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Assuming the angular momentum of a polarized proton (J,=3) to be the resultant of the
total spin S, and total orbital momentum L ; of its parton constituents (quarks and anti-
quarks), we find S;=3(3F —D), L =3(1—3F +D). The approximation employed is the same
as that leading to the Ellis-Jaffe sum rules for polarized electron-nucleon scattering. The
result for L ;, interpreted geometrically, implies that a polarized proton possesses a sig-
nificant amount of rotation. On the assumption that S; and L ; are dominated by ® and N
quarks, an estimate is made of the separate contribution of these constituents.

This note concerns certain consequences arising
out of the application of the quark-parton model
to the angular momentum structure of a polarized
proton.

Consider a positive-helicity proton moving with
infinite momentum in the Z direction (J;=3).
The angular momentum of such a proton is en-
visaged as being the resultant of the spin and or-
bital momenta of its parton constituents, which
we take to be quarks and antiquarks. Each parton
species (@, 9, A, @, N, X) contributes a net spin
angular momentum proportional to the polariza-
tion of that species in the Z direction. In addition,
each species contributes orbital angular momen-
tum by virtue of the fact that partons may carry
nonvanishing momenta transverse to the direction
of motion of the proton. Denoting the total spin
and total orbital momentum by S; and L, re-
spectively,

Jz=Sz+ Ly=%. (1)

Let us define distribution functions® u ,(x), d,(x),
s,(x), #w,(x), d,(x), and 5,(x) representing the
average number of quarks of the types @, 3, A,
®, 3, and X present in the proton with a fraction
x of the proton’s longitudinal momentum, the sub-
script + (~) denoting a quark of positive (negative)
helicity. The total spin S, is then given by

Se=4 [, =u) (@7 + (- d)
+(d,-d _)+(s,—s_)+(5,-5_)]dx.
@)

We now recall the sum rule of Bjorken? which re-
lates the ratio G, /Gy of coupling constants in
n—pe~T to the structure functions g,, and g,,
occurring in polarized electron-nucleon scatter-
ing. The sum rule reads

10

G
(GA> =6 _[(gu:"gm)dx
V/n->p

= flws—u )+ (@, -i)
—(d+—d_)—(d_+~J_)de, (3)

where the second equality is the parton-model re-
sult.® A relation analogous to (3) can also be
written for the coupling-constant ratio G, /Gy in
the decay = -~ Z%e-7. Assuming SU(3) symme-
try, the structure of =° can be related to that of
the proton,* giving the result

(%a )z_%zo=f[(d+—d-)+(¢7+—d—-)

—(s,=s_)=(5,-5_)dx.

4)
Combining (2), (3), and (4),

s [(8), 2 (6 ]
+3 [Tls,-s0+(3,-5)]dx. (5)

We now argue that, on dynamical grounds, the
term [(s,—s_)+(5,~-5_)] occurring in the above
equation is likely to be small and may be neglect-
ed. The argument rests on the belief that strange
partons present in a proton are part of a “sea” of
quark-antiquark pairs to which some symmetry
properties may reasonably be ascribed. One pos-
sible assumption is that the sea is unpolarized,®
in which case s,=s_, 5,=5_, and the above term
vanishes. An alternative hypothesis also suffices,
namely that the sea is CP-symmetric. This im-
plies s,=5_, s_=35, and again gives zero for the
term in question. If we allow for a small degree
of polarization of the sea as well as a small
amount of CP asymmetry, the term [(s,—s_)
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+(3,-5_)| will be a quantity of the second order
of smallness. Consequently its neglect should be
a reasonable approximation.

If the validity of the above argument is accepted,
we obtain for the spin angular momentum of the
proton

szl a8 ]
=:(3F-D), (6)
where we have used the octet-model results
(GA/GV)n ~p=F+D, (GA/GV)E-_.20=F-D~
Equation (1) then implies
L,=3-S,=3(1-3F+D). )

Using the experimental values D+ F=1.25+0.01,
F/D=0.58+0.03,°

S;=0.30+0.05, L,=0.20+0.05. 8)

The above result shows that nearly 40% of the
angular momentum of a polarized proton arises
from the orbital motion of its constituents. In the
geometrical picture of hadron structure, this im-
plies that a polarized proton possesses a signifi-
cant amount of rotation. (Interestingly, the con-
cept of a rotating proton has been proposed by
Yang’ as a possible explanation for the recently
discovered increase in total hadron cross sec-
tions.) It is interesting to contrast the result (8)
with the angular momentum composition of the
proton in the [SU(6)-symmetric] 3-quark model.
In this model, the quarks are assumed to be in
S-wave orbits, and consequently L, =0, S, = 3.

It may be recalled that SU(6) symmetry gives the
results (G, /Gy),.,=F+D=5/3, F/D=2/3. When
these values of F and D are substituted in (6) and
(7) we indeed obtain L; =0, S,=3. The contrast
between the parton-model results and those of
the 3-quark model is an illustration of the differ-
ence between “current quarks” (or partons) and
“constituent quarks.”®

We now show that the assumptions underlying
the derivation of the result (6) [namely, SU(3)
symmetry and the neglect of the strange-parton
contribution in Eq. (5)] also lead to sum rules
for the structure functions g,, and g,,, first ob-
tained by Ellis and Jaffe.® The parton-model ex-
pressions for these quantities are

2g1,=4 [(uy—u_)+(@, -7 )| +% [(d,—d ) +(d,—d_)]
+4 [(s,=s)+(5,-5)], (9)
281 = 4 [(u =u )+ (@0, -7 )]+ 4 [(d,~d_)+(d,-d_)]

+ 4 [(s,=s)+(5,-5)].

Combining Eq. (9) with Egs. (3) and (4) and drop-
ping the strange parton terms, we obtain the sum
rules

Z/glp(x)dx=F—15 D,
(10)
2 fgl,,(x) dx=%2(F-%D).

These are exactly the results of Ellis and Jaffe,
derived under identical assumptions but by using
the technique of light-cone algebra. Verification
of these sum rules would be indirect support for
the conclusions (6) and (7) concerning the spin
structure of the proton.

It is natural to inquire as to how the spin S, and
the orbital momentum L, are shared among the
various parton species within the nucleon. This
question cannot be answered without making fur-
ther hypotheses. We indicate here the results that
are obtained if one assumes that the dominant
contribution to S; and L, comes from the valence
quarks ® and . Then Eqgs. (3) and (4) give

Sz(@) = B f(u,,—u )dx=F,
(11)
Sz =3 f(d+-d_)dx=%(F-D).
In the SU(6) limit (F=%, D=1) we recover the re-
sults of the 3-quark model, S;(®)=%, Sz(NW)=-1."°
A similar decomposition of L, is possible by a

naive application of the model to the proton and
neutron magnetic moments. This gives

e e . [
Ho 337 27{%j(u+—u_)d,r—§f((l,,—d_)dx

+2[3L,0) =4 L(0] |

+2[ § LAN) -3 L(®)] } ,
(12)

where m (M) is the quark (nucleon) mass, and p,
(=2.79) and p, (=-1.91) are the proton and neutron
magnetic moments in units of i . Combining Eq.
(12) with the (approximate) angular momentum
conservation equation

%f[(u+—u_)+(d+—d_)J dx+ Lz (@) +L,(N) =13,
(13)

and using the result (9), we obtain
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TABLE I. Angular momentum composition of the proton according to the parton model of this
paper, compared with the results of the SU(6)-symmetric 3-quark model. (The numbers in the
second column are based on F 0.46, D ~0.79, u,=2.79%y, K, =-1.91uy.)

Parton model 3-quark model

Sy H3F -D) (~0.30) i
L, H1-3F +D) (~0.20) 0
S;@) F (~0.46) i
5z(N) HF -D) (~=0.16) ~4

1 1 Bp—Hn ]
L,@®) 4[1—41«‘ *3 5, 7h, (~0.18) 0

1 1 Kp—Hn
L z(N) 4[1—2(F -D) -3 PR (~0.02) 0

Ly@)-7 (1-4F+ 3 lazta)
» n
(14)

_1 1py—p

L=} [1-2(F-D) -3 m] :
Note that L;(®) and Lz(3N) vanish separately in
the SU(6) limit F=%, D=1, p,/pu,=—-%. We em-
phasize that the results (11) and (14) depend on the
assumption that the angular momenta S; and L,
as well as the magnetic moments p, and u, are
dominated by the ®- and 3 -type quarks, which
may well be an oversimplification. [Table I sum-
marizes the results (8), (11), and (14).]

Finally, we note that our arguments concerning
L, and S; make no mention of gluons, whose ex-
istence in the proton has been inferred on the
basis of energy-momentum conservation.!! Since
gluons could, in principle, possess intrinsic spin

as well as transverse momentum, they could con-
tribute to both S; and L;. No fundamental justifi-
cation for their neglect is available. In this con-
nection, it is interesting to note that if one makes
the extreme (and unrealistic) assumption that all
partons (including gluons) move collinearly with
the proton, so that L; =0, one is driven to the con-
clusion that gluons carry spin, since the net spin
of quarks and antiquarks adds up to 3 (3F - D),
which is short of the total angular momentum of
the proton. Since the assumption of zero trans-
verse momentum is clearly unwarranted, such a
conclusion is unjustified.!* The role of gluons in
the angular momentum composition of the proton
remains an unknown.

Note added in proof. It may be of some interest
to note that Eqs. (12) and (13) together imply a
quark mass m=4M(u,+u,)"t =356 MeV.

*Work supported by the German Bundesministerium fiir
Forschung und Technologie.
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