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Abstract ' ' 

Differential cross sections are presented for pion-proton elastic 
scattering in the angular range -0.6 > cos 8 > -O.98 at 15 incident 
JI momenta from 2.18 to 5«25 GeV/c and five incident «" momenta1 from 2.33 

to 3-00 GeV/c. 
•J- o 

The « p angular distributions rise steeply near 180 at all momenta* 
For laboratory momenta ̂  2.75 GeV/c they show e. minimum at u ** -0.17 (GeV/c) 
and a broad maximum near u ̂  -0.5 (GeV/c) , where u is the square of the 
four momentum transfer between the incoming pion and outgoing proton. 

The structure of the « p angular distributions undergoes a marked 
chP-nge in the momentum range studied. A pronounced dip in the cross section 
at 180 uhich is observed at momenta < 2,50 GeV/c evolves into a steeply 
rising peak at 2.80 and 3*00 GeV/c. A aiainmm in the differential cross sec
tions appears in the 3«°0 GeV/c data at <9 ^ 155 . A shallow minimus is 

- cm. 
indicated for all momenta near 0 = l'-<5 • 

cm. 
Qualitatively good agreement with the experimental results is obtained 

Kitn a direeb channel resonance modfl. The « p data are compared with a Regge 
model which considers the exchange of The A. and N Regge trajectories. The 
qualitative success of both the direcl channel resonance model and the Regge 
sicdei lends support to the concept of cuality. 
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X. Introduction 

We report results from an optical spark chamber experiment per

formed at the Argonne National Laboratory Zero Gradient Synchrotron during 

»*ulyAugust 1968. The purpose of the experiment was to measure angular 

distributions for pionproton elastic scattering in the angular range 

0 6> cos 6 > 0.98 at 15 incident « momenta from 2.18 to 5.25 GeV/c 
c.m. 

imd five incident «" momenta from 2.38 to 300 GeV/c. 

At the time that this experiment was proposed, it was suggested that 

the « p backward angular distribution, for momenta less than 3 GeV/c, could 

be explained by direct channel resonances. At high energies (D > 5 GeV/c) 
2 

the angular d i s t r i bu t ion , which i s characteri r.ed by a peak at backwxd 
ft.nf.les and a minimum near r ** 0.2 (GeV/c) , was thought t o a r i se from 

3 
exchange of the &. and TJ Regge trajectories. A wrong signature ncisense 

r.ero in the N amplitude at u = 0.2 (GeV/c) produced the minimum seen 

in the experimental data 

At intermediate energies, 25 GeV/c, it was proposed that the resonance 
k 

amplitude was interfering with a nucleon exchange term or Regge trajec

tory exchange amplitude. In the Regge interference model, severe 1 =>so

r.nices were postulated as recurrences of the known A,, N , and N states. 

With these postulated resonances, the model was quite successful in fitting 

the np ♦ pjr 180 cross section, and it was shown that the resonance 

contribution was very small at momenta above 3 GeV/c. The dip seen in the 

*? data at 2.1 GeV/c at l80 was due to interference between tne resonance 

"̂.i Regge amplitudes. For the « p data it was suggested that the resonance 

http://ft.nf.les
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cjmlitude saturated the 180 differential cross section for momenta up 

to k GeV/c. Several criticisms were made of this Regge interference 
•7 

codel however, on the grounds that double counting resulted from the model.' 

It was farther shown by Dikmen that the « p 180 cross section could be 

described using resonances only. 

It was with the hope of shedding some light on the question of the 

phenoraenological interpretation of «p backward elastic scattering that we 

'jndcrtcok the detailed measurements in the experiment described above. 
+ 9 

?xtant « p data in this interesting momentum region were rather sparse, 

and at momenta above 3 GeV/c of rather poor statistical accuracy. The « t> 

differential cross section had been measured with good precision (~ 10t 

statistical error) at 180 from 1.6 to 5.3 GeV/c but at less backward 

angles was of poorer statistical significance.-^ 

The experimental equipment and proceduje^ are described in. Chapter II 

of this work. The determination of the differential cross sections is outlined 

in Chapter III and corrections to the data are discussed in Chapter IV. In 

Clatter V we present the results from this experiment. We compare the results 
11 ]J 15 

with the Regge and direct channel resonance models ' i n Chapter VI. 
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EQUIPMENT AND PROCEDURES 

A. Experimental Layout 

This experiment was performed in the secondary beam #1 of the Argonne 

*-V ional Laboratory Zero Gradient Synchrotron. Fig. 1 shows a schematic 

v«i*v of the beam transport system. The pion beam used in the experiment 

3f%£ produced by a beam of 12.5 GeV/c protons, defined by the bending magnets 
in 

JB«; and XB6, incident on the copper target TA1. The momentum of this 

jccoridary beam was determined by the bending magnet XBA31 and a lead collimator 

f-.irked by A in Fig. 1). After the collimator the beam passed through 

V«* bending magnets, (XBA12 and 13), and a set of quadrupoles (XQA13 and lU) 

vnlVn focused tne secondary beam on the 12" liquid hydrogen target (TG 

i'. /ig. 1). In thf* region of the liquid hydrogen target the beam spot -

i t raged about 3/!+" in diameter. The momentum spread of the beam 

V ">>.00 GeV/c vas 1% (FWI1M). The uncertainty in the median momentum was 

* r.i than 19j„. The actual value was determined from time of flight studies 

»t, several momenta for the pions, protons, and deuterons in the positive 

-«•-.". The times of flight were measured between the upstream ©nd of the 

" ""cntum slit (A in Fig. l) and counter B2 (see Fig. 2) a distance of 

- •?. feet. The measured difference in time of flight between the pions 

v • deuterons rorresponded to a momentum which agreed with the calculated 

-.--' to wiehii. lf0. 

To distinguish pions from protons in the beam, a Cerenkov counter 

{ "> in Fig. l) was placed between the collimator and XBA.12. The counter 

"*" * filled with Freon 12, dichlorodifluoromethane. The counter's index 

re:'raction was adjusted at each beam momentum, so that the threshold 

* -vvizy for Cerenkov light was greater than the proton velocity and much 
"nan th pion velocity. 
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The beam intensity varied from 30,000 particles (15,000 pions) per 
burst at 2.18 GeV/c to 150,000 particles (Uo,000 pions) at 5-00 GeV/c. 

The experimental layout is shown schematically in Fig. 2. The beam 
was detected by counters Bl and B2 which are respectively 2" X 2" and 
1" X 1" counters of ^" thick scintillator. AH was an anticounter with 
a 1" hole in it for the beam to pass through and was -jj" thick. About 5$> 
or less of the beam was intercepted by this counter in normal operation. 
Anticounters A1-A5 were placed at strategic locations above, below, beside, 
and downstream of the target. These counters covered most of the solid 
angle not subtended by the detectors, and reduced the trigger .ate by an 
order of magnitude. Counters nl-it6 detected the scattered pion and 
'counters PI and P2 detected the recoil proton. All counters except Bl, 
B2 and AH were made of -̂" thick scintillating plastic. A wet? '-filled 
Cerenkov counter with a sensitive area of 2U" x 28" was placed behind 
the pion counters nl and n2. The purpose of this counter w«s to suppress 
triggers from forward scattering events with a olr" proton \n v,he pion 
detector. A signal was required from this Cerenkov counter whenever nl 

and/or rt2 detected a particle. 

A schematic of the fast electronics employed in the eyperiment is 
shown in Fig. 3- The beam (for positive pions) «*as definec by CG Ail Bl B2 
i.e. a coincidence between the gas Cerenkov cotntei (CG) and beam 
counters Bl and B2, with no signal from AH. CG wan a very no-'sy signal as 
discriminatoi settings were low to detect the small signals from the 
phototube viewing the Cerenkov light. Thus spurious beam cox. nts were 
a hazard. These accidental coincidences were estimated by JCGJAH Bl B2 

I (see Fig. 3)5 where we deliberately mis-timed CG signals by 50 ns with 
i 
! respoct to AH Bl B2. About 2PJ0 of the beam coun."- were accjdrntal coincidences, 
4 The trigger for firing'the spark chambers was CG AH BUB2 irp \ , where 
t 

*" '•"wni^jK-tj -^^.-^^-p, T "V»rw-^v*"!:**»¥1»*ntB»5r -*p-t^. 
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rt means any combination of one or more of the pion counters «1 - n6, p 

means a signal from PI and/or P2, and A means no signal from any of tne 

anticounters Ai - A5- If itl or «2 had a signal we also required a signal 

from the water-filled Cerenkov counter (CW1 - CW6). The signals from six 

phototubes in the Cerenkov counter were added together in a mixer. Tbe 

coincidence CG AH Bl B2 rep A was iccorded twice using independent circuitry 
IS 

(not shown). The ARD circuits shown were EGG coincidence modules followed 

by discriminater modules. The "Pile-up Gate" shown in Fig. 3 was used 

to suppress some of the triggers with multiple beam tracks. The inputs 

to the gate were AH Bl B2 and Mi Bl. A signal from either of these inputs 

was sufficient to turn off the gate for 1 p,s. The effect of this was to 

shut off the svstem for 1 u.s after each beam particle, if it did not 

produce1 a \ rigger. 

The incident beam, forward scattered proton, and backward scattered 

pion trajectories were each measured by two optical spark chambers. The 

spark chambers are indicated m Fig. 2 by cross hatching. 

Tne polar angle covered in the lab by the pion chambers ,?as 75-150° 

for the proton chambers 1.5-2H0 . These angles correspond to a .inge of 

pion angles in the center of mass of -0.5 ̂  cos 9c>m. ̂  -0.9',6 f.t 2.l8 GcV/'c 

and -0.7 * cos 6c>m% * -O.985 at 5.0 GeV/c. 

Each chamber had six one-half inch gaps with .001" thici- aluminum 

foil planes. They were filled with a circulating mixture oi 90% UQ a n^ 

10/o He gas. The chambers -were pulsed at 9-5 W v/hen trigge~ ed by the 

electronics. A 150V cleaning field of opposite polarity to the voltage 

pulse was applied ai all times. 



JL-h 

Twenty-one sets of fiducial lights were mounted on the seven spark 

chambers. A set of fiducial lights consisted of a luminescent panel 

overlaid with a, photographic negative, generating a pattern with an X 

and two rectangles. 

The chambers were filmed stereoscopically and were viewed from above 

by mirrors set at ̂ 5° with respect to the horizontal. Vertical nnrrors 

were used to reflect the images through a lens into the camera. The 

mirrors and the camera location are not shown in Fig. 2. On each frame 

of 35 mm film were two views for each of seven chambers, 21 sets of fiducial 

lights, and a view of a data box. The data box displayed the date of the 

run, pion charge, beam momentum, target condition (full or empty"), and 

the roll number and frame number. Pictures of 11^5 triggers were taken 

on each 150 foot roll of 35mm Kodak Linagraph Shellburst film. In addition, 

"calibretion" pictures were taken at the beginning and end of eech roll. 

In these pictures the chambers were lit from below and from one side in 

such a way as to illuminate marks etched at 1" intervals in two «_id',s of 

the lucite frames of the chambers. 

The camera was capable of recording one picture per burst- "̂ he 

average number of triggers recorded per burst was 0.6 ai, 3-00 GeV/c 

and 0.3 at 5-00 GeV/c . 

The operation of the spaik chambers was monitored by a closed circuit 

television camera so that irregaiarities in the performance of trie chambers 

or fiducial lights could be readily detected during the running of the 

experiment. 

^*5"T^p»ft1 '*v,Bg»sra«ju»- vvy-^"r^^3CT^ra,-y^^^^'T:$r~i^^^^v^ tn-t^r^o^^s-T^pp^^r^ ^yxr^rz^y^r^&'t-rrvy'r**! vvyzg-s J**! — lyCT ^"*T»5t v " 
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B. Measurement of Film 

We took approximately 330,000 pictures at 15 incident «+ momenta 

and five incident it" momenta. The amount of useable film taken at each 

momentum is listed in Table I. These pictures were scanned by an auto

matic film reader built at Indiana University named CRUDI (Cathode Ray 

Ultimate Device, Indiana version). CRUDI, based on a Brookhaven National 
tfe-J8 

Laboratory design, has been described elsewhere. CRUDI was controlled 

by the CDC 3^00 computer at the I.U. Research Computing Center and was able 

to scan and measure about 900 35 mm frames an hour. The machine language 

programming needed to control CRUDI is described in Ref. '8-° 

The procedure employed in measuring each frame of film is described 

below: 

1) The film was positioned on the viewing gate using a large 

fiducial (see Fig. k.). This fiducial was recognized by it-. s;ze, 

100 by U00 counts, where one CRUDI least count = 1.5 X 10"^ IT. 

on the film, and its opacity. 

2) Next, the four outermost fiducials on the film were located anc 

their positions measured. On every 50th frame all ^2 fiduc al 

rectangles were measured. 

3) The scan for sparks started in pi, the inner pion chamber i-

Fig- 2. If no sparks were found in pi, the frame was skipped 

over. In the case of the two outer pion chambers, if more 

than three sparks were found in the first chamber scanned tl c 
other chamber was net exarrn ned. 

k) The remaining chambers were then scanned. 
Scanning for sparls was done down the center of the spark chamber gap. 

Sparks were recognized by their opacity (the film is a negative) with respect 
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to the background level, which was measured every 100 frames by a scan in 

an area free of sparks. Once sparks were found in one gap of the chamber, 

the locations of the sparks in other gaps were predicted and scanning done 

in those restricted areas. This technique avoided the rather time-consuming 

scan down the full length of the chamber for each gap. If £ 3 sparks were 

found in a view of a chamber each gap was scanned completely. 

The output from CRUDI was written directly onto magnetic tape and 

consisted of three types of data records: (1) a record at the beginning 

of each roll of film containing the data box information; (2) the 1+2 

fiducial positions (repeated every 50 frames); (3) x-y coordinates, width 

and opacity for each spark. 550 hours of computer time were required to 

measure the film; this included time spent debugging software and remeasuring 

some of the film. 

C. Reconstruction of Events 

The reconstruction of events proceeded as follows. The first task 

was to transform the coordinates of the measured i'j ducials and sparks 

from the CRUDI coordinate system xQ,y0 - which is non-linear because 

of the curvature of the face of the CRT used to scan the film - onto a 

linear coordinate system. The transformation was of the form 

x = x0 (a + b x Q
2 ) , y = y0 (a' + b' yQ

2) 

where the a's and b's were constants determined when CRUDI was calibrated. 

Next the set of 1+2 fiducials was mapped onto the four fiducials measured 

on ev°ry picture. This determined the overall magnification, rotation, 

and translation of the coordinate system local to each picture. The spark 

coordinates were then transformed onto a standa d orientation of the 
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coordinate axes. The next step was to filter the sparks. To do this, the 

two chambers in each arm were treated as a single 12-gap spa-rk chamber ' 

filmed in 90° stereo. In each of the two views of the three "12-gap'' 

chambers a least squares fit to a straight line vras made. If a gap 

contained more than one spark, sparks furthest from the fitted straight 

line were discarded. The remaining sparks were then filtered by discarding 
p the sparks furthest from the straight line until an acceptable x for the 

l« 

fit was obtained, or only two sparks remained. The spaiks in the two 

views were then paired up and transformed into the three-dimensional 

laboratory coordinate system. After this procedure, three vectors were 

formed for the beam, scattered pion, and recoil proton trajectories. A 

geometrical reconstruction was then made of the vertex of the interaction. 

Thi s vertex was used as a starting point in a Gauss-Newton iteration which 

minimized the squares of the perpendicular distances of rhe sparks from 

three straight lines which were fitted through them and constrained to 

intersect at a vertex. 

The "goodress of fit" for each event was calculated by computing 

Sigint, the stcndard deviation in inches of the scatter of the sparks 

from the fitteo. vectors. Fig. 5 shows a histogram of Gigint for all jt+ 

data at 2.18 GeV/c. The average scatter was about .05" (1.2mm) in real 

sp&ce. 

Dependirg on momentum, 55-7O/0 of the events could be reconstructed 

as two-body scatters. Events failed the reconstruction program for a number 

of reasons. For 8-12$, of the data there were no sparks in the inner pion 

chamber, i.e.. the trigger in the n counters was due to a neutral particle 

or particle:. In this case the other chambers were not scanned. For another 
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5fo of the data no single pion track could be formed, usually because 

there were two or more good tracks in the pion chambers. Fifteen per- ,:ent 

of the events failed because no track could be reconstructed frcm sparks 

in the proton chambers, either because there were no sparks (~ 1-2% of 

all data) or too many (from forward-going inelastic events). One to four 

per cent of the events failed because of multiple beam tracks. If events 

failed because fiducials were mismeasured, or if the reconstructed data 

looked in any way suspicious, the film was remeasured. Suspicious rolls 

were found by noting that the production vertex was displaced, or too many 

events from the roll had Sigint too large, or there were not enough 

coplanar events compared with other rolls of.film at the same momentum. 

About lOfo of the film was remeasured. Three rolls of film were 

found to be unmeasurable because two fiducials were obscured on the 

film.' 

Results for each reconstructable event were stored permanently on 

magnetic tape in a 17-word format containing'bookkeeping information, 

Sigint, and the coordinates of the trajectories. 

Reconstruction was performed by the CDC 3600 computer of the Indi.'-.na 

University Research Computing Center. About 25 minutes of computer tiĵ e 

was required per roll of film (1100 pictures). 

D' Fiducial Cuts and Geometrical Efficiency 

Cuts on fiducial volume were made under the assumption that all 

reconstructed events were elastic. This was done by calculating the pion 

position derived from elastic scattering kinematics from the "proton" 

angle. Each event was checked to see that, if elastic, it could have Xeen 

seen by the detectors and-that the interaction vertex was in the liquic: 
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hydrogen of the target. For the 12" long target ire have used events 

from the center 10.8". Cuts were made on the counteis and chambers 'so that 

detector edges were moved in -jj" - h" from surveyed positions. No cuts were 

made where detectors overlapped. Data outside tne desired fiducial volume 

were discarded from the final data sample. 

In calculating the detection efficiency we have included the azjjuuthal 

acceptance of the apparatus, the absorption of the beam in the ta.rget, and 

the efficiency of the wa.ter-filled Cerenkov countei . The detection efficien 

at 2.l8 GeV/c as a function of proton lab angle is shown in Fig. o, plotted 

for every l/lOth degree. The dip in efficiency at 12° was- due to the small 

gap between the two outei pion chambers (see Fig. 2). The stiuctuie at 

small angles was caused by cuts required by aluminum support? on the 

upstream <=nd of the targol . Gince 5000 random events were used to goner ate 

each datura in Fig. 6, the statistical uncertainity is l.H$. 

s 
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III. DETERMINATION OF DIFFERFî ITIAL CROSS SECTIONS 

Since the momenta of the final state particles were not measured, 

there are two kinematical constraints for an elastic event. The first 

constraint used was a requirement of coplanarity, defined as the triple 

scaler product C = TC«(B x p) where it, B and p are the unit vectors which 

describe the trajectories of the scattered pion, beam particle and 

scattered proton respectively in real space. Since elastic scatters 

are coplanar, they should have a distribution in C centerd on zero, 

with a spread determined by the experimental resolution. Fig. 7 shows 

the distribution of coplanarities for all it data at 5.00 GeV/c. The 

FWHM of the elastic peak is less than .005. 

To determine the yield of elsurtic scatters, data were binned as a 

function of cos 9 , which was calculated from the proton lab angle. 
cm. 

The quantity histogrammed for each event was the difference in lab angle 

between the measured proton angle and the proton angle derived using 

elastic scattering kinematics and the measured pion angle. This differ

ence is referred to as Del. Before histogramming Del, a cut on coplanariw 

(j C j <■ .0125) was made in addition to cuts on fiducial volume, productier. 

vertex, and the sc&tter of sparks from the fitted straight lines. Del is 

plotted in Fig. 8 for « data at 3 = 75 GeV/c, integrated over all cm. 

angles; the FT/<"HM of the elastic peak is s 6mr. Note in Fig. 0 that the 

background is quite flat nea.r T,hc elastic peak, so that background sub

traction from under the peak is quite straightforward. Del was plotted 

for each cm. angul&j bin (e.g., .975 < cos 0 ^ £ 950) and background 

was estimated in esui plot by a linear interpolation from bins outside thp 

ela.stie p~ak. The CUT:'on Del lo<- the elastic peek was ±20 mr. The background 



*«l»^»*»-^'»«P«»'T«*^*Vf<*^**K»»^ H&t*tqNfMmfr*l&*)tnw*-

'■H 

& M> -jMf ft 

<=s? 

Pig. / » . i 

"I 



k 
* / 

»aj ,&»,(»*•>**£•. * i « w 

2 

■*x? ^i O ^ - -

Fig. 8. 



^ifcA4»J-««-'-*fcl*^v 

III-2 

subtraction varied from 0j> - 10$ at intermediate angles to 15 - 1+0$ near 

180 , depending on the incident momentum. Fig. 9 shows typical Del plots 

at 1+.25 GeV/c for -.750 <: cose <: -.725 and -.975 £ cosp s --950. 

The differential cross section was calculated by 

da Y r 103° 1 11 . , 

] where Y is the yield of elastic events weighted by the reciprocal of the 

I detection efficiency, cp is the net pi on flux (for each momentum), Ao is 
I 
i Avagadro's number, 0 i s the density of l iqu id hydrogen = .07 g /cc , Z i s 
i 
I the useable t a r g e t length = 27.6 cm, and AJ\ i s the c m . so l id angle. 
I 
1 For most data bins, /Va = d (cos9) drp = (.025) 2rt. The total correction J 
I to the data from the effects di scussed below in Section TV was 17$ witn 

t 
if 4 
ft I f 
i 

I 

! 
» 

1 

a normalization error of ±7$. 



pjob 
Fig., 9. 



XV. CORRECTIONS TO THE DATA 

A» Efficiency of Counters and Chambers 

Each scintillation counter was constructed of a rectangular sheet 

of scintillating plastic which was viewed through a lucite light guide 

by a single 6810A photo tube. The efficiencies of the counters were 

checked by placing them in the beam in coincidence with the beam tele

scope B1B2 AH. Efficiencies averaged about 99-5$ with none less than 

99$. 
The efficiency of the water filled cerenkov counter for detecting 

relativistic pions ranged from 96 - 99-5$. The efficiency was mapped 

on a 2" grid over the sensitive area of the counter by placing it in the 

beam in coincidence with CG AH B1B2. The efficiency was determined by 

the ratio C& CW AH B1B2/CG AH B1B2. 

The Characteristics of the gas-filled cerenkov counter ere discussed 

in section E below. 

The performance of the spark chambers was studied by examining the 

effects on the data of reconstructing events with information from one 

chamber omitted- Tnis procedure utilized the redundancy of the detection 

system. Thus, if the missing chamber was a proton chamber, the beam 

and pion trajectories were determined as usual and the proton trajectory 

was defined by the point of intersection of the beam and }jion vectors 

(the production vertex), and the sparks in the remaining proton chamber. 
;/ The sparks in the remaining chamber were filtered by making a least 

squares fit to the straight line determined by the sparks in that chamber 

and the vertex, which was treated as a spark, spurious sparks were 

discarded »s outlined above. 
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The purpose of reconstructing events in the above manner was to 

check for angular biases and spark chamber inefficiencies. If a chamber 

was inefficient or full of spurious sparks the total number of desired 

events in a given set of data increased when that chamber was omitted in 

the reconstruction. An example of this behaviour can be seen in Table II 

where we list the number of elastic events for each mode of reconstruction 

in angular biws of width A cos 8 = .050. These dsta are a sample of 
cm. 

bad data from 2.65 GeV/c (it- beam). Ql and Q2 are the inner and outer 

proton chambers, pi is the inner pion chamber, p2 and p3 are the outer 

pion chambers. The results obtained by omitting o2 and p3 ehow 8 net loss 

of events because the experimental resolution is much pooler when only 

the inner pion or proton chamber is used in the reconstruction. In the 

other cases there is a net rise of 2 -5$ overall, and in the case where 

02 is omitted we see a 25$ rise in the yield at cos Q =-.875- A scan 
cm. 

of this film showed that this behavior was due to a "hot spot" in Q2 
centered nrar 9^ , . ** 10 where the chamber was breaking down. Film P,lab 
in which this type of malfunction was found was discarded. About 20 

rolls of film at 2.50, 2.65 and 5.12 GeV/c was not used for this reason. 

The analysis shown in Table II was performed for all of the jt-p data 

and about 15$ of the n+ data. The remaining data were scanned by hand. 

For the usspble film we estimate the inefficiences of the spark chambers 

to be 2&2$„ 

B. Attenuation of the Beam in the Target 

The beam flux recorded by C G AH B1B2 is the flux 8t the upstream 

end of the target. In general the intensity of the beam as a function 
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0f the distance x traversed in the target is 

I (x) = Io e"x/X 

v/here X is the pion mean free path in hydrogen. X =*• 310 inches for the 

.loroentum range of this experiment. 

To find the average intensity in the target it was observed that 

x/X«l so that 

I(x) ~ Io (1-X/X) 

the average intensity is therefore ~ 

I - Io (1-X/2X) 
av. ' 

=** 98$. Io 

for the 12" liquid hydrogen target. Thus 2$ was subtracted from the 

measured beam flux to account for the attenuation of the beam in the 

target. 

An additional conection of 0,5$ was made for interactions of beam' 

particles in the last beam counter B2. 

C. Nuclear Interactions of the Final State Particles* 

Each spark chamber presented .006" of A! foil and .030" of mylar 

to incident particles. To correct for nuclear interactions of the final 

state particles in the liquid hydrogen, mylsr windows of the target 

and spark chambers, 2.5 + 1$ was added to the yield of desired events. 

Two thirds of this loss occured in the liquid hydrogen.' 

*̂ Multiple Beam Tracks 

A scan of the film showed that 6 - 10$ cf the pictures contained 

more than one beam track. Of the events with multiple beam tracks, 

30 ± 15$ failed the reconstruction program or could not pass the cut on 

sigint. Of the reconstructed events, 50$ or more had . the wrong 
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êem track. Because of the loose cuts on coplanarity and Del however, 

ve estimated that only 10 - 20$ of these events were lost (the beeiu diverg-

rjce was ±15 mr in the vertical direction . - - > and ±7mr 

in the horizontal direction). 
A n overall correction of 3 ± 2$ was made for loss of events with 

multiple beam tracks. 

E. Lepton Content of the Beam 

The muon content of the beam was measured directly in this experiment 

by studying the beam attenuation in lead. Lead bricks were placed in the 

be&ra between the counters Bl and B2 (see Fig. 2). The pion flux defined 

by the coincidence CG AH B1B2 was observed as a function of the thickness 

of lead. (The pion flux was normalized to the counter telescope BT2, 

which monitored the flux at the production target). The results are shown 

in Fxg.10 where we plot the normalized flux as a function of the thickness 

(t) in inches of the leed in the beau for several n+ and it- momenta. The 

statistical errors are smeller than the symbols used \,o plot the data. 

Ai the low momenta the data lie on a straight line out to t = k" to 6"; 

at higher momenta a straight line can be drawn through all the data at 

each momentum. 

To determine the muon content of the beam from the results shown in 

Jig.10 we used the fact that the muon mean free path in lead is much 

larger than the values of t used in «his study: dE / dx =12 MeV/cra 

for muons in lead. Since the pions interact strongly however, their 

mean free path is much shorter than the muons. The measured pion mean free 

path X is indicated 8t each momentum in Fig.10. For comparison the 

natural collision length for pions in lead'is 
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L = ^ n a t u r a l = 5 ' 5 " 
where A i s the atomic number of lead, N i s Avagadro's number, and 

c?natural = * ( »>/ ] X ^ .' 
,j Using the approximation t h a t Xp, = » the beam i n t ens i t y i s given by 

? I ( t , f ) = I r t + 1^ = ( 1  f ) £ exp (  t/X^ ) + f Io 
l
 where f is the ratio of muon s to pions in the beam, and Io is the 

<r 

V intensity at t = 0 . The results obtained for f were that 
I 
5 f = 1.0 ± 0.5$ 
& 
$ at 2.28 and 2.38 GeV/c and 0 ± 0.5$ at the higher momenta. 
I 
\ The electron content of the beam was estimated from the pressure 
I 
|f curve shown in Fig. 11 for the beam Cerenkov counter. The pion threshold 
| at 3.00 GeV/c is ~ 17 psia as indicated in the Figure. Below the pion 
I 
f threshold the background at this momentum was about 5  8 $ . This back
I 
I ground was presumed to be largely very fast electrons since the threshold 
t for muons was 95 psia at this momentum. Knockon electrons ^6 rsys ? 
\ contribute less than .5$ of this background. 

I The overall efficiency for the counter was also estimated from thic 
i curve. The ratio CG AH B1B2 / AH B1B2 was 97$ at pressures above 35 psia. 
I From a beam survey (of hadrons) performed at Argonne, kaons were found 
I 
| to constitute ~2$ the negative beam at this momentum. The kaon threshold 
I" is 210 Psia at 3.00 GeV/c so none were detected at 35 psia. If the kaor.s 
I are subtracted from the signal AH B1B2 then the efficiency of the counter 
i 
n was about 99$. 
5 F.̂  Empty Target Background 
I 
J Empty target data were taken at several momenta. The trigger rate 
S 
f as a fract ion of the fu l l t a rge t r a t e varied from 15.5$at 2.38 GeV/c t o 

it 
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2P.5$ at 1+.25 GeV/c. With the target emptied, the yield of good (elastic) 

events, determined by analyzing the data as though the target were full, 

was 0.6 ± 0.1+$ of the full target.yield. About 0.1$ of this yield was 

attributed to interactions with the hydrogen vapor which remained in "..the 

target after it was emptied. The remaining events were resumably due to 

interactions in the side of the target vessel and supports. The correction 

made to the data for this effect was to subtract 0.5 ± 0.1+$ from the yield 

of good events. 

G. Experimental Resolution 

From Fig. 5 above the scatter of the sparks along the fitted particle 

trajectories averaged 1.2 mm per spark in real space. This average 

deviation arose from several sources: 

(a) Crudi measures the location of the edges of each spark. The 

error in determining the location of the center of a spark, which wss 

typically measured by CRUDI to be 2.5 irm wide In real spsce, was estimated 

to be 0.8 mm. This uncertainty included the resolving power of the film 

( ~ 0.1+mm, when magnified into real space), the error in the CRUDI calibra

tion (1-2 least counts or 0.2 - 0.1+mm in real space) and the repeatability 

of the CRUDI measurements ( 1-2 least counts). 

(b) Multiple Coulomb scattering of the proton in the aluminum foil 

and mylar covers of the spark chambers was about .06 - ,12mr (per gap); 

for the pion the average deflection per gap was about 0.2 - 0.7mr, 

depending on the incident momentum End the pion lab angle. 

(c) Sparks along a particle trajectory inclined at angles > 30 

with respect to the perpendicular to the spark chambers tend to follow 

the electric field rather than the trajectory. The error due to this 

staggering effect was estimated to be comparable to the spark widths 

( ~ 0.5mm to 1.0mm ). 



rv-7 

The net effect of the processes listed above was to introduce an 

error in the location of each spark which was ~l.lmm for the proton 

chambers, ~1.1 - 1.8mm for the pion chambers, and ~lmm for the beam 

chambers. Other ( small ) errors were ignored in these estimates: the 

warping of the spark chamber frames ( ~ 0.1 ram ), taper of the spark chamber 

frames ( ~ 0.2 mm), and the errors in surveying the fiducials relative 

to the spark chambers ( ± 0.13 mm )• 

In calculating the total mean deflection of the pion and proton in 

the lab, we have included the above effects (a) - (c), the multiple Coulomb 

scattering of the particles in air, and the multiple Coulomb scattering 

of the particles in the hydrogen target, From multiple scattering in air 

the projected mean deflection of the proton was o.2 - 0.1+ mr, for the 

pion o.6 - 1.6 mr. From scattering in the target, the mean proton deflec

tion was 0.1+ - 0.8 mr and the mean pion deflection was 0.8 - 2.2 mr. The 

net deflection in terms of laboratory angles was therefore 2.0 - 2.1 mr 

for the protons and 3.9 - 5.8 mr for the pions, depending on the incident 

momentum and the angle at which the measurements were made. The error 

in these calculations is about 10 - 15$. 

In definining the experimental resolution we used the quantity Del, 

which is equal to the difference in lab angle between the measured 

proton angle and the proton angle derived from the measured pion angle 

assuming elastic scattering kinematics. When Del is plotted for the data 

of a given momentum one obtains a signal with a Gaussian-like distribution, 

centered on zero. We have defined the FWilM of this distribution to be 

the experimental resolution . The experimental resolution in milliradians 

is plotted in Fig. 12 as a function of pion cm. angle, 6 cm., for data 
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at l+.OO GeV/c The experimental reso lu t ion i s qui te constant as a function 

of 8, 
c m . 

We define the calculated experiment resolution t o be 

,, s in 9 
i 6 2 + ( i e —JLd£*> 

P Sine 1 V 
p , lab 

1/2 

Jp 

where A 9 and A 9 are the mean angular deflect ions in the lab of t he 
P * 

proton and pion, J i s defined by 

J = 
d (cos 9 ) 

rtc.m' 

and 

d (cos 9 ~, ) v n, lab' 

(cos 9 ) 
I ; p,cm

y 
J =fa. (cos 9 . , ) 
p r

 v p,lab' 
At l+.OO GeV/c Jn/jp is typically 0.01 - 0.10, so that the pion deflection 

contributes little to the overall experimental resolution. Under this 

assumption, the calculated resolution becomes twice the mean angular 

deflection of the proton or ~1+ - l+.5mr, independent of angle, which is 

in good agreement with the results shown in Fig. \Zi 

K. Loss of Events from Pion Decay 

_ The minimum laboratory momentum for elastically scattered pions 

vrhich could be detected by the experimental layout (Fig. 2) was 1+00 Mev/c 

at 8 =■* 170 . Of these !+00MeV/c pions, k.k% decay between the target 

fcnd the outer pion chamber. Nearly 100$ of these decays are to u. v . 

The maximum opening angle of the muon is 5.6 in the lab for this pion 

monentum. Thus for a pion decaying near the target, the measured "pion" 

s-agle was deflected by at most 5 ii the lab. This maximum deflection, 

when transformed into the proton lab angle yields A 9 =" 0.8 . Since 

the cuts on coplanarity and Del were loose } loss of events due to pion 

decay was < < 1$. 
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v/. RESULTS 

Differential cross sections from this experiment for baelc.Tard 

elastic pion scattering of protons are presented in Table III for 15 

incident « momenta and in Table IV for 5 incident n~ momenta. Data 

marked with an asterisk (*) indicate where the background subtraction 

was Js 10$ of the net signal. Tne quoted erroxs are statistical and 

were computed by 

tt - ^ " ^ • 

where Acfo/dn. i s the statistical error, S i s the net signal and B the 

background. Results for da/du as a function of u from this experiment 
+ + 

and other experiments in this momentum rangj eure plotted for « p -. pjt 

in Fig. 13- u is the square of the four momentum transfer between the 

incoming pion and outgoing proton. Data are presented from the CERN-
21 1 

Saclay collaboration , the BNL-Rochester collaboration , the University 
22 23 

of Michigan and Brabson, et al. Data froun this exver;ment are 

presented by solid circles. Note thac the ordinate in Fig. 13 is linear. 

At momenta & 2.75 GeV/c the n p distributions are remarkably similar, 

being characterized by a steep, narrow bs,clroard peak, ̂  d°p at u =- -.17 
2 2 

(GeV/c) and a broad maximum centered around v s; -.6 (f-eV/c) . This 

same structure persists in angular distribulions taken at momenta as 

high as 13 GeV/c. The backward peak disappears at 2.08 GeV/c (Ref. 1, 

for example). T-ie pronounced dip at u = -.11 i lso disappears at this 

momentum. Fig. ll+, where we plot da/du (u -const.) vs. • the square of 

the total cm. energy E , for e from 1-15 GeV*% showti the behavior of 
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■£ + + S 
the « P + P5C cross section as we pass through the various resonance in 

\ the I = 3/2 amplitude. The data is from this experiment and Refs. 1 and 
f 
<• 2. Note the large bump centered on the A (21+20) at s ̂  6 Gev . At 
1 s =" 8 Gev (E =2.8 GeV) the cross sections also show a hint of 
r cm. 
I 
£ structure. 
s» 
! 
f Results for it p backward elastic scattering are shown in Fig. 15; 
I where da/dn. vs. cos 9 is plotted. (The solid curve in the Figure 

is a calculation which is described below.) Results from several other 
1 212 21+5 

investigations ' * are also shown. The agreement among the 
various experiments is generally good, although our results at 2.80 GeV/c 
near cos 9 = .9 disagree with those at 2.85 GeV/c from CErlNSaclay. 

cm. 
We measured n p cross sections from 2.38 to 300 GeV/c anu in this 

small momentum interval—E increases from 2,318 to 2,557 MfV there 
cm. 

are striking changes in the structure of the angular distributionvi. From 
p = 1.8 to 75 GeV/c the angular distributions show a minim'in near 
cos P =■ .7, rise steeply to a maximum near cos 9 =* .92 then 

cm. ' cm. 
turn over sharply at 180 . At 2.65 GeV/c the angular distributioi is 

I nearly flat near 380 and at higher momenta there is steep narrow peak 
I at 180 and a minimum is seen at cos 9 ° .92. The shallow mininum at 
I cos 9 =* 7 persists up through p, , = 5 GeV/c. The minimvM 
I indicated at cos 9 = -.92., on the other hand, is not seen at nigher 
\ cm. 

2 
momenta. fl p data are rather sparse in this angular region between 3 

1 
and 6 GeV/c, however. 

In Fig. 16 we plot d /du vs. u for « p elastic angular distributions 
for momenta from 2.38 to 3.55 GeV/c. The experiments included in this 
compilation have already been cited. The quantity t indicated 0/ the 

'""Egf—T»V ̂ i»^.if.*f»iT?"yf^'gs *RST3 



80h 

60F 

40F 

20F 

2 08 GeV/c 

u=:-0.3(GeV/c)
2 / T\ 

80'r 

60h 

A0[ 

1T201-

J. 
c3 
^80h 
b 

•o 

60

40F 

20 

2 18 GeV/c 

T ' I ' I l~ 
2.50 GeV/c 

LEGEND 
O THIS EXPERIMENT 
X BNL-ROCHESTER 

-D MICHIGAN-(K0RMANY0S, ej a]) 
A MICHIGAN-(ANTHONY, et ql) 
VIOV/A ST-MINNESOTA 

"OCERN-SACLAY 

u^-O.StGeV/c)
2
-, M ! 

2.65 GeV/c 

u2-06(GeV/c)
z
- , 

-. 1 i-

2.80 GeV/c 
^r^' 

u~-0 6(GcV/c) 

,5 0 ♦.&« 
«^^6^'^'o'"<^ 

us-0l(Gev7c): 

[J 

to;/> ^ 
- I 

cos0cm 
cos B 

c in 



160 

SO 

40 

20 

10 
160 

80 

40 

20 

10 

40 

20 

TS
 l 0 

m 
JO 

.40 
■o 

. 1 20 

10 

40 

20 

10 

20 

10 

—T—| | | | J | r -^JF 
_c THIS EXPERIMENT 2 3 6 G e V / c \ . j 
A MICHIGAN (COFFIN, el ol) i 
O MICHIGAN (KOFtYMANOS.et ol) I $ ° 

-V IOWA ST.-MINNESOTA t = -3(Ge\'/c)* 
x BNL-ROCHESTER I 
0 CERN-SACLAY I T 

-_J 1 I I 1 I1 

F 

T 2.50 GeV/c 

t = -3(GeV/cr 

i i f
 t f 

Oh 
Jrtt 

2.65 GeV/c 

l = -4(GeV/c)
2 

■ i ' * 

h 

J_L 
l = -3(GeV/c)

2 

a 
l 

/t^-StGeVATP T 
j i 

t = -4(GeV/c)2 

t . F A k . t 
3.00 GcV/c i l l * ■ Y? 

-t = -4 (GeV/c r 

J 

3.55 6sV/c 

1 = -5(GeV/c) 

I I 

-1.8 -I.G -1.1 -1.0 -.0 . -.6 . -A -.2 
• utReV/c)

2 



V-3 

arrows in Fig. 16 is the square of the four-momentum transfer between 
the incoming and outgoing pions. 

Results from this experiment were published in Physical Review 
26 13 

Letters and the Physical Review. 



VI-1 

VI. THEORY 

A considerable amount of pion-nucleon scattering data has now been 

27 accumulated and a large number of models which attempt to explain this 
28 29 

data have been proposed. ' * In this paper we have confined our atten
tion to two models which are reasonably successful in describing elastic 
scattering in the backward hemisphere at intermediate momenta (from two 
to five GeV/c). Before discussing these models, a few general remarks 
on notation and construction of amplitudes are in order. 

The amplitude for pion-nucleon scattering may be written 

Aj = f (cos 9) + o«n gT (cos 9, cp) 

where I denotes the isospin. Q is the cm. scattering angle between the 

incoming and outgoing pion*?, © is the ozimuthal angle, a is the Piuli 

spin matrix, and n is the normal to the reaction plane 

^L X kf 
n = T^fT' 

where k. and k_ are the initial and final pion cm. momentum vectors. 

The amplitudes f and g above are defined to be the spin non-flip and 

spin flip amplitudes respectively. Thus3 &m = 0 for f and t$ti ~ ±1 for 

,g, where m is the coasponent of the proton spin parallel to the beam. 

g imist vaaiish at 180 since angular momentum cannot be transferred • 

between the incoming pion and proton in a head-on colli.son, f <ond g 

can be written In terms of spherical. harmonic functions as 

f LA% V s Z A Y* 



where jtis the orbital angular momentum between the pion and proton. 
The differential cross section is given by 

cfo/d.a = | f |2 + 1 g |2. 

Since Y° ~ P and Y~~ ~ ± sin 9 dP /d(cos 9), f and g may also be writtea 

t -) & P , g = ; b P sin 9 = g ' sin 9 
L i A* & L a i 

1 
where P = [d/d (cos 9)] P • We then have 

f, l> 

da/da = 1 f | 2 + sin2 9 | g*l2 . 

In terms of the isotopic spin amplitudes, we have 

A>'\ = A3/2 

and 

V p = ̂ 3(^/2 + A3/2 ) 

+ for JC p and n p scattering. The differential cross sections are tJ e?ii~ 
fore 

? 2 ° 2 (da/d^+p = 1 f^2 \ + sin 9 | g ^ | 

and 

(«3a/dA) /p - i l /3(2f i / 2 + f 3 / 2 ) j 2 •• sin2 9 | l/3(2g]y2 + g^) f. 
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The polarization of the outgoing ̂ ^ a i s 

p = 2 Ira f^-g/da/d^ 4 p = 2 JJO I^g/UO/u.^.. 

v 
A. Reggeized Baryon Exchange 

X 
\ In the context.of the Regge language, the backward elastic scatter!' 
| of pion off proton is assumed to proceed via the virtual exchange of a 
S Reggeized baryon between the incident pion and proton. The simplest 
| Feynmann diagram for this process is shown in Fig. 17. 
I The ferraion Regge amplitude for a single Regge pole can be written 
I in terras of a single u-channel amplitude f.(/5",s). Hie s-channel forwi 
ft 
I of the amplitude i s given by crossing sysfianetry: 

E + m r- f, (/ii,s) 
^(/F.u) - ~y~~ L(Aa ~ /-s + 2M) ^ + M 

f (- /u,s)„ 
(/u + /§ - 2n) -V-TM-J i 

I 

2 2 2 2 
where E = -xj-—— and E = — _-p: are the nucleon cm. ener^^s 
in the s channel and u channel respectively, M is the nucleon mass, and 

m is the r&d-ss of the pion. Tne spin non-flip and spin flip amplitudes 

are written 

f = f1 (/s,u) - cos 9 f± (- /s,u) 

and 

f g - -f-, (- /s,u)-I 



I 
I 
I 

I 
I 

u 

Fig. 17. 
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tte collate e ^ i o n for the «*Ut- f ^ , . ) « - * « « «» 
,cWfflge of . **U * « - » Begge pole, 1, c îte plicated , but 

fOT d e r a t e vaiues of . the sol i tude can *, « * « - . ( f o U ^ Berger 

and Fox) 

ilfi— r^f-1/2. ^CACI) - - v - v(/*> 2 r t : i)i) J « < ^ 

y(/u) is the modified residue function. o:(yu) is the trajectory and :1s 

defined such that Re a(/u) = J at the mass of a known resonance 

/u = Mo* For the known trajectories, Re a(/u) = s^ + b u gives a good 

account of the dependence of J on JL for u > 0; for u < 0 (3.e., «p 

elastic scattering) it is assumed that the same dependence holds. cc(/u) 

is taken to be real analytic for u < 0. ' The factor l/cos JO 

blows up for -a = ~—, n = 0, 1, . . . but l/r(a + l/?) has zeroes 

at a + 1/2 = -n so that f (/u,s) remains well behaved at these points. 
J - 112 

T, the signature of the trajectory, is given by T = (-) "' where 
J = JRes' F o r T positive and a = -s 1/2,%, goes to zero. This zero fs 

called a wrong signature nonsense zero. 
11 

For the modified residue function, Berger and Fox have used tne 

general form 

1/2 
x . vC/u) = a^ + b R u + c^ 

33 
In fits performed by Barger and Cline , the parametriaction was 

Y(/U) « P(l + 6U1/2) (l/sof " 1/2 

u1/2 + , u + a^ u 3 / 2 

where p and 5 are constants. 
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The isospin structure of the flp scattering amplitude in the u 

channel i s 

and 

A ^ = 1/3 (A3/2 + 2 Al/2) 

• Vp=A3/2' 
32 

According to the Regge hypothesis all strongly interacting 

particles lie on Regge trajectories. If we approach the I = 3/2 baryon 
324. 

tables of the Particle Data Group in this spirit, we can hypothesize 

the existence of as many as five or six isoepin = 3/2 trajectories. 

The lowest mass states with spin J should have recurrences with spin 

J + 2 , J + k, etc. at higher masses. Unfortunately, the experimentrJ. 

fact is that recurrences have been seen only for the famous A, which 
6 

has recurrences at M_ = 1950, 2U20, and possibly 2850 and 3230 MeV.. A 
straight Dine fit (by ?jin.ear regression) to the spins and masses of the 

A. recurrences yields 
0 ■ 

Re or (/u) = Re a (u) = .125 + .90 u. 

For the I = l/2 baryons, there ere two possible trajectories, the 

N3 and the Ny. The KP: has as its lowest-lying state the nucleon, end 

its first recurrence would be the N(l688) 5/2 .' For this trajectory 

Re a (u) = -.38 + 1.0 u. 

The % is not such a well-established Regge trajectory; there is soxt̂  

uncertainty as to whether its lowest mass state should be (i) the N(.",520) 
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3/2" with recurrences at 2190, 265O and 3030 MeV or (ii) whether it 

should have the N(1755) 3/2" as the lowest state with a known recurrence 

at 2190 MeV. The known N(2650) and N(3030) resonances in the latter 

case would be assigned as recurrences of the N(l670) 5/2" resonance 

(see Ref. 35)- It should be noted that the N(l755) 3/2" is not a well-
3*+ established resonance, however. For the two cases above, we have 

Re a (u) = -.6 + .87 u (i) 

= -2.1 + 1.17 u (ii). 

The trajectory given by case (i) is the more favored solution. In 

either case, the N3 would be the highest-lying nucleon trajectory. 

Chew-Frautschi plots for the A,, Net, and % trajectories are 

shown in Fig. 18. 

For it p backward elastic scattering, it is predicted -chat the 

angular distributions on dominated by the A. J ̂  a-nd possibly the K/ 

trajectories and tha\ ohe «~p scattering should be given by the A 

trajectory.3, 1 1 , 3 3 

The most direct way to decide which trajectories ere •sxchanget i 1 

backward Jtp elastic scattering is to determine cc (u) from the aata. The 

differential cross section for fermion Regge exchange can be appro Kin. \ied 

,by the model independent form 

da/du = F (u) s^eff2. 

To fit the data with this simple expression, we write 

in da/dv, = m F (u) 4 (2a , ^ ) »,n s 



Fig. 13. 
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and then plot f,n da/du at fixed u versus an. s to determine a at various 
values of u. log da/du at fixed u vs. log s is shown in Fig. 19 for 
0 2; u £ -1.0 (GeV/c) . The data are from this experiment and Refs. 2 
and 21. A plot of a versus u is shown in Fig. 20 where we use jrp 
data from this experiment for which 5.25 s: P ^3-25 GeV/c. For 
comparison a (u) is drawn in Fig. 20 for the A* » ̂ » and Ny trajectories. 
The effective trajectory, except possibly in the neighborhood of u =* -.2 
(GeV/c) , is in good agreement with the Wc trajectory. The amplitude 
for N2 exchange is zero for a = - l/2, a value attained for the Wc near 

4 u =" -.1. This zero means that the A* amplitude should be dominant ncs-r 
* o 
t 
* u =* - . 1 , which I s the behavior observed in Fig . 20. The conclusion to 
f 
* -i 
t 'be drawn from this analysis is that the effective trajectory for «'p I 
\ backward elastic scattering is consistent with the u channel exchenge 
\ of the KCt and A, trajectories at least for | u | <: 1.0 (GeV/c) and 
^ 5.25 s P. s 3.25 GeV/c. Over tills range of angles and momenta ike" 

V 

+ 

* 

36 
appears to be no need to include Regge cuts in the amplitude. 7he?*2 
would lead to a less steep effective trajectory. For a plot of a _„ 

eij. 
+ _ 

* versus t for forward and intermediate angles for both it p and rt p 
scattering, see Refs, 23 and 37* 

' We have calculated the angular distributions and polarization for 
I !' u p backward elastic scattering using A, 8»d W* exchange. The para-
1 v ' 11 

roetization employed was t ha t of Bsrger and Fox who obtained for the 

i 
? a = 0.09 + 0.9 u 

A 

~̂  v = (a - 1/2) [35-2 + 56.O u + (/u - M) (29A + 35.8 u) ] 
; A A 
( 
s 
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and for the Wt 

a = -0.3^ + 0.88 u 

y = (16k - 184 u) + (yu - M) (293 + 106 u), 

The factor (a - l/2) in the I = 3/2 amplitude leads to a zero in the 

scattering amplitude at u = + .4-5 (GeV/c) , an unphysical value of u 

for Jtp elastic scattering. Results from this calculation are shown by 

the dashed curves in Figs. 13 and 21. Tne polarization data are from 
39 

Booth et al. Tne agreement with the cross section data is quite good 

for P > 2.75 GeV/c. The model also agrees well with the polarization 

data (Fig. 21), except near cos 0 ~ -.8 ;?,t the higher momenta. The 
p 

minimum In the differential, cross sections at u ̂  -0.15 (GeV/c) was 
obtained in this model by the nonsense :,ero in the NC* amplitude at 

11 Berger and Fox have calculated the effective trajectory for TC p 

data available as of June, 1969° The re "suits are not compatible with 

a given above. The discrepancy was attributed, in part, to normaliza-

tion errors among the various experiments used in the calculation. The 

observed structure in the it p data (Fig. 15) below three GeV/c is, in 

any case, not obtained by Regge pole calculations using the exchange of 

a single (A.) trajectory. 
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*̂ Direct Channel Resonances 
12 It has been proposed that the TI backward angular distributions, 

for moderate values of s, arise from a sum of direct channel resonances. 

The direct channel resonance model (DCRM) assumes that all resonances in 

the np system lie on Regge trajectories of uniform slope. In order to fit 

the data with the DCRM it is necessary to postulate a large number of reso

nances as Regge recurrences of known resonances. The vidths and elasticities 

of the recurrences are generated from 

f = T± + a (M-N^) 

and 

X = X1 exp [-b (M2-M )] (Solution I) 

where r , X , and VL are the width, elasticity, and mans of the lowest lying 

stat< on the trajectory and T and X are the width and elasticity of a 

recurrence of mass M. a and b are adjustable parameters. For the A trajec-
— — o 

tory a = .10 and b = . 5^ describe the widths and e l a s t i c i t i e s of the reciirrences 

fa i r ]y wel l . 

Crittender et_ al- nised the DCRM xo fit backward different cross 

sections for TT p -t prr in the angular ranĝ - 120° <, o <. lq0° for lab 
c m . 

raomerta from 2 .1^ to 5.0 GeV/c. Five t r a j e c t o r i e s , which had as lowest-mass 

s t a tes the ) 

A (123b) 3/2+ , A ( 1 ^ 0 ) l / 2 + , ft (xfv70) 3/2", A (l r '90) 3/2+ , 

and 

A (1930) l / 2 + 

resonances, were employed, with a to ta l o' eight para-aetrrs ( l i s t e d under 

f i t ill in Tables V and VI) required to ci. 'ain the v^aths and e l a s t i c i t i e s 



i TABLE V. Ceuiparison of the Parameters 
of Several. Fits ns.&e virh the 
Direct Channel Resonance Model 

f 

do/da Data F i t t e d : 

Momenta 

^ 0 c .m . 

IJo. of Data 

P o l a r i s a t i o n Data : 

Mov.enta 

A ec.r.i . 
Do. of Data 

I!o. of Adjus tab le 
P a r a n e t e r s 

Total x~ 

(Ref. IZ) 
+ 

it p 

2.18-5.00 

120-130° 

210 
None 
— 

8 
720 

(This Work) 

it"p 

2.30-5.OO 

120-130° 

17U 
ir+p 

2.5-3.75 

135-180° 

66 

1 
2,^0 

(This Work) 

i t ' p 

2.3G-5.00 

120-180° 

Y(k 

2 . 5 - 3 . 7 5 GeV/c 

135-If 3° 

66 

2 

(Ref. 1 

it p 

.08-2.00 

3) 

Gê /c 

120-180° 

138 
None 

2,725 

J-1 

510 

I Res. Amplitude Tr m c a t e d Darrped 3-TJ. } ;Damped 3.W. .P.Tv 

"WT?3KJ' i IW*' ,E""1 - 1E 1-C3T3,5U'flTCi3ai*^gB*9* "T^TSj-Li^-K 'y^ST '^ 1 
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of the recurrences of these states. The agreement of the model with the' 

data is quite good, especially for momenta above 2.23 GeV/c; the DCRM was 
. . . 2 quite successful at obtaining the dip in cross section at u ~ -.2 (GeV/c) 

seen at momenta above 2.38 GeV/c. 

It should be pointed out that, in spite of the success of the cross 

section fits, the amplitudes obtained in Ref. 12 do not give a very good 

account of the polarization at backward angles. In addition, the widths 

obtained for some of the A, recurrences are larger than the masses of the 

resonances. 

More recently vre have made fits to the TT p data using a version of 

the DCRM which requires only one free parameter. We add the angular 

distributions from resonances on five trajectories as before, but for the 

/\ (169O) 3/2 we substitute a trajectory based on the /\ (1890) 5/2 . (The 

A (1890) 5/2 is considered by the Particle Data. Group to be a much better 

established resonance than the A, (1690) 3/2 .) The elasticities of the 

recurrences are now assumed to drop more rapidly with s. 

- X = Xx exp {-P (M2-!^2)2 - Y ( M 2 ^ 2 ) j (Solution'Ii) 

where the parameters p and Y were fixed by fitting the elasticities of the 

A,, recurrences. In Fig. 22 we plot the elasticities of the A. recurrences 0 0 

as a function of s. Solution I in the Figure is the parametrir:ation used 

in Refs. 12 and. 13. Assuming IGF/o uncertainties in the elasticities of the 

A (1950), A. (^20, A (2850) and A. (3230), the fitted value of b for Sol. I 
p 

is .57 ("Jl = 33); for solution II we get 
p = kO., Y = 2.7 
2 

with "jt = 5- These same constants are used to predict the elasticities of 

the other four trajectories used in the model. The widths of the resonances 

are generated by 



exp{-/3<M--M,') 
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r = r x + a (M - VLy) 

v r e a i s assumed to be the same constant (a = 0 . l6 ) for a l l the t r a j e c to r i e s 

ft d i s determined from a f i t t o the widths of the A,, recurrences. The 

resonance amplitude employed i s a n o n - r e l a t i v i s t i c Breit-Wigner with expo

nentially damped t a i l s : 

A = r /2 {(E-M) + i ( r / 2 ) } f , f ^ 
i= -, 5 1 exp \-h (damp) ( E - M Y \ 

(E-M)2 + r2A r J 

vhere damp is a free parameter in the model—the only free parameter is this 

version of the DCRM. We have used this model to fit 66 rr polarization data 

from 2.50 GeV/c to 3.75 GeV/c from Ref. 39 and 17U rr+p -» PTT+ data from this 
2 

experiment at lab momenta from 2.38 to 5-00 GeV/c. The y for the fit to 
2 these 2^0 data was 2725 for Solution II, the y for the polarization drta 

alone wss 55^. The results obtained for this solution, indicated by the 

solid curves in Figs. 13 and ?1, are quite encouraging. At all moment? thi* 

simple model predicts ^̂ -e backward peaking of the angular distributions and 

the minimum at u ̂  ,2 (C-eV/c) . The model is in good agreement with tne 

polarization dats at momenta up to 3-25 GeV/c, and for cross section ds.ta 

between 2.75 and U.5 Getf/c. The predicted differential cross section is 

low at 5.0 GeV/c and too bumpy at 2.75 GeV/c and below. 

The damping factor obxained for this fit is damp = D38 so that at 

frergies one full width f away from the resonance energy the damping amounts 

to iki: 

Solution I for the elasticities also gives good qualitative agreement 

with the data. For this case, damp = .031. 

A complete listing of the resonance parameters and a compariron of 

the parametrization used in this work are in Tables V arid VI. The fits 
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using Sols. I and II are referred to in the tables as Fits 2 and 3. 

The DCRM of Ref. 12 has been extended to cover the case of n~p hack
ly 

ward elastic scattering for a limited range of momenta. Resonances from 

four I = 3/2 and nine I = l/2 Regge trajectories were used in fitting data 

from 2.08 to 3.0 GeV/c in the angular range 120° s: <; l80°, with the 

results shown by the solid curves in Fig. 15- The parameters used are 

listed under fit #+ in Tables V, VI and VII. a was taken to be the same 

(a = 0.18 in this fit) for all trajectories. The slopes of the trajectories 

were taken to be the same as the A. except for the N ' which was assigned the 
6 Y 

N(2190)7/2 as its first recurrence. The other recurrences of the N ' were 

found using the AC slope. We found it possible to use b = .5 for sevijn of 

the 13 trajectories in the fit. For the other trajectories b was varied -6 between 0.2 £ b ^ 10. The upper limit on b yields elasticities <. 10 , 
hence a trajectory with b this large has essentially no meaningful recurrences. 

b = 10 was attained for the AP and Np trajectories. To improve the agreament 

of the mod.el with the data, f, and X were adjusted for the several resonance? 

marked with an asterisk in the Tables. A good fit (with y larger by about 

100 than that shown in Fig. 15) could be made to the data without changing 

f, and X.. for any resonancesa Xf two new trajectories based on the N (19^0) 

7/? and N (2030) 3/2 resonances iare added one obtain® a y smaller by 

12*f than that in the fit described in Ref. 15- (138 data were used in the 
2 

fit, with y = 510 for the fit shown here.) The curve shown in Fig. 15 for 

data at angles £ 120° was an extrapolation from the fit; the DCRM gives n 

good account of the data oat to around 90°. In fitting the rr p data a 

standard non-relativistTj Breit-Wigner amplitude 

A = r(M-E)/(r/2)-i1-1 



Table VII. Values of the 1 = 2 resonance parameters used in fitting 

backward * p elastic scattering from 2.1 to 3 GeV/c with direct channel re

sonances. The 1 = 2 resonances listed here are the lowest mass states for 

the trajectories used in the fit. (See text for definition of these para

meters.) Quantities marked with an asterisk were adjusted in the fit. The 

values in parentheses are from the 1969 Particle Data Group tables (Ref. y±), 

V 

V 
N 
a 

V 
V 
N
a" 

"6 

1I+70 

1518 

1550 

1680 

1688 

1710 

1755 

1785 

i860 

1/2
H 

3/2

1/2' 

5/2" 

5/2" 

1/2

3/2* 

l/2
+ 

3/2
+ 

26O (260) 

115 (115) 

100 ( 80) 

1̂ 5 (1^5) 

130 (125) 

UOO*(280) 

150 (? ) 

300*(kO5) 

5O0*(335) 

,70* 

.36* 

■ 35 

■57) 16 

52) .18 

.3*0 18 

75* 

.50 

10. < 

M 

.60 

.65 ( 

• 35* 

* ■ 

.16 

: M) 

' .61) 

' .66) 

' ? ) 

' .3U) 

' 27) 

.18 

,18 

.18 

.18 

.13 

.13 

. . JO 

.50 

1.08 

.i6* 

.50 

.1+5* 
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vas used instead of the truncated amplitude employed in Ref. 12 or the 

damped amplitude used in the one parameter rr p fits above. The tails of 

the resonances are apparently not important over the small energy range 

covered. 

Predicted polarization from the DCRM for rt p -» prr" at 3-00 GeV/c 

is shown in Fig. 23. There are currently no data available at backward 

angles with which the predictions can be compared. It is interesting to 

note that the predicted polarization is the negative of the rr polarization 

measured in this momentum region (see Fig. 21). 

Predicted differential cross sections at l80° are shown in Fig. 2k 

and can be compared to results from the counter experiment performed by 

Kormanyos et_ al The agreement of DCRM with the deta is quite good for 

3.2 ?s P, , > 1.8 GeV/c and quite poor near 3.5 GeV/c. Since data at 1^0° 

was used only for P , < 3-0- the failure of the model outside this region 

is perheps not too meaningful. The sharp minimum in cross sect1on it p = 2 1 
2 

GeV/c at l30° (which correspond* to -t = 3-2 (GeV/c) ) arose from the 
interference among the N (2200) 9/2+, N ' (2200) 9/2", and N ' (2190) 7/2" 

d p y 
resonances, primarily. A good account of tns l80° rr P cross section is 

Q 

provided by the resonances model of F. Dikmen using resonances, from only 

the AOi ?TC/5 an(i N Y trajeetor- e°. Tne parameters of each resonance were 

varied independently by Dikmen and the dip was due to interference between 

the N (2190)7/2 and a postulated N (2200) 9/2 resonance. The angular 

distributions predicted by this model for angles away from l8o° do not agree 

well with the data, however. 

The helicnxy amplitude for fit frl to the rfp data at 3.00 GeV/c are 

shown in Fip. 25. f end f are the helicity non-flip and helicity flip 

^'SSrepWfr •*'*e«WSWi>~i«g5Wp^S5^^ 
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\ amplitudes respectively. The experimental dip at cos ft ~ -.7 is produced 

in the DCRM by zeroes in Im f and Im f+ while the dip at cos 9 ~ -.92 is 

7 obtained from a zero in Re f . For a discussion of a possible model for 

i relating the structure in the pion-t>roton elastic scattering angular 
i 
£ distribution to zeroes in Bessel functions see, e.g., the recent preprint 

I 

by Chu and Hendry. 

\ 



C. Duality 

We have shown that the TT p backward elastic scattering angular 

distributions and polarization can be described by either exchange of 

Reggeized baryon trajectories or by sums of the angular distributions of 

direct channel resonances. From a study of finite energy sum rules (FESR), 

Delen, Horn, and Schmid have suggested that the Regge amplitude (for back

ward scattering) is given by the smoothed-out resonance contribution. This 

consequence of the FESR is usually called "weak" duality. The consistency 

between the results of the DCRM, which at energies abovf 2 GeV/c is summing 

the angular dependences of many resonances, and the Regge model of Berger 

and Fox lends support to the validity of weak duality. 
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31 

44 

54 

48 

45 

58 

57 

51 

52 

44 

23 

21 

14 

20 

87 

• 140 

72 

da/d.a 

19.0*3.4 

18.6+2.8 

19.0+2.6 

17.0+2.5 

15.7*2.3 

20.5*2.7 

19.9*2.7 

17.7*2.5 

17.9*2.5 . 

13.3*2.0 

7.6+1.6 

9-9*2.2 

5-. 6*1.7* 
1 1 * 

5.4+1.4 
17.1+2.1 

29.1+2.8 

kO.2±5.8* 

da/du 

45.0+3.0 

44.0+O.6 

45.0+6.2 • 

40.2+5.8 

37-2+5.6 

48.5*6.4 

47.1+6.3 

41.9*5-9 

42.4*5-9 

31.5*4.8 

18.0*3.8 

23.4*5.1 

13-3*4.0 

12,. 8:6. 3 

40.5*5.0 

68.9+6.6 

95.2*13.7 

Background subtract ion £.10$. 



3-50 / 

c0S9cm 

'.613 

.638 

.663 

.688 

.713 

.738 

.763 

.788 

.813 

.838 

.863 -

.888 , 

.913 

.938 

.963 

.930 

-t 

4.654 

4.726 

4.798 

4.870 

4.942 

5.015 

5.087 

5-159 

5-231 

5.303 

5-375 

5-448 

5.520 

5.592 

5.664 

5.713 

u 

-1.019. 

- .947 

- .875 

- .803 

- .731 

- .658 

-.586 

- .514 

- .442 

- .370 

- .298 

. -.226 

- .153 

- .081 

• -.009 

+.o4o 

Number 
of 

Events 

18 

27 

. 29 

43 

42 

42 . 

49 

71 

4 9 . 

4 l 

17 • 

20 

"■' 24 

62 

122 

65 

4c'AV 

. ^ • * 3 - 3 

<K4*2.8 

N>.8*2.2 

^ 3 * 2 . 2 

^Afcl-8 

. ^ 3 * 1 - 6 

■ 3\,7-.ti.7. 

V N ( 2 : U . 8 

£.6*1.4 

8,3*1-3 

!*,2+l.3* 

$.9*1-5* 

Ii. 1:1-1. 2* 

0.0*1.3* 

16.6*2.0* 

?'l..9A3-6 

Background subtraction 5*3.0$. 

V 



3-75 / 

os 0 cm 

.638 

.663 

.688 

.713 

.738 

.763 

.788 

.83 3 

.838 • 

.863 . 

.888_ 

.913 

.938 

.963 

.980 

- t 

5.105 

5-383 

5.261 

5.339 

5.417 

5.495 

5.573 

5.651 

5.728 

5.8c6 

5.88'+ 

5.962 

6.040 

6.133 

6.171 

u 

-1.037 

-.959 

-.881 

-.803 

-.725 

-.647 

-.569 

-.49.1 

-.413 

-.335 

-.257 

-.180 

-.102 ' 

- .024 

+.029 

Number 
of 

Events 

15 

20 

26 

38 

54 

52 

81 

54 

60 

64 

21 

26 

57 

152 

92 

&OMSL 

9-0*2.3 

8.8*2.0 

8.5*1-7 

10.6*1.7 

12.2+1.7 

10.9±l-5 

14.7*1.6 

9-5*1.3 

10.3*1-3 

13.1*1.6 

5.9*1.6' / 

4.8+1.2 

6.7*1.0* 

18.4*1.8* 

27.1*3-7* 

d j / d u 

18.1+4.6 

17 .'7*4.0 

17-1*3.4 

21.4*3-4 

24.6*3.4 

22.0+3.0 

29.6+3.2 

19.2+2.6 

20.8+2.6 

26.4+3.2 

11.9*3.2 

9.7*2.4 

13-5*2.0 

37.1*3.6 

54.6*7.5 

Back'jj o-md subti aci. '.on ^10$. 
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i? 
f 

I, I 
%. 
1 

4.25 * 

r 
I 

-cos.0 

CE1 

.663 
. .688 

.713 

.738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 

* .933 

.963 

.980 

- t 

5.954 

6.044 

6.133 

6.223 

6.312 

6.402 

6.491 

6.581 . 

6,670 

6.760 

6.850 

6.939 

7.029 

7*092 

u 

-I .126 

I.036 

-.946 

-.857 

-.767 

-.678 

-.588 

-.499-

-.409 

-.320 

-.230 

\l4o 

- .051 " 

+.012 

numoer 
of 

Events 

10 

18 

22 

34 

58 

47 

49 

. 65 

52 

38 ' 

23 

52 

117 

67 

da/d.a 

6.2+2.0 

7.1+1-7 

6.7*1.4 

7.8*1.3 

9-7*1.3 

7.0+1.0 

7.4+1.1 

9.6*1.2 

8.0*1.1 

7.8*1.3 

4 .3 ± 1 .1 

5.5*1.0* 

11 ̂  7*1.4* 

15.2*2.3* 

* 

* 

da/du 

10.9*3.5 

12.5*3.0 

11.8*2.5 

13.7*2.3 

3.7.0*2.3 

12". 3+1.8 

13.0+1.9 

16.8+2.1 

3.4.0+1.9 

13-7*2.3 

7-5*1.9 

9.6+3..8 

20.5+2.5 

26.7*4.0 

^Bar-kground subtraction >2.0%. 



4 .50 TC1 

t 
ii 

-cosB cm 

.667 

-.688 

.713 

.738 

.763 

.788 

.813 

.838 

-.863 

.888 

. 9 1 3 ' 

-938 

.963 

.981 

u 

6.357 

6.436 

6.531 

6.626 

6.72? 

6.817 

6.91? 

7 003 

7.103 

7.399 

7.294 

7.339 

7.485 

7*554 

-I .392 

-1.113 

-1.CI7 

- .°?2 

- .8°7 

- .731 

-.636 

- .5U1 

-.445 

-.350 

- .2^4 

-.159 

«.0' l | 

+ .0&5 

Number 
of 

Events 

6 

14 

11 

34 

42 

39 

50 

40 

"57 

4 l 

26 

18 

86 

76 

do/da 

5.0*2.0 

6.6+1.8 

3.9*1-2 

8.8+1.5 

7-5*1.2 

6.1*1.0 

7.7*1.1 

6.1*1.0 

8.7*1.2 

8.3*1.3 

5.6*1.3 

2.0*. .9* 

8.7*1.3* 

16.3*2.8 * 

"da/du 

8.2+3.3 

10.9*3-0 

6.4*2.0 

14.5*2.5 

12.4+2.0 

10.0+1.7 

12.7+1.8 

IO.O+1.7 

14.3*2.0 

13-7*2.3 

9-2:12.1 

3*3*3.5 

l 4 . 3 * ? . l 

26.8*^.6 

Background iobttaction >10^. 

i. 
- r - I R » ^ « W 3 «—r*t»pyi-^?. f 



4.75 n+ 

cosQ 
cm 

,' .688 

•713 

.738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 

.938,. 

.963 

•.980 

- t 

6.828 

6.929 . 

7.031 

7.132 

7.233 

7.334 

7.435 

7.536 

7.637 

7.739 

7.840 

. 7 . 9 4 1 

. 8.019 

u 

- I . I 8 9 

-1.038 

-.987 

, -.886 

-.784 

- .683 

-.582 

- .481 

-.380 

- .279 

-.177 

-.076 

+ .002 

. Nurriber 
of 

Events 

6 

3.3 

16 

22 

. 45 

35 

55 

56 

33 . 

15 

40 

75 . 

73 

da/d-ft-

3.3*1.3 ' 

5.3*1.5 

4.1+1.0 

4 . 3 * -9 

' 7.3*1.1 

5,4+1.0* 

8.3+1.1 

8.2*1.1 

5.9*1-0 
* 

3.5*1.1 
4 .8± l .o" 

'■■ 7.5*1.3* 

15.8*2.9* 

d0 /du 

5.1*2.0 

8.2+2.3 

6.4+1.6 

6.7+3..4 

11.3*1.7 

8.4*3..6 

12.9*3.. 7 

12.7+1.7 

9.2+1,6 

.. 5.4+3.7 

7.5*-'u6 

11.6+2.0 

■.' 24.5^4.5 

Background subtraction ̂ 10$. 

\ 



3. 

if 
i 
1 

j 
i i 
.i 
i 

i 
■ 

! 
1 
1 ' 
i ■ 
■i 

cosg^ 
cm 

.713 

. .738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 ■ 

.938 

• 963._. 

• ,980

t 

7.328 

7.435 
7.542 
7.649 

7.756 
7.863 
7.970 . 

r 8.077 

8.184 
8.291 

8.393 
.8.472 

u 

1.158 . 

1.051 

.944 
.837 
.730 
.623 

.516 
.409 
.302 

.195 
.088 
—.014 

5.00 n+ 

Number 
of 

Events 
2 
14 
20 
30 
31 
42 
45 

4o 
3.4 
19 
61 
66 

<Wd.n. 

.9*.6 

3.4±.9 
4.0±.9 
4.9±.9 
4.4+. 8 

6.0*.9 
. 6.2*1.0* 
6.2+1.1 
2.9*1.0* 
2.1+.9*. 

59±1.2* 

• 15.3*3.1* 

da/du 

1.3*.9 
5.0*1.3 
5.9*1.3 
7.2*1.3 
6.5*1.2 

8.8*1.3 
9.1*1.5 
9.1*1.6 

4.3*1.5 
34*1.3 

' 8.7*1.8 
22.5*4.6 

Background subtract ion ^10$. 

i _____ __—-,.-,», 



*> A . / 

s 
*t 

J 

(f 
* 

1 

I 
i 
t 

( 

i 
3 
j 

1 

1 

-co3e ~' 
c m 

.713 

.738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 

.938 

.963 -~ 

.980 

*Background 

- t * 

7.5-19 

7.629 

7.739 

7.849 

7.958 

8.068 

8.378 

8.288 

8.397 

8.507 

8.617 

8.693 

subtract ion 

u 

- I . I 92 

-1.082 

- .972 

- .863 

- -753 

- .643 

- -533 

- .424 

- .314 

- .204 

- .094 

- .018 

=- 10$. 

5.12 * + 

Number 
of 

Events 

2 

7 

8 

13 

22 

20 

16 

21 

9 

10 

34 

18 

d°\AU 

1.9 ± 

3-7 ± 

3.0 * 

4 .0 ± 

6.0 * 

5.2 * 

4 . 1 + 

6:6 * 

3.3 ± 

3.2 * 

6.0 ± 

7.0 * 

1.3 

1.4 

1.1 

1.3 

1.3 

1.2 

1.0 

1.4 

1.1 

i . 3 

1.7 

2.7 

da/du 

2.7 ± 1.9 

5.3 ± 2 . 0 ' 

4 .3 ± 1.6 

5.7 ± 1.6 

8.6 * 1.9 

7.4 * 1.7 

5-9 * 1.4 

9-4 * 2.0 

4 .7 * 1.6 

4 .6 * i.9>-

8.6 + ?.U* 

10.0 * 3.o>-



5-25 *+ 

Number 
of 

^ n t s d c r / d_ d a / d u 

.713 " 

.738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 
-938 

-963 
.980 

7.727 
7.840 

7.952 
8.065 

8.178 

8.291 

8.1(0)4 

8.516 

8.629 
8.742 
8.855 
8.933 

-1.228 
-1.116 
-3.OO3 
- .890 
- .777 
- .664 
- .552 
- .439 
- .326 
- .213 
- .300 
- .022 

3 
8 
10 
16 
21 
17 
34 
29 
18 
23 
54 
53 

1.4 * .8 
2.7 * 1.0 
2.5 * .8 
3-0* .8 
3.4 + .7 
3.1 * .8 
6.2 * 1.0 
5.1 * 1.1 
4.3 ± 1.0 
3.0* .9 
4.8 * l'.2 
13.7 * 2.6 

2.0 * 1.1 
3.8 * 1.4 

3.5 + 1.1 
4_.2 * l.l 
4.7 * 1.0 
4.3 * 1-1 
8.6 * 1.6 
7.0 * 1.5 
6.0 * 1.4 
4.2 * l.3x 

6.7* 1.7* 
19.c * 3.6* 

*Background -subtraction _- IOJO. 



2.38 * 

- t 

2.830 

2.923 

3.016 

3.109 

3.173 

3.225 

3.271 

3.317 

3.364 

3-410 

3.457 

3.503 

3.549" 

3.596 

3.642 

u 

-.744 

- .651 

-.558 

-.466 ' 

-.396 

- .349 

- .303 

-.257 

-.210 

-.164 

-.117 

- .071 

-.025 

+.022 

+.068 

Number 
of 

Events 

19 

20 

20 

13 

14 

21 

43 

50 

47 

59 

96 

368 

200 

199 

128 

dCT/dA ( s t e r . ) 

8.7*2,0 

5.8*1.3 

4.1±.9 

2.4±.7 

5.1*1.4 

• 7-6*1.7 

15-6*2.4 

17-2+2.4 

' 19-3*2-8 

29.O.-..3.8 

37.6*3.8 

39.7*3.1 

41.4*2.9 

li 2.1+3.0 

27.1+2.4 

da/du ((Gs 

30*7 

20*4 

14*3 

8+2 

17*5 

26*6 

53*3 

58*3 

65+IO 

98+13 

127+13 

134+3.0 

140+10 

l43*10 

92*8 



2.50 ir 

Number 
u of da/dfL da/du 

Events ' *' 

- .801 

- .703 

- .604 

-.506 

- .403 

-.335 

-.285 

-.236 

-.187 

-.138 

-.089 

-.040 

+ .010 

+.059 

6 

7 

9 

.10 

16 

17 

25 

23 

20 

31 . 

88 

77 

70 

52 

7.7*3.1 

5.1*1.9 

4.6*1.5 

4.0*1.3 

6.6*1.6 

14.4+3.5 

. 20.6+4.1 

20.1*4.2 

22.7*5.1 

30.5*5.5 

45.5*4.9 

37.6*4.3 

34.4*4.1 

26.3*3.6 

25*10 

16+6 

15*5 

13*4 

21+5 

46+11 

66+13 

64+13 

73±i6 

98*18 -

- l45*l6 " 

120*14 

3.10*3.3 

84*12 



-*>■""-

2.65 V 

-cose 
c 

.550 

.600 

.650 

.700 
• 750 

.788 

.813 

.838 

.863 

.888 

.913 

.938 

.963 

cm 

3.260 

3.365 

3-470 

3-575 

3-680 

3-759 

3.811 

3.864 

3.917 

3.969 
4.022 

4.074 

4.127 

u 

-.820 

-.715 

-.610 

-.505 

-.4oo 
-.321 

- .268 

-.216 

-.163 

-.111 

- .053 

-.0C5 

-f.0^7 

Number 
of 

Events 

4 
4 
14 
10 
19 
25 
23 
22 
33 
k8 

55 
71 
52 

do/dn. 

3.6+1.8 

2.2+1.1 

5.5*1.5 

3-5*1-1 

6.5*1.5 

17.3±3-5 

15-2*3-2 

19.2+4.1 

30.8+5.4 

27.0+3.9 

23.2-1-3.1 

29-1*3.5 

21.5*3.6 

da/du 

11*6 

7*4 

36*4 

10*4 

19*4 

52*10 

45**0 

57*3-2 

92+16 

81*3.2 

69*0 

87*-i.O 

64*.! l 



-cosQ - t u 
cm 

.552 

.600 

.650 

.688 

.713 

.738 

.763 

.788 

.813 

.838 

.863 

.888 

.913 

• 938 

.963 

3.475 

3.585 

3.697 

3.781 

3.837 

3.893 

.3.949 

4.005 

4.06l 

4.117 

4.173 

4.229 

4.285 

4.341 

4.397 

-.885 

-.776 

-.661) 

-.580 

-.524 

- .463 

-.412 

-.356 

-.300 

- .244 

-.183 

-.132 

-.076 

- .020 

+.036 

Backgrouad subtract ion *>10$ 

2.80 « 

Number 
of 

Events 

14 

27 

27 

21 

26 

34 

54 

38 

45 

34 

33 

63 

59 

94 

101 

^ <!fer.) 

5.9*1-6 

7.4*1.4 

4.5*.9 

5.7*1.2 

7.0+1.4 

9.1+1.6 

14.6+2.0 

10.2+1.7 

11.7*1.7 

10.9*1-9 

11.8*2.1 

14.7*1-9 

9.6*1.4* 

14.5*1-7* 

16.4*2.0* 

da/du (tj| 

3.6+4 

21*4 

12+2 

l6±3 

20+4 

26+4 

4l±6 

29*5 

33*5 

31*5 

.. 33*6 

4l±5 

27*4 

4l+5 

46*6 



3.00 it 

cosQ 
cm 

.600 

.650 

.700 

.738 

.763 

.738 

.813 

.838 

.863 

.888 

.913 -

.938 

.963 

- t 

3.879 

4.000 

4.121 

4.213 

4.273 

4.334 

4.394 

4.M55 

4.516 

4.576 

4.637 

4.698 

4.758 

u 

-.857 

- .733 

-.614 

- .523 

-.462 

-.402 

- .341 

- .281 

-.220 

- .159 

-.099 

-.038 

+ .023 

Number 
of 

Events 

24 

28 

35 

25 

37 

38 

27 

50 

29 

24 

33 

39 

71 

da/djT. 

6.0*1.2 

4.3±.8 

3-9±-7 

5.1*1.0 

7.8*1.3 

8.1*1.3 

5.3*1.0 

__ 10.8*1.5 

8.4*1.6 

5.7*1-2 

4.6+1.3* 

4.7*1.1* 

8.9+1.4* 

da/do 

15.6+3.1 

11.2+2.1 

10.0+1.7 

13-2+2.6 

20.2+3-4 

21.0+? 4 

13.7*2.6 

28.0+3.9 

21.8: H..1 

14.-8+3.1 

11.<■ 1 2 . 9 

1 2 . : + 2 J 

23.3 J^ '; 

Background subtraction ;> 10$. 


