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ABSTRACT 
Spin physic* is playing an increasingly important role in high energy ex

periments and theory. This review look) at selected topics in high energy spin 
physics that were discussed at the 9lb International Symposium on High Energy 
Spin Physics at Bonn in September 1990. 

INTRODUCTION 

Spin physics is a very broad subject that plays a role to some degree in 
almost all areas of particle and nuclear physics. Spin is often regarded as an 
unwanted nuisance and a complication in progress toward a better understand
ing of the fundamental taws. This is particularly to when it cornea to new exper
imental facilities where apin has been characterised as the poor stepsister to 
energy and luminosity. Designers of new accelerators are sufficiently burdened 
with the complicated needs of the facility that they are reluctant to accept the 
additional constraints and complications that would be required to accelerate 
polarized beams successfully. Arguments are heard that minimize the need 
for polarized beams. Projects move ahead without the capabilities for acceler
ating polarized beam* because money and time are limited, and the technical 
uncertainties connected with polarisation do not allow for such possibilities to 
be incorporated at the beginning. In spite of these problems, spin shows an in
creasing degree of importance in many areas of particle physics. This growing 
importance is occurring through strong support in area* of technology connected 
with spin. Technology is providing new tools which make new experiments in 
spin physics possible. 

In the following review, the subject of spin ii organised into three basic 
categories: intrinsic spin, composite spin, and spin technology. In the first, th*« 
historical development of our concept of spin il reviewed, the present day role 
of spin in the standard model is emphuited, and current activities that relate 
to intrinsic spin are discussed. In the second put, composite spin, baryon* are 
discussed at some length. Composite spin involves a discussion of magnetic 
moments, polarisation of baryons in inclusive scattering at high energies, spin 
structure from deep inelastic scattering, and other topics. Finally, spin tech
nology is mentioned. It represents a broad category of topics, too many to dis
cuss in detail here. Spin technology touches on many fields in physics, from 
condensed matter physics, to atomic physics, and to future accelerator applica
tions. Advances in spin technology feed the experimental world where advances 
inour understanding and the ability to ask experiments] questions are occur
ring. The Strang rate of progress in experiments is riding on the back of the 
progress in technology. The full subject of spin research is beyond the scope of 
this talk. In this review, highlights of recent developments wUI be mentioned. 

* Work supported by Department of Euro caaiuci OE-ACOJ-78SF005I5. 
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INTRINSIC SPIN 

Historically spin h u been an essential part of understanding of the physi
cal laws of nature. The classical law* of mechanics recognized this. The second 
law of Kepler, in 1609, was a statement of conservation of angular momentum in 
the motion of planets. la the 192D's, the classical laws failed to describe properly 
the behavior of atoms, and quantum mechanics was developed to explain the 
atomic and subatomic world. ID 1925 the Paul! exclusion principle was estab
lished, leading to a connection between spin and statistics.1 Also at that time in 
1925, Ublenbedc and Goudsmit first hypothesized that the electron carried a new 
degree of complexity, spin.3 At first the concept was not well received. Shortly 
thereafter, in 1926, Thomas provided a relativistic calculation of the behavior of 
electrons with spin in atoms.1 This calculation resolved * factor*of-two discrep
ancy in the spin-orbit coupling parameters in atoms. The concept of spin at an 
intrimic property of the electron was thereafter widely accepted. In 1928 Dirac, 
in an elegant synthesis of concepts, developed the Dirac equation, which for a 
free spin-1/2 particle is described by* 

(iKt - mc)# a 0. 

This is a plativistically cowUnt equation with solutions which are 4-component 
•pinors. The interpretation of these solutions required positive ap.d negative en
ergy stales with spin components ±1/2 each. Anti<particle states were required 
and therefore were a prediction of the Dirac formulation. When the electromag* 
netic field was included, the Dirac theory became the basis for QED, quantum 
electrodynamics. Renormaliiability and the tmaltncss of the coupling o ted to 
a calculable theory that h u had unsurpassed successes in experiment and the
ory. The experiment* which look at the spin motion are the beat example of the 
precision comparison between experiment and theory. 

Today, in the 1990's, oar modern view of the substructure oi* matter is 
embodied in the Standard Model consisting of three generations, or families, of 
quarks and leptons, plus five vector bosons which mediate the forces between 
them. 

wd [7. «.W*.Z°) 

Data from tEP taya that the width of the Z* boson i* consilient with three 
families, and rule out the possibility of light neutrinos from a fourth generation.3 

Within each generation there are two quarks, each in three colors, and a charged 
and neutral lepton. These objects are all spin-1/2 fermions. Whit defines "fajni-
linetf" it not known. For example, what prevent! ( i - * e + 7 ? The branching 
ratio for this is < 5 x 10"". We explain this a* "leplcn conservation," but the 
rule we invoke here is not an explanation. Something yet unknown about these 
objects prevents this transition. Why should the fundamental constituent* be 
•pin-1/2 objects, and sot something else such at spin-0 obj'.i'a? These deep*: 
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issues are not yut understood. The proliferation of th«e fundamental particles 
may hint at a deeper level of matter. Compositcness is one hope for finding a 
deeper explanation than wr have today. 

Of the fundamental particles, the electron and muon hold & special place. 
These objects can r-«* confined in "bottles'- and held for detailed studies. That 
is wot possible lor quarks, which apparently are confined, so »«c can never find 
them alone. The neutrinos are free, bul being uncharged and weakly interacting 
cannot be held. The tau lepton decays too rapidly for precision experimental use. 
Only the electron and union allow UE to hold them and to study them closely. 
The g-2 measurements on these objects have been enormously important to our 
understanding. 

Dynamical structure shows up as an anomalous magnetic moment due to 
charged constituents within, circulating about the center. The circulating con
stituents generate circulating currents. And therefore lead to a magnetic dipolc 
component due to this dynamical structure. In I960 Brodsky and Drell dis
cussed a model of the electron in which constituents were hypothesized, a charged 
fermion and a neutral boson, coupled by some force.* They argued that the com
posite structure leads to an added component in the magnetic moment 

6a = tn,/r7i* rs m f flf 

where m« is the electron mass and m* it au effective mass of the composite scale. 
The corresponding radius of the object is H*. 

From Bhabha scattering at high energies, deviations from pure point-like 
QED would be evidence for compositencss. Fxpcrimental measurements place 
a limit lit < 10" I 8 cm approximately. The electron g-2 measurements place 
independent limits on compositeness. The experimental value7 

«' i p = p y ^ j (

c s ° 0 1 1 5 9 6 5 2 mM 
and the theoretical value* 

0it,wr> = JLZH] = 0 0 , i 5 9 6 5 2 1 4 0 ( 2 6 ) 

agree to Ps 40 parts per billion - The difference represents the possible contribution 
from a composite structure. The equivalent effective radius is fit < 2 x 10" 3 1 cm, 
based on the relation to = m,Rt from Brodsky and Drell. The effective mass 
of the composite scale is m* > 1000 TeV! The extremely precise low energy 
experiment yields a truly remarkable high energy limit. 

These extremely restrictive limits arc perhaps unduly pessimistic if you 
u e a believer in compositcness. lirodsky and Drcll suggest that models can tr 
constructed which avoid such extreme limits. Cbir&l invariant couplings remove 
the linear dependence on mass, leaving (a = (in,/m*) ;, so that m* > 1 TeV. This 
is the value used to characterize the sensitivity of the electron g-2 data today. 
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The muon g-2 situation is similar to that of the electron.9*10 

a*Jp = .001 165 924(8.3) 

and 
0JI"0" « .001 165 919(1.7) 

The sensitivity to composite structure is m* > 1 TeV, liko the electron. The 
precision of the theory is nut as high as for the electron, bul the heavier mass of 
ibe rnuon makes this comparison as sensitive. 

Brodsky and Drell argue that any successful theory of composite structure 
must explain adequately the fuels that fa And 6m (corrections to the .iiftss) 
nearly vanish. 

In summnry, the extremely precise g-2 measurements show no evidence for 
composite structure. The spin of these objects appears to us to still be an intrinsic 
property. 

One active planned experiment, the Brookhavrn experiment AGS 821, Mr-kit 
to improve the accuracy for the muon g-2 by a factor of 20 over existing data. 
This experiment is in preparation today. Its objective is to reach mass scales of ii 
to 3 TeV, a mass scale comparable to what can be achieved only in the future by 
SSC This it a fundamentally important piece of work whkh hears on lh= issues 
of spin and the structure of these basic bits of mutter, tl'c Icptons-

The origins of spin is still a deep mystery U may he beyond the reach of 
experimental tools today to shed light on the nature of intrinsic spin. It is surely 
u interesting and as important to our understanding of the nature of matter as 
is, for example, the .|uesttons of the origin of mass. The issues of the origin of 
mass, and the search for particles responsible, (Motivate in part our push to higher 
energy accelerators. Hopefully these future took can shed light on the nature of 
spin as well. 

COMPOSITE SPIN 

In this part, an enormous body of work on composite objects, the baryons, 
will be summarized, There appear to be several important common themes that 
tie the following subjects together. They include (i) tK study of spin*dependent 
effects in baryons leads quickly and naturally to issues within QCD; (ii) QCD has 
problems with the large spin asymmetries seen in high energy scattering processes. 
Pcrturbative QCD lack* the mechanisms to generate tbtse aaymfneWes, an J the 
full QCD theory presently offers no conceptual path to an explanation of these 
data. On the experimental tide, the spin asymmetries are seen in a wide variety 
of scattering processes. The asymmetries seem to grow stronger as energies and 
momentum transfers increase, contrary to QCD concepts- No progress on this 
impasse baa occurred for * number of years; and (iii) strangeness seems to play 
an important role, even in the simplest of the baryons, the proton. 
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Magnetic Moments 
Magnetic moments of the baryons has been a favorite subject of quark mode) 

advocates for many years. The experimental situation has been clean and active. 
Direct production of hyperons at high energies has been quite fruitful is recent 
times. Within the past year, we have seen a measurement of the magnetic moment 
of the H~ reported.11 With the observation of siaeaok transverse polarizations in 
high energy high pi production of byperons, measurement of magnetic moment* 
by brute force precession in magnetic fields baa been possible, and in fact the 
source of most of the information. Additional data from other techniques, fine 
splitting in exotic atoms, and for the E°, use of the transition magnetic moment 
from the E° -» \f decay process, exist. We now have measurements for the full 
baryon octet, plus the fl~ from the baryon decouple!. Reviews and summaries 
of the analysis of magnetic moments exist." This subject has been a cottage 
industry of its own, because of tbe interest in baryon structure, tbe success of tbe 
quark-parton picture, and the high quality of the data. 

An example of one analysis 
is illustrated here.13 The input to 
this model assumes the static 
quarlt model with SI) (6) wave func
tions for tbe baryens. The valence 
quarks u, d, and s arc assigned 
corresponding effective magnetic 
moments ;iM1 ;u, and fit. The val
ues for /iw, ^i, and ji« can be ad
justed. In Ibis particular analysis, 
the precise jt», / i n t and n\ are used 
as input to determine p H I /J«J, and 
ft,. ID other analyses, these pa* 
ramcters can be set by other means. 
Figure 1 shows the deviations in 
nuclear magnetons for each baryon 
measured. Deviations of ±0.2 nm 
are seen, with the experimental er
rors substantially smaller. It is 
clear that the major part of the 
baryon magnetic moments are well described by tbe static quark model. It is 
also clear that discrepancies exist at the 0.2 nm level. Attempts to improve tbe 
simple picture by adding corrections do not substantially improve tbe picture. 
These attempts include estimates of contributions from meson currents, gluon 
currents, relatimtic corrections, admixtures of orbital configurations in the wave 
functions, mass effects, and polarization of the sea quarks. This latter point, the 
polarization of the sea quarks, wilt be revisited later in this review. 

Riturc experiments may attempt to measure magnetic moments for charmed 
baryoDs. Techniques using bent crystals as a means of preceding these short-
lived particles have been suggested. The techniques today sound problematic, 
but advances in techniques may occur which make these measurements possible. 

Fig, 1. Deviations of the magnetic mo
ments of hyperons from a naive quark 
model estimate (see Ref. 12) are shown. 
In this version, magnetic moments of the 
p, n and A" art inputs to the model. 
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Hyperon Polar i- Xina 
In inclusive hyperon production from high energy proton beams interacting 

in nuclear material, the outgoing hyperon is observed to be polarised, Parity 
conservation in the process prohibits spin components in the production pl».ne, 
but allow far the component perpendicular to the plane to exist. Nature seems 
to take full advantage of the window of opportunity—the polarization out of the 
plane is often large. 

Using the weak decays of the hyperon to analyze the hypcron polarization, 
the transverse polarization has been studied rather extensively in a scries of 
experiments.13 The polarization grows approximately linearly in momentum and 
in pi up to values as large as ±0.3 for the highest pt data. The data show no 
evidence of decreasing polarization «s the beam energy, momentum, or pt increase. 

Rules which "explain" the features of these data have been concocted, since 
no theory exists which attempts to explain thete results. The rules are para
phrased as: (i) in the hyperon production process, one or two valence quarks 
come from the incoming projectile; if not the polarization is zero (for example 
for the fl~); (ii) The hyperon picks up a strange quark from the target sea. This 
strange quark becomes negatively polarized (somehow); and (iii) the hyperon 
consists of valence quarks in an SD(6) wave function. 

With these rule*, the systematic* of the data are mostly explained. The £+ 
and the £" are polarized in & positive sense. The A", S*, and E~ are polarized 
in a negative sense. Anti-hyperous axe unpolarized, as is the ft". 

These rules were suggested solely to provide a systematic picture. The 
recent measurement of the polarization of the fl" es 0 was a "prediction" from 
these rules. 

Quite recently, mtasurements at Fermilab of the polarization of the anti-S" 
have been reported," The rules predicted zero polarization, but the data clearly 
exhibit a nonzero value near -1056 with small errors. The apparent conclusion 
is that these simple rules do not suffice in all cases. The data are quite recent, 
so whb some thought modificatiooi to the rules may be possible. Meanwhile the 
systematic* of the bypnon polarization remain puzzling. 

Having an ad hoc set of rules that cither work or do not work is not very 
relevant. The real iiiuc of some concern does not relate to these rules, The real 
issue concerns QCD and how such nonzero polarization can arise. It is quite clear 
that the** transverse polarizations are large and not going away as energies and 
momenta increase. Porturbative QCD baa no mechanism for generating time 
polarisations, to a musters QCD theory, hcVicity ,f the quarks is conserved at 
the quark>quark<gluon vettcx. Multiple gluon emiiiions or absorptions preserve 
heUcily. It is not possible in prrturbative QCD mechanisms for an unpolarized 
incoming quark to become polarized through gluon exchanges. Pcrturbalive QCD 
is simply incapable of explaining these processes. 

This fact has been pointed out many times. Could these transverse polar* 
izatiooi be related to the strange quark in the hyperons? tt is interesting to look 
al other process* which do not directly involve strange quarks. High quality data 
exist for p*p clastic scattering.15 These data include single spin transverse asym
metries (An) and double spin transverse asymmetries {Am,)- In both cases we 
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see unambiguous large nonzero Afyminclrie.s. There have been suggestions t I i a t 

the elastic p-p data, taken at 90 degrees in the winter-of-mass system, reflect A 
particle identity effect. This however, does not seem to be the explanation, be
cause tliesri effects are also seen away fiom 90 degrees. Again we ore apparently 
seeing nonperturbative QCD effeds in high energy hadran processes. Going be
yond elastic p-p scattering, we can find transverse asymmetries in inclusive ir° 
production from both p and p polarized beams. These asymmetries show no sign 
of going away at higher energies. Fcrturbative QCD simply cannot be considered 
appropriate lo this class of experimental phenomena, namely single and double 
spin asymmetries. 

In defense of 1'QCD, the objects under study are complicated and compos
ite Gluons couple to quarks and lo gluons. The quarks apparently suffer from 
"confinement" which physically must be a strong force. QCD does not explain 
this. Confinement, if valid, represents forces beyond the pcrturbative level. The 
multi-body problem is likely to be difficult and intractable in any case. 

Must we discard the underlying QCD theory? Certainly not. The successes 
are too important to ignore. Gluons exist, as evidence from e + c" annihilation 
point to. A rolor degree-of-frecdom exists. The strong coupling is seen to run. 
The evolution of deep inelastic (structure functions of the nucleoli clearly point to 
a QCD-type substructure. Phciiomcnologieal success of the Limd-lype generators 
represent a practical benefit resulting from QCD-inspircd models. These arc 
major successes for QCD. But QCD has failed to give us guidance in certain 
areas, most notably those procr-sacs discussed above involving spin. This failure 
on the part of QCD to provide us with conceptual insights is unfortunate. 

Progress in this area may conic from experiments with spin. That is the 
subject of llie next section. 

The Spin Structure of the Nucleoli 

In the recent past, substan
tial progress has been made in 
understanding tlie structure of 
the nucleoli. Experiments which 
probe the spin substructure in 
dccp'iiielaslir scattering have led 
to some surprises. Experiments 
planned for the near future will 
help thed more light on the sub 
ject. The experimental data from 
tip and ep dtap inelastic scatter
ing using polarized beam!) and 
polarized targets shows rather substantial quark polan?atmn ina polarized pro
ton. Figure 'J J.)IOWS the asymmrti> .-l[ from three experiments, ESO, £130 
at SLAC, and tin* KMC experiment at t'EKN l f The physics asymmetry A^ is 
defined as 

^ l / J •*• "2/2 

0.D1 0.02 0.05 0.1 0 ? 0.5 VO 

Fig. 2, The physics asymmetry A\(T) 
front three experiments. 
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where vif2(°i/i) "Ass to the ant >• parallel (parallel) alignment of longitudinal 
spins of the virtual photon and target. The physics asymmetry is related to the 
experimental asymmetry and to the r«vw asymmetries through factors involving 
kinematics, beam polarization, and target polarization. The physics asymmetry 
is related to the spin-dependent structure function 

W* ™ 2x(l + /?(,)) 

where small corrections arising front other le/ms are neglected here. This quantity 
is the integrand for the Ellis- JafFc sum rule,17 given by 

/*•>*-a fel [, + l^ fr l ]* 0 ^>- , - M , * M » 
D 

The Ellis-JaJFe sum rule is based 
on quark light-cone algebra and 
assumption* involving SU(3) in-
variance. The quark light-cone „ 
algebraii today regarded as valid, g GM\?W 

The assumptions concrming V 
SU(3). and particularly the as- M 
sumption that strange quarks o w 

within * proton do not contri
bute to spin, Ate questioned- The „ 
analysis of *he experimental data oe> D.02 o.©5 0.1 0.2 o.s 1.0 
show a smooth extrapolation to ^ > n . M 
0.114±0.0»-2i0.02C, AS indicated Fig. a. The integral of ;/[(*) versus the 
in Figure 3< Based on theie mea- lower limit i m from Ilef 1C. The rrrors 
tuiemenU and the evaluation of shown are combined statistical and sys-
the Ellis-Jaffc sum rule, the EMC tematic mors. 
Collaboration extracted the 
contribution to the proton for each miark typr Au <-• 0.:)7,'1 ± 0.DJ0 ± 0,039, 
&d = -0.254 ±0.019 ± 0.G39. ami &s = -0.113 ± 0.019 ± 0.0211, whrrc Ao » 
/ o V - v - ' + f ' - v ' W ' - The net quark spin Au •* Ad* ±* » Q00G ±0.058*0. II7 
compared to the expectation of 1/2 for a polarized proton The net quark spin is 
*ero?! Furthermore, the strange quarks are negatively polarized. And finally, if 
the spin is not carried by the qitarki, tljen whi-rrf With orbiting constituents or 
gluons? The questions certainly exist imw, but upcoming experiments wilt soon 
be able to address them. 

Meanwhile, a collage industry of "crisis avoidrturr" IIA.I sprung up around 
the "spin crisis* as the situation has been dubbed. Critical review of th«* sev
eral assumption* and analyses underlying throe surprising conclusions has oc
curred. In each case, modest 10 MTIDUF controversy circulates around llu^r is
sues. The F/D parameter in the Ellis-Jaffe sum rule is (he ratio of the SU(II) 
axial charges obtained from hyperon decays. The value most often quota! 1* is 
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F/D =-0.631 ±0.018. A recent ic-analyfiis of the data, willi the spin crisis moti
vating the re-analysis, has been reported.1* The set values for Yf I) coining from 
various mode) assumptions ranges as low as 0.55 and AN high AS 0.7]. The best 
value agrees well with previous work. Within this range, the Ellis-Jaffe sum rule 
still falls well above the experimental measurement published by the EMC Col
laboration. Apparently reasonable F/D values do not allow for a resolution of 
the spin crisis. 

The experimenters have been careful to look at the Q 2 —» oo limit. The 
0[a) corp-ctjons arc QCD corrections to Account for finite values of Q 1. The 
inelastic scattering data from ep and pp chow independence in Q 1 down to values 
as low a 1 (GeV/r) . This is true for the unpol&rizcd structure functions. For 
the spin-dependent structure functions, the asymmetries arc shown to be Q 2 

independent for the data 1 0 shown in Figure 2. Care in interpreting these data is 
suggested. The structure function g\ is related to A\ through other terms, and 
those may introduce a Q2 dependence not seen in A\. Furthermore, (lie data on 
A\ are not very precise. Future experiments should be careful to look at the Q a-
dependence, particularly in the low z region which will be sensitive to this issue. 

Extrapolation of the measured integral to x - 0 is important. Figure 3 
shows the data that exist. The low j region is particularly important to the 
integral. High energy beams are required for low j because the data require 
high Q J as well. This region will be mapped best by the planned experiments at 
CERN, using the high energy muon beam available there. At the present, there 
U no evidence that the tow x region will provide sufficient contribution to the 
integral to fulfill the Ellis-Jaffa sum rule. 

Contributions to the asymmetry A[ can potentially arise from the second 
spin structure function gj. This structure function, like jn, can have effects at 
low x. The possibility that g3 may be mixed in at low T is unlikely in the present 
data, because of the high beam energies and high Q> values involved, The issues 
were discussed in 19S8 at the Theory Wurkshop as part a' the Minneapolis High 
Energy Spin Symposium. The workshop conclusion stated (hat problems with 
the sum rule were unlikely to stem from the pj terms Future experiments Arc 
likely to make measurements of o 3 to verify these conclusions. 

QCD corrections have been a topic of considerable discussion. Jaffa in 
1987,20 Altarelli and Ross iu 19S8,21 and others point to the triangle anomaly 
which ran make contributions to the An, Ad, and As terms through gluanic pro
cesses. Such anomalies Arise in processes involving axial current mntnv element*. 
Analysis of the triangle diagrams show thai quark spin term?- Aq sliuuM ' i:. <, 
ified by A; -* A3 -a/2ffAff , where Af? is a term arising from poUiim: l̂uon.* 
in the nucleon. It is suggested that perhaps AC is Urge, and therefore suppresses 
the sum Aw + Arf + As to a value that is small Other authors argue that cor
rect treatment of the triangle anomaly loaves the contribution of gluonir bpin 
negligible These issues are today still controversial and remain lo be resolved 
At present. the griirral attitude is lii.it gluonit roireruoit;. do not substantially 
modify our ronclusion that An + Arf+ A$ = 0.0 to 0 2 Given the present status, 
namely that no obvious problems with the data exist, and that theoretical issues 
do not substantially modify our understanding, then we conclude that the Ellis-
JafTe sum rule is violated substantially, and our simple picture of the nucleoli 
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must be changed. A likely explanation is that the Strang* quarks Are polarized 
(negative in a polarized proton). Spin must be carried by orbiting components 
and/or polarized gtuons. These modified idt'As of the proton structure will be 
tested more extensively in the near future as the experimental data improves. 

Where do we go from here? Upcoming experiments at CERN, DESY, and 
SLAC ATC being planned. Four projects arc now active. At CERN, the SMC 
Collaboration is currently in a planned run with a polarized deuterium target. 
SMC plans to take data down to i = .005 for both the neutron and the proton. 
At SLAC, the experiment E142 is in preparation. That experiment wit] USR A 3 I [C 
target to measure the spin structure of the neutron. It is scheduled to run in the 
latter hair of 1992. Future experiments at DESY ( HERMES) and CERN (HI'.LP) 
arc in various phases of propos.il and approval. These experiments have their own 
unique capabilities, with separate and independent sources of systematic error*. 
The collection of upcoming experiments should provide ample data to unravel 
the questions of spin structure of the nnclcon. 

The Djorken stun rule and tlic Ellis-Jaffe sum rules are closely related. 
The Bjorkcn sum rule, simply stated, is the difference of the Ellis-Jaffa proton 
and neutron cum rules. Bjorken derived this sum rule in 19GG, based on quark 
light-cone algebra and isospin symmetry. The derivation assumes that the elec
tromagnetic current of the hadronic material is expressed in the Q 2 -* oo limit 
by interaction with quarks. By taking a proton-neutron difference, the sum rule 
avoids the model dependent assumptions found in the Hllis-JafTe sum rules. The 
original derivation in 1966 was characterized by Bjorken as "worthless1* because 
the experimental requirements (polarized neutrons) looked impractical to )iim. n 

Theoretical interest in a developing field, QCD, and experimental progress in po
larized targets led him to revisit the subjt-ei in 1969 with considerable enthusiasm.2 

This enthusiasm was reinforced by Feynman.24 Today the Bjorken sum rule is 
regarded as a test of QCD. The derivation assumes that the electromagnetic in
teraction of the miclcon is given by interactions at short distances with quarks. 
It requires that the equal lime commutation relation of the currents be valid. 
Failure of the sum rule would possibly uproot the foundations of QCD. 

Nobody today believes that the Bjorken sum rule will fail. The uurfrriiin-
tiings of QCD are too solid. We have strong indications from c*t~ -» iiatlroun, 
for example, that the basic structure of the electromagnetic currents of hadrons 
is correct. NeverllivIeMi, it is nearly unthinkable thai audi a fundamental rela
tion derived in l9dG remains untested today. This tiituation is about to b<» cor
rected. In the n**xt several years, proposed experiments shouM provide n test of 
the Bjorken sum rule to better than 10% 

Magnetic Moments again 
Before leaving the subject of composite spin, there filiiims one issue which 

should be mentioned We have seen thai vb̂  Mai it q>i4rk model «f thr baryons 
is largely Kuccm&fut in describing hyprnm magm-nc moments, with the magix'tir 
moments of the baryons being the sum of ihc magnetu. morn'i)t& of the valciiw 
quarks. We have ut<ii that tin- EMC results suggest tlmi tin- "spin of the pioton 
js not carried by the quarks- Are these conclusions uoi iitcompatib]*'? This ques 
tian has recently lurii studied-2 1 , 2 6 In tin- studio, the Matiof, between JIMF.IK'IH: 
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moments and the A^'s is examined more closely. These papers conclude that 
Au + Ad + Aa is small and that the proton spin does not come from the quark 
spin alone. Inclusion of a small negative As arising from the sea quarks is sug
gested and is compatible with models of hyperon magnetic moments. Inclusion 
of the A* term is shown to improve modestly the naive quark mode) fits to the 
magnetic moments. Discrepancies of < ±0.1 nm in the magnetic moments still 
remain. However no contradiction with the EMC results is seen. 

SPIN TECHNOLOGY 

Spin technology is a subject too large for this review. It touches all fields 
of experimental work, from condensed matter physics to the highest energies in 
future colliders such as the SSC of a future linear collider. Advances in the 
understanding of the physical laws related to spin arc being actively supported 
by the developments in technology having to do with polarized beams, polarized 
targets, manipulation of spin in accelerators, and polnrimetry. Experimental 
techniques utilizing spin as a tool are alive at almost all accelerator facilities 
around the world. Significant progress in the past year give evidence to this. 
LEP at CERN reports that a circulating beam exhibits transverse polarization. 
TRISTAN at KEK similarly observed transverse polarization and reported a 
component of longitudinal polarization as well. Evidence for polarisation in these 
large electron storage rings bodes well for the HERA project, which plans for 
physics runs with polarized beams. Siberian snakes have long been discussed 
as a means of eliminating spin depolarizing resonances in proton accelerators. 
The application to electron rings has not been tested, but modified snakes are 
incorporated into the HERA interaction regions to provide longitudinal spin at 
the pok : where electrons and protons collide. These spin rotators will be tested 
in the near future 

The exciting news comes from the Indiana University Cyclotron Facility 
where the cooling ring has been equipped with a version of a snake. This project 
has now demonstrated that snakes can eliminate spin resonances in proton rings, 
confirming the theoretical predictions.27 

In the field of polarized sources, new results with electron sources at SLAC2 8 

and in Japan** demonstrate that strained gallium arsenide photoemitters can 
provide up to 85% polarization for electron beams. These sources can provide 
high currents, low cmittance, and easy spin reversals for continuous wave and 
pulsed applications in accelerators. In the field of polarized targets, high power 
highly polarized targets are being developed for protons, neutrons, and a variety 
of heavier nuclei. Spin technology is providing new and improved tools for the 
experiments to use. These developments arc making it possible to pursue the 
fundamental laws of matter with new approaches. 

Spin remains a fundamental property of matter and in some respects a 
deep mystery. Advances in theory, experiments, and the tools to study these 
issues are occurring continually. We look forward to the unravelling of these 
mysteries and the challenging steps ahead required to accomplish a better and 
deeper understanding of our universe. 

I I 



REFERENCES 
1. W. Pauli, Zeils. f Physik 81, 765 (1925). 
2. G. E. Uhlenbeck and S, Goudsmit, Naturwiss. 13, 953 (1925); Nature 117, 

201 (1926). 
3. I. H. Thomas, Nature 117, 514 ( 192C). 
4. P. A. M. Dirac, Proc. Roy. Soc. A117, 610 (1928). 
5. F. Dydak, Proc. XXVth lot. Conf. on HIRII Energy Physics, Singapore, 

1990, lo be publiihed. 
6. S. J. Brorfsky and S. D. Drcll, Phys. Rev. D22, 2236 (19S0). 
7. I t S. van Dyck ct al., Phys. Rev. Lett. 50, 26 (1987). 
8. T. Kinosbita and W. B. Lindquist, Phys. Rev. D42,636 (1990). 
9. F. Combly ct al., Phys. Rept. 68, 93 (1980); J. Bailey ct al., Nwl. Phys. 

B150,1 (1979). 
10. T Ktnosbita et al.. Phys. Rev. D41, 593 (1990). 
11. K Johns ct a]., Proc. 8th Int. Symp. on High Energy Spin Physics, Vol. 1, 

Minneapolis, 1988, p. 374. 
12. For example, J. Laeh, op cit., p. 353; and J. Franklin, op cit,, p. 384). 

-13. M. J. Longo et al., op cit., p. 80; G. Buncc ct a)., Phys. Rev. Lett. 30,1113 
(1976); K. Ucller et at , SI , 2025 (1983); and C. Wilkinson et »l„ 58. 850 
(1986). 

14. P. M. Ho el a)., Phys. Rev. Lett. 65,1713 (1990). 
15. D. G. Crabb et al., Phys. Rev. Lett. 65,3241 (1990). 
16. M. J. Algu&rd ct al., Phys. Rev. Lett. ?7,1261 (1976); G. Baum ct ft]., SI, 

1135 (1983); J. Ashman et &1., Phys. Lett. B206, 364 (1988). 
17. J. Ellis Mid R, Jaffc, Phys, Rev. DO, 1444 (1974). 
18. M. Bourquin et al., Zeits. f. Physik C21, 27 (1983). 
19. P. G. RatcKffe, Phys. Lett. B242.271 (1990). 
20. R. L. JafTc, Pays. Leu. BIOS, 101 (19S7). 
21. G. Alurelli and G. G. Ro«, Phys Lett. B212. 391 (1988). 
22. J. D. Bjorken. Phys. Rev. 148,1467 (1966). 
23. J. D. Bjorken. Pbys. Rev. D l , 1370 (1970). 
24. R. P. Feynman, Photon-Hudnn Inunctions, Frontiers in Physics LcU*irc 

Note Series (W. A. Benjamin, 1972). 
25. R. Decker et a)., Nucl. Phys. A512,629 (1990); 
26. G. Karl, University of Guelph preprint (1991). 
27. J. E. Goodwin <t at, Phys. Rev. Lett. 04. 2779 (1990). 
28. T. Maruyama el al., Phys. R*rv. Lett. €0,237ft (1991). 
29. T. NakapUhi el 6l„ Nagoya preprint DPNU-91-23 (1991) 

12 



DISCLAIMER 

This report was prepared as an account of work sponsored by *w agency of Ihe United Slates 
Government. Neither the United Slates Government nor any agency thereof, nor any or their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represent that its use would not infringe privately owned rights, Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise docs not necessarily constitute or imply its endorsement, recom
mendation, or favoring hy the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily st#te 01 reflect thote of the 
United States Government or My tjency thereof. 


