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We study the implications of Lorentz symmetry for hadronic structure by formulating a variable

quantization front constituent quark model.

We conclude that there is little sensitivity of the

calculated observables to the choice of the formalism, provided relativity is properly implemented.
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I. INTRODUCTION

The explicit quark picture of hadrons has been investi-
gated by an increasing number of models using the con-
stituent quarks as the effective degrees of freedom [1-3].
Despite the fact that a formal link is missing between
such QCD-inspired models and fundamental QCD there
are many indications that the constituent quark repre-
sentation does emerge as a result of strong vacuum cor-
relations which generate the quark condensate and lead
to dynamical chiral symmetry breaking [4,5]. Central
to these approaches is a globally gauge-invariant poten-
tial confining the quarks. Justification for an effective
potential is provided by the flux tube configurations gen-
erated by the gluon field. Nevertheless, the validity of
the constituent quark model remains an open issue. For
example, it is not clear how to reconcile the simple, va-
lence constituent quark model spin-spin interaction as
the source of the m-p mass splitting [1] with the expla-
nation put forth from chiral symmetry-breaking argu-
ments [4]. The above issues become even more complex
when attempts are made to develop a consistent rela-
tivistic quark approach. Relativity is indispensable [6,7]
due to the large velocities associated with quarks having
masses of the order of a few hundred MeV but bound
on a typical hadronic scale of the order of 1 GeV. The
implementation of Lorentz symmetry is the thrust of this
paper.

The problem of formulating relativistic dynamics for a
fixed number of particles originated with the pioneering
work of Dirac [8] and has been extensively studied over
the years on both classical and quantum levels. Classi-
cally this is a Cauchy problem to determine the world
lines in Minkowski space, while in the quantum case one
seeks the probability amplitude distributions, as an ini-
tial value problem on a three-dimensional spacelike or
lightlike surface. We refer the reader to the extensive
literature on the subject [9-13]. The possible choices
of the initial surface are commonly classified according
to the dimension of the corresponding stability group
consisting of purely kinematical transformations within
the subspace defined by the initial conditions. Conve-
niently, the group representation does not require a full
solution of the evolution equations. With this classifica-
tion scheme the surface of the light cone, also referred to
as the light front, is very appealing because it generates
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the largest stability group [12]. The light cone stabil-
ity group acts transitively on the mass shell, and so the
light cone wave function of arbitrary momentum can be
determined from the wave function in the rest frame. At
the field theoretic level there are also practical reasons
for quantizing on the light front [14]. At short distances
color interactions can be treated perturbatively and such
separations, which are lightlike in a Minkowski metric,
usually dominate high energy processes [15]. Further,
the QCD vacuum is rigorously decoupled from excited
Fock states when formulated on the light cone and this
permits a more sensible quark Fock state expansion for
hadron states [16]. However, until a formal connection is
established between field theory and QCD-inspired mod-
els, such arguments should cautiously be regarded.

Irrespective of quantization surface orientation for-
malisms using impulse approximated currents lack com-
plete Lorentz covariance. This is because such currents
do not include interactions and will therefore not prop-
erly commute with the interaction-dependent generators
of the Poincaré group. Consequently, matrix elements of
the current operator will also not be properly constrained
and will acquire an incorrect four-vector structure which
is represented by a dependence upon n*.

Of course full covariance is not always necessary, pro-
vided strong arguments exist for disposing of unphysical
degrees of freedom or spurious form factors arising in
a noncovariant formulation [16,17]. However, in a par-
ticular framework with a fixed number of constituents
such as the valence constituent quark model any exten-
sions such as to nonvalence degrees of freedom should be
taken with caution until full implementation of symme-
tries including Lorentz covariance is properly done. The
main objective of this paper is to provide insight and
criteria for assessing when Lorentz covariance violations
are quantitatively important and should be addressed.
To this end a comparative study of alternative relativis-
tic calculations of observables for pseudoscalar mesons is
performed using various quantization schemes to docu-
ment framework sensitivity.

In the following two sections the basic ingredients en-
tering the quark model calculation of physical observ-
ables are reviewed and the method for calculation of ma-
trix elements for arbitrary quantization scheme is out-
lined. Numerical results are presented in Sec. IV with
major findings summarized in Sec. V.
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II. MESONIC PROPERTIES IN A
CONSTITUENT QUARK MODEL

All meson observables investigated in this work are
specified in terms of hadronic matrix elements of local
operators, having one of two forms:

A = (0[J(0)|P),
Az = (P'|J(0)|P). (2.1)
Here |P) denotes a pseudoscalar meson state, with four-
momentum P*, J = $(0)I'4(0) is a current operator
with the fermion field operators v, 1y describing the QCD
quark fields, and |0) denotes the vacuum. In the con-
stituent quark picture a meson state is entirely repre-
sented by a valence constituent ¢g pair and the exact
QCD field operators are replaced by the effective con-
stituent fields [18]. In the following we shall concentrate
on this two-body Fock sector.

A flat instant time (= n-z), spacelike or lightlike quan-
tization surface ¥ is defined by a timelike or null four-
vector n*, n? > 0:

Y=3%U---UX,4

={{zf -z} :(n-z1)=---(n-z4) =0}, (2.2
with A being the number of constituents (A = 2 for the
qq mesons). Since time parameters do not appear in the
matrix elements in Eq. (2.1), only the knowledge of the
single-time wave functions defined on ¥ are needed. The
hadronic matrix elements, defined in Eq. (2.1), in the
light cone quantization, n? = 0, will be obtained in the
limit as n2 — 0. For each constituent i described by
configuration or momentum space four-vector A* we de-
fine the associated transverse four-vector Az in the ith
subspace of ¥ and the longitudinal component Ay by
projections:

{6(p', X, '), b (B, A, 1)} = (21)* 28% (B — P)oxrabrir,

d*p
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= AT=A”—ALﬁ .
Since AT -n = 0, Ar has only three independent com-
ponents denoted in three-vector form by Ar = (0,A).
The three components of a transverse vector A do not
necessary correspond to the Minkowski coordinates since
in general n* # (1,0,0,0). The scalar product becomes

AL‘.-E

(2.3)

A-B=ArBy + Ar-Br =ArBr — A-B, (2.4)

where

3
A-B= ) A'g;B,

%,j=1
A; (B;) are the components of the three-vector A (B)

and g;; is the 3 x 3 matrix of nonvanishing components
of g, the projection of —g onto X:

00 nun,
0g =9Tuv = —Guv + 2 "

(2.5)

(2.6)

In a similar way the transverse antisymmetric tensor
€T,ij is defined by the nonvanishing components of €,, o5
projected onto X, i.e., %E‘“'J’k. Thus, if  and p are
canonically conjugate, [z*,p*] = ig"”, then the three-
dimensional transverse components x and p are also
canonically conjugate:

(2.7)

The longitudinal pr,, component of a four-momentum de-
fines particle’s energy and because it is conjugate to time
xy, it describes dynamical evolution. Returning to the
fermion field operators 1 and 1, these can be canonically
quantized on the surface ¥ and represented by a Hilbert
space expansion in terms of operators b = b(p, A, 7),d =
d(p, A, 7):

[x'p] = igr.

(2.8)

%(0,x) = Zm/ (2m)4 27r5(p2 — mz)G(pL), Z [bu(p, /\)e—ip‘” + dTv(p, )\)eip‘”] =
A==

dip

$(0,x) = 2m/ Erya 2@ —m)0(pr), 3 [BE(p, N + du(p, N)e ™,

(2.9)

A==+

where A is a spin projection on a specified direction in ¥, 7 represents other quark quantum numbers, i.e., flavor and
color, m is the constituent quark mass, and u, v are the Dirac spinors normalized according to wu = 1. The quark and
antiquark (¢g) momentum space wave function ¥y 77, is defined as the probability amplitude for finding the ¢g pair
with given individual (p;, A;, 73) quantum numbers in a meson state |P, N, J, J3,a) which belongs to an irreducible
representation of the Poincaré group characterized by the meson mass My, total angular momentum J, Js3, and other
quantum numbers (flavor, orbital angular momentum, and spin of the ¢g) denoted collectively by a (J,J3 = 0 and
a =1,...,8 specify the low-lying octet state):

|P,N,J,Jza) = Z/[dpi]p‘I’NJJsa(pi,/\i,Ti)lpl,/\l,Tl;Pz,/\2,7'2), (2.10)
AT

where
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d®p, d3p,

27)3,/piL (27)%/P2L

[dpilp = (

/PLE(2m)3683 (P - Zpi) ,
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(2.11)

pir = pin(|pli) = vV/mZ + p?, € = p1L + par, and P, = \/Mﬁ, + P2 is the meson energy. The particular form of the
measure, [dp;], will be discussed in the next section. Combining Egs. (2.1), (2.9), and (2.10) yields

A = <0|E(0)F¢(0)|P’ N, J, Js, a)

m
= Z/[dpi]P\I’NJJaa(ph)‘iaTi) |: s ﬁ(P% A2)]-—“1'1,‘1'2 2 u(pla)‘l):l )
o V piL \/ p2L

(2.12)

Ay = (P',N',J', J3d'|4(0)T%(0)|P, N, J, Jaar)

AX!rr!

Z /[dPQ]P'[dPi]P‘I’L,J,%a: (P Ao ) O N T I3 (Pis Aiy Ti)

m m
x [(, /,—lmpa,Aa)rm,/—lu(pl,m) 5rimaOxgna (21)°8% (B} — p2)
PiL pPiL

m m
- l: _/_}‘ﬁ(p,27’\,2)1—“r5,7’2 _Z'U(Pz,)\z)] 61'{1'16/\'1>\1 (27{)363(1),1 - pl) )
V Par, V P2L

where pointlike constituent quarks have been as-

sumed [2,3].

As mentioned in the Introduction the current matrix
elements can be written as explicit four-dimensional in-
tegrals depending on the physical momenta and n#*. This
is achieved by writing

5%(p) = / des(p — €n),

d*p; = d*p;3(pir)

in Egs. (2.12) and (2.13).

(2.14)

III. COVARIANCE

Under a Poincaré transformation, hadronic states
should transform as an element of a unitary represen-
tation while a matrix element is expected to transform
covariantly (i.e., consistent with the tensorial rank of the
matrix element operator).

A. Hadronic states

In the constituent quark model the meson and baryon
mass spectrum corresponds to eigenvalues of a phe-
nomenological Hamiltonian. The phenomenological de-
scription of hadrons as the few-body bound states can be
extended to satisfy the requirements of Poincaré symme-
try by an explicit construction of interaction-dependent
]

_ [(pir + mi)(wi + m;) + Pi - Pildor + i[o]on - [Pis Pi)

(2.13)

generators of the symmetry group. The method, for a
fixed number of constituents, has been introduced by
Bakamjian and Thomas [9], and extensively discussed
by Osborn [10] and Foldy and Krajcik [11]. First, an
interaction-independent set of internal and center of mass
(c.m.) variables is introduced and the product of nonin-
teracting generators for individual constituents is cast
into a free, single-particle form that specifies symmetry
properties for the system as a whole. Since the free mass
of the constituents in the single-particle representation
enters only as a function of internal variables, the gener-
ators for an interacting system are modeled by replacing
the free mass by an interaction dependent operator. In
particular for two spin-1/2 particles with individual mo-
menta p; and spins s;, the relative momentum k and c.m.
momentum P are defined by

(k . P)_ w1,2
METM T ME

with wi; = wiz([k]) = y/mi, + k% M = M([k|) =
wy + wy, and € = &(k[,|P|) = VM2 + P2, With the
components [s'],,+ of the c.m spin operators s obtained

through an interaction-independent Lorentz boost to the
c.m. frame given by

P12 = +k + (3.1)

[siloor = Y D(Pi, Bi)orlsilan D (pi, Bi)aor,  (3.2)

AN

where the Wigner rotations are given by (p; = +k)

D(p:i, Pi)or

(3.3)

V2(pir + mi)(ws + m;)(pirw; + P - Pi + m2)
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the ten generators of the Poincaré group, M,,, P*,
Kr = (OaK) = (01ML,i)7 Jr = (O)J) = (Ov %ET,ijk(gg‘ '
M - g7)jk) g7 and er being defined in Eq. (2.7)], for an
interacting system are constructed as

P=p1+p27
Pp = VM2 4+ P2,
_ i ’ - ’ r_ i
J= [zaP,P]+S +L', S =5 +s,, L' = zak,k s
1(.08 1 ,
K——E{zﬁ,PL}—m[P,S],

with

(3.4)

M=M+V. (3.5)
In general, as long as n* # (1,0,0,0), the generators
are not the usual Cartesian generators. The states are
eigenstates of the Casimir operators M? and W2, the
latter being the square of the Pauli-Lubanski vector
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1 v
W, = —EEWWP MP?, (3.6)
whose components in the rest frame of a particle (now
for an arbitrary n* defined as P = 0) are given by

Wy, = (0,Wr) = (0, W),

W; = %5T,ijkMik =MJ;,

and are also labeled by the eigenvalues of P and a eigen-
value of a component of J. States characterized by the
same eigenvalue of M and W in two different quanti-
zation schemes, characterized by vectors n’ and n, re-
spectively, are related to each other by means of the
Wigner rotation given in Eq. (3.3). In particular for
n'* = nfy = (1,0,0,0) (instant) and n* = nf, =
(cos(a),0,0,—sin(a))/4/cos(2a) in the limit ¢ — 0
when o — 45° — € (light cone) the Wigner rotation in
Eq. (3.3) reduces to the Melosh rotation. From the first
two equations of Eqgs. (3.4) this limit also yields

P° 4 p3
2\/e

thus, taking € — 0

M2+ (X5, pii)? Ve

+ O(e),
Sii@+pd) 2

(3.7)

2

PO — p3 _\/_E_ 1 0 3

+( )2 ——ZﬁE(Pi+Pi)+
=1

2
P =) pii
i=1

2
P*=P +P*=) (p} +p),
=1

M? + P?

— — pO0 3 __
PT=P°-P'= =54,

and thus the generator P+ becomes interaction independent while the interactions are contained in P~ in agreement
with the standard light cone quantization rules. Similarly it can be shown that the generators J and K are mapped
into the standard light cone generators [12,14].

The restrictions on the potential V' which can be either local or nonlocal are that it commutes with J, P, and iVp.
The basis of an unitary representation of the Poincaré algebra given in Eq. (3.4) is obtained from the set of eigenstates
of M, and the basis of the algebra for the noninteracting system. The reducible (with respect to J) representation
for the noninteracting system can be expressed in either individual, |p1, A1; P2, A2), or relative and c.m. variables,
|P,k,01,02), related by

(P,k,01,02|P1, A1; P2, A2) = DY (P1, B1)r;,00 DT (P2, P2)2rg,00

xzj%(zw)aaa(m ~ m(P,k))%(Zw)%a(pz — p2(P, k), (3.8)
with p;(P, k) given by Eq. (3.1). The states are normalized according to
(P K 0},05|P,k,01,02) = 2(27)3E83 (P’ — P)p~(|k|)63 (K’ — k)do10,005075
(P X35 P, Xalp1, s P2, do) = 22 (2m)°6% (B — 22) 122 (2m)°8° (B — P2)drinu Baga (3.9)
where the factor
p(k|) = M‘ATM (3.10)

assures the unitarity of noninteracting generators in the relative and c.m. variables representation [19,20]. For the
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time being we have neglected the flavor and color quantum numbers. The irreducible representation classified by the
eigenstates of M, P, J2, J3, L' 2 and S’ is obtained by projecting |P,k, 01,02) onto eigenstates of spin and angular
momentum

dQ k
P, k|, J,Js, L', 8"y = / “|P,k,al,az)YL'Lrs (l—) c?'ss CianLy (3.11)

k| 171 0’2
o102 S3L§
The eigenvalue equation for the interacting mass operator can be written in the form
Mytn(k,01,05) = 3° / B p([K ) M o1 s, (K K)oy (K, 7%, 73), (3.12)
o103
with N denoting the total (radial and orbital) quantum number,
2(27)3€8% (P’ — P)yn (k, 0102) = (P, k,01,02|P, N), (3.13)
and Mawi,a,,; defined by
2(2m)3E83 (P’ — P) My, 01 001 (K, k) = (P', X', 07,05 M|P, k, 01, 02). (3.14)

For example, the harmonic oscillator basis |P, N = ny + n2 + ng = 2n + 1) results from the mass operator
v ’ —1/2 (1! S 2\ 31/ —1/2
Mo, 04,0004 (K, k) = p7 /%(K|) % + 5 (V)" ) (k' — k)| 801010010,/ (IKI), (3.15)

with the reduced mass, u = myma/(m; + m,), and leads to

Yn(k,01,02) = P_1/2(|k|)¢gf(k, 0102), (3.16)

where 9™ is the solution of the nonrelativistic harmonic oscillator. The two factors of p~1/2 in Eq. (3.15) assure
Hermiticity of the mass operator in the relativistic norm in Eq. (3.9). Since [M,J] = 0, the eigenstates of the mass
operator can be classified by J and J3 and in the L'S’ coupling scheme the irreducible representation of the interacting
algebra is spanned by

3P

3 3 _ P! 3 ! ! £L_
2(27r3)£2(27r )ES (P — P')|P, K|, J,J*, L', §")4/ = Unrpws (), (3.17)

|P,NJ,Js, L', ') = / &kp(|k|)
with the wave function 9315 (Jk|) related to ¥n(k,o1,02) by
a2 k '
s (k)= Y / k'tl)zv(k 01,02)Ypipy (m) C;:‘F’%QC;'J;;L'LQ' (3.18)
010’25'14'

The square root factor in front of ¢ in Eq. (3.17) guarantees unitarity of generators of the interacting algebra in the
covariant norm

(P',N’Jl, Jé,aIIP, NJ, J3,a) = 2(27()3PL(53(PI - P)&N!N&Jlj(;]é]a(sala. (319)

Using Egs. (3.11), (3.9), and (3.8) the mass operator eigenstate in Eq. (3.17) may be expanded in terms of single-
particle states. After including flavor and color quantum numbers it has the form [a = (a,L'S’), a = 1,...,8 for the
SU(3) flavor octet and L' = S’ = 0 for the lowest-lying pseudoscalars]

m)3/pir (27)3\/P2L
- [(% ® \—5—3) > D'(P1,1)r,0. D' (P2, B2) s 00 Y (%;T)

™72 o,,54,L}

d3p1 d3P2 3 3
|P,NJ, Js,a) = Y @ (2m)3\/PLES® (P — p1 — p2)
AiTi

J J;
XC CSI;I L'LY

‘0'1 lo, PLLD2L ¢NJJ3¢1(|kD] IPI,/\laTl;sz/\z,Tz), (320)



with k being a function of p; determined from Eq. (3.1),
A% denoting the Gell-Mann matrices in the SU(3) flavor
space, and I being an identity in the color space. Com-
paring Eq. (3.20) with Eq. (2.10) the ¢g wave function
®NJJso is easily identified with the term in the square
bracket in Eq. (3.20) . The covariant normalization in
Eq. (3.19) follows from the normalization of the mass
eigenstates:

(N|M) = énur, (3.21)
which in turn is equivalent to the normalization of
eigenstates of a “nonrelativistic Hamiltonian” defined as

P2 (K ) M(K', k) p*/2(|K]).
B. Matrix elements

Covariance under a Lorentz transformation A for a ma-
trix element, say, A,, evaluated for a current J with k-
Lorentz indices means

Ak (P, P) = (P[5 (0)|P)
=AM ABEASTVE(ATIP) ATIP),
(3.22)

If U(A) are the unitary operators corresponding to the
transformation A in the space of physical states |P),
Eq. (3.22) demands

U™Y(A)JH Be (0)U(A) = AL ... Akk JH7Bx(0) (3.23)

or, in infinitesimal form,
k
(79074 (0), Mas] = 63 80t T2 (0)

—65’]“1"""“‘"‘ (0). (3.24)
These conditions are not satisfied by the free field, one-
body current operators used in Sec. II because, as de-
scribed in a previous subsection, the generators M, con-
tain interactions. Thus two-particle and perhaps even
more complex currents must be included to restore co-
variance. Consequently, hadronic matrix elements are
expressed in terms of four-vectors representing the par-
ticles momenta and polarizations will violate covariance
and as shown in Sec. II will contain an overall depen-
dence on the four-vector n#. The nonrelativistic expan-
sion of the electromagnetic currents in the presence of
internal interactions has been extensively studied [11,21];
however, a solution to all orders in V/m required to main-
tain covariance is still lacking. Although the spurious n

J
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dependence of matrix elements results from the Lorentz
symmetry breaking, it permits us to assess quantitatively
the extent covariance is violated in a model calculation
and, as detailed in the next section, to establish a poten-
tially useful model criterion.

IV. NUMERICAL RESULTS

As mentioned in the Introduction, the valence, con-
stituent quark model does not reflect the Goldstone na-
ture of the pion. This paper does not address the rela-
tion between the quark model pion mass and the phys-
ical Goldstone boson mass. Rather, the main purpose
is to examine the validity of the impulse approximation
with pointlike constituents in the quark model analysis
of hadronic matrix elements.

All key observables for the low-lying pseudoscalar octet
mesons, JP = 07, can be obtained from the matrix
elements A;. Of special interest are the meson decay
constants and form factors. For the decay constant
A; is used with the SU(3) octet axial vector current,
A®#(0) = 1(0)A*/2v*~¥51(0) while for the electromag-
netic form factors the current in A; is given by J% (0) =
% (0)[A8/v/3 4+ A3]y#2(0). Because of the presence of n*,
the matrix elements written in four-vector notation will
in general acquire additional form factors in their Lorentz
decomposition. Accordingly, the two matrix elements A;
can be written as |P,a) = |P,M,,0,0,(a,0,0)) in the
notation of Egs. (2.10) and

nl-‘
(01A (0[P, b) = b [P"fp + —fn] ,

In|

(P',a|JE (0)|P,b) = bas [E“Fp + ”—”Fn] L@

n|

Covariance requires f, = F, = 0, f, = const, and F,, =
Fp(Q?%), Q% = —(P' — P)?, ©* = (P’ + P)*. Here, these
conditions are not satisfied. We also define the charge
form factors fz, and Ff, as matrix elements of n-A/(n- P)
and n - Jem/(n - X), respectively. Thus

1
fr= fp+ Efny

Fy = F, + —F,.

5 (4.2)

For the ground state mesons having N =L' =5 =J =
0, after summing over the spin components o;, the ¢d
wave function ¥, = Wy, can be written in a compact
form

Yo(lkl), (4.3)

‘I’a(Pi, Ai, Ti) = (ﬁ ® _ﬁ

Ae I ) V2mymau(p1, A1) vsCuT (P2, A2)
T2 \/P1LP2L[M2 - (ml - mz)z]

with p;z, = v/m2 + p;, M? = (p1 + p21)? — (P1 + P2)? and

2 my — mg)? 2 my + m3)? 1/2
|k|=[(M + UM + s+ )1] .

(4.4)
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The radial wave function % is taken to be the normalized ground state solution of the mass operator given in
Eq. (3.15):

~1/2
o((kl) = S exp (-1 26°),

(4.5)
where 32 = pw [p is the reduced mass defined below Eq. (3.15)] has a weak quark mass dependence and typically 200

MeV < B,m < 300 MeV.
In the light cone quantization it can be easily shown that in terms of the Minkowski coordinates the radial wave

function depends on z; = pj /Pt and k, = (k®,kY) = p;, — 1P, through M given by

M=>" Tf—:ﬁ (4.6)
The form factors defined in Eq. (4.1) can now be calculated using Egs. (2.12) aﬁd (2.13):
2 27,2 2 V3 ¥(Ik[) mypz - P +mep; - P
=Jp P =Jp P-n n® — P = D2 d i 9 .
fo = B = (B oy n = P = 37 [lapie oSl T P L (@7)
2 2/, 2 V3 Y(lk|) mipar, + MapiL
= = -n)?/n? - P =L | [dp; , )
fu= 1o = (P i = P = 2 [lapie il TP TP (49)
Fp = Fp(Q*,2%) = Fp(Q*, —(P' + P)* + (P’ + P) - n]?/n?)
e1 , Po([k')%o([k])
= —= dp;lp [dp; 163 2 — P2
g [ dpdeldnde 0%~
ML B4 MPpy B4 (B —pun) QR B y) (4.9)
VIM? = (ma = ma)2) M2 — (my — ms)?]
Fp = F1(Q* %% = FL(Q? (P' + P)? — [(P' + P) - n]*/n?)
el / Po([k'])Po([k|)
= d i| P! d 7 '(53 2~ P2
2¥g /[ Bilz-ldpile-o"(pa —p )\/P(lk'|)P(|k|)P'1LP1L
8 M2pip + M?pip + (P — p1z)? — Q%)p2L 4o 2), (4.10)

VIM? = (m1 = m3)2][ M2 — (s ~ ms)?]

where e; is the quark charge, P’ = P+ Q, pi; = pir.(P)),
M’ = M(p!) with p;;, and M defined below Eq. (4.3)
and k', k are related to p; and p; through Eq. (4.4).
The only constraint imposed on the variables ¥, Q, and
n is that the momentum transfer P’ — P be spacelike,
Q*>0,andn-Q = 0, ie.,, Q2 = Q% = —Q%. From
Eqgs. (4.7)—(4.10) it follows that the form factors do not
depend explicitly on n2 but only on the magnitude of the
transverse projections of external momenta. Violation of
covariance can be studied and documented by this de-
pendence. It is worth noting that the |P;r| dependence
can be interpreted as either a quantization scheme or
reference frame dependence. Sensitivity of the observ-
ables to changes in the reference frame corresponds to a
dependence on the components of external momenta for
fixed values of n* while sensitivity to the quantization
surface corresponds to n* dependence for fixed values
of the external momenta similarly to the effect of pas-
sive vs active Lorentz transformations. For example, the
—P% = (n- P)%/n? — M? — oo limit gives a form fac-
tor in the instant n? = 1 quantization in a frame where

[

some components of particle momenta are infinite [14]
or a form factor in a light cone quantization, n?2 — 0,
in a frame with finite components of the momenta [12].
It can be shown that in the P%. — oo limit Egs. (4.7)-
(4.10) become identical to those derived using explicit
light cone quantization. The form factors are finite in
this limit and thus the unphysical dependence upon P,
disappears. Also from Eq. (4.2) it follows that in this
limit f(F)r — f(F)p. However, there is a priori no rea-
son to expect that the unphysical form factors [f(F)n,]
vanish.

In Fig. 1 the form factors fr, (solid line), f, (dashed
line), and f,, (dotted line) for the pion are plotted against
| Pr| for m = 220 MeV and 8 = 290 MeV. As expected,
for large |Pr|, fr — fp — const and f,, — const; how-
ever, the unphysical form factor f,, becomes the largest
in the light cone limit f,(00)/ fp(o0) ~ 70%. At low |Pr|,
fn(0)/fL(0) ~ 35%, but the variation of f,(|Pr|) is now
the largest. Similar results are obtained for the electro-
magnetic form factor, as shown in Fig. 2. The upper solid
line represents Fp7 (Q?%) = Fpr(Q?, 00), while FI?,,(QZ) =



for | Pr = 0| (dashed lines) and for | Pp| — oo (solid lines).
The kaon decay constant and charge radii can be well re-
produced for the same parametrization m ~ 220 MeV
and B ~ 290 MeV within a 10% accuracy. Significantly
and related, the overall model sensitivity due to quantiza-
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FIG. 2. Quantization surface and/or frame dependence of
pion electromagnetic form factor. The assignment of curves
is explained in the text.
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FIG. 3. Pion electromagnetic form factor for spacelike

2 Data were taken from

¢® = —Q? momentum transfer.

Ref. [24].

tion or frame dependence, as detailed from the figures, is
also at this level. For additional insight we also have com-
pared our results for the pion form factor with the previ-
ous light cone analyses of Dziembowski et al. [2] [dashed-
dotted line in Fig. 3(b)] and to the nonrelativistic de-
scription [dotted line in Fig. 3(b)]. In Ref. [2], an ansatz
is taken for the light cone valence wave function. The
main difference between the wave function in Eq. (4.3)
and the wave function used in Ref. [2] is the use of a con-
stant value instead of the invariant quark mass M in the
spinor wave functions in Ref. [2]. While this difference is
not significant for the description of static properties, it
is quite substantial for form factors for Q2>1 GeV?.

V. SUMMARY AND CONCLUSIONS

We have developed a variable front approach for in-
vestigating hadronic structure involving matrix elements
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FIG. 4. K" electromagnetic form factor (m, = 480 MeV).
Data are taken from Ref. [25].

of constituent quark operators. The source of Lorentz
symmetry breaking of the current matrix elements comes
from the improper behavior of single-particle currents un-
der Lorentz symmetry. Many successful predictions from
the constituent quark model, including early description
of baryon magnetic moments, do, however, rely on one-
body currents only. Thus there is hope that such currents
may give dominant contributions at least for the static
properties. Our model incorporates all relevant symme-
tries of the wave function by construction and permits
one to assess the sensitivity of computed observables to
the choice in quantization scheme or reference frame. As
such our method can be regarded as a covariant criteria
since it can be implemented in any quark model to detail
sensitivity to front orientation. A large sensitivity indi-
cates the need for restoring full covariance and perhaps a
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FIG. 5. K° electromagnetic form factor.

more sophisticated hadronic model. We have calculated
various mesonic properties in this model and compared
the results in different schemes. The key findings are
that relativity is crucial but that alternative relativistic
approaches (different n*) which properly treat Wigner
spin rotations and appropriate Ansdtze for the relative,
spin-independent wave function can achieve equivalent
phenomenological descriptions at least for the present
quality of data. For m and KT we have found that
both the physical form factors [f(F'),] and the charge
form factors f(F')y for m are comparable to within 10—
20 % which is also the sensitivity level to the front ori-
entation or to the choice in the reference frame. Thus
ignoring the spurious form factors, covariance imposes
a ~ 20% uncertainty in the applicability of the quark
model. In the case of the K° form factor at low Q2, vi-
olations of covariance are much larger. In general, we
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expect the quantities which are intrinsically small to be
much more sensitive to model details and uncertainties
as similarly concluded in a recent E2/M1 N-A transi-
tion analysis [22]. In the light cone limit as the mo-
mentum transfer increases the unphysical form factors
become largest. Such behavior is also consistent with re-
cent analysis by Keister [23] of current matrix elements
for a spin-1 particle where significant rotational symme-
try violations occur for Q2/4M?2 2 1.

Although encouraging, small violations of covariance
found in the physical form factors are necessary but
not sufficient to validate the quark model calcula-
tions. Complete confirmation awaits demonstrating that
interaction-dependent current operators reduce or elim-
inate the unphysical pieces of matrix elements without
appreciably affecting the physical ones. Ideally, as more

5293

precise data become available it may be possible to deter-
mine the form of effective current operators and distin-
guish alternative formulations along with clarifying the
role of additional degrees of freedom such as effective glu-
onic excitations and/or exotic quark configurations, as in
principle expected in QCD.
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