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Abstract 

The theoretical and experimental status of high energy spin phenomena is summa- 
rized, with emphasis on the spin properties of nucleons. It is stressed that crucial tests 
of the Standard Model can be made with polarization experiments. By performing 
the experiments discussed here, we will reveal important constituent and composite 
properties of protons and neutrons. The future prospects for planned polarization 
experiments are discussed. 
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1. Introduction 

Since the Stern-Gerlach experiment, it has been known that spin is one of the most 
fundamental properties of elementary particles. The property of spin allows selection of a 
”preferred” direction, which enables us to investigate the behavior of particles under space- 
time transformations. By polarizing an accelerating beam of a fundamental particles, and 
colliding it with a target, we are able to investigate the yyspin” properties of the fundamental 
building blocks of matter. Generally, there are two levels at which we probe hadronic matter: 
(i) at the constituent level and (ii) at the hadronic level. Different physics can be learned at 
each of these levels. 

Theoretically, the constituent level effects are characterized by the spin dependent struc- 
ture functions, which are a measure of the quark helicity current distributions with respect 
to light-cone momentum fraction, z. Naturally, the sum of the spins due to each of the 
constituents, added to the angular momentum of their aggregate should equal the total spin 
of the hadron, namely f .  The magnetic moment of the hadron is a measure of the global spin 
properties of the constituents. In addition, total cross sections of polarized beams impinging 
on polarized or unpolarized targets can reveal properties of the whole hadron, especially in 
elastic scattering where the hadron retains its identity after the interaction. 

Since cross sections are the most fundamental measured property of elementary particles, 
all of the theoretical quantities characterizing spin must be extracted from some combination 
of the polarization cross sections. In nature, asymmetric behavior often occurs between the 
interactions of particles whose spins are aligned and interactions of particles whose spins are 
anti-aligned. Thus, it is convenient to define an asymmetry as: 

A = [a(++> - .(+-)I 
a(++) +a(+-) , 

where the ++ refers to the aligned spins and +- to the anti-aligned spins, without regard to 
the direction of polarization relative to the momentum of the interaction. There are distinct 
advantages to defining the asymmetries in this way. Theoretically, A is a ratio of cross 
sections, so all of the normalizations used to calculate cross sections cancel, leaving only the 
key parameters of the interaction. Experimentally, the difference in the numerator tends to 
cancel some of the systematic errors, making A a fundamentally more sensitive measure of 
the physical parameters. 

Significant interest in high energy spin physics was piqued a few years ago when the 
European Muon Collaboration (EMC)l published polarized deep-inelastic scattering data 
which appeared to contradict theoretical predictions, creating the ”spin crisis”. Since then, 
a flurry of theoretical and experimental work has been performed to clarify this ”crisis” and 



further investigate the spin properties of the lighter hadrons. In section 2, I give an overview 
of the present experimental status of high energy polarization physics. Section 3 will include 
explanations of the basic constituent spin structure functions and what is presently known 
about them. In section 4, the theoretical aspects of the hadronic level spin properties will be 
discussed. In section 5, I will give an overview of some proposed polarization experiments 
at different accelerators, with an emphasis on the physics that can be extracted from them. 

2. Present Experimental Status 

2.1 Introduction 

High energy polarization experiments were essentially begun in the 1970’s at the Argonne 
ZGS with the measurement of the polarization asymmetry, AN.  This represented one of 
the first times that a polarized target was used in a high energy (> 1 GeV) experiment. 
Shortly thereafter, other polarized beam and target experiments were performed at various 
accelerators, covering a wide range of available energies and m ~ m e n t a . ~ ’ ~  Most of the early 
experiments yielded results which were unexpected, thus giving an impetus to  further study 
of polarization p h e n ~ m e n a . ~  

At this writing, there is a reasonable selection of polarization data at high energies, 
which has helped theorists define the questions to  be answered regarding the spin content 
of nucleons. We have simultaneously discovered that many more experiments must be per- 
formed to answer these questions. In the following sections, I will outline some of the key 
questions that have arisen regarding nucleon spin and give a perspective on how the present 
data and how future polarized beam experiments play a role in answering these questions. 

The easiest way to categorize the existing polarization data is via the categories of 
(i) inclusive scattering and (ii) exclusive p p  (elastic) scattering. Generally, the polarized 
inclusive scattering experiments probe the inner structure of nucleons, giving spin informa- 
tion about their constituents. Meanwhile, the elastic experiments reveal the composite spin 
properties of nucleons as a group of valence quarks with spin quantum numbers, confined 
by an unknown mechanism. Polarization experiments are designed to help answer both the 
constituent and composite questions about nucleon structure. Experiments which are in 
the inclusive category include: (i) deep-inelastic scattering of polarized leptons (e, p )  on 
polarized nucleon targets ( p ,  n, d) ;  (ii) production of jets in high energy polarized p p  and 
p p  scattering; (iii) production of pions and direct photons in high energy polarized p p  and 
p p  scattering; and (iv) lepton pair production (Drell-Yan) in polarized processes. Elastic 
processes consist primarily of polarized p p  scattering, carried out at a wide range of energies 
and beam momenta, and detected at a large range of angles. 



2.2 Existing data 

One of the first polarized inclusive measurements made was by the SLAC/Yale g r ~ u p , ~  
which measured the spin dependent asymmetry in the deep-inelastic scattering of longitudi- 
nally polarized leptons on longitudinally polarized protons. This asymmetry is given by 

I A =  [+-, a(+-)) + a(++) 
- a(++) 

= D(Al+ +42), 

where the arrows refer to the relative longitudinal spin directions of the beam and target, 
respectively. Information about the 
polarized quark distributions can be extracted from this asymmetry by 

The terms D and 7 are known kinematic factors. 

where, for each quark flavor i: 

Here, the +(-) indicates the quark spin aligned (anti-aligned) with the nucleon spin. The 
assumption is made that A2 is small, since it is bounded by R = Jz, the ratio of cross 
sections for absorption of longitudinal and transverse virtual photons. This is an accurate 
assumption in the kinematic range of this data. The proton structure function $ can be 
extracted from the asymmetry A1 by using 

Here it is assumed that the transverse structure function & is small and that A1 is relatively 
independent of Q 2 ,  an assumption which has been verified by experimental measurements. 
These measurements were done to extract information about the quark model picture of 
proton spin and to  investigate a limit on parity non-conservation in polarized deep-inelastic 
scattering (DIS). Later, the European Muon Collaboration (EMC) at CERN extended the 
kinematic range of the DIS measurements to smaller Bjorken x using a polarized muon 
beam.' The extrapolation of the structure function $ to lower z led to implications that, 
although the Bjorken sum rule of QCD' was satisfied, the Ellis-Jaffe sum rule7 based 
on a simple quark model was violated. This created a controversy which heightened the 
interest in spin phenomena. This will be discussed in section 3. In the last couple of years, 
the Spin Muon Collaboration (SMC) group from CERN' and the E142/E143 experimental 



groups from SLAC' have measured A! and & to even lower z values and have added the 
corresponding neutron and deuteron structure functions A:, gy, A:, and gt. These groups 
have also improved statistics and lowered the systematic errors from the original data. 

Recently, the E704 group at Fermilab has analyzed the data from their p p  and p p  ex- 
periments for jet production cross sections." The results have implied that the polarized 
gluon distribution is limited in size, but has not put a strict value on this limit. In all of the 
inclusive experiments done this far, we have gained some knowledge of the constituent spin 
content, but it is clear that much more work has to be done in future experiments to obtain 
a complete understanding of this important problem in physics. 

Unpolarized elastic scattering experiments have been done for many years. In the mid 
1960's through the early 1 9 8 0 ' ~ ~  differential cross sections, g, for p p  elastic scattering were 
measured for a wide variety of energies and beam momenta at the Argonne ZGS,ll the 
Brookhaven AGS," and the CERN ISR.13 These experiments provided a basis for analyzing 
the composite nature of protons. Later, at the ZGS, polarized beam experiments were 
performed to measure spin asyrnmetrie~.~ In particular, the double spin (beam and target 
polarized ) asymmetry ANN was measured at 90" c.m. and far various fixed plab (beam 
momenta). The oscillations in both the differential cross sections and the asymmetries have 
led to considerable controversy regarding the applicability of perturbative QCD (PQCD) to 
exclusive proce~ses.'~ Measurement of the polarization AN at the ZGS2 yielded a non-zero 
value, which lead to  the speculation that helicity (the component of spin in the direction of 
the proton momentum) conservation at the hadronic level is questionable. In short, existing 
polarization data has helped to define the appropriate questions to ask regarding the nature 
of nucleon spin. In the next two sections, I will discuss the theoretical aspects of this topic. 

3. Constituent Spin and Inclusive Reactions 

3.1 Introduction 

One of the important questions in high energy spin physics is how the spin of hadrons, 
like nucleons, is related to the spins of their quark and gluon constituents. There have 
been many approaches to this problem.'' Fundamentally, we assume that the nucleons are 
comprised of valence quarks (uud for the proton and udd for the neutron), which carry most 
of the quantum numbers of the nucleon and whose polarized distribution and integrated 
polarized distribution are defined by: 



where +(-) indicates the quark spin aligned (anti-aligned) with the nucleon spin. In addi- 
tion, the nucleon is filled with a quark sea, which is polarized by gluon Bremsstrahlung and 
by quark-antiquark pair creation. The corresponding integrated polarized sea distribution 
is defined as: 

(AS( Q 2 ) )  ([Au( Q2) + AZ( Q2) + Ad( Q2) + Az( Q 2 )  + As( Q2) + Ag(Qz)l). (7) 

Here it is assumed that the lightest flavors dominate the spin properties, as the much heavier 
quarks would be significantly harder to polarize. In terms of the proton wave function, we 
can write these integrated distributions as 

where # ( p )  is the axial four-vector which characterizes a spin f particle and m is the mass 
of the particle. 

The gluons are polarized through Bremsstrahlung from the quarks. The integrated 
polarized gluon distribution is written as 

where the +(-) indicates spin aligned (anti-aligned) with the nucleon, as in the quark 
distributions. 

There are natural constraints to these polarized distributions. For example, due to O(2) 
invariance, a proton with momentum and spin in the z-direction will conserve J,. This total 
spin sum rule can be written in terms of the polarized distributions as: 

The right hand side represents the decomposition of the constituent spins dong with their 
relative angular momentum, L,. Other constraints are provided by the axial-vector current 
operators, A:, whose matrix elements for the proton define coefficients, uk, as16 : 

where the uk are non-zero for k=O, 3 and 8. These current operators are members of an 
SU( 3 ) f  octet, whose non-zero elements give relations between the polarized distributions 
and the measurable coefficients u'. The Bjorken sum rule6 relates the polarized structure 
function g1 (z), measured in polarized deep-inelastic scattering, to the axial vector current 



A i .  The coefficient a3 is measured in neutron beta decay and this sum rule is considered to 
be a fundamental test of QCD. The Bjorken sum rule is normally written as 

L1[g(z) - g:(z)] d x  = a3(l - - a8 + -*- ) .  
7r 

In terms of the polarized distributions it can be reduced to the form: 

1 1 [Au(z, Q2) - Ad(z, Q’)] d z  = a 3 (1 - % + - - -). 
7r 

The coefficient as is determined by hyperon decay, reflecting the other baryon axial charges 
in the symmetry. In terms of the quark polarized distribution functions, this relation can be 
written as: 

L1[Au(r, Q”) + Ad(z, 9”) - 2As(z, Q’)] d x  = a a . 

There is no direct measurement from p decay for a’, but it is related to  the total spin carried 
by the quarks in the proton. This will be discussed in more detail later. 

(14) 

Although the spin is the important parameter in this discussion, when analyzing exper- 
imental data for longitudinally polarized particles, helicity is the more appropriate property 
to consider. This is defined as the component of the constituent’s spin in the direction of the 
proton’s momentum. Most of the discussion in this section will concentrate on the properties 
of the constituents in terms of helicity. 

3.2 Valence Quark Distributions 

In order to construct the polarized quark distributions from the unpolarized ones, we 
can start with a modified 3-quark model based on an SU(6) wave function for the proton. 
This model is based on flavor symmetry of the u- and d-sea and constructs the valence 
distributions to satisfy the Bjorken sum rule. Since A1 and 8 are related to the polarized 
quark distributions, we can extract information about the valence distributions from the 
data. In particular, as x + 1, the sea distributions are negligible and the valence quark 
distributions must predict the asymptotic value of AI The value given by the SLAC/Yale 
data3 indicated that the modified model for valence quarks was too s m d .  Thus, models 
by Carlitz and Kaur17 and separately by Qiu, et.  u Z . , ~ ~  among others,18 made physical 
justification for the valence quarks carrying most of the proton helicity only at large x values. 
The modified valence quark distributions have the form: 



where COSBO is a ”spin dilution” factor which vanishes as z + 0 and becomes unity as 
x + 1, characterizing the valence quark helicity contribution to the proton. Normally, the 
spin dilution factor is adjusted to satisfy the Bjorken sum rule and to agree with the deep- 
inelastic data at large z. Using equation (13) and assuming flavor symmetry of the sea, the 
total spin carried by valence quarks is found to be about 75%. This is in agreement with 
other theoretical approaches to quark spin.” 

3.3 Sea Distributions 

The helicity of the sea distributions can be structured to a first approximation by con- 
sidering that the sea quarks obtain their polarization by gluons emitted by valence quarks, 
which in turn create sea quark-antiquark pairs. In the approach of Close and Sivers,”” the 
behavior of the valence quarks follows the quark counting rules.”’ Then, the behavior of the 
polarized sea as a function of x follows from the QCD diagrams for quark-antiquark creation. 
This model must be refined in order to account for the EMC results,’ which imply that the 
sea is polarized opposite of that to the proton. To refine the original model, we can first 
break the SU(6) symmetry of the sea by assuming that the heavier strange sea quarks will be 
harder to polarize. Then, we assume that the sea distributions are related in the following 
manner:” 

AC(z, Q”) = c(z)Au(z, Q”) = AZ(x, Q2) = c(x)Ad(z, Q2) 

= (1 + ~(z))As(z, Q”) = c(z)( l+ E(~))As(z,  Q2). 

The E(Z) factor is a measure of the increased difficulty in polarizing sea quarks. The c(x) 
term represents the possible enhancement of polarized antiquarks in the sea due to the 
asymmetry of spin-spin forces in the QQ and qij channels. The assumptions of equation (16) 
are consistent with the unpolarized data of the NMC,”” which measured an enhancement 
of h quarks over ii quarks in the proton. One has the option to similarly modify the relation 
between polarized flavors and their unpolarized counterparts, in case that future polarized 
data indicate a similar result. Note that this form for the polarized sea is consistent with the 
form of the Bjorken sum rule written as in equation (13). In order to determine the variables 
~ ( z )  and c(x) and the overall size of the polarized sea, the structure functions measured in 
deep-inelastic polarized scattering, d ,  can be used. 

The integrated polarized structure function is related to the polarized quark distributions 
by 

1 Qd 4 1 4 4 1 &(x) dz = -(1- --)([cAu, + sad,, + -(AIL, + A%) + - ( A d ,  + AZ) + -(A5 + AS)]). 
2 9 9 9 

Thus, the data on & can be used to extract information about the sea quark distributions. 
This is not enough, however, to determine all of the sea parameters. Additional constraints 

1 

(17) 



are provided by a traditional analysis of hyperon decays, which determine two empirical 
constants: D and F.23 These are related to the polarized quark distributions by the axial 
current a' mentioned above: 

a' = ([Au, + Ad,, + Au, + Aii + Ad, + Ad- 2As - 2AS]) = 3F - D M 0.58 f 0.02. 

(18) 
As Lipkin has pointed out, one must proceed with caution in using hyperon spin structures, 
however, without a suitable hyperon spin model. Since the weak decays measure flavor- 
changing transition matrix elements, which depend on both initial and final state wave 
functions, difficulties arise in trying to fit hyperon spin models with the observed magnetic 
moments and weak decays.24 Thus, although we can use the above equation for a' to 
extract information about the quark sea, there must be alternate consistency tests of these 
sea models in order to verify their validity. 

As previously mentioned, the total spin carried by quarks is related to the axial current, 
in uo. In particular, we can relate the non-zero axial currents and the structure function 

the following way: 
1 '  3 3  1 

ao M 9(1+ ")/ $(z) dz - -a - -a . 
T O  4 4 

Thus, the equations for the axial current coefficients ui give constraints to  the polarized quark 
distributions, from which we can attempt to extract specific information about individual 
contributions to the overall proton spin. Shortly after the EMC experiment, there were a 
number of theoretical calculations which isolated the contributions of each of the flavors of 
the polarized sea to the proton's h e l i ~ i t y . ~ ~ 1 ~ ~  All of these came to the conclusion that the 
sea is negatively polarized. This is a reasonable conclusion when one takes into account the 
spin dependent forces which cause polarization of the sea from valence quarks and g1u0ns.l~ 
With the advent of the recent SMC and SLAC experiments,'-' modified values for the 
flavors of polarized distributions have been Results for some of the polarized sea 
distributions, based on various models and data, are shown in Table 1. The models are keyed 
as follows: (i) QRRS- models by Qiu, et.  aZ.,15 based on the EMC data and on a valence 
dominated model (VDM) which limits the strange sea; (ii) BEK- the model by Brodsky, et .  

u Z . , ~ '  based on the EMC data; (E) HJL- Lipkin's model I11 25 which sets the strange sea 
contribution to zero and bases the rest on the EMC data; (iv) models by Close and Roberts23 
, based on SMC and SLAC data'-' for the proton ( I p ) ,  neutron (In) and the deuteron ( I d ) ;  
(v) models by Goshtasbpour and RamseyZ6 , also based on SMC and SLAC data for the 
proton, neutron and the deuteron, with a VDM model as in reference 15. 



Table 1 

au = ad  
-0.24 
-0.10 
-0.26 
-0.27 
-0.21 
-0.12 
-0.20 
-0.19 
-0.10 
-0.25 
-0.10 

- as 
-0.15 
-0.01 
-0.23 
$0.00 
-0.12 
-0.03 
-0.11 
-0.09 
-0.01 
-0.15 
-0.01 

It can be seen that there is some consistency between certain models, but that a wide 
variety of values for each flavor are possible, depending on which theoretical assumptions or 
experimental data are used to determine the values. All of thse are compatible with some 
of the data, but there are still inconsistencies with the various sets of data. Thus, it is clear 
that more tests are necessary. As pointed out by Qiu, et. aZ.,15 the most direct experiment 
to determine the size of the polarized sea is lepton pair production (Drell-Yan) processes in 
polarized nucleon scattering experiments. Only then wil l  there be enough information to tell 
which assumptions about the polarized sea are a p p r ~ p r i a t e . ~ ~  

3.4 Gluon Distribution Models 

We cannot infer a pr ior i  the size of the polarized gluon distribution in a proton at a given 
Q2 value. From the evolution equations for the polarized distributions, we do know that the 
polarized gluon distribution increases with Q2 and that its evolution is directly related to 
the behavior of the orbital angular momentum, since the polarized quark distributions do 
not evolve in Q2 in leading order.15 Thus, the normal approach is to assume a particular 
distribution for a given Q2 and check the consistency of the assumptions with experimental 
data which is sensitive to AG(z, Q2) at a particular Q;. Initial analyses of the EMC data25 
led to speculation that the integrated gluon distribution may be quite large, even at the 
relatively small value of Q2 = 10.7 GeV2. In the models of Qiu, et. aZ.,15 and Ramsey 



and Sivers2' , three separate scenarios involving different sized polarized gluon distributions 
were investigated at the average Q2 of the EMC data. The first assumes effectively no gluon 
polarization at Q i  = 10.7 GeV2. The second model was motivated by the spin-weighted 
evolution equations, whose splitting functions contain an additional x factor. The resulting 
Ansatz is: 

Q 2 )  = zG(z, Q 2 ) ,  (20) 

whose integrated distribution gives about 0.5. The third model was created to extremize 
the integrated gluon distribution to the value of about 5.0, consistent with some of the early 
analyses of the EMC results. This model assumes that 

where 2 0  is a variable cutoff used to determine the actual value of s,' AG(z) dx. Subsequent 
experiments and analyses have favored the models giving smaller integrated values for AG.1° 

Since the polarized gluon distribution does not explicitly appear in the axial currents 
mentioned above, separate experiments must be performed to indicate its value at various 
Q2.  There have been a number of papers which indicate some of the appropriate experiments 
that are sensitive to AG. Am ong these include: (i) jet p r o d u ~ t i o n , ~ ' - ~ ~  (E) direct 
photon (7) p r o d ~ c t i o n , ~ ' * ~ ~  and (iii) pion p rod~c t ion~ '1~~  in polarized p p  and p p  collisions, 
where both the target and beam are polarized. All of these are extremely sensitive to the 
polarized gluon distribution, especially at high energies and small x, where the gluons are 
most prominent. 

28-32 

The model of AG which is finally determined by experiments has a direct effect on the 
actual value of the quark distributions through the gluon axial anomaly.33 In QCD, the U(1) 
axial current matrix element A; is not strictly conserved, even with massless quarks. Hence, 
at two loop order, the triangle diagram between two gluons generates a Q2 dependent gluonic 
contribution to the measured polarized quark distributions. This term has the general form: 

N f a d ( Q 2 )  J,' AG(z, Q 2 )  dx, 
2n UQ2) = 

where Nf is the number of quark flavors. Thus, for each flavor of quark appearing in 
the distributions, the measured polarization distribution is modified by a factor: (AQ;) - 
I'(Q2). In order for us to determine the quark contributions to the spin of the nucleons, it is 
necessary for us to know the relative size of the polarized gluon distribution. Certainly, many 
more experiments of the types listed above must be performed in order to determine these 
important parameters. This will be discussed in more detail in part 5. While constituent 



contributions to nucleon spin are important, it is also interesting to investigate the spin 
properties of nucleons as whole entities. Elastic scattering experiments play a vital role in 
this study. 

4. Hadronic Spin and Exclusive Reactions 

4.1 Introduction 

One of the main goals of QCD is to understand the overall structure of hadrons and 
the nature of short interaction dynamics. Since hadrons remain intact in elastic scattering, 
exclusive reactions have been studied extensively to achieve these goals. For twenty years, 
polarized elastic scattering has provided a rich set of problems, some of which still remain a 
mystery. 214~11 There are many fundamental physics questions which can be investigated by 
studying hadronic spin. In a recent article in this journal, 34 Troshin and Tyurin outlined 
some of these questions. I will review three of these in light of recent theoretical work done 
in this area:35 (i) normalization of the proton wave function, which is crucial in determin- 
ing the predictive power of perturbative QCD (PQCD) in exclusive processes, (ii) helicity 
conservation on the hadronic level, which sheds light on chiral symmetry breaking and (iii) 
non-perturbative QCD (NPQCD) effects, which may be able to explain some of the myster- 
ies which present data imply. All of these important questions are testable using polarized 
exclusive processes. 

4.2 Wave Function Normalization 

The hadronic wave function is normally decomposed into a sum over n-parton Fock 
states, whose overall normalization is not known. In normal elastic binary processes (A+B + 

C + D), the valence quark wave functions determine the hadronic interaction pro~ess.~' For 
p p  + p p  hard scattering processes, there are many difficulties in performing a "first prin- 
ciples" calculation of the observable quantities. First, there are about 300,000 distinguish- 
able Feynman diagrams, so that considerable computing power is required to even begin 
to categorize and evaluate them. Then there are the PQCD questions of renormalization 
group dependence and factorization prescription of the perturbative terms in the calculation. 
Finally, the definition of the wave function affects normalizations of endpoint and pinch sin- 
gularities, which can result in uncertain normalization in individual scattering amplitudes 
which contribute to these processes. Thus, the most practical approach to this problem is 
from a phenomenological point of view.35 

There are generally two types of diagrams which contribute to hard scattering p p  pro- 
cesses. The first are those diagrams in which the constituent scatterings occur in a pointlike 



region and therefore satisfy the dimensional counting rules for the differential cross section2’ 

where F ( 8 )  is a kinematic factor and the n; are the number of constituent participants in the 
”i” hadron. The other type of diagrams, introduced by Land~hof f ,~~-~’  are characterized by 
multiple scatterings by the constituents over a non-pointlike region. This behavior modifies 
the exponent in the counting rule behavior for p p  elastic scattering to 9.59, instead of 10, as 
in the pointlike ~cattering.~’ 

In order to calculate the spin observables for elastic scattering, we write them in terms 
of the Jacob-Wick helicity amplitudes4’ 

@3(3,t) = (+- 

@ 4 ( 3 , t )  = (+- 

@ 5 ( 3 , t )  = (++ 

(24) 

Other helicity amplitudes are related to these using parity conservation, time reversal in- 
variance and identical particle symmetry. The differential cross section is given in terms of 
these amplitudes by: 

while the other spin asymmetries are written as: 

da  
dt 

a = s(3 - 472)- 

Here the asymmetries are defined as in equation (l), with the directions of spin given as: 
L for the longitudinal or ”helicity” direction, and N and S for the normal and sideways 



(transverse components) spins respectively. In the hard scattering region, it is assumed that 
we can separate out the soft "Regge" contributions from those of the Landshoff diagrams 
and those diagrams satisfying the counting rules. Farrar, et.aZ. and Brodsky, et.aL4' have 
calculated the cross section angular factors for the counting rule diagrams, hereafter refered 
to as Quark Interchange Mechanism (QIM) contributions. We can therefore write the am- 
plitudes as a sum of QIM and Landshoff contributions, each with their own characteristic 
normalizations. Since the asymmetries are ratios of these amplitudes, we can factor out 
an overall normalization constant, which cancels in the ratio, and write the observables in 
terms of a relative normalization between the QIM and Landshoff diagrams. This relative 
normalization is sensitive to the kinematics (in particular, the Mandelstam variables s and 
t )  and is a measure of the relative importance of the two contributions. 

In order to extract a phenomenological expression for the overall wave function nor- 
malization, we can combine knowledge gained from the asymmetries and the cross sections, 
which depend on the overall normalization. Our most recent analysis3' of the 90" c.m. data 
at the ANL ZGS4J1 indicate that non-perturbative effects likely contribute to the wave 
function, even at large values of the momentum transfer, -t. Clearly, more data are needed 
at larger ds and --t values to gain a more complete understanding of the kinematic depen- 
dence of the wave function and the relative importance of the two primary mechanisms in 
elastic hard scattering. 

4.3 Helicity Conservation 

The applicability of perturbative QCD (PQCD) has been controversial in exclusive 
reactions.'* PQCD provides a mechanism for calculating both spin-averaged and spin- 
weighted observables. Since current quark masses are small and the QCD Lagrangian is 
chiral invariant, quarks do not flip helicity. Thus, on the quark level, there is no spin-flip 
(95 = @z = 0) and thus, no net polarization. However, measurements of the polarization 
asymmetry AN yield non-zero  result^.^^^^ The implication here is that non-perturbative 
effects can allow for helicity flip mechanisms on the hadronic level. 

We can use the kinematic dependence of the helicity amplitudes to make specific pre- 
dictions about the polarization asymmetry AN.  The helicity flip amplitudes @ 2  and @s for 
p p  + p p  can be constructed from the helicity conserving ones using time reversal invariance 
and parity arguments 35 : 

Here f ( t )  and f(u) are spin-flip terms which have asymptotic behavior characteristic of 
Regge processes at  small -t43 and higher twist processes44 . Since the helicity conserving 



amplitudes have well known kinematic dependence on the Mandelstam variables, we can 
make specific predictions in the kinematic regions where experiments can be performed. 
Results are published in the reference 35 papers. The key prediction is that if helicity 
non-conserving effects on the hadronic level are present, we should see significant non-zero 
polarizations ( A N )  in two separate regions: (i) fixed angle ($) at high energies (large Js) 

and (ii) in the hard scattering regime, rn; << -t << s. Most of the experiments outlined in 
section 5 can test this important aspect of QCD in these various kinematic regions. 

4.4 NPQCD Effects 

Other non-perturbative effects, such as confinement, can be investigated through exclu- 
sive processes. Some of the existing data may imply that these effects are significant, even 
in kinematic regions which have large enough momentum transfer (-t) for QCD to normally 
be applicable. For example, at 90" c.m., the transverse asymmetry ANN exhibits oscillations 
about the quark model prediction of (i).4 There have been many possible explanations for 
this b e h a ~ i o r , ~ ~ ~ ~ ~  including Baryon resonances (Brodsky), interferences between Landshoff 
and QIM amplitudes (Carlson; Ramsey) and oscillating s dependence of the amplitudes 
(Pire). It is still not obvious whether non-perturbative effects are present, but a recent anal- 
ysis of cross section data and the ANN data together in this kinematic region, indicates that 
it is likely that they are.35(1994) Experiments could be performed at an accelerator like the 
Brookhaven AGS, that would extend the kinematic region of the data. Since each of the 
models listed above make predictions in the other kinematic regions, this data could possibly 
clarify the nature of this phenomenon. 

Other non-perturbative effects which determine the collective properties of the proton 
are those which are probed at low momentum transfers. These include Instanton effects46 
and the behavior of Pomerons in this region.43 These kinematic regions will likely be probed 
by the experiments outlined in the next section and will provide a more complete picture of 
the confinement of the proton and neutron constituents. 

5. Experimental Overview 

5.1 Introduction 

We have seen that the existing data have enabled us to formulate appropriate questions 
which probe the spin properties of nucleons. However, there are a number of questions 
which remain unanswered and will only be accessible with more data at different energies 
and momentum transfers. Fortunately, there are a number of experimental groups that 
are planning polarized beam experiments at existing accelerators. With recent advances in 
polarized beam, target and detector technology, it is now possible to do these experiments at 



different energies and momenta in order to study the physics over a large kinematic range.47 
In the following section, I will discuss some of the proposed experiments related to the spin 
structure of nucleons, in light of the foregoing questions presented in the last sections. 

5.2 Proposed Experiments 

The experiments discussed here represent a sampling of those which directly relate to 
the subject of the spin structure of nucleons. Many of these are just a small fraction of the 
polarization experiments which can be performed at these accelerators, but they form an 
integral part of the proposal. The listing below is constructed approximately in the pro- 
posed chronological order of the planned work. Table 2 lists the main polarized experiments 
with the energy ranges and luminosities which are reported in the proposals. The types of 
experiments and the important variables to be measured are included in Table 3. 

Table 2 

Experiment 
H E R M E S  at H E R A  

S P I N  at F N A L  
R H I C  at Brookhaven 

L I S S  at Indiana 
LHC at C E R N  

N E P T U N  - A a t  Serpukhov 

Energy Range Js( GeV/c) Luminosity (~m-~s-l)  

30 ( e )  on 820 ( p )  
120, 1000, 2000 

2 - 1031 
2 - 1030 -+ 1034 

60 + 500 2.1032 
20 1 . 1 0 3 2  

120 1 . 1 0 3 2  

400 1 . i o 3 2  



Table 3 

Experiment 
H E R M E S  

S P I N  
S P I N  
R H I C  
R H I C  
R H I C  
LISS  
L I S S  
L H C  
L H C  

Proposed T y p e  Measured Quantities 

Elastic p p  A N ,  ANN,  ALL 
Deep Inelastic Scattering 

Inelastic : j e t s  
Elastic p p ,  pjj ANN,  ALL 

Inelastic j e t ,  T, 7 

A?, !JL Aqv 

AG : AUL, A N N ,  ALL 

AG; AUL, ALL 
Y a n  AS 

Inelastic UL, UT, AcL, AG 
Elastic AN, AL 
Elastic AN,  AL, ANN,  ALL 
Inlastic AN,  AL, ANN,  ALL 

& 
N E P T U N  - A Elastic p p  AN, 

The latest proposed experiment at HERA in Hamburg plans to accelerate a large flu 
of polarized electrons from the storage ring and collide them with a gaseous target.48 The 
HERMES detector at HERA is designed to  take data from the deep-inelastic scattering 
experiment at a large range of a values, thus reinforcing the SMC and E142/3 data. The 
gaseous target will eliminate some of the systematic errors characteristic of solid targets, 
which were used in the other experiments. With lower error bars at the small a values, it 
should be easier to  extrapolate &(a) and achieve a more accurate integrated value, (8). 
Thus, comparison to the Ellis-Jaffe sum rule will be more accurate as will the ability to 
determine the polarized sea values from this data. 

The SPIN Collaboration has proposed to do fixed target p p  and pjj  experiments at ener- 
gies of 120 GeV and 1 TeV at Fermilab.49 The proposal also includes p p  collider experiments 
at 2 TeV. The higher luminosity listed would be at the lowest energies. One of the crucial 
contributions that this set of experiments can make is the extremely large range of high p~ 
that can be covered. This set of experiments is in the kinematic region where the measure- 
ment of double spin asymmetries in jet production would give a sensitive test of the polarized 
gluon distribution’s size. Naturally, this has an effect on both AG and the anomaly term 
appearing in the polarized quark distributions. The high p~ measurements of the elastic sin- 
gle and double spin asymmetries would be helpful in determining the parameters of helicity 
non-conservation ( f ( t ) )  in the fixed -t, large s region. Fixed small angle scattering at large 
-t and s would determine the relative contributions of the QIM and Landshoff diagrams 



mentioned in section 4. 

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven is designed to be an acceler- 
ator of both light and heavy ions. The high energy community has proposed that polarized 
p p  and p p  experiments be performed, due to the large energy and momentum transfer ranges 
which should be a~ailable.~' The energy range in Table 2 will be made in discrete steps of 
about 60, 250 and 500 GeV, but the momentum transfer range covers 0.005 5 --t 5 6.0 
GeV2 in a fairly complete set of steps. There are two main proposed detectors, STAR and 
PHENIX, which have different but complementing capabilities. Between the two detector 
groups, most of the experiments mentioned in sections 3 and 4 can be performed at RHIC. 
The energies and momentum transfers would be complementary to those at Fermilab and 
would provide a wealth of data. Inclusive reactions involving jet measurements, direct pho- 
ton production and pion production would be excellent tests of the Q2 dependence of AG 
since all of these are sensitive to the polarized gluon density at differing Q2 values. Polar- 
ized Drell-Yan experiments are also planned, which would give reasonable estimates to the 
polarized sea for each flavor. Elastic scattering, especially at the larger -t range could shed 
light on both helicity non-conservation at the hadronic level and non-perturbative effects 
discussed in section 4. Measurement of the transverse spin and transversity distributions 
would probe higher-twist non-perturbative effects as well. 

Recently, a proposal for a new light ion accelerator has been announced, which will 
specialize in polarization  experiment^.'^ The Light Ion Spin Synchrotron (LISS) would be 
located in Indiana, and would perform a variety of polarization experiments for both high 
energy and nuclear physics. The energy range would be lower that most other experiments, 
thus complementing the kinematic areas covered. Furthermore, both proton and deuteron 
beams could be available to perform inclusive scattering experiments. They propose to mea- 
sure longitudinal and transverse cross sections and spin asymmetries which will address the 
wave function normalization problem previously discussed. Elastic scattering measurements 
of AN at small -t could give valuable information regarding helicity non-conservation in this 
region. 

The CERN proposal for polarization physics at the LHC indicates that the character- 
istics which make that facility unique for spin physics include: (i) a jet target with 90% 
polarization; (ii) a large energy range not covered by other experiments and (iii) the ability 
to reach large momentum transfers (to -t = 10 GeV2).52 The plan is to perform a variety of 
inclusive and exclusive polarization measurements, including transverse spin asymmetries. 
These would likely complement the other experiments mentioned above. 

The NEPTUN-A collaboration at Serpukhov plans to perform elastic p p  experiments at 
very large s. They would measure elastic differential cross sections (with high luminosity 
beams for good event statistics) and A N  at large p; .  This is an excellent large s probe of 



the fixed -t regions to investigate helicity non-conservation and applicability of QCD to 
exclusive processes. 

6. Conclusion 

The property of spin provides us with a unique way of probing hadronic structure. 
Existing data has indicated that the spin structure of nucleons is non-trivial and has led to 
the formulation of a crucial set of questions to be answered about this structure. Theoretical 
work in this area has provided links of these spin questions to some of the most fundamental 
tests of QCD, such as chiral invariance, helicity non-conservation and even the quark and 
gluon structure of hadrons. There are many proposals for future polarization experiments, 
which complementarily wil l  provide answers to some of these questions. When the data of 
these experiments is analyzed, we will be able to extract a wealth of fundamental physical 
information from them. 
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