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Comparison among Hamiltonian light-front formalisms at q*=0 and gq*#0:
Spacelike elastic form factors of pseudoscalar and vector mesons
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The electromagnetic elastic form factors of pseudoscalar and vector mesons are analyzed for spacelike
momentum transfers in terms of relativistic quark models based on the Hamiltonian light-front formalism
elaborated in different reference frameg' 0 andq* #0). As far as the one-body approximation for the
electromagnetic current operator is concerned, it is shown that the predictions of the light-front approach at
g+ =0 should be preferred, particularly in case of light hadrons, becauggtbe relevant role played by the
Z graph atg™ #0, and(ii) the appropriate elimination of spurious effects, related to the orientation of the null
hyperplane where the light-front wave function is defined.
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[. INTRODUCTION form factors is less than the number of independent matrix
elements of theplus component obtained from general prop-
The Hamiltonian light-fron{LF) formalism is one of the erties of the current operator. This means that in such situa-
most popular techniques developed to treat relativistic boun@ons a relation among the matrix elemefttse angular con-
states of systems containing a fixed number of constituentgition) should occur in order to constrain their number
[1]. The LF formalism is characterized by the fact that itfyrther. The use of the one-body currefi may lead to
maximizes the dimension of the subgroup of kinematicalmportant violations of the angular condition, which do not

(interaction-fre¢ generators of the Poincageoup. As amat-  gliow us to extract uniquely the form factors from the matrix

ter of fact,_the, interaction term appears orlly_in tf:ree out ofyjements Oﬂ(+l) (cf. Refs.[2,3] for the case of the meson.
the ten Poincargenerators, namely in the “minus” compo-

. ithi [ [ hé4,5
nent of the four-momentumR—=P°— P?) and in the two Within the LF formalism two different approachg4,5]

. . have been proposed to overcome the angular condition prob-
transverse rotations about thkkeand y axes, with the null L
plane being defined by* =t +z=0. lem. Both approaches really solve the angular condition

Hamiltonian LF quantum models have been widely useaDrObIem and make use of thEus and transversecompo-

for the investigation of hadronic form factors, such as theeNts Of_ the or_1e-b0dy+curre(1l). However, _the approach ° f
ef.[4] is realized alg™ =0 and does not introduce explic-

electroweak form factors of mesons and baryons within théQ X
framework of the constituent quark picture of hadrons, or thdtly @ny covariant current, whereas the approach of f&fis

elastic electromagneti¢em) form factors of the deuteron developed ag”+#0 and a covariant approximation of the
viewed as a composite two-nucleon system. A relevant issugurrent J* is explicitly constructed. The two approaches,
is to know to what extent the response of a composite systeffthich we stress are both based on the one-body approxima-
can be understood in terms of the properties of its constitution (1), are inequivalent, because the Lorentz transformation
ents. To this end the one-body approximation for the currengonnecting a frame whexg" =0 to a frame wherg* #0 is
operator has been extensively considered. In case of spin-1iteraction dependent. In other words, the impact of the ad-
constituents and for the em current operator, which are oflitional many-body currents needed to construct the full cur-

interest in this work, one has rent J* might be substantially different & =0 and atq™
#0.
it The aim of this paper is to address the issue of the rel-

, (1) evance of the many-body currents by comparing the predic-
tions of the approaches of Refg,5] in case of thespace-
like) em elastic form factors of both light and heavy

whereg®=q-q is the squared four-momentum transferred topseudoscalar and vector mesons adopting the general frame-

the system and{),, is the Dirac(Paulj form factors of the ~ work of the constituent quark model. It will be shown that

jth constituent with massn;. In this paper we will limit  the two above-mentioned LF approaches are inequivalent be-

ourselves to spacelikg (i.e., g><0). cause of the different contribution of the so-cal@dyraph
While the full currentJ# is covariant with respect to the [6]atq™=0 and atq*#0. While atq”™ =0 it is possible to

(interaction-dependentransverse rotations, its one-body ap- cancel out theZ graph exactly(see Ref.[4]), the latter is

proximation(1) is not, and the most direct manifestation of active atq™ #0, but ignored in Ref{5]. Moreover, it will be

the loss of the rotational covariance is the so-called angulashown that theZ graph provides an important contribution in

condition. Indeed, it is well knowfl] that all the form fac- case of light hadrons, whereas it vanishes in the heavy-quark

tors appearing in the covariant decomposition of a conservelimit, where the two LF approaches predict the same univer-
current can be expressed in terms of the matrix elements &fal Isgur-WisgIW) function[7,8]. It will be pointed out that
only one component of the current, namely thlescompo-  within the approach of Ref5] the form factors are functions

nentJ"=J%+J% It may occur, however, that the number of of Q?/M?, whereM is the mass of the hadron, and such a

JuszLl):; f(1j)(q2)7”“+f(2j)(q2)2—rm
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dependence is not efficient for describing the phenomenolFinally, the quantityR("S) appearing in Eq(4) is the product
ogy of light hadrons. Furthermore, in case of vector mesonsyf (generalizefl Melosh rotation spin matricgd1], viz.,

the spurious effects related to the orientation of the null hy- [RPSY £ K N

perplane where the LF wave function is defined can be prop- L7 INA
erly eliminated in the LF approach gt =0 [4], while they

are ignored and cannot be eliminated within the LF approach = > (MIRL(EK, ,my) N3N, EN5]00)
atq* =0 [5]. Thus, the latter approach appears to maximize AAS

the impact of the additional many-body currents needed to + . ,

achieve consistency with experiment, and therefore, as far as X (N Ry(1—& =k ,my)[A3), (6)

the one-body currenl) is concerned, the predictions of the with

LF approach afg*=0 should be preferred, particularly in

case of light hadrons. Ru(&K, ,m)=
The plan of the paper is simply as follows. Section Il is \/(m1+ EMg)2+ kf

devoted to a brief description of the two LF approaches1n terms of the LF spinorsT(pl,)\l) and v(p,.\,) the

which are then applied to the evaluation of the elastic form,vIelosh factorR®S) can be conveniently written &sf. Refs
factor of both light and heavy pseudoscalar mesons. The ca]sss](b) and[4]) ' '

of vector mesons, where the angular condition become
manifest, is illustrated in Sec. Ill. The conclusions are sum- [R(PS)(g,IZl)]A \
marized in Sec. IV. e

my+éMg—ia- (zXK,)

)

1 1
V2 YMG—(my—my)
In this section we consider a pseudoscaRH meson @)
with massMpg, made of two constituent quarkg andq,

with massm; andm,, and with electric charges, ande,.
The matrix elements of the em current for the elastic chann
are given by

SU(P1 A1) ¥ (P2, A2).

Il. PSEUDOSCALAR MESONS

As for wpdq k), in what follows we will consider a specific
hoice, namely the eigenfunctions of the quark potential
odel of Ref[12], because the latter nicely reproduces the

mass spectra of both light and heavy mesons, which are of

interest in this work. The constituent quark masses used
throughout this paper are taken from REif2], namely,m,
=my=0.220 GeV, mg=0.419 GeV, m.=1.628 GeV, and
m,=4.977 GeV. The masses of the corresponding charged

PS and vector mesons are taken from Ré&B], namely:

M.(M,)=0.1396(0.767 GeV, Mk (M«)=0.4937(0.892

Gev, Mp(Mp+)=1.869(2.010 GeV, and Mg(Mg«)

=5.279(5.325 GeV.

Let us now briefly describe the basic features of the ap-
proaches of Refd4] and[5]. In the former approach the
i= pf/P*=1—p;/P+, working frame is a Breit frame wherg* =0 and the em
current operator is given by the one-body approximafbn
- - - - - However, the matrix elements of the one-body current do not
Ki=p1=¢P ==p2 +(1-P,, 4 have the decomposition given by E®). This is related to
one getg9,10] the fact that the LF wave functio@) is specified on the null
' hyperplane, whose orientation can be identified by its normal

ACERD) four-vectorw. The standard choice @b is along theminus
4’ - ||3L P, (@ axis+. Note thatw is a null four-vector - w=0) andw-q

. As firstly pointed out in Ref[14] and subsequently de-

where|P, ,P") describes the LF center-of-mass stiter-  rived from an analysis of the Feynmann triangle diagram in

malized according to (P ,P'*|P, ,P*)=2P"§(P|  Ref.[4]2 the matrix elements of an approximate current do

—P)S(P' T =PH], A(£,K)=Mg1—(m—md)Mgl4&(1 depend upon the four-vectar, while only the amplitudes of

—¢) is a normalization factor for the intrinsic LF wave func-

tion, wpgdk) is the radial wave functiofnormalized as

Fzdk kRwagk)=1] with k=\kZ+KZ, k,=Mq(£—1/2)

+(m3—m3)/2M,, andM is the free mass given explicitly

(P'[34P)=Fpd Q*)(P+P")¥, )

where Q?=-q?=—(P'—P)? is the squared four-
momentum transferQ?=0) andF p4Q?) is the elastic form
factor. For both the approaches of Rd#} and[5] we use
the same LF wave function, which as well knop can be
factorized into the product of a center-of-mass part and al
intrinsic part. In terms of the intrinsic LF variables, defined
as

|P)Le=RPIN &k, )wpg k)

1Actually different choices fowpdk) are clearly possible, but the
qualitative results presented in this paper will not change.
b °The appearance of the four-vecterin the Feynmann triangle
y diagram can be understood as due to the need of expressing the
> 2 2 2 off-mass-shell constituent momenta, which naturally appears in any
mi+ki ms+Kk : . .
2_ 1 %L + 2 (5) Feynmann diagram, in terms of the on-mass-shell constituent mo-
0 & 1-¢ menta, which characterize the LF formaligeee Ref[4]).
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the full current are completely independent of[see Eq. Where the last equation ensures the gauge invariance of the
(2)]. Then the general structure of the matrix elements of th&Urrent operator j*. The covariant decomposition  of
one-body currentl) for an elastic process involving a PS tr(P’|J#|P)ir is therefore given by

meson is given by14,4] PP Le= FR(P+ P, (14
w* , .
P34 |PY r=FX(Q2)(P+P")*+BR(Q%)—, where no spurious structure is present thanks to the gauge
(Pl (1)| Ne=Fes(Q ps(Q w-P invariance ofj# and to the fact thab-q=q* #0. Then, the

) elastic form factoﬂ-'(pls) can be calculated using tipdus com-
whereB&2(Q?) represents a spurious form factor. Since theponentj *, whose matrix element(P'[j *|P) ¢ reduces to
standard choice ob is along theminusaxis, the physical the corresponding one of thelus component of the one-
form factorF{2(Q?) can be obtained using thus compo-  body current(;) evaluated ag*=—q~ =Q (see Ref[5)).
nent of the one-body currerit). Adopting the usual Breit Therefore, one gets

frame where q*=q =0, one has P'*=P" e 22 L 2/n2
- O =e/H IMgd) +e,H M%), 15
— M2~ Q¥4 and B = —B,=G,/2 with Q*~q? . As- P ell(QIMBpd + e QMES, (19
suming for sake of simplicity pointlike constituents, the elas-with
: 1) 2 ; : .
tic form factor F<(Q<) can be cast in the following form: H,(QUMZ
FEA(Q%) =e1H1(Q%) +e;Ha(Q?), (10 1ok (1 [ . _ _
- | e[ ak VaRoAE KD
where[4,9,1Q KkizJo
H (Qz)_fldgf dik /—A(glz VAGERD) Wpd K)wpd k') XWPs(k) wpdK") (& u(EH)+k
' 0 SR A Am WO K
" p2(€)+k, -k a1 (16
\/M2(§)+kf \/M2(§)+k'f whereé¢'=k+(1—«)¢ and

with w(&)=m, (1—&+m, £ andk| =k, +(1—£)q, . The K= q,: - 2 Q”\gps
explicit expression for the form factdt,(Q?), correspond- P V1+Q?4Mast Q/12Mps
i_ng to the coupling of the virtual photon with the antiquark Q* Q2 Q2
g,, can be easily obtained from E¢l1) by using simply = v +M—2— oM 17
k! =k, —&q, . Note that the form factof10) is a function of ps  VIps PS
Q? and of the constituent masseg andm,. - _ The explicit expression for the form factét,(Q%/M3g can

In case of the approach of R¢] the working frame is a  pe easily obtained from Eq16) by using simply ¢’ =(1
special Breit frame where the four-momentum transfés  — «) . Note that the factor (% x)/(1— «/2) in the right-

along the spin-quantization axis, i.e., taeaxis. Therefore hand side(r.h.s) of Eq. (16) is nothing else than the factor
one hasw-q=q" #0, more preciselyqg™=—q =Q, q, 2P*/(P*+P’'"), where the numerator comes from the nor-
=0, P+=‘/M2ps+ Q?%4—QJ2, p’+=‘/|\/|2PS+ Q%/4+QI/2, malization of the LF center-of-mass states. Moreover, one

and P, =P =0. In such a special frame and in case ofNas Osx<1. o _

elastic processes a choi¢é for the em current operator _Iq Eq. (15) we have explicitly takgn into accour;)t_that
compatible with(extendedl Poincafecovariance and hermi- Within the approach of Ref5] the elastic forgn factoFLd is
ticity is given by[5] not a function ofQ?, but of the ratioQ?/Mpg (and of the
constituent masses; andm,). This is an important feature,
which naturally emerges when a “longitudinal” frame with

gt +0 andq, =0 is chosen. As a matter of fact, since only
the LF fractioné changes in the final state, the form factor
Whererx(—ﬂ-) represents a{ 77) rotation around the axis, f(PlS) cannot be a function 0q+ 0n|y’ but of q+/P+ (or
Sy is thex component of the LF spin operator, an@l) isthe  equivalentlyq®/P’* = k). Thus, the dependence of the elas-
element of the Lorentz group corresponding48L(2,). In  tic form factors upon the ratio between the momentum trans-
Eq. (12) the operatoiIC* should fulfill the (extendedl Poin-  fer and the mass of the system is expected to characterize the
carecovariance and the specific choice made in R&ffis as predictions of the LF approach of Ref5] for a generic
follows: hadrorf and this fact has important consequences. The most
ct :Ja), direct one is that the charge radius of a hadron is expected to

1 . .
jr=s{CHH L~ m)]eTSCle ™S, (12)

éi = j(1)¢ )
I 3This means that the LF approach git#0 provides naturally
c :‘](1)1 (13 implicit many-body contributions associated with the hadron mass.
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LV L LA L S B B B the form factor embedded in the Feynmann triangle diagram,
; 1 evaluated using the one-body currdj and adopting the
0.8 | q =0 . appropriate bound-state vertex corresponding to the LF wave
] function (4) [see Eq(11) of Ref.[4]]. The matching is due to
 08p S the vanishing of the contribution of th& graph atqg*=0.
) & ] Thus, one ha§§l=F{1a"9®) Dpye to the covariance prop-
L 0.4 - . erty of the triangle diagram, the same form factor can be
AN ] obtained in a frame whemg" #0. However, in such a frame
02F N g" 20 . the anatomy of the form factor is different in the sense that it
i S~ e 1 is given by the sum of two nonvanishing contributions, the
R R spectator and the Z-graph terms: F{iandie)= z(p)
0 02 04 06 08 1.0 + FZ9#Ph)  The spectator terrfsee Ref[17]), evaluated in
2 2 PS ’
Q" [(GeV/c)T] the Breit frame whergy" = —q~=Q, turns out to coincide

FIG. 1. Elastic form factor of the piork (Q3?), versusQ2?.  with Eqgs.(15) and(16), i.e., with the form factor predicted
Solid line: LF approach of Ref4] atq* =0, corresponding to Egs. by the approach of Ref5]: ffjls)szfsp'). Thus, finally one
(10) and (11). Dashed line: LF approach of Rdfs] at g*+0, has
corresponding to Eqg15) and (16). Pointlike constituent quarks
are assumed in the calculations. The radial wave functiggik) is F(FJls):f(Pls)+f(Pngraph)a (18)

taken to be the eigenfunction of the quark potential model of Ref.

12].
(2] where F%9?" js the contribution of theZ graph in the

be approximately proportional to the inverse of its massiriangle diagram evaluated in the Breit frame where
Such a behavior is completely at variance with the phenom=—0d~ = Q. Thus, the origin of the differences in the pion
enology of light hadrons. Indeed, for instance, the experiform factor evaluated within the LF approaches of R§ds.
mental charge radii of the pion, the kaon, and the nucleon arand[5] is the Z-graph contribution ag”#0, which is ig-
approximately the samé 7= 0.660+0.024 fm[15(a)], rk, noreq in Ref.[5].. From Fig. 1 it is clear thgt th& graph
=0.58+0.04 fm[15(b)] andrP,=0.883+0.014 fm[15(c)]), dominates the pion form factor at"#0, while the contri-

while the kaon(nucleon mass is larger than the pion mass Pution of the spectator term is almost negligiltexcept at
by a factor of=3.5 (6.7). the photon point Therefore, since th& graph is a many-

From the above considerations it is quite clear that th?0dY process, we can conclude that the approach of Bkf.

approach of Ref[5] is likely to be not efficient for the de- Pased on the specific choid@3) and on the Breit frame
scription of the phenomenology of light hadrons; in otherWheréq =—q =Q, appearso maximize the impact of the
words, substantial effects of additional many-body currentgn@ny-body currents needed for consistency with experiment
should be explicitly considered in order to achieve consisParticularly in case of light hadrons.
tency with experiment. An explicit demonstration is provided  SiNce theZ graph is expected to vanish in the heavy-quark
by the pion case. The results obtained using E4S) and limit, it is wo_rthwhlle_ to study the behavior of the two LF
(16), are reported in Fig. 1 and compared with the corre-approaches in that limit. W_e expect tha_t for fixed values of
sponding results of the approach of REf] based on Egs. the th prqductw of the initial and final meson four-
(10) and(11). The form factor evaluated af" 0 exhibits a  Velocities, given by
very rapid falloff with increasingQ?, corresponding to a
charge radius of=5 fm. On the contrary, the form factor w=P-P'/Mjs=1+Q%2MZg (19
obtained atq*=0 is much higher and corresponds to a
charge radius of=0.46 fm. Similar results hold as well in one should have
case of the kaon, whose charge radius turns out ts Bdm
atq*#0 and=0.43 fm atq™ =0. All the calculations have
been done assuming pointlike constituents and therefore only
within the approach ai* =0 it is possible to recover the
agreement with the experimental charge radius of the pion
(and the kaon by introducing a constituent size of where &w(w) is the Isgur-Wise(IW) form factor [7,8],
=0.45 fm, as already proposed in REE0]. The same con- Which has been already calculated within the LF approach at
stituent size is suggested also by the recent analysis of tfe" =0 in Ref.[18]. We have therefore calculated the form
elastic nucleon form factors carried out within the covariantfactors H,(Q?) [Eq. (11)] and H,(Q*M39 [Eq. (16)] for
LF approach atj™ =0 in Ref.[16]. various values of the constituent massg pertaining to the
The question to be addressed now is clearly the origin ofases ofr, K, D, andB mesons, keeping fixed the constitu-
the large differences in the pion form factor evaluated aent massm, at the valuem,=0.220 GeV. The results are
g*=0 andg*+#0. The answer is already well known from reported in Fig. 2 in terms of the variable and compared
the works of Ref[6] and more recently from the results of with the IW function&,y(w) calculated in Ref[18].
Refs.[4,17]. There it has been shown that the one-body LF A few comments are in ordefi) Eq. (20) is fulfilled, i.e.,
form factor atq* =0 [Egs. (10) and (11)] matches exactly the two LF approaches predict the same asymptotic IW func-

lim Hy(Q?%) = lim Hy(Q%M39=¢&w(w), (20

mp— my—
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w w

FIG. 2. The PS form factor¢a) H; [Eqg. (11)] and (b) H; [Eqg. (16)] versus the variablev [Eq. (19)]. Triple-dot-dashed, dotted,
dot-dashed, and dashed lines correspond to the caseskfD, andB mesons, respectively. I@@ and(b) the solid line is the same IW
function £&,,(w) as calculated in Ref.18]. In (b) the dashed line almost coincides with the solid line. Pointlike constituent quarks are
assumed in the calculations. The radial wave functispgk) are taken to be the eigenfunctions of the quark potential model off R&f.

tion. This confirms that the differences between the results atithout the need of introducing a finite size for the constitu-
g*=0 andq” #0 are entirely due to th&-graph contribu- ent quarks. However, it should be clear that such an agree-
tion ignored aig* #0; (ii) the convergence of the calculated ment is not physically meaningful unless one demonstrates
form factors to the asymptotic IW function occurs from be- that theZ graph gives a negligible contribution. This is likely
low atq*#0 and from above aj* =0 and it is much faster not to be the case as shown in Fig. 3, where the quaRity

in the former caseH;=¢&,, already at theB-meson mass defined as

[see Fig. 2)]; (iii) the dependence of the calculated form H,—H,
factor atq* #0 upon the constituent mass, is quite mild at Rz= o
q*#0, which implies that in terms of the variable the 1
approach of Ref[5] predicts quite similar form factors for IS reported as a function of the variablefor the various

light and heavy mesons. Such a prediction is not reasonabl@seudoscalar mesons so far considered. The quaitity a
indeed, the dynamics of a heavy quark is characterized bgjneasure of the relative importance of tAegraph with re-

the heavy quark symmetryHQS) [7,8], which makes a spect to the calculated form factor at #0. SinceMy is
heavy quark blind to the spin and flavor of light spectatoralmost half of the nucleon mass akt}, approximately twice
quarks. The situation is opposite for light hadrons, wherghe nucleon mass, we expect that, as a conservative estimate,
already the mass spectrum clearly exhibits a rich spin- anthe Z-graph contribution for a system with a mass around
flavor-dependent structure. Thus,t+0 the form factors 1 GeV should be between the dotted and dashed lines shown
of light hadrons are basically dominated theyraph, while  in Fig. 3, and therefore not negligible.

the one-body spectator terfne., Egs.(15) and (16)] plays The above criticisms can be directly extended to the re-
only a marginal role. On the contrary, @t =0 theZ graph  cent results obtained in RéflL9] for the nucleon elastic form

is suppressed and the main contribution to the form factors is

(21

given by the one-body spectator teffie., Egs.(10) and 10— D% ]
(11)]. Therefore, the approach of Rd] should be im- i b ]
proved by making a choice of the opera®t different from 0.8 I T .--/| K .
Eqg. (13). If this will be done in such a way to include the i _.-/ I- 1
effects of theZ graph, we expect that the present one-body -~ 0.6 | _.-/ | .
predictions atg* =0 will be recovered as the sum of one- EN [ .._/ Ioz _ M2 N
body and additional many-body contributionscgt+0. T o4l 7. D 1

If we scale the result obtained fofj, atq*#0 (i.e., r7, el ! T
~5 fm) according to the M dependence, whend is the 0.2 b 4 _,_,-I"' N
mass of the system, one may obtain a charge radius of Z‘l"' -,./’ I _________?’__:
~0.7 fm for M~1 GeV, i.e., around the nucleon mass. In 0.0 Pt i il A I
other words, it might happen that the approach of Ref. 1.0 1.2 1.4 1.6 1.8 2.0
could reproduce the proton charge radius even assuming W

pointlike (or almost pointlikg constituents. Moreover, thanks k|G, 3. The raticR, [Eq. (21)] obtained using the results shown
to the approximate dipole behavior of the proton form factorsn Fig. 2, versus the variable [Eq. (19)]. The meaning of the lines
at least forQ?=M?=1 Ge\#, a good agreement with the is the same as in Fig. 2. The vertical long-dashed linevatl.5
experimental data at loW@? might be achieved afj*#0  corresponds t®@?=M2, whereM is the mass of the system.
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factors within the so-called point form spectator approxima-wheree(P,s) is the LF polarization four-vector of the spin-1
tion (PFSA. Such an approach was firstly proposed and il-system(with massM,,) corresponding to spin projectio®
lustrated in Ref[20]; here it suffices to say that it is based on and total four-momentur®.

the one-body approximatiofl) for the em current operator, In the standard LF approach @t =0 (see Ref[2]) only

but carried out within a form of the dynamics different from the matrix elements of thplus component of the one-body
the LF one, namely, the point form. However, as in the cas@pproximation(1), which will be denoted byl })(s’,s), are

of the LF approach atj" #0, within the PFSA the elastic taken into account. After considering general properties of
form factors of a hadron are not function G2, but of the current operatdisuch as the time reversal symmettlye
Q%M2, whereM is the mass of the hadroef. Ref.[20]). number of independent matrix elemedﬁg)(s’,s) turns out
Moreover, within the PFSA th& graph is totally ignored to be four, while the physical form factors are three. A further
(i.e., no match with the Feynmann triangle diagyaifhere- condition arises from the rotational invariance of the charge

fore, the agreement with the elastic nucleon data obtained ifl€NSity, which, however, involves transformations based
Ref.[19], assuming pointlike constituent quarks, is likely to UPON Poincargenerators depending on the interaction. Such

be physically meaningless in the same way and with thfn additional constraint, known as the angular condition

same arguments already explained in case of the LF a 24], reads as

proach aig*#0. A more detailed analysis of the PFSAis in

progress. (1+27)31y(1,D)+31)(1,— 1) = V875 (1)(1,00~ I (1(0,0)
Before closing this section, we want to stress again the —q (23)

main result so far achieved, namely, among various Hamil-

tonian formalismgpoint as well as Iight-f_ront formsbased where n=Q2/4M2 . The angular conditiofi23) is not satis-

o s et it i e 0 D he mar clemen(') ad rercfor e

= ) ; _ 102y i i
of light hadrons. This is due to the fact that whgh=+ 0 the traction of the one-body form factoF§(Q?) is not unique.

relevance of many-body currents appears to be amplified b In Ref. [4] the problem of the violation of the angular
y y PPe: P Xondition(23) is solved by considering the matrix elements
the occurrence of th&-graph term, which turns out to be

w,ap i _
essential also to compensate the unwar@dM? depen- of the tensorT (3", which are related to those of the one

dence of the one-body form factors calculated in “longitudi- body current by
nal” frames. Finally, we point out that the choicg =0 is
possible only for spacelikg (q?<0). Indeed, for timelike
q(g?>>0) one has alwayg ™ #0. In this case one needs to
perform an analytic continuation from spacelike to timelike
g. This cannot be easily done in the standard LF formalism

(s’ ,s)=ex(P',s") Tfiy” eg(P,s). (24)

In terms of spin-1 LF wave function one has

wap_ ’ ®
because the contribution of tizegraph cannot be eliminated Tt = (P, a3 |P.B) e 29
wheng?>0 (see Refs[17,21]). However, a proper analytic
continuation can be achieved for the Feynmann triangle dia\Where for anSwave vector system
gram by means of the so-called dispersion approach, which _
is described in Ref.22] and has been extensively applied to oMW el . ACE k) =
timelike processes, like heavy meson weak decays, in Ref. IP.B)E=R™(EK 3B wy(k) A PP,
[23]. We stress that for spacelileethe dispersion approach (26)
result matches the LF one at =0 (see Ref[22]).
with
Ill. VECTOR MESONS [R(V)(f Q 8] 1 1 _( Ay
K == u(pq,
The elastic em response of a vector system is described by - Mhe V2 \/MS— (my—m,)? no
three physical form factor&;(Q?) (i=1,2,3), which ap-
i ; i iti i (p1—p2)”
pear in the following covariant decomposition of the matrix X[ yP— ————v(p2.\2).
elements of the em current operati. Mo+mg+m; '
(27)

Following Refs[4] and[3,14] the general decomposition of

mial — +P)M 2\ a* I aly.
V("8 =~ (PHP)H F1(QT)e7 (P',57)-e(P,s) the tensorTf;; reads as

F 2 I »
+ ;E\;?z)[e*(P’,s')-q][e(P,s)-q] TP =147+ Bl (), (28)
\%
here the tensor’,*# is independent of the four-vectes
+F3(Q%){[e#(P".s")]* : W ) :
rQlLeHP Tl al while B;(w) contains all the possible covariant structures
_e:"'(P,S)[e*(P’,S').q]}, (22) depending ohw. One geti3,4]
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e
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By
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YwP—gPw® M\Z,

g
+B§(Q%)g”

BM(Q?)

20 P) | (0P

B4 qﬁw“

T2wP) 30

where all the covariant structures included in E@®) and (30) satisfy both parity and time reversal symmetries.
In EqQ. (29 there are seven form factors, namely, the three form fact?télr)!(Qz) (i=1,2,3) and the four form factors

HID(Q?) (j=

.,4). Theform factors F(l)(Qz) appear in covariant structures that are transverse to all the external

momenteP P’ andq, while the form factorﬁ(l)(QZ) describe the loss of transversitycluding the possible loss of gauge
invariance of the tensor(29). Therefore, smce(P s)-P=e(P’,s')-P'=0, the form factors-l(l)(QZ) do not appear in the

decomposition of the matrix elementf, \(s',s).
In Eq. (30) all the B{'(Q?) (k=1,2,.
J(1)(s,s’), namely:

Jy(s',5)=—(P+P")M FN(Q?)e* (P',s')-e(P,s)+ ———

x{[e*(P',s")]*[e(P,s)-q]—e*(P,s)[e*(P",s")-q]} +e5(P',s")

..,8) arespurious form factors, which can contribute to the matrix elements

For the angular condition one hf3)|

(1+27)3(3)(1,D) +3(3y(1,~ 1) = V87I(1)(1,00~ I(1)(0,0)

=-B{"(Q*)-B{(Q*)#0, (32
which implies that atj™ =0 the loss of rotational covariance
of the one-body curren(l), i.e., the violation of the angular
condition (23), is described by the spurious structures con-

<1>(Q2>
[e*(P',s")-ql[e(P,s)-q]{ +F§(Q?)
V
BfyyPes(P,s). (31)
[
T
I:(1) @ ,
(QH)= B
+.yy_ T+, +,++
F(l)(Qz):iT(l)yy Ty 1Ty
2 2y 2pt 2(1+7) 2p*
1 THxt
(1) (33)

taining BM(Q?) andB{(Q?) in Eq. (30). Finally, note that
the loss of gauge invariance of the one-body curf@ntat
o-q=q"=0 is described by the spurious form factor
B{M(Q?) appearing in Eq(30).

As explained in Ref[4], in the Breit frame where™*
=0 the physical one-body form fact0r§i(1)(Q2) (i
=1,2,3) can be obtained through the following equations:
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FIG. 4. Charge form factor
Go(Q?) for (a) low and (b) high
values ofQ?. The solid line is the
result obtained within the LF ap-
proach aig™ =0 [Eq. (33)], while
the dashed line is the prediction of
the LF approach atj"#0 [Eq.
(36)]. Pointlike constituent quarks
are assumed in the calculations.
The radial wave functiom (k) is
taken to be the corresponding
eigenfunction of the quark poten-
tial model of Ref.[12].

FIG. 5. The same as in Fig. 4,
but for the magnetic form factor

G1(Q?).

FIG. 6. The same as in Fig. 4,
but for the quadrupole form factor

—G3(Q?).



COMPARISON AMONG HAMILTONIAN LIGHT-FRONT . .. PHYSICAL REVIEW C 66, 035201 (2002

At variance with the PS case the components of the tensor

(28) with =Yy are essential for the extraction of the physical FOQUME) = ) {7 1H(00)—(1

form factors, more precisely for the determination of
FP(Q?). Note also that the form factors{’(Q?) and +29)J (1(11) + 2 5[ T(10)
F{N(Q?) are determined only by the components with

We stress that by means of E&3) the extraction of the L
physical form factorg=(*(Q?) is not plagued at all by spu- (1) 2/M2) — X (10— 7% (01
rious effects, including those related to the loss of rotational F3A(QIMY) 2My N+ 7 fzn[j(l)( )—J @(0D)],
covariance and gauge invariance. The angular condition (36)
problem(32) is therefore completely overcome without in- o )
troducing exp||c|t|y any Covariant current Operator' where we have eXp|ICIt|y taken into account that the form

As far as the approach of Ré6] is concerned, the matrix factorsZ () are not functions 0Q?, but of the ratioQ?/M?,
elementsj*(s’,s) of the covariant currentl2) can be ex- due also to the fact that the matrix elemept§)(s’,s) are
pressed in terms of the LF wave functié®6) and (27) as  proportional to 2" because of the normalization of the LF
j“(s’,8)=(P’,s'|j#|P,s) with [P,s)=ez(P,s)|P,B)r. In  center-of-mass states. Note that the form fack§t is de-
Ref.[5] it is assumedhat the matrix elementg‘(s’,s) have termined through th& component of the one-body current,
the following decomposition: while F{" depends on thplus component only.

The predictions of the LF approachesgdt=0 [Eq. (33)]
and atq® #0 [Eqg. (36)], obtained in case of the meson
adopting forw,(k) the corresponding eigenfunction of the

J'"(S’,S)=—(P+P’)“{F(ll)e*(P’,S’)-e(P,S)
quark potential model of Ref.12], are compared in Figs.

(21) 4-6 in terms of the conventional char@g(Q?), magnetic
+ TV [e*(P',s")-ql[e(P,s)-q] G1(Q?), and quadrupol&,(Q?) form factors, defined as
\Y%
(1) P 2\ _ 2, 27 2 2
+F3{[e(P',s) ]*[e(P,s)-q]—e*(P,s) Go(Q) =Fa(QY) + 57 [F1(Q7) —F3(Q%)
e (P".s)-alk, 39 ~(L+ FAQ?)],
and it is shown that there are only three independent matrix G.(02)=F.(0O2
elementsj*(s’,s), namely,jgy, j11, andj%,.* Thanks to HQ)=Fs(QY,
the choice(13), the latter are very simply related to the ma- \/§,7
trix elements of the one-body curreftt) evaluated ag* G2(Q%)= T[Fl(QZ)—Fe.(QZ)—(lJr 7)F2(Q?)].
#0, which will be denoted by7 (;)(s’,s) to distinguish (37)

them from the matrix elementy;,(s’,s) evaluated ag”* It can be seen that(i) the charge radius,rq,
=0. Ignoring for the moment the possible presence of spu— \/—6dGo(Q2)/dQ2|Qz 5, turns out to ber,=1.1 fm at
-0 h=1.

rious structures, in the Breit frame whegg =—q =Q, q*#0 andr4=0.57 fm atq” =0:5 (i) the charge form fac-

one has tor calculated at q*=0 exhibits a node atQ?
. _ e (1) =3.4 (GeVk)? at variance with the result obtained et
Jo0=J(1(00)=2M 1+ 7{(1+29) F} #0; (iil ) the magnetic momeng =G, (Q2=0), is remark-
—2p(1+ ,7)_7:(21)_2,7}-%1)}, ably larger ag* #0 (,u,p=. 11._6) th.an the corresponding one
atg*=0 (1,=2.35), which is quite close to the nonrelativ-
J'1+1:«7(+1)(11):2Mv 1+ F® istic limit u,=2 (cf. Ref.[4]); moreover, the magnetic form

factor G,(Q?) calculated af* #0 has a sharp upturn near
1 the photon point completely at variance with the result ob-
J10=5[7 (1(10) = T {1, (01)]=2MyV1+ NI ase tained atq* =0; (iv) the quadrupole form factd®,(Q?) is
(35) predicted to be quite small &*+0 both at low and high
values ofQ?. All these findings are a direct manifestation of

Thus, the form factorSFi(l) (i=1,2, 3) may be uniquely the lack of thezZ graph in the LF appr_oach at'+0. Thus,
determined through the following relations: for the p meson theZ graph plays an important role both at

low and high values ofQ?. We want to point out that the
node obtained in the charge form facGg(Q?) atq™ =0
]I'(ll)(Qz/M\Z/): ja)(ll), may be(at least partially related to the nature of the spin-

1
2MV1+ 7

STaking into account a constituent size=ef).45 fm as in the pion
“Note that the matrix elemerjt/, is not independent fronj’, and kaon cases, the LF approaclyat=0 predicts a charge radius
because one hg$,=ij’, [5]). of the p meson equal te=0.75 fm.

035201-9
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FIG. 7. Charge form factoGy(w) versus the variabley, calculated within the LF approadh) of Ref.[4] atq* =0, corresponding to

Eg.(33), and the one ofb) Ref.[5] atq™ #0, corresponding to E¢36). Triple-dot-dashed, dotted, dot-dashed, and dashed lines correspond

to the cases of, K*, D*, andB* mesons, respectively. i@ and(b) the solid line is the same IW functiafy,,(w) as calculated in Ref.

[18]. In (a) the dot-dashed and dashed lines almost coincide. Pointlike constituent quarks are assumed in the calculations. The radial wave

functionswy(k) are taken to be the eigenfunctions of the quark potential model of] R&f.
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spin term of the quark potential model of REf2], which is It can clearly be seen that E(8) is fulfilled, confirming
repulsive in the triplet spin state at short interquark distancesn this way that also in the case of vector mesons the differ-
Let us now consider the heavy quark limit in which only ences between the resultsgdt=0 andqg™* #0 are due to the
one quark is coupled to the virtual photon and its mass goelack of theZ-graph contribution agj* +0. We want to stress
to infinity, i.e., m;—o. Due to the HQS we expect that for that the universality of the calculated IW function, implied
fixed values of the variable=P- P’/M\2,= 1+ Q2/2M\2, one by the fulfillment of Eqs(20) and(38), is in good agreement
should have with the predictions of the HQS, which is an exact symmetry
. of QCD in the heavy-quark limit. Finally, from Figs. 8 and 9
limp, .. Go(Q%)=&w(W), a few comments are in orde(i) the difference in the calcu-
lated magnetic moment is still remarkably sizable atite
limp, ... G1(Q?)=&w(w), mass(i.e., aroundM,=2 GeV), and(ii) the lack of theZ
graph atq™ #0 makes the quadrupole form factGs, very
Iimmﬁw G,(Q%)=0, (39 small even at quite large values of ttective quark mass.

Let us now consider the question whether the decomposi-
whereé,y(w) is the same IW function encountered in the PStion (34) is complete without introducing spurious structures
case. We have calculated the form fact@s(i=1, 2, 3) for  analogous to those appearingydt=0 in Eqgs.(30) and(31).
various values of the constituent masg pertaining to the It is clear that the dependence of em amplitudes upon the
cases op, K*, D*, andB* mesons, keeping fixed the con- four-vector w, which identifies the orientation of the null
stituent massm, at the valuem,=0.220 GeV. The results hyperplane where the LF wave function is defined, can occur
are reported in Figs. 7-9 in terms of the variableand independently of the value af*. Therefore, ag*+#0 one
compared with the IW functiorf,y(w) calculated in Ref. expects that the following general decomposition holds for
[18]. the matrix elementsy;;)(s’,s) of the one-body current:

~7(1)(S’,s)=—(P+P’)“[J—'(ll)e*(P’,s’)~e(P,s)+Zh%ll;[e*(P',S')'QJ[G(P,S)'Q]}
+ F§[e*(P',s")]*[e(P,s)-q]—e*(P,s)[e*(P’,s')-ql} +eX(P',s") BlisPes(P,s), (39)
with
Bé‘ifﬁ<w>=2(w§f,) wk| B g“ﬁ+89>%+MSB§”$—§;+BS>%)+<P+P'># MBS Zg;
@ate?—det) My 8(71)[ g T8 o gro- ‘L +B§l’q“—qawﬁ+ﬂﬁwa, (40)
200 P) | (0P q? q? 2(w-P)

whereP=(P+ P')/2. With respect to Eq30) we have introduced a different notation for the spurious form factors, because
the latter may depend in general @ng, i.e., they can be different at” =0 andq™ #0. Note that afj* # 0 the loss of gauge
invariance of the one-body current is described not only by the spurious structure con&gﬂimgs in the casg™ =0), but

also by the ones proportional (") with k=1,...,4.

By means of the four-vectan the choice(13) for the operatoiC* can be conveniently cast into the following for@#
=J{1)— 0"(d-J))/(w-q). Therefore, using Eq$39) and(40) one immediately obtains that the spurious structures contain-
ing the form factorsBﬁl) with k=1, ...,4 cannot appear in the decomposition of the matrix elem@&it&s’,s) of the
gauge-invariant operatd@@*. Consequently, also for the matrix elemeptgs’,s) we generally expect that

F
j“(s',5)=—(P+P")* Flle*(P',s")-e(P,s)+ o

sLe*(P',s")-qlle(P,s)-q]
\Y

+FP{[e(P',s")]*[e(P,s)-q]—eX(P,s)[e*(P',s")-ql}+eX(P’,s) Bl Pey(P,s), (41)

with

035201-11
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— a B a, B_~B, «a MZ e anB
Bl () = (PP MEBE 2 BT () (9““—‘“ S P H
(w-P) 2(w-P) (w-P) q q
2 @ BLgBp®
—l—Bgl) g~ — w* O 9@ (1 w “2

In order to prove that the decompositi¢d4) is not com- tion of the null hyperplane, but also it is not able to eliminate
plete, it is enough to demonstrate that at least one of the fowsonsistently such spurious effects in the extraction of the
spurious form factorgs{™) is nonvanishing. To this end let physical form factors.

us first consider that the possible presence of spurious struc-

tures corresponds to replace Eg5) with

j§0= ﬂ)(OO)ZZMVm IV. CONCLUSIONS
In this paper we have carried out a detailed comparison of
> (1+27])}-(11)_27](1+ 7]).7L-(21)_27]}-g1) the predictions of the light-front approaches of R¢fd.and

[5] in case of the(spacelike electromagnetic elastic form
BW factors of both light and heavy pseudoscalar and vector me-
25 2B~ LB(l)_ 2778(1)) sons adopting the general framework of the constituent quark
1+79 & 1+q 7 & model. The two approaches are based on the one-body ap-
proximation(1) for the electromagnetic current operator, but
ih=J HAD=2My1+ 7P, they are elaborated in different Breit frames, namelyjat
=0 [4] andg* #0 [5]. The following has been showii)
o 1 « The two light-front approaches are inequivalent because of
110=5[J (1)(10) =T 1)(0D)] the different contribution of th& graph atq*=0 or q*
#0. While atq™ =0 it is possible to cancel out exactly tAe
graph(see Ref[4]), the latter is active aj* # 0, but ignored
=2M\V1+ 7yni2 F§+ 2(1—+,7)B(71)]' 43 in Ref. [5], (ii) the Z graph provides an important contribu-
tion in case of light hadrons, whereas it vanishes in the
Therefore, the extraction of the form factaf&? and F$  heavy-quark limit, where the two light-front approaches pre-
may be plagued by spurious effects, while odfi{*) is free  dict the same universal Isgur-Wise function.
from spurious effects. We want to point out that the relation e have also pointed out an important feature of the ap-
iYo=ij%, is not modified by the possible presence of spuri-Proach of Ref[S], namely, the flasztlc form factors of a had-
ous structures in Eq¢41) and(42); in other words, the num- 'on are basically functions d@“/M*, whereM is the mass
ber of independent matrix elements of the current opejator ©f the hadron. We have shown that such a dependence

is still three even in presence of the spurious form factord¢Shared also by the point-form approach of R¢f<,20) is
appearing in Eq(42). not efficient for describing the phenomenology of light had-

In addition to Eq.(43) one has rons. In other words, the light-front approactgat# 0 maxi-
mizes the impact of the many-body currents needed to
achieve consistency with experiment.

1 X X _ My (1)
5[~7(1)(10)+j(1)(01)]— - 537 . (44)
0.02 T

which allows us to calculate the spurious form faciy® oook .
directly in terms of matrix elements of the one-body current. T \\ ]
The explicit calculation of the l.h.s. of E¢44), carried out o 002 N h
for the case of the meson, is reported in Fig. 10. It can be 5 T RN 1
seen thaBM is just a small fraction ofF§" and therefore its o 004l NS ]
impact on the extraction of ! is quite limited. However, Tr S
what really matters is not the quantitative impact&$, 008k SN
but the conceptual fact that it is nonvanishing, which dem- C ™M
onstrates that the covariant decomposit{84) is not com- 008l v
plete. Note that at the photon poit{’=0, so that the ) 1 2 3 4 5
anomalous result.,=11.6 obtained af” #0 does not de- Q2 [(GeV/c)Z]
pend on spurious effects. Furthermore, the other spurious
form factorsB{", B{Y, andB§" entering Eq(43), cannot FIG. 10. Ratio of the spurious form factsi?) | calculated from

be calculated in terms of matrix elements of the one-bodyeq. (44), to the magnetic form factaF$", obtained from Eq(36)
current. Thus we can conclude that the approach of [Béf. in case of thep meson within the approach of Rd6] at g™ #0
not only ignores the spurious terms arising from the orientatdashed ling

035201-12



COMPARISON AMONG HAMILTONIAN LIGHT-FRONT . .. PHYSICAL REVIEW C 66, 035201 (2002

Finally, in the case of vector mesons, the spurious effectsions of the light-front approach a* =0 should be pre-
related to the orientation of the null hyperplane where the LFerred, particularly in case of light hadrons.
wave function is defined have been analyzed in detail. While
such unwanted effects are properly eliminated in the ap- ACKNOWLEDGMENT
proach of Ref[4], they are ignored and cannot be eliminated
within the approach of Ref5]. Thus, we can conclude that, The author gratefully acknowledges E. Pace for many
as far as the one-body currefi) is concerned, the predic- fruitful discussions about the approach of Réi].
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