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ABSTRACT

In the recent experiments E154 and E155 at SLAC the spin-dependent

structure functions gn1 , g
p
1, and g

d
1 of the neutron, proton, and deuteron

were measured by scattering longitudinally polarized 48:3 GeV elec-

trons o� longitudinally polarized targets. We report on the measure-

ment of gn1 by E154, and on the preliminary results on gp1 from E155.

The SLAC results provide the most precise determination to date of

the polarized structure functions.

We observe relatively large values of gn1 at low x that call into

question the reliability of data extrapolation to x! 0. Such divergent

behavior disagrees with predictions of the conventional Regge theory,

but is qualitatively explained by perturbative QCD. We perform a

Next-to-Leading Order perturbative QCD analysis of the world data

on the nucleon spin-dependent structure functions. Using the param-

eterizations of the helicity-dependent parton distributions obtained in

the analysis, we evolve the data to Q2 = 5 GeV2, determine the �rst

moments of the polarized structure functions of the proton and neu-

tron, and �nd agreement with the Bjorken sum rule.

c
 1997 by Yury G. Kolomensky.



1 Introduction

Understanding the structure of the nucleon is one of the most fascinating chal-

lenges facing modern physics. Deep-inelastic scattering (DIS) experiments provide

perhaps our cleanest window on hadronic structure at large momentum transfer

squared Q2. The original DIS experiments at SLAC1 built the foundation for the

quark-parton model.2{4 As the precision of the measurements improved, the scal-

ing violations were revealed, and the unpolarized DIS data were used to provide

stringent tests of perturbative QCD, measure the strong coupling, and determine

the gluon distribution.

While the measurements of the unpolarized structure functions have long

reached maturity, studies of the spin structure of the nucleon have only recently

come of age. The �rst polarized deep-inelastic scattering experiments were done

at SLAC three decades ago.5,6 These measurements con�rmed the parton model

expectations of the large spin asymmetries in the electron-proton scattering at

high x, the fraction of nucleon momentum carried by a struck quark. The sub-

sequent measurement of the proton spin structure function gp1 at higher energies

by the EMC Collaboration at CERN7 revealed that the asymmetries are small at

low x. The naive parton model interpretation of their data is that the quarks con-

tribute very little to the proton's spin|in contradiction with quark models. This

surprising result, dubbed the spin crisis at the time, generated great theoretical

and experimental interest.

Since that measurement, much more data have become available from SLAC,8{10

CERN,11,12 and DESY.13 The recent measurements done at SLAC have further

improved our knowledge of nucleon structure. In experiment E154,14 we have

measured the structure function gn1 of the neutron with high precision and over

a broad kinematic range. The recent preliminary results from experiment E155

have improved the precision on gp1, and the new data on the structure function gd1

of the deuteron will be available shortly. The latest results, combined with the

world spin structure data, have been used15 to determine the polarized parton

distributions and con�rm the fundamental Bjorken sum rule.16

1.1 Polarized Structure Functions

Our primary concern is with deep-inelastic scattering o� polarized targets. Exper-

iments at SLAC and DESY used polarized electrons while experiments at CERN
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Fig. 1. Deep-inelastic scattering.

utilized naturally polarized muon beams. Consider a DIS experiment where a lep-

ton beam with de�nite polarization and momentum k� = (E;~k) scatters o� a po-

larized proton target. This is shown in the one photon exchange diagram of Fig. 1

to leading order in the electromagnetic interaction. We work in the laboratory

frame so that the proton target P has momentum p� = (M; 0) and polarization

S�. The lepton L is scattered through an angle # and emerges with momentum

k
0� = (E

0

; ~k
0

). The exchanged photon carries four-momentum q� = (k � k
0

)�.

The scattering process is then characterized by the two invariants Q2 = �q2 and

� = p � q=M [� = (E � E
0

) in the LAB frame] or, equivalently, by Q2 and the

Bjorken variable x = Q2

2M�
. We measure the inclusive hadronic cross section, so

that hadronic �nal states X with the same invariant mass squared, W 2 = (p+q)2,

are not separated.

The spin structure experiments measure the longitudinal and transverse asym-

metries
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where "# denote the longitudinal lepton polarization and *+ (() denote longitu-

dinal (transverse) polarization of the target nucleon with respect to the incident

beam. The polarized structure functions g1 and g2 are given by17
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F1(x;Q
2)
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h
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where F1 is the unpolarized structure function, y = �=E, and D
0

is a kinematic

factor. Since the scattering angle # is typically small, the parallel asymmetry

primarily measures the longitudinal structure function g1 while the transverse

asymmetry is used to determine g2.

In the naive quark-parton model, the structure function g1 is given by the

quark helicity distributions

g1(x) =
1

2

X
q

e2q [�q(x) + ��q(x)] ; (5)

where

�q(x) � (q" � q#)(x) (6)

and q"(q#) is the probability to �nd a quark with helicity aligned (anti-aligned)

with that of a parent nucleon. The sum is over light quarks (heavy 
avors con-

tribute very little to the structure functions). The �rst moments of the spin-

dependent parton distributions �q =
R 1
0 dx �q(x) determine the fraction of the

nucleon helicity carried by a parton. The total spin of the nucleon receives con-

tributions from quarks, gluons, and orbital angular momentum,

1

2
�� +�G + < Lz > =

1

2
: (7)

The sum

�� =
X
u;d;s

[�q +��q] (8)

is interpreted as the nucleon helicity carried by quarks, and �G �
R 1
0 dx�G(x) is

the helicity carried by gluons.

In operator language, �qi is de�ned by the proton matrix element of the axial

current. We write

2MS��qa = < p; Sj�q
�
5
�a

2
qjp; S >; (9)

where a = 3; 8; 0 denote SU(3) matrix elements. The non-singlet matrix elements

also arise in the neutron and hyperon beta decays. Current algebra relates the

spin-dependent (strong interaction) structure of the proton, measured in polar-

ized deep-inelastic scattering at high energies, to the quantities needed in low-

energy weak-interaction physics. The currents which measure �q3 and �q8 do



not renormalize, so these quantities are scale independent. They are determined

as �q3 = gA = F +D and �q8 =
1p
3
(3F �D) within SU(3). The axial coupling

constant of the neutron beta-decay is gA, and F and D are the antisymmetric and

symmetric SU(3) couplings. One �nds18,19

�q3 = (�u+��u)� (�d+��d) = 1:2601� 0:0025; (10)

and

�q8 = (�u+��u) + (�d+��d)� 2(�s +��s) = 0:688� 0:035: (11)

Since �q3 and �q8 are determined from other experiments, by measuring the

integrals �p;n1 =
R 1
0 dx g

p;n
1 (x), we can extract the singlet \spin content" of the

proton �� as well as individual quark contributions �u, �d, and �s (we assume,

again, that there is a negligible heavy quark contribution).

There are two sum rules for g1 which can be tested in spin-dependent deep-

inelastic scattering. The Bjorken sum rule16 gives a relation for the di�erence

between the �rst moment of g1 for a proton and neutron target. In the scaling

limit, it reads: Z 1

0

dx

�
gp1(x)� gn1 (x)

�
=

1

6
gA : (12)

The Bjorken sum rule was derived using current algebra before the advent of QCD

and is a test of isospin symmetry. At the �nite Q2 of an experiment, one must

include perturbative QCD (pQCD) Wilson coe�cients:

Z 1

0

dx

�
gp1(x)� gn1 (x)

�
=

1

6
gACNS(Q

2); (13)

where the expansion for the non-singlet coe�cients CNS(Q
2) in terms of �S(Q

2)=�

is known to the third (NNNLO) order.20,21

The second sum rule for g1 is the Ellis-Ja�e sum rule22 and is a test of the

Okuba, Zweig, and Iizuka (OZI) rule in the 
avor singlet channel. The �rst

moments of the spin structure functions can be expressed in terms of the SU(3)

matrix elements:

�p;n1 =
CNS(Q

2)

12

�
��q3 +

1

3
�q8

�
+
CS(Q

2)

9
�� : (14)

The singlet Wilson coe�cients CS have been recently computed to the third or-

der.23 If we assume that strange (and heavy) quarks do not play a signi�cant role

and set �s = 0, then �� = �q8, and the integrals �p1 and �n1 are determined



by the hyperon beta decays. The Ellis-Ja�e sum rule involves a model-dependent

assumption that the OZI rule is obeyed, whereas the Bjorken sum rule should

hold exactly in QCD. Experiments prior to E154 have found the Ellis-Ja�e sum

rule to be violated by more than two standard deviations7,9{12 and con�rmed the

Bjorken sum rule.10,12,25

1.2 Experimental Situation before E154 and E155

The �rst experiment on spin-dependent deep-inelastic scattering was E80 at SLAC

in 1976.5 The experiment used a polarized electron beam with energies of 9:7

and 12:9 GeV, and a polarized butanol target to measure the photon-nucleon

asymmetry A
p
1. The experiment was repeated in 1980 by the same SLAC-Yale

collaboration (SLAC E130)6 with higher electron energies (16:2 and 22:7 GeV).

The experiments found good agreement with the quark-parton expectations over

the covered x range.

The experimental program was continued at CERN by the EMC experiment

which took data in 1984{85 (Ref. 7). EMC scattered a naturally polarized �+

beam with energies between 120 and 200 GeV o� a polarized ammonia target.

The high muon energy allowed the measurement to extend to much lower x than

in the original SLAC experiments. The EMC results were in good agreement

with the naive quark model expectations and SLAC results for x > 0:1, but

the data appeared to be signi�cantly below the prediction at lower values of x.

Consequently, EMC obtained for the �rst moment of gp1,

�p1(EMC) = 0:126� 0:010(stat:)� 0:015(syst:) (15)

at an average Q2 = 10 GeV2, about a three standard deviation disagreement with

the Ellis-Ja�e prediction. Assuming SU(3)
avor symmetry and using Eq. (14), one

can �nd that the total quark contribution to the proton spin is small:

�� = 0:12� 0:17: (16)

This result came as a surprise, and the e�ect was even dubbed \the proton spin

crisis" in the community. It has inspired a large amount of theoretical work aimed

at understanding the spin structure of the proton. It has also been the genesis

of a new experimental program in polarized DIS. The interest shifted towards

experimental tests of the Bjorken sum rule and precision determinations of the

spin structure of the nucleon.



The SLAC spin structure program restarted in the Fall of 1992 with the ex-

periments E1428 and E143.9,10 Development of strained GaAs cathodes resulted

in the high beam polarization of � 80% available to E143. The high intensity

of the electron beam and the ability to 
ip the direction of the electron helicity

on a pulse-by-pulse basis determined the statistical and systematic precision of

the experiments. E142 used a high-density polarized 3He target to measure the

spin structure function gn1 of the neutron, and E143 ran with polarized ammonia

targets to measure the structure functions gp1 and g
d
1 of the proton and deuteron.

Unlike the original SLAC experiments, the transverse asymmetry A? was also

measured and the transverse structure function g2 was extracted for the proton

and deuteron.24 The experiments covered the x range of 0:03 � x � 0:7 at an

average Q2 of 2 GeV2 (E142) and 3 GeV2 (E143).

The program at CERN continued with the SMC experiment,11,12 which took

data with polarized deuteron targets in 1992, 1994, and 1995 (deuterated butanol

was used as a target material), and with a proton target in 1993 and 1996. Like

EMC, SMC used the highest energy 190 GeV muon beam, and the butanol target

was superseded in 1996 by an ammonia target. Due to the high beam energy, the

experiment reached lower values of x and higher Q2 than the SLAC experiments.

The measurements covered the x range of 0:003 � x � 0:7 at an average Q2 of

10 GeV2. However, the muon intensity was low, and statistics limit the precision

of the SMC measurements.

A new spin structure program was started recently at DESY. The HERMES

experiment operates in the HERA storage ring utilizing the 27 GeV positrons

(electrons) and polarized internal gas targets. The �rst inclusive results from the

1995 run with a 3He target have been published.13

The summary of the data available prior to E154 is given in Table 1 and

Figs. 2 and 3. The consistency of the data taken in di�erent experiments and at

di�erent kinematics is outstanding. Not only are the tests of sum rules possible,

but information about the shape of the structure functions and the underlying

parton distributions has begun to emerge.

Barring di�culties with the low-x extrapolation and the Q2 evolution of the

structure functions, the values of the moments in Table 1 can be used to test the

Bjorken sum rule and extract the total quark contribution to the proton helicity



Table 1. Values of the �rst moments of gp1, g
n
1 , and g

d
1 reported by experiments at

SLAC and CERN.

Experiment Target Q2 (GeV2) �1 � stat:� syst: Ref.

CERN EMC p 10 0:126� 0:010� 0:015 [7]

CERN SMC p 10 0:136� 0:011� 0:011 [11]

CERN SMC d 10 0:041� 0:006� 0:005 [12]

SLAC E142 n 2 0:031� 0:006� 0:009 [8]

SLAC E143 p 3 0:129� 0:004� 0:009 [9]

SLAC E143 d 3 0:042� 0:003� 0:004 [10]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

10
-3

10
-2

10
-1

1

Q2 = 5 GeV2

E143

EMC

SMC

x Bjorken    

xg
1p

Fig. 2. World data on xgp1(x).



-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

10
-3

10
-2

10
-1

1

SMC

E142

E143

HERMES

x Bjorken    

xg
1n

Fig. 3. World data on xgn1 (x).

��. Ellis and Karliner25 performed a global �t to the data and obtained

Z 1

0

dx
h
gp1(x;Q

2)� gn1 (x;Q
2)
i
= 0:164� 0:011 (17)

at Q2 = 3 GeV2, in perfect agreement with the prediction. For the quark helicity

contributions, Ellis and Karliner obtained25

�u+��u = 0:82� 0:03

�d+��d = �0:44� 0:03 (18)

�s +��s = �0:11� 0:03

and

�� = 0:27� 0:04: (19)

One has to keep in mind, of course, that the theoretical errors associated with

the low x extrapolation, Q2 dependence of asymmetries, higher twist e�ects, etc.,

have not been included in Eqs. (18) and (19).

Several pQCD �ts to the polarized deep-inelastic data have been made in the

leading26{29 and next-to-leading30{32 orders in �S. The �rst information on the

polarized parton distributions has become available.
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2 SLAC E154 and E155

2.1 Polarized Electron Beam

One of the main components of the SLAC experimental setup was the high-

intensity, 48:3 GeV polarized electron beam. Recent advances in photocathode

technology provided for high polarization, an important factor in achieving high

statistical precision.

The polarized electrons were produced by photoemission from a strained GaAs

photocathode.33,34 The photocathode was illuminated by a 
ashlamp-pumped

Ti:sapphire laser that produced 200{350 ns long pulses at a wavelength of 850 nm

with a 120 Hz frequency. A schematic of the polarized source is presented in

Fig. 4. The laser light was polarized with a linear polarizer and a combination

of two Pockels cells. The helicity of the light (and hence the direction of electron

polarization) was changed pseudo-randomly on a pulse-to-pulse basis by chang-

ing the voltage on one of the Pockels cells. Possible false asymmetries due to slow



changes in spectrometer acceptance and detector e�ciencies were thus reduced to

a negligible level. Typical beam polarizations of � 80% were achieved.

The longitudinally polarized electrons were accelerated in the linac to 48:3 GeV

and directed into End Station A (ESA). The beam polarization was measured

periodically by a M�ller polarimeter. The polarimeter consisted of a polarized

iron foil target, a momentum-analyzing magnet, and a �nely-segmented detector.

In addition to the single-arm polarimeter used in E154,35 a double-arm polarimeter

was employed for E155.36 Both detectors gave consistent results, and the typical

precision of the measurement was � 3%.

2.2 Polarized Targets

The polarized 3He target37 used in E154 was one of the major factors that deter-

mined the success of the experiment. It was very similar to the polarized target

used in E142.38 The target was a two-chambered 30-cm long glass cell containing
3He at densities of 2:6�1020 atoms/cm3. The 3He nuclei were polarized in the top

(pumping) chamber via spin exchange collisions with optically pumped Rubidium

atoms.39 The polarized 3He gas then di�used to the bottom (target) cell. The

polarization axis was determined by an external magnetic �eld of � 20 G. The

schematic of the 3He polarized target is shown in Fig. 5.

The target polarization was measured in the target cell by Adiabatic Fast

Passage (AFP) NMR40 and, independently, in the pumping cell by the Electron

Paramagnetic Resonance (EPR) technique.41 Both methods produced consistent

results with a relative uncertainty in the measurement of polarization of 5%.

Target polarizations of nearly 50% were achieved, with an average polarization of

38%.

The ratio of the scattering rate from polarized 3He to the total rate (the

dilution factor) was increased in E154 by almost a factor of two compared to

E142. The end windows of the target cell were made concave (see Fig. 5) and

thinner. The dilution factor was calculated using existing measurements of the

unpolarized structure function42 F2(x;Q
2) and a �t to the data on R(x;Q2), the

ratio of longitudinal to transverse photoabsorption cross sections from SLAC.43

The dilution factor was also measured by comparing rates from the polarized

target to rates from a dummy cell with variable gas pressure. On average, the

dilution factor was found to be 0:55� 0:03.



Main Coils

Diode
Laser

Argon-Ion Laser

Ti-Sapphire
Laser

EPR Coil

RF Coils

EPR
Photodiode

AFP Pick-up Coils

Oven

X 4

X 3
λ/4

e-

50
GeV

Fig. 5. The schematic of the E154 polarized target setup.



The experiment E155 used cryogenic proton and deuteron targets which were

polarized using a technique of Dynamical Nuclear Polarization (DNP).44 Solid

beads of ammonia (NH3) and LiD were frozen in a bath of liquid helium to � 1 K

and polarized in the magnetic �eld of 5 T. The polarization was measured using

the NMR technique, with a relative precision of � 4%. Polarizations of up to 95%

(25%) were achieved for NH3 (LiD) with an in-beam average polarization of 83%

(23%). The dilution factor for protons in NH3 was 0:16 on average. The dilution

factor for deuteron in LiD was � 0:5, more than a factor of two larger than in

the ND3 target used in E143. The schematic of the cryogenic targets is shown in

Fig. 6.

2.3 Magnetic Spectrometers

Scattered electrons were detected simultaneously in two independent large accep-

tance magnetic spectrometers centered around 2:75� and 5:5� relative to the beam

line.� The 48:3 GeV beam, combined with the choice of angles, allowed measure-

ments in the kinematic range 0:014 � x � 0:8 and 1 GeV2 � Q2 � 17 GeV2. The

2:75� spectrometer covers a momentum range from 10 to 44 GeV, and the 5:5�

spectrometer covers a momentum range from 10 to 39 GeV.

A system of two independent \closed-geometry" magnetic spectrometers with

two dipoles bending the scattered electrons in the opposite directions has several

advantages. First, the neutral background is highly suppressed with the so-called

\double-bounce" geometry,45 which prevents neutral particles from reaching the

detectors without bouncing at least twice o� the magnets and collimators. Second,

unlike the typical open-geometry detectors used in particle physics experiments,

we could choose the relative acceptances of two spectrometers in such a way that

the electron rates, and therefore statistical errors, are comparable at low and

high x. Two spectrometers also provide the lever arm essential for studies of the

Q2 dependence of deep-inelastic spin asymmetries. The schematic plan of the

spectrometers is shown in Fig. 7.

Each spectrometer was equipped with a pair of threshold Cherenkov detectors

operating with nitrogen at a pressure of 1.5 (2) psi in the 2:75� (5:5�) spectrometer.

The pressure corresponds to the pion threshold of 19 (16) GeV. The Cherenkov

�A third spectrometer centered at 10:5� to the beam line was built for E155. Results from this

spectrometer are not yet available.
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photons were focused by a spherical mirror on a single �ve-inch diameter photo-

tube. A typical electron event produced on average 4.5{6.5 photoelectrons in each

counter. The phototube pulses were digitized by a Flash ADC that recorded the

pulse height in 1 ns time slices over the length of the beam spill.

Ten (eight) planes of hodoscopes were used for tracking in the 2:75� (5:5�)

spectrometer. The tracking momentum resolution ranged from 2% at low mo-

mentum to 4% at high momentum, while the scattering angle was determined

to be better than 1 mrad.46 This resolution was su�cient for determining the

kinematics of an event. Multihit TDCs provided 0:5 ns (1 ns) time resolution in

the 2:75� (5:5�) spectrometer, which eliminated combinatorial background from

random background hits.

A total absorption lead glass calorimeter47 in each spectrometer consisted

of 200 blocks in 
y's eye con�guration and provided an energy resolution of

3% + (8=
q
E(GeV)). Calorimeter phototubes were read out by ADCs and mul-

tihit TDCs. Phototubes in the high-rate region of the 2:75� spectrometer had

three TDC channels with di�erent discriminator thresholds to help reconstruct

overlapping clusters.



3 Results from E154

The experiment E154 collected about 100 million deep-inelastic events in October

and November of 1995. The data were taken at the beam energy of 48:3 GeV

and at three nominal beam currents: 3 � 1010, 5 � 1010, and 9 � 1010 electrons

per pulse. Nine polarized target cells and four reference cells were used through

the course of the experiment. The typical electron rate was 0:5 electrons per

pulse in the 2:75� spectrometer, and varied from 0:07 to 0:2 electrons per pulse

in the 5:5� spectrometer. The data set included asymmetry data (in parallel and

perpendicular target polarization con�gurations), reference cell runs to determine

the dilution factor, runs with the magnet polarity reversed to measure the charge

symmetric backgrounds, and miscellaneous calibration and test runs.

3.1 Data Analysis

For every beam pulse, the tracks were reconstructed using the time and spatial

information from the shower counter and two sets of hodoscopes. The tracking

e�ciency was measured to be above 90% for typical running conditions.46 The

tracks were selected as electron candidates if they passed a low threshold cut in

both Cherenkov detectors, which typically corresponded to 1.5{2.5 photoelectrons.

The hadronic background was further reduced by cuts on the ratio of total energy

deposited in the shower counter to the track momentum, E=p > 0:8, and on the

lateral shower pro�le.

The charged hadron contamination to the electron sample was measured to be

3%� 2% in the lowest bin in Bjorken x and decreased rapidly at higher values of

x. The helicity asymmetry of the inclusive pion sample was found to be � 1=3

of the size of the DIS asymmetry. On the other hand, contamination to the DIS

sample from the charge-symmetric processes was found to be signi�cant, � 15%

for the lowest momenta in the 2:75� spectrometer. This contamination decreased

quickly at higher values of momentum. The asymmetry of the charge-symmetric

sample was found to be consistent with zero; however, the statistical error in this

number was the biggest contribution to the systematic uncertainty at low x.

The experimental asymmetries Ak and A? were corrected for the hadronic

and charge-symmetric backgrounds, dilution factor, beam, and target polariza-

tion. Corrections due to rate-dependent e�ects were small (2%{4%), and the

correction due to the parity-violating electroweak interference diagrams was at
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a negligible level due to frequent reversal of both beam and target polarization

directions. Finally, the radiative corrections48,49 were applied to yield the single-

photon exchange Born asymmetries and structure functions for 3He.

Corrections due to the nuclear wave function50 of the 3He were applied to ex-

tract the neutron structure functions. We used the recent data on the proton spin

structure functions9,11 to evaluate contributions due to the proton polarization in
3He.

3.2 Structure Function Results

The results on the spin-dependent structure function gn1 of the neutron
14 are shown

in Fig. 8, together with the results of the SMC experiment at CERN.11,12 The data

have been evaluated at a common Q2 = 5 GeV2 assuming that the ratio gn1 =F
n
1

is independent of Q2 (see Section 4). The E154 data on gn1 give the most precise

determination of the spin-dependent structure function of the neutron to date.

Our results are compared with the data from the previous SLAC experiments

E1428 and E1439,10 in Fig. 9. The agreement among the data sets is very good.

The E154 data extend the measurement of gn1 to lower values of x compared to

the previous SLAC results, and improve the precision by about a factor of two.
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The most striking feature of the E154 data is the behavior of the structure

function at low x. Not only does it not converge to zero as x becomes smaller, but

the behavior is very divergent (Fig. 10). The data below x = 0:1 can be accurately

�tted with a gn1 � x�0:8 power law, incompatible with a traditional Regge theory

expectation51 that g1 is constant or convergent at low x. Such a divergent behavior

makes the extrapolation to x = 0 problematic, as we will discuss in the following

section.

3.3 Sum Rules

Over the x range covered by E154, we obtain the integral of the neutron spin-

dependent structure function

Z 0:7

0:0135
dx gn1 (x) = �0:0360� 0:0039� 0:0045 ; (20)

where the �rst uncertainty is statistical, and the second is systematic.

In order to evaluate the integral of the structure function over the full x range,

the data has to be extrapolated to x = 0 and x = 1. The high-x extrapolation is

straightforward. The quark-counting rules predict52 the leading twist contribution

of g1 to fall o� as g1 � (1� x)3 as x ! 1. The contribution to the integral from
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the unmeasured high x region isZ 1

0:7
dx gn1 (x) = (0:15� 0:42� 0:04)� 10�3 ; (21)

where the �rst uncertainty is statistical, and the second is systematic.

A much more important contribution comes from the unmeasured low-x region

and it is also much more uncertain. The theoretical models vary widely in this

region. The traditional approach, taken by all spin structure experiments prior to

E154, was to assume the convergent Regge behavior g1 � x��, where the Regge

intercept � is associated with the trajectory of the a1 meson and is bound between

�0:5 and 0 (Refs. 51 and 53). Regge theory, however, does not explicitly specify

the kinematic domain (i.e., the x and Q2 range) in which the prediction of the

asymptotic behavior is applicable.

The naive Regge prediction does not describe the E154 neutron data well.

Fitting the gn1 data with a g
n
1 = const form (i.e., saturating the upper limit on the

a1 intercept) results in a con�dence level of 0:4 � 10�3 (where all point-to-point

correlations are taken into account). However, one may still �t the three lowest

x points (x < 0:04) to a constant with a reasonable �2 = 1:7 for two degrees

of freedom. Since the Regge prediction is not very speci�c, we may not a priori
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discard the possibility that the convergent behavior sets in at this, or an even

lower value of x.

Other models of the low-x behavior have been suggested, including a singular

double-Pomeron cut form,54,55

g1 �
1

x log2 x
; x! 0 ; (22)

and a model of the Pomeron based on nonperturbative gluon exchange56 which

gives a softer, but still singular behavior:

g1 � 1 + 2 logx; x! 0: (23)

Perturbative summation of contributions of the form �S log
2(1=x) yields a very

divergent behavior,57

gNS
1 �

1

x0:4
; gS1 �

1

x1:01 log3=2(1=x)
; x! 0: (24)

Several representative �ts to the E154 data are shown in Fig. 11.

The spread of the possible contributions from the low-x region is very big even

for moderately convergent models. Relatively large values of the neutron spin



structure function gn1 at low x question the validity of a naive application of the

Regge theory to the present-day spin structure experiments. It would seem un-

natural if the situation were any better with the proton and deuteron structure

functions; most likely, the experiments have not yet reached the kinematic range

and precision required to see the true asymptotic behavior at low x. A possible

interpretation of our data is that the neutron structure function (or at least its

derivative with respect to x) is dominated by the sea quark and gluon contribu-

tions, which in fact could produce very divergent behavior at low x.57 We will

return to this question in the following section.

4 Next-to-Leading Order Analysis of the Data

Recent progress in both experiment and theory has made polarized DIS into a

powerful tool for QCD phenomenology. On the theoretical side, a full calculation

of the Next-to-Leading Order (NLO) spin-dependent anomalous dimensions has

recently been completed.58 This provides for a perturbative QCD analysis of

polarized DIS analogous to the treatment of the unpolarized data.59{61 At the

same time, improvement in the precision of the experimental data and increased

kinematic coverage has made such an analysis increasingly more meaningful.

An apparent disagreement of the E154 data at low x with a traditional Regge

behavior could be attributed to a large contribution to gn1 from the singlet quark

distribution. This implies the importance of the dynamics of polarized quark and

gluon distributions, and in particular, a possibly sizable Q2 dependence of the

experimental asymmetries. Several analyses30{32 had been done before the E154

results became available. We have performed an NLO analysis15 of the available

world data in order to consistently take into account theoretical and experimental

uncertainties and determine what additional information can be extracted from

the new precision data.

4.1 Fits

We follow the ansatz of Ref. 30 and parameterize the polarized parton distribution

at the low initial scale Q2
0 = 0:34 GeV2 as follows:15

�f(x;Q2
0) = Afx

�f (1� x)�ff(x;Q2
0) ; (25)



where �f = �uV ; �dV ; � �Q; �G are the polarized valence, sea, and gluon dis-

tributions, and f(x;Q2
0) are the unpolarized parton distributions from Ref. 60.

We require positivity,

j�f(x)j � f(x); (26)

at all scales Q2 � Q2
0, which leads to the constraints �f � 0 and �f � 0. In addi-

tion, we assume the helicity retention properties of the parton distributions52 that

constrain �f = 0. We have checked that the data are consistent with this assump-

tion. The remaining eight coe�cients were determined by �tting the available

data on the spin-dependent structure functions gp;n;d1 of the proton,7,9,11,62 neu-

tron,8,13,14 and deuteron10,12,62 with Q2 > 1 GeV2. We used either the results for

g1 or determined the structure functions at the experimental values of Q2 using

the results for g1=F1. The unpolarized structure function F1 was obtained from

the recent parameterization of F2(x;Q
2) from NMC42 and the �t to the data on

R(x;Q2), the ratio of longitudinal to transverse photoabsorption cross sections,

from SLAC.43

One of the primary uncertainties in the interpretation of the deep-inelastic

scattering data is the relative freedom in de�ning the hard scattering cross sec-

tions and the singlet quark density �� at the next-to-leading order, known as the

factorization scheme dependence.63,64 Additional uncertainty comes from the lack

of knowledge of the higher-order corrections, and is conventionally referred to as

a renormalization scale dependence. Several prescriptions for setting the renor-

malization scale exist.66 We have choosen Q2 to be the renormalization scale and

estimate the uncertainty by varying the scale. In order to demonstrate the e�ects

of the factorization scheme dependence, we perform our calculations15 in both the

MS scheme of t'Hooft and Veltman65 and the Adler{Bardeen (AB) scheme,31 in

which �� is scale-independent.67

The biggest source of theoretical uncertainty was the error on the value of �S.

We estimated it by repeating the �ts with �S(M
2
Z) varied in the range allowed by

the unpolarized DIS experiments18 �S(M
2
Z) = 0:108�0:116, the scale uncertainty

being the biggest contribution to this uncertainty. We also varied current quark

masses in the range mc = 1 � 2 GeV and mb = 4 � 5 GeV. The sensitivity to

the shape of the initial distributions and the value of the starting scale Q2
0 was

estimated by repeating the �t with initial unpolarized distributions taken from

Ref. 59 at Q2
0 = 1 GeV2; the �rst moments were found to be stable within the

statistical uncertainties. The e�ect of the SU(3)
avor breaking was estimated by



varying the parameter �s from 1 to 0. Possible higher twist e�ects were neglected

since they are expected to drop68 as 1=W 2 and the cut W 2 > 4 GeV2 has been

applied to all the data, with the majority of them exceeding W 2 > 8 GeV2.

4.2 Results and Discussion

Results for the structure functions of the proton and neutron gp1 and g
n
1 at 5 GeV

2

are compared to the experimental data in Fig. 12. The �ts are excellent despite a

small number of free parameters. We �nd that at the initial scale Q2 = 0:34 GeV2

the low-x behavior of the distributions is consistent with the Regge theory pre-

diction51 g1 � const. However, Regge theory in the past has been applied at the

Q2 �2{10 GeV2 of the experiments. This procedure clearly cannot be applied to

the E154 neutron data for 0:014 < x < 0:1, and is incompatible with the pQCD

predictions.57,69

It is interesting to note that the proton structure function is predicted to cross

zero between x = 0:001 and x = 0:01 (at Q2 = 5 GeV2). This is due to the sea and

gluon contributions that start to dominate at su�ciently low x. Since the neutron

structure function gn1 is large and negative, the deuteron structure function gd1 is

expected to cross zero near x = 0:01. The contributions from the valence quarks

and sea quarks and gluons to the neutron spin structure function at Q2 = 5 GeV2

are shown in Fig. 13. One can see that the sea and gluon contributions are larger

than the valence contributions at x � 10�3. Although the sea contributions to gn1

are relatively modest in the E154 data range x > 0:01, the strong x dependence

gn1 � x�0:8 observed by E154 below x = 0:1 is largely due to the sea and gluon

contributions. An observation of a negative value of gp1 at lower x and higher Q2

would provide direct evidence of a polarized sea.

For the �rst moments of the polarized gluon distribution �G and the total

quark helicity �� we obtain in the MS scheme

�G = 1:8+0:6
�0:7(stat:)

+0:4

�0:5(syst:)
+0:1

�0:6(theory);

�� = 0:20+0:05
�0:06(stat:)

+0:04
�0:05(syst:)

+0:01
�0:01(theory) : (27)

The integral of the polarized gluon distribution is positive, but the value is still

poorly constrained. Note that the statistical and systematic errors are compa-

rable. The theoretical error, dominated by the uncertainty on �S, is also quite

large. It could potentially be reduced if a simultaneous analysis of the unpolarized
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and polarized data were performed (including �S as one of the parameters). The

uncertainties on the values of �� are larger than estimated by Ref. 25 due to the

uncertainty in the evolution e�ects and low-x extrapolation embedded in our anal-

ysis. Clearly, more precision high-energy data is needed to provide a greater lever

arm for constraining the evolution of the spin structure functions and determining

the gluon spin density.

Using the parameterization of the parton distributions, one can obtain the

polarized structure functions and evolve the experimental data points to a common

hQ2i using the formula:

gexp1 (xi; hQ
2i) = gexp1 (xi; Q

2
i )��g�t1 (xi; Q

2
i ; hQ

2i) (28)

with

�g�t1 (xi; Q
2
i ; hQ

2i) = g�t1 (xi; Q
2
i )� g�t1 (xi; hQ

2i); (29)

where gexp1 (xi; Q
2
i ) is the structure function measured at the experimental kine-

matics, and g�t1 is the �tted value. Using this procedure, we obtain the integral of

the neutron structure function in the measured range,Z 0:7

0:0135
dx gn1 (x) = �0:035� 0:003� 0:005� 0:001; (30)



where the �rst error is statistical, the second is systematic, and the third is due

to the uncertainty in the evolution. Moreover, we can use the NLO �ts to calcu-

late the contributions to the full integral from the unmeasured high-x, and more

importantly, low-x regions. We use the E154 data to obtain the neutron integral

�n1 = �0:058� 0:004 (stat:)� 0:007 (syst:)� 0:007 (evol:): (31)

Combining the E154 neutron result with the proton data from E143,9 we deter-

mine the Bjorken integral

�p�n1 (5 GeV2) =
Z 1

0

dx (gp1 � gn1 ) = 0:171� 0:005� 0:010� 0:006; (32)

where the �rst error is statistical, the second is systematic, and the third is due

to the uncertainty in the evolution and low x extrapolation. This value is in good

agreement with the O(�3
S) prediction

21 0:188 evaluated with �S(M
2
Z) = 0:109,

and it also agrees very well with the world average

�p�n1 = 0:168+0:005
�0:004(stat:)

+0:008
�0:007(syst:)

+0:007
�0:001(theory) (33)

obtained by direct integration of the parton densities. The result is fairly insensi-

tive to the details of the low-x extrapolation which is well constrained by the data.

The low x behavior in the non-singlet polarized sector is also relatively insensitive

to the higher-order corrections.70

5 Preliminary Results from E155

SLAC experiment E155 took data on the spin structure functions of the proton

and deuteron in early 1997. The preliminary results on g
p
1 are shown in Fig. 14.

The precision of the measurement is signi�cantly improved over the previous ex-

periments. A similar improvement is expected for the deuteron structure function

gd1 when the results become available. An extension of the E155 run is scheduled

for early 1999 to measure the transverse structure functions gp2 and g
d
2 .

6 Conclusion and Outlook

The recent experiments at SLAC have improved the determination of the spin-

dependent structure functions. The increased beam energy allowed us to extend
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the measurements to lower values of Bjorken variable x and to increase the four-

momentum transfer Q2, providing for a possibility to constrain the evolution of

the polarized parton distributions. Thus, not only can the information about the

quark contribution to the structure functions be obtained from the present data,

but also �rst constraints on the gluon helicity distribution are emerging.

At the same time, the data presented us with some surprises. We have observed

relatively large values of gn1 at low x, and the behavior of the structure function

seems to be quite divergent. This apparently disagrees with predictions of the

conventional Regge theory, and poses certain problems for extrapolating the data

to x = 0 in order to evaluate the �rst moment of gn1 and test the Ellis-Ja�e sum

rule. While such a behavior is qualitatively understood in perturbative QCD, �rm

quantitative predictions are not yet available.

In order to reduce the ambiguity in the interpretation of the results, we have

performed a Next-to-Leading Order QCD analysis of the world data on polarized

deep-inelastic scattering. We �nd that the data constrain the �rst moments of the

polarized valence quark distributions; the polarized gluon and sea quark distri-

butions can only be qualitatively constrained. Assuming the validity of the NLO

approximation, we determine the �rst moments of the spin-dependent structure

functions of the proton and neutron, and �nd agreement with the Bjorken sum



rule. However, for an unambiguous determination of the total quark helicity and

the polarized gluon distribution, data at higher energies are needed.

In the near future, the results from E155 on the polarized structure function

gd1 of the deuteron will be available. The spin structure program will continue into

the next century with the semi-inclusive data from HERMES, greater kinematic

coverage at the polarized HERA, and direct measurements of the gluon and sea

helicity contributions at CERN, HERA, and RHIC. Spin-dependent deep-inelastic

scattering is sure to provide us with more exciting insights into the structure of

the nucleon.
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