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Although the meson decay amplitude described by a two-point function may be regarded as one of the
simplest possible physical observables, it is interesting that this apparently simple amplitude bears
abundant fundamental information on QCD vacuum dynamics and chiral symmetry. The light-front zero-
mode issue of the vector meson decay constant f is in this respect highly nontrivial and deserves careful
analysis. We discuss the zero-mode issue in the light-front quark model (LFQM) prediction of f from the
perspective of the vacuum fluctuation consistent with the chiral symmetry of QCD. We extend the exactly
solvable, manifestly covariant Bethe-Salpeter model calculation to the more phenomenologically
accessible, realistic light-front quark model and present a self-consistent covariant description of fy,
analyzing the twist-2 and twist-3 quark-antiquark distribution amplitudes with even chirality.
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I. INTRODUCTION

Meson decay constants provide essential information on
the QCD interaction between a quark and an antiquark. They
are the lowest moments of the light-cone distribution ampli-
tudes (DAs) for a quark and an antiquark inside a meson.
They are also important ingredients in studying the CP
violation in leptonic or nonleptonic weak decays of mesons.

Many theoretical works have been devoted to predicting
these fundamental constants of mesons, e.g. the lattice
QCD [1], the QCD sum rules [2], and the light-front quark
model (LFQM) [3—-15] based on the LF quantization [13] of
QCD. Among various theoretical approaches, the LFQM
has been successful in computing not only the meson mass
spectra [10,14] but also the decay constants and weak
transition form factors of mesons [3—15]. In particular, the
light-front dynamics (LFD) carries the maximum number
(seven) of the kinetic (or interaction-independent) gener-
ators, and thus less effort in dynamics is necessary in order
to get the QCD solutions that reflect the full Poincaré
symmetries. Also, the rational energy-momentum
dispersion relation of LFD yields the sign correlation
between the LF energy k= (= k° — k*) and the LF longi-
tudinal momentum k* (= k° + k%) and leads to the sup-
pression of vacuum fluctuations.

Despite these advantages in LFD, the zero-mode
(k™ = 0) [16] complication in the matrix element has been
noticed for the vector meson decay constant f, [4-7,17], as
well as some electroweak form factors involving a spin-1
particle [4-9]. For the case of fy, there hasbeen a debate
about the zero-mode contribution to the matrix element of
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the plus component of the weak current J%,. Unlike the
electroweak form factor described by a three-point function
involving an external probe, the meson decay amplitude is
described by a two-point function and may be regarded as
one of the simplest possible physical observables. It is
interesting that this apparently simple amplitude bears
abundant fundamental information on QCD vacuum
dynamics and chiral symmetry. In this respect, the zero-
mode issue of fy in LFD is highly nontrivial and deserves
careful analysis. Indeed, we found [7,17] that the existence
or absence of the zero mode may depend on the model,
especially on the form of vector meson vertex operator I'*,
while Jaus [4,5] claimed that there exists a zero-mode
contribution to fy even for the case of the good current J3;.
The purpose of this work is not just to clarify this zero-
mode issue in the fy prediction from LFQM but also to
discuss this topic in relation to the vacuum fluctuation
consistent with the chiral symmetry of QCD. With this aim,
we attempt to extend our previous analysis [17] from the
exactly solvable, manifestly covariant Bethe-Salpeter (BS)
model to the more phenomenologically accessible, realistic
LFQM [3,10-12,18-20] and discuss a self-consistent
covariant description of the vector meson decay constant
in view of the link between QCD and LFQM.

A systematic study of twist-3 light-cone DAs of vector
mesons in QCD was presented in Refs. [21,22]. It was
based on the conformal expansion, taking into account
meson and quark mass corrections. Two-particle DAs of
vector mesons were classified in the same way as the more
familiar nucleon structure functions, i.e. parton distribution
functions (PDFs), which correspond to the independent
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tensor structures in nonlocal matrix elements. Nowadays,
we know that there are 12 independent generalized parton
distributions in deeply virtual Compton scattering [23]. For
the forward case with zero skewness, however, nine
independent PDFs are found and classified by twist, spin,
and chirality [24]. Similarly, the analysis of vector meson
DAs revealed an analogous pattern, as the operator struc-
tures are the same with the case of PDFs, and the p meson
polarization vector formally substitutes the nucleon spin
vector in the Lorentz structures [22]. Eight independent
two-particle DAs were found with the classification due to
twist, spin, and chirality [22]. In this work, we focus on the
chirality-even distributions up to twist 3.

The light-cone DAs of a vector meson are defined in
terms of the following matrix elements of quark-antiquark
nonlocal gauge invariant operators at lightlike separation
[21,22,25,26]:

(01(0)[0. z]r*q(2)|V (P. h))

= fvM A | dxe—'*P'Z{P” )
+(8Z—P”8” Z)¢3v() (--)zf‘}, ()

where z2 = 0, and the path-ordered gauge factor

[0,z] =P exp {igAl dt(—z),A*((1 — t)z)] )

ensures the gauge invariance of the matrix elements and is
equal to unity in the LF gauge AT = 0. Accordmg to the
classification of Ball and Braun [21,22], ¢l (x) and
¢h3.y/(x) correspond to the twist-2 and twist-3 two-patticle
DAs, respectively. The ellipses in Eq. (1) represent the
higher twist contribution [21,22,25,26], which we do not
con51der in this work. The normalization of the two DAs

¢ = {¢2 V7¢3l;v} is given by

/] dx®(x) = 1. 3)
0

In order to establish a connection between these DAs and
the LF wave functions of vector mesons, we need to apply
the equal LF time condition, z+ = 0, and choose the LF
gauge AT = 0. Then, neglecting the higher-twist DAs,
Eq. (1) can be rewritten as

(01(0)r*q(2)|[V(P, h))| =4, o

! —ixPz 62r [
= o [ dxe e pr gl ()

+(-r )m( )} @
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To isolate the twist-2 DA, 452 .v» we may take the plus
component (u = +) of the current with the longitudinal
polarization (2 = 0) and obtain

0la(O) () V(P. W) = fyMes / dre i gl (x).

&)

On the other hand, to isolate the twist-3 DA, ¢3L;V, we take
the perpendicular component (4 = L) of the current with
the transverse polarization (h = +) and obtain

0la(O)rq(c)[V(P. ) = fyMe: / dre Pl (x).
6)

It is a common practice to utilize an exactly solvable,
manifestly covariant model to check the existence (or
absence) of the zero mode and substitute the radial and
spin-orbit wave functions of the exactly solvable model
with the more phenomenologically accessible model wave
functions that can be provided by LFQM. To discuss the
nature of the LF zero mode in meson decay amplitude, we
may denote the total LF longitudinal momentum of the
meson, PT = kzg + kJ-Q’, where ka and kg are the individual
quark and antiquark LF longitudinal momenta, respec-
tively. Similarly, the LF energy P~ is shared by k;, and ké,
Le. P~ =ky+ ké-
typically by using Cauchy’s theorem for a contour inte-
gration. For the LF energy integration of the two-point
function to compute the meson decay amplitude, one may
pick up a LF energy pole, e.g. either [k ] (i.e. the on shell
value of k) from the quark propagator or [k from the

The LF energy integration is done

. . . . Q]On
antiquark propagator. However, it is crucial to note that the
poles move to infinity (or fly away in the complex plane) as

the LF longitudinal momentum, either kg or kg, goes to

zero [27]. Unless the contribution from the pole flown into
infinity vanishes, it must be kept in computing the physical
observable. Since such a contribution, if it exists, appears
either from kj, =0 and k+ P* or from kf =0 and
k+ PT, we call it as the zero-mode contnbunon. In our
previous work [8,14,17], we discussed the power-counting
method, which can reveal the existence or absence of the
zero-mode contribution by analyzing the power behavior of
the integration variable such as kg or kg and presented an

effective method of identifying the corresponding zero-
mode operators. If the zero mode exists, it is critical to take
into account its contribution in order to get the identical
result to the one obtained by manifestly covariant
calculation.

As discussed above, in the case of the two-point function
for the computation of the meson decay constant, the zero-
mode contribution is locked into a single point of the LF
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longitudinal momentum, i.e. -either kzg =0, where
kf = P*, or kf =0, where k5 = P*. Since one of the
constituents of t%e meson carries the entire momentum P*
of the meson, the other constituent carries the zero LF
longitudinal momentum and thus can be regarded as the
zero-mode quantum fluctuation linked to the vacuum. This
link is due to a pair creation of particles with zero LF
longitudinal momenta from the vacuum. It is important to
capture the vacuum effect for consistency with the chiral
symmetry properties of the strong interactions [28]. With
this link, the zero-mode contribution in the meson decay
process can be considered effectively as the effect of
vacuum fluctuation consistent with the chiral symmetry
of the strong interactions. In this respect, the LFQM with
effective degrees of freedom represented by the constituent
quark and antiquark may be linked to the QCD. The zero-
mode link to the QCD vacuum may provide the view of an
effective zero-mode cloud around the quark and antiquark
inside the meson, and the constituents dressed by the zero-
mode cloud may satisfy the chiral symmetry consistent
with the QCD. Since the constituent quark and antiquark
used in the LFQM have already absorbed the zero-mode
cloud, the zero-mode contribution in the LFQM may not be
as explicit as in the manifestly covariant model calculation,
but it effectively provides consistency with the chiral
symmetry.

In the LFQM presented in Refs. [3,10-12,18-20], the
constituent quark and antiquark in a bound state are
required to be on mass shell, which is different from the
covariant formalism, in which the constituents are off mass
shell. The spin-orbit wave function in the LFQM is
obtained by the interaction-independent Melosh transfor-
mation [29] from the ordinary equal-time static spin-orbit
wave function assigned by the quantum number JC.
The common feature of the LFQM presented in
Refs. [3,10-12,18-20] is to use the sum of the light-front
energy of the constituent quark and antiquark for the meson
mass in the spin-orbit wave function. In the standard light-
front (SLF) approach used in the LFQM [3,10-12,18-20],
the vector meson decay constant f3-F is obtained by the
matrix element of the plus component of the currents in
three-dimensional LF momentum space. As the constituent
quark and antiquark in LFQM are the dressed constituents
including the zero-mode effect, the SLF approach within
the phenomenological LFQM [3,10-12,18-20] is not
amenable to determine the zero-mode contribution by
itself. We thus utilize a manifestly covariant model to
check the existence (or absence) of the zero mode and
substitute the radial and spin-orbit wave functions with the
phenomenologically accessible model wave functions pro-
vided by the LFQM analysis of meson mass spectra. If the
on-mass-shell spin structure of the matrix element in the
SLF approach is not exactly reproducible from the man-
ifestly covariant model, the SLF result is identified to be
necessary to take into account the zero mode. We discuss
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the zero-mode operator necessary for the SLF analysis of
the meson decay process.

To further clarify the zero-mode issue regarding fy, we
analyze the twist-2 and twist-3 two-particle DAs and
examine a fundamental constraint anticipated from the
LFQM [3,10-12,18-20]: i.e., symmetric quark-antiquark
DAs for the equal quark and antiquark bound-state mesons
such as p. As we shall show in this work, the existence of
the zero-mode contribution to fy claimed by Jaus [4,5] and
subsequently advocated by other authors [6] contradicts
with this anticipated constraint. We also note that the two
equivalent decay constants obtained from (J§,,¢€;,) =
(Jiy.€0) and (Jy,e.) are related to the twist-2 and
twist-3  two-particle DAs of a vector meson
[21,22,25,26], respectively.

The paper is organized as follows: In Sec. II, we briefly
discuss the vector meson decay constant in an exactly
solvable model based on the covariant BS model of
(3 4 1)-dimensional fermion field theory. We then present
our LF calculation of the vector meson decay constant
using two different combinations of LF weak currents J%,
and polarization vectors €, i.e. (J3, €y) and (J3, €, ), and
check the LF covariance of the decay constant within the
covariant BS model. Especially, we identify the zero-mode
contributions to the decay constant and find the corre-
sponding zero-mode operators. In Sec. III, we present the
SLF calculation of the decay constant in a phenomeno-
logically more realistic LFQM with the Gaussian wave
function. In Sec. IV, we discuss the correct relation linking
the manifestly covariant model to the standard LFQM. We
present self-consistent covariant descriptions of vector
meson decay constants, as well as twist-2 and twist-3
two-particle DAs in the standard LFQM. In Sec. V, we
present our numerical results for the explicit demonstration
of our findings. Summary and discussion follow in Sec. VL
The details of the spin structure in standard LFQM are
summarized in Appendix A, and the analyses of the
pseudoscalar meson decay constant are presented in
Appendix B.

II. MANIFESTLY COVARIANT MODEL

The decay constant fy of a vector meson with the four-
momentum P and the mass M as a ¢gg bound state is defined
by the matrix element of the vector current

(Olgr'q|V(P. h)) = fyMej, ™

where the polarization vector ¢, of a vector meson satisfies
the Lorentz condition ¢;, - P = 0.

The matrix element A} = (0|gy*g|V (P, h)) is given in
the one-loop approximation (see Fig. 1) as a momentum
integral
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p=P -k

-k

FIG. 1. Feynman diagram for a decay constant.

d*k H
AY =N, V_ gk, 8
h ¢ / (2z)*N,N; " ®)

where N . denotes the number of colors. The denominators
N, and N come from the fermion propagators of mass m,
and m, carrying the internal four-momenta p = P — k and
k, respectively, and they are given by N, = p> —m? + ie
and N; = k* — m3 + ie. In order to regularize the covariant
loop in (3 + 1) dimensions, we use the usual multipole
ansatz [4] for the ¢gg bound-state vertex function Hy of a
vector meson:

Hy ==, ©)

where Ny = p> — A?>+ie, and g and A are constant

parameters, and the power n for the multipole ansatz

should be n > 2 for the regularization. For our purpose,

we take n = 2, since our qualitative results in conjunction

with the zero-mode issue do not depend on the value of n.
The trace term S in Eq. (8) is given by

Sy = Te[y(pr+ m)C - e,(—k + my)], (10)

where the vector meson vertex operator ['* is given by

(p—k)"‘

# — o —
4 D

(I

While the Dirac coupling y* is intrinsic to the vector meson
vertex, the model dependence of a vector meson is
implemented through the factor D in Eq. (11). For the
explicit comparison between the manifestly covariant
calculation and the LF calculation, checking the existence
(or absence) of the zero-mode contribution to the vector
meson decay constant, we analyze ['* in this section with a
constant D factor, i.e. D = D, = M + m; + m,. We will
discuss a more realistic (but not manifestly covariant) D
factor such as Dirp = My + m; + m, with the invariant
mass M, of the vector meson in Sec. IIl, devoted to
phenomenologically more accessible LFQM [3,10—
12,18-20].

The manifestly covariant result for n = 2 case is given
by [17]
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lx
f€/ov_4]r2M/ dx/ y(l—x—1y)

X C2 - C ) ( )
cov cov

where

Ccov:y(l_y)MZ_xml ymZ (l_x_y)Az- (13)

Performing the LF calculation in parallel with the
manifestly covariant one, we use two different combina-
tions of the currents and the polarization vectors to obtain
the decay constant: (1) the plus component (1 = +) of the
currents with the longitudinal polarization € and (2) the
perpendicular components (¢ = L) of the currents with the
transverse polarization ¢’. The polarization vectors used in
this manifestly covariant analysis are given by

1 P2 — M?
eg = [€+’€7’€L] = M |:P+7 L

P+ ) PL:| )

2 1, +i
e*;:[o et PL,ei}, e¢:¢(ﬁ), (14)
where we use the metric conven-

tiona-b=3(atb™+ab")—a -b,.
The trace term S, in Eq. (10) can be separated into the
on-mass-shell propagating part [S}] , and the off-mass-

shell instantaneous part [S}],. Via 4= gon +37"(q
Gon) as

Sl;l = [S’}ﬂon + [SI;L]inst’ (15)
where

[Sl;l]on = 4[€Z(pon “kon + mlmZ) - pgn(eh : kon)

— Kin(en pon)] + 8L (1l — my Ki)
(16)
and
[Shling =247 (€4p™ — €55 Plon) +2A, (€4k™ =€ ko)
+4 ’Zf" (myplin—mykln) + ()", (17)

with A} = ¢ — gbn. Since the ¢#* term in Eq. (17)
vanishes when ¢ =+ or L is taken, we do not list the
explicit forms of the ellipses in front of ¢#*. Furthermore,
we take the reference frame where P, =0, i.e,
P = (PT,M?/P*,0). In this case, the four-momenta of
the on-mass-shell constituents are given by
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k2 +m?
Pon = |:XP+,#,—I(L:|7
k2 + m?
kon = |:(1 _x)P+’ﬁ7kJ_:| s (18)

where x = p*/P" is the LF longitudinal momentum
fraction of the quark.

By the integration over £~ in Eq. (8) and closing the
contour in the lower half of the complex £k~ plane, one picks
up the residue at k= = kj, in the region 0 < k™ < P* (or
0 < x < 1). Thus, the Cauchy integration formula for the
k™ integral in Eq. (8) yields

Al = 12];3 Ol(ldjx)/dzkw(x,kl)sﬁ(k = kon)s
(19)
where
rlr k) = ; 20)
e(M? — MG)] [x(M? — M3)]"
and
Mz, = LT KLm g

X 1—x

Note that the second term in the denominator of Eq. (20)
comes from the multipole-type vertex function Hy defined
in Eq. (9). Although we take n = 2 for a direct comparison
with the manifestly covariant result f7?", the qualitative
result regarding the zero-mode issue is independent of the

power n(>2), as we shall show.

A. Decay constant from longitudinal polarization

Using the plus component (4 = +) of the currents with
the longitudinal polarization vector €j in Eq. (14), the decay
constant is obtained from the relation

+
(h:0> — Ah=0 22
Fv Mej @2)

For the purpose of analyzing the zero-mode contribution to
the decay constant, we denote the decay constant as
If g/hz())]val (meaning the valence contribution to the decay
constant) when the matrix element A is obtained for k= =
ky, in the region of 0 < x < 1. Explicitly, it is given by

N L dx 1
¢ —_—— | &£k k. )—
4z Jo (1 —x)/ (s J‘)M

X {x(l —X)M?* + K3 + mymy + [myx

(k3 +m3 — (1 —x)*M’]
(] _x)DCon } (23)

[fg/h:())]val =

— (1 =x)m]
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We note that the valence contribution to the trace term in
Eq. (19) comes only from the on-shell propagating part but
not from the instantaneous one, ie. [S§],., = [Si]
(h=0)7 1 ,(h=0) va on
and [fV ]Val - [fV }on'
Comparing [f E,hzo)]val with the manifestly covariant

result 57", we find that m/h=o)]val is exactly the same as
f7" for the model-independent Dirac coupling, I'* = y* (or
1/D = 0). The same observation has also been made in
Ref. [7]. However, [fi,hzo)]va1 is different from f{¥ when
the model-dependent D = D, term is included. In this
case, the difference between the two results,
"y =1 fi,h :O)]val’ corresponds to the zero-mode contribu-
tion [fl! =0>]Z_M. to the full solution [f gzo)]fu" =
i :0)]Val + [f&,hzo)}Z.M.. For the case of D = D, the

zero-mode contribution to f (Vh:(” comes from the singular
p~ (or equivalently 1/x) term in Sj in the limit of x — 0
when p~ = pg,, i.e.

e p”
limSg (p~ = pon) = 4m; ——. (24)

con

We note that the singular term in Eq. (24) comes only from
the instantaneous contribution.

The necessary prescription to identify the zero-mode
operator corresponding to p~ is analogous to that derived in
the previous analyses of weak transition form factor
calculations [4,8,14], except that there is no momentum-
transfer ¢ dependence. By replacing p~ with —Z, [4,8,14]
in Eq. (24), we now identify the zero-mode operator
[S¢ 17\ corresponding to Eq. (24) as follows:

[S(ﬂz.M. = 4m, 2=, (25)

Zy = x(M* = M3) + m} —m3 + (1 —2x)M*.  (26)

This zero-mode operator [S{],, can be effectively
included in the valence region, i.e. the full (exact) solution
of the trace term is given by [S¢ 1y = [Sa v + [S¢ 1M
Or, equivalently, the zero-mode contribution to the decay

constant, [£y/ "],y = [A5 ], /(Meg), is given by

(h=0) _ Ne 1 dx
[fv }Z.MA 1671'3 0 (l—x)

/deM(x k )[S(T]ZM
i Mej

27)

Adding Egs. (23) and (27), we finally obtain the full result
of the decay constant for the longitudinal polarization as
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h=0 N c !
[fg/ )]fuu:m/o 1—x) /JszXkl)

1
v {x(l —x)M? + K3 +mym,

ki +mi—(1 —X)ZMZ]}
(l_x)Dcon ‘

+ x(ml + mz)
(28)

It can be checked that Eq. (28) is identical to the manifestly
covariant result of Eq. (12).

B. Decay constant from transverse polarization

Using the perpendicular components (4 = 1) of the
currents with the transverse polarization vector ¢, the
decay constant is obtained from the relation

AL et
fo = (29)
In this case, the valence contributions to the trace term in
Eq. (19) come not only from the on-shell part but also from
the instantaneous one, i.e. [St],, = [St],, +2kTetA,
where the latter corresponds to the instantaneous contri-
butlon The on-shell contribution to the decay constant

f v )i given by

(h=1); N. [V dx /dzk K
[fV ]on_4ﬂ_3 0 (l—x) M(X, L)
ki + A (my + my)
k2 k2
{2)6(1—)6) L¥ Doy =
(30)
whefe A=(1- x?ml + xm% and the valence contribution
[ 14 ]val( [ Vv ]on [ V_ ]mst) is glven by
=1y _ Ne [T dx /dzk K
[fV ]val 87[3 0 (1 _ )C)2 _L)((x7 J_)

xl{(2x— 1)(k3 +m3) +2(1 —x)mym,

M
(1 —x2M2 1201 —x)(mll)ﬂki}.
(31)

We find that Eq. (31) does not coincide with the manifestly
covariant result. That is, the decay constant obtained from
the perpendicular components of the currents with the
transverse polarization receives a zero mode.

Again, the zero-mode contribution to fg, =D can be
obtained from all possible singular p~ terms in S+ in
the limit of x - 0 when p~ = pg,. From Egs. (16) and
(17), we find the nonvanishing singular term as follows:
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limSt(p~ = pon) =2p7e (32)

We should note that the singular term in Eq. (32) comes
only from the on-shell part [S1] ., but not from the
instantaneous part [S+]; - This implies that the zero-mode
contribution to f Vh =" comes only from the model-inde-
pendent Dirac coupling part, [* = y*. By the replacement
p~ = —Z, in Eq. (32), as previously discussed in the
derivation of Eq. (25) from Eq. (24), we now obtain the
corresponding zero-mode operator [St], \ as

[Stlzm = 2(=2Z>)e (33)

That is, the full solution of the trace term in the valence
region is [St]py = [Stlym + [Stlzm. Or the zero-mode
co(l}lt_r%)ution to the decay constant,
v lzm, = [Ajsilzm, - €17/M, is given by

(h=1) N, Idx
[fV }Z.M‘ - 16773 o (1 _x)
[Sl] M. ei*

X /dsz(x,kL)T (34)

Adding Egs. (31) and (34), we now obtain the full result
of the decay constant for the transverse polarization as

h=1 N, [1 dx
[fgf )]full:4—ﬂ_3 o (l_x)/dzkﬁ((xakﬁ
1
XM{XM%—ml(ml—mz)—ki
(ml+m2) >
sk (35)

One can check that | ‘f (h=1) ]full is the same as | ‘f (h=0) ]full
[Eq. (28)] as well as the manlfestly covariant result /7. We
also confirm that our [f| v h=1) Jgun 1s exactly the same as the
one obtained by Jaus [4] [see Eq. (4.22) of Ref. [4]].

III. STANDARD LIGHT-FRONT QUARK MODEL

In the standard LFQM [3,10-12,18-20], the momentum-
space meson wave function is given by
ss. ss.

v zz(x k)= R/u (x, k)gp(x k), (36)
where ¢ is the radial wave function and Rflsh is the spin-
orbit wave function that is obtained by the interaction-
independent Melosh transformation [29] from the ordinary
spin-orbit wave function assigned by the quantum numbers
JPC. The explicit form of the spin-orbit wave function of

definite spin (S,S,) is constructed out of LF helicity
(A1, 4,) as follows:
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Z%IRMI —x.kp,m)ls;)

51,852

X (Ao | Ry (x
1 1
« <§s15s2|SSz>, (37

where |s;) are the usual Pauli spinor, and Ry, is the Melosh
transformation operator:

SS.
R WA (x. k)=

s _kJJ m2)|s2>

m; + x;My—ic-(h xk,)

Rm(xi ki, m;) =
" . V(m; +x;My)? + k2

. (3%

withfii = (0,0, 1) being a unit vector in the z direction. The
spin-orbit wave functions can also be represented in the
following covariant way:

i, (P1)Tv,,(p2)
V2[M3 — (my — my)1V/?

Ry (x.ky) = (39)

The vertex operator for a pseudoscalar meson is I' = ys,
and that for a vector meson is given by [3,11,12,18-20]

€ (P1 - Pz)
=—f+——", 40)
Dy g

where Dip = My+ m; + m,, and € is the polarization
vector specified in the center-of-mass frame of the quark
and antiquark. We should note that while the transverse
polarization vector €, of the ¢g system coincides with that
of the meson polarization vector ", given by Eq. (14), the
longitudinal polarization vector &, is different from e{; and
is given by [3,11,12,18-20]

By 1 —M} + P2
& = 7 P*, TL P, |. (41)
0

That is, the invariant mass M|, instead of the physical mass
M is used to define the vector meson vertex operator I'. We
also should note that &; is used only in the vector meson
vertex operator in Eq. (40) The virtue of using M, is to
satisfy the normalization of R/1 /{ automatically regardless
of any kinds of vector mesons, i.e.

> Rk Ripiy = 1 (42)

Ay

The explicit helicity components of Rfiz for pseudoscalar
and vector mesons are given in Appendix A.

For the radial wave function ¢, we use the same
Gaussian wave function for both pseudoscalar and vector
mesons:
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4z3/* ok
=\ g K2 @)

where /3 is the variational parameter fixed by the analysis of
meson mass spectra [10]. The longitudinal component &, is
defined by k, = (x — 1/2)M, + (m3 — m})/2M, and the
Jacobian of the variable transformation {x,k,} — k =
(k,,k.) is given by

ok, M, m? —m3]2
S maay - e ) w

The normalization of our wave function is then given by

dxd’k dxd’k
S [ St el = [ SR

$(x. k)

1673
(45)

Using the plus component of the currents and the
longitudinal polarization vector, the SLF calculation of
the matrix element in Eq. (7) is

dxd’k
Aa_:w/NCZ/ T 3l
A

P(x, kL)R,ll?iz (x. k)

% (Pz) L U (Pl)
NGRS
= [P Me . (46)

We again note that ¢, is used only in the calculation of the
spin-orbit wave function R}&z (x,k ). We then obtain the
SLF result of the vector meson decay constant as follows
[see Ref. [30] or Appendix A for the Dirac matrix elements
for the helicity spinors in Eq. (46)] [3,11,12,19]:

\/ZT/ /aﬂkL ka) [A+2k2]

Dyp
(47)

fSLF

IV. CORRESPONDENCE BETWEEN THE
MANIFESTLY COVARIANT
MODEL AND LFQM

In this section, we shall analyze the relations between
£U=%1 in the manifestly covariant BS model and fSLF i
the standard LFQM. The main differences between the BS
model and the standard LFQM are attributed to the different
spin structures of the gg system (i.e. off-shellness vs on-
shellness) and the different vertex functions (y vs ¢). In
other words, the results of the BS model allow the nonzero
binding energy Epp = M? — M3, but the SLF result is

obtained from the zero-binding-energy limit (i.e. M — M,j).

033011-7
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Thus, one should take those different prescriptions into
account in connecting the two different models.

For direct comparison between £\~ and fSLF, the LF
covariant Vertex function y and the D factor D¢,, = M +
my + m, in f v may be replaced with the Gaussian
wave function ¢ and Dy g = M + m; + m, in f3-F via

$(x. k)
VAR LK

x(x. k) .

Type I:+/2N.
1 —x

Dcon - DLF-
(48)

We denote Eq. (48) as “type-I” correspondence between
the manifestly covariant BS model and the standard
LFQM. Essentially, Jaus [4] and subsequently the authors
in Ref. [6] used this type-I correspondence when they
connected the two different models and claimed that

h=1) . .

[fv gy after applying a type-I replacement is the correct
result in the LFQM, refuting effectively the SLF result
F3HF. However, one should note that this correspondence
limits the replacement M — M|, only in the D factor so that
the consistency of the replacement M — M, within the
LFQM is not assured. This limitation leads to a conse-
quence of not satisfying the symmetry constraint on DAs
anticipated from the LFQM, as we discuss in the following
section, Sec. V.

The correspondence between y and ¢ given by Eq. (48)
has already been derived from the calculation of the zero-
mode free weak transition form factors between pseudo-
scalar and vector (or pseudoscalar) mesons [4,6,8,14]. We
also explicitly demonstrate in Appendix B that the corre-
spondence between y and ¢ can be obtained from the
comparison of the pseudoscalar meson decay constants
between the two models. On the other hand, the validity of
the simple replacement D.,, — D;y for the D factor has
not yet been clarified as explicitly as in the case of the
vertex function replacement. In the present work, however,
since we have now two exact forms of the decay constants

[ g/h:O)]qu and | g/h:l)]fun obtained from the covariant BS
model, we are able to clearly check if type-I correspon-
dence is valid or not. That is, if type-I correspondence is

correct, then | E,h :0)]full and [ i,h :1)]qu should give the same
result regardless of the SLF result f3-F. This is not the case,

as we shall show in Sec. V; e.g., [f/ (h= l)]fuu differs not only

with £SLF but also with [£\'~"],,, when a type-I replace-
ment is used.

Considering that the result of is essentially obtained
from the requirement of all constituents being on their
respective mass shell, we note that it is more natural to
apply the replacement M — M, 1n ~each and Every term,
including M in the integrand of f Vv % and f v, than to
apply it only in the D factor as in the case of type-I
replacement. For the self-consistency of the model, we thus
use the following replacement to connect the two different
models:

fSLF

PHYSICAL REVIEW D 89, 033011 (2014)

x(x k)  gleky)
Type II: /2N, - , M - M,,
l—x A +K] ’
(49)
in the integrand of the formulas for f i,hz and "= v ). We

denote Eq. (49) as “type-II" correspondence between the
covariant BS model and the standard LFQM. The essential
point of this type-II replacement is to apply the replacement
of M - M, to all physical mass terms in the integrands of

f E,h ~ and f v ). Without such self-consistent correspon-
dence as given by type II, it would not be possible to
anticipate that the LFQM with effective degrees of freedom
represented by the constituent quark and antiquark may
satisfy the chiral symmetry consistent with the QCD. With
the self-consistent type-II replacement, we find numerically

that the three different forms [\~ [F\=" ]y and

3 indeed yield the identical result. Moreover, we find

that the on-shell contribution [f\"~"]  to [f\" :l>]full also

gives the same result as the other three, i.e. | E/h:l)]on

P = [P = FSLF in the standard LFQM.
From those observations, we conclude that the type-II
replacement provides the self-consistent correspondence in
connecting the covariant BS model and the stan-
dard LFQM.

Although those four different forms give the same result
as each other when applying type-II replacement, their
quark DAs are quite different. Therefore, by checking the
DAs as an important constraint of the model, we are able to
further pin down the self-consistent LF covariant forms of
the decay constant. The quark DA of a vector meson,
¢y (x, u), is the probability of finding collinear quarks up to
the scale y in the L, = 0 (s-wave) projection of the meson
wave function defined by

k. |<u d’k
Py (o) = / T3 Uik (50)

The dependence on the scale p is given by the QCD
evolution [30] and can be calculated perturbatively.
However, the DAs at a certain low scale can be obtained
by the necessary nonperturbative input from LFQM.
Moreover, the presence of the damping Gaussian wave
function allows us to perform the integral up to infinity
without loss of generality. The quark DA for a vector meson
is constrained by [11,19]

/ o (x.p)dx = zf} 51)

One may also redefine the normalized quark DA as
Py (x) = (2V6/fy)py(x), so that [} dxdy(x) = 1.

For the equal quark and antiquark bound-state meson
such as p, we find that only two forms of the decay
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constant, i.e. f3F from the longitudinal polarization and

h=1
0o

symmetric quark DA. The other two forms, i.e. [ g,h:l)]fuu

from the transverse one, yield the anticipated

and | E,h =0)]fu“, that involve the corresponding zero-mode
contributions do not reproduce solely this fundamental
constraint expected from the symmetry associated with the
two constituent masses m; and m, but reflect also the
intrinsic characteristic of the zero modes inherited from the
vacuum property. The involved zero mode Z, [see Eq. (26)]
is apparently antisymmetric under x<>(1 — x) when m; =
m, is taken with the replacement M — M,, so that the
integration of Z, over x vanishes as it reflects the vacuum
property. Consequently, in the standard LFQM
[3,11,12,18-20], we expect two self-consistent LF covar-
iant forms of the vector meson decay constant, i.e. fyt
given by Eq. (47) and | g,h:l)]on given by Eq. (30), which
provide the expected symmetric quark DAs for m; = m,.
This expectation is realized by the type-Il replace-
ment but not with the type-I replacement. The normalized
quark DAs obtained from fSIF and [f\'="]  (with the
type-II replacement) correspond to the twist-2 ¢Q;V(x) and
twist-3 ¢35, (x), respectively. Our complete results for the

twist-2 and twist-3 DAs in the standard LFQM are as
follows:

I 2[/5121{L d(x. k) A+2ki
167 /K2 + A% Dyig|’

o 2\/’/ k. Pl ky) 1 (ki +A4
(X 167° /K2 + A2 M, | 2x(1 —x)
~k2 + Ll; m) ki}, (52)
LF

where we use N, = 3, and they satisfy the normalization

given by Eq. (3). We also note that while f, = f3F =

h=1
A on

and ¢+, (x) corresponds to fSF and [£ir="],., respec-
tively. In the next section, we show our findings explicitly
with the numerical calculations of the decay constants and
quark DAs of vector mesons.

(with type-II replacement), f used in ¢g;v(x)

V. NUMERICAL RESULTS

In our numerical calculations within the standard LFQM,
we use the set of the model parameters (i.e. constituent
quark masses and the Gaussian parameters /) for the
harmonic oscillator (HO) confining potentials given in
Table I, which was obtained from the calculation of meson
mass spectra using the variational principle in our LFQM
[10-12].

PHYSICAL REVIEW D 89, 033011 (2014)

TABLE 1. The constituent quark mass (in GeV) and the
Gaussian parameters f (in GeV) for the HO potential obtained
from the variational principle in our LFQM [10-12]. ¢ = u and d.

Model m, m; m. P, Bys Pac Pec
HO 0.25 048 1.8 0.3194 0.3419 0.4216 0.6998

In Table II, we show the results of the decay constants for
(p, K*, D*, J/w) mesons obtained from [fg]l“:o), fff,',:l),
fgl’H:l)] after applying type-I and type-II correspondences
and fSYF and compare them with the experimental data
[31]. For the type-I correspondence, the fact that the results

of f guzo) are different from those of f g;u: Y implies the
breakdown of the covariance of the decay constant. For the
type-II correspondence, however, the three different forms

fg’“:()), fx']l:l), and f3F are found to yield the same
numerical results Although the on-shell contribution

fgﬁ to ftull gives identical results to the full solution
for both type-I and type-II replacements, it is quite obvious
to use type-II correspondence in order to ensure the self-
consistent covariant description of a vector meson decay
constant in the standard LFQM.

While four different forms, i.e. [ffull ) =D, fgllu: R
obtained from type-II correspondence and fSLE, give the
identical results, they have different quark DAs, as we
d1scussed in the previous section, Sec. I'V. Since fgull % and
ffull involve the corresponding zero-mode contributions,
they impose the intrinsic characteristic of the zero modes;
i.e., they are antisymmetric under x<>(1 — x), inherited
from the Vacuum property. Thus, the quark DAs from
ffull and f full Y do not satisfy the expected constraint, i.e.
symmetric DAs, even for m, = m,. However, f5F and
f g’xlfl) free from the explicit zero-mode contribution must
yield the symmetric DAs for the equal quark and antiquark
bound-state mesons such as p.

TABLE I Decay constants (in MeV? of vector mesons

obtained from ffu]1 fon , and ffu11 ) in the manifestly
covariant model, but with type-I [type-II] replacement
compared with fSYF in our LFQM [10-12] and the
experimental data [31].
g;ll:()) f on g:llzl) f StE f P

p I 256 299 299 215 220 (2)°, 209

n 215 215 215 4’
K* I 272 320 320

o 223 223 223 223 2176
D* I 240 277 277 212

om 212 212 212
J/w I 478 545 545 305 416 (6)

Imr 395 395 395

Experlmental value for T'(p? — e*e™).
°Experimental value for I'(z — pv,).
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2 T T T T

D(x)

FIG. 2. Normalized quark DAs ®(x) of a {_meson obtained
from the decay constants fsLF (sohd line), f4=" (dashed line),
ffuu (dotted line), and ff:lll (dot-dashed line). Only two of
them, i.e. the results from f5'F (solid line) and f((,n (dashed
line), show the correct symmetric DAs.

In Fig. 2, we show the normalized quark DAs of a p
meson obtained from the decay constants fSLF (solid line),
F8=Y (dashed line), £\~ (dotted line), and I (dot-
dashed line). As one can see from Fig. 2, while the two

results obtained from fSF and f(()ﬁzl) produce the antici-
pated symmetric DAs, the other two results obtained from

D(x)

— twist2
---- twist 3

X

FIG. 3. The twist-2 DAs ¢).,,

PHYSICAL REVIEW D 89, 033011 (2014)

fﬁfﬁm and fiﬁ’“: " show asymmetric DAs, reflecting the
corresponding zero-mode contributions.

From the analysis of the quark DAs for the p meson, we
further pin down the correct covariant descriptions of
vector meson decay constants. That is, we find that
fﬁ,’;:‘) with type-II replacement (but not with type-I
replacement) and fS'F provide self-consistent LF covariant
descriptions of vector meson decay constants in the
standard LFQM. Since fSLF [£~V] is obtained from
using (J1,, €) [(Jiy €,)], the normalized quark DAs
obtained from fSIF and £~ correspond to the twist-2
DA ¢b,(x) and twist-3 DA ¢, (x) given by Eq. (52),
respectively.

In Fig. 3, we show the twist-2 DAs ¢Q;V(x) (solid line)
and twist-3 DAs (/)3L;V(x) (dashed line) of the p meson in the
cases of finite constituent quark masses (left panel) and a
massless quark respecting chiral symmetry (right panel).
We should note that our LFQM predictions of twist-2 and
twist-3 DAs in the chiral symmetry (m, — 0) limit remark-
ably reproduce the exact asymptotic DAs, i.e. | Q;V(x)]as =
6x(1 —x) and [¢3,(x)] = (3/4)(1 + &), where &=
2x — 1 as anticipated from QCD sum rule predictions
[22]. This example may show again that the LFQM
prediction satisfies the chiral symmetry consistent with
the QCD if one correctly implements the zero-mode link to
the QCD vacuum. The quark mass correction is not large
for the twist-2 ¢Q;V
case of twist-3 ¢3;, (x), especially at the end-point regions.

(x) and ¢3; (x) for K* (left panel)

(x); however, it is very significant for the

In Fig. 4, we show ).,

—
L p(m,=0limit) /
1.4 ) —
12— —
1 — —
® 08 —
& 2 ]
0.6 — —
04— —
: — twist 2 :
[ -~ twist3 i
02— —|

ol v v
0 0.2 0.4 0.6 0.8 1

X

(x) and twist-3 DAs ¢3;,, (x) for a p meson with the nonzero constituent quark masses given in Table II

(left panel) compared to those with the massless quark case (right panel).
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D(x)

05—

twist 2
-- twist 3 =

2.5

0.5

FIG. 4. The twist-2 DAs ¢Q;V(x) and twist-3 DAs ¢35, (x) for K* (left panel) and for J/y (right panel) mesons.

and J/y (right panel) mesons. For K* mesons, we assign
the momentum fractions x for the heavy s quark and (1 — x)
for the light u(d) quark. One can see from the DAs of p and
K* that the SU(3) breaking effect is more pronounced for
3.y (x) than for ¢Q;V(x). Comparing DAs of p and J /y, we

also find that the differences between q,’zg;v(x) and ¢y, (x)
are significantly reduced for heavy quarkonium system and
Q;V(x) = ¢b3.(x) as the constituent quark mass m, — co.
For comparison purposes, we compute the expectation
value of the longitudinal momentum, the so-called &
moments:

1
(&") :A dx&"®(x), (53)

where @ = ( g;v’d’iv)- In Table III, we summarize the
first few & moments of twist-2 (T2) and twist-3 (T3) DAs

TABLE III. The & moments of twist-2 (T2) and twist-3 (T3)
DAs for (p, K*, D*, J/w) mesons. The numbers in parentheses
for the p meson give the asymptotic values.

(& ) &

p T2 0 01930200 0 0078
(0.086) T3 0 0254

(0.400) 0 0120 0257
K* T2 0.085 0.177 0.040  0.067
T3 0.125 0.227 0.067  0.101
D T2 0.410 0.258 0.170  0.123
T3 0.484 0.332 0239 0.185
Iy T2 0 0.083 0 0016
T3 0 0.090 0 0019

for (p, K*, D*, J/w) mesons obtained from our extracted
DAs given by Eq. (52). The numbers in parentheses for the
p meson give the asymptotic values.

VI. SUMMARY

In this work, we extended our previous analysis [17] of
the vector meson decay constant from the exactly
solvable, manifestly covariant BS model to the more
phenomenologically accessible, realistic LFQM [3,10—
12,18-20]. We discussed a self-consistent covariant
description of the vector meson decay constant in view
of the link between the chiral symmetry of QCD and the
expected numerical results of the LFQM. As the zero-
mode contribution is locked into a single point of the LF
longitudinal momentum in the meson decay process, one
of the constituents of the meson carries the entire
momentum of the meson, and it is important to capture
the effect from a pair creation of particles with zero LF
longitudinal momenta from the strongly interacting
vacuum. The LFQM with effective degrees of freedom
represented by the constituent quark and antiquark may
thus provide the view of an effective zero-mode cloud
around the quark and antiquark inside the meson.
Consequently, the constituents dressed by the zero-mode
cloud may be expected to satisfy the chiral symmetry of
QCD. Our numerical results were consistent with this
expectation and effectively indicated that the constituent
quark and antiquark in the standard LFQM [3,10-12,18—
20] could be considered as the dressed constituents
including the zero-mode quantum fluctuations from the
QCD vacuum.

As the SLF approach within the LFQM by itself is not
amenable to determining the zero-mode contribution, we
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utilized the manifestly covariant model to check the
existence (or absence) of the zero mode. Performing a
LF calculation in the covariant BS model, we computed the
decay constants using two different combinations of LF
weak currents J4, and polarization vectors ¢, i.e. fi,h =0
obtained from (J%.€,) = (Ji,.€) and fi'~"  from
(J3,€.), and checked the LF covariance of the decay
constants. We found in the manifestly covariant model that
both combinations gave the same result with some par-
ticular LF vertex functions if the missing zero-mode
contributions were properly taken into account.

We then substituted the radial and spin-orbit wave
functions with the phenomenologically accessible model
wave functions provided by the LFQM and compared
fg,hzo'” obtained from the BS model with the decay
constant 3 obtained directly from the SLF approach
used in the LFQM [3,10-12,18-20]. Linking the covariant
BS model to the standard LFQM, we found the matching
condition (i.e. type-II correspondence) between the two to
give a self-consistent covariant description of the decay
constant within the LFQM. Using the type-II correspon-
dence, we were able to pin down two independent covariant
forms of vector meson decay constants, one obtained from
(J3-€0) and the other from (J, €, ). Although both of
them yield the identical decay constant, each of them
corresponds to a different twist DA: (J3,, €9) and (Jiy, €.)
correspond to twist-2 and twist-3 two-particle DAs, respec-
tively. Our twist-2 and twist-3 DAs not only satisfy the
fundamental constraint of the DAs anticipated from the
isospin symmetry, i.e. symmetric DAs for the equal quark
and antiquark bound-state mesons (e.g. the p meson), but
also reproduce the correct asymptotic DAs in the chiral
symmetry limit. Further analysis including the chirality-
odd and higher-twist DAs is under consideration.

APPENDIX A: SPIN STRUCTURE IN THE
STANDARD LIGHT-FRONT QUARK MODEL

It is instructive to use the appropriate basis of Dirac
spinors:

1 1
Mﬂ(p) - \/pj(p—i— m)uln Uﬂ(p) - \/pj(p_ m)v/%
(A1)
where

1 0

0 0
“=lof "“Tlof WY

0 1

and v; = u_,. In this basis, the y matrices are represented
by

PHYSICAL REVIEW D 89, 033011 (2014)

0 I ; 0 o
0 _ i

where I is the 2 x 2 unit matrix and ¢’ are Pauli matrices.

The normalization is &,(p)u,(p) = —0,(p)v,(p) = 2m.
We then obtain the spin-orbit wave functions of pseu-

doscalar and vector mesons in the following matrix forms:

Ro [ -k A
00 _ M0
RMz _ﬁ(—fl —kR) (A4)
and
k R xMy+m
R] — RO A + DLLF lgLF l
i _pRO=0Mtmy (KR
DLF DLF
L M 27
Ry, = Ro < o “‘”D;)
142 \/E k2 R M ’
A+ D—I; k Dy
_ (Ilgi KL (l—x})Moquz
Rﬂi = RO< MLF+ ; ) (AS)
L x m 1
o At
R(L) — J* + ik =1 =
where k ik, Ry W and M

(1 — 2)C)M0 + my —m;j.

APPENDIX B: PSEUDOSCALAR
MESON DECAY CONSTANT

The decay constant fp_of a pseudoscalar meson with the
four-momentum P and mass M as a gg bound state is
defined by the matrix element of the axial vector current

(Olar*ysq|P,(P)) = ifp P". (B1)

The matrix element B* = (0|gy"ysq|P,(P)) is given in the
one-loop approximation as a momentum integral

d*k Hy
B* =N S . B2
c/(2ﬂ>4Nka Py ( )
where
Sp = Trlp'ys(p+my)ys(=k+my)],  (B3)

which can be separated into the on-mass-shell propagating
part [Sp | and the off-mass-shell instantaneous part
55 I as

[Sl;)x]on = TI‘[}’”}/S (Fon +my )}'5(_kon + mZ)] (B4)

and
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. 1
[Sl;%]mﬂ - - E (A;)Tr[}/ﬂ (_p’()n +my )]/+]

1
- 5 (A;)Tr[yﬂ}/+ (_kon + mZ)} (BS)
For the pseudoscalar meson decay constant, we find that
while the plus component of the currents is immune to the
zero-mode contribution, the minus component of the
current receives the zero mode.

Explicitly, the pseudoscalar decay constant [fp ]

full —
lf Ps]Val obtained from u = + is

N, (! dx
e = a2 ), T—x) / Kk y(x. k)A.  (BO)
For y = —, while the valence contribution (i.e. k= = k) to

the trace term is given by
(S5, = IS5 + [Sp,]"™
K3 +m3

= 4|\m,M? —
{mz + (my —m;) 1 —x

} . (BT
we find the singular term in S in the limit of x — 0 when
P = Pon a8

imS, (p~ = pon) = 4(my —my)p~. (B8)

Thus, the corresponding zero-mode operator is given by

S5 ["M = 4(my —my)(=2,). (B9)

PHYSICAL REVIEW D 89, 033011 (2014)
Adding [Sp ] and [Sp ]*M-, we obtain

[S5J = [Sp 1" + [Sp,]2M = 4M2A,

: ] (B10)
and the full solution obtained from y = — is shown to be
exactly equal to the one given by Eq. (B6).

On the other hand, the SLF result of a pseudoscalar
meson decay constant is given by

2Nc 1 ¢(X,k )
L o A v s L

Comparing Eqgs. (B6) and (B11), we find that the vertex
function y in Eq. (B6) may be replaced with the Gaussian
wave function ¢ in Eq. (B11) via

xeky) k)

2N,

l—x  JAT+KZ
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