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ABSTRACT

The spin-dependent structure functions of the proton g} and g} have recently been
measured in inclusive polarised muon scattering by the SMC at CERN. The first mo-
ment of g] has been estimated at Q2 = 10 GeV? to be I} = 0.136 + 0.011(stat.)
+ 0.011(syst.), in disagreement with the Ellis-Jaffe prediction: I”g ; = 0.176 =+ 0.006.
Using all published data on g; of the proton, the neutron and the deuteron a confir-
mation of the Bjorken sum rule at the 10% accuracy level was achieved and estimates
of the quark spin contribution to the nucleon spin AX = 0.30 were obtained.

1 Polarised Deep Inelastic Scattering

1.1 The Structure Functions

Most of the present knowledge on the internal structure of the nucleon rests
on the extensive experimental information obtained in deep inelastic scattering (DIS)
experiments using high-energy charged and neutral lepton beams.

The cross-section formula for high energy charged leptons DIS interaction on
nucleons is obtained, in the single photon exchange approximation, from the product
of a leptonic tensor L,, and a hadronic tensor H*”. The latter can be expanded
into Lorentz covariant terms whose coefficients define the structure functions to be
measured. ‘

There are four such independent structure functions: Fy(z,Q?), Fi(z,Q?),
g1(z,Q?) and g;(z,Q?), where the kinematical variables are the Bjorken scaling vari-
able z and the negative squared four-momentum transfer Q2.

F, and F; come from the symmetric part H’s‘ and are independent of the
nucleon spin, while g; and g, come ﬁom the antisymmetric term H'"” dependent on
the nucleon spin.

Only F; and F; can be measured in unpolarised DIS experiments, while both
polarised beam and polarised target are needed to experimentally access g or g,

Ly H¥ = IS, + A (1)
and L:}v vanishes for unpolarised leptons. '
Denoting the parallel (antiparallel) polarisation of the target nucleon spins

with respect to the one of the incident lepton by 11 (7|), the spin-averaged cross-
section: 25 = o't + o' is obtained from L5, H5", and is given by:
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while the spin-dependent part of the cross-section: 2A¢ = o' — o1 is obtained from
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The function g; is expected to show scaling behaviour similar to F} and F3,
iie. g1(2,Q%) —> g:(z) for @ —> oo.

In the framework of the Quark Parton Model (QPM) g; has a very simple
interpretation, similar to the one of the structure funtion F:

=iy fE@-g @), ReE)=;Ydld@raE)] @

where g (g;") denotes the distribution function of quarks and antiquarks of flavour 4
having their spin parallel (antiparallel) to the nucleon spin and e; is the corresponding
electric charge.

The structure function g; can be written as a sum of a contribution, gy*,
directly calculable from g;, and a pure twist-3 term® 73: - :

1 d :
92(3’(?2) = g;’w(m, Qz).-{—g-i(m,‘gz), gé‘"”(:c,Qz) = "'91(3:1Q2)+./:; gl(tv Qz)'?t' (5)

There is no simple infefpreta.tion of g, in the QPM, since gz describes qua,fk-
gluon correlations, which are not present in the simple versions of the QPM.

1.2  Sum Rules

Although the exphcxt form of the structure functions is not predicted by theory,
there are, in some cases, definite predictions for their moments, which are called sum
rules. In particular the ﬁrst moments of g;:

L@ = [ oi(e,Q%)de (6)

are expected to obey the most important and fundamental sum rule for polarised
DIS, the Bjorken sum rule, which was first derived? from current algebra in 1966 and
has been refined by including perturbative QCD corrections:

7@ - (@) = § g2 Cns(@) (7)

The labels p and n refer to proton and neutron, G4 and Gy are the weak decay
axial and vector coupling constants, Cyg is the perturbative non-singlet coefficient

function which has been calculated® up to order-3 in a,. In the Bjorken limit:
/ 1G 1
I =_—2=

§G, s 1D ()
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where (F + D) is the matrix element of the triplet current. This current is conserved
and therefore scale independent and it is equal to the axial coupling measured in
neutron § decay: (F' + D) = 1.2573 + 0.0028.

Assuming that SU(3); symmetry is valid for the baryon octet and that the
strange quark sea in the nucleon is unpolarised, Ellis and Jaffe* have derived separate
predictions (E.J. sum rules) for I'Y and I'? relating them to the matrix elements of
the octet current, which is also a conserved quantity.

Releasing the assumption on the strange sea polarisation from the E.J. sum
rules, one can derive a relation between I'"" and AX, which is valid in the Bjorken
limit and for the three lightest quark flavours:

1 1 1
pin F+D)+—(3F — D)+
" = £5(F+ D)+ 53 ) +3AL (9)
The most recent fit from octet decay data® gives: (3F — D) = 0.579 = 0.025.

Using Eq. 4, one can see that in the framework of the QPM:
AT = Au+ Ad+ As, Ag= / {gt(z) = ¢; (z)}dz, gq=u,d,s. (10)

i.e. AY represents the fraction of the nucleon helicity carried by the quarks, which
enters the total nucleon spin equation:

1 1 .
where AG is the helicity carried by gluons and < L, > is the contribution from the
partons orbital angular momentum. If As = 0, as in the E.J. sum rule, the QPM
expected value for AY is (3F — D) ~ 0.58; otherwise: AX = 0.58 + 3As.

A sum rule for the structure function g, has been derived by Burkhardt and

Cottingham® using Regge theory:

\ 1 TR : :
[ o:(z.Qdz =0 (12)
but the validity of the denvatmn is presently being quest10ned1

1 3 - Extraction af gl fem ;

. Experimentally .g; is extracted from measured asymmetries obtained using
longltudma.lly polarised beam and target. Data are collected in the two relative spin
orientations and the observed counting rate asymmetry A is given by:

NTL_ ptt
= N TN = BPfA e o (13)
From A one can deduce the lepton-nucleon cross-section asymmetry A = Ac/7
provided one knows the beam ipolarisation P, the target polarisation P;, and the
dilution factor f (fraction of polarisable nucleons).
A is related to the virtual-photon nucleon absorption cross-section asymmetry

Al(m:-Qz) by:



A(z, Qz) = D(z, Qz) [A'l’(a:, Qz) + (=, QZ)A2(“’5 Qz)] ~ D(z, Qz)AllJ(zf Qz) (14)

where the photon depolarisation function D(z,Q?) depends also on the unpolarised
structure function R(z,@?) which represents the ratio between the longitudinally and
the transversly polarised photon absorption cross-section. The approximate equality
holds since the kinematical factor 7 is small in the range covered by present experi-
ments. The structure function g; can then be extracted from A, using the values of
F; determined from other experiments:

9’1(3, Qz) = Al(‘n: Qz)Fl(a’s Qz) ; (15)

1.4 Earlker Results

First measurements of g were performed at SLAC by Experiments E807 and
E130° and at CERN by the European Muon Collaboration (EMC)®. These data
showed an important deviation from the E.J. prediction 1mply1ng the total quark
spin contribution to the spin of the nucleon to be small: AY = 0.12 + 0.16. Several
theoretical ideas were proposed in order to understand this result, and new exper-

iments were prepared to collect polarised DIS data at CERN, SLAC and DESY.

2 The Spin Muon Collaboration measurement of gr

2.1 The Measurement of gf

During 1991 and 1992 The Spin Muon Collaboration Experiment collected
inclusive DIS data using a polarised deuterated butanol target to perform the first
measurement of the structure function g¢. The CERN SPS 100 GeV positive muon
beam was used and the accessed kinematical range was 0.006 < z < 0.6, 1 GeV? <
Q? < 30 GeV? The result'® for the integral of g was: I'{ = 0.023 £ 0.020(stat)
+0.015(syst.), smaller than the prediction of the E.J. sum rules. Combining the SMC
data with earlier measurements of g} the difference I'; —I'! was extracted for the first
time and found to be in agreement with the Bjorken Sum Rule. High-statistics data
on g} from polarised e™-*He scattering were reported!! by Experiment E142 at SLAC,
and a combined analysis'? of SMC and E142 data showed full consistency between
the data in the kinematic region of overlap, and emphasized that the conclusions
concerning I'; are very sensitive to the small z extra.polatlon of g; and to higher
order QCD corrections. § 2 '

2.2 The Muon Beam

The positive muon beam used for the measurement of g in 1993 was provided
by the CERN SPS and had an average energy of 190 GeV; the intensity was = 4 x 107
muons/spill, with a spill time of 2.4 s and a period of 14.4 s." “The beai was polarised
due to the parity-violating meson decays from which'it was produced its polarisation
P, was measured by the SMC muon polarimeter'® to be P, = —0.80340.029(stat.)+
0.020(syst.) by fitting the shape of the energy spectrum of positrons from muon decay
pt — ety v,. This value of P, was in good agreement with Monte Carlo simulations

!
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of the beam transport'®. The momentum of the incident muon was measured event
by event using a bendmg magnet upstream of the target.

2.8 The SMC Polarised Targel

The target used for the measurement of g} consisted of two 60 cm long, 5 cm
diameter cells, separated by 30 cm. The material was butanol (plus about 5% H;0)
doped with paramagnetic complexes and frozen into ~ 1.5 mm diameter beads. The
cells were inside a 3He/*He dilution refrigerator at a temperature of 0.3 K when
polarising and below 60 mK in frozen-spin operation. A 2.5 T field aligned along the
beam axis was provided by a superconducting solenoid and was homogeneous at a
level of 2 x 10~° throughout the target volume.

Unbound protons were polarised by dynamic nuclear polarisation induced by
microwave power, in opposite direction in the two target cells. Ten coils along the
target were used to measure the polarisation Pr via NMR signals, which were cali-
brated by comparison to the thermal equilibrium signals around 1 K. The average Pr
was 0.86 and the relative accuracy of the measurement was 3%. The spin directions
were reversed by spin rotation every 5 hours. The dilution factor f, i.e. the fraction
of event yield from polarised protons in the target, was on average f ~ 0.12.

2.4 The Spectrometer and the’ Analysis

Upstream of the target a set of scintillator hodoscopes and proportional cham-
bers were used to reconstruct the incident muon track. Downstream of the target a
spectrometer consrstmg of a conventlonal large-aperture dipole magnet and propor-
tional chambers, drift chambers and streamer tubes (a total of 150 planes), was used
to reconstruct the tra.Jectory a,nd to measure the momentum of the scattered muon.
Scintillator hodoscopes, located downstream of a 2 m thick iron hadron absorber were
used to identify the scattered muons and to provide the triggering signal.

The average. resolution on the reconstructed interaction vertex was 30 mm
along the beam drreetlon and 0. 3 mm perpendicular to the beam direction. Cuts
were applied to minimize smearmg effects, to limit the size of radiative corrections, to
reject muons ongmated from deca.ys in the target, to equa.hze the beam illumination
of the two target cells, and to ensure proper separation of upstream and downstream
cell interaction vertices. After cuts the data sample : amounted to 4.4 x 10° events in
the kinematical range 0.003 < z < 0. 7 and 1 GeV? < Qz < 60 GeV?2.

The virtual-photon absorption asymmetry A? was obtained from the measured
asymmetry A neglecting the A; term of Eq. 14. An important reduction of the
contribution to the systematic error coming from the A, term was obtained from the
direct measurement of A,. I

_ AY was extracted from combmatlons of da.ta. sets ta.ken before and after a po-
larisation reversal, weighting each event, with the correspondmg values of the photon
depolarisation D and the dilution factor f. The advantage of simultaneous data tak-
ing with two oppositely polarised cells;is. the cancellation of systematic erros due to
the luminosities and the acceptances, pmvlded that the ratio between the upstream
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Figure 1: The virtual-photon proton cross section asymmetry A; as a function of z. The errors
shown are statistical only

target cell acceptance and the downstream one remains corié;tél}t within two polar-
isation reversals. The time dependence of all detector efficiencies was extensively
studied and included in the systematic error on A. The effect of spin-dependent
radiative corrections was calculated and taken into account.

2.5 The Asymmetry A}

The SMC measured values of A? have recently been published'®. They are
presented in Fig. 1 as function of z. The mean Q? of the SMC data points varies
with increasing z from 1.3 to 58 GeV?. Also shown are the earlier data from E807,
E130%, the EMC®, and the recent results from E143 SLAC experiment'®. This figure
shows the consistency of the data from SMC and E143 and their complementarity:
E143 has performed a high statistics measurement in the region of z > 0.03 while
the SMC has a unique capability to explore the very low z region.

2.6 The Measurement of A,

The Spin Muon Collaboration has also performed the first measurement of A3,
in a dedicated experiment'” where a 100 GeV muon beam was used and the proton
polarisation was held in a direction perpendicular to the beam by a 0.5 T dipole field.
A total of 8.7 x 10° events was obtained in the range 0.006 < z < 0.6 and 1 < Q% < 30
GeV?. The results are shown in Fig. 2: A, was found to be significantly smaller than
its positivity limit /R (with R(z,@?) taken from the SLAC parametrization'?), and
consistent with the values obtained with gz = 0 in Eq: 5.
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Figure 2: The asymmetry A, as a function of Figure 3: The spin dependent structure func-
z. The solid line shows the positivity limit and tion gf(z). Error barsrepresent the statistical
the dashed line shows a prediction without the uncertainty. The size of the systematic errors
g7 contribution. for the SMC data is indicated by the shaded
area.

2.7 The Structure Function g

The structure function g] has been extracted from A} at each z bin using
Eq. 15 and the relation:
F 2(33’ Qz)

%[ + Rz, QY] (16)

where the unpolarised structure function F5(z,Q?) was taken from the parametriza-
tion provided by NMC'® and the function R(z,Q?) was taken from a global fit'® of
SLAC data.

In Fig.3 the result for g(z) is presented together with the EMC data, recal-
culated using the NMC parametrization'® for F,. The rise at low z is interesting
although not significant enough to question the usually expected Regge behaviour®.
Recent papers™?! however suggest the possibility of singular behavior of g;(z) at
small . '

2.8 Estimate of I}

To evaluate the integral I'7(Q?) (Eq. 6) at a fixed @7, the values of g in each
bin need to be recalculated at Q2 before integration. This was done using Fy(z,Q3) in
Eq. 15 and assuming that A; does not depend on Q?. This assumption is consistent
with the data and with recent theoretical calculations®?, however it might not be valid
in the low z region where the data are not precise enough to exclude larger scaling
violation of A;. SMC has chosen Q2 = 10 GeV?, which represents an average value
for the data. The values of g}(z, Q) are shown in Fig.4 as solid circles. Integrating
over the measured z range one obtains: | -

<F1(:B, Qz) =
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Figure 4: gf(z) as function of z at Q? = 10 GeV2. The [Total systematic error 0.0113
solid circles refer to the right axis. The open boxes (left |[Siatistics 0.0114
axis) show the partial integral in x from the lower edge of
the bin to 1 of g]. Only statistical errors are shown. The .
solid square is the SMC result for I'} with statistical and  Table I. Contributions to the system-
systematic errors combined in quadrature. Also shown ,iic error of r?

is the prediction from Ellis-Jaffe sum rule.

0.7
f (=, Q5)de = 0.131 £ 0.011 + 0.011 (17)
0.

003

where the first error is statistical and the second is systematic.

For the range 0.7 < ¢ < 1 the assumption that A} = 0.7 & 0.3 was made and
the relative contribution to the integral was estimated to be 0.0015 £,0.0007. Using
this estimate and the g; points of Fig. 4 one can compute for edch z bin the integral
of g; from the minimum x value of that bin to z = 1: the results are shown in the
same figure as open boxes. P

The unmeasured range 0 < z < 0.003 contributes to the integral g} and to its
error more than the high z region. In this region, the SMC assumed gf(z) = C, which
is consistent with the expected Regge behavior®®: gf(z) o< z*, with 0 < @ < 0.5. The
value of C' was obtained from the fit of the two lowest points and the corresponding
contribution to I'/ amounts to 0.004 4 0.004. The final result for I'} at Q2 = 10 GeV?
is:

I7(Q2) = 0.136 £ 0.011 £ 0.011 (18)

where the first error is statistic and the second systematic. This result is represented
by the closed box on Fig.4. The E.J. prediction is also shown in the figure as an
open circle: it is more than two standard deviations above the measured value. The
sources of the quoted systematic error are listed together with their contribution in
Tab. 1.



3 The Spin Structure of the Nucleon
3.1 Test of the Bjo_rksn sum Rule

The integral T} has been recalculated for Q3 = 5 GeV? in order to test the
Bjorken sum rule together with the data from E80, E130, EMC and E142.

To extract I'} from gf or g;H ¢, which are the measured structure functions,
one needs to take into account nuclear effects. In the case of the deuteron data the
relation is: I} 4T} ~ 2I'd /(1 — 1.5wp ) where wp is the probability of the deuteron to
be in a D-state. For *He the formula is: I'} = (1.15 £ 0.02) I'ife 4 (0.057 & 0.009) I'}.
In this procedure the nuclear effects from shadowing and also from the Fermi motion
are not taken into account.

The measured value at Q3 = 5 GeV?is I —I'} = 0.204+0.029, to be compared
with the theoretical value from Eq.7 0.185 4 0.004, which includes perturbative
QCD corrections® up to third order in @, but no higher twists contributions. This
provides a confirmation of the Bjorken sum rule at the one standard deviation level,
corresponding to an accuracy of 10% of the predicted value.

3.2 Eztraction of AX

The quantity ‘A, defined in Eq.9, is related to the matrix element of the
flavour singlet fermionic axial current j of the target:

Ny L)
= %mmsi,  <psliflps >= Ms"AS (19)
i=1 ;

where p#, M and s* are the 'iarget four-momentum, mass and spin. The current j*
is not conserved, and hence AX is not a conserved quantum number?®. Indeed, at
finite Q% Eq.9 becomes

TH(Q") = Ows(@") 55 (F + D) + 537 - D)] + Cs(@)[5A%(QY)]  (20)

where, apart from the perturbative coefficient functions Cys and Cg, AX itself is
scale-dependent. In order to compare AX from data at different Q* an asymptotic
value AX(o00) is defined®*:

AS(Q?) = [1 g %(“—(fl) o 1.2130(9‘—’-(11@)2 I3 .]Az(m) (21)

From the SMC g7 measurement!® one extracts AX = 0.22 4 0.10 & 0.10 and
As = —0.12 + 0.04 4= 0.04 .which confirm the indications from the EMC and from
the SMC g¢ measurement that only a small fraction of the nucleon helicity is coming
from the helicity of the quarks.

The experiment E142 had reported AY = 0.57 &+ 0.11, but the value was
obtained at Q% = 2GeV? without higher order QCD corrections: a combined analysis
of data from E80, E130, EMC, SMC (g¢) and E142 gave the result AY = 0.24+0.23.
The E143 has recently quoted’® the value AY = 0.29 4 0.10.
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A rather consistent picture is emerging from the new data, and the under-
standing of the nucleon spin structure will certainly benefit from the present exten-
sive experimental effort. Two recent pubhcatlons25 +26 have reported results from fits
on all published da.ta. (mcludmg E143), where the Bjorken sum rule was taken for
granted and used to estlma.te the strong coupling constant a, together with AX.
Their results are in good agreement:

(M) = 0.122499% AY = 0.31 + 0.04
from Ref.?’, -
o:,(Mz) = 0.125 + 0.006, AY. =0.33 +£0.04
from Ref.%¢
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