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ABSTRACT 
A review is given of our experimental knowledge of the spin dependent 

structure functions of the proton, which is based on inclusive high energy 
scattering of longitudinally polarized electrons by longitudinally polar­
ized protons in both the deep inelastic and resonance regions, and in­
cludes preliminary results from our most recent SLAC experiment. Impli­
cations for scaling, sum rules, models of proton structure, and the hyper-
fine structure interval in hydrogen a m given. Possible future directions 
of research are indicated. 

INTRODUCTION 

The internal spin structure of the proton (and neutron), or the spin 
dependent structure functions, is a central aspect of nucleon structure. 
Knowledge of this spin structure is important to the development and 
testing of theories and models of nucleon structure, as well as to the 
understanding of spin dependent phenomena involving hadrons, such as 
polarized hadron-hadron scattering at high energies. 

Spin dependent structure functions of the proton can be studied by 
high energy e-p scattering of polarized electrons by polarized protons,1 

which is especially interesting in the deep inelastic regime where the 
impulse approximation of e~ scattering from the constituent partons or 
quarks is valid. However, resonance region scattering f.t lower energy 
and momentum transfer Is also informative about proton spin structure. 
Figure 1 indicates the kinematics of polarized e-p inclusive scattering 
in which the momentum and scattering angle of the scattered electron are 
measured. Thi» e-p asymmetry, A, which is the normalized difference 
between the differential scattering cross sections with electron and 
proton spins anti-parallel and parallel, is the quantity measured. 
Tables 1 and 2 give definitions and relations for the quantities relevant 
to asymmetry. Thus far only inclusive scattering with longitudinal 
electron and proton spins has been measured. 
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Fig. L. Kinematics 
for the scattering 
of longitudinally 
polarized electrons 
by longitudinally 
polarized protons. 
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Table 1. Cross section and 
asynraetry for scattering cf 
longitudinally polarized 
electrons by longitudinally 
polarized protons. 
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YALE-SLAC EXPERIMENT 

The Yale-SLAC experi­
ments to measure A were 
initiated in 1971 with the 
approval of the SLAC E80 
experiment. All the re­
sults from this experiment 
have been published.2"' 
Data-taking for a second 
experiment SLAC El 30 was 
completed in April, 1980, 
and preliminary results 
have been reported.6 

The experimental 
technique for SLAC E80 has 
been described in our abovt 
publications. The polar­
ised electron source is 
based on photoionization 
of spin polarized Li atoms, 
and the polarized proton 
target8 is based on dynamic 
nuclear polarization using 
the hydrocarbon butanol. 
The SLAC 8 GeV/c spectro­
meter was used as the 
detector in SLAC E80. The 
principal new feature of 
SLAC El 30 was the use of 
a new large acceptance 

spectrometer. The experimental set-up for SLAC E130 is shown in Fig. 2. 
The new spectrometer is shown in Fig. 3. It utilizes two large dipob3 

magnets (B20I and B8i) and a detector system which consists of a 1 m 
diameter * 4 m long N2 gas Cerenkov counter, a 4000 wire PWC system, a 

Table 2. Some definitions and relations 
of structuie functions and asymmetries. 

Fig. 2. SLAC El30 experimental set-up in end station A. 
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Fig. 3. SLAC E130 spectrometer. 
hodoscope, and a segmented 
may cover momenta up to 18 
with the total momentum 
acceptance Ap/p being 
about 50%. The momentum 
resolution of the spec­
trometer 6p/p is better 
than ±1%. For the 
measurement of the elec­
tron polarization P e by 
Mtfller scattering,9 a 
new feature was the 
detection of the two 
scattered electrons in 
coincidence. Counting 
rates and various sources 
of systematic errors in 
SLAC E130 are indicated 
in Table 3. 

The kinematic points 
for which data have been 
obtained in SLAC E80 and 
in SLAC El30 are shown in 
Fig. 4, where proposed 
data points for a new 
experiment are also in­
dicated. 

lead glass shower counter. The spectrometer 
GeV/c, and its acceptance /d£2 dp/p is 0.3 msr 
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Table 3. Counting rates and sources of error. 
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DEEP INELASTIC DATA AND TLEIR IMPLICATIONS 
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lastic asymmetry data are shown in Fig. 5, 
published SLAC E80 results and the closed 
squares art- the preliminary results for 
SLAC E130. The E130 results are "on­
line" results, which must be checked and 
refinec! by off-line analysis. Further­
more radiative corrections are not yet 
included. All errors are one standard 
deviation total errors, which include the 
statistical counting error and systematic 
errors associated with P e, P p and F, 
added in quadrature. The new E130 data 
extend considerably our knowledge of the 
virtual photon-proton asymmetry A/D to 
higher 0* a n d higher x. A significant 
verification of the predicted scaling 
behavior 1 0 of Ai 

ftl 

A t(v,Q 2) ->• Aj(x) as v,Q •*• » 
x fixed 

( i ) 

Fig. 5. Measured values of 
the asymmetry A/D in SLAC E80 
(open diamonds) and SLAC El 30 
(closed squares). 

at about the 10% level over the Q range 
from 1 to 10 (GeV/c) 2 is apparent from 
Fig. 5, where the dashed horizontal 
lines correspond to the average A\ values 
for the three plots. 
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For Fig.6 for a given x value data foi different Q have been combined 
assuming that the A/D values are independent of Q . These data are fit 
by the curve Aj (x) = (0.90 + O . O S ) ^ . 

The Bjcrken sum rule is given in Eq. (2) 

i l g . 
J[APFP/(l + R P ) -Ay 2 7( l+R n ) ]£ = jMM = (0.417±0.003) (2) 

0.8 
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in which quantities are defined 
in Fig. 1 and Tables 1 and 2; 
in addition, the superscripts 
p and n refer to proton and 
neutron, and g v and g A are the 
vector and axial vector coupling 
constants for neutron beta decay. 
The Bjorken sum rule was origi­
nally derived 1*' 1 2 from commu­
tation relations based on the 
algebra of currents for the 
quark model. It can also be 
derived 1 3 from quantum chromo-
dynamics (QCD) and is often 
written 

Fig. 6. Measured values of A/D vs x. 
Points were obtained from Fig. 5 data 
assuming A/D values are independent 
of Q 2. 

i 

/[gP(K)-g^(x)] dx = •=- — 

(3) 
In the above forms the 
sum rule is only valid 
in the scaling limit. 

A comparison of our 
data with the Bjorken 
sum rule is indicated 
in Fig. 7. Values of 
the quantity A ^ / O + R) 
are plotted vs x. The 
solid curve is a plot 
of the quantity AjF2/ 
(1 + R) for the proton 
using the fit to our 
data of Ai - O.gOx's, 
R = 0.25 1!* and experi­
mental values 1 5 of F2 
with Q 2 - 4 (GeV/c) 2, 
which is approximately 
the mean Q 2 for our 
data points. The in­
tegral under the solid 
curve in the range of 
our data from x - 0. J 0 
to 0.64 is about 0.23 
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7. Experimental values of A?F§/(1+R P) 
, relevant to a tes t of the Bjorken sum 



or about 0.6 of the value predicted by the Bjorken sum rule. Clearly 
data at lower x are needed, and in addition an extrapolation to low x 
based on Regge theory can be made. 4 Since there is no experimental 
information about Ai for the neutron, the neutron contribution to the 
integral must be ignored. Our data on A^ are clearly consistent with 
the Bjorken sum rule. 

Quantum chromodynamic corrections to the Bjorken sum rule have been 
calculated. The leading correction in the strong coupling constant 
a s(Q 2) is given b y : 1 3 * 1 6 

1 

/*<«!-•!)-il^K'-W 
in which a„ = [l2T7/(33-2f)][>n(q2/A2)r where f is the number of quark 
flavors and A is a free parameter- Higher order QCD corrections, in­
cluding target mass effects, have also been evaluated. 1 7 _ z o Significant 
tests of these QCD corrections require additional experimental data as 
indicated below. 

Another derivative form of the Bjorken sum rule due to Ellis and 
Jaffe^* expresses separately a sum rule for the proton and for the 
neutron in the scaling limit: 

1 

/ • 
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1 

/ • 
0 

- • V - l ^ l ^ i F 

, A -(0.22) ... 

As compared to the Bjorken sum rule of Eq. (3), these sum rules involve 
the additional approximation that strange quarks do not contribute to 
the polarization asymmetry. According to Eqs. (5) and (6)., the neutron 
contributes about 10% to the Bjorken sum rule. 

Comparison of our data on A? with theoretical values provides a 
major test for our understanding of nucleon structure. The generally 
accepted theory of quantum chroraodynaiaics involving quarks and gluons 
has not yet been successfully applied from its own first principles to 
calculate either spin independent or spin dependent structure functions. 
However, perturbative QCD does make some Important predictions about 
nucleon structure functions including Aj for x near 1, which is the high 
momentum tail of the wave function. The models of nucleon structure 
picture the proton as consisting of three valence quarks, two u quarks 
and a d quark, together with gluons and a sea of quark-antiquark pairs, 
and the neutron as two d quarks and a u quark together with gluons and 
the sea. The early models 2 3 assumed SU(6) symmetry for the wave func­
tion. However, experimental data on FIJ/FE and on A^ at large x required 
that SU(6) symmetry breaking be introduced. The Important and unsyra-
metrical aspect of the wave function for the proton (neutron) near x * l , 
which is predicted by perturbative QCD,2** is the occurrence with high 
probability of a single u(d) quark with large x and a diquark with 
isotoplc spin 1*0 and spin component S z = 0. Of the various models for 
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the proton wave function which are intended to represent the nonpertur-
bative QCD solution perhaps the most basic is the MIT bag model"* 2 5 

which incorporates confinement. 
A comparison of our data on A^(x) with various: model predictions 

is shown In Fig. 8. We should remark that some earlier nonquark models 
of the proton predicted 
negative values for Aj, but 
all cjuark models predict 
that A] is positive. 3' 2 3 

, _. .. -. , Hence our earliest data in-
' ' -•'!•• "1 dicating that Aj is posi~ 

tive provided a crucial 
0 gi l U T - f JJ T "•**•'" ~ -1 t e s t o f the quark model.3 

» * - /ty^- "*'' _̂ —-•-* I n c l i e 3 u a r k model A^ can 
5 j>y \ ^ J E ~~*T~^ • be written 

? e i L q i - q i J 

i [«\ 
(7) 

Fig. 8. Experimental values of A/D ** Aj 
compared to theoretical predictions for 
A^. The models are as follows: (1) a 
relativistic symmetric valence-quark model 
of the proton; (2) a model incorporating 
the Melosh transformation which distin­
guishes between constituent and current 
quarks; (3) a model Introducing non-
vanishing quark orbital angular momen­
tum; 2 7' 2 0 (4) an unsynraetrlcal model 2 9' 3 0 

in which the entire spin of the proton is 
carried by a single quark in the limit of 
x - 1; (5) Che MIT bag model of quark 
confinement;25*31 (6) -ource theory.32 

in which the sum is over 
the quarks i, e. is thtf 
quark i charge, and qttli 
is the probability for cuark 
1 to have its spin parallel 
(antiparallel) to the target 
nucleon spin, Aj clearly 
provides a measure of the 
probability that the quark 
spins are aligned with the 
nucleon spin. Only models 
4 and 6 agree well with the 
experimental data. Curve 4 
provides an unsymmetrical 
model of the quark distri­
butions involving SU(6) 
breaking, Regge theory at 
small x, the Melosh trans­

formation, and agreement with the Bjorken sum rule. Curve 6 is based on 
Schwinger's source theory, which is not a quark model. 
RESONANCE REGION DATA AND THEIR IMPLICATIONS 

The first exploratory experiment at SLAC on polarized e-p scattering 
in the resonance region* which was a part of E80, has recently been 
reported.5 Figure 9a displays the measured asymmetry values, and Fig. 9b 
shows the contributions to the differential cross section from resonances 
and background. Our measured asymmetries A/D are predominantly large and 
positive throughout the entire range in missing mass W except in the 
region of the A(1232 MeV) resonance, where A/D is expected to be negative 
because of magnetic dlpole excitation. In principle our measured asym­
metry values can be predicted from a raultipole analysis of complete but 
unpolarlzed electreproduction data. Figure 10 displays the predictions 
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Fig. 9. (a) Asymmetry vs missing 
mass W. (b) Differential cross 
section vs W. Also shown is a 
decomposition into individual 
resonances and the background. 

Fig. 10. (a) Asymmetry data at 
Q 2 ^ 0.5 (GeV/c)2 compared with 
a multipole analysis performed 
by Devenish and Gerhardt: curve 
a, Born terms alone; curve b, 
Born terms plus A(1232); and 
curve c, Born terms plus all 
resonances, (b) Same for 
Q 2 =- 1.5 (GeV/c) 2. 

based on a multipole analysis of single pion electroproduction data only, 
which accounts for about 1/2 of the differential cross section. The 
agreement between these predictions and our data is rather good, and 
hence indicates that the net asymmetry contributed by other channels than 

single pion production cannot be 
very different from our measured 
asymmetries. Figure 11 indicates 
that scaling applies for our reso­
nance region data except at the 
M1232) point, and hence that the 
spin dependent behavior is also 
consistent with a global duality 
mechanism in analogy to the un-

0 | —"~- h~ | polarized case. 

Fig. 11. Asymmetry vs scaling vari­
able ui. The curve O.TBw* is a fit 
to deep-inelastic data (W > 2 GeV) of 
SLAC E80. The data points are the 
resonance-region results (W <2 GeV) 
of SLAC E80. 
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THE FDTUHE 

We turn now to more futuristic aspects. An experiment33 entitled 
Son of E130 has been proposed at SLAC to measure A} (neutron ) and A 2 

(proton), about which we have no experimental Information. Determination 
of A" can be done by measuring asymmetries for both the deuteron and the 
proton. P^termination of A^ can be. done by measuring asymmetries in 
scattering longitudinally polarized electrons by transversely polarized 
protons, and observing scattered electrons in the plane determined by 
the directions of the incident electron and the proton polarisations. 
In addition, this experiment would determine A? to relatively high pre­
cision for values of x as low as 0.07. Both the data on A? and the 
higher precision data on A? at the lower x values would improve our test 
of the Bjorken sum rule. 

Some theoretical predictions for A n are shown in Fig. 12. On the 
basis of the spin-isospin part of the SU(6) wave function, A n = 0 for all 
x (curve 1). Perhaps the most interesting prediction (curve A) i.s that 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 -

0 

/ 
L 

NEUTRON ASYMMETRY / 
I • 
I 
I \ 

I 
I 

I 
I I 

./ 
/ 

2 -

1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
X = I/CJ 

Fig. 12. Theoretical predictions for Aj (neutron). The 
models are as follows; (1) a relativistic symmetric 
valence-quark model of the neutron; 2 3 (2) a model incor­
porating the Melosh transformation which distinguishes 
between constituent and current quarks; 2 6 (4) an un-
symmetrical model"* 3 0 in which the entire spin of the 
neutron is carried by a single quark in the limit of x = 1. 
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of the unsymmetrical model of Carlitz and Kaur which agrees so well with 
the Aj data. It is seen that A^ is small over most of the range of x 
but becomes large at x near 1, where a single quark carries the entire 
spin of the neutron. 

The structure function A2 arises from an interference between ampli­
tudes for abrorption of virtual longitudinal and transverse photons by 
the proton." In the scaling limit ^ 2 becomes zero, and there is a posi-
tivity bound>4 |A2| < R^. Physically A 2 arises from transverse momenta 
of the quarks. Figure 1.3 shows various theoretical predictions for A 2 

for the kinematics of our proposed Son of E130 experiment. The positivity 
limit of JÂ I < R"5 is 0.5, since the best current value 1 4 of R in this 

kinematic range is R = 
n M 0.25+0.10. Parentheti­

cally, this large experi­
mental value for R, which 
is expected theoretically 
to be zero in the scaling 
limit, poses a problem for 
QCD theory, which may be 
related to higher-twist 
terms; the comparison of 
theory and experiment for 
A 2 can be expected to pose 
a similar problem. In 
addition, Fig. 13 shows 
the prediction of the MIT 
bag model, 2 5* 3 1 a predic­
tion based on our k\ data 
together with a relation 
between Aj and A 2 given by 
the approximate Wandzura-
Wilczek sum rule, 1 7* 3^ a n fj 
a prediction given from 
g 2(x) = 0 which is con-

22.66GeV 
5 a 

* MlT Bag Mod*I 
* EI30 D010 with g 2 U ) - 0 
* El30 Data and Wandzura-

Wilczc* Sum Rule 

0.3 
X 

0.5 
< 0 2 8 A I 3 

Fig. 13. Theoretical predictions for A 2 

(proton) for the kinematics of the Son of 
EL30 proposal. 
sistent 2 3 with SU(6). Data on A 2 are important for comparison with these 
and other 3 b theories for A 2. In addition, data on A 2 are important to 
our experimental determination of A^, since we measure A/D = Aj+nA 2» 
and we only obtain a value of Aj provided nA 2 is sufficiently small. 
With the positivity bound for A 2, the value of nA 2 for E80-E13'. data is 
between 0.2 and 0.8 times the experimental one standard deviation error 
in our determination of A/D. 

Further significant tests of the scaling behavior of Aj will only 
come with the availability of additional data on Aĵ  at higher Q % which 
is planned at CERN by the European Muon Collaboration37 in the Q2 range 
up to about 60 (GeV/c) . Figure 14 shows predictions of scaling viola­
tions of gj predicted^0 by QCD; they amount to about a 10% variation 
over the Q 2 range from 2 to 60 (G^V/c) 2 in the accessible range of x, 
and are of different sign for low aad intermediate values of x. Since 
our measured quantity Aj is equal to 2xg^(l+R)/F2, the known scaling 
violations in F 2 must also be considered. 

It is well known in the theory of atomic hyperfine structure 3 9* 4 0 

that a significant contribution to the hfs interval Av in hydrogen 
arises from the spin dependent polarizability of the proton. Figure 15 
gives the experimental and theoretical values 4 1 for Av. The contribution 
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Fig. 14. Theoretical prediction 3 8 of 
scaling violation for gj, with the param­
eter values Q Q = 2 GeV/c and A = 0.4 GeV/r.. 

HYPERFINE INTERVAL IN HYDROGEN;EFFECT OF 
PROTON P0LARIZAB1LITY 
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of che spin dependent polari-
zability is designated 5 p 

(pol). The principal theo­
retical uncertainty in Av is 
due LX 6_ (pol) , for which a 
positivity bound \6 (pol)| < 
3 ppm has been calculated.4 

The quantity 6 (pol) can be 
expressed 3 in terras of the 
spin dependent structure 
functions "i and G9 which 
are measured in polarized 
e-p scattering. Using our 
e-^iriraental data for A^ and 
the Wandzura-Wilczek rela­
tion,3 we estimate the total 
contribution to flp (pol) to 
be <0.5 ppm from both the 
deep inelastic and resonance 
regions above a 0/ value ol 
~5 (GeV/c) 2. The greatest 
contribution to 6„ (pol) 
comes from the small Q^ 
region, including the proton 
resonances. Further experi­
mental data and theoretical 
work should determine 6 p 

(pol) to a useful precision. 
Finally we emphasize 

that knowledge of the inter­
nal spin structure of the 
nucleon, apart from its im­
portance to our understanding 
of nucleon structure, is 
essential to the interpreta­
tion of spin dependent high 
energy phenomena involving 
hadrons. These include 
hadron-hadron scattering,41*-'*7 

the polarized Drell-Yan pro­
cess,1*8 ,l*^ and production of 
polarized W or Z vector bosons 
in collisions of polarized 
protons in -' high energy 
storage ring. 50,51 

Fig. 15. Hyperfine structure 
interval Av in hydrogen. The 
Feynman diagram and the expres­
sion given f^r fip (pol) indicate 
the contribution of the spin 
dependent polarizability of the 
proton to Av. 
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