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Abstract Using a Poincaré-covariant quark+diquark Fad-
deev equation and related symmetry-preserving
weak interaction current, we deliver parameter-free predic-
tions for the nucleon axialvector form factor, G 4 ( QZ), on the
domain 0 < x = Qz/m?v < 10, where my is the nucleon
mass. We also provide a detailed analysis of the flavour sep-
aration of the proton G4 into contributions from valence
u and d quarks; and with form factors available on such a
large Q% domain, predictions for the flavour-separated axial-
charge light-front transverse spatial density profiles. Our cal-
culated axial charge ratio gﬁ /g4 = —0.32(2) is consistent
with available experimental data and markedly larger in mag-
nitude than the value typical of nonrelativistic quark models.
The value of this ratio is sensitive to the strength of axialvec-
tor diquark correlations in the Poincaré-covariant nucleon
wave function. Working with a realistic axialvector diquark
content, the d and u quark transverse density profiles are
similar. Some of these predictions could potentially be tested
with new data on threshold pion electroproduction from the
proton at large Q2.

1 Introduction

Electroweak interactions of the nucleon are described by four
form factors. The Dirac and Pauli form factors, F] 2, which
are key to understanding electromagnetic interactions, have
long been probed by experiment and analysed by theory [1-
3]. Poincaré-invariant predictions now exist out to momen-
tum transfers Q2 ~ 20 GeV? [4] and will be tested in forth-
coming experiments [5]. Of particular interest are data on
the flavour separation of these form factors [6,7], which have
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the potential to validate the predicted roles of nonpointlike
quark+quark (diquark) correlations within the nucleon [8].

The nucleon’s axial current is also characterised by two
form factors:

(K. Q) = (N(PDIAL, (O)IN(P)) (1a)

J i
= ﬁ(Pf)%VS [VMGA(QZ) + %GMQ"’)] u(Py),
(1b)

where we have assumed isospin symmetry; P; and Py are,
respectively, the initial and final momenta of the nucleon(s)
involved, defined such that the on-shell condition is fulfilled,
Pff = —m%,, with my the nucleon mass; {t’|i = 1, 2,3}
are Pauli matrices; and K = (Py + P;)/2, Q = (Py — P;).
In Eq. (1), G4(Q?) is the axial form factor and G p(Q?) is
the induced pseudoscalar form factor. These two functions
are far less well known than Fj 7.

This is an issue because, amongst other things, the anal-
ysis and reliable interpretation of modern neutrino exper-
iments relies on sound theoretical knowledge of neutrino/
antineutrino-nucleus (v/v-A) interactions [9—13]; and a cru-
cial element in such calculations is the nucleon axial form
factor, GA(QZ). The Q2 = 0 value of G 4 is the nucleon’s
isovector axial charge, g4 = 1.2756(13) [14], which deter-
mines the rate of neutron-to-proton S-decay: n — p+e~ +v.
At the structural level, g4 measures the difference between
the light-front number-densities of quarks with helicity par-
allel and antiparallel to that of the nucleon [15].

Regarding G p(Q?), calculations show that the pion pole
dominance Ansatz:
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where m is the pion mass, is an excellent approximation
[16—-19]. Hence, one may focus on the axial form factor,
Ga(Q%).

Gy (Qz) has long attracted interest. It was extracted from
vp and v-deuteron, d, scattering experiments performed
over thirty years ago [20-23], with results that are consis-
tent with dipole behaviour characterised by a mass-scale
M4 ~ 1.1 my. However, these cross-sections only extend
to 0% < 1GeV?. A new analysis of the world’s data on vd
scattering, which reaches to Q2 <3 GeV?Z, returns a sim-
ilar value [24], albeit with larger uncertainty. In contrast,
experiments using v scattering on an array of heavier targets
(water, iron, mineral oil, Kevlar, and carbon) yield results
covering the range 1.1 < Ma/my < 1.60 [25-29]. Regard-
ing these extractions, issues relating to the reliability of the
model employed to describe the nuclear target and differ-
ences between the models used by the collaborations must
be considered.

Theoretically, there is no reason why G A(Qz) should
be well-approximated by a single dipole on the entire
domain of spacelike Q?; and deviations from this behaviour
may become important as experimental facilities begin to
probe weak interactions at larger momentum transfers. For
instance, precise knowledge of the larger Q% behaviour of
G A(Q?) is important for experimental extraction of the pro-
ton’s strange-quark form factor [7].

Furthermore, it is conceivable that the study of threshold
pion electroproduction at large momentum transfers could
yield data on G 4(Q?) that reaches out to Q> < 10 GeV?
[30]; and, in fact, data have already been obtained on 2 <
0?/GeV? < 4 [31]. Were this promise to be fulfilled, then
one would be in a position to test the dipole Ansarz and,
importantly, deliver empirical information on the distribution
and flavour-separation of axial charge within the nucleon.

A computation of the large—Q2 behaviour of G 4(Q2?)
was completed using light-cone sum rules in Ref. [30]. It
closed with the suggestion that the results obtained could be
confronted with predictions from quantum chromodynam-
ics (QCD) obtained using lattice regularisation or continuum
Schwinger function methods (CSMs) [32,33]. At that time,
the large-Q? domain was a challenge to both approaches.
Whilst this remains the case for lattice-QCD (1QCD), recent
advances in computer hardware and progress with formu-
lating the nucleon axial-current problem [18,19] mean that
a CSM calculation of G 4(Q?) is now possible on a large
domain of spacelike Q2; and potentially, with continuing
algorithm improvement, the entire domain.

Section 2 sketches the nucleon Faddeev equation and
associated symmetry-preserving axial current that form the
basis for the analysis herein. This brief overview is suffi-
cient because extensive discussions of this and related mate-
rial are provided in numerous other sources, e.g., Refs.
[8,18,19,34-38]. A Euclidean formulation of the problem is
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Fig. 1 Linear integral equation for the Poincaré-covariant matrix-
valued function ¥, the Faddeev amplitude for a nucleon with total
momentum P = p, + pg = k4 + kg constituted from three valence
quarks, two of which are always contained in a nonpointlike diquark
correlation. ¥ describes the relative momentum correlation between
the dressed-quarks and -diquarks. Legend. Shaded rectangle—Faddeev
kernel; single line — dressed-quark propagator; I" — diquark correlation
amplitude; and double line — diquark propagator. Ground-state nucleons
(n - neutron, p - proton) contain both isoscalar-scalar diquarks, [ud] €
(n, p), and isovector-axialvector diquarks {dd} € n, {ud} € (n, p),

{uu} € p
Pf‘ Q§ .a Pf‘ g 1 P,

(1) (2)
4!

Pf‘ 0+(1%) 15(0%) ' P, Pf‘ \\@Oiéf ' P

®3) 4)

Fig. 2 Symmetry-preserving axial current for on-shell baryons
described by the Faddeev amplitudes produced by the equation depicted
in Fig. 1: single line, dressed-quark propagator; undulating line, the
axial or pseudoscalar current; I”, diquark correlation amplitude; double
line, diquark propagator. For G 4(Q?), seagull diagrams do not con-
tribute [19]

employed, for reasons described in Refs. [39—41]. Physical
results are obtained by evaluating amplitudes with external
nucleon momenta on-shell, following the procedure intro-
duced in Ref. [42] and since used in all kindred calculations
[32,33,43-45]. Our predictions for the nucleon axial form
factor are described in Sect. 3 as are their comparisons with
data and comparable computations. A detailed discussion of
the flavour-separated proton axial form factors is presented in
Sect. 4, including results for the associated light-front trans-
verse spatial density profiles. Section 5 provides a summary
and perspective.

2 Faddeev equation and axial current

Our calculation of G4(Q?) rests on a solution of the
Poincaré-covariant Faddeev equation depicted in Fig.1,
which, when inserted into the diagrams drawn in Fig.2,
delivers a result for the current in Eq.(1) that ensures,
inter alia, partial conservation of the axialvector current
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(PCAC) and the associated Goldberger-Treiman relation;
hence, realistic predictions for G 4 (Qz). Details are pre-
sented in Refs. [18,19], which provided results for G 4 (Q2)
on Q2 € [0, 1.8]GeV? and numerous comparisons with
existing data and modern calculations. Such calculations are
largely restricted to low- Q2. For subsequent use, we identify
the following separations of the current in Fig. 2.

1. Diagram (1), two distinct terms: (J )g — weak-boson

strikes dressed-quark with scalar diquark spectator; and
(J >f]4 —weak-boson strikes dressed-quark with axialvector
diquark spectator.

2. Diagram (2): (J )a“qA — weak-boson strikes axialvector
diquark with dressed-quark spectator.

3. Diagram (3): (J )éflA} — weak-boson mediates transition
between scalar and axialvector diquarks, with dressed-
quark spectator.

4. Diagram (4), three terms: (J)35 — weak-boson strikes
dressed-quark “in-flight” between one scalar diquark cor-
relation and another; (J )éiA} — dressed-quark “in-flight”
between a scalar diquark correlation and an axialvector

correlation; and (J) A4 —“in-flight” between one axialvec-

tor correlation and another.

Supplying a little more background, then regarding Fig. |
and accounting for Fermi-Dirac statistics, five types of
dynamical diquark correlations are possible ina J = 1/2
bound-state. However, only isoscalar-scalar, isovector-axial-
vector are quantitatively important in ground-state positive-
parity systems [8,46—48]. We use the following values for
their masses:

Muay,, = 0.80GeV, (3a)

Miuu} . = Mudy,+ = M{dd},+ =0.89GeV, (3b)
drawn from Ref. [49]. The dressed light-quarks are charac-
terised by a Euclidean constituent mass M, (f = 0.33 GeV.
All associated propagators and additional details concerning
the Faddeev kernel are presented in Ref. [19, Appendix A].
With these inputs, one obtains a good description of many
dynamical properties of baryons [4,43,50-53].

The solution of the Faddeev equation yields the nucleon
Faddeev amplitude, ¥, and mass, my = 1.18 GeV. This
value is intentionally large because Fig.1 describes the
nucleon’s dressed-quark core. To produce the complete
nucleon, resonant contributions should be included in the
Faddeev kernel. Such “meson cloud” effects generate the
physical nucleon, whose mass is roughly 0.2GeV lower
than that of the core [54,55]. (Similar effects are reported
in quark models [56,57].) Their impact on nucleon struc-
ture can be incorporated using dynamical coupled-channels
models [43,58], but that is beyond the scope of contem-
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Fig. 3 Panel A. Low-x behaviour of G4 (x = 0? / m%v). Solid purple
curve —CSM prediction. The associated shaded band shows the sensitiv-
ity to £5% variation in diquark masses, Eq. (3). Comparisons provided
with: dipole fit to data — long-dashed gold curve within like-coloured
band [24]; values deduced from threshold pion electroproduction data
under three different assumptions [S9] —open and filled triangles; results
from lattice QCD — green diamonds [16] and red squares [60]; and light-
cone sum rule results [30] obtained using two models of the nucleon
distribution amplitudes [61, Table 1]. - LCSR-1 (dot-dashed blue curve)
and LCSR-2 (dashed blue curve). The LCSR approach cannot deliver
a result below x =~ 1. Panel B. Large-x behaviour of G 4(x). Curves
drawn according to the Panel A legend with the addition of threshold
pion electroproduction data from Ref. [31] — black diamonds

porary Faddeev equation analyses. Instead, we express all
form factors in terms of x = Q2 / m%v, a procedure that
has proved efficacious in developing solid comparisons with
experiment [4,43,50,51]. In addition, we report an uncer-
tainty obtained by independently varying the diquark masses
by £5%, thereby changing m y by £3%.

3 Nucleon axial form factor

Our prediction for G 4 (x) is displayed in Fig.3. On 0 < x <
10, the central result is reliably interpolated using

1.248 +0.039 x
1+1.417x +0.318x2 4+ 0.071 x3 °

First consider the low-x behaviour — Fig.3A, wherein
the dipole fit to data from Ref. [24] is also drawn: m4 =
1.15(8)m . The dipole’s domain of validity is constrained
to x < 3; on this domain, it is a fair match for the CSM pre-
diction. This can be quantified by noting that were we to fit

Galx) = “)
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our result on x < 3 using a dipole, then the procedure would
yield m4 = 1.24(3)my. Lattice-QCD values are available
on 0 < x < 1[16,60] whereupon they agree with the CSM
result. For instance, measuring the Ref. [16] points against
our central result, the mean- X2 is 0.79.

The large-x behaviour of G 4 (x) is highlighted in Fig. 3B.
Comparing our prediction with available data on this domain
[31], there is agreement within mutual uncertainties. It is
worth stressing that our results are parameter-free predic-
tions; especially because the framework employed is pre-
cisely the same as that used elsewhere in the explanation and
prediction of nucleon elastic form factors [4] and the elec-
troexcitation amplitudes of the A(1232)3 " and N (1440) 1™
[62-64]. Hence, the agreement is meaningful, providing sup-
port for the picture of emergent hadron mass expressed in
our formulation of the baryon bound-state problem [65—-67].
Future experiments using modern detectors, like SuperBig-
Bite (SBS) and CLAS12 at Jefferson Lab, can push knowl-
edge of elastic form factors and electroexcitation amplitudes
beyond Q2 = 5GeV?, a domain on which CSM predictions
are already available [51]. Thus, the results in Fig.3B pro-
vide strong motivation for complementing studies of ground-
and excited-state nucleon structure using the vector electro-
magnetic current by the determination of G 4 (0% at large 0?2
using near-threshold pion electroproduction from the proton,
which will expose nucleon structure as seen by a hard axial
current probe.

Fig.3B also displays the only other existing G 4 calcula-
tion [30] that extends to x & 10. It used light cone sum rules
(LCSRs); hence, cannot deliver form factor values below
x = 1. Ashighlighted in Fig. 4A, the LCSR results for G 4 (x)
are markedly different from our prediction. The mismatch is
roughly a uniform factor of two, with the LCSR result lying
below.

It is also worth comparing our prediction for G 4 (x) with
an extrapolation of a typical dipole fit, which might be consid-
ered a reasonable tool for developing cross-section estimates
in the absence of a viable alternative. As noted above, when a
dipole is used to fit our results on x < 3, one obtains a dipole
massm 4 = 1.24(3)m . The comparison is shown in Fig. 4B.
On the fitting domain, the mean absolute relative difference
between Eq. (4) and dipole is 1.0(0.9)%. Plainly, however,
the dipole increasingly overestimates the actual result as x
increases, being 56(5)% too large at x = 10.

4 Flavour-separated axial form factor

It is a longstanding prediction of Faddeev equation stud-
ies that the nucleon contains both isoscalar-scalar and
isovector-axialvector diquarks correlations [8]. Experiment
[68, MARATHON] has confirmed the predicted ratio of their
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Fig. 4 Panel A. LCSR results for G 4(x) compared with the CSM
predictions, as measured by ratios of the associated curves in Fig.3B.
The mean value of the ratio is 0.56(7). Panel B. CSM prediction for
G 4 (x) compared with a dipole fitted to the result on x € [0, 3]. Whilst
the dipole is reasonable within the fitted domain, its reliability as an
approximation rapidly deteriorates as x is increased beyond x = 3. At
x = 10, the value of the drawn ratio is 0.64(2)

relative strengths [69]; showing, furthermore, that the proba-
bility that a scalar-diquark-only model of the proton might be
compatible with the data is &~ 1/141000. Nevertheless, such
models are still in widespread use owing largely to their sim-
plicity.

The proton’s axial form factor can be written

GA(Q») = G4(0% — G4 (0%, Q)

where G f;, f = u,d, are the contributions from each
valence-quark flavour to the total form factor. They may
be determined by focusing on the neutral current (j = 3)
detailed in Ref. [19], making use of the expedient 73/2 —
Q = diag[Q,,, Qqg]. then tracking the flow of flavour in Ref.
[19, Egs. (C4)-(C6)]. (For weak interactions, Q4/Q,, = —1.
The scheme has also been exploited in producing flavour sep-
arations of electromagnetic form factors by choosing appro-
priate charge values [4,50,70,71].)

This analysis reveals the following diagram contributions
to the individual u, d axial form factors:

A= (g — (D + g + 3 (DiY

+2()BA 4 gy (62)

ex
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—G4 =28+ S
(N = (nEY + LA (6b)

ex ?

where we have used the nomenclature introduced at the
beginning of Sect. 2. Identified according to Eqgs. (6), the cal-
culated Q2 = 0 contributions are listed in Table 1. (Egs. (6)
correct those used in Ref. [18], wherein sign errors were
made in separating some terms. The principal fault was to
overlook Ref. [70, Eq. (C5)], thereby arriving at a separation
in the form (1/3)(J)# and (2/3)(J){ instead of (—)(J)7
and 2(J );‘ as written here. The sum is unity in both cases,
but the correction places significantly more axial charge with
the d quark while reducing that linked to the u quark.)

Importantly, Egs. (6) express the fact that since a scalar
diquark cannot couple to an axialvector current, Diagram 1
in Fig.2 only generates a u-quark contribution to the proton
GA(0%),viz. (J )g . Hence, in a scalar-diquark-only proton, a
d-quark contribution can only arise from Fig.2-Diagram4,
e, (J)55; and [(J)57 /(J)3] ~ 0.06. It is also noteworthy
that many scalar-diquark-only models omit Diagram 4, in
which cases there is no d-quark contribution to G 4 (Q?). An
extension of these observations to the complete array of octet
baryons is described elsewhere [72, Sect.IV].

Working with the 9 = 0 values of the flavour-separated
contributions to the proton isovector axial charge, one has

1
ga=gh—gi= fo dx [Au(x) — Ad(x)], (N

where Af(x) is the f valence-quark’s contribution to the
proton’s light-front helicity, viz. the difference between the
light-front number-density of f-quarks with helicity parallel
to that of the proton and the kindred density with helicity
antiparallel. Using the solution of the Faddeev equation in
Fig. 1, one finds

¢4 /ga =0.76 +0.01, (8a)
g% /ga = —024+0.01, (8b)
gd/g"% = —0.3240.02. (8¢)

It is here worth recalling a textbook result, viz. g‘Af /84 =
—1/4 in nonrelativistic quark models with uncorrelated wave
functions; hence, the highly-correlated proton wave func-
tion obtained as a solution of the Faddeev equation in Fig. 1
lodges a significantly larger fraction of the proton’s light-
front helicity with the valence d quark. The discussion fol-
lowing Eqgs. (6) reveals that this outcome owes to the presence
of axialvector diquarks in the proton. Namely, the fact that
the current contribution arising from the {uu} correlation,
in which the probe strikes the valence d quark, is twice as
strong as that from the {ud} correlation, in which it strikes
the valence u quark. The relative negative sign means this
increases | gf‘| ata cost to gl.

Regarding experiment, if one assumes SU(3)-flavour
symmetry in analyses of the axial charges of octet bary-
ons, then these charges are expressed in terms of two
low-energy constants, D, F; and g% = 2F, gﬁ = F — D.
Using contemporary empirical information [73], one finds
D = 0.774(26), F = 0.503(27) and obtains the follow-
ing estimates: g%/ga = 0.79(4), g%/ga = —0.21(3),
gﬁ /g4 = —0.27(4), which match the predictions in
Eqgs. (8) within mutual uncertainties.

Recent 1QCD analyses also report results for the ratio
of flavour-separated charges: gff\ /g4 = —0.402) [74];
gi/gﬁ = —0.58(3) [75]. These values were computed
at a resolving scale ¢ = 2GeV. Whilst the difference in
Eq.(7) is renormalisation group invariant, the individual
flavour-separated terms are not; and the magnitude of gi /84
increases under QCD evolution [76-79]. However, the evo-
lution of gi, g'} is slow because it is modulated by the size
of SU(3)-flavour symmetry breaking [15]. Consequently,
even though our predictions are properly associated with the
hadronic scale, ¢y ~ 0.33GeV [80,81], and evolution is
required for unambiguous comparison with the IQCD results,
there does appear to be tension between the IQCD results on
one hand and, on the other, our predictions and the empirical
inferences: the IQCD values seem too large in magnitude.

The ratio gi /g4 is also interesting for another reason.
In nonrelativistic quark models, the helicity and transversity
distributions are identical because boosts and rotations com-
mute with the Hamiltonian; hence, gff\ /84 = g‘% /&7, where
g‘;’” are the proton’s tensor charges. The ratio g? /&% isrenor-
malisation scale invariant. Analogous 1QCD ratios in this
case are: g% /g% = —0.25(2) [74,82]; g% /g% = —0.293)
[75].

The tensor charge ratio has not been calculated in the
framework employed herein; but it was computed using a
quark+diquark Faddeev equation built upon the symmetry-
preserving regularisation of a contact interaction [83], with
the result g‘; /g4 = —0.32(7), and within a three-body
Faddeev equation approach [84], which yielded gé{/ gr =
—0.24(1). A calculation of this ratio using our framework
would enable additional informative comparisons.

Given the preceding observations, it is worth calculating
and contrasting the u- and d-quark contributions to the pro-
ton axial form factor light-front transverse spatial density
profiles, defined thus:

d*q.

PR ©)

pa b)) =
with G‘Z(x) interpreted in a frame defined by Q2 = m%\,qi
mNQJ_A = (qJ_L, q12,0,0) = (Q1, 02,0,0). Defined this
way, |b| and ,6;( are dimensionless.

In the case where axialvector diquark correlations are
omitted, one obtains the distinct flavour contributions to the

@ Springer
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Table 1 Diagram and flavour separation of the proton axial charge: g4 = G (0), gi = G‘i ©); g4 — gﬁ = 1.25(3). The listed uncertainties in
the tabulated results reflect the impact of +5% variations in the diquark masses in Eq. (3), e.g. 0.88¢. = 0.88 + 0.06

N3 (N4 (J)a N ()3S (Y (N4
g4 0.88¢.. —0.08¢,, 0.03¢, 0.080.. 0 ~0 0.0344
—gd 0 0.160, 0 0.080.. 0.05, ~0 0.014
A . distributions for both u- and d-quarks; as do all other addi-

1.0 tional diagrams.
3% 0.8 | Working with the results depicted in Fig.5A and Eq. (9),
TS( 06k \ one obtains the valence-quark spatial density profiles drawn
S0 4: in Fig. 6. We have used dimensionless quantities, which can

33( 0'2 b be mapped into physical units using:

ool ‘ P4 (bl = 1b1/my) = m}; 51 (1b]); (10)
0 2 4 ) 2 8 10 hence, |l;| = 1 corresponds to |p| ~ 0.2 fm and ,5{ =0.1=>

x=Q/my p‘lf ~ 2.3/fm>.
B The top row of Fig.6 depicts one-dimensional density
[ profiles for d and u quarks in a scalar-diquark-only proton.
55 0.8} In this case, the d quark profile is more pointlike than that
= 0.6) of the u quark — r; = 0.24fm, rz, = 0.48fm, so the
3§ d/u ratio of radii is &~ 0.5; and pﬁ(|l§|) exhibits a zero at
%t |l;| = 3.2 = |b| = 0.68 fm. Removing the l/gf; normal-

0 2 4 6 8 10
X= Qz/m,z\,

Fig. 5 Individual quark flavour contributions to proton axial form
factor: here and hereafter, u quark - solid purple curve; and d quark -
dashed blue. Panel A. Isolating the scalar-diquark part of the proton Fad-
deev amplitude. Fig. 2 - Diagram 1 — G% (x)/g'{; and Fig.2 - Diagram 4
- G%(x)/g4. In these cases, g% = 0.88(7), g4 = —0.046(7),
gﬁ /&4 = —0.054(13). Panel B. Using complete proton Faddeev ampli-
tude, in which case all diagrams in Fig. 2 contribute and gy = 0.94(4),
g4 =-0.30(1)

proton axial form factor depicted in Fig. 5A. Evidently, the d-
quark piece, which is generated solely by Fig.2 - Diagram4,
is significantly harder than the u-quark part, generated by
Fig.2-Diagram 1. When regarding Fig.5A, the normalisa-
tion of each distribution should be borne in mind. It was done
to expose the differing profiles. In reality, on the depicted
domain, the mean value of IG‘f1 (x)/G% (x)]is = 0.1.
Reincorporating the axialvector part of the proton Fad-
deev amplitude, one obtains the flavour separated contribu-
tions in Fig. 5B. The d-quark piece is now only a little harder
than the u-quark part and the ratio of x = 0 magnitudes is
g4 /g% = —0.32(2), Eq.(8). On average, |G (x)/G" (x)|
is &~ 0.32. These changes are understood by noting that
Fig.2-Diagram 1 now also includes spectator axialvector
diquark terms, which provide contributions with similar Q-

@ Springer

isation from these profiles, their respective b = 0 values
are ﬁi (0) = —0.009, p%(0) = 0.097. The second row of
Fig.6 provides two-dimensional renderings of the flavour-
separated transverse density profiles in the first row. They
highlight the diffuseness of the u quark profile relative to
that of the d quark, i.e., its greater extent in the light-front
transverse spatial plane.

Turning now to Fig. 7, the top row depicts one-dimensional
density profiles for d and u quarks obtained when both scalar
and axialvector diquarks are retained in the strength deter-
mined by the Faddeev equation in Fig. 1. In this realistic case,
the d quark profile is only somewhat more pointlike than that
of the u quark — 7, = 0.43 fm, r 4, = 0.49 fm, so the d /u
ratio of radii is & 0.9; and neither profile exhibits a zero on
|b] < 2fm. Removing the 1/ gj: normalisation, the respec-
tive b = 0 values of these profiles are ﬁi (0) = —0.038,
p4(0) = 0.12. The second row of Fig.7 displays two-
dimensional representations of the flavour-separated trans-
verse density profiles in the first row. They highlight that,
relative to the d-quark profile, the intensity peak is narrower
for the u quark.

5 Summary and outlook
Beginning with a Poincaré-covariant quark+diquark

Faddeev equation and symmetry-preserving weak interaction
current [Sect. 2], we delivered parameter-free predictions for
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Fig. 6 Transverse density profiles, Eq. (9), calculated from the flavour
separated proton axial form factors in Fig. 5A, i.e., for a scalar-diquark-

only proton. Panel A — /3/{(|l;|)/g£; Panel B - |l;|/6£(|l;|)/g£; Panel
C - two-dimensional plot of ,6;1‘(|I;|) / g‘/i; Panel D — similar plot of

the nucleon axialvector form factor, G 4 (Q?), on the domain
0<x = Qz/m?v < 10, where my is the nucleon mass.
Our result agrees with all currently available data [Fig. 3],
including that set obtained using large momentum transfer
threshold pion electroproduction [31], which currently cov-
ers the range 2 < x < 4. This experimental technique could
potentially be used to reach higher Q2 values.

One other calculation of G 4 (Q?) at large- Q2 is available
[30], with results on 1 < Q?/m%, < 10. Having used light-
cone sum rules (LCSR), low- Q2 was inaccessible. Compared
with our predictions, the LCSR results are pointwise different
and, on average, approximately 40% smaller [Fig.4A].

Regarding the oft-used dipole Ansatz, we showed that
it could be used to provide a reasonable representation of
G a(x) onx € [0, 3]. Outside the fitted domain, however, the
quality of approximation deteriorates quickly, with the dipole
overestimating the true result by 56% at x = 10 [Fig.4B].

We discussed the separation of the proton G 4 into sepa-
rate contributions from valence u and d quarks, relating the
results to the zeroth moments of the associated light-front
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are p4(0) = —0.009, p“(0) = 0.097. N.B. [ d*h p)(1b)/g} = 1,
f=u,d

helicity distributions; and exploiting the Q% coverage of our
predictions, we also calculated the flavour-separated light-
front transverse spatial density profiles [Sect. 4].

Our value of gf\ /8% = —0.32(2) is consistent with avail-
able experimental data, but significantly lower in magni-
tude than recent results from lattice-regularised QCD. On the
other hand, comparing magnitudes, it is markedly larger than
the value typical of nonrelativistic constituent quark mod-
els with uncorrelated wave functions (—1/4). The enhance-
ment owes to the presence of axialvector diquark correlations
in our Poincaré-covariant nucleon wave function. Impor-
tantly, in the absence of axialvector diquarks, gﬁ /84 =
—0.054(13).

Our calculated light-front transverse density profiles
revealed that, omitting axialvector diquarks, the magnitude
of the d quark contribution to G 4 is just 10% of that from the
u quark and the d quark is also much more localised [Fig. 6].
Working instead with a realistic axialvector diquark fraction,
the d and u quark transverse profiles are quite similar, after
accounting for their different normalisations [Fig. 7].

@ Springer
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Owing to the importance of developing a theoretical
understanding of nucleon spin structure, it would be worth
extending the work on gﬁ, g'} described herein to the anal-
ogous problem of proton tensor charges, whose precision
measurement is a high-profile goal [85]. Equally and vice
versa, a three-quark Faddeev equation treatment of the pro-
ton’s flavour-separated axial charges would be valuable, fol-
lowing Ref. [84] and possibly improving upon that study
by using a more sophisticated bound-state kernel of the type
discussed elsewhere [86,87].

More immediately, one can readily adapt the Faddeev
equation and current used in the present study to weak
interaction induced transitions between the nucleon (V) and
its lowest lying excitations, such as the A-baryon and the
N*(1535). Many calculations of the N — A transition
exist, using a variety of frameworks. Moreover, this process
is important for a reliable understanding of neutrino scatter-
ing. Hence, completing a fully Poincaré-covariant analysis
of the weak N — A transition, on a domain that stretches
from low-to-large Q?2, is a high priority.

@ Springer

[ o012

B
s
BN
a
=
2
S
2
0.10
0.08
«< 00
0.06
0.04
0.02 -15 -1.0 -05 00 05 1.0 15

by

plot of ﬁA(llsl)/gZ. Removing the l/gi; normalisation, the b = 0
values of these profiles are ;3;{(0) = —0.038, p4(0) = 0.12. N.B.

Jdbpl(b /g =1, f =u.d

Acknowledgements We are grateful for constructive comments from
Z.-F. Cui, C.S. Fischer, V.1. Mokeev, J. Segovia and B. Wojtsekhowski.
Work supported by: National Natural Science Foundation of China
(grant nos. 12135007 and 12047502).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment:: All information
necessary to reproduce the results described herein is contained in the
material presented above.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. A (2022) 58:206

Page 9 of 10 206

References

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

C.F. Perdrisat, V. Punjabi, M. Vanderhaeghen, Nucleon electro-
magnetic form factors. Prog. Part. Nucl. Phys. 59, 694-764 (2007)
J. Arrington, C.D. Roberts, J.M. Zanotti, Nucleon electromagnetic
form factors. J. Phys. G 34, S23-S52 (2007)

R. Holt, R. Gilman, Transition between nuclear and quark-gluon
descriptions of hadrons and light nuclei. Rept. Prog. Phys. 75,
086301 (2012)

Z.-F. Cui, C. Chen, D. Binosi, F. de Soto, C.D. Roberts, J.
Rodriguez-Quintero, S.M. Schmidt, J. Segovia, Nucleon elastic
form factors at accessible large spacelike momenta. Phys. Rev. D
102, 014043 (2020)

G. Gilfoyle, Future measurements of the nucleon elastic electro-
magnetic form factors at Jefferson lab. EPJ Web Conf. 172, 02004
(2018)

G. Cates, C. de Jager, S. Riordan, B. Wojtsekhowski, Flavor decom-
position of the elastic nucleon electromagnetic form factors. Phys.
Rev. Lett. 106, 252003 (2011)

B. Wojtsekhowski, Flavor Decomposition of Nucleon Form Factors
—arXiv:2001.02190 [nucl-ex], (2020)

M.Y. Barabanov et al., Diquark correlations in hadron physics:
Origin, impact and evidence. Prog. Part. Nucl. Phys. 116, 103835
(2021)

U. Mosel, Neutrino interactions with nucleons and nuclei: Impor-
tance for long-baseline experiments. Ann. Rev. Nucl. Part. Sci. 66,
171-195 (2016)

L. Alvarez-Ruso et al., NuSTEC white paper: Status and challenges
of neutrino-nucleus scattering. Prog. Part. Nucl. Phys. 100, 1-68
(2018)

R.J. Hill, P. Kammel, W.J. Marciano, A. Sirlin, Nucleon axial radius
and muonic hydrogen — A new analysis and review. Rep. Prog.
Phys. 81, 096301 (2018)

P. Gysbers et al., Discrepancy between experimental and theoretical
B-decay rates resolved from first principles. Nat. Phys. 15(5), 428—
431 (2019)

A. Lovato, J. Carlson, S. Gandolfi, N. Rocco, R. Schiavilla, Ab
initio study of (vg, £7) and (vg, £1) inclusive scattering in 12¢.
confronting the MiniBooNE and T2K CCQE data. Phys. Rev. X
10, 031068 (2020)

P. A. Zyla, et al., Review of particle properties, Prog. Theor. Exp.
Phys. 083C01

A. Deur, S. J. Brodsky, G. F. De Téramond, The spin structure of
the nucleon, Rep. Prog. Phys. 82 (076201)

Y.-C. Jang, R. Gupta, B. Yoon, T. Bhattacharya, Axial vector form
factors from lattice QCD that satisfy the PCAC relation. Phys. Rev.
Lett. 124, 072002 (2020)

G.S. Bali, L. Barca, S. Collins, M. Gruber, M. Loffler, A. Schifer,
W. Séldner, P. Wein, S. Weishdupl, T. Wurm, Nucleon axial struc-
ture from lattice QCD. JHEP 05(2020), 126 (2020)

. C. Chen, C.S. Fischer, C.D. Roberts, J. Segovia, Form factors of

the nucleon axial current. Phys. Lett. B 815, 136150 (2021)

C. Chen, C.S. Fischer, C.D. Roberts, J. Segovia, Nucleon axial-
vector and pseudoscalar form factors and PCAC relations. Phys.
Rev. D 105(9), 094022 (2022)

N.J. Baker, A.M. Cnops, PL. Connolly, S.A. Kahn, H.G. Kirk,
M.J. Murtagh, R.B. Palmer, N.P. Samios, M. Tanaka, Quasielastic
neutrino scattering: a measurement of the weak nucleon axial vector
form-factor. Phys. Rev. D 23, 2499-2505 (1981)

K.L. Miller et al., Study of the reaction vd — ™ pp;. Phys. Rev.
D 26, 537-542 (1982)

T. Kitagaki et al., High-energy quasielastic v,n — ™~ p scattering
in deuterium. Phys. Rev. D 28, 436442 (1983)

L.A. Ahrens et al., Measurement of neutrino-proton and
antineutrino-proton elastic scattering. Phys. Rev. D 35, 785 (1987)

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

A.S. Meyer, M. Betancourt, R. Gran, R.J. Hill, Deuterium target
data for precision neutrino-nucleus cross sections. Phys. Rev. D 93,
113015 (2016)

R. Gran et al., Measurement of the quasi-elastic axial vector mass
in neutrino-oxygen interactions. Phys. Rev. D 74, 052002 (2006)
M. Dorman, Preliminary results for CCQE scattering with the
MINOS near detector. AIP Conf. Proc. 1189, 133-138 (2009)

A. Aguilar-Arevalo et al., First measurement of the muon neutrino
charged current quasielastic double differential cross section. Phys.
Rev. D 81, 092005 (2010)

L. Fields, et al., Measurement of muon antineutrino quasielastic
scattering on a hydrocarbon target at E, ~ 3.5 GeV, Phys. Rev.
Lett. 111, 022501 (2013)

G. Fiorentini, et al., Measurement of muon neutrino quasielastic
scattering on a hydrocarbon target at E, ~ 3.5 GeV, Phys. Rev.
Lett. 111, 022502 (2013)

1.V. Anikin, V.M. Braun, N. Offen, Axial form factor of the nucleon
at large momentum transfers. Phys. Rev. D 94(3), 034011 (2016)
K. Park et al., Measurement of the generalized form factors near
threshold via y*p — nmt at high Q2. Phys. Rev. C 85, 035208
(2012)

G. Eichmann, H. Sanchis-Alepuz, R. Williams, R. Alkofer, C.S.
Fischer, Baryons as relativistic three-quark bound states. Prog. Part.
Nucl. Phys. 91, 1-100 (2016)

S.-X. Qin, C.D. Roberts, Impressions of the continuum bound state
problem in QCD. Chin. Phys. Lett. 37(12), 121201 (2020)

1.C. Cloet, G. Eichmann, B. El-Bennich, T. Klihn, C.D. Roberts,
Survey of nucleon electromagnetic form factors. Few Body Syst.
46, 1-36 (2009)

H.L.L. Roberts, L. Chang, I.C. Cloet, C.D. Roberts, Masses of
ground and excited-state hadrons. Few Body Syst. 51, 1-25 (2011)
J.Segovia, C.D. Roberts, S.M. Schmidt, Understanding the nucleon
as a Borromean bound-state. Phys. Lett. B 750, 100-106 (2015)
C. Chen, B. El-Bennich, C.D. Roberts, S.M. Schmidt, J. Segovia,
S. Wan, Structure of the nucleon’s low-lying excitations. Phys. Rev.
D 97, 034016 (2018)

L. Liu, C. Chen, Y. Lu, C.D. Roberts, J. Segovia, Composition
of low-lying J = %i A-baryons. Phys. Rev. D 105(11), 114047
(2022)

C.D. Roberts, A.G. Williams, G. Krein, On the implications of
confinement. Int. J. Mod. Phys. A 7, 5607-5624 (1992)

C.D. Roberts, A.G. Williams, Dyson-Schwinger equations and
their application to hadronic physics. Prog. Part. Nucl. Phys. 33,
477-575 (1994)

C.D.Roberts, S.M. Schmidt, Dyson-Schwinger equations: Density,
temperature and continuum strong QCD. Prog. Part. Nucl. Phys.
45, S1-S103 (2000)

C.D. Roberts, Electromagnetic pion form-factor and neutral pion
decay width. Nucl. Phys. A 605, 475-495 (1996)

V.D. Burkert, C.D. Roberts, Roper resonance: Toward a solution
to the fifty-year puzzle. Rev. Mod. Phys. 91, 011003 (2019)

C.S. Fischer, QCD at finite temperature and chemical potential
from Dyson-Schwinger equations. Prog. Part. Nucl. Phys. 105,
1-60 (2019)

C.D. Roberts, D.G. Richards, T. Horn, L. Chang, Insights into the
emergence of mass from studies of pion and kaon structure. Prog.
Part. Nucl. Phys. 120, 103883 (2021)

P-L. Yin, Z.-F. Cui, C.D. Roberts, J. Segovia, Masses of positive-
and negative-parity hadron ground-states, including those with
heavy quarks. Eur. Phys. J. C 81(4), 327 (2021)

K. Raya, L.X. Gutiérrez-Guerrero, A. Bashir, L. Chang, Z.F. Cui, Y.
Lu, C.D. Roberts, J. Segovia, Dynamical diquarks in the y* p —

N(1535)%7 transition. Eur. Phys. J. A 57(9), 266 (2021)
G. Eichmann, Theory introduction to baryon spectroscopy. Few
Body Syst. 63(3), 57 (2022)

@ Springer


http://arxiv.org/abs/2001.02190

206 Page 10 of 10

Eur. Phys. J. A (2022) 58:206

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

J. Segovia, I.C. Cloet, C.D. Roberts, S.M. Schmidt, Nucleon and A
elastic and transition form factors. Few Body Syst. 55, 1185-1222
(2014)

C. Chen, Y. Lu, D. Binosi, C.D. Roberts, J. Rodriguez-Quintero, J.
Segovia, Nucleon-to-Roper electromagnetic transition form factors
at large 0. Phys. Rev. D 99, 034013 (2019)

Y. Lu, C. Chen, Z.-F. Cui, C.D. Roberts, S.M. Schmidt, J. Segovia,
H.S. Zong, Transition form factors: y*+ p — A(1232), A(1600).
Phys. Rev. D 100, 034001 (2019)

L. Chang, F. Gao, C.D. Roberts, Parton distributions of light quarks
and antiquarks in the proton. Phys. Lett. B 829, 137078 (2022)

Y. Lu, L. Chang, K. Raya, C.D. Roberts, J. Rodriguez-Quintero,
Proton and pion distribution functions in counterpoint. Phys. Lett.
B 830, 137130 (2022)

M.B. Hecht, M. Oettel, C.D. Roberts, S.M. Schmidt, P.C. Tandy,
A.W. Thomas, Nucleon mass and pion loops. Phys. Rev. C 65,
055204 (2002)

H. Sanchis-Alepuz, C.S. Fischer, S. Kubrak, Pion cloud effects on
baryon masses. Phys. Lett. B 733, 151-157 (2014)

H. Garcia-Tecocoatzi, R. Bijker, J. Ferretti, E. Santopinto, Self-
energies of octet and decuplet baryons due to the coupling to the
baryon-meson continuum. Eur. Phys. J. A 53(6), 115 (2017)

X. Chen, J. Ping, C.D. Roberts, J. Segovia, Light-meson masses in
an unquenched quark model. Phys. Rev. D 97, 094016 (2018)
I.G. Aznauryan et al., Studies of nucleon resonance structure
in exclusive meson electroproduction. Int. J. Mod. Phys. E 22,
1330015 (2013)

A. Del Guerra, A. Giazotto, M.A. Giorgi, A. Stefanini, D.R. Bot-
terill, H.E. Montgomery, P.R. Norton, G. Matone, Threshold at
electroproduction at high momentum transfer: a determination of
the nucleon axial vector form-factor. Nucl. Phys. B 107, 65-81
(1976)

C. Alexandrou, M. Constantinou, K. Hadjiyiannakou, K. Jansen, C.
Kallidonis, G. Koutsou, A. Vaquero Aviles-Casco, Nucleon axial
form factors using Ny = 2 twisted mass fermions with a physical
value of the pion mass. Phys. Rev. D 96, 054507 (2017)

1.V. Anikin, V.M. Braun, N. Offen, Nucleon form factors and dis-
tribution amplitudes in QCD. Phys. Rev. D 88, 114021 (2013)

D. Carman, K. Joo, V. Mokeeyv, Strong QCD insights from excited
nucleon structure studies with CLAS and CLAS12. Few Body Syst.
61, 29 (2020)

V.D. Burkert, C.D. Roberts, Colloquium: Roper resonance: Toward
a solution to the fifty-year puzzle. Rev. Mod. Phys. 91, 011003
(2019)

V.I. Mokeev, D.S. Carman, Photo- and electrocouplings of nucleon
resonances. Few Body Syst. 63(3), 59 (2022)

C.D. Roberts, Empirical consequences of emergent mass. Symme-
try 12, 1468 (2020)

D. Binosi, Emergent hadron mass in strong dynamics. Few Body
Syst. 63(2), 42 (2022)

A.C. Aguilar, M.N. Ferreira, J. Papavassiliou, Exploring smoking-
gun signals of the Schwinger mechanism in QCD. Phys. Rev. D
105(1), 014030 (2022)

D. Abrams et al., Measurement of the Nucleon F}/ sz
Structure Function Ratio by the Jefferson Lab MARATHON
Tritium/Helium-3 Deep Inelastic Scattering Experiment. Phys.
Rev. Lett. 128(13), 132003 (2022)

Z.-F. Cui, F. Gao, D. Binosi, L. Chang, C.D. Roberts, S.M. Schmidt,
Valence quark ratio in the proton. Chin. Phys. Lett. Express 39(04),
041401 (2022)

D.J. Wilson, I.C. Cloet, L. Chang, C.D. Roberts, Nucleon and Roper
electromagnetic elastic and transition form factors. Phys. Rev. C
85, 025205 (2012)

J. Segovia, C.D. Roberts, Dissecting nucleon transition electro-
magnetic form factors. Phys. Rev. C 94, 042201(R) (2016)

@ Springer

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

P. Cheng, F. E. Serna, Z.-Q. Yao, C. Chen, Z.-F. Cui, C. D. Roberts,
Contact interaction analysis of octet baryon axialvector and pseu-
doscalar form factors. Phys. Rev. D 106, 054031 (2022)

P. Zyla, et al., Review of Particle Physics, PTEP 2020 (2020)
083C01

T. Bhattacharya, V. Cirigliano, S. Cohen, R. Gupta, H.-W. Lin, B.
Yoon, Axial, scalar and tensor charges of the nucleon from 2+1+1-
flavor lattice QCD. Phys. Rev. D 94, 054508 (2016)

C. Alexandrou, S. Bacchio, M. Constantinou, J. Finkenrath, K.
Hadjiyiannakou, K. Jansen, G. Koutsou, A. Vaquero Aviles-Casco,
Nucleon axial, tensor, and scalar charges and o-terms in lattice
QCD. Phys. Rev. D 102, 054517 (2020)

Y.L. Dokshitzer, Calculation of the structure functions for deep
inelastic scattering and e+ e- annihilation by perturbation theory in
quantum chromodynamics. Sov. Phys. JETP 46, 641-653 (1977).
((In Russian))

V.N. Gribov, L.N. Lipatov, Deep inelastic e p scattering in pertur-
bation theory. Sov. J. Nucl. Phys. 15, 438-450 (1972)

L.N. Lipatov, The parton model and perturbation theory. Sov. J.
Nucl. Phys. 20, 94-102 (1975)

G. Altarelli, G. Parisi, Asymptotic freedom in parton language.
Nucl. Phys. B 126, 298 (1977)

Z.-F. Cui, M. Ding, F. Gao, K. Raya, D. Binosi, L. Chang, C.D.
Roberts, J. Rodriguez-Quintero, S.M. Schmidt, Higgs modulation
of emergent mass as revealed in kaon and pion parton distributions.
Eur. Phys. J. A (Lett.) 57(1), 5 (2021)

Z.-F. Cui, M. Ding, F. Gao, K. Raya, D. Binosi, L. Chang, C.D.
Roberts, J. Rodriguez-Quintero, S.M. Schmidt, Kaon and pion par-
ton distributions. Eur. Phys. J. C 80, 1064 (2020)

R. Gupta, B. Yoon, T. Bhattacharya, V. Cirigliano, Y.-C. Jang,
H.-W. Lin, Flavor diagonal tensor charges of the nucleon from
(2+1+1)-flavor lattice QCD. Phys. Rev. D 98, 091501 (2018)
S.-S. Xu, C. Chen, I.C. Cloet, C.D. Roberts, J. Segovia, H.-S. Zong,
Contact-interaction Faddeev equation and inter alia, proton tensor
charges. Phys. Rev. D 92, 114034 (2015)

Q.-W. Wang, S.-X. Qin, C.D. Roberts, S.M. Schmidt, Proton tensor
charges from a Poincaré-covariant Faddeev equation. Phys. Rev. D
98, 054019 (2018)

Z. Ye, N. Sato, K. Allada, T. Liu, J.-P. Chen, H. Gao, Z.-B. Kang,
A. Prokudin, P. Sun, F. Yuan, Unveiling the nucleon tensor charge
at Jefferson Lab: A study of the SoLID case. Phys. Lett. B 767,
91-98 (2017)

S.-X. Qin, C.D. Roberts, Resolving the Bethe—Salpeter kernel.
Chin. Phys. Lett. Express 38(7), 071201 (2021)

Z.-N. Xu, Z.-Q. Yao, S.-X. Qin, Z.-F. Cui, C. D. Roberts,
Bethe-Salpeter kernel and properties of strange-quark mesons —
arXiv:2208.13903 [hep-ph]


http://arxiv.org/abs/2208.13903

	Nucleon axial form factor at large momentum transfers
	Abstract 
	1 Introduction
	2 Faddeev equation and axial current
	3 Nucleon axial form factor
	4 Flavour-separated axial form factor
	5 Summary and outlook
	Acknowledgements
	References




