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Baryon magnetic moments and proton spin: A model with collective quark rotation
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We analyze the baryon magnetic moments in a model that relates them to the partalusphts As, and
includes a contribution from orbital angular momentum. The specific assumption is the existence of a three-
quark correlatior(such as a flux stringthat rotates with angular momentufh,) around the proton spin axis.

A fit to the baryon magnetic moments, constrained by the measured values of the axial vector coupling
constanta®=F +D, a®=3F—D, yields (S,)=0.08+0.13,(L,)=0.39+0.09, where the error is a theo-
retical estimate. A second fit, under slightly different assumptions, divgs=0.37+0.09, with no constraint

on (S,). The model provides a consistent description of axial vector couplings, magnetic moments, and the
quark polarization{S,) measured in deep inelastic scattering. The fits suggest that a significant part of the
angular momentum of the proton may reside in a collective rotation of the constituent quarks.
[S0556-282(97)03503-0

PACS numbefs): 12.39.Jh, 12.38.Aw, 13.40.Em, 13.8&

I. INTRODUCTION as

5anomaly: ng EAG- 6)
The question of the angular momentum composition of

the proton, first raised in the context of the quark partonHere AG is the net gluon polarizationAG= [dx[ G (X)

model in 1974[1], has developed into a burning issue, fol- —G_(x)], andn;=3 is the number of light quark flavors. A

lowing experiments on polarized deep inelastic scatteringumber of authorg6] have analyzed the daf&@] on the

and progress in the theoretical understanding of QCDstrycture functiongg®", and have reached the conclusion

Within the quark parton model, the contribution of polarizedht barring a large correction from the anomalous term

?\;Ja_rlzslz;;\rilg[ﬁntiquarks to the spin of a polarized proton(ganomaly, A3 lies in the interval
=

A%=(0.1,...,0.3. (6)
(S,)=3(Au+Ad+As)=3A3, (1)

. Thus the polarization of the quarks and antiquarks accounts
with for only 10—30 % of the spin of the proton, a typical solu-
B tion for the spin decomposition beindu=0.83+0.03,
AX=(3F—D)+ g, Ad=—0.43£0.03, andAs= —0.10+ 0.03[8].

Here Aq is the net polarization of quarks of flavar,

Aq=fdx[{q+(x)—q_(x)}+{m(x) —q__(x)}], F and D IIl. BARYON MAGNETIC MOMENTS

are the axial vector coupling constants @ decay In Ref. [1], a tentative attempt was made to relate the

(F:”O_-462i 0.01,5=0.794-0.01 [.2]), and &g, is the “de-  ycleon magnetic moments to the spin structure of the pro-

fect” in the Ellis-Jaffe sum rul¢3]: ton, encoded in the parameteksi, Ad, andAs. This idea
has recently been generalized to the full baryon octet in two

5EJ:f gP(x)dx—(LF— D). ) papers[9,10] that have investigated the following ansatz for

the magnetic moments:

In QCD, the expression foAZ is modified by perturbative w(P)=py U+ pgdd+ s, 7

gluon correctiong4] and by a contribution from the gluon

anomaly in the singlet axial vector currdi], and reads w(N) =, 8d+ pgdu+ usss,

AE:(3F_D)+5E~)(Qz)+5anomaly- 3 M(E+):Mu5u+ﬂdﬁs+ﬂ*s5dv

where, to lowest order ig/r,

aS(QZ)
T

M(27)=pydS+ pgdu+ usdd,
-1

5EJ(Q2):<1_ ) JgE(X,Qz)dx—(%F—%SD), (E7)= puds+ ugdd+ pusdu,

“) (E®) = py8d+ pugds+ usdu,

A% =5 (Su+48d+ 55)(puy+
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TABLE |. Fit to baryon magnetic moments in modél). Magnetic moments are in nucleon magnetons
and thex 0.1 is a fictive theoretical error.

Magnetic Model 0 Model Al Model All Model Alll
moments S,=3,L,=0 S, free,L,=0 S,+L,=3 S,, L, free
w(p) 2.79+0.1 2.67 2.68 2.74 2.74
+0.00000006
n(n) -1.91+0.1 -1.92 -1.84 -1.78 -1.79
+0.0000005
n(=Eh) 2.46+0.1 2.54 2.58 2.52 2.52
+0.01
n(=E7) -1.16+0.1 -1.14 -1.21 -1.20 -1.20
+0.025
n(E7) —0.65+0.1 —0.48 —0.60 —0.60 —0.60
+0.0025
w(E% —1.25+0.1 —1.40 -1.34 -1.38 -1.39
+0.014
w(A) —-0.61+0.1 —-0.61 —0.60 —-0.60 —-0.61
+0.004
Au=3 Hy= 2y Hu=— 29 Hy=—2ug
Input Ad=—3 ts= St ts= 2 ts= 2
As=0 Gao=1.26 Gao=1.26 Ga=1.26
a®=0.60
X?/Npor 1.82 1.12 1.105 1.095
wy=1.75+0.06  u,=2.17+0.09 u,=2.17+0.09 ux,=2.17+0.08
Fitted tg=-—101+0.06 S,=0.14+0.12 S,=0.11+0.14 S,=0.08-0.13
parameters us=—0.61+0.05 a®=0.85-0.06 a®=0.60+0.10 L,=0.39+0.09
exp: 0.6G:0.02  exp: 0.66:0.02

The baryon magnetic moments are linear combinations oflegree of freedom. The conventional quark model result is
éu, 6d, and &8s, defined by 6q=[dx[{q.(x)—q_(x)}  givenunder the appellation “model 0.” Note that this model
—{g.(x)—q_(x)}], which differs fromAq in the sign of necessarily implies a nucIeon axia! vector coupling
the antiquark contribution. We consider two hypotheses foGa=al®)=F+D=Au—Ad=5/3, in conflict with the mea-
the relation betweedq andAg. sured value 1.26. Notice also that the fit deviates markedly
(A) Antiquarks in a polarized baryon reside entirely in afrom the expectation.,=—2u4. By contrast, the column
cloud of spin-zero mesons. In this case, antiquarks have ni@beled “model Al” gives the result of a fit to Eqs7) in
net polarization, i.e.q.—q_=0, so thatdq=Aq. Models Which Au andAd are constrained to give the correct value

of this type have been discussed, for instance, by Cheng arfif Ga, i.e.,Ga=1.26. Additionally, we taket,= —2uq and

Li [11]. ms=3/5uy (the latter assumption agrees with the fitted value
(B) Antiquarks in a polarized baryon are generated enin Ref.[9], and also with the usual constituent quark model

tirely by the perturbative splitting of gluorgaaqaﬂ such estimatemy/mg=0.6). It is convenient to rewritédu, Ad,

a case, it is reasonable to expeat —u_~d,—d_~ andAsas

~s,—S_~s,—s_. The corresponding relation between _2 1 1.(8) _2q _1 1.(8)

59 andAq is Su=Au—As, sd=Ad—As, and5s=0 (see, AU=3S+36atsa™, Ad=3S,75Gatca™,

e.g., Ref[10]).

Below, we give the results of fits to the baryon magnetic
moments based on each of the above two hypotheses. SO that the magnetic moments in E@) can be treated as
Fit (A). Assumption(A) implies that Egs.(7) may be functions of three parameters,, S,=3(Au+Ad+As),

rewritten with 8q replaced byAq. Such an approximation anda®=Au+Ad—2As. The results of the fit are

was considered by Kaifl9], who concluded that the data _ _

could be fitted with values ofu, Ad, and As similar to #=2.3950.06, 5,=0.14x0.12,

those deduced from polarized deep inelastic scattering, and
that the fit was superior to that given by the conventional
quark model characterised bu=4/3, Ad=-1/3, and For the central value of,, the allowed domain of the pa-
As=0. Our own results for modéR) are shown in Table I. rametersS, and a® is shown in Fig. 1(ellipse labeled

As in Ref.[9], each magnetic moment was assigned a theok,=0). While the value of, is in good agreement with the
retical uncertainty of+0.1uy. This (arbitrary choice en- determinations from high energy scattering, there is a clear
sures that the various magnetic moments have approximatetfiscrepancy between the value @) obtained from the fit
equal weight and that the fits haveea of about one unit per and its experimental valua®=3F —D~0.60.

8
As=3s,- 1a®, ®

a®=0.85+0.06 (model Al). 9)
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Fit (B). We now repeat the analysis of the magnetic mo-axis, with total orbital angular momentuth,). For a baryon
ments using the ansatB). Written in terms ofAq, Egs.(7)  containing constituentg,, q,, andgs with massesn,;, m,,
now involve only the combinations®=Au—Ad=G, and andms, the orbital angular momentum carried by the quark
a®=Au+Ad-2As, and are independent of the combina-q; is [m;/(m;+m,+mg)](L,) [we assume rotation about
tion a®®=Au+Ad+As=2S,. Accordingly, the fit, using the geometrical center of the triangle, thereby maintaining
Ga=1.26 as input, determines only the two parameters ~ SU(3) symmetry in the baryon spatial wave functjolVith

this simple ansatz, we obtain the following corrections to the
wy,=2.40-0.06, a'®=0.82+0.05 (model BI), seven baryon magnetic moments listed in E:

(10 %) }<LZ>,

1
no constraint being obtained @. The allowed domain of pp)=--t 2'““(5 T Hd

these two parameters is shown in Fig. 2 by the ellipse labeled

L,=0. The value ofa® in Eq. (10) is very similar to the 1 1
value in Fit(A), Eq.(9). In both cases, however, the value of m(n)=---+ 5) +2Md(§) }(Lz%
a® deviates significantly from the value measured in hy-
peron decay. N 1
+\ —
Ill. ROTATING PROTON

In an attempt to resolve the above discrepancy, we have -\ A 1
constructed a model containing orbital angular momentum. A 1+2) s 1+2\ }<LZ>’
The total angular momentum of a polarized proton can be
resolved asl,=S,+L,+AG=3. We consider here the ef- _ A 1
fects of an orbital angular momentuth,) associated with m(E7)=--+|pnq 2N +2pus 2N (L2),
the motion of three constituent quarks in the baryon. As
pointed out in 1], such orbital motion will produce a correc- N 1
tIOI”.I to the magnetic moments, d.ependent on the way in w(BO=... + ’u”(m +2us CEY (L,),
which the angular momenturL,) is shared between the
constituents. Our central hypothesis is that the quarks in a
baryon are held together by a flux string in a “Mercedes- P A A
star” configuration. In the plane transverse to the proton spin o Pul 7528 ) T Hdl 1520

axis, the quarks will tend to be situated at the corners of an
equilateral trianglgFig. 3). Let us imagine that this corre- ( 1 ) (L) (11)
lated three-quark structure rotates collectively aroundzthe Hs @
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whereA =mgy/m; is taken to be 0.6, and the ellipses repre-indicated in columns BIl and BIIl in Table 1l. A three-

sent the spin contribution given in EG). parameter fit in terms of,, L,, anda‘® yields
We have fitted the seven magnetic moments under the
same assumptions employed in mod@l$ and(B) (namely, py=2.10+0.19, (L,)=0.54+0.37,
(3)= —Ad= - _ -3 i
a®=Au—Ad=1.26,u,=—2uq, ts=ipq), Using(L,) as
an additional parameter. In a first variation of mog), the a®=0.49+0.23 (model BI)). (14

parametefL,) was fixed such thafl,)+(S,)=3. This rep- . . . )
resents tr:(e gxtreme hypothesisd:hgt tr<1e ?‘missing” angulaPn the other hand, i8(*=0.6 is used as input, we find
momentum of the proton is precisely accounted for by the 1,=2.19+0.08, L,=0.37+0.09, (modelBIIl).

orbital angular momentum of the correlated structure de- (15)
picted in Fig. 3. This model then contains the same free

parameters as model Al, namely,, S,, anda®. Afitto  The fits in model(B) have ay? that is inferior to that of
the magnetic momentsee Table )l yields model(A). The improved convergence of magnetic moment

and axial vector coupling data in the presence of orbital an-
wy,=2.170.09, S,=0.11+0.14,

a®=0.60+0.10 (model All). (12) - ™

The quality of the fit is essentially the same as in model Al,
but there is a dramatic improvement in the valueat¥, the
result of the fit coinciding with the measured value. This
improvement is evident from Fig. 1, which shows that with
the inclusion ofL, there is a convergence of the data on
magnetic moments, axial vector couplings, and polarized
deep inelastic scattering. Within the framework of ansatz
(A), we can also consid€lS,) and(L,) as independent free
parameters, using the experimental valua® as input. A
three-parameter fit to the magnetic moments then yields

wy=2.17+0.08, (S,)=0.08+0.13,
(L,)=0.39+0.09 (model Alll). (13

If the effects of orbital angular momentum given by EQs. FIG. 3. Flux string connecting three constituent quarks, rotating
(10) are incorporated into modéB), we obtain the results collectively around the proton spin axis.
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TABLE II. Fit to baryon magnetic moments in mod@). Magnetic moments are in nucleon magnetons
and thex 0.1 is a fictive theoretical error.

Model 0 Model BI Model BII Model BllI
Magnetic S,=3 S, undetermined S, undetermined S, undetermined
moments L,=0 L,=0 L, free L, free
w(p) 2.79-0.1 2.67 2.76 2.81 2.80
+0.00000006
w(n) -1.91+0.1 -1.92 -1.78 -1.73 -1.74
+0.0000005
w(Eh) 2.46+0.1 2.54 2.65 2.54 2.59
+0.01
n(E7) -1.16+0.1 -1.14 —-1.09 —-1.14 -1.13
+0.025
w(E") —0.65+0.1 —-0.48 —-0.49 —-0.54 —-0.53
+0.0025
w(E% —1.25+0.1 —1.40 —1.28 —-1.36 —1.33
+0.014
w(A) —0.61+0.1 —-0.61 —-0.52 —-0.57 —0.55
+0.004
Au=3 My=—2pg Hu=~2pq Hy=~ 204
Input Ad=—3 ts= Eu ts= St ths= St
As=0 Gao=1.26 Ga=1.26 Ga=1.26
a®=0.60
X*/Npor 1.82 1.99 1.72 1.43
u,=175-0.06 ©,=2.40+0.06 p,=2.10+0.19
Fitted ug=—1.01+0.06 a®=0.82+0.05 L,=0.54+0.37 u,=2.19:0.08
parameters ws=—0.61+0.05 exp: 0.66:0.02 a®=0.49+0.23 L,=0.37+0.09
exp: 0.6G-0.02

gular momentum is evident from Fig. 2. Also noteworthy is picture [13]. The idea that the nucleon may contdir: 0
the similarity in the fitted value ofL,) in models(A) and  components in its wave functioffconfiguration mixing”)
(B), Egs. (13) and (15). It is certainly intriguing that the has also been entertained befpid]. The possibility of ro-
value of (L,) derived from fits to the static properties of tation as a source of hadron spin has been emphasized by
baryons(magnetic moments and axial vector couplingas  Chou and Yand15]. The specific structure introduced in the
the correct sign and approximately the correct magnitude tpresent paper may be expected, naively, to produce rota-
explain the “spin deficit” of the nucleon revealed by high tional levels with energ¥,,,=J(J+1)/(2l), wherel is the
energy scattering. moment of inertia of the three-quark correlation. Assuming
this structure to consist of three constituent quarks in close
contact, each with radius 0.2—0.3 fih6], the excitation en-
ergy is 0.5-1.0 GeV. It remains to be seen whether the spec-
It would appear from the above that the quark partontrum of baryonic levels will show evidence for states associ-
model defined by the parton spidsi, Ad, andAs can pro-  ated with stringlike configurations, beyond those that are
vide a consistent description of axial vector couplings,expected from the shell model with three independently
baryon magnetic moments, and the spin structure functionsnoving quarks. Direct experimental tests for rotating con-
provided we supplement the spin angular momentum with &tituents in the nucleon have been proposediid], and
collective orbital angular momentum as symbolized in Fig.some tentative evidence from hadronic reactions has been
3. The role of the rotating flux string in achieving this agree-reported[18].
ment draws renewed attention to flux-string models of the
baryon(see, e.g.[12] and references therginSuch models
have been invoked in the past to explain states in the baryon
spectrum[such as the Roper resonandé€1440] that have We wish to thank Dr. O. Biebel for his help in the error
not been easy to accomodate in the traditional three-quar&nalysis.

IV. CONCLUSION
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