
I 
SLAC -PUB -58 
November 1964 

G 

LARGE ANGLE T-+p ELASTIC SCATTERING 

AT 3.63 GeV/c* 

Martin L. Per1 
Stanford Linear Accelerator Center, Stanford University, Stanford, California 

and 

Yong Yung Lee f and Erwin Marquit 
University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The differential cross section for elastic scattering of 3.63 T- 

mesons on protons was studied with a hydrogen bubble chamber; the 

emphasis being on large angle scattering. From 90' to 180' in the 

barycentric system the cross section is roughly flat with an average 

value of 2.7-11.0 microbarns per steradian. Near and at 180' there 

may be a slight peak of magnitud e 10+6 microbarns per steradian. But 

if such a peak exists it is only one-third to one-fourth the size of 

the 180' peak found in 4.0 GeV/c 7r++p elastic scattering. In addi- 

tion to comparison with other r-+p and .rr++p large angle elastic 

scattering measurements, this measurement is compared with large 

angle p+p elastic scattering. In the forward hemisphere a small 

peak or a plateau exists at cos @* = t0.60. This appears to be a 

second diffraction maximum such as has been found in lower energy 

7f++p elastic scattering. A survey of indications of such a second 

diffraction maximum in other ~+p measurements shows that it always 

occurs in the region of -t = 1.2 [GeV/c]'. t is the square of the 

four momentum transfer. As the incident momentum increases the rela- 

tive size of this 
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I. INTRODUCTION 

'I'hi s paper describes a new bubble chamber measurement of tile .Larg? ailg,'i~ 

<>La:;tic scattering of 3.63 GeV/c 7rIT- mesons on protons. The exposure wa:: iI!;Ld.i 

in the Brookhaven National Laboratories 20" hydrogen bubb1.e chamber at. t.kic> A.(:.?. 

I;: ?,he last few years there have been several fairly precise measurements of 

high energy 7~-+p elastic scattering in the diffraction region."~~~3~'~"~~ But 

:lbove 2 GeV/'c the measurements outside the diffraction region have been poor 

:i.nrl ::ometimes only consist of upper limits. This is simply because the .Large 

angle scattering is so much smaller than the diffraction scattering. I’Kl this 

paper we define the large angle scattering region as that in which the rnagr,i~~~~~l~ 

of the square of the four-momentum transfer is greater than 1(GeVjc)2, which 

means that the differential cross section has decreased by at least a factor 

of 100 from its 0' value. 

Several years ago, Perl, Jones and Ting* summarized the situation with 

respect to both fundamental and phenomenological theories of elastic scat- 

tering. Since that time there has been no progress in fundamental theories 

of the sort that would allow the present measurements to be interpreted or 

understood in a basic way. Neither is there a new fundamental theory to be 

tested by this data. There have been some refinements in the phenomenological 

theories, particularly with reference to large angle scattering theories. 

Krisch,7 Serber,' and Per1 and Corey9 have extended the optical model to 

large angles. Jonesi' and Wool' have examined further the statistical model 

explanation of large angle scattering. But the theory of elastic scattering 
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remains a puzzle and the large angle scattering is perhaps the hardest part 

of that puzzle. One very interesting fact in the large angle scattering 

part of this puzzle is that the long sought backward peak in 7r'+p elastic 

scattering has been found" at 4 GeV/c. Published measurements of the ~-+p 

backward elastic scattering in that momentum range are not sufficiently pre- 

cise to provide a good comparison. *Jo Therefore, one special purpose of this 

paper is to provide a better ~-+p measurement for that comparison. As an 

aid in that comparison the analysis of Per1 and Corey9 will be used. A second 

special purpose is to compare large angle T-+-p and p+p elastic scattering. 

The p/p large angle elastic scattering cross section decreases very rapidly 

as the incident momentum and four-momentum transfer increase. i2 The question 

is whether the ~+p cross section also decreases as rapidly. 

Beyond that we shall consider that we have added another piece of data 

to the experimental knowledge of elastic scattering and we must wait patiently 

for a new basic theory to make use of it. 

The exposure consisting of 60,000 pictures has already been describedi' 

as well as the method of scanning and measurement.- The principal purpose of 

the exposure, the study of resonances, has also been described.'* This paper 

describes only the elastic scattering measurement. 

II. METHOD OF ANALYSIS AND KESULTS 

Bubble chamber measurement of elastic scattering may have difficulties in 

both the large angle and very small angle region. At large angles there may 

be an ambiguity in that the event fits both the elastic hypothesis rr-+p -+,rr-+p 

and the one 7~' inelastic hypothesis n-+p +n-+p+7T". At small angles, when 

this occurs, the bubble density of the recoil proton can usually be used to 
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resolve this ambiguity. But this may not be possible at large angles where 

the recoil proton has a value of B close to 1. 

In this analysis a hypothesis was accepted if the x2 probability was 

greater than 2% and if the bubble density agreed with the proton ionization 

required by the hypothesis. One thousand two hundred and eighteen events 

were found which fit only the elastic hypothesis. However, five hundred and 

sixty-five more events fit both the elastic hypothesis and the one T' in- 

elastic hypothesis. These are called ambiguous elastic events. As the bary- 

centric scattering angle of the pion increased, the proportion of ambiguous 

events also increased. A study of the X2 distributions showed that the 

errors used in the analysis programs were approximately correct. Therefore 

the ambiguities were not due to too large error estimates. The simple fact 

is that a 20" bubble chamber does not provide sufficiently good momentum 

measurements at this momentum (3.6 GeV/c) to give the kind of two prong event 

identification we ideally need. At the lower momentum of 3.0 GeV/c, V. Hago- 

pianl" using the same chamber with similar error estimates had little dif- 

ficulty with these ambiguous elastic events. Therefore, somewhere between 

3.0 and 3.6 GeV/ c is the threshold at which the ambiguity in the elastic 

event analysis in this chamber begins to appear. 

The ratio of ambiguous elastic events to the sum of ambiguous and unam- 

biguous elastic events was 0.32, but for backward barycentric scattering 

angles all the elastic events were ambiguous. However,. we are able Co show 

that there is only a very small contamination of inelastic events in these 

565 ambiguous events and specifically that the inelastic contamination in 

backward angular region is less than 12.5 per cent. This was done as follows. 

In this same exposure 1056 unambiguous, one 7~' inelastic events were found. 
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The question is: are there sufficiently large fluctuations in the measure- 

ments of these one 7~' inelastic events so that some of them could fit the 

elastic hypothesis. Each unambiguous 7' inelastic event was regarded as 

an elastic event, the barycentric scattering angle being taken as the aver- 

age of that given by the outgoing ?rTT- and that given by the outgoing proton. 

This angle is called the artificial elastic scattering angle. The analysis 

program had already calculated the X2 value if that inelastic event were 

made to fit the elastic hypothesis. Table I lists these values for artificial 

elastic scattering angles of 90' to 180'. If true inelastic event measurements 

were fluctuating so as to fit the elastic hypothesis with at least a 2% proba- 

bility, then they must have x2 < 11.6. Then there would also have to be a 

pile-up of events at xl2 larger than but close to 11.6. Table I shows no 

such pile-up. There are various ways of extrapolating the Table I numbers 

to yield how many events might have had x2 C 11.6 and also have had a proton 

bubble density corresponding to the elastic hypothesis. They all lead to the 

conclusion that this number is one or less. Since there are eight ambiguous 

elastic events in this same angular interval the contamination is 12.5% or 

less. The other angular intervals have smaller contaminations. There were 

no ambiguities between the elastic hypothesis and the inelastic hypothesis 

T-Cp +T++n+T+ for barycentric angles beyond 90'. There were a few ambiguous 

cases of this type for smaller scattering angles, but their effect can be 

neglected. 

At the beginning of this section it was stated that there is also a dif- 

ficulty in the bubble chamber analysis of the very small angle region. This 

difficulty occurs because the scanners have difficulty finding small angle 

scatterings with their concomitant short recoil proton tracks when the plane 
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of the scattering is perpendicular to the chamber window. This effect was 

seen in this analysis and has been seen elsewhere.isJi6 It is identified 

by an asymmetric distribution of the scattering plane of small angle events 

about the incoming beam axis. Because our interest is primarily in the large 

angle region, we have not used data at the smaller scattering angles where 

the required correction was greater than lC$. 

Table II presents the corrected elastic scattering data. The cross 

sections have been corrected for inelastic contamination at large angles 

(a 12.5 per cent or less correction) and for scanning bias at small angles 

(a 10 per cent or less correction). 

III. DISCUSSION 

The differential cross section shown in Fig. 1 on a semilogarithmic 

scale shows the well-known exponential decrease for small values of -t. 

At cos 8* of about +0.60 a secondary peak or at least a plateau can be seen. 

This is the same kind of structure as was first observed in the 2.0 GeV/c 

7r-+p and $+p elastic differential cross section by Damouth, Jones and 

Perl.s There it appeared as a strong peak at cos 8* =: 0.20 in the 7rr-+p 

system and at the same cos 8*, but weaker, in the .rr++p system. Since then, 

Hagopian has found this second peak clearly in 3.0 GeV/c 7rr-+p elastic scat- 

tering at cos f3* = 0.52. Weak evidence of it also appears in the 4.0 GeV/c 

7J-+p system6 at cos Q* = 0.65. Simmons17 first explained the second peak 

at 2.0 GeV/c as a second diffraction maximum and considered it unrelated to 

any r+p resonances. Per1 and Corey9 continued this interpretation. Most 

of the evidence for this second peak is in the 7f-Q system but this may 

be due to the relative scarcity of -rrf+p data with high statistics. For 

, 
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the present the simplest assumption is that the second diffraction maximum 

occurs in both ~+p systems. Table III lists the position of this maxi- 

mum. It is very impressive that the position is independent of the incident 

momenta when expressed in terms of t. In fact we have even included the 

large backward peaks found in the T++P'a system at 1.5 GeV/c and in the 

,-+p19, 20 ) 21 system at 1.5 and 1.59 GeV/ c without the t position changing 

greatly. Thus good evidence is emerging that this second diffraction maxi- 

mum is almost independent in position of the incident momentum. However, 

as the incident momentum increases, its relative magnitude decreases. 

Returning to Fig. 1, we observe that for 0.0 > cos e* > -1.0 the dif- 

ferential cross section is flat within statistics, although a rise at 

cos 0* = -1.0 may exist. The average differential cross section in this 

angular range is 2.7fl.O microbarns/ster. Table IV compares this measure- 

ment with other measurements of the average backward differential cross 

section in the TT-+P systems. The 3.63 GeV/ c measurement is in good agree- 

ment with the 3.0 and 4.0 measurement. Unfortunately there are no published 

measurements at higher incident momenta which can be used to establish the 

rate of decrease of the scattering back of $90'. At lower momenta much below 

3.0 GeV/c the backward differential cross section is definitely not flat. 

For example, at 2.0 GeV/c the cross section decreases a factor of 10 from 

cos e* = 0.0 to cos 0* = -0.80 and then seems to rise again as cos e* 

approaches -1.0. The average value is 5123 pb/ster but it is certainly not 

meaningful to compare this number with the numbers of Table IV which seem to 

represent a roughly flat cross section. 
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To compare this data with the large angle behavior of p+p elastic 

scattering we have constructed Table V. The p+p data is taken from a 

graph in a report of the recent measurements of A. R. Clyde and his col- 

leagues.22 At these incident momenta the masses of the particles are 

still important and it is not clear what incident momenta p+p system 

should be compared with a particular incident momenta 7r-+p system. 

Therefore, we have also listed the kinetic energy T* available in the 

barycentric system and s, the square of the total energy in the bary- 

centric system. The p+p differential cross sections are the 90' points 

while the ~-+p differential cross sections are the average from 90’ to 

180'. 

If the same s is used for comparison, then the 3.0 and 3.63 GeV/c 

7-Ftp cross sections are much smaller than the comparable s P+P cross 

section at 3.0 GeV/c. If the same T* is used for comparison then the 

3.0 GeV/c 7rr-+p cross section should be compared to the 5.0 GeV/c pep. 

Here also the t range of the 7rr-+p spans the p+p 90' t values. The 

n-+p cross section is just half that of the p+p. But the p+p differ- 

ential cross section keeps decreasing rapidly from 5.0 to 7.1 GeV/c while 

the 3.63 GeV/c 7r-+p measurement indicates that the err-+p seems to be 

dropping much more slowly. Therefore, it seems possible that above this 

energy range the p-tp large angle cross section is considerably less than 

the n-+p cross section. However, the errors of the ?r-+p values are 

large and it is still possible that the a-+p is decreasing as rapidly as 

the p+p. 
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The peak in ~'+p elastic scattering at 180' recently found at 4.0 

GeV/c6 has been predicted for some time on the basis of a virtual neutron 

exchange model. But there is no basic theoretical calculation for this 

phenomenon and the explanation of the backward peak is still reallyobscure.4J16 

Our 3.63 r-+-p data shows that no such large backward peak exists in the ~-+p 

system in this incident momentum range. A direct comparison of the two 

systems is made in Fig. 2. As cos 8* approaches 0 both cross sections de- 

creased in quantitatively similar way. From CO.1 to -0.5 both cross sections 

are flat and have the same value within the statistical errors. But then the 

r'+p system rises to 36+g pb/(GeV/c)z whereas the n-+p rises to 10+6 pb/ 

(GeV/c)2. If the incident momentum difference can be neglected, then it is 

clear that the ~++p differential cross section has a backward peak about 

3 or 4 times as large as the backward n-+p differential cross section. 

Per1 and Corey9 have made an analysis of ~+p differential cross sections 

with the partial wave equation 
R max 

da/dR = 1(1/2k) F (24 + l)(l - aa)Pa (cos @*)I2 

6=0 

where k is the wave number in cm-i of the particles in the barycentric 

system, d* is the scattering angle in that system, and Pa is the Legendre 

Polynomial of order &. If we require that ad be real and that 

1 > (1 - aa) > 0 then we are using a purely absorptive model of elastic 

scattering. This model also sets the spin-flip amplitudes to zero. 

With the aforementioned constraint on (1 - ai) a weighted least square 

fit was made to the 3.63 vr-+p and 4.0 .rr++p data to determine the (1 - aa) 

values. To see the effect of the backward peak we have also made a fit to 
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the 4.0 .rr++p data in which the backward peak was removed and the 7&p 

differential cross section was taken as flat from 90' to 180’ using its 

90' value. To decide what &mx to use, repeated fits were made for in- 

creasing values of tmax until there was no longer a substantial change 

in the (1 - aj) values obtained. This occurred when tmax went from 9 to 

10 and these are the values of tmax used in Table VI. The difference 

between the ~++p data with the backward peak on one hand; and the .rr++p 

data without the backward peak and the ~-+p data on the other hand is 

clear. The latter systems have an almost monotoniqally decreasing set of 

(1 - aa) values. The former has an alternating set of (1 - aa) magnitudes 

for the larger I! values. Thus, (1 - a,), (1 - a,), and (1 - as) are 

relatively smaller while (1 - a,), (1 - a7), and (1 - ag) are relatively 

larger. This is an obvious way for a backward peak to build. If the 

(1 -, a a ) values decrease smoothly and monotonically then the partial wave 

amplitudes almost completely cancel at 180’. But if alternate ones are 

larger there is less cancellation. This is not a basic explanation of the 

backward peak, but it does show that it cannot be ascribed to a particular 

45 value. 
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FIGUFZ CAPTIONS 

1. A semi-logarithmic plot of the elastic differential cross section of 

3.63 GeV/c ?T- mesons on protons. The cross section is in units of 

mb/ster and cos 8* is the cosine of the barycentric scattering angle 

of the ?r-. The error bars give the statistical error. 

2. Comparison of large angle elastic scattering of 4.0 GeV/c (solid dots) j~'++p 

and 3.63 GeV/c (empty squares) n-+p. The differential cross section is 

in units of microbarns per steradian and is plotted versus cos 8* where 

0* is the barycentric scattering angle of the 7. The error bars give 

the statistical errors. 
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TABLE I 

X2 values of unambiguous inelastic events made to fit the elastic hypothesis 

and yielding artificial elastic scattering angles of 90 to 180'. 

X2 Range Number of Events, 

o - 11.6 

11.6- 20 

20 - 40 

40 - 60 

60 - 80 

80 - 100 

100 - 200 

200 - 400 

400 - 600 

600 - 800 

0 

0 

2 

0 

1 

0 

2 

3 

0 

3 

800 -1000 2 

1000 -2000 17 

2000 -4000 16 

4000 -6000 13 

6000 -8000 14 



Differential cross 

the pionbarycentric 

TABI II 

sections for 3.63 ~-+p elastic scattering. Here 8* is 

scattering angle, -t is the square of the four-momentum 

transfer in (GeV/c)2 and the errors are only statistical. 

Interval Number -t at center 
in cos 8* of Events da/dR -& of interval 

0.98 to 0.97 298 

0.97 to 0.96 219 

0.96 to 0.94 303 

0.94 t0 0.92 205 

0.92 t0 0.90 118 

0.90 to 0.88 85 

0.88 to 0.86 44 

0.86 to 0.84 24 

0.84 to 0.80 26 

0.80 to 0.75 16 

0.75 to 0.70 6 

0.70 to 0.60 18 

0.60 to 0.50 16 

0.50 to 0.40 11 

0.40 to 0.20 6 

0.20 to 0.00 2 

0.00 to -0.20 1 

-0.20 to -0.40 2 

-0.40 to -0.60 1 

-0.60 to -0.80 1 

-0.80 to -1.00 3 

11.1 +0.6 0.0752 

8.2 to.6 0.1052 

5.6 kO.3 0.1503 

3.8 50.3 0.210 

2.20 50.20 0.271 

1.58 20.17 0.331 

0.82 20.13 0.391 

0.45 50.09 0.451 

0.24 ko.05 0.541 

0.12 kO.03 0.676 

0.045 ko.018 0.827 

0.064 ko.015 1.052 

0.057 to.014 1.353 

0.039 kO.012 1.653 

0.011 kO.004 2.10 

0.0035+0.0025 2.71 

0.0017+0.0017 3.31 

0.0033+0.0023 3.91 

0.0017+0.0017 4.51 

0.0017+0.0017 5.11 

0.0050+0.0029 5.71. 

23.2 51.3 

17.1 k1.3 

11.7 to.6 

7.9 +0.6 

4.6 +0.4 

3.3 kO.4 

1.71 to.27 

0.94 A-o.19 

0.50 TO.10 

0.25 20.06 

0.094 20.038 

0.134 50.031 

0.119 to.029 

0.081 to.025 

0.023 co.008 

0.0073t0.00~2 

o.o036+o.0036 

o.oo69+0.0048 

0.0036+0.0036 

0.0036~0.0036 

o.olo4+0.0061 



TAEXE III 

Position of secondary diffraction maximum in various ~+p systems. 

System Position 
cos e* -t (GeV/c)2' Reference 

2.01 GeV/c n-+p 0.20 1.20 

2.02 Gev/c 7r++p 0.20 1.20 

3.0 Gev/c 7r-+p 0.52 1.17 

3.63 GeV/c rr-+p 0.60 1.20 

4.0 GeV/c ~-+p 0.65 1.17 

1.5 GeV/c .rr++p -0.35 1.43 

1.59 GeV/c YT-+P -0.15 1.40 

1.5 GeV/c n-+p -0.40 1.48 

a 

a 

b 

C 

d 

e 

f,g 
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TABLE IV 

Average differential cross section for 0.0 > cos 6* > -1.0 in rr-+p 

elastic scattering. 

Incident 
Momentum in C&V/c 

da/dfi 
pb/ster 

do/dt 
pb/(GeV/c I2 

Reference 

3.0 4.ot 1.0 lO.Of 2 a 

3.63 2.7+ 1.0 5.4t 2 

4.0 12.0t12.0 23.0+23 b 
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TABLE V 

Comparison of p+p and ~-+p large angle elastic scattering. 

Incident T* -t Position 
System Momenta or range da/dt 

GeV/c GeV (GEV)' (GeV/c)" clb/ (GeV/c >' 

P+P 3.0 1.0 7-7 2.1 650. ~50 

P+P 5.0 1.6 11.3 3.9 20.01 5 

P'P 7.1 2.1 15.2 5.8 0.8+ 0.2 

7r-+p 3.0 1.6 6.5 2.4 to 4.8 1o.w 2 

T-+p 3.63 1.8 7.7 3.0 to 6.0 5.4+ 2 



System 

Incident 
Lab Momentum 
&WC > 

Max -e 

1 - a0 

l -a 1 

1 - a2 

1 - as 

1. - a 4 

1 - a5 

1 - a6 

l -a 
7 

1 - ati 

1 - a3 

1 -a 
10 

TABIXVI 

Values of (l-aj) for the 3.63 GeV/c n'+p and 4.0 GeV/c 7r'+p systems. 

7r-+p 

3.63 

9 10 9 10 

1.00 to.05 1.01 LO.05 1.000+0.001 1.000'0.001 

0.70 50.05 0.70 k0.05 0.877ko.025 0.876zto.025 

0.525ko.048 0.53~~0.049 0.566ko.022 0.55750.022 

0.383~~0.049 0.376+0.050 0.548?0.022 0.547'0.022 

0.27OkO.047 0.276+0.048 0.197+0.020 0.198+0.020 

0.2uko.046 0.206+0.046 0.312~0.020 0.311+0.020 

0.137t0.040 0.143+0.040 0.060+0.017 0.060t0.017 

0.095+0.033 0.091t0.034 0.168ko.014 0.168+0.014 

0.03210.023 0.035tO.024 0.001+0.009 0.002+0.009 

0.014+0.015 0.013~0.015 0.053t0.008 0.053~0.008 

O.OO1OfO.OO1O 0.0005+0.001 

7r++p 

4.00 

7r++p 

4.00 

with backward peak 
removed 

9 10 

1.000+0.001 

0.880t0.024 

0.582to.~21 

0.500+0.021 

0.2521to.018 

0.258to.017 

0.108+0.015 

0.127iO.013 

0.029+0.009 

0.037t0.008 

1.00010.001 

0.8’j%+o.o24 

0.>84t0.021 

0.498~0.021 

0.253tO.018 

0.257ko.017 

0.109+0.015 

0.126+0.013 

0.029to.0~9 

O.Oj6iO. 008 

0.0008t0.001 


