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Abstract The excited-state spectrum of the nucleon is a complicated overlap
of many resonances that must be disentangled through multipole analyses of
reaction amplitudes. Meson photoproduction, which has been a fruitful probe
of N∗ structure, requires data on many different polarization observables to
constrain its four complex amplitudes. While considerable data has been accu-
mulated with proton targets, comparatively little information is available from
neutron targets. Recently, the first beam-target helicity asymmetries with cir-
cular beam polarization in the γn(p)→ π−p(p) reaction have been reported [1].
This paper presents a parallel analysis from the same experiment of polariza-
tion observables with linearly polarized beams for the same reaction. Linearly
polarized photons and longitudinally polarized deuterons in a solid hydrogen
deuteride (HD) target were used with the CEBAF Large Acceptance Spec-
trometer (CLAS) at Jefferson lab (JLab). Data are combined to extract the
beam (Σ) and beam-target double-polarization (G) asymmetries. Preliminary
results for the Σ observables are consistent with existing partial wave anal-
yses (PWA) that incorporate other experiments. Preliminary results for the
energy and angular dependence of G are reported; these deviate strongly from
existing PWA.

Keywords Meson Photoproduction · Polarization · polarized target · Baryon
resonances

PACS 25.20.Lj · 13.88.+e · 14.20.Gk

1 Introduction

Quantum Chromodynamics (QCD) is widely accepted as a successful theory of
the strong interaction. However, the spectrum of the nucleon’s excited states
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(N∗ resonances) poses many challenges. In particular both Quark Models and
LQCD predict more states than those up to now seen, and this is the so called
”missing resonance problem” that it is well discussed in [2–4]. Moreover also
quark-diquark models show missing states ([5–10]).In addition, the spectral
properties are altered by ”dressings”, such as meson loops and channel cou-
plings [11]. Although πN scattering data have been intensively analyzed to ex-
tract information on N∗s, a complete decomposition of the reaction amplitude
into multipoles of definite isospin, spin, and parity has not been achieved. Fur-
thermore, while information from both proton and neutron target reactions is
required to separate γpN∗ and γnN∗ couplings and deduce the isospin I = 1/2
amplitudes, very little neutron target data is available. Single pseudo-scalar
meson photoproduction, such as π production, requires data on a minimum of
8 out of 16 possible spin observables to avoid mathematical ambiguities, and
even more when realistic experimental uncertainties are considered [12]. The
goal of this work is to provide 2 of them in N∗ resonance region.

The E06-101 experiment (the g14 run) at Jefferson Lab with the CEBAF
Large Acceptance Spectrometer (CLAS) in Hall B [13], utilized a polarized
beam on a polarized target of solid HD [14–16]. During the experiment,
both circularly-polarized and linearly-polarized photons were generated by
the bremsstrahlung of either polarized electrons or by use of a diamond ra-
diator, respectively. The first beam-target helicity asymmetries with circular
beam polarization in the γn(p) → π−p(p) reaction were reported recently in
Ref. [1]. In this work, only reactions produced by linearly-polarized photons
were considered, and the beam (Σ) and beam-target (G) helicity asymmetries
were extracted over the same energy reagon.

2 Separating asymmetries with double-polarization data

The general expression for the single pseudoscalar-meson production cross sec-
tion involving a linearly polarized beam and a longitudinally polarized target
(summed over final recoil polarization states) is [12]:

dσ(Pγ , PD)

dΩ
=
dσ0
dΩ

(
1− PLγ Σ(θ;W )cos(2φ) + PLγ P

V
DG(θ;W )sin(2φ)

)
, (1)

where σ0 is a constant independent of beam or target polarization, PLγ is

the degree of beam linear polarization, PVD is the vector polarization of the
deuteron along the beam axis Z, and φ is the azimuthal angle relative to the
beam polarization plane; Σ and G are beam and beam-target asymmetries,
respectively. The linear beam polarization plane is either X-Z plane or Y-Z
plane. Suppose for an arbitrary detector element, the azimuthal angle is φ
relative to X-Z plane. Then its azimuthal angle relative to Y-Z plane is π

2 +φ.
The cos(2φ) term in Eqn. 1 will give opposite signs for these cases. The target
polarization is either +Z or -Z. The PVD term will give two opposite signs.
All combinations of beam and target polarization give four configurations: (1)
beam polarization direction along φ = 0 degrees and target polarization along

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Title Suppressed Due to Excessive Length 3

+Z direction; (2) beam along φ = 0 degrees and target along -Z; (3) beam
along φ = 90 degrees and target along +Z; (4) beam along φ = 90 degrees and
target at -Z. The yields of these four configurations at a given angle are:

Y1 = L1A∆Ω
dσ0
dΩ

(1− p1Σcos(2φ) + p1p+Gsin(2φ))

Y2 = L2A∆Ω
dσ0
dΩ

(1− p2Σcos(2φ)− p2p−Gsin(2φ))

Y3 = L3A∆Ω
dσ0
dΩ

(1 + p3Σcos(2φ) + p3p+Gsin(2φ))

Y4 = L4A∆Ω
dσ0
dΩ

(1 + p4Σcos(2φ)− p4p−Gsin(2φ)) , (2)

where Li is the luminosity for each configuration, A is the acceptance which is
approximately the same for all the configurations when ∆Ω the solid angle of
each bin is large enough, pi is the average photon beam polarization of each
configuration, p+ and p− are the magnitudes of the target polarization along
the +Z and -Z direction. By using simple algebra, terms in Σ and in G can
be evaluated independently as:

Σcos(2φ) =
s1Y1 + s2Y2 + s3Y3 + s4Y4
a1Y1 + a2Y2 + a3Y3 + a4Y4

Gsin(2φ) =
g1Y1 + g2Y2 + g3Y3 + g4Y4
a1Y1 + a2Y2 + a3Y3 + a4Y4

, (3)

where the coefficients for Σ are:

s1 =
−(p−)p2C0

N1

s2 =
−(p+)p1C0

N2

s3 =
(p−)p4C90

N3

s4 =
(p+)p3C90

N4

a1 =
(p−)D

N1p1

a2 =
(p+)D

N2p2

a3 =
(p−)D

N3p3

a4 =
(p+)D

N4p4
. (4)
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Here, Ni is the product of a constant with Li and

C0 = p4p− + p3p+

C90 = p2p− + p1p+

D = p1p2p3p4. (5)

The normalization factors Ni are extracted from the reconstructed reaction
yields originating in a foil that is independent of the target (see Sect. 3.4).
It is convenient to express the coefficients for G in terms of a new variable,
defined as:

E = (p1 + p3)p2p4p− + (p2 + p4)p1p3p+. (6)

Then the coefficients for G are:

g1 =
Ep2
N1

g2 =
Ep1
N2

g3 =
Ep4
N3

g4 =
Ep3
N4

. (7)

With these coefficients evaluated for the four different sets of run condi-
tions, Σ and G can be extracted, independent of one another, from Eqn. 3
by fitting cos(2φ) and sin(2φ) distributions. This use of all four initial state
polarization configurations has a significant practical advantage in controlling
the systematic uncertainties. While a fit of the φ dependence in any one of the
yields of Eqn. 2 could in principle separate the Σ and G terms, in practice
when G is small its contribution appears only as a slight phase shift to the Σ
asymmetry.

3 Event Selection, Cuts and Corrections

To minimize the statistical and systematical uncertainties simultaneously, a
series of data selection cuts have been applied and checked. There are four
major cuts and one correction that has been applied in this work. These are
described in the following sections.

3.1 Timing Requirements

In each event, timing and energy information of many photons are recorded.
However, only one photon generates the event. In order to find the correct
photon and discard the events where no correct photon information can be
found, a timing cut is applied.
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Fig. 1 Time difference between Proton (left) or π− (right) and photon verses their mo-
menta, respectively. (See Sect. 3.1.)

First, events with two (and only two) reconstructed charged particles are
selected. The particle with a positive charge is assumed to be a proton, and
the one with a negative charge is assumed to be a π−. The production times of
these two particles at the target center are calculated from their track length,
the hit time at the time-of-flight counters, and from the momentum for each
particle as measured in CLAS. These are compared with the photon arrival
time at the target center in Figure 1, which shows the difference between the
particle creation times and photon arrival times for protons (left panel) and
π− (right panel). A requirement of 0± 1.5 ns is placed on each of these time
differences. Every event within this selection is consistent with the assumption
that a photon reacts in the target and generates a proton and a π− with
consistent timing.

3.2 Exclusivity Requirements

In Sect. 3.1, only the timing information is considered. The missing mass after
the above requirements is shown in blue on the left side of Fig. 3. The peak
at 0.9GeV/c2 is mainly from a spectator proton. The events other than the
peak are from either inclusive production of pπ− or other production channel
whose timing is accidentally coincident. In order to select the events from the
exclusive pπ− production, an exclusive cut is performed using the following
sequence of steps.

1. Calculate the momentum of the initial-state neutron in Deuterium from
the detected proton and π−, assuming a two-body reaction and momentum
conservation. With this, calculate the boost needed to reach the center-of-
mass frame of the photon and the target neutron with its non-zero mo-
mentum.

2. Calculate the expected momentum of the proton in this center-of-mass
frame, p1, by assuming the two-body reaction γn→ pπ−.

3. Boost the detected proton momentum (p2) into this same center-of-mass
frame and calculate the difference ∆p = p1−p2. This ∆p is plotted against
missing mass at the left in Fig. 2. The exclusive production events are
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6 H. Y. Lu for the g14 Analysis Group and the CLAS Collaboration

Fig. 2 Left: difference between the measured and theoretical momenta of protons plotted
against missing mass; right: projection of the left panel onto the vertical axis, and a fit of the
momentum difference to a Gaussian peak with a polynomial background . (See Sect. 3.2.)

concentrated in the area with y-coordinate around 0 and x-coordinate just
below 1 GeV/c2.

4. The distribution of ∆p is shown in the right panel of Fig. 2. A fit to a
Gaussian distribution with a polynomial background is used to obtain the
red curve. A 3-σ cut around the peak is applied to select the events of
interest.

This exclusivity cut is very efficient. Figure 3 shows the missing mass of
rejected events (those outside of the above 3σ selection) as the red histogram
in the left panel, and the azimuthal angle between the proton and the π−

for accepted events in the right panel. In the missing mass plot, it is clear
that the rejected distribution (red) is consistent with the background of all
events (blue) before the cut. This process leaves a set of very pure exclusive
production events for the next steps of analysis. The azimuthal-angle difference
distribution for events passing these exclusivity requirements confirms this
purity by displaying two isolated peaks at ±180 degrees in the right panel, as
expected for a two-body reaction.

Fig. 3 Left: missing mass before selection (blue) and cut away(red); right: φ angle between
proton and π−.
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Fig. 4 Σ with different missing-momentum selections.

3.3 Missing Momentum Selection

As the momentum of the undetected proton in the pπ−(p) final state increases,
the potential grows for contributions from complex final state interactions
(FSI), which are not associated with the quasi-free γ + n process of interest.
While this favors a tight cut on the missing momentum, it comes at the cost of
statistical uncertainty. Rather than invoking theoretical arguments, we have
let the data itself determine the optimal maximum momentum. The missing-
momentum dependence of Σ is shown in Fig. 4. Σ values are essentially inde-
pendent of missing momentum below 0.18 GeV/c, beyond which they begin to
rise. A second-order polynomial function (red curve) extrapolates the value to
zero-missing momentum, which is very close to the average value. A maximal
missing momentum of 0.2 GeV/c has been adopted for the results discussed
here.

3.4 Dilution Factor and Reaction Vertex Requirement

Figure 5 shows the vertex distribution from an empty target cell. There are
three dominant peaks from Kel-F (C2ClF3). The first two (at Z = -11 and -5
cm) arise from the beam entrance and exit windows of the target cell. Between
these there exist auxiliary aluminum cooling wires (and target material when
a cell full of HD is used). The third major peak (at Z = +1 cm) is part of
the cryostat and independent of the target. The latter provides a source that
can be used to flux-normalize HD production runs with different polarization
configurations, and compare with empty target runs. In this analysis, the tar-
get material area is defined as the region from Z = -9.6 to -6.9 cm (between
red lines in Fig. 5). Events inside this target material area are finally chosen
to extract asymmetries.
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Fig. 5 Vertex distribution from an empty target.

The aluminum within the target material area of Fig. 5 is not polarized
and cannot contribute to the asymmetries. It dilutes the asymmetry values
and needs to be corrected. We construct a dilution factor as:

fdilution =
Np

Np −Ne
(8)

where Np and Ne are number of flux-normalized events in the target ma-
terial area from production-target and empty-target runs, respectively. This
dilution factor is a correction which multiplies with the extracted asymmetry
values. The production (full target) vertex distribution is shown together with
empty-target data in the left panel of Fig. 6 as the red and blue histograms,
respectively. They are normalized by matching the number of events in the
normalization area around the Z = +1 Kel-F peak. The normalization area
is determined by the region of integration around this Z = +1 cm peak, as

Fig. 6 Left: Production vertex distribution in red and empty target in blue; right: dilution
factor dependence on the width of the normalization area.
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Fig. 7 Σ dependence on cos(θπ) with SAID model predictions. Points with error bars are
from this work for the W ranges from 1820 to 1900 MeV (left), and from 1900 to 1980 MeV
(right). The shaded region shows the SAID predictions bounded by the upper and lower
limits of the invariant mass interval.

Fig. 8 Σ dependence on cos(θπ) with SAID model predictions. Points with error bars are
from this work for the W ranges from 1980 to 2060 MeV (left), and from 2060 to 2140 MeV
(right). Shaded regions are as in Fig. 7.

indicated by the two vertical lines. When this interval is varied, the dilution
factor varies as shown on the right side of Fig. 6. When the width of the in-
terval is greater than 4 cm, the value is stable. The final value is taken as the
average of the stable values, namely 1.066.

4 results

Using events that pass through all the selection criteria, Σ and G are separated
with the method described in Sect. 2. The results for Σ are shown in Figs. 7
and 8, while the results for G are plotted in Figs. 9 and 10.

The predictions of SAID partial wave analysis (PWA) are also shown in
these figures. (These SAID PWA have not yet been fitted to these new asym-
metry data.) The shaded areas are the PWA prediction for the corresponding
W range. As shown, the Σ results are in quite good agreement with the model
prediction, while the G results are generally very much smaller than the PWA
values. Because of these large differences, we expect these new G results to have
a significant impact on future PWA, and through them on the determination
of N∗ resonance parameters.
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10 H. Y. Lu for the g14 Analysis Group and the CLAS Collaboration

Fig. 9 G dependence on cos(θπ) with SAID model predictions. Points with error bars are
from this work for the W ranges from 1820 to 1900 MeV (left), and from 1900 to 1980 MeV
(right). Shaded regions are as in Fig. 7.

Fig. 10 G dependence on cos(θπ) with SAID model predictions. Points with error bars are
from this work for the W ranges from 1980 to 2060 MeV (left), and from 2060 to 2140 MeV
(right). Shaded regions are as in Fig. 7.
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