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A symmetry-preserving treatment of mesons, within a Dyson-Schwinger and Bethe-Salpeter equations
approach, demands an interconnection between the kernels of the quark gap equation and meson Bethe-
Salpeter equation. Appealing to those symmetries expressed by the vector and axial-vector Ward-Green-
Takahashi identitiges (WGTTI), we construct a two-body Bethe-Salpeter kernel and study its implications in
the vector channel; particularly, we analyze the structure of the quark-photon vertex, which explicitly
develops a vector meson pole in the timelike axis and the quark anomlaous magnetic moment term, as well
as a variety of p meson properties: mass and decay constants, electromagnetic form factors, and valence-

quark distribution amplitudes.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is regarded as the
underlying theory of the nuclear strong interactions, and
so hadron physics. Even though its Lagrangian is appa-
rently simple, high-level complexity phenomena take
place, such as quark-gluon confinement and the emergence
of hadron masses (EHM) [1]. The Dyson-Schwinger
equations (DSE) formalism has proven to be a very
robust approach to QCD in the continuum [2,3], capable
of taming its nonperturbative character. Supplemented
by the bound-state Bethe-Salpeter (BS) and Faddeev
equations [4,5], the DSE formalism becomes an ideal
platform for the calculation of hadron masses and several
structural properties; see, for example Refs. [6-9]. The
derivation of QCD’s DSEs do not require any assumptions
on the running coupling, therefore, both perturbative and
nonperturbative facets of the strong interactions can be
addressed within this formalism. At the same time, the DSE
approach is not restricted to a certain domain of current
quark masses [9-12]. Moreover, hadron observables can be
traced down to fundamental pieces, namely propagators
and vertices, hence maintaining a clear connection to
QCD’s fundamental degrees of freedom, quarks and gluons
[13—16]. The structure of the DSEs is such that any n-point
Green function is related to at least one higher order
function, therefore yielding an infinite set of coupled

fxingzb @mail.nankai.edu.cn
_l_khepani @nankai.edu.cn
*leichang @nankai.edu.cn

2470-0010/2021/104(5)/054038(13)

054038-1

integral equations [2]. In order to arrive at a tractable
problem, a sensible truncation is needed; thus, system-
aticity and symmetry principles become imperative
[17-19]. Historically, Ward-Green-Takahashi identities
(WGTI) [20-22] have been crucial in symmetry-preserving
studies of hadron properties. Such relations ensure, among
other things, current-conservation and the appearance of
Goldstones modes in connection with dynamical chiral
symmetry breaking (DCSB) [18,19]. Furthermore, WGTI
impose relationships between propagators and vertices, as
well as constraints between the kernels of the one-body and
two-body problems [23,24]. Nevertheless, the mathemati-
cal form of the one-body and two-body kernels (quark self
energy and BS equation kernels), which satisfy such
consistency relations, is not always unique [25]. Taking
advantage of this fact, we derive a modified version of the
so called rainbow-ladder (RL) truncation. Subsequently,
within a contact interaction (CI) model, we analyze its
impact on the structure of the quark-photon vertex (QPV)
and p meson properties, as derived from their correspond-
ing Bethe-Salpeter equations. More precisely, we shall
expose how, in addition to the p meson pole in the timelike
axis, the structure of the QPV develops an anomalous
magnetic moment (AMM) term. It is known that DCSB
generates an anomalous chromonagnetic moment (ACM)
for dressed light-quarks, which is large at infrared momenta
and generates an electromagnetic moment with commen-
surate size but opposite sign [26,27]. Thus, it is a highly
desirable feature for the QPYV, exhibited quite transparently
in our present approach. Its impact on the structural
properties of hadrons is put in manifest when studying
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electromagnetic form factors (EFF): while the elastic EFF
of spin-0 mesons is unaltered by the AMM piece, the latter
displays from mild to notorious impact on EFF involving
spin-1 mesons (and baryons as well) [28-30].

The manuscript is organized as follows: Sec. II intro-
duces aspects of constructing symmetry-preserving
truncations of quark DSE and meson BS equation, based
upon vector and axial-vector WGTTIs. In Sec. III, we present
the CI model within the RL truncation and its modified
version (MRL). The mass spectrum of light-mesons {z,p}
is included to compare and contrast. Section [V focuses on
the derivation and structure of the QPV. Subsequent sec-
tions capitalize on p meson structural properties: EFFs of
the p meson are discussed in Sec. V, while its valence-quark
distribution amplitudes (PDAs) are derived in Sec. VI
Conclusions and final remarks are presented in Sec. VIL.

II. SYMMETRY-PRESERVING TRUNCATIONS

Within the DSE approach, the properties of valence
quark/antiquark bound-states are encoded within solutions
of its BS equation. Mesons appear as poles in the
corresponding inhomogeneous BS equation [23,24], which
takes the form [23,24]:

Tu(p; P) =7H+/K(2>(q,p;P))m(q;P), (1)

where yy(q;P) = S(q,)T'y(q; P)S(q_) denotes the BS
wave function, such that: T'y(q; P) corresponds to the
BS amplitude of a meson H, whose specific structure in
terms of Dirac matrices depends on its quantum numbers;
S(g*) represent the quark and antiquark propagators.
The two particle irreducible quark/antiquark scattering
kernel is denoted by K(®)(gq, p;P); and 7, as the BS
amplitude, is defined by a specific combination of Dirac
matrices that specify the JPC channel (75 =y, for the
vector vertex and yy = ysy, for the axial-vector vertex).
Herein, we use the notation f g to refer to four dimensional
Euclidean integral, regularized in a Poincaré covariant
manner. Finally, the kinematics is defined as follows:
P is the total momentum of the quark/antiquark system;
g.=q+nP and qg_=gq-(1-n)P, with n€]0,1]
defining the relative momentum (in a Poincaré covariant
framework, no single observable depends on 7). The fully
dressed quark propagator obeys a DSE of the form:

57(p) =[SO (p)] ! + / KV(g. p)S(a).  (2)

where S©(p) = [iy - p +m"™]~! corresponds to the bare
quark propagator, with a Lagrangian current quark mass
m®™, and K(V(q, p) the one-body kernel. The above
equation is often referred to as gap equation. In both
Egs. (1), (2), and throughout the rest of the manuscript, we

suppress all remormalization constants, as well as color and
flavor indices, for notational convenience.
As has been pointed out in the Introduction, a practical

way to construct and relate K(!) and K®, relies upon
WGTTIs. The chiral limit vector and axial vector WGTIs
take the form:

iP,T, (ki P) = S~ (k,) — S~ (_). (3)
P,Ts, (ks P) = S7'(ky)iys + iysS™' (k_), (4)

where I', and I's,, are the vector and axial-vector vertices.
Now consider the gap equation in QCD [2]:

57(9) = SO + 38 [ Dulp - 1 S@Ep.0)
)

where g is the Lagrangian coupling constant; D, and ',
are the fully dressed gluon propagator and quark-gluon
vertex (QGV), respectively. Thus we can identify

KW(q.p) = ggzD,w(p -q)7, ®T,(q.p). (6)

If we restrain ourselves to the tree-level QGV I'), — v,
hence neglecting all the rich structure that the fully-dressed
vertex might have [27,31,32], and replace the gluon pro-
pagator by an effective one, D, — D;ff to compensate the
missing pieces in I', [33,34], the one-body kernel becomes

4 -
K(l)(q7 p) = ggzDﬁg(p - q)yy ® Yu- (7)

The two-body kernel K2 can be obtained by combining
Egs. (1)-(4) and Eq. (7), which yields

/ K@) (q. p: P)[S(q4) — S(q_)]

q

=~ | D= iS00 - Sta .

/ K (q.p; P)[S(q4)rs +758(q-)]

=3 | D= anlSta.rs £ 7sSta e O

Then the simplest choice that satisfies the vector and axial-
vector WGTIs symmetry constraints is

4
K®(q.p;P) = =30 (P =91, ®r, = -KW(q,p;P).
(10)
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Such kernels define the RL truncation: K(!) refers to the
rainbow part, while K® corresponds to the ladder piece.
Notably, this simple choice is sufficient to ensure the
appearance of pions as Goldstone bosons of DCSB
[18,19], while also being a sensible approximation to
compute its structural properties [13,14,35].

It is worth pointing out that the solution to Egs. (8)—(9) is
not unique. In fact, given the rainbow approximation for the
one body problem, it is possible to derive a fully consistent
symmetry-preserving two body kernel that extends beyond
the RL truncation, as it is discussed in Refs. [25,36]. In
addition to the ladder part, other terms of the form

K% (q.p;P) =D/(q.p)T(q.p) ® T;(q. p)F(q. p).

(11)

can be added to the two-body kernel [37]. Herein, F/
are Lorentz invariant scalar functions, l~“j are different
combinations of Dirac matrices, and D/ are tensor struc-

tures that might be needed to contract Lorentz indices.
The particular choices fj(q,p) = {I, y5,i/\/60,w} and
D/(p.q)F/(p,q) — ED, the latter being reduced to a
simple constant, preserve the consistency constraints and
so Egs. (8)—(9). Thus, the inhomogeneous BS equation
becomes

. 4 .
Cy(q;P) =¥u — 592 / DM (p — q)vxu(q: P)r,
q

L eb / T u(g: PE, (12)
q

The product £D sets the strength of the nonladder (NL)
term. In the next section we shall discuss about the
truncation herein derived, Eq. (12), within a vector-vector
symmetry-preserving contact interaction (CI) model of
QCD [28,38,39].

III. CONTACT INTERACTION MODEL

Let us recall the quark gap equation in the RL truncation:
4
5p) = SO +5 [ PP - anS@n. (13
q

Clearly, the quark DSE decouples from the QGV and
gluon DSEs. The only remaining ingredient is D5 (p — ¢),
the effective gluon propagator. This piece is supposed to
compensate for all the missing pieces in the QGV [33,34],
often requiring an artificial enhancement in the infrared
[32]. Thus we appeal to the illustrative CI model introduced

in Refs. [38,39],

1
gszg(p - q) - —zéyw (14)
mg

where mg = 0.132 GeV is an infrared mass scale. Besides
preserving the relevant symmetries, the CI model typically
yields semialgebraic expressions and captures the non-
perturbative traits of QCD [28,38,39]. In addition, the CI
model produces sensible results for the hadron mass
spectrum [40—43], including tetraquarks [44], while also
providing crucial benchmarks for many hadron structural
properties [28-30,45-48]. The following sections are
dedicated to illustrate some of the implications of the
gluon model Ansatz from Eq. (14), in the RL and MRL
truncations.

A. Contact interaction in RL truncation

In the CI model, the DSE for the quark propagator adopts
the form

571(p) = (SO (p))! +% / S@re (15)

while the homogeneous meson BS equation is written as

Cy(p:P) = —4/Wy(q;P)m- (16)

2
3mg Jg

As it can be noticed, Eq. (15) possesses a quadratic
divergence. A general solution adopts the form S~!(p) =
iy - p + M, which exhibits a momentum independent mass
function, M. The gap equation thus becomes

M )
M=ty [T (17)
0

s———.
3nim% s + M?

Following standard literature, [38,49], we then perform a
proper time regularization':

1 © _ M2 i _ M2
— = dre™ M) dre™"HMY) - (18)
S + M 2 0 2
uv

The mass scale Ak = 1/7g = 0.24 GeV guarantees con-
finement by ensuring the absence of quark production
thresholds, while Ayy = 1/7yy = 0.905 GeV represents
an ultraviolet cutoff, setting the scale of all dimensioned
quantities because the theory is non renormalizable.
Therefore, the mass function can be obtained by solving

M=m+ Ci(M?), (19)

2,2
3r mg

'A substraction scheme is also possible, as illustrated in
Ref. [50].
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Ciu (MZ)
M2

=I(=1, M%) = T(=1,M%z%), (20)
where I'(a, z) is the incomplete Gamma function.

Concerning the meson BS equation in the CI, Eq. (16), it
is clear that a dependence on the relative momentum is
forbidden by the interaction. Then, the pseudoscalar and
vector meson BS amplitudes adopt the form

O (P) = s | iEo- (P) + - DR (P)| . (21)

I (P) = yTE,-(P) +

M m/P Fl (P) (22)

where y,f =Y —’;—fPﬂ. In a RL treatment of the CI,

F-(P) = 0 (an analogous result holds for the axial-vector
meson). Appealing to the WGTIs from Egs. (3), (4), and
contracting with P, one arrives at the chiral limit identities
(P2 =0=-m3):

M [ [ 1 ]
S 3m )y P+ M (q— P+ M)
P-q P-(¢g-P)
0= - , 23
/q[unz (¢ —P)*+M? )

which must be satisfied even after regularization, therefore
imposing

16M 1

- 3mg J, ¢* + M? (24)
<+ M
o= [ Gimr 25)

Notice that Eq. (24) is merely the chiral-limit gap
equation, whereas Eq. (25) entails that the axial-vector
WGTI is satisfied if, and only if, the model is regularized
so as to ensure there are no quadratic or logarithmic
divergences [39].

B. Contact interaction in modified RL

Let us now consider the BS equation in the MRL
truncation, Eq. (12). Supplemented by the effective gluon
in the CI model, Eq. (14), and setting D = 4/3mZ, the
modified homogeneous BS equation becomes

4

Cu(P) = =5z / e (P)yy — o (P)E)). (26)

where we have made evident the momentum-independent
nature of the BS amplitude and quark mass function.

Recalling that F = {Lys.i/V6c w) and  performing

Fierz transformatioon, it can be shown that the NL
term, the one proportional to &£, can be rewritten as
16usttp|0,sxn(P)] and does not contribute in the case of
pseudoscalar and axial-vector mesons; it impacts, however,
the vector meson case. Particularly, the F|-(P) BS ampli-
tude in Eq. (22) is no longer zero. This is a crucial
difference with respect to the well known CI-RL truncation,
which is clearly recovered in the limit case £ = 0.

The BS equation can be recast into an eigenvalue
equation by finding proper projectors that decouple
E,- and F- in Eq. (22), such that Eq. (26) yields

Fi-(P) 3w°mg | Ky Kppl LF-(P)]
where the integration kernels, K ij = 37%m IC, j» are
written as
_ ~ P2
Kbe ==PI(P). Kb =-=1(P). (28)

Ko =ne (). Kty = (10 = 117, (29

the integrals:

1 ! i

HO) = gy [ el 0%). (30)
7 1 ! i
1(Q%) = W/) daa(1 — a)Ct(w(M?, a, 0%),  (31)
the argument w(M? a, P?):=M?+a(l —a)P?> and,
finally,

2M?%¢ _ d
re= M B = )

Physical solutions of Eq. (27) are only valid for discrete
values of P> = —m3. The smallest P? that satisfies the
eigenvalue equation yields the ground-state meson mass.
To produce other physical observables, the BS amplitudes
must be canonically normalized, according to the condition

1=2n, E trp [I LKIS@N(K)Sg=P)|

(32)

Computing the vector meson leptonic decay constant,
and its tensor counter part, is straightforward from the
expressions

fome =5 [ wonSans@-p). - G3)
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TABLE I. CI model results in the RL and MRL truncations.
The model parameters: mg = 0.132 GeV, Ayy = 0.905 GeV,
Ar = 0.240 GeV and & = 0.6. The current quark mass is set to
m =m,;q =7 MeV, which yields M = 0.368 GeV.

My [z me m, f,  fy E, F,

CI-RL  0.140 0.101 1.08 0.929 0.129 0.133 1.531 -
CI-MRL 0.140 0.101 1.08 0.770 0.125 0.134 1.230 0.503

N,
rimt =% [ aups@nsa-r. (4
q

The computed masses and decay constants of z and p
mesons, as well as the mass of the axial-vector a; meson,
are collected in Table I, in both RL and MRL truncations.
The parameter £ = 0.6 has been tuned to produce m, =
0.770 GeV, as compared with m, = 0.929 GeV, obtained
in the CI-RL; on the other hand, the decay constants barely
change with varying £. Canonically normalized BS ampli-
tudes of the p meson are listed in Table I as well. To
compute 7 and a; listed properties we have followed
standard literature, e.g., [39,43,51]

Since the NL term in the BS kernel does not contribute in
the pseudoscalar and axial-vector channels, the static
properties of z and a@; mesons remain unchanged.
Subsequently, the mass of the a; meson is independent
of &, thus fixed by its CI-RL value m, = 1.08 GeV. Under
such circumstances, the a; — p mass splitting is completely
determined by the computed value of m,, such that m, —
m, = 0.151 GeV in the CI-RL truncation and m, —m, =
0.310 GeV in the CI-MRL case. Experimentally, one
would expect m, —m, = 0.455 GeV [52]. The latter
might be obtained by doubling our preferred value of
¢ — 2£ = 1.2, in such a way that m, = 0.625 GeV, which
is at some extent undesirable. One should rather focus on
the failure of the RL and MRL truncations to describe the
a; meson. The dressed quark ACM, enhanced by DCSB,
produces a increased spin-orbit (SO) repulsion in the case
of # = 1 mesons [16,24,26]. In neither case, RL nor MRL,
the ACM term has been incorporated; as a consequence,
m,, is visibly underestimated. Often in CI model literature
[40,43,53], SO repulsion is mimicked by attaching a
multiplicative factor g, to the RL kernel in the correspond-
ing channels, tuned as g,, = 0.24 to produce the empirical
a; — p mass splitting. With the p meson mass computed in
the CI-MRL truncation, g, =~ 1/2 yields the value m, —
m, =~ 0.45 GeV. A more rigorous treatment of the a,
meson is under investigation.

IV. QUARK-PHOTON VERTEX IN MODIFIED RL

The quark-photon vertex in the CI-MRL satisfies the
inhomogeneous BS equation

MO =150 / 7eS(@)T,(Q)S(q — Q)74
+ % ['S(q)T,(0)S(q - Q)T (35)

A general solution of Eq. (35) admits a decomposition in
terms of 3 tensor structures, namely:

[.(Q) = Vi(Q*)rf + Vo (Q*)rh + V(07

00 0,0
L _ T T _ ! A _ Owly
Yu =Vu = Vu Yu =Vu— 02 LT

(36)

This simplicity is due to the momentum independent nature
of the CI model. By solving Eq. (35), plainly one obtains
that the longitudinal piece is simply

Vi(Q?) =PL(Q%) = L, (37)
while the transverse dressing functions are expressed as
_ > P 17
2\ _ 1()2 =z
V2(Q ) - PT (Q >+’75 2 l—ﬂgi(Q2> ’ (38)
1(Q%)
V4(02) = e : . (39)
P - (@) + S P ()
where P (Q?) = [1 + Q*1(Q?)]', and
- 0% .
1(0%) = 1(0%) — 5 1(0%). (40)

The V,(Q?) dressing function produces a timelike vector
meson pole at Q* = —m3, while V3(Q?) can be regarded as
a profile function for the anomalous magnetic moment
term, yﬁ. Notably, in the 0? - 0 limit, the fully dressed
QPV becomes

2_—»0 6;41/QD< 21151(0) >
1 >

v 0
LW(Q)"="r.+ M —n:1(0) (41)

such that, with the parameters listed in Table I, one gets

o 2L(0) N\
CvmL = <71 o (0)> ~0.19. (42)

The automatic incorporation of the AMM piece to the
QPYV, via inhomogeneous BS equation, is a desirable
feature of the MRL truncation. The CI model plainly
exposes it. This characteristic is not present in the RL
approximation [26], and so in the CI-RL case; the latter
corresponding to the case £ = 0, which implies V,(Q?) =
P;(Q% and V3(Q?) =0 [39,51]. Within the CI-RL

054038-5



ZANBIN XING, KHEPANI RAYA, and LEI CHANG

PHYS. REV. D 104, 054038 (2021)

approach, the AMM term is typically added by hand, such
that the behavior of V5(Q?) is modeled according to the
exponential Ansatz [28-30]:

VSIRL(Q2) = gCIT_m‘exp[—Q2/(4M2)]v (43)

where (gp. € [0,0.5] is a strength parameter, fully compat-
ible with {1, & 0.19. Thus, when dealing with the CI-RL
truncation, we modify the QPV to account for the AMM,
such that

RL
I = yk +yEPr(Q%) +7aVSRH(0?).  (44)

The vertex dressing V,(Q?) is compared with its CI-RL
counterpart, P;(Q?), in the upper panel of Fig. 1. The
presence of the vector meson pole at Q> = —m? is a natural

P
2.0
15
Q10
X
0.5
= CI-MRL
--  CI-RL
0.0
0 2 4 6 8 10
Q@ [GeV?]
0.25 T .
= CI-MRL
0.20 — CI-RL
0.15
1‘2 0.10
N
0.05
0.00
-0.05
0 2 4 6 8 10
@? [GeV?]
FIG. 1. Quark-photon vertex dressing functions as obtained

from Eqgs. (36)—(39). The upper panel displays the dressing
function V,, associated with the p meson pole. Vertical grid lines
indicate the location of the poles, Q> = —m3, such that m, =
0.929 GeV in CI-RL and m, = 0.770 GeV in CI-MRL. Notably,
V,(0%) = P;(Q?) in the CI-RL case. The lower panel depicts
the dressing of the AMM piece of the QPV. Strictly speaking,
the CI-RL case implies V3(Q?) = 0; therefore, the Gaussian
Ansatz from Eq. (43) and Refs. [28-30] is displayed instead

(Ccr-rL = cr-mrL = 0.19).

artifact of the RL truncation when obtaining the QPV
through its corresponding BS equation [54-57]. It is then
expected that electromagnetic form factors, in the vicinity
of Q? =0, be affected by the p pole (for instance, it
influences the associated charge radius) [58]; but the effects
should be otherwise immaterial at large spacelike momenta
[13,58]. The Q? profiles of the AMM dressing functions, in
both truncations, are displayed in the lower panel of Fig. 1.
It is clear that V5(Q?) enhances the strength of the QPV in
the low Q2 domain, and its contribution vanishes as Q>
grows; the CI-MRL case is power-law suppressed, in
contrast with the Gaussian Ansatz in Eq. (43). In any case,
the enhancement-damping patterns manifest in electromag-
netic form factors involving spin-1 mesons, but are strictly
ruled out in elastic form factors of spin-0 mesons [28-30].

Finally, it is worth noticing that the QPV defined through
Egs. (36), (39) exhibits the correct asymptotic limit, i.e.,
I,(Q) - 7, as Q* — oo; therefore exposing that a dressed
quark becomes pointlike for a large-Q? probe [59]. In the
next section, we study the p meson elastic EFF, capitalizing
on how it is affected by the anomalous magnetic moment.

V. ELECTROMAGNETIC FORM FACTORS

The coupling of a photon to a 1~ meson is characterized
by three elastic form factors, such that the yp vertex can be
expressed as [51]:

Mw(K.Q) =3 "TY (K.Q)F,(Q%)  (45)

=

T{h, (K. Q) = 2K,PL(pi) PL(py).
0

10,6.0) = |0, - ri 2| PLiry)

p

f Q2 T
- [Qy +pu 2m,2j P(pi),  (46)
(3) K; ; 0° 5 0?
k.0 =40t 04l 90

The kinematic variables are defined as follows: p’ = K —
Q/2 and p/ = K + Q/2 denote the incoming and out-
going meson momenta, respectively, and Q is the photon
momentum; the on-shell conditions, p? = p% = —m2,
impose K - Q =0, K* = —m3 — 0*/4; and, as explained
elsewhere [51], a symmetry-preserving treatment demands
the WGTTIs:

p/l;A/L/w = pIJjA/L;w = Q/IA/l,/w =0.

In the impulse approximation [60], meson EFFs are
completely described in terms of quark propagators, BS
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amplitudes and the QPV. Particularly, the elastic form
factor of the p meson reads

Aﬂ,ﬂv(Q2> = 2thr / [Fl[j(_pf)s<q + Pf)
x il(0)S(q + pi)T(pi)S(q)].  (48)

where I, is the BS amplitude and I}(Q) is the QPV. Form
factors are obtained from Egs. (45), (46), (48), choosing
appropriate projectors that decouple them from A; ,,. The
particular expressions for F;(Q?) are shown explicitly in
Appendix A. It turns out convenient to relate the form
factors F j(Qz) with the electric, magnetic and quadrupole
form factors, respectively

Gr(0?) = F1 (%) + 2L G,(0?)
E ! 34M% O

Q%) = ~F(0?).
Go(0?) = F1(Q2) + Fo(Q%) + F5(Q) [1 n

QZ
4M,2,] '
(49)

Naturally, the Q% — 0 limit defines the charge, magnetic
and quadrupole moments:

Gg(Q* - 0) =1,
GM(Q2 - 0) = Hps
GQ(Q2 -0)=Q,. (50)

The computed form factors are depicted in Fig. 2. The
electric form factor G exhibits a zero and remains negative
thereafter. For the CI-MRL truncation, the zero is located at

3
- G(@)
2 - Gu(@)
= Go(¥)
N§ 1
&
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-1
0 2 4 6 8 10
Q® [GeV?]
FIG.2. pmeson form factors. From top to bottom: Gy, Gg, Gy.

Solid thick lines are the results obtained in the CI-MRL
truncation, whereas the dotted lines are their analogous in the
CI-RL approach [51].

1.0
0.8 [}
0.6

0.4

Ge(QP)

0.2

0.0

-0.2

0 2 4 6 8 10
@? [GeV?

FIG. 3. p meson electric form factor. Solid thick line corre-
sponds to the CI-MRL result, whereas the dotted line depicts the
CI-RL computation. We have included the DSE prediction from
Ref. [61], which employs a RL approximation with a sophisti-
cated gluon model. The large Q? behavior of the CI results is
visibly harder.

0% ~1.96 GeV?, while the CI-RL exhibits a zero at
0? ~5 GeV?. This crossing was predicted by the DSE-
BS approach from Ref. [61], although at Q% ~ 6 GeV>.
Figure 3 compares all of those calculations. Notably,
although showing a steep drop toward its zero crossing,
the CI-MRL result is in keen agreement with that produced
in Ref. [61] at small momentum; the CI-RL shows a slower
fall due to the larger value of m,,. As Q? increases, CI form
factors are evidently harder, as a consequence of the
limitations of the CI model (momentum independent mass
function and BS amplitudes). The magnetic form factor
Gy, also displayed in Fig. 4, turns out to be positive
definite and monotonically decreasing, and quite similar in
both truncations on the domain shown. The largest differ-
ence is appreciated at low Q2. This can be attributed to the

= CI-MRL
RN == CI-RL (¢ = 0)
-~ CI-RL({ =0.19)
—_ 1 [
i)
G 05
0.2}
0.1
0 2 4 6 8 10

@? [GeV?

FIG. 4. p meson magnetic form factor. Solid thick line
corresponds to the CI-MRL result. For the CI-RL case, we have
employed the QPV Ansatz from Egs. (43), (44). With the strength
parameter set to {ci_rp = Ccr-mrr = 0.19 in such case, the
resemblance to the CI-MRL result is striking.
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TABLE II. p meson static properties, as obtained from its
elastic electromagnetic form factors. The CI-RL results match
those from Ref. [51]. In our current framework, it corresponds to
the £ = 0 limit of the CI-MRL truncation. For comparison, we
have included novel DSE results from [61]. Additionally, Lattice
QCD [62] predicts u, = 2.21(8) and rz = 0.82(4) fm, and the

structureless meson limit dictates y, =2 and Q, = —1.
CI-MRL CI-RL DSE
rg/fm 0.692 0.561 0.72
ry/fm 0.603 0.515 0.69
ro/fm 0.612 0.512 -
rgm, 2.706 2.644 2.76
rym, 2.359 2.430 2.63
rom, 2.394 2414 -
Ky 2.500 2.110 2.01
Q —-0.327 —0.850 —-0.36

lack of AMM term in the QPV for the CI-RL truncation,
which enhances the value of G, in a vicinity of Q% = 0,
without altering the large Q? behavior. In Fig. 4 we also
observe that, if the AMM piece is included in the CI-RL
description, by using the vertex Ansatz from Egs. (43),
(44), magnetic form factors become even more similar. The
effects on G and G are immaterial and not shown. The
quadrupole form factor G, is negative and decreases in
magnitude as 0? increases; CI-MRL and CI-RL truncations
produce results with notorious different magnitudes.
Some static properties that can be read from the form
factors are collected in Table II, namely charge, magnetic
and quadrupole moments. For completeness, we have also
included the corresponding radii, as defined from

1 dG;(Q?)
Gi0) Q> |poy D

As can be inferred from Table II, the MRL truncation
produces results which are closer to those obtained from
using sophisticated gluon models [57,61] and lattice QCD
[62], whereas the CI-RL gives results closer to the
structureless meson limit. As explained before, the QPV
Ansatz from Egs. (43), (44) makes the CI-RL magnetic
form factor G,;(Q?) more similar to the CI-MRL case, and
therefore the static properties derived from there.

VI. DISTRIBUTION AMPLITUDES

To scrutinize a little further into the structure of the p
meson, and the effects of BS kernel truncation, we now
examine the so called valence-quark distribution ampli-
tudes. Particularly, let us consider two leading-twist dis-
tributions amplitudes of the p meson: ¢ (x) and ¢, (x).
Intuitively, those describe the light-front momentum carried
by the quark in a longitudinally or transversely polarized p,

[63]. In terms of quark propagators and BS amplitudes, the
distributions can be written as [64]:

n-Pf,p(x) =m,Ntr / 5y (q)y - nnyt(q; P),
q

1
F0.0) = =Nt [ Gi(a 0Ol a: P),

q

(52)

where 55 (q7) = 8(n- g — xn- P) and O, = 8,, + nyii, +
fign,; n is a lightlike four-vector such that n? =0,
n-P=-m, n is a conjugate lightlike four-vector,
72=0, n-n=-—1; and, with the above definitions,
Jo dxepy(x) = [§ dxep (x) = 1.

The PDAs can be derived from their corresponding
Mellin moments, (x") = [} dxx™¢(x). After evaluating
the Dirac trace, a series of algebraic manipulations involv-
ing Feynman parametrization, supplemented by the unique-
ness of Mellin moments, enable us to identify

1 N,
¢ (x) :]Tp@mp[zx(l - X)E- + Fy-]
X @ilu(a)(Mz,x, —m%)), (53)
1 N, 2.
qbl(x) = EWM[EI_ + <1 +%x(l —.X)>F]—:|
x C(w(M?, x, —mlz,)) (54)

The obtained PDAs are displayed in Fig. 5. Both
distributions manifest symmetry under the exchange
1 < 1 —x, which is expected in the isospin symmetric
limit m, = m,. The parallel distribution, ¢, is more
compressed with respect to its perpendicular counterpart,
an expect pattern from sophisticated momentum-dependent
interactions [64]. It is evident that the derived PDAs do not

2.0 -

-

- ¢,

0.0

0.0 0.2 0.4 0.6 0.8 1.0
X

FIG.5. pmeson PDAs. Computed distributions, Eq. (54), in the
CI-MRL truncation.
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2.0~

= CI-MRL

-~ CI-RL

0.0 >
0.0 0.2 0.4 0.6 0.8 1.0

2.0~

= CI-MRL
-- CI-RL

0.0

0.0 0.2 0.4 0.6 0.8 1.0
X

FIG. 6. p meson PDAs. Computed distributions, Eq. (54), in the
CI-RL and CI-MRL truncations. Notably, ¢ (x) in the CI-RL
exhibits soft endpoint behavior.

vanish at the endpoints, in contradiction with QCD pre-
scriptions [63—65]. The same occurs for the pion leading-
twist PDA in the CI model, for which ¢,(x) =1 in the
chiral limit [39]. Nonetheless, it is quite interesting that, in
the absence of the F, BS amplitude (the CI-RL case), the
distribution ¢ actually exhibits soft endpoint behavior.
This is in apparent contradiction with the observed patterns,
which is also well understood from Egs. (54) and drawn
in Fig. 6.

VII. CONCLUSIONS

Starting from the leading-order symmetry-preserving
RL truncation for the two-body problem, we have illus-
trated how, although the vector and axial-vector WGTIs
provide necessary consistency conditions to construct the
interrelated one body and two body kernels, these turn out
insufficient to determine the kernels in an unambigous
manner [25]. Particularly, we construct a two-body kernel
completely consistent with the aforementioned WGTTs that
includes NL terms. The MRL truncation lets unaltered the
pseudoscalar and axial-vector meson properties, but yields
some implications in the vector channel. This can be well

illustrated by employing the CI model described in Sec. II1.
Among other things, we have seen how solutions of the
QPV BS equations, using the MRL kernel, automatically
generate an anomalous magnetic moment term in the vertex
structure. This is in addition to the vector meson pole at
Q% = —m2, which is an artifact of the RL truncation [56].
In the presence of DCSB, a dressed light-quark possesses
a large anomalous electromagnetic moment [26,27].
Therefore, the automatic incorporation of such term is
an important outcome of the constructed two-body kernel
in MRL truncation. Immediate consequences are naturally
noted in the p meson properties. For instance, although the
produced decay constants are practically invariant under the
effects of the NL pieces we have introduced in the BS
kernel, the experimental mass of the p can be faithfully
obtained within the CI-MRL, in contrast with the CI-RL
approach which produces a larger value [51]. In some way,
the NL term of the two-body kernel mimics the effects of
the pion cloud effects, which correct the inflated masses
produced when they are not considered [66]; whether or not
our kernel is actually related to pion cloud effects is
currently under investigation. On another note, whereas
the CI-RL truncation yields static properties (as derived
from the corresponding EFF) closer to the structureless
meson limit, CI-MRL results are more compatible with
those obtained from more sophisticated approaches
[61,62]. Focusing on the magnetic form factor, we have
reinforced the importance of the AMM for a good descrip-
tion of vector mesons. Finally, we have derived the p meson
¢ (x) and ¢ (x) distribution amplitudes. The necessity of
employing a regularization scheme, and subsequently cut-
offs, to deal with the CI model, makes the PDAs not
vanishing at the endpoints. This is also observed in the pion
case: the chiral limit pseudoscalar yields ¢,(x) = 1 [39].
Interestingly, in the absence of the F, piece of the Bethe-
Salpeter amplitude (the CI-RL case), the distribution ¢ (x)
actually vanishes at the endpoints. Although it is an
expected behavior from QCD grounds, [64], it seems rather
incompatible with the pion result and the CI framework in
general. Having exposed some impacts of the two-body
kernel on the QPV structure and p meson properties, via
masses and decay constants, electromagnetic form factors
and distribution amplitudes, the question on its implications
on the distribution functions remains unanswered. This is
an aspect of the p meson structural properties that will
be addressed elsewhere. A similar study for the open flavor
case, in particular the Kaon sector, will be conducted
as well.
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APPENDIX: APPENDIX p FORM FACTORS

The vertex characterizing the elastic EFFs of the p meson is written in Eq. (46). With properly chosen projection
operators, the three form factors F;(Q?) are written, in general:

1 1-ul _. —.
Fi= [ [T awack@) + BoY@ (AD)
0 0

where Q(Ml,uz,Mz,Pz,Qz) = Pz(ul +M2)(M1 +M2— 1) +M1M2Q and CIH(Q) dagzclu( ) XIEE(QZ)E%—F
XEF(QY)E F. + X (Q?)F?, for X =A,Band i =1, 2, 3. Explicitly, we arrive at the following expressions for the
different pieces:

AFE(Q?) = {Q2< - Zi(fgf oDy () - 2V0)

AF(@) = s {avaie - E v}

Ao =15 {2 Z;WZ”ngzxm) Q)+ -+ V(07 (42)
Agt(07) = = s {H SN Ty 02 2l 4 1) a@) 4 4va(00) )

AEF(Q?) = { V.(0%) + 4m? (u1+u2M—21)+2u2Q2 3(Q2)}

A Q) = s { () - B v} (A3)

N, {(ul — up) (60mS + 32m3 0% + Tm20* + Q°)

2 -
Az (gr) = N s Vi) +4"5 v}
» P

0% + 4m;

£F (02 AmpQ*(uy — ) | oo
A () - s { S v
. 2(uy — uy) (20m3 + 4m20% + Q4 dm(uy —
ATF(07) =y {1 j;z((QT;mgéQ Q)VI(QZ)+MT(’Q(+H%VZ(QZ)} (a4)
BiE(0?)
N, {Q%ul — 15)(Q2 +2m2)
 4Ax? 8m2(Q2 + 4m/2,)

x [-M*(Q* + 3m§) + mz(”l +uy = 1)(9uy +9uy —2) + m,z;Qz((Ml —3)uy + 3(uy — uy 4 3u3) + uu, 0]V, (0?)

Jr%[MZ(Z —uy — uy) + mi(uy 4 uy — 1) (uy + uy) Buy + 3uy —4) + 3uyuy (uy + uy — 2)0?|V,(0%) — Q2V3(Q2)}
B (0%)
_ i\]frcz {_ 0*(u; — uiz’g/%QZ +2m2) V.(0%) - 8miy(uy + uy — 1) (2u; + 2u2:m1/2)) + 4m2 Q% (4uyuy + uy + uy) v,(0?)
O*((uy + uz)(mﬁ(ul +uy = 1)(3uy +§’1’;‘/122+ 2) + 3uyu Q%) — M*(uy + up +4)) V3(Q2)}
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F Q2>
e [0 (uy —up)(Q* + 2’”%)(—31"12 + m%(ul 4 uy = 1) (uy + uy +2) + uyu %) Vi(0%)
A 8M2(Q> + 4m2) !

+

[m%(m%(ul + iy = 2)(uy +up = D)y + uy) + Q*(=ujuy + 2ui(uy = 1) = (2+ uy)u3 + 2u3))
2M?

1
_E(mlz)(sul +3uy —4) +20%(u; + uy)) | V2(0?)

. Q> (=M? + my(uy + Mzﬂ;f)(”l + ) + uu 0%) V3(Q2)} (AS)

BEE(0%)
_ Nc { (ul - ul)
47> | Q* +4m;
X [=M?*(Q* +3mg) + miy(uy + up — 1) (Quy + up —2) + mzQ*(Tuy — 3)uy + 3(uy — 1)uy +3u3) + uu, 01V, (Q?)
+ [=(uy + D)M? + m3(uy + uy — 1) (3ui + 3uyuy + uy + 3up) + uy (3uy + 1)u, Q*|V,(0?)

+ [Zm%(ul + U, — 1)(2”1 + 2M2 + 1) + 21/!1(21/!2 + 1)Q2]V3(Q2)}
B (Q?)

N,

i {[2’713(“2 —un)]Vi(Q%) + [2(mp(2uf + uy (4uy = 3) + us (2uy = 3) = 1) + 2uu,0%)]V,(0?)

[—6m;f(ul + 1y — 1) (g + up) + m0*(—2uy + u3 (2 = Suy) + uy (7 — 6us)uy — 3(uy — 1)u3) — uyu, O
M2

+2m3(uy + uy — 3) + Q% (2u; + ”2)] V3(Q2)}

()
my(uy = ur) (=3M?* + mj(uy 4 uy = 1) (uy + uy +2) + w1, Q%) 2
M?(Q +4m2) i)
(= (g +2)M? + m3 (uy + uy — 1) Buyuy + 2uy + 3u3) + 3u;u30%) 5
V12(07)
2

(,

”2

.[;

+

M2
m[z)(_MZ + m%(ul + Uy — 1)]‘(41/21 —+ u + 1) + (l/ll + 1)M2Q2) V3(Q2)} (A6)

BFE(0?)
N [—(u— 1) (20m3 + 4m20* + Q%)
C 4n? 2m/2)(Q2 —|—4mg)2
X [=M?(Q* +3m3) + miy(uy + uy — 1) (Quy + up —2) +mQ*(Tuy — 3)uy + 3(uy — 1)uy +3u3) + uu, 04V, (0?)
2m§(M2(u1 —Uup) — m%(ul +uy — 1)(2(8uy + 1uy + uy(3u; —2) — 3u%) — w1, Q*(Tuy + up — 4)) V,(0%)
Q2+4m§ 2(0
4m 2(4m2(uy +uy — 1) + (2u; — 1)0?) 5
Q2+4m§ V3(Q )}
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BiF(0?)
N, ((uy — uy)(20m$ + 4m2Q?* + 0%)
=2 { - Q2:—4mg/} Vi(Q?) + [4m3(uy 4 uy)]V,(Q?)
2 2
+ " [=M*(8m}(uy + uy —2) + Q*(3uy + uy — 4)) + 8myy(uy + uy — 1)*(uy + u)

MAQ + )

+ m},QZ(ul + uy) (—duyuy + (uy = 3)uy + 3u3 — Suy +2) — uju 0*(3u; + uz)}V3(Q2)}

BiT(Q?)

- 4%

2m?

MG+ an)

— mp(uy +uy = 1) (uy (Suy +2) + uy(11uy = 2)))|V,(0Q?)

N. _mg(ul - uz)(ZOm‘p1 + 4mf,Q2 + 0% (-3M? + mf,(ul +uy — 1) (uy + uy +2) + uu,0%)
2M*(Q* + 4m3)?

Vi(Q?)

. [M?(m2(Tuy + 9us) + 202 (uy + ua)) + m3(Q*(=2u3 + ui(uy + 2) — Sujud — 2(uy — 1)u3)

4m2(—M*(Q* 4 4m3) + 4mh(uy + uy — 1) (uy + up) + m3 0% (6uyuy + (uy — 2)uy + u3) + ujuy 0*) v (Qz)}
- 3

M?(Q + 4my)
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