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In a relativistic quark model we study the structure of the N(1710) resonance, and the y*N — N(1710)
reaction focusing on the high momentum transfer region, where the valence quark degrees of freedom are
expected to be dominant. The N(1710) resonance, a state with spin 1/2 and positive parity (J© = %*), can
possibly be interpreted as the second radial excitation of the nucleon, after the Roper, N(1440). We
calculate the y*N — N(1710) helicity amplitudes, and predict that they are almost identical to those of the
y*N — N(1440) reaction in the high momentum transfer region. Thus, future measurement of the helicity
amplitudes for the y*N — N(1710) reaction can give a significant hint on the internal structure of the

N(1710) state.
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I. INTRODUCTION

The understanding of the electromagnetic structure of
the hadrons, and its connection with the underlying degrees
of freedom in quantum chromodynamics (QCD), are
amongst two of the more interesting challenges in hadronic
physics. Through the nucleon electroexcitation reactions,
eN — ¢/N*, we can study the electromagnetic structure of
the nucleon (N) and the nucleon excitations (N*), including
also the A states. The excitation of nucleon resonances
occurs through the intermediate processes y*N — N*,
where y* is a virtual photon, and the cross sections of the
processes can usually be expressed in terms of the electro-
magnetic transition form factors, or helicity transition
amplitudes. Those functions depend on the four-momentum
transfer squared g2, and characterize the electromagnetic
structure of such resonant states.

The data extracted from experiments in facilities such as
Jefferson Lab (JLab) and MAMI (Mainz) allow us to
extract the electromagnetic transition form factors of
resonant states in the region Q% <5 GeV? (Q* = —¢?),
corresponding to the first and second resonance region
W < 1.6 GeV, with W being the y*N invariant mass [1,2].
The planned JLab 12-GeV upgrade will enable us to make
a detailed study of the resonances in the third-resonance
region (W = 1.7 GeV) [2,3].

There has been some evidence of the existence of a state
N(1710) with quantum numbers J* = 1* since the 1980s
[4,5]. [In the notation of the zN scattering it is labeled as
N(1710)Py, [6].] The state N(1710)3" is now classified as
a three-star resonance, and found by several groups [7-15]
in their partial wave analyses, and it is also included in
some baryon-meson reaction models [16-22]. The reso-
nance identified as N(1710)1" has a small decay branching
ratio for the zN channel, but significant decay branching
ratios for the yN, KA and zzN channels [6], and thus,
may have important roles in kaon [23] and hypernuclear
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production [24]. However, in some partial wave analyses
like SAID (GWU), the resonance is not present [25]. Thus,
the clear existence of the N(1710) state is still controver-
sial, although some authors defend that it should be
classified as a four-star resonance [9]. A state N%* with
a mass near 1.7 GeV collected also some interest as a
possible partner of the ®" pentaquark, nonstrange anti-
decouplet state [26,27]. However, recent experimental
evidence on the existence of the ®" pentaquark seems
to have been weakened [27]. Lattice QCD simulations
predict also N%Jr states that can possibly be related to the
N(1710) state [28]. Future experiments, like the ones
planned at the JLab 12-GeV upgraded facility, will help
to establish or deny the existence of the N(1710) state. If
the existence of the N(1710) state is confirmed, measure-
ment of the y*N — N(1710) helicity amplitudes will be
possible. Thus, it is important to present predictions at this
stage for the reaction associated with N(1710), as we do in
the present study.

In the usual nonrelativistic quark models the resonances
N(1440) (also called Roper) and N(1710) can be classified
as N%Jr states with two different radial excitations of the
nucleon, although the masses are different from the
corresponding resonant poles [29,30]. The Roper has
intriguing properties that are difficult to explain in the
context of the quark model framework [1,2,29-33]. In a
nonrelativistic quark model description the mass of the
Roper is too heavy and the decay width is too narrow to be
compatible with a three-quark (gqq) system. Therefore,
several alternative descriptions were suggested, e.g., by
identifying the state as a quark bare core combined with
gluon states (gqqG), a molecular-type state (No), or a
dynamically generated state by baryon and meson.
However, recent data from CLAS and MAID [34,35] for
0? > 2 GeV? support the assumption that the N(1440) is
predominantly the first radial excitation of the nucleon [1].
Estimates made by constituent and light-front quark models
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gave a good description for the high Q? region data. For a
review concerning the N(1440) resonance, see Ref. [1].

Based on the knowledge of the Roper, one can raise the
following question, whether or not the N(1710) state can
be described as another radial excitation of the nucleon.
Some other works describe the state as a three-quark
system [36—41], as a baryon bare core with a meson cloud
[42], or o-meson and glueball excitations [43]. There are,
however, suggestions that the state N(1710) may be more
likely generated dynamically by baryon-meson states
[22,31,32,44]. The state N(1710) is also predicted in
algebraic models of QCD [45,46] and in the large N,
limit [47]. The wave function of the N(1710) is also
estimated by lattice QCD simulations [48].

As already recognized for the Roper and several other
resonance cases, the meson cloud dressing for the transition
helicity amplitudes is expected to be important only in the
low Q7 region [1,2]. At high Q? the valence quark degrees
of freedom are expected to dominate and the helicity
amplitudes follow the power laws, A, o 1/ Q3% and S, /2 &
1/Q [49]. In this work focusing on the high Q? region, we
predict the form factors and the helicity amplitudes of the
y*N — N(1710) reaction using a relativistic constituent
quark model and the assumption that the N(1710) state is
the second radial excitation of the nucleon state. That is our
working hypothesis. In the near future our predictions can
thus be indeed tested in the JLab 12-GeV upgraded facility.

In the previous works the nucleon and N(1440) struc-
tures were described in the covariant spectator quark model
[50,51] as analogous states with different radial excitation.
In there the N(1440) wave function was determined
uniquely from the nucleon wave function by imposing
that the N(1440) radial wave function is orthogonal to the
nucleon radial wave function, without any new adjustable
parameters in the model [51]. In the present work we
extend the procedure to the second radial excitation of the
nucleon (first radial excitation of the Roper), N(1710). In a
similar manner, the radial wave function of N(1710) can be
determined by the two orthogonality conditions between
the N(1710) radial wave function and both of the Roper
and nucleon wave functions, again without any new
adjustable parameters. The price we must pay for the
present prediction is that the estimates of the electromag-
netic properties are expected to be valid only in the high Q?
region, since the calculations are based exclusively on the
valence quark degrees of freedom.

We will conclude that the transition helicity amplitudes
for the y*N — N(1710) reaction have their magnitude and
falloff very similar to those for the y*N — N(1440)
reaction for Q% > 4 GeV?2.

This article is organized as follows. In Sec. II we define
the transition form factors and the helicity amplitudes. We
describe in Sec. III the covariant spectator quark model, and
present the baryon wave functions and the analytic expres-
sions for the transition form factors and the helicity
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amplitudes. The numerical results are presented in
Sec. IV, and finally, the summary and the conclusions are
given in Sec. V.

II. ELECTROMAGNETIC FORM FACTORS
AND HELICITY AMPLITUDES

The electromagnetic transition between a nucleon (mass
M) and a resonance N* (mass M) with J© = %J’ can be
described by the current (in units of the proton charge e)
[1,51]

"
p= ()i +

which defines the Dirac (F7) and Pauli (F7) form factors.
The current operator J# can be projected on the Dirac
spinors of the resonance ug (P, ) and of the nucleon u(P_),
where P, (P_) is the final (initial) momentum, ¢ = P, —
P_ and Q? = —¢g?. Spin projection indices are suppressed
in the spinors for simplicity.

The experimental data measured for hadron electromag-
netic reactions are usually reported in terms of the helicity
amplitudes in the final state (N*) rest frame. In this case the
current (2.1) is projected on the initial and final spin states
using the photon polarization states, 8’;, with 1 =0,
being the photon spin projection. In the N* rest frame, one
has the helicity amplitudes, A/, and S, which are given
by [1,51]

io*q,

* 2
e en

1 1
Aipp(Q?) = IC<N*,+§ e, J‘N, —§>, (2.2)
1 1\ lq
2)=K(N*.+5leg- JIN.+5)—>. (23
S1/2(0%) /C< +30 J‘ ’+2>Q’ (2.3)
where
2na
K=1\/—, 24
K 2.4)
with g = £ =15, K = M;*[;IIZZ. |q| is the photon momen-

tum in the N* rest frame,

(2.5)

where Q% = (Mz = M)? + Q°.
The helicity amplitudes A, ;, and S , can be related with
the form factors F| and F3 via Eqgs. (2.1)-(2.3) [1,51] as

A1 (Q%) = R{F{(Q%) + F5(0%)}. (2.6)
R M M
§12(0%) = ﬁlql’b—t{F’f(Q% — QM) @)
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where 7 = and

Q'.Z
(Mp+M)*

e 02
2\ MMk

R = (2.8)

Note that the amplitude S/, is determined by the virtual
photons and not specified at Q> = 0. The analytic proper-
ties of the current (2.1) imply that F7;(0) =0 [51].

III. COVARIANT SPECTATOR QUARK MODEL

The covariant spectator quark model is derived from the
formalism of the covariant spectator theory [52]. In the
model a baryon B is described as a three-constituent-quark
system, where one quark is free to interact with the
electromagnetic fields and the other quarks are on mass
shell. Integrating over the on-mass-shell momenta, one can
represent the quark pair as an on-mass-shell diquark with
effective mass mp, and the baryon as a quark-diquark
system [2,50,53,54]. The structure of the baryon is then
described by a transition vertex between the three-quark
bound state and a quark-diquark state that describes
effectively the confinement [50,54].

The baryon wave function ¥ (P, k) is then derived from
the transition vertex as a function of the baryon momentum
P and the diquark momentum k taking into account the
properties of the baryon B, such as the spin and flavor.
Instead of solving dynamical equations to get wave
functions, the wave functions Wy are built from the baryon
internal symmetries, with the shape determined directly by
experimental or lattice data for some ground state systems
[2,50,55,56]. The baryon mass Mp is a parameter fixed by
the experimental value. In particular the parametrization of
the nucleon wave function was calibrated by the nucleon
electromagnetic form factor data [50].

In the past the covariant spectator quark model was
applied to several nucleon resonances such as N(1520)
[57], N(1535) [58], A resonances [55,56,59-61], and also
to other reactions [54,62-64].

A. Transition current

Once the baryon wave functions are written in terms of
the single quark and quark-pair states, one can write the
transition current between the baryons B and B’ in a
relativistic impulse approximation as [50,53,54]

Typ = 3ZA Uy (Py k) jgVs(P_k).  (3.1)
T

where j; is the (single) quark current operator, P_ (P.) is
the initial (final) momentum, and I labels the scalar diquark
and vectorial diquark (projections A = 0, £) polarizations.
The factor 3 takes account of the contributions from
the other quark pairs by the symmetry, and the integra-
tion symbol represents the covariant integration for the
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7(2”5 (12(15,))’ with Ep, =
\/m?% + k?. Compared to Eq. (2.1), the current J* is in this
case projected on the initial and final states, and labeled
respectively by the indices B and B'.

The quark current operator is expressed in terms of the
Dirac (j;) and Pauli (j,) quark form factors [50,54]:

diquark on-mass-shell state [, = [

io"q,

Y (3.2)

u
J = j1(0) (yﬂ —‘fqiz) +j2(0)

49"
qZ
component is equivalent with using the Landau prescription
for the current J’;,B [65,66]. This term restores current
conservation, but does not affect the results for the
observables [65]. For the case where the baryons are
composed only of u and d quarks, the quark form factors
Ji (i =1,2) can be decomposed into an isoscalar and an
isovector component given respectively by the functions

fiy and f;_:

The inclusion of the terms — associated with the Dirac

1 1

Ji = 6fi+(Q2) + gfi—(Qz)Ts- (3.3)
The quark form factors are parametrized based on the
vector meson dominance mechanism [50,54,60,62]. The
functions f;, are constrained at Q> =0 in order to
reproduce the quark charges and so as to properly para-
metrize the anomalous magnetic moments of the constitu-
ent quarks. The details are given in the Appendix.

B. Baryon wave functions

Next, we discuss the wave functions of the nucleon and
the nucleon radial excited states, N(1440) and N(1710),
which will respectively be denoted by NO, N1 and N2. In
the covariant spectator quark model the nucleon and its
radial excitation can be described as a quark-diquark
system in an S-state configuration [50]. Following
Refs. [50,51], we can represent the Nj (j = 0, 1,2) wave
functions as

1
V2

where gbg'l and ¢(,)'1 represent respectively the spin (S) and
isospin (/) states corresponding to the total magnitude of
either 0 or 1 in the diquark configuration [50]. (See the
Appendix for details.) Again, we suppress the spin and
isospin projection indices for simplicity. The wave function
represented by Eq. (3.4) satisfies the Dirac equation [50,55].
The functions wy;(P,k) are the radial wave functions
to be described next.

The radial wave functions yy; depend on the angular
momentum and the radial excitation of the baryons. Since
the baryon and the diquark are both on mass shell, one can

Uy;(P k) = —= (0795 + didslwn;(P. k). (B.4)
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write the radial wave functions y; for the quark-diquark
system as a function of (P — k)? (or P - k) [50]. To take into
account the dependence on a generic baryon B, or its mass
Mp, one can use the dimensionless variable:

(M —mp)* = (P = k)?
Mgmp ‘

XB = (3.5)

In the present study B = NO, N1 or N2. For the nucleon
mass (M) we also use M for simplicity.
For the nucleon radial wave function, we use [50]

1
0 mp By +xn) (B +xn)

wnolrn) = N , (3.6)

where N is the normalization constant, and the parameter

values are f; = 0.049 and p, = 0.717, which were deter-

mined by the fit to the nucleon electromagnetic form factors

[50]. If we choose the momentum-range parameters such

that #; < p,, p; regulates the spacial long-range structure.
For the Roper (N1), we take the form [51]

N B3 —xni 1
1
P+ xnimp(By 4 xn1) (Ba + xvt)

wn (v) = , (3.7

where N; is the normalization constant, and f; is a new
parameter fixed by the orthogonality condition with the
nucleon state. As explained in Ref. [51], the term (f; —
xn1) represents the radial excitation in the momentum
space [term on (P — k)% or yyi].

Finally for the N(1710) (N2), we define the radial wave
function as

X3 = Paxna + Bs
(B +xn2)?
1

“ o1 +an2) B+ 1n)

WNz()(Nz) =N,

R

where N, is the normalization constant. In this case
we have two additional parameters 3, and S5 to be fixed.
The minus sign in the coefficient f, is introduced by
convenience.

In our model the sign of the normalization constants N,
(I =0,1,2) cannot be predicted. In the previous works
[50,51] the relative sign of Ny and N| was determined by
the sign of the form factors. In the present case since there
are no available data for the high Q? region, we have no
way of fixing the sign of N, based on an experimental
basis. We assume here that N, is positive. If future
experimental data reveal an opposite sign, we should
correct the signs of the corresponding amplitudes.

The normalization of the radial wave functions yy; is
determined by the normalization of the wave function (3.4)
in order to obtain the corresponding charge of the state. The
explicit expression is
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o _ 1 _
> [ O (PO =515 [ s (PR
r
(3.9)

In the above P is the baryon momentum at its rest frame;
j1 =& +373 is the quark charge operator in the Q* =0
1

limit. In order to obtain the baryon charge 5 (1 + 173)

correctly, we need the normalization condition,

A (P k)|? = 1. (3.10)

The orthogonality among the NO, N1 and N2 states is
derived from

ZA\T!er(P+,k)j1yO\Ile(P_,k) =0, (3.11)
r

where P, and P_ are the momenta of Nj and N
respectively, for Q% = 0.

C. Valence quark contributions for the
electromagnetic form factors

In order to write the expressions for the form factors, it is
convenient to project the quark current j; on the isospin

states using j4 = (¢?)7j;#Y, and j3 = (¢})Tjip}:

. 1 1
it =gl + 5 i (3.12)
s 1 1
Ji :gfi+ —gfi—ﬁ- (3.13)
The results for the form factors are then given by
3 13—7 T My,+M
F (O = |=iA4— S N2 ST 2,
(@)= Sy -2t | 7
(3.14)
3 11-37 \Mp+M 1
F (0= | (24— -S N2 ) S1T(0?
22 [(2’2 21+r’2> T O
(3.15)
. o Q2
with 7 —W, and
I<Q2) = AWNZ(P-&-’]{)WNO(P—’I{) (3.16)

is the overlap integral between the initial and final radial
wave functions. The integral 7 is frame independent and is
discussed in the next section.

Equations (3.14) and (3.15) are equivalent to the ones
presented in the study of y*N — N(1440) [51], although
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they are shown in different forms. The analytic expressions
obtained for F| and F7 are consistent with the results
obtained for other systems with the same spin structure
[50,62]. If we replace wy, — wy and My, + M — 2M, we
recover the expressions for the nucleon elastic form factors
[50]. The expressions can also be related with the octet
baryon elastic form factors. Except for the fact that j4 and j;
can depend also on the strange quark, the expressions are the
same when replacing y y,,wy —wg and My, + M — 2Mp,
with wp and Mp being the octet baryon radial wave
functions and their masses respectively [62].

D. Orthogonality between the states

The consequence of the condition (3.11) is that the
orthogonality between the states is replaced by the con-
dition for the radial wave functions [51]

AV’NJ’(P+’k>WNj(p—vk) =0, (3.17)

where we recall that P, are the momenta for the
case 02 =0.!

Since the zero overlap between the radial wave functions
is equivalent to the orthogonality between the radial wave
functions due to Eq. (3.17), to discuss how the orthogon-
ality is assured, and how the parameters of the wave
functions yy; and ywp, given by Egs. (3.7) and (3.8) are
determined, we define the integral function:

I;i(Q%) = A wyy (P k)wy;(P_ k). (3.18)

Note that with the above notation one has from Eq. (3.16):
Z(Q?%) = I (Q?). As for Z, the integrals Z ;; are covariant
and frame independent. In the following we will consider
only the case Q% = 0.

The orthogonality between N1 and NO can be imposed
by the condition Z 4(0) = 0, which can be used to calculate
the value of ;. The result obtained by this condition is
B3 = 0.1300 [51].

We discuss now the orthogonality between the N2 and
the other states, N1 and NO. Using the notation of
Eq. (3.18), we can write the orthogonality with NO and
N1 by the two conditions:

'Considering for instance the rest frame of the final state for
0% =0, one has

2 2
Myy + My;
ZMNJ'/

s Uy Uy

M2, — M3,
P, =(Myy,0,0,0),P_ = __N TN
= (070,007 = i
defining the three-momentum along z. The sign of the z
component is chosen in order to obtain g with a positive sign
along with the z axis.
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120(0) - 0, Iz] (0) - O (319)

Choosing proper frames for each integral, we can reduce
Egs. (3.19) to a system of two equations with two unknowns,
P4 and ps. The results obtained by solving the set of the two
equations are f; = 0.3377 and f5 = 0.00855.

IV. RESULTS

In the present work we consider only the reaction with
the proton (N = p), since there are no data for the neutron
(N = n) for finite Q?, and our model is expected to work
better in the region of large Q. The results for the form
factors are presented in Fig. 1, and those for the helicity
amplitudes are presented in Fig. 2, both up to Q? =
12 GeV=.

In Fig. 1, we also include the results for y*N — N(1440)
obtained in Ref. [51]. From Fig. 1, it is clear that both
reactions yield very close results for the form factors /' and
F%, in the region Q% > 2 GeV?. Recall that it is in the high
Q2 region that our model is more reliable, since the valence
quark degrees of freedom are expected to be dominant.
In Fig. 1 we also include the experimental data for the
y*N — N(1440) reaction from CLAS for comparison (data
set with the highest value for Q). It is appreciable from
Fig. 1 that the agreement of the model (dashed line) and the
data is very good for the higher Q? region (Q* > 2 GeV?).
Only for the last O data point we can observe for F} a

* ———- N(1440)
N —— N(1710)

E,* (Q)

o1
o
*,—4
8
0.05

FIG. 1 (color online). y*N — N(1710) transition form factors
(solid line) compared with those for the Roper, y*N — N(1440)
(dashed line). Data for the Roper are from CLAS [34].
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A, (@) [10° Gev'™
I} N
(=) o

FIG. 2 (color online). y*N — N(1710) helicity amplitudes at
the resonance rest frame (solid line). Results are compared with
those for the y*N — N(1440) amplitudes (dashed line), and the
equivalent amplitude for the nucleon N(939) (dotted line). See
the text for the explanation on the equivalent nucleon case.

larger difference, about 2 standard deviations, between the
model result and the data. New data for the higher Q2
region are necessary to test the model in more detail. Other
data sets are not included since they are restricted to the low
Q? region, the region dominated by the meson cloud
effects, and therefore we should expect deviations from
our results [1,51,67].

The results for the amplitudes in Fig. 2 are calculated
using the form factors given in Eqgs. (2.6) and (2.7) for both
cases, N(1440) and N(1710). The Particle Data Group
(PDG) result for the N(1710) case A;;(0) = (24 + 10) x
1073 GeV~1/2 [6] is not included, since we are focusing on
the larger O region. Note that the amplitudes for the two
reactions are even closer than the results for the form
factors, particularly for Q> > 4 GeV?>.

It is possible that the closeness of the results for these
reactions in the higher Q? region is a consequence of the
forms of the radial wave functions (3.6)—(3.8), where the
radial wave functions of the excited states are related with
the ground state nucleon radial wave function. Note that all
the radial wave functions are parametrized with the same
short-range structure given by the factor 1/(f, + y), apart
from the mass differences in y. Since the coupling with the
photon with high Q7 probes the short-range structure of the
baryon states it is expected that the form factors at high Q>
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have the same shape since they are described by the same
parametrization.

In order to examine the above arguments in more detail,
we plot also the equivalent results for the nucleon case
(dotted line). Note that, according to Egs. (2.6) and (2.7) the
amplitudes for the nucleon are proportional to Gy (A;/,)
and Gg (8 »), but also there is an extra factor R depending
on K = ME‘AXIZ, that vanishes and induces singularities in
the amplitudes in the elastic limit (M = M). In order to be
able to compare the results of the nucleon with those of the
N(1440) and N(1710), we keep the expression of R given
for the N(1440) and take the Mz — M limit in the factor

g 255, giving

can see that, apart from the magnitude (about 1/v/2
smaller), the falloffs of the nucleon equivalent amplitudes
are about the same as those of the N(1440) and N(1710).

L2 in the case of Sy ,. From Fig. 2 we

A. High Q? parametrization

To make a comparison easier with the expected future
experimental data, we parametrize our model results using
the simple analytic form,

A% 3/2
T
1
A2 5/2
Sl/2 = S(A2 +2Q2) ’ (4.2)
2

which is consistent with the falloff expected for very large
0? [49]. In Egs. (4.1) and (4.2), A and S are constants, and
A? and A3 are cutoffs squared.

The numerical values for the parametrization are given in
Table I. The parameters are determined so as to reproduce
the results exactly at Q> = 6 GeV?, but provide also good
approximations for the values of Q2 up to 10 GeV?. The
exception is the parametrization for the amplitude S/, in
the y*N — N(1440) reaction that approaches zero very
fast. In this case the approximation is valid only around
0? = 5 GeV?, and thus the respective parameters in Table I
are written in italic. Note that the expressions (4.1) and
(4.2) are only valid in the range of Q” presented in the
figures. In general the covariant spectator quark model has
smooth logarithmic corrections for the form factors and
helicity amplitudes [50,51]. Therefore the parametrizations

TABLE 1. Parametrization for the helicity amplitudes for the
higher Q? region according to Egs. (4.1) and (4.2). See discussion
in the main text.

A(103GeV="72)  A2(GeV?) S(1073GeV-172)  A%(GeV?)

275.40 1.374 727.53 0.789
122.17 2.783 210.71 1.531

N (1440
N(1710
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given by Egs. (4.1) and (4.2) and Table I are not valid for an
arbitrary high Q2.

Since our results for the form factors are well approxi-
mated by the parametrizations (4.1) and (4.2) for the region
5-10 GeV?, we can expect evidences of asymptotic behav-
ior for Q% > 5 GeV?.

B. Discussion of results

The y*N — N(1710) reaction was studied in the past
within several frameworks. We start discussing the results
from quark models, and later discuss other models.

Analytic expressions for the y*N — N(1710) helicity
amplitudes derived from an algebraic model of QCD, also
based on the quark degrees of freedom, can be found in
Ref. [45]. Estimates from quark models are given in
Refs. [37,40,41]. The magnitudes of those estimates are
consistent with our predictions. In general the amplitudes
Ay and S, are positive. The exception is Ref. [40],
where S, /, is negative.

Some other models describe the N(1710) state as a quark
bare core with some excitations [42,43]. In Ref. [42] a
coupled-channel formalism is combined with a description
of the baryon bare cores and meson production based on the
cloudy bag model. In Ref. [43] the N(1710) state is
described by a baryon bare core with some radial excita-
tions combined with glueball and ¢ vibrational excitations.
In both cases [42,43], we can expect a dominance of the
bare core in the high Q? region, since the meson cloud is
expected to be suppressed.

In other frameworks the N(1710) state is dynamically
generated from some baryon and meson states [22,31,32,44].

The EBAC model [31,32] uses baryon-meson coupled-
channel formalism to describe the photo- and electropro-
duction of mesons by nucleons. In that framework the
N(1710) identified as N(1820) is a state that evolves from
an N(1763) bare core state through its coupling with the
zN,yN and zzN channels. The EBAC model is also used to
extract the amplitude A / from the data, for 0% < 1.5 GeV?
in Ref. [32]. Although their results cannot be compared with
our results which are reliable only for the high Q7 region,
we note that the real part of the amplitude they extracted is
positive, with the magnitude comparable with ours.

In Ref. [22] by solving the Faddeev equations with the
input of the two-body coupled-channel ¢ matrices, the
N(1710) state is explained as a dynamical generated
resonance dominated by the zzN component (the zz
component can be also interpreted as a ¢ meson). Also
in Ref. [44] the N(1710) emerges as the result of the pion
dressing of nucleon and A bare cores. The model param-
eters were fixed to reproduce masses and branching ratios.

In models that the N(1710) state is generated by the
baryon-meson interactions as the ones mentioned above
[22,31,32,44], we can expect a much larger spatial
extended structure for N(1710), and consequently a faster
falloff with Q2 for the associated transition amplitudes [46].
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From the discussions above, we conclude that we can
deduce the nature of the N(1710) state by the Q* behavior
of the helicity amplitudes, which may be revealed in future
experiments. Assuming a dominance of the valence quark
effects as we do, we expect A, o 1/0% and Si 1/0°
in the very large Q7 region. Instead, if the N(1710) system
is dominated by ¢qq-(qq) configurations, the falloffs
mentioned previously are modified by an extra 1/Q* factor
according to perturbative QCD [49].

A few words are in order on the possible existence of
another N%* state with an invariant mass near 1.7 GeV.
PDG reports a fourth N%* state (two-star resonance)
denoted by N(1880). However, several partial wave analy-
ses and coupled-channel reaction models suggest the
existence of another N%* state near the mass 1.7 GeV.
See for instance Refs. [9—-11,14,18,21]. If there exist two
N%* states with very close masses around 1.7 GeV, the
experimental determination of the individual contributions
will be very difficult. Then, the transition helicity ampli-
tudes extracted from the data would be a combination of
the two resonances, and our model, that assumes only one
radial excited state, would fail the description of the data.

V. SUMMARY AND CONCLUSIONS

The future JLab 12-GeV facility will open a possibility
of studying in detail the electromagnetic structure of the
resonances in the third-resonance region. There is then the
chance of exploring the resonances N(1720)3", A(1720)3"
(four-star resonances), N(1710)3" and N(1700)3" (three-
star resonances). Among these the N(1710)3" is a very
interesting system due to the significant branching ratios to
the yN,KA and zzN channels. Some authors defend
even that the state should be reclassified as a four-star
resonance [9].

Future data for the invariant mass W ~ 1.7 GeV will help
to clarify the nature of the state N (1 710)%*, namely, ifitis a
radial excitation of the nucleon and the Roper, or a more
complex and/or exotic system. From the observation of the
measured helicity amplitudes in the large Q® region, we
will be able to draw some conclusion on the dominant
degrees of freedom in the system at large Q. If N(1710) is
dominated by the valence quark degrees of freedom only,
we should observe the scaling behavior with Q2 as
Ayp o/ Q3. In the case of baryon-meson molecular
system we expect a falloff of A/, faster than 1/ Q3 In
addition, in principle it will also be possible to answer the
question if there is another N%+ state close to the one that
we study in this work.

In this work we have used the covariant spectator quark
model to predict the transition form factors and the helicity
amplitudes for the y*N — N(1710) reaction. The covariant
spectator quark model was already applied to several
nucleon resonances successfully. Since we have not
included the meson cloud effects which are known to be
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very important in the low Q2 region, we expect our
prediction to the y*N — N(1710) helicity amplitudes to
be valid only in the high Q? region, where the valence
quark degrees of freedom are dominant.

We have assumed that the N(1710) state is the second
radial excitation of the nucleon, similar to the assumption
that the Roper is the first radial excitation of the nucleon.
The wave function of the N(1710) has been uniquely
determined, apart from the sign, by the orthogonality of the
N(1710) wave function with the nucleon and N(1440)
wave functions. The nucleon and N(1440) wave functions
were determined in the previous works [50,51].

For high Q?, particularly for Q* > 4 GeV?, the calcu-
lated helicity amplitudes for the y*N — N(1710) reaction
have shown results that are very close to those for the
y*N — N(1440) reaction. Therefore, the future measure-
ments of the helicity amplitudes in the large O region can
be used to test the assumption that the N(1710) state is the
second radial excitation of the nucleon.

Finally we note that the present formalism can be used to
study the radial excited states in the A sector (isospin 3/2)
[61], and also in the strange baryon sector. In the latter
case we can study the transitions y*A — A(1600)}",
y*A = A(1810)F and y*% — %(1660)" (all three-star
resonances). More experimental support is necessary also
in these cases.
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APPENDIX: COVARIANT SPECTATOR
QUARK MODEL

In the following we present some details of the covariant
spectator quark model.

1. Quark form factors

The quark current associated with Eq. (3.3) is expressed
in terms of the quark form factors f,, (i = 1, 2) inspired by
a vector meson dominance form:

m? M2Q?

fl:l:(QZ) :ﬂq"i_(l_/lq)m%_:QQ"i_ci (M%l_,’_QZ)Z’

(AD)

mZ 2

2 v h
=k di——=+t({1-dy)—5"=7. A2
Fu@) =e{ de S ()i )
In the above, 4, defines the quark charge in deep inelastic
scattering; x4 are the isoscalar and isovector quark anoma-
lous magnetic moments. The mass m, (M},) corresponds to
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TABLE II. Parameters in the quark current.
Ky K_ cy c_ dy d_ Aq
1.639 1.823  4.16 1.16 -0.686 —0.686  1.21

the light (heavy) vector meson, and c., d. are the mixture
coefficients. In the present model we set m, = m, (xm,,)
for the light vectorial meson and M, = 2M (twice the
nucleon mass) to represent the short-range physics.
The values of the parameters were previously fixed by
the nucleon elastic form factors [50], and they are presented
in Table II. Note that the present model uses d, = d_.

2. Wave functions

In the covariant spectator quark model the S-state wave
functions for the nucleon and the nucleon radial excitations
Wy;(P, k) can be represented by Eq. (3.4) for the states
labeled by Nj with j =0, 1,2 [50,51,62]. In Eq. (3.4) the
isospin operators ¢?'1 act on the Nj’s isospin states y’,
where y™'/2=(1 0)" and y'/2=(0 1)". The
explicit forms are [50,53]

1
(P = ——F=(@- &', (A3)

V3

where ¢; is the isospin vector of the isospin-one diquark
defined in a usual way (in the spherical basis),

(I))(t — ﬂ)(t’

. 1 0
S+ =7F 7 0 %o 1 (A4)

As for the spin states qﬁg'l, we start to present the spin-1
polarization vector €, p in a fixed-axis base for the case of a

baryon with momentum P = (Eg,0,0, P,), where Ep =

VM% + P2 [53,68]:
a 1 / a P EB
£, = q:ﬁ(o, 1,4+i,0), &= <M;,0,0,MB>. (AS)

We can then write

¢] = ug(P), ¢; =—(exp)aUs(P), (A6)
where up is a Dirac spinor, and [55]
UP) = rs (v 3 )P AT
=— — u .
B \/§y5 4 MB B

In the case of the nucleon one may replace up — u and
Mp — M. In the case of a resonance R one may replace the
index B by the index R.
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