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Covariant and light-front approaches to the p-meson electromagnetic form factors

J. P. B. C. de Meld and T. Frederico
nstituto de Fsica, Universidade de ®aPaulo, 01498-970 3aPaulo, Sa Paulo, Brazil
2Departamento de Bica, ITA, Centro Tenico Aeroespacial, 12.228-900 ®dosedos Campos, $aPaulo, Brazil
(Received 18 July 1996

The p-meson electromagnetic form factors are calculated, both in covariant and light-front frameworks with
constituent quarks. The effect of the breakdown of rotational symmetry for the one-body current operator in the
null plane is investigated by comparing calculations within light-front and covariant approaches. This allows to
choose the appropriate light-front prescription, among the several ones, to best evalyatmeben form
factors.[S0556-281®7)02303-0

PACS numbes): 14.40.Cs, 12.39.Ki, 13.40.Gp

I. INTRODUCTION The judgement of the different prescriptions for obtaining
electromagnetic form factors in the noncovariant light-front
Since Dirad[ 1], it is known that the light-front hypersur- calculation, which corresponds to use a spegifimeson
face given byx* =x%+x3=0 (null plang is suitable for de- npyll-plane wave function, could be done in principle by a
ﬁning the initial state of a relativistic SyStem. Relativistic Comparision between the resu'ts Of the noncovariant and co-
models with null-plane wave functions have becomingygariant calculations, within the same model. It is our aim in
widely used in particle phenomenologg]. They permit us  his work to calculate the-meson form factors from the

to calculate the matrix elements of certain operators in &4\ ariant Feynman one-loop triangle diagram for the™
framework of a fixed number of constituents, while mantaln—component of the current in two ways: one corresponds to

ing a limited CPV"J‘”?‘”CG’ under transformations that _keep e covariant calculation and the other to the noncovariant
the null plane invarianf3]. As the generators of rotations | ; . :
X - light-front calculation. Below the covariant and the light-
around thex andy axis do not belong to the stability group . ) i
front calculations of the matrix elements.bf are explained.

[4], the covariance of a composite null-plane wave function . o : )
with a fixed number of constituents can be broken. The covariant calculation is used to integrate directly the

This fact has consequences, for example, in the calculd"oMentum loop in the st ool _
tion of the electromagnetic form factors of a composite spirfimensional phase space, integratingkinanalytically. In

one particle in the light fronf5]. It is well known that, the this case, the different prescriptions used to extract form-
J*(=3°+ 3% component of the current, looses its rotationalfactors fromJ* give identical results, since the matrix ele-
invariance and consequently violates the angular condition ifnents satisfy the angular condition.
a light-front calculation[5,6]. The light-front matrix ele- The noncovariant light-front calculation corresponds to
ments are computed with a null-plane wave funcfiéf7] in  the following procedure; the matrix elements bf are ob-
the Breit frame, where the vector component of the momentained from the one-loop triangle diagram, which is inte-
tum transfer is along the direction. If rotational symmetry ~grated analytically in the “-" component of the loop mo-
around thex axis is valid, thend;,=J;,, where the sub- mentum k™ =k°=k%) in the Breit frame with momentum
scripts are the polarizations of the spin one particle in thdransferq* =0, and numerically irk* andk, . The Cauchy
Cartesian instant-form spin bagi8]. Such a requirement is integration ink™~ takes into account only the propagator pole
the angular conditior}5,6]. It can also be derived in the which corresponds to the forward propagation of the specta-
front-form spin basis, using general arguments of the parityor particle in the photon absorption process. This in prin-
and rotational invariance af* [9]. ciple should be correct, as has been discussed in the context
The breakdown of rotational symmetry implies that anof spin-zero bound-state particlgs4]. However, we found
unique way does not exist to extract electromagnetic formnumerically that the integration ik~ is not exact in the
factors from the light-front matrix elements af , for com-  present case of the spin-one composite particle. The resulting
posite systems with spins equal to or higher than one. Cormatrix elements ofl™ do not satisfy the angular condition
sequently, in the literature, there are different extractiorand the form factors now depend on the prescription used.
schemes for spin-one form factdi$-8,10. Our numerical calculations show the difference between the
Recently, the issue of the breakdown of rotational covaritwo ways of performing the integrations. This may sound
ance for the one-body component of tié current in a  surprising, but we remind the reader that e integration
light-front model, has been discussed in the calculation ofs in general tricky and even in simple cases taking into
p-meson form factors with constituent quarkkl,12. In  account only the forward propagating particle pole may give
these works, the importance of relativistic effects related tavrong results. The interested reader can find examples in
the constituent mass scale and thmeson size was stressed. Ref. [15] with such problems. The integration k1, taking
Such relativistic effects are smaller in a test case of annto account only the above-mentioned pole is equivalent to
S-wave deuteron system and the violation of the angular conthe use of a wave function in the null plane to obtain form
dition is quite smal[13]. factors in the Breit fram¢l14].

0556-2813/97/561)/20436)/$10.00 55 2043 © 1997 The American Physical Society



2044 J. P. B. C. de MELO AND T. FREDERICO 55

To deal with a finite value for the triangle diagram, we and
introduce a covariant regulator, in the manner proposed in
Ref.[16]. This allows the covariant integration to be finite on € =€y 4
one side and on the other side the covariant regularization, , . :
generates a null-plane-meson quark wave functiori6]. The + comp_onent_of_ the _electromagnetlc current in the
We compare the covariant and light-front results for themstant-form spin basis is written as

p-meson form factors and then we are able to point out the +1t + ot
. S RN V235, 3535
appropriate prescription to evaluate the form factors of the vy
p meson with the null-plane wave function. This work is J+:l \/ZJ; 237, —\/§ng (5)
relevant in practical situations, when one is faced with the 2 ’
P N NG SN MR

problem of which light-front prescription to use in the calcu-
lation of the p-meson electromagnetic form factors. In the
present case, the parameters of the model are chosen sughere the spin projections are in the ordar(+,0,—).

that it reproduces to some extend theneson electromag- The first and second subscripts of the current means the po-
netic properties predicted by a realistic QCD inspired modelarizations of the final and initial states, respectively.

[12]. The matrix elements of " component of the current in
The plan of the work is the following. In Sec. Il the dif- the instant-form spin basis, E(b), are related to the matrix
ferent extraction schemes for obtaining the spin one electragglements in the front-form spin basis. For notational conve-

magnetic form factors from™* is discussed, and the notation hience we usé™ to express the matrix elements in the front-
is defined. In Sec. I, the matrix elementsDf are obtained form spin basis. The unitary transformation between these
from the Feynman triangle diagram, and the covariant an@pin-basis is the Melosh rotati¢f] (Appendix. The general
light-front calculations of the form factors are discussed. Thdorm of the “+" component of the current in the front-form
covariant regularization is shown to be related to the null-Spin basis is written af8]
plane wave function. In Sec. IV, the numerical results for the

+ + +
p-meson form factors calculated in both frameworks are pre- i 1o i
in findi i + + +
sented and a summary of the main findings are given. N e P P P ©
171 —li 17
Il. ELECTROMAGNETIC CURRENT -1 0T

AND FORM FACTORS

) ) We express the matrix elements in the front-form spin
The general expression of the electromagnetic current of §acis in terms of matrix elements of the current in the

spin-one particle has the forfb] instant-form spin basis by using the results of the Appendix,

Jos= F1(0) g~ Fz(qz)qzaqzﬁ p# | :J’Tx+(l+ n)J;’ry_ Wzt 2V7y
Mo 1 2(1+7) ’
_ 2 M n
({005 00 v e Tl B 135
wherem, is the p-meson massj* is the momentum trans- 107 2(1+7) '
fer, andP# is the sum of the initial and final momentum.
We write the matrix elements of thkE" component of the L ha Ay 03,203,
current in the instant-form spin basis, given by EL.in the l1-1= 2(1+ 7) '

Breit frame, whereg*=(0,g,,0,0). The instant-form Carte-

sian polarization four vectors are given b T o4+ +
P 9 y R AR NP Y

l90= @)
et=(— 7.1+ 700, €=(0010, =(0,000 ” (1+7)
2
@ The angular condition],;,=J,, can be written in the
for the initial p-meson polarization states and Eron]t-form spin basigsee Appendix giving its usual form
6,9

E),(M:(\/;,‘/1+77:010)1 5{/‘=6{,‘, er=¢€, (3

for the final polarization states;nz—q2/4mf,. The
p-meson four momentum in the Breit frame arp)

A@)=(1+2n)l 1+ 15 —8ylj;—15=0. (8

In general, the light-front impulse approximation to the
0 _ - " electromagnetic current does not satisfy such a condition
_(po, 9/2,0,0) for. the |n(|)t|_al state  and p; [6,11-13, this fact led to different extraction schemes of the
=(p",0,/2,0,0) for the final statep”=m,y1+ 7. form factors from the matrix elements of the current

_ We use the spherical polarization vectors, and in thgg_g 1. Let us review the prescriptions existing in the lit-
instant-form spin basis they are given by erature for calculating the form factors for the spin-one par-

ticle, from the matrix elemenﬂ%,m

The chargeG,, magneticG;, and quadrupolé&, form

e+ (—)e
e =—(+)——F7=— ( . Hadt .
\/5 factors are obtained from linear combinations of the covari-

X
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ant form factorsF 4, F,, andF5 [8] (see Appendix Below,

we give the different prescriptions for obtaining the form
factors, which are also written in terms of matrix elements in
the Cartesian instant-form spin basis. Such a spin basis is
used because it facilitates the algebraic manipulations of the
covariant amplitude for the photon absorption process, and it

is completely equivalent to the front-form spin basis.
In Ref. [6], the elimination of the matrix elemenf,

gives the following prescription to calculate the form factors:

1
G5 =3[(3=2mI{1+2V27l {g+11_4]

[J+ +235,— 1yt 73,
1 J7
GSK=2 |1+1——|;01:J+ =
V27 \n
2\2

GEK:_g [— 7l t V271 i— 11 4]

a

[J+ +35(—1=n)+ 73, (9)
In Ref.[7], they have obtained

G P= m[(z m (1 11+1¢) +5v2 715,

+(29—3)11_4]

= —[2J+ +35,+33,,]

o2 I

| = 2,
1-1 \/2_77 10 \/;

CCKP_
G (1+7

o+
) 11t Too—

V2

GE =gy~ M Moot 227l o= (7+2)11 ]

L

[J+ =3y, (10

The prescrition of Brodsky and Hillgrl0] to obtain the
form factors is

1
GEH =317 )[(3—27,)|go+8@7|1+0+2(277—1)|ltl]

R e + _
= 31+29) [Ju(1+27)+3y (27— 1)

+J;(3+29)],

2045
GBH— 2 L (277—]-)'+
1 _(1+277) 00 '1-1 \/37 10
+
“+2n) J_(1+277) NARE
2\2
3 =gy 2y [ V27Hom Moo= (n+ D114l
— \/E + + +
_m[‘]xx(l+2n)_‘]yy(l+77)_77JZZ].
(13)

According to Ref[8] the electromagnetic form factors are
obtained from the matrix elemends, , J;,, andJy, :

zX?

GFFS

3(1+ [(277+3)|11+2\/_|10 7100

+(2p+ D))= [J* +23,.],

GFFS= GOCKP,

GEFS= GSCKP (12

The low-energyp-meson observables, mean square ra-
dius, magnetic moment, and quadrupole moment, are given

by [7]

6[Go(a”)—1]

q2 ' /'L:"mqZHOGl(qz)l

(r3y=limg_q

2
Q.= |iquéo3ﬁ%§), (13

respectively.

Ill. COVARIANT AND LIGHT-FRONT CURRENTS

The p-meson electromagnetic form factors are obtained in
the impulse approximation. It includes only a one-body cur-
rent operator, and the amplitude for the photon absorption is
given by the Feynman triangle diagram, with the photon leg
attached to one of the quarks. We compute only the “good”
component of the currentJ{), which is diagonal in the
null-plane Fock state. The pair creation diagram is in prin-
ciple supressed fai* [17].

The spinor structure of the—qq vertex is written in the
following form:

By !
Po(k )=y 2 K

2 p'ke+m,m—e’ (14
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where thep meson is on-mass-shell, and its four momentumtex. The complete null-plane wave function comes from the
is p#=k*—k’#, the quark momenta are given liy* and regularization factor and the denominator of the propagator,
k’#, and their mass byn. Equation(14) reduces to the ver- as will be clear in the following.

tex given in Ref[18] for an on-mass-shell quark. This vertex ~ The impulse approximation td*, is given by the Feyn-
corresponds to a relativ@-state quark-antiquark wave func- man triangle diagram, and we assume the constituent quark
tion [5,18]. Above, we wrote the spinor structure of the ver- as a Dirac pointlike particle,

o[ A% Trle T o (kk—pg)(K—pr+m)y* (K—pi+m)efT s(k,k—py)(k+m)]
i = ‘f 2m)? [(k—pp)2—mZ+ el (K= m?+ ce)[ (k—py)°— M+ ce]

A(k!pf)A(k!pi)i (15)

WhereJ;ir is written in the Cartesian instant-form spin basis, 1
agd_ € is th_e final polarization four_ vectd[rEq.. (3], and [(k—p)2—m2+ cel[(k—p)°— M3+ ce]?
e’ is the initial four-vector polarizatiofEq. (2)]; the sub-
scriptsi andj stand forx, y, andz. 1 1 18
The regularization function, T (1-X) (1—x)2(m§—M§)(m§— MZR)Z’ (18)
wherex=k*/p™. The free quark-antiquark mass squared is
A(k,p)= 1 :
L T e (18 given by
was chosen to turn Eq15) finite. The special form of the 5 k2+m? (p—k)2+m? )
regulator allows us to identify a null-plane wave function Mo= X 1—x —hr- (19)

similar to the one proposed for the pion in REE6]. They
used a monopole form factor instead of a dipole. The northe functionM?2 is given by
malization factoN is found by imposingsy(0)=1 .

The covariant calculation of the form factors is performed
with Eq. (15), which is analytically integrated in the’ com- M3
plex plane. The integration ovéris done numerically. The

angular condition is satisfied exactly by the covariant calcu-

lation, as it should be. This does not remain true in the light'bin-:t}innlcjyi‘l_ggnoem\i/\@gr;uinnCtIIEoc(nlg \?vﬁflpheed;r?rzgrtr;fr;gm_
front calculation. Also forg®=0, J,,(0)=J,,(0)=1J,/0). P

Th trix el s of th *sat i ture of the vertex, Eq(14). We leave out the phase-space
' ne matrix 2e ements of the current sa !sfy current conseNVag, cior 1/(1-x). The resulting expression is evaluated in the
tion g*J,(q°) =0, as we verified explicitly.

/ X . . center of mass system,
The light-front calculation, allows us to integrate analyti- y

2 - \2 2
kl+m2+(p—k)l+mR_ )
X 1-x L

(20

cally in the complex plane of thke™ variable[14]. In prin- N
ciple, the pair diagrams are not present wjth=0. The pole D(x,k, )= ———————
which contributes to the integration is I (1=x)*(m;— Mg) (M, — Mg)?
e k
__kf-i—mz—Le an Xei| vy : (21)
B k+ ! _O+ m
2

for p*>k*>0, wherep” =p° is the energy of the meson .
in the Breit frame. This pole belongs to the lower complexthe polarization state is given k. The wave function cor-
semiplane, where no other pole is present. Equatlah, is ~ responds to as-wave statg18].
the on-mass-shell condition for the spectator quark, in the
process of photon absorption. However, the matrix ele- TABLE |. Results for the low-energy electromagnetic
ments do not satisfy the angular condition. Thus, differen-meson observables, for the covari#6OV) and light-front cal-
prescriptions of calculating the form factors will give differ- culations. The light-front extraction schemes to obtain the form
ent results. The analytical integrationkn for the p meson  [actors are given by Refg6] (GK), [7] (CCKP), [8] (FFS, and[10]
including only the spectator particle pole is not exact, as ouFBH)' In the last column, the results of R¢12] are given.
numerical calculations have shown. In the next section W&, del
show our numerical results.
The null-plane wave function of the meson appears af- (r?) (fm?) 037 0.37 0.38 040 0.39 0.35
ter the substitution of the on-mass-shell condition, &), 214 219 217 215 248 2.26
in the propagator of the quark that absorbs the photon and ig, (fm?) 0.052 0.050 0.051 0.051 0.058 0.024
the corresponding regulator,

COV GK CCKP BH FFS Refl12]




0.1

Go( qz)

0.01 !

FIG. 1. Charge form factoB,(q?) for the p meson as a func-

tion of qz, calculated with covariant and light-front schemes. Thefun
solid line is the covariant calculation. Results for the different light-

front extraction schemes, R¢6] (GK) (dotted ling (it is not pos-
sible to distinguish from the covariant calculatipRef.[7] (CCKP)
(short-dashex Ref.[8] (FFS (dashed, and Ref[10] (BH) (long-
dashegl

IV. DISCUSSION

The constituent quark model for themeson null-plane
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FIG. 3. Quadrupole form factoB,(q?) for the p meson as a
ction of g2, calculated with covariant and light-front schemes.
The curves are labeled according to Fig. 1.

m,
m>7, mR+ m>mp.

The scale of the model is obtained by adjusting the pa-
rameters to get a mean square radius of about 0.35afna
G,(g°~5 GeV?)~—0.25, as calculated in Ref12], with

wave function has two parameters, the constituent quarpointlike constituent quarks. They used a wave function in

massm and the regulator massg. The p-meson mass is

the null plane which is dominated by one-gluon exchange at

0.77 GeV. In this case, the composite wave function correshort distances and linear confinement at large distances.
sponds to a bound state, which imposes a lower bound for In the nonrelativistic limit, the quadrupole form factor

the regulator and constituent quark masses, such that

3 T T T T T T

Gl(qz)

FIG. 2. Magnetic form factoiG,(g?) for the p meson as a
function of g2, calculated with covariant and light-front schemes.
The curves are labeled according to Fig. 1.

vanishes for ais-state wave function. The nonzero values of
G, are a consequence of the relativistic nature of the model,
and for this reason we consider it in the parameter fit. We
used the covariant calculation for the form factors to get the
parametersn= 0.43 GeV andng= 1.8 GeV.

The low-energy electromagnetic parameters are calcu-
lated using the different light-front prescriptions with the
light-front calculation ofJ™ matrix elements and are com-
pared with the covariant results. In Table I, we show the
values of(r?), u, andQ,. The mean square radius calculated
in the light-front scheme has values at most 10% higher than
the covariant result of 0.37 ffa The magnetic moment ob-
tained in the covariant calculation is 2.19, which can be com-
pared with the nonrelativistic value of 2. In R¢l.2] they
obtained 2.26. The light-front calculations for the magnetic
moment give values with a spread of 15% above the covari-
ant result. The quadrupole moment in the covariant calcula-
tion is 0.052 fn?, somewhat higher than the value quoted in
Ref.[12]. The light-front calculations are within 10 to 15 %
of the covariant result for the low-energy parameters.

In Fig. 1, we observe that the charge form facty is
sensitive to the different light-front prescriptions. The calcu-
lations show a zero placed around 3 Gebdbnsistent with
Ref. [12]. We found an increasing discrepancy among the
several prescriptions and the covariant results, for momen-
tum transfers above the zero crossing. The Grach-
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Kondratyuk (GK) prescription gives results in agreement [(1+co)/2] —(sing/ J2) [(1—cos9)/2]

with the covariant calculation, while the Brodsky-Hiller ) )

(BH) results are about 30% below at highgt Ry=| (sing/ V2) cosy —(sing/\2) ,
The differences between the various light-front calcula- [(1—cosd)/2] (sinol \/5) [(1+cos)/2]

tions for the magnetic form factor and the covariant results

are not so pronounced, as shown in Fig. 2. At small momen- (A1)

tum transfers the Frankfurt-Frederico-StrikméfFS pre- 1 R Tz e
scription has a value about 15% higher than the covarian\fvhere 009—( 1+7) ~ and sing= [’7/(.1+ 77)].'
The matrix elements of the current in the instant-form

result, in agreement with the results of Table I. In the mo- pin basis §*), Eq. (5, and in the front-form spin basis

mentum range considered the GK prescription is consisterftI + .
with the covariant calculation. ), Eq. (6), are related by the Melosh rotation

The relativistic effects in the model are the origin®}, RIITRI=JF. (A2)
and thus it is more sensitive to the difference between the MEo
light-front prescriptions. In Fig. 3, the values Gf, calcu- The instant-form matrix elements are expressed in terms

lated in the light front with prescriptions given by Chung, of the light-front matrix elements using the above equation
Coester, Keister, and Polizo(CCKP) and BH are 20% as[8],

lower than the covariant result. The calculations with GK

combination of the currents, present the best consistency + 1 . + 4

with the covariant results among the four prescriptions Jxxzm[llﬁz‘/ﬂl 10~ Moo~ 11-1l,

tested.

We conclude that in the scale of themeson bound state, . _£ @ . - 7. _E .
adjusted using a parametrization which reproduces the sizeJ.x=77 5 lut(n Dot Sloo= 5111
and quadrupole form factor, of an effective constituent quark K
model which embodies gluon exchange and confinement, the I = hat
prescription for a light-front calculation of the form factors yy- s
as given by the work of Grach and Kondraty[k shows 1
consistence with the covariant results. We have used a vertex ngle[ — gl 22l it 1ot 7li_.]. (A3)
for the p meson, that was amenable to covariant integration Y

and reproduced to some extend the size properties of a physi- The relations between the form factoBg, G, and G,
cally inspired null-plane wave function. and the covariant form factois,, F,, andF, are given by
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APPENDIX

V2
The Melosh rotation for the spin-one particle is given by Go= a5 MVt alFi+ (1+ n)Fat sl (A4)
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