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We report novel theoretical results for the y*) + N(940)1* — A(1700)3~ transition, utilizing a
symmetry-preserving treatment of a vector ® vector contact interaction (SCI) within the Dyson-Schwinger
equation formalism. In this approach, both nucleon N (940);" and A(1232)’s parity partner A(1700)3~ are
treated as quark-diquark composites, with their internal structures governed accordingly by a tractable
truncation of the Poincaré-covariant Faddeev equation. Nonpointlike quark + quark (diquark) correlations
within baryons, which are deeply tied to the processes driving hadron mass generation, are inherently
dynamic in the sense that they continually break apart and recombine guided by the Faddeev kernel. For the
nucleon, isoscalar-scalar and isovector-axial-vector diquarks dominate, while the A(1700)%‘ state includes
contributions only from isovector-axial-vector diquarks, because the SCI excludes isovector-vector
diquarks. Once the Faddeev wave function of the baryons involved in the electromagnetic transition is
normalized, taking into account that its elastic electric form factor must be one at the on-shell photon point,
we compute the transition form factors that describe the y*) + N (940)3* — A(1700)3™ reaction and, using
algebraic relations, derive the corresponding helicity amplitudes. When comparing with experiment, our
findings highlight a strong sensitivity of these observables to the internal structure of baryons, offering
valuable insights. Although the SCI framework has obvious limitations, its algebraic simplicity provides
analytical predictions that serve as useful benchmarks for guiding more refined studies within QCD-based

Dyson-Schwinger equation frameworks.

DOI: 10.1103/md1w-2f9q

I. INTRODUCTION

Quantum chromodynamics (QCD) is universally
accepted as the fundamental theory of strong interactions,
governing the dynamics of quarks and gluons via their
strong interactions (see, for instance, the survey in the
Review of Particle Physics of Particle Data Group [1]). The
QCD Lagrangian, written in terms of six quark flavors with
three colors each in the fundamental representation and
eight colored gluons in the adjoint representation, obeys
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important symmetries, the most significant of which is the
local color gauge invariance. Despite the elegance and
apparent simplicity of the QCD Lagrangian, the conven-
tional hadron spectrum, including baryon and meson
masses, does not appear straightforwardly. Instead, it
emerges from nonperturbative phenomena, such as color
confinement [2], dynamical chiral symmetry breaking [3],
and the generation of an effective gluon mass scale; see, for
example, Ref. [4]. These mechanisms are responsible for
providing mass to nucleons, and other hadrons, which can
barely be accounted for solely by the Higgs mechanism
[5.,6]. It generates only a minuscule proportion of the light
quark mass, i.e., the current quark masses.

Concerning the proton, it is the core of the hydrogen atom,
lies at the heart of every nucleus, and has never been observed
to decay. However, it is a composite object, with the valence
quark content: two up (u) quarks and one down (d) quark.
Focusing solely on either the proton or the so-called nucleon
when combined with its isospin partner the neutron does
not suffice to fully explain QCD’s nonperturbative regime.

Published by the American Physical Society
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Its excited states, named collectively N* nucleon resonances,
offer a deeper understanding of QCD’s internal dynamics,
and they are crucial for exploring how QCD builds the
baryon spectrum. It is in this context that high-luminosity
experimental facilities such as the Thomas Jefferson National
Accelerator Facility (JLab) in USA [7,8], MAMI and ELSA
in Germany [9,10], or J-PARC in Japan [11] have been
designed in order to measure the electromagnetic excitation
of nucleon resonances, y(*) + N — N*, to uncover the
baryon spectrum and, at the same time, to extract their
transition electrocouplings, g,NN*, from meson electro-
production data [12]. Obtained primarily with the CLAS
detector at the JLab, the electrocouplings of all low-lying N*
states with mass less than 1.6 GeV have been determined via
independent analyses of z*n, 2°p, and 7" 7~ p exclusive
channels; and preliminary results for the g,NN* electro-
couplings of most higher-lying N* states with masses below
1.8 GeV have also been obtained from CLAS meson
electroproduction data [13-15].

A coupled formalism of Dyson-Schwinger equations
(DSEs), Bethe-Salpeter equation, and Faddeev equation
provides, at least in principle, an ideal theoretical framework
to compute transition electrocouplings, g,NN*. This frame-
work naturally links both the infrared and ultraviolet behav-
ior of the hadronic observables, as it makes no recourse to the
strength of the strong interaction. Moreover, it connects the
QCD’s fundamental degrees of freedom—quarks and gluons
—with the observable properties of mesons and baryons [ 16—
18]—in particular, their elastic and transition electromag-
netic form factors [19,20]. However, the fact remains that all
practical attempts to extract physically acceptable and
trustable solutions requires a great deal of systematic effort
and continuous improvement. A remarkable progress over
the years has resulted in this formalism contributing success-
fully even to the precision observables of the standard model
of particle physics; see, for example, Refs. [21-24].

One of the key insights from DSEs studies that employ
realistic quark-quark interactions [25,26] is the emergence
of nonpointlike quark + quark (diquark) correlations
within baryons [27-31]. Empirical evidence in support
of the presence of diquarks in the proton is accumulating
[32-37]. Tt is worth reiterating that these correlations are
not the elementary diquarks introduced roughly 50 years
ago in order to simplify treatment of the three-quark bound-
state problem [38,39]. The two-body correlation predicted
by modern pseudo-Faddeev equation studies is dynamic;
the dressed quarks participate in all diquark clusters.
Noticeably, the baryon spectrum produced through the
quark-diquark picture has significant overlap with that
predicted from the three dressed-quark scenario, lattice-
QCD numerical calculations, and, of course, experiment
(see Refs. [30,31] for reviews).

The quark-diquark picture of baryons, combined with
symmetry-preserving quark-quark interaction kernels and

vertices that possess either QCD-like momentum dependence
or simpler contact terms, has proven particularly successful in
describing the transition electrocouplings of low-lying
nucleon resonances such as ground states: N(940)3" [40-
44] and A(1232)%Jr [42,45-47]; first radial excitations:
N(1440)5" [40,48,49] and A(16OO)%+ [50]; and the parity
partner of the nucleon N (1535)3~ [51]. What has so far been
missing is the theoretical calculation of electromagnetic
(transition) form factors for the case A(1700)3~. This is
the very object of study in this manuscript. We compute the
transition electromagnetic form factors for the y*) +
N(940)1* — A(1700)3~ process. Then, using appropriate
linear algebraic relations, we derive the corresponding
helicity amplitudes from the explicit expressions of the form
factors. All these can be compared with experimental
measurements at various photon virtualities [1,52-56], ena-
bling insights into the internal structure of the A(1700)3~
resonance. Within the nucleon N(940)1, the isoscalar-scalar
and isovector-axial-vector diquarks play dominant roles,
while for the A(1700)3~ only the isovector-axial-vector
diquarks contribute. The exclusion of isovector-vector
diquark correlations is a direct consequence of using a
symmetry-preserving contact interaction (SCI) within the
DSE approach adopted in this work.

Moreover, it is in line with the results already made
available by employing more sophisticated DSE frame-
works [57]. Though this model oversimplifies the dynamics
of relativistic bound-state systems, it still retains crucial
QCD features such as gauge invariance, quark confine-
ment, and dynamical chiral symmetry breaking. Our
findings highlight a strong sensitivity of these observables
to the internal structure of baryons, offering valuable
insight. Although the SCI framework has obvious limi-
tations, its algebraic simplicity provides analytical predic-
tions that serve as useful benchmarks for guiding more
refined studies within QCD-based DSE frameworks.

After this comprehensive introduction, the manuscript is
organized as follows. Section II is devoted to present the
fundamental aspects of our theoretical framework, beginning
with a brief description of the symmetry-preserving vector @
vector contact interaction (SCI) and the key model param-
eters; see Sec. II A. We introduce the Faddeev amplitudes for
both the nucleon and A baryons in Sec. II B, emphasizing the
role of diquarks and their importance in dictating the
structure of these baryons. Section II C provides a detailed
description of the electromagnetic interactions which con-
tribute to the elastic and transition form factors in our
theoretical framework. In Sec. I D, we present the general
decomposition of the electromagnetic current for the
nucleon, delta, and nucleon-to-delta expressed in terms of
electromagnetic form factors. We also provide the relations
between helicity amplitudes and transition form factors. In
Sec. I1I, we discuss our numerical results for both transition
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form factors and helicity amplitudes, comparing them with
experimental measurements. Finally, we provide a brief
summary of our findings and an outlook for future in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Symmetry-preserving contact interaction (SCI)

We base our description of baryon bound states on a
Poincaré-covariant Faddeev equation, which is illustrated
in Fig. 1. Its key elements are the dressed-quark and
-diquark propagators and the diquark Bethe-Salpeter ampli-
tudes. All are completely determined once the quark-quark
interaction kernel is specified and, as explained in the
Introduction, we use a symmetry-preserving regularization
of a vector @ vector contact interaction, which is charac-
terized by a constant gluon propagator,

dra
gzD;w(p _Q) = 2IR 5/41/’ (1)
my

where the effective gluon mass m, = 0.5 GeV is consonant
with the mass scale characteristic of a nonzero, IR finite
gluon propagator in lattice regularized QCD [58-60] and
ar = 0.367 plays the role of an effective coupling whose
fitted value is commensurate with contemporary estimates
of the zero-momentum value of a running coupling in
QCD [61,62].

We embed Eq. (1) in a rainbow-ladder (RL) truncation of
the DSEs." Therefore, it yields the following dressed-quark

propagator S(p):
S p)=ir-p+M. (2)

with the momentum-independent dressed-quark mass M
determined as

M:m0+M4aIR2/oods u 5 (3)
3mmy Jo s+ M
where my is the current-quark mass. Equation (3) possesses
a quadratic divergence. Therefore, it needs to be regularized
in a Poincaré covariant manner. The procedure involves a
proper-time regularization [63] which entails an infrared
cutoff 7;. that implements confinement [64-66] and an
ultraviolet cutoff z,, that sets the scale of dimensionless
quantities [67]:

—(s+M?)z2, —(s+M?)c2

1 e
—
s+ M?>

—e
s+ M?

(4)

Using the above regularized denominator [Eq. (4)] in
the dressed-quark gap equation [Eq. (3)] yields an
integral equation for M whose solution entails a nonzero

'"The RL truncation entails a tree-level quark-gluon vertex,
namely, F,‘j(q, p) :%yﬂ, where 14 stand for the Gell-Mann
matrices.

Py

Pd

FIG. 1. Poincaré covariant Faddeev equation. ¥ is the Faddeev
amplitude for a baryon of total momentum P = p, + p,. The
shaded rectangle demarcates the kernel of the Faddeev equation:
single line, dressed-quark propagator; I', diquark correlation
amplitude; and double line, diquark propagator.

dressed-quark mass even in the chiral limit (1, = 0). In this
work, we employ the set of model parameters implemented
in Ref. [18], namely, 1/7;, = 0.240 GeV and 1/7,, =
0.905 GeV, adjusted to fit both the pion mass and its decay
constant. Such a set of parameters results in a constituent
quark mass M = 0.37 GeV for both up and down quarks
(assuming isospin symmetry) provided my, = 7 MeV.

B. The N and A Faddeev equations

Within our quark-diquark picture, the baryon’s wave
function is compactly expressed as

¥ =W+ 92+ 9 (5)

where the superscript stands for the spectator quark; e.g.,
W12 are obtained from W3 by a cyclic permutation of all the
quark labels. As shown in Refs. [57,68,69], using a
framework built upon a Faddeev equation kernel and
interaction vertices that possess QCD-like momentum
dependence, the N(940)1* and A(1700)3~ baryons are
heavily dominated by isoscalar-scalar and isovector-axial-
vector diquark correlations. Therefore, we assume that a
simple but realistic representation of the Faddeev amplitude
of a positively charged nucleon is given by

¥ =T (p1. p2)A” (K)S(P)u(P)

+ 3 T (pr. )AL (K)AY(PYu(P).  (6)
j=12

and, for the A" baryon, we have

¥ = ;ng; (P1- Pz)A},;(K)Dép(P)u,,(P). (7)

The spinor u(P) satisfies the Dirac equation
(iy - P+ mp)u(P) =0, (8)
for on-shell nucleons with momentum P, and u,,(P) is the

Rarita-Schwinger spinor representing on-shell Delta
baryons.
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In the above amplitudes, the flavor structure has been
omitted for the sake of simplified notation, but the reader
can refer to Ref. [70] for a more comprehensive overview.
Meanwhile, I (p1, p2) stands for the canonically normal-
ized Bethe-Salpeter amplitude of isoscalar-scalar diquark
0" = [ud]. The Fl.ff(pl,pz), with j =1, 2, is the corre-
sponding canonically normalized Bethe-Salpeter amplitude
of isovector-axial-vector diquark with flavor content 1] =
{uu} and 15 = {ud}. Both diquark amplitudes depend on
constituent quark momenta p; and p,, resulting in a
diquark’s total momentum K = p; + p,. In addition, scalar
and axial-vector diquark propagators are, respectively,
expressed as

1
A (K) = ———, 9
8= gt )
K,K 1
A (K)= |5 Lt , 10
B0 = o+ St (10

where mg+ and m+ are the mass scales associated with the
corresponding diquark correlation. In this work, we use the
values obtained in Ref. [18]:

I’)’l[ud]0+ =0.78 GeV, (11)
’n{uu}]Jr = m{“d}ﬁ = m{dd}l+ = 1.06 GeV. (12)

The general form of the matrices S(P), A;;(P), and

D;,/)(P) describing the quark-diquark momentum correla-

tions in nucleon and Delta baryons, Egs. (6) and (7), are
simplified in the SCI to

S(P) = slp, (13)

i 1T ) BN
A;f(P) =ia) ysys + ay ysPp, (14)
D;;/)<P) = dlj 5ﬁp’ (15)

with I, defining the 4 x 4 identity matrix in Dirac space
and al{”d} = —a;{"”}/\/i, for both i =1, 2, as well as
d{ud} _ \/id{uu}‘

As apparent in Fig. 1, the Faddeev kernel (shaded
rectangle) involves diquark breakup and reformation via
exchange of a dressed quark. We now follow Ref. [71] and
make a marked but convenient simplification with impunity
[72]; namely, in the Faddeev equation for a baryon of type B,
the quark exchanged between the diquarks is represented as

95
ST ==L, 16
where the superscript 7 indicates matrix transpose, M is the
dressed quark mass, and gp is an effective coupling whose

numerical values are gy = 1.18 and g, = 1.56g,_ for the
N(940)3" and A(1700)3~ baryons, respectively. This is a
variant of the so-called static approximation, which itself
was introduced in Ref. [73] and has subsequently been used
in studies of a wide range of baryon properties [18,74].
The factor 0 < g,_ <1 in Eq. (16) encodes spin-orbit
repulsion effects absent in the SCI model [71,74]. This
correction reflects the fact that the SCI underestimates
negative-parity baryon masses due to its lack of spin-orbit
interactions [75]. It effectively suppresses opposite-parity
diquark contributions and raises the computed mass of the
A(1700) toward its empirical value, leaving room for meson-
cloud effects [18]. Notably, setting g, _ = 1 yields the mass
ma(i700) = 1.72 GeV, which we adopt as the lighter refer-
ence value for our calculations. However, in our analysis, we
explore variations in g,_ to study the sensitivity of the
transition form factors to changes in the input resonance
mass. All together, the resulting Faddeev equations yield

mN(940) =1.14 GeV,
mA<1700> =1.72 GeV

for the baryon masses and

s aiuu} i)

N(940) 0.88
A(1700) e

aiuu}

-0.38 —-0.06

0.58

for the Faddeev amplitudes.

C. The photon-baryon coupling

Within our theoretical framework, one needs to compute
the N(940)3" and A(1700)3" elastic form factors primarily
because the Q% = 0 value of the leading electric form factor
is required in order to normalize the Faddeev amplitudes. It
is necessary if one wishes to analyze later the y(*) 4
N(940)1" — A(1700)3" transition, which is empirically
accessible [1,52-56].

Therefore, the elastic and transition form factors of
interest can be derived from the following microscopic
current:

BB,
T uiplio)PrsPi)

— Br o= D, . +pBi
p> /dkPLangfgf/fAu[am(k’P 7 PG P (17)

n=12,3

where B () denotes the initial and final baryon states, with
incoming and outgoing momenta P; and Py, respectively.
In the above equation, the isospin structure has been
omitted for the sake of simplicity, but the corresponding
factors for each microscopic contribution are explicitly
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D,

()

FIG. 2. Diagrammatic representation of contributions for elastic
and transition EM currents in the quark-diquark picture. Dressed-
quark and diquark propagators are represented by single and
double lines, respectively. Initial (¥;) and final (‘¥,) state Faddeev
amplitude for the involved baryons are represented by orange
semicircles. The blue blobs represent the corresponding quark-
photon and diquark-photon vertices for each of the following
diagrams: in Dy, it entails the photon coupling to a dressed quark;
in D,, the photon couples elastically to a diquark; and Dj
involves photon-induced transitions between axial-vector and
scalar diquarks.

given Eq. (24). Moreover, the integration notation entails
[ = [ d*k/(27)*, and the sum is performed over the
p0551ble quark-photon and diquark-photon contributions

AP e ]Lﬁ](k Py, P;) allowed in our quark-diquark picture,

diagrammatically represented in Fig. 2 and described in
the subsequent subsections. Furthermore, baryon parity is

= Ip(rs), the
additional Gy ; is equal to ys for a flipping parity transition
between initial and final baryons, and it is Iy for baryon
parity conservation in the transition. Besides, Lorentz
indices denote photon and Delta baryon polarizations: u
is associated with the photon, whereas Greek letters
between square brackets indicate that the indices will
appear only if they are associated with the appearance of

reflected via the Dirac structures g;”;_)

a Delta baryon in either the initial or final state. For
nucleon, the operator P[ia](P) reduces to the positive-
energy projector A, (P) = (1 —iy - P)/2, with P = P/my
normalized to the nucleon mass. For the Delta baryon, the
operator P[I;’m](P) is again the positive energy projector,
changing my by m,, and extended by the Rarita-Schwinger
projection operator R,,,(P). Namely,

PY(P) = AL(P), (18)
lp/éa(P) = A+(P)R/J0(P)7 (19)

where
Rpa(P):apa_%yp}/a"i_:%PpP +;( P _7app)' (20)

Conservation of photon momentum (Q, along with the
on-shell condition P} = —mj,, yields the following

kinematic relations (Q = Py — P)):

Q- Py =3 (m—m+ 0%, e1)
0P, = 5 (m} =}~ 0?) (22)
P; P = ;(m +mf+Q2) (23)

Within the SCI approach and considering only isoscalar-
scalar and isovector-axial-vector diquark correlations, there
are three types of contributions that ensure current con-
servation: These are diagrammatically represented in
Fig. 2. Remarkably, the microscopic current for the y(*) +
N(940)1* — A(1700)3" transition can be summarized as

= (dlmley+ d"We,) T.h(Py. Py)
+ (dlm ey + d{ud}e{ud})jﬁ,(Pf, P;)
+d"De g, Ty (Py, Py), (24)

jﬂ./)(Pf’ Pl)

in terms of the D;-type (i = 1, 2, 3) contributions repre-
sented by each diagram, D;, sketched in Fig. 2. The
corresponding mathematical content for each contribution
is described in the following subsections.

1. The diagram D,: Quark-photon coupling

The upper diagram in Fig. 2 represents the contribution
of a photon directly coupled to a quark inside baryon with
an electric charge e,. The corresponding interaction vertex
reads

054025-5
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[][/3] (k Pf’ )

B
:eqf[aﬁ[a]s( —k_p)AIS(=k_;)A

P

B;
o0 R F gl (29)

where k. = —k =+ P;y). Recall that square brackets
indicate the Lorentz indices that might be needed depend-
ing on the diquark quantum numbers. Namely, axial-vector
diquarks require a Lorentz index whereas scalar diquarks
do not [Egs. (9) and (10)]. Analogously, subscripts on the
corresponding Faddeev amplitudes, F fii](f[;] =F fj;]([f;](Pi( )
depend on the related baryon and are defined in Eqgs. (13)-
(15). Moreover, the quark-photon vertex A"? = A"1(Q) is
defined consistently with the SCI and the RL approaches

AZ}’!{(Q) - y;t PT(QZ) + ngﬂquFAMM(Q2)7 (26)

Q,7-0/0* and o, =

ensuring current conservation (QMJW

with yﬂ =Yy = ily,.7,]/2, thus

=0) for this

contribution. The second term in Eq. (26) modulated by
a dimensionless factor 7, encodes the effect of the large
anomalous magnetic moment (AMM) characteristic of
dressed light quarks in the presence of dynamical chiral
symmetry breaking:

! 0’
Famm(Q?) = weXP (‘ 4]\42) (27)

Moreover, satisfying both vector and axial-vector Ward-
Takahashi identities entails [76]

P10 =143 [ daa(1 - )0 (0(a. 07)
(28)
with w(a, Q%) = M? + a(1 — a)Q? and
e
Cy(x) = I ——T[p =2, x12,, x72], (29)

where the gamma and generalized incomplete gamma
functions are used.

An amenable approximation for P;(Q?) that parametr-
izes quite well the solution of Eq. (28) on the region
0?/GeV? € [-0.75, 10] is shown in Fig. 3. This fit entails a
pole at 9> = —0.865 GeV?, consonant with the p pole, and
it is parametrized as [76]

1 +0.7743x + 0.1548x>
1+ 1.2706x + 0.1317x2

Pr(x) = (30)

20
SCl
spv it
@ 1.0
&~
A
05
00 0 2 4 6 8 10
0’ [GeV?]
FIG.3. Quark-photon dressing function P(Q?). The blue solid

line is the SCI solution, Eq. (28), consistent with vector and axial-
vector Ward-Takahashi identities; the red dashed line is the
parametization of Eq. (30). At large spacelike-Q?, the shown
point-wise behavior yields P;(Q?) — 1, characteristic of a
pointlike particle.

2. The diagram D,: Elastic diquark-photon coupling

The elastic scattering of a photon from a diquark with
electric charge e,r is pictorially represented by the middle
diagram in Fig. 2. This might be characterized as follows:

viity (ks Py o)

Auiels
= e FifiaS(ON (k)N ALy () Figy, (31)

where the structure of the corresponding diquark-photon
vertex, A;fp | = ubfw](kf’ ;), is determined by the diquark
JP type involved in the scattering process. That is to say,

one has for a scalar diquark (2K = k; + k;)
iND (kp ki) = 2K, FO(Q), (32)

whereas for an axial-vector diquark

iN e = ij Thpo(K.Q)F! (0?). (33)
=
with
M,,,(K 0) = 2KﬂT’pDTW, (34)
T2 ,0(K. Q) = Qytfpy(ki,—Qm)Ti;
- 0. T, (ks Q/2T,,.  (35)
T30(K.Q) =0T (k= 0/2)T (k1. 0/2). (36)

1+
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TABLE I. Interpolation coefficients for each respective elastic photon + diquark form factor.

ag a by by ag al b} D) v
FO' 1 0.209 1.207 2.35x 1077 1.67 x 105 =0.713 0.633 0.634 1.714
F}* 1 0.454 1.719 0.670 -0.001 -0.902 1.337 0.705 1.263
F? -2.105 —4.526 3.367 2.614 -2.164 -3.056 1.977 0.800 2.187
F%+ 0.318 0.021 1.410 0.301 1.738 6.247 3.961 1.350 1.995
FOrel1t 0.869 0.113 1.201 0.033 1.783 -5.225 -=2.330 -1.757 1.848

where T ,, (k. p)

kic))-
i(f)
The dressing functions in Eqgs. (32) and (33) can be split
into a p pole (RP) and an AMM contribution:

= 8ot kypo/m and T =T, (kip),

F{JP)(Q2> = Frp(Q%) + nFavm(Q%). (37)
such that
) + apx + Clzxz
Frp(x) = —————5. 38
RP(X) 1 _|_ b]x _|_ b2x2 ( )
7 ay + a\x
Faum(x) = r— 5 €xp (—vx), (39)

1 + bix + bhx

with the associated fit parameters listed in Table 1. These
were already fitted while studying the transition electromag-
netic form factors of the nucleon’s first excited and parity
partner baryons: N(1440)3" [40] and N(1535)1~ [51].

It is important to highlight that while the parameter #,
which controls the strength of the AMM, must be com-
pletely determined by the quark-photon interaction itself
[77], the impact on the AMM could vary across the
different diquark-photon scattering processes.

3. The diagram D;: Photon-induced diquark transition

The electrocoupling of a photon with a diquark of
quantum numbers J” = 0%, 1" can induce a transition to
a different diquark with J’* = 1*,07, given that in our
approach we are considering only scalar (sc) and axial-
vector (ax) diquarks. Electric charge conservation in ax <>
sc transitions entails a single electric charge e;» character-
izing this kind of process.

The corresponding scattering amplitude is represented in
the lower diagram in Fig. 2 and defined mathematically by

D JP—>JP
Aty ™" e Py, )

= erS(k )}" A7 ](kf)Af”*f”J AL (k) F

o]l ap (40)

where the diquark-transition vertex, conveniently denoted

as A}ffpﬁ’f —AJP‘”'P (Q.k'"), is given in terms of the

axial-vector diquark momentum k' (=
the process and defined as

kg, k;) involved in

TPy 1y
M) (@ F) =

FJP_)J/P (Qz)eﬂpa/}Qak[I}v’ (41)
with the dressing function F/ Py separated again in terms
of RP and AMM contributions, in analogy to the F(J]P)
dressing functions for the elastic diquark-photon vertex
counterparts [see Eq. (37)]. The corresponding fit param-
eters are provided in the last row in Table I, with identical

1+ 0+
values for FO" =17 and F1"~0",

D. Elastic and transition electromagnetic currents

The electromagnetic (EM) current of a nucleon can be
expressed as

jﬂ(PﬂPi)

1
= iA, (P) Fl(Qz)yﬂ+MF2(Q2)%yQu AL (Py),

(42)
where the dressing functions F; and F, are the Dirac and
Pauli form factors, respectively. In order to connect with
experiments, it is sometimes convenient to define the so-

called electric and magnetic Sach form factors, respectively
defined as

GE(QZ) =F, (QZ) - TNFz(Qz)’
GM(Qz) =F,

(43)

(Q%) + F2(Q%). (44)
with 7y = Q?/[4m3,]. Moreover, the EM current must be
normalized to ensure current conservation; this implies
either F1(Q? = 0) = 1 or Gg(Q? = 0) = 1, which, in turn,
yields the normalization constant for the nucleon’s Faddeev
wave function.

For Delta baryons, the general decomposition of the EM
current can be expressed in terms of four form factors:

j/Lpa(Pf’ ) i)P;}Va(Pi>7

lea<Pf> ;uxﬂ(Pf’ (45)

where
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1
Fﬂ,aﬂ(Pf’Pi) - |:FT<Q2)Yﬂ +MF§(Q2)5/4DQL/:| arxﬂ

+ 2[F3(Q2m +5—

Qa Qﬂ

4mA

s Fi(070,0,

(40)

In connection with the ground-state Delta baryon,
experimental data have usually provided insights into the
contributions of various photon multipoles, namely, the
electric charge G, the magnetic dipole G,,;, the electric
quadrupole Gg,, and the magnetic octupole Gy,;. These
contributions are linearly related to the conventional F7,
with i = 1, ...,4, form factors as [46]

— (b m)AFy, (47)

4t 2t
Gy (0?) < +?A>2FT,2—?A(1 +10)2F;,, (48)
1
GEQ(QZ) = AFT,Z — 5(1 + TA)AFJSA, (49)
1
Gu3(Q?) =2F;, - 5 (1+74)ZF5,, (50)

with  XF}, =F; +F;, AF;;=F;—1,F;, and
75 = Q?/[4m3]. It is important to stress again that current
conservation demands that either F} or G are equal to 1 at
0% = 0 GeV?, which, in turn, entail the normalization
constant for the A baryon. Notably, the corresponding
values at Q> = 0 GeV? for the rest of the multipole form
factors [Eqgs. (48)—(50)] define the magnetic dipole (fi,),
electric quadrupole (QA), and magnetic octupole (@A)
moments. The computed results for these multipole
moments, evaluated at the central value n = 1/3, with
the corresponding uncertainties defined at # =0 and
n = 2/3, entail the dimensionless values

fia = Gy (0) = 0.56570 004 (51)
)= Gp(0) = 0.3953()).'88127 (52)
Oy = Gip3(0) = 0.1142755. (53)

The photon-induced transition current of a nucleon to a
Delta baryon can be represented quite generally as

jﬂ,p(Pf’Pi> = ip/éGI(Pf)Fﬂ,a(Pf’Pi)A+<Pi)’ (54)

where the decomposition for I', , (P, P;) can be written in

terms of three dressing functions: the so-called Jones-
Scadron form factors corresponding to the magnetic dipole

G the electric quadrupole G7, and the Coulomb quadru-
pole G¢:

[,o(Ps.P )_b[ R (Gy — Gp)VL, — GpV2,

GVh). (55)
where
1+ V1-—48
y i 5 +1, (56)
w=1/8+1(1+1), (57)
3 ma
b=/=|1+— 58
2( - mN) 58)
with 7= Q?/[4m?), 6= (mX —m%)/[4m?*], and m*=
(m} +m%)/2. Moreover, the tensors Vi, = Vi, (K,Q)
are defined as (2K = Py + P;)
Viu(K. Q) = 1560 (K. 0) 0, (59)

Vﬁu (Kv Q) = (50:6 - QaQa)Tau (Kv Q)’ (60)

V3,(K.0) = 0,K,(K,Q), (61)

with O = Q/[2/mz] and
_ VT 5
K,(K,Q) = e <K0 + 7 Qa)v (62)

Tou(K, Q) =6, — Ko(K. Q)K, (K. Q). (63)

In order to compare directly with experimental mea-
surements, it is often necessary to compute the so-called
helicity amplitudes for the transition. For the y*) +
N(940)1" — A(1700)3~ reaction, they are expressed in
terms of the Jones-Scadron form factors as follows:

Aal0) = = - 1GH0?) 3G (0%). (64
Ayal@2) = =2 1G5(02) + G0 (69)
Sip(@) = -0 6o, (69
Z;l;ere|q| V03 02/(2my), with Q2 = (ma£my)?+02,
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F:

, 67
V2rama —my \| (my + my)? + Q? (67)

with @ = 1/137. In the next section, we shall provide
results for the computed Jones-Scadron form factors as well
as their associated helicity amplitudes, for the y*) 4
N(940)1* — A(1700)3 transition.

1 my \/ mN(m2A - mzzv)
(

III. RESULTS

A detailed discussion of the intricacies of our numerical
results for the transition form factors, and then for the
corresponding helicity amplitudes, that describe the y*) 4
N(940)}" — A(1700)3~ reaction shall be given below.
However, a few comments are in order first.

The first one refers to the SCI-DSE framework and its
parameters. Note that the parameters of the model used
herein have already been constrained in earlier works.
Consequently, from this perspective, we introduce no
further parameters to study the transition form factors
presented in this work. The second comment is then
related to our theoretical uncertainties. There are two
types of them: One is intrinsic to the numerical algorithm,
and the other is related to the way the parameters are fixed.
The numerical error is negligible, and, as mentioned
above, the model parameters are adjusted to reproduce
a certain small number of hadron observables within an
acceptable range of agreement with experiment.
Therefore, it is not illustrative to assign an error to these
parameters and, consequently, to the observable quantities
inferred from them.

In order to analyze the associated parameter uncertainty of
the calculations presented in this manuscript, the numerical
findings are represented as a colored band, which reflects the
variation of the parameter # governing the dressed-quark
anomalous magnetic moment. Specifically, the solid line
corresponds to 7 = 0 and the dotted line to 7 = 2/3, and the
dashed line serves as a reference, representing the central
value computed for 7 = 1/3. This parametrization provides a
comprehensive analysis of the sensitivity of our results to the
quark dynamics in the transition form factors. Another
analysis of theoretical uncertainties that we shall perform
is related with the dependence of our computed results with
respect to the masses of N(940)1* and A(1700)3~ baryons.
This variation effectively mimics the beyond-rainbow-ladder
effects, such as the pion cloud which is known to contribute
up to about 20% to the form factors for low momentum
transfer.

The numerical results for the magnetic dipole (Gj,),
electric quadrupole (G), and Coulomb (G{.) quadrupole
transition form factors, which define the transition current
y*) + N(940)}* — A(1700)3", are shown in Figs. 4-6 and
are also compared with the available experimental data
[1,52-56].

0.6}
= This work o PDG
m Aznauryan (2012) o Burket (2003)
0.4+} = Ramalho (2014) o Dugger (2009)
o Mokeev (2014)
o ‘ o Mokeev (2020)
o2l 1 o Mokeev (2024)
ol
0 1 N 3 4
Q%[GeV?]

FIG. 4. Magnetic dipole (Gj,) transition form factor as a
function of Q2. The data points correspond to experimental
measurements taken from Refs. [1,52-56]. The cyan band
represents our numerical results obtained for different values
of the parameter # that modulates the AMM: n = 0 (solid line),
n =1/3 (dashed line), and # =2/3 (dotted line). Dot-dashed
lines display the magnetic dipole form factor extracted from the
helicity amplitudes computed in Refs. [78,79], herein obtained by
inverting Egs. (64) and (65).

The magnetic dipole transition form factor G, is shown in
Fig. 4 as a function of Q. The cyan band represents our
numerical results within the SCI approach, with its width
reflecting variations in the model parameter 7 € [0, 2/3]. At
0? =0, our results are in excellent agreement with the
experimental values, lying well within the experimental
error bands. In the intermediate region 0.6 GeV? < Q% <
1.4 GeV?, the computed form factor closely matches

I D
0.2 (//'-T P
/ -
—-0.4+7 7
W e = This work o PDG
G -06} 7 a Aznauryan (2012) o Burket (2003)
,:/ = Ramalho (2014) o Dugger (2009)
—0.8} o Mokeev (2014)
i o Mokeev (2020)
_1f o Mokeev (2024)
0 1 2 3 4

Q2%[GeV?]

FIG. 5. Electric quadrupole (Gy) transition form factor as a
function of Q2. The data points correspond to experimental
measurements taken from Refs. [1,52-56]. The magenta band
represents our numerical results obtained for different values of
the parameter # that modulates the AMM: 5 = 0 (solid line),
n = 1/3 (dashed line), and 1 = 2/3 (dotted line). Dot-dashed
lines display the electric quadrupole form factor extracted from
the helicity amplitudes computed in Refs. [78,79], herein
obtained by inverting Egs. (64) and (65).
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O T —
i I
0.1} P
& -0.2 = This work
l o Mokeev (2014)
o Mokeev (2020)
—03 o Mokeev (2024)
—04% 1 2 3 4

Q?[GeV?]

FIG. 6. Coulomb quadrupole (G¢) transition form factor as a
function of Q2. The data points correspond to experimental
measurements taken from Refs. [1,52-56]. The blue band
represents our numerical results obtained for different values
of the parameter ; that modulates the AMM: n = 0 (solid line),
n = 1/3 (dashed line), and n = 2/3 (dotted line).

experimental data, underscoring the robustness of our
approach. At higher momentum transfers Q? > 1.4 GeV?,
our computation produces a gradual, smooth decline, while
experimental data indicate a sharper dropoff in this region.
Nonetheless, the overall agreement emphasizes the reliability
of the SCI framework for describing the leading magnetic
form factor of the transition. However, it should be noted
that the SCI framework yields a momentum-independent
dressed-quark mass and, as a result, produces elastic and
transition electromagnetic form factors that are harder; i.e.,
they fall off more slowly—than those obtained in more
sophisticated and QCD-consistent approaches. Such a hard
behavior is not intrinsic to the SCI approach. To illustrate
this, we compare our results to those obtained using the so-
called single quark transition model [80]: In Fig. 4, the dot-
dashed lines represent the magnetic dipole form factor
extracted from the helicity amplitudes computed in
Refs. [78,79], explicitly displayed in Fig. 9, and obtained
herein by inverting Egs. (64) and (65). A similar comparison
is presented for G, in Fig. 5.

In Fig. 5, we present the results for the electric quadru-
pole transition form factor G} as a function of Q2. The thin
magenta band represents our numerical results for
n€[0,2/3]. At large Q?, our theoretical curve exhibits a
sign flip, transitioning from negative to positive values,
consistent with the trend observed in the experimental data.
This sign change may be a notable feature of the dynamical
behavior in the y*) + N(940)1* — A(1700)3~ transition
process. In the low-Q? regime (Q?> < 1 GeV?), while both
our results and the experimental data remain negative, a
significant discrepancy arises: The computed values stay
relatively small and stable, whereas the experimental data
show a dramatic fall as Q> — 0. This sharp decline in
experimental values highlights the enhanced role of

contributions to the electric quadrupole transition form
factor at low momenta, which are not fully captured within
the SCI approach. Specifically, since our theoretical result
for Gy, is reasonably good at low values of transferred
momenta, the underestimation of quark orbital angular
momentum content within the bound-state baryons because
having Faddeev amplitudes that are independent of relative
momentum could explain small values for higher-order
electromagnetic multipoles, such as the G and G in this
transition.

Finally, our results for the Coulomb quadrupole tran-
sition form factor G- are presented in Fig. 6 and compared
with the available experimental data. The blue band dis-
plays our numerical outcome for 5 € [0, 2/3]. Notably, there
are no experimental data available for Q% < 0.6 GeV?.
While our calculations and the experimental data agree on
the sign of the form factor, a significant discrepancy is
observed: Our computed values remain consistently smaller
than the experimental results. Again, this difference sug-
gests that important dynamical contributions are missing in
the current theoretical approach. In particular, a SCI which
produces Faddeev amplitudes that are independent of
relative momentum must underestimate the quark orbital
angular momentum content of the bound state, which are
crucial to explain higher-order multipole contributions of
electromagnetic transitions.

In order to roughly illustrate the sensitivity of the transition
form factors with respect to beyond-rainbow-ladder trunca-
tion, we show in Fig. 7, for n = 0, their variation with
different values of the Delta’s mass. Each solid line repre-
sents mp = 1.72 GeV calculation, the dash-dotted line
corresponds tom, = 1.80 GeV, and the dash-double-dotted
line stands for m, = 1.88 GeV. Our results show that the

Jones—Scadron Form Factors

Q?[GeV?]

FIG.7. Qualitative analysis of the sensitivity of electromagnetic
transition form factors Gy, Gg, and Gg of the y<*> +
N(940)1* — A(1700)3~ reaction with respect to the mass of
the A(1700)3~ baryon. For each colored band, the solid line
represents mp = 1.72 GeV calculation, the dash-dotted line
corresponds to m, = 1.80 GeV, and the dash-double-dotted line
stands for m, = 1.88 GeV.
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FIG. 8. The magnetic dipole (r,), electric quadrupole (rg), and
Coulomb quadrupole (r¢) square root of mean square radii as a
function of the anomalous magnetic moment of the dressed
quark. For each colored band, the solid line represents m, =
1.72 GeV calculation, the dash-dotted line corresponds to
my = 1.80 GeV, and the dash-double-dotted line stands for
mp = 1.88 GeV.

form factors become infrared enhanced as the A baryon mass
increases, which goes in the right direction in order to get a
better agreement with experimental data for G and G at
low Q2. Nonetheless, such sensitivity is very moderate, and
the results exhibit a convergence to the original computation
at high values of transferred momenta.

For completeness, we compute the magnetic dipole (ry,),
electric quadrupole (rg), and Coulomb quadrupole (rc)
square root of mean square radii, defined as

6 dF(Q°)

FO) 07 |gy (68)

2 —
Iy =

for the associated form factors F = Gj,;, G, G, respec-
tively. Figure 8 illustrates the sensitivity of the computed
radii to the anomalous magnetic moment of the dressed
quark. Our findings indicate that each radius converges to a
stable value as 5 increases. Notably, Table II provides the
explicit values of the radii calculated at the central
parameter value # = 1/3 with the uncertainties defined
as the difference between the corresponding radius’ values
at n=0and n =2/3.

From Table II and Fig. 8, it is noteworthy that the
transition radii exhibit distinct trends as the mass of the
A(1700)3~ increases: The magnetic and electric transition
radii (ry,, rp) decrease, an expected pattern consonant with
a more compact spatial distribution. In contrast, the
Coulomb quadrupole radius (rc) displays an opposite
behavior, increasing for larger values of my179p)-

We emphasize that the form factors under consideration
are transition form factors—not elastic ones—and, thus, the
interpretation of the corresponding radii, particularly r,
must be treated with caution. While the magnetic dipole

TABLE II. The magnetic dipole (r),), electric quadrupole (r),
and Coulomb quadrupole (r) square root of mean square radii as
a function of the anomalous magnetic moment of the dressed
quark (error bars) and the mass of the A( 1700)%*. See related text
for details.

my/GeV 1.72 1.80 1.88

ra/fm 0691097 0.6620 9 0.64207%
re/fm 0.86700 0.84700 0.81%007
re/fm 0.551005 0.62:002 0.661551

and electric quadrupole transition form factors (G}, and
G3) are closely related to deformation in the internal
structure of both baryons (nucleon and Delta) involved
in the transition, the Coulomb quadrupole form factor G-
reflects more subtle aspects of the longitudinal charge
contribution to the transition electromagnetic current. As
such, its slope at Q2 = 0, and, hence, the radius rc, can
behave nontrivially, and it is not directly tied to simple
interpretations of geometric deformations.

Within the SCI framework, the r radius is particularly
sensitive to the interplay of contributions from different
diagrams and to the spin-isospin structure of the baryon
amplitudes. Notably, diagram D,, which involves a photon
coupling to an axial-vector diquark, has a significant impact
on G¢ and becomes more prominent as the Delta mass
increases. This modifies the low-Q? behavior of the form
factor and leads to the observed increase in r.

Nevertheless, such nontrivial behavior cannot be directly
tied to a geometric interpretation. The increasing trend in ¢
stems from the mass sensitivity of the G{. slope at low Q?
(cf. Fig. 7), which, in turn, is dominated by the contribution
of the photon coupling to the axial-vector diquark, as
sketched in diagram D, in Fig. 2.

Figure 9 presents analogous results for the helicity
amplitudes A;,, (top panel), Az, (middle panel), and
S /2 (bottom panel), as a function of 0?2, that describes the
y*) 4+ N(940)4+ — A(1700)3~ transition. These results are
obtained from the transition form factors Gj;, G, and G
by using Eqs. (64)—(66). From the top panel in Fig. 9, one
can see that our computed values for A/, align well with
experimental data for 9> > 1 GeV?; however, they exhibit
a weaker enhancement at lower Q% compared to the rapid
rise observed in the experimental results. This mismatch is
connected to small values of Gy at low transferred
momenta and highlights the need for additional contribu-
tions or refinements in the theoretical framework at low Q2.
The helicity amplitude As/,, shown in the middle panel in
Fig. 9, displays a notable feature: A sign flip is observed in
our results compared to the experimental data. This dis-
parity can be again attributed to the small values of the G}
transition form factor obtained within the SCI approach. In
the bottom panel in Fig. 9, we show our results for S/,
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FIG. 9. Helicity amplitudes A/, (top panel), Az, (middle
panel), and S , (bottom panel) as a function of Q2. In each panel,
the band represents our numerical results obtained for different
values of the parameter # that modulates the AMM: n = 0 (solid
line), n = 1/3 (dashed line), and n = 2/3 (dotted line). The
experimental data are taken from Refs. [1,52-56]. In the top and
middle panels, dot-dashed lines correspond to theoretical calcu-
lations from Refs. [78,79], summarized in Ref. [81].

which matches the sign of the experimental data but
remains at lower values compared to the data for entire
domain of Q? spanned. This behavior was anticipated
due to the discrepancy observed in the Coulomb transition
form factor.

250
200+
s Ay2x1000 [GeV~ /2]
150} 8 Azpx1000 [GeV'72]
u S;,2x1000 [GeV~1/2]
100

Helicity Amplitudes

FIG. 10. Qualitative analysis of the sensitivity of helicity
amplitudes A, ,, Aszp, and Sy, of the y® + N(940);" -
A(1700)3~ reaction with respect to the mass of the A(1700)3~
baryon. For each colored band, the solid line represents m, =
1.72 GeV calculation, the dash-dotted line corresponds to
my = 1.80 GeV, and the dash-double-dotted line stands for
my = 1.88 GeV.

To provide a qualitative understanding of how the
helicity amplitudes respond to beyond-rainbow-ladder
truncation effects, Fig. 10 illustrates their dependence on
varying values of the Delta baryon mass for # = 0. For each
colored band, the solid line corresponds to calculations
with mp = 1.72 GeV, the dash-dotted line represents
my = 1.80 GeV, and the dash-double-dotted line depicts
my = 1.88 GeV. As expected, the results reveal an
enhancement of the helicity amplitudes in the infrared
region as the Delta mass increases, aligning more closely
with the trend of the experimental data. However, the
sensitivity to these mass variations remains relatively mild,
with the helicity amplitudes converging to the original
calculations at higher momentum transfers. A comparison
between our results and the predictions from Refs. [78,79],
as summarized in Ref. [81] and herein represented by dot-
dashed lines in Fig. 10, highlights the fact that all
theoretical approaches have shortcomings in reproducing
the experimental data.

IV. SUMMARY

This work provides an in-depth presentation and dis-
cussion of the numerical results for the transition form
factors and helicity amplitudes related to the process y*) +
N(940)1" — A(1700)3~ by employing a symmetry-pre-
serving treatment of a vector ® vector contact interaction
(SCI) within the DSE framework, offering parameter-free
results based on prior constraints. This approach models
both baryons N(940)1* and A(1700)3~ as quark-diquark
composites. By calculating transition form factors and
helicity amplitudes, the study aims to provide insights into
the internal structure of these baryons. The results of our
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analysis through the SCI provide a benchmark for more
sophisticated QCD-based analyses which we plan to carry
out in the future.

Our key findings include the behavior of the magnetic
dipole Gj,, electric quadrupole G}, and Coulomb quadru-
pole G transition form factors. At low and intermediate
photon virtualities, the leading-order magnetic dipole form
factor calculated within SCI framework aligns well with
experimental data. However, expected mild discrepancies
appear at higher Q?, where the experimental data suggest a
sharper reduction of numerical results. It is in accordance
with our expectation that the SCI computed form factors are
harder than the QCD predictions.

While the electric and Coulomb quadrupole form factors
qualitatively agree with experimental trends, significant
deviations at low Q? suggest missing dynamics in the SCI
framework, such as quark orbital angular momentum
contributions due to Faddeev wave functions being inde-
pendent of relative momenta, meson cloud effect, etc. The
helicity amplitudes A, /», A3/, and S ,, derived from the
form factors, further illustrate the SCI’s performance.
Overall, the study highlights the SCI framework’s ability
to reproduce key qualitative features of the transition,
providing a foundation for more refined analyses based
upon the running quark mass function.

Although the SCI model presents certain limitations,
particularly in its exclusion of isovector-vector diquarks or
orbital angular momentum components in the Faddeev
wave function, the algebraic simplicity of the approach
provides clear predictions that serve as useful benchmarks
for future investigations that may include beyond-rainbow-
ladder corrections and other frameworks built upon a
Faddeev equation kernel and interaction vertices that
possess QCD-like momentum dependence. The results
presented herein are also expected to serve as a valuable

reference for experimental facilities, such as the current
JLab 12 GeV and its potential future 22 GeV upgrade. It can
also spark exploration of studies involving higher reso-
nance states within the broader context of QCD’s non-
perturbative regime.
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