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ABSTRACT 
'" - .. , i . 

• .... , ~ • 1', '. • 

, :' ,:. " " ': ' The pion .. ~ucleon dispersion relations.' baled on the principle of micro-, . 
. I: " ~; : . v. . . ,,' . . ' ". '.' . .. 

I'copic causality. permit the calculation of the real parte of the forward amplitudes 

for ".-."p and ".+ -p scattering at a fixed energy, if theeorresponding total cross 

sections are known as a function of energy. Assuming charge independence to 

'-. ' .. 
hold, several authors have calculated in addition, the forward differential cro~s 

section, dace(O)/dO, for charge exchange (".- + P ~ ".0 + n). Experimental values 

. . for the latter, therefore, can help to determine the validity of the principle of 

microscopic causality. 

'0, '. The paper describes a low .. statistics measul'ement of dace(O)/cU'l at 

t.03 BeV /e in the 72-inch hydrogen bubble chamber. The. 'If- beam comes 

: t . 

o 

. .... . .. 

.. ' .. .. 
from the Bevatron, and the secondary neutrons' are detected when subsequent'· 

J, elastic scatters n + p- n + p yield visible stopping protons.' The real events 

'were separated from the spurious by a Boolean Algebraic method that reduced.', 
~~, ; 

the eet of all events to a sum of a small number of physically significant sets., 

The residual background fraction was estimated at iO'o by a computer simulation, .' ; 

technique using the known beam distribution and a pure sample of background' . 
",:.: ~ 

• ,.~~." .. '0 ~ 

lo 

,_ 'f, 

'.: . , \ 

events. The bubble chamber, so used,. detects aboutS,o of the secondary 
, ",~ . 

, t·' 
f ~ •• '. • ,. neutrons emitted in the charge-exchange reaction. I 
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. There were 1% experimental events 1n three intervals lying 1n the 
'.. . c m ":., 

range 0.84 -sa cos 81f0 .• ~. 0.96. A zero-constraint • .least.equares fit of the 

cUstribution yielded the estimate dCTce(O)/cUl c (3~65:t:t.93)mb/er. Thb 

. re.ult la consistent with the predictions based OD the dilpersiOD relatione .. 

• .,.1 ', . 

" J' • ·.r • 

':,' 

. . ' .. 

, . 
• J, 

• '. I 

'.' 

" 

;. 

. , 

, , , , 

.' 

, . 

. \ 

'I . • i ':· ,.' ' . 

'0 

.. /. 

:1, " '. '. 

" . '. 
. " " 

" 

.. '" 

.. ' 

, .. 
" 
.t. . ..• 

. ,. 

. , 
" 

. " 

" . 



.. 
f ; 

" . , .' 

. ; .. ", , ~ I ': .. • I ' _~ I' • 

.. 'I;:!II\ '!", .~J :/', ,::')l!,~ I,'.'; '~~ _1,1, ,"t.,·" ...... ~. ~·~I.l/: ; iJ •. (I:'J:,t.. ,:;. ',' '~I"~·.,t ,.~·~.,4t. ',,"1 .• 

. . 
' .. 

, . .t .' •• : •• ~. ,I', \' .', ;.' •.• ' . ' '( ',,' ••..• ~ ~I .:":,, l .• ~! ," • :"', 'r.,· 

, ...... ~-; .... : .. \' ;,,: '. : "'.' "i" .C .. ; ,1.'~ :,:! / ;. ',' j·-:·r: .. · ..... , ...... :, ;·,tl~ i.~.;/·:I ,j',.~ .. i'/·'. '; .. 1.,' 'i':.·"" !.I • 

,_ '.' ", ~ .. ' , • • ,".. ..,. ; " ~ _. I - • _ ;,...., •• :..... !. _. 
.. , 

, . , ,. 

• ~'. ~'. 0( i . . :, ','~ 

,~~:. L',,: ,i,:'.: ":Frotn' the:.di~p~·rsi~nrel~tiC)n~l·.f~tpiOii~~~cl~'on·.·~·~atteruig~' the' optical, 

. 'theorem> and .charge indep~ndence"', ~ p'redi~tion 'errierge's' abci~t the· for~ard 

.:.:" -d~Uerenti~l cross section (dO'~e«»/dO)' for' elastic cha~~e·-excha.Dge 'icattering 
, '. '. . .... '( { ce ':.> (",- + P - ",0 + n) at a 'fixed energy E. This prediction states that dUE (Ol/dO 

'. :/:.'.. ~~n be calculated'if O':I:(E'), the t~tai cross sections for 'Ir:l:.p Icattering~ are 
" '. 

i .~ I _ 

...... ' . 

. . ~. ., 

known for allenergi~s j E'f ~ ... The calculation has been performed by severa.l 
.• ' ~'.-, " , " to:;, .. Z .' . . . 

• .' ~ . ': authors. and the comparison of their predictions with experimental. results 

•. ",IJ 

, ·· .. 1.:;. 

provides a test of the Joint validity of the p'rinciples of microscopic . causality 

and charge independence.' This paper describes a low statistics measureme~t 
ce . ' . . . '~ . . of dO' (O)/dO at' 900 MeV performed in the 72 .. inch Berkeley' HZ bubble chamber. 

" 

, I 

, . 

. " .. " The reaction ",- + p - wo.+ n can be studied by detecting 'the ",0 (as in 
~ . . . 3 . 
spark chambers or heavy-liquid bubble chambers ) or, as we do. by 'detecting 

, . 4 
the neutron. The efficiency of our method for detecting neutrons d.epends on 

the high" n-p scattering cross section for slow neutrons and the reasonably 

high fraction of such scatteri~gs that lead to visible 8topping protons. 

. Figure 1 shows a ",- beam partiCle (produced originally in the Bevatron). 

that haa undergone charge exchange (at point Pl. The neutron scattered sub. 

.sequently at point R, 'while one of the y rays' resuiUng from the ",0 decay con .. 

verted (at Point C) to an electron pair.' The proton track' startln'g at 'point S is 

spurious . (that is, it is not associated with the track)~ but the full computer 

, ." 

. '. 

',' ..... 

... 

analyais is needed to deduce this' ... Since both proton recoils. R. and St' stop 
.. < '. " 

.... '" J .... " • 

. ' .... ;, " . inside the chamber, we can deternune their moment~ accurately and thereby' '., '. " 
, .. ~ -' . . ,,' 

, . .' . .' , 

• < , .• ::,. • deduce all the important' kinematic quantitie8 for the particles taking part in .,' :: '.( i . 

. " ~,.:~.~' :, '!','~l:':': ;'~ 
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the ,reaction. , Pictures 'of events: like the on'e in: Fig~ ':' i"pa8~' through the standard 

hydrogen b~b~le' Cham~~r anaiysis' 'seq~enc~' de~:r~b~d' bi' Ros~n!eld' ~d HumPhre~,j 5 

; . }~ . 

. J. ,., 
, " The central problem' of the, analysis 'is the eXtraction/ as efficiently as 

f,>.,,-> : possible •. of:tbevalid ,events of the' sample~ contauiinated by '~I!I :amaUas, possible 
, " , , 

~'.;~~ admixture' of background. " FUrther.' this extra.ction 'J'P,ust 'be, baaed on' expert-.:, 

,', ,::, .. : . 'mental quantities' that:are reliably' known.: : ~"::' ::,':, ,,; :<.l,: ';, :~ I ; 
- ..,:., .', ". . 

," . 
I t 1 ". '; :: ~ ,I 

~ , '.. :~ ,'I,' ;,:Werely on measurements ,of short proton tracke, 'wh1,ch,meaaurements 

. "~ ','" < bepome, less and less reliable as the tr~~k8 become .horter and l~ss favorabiy 
. '. . , .. ~ 

, ,situated. Further~ ,the ,population 6f stray ,proton tracks.,resu1tingmostly:' 

" :'.:}r,om, collisions:,of protons with neutrons produced directly 'in the "Bevatron. ,:: , , ,""';; 
:,," . ~ .. . 

. " 

" ' 
" I 

,becomes,denser as,the,tracks become shorter.: To deal with. these'weaknesses," 
;; .' . ~ . 

,we, restri(:t ourselves'to a sample of ,eventsthii.t does, not eXh.ibit them .. : The, , j ,:' ,:, 

restrictions necessary to achieve reUabilityand reduced background 'are given 

.i.n ~he next, Paragraph. ,The resuit,is, a system that detects'appro~mately' 4,to, 

" 1011/0, of neutrons in events in which the 11'0,:, was emitted. forward in the 'C:enter.~f

. mass system (c.m.).: and includes no~'more than an estimated'10ll/o background. 
, 

,T1;le restrictions adopted a1;e given ~below.': ' ;: :,:' ',: ",": "":: ,".':' ~J ,::: \, " 

',1e The projected length of the proton 'track on ;the plan., of the' film must: exceed. ' 
, " 

O. 7 cm~ ,and the magnitude of the ,dip of the proton track,relative ,to ,the iame plane 

, ".' .:, , ,:may not exceed 60 deg, irrespective of length. '. I ' • ". ' • • I .~. • • " ! : 
" : 

.. , . ~. . 

: ' Z., The, square of the calculated miSSing mass must not :differ, from its ,ideal 
, ' , 

, ,," ,value, mZ(TI'0), by more than 1.65 times its own erroro'\' This error'~ to';, may 
" :i:'::~~t e~ceed 5000 (MeV /cZlZ (an approximate: eri'or of,'i6~o M~V /c,z, in the, mf88~g·i~\·" 

: '" masaitsel!.,)' ,; ,,::,~"::'!;'::':' ',~',>.'>,l' """\":"1, ',":,:t.: 
• ~".~ .•. t ~:. '\:: •• ~~. • , 

,.:' . 

': ~'." . 3., The measured curvatur~ of: the ,supposed proton t~ack ~ust be Positlve.', 
I: .. . , 

•• 'A • 
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A mea.ured event that originated from an acceptable beam traek. in 
, 'I ,,' : I. ' ,',' 'l", 

a frame whose good quality is certified by two scwers 'and'thAt contain. ZS 

or fewer beam tracks. is accepted as vali'd if it satilfie8 th~'three 'c'riteria .' 

(i) through" 3) above. 

, Our experiment' yielded 1.2 accpetable events' iii'the re'gi~'n";' . ,', ,: ' , 

0.84'; cos' sCe, m~ .rt o~ 96 fro~ U.09 If: 0~03)X 107 Cm of ,beam track (i.55 .0.07 I.Lb/event) 
~ , 

Of these 12~~ents~ 0.51. *0.26 are' expected to be backgrolmd.This i.a,' Monte 

Carlo estimatebase'd on the assumptio~that the backgroUnd ie 'composed entirely 

of stray prot~ns caused by the elastic scattering of primary' neutrons formed in 

the Bevatron target. The calculati'on of this estimate starts With a sample of 

proton tracks known to be background. Each of these failed to fit the basic 

hypothesis' relative' to the nearby beam track apparently a880~iated with it. 

Leaving the recoil track unclianged. we translate the beam track by a transverse 

distance,' chosen Monte Carlo tashion according to the k!1own beam di"t~ibutio'n. 

This generate. a new event from a spurious recoil. The fraction of such ran. 

'domly generated event" satisfying our acceptance critedaWa8 our 'estimate of 

the background fraction. 
:1, ' 

We verify the sufficiency of our criteria by performmg a Boolean 
...... ' 

.• I, 

, • ',. , ' • ' • I: I . ~ " ' .,;. , " • , • t 

Algebraic an8.1y.is of the behavior of the experimental sample,' relative to the' I" 

given criteria~ The result is t~t the experimental sample spUta into seven 

logical classe •• one'clas~ of valid and six of spurious everitis~ 6 The ~xperimental 
. , . . 

sample contains aU 'events that 'appear valid to a scanne'r. The'analY8iS'referred 

to ttlMte:s the ~et of combinations ot variables occurring 'c,xperiritentally andre- ' 

duces it to the most e,conomical expression, eliminating as many redundant 

variables as possible. In 'particUlar,' the're ~re Z8 1:1 256 'possible 'combinations 



f 
f 

-4- UCRL-i1333 

relative to the eight fundamental binary variables u.ed. to,~hara.c~eri&e. our event.: 
: ,';, ,I ':' 

only 20 of the.e occur in our sample. The. information ,about our ~xperiment 

that is contained in the knowledge .of which combinations oC,cur is what we seek. 

The mere listing of the 20 combinations is not instructive ... What we seek II the, 

pattern of their occurrence. That is, we seek a. rule. a,s. simple aa possible, 

that expressea,the membershipo£ the ,set. Thi. rule will contain all the essential 
, • . , • ',' • .,'./ .' '.' ,.' t • I, . • . < •• 

physical information, expressible in terms of the original varlables~ Because 

our variables can each take on only two values. a convenient means . already 
.. .. .... .' .,."., .. ' , , 7 

exists for extracting the essential rule. The method. initiated by, Quin.~. is 

called "the reduction of a Boolean. truth function to minimal form." We now 

give it. results. 

First. we Ust the criteria used to characterize vaUdity (Table I). Each 

criterion Xi is either satisfied (Xi II 0) o.r. not sat1sfie,d (Xi II il for eac~ event. 

Because each X .can have only two values, it is called a binary, variable. 

Criteria Z, 3,4. and.7 refer to the recoil-proton track. The parameter L 
'. . . . '. . '. ' . P 

is the length of proton track projected on the plane of the top glass of the chamber 
, ' . . Z' . . 

(which is also the film plane of the cameras). The X parameter measures how 

well the measured tracks fit our hypothesis when all measured quantities are 

varied within their quoted experimental errors. The missing mass:le the maas 
, 

.; . of 'the particlel'fU in th" reaction 11'- + p- n .+ U t~t is needed to balance energy 
I, ' I. " .' 

momentum with the unfitted tracks measured; it should correlate very closely with 
, • 1 " , , • 

Z X as an index of the validity of the. event. No vaUd events were found in which 
, . ",' . 

the misSing particle. U, was a particle o.ther than ,..0. ., 
. ::' 

The eet of the ZO experimental combinations of OEnlght varlabl~s each, 
, . . .. 

when expressed most economically, is composed of seven lubsets. In five of 
" . , ',.; " , 

these, reference· to one redundant variable has been removed. 'In the two cases 

remaining, two and three redundant variables have been .uppre.sed. No further 
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I ;, \. ,i:' ! \ ' . . \, , ,. ..' : . , . .' , l' • • • I' ., .. ,'. "':. ~! " \ " I ; ,'. .' 1, " . 

redundant variables remain (this is the meaning of "economical" in the sense ' 

we have' been ~8 ing) ~ 
,. ,,' i' 

, .. ' ,.' , 

The eSlential feature of this method is this, For a' sample' of events (a) large 

enough that the' fluctuations hi popul~tiori8 of individual classes can be ignored 

and (b) based on a well-chosen set of physical criter1a~ the cla.~ses appea.ring in 
i: 

the minimal expression'~orre8pond to the largest possible sets ofphyeically , 

similar events, In our case we assume th~ real events to be physically similar 

to one an~ther and the backgr'ound events of each kind tor~sembl~each other. : 
• I .1 • 

If in our reduction, the clas s, containing the real events also contains an appreci ... 
• J I".' 

able number of background events, we assume the background events to be 

physically similar to the real events in the same class, We would conclude, in 

that case, that the experimental cr1teri~ do not adequately separate real from 

background events. ' 
.' '. 

In the present case, five of the seven final classes are, chaJ;'acterized by 

a high value of the relative deviation of the missing mass,' This ma.rltlt them as 

classes of background events. There le one class in which RD, is a redundant 

variable. Xn that class both dip error and error in missing mass are high, we 

ean call this a class of poorly measured events. We diecard these events and 

apply an'appropriate correction to the remaining clas8, the one containing the 

real events. In this last class there are 11 events that pass all criteria and 4' 
, " 

that fail only the criterion of low missing-mass error. This result sets an 
, , 

upper limit of lour events on the total of our background due to events whose 

errors are high. We choose to ignore these and introduce a.ppropriate corrections. 

Our real events 'could be confused 'only with'those having large ~xperimentai. errt!ra. 

All other possibly confusing events fall into logical groups other than the one 

c~ntaining' the' real events, More details of the~alculat~on are St ve~ in '~eference 6. 



I 

-6. UCR.L .. H.333 

'In the original search.of ~he film for'interesti.ng ,e~ent8. i Icannersnote,' . . '.' . . .,' 
, 8 ' . ' 

any "zero ... prong" formations (a beam ,track ending suddenly inside the chamber), 
, . .' . . 

including those in which associated productions have apparently take,n place,' as I ' 
I '.' .' ;""'. ,. \ ., . ,', I. 

evidenced by a' nearby decay pattern~ In the neighborhood of sueh zero prongs, ' 
. ',:' ,," .,' . , I' il, .. ,;, ,I, ' :",.. ", ' , . 

scanners seek recoU':'proton tra'cks longer tha.nO~ i 'in., in the, two best stereo ' 
, , . ,. '. . l ." I ,i .• ' . '. ' "'. r '. I,' • ! I .'~ 

views projected on the scanning ,t,able. This c:or,,-esponds: to 'a' spatial projection: ' 
•• j " • " •• 1 • , . 11 • , • ' , " ,," .'., 

of about 0.38 em. : which compares with ourineistence: on O. 7em 8,S the minimum 
, • .. '.:;' I .' • I ;. .' .".', I ,. ",;. , , 

projection 'for an acceptable event. No actual eventsac~eptable '~o ~urother: 
',' .' " .'., ' • .,', • It • '. '", ., I' • 

criteria~however,' were rejected by' adopting the O. 7~cm req~l'ement. The , 
, .' : " ." , . ~ . . '. ~ . 

correctio~ ,for all events, thus lO,st is made by the co~puter program HOUND. 9 

, The tilm (1.3 rolls were accepted out of some, few .dozen ,sampled ,extensively) ~ 

was eCanned,l~de'pendentlyby two sc~ers ,who, "when working well, scanned 40 

frames/hour at~n average efficiency of 0.76=0.01. Were the minimum-length 

cutoff to be raised, both rate and efficiency could be expected to rise rapidly. 
, , , ~ " .... , , 

On a high~statlsticsexperiment this course would be indica.ted, and justified by 

the low Yield of reliable valid events of short projection that were, found with 1e88 

restrictive criteria. N~.event was considered whose neut,ron path lay obviously 

within a 60-degreecone about the beam track. Such neutrons woUld have rela. 

tively higb momentum transferred, to them and cQuld not. therefor~, be associated 
.' . . . . . "',. 

with 11' 0, 8 emitted in ~,forward direction., This restriction ,aceele,rated the 

scanning a,nd explains the narro~, n:ear .. forward spectrum of our "~O, Sf 

The dis~ribution, with appropriate corrections,. is tabulated. in Table ll. 

Figure 2 shows a plot of the angular distribution dO'C~(C08 (J)/dn with the hest " " 
f ., ' \' " .' ., • ., , i , • 

ce \ ~ 
least-squares fit to ,the curve dO'" (,cos (J)/rm = bO + b i (C08 (J.1) + ,bZ (cos (J~i), '" 

where (b0' ,bi,' ,bZ) 0 1::, (3,.65:H.93, 60.5:1:38.0" Z65:!:181) mb/sr.:, 

l , , , 
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The indicated value, (3.7:*:1.9) mb/sr. for the forward differential crOSB 

section compares with an approximate range of Z 1/Z to 3 3/4 mb/sr for the 

Z 
predictions calculated at 900 MeV from the dispersion relations. The more 

'~recent calculations are closer to the higher figure. No disagreement is indicated. 

More interestingly, the disperSion relation predicts a rapid fall of 

. dO'ce(O)/dO With increase in energy in this region. The heavy .. Uquid bubble 

chamber measurement performed at Harvard3 at 960 MeV gave the result 

(1.34 :1:0.39) mb/sr, which is consistent with this prediction. 

The authors would like to thank Professor Luis W. Alvarez, the leader 

of the group in which the research described was performed. The project was 

a part of the Associated Production Experiment and we wish to thank the 

members of that group for their cooperation and particularly its leader, 

Professor Frank S. Crawford. Jr •• for hie helpftiU. discussions and criticism • 
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, 'Table n.,,' Distri~ut~on of experimental ev~nts, with successi~e corrections. " 
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