Nucleon-to-Roper electromagnetic transition form factors at large-Q2
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High-precision nucleon-resonance electroproduction data on a large kinematic domain of energy
and momentum transfer have proven crucial in revealing novel features of strong interactions within
the Standard Model and unfolding structural details of baryon excited states. Thus, in anticipation
of new data reaching to unprecedented photon virtuality, we employ a quark-diquark approximation
to the three valence-quark bound-state problem to compute γ ∗ p → R+ and γ ∗ n → R0 transition
form factors on Q2 /m2N ∈ [0, 12], where mN is the nucleon mass. Having simultaneously analysed
both charged and neutral channels, we also provide a quark-flavour separation of the transition form
factors. The results should be useful in planning new-generation experiments.

I.

INTRODUCTION

The task of mapping and explaining the spectrum of
baryons and the structure of these states is a longstanding challenge, which is likely to stand for another decade
or more [1]. The ground-state neutron and proton (nucleons) are certainly bound-states seeded by three valencequarks: udd and uud, respectively. However, the natures of the nucleons’ first excited states – N (1440) 1/2+ ,
N (1535) 1/2− – are less certain. The N (1440) 1/2+
“Roper resonance” was discovered in 1963 [2–6], but it
was immediately a source of puzzlement because, e.g. a
wide array of constituent-quark potential models produce
a spectrum in which the second positive-parity state in
the baryon spectrum lies above the first negative-parity
state [7–9].
In connection with the Roper, the last twenty years
have seen the acquisition and analysis of a vast amount of
high-precision proton-target exclusive electroproduction
data with single- and double-pion final states on a large
kinematic domain of energy and momentum-transfer; development of a sophisticated dynamical reaction theory
capable of simultaneously describing all partial waves
extracted from available, reliable data; and formulation
and wide-ranging application of a Poincaré covariant approach to the continuum bound state problem in relativistic quantum field theory. Following these efforts, it
is now widely accepted that the Roper is, at heart, the
first radial excitation of the nucleon, consisting of a welldefined dressed-quark core that is augmented by a meson
cloud, which both reduces the Roper’s core mass by approximately 20% and contributes materially to the electroproduction transition form factors at low-Q2 [10, 11].
The high-Q2 electroproduction data were crucial to
reaching this understanding of the Roper: the shortwavelength probe pierces the long-wavelength screen

generated by meson-baryon final state interactions
(MB FSIs) and thereby reveals the dressed-quark core
that forms the core of a true resonance. Regarding the
charged-Roper, accurate γ ∗ p electroproduction data is
now available on the kinematic range W ≤ 2 GeV and
Q2 ≤ 4.5 GeV2 [12–25]. In the near future, with a new
era of experiments beginning at the upgraded Thomas
Jefferson National Accelerator Facility (JLab 12), there
is the potential to match this with high-precision electroproduction data off a (bound-) neutron target and therewith chart neutral-Roper properties. This will provide an
important additional test for theory because a successful,
unified explanation of nucleon, ∆-baryon, and charged
and neutral Roper elastic and transition form factors will
sharpen the contemporary picture of the Roper resonance
as, primarily, the nucleons’ first radial excitation.
Poincaré-covariant continuum analyses of the three
valence-quark bound-state problems associated with the
nucleon, ∆-baryon and Roper resonance are presented
in Refs. [26–32]: the same framework is used for all systems. Importantly, following an appreciation of its importance for the ground state nucleons [33], Ref. [29] computes a quark-flavour separation of the nucleon-to-Roper
transition. Missing therein, however, are predictions for
the charged and neutral Roper elastic form factors, and
the γ ∗ n → R0 transition form factors, which were actually used in order to compute the flavour-separated
results. Given that JLab 12 will deliver results for the
Q2 -dependence of R0,+ electrocouplings on a hitherto unexplored domain [34–36], reaching to Q2 ≈ 12 m2N , where
mN is the nucleon mass, herein we report calculations of
all Roper-related transition form factors, including those
not discussed in Refs.[28, 29], on the complete Q2 -domain
that is expected to be mapped by the planned and foreseen experiments.
Section II provides a succinct explanation of the nu-
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scription of the properties of the nucleon and ∆-baryon.
With those inputs, the masses are (in GeV):

FIG. 1. Poincaré covariant Faddeev equation: a linear integral equation for the matrix-valued function Ψ, being the Faddeev amplitude for a baryon of total momentum P = pq + pd ,
which expresses the relative momentum correlation between
the dressed-quarks and -diquarks within the baryon. The
shaded rectangle demarcates the kernel of the Faddeev equation: single line, dressed-quark propagator; Γ, diquark correlation amplitude; and double line, diquark propagator.

cleon and Roper mass and wave function calculations
that provide the input to our computation of the related
transition form factors. The electromagnetic vertex we
use in these calculations is detailed in Sec. III. Section IV
describes the Roper resonance elastic form factors, comparing them with those of the nucleon ground states and
presenting a breakdown into contributions from different
correlation sectors. Whilst measurement of such elastic form factors presents many challenges, their theoretical analysis reveals valuable structural information;
and they are necessary to fix the canonical normalisation of the bound-state amplitudes. The γ ∗ p → R+ ,
γ ∗ n → R0 transition form factors on Q2 . 6 m2N are analysed in Sec. V and compared with available data. Projections onto the domain made accessible with JLab 12,
viz. 6 . Q2 /GeV2 . 12, obtained using a novel numerical
technique, are described in Sec. VI; and flavour-separated
transition form factors on the entire domain Q2 . 12 m2N
are presented in Sec. VII. Section VIII provides a summary and perspective.

II.

NUCLEON AND ROPER STRUCTURE

We treat baryons as a continuum three–valence-body
bound-state problem using the Poincaré-covariant Faddeev equation introduced in Refs. [37–41]. The Faddeev
equation sums all possible exchanges and interactions
that can take place between the three dressed-quarks that
express the baryon’s valence-quark content; and used
with a realistic quark-quark interaction [42–44], it predicts the appearance of soft (nonpointlike) diquark correlations within baryons, whose characteristics are determined by dynamical chiral symmetry breaking (DCSB)
[45]. Consequently, the problem of determining the properties of the baryon’s dressed-quark core is transformed
into that of solving the linear, homogeneous matrix equation depicted in Fig. 1.
Computation of the mass and structure of the nucleon
and its first radial excitation is described in Ref. [28].
That analysis began by solving the Faddeev equation to
obtain the masses and Poincaré-covariant wave functions
for these systems, taking each element of the equation
to be as specified in [26], which provides a successful de-

mnucleon (N ) = 1.18 ,

(1a)

mnucleon−excited (R) = 1.73 .

(1b)

The analysis predicts that the nucleon and Roper quarkcores are constituted only from isoscalar-scalar and
isovector-pseudovector diquarks, with correlations in the
pseudoscalar and vector channels having negligible impact on their properties, an outcome confirmed by other
studies [30, 46, 47].
The masses in Eq. (1) correspond to the locations of
the two lowest-magnitude I = 1/2, J P = 1/2+ poles in
the three dressed-quark scattering problem.1 The associated residues are the canonically-normalized Faddeev
wave functions, which depend upon (`2 , ` · P ), where `
is the quark-diquark relative momentum and P is the
baryon’s total momentum. It is now useful to consider
the zeroth Chebyshev moment of all S-wave components
in that wave function, i.e. projections of the form
Z
2 1 p
W (`2 ; P 2 ) =
(2)
du 1 − u2 W (`2 , u; P 2 ) ,
π −1
√
where u = ` · P/ `2 P 2 . For the ground-state nucleon,
these projections are either positive- or negative-definite;
but for the first excited state, each exhibits a single zero.
(See, e.g. Ref. [28], Fig. 2, or Ref. [30], Fig. 4.) Drawing
upon experience with excited-state mesons studied via
the Bethe-Salpeter equation [48, 49], the appearance of
a single zero in S-wave components of the Faddeev wave
function associated with the first excited state in the scattering problem indicates that this state is a radial excitation of the quark-diquark system. Notably, one may associate a four-vector length-scale of 1/[0.4GeV] ≈ 0.5 fm
with the location of this zero.
We do not consider the complementary case of radial
excitation of the diquark itself without an excitation of
the quark-diquark correlation. As explained elsewhere
[50], orthogonality of ground- and excited-state diquark
correlations is likely to suppress any such admixture.
Notwithstanding that, it is probable that the possibility can most effectively be explored in the future via appropriate light-front projection [31] of solutions to the
truly three-body bound-state equation, employed, e.g. in
Refs. [51, 52]. Here we only remark that the comparisons with data presented below support our picture of
the Roper resonance as primarily a radial excitation in
the quark-diquark relative momentum correlation.
The structure of the N (1710) 1/2+ is less clear. In
quark models, the profile of its wave function is sensitive to the formulation employed, e.g. it can be Roperlike, with two peaks skewed relative to those in the kindred Roper wave function [53, 54], in which case it may

1

As evident in Fig. 1, MB FSIs are omitted from the scattering
kernel. Hence, these poles are real-valued. This is discussed
further in the following.

3
be a candidate for the system which is predominantly
quark-plus-radially-excited-diquark; or it can have three
peaks, located on the same trajectory as the two in
the related Roper wave function [55, 56], viz. the second radial excitation of the quark-plus-diquark system.
A third possibility, realised in some dynamical coupled
channels (DCC) calculations [57], sees the Roper and
N (1710) 1/2+ as both derived from the same quark core
state. Given that N (1710) 1/2+ electroproduction data
exist on Q2 . 4 m2N [21] and that each helicity amplitude
appears to be of unique sign, unlike those for the Roper
[16–18], in future it is worth testing these possibilities
by exploring the solution space of our Poincaré-covariant
Faddeev equation and using the results to compute the
transition form factors.
Let us return now to consider the masses in Eq. (1). As
elucidated in Ref. [57], the empirical values of the pole locations for the first two states in the nucleon channel are:
0.939 GeV for the nucleon; and two poles for the Roper,
1.357 − i 0.076, 1.364 − i 0.105 GeV. At first glance, these
values appear unrelated to those in Eq. (1). However,
deeper analysis reveals [58, 59] that the kernel in Fig. 1
omits all those resonant contributions which may be associated with the MB FSIs resummed in DCC models
[57, 60–65] in order to transform a bare-baryon into the
observed state. The Faddeev equation that produced the
results in Eq. (1) should therefore be understood to describe not the completely-dressed and hence observable
object, but rather this bare system, which we described
above as the dressed-quark core of the bound-state.
Clothing the nucleon’s dressed-quark core by including
resonant contributions to the kernel produces a physical nucleon whose mass is ≈ 0.2 GeV lower than that of
the core [66, 67]. Similarly, clothing the ∆-baryon’s core
lowers its mass by ≈ 0.16 GeV [60]. It is therefore no
coincidence that (in GeV) 1.18 − 0.2 = 0.98 ≈ 0.94, i.e.
the nucleon mass in Eq. (1) is 0.2 GeV greater than the
empirical value. A successful body of work [26–30, 47],
on the baryon spectrum, and nucleon and ∆ elastic and
transition form factors, has been built upon this knowledge of the impact of omitting resonant contributions
and the magnitude of their effects. Therefore, a comparison between the empirical value of the Roper resonance
pole-position and the computed dressed-quark core mass
of the nucleon’s radial excitation is not the critical test.
Instead, it is that between the masses of the quark core
and the value determined for the meson-undressed bareRoper, viz. (in GeV):
[57]

30]
[68]
R[28,
R[47]
core
core Rcore RDCC bare .
mass 1.73
1.82 1.72
1.76

(3)

Evidently, the DCC bare-Roper mass agrees with
the quark core results obtained using both a QCDkindred interaction [28, 30] and refined treatments of a
strictly-implemented vector ⊗ vector contact-interaction

FIG. 2. Vertex that ensures a conserved current for on-shell
baryons that are described by the Faddeev amplitudes produced by the equation depicted in Fig. 1: single line, dressedquark propagator; undulating line, photon; Γ, diquark correlation amplitude; and double line, diquark propagator. Diagram 1 is the top-left image; the top-right is Diagram 2; and
so on, with Diagram 6 being the bottom-right image. (Details
are provided in Ref. [26], Appendix C.)

[47, 68].2 This is notable because all these calculations
are independent, with just one common feature; namely,
an appreciation that observed hadrons are built from a
dressed-quark core plus a meson-cloud.

III.

ELECTROMAGNETIC CURRENTS

With Faddeev amplitudes for the participating states
in hand, computation of the desired elastic and transition
form factors is a straightforward numerical exercise once
the electromagnetic current is specified. When the initial
and final states are I = 1/2, J = 1/2+ baryons, that
current is completely specified by two form factors, viz.


1
ūf (Pf ) γµT F1f i (Q2 ) +
σµν Qν F2f i (Q2 ) ui (Pi ) , (4)
mf i
where: ui , ūf are, respectively, Dirac spinors describing
the incoming/outgoing baryons, with four-momenta Pi,f
2
and masses mi,f so that Pi,f
= −m2i,f ; Q = Pf − Pi ;
T
mf i = (mf + mi ); and γ · Q = 0.
The vertex sufficient to express the interaction of a
photon with a baryon generated by the Faddeev equation in Fig. 1 is described elsewhere [26, 75]. It is a sum
of six terms, depicted in Fig. 2, with the photon separately probing the quarks and diquarks in various ways,

2

It is also commensurate with the value obtained in simulations
of lattice-regularised QCD whose formulation and/or parameters
suppress MB FSIs [69–74].
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FIG. 3. Solid (black) curves – Dirac (upper panels) and Pauli (lower) elastic electromagnetic form factors associated with
the dressed-quark cores of the charged (left) and neutral (right) Roper systems. Dashed (blue) curves – analogous results for
proton and neutron. (κR,N = F2R,N (x = 0); x = Q2 /m2N , where MN = 1.18 GeV is the nucleon’ dressed-quark core mass.)

so that diverse features of quark dressing and the quarkquark correlations all play a role in determining the form
factors. To elaborate, elastic and transition electromagnetic form factors involving the nucleon and Roper may
be dissected in two separate ways, each of which can be
considered as a sum of three distinct terms, viz.

(Diagram 3 in Fig. 2), or appears in one of the
two associated “seagull” terms (Diagrams 5
and 6).
The anatomy of a given transition is revealed by merging
the information provided by DD and DS.

DD = diquark dissection:
DD1 : scalar diquark, [ud], in both the initial- and
final-state baryon,
DD2 : pseudovector diquark, {qq}, in both the
initial- and final-state baryon, and
DD3 : a different diquark in the initial- and finalstate baryon;
DS = scatterer dissection:
DS1 : photon strikes a bystander dressed-quark
(Diagram 1 in Fig. 2),
DS2 : photon interacts with a diquark, elastically
or causing a transition scalar ↔ pseudovector
(Diagrams 2 and 4 in Fig. 2), and
DS3 : photon strikes a dressed-quark in-flight, as
one diquark breaks up and another is formed

IV.

ELASTIC FORM FACTORS

In any computation of transition form factors, one
must first calculate the analogous elastic form factors
for the states involved because the associated values of
F1f =i (Q2 = 0) fix the normalisation of the transition.
The elastic Dirac and Pauli form factors associated with
the dressed-quark core of the charged and neutral Roper
are depicted in Fig. 3 and compared with those for the
proton and neutron from Ref. [26]. Evidently, there are
qualitative similarities and quantitative differences. The
latter are seemingly prominent in the Q2 -dependence of
the Dirac form factors of the neutral-Roper and neutron;
but here appearances are deceptive because both functions are independently computed as the valence-quark
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FIG. 4. Dirac form factors of the proton (left) and charged-Roper (right). Upper panels – diquark breakdown: DD1 (dashed
red), scalar diquark in initial and final baryon; DD2 (dot-dashed green), pseudovector diquark in both initial and final states;
DD3 (dotted blue), scalar diquark in incoming baryon, pseudovector diquark in outgoing baryon, and vice versa. Lower panels
– scatterer breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed quark; DS2 (dot-dashed green), photon
strikes a diquark; and DS3 (dotted blue), diquark breakup contributions, including photon striking exchanged dressed-quark.

electric-charge-weighted sum of larger, positive quantities, with cancellations leading to uniformly small results.
Defining (Sachs) electric and magnetic form factors:
GE = F1 −

Q2
F2 ,
4m2B

GM = F1 + F2 ,

(5)

where mB is the baryon’s mass, the Q2 = 0 values and
slopes of the form factors in Fig. 3 yield the static prop-

TABLE I. Static properties derived from the elastic form
factors depicted in Fig. 3, see Eq. (6) and following text.
(MN = 1.18 GeV is the nucleon dressed-quark core mass.)

rE MN
rM MN
µ

R+
6.23
4.49
2.67

p
3.65
3.17
2.50

R0
0.93i
4.15
−1.24

n
1.67i
4.19
−1.83

erties listed in Table I, where the radii are defined via
r2 = −

6 d

n dQ2

G(Q2 )

,

(6)

Q2 =0

with n = G(Q2 = 0) when this quantity is nonzero,
n = 1 otherwise, and the anomalous magnetic moment
µ = GM (0). The electromagnetic radii of the chargedRoper core are larger than those of the proton core, but
the magnetic moments are similar; and this pattern is
reversed in the neutral-Roper/neutron comparison.
In order to reveal more details about the structural
similarities and differences between the dressed-quark
cores of the nucleon and Roper, in Figs. 4, 5 we contrast the diquark and scatterer dissections of the Dirac
and Pauli form factors, respectively, of the proton and
R+ . (The neutron/R0 comparisons do not contain additional information because the associated form factors
are simply different charge-weighted sums of the same
basic contributions.) Focusing first on Fig. 4, it is apparent that every contribution to the R+ elastic Dirac form
factor falls more rapidly than its analogue in the proton.
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FIG. 5. Pauli form factors of the proton and charged-Roper. Upper panels – diquark breakdown: DD1 (dashed red), scalar
diquark in initial and final baryon; DD2 (dot-dashed green), pseudovector diquark in both initial and final states; DD3 (dotted
blue), scalar diquark in incoming baryon, pseudovector diquark in outgoing baryon, and vice versa. Lower panels – scatterer
breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed quark; DS2 (dot-dashed green), photon strikes a diquark;
and DS3 (dotted blue), diquark breakup contributions, including photon striking exchanged dressed-quark.

On the other hand, the relative importance of each is typically the same within the proton and R+ , e.g. in both
cases, the DD1 term (scalar diquark, [ud], in both initial
and final state) dominates the Dirac form factor, with the
largest contribution arising from the photon striking the
bystander quark (DS1). The former observation highlights that the relative strengths of the various diquarks
in both the nucleon and Roper are almost identical, with
+

R
P[ud]
= 0.60 ,

+

R
= 0.33 ,
P{qq}

+

R
Pmix
= 0.07

(7)

where these probabilities are the Q2 = 0 values of the
individual DD terms, for the reasons explained elsewhere
[76]. The values for the proton are [26]: 0.62, 0.29, 0.09.
Turning to Fig. 5, the primary contribution to the Pauli
form factor in both cases is again delivered by the photon striking a bystander quark in association with [ud]
(DD1×DS1 is dominant in both columns). On the other
hand, there are differences between subleading terms,
e.g. DD3×DS1 in the proton is of similar importance to
DD2×DS1 in the R+ . Since diagrams with pseudovector diquark spectators do not contribute to the charged-

particle form factors considered herein when isospin symmetry is assumed [68], then this comparison indicates
that, in the Pauli elastic form factor, the strength of [ud]{qq} transitions in the proton, with a photon striking the
exchanged quark, is roughly matched by analogous {qq}{qq} breakup-recombination effects in the R+ .
For completeness and because the results can provide
counterpoints for the γn → R0 form factors, in Fig. 6 we
depict the diquark and scatterer dissections for the Dirac
and Pauli elastic form factors of the neutral-Roper.

V.

NUCLEON-TO-ROPER TRANSITION

Our predictions for the γ ∗ N → R Dirac transition form
factors are drawn in Fig. 7. They must vanish at x = 0
owing to orthogonality between the nucleon and its radial excitation. Plainly, this component of the charged
transition proceeds primarily through a photon striking
a bystander dressed-quark that is partnered by [ud], with
lesser but non-negligible contributions from all other pro-
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FIG. 6. Dirac (left) and Pauli (right) elastic form factors of neutral-Roper. Upper panels – diquark breakdown: DD1 (dashed
red), scalar diquark in initial and final baryon; DD2 (dot-dashed green), pseudovector diquark in both initial and final states;
DD3 (dotted blue), scalar diquark in incoming baryon, pseudovector diquark in outgoing baryon, and vice versa. Lower panels
– scatterer breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed quark; DS2 (dot-dashed green), photon
strikes a diquark; and DS3 (dotted blue), diquark breakup contributions, including photon striking exchanged dressed-quark.

∗
cesses. In exhibiting these features, F1,p
shows qualitative similarities to the elastic Dirac form factors depicted
in Fig. 4. The neutral transition, too, proceeds primarily through a photon striking a bystander dressed-quark
that is partnered by [ud]. However, comparisons with
the R0 elastic Dirac form factor, left panels in Fig. 6, are
complicated by the fact that charge neutrality enforces
0
F1R (0) = 0, so that all terms need only sum to zero at the
∗
origin, whereas state orthogonality ensures F1,n
(0) = 0,
in which case each contribution must vanish separately.
∗
Regarding comparison with experiment, F1,p
(x) agrees
quantitatively in magnitude and trend with the data on
x & 2, an outcome which owes fundamentally to the
QCD-derived momentum-dependence of the propagators
and vertices employed in solving the bound-state and
scattering problems. The mismatch on x . 2 between
data and the prediction is also revealing. As we have
emphasized, our calculation yields only those form factor
contributions generated by a rigorously-defined dressedquark core whereas meson-cloud contributions are expected to be important on x . 2. Thus, the difference
between the prediction and data may plausibly be attributed to MB FSIs, as described in Sec. 5 of Ref. [77].

(See also Ref. [18, 65].)
The associated light-front-transverse transition chargedensity is [78]:
Z 2
d ~q⊥ i~q⊥ ·~b ∗
pR ~
ρ (|b|) :=
e
F1 (|~q⊥ |2 ) ,
(8)
(2π)2
where F1∗ is interpreted in a frame defined by Q = (~q⊥ =
(Q1 , Q2 ), Q3 = 0, Q4 = 0). Plainly, Q2 = |~q⊥ |2 . Defined
in this way, ρpR (|~b|) has a straightforward quantum mechanical interpretation [79]. A computation of ρpR (|~b|)
may be found elsewhere [32], along with a related analysis of the impact of MB FSIs: see Eq. (19) therein and the
related discussion. Consistent with their role in reducing
the nucleon and Roper quark-core masses, MB FSIs introduce significant attraction, working to screen the long
negative tail of the quark-core contribution to ρpR (|~b|),
arising from pseudovector diquarks, and thereby compressing the transition domain in transverse space.
One must naturally ask whether similar remarks hold
∗
true for the neutral transition. F1,n
(x) is uniformly small
and in such circumstances it is possible that MB FSIs are
important on a larger Q2 -domain. This appears to be
the case, e.g. with the electric quadrupole form factor
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FIG. 7. Computed Dirac transition form factor, F1∗ , for the charged reaction γ ∗ p → R+ (left panels) and the neutral reaction
γ ∗ n → R0 (right panels): solid (black) curve in each panel. Data, left panels: circles (blue) [16], and squares (purple) [17, 18].
Upper panels – diquark breakdown: DD1 (dashed red), scalar diquark in both nucleon and Roper; DD2 (dot-dashed green),
pseudovector diquark in both nucleon and Roper; DD3 (dotted blue), scalar diquark in nucleon, pseudovector diquark in Roper,
and vice versa. Lower panels – scatterer breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed quark; DS2
(dot-dashed green), photon strikes a diquark; and DS3 (dotted blue), diquark breakup contributions, including photon striking
exchanged dressed-quark.

in the γ ∗ N → ∆ transition [26]. On the other hand,
∗
F1,n
(x) is similar in size to F1n , for which our framework
provides a good description. We judge, therefore, that
∗
∗
our predictions for F1,n
(x) and F1,p
(x) should be reliable
on comparable domains.
Corresponding predictions for the γ ∗ N → R Pauli
transition form factors are drawn in Fig. 8. They are
all nonzero at x = 0 and each possesses a zero crossing
at roughly the same location, viz. x ≈ 0.2. Notably, as
+
0
∗
∗
with F2p,R and F2n,R in Fig. 3, F2,p
and F2,n
are simi2
lar in magnitude and Q -dependence. In particular, the
∗
∗
(0)/F2,n
(0) ≈ −3/2 is consistent with availvalue of F2,p
able data [80].
The remarks above concerning MB FSIs also apply to
F2∗ ; and, importantly, although they affect its precise location, the existence of a zero in F2∗ is not influenced by
MB FSIs. We are thus confident of our prediction for a
0
+
zero in F2n,R . This zero will be found near that of F2p,R
if MB FSIs are not too different between these channels;
and there are good reasons to suppose they are com-

parable because the two reactions are isospin-exchange
partners and isospin symmetry is a good approximation
for strong interactions.

VI.

TRANSITIONS AT LARGER Q2

It is anticipated that the CLAS12 detector at JLab 12
will deliver data on the Roper-resonance electroproduction form factors out to Q2 ≈ 12 m2N in both the charged
and neutral channels.3 Here, therefore, we supply projections for all transition form factors on x ∈ [0, 12].
We must first remark that it is difficult to obtain reliable results for the form factors on x > 6 by direct

3

In the latter case, although a deuteron must be used to provide the neutron target, there are indications that the quality of
the cross-section data should be comparable to that for chargedRoper production off the free proton [81].
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FIG. 8. Computed Pauli transition form factor, F2∗ , for the charged reaction γ ∗ p → R+ (left panels) and the neutral reaction
γ ∗ n → R0 (right panels): solid (black) curve in each panel. Data: circles (blue) [16], squares (purple) [17, 18], triangle
(gold) [14], and star (green) [80]. Upper panels – diquark breakdown: DD1 (dashed red), scalar diquark in both nucleon
and Roper; DD2 (dot-dashed green), pseudovector diquark in both nucleon and Roper; DD3 (dotted blue), scalar diquark in
nucleon, pseudovector diquark in Roper, and vice versa. Lower panels – scatterer breakdown: DS1 (red dashed), photon strikes
an uncorrelated dressed quark; DS2 (dot-dashed green), photon strikes a diquark; and DS3 (dotted blue), diquark breakup
contributions, including photon striking exchanged dressed-quark.

calculation of all the contributions in Fig. 2 because Diagrams 3, 5, 6 are eight-dimensional integrals. MonteCarlo methods are required for their evaluation; but with
any finite number of samples, such methods are imprecise when the answer is a small number, as is the case
with form factors at large photon virtuality, and not all
contributions are of the same sign.
We circumvent this difficulty by using the Schlessinger
point method (SPM) [82–84] to construct analytic approximations to each of our transition form factors on
x ∈ [0, 6] and then defining the results on x ∈ [6, 12] via
the analytic continuation of those approximations.
The SPM is based on the Padé approximant. It is
able to accurately reconstruct a function in the complex
plane within a radius of convergence specified by that
one of the function’s branch points which lies nearest to
the real domain from which the sample points are drawn.
Moreover, owing to the procedure’s discrete nature, the
reconstruction may also provide a reasonable continuation on a larger domain, but this cannot be guaranteed

and, hence, each case must be treated individually.
The following example provides a useful and relevant illustration. Suppose the function in question is
a monopole form factor represented by a finite number,
N > 0, of points, each of which lies precisely on the
curve. Then using any single one of those points, the
SPM will reproduce the monopole exactly. If each of the
points in the set has some numerical error, as is typical
in the computation of form factors, then from any single
point, the SPM will deliver an analytic approximation
to the form factor. Choosing a large number of single
points at random and using the SPM with each point,
then one obtains a collection of analytic approximations
to the monopole whose spread measures the uncertainty
inherent in the numerical calculation. Each one of the
approximations is of practically equal quality to the best
least-squares fit.
For a realistic form factor, F (Q2 ), ∃k ≥ 0 such that
(d/dQ2 )k F (Q2 ) possesses at least one zero on Q2 > 0. In
such cases one has a collection of N results, each associ-
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∗
F1,p
∗
x12 F1,p

= 0.0121(14) ,
= 0.145(17) ,

∗
F2,p
= 0.0055(8) ,
∗
x12 F2,p

= 0.066(10) ,

∗
−F1,n
∗
−x12 F1,n

= 0.0039(10) , (9a)
= 0.046(11) ,

∗
−F2,n
= 0.0034(7) ,
∗
−x12 F2,n

= 0.041(9) .

(9b)
(10a)
(10b)

We choose to draw x-weighted results in order to accentuate, but not overmagnify, the larger-x behaviour of
the form factors. On the domain depicted, there is no
indication of the scaling behaviour expected of the transition form factors: F1∗ ∼ 1/x2 , F2∗ ∼ 1/x3 . Since each
dressed-quark in the baryons must roughly share the impulse momentum, Q, we expect that such behaviour will
only become evident on x & 20.
VII.

FLAVOUR SEPARATION

If one supposes that s-quark contributions to N → R
transitions are negligible, as they are in nucleon elastic
form factors, and assumes isospin symmetry, as we do,
then a flavour separation of the transition form factors
is accomplished by combining results for the γ ∗ p → R+
and γ ∗ n → R0 transitions:
∗
∗
∗
∗
∗
∗
Fi,u
= 2Fi,p
+ Fi,n
, Fi,d
= Fi,p
+ 2Fi,n
, i = 1, 2 . (11)
∗
∗
Our conventions are that F1(2),u
and F1(2),d
refer to the uand d-quark contributions to the equivalent Dirac (Pauli)
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ated with the form factor, F (Q2 ), at a different value of
Q2 ∈ [0, Q2max ], with Q2max being the upper bound of the
domain upon which direct computations have been performed. Each of the N results will possess some similar
level of precision. From the set of N results, one randomly chooses first one point, then two, etc., until reaching that minimal number of points, M < N , for which
the analytic approximation produced by the SPM from
any randomly chosen set of M points typically delivers
a valid fit to the output. One then defines the extrapolation by randomly choosing a large number of M -point
samples, determining the SPM approximation from each
collection, applying any known physical constraints (such
as continuity, known scaling behaviour, etc.) to eliminate those functions which are unacceptable, and then
drawing the associated extrapolation curve for each surviving approximation. This procedure generates a band
of extrapolated curves whose collective reliability at any
Q2 > Q2max is expressed by the width of the band at that
point, which is itself determined by the precision of the
original output on Q2 ≤ Q2max .
In Fig. 9 we depict the x-weighted Dirac and Pauli
transition form factors for the reactions γ ∗ p → R+ ,
γ ∗ n → R0 on the domain 0 < x < 12. The results on
x > 6 were determined via the SPM, as described above:
M = 12 is satisfactory in all cases. The precision of our
projections can be exemplified by quoting the form factor
values at the upper bound of the extrapolation domain,
x12 = 12:
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FIG. 9. Computed x-weighted Dirac (upper panel) and Pauli
(lower panel) transition form factors for the reactions γ ∗ p →
R+ (solid blue curves) and γ ∗ n → R0 (dashed green curves).
In all cases, the results on x ∈ [6, 12] are projections, obtained
via extrapolation of analytic approximations to our results on
x ∈ [0, 6]: at each x, the width of the band associated with a
given curve indicates our confidence in the extrapolated value.
(See text for details.) Data in both panels are for the charged
∗
∗
channel transitions, F1,p
and F2,p
: circles (blue) [16]. No data
currently exist for the neutral channel.

form factors of the γ ∗ p → R+ reaction, and the results
are normalised such that the elastic Dirac form factors
of the proton and charged-Roper yield F1u (Q2 = 0) = 2,
F1d (Q2 = 0) = 1, thereby ensuring that these functions
count valence u- and d-quark content in the bound-states.
Using the transition form factors reported in Sec. V,
one obtains the flavour-separated results described in
Ref. [29]. In Fig. 10, we reproduce those results and extend them to the domain 6 < x < 12 using the SPM, as
described in Sec. VI.
The flavour-separated Dirac transition form factors depicted in the upper panel of Fig. 10 behave similarly to
the analogous elastic form factors reported elsewhere [26]:
the d-quark contribution is markedly smaller than the uquark contribution on the entire domain explored. The
noticeable difference, however, is the absence of a zero
∗
in F1,d
on this domain. Such a zero is a salient feature
of both the analogous proton elastic Dirac form factor
(located at x ≈ 7) and the Roper elastic Dirac form fac-
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FIG. 10. Flavour separation, x-weighted γ ∗ p → R+ transition form factors: u-quark, solid (blue); and d-quark, dashed
(green). Upper panel – Dirac transition form factor. Lower
panel – Pauli transition form factor. As in Fig. 9, at each
x ≥ 6, the width of the band associated with a given curve
indicates our confidence in the extrapolated value. (For ref∗
∗
erence, κ∗u = F2,u
(0) = −0.91, κ∗d = F2,d
(0) = 0.14.)

+

R
∗
tor (F1,d
(x ≈ 5) = 0). Its absence in F1,d
here owes to
orthogonality of the initial and final state wave functions
and the attendant redistribution of integration support
in computation of the transition form factors.
The lower panel of Fig. 10 depicts the flavour-separated
Pauli transition form factor. Once again, the behaviour
of the u- and d-quark contributions to the charged-Roper
Pauli transition form factor are comparable with the kindred contributions to the elastic form factor.
As highlighted elsewhere [29], an explanation for the
pattern of behaviour in Fig. 10 is similar to that for the
analogous proton elastic form factors [45] because the diquark content of the proton and its first radial excitation
are almost identical. In both systems, the dominant piece
of the associated Faddeev wave functions is ψ0 , namely
a u-quark in tandem with a [ud] (scalar diquark) correlation, which produces ≈ 60% of each bound-state’s normalisation. If ψ0 were the sole component in both the
proton and charged-Roper, then γ–d-quark interactions
would receive a 1/x suppression on x > 1, because the dquark is sequestered in a soft correlation, whereas a spec-

tator u-quark is always available to participate in a hard
interaction. At large x, therefore, scalar diquark dominance leads one to expect Fd∗ ∼ Fu∗ /x. Naturally, the details of this x-dependence are influenced by the presence
of pseudovector diquark correlations in the initial and final states, which guarantees that the singly-represented
d-quark, too, can participate in a hard scattering event,
but to a lesser extent.
The infrared behaviour of the flavour-separated γ ∗ p →
+
R transition form factors owes to an intricate interference between the influences of orthogonality, which forces
∗
∗
F1,u
(x = 0) = 0 = F1,d
(0), and quark-core and MB FSI
contributions. However, whilst the latter pair act in similar ways for both elastic and transition form factors, orthogonality is a fundamental difference between the two
processes. It is therefore likely to be the dominant effect
at infrared momenta.
The information contained in Figs. 7 – 10 provides evidence in support of the notion that many features in
the measured behaviour of γ ∗ N → R electromagnetic
transition form factors are primarily driven by the presence of strong diquark correlations in the nucleon and its
first radial excitation. In our view, inclusion of a “meson
cloud” cannot qualitatively affect the salient features of
these transition form factors, any more than it does the
analogous nucleon elastic form factors.

VIII.

EPILOGUE

It has long been argued that the phenomenon of dynamical chiral symmetry breaking in the Standard Model
entails that baryon wave functions possess strong nonpointlike quark-quark (diquark) correlations, whose presence has many observable consequences. We therefore
used a quark-diquark approximation to the Poincarécovariant three-body bound-state problem to compute all
form factors relevant to the γ ∗ N → R transitions. In doing so we completed a unification of γ ∗ N → R transition
form factors with nucleon elastic and γ ∗ N → ∆(1232)
transition form factors: both scalar and pseudovector diquarks are essential for a description of existing data in
all these cases, but correlations in other diquark channels
can be neglected.
Focusing on γ ∗ N → R, precise measurements in the
charged channel already exist [16, 19–23], novel experiments are approved at JLab 12 and elsewhere, and others
are either planned or under consideration as part of an international effort to measure transition electrocouplings
of all prominent nucleon resonances [20, 34–36, 85–87].
Hence, it is likely that our predictions, including those
in the neutral channel, will be tested in the foreseeable
future.
Such experiments have the potential to deliver empirical information that would address a wide range of issues, including, e.g.: is the expression of DCSB the same
in each baryon; and are quark-quark correlations an essential element in the structure of all baryons? Modern

12
calculations answer “yes” to both questions for the nucleon, ∆-baryon and Roper resonance. However, these
three systems are merely a small collection of closelyrelated positive-parity baryons; and, hence, consistency
with available data may be seen as suggestive but not
conclusive. This is especially true given emerging evidence which indicates that pseudoscalar and vector diquark correlations also play a material role in low-lying
negative-parity baryons [30, 46, 47], excited states of the
∆-baryon possess unexpectedly complicated wave functions [52], and very little is known about the Poincarécovariant wave functions of I = 1/2, J = 3/2 baryons.
These systems are the focus of forthcoming analyses using the methods described herein. The lesson of the
Roper resonance shows that only precise measurements
of the associated transition form factors on Q2 & 2 m2N ,
i.e. beyond the meson-cloud domain, will be capable of
validating whatever global picture of baryon structure
emerges from Poincaré-covariant studies of the continuum bound-state problem.
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[59] G. Eichmann, I. C. Cloët, R. Alkofer, A. Krassnigg and
C. D. Roberts, Phys. Rev. C 79, 012202(R) (2009).
[60] B. Julia-Diaz, T. S. H. Lee, A. Matsuyama and T. Sato,
Phys. Rev. C 76, 065201 (2007).
[61] H. Kamano, S. X. Nakamura, T. S. H. Lee and T. Sato,
Phys. Rev. C 81, 065207 (2010).
[62] D. Rönchen et al., Eur. Phys. J. A 49, 44 (2013).
[63] H. Kamano, S. X. Nakamura, T. S. H. Lee and T. Sato,
Phys. Rev. C 88, 035209 (2013).
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