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ABSTRACT 

The spin asymmetry in deep inelastic scattering of longitudinally 
polarised muons by longitudinally polarised protons has been measured 
over a large x range (. 01 < x < 0. 7) . The spin dependent structure 
function g (x) for the proton has been determined and its integral 1 

over x found to be 0.114 ± 0.012 ± 0.026, in disagreement with the 
Ellis-Jaffe sum rule. Assuming the validity of the Bjorken sum rule, 
this result implies a significant negative value for the integral of 
g

1 
for the neutron. These values for the integrals 

to the conclusion that the total quark spin constitutes a 
fraction of the spin of the nucleon. 

For footnotes see next page. 
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Deep inelastic scatte~ing of pola~ised cha~ged leptons f~om 

pola~ised ta~gets p~ovides a method of studying the internal spin 

st~ctu~e of the nucleon [1-6]. The impo~tant quantity obtained 

f~om the measu~ements is the vi~tual photon-nucleon spin dependent 

asymmet~y A f~om which the spin dependent nucleon st~ctu~e function 
1 

g
1 

can be de~ived. 

a / (a / ) is the 
1 2 3 2 

The asymmet~y A is (a / - a / )/(a / + a / ) whe~e 
1 12 32 12 32 

photoabso~tion c~oss section when the p~ojection of 

the total angula~ momentum of the vi~tual photon-nucleon system along the 

vi~tual photon di~ection is 1/2 (3/2). In the qua~k pa~ton model the 

st~ctu~e function g (x) is ~elated to the diffe~ence of the qua~k 
1 

distdbutions fo~ qua~ks with helicities pa~allel and antipa~allel to 

the nucleon spin. 

The measu~ed asymmet~y (A) f~om scatte~ing longitudinally 

pola~ised leptons by longitudinally pola~ised nucleons is defined as 

A= 
daN - datt 

dat-I. + datt 
(1) 

tt(N) . 
whe~e da 1s the c~oss section when the lepton and nucleon spins a~e 

pa~allel (antipa~allel). In the single photon exchange app~oximation, 

A is ~elated to the vi~tual 

A2 = aTL/aT by 

photon-nucleon asymmet~ies A and 
1 

A = D (A + ~ A ) (2) 
1 2 

He~e aT = ~(a1/2 + a
3

/
2

) is the total t~ansve~se c~oss section and aTL is 

the cont~ibution to the c~oss section ~esulting f~om the inte~fe~ence 

of the t~ansve~se and longitudinal amplitudes. D is the depola~isation 

facto~ 
2 

of the vi~tual photon given by y(2-y)/[y +2(1-y)(1+R)] and 

~ is 
2 

2(1-y)v'Q I [Ey(2-y) ]. The standa~d kinematic vadables of 

deep inelastic scatte~ing a~e used in these fo~lae. The incident 

lepton ene~gy is E; v and 
2 

-Q a~e the ene~gy t~ansfe~ in the 
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laboratory frame and the four-momentum transfer, respectively, and 

y = v/E. R = ratio of the longitudinal to 

transverse virtual 

oL/oT is the 

photoabsorption cross sections and is small in the 

energy range of this experiment [8). See references [5,7) for a review 

of the notation. The asymmetries A 
1 

and A 
2 

are bounded by 

positivity limits to be lA I 5 1 and lA I 5VR [9). Since both R and n 
1 2 

are small in the kinematic range of the experiment, A is the dominant 
1 

contribution to the measured asymmetry A. 

The asymmetries A and A are related to the spin dependent nucleon 

structure 
1 2 

functions g (x,Q
2

) 
1 

2 and g
2

(x,Q ) by 

A = 
1 

A = 
2 

2x(l+R) 2Kx ~ ) 
F (g> - Ey "2 

2 

2x(l+R) (2Kx)% (g +g ) 
F Ey 1 2 

2 

where M is the nucleon mass, x = Q2
/2Mv 

nucleon structure function (the explicit 

andF 
2 

(x,Q2) 

(3) 

is the spin averaged 

dependence of the 

structure functions has been omitted, for brevity). Hence g
1 

is given by 

F 
2 

2x(l+R) [A, 

FA 
2 1 

2x(l+R) 
(4) 

In the quark parton model (in the scaling limit) g is given by [2,10) 
1 

g (X) 
1 

= (5) 



whe~e e. is the cha~ge 
1 

bution function fo~ 

- 5 -

+(-) of the qua~k flavou~ i and qi (x) is the dist~i-

a qua~k of momentum f~action x having the same (+) 
o~ opposite (-) helicity to that of the nucleon. 

The Bjo~ken sum ~le (1,11] ~elates the integ~al of g (x) to 
1 

the ~atio of the axial and vecto~ coupling constants GA and GV 

measu~ed in nucleon 5 decay. Afte~ co~~ection fo~ QCD ~adiative effects 

(12], this fundamental sum ~leis given by 

1 
G "' I! dx (gP(x) - gn(x)] ~ 

6 I ...AI (1-J) (6) 
1 1 Gv " 

~ 0.191 ± 0.002 fo~ "' ~ 0.27 ± 0.02 
s 

Sepa~ate sum ~les fo~ the p~oton and neut~on have been de~ived by Ellis 

and Jaffe (13] using SU(3) cu~~ent algeb~a with the assumption of an 

unpola~ised st~ange qua~k sea. These sum ~les a~e given by 

5 
(+(-)1 + 3 3F/D-1] 

F/0+1 (7) 

Again afte~ co~~ecting fo~ QCO ~adiative effects (14] the integ~als 

have values 0.189 ± 0.005 and -0.002 ± 0.005 fo~ the p~oton and 

neut~on ~espectively, using the cu~~ent values of the ~atio of the SU(3) 

couplings F/0 ~ 0.632 ± 0.024 (15] and the value GA/GV ~ 1.254 ± .006. 

Because of the x in the denominate~ of equation (4), the small x ~eglon 

is expected to make a 1a~ge cont~ibution to the integ~a1s. 

This pape~ ~epo~ts the ~esults of an expe~iment in which A 
1 

was measu~ed using high ene~gy pola~ised muons and a po1a~ised p~oton 

ta~get, whe~e the ~ange of x extended f~om 0.01 to 0. 7 and that of 

Q2 f~om 1. 5 to 70 GeV2
• The expe~iment was pe~fo=ed in the M2 

muon beam of the CERN SPS accele~ato~. The muon beam pola~isation 
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can be chosen by selecting a specific ratio of the parent pion to decay 

muon momenta. The polarisation was calculated using a Monte Carlo 

simulation [16] to be (82 ± 6 )'I. at 200 GeV where the error comes 

mainly from the uncertainty in the pion beam phase space. This 

calculation is in good agreement with a previous measurement [17] of the 

polarisation of the same beam. 

Data were collected in eleven separate experimental running 

periods at beam energies of 100, 120 and 200 GeV. Scattered muons and 

forward produced charged hadrons were detected and measured in the EMC 

forward spectrometer [18], modified [19] to run at the higher beam 

intensities necessary for this experiment. 

The polarised target has been described in detail elsewhere [20]. 

The target consisted of two sections, each of a length 360 mm, which 

were polarised simultaneously in opposite directions. The two sections 

were separated by a gap of length 220 mm, chosen such that reconstructed 

vertices from each section could be clearly separated. The target 

material was irradiated ammonia, chosen because of its relatively high 

free proton content and its resistance to radiation damage. Peak proton 

polarisations of more than 80'1. were obtained with typical values in the 

range 75-80'1., measured with an accuracy ± 5'1.. 

The asymmetry A, is obtained from the measured asymmetry 6 by 

where N , 
1 

halves, PT, 

and f is the 

N are 
2 

P are 
B 

N -N 
~ = = N +N 

1 2 

(8) 

the numbers of events from the two target 

the target and beam polarisations respectively, 

fraction of the events originating from the polarised free 

protons in the target. Here, f is a function of x since it depends on 

the neutron to proton cross section ratio. The value of 6 is less 

than 2~ over most of the kinematic range of the experiment, requiring 
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strict control of systematic effects to measure it. This was the reason 
for having a split target which ensured identical beam fluxes and 
apparatus conditions for both orientations of polarisation. 

To compensate for the slightly differing geometric acceptances 
of the two target halves, the polarisation directions were reversed 
during each data taking period, and the values of 1!. obtained for each 
configuration were averaged. Hence the only systematic effects 
remaining were due to possible changes in the ratio of the acceptances 
of the two target halves before and after polarisation reversal. These 
effects were studied by splitting the data in different ways into two 
samples one of which was expected to suffer much more from acceptance 
changes. The consistency of the results obtained from the two samples 
showed no indication of residual systematic effects beyond the 
statistical errors. 

The cuts applied to the data were similar to those used in 
previous EMC analyses [7). The muon scattering angle cut was increased 
to 1" to ensure good resolution of events coming from the two target 

6 halves. A total of 1.2 x 10 events survived these cuts. 

Corrections to the dilution factor f were applied for the smearing 
of events into the target halves which originated in the unpolarised 
material around the target (- 61.) and kinematic smearing due to the 
intrinsic resolution of the track measurements (< 31.), using a Monte 
Carlo simulation of the experiment. Corrections (- 1.51.) were also 
applied for the slight polarisation of the nitrogen nucleus [21), and 
for higher order radiative effects [22,23) (2-201.). The contribution to 
the asymmetry from electroweak interference was calculated and found to 
be negligible. 

The values of A are given in table 1, where nA has 
1 2 

been neglected so that A ~ AID. These values were obtained by 
1 

statistically combining the results from the 11 data taking periods. 

The consistency of the various periods is 
2 shown by the x to the 
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mean value, given in table 1. These values of 
2 

X. follow a reasonable 

statistical distribution, showing that time dependent systematic effects 

were well controlled. The systematic errors given in table 1 include 

the uncertainties in the value of R ( 50f. of its value) which was taken 

to be the 

neglecting 

uncertainty 

value 

A in 
2 

in f 

calculated 

equations 

from QCD [24,25], 

(2) and (4) (taking 

the 

A 
2 

uncertainty in 

= ± .rR). the 

arising from the error in the measured neutron to 

proton cross section ratio and nuclear effects on the structure function 

F
2 

in nitrogen, and the error due to radiative corrections. They also 

include an estimate of the possible systematic error, as described 

above, arising from time dependent acceptance changes. 

The results for AP are plotted in fig. 1 together with 
1 

those of previous SLAC experiments [26,27], which are in good agreement 

with our results in the region of overlap. The prediction of the model 

of Carlitz and Kaur [28] is also shown. This model gives a good 

representation of the data at large x but fails to reproduce it for 

X < 0.2. 

versus Q
2 

In fig. 2 values of Ap in several x bins are plotted 
1 

to search for scaling violations. These are expected to 

be small [6,29], and we conclude that within the errors the data are 

consistent with scaling. This justifies combining the data from periods 

with different beam energies. A good fit to the data in fig. 1 is given 

by 

AP(x) 
1 

0.16 
= 1. 04 X (1 - exp -2.9x) 

The spin dependent structure function gp(x) was obtained from 
1 

using equation (4), setting R to the value calculated from QCD. 

The values of FP were taken from reference [7] but corrected from the 
2 

value R 

xgp (x) 
1 

function 

= 0 assumed in that paper to the QCD value of R. Figure 3 shows 

as a function of x. The solid curve is derived from the fitted 

to Ap(x). 
1 

The integral of over the measured region was 

found to be 



0. 7 

I 
0.01 

The convergence 

gp(x) dx 
1 

of this 

I~ g~(x) dx is plotted as a 
m 

= 

- 9 -

0.111 ± .012 (stat.) ± .026 (syst.) 

integl'al is also shown in fig. 3 

function of xm' the value of x at the 

edge of each bin. It can be seen that the integl'al converges 

whel'e 

lowel' 

well 

towal'ds x = 0. The dashed cul'Ve is the integl'al of the solid cul'Ve and 

this was used to extl'apolate to x = 0. The data covel'ed 98~ of the value 

of the integl'al. 2 2 The value obtained at a mean Q of 10.7 GeV was 

I' g~ (x) dx = 0.114 ± 0.012 (stat.) ± 0.026 (syst.) . 
• 

Hel'e the systematic el'l'Ol' was obtained fl'om the individual systematic 

el'l'Ol's, added in quadl'atul'e and includes a ful'thel' uncel'tainty of 1~ to 

allow fol' possible el'l'Ol's on the value of F 
2 

fol' the pl'oton. The 

uncel'tainty due to the extl'apolation outside the measul'ed l'ange of x is 

small pl'oviding that xg (x) is well behaved and appl'oaches zel'o 
1 

l'easonably as x tends to zel'o. It is expected fl'om Regge theol'y [37] 

that xg (x) appl'oaches zel'o lineal'ly with x at small x and such 
1 

behaviour' is compatible with the data in the l'ange 0.01 < x < 0.1. 

0Ul' value fol' the integl'al 
pl'eviously measul'ed value of 0 .17 

of gp(x) is compatible with the 
1 

± 0. 05 [ 271 whel'e the uncel'tainty 

is dominated by the extl'apolation to low x. Howevel', it is smallel' 

than the value 0.189 ± 0. 005 expected fl'om the Ellis-Jaffe sum l'Ule. 

It is also smallel' than the value (0.17 ± 0.03) del'ived fl'om a 

calculation based on QCD sum l'Ule methods [30] and that (0.205) expected 

fl'om the model [28] of the spin stl'Uctul'e of the nucleon. As we show 

latel', the descl'epancy with the Ellis-Jaffe sum l'Ule could be due to a 

polal'isation of the stl'ange sea antipal'allel to that of the pl'oton, 

although a pel'tul'bative QCD calculation fol' the genel'ation of the sea 

[31] does not pl'edict such an effect. Anothel' possible explanation has 
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recently been offered by Jaffe [32] in view of the non-conservation of 

the U(1) axial current in QCD, a consequence of the Adler-Bell-Jackiw 

anomaly [33,34]. Although the precise size of the effect is currently 

uncalculable, Jaffe gives a lower limit for the proton sum rule of 0.113 

which is compatible with the measurement presented here. 

The integral of 
n 

g (X) 
1 

was expected to be close to zero 

according to the Ellis-Jaffe sum rule. Using our value for the integral 

of gp(x), and assuming the validity of the Bjorken sum rule, we 
1 

obtain a value of - 0.077 ± 0.012 (stat.) ± 0.026 (syst.) for the 
n 

integral of g (x). Hence polarised lepton-neutron scattering 
1 

should show a significant negative asymmetry over at least part of the x 

range. 

Using the above values for the integrals of g~(n)(x), the 

net spin carried by the quarks in the nucleon can be deduced. 

Integrating the quark parton model expression for g (x) (equation 5) 
1 

and including first order QCD radiative corrections, we obtain 

! 
<> 

1)} + ; 
"s 

2 r! g~(x)dx = tlu (1 - ~ (Cf + tid (1 - (2Cf - 1)) 
9 2" " 

<> 

+ 1 tis (1 - ~ (2Cf - 1)) 
9 " 

where Cf = (33-8f)/33-2f) with f the number of quark flavours and 

and tlu = 

expression 

f 1 + + 
• ~(x) + 'l;j(x) 

n 
for g (x) is 

1 

- ~(x) - ~(x) dx, etc. The corresponding 

obtained by interchanging tlu and tid. If we 

assume an unpolarised strange quark sea (tis = 0) these expressions become 

2 I~ gp(x)dx 
3.82 

tlu + 
1.08 

tid 0.228 ± 0.024 ± 0.052 = 9 9 
= 

1 

r: n 1.08 3.82 
tid 2 g (x)dx 

9 
tlu + 

9 = - 0.154 ± 0.024 ± 0.052 
1 



Hence the mean z component 

a proton with s = + l is 
z 2 

<S > l 
= 2 z u 

and that of the d flavoured 

<Sz>d 
l 

= 2 
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of the spin, S , 
z 

llu = 0.348 ± 

quarks is 

lid = - 0.280 ± 

Thus the mean S of the quarks is 
z 

of the u flavoured quarks in 

0.023 ± 0.051 

0.023 ± 0.051 

= + 0.068 ± 0.047 ± 0.103 

Hence (14 ± 9 ± 21 )f. of the proton spin is carried by the spin of 

the quarks. The remaining spin must be carried by gluons or orbital 

angular momentum [35,36). 

If we assume the discrepancy between our result and the Ellis

Jaffe sum rule prediction to be due to the polarisation of the strange 

quark sea we obtain: 

<S > = 0.373 ± 0.019 ± 0.039 
z u 

<S > 
z d 

= -0.254 ± 0.019 ± 0.039 

<S > = -0.113 ± 0.019 ± 0.039 
z s 

<S > 
z u+d+s 

0.006 ± 0.058 ± 0.117 

indicating that the quark spins carry (1 ± 12 ± 24)f. of the 

proton spin. 
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In conclusion, measurements have been presented of the spin 

asymmetries in deep inelastic scattering of polarised muons on polarised 

protons. The spin dependent structure function g of the the proton 
1 

has also been determined. The integral f!gP(x)dx = 0.114 ± 0.012 
1 

± 0. 026 is significantly lower than the value expected from the Ellis-

Jaffa sum rule. Assuming the validity of the Bjorken sum rule this 

result implies that the asymmetry measured from polarised neutrons 

should be significantly negative over at least part of its x range. In 

addition, the result implies that, in the scaling limit, a rather small 

fraction of the spin of the proton is carried by the spin of the quarks. 

TABLE 1 

Results for A in x bins. 
1 

There is a further 9.6~ normalisation error on A due to 
1 

uncertainties in the beam and target polarisations 

2 2 

x Range <X> <Q > A ± stat. ± syst. x /dof 
1 

(GeV/c) 2 

0.01-0.02 0.015 3.5 0.021±0.035±0.017 6.8/10 

0.02-0.03 0.025 4.5 0.087±0.043±0.022 9.7/10 

0.03-0.04 0.035 6.0 0.013±0.054±0.024 5.3/10 

0.04-0.06 0.050 8.0 0.094±0.048±0.028 4.0/10 

0.06-0.10 0.078 10.3 0.139±0.049±0.037 4.3/10 

0.10-0.15 0.124 12.9 0.169±0.063±0.045 19.8/10 

0.15-0.20 0.175 15.2 0.360±0.087±0.057 14.9/10 

0.20-0.30 0.248 18.0 0.469±0.088±0.065 13.3/10 

0.30-0.40 0.344 22.5 0.517±0.141±0.068 9.8/10 

0. 40-0.70 0.466 29.5 0.657±0.175±0.065 8.4/10 
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FIGURE CAPTIOIIS 

1. The asymmet~y AP plotted ve~sus x togethe~ with ~esults f~om 
' 

2. 

p~evious expe~iment [26,27). The cu~e is f~om the model of 
~ef. [28). 

Ap 
' 

versus 
2 

Q . The data in each 
to the same mean x using a fit to 

x ~ange have been co~~ected 

the data as a function of x. 

3. The quantity xgp(x) (~ight-hand axis and solid ci~cles) 
' 

ve~sus x. The left-hand axis and the c~osses show the values 

of I' gp(x)dx whe~e xm is the value of x at each lowe~ bin X 1 

edge. m The inne~ e~~o~ ba~s a~e statistical and the oute~ 
e~~o~ ba~s a~e the total e~~o~s obtained by combining the 

statistical and systematic e~~o~s (table 2) in quad~atu~e. 
The cu~es a~e desc~ibed in the text. 
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