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Abstract 

We have extracted spin-weighted parton distributions in a proton from recent data 
at CERN and SLAC. The valence, sea quark and antiquark spin-weighted distribu- 
tions are determined separately. The data are all consistent with a small to moderate 
polarized gluon distribution, so that the anomaly term is not significant in the detenni- 
nation of the constituent contributions to the spin of the proton. We have analyzed the 
consistency of the results obtained from various sets of data and the Bjorken s u m  rule. 
Although all data are consistent with the s u m  rule, the polarized distributions from dif- 
ferent experiments vary, even with higher order QCD corrections taken into account. 
Results split into two models, one set implying a large polarized strange sea which 
violates the positivity bound, and the other set yielding a smaller polarized 'strange 
sea. Only further experiments which extract information about the polarized sea will 
reconcile these differences. We suggest specific experiments which can be performed to 
determine the size of the polarized sea and gluons. 
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I. Introduction 

One of the important questions in high energy physics is how the quark and gluon 

constituents contribute to 'nucleon' spin. Significant interest in high energy polarization 

was generated when the European Muon Collaboration (EMC)l analyzed polarized deep- 

inelastic scattering (DIS) data which implied that the Bjorken sum rule (BSR) of QCD2 

was satisfied and the Ellis-Jaffe sum rule3 based on a simple quark model was violated. 

Recently, the Spin Muon Collaboration (SMC) group from CERN4 and the E142/E143 

experimental groups from SLAC5 measured A: and & to even lower z values and have 

added the corresponding neutron and deuteron structure functions A:, gy, A:, and gf. They 

have also improved statistics and lowered the systematic errors from the original data. 

The proton structure function & can 

&(x, Q 2 )  = 

be extracted from the asymmetry A1 by using 

It is assumed that the transverse structure function & is small and that Al is relatively 

independent of Q2, which has been implied by these experiments. The DIS experiments with 
equation (1) can provide a means by which we can extract information about the polarized 

quark distributions. There have been recent theoretical approaches to this We 

have done a detailed flavor dependent analysis including the QCD corrections and the effect of 
the gluon anomaly. It is assumed that the polarized gluon distribution is small to determine 
the resulting polarized quark distributions for each set of data using the appropriate sum 
rules. Our approach consists of: (1) determining the valence and sea integrated parton 

distributions for each flavor using different data sets as input, (2) discussing similarities and 

differences between the phenomenological implications of the experimental results, and (3) 
suggesting a set of experiments which would distinguish the quark and gluon contributions 
to the proton spin. This approach differs from that of the experimental groups in that we use 
sum rules in conjunction with a single experimental result to extract the spin information, 
while they use data from multiple experiments in order to check the validity of the sum rules. 
In addition, they assume a flavor symmetric sea and ignore anomaly contributions. However, 
there is relatively good physics agreement with our results and those of the experimental 
groups. 
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11. Theoretical Background 

Fundamentally, we assume that the proton is comprised of valence quarks, whose in- 

tegrated polarized distribution is given by: (Aq,,( Q’)). We construct the polarized valence 

quark distributions from the unpolarized ones by starting with a modified 3-quark model 

based on an SU(6) proton wave function. The valence quark distributions can be written as: 

1 A~,,(z ,  Q2) = -3 COS Ood,,(~, Q2), 

where cos OD is a ”spin dilution” factor which vanishes as a + 0 and becomes unity as a + 1, 
characterizing the valence quark helicity contribution to the proton.’JO The spin dilution 
factor is adjusted to satisfy the Bjorken sum rule and to agree with the deep-inelastic data at 
large a. The valence distributions are not sensitive to the unpolarized distributions used to  

generate thern.l1J2 The consistency of our valence distributions was checked by comparing 
the value obtained for the ratio of proton and neutron magnetic moments. With our values 

(Azt,) = 1.00 f 0.01 and (Ady) = -.26 f 0.01, both the BSR and magnetic moment ratio 

are satisfied. This yields a spin contribution from the valence quarks equal to  0.74 f 0.02, 
consistent with other treatments of quark spin ~ o n t e n t . ’ ~ ~ ~ ~  The quoted errors arise from 

data errors on g A / g v ,  and the differences in choice of the unpolarized distributions. 

The proton is also filled with a quark sea, polarized by gluon Bremsstrahlung and by 
quark-antiquark pair creation. The lightest flavors should dominate the spin of the sea, since 
the heavier quarks would be significantly harder to polarize. We assume that the quark and 
antiquark flavors are symmetric, but break the SU(6) symmetry of the sea by assuming that 

the polarization of the heavier strange quarks is suppressed.’ The sea distributions are then 
related by: 

AZ(a, Q’) = AU(Z, Q2) = AZ(z, Q2) = Ad(z, Q2) 

= [1+ E]AS(Z, Q2) = [1+ E]AS(Z, Q2). (3) 

The E factor is a measure of the increased difficulty in polarizing the strange quarks. We use 

the DIS data on g1 (for p, n and d) to determine E and the overall size of the polarized sea. 
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The integrated polarized structure function, Ip(") f ]ig$n)(z) dz, is related to the 

polarized quark distributions by 

(4) +.(As + As)]). 

The QCD corrections, characterized by ac,of', have been caluclated to O(Q;)~J' and are 

(5) 
Q, 4 . = (%) + 3.5833( -) Q, 2 + 20.2153( -) Q, 3 + 130( -) , 

n- 7r 7r n- 
- . .  

where the last term is estimated. The higher twist corrections calculated by Stein, et. aZ.16 

are small enough to neglect at the Q2 values of the data. Thus, the data on & can provide 

some information about the sea quark distributions. Additional constraints are provided by 
the axial-vector current operators, A3, A8 and Ao. 

The Bjorken sum rule (BSR) relates the polarized structure function gl(z), measured 

in polarized deep-inelastic scattering, to the axial vector current AB, which is measured in 
neutron beta decay. This sum rule is considered to be a fundamental test of QCD. In terms 
of the polarized distributions and our assumptions about the flavor symmetry of the u and 
d polarized sea, the BSR can be reduced to the form: 

This enables us to determine the valence distributions uniquely. The coefficient A8 is de- 
termined by hyperon decay, reflecting the other baryon axial charges in the symmetry. In 
terms of the polarized quark distributions, this relation can be written as: 

A8 = ( [Au, + Adw + Au, + Aii + Ad, + A d  -   AS - 2Aii]> M 0.58 +: 0.02. (7) 

One must proceed with caution in using hyperon spin structures (and hence, -48) in this type 

of approach.17 However, the distributions in our analysis are not sensitive to the value of 

As. A0 is related to the total spin carried by the quarks in the proton. We can relate the 

non-zero axial currents and the structure function & in the flavor-independent form: 
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It is through these relations that we can extract specific information about individual.con- 

tributions to the overall proton spin. Using the recent SMC and SLAC  experiment^,^^' we 

have extracted values for the spin carried by each of the polarized distributions. 

One can impose theoretical constraints on the polarized strange seag by assuming 

I l' As(z) da: I <  / l ~ Z ( n )  dz x 0.005. 
3 0  (9) 

This "Valence Dominated Model" (VDM) is based on a mechanism where sea quarks ob- 

tain their polarization through a localized interaction with the valence quarks. This model 
provides a more restrictive limit on the size of the polarized strange sea than the positivity 

constraint discussed by Preparata, et .  a1..l8 

The gluons are polarized through Bremsstrahlung from the quarks. The integrated 

polarized gluon distribution is written as: (AG) = s,' AG(z, Q 2 )  da. We cannot determine a 

pr ior i  the size of the polarized gluon distribution at a given Q2.  The evolution equations for 

the polarized distributions indicate that the polarized gluon distribution increases with Q2 

and that its evolution is directly related to the behavior of the orbital angular momentum.lg 

Thus, one assumes a particular form for the polarized gluon distribution at a given Q2 and 

checks its consistency with data which are sensitive to AG(a, Q 2 )  at a particular Qi. 

The model of AG that is used has a direct effect on the measured value of the quark 

distributions through the gluon axial anomaly,20 which has the general form: 

Nfa8(Q2)  1' AG(a, Q 2 )  da, . 
27r r(Q2) = 

where N f  is the number of quark flavors. For each quark flavor, the measured polarization 

distribution is modified by a factor: (Aqi) - I' (Q2)/Nj .  Thus, the quark spin contributions 

depend indirectly on the polarized gluon distribution. Using a naive quark model, (4q )  = 1 

and AG may be quite large to be consistent with EMC data.21 If we consider the polarized 

distributions of Qiu, et.  aZ.' , a reasonably sized AG is possible if the sea has a suitably 
negative polarization. We have considered two possible models for calculating the anomaly: 

(1) AG = zG (which implies that the spin carried by gluon is equ'al to its momentum) and 

(2) AG = 0, which is an extreme case for bounding the distributions. We believe that the 
present data imply that anomaly effects, and thus the overall integrated polarized gluon 
distribution, is limited at these energies. 

4 



Another constraint to the polarized distributions involving the orbital angular momen- 

tum of the constituents, is the J ,  = 1 sum rule: 

The right hand side represents the decomposition of the constituent spins along with their 
relative angular momentum, L,. Although this does not provide a strict constraint on either 
Aqtot or AG, it does give an indication of the angular momentum component to proton spin. 

111. Phenomenology 

We consider recent SMC4 and E142/1435 data to extract information about the flavor 

dependence of the sea contributions to nucleon spin. The integrated results with errors and 

average Q2 values are summarized in Table I. 

Table I: Experimental Parameters for the Integrated Structure 
Functions 

Quantity SMC (IP) S M C  ( I d )  E142 (I") E143 ( I d )  

p P  .136 .023 -.022 .041 

Stat. err. f . 0 1 1  f . 020  f .007 f . 0 0 3  

SYS. eTT. f . 0 1 1  f.015 f .006  f . 0 0 4  

Avg. Q2 ( G e V )  10.0 4.6 2.0 3.0 

4Q2) .27 -31 -385 .35 

We can write the integrals of the polarized structure functions, Jigsf dx in the terms 

of the coefficients Ak:6 
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where WD is the probability that the deuteron will be in a D-state. Using N-N potential 

calculations, the value of w g  is about 0.058. 4s22 The Bjorken sum rule, which is fundamental 
to the tests of QCD, can be used to extract an effective I p  value from all data using the form 

of equation (12) above. 

Since the anomalous dimensions for the polarized distributions have an additional factor 
of x compared to the unpolarized case, early treatments of the spin distributions assumed a 

form of: Aq(z) =, zq(z) for a l l  flavors.23 We have compared this form of the distributions 

to those extracted from the recent data, using the defined ratio 7 G @ d s z  for each flavor. 
(2qsea)calc 

The analysis (for each polarized gluon model) proceeds as follows: 

(i) We extract a value of I P  from either the data directly or via the BSR in the form 

of equation (12). We then use equation (8) to extract Ao. The overall contribution to the 

quark spin is found from (Aqtot) = A0 + I'. The value A8 from the hyperon data with 

equations (7) and (8) are then used to extract As for the strange sea. The total contribution 

from the sea then comes from (Aqtot) = (Agv) + (AS). The factor E and the distributions 

( A U ) ~ ~ ~  = (Ad)fica are derived from equation (3) and the strange sea results. Finally, the 

J,= 1/2 sum rule gives L,. 

(ii) In the VDM model, As comes from equation (9). Then A0 can be extracted from: 

A0 - As +I' =   AS). Finally, & and the other sea information can be determined as above. 
The results are given in Table 11. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of 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 represents 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 does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Table 11: Integrated Polarized Distributions: 
AG = XG (above line), AG = 0 (below line) 

Quantity SMC(1P) S M C ( l d )  E142(In) E 143 ( I d )  V D M  

-.077 -.lo7 -.050 -.068 . -.045 

-.037 -.067 -.010 -.028 -.005 

0.85 0.78 0.90 0.87 0.91 

- .42 - .47 -.36 - .40 -.35 

-.07 -.13 -.02 -.06 -.01 

-2.4 -3.3 -1.6 -2.1 -1.4 

-2.2 -3.9 -0.6 -1.6 -0.3 

1.09 0.60 4.00 1.41 8.00 

0.06 0.07 0.08 0.08 0.08 

0.136 0.114 0.137 0.131 0.144 

0.36 0.18 0.52 0.41 0.55 

0.46 0.45 0.44 0.44 0.44 

-.14 -.04 -.20 -.15 - .22 
- - - - -  ----- ------ - - - - -  ----- 

.83 .77 .88 

- .44 -.50 - .39 

-.09 -.16 -.05 

.136 .114 .137 

0.30 0.11 0.44 

0.00 0.00 0.00 

0.35 0.45 0.28 

.84 

-.43 

-.08 

.131 

0.33’ 

0.00 

0.35 

-91 

-.35 

-.01 

-152 

0.55 

0.00 

0.23 

.I 

From the results in Table 11, it is obvious that the naive quark model is not sufficient 
to explain the proton’s spin characteristics. The total quark contribution to proton spin 
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appears to fall between ten and fifty percent, with the average about $. This is also different 

than the original EMC implication of zero. The errors in generating these totals are due 

mostly to experimental errors in the integrals and range from f .04  to k.14. Note from 
the upper and lower sections of Table I1 that the differences in < Aq are about 0.07, 
depending on which model of the polarized glue that is used. Thus, the uncertainties of the 

data and of the size of AG are comparable. 

Considerable discussion regarding results of these measurements focuses on the Ellis- 

Jaffe sum rule (EJSR),3 which predicts the values of $ and g: using an unpolarized sea. 

The point thus focuses on the discussion of the size of the polarized sea, which differs in 

analyses of these data. The up and down sea contributions seem to agree within a few 
percent, except for the SMC deuteron data. The E142 neutron data imply that almost 
no polarization comes from the strange quarks, consistent with the naive SU(6) and VDM 
models of the polarized sea. All of the proton and deuteron data imply a larger polarized 
sea with the strange sea polarized greater than the positivity bound of Preparata, RatcMe 

and Soffer.18 It is interesting to note that the results obtained from the SMC proton data 

are consistent with a recent lattice QCD calculation of these paraheters.l3 For all of these 
data, the total sea, and hence the strange sea, has a smaller polarization than originally 
thought. These experiments have thus narrowed the range of the sea polarization. It is 

interesting to note that the values of 77 deviate considerably from unity for most of the data, 
implying that the relation between unpolarized and polarized distributions is likely more 
complex than originally thought. The results among the different experiments preclude us 

from extracting specific contributions from each flavor to the proton spin with any degree 
of certainty. However, the results from the various data can be categorized into distinct 

models, characterized by the size of the polarized sea. 

This analysis implies that the anomaly correction is not large. Specifically, considering 
the E142 neutron data, if the anomaly term were larger, reflecting a large AG, the strange 
sea would be positively polarized, while the other flavors are negatively polarized. There is 
no obvious mechanism that would allow this cross polarization of different flavors. Thus, we 

conclude that these data imply that the polarized gluon distribution is small, contrary to 

post-EMC analyses.21 The key conclusions from the zero and small anomaly models (lower 

and upper parts of Table 11) are not significantly different. Further, even if there are higher 

twist corrections to the anomaly at small Q2, the anomaly will not reconcile differences in 
the flavor dependence of the polarized sea. 
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The orbital angular momentum extracted from data is also much smaller than earlier 

values obtained from EMC data.21 A point of interest is that the zero AG model implies 
a positive orbital angular momentum, while the other model gives a negative result. Thus, 
although L,  is likely small,.its sign-is in question. 

The extracted value for I p  is comparable for all the data and well within the uncertain- 
ties of all the experiments. In our analysis, this indicates an agreement about the validity 
of the Bjorken Sum Rule. We have arrived at this conclusion by using the BSR to extract 
I P ,  as opposed to the experimental groups, which used data to extract the BSR. There is 

general agreement that the BSR (and thus QCD) is in tact. 

Clearly, these experiments have contributed to the progress of understanding the rel- 
ative contributions of the constituents to the proton spin. They have probed to smaller 3: 
values, while decreasing the statistical and systematic errors. This, coupled with theoreti- 
cal progress in calculating higher order QCD and higher twist corrections have allowed us 
to narrow the range of these spin contributions. Although the flavor . .  contributions to the 
proton spin cannot be extracted precisely, the range of possibilities has been substantially 
decreased. The main differences are the questions of the strange sea spin content and the 
size of the polarized gluon distribution. We stress that more experiments must be performed 
to determine the relative contributions from gluons and various flavors of the sea. 

IV. Possible Experiments 

There are a number of experiments which are technologically feasible that would supply 
some of the missing information about these distributions. Detailed summaries can be found 
in references 24 and 25. The large average luminosities of these experiments and the success 
of Siberian Snakes makes all of the following feasible. 

Deep Inelastic Scattering: The E154 and E155 experiments have been approved at 
SLAC, with the former starting around the time of this workshop. These experiments are 
designed to probe slightly smaller 2 while greatly improving statistics and systematical 
errors. The latest proposed experiment at HERA in Hamburg plans to accelerate a large 
flux of polarized electrons from the storage ring and collide them with a gaseous target. 
The HERMES detector at HERA is designed to take data from the deep-inelastic scattering 
experiment at a large range of z values. Both of these experiments will expand and reinforce 
the SMC and E142/3 data. With lower error bars at small z, the extrapolation should 
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achieve a more accurate value for the integrated distributions and narrow the ranges of 

constituent spin contributions even further. 

Lepton Pair Production (Drell-Yan): The SPIN Collaboration has proposed to do fixed 

target p p  and p p  experiments between energies of 120 GeV and 1 TeV. One of the crucial 
contributions that this set of experiments can make is the extremely large range of high pT 

that can be covered. If this set of experiments includes polarized lepton pair production, 

then measurement of the corresponding double spin asymmetriesg would give a sensitive 

measure of the polarized sea distribution’s size. The Relativistic Heavy Ion Collider (RHIC) 
at Brookhaven is designed so that polarized p p  and p f ~  experiments can be performed at large 
energy and momentum transfer ranges. The energy range will be covered in discretB steps of 

about 60,250 and 500 GeV, but the momentum transfer range covers 0.005 5 Q2 5 6.0 GeV2 
in a fairly continuous set of steps. The PHENIX detector is suitable for lepton detection 
and the wide range of energies and momentum transfers could yield a wealth of Drell-Yan 
data over a wide kinematic range. The x-dependence of the polarized sea distributions could 
then be extracted to a fair degree of accuracy. 

Jets, pions and direct photon production: The SPIN Collaboration proposes a set of 
experiments, which are in the kinematic region where the measurement of double spin asym- 
metries in jet production would give a sensitive test of the polarized gluon distribution’s 

size.26i27 Naturally, this measurement has an effect on both AG and the anomaly term 
appearing in the polarized quark distributions. The STAR detector at RHIC is suitable for 
inclusive reactions involving jet measurements, direct photon production and pion produc- 

tion. All of these would provide excellent measurements of the Q2 dependence of AG since 

a l l  are sensitive to the polarized gluon density at differing Q2  value^.^^^^^ 

There has been considerable discussion about performing polarization experiments at 

the LHC at CERN. Depending on the approved experiments, there is the possibility of 

probing small z and doing polarized inclusive experiments to measure both sea and gluon 
contributions to proton spin. These could be made in complementary kinematic regions to 
those of the other accelerators. 

I 

Tests of the valence quark polarized distributions can be made, provided a suitable 

polarized antiproton beam of sufficient intensity could be developed. 26 This would provide 

a good test of the Bjorken sum rule via measurement of (Aq,,)27 and the assumption of a 

flavor symmetric up and down sea. This should be an experimental priority for the spin 
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community. 

Existing data indicate 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. The 
experiments discussed above can and should be performed in order to shed light on the spin 
structure of the nucleons. 
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