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Introduction 

There has been remarkable progress made in the field of high energy physics 

in the past few years. We have recently witnessed the discovery Df new quantum 

numbers, the spectra Df particles associated with these quantum numbers, and 

a much improved understanding of the role that all quantum numbers play in high 

energy interactions. With the wide assDrtment of experiments and studies being 

conducted in high energy physics at anyone time, it is very easy for one to get 

the impression that the activity in the field is highly unfocused. On the one 

hand, it is precisely this apparent unfocused nature that has given rise to much of 

the excitement and richness of the field. On the other hand, as one examines 

the situation more closely, one finds that much of the effort in the field is 

indeed directed toward the solution of a few central problems. One of these 

problems which I will continually refer to today is that of understanding the 

details of the structure of the elementary particles. This problem--one of the 

most fascinating and most difficult problems ever tackled by man--can be approached 

frDm several different angles. 

For many years, it was felt that the study of polarization phenomena 

perhaps had little or no bearing on the perceived central problem of the consti­

tuent structure of the elementary particles. Recent developments, however, 

indicate that the study of spin effects may be a very powerful and effective tool 

for gaining information on the details of particle structure. Major technological 

advances such as the acceleration of polarized protons, the improvement in 

polarized targets, and the development of sophisticated polarimeters now 

make it possible for extremely complicated spin experiments to be carried out with 

high accuracy. Indeed, we are presently standing at the threshold of being 

able to extract the precise effect of a particle's spin on its interaction 

probability at energies of several GeV. 
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Because of the general complexity of polarization phenomena, even the most 

~. 
rudimentary theoretical understanding of the experimental observations has typical­

ly lagged behind the experimental work by a period of many years. Indeed, it is 

frequently the case that experimentalists will measure the polarization in a 

certain reaction long before the theoretical description of the differential 

cross-section has been satisfactorily carried out. During my talk today, however, 

I will point out what may be an exception to this trend. As we shall see, one 

of the striking discoveries in recent years has been the observation of signifi­

cant polarizations in inclusive processes. I will discuss today what appears to be 

a successful theoretical attempt to explain the observed inclusive polarizations 

which, in my estimation, illustrates that polarization studies can be an effective 

tool in the generation and testing of production models. 

In my talk, I will begin by reviewing the new developments in elastic 

scattering processes. This will include a survey of new developments in p-p 

and n-p elastic scattering cross sections, polarization, and higher order spin 

measurements. We will then review the existing evidence for a new dibaryon 

resonance and also examine recent data and theoretical analyses of inclusive 

baryon polarizations. Next, I will discuss a constituent model of p-p elastic 

polarization and then, finally, examples will be given to illustrate the status 

of the program to determine the scattering amplitudes. 

Formalism 

In an earlier talk at the conference the matter of notation has been taken 

up so I will keep my comments in this section brief. There are, in principle, 

sixteen distinct quantities to be measured for a spin ~ - spin ~ elastic scat­

tering process since we need to know the amplitude for transitions from each 

• 
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of four initial spin states into each of four final spin states. It can be 

shown that the application of the various strong interaction invariance principles 

permits the problem to be completely specified in terms of only five amplitudes. 

The common set1 of five independent s-channel helicity amplitudes is given below: 

«PI = <*1 «P I++} non-flip 

«P (--14>1++) double-flip
2 

= <+-14> I+-) non-flip4>3 

(+-14>1-+) double-flip</>4 

= <++1</>1+-> single-flip</>5 

In certain applications it is more convenient to deal with a set of ampli­

tudes representing definite parity in the t channel. Such a set has been pro­

posed by Halzen and Thomas2 and is related to the 4>'s as shown below: 

No = ~(4)1+</>3)	 Natural parity/non-flip 

Natural parity/single-flipNl 4>5 

N2 ~(4)4-<P2) Natural parity/double-flip 

U ~(epl+<P3) Unnatural parity/non-flip
0 

U ~(<P4+4>2)	 Unnatural parity/double-flip_
2 

A shorthand notation has been developed to designate the spin quantity 

measured in certain experiments. The probability of the elastic scattering 

process occuring with the beam, target, scattered, and recoil nucleons in speci­

fied spin states can be designated as I(Sb ' S S s)earn target' scattered' recoil· 

Now, for the various arguments, let us specify the direction of the nucleon - spin by one of the following codes: 



4 

+ 
n + normal to scattering plane 
+
 
t + along nucleon momentum (longitudinal vector)
 

t+itxt 

o + direction unspecified 

Then we can define	 some of the standard observables as follows: 

;:1 1(0,0;0,0) (the conventional differential cross section)
0 

+
1 A I(o,n;o,o)	 (cross section x analyzing power)0 

1 P I(o,o;rt,o) (cross section x polarization)0 

IoD = I (0 , rt ; 0 ,It) (cross section x depolarization) 

++I C + I A l(n,n;o,o) (cross section x spin correlation parameter)o	 nn o nn
 
+ +
 

loR = 1(0,8;0,8)	 (cross section x rotation parameter) 

Any observable quantity, 8uch as the cross section I , the polarization P,o 

the depolarization D, the spin correlation parameter C (A ), etc. can be readilynn nn 

expressed in terms of a set of helicity amplitudes. Some examples are given 

below. 

I (l-C )
o nn 

It is very interesting to note from the above relations how the various observ- ~ 



5
 

~ abIes are sensitive to different amplitudes. For example, violent structure 

in ~5 may be invisible in 1
0 

but dominant in P. 

p-p Elastic Scattering 

A. Differential Cross Sections 

Before we get too involved with the discussion of spin effects, it would 

be appropriate to consider the status of knowledge of the differential cross 

section in p-p elastic scattering. In Fig. lone can see that at low 

energies da/dt monotonically declines with Scm' At energies near 10 GeV a 

secondary minimum develops near t = -1.0 (GeV/c)2 and becomes more pronounced 

as the energy is increased. By the time we have reached ISR energies. this 

dip has become quite pronounced. The most recent ISR results shown in Fig. 2 

illustrates that over a significant range in t beyond the first minimum the 

cross section is exponential in behavio~ from -t ~ 1.5 to 8 (GeV/c)2. Such a 

mapping of the cross section over many orders of magnitude and the spin measure­

ments which we will discuss in later sections certainly have buried in them 

an enormous amount of information on the proton--if we can only extract it. 

B. Polarization in p-p Elastic Scattering at Low Energies 

At energies below 1 GeV the polarization in p-p elastic scattering is about 

as uninteresting as it can be. With kinematic zeros at Scm = 00 and e = 90°cm 

it smoothly climbs from P(ecm=O)=O to a maximum value near ecm = 45° and t.hen 

falls smoothly to P(8 cm = 900 
) = O. Of course, it is significant that finite 

and even large values of polarization exist at all and this point needs to be 

firmly kept in mind. What is missing at the low energies is the kind of struc­

ture in the polarization that we have found to be particularly pertinent to the 

--- details of the interaction. This f1dullnessfl in P is one of the principal reasons 
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this area of study appeared so hopeless ten year ago. But ten year ago 

we barely had sufficient data to explore It/ values up to .6 (GeV/c)2. 

Note that It/(6cm = 900 ) = .4 (GeV/c)2 at PLAB = 1 (GeV/c) and that any dynamical 

effects in P are probably completely masked by the Pauli principle as Bern ~ 900 • 

As the energy of study was raised from cyclotron energies into the several GeV 

range, we began to learn several interesting features about the p-p polarization 

as described below. 

- In the results of Neal and Long0 3 we were able to first observe the 

functional form of P(t) with t sufficiently far from t(900 ) to detect 

an apparent dynamical zero in the polarization near It I = .7 (GeV/c)2. 

This zero seems to be an invariant feature of p-p polarization from 

a few GeV to a few hundred GeV. 

At energies below 20 GeV relative maxima occur in P(t) near It/ .3 

and 1.7 (GeV/c)2. 

- In general, the magnitude of the polarization at any given t drops 

with increasing incident energy. 

These features are evident in the plots in Fig. 3 covering the momentum region 

1-12 GeV/c. With these general trends of the "low" energy data in. mind, I 

would now like to turn to some of the details of the recent high energy measure­

ments. 

c. p-p Elastic Polarizations at High Energies 

In this section of the talk I would like to take some time to review an 

experiment performed by the Indiana University group at the Internal Target 

Area at Fermilab to study the elastic polarization in proton-proton scattering 

at energies between 20 and 200 GeV/c. The measurements were confined to It I 
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values of .3, .6, .8, and 1.0 (GeV/c)2. A hydrogen gas jet was pulsed at the 

instant that the energy of the circulating Fermilab proton beam was at the 

desired value. The recoil protons resulting from the interaction of the protons 

of the atomic hydrogen with the circulating accelerated beam were detected in 

a superconducting spectrometer and analyzed in a second scattering from a car­

bon analyzing target. 

The experimental layout is shown in Fig. 4. Elements Ql, Q2, and Mare 

superconducting quadrupoles and dipoles. The acceptance of the spectrometer 

is approximately 1.4 msr. and the momentum acceptance is approximately 5%. A 

typical example of the missing mass distribution taken with the spectrometer 

is shown in Fig. 5. 

Upon exiting the spectrometer the recoil protons enter a carbon polarimeter 

shown in Fig. 6 • The incident trajectory is determined in the polarimeter by 

proportional chambers PCl-2. The trajectory of the proton after scattering in 

the carbon target C is determined by proportional chambers PC3-4. Hodoscopes 

HX and HY were utilized to aid in the filtering of tracks during the reconstruc­

tion. The analyzing power of the carbon target was determined in a separate 

calibration experiment conducted at the Argonne ZGS. Consequently, for the 

determination of the polarization of the incident recoil proton it is only 

necessary to determine the left-right scattering asymmetry, E = (L~R)/(L+R). The 

polarization P of the recoil protons is then simply E/A, where A is the analyzing 

power determined in the calibration experiment for the particular energy of 

the recoil proton. 

One novel feature of this experiment was the electronic capability to 

reject the recording of scatters in the carbon target that were not useful for 

determining proton polarizations. The overwhelming majority of the protons 

incident on the carbon target would have preferred to pass through the carbon 

with the scattering of at most a few degrees. Such small angle scatters are 
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essentially useless for polarization determination and have the effect of intro­

ducing substantial deadtime into the data-taking process. In order to avoid 

this, we constructed a hardware computer that examined the proportional chamber 

wire status after each trigger and determined if a scatter had occurred through a 

sufficiently large angle to be of use in the polarization determination. The 

effectiveness of this device is illustrated in Fig. 7 which is a scatter plot 

of the scattering angles in the vertical and horizontal directions. The deple­

tion of events in the center of the plot is a direct result of the action of 

the polarimeter computer. Without the device this region would have been enor­

mously saturated. Numerous tests were conducted to ensure that the polarimeter 

computer had no effect on the scatters at the larger angles which were used for the 

determination of the left-right scattering asymmetry. 

Some of the tests conducted in the experiment to ensure that no significant 

instrumental asymmetries remained include the follOWing. A substantial number 

of pion triggers were recorded and analyzed to detect any evidence of left-right 

scattering asymmetries. The aSYmmetry found in these studies was consistent 

with zero. Furthermore, we had the opportunity to cross-check our measured 

results with existing data in certain kinematic regions. The agreement found 

in these cases was satisfactory in all instances. We also were able to deter­

mine the up-down scattering asymmetry from the carbon target. This aSYmmetry, 

due to the fact that the p-p interaction is a strong interaction and can produce 

outgoing polarized protons only with the polarization vector normal to the 

scattering plane, is expected to be zero and was found to be consistent with 

zero in our data. 

4The results from the experiment are shown in Fig. 8 along with published 

low energy data and preliminary data from experiments at FNAL and CERN. We 

observe in all cases a rapid decline of the polarization at fixed t as one goes .., 
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r- to higher s values. As one goes to higher t values, there is evidence that the 

polarization in p-p elastic scattering becomes negative. This is an unusual 

phenomena for p-p elastic scattering. Indeed, from very low energies up to 

energies of twenty GeV, there has been no indication of the polarization in 

p-p elastic scattering becoming negative. This has the interesting geometrical 

interpretation that as one sits at a fixed center of mass angle and watches 

the emerging recoil proton, one observes that the outgoing proton will spin in 

one direction at the lower energies and will eventually spin in the opposite 

direction as the incident energy is increased. 

5
In a recent paper by Pumplin and Kane, the consequences were investigated 

of the Pomeron having quantum numbers different from the vacuum. In this paper 

they investigated the effects on nucleon-nucleon polarizations of the conse­

quences of this assumption. Predictions typical of those in their paper are 

illustrated in Fig. 8 as dashed lines. 

The possible contributions of graphs such as 

----------~ ?~---------p , / p 
.".'''-, //.". 

__1£_/_ 
p p 

to both the flip (M+_) and non-flip (M++) amplitudes Were evaluated. (Here 

the amplitude subscripts refer to the helicities of the upper vertex protons.) 

Estimates of the polarization were then obtained by fitting the ISR 0tot and 
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da/dt data with the formula 

2R = 8.47 + .33 (~ns - i ~/2) 

Z r 2.92 (~ns - i ~/2) 

The first term in Mt+ is central in the impact parameter and the second term is 

peripheral in the impact parameter and is presumably due to the two pion tail 

contribution. The contribution to the flip amplitude by the two pion graph 

would then be expected to be of the form 

where C is the flip/non-flip ratio calculated from the above graph. KnOWledge 

of M++ and M+- permits the calculation of the polarization. 

It is of obvious interest that the full implications of this model and 

its ability to project the general features of high energy polarizations be 

fully explored. 

D. Polarization Due to Coulomb-Nuclear Interference 

When one undertakes a study of polarizB".uion effects at high en~rgies, it 

is very important that Coulomb effects are not ignored. This point has been 

6
made in a paper by Bourrely and Soffer. They assumed that the non-flip helicity 

amplitudes received contributions only from the strong interaction and that the 

single-helicity flip amplitude arises purely from Coulomb effects. In this way 

they were able to parameterize the polarization resulting from the interference 

between the Coulomb amplitude and the hadronic amplitude. The maximum value 
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r- of the polarization that could arise from this interference effect is shown 

in Fig. 9 • It is clear from these figures that the interference polarization 

can be a significant fraction of high energy polarizations. 

Depolarization in p-p Elastic Scattering 

I would now like to turn my attention to recent results on the depolariza­

tion parameter in p-p elastic scattering at energies above 1 GeV. Whereas the 

polarization parameter in nucleon-nucleon scattering measures the probability 

for the target particle to become polarized as a result of the elastic scatter­

ing process, the depolarization parameter is a measure of the change in the 

polarization of the target particle that is due to its interaction with the 

incident nucleon. It has been only very recently that technology has permitted 

the measurement of the depolarization parameter in p-p elastic scattering at 

energies at several GeV. The required experiment is made difficult by virtue of 

the fact that two spins are involved. The standard experimental technique 

utilizes a polarized proton target to establish the polarization of the target 

particle and the use of a carbon polarimeter to measure the polarization of the 

recoil protons. Knowledge of the target polarization, the polarization of the re­

coil proton, and the polarization parameter for the interaction permits the 

calculation of the depolarization parameter D. If the recoiling proton has 

essentially the same polarization as the polarization of the target proton, 

the depolarization proton has a value near unity. 

The depolarization parameter D can be related to the helicity amplitudes 

mentioned earlier in the talk through the formula given below: 

I (I-D) = ~ (I~ _ ~ )2 + I~ + ¢ 12) . 
o 1 3 2 4 
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It is clear from this relation that D is sensitive to a different combination • 

of amplitudes than the polarization parameter and , in fact, can represent an 

independent constraint on the proton-proton system. 

Next, let us examine the status of the experimental data on the measurement 

of the depolarization parameter in p-p elastic scattering at 6 GeV/c. The first 

high energy t distribution of the depolarization was measured at the Argonne ZGS 

a few years ago by the Indiana University group7(Abshire et al.). At that time 

there was also a measurement at t = -.5 (GeV/c)Z by a Michigan-Argonne-CERN-St. 

Louis groupS (Fernow et al.). Since that time substantially more accurate data 

have become available in experiments by the Michigan-Argonne-CERN-St. Louis 

group9 (Ratner et a1.) and by the Minnesota group.IO The situation at 6 GeV/c is 

shown in Fig. 10. The characteristics of the data are that at small t the 

depolarization is indeed very close to unity. As one goes to larger t there 

seems to be a general decline of the polarization--reaching a value of roughly 40% 

for It/in the vicinity of 1.0. 

If D were actually unity it would imply that 

ep ep 
1 3 

These results are indeed expected at small t since the combinations CPl - ep3 

and epZ + ep4 can receive contributions only from unnatural parity exchanges and 

such exchanges are believed, on the basis of independent evidence, to be vanish­

ingly small for the p-p system. 

Thus, the p-p depolarization parameter seems to be rather well understood 

at the moment and to be consistent with rather general theoretical expectations. 

It will, of course, be of great interest to pursue the depolarization measurements 
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to higher momenta. In fact, such measurements have been made in the £61 

experiment at Fermilab and we can look forward to seeing those results in the 

near future. 

Higher Order Spin Measurements in p-p Elastic Scattering 

Much of the progress made in the study of spin effects in p-p elastic 

scattering at energies below 20 GeV during the past year has been in the area 

of the higher order spin parameters C C &I(t,~;o,o)J, and Cu,[-+I('t,'t;o,o)]nn, s s 

Fig. 11 shows the present status of knowledge of Cnn from 2 GeV/c to 12 

GeVJ-~:12The variation in magnitude and shape over this range is impressive. 

The structure at 12 GeV/c is particularly notable and this is one of the major 

effects to surface in the last year--it is begging for an interpretation. How 

can a proton care so much (dynamically) about which direction the other's 

spin is pointing? 

Another major advance in the study of the p-p system over the past year 

has been the extraction of accurate data on C and Ct t by the Yokosawa groups s 
12 

at Argonne. The present status of these measurements is illustrated in Fig.12 

Such measurements are absolutely essential to the process of extracting the 

various spin amplitudes, as will be seen in a later section. 

Neutron-Proton Polarization Data 

For many years the subject of neutron-proton polarization at high energies 

was essentially ignored and most of the effort was concentrated on studying 

the proton-proton system. The reason for this was simple. Neutrons are harder 

to produce, transport, polarize, detect, and analyze than are protons. Over the 

years, however, these problems have been overcome and we have just witnessed the 

accumulation of a rather substantial amount of high quality neutron-proton 
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cross section data and polarizat1'on data. I "II dWl now spen some time briefly 

reviewing the status of these data. 

The proton-proton system is in a pure isospin state of I • 1. Consequently, 

no amount of studying of this system can reveal any information on the I = 0 

amplitudes. The n-p system, on the other hand, is a mixture of I = 1 and I = O. 

Therefore, in principle, the combination of the complete n-p and p-p data will permit 

the isolation of the I = 0 and I = 1 amplitudes. Fig. 13 shows the n-p 

differential cross section from 5 GeV to 12 GeV taken in an experiment at the 

13 
Argonne ZGS by a University of Michigan group. One observes that at each energy 

there is a forward diffraction peak, then a fall-off with increasing t that is 

somewhat less gradual, a rather flat region as one approaches large angles, and 

then a rising cross section as one approaches the backward peak. Note that it 

is meaningful to talk about the differential cross section in n-p elastic 

scattering beyond 90 0 in the center of mass since in this case we do not have 

the complication of identical particles as in the p-p case. Fig.14 shows the 

14 
results of measurements by this same Michigan group in an experiment at Fermilab 

which extended the measurements to 370 GeV/c. The general features are the same: 

A diffraction peak, and a change in slope in the vicinity of 1 to 1.5 GeV/c. At 

present we are a long way from understanding all that these measurements are 

trying to tell us. One feature, however, that is noticeable is that because 

of the similarity of the slope of the forward diffraction peak in the n-p and 

p-p cases the radius of interaction of the p-p and n-p systems are essentially 

the same and are approximately one fermi. Next let us take a look at the situa­
15 

tion with the polarizations. The Argonne Effective Mass Spectrometer group has, 

over the past few years, studied spin effects in both p-p and n-p elastic 

scattering from 2 to 12 GeV/c. The incident proton beam utilized in these experi­

ments was polarized parallel or anti-parallel to the normal of the scattering 
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~ plane. The incoming beam was incident on either neutrons or protons in a 

deuterium target. The results from these experiments are shown in Fig. 15· 

One notices that at 2 GeV/c the p-p and p-n polarizations are almost the same-­

but not quite. As we go from 2 GeV/c to higher momenta. the p-n polarization 

changes structure at a rather impressive rate. At 12 GeV/c the p-p polarization 

remains at about .05 over the t range explored while the p-n polarization has 

essentially vanished over this entire region. 

In an optical model one would expect the polarization for p-p and p-n 

elastic scattering to be identical in shape. In a Regge model one would expect 

mirror symmetry just as is observed in the case of ~+p and ~-p elastic scat­

tering. It is clear from the data presented above that neither one of these 

cases pertains exactly for p-p and p-n polarization. There is the 

general trend of moving from an optical type model at the lower energies to a 

Regge type picture at the higher energies. 

If we designate the non-flip diffractive amplitude by N~ and calculate 

the components of the flip amplitude Ni orthogonal to N~ as follows: 

we can display the single flip amplitudes for each of the two isospin states as a 
15 

function of FLAB at fixed values of t. This is shown in Fig. 16. One is struck 

by the rapid fall-off of the I = 0 amplitude and this is the subject of a sign­

ificant amount of current theoretical activity. One possible explanation of this 
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effect requires a low lying Regge trajectory given by a = -.5 + .9t. The 

rapid variation of N1 can not be explained as being due only to the inter­

ference of a normal Regge amplitude with a Pomeron flip contribution. 

The Diffraction Region: Where does it end? 

For many years the sharp peak in the differential cross section at small 

t in elastic scattering processes has been attributed to geometric diffraction 

effects and the corresponding region in t is called the diffraction region. The 

region beyond the diffraction peak has been loosely called the "large angle" 

region and has been assumed to be representative of constituent or exchange 
16 

processes. This point of view has recently been challenged by Sukhatme. 

Indeed, he claims that the p-p ISR data out to It I = 10 (GeV/c)2 may be pre­

dominantly diffractive, whereas traditional wisdom would have the diffraction 

region stopping at It I ~ 2.5 (GeV/c)2. Below we will present his arguments. 

The p-p elastic scattering amplitude is frequently parameterized as follows: 

A(s, t ) p(s,t) + C(s,t) 

where P(s,t) represents the Pomeron (diffractive) contribution and C(s,t) 

is the large angle contribution. P is almost purely imaginary, it dominates 

at small angle and has dip structure. On the other hand, C is assumed to be 

smoothly varying, due to other than diffractive processes, and approximately 

real. It is of interest to know where !p(s,t)1 ~ IC(s,t)l, for this can give 

a rough definition of the boundary between the "diffractive" and "large angle" 

regions. Sukhatme utilized the phase, magnitude derivative relation to determine 

the value of the phase angle: 
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d doImA .:!I._lL --=-d"'T(9,-n-s.....) Jin dt ReA 2 4 

using the existing ISR p-p data. The result of this analyticity test is that 

A is still predominantly imaginary even at large Itl. This is then taken as 

evidence that the diffraction region may extend even out to It I = 10 (GeV/c)2 

and beyond. It is suggested that perhaps the regimes are separated by fixed Scm 

rather than fixed t or Pte 

Sukhatme finds that the ISR data can be accounted for in diffraction models 

if inelastic diffraction is taken into consideration. This discussion could be 

relevant to the development of polarization models for the presently accessible 

It I range. 

Evidence of a Dibaryon Resonance 

17 
There has been evidence recently published by Auer et ale in Physics Letters 

67B, 113(1977) for the existence of a resonance in the p-p system. This infor­

mation is terribly exciting for at least four reasons: 1) the discovery of any 

resonance is certainly noteworthy, 2) the discovery of a resonance at a lower 

energy accelerator is particularly exciting these days since it is generally 

assumed that all such resonances have already been found and that the new frontiers 

are now at the highest energy machines, 3) there are traditional theoretical 

reasons why such resonances should not exist, and 4) the new evidence points up 

the power of utilizing spin as a tool for investigating spectroscopy. 

Very good p-p total cross section data has existed in the region of a few 

GeV's for many years. The general shape of the cross section is illustrated 

in Fig. 17 • As one can see, one of the most impressive characteristics of this 

plot is the rapid rise in the total cross section between 1 and 1.5 GeV/c. This 

rise has been explained by Mandelstam and others as being due to the production 
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of the N(1238) through a single pion exchange process. The production of the 

higher isobars such as the N(1512) and the N(1688) appears to be substantially ~ 

suppressed relative to that of the N(1238). This suppression can be understood 

in a model where one assumes that the dominant exchange process is that of 

single pion exchange. There does appear to be a small peak in the total cross 

section data near 3 GeV/c. This peak is consistent with N(1688) production. 

Also, there is some evidence for a shoulder near 2 GeV/c that might correspond to the 

production of the N(15l2). Normally, the existence of a particle or resonance 

in a system reveals itself as a significant peak in the total cross section energy 

distribution. For example, the resonances associated with the pion-proton 

system at intermediate energies are evident in Fig. 18. Obviously, there is no such 

pronounced peaking in the proton-proton system. It is fair to say that until 

very recently the high energy physics community was quite well-prepared to assume 

that all of the structure observed in the p-p total cross section could be 

explained in terms of the opening of various inelastic channels. The opening 

of various inelastic channels is what is presumed to be responsible for keeping 

the total cross section at higher energies roughly constant in the face of a 

declining elastic total cross section. 

Now let us take a look at what is new in the proton-proton system as 

ascertained from total cross section measurements. All of the total cross 

section measurements that I have referred to earlier were made without regard 

to the direction of the projectile or target spin. In the experiment that we 

will discuss, both the spin of the target particle and the incident projectile 

were controlled. The Argonne polarized proton beam was made incident on a 

polarized proton target and experimenters in the Yokosawa group measured the 

total cross section when the two spins were longitudinally aligned and when the 
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two spins were longitudinally anti-parallel. The experimenters observed that the 

parallel spin cross section has a peak near 1.5 GeV/c while the anti-parallel 

spin cross section is relatively flat. Furthermore, at the position of the peak 

This difference isin cr~, it is found that a~ is 50% larger than 0* (Fig. 19).
 

surprisingly large and naturally leads one to question whether or not the effect might
 

be due to the production of a resonance state of the two incident protons. If so,
 

the mass of the dibaryon system would be roughly 2250 MeV. This resonance would have
 

an electric charge of two units and a baryon number of 2.
 

In our examination of the total cross section for unpolarized beam and 

target above, we observed that the rapid variation in the region of 1 to 1.5 GeV/c 

could be explained by the production of the N(1238). It is thus natural to 

inquire as to whether the observed structure in the polarized cross section 

could somehow be related to the N(1238). The first problem associated with this 

interpretation is that the N(1238) would be expected to produce an effect at a 

momentum lower than 1.5 GeV. Secondly, the N(lZ38) would be expected to contribute 

only to the singlet spin state IDZ rather than in the triplet spin state which 

contributes to a~. Recall that it is a~ that shows the striking structure. By 

making a Legendre coefficient analysis of the differential cross sections and 

polarizations in p-p elastic scatterings in the neighborhood of 1 to 2 GeV/c, 

the authors find that their observations are consistent with a standard Breit ­

Wigner resonance in the 3F state with a mass of 2250 MeV, a width of 200 MeV,
3 

and elasticity of the order of 20%, and with quantum numbers of JP ; 3-. 

In my opening remarks in this section I alluded to the fact that such a 

resonance does not fit the traditional theoretical expectations. I would like 

to take a few moments now to clarify that statement. The standard quark model 

has been amazingly successful in accounting for the large variety of particles 

which have been discovered. The assumed quantum numbers of the quarks are such 



20
 

that any known meson can be represented as a system of two of the quarks. 

Furthermore, any observed baryon can be characterized by a group of three of 

the quarks. It has long been assumed that these are the rules that govern the 

formation of physical elementary particles. Indeed, very ambitious experimental 

programs have been mounted to search for particles which did not fit into this 

classification. Such hypothetical particles were given the name "exotic". To 

date there has been no conclusive evidence of the existence of exotic elementary 

particles. Obviously, the existence of a diproton resonance would require an 

alteration in the way we view the structure of elementary particles. To make 

up such an object would require more than the minimal number of quarks. One 

possibility is, of course, the existence of quark molecules and, in fact, some 

models presently predict the existence of such objects. 

Before we leave this topic I would like to spend a few minutes discussing 

the possible relationship between such a dibaryon resonance and the observed 

breaks in the fixed angle proton-proton differential cross sections. Several 

years ago in an Indiana paper by Kammerud et al. 18 we examined the feasibility of 

explaining breaks we had observed in the fixed angle cross sect~on in terms of 

dibaryon resonances as a follow-up on suggestions made by Predazzi and Libby.l9 

The p-p differential cross sections presented in that paper are illustrated in 

Fig. 20 and we can see clear evidence for some significant change in the behavior 

of the cross section at t values near .8, 3.0, and 6.5 GeV/c. We stated that if one 

assumed that the change in the slope of the fixed angle cross section was due to the 

crossing of the threshold for the production of a dip rotan resonance, the mass of 

the first resonances would be at 2.2 GeV/c 2. This is a remarkable occurrence and 

may point the way for explaining the structure in the fixed angle cross section. 

Members of the Indiana group are presently studying this question. 
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A Hyperon Inclusive Polarization Measurements 

20 
In an experiment performed by Bunce et a1. at Fermilab, significant 

polarization effects were observed in the inclusive production of A hyperons 

at 300 GeV. The experiment examined lambdas produced at production angles 

between 0 and 9.5 mrad in the interaction of 300 GeV protons with a Be target. 

The polarization of the inclusively-produced lambdas was determined from the 

observation of the lambda decay into protons and pions. The experimental 

layout is shown in Fig. 21. The proton beam enters from the left, is bent by 

magnet Ml onto the beryllium target T. Magnet M2 serves as a sweeping magnet 

to remove charged particles from the beam. V is a decay vacuum area. The 

pions and protons from the lambda decay are detected by proportional chambers 

1-6. Magnet M3 is used to determine the charge and momentum of the decay products. 

By manipulating the field in magnet Ml and in other magnets not shown in the 

figure, the experimenters were able to choose eight production angles ranging 

from -2.5 mrad to +9.5 mrad. 

When a lambda hyperon decays into a proton and a pion, the direction of 

the proton momentum relative to the spin of the lambda in its rest frame is 

governed by the following formula: 

dN = (1 + aPcose)/4~,
d.12 

where e is the angle between the proton momentum and the lambda spin, P is 

the magnitude of the lambda polarization and a = .64 ± .013. Consequently, 

an observation of the angular distribution of the proton resulting from the 

lambda decay is sufficient to permit the determination of the polarization of 

the parent lambdas. 
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I will not go into the details of the experimental procedure or the various 

tests that were made to insure that all observed asymmetries were due to the 

physical process of lambda production and decay. The interested reader is 

referred to Physical Review Letters 36, 1113 (1976). The results of studies 

by this group are illustrated in Fig. 22 (Which also includes their 24 and 400 

GeV/c results), where the polarization is plotted against the transverse lambda 

momentum. One sees the very surprising results that, at large p , the polarization 
t 

reaches the value of almost 30%. This result is initially surprising because it 

is only in rare circumstances that one observes polarization effects above 25% at any 

energy above a few GeV. Another feature of this result, however, creates a cause 

for even more excitement. Normally, inclusive processes are thought to occur 

as a result of many competing and random production mechanisms. It is very difficult 

to believe that particles can be produced inclusively with large polarization in 

such an environment. Indeed, the observation of large polarization may be a 

principle indicator that such production processes take place in an orderly, non­

random fashion. There are several questions raised by this experiment that simply 

must be answered in the near future. For example, does the almost linear increase 

in polarization with Pt continue until the polarization saturates at unity? How 

important is the target Be to the results of the experiment? Would the result be 

the same if the experiment were conducted off of a hydrogen target? What would 

be the result of a similar experiment conducted on the sigma hyperons? How does 

the inclusively-produced lambda polarization compare with corresponding proton 

data? In a later section of the paper, I will have some additional comments to 

make on these questions as we compare the lambda results with the results obtained 

in a recent Indiana University experiment at Fermilab. 
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Polarization in Inclusive Proton Production 

The Indiana University group is presently engaged in a program to study 

the inclusive polarization in pp~ pX at Fermilab energies. The apparatus 

being used for these measurements is identical to that described above for the 

p-p elastic polarization studies in the Internal Target Area at Fermilab. 

The initial measurements were made using a rotating carbon filament target at 

incident proton energies of 100, 200, 300, and 400 GeV/c and at a transverse 

momentum of 1.1 GeV/c and x = .88. 

The study of proton inclusive processes is a natural extension of the 

elastic polarization studies. Indeed, as shown in Fig. 23. inclusive final 

states can be viewed as a massive particle recoiling against the observed proton. 

For x values near 1, the inclusive cross sections can be calculated as the square 

of a triple Regge amplitude. Spin flip and non-flip terms can interfere in 

the triple Regge picture to produce a polarization of the observed proton. 

The inclusively-produced protons traverse the superconducting spectrometer 

and are incident on a carbon analyzing target shown in Fig. 6. The left-right 

scattering asymmetry of these protons from the carbon analyzer determines the 

polarization. The analyzing power for the carbon was previously determined 

in a calibration experiment performed in the Argonne polarized beam. Numerous 

checks were made to insure that all instrumental asymmetries were cancelled to 

a high degree. 
2l The results of these measurements are shown in Fig. 24 along with the 

lambda inclusive polarization results of Bunce et al. 20 One notes that the 

lambda and proton polarization are of the same sign and are of the same order of 

magnitude. The curve shown in this figure is a triple Regge prediction of the 

type predicted by the calculations of Field and Fox, Salin and Soffen, and Paige 

and Sidhu. 22 The absolute value of the curve is at least a factor of ten greater 
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than the current prediction of the triple Regge model. The results shown here 

are not in agreement with the magnitude or energy dependence of any simple triple 

Regge model. It is interesting to speculate that the proton polarization seen in 

these measurements may well be related to the large values of the polarization seen 

in inclusive lambda processes. In the discussion in the next section, we will 

indeed present a model due to Heller23 and to Kane and Yao 24 that relates the 

lambda inclusive polarizations and the proton inclusive polarizations. Before 

leaving this section, I should comment that we are presently engaged in a major run 

at Fermilab that should expand the range over which the inclusive proton polariza­

tions are known to higher transverse momenta. It is our hope to have the data from 

this experiment analyzed by summer. 

Theoretical Model of Baryon Inclusive Polarization 

In a recent preprint by Ken Heller 23 at the University of Michigan, a 

mechanism is proposed that allows large polarization for baryons which are 

fragments of the projectile or target particle. It is assumed that when one 

of the quarks in the projectile baryon is scattered by a target nucleon, a 

vector particle is radiated similar to the process that occurs in bremsstrahlung. 

Further, the radiated particle is assumed to create a quark-antiquark pair. 

Then one member of this pair joins the other two quarks of th~ projectile to 

create the outgoing observed baryon. The process is illustrated in Fig. 25. 

In this example, we are visualizing the inclusive production of a forward 

lambda hyperon by an incoming proton. The lambda is produced through the inter­

change of one of the u-quarks in the incoming proton with an s-quark produced 

by the radiated vector particle. 

If it is assumed that the coupling of the quarks to the appropriate vector 

gluon is independent of color, one may write the wave functions of spin index i ~ 
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as 

Pi fi[UiUidj-UiUjdi] 

Ai = I3[UidjSi-UjdiSi]' 

where j is the other spin index. 

For an incident proton to produce an outgoing A, the unscattered u and d 

quarks are assumed to be in a singlet state in the incident proton since these 

quarks are not affected by the proposed transition mechanism. Therefore, the 

transition matrix for the production of a spin i lambda by a spin i proton is 

as follows: 

(/I'iIT!Pi> = 16[<UidjSiITluidjut> - <ujdiSiIT!UidjUi) 

-(UidjSiITIUidiUj> + (UjdiSiIT!Ujdiui>]. 

The second and third terms in this expansion are assumed to be negligible 

since they require spin index changes. Pursuing this calculation leads 

to the conclusion that, in this model, the polarization of the produced A is 

unity. In this scheme the observation of A polarizations smaller than unity 

would be explained by the dilution created by other competing A production 

processes which decrease in prominence at higher Pt' 

This model has other substantial capabilities which we will not investi ­

gate in detail here. However, the ratio of polarizations for various baryon 

production processes is of interest and is reproduced in Fig. 26. One should note 

that the prediction is that proton inclusive polarization should be approximately 

one-third smaller than those of the lambda inclusive polarizations. In a more 
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2'University
detailed study by Kane and Yao of Michigan Report HE7-44) it is pre­

dicted that the polarization in inclusive nucleon production and lambda 

production are in the ratio of the non-strange and strange constituent quark 

masses. From the paper of De Rujula et al. (Physical Review D 12, 147 (1975» 

this ratio is predicted to be .62. The 8U(6) correction calculated by Heller 

to account for the extent to which one quark carries the spin of the hadron is 

two-thirds. These two effects should be combined to obtain the actual ratio 

of the polarization in pp + pX vs. pp + AX. The result of this process is 

that the proton polarizations should be a factor of .42 of the inclusive 

lambda polarizations. Obviously, there is substantial interest in studying 

the kinematic region over which relations of this type might be expected to 

hold. For example, it is important to know whether the inclusive polarization 

for protons rises with Pt in a manner similar to that for lambda inclusive 

polarizations. Also, over what range of s values does such a correspondence 

hold? As can be seen from Fig. 27 , the predictions of Heller, Kane, and Yao 

are remarkably satisfied by the existing data. 

Elastic Nucleon-Nucleon Polarization in a Constituent Model 

Several years ago in what we believe to be the first attempt to explain 

the polarization phenomena in a constituent model, Holger Nielsen at the Niels 

Bohr Institute in Copenhagen and I proposed a scheme to test the dominance of 

constituent scattering in elastic proton-proton processe~~ In brief, the model 

assumed that the various regions of the fixed angle proton-proton differential 

cross section are due to different numbers of binary parton collisions occurring 

in the p-p process. If one examines the fixed angle 900 differential cross section 

as a function of t (Fig. 28), one observes rather distinct breaks near t=-l, t=-3, 

and t= -6.5 (GeV/c)2. Let us suppose that the first region from 0 < t < 1 is 
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due to the single scattering of one parton in the incident proton from one 

parton in the target proton, with the partons recombining in the final state 

to produce the outgoing observed protons as shown in Fig. 29. Furthermore, suppose 

that the region between t = -1 and t = -3 (GeV/c)2 is due to two partons in the 

incident proton scattering from two partons in the target proton to produce 

the p-p elastic scattering process at the observed t. At a given value of t 

in this second region this double scattering process might be preferred over 

the one described for region 1 since the two partons can scatter through smaller 

angles to produce the observed t than would be required for a single parton 

scatter. The description for region 3 and others would be specified in a 

similar manner. There is one further ingredient in the model. This is the 

assumption that the polarization of the outgoing protons is the sum of the 

polarization of the scattered partons. The basic recurrence relation provided 

by this model is as follows: 

where n specifies the number of parton collisions taking place, P is the 

polarization at four momentum transfer squared t, and S is the polarization 

for parton-parton collisions as determined from proton-proton collisions in 

region 1. 

In order to see if such a relation has any possible validity, one can 

simply determine Set) by looking at the polarization in p-p elastic scattering 

at t values below 1 (GeV/c)2. The value of the predicted polarization in region 

2, where two binary parton-parton collisions are assumed to dominate the pro­

cess,can then be easily generated from the formula above with n = 2. The 

results of this operation are illustrated in Fig.30 where one sees the agree­
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ment to be unusually good. While this model is obviously extremely crude 

it does raise the possibility that someday we will be able to understand 

elastic and inclusive polarizations on the basis of the polarization produced 

by the constituent particles. One notes here certain similarities between 

this model and the one utilized by Heller in his description of inclusive pol­

arization. Indeed. one of the interesting features that needs to be explored 

is the relationship between inclusive and elastic polarization in constituent 

models. 

Amplitude Analysis 

From a purely mechanistic view one could say that it is the experimentalist's 

job to make the measurements required to determine the spin amplitudes and it 

is the theorist's job to find out what the amplitudes are telling us about 

nature. We do not yet quite have enough information to fully make an unambiguous 

amplitude determination--but we are getting close. The p-p elastic amplitude 

2insituation at 6 GeV/c and It/ ~ .3 (GeV/c)2 is showJ Fig.31 In Fig.31a 

we see from the shaded region the range of possible values for the amplitudes 

No' Nl. lio' liZ as a result of constraints imposed by o. •NZ' p. Dnn Cnn' Knn. 

In Fig. 3lb we see the additional improvement due to knowledge of R. The effects 

of new information on I(s.o;o,s) and I(S,~;o,s) is illustrated in Fig.3Ic. 

Finally, the effect of adding information on I(t,s;o,o) further constrains the 

amplitudes as shown in Fig.31d. The goal of having only a zero width dot in 

each amplitude plot is obViously still not achieved but remarkable progress 

Ihas been made in the past two years and we can realistically look forward to 

ISignificant successes in this area in the near future. 
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Figure Captions 

Fig. 1 Differential cross section in p-p elastic scattering (Ref. 18). 

Fig. 2 Recent differential p-p cross section measurements at the ISR (Ref. 11). 

Fig. 3 Polarizations in p-p elastic scattering from 1 to 12 GeV/c. 

Fig. 4 Layout of Indiana University experiment E313 at Fermi1ab. 

Fig. 5 Typical missing mass distribution in experiment E313. 

Fig. 6 Layout of carbon polarimeter used in experiment E313. 

Fig. 7 Scatter plot of horizontal and vertical scattering angles in experiment 

E3l3. Depletion in center represents effect of hardwired polarimeter 

computer which rejects small angle scatters. 

Fig. 8 Results from experiment E3l3. 

Fig. 9 Maximum polarizations vs. t arising from Coulomb interference effects 

(Ref. 6). 

Fig. 10 Depolarization in p-p elastic scattering at 6 GeV/c (Refs. 7-10). 

Fig. 11 Measurements of Cnn from 2 to 12 GeV/c (Refs. 11, 12). 

Fig. 12 Measurements of Css and CU, (Ref. 12). 

Fig. 13 n-p differential cross sections at Argonne energies (Ref. 13) • 

Fig. 14 n-p differential cross sections at Fermilab energies (Ref. 14). 

Fig. 15 p-p and n-p elastic polarizations from 2 to 12 GeV/c (Ref. 15). 

Fig. 16 Dependence of nucleon isospin spin flip amplitudes at fixed t as a 

function of PLAB (Ref. 15). 

Fig. 17 Total cross section in p-p scattering (from Bugg et al., Phys. Rev. 146, 

980 (1966». 

Fig. 18 Pion-proton total cross section features. 

Fig. 19 Difference in longitudinal total p-p cross sections; evidence for a 

dibaryon resonance (Ref. 17). 



Fig. 20	 Differential p-p cross sections at 8 = 900 observed in Indiana ~ cm 

University experiment (Ref. 18, 25) divided by exponential in t. 

Fig. 21 Experimental layout for inclusive lambda polarization experiment (Ref. 20).
 

Fig. 22 Results from inclusive lambda polarization experiment (Ref. 20).
 

Fig. 23 Illustration of proton inclusive process.
 

Fig. 24	 Inclusive proton polarizations observed in Indiana University experiment 

E313 at Fermilab (Ref. 21). 

Fig. 25	 Illustration of inclusive model of Heller (Ref. 23). 

Fig. 26	 Predicted ratio of various inclusive baryon polarizations in model of 

Heller (Ref. 23). 

Fig. 27 Comparison of p and A inclusive polarizations. 

Fig. 28 Fixed angle (900 ) differential cross section in p-p elastic scattering. 

Fig. 29 Illustration of parton-parton scattering model of Neal and Nielsen 

(Ref. 25). 

Fig. 30 Fit of model of Ref. 25 to polarization data. The polarization curve in 

region I generates the curve in region II with no free parameters. 

Fig. 31 Present status of knowledge of amplitudes. See text for description. 
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