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Abstract

We propose to study the structure of the Roper resonance by a measurement
of recoil proton polarization components in the p(~e, e′~p)π0 reaction in Hall A. The
components exhibit strong sensitivities to the pertinent resonant Roper multipoles
M1− and S1−, and will be measured in a broad range of Q2 and W . The large
kinematic coverage will allow us to attain a better overall understanding of the N →
R transition amplitudes, for which only scarce data exist. These measurements
will provide critical insight for extracting information on the N → R transition
through comparison with the state-of-the-art models, and will also provide severe
constraints on these models in the second resonance region.

The experiment requires 2 GeV and 3 GeV beams and the standard hardware
configuration of Hall A. We request 348 hours of beam time.
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1 Introduction

The P11(1440) (Roper) resonance [1] is the lowest positive-parity N? state. It is visible
in partial-wave decompositions of πN → πN and πN → ππN scattering [2, 3] as a
shoulder around 1440 MeV with a width of about 350 MeV [4]. Its large width causes it
to merge with the adjacent D13(1520) and S11(1535) resonances, and therefore it can
not be resolved from the W -dependence of the cross-section alone. Although this four-
star resonance is within the energy range of many modern facilities, the experimental
analyses so far have not ventured far beyond the determination of its mass, widths,
and photon decay amplitudes. Very little is known about its internal structure.

The purpose of this experiment is to study the structure of the Roper resonance by
measuring the recoil proton polarization components P ′

x, Py , and P ′
z in the p(~e, e′~p)π0

reaction over an extended range in Q2 and W . In particular, the P ′
x and Py exhibit

strong sensitivities to the resonant multipoles M1− and S1− relevant to Roper electro-
production. The large kinematic coverage of our measurements will provide vital input
the state-of-the-art models of pion electro-production in the second resonance region.
It is for the first time that the Roper resonance is being approached by means of the
recoil-polarization technique, although this strategy benefits substantially from the ex-
perience gained in the well-studied N → ∆ transition.

2 Physics overview and motivation

At present, only two models exist that are capable of computing full electro-production
matrix elements with complex multipole structures. These models, and their connec-
tion to our measurement will be discussed in more detail in Subsection 2.2. On the
other hand, numerous models have been developed to investigate the structure of the
Roper resonance by studying the photo- and electro-excitation part of the process.
These developments are summarized below.

In the simplest spherically symmetric quark model with SU(6) spin-flavour symmetry,
the Roper resonance can be understood as a radial excitation of the proton, with one
quark occupying the 2s state, yielding a (1s)2(2s)1 configuration. The spin, isospin
and parity are assumed not to change in this transition, and hence the excitation can
be viewed as a “breathing mode” of the proton. This physical picture implies a siz-
able Coulomb monopole contribution (C0 or S1−) along with the only other allowed
multipole, the magnetic dipole (M1 or M1−).

Recent models [5, 6] have indicated a possible description of the Roper resonance as a
gluonic partner of the proton, represented as a (q3g) hybrid baryon. Hybrid baryons are
states presumably dominated by the state of three quarks oscillating against explicitly
excited configurations of the gluon fields. The energies of these excitations could be
as low as 550 MeV, so the Roper state is a natural candidate. The problem is that the
hybrid states may have the same quantum numbers as the three-quark states, thus
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by spectroscopy alone, they are indistinguishable. However, hybrid and three-quark
representations can be discriminated by virtue of different structures of the spatial
and spin-flavour wave-functions. In hybrids, the radial wave-functions of the proton
and the Roper are the same, while the spin-isospin parts are orthogonal. Since the
radial wave-functions are equal, the matrix element of the charge operator vanishes (to
lowest relativistic order). The C0 strength should thus be highly suppressed, implying
a predominantly magnetic dipole transition, in contrast to the concept of “breathing”.

These two opposing concepts result in rather different predictions for the Q2-depen-
dence of the transverse (Ap

1/2) and scalar (Sp
1/2) electro-production helicity amplitudes

shown in Fig. 1. In the charged channel, the radially excited (q3) state is predicted to
have a characteristically slow fall-off of Ap

1/2 and Sp
1/2 which seems to be excluded by

the scarce data. The predicted Q2-dependence of Ap
1/2 for the hybrid (q3g) state has a

fall-off similar to the one seen in the N → ∆ transition, while Sp
1/2 is predicted to be zero.

The experimental photo-production data in the figure is from the PDG review [4], and
both approaches mentioned above fail to reproduce these electromagnetic couplings.

Fig. 1 — Nucleon-Roper transverse (left) and scalar (right) helicity amplitudes for the charged
(proton) state. Published experimental data are from [4] for the photon point and from anal-
yses [7, 8] of old unpolarized electro-production data for Q2 > 0. The preliminary CLAS and
Hall A data are discussed in Section 2.1. The curves are for a Roper as a radially excited (q3)
state or a (q3g) hybrid state [6].

Experimentally, the Q2-dependence of the helicity amplitudes is poorly known. A re-
analysis of relatively old DESY and NINA electro-production experiments yielded Sp

1/2

consistent with zero, and gave contradictory results for the Ap
1/2. The lack of (double)-

polarized measurements is, to a great extent, responsible for such large uncertainties.
Newer polarized experiments at JLab (see below for details) have yielded more precise
values of Sp

1/2 at Q2 = 0.4 and 0.65 (GeV/c)2. The Ap
1/2 has also been extracted at

Q2 = 0.4, 0.65, and 1.0 (GeV/c)2. It appears to exhibit a zero-crossing in the vicinity of
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Q2 = 0.5 (GeV/c)2, although the situation remains unclear due to limited Q2-coverage
and modest error-bars (except for two points for Sp

1/2).

The view of the Roper as a hybrid baryon has not been limited to the methods men-
tioned above. The Roper has also been investigated as a hybrid by using QCD sum
rules [9] and in the domain of perturbative QCD [10]. The latter prediction, which can
not be checked with the kinematic range of Hall A, states that if Roper is a hybrid, its
electro-production rate should remain small asymptotically, whereas if it is a (q3) state,
it should not. In the most modern hybrid calculations [11, 12, 13], the Roper masses
are well understood in terms of vibrating flux-tubes between quarks, but extensions of
the models to dynamical processes are still lacking. Perhaps, Lattice QCD is the tool
which will help remove the numerous controversies surrounding the Roper. Although
some doubt persist on the four-star rating of the Roper, which appears to be unusually
broad in partial-wave analyses of πN scattering, it has recently been observed clearly
and at the correct energy on the lattice in a very precise calculation with a pion mass
as low as 180 MeV [14]. This has been achieved in a quenched calculation, leading to a
conclusion that the Roper resonance is a (q3) state. Other identifications of the reso-
nance have been reported [15, 16], but dynamical processes involving the Roper remain
future work.

Extensive studies of the nature of the Roper resonance in the framework of constituent,
non-relativistic, and relativized quark models also exist. In [17], the Roper has been
studied in a semi-relativistic constituent-quark model based on a linear confinement
potential. The approach resulted in a good description of the Roper mass and width,
but failed to reproduce the photo-couplings. A closer agreement with the experimental
couplings has been achieved in a potential quark model where the relativistic electro-
magnetic interaction Hamiltonian has been treated consistently to O(v2/c2) for the
quarks [18]. This calculation suggested that QCD configuration-mixing effects are im-
portant. In particular, it was shown that mixing may have an increasingly large in-
fluence on helicity amplitudes for increasing Q2. A further improvement has been
advanced by [19, 20], in a quark model with relativistic corrections to the transition
operator where only mixed (non-relativistic) wave-functions orthogonal to the ground
states have been used. However, the photo-couplings for the Roper resonance remained
in a disagreement with the data by roughly a factor of two. More recent quark-model
calculations formulated on the light-front [21, 22, 23] have not improved this discrep-
ancy significantly. In a non-relativistic quark model based on an extension of the Roper
photo-production to Q2 > 0 with exchange of vector-mesons [24], a rather good agree-
ment with the experimental couplings has been obtained, but this result is difficult to
verify due to the current overwhelming lack of electro-production data.

The photo- and electro-excitation of the Roper resonance has also been approached
in quark models with meson degrees of freedom. A fair understanding of the photo-
couplings has been obtained if meson-exchange currents between quarks were intro-
duced [25]. Similarly, if the Roper is treated in a relativistic quark model as a three-
quark core with an admixture of a pion-baryon configuration [26], the predicted photo-
couplings are quite close to the data. In the framework of the chiral chromo-dielectric
model [27] (see also [28]), the Roper resonance is described in terms of three valence
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quarks coupled to a cloud of chiral mesons (σ and π ) and to a chromo-dielectric field
which dynamically confines the quarks. The quarks are in the (1s)3 configuration for
the nucleon and (1s)2(2s)1 for the Roper, and the physical Roper emerges from a self-
consistent variation of the radial fields. One of the outstanding features of this model,
with some ingredients of the quark-level linear σ -model, is a rather strong meson cloud
which has gained in merit in recent studies of the N → ∆ transition.

The importance of the pion cloud is inherent also to all versions of the cloudy bag
model (CBM). Photo-couplings for the Roper resonance in the CBM have been calculated
[29] and were found to depend strongly on the strength of the pion cloud. The analysis
of [30, 31] also used CBM input to study the πN-scattering phase-shifts in the Roper
region by examining the resonance widths with and without inclusion of the Roper as
a radial excitation (a bare three-quark state). The results seem to exclude such a state.

2.1 Relation to other experiments

Single-pion electro-production experiments in the p(e, e′p)π0 and p(e, e′n)π+ channels
have been conducted in all three Halls at Jefferson Lab. In most of the cases, only
cross-sections (angular distributions) were measured. Only a handful of single- and
double-polarization measurements have been performed so far.

Jefferson Lab: Hall B (CLAS)

Kinematically most extensive data sets on single-pion electro-production in the nucleon
resonance regions come from Hall B. Angular distributions and W -dependence of the
electron beam asymmetry σLT′ have been measured for both channels in the P33(1232)
region at Q2 = 0.4 and 0.65 (GeV/c)2 [32, 33].

Fig. 2 — Comparison of model calculations to the CLAS measurement [32] of the first Legendre
moment D′

1 in the p(e, e′p)π0 channel as a function of W .
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A complete angular coverage was achieved, and different non-resonant amplitudes
could be separated in a partial-wave analysis restricted to l ≤ 2. The Legendre mo-
ments D′

0, D′
1, and D′

2 of the expansion

σLT′ = D′
0 + D′

1 P1(cos θ?
π ) + D′

2 P2(cos θ?
π ) + · · ·

were determined. The D′
1 moment (Fig. 2) appears to be the one most sensitive to higher

resonances, with contributions of about 15 − 20 % coming mainly from the Im(M∗
1−S1+)

interference, pointing to the relevance of the Roper.

Most recently, dispersion-relation techniques and unitary isobar models have been
applied to analyze the CLAS σLT′ data at Q2 = 0.4 and 0.65 (GeV/c)2 spanning also
the second resonance region, in order to extract the contributions of the P33(1232),
P11(1440), D13(1520), and S11(1535) resonances to single-pion production [34]. To
achieve a successful fit of θ∗

π - and W -dependence of σLT′ in terms of the usual pion-
production models (MAID, Sato-Lee, and DMT), a simultaneous adjustment of the M1−
and S1− amplitudes was needed. By using the JLab version of the unitary isobar model
(JANR), which was shown to be consistent with the dispersion-relation approach, an
excellent direct fit could be obtained. Since both the pπ0 and the nπ+ channel were
measured (isospin), the transverse helicity amplitude Ap

1/2 ∝p M1/2
1− as well as the scalar

Sp
1/2 ∝p S1/2

1− could be extracted. The results show a rapid fall-off of Ap
1/2 and indicate

its zero-crossing at Q2 ∼ 0.5 − 0.6 (GeV/c)2 (Fig. 1).

Fig. 3 — The Q2-dependence of the P11 helicity amplitudes from the super-global solution of
MAID 2003 (solid lines), based on data published prior to CLAS 2003 (see [35] for references
to the input data sets). The dotted curves show only the pion-cloud contribution of the DMT
model (see discussion in Subsection 2.2).
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It was also shown that σLT′ is mainly sensitive to the imaginary part of P11(1440), while
the cross-section is sensitive to the real part of P11 multipoles. A MAID 2003 super-
global fit (Fig. 3, solid lines) to previously published (e, e′p)π0 data also indicates a
zero-crossing of Ap

1/2 at Q2 ∼ 0.5 (GeV/c)2, yet with a rather inconsistent systematic
scatter of points representing single-Q2 fits [35].

This (theoretical) uncertainty in locating the region in Q2 in which both resonant Roper
multipoles are substantial, was one of our motivations to investigate double-polariza-
tion observables sensitive to the structure of the Roper over a broader range in Q2. In
addition, a large lever-arm in W will allow us to approach the unknown behaviour of
the transition amplitudes away from the resonance position (see below).

In Hall B, there is also an approved experiment E03-105 [36] that will measure single-
pion photo-production in both p(γ, π+)n and p(γ, p)π0 channels, with polarized beam
and longitudinally as well as transversely polarized target using the CLAS detector.
The experiment will measure two single- (T and P ) and three double-polarization ob-
servables (G, F , and H); in addition, the experiment E01-104 will measure the double-
polarization observable E. The measurements will span the energy range 1300 ≤ W ≤
2150 MeV and achieve an angular coverage of −0.9 ≤ cos θ? ≤ 0.9. (In the Roper re-
gion, there is a competing real-photon experiment of the A2 Collaboration at Mainz
measuring G, see below.)

It is believed that this data will greatly constrain partial-wave analyses in photo-pro-
duction and reduce model-dependent uncertainties in the extraction of nucleon res-
onance properties. A similar goal, but in electro-production, and utilizing the recoil-
polarimetry technique, is being pursued by our proposed experiment, and is thus to
some extent complementary to the effort with CLAS.

Jefferson Lab: Hall A

Polarized electron beam and recoil-polarimetry capability of Hall A also allow access to
double-polarization observables in single-pion electro-production. Recoil-polarization
observables are composed of different combinations of multipole amplitudes than ob-
servables accessible in the case of a polarized target. In the sense of experimental
method, the measurements proposed here are complementary to the efforts with CLAS
in Hall B.

The acceptance of CLAS is large enough to achieve a complete angular coverage of the
outgoing hadrons. This is not possible in the case of relatively small angular openings
of the Hall A HRS spectrometers except at high Q2 where the Lorentz boost from the
center-of-mass to lab frame focuses the reaction products into a cone narrow enough
to provide a virtually complete out-of-plane acceptance. The E91-011 experiment in
Hall A in the p(~e, e′~p)π0 channel [37] was performed at sufficiently high Q2 = (1.0 ±
0.2) (GeV/c)2 and W = (1.23 ± 0.02) GeV to allow for a measurement of all accessible
response functions, even those that vanish for coplanar kinematics. Two Rosenbluth
combinations and 14 structure functions could be separated, allowing for a restricted
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partial-wave analysis giving access to all l ≤ 1 multipole amplitudes relevant to the
N → ∆ transition. The preliminary results for the M1− and S1− multipoles in the pπ0

channel are shown in Fig. 4. Both multipoles indicate a rising trend approaching the
W ∼ 1440 MeV region, again pointing towards the Roper.

Fig. 4 — The W -dependence of the Re and Im parts of M1− and S1− multipoles in the
p(~e, e′~p)π0 channel (preliminary results of the Hall A E91-011 experiment).

Unfortunately, the cross-sections at W ∼ 1440 MeV (for any Q2) are about an order of
magnitude smaller than in the ∆-peak (see Fig. 5). For high Q2 ∼ 1 (GeV/c)2, where
a large out-of-plane coverage would allow for a decent partial-wave analysis in Hall A,
the cross-sections are even smaller. Furthermore, due to the zero-crossing uncertainty
of the M1− multipole, it is not clear what value of Q2 to choose in order to have a
prominent M1 signal. Furthermore, models indicate that the crucial features of the
Roper multipoles (or helicity amplitudes) are visible at relatively small Q2 of a few
0.1 (GeV/c)2, nullifying the boost-advantage of the HRS.

We note in addition that higher partial waves (l ≥ 2) in all JLab partial-wave analyses
so far needed to be constrained by models (just as in the CLAS experiments). Thus,
even with (almost) complete angular coverages, existing data sets of finite statistical
certainty do not allow for a “full” partial-wave analysis to sufficiently large l.

Without a firmer guidance, and with the lack of instrumental advantage, we think that a
measurement in the spirit of the E91-011, attempting a precise extraction of the Roper
multipoles from a complete partial-wave analysis at a single Q2-point, is not the most
effective strategy at this moment. Instead, we believe that a precise measurement of
a more restricted set of double-polarization observables, highly sensitive to the Roper
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multipoles, and spanning a broad range in Q2 and W , will yield a more rewarding and
critical insight into the structure of the N → R transition through comparison with
models. Further details are given in Sections 3 and 4.

Fig. 5 — The W -dependence of the transverse and longitudinal CM cross-sections at Q2 = 0.1
and 0.3 (GeV/c)2, with the contribution of the Roper resonance on and off.

MAMI: A2

In photo-production, the double-polarization asymmetry G for linearly polarized pho-
tons (Pγ) and target nucleons polarized longitudinally (Pz) along the photon momen-
tum, exhibits a very strong sensitivity to the Roper resonance. It is defined as

G = dσ (Φ = 45◦, z) − dσ (Φ = −45◦, z)
dσ (Φ = 45◦, z) + dσ (Φ = −45◦, z)

,

where Φ is the angle between the photon polarization plane and the reaction plane. The
cross-section has the form

dσ (θπ , Φ) = dσ (θπ )
(

1 − Pγ Σ(θπ ) cos 2Φ + PγPz G(θπ ) sin 2Φ
)

.

In the ~γ~p → pπ0 reaction, G depends on the interference of the much better-known
M1+ multipole governed by the ∆(1232), and the M1− driven by the Roper,

G(θπ ) ' sin2 θπ ImM1+ ReM1− .

The asymmetry G will be measured by virtue of its sin 2Φ-dependence at the A2 Col-
laboration at MAMI with the Φ-symmetric detector DAPHNE. The expected sensitivity is
shown in Fig. 6. In addition to the pπ0, the nπ+ channel will be measured, allowing for
the isospin decomposition of the partial waves.
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Fig. 6 — MAID prediction for G in the ~γ~p → pπ0 reaction: angular distribution at W =
1440 MeV and energy dependence at θπ = 90◦. The dotted curves correspond to the Roper
switched off.

MAMI: A1

All three recoil polarization components (P ′
x/Pe, Py , and P ′

z/Pe) in the p(~e, e′~p)π0 re-
action at the ∆ resonance, at Q2 = 0.121 (GeV/c)2 have been measured by the A1
Collaboration at MAMI [38] (see Fig. 7).
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Fig. 7 — MAMI results for the recoil polarization components in p(~e, e′~p)π0 at W = 1232 MeV
and Q2 = 0.121 (GeV/c)2, compared to MAID 2000 calculations. The dashed, dot-dashed, full,
and dotted curves correspond to CMR = ImS(3/2)

1+ /ImM(3/2)
1+ of 0 %, −3.2 %, −6.4 %, and −9.6 %,

respectively.
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These components, in particular the P ′
x, were shown to be highly sensitive to the

Coulomb quadrupole to magnetic dipole ratio CMR = ImS(3/2)
1+ /ImM(3/2)

1+ in the N → ∆
transition. Note, however, that the changes in the CMR (i.e. in the corresponding S1+
multipole) between the curves in Fig. 7 are quite large (±50 %).

Even this single-Q2, single-W measurement for a “well-known” resonance warranted a
publication in Phys. Rev. Lett. Our proposed measurement will extend this approach
into the domain of the poorly-known Roper resonance, and will cover a much larger
region in Q2 and W .

Note that a straight-forward extension of the N → ∆ program in the ~pπ0 channel
into the Roper region appears to be impossible at Mainz/A1 due to instrumental con-
straints.

2.2 Relevance to pion electro-production models

The numerous models mentioned in the Introduction, although conceptually rich, are
not in a stage at which they could be confronted with double-polarization observables
with complex multipole structures, mostly because of an incomplete treatment of back-
grounds, or due to an inability to include higher resonances. For a comprehensive de-
scription of resonance dynamics, three state-of-the-art pion electro-production models
are available: the unitary isobar model MAID [39] and the dynamical models of the
Dubna-Mainz-Taipei group (DMT) [40, 41] and Sato and Lee (SL) [42]. All these models
were put to thorough verification when exposed to recent N → ∆ transition double-
polarization data from MIT-Bates, MAMI, and JLab, with varying success. Extrapolations
into the Roper region remain a challenge for all, and two of them (MAID and DMT) can
be directly tested with our proposed measurements.

Unitary isobar model (MAID)

The MAID model is based on effective Lagrangians with numerous adjustable param-
eters. The backgrounds are described by nucleon Born terms and vector-meson ex-
change terms, while the resonant contributions to each of the electro-production mul-
tipoles are parameterized by Breit-Wigner forms. The total amplitude is unitarized.

In MAID, the imaginary parts of the M1− and S1− multipoles for isospin 1/2 are domi-
nated by the resonant contributions. Therefore, the separation of the resonance from
the background is relatively unproblematic for the Roper, the main challenge is a good
determination of the multipoles themselves. A partial-wave analysis is therefore essen-
tial, and it can only be improved by measuring very sensitive observables that are used
in the fits. In photo-production, high-quality data are available, and the multipole analy-
ses over extended W -ranges result in good global fits. In electro-production, additional
precise measurements of both cross-sections and (double-)polarization observables are
badly needed in order to stabilize the fits.
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Ideally, partial-wave analyses require complete data sets taken at particular values of
Q2. In reality, for example, CLAS has acquired “low-Q2” data while Hall A covered
a narrow range at “high Q2”. The MAID group therefore has recently been pursuing
another direction by proposing “super-global” partial-wave analyses in which the Q2-
dependence of the multipoles is also parameterized by smooth functions. Such an
analysis is then “fed” by practically all available photo- and electro-production data.

This approach is expected to work, and can even be refined, for smaller ranges in Q2

and W . Following this guideline [46], we shall restrict the Q2-coverage to the range
0 < Q2 < 1 (GeV/c)2, and span a controllable energy range (' 100 MeV) in the vicin-
ity of the resonance position. We depart intentionally, and with a purpose, from the
well-established practice of measuring (only) at the resonance position: the energy de-
pendence is badly needed for robust fits.

Dynamical models (DMT, SL)

The crucial feature of the dynamical (microscopic) approaches to pion electro-produc-
tion is the inclusion of the final-state πN interaction such that the unitarity is preserved
in the theory. In the DMT model, this is achieved by coupling the γ?N → πN transition
potential to the πN t-matrix, where the transition potential consists of the background
part and the bare resonance part.

In the following, we use the most recent versions of the DMT model (2001) and the
MAID model (2003) in comparisons.

Fig. 8 — The MAID and DMT predictions for the W -dependence of Pn at Q2 = 0.13 and
0.33 (GeV/c)2, with the contribution of the Roper resonance on and off. The expected sta-
tistical uncertainty of our measurement is also shown.
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While MAID and DMT agree on the cross-sections, they predict quite different Q2- and
W -dependences of recoil polarization amplitudes (in particular the Py ), and exhibit dis-
tinct sensitivities to the Roper multipoles (see Fig. 8). The variation in the sensitivities
is due to the difference in the way resonances are treated in isobar models like MAID,
compared to that in dynamical models like DMT. In isobar models, the EM vertices of
resonances are “dressed” (i.e. they already contain pion-cloud contributions), so the
resonance parameters in these models are directly comparable to the experimentally
determined (PDG) values. In dynamical models, the resonances are “bare”, and thus
more consistent with e.g. quark-model predictions. The proposed measurement will
be an important step towards drawing a distinction between the “dressed” and “bare”
approaches (see also Fig. 3).

At present, the SL model is not applicable to the meson electro-production reactions
above the delta resonance region. Attempts are being made to extend the model to
higher energies, but the extension requires considerable effort. The authors do believe
[45] that it is important to map the energy- and Q2-dependence of the P11 amplitudes
in constraining the nature of Roper resonance and dynamics in the 1.4 GeV region.

3 Formalism of the p(~e, e′~p)π0 reaction

The cross-section for the p(~e, e′~p)π0, allowing for both a polarized electron beam and
detection of the recoil proton polarization, is given by [47]

dσ
dE′

e dΩe dΩ?
p

= σ0

2

{
1 + P · ŝr + h

[
Ae + P′ · ŝr

] }
, (1)

where σ0 ≡ dσ (ŝr) + dσ (−ŝr) is the unpolarized cross-section, ŝr is the proton spin
vector in its rest frame, h is the helicity of the incident electrons, P is the induced
proton polarization, Ae is the beam analyzing power, and P′ is the vector of spin-
transfer coefficients. The polarization of the recoiled proton consists of a helicity-
independent (induced) and a helicity-dependent (transferred) part, Π ≡ P + hP′. The
cross-section can be cast in a form in which the electron vertex is evaluated in the lab
frame, while hadronic quantities are in the CM frame of the πN final state. In terms of
response functions, the cross-section is

dσ
dE′

e dΩe dΩ?
p

= Γv
|p?

p | W
KγMp

{
(RT + Rn

TSn) + 2ε?
L (RL + Rn

L Sn)

+
√

ε?
L (1 + ε)

[
(RLT + Rn

LTSn) cos φ + (Rl
LTSl + Rt

LTSt) sin φ
]

+ε
[

(RTT + Rn
TTSn) cos 2φ + (Rl

TTSl + Rt
TTSt) sin 2φ

]
(2)

+h
√

ε?
L (1 − ε)

[
(R′

LT + R′n
LTSn) sin φ + (R′l

LTSl + R′t
LTSt) cos φ

]
+h

√
1 − ε2

[
R′l

TTSl + R′t
TTSt

] }
,

where Mp is the proton mass, W is the invariant mass of the πN final state, Γv is the
virtual photon flux, and Kγ = (W 2 − M2

p)/2W is the equivalent real-photon energy.
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The ε is the transverse polarization of the virtual photon. The subscripts T, L, LT, and
TT denote transverse, longitudinal, longitudinal-transverse, and transverse-transverse
interference terms, the primes denote those response functions which can only be ac-
cessed by using polarized electrons, and the ? denotes CM quantities. The longitudinal
polarization of the virtual photon is ε?

L ≡ ε(Q2/|q?|2), and Sn,l,t are the projections of
the proton spin vector, given by St = t̂ · ŝr, Sn = n̂ · ŝr, and Sl = l̂ · ŝr. The projections
are given in the coordinate frame of the reaction plane which is tilted at an angle of
φ?

pq ≡ φ with respect to the electron scattering plane (see Fig. 9), l̂ is along proton

momentum, n̂ is normal to the reaction plane, and t̂ = n̂ × l̂.

xy

z

e

e’

q

scattering plane (lab)

reaction plane (cm)

p

0

t = n x l

l
n = q x p p

Fig. 9 — Schematic representation of the p(~e, e′~p)π0 reaction.

For measurements in the (e, e′) scattering plane, the polarization components Π can be
extracted by comparing coefficients in (1) and (2) and by using Π·ŝr = ΠtSt+ΠnSn+ΠlSl,

σ̃0Πt = h
[ √

1 − ε2 R′t
TT ±

√
ε?

L (1 − ε) R′t
LT

]
,

σ̃0Πn = Rn
T + 2ε?

L Rn
L ±

√
ε?

L (1 + ε) Rn
LT + ε Rn

TT ,

σ̃0Πl = h
[ √

1 − ε2 R′l
TT ±

√
ε?

L (1 − ε) R′l
LT

]
,

where σ̃0 is the unpolarized cross-section, except for a term proportional to σMott,

σ̃0 = RT + 2ε?
L RL ±

√
ε?

L (1 + ε) RLT + ε RTT ,

and the ± signs correspond to φ = 0◦ and 180◦, respectively. In the case of parallel
kinematics with q ‖ pp , the components of the proton polarization reduce to

σ̃0Πt = h
√

ε?
L (1 − ε) R′t

LT ,

σ̃0Πn =
√

ε?
L (1 + ε) Rn

LT , and

σ̃0Πl = h
√

1 − ε2 R′l
TT

due to an explicit sin θ?
pq-dependence of some response functions. In parallel kine-

matics, the components of the polarization transverse to the proton momentum can
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be arbitrarily defined, and it is convenient to choose the polarization reference frame
such that P ′

x (or Pt) is the one component unaffected by the precession in the spectrom-
eters (parallel to the magnetic field), P ′

z (or Pl) is along the central ray, while Py (or Pn)
is the “normal” component. We will use the (x′, y, z′) notation in the following.

The recoil proton polarization components in parallel (or anti-parallel) kinematics for
the pion (i.e. cos θ = ±1) can be expressed in terms of three structure functions:

σ0(P ′
x/Pe) = ±

√
2ε?

L (1 − ε) Rt
LT′ , (3)

σ0Py = −
√

2ε?
L (1 + ε) Rn

LT , (4)

σ0(P ′
z/Pe) = ∓

√
1 − ε2 Rl

TT′ . (5)

where Pe is the electron polarization. The multipole decomposition of Rt
LT′ up to p-

waves is

Rt
LT′ = Re { L∗

0+(2M1+ + M1−) + (2L∗
1+ − L∗

1−)E0+

− cos θ ( L∗
0+E0+ − 2L∗

1+(3E1+ + 7M1+ + 2M1−) + L∗
1−(3E1+ + 7M1+ + 2M1−) )

− cos2 θ ( 3L∗
0+(E1+ + M1+) + 6L∗

1+E0+ )
− cos3 θ ( 18L∗

1+(E1+ + M1+) ) } (6)

(note that the scalar and longitudinal multipoles are connected through L ≡ (ω/q)S).
In anti-parallel kinematics, the Rt

LT′ and Rn
LT measure the real and the imaginary parts

respectively of the same combination of interference terms given by (6), up to a sign:

P ′
x ∼ Rt

LT′ = Re { L∗
0+E0+

+ (L∗
0+ − 4L∗

1+ − L∗
1−)M1−

+ L∗
1−(M1+ − E0+ + 3E1+)

− L∗
0+(3E1+ + M1+) + L∗

1+(4M1+ − E0+) + 12L∗
1+E1+ , (7)

Py ∼ Rn
LT = − Im { · · · } . (8)

In the case of the Roper resonance, the “M1-dominance” approximation applicable in
the ∆ region can not be used as many multipoles are comparable in size. With model
guidance (MAID), we can estimate the role of individual terms in the expansion. The
L∗

0+E0+ interference is relatively large and prominent in all kinematics. The combi-
nations L∗

1−(−E0+ + 3E1+) and (−4L∗
1+ − L∗

1−)M1− involving M1− and/or L1− are either
relatively small or cancel substantially. The terms largest in magnitude and sensitivity
are the L∗

0+M1− and the L∗
1−M1+ each involving one of the relevant Roper multipoles lin-

early. It will be shown in Section 4 that the contributions of the M1− and S1− multipoles
to P ′

x and Py depend strongly on Q2 and W , so a measurement of P ′
x and Py in a broad

range of Q2 and W will allow us to quantify these dependencies.

The expansion of the Rl
TT′ response (or P ′

z) in anti-parallel kinematics is

P ′
z ∼ Rl

TT′ = Re { E∗
0+(3E1+ + M1+ + 2M1−) }

+|E0+|2 + 9 |E1+|2 + |M1+|2 + |M1−|2

−6 ReE∗
1+M1+ − 2 ReM∗

1+M1− − 3 ReE∗
0+(3E1+ + M1+) .
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This response is dominated by E0+ and M1+ multipoles and is therefore less sensitive
to the Roper, but it is still important as a benchmark measurement and for calibration
purposes. Most of our attention will be devoted to P ′

x and Py .

4 Proposed measurement

We believe that an attempt at a large-scale analysis of the Roper multipoles, aiming
at a complete partial-wave analysis at a single Q2-point in the spirit of the N → ∆
experiment E91-011 [37], is at present not the most effective approach to study the
structure of the N → R transition. Following the strategy outlined above, we propose a
precise measurement of recoil polarization components which exhibit high sensitivities
to the Roper resonant multipoles and span a broad range in Q2 and W . It is this
extended coverage that will allow for a more instructive study of the transition through
comparison with models.

Fig. 10 — The kinematic coverage in W and Q2 of the E91–011 experiment in Hall A (hatched
area) and of the present proposal. The requested beam-hours per kinematic point are given
next to the symbols (discussed below).

We will perform two W -scans at fixed Q2 of 0.13 and 0.33 (GeV/c)2 to explore the
behaviour on and away from the resonance position, and a more extensive Q2-scan at
the resonance position W = 1440 MeV, with two overlapping settings. The W -scans
will be performed at relatively small Q2 because the predicted asymmetries and their
sensitivities to the relevant multipoles appear to be largest there. Two beam energies
(2 and 3 GeV) will be used. The lower beam energy is needed in order to accomodate
the low-Q2 end of the Q2-scan (and the corresponding W -scan) without running into
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the geometrical limits of the HRS spectrometers in Hall A. The proposed kinematics
coverage is illustrated in Fig. 10 and listed explicitly in Table 1.

Table 1 — Proposed kinematics for the beam energies of 2000 and 3000 MeV (the ? and ??
symbols denote duplicate entries measured only once). For a graphic representation of the
(W , Q2)-coverage, see Fig. 10.

Ee [MeV] Q2 [(GeV/c)2] W [MeV] ε E′
e [MeV] θe [◦] pp [MeV/c] θp [◦]

?2000 0.13 1440 0.8908 1294.9 12.9 1015 21.3
??3000 0.33 1440 0.9291 2188.3 12.9 1188 29.4

3000 0.53 1440 0.8990 2081.7 16.8 1343 30.8
3000 0.73 1440 0.8658 1975.1 20.2 1487 30.8
3000 0.93 1440 0.8294 1868.5 23.5 1625 30.1

2000 0.13 1380 0.9151 1385.0 12.4 914 24.7
2000 0.13 1410 0.9036 1340.4 12.6 964 23.0

?2000 0.13 1440 0.8908 1294.9 12.9 1015 21.3
2000 0.13 1470 0.8764 1248.3 13.1 1066 19.8
2000 0.13 1500 0.8604 1200.8 13.4 1118 18.5

3000 0.33 1380 0.9407 2278.4 12.6 1094 32.7
3000 0.33 1410 0.9352 2233.8 12.7 1140 31.0

??3000 0.33 1440 0.9291 2188.3 12.9 1188 29.4
3000 0.33 1470 0.9224 2141.7 13.0 1236 27.8
3000 0.33 1500 0.9151 2094.3 13.2 1285 26.4

4.1 Measurements at fixed Q2 (“W -scans”) vs. fixed W (“Q2-scans”)

The sensitivity of Py to the resonant Roper multipoles M1− (proportional to the helicity
coupling Ap

1/2) and S1− (proportional to Sp
1/2) is different at low and high Q2, and varies

through the W -range. At Q2 = 0.13 (GeV/c)2 (Fig. 11 left), the full prediction for Py at
the resonance position is almost +100 %, with comparable M1− and S1− contributions,
while it is close to zero with the Roper switched off. At Q2 = 0.33 (GeV/c)2, Py drops
to about +40 % (Fig. 11 right), dropping to about −40 % with the Roper switched off,
with different roles of M1− and S1−. At high Q2 = 0.73 (GeV/c)2 and above (not shown),
the full Py is about −50 %, and only S1− plays an appreciable role.

The role of the resonant multipoles changes very quickly, resulting in dramatic changes
in the polarization components on a relatively narrow range in W (about ±60 MeV
away from the resonance position to each side plus some additional coverage due
to extended acceptance). The Py being so large (on the order of several tens of %),
a measurement in a broad range of Q2 and W will therefore allow us to study its de-
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pendencies quite precisely. The P ′
x component bears similar sensitivities and is shown

together with P ′
z at Q2 = 0.13 (GeV/c)2 in Fig. 12.

Fig. 11 — Sensitivity of Py to the resonant Roper multipoles M1− (helicity amplitude Ap
1/2)

and S1− (Sp
1/2), as a function of W at Q2 = 0.13 and 0.33 (GeV/c)2. The expected statistical

uncertainties of the proposed measurement are also shown.

Fig. 12 — Sensitivity of P ′
x/Pe and P ′

z/Pe to the resonant Roper multipoles M1− (helicity ampli-
tude Ap

1/2) and S1− (Sp
1/2), as a function of W at Q2 = 0.13 (GeV/c)2. The expected statistical

uncertainties of the proposed measurement are also shown. Note the change of scales.
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The W -dependencies of both P ′
x and P ′

z become washed out at high Q2. However, the
large asymmetries persist in Py and, to some extent, also in the P ′

x. A measurement
of the Q2-dependence of Py and P ′

x (see Fig. 13) therefore gives us yet another handle
to quantify the role of the individual multipoles, and can be mapped onto the zero-
crossing of the Ap

1/2 helicity amplitude (see e.g. Fig. 3). As it has been discussed above,
this additional lever-arm is of crucial importance for partial-wave analyses.

Fig. 13 — Sensitivity of the normal (induced) recoil polarization component Py and of the in-
plane component P ′

x/Pe to the resonant Roper multipoles M1− (helicity amplitude Ap
1/2) and

S1− (Sp
1/2), as a function of Q2 at W = 1440 MeV. The expected statistical uncertainties of the

proposed measurement are also shown. Since the virtual photon polarization ε differs slightly
over the given Q2-range, the plots were generated with an average ε ' 0.9.

5 Experimental equipment and methods

5.1 Focal-plane polarimeter

The ejected proton polarization will be measured by the focal plane polarimeter (FPP),
located in the right-arm High-Resolution Spectrometer (HRS) of Hall A. This polarimeter
has been used in numerous Jefferson Lab experiments, and its operation presents no
difficulty.

It consists of four blocks of graphite analyzer (“carbon doors”) of different thicknesses
(1.5”, 3”, 6” and 9”) that can be opened or closed independently (in or out of the pro-
ton’s way) to allow for many different possible thicknesses ranging from 3.81 cm to
49.58 cm, to optimize the efficiency. The protons undergo a scattering in the analyzer,
and asymmetries in the azimuthal angular distribution of this scattering are propor-
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tional to the two components of the polarization that are perpendicular to the momen-
tum. The scattering angle is measured by detecting the incoming and outgoing tracks
in two sets of straw chambers. The size and position of the rear chambers are opti-
mized so that the geometrical efficiency for protons with scattering angle up to 20◦ is
almost 100 %.

The azimuthal angular distribution of the scattering in the analyzer is given by

N±(ϑ, ϕ) = N0

2

[
1 +

(
a0 ± Ay (ϑ, Tp)P fp

x

)
cos ϕ +

(
b0 ∓ Ay (ϑ, Tp)P fp

y

)
sin ϕ

]
,

where N±(ϑ, ϕ) is the number of protons hit by an incoming electron of helicity state
(±) and scattering in the FPP at angles (ϑ, ϕ), N0 is the number of incoming protons in
the FPP, Ay (ϑ, Tp) is the analyzing power of the graphite analyzer, and a0 and b0 are
false asymmetries, induced by possible misalignment of the chambers and straw inef-
ficiencies. The P fp

x and P fp
y are the two proton polarization components perpendicular

to the momentum. Here, the ẑ-axis is defined along the particle momentum, the x̂-axis
is along the momentum dispersion direction, and ŷ = ẑ × x̂.

The helicity-dependent polarization transfered to the proton from the electron beam
can be obtained by taking the difference between the two distributions for the + and −
helicity states:

Ndiff = N0

2
Ay (ϑ, Tp)

(
P fp

x cos ϕ − P fp
y sin ϕ

)
.

Note that the false asymmetries have disappeared, because we measure the transfered
polarization. The helicity-independent, induced polarization is obtained by summing
the two helicity state contributions:

Nsum = N0

2

[
1 +

(
a0 + Ay (ϑ, Tp)P fp

x

)
cos ϕ +

(
b0 − Ay (ϑ, Tp)P fp

y

)
sin ϕ

]
.

In this case, the false asymmetries must be determined by using unpolarized scatter-
ing off a hydrogen target, for which no asymmetry should arise (except for possible
instrumental ones).

The analyzing-power angular distributions at a given kinetic energy are well known,
from calibration data from Saclay, Jefferson Lab, and others. Note that we can also eas-
ily calibrate the analyzing powers for our momentum settings using elastic scattering
of polarized electrons off a proton target.

The FPP measures the polarization of the proton at the focal plane of the spectrometer.
To extract the three components P ′

x, P ′
z and Py , we need to transport this polariza-

tion back to the target and take into account the precession of the spin through the
magnetic fields. In a perfect dipole approximation, the precession matrix is given by:

P fp
x = −P ′

z sin χ + Py cos χ (9)

P fp
y = P ′

x (10)

The precession angle χ is given by

χ = (µp − 1)γ Θbend ,
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where µp is the magnetic moment of the proton, γ is the relativistic boost and Θbend is
the total bending angle inside the spectrometer.

In reality, we have to take into account event by event deviations from this perfect
dipole approximation. The precession matrix becomes P fp

x

P fp
y

P fp
z

 =

 Sxx Sxy Sxz
Syx Syy Syz
Szx Szy Szz


 P ′

x
Py
P ′

z

 .

The coefficients Sij are calculated using the external code COSY, and the polarization
components at the target are extracted using a maximum-likelihood method. This anal-
ysis method has been extensively used for this polarimeter. In polarization measure-
ments, the main source of systematic error lies in the uncertainty in the precession of
the polarization. Careful alignment studies of the HRS magnetic elements have been
performed [48], and the precession code COSY has been optimized so that eventually,
the total uncertainty of the measurement is mostly dominated by the statistics (see
below for details).

The statistical uncertainties on the asymmetries measured in the FPP, thus on the po-
larization components, are given by

∆P fp
x = ∆P fp

y =
√

2
N0 f

.

Here f is the figure of merit of the polarimeter, given by

f =
∫ ϑmax

ϑmin

ε(ϑ)A2
y (ϑ)dϑ ,

where ε(ϑ) is the efficiency of the polarimeter at a given scattering angle. Translated
to target quantities, the error becomes, according to Eqs. (9-10):

∆P ′
x = 1

Pe

√
2

N0 f
, (11)

∆Py = 1
cos χ

√
2

N0 f
, (12)

∆P ′
z = 1

Pe

1
sin χ

√
2

N0 f
. (13)

Table 2 lists the spin-precession angles and figures of merit for each kinematics. We
have excellent figures of merit and favourable spin-precession angle to the FPP to allow
good measurements of all three polarization components.

5.2 FPP systematic uncertainties

As focal-plane polarimetry involves ratios of polarized and polarized parts of the cross-
section, many systematic errors are suppressed. The remaining uncertainties linked to
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Table 2 — Simulated FPP parameters for different kinematics: spin-precession angle χ and
the figure of merit f .

Ee [MeV] Q2 [(GeV/c)2] W [MeV] χ [◦] f

2000 0.13 1440 118.7 0.0166

3000 0.33 1440 130.0 0.0125

3000 0.53 1440 140.7 0.0112

3000 0.73 1440 151.0 0.0102

3000 0.93 1440 161.1 0.0100

2000 0.13 1380 112.5 0.0166

2000 0.13 1410 115.5 0.0166

2000 0.13 1440 118.7 0.0166

2000 0.13 1470 121.9 0.0150

2000 0.13 1500 125.3 0.0150

3000 0.33 1380 123.7 0.0150

3000 0.33 1410 126.8 0.0125

3000 0.33 1440 130.0 0.0125

3000 0.33 1470 133.2 0.0125

3000 0.33 1500 136.6 0.0120

the polarimeter are small compared to the statistical uncertainties. First, some error
may arise from uncertainties in the scattering angle in the FPP. A 1 mrad precision
in the determination of this angle leads to uncertainties of the order of 1 % in the
polarization. The second source of systematic uncertainties is the treatment of the
precession inside the spectrometer. Careful studies of the alignment of the magnetic
elements have reduced the associated error to the percent level [48]. Also, for the
transferred part of the polarization, the uncertainty of the beam polarization must be
taken into account. The beam polarization will be measured continuously with the
Hall A Compton polarimeter, with the combined statistical and systematic errors on
the order of 1.3 % (values determined in E91-011 [49]). The overall systematic error of
the polarization measurement is anticipated to be below 3 %.

5.3 Requirements on other experimental equipment

The measurements will be performed by using two High Resolution Spectrometers
(HRSs) of Hall A. One of them will be used in the standard detector configuration for
detection of electrons, while the other will be equipped with the existing focal-plane po-
larimeter to measure the polarization of recoil protons. Beam currents of 75 µA, with
an anticipated degree of polarization of ∼ 75 % are required. The 15 cm LH2 cryo-target
will be used. All these requirements can be met with the standard equipment of Hall A.
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6 Count-rate estimates and beam-time request

We have used the most recent version of the MAID model [43] to compute the cross-
sections and the Hall A Monte-Carlo package MCEEP to simulate the experimental phase
space. This combination worked well previously and the count rates were seen to match
those actually observed in the E91-011 experiment [37]. Beam currents of 75 µA im-
pinging on a 15 cm LH2 cryo-target will be used, yielding a luminosity of ∼ 2·1038/cm2s.
The single count rates were estimated with the computer codes EPC and QFSV of Light-
body and O’Connell [50] and are listed in Table 3.

Table 3 — Estimates of singles, accidental, and true coincident rates for the proposed kine-
matics, with a beam current of Ie = 75 µA.

—— Singles —— Accid. Trues
Ee Q2 W θe θp (e) (p) (π+) (ep) (ep)

[MeV] [(GeV/c)2] [MeV] [◦] [◦] [kHz] [kHz] [kHz] [Hz] [Hz]

2000 0.13 1440 12.9 21.3 398 117 223 10 17

3000 0.33 1440 12.9 29.4 380 79 86 2.3 12

3000 0.53 1440 16.8 30.8 115 41 34 0.37 5

3000 0.73 1440 20.2 30.8 46 23 16 0.09 2

3000 0.93 1440 23.5 30.1 21 14 9 0.03 1

2000 0.13 1380 12.4 24.7 411 119 221 11 20

2000 0.13 1410 12.6 23.0 382 118 221 10 17

2000 0.13 1440 12.9 21.3 398 117 223 10 17

2000 0.13 1470 13.1 19.8 457 115 223 12 16

2000 0.13 1500 13.4 18.5 451 111 219 12 25

3000 0.33 1380 12.6 32.7 335 79 82 2 18

3000 0.33 1410 12.7 31.0 348 79 84 2 13

3000 0.33 1440 12.9 29.4 380 79 86 2 12

3000 0.33 1470 13.0 27.8 423 80 90 3 13

3000 0.33 1500 13.2 26.4 411 79 92 3 16

For kinematics at fixed Q2 = 0.13 and 0.33 (GeV/c)2 (the “W -scans”), a single setting of
the electron spectrometer could cover practically the complete W -range. However, due
to acceptance fall-off, and in order to avoid excessive problems in averaging over the
acceptance, it is better to acquire data in individual energy settings and take only the
corresponding central (30 MeV wide) bin in W . In the “Q2-scans”, the range in W was
restricted to W = (1440 ± 15) MeV. In all settings, parallel kinematics was enforced in
the simulation by a θ?

pq ≤ 10◦ cut.
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Table 4 gives the coincidence count-rate estimates, the absolute statistical uncertainties
on the recoil polarization components, and the beam-time request.

Table 4 — The coincidence rates, absolute statistical uncertainties on the recoil polarization
components, and the beam-time request with Ie = 75 µA.

Ee Q2 W (e, e′p) ∆(P ′
x/Pe) ∆Py ∆(P ′

z/Pe) Beam time [h]

2000 0.13 1440 17 0.0110 0.0229 0.0126 16

3000 0.33 1440 12 0.0156 0.0243 0.0204 15

3000 0.53 1440 5 0.0189 0.0245 0.0298 27

3000 0.73 1440 2 0.0210 0.0240 0.0432 55

3000 0.93 1440 1 0.0230 0.0243 0.0710 89

2000 0.13 1380 20 0.0091 0.0237 0.0098 20

2000 0.13 1410 17 0.0103 0.0239 0.0114 19

2000 0.13 1440 17 0.0110 0.0229 0.0126 −
2000 0.13 1470 16 0.0125 0.0236 0.0147 15

2000 0.13 1500 25 0.0137 0.0237 0.0168 8

3000 0.33 1380 18 0.0161 0.0291 0.0194 8

3000 0.33 1410 13 0.0171 0.0286 0.0214 12

3000 0.33 1440 12 0.0156 0.0243 0.0204 −
3000 0.33 1470 13 0.0198 0.0289 0.0271 9

3000 0.33 1500 16 0.0206 0.0284 0.0301 7

FPP calibration 24

2×Møller 16

2×Beam energy 8

Total 348

6.1 The “double-FPP” option

In the RCS experiment E99-114 [51], an extension of the focal-plane polarimeter appa-
ratus was utilized. In addition to the carbon analyzers between the front and rear straw
chambers, additional CH2-analyzer material was inserted between the VDC package and
the front straw chambers. The setup can then be operated as a double focal-plane po-
larimeter since the particle tracks between pairs of tracking planes are measured to
great precision. This doubled the efficiency at no cost in analyzing power.

We are presently exploring the possibility of using the additional analyzer in our experi-
ment. Even if the analyzing power of the additional analyzer turned out to be relatively
small, the overall figure-of-merit in such a “double-FPP” setup would still be greater
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or equal to the one in the case of a single carbon analyzer. Due to this uncertainty,
which can only have a better outcome, the present count-rate calculations and the cor-
responding beam-time requests shown in the Tables and Figures were made without
the additional analyzer.

6.2 Systematic uncertainties

The two beam energies used in our experiment will be measured to a relative accuracy
better than 10−3, implying a Ü 2 MeV uncertainty in Ee.

The spectrometers will be positioned at small angles, at less than ∼ 20◦ for the electron
arm, and less than ∼ 30◦ for the proton arm for most of the kinematic settings. At such
small angles, the quality of the vertex determination both along the beam (z or y0 =
z sin θe) and in the transverse direction deteriorate slightly, but even at the extreme
HRS angle of 12.5◦, δz does not exceed 6 mm FWHM. The uncertainty in vertex position
implies an uncertainty in the energy losses of the emerging electrons and protons. For
electrons it amounts to less than δE′

e Ü 1.5 MeV, while for the least energetic protons in
our kinematics, this corresponds to δTp Ü 1 MeV. The δEe and δE′

e have an influence on
the overall uncertainty in W , but it is an order of magnitude smaller than the bin-size
of 30 MeV used in both Q2- and W -scans.

Multiple scattering for electrons in the LH2 target is below 1 mrad, so the achievable
energy resolutions described above and the precision of the θe measurement are more
than sufficient for the proposed binning in Q2.

For protons, multiple-scattering angles are below 2 mrad, which introduce a negligible
systematic uncertainty in the reconstruction of the proton spin precession through the
spectrometer. Typically, ∼ 1 mrad uncertainties in the secondary (FPP) scattering angles
translate into a relative uncertainty on the polarization components at a one-percent
level. The uncertainty in the spin precession is predominantly of systematic origin as
it involves a model (COSY). The uncertainties drop for Py and increase for P ′

z when the
precession angle χ approaches 180◦ (see Eqs. (12) and (13)), but the effects are small
for our range of proton momenta. For a more detailed discussion of the combined
statistical and systematic uncertainties of the polarization measurements (focal-plane
polarimeter and electron-beam polarimetry), please refer to Subsection 5.2. The overall
systematic error of the polarization measurement is anticipated to be below 3 %, and is
dominated by the uncertainty of the COSY model.
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7 Summary

The Roper resonance is the lowest positive-parity N? state and is of paramount the-
oretical and experimental significance. Yet, it has been relatively scantly studied ex-
perimentally, in particular with respect to the more familiar ∆ resonance. Very little
is known about the multipole structure of the N → R transition in single-pion electro-
production. An almost complete lack of data from polarized experiments is partly
responsible for this disparity.

Models indicate that the sensitivities of particular double-polarization observables in
both photo- and electro-production to the Roper are tremendous (G and P ′

x, Py , respec-
tively), and that the separation of resonant and background contributions is not prob-
lematic and has very little model dependence. An outstanding theoretical issue is to
improve the quality of the partial-wave analyses, but more precision electro-production
data, especially of double-polarized observables, are needed in order to stabilize the
fits.

We propose to study the structure of the Roper resonance by measuring the recoil
proton polarization components P ′

x, Py , and P ′
z in the p(~e, e′~p)π0 reaction. These com-

ponents exhibit strong sensitivities to the pertinent Roper multipoles M1− and S1−, and
will be measured in a broad range of Q2 and W . It is this extended coverage that will
provide a fruitful and instructive study of the transition through comparison with the
state-of-the-art models, which are just beginning to evolve beyond the first resonance
region. It will provide severe constraints on these models in a domain where only
scarce cross-section and double-polarization data exist.
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