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ALAN M. JONCKHEERE A search was made for correlations bet~een  muons observed in a dcwn

stream spectrometer and neutral strange particles observed to dec~y  i~side  a 

one meter streamer chamber. The streamer cha~er  was triggered On inter-

A dissertation submitted in partial fulfillment 
actions of a 225 GeV!c n beam, incident on a Lucite target (CSHSO ) ~O~L~t~j

Z
of the requirements for the degree	 of 

inside the chamber, with two muons being detected by a downstrea~  ~uon 

spectrometer. Pictures of the interaction were ex~ined  for the prese~ce  ~f  

decays of neutral strange particles, their mo~enc~  was measured, a~d  the 
DOCTOR OF PHILOSOPHY 

charged secondaries in the reaction were counted~  The moment~  of a fra~~io~  

UNIV2RSITY OF i,ASHINGTON 
of the muons was also measured. A control sample of da~a  was tak~n  wit~  t~e  

identical trigger, except that muons were not required. By co~par:ng  t~e  two 

samples, we hoped to fi'nd an excess in the number of neutral strange de.:ai-s
APPROVED BY ~ -~~~~::-7.7~/-:::~r~~'~-::'::..!-~~~",,------------

observed in che dimuon trigger sample. Observation of such a correlation 

would be strong evidence for the existence of charmed particles being proa~cea  

(Chairman 

P:l.OG?A:-! A:J'IHORIZED ?tyS/~TO OFFER OZGil..SE in hadron-hadron interactions. No excess was found but a rather lo~  ~~;~r  

DATE 191t'	 limit on the charm signal present was determined. 

Also presented is evidence that the dimuon part of the i~teraction  

factors from the rest of the interaction, except that the number 0: cha:gej 

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

higher than in a normal interaction. 
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In NOVember of 1974, one of those rare events occurred ~hich  maKe 

elementary particle physics the exciting field it is. The discovery of a 

new, unexpected particle was announced simultaneously by two separate 

groups of experimenters. ~he  Stanford Linear AcceleratOr Center-La.~ence  

Berkeley Laboratory (SLAC-LBL) collaboration found the new state in electrcn

positron collisions in the colliding be~~s  of S?EAR at SLAC. (1) 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 (~)  at SLAC and the J at B~L,  was 

.,.tsoon joined by another, diSCOvered by the SLAC-tEL group and n~~ed  the .. 
The masses of the two particles were quickly determined to be 3095 and 

3684 MeV/c 2 respectively. The distinguishing charac~eristic  of these 

particles is their extremely narrow width, 70 and 225 KeV respectiv~ly. 

This is surprising because such massive states. would be expected to ceca! 

via the stronq interaction with tIle -n<>=al- hadronic width of '" 250 ~eV  

if they were hadrons. Since the width of any state is inversely propor

tional to its lifetime, the small widths of the new particles ~plies  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 number has appeared in the~.  This 

quantum number must be conserved in strong interactions, and so, per~a~s  

coupled with a dynamical suppression, retards the decay of th~~.  It is 

the question of the nature of this new quantum nurrber th3t has stirr~j  C? 

the high energy community. How does it fit ~nto  the scheme of things? 
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This dissertation is a description of a streamer ch~er  experiment 

performed at the Fermi National Accelerato~Laboratoryby groups of 

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

Cniversity of California at Davis, Davis, California; and the Laboratoire 

de l'Accelerateur Lineair~  Universite de Paris-Sud, Orsay, France. This 1s 

the Seattle-~rsay-oavis  collaboration (SOD). The experiment was performed' 

in early 1975 to answer some of ,the ~estions  raised by the ~/J.  

A number of possibilities exist as to ~~e  nature of the new quant~ 

number indicated by the ~/J.  I shall not attempt to discuss all of ~~e  

theories embodying the various possibilities. They all have proble=s. 

will, however, sketch the ideas behind one of the most L~triguing  cla~ses  

of theories, based on the charm hypothesis. For a detailed discussion of 

the various possibilities, I refer the reader· to several excellent review 

articles. (3) 

As is well known, nature has divided all known particles into t~~  

major classes. the leptons and the hadrons, neglecting the field quanta, 

Which are special cases. There are four kno~n  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 ~~d  a singlet, 

the s (sidewise or strange) quark. As long ago as 1964 Bjorken a~  

Glashow(4) proposed adding a fourth quark which they cOQbined 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 fro:D the 

"normal" quarks by a new quantum number which they, "tongue-in-cheek", 

called charm.� 

The correspondence between the hadrons (quarks) and leptons is� 

illustrated in Figure 2-1. The correspondence requires the new c quark 

to have the same charge as the u quark. In terms of these <r..>.arks and 

leptons, the weak and electro-magnetic currents take the same fo= for 

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



<)
)). <. s 

Wl< . -' 
- qy~  (li-YS'CHq for the hadrons,J HIl 

10.1< 
JL\l = !Y\l (li-YS,CLl for the leptons, 

where q iUld ! are the four component co11Jll\ll vectors: 

QUARK (HADRON) LEPTON 

C) C) :. C) ()� 
d' • d case -r s sine c c 

s' - s case c - d sinec 

FIG. 2-1 

Quark-Lepton Correspondence 

.-m' tt~ 
C and CL are the 4 x 4 ~~trice8.H 

0 I I)
cH  t~-L~1 CL ---t--A010 (

I , o : 0 

U _(Sinec c~sec\l I.f 0) 
cosec s~necJ  ~o  1 

Similar terms can be written for the electro-lllagnetic current, 'lsin<] 

the same C and C • (5,6)
ll L 

The effect of the unitary 2 x 2 matrix U is very important. I" 

mixes quark states 01; the same charge, in this case, the d a..,d s 'iUar~s.  

This mixinq comes about because the states of well eefined mass are not 

eiqenstates of the weak interaction. In fact the u a..d c quarks could also 

be mixed but this only adds a.'1 unobservable phase to C which can be =e:ooved
ll 

, 

by a suitable definition of the quarks. So by convention We speaj( o....1y 0:: 

dH s mixiJIq. With this choice of phase, e is the 'well-lcnO\o"n cai,ibbo
c. 

iUlqle. 
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Expanding the weak r~dronic current, we can observe the effect Qf 

this mixing. suppressing the space part of the current, we have: 

WK - J • u (d cosSc + s sinS ) + c (s cos6 - d sinS )a e c c

• U d' + c 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 quark to both the sand d quarks and implies that when a 

charm~  quark decays, it decays to a strange quark with amplitude propor

tionaI to cosSc' Its eec~y  to the non-strange quark is suppressed'by the 

sine 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 i3 

needed to cancel strangeness-changing neutral currents. In the three

D~,ark  sch~e,  one would expect second-creer decays like K + ~+~- to 

proce~  as shown in Figure 2-2a. Such decays are not seen. The charmed 

~k  provides a very natural suppression of this type of process by pro

viding the alternate path shown in Figure 2-2b. Because of the -sin6 c 

at the upper vertex in Figure 2-2b these diagrams cancel, neglecting 

differences in the quark masses. The need for such a cancellation becomes 

even core pressing wh£n one considers the gauge theories with their 

neutral currents. Here, one would eA~ect  the reaction KO + ~ 

+ 
~  

- to proceed 

by the first-order process in Figure 2-3. It is easy to shOW(S) that in 

the four-quark scheme the neutral current is diagonal: ZO '" uu + co· - dd - ss, 

where I r~ve suppressed the space part of the current. Thus, the Z· cannot 

couple two different quarks, but only a quark and its antiquark. The graph 

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

d 

t~-

KO + c 

s s ~  

(a) (b) 

'" (COS6csin6c) + (-cos6Csin6C) 

FIG. 2-2 

KO + W+W + ~+~-

Weak Second Order Neutral Current Decay 

a) Allowed decay, both SU(3) and SU(4) 

b) Channel added by 5U(4) 

KO 

. FIG. 2-3 

KO + ZO + ~  +lJ 

Weak First Order Neutral Current Decay 
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. + 
cs=F 

L'3�

du II: 'Tf- ua·.. ·71'+ 

sc=F

FIGURE 2-~ 

5U(4) 0- MESONIC CUBOCTAHEDRON 

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

9 

The introduction of the charmed quark has profound implications for 

particle spectroscopy. The most obvious effect is that the spectrum of 

had!0nic matter is enlarged from SU(3) to SU(4). For example, the fa=iliar 

mesonic 0- nonet (8+1) of SU(3) is enlarged to a l6-p;et (15+1) in SU(4}. (7) 

This enlarged multiplet is shown in Figure 2-4. The seven new states fo~  

an SU(3) triplet and an antitriplet with C D +1 and -1 respectively and a 

singlet with C D O. These states should not be too much more massive th~~  

the non-charmed states in the mUltipl~t.  From the known rates for the 

various neutral current, strangeness-changing processes as well as the kn~~  

·00 2KL K
S 

mass difference, an upper limit of a few ~V/c can be put on the 

charmed quark mass. This in turn leads to estimates of the ch~ed  ceson 

masses that are at most a few Gev/c2 higher than their non-charr.ed partners!7) 

The lightest of these new states will have lifetimes characteristic 

of weak decays. They cannot decay strongly to less massive ch~ed  states. 

The leading decays will have amplitudes proportional to the weak couplL~g 

constant, G, and dimensional considerations lead to decay widths propo=tional 

to G2 (mass)5. Inserting reasonable masses for the charmed states ~~  

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. (7) In addition, since c + s cos6 they will decay pri=arily
c� 

to states containing a strange quark. For eX~fle,  the 0+ of Fi~~e  2-4� 

will decay semi-leptonically to a state with the q\lant~  nucbers of ~~e  ,i O 

with a strength proportional to cos26 ' For more details on the spectroscopy
c 

and decay modes of the charmed quark model,- including the baryon states, I 

refer the reader to Gaillard, Lee, and Rosner. (7) 
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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 co state, the partner of the p, ~,  and III 

in the 1- multiplet. The~'  would then be a radial excitation of this 

"charmonium" system. This view has been strengthened by the observation of 

radiative decays of the 9' to P , X and X· and of the ~  to the X. (8) Their c 

long lifetimes would then follow' if the ~.  were even slightly below threshold 

for production of charmed pairs. In this case they would have to decay. 

stronc;ly by violating "zweig's Rule". (9) This rule states that interactions 

involving non-connected quark.lines are suppressed. Thus the decay of the 

~  (an ss state) to non-st:ange states is suppres~ed  relative to decays into 

two strange particles, even though much more phase space is available for the 

non-strange decays. 

Associati"g the ~  with the SU (3) singlet sets the mass scale for the 

rest of the SU(4) charm~d states. The lightest of the charmed states, 

presumably the D meso~,  should have a mass near 2 GeV/c2• (7) The lightest 

baryon would be se~ewhat  more massive, but still under 4 Gev/c2• With this 

inforoation and noting the similarities between possible production mechanisms 

of charmed and strange pairs, it is possible to try to estimate the total 

production cross section for charmed pairs. Unfortunately, these estimates 

vary widely dependL~g  on the par~icular  mechanism assumed. An estimate by 

Snow (10) who considers diffractive� production of ma~sive  state~  leads to a 

-2 
cress section Which scales as (mass) which implies, for a charmed mass of 

2-4 Gev/c2, a production cross section as high as· several tens of miero

barns. (7) Ha~ever,  estimates of two-body associated production based on 

(11)
Regge pole ph~~enolo9Y  are far smaller. 

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 5U(3) octet dominance or the ~I··  ~  rule), the weak 

decays of charmed hadrons should be predominantly non-leptonic, with semi-

leptonic decays contributing less than 10\ of the total and leptonic decays 

beinq even smaller. (6) It has been pointed out (12) that lQ docinance 

may not be as effective as is octet dominance due to the large ~ass  of ~~e  c 

quark. If ~  dominance does not enhance the non-leptonic de~ays  at all, 

then simple counting gives semi-leptonic branchinq ratios of 20\ for each 

species of lepton (c + 2 leptons and 3 quarks equally). Such large._----
branching raties to leptons seem to be ruleJ out by the O'Neill exper~nt  

at SPEAR, (13) 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 existenc~  of charm and the properties of cnarwed 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 

13
10- seconds. They should decay principly to states containing a strange 

particle and lr.ay have substantial semi-leptonic decay modes, on the order O! 

10\ branching ratios to muons. 
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Since the observation of the ~  there have been fdany attempts to 

establish the existence of charm. The first attempts were made at the 

e + e - colliding beaos at SLAC shortly after the discovery of the~.  The 

+- +- +
SLAC-LBL <Jroup r.oted that the ratio of ale e .. hadrons)/a(e e .. \l \l ) " R 

ta~es a dramatic jump fro~ ~ 2.5 to ~  5.5 at a center of mass ener<JY ~ar 

4 ce·;. 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 

c~arges  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 by associated production of pairs of new states 

contai~ing  the new constituent. They have, therefore, searched in the 

r~gion  above 4 GeV for evidence of narrow peaks in the two and multibody 

mass spectra, especially in those spectra involving a strarge particle. 

Initially, they observe~  no clear signal. Xowever, they have now 

greatly increased their data sample, and very recently have reported the 

observation of narrow peaks in the xtw+ and x±w+w±w+ channels at an 

effective mass of 1865 ± 15 Mev/cz!14) The properties of this new particle 

ir~icate  that it is very probably the D meson of Figure 2-4, The observed 

cross section times branching ratio of the two decay modes are 0.20 ± .05 nb 

ar.d 0.67 ± 0.11 nb for the Kn and X3tt modes, respectively, compared with the 

average total hadronic production cross section in the enersy region searched " 

of 27 ± 3 nb. These,n~hers  indicate that the charmed particles have 

substantial branching ratios to multiparticle ,states, as had been suspected 

previously. It is difficult to determine just what fraction of the total 

c~ production cross section these modes represent since there are 

indications of so~ething  else going on at the same energies. They see a 

n~her  of events containing a ~e pair with missing neutrals. (15) These are 

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

just how much of the rise in R is due to charm production, and how cuch is 

due to the heavy lepton. 

There is also some evidence that charm has been seen in neutrino-

proton interacti~ns.(16) A few dimuon events have been observed and it is 

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 might 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 l1\<.,de in bubble char.-J:o<!rs in 

hadron-hadron interactions. These searches have looked for neutral d~cays 
 

, (17)�
of the longest lived charmed states, e~,ancemants  in the ~ss  spectra 

which include a neutral strange particle,(18) and enhanced neutral strange 

particle production when a muon is also present. (19) All of these searc"es 

have had negative results. The negative results are not difficult to 

explain. A particle with a lifetime of 10-13 seconds would be diffi~Llt  to 

detect in bubble chambers, even at the highest Fermilab energies. Such a 

track would be at most a few rom long. The others suffer mostly' from lac~  

of statistics I they set limits on the production cross sections L., excl~~ive 

channels of a few microbarns and in the semi-inclusive ~-V·  cha~.,el  of 3JO

500 microbarns. 

Another way to search for new particle production is to look for 

threshold effects which would be characteristic of the decay of sOQe 

massive, long-lived object. ~his  has been done by &intingcr et al(20) who 

looked at lingle muon production as a function of transverse QO~entum.  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/cZ, setting li=its on 



') 1 .
15) 

14 

the cross section times branching ratio of 400 nb and 2lJb for two and three-

body decays respectively, assuming a specific production distribution. 

The :ost extensive searches for charm in hadron-hadron interactions 

have looked for two-body decay modes, especially in the K~  system. (21) These 

(22)
searches have~  in general, been negative although Abolins et al fave 

seen a =arginally significant enhancement in the K~  spectrum at 2.3 GeV/c2• 

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

tiQe and increased statistics. These two-body searches are very difficult. 

Tney suffer fro~  the same problems as do the similar searches at SPEAR, 

na=ly small branching rat-ios to "n exclusive channel plus many more 

possible wrong c~~inations  which dilute any signal present. 

So the problem still exists - Where do we look to find charm in hadron-

hadron interactions? One fact is abundantly clear from the above dis

~sion.  Charm is extrEmely elusive. The ideas discussed above, however, 

give us hints of what types of experiments might successfully See charm. 

First, ti:e experiment should be "inclusive". That is, it should be 

sensitive to as many decay modes as possible, especially thc""high mUltiplicity 

modes. It should be sensitive to production of strange particles since 

most dec~ys  of charmed states will contain a strange particle in the final 

state, either a K or a A. And lastly, a trigger should be chosen to enhance 

the charm signal. 

A good candid~te  for a trigger which would e~~ance  the charm signal 

is to trigger on produced leptons, either electrons or muons. As 

mentioned above, the lightest charmed state ~y  have branching ratios to 

leptons as high as 10\. This is several orders of magnitude larger than 

such ·nor~l·  particles as p, ¢, w and~.  Thus, the decrease in rate of 

~ascred  charm production caused "by introducing tho branching ratio, or 

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

more than compensated by the increase of the signal to the background ratio. 

In this connection, a muon trigger would be easier to use than an elect"ro~  

trigger since background fro~  converting gammas would be absent. Thus ...~  

apparatus which is sensitive to strange particles and which can be 

triggered oy muons would have a good chance of establishing that charm 

exist~merely  by finding an enhanced strange particle signal correlatee 

with the muons, if triggers from muons from pion and kaon decay can be 

suppressed. Performing the experiment at Ferm1lab helps suppress such 

decay triggers. The factor of Sy in the lifetime introduced by the !:>oost 

to the laboratory frame greatly diminishes pion and kaon decays when COQ-

pared to colliding beam experiments. Such an apparatus would have to be 

able to accept moderately high beam flux. The lJ/n ratio is only 10-4 at 

PT greater than 1 GeV/c. (23) Thus, the muon trigger rates would not be high. 

In addition enough additional quantities should be measurable so that if a~  

enhancement were seen, the charm signal could be further isolated. In 

particular, one should be able to measure the neutral strange particle 

momentum spectrUl:l and the spectrum of the other hadrons produced with the 

triggering muons as well as the momentum spectrum of the muons. The$e 

measurements could tell one a great deal about the source of the strange 

particles and the muons, and about the mechanism producing the charced s~tes,  

if such were found. 

Triggering on muons has an additional advantage - it addresses the 

open question of anomalous lepton production. In particular, what does 

'the spectrum of hadrons look like when a prompt muon is produced? Moo:n.>.lous 

lepton-production has been studied at several labo;atories(23l by 

studying the inclusive lepton spectra, but no one has, as yet, studied iII 
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detail the hadrons produced in association with these leptons. 

The University of ~ashington's  one meter streamer cha~er  is ideally 

su~.t~j  for tr~  studies o~tlined  ahove. It is a superlative, triggerab1e 

6vertex detector which is capable of accepting beam rates of up to 10

particles/sec. It is a visual detector with resolution comparable t~  a 
. I 

bubble chamber. It has the special advantage of being able to look at 

processes with very small cross sectivns if an appropriate trigger can be 

established. One can easily ac;cUI:\u1ate 10 events per nanobarn of cross 

section in 4 few days of data taking •. 

A.~ efficient muon trig~cr is relatively easy to install. Thus, we 

dete~ined  that we could ~tudy  ~~e  hadrons produced in association with 

triggering m~c~s.  In particular, we ccu1d study correlations between t~e  

euo~s  and neutral strange particles which decay in the chamber. These 

correlations can be studied with a minimum of experimental bias by always 

ca::&>ari.~g  the events ccllcct"d with the mucn trigger to a "contrc1" sample 

taken under identical conditions but without the muon requirements. 

U~Aer  these conditions, if charm is being produced at appreciable 

levels at Fermilab energies, we e~r,ected to be able to observe an enhance

~nt  in neutral strange particles produced in correlation with triggering 

~uons.  The source of the ~ditior.al  strange particles should be reflected 

in their moc~~t~  distributions and perhaps in the spectra of the co

produced hadrons. 

The e:<periment descrihed in this dissertation is the second 

expericent of this type run. In ~4rch  of 1975, the Seattle-Qrsay-oavis 

oollabo~Gtion  perforccd a very similar experiment using much of the s~e  

equi~~nt  as was used in the present experiment. The earlier run was a 

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

the earlier run indicated that indeed charm might be observed using this 

technique. We observed a three-standard deviation enhance:nent 6f neutral 

strange particle production When we compared the samples of data taken 

with and without a muon requirement. This result was of only mar9in~1  

statistical significance and there were several background signals which 

were not well determined. \;e, therefore, asked for additional rur~~in9  ti.:oe 

from Fcrmilab with which we hoped to collect additional data with an 

improved system. In particular, we wished to iI:Iprove both the muon trigger 

and the system's trigger diagnostics. This dissertation describes the 

experiment performed with the improved system. 
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IV. STREAMER CHN-lBER 

The stre~er chamber as a particle -dete~tor  shares many of the 

attributes of bubble ch~~ers.  It is a visual device with ne~rly  4~  

g;;c",er.ry• The ioni=ation ~rails  of charged particles passing through the 

ch~r  are made visible and photographed in stereo by high-speed cameras. 

~I  measuring the par~icle  tracks on film and using large comput~r  geometry 

progr~s,  one is able to reconstruct tr.e path& of the particles in space. 

Since ~he  ch~er  is housed in a large magnet, this allows the momentum 

of the particle to be determined. Thus data collection, measurement, and 

mc~t  of the analysis of streamer ch~ber  data are identical to bubble 

ch~rs.  In addition, the ir~erent  measurement aceu~a~1  of the streamer 

cha=ber is very nearly the s~~~  and may, in fact, be better than in bubble 

ch~ers.  Although the st:reamers in a streamer chllll'ller are larger than tlle 

bubbles in a bubble chax~er,  with attendant larger setting errors, the 

fact th,,;; the streener chaJ:lber is gas filled, while bubble chambers are 

liquid filled means that stre~~er  cha~ters  have much less multiple 

scatterL~g.  The increased setting error and decreased multiple scattering 

on measurL~g  accuracy nearly cancel over a large momentum range. (24) It is 

the ~~.er  of making the particle tracks visible that makes the streamer 

ct~~er 	 different and in scr.e ways nlere powerful than the bubble ch~~er.  

The natural pheno~e~a  used by a streamer chamber to make particle 

. tracks visible is that sparks can form in a ga3 which contains a high 

~lectric  field. The trick is to control the forrr.aticn of these sparks. 

T:le usual mechani= for forming the initial conducting path for a 

sp~rk  is to accelerate G free electron in the gas, such as are present� 

along the ion~zation  trail left by a pigh energy particle, forming a� 

Te_~ce~A avalanche. The avalanche will, in general, not be visible.� 

Roweve4, if tha field is high enough, it is possible for the electron� 

density at the head of the.avalanche to reach a point where the electri~  

field from the free electrons cancels the externally applied field bet~een  

the "head" and the "tail II of the avalan"che. At this point, spark for:~.t:i\~:'l  

shifts to the "streamer" mode. In this mode spark propagation is via 

photoionization of the surrounding gas. Photoions formed just outside the 

"head lt� and the "tail" of the original streamer are in regions ....·here the 

electric field is nearly twice as high e.s the c.pplied fiald. These, ti'.ere

fore quickly avalanche and combine with the original avalanche causir.g ~~e  

streamer to grow very rapidly in both directions along the applied 

field� lines. These streamers are easily bright enough to photograph. 

refer� the reader to references 25 and 26 for more complete descriptions of 

streamer propagation. The trick is to shut off the electric field .hile 

spark� formation is in the streamer mode but before the spark has sp~~ed  

the gap. At typical eleotric fields, streamers grow at appro~~atclY  lOS emf 

sec. This implies that a high-voltage pulse of the order of 10 nSec wi':'e 

·would give streamers one cm long. 

To produce good streamers at atmospheric pressure, L~e  pulse on t:.e 

chamber must have a height and width Which satisfy: E3'B!p2=c. (27-28) w:1.cre 

E is� in kV!cm, 'B is the pulse width in nSec at 10\ above the base, p is 

the pressure in atmospheres and C is an ~~pirical  constan~  Which depenas 

on the gas used. (28) Table 4-1 lists experimental values of the ccnstant 

C for a few gases. For a Ne-He (90-10) gas mix at atmospheric prezsure, 

an electric field of approximately 25kV!cm is needed for a 10 nsec pulse. 

For our chamber with two 15 ~,  gaps, this implies a high voltage pulse of 

approxir.ately 375 kV. 

Producing such narrow high volt"ge pulses requires special techniCi'JE:l;. 

'rhs dsvics used in most strealllar chamber syste:lls to perform the necessary 

I 
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t E" Electric field in Kv/an.� 

T
B 

.. Pulse width at 10\ fi~  in.nsec.� 

P .. Pressure in atm:lspheres. 

TABLE 4-1 
STRE.\HER FORl1ATION CONDITION 

3 
E 'B/P .. C 

pulse shaping is the Bl~lein  line. An ideal Blumlein network is shown in 

Figure 4-1. Conceptually its operation is very simple. One charges the 

L~termediate  conductor B to some voltage, v ' When switch A<is closed,
o 

the discharge pulse travels down channels 1 and 2. ~t  point C these 

pulses ·see" three channels, two with impedance Zo and one with impedance 

2Z ' One-half ~f  each pUl~e  is transmitted down channel 3, one-quarter of o 

each is reflected cown each of channels 1 and 2. A voltage -v is ~herefore  o 

developed on the transmi~sion  line 3. The pUl~e  in channell, upon reaching 

B sees an open circuit and i~  again reflected, with no phase change. The< 

pulse in cr~nnel  2, upon reaching point A, sees a closed circuit and is 

re!lected with a 1800 phase change. Upon reaching point C, the second time 

~B u C3 
Vo U(t)A\ 2 2 

0 

J< t' ~  

FIGURE 4-1 

IDEAL BLUMLEIN LINE 

""� 
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these pulses are equal in cagnitude but of opposite polarity. Thus they 

cancel, shutting off the pulse in cr4nnei 3, voltage Uet). If T is the 

tr~~smission  t~  for a pulse from A to C and from B to C th~~  the width of 

the pulse U(t) is just 2T. If the transmission lir.e is terminated with a 

resistive load of 2Z the energy of the pulse is transferred to the load and o 

r~  further reflections occur. The streamer chamber itself is part of the 

transmission line. 

This discussion was for an ideal Blumlein line. A real system is much 

core complicated and I refer the reader to the literature, especially to 

F. Rohrbach et al (28) who give a good discussion of the technical problems 

of stre.mer cha..~oar  construction. 

In our systam as well as most other streamer chamber systems, the 

applied voltage V is not a DC voltage. It is a pulse supplied by a Marx o . 

high voltage generator. The marx is shown schematically in Figure 4-2. It is 

esser.tially ten biir.ks of capacitors which are charged in parallel through 

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

Marx tube. The syst~  is charged by two highvolta~e  power supplies to a 

max~~ voltage of ± 25 KV. This gives the capability of voltages on the 

streamer ch~T~r  of up to 500 KV (10 stages X 2 polarities x 25 KV). The 

caximum repetition rate of the system is limited by the ~x  charging time 

(~  100 ~sec)  plus the time it takes the spQ%ks in the Marx tube to quench 

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

ments we have considered this is.ur~ecessary.  

~ne  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 anyone 

time. ~.is  gap acts as the switch (A in Figure 4-1) which triggers the 
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strear,er cr~~~  pulse. This pulse is transmitted ihto the streamer chambe~  

by an oil-filled coaxial transmission line and an SF filled transition
6 

section which makes the transition from the coaxial geometry of the 

Blu=lein line to the strip gec:~try  of the stre~er  chamber. These 

sections of the system, along with the streamer chamber itself, are Sh(wn 

in Fiqure 4-3. 

Because this system was design~d to bo used with downstream 

s~ctrooeter  syst6QS, great care was taken to minimize the amount of 

~aterial  in~ide  and do~~stre~~  of the c~amber  itself. This means that 

the high voltage pulse must.enter the chamber from the upstream end. 

This in turn implies that a ce~ pipe capable of being evacuated 

~ust  be ir.ccr?~rat~  into the coaxial and tr~~sition  sections of the high 

voltage tran~ission  line to minimize upstre~~  interactions of the beam. 

Because of limited space, this beam pipe was only 3.2 em inside diameter. 

T"ne be.", pipe extends approxi:::ately 2.~  cm into the visible volume of the 

streamer ch~er.  Normally, this pipe is sealed by a 13 pm thick mylar gas 

seal. But for the ~article  search, since we do not have a hydrogen target 

for this ch~~r,  a Lucite target was n~unted in the end of the beam pipe. 

To veto residual upstream interactions, a large veto counter was 

~ccr?Orated  into the design of the stre~~er  chamber (W in Figure 4-3). 

This ccur.~ar  covered the full aperature of the strearnar chamber and was 

mo~ted  flush against the upstream end of the stre~~er  chamber gas cell. 

It fit tightly to ~~e  outside of the beam pipe leaving a 3.8 em diameter 

hole. This counter vetoed any particles entering the chamber except 

those inSide of the beam pipe. 

To cinimize s"condoary inU!ractions ins;ide the ch~"llber,  stretched 

wire pl~~es  ~ere  used for the high voltage planes instead of t~  more 
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conventional wire mesh. This has the added advantage of minimizing 

diffraction of the light from the streamers. To minimize secondary 

interactions downstream of the chaI:lber the amount of material at the 

ch~er  exit was kept to a minimum. In addition, a large trigger 

counter was built into the cha~~er  just outside the gas cell (S in 

Figure 4-3). ':'his counter was mounted against the downstream end of the 

gas cell ~~d  contained a4.45 en diameter hole to allow non-interacting 

beam particles to pass. A count from this counter,·to;ether with the 

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

there had been an i ..teraction 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~etween the Y4rx 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 ~~~  ~JO  ~croseconds  was required from the tim& an interaction 

occurred inside the strea."ller chaxr.ber until the chamber actually fired. 

Eowever, the lifetime of ions in pure ~c-He  gas can be several hundred 

cicroseconds. Suet a long "rr,emory" time would severly limit the beam 

rates the chaI:lber could accept. A method must therefore be found to 

cecrease a.~  control the lifetime of ions in the chamber. We found that 

7
introducing a few p~ts in 10 Sulfur Hexafloride (SF ) to the Ne-He6

gas fill was adeq~te to reduce the chamber memory time to approximately 

2 ~sec. Since it is necessary to flow gas through the chamber at all 

times to continually purge oxygen from the system, SF must be continually
6 

added to tr~  pure gas. We found that the simplest and a completely 

ade~~te  way to control the necessary concefitration of SF was to manuallyo 

control the two separate fl,ow rates into a mixing chamber and thence� 

into the strearr£r chamber. We purchased a single bottle of pr~ed 
 

Helium-~F6 with 13 parts per million SF•" We normally flow the Ne-He�6 

gas at 0.25-0.50 lit/min and the He-SF mix at 5-10 cm3/min. These flow
6� 

rates are easily controlled using sensitive but commercially available� 

flow meters. At these flow rates, a single bottle of the He-s'6 mix r~s 

been used for several months of continuous flow. Using the very s~ple  

gas control system described above,'we were able to reduce the memory time 

of the chamber to 2 ~sec, allowing the chamber to accept ~p  to 10
6 
be~ 

particles per second with an average of two be~  tracks per picture. 

The design parameters of the entire system are s~~rized  in 

Table 4-2a and the chamber operating characteristics are listed L~  

Table 4-2b. 

The University of Washington's streamer chamber syst~  described 

above is a very precise triggerable vertex detector with nearly 'r. 
'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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RIG? VOL~AGE SOURCE:� 2-voltronic~  high voltage power sup
plies (type BPO 50-60, 50 KV-70.mA)· 

~: 	 

Dual polarity 
10 stage 

27 nF capacitance/stage-0.27 ~F  

total .M1iBX: 

SPARK GAPS: Stainless steel-fixed,.,. High Voltage: ± 20 KV� 
separation ~  25 mm� 

Spark Gap Pressure: 3 Atm N2�
!'.ARX TUBE: 10 em dia. Lucite, will with�

stand up to 5 Atm pressure� 

BLUMLEHI LINE:� Stainless steel , Lucite BLUMLEIN LINE: 
Coaxial 2SQ line, oil filled Spark Gap Separation: 16 ~'l\  

Conical in region of spark gaps, Spark Gap Pressure: 13.5 Atmgas filled . 

~~APS:	 Stainless steel-variable STREAMER CHAMBER: 
0-25 rom, will withstand 
~  15 Atm gas pressure Gas:� Ne-Hc (90-10) + 

STREJ.Y.ER CIlJ.J·!3ER:� Dual 15 em gaps 2 x 10-7 SF
6 

(0.25 lit/min flow)VISIBLF; ',IO!.m~E: 30 x SO x 100 em 3� 
at 1 Atm� 

l·L'.I~l BODY:� 1.2 em Aluminum·plate 

i'lINDOW:� 6 rr~  plate glass HV: 375 KV 25 KV/c;m 
HV ~'1I RE !:'LANES: .25 rom stainless steel wire, 

window plane seam Pipe: Air at 1 Atm· 
.5 ~~  stainless steel wire, 
central plane 

2.5 ~~  separation 
GJ'..S� CELL: 2.5 cm Lucite, upstream and� 

sides 0.25 em downstream� 

(i'ER}O~!N;'.TIO~  :� 6-8 carbon resistors (25Q� 
total)� 

EE6~\1 PIPE:� 3.2 cm ID, 0.3 em wall� 
Lueite and Stainless steel TABLE 4-2b� 

W-VETO COL~TERS: 	 6 rr~ Scintillator 50 x 30 em2 
STRE~~R  CHAMBER OPERATING P~~TERS

3.8 em hole 
(ALL VALUES ARE TYPICAL)� 

S-TRIGGER COU11TERS: 5 ~~ SeintillGtor 50 x 30 em2� 

4.45 em hcle 

TABLE 4-2a� 

STREAMER CE&~ER DESIGN P~~TERS
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V. EXPERI}ffi~TAL A?PA~~TUS 

At the tL~e  t~at  the ~  was discovered, we were assembling and testing' 

our strea::.er cha.':1ber systel:l in tr.e Ferrnilab's Ml bea:n line (30) in the Meson 

Detector B~iiding.  We were thus in a position to install the particle 

search exr-eri!!>ent very quickly. 

The apparatus used for this search.consisted of a beam defining ~ection  

'where great care was taken to get a good, very compact beam onto the 

ex?eri.=en~l  target and to veto wide angle beam associated backgrounds. The 

pri.=ary detector was a one meter streamer chamber"housed in a large momentum 

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

was s~pplied  by the cour.ter~  built into the stre~~r  chamber' which guaranteed 

tr~t  ~n  interaction occurred in the chamber and by eight muon telescopes 

which ~ere  downstream of 5 meters of iron and lead, part of which could be 

magnetized. ~he  apparatus also included a small calorimeter to measure 

hadrcnic punch throu~h  in the muon trigg~r, and six planes of wire spark 

ch~~er5  which 4110wed us to collect uata on the muons which supplied the 

tr:'ggc:. 

Tr.e Ml beam is a high ellergy, high resolution beam which collects 

secondary particles produced in a production target at angles near 3.5 mr 

and is cap~le  of mocerate secondary beam fluxes greater than 10
6 

particles/ 

sec. ?t.e beam line is shown schematically in Figure 5-la. (30) The beam 

envelope obtained with our beam tune is shown in Figure 5-lb. (31) The beam is 

initially gQ.thercQ a~d steered away from the forward direction by a 

ser ies of thr<:e Hal::-Quedrupole magnets a•.d thlee Septum-Dipole r..agil",t:s. 

P.alf-Quad ~S7.e~s  are Q~adr~pole  magnets which have been split longitudinally. 

~MO  of the magnetic poles are replaced by an iron plate. These half magnets 

~e  necessary bccacse six be~~  lines uze the l~eson  production target. All 

collect particle~  produced within a fe~  milliradians of the forward direction 
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so the area just in front of the production target is very congested. 

These magnets and two following dipole magnets mo~ent~·disperse  

the beam. The momentum dispersed beam is focused in the horizontal pl~~e  

Qnto the momentum slit at Fl in Figure 5-lb. This slit picks out ~~e  

momentum and the momentum "bite" (lIp!p) desired. The section of the bea::l 

oo line between Fl and F2 recombine the beam and focus it in both planes at 
~ 

o� 
~ 

F2. It is then taken to a parallel focus in the region between 1050 and� 
~
~	 H 
1-1� 1175 feet. This section contains the first of two threshold Chcrenkov

8 
~ counters (Cl). In our experiment, thu l.:lst group of quadru?Oles were set~  o� 11l
Q to focus� the beam at F3, inside the streamer chamber. The second of...� ~~e  

§� 
~. 

CIl� Cherenkov counters (C2) is located in this last section of the bea: line. 

o .Q�
We ran the experiment with a 225 GaV!c negative beam. The species 

o� :s ...01 
IJ"I 
I ~	 of beam particle was determined by the two upstream threshold Chere~~ov  

r.:l0'" g ~	 r...~ counters. Both counters were operated just above the pion threshold. By 
.... ::> :z: o l:l� H o I-l� 

o requiring both counters to have fired, we Obtain a very pure pion be~.,.. r... 
r.:l o 7o� H However, inefficiencies in the counters and our very conservative 

CD 
E5o� III threshold setting did not allow us to obtain a pure keon beam. Theo o

l{) 

1<l� counters both registered pions for only 85\ of the beam. An earlier
8 
.r S� experiment(32) performed a careful study of the particle species fractions 
o� ~ 

Zfil r.:l in this be~T..  Extrapolating their curve for 300 GaV!c incident protons to 
o o� ~ 225 GeV!c secondaries and correcting for decays in flight, we expect ~~at  

N� 1<l� 
III� 

o� 

The beam was defined by three upstream scintillation cc~~ters.  The� 

o� only 1.5\ of the beam is K-. 

10 

position of these are shown on the beam line schematic, Figure 5-la, 

and in Figure 5-lb. They are labeled Bl, B2, arA 33 respectively. Pulse 

height analysis was performed on the last ·beam scintillation oc·~~ter  

signal (B3) to discriminate against m~ltiparticle  RF "Duckets·, upstream 
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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 

dete~tion  system. These are labeled Hl, H2, and H3 and W in Figure 5-2 

which also shews t.'le rest of the apparatus. The W counter was located 

inside the body of the stre~er  ch~er  and was discussed in the previous .. 
chapter. H2 and H3 were large counters surrounding the beam pipe just 

upstream of the point where the beam pipe entered the high voltage 

transcission line. HI was a small counter bu~lt  into the beam pip~ 

WIRE SPARKextending through the pipe's walls. It had a hole 2.5 em in diameter and CHAMBERS 

thus formed the final aperature for the beam into the system. liN I 
Because the be~  entered the streamer chamber through the 3.2 em Ii " 

inside dia:neter beam pipe, it was necessary to hold a very good be",,, "tune". 
r----'~ 

ThereforeJ we uade continuous use of Ferrnilab's beam monitoring multiwire A 8 CALORiMETER
MUON 

prcportion.al cha:obers (X'I.'PC), the so-called "Type A" chamlJers. These are y~  TELESCOPE 
(oj 

£mall cha:obers with 2 mQ wire spacing. Signals from each wire are 
U 

individually scaled during a be~  spill, thus integrating over the spill. 

'!:9mrT.~ese  scalars could be read and displayed using the Meson Lab's beam control 

cezputer. We had feur pairs of wire cha:obers placed at the points marked Gili2J·mi'E.~ R3 R4 x z 
~~l,  ~~2,  X'n3, X'd4 in Figure 5-la and b. In addition, we placed another • ~ 94mr 

pair of scall }l'tIPC's at X,-14. These chambers had 1 mm wire spacing and (b) 

could be read L~to  this experiment's data collection syst~".  Using these 

bea: =cnitoring cha~~rs,  we were able to attain and maintain a beam at 
FIGURE 5-2 

the stre~er  ch~er  which was or.ly 7 rom in diameter, full width at half 
PARTICLE SEARCH APPARATUS 

oax~cm.  a size which could easily pas~  through the beam pipe with only a al Plan View of Apparatus 
b) Muon Telescope Layout 

seall probability of interacting in the walls of the beam pipe. 

Tr£ stre~.e~  cha:~er  was :ountcd inside of a larqe mo~entum  analyzing 

r.aqnet. -Ihis ll\~qnet  was run with approxil:lately an eiqht kilogauss lllaqnetic 
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field for this expericent. The c~~eras for recording data from the 

stre~er  c~~cr  were mounted on the magnet approximately 2.5 meters from 

, the cha::lber' s center line. The three cameras viewed the chamber through one 

of the magnet 'coils with a max~,um stereo angle of approximately 150 
• 

Da~,stream  of the stre~,er  c~~er  was the muon spectrometer. ThiS,. 

was cooposed of 5 ceters (29 absorbtion lengths) of lead and iron absorber 

b:A eight ~on  telescopes. There were two telescopes in each quadrant� 

aro~~  the beam, covering laboratory angles from 9 to 94 milliradians� 

horizontally and from 2 to 44 milliradians.vertically. 91 milliradians� 

0
in the lab corresporAs to 90 in the center of mass at this beam energy_ 

The telescope layout is shown in the insert of Fi~~re  5-2. The absorber was 

placed as close to the target uS possible, the first 40 em of lead was 

inside the stre~er  cr~er  magnet, starting 150 em from the target. This 

lead block had a 10 em square hole through it, centered on the beam. This 

was necessary to reduce triggers from backscatters to an acceptable level. 

Outside of the magnet was a solid 31 em thick biock of lead. Down

strea= of ~~is  block ~here  was a 3 m~ter soction of magn~tized  iron (the SOD 

magnet) • This magr,et was capable of SO ± 10 Kg-m of bending power, which� 

served to berA low momentum hadrons from the hadronic shower, and muons� 

fr~  pion and keon decay out of our acceptance. BOth tr.e streamer chamber� 

.~qnet  and the SOD ~gn~~ bend in the vertical plane. Data samples were 

collected beth with ~~d  without the iron magnetized. 

The SOD magnet was followed by the eight muon telescopes. 'I'he tele

scopes were composed of scintillation counters in two planes separated by 1.2 

~ters  of iron. Corre~?O~ing  scintillators in the two planes subtended 

hearly ~~e  s~e  solid angle at the target. By placing corresponding counters 

in the two planes in co~a=idence,  we required the triggering particle to have 

come from the approximate 'direction of the target. A 10 em vertical gap 

was left to eliminate beam muons and very low mass dimuons prod~ced  in the 

forward direction from the trigger. Since both of the magnets bend in the 

vertical plane, these muons passed, unseen, thro~gh  the vertical gap. 

Downstream of the telescopes we placed three 1 x 1 m2 spark cha-~ers  

each having two wire planes. These were intended mostly to monitor back

ground triggerR. When the iron was magnetized, we were able to deter:ine 

the muon momentum by assuming they originated in the target and dete~ning  

from the spark chambers the track's curvature through the iron. We could� 

elso 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.� 

Behind the wire chambers was placed a calorimeter to measure hadronic 

punch-through in the trigger. The calorimeter covered the central area 

2around the beam. It was 46 x 46 cm , of which only the central 30 x 30 CQ2 

was used, and was composed of 24 stages with 3.8 em of iron alternating 

with 5 em of scintillator. We found, (33) even wi~~  the ~9netized  iron 

off that hadronic punCh-through was negligible. 

Parts of this apparatus were supplied by each of the COllaborators 

and by Fermilab. The streamer chamber and its electronics and the wire 

cha~~ers  were supplied by Seattle. The high-speed C~~eras  and the lar~e  

mon,entum-analyzing magnet were supplied by Orsay. The calorimeter a.~  

the muon telescope scintillators came frem Davis. The iron and lead for 

the ebRorber, including tho iron'for the SOD magnet, were supplied by 

Fermilab. The SOD magnet was built in a periOd of 10 days at Fe~ilab.  

The iron was machined by Ferrnilab, wound by the experimenters, 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 :na.g:letizahle iron. 

In addition to the apparatus discussed abOve, the electronics, diccussed 

in tr~  next chapter, also c~~e  from several sources. Most of the fast 

The on-line computer for dataelectronics came froo Fermilab's PREP stocks. 

collection was supplied by Seattle, although Fermil~b  kindly loaned us 

several codules which greatly increased the capabil~ties  of the bare 

cocp~ter.  parts of the wire ch~~er  arA calorimeter read-out electronics were 

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

ef~ort.  

VI. TRIGGER ELECTRONICS ~D DATA COLLECTION 

The electronic signals from the various detectors discussed in the 

previous chapter were transmitted to a~entral  counting room for processL~g.  

This area 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 ch~~er  was made. 

The basic trigger logic is sketched in Figures 6-1a-d. Figure 6-1a 

shows the Beam (B) and Event (E) definition logic. All scintillator 

signals, with the exception of the calorimeter signals, were first passed 

through threshold discriminators to suppress signals due to phototube noise 

and to shape the signals to MIN standard (0 to -0.7 volts). The beac 

definition was performed by first putting the beam telescope counters 

(Bl, B2, and B3 in Figur;es 5-1) into coincidence, fonning the BeaJ:l 

Telescope (BT) signal. A.~  "OR" of the anti-counter signals (B,.,) ..as 

then put into anti-coincidence with BT forming the be~~  definition (3). 

This "OR" was formed in steps so that the partial "OR's" ceuid 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 be"'" 

telescope counters. Two signals were taken from B3. One signal, B3~,  

was put through a discriminator which was set to accept a signal corres

ponding to one or more nunL~um-ionizin9  particles. This was the positive 

signal, input to ST. The ,second signal, B3H, was passed through a dis

criminator which was set to accept only signals correspor~ing  to two or 

more particles. The output of this discriminator was used to veto multi

particlG RF "buckets", upstream inelastic interactions, and interactions 

in 113 ite"lf. 
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The be~ de!initio~ was then: B = Bl'B2'B3L-(B3H+Hl+H2+H3+W) 

(refer to Figures 4-3, 5-1, and 5-2 for counter positions), where the bar 

implies th.. logical "):;01"'. This definition guaranteed that a beam 

parti=le entereq the region of the target with at most a ~~all  angle 

elastic scatter upstream. The Cherenkov counters were not included in 

the I;.e= definition. ~le  .felt that there might be something to be learned 

by c~~arL~g  events from the pure pion beam with those from the enriched 

kaon beam. The Cherenkov counter signals were, therefore, input to a , 

data register, gated by the final trigger, for storage. 

By adding t~e  requirement tMt the downstrea.'I\ "scatter" counter 

(S in Fig~es  4-3 a.~d  5-2) haJ fired in coincidence with a beam 

particle. we guaranteed that an interaction or "event" had occurred 

inside of the strea~er  ch~er.  The event trigger was then: E = B·S. 

~.ese  events supplied the primary trigger for the system. Samples of 

~~ese  triggers were taken at intervals throughout the run to act as a 

centrol sample for the muon triggers. 

5Because we ran with up to 8 x 10 beam particles per 800 mSec beam 

spilL with a streamer ch~er  m~~ory  time of nearly 2 ~sec,  we often 

had two or mere beam tra=ks visible in the strea~er  ch~~er  in one 

picture. Tnus. when a interaction occurred with two incident beam 

parti~les,  the extra track sometimes could not be separated from the 

secondary tracks from the interaction. Recall that the beam was only 7 mm 

full width, half height. ~he  same is true when two interactions occurred 

curing the c=ory title of the streamer chawer_. It is not possible to 

veto &."l event when such extra beams or interactions occurred during the 

n~ly  500 nsec between tr£ tL~e  that the trigger signal lef~  the 

co=tir.g ro= =d th" high-volt<og.. puls.. w..s applied to th.. streamer 

':5 

chamber. 
We, therefore~ decided to accept all such second beam and 

second intel'action events. 
But they w~re  tagged so that if necessary, 

we could delete them from the data s~~ples  at a later tL~e_  Figure 6~ld  

~hows  the circuits used to determine and tag these Occurrences. 

To the beam and basic event information discussed above 
!:Ust be 

added the information fro~  the downstream muon spectrometer. 
The 

logic for gathering this information is shown in Figure 
6-lb. Each of 

th.. signals from the sixteen muon Counters 
was passed through the usual 

pulse height discriminator and then the signals from correSFOndL~g  

Counters in the two counter planes were put into coincidence. A ~uon 

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 ~~at  these 

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

had to pass through all 5 meters of absorber. 

The number of muon telescopes which fired was detercined by linear:,' 

adding the NIM standard outputs of each of the eight telescope coinci~en=e  

units and pulse height analyzing the reSUlt. 
The pulse height ar.alysis� 

was done by simply fanning the summed signal out to four threshold� 

disciminators whose thresholds were set to accept one, t~~,  chrce, ~_~  

four times the NIM standard pulse height. 
These signals were put into 

coincidence with the beam signal (B), and 
with the event signal (E). 

Each of the higher lev..l discrimir~tor  units was used to veto the ne~  

lower level coincidence unit. 
The outputs of these coincidence units 

then corresponded to one, two, three I and four or rwOre muons in 

coincidence with a beam particle or with an event in the stre~er  c~.  

Anyone, or any combination. of the muon requirOl:ler.ts discussed 

ahov.. 'could l:>e used for the streamer chan:ber trigger. When two or more 
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~~ns  w~re  required, the data rates were so low that we were able to 

Slllultaneously use the llnJ,:-B" triggers. Tt.ese were identical to the 

Then~'~  triggers except that the 5 counter requirement was absent. 

primary in~eracticns  frotn these: Il n'oJ<3" triggers ware mostly in the muon 

shield, but fro~  tr~  fraction of those which di~  i~teract  in the target 

we gain info~tion  on the true trigger cross section withou~  the added 

In addition, thec=?lication of the hole in the "scatter" counter.� 

spark ch~~r  and caloriceter data from these triggers has proven� 

invaluable in dete=ining the source of the muons in the normal "nll-E"� 

triggers. BeCause "nl,.;-B" triggers were I1".UC11 ffiOre frequent than the 

cq.... ivale:1t nl4~·Et1  triggers, due to the target thickness, the Il 
nll ·B

u 

trigger was gated on for only a frac~ion of the be~~  spill, using the 

Muon sa:.ple circuit in Figure 6-lb. This kept the system.deadtime 

fro~  accepting these triggers at an acceptable level. The outputs of 

eacrl of ~~e  ouontalesccpes, as well as the muon sample output were 

input to ~~e  data register. Thus, for each trigge~  we had available,� 

cQJpleta infor~ticn  on which counter, or counters had participated,� 

~~d  wh6ther it was a be~~ (El or an event (E) type trigger.� 

Pep~nding  on the partic~lar  trigger. or triggers we were currently 

acc~pting,  various of these II n;J-E Ii or sampled ItnJ,j -all triggers were input 

to the final tl:igger a~d  g~ting  logic pi.ctured in Figu;:e 6-lc. The 

various ~~.ing  ~ates  ~ecessary  for our syst~m  added a slight complication 

to the trigger electronics. All of the counters in the trigger (except 

for the be~~  telescope co~~ters  mentioned earlier) were first gated by 

the be~  spill. In order to avoid problems associated with structure 

in the be~  spill, we gated off the first and last 100 msee.of the spill 

W:-.ere the ir.sta.~taneous  beam rates were sometimes very high.' This Jeft 

800 msec of the 1 sec spill available for data taking, In addition, ~~e  

trigger had to be gated off to allow~time  for the Marx to recharge, ~~e  

cameras to advance, and the computer to process the data. The ~Iarx 

deadtime was supplied by a fixed length, 300 msec, pulse generator. 7r.e 

camera and computer dead times were supplied by the computer which checked 

the status of the cameras and only turned off its trigger veto .nen the 

cameras were ready and it was ready to receive more data. The c~er3 

and comp~ter  deadtimes were much shorter than the ~~rx  deadti~  (150-200 

msec for the cameras and computer versus 300 t\$ec for the ~arx).  It was 

necessary to know what effect these deactimes had on the rates. We, 

therefore, set up parallel. circuits for some of the trigger electronics, 

giVing rate information both with and without these long deadtices. 

In order to continuously monitor the system performance, various 

scintillator signals and combinations of signals (those marked by * in 

Pigures 6-1) were scaled by ~v_~c-compatible. 50~lliz blind scalars. 

These were displayed using an LRS Type 72 display system. We thus had 

available continuously updated information on cou~ter  perfor=ance, bc~  

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 C~v~C  

compatible ADC units which we=e gated by the stre~er  c~az~er  triq;er 

pulse. The spark chambers' magnetostrictive delay line si~als  were i~"~t  

to a Science Accessary Corporation, C~~~c-co~patible  scalar sysc~  _hich 

performed the necessary Time-to-Digital conversion (TOe). The ADC and 

TDC data for each event as well as the w.,~~  registers and the data 

registers were read by an on-line Digital Equi~ent  Corporation p~p  11/2') 

computer. The computer was programmed to histogram the various pieces 0= 
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could be displayed at ~ill  on a Tektrcr.ix type 611'scorage oscilloscope. .·cv 
A r~~~ir.g s~~~ of the experiment was thus available. The co~puter also 

output the data register infor.nation as well as data run, film roll, and 

picture fr~e  nu-~rs  to a binary data box attached to the streamer chamber. 

~,is  data was ~printed on the fil~  before the computer ordered the 

ca::cras ';0 advance the fi1:1 in preparation for the next evcr~t.  The 

computer also wrote all of tr~  data collected for each event onto magnetic 

tape. Once each spill it also read in and wrote out the current scalar 

readir.gs. Flow diagra~~  of the computer program are shown in Figures 6-2a-c. 

Tt.e electronics described in this chapter gave us very tight 

control and extensive diegnostics of every portion of the experL~ental  

apparatus. The diagroostics, as well as the spark chamber and the calo

r~eter  dat41 wer~  co~~inuou£ly  available during the r~n  and all electronic 

infor.nation has been permanently stored on magnetic tape so that it can 

be correla~~  wi~~  tr~  data stored on the film. 

Zero Buffers & • 
Histrograms, 
Reset & Inhibit 
Devices 

2 SPILL ROUTINE 

3 SPILL 

FIGURE 6-2a 

CONTROL ROUTINE FLOW.OIAGPAM 
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VlI. HEASURE~:E"TS  A.'-'D ·BACKGROUND whether a pair of tracks. was, in fact, a VO or 9~~a,  it was reco=ded as a 

Th~ a?farat~s and the trigger electronics discussed in the preyious doubtful. These are not included in the final data sa~?le  but were useful 

chapters were very good at picking out the type of event in which we were. in keeping the search effort high. For the purpose of the scan, a g,ry-a 

ir~arestec,  tr~t  is, an event in the target, with or without muons. But as was defined as a neutra~  V with minim~~-ionizing  tracks where one or both 

is al~ays  the c~se,  they were not perfect. There are many background had curvatures greater than that of a 250 MeV particle. Positive, 

signals present which they could not.filter out. heavily ionizing tracks with momentum greater than 500 MeV/c ~ere noted. 

.Sefore I consider the question of background signals, it is necessary These are good candidates for Lambda's. Data pertinent to the Fr~ry  

to cit-c~ss  briefly just wh~t  ~e~surcments  were rrk1de and how they were made. interaction were also recorded. These data included the number of fast 

As was di~cussed  in the previous chaptor, the occurrenco of any of the tracks from the primary; the presence of any fast, dark tracks ~hich  are 

possible trigger conditions was scaled and recorded on magnetic tape. We, probably nuclear fragments; and the presence of any electrons or positrons 

therefore, have a record of the n~~er  of beam particles (B) entering the coming from the primary vertex. Nuclear fragments and electrons or 

target region, the n~er  of interactions in the chamber (E), and the positrons were not counted in the c~arge  ~ultiplicity.  In addition, if a 

~~~r  of n muo~ evcn~s  i~ coi~cid€nce  with either a beam or an event givep frame was not scanned, the Scanners recorded the reason. After ~~e  

(n~.B  and n~·Ej  as a function of oper~ting  conditions .. In addition, we completion of the two complete scans, the Gcans were compared and any dis

have the spark ch~er  data which can provide information on the sign and agreement was resolved by a physicist. It is the data of this resolveC, 

~.~nt~  of S0~C  of the muons; the c~lorimeter  9ata which can, for a small double scan which is the basls of all of our results. 

fxacticn of triggers ~all  us that we did, in ract, have a muon trigger; Figure.7-l shows two frames of our streamer ch~~er.film.  T~ese  are 

~~~  most irnpcrLantly, we have ~he  stre~~er  chamber data on film. We took fairly typical of the film scanned. You will note from these one of the 

sece pict~es  with each of the triggers mentioned abOve (except for the biggest problellls our scanners had. Because of the very large n=ber of 

l~.B).  We therefore have full data from each of the~.  tracks present and the relatively small (8 KG) field. the density of tracks 

SL~ce  ~he  ii~  contains tho largest store of inform~tion  from the in the forward direction is very high. Often the scanners could not tell 

exp~ri~ent,  it has been sca~ned  with considerable care. All of the film precisely how many fast tracks there were in a given event. ~~en  the 

~aken  after we we~e sure of our triggers has been scanned twice by the differences between the two scans were resolved, a one-track disagTe~ent  

sca~:,ing  staffs at _he three collaborating institutions. A portion of waS allowed. In this case, the track count was arbitrarily taken frot:1 

the film (with the SOD magnet on) has been independently scanned at all the second of the two scans. A larger discrepancy than this was resolved 

three institutions. ~~e  sca~~ers  were instructed to caretully search by a physicist. 

each picture for neutral decays, either gammas or neutral ·str~ge  Before we continue, I would like to make one very ioportar.t point. 

particles (V·'s). These were recorded as such. When any doubt existed as to Since ultimately we will be calculating the cross section for ch~  
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production by comparing the dimuon (2~'E) triggers with ~~e  E trigge=, 

the errors which are quoted for the quantities measured duri:-.g the film 

scans are the statistical errors only. The major strength of this 

if , .. tel e� 1 ·r' L'1"\)'121;' ......."..".~.'f-"""t=¥=:c:E'll"'=="""'i 
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FIGURE 7..,1 

E>:;'':'::?1E OF F!L:1 TA"E:·1 HITH T!{E S'l'REAMER Cl-JAI....BER 

a) 9-prcng event with V' 

bl 17-prcng event with 2 V·'s plus a secondary
inte:::action 

experiment is� that we can use such-a direct comparison and are, tr.erefcre, 

insensitive to systematic effects. Although there a=e doubtlessly large 

systematic effects in the number of neutral decays fo~d,  th~  n~~r  of 

charged tracks counted, as was mentioned above, and even in which pictures 

were kept, or rejected, it was fairly easy to ma~e  certain that whatever 

biases were present were the same for the different data sar~le~  ir~epen-

dent of the trigger. Since ~~e  triggers were mixed on the s~e  rolls of 

film, both to reduce differences due to operating conditions and to 

L~prove  data taking efficiency by taking multiple triggers simult~~eo~ly,  

th& scanners did not know which trigger resulted in a given picture. Thus, 

no psychological biases could enter the scan. It will also be shc~~  that 

picture quality, as measured by rejected fr~~es,  did not vory a great deal 

between the trigger~except  for ,he 2~.B  trigger. Because this trigger 

produced pictures which primarily contained only be~  tracks, it was a 

special problem. 

From the double, resolved scan we obtain the efficiency fo= obtaininJ 

pictures of events which occurred in the target. ?his data is s~~i2ed  

in Table 7-1. The reject types listed in this table are broken down by 

trigger or roll subgroups only if they vary signific~~tly  with o~e  0= 
these. You will notice thot the strearr.er cha~r  was very efficient. 

The fraction of blank or very fa~nt  frames was 11\ early in the rw~  but 

decreased to only 3\ at the end. The "l>ca..~ only" triggers listed in 

Table 7-1 were caused by the beam interacting in the materi~l  down

stream of the chamber with a "backscattered" secondary entering to"e S 
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RZJEC?ED PICTURE FPJI.CTI 011 
TYPE OF TOTAL TRIGGER R~LLS . 

Old Tracks t .139 ± .004 All All 

Ui?strean
tt .060 ± .002 All All 

Close Second * .011 ± .001 1-.11 All 

** .004 ± .001 All ~llOo'N';1streilr.\ 

Bea::l on1y& .106 :: .004� All (except All 
21' ·B) 

Beam on1y& .111 ± .006 E All 

Bea:!! only$ .104 ± .015 2u'£ (non.- All 
SOD) 

seao. o:'llyG .157 ± .012 21," E (500) All 

Bea.~  cnlya .176± .033� 3\"E All 

Ee'lt:l only6 .093 :: .016� 1\1'£ (SOD) All 

Blanki� ,114 ± .007 All Non-SOD 

Blank! .098 ± .008 All SOD� 
(early)� 

Blank1 .047 ± .004 All� SOD� 
(middle)� 

ElaniJ .031 ± .004 All SOD� 
(late)� 

t� M~~! ~rac~s with large gaps indicating they are old, may� 
or may not also contain a "good" interaction.� 

tt� Pr~.ary  interaction was ~pstream  of the target • .. 
~.o interactions in or near the target.� 

** Pr~ary  interaction jownstre~~  of the target.� 

• Only be~~  tracks visible, no interaction. 

Blank or faint pictures. 

TABLE 7-1 

T;>.RGETTING STUDY - STREN-lER CHAMBER EFFICIENCY 
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counter. These show a vQriation with the trigger. The trigger with :he 

highest probability of being due to pion dec~y  (l~'E)  has fewer of ~~ese  

than does the E trigger while those with eKtra~ely  small cross seetio..s 

(2~'E  and 3V'E) have more. From these nuubers, we see that the overall 

system efficiency was rather high. The fraction of all pictures which 

were bright enough to scun,were not obscurred by old tracks, and had a 

single interaction in the target was near 60\ throughout the ~"  varying 

only slightly by trigger. 

By remOVing from this data sa~ple  those pictures where the sear:.ers 

could not be sure whether or not a, event had occurred in the target, we 

can determine how efficient the trigger apparatus was at choosing inter

actions in the target. This result is listed in Table 7··2 along witI'. th~  

raw -trigger rates and the 'corrected in tar9~'C"  trigger ra~es.  YO"IJ \ldllU 

note that these trigger efficiencies ~ange  from 70\ for the 2~·E  'SO~)  

trigger to 85' for the l\l-E (SOD), (neglecting the 3u'E and 2~'5  trigger;). 

This variation is caused mostly by variation in the number of "be~  Or.17

pictures. You will also notice that t~he  d~uon  trigger rstes _ere veri 

low. With the SOD magnet on, for exar.~le,  we took or.e good 2~·E  pic~u=e  

each 15 beam spills (at 5 K 105 particles/spill), or on the average, o ..e

half good picture per minute (8 spills/~in).  

Once a complete list. of events was available, with the trigger 

responsible, and whether or not a VO was prese~t,  we want back to the 

film to garner more information about the events of interest. In par~ic~lar.  

we wanted to know the position and momentum spectra of the V·'s fo~d• 

The tracks of each of the V"s and ga~~s  :ound in the resolved double sc&n 

were manually digitized on an Image Plane Digitizer (IPD) with a se~ti~g 

error- of aPl?roKi:na.tely 10 ~m  on film which transla.tes to 280 11m i., s?a.ce 

I 
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for our cameras. Special care was ~aken to assure that the point ~easured  

INTERACTION RATES 

EFFIC!E~Cyt,ttTRIGGER� #TRIG/B (P.?vl) t t #~RIG/B(CORRECTED)tt  

E .79 ± .02 .0459 .036 ± .001 

Non-SOD 
No pictures

,1;.1'E Assur:.e .80 1.4 x 10-4 
1.13 x 10-4� 

-7 -7�21";:: • B0 :: ,07 9.0 ± .3 x 10 7.2 ± .7 x 10� 

-8 -8�3).1·£ .83 ± .13 2.0 ± .4 x 10 1. 7 ± .4 x 10� 

lIJ'13 No pictures 1.174 ± .001xl0-3� 

-6�;C;,J ·13 No pictures 17.5 ± 1 x 10 

SOD 

-5 -5h·E .BS ± .07 3.51 x 10 3.0 ± .2 x 10 

2).1 ·E .70 :: .03 l.07:,05xl0-7 1. 31 t .07 x 10-7 

3:; • E: .S1 ± .10 1.50 :: .3 x 10-8 7,6 t 2.1 x 10-9 

-3h'B No pictures 0.420 x 10� 

-7�2Jj'B .112 ± .009 S.08 t .003 x10-6 9.0 ± .7 x 10 

2Jj 'E 

corrected -7
fo= nUO:1� 0.72 ± .08 x 10 
origin 

t� Efficiency (Good + Close Second Interaction)/(Tota1 - Old 
Bea:n Only) 

tt Errors ~Joted  are statistical only. If no error is quoted, 
the error is less than the last significant digit. 

TABLE 7-2� 

TOTAL TARGETTING EFFICIENCY� 

at the V· or g~~a  vertex was the sarne point on all trJee vie~s  ~hen  ~~e  

vertex was clear enough to allow this. These points ~ere  then reconstr~cted  

in space. This being the.first'time this optical syste~  had been ~s~  

and in the interest of getting a resul~  quickly, we did not do a full-

scale optical determination, Pin-hole optics was ass~"ed. This is a 

reasonably good approxL~ately  for this system. These C~eras  were desi~ed  

to minimize the distortion introduced by the c~,era  lenses. This was done 

by tilting the film planes and optic axes of the lenses 50 that the axes 

of the c.uneras intersect approximately in the center of t."le s':;re=er cha=';'a:. 

thereby ~4king  greater use of the center of the lenses than in a:. u:,tilt~~  

syste:n. 

.A feeling for the accUracy of the reconstruction may be gained by 

studying Figure 7-2. Figure 7-2a shows the reconst~cted  pricary vertex 

position in the diruction perpendicular to the beam and to tha average 

optic axis (the y direction, the coordinant SY5t~  used is shc~~  in 

Figure 5-2), Figure 7-2b shows the sarne thing for the direction parallel 

to the average optic axis (the z direction). Ti,e peak in 7-230 has a h~lf 

width of approximately 7 mm which reflects the width of the bea::!. 'l'~e 

width in the z direction is nearly 20 mm, Tw~ effects accou~t  fer this 

broadening in addition to pin-hole optics assumption. The first is that 

since the prL~ary  vertex is inside the Lucite target, it is never vis~le.  

Thus, the measured vertex posit~o~  on each view is an esti=ate by th~  

scanners of where it act~ally  is, Any errors in this estL"ation are seen 

primarily in the z direction due to the small stereo angle. Tr.e second 

contributing factor to the broadening in the z direc~ion is the l~~gth  of 

the streamers. We ran tr.a strea;ner chamber with higher tha."'l nor.nal \'Olta;e. 
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320 . 
This gave us very bright strcamars which made identification of V··s easi~  

~ (a.) at the e~pense  of forming rather long stre~~ers  (2-3 em), which sin~e  the 
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FIGURE 7-2 

PRI!~.!W  INTEaACTION VER'?CX RECONSTRUCTION 

al y directio~, per?endicular to optic axes 
bl z direction, parallel to optic axes 

electric field was in the z direction, adds a rather large u.,certainty to 

the track position, in the z airection only. 

Another way to study the precision of the reconstruction is to stacy 

the reconstructed position of identified g~~~s.  Since the streamer cha=~r  

is gas filled, the probability of a g~~a converting in the gas is Virtually 

zero. However, the high-voltage wire plane in the center of the ch~~be:  pro

vides sufficient mass to convert significant nu.~ers  of g~~as.  The ga==as 

identified by the criteria given earlier shoald, therefore, be reconstructe~  

on a plane at the z position of the central wire plane. This distribution 

for identified gammas is shown in Figure 7-3a and should be co~pareC  to 7-3b 

which is'the same plot for the V· sanple. The main peak in this distribat:or. 

has a full width which is consistent with that found from the prir~ry  

verte~.  However, this distribution shows an appreciable tail. Comparing 

the position of this tail with the bc~~  position, one sees that this tail is 

somehow connected with the beam, or the forward secondaries fro::1 the pri.=ry 

interactions. 

In order to determine the origin of this tail, we once again tu~ed  to 

the film and carefully studied each of the 73 g~~as  in question. They r~d  

several origins; 

i) G~~as  with flares at the vertex. These flares were very 

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. 

In such a casa, the scanner was instruc~ed to chOOSe a point which co~ld  be 

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

This point was most likely to be a point on one of the -fast secondary 
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NEUTRAL DECAY VERTEX RECO~STRUCTIO~ 
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~acks  which ~uld  likely be near the beam position. 

ii) Fast delta rays incorrectly matched with a positive track. 

iii) e+e- pairs originating near the downstream end of the target 

on fr~es  tnat were light enough that it was not clear whether they con

verted inside or outside of the target. 

iv) Slow K·'s which were mistaken for g~~as.  This can happen if 

a track is very close to the li~it  of the curvature fer defining gammas and 

has au appreciable momentum co~r~nent parallel to the rr~gnetic  field. 

~le  probl~~s  mentioned above are all peculiar to identification and 

~ea3ur~~~nt  of slow g~~_~s;  the fir~t  because only garr~as  convert on ~he  

wire plane and if en0ugr. energy was lost to start a flare, the e+ or e will 

i:1. c;e;.e:ral b..;: id~JY:i-~iE:":; the s€:ccr.d and third :'>ecause a. scanner seeing 

~ither  a slow eleCtron or positron will try very hard to ~atch  it with a 

saco~A  track. A s~411 fraction of these will be incorrectly matched. The 

:ail will, therefore, not be present in the fast g~4  sample which is 

identified as YO's. 

The disc~ssion ~~ve ir~icates that we must ~~ke  a fairly generous 

cut to celece ~~t  of the g~~as,  significantly reducing the n~~er  of VOls 

?ccept·3.00. That such a separation is n€:cessii.ry is evident by studying 

?i9~res 7-3b a~d  c. T~ese  are t:.e reconstructed z and y vertex po~itions  

of the VO·s. The z position peak is fiat only siqnificantly wider, but i~  

is not s!~etric  about the beam position. From the asymmetry, we estimate 

tha.t a??rcxi;n()'tely lOt. of tr:.e ide:1tified VO' 5 are in fact fast. q~"nmas.  

~is  could significantly alt~r  our results if the number of gammas were 

S~~~O"  dcpcr.dcnc cr. the trigger. The results of making ~he  cut on the 

central wire pl~~e  will be discussed in the next chapter alon~  with other 

cuts we have ~de.  The y ~sition plot demonstrates the overall scanning 

efficiency for V··s. The dip in the center of this peak is due to V··s 
which were lost in the very forward direction. We estimate that. the 

scanners did not see approximately 10\ of the v··s because they ~ere  

obscurred by the forward ':jet" of fast particles. HO"'ever, th", loss of 

neutral strange particle decays in the forward direction, as well as the 

loss by deleting those found to be near the central wire plane does not 

bias the data samples. The losses are the sarne for both triggers. Their 

overall effect is to reduce the effective fiducial volune of the ch~er.  

and thus reduce the phase space open to observed decays. Since the 

reduction is the same for both samples, it do~s  not introdUCe a bias. 

Now that we know the efficiency cf our basic trigger a:.d of the 

streamer ch~~ner  and we have a feeling for the measur~~ents  :aje in' 

the streamer chamber, we must deter~ine  how efficient the various cuon 

triggers were. In particular, we ~ust determine what background si~als  

were present in the muon definition and at what level. 

As mentioned earlier, the calorimeter data indicate that the hadrcni~  

co~ponent  in the muon triggers was negligible. NO hadronic signal ~as  

seen in 448 events where a particle entered the calorimeter. This is only 

a small fraction of all triggers taken since the calorimeter covered only 

the central area (30 x 30 cm2) of the apparatus. 

The largest background present in any of the triggers ~as  due to 

pion decay in flight. When these triggers were originally installed, it 

was our hope that we could use the single muon trigger (l.·E) to collect 

the primary muon data s"'"TIple. This has the obvious advantage ~~at  we ~ould 

be measuring a quantity proportional to the branching ratio to ~~OnS  of the 

charmed state. A dimuon requirement demands t.hat both mel'obers of tro(: cC 
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(C~d-k~ti-charoed)  pair decay to m~ons,  introducing the branching . 

ratio s~~ared.  UnfortunatelY, we quickly found that the one-muon trigger 

3 
vas Cooi~~ted  by pion decay. Tne measured rates of 3 x 10- of all 

-3 . 
interactions without the SOD magnet and 0.8 x 10 with the SOD magnet 

I" 
are very close to that expected trom pion decay. The question of pion 

decay background is extrp.mely important for this experiment. Secause 

of the veri r~t~re  of the experL~ent,  we could not place the absorber 

closer to the target than 152 en. The strea~er chamber extends to that 

I'Oi~.t.  hdding one mean abscrbtion path in lead (18 em) to this gives a 

~into~  dac~y path of 170 em. In order to determine just how much back

grourA we eo have, we must therefore resort to Monte Carlo techniques. 

The method u$ed in this study(34l was to start with real data, 

t;-,e reconstructed track data from a 205 GeV/c " p exposure ill the 30" 

bu;~le  ch~er  at Fermilab. (35) The tracks from this exposure were 

prcpagated through the streamer ch,""~r  ~gnet's  magnetic field and were 

allowed to decay with the probability determined by their momentum and 

~~~ck  le~g~h,  ass~~i~q  all particl~s  were pions. Those that did not 

decay were al~owed  tv interact one collision length into the absorber. 

It was assc=.ed that the n~~Der  of secondaries produced in this collision 

follc~e=  a Poisso~ distrib~tion, and that the energy was shared evenly 

bet~een  each of the seco~Gar~es.  Each of these was allowed to decay or 

reinteract, etc. until ~~e  energy available to a possible decay muon was 

too little for ~~e  muon to be able to travers~  the r~aining  absorber, 

Any ~uons produced inth~  sequence described above were propagated through 

cr.e r~ining  absorber, taKing energy less and multiple scattering into 

)
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account. The number of such decay muons which would have fired ene of 

the eight muon telescopes was tabulated as a function of the nu2cer of 

charged tracks from the primar~  interaction. To increase statistics, 

this entire sequence waE repeated several tices wi~h  a ranclo~ly chosen 

azimuthal angle for each event. The probability of each topology 

producing one er 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. ~~e  

bubble chamber statistics are very poor at higher multiplicities where ~e  

still have substantial signal. Recall that there was a large (~.45  =) 

hole in the main trigger counter, the scatter (S) counter, and a thick 

(5.22 em) solid Lucite target was used. Taken together, these raise tr.e 

observen average multiplicity subst~~tially.  It was. therefore, necessary 

to extrapolate to the higher multiplicities. This extrapolation is so~e-

what uncertain. Even 50, several interesting result$ e:arged fron this 

study. The first is tha~  fe~er  than 20\ of decay m~~ns  =esult ire: t~r~ia--y  

particles produced in the absorber. Thus, t~is  study ~as  fair:y insens~t~ve  

to the ass~~ed  momentum distribution of the tertia~1  particles. Secondly, 

the predicted single muon trigger rates are consistent with the rates 

actually observed. Third~y,  the d~~uon  trigger rate predicted frc~  pion 

decay was only 2\ of the observed rate with the SOD magnet. Because of 

these results, we concluded that the dim~on  trigger must be used for o~  

primary muon sample. Pion decay is a negligible contribution to this 

trigger, at least with the SOD ~~gnet energized. 

A second way to estimate the background from pion decay in the dic~cr.  

trigger and to check the Monte Carlo results is to assume that all of t~  
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single muon triggers 'Were due to pion or kaon dec;ay. Then the din.uon 

trigger rate from decays is less than 3/8 of the square of the one-muon� 

2�rate r(2~'E/E)D  ~  3/8 (l~'E/E)  ]. The 3/B results from a factor of 1/2 to 

correct for double counting and 3/4 from ou~ acceptance. This limit is 

deriveC in detail in Appendiy. h. From the measured rates, tabulated in 

Table 7-2, we fir~ upp~r.limits of the contribution of pion or kaon decay 

to the dimuon triggers at 7.2\ and 18\ 'With and without the SOD magnet 

energized, respectively. 

A si~ilar  calculation c~n  be used to.chcck the assumptions made in 

t~~  Monte carlo progr~~.  In particular, we Cfu' check that the contribution 

to the pion ar~  kao~  decay trigger rate from decays in the absorber is 

i~~eec  ~21  co~p~red  ~c  decays befcre the absorber. This is done by 

r~ti~;  tr.at the ca~caee  from a bear.. par~icl~ is nearly the same whether 

Or not it firs: interacts in the t~rget.  or in the absorber. This follows 

fr~i  t~e  e~er~ental  obzervation that most of the ~nergy  of an interaction 

is carri~d  by th~s~  particles prcduced in the very forward direction. With 

this in mind, ~e  s~bstitu~&  the l~·B/B  rate for the l~'E/E  rate in the above 

cal~~lati~~.  The lp·B rate was principally duo to beam particles which 

ir.tera~ed  first in tt.e opsorber, as was discussed in the preceding chapter. 

~his  gives 0.8\ a~d  3.0\ fer t~e  SOD and non-SOD cas~s, respectively. 

. ~.~se  n~b€rs are 11\ a~d  17%, rcspactively, of the co:respondinq numbers 

re~~irir.9  an interac~ic~  in the ta=get. This is in good agree~nt  with the 

M~nte  Carlo calculation. 

w~,  therefore, con~lude  tr~t  when the SOD magnet was ~nergized the 

cont=ibu~ion  ~o  the dLT.~on  ~rigger  from pion and kaon decay3 was negligible. 

E"len wi~~ tr,e magnec off, the c~uon  trigger rate from these decays.~as  less 

tha...., IS, of t~~  total. 
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In the case of pion decay, this is all that needs to be said. They 

merely produced a small number of extra ~imuon  triggers which could not 

contribute to any excess of observed neutral strange particles. However, 

since strange particles are produced in pairs, chis is not true of ~~e  

triggers from kaon decay. This question is discussed in detail in 

Appendix B, where I show that one would expect to observe a neu~al strange 

particle decaying in the streamer chamber in approx~ately  ~\  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 problcm. 

A source of muons whieh is harder to measure is due to muons 

directly produced in the-absorber by the interaction secondaries. ~ons  

produced upstream are vetoed by the halo counters or p~ss  through the 

various holes in the counters and cafu~ot  produce triggers. This is not 

true of muons produced in the absorber. In order to esti-~te  the 

fraction of our dL~uon  triggers which came from this source , ve 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 chaT-bers were placed 

starting 1.0 meters downstream of the last telescope scintillator pl~~e  

(8.1 m from the target), and were spaced at intervals of approx~ately  

0.4 meters. The central cha~~r  was ro~atad  by ~5°  ~ith  res?ec~  to ~~e  

outside pair of cha~ers  in order to minimi~e  the n~~~er  of ~~iguous  

tracks. Maqnetostrictive readout was used which gave positio~  resolution 

of approxilnately 1/3 mm. With the 40 em separation between chal:lbers, 



.( ) )) 
70 71 

~~is  ~?lies  ~  an~~lar  resolution of better than 1 mrad. A muon with 

the be~  ~G~ent~  will bs displaced, on the average, by 1.1 rr~ad  and 

3 = in angle ane position, respectively, by multiple scattering through 

the absorber. The system's resolution was therefore dominated by 

:~ltiple  scattering in the absorber. This produces an approximately 

co~sta~t  15~  uncertainty in the muon ~omentum. 

Because of ~he  large ~~ount  of multiple scattering and the large 

nu:ber of secondary hadrcns, it is very difficult to match the tracks 

measu=ed in the spark chambers with tracks measured in the streamer 

c"~r.  Thus, only the final ~~gles  and positions of the muons are 

:aas·~ed.  However, by assuming a production point, the track's momentum 

can be calculated from the angle and position in the ber~  plane. Recall 

that both the stre~er  ch~~r  arA the SOD magnets bend in the verticle 

plr.ne. v:ith th.~  rnO;ier.t.\..:!r. kr.o·..n. t one can predict the amount of multiple 

scattering present in the non-bend plane and can then attempt to separate 

L~ose  produced in the target from those produced in the absorber. 

U~i~ort';:1ately,  this sep<:lration is root clean. A I1typical ll muon might be 

cisplacecl 10 ~  iro~  t~e  bea~  at the first spark ch~~er.  This is 8 meters 

fro~  the target a~d  apprcxL~ately  6 meter.s from a point one interaction 

length into the absorber for a beam particle which passes through the 

hole in tr~  first lead block. The difference in the production angle from 

these two possibilities is only 4 milliradians, an angular difference 

wh1~h  is easily witr.in the error from multiple scattering for a particle 

with mome~t~  less than 70 GeV/c. A clean track by track separation 

of the muon origin is therefore no~  possible. 

We were able to recollstruct two tracks in only a small fra:::ticn of 

the dimuon triggers. The spark chambers 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 for an 

elastic scattering experiment. They have foil rather tr~n  wire high-

voltage planes. Thus, "spark robbing" ""as a severe proble:o. This occ..rs 

when one spark dominates the spark formation process, "robbing" most of 

the energy from other sparks. Because the ch~~ers  were old, they had 

deteriorated to the point where there were often spurious sparks in the 

chambers. In addition, the magnetostrictive "wands" showed veri severe 

attenuation of the spark signals. 

However, the eight muon telescopes which provided the cuon trig,er 

gave an extra constraint on the tracks in the spark cha~ers.  By con

straining possible tracks to extrapolate back through one of ~he  trig,er;~g  

telescopes, we could use four point tracks and still una~~iguously  chc~s~  

the correct combinations of sparks to form two tracks in most oaSeS. The 

target origin constraint in the non-bend plane also ~elps  in this r~;ar.d.  

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 

triggers. 

Using the reconstructed lr.uon tracks, we were able to study the 

question of the origin of the muon. Did they originate in t~e  targe~  or 

in the absorber? We studied this point using both the 2~'E  and the 2~'E  

triggers. The 2~'B triggers provide a substantial sample of events wiL~  

the production point inside the absorber with.which we can comF~re  ~he  

2~'E  distributions. Extrapolating single tracks back toward the target in 

the non-bend plane and plotting the intersection point with the plane of 
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the bea.:, cr.e l~as  a plot. cf the track l S Zi?parer£t origin. The intersection 

?Cint for the 2~'E  events witr. interactions in the target and for the 
~  

2~'B  events with their prLT.ary interactions in the absorber, and the :z<: ~, 

t.1 t:.:difference ,in tr.ese distributions is plotted in Fiqure 7-4. The 2~'E  and 
c: ~ 5.:. 
L:: ::>

2~·  a c:c..r'lc;; have be.en :'.vrr.ali~ed  to have the same arca in the region between� =~u 

260 en arid 510 em fret:. t;'c tur;ct. ':his rc:gior. is well inside the absorber� 0 ~~= ...� c-'t: 
0~  '" X ¥~ ~:;; 

;,� ::.:where differences in the cascade absor~tion  of the hadrons from the two� ~ • .tl N� z ~ ~ '" '" c:� <""'" ;.;J
0triggers $ho~ld  be small. The differences in the two curves is then a� ." i .. §...... c.': I-l

::.: ::: ::::::;
ncasure of the target asso~iated  dL~uo~  production. With this pethod, we� ."N"" \ "':,,~)+/.=a ~  ;:Cc

-;:;~  ;""'~~  

fir.d ~tat  S5 = 4\ of the 2~·E  tri~ger  dL~uons  were ~arget  associated,� ~ 

:-- ~ :::.. 
....... :.:.: '''1�t ~	 >=~.o~~er  ~etrcd  vf e~termining  the origin of the dirnuons i~ to examine 

the ir.tersection point when two traeks are reconstructed. This should in� ~ ~ ~E 

~ .....: - 0il� . 1~~ ~ ::.::. ,.
,Q

princi~le  Da a ~tter determination of the dimuon origin since the angle 0<� 
:J t--o c 
~ z:-- 8 
tL.. G:"

zct~ecn  t~e  ~ft~  tracks is, on the average, twice the production angle of ::CE--< 
~.::.:.;  

.::::: ::; 
C~~  ~rack.  We found that t~~  o~igin  of 5 of the 42 2~·E  reconstructed :s t- ;::: '::r~ ::::::~z  

-,. - - ......
d~~ons was ~~5Lreao of the target, w~ile  19 of 57.2~·E  events had apparent ~<c

::~ ::: co ~ 

vrigins there. Ey ass~~ing  that half of chc t~rgct  a~sociated  d~.uons  will 
~;~~ 

r,:;cc:..5trL.ct up:=.t.rc.ll:. a~d half clO'.,{;1='t.r'e:am cf the t.arge~,  wo find 1:.h~t  

Co ~~~~ 

~S~:
56 1 2:.\ of the dim~ons  are target associated. ~ .... ~;:.... 

::: ::.. :.:.: 
~ third, but r.ot indepcnder.t, ~ethod  of dc~ermining  the dimuon origin� e' 

~ 

..:..;,;.:=~
~l .. -:t:.=-=:,• Eo<,,-� N 

~~  ..... 
is to calcul~te  a Chisquare for both tracks from the positions and angles� N u-:.:::;I 

~~~~  

:0; :::<four.d in the spark cha~~rs,  ass~.ing  a target origin and an absorber 
o ",0", o .., i=7;:~:  

N N ... ...� I . z: .=.:,: ~  "' ori,L~.  (37) ?he lower X2 should thc~  identify the true origin of the event.� ""''';';':0<"'" O~/S:IU.-\;i  

~~iz  has bG~n  done for all 2~·E  an~  2~·B  triggers witho~t  ~egara  to the 

location of the prim~ry  interaction. It was found that 49 of 90 recon

str~cted  dimuon events fro= the 2~.~  (SOD) trigger fit thc ~arget  origin 

a.s,zpticn. while 15 of €3 events fro;u tile 2,,-B trigger fit •. correcting 
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tile,':.;!;: nurC:>E::'s for eVcI~t  crigin l~ads'  to an esti.:nate of 57 ± 8% target 

associa.t·-;d, di.:rac:l& with an. interaction in 't.he target. 

S~~C€  these result3 arc self-cGn~i5t~nt,  we tak& the weighted average 

~s ~~~ best ~3~i~ta  and fi~d  that 55 ± 3~ of the 2~·E  triggers ~ere  

causeC by ta=get associated cimuons. 

T~e  f~~ction  of dimuon triggerc which do not originate in the target 

doa~  r:o,; dir~~tly ~:fec~ chc re~ul~s  of t~e  cy.pcriment. There is no 

.:'La,ZO::' £0l- belicvi~'l.g  t:-..J.t the f,rL'T.ar-j interaction for those events where 

~ :::.1cn c·r ::\·~ ..ms "re prcciuced bl a se.;;ondary should be any different than 

~rDse e~e~ts s~cn ~ith the E ~ri9ger. In particular, the number'of and 

t:lVl::e·nt:.u.i:1 di.~t.:::·ic·.ltio;)s of the nau::.ru.l strange particles should be the 

:::a::..;::.. r;.,;~"js,  t;.c c~::.y  e='rec~  ~f  thQse ~or.-~arget  origin triggers is to 

:~~?ly  a ~~c~er  of.c"o larger background si.nal than one might hope to have, 

ah= ~h11~  ~J~=r  c~r  sensitivity. T~us,  I conclude that most of our muon 

triqgc:3 ~~ra  d~c  ~o  prc~~c  m~0r.s#  and t~t  over half of these originated 

L~  the Str~a~Br  ch~~~er  targ~t.  

VIII. EXPERIMZKTAL RESULTS 

Now tha~ we have an ur.derstanding of the apFara~us,  its ca~~:liti~s,  

the types of accura.cy of thB It',easureti,ents made, and of the ba.;k~·rc~:xi  s':'q::::i:.= 

present in the triggers, "We are in a positic.l to lovk in deta il at t~e  cQ.~a  

collected. 

Before we can make any stata~ent$  about what we see, or ~o  not see Li 

the data, we need to convert the trigger raCes listed in ~able  i-2 into cress 

sections. 
This cable lists the f~action  of be~  tracks ~hich  i~~e:aeted  ~~  

the target and satisfied the other trigger require=a1cs. 
T~ese  ~an  te con

verted to cross sections by using the standard transnission =c~~:a;  

I .. Io exp(-.e~"M)  Whdre, I is the n'J..,..ber of trans:::itted be= part.ic:es :OZ; 

Io incident particles; .e is the target lengtr.; n is the :.olec~lar  n~er  

density; and "M is the molecular cross $ectic~.  Then the cross se=tion par 

nucleon is: 
(! 

a &....!:!... 1 
N c cn:r- [-In(l-c) l 

n :J. I 

where c is the fraction of interacti,,; be~~  particles (c .. (I-ra)/I ) ~~~:
 

e� 
n n n n . 0)Cn ;; ; 

J. 
It..

1 
a 5 (12) + 8 (1) ., 2 (16) fer Lt>c .. t" (CSH · 2 '� 

S� 
C 46.91� n & 0.67n 

56.24 & O. is 

100.00 1.0 

where A is the atomic number of t;h~  Tl..uclso'J.,s in question. ~::-.ese  c:'1':1ices 

for the A dependence vf the ~uclear  cross s~ctio~  a~e  re;r2s~~~~~i~e  va:wes 

only. The: value n ~ 0.67 is p~c·ji~t0d  fro..'!. si~ple :;eo:i,atr~c a.r9"',:,~ ..:r.. ~s .. :-:-:= 

v~lue n • 1 is predicted for /lval'3~..:e~'  qlJJ.rk int0ra.:tio:ls "":'crc :.~~ 

nucleous is expect~d  to be transparent to tte inc.:p:-:.ir.g be~, ~c. :~,iS _:"=~~ 

observed for production of dimuons with mass qreater than 1 GeV/c~. ;25) 
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The n s 0.75 depe~de~ce  is an experL~ental  value determined for the total 

~-A  cress section at 100 and 175 GeV/c. (39) Using the target parameters 

listed in Table B-1 and the formula giver. above, it is a si~ple  matter to 

calculate the cross sections corresponding to the rates listed in Table 7-2. 

'rteSG cross sec~ions  are tatulat:ed in Table 8-2 for the three assu...r.ed I;' 

atomic nunber dependences. The dimuon cross sections are listed twice. The 

fir~t is the trigger cross section, which includes muons produced in the 

absor~r.  The second has had these removed, assuming that the fraction of 

~~o~~er  to ~argct  originated dirnuons is the same without the SOD magnet 

as it was measured to be with the SOD magnet (.55 t .03 target associated/ 

total) • 

:> d"nsity 1.26 ± .03 gm/cm 3 

t thickness· 2.055 ± .055" = 5.2197 t .0013 cm 

A molar wt • 100.11S31 gm/mole 
lucite (C 5HS02 ) 

N
A Avogadro's f = 6.022045 x 1023/mo1e 

n i .dans1ty =pNA/A • 7.58 x ?1 310- fcm 

1 2.52B x 1023 - 25.28 barn 
~ 

TABLE 8-1 

TARGEX CROSS SECTION PANL~TERS 

H~vinq  only one tar;ct, we ca~~ot ma~c a direct determination of the 

ato~ic  nu-ibcr dc?c;~encc of the nuclear cross sections, although we can make 

S~  est.~tos.  ~he AO. 67 d~per.dence is very probably too slow a dependence, 

~t  1e~s~  for the E trigger. From Table 8-2 we see that this dependence 
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a n NO~-SOD  (531-601) SOD (672-,93) 

TRIG •n� - 0.67 0.75 1.0 0.67 0.75 1.0 

E(mb) 19.8 16.5 9.3 19.8 16.5 9.3 

h'Et(~bl  60.9 50.8 23.6 16.2 13.5 7.6 

2~'E(nbl  308 324 182 70.6 SB.9 33.1 

3~'E  (nbl 9.2 7.6 4.3 4.1 3.4 1.9 

2~'E(nb)  

corrected for 213 178 100 38.8 32.4 IB.2 
muon origin 

t� The 111' E trigger ra.tes are consistent with being due to 
pion decay. 

.• Nuclear cross section varies as An. 

TABLE 8-2� 

TRIGGER CROSS SEC~IONS
 

giVCD 3 triggor cross ccction of 20 ~b.  But because of the 4.~S  ~  cia=~ter  

hole, we did not trigger on the elastic or the majority of tho low-cass 

diffractive crass sections. At 175 GoV/c, the ~-p  cross sectior. of 

24 mb,(4l) we would expect the E trigger cross section to be less t~la~  

18 mb and probably closer to the 16.5 mh found ass~~ing  the AO. 75 deF~~dence.  

The atomic number dependence of the 2e 'E trigger is even more difficult to 

determine. However, we woul~ not expect the d~uon  cross section tc varJ 

~lower than the E trigger cross section. We expect, therefore, that ~~e  

2~'E  trigger cross section was in the 30-60 nb range. We now See that owr 

experimental sensitivity was fairly good. We collected 7~9  2~'E  (SOD) 
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even~s  (395 with target-associated muons) in four days of running which 

means ~hat  we have 22 events per nano~arn  of"dimuon cross section, 

ass~ir.g  the A dependence. 

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

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

extracted :rOCl the data. We wished to measure the cross section for pro-

auction of a state which carries the charm quantum nurr~er.  However, we 

,actually co~nted  the number of pictures containing one or more neutral 

dec~/b,  and the ~o~al  n~er  of neutral decays seen, with and without a 

d~"o:-.  requi;:e::.e:-.t. 'Il'.esc numbers divided ~y  the number of events o~served  

are t~e  best estimators of the proba~ilities  for observing an event with 

Gne or core neutral c~cays,  and for o~serving  any neutral decay. 

We have, therefore, directly measured: 

i) ~E  ~  the probability of observing one or more 

neutral decays in an even~  with the E 

trigger; 

ii) < V·>E =the proba~ility  of o~serving  any 

neutral strange decay with the E trigger; 

iii) ~2~·  the prcba~ility  of o~serving  one or more 

neutral decays with the dimuon trigger; and 

iv) < V· > 2\J • the probability of o~serving  any neutral 

strange decay with the dimuon trigger. 

The neutral strange particles with either trigger can have two 

sources. The fi;:st is from "nonnal" associated production of strange 

particles. rne second is fro~  decays of charmed states, which should 

decay preferentially to states containing a strange hadron. These sources 

should be ind"pendont and if wo also assume that thoy arc nonoxcludve, 

then we may use standard combinatorial probability analysis to write the 

probability of observing one or Uoore strange particles fro= th~  two sources 
~  

as. 

a· a + a a • (I (6-1)
s c s c 

Where as and (lc are the pro~abilities  of observing one or ~ora  strange 

particles produced by the normal mechanism and via charm production. 

respectively. Likewise, the probability of observing any strar.ge decay is 

the sum of the contr ibutions from the two sources' 

< VO ). < V· ,. $ + < V· >c. (&-~)  

since charm is a quantum number for Which O~e ~st search, it is a 

safe assumption that the contribution to strange particle production :rom 

charm decays is negligible in the E trigger data sa=ple. For the E trigger. 

Equations 8-1 and 8-2 become. 

(\ • a 
E s 

< V· >E •. < V· >s' 

Substituting these into 8-1 and 8-2, we have for the dimuon trigger: 

a • a + a - a • a 
2~ E c E c 

< V· > • < v· > + < v· > • 
2~ E c 

Solving for the charm contributions, we find: 

(\ a ((\2\1- (IE) / (1 - "E) (8-3)
C 

<v· > < V· >211- <V· >E" (3-4)
c 



) 
80� 

') 

~ese  e~~tions  ~epend  only on the ass~~?tions  that; 

i) the contribution to stranso particle production from the� 

decay of the cha~ed  states is nesligible compared to� 

'the no~al  ~echanism  in the total cross section, and,� 

..� there:ore, in the E trigger data sample;� 

ii)� charm production anA normal strange particle production 

are iLdc~e~=e~t  and nonexclusive; and 

iii)� no~al  strange particle production is independent of 

d~uon production. 

The first assu=~ticn  is a very safe ass~~tion  as I believe everyone 

will as~ee~  Tn~  secc~d  is reasonable. The only part of this asslli~ption  

tr~t  one =ight ar~u~  with is ~hat  they are nonexclusive. This assumption 

would tend to overestimate the charm contribution, if it ~ere  invalid. If the 

~~  ware exclusive, for cxa~ple,  th~  factor (1 - aE,-l in Equation B-3 would 

zec~e  ~ni~1.  ! will s~ow  later that, in fact, this is the conservative 

approach. ~he  third assl.:.pticn is tanta.:nount to defining chartl production 

as being any =~c~ani&~  that produces neut~al  strange particles correlated with 

::r.lons. ~tis  aS5~p~ion  a1so tends to overestimate the charm cross section, 

Equations 8-3 ~~d  S-~  de~onstrate  the method used to extract the 

p~ccabilities  of o~scrv~~g  neutral strange particle decays which are 

correlated with two ~uons.  These probabilities can be co~vcrted  to cross 

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

fre: which they co~~,  the 2~·E  cross sections calculated earlier. The 

res..:.ltir.g cross s~ctions  \,..ill then involva not only the production cross 

sec~ion  of the char=.ed state, but also branching ratios to neutral stranga 

particle~,  bra..ct~ng ratios to muons and the probabilities that the final 

sta~e  ~eutrals  ar~  m~c~s  were detected. The form that these exp~essions  

81� 
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take will be discussed in the next chapter where I discuss several Monta 

Carlo calculations which were performed to dete~ine  the detection 

effici~ncies of the apparatus. 
~  

Before we can attempt to extract the charm production cross section 

from Qc and < VO>c' we must determine how sensitive these nu.~rs  are to 

various event and neutral decay selection criteria. We will first ex~ine  

the individual data samples to determine how sensitive each s~~ple  is to t:.e 

selection criteria. Then we will examine a and < V· > as a function of 
c c 

the same criteria. 

The numbers which have the most significance when c~paring data sacples 

and selection criteria are: 

i) the total nUrrber of events in a given trigger sacple; 

ii) the average charged multiplicity ( < n > > of the 
CH

sample; 

iii)� the dispersion of the multiplicity distribution 

~  = .;< nCR >2 - < n~H », this is a I:leasure of tl.e 

width of the distribution; 

iv) the number of events containing One or ~Dre  neutral 
decays; 

v) the fraction of events this represents (a); 

vi) the average charged multiplicity of the events wi~~  

neutral decays ( < nCR >V); 

Vii) the dispersion (OV> of these events; 

viii) the tot"l number of neutral dacays; a~d  

ix) the average number of neutral decays per event 

« V· ». 



) 83 ) '.
82 ..l .. .. .. .. .. .. .. .... .. .. ...... 

CIl Q;l l= ~.. ~ == ~ l::l l= 
E-o ~ ...Tnese are licted for each of the three primary triggers, the E (total + + !il ... + + o ... + +!il :<:B H' ... H H ... ...� 

cress section), the 2\l·E (SOD), and the 2\l'E (I\on-SOD) triggers in the� 

\D to- N ..., N \0 O'l 0 o N ~ ("II

data tables, Tables 8-3 and 8-4. The fraction of events containing at O\O\"lfO ..., ~  .-l \0 "':l' <lit' ~ ..., 
o 0 .... rot r-t ..... N ..... N N ..., N 
o 0 0 0 o 0 0 0 o 0 0 0" · ... 

le~st  one neutral decay and the average number of neutral decays were chosen . +I +1 +1 +1 +1 +1 +1 +t .. +,+t+l 

> 
..., (j\ N \0 \0 0 ..., N \0 N ,.., N� 

for cbvious reasons. The average charged multiplicities an~  dispersi~8  v r-t ,... 0'\ rot ..... '" r-t 'Q' ..., r-t """ """� 
\O\OIJ"l\D (D co ..... co

'" ..., IJ'\ """ """ ,... I""'C ,.. .......... ("II ...� 
~  ~ ~ ~  

are given because the production of massive states could exhibit its 
tI1• 'B> .. Z 

presance in these quantities. In addition, they s~~rize  the effect 0\ r-t M ex) o \0 ... III t> ~ o
\i-l 2l :g ::: :Jl o 0 ~  ,.... \0 U"l N U") ... .. ... 
o t"') 1'1 ,.. N ... ... t> .... E-o 

'C :> Ht'of the var~us  selection requirements on the hadronic spectra, as do the ... 1II CI 
... ... ... 0 IDr: N N ""'" lilt '" 0\ ~  (J\ " 5· . . . · . . . C c:... .-t rot ..... ..... .... ..-t N " u~eucral  eecay ~~antitics.  II • ~+1 +1 +1 +1 +1 +1 +1 +1 +, +1 +1 +,A~  \0 \0 en Q) ..... U'\ M N P"4 N ("II N ....go '" s gAll of these data are from the Seattle scan only. These are the only · ... · ... ~ 

\0 \0 \0 \0 ui ~ ~ ~ \Q \0 UI \Q " ;) ..... .... ;:. i:II ,.. 
6~ples  which I c~~  study in detail. Later, I will add in the data scanned ~"O~ z<II <II I'l 0 U'\. U"t N ..... o rot ~ r-t ot •••> · ... · ... ge.grot I""'f N ....... N N t"'I N ....� 
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In addition to examining the effect of making these selections On the oyerall 

average n~~ers,  we have examined their effect on the various discributio~s,  

including the various charged mUltiplicities, the decay vertex position 

distributions, and the st~ange  particle rnor.entum distributions. None of . 
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them change significantly. Since these cuts make no significant difference 

in the experimental reSUlts and there is no a priori reason to favor making 
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to fairly small variations in the physics of the interaction. As was 

deleting those V··s which have their yertex near the central wire pl~~e  

discussed in the previous chapter, any g~~~as  which convert in the strea:er 

The next question to investigate is the question of g~~  contamination 

decay, the number present in the str~lge  particle sample could be sensitive 

in the data sample. Since rnostof the gammas Seen will have co~e  frc: ~.  

chamber must do so in ~he  Wires of the central high-voltage plane. ~us  
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± 1.50 cm is an intermediate value. We have also investigated the effe~  

of deleting those YO's which decayed close to t~e  pr~~ary  vertex, and, 

therefore close to the target. These are suspect because it is often 

dif~icult  to determine if such a pair of tracks' is actually a neutral decay. 

We have, therefore, deleted v··~  which decayed closer ~~n  10 CQ to ~~e  

prim~ry·vertex.  ~Q  rQsult~  of making these selections ~Q  tab~l~tcd  in 



)� ·f ) ()
S6� 87 

Table 8-4 for the three trigsers. The total number of events, their charged 

"'Jlti?licities and multiplicity dispersions are taken from Table 8-3 and' are 

listed here only for reference. The V·'s in the full doubly scanned and 

resolved s~?le  which could not be measured have been deleted from the 

sa~ples,  even though they were clearly V··s. We lost 8, 6, and 3 V··s, from 
I I' 

the E, 2~'E  (SOD) and 2~'E  (non-SOD) samples, respectively, as unmeasurable. 

ODvio~sly,  the n~~Ler  of V·'s varies with the cut, but their distributions 

do not varl significantl, as measured by tho average charged multiplicities 
.~ 

~ ~~d  dis?Crsio~s  of the sample. 

We can now examine the effect of making these data selections on the 

chare p~o~abili~ies.  Table 8-5 lists n and < V· >c calculated using the E c 

and ~"'E  values in Tables 8-3 and 8-4, a~d  the Equations 8-3 and 8-4. Also 

li~~ed  are the results of the non-SOD da~a scanned at Orsay and Davis and 

the weish~d  average of these results for the three labs. We use the 

~eish~ed  ~verage  because scanning rJlcs and procedures used at the three 

labs were slightly different. The Orsay group, for example, were much more 

conservative in their cefinition of an acceptable neutral decay. They, 

tt~refo=e,  four,d approx~~tely lOt fewer decays than did we at Seattle. 

Hc",p.ver, f<xcept for the n""'ber of V·, s found, the three scans of the SOD 

data agree in all other respects. P~st  importantly, the difference in the E 

and the 2~'E  saPples was found to be zero at all three labs. All of the 

SOD data were scanned at all three labs. The non-SOD data, on the other 

~~~,  did not show such a unifurrnity. Nonoverla~ping  portions of this 

data w&re scanned at the three labs. Soth the Orsay and Seattle labs found 

a one-standard deviation excess of V·'s in the 2~'E  (non-SOD) data. The 

Davis sample shows a two-standard deviatiOn excess in the E trigger. This 

is the only difference found between the samples and is reflected in tha 

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 production of neutral strange 

decays which are correlated with 'the tri9geringdimuons. 

Since we see no charm signal, we are forced to calculate an upper 

limit on the amount of charm which could be present in our s~~le  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 should 

cancel by taking the differences between the E and 2~'E  samples scanned at 

each lab. Then, the standard deviation of the me~~  is: 

11 a I f(Xi - ~)2/n(n-l)1l:l , 'where ~ is the mean, n is the nu..~r  of e\"e"ts 

and Xi is the measured value. In the case of (1, Xi is zero or oOle; an 

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

~this reduces to: 11 • I a «(1-1) I (n-l) J • For the average n~er  of decays, 

x. 
~  

is the number observeC in a given picture, and,6- 1«IV.)2>-<v.>2)/(~l;J~,  

The standard deviations listed in Tables 8-3 and 8-4 were calculated using 

these formulae. 

The parent distributions from which these means are dra~~  sho~ld  be 

binomial in the case of (1 and multinomial in the case of < V· >. Howevar, 

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

distributions are very nearly normal (gaussian), We therefore calculateci 

the standard deviation of < V· ~c by� addin~the  standardJdeViations of 

v· v· V· ~  < V~  >E and < V·>2~  in quadrature: 0c • l:02~)2 + (oE) , The 
(1 ,

calculation for 0 has the usual modification to account for the st~~dardc 

deviation of the denominator. 
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We then define the·upper limit as: r = (1.28 6
a 

+ a la2 ' and;
~SO!) t';O~-SOD E< v. > (1.28 6 v· + < v· > la

2 
. 

ace 

c c ~ 

The factor of 1.2S in the e~tio~s
c:

c 
< VG > a < Vo > DATA

c ..£. ~ 

above are found by solving the integral equation tor x:
Event Selection 

.0.021 ::: .0179 -.0098 ± .0171 .0238 = .0257 .0232 t .0258 2.r "'1 e -t /2dt •
0.9 =),/2;-.0020 i .0181 -.0129 ± .0175 .0270 ± .0263 .0193 1: .0261 I * 

.0075 ± .0283 -.0078 = .0261 .0536 = .0452 .0051 ::: .0468 I + B** 
We are only concerned with the probability that the effect observed cc~ld be-.C062 = .0200 -.0174 Z .0191 .0267 = .0266 .0196 ::: .0263 I + n*** 
larger, thus the +~ integration limit. The cross section in the l~ts 

(02~l
Neutral Selection 

converts from probabilities to observed cross sections as ~e~tior.ed
Wire(cm) Vertex II earlier. 

-.CJ55 ± .0176 -.0139 Z .0166 .0114 ::: .0249 .0182 1: .0261 

This is the total dL~uon trigger cro~s section, ~,corrected for 

.C007 ± .0149 .(b~l ± .. 0147 .0210 = .0214 •0217 ::: .0222 =1.5 

muon origin, since we cann.ot m.:l.ke a.n event by even.t se?ar~tion on the ::·a~is
of muon origin • 

.0021 ± .0134 .0003 ± .0132 .0121 = .0191 .0145 ::: .0199 :::1. 5 10. 
Table 8-6 lists the results of this calculation for each of the.0024 ::: • ClUB .0001 ::: .0136 .00&4 = .0193 .0087 1: .0199 :::1.25 10.� 

probabilities listed in Table 8-5, ass~~ing the A atomic n~7~r e€?€~ie~ce
.0043 ::: .0129 .0023 ::: .0129 .0120 = .0184 .0146 ::: .0193 1:1.75 10. 
of the cross sections listed in Table B-2. There are several thi~gs eviie~t 

S:::l~':":':.E .0288 1: .0257 .0232 ::: .0258 NONE from this table and the preceding tables. The fir~t is that the upper li~its 

O"S;'Y .Ogl ::: .0204 NONE do not strongly depend on the selection criteria. There is only One cri~eria 

C;..VIS -.0364 ± .0165 -.0338::: .0167 N01\E which leads to a limit which is much hi~her than the others. This is .r..en ~e 

'~·<2.L;;-":'~.:i ,~"",er.:.g8 of -.0044 ± .0265 -.0170 = .0260 ~Ol';"E 

select those events with neither an extra interaction�SE::l~~:'2-c:r~~,!-:..a\'is Scan 
~ 1\ of all�{loss~ 

eventsl nor an extra heam (loss: ~ 55\ of all eventsl within the ~e~ry ti=eEVG~t~ ~it~ ~ z~co~d int~~actio~ 

nc~ SCen by the scanners are deleted. of the streamer ch~er.~/e~ts ~~th a s~c~~d i~~a~~ctic~ 

This increase in th~ limit is cue to ~oss of
or extra cz~~ track are deleted.*.k£~e~~S ~iLh a second interac~ion 

a~e deleted and ~~ incident pion is statisticul significance caused by this selection.required. It also ca=~~stra~~~ t~~
;. 

Dec~ys closar ~o the central wire plan than this distance are deleted. vulnerability of 90\ upper limits.�i 
~~~y~ closer than this distance to the prir.,ary interaction are dcletad. 

There are several ~all limits listed.�
and the negative limits implied :,y the Davis non-SOD data.�FIGUR;;: 8-5 l~e have cne=l<e:'�
the Davis data and can find no syste~~atic. reason for their t~vL,g obser\'edCP~.~1 PRODADILI~IES fewer neutral decays in their 2).I'E "~'Oples,, or Seattle and Orsay observir.<;
more in their samples. The effact of this difference in the data sa=ples 
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is to increase the standard deviation, and, therefore, the upper limits of 

th" non-SOD da ta. 

It is clear fra:> Table 8-6 that it does not matter a great deal,� 

in teras of the upper limit, which selection criteria we use. Except� 

that to be conservative, we will not choose the extrer.;es. I I"� 

We can now checl( some of the assUl1lptions made earlier in derivi.ng the 

expressions for the charmed probabilities. I stated that the assumption of 

, the nonexc~usivity  of charm ~~d  no~.al  strange particle production was the 

conservative approach, sinca it overestimates the charm contribution. We 

see now that this is the c~se.  Anything that overestimates 'an upper limit 

is ~onservative.. 

Another ass~~tion  we made wac that strange particle production is 

independent of dimuon production. If this, in fact, is true, and it seems 

to be, it would be one of the most surprising and important results of the 

expericent. To demonstrate this result, we will ex~nine  each of the distri

'outicns accessible to us. In particular, we will demonstrate that none of 

tnes/! Voir iables sho'''' a cliffcrence, within statistics, that might be a 

manifestation of cha~  production. I will not attempt to show all of the 

distributions that we have st~ied.  As a representative sample, I will 

ccncentrate on the 2~'E  (SOD) data, comparing it with the E trigger data 

and bubble cr~Ler  data where applicable. 

We first examin~  the distribution of neutral decays among the event 

tc,~lcqies.  Tr•.,se are shown in Figures e-la and b. Figure 8-la shows the 

full 2~'E  (SOD) and E trigger data samples, while Figure 8-lb shows the 

etfect of deletinq those decays within 10 em of the primary vertex and 

SOD NON-SOD 

1:a 1:< V. > 1:a 1:< V. > OAT", CUT c c c c 
ALL VALUES ARE NANOBARN/NUCLEON Event Selection 

0.8 0.4 11 10 

0.7 0.3 11 9.6 

1.5 0.8 20 21 I + B 

I + ..0.6 0.2 11 9.6 

Neutral Selection' 

Wire Vertex 

0.6 0.1 7.9 9.6 

0.8 0.7 9.0 9.0 :t1.5 

0.6 0.6 6.7 7.3 :1:1.5 ::'0. 

0.6 0.5 5.S 6.2 :t1.25 10. 

0.7 0.6 5.6 7.3 :l:1.7S 10. 

SEATTLE 11 10 None 

ORSAY 7.3 -- NONE 

DAVIS - 2.8 - 2.3 NO:~E  

Weighted Average
of Seattle-Orsay-Davis 5.3 3.0 NOl\E 

TABLE 8-6� 

CHARM CROSS SECTION UPPER LINITS AS h FUNCTION OF SELEC~ION
 

CRITERIA, ASSUMING AN A DEPENDENCE OF THE NUCLEAR CROSS SECTION� 
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: 1.S c= of t~e  central, hi;h-voltage wire ?la~e.  We can detect no si;nificant 

difference be~ween  the two s~~les and deleting the g~~T~S  reveals nothing 

n~~.  Al~o  sho"Jn for cc~pariscn  arQ the avcraqe n~~~cr  of xc's seon in a 
s 

200 C"V/c 1:-d eXl'0sure in ~r.e  30" l:ll:k.ble ch...."lber at Fermilal> (CKSW), (42) 

~e  are in reasonable agre~~ent  with this, considering that our neutral decays 

are \:;'lf1~tE:d.  

~e  sa:e near iden~ity  of distril:lutions is evident when one plots the 

c~ged  :ulti~licitl  of the s~~?les,  even when ene requires a neutral decay. 

~ T~esa  are sl:o~~  in Figure 8-2, where for cc~parison,  I have overplotted the 

~rve  frc~  the ~easured  ~  tri;qer distril:lution (the dotted curve). 

~e  only quantit, left to exa~ine  is the neutral str~~qe  particle 

~ent~  spectr~~.  ~nis  has been done in twO ways for the data s~~ple  

scar.ned in Seattle only. The first is independent of the mo~ent~  fits and 

i~  nearly independent of vertex measurement accuracy. We plot the distance 

"~"	 

frc~  the pri:ary vertex to the decay vertex. Figures 8-3a and b show these 

plots for ti'.e decays cbserved in tho E and the 2~:E  (SOC) data samples 

plot~ed  on a semi-logarit~~ic scale. Figure 8-3a has had no neutral 

sel~c~ic~  criteria a??lie~  and shews sev~ral effects. The loss in scanninq 

efficien~/  for decays very ~ear  the target is evidont. It is also clear 

frCQ the non-exponential sha?e of this distribution, that it contains a 

si;ni!icant ncn-st~a~~c  particle cc~ponent.  It is not a S~~lo ~~tter of 

s~traetin;  a ocr-stant background fr~  gar.~as  as 'one mig~t  ~x?ect.  Ca~~s  

do not have a unifcr~ probability of converti~g  everywhero along the length 

0: the cha:l:ler.� The high-voltage wir~  plane is offset from the beam by 

2.S em. Thus, only very wide angle ga~,~s  will strike the wires near the 

ta:got .~4  if a 9~~ coes strike a wire th~re,  it will r~ve  a shorter 

p~th  1:.sidl; the \lire than or-e that strikes a wire At & s::Iall~  &I\I;le. 
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Further",orla, for Gmaller angles, such that a gar.:na could strike a wire fal; 

froe the t~ge~,  the angulr~  region oceupiad by the wires d~crea~es.  Thus, 

the ga.~as  tend to con~ert  in the central region of the chamber producing 

the ~~vcd  shape observed. Figu=e 8-3b has had the 10 em vertex and 

~  1.5 em high-voltage wire cuts applied. This plot shows a smooth , 
'( 

e~~nential  fall with a characteristic length of approximately 30 em. The 

lir.e in this plot is an "e:tcball" fit to the data. This length corresponds 

to KO·S with average mo~entuc  of 5.5 GeV/c. This plot also shows the fall 
s 

in scal'ning efficiency in the dGwnstre~~  half of the chamber. Neutral 

decals which co~ver~  r.ear th~ dOw~strcam erA of the chamber· are much more 

likely to be fast with ~,all  opening angles. Thus, they are more likely to 

be o~scurred  by the other fast tracks, and the small opening angle makes 

th~  difficult to identify. 

~he  second method used to study the momentum distrib~tions of the 

r.c~~r~l  s~ra~g~  pa~ticl~s  wus to measure beth tr~cks  cf the VV and thereby 

recor.st~~Ct  their ~o~;nta.  No~ally,  one wo~ld  inp~t  these measurements 

into a large three-view q~ometllr  prcg~~~for  full spatial reconstruction. 

~cwaV6r,  si~ce  ~e  at prese~t  have o~17  pin-hola opti~s  for this system, 

s~c~  ~  raconscr~ccion  wo~ld  be questionable at best. We decided, therefore, 

to d~tcrmir.e  the nomcr.t\~  of the tracks from the curv~ture  in one view, 

cr~slng  tr~  view which had the best measurement. The assumption we make 

is lOr.at the :r.agr:-otic field is perpendicular to the plane of tha film in 

the view ~e  chose. This is not a bad ap~roxima~ion;  it is wrong by at most 

15' which cecreased the measured momenta by approxL~ately  5\. We, the~efore, 

teas~a the mcm~nta  of the tr~cks  ~n  a plane nearly perpendicular to the 

~g~etic  field. The sum of these is the momanlOum of the neutral in that 

pla~e.  Since we kT.ov the neutral's directic~  in space from the vertex 

reconstruction, it is a simple matter to calculate its l1'.oment"'"ll compo::ent� 

parallel to the field. We, of course, cannot deterrni~e  the individual� 

tracks' moment~  parallel to the field, so we cannot determine the ~ass  of� 

the neutral. This is the teason that our data are not subdivided into its� 

KO and h' components. However, we do have measur~~ents  of the neutral� 
s 

strange particle momenta. 

The measured total momentum in the lab of the V"s is shown in 

Figure 8-4 and the transverse momentum (PT) is shown in Figure 8-5, for 

the E and 2~'E  (SOD) triggers, vith and without the V' vertex cuts. For 

completeness, in Figure 8-6, I have plotted the data as a fur:ction of th~  

longitudinal momentum in the reaction center of rno~entum  fraPe (p~),  and of 

x • 2P~/rs , where IS is the to'tal energy available to the reacdon in 

the cehter of momer:t~."  frame. I have also includ~d,  for comparison, dgts 

taken from the DKSW 200 GeV/c w-d bubble chamber exposure, (42) weighted by 

the acceptance of this exper~nt.  The total r:umber of V"s plotted here 

, is somewhat fewer than in the previous figures because so~  events ~cre  lost 

due to cuts on the quality of the measurement. For exs=ple, we have 

d"manded t,hat the tracks' fitted curvature be of opposite sign. I;e 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 2~'E  (SOD) sample. one can see, Once again, 

that within statistics, the E and the 2wE triggers give identical results. 

Comparing the figures with and without the VO vertex cu"t, one sees ~.i~tlB  

if any change caused by the cut except in the PT di?~ribution. Here ~e  ~e  

deleting a fair number of real V~'s  along with the g~~as  and the cut is an 

off-center fiducial volume cut. It discri~inates  most heavily against th~  

high P V·, s. This makes tr.e agreement with the bubble' chamber data 'SOl:.,·
T� 

what worse b~t  does not significantly change the agreemen~  between the t~~ 
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streamer ch~r  samples. 

:here is one very important conclusion which can be drawn from these 

~entUQ  plots - th~re is no enhancement of high moment~~  neutral strange 

particles. Such an enhancement would signal that perhaps charmed states 

~ere  ~ing  produced which decay to muons and neutral strange particles 
'( 

'but have such high ~menta  that they decay outside of the charr~er.  Such a 

~ 

": 

II> 

... 
result is not indicated by this data. 

I nOted earli~r  that our efficiency for detecting V·'s decreases fer '; ... 

a KO of a A· would decay within the streamer chamber volume.as a fUQction
s 

cz ?L a~1 x, for a n~~~r of different P
T 

values. These curves have had the 

fast, fcr~ard  neutrals, In Figure 8-7, I have plotted the probability that 

deccy vertex cuts included; this produces the steep PT dependence in the 

'" 

"'1 

N 

'... - ::. 
.: 

,:.; 

~  

~  

even if ~he  c~~r~med  state were produced wich a large momentum in the 

s~~te  a~~  £~o~lc  as often decay backward as forward in that frame. Thus, 

w~~~  ~o~e~t~  in the forward hemisphere. Thus, if the VO's from the decay 

c:~~r,  eS2eci~17  ~t  high PT' and that the acceptance falls rather quickly 

~s~,  ~~  ~ould  not see t~em.  Such behavior is not expected, however, The 

c:~~~~  states s~~uld  be fairly massive (a few G~'l/c).  The vo , therefore, 

sr.~~ld  have a r~asonably high moment~~  in the res~  frame of the charmed 

of a chare particle always had a large momentum forward in the center of 

rEac~i0n  center of ~ss,  tha V~  should no~  always Le highly forward in the 

backward he~isphere,  We see th~t  there is a very high probability of a V· 

froduced in the backward center of rr~ss  hemisphere decaying inside of the 
~ 0' 
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~~ac~o~  center of ~~S3,  and therefore f"st i~  the lab. This ~estion  will eou'GCleoo,/ s 
oX 

be discusse~  in more detail in the next chapter. 
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The data presented so far in trois section indicates that t~e  ha~=C~5  

produced in association with muon pairs arc surprisi~gly  sL~lar  to t~c3e  

prod~ced  without the m~on  requir~ment.  ~~dthus  thae the upper lL~t  ~e  

have calculated for the production of cha~ed  states which decay to r.eu~al  . 

strange particles and to muons is valid as stated. 

~'lc  can now lock to 'the muon data to see if th~re  is any s"'::>sa.=;l.e 0: 

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

sensitivity of the experiment. I have not as yet discussed in precise ter=s 

the muon acceptance of the apparatus, since this has little bearing Cn ~~e  

streamer chamber results presentad th~s  f4re However, it is ~o~  n~c~ss~=1~  

to discuss to what por~iono:  ~ha  ~conts  p~~se  space we ~ere sensitive e 

Figure a-aa shows the probability that a single ~uon  produced in t~e  :arget 

would be accepted by the muon telescopes as a function of i~s  lo:og:' 'ouC i:.al 

center of mass moment~  (P~)  and the x variab:e for several val~es  o~  ~=~~s-

v~rse  mo~entum  (P ) , with the sao magn~t energizede Figure 8-8~  sr.o~s  t~e
T

same thing for the non-SO~  case. You will note that the acceptan~e  is 

virtually all in the fo.~ard  center of mass hernisptere s'o moderate to hig~  

PT' although it coes extend all the way to 90· in the center of ~ass.  :~e  

*fall at small PL(x) is d~e  to energy 10s5 in the absorber and the ef!~et  0: 

the magnotic field in the SOD magnet. The fall at P less than 0.6 ~\'/c
T 

is due primarily to the gap left in the muon telescope pla"es. Yo~  will 

also note that the overall mUOn acceptance is considerable. You can see ~~s  

more clearly by ass~~ing  a P distribution and i~~eg=ati~g  the acce?ta~c~
T 

oyer PT' Figure 8-9 shows the result of such a c~:culatio"  for the SQ~  

2 
case where we have assurr£d an e- PT dependence on PTe' Such a dependence 

is characteristic of ~  production. (43} We see that the single euon 

acceptance is more th~~  lO~  f~r  0.06 ! x ~  0.4 for the SOD oa~.e'o cata. 
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This is a considerable portion of phase space. 

The measured single muon momentum spectra have been plotted ~n  

Figures 8-10 and 8-11 in the lab frame and for completeness, I have in;;luded 

plots of the data as a function of p~  and x i~  Figure 8-12. "9 c~, cf 

course, only plot this data for the case where the SOD ma~~et was energiced. 

These distributions are cut off by the acceptance at the low mo~nt~  end, 

but falloff much faster than the acceptance at high moment~,  as expected. 

The shoulder in the PT distribution is due to high-mass d~uon  pairs. The 

shaded events are those (x 4) where two muons were reconstructed and have a 

u~ss  greater than 2 GeV/c. 

We can gain a feeling for the sensitivity of the experLce~t  by plotting 

the reconstructed dimuon mass. Figure 8-13 shows the effective ~as~  c: t~a  

reconstructed dimuons. In making this plot, I have s,",,".::led the 2;.'£ a~j  t:~e  

2p'B data, but have sh~ded  the 2~'E  events. These t~~  s~~ples  have th' 

primary interaction in the target and in the absorber, respectively. The 

smooth solid curve on this plot is a curva of the experimental ac~e~~a~=e  

as a function of ~ass  for particle states produced with a flat x cis~~;~~ic~ 

2 
(O! x ! 1) and with a PT distribution which falls as e-PT This PT dis~i-

bution is characteristic of the $. (43) We have also ass~ed  that it decays 

unfcrmly in its rest frame, for want of a bct~er  ass~~ptio~. 

We see a broad, low-mass enhancG~ent  with mass less t~Qn  2 GeV/~Z.  

We have calculated the nUMber·of vector ~~sons  with mass lower tr~an  t~e  y 

that we would expect to see in the low-mass peak. These are all s=al1. Fer 

example, we would expec~  to se~  11 ± 6 ~5  ~ 3%}p· meso~s  in this s~ple.  

This was calculated assuming that the rho is produced wieh an x distribut~on  

proportional to (1_x)4.7 and a P distribution: dO/dP ~ PTe-3.8PT~ (~~)
T T 

In addition, we havo assumed that the average nucber of p··s proCuce~  per 
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event is 0.35. (45) It would appear, therefore, that our trigger was not 

pricarily due to the de~ay  of the usual vector mesons. we do not havo 

e~~ugh  aata to determine the production mechanism responsible for the low~  

mas~  evonts,' nor waS such an attempt cont~~plated  for this experiment. 

We see a ~ signal in the mass spectra which ~err~nstrates  the 

sensitivity of the experiment. Recall that only 1 in 10 dimuon events was 

fully reconstructed. The width of the ~  peak is consistent with our mass 

resn:ution. Tne resolution is do~inated  by multiple coulomb scattering of 

t~~  rouons in the 5 meters of absorber. This implies a mass resolution of 

A?p:o~i-~tely  20\ fer the dimuons. 

We also see a few events at higher mass. We do not have enough data to 

say ~re  about these ev~nts,  other than that they are present. And, 

unfo:t~ately,  since these events come from 2~'B  triggers, nono of them 

have L~~~raccions  in the targ~t.  

w~  nc~  separat~  trnse Events whBre we have stre~~er  chatt~cr  data and 

sr~dy correlations ~tween  the muons and the, hadron~  produced in association 

wi~~  tham. er.a observes no enhanc~m?nt of strange particles produced with 

tho high =.ass diJlluons. Only une of the "y" events contains a V'. One might 

e~'ect  an enhancerr~nt  due to decays of charmed states produced in association 

wi~.  ~~e  ~  ~y  the prcduction process sketchea in Figure 8-14. We see no 

evidence for this. However, with sev~n  events \.,fe cannot say If.vre. 

T:~ere  is o~e  ~rprisc  i~  this data that is completely unexplained. When 

~e plo~ the c~4rged  multiplicity of the fully-reconstructed dL~uon  events, we 

fir~ a aistrib~Lion  which is consistent with that of the full dimuon sample. 

It has an average ml~ltiplicity  of 13.3 t l.~ as compared to 12.7 t .5 for the 
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FIGURE 8-14 

~  - CHAR~-ANT:C~1 ASSOCIATED PRODUCTION MECHk~ISM 
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f'.lll 2\,':; (SOD) sa::',ple. However, when we' look at the multiplicity of those 

events in the ~  region (~+  _ > 2 Gev/c2), ~e  find that the lowest
I' U 

~'.lltiplicity  event ~ont~ins  12 charged tracks with an average of 18.6 ± 7.0. 

~~is  re5ul~  is co~trary  to ~hat  c~e  might naively expect. One would expect 

tr~c  producing a ~~ssive state likeche Wwould extract a significant 

fraction of the energy which could go into producing other hadrons. ThUS" 

C~C .ould expect ~hat  the number of hadrons produced in association with a 

y wo~ld  ~ lower than t~e  av~rage,  not hiq~er.  A plot of the average 

~ultiplicity  is shown in Figure 8-15 as a function of the dimuon mass. 

T.~is  plot is very suggestive, but the statistics are too low for a goOd 

rle~eroination. However, it would be difficult to fit a falling curve to 

this p:'o,,:. 

~~e  last distribution we can ex~.ine  is the effective ~ass  of the muon-

strange ~article  pairs found in the ey.periIr,ent. This distribution is 

plotted in ri~Jre  a-le. The ~ooth curve was calculated by combining a 

c~cn a~d a V~  iro~  differen~  events and exhi~its the lack of correlation in 

t...~a  \l-Vo ::ass. The "peak" at 4 Ge.V/c2 is probably not r~al.  It is only 

one s~~~da:e  d=via~ion  above t~e  b~ckground.  The background curve could 

boa renor::alized 1:.0 make ~his ";H:.aku stronger, put it would still be 

t:ar;ir.al. 

r~  is clear fron ~he  data pre3e~tcd  here, that if charrr.cd 3tates are 

zaing p~~~ced  in ha~9n-hadro~  collisions, we are unable to find evidence 

of it, even chough vllr sensitivity was good, as exhibited by the presence of 

Cl ~ sigr;Zl.l i::t the c.i=':..lon r:lass distribution. We have found no evidence for 

c~a~  prc..:i"..l~t.iO:"l  ia ~-..y  0: the availabl~  variables, .:.nd as stated earlier, 

~~  co ~ot  raced to ~~k~  any corrcc~ions  to ~he  calculuted upper limits. We 

r.eed only chose t~at  upper limit frc~  Table 8-6 which We feel is the most 
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valid. In making this choice, we note two points. The upper lL~its  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. A.~d,  as far 

as is possible, we feel that the gamma cont~ination should be removed. 

For the SOD data, we have, therefore, chosen to use the lL~it  calculated after 

deleting those neuttal decays ~hich  lie within 10 em of the primary ver~ex,  

/ 

and within ± 1.5 em of the central high-voltage wire plane. For the non-SOJ 

data, We use the weighted average of the data scanned at Seattle, Orsay. 

and Davis. This data has no cuts made. Table 8-7 lists the val~es  of these 

four upper limits using all three of the assumed atomic·nu=~er  dependences 

which lead to the r.ross sections listed in :able 8-2. I have kept both ~u  

sao and non-SOD lliuits, and the limits calculated from Cc and froQ <V·'c 

since these could in principle have very different acceptances in o~r  

apparatus. I will discuss tr.is question of acceptances in tl.e next: cr.apt·>r • 

Thrc~  feat.ures of the dat~  p:resented il1 this chapt.er ar~  especia:.ly 

interesti~g.  The first is that ~e  do not obs~~re  a charm signal. t?per 

limits at the 90~  confidence level of the cha~  signal Which could be 

present in tho data are given in Table 0-7. The second is tha~  ~e  see no 

diff~rence  betweEln the spectra ()f thf: hadrons produced with dL'T.uons "'"'hC:l 

compared Co an all inclusive r~action  (the E trigger). This is surprising 

when one considers the difference in ~~e  trigger cross sections: 

- - -6cr (n A + ~~ + xl/a (n A + xl z 3.6 x 10 • 

On3 would ~aively  expect at least sorr.e diffarences in tte data s~les.  ~~s  

rssul~  implies that in somo fa&hion,·the dimuon ~piecen  of the reaction 

factors fr~~  the rest of the interaction. The only exception to this last 

statement is tha.t we see some ..vidence that the multiplicity of tr.ose 
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events which contain massive dimuon pairs. in the "1/1" mass region abo~'e 

2 GGV/c 
2

• is higher tnan average. Unfortunately. our data are extrece1y 

limited in this region. so a definitive statement on this point CIlst be 

left ~or a later experiment. 

LIMIT TYPE n ... 0.67+ n .. 0.75+ n .. 1+ 

t a. (500) (nb) 1.4 1.1' 0.64 

t 
< v. JSOD) (nb) 1.2 1.0 0.57 

r (NOn-SOD) (nbj 11.4 9.5 5.4co 

Z<vo> (NO~-SOO) (nbl 6.3 5.3 3·.0 

+ Nuclear cross Sections Vary as An 

TABLE 8-7 

u~PER LIMITS AT 90% CO~FIDENCE LEVEL OF THE CROSS� 

SECTION OF THE CH~~ SIGNAL PRESENT IN THE DATA� 
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IX. MODEL C.~CULATIONS 

In the l?revious ch"pter, we presented t1".e experimental results of the 

search for charm in the streamer chamber. We found very low upper limits on 

the cr~  signal present in tbs dimuon data samples, with and without the 

~9neti~~d.  iron enerqi~ed,  and we found nothing in the particle distri

butiOn3 which would indicate charm was present in a subsa.-nple of the data., 

T:~ese  limits are model independent. We found no differences between the 

di:',uon sa:nples Al'.d the control E;;u':\ple which would indicate a need to apply 

corrections to tlle res~lts. Ho'.'evor, the liI:lits, as stated, are strOllg 

functions of our experimem:al acceptance. Removing this dependence cannot 

U dene in ... ::lCIdel indepenaent way. Therefore, ,I.. have calculated model ac

ceptances using several different models. (~6)  These span a range of possible 

t'j?es an:' inClicate the ;y;;es of production mechanisms to which we were 

sE;nsitive. 

r~  ~~ntioned  o~rlier,  the upper limits we have calculated are upper 

l~,its  on a quantity like, a " &2(v·) g, where a _ is the production cross 
c... \l cc 

2
section of a Cha.~ed-anti-cha.-r.ed  pair, a\l (v·) is the square of the 

branc~in9  ratio to muons and V··s, and g is tr~  acceptance. The charmed 

pair coulCl in principle ba any charmed st~tes  which can decay directly or 

through a cascac.e of c:'arI:led i;tates to a muo:> and a strange particle. This 

Any of these couldcould include ~ny  of the cha.~ed  mesons or baryons.� 

produce a.~  excess of V··s (either KO or A·) ill the dimuon sample. In� s 

a~~ition, tt~ ~~c~~nisn pictured in Figure 8-14 could contribute. However, 

for si=pl~city  in the calculations we ~avc neglected all of the heavier 

pairs of c~rDed  states and have concentrated on'the lightest, presumably 

~he  0- D ~son of Figure 2-4. ~he  00 pair should have the largest 

production cross section simply l:lecause it should be the lightest. We have 

also restricted ourselves to two and three-body decay modes. We wanted to 

keep the assumptions necessary for the calculations to a minimum. One 

should keep in mind that the acceptances we have calculated are, in a 

se~se, lower bounds on our t-~e  acceptance, We were ~~nsitive  to ~~r.z  

more production modes and decay modes than those considered here. 

These restrictions limit our investigation to production of 0+0

pairs with the subsequent decays. both seltli-lepton1cally, 0" KOlJV, .Jne 

sem1-lepton1cally and one lepton1cally, 0 + \lV. The upper limits we Mve 

found then correspond to. 

t ~ ao+o_(B;L gl + BsLBL( 2) (9-1) 

where B and B are the semi~leptonic  and lepton1c branching ratics,SL L 

respectively, gl and g2 are the corresponding acceptances, a:ld a + _ is 
DO 

the production cross section for the 0+0- pair. Since the 0+ or 0- decays 

- 2to KO or KO, respectively, with a strength proportional to cos 50 as 

mentioned earlier, we have assumed that this ~~4tion  of the br~~c~ir,q  xat~o  

- c + is uility. The branching ratios of the KO and K· to K a:'ld then to " ~ ,s 

which can be seen in the chamber have been absorbed i:'lto the accepta~ces.  

Recall that we have calculated two different upper limits; one based 

on the n~~er  of events contailling neutral strang~  6ecays observed (r~)  a~j  

olle based on the average nlllnb"r of strange decays per ..vent obsarvro n:< ~.~ ». 

The acceptance for the leptonic-serni-leptonic decay mode (,~) is the sa'oe fer 

these cases, only one V· could be .Jbserved. The s~~i-leptonic-s~i-leptonic 

acceptance (gl) is slightly different for ~~e  two cases. In calculatin~  the 

avarage number of decays seen, those events where two are seen are co.n~ed  

twice. However, we will see that in these models, the Clifference is $0 

small that 1t can be neglected. 



) ) )
128 

129 
~~ee  diff~ren~  O+D- production mocels have been .investigated. The 

f~~st  vas an independent production model (the Independent Xodell, where 

each P was independently produced like a ~, that is with a flat x distri .. 
2 

~ctio~, 0 ~ ~ ~ 0.6 and e-13 . 6x for x > 0.6 and 6··PT tr~~5verse distri

b·~t:.i"n. ~47)  The only correlation built into' this model was that mom~nt~~  

r 
m-:st !:.e cor.serv.,c, "0+ + "p_" 1. lr. the second model (the Correlilted Model), 

the D+O- S/,~em was given a momentum determined by the ~  distribution, and 

was then allowed to decay, with no relative momentum between the 0+ and the 

~-.  A.~d  in the third ~odel  (the Diffractive Model) the 0+0- system was 

g:ic~  225 Ge'/Ie lo~gitudir~l  momcnt~~  andoa transverse momentum accordinq 

-lOF;. .. . T 
~o ~~ e - dlS~:lbutlon.  The 0 0 syst~ was then allowed to decay 

isotrcpically with a total kinetic energy of 400 MeV in the 0+0- rest 

ira=.(: . 

Each of the D's were then allowed to decay isotropically in the decay 

c;;r.t"r of .::ass, either both se:r.i-leptonically, or one semi-leptonically and 

t~~  other l~p~vnically.  ~he  ~ons  were propagated through the streamer 

c~~r  ~g~~t's  ~~gne~ic  field ar~  the absorber, both with and without the 

;:~;l'"~,;:tic  field in ch-a SOD ::.z::.gr:.et, taking multiple scattering and energy loss 

i~to  acco~nt.  It was then Gete~.ined  if the two muons would have been 

CCi..u.te':: by t<.JO diffcrQnt r.'.uon telescopes. 'l'~e  probability that the KO IS 

vo~ld  haVe decayed i~  tn~  stre~~er  ch~.~r  was also determined. The 

!=actio~  of Y~nte  c~lo  generated evc~ts  ~hich  satisfied the requirements 

t~.~  both ~ac~s  ar~  at least one of t~e  VOls were accepted was recorded. 

~'lis  e~tirc  process was repeated for three ass~~ed  u masses; two, three, 

~-~  five ceV/c2• The r~sulti~g  values for gl' gz' and g = gl + gz for all 

of the vario~s  cases are tabulated in Tables 9-1. The valu9 ~  - gl + gz 

is include~  because if we assuoe ~~at  B = B • B, then our l~mit  becomes
SL L 

9 = gl + g2 
D mass a + 

<; V· > + t 
(l < vo >9 1 91 g2 9 g(GeV/c 2 ) 

INDEPENDENT MODEL 

2 .0078 .0085 .0148 .023 .023 
3 .0136 .0150 .0178 .031 .033 
5 .0161 .0175 .0038 .040 .on 

CORRELATED MODEL 

2 .0059 .0065 .0098 .016 .016 
3 • ql06 .01lS .0142 .025 .026 
5 .0141 .0154 .0196 .034 .035 

DIFFR~CTIVE  MODEL 

2 .0112 .0119 .0158 .027 .028 
3 .0184 .0198 .0270 .045 .047 
5 .0202 .0219 .0252 .045 .047 

+ Acceptance for Semi-leptonic - Semi-1eptonic Mode 

• Acceptance for Leptonic - Semi-leptonic Mode 

TABLE 9-1a 

O+D- ACCEPT&~CE  (~OO)  
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t ~ B29 a + _. In the ta?le 91 and 9 are listed twice. The first 
D D 

(g~ and ga) corresponds to the upper limit using the number of events 

< VO > < V. >
containing one of more V·'s (La)' The second (gl and g ) 

g-gl+g2 
+

D mass a·+ < V· > # 
ga

gl gl g2
(GeV/c 2 ) 

INDEPENDENT MODEL 

2 .0172 .0187 .0222 .039 

3 .0244 .0267 .0318 .054 

5 .0234 .0252 .0300 .053 

CORRLLATSD !·:ODE!. 

2 .0153 .0169 .0230 .038 

:> .0192 .0212 .0252 .044 

~  .0202 .0204 .0286 .049 

DrFFP~CT:v3  MODEL 

2 .0178 .0189 .0214 .039� 

3 .0256 .0273 .0300 .056 .� 

5 .0287 .030e .0364 .065� 

+Acce~~ance  for Semi-1eptonic - Semi-1eptonic Moda 
" "hcce?tance for Lep~unic  - semi-leptonic'Mode 

TABLE 9-1b 

D+D-'ACCE~Tk~CE  (NON-SOD) 

corresponds to using the average number of V··s per event 0:< V. ». 
g < V· > 

We See from the tables that the difference between the accept~~ce  for 

I: and t< V. > is, indeed negligible. We also see that none of the acc:ertances a 

are large but none are extremely small. The overall values of 9 are bet.~en  

.041 1.6\ and 4.5\ for the SOD case, and between 3.8\ and 6.7\ with the SOD 

.059� magnet off. Notice that these acceptances are very similar. The higter 

.055� momentum required for a muon to pass through the apparatus with the SOD 

magnet on, makes at most a factor of two difference i~  the accept~~ce.  

We have purposely avoided models which .-auld h,we given very high 

.040� acceptances at the expense of being more artificial than are t~ese.  Such 

.046� models would be those which peak strongly at small x. The d~cay of such a 

.049� state could easily put the XC and the muon into oppcs~te  cent~r  of =ass 

hemispheres, and thus L~to  the part of phase space wi~h  ~he  larges~  Qc~ep~-

"'Ilce� for each. 

What can we now say about the cross sections for produci~g  Char.oed.040� 
2�

anticharm states? Tables 9-2 lists a + .B for the three ~dels  disc~S5ed.057 o D 
above, and for three masses, using the upper limits t< V. > (SOD) ~~d.067 

t< V. > (non-SOD) of Table 8-7, with the assumptions that: 

i) 00 production dominants charm production; 

ii)� Only 0 + ~v and 0 + K~v are ir.portant, 

iii) = B = B;BSL L 

iv) Nuclear Cross Sections vary 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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D :nass 
(GeV/e 2 ) Indepe~dent  Correlated 

2 24.3 nb 35.6 nb 

3 17.3 nb 21.9 nb 

'5 13.9 nb 16.3 nb 

MODEL (NON-SOD)· 

D ~ass 

(GeV/e2) Independent Correlated 

2 73.2 nb 75.0 nb 

~ 50.3 nb 65.2 nb 

5 54.5 nb 61.2 nb 

• Cress Sections As~~~e:  

i) Dn dominates eharm production; 

ii) Only D + .v and D + K.v are important; 

iii) ESe~i-leptonic  = BLeptonic; 

iv) ~;·.lcle=  ere.s:> Sec:i<:-n varies as A. 

TABLE 9-2 

D7PER L!XI~ ON c + _32 FGR THREE MODELS OF DD 
D D 

)� 

Diffraetive 

20.4 nb 

12.1 fib 

12.1 nb 

Diffraetive

75.0 nb 

52.6 nb 

44.8 nb 

PRODUCTION 

)� 
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safe thing to do. We can now 'go one step further. If we ass~e ~~at 
B = 0.1, as was discussed in Chapter II, and take, as a represen~ative  

number the cross section for a 0 of 2 Gev/c2, produced diffractively, ~~ar.;  

a ~ 2.0 \lb. 
of'DO

The calculations discussed in this section are really only quesses. 

We would be very surprised if any of them turned out to be correct. However, 

they do show that this experiment did have considerable acceptance for 
of' _ 

charmed states. It is very likely that the DO, two and three-body decay 

modes considered here are only a s~ll part of the total ch~  cress section 

to which we were sensitive. In f?ct, it is not at all unreaso~~le  ~~at  

one could replace a by aT~tal  evervw~ere  in the tables. 
Dof'D- .C..arm • 
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In chis dissertation, I have discussed ~  streamer chamber search for new 

states of matter performec in early and mid 1975 at the Fermi National Accel-. 

era~or  Laho~atory  by the Seattle-orsay-Davis collaboration. 

We· triggered the £tre~~r  chamber on interactions of a 225 GeV/c tt beam 

incid~nt  en a Lucite (C H 0 ) target in the streamer chamber,.both with and s a 2

witho~t  a directly ?roduc~c  muon pair. We then looked in the stre~~er  chamber 

for correlations between the trigqering muons and the co-produced hadrons. 

I~  partic~lar  we ~earched for an enhancement in the number of neutral strange 

particle ~cca¥s  ob~erv~d  with the dimuon trigger. An enhancement, if found, 

~o.ld  De streng evicence for the existence of the production of pairs of 

;;articl«s which car:r/ the charm quantCJll nUI:lber. No enhancement was found. 

We t~erefcre set a rather low upper limit on the strength of charmed particle 

rrod~ction  in the experi~,ent,  of 0.6 nb to 1.2 nb with part of the iron hadron 

abcorber magnetized a~d  3.0 r~  to 6.4 nb without it magnetized. The range 

in the lL~its  corres?Onds to assumptions of A and AO. 
67 

atomic number 

depenjence of the nuclear cross section. Tne data and method by which these 

li~it~  ~~re  calculated were pres~nted  in de~ail  in Chapter VIII. 

InGer~ing  accepta~ces  found by assuming the three different production 

~ec~ar.is~s  di~cussed  i~  cr.aptcr IX, and ass~ninq an A cross section 

de?~r~ence,  we find tria va~y  conservative upp~r  li~its  on the charm cross 

z~ction  ti~es  branching ratio to ~~on5  sq~ared  listed in Tablg 9-2. 

~e  have 5~O'~  tr~t  the b~ckgro~~c  signals present in the data are 

5~11,  axccpt t~at  approxirnate~y  4S~  of the triggering dim~ons  wa~e  

prod~c~c  by seconda=y interactions in the had~vn  absorber. This b~ck-

gro~~c,  however, does not eff~ct  ~h~  result, since it could not effect 

tr.e n~ber  of strange particles obzcrved in the stre~~cr  chamber. The 

possi.l>le backgrou~"  signals were ,Uscussee in detail in Chapter VII, 

along with the details of the measurements made.� 

We have shown that we were sensitive enough to de teet a y signal in� 
~  

10\ of tbe data where we were able to fUlly reconstruct the dimuon pair. We 

had an overall sensitiVity of 22 events per nanobarn of dL~uon  cross 

section, aasuming that the cross section depends on the target's atocic 

number as A. We have also shown that the probability of detecting a d~~on  

plus at least one neutral strange particle from 0+0- decays was 9Ood, bei~q  

near 2-4\ for some reasonable models, as discussed in Chapter IX. 

And lastly, although our search for new states of matter ~as  negative, 

we did find two very surprising results. The first is that wi~~in  the 

statistical significance of this experirn¢nt, there is no differ~nce  bet~e~n  

the spectrum of hadrons produced with and without directly produced di:uo~s.  

This result is presented in Chapter VIII, Figures 6-1 through 6-6. The 

second, and even more sur~rising result is that the events in which a Wis 

prOduced, Seem to have an above average number of charged seco~da:ies.  ~hi~  

completely unexpected and unexplained result is presented graphically in 

Figure 6-15. 
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APPENDIX A 
d2aN

and: oN· f dPi d 
daN 

• dp. dp. _. 
Pi f ;l. J dp.dP.

This appendix qives the details of the derivation of an upper limit on 2 1. J 
d I1N I daNReplacing .'(p) by c.aep)

decal co~tribu~ions  to a diouon trigqer, assuming that the measured single and -- by -_ daN , that 1s neglecting
dPidp "NdPj i d~  

muon rate is principally due to such decay. This is included in this cottelations we have. 

disserta~icn  beca~se  there has been much controversy among our collaborators N c NN)~ C!" d"P2" -2- t l: dPidPj a(p.) a(p.) ~ ~Qn the subject arA I believe that it is worth settinq down in detail. aN 1 j)i ;l. J aP OP
i j 

First, I ~ust define a few quantities. daLet IN. ! dP1 a(P1) -!'! and f1 I N • -1 dp a(p) dJ~  

ON dP
Lee a(p) the probability that a secondary pion, or kaon f 1 "N dP 

of ~mentum  p will reproduce a muon, which is then. -I' .. c 
N

NN N CNNNN1::2 I 1 1: I j • 2 ~ I 1: I. (1-6 ).
1- j>i ;l. 1 j J 1jin cur experioental acceptance either by decay 

S\lJIlIIIing over i and j we have. or bl secondary interaction: 

" Let a' (P). the pr<lbability that a secondary pion, or J(aon 
N 

p .. £ N eN-I) (pN):2will prod~ce  a second muon which is counted. :2 2 1 
(3) 

In general, a'(p) • c,a(p) where c is a con-
Ar.d Equation (I) can be written, 

stant ~o  be datermined. 
N N� 

Let pN • the probability of counting one or more muons PI • Np�
1 (" 

frcm an event with N charged tracks 
Summing over charged pron;s and weighting by the prObability o£ pr~"c~ng  

N 
~he  probability of counting two or more muonsLet 0'2 N charged prongs: 

fro:n an event. ",,·ith N charged: tracks 

P • l:FN/a\pN • t (ON/a \Nl 
1 N\ ';) 1 N 'X) (5) 

N J'N t ( do da,.
Thf-n: &,. - jdP.ac" l ....2 • -'- dp a(... ) -:-"

1 ON 1.. i dp i 0;, .. ap (1) 
and 

1'2 • ~C'N/aT) P~ " ; tN
/ a~(::,/2) N(!1-1) IpN):2 

(6)2� 
N' :; d 0':,� If we aSSUllle 

and: ?2 
N l: l: !.fp/Pj a(Pi'''' (pjl dPid

(2) that our One muon trigger is dominated by decays, then: 
ON p

i j>i j� 

2 p I - 1~'E/E  and we can write:� 

where dON and d all are the inclusive and. &eC\i-i~clusiv. 
 
dPi c.PidPj� p N • ! (nN_\ aT p Where(:N) 

ia the fraction ofN n;) 111 a 1 T III 
differential cross sections for charged particles in N prong events, If� 

ona lllUon events measured to have had If charged prongs.� 
L1ke\lise 

,� 
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...- -+a • a • 1 with obvious notation. Assuming that the sign of the muonsaN .r:~~I) wi-are these Are measured using the Eor tot.l c~oss  section 
CT ~~T E 

is uncorrelated, i.e., p+ • p- a 1/2 where the p'S are the proba?i~ity  of 
tri<;ger. 

prociucing a mu~n of a given sign, then: 
Tl:er.: ... - +- + + ++ - + -++ P P a • 3/4. Tnereforo c: 3/4 for bc,t.~c.ppa +ppa +ppac 

P2 ""2 ~ (:;) , '''-11 ~ C;)J~). 'j , 
( 

field conditions and 

< (lOl3/8 (l\l'EIE1(71 (2\1'E/EldeCay .... 
c 2 n IN- l )r. --2P2 .. 2' Pl N[ (:~x~ (:~ J 

2 

N 

aut the on9 ~ucn  and E mUlti~licity  discributions are not very different. 

"nCR >E· 12.3; <n O/ .13.0 SOl� 

l lJ� 
(al� 

- c 2[.11(::-1) (nN\) J�O--? ~--- 
- 2 2 1 N 1/2 \"T III 

r.rcwinq the 1 COIt,piorE,d to t: ..00 L'l.,kinq this an upper limi!: we havel 

< c 2 2lJ'" I < (llJ'E) 2P2 'v 2" p, or """E .... 2" -E- (91 
... Decay 

This is the res41t re~ire~  except for dete~,ininq  the constant c. 

Wa once ::nc.rEl t~r. to t:he data, in 'Chis case, the spark chamber and muon 

telescope dat... Witn the seD rna~ct off nearly all of the muOns were 

cowoted :y the central fcur counters. Thus c = 3/4, if One m~on had already 

been counted, t~e  second ~d  only 3 out of 4 telescopes to traverse. With 

tr~  SOD c~gr.e: on, we kn?~ frcm the spark ch~bers  that reo~t  negative ~uons  

passed through the bottc~  t~~  tel~sccp€s  and ~~st  positive muons through 

t~  top two ~elesccp~s.  ~r.~5,  the probability cf counting a SQccna ~o~ 

of a given sign w~ich  tra~ersed  ona of the four telescopes depends on its 

.i;:, a.",ci the 51o;n o! the first muon counted I a +... • a 1/2; 

,� 
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APPENDIX B 

T~is  a??c~di/.  c~tails  an estimate of an upper lL~it  on the increase in 

ob~~rved  neu~al  strange particle production due to associated production of 

a cha:g~c kaon which then d~cays  to a muon. 

?:rst, .~  ~ust  d~:ine  S0~~  f~~ctio~s,  r., 
3Le~:  < n. > 9

i 
{p) C ? b~ the probability of a particle of type i 

3 
ze~~g prQd~ccc in the mo~~nt~~  vol~a  d p, wh~re  <n > is the average n\~~ber

i 

of ?articl~s  of type i produced per interaction. Then ~9i  (p) d
3
p • 1. 

~e  pro~ability  that such a particle will decay in a distance! is just: 

l-exr'" (·-l/e: i Yi) ::: llc .. i Yi. ::: l,-:t i /C7 i p. Of the particles 'which decay, a fraction 

3 
< ~ i ;. will cccay to a :r.uOn. 7he muons have a probability P. (p ,pl d p

1. lJ lJ 
+ +0: havi~g ~o~ent~ PlJ and a probability A(plJl of being accepted by the� 

a?~aratus.  ~e  rata fer coc~ntir.g  ~uons  frc~  decays of a g~ven  species is� 

t.r.e~:  

)(r: 3 ~\	 +3 +... 
Ri = )0 P d p~  « ni~gi (P3J;tci/ctiP)<~i>  Pi(PlJ,PlACPlJl. 

At ~~is  s~ga  t~a  only assu=~~ion  is that l is ~he  independent of� 

~=ies.  ~~is  ass-~~tio~  is not crucial to the arg~ent. 
 

Tte ~~~nti~y  of i~t~=est  is:� 

d3 gk f. l'k AlP,. .. 1<:\>\("". c:9 p p',;-K/R" =(----/ ....2.- _" :':k> ff d 3 

" ~ \ <!"I:"; CT In..,. <lJ > 3 3� 
";I' k" 11� ) r; dpdpg!P AI? 

;l 11 11 

(481 
?=~  2CS G~V/c ~ d ~ubolG  ct~~,er  data: < n. > = 0.4 (n > 8. y. 

11 

?~a co~st~~ts i~ i~cnt of the� int~grals  may be evaluatad to give 

~/~"  ~  0.24 I II , w~e~e the� I's are the integrals.
< ~ k 11 

~/al~cir.g t~e inte~rals r~quircs a detailed Xonte Carlo study. However, 

a s~~~l~ a=g~~~nt  is sUfficie~t  to establish tha~  the ratio of the integrals 

i~  le=s ~~~  ~~ic:.  O~e  n~ed  only no~e  that the xine=.atics of the decays, at 
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a given particle rnomQ~~~.  will produce ~uons  which ~re  slower from kaons t~a~  

from pions. Thus, a low momentum cutoff on the P~'s  L~posed  by ~,e  ~sor~r  

+
and reflected in A(plJl will.~ave  a.larger effect. on kaons than on pions. This 

is especially important at the lower particle momenta. At the higher ~ornenta.  

the pion distribution gll is larger than gk since, for a pion be~~,  leading 

particle effects are present in gll but not in gk" ThUS, we may write: 

~/R~  ~  0.24 a 1/4. 

1lJ uNow the total rate of decay is� the s~~  of these t~o  rates: R a R ~  R:. 
~ ,,;, 

and as was derived in Appendix A. the decay contribution is proportional to 

2~ ~  ~  2 u 2 ~ ~ ~  :
the single decay rate squared: R '" (R ... R; l "(R l + 2R R; + (" 1 • 

TI J\. 7. 11 h I\. 

Thus less than 32. of the dir,luon de~ay triggers will involve one pion a:1d one 

kaon, the two kaon mode is only 4\. 

Now when a charqed kaon is produced, we can produce ~~other  charg~d  kaon, 

a neutral kaon, or a strange baryon. The charged and neutral kaons ~ill  =~  

produced in approximately eq~al  n~~rs,  but only o~e-half  0: ~~e  KOls _~ll  ~e  

XO which we can see, KO·S almost ~evcr  decay in the streamer cha=ber. ~~us,  

s� L 

only 25\ of the time will we have a chance of seeing a neut=al XO ~~cay, ~:~l 

0+the decaying charged K, and only 69\ of these will decay: Kg ~ ~ tt , whieh 

can b~  visible in the chan~er.  From the 205 GeV/e r,- data(~SI  we kr.ow th~t 

the ration of K
O 

to AO(~o)  is approximately 2 to 1. But of the to only ~\  

s 
o ~  

will decay to the visible: II� + pll • Then assuming that the 2 to 1 ratio 

holds with the decaying charged kaon, we have at ~st  1;\ 

C.69� x .S x 2/3 + .64 X 1/3) x .32 of tr.e decay dL~o~~  trigg~rs  can ?re�

O 
hC�ferentially have a detectable K ~r in the interaction. Tr~s  is 

s 

assuming 100\ detection efficiency for these strange particles. But 

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



) .
...)

) REFERENCES 
HZ 

'l'"nus. this limit is dropped to 4\. 'l:his is the desired result. 
I should Chapter I 

note that this is probably very much overestimated. 
1. J. E. Augustin, Phys. Rev. Lett., ~,  1406 (1974). 

2. J. J. Aubert, Phys. Rev. Lett., ]2, 1404 (1974). 

Chapter II 

3. An elementary review of the properties of the 'P and the 'P' an.;) tr.~ir re

lated states is given in the October ~~d·Nove~her  1975 issues of t~~  ~_,~  

Be~~  Line. More extensive reviews on the early theoretical s~cu13tions  

concerning the V and 'P' can be found in informal notes from SLAC. 

H. Harari, SIJ\C Informal Note / "{ CHCUX;Y (Nov. 1974). 

I. Bars. et. al., S~~C-P~B-1522  (Ja~.  1975). 

A later review by J. Rosner, in the Proceedings of the 1975 APS/PPF 

Conference (Seattle) surveys various models and tr.eir status as of 

August 1975. In additi~n.  ~e  Proceedings of the 1975 SyQposiu= on 

Lupton and Photcn Interactions at High Energies, J. Balla.." , O,ai:=.3.". at 

SLAC contains a large ~urrher  of papers Qn every as~ct  of the data a1~  

theory, as of August 1975. 

4. B. J. Bjorken and S. L. Glashow. Phys. Lett. 11., 255 (1964). 

S. S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. E£, 1"B5 (1370). 

6. M. Ei~,orn, Fermilab Preprint, Farmi1ab-Lact~re-75/1-Thy/Z~7(~eh.  1;75). 

7. M. K. Gaillard, B. W. Lee, J. L. Rosner, Rev. Mod. Phys. (Ap~il  1975). 

a. W. Braunschweig; et aI, Phys. Lett. ~,  ';07 (1975). 

W. Tanenbaun, at al, Phys. Rev. Lett. }1, 1323 (1975). 

G. Feldman, et al, Phys. Rev. Lett. ~,  821 Cl975). 

W. Tanenbaun in the Proceedings of the American Physical SOciety. Oivisio~  

of Particle and FieldS Confurence, Seattle (August 1975). 



'. 

r, 
" . " . ) 

144 

) 
1~5 

) 

9. This rule ~a5  bcco~~  kno~n  as ~Zwcig'S.RUlc~  partly as a result of oral 23. J. P. Boyrnond,. et aI., Phys. Rev. Lett. n, 112 (1974). 

t~adition.  It waS first stated explicitly by S. Okubo, Phys. Lett. i' J. A. Appel, et a1., Phys. Rev. L<:ott. n, 722 (1974).. 

10. 

lE.5 (1963). 

G. Snow, Nucl. Phys. and Elect~onagnet~c  and Weak Interactions (6th 

F. ·W. Busser, et al., Phy". Lett. ~.  212 (197';). 

L. B. Leipuner, et aI., Phys. Rev. Lett. 1!, 103 (1974): 

Rencor.tre de Xorcond), 379 (CNRS) (1973). also see ref. 19. 

11. R. D. Field ~~d  C. Quig;, Fe~ilab-75/15-Thy  (1975). Chapter IV 

12. J. Ellis, M. K. 

(August 1975). 

Gaillard, D. V. Nanopcu10s, ~RN  Preprint, TH2030 24. Track reconstruction of streamer cha~ers  compared to bubble ch~~=er6  ~as  

discussed by f. Villa in the proceedings of the 1973 International Con

13. G. K. O'Naill, B'.11. Am. Phys. 50c.,3.2., 96 (1975>' ference on Instrumentation for High Energy Physics, edited by s. Sti~cich,  

Chfipter II! page 115. He used the formulae for contributions to measuring errors :r~  

14. G. Gcldh~er, et al., nO~servaticn  in e+e- k~nihilation  of a ~arrow  multiple coulo~~  scatterin~  end setting errors ta~en  frem C. ~.  Fisher, 

St..:v:a at 1865 ~ev/c2  Dec.:lying to KlI' and K1l'7':rr ll , SLJ\e Preprint (May . "Optimization of Bubble Cha:nbar Design Parg,r..eters: :-~aasurin~  ACC1,;.l"acies 

1976) , for Charged Particles", CER."; 67-26 Vol I (1967) P. 25, simplified for tr.e 

is. 

lB. 

l~  

l7. 

M. L. Perl, e~  al., Phys. Rev. Lett. 35, 1469 (1975). 

C. Baltay, et al., Phys. Rev. Lett. li, 1118 (1975). 

A. Benvenuti, et ~l  •• Phys. ~v.  Lett. ~,  1203 (1975). 

P.:l;c?ia~,  et a~.,  Phy~.  ?ev. Lett. ~6,  296 (1976). 

flat track case. I repeat Villa's formulae here for convenience. 

(~)2.~  -4 2 2 H in kG, magnetic =ield+ 1.4 X 10 0 £ 

P H2,e H2,e5 
P in ?-~eV/c,  particle ~O::::~n~~  

(t>e)2 • ~  -6 2 £ in ~m,  setting error 
+ 3.8 X 10 £ 

P ,e2 ,e in em, track ler.g~~  

19. 

20. 

21. 

::2~  

E. J. Blesser, et al., Phys. Rev. Lett. ~,  76 (1975). 

J. :<.lees, et al., "A Search fer Charmed Particle ?roduction in Tl' d 

rntorectior.s at 200 GeV/c", Acta ?hys. Pol. (to be published). 

D. Binti:.ger, et a1., Phys. Rev. Lett. ~,  72 (1975). 

E.:. 51esser, et a1., Phys. Rev. Lett. ~,  76 (1975). 

J. J. Aub~t,  e~  al., Phys. Rev. Lett. 35, 416 (1975). 

~1.  A. 1-.bo:ir:s, at al., "Search :or :t-:a~·row  High l{ass States at Fer:n.ilab", 

Mich. Sta1;e U. Preprint (1976) (unpublished). 

The first terms in these formulae are the multiple scattering teros, the 

second are due to setting errors. For bubble char~ers:  A = 2.7, B = 
-24 X 10 and c ~s typically 50-100 ~m.  For stre~er  ch~~~rs:  A = C.09, 

B • 0.13 X 10-2 for a Ne-He gas mix and c is typically 2CO-3~O~.  7he 

setting error for both instruments is a strong, linear func:ion of tl.e 

demagnification used in the optics syste~.  The setting errors ~~oted  

here are for a nominal demagnifica~ion  of 40. Villa also s~ows  t~~t  ~~e  

mass resolution in a streamer ch~~ar  can actually be better ~~an  in a 

bubble chamber of comparable size. 



. ,~  ,)� ) 1 " 
146 

25.� R. W. Mvrrison, Proceedings of the First International Conference o~  

Stre"",e~  Chacbe:: Technology, edited by J. ~  Watson, ANL-eOSS-Instruments, 

167 (1972). 

26.� W. S. Ris~,  2roceedings of the First Internation"l Conference on Streamer 

Ch~~r  Technology, edited by J. M. Watson, ANt-BOSS-Instruments, le8 

(1972). 

';;7.� c. Grey:J'..orga.."j, et al. I "Tests on a :':=.all Hydrog'en Streamar Cha.rnber", 

TC-L. Inst. 70-10 CE~~  (197C). 

28.� F. ~hrbach,  ~t  al., Procceeings of the First International Conference 

on Strear.er Cn~~er  Technolo~i,  edited by J. M. Watson, ANL-BOSS-Instru

~nts,  81 (1372). 

29.� V. CGok, ct al., Proceedings of tha First International Conference on 

Scre~er  Cn~~~er  Te~1r.olo;y,  edited by J. M. Watson, ~~-BOS5-Instru-

~e~ts, 29 (19i2). 

~.;.  Cc....;k, ~~  al.; Prccce~ir.gs  cf the First Inter~acional  Conference on 

S~r~a=.~r  C~a=b~r  Tec~nology,  cdit~d  by J. ~_  Wat~on,  A~-60S5-Instru-

cents, 63 (1972). 

Chapter V 

30.� J. R. err a:'.u A. L. ?ec:..~,  "~~es-:;n  Z-.:.boratoIY Prelu.inary Oi;sign Report", 

i":;~':' 	 (lS7~)  (:.::-.p'.ll:.lishec)

31.� Ea ..-:...:z. ':'u.:'.a Cal.=-... :at.ions by P. Koehler, Fer:nila:c, a.nd O. Fackler, Rocke

f~llcr  tJ:1iv., ~;~...... Ycrk, N. Y. 

32.� Ii.? Baker, et al., 1'i:ys. Lett., ~,  303 (197'). 

33.� J. Zle~,  CC-Oa~isJ  ?rlv~tc  Cc~~~~ication.  

147 

Chapter VII 

34.� D. Fournier, Laboratoire de l'Accelerateur Linaair, Orsay, Fr~~ce,  

Private Communication. 

35.� Data furnished by F. R. Huson, Fermilab, from 200 GeV!c " p intera.:tlons 

in the 30" bubble chamber, taken by the Fernilab-Serkeley Collal;-or"tion. 

36.� This work was primarily performed by D. Fournier, Orsal' ~~  B. F~:i~~on,  

Seattle, a detailed discussion is given in: B. Robinson, ·X~on  ~eocn-

struction and Results", U of W - VTL 1lEP-'2 (1976) (unpublisl:.ed inte:"::.al 

note). 

37. Chisquare method due to D. Fournier, Orsay. 

38.� The A dependence was predicted by: J. Pumplin, £. Yen, Phys. Rev. 11:, 

1812 (1975), and has been observerl for Ji~uor.  r~ss,  m + _ > 1 Gc,~'~~; 

~ ~ 

M. Binkley, et al., "0i:uuon Prod\Jction on t~uclcar  ':arg\Jts"", ~cr.il~-

PUB-76/41-EXP, 7300.3SS (10'.0:1 1976) (S;ilimitteJ to Phys. Rev Lett.). 

39.� W. Busza, et al., Phys. Rev. tett. 34, 836 (1975). 

40.� D. s. ;'yr~s,  et al., fhys. Rev. Lett. 35, 1195 (1975).� 

'1. A. S. Carrell, et al., Phys. Rev. Lett. l!' 932 (1974).� 

42.� B\ilible Chamber Data is from the 205 CeV!c "-d exposure in th~  30. 

chamber at Fermil~  of the DaviS-Krakow-Seattle-Warsaw Collaboration, 

Fer.nilab experiment £-218. 

43.� Distributions are crude fits to the data of. K. J. ~~derson,  at. al., 

2hys. Rev. Lett. ~,  237.(1976). 

44.� 1<. J. Ar~darson,  et. al., "Inclusive Ve.:tcr Meson P~odilctian  in Dir:.lon 

Final States at FNAL", Bulletin of ll..,e ;<Fs .?!.' 567 (1976). 

45,� P. D. lli9gins, et. a1., "Ir•.::1usive pO(750) ...."'d ':'++(1236) I'rod:lctic;1 l.n 

200 GeV/c ~-p Reactions", Bulletin of the APS .?!.' 544 (1976). 



.. .. 
.. 
,, ') I ) \,. 

/ 
143 

Ci".a;:>ter rx 

·.. u. ;~St  of ~~e  Xonte Carlo calculations' were r~n  by D. Holmgren, University 

of tl""hi,.ston. 

47. Distributions ara cr~de  fits to the data of. K. J. Anderson, et. al., 

l?:.ys. Rev. Lett. ~,  237 (1!i>76l. 

~.P?andi>c B 

4S. S. Csorna, Private Cc~~unication,  data from 205 GeV/c .-d bubble chamber 

data of t.'le Davis-l<rakow-Seattle-~larsaw  collabor"t:ion • 

VITA 

Alan Mathew Jonckheere was born on th~  12th of February, 1947 in Foe_a:l, 

Michigan to Elizabeth and August Jonc~heere.  He graduated from Howell Hi~h  

School, Howell, Hichiga.'1 in 1965 and then entered Nichigan State university. 

At MSU he waS a rncr.~er of the Honors College, and Phi Kappa Phi Hcnor~y  

F~aternity,  and he was a National Science Foundation UnJ~r9rad~ate  Research 

Assistant wcrking with Dr. C. Gruhn at the MSU Cyclot.ron Labor~tc::-i.  I.e 

9ra.d~at(;d  with Honors in 1969, after whicr-. h~ ·J~'\tered Grac:':'.:lr:e Set,;:;"l at. t:-.e 

university of W~sr.ing~on.  He beca.1loS associate:d with t~~  Vis~l  ...echr.:....-;::.:.~~; 

Laboratory in the C of WPhysics Department in the spring cf 1~70  a~t  b~~:~  

his resear~~  career. H~  received his M.S. in 197J just prior to ~aki~~  ~~e  

off from g>'adua-:" study to fulfill his military o;'ligation. Upor. his re':.1,;rn 

he contimlea his work on the strea..:l8r cha:tl:er experiment. 




