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Examination of the strangeness contribution to the nucleon magnetic moment
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We examine the nucleon strangeness magnetic momgmtith a lowest order meson cloud model. We
observe thatl) strangeness in the nucleon is a natural requirement of the empirical relaion,=-3/2,
which favors an SIB) octet meson cloud instead of merely the(8JJpions.(2) In a consistent perturbative
calculation, the quark vertex contribution tq is divergently positive, the meson cloud contributionugis
divergently negative, and the sum is convergent and negd8yén the rest frame of the nucleopg cannot
be separated into a quark part and an antiquark part, neithepgche calculated via the spin and orbital
angular momentum of the strange quarks and antiquétk®Vhile the overall sign ofu is under debate, the
spin part ofug (which is related to the strange quark tensor chaigdetter known to be negative.
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I. INTRODUCTION nucleon contains also sea quarks. Especially, spontaneous

The strangeness content of the nucleon is purely a se%h'ral symmetry breaking tells that pseudoscalar meson de-

quark effect and therefore is a clean and important windo rees of freedom should be important in the nucleon. The

to look into the nucleon internal structure and dynamics. ofneson cloud would modify the bare quark magnetic mo-

particular recent interest to the community is the nucleonment’ therefore the relatiop,/u,=~3/2 respected by the

strangeness magnetic moment=G5,(Q?=0) [1]: By mea- valence configuration should be rechecked. We will show

ing 9 =Gy, (Q7=0) [1]: By . . that it is the SW3) instead of S2) meson cloud that pre-
suring the nucleon weak neutral current form factor in pa”ty'serves,u / uy=-312, in this sense the nucleon strangeness
violating electron-nucleon scatterifi@,3], a determination prn !

. content is required b,/ u,=—3/2.
2 - . . pr . .
of the strange magnetic form fact@y,(Q°) becomes pos First we specify our formalism to compute various contri-

) S X o
sible. Gy, and/or us has also been extensively studied inpions to nucleon magnetic moments. We take a renormal-
many theoretical approaches, such as the lattice QCD calCisapie model Lagrangian

lation [4—7], chiral perturbation and dispersion relation
[8-10, GDH sum rule[11], various quark modelgl2-1§, — 1 1
correlating the octet baryon magnetic moments by assuming £ = ¢li 9= S(r) = ¥V(n)]y+ E((?,U-d)i)z_ Em|2¢.2
SU(3) flavor symmetry{19-21, and so or[1].

The interest inug was partially stimulated by the EMC 1 — o N
finding that the nucleon contains significant strangeness po- - £¢{S(r)|y5)\ G +iYNASIN ]y, (1)
larization [22], which was then regarded as startling. How-
ever, we will explain in Sec. Il with a lowest order meson It is derived from the nonlineas model in which meson
cloud model that strangeness content in the nucleon is in fadields are introduced to restore chiral symmef#g]; S(r)
a natural requirement of the renowned empirical relatior=cr+m represents the linear scalar confinement potential
tpl un==3/2. In Sec. Ill various contributions tas are ex-  and the quark mass matrix, V(r)=-a/r is the Coulomb-
plicitly calculated with lowest order perturbation theory. A type vector potentialF,=93 MeV is the pion decay con-
detailed comparison ofis with the nucleon strangeness po- stant, ¢; (i runs from 1 to 8 are the pseudoscalar meson
larization A4 is performed in Sec. IV, where we also com- fields, and\; are the Gell-Mann matrices. The conserved
ment on a tendency in some studf@$,19-2] to compute  electromagnetic current given by E@L) is j*=2q j§+]4,
us Via the spin and orbital angular momentum of the strangavith j4 andj/ the quark and meson currents, respectively:
quarks and antiquarks. In the end we give a brief summary
and discgss the sign qfs which is under debate among the jh= quqy"lﬂq,
community.

5= (10 by = pod b1+ pad s = s by). (2
The nucleon magnetic moment is obtained by taking the
expectation value of the operatgr=[d3xr X j in a nucleon
Historically, the SU6) valence quark model gave a good state. At zeroth order the quark-meson coupling is turned off

description of the nucleon magnetic moments, particularlyand the nucleon is described by the usual@uhree-quark
the empirical relationu,/ u,==3/2. It is clear today that the ground state of the Hamiltonian,

Il. THE NUCLEON MAGNETIC MOMENTS
AND THE STRANGENESS
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(Z, -1) other hand, if one merely includes the @Y pions, strong
* % violation will be found for u,=-2uy, and thus also for
A B Mol pn==312.
PN - > ~
VR K N [II. COMPUTATION OF pug
C D In this paper we do not aim to make a fine tuning to the

bulk nucleon magnetic moments. Instead, we try to gain
FIG. 1. Dressed quark magnetic moment up to second order isgome insights intqus that do not depend on or only loosely
quark-meson coupling; a cross on the quark or meson line denotefepend on our model assumptions. Since no strangeness is
the insertion of a magnetic moment operator. assigned to the nucleon at zeroth order, up to second order
the only contributions ta are from Figs. {c) and Xd). The
1. effect of wavefunction renormalization qu starts at fourth
Hq= f d®x l//T[& +=d + BS(r) + V(1) | . (3)  order, and the exchange current does not contribuje, tat
! second order either. Working out the spin-isospin factors, we

. . . h
Figure 1 gives the “dressed” quark magnetic moment up to ave

second order in_ququ—(r)nesonocogpling. Figu(a) Is the e = 2A¢ — 2Cx. (5)
bare quark contribution,=—2uy. Figure 1b) is the wave-

function renormalization counter term, the renormalizationNote that the quark charge is excludeduigiwhich is defined
factor Z, is the same fou,d quarks assuming S@) flavor ~ as thetotal strangeness magnetic moment of the nucleon, but
symmetry. Figures(t) and 1d) are the one-loop quark ver- included inu, and iy which refer to the dressed magnetic
tex and meson cloud contributions, respectively. A explicitmoment evolved from aingle “parent” quark.

computation of these diagrams will be postponed until the The ingredients needed for calculating Fig&)®nd 1d)
next section, here it suffices to denote the amplitudes of Figgire the quark wave functions and the lowest order quark and
1(c) and ¥d) by A, and C, with spin-isospin factors Mmeson propagators. The meson propagator given by Hq.
dropped out. The subscrigh=,K, 7 refers to the meson is the free one:

type in the loop. It is understood that the intermediate quark

is s for =K, and isu or d for ¢=1, 7. Working out the Ajj (x1,%5) = (O T{i(x1), $;(x2)}/0)
spin-isospin factors, we find the “dressed’and d quark i f 8. ek tax)
i = 4. 6
magnetic moments (2m? C—mi+ic (6)
2 2 Since the nonperturbative confinement is includedjnthe
ZZ'“U §AK * §A’7 +2C, +2C, (42) quark propagator has to be obtained numerically, and in prac-
tice we have to work with time-ordered perturbation theory.
We write the solution oH, as
2 1
g = Zsz +A,- :__D,AK - §A” -2C,. (4b)

() = 2 Uq(X)a, + 2 vp(bp, ()
@ B

Note that the subscripts, d in 7, uq just indicate that this
is the contribution evolved from a single or d “parent”
quark. The reall, d or s flavor contribution is identified by
the line type on which the magnetic moment operator is in- 2~ ( Onji(1) ) :)
U (

whereu,(x) =€ U, (X) 7,, v(x) =€ 4(X) 75; 7 is the fla-
vor wave function and the spatial wave function is

serted. The meson cloud contribution is partitioned according
to its quark contents. For example, of tk&(=us) contribu-
tion 2/3 is counted as from the flavor and 1/3 from thes
flavor. A useful reminder is that although the chargeless
K°(=ds) does not contribute magnetic moment in total, the N is the radial quantum number, anQ"(F) is the spinor
and’s quarks inside it contributeseparatelyif the orbital ~ Sspherical harmonics.
angular momentum dk° is nonzero. Corresponding to Eq(7), the quark propagator is

It is a common feature of relativistic meson cloud models
that the bare quark magnetic moment is too small to accountD(x,Xz) = (O] T{(xy), (xo)}|0)= Bi(t; - tz)z Uy (X)) Uy(Xp)
for the nucleon magnetic moments, thereféqgandC, in
Eq. (4) are expected to be quite large. If &) flavor sym-
metry is unbroken, theAx=A_, Cx=C_, and Eq(3) tells us
that,=-2uq. Thus, by including an octet meson cloahd
hence strangenesato the nucleon,u,/u,=-3/2 will be  Applying the propagators to Fig(d), we get the quark ver-
preserved, with slight violation from §B) flavor symmetry  tex amplitude(with the initial and final states denoted &s
breaking and the exchange current contribufia4]. On the  andu;, respectively.

8

i rfn”(r)

and similarly forv4(x). In Eq.(8), g andf are real functions,

— ot - tl)E v B(Xl)U—ﬁ(XZ) . 9
B

015201-2
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A B
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C D

FIG. 2. Time-ordered diagrams of Figc}; (a) is the quark state
contribution;(b) is the anti-quark state contributio(c) and(d) are
the quark-antiquark pair creation and annihilatiai diagrams.

A= J d“xld“xﬂf(xg)ri(rz)[ Ot~ 1) Ot — t;)

X 2 Ug(%)T g U (Xg) + Bty = D) Ot — 1)

’
aa

X ()T garv g (Xg)— Ot — 1) Bty — 1)

BB’
X 2 Uy ()T 0 0 (Xg) = 6t = 1) Bt — 1)
af’
X 2 Uﬁ(xz)rﬁa'm’(xl)}
Ba’
) i S e—ik-(xl—xz)
x Tl - d*k—L , 10
(rl)ul(xl)(2ﬁ4j kz—mi2+ie ( )

where T'(r)=S(r) ¥\l /F, T, =[d® ul(Xx a)%u,, and
similarly for I'g/, etc. The four time-ordered terms in Eq.
(12) correspond to the time-ordered diagrams of Fig. 2.

Similarly, the Kaon cloud amplitude of Fig(d) is found
to be

_ . . 1
CK=Jd4X1d4X2Uf(X2)r'(rz)D(Xzyxl)F'(rl)Ui(Xl)W
e A o3 APV, 3
Xf d*k,d*kyd Xm(x Xi(ks +ky))

e—ikl-(x—xl)
- 6}55j4) k2

2 - (11
T-mf+ie

X (8495

We omit the detalils for calculating Eq4.0) and(11). The

integrals can be reduced analytically to radial integrations a

TABLE I. Model parameters and the bare value of nucleon mag-

netic moments.

Parameter  mygq mg c wp=—1.5u,
set (MeV)  (MeV) a (Ge\?) (uN)
1 10 150 0.26 0.11 1.60
2 10 150 0.26 0.16 1.33
3 300 500 0.26 0.11 1.16
4 10 150 0.50 0.18 1.25
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FIG. 3. Quark vertex contribution tgs as a function of the
regularization energy cutoff.

the vertex points and of loop momentLJﬁh. The remaining
integrations are carried out numerically.

As we did forAg in Ref. [25], we allow here strong varia-
tions of the model paramete(see Table ) entering in the
Lagrangian of Eq(1), so as to check the model-dependence
of our results. The last column of Table | gives the bare
magnetic moment of the nucleon. As in many other meson
cloud models, the bare value is much smaller than the ex-
perimental value. The rest is to be provided by sea quarks.
The one-loop quark vertex and Kaon cloud contributions to
Mg are given in Figs. 3 and 4 in units @fy, and their sum in
Fig. 5, as functions of the energy up to which the intermedi-
ate quark and antiquark states are consistently summed.

Figure 3 tells that for all choices of parameter sets, the
quark vertex contribution t turns out to be positive, as
long as enough excited quark states are taken into account.
On the other hand, Fig. 4 tells us that the meson cloud con-
tribution to u is always negative. Both Figs. 3 and 4 indicate
a divergent result. This is because in the chiral Lagrangian of

0.0

=
°
[V}

Kaon cloud contribution to

-0.4

o
)

085 10 5 20

regularization energy cutoff E(GeV)

FIG. 4. Kaon cloud contribution tps as a function of the regu-
larization energy cutoff.
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FIG. 5. The sum of Figs. 3 and 4, which is the total of the 025 10 15 2.0

nucleon. regularization energy cutoff E(GeV)

; : FIG. 6. Contributions tqus from the time-ordered diagrams of
Eq. (1), the electromagnetic current of the strange s
a- () g ge quatk Fig. 2 as functions of the energy cutoff; the quark and antiquark

and .Of the Kaqn clou@ lKL.) are not separately Conservgd. To states both generate a negative contribution, while the Zialia-

obtain a meaningful finite result, we must renormalize the rams yield a positive contribution.

composite, nonconserved magnetic moment operator. Analo-

gous to the lattice renormalization, we cut the intermediate . .

quark and antiquark states at a certain energy, which shoufffat there are twoZ’ diagrams; so eventually we get in

roughly correspond to the inverse of the lattice spacing®t@l @ negative strangeness polarization but a positive

(a1~1.7 GeV) in the lattice QCD calculation of nucleon Stangeness magnetic moment from Fige)1 .

properties[27]. The cutoff point is indicated in Fig. 3. | The above_observatlon mvaﬁdates a tendenc(}/) in some
The complete strangeness electromagnetic current is certudies(15,19-21 (tg separatqus into a quark parf~ and

tainly conservedin the absence of the flavor-changing weakan antiquark part -, which are then related to the spin and

interaction, therefore by adding the quark vertex and theorbital angular momentum of the strange quarks and anti-

Kaon cloud contributions together, one should get a converduarks, respectively:

gent total strangeness contribution to the nucleon magnetic 1 1

moment. A rough convergence is indeed seen in Fig. 5. =l + M(S'):R(A(;) +L) - ﬁ(A(S_) +LY)),

. (12
IV. COMPARING g with Ag L .
) whereEA(S‘) andL(S‘) are the strange quark/antiquark spin and
In our lowest order perturbation theory, the nucleong pital’contributions to the nucleon spin.
strangeness polarizatidxy receives a contribution only from The failure of Eq.(12) can be seen more explicitly by
the quark vertex diagram, Fig(d, but not from the spinless  gxhanding the relevant operators in a plane wave basis. For
Kaon cloud itself. It is quite interesting to notice that Fig. e quark field of flavor, the magnetic moment and the spin

1(c) cor_ltrib_utes tqus andAg [2;] Wi_th oppositg signs. To see gnd orbital angular momentum operators are
how this difference occurs, in Fig. 6 we give the separate

contributions toug from the time-ordered diagrams of Fig. 2
for the second set of model parameters. Accordingly, in Fig.
7 we indicate the corresponding contributionsAto[25].

The results of Figs. 6 and 7 explain wiwy and Ag from .1 _ . 1.
Fig. 1(c) have opposite signs: The intermediate quark states = §;= > f d®x wqizy*;z//q, Lq:f d3x wgix = iy
give a contribution of the same sigboth negative to ug :
andAg, which is as expected. The antiquark states contribute (14
a positive amount tdg, but a negative amount {as. This is . . . .
also reasonable since the antiquark has an opposite charge toBy_exp_andmggz/(x) n Eqs.(13) a_1nd(1.4) at a given time
the quark. However, one would not expect the usual relatiorqsayt_o) in terms of the Dirac spinors:

g = f & i X ayy; (13)

between magnetic moment and spin for the contributions 1 T TR ST
from the ‘Z” diagrams in which a quark-antiquark) pair h(x) = 2P d*k(ap U € + by vine™™), (15

is created or annihilated. Figures 6 and 7 show that #ie “

diagrams give a negative contribution to the polarizationthe a’a andb'b terms can be readily identified as the quark
while they generate a positive contribution to the magnetiand antiquark contributions, respectively. However, one also
moment. They are also the dominating contributignete  getsa’b™ andab terms which create or annihilatecg) pair.
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0.15 ; tum together with the corresponding gyromagnetic factor.
o—o Fig.2B However, we are unable to relate thyg pair terms of the
040 | magnetic moment operator to the pair terms of the san and
2 orbital angular moment operators in the usyat(1/m)S
% 0.05 L +(1/2m)L manner. This obstacle is in fact not unexpected:
S Our general notion is that magnetic moment is proportional
§ to the charge, but whengg pair is created or annihilated we
5 000 - do not know whether it should be counted as the charge of
é the quark or the antiquark.
£ 005 |
8
S V. BRIEF SUMMARY AND DISCUSSION
010 | +— Fig.2A \‘\“\_\
+— Fig.2C,D We have seen in this paper that by properly including
045 , ‘ strangeness into the nucleon, the renowned empirical relation
o5 1.0 15 2.0 Mol un==3/2 which historically was explained by the naive
regularization energy cutoff E(GeV) SU(6) quark model assuming=(1/2m)g, is preserved. The

N . . nonrelativistic relation between magnetic moment and spin,
FIG. 7. Contributions ta\s Trom the tlme-o_rdered diagrams as however, does not survive quantum processes of particle-
functions of the energy cutoff; the quark, antiquark states, and the ntioarticl ir creation/annihilation
“Z" diagrams give a negative, positive, and negative contribution,a particie p".’l creation/a ation. .
respectively. By employing a standard lowest order perturbation theory,
our model calculation gives a convergent, unambiguous re-
sult of us~—(0.1-0.35uN (see Fig. 5, which is the sum of
%rpositive contribution from the quark vertex and a negative

%ontribution from the Kaon cloud. The present experimental

Such pair terms cannot be attribute separately to the quark
antiquark, and they generally do not vanish except in th
infinite momentum frame. So we write

result is[2]
fq= fig'+ ag) + dgterms, (163
us=[0.01%0.2%stap + 0.31(sys + 0.07theor) ] uy.
§= J a3k §q§ + f d%k §q}f+qa terms,  (16b) (19)

R R R Most of the theoretical analyses and calculations in the lit-
Ly= f d3k L;+k~)+ f d3k L;E+q6terms. (160  erature yield a negative or close-to-zeng. There is one
exception: a significantly positive value is obtained in Ref.

Besides the pair terms which are characteristic of quantur]blz]- In our otpinion,. thistis bet(_:au”se.thel: péos(,jit?veRcolr;trigution
field theory, uq, S, andL, also contain relativistic kinetic fom qq pair terms Is automatically included in R¢L2] by

corrections. comina from the small component of Dirac® relativistic calculation, while the negative contribution
. ng | all compc . from the Kaon cloud is not properly treated.
spinors. These kinetic terms are implicitly included in the

uark/antiquark parts. In previous stud[es], we have no- Although the experimental result favors a slightly positive
4 q parts. 'n p oy « We argue that there are good reasons to believe that at
ticed an interesting phenomenon that in the above plan

wave basis expansion the relativistic kinetic correction an gast the spin part ofs is negative. Most recently, we have
pan evealed that the quark magnetic moment can be unambigu-

the pairs terms ir§; andL, cancel each other exactly, leav- ously decomposed into a spin and an orbital part, and the
ing the sum of§; and L, free of relativistic and quantum spin part is in fact related to the quark tensor chaig¢28].

corrections. Since 8q can be computed directly as a forward matrix ele-
Writing down explicit expressions of the terms in Efj6) ment on the latticgin contrast,uq has to be extrapolated
and comparing them carefully, one can find that from electromagnetic form factors at finite momentum trans-

1 1 fer), the lattice QCD result of a negative strangeness tensor
= | P& -_&- Bl (| -] - ; chargeds=-0.04634) [29] can be regarded as relatively re-
Ha f d kkO(qu W+ J d k2ko(qu L+ pair terms. liable in comparison to the lattice QCD predictiongf Our

(17) model gives a similar resulP8] as the lattice calculation in
. Ref. [29].
Therefore, except for thgq pair creation/annihilation terms,
the magnetic moment operator in relativistic quantum field
theory can indeed be expressed in a quite elegant form which ACKNOWLEDGMENTS
is exactly analogous to our notion of magnetic moment in
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