
or by secondary interaction.

- Let a'(p) = the probability that a secondary pion, or kaon
will produce a second muon which is counted.
In genersl, a'(p) = c¢.a(p) where ¢ is a con=
stan t:; te determined.

Let P = the prébability of counting one or more mohs
from an event with N charged tracks

Let P = the probability of counting two or more muons

from an event with N charged: tracks

N do d dc
N 1 N N
Then: P, = I ~ |[dp.alp,) —— = — {dp alp )
1 1 ONJ {7y dpi o (1)
- A B Y d .
ang:  Zy=1I I g [ alpatipy )ﬁ : ()
i4»i B D, dpy
dg, dzc
where _ N and N are the inclusive and semi-inclusive
ep; dpidpj

Gifferential cross sections for charged particles in N prong events,

ands /Pi——- -fip dp N v

9p;dp,

Replacing a'(p) by c.a( do —dc
«a(p) and N , that is neql i
GNdp dpj glecting

correlations we have;

N ¢ N N dc
Pys —— f T /dp dpj alp, ) a(P ) = N
oy i>d i upj
Let IN - _5_ /dpi a(pi) N and M.l dp a(p)
N p:L aN dp
N N ‘
N
thens Hee z z;‘ T N.g P (1-8
Loty 3T PRI A,

Summing over i and 3 we have:

N c
P * 5% ey )2
{3)
And Equation (1)} can be written:
N_ N :
Pl Np («)
Sumning over charged prongs and weighting by the brebability of proc
< F using
N charged prongs:
(] < '
P = Py N/ e N - N/ N
1 N( )Py <k Opf NP (51

. and (4 [
. P N/ N
-z W, N/ N, 2
2 N( -z) p, = 5( a,I)(c/Z) N(N-1) (p) (6

If we .
assume that our one muon tr igger is donunated by decays then:
'

p lk E/
and we can write:

1 T P N
( ) . vhere( ) iz the f:action of

o
n@ muon events measured to have had N charged prongs, Likewise



4 o,
kiR _3) where these are measured using the E or total cross section
q, a ] E
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? \'g .
trigger,
" Tren: . 2
¢ n 1 (™) (P P
Py vy ()N 5 Aa) . Tt
N n./ E fp/\"n/ g

wio

. 2 )
R -1 h) ("_T)
2 iy 2 /i \Py/ E

But the one mucn and B multiplicity discributions are not very different.

< ey >E = 12.3; <§1CH> = 13,0 8o ’ .
1u
(8)
L& g2 g 1) [.,_N\
277 AT (n)y
. .

Lrepping the 1 compared to N and making this an upper limit we have:

2
2u-E lu‘e
or = £ (%i) (9)
- Decay

This is the result reguired except for determining the constant c.

[}
kY
N

N

. <
. Py

o

We once Mre turn to the data, in this case, the spark chamber and inuoa
telescope data, With the SCD magnst off nearly all of the muons were

* ccunted by the central focur counters. Thus ¢ = 3/4, if cne muoa had already
been Counted, tre sccond had only 3 out of 4 telescopes to traverse, With
tre SOD wagrnet on, we kndw frem the sperk chambers that most negative muons
passed through the botton two telescopes and most positive muons through
the top two telescopas, fThus, the prokability cf counting a secend muon
of a givea sign waich traversed ona of the Zfour telescopes depends on its

sign, and the sign of the first muon counted: a++ =a = 1/2;

e
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)

a = a—+ = 1 with obvious notation. Assuming that the sign of the muons

is uncorrelated, 1.e.l, p+ = p- = 1/2 where the p's are the probapility of
procucing a muon of a given sign, then;

c= p+p-a+- + p+p+a++ + p-p‘a" + P—P+a-+ - 3/4.. Therefore ¢ = 3/4 for toth

field conditions and

; 2
. N . (20}
(UE/E) gpeay 3/8 (1u-E/E)



APPENDIX B

This eppendix datails an estimate of an upper limit on the increase in
observed neutral strange particle production due to associated production of

a chaxgzd kaon which then &ecays to a muon.

irst, we must define sone functions, i

[

- .3 : . .

\ let: <n, > qi(p) 27p be the probability of a particle of type i
i

s - 5 3 s
being produced in the momentun volume d p, where < ni> is the average number

3
of particles of type i produced per interaction. Then ﬁi (p) d p=1.

The probability that such a particle will decay in a distance £ is just:

l-exp (L7, v Y=L /c Y% I_;ai/crgp. Of the particles which decay, a fraction
<wg will decay to a muon. The muons have a probability Pi (Su,;) d3pu
cf having momentun ‘;u and a probability A(;u) of being accepted by the

apparatus, 7The rate for counting muons from decays of a given species is

then:

. (3 3 i) > x>

R, = &p 4 < n,> pijila, 1

3 J/ P &p, (<neg pifila /ot picu > Pi(pu'P)A(pu)'
At this stage the only assumption is thet { is the independent of

species. This assumption is not crucial to the argument.

= - 3 3
e <a, 7 2 e o j]’d o d P"qk Z B, A/P
N I —_— ——— = .
£ T “n_»/{ ¢1, =m <> 773 .3
\ Y 5 n //dpdpugﬂlpﬂ}vp
- (48)

Frem 203 GoV/e w d LubBle chanber data: < n > = 0.4 < n >

"
©

Lt
The eonstaits in Iront of the integrals may be evaluated tg give

_ = 0.¢ Ik/In’ where the I's are the integrals.
Evaluating the integrals requires a detailed Monte Carlo study, However,
2 simple argument is sufficient to establish that the ratio of the integrals

i3 lecs than unity. One need only note that the kinematics of the decays, at
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a given particle momentum will produce muons which are slower from kaons than
from pions. Thus, a low momentum cutoff on the Pu's imposed by ths absorber
and reflected in A(;u) will.have a, larger effect on kaons than on piens. This
1s especially important at the lower particle momenta. At the higher monenta,
the pion distributien 9, is la:qer than 9 since, for a pion beam, lezding
particle effccts are present in g" but not in gk. Thus, we may write:
R;/R: 20,24 2 174,

Now the total rate of decay is the sum of these two rates: Rlu - R: -+ R;,
and as was derived in Appendix A, the decay contribution is proportional to
the single decay rate sguared: Rsz (Ri + R.E)2 = (R:)2 + 23: . Ri + (R;)z.
Thus less than 32% of the dirmuon decay triggers will involve one pion and one
kaon, the two kaon mode is ouly 4%.

Now when a charged kaon is produced, we can produce another charged kaon,
a neutral kaon, or a strange baryon. The charged and neuiral Xaons will ke
produced in approximately equal numbers, but only one-half of the s will e
K: which we can see, KZ's almost never decay in the streamer chaxzber. Thus,
only 25% of the time will we have a chance of seeing a neutral xo decay, with
the decaying charged K, and only 69% of these will decay: KZ hd n+n-, which
can be visible in the chamber. From the 205 GeV/c % data(4s) we krnow that
the ration of x: to AO(ZC) is approximately 2 to 1. But of the 1 only €4%
will decay to the visible: Ao - pv’. Then assuming that the 2 to 1 ratio
holds with the decaying charged kaon, we have at most 14%

(,69 x .5 x 2/3 + .64 x 1/3) x .32 of the decay dimoun triggers can pre=-
ferentially have a detectable K: or A% in the interaction., This is
assuming 10C% detection efficiency for these strange particles. But

only some 30% of such neutral strange particles are, in fact, detected.



)

Thus,

note that this is prodb

this limit is dropped t
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o 4%. This is the desired result.

ably very much overestimated.

I should
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