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Effective couplings between light SU(2) vector and axial mesons and constituent quarks are calculated
in the presence of a background electromagnetic field by considering a one dressed gluon exchange

quark-quark interaction. The effective coupling constants, obtained from a large quark mass expansion,
are expressed in terms of the Lagrangian parameters of the initial model and of components of the quark
and nonperturbative gluon propagators. In spite of many possible couplings, only a few coupling constants

emerge. As a second step, constituent quark-vector and axial mesons effective coupling constants are
redefined to show explicit dependence on a weak background magnetic field. Ratios between the effective
coupling constants are found in the limit of large quark effective mass and numerical estimates are

presented.
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I. INTRODUCTION

Light vector mesons dynamics play an important role
in intermediary energies nuclear and hadron phenomena.
Although it could be expected that the mechanism for
confinement could provide an unambiguous route for this
program, it is not known. In this context the formulation of
effective models has been one of the most important routes
for the understanding of hadron and nuclear strong inter-
actions by considering the related relevant symmetries.
Chiral symmetry and its dynamical symmetry breaking
(DChSB) are some of the essential ideas from phenom-
enology and QCD that have made possible great advances
in the field. For example, approximated chiral symmetry
favors the interpretation of some axial mesons as chiral
partners for vector mesons. The A;(1260) has been seen as
the chiral partner of the rho meson and the f,(1285) [1]
meson is a candidate for the chiral partner for the w.
However the strict relation of phenomenological models
describing their interactions to nucleons, and therefore to
constituent quarks, to the more fundamental QCD degrees
of freedom is not completely settled. There are several
different approaches for describing vector mesons dynam-
ics such as massive Yang Mills, hidden gauge approach,
and others [2-6] that are not necessarily equivalent.
However, a desirable incorporation of vector (and axial)
mesons to the usual chiral perturbation theory framework,
as an effective field theory, has found some difficulties
[7.8]. The vector mesons couplings to nucleons have shown
much fewer ambiguities since Sakurai’s work [2,9,10].
There has been great interest in these couplings to describe
finite baryonic densities hadron systems including at the
saturation density [11,12]. The difficulty in determining the
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hadron coupling constants values from first principles QCD
has lead to different developments. At the purely quark
level, instantons have been shown to provide effective
quark interactions that should contribute for hadron struc-
ture. In Ref. [13] light vector (axial) mesons couplings to
constituent quarks were derived by departing from a one
loop quark polarization by making use of the auxiliary field
method to introduce vector and axial mesons fields. In the
present work the vector and axial mesons coupling to
quarks are addressed in the presence of a weak background
photon. Vector/axial mesons electrical charges couplings to
the photon are recovered as well as some of the couplings
associated to vector meson dominance.

Besides the interest in understanding the emergence of
baryons and mesons couplings to the electromagnetic field
in terms of the more fundamental quark and gluon degrees
of freedom, recently it has been recognized that magnetic
fields might generate several interesting effects in strongly
interacting systems such as magnetic catalysis, CP viola-
tion, chiral magnetic effect, and others [14-22]. Their
effects should be sizeable, in particular, in magnetars
and peripheral heavy ion collisions [23]. Magnetic field
effects might be larger for processes with enough energy to
involve light vector and axial mesons than in the very low
energy regime where pions are by far the most important
degrees of freedom as the Goldstone bosons of DChSB.
From the theoretical point of view it has been found that
finite magnetic fields induce modifications in the quark,
gluon, and hadron interactions [24-31]. In the present
work, effective couplings of constituent quarks to light
vector/axial mesons in the presence of a weak background
magnetic field are derived from one loop quark polarization
for dressed one gluon exchange quark-quark interaction.
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The light vector and axial mesons are introduced by means
of the usual auxiliary field method and they are identified
with vector and axial quark currents such as yy, 6y, Wy, w,
and yysy, o, yysy,w. Bventual corrections by other types
of Dirac structures are neglected. The specific vector and
axial mesons sector, without the coupling to constituent
quarks, that has been investigated by other groups in similar
and complementary approaches [4,32], is outside the scope
of the present work. This work is organized as follows. In
the next section the approach is described in a succinct way
since a more detailed explanation can be found in
Refs. [29,33,34]. The quark determinant is expanded for
large effective quark mass and weak external electromag-
netic field. Effective coupling constants for simultaneous
couplings of constituent quarks, vector/axial mesons, and
the photon are resolved and expressed in terms of the
parameters of the original model and of components of the
quark and gluon propagators. In the following section a
weak magnetic field is considered and the effective light
vector mesons couplings to constituent quarks are rewritten
to exhibit magnetic field dependent coupling constants.
Numerical estimates for the hadrons effective coupling
constants are presented as being highly dependent on the
choice of the gluon propagator and on the particular values
for the quark-gluon coupling constant. Some analytical
simple ratios between the effective coupling constants are
found to provide their approximated relative strengths in
the limit of very large quark mass. Finally, the dependences
of the rho meson electric form factor and its electromag-
netic radius on the weak magnetic field are presented. A
summary is presented in the final section.

II. QUARK POLARIZATION AND
VECTOR MESONS

The one dressed gluon exchange quark-quark interaction
is one of the leading terms of QCD effective action. By
considering the minimal coupling to a background electro-
magnetic field, its generating functional is given by [35,36]

z=N [Dipwiewi [ [»mip iy
2
-5 | BRG] ()

where [ stands for [d*x, i,j. k=0, (N; —1) is used
for SU(2) flavor indices, and a,b...=1,...(N>-1)
stands for color in the adjoint representation. The color
quark current is given by ji = wA,y*w, and the sums in
color, flavor, and Dirac indices are implicit. D, = 9,,6;; —
ieQ;;A, is the covariant quark derivative with the minimal
coupling to photons, with the diagonal matrix Q =
diag(2/3,-1/3). The gluon propagator, RZZ (x —y), must
be a nonperturbative one, being an external input. This

makes it possible to incorporate to some extent the gluonic
non-Abelian character. Besides that, it is required that
this nonperturbative gluon kernel, eventually with a cor-
rected quark-gluon coupling, provides enough strength to
yield DChSB. This has been found in several approaches
[37-41]. In several Landau-type gauges this kernel can be
written in terms of transversal and longitudinal compo-
nents, Ry(x —y) and Ry (x—y), as R (x —y) =R" =
Sap[(9" = GEVRy(x = y) + ZE R, (x — y)].

The method employed in the present work was
developed at length in Refs. [29,33,34], so it is shortly
described here. First, a Fierz transformation [36,42,43]
makes it possible to exploit the flavor structure of the

interaction above. It can be written as Q = F (%7 Jjb(x)
R (x — y)j<(v)). The complete color singlet part of the
Fierz transformed interaction is written in terms of the
bilocal flavor-quark currents j, (x,y) =y (x)I"y(y), where
q=s,p,si, ps,v,a,vs,as denotes respectively the fol-
lowing operators for flavor and Dirac indices: I'y = I,.14
(for the 2x 2 flavor and 4 x 4 identities), I', = iys0;,
[y, = 0.1y, Fps = iysl,, r, =r"o; L, =ysyto;,
', =y" and T',, =ys5y", o; being the flavor SU(2)
Pauli matrices. The complete set of resulting color singlet
nonlocal interactions is as follows:

o= Lis(x:9)s(0 )+ 7l )0, 3)
+ 7500, )5 (v, %) + jp (s 9)jp (3, %) IR oy
~ S U3 0) + g (5 a0 )
+ 7)) (%) + )R L IRE. . (2)

where a = 4/9 for SU(2) flavor. The kernels above can be
written as

R(x—y)=R=3Rr(x—y) + R (x—Y),

R*(x—y)=R" = g"(Rr(x —y) + R (x - y))
oHo”

+27(RT(X—)’)—RL(X—)’))- (3)
The background field method (BFM) [44] is applied next by
splitting the quark field into quarks composing quark-
antiquark states including the chiral condensate, y,, and
the background constituent quark, y;. At the one loop level
it is enough to perform the shift of quark bilinears such as
ply — (pTy), + (pT'?y),. This splitting preserves chi-
ral symmetry and it is not associated to a simple mode
separation of low and high energies since this may be a
restrictive assumption. The effective interaction Q is then
rewritten as Q = Q; + Q, + Q;,. When Q, is neglected it
yields the usual one loop BFM. However it is possible to
improve that by considering the auxiliary field method to
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introduce quark-antiquark light mesons and to incorporate
the DChSB with a large constituent quark effective mass in
the lines of the Nambu-Jona-Lasinio (NJL) model
[29,30,33,34]. The following set of bilocal auxiliary fields
(a.f.) is introduced by means of unitary functional integrals
multiplying the generating functional: S(x,y), P;(x,y),

|

1=N / DIS|D[P,|DS]D[P]e 1 R

Si(x.9). P(x,y). Vi(x.7). V,(x.y). Aj(x. y), and A, (x,y).
Each of these fields corresponds to a specific channel I'; of
the color singlet Fierz transformed interaction Q above. The
following normalized Gaussian integrals multiply the gen-
erating functional:

[(S_gjfz))2+<Pi_gjf(2))2]+[(Si_gji(2) )2+(P—gjf32))2]

X/D[Vi]/ DIAi] —-ﬁ Real(Vi—giy 2 ) (Vi=iy?)] —-f Reval(Al—gji®") (AL-gi®)]
"

X/D[Vﬂ]/ A,]

In these integrals there are shifts of each of the auxiliary
fields that provide interactions that cancel out completely
the interaction €,. All these shifts yield unity Jacobian. The
structureless meson field limit can be reached by expanding
the bilocal auxiliary fields in an infinite basis of local fields
and by keeping only the lowest energy states modes [35].
This yields the local limit interactions for punctual light
mesons. The scalar-pseudoscalar sector has been consid-
ered extensively within this approach in Refs. [30,33,35,36]
and it is neglected from here on, except for the fact that
scalar auxiliary fields generate the quark effective mass.
The specific vector/axial mesons couplings to the valence
quarks reduce to

—

P2 (x)E, (x, y)l//z(y)
=% (Fuoi(Vix) + 75 x)
+ Fu(VE(x) + 754 (x)]8(x = y)ya (). (5)

where F',, F,, produce the correct canonical normalization
of the vector/axial mesons field, ¢," = F ¢, for each of the
channels ¢, respectively for rho and A; mesons and for @
and the axial isosinglet f as chiral partners.

By performing a Gaussian integration of the valence
quark field, the resulting determinant can be written, by
means of the identity detA = exp Trin(A), as

Serr = Trin { =iz} (x —y)}, (6)

S;}](X - y) = SSE(X _y) =+ E‘s(x - y) + Zaqrqjq(x7y)
q

=8 (x-y)+ zaqrqjq(x’ y); (7)

where Tr stands for traces of all discrete internal indices and
integration of spacetime coordinates and E(x — y) stands
for the coupling of valence quark to the scalar-pseudoscalar

——f Rval(V,—gj

Wemgi)] =4 [ R el Bumai ) Au-ai? ) ()

[

fields presented in [30,33]. Their only contribution emerges
for the quark effective mass due to the DChSB. The quark
kernel can be written as Sy (x — y) = (i) — m)5(x — y)+
E,(x—y), where m is so far the current quark mass. In
expression (7) the following quantity with all the constitu-
ent quark currents has been used:

ag?
=2R(x = y)[w(y)w(x) + iysowp(y)iysoip(x)
+w(y)oiw(x) + iysw(y)iysy(x)]
— R (x = y)y, o[ (Vo (x) + v (y)rsr,om(x)]

— R (x = y)y, () r.w(x) + rsw(y)rsraw(x)].  (8)

The absence of a tensor current yo,,w goes back to the
Fierz transformed quark-quark interaction above. Although
this tensor structure might also contribute to vector mesons
structure and interactions [45]. However the mechanism by
which it is generated, as well as the tensor couplings to
vector mesons and photons, is not the one addressed in the
present work. The auxilary fields are undetermined so far
and the saddle point equations for expression (6), with the
remaining Lagrangian terms from the introduction of the
auxiliary fields, yield usual gap equations. By denoting
each of the eight meson fields as ¢, for the channel g, the
gap equations are obtained from the corresponding saddle

, %fg” = 0. These equations for the NJL
q

model and for the model (1) have been analyzed in many
works in the vacuum or under a finite energy density, in
particular, in the presence of a finite external magnetic
field, A, = By(0,0,x,0). At zero magnetic field the scalar
auxiliary field is the only one that can be different from 0 in
the vacuum and indeed its nontrivial solution for a gluon
kernel with enough strength in the infrared regime has been
extensively investigated. The resulting scalar mean field
corresponds to the quark-antiquark condensate whose value

point equations
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is strongly dependent on the magnetic field. At zero
temperature, magnetic catalysis can increase considerably
quark effective mass. These contributions are incorporated
into the quark kernel (7) by defining the quark effective
mass. The redefined quark kernel can be written as

Soelx=y) = (iP = M")5(x = y) + E,(x=y). (9)

This kernel, and therefore the gap equations, are By
dependent and the resulting values for the effective quark
mass M*(B,) are considered in the numerical estimations
in Sec. III A. Below only the constituent quark and vector/
axial mesons are considered.

A. Expansion of the determinant

From expression (6) the quark kernel coupled to the
photon and vector mesons fields can be factorized. It gives
origin to a term of the type Iy = 1Tr(S5.S5L). This term
contains all the terms exclusively with vector mesons and
photon fields including corrections to the photon effective
action. These terms lead to an effective action of the type of
the celebrated Euler Heisenberg effective action [46—48]. In
Ref. [4] the chiral vector mesons sector (p and A), without
quarks and photon fields, was investigated. These two
sectors are not addressed in the present paper. Other limits
of this determinant were investigated for example in
[29,34] where respectively constituent quark effective
interactions were presented considering higher order terms
and magnetic field dependent corrections to the usual NJL.
and vector-NJL interactions. In [13] a set of constituent
quark-vector/axial mesons couplings has been presented
and the emergence of gauge-type vector mesons couplings
to constituent quarks were found along the lines of the
Sakurai proposal [2]. Below only effective couplings of the
photon field to constituent quarks and vector/axial mesons
are addressed. For this, the mesons fields and the constitu-
ent quark component are treated as background fields.

The leading terms in the very long-wavelength local limit
for zero momentum transfer are the following:

v = 0 (0B + 34,0, (10

where the effective coupling constant was resolved by
calculating the traces in color, Dirac and isospin indices,

9qs = —i4Ncdye x (ag?)TY'((So(k)So (k)R (k))).  (11)

where d, = (=1)"*'/(2n), Tr' stands for momentum
integration, S;!(k) = (k—M*) by implicitly assuming
regularization procedure, and R(k) = R*(k)g,,. The dou-
ble parenthesis denotes the integration for the zero
momentum limit of the corresponding form factor. These
photon-constituent quark couplings can be associated to

vector meson dominances for the neutral mesons p° and w.
The factor 1/3 is the usual one in quark models; see for
example [49].

By considering the canonical definition of all the
vector and axial mesons, four types of photon-vector/axial
meson-constituent quark emerge. The leading terms for
each of them, in the long-wavelength local limit with zero
momentum transfer and by omitting the spacetime depend-
ence of the mesons and photon fields and quark currents,
are given by

Ipp = 2gli€ij3(F/,wg}iwj{7 + F/ll/fliwj{"‘)’ (12)
IFFm:gl[F/w]:gsz +F;w-7:ﬂng+Fﬂyc-7;yjp+Fynguj?7
1 . . . J

+§(F/wglw.]p+F;4UFMD]S+Fuygll‘lyjl[)+Fuyf¢U]fv)]’

(13)

Iyy =2gsi€;j3 (Apvfﬂ + ApAfj{’)’ (14)

IVAm =0 ApAg.]p + AﬂA/AJ; + ADV?/]S + AvVv]?

+ = (A"V, js + A*A,j, + A VI i + AFAL L) |

(15)

Iyr = g3i€ij3(Fp6V?j;s‘,V + FpéA'z‘Dj?,A), (16)

W | =

Lip = gsi€ia(FLAPJ0 v + GhsA 12 4)), (17)

where the following effective coupling constants have been
defined as a zero momentum limit of their corresponding
form factors,

91=—i6M"N .dye(ag?)Tr'((So(k)So(k)So(k)R(k))). (18)
g2 = —i6M*N .d, e(ag®) Tr'((So (k) So (k)R(K))). (19)
93 = Mgy, (20)
where it was defined S, = =—=. The couplings Irp, Iy,
Iyr, and I 45 are the leading photon couplings to vector and
axial and corresponding constituent quark currents by their
resulting electrical charges. The effective couplings Irf,,
and Iy,,, describe different channels of mixing interactions
(or vector meson dominances) induced or mediated by
constituent quark currents. In a first analysis, in the large
effective mass limit, the effective couplings in Iy4 and Iy4,,
(with g,) might be seen as the leading ones. However, it is
shown in the next section that this might not happen
depending on the electromagnetic field configuration. For a

weak magnetic field it becomes of the same order as the
leading dipolar couplings Irr and Ipg, (with g;). These

014022-4



CONSTITUENT QUARK-LIGHT VECTOR MESONS ...

PHYS. REV. D 97, 014022 (2018)

(1b)
(12)

(1c) (1d) (1e)

FIG. 1. In these diagrams, the wavy line with a full dot is a
(dressed) nonperturbative gluon propagator, a solid line repre-
sents a constituent quark, the single wavy line stands for a photon,
the wavy line with a triangle in the vertex corresponds to the
photon strength tensor F*¥, the dashed-dotted line represents a
vector or axial meson Vj, and the dashed-dotted line with a
triangle in the vertex stands for the Abelian strength tensor 77, of
a vector or axial meson a.

photon couplings break chiral and isospin symmetry as
expected.

The Feynman diagrams for these effective couplings are
shown in Fig. 1. Diagram (la) can be seen as a vector
meson dominance process from expression (10); diagrams
(I1b)—(1e) correspond to the effective interactions of
expressions (12)—(17). They are rather related to the zero
momentum limit of vector meson photoproduction; how-
ever they can also be seen as vector meson dominances or
mixings mediated or induced by a corresponding constitu-
ent quark current.

III. WEAK MAGNETIC FIELD DEPENDENT
EFFECTIVE COUPLINGS

By considering a weak magnetic field along the Z
direction, with A* = (0,0, Byx,0), it can be effectively
incorporated in the meson-quark coupling constants. For
that, some of the expressions above must be recalculated.
From expression (10) the free quark vector current receives
the following asymmetric term from the coupling to the
magnetic field:

: y o1
Ly = ighy <J§ +§Jy), (21)

where the following leading contribution to the effective
parameter was defined,

98, = —i4N d\ (eBo)ag?Tr’ ((-a%sz(k)i(k)», (22)

being however trivially 0 due to rotational invariance for
this zero momentum exchange limit.

TABLE I. In the first column the values considered for the
quark effective mass are displayed; in the second column the
values for the magnetic field in terms of the quark effective
mass and of the pion mass (LB% , "Bz") are displayed. The gluon
propagator is indicated in the next column: D, and D,; are the
gluon propagators respectively from Refs. [37,38] and Ref. [40].
In the fourth column the gauge-type vector/axial meson couplings
to quark currents are presented from Ref. [13]. In the fifth and
sixth columns, results from the expressions (19) and (31) are the
second one divided by factor (eBy)/M*2.

M (%’fz“) D;(k) gn 92 93 /(683)
(GeV) - - i .. (GeV™) o
0.33 0, 0) D, 9.3 5.6 1.7
0.38 0.2, 1.5) D, 8.2 4.7 1.8
0.45 0.5,5.2) D, 6.8 3.6 1.8
0.33 0, 0) Dy 1.1 0.3 0.19
0.38 0.2, 1.5) Dy 0.9 0.3 0.19
0.45 0.5,5.2) Dy, 0.8 0.2 0.19
0.22 0, 0) D, 12.7 8.6 1.4
0.25 0.2, 0.6) D, 11.6 1.7 1.6
0.28 0.5, 2) D, 10.7 6.8 1.6
0.22 0, 0) Dy, 1.5 0.6 0.19
0.25 0.2, 0.6) Dy, 1.3 0.5 0.19
0.28 0.5, 2) Dy, 1.2 0.4 0.19
0.07 0, 0) D, 20.3 14.7 0.5
0.085 0.2, .08) D, 19.4 14.0 0.6
0.10 0.5, 0.3) D, 18.5 13.3 0.7
0.07 0, 0) Dy, 2.4 0.9 0.06
0.085 0.2, .08) Dy 23 0.9 0.08
0.10 0.5, 0.3) Dy, 2.1 0.9 0.1

For the leading photon vector or axial meson and
constituent quark effective interactions (12)—(17) the
following Bj-dependent anysoptropic vector meson-con-
stituent quark couplings emerge,

Irr = 2gVie3(G) J) 4+ F . (23)
IFFm - gl |:f3 .]S‘ +‘7:XV.]S +g3 .]p +gﬂy.]§7
(Q"yj + F5+ G + J-'”Js)] (24)

Iy, — 29§i€ij3 [Afj{, + szljs} (25)

IVAm -0 |:A%]p +Ay]p + Vv.]s + Vy.]%

1
+5 Vs +Ayj, + Vi +A)Jp>:| (26)
I By, VX -y Ax -y 27
VE = 03 ze,j3[ iJjiv T iJj,A]v (27)
I Baje JIFi 0 Gi 28
AF 7 03 16113[ veljv + y(SJj.A)]’ (28)
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where the following effective coupling constants have been
defined in the long-wavelength limit for zero momentum
transfer:

g8 = —i6M*N.d,(eBy)(ag?)Tr' ((So(k)So(k)So(k)R(K))).

A=—i6M N eBo) T ( ~Sul R(A) 550 ).

g5' = i6M*?N..dy (eBo)(ag®)Tr'((So(k) S (k)So (k)R (K)))
(31)

g5 = i6M**N.d,(¢By)(ag?)

x Tt/ <<—§O(k)§0(k)R(k) a(zx So(k)) . (32)

The coupling constants g5 and gfz are 0 in the zero

momentum transfer limit due to rotational invariance.

The couplings with gf h gf > are momentum independent

and dependent anysotropic corrections to the gauge-
type coupling. These corrections arise in the plane
orthogonal to the magnetic field, and this can be more
conveniently written for a magnetic field given by
A, = (0,=y.x,0)B,/2. This magnetic field makes explicit
the equivalence between the orthogonal components x and
y. These effective coupling constants do not have all the
same dimensions; however some approximated or exact
ratios in the limit of very large quark effective mass can be
obtained such as

@1 g1

g Mg MY

(33)

The second of these ratios has a gauge invariant form. The
largest strengths of the corrections to the vector meson-
constituent quarks effective couplings due to a weak
magnetic field appear in the channels /gg, Iy, and Iyp,
being the first and the third dipolar photon couplings.

It is interesting to compare these magnetic field depen-
dent couplings constants with the corresponding gauge-
type coupling constants of vector and axial mesons to
constituent quarks in the vacuum as presented in Ref. [13].
Consider expressions (14) and (15) of [13] written in terms
of the canonically defined vector fields given by

Loy = gn (Vi (x)ji" (x) + AF (x) " (x))
+ 901 (VE(x)ju(x) + A, (x) /4 (x)).  (34)

where the dimensionless coupling constants were found
to be

91 = g = HdiN(ag? )T ((So(K)So(K)R(K))).  (35)

A simple comparison with expression (11) yields a relation
with the electromagnetic coupling, 2g,4 = eg,;. An
approximated estimate of the relative strength of the weak
By-induced anisotropic correction to charged vector mes-
ons gauge-type coupling can be written as

gfl 3 eBO
gr 4M*2 '

(36)

A. Numerical estimations and form factors

In the table below numerical values for the effective

coupling constants gf ' and g,, expressions (31) and (19),
are shown respectively in the fifth and sixth columns and
compared to the resulting values of the gauge-type coupling
g, from Ref. [13]—in the fourth column of the table. The
quark effective mass dependence on the weak magnetic
field was taken into account and different values are shown
in the first column of the table: values at zero magnetic
field, M*(By = 0) = 0.33, 0.22, and 0.07 GeV, and the
corresponding values for a given magnetic field in the
second column, (eB,)/M*? and also (eB)/m2, where m2
is the squared pion mass in the vacuum (140 MeV). For
eB, = 5m2 = 10'"® G being therefore expected to be size-
able in magnetars and eventually in heavy ion collisions
[23]. For not so small parameters eB,/M**> > 0.5 other
types of couplings might be expected to appear and the
strength of the effective couplings shown in the table might
receive further corrections. Two very different nonpertur-
bative gluon propagators were chosen to make clear the
ambiguity of the numerical estimates when calculating
the momentum integrals of the expressions above. These
integrations were carried out after a Wick rotation to
Euclidean momentum space. The first of the gluon propa-
gators, D;(k), is a transversal component one from Tandy-
Maris [37,38] and the second one, Dj;(k), is an effective
longitudinal one by Cornwall [40] that also produces
dynamical chiral symmetry breaking. They are indicated
in the third column of the table. The following convention
was adopted: ¢?R* (k) = D" (k) where i=11I. The
values of anysotropic correction to the gauge-type coupling
constant gf‘ were divided by (eB,)/M*? in such a way to
depend on the magnetic field only by means of the quark
effective mass. Therefore the values in the table must be
multiplied by (eB)/M*? to yield their contributions to the
couplings. For the sake of comparison, the corresponding
values for the gauge-type coupling constant of vector
mesons to constituent quarks are included in the fourth
column extracted from Ref. [13]. In spite of the different
values due to the different gluon propagators and quark-
gluon coupling constants they have basically the same order
of magnitude of the usual vector and omega mesons to
nucleons [50]. All the results show the direct dependence on
the gluon propagator and on the strength of the quark-gluon
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coupling ¢”. It should be noted that the complete expression
for the momentum dependent effective couplings such as
g1 and g3 for Ipg, Ipp,,, and I, must be considered as
multiplied by the external vector meson momentum Q.
The complete momentum dependent expression for g, 4
in (10) turns out to be the leading electric form factor for
the vector mesons,
944(Q) = F1(Q) = 3F{(Q). (37)
A leading anisotropic correction due to the weak magnetic

field is obtained from /I in (27) so that for the case of the
rho meson,

) 2
ApF1(Q) =365 (Q)- (38)
The expressions for the form factors g,4 and gf‘,

respectively from expressions (11) and (31), can be written
for nonzero momentum transfer as

03 (Q) = 8eN.d, K, / So(@)So(q + Q)R(~q).  (39)

%' (0)

b = N KoM [ S(a)Sila + OR(=a).

(40)

In Figs. 2 and 3 these form factors respectively for the
propagator D;(k) [37,38] and Dy; (k) [40] are compared to
the vector-meson-nucleon form factor calculated in
Ref. [51] by considering the Faddeev equation. This last

form factor was interpolated by the following quadrupole

shape [51]: F2(Q?) = (IF‘I’(QOQ)% where A;, = 1.12 GeV,
A

where F'{(0) = g,yy is in the range 4.82-6.4 in different
works. To allow the comparison of the strict momentum
dependence of the form factors the value of F}(0) =5
was multiplied by a numerical factor to coincide with the
numerical zero momentum form factors obtained in this
work. Therefore in Fig. 2 F7(0) =2.8 and in Fig. 3
F}(0) = 0.21.

The rho meson quadratic charge radius with an aniso-
tropic correction due to the weak magnetic field is also
calculated. It can be written as

(A5 ()

(r3)(Bo) = — T4

0=0

(3n(@ +3 @)

d
6 2
40 3 o0
eBO

M2

(3 (M) + 5 A (M7)). (41)

3 T T T T

2,
844 > 835//(€B/M¥)

Q(GeV)

FIG. 2. The form factors g,,(Q) and gf '(Q) from expressions
(39) and (40) are shown for the gluon propagator D, (k) of
Refs. [37,38]. The thin solid line stands for g,4(Q) with M* =
330 MeV (for By = 0) and the dashed line for M* = 380 MeV,
i.e., it corresponds to an effective mass at eB, = 0.2M*2. The thick
solid line represents the anisotropic correction gg‘ (Q) for M* =
330 MeV whereas the dotted line stands for M* = 380 MeV for
eB, = 0.2M*?. To add the anisotropic correction to the form factor
gya it still must be multiplied by (eBy)/M*2. The quadrupole fit of
the rho meson-nucleon electric form factor from Ref. [51] is shown
in the dotted-dashed line for F} (0) = 2.8.

Numerical estimates are presented in Figs. 3 and 4 as

functions of eB,/M*? respectively for the gluon propagators
of Refs. [37,38,40] for M*(By, = 0) = 330 MeV. In these
figures the symbol x indicates the leading correction

025 -

Q (GeV)

FIG. 3. The form factors g,,(Q) and g5'(Q) from expressions
(39) and (40) are shown for the gluon propagator D (k) of
Ref. [40]. The thin solid line g,4(Q) stands for M* = 330 MeV
(for By =0) and the dashed line for M* = 380 MeV for
eB, = 0.2M*?. The thick solid line represents the anisotropic
correction gf'(Q) for M* =330 MeV whereas the dotted line
stands for M* = 380 MeV, i.e., it corresponds to an effective mass
at eB, = 0.2M*2. To add the anisotropic correction to the form
factor g, it must be multiplied by (eBy)/M*%. The quadrupole fit
of the rho meson-nucleon electric form factor from Ref. [51] is
shown in the dotted-dashed line for F} (0) = 0.21.
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L6 . T . . : .

rqm (fm”)
—
sk
X%
X %
X %
*

08— —

0.6 1 | . | . | . | 1
0 0.1 0.2 0.3 0.4 0.5

2

eB/M

FIG. 4. The rho squared electromagnetic radius (rqm) with the
gluon propagator D;(k) from Refs. [37,38] for M*(B, = 0) =
330 MeV is shown as a function of the magnetic field in terms
of the effective mass (eBy) /M"2 The symbol x indicates the
leading correction (r3(M*)) = —=6-45g,4(Q) in expresswn 41)
and the symbols * represent the tota? values of (r BO) with the
anisotropic correction (eBy)/M*2.

(r(M*)) =
total values of (r2)(By) shown in expression (41). The large
variation of (r7) (BO) is exclusively due to the variation of the
magnetic ﬁeld quark effective mass. The anisotropic con-
tribution A(r2(M*)) is already multiplied by (eB)/M** as
indicated in expression (41). The discrepancies between the
values obtained with the two different gluon propagators are
of the same order of magnitude as those presented in the

table. The experimental values are in the range of 0.28 —
0.56 fm? from Refs. [52,53].

—6-4; 7 QZ 944(Q) and the symbol * represents the

IV. FINAL REMARKS

In this work the leading simultaneous photon effective
couplings to light quark-antiquark vector/ axial mesons and
to constituent quarks were derived by departing from the
model given by (1) with QCD degrees of freedom. With
these couplings, that can also be associated to the zero
momentum limit of vector/axial mesons photoproduction
form factors, it was possible to define weak magnetic field
dependent constituent quarks couplings to vector/axial
mesons as corrections to gauge-type mesons couplings
to constituent quarks found in [13]. The leading terms in
expression (10) for the photon-constituent quarks coupling
correspond to vector meson dominance with a relative
factor 1/3 for the omega vector meson. Concerning
specifically the vector mesons-constituent quark simulta-
neous couplings to the photon, all the possible structures
and channels that do not depend on tensor quark currents,
but only on the currents considered, emerged in expressions
(12)—(17). Some of the terms present a simple electrical
charge coupling of the charged vector and axial mesons and

corresponding quark currents to the photon, and others
exhibit the structure of vector meson dominance due to
the interaction with a constituent quark current. All the
effective coupling constants were expressed in terms of the
parameters of the original Lagrangian (1) and components
of quark and nonperturbative gluon propagators. The
resulting effective couplings correspond to different chan-
nels and they break chiral and isospin symmetries as
expected. The effective coupling constants are proportional
to some power of the quark effective mass and therefore
they disappear in the chiral limit with the restoration of
chiral symmetry. Numerical estimates were presented
and they exhibit the uncertainty in the knowledge of the
gluon propagator and in the quark gluon (running) coupling
constant at a particular energy scale. This can be noted
in Table I and the discrepancies due to the used gluon
propagator are also noted in Figs. 2-5. Although an
external magnetic field has also been found to contribute
to the gluon propagator and gluon coupling to quarks
[24-28,54], these corrections were not considered in the
present work. Besides the numerical estimates, approxi-
mated and exact ratios between the effective couplings
were also calculated in the limit of large quark effective
mass. These ratios yield the relative order of magnitude.
Two form factors were also presented up to Q =1 GeV:
the rho electric form factor F} o gqa and an anisotropic

correction due to the weak magnetic field AF) gf‘. The
anisotropic contribution goes to 0 considerably faster than
the form factor itself as seen in Figs. 2 and 3. Finally the
corresponding rho electromagnetic radius with an aniso-
tropic correction was also presented in Figs. 4 and 5 for

x*
0.14 -
¥
013 -
*
X
0.2 * -
N’; X s
= ool -
0.1 X * .
X

x *
009 x -
L
0.08}~ X4

0.07 L 1 L 1 L 1 L | L
0 01 02 0.3 04 0.5

2
eB /M
FIG. 5. The rho squared electromagnetic radius (rqm) with the

gluon propagator Dy (k) from Ref. [40] for M*(By,=0) =
330 MeV is shown as a function of the magnetic field in terms
of the effective mass (eBy)/M*?. The symbol x indicates the
leading correction (r;(M*)) = —6 ;25 g,4(Q) in expression (41)
and the symbols * represent the total values of (r >(Bo) with the
anisotropic correction (eBy)/M*2.
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both gluon propagators. The B,-dependent correction gf !
appears in the plane orthogonal to the weak magnetic field
(IAc). The most relevant contribution for the variation of both,
the leading contribution for (r7) and the anisotropic
correction, is due to the variation of the B, dependence

of the quark effective mass. The anisotropic correction due
to the coupling gg‘ in Figs. 4 and 5 is considerably smaller
but not negligible for eB,/M*?> > 0.3. Higher order terms
of the expansion in powers of the electromagnetic field
were shown to provide a complete resummation for the
complete account of Landau orbits [55], being equivalent to
other methods for larger values of the magnetic field
[15,56]. Although the effective coupling constants are
not gauge invariant due to the explicit dependence on
the gluon propagator, it might be that the full gauge
invariant set of effective hadron couplings can only be

recovered by considering the complete set of physical
mechanisms for QCD, not only quark polarization per-
formed in the present work. It is interesting to note that the
effect of the auxiliary fields on quark-quark effective
interactions is of higher order, such as for example
quark-vector and axial mesons interactions due to pion
exchange. These corrections can be obtained by expanding
the quark determinant considered above up to the second
order in the a.f., which can be integrated out latter in a
saddle point approximation. These terms are of higher
order in Sj, i.e.,, n>2, and consequently numerically
smaller in the large quark mass limit.
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