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Octet baryon axial, induced pseudoscalar, and pseudoscalar form factors are computed using a
symmetry-preserving treatment of a vector x vector contact interaction (SCI), thereby unifying them
with an array of other baryon properties and analogous treatments of semileptonic decays of pseudoscalar
mesons. The baryons are treated as quark-plus-interacting-diquark bound states, whose structure is
obtained by solving a Poincaré-covariant Faddeev equation. The approach is marked by algebraic
simplicity and involves no free parameters, and, since it is symmetry preserving, all consequences of partial
conservation of the axial current are manifest. It is found that SCI results are consistent with only small
violations of SU(3)-flavor symmetry, an outcome which may be understood as a dynamical consequence of
emergent hadron mass. The spin-flavor structure of the Poincaré-covariant baryon wave functions is
expressed in the presence of both flavor-antitriplet—scalar diquarks and flavor-sextet—axial-vector diquarks
and plays a key role in determining all form factors. Considering neutral axial currents, SCI predictions for
the flavor separation of octet baryon axial charges and, therefrom, values for the associated SU(3) singlet,
triplet, and octet axial charges are obtained. The results indicate that, at the hadron scale {y,, valence
degrees of freedom carry roughly 50% of an octet baryon’s total spin. Since there are no other degrees of

*

freedom at {3, the remainder may be associated with quark + diquark orbital angular momentum.

DOI: 10.1103/PhysRevD.106.054031

I. INTRODUCTION

The proton (p) is the only stable hadron. It is the best
known bound state in the baryon octet, every other member
of which decays. In many respects, the semileptonic decays
of these baryons are the simplest to understand theoreti-
cally, because the initial and final states involve only one
strongly interacting particle. The archetypal process is
neutron (n) f decay: n — pe~7,, the study of which has
a long history [1,2]. Notwithstanding that, kindred decays
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of hyperons have also attracted much attention [3,4], in
part because they additionally enable access to the
Cabibbo-Kobayashi-Maskawa matrix element |V, | and
thereby complement that provided by K,; decays (see
Sec. 12.2.2 in Ref. [5]).

Within the Standard Model, the semileptonic decay
B - B'¢"v,, where B and B’ are octet baryons and ¢
denotes a lepton, involves a valence-quark ¢ in B trans-
forming into a valence-quark f in B’. Two Poincaré-
invariant form factors are required to describe the associated
axial-vector transition matrix element:

JEE(K, Q) = <B'(P')|ﬂ/§ﬁ(0)|B(P)> (1a)
- (p BB\ 1 19 BB 2
=g (P)ys|r.G4"(Q )erGp (Q7) |up(P).

(1b)
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Here, G5'8(Q?) is the axial form factor and G5 #(Q?) is
the induced pseudoscalar form factor; P and P’ are,
respectively, the momenta of the initial- and final-state
baryons, defined such that the on-shell conditions are
fulfilled, P - P) = —m3, .., with mp g being the baryon
masses (we work in the Euclidean metric); 2Mpp =
mp + mp; and wupp(P) are the associated Euclidean
spinors. (We have suppressed the spin label. See
Appendix B in Ref. [6] for details.) Furthermore, K =
(P + P')/2 is the average momentum of the system and

Q = P’ — P the transferred momentum between initial and
final states:
> 1 2 1 2
—K? =2 (miy + mp) + Q 5 Zgp g Q (2a)
1
-K-0= 5("13/ mp) =: 5 Aps. (2b)

Hereafter, we consider the isospin symmetry limit
m, = my=:m,;, i.e., degenerate light quarks, and treat
the s valence quark as roughly 20 times more massive
[5], viz. mgy=~?20m;. The general flavor structure is
described by the Gell-Mann matrices {4/|j = 1, ...,8} so
that the flavor-nonsinglet axial current operator can be
written

A5(x) = ()T rsr,9(x). (3)
where ¢ = column(u, d, s] and 779 is the valence-quark
flavor transition matrix. Hence, e.g., the s — u transition is
described by 7% = (A* +iA%)/2.

A related form factor, GE#((Q?), is associated with an
analogous pseudoscalar current

JEP(K. Q) = (B'(P")| Z(0)|B(P)) (4a)

= iy (P')y5Gs(Q*)up(P), (4b)

where 2L9(x) = ¢(x)T/9%5¢(x) is the flavor-nonsinglet
pseudoscalar current operator. This form factor is important
because, among other things, owing to dynamical chiral
symmetry breaking, a corollary of emergent hadron mass
(EHM) [7-12], one has a partial conservation of the axial
current (PCAC) relation for each baryon transition
(27255 = my +my):

0=0,J8P(K, Q)+ 2im, J¥5(K, Q) (5a)

% 19 ~BB (2
G7P(0%). (sb)
4Mz

= G0~ GEM(QY) = 17

Note that the product 72 ;,GE®(Q?) is renormalization
point invariant, not either of these two factors alone.

The identities in Eqs. (5) are valid for all Q°. They state
that the longitudinal part of the axial-vector current is
completely determined by the kindred pseudoscalar form
factor and possesses a strength modulated by the ratio of
the sum of current-quark masses involved in the transition
divided by the sum of the masses of the baryons involved.
The former are determined by Higgs boson couplings into
quantum chromodynamics (QCD), whereas the latter are
largely determined by the scale of EHM. Hence, this Q
divergence is a measure of the interplay between nature’s
two known mass-generating mechanisms.

Specializing to the case of neutron S decay, Egs. (5)
entail the well-known Goldberger-Treiman relation and
ensure reliability of the pion pole dominance approxima-
tion for G7". Considering instead a promlnent hyperon
decay, e.g., A — pe~v,, one recognizes that Gp has a pole
at the charged kaon mass, i.e., when O + m% = 0. Since
Gp is tied to the transverse part of the ax1al current, so
regular in the neighborhood of m?%, then G‘,”, also has a
pole at mg. Furthermore, defining a KpA form factor as
follows:

mi 2fk
L0+ mymy, + my

G Q%) = Gipn(@). (6)
where f is the kaon leptonic decay constant, then Egs. (5)
entail

2fk

GKpA (O) (7)

providing an estimate of the KpA coupling in terms of the
axial-vector A — p transition form factor at the maximum
recoil point. As we shall see in our analysis, this relation is
accurate to better than 1%.

The evidently diverse physics relevance of octet baryon
axial-vector transitions highlights the importance of cal-
culating the associated form factors. However, despite their
being some of the simplest baryonic processes to consider,
this does not mean their calculation is simple. Studies of
meson semileptonic transitions [13—17] have revealed that
delivering predictions for the required processes demands
reliable calculations of the Poincaré-covariant hadron wave
functions and the related axial-vector interaction currents
and careful symmetry-preserving treatments of the matrix
elements involved.

Given their role in understanding modern neutrino
experiments [18-22], the nucleon axial and pseudoscalar
form factors have recently been the focus of many studies,
using continuum and lattice methods, e.g., Refs. [23-28].
Regarding hyperon semileptonic decays, analyses using an
array of tools may be found, e.g., in Refs. [29-37]. Herein,
we employ continuum Schwinger function methods
(CSMs) [38-40] to complement this body of work on
octet baryon axial-vector transitions. Namely, we construct

054031-2



CONTACT INTERACTION ANALYSIS OF OCTET BARYON ...

PHYS. REV. D 106, 054031 (2022)

approximations to the transition matrix elements using
solutions to a symmetry-preserving collection of integral
equations for the relevant n-point Schwinger functions,
n = 2-6. This is now possible following development of a
realistic axial current for baryons [24,25].

One could extend to hyperons the QCD-kindred frame-
work used in Refs. [24-26] to compute all form factors
associated with the nucleon axial and pseudoscalar cur-
rents. However, that would require significant effort. An
expeditious alternative is to simplify the analysis by using
the symmetry-preserving formulation of a vector x vector
contact interaction (SCI) introduced in Refs. [41-43]. In so
doing, one ensures algebraic simplicity and, very impor-
tantly, provides for the parameter-free unification of octet
baryon axial-vector transitions with an array of other
baryon properties [44—-47] and studies of the semileptonic
decays of pseudoscalar mesons [13,14,17]. By choosing
this approach, we are profiting from numerous studies
[45-56] which have revealed that, when interpreted judi-
ciously, SCI predictions provide a valuable quantitative
guide. In fact, SCI results typically deliver both a useful
first estimate of a given observable and a means of checking
the validity of algorithms employed in calculations that rely
(heavily) upon high-performance computing.

In Sec. II, we sketch the Faddeev equation used to
describe baryons as quark-plus-interacting-diquark bound
states and the current which guarantees preservation of all
PCAC identities. The description is complemented by an
extensive Appendix, which provides a detailed explanation
of the SCI and its results for every element that appears in
the Faddeev equations and currents. Using that information,
Sec. III presents and analyzes SCI predictions for octet
baryon axial, induced pseudoscalar, and pseudoscalar
transition form factors. This is followed in Sec. IV with
a discussion of the flavor separation of octet baryon axial
charges and their relation to the fraction of baryon spin
carried by valence degrees of freedom. Section V is a
summary and perspective.

II. BARYONS AND THEIR AXIAL CURRENT

Our analyses of octet baryon axial-vector transition form
factors rest on solutions of the Poincaré-covariant Faddeev
equation, depicted figuratively in Fig. 1, which, when
inserted into the diagrams drawn in Fig. 2, deliver a result
for the current in Eq. (1) that ensures Eqgs. (5) and all their
corollaries for each transition. Details are presented in
Refs. [24,25]. For subsequent use, in Table I we identify a
useful separation of the current in Fig. 2.

Evidently, we have adopted the quark-plus-interacting-
diquark picture of baryon structure introduced in
Refs. [57-59], of which an updated perspective is provided
in Refs. [60—63]. In this approach, there are two contribu-
tions to binding within a baryon [64]. One part is expressed
in the formation of tight (but not pointlike) quark + quark
correlations. It is augmented by the attraction generated by

Pa
——
P
——
Pq
FIG. 1. Figurative representation of the integral equation for the

Poincaré-covariant matrix-valued function W, which is the
Faddeev amplitude for a baryon with total momentum P = p, +
Pa = kg, + k, constituted from three valence quarks, two of
which are always contained in a nonpointlike, interacting diquark
correlation. W describes the relative momentum correlation
between the dressed quarks and diquarks. Legend: shaded
rectangle, Faddeev kernel; single line, dressed-quark propagator
(Appendix A 1); I', diquark correlation amplitude; double line,
diquark propagator (Appendix A 2). Ground-state J = 1/2"
baryons contain both flavor-antitriplet—scalar and flavor-sextet—
axial-vector diquarks (Appendix A 3).

the quark exchange depicted in the shaded area in
Fig. 1, which ensures that diquark correlations within the
baryon are fully dynamical. Namely, no quark is special,
because each one participates in all diquarks to the fullest
extent allowed by its quantum numbers. The continual
rearrangement of the quarks guarantees, inter alia, that
the baryon’s dressed-quark wave function complies
with Pauli statistics. The spin-flavor wave function of J¥ =
1/2* ground-state baryons is overwhelmingly dominated
by flavor-antitriplet—scalar and flavor-sextet—axial-vector
diquarks [43,46,47,54,56,63,65].

The first step in our analysis of octet baryon transitions
is the SCI calculation of every line, amplitude, and vertex
in Figs. 1 and 2. These calculations are described in

FIG. 2. Currents that ensure PCAC for on-shell baryons which
are described by the Faddeev amplitudes produced by the equation
depicted in Fig. 1: single line, dressed-quark propagator; undulat-
ing line, axial or pseudoscalar current; I', diquark correlation
amplitude; double line, diquark propagator; y, seagull terms.
A legend is provided in Table I with details in Appendix A 4.
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TABLE 1.

Enumeration of terms in the current drawn in Fig. 2.

L. Diagram 1, two distinct terms: (J )g—probe strikes dressed quark with scalar-diquark spectator—and (J )g—probe strikes

dressed quark with axial-vector diquark spectator.

2. Diagram 2: (J >{]‘é‘—pr0be strikes axial-vector diquark with dressed-quark spectator.

3. Diagram 3: (J >({]§A}—pr0be mediates transition between scalar and axial-vector diquarks, with dressed-quark spectator.

4. Diagram 4, three terms: (J)35—probe strikes dressed quark “in flight” between one scalar-diquark correlation and another;
(J)ifA} dressed quark in flight between a scalar-diquark correlation and an axial-vector correlation; and (J)44—in flight
between one axial-vector correlation and another.

5. Diagrams 5 and 6—seagull diagrams describing the probe coupling into the diquark correlation amplitudes: (J),,. There is

one contribution from each diagram to match every term in diagram 4.

Appendix A. Combining the results and using sensibly
chosen projection operators, one readily arrives at predic-
tions for the baryon axial and pseudoscalar form factors in
Egs. (1b) and (4b). Note that Eq. (1a) entails that G5 is
entirely determined by the Q-transverse part of the baryon
axial current [25].

III. CALCULATED FORM FACTORS
A. Axial

In the isospin-symmetry limit, there are six distinct
charged current semileptonic transitions between octet
baryons. We record our predictions for the associated
GA(Q? = 0) values in Table II. In the Cabibbo model of
such transitions, which assumes SU(3)-flavor symmetry,
the couplings in Table II are described by just two distinct
parameters (see Table 1 in Ref. [4]): D and F. In these
terms, a least-squares fit to the SCI results produces

D=078, F=043, F/D=056, (8)

with a mean absolute relative error between SCI results and
Cabibbo fit of just 3(2)%. Evidently, confirming the
conclusion of many studies, the SCI predicts that the
violation of SU(3) symmetry in these transitions is small.
This is also manifest in the comparison between n — p and
50 - ¥+, The formeris a d — u transition, and the latter is
s — u; yet, in the Cabibbo model, G?EO (0) = G4"(0), and

TABLETIL  SCI predictions for g5% = G5'(Q? = 0) compared
with experiment [5] and other calculations: Lorentz covariant
quark model [29]; covariant baryon chiral perturbation theory
[30]; and a IQCD study [35], which used large pion masses
(m, = 0.55-1.15 GeV) and quoted error estimates that are
primarily statistical.

n—-p A A-sp X -n B3I B SA
SCI 1.24 0.66 —-0.82 0.34 1.19 0.23

[5] 1.28 0.57(3) —0.88(2) 0.34(2) 1.22(5) 0.31(6)
[29] 1.27 0.63 -0.89 0.26 1.25 0.33

[30] 1.27 0.602) —0.88(2) 0.33(2) 1.22(4) 0.21(4)
[35] 1.31(2) 0.66(1) —0.95(2) 0.34(1) 1.28(3) 0.27(1)

this identity is accurate to 4% in the SCI calculation.
Likewise in experiment.

It is worth providing additional context for the results in
Eq. (8). We therefore note that a covariant baryon chiral
perturbation theory analysis of semileptonic hyperon
decays yields D =0.80(1), F=0.47(1), and F/D =
0.59(1) [30]; and a three-degenerate-flavor lattice QCD
(1QCD) computation yields F/D = 0.61(1) [37].

In considering the empirical fact of approximate SU(3)-
flavor symmetry in the values of octet baryon axial
transition charges, one should note that it is not a direct
consequence of any basic symmetry. Hence, the apparent
near symmetry is actually a dynamical outcome. The
underlying source of any SU(3)-flavor symmetry breaking
is the Higgs-boson-generated splitting between the current
masses of the s and [ = u, d valence quarks. However, as
noted above, m,/m; ~ 20. Therefore, something must be
strongly suppressing the expression of this difference in
observable quantities.

The responsible agent is EHM [7-12]. For example,
leptonic weak decays of pseudoscalar mesons proceed via
the axial current and fx/f, ~ 1.2. These decay constants
are order parameters for chiral symmetry breaking, and that
effect is predominantly dynamical for nature’s three lighter
quarks (see Fig. 2.5 in Ref. [10]). Similarly, considering the
axial form factors for semileptonic decays of heavy + light
pseudoscalar mesons to light vector meson final states, one
finds SU(3)-flavor symmetry breaking on the order of 10%
[17]. Finally, comparing the hadron-scale valence-quark
distribution functions of the kaon and pion, one learns that
the u quark carries 6% less of the kaon’s light-front
momentum than does the u# quark in the pion [66,67].

Focusing on the case in hand, i.e., octet baryon semi-
leptonic transitions, m,/m; ~ 20 leads to a dressed-quark
mass ratio M;/M;~ 1.4—Table IX—namely, a huge
suppression owing to EHM. In turn, this is expressed as
an ~14% difference in diquark masses, smaller differences
in diquark correlation amplitudes, and, consequently,
differences of even smaller magnitude (~3%) between
the leading scalar-diquark components of the Faddeev
amplitudes of the baryons involved. In addition,
Tables XII and XIII reveal that the s - u and d — u
quark-level weak transitions are similar in strength—
unsurprising given that these axial vertices are obtained
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TABLE III. Diagram separation of octet baryon axial transition
charges, presented as a fraction of the total listed in Table II,
row 1, and made with reference to Fig. 2.

D Y s Y
gfj" 0.29 0.013 0.072 0.35 0.19 0.051 0.028
gff" 0.27 0.016 0.023 0.42 0.28 —0.008
gﬁA 0.45 0.083 0.33 0.082 0.044 0.013
gff* 0.13 —-0.051 0.57 042 -0.076 0.008
g§+30 0.41 0.011 0.064 0.36 0.12 0.020 0.013
g’A}E’ 1.02 —-0.072 0.12 0.12 -0.28 0.023 0.076

by solving Bethe-Salpeter equations akin to those that yield
the diquark correlation amplitudes. Finally, therefore,
regarding the n— p: E°— X+ comparison, e.g., Table III
reveals that the scalar-diquark components dominate the
transition; hence, these transitions should have similar
strengths.

Table III highlights a curious feature of the quark +
diquark picture; namely, the s — u quark X~ — 7 transition
receives no contribution from diagram 1 in Fig. 2, because
the only scalar-diquark component in X~ is d[ds] and the
neutron contains no [ds] diquark. Nevertheless, scalar
diquarks are still dominant contributors to ¢/* via diagrams
3 and 4. Itis also worth recalling that, since axial form factors
derive solely from Q-transverse pieces of the baryon current
[25], there are no seagull contributions to G55

Notwithstanding the dominance of scalar-diquark
components, Table III reveals that axial-vector correlations
also play a material role in the transitions. For instance,
(J) qu is large in all cases yet would vanish if axial-vector
diquarks were ignored in forming the picture of baryon
structure. Their impact is further highlighted below.

Our calculated SCI result for GL"(Q? = xm3,) is reliably
interpolated using the function in Eq. (B1) with the
coefficients in Table XV(a). It is drawn in Fig. 3(a) and
compared with both the CSM prediction from Ref. [25],
produced with QCD-like momentum dependence for all
elements in Figs. 1 and 2, and a dipole fit to low-Q? data
[68]. As usual with SCI predictions, the x < M [2 results are
quantitatively sound (M, is the dressed mass of the lighter
quarks—Table IX), but form factor evolution with increas-
ing x is too slow [41-43]; i.e., SCI form factors are too hard
at spacelike momenta.

The complete array of ground-state octet baryon axial
transition form factors is plotted in Fig. 3(b). Interpolations
of these functions are obtained using Eq. (B1) and the
appropriate coefficients from Table XV (a).

Figure 3(c) presents the curves in Fig. 3(b) renormalized
to unity at x = 0 along with the pointwise average of the
renormalized functions. Introducing a dimensionless radius
squared associated with the curves drawn, viz.

(13%) = ~OMys [GEP(0%)/GEP (0. (9)

— SCI
----- Chen et al.
Meyer et al.

(c) 1.0
o 0.8}
EIE\DQ:
mS 0.6}
’Ié;(

©
~

FIG. 3. (a) G{"(x = Q*/m%): SCI result computed herein,
solid red curve; prediction from Ref. [25], short-dashed purple
curve within like-colored band; and dipole fit to data [68], long-
dashed gold curve within like-colored band. (b) Complete array
of SCI predictions for octet baryon axial transition form factors:
GEB(x = Q*/M2%,,). (c) As in (b), but with each form factor
normalized to unity at x = 0. The thinner solid black curve is a
pointwise average of the six transition form factors.

in terms of which the usual radius is 7 #
arrives at the following comparisons:

AR/
=8B /Mpp, one

XA JaPN S AP yapn apyT japn aSHEO japn AABT japn
Iy RNy Rl Ay S i Ay S el

. (10)
1.22 0.89 0.90 1.05 1.00

which quantify the pattern that can be read “by eye” from
Fig. 3(c). Evidently, removing the Mpp kinematic factor
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has revealed a fairly uniform collection of axial transition
form factors: The mean value of the ratio in Eq. (10) is
1.01(13). Given that SCI form factors are typically hard,
the individual SCI radii are likely too small; nevertheless,
their size relative to 7" should be a reliable guide. So, for a
physical interpretation of these ratios, we note that,
comparing the SCI result for 7," with that in Ref. [25],

one has #ge/Pins = 0.76 and 7y = 3.40(4). The

dipole fit to data in Fig. 3(a) yields ”Z%g] = 3.63(24).

Considering the x dependence of the axial transition
form factors displayed in Fig. 3(c), it is worth noting that at
x =2 the mean absolute value of the relative deviation
from the average curve is 16(8)%. Apparently, the magni-
tude of SU(3)-flavor symmetry breaking increases with Q2,
i.e., as details of baryon structure are probed with higher
precision. This may also be highlighted by comparing
the x = 2 values of the n — p and Z° — * curves in
Fig. 3(c): At x = 2, the ratio is ~1.2. It would be unity in
the case of SU(3)-flavor symmetry.

B. Induced pseudoscalar

The SCI result for the n — p induced pseudoscalar
transition form factor, Gp(x), is reliably interpolated
using the function in Eq. (B1b) with the coefficients in
Table XV (b). Itis drawn in Fig. 4(a) and compared with both
the CSM prediction from Ref. [25], produced with QCD-like
momentum dependence for all elements in Figs. 1 and 2,
and results from a numerical simulation of 1QCD [28].
Evidently, there is fair agreement between the SCI result and
calculations with a closer connection to QCD.

Muon capture experiments (¢ + p — v, + n) determine
the induced pseudoscalar charge

m
9p=5"-G

2 __ 2
T (0% = 0.88m2), (11)

P

where m,, is the muon mass. The SCI yields gj, = 10.3.
For comparison, we record that Ref. [25] predicts
g, = 8.80(23), the MuCap Collaboration reports gj =
8.06(55) [69,70], and the world average value is g, =
8.79(1.92) [71]. Consequently, one might infer that the SCI
result is <15% too large. In assessing this outcome, it is
worth recalling that our SCI analysis is largely algebraic
and parameter-free.

With reference to Fig. 2, a diagram breakdown of
GEZP(0) is presented in Table IV. One again notes the
dominance of scalar-diquark correlations and 0% <> 1T
transitions in forming the induced pseudoscalar transition
charges. In these cases, however, each form factor also
receives seagull contributions. They are largest for
2~ - A, in which the final state has all three possible
types of scalar-diquark correlation. Here, the seagull terms
must compensate for the strong contribution from diagram
1. The seagull contributions are also significant for A — p
and X7 — n: In the former transition, they interfere

— SCI
----- Chen et al.
+ lat. Jang et al.

FIG. 4. (a) (m;/My)G?"(x = Q*/m3%): SCI result computed
herein, solid red curve; prediction from Ref. [25], short-dashed
purple curve within like-colored band; and 1QCD results [28],
green points. (b) Complete array of SCI predictions for octet
baryon axial transition form factors: GE(x = Q*/M2,,)/R(x).
Egs. (B1b) and (Blc). (c) As in (b), but with each form factor
normalized to unity at x = 0. The thinner solid black curve is a
pointwise average of the other six curves.

constructively with diagram 4 to compensate for a large
diagram 1 contribution; in the latter, they interfere destruc-
tively with diagram 4. These effects are required by PCAC
and ensured by our SCL

The full set of ground-state octet baryon induced pseu-
doscalar transition form factors is plotted in Fig. 4(b).
Division by the factor R(x), defined in Eq. (Blc), removes
kinematic differences associated with quark and baryon
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TABLE IV. Diagram separated contributions to Q% = 0 values
of octet baryon induced pseudoscalar transition form factors,
GEP, presented as a fraction of the total listed in Table XV(b),
column 1, and made with reference to Fig. 2.

TABLE V. Row 1: pseudoscalar transition couplings defined by
analogy with Eq. (14a). Row 2: value of this quantity at t =0
instead of at t = —m%,f”. Row 3: relative difference between

rows 1 and 2.

DS WA M Y e Dy apn  mAS  KpA KnE KXE KAE
5" 0.54 0.051 0.072  0.35 0.018 —0.039 ap B,B@ 124 066 -083 034 121 025
-A 19 My
gZ)A 8;? 0054 8832 8;% —(())8231 _g'?il t=0 124 066 -082 034 1.19 023
ge_ P ' ' : ' % difference  0.16 015 15 18 17 91
P 0.46 -0.047  0.56 -0.19 0.22
&= 0.66 0.036 0.061  0.33 -0.048 —0.033
g= 157 —-0.23 0.10 0.091 0.13  -0.66 determined in a recent analysis of nucleon-nucleon scatter-

masses and pseudoscalar meson poles. Interpolations of
these functions are provided by Eq. (B1b) with the appro-
priate coefficients from Table XV(b). Figure 4(c) redraws
these curves renormalized to unity at x = 0 along with the
pointwise average of the rescaled functions. On the dis-
played domain, the average is similar to the n — p curve;
and at x = 2, the mean absolute value of the relative
deviation from the average curve is 20(14)%. Once again,
these panels reveal that the size of SU(3)-flavor symmetry
breaking increases with Q2. In this instance, comparing the
x = 2 values of the n — p and Z° — =7 curves in Fig. 4(c),
the ratio is ~1.2, namely, alike in size with that for the axial
transition form factors.

C. Pseudoscalar

Akin to Eq. (6), the zNN form factor is defined via the
pseudoscalar current in Eq. (4):

fo mp my

G 2) 2L =
ﬂNN(Q )mN Q2 +m72[ my

GL"(0%).  (12)
In these terms, the Goldberger-Treiman relation reads

Gy'(0) =, L G1"(0). (13)

Reviewing Eqgs. (B1) and Table XV, it is apparent that the
relation is satisfied in our SCI. Furthermore, one can read
the value of the zZNN coupling constant from the residue of
GY'(Q%) at Q> + m2 =0:

gavn = lim (14 Q%/m2)LGI"(Q?)  (14a)
my  Q*+m2-0 my

5 24,

(14b)

The SCI prediction is in fair agreement with that obtained
using QCD-kindred momentum dependence for all ele-
ments in Figs. 1 and 2, viz. 1.29(3) [25]; extracted from
pion-nucleon scattering data [72], 1.29(1); inferred from the
Granada 2013 np and p p scattering database [73], 1.30; and

ing using effective field theory and related tools [74], 1.30.
Couplings for all pseudoscalar transitions, defined by
analogy with Eq. (14a), are listed in Table V. Plainly,
Gp, pB 0)(fp /M pg) provides a good approximation to
the on-shell value of the coupling in all cases except the
E~A transition, which is somewhat special owing to the
spin-flavor structure of the A, Eq. (A19c). This was
highlighted in connection with Table IV. Nevertheless,
even in this case, the t = 0 value is a reasonable guide.
The values in Table V may be compared with quark-
soliton model results (see Table 3 in Ref. [33]). Converted
using empirical baryon masses and meson decay constants,

the mean value of &7 := {|g§,§lB,B/gEf]B,B — 1]} is 0.18(17).

Similar comparisons can be made with the couplings
used in phenomenological hyperon + nucleon potentials
[75,76], yielding 67 = 0.21(17) and 0.15(14), respectively.
The dynamical coupled channels study of nucleon reso-
nances in Ref. [77] uses SU(3)-flavor symmetry to express
hyperon + nucleon couplings in terms of g,yy. Relative to
those couplings, one finds 57 = 0.17(15). Rescaling the
value of g,yy employed therein to match the SCI pre-
diction, then &7 = 0.16(14). In this last case, the difference
from zero is an indication of the size of SU(3)-flavor
symmetry violation in {gpqu/B}. These comparisons with
phenomenological potentials suggest that the SCI predic-
tions for the couplings in Table V could serve as useful
constraints in refining such models.

With reference to Fig. 2, a diagram breakdown of
GEZB(0) is listed in Table VI. Once more, it will be
observed that scalar-diquark correlations dominate and
0" <> 17 transitions are important in building the pseu-
doscalar transition charges. Moreover, the pattern of dia-
gram contributions is similar to that seen in G%?(0), again
largely as a consequence of Eq. (5): Recall, seagulls play no
role in G§2(0).

The SClI result for the n — p pseudoscalar transition form
factor, Gs(x), is reliably interpolated using the function in
Eq. (B1b) with the coefficients in Table XV(c). It is plotted
in Fig. 5(a) and compared with both the CSM prediction
from Ref. [25], obtained using QCD-like momentum
dependence for all elements in Figs. 1 and 2, and results
from a numerical simulation of 1QCD [28]. The SCI result
is harder than the CSM prediction in Ref. [25], which
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TABLE VI. Diagram separated contributions to Q% = 0 values
of octet baryon pseudoscalar transition form factors, presented as
a fraction of the total listed in Table XV(c), column 1, and made
with reference to Fig. 2.

WS DE 8 Y De Dy

¢ 051 0048 0083  0.38 0.017 —0.039
A 040 0050 0025 044 0.039  0.048
@ 071 0.094 035 —0.032 -0.12
px 036 -0.057 059 —0.068 0.18
&F 057 0028 0073 038 0015 -0.028
= 149 —020  0.14 0.13 0.040 —0.60

should be closer to reality; hence, one may consider the
possibility that the IQCD result is also too hard.

Figure 5(b) depicts the complete set of ground-state octet
baryon pseudoscalar transition form factors, each divided
by the factor R(x) so as to remove kinematic differences
associated with masses and pseudoscalar meson poles.
Interpolations of these functions are indicated by Eq. (B1b)
with the appropriate coefficients from Table XV(c). In
Fig. 5(c), we depict each of the curves in Fig. 5(b) after
renormalization to unity at x = O alongside the pointwise
average of the renormalized functions. At x = 2, the mean
absolute value of the relative deviation from the average
curve is 7(5)%. Focusing on the Z° — Z* curves in Fig. 5
(c), at x = 2, the ratio is ~1.2, similar to that found with
G35 We note that although G£= (x)/R(x) is not mono-
tonically decreasing with increasing x on the domain
displayed, G2= (x) is.

IV. VALENCE SPIN FRACTION

The axial transition form factors considered above
involve three distinct isospin multiplets and a singlet,
which in the isospin symmetry limit may be characterized
by the following four baryons: p, £+, E~, and A. Following
Ref. [26], we consider neutral-current processes and
perform a flavor separation of G& in each case. The 0 =
0 values of the results obtained thereby define a flavor

separation of octet baryon axial charges:

Ih = 9w — Ghar (15a)
G = Fiu — i (15b)
93 = ~9aa— s (15¢)

9h = Ghu + Gha = 9As- (15d)

The flavor-separated charges are of particular interest,
because g5, measures the valence-i-quark’s contribution to
the light-front helicity of baryon B, i.e., the difference
between the light-front number density of 4 quarks with
helicity parallel to that of the baryon and the kindred

— SCI
Chen et al.
« lat. Jang et al.

O/Rx) <

BB
5

(X)R(0)/G

BB
5

G

FIG. 5. (a) (m;/My)GEY" (x = Q*/m%): SCI result, solid red
curve; prediction from Ref. [25], short-dashed purple curve
within like-colored band; 1QCD results [28], green points.
(b) Complete array of SCI predictions for octet baryon axial
transition form factors: G5%(x = Q?/M?2,,)/R(x), Eqgs. (B1b)
and (B1c). (c) As in (b), but with each form factor normalized to
unity at x = 0. The thinner solid black curve is a pointwise
average of the other six curves.

density with helicity antiparallel. For each baryon, one may
subsequently define the singlet, triplet, and octet axial
charges, respectively:

ag = gu, + 9ha + 9a (16a)
a§ = g4, — 9K (16b)
ag = gh, + 9ha = 295, (16¢)
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a8 is the fraction of the spin of baryon B that is carried by
valence quarks [78]. Computed in the SCI, this quantity is
associated with the hadron scale, {3 = 0.33 GeV
[66,67,79,80], whereat all properties of the hadron are
carried by valence degrees of freedom. Consequently, any
difference between the SCI value of af and unity should
measure the fraction of the baryon’s spin stored in quark +
diquark orbital angular momentum.

The information provided in Appendix A is sufficient to
complete the calculation of the charges in Eq. (15). Table VII
reports the contributions to each charge from the diagrams in
Fig. 2. Qualitatively, the results are readily understood using
the legend in Table I, the spin-flavor structure of each
baryon, specified in Egs. (A19), and the Faddeev amplitudes
in Table XI. For instance, regarding the s quark in the A, the
s[ud] quark + diquark combination is strong in the Faddeev
amplitude, so ¢, receives a dominant diagram 1 scalar-
diquark bystander contribution; the valence s quark is never
isolated alongside an axial-vector diquark, and hence
(/)4 = 0; and the other leading contribution is from diagram
3, which is fed by the strong u[ds] — d[us| combination
transforming into u{ds} — d{us}. Concerning u and d
quarks in the A, the u <> d antisymmetry of the amplitude’s
spin-flavor structure entails that whatever contribution ¢,
receives, —g4, will be of the same size with opposite sign
(weak charges of the u and d quarks are equal and opposite);
and diagrams involving scalar diquarks must dominate,
because such diquarks are most prominent in the Faddeev
amplitude.

Notwithstanding the dominance of scalar-diquark con-
tributions in all cases, a material role for axial-vector
diquarks is also apparent. We highlighted this with the
importance of u[ds] — dus| <> u{ds} — d{us} in the A;
and it is also worth emphasizing the size of the (J§)
contribution, which for singly represented valence
quarks in p, X" is much larger in magnitude and has
the opposite sign to that connected with the doubly
represented quark.

TABLE VII. With reference to Fig. 2, diagram contributions to
flavor-separated octet baryon axial charges, Eq. (15). “0” entries
are omitted. Naturally, in the isospin-symmetry limit, the results
for X~ are obtained by making the replacement g%, — g%, and for
the 2°, via ¢, = o5

DS DL D &Y W

(HET (s

¢, 036 —0016 011 022 0.13  0.028
-, 0.031 —0.022 022 024 —0.064 0.007
g 040 —0.008 0.15 0.14 0.15  0.023
—g 0.064 —0.014 0.17  0.085 —0.014 0.001
-5, 0.013 —0.020 020 024 —0.044 0.005
—g=, —0.61  0.019 —0.066 —0.24 ~0.026 —0.005
gh 0086 —0.014 0019 —0.087 —0.17  0.035

—g}, —0.086 0.014 —0.019 0087 0.17 —0.035

—gb, —0.36 ~0.044 —0.21 —0.038 —0.016 —0.003

The summed results for each gﬁf and the associated
singlet, triplet, and octet axial charges are listed in
Table VIII: The pattern of the SCI predictions is similar
to that in a range of other studies (see Table III in Ref. [34]).
Using this information, we first report the following axial
charge ratios for each baryon:

+ + - =-
gﬁd/ggu gﬁs /giu gZd/ng g,/A}(qud)/ng

(17)
-0.50  -034 043  —0.40

Evidently, the ratio of axial charges for singly and doubly
represented valence quarks is roughly the same in each
baryon, viz. 0.42(7), if one interprets u + d as effectively
the singly represented quark in the A. Furthermore, the ratio
is smallest in magnitude when the singly represented quark
is heavier than that which is doubly represented.

It is also worth recalling that the SCI produces results
that are consistent with only small violations of SU(3)-
flavor symmetry, Eq. (8). Thus, one may compare the
proton results in Table VIII with the following flavor-
symmetry predictions:

I, F-D 3F-D
Iad D=2 039, af =
Jau 2F F+D

=043.  (18)

There is a reasonable degree of consistency.

Such accord is important, because textbook-level analy-
ses yield ¢4 ,/g4, = —1/4 in nonrelativistic quark models
with uncorrelated wave functions. The enhanced magni-
tude of the SCI result can be traced to the presence of axial-
vector diquarks in the proton, namely, the fact that the
Fig. 2, diagram 1 contribution arising from the {uu}
correlation, in which the probe strikes the valence d quark,
is twice as strong as that from the {ud}, in which it strikes
the valence u quark. The relative negative sign means this
increases |gf‘| at a cost to g4. Consequently, the highly
correlated proton wave function obtained as a solution of
the Faddeev equation in Fig. 1 places a significantly larger
fraction of the proton’s light-front helicity with the valence
d quark.

TABLE VIII. Net flavor-separated and SU(3) baryon axial
charges obtained by combining the entries in Table VII according
to Egs. (15) and (16). O entries are omitted. Recall that these
results are for the elastic and neutral processes; hence, the af
entries need not exactly match those in row 1 in Table II.

B gﬁu gﬁd gﬁs aOB ag Clg

p 0.83 -0.41 0.42 1.24 0.42
=+ 0.85 -0.29 0.56 0.85 1.42
=2 —0.40 0.93 0.53 0.40 —-2.26
A —0.13 —0.13 0.67 0.41 —1.61
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The enhancement remains when all elements in Figs. 1
and 2 express QCD-like momentum dependence, but with
reduced magnitude [25]: ¢4 ,/¢4, = —0.32(2). Relative to
that analysis, the larger size of the SCI result likely owes to
the momentum independence of the Bethe-Salpeter and
Faddeev amplitudes it generates. This limits the suppres-
sion of would-be soft contributions; e.g., the two-loop (J)33
contribution in row 2 in Table VII is roughly 5 times larger
than the analogous term in Ref. [25], significantly enhanc-
ing the magnitude of ¢/,,.

Referring to Table VIII, af and af are conserved
charges; i.e., they are the same at all resolving scales (.
This is not true of the individual terms in their definitions,
Egs. (16b) and (16¢): The flavor-separated valence quark
charges ¢ ., g% ;. and g% evolve with ¢ [78]. Consequently,
the value of ag, which is identified with the fraction of the
baryon’s total J = 1/2 carried by its valence degrees of
freedom, changes with scale—it diminishes slowly with
increasing {; and, as noted above, the SCI predictions in
Table VIII are made with reference to the hadron scale
=y =0.33 GeV [66,67,79,80].

Textbook-level analyses yield a5 = 1 in nonrelativistic
quark models with uncorrelated wave functions. So, in such
pictures, all the baryon’s spin derives from that of the
constituent quarks. Herein, on the other hand, considering
the hadron scale, then the valence degrees of freedom in
octet baryons carry roughly one-half the total spin. The
mean is

ab = 0.50(7). (19)

Since there are no other degrees of freedom at this scale and
the Poincaré-covariant baryon wave function obtained from
the Faddeev amplitude discussed in Appendix A 3 properly
describes a J = 1/2 system, then the remainder of the total
J must be lodged with quark + diquark orbital angular
momentum. In keeping with such a picture, this remainder
is largest in systems with the lightest valence degrees of
freedom: af ~a} < a)~a5. A detailed discussion of
these and related issues will be presented elsewhere [81].

V. SUMMARY AND PERSPECTIVE

Using a symmetry-preserving treatment of a vector x
vector contact interaction (SCI), we delivered predictions
for the axial, induced-pseudoscalar, and pseudoscalar
transition form factors of ground-state octet baryons,
thereby furthering progress toward a goal of unifying an
array of baryon properties [44-47] with analogous treat-
ments of semileptonic decays of heavy + heavy and
heavy + light pseudoscalar mesons to both pseudoscalar
and vector meson final states [14,17]. The study required an
extensive body of calculations, demanding solutions of a
collection of integral equations for an array of relevant
n = 2-6-point Schwinger functions, e.g., gap, Bethe-
Salpeter, and, of special importance, Faddeev equations

that describe octet baryons as quark-plus-interacting-
diquark bound states. Naturally, being symmetry preserv-
ing, all mathematical and physical expressions of partial
conservation of the axial current (PCAC) are manifest.

Our implementation of the SCI has four parameters, viz.
the values of a mass-dependent quark + antiquark coupling
strength chosen at the current masses of the u/d, s, ¢, and b
quarks. Since their values were fixed elsewhere [14], the
predictions for octet baryons presented herein are param-
eter-free. The merits of the SCI are its algebraic simplicity;
paucity of parameters; simultaneous applicability to a wide
variety of systems and processes; and potential for
revealing insights that connect and explain numerous
phenomena.

Regarding octet baryon axial transition form factors G,
SCI results are consistent with a small violation of SU(3)-
flavor symmetry (Sec. III A); and our analysis revealed this
outcome to be a dynamical consequence of emergent
hadron mass. Namely, the generation of a nuclear size
mass scale in the strong interaction sector of the Standard
Model acts to mask the impact of Higgs-boson-generated
differences between the current masses of lighter quarks.
Furthermore, the spin-flavor structure of the Poincaré-
covariant baryon wave functions, expressed in the presence
of both flavor-antitriplet scalar diquarks and flavor-sextet
axial-vector diquarks, plays a key role in determining the
axial charges and form factors. Notably, while scalar-
diquark contributions are dominant, axial-vector diquarks
nevertheless play a material role, which is especially visible
in the values of the flavor-separated charges. Thus, here, as
with many other quantities [61,82,83], a sound description
of observables requires the presence of axial-vector corre-
lations in the wave functions of ground-state octet baryons.

Octet baryon induced-pseudoscalar transition form fac-
tors Gp are also described well by our SCI (Sec. III B).
Qualitatively, the same formative elements are at work with
Gp as with G 4. The material difference is the role of seagull
terms in the current (Fig. 2). G, is associated with the
transverse part of the baryon axial current and, hence,
receives no seagull contributions. On the other hand,
seagull terms contribute to all calculated induced pseudo-
scalar form factors, being particularly significant for
E-—> A, A— p, and 2~ — n. Bach Gp(Q?) exhibits a
pole at Q? + m3, where mp = m,, mg, the pion or kaon
mass, depending on whether the underlying weak quark
transition is d — u or s — u.

Owing to PCAC, which entails that the longitudinal
part of the axial-vector current is completely determined by
the kindred pseudoscalar form factor, then in every case
there is an intimate connection between the induced
pseudoscalar and pseudoscalar transition form factors
Gps. Consequently, viewed from the correct perspective,
all said about Gp applies equally to G5. A new feature is the
link between G5 and a number of meson + baryon
couplings, which can be read from the residue of G5 at

054031-10



CONTACT INTERACTION ANALYSIS OF OCTET BARYON ...

PHYS. REV. D 106, 054031 (2022)

Q* + m3% = 0 (Table V). Thus computed, the SCI predic-
tion for the zpn coupling is in fair agreement with other
calculations and phenomenology.

Working with neutral axial currents, we obtained SCI
predictions for the flavor separation of octet baryon axial
charges and, therefrom, values for the associated SU(3)-
flavor singlet, triplet, and octet axial charges (Sec. IV). The
singlet charge relates to the fraction of a baryon’s total
angular momentum carried by its valence quarks. The SCI
predicts that, at the hadron scale {;; = 0.33 GeV, this
fraction is roughly 50%. Since there are no other degrees
of freedom at {4, the remainder may be associated with
quark + diquark orbital angular momentum.

Numerous analyses have shown that, when viewed
prudently, SCI results typically provide a useful quantita-
tive guide. Notwithstanding this, it is worth checking the
predictions described herein using the QCD-kindred frame-
work that has been employed widely in studying properties
of the nucleon, A-baryon, and their low-lying excitations
[24-26,62,84-86]. This is especially true of the results for
octet baryon spin structure. In addition, with continuing
progress in developing the ab initio Poincaré-covariant
three-body Faddeev equation approach to baryon structure
[87-90], it should soon be possible to deliver octet baryon
axial and pseudoscalar current form factors independently
of the quark + diquark scheme. Comparisons between
the results obtained in the different frameworks should
serve to improve both. Naturally, too, an extension of the
analyses herein to baryons containing one or more heavy
quarks would also be valuable; especially, e.g., given the
role that A, - A.e"D, may play in testing lepton flavor
universality [91].

ACKNOWLEDGMENTS

We are grateful for constructive comments from D. S.
Carman, R. W. Gothe, G. Krein, T.-S. H. Lee, V. 1. Mokeeyv,
H.-Y. Xing, Z.-N. Xu, and F.-S. Yu. Work supported by
National Natural Science Foundation of China (Grants
No. 12135007 and No. 12047502) and Natural Science
Foundation of Jiangsu Province (Grant No. BK20220122).

APPENDIX A: SCI PROPAGATORS,
AMPLITUDES, AND CURRENTS

1. Contact interaction

The basic element in the continuum analysis of hadron
bound states is the quark + antiquark scattering kernel.
At leading order in a widely used symmetry-preserving
approximation scheme (rainbow-ladder truncation) [92,93],
it can be written

ICala’l wdy, — gﬂl/(k)[i}/ﬂ]al(fl [iyv]aza’z’ (Ala)
9, (k) =91, (Alb)

where k = p, — p} = p5 — p,, with p;, and p, being,
respectively, the initial and final momenta of the scatterers,
2k _ g2

and k°T,, = k*5,, — k,k,.

¢ is the defining element; and it is now known that,
owing to the emergence of a gluon mass scale [94-97], ¢ is
nonzero and finite at infrared momenta. Hence, it can be
written as follows:

- 204
Yy =0 (A2)

mg

In QCD [97], mg=~0.5 GeV and o ~ 7. Following
Ref. [14], we retain this value of m; and, exploiting the
fact that a SCI cannot support relative momentum between
meson bound-state constituents, simplify the tensor in
Egs. (Al):

4ra
C _ IR . .
K(t]la’l oy, m%; [l},ﬂ}ala’] {ZY#]OQU/Z‘ (A3)

An elementary form of confinement is expressed in the
SCI by including an infrared regularizing scale A;. when
defining all integral equations relevant to bound-state
problems [98]. This expedient excises momenta below
A;; and so eliminates quark + antiquark production thresh-
olds [99]. The standard choice is Aj; = 0.24 GeV =
1/[0.82 fm] [41], which introduces a confinement length
scale that is roughly the same as the proton radii [100].

All integrals in SCI bound-state equations require ultra-
violet regularization. This step breaks the link between
infrared and ultraviolet scales that is characteristic of QCD.
Consequently, the associated ultraviolet mass scales A,
become physical parameters. They may be interpreted as
upper bounds on the domains whereupon distributions
within the associated systems are practically momentum
independent.

For a quark of flavor f, the SCI gap equation is

S (p) =iy-p+my
167 ar d*q
Tm_é/wyﬂsf(qm“ (A4)
where my is the f-quark current mass. Using a Poincaré-
invariant regularization, the solution is
Si'(p) =ir-p+ My, (A5)
with M, the dynamically generated dressed-quark mass,
obtained as the solution of

dar i
~— 7 Co'(M}),

Mr=my+M;
ST S

(A6)

where (3, = 1/A2,, 72 = 1/A2)
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TABLE IX. Couplings ap/m, ultraviolet cutoffs A, and
current-quark masses my, [ = u/d, s, c, b, that deliver a good
description of flavored pseudoscalar meson properties, along with
the dressed-quark masses M and pseudoscalar meson masses #1p
and leptonic decay constants fp they produce; all obtained with
mg = 0.5 GeV and A = 0.24 GeV. Empirically, at a sensible
level of precision [5], m, =0.14, f,=0.092; mg = 0.50,
fx=0.11; mp =187, fp=0.15, mp=5.30, fzp=0.14.
(We assume isospin symmetry and list dimensioned quantities
in GeV.)

Quark  ar/7 Ay m M mp fr
7 Il=u/d 036 091 00068,, 037 0.14 0.10
K 5 0.33 094 0.16, 0.53 0.50 0.11
D c 0.12 136 1.39, 1.57 187 0.15
B b 0.052 1.92 4381, 4.81 530 0.14

C})“(a):/ dss/ dre~5+0)

— o[(~1,0%3,) ~T(~Lor). (A7)
The “iu” superscript stresses that the function depends on
both the infrared and ultraviolet cutoffs and I'(e, y) is the
incomplete gamma function. In general, functions of the
following type arise in SCI bound-state equations:

Cl(o) =T(n—1,01%)

-T(n-1,012), (A8)

CY(c) = 6C¥(0), n € Z>.

The SCI analysis of pseudoscalar mesons in Ref. [14]
improved upon that in Ref. [42] by keeping all light-quark
parameter values therein but fixing the s-quark current
mass m, and K-meson ultraviolet cutoff AX, through a
least-squares fit to measured values of my and fg, while
imposing the relation

AK AT
= = AR (Agv) [Agv]z In—=

ir ir

ar (AR)[AL) In

(A9)

This procedure eliminates one parameter by imposing the
physical constraint that any increase in the momentum-
space extent of a hadron wave function should be matched
by a reduction in the effective coupling between the
constituents. We use the u/d and s values herein. The
procedure was also implemented for the ¢ quark and D
meson and b quark and B meson; and the complete set of
results is reproduced in Table IX. The evolution of A,
with mp is described by the following interpolation
(s = m):

Ay (s) =0.3061n[19.2 + (s/m2 — 1)/2.70].  (A10)

2. Diquarks

One now has all information necessary to specify the
dressed-quark propagators that appear when solving Fig. 1
for octet baryons. The next step is to compute the SCI
diquark correlation amplitudes. The forms of the relevant
Bethe-Salpeter equations are written in Sec. 2.2.2 in
Ref. [43], along with the structure of their solutions, which
can be expressed as follows:

Tj,(K) = T3 ®L,(K) = T3 ® i, ® T7,(K).  (All)
where the color-antitriplet character is expressed in
{15 .a=123}= {i2%,i2°,i"}, using Gell-Mann matri-

ces; the flavor structure is expressed via

0O 1 0 0 1
P,=|-1 0 0, O=]0 0 0],
L0 00 -1 0 0
[0 0 O
=10 0 1],
0 -1 0
V2 0 0 0 1 0]
=10 00|, d,=|10 0f,
L0 0 0 00 0]
[0 0 1] 0 0 0]
=100 of, d,=]0 2 0],
1 0 0 0 0 0]
[0 0 0] 0 0 0
=100 1|, d=]00 0] (AI2
0 1 0] 00 2

and the Dirac structure in
+ . y-K
F?.Q(K) =7s |:lE[fg] +—2MR F[fg]:| C, (A13a)

I} (K) = TRy, CEy. (A13b)
where K is the correlation’s total momentum, Mp =
MM ,/[M;+ M|, and C = y,y, is the charge conjugation
matrix. As initially observed in Ref. [101], owing to
similarities between their respective Bethe-Salpeter equa-
tions, one may consider a color-antitriplet J* diquark as
being the partner to a color-singlet J=F meson. Thus, the J#
diquark Bethe-Salpeter equations are solved using the
dressed-quark propagators described above and the values
of A, associated with the J=F mesons [46,54]. The
calculated diquark masses and canonically normalized
amplitudes required herein are listed in Table X. (As
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TABLE X. Masses and canonically normalized correlation
amplitudes obtained by solving the diquark Bethe-Salpeter
equations. Recall that we work in the isospin-symmetry limit.
(Masses listed in GeV. Amplitudes are dimensionless.)

My Ejq Flug M) Epy Flug)
0.78 271 0.31 0.94 2.78 0.37
M) Ly M {us) Efus) Mss) Efgs)
1.06 1.39 1.22 1.16 1.33 1.10

explained in Appendix C in Ref. [13], when using the SCT it
is necessary to slightly modify the canonical normalization
procedure for a given diquark correlation amplitude,
resulting in a <4% recalibration, which is already included
in Table X.)

The scalar and axial-vector diquark propagators take
standard forms:

1
AVI(K) = ———, Alda
e, A
KK, 1
AL (k) = {5W+mg }K2+m2 . (Al4p)
{/9} {/9}

where the masses are taken from Table X.

3. Faddeev amplitudes

All elements necessary to compose the octet baryon
Faddeev kernels are now in hand, and we complete this task
following Sec. III in Ref. [43]. The value of A, in each
Faddeev equation is chosen to be the scale associated with
the lightest diquark in the bound state, because this is
always the smallest value and, hence, the dominant
regularizing influence.

Any J = 1/2% octet solution of the resulting Faddeev
equation can be written as follows:

Y(P) =y (P)u(P), (A15)
where the positive energy spinor satisfies
u(P)(iy -P+M)=0= (iy- P+ M)u(P), (Al6)

is normalized such that @(P)u(P) = 2M, and

2MA L (P) =) u(P;o)i(P;0) =M —iy- P, (Al7)

where in this line we have made the spin label explicit. (See
Appendix A in Ref. [43] for more details.) Using
Eq. (A15), then the complete SCI solution for w(P) is a
sum of the following Dirac structures (132 =—1):

l//y(P) =slp, W,"fy(P) = aiysy, + azysf’”. (A18)
As usual, ¥(P) = ¥(P)y, = a(P)yay(P)'ya.

Faddeev equation dynamics determines the values of the
coefficients: {4, «1,}, each of which is a vector in flavor
space. The spin-flavor intertwining is determined by the
quantum numbers of the baryon under consideration.
Herein, we have the following structures:

1, ufud)
Y, =|r d{uu}|, (A19a)
L3 u{ud} ]
(1, dud] ]
¥ = |r, wldd) |, (A19b)
L3 d{ud} |
,|m —/2s[ud)|
Yy=—2|r1, ulds]—d[us] |, (Al9)
2
v2 ry  u{ds} —d{us}
[t ulus]
Wer = |1y s{uu} |, (A19d)
L3 ufus}
(1) s[us]
VYo = |1, s{us} (A19e)
| r3  u{ss}

Since we work in the isospin symmetry limit, the X%~
and B~ structures may be obtained from those above by
applying an isospin-lowering operator. These states are
mass degenerate with those written explicitly.

Solving the Faddeev equations, one obtains the masses
and amplitudes listed in Table XI. The row labels
therein refer to those identified in Eqgs. (A19). Regarding
the masses, we note that the values are deliberately
0.20(2) GeV above experiment [5], because Fig. 1 describes
the dressed-quark core of each baryon. To constitute a
complete baryon, resonant contributions should be
included in the Faddeev kernel. Such “meson cloud” effects
are known to lower the mass of octet baryons by ~0.2 GeV
[102,103]. (Similar effects are reported in quark models
[104,105].) Their impact on baryon structure can be
estimated using dynamical coupled-channels models
[39,106], but that is beyond the scope of contemporary
Faddeev equation analyses. Instead, we depict all form
factors in terms of x = Q?/M3%,,, a procedure that has
proved efficacious in developing sound comparisons with
experiment [26,39,84-86].
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TABLE XI. Masses and unit normalized Faddeev amplitudes
obtained by solving the octet baryon Faddeev equations defined
by Fig. 1. The row label superscript refers to Eqs. (A19): For the
A baryon, r, is a scalar-diquark combination; otherwise, it is axial
vector. Canonically normalized amplitudes, explained in con-
nection with Eq. (A20), are obtained by dividing the amplitude
entries in each row by the following numbers: nl" =0.157,
72 =0.177, X = 0.190, and % = 0.201. (Masses listed in
GeV. Amplitudes are dimensionless. Recall that we work in the
isospin-symmetry limit.)

Mass st s ap ay ay ay
p 115 088 -0.38 —-0.063 0.27 0.044
n 115 0.88 0.38 0.063 -0.27 -0.044
A 133 066 0.62 -0.41 -0.084
X 138 0.85 —-0.46 0.15 0.22 0.041
E 150 091 -0.29 0.021 0.29 0.052

Notwithstanding these remarks, the quark + diquark
picture of baryon structure produces a £ — A mass splitting
that is commensurate with experiment. This is because the
A is primarily a scalar-diquark system, whereas the X has
more axial-vector strength: Scalar diquarks are lighter than
axial-vector diquarks.

The Faddeev amplitudes in Table XI are unit normalized.
In calculating observables, one must use the canonically
normalized amplitude that is defined via the baryon’s
Dirac form factor in elastic electromagnetic scattering,
F,(Q* =0). To wit, for a baryon B, with n, u valence
quarks, n,; d valence quarks and n, s valence quarks, one
decomposes the Dirac form factor as follows:

F(Q* =0)

= nueuF?u(O) + ndedF?d«)) + nsesFlBs(O)’ (AZO)

where e, ;, are the quark electric charges, expressed in
units of the positron charge. It is subsequently straightfor-
ward to calculate the single constant factor that, when used
to rescale the unit-normalized Faddeev amplitude for B,
ensures F5(0) =1 = F#4(0) = F#(0). So long as one
employs a symmetry-preserving treatment of the elastic
scattering problem, it is guaranteed that a single factor
ensures all three flavor-separated electromagnetic form
factors are unity at Q> = 0. Explicit examples are provided
elsewhere [44].

4. Baryon currents

Using the propagators and amplitudes described above,
one can write the explicit form of the baryon current
indicated in Fig. 2. Their content is most compactly
expressed by associating a flavor-space column vector
with the baryon spinor so that, e.g., one may reexpress
Egs. (A18) and (A19e) as follows:

 {us)

yl(&' < d ss
EE(’:\PEO[ ]/‘Y—'—TEU b9

/s—’_lPEO /u’

where /£, = column[l1,0,0], £, = column|0, 1,0], and
£ = column[0, 0, 1]. The column vector that should be
used is determined by B and the specified diquark. We
denote the related row vector by Z’ » h=u,d, s, and also
define

(A21)

S = diagonal[S,,, Sy, S,]. (A22)

where the quark propagators are drawn from Appendix A 1.

a. Diagram 1

This diagram expresses two contributions, Table I:

Using the notation just introduced,

15,= [ w7,
x S(COLL (Q)S(C)AY (=€) £, 7 (P). (A24a)

A . ~
TS0 _é‘l’ﬁa(”)/’f

xS(¢ )T (Q)S(£,) AL (=€) £, ¥5,(P),  (A24b)
where fi) = ¢ + PU), the diquark propagators are given in
Eqs. (A14), and [, represents our regularized four-dimen-
sional momentum-space integral with, matching the
Faddeev equation procedure, A,, chosen to be the ultra-
violet cutoff associated with the lightest diquark in the
B p process. .

The remaining elements in Egs. (A24) are Egg =77 -‘/Fgg
and [gz =T/ gﬁ, viz. the dressed-quark + pseudoscalar,
—quark + axial-vector vertices that express the g — f
quark transition. Their calculation is exemplified in
Egs. (A.21)-(A.28) in Ref. [17], and we adapt those results
to all g —» f transitions considered herein. Notably, our
implementation of the SCI guarantees the following (and
other) Ward-Green-Takahashi identities (k, =k + Q,
e = diagonal[m,,, my, my)):

QL (k. k) + i T (ke k) + T4 (k. k)
= STk, )irs TP+ iysT1957 (k). (A25)

b. Diagram 2

There is only one term in this case, i.e., probe strikes
axial-vector diquark with dressed-quark spectator:
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(A26a)

J%(,,) (K. Q) = J?{;‘)(Ks 0)

- /f B (P7,S(£) AL (~¢1)

!
XFAA

5(u).p ( f/—’ = )Aaﬁ(

A n¥i(P). (A26b)

where Fg‘éA

n).po
(axial-vector) vertex. The associated form factors must
be calculated; to that end, we adapt the procedure detailed
in Ref. [25]. The results are collected in Appendix A 5, with

those relevant here given in Eq. (A34).

is the axial-vector diquark pseudoscalar

c. Diagram 3

There are two terms in this case, i.e., in the presence of a
dressed-quark spectator, the probe strikes an axial-vector
(scalar) diquark, inducing a transition to a scalar (axial-
vector) diquark. Writing the former explicitly:
I3 (K. Q)

J3)(K. Q) = (A27a)

— [ W@ 7S o)
X FSA

S (—EL —E AL (—C) /(). (A27D)

where FgA is the axial-vector — scalar-diquark transition

vertex. Xga the associated form factors must be

calculated, a task we complete following Ref. [25]. The

results are collected in Appendix A 5, with those relevant

here given in Eq. (A35). Naturally, FA(S 1o E) =
FSE‘> (7', 7).

d. Diagram 4

Here, the probe strikes a dressed-quark in flight, emitted
in the breakup of one diquark and en route to formation of

another:
| [ ea s

- f)ngm(Q)Q(qu - k)]T

< T (kg SO () £10 (P,
(A28)

T5 (K. Q) =

”2 = o

X EJ'I (4q)[S(kyq

where (-)T denotes matrix transpose, I'(K) = C'T'(K)TC,
and 7y, = —¢ + P, k,, = —k + P’. We have suppressed
Lorentz indices, which can readily be restored once the
chosen transition is specified.

There are four terms in Eq. (A28); but as exploited in the
enumeration of Table I, symmetry relates ..o/ to o/ .%;
namely, there are only three distinct contributions.

It is worth highlighting here that, in emulating the SCI
formulation of the Faddeev equation in Ref. [43], we have
used a variant of the so-called “static approximation” [107].
Consequently, the dressed-quark exchanged between the
diquarks in the Faddeev kernel (Fig. 1) is represented as

§T(g) - I

M (A29)

with gz = 1.18. Consistency with this simplification is
achieved by writing

gq — O (Q)S(£ g = F)

1 1}iy-Q+Mf+Mg
My M, Q*+ My + M,

S(k

- 4, ) (430

e. Diagrams 5 and 6

In a quark-plus-interacting-diquark picture of baryons, it
is typically necessary to include “seagull terms” in order to
ensure that relevant Ward-Green-Takahashi identities are
satisfied [108]. Those relevant to the currents in Egs. (1)
and (4) are given in Ref. [25]. Adapted to our SCI, they read

AL

J

I3, (K.0) = (P') 2w A% (kyy)

Jy f Yot
X S(k) 5(u) y(?’ﬂqq)§(qu - Z)TEJZZ (_qu)

X S(E)NT (Lo £2¥ (P),

AL

J

(A3la)

52, (K. Q) = P2 A (k)

3 (€4q)8(€4q
Py JP]
d (qu)/hLPBl (P)v

where, with mp - denoting the mass of the fg pseudoscalar
meson,

x S(k)[’

I3 fg
- k)T)fszﬂ) (_qu)

x S(£)A (A31b)

L
Q2 + P/q
+T(0)(7sT1)",

24790) = rsT/T"" (Q)

(A32a)

o 1 im , .
il () = - —— 2 [ysTHT (Q)

Q) (75T,
iQ,
Q2 +m Pf

(5T Q).

(A32b)
74100) = [T (Q)ysT!?

(A32¢)
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)
mm
1 Pry

meg Qz + m%/g

i7l () = [ (Q)ysTs

+ (T (Q)). (A32d)
It is worth noting the following identity:
Qurs,*(Q) + 2im 5 (Q)
= —iysT/T"(Q) =T (Q) (iysT/9)" (A33)

and the kindred relation for the conjugate seagulls.

5. Diquark currents

In Appendix A 4, we saw that any study of baryon axial and
pseudoscalar currents that exploits the quark + diquark
representation of baryon structure requires knowledge of
probe + diquark form factors. We calculate them following
the procedure detailed in Sec. III. C. 4 in Ref. [25], which
employs the current depicted in Fig. 6. Considering the
|

+ I/ X1t + X3t /i

FIG. 6. Interaction vertex for the Jfl — 152 diquark + probe
interaction (£' = ¢ + Q): single line, quark propagator; undulat-
ing line, pseudoscalar or axial current; I', diquark correlation
amplitude; double line, diquark propagator; y, seagull interaction.

systems involved, there are two form factors for each probe:
axial vector <> axial vector and axial vector <> pseudoscalar.

a. Axial-vector diquark transition form factors

Using the SCI and considering {hg} — {hf} transition,
the four diagrams in Fig. 6 translate into the following
expression:

T4, 0 (£ €) = Nitrpy / (LM (=) S(£ )0l (0)S(e, )il (£)S(=1)T
t

(u

+ il (=) S (il () [S(—12)ilY] (Q)S(—1.)]"

— i (=) S () (=) = I (=) S )T (2)S(-0) T

where we have made the Lorentz indices explicit, writing
with reference to Eq. (Al1), e.g., [;; = L{,“’h}; N3 =2and
the trace is over Dirac and flavor structure; and Q = ¢/ — ¢,
) =14 0.

|

(u

(n
(A34)

|
b. Axial-vector-scalar-diquark transition form factors
Analogously for the {hg} — [hf] transition, one has the

following expression for the process described in
Appendix A 4 c:

8 (£.6) = Nt / (i (=£")S (1. )iT5] (Q)S(1, )L™ (£)S(~1)T

(u

+ LM (=) S(OILE™ (£)[S(~L)iL,) (Q)S(~1-)]"

— L (=) S (L () (=) = 78 (=2")8 (1) (£)S(-1) T}

5(u).0

As noted above, I'45
5(u).c

(¢.6) =T, (£.0).

c. Ward-Green-Takahashi identities

It is worth remarking here that, using Eqs. (A25) and
(A33) and kindred relations, one may straightforwardly
verify the following results:

0= QM (£.6)+i2m T (£.€).  (A36a)
0=Q,I$4 (£.¢) +i2m T €).  (A36b)

(u

(A35)

These identities were established elsewhere [25]. Being
general, they can be used to constrain Ansdtze for the
vertices involved. Nevertheless, herein, we compute the
SCI results directly.

d. Probe-diquark form factors

The expression in Eq. (A34) yields the following explicit
results:

2
m
1 Pry

2m s, Q% + m%m

X €apy5;ﬂ y Q&K%‘vg(QZ)T/LjaTi/f’

T (2,¢) =

5.p0

(A37a)
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0,

Fg‘;‘pﬁ(”ﬂ/’f) - 80:/176{ Qé Q2 2

al?fg ( Q2>

+8/mﬂy[2 Kg fg(Q )+Qy @ fg(Qz)] Tf/ T(L:ﬁ’

(A37b)

where £ = ¢’ + ¢ and on the domain Q? € € (-mp, .2M7p)
the computed form factors k77, (0%), ¢ = 72, @1, @, @3, are
reliably interpolated using the following function:

ap + as

=0’ _ A38
K(S Q ) 1+bls+b2S2’ ( )

with the coefficients listed in Tables XII, XIII (charged
currents), and XIV (neutral currents). Note that, owing to the
identities in Egs. (A36), k%*(0) = x%4(0). Moreover, in the
isospin symmetry limit, mqy = M fus f =d, u; conse-
quently, K‘i wa = 0. Furthermore, in no case considered
herein does KAA # 0 contribute more than 1% to any reported

quantity.

TABLE XII. Probe-diquark form factors for d — u transitions,
which for practical purposes can be interpolated using Eq. (A38)
with the coefficients listed here. Where written, f = d, u because
we assume isospin symmetry; and the absence of an entry means
the coefficient is zero. [Every k(s) is dimensionless, so each
coefficient in Eq. (A38) has the mass dimension necessary to
cancel that of the associated s(GeV?) factor.]

{fd} - {f“} ap ap b, by

A 0.470 0.173 0.598

A 0.467 0.023 0.598

A 0.470 0.023 0.598

KA,%

{ds} - {us} a a b, b,

A 0.492 0.137 0.567

A 0489  —0.095 0444  —0.129
A4 0492 0096 0444  —0.129

K’é’%

{ff} < [ud] ag a b, b,
kS 0.649 0.094 0.182
K 0.649 0.327 0.751 ~0.035
S/‘ 0.646 0.327 0.751 ~0.035

{(“ d)s} <~ [(d’“)s} Ao ap b, b,

kS 0641 0152 0327

S 0641 0254 0679  —0.031

A 0638 0254 0679 —0.031

Turning to Eq. (A35), one finds

2

FSA (f/ Lﬂ) _ Tf Q mPfy
500 0) =1 palla—3 2
r Q" +mp,
Mg} + Mighy 2
XTM K (Q%),  (A3%)
Fgﬁp(ﬂ £) = Tholmpg + m{qh}}[ w2 rg(Q%)
0,0,
_ ini m% ﬁzfg(QZ)] (A39b)

where the form factors can again be interpolated using
Eq. (A38) with the coefficients listed in Tables XII-XIV.

TABLE XIII.  Probe-diquark form factors for s — u transitions,
which can be interpolated using Eq. (A38) with the coefficients
listed here. Where written, f = d, u because we assume isospin
symmetry; and the absence of an entry means the coefficient is
zero. [Every x(s) is dimensionless; so each coefficient in
Eq. (A38) has the mass dimension necessary to cancel that of
the associated s(GeV?) factor.]

{fs} — {fu} ap ap b, b,
A 0516 0.131 0.482
i 0480  —0087 0318  —0.09
i 0516  —0.093 0325  —0.095
i 0.128  —0019 0416  —0.089
{ss} = {us} ag a b, b,
A 0519 0.113 0.496
KA 0.481 1.807 4.328 2.142
e 0519 1.877 4.188 2.083
i 0076 0183 3090 1657
{ds} — [ud] dg aj b, b,
KA 0.742 0.173 0304
34 0.742 0.248 0.568 ~0.023
KA 0.712 0.246 0.552 ~0.023
{ss} = [us] a aj b by
kS 0.691 0.179 0376
KA 0.691 0.199 0.547 ~0.024
5/4 0.666 0.195 0.527 ~0.023
{fs} = [uf] ao ai b by
KA 0.651 0.144 0301
kA 0.651 0.242 0.574 ~0.024
S 0.630 0.238 0.556 ~0.023
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TABLE XIV. Probe-diquark form factors forg — g, g = u, d, s,
neutral current transitions, which can be interpolated using
Eq. (A38) with the coefficients listed here. Where written,
f = d, u because we assume isospin symmetry; and the absence
of an entry means the coefficient is zero. Note that k4* = 0 in this
case. [Every «(s) is dimensionless; so each coefficient in
Eq. (A38) has the mass dimension necessary to cancel that of
the associated s(GeV?) factor.]

TABLE XV. (a) Interpolation parameters for octet baryon axial
transition form factors [Eq. (B1a)]. (b) Interpolation parameters
for octet baryon induced pseudoscalar transition form factors
[Eq. (B1b)]. (c¢) Interpolation parameters for octet baryon
pseudoscalar transition form factors [Eq. (Blc)]. [Every form
factor is dimensionless; so each coefficient in Eq. (Bla) has the
mass dimension necessary to cancel that of the associated
5(GeV?) factor.]

{rr} = Arr} ag aj b b, (3 90 91 9 [ b
K 0.470 0.173 0.598 Gh" 1.24 1.97 0.29 2.44 1.12
KA 0.467 0.023 0.598 Gy 0.66 1.19 0.16 2.73 1.48
KA 0.470 0.023 0.598 -Gh* 0.82 1.00 0.074 1.80 0.68
G 0.34 0.43 0.093 1.86 0.75
{ss} = {ss} ao a b, b, GY'® 1.19 3.28 0.33 3.35 1.82
AE~
KA 0.475 0.643 1.878 0.723
KA 0.547 0.654 1.722 0649 O 9o 91 92 h b
Go" 2.01 4.22 0.70 2.96 1.57
{fs} = {fs} ap a by b, GpF 1.25 2.09 0.24 2.59 1.25
A
A 0489  —0.095 0444  —0.129 (G;;:O ?';g g-;‘g 8'82(1) igi 8'4212
A‘. _ _ P'_H . . . . .
K%ff 0492 0.09 0.444 0129 Gp® 0.40 1.34 -0.014 391 1.88
KA, 0.564 0.106  0.416
KA 0.494 0.462 © . . . ; |
KA 0.564 0.469 2 1 2 ' 2
G?" 1.24 0.13 0.12 0.19 0.13
AZ™
(ud} < [ud] @ a by by Gi¥ 0.6 0.19 0.075 0.36 0.18
m -G" 0.82 0.26 0.14 0.39 0.25
2, 8-223 823‘7‘ 8;2? omss G, 03 o 0.019  —030  0.050
@ 0cac ppted oo oo G L 1.10 0.26 1.03 0.42
K - ~ : : GA= 0.23 0.097  —0.014 073  —0.12
{fs} < [fs] o a b by
K54, 0.641 0.152 0.327 )
A 0.641 0254 0679  —0.031 GEB(s) = T 95T 957 (Bla)
K 0.638 0.254 0.679 -0.031 U+ lys + bs
KA 0.742 0.160 0310
KA 0.742 0.186 0.455 -0.018 ot ais + o
KA 0.701 0.185 0.434 -0.017 GBB(s) =20 "7 T 920 piy), Blb
2 ps(s) 15 15 + Ls (s) (B1b)
2
. mp My
APPENDIX B: INTERPOLATIONS OF SCI R(s) = —tn_Mps (Blc)

BARYON FORM FACTORS

On t= Q%€ (-mb - 2M%,,), SCI form factors can
reliably be interpolatecf' using the following functions:

= ,
S+ mp, 775

with the coefficients listed in Table XV (a)—(c).
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