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Magnetic and axial vector form factors as probes of orbital angular momentum in the proton
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We have recently examined the static properties of the baryon @usgnetic moments and axial vector
coupling constanjsin a generalized quark model in which the angular momentum of a polarized nucleon
is partly spin(S,) and partly orbitakL,). The orbital momentum was represented by the rotation of a flux
tube connecting the three constituent quarks. The best fit is obtainedSyjth 0.08+0.15,(L ,) =0.42+0.14.

We now consider the consequences of this idea forghelependence of the magnetic and axial vector
form factors. It is found that the isovector magnetic form fa(ﬁ:(ﬁp"eiqz) differs in shape from the axial

form factor F5(g?) by an amount that depends on the spatial distribution of orbital angular momentum.
The model of a rigidly rotating flux tube leads to a relation between the magnetic, axial vector and matter radii,
<r2>mag: fspin<r2>axial+ gforb<r2>matt- where fop/f spin= %(Lz>/GAv fspint fop=1. The shape ofFA(9%) is

found to be close to a dipole withl ,=0.92+0.06 GeV.[S0556-282(198)03415-9

PACS numbds): 13.40.Em, 12.39.Jh

I. INTRODUCTION 5qz(q+_q_)_(a+_a_) 3
In a recent papell] we performed a fit to the magnetic
moments of the baryon octet in a model in which these qual

"that iate t ion for th tic mo-
tities are determined partly by the quark spixs, Ad, As, &l are appropria’e fo an expression for e magnetic mo

. ment. This approximation is justified if antiquarks in a pro-
and partly by an orbital angular momentuin,), shared be- ton carry little polarization. An example of such a situation is

tween the constituent quarks. The model is exemplified b ) . : .
the following ansatz for the proton and neutron magnetic):{he chiral quark mode]4], in which antiquarks are embed-

) ded in a cloud of spin-zero mesons.
moments: (2) The partition of(L,) in proportion to the masses of the
constituent quarks is based on the picture of a baryon as a
2 symmetric three-pronged flux tube of equal segméeRig.
§’““+§“d}<l‘z>’ 1), rotating collectively around the spin axj4]. The ap-
1) pearence of the same magnet@ns wq, us, in the orbital
as in the spin part means, in particular, that the orbital
g-factor has been taken to logg=1. (In a more general de-
scription, one could interpreéLl,) as{g,L,).)

Mp= pyAu+ pugAd+ uAs+

MU= wAd+ pgAu+ uAs+

1 2
FHut 3 M (Ly).

The part containind\u, Ad, As, is the “spin” contribution TABLE |. Parametrization of magnetic moments in the rotating
to the magnetic moments, arising from the polarization offlux-tube mode[model(A) of Ref.[1] ]. The fits are based on
guarks and antiquarks in a polarized proton: =my/mg=0.6, u,=—2uq, us=0.6uy (for these values, the or-

bital contribution to the neutral baryoms Z° and A° vanishes

=(gs—q_)+(g.—q_).
A=(8,-8-)+(0.~a-) @ (D)= AU+ pgAd+ s+ [ 3+ (L)
_ _ _ _ p(M)=pAd+ pghu+ pds+[ suy+ ual(Ly)

The part proportional t¢L ,) is the “orbital” (or convective
contribution, determined by the prescription of dividing the wEH) = Au+ ugAs+ uAd+
orbital angular momentum in proportion to the constituent
guark masses. The complete set of baryon magnetic mo- S )= Ast wAu+ wAd+
ments obtained by this prescription is shown in Table I. #E)= pASt ot ph
These expressions, without the orbital part, were written

2 1 ]
Tron Ht Ty (L2

2\
Tron M T ”‘S}<LZ>

A 2
down in Refs[2,3]. HET)=pAst puAdt AU+ oo st 5 ps (L)
There are two essential elements that go into the above N 2
equations for the magnetic moments: o w(E%) = u Ad+ ugAs+ uAu+ oy Mt mﬂs}a_)
(2) It is assumed that one may use the quark spigsin L L
place of the quantities (A®)=§(Au+AAd+AS) 1yt ) + 5(2AU—Ad+2A9) g

N N 1
Tt T M T ’4("9
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FIG. 1. Flux tube connecting three constituent quarks, rotating

collectively around proton spin axis.

II. S, AND L, FROM STATIC PROPERTIES

The fit to the empirical values of the magnetic momentsin -03F

[1] was carried out under the following constraints:

(i) The quark magnetic moments were assumed to satisfy 4o~ 51" 62 05 04 05 05 07 08 05

Mu=—2pq, Hs=0.6uqg.
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(ii) The quark spin&\u, Ad andAs were constrained to

satisfy the measured values of the axial vector couplatds

FIG. 2. The fitted domain ofS,) and(L,) for the central value

anda®: of u,. The dotted lines represent the baryon magnetic moments of
Table I.
a®=Au—Ad=1.26
(4) momentum of the protonwithout imposing this as an exter-
a®=Au+Ad—2As=0.58. nal requirementThis may be regarded asposteriorijusti-
N ) fication for the assumptiog,=1. The fact thatS,)+(L,)
These conditions are equalent to the Statenreﬁt0.46, %% Supports the idea, that the Spin and orbital angu'ar mo-

D=0.80, in terms of whicha®=F+D (=G,, the axial mentum are linked together by a transition of the form
vector coupling constant of neutron degand a®=3F ¢, _.q’ +M (L=1), M being a spin-zero mesd#]. This

—D.

in turn provides support to the assumptiéa~ Aq, based on

(i) Each magnetic moment was assigned a theoreticaiegligible antiquark polarization.

uncertainty of+0.1uy (as in Ref[2]). This ensured that all  Also indicated in Fig. 3 is the location of two “sign-
of the baryons were given essentially the same weight in the

fit and they? per degree of freedom was about unity. o 06

In this manner, the magnetic moments are reduced t¢? |
functions of three variables, which we choose tq&e (L,) 0.5@NQM

and(S,), the last being defined as ;

0.4
1 1 -
<SZ>=§(AU+Ad+AS)E§AE (5) 03f

The result of the fit is 02
©u=2.16+0.08, (S,)=0.076+0.13, (L,)=0.42+0.10 oif
(6) -

0
with y?/DOF=1.1. For the central value gf,, the allowed E
domain of(S,) and(L,) is given by the ellipse shown in Fig. —oa |
2. Allowing u, to vary over the interval given in Eg@6), we C

obtain the domain shown in Fig. 3, from which we infer a 02| My =2.24,2.16,2.08
final estimate E
-0.3 -
(S,)=0.08+0.15, (L,)=0.42+0.14. (7) i
_0'41‘.‘I.H.I....I|...Iu..l.l.ll.unlul.l ........
It is remarkable that the domain ¢8,) and(L,) determined o 01 02 03 04 05 06 07 08 09 |_1
Z

by the static properties of the baryons satisfies rather closely

the condition(S,)+(L,)=3. That is, the spin and orbital FIG. 3. Allowed domain of S,) and{L,) for the full interval of
momenta of the quarks and antiquarks saturate the angular,=2.16+0.08.
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posts,” that serve as reference points in the angular momen ¢ 'r
tum structure: A

(i) NQM: This is the “naive quark model,” which de- ~ ®*°F * s+
scribes the nucleon as 3 independent quarks srotbits, Lo
corresponding t¢S,) =3, (L,)=0. The SU(6) symmetry of

0.95

the model leads to the predictiaxu=%, Ad=—3, As=0, 0925 e
axial vector couplinga® =%, a®=1, and the magnetic :
moment ratiow,/ my=—3. osf

(i) QPM (As=0): This is the special case of the quark :
parton model discussed in Rd6], in which Au and Ad 08751 A

were allowed to be free, buts was neglected. The charac-
teristic prediction of this model ig®=a®, wherea®

=Au+Ad+As, implying (S,)=3%a®=2(3F-D)=0.29,

the remaining angular momentum being attributed(ltg) :
=3—(S,)=0.21. This version of the QPM leads to the Ellis- 08l
Jaffe sum rule$6] for polarized structure functions: F o
0.775 -

' jg’i(x)dxz‘(F“D>' S STV PP TOVIT I (TR O ST TR T
3 3 7o 0.025 0.05 0.07% 0.1 0.125 0.15 0.175 0.2 0.225 0.25
(8) forb

In what follows, we consider a test for the presence of orbital FIG. 4. The fitted domain ofis,, andf o, for the central value of
angular momentuniL,) and its specific association with the (S,). The dotted lines represent the baryon magnetic moments of

0.825

f P(x)dx=o| F— =D
9r(x)dx=3|F—3

collective rotation of the constituent quarks. Table I.
lil. TESTS FOR L, IN MAGNETIC AND AXIAL VECTOR Note that the ratiof o/ fspin=(L,)/3Ga=35 implies (L)
FORM EACTORS =0.42, as given in Eq(6). Equation(12) amounts to the

_ _ statement that the isovector magnetic moment is 90% due to
We focus on the isovector magnetic moment of thequark spin polarization and 10% due to quark rotation.

nucleon, obtained by taking the difference sof and u,, in We now define spatial distributionsnagr), paxia(r) and
Eq. (1) porn(f) Whose volume integrals yield the quantitief
1 —un), Ga and{L,) appearing in Eq(9):
Mp— tn=(py— pa)| Gat §<Lz>}- 9

Mp_ﬂn:f dBXpmag(r),
Note that the terms containindys cancel in the difference.
We regard this equation as a decomposition of the isovector
magnetic moment into a part depending on the axial vector GA:J d3Xpayialr), (13
charge and a part depending on orbital angular momentum.
Introducing the abbreviation
<Lz>:f d®XponfF).
- —ug 1
fspinE MG‘A ) forbE % §<Lz>1 (10)

Ko™ Hn The local form of Eq(9) then reads

Eqg. (9) amounts to 1
Paxiall 1)+ §porb( r|. (149

1="fsint for- (11) Pmad ") = (4y = pa)

Returning to the three-parameter fit given by B}, we can  |ntroducing, for convenience, “normalized” densities
regard the fitted parameters as be{i®)), fsyin and f oy, (in
place of(S,), u, and(L,)). For the central value dfS,), the

Prmad ") =Pmad 1)/ (p= i),
domain offg,, andf,, determined by the various magnetic Pad Proa 1) (4p™ s

spi
moments is shown in Fig. 4. The fitted values, taking into

account the spread ofS,), are f,,=0.87=0.03, fopy Paial(") = Paxial 1)/ G, (15)
=0.096+ 0.03. Considering that these values nearly satisfy -
the isovector magnetic moment relatioii,+ fo="1, we Por(1)=por(N/{L7),
use the following approximate values, which satisfy Bd.
exactly Eq. (14) assumes the form
fspin= 0.90+0.03, fup=0.10+0.03. (12 Pmag(r): fspirpaxial(r)+ forbPor(r) - (16)
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The functionsp;(r) all satisfy [p;(r)d®x=1, so that the in- , 30
tegrated form of Eq(16) is simply the relatior(11). Fourier (rom=—- (23
transforming Eq(16), we get a relation between the isovec- a

tor magnetic, axial vector and “orbital” form factors of the This is to be compared with the rms radius of the matter
nucleon: distribution

Hirf]?i\ée‘in) = 1:spinH axiaI(Qz) + 1:orbH orb(QZ) (17) 12 5
<r2>matt:¥v i.e., <r2>orb:§<r2>matt- (24)

where
B Equation (17) thus implies a relation between the mean
Hi(Q?=Q?)= J pi(r)edx (18)  square radii of the various form factors:
with H i(o): 1. - <r2>ir$]c;\éec: fspin<r2>axial+ forb<r2>orb
The form factorHz3:°(Q%) is an experimentally mea- 5
sured quantity, related to the magnet®achs form factors =fspm<r2>axia|+§forb(f2>man- (25

of the proton and the neutron by
To the extent that the matter radius of the proton is assumed

Hisoveq 92) = Gh(QH)—-Gn(QH (19) to be the same as the magnetic radius, we have the prediction
mag Mp™ Mn .
5
p 2 n 2 1- _forb
To the extent thaGp(Q“) and G,(Q“) are both propor- ) 2 )
tional to (1+Q?/0.71 GeVf) 2, we have (r >axiaI:—f — (1) mag- (26)
spin
SOveq 2 1 Using the valuesf,,=0.10+0.03, fg,=0.90+0.03 ob-
Hrag (Q9)=7—72, My=0.84 GeV. (200  tained from the fits to the magnetic moments, and the dipole
1+Q_ parametrization given in Eq$20) and (21), the above rela-
M2 tion yields
The (normalizedl axial vector form factor is likewise usually Ma=(1.10£0.07My=0.92£0.06 GeV  (27)

arametrized as a dipole . . .
P P in quite reasonable agreement with the valld,

~1.0 GeV deduced from elastic neutrino-nucleon scattering

H ayial( Q) = 5. (21)  [7]. It may be remarked here that measurements of elpgtic

2 —_ . . . .
14 Q_ and pp scattering, when interpreted in a geometrical model
i [8] tend to give a matter radius slightly larger than the charge

radius, namely \(r?)m.~0.89 fm, as compared to

It is clear from Eq.(17) that the difference between V{I)charge~0.84 fm.If this difference is taken into account,
HE(;\&EC(QZ) andHaXia|(Q2) is a measure of the orbital contri- the predICtIOI’l fOt’MA obtained from Eq.(26) Increases by
bution proportional tofyy,: in the limit fo,=0, fop=1, about one percent. . .
these two form factors would be identical and we would Finally, we can also obtain from EGL7) a more detazlled
haveM =My, . prediction for the shape of the axial vector fackby,;,(Q°),
The orbital form factoH ,,(Q?) is a calculable feature of misgsgcrES of tf;e empirically anown magnetic form factor
our model, which ascribes the orbital angular momentum tdimag —(1+Q /O-Zl Ge\?} and the calculated orbital
the rigid rotation of a flux tube. Assuming matter in the form factorHq,(Q) given in Eq.(22). The result is plotted
proton to be distributed as,.ce”"'2, the density of orbital in Fig. 5, and is close to a dipole witi ,~0.92 GeV.

angular momentunp,;, is proportional tor?e~"'2, The re-
sulting orbital form factor is IV. CONCLUDING REMARKS

We presented in Refl] a model of the proton as a col-

f elQX 21133y lectively rotating system of quarks, with an orbital angular

Ho(Q2=02)= _ 1-Q%? momentum determined by the baryon magnetic moments and
ore o a3 (1+Q%a?)*’ the axial vector couplings to b ,)=0.42+0.14. We have
ree "dx now shown that the same assumption of a rigidly rotating

(22)  structure leads to a difference between the normalized axial

vector and isovector magnetic form factors, which is depen-

In particular, the rms radius associated with the orbital formdent on the spatial distribution of orbital angular momentum.
factor is The model of rigid rotation leads to an axial vector form

033002-4
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FIG. 5. Predicted shape of axial vector form factor witfy;,
=0.90, f,,=0.10, compared to a dipole witll ,=0.92 GeV.

factor which is close to a dipole withM,=0.92

+0.06 GeV. Our model of a rotating matter distribution has

some similarity to that discussed by Chou and Yg#igwho

PHYSICAL REVIEW D58 033002

9 G
<SZ>_§1+|:/D

575 (xQsM. (3D

In the limit F/D=5/9, which is the Skyrme model value, one
has(S,)=0, while in the NQM limitG,=35, F/D=% one
has(S,)=3. For the measured valu&s=0.46,D =0.80, this
model yields(S,)=0.07, which is very close to the estimate
in Eq. (28).

Information about(S,) has also been derived from the
analysis of structure functiong)'" measured in polarized
deep inelastic scatterind2,13. The integrals of these struc-
ture functions can be written as

CYQ?)

1
f gP"(x,Q%)dx= 1

+a® +§a(8)

+ a'?(Q?) (32

C3(Q?)
9

whereC!'® andC$ are perturbatively calculable coefficients.
The singlet axial coupling(¥(Q?) differs from A% =Au
+Ad+As as a consequence of the gluon anomaly. In the
Adler-Bardeen factorization schema(®(Q?) is related to
A3 by

a'S(QZ)
2

al?(Q%) =A% —n; AG(Q?) (33

proposed a test for the velocity profile of a polarized proton

in hadronic interactions.
It is of interest to ask how our results f¢8,) and(L,),
namely

(S,)=0.08+0.15, (L,)=0.42+0.14, (29

where AG(Q?) is the net polarization of gluons in a polar-
ized nucleon. A determination ak3 from the measured
quantity a(®(Q?) is only possible by invoking a model for
the polarized gluon density, and fitting it to the obser@
dependence of the structure functions. The result of one such

compare with those obtained from other considerations. odjt [14] is
fit indicates a dominance of orbital over spin angular mo-

mentum. This feature is opposite to that in the ”0”'(Sz>=§AE=O.22tO.O45(polarized structure functiohs

relativistic quark model,

1
(S)=5. (L)=0 (NQ), (29

(39

Other analysef13,12,15 obtain values of S,) between 0.1
and 0.3. Within errors, the result f¢8,) obtained from high

and closer to the soliton picture of the proton represented bgnergy experiments is compatible with the res@8) ob-

the Skyrme mod€[10]

1
($)=0, (L= (Skymme. (30

tained from a fit to the static properties.

It remains to be seen whether a specific test of rotational
angular momentur{L,) and its radial distribution can be
devised. We have argued that the difference in shapes of the
axial vector and isovector magnetic form factors is a probe of

An interesting version of the soliton model, that interpolatesorbital angular momentum. A precise determination of
between the NQM and Skyrme limits, is the chiral quarkF(Q?), which does not presume a dipole behavior from the

soliton picture[11], which predicts

outset, would be of great interest in this respect.
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