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Abstract

We propose to measure KY electroproduction cross sections from an unpolarized
proton target with a focus on the K+Λ and K+Σ0 final states to study high-lying
nucleon excited states (N∗) with the CLAS12 detector at a beam energy of 11 GeV.
Exclusive final states will be measured, including the identification of the scattered
electron and the electroproduced K+. From these data, the electromagnetic transition
form factors γvNN∗ for the most prominent N∗ and ∆∗ states decaying to KY will
be extracted in the range of invariant energy 1.6 < W < 3 GeV in the virtually
unexplored domain of momentum transfers Q2 from 4 to 12 GeV2. This experiment
is an essential component of a comprehensive program of exclusive electroproduction
measurements with CLAS12 studying decays of N∗ states to a number of different
final state channels. Analysis of these data for the strangeness channels will be carried
out in concert with the group working to extract the electrocoupling parameters from
the non-strange single meson and Nππ final states from CLAS12 data. The close
collaboration of experimentalists and theorists is a necessary part of this proposal in
order to provide high quality analysis of the collected data to perform state-of-the-art
model and QCD-based calculations. The main goal of this proposal is to explore the
evolution of the active degrees of freedom in N∗ states from the regime of meson-
baryon dressing at lower Q2 to the regime of dressed quark contributions at higher Q2.
In addition, these data will allow us to better understand how the strong interaction
creates dressed quark cores in various N∗ resonances and to better understand their
emergence from QCD, as well as to study evidence for the coupling of produced hybrid
baryon states to these KY channels.
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1 Introduction

Detailed spectroscopic studies of the nucleon excitation spectrum and the structure of these
excited states have played a central role in the development of our understanding of the
dynamics of the strong interaction. The concept of quarks that emerged through such
studies led to the development of the constituent quark model [1] (CQM) in the 1980s.
As a result of intense experimental and theoretical effort over the past 30 years, it is now
apparent that the structure of the nucleon and its spectrum of excited states (N∗) are much
more complex than what can be described in terms of models based on constituent quarks
alone. The structure of low-lying baryon states, as revealed by electromagnetic probes at
low momentum transfer (Q2 < 2 GeV2), has been shown to be reasonably well described by
adding meson-baryon effects (e.g. a meson-baryon cloud) phenomenologically to the basic
CQM [2, 3, 4]. However, a fundamental understanding of N∗ structure at short distances,
which is only accessible using probes with sufficiently high momentum transfer, necessarily
demands use of the full complexities of Quantum Chromodynamics (QCD). Studies of the
Q2 evolution of N∗ structure offer access to the strong interaction between dressed quarks
in the non-perturbative regime, which is responsible for N∗ formation. Moreover, the range
of photon virtualities accessible with CLAS12 allows us to explore the transition from fully
dressed constituent quarks to the almost bare current quarks of QCD.

At the typical energy and distance scales found within the N∗ states, the quark-gluon
coupling is large. Therefore, we are confronted with the fact that quark-gluon confinement,
and hence the dynamics of the N∗ spectrum, cannot be understood through application
of perturbative QCD techniques. The need to understand QCD in this non-perturbative
domain is a fundamental issue in nuclear physics that the study of N∗ structure can help to
address. Such studies, in fact, represent the necessary first steps toward understanding how
QCD generates mass, i.e. how mesons, baryons, and atomic nuclei are formed [4].

The study of electroproduction at high Q2 provides for a probe of the inner structure of
the contributing N∗ resonances through the extraction of the amplitudes for the transition
between the initial virtual photon-nucleon state and the final N∗ state, i.e. the γvNN∗ elec-
trocoupling amplitudes, that describe the physics. Among these amplitudes are A1/2(Q

2)
and A3/2(Q

2), which describe the resonance electroexcitation for the two different helicity
configurations of an initial transverse photon and the nucleon, as well as S1/2(Q

2), which
describes the resonance electroexcitation by longitudinal photons of zero helicity. Detailed
comparisons of the theoretical predictions for these amplitudes with their experimental mea-
surements is the basis of progress toward understanding non-perturbative QCD.

The extraction of the γvNN∗ electrocouplings provides information on the dynamical
momentum-dependent mass and structure of the dressed quark in the non-perturbative do-
main where the quark-gluon coupling is large. This is critical in exploring the nature of
quark-gluon confinement and dynamical chiral symmetry breaking (DCSB) in baryons. Fig-
ure 1 illustrates the two contributions to these electrocouplings. In Fig. 1(b) the virtual
photon interacts directly with the constituent quark, an interaction that is sensitive to the
quark current and depends on the quark-mass function. However, the full meson electro-
production amplitude (Fig. 1(a)) requires contributions to the γvNN∗ vertex from both
non-resonant meson electroproduction and the hadronic scattering amplitudes as shown in
Fig. 1(c). These contributions incorporate all possible intermediate meson-baryon states and
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all possible meson-baryon scattering processes that eventually result in the N∗ formation in
the intermediate state of the reaction. These two contributions can be separated from each
another using, for example, a coupled-channel reaction model [5].

Figure 1: Schematic representation of the γ∗N → N∗ electroproduction process. (a). The
fully dressed γvNN∗ electrocoupling that determines the N∗ contribution to the resonant part
of the meson electroproduction amplitude. (b). The contribution of the three-quark core.
(c). The contribution from the meson-baryon cloud, where the sum is over all intermediate
meson and baryon states. This figure is taken from Ref. [4].

It was found that the structure of N∗ states in the range of Q2 < 2 GeV2 includes
important contributions from both diagrams on the right side of Fig. 1. Figure 2 shows several
calculations for these contributions to the structure of the low-lying P11(1440) and D13(1520)
states. The size of the meson-baryon dressing amplitudes are maximal for Q2 < 1 GeV2. For
Q2 > 1 GeV2, there is a gradual transition to the domain where the quark degrees of freedom
just begin to dominate, as seen by the improved description of the N∗ electrocouplings
obtained within the framework of these quark models. For Q2 > 5 GeV2, the quark degrees
of freedom are expected to fully dominate the N∗ states [6]. Therefore, in the γvNN∗

electrocoupling studies for Q2 > 5 GeV2, the quark degrees of freedom will be probed more
directly with only small contributions from the meson-baryon cloud. This will mark the first
opportunity to experimentally study this new and unexplored region in the electroexcitation
of nucleon resonances.

A dedicated experiment on studies of N∗ structure in exclusive meson electroproduction
off the proton with the CLAS12 detector (E12-09-003) [11] has already been approved to pro-
vide data to measure exclusive single non-strange meson and double pion electroproduction
cross sections over the same Q2 regime as the data in this proposal. From these cross section
measurements, the E12-09-003 Collaboration plans to obtain the electromagnetic transition
form factors for all well-established N∗ states up to W ≈ 2 GeV for 5 < Q2 < 12 GeV2.
This new proposal represents an extension of that effort to include the strangeness channels
coupling via N∗ → KY with Y = Λ, Σ. Note that due to the higher masses of the kaon
and hyperons compared with the pionic final states, these reactions kinematically favor a
two-body decay mode with masses in the range from 1.6 to 3 GeV. Our plans are to focus
our initial efforts in the strangeness sector on measurements of the exclusive K+Λ and K+Σ0

final states as the count rates in the spectrometer are maximal. A second stage of analysis
will focus on other final states including K0

s Σ+, K∗Y , and KY ∗ that will be reconstructed
with correspondingly smaller yields.

The invariant mass range of focus for this experiment, 1.6 < W < 3 GeV, is precisely the
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Figure 2: The A1/2 electrocoupling amplitudes of the P11(1440) (left) and D13(1520) (right)
N∗ states from the analyses of the CLAS Nπ data (circles) [7] and Nππ data (triangles,
squares) [8]. (Left) Calculations from two relativistic light-front quark models [3, 9] (dashed
and black lines). (Right) Calculation from the hypercentral constituent quark model [2]
(black line). The magnitude of the meson-baryon cloud contribution as determined by the
EBAC coupled-channel analysis [10] is shown by the magenta line in both plots.

mass range where our knowledge of the N∗ spectrum and the structure of these excited states
is the most limited. While the field has slowly and methodically been making progress toward
a better understanding of the low-lying N∗ states in the region below 1.6 GeV, the host of
the predicted missing N∗ and ∆∗ states lie in the region from 1.6 < W < 3 GeV. Figures 3
and 4 show the N∗ and ∆∗ spectra predicted using the Bonn relativistically covariant quark
model [12]. These figures highlight that detailed studies of the mass region provided by the
KY final states will be essential to come to a more complete understanding of the structure
of the states in the nucleon spectrum. Studies of the structure of the N∗ states at higher Q2

may prove valuable in this regard due to the fact that the ratio of resonant to non-resonant
background contributions is expected to improve with increasing photon virtuality. As such
we can hope to provide improved information on the poorly known higher-lying N∗ states.

Structure studies of the low-lying N∗ states, e.g. P33(1232), P11(1440), D13(1520), and
S11(1535), have made significant progress in recent years due to the agreement of results
from independent analyses of the Nπ and Nππ final states. However, most of the high-lying
N∗ states with masses above 1.6 GeV decay preferentially through the Nππ channel instead
of the Nπ channel. At the current time, the only detailed structure information regarding
high-lying N∗ states (e.g. S31(1620), S11(1650), F15(1685), D33(1700), and P13(1720)) is
available from analysis of Nππ data [8]. Data from the KY channels is critical to provide
an independent extraction of the electrocoupling amplitudes for the higher-lying N∗ states.
An important aspect of this proposal is not just the extraction of the K+Λ and K+Σ0

electroproduction cross sections as a function of Q2, but also a commitment from the E12-
09-003 collaborators and theory support group to join with us to further develop their fitting
tools to enable extraction of the N∗ electrocouplings for the dominant N∗ → KY hadronic
decays from this new proposal.
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Figure 3: The calculated positive and negative parity N∗ spectrum from the Bonn relativis-
tically covariant quark model [12]. The known PDG states [13] are listed in the boxes on
the right-hand side of each column.

Figure 4: The calculated positive and negative parity ∆∗ spectrum from the Bonn relativis-
tically covariant quark model [12]. The known PDG states [13] are listed in the boxes on
the right-hand side of each column.
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Reliable information on KY hadronic decays from N∗s is not yet available. But the N∗

electrocoupling amplitudes can be obtained from fits to the extensive existing CLAS KY
electroproduction data over the range 0.5 < Q2 < 4 GeV2 (see Section 3.2), which should be
carried out independently in different bins of Q2. By utilizing the Q2-independent behavior
of resonance hadronic decays, KY electrocouplings will become available from these studies.
The development of reaction models for the extraction of the γvNN∗ electrocouplings from
the KY electroproduction channels is urgently needed. The work to extract the amplitudes
for the prominent N∗ and ∆∗ states that couple to the strangeness channels K+Λ and K+Σ0

is now getting underway for the CLAS data acquired for Q2 < 4 GeV2 (see Section 3.5).
Under the aegis of the E12-09-003 proposal, a strong collaboration between experimental-

ists and theorists has been brought together to achieve the challenging objectives in pursuing
N∗ studies at high Q2 [4, 11]. This new proposal to study the N∗ → KY exclusive channels
has been developed as an important extension of the CLAS12 N∗ program. The main goals
of this effort are two-fold:

(i). To develop reaction models for the extraction of the γvNN∗ electrocouplings that
incorporate the transition from meson-baryon to quark degrees of freedom into the reaction
mechanisms using the data on single-meson (including nπ+, pπ0, pη, K+Λ, and K+Σ0) and
double charged pion electroproduction (pπ+π−) off protons for Q2 up to 12 GeV2.

(ii). To develop approaches for the theoretical interpretation of the γvNN∗ electrocou-
plings that are capable of exploring how N∗ states are generated non-perturbatively by the
strong interaction in processes that emerge from QCD.

Current theoretical approaches fall into two broad categories. In the first category are
those that enable direct connection to the QCD Lagrangian, such as Lattice QCD (LQCD)
and QCD applications of the Dyson-Schwinger equations (DSE). In the second category are
those that use models inspired by or derived from our knowledge of QCD, such as quark-
hadron duality, light-front holographic QCD (AdS/QCD), light-cone sum rules (LCSR),
and CQMs. It is important to realize that even those approaches that attempt to solve
QCD directly can only do so approximately, and these approximations ultimately represent
limitations that need careful consideration. As such, it is imperative that whenever possible
the results of these intensive and challenging calculations be compared directly with the data
from electroproduction experiments such as those from this current proposal. Comparisons
of the experimental results to the theoretical predictions provide for crucial insights into
many aspects of the dynamics, including confinement and DCSB, through mapping of the
dressed quark mass function from the data on γvNN∗ electrocouplings, and from exploring
manifestations of the non-perturbative strong interaction in the generation of excited states
of different quantum numbers. It is the interplay between theory and experiment that leads
to progress. Until exact calculations exist, approaches that model QCD will continue to have
an important role to play.

In the last decade there has been marked progress in developing more realistic and more
complete theoretical approaches. CQMs have been greatly refined by using fully relativistic
treatments [3, 14] and by including sea quark components [15], and hypercentric CQMs
with more proper treatment of constituent quark interactions [2] have been developed. In
addition, a covariant model based on the Dyson-Schwinger equations [16, 17, 18] of QCD has
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been shown to allow the baryon data to be interpreted directly in terms of current quarks and
gluons. The DSE framework also provides an important link between the phenomenology
of dressed current quarks and Lattice QCD [4]. Relations between baryon form factors and
the Generalized Parton Distributions (GPDs) have also been developed that connect these
two different approaches for describing baryon structure [19, 20]. On a fundamental level,
LQCD is progressing rapidly toward making direct contact with the baryon data. Toward
this end, the USQCD Collaboration [21] (which involves JLab’s LQCD group) is working to
perform calculations for predicting the baryon spectrum, as well as γvNN∗ transition form
factors.

In the past decade the Excited Baryon Analysis Center (EBAC) at JLab made significant
contributions to develop rigorous approaches to not only extract the N∗ parameters from the
available data, but also to develop a complete framework with which to interpret these data
in terms of QCD-based approaches (CQMs, DSE, LQCD). A summary of the EBAC program
(completed in 2012) is detailed in Ref. [4]. Looking toward the future, the Physics Analysis
Center at JLab (established in 2013) is tasked specifically to work on amplitude analysis for
various exclusive channels in order to further our knowledge on the N∗ excitation spectrum
and our understanding of N∗ structure. In addition, the important work undertaken by the
EBAC effort is being extended by the new Argonne-Osaka Collaboration [5], whose goal is to
extend the analysis of meson production amplitudes through their dynamical coupled-channel
approach to extract the mass, width, coupling constants, and electromagnetic transition form
factors of the N∗ states across the full resonance region. Ultimately the analysis of the full set
of expected meson electroproduction data from CLAS12 will allow access to the dynamics of
the non-perturbative strong interaction responsible for N∗ formation. These analyses will be
crucial for understanding the nature of confinement and dynamical chiral symmetry breaking
in baryons.

This proposal will provide the necessary data from the exclusive KY channels on the
Q2 evolution of the transition form factors in the unexplored domain of Q2 > 5 GeV2. The
experiment will also enable precision cross sections to be extracted in the range of Q2 down to
≈1 GeV2, which will be important to allow connection to the published CLAS KY data. For
the foreseeable future, CLAS12 will be the only facility in the world capable of investigating
the spectrum and the structure of excited nucleon states at distance scales where the quark
degrees of freedom are expected to dominate. The extraction of the γvNN∗ transition
amplitudes for the dominant N∗ and ∆∗ states from the comprehensive data based on this
experiment, together with that provided by the already approved experiments of the 12 GeV
program, will allow for the opportunity to better understand how the strong interaction of
dressed quarks gives rise to the spectrum and structure of excited nucleon states, and how
these states emerge from QCD.
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2 N∗ Program Objectives

The electrocoupling parameters determined from the data involving pionic channels for sev-
eral low-lying N∗ states for photon virtualities up to Q2 ∼ 5 GeV2 has already provided
valuable information (see Section 2.1). At these distance scales, the resonance structure
is determined by both meson baryon dressing and dressed quark contributions. Here we
propose to perform measurements that will allow for the determination of the Q2 evolution
of the corresponding electrocoupling parameters in the regime up to Q2 = 12 GeV2 for N∗

states with masses in the range from 1.6 to 3 GeV using the exclusive K+Λ and K+Σ0 final
states. Both channels will be measured simultaneously with the CLAS12 detector and an
extensive database for N∗ studies will be created from the proposed measurements that will
extend and complement that expected from analysis of the single non-strange meson and
Nππ channels of CLAS12 experiment E12-09-003 [11].

The full experimental program of N∗ studies with the CLAS12 detector has a number of
important objectives. These include:

i). To map out the quark structure of the dominant N∗ and ∆∗ states from the data ac-
quired for meson electroproduction through the exclusive final states including pπ0, nπ+, pη,
pω, pπ+π−, K+Λ, and K+Σ0. This objective is motivated by results from existing analyses
such as those shown in Fig. 2, where it is seen that the meson-baryon dressing contribution
to the N∗ structure decreases rapidly with increasing Q2. The data can be described approx-
imately in terms of dressed quarks already for Q2 ∼ 5 GeV2. It is therefore expected that
the data at Q2 > 5 GeV2 can be used more directly to probe the quark substructure of the
N∗ and ∆∗ states. The comparison of the extracted resonance electrocoupling parameters
from this new higher Q2 regime to the predictions from LQCD and DSE calculations will
allow for a much improved understanding of how the internal dressed quark core emerges
from QCD and how the dynamics of the strong interaction are responsible for the formation
of the N∗ and ∆∗ states of different quantum numbers.

ii). To investigate the dynamics of dressed quark interactions and how they emerge from
QCD. This work is motivated by recent developments of hadronic models based on the DSE
approach, which has provided links between the dressed quark propagator, the dressed quark
scattering amplitudes, and the QCD Lagrangian. DSE analyses of the extracted N∗ elec-
trocoupling parameters have the potential to allow for investigation of the origin of dressed
quark confinement in baryons and the nature of DCSB, since both of these phenomena are
rigorously incorporated into DSE approaches [4].

iii). To study the Q2-dependence of the non-perturbative dynamics of QCD. This is
motivated by studies of the momentum dependence of the dressed quark mass function of
the quark propagator within LQCD [22] and DSE [16, 17]. The calculated mass function
approaches the current quark mass of a few MeV only in the high Q2 regime of perturbative
QCD. However, for decreasing momenta, the current quark acquires a constituent mass of
300 MeV as it is dressed by quarks and gluons. Verification of this momentum dependence
would further advance understanding of non-perturbative dynamics. Efforts are currently
underway to study the sensitivity of the proposed transition form factor measurements to
different parameterizations of the momentum dependence of the quark mass [23].
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The data expected from the experiments of the CLAS12 N∗ program will make possible
the study of the kinematic regime of quark momenta 0.5 < p < 1.1 GeV (where p =√

Q2/3), running over the dressed-quark propagator. The γvNN∗ electrocouplings will be
sensitive to the transition from the confinement regime of strongly bound dressed quarks and
gluons at small momenta, p < 0.5 GeV, to the pQCD regime for p > 2 GeV, where almost
undressed and weakly interacting current quarks and gluons gradually emerge as the relevant
degrees of freedom in resonance structure with increasing Q2. The momentum dependence
of the dressed-quark mass should affect all dressed-quark propagators and, therefore, the Q2

evolution of the γvNN∗ electrocouplings. The dressed-quark dynamical structure and its
mass function should be independent of the excited state quantum numbers. Therefore, the
combined analyses of the data on electrocouplings of several prominent N∗ states as seen
through multiple final states should considerably improve our knowledge of the momentum
dependence of dressed-quark masses and their dynamical structure.

iv). To offer constraints from resonance transition form factors for the N → N∗ GPDs.
We note that a key aspect of the CLAS12 measurement program is the characterization of
exclusive reactions at high Q2 in terms of GPDs. The elastic and γvNN∗ transition form
factors represent the first moments of the GPDs [24, 25, 26], and they provide for unique
constraints on the structure of nucleons and their excited states. Thus the N∗ program at
high Q2 represents the initial step in a reliable parameterization of the transition N → N∗

GPDs and is an important part of the larger overall CLAS12 program studying exclusive
reactions.

This set of objectives was first laid out in the experimental proposal for E12-09-003 [11].
It was further updated and expanded upon in Ref. [4]. The addition of the measurements
from the K+Λ and K+Σ0 final states serves to further expand and complement the already
existing N∗ program for CLAS12. In addition to these mainstream objectives, another
almost tacit program objective is the study of the properties of the N∗ and ∆∗ states for the
purpose of characterizing the nature of these states as conventional q3 states or in terms of
a possible q3G configuration. This objective is discussed in Section 2.2.

2.1 N ∗ Studies in Meson Electroproduction with CLAS

The comprehensive experimental data sets obtained with the CLAS detector on single pseu-
doscalar meson electroproduction, e.g. pπ0, nπ+, pη, and KY , and double charged pion
electroproduction, open up important new opportunities for measurements of the γvNN∗

transition helicity amplitudes (i.e. the N∗ electrocoupling parameters) [27, 28]. The ex-
isting CLAS data provides extensive precision data for these exclusive channels, including
differential cross sections and both single and double polarization observables, over a broad
kinematic range from Q2 = 0.2 to 4.5 GeV2. Ultimately, these data make it possible to
utilize well-established constraints from dispersion relations and to apply and develop phe-
nomenological approaches for the Q2 evaluation of the N∗ electrocoupling parameters by
fitting them to all available observables in a combined coupled-channel approach.

Several phenomenological analyses of the experimental data that have already been car-
ried out within the CLAS Collaboration [4, 29, 30, 31, 32] have allowed for the determination
of the transition helicity amplitudes for a variety of low-lying states: P33(1232), P11(1440),
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D13(1520), S11(1535) (for example, see Figs. 2, 5, and 6). The analysis of the CLAS Nππ
data allowed for the first mapping of the Q2 evolution of the electrocoupling parameters
for resonances with masses above 1.6 GeV: S31(1620), D33(1700), and P13(1720) [4, 8] (for
example, see Fig. 7). In addition, the CLAS data on single-pion exclusive electroproduction
were also analyzed within the framework of the MAID [33] and the SAID [34, 35] approaches.
These reaction models have allowed access to the resonant amplitudes by fitting all available
observables in each channel independently and within the framework of different reaction
models.

Figure 5: Electrocoupling parameters determined for the D13(1520) based on independent
analysis of the CLAS Nπ (circles) and Nππ (triangles) data [4]. The squares and triangles
at Q2 = 0 are from existing photoproduction data.

Figure 6: Electrocoupling parameters determined for the S11(1535). The full circles are based
on analysis of the CLAS Nπ data. The other data points are mainly based on independent
analysis of CLAS Nη data [4]. Fit uncertainty bands are included at the bottom of each
plot.

However, reliable extraction of the electrocouplings for these states must be supported
by independent analyses of other exclusive electroproduction channels having different non-
resonant mechanisms. The K+Λ and K+Σ0 electroproduction channels are expected to
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provide valuable information to improve our knowledge on electrocouplings of the isospin-
1/2 P13(1720) state due to isospin filtering in these exclusive channels. The studies of
K+Σ0 electroproduction may further offer access to the electrocouplings of the D33(1700)
and F35(1905) resonances. More detailed studies on the feasibility of incorporating these
additional exclusive channels for evaluating the electrocouplings of high-lying resonances
are, in any case, a clear and present need. Work to incorporate the existing CLAS K+Λ
and K+Σ0 data into these existing approaches is now being organized. The veracity of
the extracted electrocoupling parameters therefore relies on consistency of the results from
analysis of multiple reaction channels.
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Figure 7: Electrocoupling parameters (A1/2 (left), A3/2 (center), S1/2 (right)) determined
for the D33(1700) (top) and P13(1720) (bottom) from Ref. [8]. The solid squares are data
from the CLAS Nπ+π− analysis, the triangles at Q2=0 are from the CLAS photoproduction
analysis of Ref. [36]. All other data points are taken from Ref. [37].

In order to determine the N∗ electrocoupling parameters, a reliable separation of the
resonant and non-resonant parts contributing to the production amplitudes is required. This
is one of the most challenging aspects of the extraction procedure. So far, no approach
based on a fundamental theory has been developed that would allow either a description
of an effective meson-baryon Lagrangian or a selection of the contributing meson-baryon
mechanisms. Therefore fits to the experimental data of various meson electroproduction
channels must be employed to develop phenomenological reaction models that contain the
relevant resonant and non-resonant mechanisms [4].

It is also important to note that the Nπ and Nππ electroproduction channels represent
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the two dominating exclusive channels in the resonance region. The knowledge of the electro-
production mechanisms for these channels is critically important for N∗ studies in channels
with smaller cross sections such as K+Λ and K+Σ0 production, as they can be significantly
affected in leading order by coupled-channel effects produced by their hadronic interactions
in the pionic channels.

2.2 Characterization of Hybrid Baryons

N∗ and ∆∗ states with valence gluons, or hybrid baryon states, are expected to exist if QCD
is the correct theory of strong interactions. In fact, any model of QCD bound states that
allows the gluon fields to be dynamical degrees of freedom will give rise to additional states
that involve excitations of these degrees of freedom. A clear experimental signature of a
hybrid N∗ or ∆∗ state does not exist as of yet, but evidence of such a state would be very
important in understanding the strong interaction in QCD.

Hybrid baryons actually turn out to be a bit of a tricky issue to search for experimentally.
This is because all spin/parity values that can be populated by such q3G states can also
be populated by ordinary q3 states having excitation in the orbital angular momentum.
Therefore, there are no “exotic” quantum numbers associated with hybrid baryons such as
are possible for qq̄G mesons that can be used as an experimental tag.

With these considerations in mind, two approaches to an investigation of gluonic degrees
of freedom to baryon spectra are possible. The first approach amounts to a detailed book-
keeping study where one attempts to establish whether there is evidence for more states in
the spectrum than are predicted by the q3 quark model alone. Ultimately, this approach is
only truly viable in conjunction with detailed studies to establish the complete conventional
q3 baryon spectrum. What amounts to an unusual state might only be apparent once the
set of conventional states is well understood, including their mass, decay width, and quan-
tum numbers. Such an exercise certainly requires careful multi-channel analysis of reactions
involving many different initial and final states.

The second approach to studying the N∗ and ∆∗ spectra for evidence of the presence of
hybrid states involves a study of the Q2 evolution of the electromagnetic production ampli-
tudes that might be expected to be distinguishable for q3G states relative to conventional
q3 states. Note that a complete description of the spectrum and the strong decays of the
hybrid baryons must ultimately account for the degree of mixing between the q3 and q3G
states. However, much can be learned about the N∗ and ∆∗ spectra by studying the pro-
duction amplitudes as a function of Q2. For example, Ref. [38] shows that in the domain
of perturbative QCD, electroproduction of q3G baryons will fall relative to background at
high Q2. However, for conventional q3 baryons, the resonance peak to background ratio is
constant with Q2. These expectations follow from QCD counting rules for the asymptotic
behavior of the form factors, where the form factor for a conventional baryon should fall off
as 1/Q3, but a hybrid should fall off as 1/Q5. Thus studies of the electrocoupling parameters
scaled by Q3 might potentially reveal states with a non-conventional makeup. Figure 8 shows
the Q2 evolution of the A1/2 electrocouplings of several conventional q3 N∗ states scaled by
Q3. A hybrid signature might be indicated by a state that showed a different scaling trend,
indicative of a different constituent counting.

Of course, signatures of hybrid baryons will require careful experimental study and the-
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Figure 8: The A1/2 electrocouplings of conventional q3 N∗ states P11(1440) (triangles),
D13(1520) (squares), and S11(1535) (circles) scaled by Q3 from analysis of CLAS data [7].
The horizontal dashed lines at high Q2 are the expectations of scaling for these conventional
baryon states from constituent counting rules derived from pQCD.

oretical modeling. For more than 20 years there were expectations that the P11(1440) could
possibly be a hybrid state (e.g. see Refs. [39, 40]). However, today it has been accepted that
this state has a behavior fully consistent with a radial excitation [4, 41]. Figure 9 shows
the corresponding electrocoupling amplitudes compared to calculations for relativistic light
front quark models and a model including an explicit gluonic contribution, which clearly is
ruled out by the data.

Historically, most investigations of hybrid baryons have been carried out using the bag
model [44]. Such calculations estimated the mass of the lowest hybrid state at ∼1.5 GeV.
A similar mass estimate was obtained using a QCD sum rule calculation [45]. A calculation
using a flux tube model gave a mass scale for the lowest q3G state of ∼1.9 GeV [46]. Recently
the first comprehensive study of hybrid baryons using LQCD (with mπ = 400 MeV) [47]
showed that the lowest lying states having significant overlap onto the hybrid operators first
appear at ∼1.3 GeV above the proton for the positive-parity states (see Fig. 10). The lowest
lying LQCD hybrid states of negative parity lie somewhat higher in mass. A more complete
understanding of the expected hybrid N∗ and ∆∗ states will require calculations at a more
physical pion mass, as well as with calculations employing larger lattice volumes and smaller
spacings. Significant progress is expected on this front on a timeline consistent with the data
analysis for this experiment.
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Figure 9: Electrocoupling amplitudes for the Roper P11(1440). The solid data points are
from fits to CLAS Nπ data [7], the open boxes are from a combined analysis of CLAS Nπ
and Nππ data [30], and the open triangles are from an analysis of CLAS Nππ data [42].
The thin solid curve is from a non-relativistic quark model and the other unlabeled curves
are different quark model calculations. The blue dotted line is from the MAID2007 global
analysis (see Ref. [28] for details). The thin dashed line labeled “q3G” is for a gluonic
excitation [43]. Fit uncertainty bands are included at the bottom of each plot.

Figure 10: Spectrum of N∗ and ∆∗ states from LQCD calculations [47]. The gray boxes are
the conventional qqq states and the blue boxes are the hybrid states.
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3 Exclusive KY Final States

3.1 N ∗, ∆∗
→ KY Coupling

The flavor structure of baryons and their resonances is well described in quark models that
assume a basis built up from three constituent quarks. The spatial and spin-orbit wavefunc-
tions can be described using a confinement potential with residual interactions between the
constituent quarks. A common feature of the models is that the dynamics of three quarks
leads to a spectrum of states much more numerous than has been confirmed experimentally.
This discrepancy has been the seed for the development of models derived from an altered
quark basis. One of the most prevalent considers baryons as made of a quark and di-quark.
This has led to much discussion that has not yet been fully resolved [48, 49, 50, 51]. One
model prediction of the N∗ and ∆∗ spectrum derived from a quark-diquark basis showed a
reasonable match to the experimental excitation spectrum, provided only three- and four-star
PDG rated states were considered [52].

Even today, much of what we know about the states in the N∗ and ∆∗ spectra was
derived from data involving pion-nucleon elastic scattering. However, if a resonance couples
weakly to these channels, it could have been missed in the data. This could explain the
issues with the long-standing missing resonance problem. This reasoning provided a strong
motivation for the CLAS N∗ program studying photo- and electroproduction of s-channel
baryon resonances decaying to a host of meson-baryon final states. Certainly the high-
statistics data sets of exclusive Nπ and Nππ final states have proven especially important
in studies of the N∗ spectrum [4, 7, 26, 31, 32].

However, it has also been the case that unique and critical insight into the N∗ and ∆∗

excitation spectra has been provided through the photo- and electroproduction of both the
K+Λ and K+Σ0 final states. These final states, due to the creation of an ss̄ quark pair in
the intermediate state, are naturally sensitive to coupling to high-lying s-channel resonance
states at W > 1.6 GeV. Note also that although the two ground-state hyperons have the same
valence quark structure (uds), they differ in isospin, such that intermediate N∗ resonances
can decay strongly to K+Λ final states, but intermediate ∆∗ states cannot. Because K+Σ0

final states can have contributions from both N∗ and ∆∗ states, the hyperon final state
selection constitutes an isospin filter.

To date the PDG lists only four N∗ states, S11(1650), P11(1710), P13(1720), and P13(1900),
with known couplings to KΛ and no N∗ states are listed that couple to KΣ [13]; only a single
∆∗ state, P33(1920), is listed with coupling strength to KΣ (see Table 1). The branching
ratios to KY provided for these states are typically less than 10% with uncertainties of
the size of the measured coupling. While the relevance of this core set of N∗ states in the
γ(∗)p → K+Λ reaction has long been considered a well-established fact, this set of states falls
short of reproducing the experimental results for W < 2 GeV, and several analyses [53, 54]
have called the importance of the P11(1710) state into question.

Beyond the core set of N∗ states, the PDG lists the P13(1900) state as the sole established
N∗ near 1900 MeV. However, with a 500-MeV width quoted by some measurements, it is
unlikely that this state by itself can explain the K+Λ cross sections for W < 2 GeV, unless its
parameters are significantly different than those given by the PDG. Several analyses [55, 56]
have shown this state (with M = 1915 ± 60 MeV and Γ = 180 ± 40 MeV) to be necessary
to describe the CLAS beam-recoil polarization data [57]. Note that the P13(1900) state is
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predicted by symmetric quark models and its existence is not expected in diquark models.
In the recent fits of γp → K+Σ0 data, all N∗ resonances found to be necessary to fit the
K+Λ data have been included. However, the existing K+Σ0 database is smaller than the
K+Λ database, with notably larger statistical uncertainties.

N∗
→ KY ∆∗

→ KΣ

State Rating B.R. (KΛ) B.R. (KΣ) State Rating B.R. (KΣ)
N∗(1650)S11 **** 3 - 11% – ∆∗(1700)D33 **** –
N∗(1675)D15 **** < 1% – ∆∗(1750)P31 * –
N∗(1680)F15 **** – – ∆∗(1900)S31 ** –
N∗(1700)D13 *** < 3% – ∆∗(1905)F35 **** –
N∗(1710)P11 *** 5 - 25% – ∆∗(1910)P31 **** –
N∗(1720)P13 *** 1 - 15% – ∆∗(1920)P33 *** 2.1%
N∗(1900)P13 ** 0 - 10% – ∆∗(1930)D35 *** –
N∗(1990)F17 ** – – ∆∗(1940)D33 * –
N∗(2000)F15 ** – – ∆∗(1950)F37 **** –

∆∗(2000)F35 ** –

Table 1: Listing of the N∗ couplings to KY and the ∆∗ couplings to KΣ for states below
W = 2 GeV from the 2012 PDG listings [13].

A recent development in understanding the N∗ spectrum was provided by the Bonn-
Gatchina coupled-channel partial wave analysis of the hadronic Nπ and the photoproduced
γp channels [58]. This work presents an up-to-date listing of pole parameters and branching
fractions for all N∗ and ∆∗ states up to ∼2 GeV with uncertainties at the level of a few
percent (see Table 2). That analysis provided a list of (i) six N∗ states with coupling to KΛ,
S11(1650), P11(1710), P13(1895), P11(1880), S11(1895), and P13(1900), (ii) five N∗ states with
coupling to KΣ, D13(1875), P11(1880), S11(1895), P13(1900), and D15(2060), and (iii) four
∆∗ states with coupling to KΣ, S31(1900), P31(1910), P33(1920), and F37(1950). For more
on this list of states that couple to KΛ and KΣ, see Ref. [59].

The findings of Ref. [58] are based on a significant amount of precision experimental
data and a sophisticated coupled-channel fitting algorithm. However, in general, the issue
of how to extract nucleon resonance content from open strangeness reactions is a long-
standing question. Various analyses have led to very different conclusions concerning the
set of resonances that contribute (e.g. compare results from Refs. [56], [60], and [61], as
well as the statements made regarding the resonant set from Ref. [58]). Furthermore, lack
of sufficient experimental information, incomplete kinematic coverage, and underestimated
systematics are still responsible for inconsistencies among the different models that fit the
data to extract the contributing resonances and their properties [61, 62].

The indeterminacy for the open strangeness channels is in contrast to the pionic channels,
where the contributing resonances can be more reliably identified by means of a partial wave
analysis for W < 2 GeV. In open strangeness channels, this technique is less powerful as the
non-resonant background contributions are a much larger fraction of the overall response.
Several groups have stressed that the importance of the background contributions in the KY
channels calls for a framework that accounts for both the resonant and non-resonant processes
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N∗
→ KY ∆∗

→ KΣ

State Rating B.R. (KΛ) B.R. (KΣ) State Rating B.R. (KΣ)
N∗(1650)S11 **** 10±5% – ∆∗(1620)S31 **** –
N∗(1675)D15 **** – – ∆∗(1700)D33 **** –
N∗(1680)F15 **** – – ∆∗(1750)P31 * –
N∗(1700)D13 *** – – ∆∗(1900)S31 ** 5±3%
N∗(1710)P11 *** 23±7% – ∆∗(1905)F35 **** –
N∗(1720)P13 **** – – ∆∗(1910)P31 **** 9±5%
N∗(1875)D13 *** 4±2% 15±8% ∆∗(1920)P33 *** 4±2%
N∗(1880)P11 ** 2±1% 17±7% ∆∗(1930)D35 *** –
N∗(1895)S11 ** 18±5% 13±7% ∆∗(1940)D33 *** –
N∗(1900)P13 ** 16±5% 5±2% ∆∗(1950)F37 **** 0.4±0.1%
N∗(1990)F17 ** – – ∆∗(2000)F35 ** –
N∗(2000)F15 ** – –
N∗(2060)D15 *** – 3±2%

Table 2: Findings from the Bonn-Gatchina coupled-channel model for N∗ couplings to KY
and ∆∗ couplings to KΣ for states below W ≈ 2 GeV [58].

and that provides for a means to constrain both of these classes of reaction mechanisms
independently [63, 64].

At this point the lion’s share of attention on the strangeness channels from CLAS has been
given to the high-precision photoproduction data sets [57, 65, 66, 67]. One very important
result from the CLAS γp → K+Λ data was the strong evidence for the P13(1900) state from
fits that included the differential cross sections and the beam-recoil transferred polarization
observables Cx and Cz [56] (see Fig. 11). This type of analysis clearly demonstrates the
critical importance of studying not only the dominant Nπ and Nππ channels, but also
channels involving KY final states as well. At the current time, the P13(1900) state is ready
for promotion from a 2-start to a 4-star PDG assignment and is set to become the first
baryon resonance observed and confirmed in electromagnetic meson production, specifically
due to the constraints provided by the K+Λ observables.

3.2 KY Electroproduction

In kaon electroproduction a beam of electrons with four-momentum pe = (Ee, ~pe ) is incident
upon a fixed proton target of mass Mp, and the outgoing scattered electron with momentum
pe′ = (Ee′ , ~pe′ ) and kaon with momentum pK = (EK , ~pK) are measured. The cross section
for the exclusive K+Y final states is then differential in the scattered electron momentum
and kaon direction. Under the assumption of single-photon exchange, where the virtual
photon has four-momentum q = pe − pe′ = (ν, ~q ), this can be expressed as the product of an
equivalent flux of virtual photons and the γ∗p center-of-mass (CM) virtual photoabsorption
cross section as:

d5σ

dEe′dΩe′dΩ∗
K

= Γ
d2σv

dΩ∗
K

, (1)
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Figure 11: CLAS photoproduction K+Λ beam-recoil polarization transfer observables Cx

(solid circles) and Cz (open circles) as a function of cos θ∗K . The solid and dashed curves
are from the partial wave analysis of Ref. [56] obtained without (left panel) and with (right
panel) the P13(1900) state included in the fit. Each subplot is labeled with its associated W
value in MeV.
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where the virtual photon flux factor Γ depends only upon the electron scattering process.
After integrating over the azimuthal angle of the scattered electron, the photoabsorption
cross section can be expressed in terms of the variables Q2, W , θ∗K , and Φ, where Q2 = −q2

is the squared four-momentum of the virtual photon, W =
√

M2
p + 2Mpν − Q2 is the total

energy in the CM frame, θ∗K is the CM kaon angle relative to the virtual photon direction, and
Φ is the angle between the leptonic and hadronic production planes. A schematic illustration
of electron scattering off a proton target, producing a final state electron, K+, and hyperon
Y is shown in Fig. 12.

e

e,

θe

γ*

LEPTONIC PLANE

HADRONIC PLANE

K+θK
*

Y=Λ, Σ0

Φ

Figure 12: Kinematics in the laboratory frame for K+Y electroproduction defining the angles
θ∗K and Φ.

Introducing the appropriate Jacobian, the form of the cross section can be rewritten as:

d4σ

dQ2dWdΩ∗
K

= Γv
d2σv

dΩ∗
K

, (2)

where

Γv =
α

4π

W

M2
p E2

W 2 − M2
p

Q2

1

1 − ǫ
(3)

is the flux of virtual photons (using the convention of Ref. [68]),

ǫ =

(

1 + 2
ν2

Q2
tan2 θe′

2

)−1

(4)

is the polarization parameter of the virtual photon, and θe′ is the electron polar scattering
angle in the laboratory frame.

For the case of an unpolarized electron beam (helicity h=0) with no target or recoil
polarizations, the virtual photon cross section can be written (using simplifying notation)
as:

dσ

dΩ∗
K

(h = 0) ≡ σ0 = σT + ǫσL + ǫσTT cos 2Φ +
√

ǫ(1 + ǫ)σLT cos Φ, (5)
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where σi are the structure functions that measure the response of the hadronic system and
i = T , L, TT , and LT represent the transverse, longitudinal, and interference structure
functions [69]. The structure functions are, in general, functions of Q2, W , and θ∗K only.

For the case of a polarized electron beam with helicity h, the cross section form of Eq.(5)
is modified to include an additional term:

dσ

dΩ∗
K

= σ0 + h
√

ǫ(1 − ǫ)σLT ′ sin Φ. (6)

The electron beam polarization produces a fifth structure function σLT ′ that is related to
the beam helicity asymmetry via:

ALT ′ =

dσ+

dΩ∗

K

− dσ−

dΩ∗

K

dσ+

dΩ∗

K

+ dσ−

dΩ∗

K

=

√

ǫ(1 − ǫ)σLT ′ sin Φ

σ0
, (7)

where the ± superscripts on dσ
dΩ∗

K

correspond to the electron helicity states of h = ±1.

While there have been a number of publications of precision cross sections and spin
observables for both the photo- and electroproduction reactions, the vast majority of the
theoretical effort to date has focused on fitting just the photoproduction data. Although KY
photoproduction is easier to treat theoretically than KY electroproduction, and is thus more
amenable to a detailed quantitative analysis, the electroproduction reaction is potentially
a much richer source of information concerning hadronic and electromagnetic interactions.
Some of the most important aspects of electroproduction include:

• The data are sensitive to the internal structure of baryon resonances through the Q2

dependence of the electromagnetic form factors of the intermediate hadronic resonances
associated with the strangeness production mechanism [62, 64, 70, 71, 72].

• The structure functions are particularly powerful to gain control over the parameteri-
zation of the background diagrams [73].

• Studies of finite Q2 processes are sensitive to both transverse and longitudinal virtual
photon couplings, in contrast to the purely transverse response probed in photopro-
duction.

• The longitudinal/transverse interference structure functions provide signatures of inter-
fering partial wave strengths that are often dramatic and have been shown to be useful
for differentiating between models of the production amplitudes [63, 74, 75, 76, 77, 78].

• The beam-recoil transferred polarizations in the K+Λ and K+Σ0 reactions, as well as
the recoil polarization in the K+Λ reaction, have been shown to provide important
new constraints to models that describe the photoproduction data [61, 79, 80, 81].

The world’s database for K+Λ and K+Σ0 electroproduction in the nucleon resonance
region (1.6 < W < 3.0 GeV) in the domain of momentum transfer 0.5 < Q2 < 4 GeV2 is
completely dominated by the measurements of the CLAS program. These include measure-
ments of beam-recoil transferred polarization [79, 80] and induced recoil polarization [81].
Also extensive measurements of the separated structure functions σU = σT + ǫσL, σLT , σTT ,
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and σLT ′ [74, 75, 77] have been published. Finally, the first Rosenbluth separation from
CLAS data at beam energies of 2.5 and 4 GeV allowed for a separation of σT and σL [74, 82].

The most precise data on the separated structure functions from fits to the CLAS K+Λ
and K+Σ0 differential cross sections were acquired at a beam energy of 5.5 GeV, W from
threshold to 2.6 GeV, Q2 from 1.4 to 3.9 GeV2, and nearly the full center-of-mass angular
range of the kaon [77]. The complete data (σU , σLT , σTT , and σLT ′) for one of the published
points at Q2=1.80 GeV2 are shown in Fig. 13 for K+Λ and Fig. 14 for K+Σ0. The following
model curves are overlaid on the data:

• The hadrodynamic model of Maxwell et al. (MX) (red/dashed curves - thinner line
type from Refs. [64, 83], thicker line type is an extension of the model including fits to
the σLT ′ data from Ref. [75]). Note that this model is only available for the K+Λ final
state and calculations go to a maximum W of 2.275 GeV.

• The t-channel Regge background model of Guidal et al. (GLV) [84] (blue/dotted) that
contains no s-channel resonance contributions.

• The Regge plus resonance model of Ghent (RPR) [63] (black/solid curves - RPR-2007
thinner line type, RPR-2011 thicker line type). For the K+Σ0 comparison, only the
RPR-2007 version is presently available.

In general, none of the available models provides an adequate description of the structure
functions measured in either K+Λ or K+Σ0 electroproduction. Of course the hadrodynamic
models are a quite reasonable description of the photoproduction data as they were directly
employed to fit the model parameters. Thus the electroproduction data provide the potential
to gain new understanding on both the resonant and non-resonant processes contributing to
the reaction mechanism for these final states. In terms of the resonant contributions, these
data have the potential to provide new information on the parameters of the contributing
N∗ states as well as the contributing u-channel processes.

One of the essential requirements in order to reliably extract the electrocoupling parame-
ters from the K+Y structure function data is a reaction model that provides a fully accurate
description of the data across its full kinematic extent. Clearly none of the available models
is presently at this point. One important aspect of this work is the development of such a
reaction model that can be employed in the description of the data for Q2 up to 12 GeV2

while spanning the full resonance region. This is discussed in further detail in Section 3.5.
The CLAS electroproduction data provides a large Q2 reach over the range from which

the dynamics are dominated by meson-baryon degrees of freedom to that in which the quark-
gluon degrees of freedom are becoming manifest. The published data for σU at Eb=5.5 GeV
are shown in Figs. 15 and 16 for the K+Λ and K+Σ0 final states at two representative W
points, 1.725 and 1.925 GeV [77]. Included on these plots are the photoproduction differential
cross sections for K+Λ from Ref. [66] and K+Σ0 from Ref. [67] at Q2=0 for the kinematic
points where they are available. Also shown are the data for σU from Ref. [74] from two
different data sets, (i). Eb=2.567 GeV, Q2=0.65, 1.0 GeV2 and (ii). Eb=4.056 GeV, Q2=1.0,
1.55, 2.05, 2.55 GeV2, at kinematic points that are reasonably close to the present data.
The goal from the current experimental proposal is to extend these measurements up to the
highest Q2 of 12 GeV2, where the dynamics are dominated by the quark-gluon degrees of
freedom.
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Figure 13: Structure functions σU = σT +ǫσL, σLT , σTT , and σLT ′ (nb/sr) for K+Λ production vs. W at 5.5 GeV for Q2=1.80 GeV2

and cos θ∗K values as shown from CLAS data [77]. The error bars represent the statistical uncertainties only. The blue curves are
from the GLV Regge model [84], the red curves are from the hadrodynamic model of Maxwell [64, 83], and the black curves are
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Figure 14: Structure functions σU = σT +ǫσL, σLT , σTT , and σLT ′ (nb/sr) for K+Σ0 production vs. W at 5.5 GeV for Q2=1.80 GeV2
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Figure 15: Structure function σU vs. Q2 for the K+Λ final state for W=1.725 GeV (left) and
1.925 GeV (right) from CLAS data. The labels on each subplot indicate the cos θ∗K bin center.
The black circles are the data from Ref. [77], the red squares are the photoproduction points
from Ref. [66], and the green stars and triangles are from the lower Q2 data from Ref. [74].
The error bars include both statistical and systematic uncertainties.
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Figure 16: Structure function σU vs. Q2 for the K+Σ0 final state for W=1.725 GeV (left) and
1.925 GeV (right) from CLAS data. The labels on each subplot indicate the cos θ∗K bin center.
The black circles are the data from Ref. [77], the red squares are the photoproduction points
from Ref. [67], and the green stars and triangles are from the lower Q2 data from Ref. [74].
The error bars include both statistical and systematic uncertainties.
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3.3 Electroproduction Analysis

During the past several years there has been much progress in extracting γvNN∗ transi-
tion form factors for several low-lying N∗ states. These include the P33(1232), P11(1440),
D13(1520), and S11(1535). The extraction of these electrocoupling parameters has relied
mainly on fits to the CLAS Nπ and Nππ channels obtained in the range 0.2 < Q2 <
4.5 GeV2.

Nucleon resonances have various decay modes and hence manifest themselves through
multiple final state channels. The contributions of the non-resonant amplitudes are substan-
tially different in these different channels [27, 85]. However, it must be the case that the
electrocoupling parameters for a given N∗ state are independent of the decay channel as
they are fully determined by the γvNN∗ vertices of the formation channel. The successful
description of a large body of observables in various exclusive channels with a common set
of N∗ electrocoupling parameters gives strong evidence that the γvNN∗ helicity amplitudes
can be reliably determined from different hadronic final states.

One of the key aspects of the analysis leading to the determination of the electrocoupling
parameters for the P11(1440) and D13(1520) is the agreement of the results from the Nπ and
Nππ channels (see Figs. 2 and 5). Note, however, that the Nπ channel is mostly sensitive to
N∗s with masses lower than 1.6 GeV. One of the critical aspects of the KY channels is that
they represent an independent final state with completely different non-resonant amplitudes
relative to the pionic channels that will be extremely valuable in providing an independent
cross-check of the Nππ analysis in the region of the high-lying resonances up to W = 3 GeV.
In fact, the independent analysis of the separate KY and Nππ electroproduction channels
offers the best opportunity for a detailed investigation of the structure of the dominant
higher-lying resonances for W > 1.6 GeV.

The results obtained for the Nπ and Nππ data already represent consistent initial esti-
mates of the Q2 evolution of the low-lying N∗ electrocoupling parameters. This information
will be checked and extended in a global and complete coupled-channels analysis of all major
meson electroproduction channels including the KY data that incorporate the amplitudes
of non-resonant electroproduction mechanisms extracted from the CLAS and CLAS12 data
using the phenomenological approaches developed to study the data.

3.4 Legendre Fits

In order to investigate in a cursory manner the evidence for N∗ resonance couplings in the
separated structure functions for the CLAS data at Q2 < 4 GeV2, a series of Legendre
polynomial fits was carried out [77]. The first approach fit the individual structure functions
σU , σLT , σTT , and σLT ′ versus cos θ∗K for each Q2 and W point for the K+Λ and K+Σ0 final
states using a truncated series of Legendre polynomials as:

Cℓ=0→3 =
∫ +1

−1

dσU,LT,TT,LT ′

dΩ∗
Pℓ(cos θ∗K) dcos θ∗K . (8)

The fit coefficients for ℓ = 0 → 3 are shown for K+Λ in Fig. 17 and for K+Σ0 in Fig. 18 for
Q2 = 1.80 GeV2. It is expected that the appearance of a structure in a single Cℓ coefficient
at the same W value and in each of the Q2 points is likely a signal of an N∗ contribution.
Note that the appearance of a structure at a given value of W for each of the different Cℓ
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coefficients most likely suggests the presence of a dynamical effect rather than the signature
of an N∗ contribution.
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Figure 17: Legendre polynomial fit coefficients (nb) for ℓ = 0 → 3 vs. W for the K+Λ
separated structure functions σU , σLT , σTT , and σLT ′ for Q2=1.80 GeV2 [77].

The fits for K+Λ show structures for each of the three Q2 points in the analysis (Q2 =
1.80, 2.60, 3.45 GeV2) at W=1.7 GeV in C0 for both σU and σLT , W=1.9 GeV in C2 and
C3 for σU , and W=2.2 GeV in C3 for σU . The fits for K+Σ0 show structures at W=1.9 GeV
in C0 and C2 for σU and σTT . Of course, making statements regarding the possible orbital
angular momentum of the associated resonances requires care as interference effects among
the different partial waves can cause strength for a given orbital angular momentum value
to be spread over multiple Legendre coefficients.

In a second approach, each of the Legendre coefficients can be further expanded in terms
of products of pairs of multipole amplitudes, but these expansions quickly become unwieldy
as the number of participating partial waves increases. However, additional insight can be
gathered from a fit to the structure functions with a coherent Legendre series of the form:

dσU,LT,TT,LT ′

dΩ∗
=

[

2
∑

ℓ=0

Cℓ(Q
2, W )Pℓ(cos θ∗K)

]2

+ C2
x. (9)

The coefficients Cℓ(Q
2, W ) are the amplitudes of the coherent S, P , and D-wave contribu-

tions, respectively, while Cx takes into account an incoherent “background” connected with
higher-order terms that are not taken into account in the truncated sum. Of course, one
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Figure 18: Legendre polynomial fit coefficients (nb) for ℓ = 0 → 3 vs. W for the K+Σ0

separated structure functions σU , σLT , σTT , and σLT ′ for Q2=1.80 GeV2 [77].
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must take care against making too much of the fit results using the simplistic form of Eq.(9)
as it does not represent a true amplitude fit. Rather the point was to look for structures
that appear at a given W and for each Q2 for a given Cℓ coefficient as suggestive evidence
for possible N∗ resonance contributions that can be studied in more detail in a more sophis-
ticated and complete analysis. Figures 19 and 20 show the Legendre coefficients from this
approach for σU for the K+Λ and K+Σ0 reactions, respectively, for the three Q2 points in
the analysis of Ref. [77].
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Figure 19: Coherent Legendre polynomial fit coefficients ((nb/sr)1/2) ℓ = 0 → 2 vs. W for
the K+Λ separated structure function σU for Q2=1.80, 2.60, and 3.45 GeV2 [77].

The fit coefficients for σU shown in Figs. 19 and 20 show reasonable correspondence among
all three Q2 points. For the K+Λ fits, strength is seen at: W=1.7 GeV in C0, W=1.9 GeV
in C1, and W=2.2 GeV in C2. While it might be tempting to view this as corroboration of
the findings of the K+Λ photoproduction amplitude analysis from Ref. [86], obviously more
detailed work is required. For the K+Σ0 fits, strength is seen at W=1.85 GeV in C0 and
W=1.9 GeV in C2. It is interesting that there is no signature of strength in the P -wave as
seen through the coefficient C1, but again a more sophisticated and complete analysis will
be required to make more definitive statements. Regardless of the details and issues, these
studies indicate the sensitivity of the KY final states to high-lying N∗ couplings.

3.5 Development of Reaction Model

A critical aspect of this proposal is not just the measurement of the differential cross sections
and separated structure functions for the K+Λ and K+Σ0 final states, but the development
of a reaction model capable of describing the observables with sufficient accuracy to reliable
extract the electrocoupling parameters for the dominant N∗ and ∆∗ states coupling to these
channels. At the current time a reliable reaction model that well describes the existing CLAS
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Figure 20: Coherent Legendre polynomial fit coefficients ((nb/sr)1/2) ℓ = 0 → 3 vs. W for
the K+Σ0 separated structure function σU for Q2=1.80, 2.60, and 3.45 GeV2 [77].

K+Λ and K+Σ0 structure functions does not yet exist. This can clearly be seen from the
comparisons of the available models to the data in Figs. 13 and 14.

A key part of this new strangeness physics experiment is to extract the N∗ electrocou-
pling parameters from the measured cross section and separated structure function data not
only for the new measurements at 11 GeV beam energy, but also for the already published
electroproduction data from CLAS [74, 75, 77, 79, 80, 81, 82]. In order to extract the N∗

electrocoupling parameters from the data, it is essential that we have a flexible reaction
model that can be tuned to precisely fit the existing CLAS KY photo- and electroproduc-
tion data and that eventually allows us to extract the N∗ electrocouplings and their partial
KY decay widths, fitting them to observables measured in the KY channels. One candidate
is the Ghent Regge plus resonance model.

The Ghent Regge plus resonance (RPR) model [63] represents a single-channel model
for KY photo- and electroproduction that is based mainly on fits to the available CLAS
KY photoproduction data. This hybrid approach combines a standard effective Lagrangian
isobar model to describe the s-channel N∗ resonance contributions with a Reggeon-exchange
formalism to describe the non-resonant t-channel background. This model has been con-
strained by fits to the available CLAS γp → K+Λ and γp → K+Σ0 data and thus provides a
good description of the photoproduction data. As of yet, the model has not been constrained
by fits to any of the available CLAS electroproduction data. However, a recent effort from
the Ghent group has taken important steps to use the electroproduction data to better con-
strain the non-resonant amplitudes above the resonance region [87]. It is expected that this
development will be able to better constrain the resonant and non-resonant contributions
within the resonance region.

Based on discussions with Jan Ryckebusch as part of the developments related to this
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proposal, we have laid out a series of goals that might enable us to develop the RPR model
(or other suitable model) into a tool to extract the N∗ electrocoupling parameters for the
KY final states from both the low Q2 CLAS data and the high Q2 CLAS12 data in a phased
approach. The key steps in this phased approach include:

Goal #1: To detail the complete list of N∗ states included in the most recent version of
the model along with their electrocoupling parameters for both the K+Λ and K+Σ0 final
states.

Goal #2: In order to provide consistency with the electrocoupling parameters determined
from fits to the CLAS Nπ and Nππ data sets, update the model with the N∗ parameters
from these analyses. Depending on how different these new parameters are from what is
already included in the model, new data fits may have to be performed to re-establish the
model resonant/non-resonant parameters.

Goal #3: In order to develop a true extraction model from the available reaction model,
refit the model to the CLAS photo- and electroproduction data (Q2 up to 4 GeV2) with the
existing non-resonant parameters constrained to their measured uncertainties and extract the
electrocoupling parameters and KY decay widths for all prominent N∗ states that couple to
the K+Λ and K+Σ0 exclusive channels. Given the significant amount of data involved, this
work will require studies of the stability of the fit results and the sensitivities to the different
data sets given their quoted systematic uncertainties.

This work will eventually lead to a fourth goal to further develop the model to be able to
include the new KY data for W up to 3 GeV and Q2 up to 10 - 12 GeV2 that can be used
as input for coupled-channel model development in these kinematics. Work to develop this
reaction model are now getting underway and the plan is to have it sufficiently developed
on a time-scale appropriate for the new measurements from this proposal.
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4 Experiment Details

We plan to measure the exclusive K+Λ and K+Σ0 final states using the CLAS12 spectrometer
in Hall B at Jefferson Laboratory using a longitudinally polarized electron beam. At an
incident beam energy of 11 GeV, we will measure the differential cross sections over a range
of invariant energy 1.6 < W < 3 GeV in the virtually unexplored domain of momentum
transfers Q2 from 4 to 12 GeV2, while spanning the full center-of-mass angular range of the
final state K+. Note that while the goal is to explore couplings of N∗ and ∆∗ states in
the mass range from 1.6 to 3 GeV, we will perform our analysis over the range of invariant
energy W up to 4 GeV due to the large hadronic decays widths for these high-lying states.
Measurements in the range of Q2 < 4 GeV2 will also be completed in order to provide
sufficient overlap to connect to the existing CLAS KY data from Ref. [77].

Fits to the Φ dependence of the differential cross sections for the K+Λ and K+Σ0 final
states will be carried out to determine the separated structure functions σU ≡ σT +ǫσL, σTT ,
and σLT . Fits to the beam spin asymmetry will be carried out to determine the polarized
structure function σLT ′. The separated structure functions will be extracted as a function of
Q2, W , and cos θ∗K , using the well-established techniques that were developed from analysis
of these same final states from the CLAS program [74, 77]. Note that a separation of σL

and σT is not required for this proposal as the longitudinal amplitudes can be probed with
greater sensitivity from the interference structure functions σLT and σLT ′ .

In the second stage of the analysis, the N∗ and ∆∗ electrocoupling parameters will be
extracted from fits to the separated structure function data using either an existing reaction
model such as the Regge plus resonance model from Ghent [63] (see Section 3.5) or a phe-
nomenological approach that is analogous to those developed in recent years for analysis of
the CLAS Nπ and Nππ data sets. These include the UIM isobar model [33] and an approach
based on dispersion relations for the Nπ channel [29] and the Nππ channels [32, 42]. The
extraction of the electrocoupling amplitudes will be completed separately for both the K+Λ
and K+Σ0 channels, but the fits will be carried out with a common set of electrocoupling
parameters. These results can be compared with the γvNN∗ electrocouplings available from
the studies of the Nππ channel. These fits will provide a set of initial N∗ electrocoupling
amplitudes. A final evaluation of N∗ electrocoupling amplitudes will be carried out within
the framework of the most advanced coupled channel approaches, which are currently being
developed by the Argonne-Osaka Collaboration [5] and the GWU group [88]. Both of these
approaches account for the contributions of all relevant meson-baryon open channels and
their hadronic interactions. Ultimately, they will include updates from JPARC measure-
ments on the πN → ππN reaction at W values covered by this proposal [89]. Consistent
results on the γvNN∗ electrocouplings from independent analyses of the Nπ, Nππ and KY
channels and extracted from the global coupled channel analysis will provide the final reliable
extraction of these fundamental quantities.

4.1 CLAS12 Simulations

This experiment will employ the base CLAS12 detector subsystems. In order to study the
detector response and to model the CLAS12 acceptance function, the standard CLAS12
fast Monte Carlo (fastMC) suite was employed. This simulation code included the nominal
detector geometries and the expected position and time resolutions for the detectors for
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the reconstruction of the four-momenta of the final state particles. The event generator was
based on a PYTHIA phase space model modified to reflect the expected Q2 dependence of the
incident virtual photon flux and the t-dependence of the final state K+ seen from Ref. [77].
Figure 21 shows the kinematics of the generated events at a beam energy Eb=11 GeV as a
function of Q2, W , and cos θ∗K . The corresponding distributions of these quantities from our
CLAS data set at Eb=5.5 GeV are shown in Fig. 22 for comparison. The p vs. θ laboratory
distributions for the final state charged particles e′, K+, p, and π− are shown in Fig. 23.
These figures show that the e′, K+, and p are mostly directed toward the CLAS12 forward
detector system (θ < 35◦), while the π− tracks mostly are contained within the CLAS12
central detector system (θ > 35◦).
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Figure 21: Distributions of Q2, W , and cos θ∗K for the generated modified phase space Monte
Carlo K+Y events used to determine the CLAS12 acceptance functions for this proposal.
Note that the sharp edges seen in the Q2 and W distributions here are due to the kinematic
bounds selected for the event generation.

Figure 22: Distributions of Q2, W , and cos θ∗K for the CLAS e1f data set at Eb=5.5 GeV for
K+Y events.

The momentum distribution for the final state K+ is important to consider given the
particle identification capabilities of CLAS12. The reconstructed K+ momenta will be in
the range from 0.5 to 7 GeV. Figure 24 shows the correlation of the K+ momenta as a
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function of Q2 from our Monte Carlo data over the kinematic range of this proposal. The
average K+ momentum is about 4 GeV, with a relatively weak dependence on Q2 for the
kinematic extent of this study.
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Figure 24: Distribution of Q2 vs. K+ momentum (left) and the average K+ momentum vs.
Q2 (right) for the generated modified phase space Monte Carlo K+Λ events.

Figure 25 shows the particle identification capabilities expected for the CLAS12 Forward
Time-of-Flight (FTOF) system based on the flight time differences between charged hadrons
as a function of momentum. The primary issue with the final state reconstruction will be
separating K+ tracks from the dominant π+ background. The FTOF system was designed to
separate K+ tracks from π+ tracks up to ∼3 GeV with 4σ separation (assuming an average
FTOF resolution of 80 ps). However, 1σ separation based on the nominal system design up
to 6 GeV is provided. However, these statements are believed to be extremely conservative.
Based on the measured resolutions for the new FTOF panel-1b counters, 2σ separation of
π/K tracks up to 6 GeV should be achievable. Final state K+ identification will thus rely
mostly on the FTOF particle identification capabilities over the full K+ momentum range.
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system as a function of hadron momentum showing the differences between π/K (red curve),
π/p (blue curve), and K/p (green curve). The 4σ and 1σ FTOF time resolution lines are
shown.
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Figure 26: Representation of which CLAS12 subsystems are employed for charged hadron
identification as a function of momentum.

Particle identification in CLAS12 is actually accomplished through the use of multiple
detection subsystems, including not only the FTOF, but also the two Cherenkov detector
systems, the Low Threshold Cherenkov Counter (LTCC) and the High Threshold Cherenkov
Counter (HTCC). Figure 26 shows a representation of which subsystems are employed for
charged hadron identification as a function of momentum. The LTCC in its nominal active
area is expected to be 95 - 99% efficient for π/K separation in the range of momenta from 3.0
to 9.5 GeV. The HTCC is expected to be 95-99% efficiency for π tracks from 5.0 to 9.5 GeV.
Efficiency factors of 95% within the associated momentum ranges given here are assumed
in the Monte Carlo for the LTCC and HTCC detectors within the particle identification
routine.

Note also that detection of the final state proton from the Λ hyperon mesonic decay
(B.R.=63.9%) will allow us to further reduce the underlying backgrounds employing a cut
on the MM2(e′K+p) distribution to select events with a missing π− or a missing π−γ (see
Fig. 27). This will allow for fits that separate the K+Λ, K+Σ0, and background contributions
with different systematics. Comparison of cross sections extracted using the e′K+ final state
topology to that from the e′K+p final state topology will be used to assess the systematic
uncertainties associated with the background subtraction and fitting algorithms used to
separate the K+Λ and K+Σ0 event samples from the e′K+ missing mass distributions for
each bin of Q2, W , cos θ∗K , and Φ. A discussion of systematic uncertainty evaluation for the
CLAS e1f K+Y analysis related to the data in Ref. [77] is included in Ref. [90].

Representative hyperon missing mass spectra for both the detected e′K+ and e′K+p fi-
nal state topologies are shown in Fig. 28. For these studies, three different reactions were
simulated, including the hyperon channels of interest, K+Λ and K+Σ0, as well as the pre-
dominant background channel ep → e′pπ+π−, where the final state π+ is misidentified as a
K+. These studies employed NKΛ/NKΣ=3 based on the ratios seen in the CLAS e1c and e1f
data sets (which span 0.5 < Q2 < 3.9 GeV2, W up to 2.6 GeV). The background channel
was assumed to have three times the integrated yield as the K+Λ channel in the mass range
shown, again based on the findings from the CLAS e1c and e1f data sets. For the e′K+p
topology, a cut has been placed on the MM2(e′K+p) distribution in the range from 0 to

37



0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

0.25

0.3

)+p) vs. MM(K+(K2MM
h614

Entries  973142

Mean x   1.185
Mean y  0.05769

RMS x  0.1239
RMS y  0.06452

1

10

210

3
10

h614
Entries  973142

Mean x   1.185
Mean y  0.05769

RMS x  0.1239
RMS y  0.06452

)+p) vs. MM(K+(K2MM
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0.065 GeV2 to reduce the background (see Fig. 27).
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Figure 28: Missing mass spectra MM(e′K+) (left) for the reconstructed e′K+ final state
topology and (right) for the e′K+p final state topology from the Monte Carlo studies showing
the separation of the K+Λ and K+Σ0 final state events.

Figure 29 shows the expected missing mass resolution of CLAS12 as a function of Q2

and W summed over all other kinematic variables. The average missing mass resolution is
roughly σMM=22 MeV. This is only about 50% worse than the CLAS spectrometer resolution
for the 6 GeV electroproduction data sets. The resolution is relatively flat with W . However,
the resolution function has a strong dependence on Q2, ranging from 20 MeV at low Q2 to
nearly 40 MeV at high Q2. Further work will be needed to develop approaches for fitting
the missing mass spectra to separate the K+Λ, K+Σ0, and background channels. However,
the algorithms successfully employed for the analysis of Ref. [77] (see Ref. [90]) will be used
as a starting point. Note as well that the simulation results shown include only final-state
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radiative effects, and thus do not represent a full treatment. However, the degree of overlap
between the Λ and Σ0 peaks is expected to be reasonably accurate as reflected in Fig. 28.

4.2 Count Rate Estimates - K+Λ and K+Σ0 Channels

The K+Y differential cross section in a given bin of Q2, W , cos θ∗K , and Φ can be written as:

dσ

dΩ∗
K

=
1

L · N

ACC · (∆Q2∆W∆ cos θ∗K∆Φ)
· 1

Γv
· 1

t
, (10)

where L is the beam-target luminosity, N is the number of counts in the bin, ACC is
the CLAS12 acceptance for the bin (including all inefficiencies, branching ratios, and dead
times), Γv is the virtual photon flux factor, and t is the run duration.

Bin Q2 (GeV2) W (GeV)
1 4.5 1.725
2 4.5 1.925
3 6.5 1.725
4 6.5 1.925
5 8.5 1.725
6 8.5 1.925
7 10.5 1.725
8 10.5 1.925

Table 3: The eight representative bins in Q2 and W used for the count rate estimates in this
proposal.

To determine the expected yields for this experiment, estimates for the K+Λ and K+Σ0

final states were carried out for the eight representative Q2/W bins shown in Table 3. These
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include two values of W (1.725, 1.925 GeV) and four values of Q2 (4.5, 6.5, 8.5, 10.5 GeV2).
In addition, the following assumptions were made:

• L = 1 × 1035 cm−2s−1 - nominal CLAS12 design operating luminosity

• Full torus field with negatively charged particles inbending

• t = 60 days (compatible with run group that includes E12-09-003)

• Γv from Eq.(3)

• dσ/dΩ from a 1/Q2 extrapolation of the form:

dσ/dΩ = C1 ·
(

C2 + Q2
)−1

(11)

to the electroproduction cross sections in each cos θ∗K bin shown in Figs. 15 and 16.

• Binning:

– ∆Q2 = 1.0 GeV2

– ∆W = 50 MeV,

– ∆ cos θ∗K 10 bins:

[-0.90,-0.65], [-0.65,-0.40], [-0.40,-0.20], [-0.20,0.00], [0.00,0.20],

[0.20,0.40], [0.40,0.60], [0.60,0.75], [0.75,0.90], [0.90,1.00]

– ∆Φ: 8 bins 45◦-wide [-180◦,180◦]

(cos θ∗K and Φ binning chosen to match e1f analysis)

• ACC from fastMC with a reasonably realistic event distribution for the event generator
as shown in Fig. 21.

The acceptances in each kinematic bin were determined from the ratio of reconstructed
to generated events in each bin. The acceptances determined for the K+Λ final state for
the e′K+ and e′K+p topologies are shown in Fig. 30 for the eight bins of Table 3 averaged
over Φ. The acceptances for the K+Σ0 final state are comparable. The studies show typi-
cal Φ-averaged e′K+ topology acceptances of 55% and typical Φ-averaged e′K+p topology
acceptances of 25%, relatively independent of kinematics.

Figure 31 shows the expected yields determined using Eq.(10) for the K+Λ final state
for both the e′K+ and e′K+p topologies and Fig. 32 shows the expected yields for the K+Σ0

final state. Also shown in these figures are the counts from the e1f analysis at Q2=1.8 GeV2

(from Ref. [77]) for the e′K+ topology, which we might consider as a reasonable measure
of the required statistics for a viable experiment. From the favorable comparison between
the expected yields for this experiment compared to the yields from the CLAS e1f data set,
this experiment at 11 GeV with CLAS12 is considered as quite feasible. Note the 1/Q2

extrapolation was found to be the most reasonable to fit the existing CLAS data in the
range of Q2 up to 4 GeV2. However, the expected yields were also studied using a 1/Q4

extrapolation of the cross sections in Figs. 15 and 16 as:
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Figure 30: Acceptance functions determined from the Monte Carlo simulations as a function
of cos θ∗K averaged over Φ for the K+Λ final state for the e′K+ topology (left) and the
e′K+p topology (right) for the eight Q2/W bins listed in Table 3. These acceptances were
determined with a thrown event sample of 10M events and yield statistical uncertainties on
the acceptance of a few percent.
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dσ/dΩ = C1 ·
(

C2 + Q2
)−2

, (12)

and the corresponding expected yields were reduced by a factor of two. There is a definite
uncertainty with these sorts of extrapolations. The best fits for the low Q2 CLAS data are not
necessarily expected to reflect the reality of our high Q2 data due to the different associated
dynamics. In this regard, the Moscow State University group is currently exploring the
possibility of extrapolating the available CLAS KY data employing the fully integrated
cross section extrapolated as:

∑

τ

Cτ

(

M2

Q2

)
τ−2

2

, τ = 2, 4, 6, . . . , (13)

with parameters Cτ and M fit independently to the available CLAS data in each bin of
W . Such an approach has provided predictions for the Q2 evolution of the CLAS Nππ
electroproduction cross sections for 5 < Q2 < 12 GeV2 as published in Ref. [91].

4.2.1 Alternative Topologies

As with all studies of hyperon electroproduction, the success of the experiment is directly
correlated with the size of the final statistical uncertainties, assuming that the systematic
uncertainties associated with the subtraction of the dominant π+ misidentification back-
ground and the Λ/Σ0 separation can be controlled over the kinematic domain studied. In
an effort to maximize the hyperon yield relative to the background, several additional event
topologies have been studied in detail beyond those for e′K+ and e′K+p.

If we attempt to reduce the backgrounds associated with π+ misidentification, we could
consider an experiment reconstructing solely the p and π− from the Λ mesonic decay in
addition to the scattered electron. However, due to the fact that most π− tracks go into the
CLAS12 central detector with p < 300 MeV (see Fig. 23), and this represents the effective
momentum threshold for tracks to traverse the central trackers and the Central Time-of-
Flight (CTOF) system, this topology only has a typical acceptance of ∼3% (including the
Λ → pπ− B.R.=63.9%). This final state topology is therefore certainly not viable for a
precision experiment.

In an attempt to improve the separation of Λ and Σ0 hyperons in the MM(e′K+) spec-
trum, we could consider detecting the γ from the Σ0 → Λγ decay (B.R.=100%) in the
CLAS12 PCAL. However, the γ momentum distribution has a typical value of ∼150 MeV.
For such energies the PCAL photon detection efficiency is only ∼50% with a very steep
gradient (see Fig. 33). Thus any topology requiring photon detection for Σ0 reconstruction
is deemed as not viable.

4.3 Count Rate Estimates - Phase 2 Channels

The main emphasis of this proposal is a detailed study of the associated production of the
ground state hyperons through the reactions:

e + p → e′ + K+ + Λ (14)

e + p → e′ + K+ + Σ0. (15)
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Figure 31: Expected counts in the eight bins of Table 3 at Q2=4.5, 6.5, 8.5, and 10.5 GeV2

for the K+Λ final state at two representative values of W=1.725, 1.925 GeV averaged over
Φ for a 60 day run at a luminosity of 1 × 1035 cm−2s−1 for the e′K+ topology (green bars)
and e′K+p topology (blue bars) compared to the e′K+ yields from the e1f experiment at
Q2=1.8 GeV2 (red bars) of Ref. [77].
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Figure 32: Expected counts in the eight bins of Table 3 at Q2=4.5, 6.5, 8.5, and 10.5 GeV2

for the K+Σ0 final state at two representative values of W=1.725, 1.925 GeV averaged over
Φ for a 60 day run at a luminosity of 1 × 1035 cm−2s−1 for the e′K+ topology (green bars)
and e′K+p topology (blue bars) compared to the e′K+ yields from the e1f experiment at
Q2=1.8 GeV2 (red bars) of Ref. [77].
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Figure 33: Simulation results of the photon detection efficiency for the CLAS EC detectors
as a function of photon energy. The photon detection efficiency for the CLAS12 PCAL is
expected to be quite similar.

These “phase 1” reaction channels were chosen because they have the largest cross sections
and the highest acceptances of the various strangeness channels.

As stated in Section 1, the second phase of this proposal includes studies of the strangeness
channels with smaller cross sections and detector acceptances. Among the considered reac-
tions include:

e + p → e′ + K∗+ + Λ (16)

e + p → e′ + K∗+ + Σ0 (17)

e + p → e′ + K+ + Λ(1405) (18)

e + p → e′ + K+ + Λ(1520) (19)

e + p → e′ + K+ + Σ0(1385) (20)

e + p → e′ + K0
s + Σ+ (21)

e + p → e′ + K∗0 + Σ+. (22)

The yield estimates for each of these “phase 2” reactions were made relative to the
yield for the K+Λ reaction. As no electroproduction cross sections are yet available, the
photoproduction cross sections were extrapolated using the form of Eq.(11). The acceptance
function of CLAS12 for the different final states used the same fastMC code suite already
discussed with a phase space model governing the energy and angular distribution of the
final state particles.

In the following subsections, relevant details on each of the phase 2 reactions is provided.
Table 4 contains the count rate expectations relative to the phase 1 channels. Given the
lower yields for analysis, it will certainly be the case that larger bin sizes in Q2, W , and
cos θ∗K will be required relative to those selected for the K+Y channels. Unless the expected
cross sections are substantially larger from the estimates considered here, the measurements
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will in all likelihood be limited to differential cross sections only. However, attempts to
perform Φ fits to extract the structure functions can possibly be made in some cases, such
as bins at low Q2 and forward kaon CM angles.

Group Reaction 〈dσ/dΩ〉 (nb/sr) 〈ACC〉 Yield Ratio
e + p → e′ + K+ + Λ 200 55% 1.000
e + p → e′ + K+ + Σ0 50 55% 0.250

A e + p → e′ + K∗+ + Λ 10 6% 0.005
e + p → e′ + K∗+ + Σ0 10 6% 0.005

e + p → e′ + K+ + Λ(1405) 10 11% 0.010
B e + p → e′ + K+ + Λ(1520) 20 10% 0.019

e + p → e′ + K+ + Σ0(1385) 40 5% 0.017
C e + p → e′ + K0

s + Σ+ 10 6% 0.006
e + p → e′ + K∗0 + Σ+ 10 6% 0.006

Table 4: Count rate estimates for the various phase 2 strangeness reaction channels consid-
ered. The “yield ratio” column shows the yields expected relative to the K+Λ channel. The
cross section column is the expected cross section for the different channels at Q2=1.8 GeV2.
The average acceptance column takes into account the branching ratios for the reconstructed
final state(s) considered.

4.3.1 Group A - ep → e′K∗+Y

Present coupled channel analyses have been focused mainly on fits to data of πN , ηN , and
KY production. However, studies of the K∗Y channels (see Eq.(16) and Eq.(17)) are also
expected to provide unique and relevant information regarding production of high-lying N∗

states. The quark model calculations of Ref. [92] showed that several N∗ states are predicted
to couple to the KY and K∗Y channels with similar strength. These include the D13(2080),
S11(2090), and G17(2190). Comparisons of the K+Y and K∗+Y cross sections for these
states will be relevant to study the different production mechanisms involved.

The reconstruction of the K∗+Λ and K∗+Σ0 final states will proceed through identifi-
cation of the final state K∗+ with the hyperon identified using the missing-mass technique.
The K∗+ will be identified from the decay:

K∗+ → K0
s π+ (B.R. = 50%) (23)

→֒ K0
s → π+π− (B.R. = 69.2%).

The reconstructed reaction is: ep → e′π+π−π+(Λ) or ep → e′π+π−π+(Σ0).
The cross section estimates for these channels are based on extrapolations from the

CLAS photoproduction data from Ref. [93]. The typical cross sections averaged over W and
cos θ∗K∗ at the photon point are 16 nb/sr. The average CLAS12 acceptance for this reaction,
accounting for the relevant branching fractions, is estimated to be ∼6%.
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4.3.2 Group B - ep → e′K+Y ∗

The Λ(1405) is situated just below the NK̄ threshold and has been an enigmatic state in the
spectrum of strange baryons for many years. Only recently have precision photoproduction
data from CLAS become available that have started to shed some light on the production
dynamics [94, 95]. The Λ(1405) sits between the Σ(1385) and the Λ(1520) hyperons. Simul-
taneous studies of all three states should be expected to yield insight into their production
dynamics, which should lead to further insight into their structures. To date the available
theoretical models that have studied N∗ → KY ∗ decays have produced mixed results on
whether s-channel resonance contributions play any significant role [96, 97, 98, 99].

The reconstruction of the three K+Y ∗ channels (see Eq.(18), Eq.(19), and Eq.(20)) was
considered as follows:

ep → e′K+ Λ(1405) (24)

→֒ Λ(1405) → π−Σ+ (B.R. = 18%) (25)

→֒ Λ(1405) → π+Σ− (B.R. = 18%) (26)

The reconstructed reactions are: ep → e′K+π−(Σ+) and ep → e′K+π+(Σ−).

ep → e′K+ Λ(1520) (27)

→֒ Λ(1520) → K−p (B.R. = 50%) (28)

The reconstructed reactions are: ep → e′K+K−(p) and ep → e′K+p(K−).

ep → e′K+ Σ0(1385) (29)

→֒ Σ0(1385) → Λπ0 (B.R. = 87%) (30)

→֒ Λ → pπ− (B.R. = 64%) (31)

The reconstructed reaction is: ep → e′K+pπ−(π0).
As no electroproduction cross sections are yet available for these final states, extrapo-

lations of the available CLAS photoproduction cross sections of Ref. [95] were employed.
The typical cross sections averaged over W and cos θ∗K at the photon point are 16 nb/sr for
K+Λ(1405), 32 nb/sr for K+Λ(1520), and 65 nb/sr for K+Σ0(1385). The average CLAS12
acceptances for these reactions, accounting for the relevant branching fractions are estimated
to be 11% for K+Λ(1405), 10% for K+Λ(1520), and 5% for K+Σ0(1385).

4.3.3 Group C - ep → e′K(∗)0Σ+

Study of the strangeness production of different isospin partners in the final state, namely Σ+

production vs. Σ0 production (see Eq.(22)), is also a necessary part of developing complete
reaction models. For example, the dynamics of K∗0 production are simplified relative to
K∗+ production as K∗0 exchange in the t-channel is strongly suppressed [100]. Thus studies
of both the charged and neutral mesons in the final state may allow for scrutiny of the
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developed reaction models that can give additional insight into the different isospin channels
and their coupling to the final state N∗s.

The reconstruction of these K(∗)0Σ+ channels was considered as follows:

ep → e′ K0
s Σ+ (32)

→֒ K0
s → π+π− (B.R. = 69%) (33)

The reconstructed reaction is: ep → e′π+π−(Σ+).

ep → e′ K∗0 Σ+ (34)

→֒ K∗0 → K+π− (B.R. = 67%) (35)

The reconstructed reaction is: ep → e′K+π−(Σ+).
The cross section for the K0

sΣ
+ reaction was based on available CLAS photoproduction

data from Ref. [93]. The typical value averaged over W and cos θ∗K is 16 nb/sr. For the
K∗0Σ+ channel, the average cross section from CLAS photoproduction data of Ref. [101]
over W and cos θ∗K is estimated to be 16 nb/sr. The average CLAS12 acceptances for these
reactions was found to be 6%.
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5 Summary and Beam Time Request

The studies of the electromagnetic transition amplitudes between the nucleon ground and
excited states over a wide range of Q2, elucidate the relevant degrees of freedom in the N∗

structure at different distance scales and will allow for a better understanding of the non-
perturbative strong interaction that governs the formation of the N∗ states. With the JLab
12-GeV upgrade and the new CLAS12 detector, a unique opportunity is available to probe
the structure of nucleon resonances at high Q2. These studies will address some of the most
fundamental issues of present-day hadron physics [4]:

1. What is the mechanism of confinement?
2. How is confinement related to the mass generating mechanism of dynamical chiral

symmetry breaking?
3. Can the fundamental QCD Lagrangian successfully describe the complex structure of

the states of different quantum numbers in the N∗ spectrum?

These questions are very difficult to answer, but there is great promise of a much improved
understanding through the experiments that will take place with CLAS12. Studies of the
behavior of the N∗ resonances at high Q2 provide a decisive advantage, as the meson cloud
contributions become small and the quark core contributions that we seek to study dominate
the dynamical response.

In recent years the CLAS Collaboration has succeeded in determining the Q2 evolution of
baryon resonance electrocoupling amplitudes from unpolarized Nπ and Nππ electroproduc-
tion data. Consistent results for both channels have been extracted through two conceptually
different approaches (isobar model and dispersion relations). These results unambiguously
show that the resonance parameters can be extracted with unprecedented accuracy for ex-
cited states in the region W < 1.7 GeV and Q2 < 4.5 GeV2 for single non-strange meson
final states and in the region W < 2.0 GeV and Q2 < 1.5 GeV2 for double charged pion final
states. These studies make clear that the independent analysis of multiple final states in the
same kinematic domain is essential to minimize the systematics of the measurements and
to have confidence in the extracted electrocoupling parameters. In terms of pionic coupling,
most high-lying N∗ states preferentially decay through the Nππ channel instead of the Nπ
channel. Thus data from the KY channels is critical to provide an independent extraction
of the electrocoupling amplitudes for the high-lying N∗ states against those determined from
the analysis of the Nππ channel.

In conjunction with the already approved CLAS12 experiment E12-09-003 [11] that will
study N∗ states that couple to the single non-strange meson and Nππ channels, this exper-
iment will focus on the study of N∗ states that couple to the KY strangeness final states.
Together the proponents of these two experiments seek to extract the electrocouplings of
all prominent N∗ and ∆∗ excited states spanning the full nucleon resonance region, up to
W=3 GeV in the almost unexplored region of Q2 from 4 to 12 GeV2. As part of these ef-
forts, work is underway to develop advanced reaction models to reliably extract the γvNN∗

electrocouplings over the range of photon virtualities up to Q2=12 GeV2. These models
will explicitly take into account the contributions from quark-gluon degrees of freedom. The
models developed to fit the single non-strange meson and Nππ data sets will be extended
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in scope to incorporate the KY exclusive channels.
The results obtained for the Nπ and Nππ data already represent consistent initial esti-

mates of the Q2 evolution of the low-lying N∗ electrocoupling parameters. This information
will be checked and extended in a global and complete coupled-channels analysis of all major
meson electroproduction channels including the KY data that incorporate the amplitudes
of non-resonant electroproduction mechanisms extracted from the CLAS and CLAS12 data
using the phenomenological approaches developed to study the data.

In addition, studies of the Q2 evolution of the electrocoupling amplitudes for the high-
lying N∗ states that couple to the KY final states, make it possible to study the data for
evidence regarding hybrid baryons in which massive confined gluons play a role equal to that
of valence quarks. The high Q2 regime makes access to the quark-gluon structure of hybrid
states less obscured by effects of the meson-baryon dressing. These studies are also vital to
confirm or reject the signals claimed for new candidate baryon states recently observed in
analyses of KY photoproduction [58].

These experiments to study N∗ and ∆∗ electroproduction at high Q2 represent an exten-
sion of the existing program from the low Q2 CLAS analyses into a domain that will allow
direct access to quarks decoupled from the meson-baryon cloud. Experiment E12-09-003
has been approved as part of a CLAS12 run group with 60 days of beam time. This new
experiment to study N∗ decays to the KY final states is envisioned to be part of this run
group as well, acquiring data under the same conditions. These include a highly polarized
11 GeV electron beam on an unpolarized liquid-hydrogen target, with the CLAS12 readout
defined by the standard electron trigger requirement and with the torus field polarity set
for inbending of negatively charged particles. The first phase of the analysis will be to per-
form measurements for the highest yield strangeness channels associated with the K+Λ and
K+Σ0 final states. The second phase of the analysis will focus on lower yield channels such
as K0Σ+, K∗Y , and KY ∗.

All of these efforts will be greatly enhanced by the new CLAS12 detector, which will
provide simultaneous data for a wide range of N∗ states from all of the major exclusive meson
electroproduction channels, which theorists can use to untangle the competing contributions
that enter each state in a different way. A coordinated effort between experimental and
theoretical physicists is required.

This proposal requests no new beam time. It has been designed to be fully compatible to
fit within the CLAS12 run group already approved for 60 days of beam time using a highly
polarized electron beam at 11 GeV incident upon an unpolarized liquid-hydrogen target
at a beam-target luminosity of L = 1 × 1035 cm−2s−1. The CLAS12 detector need only
be configured with its nominal base equipment. We request that the JLab PAC approve
this experiment and recognize its importance as a critical and necessary extension to the
CLAS12 N∗ program at high Q2. This proposal has been reviewed internally within the
CLAS Collaboration and has been fully endorsed as a CLAS Collaboration proposal.
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6 Participation of Research Groups

University of South Carolina

Ralf Gothe from the University of South Carolina is not only a spokesperson of this
proposal, but also is a spokesperson of the related CLAS12 N∗ experiment E12-09-003. He
will be involved in not only data analysis issues pertaining to this data set, but also on
working to develop the associated reaction models and the fitting algorithms for the higher-
level analysis that will ultimately be required for extraction of the electrocoupling parameters
of the N∗ resonance states. Ralf Gothe’s group was also responsible for the assembly and
calibration of the high resolution FTOF panel-1b counters that represent the main subsystem
to be employed for charged particle identification in this experiment.

Center for Nuclear Studies - GW Data Analysis Center

The George Washington University Data Analysis Center is actively involved in an ex-
tensive research program on the theoretical interpretation of the results from the proposed
experiment. In particular, the GW group will provide an extended analysis of the πN , NN ,
KY , γN , and γ∗N processes on the time scale of the completion of this experiment.

Lattice Group at the JLab Theory Center

Members of the Lattice Group at the JLab Theory Center are actively involved in an
extensive research program on the theoretical interpretation of the results from the proposed
experiment. In particular, the group will provide LQCD calculations of transition helicity
amplitudes and/or related form factors for several excited proton states of various quantum
numbers at photon virtualities of the proposed experiment on the time scale the completion
of this experiment.

JLab Physics Analysis Center

The JLab Physics Analysis Center that was formed after the culmination of the Excited
Baryon Analysis Center (EBAC) is actively involved in an extensive research program on the
theoretical interpretation of the results from the proposed experiment. In particular, this
group will help to develop analysis methods for interpreting the extracted N∗ form factors in
Q2 to 12 GeV2 in terms of DSE and LQCD predictions on the time scale of the completion
of this experiment.

Argonne-Osaka Group

Members of the Argonne-Osaka Group are actively engaged in extending the analysis of
meson production amplitudes through their dynamical coupled-channel approach that was
started under the aegis of the JLab Excited Baryon Analysis Center (EBAC). This group
is working to extract the mass, coupling constants, and electromagnetic transition form
factors of the N∗ states across the full resonance region at photon virtualities relevant for
this experiment on a time scale compatible with the completion of this experiment.
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Argonne National Lab

The Argonne National Lab (ANL) contributors to this proposal are actively involved
in an extensive research program on the theoretical interpretation of the results from the
proposed experiment. In particular, ANL group will provide calculations of transition helicity
amplitudes and/or related form factors for several excited proton states of various quantum
numbers within the framework Dyson-Schwinger on the time scale of the completion of this
experiment.

Ghent University

Members of the Ghent group are actively involved in the development of reaction models
for KY electroproduction that are being employed as the basis for the development of a
complete model that will be used to describe the KY energy and angular of distributions
this experiment and of the existing KY electroproduction data from CLAS at lower Q2.
This model is necessary to extract the electrocoupling parameters for the dominant N∗ and
∆∗ states coupling to the strangeness channels.

Old Dominion University

Kijun Park from Old Dominion University was a lead author on the CLAS analysis of
the separated structure functions and induced polarization for the KY final states. He
has also lead the analysis of the separated structure functions for the Nπ CLAS data with
the subsequent extraction of the electrocoupling parameters for resonances in the region of
W=1.6 GeV. He will be involved in multiple aspects of the analysis of the data to extract
cross sections and the higher-level analysis to extract the helicity amplitudes.

Florida International University

Brian Raue from Florida International University is a lead author on the majority of the
CLAS KY electroproduction papers from the analysis of the separated structure functions,
to the extraction of the single and double polarization observables. He will be involved in
multiple aspects of the data analysis for this experiment.

Moscow State University

The Moscow State University group will participate in the development of the simulation
(GEANT4) and reconstruction software, trigger, and data acquisition. MSU will develop
and support the special database needed for N∗ studies in the coupled-channel analysis.

University of Iowa

Haiyun Lu from the University of Iowa has been involved as a lead author on analysis
of CLAS KY ∗ photoproduction data. He will be involved in multiple aspects of the data
analysis for this experiment.

Ohio University

Ken Hicks from Ohio University has been involved in the CLAS strangeness physics
program as a lead author on the analysis of data for the K∗+Y and K∗0Y channels in
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photoproduction. He has also played an important role in related analysis and publications
as a collaborator at LEPS. He will be involved in multiple aspects of the data analysis for
this experiment with a focus on some of the more promising phase 2 reactions.
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