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Nucleon spin structure and quark helicity decomposition
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Using the results for the first moments of the proton and deuteron spin structure functionsg1
p,d measured at

the SLAC experiment E143, we compare the conventional method of obtaining from those moments the quark
helicity contributions to the proton spin assuming SU~3! flavor symmetry~which implies a strange quark sea
helicity DsÞ0) to the results obtained assumingDs50. We conclude that current experimental uncertainties
cannot rule out the latter. UsingDs50 we extract the SU~3! flavor F and D terms directly from the first
moments, which give an estimate of possible symmetry breaking.@S0556-2821~96!05115-6#

PACS number~s!: 13.88.1e, 12.39.2x, 24.70.1s
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Recent measurements@1–5# have contributed consider
able new knowledge to our understanding of the nucle
spin structure. In this paper we will use the results of t
most precise of those experiments, SLAC E143, and disc
the implications for the origin of nucleon spin. In particula
we will examine the conventional use of the approxima
symmetry SU~3! flavor to determine the different quark flavor
contributions to the nucleon spin. We will show that give
the current experimental uncertainties, it is still possible
account for the nucleon spin as originating only fromu and
d valence and sea quarks, with no significant strange qu
contribution. The total quark contribution, however, can
obtained without resort to SU~3! flavor, and is very insensitive
to models of breaking this symmetry@6#. In view of the
current limited understanding of the nature and magnitude
SU~3! flavor symmetry breaking, we conclude that the use
SU~3! flavor underestimates the uncertainties of the flav
specific quark helicity contributions to the nucleon spin.

Experiment E143 counted electrons scattered from po
ized ammonia (15NH3 and 15ND3) targets into two spec-
trometers aligned at 4.5° and 7° with respect to the beam
parallel and antiparallel beam and target spin configurati
at three beam energies~29.1, 16.2, and 9.7 GeV!, and for
opposite orientations of the target spin transversal to
beam helicity, at 29.1 GeV. The structure functio
g1
p(x,Q2), g1

d(x,Q2), andg1
n(x,Q2) have been extracted fo

the 29.1 GeV data, over the range 0.029,x,0.8 of the
Bjorken x scaling variable and the four-momentum squar
range 1.3,Q2,10 ~GeV/c)2. The average beam polariza
tion was 85%, and the NH3 and ND3 average polarizations
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were 60% and 30%, respectively. The first moments of thes
structure functions have been computed and compared w
theoretical predictions for the corresponding sum rules. Th
first results have been published@4,5,7,8#.

One of the most significant conclusions that can be de
rived from the results of experiment E143 is a precise mea
surement of the quark contribution to the spin of the nucleon
which has been computed for both protons and neutrons. T
starting point is the first moments of the structure functions

G1
i ~Q0

2!5E
0

1

g1
i ~x,Q0

2!dx, i5p,d,n, ~1!

which are computed from the measured structure function
evaluated at a common value of the four-momentum transf
Q0
253 GeV2. The conventional way to do this evaluation is

to assume that either the ratiog1 /F1 or the spin asymmetries
A1 and A2 are independent ofQ2. Both assumptions are
supported by the data to very good accuracy fromQ251
GeV2 up toQ2550 GeV2 @7#. Fits to the experimental val-
ues ofg1 /F1 orA1 with and withoutQ

2-dependent terms are
very similar.

The results are best summarized in a tabular form, show
in Table I. The numbers in the table are the values of the su
rules, followed by their statistical and systematic uncertain
ties ~where present!. The second and fourth columns show
the published values for the two assumptions about theQ2

dependence of the spin structure functionsg1 /F1 or A1 and
A2 independent ofQ

2. The ‘‘Theory’’ values are evaluated
using the QCD corrections of Ref.@9# with as50.3560.05
TABLE I. Summary of E143 sum rules.

Sum rule E143 Theory E143 alternate
g1/F1 A1, A2

ProtonG1
p 0.12760.00460.010 0.16060.006 0.12160.00460.010

DeuteronG1
d 0.04260.00360.004 0.06860.005 0.04060.00360.004

Neutron 2G1
d/gD2G1

p 20.03760.00860.011 20.01160.009 20.03560.00860.011
Bjorken 2(G1

p2G1
d/gD) 0.16360.01060.016 0.17160.008 0.15660.01060.016
2391 © 1996 The American Physical Society
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atQ253 ~GeV/c)2 @10#. The deuteron sum rule is shown i
the standard form as per-nucleon average. ThegD50.925
factor is a correction for the deuteron’s virtualD-state prob-
ability wD50.0560.02, which represents a reduction in th
measured nucleon asymmetry.

One can see that the theoretical Ellis-Jaffe values@11# for
the proton, deuteron, and neutron sum rules are in str
disagreement with the measured quantities, in particular
deuteron result which differs by more than four standard
viations. The Bjorken sum rule@12# seems to be satisfied
within errors, for theg1 /F1 independent of theQ

2 assump-
tion. The other assumption (A1, A2 independent ofQ

2) is
further from the theoretical value.

From the expression forg1 /F1 in terms ofA1 and A2
given below, we can see that only one assumption~or may
be neither! is valid, since the kinematic factorg25Q2/n2

~wheren5E2E8 is the difference between the beam ener
E and the scattered lepton energyE8! introduces a depen
dence that affects either side:

g1~x,Q
2!

F1~x,Q
2!

5
A1~x,Q

2!1g~Q2!A2~x,Q
2!

11g2~Q2!
. ~2!

Moreover, if the left-hand side is independent ofQ2, the
Q2 dependence of the combinationA11gA2 is just 11g2.

There is a kinematic correspondence between both
sumptions.g1(x0 ,Q

2) evaluated at fixedQ0
2 under the as-

sumption of g1 /F1 independent ofQ2 is related to
g18(x0 ,Q

2) from the other assumption at the sameQ0
2 by

g1 /g185
@A1~x0!1g~Q2!A2~x0!#@11g2~Q0

2!#

@A1~x0!1g~Q0
2!A2~x0!#@11g2~Q2!#

, ~3!

where Q2 is the experimental data’s value of the fou
momentum transfer atx0, Q0

2 is the chosen fixedQ2 ~e.g., 3
GeV2), andA1 andA2 are averaged atx0 over the measured
Q2 range. Current experimental precision is insufficient
determine which assumption is more valid.

The next step in computing the quark contribution to t
nucleon spin is to connect the sum rules with quark helic
distributions in the nucleon. The spin structure functions
the parton model are interpreted as helicity densities of
different quark flavors:

g1~x!5
1

2(i ei
2@qi
↑~x!2qi

↓~x!#, i5u,ū,d,d̄,s,s̄, . . . .

~4!

Then, the integral of the structure function is

G1
p5

1

2(i ei
2E

0

1

@qi
↑~x!2qi

↓~x!#dx5
1

2(i ei
2Dqi . ~5!

For the proton, for three quark flavors, one has

G1
p5

1

2 S 49Du1
1

9
Dd1

1

9
DsD . ~6!
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These relations hold true in the asymptotic limit, where th
structure functions depend only onx. At finite Q2, they are
modified by QCD corrections, as mentioned above. Koda
@13# derived the expression

G1
p5

1

36
@3E3a31E8a814E0a0#, ~7!

whereEi are coefficient functions representing QCD corre
tions for the finite experimentalQ2. a3 anda8 are the non-
singlet anda0 is the singlet quark axial-vector current matrix
elements. The corresponding expressions for the neutron,
deuteron, and the Bjorken sum rule are

G1
n5

1

36
@23E3a31E8a814E0a0#,

G1
d5

1

36
@E8a814E0a0#gD , ~8!

G1
p2G1

n5
6E3a3
36

5
gA
6
E3 ,

the last one being the well-known form of this sum rule, wit
QCD corrections.

The matrix elements can be expressed in terms of t
quark helicity densities for each quark flavor:

a05Du1Dd1Ds5Sq,

a35Du2Dd5F1D, ~9!

a85Du1Dd22Ds53F2D.

One sees thata05Sq, i.e., the quark spin. Also, the non-
singlet matrix element are related to the weak decays of
baryon octet. The flavor SU~3! parametersF andD relate the
axial vector coupling constants of those decays,F1D5gA
for neutron decay, and 3F2D can be computed from the
hyperons’ decay constants. The latest values@14# F50.459
60.008 andD50.79860.008 were used.

The QCD corrections depend on the running strong co
pling constantas(Q

2) and have been estimated for thre
flavors to the fourth order inas @15#:

E05~120.333a20.550a222a3!,

E35E85~12a23.583a2220.215a32130a4!, ~10!

wherea5as(Q0
253 GeV2)/p. The importance of applying

these corrections to the experimental results at finiteQ2 was
pointed out by Ellis and Karliner@16#.

It is a straightforward matter then to solve fora0, in terms
of G1, a35gA , anda853F2D. The QCD corrections en-
sure that all quantities are evaluated at the same scale as
experiment. The results are again best displayed in Table
including the neutron values for the quark helicities, whic
are reported here for the first time in print, in terms o
equivalent proton quark densities.

The uncertainties are combined statistical and systema
contributions. However, we must point out that the value a
error onDs are derived only from the values and experimen
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tal errors quoted onG1
p , G1

d , andF andD extracted from
hyperon decays. For the latter, perfect SU~3! flavor symmetry
is assumed, and symmetry-breaking or model-dependen
certainties are not included. The deuteron measurem
yields the most precise result.

It is clear from Table II that at most 36% of the proto
helicity can be attributed to the quarks. The current expla
tion is that the remainder is carried by the gluons. Also,
valence quark contribution is suppressed if one assumes
the sea quark is polarized for all flavors at the same leve
the strange sea,Ds'20.1. Writing Dq5Dqvalence1Dqsea

for u and d quarks, we getDuv50.83– (20.1)'0.93
Ddv520.43– (20.1)'20.33, andSq'0.62, which agrees
with the value expected from the relativistic constitue
quark model@17#. This result is obtained by computing

a05Du1Dd5Sq5a853F2D, ~11!

where the equality betweena0 and a8 is based onDs50.
Experimental evidence indicating that the strange sea
about half of the nonstrange sea@18# constrains the positivity
bound onDs ~pointed out by Preparata and Soffer@19# back
in 1988! to @20#

U E
0

1

Ds~x!dxU<0.0760.03. ~12!

This bound poses an independent experimental constrain
the magnitude of a nonzeroDs.

If we assumeDs50, the proton sum rule~ignoring QCD
corrections! simplifies toG1

p5(4Du1Dd)/18, and since we
have measured the Bjorken sum ruleG1

p2G1
n5(Du

2Dd)/6, we can easily solve forDu, Dd, and
Sq5Du1Dd. A more accurate procedure would includ
QCD corrections, in which case the resulting quark helicit
are given by

Du5
6G1

p

E8
1
12~E822E0!G1

d

E8~E814E0!gD
50.7860.08,

Dd52
6G1

p

E8
1

24~E81E0!G1
d

E8~E814E0!gD
520.4360.10, ~13!

Sq5
36G1

d

~E814E0!gD
50.3560.04.

Again, the deuteron sum rule result yields the best value
Sq. For the preceding calculation we have used as inputs
values shown under theg1 /F1 column heading in Table I
~The result is rather insensitive to the choice of using
A1, A2 values.! Since no input other than the spin structu

TABLE II. Summary of quark helicity components.

Proton Deuteron Neutron

Du 0.8160.04 0.8360.02 0.8360.04
Dd 20.4460.04 20.4360.02 20.4260.04
Ds 20.1060.04 20.0960.02 20.0960.04
Sq 0.2760.10 0.3060.06 0.3260.12
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integrals is involved, the solution indicates that it is unnec
essary to invoke a polarized strange sea contribution. If th
strange sea is not polarized and we assume isospin symme
holds, a more accurate value for the quark helicities can b
obtained from

Du2Dd5gA5F1D51.257360.0028,

Du1Dd5Sq5
36G1

d

~E814E0!gD
50.35460.039. ~14!

This is a very simple system which involves no input othe
than the experimentally measuredgA and G1

d , and no as-
sumptions about SU~3! flavor symmetry. We obtain
Du50.80460.020 andDd520.45360.020. The small er-
rors come from the form ofDu(Dd)5@(2)gA1Sq#/2.

If we decompose the experimental quark helicities into
valence and sea contributions as we did earlier in the pape
we can estimate the sea contributions. For the valence co
tributions we take, without any further assumptions, the na
ive quark model ~NQM! predictions Duv54/3 and
Ddv521/3. The solutions are

Dus520.529,

Dds520.120. ~15!

Both sea contributions are negative, which is consistent wit
all flavors in the sea being polarized by the same mechanis
We notice that the ratioDus/Dds54.560.1. This type of
decomposition is not entirely valid if one assumesDsÞ0. A
significantly differentDus/Dds55.260.2 is obtained using
Table II.

We can turn the analysis around and try to estimate wh
is the amount of symmetry breaking thatDs50 represents.
The procedure is straightforward: We solve the expression
for a3 and a8 @Eq. ~9!# for F andD, using our results for
Du andDd @Eq. ~13!#. We find

F50.38960.044,

D50.81460.146,
~16!

F1D51.20360.152,

F/D50.47760.037.

The errors include the contributions of bothG1
p andG1

d and
the errors in the QCD coefficient functionsE0 andE8, which
come from the uncertainty inas . The result forF1D is less
than one standard deviation smaller than the accepted va
for this quantity. This important result shows that the experi
mental verification of the Bjorken sum rule needs no addi
tional inputs, such as assumptions about the sea quark pol
ization.

Using the improved combined systematic and statistica
errors onG 1

p50.12560.008 of Ref.@21#, we obtainF50.380
60.035, D50.78460.121, F1D51.16460.13, and F/D
50.48460.036, in good agreement with the preceding val
ues.

Combining our extractedF andD to compare with the
measured values of the hyperons axial to vector current r
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tios gA /gV , we find a general agreement with the measur
values@22#, as shown in Table III.

The x2 probability for the four cases is 0.42, and for th
first three cases, 0.73. Obviously we do not claim that we
extracting the hyperongA /gV ratios from the spin structure
sum rules, only that theDs50 assumption is indeed no
inconsistent with any experimental data, at the current le
of precision of the spin structure data. With theF and D
values obtained using the proton integral of Ref.@21#, thex2

probability for the four cases is 0.18, and 0.39 for the fir
three cases.

In a recent work, Ehrnsperger and Scha¨efer @23# argue
that, in fact, flavor SU~3!-symmetry-breaking effects can be
of significant size, reducing the magnitude of the rat
F/D. In their model of SU~3! flavor breaking, this ratio is
found to beF/D50.49260.083, a value that agrees with ou
result above.~We should mention that a weighted fit of th
F/D ratios computed in Ref.@23# yields F/Dn→p50.496.!

TABLE III. Hyperon decay axial vector constants.

Hyperon decays ExtractedF, D Experiment

F1D n→p 1.2031/20.152 1.27531/20.003
F1D/3 L→p 0.6601/20.066 0.7181/20.015
2F1D* S2→n 0.4261/20.152 0.3401/20.017
2F1D/3 a J2→L 20.1171/20.066 20.2501/20.050

aWe use the PDG sign convention@22#.
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This result gives further indication that the nucleon spi
structure measurements are not sufficiently precise to lead
the conclusion that the strange sea in the nucleon is pol
ized.

On a closely related aspect of the proton’s spin, the co
tribution of non-SU~6! configurations in the proton wave
function, which Lipkin @24# argued would be required to
explain the difference between the NQM value o
gA55/351.66 and the experimental value, is substantiall
reduced if we use ourDs50 result forSq50.35460.039,
instead of the old European Muon Collaboration~EMC! re-
sult Sq.0 @25# that Lipkin and others@20# have used. The
contribution of non-SU~6! states to the proton spin is given
by

~Sz!c5
~12Sq!

2sin2u
2
1

2
5

0.32

sin2u
20.5. ~17!

sin2u<3/16 is the mixing angle between the SU~6! and non-
SU~6! components in the proton wave function. Takingu at
its maximum one has (Sz)c51.2260.10, which is not incon-
sistent with orbital angular momentum of the partons con
tributing to the proton spin.

In summary, there are numerous indications that a pro
erly understood application of the constituent quark mod
may yet explain most of the features of the nucleon spin.
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