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Determination of sea-quark polarization in the proton
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We show that there exists nonzero antiquark polarization in a proton. In order to get this result
we have used the experimental numbers of octet-particle magnetic moments. Assuming that the sea
is polarized in the SU(2)-symmetric way we show that it is not SU(3) symmetric. With the help of a
few simplifying assumptions we get for a polarization of nonstrange and strange antiquarks:
hu =Ed = —0. 17+0.03 and hs = —0.09+0.04, respectively. The ratio of these numbers is

the same as the one for the spin-averaged densities.

The data from the European Muon Collaboration'
(EMC} on the spin asymmetry in deep-inelastic electron-
proton scattering and its theoretical interpretation gave
rise to several papers which deal with the answer to the
open question: how is the proton spin distributed among
constituents? The theoretical interpretation of the
above-mentioned experimental results leads to the con-
clusion that the contribution to a nucleon spin coming
from valence and sea quarks add up approximately to
zero.

In this paper we should like to show how much of the
proton spin is carried by the valence quarks of both
flavors u and d and how the sea quarks share the parts of
it. In a previous analysis the determination of sea-quark
polarization was not obtainable on general grounds.
One was able to get the numbers only when a specific
phenomenological model was applied (see, e.g. , Ref. 5).
In our paper we propose to get these quantities using, in
addition to a well-known technique (i.e., making use of F
and D which describe P decays of octet baryons), values
of baryonic octet magnetic moments. To present an abili-
ty of taking off the information from these moments let
us consider the nonrelativistic formulas for the weak
axial-vector coupling constant g„[equal to F +D in the
SU(3)-symmetric Cabibbo model] and ps (B stands for a
name of a particle or a quark flavor). If one tries to cal-
culate g„ for n ~p P decay one deals with nondiagonal
matrix elements; but using the Wigner-Eckart theorem
[for the SU(2) isospin symmetry group] one is able to ex-
press g~ in terms of quantities which are some distribu-
tion densities of a proton solely. Thus we have

are, e.g. , for SU(6)-symmetric spin-isospin wave function
as

—5n~t= 3, n„&=—,, nd&= —,, nd&= —,
—1 1 =2

(hence, b,n„=—', and b, nd = —
—,
'

) and all the other modes
are zero since we have no strange constituents quarks nor
antiquarks in a nonrelativistic description. Inserting
these numbers into Eq. (1) we get the famous value —,'for
the ratio g „/g v in nucleon P decay (the vector coupling
constant is gv=n„t+n„( n„t —n—d}=1 and go= 1).
Usually one rewrites Eq. (1) as

(g~ /gv )n p= A-u bd, —

where

(3)

hq:—An +En (4)

is connected with matrix element of the J~ current.
For the magnetic moment of a proton one can get the

formula in terms of already introduced quantities. We
have

p~= g pq(An bn )—
q

and we see that the sign is negative for the antiquark con-
tribution (the magnetic moment for an antiquark is oppo-
site to such moment of the corresponding quark) on the
contrary to the one in Eq. (4). Hence, we introduce the
new quantity

gz =(b n„—b, nd +An bnd )go,—
6 =An —An

q
(6)

where go = 1 for structureless current quarks and where

Anq = nq 1 nq) (2)

The subscript q (q =u, d, s, . . . } stands for a flavor of a
corresponding quark whereas the arrows indicate wheth-
er the spin of a quark is parallel ( 1' } or antiparallel (1) to
the spin of a proton. The quantities nqt[$) are the aver-
age numbers of q-flavored quarks inside a proton. They

If we consider the relativized quark model (as the bag
model, e.g.} the numbers Aq from Eq. (4) become spin-
weighted constituent distribution functions (integrated
over the x variable) introduced elsewhere. Considering P
decays of octet baryons [and making use of Wigner-
Eckart theorem for the SU(3) flavor-symmetry group]
and ignoring the possible SU(3)-breaking effects (see how-
ever the discussion in Ref. 7) we end up with the follow-
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AN3 =Au —Ad =F+D,
AN8 =Au+Ad —2As =3F—D,

(7)

ing formulas for several combinations of Au, Ad, and As:

4xo —3
gb, = —-1.65 . (10)

how big is the value of this factor let us calculate it in a
relativistic model, as the MIT bag model really is. We
get, for massless quarks (in the case xo =2.04. . . ),

where we have used the F- and D-invariant matrix ele-
ments, the parametrization which is va'lid in the limit
where the SU(3) symmetry is unbroken. We shall use the
following numbers ' gotten from the analysis of experi-
mental data:

bN3 =F +D =(g„ lgv )„p= 1.259+0.004,

~N8=3F D =2(gA ~gv)x „+(-gA ~gv). -p

=0.60+0.04+0. 15,

where we have added to the second number an artificial
theoretical error which accounts for the possible SU(3)-
symmetry breaking' (we agree with Lipkin's objections
formulated in Ref. 7).

Now we should like to extend our discussion on the
magnetic moments. The first step in this direction was
made by Sehgal" and we would like to get the relativistic
formulas for magnetic moments which depend on the rel-
ativistic extensions of the quantities 5q introduced in Eq.
(6). There the problem with the orbital angular momen-
tum, which is important when we are dealing with fast
moving quarks, comes into game. The connection be-
tween average values of spin and orbital angular momen-
tum contributions to magnetic moments can be
parametrized, using the notion of the Lande factor (g)
known from atomic physics. Thus we have

(9)

If the Lande factor will be the same for all octet states
and for all quark species we can express the magnetic mo-
ments in terms of 5q. In order to gain some intuition

This quantity does not depend on the bag radius (i.e., on
the state) and we are able to get a similar formula for a
strange quark which does not di8'er too much numerical-
ly. So if we ignore SU(3)-breaking efFects (i.e., the mass of
a strange quark) we have the unique Lande factor. More-
over, as we shall see later we do not need the value of
such a factor for the s-flavored quark. Hence, we assume
that we have only one Lande factor for all baryonic octet
states and quark flavors and this gives us the opportunity
to write the following expressions for magnetic moments:

p~ =p„5m+pd5d+p, ,5s,

p(( p((5d+pd5u +ps5$

p A
= ,'p, „(—5u+45d +5s )+—,'pd(5u +45d+5s )

+—', p, (25u 5d+—25s),

px+ =p„5u +pd5$+p, 5d

px pu 5$ +pd5u +ps5d

p, O=p„5d+pd5$+p, 5u,

p =p„5s+pdM+p, 5u .

If we put 5u =An„= —', , 5d =And = —
—,', 5s =An, =0 we

get the known formulas' for magnetic moments of
baryons in a quark model [with an SU(6)-symmetric
spin-isospin wave function]. All moments are expressed
in terms of spin distributions for a proton due to the
SU(3)-symmetry demand. We have seven measured mo-
ments and six parameters but not all of them are indepen-
dent. We have only as many as four independent param-
eters and hence we get three already known sum
rules

[(—1.84+0.01)pN] 3p~=(p +p„)——,'(p ~+p )+(p p+p, ) [( —1.69+0.05)p~],

l(0.57—o 07)pal (p, —p. ) —(p, —p, -)+(p=.—p--)=-[(0)p~]

[(3 43+0.26)p~] (p', + —p', -)—(p'=0 —p'=-) =(p, +p. )[(p,+ —p, -)—(p- —p--)1 [(3 64+o o7)pN]

(12)

where in square brackets we quote the experimental num-
bers in nuclear magneton (pz) units.

The failure of the first sum rule is understood if one
takes into account that on the left-hand side we quote the
experimental results for the physical A state. Because of
the mixing with X we get, for a pure SU(3) A state (see,
e.g., Ref. 16),

p SU(3) —p„,b„,+Q.027~p 0 „~
= —Q. 570+Q.QQ5 (13)

where we have used for the transition moment the value

~p&o „~=1.61+0.08 (Ref. 8). Hence, the corrected left-

hand side number for the first sum rule should read
3pAsU(3(~[( —1.71+0.02)p~]. The failure of the second
isoUector sum rule can be interpreted as noninclusion of
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pp
—P~5Q +pd5d +P~5$+p~,

p„=p„5d+pd5u +P,5s —p„,
(14)

we can save our sum rule.
In order to determine the unknown parameters let us

rewrite Eqs. (11) and (14) using the quantities

the pionic cloud contribution which is important for nu-
cleon moments only (such contributions to other octet
particles can be absorbed into a redefinition of p, see
Ref. 15). It was shown in this reference that only nondi-
agonal pion exchanges (i.e., between diFerent nonstrange
valence quarks) give a contribution to baryon magnetic
moments. The diagonal ones redefine the quark mo-
ments. The nondiagonal terms are present for nucleons
only, because the X and A hyperons are isospin states
with I3=0 and hence do not get pionic corrections.
Hence adding the new, isovector component to the nu-
cleon moments: i.e.,

p35n3=(px —p )
—(p „p—, )=(4.14+0.07)p~,

p36n~ =(p +
—p )+(p p

—p )

=(3.02+0.07)p~-,

ps5n3=(p +p )
—(p, o+p )={3.20+0.07)pv,

4po» —P85ns =3l{p, +P,—)+(P-.+P=-)]
= —(2.03+0.07)p~ .

(18)

p~
= (2.77+0.02)p ~ (2.79),

p„=—(1.94+.0.02)p~ (
—1.91),

p sU{3(= (0.58+0 ~ 01 )pjV ( 0 57)

(19)

As a check of our parametrization we can calculate
the magnetic moments for p, n, and A '"'. We have,
using p =[(pt p„)——(px+ px

—)+(p o p—)]/2
= (0.28+0.07)p~,

and

5n, =—5u —5d,

5n, =5u+5d —25s,

5X—:6u +6d+5$,

p3:pu pd

(15)

where in parentheses we give the experimental results,
which agree satisfactorily with our predictions. ' The
good agreement with experimental numbers obtained in
Eqs. (19) confirms a posteriori our assumptions about the
proportionality of orbital angular momentum to the spin
angular momentum for all quark species and about the
inclusion of the isovector contribution to nucleon mo-
ments.

The most interesting result for us in Eqs. (18) is in fact
the ratio 5n~/5n3 which can be extracted and which is
equal to

p8—=pu+pd 2ps 3 (16)
5n8/5n3 =0.73+0.02 . (20)

po:pu+pd+ps

Then we get

This should be compared with a ratio gotten from the
analysis of P decays of neutrons and hyperons: i.e.,

ANs /AN, =(3F D) l(F +D)—=0.48+0. 12; (21)

p =
—,'po5X+ —,'p35n3+ —,'p85n8+p„,

P P05~ 3P53n+ P85n 8 P

PP —Po5X —P85n 3 + P85n g

p&+ 3po —p35n 3 +—p35n 8 +—ps5n 3

,', p,5n, —, (17)

px- T~po —.» "3 —.» 8+-.'Ps5 3
—

—,', P85ns

P=&& gpo5~ g p35n3 + 4 p35ns ,'p, 5n3 —
(—ppg5ns

p=- 3 po + 4 p3 3
—

4 P35n 8
—

4p85n 3
——„p85n 8 .

Because of the above-mentioned theoretical uncertainties
with the magnetic moments of nucleons and A hyperon
we do not make the overall fit but we just extract the
values of four independent parameters from the experi-
ment;al values of X's and:-'s magnetic moments. It is
rather the matter of convenience than the way to avoid
the theoretical problem. We get

hence we see the substantial difference which in our pic-
ture is due to a nonzero sea-antiquark polarization. We
would like to emphasize that this statement is a conse-
quence of the analysis of the baryon's static properties
only, without referring to the EMC result for the first
moment of the spin-dependent structure function gt,'(x)
(Ref. 1).

In order to get further results we need just a few new
assumptions. Let us remind that for q-flavored quarks
the following formulas hold:

~q =~q»'+ Aq "'+5q '",
6q

—gq»] +gq ~ea g —sea
(22)

and

gu sea gd sea

(23)

This gives us immediately

The minimal assumption we can make is that the sea of
quarks inside a proton is SU(2) symmetric, which means
that

sea gd sea
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5n 3:—5u —5d =b, u "" b—,d""

=b, u —hd—:b,N3 = l.259+0.004 (24)

Au =0.74+0.05,
Ad = —0.52+0.05, (28}

and, hence, combining Eqs. (20) and (24) one gets

5n8 =0.92+0.02 .

This number is quite different from A%8=0.60+0. 15;
hence the quark sea cannot be SU(3) symmetric; other-
wise, 5ns =bNs. To illustrate this, one can get from Eqs.
(7), (8), (15), (22), and (25) the estimate

b, u '"—bs "'= ,'(bNs——5n8 }=—0.08+0.04, (26)

a result which is indeed independent of the value
AI~= Jg~~(x)dx but certainly depends on an assump-

tion about the SU(2) symmetry of the sea.
In order to get the values of valence-quark contribu-

tions to the proton spin and also to get the strength of a
polarization of quarks and antiquarks in the sea we have
to add to our analysis the EMC result namely,

bI~= ,'( ,4b,u+ '—hd+ 9b,s ) =—0. 126—+0.010+0.015 . (27)

This equation together with Eqs. (7) and (8) give us the
well-known predictions (see, e.g. , Ref. 2) for quantities
defined in Eq. (4):

As = —0. 19+0.08,
and, for the quark contribution to a proton spin (i.e.,
—,'hX),

AX=Au+Ad+As =0.04+0. 17 . (29)

As stated elsewhere the spin of the proton gets nearly no
contribution from the spins of quarks and antiquarks. In
our scheme the contribution coming from the orbital an-
gular momenta of quarks and antiquarks is also negligible
because of our assumption about a proportionality of
(L, ) and (S, ) for quarks.

In order to obtain the values of Aq"', Aq"', and Aq
"'

separately we need additional assumptions. One set of
possible ones is hq"'= Aq

"' (i.e., that the polarization of
sea quarks and antiquarks of the same fiavor is the same),
the result which emerges from the naive picture of spin-1
gluon producing spin- —, quark and antiquark in pair with

zero orbital angular momentum. This gives 5u =Au"",
5d =Ad"", and 5s =0, which enable us to get the valence
and sea quarks polarization separately. In the case of the
quantity 5ns in Eq. (25), also gives the percentage of the
proton spin carried by the valence quarks, since 5s =0
[5ns =5X=hX"", see Eqs. (15)]. So far we get finally (the
quantities are defined at Q = ( Q EMc ) )

bu""=bN3(p +
—p )/[(p, + —

p, )
—(p p

—p )]=1.09 0.01,
bd""=bN3(p p p, )/[(p ~

——p )
—(p p

—p )]=—0. 17 0.01,
bu'"=Du '"=bd"'=Ad "'=—'(Du+Ad )

——'(b u'"+Ad"')= —0 17+0 034 4 ~ ~

As"'= As "'=
—,
' As = —0.09+0.04 .

(30)

As we can see from Eqs. (30} the s-quark polarization in
the sea is two times smaller than that one of u and d sea
quarks. This result, which is consistent with existing
model parametrizations means that possibly the polar-
ization densities can be, at least averaged, proportional to
the spin-averaged densities ( U, D,S, etc.). We recall here
the CERN-Dortmund-Heidelberg-Saclay Collaboration
(CDHS) figure 2s/( U+D ) =0.52+0.09, which should
be compared with the one we get:

2hs"'/(5u "'+Ad" )=0.54+0.21 . (31)

Concluding, we would like to stress that we have
shown that (i) the polarization of antiquarks is nonzero
and (ii) the polarization of s-fiavored quarks and anti-
quarks is different from u- and d-flavored quarks and an-
tiquarks in the sea. These results were obtained without
any use of the EMC value for AI~. Adding new possible
assumptions: Aq"'= Aq

"' and introducing AI~ we were
able to give the final answer to the question: how big are
the polarizations of the valence quarks and of different
quark species in the sea? The results presented in Eqs.
(30) and (31) are in some sense expected (see, e.g., Ref. 5),
but changing the assumption Aq"'=Aq ' we can obtain
different numerical results. However, some plausible as-

sumptions are in fact excluded by the existing data. For
example, b,q

"'=0 is not possible since it gives bNs =5n s
which is not the case. The assumption b,q"'= —b,q

"' is
also nontruthful because it demands As=0. The con-
sideration of other probable assumptions: e.g. , Aq '=0
gives slightly different numerical results [5X""=0.76
+0.08, 2hs "'/(hu "'+Ad "')=0.70+0. 18] but also
gives rather big antiquark polarizations (b,u "'
= —0.27+0.06 and b,s "'=—0. 19+0.08).

%e do not touch in this paper other questions as, e.g.,
how big are orbital angular momentum and glue contri-
butions to the proton spin? Also we do not consider the
probable mechanism which would be responsible for a
polarization of the sea so substantially that it reduces the
whole valence contribution. The answers to such prob-
lems remain open.
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