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Abstract. The cross section for the reaction ep → e′pπ+π− was measured in the resonance region for
1.4<W<2.1 GeV and 0.5< Q2 <1.5 GeV2/c2 using the CLAS detector at Jefferson Laboratory. The
data show resonant structures not visible in previous experiments. The comparison of our data to a
phenomenological prediction using available information on N∗ and ∆ states shows an evident discrepancy.
A better description of the data is obtained either by a sizeable change of the properties of the P13(1720)
resonance or by introducing a new baryon state, not reported in published analyses.

PACS. 13.60.Le Meson production – 13.40.Gp Electromagnetic form factors – 14.20.Gk Baryon resonances
with S=0

1 Introduction

All existing information on baryon resonances has been
obtained in experiments where a pion is present either
in the incoming or in the outgoing channel (πN → πN ,
γN → πN , etc.). It is therefore clear how these experi-
ments are not suited to look for states with a weak pion
coupling. Actually, many of the nucleon excited states in
the mass region around and above 1.7 GeV tend to de-
couple from the single-pion and eta channels, while de-
caying predominantly in multipion channels, such as ∆π
or Nρ[1]. A similar situation is expected for the “miss-
ing states”[2,3,4,5], predicted by symmetric quark models
but lacking experimental evidence, whose search is carried
on at several labs. Other models, with different symmetry
properties and a reduced number of degrees of freedom,
as e.g. in [6], predict fewer states. By using an electro-
magnetic probe to produce multipion final state, we have
both the possibility of enhancing poorly known states in
the mass region above 1.5 GeV, and of discovering new
states. At the same time, the electromagnetic probe allows
to study the transition form factors, that are predicted
in quark models and whose knowledge is essential in un-
derstanding the degrees of freedom and the symmetries
involved in the baryon wavefunctions[7,8]. It is therefore
very important to extend our knowledge about the ex-
cited nucleon states by using the new powerful electron
and photon beams in conjunction with multiparticle de-
tection in the final state, to select different decay channels
and explore their resonance content in much more detail
than in the past. These capabilites are available at Jeffer-
son Laboratory, where the high intensity and high quality
continuous electron beam has been used in a variety of

experiments aimed at a vast improvement of our under-
standing of the light quark baryon resonance properties[9],
the so-called N∗ program. In this contribution, I will focus
on a particular topic of this program , the measurement of
baryon resonance properties in the double pion electropro-
duction channel, classified as JLab experiment E-93-006.
In this experiment, the goal was to use electroproduction
of pion pairs as a tool to investigate resonances of higher
mass and achieve a better understanding of their prop-
erties, in particular the electromagnetic transition form
factors, completely unknown for some states, and at the
same time attempt to discover new states, predicted by
quark models but still lacking experimental evidence. The
cross sections measured with CLAS show clear resonant
structures, not visible in the previous limited data, and
calculations based on the known resonance properties or
on quark model predictions are not able to fully account
for the features observed, leading to a possible evidence
for a contribution from a new state, not reported in the
existing Particle Data Group (PDG) listing [1].

2 Generalities

Studying high-lying resonances involves new features and
open issues. The presence of many broad, overlapping
states makes it necessary to use appropriate filters to en-
hance particular states or a group of states. This is natu-
rally accomplished using different decay channels to study
selected states that manifest through a correspondingly
large branching fraction. In particular, an important part
of the CLAS experimental program at Jefferson Labora-
tory is devoted to the study of multipion channels, like
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∆π and ρN , with the goal of extracting information on
the electromagnetic excitation of high-lying states weakly
visible in single pion production, like the D33(1700), and
of establishing the existence of the “missing” states pre-
dicted by the quark models.

In this talk I report on a measurement of the ep →
e′pπ+π− reaction studied with the CEBAF Large Accep-
tance Spectrometer (CLAS) at Jefferson Lab (JLab ex-
periment E-93-006). More details on the experimental and
physical analysis can be found in [10]. Beam currents of a
few nA were delivered to Hall B on a liquid-hydrogen tar-
get, corresponding to luminosities up to 4×1033 cm−2s−1.
Data were taken in 1999 for about two months at beam en-
ergies of 2.6 and 4.2 GeV. Important features of the CLAS
[11] are its large kinematic coverage for multi-charged-
particle final states and its good momentum resolution
(∆p/p ∼1%). Using an inclusive electron trigger based on
a coincidence between the forward electromagnetic shower
calorimeter and the gas Cerenkov detector, many exclu-
sive hadronic final states were measured simultaneously.
Scattered electrons were identified through cuts on the
calorimeter energy loss and the Cerenkov photo-electron
distribution. Different channels were separated through
particle identification using time-of-flight information and
other kinematic cuts. We used the missing-mass technique,
requiring detection in CLAS of at least epπ+. The good
resolution allowed selection of the exclusive final state,
epπ+π−. After applying all cuts, our data sample included
about 2 × 105 two-pion events.

The range of invariant hadronic center-of-mass (CM)
energy W (in 25 MeV bins) was 1.4-1.9 GeV for the first
two bins in the invariant momentum transfer Q2, 0.5-
0.8 (GeV/c)2 and 0.8-1.1 (GeV/c)2, and 1.4-2.1 GeV for
the highest Q2 bin, 1.1-1.5 (GeV/c)2. Data were corrected
for acceptance, reconstruction efficiency, radiative effects,
and empty target counts [10]. In particular, a specifically
developed Monte Carlo code was used to calculate the
acceptance and efficiency. To this purpose, event distribu-
tions were generated in a realistic way and then processed
through the GEANT-based code simulating the detector
response. The same Monte Carlo event generator was used
to perform extrapolations to kinematic regions where the
acceptance vanishes. This type of corrections was typically
only a few percent of the total cross section measured.

A particularly convenient set of kinematic variables for
the analysis of resonance decay into ∆++π− (the domi-
nant decay channel in the energy region considered here)
is made up from the invariant mass of the pπ+ and the
π+π− pair, then the polar angles θ and φ of the π− and fi-
nally the residual rotation freedom ψ of the pπ+ pair[13].
We derived experimental cross sections by binning and
correcting the data in the full kinematic space defined by
these variables, instead of applying a maximum likelihood
procedure. The cross sections derived in our method can
then be compared to any model calculation, knowledge of
specific experimental features of the detector being unnec-
essary. We chose this approach as it is not sure a priori
that models employed in the physics analysis (see below)
are correctly describing the measured data distributions.
On the other hand, a general partial-wave expansion is

certainly very complicated and affected by strong ambi-
guities. We believe that our approach, being simple and
direct, can provide a first interpretation of the data, re-
vealing the most important features as the presence of
isobars in the final state and the most prominent reso-
nance excitations. In particular, missing state contribu-
tions with strong excitation in this channel can certainly
be detected. Our analysis can provide a basis for future,
more sophisticated searches based on likelihood functions
and/or coupled channel calculations.

3 Physical analysis

Since existing theoretical models [14] are limited to
W <1.6 GeV, we have employed a phenomenological
calculation [15,16] for a first interpretation of the data.
This model describes the reaction γvp → pπ+π− in the
kinematic range of interest as a sum of amplitudes for
γvp → ∆π → pπ+π− and γvp → ρ0p → pπ+π−, according
to the structures observed in the final state invariant mass
distributions, while all other possible mechanisms are pa-
rameterized as phase space. A detailed treatment was de-
veloped for the non-resonant contributions to ∆π, while
for ρp production they were described through a diffrac-
tive ansatz. For the resonant part, a total of 12 states,
classified with 3 and 4 stars [1], with sizeable ∆π and/or
ρp decays, were included based on a Breit-Wigner ansatz.
A few model parameters in non-resonant production were
fitted to CLAS data at high W , where the non-resonant
part creates a forward peaking in the angular distribu-
tions, and kept fixed in the subsequent analysis. The phase
between resonant and non-resonant ∆π mechanisms was
fitted to the CLAS data as well.

Resonance electromagnetic excitation was initially de-
scribed through a Single Quark Transition Model (SQTM)
fit[17], partial decay branches were taken from a previous
analysis of hadronic data[18], and total widths were taken
from PDG[1]. Even though our approach was that of a sin-
gle channel analysis, we emphasize that, by using hadronic
couplings from existing coupled channel analyses, we en-
sured that our resonance behavior was as compatible as
possible with the information coming from other channels.
This means that our resonance content was not completely
derived from the CLAS data, with all inevitable ambigui-
ties, but was constrained to the existing knowledge derived
from the more sophisticated hadronic coupled channel
techniques. Another important point regarding our analy-
sis is that when calculating non-resonant terms for the ∆π
channel, we applied an effective treatment of unitarity[15,
16], thereby taking into account the coupling to all other
competing inelastic channels. Using this model approach,
we first analysed the single-differential cross sections most
sensitive to the dynamical content of our measurement[15,
16], i.e. dσ

dMpπ+
, dσ

dMπ+π−
, and dσ

d cos θπ−
, obtained by inte-

grating over the other hadronic variables. These three 1-D
distributions were then analysed or fitted simultaneously.

Starting from the above mentioned ingredients, we first
produced a reference curve to be compared with the data
(step (A) in text and figures). By reference curve, we mean
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Fig. 1. Left: Total cross section for γvp → pπ+π− as a function
of W . Data from CLAS are shown at Q2=0.5-0.8 (GeV/c)2 (full
points), Q2=0.8-1.1 (GeV/c)2 (open squares), and Q2=1.1-
1.5 (GeV/c)2 (open triangles). Error bars are statistical only,
while the bottom band shows the sytematic uncertainties for
the lowest Q2 bin. Right: dσv

dM
pπ+

(top) and dσv
dM

π+π− (bottom)

from CLAS at Q2=0.8-1.1 (GeV/c)2 and W=1.7-1.725 GeV
(statistical error bars only). The curves represent our step (A)
reference calculation: the dashed line includes all resonances,
the dot-dashed line includes only the non-resonant part, and
the solid line is the full calculation

a set of total and differential cross sections obtained from
our model without any parameter modification or fit. This
reference calculation on one hand indicates how well we do
in modeling non-resonant processes and how well the ex-
isting knowledge on all baryon resonances that contribute
significantly to double pion electroproduction is reflected
in the data. Any deviation of the data from this reference
curve may therefore indicate either that our approach to
non-resonant processes has basic problems, or that some
resonance properties are not correctly accounted for in
the existing database, or that some anomalous behavior is
manifesting in the data, which in turn may signal the pres-
ence of new states or an unexpected microscopic structure
of a known resonance. Results for step (A) are reported in
Fig. 1. The total cross section strength for W < 1.65 GeV
(except for the region close to threshold), and for W >
1.8 GeV is well reproduced. Instead, a strong discrepancy
is evident at W around 1.7 GeV. Moreover, at this en-
ergy the reference curve exhibits a lack of ∆π strength in
the pπ+ invariant mass (Fig. 1, right top), and a strong
peak in the π+π− invariant mass (Fig. 1, right bottom),
connected to sizeable ρ meson production. The latter was
traced back to the 70-91% branching ratio of the P13(1720)
into this channel[1,18,19].

Considering the resonance properties given by the
PDG, and our limited knowledge on the Q2 dependence of

Fig. 2. dσv
dM

pπ+
, dσv

dM
π+π− , and dσv

dcosθ
π− from CLAS (from top to

bottom) at W=1.7-1.725 GeV and for the three mentioned Q2

intervals (left to right). The error bars include statistical errors
only. Curves (see text) correspond to the fits (B2) (solid), and
(B4) (dashed)

the photocouplings, the best ordinary candidates in pro-
viding the missing strength seen in the bump at 1.71 GeV
are the D13(1700), the P13(1720), and the P11(1710) (the
latter was not included in step (A)). Indeed, following the
PDG, it seems that the bump at about W=1.7 GeV can-
not be due to the D15(1675), F15(1680), or D33(1700)
states; the first because its well known position cannot
match the peak; the second because of its well known po-
sition and photocouplings [20]; the third due to its large
width (∼300 MeV). Instead, there are no data available
on the Q2 dependence of A1/2 or A3/2 for the D13(1700),
P13(1720), P11(1710) [20], and the hadronic couplings of
the D13(1700) and the total width of the P11(1710) are
poorly known. It is interesting to notice that, if no config-
uration mixing occurs, the D13(1700) cannot be excited
in the SQTM from proton targets, while the SQTM pre-
diction for the P13(1720) relies on ad hoc assumptions,
since input data from states in the same multiplet are not
sufficient [17].

Therefore we first performed three separate fits, (B1),
(B2), and (B3), where the photo- and hadronic couplings
of only one of those resonances at a time were widely var-
ied, specifically the D13(1700) for (B1), the P13(1720) for
(B2), and the P11(1710) for (B3). Our investigation at this
stage was including the possibility of accounting for the
1.7 GeV structure via interference effects, although the
peaking of such an interference pattern at the same W for
all Q2 bins would be rather surprising. Before proceeding
with such fits, we performed slight variations of the initial
curves from step (A), as allowed by the uncertainties in
the knowledge of a number of states. All fit χ2/ν values
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were calculated from the 8 W bins between 1.64 and 1.81
GeV and from the 3 Q2 bins (624 data points). The num-
ber of free parameters ranged from 11 to 32, depending on
the fit, corresponding to ν=613 to 592 degrees of freedom.
The best fit (χ2/ν =3.4) was obtained in (B2) (Fig. 2).
However, the resulting values for the branching fractions
of the P13(1720) were significantly different from previous
analyses reported in the literature and well outside the re-
ported errors[1,18,19]. The corresponding fit of the total
cross sections is reported as a dashed curve in Fig. 3. In a
final multiresonance fit (B4), we varied only the electro-
magnetic excitation of all three candidate states, but no
better solution was found (Fig. 2).

In the framework of our analysis, there is no way to as-
sess the reliability of the previously determined hadronic
parameters of the PDG P13(1720). The resonant content
of the reaction πN → ππN , which is used to obtain the
hadronic parameters, may be different from that of reac-
tions initiated by an electromagnetic probe. In particular,
the P13(1720) state seen in πN → ππN may not be ex-
cited in electroproduction, while some other state that de-
couples from πN may be excited electromagnetically. We
verified indeed that, if we introduced a new state as re-
sponsible for the observed bump, a good fit was obtained
by a PI3 state (isospin could not be determined) with mass
of about 1720 MeV, a width of about 90 MeV, about 40
% decay to ∆π and 17 % to ρp. The visual quality of the
fit was very similar to the (B2) curves in Fig. 2. It is im-
portant to remark that such a good fit was achieved by
using the published hadronic parameters for the ordinary
P13(1720), while the electromagnetic amplitudes had to
be suppressed with respect to the SQTM by about a fac-
tor 2 to avoid the mentioned unobserved ρ peak in the ππ
invariant mass distribution. The quality of this fit was in-
distinguishable from the curves (B2) in Fig. 2. The quality
of the fit of the total cross sections was also comparable
to (B2), reported as a dashed curve in Fig. 3.

4 Using a Quark Model

To broaden the scope of our analysis and make cross sec-
tion predictions using electromagnetic matrix elements
from a fully theoretical picture, we introduced in our cal-
culation the electromagnetic transition amplitudes from
the Genova Hypercentral Quark Model (HQM) [21,8,22],
including also the recently calculated longitudinal cou-
plings, normally neglected in the resonance studies. The
HQM incorporates the basic features of the SU(6) symme-
try broken by an spin-isospin specific term. The potential
used is based on the Coulomb attraction that dominates
the short distances, together with a long distance linear
confinement term. The form factors are derived from a
one-body quark current operator and have been shown to
describe quite well the existing data on the first excited
resonances, specifically the D13(1520) and the S11(1535).

Using a quark model prediction instead of a fit, we
do not change the basic assumptions about the degrees of
freedom or the symmetries involved, but the electromag-
netic amplitudes are predicted using a theoretical form

for the current after fixing the model parameters from the
spectrum properties alone. In fact, as mentioned above,
in the SQTM most of the amplitudes are derived from
experimental data, but in the case of the [70,1−] multi-
plet the lack of experimental information forces to make
ad hoc assumptions on the behavior of specific terms in
the parameterization of the transition amplitudes, which
makes the prediction affected both by the behavior of the
data used in the fits, and by the assumptions made to
supplement the missing experimental information. There-
fore we can conclude that using a fully theoretical quark
model prediction instead of a quark model fit really makes
some difference in comparing to experimental data on the
electromagnetic excitation of resonances.

In Fig. 3 we report the total cross sections from CLAS
at the three 4-momentum transfers mentioned before, to-
gether with the calculated curves coming from the HQM.
In one case (dot-dashed line) the curve was obtained by
using directly all the HQM electromagnetic amplitudes for
all the resonances considered. Then, the calculation was
modified increasing the strength of the Roper resonance
as indicated also by our first analysis based on the SQTM
(solid line), and as also indicated by the lack of strength at
low W in the HQM calculation. It is important to remark
that we also included the prediction from the HQM about
the longitudinal resonance couplings, often neglected in
many analyses. Our resonance fit based on the SQTM is
also shown for comparison (dashed line).

As clearly shown in Fig. 3, we still observe a consider-
able lack of strength in the region around 1.7 GeV, where
the strong bump in the data is barely visible in the calcu-
lation. It seems therefore that two different analyses, one
based on a general model-independent form for the tran-
sition matrix elements with parameters derived from ex-
isting data, the other based on a specific theoretical form
for the quark transition current with no constraints from
the data besides those necessary to reproduce the spec-
trum, are not able to explain the structure seen in the
new CLAS data. To test once again the hypothesis that
the observed peak may come from a new state, we took
the parameters for the new resonance obtained in our pre-
vious fits and included the new state on top of the others
calculated with the HQM amplitudes, with slight param-
eter adjustments. In Fig. 4, the result, plotted as the solid
line, is compared to the HQM calculation containing only
ordinary states and the modified Roper, plotted as the
dashed line. It seems that the inclusion of the new state
is compatible with the HQM resonance amplitudes, too.

At this point, it is natural to ask whether the differen-
tial cross sections are reproduced. In Fig. 5, I report such
comparison between the CLAS data on top of the bump
at 1.71 GeV and the HQM calculation with the addition
of the new state: once again, the inclusion of the new state
on top of the theoretical N∗ prediction provides a rather
good match to the CLAS data.

From the two analyses performed, there emerges an
indication that the electromagnetic excitation strength
shown by the CLAS data is underestimated by single
quark transition models, both phenomenological as well
as fully theoretical. This may indicate different things: 1)
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Fig. 3. Comparison of the CLAS data to a calculation based
on resonant electromagnetic amplitudes from the HQM. The
data are from CLAS at the three mentioned momentum trans-
fers. The dot-dashed line is the calculation within the Genova-
Moscow model using all resonance electromagnetic amplitudes
(including longitudinal ones) from the HQM. The solid line
is the calculation within the Genova-Moscow model using all
resonance electromagnetic amplitudes (including longitudinal
ones) from the HQM except for the Roper, which is taken from
our previous fits. For comparison, we report as the dashed line
our final fit starting from the SQTM amplitudes

the single quark transition picture may be wrong, and
we may be observing more complicated excitation mecha-
nisms, with a redistribution of the strength; 2) additional
degrees of freedom, like qq̄ pairs, may modify the elec-
tromagnetic excitation, although their effect should dis-
appear at higher Q2, at variance with our observations;
an admixture of exotic components cannot be excluded,
either [23]; 3) the missing strength in the model analysis
may be really due to the presence of one or more addi-
tional resonances, not observed before.

5 Conclusions

In conclusion, two pion production is one of the main
subjects of investigation in Hall B at Jefferson Lab, as a
key channel for extending our knowledge of light-quark
baryons. The new high quality data from CLAS have
shown the clear presence of resonance structures, not vis-
ible in the previous, technically limited experiments. In
analysing the new data from CLAS, we adopted a phe-
nomenological approach, based on the database of mea-
sured electromagnetic and hadronic resonance properties,
and with effective unitarity constraints on the most rele-
vant non-resonant mechanisms. Our analysis of the data
has revealed that the prominent structure at 1.7 GeV
seems difficult to explain when quark model fits or the-
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Fig. 4. Comparison of the CLAS data to a calculation based on
resonant electromagnetic amplitudes from the HQM. The data
are from CLAS at the three mentioned momentum transfers.
The dashed line is the calculation within the Genova-Moscow
model using all resonance electromagnetic amplitudes (includ-
ing longitudinal ones) from the HQM except for the Roper,
which is taken from our previous fits. The solid line is obtained
by adding to the ordinary N∗ states calculated by the HQM
the new state found in our previous fits
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intervals (from top to bottom). The error bars include sta-
tistical errors only. The solid line is obtained by adding to the
ordinary N∗ states calculated by the HQM the new state found
in our previous fits



76 M. Ripani: Baryon resonance analysis from two pion electroproduction at Jefferson Laboratory

oretical predictions are used for the electromagnetic tran-
sition matrix elements. Moreover, the expected N∗ branch-
ing fractions to ∆π and ρp seem to be quite different from
those inferred from the experimental mass distributions.
A good data fit is indeed obtained by varying the prop-
erties of the ordinary P13(1720), but at the price of sig-
nificantly changing the electromagnetic form factors with
respect to the model expectations and at the additional
price of attributing to this state branching fractions signif-
icantly different from the existing hadronic analyses. Both
our analyses, based on quark model fits or fully theoreti-
cal amplitudes, alternatively indicated that the new CLAS
cross sections are compatible with the presence of a new,
unobserved state, although alternative scenarios involving
multiquark transition, additional degrees of freedom, or
exotic components cannot be ruled out.
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