Technical report on spin polarizabilities of the proton by measurement of Compton

double-polarization observables

D. Paudyal* and G. M. Huber
University of Regina, Regina, Saskatchewan S4S 0A2, Canada

P. P. Martel
Mount Allison University, Sackville, New Brunswick E4L 1E6, Canada and
Institut fir Kernphysik, University of Mainz, 55128 Mainz, Germany

D. Hornidge
Mount Allison University, Sackville, New Brunswick E4L 1E6, Canada
(Dated: August 3, 2019)

This report outlines technical support of the manuscript on “Spin polarizabilities of the proton
via measurement of Compton double-polarization observables” that was submitted to the A2 col-
laboration for internal review. It also presents 7° photoproduction X5, asymmetry results from
polarized Compton scattering performed at the Mainz Microtron. The experiments were run during
two periods, May 2014 and June/July 2015, using a circularly polarized photon beam incident on a
longitudinally polarized, frozen spin butanol target. In addition, this report summarizes various cor-
rections that are vital for 3. Compton scattering asymmetry studies including carbon and helium

background subtractions, and target polarization studies.

I. INTRODUCTION

Proton Compton scattering, yp — p, is only one of
the many interactions that can occur when photons hit
a nuclear target. Although Compton scattering seems
to have a simple final state, it is very important to cor-
rectly identify the individual particles detected in the
Crystal Ball (CB) and Two-Arm Photon Spectrome-
ter (TAPS) detector systems. The background from
other competing reactions has to be identified and sup-
pressed with several analyses of the reaction kinematics.
The biggest challenge is to properly understand the 7°
photoproduction background because its cross section is
about one hundred times larger than that of Compton
scattering. Therefore, exclusive 7° photoproduction is
not only a significant source of “physics background” to
Compton scattering experiments, but also a useful re-
action for systematic tests of experimental systems and
methodology of the analysis.

This report provides an overview of the 7° photopro-
duction asymmetry analysis and checks on various cor-
rections applied to the Compton ¥, asymmetry stud-
ies. In addition, this report provides a cross-check on
polarization correction factors, for the frozen spin tar-
get (FST), reported by the Bonn group due to an extra
layer of ice on the outer nuclear magnetic resonance
(NMR) coil apparent in some of the data runs taken
from May 2013 to September 2015 [1]. This was done
by including the simulation of coherent 7° production
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on *He in the 7° asymmetry analysis (Sec. II1 C 3), sub-
tracting helium data taken by the Bonn group in the 7°
asymmetry analysis (Sec. IV A), and from a helicity de-
pendent cross section analysis (Sec. V).

II. 7° £, ASYMMETRY

The 7° photoproduction asymmetry g, can be ex-
pressed in terms of the polarized cross section with a
flip in the polarization direction as:
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where 0%, and o, represent the cross section for right-
and left-handed helicity states of the beam with the tar-
get polarized in the £z direction, and P). . and P are
the degrees of the photon beam circular polarization
and longitudinal target polarization, respectively. This
can be simply visualized from the four beam-target ori-
entations as shown in Figs. 1la-1d.

The benefit of calculating an asymmetry is that the
absolute normalizations (target density, beam flux, tag-
ging and detection efficiencies) that relate the cross sec-
tion to the number of events, NV, cancel in the ratio.
Therefore, the asymmetry formula in terms of count
rate can be written as follows:
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where N, and NL_ are the normalized yields for right-
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FIG. 1: Different orientations for 7° photoproduction with a circularly polarized photon beam on a longitudinally
polarized target. (a), (b) show the right- and left-handed helicity state of the beam, respectively, with target
polarization in the +z direction (0., o). (c) and (d) show the right- and left-handed helicity state of the

beam, respectively, with target polarization in the —z direction (o

and left-handed helicity states of the beam, respectively,
with the target polarized in the £z direction.

III. BASIC ANALYSIS STEPS

In this section, the data analysis steps for the vp —
7p reaction channel, identification and reconstruction
of particles (photons and protons) directly observed in
the CB-TAPS detector system, the reconstruction of the
70 from its decay, 7° — v, and the various kinematic
cuts applied are presented.

A. Particle Identification

To identify the particles of interest for the reaction
channel, vp — 7%, with the 7% decaying into two pho-
tons (7% — ~7v), individual particle tracks were identi-
fied. The experimental setup, combining the CB and
TAPS detectors with additional detector elements for
charged particle identification and tracking was identi-
cal to the one used for the results reported in Ref. [2].
The cylindrical Particle Identification Detector (PID)
consists of 24 plastic scintillators parallel to the beam
axis surrounded by Multi-Wire Proportional Chambers
(MWPCs). They are mounted around the target cell.
By matching a hit in the PID with a corresponding
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hit in the CB, it is possible to use the AE/E tech-
nique to identify the charged particle species. In this
technique, an energy deposition in the PID coincident
with an energy deposition in a cluster in the CB is used
for the separation of charged pions, electrons, and pro-
tons. For the lighter particles, like electrons and pions,
the energy deposition is roughly 1 — 2 MeV. However,
heavier particles like the proton deposit energy inversely
proportional to their total energy, with slower protons
depositing a higher fraction of their total energy. A
two-dimensional histogram of the energy loss, AE, mea-
sured in the PID, and the energy, F/, measured in the
CB, results in two distinct bands associated with dif-
ferent particle species. In addition, the MWPCs were
used to identify a charged particle track. In the case
of TAPS, the veto detector tiles in front of each BaF,
crystals are used. A cluster is identified as a charged
particle if the veto tile in front of the cluster’s central
crystal is hit, and a cut placed on the cluster size sepa-
rates the photons and neutrons (details can be found in
Ref. [2]). While the detection of the proton can assist
in reducing background, the efficiency of this detection
is rather low, and it is therefore not required since the
reconstruction of the 7° fully constrains the system.



B. 7° Reconstruction

The analysis of the reaction channel yp — 7%p re-
quires events with exactly two time-correlated neutral
particles in CB-TAPS that are further time-correlated
with a hit in the tagger. This is due to the fact that
some photons from the beam pass through without in-
teracting, while many others are lost due to collimation
of the beam. The events in the tagger that are in tim-
ing coincidence with the photons interacting with the
target are called “prompt” events while those without
any timing coincidences are “random” events. These
uncorrelated events, which are normally referred to as
background events, are numerous and hence need to
be subtracted during the analysis. Fig. 2 shows the
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FIG. 2: Difference between the tagger and 7° times;
the prompt and random windows are shown in red and
blue, respectively.

prompt and random timing windows for event hits in
the tagger, which are in timing coincidence with the
reconstructed 7°. The prompt electrons, which occur
for hits in that detector element which correspond to
photons that interacted with the target, have a peak
around 0 ns (shown in red) whereas the random elec-
trons form the flat distribution that extends to either
side of the prompt peak (blue background). A timing
coincidence window of 30 ns is used to identify prompt
electrons. Since the prompt peak sits on top of this flat
background associated with random electrons, a ran-
dom coincidence subtraction was performed based on
the weighted events of the random window on either
side of the prompt peak.

The energy and momentum information of the two
decay photons is used to reconstruct 7° mesons. The
invariant mass of the 7° is defined as
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where E.,, E,,, Dy, and p,, are the energy and the mo-
mentum vectors of the two photons, respectively. The
79 reconstruction is performed to identify particles be-
longing only to its decay. A photon pair resulting from a
7Y decay should have an invariant mass of 134.98 MeV.
An invariant mass cut, with a width w0 = £17.5 MeV,

was applied, as shown in Fig. 3.
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FIG. 3: An example invariant mass distribution (red:
butanol target, black: carbon target, blue: carbon
subtracted and green: simulation) for reconstructed 7°
photoproduction events at tagged photon energy,

E., =285 — 305 MeV. The two black vertical lines
show a cut applied on the invariant mass.

C. Carbon Background and Checks on Scaling
Factors

In this section, additional corrections and checks for
consistency not covered in D. Paudyal’s thesis [2] are
described. It should be pointed out that the four-fold
method of subtraction (see Sec. IT) was applied in this
data analysis compared to the two-fold method as car-
ried out in Ref. [2].

1. Base Carbon Scaling Factor

The Y5, asymmetry experimental runs were broken
down into two main parallel and anti-parallel data sets
as well as subsets for positive and negative butanol tar-
get polarization runs for both the 2014 and 2015 beam-
times. In addition to the butanol target, separate ded-
icated data sets were taken with the carbon target be-
fore or after their respective butanol beamtimes. This
was required to remove any contribution from the non-
hydrogen elements in the butanol target. While the



target is not a pure proton target, the unpolarized back-
ground from heavier nuclei such as carbon and oxygen
present in the butanol target can be partly removed by
kinematic studies. These carbon data were analyzed us-
ing the same physics classes within the A2GoAT frame-
work [3] as the butanol data. Subtracting out the car-
bon contribution to the missing mass spectra, a carbon
scaling factor is needed to scale the carbon target data
to each of the subsets of polarized butanol target data.
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FIG. 4: An example tagger scaler distribution for
negatively polarized butanol target and carbon target
from the 2014 beamtime.
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FIG. 5: Ratio of negatively polarized butanol target to
carbon tagger scalers from the 2014 beamtime. The
vertical lines show the tagged energy range of interest
corresponding to tagger channels. The fluctuations
represent missing tagger channels not the statistical
fluctuations.

The ratio of the overall butanol target integrated lu-
minosity to the overall carbon target integrated lumi-
nosity was determined and termed the “base scaling
factor”. This was done by adding live-time corrected
individual tagger scaler histograms for the entire data
set (one for positive, one for negative target polariza-

tion, and one for the carbon background target) and
dividing the butanol by the carbon data subset. The
base scaling factor is different for different subsets, as
well as for different regions of the tagger. An exam-
ple distribution of negatively polarized butanol (blue)
and carbon target total histograms (red) from the 2014
beamtime are shown in Fig. 4 and the ratio between
them for each tagger channel is shown in Fig. 5. Sim-
ilarly, the positively polarized butanol (blue) and car-
bon target total histograms (red) and the ratio between
them corresponding to each tagger channel are shown
in Appendix D (Fig. 51a and Fig. 51b).

2. Additional Carbon Scaling Factor

The base carbon scaling factor was obtained from a
ratio of tagger scalers. However, this was insufficient to
account for the nuclear 7° photoproduction background
due to additional nuclear effects and hence the missing
mass ratio method was used to find the extra correc-
tion needed to properly scale the carbon runs. For this,
missing mass spectra for the carbon target were scaled
by the base scaling factor and then the missing mass
spectra obtained with the butanol target were divided
by the missing mass spectra obtained with the carbon
target for the 7° photoproduction channel. A combi-
nation of a Gaussian distribution and a constant was
fitted to the resulting spectra. The magnitude of the
constant fitting parameter (Fig. 6) was used as an ex-
tra scaling factor. This was done separately for all four
beam-target orientations and eighteen angular bins (see
Appendix D), and an example plot is shown in Fig. 7.
The source of the systematic error arose mainly from
the choice of fitting range. This range was varied from
440 MeV from the mean position of the spectrum and
the average deviation of the 7 photoproduction was
used to determine the systematic uncertainty [2].

3. Determination of Helium Scaling Factor

To study the coherent background from the liquid *He
bath surrounding the target, a Monte Carlo (MC) sim-
ulation of v *He —* He 7° was utilized. First, a home
built event generator took care of the proper kinematics,
the output files were then passed through a Geant4 sim-
ulation, and finally they were analyzed using the same
framework as that for the experimental data. In ad-
dition, the MC simulation of vp — 7%p was also per-
formed. The missing mass distributions from these two
simulations were scaled such that their sum matched the
overall carbon subtracted missing mass distributions.
This “He scaling factor was then used at each 7% angle
to remove this background, after which the asymmetry
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FIG. 6: An example spectrum of the ratio of missing
proton mass for butanol and carbon targets in the
energy range I, = 285 — 305 MeV at photon angle

6 = 110 — 120° for the POCO (see Appendix C for
nomenclature details) dataset. The red line is the
combined fit of a Gaussian distribution plus a constant
term. The fit parameter of the constant defines the
extra carbon scaling factor.
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FIG. 7: Example extra carbon scaling factors for

negatively polarized target orientation from the 2014
beamtime. See Appendix C for nomenclature details.

was determined. An example of the sum of the two MC
simulations of (coherent) 7% photoproduction off of the
proton or *He along with the experimental data distri-
bution is shown in Fig. 8.

D. Missing Mass for 7° Photoproduction Events

The following section details missing mass studies for
7° photoproduction events from both the 2014 and 2015
beamtimes. The analysis of missing mass is one of the
most powerful steps to address background not elimi-
nated by the invariant mass analysis (see Sec. IITA).
The data analysis was carried out separately for four
beam-target configurations, and each of the configu-

rations was divided into eighteen polar-angle bins of
10° each. See Ref. [2] for complete details on further
data selection criteria and various kinematic cuts on
the yp — 7% reaction channel.

As mentioned above, the frozen spin target contains
carbon and oxygen in the butanol plus the liquid he-
lium as a cryogen, and they contribute a major source
of background in the experiment. Therefore, a separate
data run was taken with a carbon target by inserting
it into the same cryostat to account for this. It was
very important to insert the carbon target into the same
target cell because the subtraction removes any contri-
bution from the windows, and/or shells of the cryostat
material. Although this was done, the procedure is not
perfect and the carbon subtraction has under-performed
in several experiments [4, 5].

Over the past few years, there have been discussions
within the collaboration on the requirement of having
separate helium target data and including it in the anal-
ysis to address the background from the “He refriger-
ation material. For this analysis the simulation of co-
herent 70 production on “He is matched to the data
via a scaling factor (Sec. IIIC3). To do this, MC sim-
ulation of events for 7° photoproduction off of proton
and off of a helium target were generated as discussed
in Sec. IITC3, and the sum of the two contributions
have been compared to distributions from the experi-
mental data. Fig. 8 shows an example missing mass
spectrum at 6,0 = 50 — 60° for the N1C1 beam-target
configuration from the 2015 beamtime (see Appendix C
for nomenclature details). Overall there is good agree-
ment between the experimental missing mass distribu-
tion and the sum of these two simulations, and therefore
the simulated distributions using the extracted helium
scale factor are used for comparison over all 7° angles.

= MM posl Target
—— MM Carbon Target
— MM Subtracted

- —— x° Simulation

He Simulation

7" + He Simulation

70000

60000

50000

30000

Counts

20000

T—III\‘I\Hllllll\HIllll\|I\H|IIII|H

10000 - * =
T - -
= p
0 j f N
[ = PRI =
800 850 900 950 1000 050 1100

Missing Mass (MeV)

FIG. 8: Missing mass spectra at 6,0 = 50 — 60° and
E, =310 — 330 MeV for the 79 photoproduction
channel from the 2015 beamtime. The two vertical
lines represent the missing mass integration limit.



Furthermore, the missing mass spectra were studied
over all 60 angles and all four beam-target orientations
for both the 2014 and 2015 beamtimes, the results are
included in Appendix C (Figs. 43-50).

— MM neg0 Target

— MM Carbon Target
— MM Subtracted

- — 1° simulation

He Simulation

- n° + He Simulation

- _-/\\\_ =
kS

850 900 950 1000 1050 1100 1150 1200
Missing Mass MeV

Counts

)

8

s
S[FTTTTTITT [T T[T TTTT T[T TTTTS
&

[

FIG. 9: Missing mass spectra over all 6,0 angles at
E, =285 — 305 MeV for the 70 photoproduction
channel from the 2015 beamtime.

E. Target Polarization for 2014 Beamtime

A precise knowledge of target polarization is essential
for the determination of 7° and Compton ¥, asym-
metries because these values enter as a normalization
factor in the asymmetry formula. In their analysis of
beamtimes neighboring the 2014 and 2015 Compton
beamtimes, the Bonn group concluded that the values
reported for the target polarization were incorrect [9].
To account for this, they determined target polariza-
tion correction factors of 1.4 and 1.15 for their 2014
and 2015 beamtimes, respectively. The target group re-
ported an explanation of these polarization issues at the
2016 March Collaboration meeting [1], having found in
their study that the possibility of an extra layer of ice
on the NMR coil (Fig. 10) could dilute the measured
polarization value for any data taken from May 2013 to
September 2015. Table I shows both the reported tar-
get polarization and polarization values after applying
these corrections determined by the Bonn group. Note
that target polarization measurements are not possible
during data taking because the polarizing magnet does
not fit within the geometry of the CB detector. More-
over, the magnetic field strength and homogeneity of
the holding coil is not sufficient for polarization mea-
surements. Therefore, the maximum polarization, PZ»T,
at the start of the data taking period and final polar-
ization, PfT, at the end of the data taking period, for
separate target polarization orientations are included.
It should be pointed out that the polarization did not
drop below 50% over the data taking period for either
orientation, and thus repolarization of the target was
not required.

FIG. 10: Proton NMR coils for May 2014 (left) and
for May 2015 (right) beamtimes [1, 7]

Start date | End date | P” (%) P/ (%)| P (%) P (%)
02.05.2014|12.05.2014 63.6 58.7 89.0 82.2
13.05.2014(19.05.2014| -61.6 -53.7 -84.8 -75.2

TABLE I: Summary of target polarization at the start
(PF) and end (PfT) of the data taking periods, as
determined by|7, 8] (third and fourth columns) and
after correction by the suggested factor of 1.4 [9] (PT¢
and PfT © in the fifth and sixth columns), for the 2014

beamtime.

F. Target Polarization for 2015 Beamtime

The target polarization measurements for the 2015
beamtime are shown in Table II [7]. The corrected tar-
get polarization values after applying corrections dis-
cussed in Sec. IITE are as shown in the fifth and sixth
columns of Table II.

Start date | End date | P" (%) P/ (%)|P"° (%) P (%)
23.06.2015|02.07.2015 74.2 62.7 85.4 72.1
02.07.2015(11.07.2015| -65.2 -49.0 -74.8 -56.4

TABLE II: Summary of target polarization at the
start (PT) and end (Pf) of the data taking periods, as
determined in Ref. [7] (third and fourth columns) and
after correction by the suggested factor of 1.15 [9]
(PFC and PJTC in the fifth and sixth columns), for the
2015 beamtime.



IV. 7° 3. ASYMMETRY RESULTS

The #° photoproduction reaction, compared to
Compton scattering, has a relatively background-free
signal due to its large cross section and the CB-TAPS
experimental set-up. However, it is important to apply
various kinematic cuts and correct scaling factors, in-
cluding those for subtracting the carbon data and the
MC simulation of coherent production on helium (see
Sec. VA). The 7% photoproduction asymmetries as a
function of 7% angle from both the 2014 and 2015 beam-
times are shown in Fig. 11, along with both SAID [10]
and MAID models [11]. The 7% asymmetry results in-
dicate that the extra correction factors are needed.
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FIG. 11: 7° asymmetry results without the extra
target polarization correction factors at
E., =285 — 305 MeV.

Fig. 12 shows the 7 asymmetry results including
target polarization correction factors (1.26 4+ 0.03 and
1.12 + 0.02 for the 2014 and 2015 beamtimes, respec-
tively). It should be noted that the 2014 factor of 1.26
and the factor of 1.4 reported by Bonn should match,
due to the two beamtimes being back-to-back, imply-
ing that any ice on the NMR coil should be constant.
On the other hand, the 2015 factor of 1.12 and the fac-
tor of 1.15 reported by Bonn do not need to match, as
these beamtimes were separated with a target warm-
up and cool-down. These factors were determined by
minimizing the 2 per degree of freedom for both the
2014 and 2015 beamtimes. The average of the SAID
and MAID models was also determined. It is clearly
seen that the Yo, asymmetry results for the 7% pho-
toproduction events are in good agreement (within the
statistical uncertainties) with both the SAID and MAID
models after applying these extra correction factors at
the given energy range. This agreement with the SAID
and MAID models provides justification for the applied
correction factors. This factor is cross checked from

o e e
[ = @
\‘\II \H‘\II

— 2015 beamtime

2014 beamtime ;y
—Model (SAID)
—Model (MAID)

E,, Asymmetry
s 5
= 9 o

b
>

I
&

FIG. 12: 7% asymmetry results with an extra target
polarization factor (1.26 and 1.12 from the 2014 and
2015 beamtimes, respectively) applied at

E., =285 — 305 MeV.

polarized and unpolarized cross section studies and is
presented in Sec. V.

A. Utilization of Helium Data from Sep 2015 G-E
Beamtime

The Bonn group had suggested that the data taken
in September 2015, where the cryostat was filled with
helium with the carbon target in place, could perhaps
be used for this analysis. Due to a number of differences
between these beamtimes (MAMI energy, trigger selec-
tion, usage of Cherenkov detector), this is not practical
for the complete subtraction of the non-hydrogen back-
ground in the FST. However, there were also a num-
ber of runs in September 2015 taken with either just
helium in the cryostat or an entirely empty cryostat.
From these, a small amount of data can be constructed
for the helium bath by itself. If this helium-only data is
scaled by the flux to match the 2014 Compton data and
by the target density to match the helium bath in the
FST, it can be used in addition to the standard carbon
data to subtract out the background. An example of
this for B, = 270 — 290 MeV and 675" = 50 — 70° is
shown in Fig. 13. One can observe the slight bump at
900 MeV, where the subtraction is not sufficient, but
otherwise matches very well. Integrating over all angles
gives Fig. 14.

Using these carbon and helium subtracted missing
masses, the 70 E-asymmetry (X5.) can be constructed
for both the 2014 and 2015 beamtimes, where polariza-
tion correction factors of 1.4 and 1.25, respectively, were
required to obtain reasonable agreement with SAID.
The 2014 and 2015 results are shown in Fig. 15 and
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Fig. 16, respectively.
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FIG. 15: 7% E (X5,) asymmetry for the 2014
beamtime, with a target polarization correction of 1.4.
The curve is the CM12 solution from SAID [10].

This method results in the same polarization correc-
tion factor as the Bonn group for 2014, where the beam-
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FIG. 16: 7° E (33,) asymmetry for the 2015
beamtime, with a target polarization correction of
1.25. The curve is the CM12 solution from SAID [10].

times were back-to-back and should therefore have iden-
tical factors, all while using expected scale factors for
the carbon and helium data. This method results in
a higher polarization correction factor than the Bonn
group for 2015, but these beamtimes had a complete
target shutdown and startup between them, and are
therefore not constrained to the same factor. While the
use of the helium data in this way appears to work well
in describing this additional background for 7% photo-
production, the data can not be used for the Compton
analysis, due to the very limited statistics. Considering
this, and the fact that even for the 7° analysis there are
known differences between the beamtimes as described
at the beginning of this section, this method serves only
as a further confirmation of the need for polarization
corrections, and to provide some measure of the uncer-
tainty in these correction factor extractions.

One concern raised is the need in the previous anal-
ysis, using carbon data and helium simulation for the
subtraction, of an additional carbon subtraction factor.
Compared with this analysis, this indicates some com-
pensation of the carbon data for non-coherent processes
on helium. The question asked is how does this affect
the Compton analysis. Shown in Fig. 17 is the missing
mass for Compton scattering at 95°. The carbon data,
which are shown in green, have been scaled by this ad-
ditional factor of =~ 1.1. The contribution of this back-
ground to the distribution below 950 MeV is small, and
10% of that distribution is already within the statistical
errors. The contribution is even less at backward angles,
as shown in Fig. 18 for 140°. Simulations of these back-
grounds on carbon and helium, using some approximate
weighting of the cross sections, indicate that the contri-
bution of helium to these distributions below 950 MeV
is, coincidentally, approximately 10% of the yield from
carbon. Unfortunately, some discrepancies still exist
between simulation and data that prevent their full use
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in extracting the signal for Compton scattering on the
proton. However, the agreement is adequate to confirm
that an additional correction of 10% for the carbon data
is both reasonable and accurate, within errors, for the
subtraction of backgrounds in the Compton analysis.

V. POLARIZED AND UNPOLARIZED CROSS
SECTIONS

The determination of an asymmetry on the longitudi-
nally polarized butanol target, either for the Compton
scattering process of interest or for the 7° photoproduc-
tion process used above to extract a polarization correc-
tion factor, suffers from one point also addressed above.
For the butanol target data, the background contribu-
tion from the reactions produced on C, O, and He nuclei
could not be fully separated from the polarized H con-
tribution. As these backgrounds from spinless nuclei are
not polarization dependent, they cancel when the dif-
ference between events in the 3/2 (parallel orientation
in Figs. 1a and 1d) and 1/2 (antiparallel orientation in

Figs. 1b and 1c) helicity states is taken [13], where 3/2
and 1/2 indicate the relative nucleon-photon spin con-
figuration for parallel and anti-parallel configurations,
respectively. The total cross section for parallel (o%/2)
and anti-parallel (¢'/?) configurations can be written in
terms of unpolarized cross section (og) as,

o3/? =09+ P! x P

circe

x A, (4)

01/2200—P§><PAY

circe

x A. (5)

The cross section difference (Ac) between these two he-
licity states can be written as

Ao =032 —g1/2 =2 x P! x P

cire

x A. (6)

On the other hand, the cross section sum (Xo) of the
two helicity states cancels out the polarization depen-
dent term, leaving only the unpolarized cross section.

Yo =0%?+01? =2 x g (7)
For this reason, in the following text the sum of the cross
sections will be called the “unpolarized” cross section,
and the difference will be called the “polarized” cross
section (despite this not being entirely accurate).

Using these two calculations, a cross check of the po-
larization correction determined above can be provided.
Two reactions were studied, the single 7° photoproduc-
tion and the total inclusive cross section, accounting
for any and all photoreactions on the target. The anal-
ysis method for selecting single 7° photoproduction is
the same as used in the asymmetry analysis outlined
previously. The analysis method for a total inclusive
analysis entails simply counting hits in the tagger, af-
ter accounting for accidentals with the typical sideband
subtraction.

Figs. 19 and 20 show the total inclusive unpolarized
and polarized cross section results, respectively, from
the 2014 and 2015 beamtimes. The polarized cross
section results are also compared with previous data
taken to extract the Gerasimov-Drell-Hearn (GDH)
sum rule [14].

Similarly, the unpolarized and polarized 7% cross sec-
tion results from the 2014 and 2015 beamtimes are
shown in Figs. 21 and 22, respectively. The polarized
7V cross section results are compared with similar GDH
data, as well as with the SAID CM12 solution [10].

It is notable that both the total inclusive and 7° po-
larized cross sections for 2014 appear high compared
to the GDH data. This would seem to verify that the
polarization values used are incorrect. However, the
2015 cross sections appear low compared to the GDH
data. While a lower than actual polarization measure-
ment is realistic, a higher than actual measurement is
unexplainable. However, the unpolarized cross sections
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FIG. 20: Polarized total inclusive cross section results
for 2014 (blue) and 2015 (red) beamtimes, along with
previous GDH data (black circles).

for 2015 also appear low with respect to their 2014 coun-
terparts. Since these by definition are not influenced
by the target polarization, another effect must be the
cause. The difficulty with a cross section calculation,
as opposed to an asymmetry, is the need to account for
the photon flux, target density, target length, and de-
tection efficiencies. While the photon flux is determined
for each beamtime separately, the other three: target
density, target length, and detection efficiencies are de-
termined only once for all the beamtimes. Therefore,
if one of those values changed for 2015 as compared to
the 2014, this would result in a decrease in both the un-
polarized and polarized cross sections for 2015. While
there is no comparison with previous data or theory for
the unpolarized cross sections, as they are determined
for the total helium immersed butanol target, the un-
polarized 2015 cross sections can at least be scaled up
to match the 2014 results. This scale factor can be de-
termined by simply taking the ratio of the 2014 to 2015
data, as shown in Fig. 23. Assuming the need for a scale
factor arises from a change in the tagging efficiency, tar-
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FIG. 21: Unpolarized 7° cross section results for 2014
(blue) and 2015 (red) beamtimes.
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FIG. 22: Polarized 7° cross section results for 2014
(blue) and 2015 (red) beamtimes, along with previous
GDH data (black circles), and the SAID CM12
solution (black line).

get density, or other quantity that is independent of the
incoming photon energy, E,, it is reasonable to sim-
ply fit these ratios with a flat line. To improve this
fit, several channels were manually removed where that
channel was significantly discrepant from its neighbors
in either 2014 or 2015, as this then led to an unreason-
able scale factor for that channel. This fitting then gives
scale factors of 1.058 and 1.074 for the total inclusive
and 70 reactions, respectively. Figs. 24 and 25 show the
total inclusive and 70 unpolarized cross section results
from the 2014 and 2015 beamtimes, respectively, where
these scaling factors have been applied to the 2015 data.

To determine the polarization related scaling factor,
the ratio of the 2014 to 2015 polarized cross sections
can also be constructed, after first applying the previ-
ous scale factor to the 2015 data. This ratio is shown
in Fig. 26, and again fit with a simple straight line as
a polarization scale factor should be energy indepen-
dent. The extracted factors were then used to scale
just the polarized cross sections for the 2014 beamtime.
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The polarization scale factors for the 2014 beamtime
were determined to be 1.323 for the total inclusive case,
and 1.256 for the 7% production case, the latter in clear
agreement with the 7% asymmetry analysis performed
above. With both of the 2014 and 2015 scaling factors
applied, the polarized data is now in good agreement
with the GDH data, as well as with SAID in the case
of ©° photoproduction, as shown in Figs. 27 and 28, for
the total inclusive and 70 production cases respectively.

One concern with this method is that the extracted
polarization scale factors are different between the to-
tal inclusive and 7% production cases, which obviously
shouldn’t be the case. Looking into where this discrep-
ancy might arise, the non-linearity of the distributions
in Fig. 26 is worrisome. The shapes of the distributions
seem to suggest that applying an offset to either the
2014 or 2015 data before taking the ratio might flatten
them. This was confirmed by adding 40 ub and 10 ub
to the 2015 polarized total inclusive and 7° production
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FIG. 27: Polarized total inclusive cross section results
for 2014 (blue) and 2015 (red) beamtimes, where the
former is scaled by 1.323 and the latter by 1.058, along
with previous GDH data (black circles).
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cross sections, respectively. Taking the ratios with these
data results in flatter distributions, as shown in Fig. 29.

In addition to the flatter distributions, the extracted
polarization scale factors of 1.205 and 1.208 for the total
inclusive and 7° production cases, respectively, are in
excellent agreement. Applying these shifts and scales
to the data results in Figs. 30 and 31.

While the 7° production results in Fig. 31 still agree
well with both the GDH data and the SAID CM12 so-
lution, the total inclusive results in Fig. 30 are now high
with respect to the GDH data in the region around the
peak. Regardless, simply shifting the cross sections by
these amounts is not justifiable from the analysis stand-
point. Initially done as a curiosity, it does however give
some indication of the size of the systematic error that
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FIG. 31: Polarized 7° cross section results for 2014
(blue) and 2015 (red) beamtimes, where the former is
scaled by 1.208 and the latter by 1.074 plus a shift of
10 pb, along with previous GDH data (black circles),
and the SAID CM12 solution (black line).

should be included with any polarization scale factor
derived in this way.

The statistical fitting error is 0.45% and 0.90% for
the total inclusive and 7° production cases, respectively.
Although the factor is derived from ratios of cross sec-
tions, in which various factors drop out, these factors
can be different for each beamtime, so their systematic
errors must be accounted for. Combining the relative
systematic errors for beam polarization (2.7%), tagging
efficiency (3.2%), target area density (3.3%), and detec-
tion efficiency (taken as 2%), this results in an 8.1% rel-
ative error (5.7% x V2, as the four multiplicative factors
are in the numerator and in the denominator). Taking
the polarization scale factor derived from the ratio of
70 production data (without the 10 ub shift), this gives
a factor of 1.256 &+ 0.011 (stat) £ 0.101 (syst), which is



consistent with the other extractions within errors.

A. Comparison of Polarization Correction Factors

The 7% photoproduction asymmetry Y, results dis-
cussed in Sec. IV suggest that the target polarization
corrections are needed. Tables III and IV show the re-
ported and corrected target polarization values for the
2014 and 2015 beamtimes. The corrected values are as
determined by comparison of the asymmetries, calcu-
lated with the inclusion of MC simulation of coherent
70 production on “He, to theory. These corrections are
similar (within the range of uncertainties) to the fac-
tors determined from polarized and unpolarized cross
section studies discussed in Sec. V. While the system-
atic uncertainty of a target polarization calculated via
the NMR method is about 3%, and the uncertainties
on a corrected polarization extracted via the asymme-
try or cross section method are roughly 3% and 8%,
respectively, a conservative error of 10% will be taken
to account for the variations in these factors.

Start date| End date | P (%) P{ (%)| P/ (%) P{° (%)
02.05.2014(12.05.2014 63.6 58.7 80.1 74.0
13.05.2014|19.05.2014| -61.6 -53.7 -77.6 -67.7

TABLE III: Summary of target polarization at the
start (PT) and end (PfT) of the data taking periods, as
determined by([7, 8] (third and fourth columns) and
after correction by the factor of 1.26 as determined in
Sec. IV (PT¢ and Pch in the fifth and sixth

columns), for the 2014 beamtime.

Start date| End date | P/ (%) P}/ (%)|P"“ (%) P} (%)
23.06.2015|02.07.2015 74.2 62.7 83.1 70.2
02.07.2015|11.07.2015| -65.2 -49.0 -73.0 -54.9

TABLE IV: Summary of target polarization at the
start (P1) and end (P}F) of the data taking periods, as
determined by Ref. [7] (third and fourth columns) and
after correction by the factor of 1.12 as determined in
Sec. IV (PT¢ and PfTC in the fifth and sixth

columns), for the 2015 beamtime.

VI. COMPTON ;. ASYMMETRY

The 35, Compton asymmetry was evaluated by ap-
plying various kinematic cuts, including the cut on the
missing mass distribution as discussed in Ref. [2]. The
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FIG. 32: Compton X5, asymmetry, without target
polarization correction factors applied, from the 2014
and 2015 beamtimes at £, = 285 — 305 MeV. Only the
random (point-to-point) errors are shown. The curves
are from the HDPYV dispersion theory calculation of
Pasquini, et al., [19, 20], where yg1 g1 is fixed at
—4.3x107* fm* and yas1a is set at 2.9, 3.9 and

4.9 x 10* fm*, in the green, red, and blue bands,
respectively. The width of each band represents the
other parameters, Yo, ¥, @p1 + By1 and ag; — B
varying within their experimental errors.

choice of cut on the upper missing mass limit causes a
change in the Compton yield, with a narrow cut elimi-
nating more background but also resulting in a loss of
some useful events. A wider cut retains more events,
but has a higher possibility of including background.
The lower limit in the missing mass cut is 900 MeV in
each bin. The ratio of 7% photoproduction to Comp-
ton scattering, from a fit of simulation line-shapes, was
used to determine the upper limit in the missing mass
cut in each bin. The reanalysis of the additional carbon
scaling factor, as discussed in Sec. IIIC2, resulted in
tighter missing mass cuts and larger statistical uncer-
tainties compared to [2]. See Appendix D for details on
the updated upper cuts in the missing mass. To extract
the systematic uncertainty, the standard cut positions
discussed in Appendix D were changed by +5 MeV and
the Y5, asymmetry was calculated to extract the rela-
tive difference. The shift on the asymmetries was ran-
dom, i.e. varied up and down randomly from bin-to-bin.
This random shift was evaluated to be ~ £10%.

Fig. 32 shows X5, Compton asymmetry results at
E, = 285 — 305 MeV from the 2014 and 2015 beam-
times. The curves are from the fixed-t HDPV disper-
sion theory calculation of Pasquini et al. [19, 20]. See
Ref. [2] for details.

Fig. 33 shows the same asymmetry results, but after
applying the polarization correction factors discussed in
Sec. II1 C 3.
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FIG. 33: Compton Y3, asymmetry, with target
polarization correction factors applied, from the 2014
and 2015 beamtimes at £, = 285 — 305 MeV.
Otherwise same description as Fig. 32.

The weighted average of the Compton Y5, asymme-
tries from the two beamtimes are shown in Fig. 34. The
uncertainties were handled by separating them into ran-
dom (point-to-point) and systematic (correlated) uncer-
tainties. The non-statistical uncertainties are: target
polarization (10%), beam polarization (2.7%), carbon
scaling factor (4 — 6%), and missing mass integration
limit. While the first three are correlated for the mea-
surement of the 5, asymmetry, this is not so for the
fourth. Since the uncertainty from the cut on the re-
constructed proton missing mass is completely random,
they are summed in quadrature with the statistical un-
certainty, as shown in Table VII, and included in the
weighted average of the 2014 and 2015 beamtimes as
given in Table V. On the other hand, the systematic
uncertainties from the first three sources were added in
quadrature (last column of Table VII in Appendix) and
are then plotted as a separate block histogram as shown
in Fig. 34.

VII. SUMMARY

In summary, the target correction factors determined,
including simulation of coherent 7° production on *He
(Sec. IITC 3) and from helicity dependent cross section
studies (Sec. V), agree within the statistical uncertain-
ties. This indicates that there are no systematic effects
or flaws in the methodology of the data analysis. The
agreement suggests that both the simulation of coherent
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70 production on *He and the helicity dependent cross
section difference and sum can be used to investigate in-
consistencies in target polarization values. The target
polarization corrections determined from the analysis of
the 70 longitudinal target asymmetry, utilizing the sim-
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FIG. 34: Weighted average of ¥, Compton
asymmetry final results from the 2014 and 2015
beamtimes at F, = 285 — 305 MeV. Otherwise same
description as Fig. 32.

E, (MeV) |6, PIP Rand.  Syst.
87.5°  |0.193  0.056  0.024
102.5° (0290  0.040  0.035

265-285  1y975° (0402  0.037  0.048
132.5° |0.672  0.036  0.077
1475° |0.672  0.042  0.081
87.5° |0.121 0040  0.016
102.5° (0279 0.034  0.033

285305 191750 |0.428  0.038  0.048
132.5° [0.591  0.029  0.066
147.5° |0751  0.046  0.085
87.5°  |0.394 0047  0.048
102.5° [0.597  0.044  0.073

310330 141750 10638  0.040 0.074
132.5° |0.664  0.037  0.078
1475° |0.711  0.048  0.083

TABLE V: Summary of results and uncertainties for
the Compton s, asymmetry.

ulation of coherent 7% production on *He as discussed
in Sec. IV were chosen to apply in the analysis of the
Compton scattering asymmetries.
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Appendix A MORE COMPTON 3., RESULTS
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FIG. 35: Compton X5, asymmetry (no target
polarization correction factor applied) from the 2014
and 2015 beamtime at E, = 265 — 285 MeV.
Otherwise same description as Fig. 32.
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FIG. 36: Compton Y5, asymmetry with target
polarization correction factor applied from the 2014
and 2015 beamtime at E, = 265 — 285 MeV.
Otherwise same description as Fig. 32.
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FIG. 37: Weighted average of ¥, Compton
asymmetry results from the 2014 and 2015 beamtimes
at I, = 265 — 285 MeV. Otherwise same description
as Fig. 32.
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FIG. 38: Compton X5, asymmetry without target
polarization correction factor applied from the 2014
and 2015 beamtime at E, = 310 — 330 MeV.
Otherwise same description as Fig. 32.
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FIG. 39: Compton Y5, asymmetry with target
polarization correction factor applied from the 2014
and 2015 beamtime at £, = 310 — 330 MeV.
Otherwise same description as Fig. 32.
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FIG. 40: Weighted average of ¥, Compton
asymmetry results from the 2014 and 2015 beamtimes
at I, = 310 — 330 MeV. Otherwise same description
as Fig. 32.

Appendix B SYSTEMATIC ERRORS

Appendix C MISSING MASS FOR 7*
PHOTOPRODUCTION EVENTS AT ALL
ANGLES

The following naming convention have been used in
the following sections.

e POCO: Positively polarized target (P) with left-
handed helicity (0) state of the beam, and carbon
target (C) with left-handed helicity (0) state was
used in background subtraction.

e P1C1: Positively polarized target (P) with right-
handed helicity (1) state of the beam, and carbon
target (C) with right-handed helicity (1) state was
used in background subtraction.

e NOCO: Negatively polarized target (N) with left-
handed helicity (0) state of the beam, and carbon
target (C) with left-handed helicity (0) state was
used in background subtraction.

e N1C1: Negatively polarized target (N) with right-
handed helicity (1) state of the beam, and carbon
target (C) with right-handed helicity (1) state was
used in background subtraction.

Fig. 43 shows the missing mass spectra for “N0C0”
configuration at eighteen angular bins, top left to right:
0.0 =0 —10° 10 — 20°,20 — 30° and so on. Similarly,
the missing mass spectrum for “N1C1”, “P0C0” and
“P1C1” configurations are shown in Figs. 44-50 respec-
tively.

Appendix D ADDITIONAL PLOTS



B . Random uncertainties (+) Systematic uncertainties ()
eamtime |6, Yoz
Stat. Cutmm | Total Target Beam Carbon |Total
87.5°  |0.223 0.072 0017  |0.075 0.022 0006 0013  |0.027
102.5°  |0.267 0.056  0.021  |0.060 0.027  0.007  0.016  |0.032
2014 117.5°  |0.406 0.038  0.025  |0.046 0.041 0011 0021  |0.047
132.5°  |0.660 0.026  0.047  |0.054 0.066  0.017  0.033  |0.076
147.5°  |0.747 0.066  0.036  |0.075 0.075  0.020  0.037  |0.086
87.5°  |0.157 0.082 0014  |0.083 0.016 0004 0011  |0.020
102.5°  |0.309 0.050  0.022  |0.054 0.031 0008 0021  |0.038
2015 17.5°  |0.396 0.054 0029  |0.061 0.040 0010  0.026  |0.048
132.5° 0681 0.037  0.030  |0.048 0.068  0.019  0.034  |0.078
147.5°  |0.639 0.037  0.034  |0.050 0.064 0017 0037  |0.076

TABLE VI: Summary of results and uncertainties for the Compton X5, asymmetry, with additional target
polarization scaling, at £, = 265 — 285 MeV.

B . Random uncertainties (+) Systematic uncertainties (%)
eamtime |6, Yoz
Stat. Cutmm | Total Target Beam Carbon |Total
87.5° 0.187 0.066 0.015 0.067 0.019 0.005 0.010 0.022
102.5° 0.295 0.040 0.024 0.047 0.029 0.008 0.015 0.034
2014 117.5°  |0.425  [[0.054 0027  |0.060  |0.043 0011 0017  |0.047
132.5° 0.593 0.035 0.033 0.048 0.059 0.016 0.023 0.066
147.5° 0.646 0.053 0.031 0.061 0.065 0.017 0.026 0.072
87.5° 0.085 0.050 0.008 0.050 0.009 0.003 0.004 0.010
102.5° 0.261 0.044 0.023 0.050 0.026 0.007 0.016 0.031
2015 117.5° 0.430 0.039 0.030 0.050 0.043 0.012 0.017 0.048
132.5° 0.590 0.029 0.037 0.037 0.059 0.016 0.023 0.065
147.5° 0.885 0.055 0.041 0.069 0.089 0.024 0.035 0.098

TABLE VII: Summary of results and uncertainties for the Compton ¥, asymmetry, with additional target
polarization scaling, at £, = 285 — 305 MeV.

B . Random uncertainties (+) Systematic uncertainties (%)
eamtime |6, Yoz
Stat. Cutmm | Total Target Beam Carbon |Total
87.5°  |0.450 0.064  0.036  |0.073 0.045 0012 0022  |0.052
102.5°  |0.793 0.035  0.064  |0.073 0.079  0.021  0.040  |0.091
2014 17.5°  |0.726 0.041 0040  |0.058 0.073 0020  0.037  |0.084
132.5°  |0.712 0.038  0.045  |0.060 0.071 0019  0.036  |0.082
147.5°  |0.645 0.057  0.031  |0.065 0.065 0017 0033  |0.074
87.5°  |0.354 0.053  0.031  |0.062 0.035 0010  0.024  |0.044
102.5°  |0.482 0.037  0.043  |0.056 0.048 0013 0024  |0.055
2015 17.5°  [0.561 0.037  0.040  |0.054 0.056  0.015  0.028  |0.064
132.5°  |0.636 0.030  0.034  |0.046 0.064 0017 0032  |0.073
147.5°  |0.790 0.056  0.042  |0.071 0.079 0021 0039  |0.091

TABLE VIII: Summary of results and uncertainties for the Compton Y5, asymmetry, with additional target
polarization scaling, at £, = 310 — 330 MeV.
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Compton Missing Mass Upper Limit
Beamtime | Apgular Range E, =265 —285 MeV E, =285—305MeV FE,=310—- 330 MeV
80 — 95° 945 948 945
95 — 110° 942 945 945
2014 110 — 125° 943 944 942
125 — 140° 940 942 942
140 — 150° 941 942 945
80 — 95° 944 945 945
95 — 110° 941 941 940
2015 110 — 125° 940 942 942
125 — 140° 940 942 940
140 — 150° 940 940 941

TABLE IX: Missing mass cuts determined for three energy and five angular bins of Compton scattering. The
upper missing mass limits are based on 7° photoproduction taken as a reference and detailed Compton X,

asymmetry versus upper missing mass limit study.
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2015 beamtime. These are the four-fold analysis results on (a) NOCO, (b) N1C1, (¢) POCO and (d) P1C1 parallel
and anti-parallel configurations (different target polarization and beam helicity states) as discussed in Sec. IIID.
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46: Missing mass spectrum at 0,0 = 0 — 10°,10jamesl4 —20°,...,170 — 180° and E, = 310 — 330 MeV on
the 7% photoproduction channel from the 2014 beamtime. The two vertical lines represent the missing mass
integration limit (P1C1).
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photoproduction channel from the 2015 beamtime. The two vertical lines represent the missing mass integration

limit (NOCO).
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limit (N1C1).
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photoproduction channel from the 2015 beamtime. The two vertical lines represent the missing mass integration

limit (P1C1).
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FIG. 51: (a)Tagger scaler distribution for positively polarized butanol target and carbon target runs. (b) Ratio of
butanol tagger scalers (positively polarized target orientation) to carbon tagger scalers. The vertical lines show
the tagged energy range of interest corresponding to tagger channels. The fluctuations represent missing tagger

channels and the statistical fluctuations.
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FIG. 52: Extra Carbon Scaling Factors. (a) and (b) show an extra carbon scaling factors for negatively and
positively polarized target orientations from the 2014 beamtime, (¢) and (d) from the 2015 beamtime.
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