Two pion electroproduction with CLAS and baryon resonance analysis
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The cross section for the reaction ep — e/pr™m~ was measured in the resonance region for
1.4<W<2.1 GeV and 0.5< @Q* <1.5 GeV?/c?, using the CLAS detector at Jefferson Laboratory.
Data shows resonant structures not visible in previous experiments. The comparison of our data
to a phenomenological prediction using available information on N* and A 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 numbers: 13.60.Le, 13.40.Gp, 14.20.Gk

Electromagnetic excitation of nucleon resonances is
sensitive to the spin and spacial structure of the tran-
sition, which in turn is connected to fundamental prop-
erties of baryon structure, like spin-flavour symmetries,
confinement and effective degrees of freedom. In the mass
region above 1.6 GeV many overlapping baryon states
are present and some of them are not well known; mea-
surement, of the transition form factors of these states
is important for our understanding of baryons. Many
of these high-mass excited states tend to decouple from
the single-meson channels and to decay predominantly in
multipion channels, such as Az or Np, leading to N7 fi-
nal states [1]. Moreover, quark models with approximate
(or ”broken”) SU(6)®0(3) symmetry [2, 3] predict more
states than have been found experimentally; QCD mixing
effects could decouple these unobserved states from the
pion-nucleon channel [2], while strongly coupling them
to two-pion channels [2, 4, 5]. These states would there-
fore not be observable in reactions with 7NV in the initial
or final state. Other models such as the Quark Cluster
Model [6] predict a fewer number of states than the sym-
metric model. Search for at least some of the ”missing”
states predicted in the most accepted quark models, and
not predicted when using alternative symmetries, is cru-
cial in discriminating between different models of baryon
structure. Electromagnetic amplitudes for some missing
states are predicted to be sizeable [2] as well. Therefore,
exclusive double pion electroproduction is a fundamen-
tal tool in measuring poorly known states and possibly
observing new ones.

In this paper we report a measurement of the ep —
e/prTr~ reaction studied with the CEBAF Large Ac-
ceptance Spectrometer (CLAS) at Jefferson Lab. Typi-
cal beam currents of a few nA were delivered to Hall B
on a liquid hydrogen target, corresponding to luminosi-
ties up to 4 - 1032 cm~2s7!. Data were taken in 1999

for about two months at beam energies of 2.6 and 4.2

GeV. Important features of the CLAS [7] are its large
kinematic coverage for multi-charged-particle final states
and its good momentum resolution (Ap/p ~ 1%); us-
ing an inclusive electron trigger based on a coincidence
between the forward electromagnetic shower calorimeter
and the gas Cerenkov detector, many exclusive hadronic
final states were measured simultaneously. Scattered
electrons were identified through cuts on the calorime-
ter energy loss and the Cerenkov photo-electron distribu-
tion. Different channels were separated through particle
identification using time-of-flight information and other
kinematic cuts. We used the missing-mass technique, re-
quiring detection in CLAS of at least eprt. The good
resolution obtained allowed selection of the exclusive final
state eprtm~ After applying fiducial cuts to define the
detector volume, the data sample was reduced to about
2-10° 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 two bins in the invariant momentum transfer
Q? from 0.5-0.8 (GeV/c)? and 0.8-1.1 (GeV/c)?, and 1.4-
2.1 GeV for the highest @? bin, 1.1-1.5 (GeV/c)?. Data
were corrected for acceptance, reconstruction efficiency,
radiative effects, and empty target counts. They were
further binned in the following set of hadronic CM vari-
ables: invariant mass of the pr™ pair (10 bins), invariant
mass of the 77~ pair (10 bins), 7~ polar angle 6 (10
bins), azimuthal angle ¢ (5 bins), and rotation freedom
1) of the pr pair with respect to the hadronic plane (5
bins). The full differential cross section is therefore of
the form:

do
AW dQ2dMp+ Myt 5—dcosO, - d - dipyr+
do, doy

r, =T, 1
AMyr+ AM ot - dcosO— dd— dippq+ dr (1)




a1 W(W? - M?)
T AT EPM2 T (1-6)Q2

(2)

where I, is the virtual photon flux, d;; is the virtual pho-

ton cross section, « is the fine structure constant, E is
the electron beam energy, M), is the proton mass, and € is
the virtual photon transverse polarisation [8]. Systematic
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FIG. 1: Left: total cross section for v,p — prtn~ as a
function of W. Data from CLAS are shown at Q%=0.5-
0.8 (GeV/c)? (full points), Q*=0.8-1.1 (GeV/c)®> (open
squares), and @*=1.1-1.5 (GeV/c)?> (open triangles). Error
bars are statistical only, while the bottom band shows the
sytematic error for the lowest Q? bin. The curves represent

our step (A) reference calculations. Right: de"J: — from

CLAS at @*=0.8-1.1 (GeV/c)? and W=1.7-1.725 GeV (sta-
tistical error bars only). The curves represent our step (A)
reference calculations, extrapolated to the edge points. The
dashed line includes all resonances, the dot-dashed line in-
cludes only the non-resonant part, and the solid line is the
full calculation.
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uncertainties were estimated as a function of W and Q2.
The main sources were acceptance modeling, numerical
integration, and radiative corrections modeling, being at
the 3 to 10% level. The various cuts applied (fiducial,
missing mass, etc.) contributed 2 to 5%. In Fig. 1 (left)
we report the total virtual photon cross section as a func-
tion of W for all )2 intervals analyzed. The CLAS data
points clearly exhibit structures, not visible in previous
data [9] due to limited statistical accuracy.

Since existing theoretical models[10] are limited to
W <1.6 GeV, for a first interpretation of the data we
employed a phenomenological calculation [11] describing
the reaction v,p — pr 7~ in the kinematic range of in-
terest as a sum of amplitudes for y,p — Ar — prtn~
and vy,p — p°p — prtw~, while possible other mech-
anisms were parameterized as phase space. A detailed
treatment was developed for the non-resonant contribu-
tions to A, while for pp production they were described
through a simple diffractive ansatz. For the resonant
part, a total of 12 states classified as 3* and 4* [1], with
sizeable Am and/or pp decays were included, based on
a Breit-Wigner ansatz. A few model parameters, rep-
resenting non-resonant production and the phase space
part, were fitted to CLAS data and kept fixed in the sub-

sequent analysis. To simplify the fits, we reduced eqn.
(1) to single-differential cross sections, integrating over
four hadronic variables. Then, 3 such differential cross
sections with the largest binning were fitted simultane-

ously, dﬂ‘f[""+ (connected to 7~ ATT production), 7de": -
P kg ™
do,

0 .
(connected to p°p production) and a5

(primarily con-
nected to 7~ ATT production that is dominant in this
energy region). When fitting the data, we calculated a
x? per degree of freedom (x?/v) for all Q* values and
in the restricted W range where we focused our analysis,
as discussed in the following paragraphs. For each W
and @Q? bin, 26 data points from the 3 mentioned differ-
ential cross sections were used (2 edge points in each
of the mass distributions were excluded as the model
did not take into account the kinematic smearing in the
M+~ vs M.+ Dalitz plot, caused by the I bin width).
Schematically, the data analysis was performed in the
following steps: (A) We produced reference curves us-
ing available information on resonances. Discrepancies
between the CLAS data and our calculation were ob-
served which led to the subsequent steps B and C. (B)
Data around W=1.7 GeV were fitted in different ways.
The best fit, corresponding to a prominent P;3 partial
wave, could be attributed to the PDG P;3(1720) reso-
nance, but with significantly modified parameters with
respect to the literature. (C) As an alternative descrip-
tion, we introduced a new baryon state around 1.7 GeV.
In what follows we describe each of the steps above in
more detail.

Step (A) - To produce reference curves, the electromag-
netic couplings Ay /5,A3/5 were taken from a parameter-
ization of the Q? evolution for several states extracted
from previous experiments, and from Single Quark Tran-
sition Model (SQTM) fits [12] for states where no data
were available. For the P;;(1440) (Roper), given the
scarce available data, the amplitude A, /, was taken from
a Non-Relativistic Quark Model (NRQM) [13]. Partial
LS decay widths were taken from a previous analysis of
hadronic data [14] and renormalised to total widths from
Ref. [1]. Results for step (A) are reported in Fig. 1
(left). The strength of the D;3(1520) resonance at 1.5
GeV and the underlying continuum are well reproduced,
except for the region on the low-mass side of the peak.
However, a strong discrepancy is evident at W around
1.7 GeV. Moreover, at this energy the reference curve
exhibits a strong peak in the pion-pion invariant mass
(Fig. 1, right), connected to sizeable p meson production.
This contribution was traced back to the 80-90% branch-
ing ratio of the P13(1720) into this channel [1, 14, 15].

Step (B) - Starting from the above mentioned refer-
ence values, the parameters of various states were varied
in order to fit the CLAS data. In this discussion, we re-
strict ourselves to the discrepancy around 1.7 GeV and
the few resonant states relevant in this energy region. All
x> /v values were calculated from the 8 W bins between
1.64 and 1.81 GeV and from the 3 Q% bins (624 data
points). There were typically 23 free parameters cor-



TABLE I: PDG P;3(1720) parameters from fit (B) and new
state parameters from fit (C). Errors are statistical.

M (MeV) | (MeV)| 558 (%) | 265 (%)
PDG Pi3 (B)| 1725420 | 114+19 | 63+12 1949
PDG [1] 1650-1750| 100-200 N/A 70-85
new Pi3 (C) | 17204+20 | 88+17 | 41+13 | 17410

responding to 601 d.o.f. Assuming the resonance prop-
erties given by the PDG, such a bump cannot be due
to the D15(1675), F15(1680), or D33(1700); the first be-
cause its well known position cannot match the peak;
the second because of precisely known position and pho-
tocouplings [16]; the third due to its large width (~ 300
MeV). The remaining possibilities from PDG were the
D43(1700), the Py3(1720) and the P11(1710), for which
no data on A/ 32 at Q? > 0 are available [16]. If no
configuration mixing occurs, the D;3(1700) cannot be ex-
cited at all in an SQTM, while the SQTM prediction for
the P13(1720) relies on ad hoc assumptions. According
to the literature [1, 14, 15], hadronic couplings of the
D5(1700) and total width of the P;;(1710) are poorly
known, while the P;3(1720) hadronic parameters should
be better established. Several other partial waves were
investigated in step (C), under different assumptions.

—
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FIG. 2: Left: Total cross section for y,p — prtn™ as a
function of W from CLAS at the 3 mentioned Q? intervals
(see fig.1). The error bars are statistical only. The curves
(see text) correspond to step (B) when fitting the bump with
Dy3(1700) (solid), P13(1720) (dashed) or P11(1710) (dotted).
Right: subdivision of the fitted cross section (B) for Q*=0.5-
0.8 (GeV/c)? into AT~ resonant (thick solid), AT 7~ con-
tinuum (thin full line), p°p resonant (thick dashed), and p°p
continuum (thin dashed). Notice the different vertical scales.

To improve our reference curves before fitting the bump:
the Pi1(1440) strength was fitted to the low W data; the
D15(1675) and the D;3(1700) photocouplings, vanishing
in the SQTM, were replaced by NRQM values from [13];
an empirically established A /5 3/ SQTM fitting uncer-
tainty of 10-20 % (o) was applied to all N* states; a 20
% fluctuation was applied to the A; /5 3o NRQM values
of the D;y3(1700); the hadronic parameters were allowed

to vary for the Dy3(1700), according to [14]; finally, the
curves closest to the data were selected as starting point.
We then performed three separate fits, in which either
the D13(1700) or the P;3(1720) or the P;1(1710) param-
eters were varied. More precisely, hadronic parameters
for Dy3(1700) were allowed to vary in all fits because
of their large uncertainty from [14]. Our procedure was
to apply iteratively: a wide variation of A5 3/5 for the
single resonance involved in the fit; a wide variation of
its hadronic parameters; a variation of the D;3(1700)
hadronic parameters inside uncertainties. While all 3
states gave reasonable overall fits of the W spectrum and
the Q? dependence (Fig. 2), the preferred solution was
the P;13(1720). In particular, in the other two fits, the
description of angular distributions and/or of the 77 in-
variant mass was poor (Fig. 3), with a x?/v of 5.2 for
the D13(1700) and 4.3 for the P;1(1710). Instead, in the
Py5(1720) fit, a better description of all 3 fitted distri-
butions was obtained (Fig. 3), with x?/v=3.4. However,
the resulting values for the branching fractions were sig-
nificantly different from previous analyses reported in the
literature and well outside the reported errors [1, 14, 15].
Table I shows our results (first row) with statistical un-
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FIG. 3: d&:;w de:::w_ and d‘éj“_ from CLAS (from top

to bottom) at W=1.7-1.725 GeV and for the 3 mentioned
Q? intervals (left to right). The error bars include statistical
errors only. Curves (see text) correspond to step (B) when
fitting the 1.7 GeV bump with D;3(1700) (solid), P13(1720)
(dashed) or P;;(1710) (dotted) and are extrapolated to the
mass distributions edge points.

certainties, in comparison with the PDG values. In Ta-
ble II (first 3 rows) we report the corresponding A; /s 3/2
values for the P;3(1720) fit. The error reflects statistical
uncertainties in the data and correlations among different
resonances. We then tested the reliability of the fits by
varying the photocouplings of all states by 80 % (o). The
new best values of A, /5 3/, coincided with the previous
ones within the errors.

As discussed above, fitting data around 1.7 GeV with
established baryon states either leads to a poor fit or to
a drastic change in resonance parameters with respect to
published analyses. On the other hand, in the framework



TABLE II: PDG P13(1720) photocouplings from fit (B) (first
3 rows) and new state photocouplings from fit (C) (last 3
rows). Errors are statistical.

Q2 A1/2 A3/2
(GeV/c)?| (1072 /VGeV) | (1072 /VGeV)

0.65 2421 -83+5
0.95 3429 -63+8
1.30 2412 45427
0.65 15425 7448
0.95 12420 -53+6
1.30 3+14 -41+18

of our analysis, we have no possibility to assess the relia-
bility of the previously determined hadronic parameters
of the PDG P;3(1720). We have to remark at this point
that the source of the hadronic parameters is the reaction
mN — mw N, while the CLAS data are based on an elec-
tromagnetic probe in the initial channel. Therefore the
resonant content seen in the two reactions may be differ-
ent. In particular, the conventional Py3(1720) state may
be not well visible in two pion electroproduction, while
some other state may manifest in such reaction as a result
of the different entrance channel. Therefore we further
investigated this possibility, checking whether our data
could be fitted by including another baryon state, not re-
ported before, but still accomodating the known baryons
with their published hadronic properties. Therefore, in
step (C) we introduced a new baryon state, while keep-
ing hadronic parameters of the P;3(1720) as in Refs.
[1, 14]. Quantum numbers Sr1,Pr1,Prs,Dr3,D15, Fr5,F17
were tested on an equal footing, I being the isospin, un-
determined in our measurement. We then varied simul-
taneously photocouplings of the new state and hadronic
parameters of new state and D;3(1700). The new state
total decay width was varied in the range 40-600 MeV,
while the position range was 1.68-1.76 GeV. The best fit
was obtained with a Pr3 state, with a y*/v=3.3, while
other solutions gave a x*/v > 4.2. A good fit quality
was obtained, while keeping the P;35(1720) hadronic pa-
rameters at published values. Curves obtained from the
best fit were nearly identical with the dashed lines in
Figs. 2 and 3. In order to avoid the unobserved p pro-
duction peak (Fig. 1, right), the photocouplings of the
PDG P;3(1720) had to be reduced by about a factor of
two with respect to the SQTM prediction, making its
contribution very small. Instead, in this fit the main con-
tribution to the bump was coming from the new state.
Resonance parameters and A,/ 3/, values obtained for
the new state hypothesis are reported in Table I (last
row) and II (last 3 rows), respectively. A second Pj3

state is indeed predicted in the quark model by Capstick
and Roberts [4], however with a mass of 1870 GeV. The
presence of a new 3-quark state with the same quantum
numbers as the conventional P;3(1720) in the same mass
range would likely lead to strong mixing. However, as
mentioned above, a different isospin and/or partial wave
cannot be excluded. Finally, the new state may have a
different internal structure, such as a hybrid baryon with
excited glue components. Such a P35 hybrid state is pre-
dicted in the flux tube model [17]. Yet another possibility
is that some resonance parameters established in previ-
ous analyses may have much larger uncertainties than
reported in the literature, under closer inspection. In
this case, outlined in our step (B), our analysis would es-
tablish new, more precise parameters for a known state,
and invalidate previous results.

In conclusion, we analysed CLAS data on ep —
e'prt ™ within a particular phenomenological model. In
a direct comparison with our prediction using available
resonance information, the observed bump at 1.7 GeV
was not reproduced. In a first fit based only on estab-
lished resonances from PDG, we found that the P;3(1720)
resonance was reproducing the observed peak and an-
gular distributions reasonably well, when significantly
changing its decay pattern with respect to the published
analyses. The extracted photocouplings were quite differ-
ent from the SQTM prediction. In an alternative fit, we
used the published P;3(1720) strong parameters, while
reducing its photocouplings by about a factor of two with
respect to the SQTM. In this case, the bump at 1.7 GeV
was fitted by introducing a new resonance. In both cases,
photocouplings of the P;3(1720) PDG state at Q2 > 0
were derived for the first time. Our best fit for the hy-
pothetical new state corresponds to positive parity and
spin %, while isospin could not be determined. It is rela-
tively narrow and has a sizeable A7 and a small pN decay
coupling, at variance with published properties of the es-
tablished P;3(1720). A simultaneous analysis of single
and double pion processes provides more constraints and
may help to better discriminate between alternative in-
terpretations of the observed resonance structure in the
CLAS data. Such an effort is currently under way.
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