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The helicity amplitudes of the electroexcitation of the Roper resonance are extracted for 1.7 <
Q? < 4.5 GeV? from recent high precision JLab-CLAS cross section and longitudinally polarized
beam asymmetry data for 7+ electroproduction on protons at W = 1.15—1.69 GeV. The analysis is
made using two approaches, dispersion relations and a unitary isobar model, which give consistent
results. It is found that the transverse helicity amplitude A, ; for the v*p — N(1440)P1; transition,
which is large and negative at Q2 = 0, becomes large and positive at Q2 ~ 2 GeV?, and then drops
slowly with Q2. The longitudinal helicity amplitude Sy /2, which was previously found from CLAS
ép — epm®, enn™ data to be large and positive at Q2 = 0.4, 0.65 GeV?, drops with Q2. Available
model predictions for v*p — N(1440)P1; allow us to conclude that these results provide strong
evidence in favor of N(1440)P1; as a first radial excitation of the 3¢ ground state. The results of
the present paper also confirm the conclusion of our previous analysis for Q% < 1 GeV? that the
presentation of N(1440)P11 as a G hybrid state is ruled out.

The excitation of nucleon resonances in electromag-
netic interactions has long been recognized as a sensi-
tive source of information on the long- and short-range
structure of the nucleon and its excited states in the do-
main of quark confinement. Constituent quark models
(CQM) have been developed that relate electromagnetic
resonance transition form factors to fundamental quan-
tities, such as the quark confining potential. While this
relationship is more direct for heavy quarks, even in the
light quark sector such connections exist and may be
probed by measuring transition form factors over a large
range in photon virtuality 2, which defines the space-
time resolution of the probe.

The so-called Roper resonance, or N(1440)P44, is the
lowest excited state of the nucleon. In the CQM, the
simplest and most natural assumption is that this is the
first radial excitation of the 3¢ ground state. However,

calculations within the nonrelativistic CQM fail to re-
produce even the sign of the transition photo-coupling
amplitude |Il]. Moreover, the mass of the state is more
than 100 MeV lower than what is predicted in the CQM
with gluon exchange interaction |2, 3]. More recent mod-
els that include also Goldstone boson exchange between
quarks gave better agreement with the mass [4]. To deal
with shortcomings of the quark model, alternative de-
scriptions of N(1440)P1; were developed, where this reso-
nance is treated respectively as: a hybrid q3G state where
the three quarks are bound together with a gluon |4, 6], a
quark core dressed by a meson cloud [7, 18], and a dynam-
ically generated mN resonance |9]; other models include
3q—qq components, in particular a strong o N component
(see Ref. |10] and references therein). Discrimination be-
tween these descriptions of the Roper resonance can pro-
vide deep insight into the underlying basic symmetries



and the structure of quark confinement.

The Q? dependence of the electromagnetic transition
form factors is highly sensitive to different descriptions of
the Roper state. However, until recently, the data base
used to extract these form factors was almost exclusively
based on 7% production, and very limited in kinemati-
cal coverage. Also, the 7¥p final state is dominated by
the nearby isospin % A(1232)P33 resonance, whereas the
isospin % Roper state couples more strongly to the 7t n
channel. The CLAS Collaboration has now published a
large body of precise differential cross sections and polar-
ized beam asymmetries for the process é&p — enn™ in the
range of invariant hadronic mass W = 1.15 — 1.69 GeV
and photon virtuality Q2 = 1.7 — 4.5 GeV?2, with full az-
imuthal and polar angle coverage [11]. In this Letter we
report the results on the electroexcitation of the Roper
resonance extracted from this large data set.

The approaches we used to analyze the data are fixed-
t dispersion relations (DR) and a unitary isobar model
(UIM). They were successfully employed in Refs. [12,
13, [14] for analyses of pion-photoproduction and low-Q?-
electroproduction data.

The imaginary parts of the amplitudes in the DR and
UIM approaches are determined mainly by s-channel res-
onance contributions that we parameterize in the usual
Breit-Wigner form with energy-dependent widths. We
also take into account inelastic channels in the form pro-
posed in Ref. [15]. An exception was made for the
A(1232)P33 resonance, which was treated differently. Ac-
cording to the phase-shift analyses of 7N scattering, the
7w N amplitude corresponding to the P33(1232) resonance
is elastic up to W = 1.43 GeV (see, for example, the
latest GWU analyses |16, [17]). In combination with DR
and Watson’s theorem, this provides strict constraints
on the multipole amplitudes M13 f, Ef J/rz, Sf J/FQ that cor-
respond to the A(1232)P33 resonance. In particular, as
was shown in Ref. [12], the W-dependence of M134/_2 is
close to that from the GWU analysis [18] at Q? = 0 if the
same normalizations of the amplitudes at the resonance
position are used. This constraint on the large M 13 J/r2 am-
plitude plays an important role in the reliable extraction
of the N(1440)P;; electroexcitation amplitudes, because
the A(1232)P33 and N(1440)Py; states are overlapping.

We have taken into account all resonances from
the first, second, and third resonance regions. These
are 4- and 3-star resonances A(1232)P33, N(1440)P;,
N(1520)D13, N(1535)S11, A(1600)Pss3, A(1620)Ssq,
N(1650)S11, N(1675)D15, N(1680)F15, N(1700)D;3,
A(l?OO)Dgg,, N(1710)P11, and N(1720)P13 For the
masses, widths, and 7N branching ratios of these res-
onances, we used the mean values of the data presented
in the Review of Particle Physics (RPP) [19]. In partic-
ular for the Roper resonance, the values M = 1.44 GeV,
I' = 0.35 GeV, and B,y = 0.6 were taken. Resonances
of the fourth resonance region practically have no influ-

ence in the energy region under investigation and were
not included.

For the values of Q2 under consideration, the available
ep — epr” data are related mostly to the A(1232)P33 res-
onance region [20, 21, 122]. The DESY data [23] at higher
energies W = 1.14 — 1.72 GeV (Q? ~ 3 GeV?) have very
limited angular coverage. Our analysis showed that the
combined ep — epr¥ [20, 21,22, 23] and ép — ennt™ [11]
data give results that are very close to those obtained
from the ép — enw™ data [11] alone. For this reason,
and also to avoid mixing data sets with different system-
atic uncertainties, in this letter we present the results for
N(1440)P1; obtained from the analysis of the ép — enm™
data [11] only.

At each @Q? available for ép — enrtt [11], Q? =
1.72, 2.05, 2.44, 2.91, 3.48, 4.16 GeV?2, we performed
two kinds of fits in both approaches: (i) The magni-
tudes of the helicity amplitudes corresponding to all res-
onances listed above were fitted. (i) The transverse
amplitudes for the members of the multiplet [70,17]:
A(1620)S31, N(1650)811, N(1675)D15, N(l?OO)Dlg, and
A(1700)Dg3, were fixed according to the single quark
transition model [24], which relates these amplitudes to
those for N(1520)D13 and N(1535)S11; the longitudinal
amplitudes of these resonances and the amplitudes of
the resonances A(1600)P33 and N(1710)P11, which have
small photocouplings [18, [19] and are not seen in low
Q? 7 and 27 electroproduction [14], were assumed to be
zero. The results obtained for A(1232)P33, N(1440)P14,
N(1520)D;3, and N(1535)S;; in the two fits were very
close to each other. The amplitudes of the Roper reso-
nance presented below are the average values of the re-
sults obtained in these fits. The uncertainties arising
from the averaging procedure we will refer to as uncer-
tainties (I). They were included in quadrature into the
total systematic uncertainties.

The background of both approaches contains Born
terms corresponding to the s- and w- channel nucleon
exchanges and t-channel pion contribution, and depends,
therefore, on the proton, neutron, and pion form factors.
The background of the UIM contains also the p and w t-
channel exchanges [15] and, therefore, the contribution
of the form factors G,)—ry(Q?). All of these form
factors, except the neutron electric and Gp(w)_,m(QQ)
ones, are known in the region of Q2 under investiga-
tion from existing experimental data. For the proton
form factors we used the parameterizations found for
the existing data in Ref. [25]. The neutron magnetic
form factor and the pion form factor were taken from
Refs. [26] and (27, 128, 129, [30], respectively. The neu-
tron electric form factor, Gg, (Q?), is measured up to
Q? = 1.45 GeV? [31], and Ref. [31] presents a parame-
terization for all existing data on G, (Q?) that we used
for extrapolation of Gg, (Q?) to 1.7 < Q% < 4.2 GeV?2.
In our final results we accounted for a systematic uncer-
tainty assuming a 50% deviation from this parameteri-



zation. There are no measurements of the form factors
GP(W)HM(QQ); however, investigations made using both
QCD sum rules [32] and quark model [33] predict a Q? de-
pendence of Gp(w)_)m(Qz) close to the dipole form factor

Ga(Q*) =1/(1+ %)2. In our analysis we assumed
that Gy(w)—ry (Q%) = Ga(Q?), and introduced in our fi-
nal results a systematic uncertainty that can arise from
a 50% deviation from this assumption. All of these un-
certainties, including those that arise from the measured
proton, neutron, and pion form factors, were added in
quadrature and will be referred to as systematic uncer-
tainties (II) in our final results.

In Fig. 1, we present the comparison of our results with
the experimental data for the lowest Legendre moments
of the structure function o7 + eoy, at Q% = 2.05 GeV?
[11]. The Legendre moment Dj *“* is the cos #% indepen-
dent part of op + eor; it does not contain interference of
different multipole amplitudes and is related to the sum
of squares of these amplitudes. The resonance behavior
of the multipole amplitudes is revealed in Dg +el in the
form of enhancements. Resonance structures related to
the resonances A(1232)P33, N(1520)D13, and N(1535)S11
are clearly seen in Dg +eL' " There is a shoulder between
the A and 1.5 GeV peaks, which is related to the broad
Roper resonance. To demonstrate this, we present in Fig.
1 the curves obtained by switching off the N(1440)P;
resonance in the final DR results. A fit to the data with
the Roper amplitudes put to zero results in x? =~ 7 and
gives the dip in DOT“L of the same size as in Fig. 1. This
clearly shows that the data can not be explained without
the Roper resonance.

To stress the advantage of the investigation of the
Roper resonance in the reaction v*p — 7+n, we note that
for this reaction the relative contribution of N(1440)P1,
in comparison with A(1232)P33 in DI T is four times
1

larger than for v*p — 7%, because isospin I = 5

and % resonances enter the ep — eN7 amplitudes with
the coefficients \/g , \/g for nm™ in the final state and

— %, \/g for pn©.
The role of N(1440)P1; is also seen in other Legendre
moments. In D1T+€L, the large effect caused by switch-

ing off this resonance is connected with the interference of
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FIG. 1: Experimental data for the 3 lowest Legendre mo-
ments of the structure function or + eor, at Q2 = 2.05 GeV?
|11] in comparison with our results. The solid and dashed
curves correspond to the DR and UIM results, respec-
tively. The dotted curves are obtained by switching off the
N(1440)P11 resonance in the final DR results.

4

Q° Az S1/2 Naata | X /Ndata
(GeV?) (1073GeV~1/2)
DR
1.72 |725+£1.0£4.3 24.84+1.44+5.3| 5101 3.1
205 |720£09+£4.2 21.0+1.7+5.0| 5844 2.4
244 |50.0£1.0+£3.2 93+13+4.1| 6177 2.1
291 [3754+1.14+28 9.8 4+2.04+2.3| 6251 2.0
3.48 [29.6 0.8 +2.7 4.2+25+23| 6105 1.5
4.16 |19.3£+£2.0+£39 10.8+2.84+4.5|5778 1.1
UIM
1.72 |585+£1.1+4.2 26.9+1.3+5.3|5101 3.5
2.05 [629+09+3.3 155+1.5+4.9| 5844 2.3
244 |56.24+09+£32 11.8+1.44+4.1|6177 2.1
291 |4254+£1.1+£28 13.8+2.14+2.3|6251 2.2
348 [326+09+26 14.1+24+20|6105 1.6
416 (23.1+22+48 17.5+2.6+5.5|5778 1.1

TABLE I: The v*p — N(1440)P1; helicity amplitudes found
from the analysis of 7" electroproduction data [L1] using DR
and UIM. The first and second uncertainties are, respectively,
the statistical uncertainty from the fit and the systematic un-
certainties (I) and (II) added in quadrature. The number of
data points, Ngatq, and the x? value per data point are also
presented.
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FIG. 2: Helicity amplitudes for the v*p — N(1440)P1; tran-
sition. The full circles are our results obtained from the anal-
ysis of T electroproduction data [11]. The bands present
the systematic uncertainties (III,IIT) added in quadrature;
see text. The full boxes are the results obtained from CLAS
data [13, 121, 134, 135, 136]; open boxes present the results of the
combined analysis of CLAS single 7w and 27 electroproduction
data [14]. The full triangle at Q* = 0 is the RPP estimate
|19]. The thick curves correspond to the light-front relativistic
quark models: dotted, dashed, dash-dotted, long-dashed, and
solid curves are from Refs. |1, 137, 138, 139, 140], respectively.
The thin solid curves are the predictions obtained for the
Roper resonance treated as a quark core dressed by a meson
cloud [7, [§]. The thin dashed curves are obtained assuming
that N(1440)P11 is a q*G hybrid state [6].

M, _ corresponding to N(1440)P1; with the non-resonant
and N(1535)S1; contributions to Eyy, which creates a lin-
ear dependence of o +e€oy, in cos #%. Due to interference
effects like those mentioned above and to the large width
of this state, the N(1440)P11 plays a significant role in
the entire W range covered by the data.

We now discuss the results for the v*p — N(1440)Pq;



helicity amplitudes presented in Table[land Fig. 2. The
results obtained using DR and UIM are given in Ta-
ble [ separately; it can be seen that they are close to
each other. As the non-resonant background of these ap-
proaches is built in conceptually different ways, we con-
clude that the model uncertainties of the obtained re-
sults are relatively small. In Fig. 2 we present average
values of the results obtained within the DR and UIM
approaches. The uncertainties that originate from this
averaging procedure are referred to as systematic uncer-
tainties (IIT) in our final results.

Combined with the information obtained from the pre-
vious CLAS data at Q = 0.4, 0.65 GeV? [13, 14, [21, 134,
35, 136]), and that at Q2 = 0 [19], our results show the
following behavior of the transverse helicity amplitude
Aj/: being large and negative at Q? = 0, it crosses zero
between @2 = 0.4 and 0.65 GeV?2 and becomes large and
positive at Q% ~ 2 GeV2. With increasing Q?, this am-
plitude drops smoothly in magnitude. The longitudinal
helicity amplitude Sj/3, which is large and positive at
small Q?, drops smoothly with increasing Q2.

In Fig. 2, we compare our results with model predic-
tions. These are (i) quark model predictions [1, 31, [38,
39, 40] where the N(1440)P1; is described as the first ra-
dial excitation of the 3¢ ground state; (ii) those assuming
the N(1440)Pq; is a hybrid state |6]; and (iii) the results
for the Roper resonance treated as a quark core (which
is a radial excitation of the 3¢ ground state) dressed by
a meson cloud |1, |g].

It is known that with increasing @2, when the momen-
tum transfer becomes larger than the masses of the con-
stituent quarks, a relativistic treatment of the electroex-
citation of the nucleon resonances, which is important
already at Q2 = 0, becomes crucial. A consistent way
to perform the relativistic treatment of the v*N — N*
transitions is to consider them in light-front (LF) dy-
namics. In Fig. 2 we present the results obtained in
the LF quark models |1, 137, 138, 139, 40]. All LF ap-
proaches [1, 137, 138, 139, 140] give a good description of
nucleon form factors, however, the predictions for the
v*N — N(1440)P1; helicity amplitudes differ signifi-
cantly. This is caused by the large sensitivity of these
amplitudes to the N and N(1440)P;; wave functions [40].
The approaches [1, 137, 138, 139, [40] fail to describe the
value of the transverse amplitude Ay, at Q? = 0. This
can be an indication of a large meson cloud contribution
to v*p — N(1440)P;;, which is expected to be signifi-
cant at small Q2. As a confirmation of this assumption,
one can consider the results of Refs. [7, 8] where this con-
tribution is taken into account, and a good description
of the helicity amplitudes is obtained at small Q2.

In spite of the differences, all LF predictions for the
v*p — N(1440)P1; helicity amplitudes have common
features that agree with the results extracted from the
experimental data: (i) the sign of the transverse ampli-
tude A;/ at Q? = 0 is negative, (ii) the sign of the longi-

tudinal amplitude S /5 is positive, (iii) all LF approaches
predict the sign change of the transverse amplitude A, /o
at small Q2. We take this qualitative agreement as evi-
dence in favor of the N(1440)P;; resonance as a radial ex-
citation of the 3¢ ground state. Final confirmation of this
conclusion requires a complete simultaneous description
of the nucleon form factors and the v*p — N(1440)P14
amplitudes. This will allow us to find the magnitude of
the meson cloud contribution, and to better specify the
N and N(1440)P;; wave functions. To achieve a satisfac-
tory description at large @2, it may be necessary to take
into account quark form factors, as well as other effects,
such as the quark mass dependence on the momentum
transfer.

The results of Refs. [5, 6], where N(1440)P; is treated
as a hybrid state, are obtained via non-relativistic calcu-
lations. Nevertheless the suppression of the longitudinal
amplitude S /5 has its physical origin in the fact that the
longitudinal transition operator for the vertex yq¢ — ¢G
requires both a spin and angular momentum flip by one
unit, while the angular momenta of quarks in the N and
N(1440)P1; =q3G are equal to 0. This makes this re-
sult practically independent of relativistic effects. The
predicted suppression of the longitudinal amplitude S
strongly disagrees with the experimental results.

In summary, for the first time the transverse and lon-
gitudinal helicity amplitudes of the v*p — N(1440)P14
transition are extracted from experimental data at high
Q2. The results are obtained from differential cross sec-
tions and longitudinally polarized beam asymmetries for
7w+ electroproduction on protons at W = 1.15—1.69 GeV
[11]. The data were analyzed using two conceptually dif-
ferent approaches, DR and UIM, which give close results.

Comparison with quark model predictions provides
strong evidence in favor of N(1440)Pq; as a first radial
excitation of the 3¢ ground state.

The results for the longitudinal helicity amplitude con-
firm our conclusion made from the previous analysis of
CLAS ép — epn®, enm™ data for Q? < 1 GeV? [13] that
the presentation of the Roper resonance as a q>G hybrid
state is ruled out.
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