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Form factors for pion interactions with constituent quarks are investigated as the leading effective
couplings obtained from a one-loop background field method applied to a global color model. Two pion
field definitions are considered and the resulting eleven form factors are expressed in terms of components
of the quark and gluon propagators that compose only two momentum-dependent functions. A momentum-
dependent Goldberger-Treiman relation is also obtained as one of the ratios between the form factors. The
resulting form factors with pion momenta up to 1.5 GeV are exhibited for different quark effective masses
and two different nonperturbative gluon propagators and they present similar behavior to fittings of
experimental data from nucleons form factors. The corresponding pseudoscalar averaged quadratic radii
(a.q.r.) and correction to the axial a.q.r. are presented as functions of the sea quark effective mass, being
equal, respectively, to the scalar and vector ones at the present level of calculation.
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I. INTRODUCTION

The strong, electromagnetic and weak content of
hadrons has been under continuous intense theoretical
and experimental scrutiny. Different hadron form factors
are among the main observables for understanding details
of their interactions and structures, including size, and they
are important quantities to compare theoretical and exper-
imental results [1-5]. For example, the vector form factors
provide the charge and electromagnetic hadron structure
and interactions, the nucleon axial form factor provides
important information for their spin structure and weak
interaction observables such as neutron beta decay or CKM
matrix unitarity. There are many theoretical calculations for
the light hadrons strong form factors, for example [6—18]
and references therein. Lately, lattice estimations for pion-
nucleon/baryons interactions were provided for progres-
sively lower values of the pion mass, for example in
[10,17,18]. Concerning their very low momentum behav-
ior, experimental results for nucleon electromagnetic and

strong averaged radii provide values \/(r?) ~0.8-0.9 fm
[1,13,19,20].

In spite of the many difficulties to provide a complete
description of hadrons and their interactions compatible
with experimental data directly from QCD, in particular in
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the low and intermediary energies regimes, both effective
models and effective theories have been considered to
understand partial or isolated aspects of strong interactions.
Among these models the constituent quark models (CQM)
has shown to describe many aspects of hadron structure
and interactions by considering dressed quark degrees of
freedom (d.o.f.), dynamical chiral symmetry breaking
(DChSB) and eventually a pion cloud, [12,21-23].
Within the constituent quark model it has been argued
that the zero momentum limit of the axial form factor
should be g4(0) = 3/4 or g4(0) = 1[12,21]. Also, a radius
of the order of 0.2-0.3 fm has been estimated for con-
stituent quarks [12,24]. In the Weinberg’s large Nc effective
field theory (EFT), constituent quarks and gluons interact
with pions whose dynamics is ruled by the leading terms of
chiral perturbation theory (ChPT), coping with the large Nc
expansion [21]. In [25,26], this EFT has been derived as the
leading terms from a large quark and gluon effective masses
expansion for the one-loop background field method
applied to a global color model in the vacuum and with
leading couplings to the electromagnetic field. It can be
expected that, by comparing the strong and electromagnetic
nucleon and light mesons form factors with those for
constituent quarks, the detailed role and contribution of
each internal d.o.f. for the details of hadron structure and
interactions might be elucidated clearly. Of course, to
accomplish this program, besides further comparisons
between different theoretical frameworks, it is also impor-
tant to improve the amount and precision of experimental
data. This means that the related developments might shed
light on the partial or even complete reliability of CQM-
type models to describe hadron interactions in particular
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energy ranges. Moreover, these comparisons might make
explicit particular effects or mechanisms present in hadron
structure and interactions by means of analytical or semi-
analytical approaches besides well-established lattice QCD
framework. Eventually, it can be used to assess or to improve
field theoretic schemes for an eventual unambiguous para-
metrization of the nucleon and nuclear potentials [27].

In the present work, the strong constituent quark form
factors associated to the leading pion couplings to con-
stituent quarks are derived and investigated. This method
was considered before for the zero momentum limit of the
corresponding pion-constituent quark couplings [25,26]
and for the light vector mesons momentum-dependent
couplings to constituent quarks [28,29]. The form factors
are obtained from a large quark and gluon effective masses
expansion for the one-loop background field applied to a
global color model. The background field quark becomes
the constituent quark due to the one-loop calculation in
which an internal (nonperturbative) gluon line dresses the
(background) quark. This is nearly independent from the
dynamical symmetry breaking, except for the fact that
the same gluon propagator required to yield DChSB is
considered. This momentum-dependent constituent quark
mass emerges, therefore, by means of a different mecha-
nism from the usual DChSB. This might be in agreement
with recent calculations [30]. The resulting couplings and
form factors, therefore, correspond to tree-level pion-
constituent quark vertices. These pion-constituent quarks
form factors are investigated and comparisons with exper-
imental data for pion nucleon are presented. Furthermore,
four further pion derivative couplings with scalar and
pseudoscalar constituent quark currents that emerge at
the same leading terms of the determinant expansion are
also presented. They might contribute to the vector and
axial channels. Direct and simple momentum-dependent
and -independent relations between different form factors
are also presented. In particular, one relation corresponds to
a generalized momentum-dependent Goldberger-Treiman
relation (GTR). Besides that the corresponding strong
quadratic radii of constituent quarks (scalar, pseudoscalar,
vector, and axial) are also presented as functions of the
quark effective mass. The axial (and vector) pion coupling
presented in this work provides a further contribution for
the corresponding axial (and vector) form factors and
quadratic radii to those calculated in [28]. Two pion field
definitions are considered, the Weinberg pion field, in terms
of covariant derivatives, and the usual parametrization in
terms of the operators U = ¢#%. The conventional defi-
nition in terms of the functions U = ¢'*7 provides the well-
known pseudoscalar pion coupling that is not found in the
Weinberg pion field case. The isospin nondegeneracy of
up-down quark masses is not considered in this work since
it should be responsible for smaller (higher-order) effects.
This work is organized as follows. In the next section, the
steps of the method are briefly reminded and the large

quark effective mass expansion of a sea quark determinant
is performed. By keeping the full momentum dependence
of the resulting constituent quark—pion couplings the
corresponding form factors are presented for the two
definitions of the pion field in the following section.
Due to the momentum structure of some of the form
factors it is also convenient to perform a truncation that
provides, latter, corresponding positive averaged quadratic
radii. All the eleven form factors, five for the Weinberg
pion field and six for the second pion field definition, are
written in terms of only two momentum-dependent func-
tions, denoted F(K, Q) and F,(K, Q). Besides that, the
momentum-dependent constituent quark mass correction,
M;(Q) is investigated. In the following section, numerical
results are exhibited for different values of quark effective
mass and for two very different gluon propagators: an
effective longitudinal confining propagator considered by
Cornwall [31] and a transversal one used extensively and
successfully to provide hadron observables by Tandy and
Maris [32]. Some ratios and comparisons of the form
factors are also presented including the estimation of a
momentum-dependent Goldberger-Treiman relation. The
corresponding contributions for the pseudoscalar and axial
strong constituent quark quadratic radii are also investi-
gated as a functions of the quark effective mass for the
different gluon propagators. In the last section, a summary
is presented.

II. THE QUARK DETERMINANT, PIONS AND
CONSTITUENT QUARK CURRENTS

Consider the nonperturbative one gluon exchange
quark-quark interaction as one of the leading terms of
QCD effective action whose generating functional is given
by [33,34]

Z:N/D[y’/,y/} expi/[;p(iép_m)w
2
% [R5+ ] )

where N is the normalization, J, J* the quark sources, fx
stands for [d*x, and a,b... =1,...(N?—1) stands for
color in the adjoint representation being N. = 3. The
functional measure for the quark field was written
as D[y, w] = D[y|D[y]|. The quark gluon coupling con-
stant is assumed to be g and the development below is
akin to the rainbow ladder Schwinger-Dyson equation
(SDE). Below indices i, j, k = 0,...(N7 — 1) will be used
for SU(2) isospin indices and, therefore, Ny = 2. The
quark current mass will be assumed to be equal for u, d
quarks. The color quark currents are given by jh =
wl,y*y, and the sums in color, flavor, and Dirac indices
are implicit. A Landau-type gauge will be considered
for a nonpertubative gluon propagator that can be
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written as Ry (x — y) = Ry = 6, [(¢" = ZE)Ry(x — y)+
22 Ry (x— )], where the transversal and longitudinal

components are Ry(x —y) and R, (x —y). This nonper-
turbative gluon kernel, therefore, incorporates to some
extent the gluonic non-Abelian character with a corrected
quark-gluon coupling such that they will provide enough
strength to yield dynamical chiral symmetry breaking
(DChSB). This has been found in several approaches and
extensions [7,31,35-39].

The method was explained in detail in Refs. [25,26,
28,29,40], and therefore it will be succinctly described
below. A Fierz transformation for the model (1) is per-
formed and, by picking up the leading color singlet terms
that provide the usual pion couplings, it allows to inves-
tigate the flavor structure in a more complete way. Besides
that, color singlets, in one hand, avoid problems with
unconfined spurious color d.o.f. and, on the other hand,
provides a direct relation with quark-antiquark lightest
observed states. These states are to be identified with the
light hadrons d.o.f. and the scalar chiral condensate by
means of the corresponding fields to be introduced. Chiral
structures with combinations of bilocal currents are
obtained. The quark field must be responsible for the
formation of mesons and baryons and these different
possibilities are envisaged by considering the background
field method (BFM) [41,42]. Therefore, we consider the
quark field is split into sea quark, y,, composing (light)
quark-antiquark states including light mesons and the chiral
condensate, and the (constituent) background quark, y, to
compose baryons. The shift of quark bilinears corresponds
to performing a one-loop BFM calculation and it might be
written for each of the color singlet Dirac/isospin channels
m=s,p,si, pi,ps,v,a,as,vs (scalar, pseudoscalar,
scalar-isospin triplet, pseudoscalar-isospin triplet, vector,
axial, vector-isospin triplet, axial-isospin triplet, where the
isospin singlet states were omitted). Each of these channels
might have a corresponding auxiliary field. However, only
the lightest pseudoscalar-iso-triplet and isoscalar-scalar
d.o.f. will be investigated in the present work. The quark
field shift is of the following form:

S =Ty = ), + T (2)

This separation preserves chiral symmetry. The sea quark
can be integrated out exactly by means of the auxiliary field
method that give rise to colorless quark-antiquark states,
light mesons and the chiral quark condensate. Auxiliary
fields are introduced by means of the unity integrals
multiplying the generating functional. The only d.o.f.
considered in this work are the chiral scalar and pseudo-
scalar- iso-triplet ones which are needed for the pion sector
in the leading order. The heavier vector and axial mesons
can be neglected in the lower energy regime. Therefore,
one will be left with a model for pions and a scalar field
interacting with constituent quarks. The corresponding

unity integral for the scalar and pseudoscalar auxiliary
bilocal fields S(x,y), P;(x,y) is the following,

i

1 =N / D[S]D[Pi]e_ifx-.vR(X_Y)”[(S_gjé))2+(P"_gjf<2>)2],
(3)

where N” is a normalization, and

R(x—y) =3Rz(=y) + R (x—y). (4)

Bilocal auxiliary fields for the different flavors can be
expanded in an infinite orthogonal basis with all the
excitations in the corresponding channel. For the pseudo-
scalar isotriplet fields, one has

x+y

Pw) =P (5 x=r) = Pil) = SR Pt
)

where F;, are vacuum functions invariant under translation
for each of the local field P/, (u). For the low energy
regime one might pick up only the lowest energy modes,
lightest k = 0 which corresponds to the pions in this
channel, i.e., P; ,_y = x;, making the form factors to reduce
to constants in the zero momentum limit F;(z) = F(0).
The saddle point equations for each of the remaining
auxiliary fields, after the integration of the sea quark,
can be written from the condition: %f/): = 0. These equa-
tions for the NJL model and for the model (1) with
Schwinger-Dyson equations at the rainbow ladder level
have been analyzed in many works in the vacuum or under
a finite energy density. The scalar field has the only saddle
point equation with nontrivial solution for the quark-
antiquark chiral condensate. This classical solution gen-
erates an effective mass for sea quarks.

Chiral symmetry leaves a freedom to define the pion
field and chiral rotations can be done to modify its
definition. The scalar field can be frozen by means of a
chiral rotation and this produces the chiral condensate and a
strongly nonlinear pion sector. An usual pion field defi-
nition is parametrized by the functions: U = exp(iz - 5)
and U = exp(—iz - 6). To investigate this aspect another
pion field definition, the Weinberg ones, is characterized by
writing all the chiral invariant sector in terms of a covariant
pion derivative given by

8”71'1‘

Do = )
TR

u

(6)

The chiral symmetry breaking terms, however, can depend
on combinations of 7 and 7°. By doing the corresponding
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chiral rotations particular set of constituent quark-pion
interactions are obtained. The corresponding Jacobian of
the path integral measure will not be calculated and it might
induce extra terms for the resulting form factors.

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

Seit = —iTrIn{~iS;"' (x = y)}, (7)

Sgl(x_J’) = 561(X—Y> +Es(x_y) +Zaqrqjq(x7y)7
q

(8)

where Tr stands for traces of all discrete internal indices and
integration of spacetime coordinates and = (x — y) stands
for the coupling of sea quark to the scalar-pseudoscalar
fields for a particular pion field. This coupling term can
be written, respectively, for the Weinberg pion field
(EY(x —y)) and for the usual pion field (EY(x —y)) in
terms of unitary functions U, U as [25,26]

X 0,n
1+ 72

o= ©

EV(x-y)= [7"3 - D, &iys + iy*c -

=2

T €ijkak”iﬂj
+4m — — —
<1 +7 1+

=F(PRU+ P U")S(x—y).  (10)

2/ (x—y)

where F = f is the pion field normalization, and Pg,; =
(1 £ y5)/2 are the chirality right- and left-hand projectors.

The free quark kernel can be written as Sy'(x —y) =
(i — m)S(x — y), where m is so far the current quark mass.
The classical solution for the scalar field, found from its gap
equation, is directly incorporated into an effective quark
mass M* = m — (s). The redefined quark kernel can be

In expression (8), the following quantity, with the usual
chiral constituent quark currents that yield the leading
couplings to pions, has been used:

anqrqjq(x’ y)
ag
=2R(x = y)[w(y)y(x) + iysop(y)iysoy(x)]
— R (x = y)y,0: [0 (v)r,o0(x) + 75w (y)ysy.ow(x))].
(12)

In this expression, @ = 2/9 from the Fierz transformation,
R(x —y) was given in (4) and

R (x—y) = ¢"(Ry(x = y) + R (x - y))
+22 (R0 = R (19

III. LEADING FORM FACTORS

In the following, consider the quark (and gluon) large
effective mass expansion for the case in which quark and
pion fields exchange momenta. To provide the reader with
one example, one of the leading pion constituent quark
effective interactions is the pseudoscalar coupling and it
shows up in the first-order terms of the expansion as
follows,

I = ZTT[SO()’ — X)iys0,iys0;7;(x)So(x — z)

X R(y = 2)iyso;p(z)iysow(y)], (14)

with the insertion of complete sets of orthogonal momentum
states, a pseudoscalar form factor at the constituent quark
level emerges in momentum space, Gg;(K ,Q), where the
momenta K, Q are defined below. For this, the trace in
internal indices (isospin, color and Dirac) were calculated.
By considering incoming quark with momentum K, and

written as pion(s) with total momenta Q the set of leading momentum-
o . } dependent effective couplings for the first pion definition
So'(x—y) = (i = M*)5(x — y). (11) (W) in the weak pion field limit (1 + 72 ~ 1) is given by
|
L™ = M3 (K (K)y(K) + 2ie;3 Gy (K., Q)ni(q4)0 7;(q,)#(K)r,0'w (K + Q)
+2GY (K. 0)0" 7' (Q) (K)irsy,o'y (K + Q) + FGpr(K. Q)mi(q14)mi(q, ) (K)w (K + Q)
0,07 (Q) _ o oy oHn?

- k.0 27Dy )ik + 0) - 8" k.0 2T Dk 0. (19

where Q = Q, is the total momentum carried by one or two
pion in each of the vertices, and it will be for both pion field
definitions W and U, being that, in the vector and scalar
constituent quark currents couplings, Q = ¢, + ¢, and the

|
pion field was kept dimensionless. The last two terms,
momentum-dependent ones, were obtained with an inte-
gration by parts. In this expression, M3(K) is a running
effective mass that will be defined below in (23), and the
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following dimensionless form factors were defined in terms
of the functions F,(K, Q) given below,

GY (K. Q) = GY (K. Q) = 4diN.(ag”)F\(K.Q) (16)
Gpor(K. Q) = 64diN 2 (a) F1 (K. Q). (17)

G (K.0) = T Gt (K. )
= 16d,M'N (o) F>(K. Q). (18)

where N, = 3, d, = (=1)"*'/(2n). It is interesting to note
that the scalar pion coupling is proportional to the current
quark mass and, therefore it is a consequence of explicit

|

chiral symmetry breaking. There are scalar and a pseudo-
scalar momentum-dependent form factors. Although the
usual pseudoscalar pion coupling to pseudoscalar quark
current does not emerge at this level of calculation for the
W pion field definition, there is the coupling Gf,’s’w(K ,0)
that might contribute for the axial channel. Because it is
simply proportional to other form factors by means of the
function F,(K, Q) it will not be investigated explicitly
numerically below. An analogous conclusion can be drawn
for the derivative-scalar term G?" (K, Q) that might
contribute for the vector channel.

The complete set of leading momentum dependent
couplings with their form factors for the second pion
definition, with the same convention for momenta of
expression (15) and dimensionless pion filed, is given by

LET = M3(K)w(K)y(K) + Gojs (K. Q)Fmi(q,)7i(q,) 0 (K)w (K 4 Q) + G5(K, Q)F;( Q) (K)oiysw (K + Q)
+ i€;i2GY (K. Q)7;(q,)(0,7(qp) ) (K)y,0/w (K + Q).

+2GY (K. Q)(0"7;(Q))w (K)iysy,o'w(K + Q)

(32771'(Q))

- GII;&(K’ Q) M*

w(K)oiysy(K + Q)

where M;(K) is the same as the mass in expression (15)
and it will be defined in expression (23). The other form
factors were defined as

Gu(K. Q) = Gyj(K. Q) = 32d,N.(ag?)F1 (K. Q). (20)
Gi(K.Q) = Gy(K.Q) = 16d\N .F(ag’)F»(K.Q) (21)
Gh(K, Q) = GY(K. Q) = 16d,N .F(ag®)F,(K, Q). (22)

The derivative couplings with form factors Ghs(K, Q) and
GY(K,Q) have simply a different normalization with
respect to the ones from the W pion field definition:
GhY (K, Q) and G2V (K, Q). For example, it can be seen
that G5" (K, Q) = L G5(K, Q). At this level, it is inter-
esting to note that GPS(K Q) = G,;4(K, Q) in reasonable
agreement with other results [43], and also G, (K, Q) =
Gy (K, Q) for both pion field definitions.

The loop momentum integrals of each of the form factors
above will be written and investigated for constituent quark
with K = 0, except for the effective mass M;(Q). After a
Wick rotation for the Euclidean momentum space, these
functions are given by

-G{(K, Q)

az(ﬂi<CIa>”i(Qb))

M w(K)w (K + Q), (19)

F1(0.0) = / (k- (k+ Q) = M™)3o(k)Solk + Q)R(=K).
,(0,0) = / M*Sy(k)So(k + Q)R (k)

M,(0) = 16d,N. M (a?) /k Sotk+ QR(-K).  (23)

where [, = [ (";’2 and the following functions in momen-

27)
tum space for components of the quark and gluon propa-
gator used:

So(k) = (24)
R(k) = 2R(k) = 6Ry(k) + 2R, (k). (25)

The only form factor that might have an ultraviolet
divergence UV is M;(Q) if the gluon propagator does
not possess particular UV behavior. The other are com-
pletely finite if the nonperturbative gluon propagator is
infrared regular.

The momentum structure of the form factor F; (0, Q) has
a positive first derivative with respect to 9 for very small
0O, and therefore it yields negative quadratic radii. To
overcome that, F;(0, Q) might be truncated by approxi-
mating the quark kernel by Sy (k) ~ M*S, (k). It yields for
the function F(0, Q) the following expression:

014001-5
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oMy, e

L (19)
K N +Q Q
QN
FIG. 1. These diagrams correspond to the quark-pion effective

couplings from expression (15). The wavy line with a full dot is a
(dressed) nonperturbative gluon propagator, the solid lines stand
for a constituent quark (external line) or sea quark (internal line),
and dashed lines represents pion field, the full square in a vertex
represents a derivative coupling. Diagram 1(d) represents the
effective quark mass correction.

fﬂ&@=MﬂA%®%w+@H%y<%>

This truncation might be expected to correspond to making
an effective mass M* to be momentum dependent in the
expression of F(K, Q).

In Fig. 1, the diagrams corresponding to the expressions
(15) for the Weinberg pion field definition are presented,
where the pion-quark vertices with a square are the
derivative ones and diagram 1(d) stands for the effective
mass M3(Q). The dressed (nonperturbative) gluon propa-
gator is indicated by a wavy line with a full circle and pion
is represented by dashed lines. In diagrams 1(a)-1(c), the
incoming constituent has momentum K and the outgoing
constituent quark has momentum K + Q, being Q the total
momentum transferred by pion(s). Figure 2 exhibits the
diagrams for the pion constituent quark couplings for the
usual pion field definition given in expression (19) with
the same conventions as Fig. 1.

IV. NUMERICAL RESULTS

To provide numerical results, two gluon propagators
were chosen. A transversal one from Tandy-Maris D, (k)
[32] and the other is an effective longitudinal confining one
by Cornwall D;(k) [31]. Both of them yield DChSB and
they are written below with the following association:

gR" (k) = h D (k) (27)

where D%°(k) (a=1,1I) is one of the chosen gluon
propagators from the quoted articles, &, is a real positive
constant factor used in previous works [26,29] to fix the
quark gluon (running) coupling constant such as to repro-
duce one expected value either of the vector/axial pion
coupling constant in the vacuum or vector meson coupling
to constituent quarks constant, gyh, =1, gsh, =1 or
gpha =~ 12. In the present work, this factor was chosen

vt @

K A K+Q K ,H\ K+Q
TR 1
N = ¥
K | K+Q K I K+Q
Q 1Q
oM e
Q Q

FIG. 2. These diagrams correspond to the quark-pion effective
couplings from expression (19). The wavy line with a full dot is a
(dressed) nonperturbative gluon propagator, the solid lines stand
for a constituent quark (external line) or sea quark (internal line),
and dashed lines represents pion field, the full square in a vertex
represents a derivative coupling.

for each of the gluon propagators and pion field definition
to provide g4 (0)h, = 1. Their values will be shown in the
caption of the corresponding figure.

The expressions for the two gluon propagators are the
following:

877.'2 2, 2 871'2}’ E(kz)
D;(k) = —-De ¥/ 4+ m . (28
)= e P e G+ R P
Kp
Dy(k) = —5——, (29)
W My

where for the first expression y,, =12/(33-2N), Ny = 4,
Agep = 0234 GeV, 7=¢* -1, E(k*) = [l —exp(—k*/
[4m?])/k*, m, = 0.5 GeV, w = 0.5 GeV, D =0.55/w
(GeV?); and for the second expression Kp =
(2zM,/(3k,))* where k, = 0.15 and M, = 220 MeV.

In Fig. 3, the resulting constituent quark (running)
effective mass Mj5(Q) is shown as a function of the
constituent quark momentum for an UV cutoff
A =2 GeV, in dashed and continuous lines and it is
compared to a result from Schwinger-Dyson equations at
the rainbow ladder approximation from Ref. [44]. The
multiplicative factors 1/4 and 3/4 were chosen to fit
the curves into a suitable scale and they are needed because
of the large value of A.

In Fig. 4, the axial form factor contribution for zero
quark momentum GY(0,Q) and its truncated version

G4 (0, Q) for the Weinberg pion field are presented for
different values of the quark effective mass from the gap
equation M* and for the gluon propagator D (k). In all
cases of the figures with the axial form factor, the linear
dependence on the pion momentum from the coupling was
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0.45 — My/4,310-1
- My4, 350-1
-—- 3M/4, 350-1
— 3M,/4,310-11

+ L1.15M*(Q), SDE

04

0.35

(=3
53

M, (Q (GeV)
1)
[

4
—
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F T I I B .

I
=

4 o
(=3 [3° T
wn wn
LA I L LA LA L L DL B

=

(=3

03 06 09 12 L5
Q(GeV)

FIG.3. The dynamical running constituent quark effective mass
M;(Q) divided by 4, M3(Q)/4, for the gluon propagator /, in
continuous and dashed thin lines and multiplied by 3/4, %M 3(0),
in thick lines for the gluon propagator I/, in dashed (M* =
350 MeV) and continuous (M* = 310 MeV) lines. A gap effec-
tive mass M*(Q) from SDE from Ref. [44] multiplied by a factor
1.15 to allow for a better comparison of the momentum
dependence.

not included. In Fig. 5, the same results are exhibited for the
gluon propagator D;(k). Figures 4 and 5 present the same
behavior without meaningful differences except for the
relative normalization of the nontruncated form factor.
Besides that, a dipolar fitting for experimental results of
axial pion-nucleon coupling is drawn with symbols + with
a normalization to allow for comparison of the momentum
dependence. It is given by [16,18,20]

— 350
— 350u
== 310

+ Sa ---- 3104

par
+ ~ +GA

Q(GeV)

FIG. 4. The normalized axial form factor GY (0, Q) for the
Weinberg pion field as a function of the pion momentum is
presented in this figure for the gluon propagator D (k), un-
truncated expression with h, = & and truncated one with
h, = Tas’ and for different values of the sea quark effective mass
M* from the gap equation. Solid thin and thick lines for
M* =350 MeV; dashed lines for 310 MeV. Signs + for the

normalized fitting of expression (30), G} (Q?).

L5 . T . :

== 310
— 350
--=- 310 tr
— 350tr
+ GAW

w
G, 0Q

Q(GeV)

FIG. 5. The axial form factor G¥ (0, Q) for the Weinberg pion
field as a function of the pion momentum is presented in this
figure for the gluon propagator D;(k) from Ref. [32], being that
for the untruncated expression it is taken h, = ﬁ and for the
truncated one h, = ﬁ, and for different values of the sea quark
effective mass M* from the gap equation. Solid thin and thick
lines for M* = 350 MeV; dashed lines for 310 MeV. Signs + for

the fitting of expression (30), G}"(0?).

ar G
GY' (%) = @v (30)

by considering M, = 1.1 GeV and by adopting a normali-
zation for G§(Q? = 0) obtained in the present work for
each of the gluon propagators, for the case of M* =
0.31 GeV. The fitting for experimental values decreases
slower than the (constituent quark) form factors G‘AfV 0,0)
and two reasons might directly identified for that. It might
signal there is missing strength from more complete quark
and gluon kernels. However, it also might indicate the need
to account other effects rather related to nucleon structure
d.o.f. These two possibilities are not exclusive of one
another; however, they correspond to different types of
constituent quark models for hadrons (baryons) since they
correspond to different roles of constituent quark inter-
actions for the baryon structure. In any case, apart from a
possible difference on the overall normalization, the differ-
ence is not very large and it appears in intermediary
momenta. It can be noted that the nontruncated expressions
provide a positive momentum slope at Q =0, these
expressions therefore would provide a negative averaged
quadratic axial radii. The truncated expressions correct
this behavior.

In Fig. 6, the axial form factor correction for the second
pion field definition, GX(O, Q), as a function of pion
momentum is shown for gluon propagators D;;(k) and
D, (k) for different values of the quark effective mass M*.
The same fitting G%"(Q) is plotted (+) with the value
at Q =0 adjusted from the G{(0,Q =0) to make an
appropriated comparison. The truncated version of
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L=z

% — 350-1I

Q(GeV)

FIG. 6. The axial (equal to the vector) form factor GX(O, 0)
(usual pion field) as a function of the pion momentum is
presented in this figure for the gluon propagators D,(k), with
factor h, = g and Dy (k), with h, = 55, and for different
values of the sea quark effective mass M*, from the gap equation.
Solid line is used for M* = 350 MeV, dashed line for M* =
310 MeV. Sign + for the fitting of expression (30), G} (Q?).

GY"(0,Q) from Figs. 4 and 5 has a similar behavior to
GX(O, Q), and in fact they both are written in terms
of F,(0,Q) with different normalizations. Although the
overall behavior is similar to the experimental fit, for
both G}"'(0, Q) and GY(0, Q), the form factor contribu-
tion G{(0,Q) has a behavior slightly closer to the
experimental fit.

The axial coupling constant at the constituent quark level
has been argued to be close to g, ~ 3/4 [12] or g4 ~ 1 [21].
Results from the form factors fall well within the correct
order of magnitude and value. Also, in the present work,
it was shown in expressions (16) and (21) that the axial
and vector form factors are equal to each other, due to
chiral symmetry, for each the two pion field definitions
considered.

A. Pseudoscalar coupling

In Figs. 7 and 8, the pseudoscalar form factor G (0, Q)

and its truncated version G][fs‘" (0, Q) are presented for the

gluon propagators Dy, (k) and D, (k), respectively. The zero
momentum Q = 0 values are basically 1 order of magni-
tude larger than the zero momentum axial form factor as
expected from phenomenology. Results with D;(k) have
considerably larger absolute values than with D;(k). The
dipolar fitting for data from lattice QCD calculations (30)
[45] is also shown with a suitable normalization at G(0, 0)
to compare with the results from expressions above for the
case M* =0.31 GeV. All the results from the truncated
expressions for G5 (0, Q) yield similar results for M* =
0.31 and 0.35 GeV. Whereas the truncated version presents
a monotonic decrease with momentum Q the complete

- — 350
~ — 350tr
S -- 310

--- 310t

+ G
ps

T T T T

Q(GeV)

FIG.7. The pseudoscalar form factor G (0. Q) as a function of
the quark momentum is presented in this figure for the gluon
propagator Dy;(k), with factor h, = 5%, and for different values
of the sea quark effective mass M*, from the gap equation.
Results from both the complete and the truncated (tr) expressions
are shown. Solid lines are used for M* = 350 MeV, dashed lines
for M* =310 MeV. Signs + for the corresponding fitting of
expression (30), G} (Q?).

expression has an increase up to around Q ~0.40-0.45 GeV
and then it decreases for larger Q. It has, therefore, the same
behavior of GY(Q) shown in the previous section. The
deviation of the form factor G5"(0,Q) momentum
dependence from the fitting Ghs (0, Q) is slightly larger
than the deviation of the axial GY(0, Q) form factor with
respect to the corresponding nucleon-pion experimental
fitting. The reasons must be the same, the momentum

Q(GeV)

FIG. 8. The pseudoscalar form factor G (0, Q) as a function of
the quark momentum is presented in this figure for the gluon
propagator D, (k), with factor h, = ﬁ, and for different values
of the sea quark effective mass M*, from the gap equation.
Results from both the complete and the truncated (tr) expressions
are shown. Solid lines are used for M* = 350 MeV, dashed lines
for M* =310 MeV. Signs + for the corresponding fitting of

expression (30), GA"'(Q?).
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dependence of the quark and gluon kernels and/or internal
nucleon effects.

Standard hadron effective coupling constants are usually
obtained for particular values of the transferred momentum
such as Q% = 0 or Q% ~ —m2. The only numerical values
for the form factors at the spacelike momenta Q° < 0
shown in this work are these next ones for the usual
pseudoscalar pion coupling at Q> = —m?2, i.e., closer to the
physical definition of G,y that is taken from spacelike
momenta at the muon or pion mass. For the quark effective
mass M* = 0.31 GeV and the two gluon propagators two
values were obtained: for the complete expression (20) and
for the momentum truncated expression GE;‘“(O, Q) with
(26). By considering the same factors 4, adopted for the
figures of the pseudoscalar form factors (%; = 1/0.83 and
h;; = 1/0.27), they are given by

I GJ(0, Q> =-m2) =109, GH(0,0) =34, (31)

I G%"(0,0% = -m2) =164, GK"(0,0) =13.4,

(32)

I GY(0,0*=-m2) =41, Gf(0,0)=509, (33)

I Gy"(0,0*=-m2) =152, G%(0,0) =133.

(34)

The difference between the form factor Ggg (0, Q) and its
truncated version, Ggg“(O, Q), is of course present in this
spacelike values. The values from the truncated expression
are also closer to experimental data for the nucleon-pion
coupling constant and results from other calculations.

B. Goldberger-Treiman and other relations
in timelike momenta

Next ratios of the form factors are calculated. The
following momentum-dependent ratios between dimen-
sionless quantities were considered:

_ GJ(0,Q) F
CTw(Q) =G (0.0) T6m

~1, (35)

_ M (G{(0.0)\ _ M Gy(0.0)
o0 -7 (G5.6) = Fouts.0
_ M*FF,(0,0)
T F 2F(0,0) .
G{(0.0) _ Gp(0,0) _ | (37)

GY(0,0)  G,,(0.0)

where the first one GTy (Q) is an equivalent of the GTR
expression for the Weinberg pion field in which the

pseudoscalar pion coupling does not appear but the
(symmetry breaking) scalar two pion coupling to constitu-
ent quark appears. This ratio is momentum independent,
and it depends on the current quark mass m ~ 5.75 MeV
for which l6bm~f, = F =92 MeV and, therefore,
GTy ~1. The function GT(Q) for the second pion
definition has a constant factor F/M* such that if the
GTR relation is satisfied the ratio GT(Q) — 1 and this is
verified for very large M*. The last expression has two
chiral symmetry relations for form factors, and their
corresponding effective coupling constants for the second
pion field definition.

In Fig. 9, the ratio GT(Q) is presented as a function of
momentum for different effective quark masses M*. The
ratio GT(Q) does not satisfy necessarily the GTR at Q = 0
because the quark effective masses are not large enough.
This ratio GT(Q) has the same behavior found in other
works [15]. The deviation from the GTR intrinsically due to
the momentum dependence of each of the form factors for
the nucleon level Goldberger-Treiman relation is usually
denoted by R(Q). It is usually parametrized in terms of the
nucleon mass M [15], and by substituting M by the quark
effective mass M* it is given by the following expression:

2
GA(0%) = 26 (0 - 2RO, (3¥)

where G,y(Q?) is to be substituted by G, (Q). By
considering the constituent quark mass M* = 0.28 GeV
and 0.31 GeV this function is exhibited in Fig. 10 for the
second pion definition. It goes to zero quite fast with
increasing (Q) depending not only on the quark effective
mass M* but also on the gluon propagator considered.

T

— 28011
- 280-1
~ — 310-1
N - — 3101

GT(Q

Q (GeV)

FIG. 9. The ratio GT(0, Q) is shown as a function of momenta
for two different quark effective masses M* = 280,310 MeV and
for the two gluon propagators. The limit in which the Goldberger-
Treiman relation is recovered corresponds to GT(0) = 1.
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FIG. 10. The momentum-dependent deviation of the Gold-
berger-Treiman relation for the gluon propagators D;(k) and
Dy, (k) and quark effective masses M* = 280 and 310 MeV, by
considering normalized definitions for GY(0,0) and Gf;(0,0)
such as to satisfy the GTR at Q = 0.

C. Averaged quadratic radii

Next, the corresponding strong averaged quadratic
radii are defined from the different pion-constituent quark
couplings presented above. Since the form factors are
dimensionless the corresponding axial and pseudoscalar
quadratic radii were defined by

S I T
e WL I LT
- IR )
P =G @)
() = —6%52’@\%0 (. @)

where in the right hand side of these expressions the
relations to vector and scalar quadratic radii from the form
factors defined in the previous sections are exhibited. In
[28], the light vector/axial meson couplings to constituent
quarks were considered to provide corresponding quadratic
radii. The corresponding averaged axial and vector quad-
ratic radii seen by the coupling to the pion, presented in this
work, also turn out to be equal. Both results, from the pion
and axial mesons couplings, are to be added, i.e., in fact
expressions (39)—(41) provide corrections to the corre-
sponding quadratic radii. However, their experimental

012 , . . . |

2w
Fo — s>, 05

L S

o

< > 4 fm")

FIG. 11. The axial quadratic averaged radius (contribution) for
the two pion definitions, W and U, and two gluon propagators,
I and 11, as functions of the effective quark mass M*. The factors
h, were chosen to be h; = 3 and h;; = 1. The numerical result
for (r?)¥ has a sign minus and the results for the gluon
propagator D; it is divided by 5 to fit in the scale of the figure.

values, at the nucleon level, must receive further corrections
since vector and axial a.q.r. are different from each other

and expected to follow +/(r3,)/(ri) ~ 1.6 [12].

In Fig. 11, the different estimations for the axial
quadratic radius contribution for the two pion definitions,
W and U, and for the two gluon propagators, as functions of
the quark effective mass M*. In the figures with a.q.r., the
factors h, were considered h; = 3 and h;; = 1, such that
results could be compared with results from [28]. In the
case of the Weinberg definition, there are also results for the
truncated expression. The axial radius (contribution) (r?)¥
is negative because of the behavior of the axial form factor
close to zero exchanged momentum and this unexpected
behavior is corrected by the truncated expression as
discussed above. Besides the problem with the sign for
(r*)¥ it is also noted a different behavior in the M*

dependence of the axial quadratic radii between (r%)Y

and <r2>ZV"r, being that the former presents a stronger
variation for increasing M* and the latter a smoother
variation.

These axial quadratic radii correction due to the pion are
smaller than the vector/axial quadratic radii due to the
vector/axial light mesons calculated with the same method
for both gluon propagators in [28]. In that work, the axial
quadratic radii found from the coupling to the A; meson,
(r2 )4, were estimated to be in the following range of
values—for the same range of values of the quark effective
mass M*—by keeping the corresponding 4, to the ones
used in the figures for the a.q.r.:

(r2n)s~04-0.2 fm?,
(r2 )4 ~4.0-20 fm?,

Dy (k),
Dy(k), (44)
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FIG. 12. The pseudoscalar averaged quadratic radius and two
gluon propagators, D; and Dy, as functions of the effective quark
mass M*, with factors h, from the previous figures. The

numerical result for (r2)ps has a sign minus and the results for
the gluon propagator Dy it is divided by 10 to fit in the scale of the
figure. The factors h, were chosen to be h; =3 and h;; = 1.

respectively, for gluon propagators Dy, (k) and D;(k). Of
course, the estimations for (r2, ), with D,(k) are
extremely large, also present in Figs. 11 and 12, and this
is attributed to the corresponding quark-gluon coupling
constant and gluon propagator strengths. Both resulting
values, however, are basically of the order of magnitude as
(or larger than) the estimation for constituent quark radius

£/ <r2) co ™ 0.2-0.3 fm [12,24], apart from normalizations

of the quark-gluon coupling constant. The experimental
value for the axial radius of the nucleon is (r3)!/? ~
0.68 fm [1,13] and there are many estimations from lattice
<ri>'/ 2 ~0.45-0.50 fm, for example in [18,46] and refer-
ences therein.

Similar behavior was found for the pseudoscalar quad-
ratic radii presented in the next Fig. 12 from expressions
(42), (43), complete and truncated ones, as functions of the
quark effective mass M* for the two gluon propagators.
The nontruncated expression provides negative values and
they are presented with a sign minus. One of them is
divided by factor 10 for D, (k) to fit into a reasonable scale
of the figure. To make possible a correct calculation
with the previous figure it was assumed h; =3 and
h;; = 1. The axial (r?), contribution was found to be
smaller than the pseudoscalar (r2>pS in all cases. This is
related to the fact that the pseudoscalar form factor
normalization is larger than the axial form factor one. At
this level, all the form factors reduce to only F; (K, Q) and
F,(K,Q) and the truncated version FY(K, Q). However,
the difficulty in fixing the quark-gluon vertex and the
overall momentum behavior of the quark and gluon
propagators cannot be neglected. When compared to the

value /(r?)¢p~0.2-0.3 fm from [12,24], the gluon

propagator D;(k) provides larger values for (r?) and the
gluon propagator D; (k) again provides smaller values. The
reasons for the differences between <r2>ps and the trun-
cated—<r2>ps must be the same as the ones responsible for
the discrepancies in the axial radii from Fig. 11. Besides
that, it might be interesting, for the sake of comparison, to
compare with the scalar radius of the lightest hadron, the
pion, that has been calculated, for example, in lattice with
(r*); = 0.6 fm? [47]. The pion charge radius has estima-
tions for example in lattice (r?) = 0.37 fm? [8] and with
SDE(r?) = 0.46-0.48 fm? [48], whereas its experimental
value (r?) ~0.45 fm? [9,20]. The pion scalar radius seems,
therefore, to be larger than its charge radius analogously to
the fact that according to the present results the pseudo-
scalar, and also scalar, radii are larger than the axial and
vector radii.

V. SUMMARY AND DISCUSSION

Pion-constituent quark momentum-dependent form fac-
tors were investigated from the one-loop background field
method for the one nonperturbative gluon exchange quark
interaction from the QCD effective action. At this level, the
pseudoscalar coupling only shows up for the usual pion
field definition in terms of unitary functions U, U" but not
for the Weinberg pion field. Besides the usual pseudoscalar
pion coupling, other derivative pion -scalar and pseudo-
scalar currents form factors were also found in the leading
order of the determinant expansion in expressions (18),
(15) and also (19) and (22). Several of them have a reduced
strength with respect to the usual scalar and pseudoscalar
form factors by a constant coefficient of the order of 1/M*.
By means of an integration by parts these terms might
contribute for the vector and axial channels. All the (eleven)
resulting form factors, pseudoscalar, scalar, vector and
axial, were found to be written in terms of only two
momentum-dependent functions (0, Q) and F,(0, Q) for
zero external constituent quark momentum, with different
coefficients. A truncated momentum dependence of the
quark kernel for F, (0, Q) was also considered such that the
resulting form factors, G} " (0, Q) and G5"(0, Q), were
shown to have a decreasing monotonic behavior more
similar to the experimental results, corresponding rather to
the function F,(0, Q). The truncated expressions might
in fact correspond to considering running momentum-
dependent effective sea quark mass from the gap equation.
Besides that, these truncated expressions yield positive
quadratic averaged radii. Different values for the sea quark
effective mass M* were considered and it mostly contrib-
utes for the overall normalization of the form factors. The
first momentum-dependent function presented was the
constituent quark effective mass correction M;(Q). Its
momentum dependence is in excellent agreement with
estimations from SDE calculations, except for its overall
normalization that appeared to be very large due to absence

014001-11



FABIO L. BRAGHIN

PHYS. REV. D 99, 014001 (2019)

of an UV cutoff. It is important to stress that the mech-
anisms that give rise to the gap effective mass M* and to the
mass M3(Q) are different. However, the behavior of
constituent quark mass M3(Q) is nearly independent of
the scalar condensate contribution for the (constant) quark
effective mass M*. At the level of the calculation presented,
the axial and vector form factors are equal to each other for
each of the pion field definitions. The same chiral relation
appeared for the scalar and pseudoscalar form factors for
the second pion definition. The axial and pseudoscalar form
factors were compared to fittings of available experimental
data for pion nucleon form factors by adjusting the values at
zero momenta. Results showed that the momentum depend-
ence of constituent quark coupling to pions is not very
different from the nucleon coupling to pions. The larger
difference between experimental (nucleon form factor)
values and the present form factors appear in the range
of 0.15 < QO < 1.4 GeV for M* = 0.31 GeV. This might
signal the need for improved momentum structure of the
quark and gluon kernels but it might also signal need to
account for effects from nucleon structure. The pseudo-
scalar form factor has a larger strength than the axial one, in
agreement with expectations from phenomenology. This
conclusion remains valid if other components for the axial
form factor are included such as the coupling to light axial
mesons, as seen by comparing with results from Ref. [28]
in which vector/axial mesons couplings to constituent
quark had been investigated by means of the same method
employed in the present work. A systematic and more
general analysis will be presented elsewhere. The pseudo-
scalar form factor at the spacelike point Q% = —m?2, closer
to current physical definitions of g,y, was obtained for
the complete (or truncated) expressions being smaller (or
larger) than the zero momentum Q2 = 0 case. Different
momentum-dependent and -independent ratios between the
form factors were also presented. Some of them simply

show the resulting chiral symmetry relations, e.g., between
vector and axial ones, or between scalar and pseudoscalar
ones. The momentum dependence of the Goldberger-
Treiman relation (GTR) was also presented by considering
the pseudoscalar and axial form factors for timelike
momenta and a qualitative agreement with calculations
at the nucleon level as found. Finally the corresponding
results for the pseudoscalar and contribution to the axial
constituent quark averaged quadratic radii were obtained as
functions of a constant quark effective mass M* from the
gap equation. In particular, resulting values for the axial/
vector quadratic radii are somewhat smaller than estimations
of the constituent quark axial/vector radii from the coupling
to light axial/vector mesons obtained with the same method
[28]. The structureless pion limit might have had effect on
the estimations but this structureless limit had also been
considered for the vector/axial mesons. In general, the
pseudoscalar quadratic radius is larger than the axial radius
(from both couplings to pions and axial mesons) due to the
corresponding form factors normalizations. This becomes
clear by noting all the quadratic radii and form factors
depend on only two momentum-dependent functions. The
relevance of each of the constituent quark d.o.f. presented in
this work and [28] for nucleon structure and corresponding
form factors is to be investigated elsewhere.

ACKNOWLEDGMENTS

The author thanks P. Bedaque, G.I. Krein, and G.
Eichmann for brief discussions, and C.D. Roberts for
kindly sending numerical results for the running quark
mass from SDE from Ref. [44] plotted in Fig. 3. The author
also acknowledges participation in the project Instituto
Nacional de Ciéncia e Tecnologia-Fisica Nuclear e
Aplicagdes (INCT-FNA), Proc. No. 464898/2014-5.

[1] K.L. Miller et al., Study of the reaction v,d — u~pp;,
Phys. Rev. D 26, 537 (1982); T. Kitagaki et al., High-energy
quasielastic v,n — u~ p scattering in deuterium, Phys. Rev.
D 28, 436 (1983).

[2] J.-M. Gaillard and G. Sauvage, Hyperon beta decays, Annu.
Rev. Nucl. Part. Sci. 34, 351 (1984).

[3] S. Choi et al., Axial and Pseudoscalar Nucleon Form
Factors from Low Energy Pion Electroproduction, Phys.
Rev. Lett. 71, 3927 (1993).

[4] G. Bardin, J. Duclos, A. Magnon, J. Martino, A. Richter, E.
Zavattini, A. Bertin, M. Piccinini, and A. Vitale, Measure-
ment of the ortho para transition rate in the p/, molecule and
deduction of the pseudoscalar coupling constant ¢, Phys.
Lett. 104B, 320 (1981).

[5] V. A. Andreev et al. (MuCap Collaboration), Measurement
of the Muon Capture Rate in Hydrogen Gas and Determi-
nation of the Protons Pseudoscalar Coupling gp, Phys. Rev.
Lett. 99, 032002 (2007).

[6] E.J. Beise, The axial form factor of the nucleon, Eur. Phys.
J. A 24, 43 (2005).

[7] P. Maris and C. D. Roberts, Dyson-Schwinger equations: A
tool for hadron physics, Int. J. Mod. Phys. E 12, 297 (2003);
P. Tandy, Hadron physics from the global color model of
QCD, Prog. Part. Nucl. Phys. 39, 117 (1997).

[8] J. van der Heide, J.H. Koch, and E. Laermann, Pion
structure from improved lattice QCD: Form factor and
charge radius at low masses, Phys. Rev. D 69, 094511
(2004).

014001-12


https://doi.org/10.1103/PhysRevD.26.537
https://doi.org/10.1103/PhysRevD.28.436
https://doi.org/10.1103/PhysRevD.28.436
https://doi.org/10.1146/annurev.ns.34.120184.002031
https://doi.org/10.1146/annurev.ns.34.120184.002031
https://doi.org/10.1103/PhysRevLett.71.3927
https://doi.org/10.1103/PhysRevLett.71.3927
https://doi.org/10.1016/0370-2693(81)90134-9
https://doi.org/10.1016/0370-2693(81)90134-9
https://doi.org/10.1103/PhysRevLett.99.032002
https://doi.org/10.1103/PhysRevLett.99.032002
https://doi.org/10.1140/epjad/s2005-04-009-y
https://doi.org/10.1140/epjad/s2005-04-009-y
https://doi.org/10.1142/S0218301303001326
https://doi.org/10.1016/S0146-6410(97)00043-4
https://doi.org/10.1103/PhysRevD.69.094511
https://doi.org/10.1103/PhysRevD.69.094511

PION CONSTITUENT QUARKS COUPLINGS STRONG FORM ...

PHYS. REV. D 99, 014001 (2019)

[9] D. Drechsel and Th. Walcher, Hadron structure at low Q2
Rev. Mod. Phys. 80, 731 (2008).

[10] T. Yamazaki, Y. Aoki, T. Blum, H.-W. Lin, S. Ohta, S.
Sasaki, R. Tweedie, and J. Zanotti, Nucleon form factors
with 2 4+ 1 flavor dynamical domain-wall fermions, Phys.
Rev. D 79, 114505 (2009).

[11] M. Constantinou, Hadron structure, Proc. Sci. LAT-
TICE2014 (2015) 001 [arXiv:1411.0078].

[12] U. Vogl and W. Weise, The Nambu and Jona-Lasinio model:
Its implications for hadrons and nuclei, Prog. Part. Nucl.
Phys. 27, 195 (1991).

[13] M. Hoferichter, C. Ditsche, B. Kubis, and U.-G. Meissner,
Dispersive analysis of the scalar form factor of the nucleon,
J. High Energy Phys. 06 (2012) 063.

[14] G. Ramalho and K. Tsushima, Holographic estimate of the
meson cloud contribution to nucleon axial form factor, Phys.
Rev. D 94, 014001 (2016).

[15] G. Eichmann and C.S. Fischer, Nucleon axial and pseu-
doscalar form factors from the covariant Faddeev equation,
Eur. Phys. J. A 48, 9 (2012).

[16] V. Bernard, L. Elouadrihiri, and Ulf-G. Meissner, Axial
structure of the nucleon, J. Phys. G 28, R1 (2002).

[17] J.D. Bratt et al., Nucleon structure from mixed action
calculations using 2+ 1 flavors of asqtad sea and
domain wall valence fermions, Phys. Rev. D 82, 094502
(2010).

[18] C. Alexandrou, M. Brinet, J. Carbonell, M. Constantinou,
P. A. Harraud, P. Guichon, K. Jansen, T. Korzec, and M.
Papinutto, Axial nucleon form factors from lattice QCD,
Phys. Rev. D 83, 045010 (2011); C. Alexandrou, M.
Constantinou, K. Hadjiyiannakou, K. Jansen, C. Kallidonis,
G. Koutsou, and A. Vaquero Aviles-Casco, Nucleon axial
form factors using lattice QCD simulations with a
physical value of the pion mass, Phys. Rev. D 96,
054507 (2017).

[19] A. Beyer et al., The Rydberg constant and proton size from
atomic hydrogen, Science 358, 79 (2017).

[20] C. Patrignani et al. (Particle Data Group), Review of particle
physics, Chin. J. Phys. C 40, 100001 (2016).

[21] S. Weinberg, Pions in Large N Quantum Chromodynamics,
Phys. Rev. Lett. 105, 261601 (2010).

[22] M. Lavelle and D. McMullan, Constituent quarks from
QCD, Phys. Rep. 279, 1 (1997); E. de Rafael, The
constituent Chiral quark model revisited, Phys. Lett. B
703, 60 (2011).

[23] A.W. Thomas, Chiral extrapolation of hadronic observ-
ables, Nucl. Phys. B, Proc. Suppl. 119, 50 (2003); R.D.
Young, D. B. Leinweber, and A. W. Thomas, Convergence
of chiral effective field theory, Prog. Part. Nucl. Phys. 50,
399 (2003), and references therein.

[24] R. Petronzio, S. Simula, and G. Ricco, Possible evidence
of extended objects inside the proton, Phys. Rev. D 67,
094004 (2003); Erratum, Phys. Rev. D 68, 099901(E)
(2003).

[25] F. L. Braghin, Quark and pion effective couplings from
polarization effects, Eur. Phys. J. A 52, 134 (2016).

[26] F.L. Braghin, Low energy constituent quark and pion
effective couplings in a weak external magnetic field,
Eur. Phys. J. A 54, 45 (2018).

[27] C. Downum, T. Barnes, J. R. Stone, and E.S. Swanson,
Nucleon-meson coupling constants and form factors in the
quark model, Phys. Lett. B 638, 455 (2006).

[28] F. L. Braghin, Light vector and axial mesons effective
couplings to constituent quarks, Phys. Rev. D 97, 054025
(2018).

[29] F. L. Braghin, Constituent quark-light vector mesons effec-
tive couplings in a weak background magnetic field, Phys.
Rev. D 97, 014022 (2018).

[30] Y. B. Yang, J. Liang, Yu-J. Bi, Y. Chen, T. Draper, K. F. Liu,
and Z. Liu, Proton Mass Decomposition from the QCD
Energy Momentum Tensor, Phys. Rev. Lett. 121, 212001
(2018), and references therein.

[31] J. M. Cornwall, Entropy, confinement, and chiral symmetry
breaking, Phys. Rev. D 83, 076001 (2011).

[32] P. Maris and P.C. Tandy, Bethe-Salpeter study of vector
meson masses and decay constants, Phys. Rev. C 60,
055214 (1999).

[33] C.D. Roberts, R. T. Cahill, and J. Praschifka, The effective
action for the goldstone modes in a global colour symmetry
model of QCD, Ann. Phys. (N.Y.) 188, 20 (1988).

[34] D. Ebert, H. Reinhardt, and M. K. Volkov, Effective
hadron theory of QCD, Prog. Part. Nucl. Phys. 33, 1
(1994).

[35] D. Binosi, L. Chang, J. Papavassiliou, and C.D. Roberts,
Bridging a gap between continuum-QCD and ab initio
predictions of hadron observables, Phys. Lett. B 742, 183
(2015), and references therein.

[36] K.-I. Kondo, Abelian-projected effective gauge theory of
QCD with asymptotic freedom and quark confinement,
Phys. Rev. D 57, 7467 (1998).

[37] K. Higashijima, Dynamical chiral-symmetry breaking,
Phys. Rev. D 29, 1228 (1984).

[38] B. Holdom, Approaching low-energy QCD with a gauged,
nonlocal, constituent-quark model, Phys. Rev. D 45, 2534
(1992).

[39] Q. Wang, Y.-P. Kuang, X.-L. Wang, and M. Xiao, Deriva-
tion of the effective chiral Lagrangian for pseudoscalar
mesons from QCD, Phys. Rev. D 61, 054011 (2000); K.
Ren, H.-F. Fu, and Q. Wang, Derivation of the effective
chiral Lagrangian for pseudoscalar, scalar, vector, and
axial-vector mesons from QCD, Phys. Rev. D 95, 074012
(2017).

[40] F. L. Braghin, SU(2) low energy quark effective couplings in
weak external magnetic field, Phys. Rev. D 94, 074030
(2016).

[41] L. F. Abbott, Introduction to the background field method,
Acta Phys. Pol. B 13, 33 (1982).

[42] S. Weinberg, The Quantum Theory of Fields (Cambridge
University Press, Cambridge, England, 1996), Vol. 2.

[43] J.C. Bloch, C.D. Roberts, and S. M. Schmidt, Selected
nucleon form factors and a composite scalar diquark, Phys.
Rev. C 61, 065207 (2000).

[44] C. Chen, B. El-Bennich, C.D. Roberts, S. M. Schmidt, J.
Segovia, and S. Wan, Structure of the nucleon’s low-lying
excitations, Phys. Rev. D 97, 034016 (2018).

[45] S. Sasaki and T. Yamazaki, Nucleon form factors from
quenched lattice QCD with domain wall fermions, Phys.
Rev. D 78, 014510 (2008).

014001-13


https://doi.org/10.1103/RevModPhys.80.731
https://doi.org/10.1103/PhysRevD.79.114505
https://doi.org/10.1103/PhysRevD.79.114505
https://doi.org/10.22323/1.214.0001
https://doi.org/10.22323/1.214.0001
http://arXiv.org/abs/1411.0078
https://doi.org/10.1016/0146-6410(91)90005-9
https://doi.org/10.1016/0146-6410(91)90005-9
https://doi.org/10.1007/JHEP06(2012)063
https://doi.org/10.1103/PhysRevD.94.014001
https://doi.org/10.1103/PhysRevD.94.014001
https://doi.org/10.1140/epja/i2012-12009-6
https://doi.org/10.1088/0954-3899/28/1/201
https://doi.org/10.1103/PhysRevD.82.094502
https://doi.org/10.1103/PhysRevD.82.094502
https://doi.org/10.1103/PhysRevD.83.045010
https://doi.org/10.1103/PhysRevD.96.054507
https://doi.org/10.1103/PhysRevD.96.054507
https://doi.org/10.1126/science.aah6677
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevLett.105.261601
https://doi.org/10.1016/S0370-1573(96)00019-1
https://doi.org/10.1016/j.physletb.2011.07.046
https://doi.org/10.1016/j.physletb.2011.07.046
https://doi.org/10.1016/S0920-5632(03)01492-0
https://doi.org/10.1016/S0146-6410(03)00034-6
https://doi.org/10.1016/S0146-6410(03)00034-6
https://doi.org/10.1103/PhysRevD.67.094004
https://doi.org/10.1103/PhysRevD.67.094004
https://doi.org/10.1103/PhysRevD.68.099901
https://doi.org/10.1103/PhysRevD.68.099901
https://doi.org/10.1140/epja/i2016-16134-x
https://doi.org/10.1140/epja/i2018-12485-6
https://doi.org/10.1016/j.physletb.2006.05.084
https://doi.org/10.1103/PhysRevD.97.054025
https://doi.org/10.1103/PhysRevD.97.054025
https://doi.org/10.1103/PhysRevD.97.014022
https://doi.org/10.1103/PhysRevD.97.014022
https://doi.org/10.1103/PhysRevLett.121.212001
https://doi.org/10.1103/PhysRevLett.121.212001
https://doi.org/10.1103/PhysRevD.83.076001
https://doi.org/10.1103/PhysRevC.60.055214
https://doi.org/10.1103/PhysRevC.60.055214
https://doi.org/10.1016/0003-4916(88)90090-5
https://doi.org/10.1016/0146-6410(94)90043-4
https://doi.org/10.1016/0146-6410(94)90043-4
https://doi.org/10.1016/j.physletb.2015.01.031
https://doi.org/10.1016/j.physletb.2015.01.031
https://doi.org/10.1103/PhysRevD.57.7467
https://doi.org/10.1103/PhysRevD.29.1228
https://doi.org/10.1103/PhysRevD.45.2534
https://doi.org/10.1103/PhysRevD.45.2534
https://doi.org/10.1103/PhysRevD.61.054011
https://doi.org/10.1103/PhysRevD.95.074012
https://doi.org/10.1103/PhysRevD.95.074012
https://doi.org/10.1103/PhysRevD.94.074030
https://doi.org/10.1103/PhysRevD.94.074030
https://doi.org/10.1103/PhysRevC.61.065207
https://doi.org/10.1103/PhysRevC.61.065207
https://doi.org/10.1103/PhysRevD.97.034016
https://doi.org/10.1103/PhysRevD.78.014510
https://doi.org/10.1103/PhysRevD.78.014510

FABIO L. BRAGHIN

PHYS. REV. D 99, 014001 (2019)

[46] R. Gupta, Y.-C. Jang, H.-W. Lin, B. Yoon, and T.
Bhattacharya, Axial-vector form factors of the nucleon
from lattice QCD, Phys. Rev. D 96, 114503 (2017);
Y.-C. Jang, T. Bhattacharya, R. Gupta, H.-W. Lin, and B.
Yoon, Nucleon axial and electromagnetic form factors, EPJ
Web Conf. 175, 06033 (2018).

[47] V. Gulpers, G. von Hippel, and H. Wittig, The scalar radius
of the pion from lattice QCD in the continuum limit, Eur.
Phys. J. A 51, 158 (2015).

[48] P. Maris and P.C. Tandy, The quark-photon vertex
and the pion charge radius, Phys. Rev. C 61, 045202
(2000).

014001-14


https://doi.org/10.1103/PhysRevD.96.114503
https://doi.org/10.1051/epjconf/201817506033
https://doi.org/10.1051/epjconf/201817506033
https://doi.org/10.1140/epja/i2015-15158-0
https://doi.org/10.1140/epja/i2015-15158-0
https://doi.org/10.1103/PhysRevC.61.045202
https://doi.org/10.1103/PhysRevC.61.045202

