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Measurement of the helicity dependence for single 7° photoproduction from the deuteron
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The helicity-dependent single 7° photoproduction cross section on the deuteron and the angular dependence
of the double polarisation observable E for the quasi-free single 70 production off the proton and the neutron
have been measured for the first time from the threshold region up to the photon energy 1.4 GeV. The exper-
iment was performed at the tagged photon facility of the MAMI accelerator and used a circularly polarised
photon beam and longitudinally polarised deuteron target. The reaction products were detected using the large
acceptance Crystal Ball/TAPS calorimeter, which covered 97% of the full solid angle. Comparing the cross
section from the deuteron with the sum of free nucleon cross sections provides a quantitative estimate of the
effects of the nuclear medium on pion production. In contrast, comparison of E helicity asymmetry data from
quasi-free protons off deuterium with data from a free proton target indicates that nuclear effects do not signif-
icantly affect this observable. As a consequence, it is deduced that the helicity asymmetry E on a free neutron
can be reliably extracted from measurements on a deuteron in quasi-free kinematics.

I. INTRODUCTION

Despite many decades spent in intense research, many open
questions remain regarding the the structure of the nucleon.
The strong interaction plays a decisive role in the internal dy-
namics of the nucleon and its excited states, similarly to the
way the electromagnetic interaction relates to the fundamental
properties of atomic excitation spectra. Therefore, the study
of the nucleon’s spectrum is a crucial step towards understand-
ing its structure.

The resonance widths are determined by the strong interac-
tion and are of the order of hundreds of MeV, whereas their
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spacing is no more than a few tens of MeV, which leads to a
very large amount of overlapping. To disentangle and access
the individual states in the nucleon’s spectrum, measurement
of different polarisation observables is of crucial importance.

In general, there are 8 spin amplitudes that can be used to
describe single meson photoproduction on a nucleon. Due
to parity conservation, the number of independent amplitudes
reduces to 4. Since any observable is a Hermitian form in
the amplitudes, there are 16 linearly independent observables.
They can be accessed using different combinations of polari-
sation of the photon beam, the target and recoil nucleon polar-
isation as, for instance, discussed in detail in Ref. [1].

According to different theoretical studies (see, for example,
Refs. [2-5]), it is sufficient to measure a limited set (no less
than 8) of properly chosen observables to unambiguously de-
termine all four spin amplitudes for single pion photoproduc-
tion. Furthermore, since the electromagnetic interaction does
not conserve isospin, it is necessary to use both proton and



neutron targets to be able to access the isospin decomposition
of the amplitudes. In view of these reasons, the A2 Collab-
oration has been performing a series of experiments in order
to measure different polarisation observables in the region up
to a photon energy 1500 MeV, both on the proton and on the
neutron.

In the present paper, we report new data for the angular
dependence of the helicity asymmetry E for single 7° pro-
duction on the neutron that were collected using a polarised
photon beam along with a polarised nucleon target. When the
polarisation of the recoil nucleons is not measured, the corre-
sponding general cross section reads:

do _ doy
dQ ~ dQ
+P! [ P/Hsin(2¢) + PIF] (1)

+P] (T - PLYPcos(qu))

{1 — P/Xcos(29)

+ P! [FlGsin(29) - PLE] },

where oy is unpolarised cross section. The notations PZ s P,j;,
and P,-T, i =x,y,z, stand for degree of the beam and target
polarisations, and the observables & =X, H,F,... are the po-
larisation asymmetries. PZ (P%) refers to the linear (circular)
polarisation of the photon beam and PZT to the longitudinal po-
larisation of the target, while ¢ is the angle between the linear
photon polarisation plane and the reaction plane. The latter is
spanned by the incident photon momentum and the momen-
tum of the outgoing pion.

During the data taking, the photon beam was circularly po-
larised, the target was longitudinally polarised. With these
experimental conditions, Eq. (1) is reduced to:

where the notation 11 (1)) indicates the relative parallel (an-
tiparallel) photon-target polarisation direction. From Eq. (2)
the double polarisation observable E can also be presented as:

_do™/dQ—do! /dQ
~ do/dQ+do™/dQ
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NW NPT pY o d’
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where N indicates the number of events with a parallel
(antiparallel) helicity configuration, and d is the dilution factor
giving the fraction of polarised nucleons inside the target.

In view of the impossibility of creating an appropriate free
neutron target, one has to rely on light nuclei, such as 3He
or deuterium, as effective neutron targets. For the present ex-
periment, a deuterated butanol target was chosen, due to the
possibility to reach high degrees of polarisation (up to about
70%) with a fast build-up time (~ some hours) and high re-
laxation times (several hundred hours).

For an unambiguous extraction of the cross section on a
single nucleon, reliable control of various nuclear effects is

required. In order to minimize their influence one uses, as a
rule, quasi-free kinematics. In addition, a robust theoretical
model that takes into account the most important nuclear ef-
fects, such as Fermi motion, admixture of the tensor forces,
the Pauli exclusion principle and final state interactions, is
also of vital importance. For this study, different additional
reaction channels need to be measured in order to obtain an
experimental quantitative evaluation of all of these effects.

In recent years, some of these issues have already been ad-
dressed with theoretical and experimental studies of other ob-
servables. The GWU-ITEP theoretical group has shown [6—
9] that the maximum effect of final-state interactions (FSI),
the main effect given by the nuclear environment, on particles
from single pion photoproduction on the deuteron, is about
20% for the unpolarised cross section, while it is much smaller
and consistent with experimental uncertainties for the differ-
ent polarisation asymmetries observables.

In particular, the model described in Ref. [8] was used to
extract the unpolarised differential cross section for the yn —
nm® reaction from our previous measurement on a deuteron
target [10] in the photon energy range 200 — 813 MeV. Above
300 MeV, a satisfactory agreement was found between the ex-
tracted data and the SAID-MA19 partial wave analysis.

On the other hand, our recent data for the photon beam
asymmetry of the 7n° production off neutrons bound in
deuterons from 390 to 610 MeV [11] are well reproduced
by the existing partial wave analyses for the lowest measured
region while discrepancies appear only at the highest ener-
gies. This feature seems to indicate that nuclear effects have
a smaller effect on polarization asymmetries since these ob-
servables measure ratios of absolute cross sections.

It is interesting to note that similar conclusions have
been drawn from our previous studies on the beam-helicity
asymmetry of both nz and #°z* pairs off protons and
deuterons [12, 13]. In these cases, measured unpolarised ab-
solute cross sections are reduced for the reactions on quasi-
free protons on the deuteron with respect to the free proton
data while the measured asymmetries do not show signifi-
cant differences between these two cases. Moreover, also the
measured beam-helicity asymmetry of 7 pair on C, Al and
Pb [14] has been found to be not much affected by nuclear
effects.

The main goal of the present work, which extends these
studies to helicity-dependent observables, is then twofold: (i)
to measure the helicity-dependent semi-inclusive cross section
for single ¥ production on the deuteron to clearly evidence
the role of the nuclear effects and (ii) to measure the E observ-
able for single 7° production on quasi-free neutrons and pro-
tons. In the latter case, the comparison with the data on a free
proton allows to cross check and understand the influence of
the nuclear environment on the single nucleon process. These
new results extend the set of the angle-integrated E data that
have already been published in Ref. [15].



I

Low E,,

Beam dump

Focal Plane Detector
Shielding wall Pb glass
—
Main e beam
. LH, target
MWPCs PID VETO
bremsstrahlung
High E, ] - ~ beam Bcam/ camera
< ’U 4 — —— 4]
Ra dia/tor d(]ollimamr \ | PbWO, crystals
Pair spectrometer
BaF, crystals
Nal crystals
Tagger Crystal Ball TAPS

FIG. 1: A2 experimental setup with the photon tagging apparatus and detectors [16].

II. EXPERIMENTAL SETUP

The helicity-dependent data were measured during differ-
ent beam time periods at the MAMI electron accelerator facil-
ity in Mainz, Germany [17]. Figure 1 shows a general sketch
of the A2 experimental setup used for the measurement. Since
this apparatus has been already previously described in detail
(see, for instance, Refs. [15, 18, 19] and references therein),
only the main characteristics relevant for the present measure-
ment will be given here.

The photon beam is produced via bremsstrahlung when the
primary polarised electron beam hits a thin amorphous radi-
ator. To avoid polarisation-dependent photon flux values, the
beam helicity was routinely flipped at a rate of 1 Hz.

The electron polarisation P, was regularly determined with
Mott scattering close to the electron source and found to be
around 80% for all the different measurements. In addition,
Moeller scattering at the radiator site was used as an addi-
tional polarisation monitor. A magnetic field applied after the
radiator deflects the post-bremsstrahlung electrons in the focal
plane and they are tagged by the Glasgow-Mainz spectrometer
with an energy resolution of ~ 2 — 5 MeV, which corresponds
to the width of the focal plane counters [20]. The photon
beam passes through a 2 mm diameter collimator, reaching
the target and detection apparatus. The degree of energy de-
pendent circular photon polarisation was determined using the
Olsen and Maximon formula [21], while the photon tagging
efficiency (approximately 35%) has been measured once a
day using a Pb-Glass Cerenkov detector in dedicated low flux
runs. During the standard data taking operation, the fluctua-
tions of the photon flux are monitored using a low-efficiency
pair spectrometer located in the photon beamline after the col-
limator. From the comparison of the data from these detectors,
an absolute systematic uncertainty of 4% has been estimated

on the photon flux.

The target used for this experiment is the Mainz-Dubna
Frozen Spin Target (FST) filled with deuterated butanol
(C4DyOD) [22, 23]. The filling factor for the ~ 2 mm diam-
eter butanol spheres into the 2 cm long, 2 cm diameter target
container was estimated to be 60%, with a systematic uncer-
tainty of 2% [22]. The target material is polarised using the
Dynamic Nuclear Polarisation (DNP) effect [24], which re-
quired a magnetic field of 1.5 T and a temperature of ~25
mK. Such conditions, in combination with a small holding
magnetic field of 0.6 T which replaced the polarising magnet
during the data taking phase, allowed regular relaxation times
longer than >1000 h to be obtained. The target polarisation
was measured with an NMR system before and after the data
taking period and then interpolated exponentially at interme-
diate times.

To enhance the efficiency of the DNP procedure, the bu-
tanol was chemically doped with highly polarisable paramag-
netic centers. In the first two beam times, the trityl radical Fin-
land D36 was used, with typical polarisation degrees of about
60%. However, for these runs there was a problem in the ab-
solute determination of the polarisation, caused by small field
inhomogeneities (B < 1.78 mT) of the polarising magnet. An
additional third beam time, comprising about 30% of the total
collected statistics, used a different radical (Tempo), which
results in lower polarisation degrees (about 30%), but is not
sensitive to small field inhomogeneities. The absolute scale
of all helicity-dependent cross sections and asymmetries were
renormalized to this additional beam time and cross checked
with a parallel analysis on 1) photoproduction [18].

From these analyses, similar to those in Ref. [15], a conser-
vative relative systematic error of 10% has been estimated for
the degree of target polarisation.

For the evaluation of the denominator of Eq. (3), it is also



crucial to study the contribution of the unpolarised C and O
nuclei inside the target material. Some dedicated data takings
with a carbon target were performed for this purpose. This
target was made from a foam with the same density and the
same geometry as the butanol target.

Photons from 7° decay and recoil nucleons were detected
by the Crystal Ball-TAPS apparatus. The Crystal Ball (CB)
is located around the target cell and covers the full azimuthal
(¢) angle and polar (6) from 21° to 159° [25]. It is made
of 672 Nal(Tl) crystals covering a large solid angle and has
a very high detection efficiency for photons. Inside the CB
there are two Multi-Wire Proportional Chambers (MWPCs)
and a Particle Identification Detector (PID), made of a barrel
of 24 plastic scintillators. The combination of all these detec-
tors allows for a precise tracking and identification of charged
particles. TAPS is a hexagonal wall covering the polar for-
ward region outside the CB acceptance and it is made of 366
BaF, and 72 PbWOq crystals [26, 27]. In front of the TAPS
array a 5 mm thick plastic scintillator wall (VETO) is used for
charged particles identification. The combination of the large
acceptance CB and TAPS covers ~ 97% of the solid angle,
allowing precise measurements to be made of both the energy
and the angles of the photoemitted particles.

III. DATA ANALYSIS

After the energy and time calibration of all detector mod-
ules, the data from the butanol target were analysed together
with data from the carbon foam. All different algorithms have
been tested and checked, both with simulated and real data to
obtain an optimal rejection of the background coming from
the unpolarised target nucleons.

Detailed descriptions of the different analysis algorithms
have been given before (see, for instance Refs. [15, 18, 19]
and references therein). Therefore, only a summary of the
main analysis steps needed for the identification of the mea-
sured observables on the 7° production on deuterium will be
given here.

The 7° identification algorithm is common to all the per-
formed analyses, while the methods for both the nucleon iden-
tification and the subtraction of the unpolarised background
were only used for the evaluation of the E observable.

The detector response and the absolute efficiency of the
detection and reconstruction of the single 7 photoproduc-
tion channel, needed for the determination of the absolute
cross section, were evaluated using a GEANT4 based simula-
tion [28] which models accurately the geometry and compo-
sition of the detector setup and accounts for electronic thresh-
olds.

The candidate events accepted for all analyses were those
with 2 or 3 clusters of energy deposition reconstructed inside
of the detection apparatus.
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FIG. 2: Two photon invariant mass (IM) distribution from the
7 reconstruction procedure for all the candidate events. The
red lines define the = 40 MeV cut (corresponding to an
experimental resolution of about 2.5 ¢) around the nominal
mgo value.

A. 70 reconstruction and identification

The first offline analysis step was the evaluation of the two
photon invariant mass (IM) using all the neutral clusters of the
event. For all events with more than 2 neutral hits, all possible
combinations were used to calculate the two photon invariant
mass and only the combination giving the closest value to the
nominal 7° mass was retained for successive analysis steps.

If the calculated IM value is included in a window of £40
MeV, around the PDG 79 nominal mass, which corresponds to
an experimental resolution of about 2.5 o, the event has been
selected for the next step. In Fig. 2, the overall IM distribution
is shown with the applied cut region.

For events with more than two neutral hits, where ambigu-
ities between photons and neutrons can occur, an additional
test was performed by comparing the invariant mass of the
two photon candidate n1y,, to the nominal z° mass .o as:

2
2= (m”” ’") : )

Amy,y,

where Amy, ;, is given by the simulated detector response. The
two neutral clusters from the combination with the lowest 7572:0

value was selected as 7° decay photons and the remaining
neutral hit as a neutron candidate. As previously shown (see
Refs. [15, 29] and references therein), this method has proven
to be very effective in resolving ambiguities in neutron-photon
separation in the nt®(z°) final states.

Only events with a reconstructed 7° and with an IM value
within the selected window were accepted for the subsequent
analysis stages.

The following step was the evaluation of the event missing
mass (MM), where the recoil nucleon of the reaction YN —
7N was considered as a missing particle, even when it had
been detected. This parameter has been calculated as follows:

MM = \/(E7+mN_EnO)2_(?V_?EO)2 ) ®)



where Ey and p, are the laboratory energy and momentum
of the incoming photon, my is the nucleon mass in the initial
state, E o0 and p,o are the reconstructed 70 total energy and
momentum.
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FIG. 3: Missing mass (MM) distribution for the sum (top)
and the difference (bottom) of the MM distributions of the
parallel and anti-parallel event configurations. The

acceptance event region is inside the red vertical lines at
MM = 850 and 1050 MeV.

The obtained MM distribution which, in comparison to the
free-nucleon case is broadened due to the Fermi motion of the
initial-state nucleon, is shown in the top part of Fig. 3. As
seen in this figure, a consistent background was still present,
in particular in the right tail of the distribution. This is mainly
due to unpolarised carbon and oxygen nuclei in the butanol
molecules. In the bottom part of Fig. 3, the difference between
the missing mass distributions of the parallel and anti-parallel
event configurations is shown. This allows a verification of
the previous hypothesis since, in this case, the background
from unpolarised nuclei cancels. As expected, the tails are
now vanishing at both ends and the distribution is centered at
the nominal value of the nucleon mass.

Only the events with a MM value within 850 and 1050 MeV
(the region between the vertical lines of Fig. 3) have been
taken into account for the following steps of the analysis. This
cut also eliminates the additional background showing up on
the right tail of the MM distribution, that comes from the 7970
and 77 processes when the additional photoproduced pion
had, at least partially, escaped the detection inside our appara-
tus.
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FIG. 4: Distribution, of the A¢ azimuthal angle between the
reconstructed 7° and the nucleon track candidate for all
events accepted by the MM cut. The acceptance event region
is inside the red vertical lines at A¢ = 140° and 220°.

B. Proton and neutron identification

For the evaluation of the E asymmetry for the single 7° on
quasi-free protons and neutrons, only the events having one
additional track not used for the 7° reconstruction have been
selected from the previously obtained sample.

In the first step of this analysis, the coplanarity between the
reconstructed 7V and the additional track has been checked,
since, when the Fermi momentum of the target nucleon is ne-
glected, the incident photon, the 7° and the recoil nucleon
lie in the same plane, due to momentum conservation. Sim-
ulations show that the effect due to the Fermi momentum of
the target nucleon does not change the peak position, but only
slightly enlarges the width of the distribution.

The mean value of the difference A¢ between the azimuthal
angles of the 70 and the recoil nucleon must therefore be 180°,
as seen from the obtained A¢ distribution presented in Fig. 4
for all event with a reconstructed 7° and a candidate nucleon
track. Events having this additional track not co-planar with
the identified 7°, i.e. when A¢ was outside the acceptance
region defined in the previous figure, were removed from the
analysis. Tracks satisfying both this and the MM condition are
considered to be proton or neutron candidates depending on
whether the track is charged or neutral, that is with or without
a hit either in the PID or in the VETO detector.

Thereafter additional conditions, discussed below, are ap-
plied to identify participating nucleons.

In the forward region covered by TAPS, it is possible to
perform a Pulse Shape Analysis (PSA) [15], thanks to the two
("fast" and "slow") components of the signals from the BaF,
crystals. These components were integrated over two different
ranges (short gate: 40 ns; long gate: 2 us) to respectively
obtain the Es and E; energy components. For light particles,
such as photons, the two components are quite similar, while,
for massive particles E; is smaller than E;. To better highlight
this difference, it is convenient to use the transformation to the
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FIG. 5: PSA plots for neutral (top) and charged (bottom)
tracks after 7° reconstruction, MM and coplanarity cuts. The
neutron and proton candidates lying on the right of the red
lines have been rejected.

PSA radius rpg4 and angle ¢ps4, which are defined as:

resa =\/E}+E} i ¢psa =arctanEg/E; . (6)

Since, for photons E; = E;, while, for massive particles E; <
E;, photons are evident at §pg4 = 45°, independently of rpgy,
while neutrons are located at smaller angles.

In Fig. 5, the obtained PSA spectra for the proton and neu-
tron candidates are given. Events with particle candidates on
the right of the red curve have been rejected. In the charged
track case, no relevant background was present even before
this cut was applied.

Due to the good time resolution of the TAPS detector and
the relatively long distance between the target and the detec-
tor (about 1.5 m), a time-of-flight (ToF) analysis was also per-
formed, to refine both the neutron and the proton selection.

In this case, photon candidates form a band at a constant
ToF corresponding to the target - detector, distance while non-
relativistic protons and neutrons lie in a band at higher ToF
values.

The results of this analysis are shown in Fig. 6, where the
ToF (expressed as difference with the event trigger time) of
both for the accepted neutron (top plot) and proton (bottom
plot) candidates after the PSA cut is compared to the total
deposited particle energy.

Guided by the simulation, a residual background was re-
jected by the horizontal red lines shown in Fig. 6.

TOF (n

400 ‘ ‘ ‘ 600
Cluster energy (MeV)

600
Cluster energy (MeV)

FIG. 6: ToF analysis for neutral (top) and charged (bottom)
tracks after the PSA cut. The neutron and proton candidates
lying below the red lines have been rejected.

For neutral particles detected in the CB, a cluster size anal-
ysis was used to cross check the neutron selection performed
with the X72zO selection method previously described (see Eq.
4).

As shown by a simulation of the quasi-free nz® process,
neutron clusters consist of very few detector elements (just
one in many cases), while high energy photons coming from
the 7¥ decay produce, on average, larger clusters due to the
much larger amount of deposited energy.

In Fig. 7, the experimental cluster size distribution is com-
pared to the deposited energy in CB for photons coming from
the 7¥ decay, selected from events with two neutral clusters
and a reconstructed 7° (top plot), and for the third cluster, not
selected as part of a 70 decay, in events with 3 neutral clusters
(bottom plot). Neutrons from the n” channel congregate in
the bottom-left part of the plot, while photons mainly popu-
late the mid and top-left parts. Guided by the quasi-free nz®
simulation, a final selection cut, shown by the red line in the
bottom plot of Fig. 7, was applied so that no significant back-
ground is left after the end of the neutron selection procedure.

As a final cross check of the proton selection analysis, the
AE — E plots both for tracks detected in CB (using PID and
CB energy information) and TAPS (using VETO and TAPS
energy information) were constructed. Figure 8 shows the
AE — E plot obtained with the PID-CB and the VETO-TAPS
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FIG. 7: Cluster size distribution versus the energy released in
CB for all tracks of events with 2 neutral clusters and a
reconstructed 7° (top plot) and for the unapaired clusters in
events with 3 neutral clusters and a reconstructed 7% (bottom
plot). The tracks lying below the red line were considered as
neutrons.

detectors, respectively. In both cases, the proton band is very
clean, which proves the validity of the selection procedure.
For the VETO-TAPS combination, a final selection cut, shown
by the red line in the bottom plot of Fig. 8, was applied to sup-
press a small residual background.

C. Unpolarised background subtraction

In the extraction of the E observable, the evaluation of the
background coming from unpolarised C and O target nuclei
is crucial for the correct evaluation of the denominator of
Eq. 3. As previously mentioned, dedicated data were taken
with a carbon foam target to separately measure this back-
ground contribution, under the assumption that the nucleons
bound in C and O nuclei give the same response to the incom-
ing photons.

Due to this effect, Eq. 3 has to be modified as:

Energy deposited in PID (MeV)

200 300 400
Energy deposited in CB (MeV)

140

120

100
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100

200 300 400
Energy deposited in TAPS (MeV)

FIG. 8: AE — E plot with the energy information from PID

and CB (top plot) and VETO and TAPS (bottom plot) after

coplanarity and MM cuts. In the bottom plot, tracks lying
above the red line were considered as protons.
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(NGtr (W, 0) + Nilp (W, 0)) — s-Ne(W, 0)

E,(W,0) = )

where W in the total center-of-mass energy and the subscripts
"BUT" and "C" indicate the data from butanol and carbon tar-
gets, respectively, and s is the scaling factor needed to normal-
ize the different data sets available.

The scaling factor s was determined using different meth-
ods: i) absolute normalisation by photon flux, target density
and detection efficiencys; ii) using MM or coplanarity spectra
in a region where the quasi-free nucleons do not contribute
(MM ~ 1050 MeV).

A typical example of the obtained MM spectra is shown in
Fig. 9 for events with quasi-free protons. The s factor was
used to scale the original carbon distribution (magenta dots
in Fig. 9) and the MM distribution from quasi-free protons
bound inside the deuteron (green dots) was evaluated by sub-
tracting the scaled carbon distribution (red dots) from the one
from deuterated butanol (blue dots). The subtracted distribu-
tion is in very good agreement with the simulated quasi-free
proton distribution (black dots) for MM values below 1050
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FIG. 9: Subtraction of the carbon background for proton
events using the missing mass plots obtained from D-butanol
and carbon data for W (total center-of-mass energy) between
1450 and 1480 MeV. The different points represent the
missing mass distribution for: the D-butanol target (blue
dots), the carbon target (magenta dots), the scaled carbon
(red dots) and the proton events (green dots) obtained by
subtracting the scaled carbon events from the D-butanol
events. The black dots show the simulated distribution of
quasi-free proton events from a deuterium target.

MeV. As in Fig. 3, it also shows the good rejection of events
from double pion reactions achieved with the MM cut. In
general, the more pronounced unpolarised contributions were
found at the highest photon energy values and in the most ex-
treme angular regions.

All the applied methods gave quite similar and statistically
equivalent results. As an example, in Fig. 10 the distribution
of the Pull variable:

put, — (E12n) = E2p() -

2 2
Cipm) T C2p(n)

is shown, where E| p(n) and E» p(n) are the asymmetries eval-
uated at each 6 and W value using the two methods described
above on different data subsets for the proton (neutron) case.
The solid lines represent the best-fit gaussians obtained from
the data, whose parameters are given in the legends. Accord-
ing to expectations, both the mean and the variance resulting
from the fit are compatible with the standard gaussian param-
eters. The final E central values are taken as the weighted
average between the different procedures [30, 31].

The differences in the E values obtained with these methods
were used to evaluate the systematic uncertainties associated
to this procedure. In most of the measured energy and angular
bins, the relative values of these uncertainties were estimated
to be in the range of [2% — 10%], with the exception of the
most forward angular bin, where the limited statistics due to
the low detector efficiency often causes larger uncertainties.

This procedure was performed independently for proton
and neutron events, with different scaling factors obtained for
each W bin when method ii) was applied. The angular depen-
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FIG. 10: Distribution of the Pull variable (Eq. (8)) for
protons (top) and neutrons (bottom).

dence of the scaling factors was also checked, but found to be
negligible.

D. Inclusive single 7° photoproduction on the deuteron:
vd — 1B (B = pnord)

The helicity-dependent cross section difference (dAc /dQ)
for single ¥ on the deuteron can be expressed as follows (see
also Eq. 3) :

dAc do'" do™
_ = — ——(Ey) =
N (E,,0) —NW(E),0) 1 1

'Iy(Ey) ~€peT (Ey, 0) - AQ-n . PTZ ' PTT’

where I, is the total photon flux, with I, = 21;T = 217@, due to
our experimental conditions (see Sect. II), Epp7r is the detec-
tor global 7 detection efficiency, AQ is the solid angle factor
and n is the surface density of polarised deuterons. For this
observable, it was necessary to select all events with a ¥ re-
constructed in the CB-TAPS setup, without additional require-
ments. The relative systematic uncertainty of epgr, estimated
to be 4%, was evaluated by examining the cross section varia-
tions due to the different cuts and selection conditions applied
both to the experimental and the simulated data. The values
of the helicity-dependent total cross section difference Ac are
obtained by integrating Eq. (9) over the full solid angle. In



this case, no unpolarised contribution needs to be evaluated
since the effect of the unpolarised C and O nuclei in the target
vanish in the difference.

E. E asymmetry for single 7° on quasi-free protons and
neutrons

In addition to the detection of one 7°, the events selected
during the analysis were required to also have a proton or
neutron identified. A good quality of the nucleon selection
from any polarised and unpolarised background is crucial for
a highly precise calculation of the E observable. This goal has
been achieved by the selection previously described.

F. Systematic uncertainties

The different sources of systematic uncertainties previously
discussed are summarized in Tab. I.

Sources of common global systematic uncertainties come
from the absolute photon flux normalization, particle recon-
struction efficiency (these contributions are only relevant for
the cross section evaluation), from the beam and target polar-
isation values and from the target surface density.

The point-to-point systematic error contribution from the
unpolarised background subtraction is only relevant for the
E observable and it is dependent on the analysed W and
cos(GSVI) bins, as described in Section III C.

TABLE I: Systematic uncertainties of the present data

analysis.
Target polarisation +10%
Unpolarised background subtraction|£2 — 10%
Tagging efficiency +4%
Dtector efficiency +4%
Beam polarisation +3%
Target filling factor +2%
IV. RESULTS

A. Inclusive single 7° photoproduction cross section on the
deuteron

The total helicity-dependent section difference Ac for the
yd — n°B (B = pnord) reaction, is shown in Fig. 11a) (black
points) in the region from E,=160 MeV up to 1390 MeV. It is
compared to the data (red points) previously published by the
GDH collaboration [32]. With respect to the previous results,
this work provides new data covering a wider energy range
with better statistics.

In Fig. 11b), only the results for E, > 550 MeV are plot-
ted to better highlight the high-energy behaviour. The differ-
ent solid lines show the predictions for the elementary (pro-

ton+neutron) cross sections given by different multipole anal-
yses: SAID-MA19 [10] (blue line); BnGa-2019 [33] (green
line); MAID-2021 [34] (red line).

The major part of discrepancy between the experimental re-
sults and the calculation is primarily due to different nuclear
effects, in particular final state interactions (FSI), which are
especially important in the A(1232) resonance region. The
dashed red line shows the theoretical results given by the
deuteron calculation performed by A.Fix. This prediction is
based on the model of Refs. [35, 36], in which the elemen-
tary MAID-2021 amplitudes for the YN — 7N are embedded
instead of the MAID-2003 version used in [36].

In the insert histogram of Fig. 11a) the predictions of the
coherent (yd — 79d) and incoherent (yd — 70 pn) Cross sec-
tions are also presented separately. It can be seen that the
coherent process gives a sizeable contribution to the 7° pro-
duction process only at photon energies below 400 MeV. As
seen in Fig. 11, after the nuclear effects are included, the cal-
culated cross section difference Ao visibly decreases. The
major source of this reduction, as discussed in Ref.[36], is the
interaction between the final nucleons in the 3S; state. In con-
trast to the charged channels, yd — 77 nn and yd — 7~ pp, the
plane wave cross section for yd — n%np effectively contains a
spurious contribution of the coherent channel yd — 7°d. The
latter is due to the trivial fact that the final NN plane wave is
not orthogonal to the deuteron ground state. After this spu-
rious contribution is projected out, the resulting interaction
effect turns out to be of the same order as for charged pion
production, about 2 %. Inclusion of the =N rescattering leads
to further reduction of the cross section.

Thus, the total FSI effect in the A region is a decrease of
the total cross section difference Ac by about 20 % in both
helicity states. At the same time, as evident from Fig. 11,
this reduction is not sufficiently strong to reproduce the ex-
perimental data. The source of the remaining deviation is still
unclear. In particular, as shown in Ref. [36], the multiple scat-
tering corrections in the 7NN system are insignificant, and
their inclusion cannot explain the discrepancy.

In Fig. 11b), as in the free-nucleon case, a dip in the exper-
imental Ac,o values can be observed near the 1 production
threshold due to the intereference between Nz” and N7 chan-
nels, while, for Ey values just above ~ 1 GeV, also the effects
due to the excitation of the F;5(1680) resonance are reduced
with respect to the free-nucleon case.

The differential cross section difference dAc/dQ results
for individual photon energy bins from 162 to 1387 MeV are
shown in Figs. 12 and 13, respectively. No previous data for
this observable have previously been reported. As before, our
data are compared to the free (proton+neutron) cross section
from SAID-MA19, BnGa-2019, MAID-2021 multipole anal-
yses and to the calculation on the deuteron.

The overall trend of the data is fairly well reproduced by
all models. From the comparison between the free nucleon
and the deuteron results, it can be noticed that, in general,
nuclear effects are quite important for all angles over most of
the energy range covered by the present measurements. They
also are more relevant at the lowest Gjlt%b values, as predicted
in Ref. [8] for the unpolarised differential cross section and,
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FIG. 11: Inclusive polarised 7° photoproduction cross section on the deuteron (yd — 7°B). The new results (black points) are
compared with the results from the GDH Collaboration (red points)[32]. The different solid lines show the predictions for the
free (proton+neutron) sum of different analyses. Blue line: SAID-MA19 [10] ; green line: BnGa-2019 [33]; red line:
MAID-2021 [34]. The dashed line shows the predictions for yd — n°B (B = pnord) obtained using the model of Refs. [35, 36]
with the new MAID-2021 amplitudes for YN — N. The insert shows separate contributions from the incoherent yd — 7°pn
and the coherent yd — 11°d channels. In (b) the markers at the energies corresponding to opening of other channels are also
indicated. The contributions of all the systematic uncertainties (see Sect. Il F) are depicted as grey bars.

apart from the first few energy intervals, they lead to a visible
decrease in the absolute value of the cross section.

B. Double polarisation E observable for single 7° on
quasi-free proton

The results for the double polarisation observable E on
quasi-free protons are presented in Figs. 14 and 15, where
they are compared to the free proton results reported by
CBELSA/TAPS collaboration [37, 38] when the difference
between the measured central W bin values is less than 8 MeV.

The different solid lines represent free proton predictions
from SAID-MA19 (blue curves), BnGa-2019 (green curves)
and MAID-2021 (red curves) multipole analyses which are
constrained by the CBELSA/TAPS data.

The dashed red lines are predictions of the model of
Refs. [35, 36], where the most important nuclear effects, such
as Fermi motion, presence of the D-state in the deuteron wave
function, Pauli exclusion principle, and first-order rescattering
of the final particles, are taken into account.

The results obtained for the free and the quasi-free proton
targets are rather close to each other and agree within statisti-
cal and systematic uncertainties. This is an indication that the
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FIG. 12: Helicity-dependent differential cross section for single 7° photoproduction on the deuteron as function of 67];5’“3 for
E, < 860 MeV. The color code for the theory curves is as in Fig. 11. The contributions of all the systematic uncertainties (see
Sect. IIl F) are depicted as grey bars.

nuclear effects have little impact on this observable, at least
under the quasi-free kinematic conditions. This fact is by no
means trivial considering the strong influence of FSI, shown
in Figs. 12 and 13. Thus, although the cross sections ¢/
themselves undergo a noticeable influence from the nuclear
environment, this effect tends to almost completely cancel out

in the ratio (Eq. 3). This feature is confirmed by the calcu-
lations on a deuteron (red dashed lines) which turn out to be
very close to the free nucleon results over the major part of
the energy range.

Discrepancies occur only in the low W bins and at very for-
ward pion polar angles, for which, as the direct calculation
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FIG. 13: Same as in Fig. 12 for Ey > 860 MeV.

shows, the interaction between the final nucleons is mainly
responsible. Namely, for W up to about 1300 MeV, the de-
tection momentum threshold for nucleons (py 2 350 MeV/c)
leads to a significant decrease of the phase-space available for
quasi-free kinematics. As a result, a substantial fraction of the
detected events comes from the kinematical region where the
nuclear effects become relevant.

At the same time, as can be seen from the same figures,

despite the rather low statistical accuracy in this W region, the
model of Ref. [36] is able to reproduce the data quite well.

These new results are then particularly important for the
neutron case. Since nuclear effects are basically isospin-
independent, one can expect that photoproduction from bound
neutrons in quasi-free kinematics can be used to extract the
cross section on a free neutron, without the need to take into
account different model-dependent corrections, at least above
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FIG. 14: Helicity asymmetry E for 7° photoproduction on quasi-free protons as a function of (:05(9)5;8/I (blue points) in the

energy range W < 1627 MeV. The pion angle M

refers to the 7¥p center-of-mass frame. The new data are compared to the

free proton results reported by CBELSA/TAPS collaboration [37, 38] as well as to the single nucleon calculation with
SAID-MA19 [10], BnGa-2019 [33] and MAID-2021 [34] multipole amplitudes. The dashed lines show predictions for
quasi-free protons obtained using the model of Ref. [35, 36] with the MAID-2021 amplitudes. The contributions of all the
systematic uncertainties (see Sect. III F) are depicted as grey bars.

the first resonance region.

C. Double polarisation E observable for single 70 on
quasi-free neutron

The results of the double polarisation observable E for the
single ° on quasi-free neutron are shown in Figs. 16 and 17,
alongside with the theoretical predictions from the range of
models described above. In this case, the present E data have
been already included in the data base used to get the MAID-
2021 predictions.

These are the first data on the angular distribution of the E
observable on the neutron. The results for the angle-integrated
E observable have already been published in Refs. [15, 30].

The nuclear model predictions show the same features of
the proton case. This opens the possibility of obtaining access
to the free-neutron information.

A quantitative evaluation of the impact of these new data on
the existing multipole analyses can be obtained with the com-
parison of the predictions for the E observable on the neutron
from fits made without and with their inclusion in the full data
base. This comparison is shown in Fig. 18 using the MAID-
2021 analysis. Using our new data a relevant change in the
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FIG. 15: Same as in Fig. 14 for quasi-free protons and W > 1627 MeV.

predictions can be noticed at about W > 1650 MeV.

At lower energies, where different data sets on different ob-
servables are available, the present data, as could reasonably
be expected, do not significantly change the predictions given
by the MAID-2021 partial wave analysis.

V. LEGENDRE FIT OF THE E DATA

To gain a better insight into the partial wave content of the
reaction amplitude, one can also use expansion of the observ-
ables over Legendre polynomials. Such expansion can be very
useful since the energy dependence of the expansion coeffi-
cients may reveal specific correlation between individual res-
onance states of definite parities (see, for instance,Ref. [39]
and references therein).This method turns out to be especially
effective in those cases when a single resonance (for example,
A(1232)) with well-known properties dominates in the ampli-
tude in a certain energy range.

In the present paper, the Legendre coefficients a; were ob-
tained by fitting the angular distributions of the E asymmetry
with a series of associated Legendre polynomials Py:

v dGo
EW,0)=EW,0)- —(W,0) =
(W,8)=E(W,8)- -~ (W,6)
ZImax
= Y (@, )k (W)P(cos0). (10)
k=0
Here, the notation (a4, )x means that in the fitting procedure
only the partial waves with the N relative angular momentum

up to [ = Iy, were included. The multipoles contributing to
the fit for /,,,,, = 1,2, 3 are listed in Table II.

TABLE II: The multipole amplitudes contributing to the
fitted cross section reported in Eq. (10) for different
choices of ;4.

’ Linax ‘ wave ‘ M-poles ‘

S-wave Ey+
P-wave| E+,M+,M;-
D-wave | Ey+, Eyr- ,M>+, M-
3 |F-wave |E3+, E3- M3+, M3

1

For the unpolarised cross section dop/dQ in Eq. (10), we
used the values given by the SAID-MA19 analysis. The latter
are in good agreement with the available unpolarised data both
on the proton and on the neutron. Replacing the SAID-MA19
analysis with the BnGa-2019 analysis gives almost the same
results for a; within statistical uncertainties.

The quality of our fit with /,,, = 1,2,3 is demonstrated
in Figs. 19 and 20 for several values of W. In the region
W < 1400 MeV, where the A(1232) resonance dominates the
angular dependence of E, it should be governed by the p-
waves with relatively small admixture of the s-waves. The
mallness of the s-wave part is explained by relative weakness
of the electric dipole amplitude Ey.., which is responsible for
production of the s-wave pions. In the 7° channel, the s-wave
is an order of magnitude smaller than the charged pion one. As
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FIG. 16: Same as in Fig. 14 for quasi-free neutrons.

a result, in the wide energy range up to the second resonance
region, the 7° photoproduction proceeds almost exclusively
via the magnetic dipole transition to the A(1232) resonance.
There is also small admixture from the nucleon pole terms in
the direct and the crossed channels from the magnetic YN cou-
pling. Thus, taking /,,,. = 1 is expected to be sufficient to de-
scribe the general behavior of the data in a rather wide energy
range. This thesis is fairly well supported by the experimental
results in Figs. 19 and 20.

Above W = 1400 MeV, the second resonance, N(1520),
starts to play a role, so that / needs to be expanded to [, = 2
in order to take into account an increasing contribution of the
D-waves.

Since the x2 value does not significantly change when go-
ing from [, = 2 to l,;sx = 3 and only ten data points are
available, /,,,, = 2 has been chosen as the best compromise
between fit efficacy and our partial-wave analysis.

The investigation of the expansion given in Eq. (10)) re-
veals some important properties of the Legendre coefficients
ay. Firstly, parity conservation requires that the coefficients a;
with even k contain the products of multipoles AZ:EA;,i (with
A+ = E/M;+) for which the difference (I —I') takes only even
values. Accordingly, the coefficients with odd k include prod-
ucts in which this difference is odd. This means that the odd
coefficients are determined exclusively by the interference of
the resonances with different parities. This property explains,
in particular, the relative smallness of these coefficients in the
entire energy range.

Another important property of the expansion coefficients is
that the terms of the type |E/M,-|?, quadratic in multipoles
with total spin j = — 1/2, contribute only to the coefficients
ap, -.., az;—» and do not appear in ay;. This is obviously a con-
sequence of the total angular momentum conservation. For
this reason, for example, the coefficient a4 does not contain
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the terms |E,- |, |M,- |2, and E; M, of the resonance multi- is clearly visible at higher energies in the proton case. This

poles coming from D;3(1520).

As follows from the discussion above, up to the energy
W ~ 1400 MeV the reaction is dominated by the p-wave mul-
tipole M+ due to the A(1232) excitation mechanism. A direct
consequence of this dominance is a pronounced resonance to
be expected in the coefficients ag and a; in the energy region
around W = 1230 MeV, with all the remaining coefficients
having very small values. This expected resonance behavior
is observed. See inserts in (a3)¢ and (az)z plots in Figs. 21
and 22.

The Legendre coefficients for the proton and the neutron
channels given by the above described fit procedure are plot-
ted in Fig. 21 and in Fig. 22, respectively, for W > 1300 MeV,
a region where, as discussed before, nuclear effects are mini-
mized and all the coefficient values are significantly different
from zero.

In the insert plots of the fitted (a;)o and (a;), coefficients,
the only ones that have meaningful values in A(1232) reso-
nance region, their values are given over the full measured
W range. The curves represent the corresponding coefficients
evaluated using the SAID-MA19 model.

It is interesting to note that the coefficient (a;)( exhibits, as
expected, a cusp structure at the 1 threshold (W = 1487 MeV)
in both the 7°p and the 7% channels. This effect, previously
observed also for the Ac observable (see Fig. 11), is in partic-
ular due to interference of the negative parity state Sy;(15353)
with the A(1232) resonance. For the same coefficient, the ef-
fect of the intermediate excitation of the Fj5(1680) resonance

could be predicted from the much smaller absolute value of
the A3/, helicity amplitude of this resonance in the neutron
case.

As already discussed above, the (ay)4 coefficient does not
contain the terms A5_A’_, A = E /M, those determined by the
D3 wave alone. In the case /,,,, = 2 its value is due only to the
interference of the E /M,- and the E /M,+ multipoles. The al-
most complete absence of the resonance-like structure around
W = 1500 MeV is a trivial consequence of the smallness of
the £ /M,+ amplitudes in this energy region.

The structure in the data at W > 1600 MeV, which is espe-
cially evident for the proton case, is due to the fact that our fit
procedure is limited to /,,,c = 2. This artificially increases the
contribution of the D3(1520) and D;5(1650) to compensate
the real effect due to the onset of Fis(1680) resonance. As
mentioned before, due to the limited number of angular bins
and also to the limited statistical accuracy in the polar forward
region, this contribution can not be properly evaluated.

In future, new experiments with higher statistics need then
to be performed and also some residual contributions of the
nuclear effects that, according to the deuteron calculation of
Refs. [35, 36], are still present in the very forward polar re-
gion, also need to be carefully evaluated.
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FIG. 18: MAID-2021 prediction for the helicity asymmetry E on the neutron from the fits made with (red line) and without
(black line) including the present data into the fitted data base. The green line is the prediction obtained by excluding from the
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VI. SUMMARY AND CONCLUSIONS

New precise data on the helicity-dependent inclusive cross
section, as well as on the beam-target helicity spin asymmetry
E of single n° photoproduction on the deuteron, have been
obtained. Compared to existing data, the new measurements
cover a wider energy range and have much better statistics.

Comparison with the free nucleon calculation allows the in-
fluence of nuclear effects on the single photoproduction mech-
anism to be evaluated quantitatively. This in turn gives valu-
able information about the extent to which these effects may
distort the helicity asymmetry E, extracted from the quasi-free
nucleon cross sections.

According to our results, the difference dAc/dQ (see

Eq. 9) of the helicity-dependent cross sections o /11 exhibits
rather different behaviors between free nucleons and nucleons
inside deuterium.

At the same time, in the asymmetry E values measured for
quasi-free nucleons, the nuclear effects are to a relevant extent
canceled and can be disregarded almost in the whole energy
range, except for energies below the A(1232) peak and, as also
observed in Ref. [11] for the photon beam asymmetry, at the
very forward pion angles. Therefore, these new data on E for
quasi-free neutrons can be used to access this observable on
the free neutrons without resorting to any model-dependent
calculations.

A Legendre analysis of the new experimental results has
already provided valuable information on the resonance states
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FIG. 19: The asymmetry E = E doy/dQ as function of cos(G)%\/I in the 7°p channel. Different fits are obtained with Legendre
polynomial expansion given in Eq. (10) truncated at /,,,, = 1 (blue), 2 (green), and 3 (red).

contributing to the 7% channel without performing a detailed
partial wave analysis.
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