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We study the y*p — N* transition of the N (1440) resonance in quark models to reveal the inner structure
of the resonance. The N(1440) is assumed in the study: (a) the first radial excitation of the nucleon, where
the quark distribution is imported from low-lying baryon mass spectrum calculations, (b) a general radial
excitation of the nucleon, and (c) a ¢* state with positive parity. The comparison between the theoretical
results and experimental data on the helicity amplitudes A/, and S/, and the analysis of the spatial wave

function of the N(1440) resonance reveal that the N(1440) resonance is mainly the ¢* first radial

excitation.
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I. INTRODUCTION

In recent years, the experiments on electro- and photo-
productions of particles have accumulated a large amount
of data of helicity amplitudes over the four-momentum
transfer Q? of virtual photons [1-4]. The most complete
experimental data has been obtained for the Roper reso-
nance, N(1440), up to 4.5 GeV? [5,6]. Theoretical studies
have been carried out to reveal the properties and structures
of nucleon resonance states by analyzing the transverse
transition amplitudes A/, and Az, and longitudinal
transition amplitude S, over Q? in a large range [7-16].
However, the electro- and photoproduction data of the
Roper resonance have not been well described by the
conventional quark models [7-11] as well as other
approaches. The nature of the Roper resonance is still an
open question, which is also implied by its large decay
width [17] as well as the mass ordering with the lowest
negative-parity baryon resonance states N(1520) and
N(1535) [18]. Detailed discussion about the Roper reso-
nance may be found in a good review paper [12]. Among a
large number of theoretical works, the light-front relativ-
istic quark model [7-9] and the covariant spectator quark
model [10], assuming that the N(1440) is the first radial
excitation of the ¢* ground state, can give the right sign of
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the transverse y*p — N(1440) amplitudes and reproduce
the experimental data of the transverse amplitudes at high
02, but fail to describe the data of the N(1440) helicity
amplitude at low Q% Mass spectrum calculations [19,20],
where the mass ordering problem of N(1440), N(1520),
and N(1535) is tackled by including ground state light
pentaquark components in the negative-parity nucleon
resonances, point out that the N(1440) might be mainly
the first radial excitation of the nucleon.

In this work we study the helicity transition amplitudes
of the N(1440) resonance in the process py* — N* to
reveal the inner structure of the resonance. The impulse
approximation is applied in the work, where the electro-
magnetic current is induced by free single quark currents.
The paper is organized as follows. In Sec. II, we study the
proton electric form factor to justify the impulse approxi-
mation and the dominance of three-quark core. In Sec. III,
the A/, and S}, of the N(1440) resonance are investigated
in three cases, namely, the spatial wave function of the
N(1440) imported from a mass spectrum study as the first
radial excitation of the nucleon, the N(1440) is a general
radial excitation of the nucleon, and the N(1440) is just a
g* state with positive parity. The quark distribution of the
N(1440) is extracted in Sec. IV from the results in Sec. IIL.
A summary is given in Sec. V.

II. PROTON FORM FACTOR
OF THREE-QUARK CORE

In this section we evaluate the proton electric form factor
in the lowest order approximation, where the proton takes
the three-quark ground state and the electromagnetic
current is induced by the free single quark current (impulse

Published by the American Physical Society
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FIG. 1. Diagram of Ny* — N* transition where both the initial
nucleon (N) and final nucleon resonance (N*) are in the three-
quark picture.

approximation) as shown in Fig. 1. The purpose of the
study is to see if the impulse approximation is reasonable
for the present study and if the proton electric form factor is
dominated by the three-quark core. We first evaluate the
proton electric form factor in the impulse approximation of
the electromagnetic current, with the proton wave function
imported from the study of low-lying baryon mass spectra
[20]. Then we fit the experimental data of the proton
electric form factor, assuming that the proton is the ground
state of three quarks, to extract the proton wave function.

Studies of the transition form factors of the N(1440) in
the light-front quark model [21-23], where the single quark
current operator is assumed to provide the main mechanism
for the electromagnetic excitation of the nucleon and the
two-body exchange currents are neglected, lead to a
realistic description of the form factors and helicity
amplitudes. As discussed in Ref. [24], however, two-body
currents may affect the A; /, and S/, helicity amplitudes of
the y*p — N* process. Details concerning the gluon
exchange current may be found in Refs. [25,26].

The proton electric form factor G, the time component of
the electromagnetic current, is derived in the Breit frame. The
momenta of the initial-state nucleon, final-state nucleon, and
photon are respectively defined as P; = (Ey, 0,0, —|k/2|),
Py = (Ey, ), k= (0,0,0, |k|) in the Breit frame,
with Ey and k being the energy and three-momentum of
the photon. The photon energy is w = 0 as P; + Py = 0 in
the Breit frame. In the impulse approximation in Fig. 1, the
transition py* — p take the form,

1
Gr = <N7 S, = 3 q/Iq’zqé>TB(q1qzq3 ~ q19595)
1
><<qlchq3 NS, = —> : (1)
2 Breit frame

where (¢,¢,q3|N, S.) are the N wave functions in the three-
quark picture. The matrix elements of electromagnetic
transition in the Breit frame are represented as

T (q1q2q3—>q1q2q3)—eau (P )r'us(p)e,(k){q19519192)
T5 (41 451919>), (2)
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FIG. 2. Proton electric form factor G compared to experi-
mental data. The solid curve is the fitting result that leads to the
proton spatial wave function to be used in the helicity amplitude
calculations, and the short dashed curve is derived with the proton
spatial wave function from low-lying baryon mass spectrum
calculations. The experimental data are taken from [27-34].

where e3 and u, are the electric charge and the Dirac
spinners of the third quark with s’, s being the single quark
spin projections (spin up 1 and spin down | ), and 4 is the
helicity of the photon. In the work, the mass of u and d quarks
are taken to be m = 5 MeV. The polarization vector of the
photon in Eq. (2) is defined as ¢, = (1,0,0,0). The matrix
elements Tf,s are shown in Appendix A.

The calculated proton electric form factor G, with the
proton spatial wave function imported from the mass
spectra study in the three quark picture, is shown as the
dotted curve in Fig. 2. It is found in Fig. 2 that the
theoretical results for the proton electric form factor G are
consistent with the experimental data. It is a surprise that
the proton wave function derived from the baryon mass
spectrum calculation leads to good results for the electric
form factor at lower Q?, which may imply that the three-
quark core dominantly contribute to the proton electric
form factor. One may believe that meson cloud contribu-
tions may account for a considerable part of the proton
electric form factor at lower Qz. However, this work reveals
that the three-quark core dominantly contribute to the
proton electric form factor, even for very low Q2 and
meson cloud contributions may be negligible for the proton
electric form factor.

We fit the experimental data of the proton form factor,
assuming that the proton is a three-quark ground state. The
fitted results are shown as the solid curve in Fig. 2. The
proton spatial wave function extracted from the theoretical
result of the proton electric form factor in Fig. 2 will be
employed to study the N(1440) in the next section.
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III. HELICITY AMPLITUDES WITH N (1440)
AS THREE QUARK STATES

We study the Ny* — N* electromagnetic transition in the
constituent quark model in the impulse approximation as
shown in Fig. 1. The transverse helicity amplitude A, , and
the longitudinal helicity amplitude S /, are usually defined in
the N* rest frame. The momentum of the nucleon P;, the
momentum of the resonance state Py, and the photon
momentum k = P, — P; are defined as P; = (Ey.0,
0,—|kl|), Py = (My-,0,0,0), k = (0,00, |k|). The square
of the four-momentum transfer is expressed by
Q? = —k? = |k|*. One has

_ MR+ My + O

E
N 2My- ’
w:M%—Mﬁ—Q
2M - ’
Mz*—MZ—Q2 2%
|k|=[Q2+(HH. (3)
2M -

The transverse and longitudinal helicity amplitudes of
electromagnetic transitions of the y*p — N* take the form,

1
qﬁaéaé>
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with

2 2
K =My —My 5)
2M
where K is the real-photon momentum in the N* rest frame,
My and My are respectively the N* and N masses, and
(919293|N, S.) and (¢} q5¢5|N*, S’) are the N and N* wave
functions in the three-quark picture. 7(q19>q3 = 41954%)
in Eq. (4) is the transition amplitude of the process yqg — ¢’
displayed in Fig. 1, which can be calculated in the standard
language of quantum field theory,

T(q19295 = 419545) = esiiy (p))r*us(p)el (k) {(d) 45191 42)
= 3T (d195l9142). (6)

where e3 and ug) are the electric charge and the Dirac
spinners of the third quark with s’, s being the single quark
spin projections (spin up 1 and spin down ), and 4 is the
helicity of the photon. The photon polarization vectors
€4 (k) of the longitudinal (4 =0) and transverse (1 = 1)
helicity amplitudes in the Lorentz gauge are defined as

¢y =5 ([k[.0,0,w) and €} = —%(O, 1,i,0). The matrix

elements Tﬁ,s are shown in Appendix B. In Eq. (4), one
sums over all possible quantum states of the intermediate
three quarks and integrates over the momenta of all quarks.

In this section, the helicity amplitudes A;/, and S/, of
the N(1440) resonance will be evaluated with different
N(1440) wave functions, assuming that the N(1440) is in
the three-quark configuration, but may contain higher
radial excitations of the nucleon or may be just a positive
parity state. We do three calculations:

A: The spatial wave functions of the proton and the
Roper resonance are derived in the study of low-lying
baryon mass spectra [20], where the proton is assumed to
be the three-quark ground state and the N(1440) to be the
first radial excitation of the nucleon.

B (Fitting I): The proton and the N(1440) spatial wave
functions are orthogonal each other, <‘///(7)|‘//z(\)/(1 a0)) =0

which constrains the N(1440) spatial wave function to
be the radial excitations of the nucleon. In this calculation
we employ the proton spatial wave function extracted from
the theoretical result (solid curve) of the proton electric
form factor in Fig. 2. The fitting is expected to reveal if the
N(1440) may consist of higher excitations of the nucleon.

C (Fitting IT): The proton and the N(1440) spatial wave
functions may not be orthogonal each other, which allows
the N(1440) spatial wave function consist of other com-
ponents beside radial excitations of the nucleon. The proton
spatial wave function is same as the one in Fitting I. The
purpose of the fitting is to see how much other components
rather than radial excitations of the nucleon the N(1440)
may consist of.

The theoretical results of the helicity amplitudes of the
N(1440) resonance are shown in Figs. 3 and 4 with the
dotted lines for Calculation A, the dash-dotted lines for
Calculation B (Fitting I), and the solid lines for Calculation
C (Fitting IT). For both the A/, and S, ,, the theoretical
results in Calculation A can fairly describe the experimental
data at large Q? region (1.5 < Q% < 4.5 GeV?). This is
consistent with the theoretical results in the light-front
relativistic quark model [7] and covariant spectator quark
model [10]. The theoretical results of the helicity amplitude
A\, are in the right tendency of the A/, data and can give
the right sign at the real photon point though the discrep-
ancy between the theoretical results and the experimental
data is obvious. Considering that the N(1440) wave
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FIG. 3. Transverse helicity amplitude A;,, of the py* —

N(1440) transition compared to the measurements. The short
dashed, dash-dotted, and solid curves are the results with the
N(1440) spatial wave function from the low-lying baryon mass
spectrum calculations, in Fitting I, and in Fitting II, respectively.
The experimental data are taken from [1-4].
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FIG. 4. Longitudinal helicity amplitude S,, of py* —
N(1440) transition in comparison with experimental data
[2,16]. The short dashed, dash-dotted, and solid curves are the
results with the N(1440) spatial wave function from the low-
lying baryon mass spectrum calculations, in Fitting I, and in
Fitting II, respectively.

function employed in the calculation is imported, without
any modification, from the baryon mass spectrum calcu-
lation, one may have a good belief that the N(1440) is
mainly a three-quark state, the first radial excitation of the

proton. The theoretical results of the S/, in Calculation A
at low Q7 region are largely inconsistent with the exper-
imental data, giving a much bigger value at the real photon
point, which may indicate that the N(1440) might have
some other components rather than the first radial excita-
tion of the nucleon in the three quark picture.

It is found in Figs. 3 and 4 that the theoretical results of
the helicity amplitude A, /, in Fitting I improve more or less
the results in Calculation A, especially for small 02, but for
the amplitude S, the results here are rather similar to the
ones in Calculation A without any improvement. Therefore,
one may conclude that the results in Fitting I rule out that
the N(1440) may be composed of a sizeable component of
higher radial excitations of the nucleon. The failure of the
present model calculations A and B in describing the low
momentum behavior of S/, implies that the single quark
transition models and/or the three-quark picture of baryons
may miss important degrees of freedom, such as quark-
antiquark pair components in the N(1440) wave function
and two-body electromagnetic current operators. It is
revealed that the contributions from quark-antiquark pair
currents (meson cloud) is dominant in the neutron charge
form factor [35,36] and also important in the yN —
A(1232) and yN — N(1440) transition form factors
[24,37] at low Q2. The results in Fig. 8 in Ref. [24], giving
the right sign and magnitude at the photon point, may tell
that exchange currents have a large effect on §;,,. As
mentioned in Ref. [24], however, that the two-body current
contributions to the A/, helicity amplitude of the yp —

N(1440) process at low Q2 might be overestimated so that
the theoretical results are not well consistent with the recent
experimental data.

As shown in Figs. 3 and 4, the Fitting II results are in a
perfect fit to the amplitude A, /, and a very reasonable fit to
the amplitude S /,, particularly to the two values at the real
photon point. The results imply that the N(1440) may
consist of components other than radial excitations of three
quarks. The larger tail of the N(1440) radial wave function
extracted from Fitting II, as shown in Fig. 5, may indicate
that the quark-antiquark pair components (meson cloud,
baryon-meson molecule and pentaquark) in the N(1440)
wave function may play important roles. Systematic studies
are necessary, including these components into the
N(1440) and also contributions of two-body currents.

IV. EXTRACTION OF QUARK
DISTRIBUTION OF N (1440)

To see the inner structure of the N(1440) closely, we
extract the spatial wave functions from the calculations in
Secs. II and III. Shown in Fig. 5 are the N(1440) spatial
wave functions with respect to the relative distance between
the quark to the center of mass, where the solid and dashed
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FIG. 5. N(1440) spatial wave functions with respect to the
relative distance between the quark to the center of mass: dash-
dotted curve from Fitting I and solid curve from Fitting II.

curves are for the N(1440) in Fitting I and Fitting II,
respectively. Considering the full permutation symmetry of
the three-quark baryon state, we set |ry| = |r,|, where r, =
\/LE (ri—ry)andr; = 76 (ry 4+ ry — 2r3) to project the three-
dimensional spatial wave functions to a 2D plot. The
nonorthogonality between the proton spatial wave function
and the N(1440) one derived in Fitting II is
|<y/,?|1//1?,(1440))|2 = 0.03, indicting that the N(1440) may
be composed of components rather than the radial excita-
tions of three quarks.

Figure 5 shows that the quark distribution about the
center of mass from Fitting II is lower than the one from
Fitting I, and the tail of the N (1440) spatial wave function
from Fitting II is larger after the node. The results may
indicate that the quark-antiquark pair components (meson
cloud, baryon-meson molecule and pentaquark) in the
N(1440) wave function may play important roles.

V. SUMMARY

In this work, we have studied the proton electric form
factor and the helicity amplitudes of the N (1440) resonance
via the process py* — N*. The spatial wave functions of
the proton and N(1440) are extracted by fitting the
theoretical results to the experimental data of the proton
electric form factor and helicity amplitudes.

It is found that the proton wave function derived in the
baryon mass spectrum study in the three-quark picture
leads to an almost perfect proton electric form factor,
particularly at low Q% One may conclude that the meson
cloud contribution to the proton electric form factor is
negligible.

The work supports the argument that the N(1440)
resonance is mainly the first radial excited state of the
nucleon. However, the Roper may be composed of small
components rather than radial excitations of three quarks,
such as D-wave three quark states, hadronic molecule
states, and pentaquarks. Further studies including these
components into the N(1440) and also contributions of
two-body currents are under way.
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APPENDIX A: MATRIX ELEMENTS OF yq — ¢’
FOR PROTON ELECTRIC FORM FACTOR

The matrix elements of the single quark transition
yq — ¢ for the proton electric form factor are derived in
detail,

s _ [(E'+m)(E+m)): pip.+2p py

Ty = / I+

i AF'E (E'+m)(E +m)

TB — -(El+m)(E+m) % \/zpzp—_p pz)
™ 4E'E | \(E' +m)(E + m)

5 _ [+ m)(E+m)] (VE(=pp. + pyp)
we 4F'E (E'+m)(E+m) )’
s _ [(E +m)(E+m): pLp. +2plp-

" = , [

i AF'E (E'+m)(E +m)

(A1)

where E and E’ respectively are the energies of the initial
and final interacting quarks with the dynamical quark mass
of u and d quarks as m. The momentum p, are defined

by ps =5 (P £ ipy).

APPENDIX B: MATRIX ELEMENTS OF yq — ¢’
FOR HELICITY AMPLITUDES

The matrix elements of the single quark transition yqg —
g for the helicity A = 0, 1 are derived in detail,
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where E and E’ are respectively the energies of the initial and final interacting quarks with the dynamical quark mass of u

and d quarks as m, and p, = \/%(px +ip,).
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