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SU(6) breaking effects in the nucleon elastic electromagnetic form factors
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The effects of both kinematical and dynamical (8lbreaking on the nucleon elastic form factﬂ(Qz)
and G',\“A(Qz), are investigated within the constituent quark model formulated on the light front. The investi-
gation is focused oB(Q?) and the ratidGF, (Q?)/Gy(Q?), which within the SW6) symmetry are given by
GR(QH)=0 and G},(Q?)/G},(Q%)=—3/2, respectively. It is shown that the kinematical (BUbreaking
caused by the Melosh rotations of the quark spins as well as the dynami¢g)] Btéaking due to the
mixed-symmetry component generated in the nucleon wave function by the spin-dependent terms of the
quark-quark interaction, can affect ba®}(Q?) andGF(Q?)/G},(Q?). The calculateds(Q?) is found to be
qualitatively consistent with existing data, though ori¥p5% of the experimental neutron charge radius can
be explained without invoking effects from possible nonvanishing sizes of the constituent quarks and/or
many-body currents. At the same time the predictions for the magneticGE{®@?)/G},(Q?) turn out to be
inconsistent with the data. It is, however, shown that the caIcuIatioﬁﬂQ‘QQz) based on different compo-
nents of the one-body electromagnetic current lead to quite different results. In particular, the calculations
based on thelus component are found to be plagued by spurious effects related to the loss of the rotational
covariance in the light-front formalism. These unwanted effects can be avoided by considering the transverse
y component of the current. In this way our light-front predictions are found to be consistent with the data on
both GE(Q?) andG},(Q?)/G},(Q?). Finally, it is shown that a suppression of the ra@p(Q?)/GF,(Q?) with
respect to the dipole-fit prediction can be expected in the constituent quark model provided the relativistic
effects generated by the Melosh rotations of the constituent spins are taken into account.

PACS numbgs): 14.20.Dh, 13.40.Gp, 12.39.Ki, 24.85p

[. INTRODUCTION neutron charge radius is known to yield almost totally the
experimental value of the lattexr)? ., ,= —0.113+0.005
The nucleon elastic electromagnetie.m) form factors  fm? from Ref.[4]). This result has been viewd&] as an
contain important pieces of information on the internal struc-indication of the smallness of thatrinsic charge radius re-
ture of the nucleon, and therefore an extensive program fdated to the neutron rest-frame charge distribution. Very re-
their experimental determination is currently underway andcently [6], however, the interpretation of the neutron charge
is planned at several facilities around the wdrd. In this  radius as arising from its internal charge distribution has
work we focus on the nucleon Sachs form factors, defined aBeen addressed again, arguing that, going beyond the nonrel-
(2] ativistic limit when the Foldy term first appears, the Dirac
neutron form factoF;(Q?) receives a relativistic correction
that cancels exactly against the Foldy ternG(Q?). Such
a statement was inferred from the observation that the well-
known phenomenon dfitterbewegungwhich produces the

2
GE(Q*)=F1(Q)~ 712 F2(Q%),

G (QY)=F}(Q%)+F}(Q?) (1)  Foldy term, cannot contribute to the neutron charge radius,
because the latter has zero total chdigje
where F’I'(Qz) [FQ‘(QZ)] is the Dirac[Pauli] form factor The result of Ref[6] has been recently derived from a
appearing in the covariant decomposition of {lo@-shel) relativistic calculation of the nucleon elastic e.m. form fac-
nucleon e.m. current matrix elements, viz. tors, performed within the light-frorlLF) formalism and the
constituent quarkCQ) model[3]. Namely it has been shown
(N(p",s")|j~(0)|N(p,s)) that the Zitterbewegungapproximation of Ref[6] corre-
- sponds to neglecting the initial transverse motion in the
=u(p’,s"){F)(Q?y* Melosh rotations of the CQ spins. In RER] the predictions
N o of both the nonrelativisti€NR) limit and theZitterbewegung
+F2(Q%)(io*"q,/2M)}u(p,s) (2)  (zB) approximation have been carried out assuming a pure

_ ) _ SU(6)-symmetric nucleon wave function. In both cases it
with Q“=—q-q andM being the squared four-momentum \yas found thatG(Q2) =0 and G},(Q?)/G},(Q?) = —3/2.

transfer and the nucleon mass, respectively. As is wellypile the latter is consistent with experimental data, the
known (cf., e.g., Ref[3]), the spin-flavor SUB) symmetry  former prediction is well known to be at variance with exist-

predictsGE(Q?) =0 andGy(Q?)/Gy(Q%) = —3/2. ing data. Therefore, both in th®R limit and in the ZB
The term (- Q%/4M?)F}(Q?), appearing in the definition  approximation the only way to produce a @breaking can

of GE(Q?) [Eq. (1], is usually referred to as the Foldy con- be of dynamical origin, i.e., related to the presence of a

tribution and it is of relativistic origin. Its contribution to the mixed-symmetry component generated in the nucleon wave
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function by the spin-dependent terms of the effective quarkserved in the nucleon elastic e.m. form factors, provided rela-
quark potential. We point out that spin-dependent forces artvistic effects are properly taken into account.

important at short interquark distances, and their strengths Finally, we will address also the issue of the interpretation
are almost fixed by the spin splittings in the hadron mas®f the recently observed10] deviation of the ratio

spectroscopycf., e.g., Refs[7,8]). ,quE(QZ)/Gﬁ,,(QZ) from the dipole-fit expectation
However, in Ref.[3] the following has been demon- u,GE(Q?)/G}(Q?) =1, where u,=G}(0) is the proton
strated: magnetic moment. It will be shown that a suppression of the

(a) The effects of the CQ initial transverse motion in the above-mentioned ratio from unity can be expected in the CQ
Melosh rotations can be neglected to a good approximatiomodel provided the relativistic effects generated by the
only when the average value of the transverse momentd/elosh rotations of thg CQ spins are tgken into account. The
(p,), is much smaller than the CQ mass However, in results of the calculations obtained using the nucleon wave

QCD bothmand(p, ) are expected to be at least of the orderfunctions arising from two of the most sophisticated quark
of the QCD scaleA qcp~300 MeV. Moreover, in quark potential model$7,8], are found to compare quite favorably
potential models, like those of Ref&,8], (p,) turns out to with the recent datgl0] from Jefferson LatiJLa.

be much larger tham, because of the high momentum com-
ponents generated in the hadron wave functions by the short- . THE NUCLEON LIGHT-FRONT WAVE FUNCTION

range part of the effective CQ interactigef. Ref.[9)); Let us briefly recall the basic notations and the relevant

(b).The Melosh rotatlons_ producg a kinematical (BU structure of the nucleon wave function in the LF formalism.
breaking. Indeed, such rotations, being momentum and SPIRg is well known(cf., e.g., Refs[11—13), the nucleon LF

Avave function is an eigenstate of the noninteract{b)

momentum and spin; in other words, the nucleon LF wav ngular momentum operatof® and] ,, where the unit vec-
function cannot be expressed anymore as a product of a spa- = ~

tial part times a spin-isospin function, and therefore it cannof®” N=(0.0,1) defines the spin quantization axis. The
be SUB) symmetric. The inclusion of the effects of the CQ Sduared free-mass operator is given by

initial transverse motion lead unavoidably ®Z(Q?%)#0 3

and G,?A(QZ)_/G',\‘,'(QZ)#—B./Z, even when the dynamical M2= (K, |2+ M)/, 3)
SU(6) breaking, generated by the spin-dependent compo- i=1

nents of the effective CQ interaction, is neglected. Moreover,

it has been shown that LF relativistic effects may contributewhere
significantly toGE(Q?) when(p, )>m, and in particular the

n
calculated neutron charge radius can react0% of its ex- Pi

perimental value; §=pe
(c) The SUB6) breaking associated with the Melosh rota-
tions heavily affects also the rati@},(Q?)/Gy(Q?), lead- K, =p,—&P, ()
ing however to a significative underestimation of the experi-
mental data. are the intrinsic LF variables. The subscriptindicates the

The aim of the present work is twofold) to include the projection perpendicular to the spin quantization axis and
effects of the mixed-symmetry wave function both in the NRthe plus component of a four-vectge=(p°,p) is given by
limit and in the ZB approximation as well as in the full LF = "~ = e
approach, extending in this way the analysis of RF, (i) P —P *n-p: finally P=(P7.P,)=p;+p,+p; is the
to show that LF calculations @B}, (Q?), based on different nucleon LF momentum angi is the quark one. In terms of
components of the one-body e.m. current, lead to quite difthe longitudinal momenturk, , related to the variablé; by
ferent results, because of spurious, unphysical effects related 1
to the loss of the rotational covariance in the light-front for- O TTEM (R 124 m2)/ £
malism, while the same does not occur in case of the nucleon Kin= 2 [&Mo= (ki [*+m*)/&Mo], ®
charge form factoG(Q?).

It will be shown that(i) the predictions of the NR limit the free-mass operator acquires a familiar form, viz.,
and the ZB agproximation underestimate significantly the 3 3
data on GE(Q?“), even when the effects of the mixed- B _ 5 o2
symmetry wave function are considered, diylonce spuri- MO_iZl Ei_i; me-+ [k )
ous effects are properly avoided, the LF predictions are con-
sistent with the data on botB2(Q?) andG},(Q%)/Gy(Q?).  with the three vector&, defined ab
though only=65% of the experimental neutron charge ra-
dius can be explained without invoking effects from possible K=(K., k) @)
nonvanishing CQ sizes and/or many-body currents. This R
means that the dynamical $&) breaking, predicted by
quark potential models based on the hadron mass spectros-
copy, appears to be consistent with the(6Ubreaking ob-  Note thatk; are internal variables satisfyirig + K, +kz=0.
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Disregarding the color variables, the nucleon LF wave funcyjith k; given by Eq.(7). Finally, the spin-isospin function
tion reads as f;ZTTle({vl 7i}), corresponding to a total spin (1/2) and total
isospin (1/2), is defined as

K u VN — El 2Bs t
<{§|ku Vi Tl}|\I’N > 0§1§2§3 ; <{V HR |{V|}> (I)flz;rlz({ViTi})
X<{|2i;vi7i}|X|':1N>’ (8)

1
2™

1
< 15 2 v S1oM > < SiM Sy V3

where the curly braces} mean a list of indexes correspond-

ing toi=1,2,3, andv; (7;) is the third component of the CQ 1 /1
spin (isospin. The rotationR T, appearing in Eq(8), is the ME 712 72| T My T12MT§T3 2N/
product of individual(generalizeg Melosh rotations, viz., 13
13
3
_ RI(K, . &.m), 9 whereS;, (T4, is the total spin(isospin of the quark pair
H 1 (KiL&j.m) © (1,2). The normalizations of the various partial waves in Eq.
(11) are
where
o | dkapwek =P,
N m+&Mo—ia- (nxk;, )
Rj(k]l 1&] vm)E \/ ’ P (10)
(m+&Mo)*+ 16| | dRaphwg &.p)12= | akdplwe (K 5)P=Ps 12,

with o being the ordinary Pauli spin matrices.

In what follows we neglect the very smatlandD waves f dkdplwa(K,p)|?= P4, (14
of the nucleor(see later oj) and therefore we limit ourselves
to the following canonical(or equal-timg¢ wave function

(corresponding to a total orbital angular momentum equal to tW'th PstPs+Pa=1.

L=0): Generally speaking, the nucleon LF wave functidfﬁ“)
[see Eq.(8)] is an eigenfunction of a mass equation of the
™ v form
<{ki?ViTi}|XNN>
. Mo+ VW) =M w7, (15
=W IZ,% —[®P VT, +CD11 Vi Ti ,
stk.p) \/E[ e AT P (A7) ] whereM, is the free-mass operat(8) andV is a Poincare
invariant interaction term. Using the short-hand notation
- -1 TNY=RTx:N), where [xN) is the nucleon canonical
+wg (K,p) —=[ PP —_pt - | N XN/ AN
s (k:p) \/— e 127D = P (b ] wave function[see Eq(11)], one gets
oo 1
+w (K p) T+ @0 (wimih)] [2 v 2+|k|2+V}IX M) =M|x, (16)
.o 1 where V=RVR ' is the Melosh-rotated interaction term,
twa(k,p) —= \/— VNTN {virip)— (DVNTN({Vi Dl D while the free-masd/ g is invariant under Melosh rotations

and it has been expressed directly in terms of the three-

- - - - = - - vectorsk; through Eq.(6). The Poincardanvariance ofV
wherews(k,p), ws;(k,p), Ws;(k,p), andwa(k.p) are the implies simply thaf) has to be independent of the total mo-
completely symmetric §), the two mixed-symmetry§’),  mentum of the system and invariant upon spatial rotations
and the completely antisymmetri@) wave functions, re- and translations. Therefore, one can adoptYfaany quark
spectively. The variablek and p are the Jacobian internal potential model able to reproduce the hadron mass spectra,

coordinates, defined as simply interpretingk; ascanonicalvariables and treating the
kinetic energy operator in its relativistic form.
. k=K, In this work we consider one of the most sophisticated
k= 2 quark potential models, based on the assumption of the va-

lence+ gluon dominancéthe OGE model of Ref.7]). The
. L baryon(canonical wave functions are calculated by solving
> 2k3— (ki tkp) the corresponding three-quark Hamiltonian problem through
p=—"—""7F " (12 o : A
a variational technique, based on the expansion of the wave
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FIG. 1. Canonical CQ momentum distribution in the nuclentp) [Eq. (17)], versus the three-momentum=|p| [see Eq.(12)]. (a)
Thick and thin lines correspond to the nucleon eigenfunctions of the [JG&nd chiral[8] quark potential models, respectively. Solid lines
are the results obtained using the full interaction models, while dotted lines correspond to the inclusion of their linear confinement terms
only. (b) Contributions of various partial wavésee Eq(11)] to the CQ momentum distributiom(p) obtained within the OGE interaction
model. Dot-dashed, dotted, and dashed lines correspo8f,t8,, andS waves, respectively. The solid line is their sum.

function into the harmonic-oscillator badisee Appendix A nonica) CQ momentum distributiom(p) in the nucleon,
for more details The coefficients of the expansion and the calculated within the OGE and chiral models neglecting the
eigenvalues of the three-quark Hamiltonian are determinedmall P, D, and antisymmetriev, partial waves, namely,
via the Raleigh-Ritz variational principle. The presence of
spin-orbit and tensor components in the OGE model give rise
to nonvanishing® andD waves in the nucleon, respectively.
The probabilities of the various partial waves in the nucleon .
turn out be Ps=98.04%, P =1.70%, P,<10 %%, Pp +|Ws;(k,p)|2}- (17
=0.05%, andPp=0.21%. It can be seen that due to the
smallness of the spin-orbit and tensor terms of the OGE From Fig. 1a) it can clearly be seen that both quark po-
model (which is required by the smallness of the spin-orbittential models predict a remarkable content of high-
and tensor splittings in the hadron magsd®w P and D momentum components, which are generated by the short-
waves in the nucleon are weakly coupled to the dominantange part of the quark-quark interacti¢ef. also Ref.[9]).
symmetricS wave. Moreover, also the antisymmetric wave In case of the OGE model the interaction at short range is
wa(K,p) exhibits an extremely weak coupling to the domi- Mainly due to the flavor-independent central Coulomb-like
nant symmetricS wave. Finally, the probability of the @and spin-spin terms arising from the effective one-gluon-
mixed-symmetryS’ component is of the order of few %, €xchange, while in the case of the chiral model the interac-
being governed by the strength of the spin-spin componerifon at short interquark distances is governed by the spin-
of the OGE model, which is almost fixed by th  flavor structure characterizing the exchanges of pignsnd
—A(1232) mass splitting. We point out that the same basi®artially 7’ mesons. As a matter of fact, the above-
features are shared also by the nucleon wave function arisifgentioned high-momentum components are completely ab-
from a recently proposed quark potential model, based on theent if one switches off the intermediate boson exchanges
exchange of the pseudoscalar mesons arising from the spofind only the linear confining teridominant at large inter-
taneous breaking of chiral symmettthe chiral model of duark distancess considered. In Fig.(b) we have reported
Ref.[8]). As a matter of fact, in case of the chiral model the the individual contributions of thg, S;, andS;, waves to the
partial wave probabilities are found to bes=98.73%, CQ momentum distribution(p), calculated within the OGE
Ps=1.27%,P,<10 2%.2 model. It can be seen that both tBeandS], components are

In Ref. [9] the wave functions of the nucleon and of the negligible at low momenta, while they may be important at
most prominent electroproduced nucleon resonances corrbigh momenta, as expected from the short-range nature of
sponding to the OGE and chiral quark potential models havéhe spin-spin interaction among quarks.
been compared. Here, we have reported in Fig) the (ca- Finally, we have collected in Table | the predictions for a

few observables which are of interest in this work, namely
the (canonical average CQ transverse momentym )

2In the case of the version of Rd®] the chiral quark potential > (=
model does not contain any spin-orbit and tensor terms and there- (pL)= /_f dp p* n(p), (18
fore the resulting nucleon wave function hasP@andD waves. 3Jo

n<p=||5|>zj dQ; dkflws(K,p)[*+|ws:(K,p)|?
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TABLE |. Values of the average CQ transverse momentumvyiz.,
(p.), Eq.(18), the CQ mass radiir),q), Eq.(19), and the charge
radii of proton and neutron, E§20), predicted by the OGE7] and

the chiral[8] quark potential models. o’

3 3
. M

7= 11=2 ejy”fjl(Qz)—i—in “fJ(Q) (21)
OGE model Chiral model =1 =1

Conf.only w/oS’" WithS" w/oS Wih S
(p.) (GeV) 0.33 0.56 0.58 0.60 0.61 whereo"*=i/2[ y",y"], g; is the charge of thigh quark,;

(r), (fm) 0.49 0.31 0.32 031 0.32 is the corresponding anomalous magnetic moment, and
(r)g (fm) 0.49 031 031 031 030 fi(Q? its Dirac (Paul) form factor [with f},(Q*=0)

(r), (fm) 0.49 0.31 0.32 0.31 0.32 =1]. In the LF formalism the form factors for a conserved
(1) (fm?) 0.00 000 —00083 000 —-00090 currentcan be obtained using only the matrix elements of the

plus component of the current operator and, moreover, for
Q?=0 the choice of a frame where' =0 allows us to sup-
and the(canonical CQ mass radi{r),q) in the proton press the contribution of th2 graph(i.e., pair creation from
the vacuum[14]). In what follows we adopt a Breit frame
1 3, . where the four-vecton=(q°,q) is given byq°=0 andq
(M@= \/5 2 (2 5=, 19 =(a..ay,0)=(Q,0,0), while the unit vecton=(0,0,1)

v i=1 . . . . . .

P defines the spin-quantization axX@s in Sec. Ii. In the case
of the nucleon, one has

wherer, is the conjugate variable g . In terms of(r)u(a
the squaredcanonical charge radii of proton and neutron

are given by (\p’:"ﬂ . |\PLN>
2:1 4 2__ 2 Ny 2 Q \ ,
=g O FNQ) 8,50 g FQ) il (22
<r>§=§(<r>5—<r>5). (200 leading to

From Table I it can be seen th@j both models give rise to 1

a proton with a small size~0.3 fm instead of~0.8 fm), FYQH)=Tr{Z"},
and (ii) the predicted neutron charge radius has the correct 2

sign, but its absolute value is about one order of magnitude

less than the experimental valug,)? exp— —0.113-0.005

fm? [4]. FY(Q?%)= % %Tr{I*i oy} (23

Ill. CALCULATIONS OF THE NUCLEON ELASTIC . .
FORM FACTORS Using Egs.(8)—(13) for the nucleon wave function, the

general structure of the Dirac and Pauli nucleon form factors
As in Ref.[3] (cf. also Ref.[12]) we consider the one- (23), derived from the matrix elements of thgus compo-
body component of the e.m. current operator at the CQ levehent of the one-body e.m. curref@l), is given explicitly by

2M R . E.E-E
F2<“><Q2>=3{6a,1—35a,2} f [df][dkﬂ[dkﬂ\/ﬁ 3, (BPQILRE WK, Wool K, )
3

+ RGP WK, p )W K,p) + R A WEL(K',p )W K,p) + R 4P Wiy(K',p" )Woo(K, )]

+ QRGP Wik, p" )wia(K,p)+ R §5P Wiy (K’ ,p" )Wos(K,p) + R {47 wiy(K',p" )Wos(K, p)

+R(ﬂﬁ) WOl(k, p )Wll(k p)]} =
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wherea,8=1,2 and fjl(Qz)Zf(Qz),
— . 1 N N : ~
Woo(k,p)=ﬁ[ws(k,p)'i'wsé(k,p)], fJZ(QZ):f(QZ)v
. 1 . . kj:ejK (28)
Woi(K,p) = —=[ws' (k,p) +wa(k,p)], -
V2« e with f(Q?=0)=T(Q?=0)=1. In the NR limit the Fourier

transforms of the nonrelativistic charge and magnetization

.. 1 N N densities yieldcf. Ref.[3])
Wy ,p):E[Ws{;(k,p)_WA(k,p)],
GR(QH)=FLN(QH)+ALRQH)+FIN(QY),
L. 1 Lo Lo
Wn(k,p)=E[Ws(k,p)—wsé(k,p)], (25) GH(QH)=3{FYRQ?+ANRQ?
T=NR 2 ANR 2
with +K[Fs (Q )+As (Q )]}
—[F3RQY) +«FYRQ?)],

[dé]=dé,dé,dEz o[ &+ &+ E3—1],

R R . . R . . N A2 _ _ ANR/~2
[dk, 1= dky, d&y, dks, S[Ky, +Kp, +Ks, ], Ge(QY)=—A4:7QY.

[dR,L]:dR,lL dR'u dR,BL 5['2’1¢_En+§1ai] Gh(Q?) = _2( F’S\‘R(Q2)+ %AER(QZ)

X 5[IZ,2J._IZ2J_+§2&J_]
+ K

~ 1.

L ] F§R<Q2>+§A2R<Q2>”
k'3 —kz +(&3—-1)q, ] (26)
« +2[FYRQY) + «kFYR(QY)], 29
The coeﬁicientsRé,ﬁs)lz, appearing in Eq(24) and contain- [Fa7(Q7)+«Fa(Q7)] 29

12
ing the effects of the Melosh rotations, are eXpllCltly given in where b|nd|ng effects in the nucleon mass have been ne-
Appendix B, while the quantitie$?(Q?) and f3?(Q?)  glected(i.e., M=3m) and
are appropriate isospin combinations of the CQ form factors,

" F”R<Q2=|ci|2>=f<Q2>fdl'<’d5 w§ Kb =G| welk.p)
S ’ ]
80 1(Q) =eyq f19(Q?), s
Q +(S—>S/)},
fSFZ)ZZ(QZ) = om Ku(d) f5@(Q?), °
1 g d A“R<Q2=|6|2>=f<Q2>ded6 w*(l?|5+ 3&) we (K,p)
fg,(r;)=1(Q2)=§[eu(d)fg( )(Q2)+Zed(u)f1(u)(Q2)], S si™mP 3 s
p(n) 2 1 Q u(d); ~2 d(u); ~2 +(S<_)Sé)}’
f1a=2(Q%) = 3 5 [ru) F277(Q9) + 2k F27(QY)]-

(27)

In case of a S(B)-symmetric nucleon wave functiofi.e.,
Wg =Wg =W,x=0), it is straightforward to check that Eq.
S a

(24) reduces to Eq910) and(11) of Ref.[3]. - - - _

We show nowqthe structure of the nucleon Sachs fornwhile FER(Q?), AYR(Q?), andF}R(Q?) are given by Eq.
factors in the NR limit and in the ZB approximation of Ref. (30) with f(Q?) replaced byf(Q?).
[6]. For sake of simplicity we consider the casg=0, be- The ZB approximation can be worked out from ER4)
cause, as already observed, the completely antisymmetrfollowing the procedure explained in R¢B] (cf. also Ap-
partial wave is very weakly coupled with the dominant sym-pendix B), which includes again the neglect of binding ef-
metric S wave. Moreover, as in Ref3] we will limit our- fects in the nucleon mags.e., M=3m) for compatibility
selves to the case of flavor symmetric CQ form factors, i.e.with the NR reduction. One obtains

.2 -
k,p+ gq) ws (k,p),
(30

FQR(Q2=|ﬁ|2)=f(Q2)fdIdeJW;;
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FIG. 2. (a) The neutron charge form fact@?(Q?) vs Q? within the NR limit[see Eq(29)], assuming pointlike CQ’s. The data are from
Ref.[15], where the Reid soft cor@pen doty Paris(full dots), and Nijemegeridiamond$ nucleon-nucleon interaction were adoptéaj.
The ratio G (Q?%)/G,(Q? vs Q2. The shaded area corresponds to-al5% deviation[3] from the dipole-fit expectation
GE,I(QZ)/GRA(QZ):;L,)/M: —1.46(dot-dashed line Solid and dashed lines are the results obtained with and without the mixed-symmetry

S’ wave, respectively.

Q? ) f(Q%)
p 2\ — __x zB 2 ZB 2 ZB 2 ZB 2y — i
Ge(Q%) ( oz LFs (QD)+ATHQY) +FZH(Q)], FZB(Q )_mf [d&][dk, ]
Q? X[dK', 1IwWE (K, p’) we (K,p) (32
GR(Q?)=3| FZ%(Q?)+AZ%(QY) +« 1+—4M2) [dk’, ]I wg (K',p") ws;(kip) - (32)
ern o 78 with J= \E,;E,E3M )/E]EJE5M,. The quantitied25(Q?),
X[F$H(Q9)+ASH(QY)] AZB(Q?), andF2B(Q?) are given by Eq(32) with f(Q?)
5 replaced byf(Q?).
_[FZB(Q2)+K 14 Q 2>|~:zB(Q2)} From EQ@s.(29—(32) it can be seen that both in the NR
2 am<)" @ limit and in the ZB approximationGE(Q?%)=+#0 and
) Gh(Q?)/G,(Q?) #3/2 can obtained only when the mixed-
GR(Q?) = _( _ Q )AZB(QZ) symmetryS' wave is considered, more precisely through the
E 2M?2) s ’ interference between the dominant symme®ievave and

n 1 Q2
m(Q%)= —2( FZB(Q?)+ EAgB(QZ)Jr K( 1+ W)

X

FEPQ)+ %Z?(Qz)“

the mixed-symmetr, wave[cf. the definitions ofAYR(Q?)

and AZB(Q?)]. Such interference is expected to take place
only at high values of the CQ momentusee Fig. 1b)].
Finally, we stress again that in the full LF calculatiai2sl)
both GE(Q%)#0 and G§(Q?)/G(Q?%) #3/2 can be ob-
tained simply via relativistic effects only, i.e., without the
inclusion of the effects of the mixed-symmet8y wave.

2
+2| F2%(Q) +«| 1+ %)EB(Q%}, (31)
IV. RESULTS
where We have calculated the nucleon form factors adopting the
nucleon wave function of the OGE quark potential model of
F28,02) f(Q?) f deTdi Ref. [7] both including and excluding the effects due to the
s (Q9)= J1+Q%M? [d¢]ldk, ] mixed-symmetryS’ wave? In the calculations we have em-
ployed only the matrix elements of th@us component of
X[dR'L]J[Wg(lz',ﬁ')WS(E,5)+(S—>S;)], the e.m. currenfsee Eq.(23)], assuming also the case of
28 o F(Q) .
ASH(QY) = WJ [d&][dk, ] 3We have obtained results very similar to those presented in this

X[dk', ] I[wE(K',p") wg/(K,p) +(S=S))],

section adopting also the nucleon wave function of the chiral quark
potential model of Refl.8], where the CQ mass has been chosen at
the valuem=0.340 GeV.

065201-7
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pointlike CQ’s in Eq.(21) [i.e., settingf(Q?)=1(Q?)=1
and«=0 in the right-hand side of E¢28)]. The CQ masm
has been always taken at the vatue-0.220 GeV from the
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FIG. 3. The same as in Fig. 2,
but within the ZB approximation
[see Eq(31)].

fm? [4]. Such an underestimate is mainly due to the small-
ness of the CQ mass radii9) predicted by the OGEas well
as by the chirgl model (cf. Table ). Both in the NR limit

OGE model. Moreover, as already pointed out in Sec. lll,and in the ZB approximation the calculatéd(Q?) receives
both in the NR limit and in the ZB approximation the bind- g positive contribution from the inclusion of tg wave. As

ing effects in the nucleon mass have been negleGted

pointed out in Ref[16], the sign of this contribution can be

M=3m), whereas in case of the full LF calculations the expected from the changes that lewave produces on the

nucleon mass is taken at its physical valik= 0.938 GeV.
and

Our results obtained forGZ(Q?)

GR(Q?)/G(Q?) in case of the NR limit(29), the ZB ap-
proximation(31), and the full LF calculation$24), are re-

the

ratio

values of CQ mass rad{ll9). As a matter of fact, the spin-
spin force makes thd quark closer to the center-of-mass of
the proton than the quark, so thatfr)y<(r), (cf. Table ).
Thus the neutron charge radius receives a negative contribu-

ported in Figs. 2—-4, respectively, and compared with th&jon [see Eq(20)], which implies an effect 0BL(Q?) with
experimental data. In this respect, let us remind the readef positive sign. As foG},(Q?)/G,(Q?) [see Figs. t) and

that existing data oiG},(Q?) and G},(Q?) exhibit a well-
known dipole behavior, leading toGh(Q?)/G},(Q?)

3(b)], both the NR and the ZB predictions are only slightly
modified by the inclusion of the mixed-symmet8/ wave

= pp/pn=—1.46 with only a 10-15% uncertainty up to and therefore they are still consistent with the experimental
Q?~1 (GeVk)? (cf., e.g., Ref[1]).

From Figs. 2 and 3 it can be seen that both in the NR limit
and in the ZB approximation the impact of ti# wave is
quite limited. As forGE(Q?) [see Figs. @) and 3a)], both

data, as already noted in R¢R].

In the case of the full LF calculations the effects of Bie
wave onGg(Q?) are more substantigsee Fig. 4a)]. Indeed,
the LF prediction receives an important contribution from

the NR and the ZB predictions are quite far from the experithe inclusion of thes” wave. The sign of this contribution is
mental data. In particular the calculated neutron charge raagain positive as in the cases of the NR limit and the ZB

dius is still given by its canonical expectati¢n)=—0.01

approximation, but with a significantly larger impadf.

fm? given in Table |, which is about one order of magnitude Figs. 2a)—4(a)]. Therefore, by including th&’ wave the LF

less than the experimental valt(e,}ﬁyexpz —0.113+0.005

0.10

o
6] 0.06

0.04

0.02

@
o T
T .
/if’% i + i
']
0 0-202 [(()clsl‘ewc)z]o.6 h
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result becomes much closer to the data. However, it should

FIG. 4. The same as in Fig. 2,
but within the LF approachEq.
(24)] based on the use of th@us
component of the one-body e.m.
current only.
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be mentioned that only=65% of the experimental value of L AL B S B B R S B B
the neutron charge radius can be at most reproduced by ou

LF calculations, which, we note, are based on the assumption

of pointlike CQ’s. Note that a nonvanishing CQ size can
affect the calculated neutron charge radius only if it is flavor
dependent, i.e., different far andd constituent quarks. The ‘“S
introduction of the effects of a possible nonvanishing CQ <=
size is suggested also by the overestimate of the experimen® = 0
tal points forQ?=0.5 (GeVk)? [see Fig. 4a)], but the es-

timate of such effects is beyond the aims of the present work.

As for G§(Q?)/G},(Q?) [see Fig. 40)], the impact of the -
mixed-symmetryS’ wave is quite limited and therefore, at -2 =
variance with the NR limit and the ZB approximation, and C L
the full LF calculation is not consistent with the data on the
magnetic form factor ratio. In the next section we illustrate 0.2 0.4 0.6 0.8
that such a faill_Jre results_from §purious effects_ due to_the Q2 [(GeV/c)z]
loss of the rotational covariance in the LF formalism, which
occurs for approximate current operators, like the one-body FIG. 5. The nucleon magnetic form fact6h) (Q?) vs Q2. Dot-
e.m. current given by Ed21). On the contrary, we illustrate ted lines: NR limit[Eq. (29)]. Dashed lines: results obtained from
also that the calculations of the nucleonmargeform factor  the plus component of the one-body e.m. curr¢gq. (23)[. Solid
GE(QZ) based on th@luscomponent of the e.m. current are lines: results obtained using tlyecomponent of the one-body e.m.
free from unwanted spurious effects. To this end we willcurrent[Eq. (34)]. Upper and lower lines correspond to proton and
make use of the covariant LF formalism, which has beerfeutron, respectively. Pointlike CQ’s are assumed.
recently reviewed in Ref.17].

-~
~—
~
-
———

L LA NI LI L N7 AN LA

n ]

possible to formulate an angular condition, because we have
the same number of physical form fact$i®., FQ‘(QZ) and
FQ‘(QZ) appearing in the covariant decompositi@y] and of
As is well known(cf., e.g., Ref[11]), in the LF formal-  independent matrix elements of tipdus component of the
ism the requirement of the full Poincamevariance of the current[see Eq.(22)]. However, this does not mean that
e.m. current operator is not fulfilled by the one-body currentrotational covariance is fulfilled. Indeed, we now make
(21). This failure is related to the fact that the transversemanifest the loss of the rotational covariance in our LF cal-
rotations (with respect to the direction of the spin- culations by noting that the nucleon form factors can be ex-
guantization axis1) cannot be kinematical and therefore de- tracted using not only theluscomponent of the e.m. current
pend upon the interaction. operator, but also through other components. As a matter of
An explicit manifestation of the loss of the rotational co- fact, adopting the Breit frame specified in Sec. IlI, it is
variance is the so-called angular condition. As alreadystraightforward to get
pointed out in Sec. Ill, the physical form factors appearing in 0
the covariant decomposition of a conserved current can be VNI Y[ PNy — T ENG 2 N 2V /1
expressed in terms of the matrix elements of only one com- (WRIPIP)=[F1Q@9+F2(Q )]2P+ (mlozlwy).
ponent of the current, namely th@us component. It may (33
occur, however, that the number of physical form factors is i )
less than the number of the independent matrix elements diherefore, the nucleon magnetic form fac@}; (Q?) can be
the plus component, obtained from the application of generalobtained from the matrix elements of theomponent of the
symmetry properties to the current operator. This means tha&.m. current, wherg is the transverse axis orthogonaldgo,
in such situations a relation among the matrix eleméifs  viz.,
so-called angular conditiorshould occur in order to con- 5
strain further their number. Within the LF constituent quark N ~2y .
model we have investigated two particular cases in Refs. Gu(Q )__aTr[Iy' 72l (34)
[18,19, namely the elastic form factors for tlreemeson and
the N—A(1232) transition form factors. In both cases theFor the exacte.m. current the use of Eq$23) and (34)
angular condition can be formulated and we have shown thathould yield the same result fciB',\“,l(Qz). However, this
the use of the one-body curref®tl) leads to important vio- would not be the case for an approximate current, like the
lations of the angular condition, which can even totally for-one-body curren{21) employed in our calculations. As a
bid the extraction of the physical form factors from the ma-matter of fact, the results obtained f@’k\‘,,(Qz) using Egs.
trix elements of theplus component of the current. This (23) and(34) are reported in Fig. 5, where it can clearly be
problem turns out to be particularly severe in the case ofeen that different components of the one-body current lead
“small” form factors, like, e.g., theE2/M1 ratio for theN  to quite different results. This finding is a clear manifestation
—A(1232) transitior[19]. of the presence of spurious, unphysical effects related to the
In the case of the nucleon elastic form factors it is notloss of the rotational covariance in the LF formalism. It is

V. THE ROTATIONAL COVARIANCE PROBLEM

+

065201-9
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interesting to note that we have carried out the calculationsvhich implies that for an approximate e.m. current an equa-
of G(Q?) using they component of the one-body e.m. tion similar to Eq.(22) holds, but with the physical form
current also within the NR limit and the ZB approximation. factorsFT(Qz) and FQ(QZ) replaced by the following com-
In both approximations the use of tpiusand they compo-  binations:
nents yield the same result, i.e., spurious effects are found to
be completely absent. While this finding is quite obvious in
the NR limit (because the loss of the rotational covariance
can occur only in relativistic approacheshe absence of
spurious effects in the ZB approximation implies that the =N, 2 N, 2 N, 2
loss of rotational covariance in the LF formalism is related to F2(Q9)=F3(Q9)+ mBl(Q ) (37)
the occurrence of the CQ initial transverse motion. Note,
finally, from Fig. 5 that the LF calculations closer to the containing the spurious form fact&) (Q?). In terms of the
results of the NR limit are those based on theomponent. Sachs form factorél) one obtains

A possible way to circumvent the above-mentioned spu-

FYQ@)=FI(Q)+ 7, BYQ@),

rious effects has been developed in H&D]. There, it has GNQY)=FN(Q?) - #F)(Q?)
been argued that the loss of the rotational covariance for an N o N o N o
approximate current implies the dependence of its matrix =F1(Q°) — nF3(Q%)=Gg(Q%),

elements upon the choice of the null four-vector (1,n) SN D ENy s N
defining the spin-quantization axis. The particular directon ~ Gm(Q“)=F1(Q%)+F;(Q%)
defined byw is irrelevant only if the current satisfies rota- N/ A2 N/ ~2 N/ ~2 N ~2

tional cov)ellriance. Therefore,¥che covariant decomposition of =F1(Q9)+F;(Q%)+B1(Q9)# Gy (Q).

an approximate current can still be done provided the four- (38
vector w is explicitly considered in the construction of the

relevant covariant structures. In the case of on-shell nucleonkherefore, the nucleon charge form fac®f(Q?) can be

(i.e., p?=p’2=M?), instead of Eq(2) one hag20] safely determined from the matrix elements of fhes com-
ponent of the e.m. current, while the same is not true for the

nucleon magnetic form factdd}(Q?). However, from Eq.

(N(p",s)|I*(0)[N(p.s)) (35) it follows that
=u(p’,s')| FY(Q?) “+FN(Q2)i0MqV Y| N2y 4 EN o2 1R
’ IR 2 2M (WP =[F1(Q) +F2(Q%) Iz g+ (val oz vn).,
(39
N2 V@ s N A2 w”
TB1(QY w-P M(1+7n) P+ B2(Q )w~P and thereforeG(Q?) can be safely determined from the

matrix elements of thg component of the e.m. currefas in
Eqg. (34)].

In Fig. 6 we have reported our final results based on the
use of Eq.(23) for GE(Q?) and on Eq.(34) for the ratio

Ny ~2 Ny 2 , GR(Q?)/GH(Q?). It can be seen that, provided spurious
where F;(Q%) and F>(Q7) are the physical form factors effects are properly avoided, our LF results are fully consis-

related to a generic approximate e.m. current Operator ..+ it the experimental data @F,(Q2)/G",(Q?).

N(A2\ (with §—

whereas the form factorBi’(Q7) (with i=1,2,3) areun- To sum up, the most relevant ) breaking exhibited by
phyélcalzt:md"mgltlpl)zly tgg c;xarlart ’st/rlzjcturdesijepztlezl\c/?gg OMNihe experimental data, namerGE(QZ)sﬁO and
o. Eventually, in £q.(35 P=(p+p’)/2 and»=Q "~ Gl(QY)/IGH(Q%)# —3/2, can be understood qualitatively

Note that[20] (i) in the decomposition(35) all possible o o )
gauge-dep[en]de(rzt terms are f(l)arbidderﬁ t))ecaupse of tim&S well as quantitatively within the CQ model, provided the

reversal invariance(ii) both the physical and unphysical effeclis of tkh‘? spm-c_jependenii components of the elflfectl\r/1e
form factors do not depend explicitly upan, because we dUar-guark interaction are taken into account, as well as the
have chosen a reference frame whefe=0: a;wd(iii) for the relativistic effects arising from the LF composition of the CQ

exact current one must haﬁé\‘(QZ):O. spins are properly considered.
Considering theplus component in Eq(35) one gets

Y- wow*

(-P)?

+B5(Q?) ]u(p,s>, (35)

VI. THE RATIO GR(Q?/GE(Q?)

Ny o M Ny In this section we will briefly address the issue of the
F1(Q9)+ mBl(Q )| 60!y interpretation of the recently observgt0] deviation of the
ratio u,GR(Q?)/Gf,(Q? from the dipole-fit expectation

(NI =

Q| N, o Ny ~2 ©pGR(Q%)/GH(Q?) =1, where u,=G}(0) is the proton
“'5v F2(Q%)+ 1T7781(Q ) magnetic moment. First of all let us note that if the mixed-
symmetry S’ wave is neglected and pointlike CQ’s are
X(vylaylvn), (36)  assumed, the NR limit29) predicts a ratio

065201-10
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2 r o - 1 9 _________________ . the plus component of the one-
Pon I = + ]l o 1€ ] body e.m. currenfsee Eq.(23)]

0.04 [ ’ii % 1 € [ ] for the determination ofGE(Q?)

I - <} ] CZDE 1.8 ] and the transversg component

7 1 [ ] [see Eq.(34)] for the calculation

0:02 ‘ ] 2.0 7 of the nucleon magnetic form fac-
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wpGR(Q%)/GH(Q?) =1 (i.e., coinciding with the dipole-fit imply that a suppression of the ratjo,GE(Q?)/G}(Q?)
expectatiol, while the ZB approximation(31) yields from unity can be expected in the CQ model provided the
wpGR(Q?)/GH(Q%) =1-Q%2M?, where now u, is the relativistic effects generated by the Melosh rotations of the
calculated proton magnetic moment. CQ spins are taken into account.

The full LF calculations, based on E3) for GE(Q?) The LF results obtained adopting the OGE and chiral
and Eq.(34) for G},(Q?), and the results obtained in the NR quark potential models are reported in Figb)7and com-
limit and the ZB approximation are reported in Figaand  pared with calculations corresponding to various values of
compared with the recent JLab d4id]. It can be seen that the average CQ transverse momentym). It can clearly be
(i) the impact of the mixed-symmeti§’ wave is very lim- seen that the calculated suppression of the ratio
ited in each approach, ariil) the predictions of both the NR MDGE(QZ)/G,‘\’A(QZ) from unity exhibits a slight dependence
limit and the ZB approximation are completely at varianceon the value ofp, ), and moreover the results corresponding
with the JLAB data; in particular, the ZB approximation pre- to the OGE and chiral quark potential models are very simi-
dicts a negative value for,quE(Qz)/GﬁA(Qz) for Q? lar and compare quite favorably against the recent JLab data.
>2M? (with M=3-0.220 GeV for the NR and ZB calcula- A nice reproduction of the latter appears to be achieved when
tions); this clearly signals that the applicability of the ZB (p, )=1 GeV/[see dotted line in Fig.(®)], but it should be
approximation should be limited only to low values QFf, reminded that our results have been obtained assuming
namelyQ?<M? (cf. also Ref[3]). To sum up, our findings pointlike CQ’s, while the introduction of CQ form

12— T 1T T T ] 1271 7 T T T
1.0
NA N’\
g i g
e 0.8[ e g
(O] (O]
G 08f o
o'l.l.l o Q'I.I.I
O o4 o
a o a
3 =1
0.2 02 ]
(b)
0.0 0.0 L : :
0 1 2 3 4 0 1 2 3 4
Q®  [(GeVic) Q@ [(GeVic)]

FIG. 7. RatioMpGE(Qz)/G,‘\’,,(Qz) versusQ?. Open squares are the recent experimental points from [JiGib(a) Dotted, dashed, and
solid lines correspond to the predictions of the NR lif@i®) and the ZB approximatiof81), as well as to our full LF calculatiorimamely
Eq. (23) for GE(Q?) and Eq.(34) for Gf,(Q?)], respectively. Thick and thin lines are the results obtained with and without the effects from
the mixed-symmetng’ wave (dotted and dashed thin lines are undistinguishable from the thick,aespectively(b) The thick solid line
is the result obtained using the full OGE interaction mddegl(yielding (p, )=0.58 GeV}, while the dashed line corresponds to the case of
its linear confinement term onkgorresponding tgp, )=0.33 GeVj. The thin solid line corresponds to the use of the chiral quark potential
model of Ref.[8] (having(p, )=0.61 GeV}, while the dotted line is the result obtained adopting a puré6stymmetric HO anda
corresponding tgp, )=1.0 GeV, respectively. In all the calculations pointlike CQ'’s are assumed.
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factors is expected to affedit least partially the ratio identifies the component of the nucleon wave funciioe.,

wpGR(QA/GH(Q?). [f]1=S,S.,S,,A). Finally, the quantitie@%ﬂ are variational
coefficients, that can be determined by applying the Raleigh-
VII. CONCLUSIONS Ritz variational principle to the Hamiltonian of the three-

. I . . quark system.
In this contribution we have investigated the effects of _ . (HO[f]), ¢ = , ,
both kinematical and dynamical $& breaking on the The basis funCt'O%,LML (k.p) can be written in the
nucleon elastic electromagnetic form factors within the conform
stituent quark model formulated on the light front. We have
shown that the most relevant 8) breaking exhibited by
the experimental data, namelyGZ(Q?)#0 and
GR(Q?)IGH(Q?)# —3/2, can be understood qualitatively
as well as quantitatively within the constituent quark modelwherep is a short-hand notation for the HO radial and orbital
provided the _effects pf the spin-dependent components of thuantum numberp={n, I, Nyl and ¢§)f'L0M)L(|Z,§) is the
quar.k-.qqark mteracpqn are taken mto account as Wg[l as thﬁsual HO wave function given explicitly by
relativistic effects arising from the light-front composition of
the constituent spins are properly considered. We have in- .
deed shown that the evaluation of the nucleon magnetic formg13) (k,p)= Rﬁtﬂf)(k)Rﬁ':fz)(p) > (hami, 1y, m[LM)
factors has to be performed using the transvgmsemponent MkMp
of the e.m. current in order to avoid spurious, unphysical
effects related to the loss of the rotational covariance in the
light-front formalism, while the nucleon charge form factor (HO) (HO) . . )
can be safely extracted from the matrix elements ofios ~ With Rn 1. ”(K) and Ry (p) being the radial HO functions
component of the current. depending on the HO lengtlyo [namely, taking into
Finally, we have shown that a suppression of the raticaccount the definitions (12), one has Rg':,i’)(k)

GE(Q?)/Gl(Q?) with respect to the dipole-fit prediction o exp(—Kk?/2a2,) andRMO)(p)<exp(3pY8aZ,)]. Thanks
can _be_: gxpected in the constituent quark model prowded th{a0 the use of only one |'°_|PO length, in E6A2) the sum over
relativistic effects generated by the Melosh rotations of the ™. " " : .

. : . p is limited to the HO functions having the same number of
constituent spins are taken into account. The strength of th o _ -

. i ) O excitation quantdNo=N,+N,=2n,l.+2n,+1,, the
suppression exhibits a slight dependence on the value of the bital parityr=( 'K+l dpth %'t lp |
average quark transverse momentum in the nucleon; morgame orbitat pari W_( .) _"andthe same orbital angular
over, the results of the calculations based on the nucleoﬁlf?fl]emun_“‘ a_nd_ its projectiorM, . In Eq. (A2) the m_atrlx
wave functions arising from two of the most sophisticated",;, + Which is independent oM thanks to the Wigner-
quark potential models[7,8], compare quite favorably Eckart theorem, is explicitly given by
against the recent dafa0] from Jefferson Lab.

Kk =2 Ul k), A2)
p

XY (K1 (P), (A3)

|
LAf=S_ 2 1+(—)'%
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APPENDIX A: EXPANSION OF THE WAVE FUNCTION pp 2
IN THE HARMONIC OSCILLATOR BASIS HAVING

(_)nk+lk/2+lp<p;|_ ;,L)

DEFINITE PERMUTATIONAL SYMMETRY X[Ad'1+Ad'2]'
The wave functionsvs(k,p), we (K,p), we (K,p), and L[f]=S, 1—(—)' ~
he ctior s(k:p), wg(k,p), ws (k,p) Ut _ 2 S (=) Uit D24l e [
wa(k,p), appearing in Eq(11), can be constructed by ex-
pan.ding. them onto the complete harmonic oscillatdO) X[ —Ag1tAqol,
basis, viz.,
L (1] (HO.[T]) & = UL;[f]=A:\/§ 1_(_)Ik(_)nk+(|k+1)/2+lp< 'L|~'L>A
W[f](k,p)zz G 00 (k,p) (A1) pp 2 piLip; d,0s
p (A4)

(HOIfD /> =y & ; ; ~
where ¢y ' (k,p) is a function of the HO basis corre- \yhere (p:L[p;L) is a short-hand notation for the Brody-

sponding to total orbital angular momentunand its projec-  Moshinsky coefficients[21], d=Ny—Np=2n,+1,—2n,

tion M, p stands for all the other quantum numbers neces=lp, @andAg =1 if d=m [mod3)], while A4 =0 other-
sary to identify the basis functionsee later opand [f]  wise. Finally, the index stands forp={ny,l\,n,,l}, but
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the following constraints applyti) n:=n,, (i) T,=T, if
ne=n,, and(iii) n#n, for [f]=A and[f]=Sif L is odd.
Note that in the right-hand sides of E@\4) the presence of

the factor ()'r is related to the definition of the Jacobian

variablep as given in Eq(12).

In the calculations presented in this work we have em-

ployed the HO basis up to 2BO excitation quantdi.e.,

Nho=20), which corresponds to a total of 67 basis states for

the symmetricS wave, 94 states for the mixed-symme8y
wave, and 31 states for the antisymmetkievave. By com-

bining these configuration states with the proper spin-isospin

functions, one gets a total of 192ompletely symmetric
HO basis states for the expansion of tkanonical nucleon
wave function(11). Note that the number of HO functions

¢§'1C;A>L(|2,5), which appear in Eq(A2) and do not possess

any definite permutational symmetry, is 572 fdfo=<20
andL=M =0.

APPENDIX B: EVALUATION

OF THE COEFFICIENTS R“#
S1,512

In Eqg. (24) the coeff|C|entsR(“B S) contain the effects of

the Melosh rotations of the CQ spins and are defined as
3 (s
= ~ | AV
2 o 122 2 N
w2 i AN
R '8)=—§ 2 <<312§) o VN
VNVN

12512
1, 1
X EVN EVN

whereR " is given by Eqgs(9) and (10), O! is the identity
2X 2 matrix andO?= —i o acting on the spin of the particle

3, and
533

S

(a=1B) _
i -
51512

RTOPR|| S I
12, ZVN )

) 1)1
RO‘BR 8125 EVN

(B1)

Oy

S1oM s>

1
EVN .

The sums over the spin projections yield

< V12V2

(B2)

1
X< Sle SE V3
RGD=N[AA+B;-BylA;,
RGA=N[AA+B;-By]A;,
REV=N[AA,+B;-B,]Bs,

RED=N[AA,+B,-B,]Bs, (B3)

(11) 1 3 s B ouB1B
R o1 =—\/—§/\/[A281—A182—Bl><82]-83,
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(12) - 3 3. —B.xB,]-B

V3

1
REY=-"ZNT[(A;B1y— A1Boy+By,B1,— ByBi1,)As

J3
+(A1Box—AyB1x—ByyB1,+B5,B1y) B3,
—(A1B2,—AsB1,— BBy +ByyB1y) Bayl,

1 -
Rgiz)zﬁN[(AzBly_ A1Byy+B5,B1y—B2Bi,)As
+(A1Box—AsB1,—ByyB1,+ By,B1y)Ba,

—(A1By,—A;B1,—ByyBiy+ByyB1y)Bsyl, (B4)

RA— L\ [AB,—AB,+B,xB,] B
\/§ 2P1 192 1 2 3

RUD—— L \[AB,—AB,+B,xB,] B
[A;B1—A1B,+B1XB;]-Bs,

V3

R(Zl)_—N[(AzBly_AlBZY_ B,B1xt+ BoxB1)As

V3
—(A1Boy—A;B1x+ByyB1,—B5,B1y) B3,
+(A1B2,—AsB1,+BoyByy— By B1y) Bayl,
R(ZZ)—LN A,B.,—ABoy—By,Bi,+ By Bi,)A
10—\/§ [(A2B1y—A1Byy—By,Bix+BoyBi,)Ag
—(A1Ba = AzB1t+ ByyB1,— Bo,Byy)Bs,

+(A1B2,—AsB1,+BoByy— BZyle)§3x]y (B5)

<11>——/\/[(3A1A2 By Bo)Ag+2(ABy+AzBy) - Bsl,

R<12>——N[(3A1A2— By By)Ag+2(A1B,+AB,) - Ba),

R(21)__N[2(Bly|§2+ Bzygl) . §3— (A1A,+ él' éz) Bay

+2(A1Boy+AB1y)As],

R(zz)__N[2(51y52+Bzy 1) 83 (A1A,+B;-By)Byy

+2(A;1Byy+A;B1,)As], (B6)

where
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1 1
V(m+EMo)2+k7 (m+EMp2+K'?

el

i=1
Aj=(m+EMY(M+EM) +K'j, K
Ag= (Mt £Mp)kg— (M+E3Mo)kG, ,
Bjx=(m+¢&Mo)kj,— (m+ & Mp)k;y
Bjy=(m+&Mp)kjx—(m+&Mo)kiy,
Bjz=KixKjy — KiyKjx
Bay=Kiykay + kayKay
Bay= — (M+ M) (M+ €M) — ki Kaet K Kay |
Bg,=(M+£Mp)kay+(M+EMo)ks, . (BY)
The ZB approximation of Ref.6] [see Eq.(31)] can be
obtained from the full LF result®4) and(B3)—(B6) making

the assumptions explained in R¢B]. One easily obtains
REP=R{E)=0 and

m
REP= e,
Vm?+Q?/9
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rup_1Q M
% 32m Jm?+Q%9’
Rev__2Q M
®32m m?+ Q%9
m
REP=— ——, (B8)
00 JmZ+ Q7/9
- . 4m*-3Q%9  m
1AM+ Q%9 m2+ Q%9
pua__1Q M
o9 2m mP+ Q%9
Ry 2 Q 4m*-Q?%9  m
1173 2m 4m?+ Q%9 JmZ+ Q2/9’
1 m
REI=> ———. (B9)
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