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1 Participation of Research Groups

1.1 University of South Carolina

The University of South Carolina group is actively involved in this proposal using CLAS12
base equipment. Ralf Gothe is a member of the CLAS12 Steering Committee. Among the
CLAS12 baseline equipment, our group has taken responsibility for the design, prototyp-
ing, construction and testing of the forward Time-of-Flight detector ToF12. Ralf Gothe is
currently heading Time-of-Flight technical working group. Three USC faculty members (R.
Gothe, S. Strauch, and D. Tedeschi), one post-doc (K. Park), three graduate (L. Graham,
H. Lu, and Z.Zhao) and two undergraduate students (E. Phelps and D. Gothe) are already
working on this project. The USC nuclear physics group is committed to carry out this
project and will continue to be fully involved as needed. The group is currently funded by
NSF. The University of South Carolina is providing a detector assembly hall for the dura-
tion of the project and has funded $ 60,000 for the initial infrastructural needs. Additional
sources of funding will be sought as appropriate.

Beyond the baseline equipment, the group is also deeply involved in software planning
and development for CLAS12.

1.2 Moscow State University

The Moscow State University Group (MSU) is actively involved in development of CLAS12
base equipment needed for proposed experiments.

In particular, the MSU group will participate in development of the simulation (GEANT4)
and reconstruction software and trigger and data acquisition. The MSU group takes respon-
sibility for the maintenance and development of the special Data Base needed for N* studies
in coupled channel analysis. This Project will be developed jointly with Hall B and EBAC.
MSU personnel will also participate in the development of the pre-shower calorimeter, the
HTTC and drift chambers under supervision of Hall B staff. At least 4 staff scientist and 5
PhD and/or graduate students will be involved in base equipment development.

1.3 Rensselaer Polytechnic Institute

The RPI group is actively involved in this proposal using CLAS12 base equipment. Paul
Stoler is a member of the CLAS12 Steering Committee. Among the CLAS12 baseline equip-
ment, our group has involved in the design, prototyping, construction and testing of the high
threshold and modification of the low threshold Cerenkov detector. Currently, Paul Stoler
is serving as a coordinator for the collaboration of groups involved in the effort. Valery
Kubarovsky is designing and building the apparatus for testing the prototype components.
Two undergraduates Jason Sanchez and Stephanie Tomasulo, are spending the summer at
JLab working respectively on prototype mirror fabrication and computer aided optics design
and simulation. The group will continue to be fully involved as needed. The group is cur-
rently funded by NSF and RPI. Additional sources of funding will be sought as appropriate.
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1.4 University of Connecticut

The University of Connecticut (UConn) group is actively involved in this proposal using
CLASI12 baseline equipment.

Among the CLAS 12 baseline equipment, our group has taken responsibility for the de-
sign, prototyping, construction and testing of the high threshold Cerenkov counter (HTCC).
One faculty member, one post-doc, four graduate students are already or will be working
at least part time on this project in the next few years. The University of Connecticut
Research Foundation (UCRF) already funded $32,000 for the equipment purchase for the
HTCC prototyping project. The University is also providing funding for a half postdoctoral
support and a half graduate student support for the next two years for the our group’s JLab
research activities. The group is currently funded by the U.S Department of Energy (DOE).
Additional sources of funding will be sought as appropriate.

Beyond the baseline equipment, the group is also deeply involved in software planning
and development for CLAS12. The group was recently awarded a DOE SBIR/STTR Phase
I grant with a software company, CyberConnect EZ to develop a software framework to
archive a large scale nuclear physics experiment data base

1.5 Idaho State University

We just joined SURA. Hooray. More text soon. ISU is responsible for stringing and testing
the Region 1 Drift Chambers for CLAS12.

1.6 The George Washington University — Center for Nuclear Studies
— Data Analysis Center

The GW Data Analysis Center is actively involved in extensive research program on theo-
retical interpretation of the results from the proposed experiment. In particular, the GW
group will provide an extended analysis of the pi-N, N-N, Gamma-N, and Gamma*-N by
the time of 12 GeV Upgrade. The Gamma*-N contribution is essential for the GPD cal-
culations of Ruhr University, Bochum with whom GW is colaborating. Experimentally, we
plan to submit a supplemental proposal to DOE to work with South Carolina (Ralf Gothe)
in the development of a needed calibration system for the TOF-12 detector. (Briscoe and
Strakovsky)

1.7 Theory
PLEASE PROVIDE INPUT



2 Introduction

Nucleons and baryons in general, have played an important role in the development of our
understanding of the strong interaction. The concept of quarks was first made manifest
through the study of baryon spectroscopy, which led to the development of constituent
quark models [1, 2] (CQMs) in the 1970’s. As a result of intense experimental and theoret-
ical effort, especially in recent years, it has become clear that the structure of the nucleon
and its excited states (/N*) is much more complex than what can be described in terms
of constituent quarks. The structure of low-lying baryon states, as revealed by electro-
magnetic probes at low momentum transfer, can be understood reasonably well by adding
meson-baryon effects phenomenologically to the predictions from constituent quark mod-
els [3-7]. However, a fundamental understanding of the properties of the nucleon and its
excited states at short distances, which are accessible using probes with sufficiently high
momentum transfer, demands the full machinery of Quantum Chromodynamics (QCD). In
recent years, there has been tremendous progress in this direction. Constituent quark models
have been greatly refined by using fully relativistic treatments [4, 5, 7] and by including sea
quark components [8]. Hyper centric CQM with improved treatment of constituent quark
interactions [6] emerges. A covariant model based on the Dyson-Schwinger equations [9]
(DSE) of QCD is now emerging as a well-tested and well-constrained tool to interpret baryon
data directly in terms of current quarks and gluons. This approach also provides a link be-
tween the phenomenology of dressed current quarks and Lattice QCD (LQCD). Relations
between baryon form factors and the Generalized Parton Distributions (GPDs) have also
been formulated [10, 11] that connect these two different approaches to describing baryon
structure. On a fundamental level, Lattice QCD is progressing rapidly in making contact
with the baryon data. The USQCD Collaboration, involving JLab’s LQCD group, has been
formed to perform calculations for predicting the baryon spectrum and N-N* transition form
factors.

On the experimental side, extensive data on electromagnetic meson production have
been obtained at JLab, MIT-Bates, LEGS, MAMI, ELSA, and GRAAL in the past decade.
The analyses of these data and the data expected in the next few years before the start of
experiments with the JLab 12-GeV upgrade, will resolve some long-standing problems in
baryon spectroscopy and will provide new information on the structure of N* states. To
enhance this effort, the Excited Baryon Analysis Center (EBAC) was established in 2006
and is now making rapid progress in this direction. In addition to extracting N* parameters
from the data, an important aim of EBAC is to develop rigorous approaches to interpret the
extracted N* information in terms of what can be predicted by CQMs, DSE, and LQCD.
Significant progress from this experiment-theory joint effort has been made in the past few
years. Here we give three examples.

To confront the challenge presented by the precise data on N-A(1232) transition form
factors, quenched and full LQCD calculations [12] have been performed and are being im-
proved. In the left side of Fig. 1, we show the LQCD results that reproduce the main
features of the empirical values extracted by EBAC using a dynamical approach [13]. On
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Figure 1: Lattice QCD calculations of transition form factors. Left panel: N-A(1232)
transition form factors Gy, Gg, and G¢ vs Q%. Empirical values (solid squares) are extracted
by EBAC from world data within a dynamical model. The LQCD results are from Ref. [12].
Right panel: F;(Q?) and F5(Q?) for the N-P;;(1440) transition. Empirical values are from
the CLAS Collaboration [70, 133] and the LQCD results are from Ref. [14].

the right side of Fig. 1, the most recent LQCD calculations [14] of the F} »(Q?) form factors
of the N-N*(1440) transition are compared with the precise data extracted by the CLAS
Collaboration and other groups. While these LQCD results extracted from calculations with
large pion masses are still very preliminary, rapid progress is expected from the efforts of the
USQCD Collaboration.

Another approach based on LQCD calculations was recently proposed in order to relate
N* electrocoupling parameters to QCD [15, 16]. In this approach, LQCD is used to obtain
several moments of the resonance Distribution Amplitudes (DAs). The N* electrocoupling
parameters are then determined from the DAs within the framework of Light Cone Sum Rules
(LCSR) methods [17]. This technique is applicable at photon virtualities @? > 2.0 GeV2.
Therefore, data from the proposed experiment are needed in order to utilize this approach
for resonance structure analysis. Fig. 2 shows the N-N*(1535) transition amplitudes. These
calculations will be extended to other resonances as part of the commitment by contribu-
tors from the Institut fur Theoretische Physik, the Universitat Regensburg, and DESY in
theoretical support of our proposal.

The last example of recent progress in N* physics is given in Fig. 3. It shows that high
precision N-N* transition form factors and helicity amplitudes are becoming available from
the world-wide effort in analyzing the data from JLab and other facilities. Furthermore,
the CQM has been greatly refined to confront these data by implementing fully relativistic
treatments [4-7] or incorporating sea quark contributions [8]. In Fig. 3, the results of a recent
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Figure 2: Transition N-N*(1535) amplitudes based on LCSR, that utilized preliminary
LQCD results of Distribution Amplitudes [16] in comparison with the data. CLAS data
[70]are shown in red, while preliminary data on (A7, + €S7/,)"/* combination of transition
amplitudes at high Q? are shown in blue.

relativistic CQM calculations are compared with the extracted experimental results for the
transitions N-A(1232), N-N*(1440), and N-N*(1520). We see that they are in reasonably
good agreement with the data at high Q?, but deviate from the empirical values significantly
at low Q2. In the same figure, we also show the contributions from meson-baryon dressing
of resonance electromagnetic vertices to transition amplitudes and resonance form factors
predicted by the dynamical model [13, 18-20] developed at EBAC. For the N-A(1232) case,
it has been shown [13, 21, 22] that the data can be reproduced reasonably well by including
the meson-baryon dressing contributions to the predictions of the CQM. For the N-N*(1440)
and N-N*(1520) transitions, it remains to be seen whether this will be the case in a complete
coupled-channels analysis of the world data on 7N, v*N — 7N, 7w N,nN, KY,wN reactions
that is currently being performed at EBAC. However, the results in Fig. 3 clearly demonstrate
substantial meson-baryon contributions at photon virtualities covered by the 6.0 GeV N*
program with CLAS.

The results from the analysis of the already available data and those that will be obtained
in the next few years at JLab, will provide the foundation of N* information at Q? 5 GeV?.
At these distance scales resonance structure is determined by both meson baryon dressing
and dressed quark contributions. Here we propose to perform experiments that extend
this information into the @? > 5.0 GeV? regime, and to determine the Q?-evolution of the
corresponding electrocoupling parameters for N* states with masses less than 2 GeV using
exclusive channels: ep — epn®, ep — epn, ep — enm™, and ep — epnT7~. All channels will
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Figure 3: The N-N* transition form factors and helicity amplitudes. Left panel: Magnetic
form factor for the N-A(1232) transition normalized to the dipole form factor. Center
panel: Transition helicity amplitude A;/, for N-N*(1440). Right panel: Transition helicity
amplitude A/, for N-N*(1520). The results from CLAS/world experimental data analyses
are shown by the data points [70, 110-112, 133]. The red and blue symbols are the results
from analyses of 17 and 27 exclusive channels, respectively. The curves are from CQM
calculations (dotted) and from meson-baryon dressing contributions predicted by EBAC
(dashed).

be measured simultaneously with the CLLAS12 detector, and an extensive database for N*
studies will be created from the proposed measurements.

The first objective is to map out the quark structure of N*s from the data of exclusive
meson electroproduction reactions. This is motivated by the results shown in Fig. 3, where
we see that the meson-baryon dressing contribution decreases rapidly with Q% and that
the data can be approximately described in terms of dressed quarks. Thus the data at
Q? > 5 GeV? can be used more directly to probe the quark substructure of N*s. Here we
note that the meson-baryon dressing shown in Fig. 3 are calculated [20] with parameters
that are heavily constrained by fitting a very extensive data set of 7N — n N, 77N reactions
up to an invariant mass of W = 2 GeV and YN — 7N reactions up to W = 1.6 GeV,
which makes the phenomenologically predicted Q*-dependence realistic. The comparison of
the resonance electrocoupling parameters at @2 > 5.0 GeV? to the LQCD results that are
expected by the time of the 12-GeV upgrade [15] will allow us to better understand how
the internal core of dressed quarks emerges from QCD and how the strong interaction is
responsible for the formation of N* states.

The second objective is to investigate the dynamics of dressed quark interactions inside
the nucleon core and to understand how these interactions emerge from QCD. We are mo-
tivated by the recent advance in developing hadron models based on the Dyson-Schwinger
equations of QCD [28-30]. This approach has provided the links between the dressed quark
propagator,dressed quark scattering amplitudes, and the QCD Lagrangian The electromag-
netic form factors of the ground and excited proton states can thus be determined by ap-
plying the Bethe-Salpeter/Faddeev equations [31, 32] to a bound system of three dressed



quarks with properties and binding interactions that are derived from QCD. In this way
the experimental information on the baryon electrocoupling parameters can be related to
the interaction of dressed quarks and eventually to QCD. DSE analyses of N* electrocou-
pling parameters have the potential to open up new opportunities to investigate the origin
of dressed light quark confinement in baryons and the nature of dynamical chiral symmetry
breaking, since both of these phenomena, which dominate the physics of hadrons, are rig-
orously incorporated into DSE approaches. The first studies of nucleon form factors within
the framework of DSE have just been completed [33]. The calculated ratio p,Gg/Gu of
the elastic proton form factors shown in Fig. 4 agrees well with the experimental data at
Q? > 3.0 GeV? where the quark core starts to dominate. The discrepancy at low Q? is due
to the neglect of meson-baryon dressing effect in this DSE calculation. Work is being done
to resolve this problem
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Figure 4: Ratio u,G%,/G4,(Q?) of the proton form factor. The solid curve is calculated from
the covariant model based on the Dyson-Schwinger equation.

The DSE extension for the evaluation of the N-N* transition amplitudes is in progress [15],
and by the time experiments with the 12-GeV upgrade will take data, we expect to have
DSE calculations of transition form factors to several excited proton states. This is a part
of the commitment of the University of Washington and Argonne National Lab in support
of this proposal.

The third objective is to study the Q?-dependence of non-perturbative dynamics of QCD.
This is based on the recent investigation of the momentum (p)-dependence of the dressed
quark mass function M (p) of the quark propagator within LQCD [34] and DSE [28]. These
results are shown in Fig. 5. We see that M (p) approaches a current quark mass of a few MeV
only in the high-momentum region of perturbative QCD. As the momentum p decreases, the
current quark is dressed by gluons and acquires the constituent mass of about 300 MeV, a
value that is typically used as a fixed parameter in constituent quark models. This result
predicted by DSE was confirmed by LQCD. Experimental verification of this momentum
dependence would further advance our understanding of non-perturbative QCD dynamics.



Efforts are currently underway [15] to study the sensitivity of the proposed transition form
factor measurements to different parameterizations of the momentum dependence of the
quark mass. We emphasize here that we are not aiming at examining the transition to
perturbative QCD in the Q? regime considered. Instead, our focus is on the important
question about how baryon structure emerges from confinement and the dynamical chiral
symmetry breaking of QCD.
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Figure 5: Running quark masses. The solid circles with errors bars are from LQCD calcula-

tions with different lattice spacing characterized by the pion mass m. The curves are from
DSE.

Here we also note that the results of running quark masses shown in Fig.5 suggest that
the CQM now has some justifications from QCD. Thus the agreements between the CQM
calculations and the extracted N-N* form factors at high Q? seen in Fig.3 suggest that
CQM can be used in initial phenomenological analysis of resonance electrocouplings from
the proposed experiments. Compared with SDE, their merit is simplicity. While the sys-
tematic connection between CQM and QCD has not been rigorously established, the current
relativistic CQM [4, 5, 7] is the only available analysis tool for the studies of electrocouplings
of majority of N* states. Fully relativistic treatment will be incorporated also in the model
[6] by the time of 12 GeV Upgrade. Exploiting CQM will allow us to pin down the active
degrees of freedom, such as either 3-quark or quark-diquark configurations and the role sea
quarks in resonances [8], as well as the quark interactions at various distance scales [35]. This
is an important phenomenological information for understanding how fundamental QCD in-
teractions between pointlike quarks and gauge gluons evolve to effective interactions and
degrees of freedom utilized by CQM. These studies will also allow us to constraint N* light
cone wave functions (LCWF). Several approaches are being developed with a goal of relating
LCWF to QCD [36].

Finally, we point out that the proposed experiments are closely related to the GPD
program of JLab. The characterization of exclusive reactions at high momentum transfer in
terms of GPDs is a major goal of the CLAS12 upgrade. Experiments already approved as part
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of this program include deeply virtual Compton scattering (DVCS) and deeply virtual meson
production (DVCS). The elastic and N-N* transition form factors are the first moments
of the GPDs, and they uniquely provide important constraints on fully unexplored N-N*
transition GPDs. Therefore information on N-N* transition form factors from proposed
experiment offer a vital contribution to the overall exclusive reaction program.

Figure 6 shows a fit to the N — A form factor G}, which is obtained by GPDs con-
strained from elastic scattering, and the extracted transverse impact parameter distribution
vs. fraction of longitudinal momentum fraction x. The transition form factors of all of the
resonance in this proposal can be directly connected to their respective GPDs, and through
them provide the constraints on the theoretically calculated overlap integrals.
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Figure 6: Left: The red curve represents the form factor G, obtained by using a Regge like
parameterization of the elastic isovector form factor applied to the N — A transition. Right:
The distribution of the transverse impact parameter b, and longitudinal momentum[10].

The proposed experiment provides the needed experimental data on the Q? evolution of
the transition form factors in a still unexplored domain of photon virtualities above 5 GeV?.
For the foreseeable future, CLAS12 is the only facility that will be capable of investigating
the structure of excited nucleon states at distance scales where quark degrees of freedom
are expected to dominate. Analysis of N-N* transition amplitudes for majority of excited
proton states expected from proposed experiment together with comprehensive data on par-
tonic structure of the ground state expected from 12 GeV Upgrade Research Program already
approved by PAC will open up a challenging opportunity to understand how strong interac-
tion of dressed quarks creates nucleon states and how these interactions emerge from QCD.
Proposed experiment offers a unique opportunity to probe the mechanisms responsible for
formation of more than 97 % of hadronic mass in Universe, that is expected to originate
from dynamical dressing of light current quarks by gluons.
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2.1 Connection of Baryon Form Factors and GPDs

Nucleon elastic and transition form factors are the first moments of the GPDs. Their re-
lationship to the GPD program is illustrated in Fig. 7. The relationships between GPDs
and resonance form factors were worked out several years ago [? ? |. Here we consider
their application to transitions involving several of the resonances which are central to this
proposal, ie. the A(1232), P;1(1440) and Si1(1535).

Figure 7: Various reactions which can contribute to the characterization of GPDs

The N — A(1232):

The first practical application of GPDs to resonances were reported in [? | for the
N — A(1232) transition. The current structure of the transition I'y, = G3,(¢*) K} (¢°) +
Gi(*) KL () + GE(¢*) KL, (¢%) leads to the following GPD relation:

e A B 2 02 N

aa(p') {Hu () KM (¢*) + He(0)KL,(¢*) + Ho(q*) KS,(0%) } n*up(p)
with

2G%, (1) = / deHu(t,z,£),  2G%5(t) = / dzHp(t,z,€) and 2G5 (t) = / dzHo(t, 2, €)

Thw N — A transition, is purely purely isovector and in certain approximations H,
can be directly related to the isovector part of the elastic GPD E_4i., which is mostly
isovector. Thus, it was possible to demonstrate that the anomalous falloff G%, with Q? is
directly related to the anomalous falloff of the elastic Pauli form factor F5,. Figure 6 shows
the result of a more recent analysis by ref. [? |, in which the the form of the elastic GPD for
the nucleon was parameterized by a Regge-like prescription, and the isovector part applied
to obtain the A Hy; GPD. Figure 6 shows Hjs vs. z, and b,. This is an example of how
the GPD of one resonance can reveal the structural relationships of the partonic distribution
amplitudes of the ground state with the excited states. These relationships must also map
onto the calculations of the GPDs for elastic scattering and transitions from the nucleon’s
ground state to its excited states. The Fourier transform of the GPD gives the distribution of
the impact parameter [? | in the transverse plane vs. the longitudinal momentum fraction,
le. Hy(by,z):

2(7 o
HM(m,gL) = %ei(h-ﬁ)[—jﬂ/[(_q—i’%o)_

The relationship of the GPD formalism and nucleon excitation is most readily seen in

the J = 1/2 — 1/2 transitions such as the N — P;;(1440) or the S1;(1535).
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The N — Py;(1440): Since the N — P;;(1440) is a 1/2t — 1/2% transition, its current
structure is similar to elastic scattering, i.e.

FPU (g2 FPU(g?)
Ffjn — IT;V) (QQ’YN— /jqu) + QQT(N)ZGW(]"

which immediately leads to a GPD structure and related form factors exactly as in elastic
scattering:

yt=y,=0

o [y TV P ()] 6 (~9/2) 3 (3/2) IN )

2 —_—
HPHﬂ(p’) (q VL}wj%lquu)u(p) + EPllﬂ(pl)iO'uV ;L]l\ij;u(p)

qupll(t) = /qugll(x7§7t)dx F2qP11(t) = /Elqall(x7§7t)dx

The N — S;71(1535): The S11(1535) has J™ = 1/2~ and is the chiral negative parity partner
of the nucleon. The current structure has an extra s and is

FSll(q2) FSll(qQ)
S11 __ 1 2 2 .
F“ = MZQV (C] Yu— /qqu) Y5 + 2 My 1045

which leads to

yT=5.=0

% / dy~ TV (Su ()] D (—y/2) v (y/2) [N (p))

2
_ q — M9 _ - av Puqy
HSllu(p/)( 7;;\/[2/4 “)75u(p)—|—ESHu(p')20“ 752;\‘/[ u(p)
N N

with
Fis, () = [ HE, (0.6, 0)ds Fs, (t) = [ BE, (@€ t)da

Similar expressions for other large resonances with higher spin, such as D;3(1520) and
F15(1680), involve more Dirac structure elements than spin 1/2 states, but can equally be
constructed.

2.2 The Q? Evolution of N* Structure

Comprehensive data on the evolution of N* electrocouplings with @? will provide a host
of possibilities to examine the internal structure of the nucleon. For example, it will allow
us to access the structure of excited nucleon states in terms of the contributing 3-quark
configurations at various distance scales. It is well known that the N* electrocouplings can
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be related to transition matrix elements between the ground nucleon state and the 3-quark
configurations, contributing to N* wave function as:

A1p3/2 = Za?* < 3q | T | gs. >, (1)

where o represent relative contributions from various 3-quark configurations. ¥ mixing
coefficients may be fitted to the data on N* electrocouplings in a case, if the values of
transition matrix elements in Eq.(1) are available.

Analysis of CLAS data on single and double pion electroproduction showed, that with
transition matrix elements estimated within the Single Quark Transition Model (SQTM)
approach [? |, a reasonable fit of the N* electrocouplings can be achieved. In Fig. 15 we
compare the CLAS data on N* electrocouplings obtained from the analysis of 27 electro-
production [? | with the SQTM fit, shown by the area between the red lines.This example
illustrates the capability to access the structure of excited states in terms of the underlying
3q configurations.

The contributions from various 3q configurations are determined by the dynamics of the
interactions, which also causes their mixing. Information on mixing coefficients will allow
us to establish the relative importance of the one-gluon-exchange (OGE) contribution, and
the one-pion-exchange (OPE) contribution [? | at various distances. From this we can
establish how mechanisms responsible for quark configuration mixing evolve from the soft
regime, which may be affected considerably by OPE, to the partonic regime with gradually
increasing OGE contributions.

The proposed approach to access N* structure is rather flexible and does not rely upon
SQTM assumptions. The transition matrix elements in Eq.(1) may be evaluated, using
transition operator and contributing 3q configurations taken from any quark model. But
the mixing coefficients will be treated as free parameters and fitted to the measured N*
electrocouplings. If a reasonable data description is achieved, the mixing coefficients will
give us information on the internal N* structure. Free variation of mixing coefficients make
our approach different from any quark model, where mixing coefficients are fixed, based on
assumptions in the specific Hamiltonian used in the model. Instead, our approach represent
a phenomenological way to access N* structure from the analysis of the N* electrocouplings,
and is not restricted by any particular assumption on the Hamiltonian. The information on
N* structure derived in phenomenological analysis may be used as input to determine the
underlying Hamiltonian. In particular, it will be most interesting to try to obtain access to
the confinement potential. Since the transition matrix elements in Eq.(1) are determined by
parameters of the confinement potential, we may fit them simultaneously with the mixing
coefficients to the N* electrocouplings. The information obtained from these fits may be
directly confronted with lattice predictions for the confinement potential. In this way we
may check fundamental QCD expectations on the binding mechanisms that is responsible
for the formation of baryons.

To provide access to the N* Hamiltonian, comprehensive data on N* electrocouplings in
a wide Q? range covered by CLASI12 are needed.
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2.3 Expected data base and analysis approaches

This proposal is aims to measure the evolution of the transition form factors to the excited
nucleon quantum states over a range of Q? from 4.0 to 14 GeV?. We expect that there will
be a contemporaneous evolution in the theoretical tools for describing the evolution from
the long range to the short range structure of these nucleon quantum states.

We propose to determine Q?-evolution of electrocouplings for N* states with masses less
than 3 GeV, including possible new baryon states, from the analysis of two major exclusive
channels: ep — epr®, ep — enn™, and ep — epn 7~ (ep — epn will be measured as well).
All channels will be measured simultaneously with CLASI2. An extensive data base for N*
studies will be created from the proposed measurements.

For the 7™n and 7% channels the following observables will be measured in each W and
@? bin:

e complete azimuthal and polar angular distributions for 7+, 7°

e polarized beam asymmetries A,

Data on m~7p production for each W and @? bin will consist of:
e 7 7', mtp, # p invariant mass distributions
e 71 7, p cm-angular distributions

e 3 distributions over angles between two planes, composed by two pairs of 3-momenta
of the final hadron for 3 various choices of hadron pairs

Overall 18 observables in each bin will be available to evaluate the N* electrocouplings in a
combined analysis of single and double pion production.

In the first stage, the N* electrocouplings will be extracted in fits to the 17 and 27 chan-
nels combined, but neglecting their mutual couplings. Phenomenological approaches have
been developed for that purpose [? ? ]. These two approaches will be applied separately for
the two channels, however all data will be fitted with a common set of N* electrocouplings.
Successful fit of all observables in two major exclusive channels will provide initial informa-
tion on N* electrocouplings. A final evaluation of N* electrocouplings will be carried out
within the framework of the most advanced coupled channel approach, which is now under
development within the Excited Baryon Analysis Center (EBAC) at the JLab Theory Cen-
ter. This approach is discussed in detail in Sect. 4.2-4.5. From such a procedure we expect
reliable results on N* electrocouplings. Moreover, the result of this analysis will have strong
impact on N* studies in all other exclusive channels. Single and double pion production,
being major contributors, should affect considerably all other exclusive reactions through
channel couplings.

The next three sections describe in more detail the basic motivation for for studying the
properties of baryon resonances over a large range of Q%. Section 2 deals with single meson
electroproduction, which historically has been the subject of most in-depth work. Section 3
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then discusses two meson electroproduction, and its potential for augmenting single meson
production as an equal partner in the expanded experimental program. Section 4 then
explores the most vital question of what we will do with this plethera of data forthcoming
from the experimental program. That is, how we will put it all together in a coupled channel
approach to extract the photo-couplings for the individual N* resonances.
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3 N7* studies in meson electroproduction with CLAS

The comprehensive experimental data set obtained with the CLAS detector on single pseu-
doscalar meson electroproduction, e.g. pr®, nw™, pn, and KA [37-51] and double charged
pion electroproduction [106, 108, 109] opens up new opportunities for studies of the N-N*
transition helicity amplitudes (i.e. the N* electrocoupling parameters) [110-112]. The CLAS
data for the first time provides information on a large amount of observables in these ex-
clusive channels, including fully integrated cross sections and a variety of 1-fold differential
cross sections complemented by single and double polarization asymmetries in a wide area
of photon virtualities from 0.2 to 4.5 (GeV/c)?. This comprehensive information makes it
possible to utilize well established constraints from dispersion relations and to develop phe-
nomenological approaches for the Q? evaluation of the N* electrocoupling parameters by
fitting them to all available observables in a combined approach. Several phenomenological
analyses of the experimental data that have already been carried out within the CLAS Col-
laboration [66, 69, 70, 132-134] have allowed us to determine transition helicity amplitudes
and or the correspond transition form factors for a variety of low lying states: Ps3(1232),
Py1(1440), D13(1520), S;11(1535) at photon virtualities from 0.2 to 4.5 (GeV/c)?. Typical
examples for resonance electrocoupling parameters are shown in Figures 14, 15, and 17. The
analysis of our 27 data allowed us for the first time to map out the Q? evolution of electro-
coupling parameters for resonances with masses above 1.6 GeV/c? that preferably decay by
27 emission: S31(1620), D33(1700) and Py3(1720) [130]. In this analysis we observed a signal
from a 3/2%(1720) candidate state whose quantum numbers and hadronic decays parameters
are determined from the fit to the measured data [106].

Nucleon resonances contribute to the electroproduction of mesons in the s-channel pro-
cesses shown in Figure 8. There are up to three transition helicity amplitudes A, /Q(QQ),
As/2(Q?), and S1/5(Q?), that fully describe excitation of a resonance by virtual photons.
Resonance excitations may be also described in terms of F;(Q?), Fy (Q?) or G%(Q?), G%,(Q?)
transition form factors (for states with spin> 1/2 we also have third form factor in both rep-
resentations), that are very often used in the electromagnetic N — N* transition current.
They play a similar role as the elastic form factors. The descriptions of resonance excita-
tions by transition form factors or transition helicity amplitudes are equivalent and can be
uniquely expressed by each other [49]. They can be determined either by fitting resonances
within the framework of a Breit-Wigner ansatz [117] or by applying various multi-channel
resonance parameterizations [113].

In order to determine the N* helicity amplitudes a reliable separation of resonant and non-
resonant parts contributing to the meson electroproduction amplitudes is needed. This is one
of the most challenging problems for the extraction of N-N* electrocoupling parameters. The
amplitudes of effective meson-baryon interactions in exclusive electroproduction reactions
cannot be expanded over a small parameter over the entire resonance region. It is impossible
to select contributing diagrams through a perturbative expansion. So far, no approach
has been developed that is based on a fundamental theory and that would allow either
a description of an effective meson-baryon Lagrangian or a selection of the contributing
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Figure 8: Resonant amplitudes in meson electroproduction. Six amplitudes, corresponding
to various helicities of the initial photon-proton state, fully describe the N* electroexcitation.
Parity conservation reduces the number of independent amplitudes to three: two transverse
Aj/s (non-spin-flip) and As, (spin flip), and one longitudinal S;5.. Corresponding transition
form factors are then given by unique linear combinations of these helicity amplitudes.

meson-baryon mechanisms from first principles. We therefore have to rely on fits to the
comprehensive experimental data of various meson electroproduction channels from CLAS
to develop reaction models that contain the relevant mechanisms. Therefore the isolation of
the resonant contributions can only be carried out at phenomenological level. This approach
allows us to determine all the essential contributing mechanisms in terms of relevant meson-
baryon isobar channels and hadronic final states that are created without the formation of
unstable hadrons in the intermediate states, the so-called direct production mechanisms.

As illustrated in Figure 8, nucleon resonances have various decay modes and hence mani-
fest themselves in different meson electroproduction channels. Contributions of non-resonant
amplitudes are substantially different in the different meson electroproduction channels
[58, 112]. On the other hand, the N* electrocoupling parameters are independent of the
specific meson electroproduction channel. They are fully determined by the photon-proton-
N* vertices and independent from the hadronic decay of the resonance. The successful
description of a large body of observables in various exclusive channels with a common set
of N* electrocoupling parameters offer compelling evidence for the reliable evaluation of N-
N* helicity amplitudes. Eventually this analysis will be carried out in a complete coupled
channel approach which is currently developed at EBAC [60-62].

As shown in Figure 9, single (17) and double charged (27) pion electroproduction are
the two dominating exclusive channels in the resonance region. The 17 exclusive channel is
mostly sensitive to N*’s with masses lower than 1.65 GeV/c?>. Many resonance of heavier
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Figure 9: The right panel shows CLAS meson electroproduction yields in various exclusive
final state channels at photon virtualities Q% < 4.0 (GeV/c)?, and the left panel shows cross
section data of the dominant exclusive reaction channels in 7N scattering [58].

masses preferably decay by two pion emission. Thus the 27 exclusive channel offers better
opportunities to study the electrocoupling parameters of these high-lying states. The final
states in 17 and 27 channels have considerable hadronic interactions, as demonstrated in
Figure 9 (left panel), where the cross section for the 7N — 77N reaction is the second
largest of all of the exclusive channels for 7N interactions. Therefore, for N* studies both
in single and double pion electroproduction, information on the mechanisms contributing
to each of these channels is needed in order to take properly into account the impact from
coupled-channel effects on the exclusive channel cross sections. The knowledge of single
and double pion electroproduction mechanisms becomes even more important for N* studies
in channels with smaller cross sections such as pnp or KA and K production, as they
can be significantly affected in leading order by coupled-channel effects produced by their
hadronic interactions with the dominant single and double pion electroproduction channels.
Comprehensive studies of the single and double pion electroproduction, as proposed here,
are of key importance for the entire baryon resonance research program.
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4 Analysis approaches for the single meson electropro-
duction data

Over the past 40 years, our knowledge of electromagnetic excitations of nucleon resonances
was mainly based on the single-pion photo- and electroproduction. These reactions have been
the subject of extensive theoretical studies based on dispersion relations and isobar models.
The dispersion relation (DR) approach has been developed on the basis of the classical
works [63, 64] and played an extremely important role in the extraction of the resonance
contributions from experimental data. The importance of using of this approach is connected
to its strict constraints on the real part of the reaction amplitudes that contain the most
significant part of the non-resonant contributions. Starting in the late 90s, another approach,
the Unitary Isobar Model [65] (also known as MAID), became widely used for the description
of single-pion photo- and electroproduction data. Later this approach has been modified
[66] by the incorporation of Regge poles. This extension of the isobar model enables a good
description of all photo-production multipole amplitudes with angular momenta [ < 3 up to
an invariant mass W = 2 GeV using a unified Breit-Wigner parametrization of the resonance
contributions in the form as proposed by Walker [67]. Dispersion relations and this Unitary
Isobar Model (UIM) [66] have been successfully used for the analysis [68-70] of the CLAS [71-
76] and the world data to extract cross sections and longitudinally polarized electron beam
asymmetries for the reactions p(€,e'p)m° and p(€,e'n)r™ in the first and second resonance
region. The quality of these results is best characterized by the following x? values: x? < 1.6
at Q% = 0.4 and 0.65 (GeV/c)? and x? < 2.1 at 1.72 < Q? < 4.16 (GeV/c)% In the analyses
[68-70], the @* evolution of the electrocoupling amplitudes for the lower-lying resonances
with W < 1.6 GeV have been established for @%s up to 4.5 (GeV/c)?. The comparison of
two conceptually different approaches, DR and UIM, allows to draw the conclusion that the
model dependence of the obtained results is relatively small.

The background in both approaches, DR and UIM, contains Born terms corresponding to
s- and u-channel nucleon exchanges and the ¢-channel pion contribution, and thus depends
on the proton, neutron, and pion form factors. The background of the UIM contains also the
p and w t-channel exchanges, and thus contributions of the form factors G(.)—ry (@Q?). The
proton magnetic and electric form factors as well as the neutron magnetic form factor are
known from the existing experimental data, for Q%s up to 32, 6, and 10 (GeV/c)?, respectively
[77—87]. This information on the proton and neutron elastic form factors combined with the
parametrization of the proton electric form factor from polarization experiments [88] can be
readily used for the analysis of the pion electroproduction data up to quite large values of
Q?. The neutron electric form factor, G, (Q?), is measured up to Q? = 1.45 (GeV/c)? [89].
and Ref. A parametrization of all existing data on G, (Q?) [89] can be used to extrapolate
GE, (Q?) to higher four momentum transfers. The pion form factor G, (Q?) has been studied
for Q? values from 0.4 to 9.8 (GeV/c)? at CEA/Cornell [90, 91] and more recently at JLab
[92, 93]. All these measurements show that the Q* dependence of G, (Q?) can be described by

. 2 2 .
a simple monopole form 1/(1—’_0-46(C?W) [90, 91] or 1/(1+0_54(3W) [92, 93], respectively.
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There are no measurements on the G-\ (Q?) form factors. However, investigations,
one based on QCD sum rules [94] and another one on a quark model [95], predict that
the @Q? dependence of these form factors follows closely the dipole form. Therefore our
corresponding background estimations proceed from the assumption that Gp(w)ﬁm(QQ) ~

Q2
1/(1 + 0.71(GeV/c)? )2'
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Figure 10: The M;  multipole amplitude for the reactions v*p — pr® (left) and na™ (right)
at Q? =0, 3, and 6 (GeV/c)?. Black curves are the total amplitudes, red curves represent
the background; each separated into imaginary (real) part and represented by solid (dashed)
curves.

Figure 10 shows the M;_ multipole amplitudes for the reactions v*p — pr nat at
Q?> =0, 3, and 6 (GeV/c)?. The results for Q> = 0 and 3 (GeV/c)? correspond to our
analyses [69, 70], and the results for 6 (GeV/c)? are based on our extrapolation of the
Py1(1440) resonance contribution determined at Q* = 1.72 — 4.16 (GeV/c)? in the analysis
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[70] of CLAS v*p — nz* data [76]. Whereas the background for Q? = 6 (GeV/c)? is
based on the information of the form factors listed above. All the uncertainties in the form
factors are taken into account, including a 50% uncertainty for Gyw)—ry (Q?). All these
uncertainties practically do not affect M;_ multipole amplitudes and have a very small
influence on the background of Ey,. From the results presented in Fig. 10, we can draw the
interesting and encouraging conclusion that with increasing )* the resonance contributions
more visible and stronger in comparison to the background. This behavior of the relative
resonances-to-background contributions is connected to the fact that the Q? dependence of
the background is mainly determined by the proton form factors, which fall as (or stronger
than) the dipole form factor, whereas most of resonance amplitudes in the second and third
resonance regions seem to fall as 1/Q® driven by the helicity conserving amplitude A; /2. The
proposed measurement in the Q? region from 5.0 to 10 (GeV/c)? offers therefore a unique and
new opportunity to distinguish resonance and background contributions and to investigate
the Q% evolution of the N* electrocoupling amplitudes.

5 Isobar model approach for the 27 electroproduction
analysis

A comprehensive data set on 27 single-differential fully-integrated electroproduction cross
sections measured with CLAS has enabled us to establish the presence and strengths of the
essential pr 7~ electroproduction mechanisms. This was achieved within the framework of a
phenomenological model that has been developed and refined over the past few years by the
Jefferson Laboratory - Moscow State University collaboration (JM) [126-134] for analysis of
21 photo- and electroproduction. In this approach the resonant part of the amplitudes is
isolated and the Q? evolution of the individual electrocoupling parameters of the contributing
nucleon resonances are determined from a simultaneous fit to all measured observables.
The mechanisms of 27 electroproduction incorporated into the JM model are illustrated
in Figure 11. The full amplitudes are described by superposition of the 7= AT+, 7T A% pp,
7+t DY%(1520), 7T FX(1685), and 7~ P35*(1600) isobar channels and the direct 27 production
mechanisms, where the 7 7~ p final state is directly created without the formation of unstable
hadrons in the intermediate states. Nucleon resonances contribute to the baryon (e.g. 7A)
and meson (pp) isobar channels. The respective resonant amplitudes are evaluated in a
Breit-Wigner ansatz, as described in [126]. We included all well established resonance states
with hadronic decays into 2 7 and an additional 3/27(1720) candidate state. Evidence for
this candidate state was found in the analysis of the CLAS 27 electroproduction data [106].
The 7A isobar channels are strongest contributors to the 27 electroproduction up to an
invariant mass of W ~ 2.0 GeV. They have been clearly identified in the 7*p and 7 p single-
differential mass distribution cross sections. The non-resonant 7A amplitudes are calculated
from the well established Reggeized Born terms [117, 126, 134]. The initial and final state
interactions are described by an effective absorptive-approximation [126]. An additional
contact term has been introduced in [130, 132, 134] to account phenomenologically for all

21



y (10, T, 1T)

Tt (TC, 1T, 1)
Baryon isobar channels P
s
Y g
T
+ +
b P

Meson isobar channels
2 direct production

Figure 11: The mechanisms of the JM model.

remaining possible production mechanisms through the 7A intermediate state channels, as
well as for remaining F'SI effects. The parametrization for these amplitudes can be found in
[134].

The pp isobar channel becomes visible in the data at W > 1.65Gel with significant
resonant contributions for W < 2.0 GeV. Here the non-resonant amplitudes are estimated
by a diffractive ansatz, that has been modified in order to reproduce experimental data in
the near and sub-threshold regions [131].

The contributions from 7+ D%(1520), 7+ F%(1685), m~ P;57(1685) isobar channels are
seen in 77p and 7 p mass distributions at W > 1.65 GeV. The 77 D;(1520) amplitudes
are derived from the Born terms of the 7A isobar channels by implementing an additional
vs-matrix that accounts for the opposite parity of the A with respect to the D;3(1520). The
amplitudes of 77 F%(1685) and 7 P35*(1685) isobar channels are parametrized as Lorentz
invariant contractions of the initial and final particle spin-tensors and with effective propa-
gators for the intermediate state particles. The magnitudes of all these amplitudes are fitted
to the data.

All isobar channels combined account for more than 70% of the charged double pion
production cross section in the nucleon excitation region. The remaining part of cross sections
stems from the direct 27 production processes, which are needed to describe backward
strength in the 7~ angular distributions and constrained by the 7+ and proton angular
distributions, see Figure 12. The strengths of the direct 27 production mechanisms, shown
in bottom row of Figure 11, have been fitted to the CLAS data [106, 108, 109] and can be
found in [134].
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Figure 12: Description of the CLAS charged double pion differential cross sections at W =
1.51 GeV and Q* = 0.425 (GeV/c)? within the framework of the JM model. Full calculations
are shown by the solid lines. Contributions from 7~ A+ and 7+ A% isobar channels are shown
by the dashed and dotted lines, respectively, and contributions from the direct charged double
pion production processes are shown by the dot-dashed lines.
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Within the framework of the JM approach we achieved a good description of the CLAS
27 data over the entire kinematic range covered by the measurements. As a typical exam-
ple, the model description of the nine single-differential cross sections at W = 1.51 GeV
and Q? = 0.425(GeV/c)? are presented in Figure 12 and compared to the contributing
mechanisms. Each mechanism has very different qualitative shapes of their cross section
contributions in various observables, that are highly correlated by the reaction dynamics.
This is the reason why the successful simultaneous description of the nine single-differential
cross sections enables us to identify the most essential contributing processes and to access
their dynamics at the phenomenological level. On one hand, the extension of this approach to
higher Q*10(GeV/c)? will allow us to determine the dynamics of new and still unknown mech-
anisms, and on the other hand, the amplitudes of various non-resonant mechanisms derived
from the JM data fit are a valuable input for N* studies based on the global multi-channel
analysis in a full coupled-channel approach that is currently developed by EBAC [60-62].

The separation of resonant and non-resonant contributions based on the JM model pa-
rameters, that have been adjusted to the experimental data, are shown in Figure 13. The
differential cross sections underline again the sensitivity of the experimental data to the res-
onant amplitudes. The resonant part increases relatively to the non-resonant part with W
and Q?. At W > 1.65GeV it becomes a largest contribution over a wide range of 7, 7™
and proton emission angles. Resonant and non-resonant parts have qualitatively different
shapes in all observables, allowing us to isolate the resonant contributions and to extract the
N* electrocoupling amplitudes.

An important feature of JM is the capability to pin down the contributing mechanisms
from the fit to the experimental data. Therefore, we are planning to use the JM05 model
as the general framework for the analysis of the 27 electroproduction data from CLAS12
with the goal to determine the Q?-evolution of N* electrocoupling parameters. The key
requirement for the proposed experiment is the capability to obtain the full set of nine
single-differential 7~ 7tp final state cross-sections as described and shown above.

6 N* electrocoupling results from single and double
meson electroproduction

The CLAS data has enabled us for the first time to determine the P;;(1440), Si1(1535),
and D13(1520) electrocoupling amplitudes over a wide range of photon virtualities by ana-
lyzing the two major exclusive channels: 17 and 27 electroproduction. These analyses of
the CLAS data have been carried out within the framework of the approaches (DR, UIM,
JM) described. The electrocoupling amplitudes of the P;1(1440) and D;3(1520) states as
extracted from 17 and 27 data are shown in Figures 14 and 15. The agreement of the results
obtained from the analyses of 1m and 27 channels is both convincing and promising, since
the 17 and 27 meson electroproduction channels have completely different non-resonant am-
plitudes. The successful description of the large body of CLAS and world data on 17 and
27 electroproduction with almost the same values for the P;;(1440) and D;3(1520) elec-
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Figure 13: Resonant (red lines) and non-resonant (green lines) contributions to the charged
double pion differential cross sections at W = 1.71 GeV and @Q* = 0.65 (GeV/c)?. The full
JM calculation is shown by black lines, whereas the solid and dashed lines correspond to two
different sets of A2, A3/, electrocoupling amplitudes for 3/2%(1720) candidate state.
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Figure 14: Helicity amplitudes of the P;;(1440) electro-excitation of the proton in units of
1073GeV /2. CLAS analysis results of the CLAS 17 production data are represented by
the red circles and squares, while the open squares are for a combined CLAS analysis of the
17 and 27 channel. Preliminary results of the CLAS 27 data at low Q? are shown by blue
open squares.

trocoupling amplitudes, represents compelling evidence for the capability of the described
approaches that are utilized by the CLAS Collaboration to provide a reasonable evaluation
of the resonance parameters.

The analysis of available CLAS data reveals evidence for substantial modifications of reso-
nance excitation mechanisms at Q?3.0(GeV/c)?. Figure 16 shows the A/, N to N* transition
amplitudes for several low-lying excited states that are scaled by Q®. At Q?3.0(GeV/c)? the
scaled Q%A s2 amplitude is consistent with a constant behavior for all shown resonances.
This is an experimental indication for a transition into a region where the photon interacts
primarily with the quark fields in these resonance excitation processes.

Figure 17 shows the electrocoupling amplitudes of two high-lying resonances, D33(1700)
and P;3(1720) that are extracted from CLAS 27 data within the framework of the JM model
and from analysis of the 17 world data available before experiments with CLAS. These two
resonances have strong hadronic decays into the 27 channel. The 17 electroproduction chan-
nels have not enough sensitivity to these states, which explains the large uncertainties of the
world data on D33(1700) and Py3(1720) helicity amplitudes. Studies of the 27 electropro-
duction data from CLAS have enabled us for the first time to map out their Q?-evolution
with significantly higher precision. The 27 electroproduction channel hence offers a very
promising alternative to study higher-lying resonances (W > 1.65GeV’). The majority of
these states decay dominantly by 27 emission. The combined analysis of 17 and 27 elec-
troproduction opens an excellent opportunity to access electrocoupling amplitudes of the
excited proton states with even higher precision. The shown results obtained from 17 and
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27 CLAS data analyses represent reasonable, initial estimates of the Q? evolution of the N*
electrocoupling amplitudes. This information will be checked and improved in by a global
and complete coupled-channel analysis that incorporates a broader base of non-resonant am-
plitudes extracted from the CLAS data by the phenomenological models described above.
This program forges important joint effort between Hall B and EBAC at Jefferson Lab.
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Figure 15: Helicity amplitudes of the D;3(1520) electro-excitation of the proton in units of
10~3GeV /2. CLAS analysis results of the CLAS 17 production data are represented by the
red circles and squares, while the open squares are for a combined CLAS analysis of the 17
and 27 channel. Preliminary results of the CLAS 27 data at low Q? are shown by blue open
squares, World data results of 17 electroproduction, available before CLAS, are represented
by black open circles.
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with a flat behavior.
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Figure 17: Helicity amplitudes for the electro-excitation of Ds33(1700) and P;3(1720) on
proton in units of 1073GeV ~'/2. Results from the CLAS 27 production data analysis are
shown as filled squares and triangles represent the combined analysis results of 17 and 27
channel [69]. World results from the 17 data analysis are shown as open circles.
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7 Double-Charged Pion Electroproduction Experiment

7.1 Experimental studies of 27 photo- electro-production in N*
excitation region

The available data on 27 production by real and virtual photons have already provided a
considerable amount of information for the evaluation of N* electrocoupling amplitudes at
photon virtualities Q? below 1.5 GeV2. They consist of old bubble chamber measurements
[147] at the photon point and recent real photon data collected at ELSA, GRAAL, and
MAMI [138-141, 143-146]. The most detailed charged 27 electroproduction data have been
obtained with the CLAS detector [106, 108, 109]. These data cover a kinematic range in
W from 1.3 GeV to 1.9 GeV and for photon virtualities Q2 from 0.2 GeV? to 1.5 GeV?2.
Fully integrated 27 electro-production cross section data measured with CLAS are shown
on Figure 19.
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Figure 18: Angular variables used in the analysis of the 27 production CLAS data.

The description of the 7~7"p final states requires five kinematic variables, which may
be chosen to be two invariant masses of the final hadrons, the solid angle describing the
momentum of one of the hadrons, and the angle between two planes. The three-momenta
of two pairs of the final hadrons are chosen to define these two planes. The choice of the
five variables is not unique. The angular variables used in the CLAS analysis are shown
in Figure 18. In each covered (W,Q?) bin, the following single differential cross-sections
integrated over the 4 other variables are obtained:

e 77T, wTp, ¥~ p mass distributions

+

e 77 m~, p CM-angular distributions

e 3 distributions over the angles between two planes, composed by two pairs of 3-
momenta of the final hadron for 3 possible combinations of hadron pairs, see for
example « in Figure 18.
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Figure 19: Total double charged pion virtual photon cross-sections at Q% < 1.5 GeV? (top)
[106] and at high Q? form 3.0 to 5.0 GeV'? (bottom) [107]. The fit of CLAS data [106] within
the framework of the JM model [128] is shown by solid lines. The dashed lines correspond
to the JMO05 calculation without the 3/2%(1720) candidate state.

A detailed set of measurements of unpolarized observables is available for the first time
from the CLAS detector, that has an acceptance of close to 47. Examples of measured sets
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of nine single-differential CLAS cross sections are shown in Figures 12 and 13. A similar
set of measurements can be expected with CLAS12. It is a considerable advantage for the
analyzing of the 7" 7 p final state data to have all nine single-differential cross sections in
each (W, Q?) bin. The total 7~ 7"p cross sections calculated with the framework of JM05
model [? | is shown in comparison with CLAS data [106, 107] on the left panel of Figure 19,
and preliminary CLAS data at high photon virtualities are shown in the right panel of
Figure 19. Resonance structures are clearly visible in the 27 electroproduction data over the
entire Q? range covered by the CLAS measurements.

7.2 Feasibility of N* studies by 27 electroproduction at high pho-
ton virtualities

Based on the successful extraction of the electrocoupling amplitudes for various excited
proton states from the available CLAS 27 data within the JM model, we propose to extend
this extraction of the Q? evolution of the N* electrocoupling amplitudes photon virtualities
that become accessible with the 11 GeV electron beam, if:

e the collected statistic will be comparable to the one that we have reached with CLAS,
and

e the ratio of resonance over non-resonance contributions will be comparable or better
than in already studied region of Q2.

First we evaluate the resonant to non-resonant contribution ratio at photon virtualities be-
yond those covered by the available CLAS 27 measurements. These calculations have been
carried out within the framework of JM03 version [128? | for Qs from 1.5 to 4.0 GeV?2. For
this extrapolation we used the JM03 version with a 3-body phase space parametrization for
all remaining processes, that was fitted to the CLAS 27 data and extrapolated to higher Q?
by using a second order polynomial for the Q? evolution. These calculations showed that Q2
evolution of non-resonant amplitudes may be well described by power dependence propor-
tional to @™, with n in a range from 3 to 4. The A, /, resonant amplitudes, that are leading
at high Q? evolve proportional to Q~3, as indicated in Figure 16. At photon virtualities
above 1.0 GeV? the ratio of resonant to non-resonant amplitudes remains therefore either
unchanged with @? or increases in our favor. These JM model predictions are consistent
with the observation of resonant structures in fully integrated 27 production cross sections at
the highest Q% currently accessible at JLab, as shown in Figure 19. We thus concluded that
the ratio of resonant over non-resonant contributions at high Q? will at least be not smaller
than the one extracted from the CLAS data at photon virtualities lower than 1.5 GeV?2. The
N* electrocoupling amplitudes at @? from 5.0 to 10.0 GeV? can thus be determined, if the
statistics collected in each (W, Q?) bin and the acceptance coverage by of CLAS12 will be
comparable or better than for CLAS [106],[108, 109].
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7.3 Simulation of 27 electroproduction in CLAS12

We carried out the studies of resolution and acceptance of the CLAS12 detector with a goal to
evaluate our capabilities to obtain double charged pion electroproduction cross sections in the
@Q? range from 5.0 to 10 GeV?2. In simulation we used Genova event generator [148]. For an
electron beam energy of 11 GeV, we simulated 2 pion and 3 pion electroproduction channels.
The CLAS Fast MC package [149] has been used to simulate the CLAS12 response to the
generated events. Generated and accepted events have been studied over the full proposed
kinematic range, W from 1.2 to 3.5 GeV and Q? from 5.0 to 10.0 GeV2. For the accepted
27 events we applied selection procedures and kinematic cuts similar to those already used
in the analysis of available CLAS 27 data.

Fist, we studied the capability to isolate a sample of 27 events within a multi-pion
electroproduction data set. The distribution over M72+px missing mass squared for 2 pion

and 3 pion events are shown on Figure 20, accounting for all momentum smearing expected
for CLAS12.
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Figure 20: Distributions of M7, y for detected 27 (black) and 37 events (red) curves.

Applying a M§+px < 0.07 GeV? cut will ensure a good isolation of 27 events with only
few percents multi-pion contamination. The quality of the multi-pion background rejection
may be further improved, if we restrict the W range to < 2.0GeV, which corresponds to
the major part of conventional N*s. Another way to improve multi-pion rejection is to
exploit the correlation between squared missing masses M2, _ px and missing energies for
the 7~ 7T p final hadronic system. But we need to detected all 3 final hadrons to apply this
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method. The M2, _ px VS. missing energy correlation is shown in Figure 21 for 2 and 3 pion
events. 27 events are accumulated in the spot around zero, whose size is determined by the
mass and energy resolution. 3 pion events accumulate in the vertical strip along the missing
energy direction. The 27 event separation is pretty good, however this technique reduces

the efficiency.
102
10
1

—0.06 -0.04 -0.02 0 0.02 0.04 0.06

0.8

0.6

0.4

0.2

o

0.2

Figure 21: Separation of 27 events from the multi-pion background, using the missing energy
- 37r+7r_ x kinematic correlation, with 27 events in the spot around zero and 3 pion events
in the vertical strip.

We carried out efficiency evaluation for measurements of 27 events with CLAS12. Esti-
mated in MC simulation efficiency for detection of 27 events, when all three final hadrons
are detected is shown on Fig. 22. Efficiency is rather uniform in (Q?& W) plane with average
value 20 %. This value of efficiency was used in evaluation of counting rate.

On Fig. 23 and Fig. 24 we show efficiency for various 77 p final state kinematics
variables. All these efficiencies were averaged over other 4 kinematics variable for 7=7 p
final state. Efficiencies were estimated in W interval from 1.5 to 1.7 GeV and averaged over
photon virtualities from 5.0 to 10.0 GeV?. Top and middle rows on Fig. 23 and Fig. 24 are
generated and accepted events respectively, while efficiencies are shown at the bottom rows.

Efficiencies for various final state hadronic variables are rather flat. So, even simplest
event generators may be used to estimate efficiencies in real data analysis.

Momentum resolution for final hadron are shown on Fig. 25, Fig. 26 and Fig. 27. The
(Prec — Pgen)/Pgen distributions at various particle momenta are shown. Here p,.. and pgen
stand for momenta of reconstructed and generated hadrons respectively. Momentum res-
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Figure 22: Efficiency for detection of 27 events with CLAS12 in the (Q?, W) plane for 77 p
detected

olution ranges within several percents for FWHM and rather independent from particle
momenta.

Using expected final particle momentum smearing for CLAS12, we estimated W-resolution,
averaged over W from 1.3 to 2.0 GeV and Q? from 5.0 to 10 GeV2. Calculations were car-
ried out for two possible ways to determine W from data. First, W may be estimated from
electron scattering kinematics. W resolution achieved in this way is shown on Fig. 28 as
selected 27 event distribution over value (Wyee — Wen)/Wyen. Here Wy and W, stand for
W of reconstructed and generated events respectively.

W resolution at W range from 1.5 to 2.0 GeV is 1.5% o value or 3.3% FWHM. This
resolution improves as W increases. However for W=1.7 GeV 3.3% FWHM corresponds to
almost 60 MeV absolute value for resolution. It is comparable with total hadronic decay
width of N* in this mass range. So we tried to figure out a way to improve W resolution.
We studied another possibility to determine W from four-momenta of the final hadrons.
Absolute value of the final hadron momenta are defined by W. So, at W < 2.0 GeV absolute
value for hadron momenta smearing should me much less, then for scattered electron of 7-10
GeV momenta, corresponded to N* excitation. Therefore, we may expect improvement in
Wh-resolution, if W value would be calculated from the final hadron momenta. W resolution
achieved in this way is shown on Fig. 29 For W from 1,3 to 2.0 GeV we have considerable
improvement. FWHM fall down from 3.3% to 0.6%.

So, we are going to determine W value from three momenta of the final hadrons. In this
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Figure 23: Efficiencies for various mass distributions in 27 production averaged over W from

1.5 to 1.7 GeV and @Q? from 5.0 to 10.0 GeV2. The distributions for generated and accepted
events are shown in the top and middle row, respectively. The estimated efficiencies are
presented in the bottom row.

ﬁ -

case we may adopt size of W-cell 25 MeV. This size of W-cell was used for evaluation of
counting rate, while size over Q? was determined by requirement to collect proper statistic
during experimental run and chosen equal to 0.5 GeV?2.

To estimate counting rate, we need some evaluation for double charged pion cross-sections
at % from 5.0 to 10.0 GeV2. In this kinematics area we unable to use JM model, since
at this high photon virtualities 9 evolution of non-resonant processes may be considerably
different than expected from extrapolation of the non-resonant amplitudes derived from the
data fit at Q? < 1.5GeV?2. So, we accepted another approach for indicative estimates of total
27 cross-sections. As a starting point we used fit of inclusive structure function proposed
in [150]. This fit works pretty good at Q?<10.0 GeV? in N* excitation region. From this
fit we estimated total inclusive virtual photon cross-section off protons. To obtain 27 total
cross-sections, we used ratio 27 cross-section over inclusive virtual photon cross-section. This
ratio was taken from CLAS data at Q? < 1.5GeV? and extrapolated to the Q? area from 5.0
to 10.0 GeV?2. Estimated in this way total 27 cross-sections at several W values are shown
on Fig. 30.

We used average efficiency value for detection of 27 events 20%, estimated with CLAS12
Fast MC.

The number of collected events as described above (Q*&W) cells is shown on Fig. 31 for
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Figure 24: Efficiency for various angular distributions in 27 production averaged over the
four other kinematics variables at W from 1.5 to 1.7 GeV and at Q? from 5.0 to 10.0 GeV2.
The distributions for generated and accepted events are shown in the top and middle row,
respectively. The estimated efficiencies are presented in the bottom row.
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Figure 25: Momentum resolution for 7. prec, Pgen are momenta for reconstructed and generated
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60 days run time.

38



2250

2000

1750

1500

1250

1000

Figure 26: Momentum resolution for 7

0.0 <P, <1.0GCeV

X/ndf  8.068 / 8 45 X/ndf 1527 / 18
Constant 2003, Constant 34.80
Meon  —0.5531E-04 Meon  —0.103DE-03
g Sigma 0.7767E-02 40 [ Sigma 0.6950E—02
I 35
r 30 [
r 25 [
r 20 |
L 5 L
L 10
L 5 [
I | I o LI I nn | i i
-0.04 -0.02 0 0.02 0.04 0.06 ~0.06 -0.04 -0.02 0 0.02 0.04

o L
—0.06

(Pgen=Prec) /Poen

particle respectively.

1000

600

1.0 <P, < 3.0 GeV

Constant

X/ndf 2504 / 18

930.3

Mean 0.1453E-03 140
Sigma 0.6965E—-02

ol P -

80

60

40

20

o L PP P
-0.04 -003 -0.02 -0.01 Q 001 002 003

(Poon=Prec) / Poen

5.0 <P, <4.0CGCeV

(Pgen=Prec) /Poen

. Prec, Pgen are momenta for reconstructed and generated

7.0 <P, < 9.0 GCeV

X/ndf 5511 / 38

Constant 116.8
Mean 0.1685E-03
Sigma 0.6850E—02

| PRI BRI BRI || 87, WS AR

ol lyia PR Ll
0.04 -0.04 -0.03 -0.02 -0.01 [§] 0.01 0.02 0.03 0.04

(Poon=Prec) / Poen

Figure 27: Momentum resolution for protons. prec, Pgen are momenta for reconstructed and gen-
erated particle respectively.

In analysis of available CLAS 27 data [106, 108, 109] we needed statistic above 10000
events for most (Q?&W) cells, to obtain entire set of 27 single differential cross-sections,

described in Section 7.1.1.

As it follow from Fig. 31, counting rate for 27 events with

CLAS12 will be sufficient to produce cell population >10000 27 events in W area from
1.7 to 1.9 GeV and likely in overall N* excitation region, based on available data both on
W-dependence of 27 integrated cross-sections and inclusive structure functions.
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Figure 28: Resolution over W, averaged over W from 1.5 to 2.0 GeV and over photon virtualities
from 5.0 to 10 GeV2. Invariant mass of the final hadronic system were determined from electron
scattering kinematics.
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Figure 29: The same as on Fig. 28. Invariant masses of the final hadronic system were determined
from the final hadron momenta.
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8 Single-Meson Electro-Production Experiment

8.1 Cross Section Measurement and Beam Time Estimates

We propose to extend the measurements of experiment E99-107 to 11 GeV electron beam
energy. In the conventional resonance region (W < 2GeV) the covered Q? range will extend
beyond 12 GeV? (see Fig. 32). The differential cross section will be measured with a polarized
electron beam as a function of the invariant mass W, the azimuthal hadronic angle ¢,, and
the polar hadronic angle . of the pion nucleon final-state '. In the one-photon-exchange
approximation the fivefold differential cross section factorizes into the hadronic and the
leptonic part 2
d°o, . d?o,

=% -, =222 2
dk$ydQ2dQ, U dQ, @)

The virtual photon flux can be written as

a kS, kS 1
e B L ®
212 k5 Q* 1 —¢
with the four momentum transfer K# = K!'— K¥, the corresponding squared four momentum
transfer —K,K* = ?, and the incoming K{ = {klo,kl} and outgoing K¥ = {kQO,kQ}
electron four momenta, the equivalent photon energy

s—m? W?2—m?
K = - 4
v 2m 2m )

and finally the degree of transverse polarization

- -1
Ll oc
6:(1+2 0 tn22 : (5)

In out-of-plane measurements the specific ¢,-dependences of the twofold hadronic cross
section

d?o,
a0,

= or+ €y, + €opr cos 2¢, + \/e(e + 1)/2 opp, cos ¢, + (6)

P.\/e(1 —€)/2 orp sin b, sin ¢,

can be utilized to separate the four response functions, oy + €0y, orr, orr, and orp. A
separation of o7 and oy, is not required for this proposal as the resonance couplings are known
to be mostly transverse, thus the longitudinal amplitudes can be extracted with greater
sensitivity from the interference terms o7z, and ory, than from the total cross section. The
specific f,-dependences of these four response functions on the other hand determine in the
covered kinematic region the W and @Q? evolution of the Legendre moments, which are the
basis of the single-pion multipole or helicity amplitude analysis as described in chapter ??
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Figure 32: Kinematic coverage of CLAS12 in the resonance region for the exclusive one pion
electro-production at 11 GeV electron beam energy when ¢’ and 7 (upper and lower right
panels) or ¢’ and p (middle right panel) are detected in the CLAS12 fastmec simulation based
on the Genova-EG (in the resonance region) or DIS (beyond the resonance region) event
generator, and the corresponding Genova-EG (upper and middle left panels) and DIS (lower
left panel) event generator data itself.

The beam time estimate for the v*p — 77 (n)(7°p, np) reaction channel is not only based
on the Genova-EG event generator [148] and the CLAS12 fastmc detector simulation, but also

! The described cross section decomposition applies more generally to any single-meson nucleon final-state.
2Variables in the lab frame (LAB) are marked with diamonds ¢ and all unmarked variables are in the
center-of-mass frame (CM).
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Figure 33: The structure function vW5 versus w’ inclusive inelastic scattering in the resonance
region for various values of nominal Q?, where w' = 1+ W?2/Q? [? ? ? 7 7 ]. The solid
curves are fits to the data that include only A(1232), Si1(1535), and Fi5(1680) resonance
contributions [? ]. The dashed curves are fits to the data in the scaling region extrapolated
down to the resonance region.

on the measured exclusive [? | and inclusive [? | cross sections. An overview of the inclusive
inelastic scattering in the resonance region, as in Fig. 33, demonstrates that at all Q? even
up to 21 GeV? resonance structures are visible and that the vW, structure function result at
Q* = 3GeV? agrees with the recent total inclusive cross section at Q? = 2.915GeV? [? ]. In
addition the peak strength in the second resonance region attributed to the S1;(1535) and in
the third resonance region attributed to the F5(1680) scale like the dipole form factor given
by Gaip = p1,(1+ Q?/0.71)72 [? ]. This experimental result justifies the use of the Genova-

45



EG event generator beyond the first resonance region, since it also assumes dipole behavior
for the QQ? evolution of the transition form factors. The appropriate > normalization of the
simulated and acceptance corrected total number of events for 11 GeV electron beam energy
to the measured one for 5.75 GeV, both at Q% = 3 GeV?2, accomplishes a more precise beam
time estimate that is independent of the cross section as it is assumed by the Genova-EG
event generator.

(k10,Q?) || (5.75GeV,3.0 £0.5GeV?) | (11GeV,3.0 +£0.5GeV?) | (11 GeV,12.0 + 0.5 GeV?)
N&T 1.12 - 106 1.72 - 107 6.98 - 10*
N7 1.41-10° 6.26 - 106 5.18 - 10
N™P - 4.65 - 10° 1.45 - 10*
NP - 1.72 - 10* 1.77 - 10*

Table 1: Total number of events N for the 7% (n), 7%, and np final state and the acceptance
corrected one N for specific kinematic bins focusing on the Si;(1535) resonance, with
W = 1535 + 100 MeV, as an example for the anticipated statistics at an electron beam
energy of kg = 11 GeV gathered in 60 d compared to the measured ones at kg = 5.75 GeV'.

Table 1 summarizes the anticipated number of measured events for a specific W and Q?
bin centered at the S11(1535) resonance. A more general overview is presented in Fig. 32. It
shows the generated versus accepted W and Q? coverage for both the Genova-EG (middle
panels) and the DIS * (lower panels) event generator, where the ratio of the accepted over
generated events gives the 0 and ¢ integrated acceptance. But for any specific W and Q? bin
we can also generate the corresponding # and ¢ dependent acceptance functions. Figs. 34-
39 present for each final state channel a set of exemplifying plots of the W, Q?, ¢, and 0
evolutions of the CLAS12 acceptance.

The acceptance and consequently the total number of events, as presented in Table 1,
are for the 7%p and 7p final state significantly smaller than for the 7T (n) reaction channel.
This is due to the fact, that for the neutral meson production channels the single-photon
background can only be separated, when both the proton and the neutral meson are detected,
which reduces the combined acceptance especially at low momentum transfers, see Figs. 36-
39. The missing mass resolution for the neutron in the 77 (n) final state is typically better
than 40 MeV and increases only for large momentum transfers to a maximum of 80 MeV at
Q? = 12GeV?2. The corresponding plots and the neutron missing mass itself are shown in
Fig. 40.

3Taking the different virtual photon fluxes and electron scattering solid angles for both electron beam
energies 5.75 GeV and 11 GeV into account.
“Deep inelastic scattering.
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Figure 35: ¢, evolution of the 7 acceptance in a specific W and Q? bin for the full cosé,
range.
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Figure 36: ¢, evolution of the 7” acceptance in the forward cosfl; = 0.1 £ 0.1 bin for the
resonance region and the proposed @2 range.
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Figure 37: ¢, evolution of the 7° acceptance in a specific W and @Q? bin for the full cosé,
range.
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Figure 38: ¢, evolution of the n acceptance in the forward cosf, = 0.1 & 0.1 bin for the
resonance region and the proposed @2 range.
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Figure 39: ¢, evolution of the n acceptance in a specific W and Q? bin for the full cosd,
range.
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9 Projected N* Electro-Coupling, Expected from Pro-
posed Experiments
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Figure 41: Projected N* electro-coupling, expected in proposed experiments (open circles with
error bars) . We also present electro-couplings extracted from available CLAS data on 17 electro-
production [? ] (black filled squares), preliminary data from analysis of el-6 run (blue filled
squares) as well as the results from combined analysis of 17 and 27 electro-production [68].

In this section we demonstrate expected capability of proposed experiment to measure
N* electro-couplings for various states, which were already studied with CLAS at photon
virtualities up to 4.5 GeV2. In Fig. 41 we have presented the projected values of A4, /2 helicity
amplitudes for the electro-excitation of the resonances Pj;(1440), D13(1520), S1;(1535), and
Fi5(1680) at 5 < @Q* < 12 GeV?. These values are shown along with the existing results
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at smaller Q2. The projected values of helicity amplitudes are obtained via continuation
of the results at @Q* = 2.91 — 4.16 GeV? according to pQCD behavior A;s ~ Q. As
it was demonstrated in Fig. 5 such assumption can be applied to the helicity amplitudes
of the P;;(1440), Dy3(1520), S11(1535), and Fy5(1680). The presented errors of projected
amplitudes are obtained supposing that the relative errors and amount of data will be close
to those obtained in the CLAS experiments for 7 electro-production at * from 1.72 to
4.16 GeV2.
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10 Summary and Beam Time Request

In recent years the CLAS Collaboration has succeeded to determine the Q? evolution of
baryon resonance electro-coupling amplitudes from unpolarized single- and double-pion electro-
production data. Consistent results for both channels have been extracted by three different
models, the Unitary Isobar Model (UIM) [66, 69], a dispersion theoretical approach [66, 69],
and the JLab-MSU isobar model (JM05) [? |. Most of these results are still preliminary, but
in the final stage of analysis, which undoubtedly shows that we are able to extract resonance
parameters with unprecedented accuracy for many excited states in the mass and four mo-
mentum transfer region below W < 1.7GeV and Q? < 4.5GeV? for single-pion (el-6 run
period) and below W < 2.0 GeV and Q? < 1.5 GeV? for double-pion final states (el run
period).

Within the total requested beam time of 60 days at 11 GeV electron beam energy with
the highest possible electron beam polarization, the estimated collected statistics in most of
the Q% and W bins will be higher and for the highest % bins comparable to the statistics
accumulated in the previous el and el-6 run periods. Furthermore the new results show
that the overall resonance to background ratio increases with increasing ?. Therefore we
are confident that we will be able to extract the resonance electro-coupling amplitudes up
to typically 12 GeV? by using the established model approaches applied to the same number
of measured observables, which has been shown to be sufficient for this analysis.

Beam Time Request Beam Beam Energy | Luminosity | Target Detector
60 days polarized e~ 11GeV 10% em™2s~' | LHy, | base equipment
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