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Abstract

We report a first measurement of the double-polarisation observable, Cx′ , in π+ photoproduction off the proton. The Cx′ double-

polarisation observable represents the transfer of polarisation from a circularly polarised photon beam to the recoiling neutron. The

MAMI circularly polarised photon beam impinged on a liquid deuterium target cell, with reaction products detected in the Crystal

Ball calorimeter. Ancillary apparatus surrounding the target provided tracking, particle identification and determination of recoil

nucleon polarisation. The Cx′ observable is determined for photon energies 800-1400 MeV, providing new constraints on models

aiming to elucidate the spectrum and properties of nucleon resonances. This is the first determination of any polarisation observable

from the beam-recoil group of observables for this reaction, providing a valuable constraint and systematic check of the current

solutions of partial wave analysis based theoretical models.

Keywords: photoproduction

1. Introduction

Photoinduced reactions on proton and neutron targets have

played a key role in progressing our knowledge of the excited

nucleon spectrum the past decade [1], catalysed by quality nu-

cleon photoproduction data from MAMI, JLAB, ELSA and

other facilities [2]. These have provided a step change in the
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number of measured observables, statistical accuracy, and kine-

matic coverage.

Pion photoproduction is the simplest photoinduced reaction

on the nucleon. The reaction can be described theoretically with

four complex amplitudes, which can be fully constrained by

kinematically complete measurements of a chosen set of eight

observables taken from the cross section, single polarisation ob-

servables (where the polarisation of either photon beam, target

or recoiling nucleon is determined) and double-polarisation ob-

servables formed from simultaneous determination of two of
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the above polarisation quantities. Recent work has indicated

that the properties of the different partial waves in the reaction

may converge with fewer measurements than the mathemati-

cally complete eight, as discussed in Ref. [3].

Previous double-polarisation measurements for nπ+ photo-

production are limited to the beam-target group of observ-

ables. Measurements of the G observable (linearly polarised

beam and transversely polarised target) [6], the E observ-

able (circularly polarised beam and longitudinally polarised

target [7]) and more limited data sets for H (circularly po-

larised beam and transversely polarised target) have recently

been obtained[10, 20]. These double-polarisation data, com-

bined with the cross section and single polarisation observables

(Σ, T and P) [6, 8] comprise the current world data base.

The lack of any double-polarisation measurements from the

beam-recoil group for this channel mean the mathematically

"complete" constraint has not been achieved. This lack of pre-

vious data reflects the challenges in measurement of recoil nu-

cleon polarisation, requiring a secondary rescattering of the

ejectile nucleon in a spin-analysing polarimeter material. Such

measurements are only feasible at high photon beam intensi-

ties1. The new Cx′ data presented here therefore provide an

important cross check of convergence in the model predictions.

Observables from the beam-recoil group give different sensi-

tivities to the underlying reaction amplitudes, so even if deter-

mined with less precision than the beam-target measurements

which dominate the database, they have the potential to pro-

vide important information on the road to convergence in the

model predictions. Some constraint on systematics in both the

reaction modelling and the fitted database can also be achieved

as Cx′ is obtained with very different systematics to the beam-

target double-polarisation data.2

The photoproduction of pπ0 is the sister reaction to nπ+.

For the pπ0 reaction the database is more complete. The dif-

ferential cross-section, Σ, P,T,G,H,Cx′ observables have been

determined over the full energy range of the new data and

E,Ox′ ,Oz′ for part of the range. Such pπ0 data are simulta-

neously fitted by theoretical models along with the nπ+ data.

In combination, sensitivities to the isospin of the contributing

nucleon resonances and backgrounds can be achieved.

The leading models to interpret pion photoproduction data,

and infer information on the nucleon resonance spectrum, are

the SAID [8] and BnGa [9] frameworks, which are both based

on partial wave analysis (PWA) methods fitted to the data.

The latest iterations of these models (SAID MA19 and BnGa

BG2019) experienced substantial change due to the inclusion

of new data on the double-polarisation observable G, recently

measured at CLAS [6].

1To achieve such measurements around four orders of magnitude larger

statistics are required than for a typical beam-target measurements as only ∼2%

of the ejected events can be analysed with a practical thickness of nucleon scat-

tering medium.
2For example, correlated systematics could potentially arise as all the beam-

target observables employed common methodologies in determining the degree

of linear beam polarisation and MAMI/ELSA had common polarised target

systems.

In this work we make a first determination of the Cx′ observ-

able for the p(γ⊙, ~nπ+) reaction. This is the first measurement of

any observable from the beam-recoil double polarisation group

for this reaction and the results are compared to nearly con-

verged predictions from the leading partial wave analysis based

theoretical models. The Cx′ observable is extracted using a

bootstrap statistical technique which gives access to statistical

and systematic errors in a robust way. We compare the new

data to the SAID [8] and BnGa [9] models, which are fitted to

a database currently unconstrained by measurements of beam-

recoil observables in this reaction channel.

2. Experimental details

The measurement employed a new, large acceptance, neu-

tron polarimeter [11] within the Crystal Ball detector at the

A2@MAMI [12] facility during a 300 hour beamtime. A

1557 MeV longitudinally polarised electron beam impinged on

either a thin amorphous (cobalt-iron alloy) or crystalline (dia-

mond) radiator, producing circularly (alloy) or elliptically (di-

amond) polarised bremsstrahlung photons. The electron helic-

ity was regularly flipped to produce a photon beam with equal

amounts of both circular photon polarisations. As linear photon

beam polarisation is not used to extract Cn
x′ , equal flux from

the two elliptical polarisation settings were combined to in-

crease the circularly polarised photon yield3. The photons were

energy-tagged (∆E ∼ 2 MeV) by the Glasgow-Mainz Tag-

ger [13] and impinged on a 10 cm long liquid deuterium tar-

get cell. Reaction products were detected by the Crystal Ball

(CB) [14], a highly segmented NaI(Tl) photon calorimeter cov-

ering nearly 96% of 4π steradians. For this experiment, a new

bespoke 24 element, 7 cm diameter and 30 cm long plastic

scintillator barrel (PID-POL) [15] surrounded the target, with

a smaller diameter than the earlier PID detector [15], but which

provided similar particle identification capabilities. A 2.6 cm

thick cylinder of analysing material (graphite) for nucleon po-

larimetry was placed around PID-POL, covering polar angles

12◦ < Θ < 150◦ and occupying the space between PID-POL

and the Multi Wire Proportional Chamber (MWPC) [16]. The

MWPC provided charged particle tracking for particles passing

out of the graphite into the CB. At forward angles, an addi-

tional 2.6 cm thick graphite disk covered the range 2 < Θ <

12◦ [15, 17, 18]. A GEANT4 visualisation of the experimental

setup can be seen in Fig. 1.

The cryogenic deuterium target provided a source of weakly

bound protons and neutrons. The d(γ, π+~n)nspec events of inter-

est consist of a primary charged pion track and a reconstructed

neutron, which undergoes a (n, p) charge-exchange reaction in

the graphite to produce a secondary proton; the spectator neu-

tron is not detected. The secondary proton gives signals in the

MWPC and CB. The primary π+ was identified using the cor-

relation between the energy deposits in the PID and CB using

3Separate treatment of the events with two elliptical photon polarisations

and with pure circular photon polarisation, gave consistent results within the

achievable statistical accuracy.
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Figure 1: Crystal Ball setup during the polarimeter beamtime. The cryogenic

target (red cell) is surrounded by the PID barrel (blue), the graphite polarimeter

(grey), the MWPC (blue/green) and the Crystal Ball (white).

∆E − E analysis [15] along with an associated charged track in

the MWPC. The intercept of the primary π+ track with the pho-

ton beamline allowed determination of the production vertex,

and hence permitted the yield originating from the target cell

windows to be removed. Neutron 12C(n, p) charge exchange

candidates required an absence of a PID-POL signal on the re-

constructed neutron path, while having an associated track in

the MWPC and signal in the CB from the scattered secondary

proton. The incident neutron angle (Θn) was determined from

reaction kinematics using Eγ and the production vertex coordi-

nates. A distance of closest approach condition was imposed to

ensure a crossing of the (reconstructed) neutron track and the

secondary proton candidate track (measured with MWPC and

CB). Once candidate pion and neutron tracks were identified,

a kinematic fit was employed to increase the purity of the data

sample and improve the determination of the reaction kinemat-

ics (see Ref [19] for details).

3. Determination of C
n

x′

The transferred neutron polarisation (Cn
x′ ) was determined

through analysis of the neutron-spin dependent 12C(n, p) re-

actions occurring in the graphite polarimeter. The spin-orbit

component of the nucleon-nucleon interaction results in a φ-

anisotropy in the produced yield of secondary protons (see

Ref. [20] for details). We followed the same procedure to deter-

mine Cn
x′ , as described in Ref. [18], where the same observable

was extracted for the deuteron photodisintegration reaction.

The Cn
x′ extraction employs a combination of log-likelihood and

bootstrap techniques, as discussed below. The likelihood was

defined as

Li = ci

[

1 +Cn
x′ · P

⊙

γ,i · Ay,i · sin(φscat
i )
]

A, (1)

where ci is a normalisation coefficient, A is the detector ac-

ceptance, Cn
x′ is the spin transfer observable of interest, P⊙γ,i

is the degree of photon circular polarisation, Ay,i is the neu-

tron analysing power4 and φscat is the φ scattering angle in the

4P⊙
γ,i

is photon energy dependent and Ay depends on the ejected neutron

energy and scattered proton polar angle. Both variables are evaluated on an

event-by-event basis.

primed frame, see Fig. 2. The log-likelihood function that was

maximised to obtain the observable of interest is given by

log L = b +
∑

i

log
[

1 +Cn
x′ · P

⊙

γ,i · Ay,i · sin(φscat
i )
]

, (2)

where the constant b is an observable-independent constant,

which absorbs the normalisation coefficient and detector accep-

tance. The summation (i) runs over all events. To reduce sys-

tematic dependencies, the events were only retained if Ay(np)

was above 0.1, and the proton scattering angle was in the range

Θscat
p ∈ 15 − 45◦, where Θscat

p is the polar angle of the scattered

proton relative to the direction of the neutron. The above cuts

restrict the kinetic energy of the neutrons to be above 200 MeV,

as well as their polar angle, Θn , to be larger than ∼ 40◦, allow-

ing them to be well within the acceptance of the polarimeter.

Events meeting the conditions required a photon energy larger

than 800 MeV and neutron centre-of-mass angle close to 90◦.

Figure 2: Kinematics of the reaction in the centre-of-mass system. The z-axis is

oriented along the photon beam, the y-axis is vertically upwards in the labora-

tory; the z′-axis is oriented along the ejectile neutron direction, and the y′-axis

is perpendicular to the reaction plane.

The extraction of Cn
x′ is simpler than the previous extraction

of Py due to cancellations in the acceptance.5 A regular (∼ 1 s)

flipping of the photon helicity allowed us to reduce systematic

effects associated with a temporal variation of the detector ac-

ceptance to negligible values. In addition, in the determination

of the Cn
x′ observable, the acceptance effects completely factor-

out in the likelihood extraction (unlike the extraction of Py).

The use of an unbinned (in φ and Eγ) likelihood method elim-

inates bin-size related systematics arising from fits of trigono-

metric functions to binned φscat-asymmetries.

The spin transfer observable, Cn
x′ = f (Θ∗

N
, Eγ), was deter-

mined in 10◦ neutron centre-of-mass (CM) angle bins using a

likelihood-extraction in which a smooth energy dependence is

assumed. To get robust error evaluations within the likelihood

method we employed a bootstrap procedure [21]. This method

involves randomly selecting N events out of our sample of N

events allowing repetitions6. For each combination, a likeli-

5The determination of Py is obtained from a (cos(φscat
i

) dependence, which

is sensitive to any systematics between forward and backward angle scatter-

ing [17]. In contrast, Cn
x′

has a (sin(φscat
i

) dependence (left-right asymme-

try) for which the cylindrically symmetrical A2 setup has minimal accep-

tance/efficiency effects.
6For example, in the case of the 80◦ bin it is 9200 random events out of a

9200 event sample.
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hood fit is carried out to extract Cn
x′ . Each fit produces a smooth

function Cn
x′ = f (Eγ) for the given Θn bin. Multiple repetitions

of this procedure enable determination of the most likely Cx′

and its associated errors Cn
x′ . These are presented in Fig. 3 (mid-

dle). Additional studies of systematic effects were obtained by

relaxing the analysis cuts. The systematic errors are extracted

from the resulting variations in the extracted values of Cx′ . The

magnitude of the systematic errors in each bin are influenced

by the achievable statistical accuracy in the bin. The extracted

systematic errors are also shown in Fig. 3 (bottom)7.

4. Results

Our Cn
x′ results, along with associated statistical and esti-

mated systematic errors, are presented in Fig. 3 as a function

of photon energy and neutron CM polar angle. The new data

cover photon energy bins from 800 MeV up to 1400 MeV and

CM angles for the neutron of 70-120◦. The magnitude of Cn
x′

is seen to be small over much of the sampled phase space, al-

beit with indications of localised regions of both high and low

Cn
x′ . The statistical and systematic uncertainties are both largely

uniform over much of the phase space, but with expected dete-

rioration close to the edge of the polarimeter acceptance.

Example comparisons of the new data with recent solutions

of the SAID [8] and BnGa [6] partial wave fits are shown in

Fig. 4 and 5. In Fig. 4 the data are presented as a function of

photon energy for a fixed angular bin of 80◦. For photon ener-

gies up to 1200 MeV the data are well described by all SAID

and BnGa solutions (see figure caption) within the achievable

experimental errors8. Above this, the data may suggest higher

Cn
x′ than both model predictions - albeit in regions where the

estimated systematic uncertainties are large.

The angular distribution of Cn
x′ at 1100 MeV is presented in

Fig. 5 (top), compared to the model predictions. The observed

zero crossing at around 90◦ is broadly consistent with all model

predictions, however the second crossing around 108◦ is in bet-

ter agreement with the latest BnGa solution. The angular dis-

tribution of Cn
x′ at 1200 MeV, Fig. 5 (bottom), shows a broadly

similar shape to the lower energy bin, but with indications of re-

gions of higher positive Cn
x′ . The divergence between the mod-

els is larger for this higher photon energy bin. The most recent

SAID and BnGa fits (red solid and red-dashed respectively) in-

clude the large new G- dataset [6] for nπ+, but it’s inclusion

results in both models giving a poorer description of this inde-

pendent Cn
x′ variable. This suggests constraint from a different

double-polarisation group, even with poorer coverage and ac-

curacy, has the potential to provide new information. Future

fits including the new data may improve convergence between

the models for this photon energy region.

The statistical and systematic uncertainties in Cn
x′ extraction

could be significantly reduced in the future due to recent up-

grades in the MAMI beam intensity. Accurate beam-recoil data

7The dataset corresponds to kinematical regions where Cn
x′

statistical errors

are less than 0.5 or systematical errors are smaller than 0.8.
8The structure seen in theory curves around Eγ ∼ 700 MeV originates from

the η-meson production threshold.
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Figure 3: Two-dimensional Cn
x′

dependence as a function of neutron centre-of-

mass angle,Θ∗n and photon energy Eγ (top), statistical (middle) and systemati-

cal (bottom) uncertainties for this distribution. Systematic uncertainty contour

lines at 0.4 are also shown on the top plot as dash-dot lines.

appears important even when, as is the case here, an extensive

database of beam-target double-polarisation observables has al-

ready been obtained.
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Figure 4: The neutron spin transfer observable Cn
x′

for the 75◦ − 85◦, neu-

tron CM angles as a function of photon beam energy. The dashed area repre-

sents the data together with its statistical uncertainty, while the hatched area

shows the systematic uncertainty (the data and uncertainties are a 1D slice

of Fig. 3).The solid lines are the SAID PWA solutions, SAID-2019(red) [8],

SAID-2012(blue) solution [22]; the dashed lines are the BnGa solutions, BnGa-

19(red) [6], BnGa-2014-1(blue), BnGa-2011-1(black).

5. Summary

This work provides the first measurement of a beam-recoil

double-polarisation observable, Cn
x′ , for π+ photoproduction off

the proton, obtained for photon energies 800-1300 MeV. The

measurement provides an important check of the leading partial

wave analysis based models which fit the world data on photo-

meson production from the nucleon to extract the nucleon ex-

citation spectrum. The general trends of the new Cn
x′ data are

reproduced by the two leading model predictions (SAID and

BnGa), although deviations between the predictions remain in

this photon energy region. The inclusion of the most recent

beam-target double- polarisation data in the fitted database, re-

sulted in a poorer description of the new Cn
x′ data. This sug-

gests beam-recoil observables give sensitivities to reaction am-

plitudes that are not currently well constrained by world data

and are an important addition to the database on the path to-

wards model convergence in the extracted amplitudes.
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