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1 Executive Summary

1.1 Main physics goals

The goal for the pioneering measurement of the polarization transfer observable A, , for
single 7~ photoproduction in the wide-angle regime is to address the following questions:

e What is the nature of the interaction mechanism of meson photoproduction from the

2
nucleon at s, —t, —u > AQCD?

e Does the twist-3 contribution dominate the twist-2 contribution in the wide angle
regime, as suggested by the updated handbag mechanism cross section calculations?

We propose to measure A, , for negatively charged pion photoproduction in the wide angle
regime by using the SBS as the proton arm and BB as the pion arm. There, three aspects
will be tested:

1. Does A,, equal -K,,?
2. Does A,, have any dependence on cm. angle at s = 9 GeV? and large —u, —t?

3. Does A,, have any s dependence at s > 9 GeV??

1.2 The proposed measurements/observables

This experiment will detect the pion and proton in single pion photoproduction from a
neutron. Double polarization asymmetry will be obtained using a longitudinally polarized
helium-3 target and longitudinally polarized electron beam. The time of data taking for
these measurements are shown below.

Eveam < s> < —t> < —u > cosf,,, Beam on Time AA,,
[GeV] | [(GeV/c)?] | [(GeV/e)?] | [(GeV/c)?] target [hour| | [hour] | accuracy
6.6 9.3 4.7 2.9 -0.23 6 37 +0.05
6.6 9.3 3.3 4.3 +0.14 8 27 +0.05
6.6 9.3 5.5 2.1 -0.44 8 27 +0.05
8.8 12.1 6.4 4.0 -0.23 16 47 +0.05
11.0 15.0 8.1 5.2 -0.23 60 98 +0.05

1.3 Specific requirements on detectors, targets, and beam

The experiment uses the detector packages of the BigBite and Super Bigbite Spectrometer
for the luminosity of 4 x 103" Hz/cm?, which is about 10 times lower than in the GMn
experiment E12-09-016. The polarized He-3 target with 60% polarization is the same as
in the GEn/He-3 experiment. The experiment will use the 20 pA of 6.6, 8.8, and 11 GeV
energy polarized CEBAF electron beam.
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Abstract

We propose to measure the double spin asymmetry A, , for charged pion photo-
production in the wide angle regime using the reaction (y7 — 7~ p). This proposed
measurement will provide essential complimentary information to the K,, mea-
surement in experiment E12-20-008 approved by PAC48 in 2020.

As already presented in the E12-20-008 proposal, historically, theoretical cal-
culations have underestimated — by ~2 orders of magnitude — the observed dif-
ferential cross sections measured at SLAC [I] for single pion photoproduction in
the wide angle regime (where the Mandelstam variables s, —t, —u > Aéc p)- Re-
cently, theoretical developments by P. Kroll and K. Passek-Kumericki suggest a
solution to this discrepancy using a GPD-based theory that includes both twist-2
and twist-3 amplitudes [2]. According to the handbag mechanism in the GPD-
based framework, the signatures of the twist-3 amplitude are the cross sections
and the predicted double polarization observables K,, and A, ,, with the signs
of K,, and A,, expected to be opposite if the twist-3 amplitude is the dominant
contribution. The approved E12-20-008 experiment plans to experimentally mea-
sure the K, helicity correlation observable. The current proposal aims to measure
A,, at the same kinematics, therefore providing essential complementary experi-
mental data to allow for a cross-check of the validity of the handbag mechanism
in the GPD framework in the accessible energy range.

This proposed A,, experiment would be performed in Hall A of Jefferson Lab
and run after the approved SBS experiment E12-09-016 [31], using the same equip-
ment. The only necessary modification will be the tracker detectors inserted in the
SBS arm (already constructed for GEn-RP experiment). This additional track
information will also benefit the E12-09-016 experiment for background rejec-
tion/veto purposes. The target magnetic field will be oriented along the beam
by using existing configuration of the Helmholtz coils.

We plan to test three aspects of the theoretical prediction:

e Similar absolute values and opposite signs of K,, and A, .
e Dependence of A,, with a slight variation of the pion centre of mass angle.

e Stability of A,, in the wide angle regime as a function of Mandelstam variable
s in the energy range 9 to 15 GeV?2.

This experiment aims to measure helicity correlation observables that have not
been measured before for wide angle pion photoproduction. Such a pioneering
measurement will help to uncover the nature of the interaction mech-
anism that underlies exclusive single pion photoproduction from the
nucleon in the wide angle regime.
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2 Introduction

Meson photoproduction from the nucleon has been the subject of physics interest for
more than 704 years now. Many experiments were performed in 50s-60s-70s at various
electron beam facilities to study exclusive photoproduction reactions. Currently, four labs
are actively performing research in this field: Jefferson Lab, Bonn, Mainz, and Spring-8.
Pion photoproduction from the nucleon is the simplest inelastic hadron process, so it is an
important testing ground for our understanding of hadron physics.

The cross sections and other observables in the wide angle regime (s, —t, —u >> AQQC D)
are expected to be calculable with controlled accuracy, which makes them especially useful
for testing of the interaction mechanism models. Many calculations were able to predict
intriguing features (such as scaling, and cross section ratios) but disagreed with the absolute
cross sections. With the development of the GPDs in the last 20 years, new calculations have
been performed, but the discrepancy with experiments on the absolute cross section is still
too large. Only recently has a new GPD-based calculation found a possible solution for the
missing cross section [2]. This experiment together with the already approved measurement
of K,, (E12-20-008) will provide an important test of advanced GPD-based theory.
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Figure 1: Left: Differential cross section do/dt for the process yp — 77N at 90° versus s. The solid line shows s~ 7

for reference. Right: Angular dependence of the cross section and the fit function. The figures are taken from [I].
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2.1 The Field of Meson Photoproduction

The field of meson photo- and electroproduction has been an area of active research
for many decades. Pioneering experiments were conducted at Stanford, where the ratios
of electron-induced and photon-induced pion processes were measured at different incident
beam energies in an attempt to understand the observed pion cross sections [3]. Many
experiments have been performed in the resonance region since then. The cross section
and all polarization observables have been investigated carefully for photon energies below
2-3 GeV, see the data base [4]. Partial-wave analyses based on these data can be found on
the SAID and MAID web pages [5], [6]. The s, —t and —u values in those experiments are
too low for applicability of currently known leading twist calculations.

For the resonance region, the Regge model of Ref. [7] was used to fit the data from SLAC
and other labs. At JLab, several measurements of the cross sections of neutral and charged
pions were performed for energies up to 5.5 GeV [8, 9, 10]. The linearly polarized photon
asymmetry F was measured up to 2.3 GeV [I0]. The polarization transfer asymmetry for
the neutral pion was obtained in Refs. [I1, 12] at s up to 11 (GeV/c)? but relatively low
values of —u.

2.2 Scaling in Meson Photoproduction

Measurements of exclusive photoproduction processes for a variety of reactions were con-
ducted at large values of —t and —u at photon energies from 4 to 7.5 GeV at SLAC [I].
Scaled cross sections as a function of |t| and scattering angle §* were studied in detail for
these reactions. For example, Fig. (1| shows the differential cross section do/dt for the process
vp — 7w N at 90° cm. angle versus s along with the s=7 for reference. Overall, good scaling
behavior was observed at fixed center of mass angles in these measurements. At the same
time, calculations missed the observed cross sections by two orders of magnitude!

The constituent counting rule (CCR) predicts the differential cross section at fixed center
of mass angles for an exclusive two-body reaction at high energy and large momentum

transfer as: J (o)
U cm
— 1
dt X sn—2 (1)

where s and ¢ are the Mandelstam variables, 0., is the center of mass frame angle, f(0.,)
depends on the dynamics of the process and n is the number of active “elementary” fields
in the initial and final states that are participating in the reaction. In the case of a process
like yp — 7 n, the CCR predicts an s~G+2+3+1-2) — s=7 dependence. This model, based
on dimensional analysis proposed by Gunion, Brodsky, and Blankenbecler [13], attempts to
connect the observed cross section to the number of “elementary fields” participating in the
reaction. Although this model is a fairly good representation of the scaling features, it falls
short of explaining the absolute cross sections. A very good question, which a full theory
should be able to answer, is: Why does the scaling prediction work so well?
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2.3 Charged Pion Photoproduction Experiments
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Figure 2: Ratio of differential cross sections do(w~)/do(nt) for the process yp — ntn and yn — 7~ p at 90° versus
E, the energy of the incident photon. Data points are taken from [9]. The solid line corresponds to the handbag
prediction, with uncertainties due to target mass corrections [15].

Differential cross section measurements of charged pions in the reactions yn — 7~ p and
vp — 7tn were conducted in Hall A at Jefferson Lab [9]. The cross sections were measured
over a wide range of photon energies from 1.1 to 5.5 GeV with pion center of mass angles
ranging from 6., = 50°to 110°.

Several calculations done using CCR, Hadron Helicity Conservation (HHC), and the
pQCD approach fall short of the observed 7% cross sections, indicating a problem
in the assumed interaction mechanism responsible for these observed cross sections. The
experimental results indicate a surprising global scaling behavior at high energies and high
transverse momenta, consistent with the constituent counting rule. Data also suggest an
enhancement in the cross section at center of mass energies near 2.2 GeV and indicated a
possible substructure around the scaling behavior.

It is important to be able to explain the observed cross sections as that sheds light on
our understanding of the dynamics of interaction that operates in a particular regime. For
the wide angle regime in particular, two extreme scenarios have been proposed which can
be distinguished by the number of active participants in the hard scattering regime. The
handbag mechanism [27), 28] involves only one active constituent, while the perturbative QCD
(pQCD) mechanism involves three [I3]. A depiction of the handbag mechanism is shown in
Figure In any given kinematic regime, quantum mechanics permits both mechanisms to
contribute to the scattering amplitude. At “sufficiently high” energy the pQCD mechanism
is expected to dominate, but it is not known at what s this transition takes place and how the
transition to the purely pQCD mechanism emerges. Therefore, it is essential to understand
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Figure 3: Schematic of the handbag mechanism, which is characterized by the fact that only one quark from the
incoming and one from the outgoing nucleon participate in the hard process with all others being spectators [15].

the physical mechanism that is responsible for the observed cross section in the wide angle
regime.

2.4 Handbag Approach Calculations

As discussed in the the previous section, the handbag mechanism (depicted in Figure |3)) is
characterized by the fact that only one quark from the incoming and one from the outgoing
nucleon participate in the hard process while all others become “spectators”. The calcula-
tions [14] were done in order to explain the ratio of 7#"and 7~ for the reactions yn — 7~ p
and vp — 7 n at large center of mass angles using the handbag approach in the framework
of the GPDs. The ratio of the cross sections calculated using this approach is approximately
given by

do(yn — 7 p) _[eustequ 2 @)
do(yp — ntn) — \ e u+ eqs

where e, and ey are the charges of the up and the down quarks while s and u are the
Mandelstam variables. The leading order calculation for the ratio agrees quite well with
experimental data for Compton Scattering suggesting that the handbag approach accurately
describes the reaction for the chosen energies and angles. Recently, the cross section of 7°
exclusive photoproduction from the CLAS6 detector in Hall B of Jefferson Lab [§] (shown
in Fig. 4) and calculations done by P.Kroll et al. [14] using a leading twist handbag model
have disagreed in some kinematics, by more than two orders of magnitude.

10
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Figure 5: a) 70 cross section data from CLAS along with calculations made by Kroll et al.. Dashed, solid, and dotted

lines are for s = 9, 11.06 and 20 (GeV/c)?. b) K,, and A,, predictions for 7° made by Kroll et al. [2].

Since leading twist calculations are unable to account for the observed ¥ cross sections,
Kroll et al. [2] calculated the wide angle photoproduction cross section of 7° mesons within
the handbag factorization scheme. These calculations take twist-2 and twist-3 contributions
into consideration in order to obtain consistent results with CLAS data [§] (shown in Figure
Bla). The twist-3 contribution dominates, while the twist-2 contribution to the cross section is
almost negligible. Calculations were also performed for spin dependent observables which are
the correlations between the helicities of the incoming photon (+ and -) and the longitudinal

11
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or the final nucleon (K These

LL)’

component of polarization for the initial nucleon (A, )

helicity correlations are defined as follows:

_do(+,—) —do(—,—)

Ky —
M do(+, =) + do(—, —)

(3)

Similarly,
do(+ —) —do(— —
A, dolt =) = do(= =) "
do(+ =) + do(— =)
where the first symbol denotes the incident photon helicity and the second denotes the proton
longitudinal polarization.

do(+,1) —do(—,1)
Kus = o ) o= 1) )
Similarly,
AL = do(+1) —do(—=1) (6)

~ do(+ 1)+ do(= 1)’
where the first symbol denotes the incident photon helicity and the second, nucleon sideways
polarization, where sideways is the direction perpendicular to longitudinal in the plane of
the reaction. For twist-2 contributions, the authors estimate that:

AtLuZ'sth — Kzlzist72 (7)
and for twist-3 contribution,
ist—3 ist—3
AtLuZ,st — _Kzu[)}St (8)

Calculations have been made for 7 photoproduction as shown in Figure b). Similar
calculations have been made for 7+ photoproduction by Kroll and Passek-Kumericki [17].
In this case, in contrast to 7 photoproduction, the twist-2 contribution is not negligible in
the forward direction whereas the twist-3 contribution dominates the backward direction.
As can be seen in Fig. [0} the values of A,, and K, are mostly mirror images of each other,
but approach 0 for more forward angles, unlike in the 7° case. Such helicity correlations
for 7 have not yet been measured at sufficiently large s,—t, and —u and, as proposed,
would certainly be a pioneering measurement. Such a measurement will put constraints on
the contribution of twist-2 and twist-3 amplitudes to the 7 photoproduction cross section
while potentially providing empirical support for the validity of the handbag mechanism in
the framework of GPDs.

In view of the experimental and theoretical advances, a resumption of the investiga-
tion of wide angle meson photoproduction is timely and necessary to complement the good
agreement of the handbag mechanism with WACS case. A test of the polarization trans-
fer observables for Wide Angle Pion Photoproduction (WAPP) would provide
valuable information on the validity of the handbag mechanism in the GPD
framework in this energy range. This pioneering measurement will shed light

12
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on the interaction mechanism that is responsible for generating charged pions

particularly in the wide angle regime.
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3 Physics Motivation

The goal for the pioneering measurement of the polarization transfer observable A, for
single 7~ photoproduction in the wide-angle regime is to address the following questions:

e What is the nature of the interaction mechanism of meson photoproduction from the

2
nucleon at s, —t, —u > AQCD?

e Does the twist-3 contribution dominate the twist-2 contribution in the wide angle
regime, as suggested by the updated handbag mechanism cross section calculations?

4 Experimental goals

We propose to measure A, , for negatively charged pion photoproduction in the wide
angle regime by using the SBS as the proton arm and BB as the pion arm. There, three
aspects will be tested:

1. Does A,, equal -K,,?
2. Does A,, have any dependence on cm. angle at s = 9 GeV? and large —u, —t?
3. Does A,, have any s dependence at s > 9 GeV??

The experiment will use the 6.6, 8.8, and 11 GeV CEBAF electron beam to impinge
bremsstrahlung photons on a polarized He-3 target and run with the same detector setup
as the GEn/He-3 experiment (plus a front part of the SBS tracker prepared for GEn-RP
(E12-17-004)). In addition to the A,, measurements for the exclusive single pion process
N1 — 7 p, we expect significant statistics for the exclusive 11 — 7~ A*T process.

14
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5 Experimental Setup

The experimental setup is almost identical to that of the upcoming SBS experiment E12-

H
09-016 [31], which will measure 3He(€), e'n)pp. A top view of the setup for E12-09-016 in
Hall A is shown in Fig[7]

Figure 7: Top view of the E12-09-016 GEn He3 setup in Hall A. The electron beam goes from the left side.

The solid angles of the detector arms are about 50 msr with 1:4 aspect ratio (horizontal-to-
vertical). Momentum acceptance of BigBite starts from 0.5 GeV/c and SBS from 1 GeV/c.
These parameters allow high efficiency detection of the process with large solid angle and
the missing momentum up to 200-300 MeV /c.

In E12-09-016 the recently upgraded BigBite spectrometer arm will be used for the scat-
tered electron detection and the SBS arm (comprising the 48D48 magnet and HCAL) will
be used for the neutron detection. The pion photoproduction measurement will use a sim-
ilar layout to the Q?=10GeV? kinematic setting of E12-09-016, with the BigBite and SBS
spectrometers positioned at 41.9 and 24.3°, respectively.

For the pion photoproduction measurement there will be some additions: insertion of a
6 % Cu radiator placed in front of the target, and the GEM tracker planes inserted before
HCAL on the SBS arm. They are already prepared for use in the GEn-RP (E12-17-004)
experiment during the fall 2021 data taking. Running with the radiator will require a lower
beam current than originally planned for this kinematic setting in E12-09-016, to reduce
background rates. We propose that the radiator be placed 10 cm upstream of the 3He cell.
The GEM planes will be beneficial for E12-09-016 at all of its kinematic settings, acting as
VETO detectors for charged particles, and therefore we propose to leave them in SBS for
the whole run period.

A summary of the experimental setup is outlined in the list below:

15
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e CEBAF 6.6 (8.8 and 11) GeV electron beam of 20 uA current (one-third of the current
compared to the same kinematic setting for E12-09-016).

%
e A 60cm long and 10.5 atm 3 He target as in E12-09-016, with an additional 6% radiation
length Cu radiator placed 10 cm upstream of the target.

e BigBite arm to detect the #=. It has a dipole magnet followed by GEM trackers,
GRINCH (a gas Cherenkov detector), rear GEM chamber, Pb-glass preshower, timing
hodoscope, and Pb-glass shower calorimeter.

e SBS arm to detect the proton. This arm has a 48D48 dipole magnet, which will be
followed by five GEM chambers and a Hadron calorimeter.

5.1 The CEBAF Electron Beam

We propose to perform the measurement in Hall A of Jefferson Lab using the CW polar-
ized 6.6 (8.8, and 11) GeV electron beam from the CEBAF accelerator. Electron beam
polarizations of ~ 85% have been routinely achieved, and such a beam polarization value
has been assumed in the calculations of the projected statistical precision of the proposed
measurement.

5.2 The BigBite spectrometer - Pion Arm

BigBite is a large-acceptance non-focusing magnetic spectrometer which subtends a solid
angle of ~ 50 msr when placed 1.55 m from the center of the target to the entrance of the
dipole. A schematic of the BigBite arm is shown in Figure [§

The main components of the BigBite arm are:

5.2.1 The Dipole Magnet

The 20 ton dipole magnet has been used in several experiments performed with the 6 GeV
CEBAF electron beam. With the entrance aperture at 155 cm from the target center, the
minimum central scattering angle that BigBite can reach is around 30°. The field integral
along the central trajectory is 1.2 Tm. The angular resolutions of the detector are 66 ~ 1
mrad for p, ~ 2.5 GeV/c. The momentum resolution ép/p ~ 1% for such pion momenta.
The vertex resolution is &~ 2 mm along the direction perpendicular to the central axis of the
magnet.

5.2.2 Front and Rear GEM chambers

In order to achieve higher usable luminosity, the MWPCs from the 6 GeV era of experiments
have been replaced with GEM-based tracking detectors. The front GEM detector planes will
be installed immediately after the dipole magnet and before the gas Cherenkov detector. For
the front GEM tracker, four triple-foil GEM chambers will be installed with a total area of
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Figure 8: Schematic of the BigBite arm. See text for details.

40 cm x 150 cm. A rear GEM detector plane will be installed in between the GRINCH and
the preshower calorimeter. For the rear GEM chamber, 4 GEM modules of 60 ¢cm x 50 cm
in area will be installed, giving a total area of 60 cm x 200 cm.

5.2.3 Gas Cherenkov

The gas Cherenkov detector, “GRINCH”, prepared by the College of William and Mary
and collaborators, contributes greatly to off-line separation of e~ and 7*. Light emitted
from the charged particle tracks in the detector will be reflected by four cylindrical mirrors
and detected in 510 9125 PMTs which have a diameter of 29 mm. The clusters of hits
in adjacent PMTs will be identified by time coincidence and location correlation with the
particle trajectory.

5.2.4 Timing Hodoscope

Precision timing of a particle will be provided by the Timing Hodoscope built by a collab-
oration led by Glasgow University. This hodoscope consists of 90 EJ200 plastic scintillator
bars, with dimensions 25 x 25 x 600 mm, each read out by ET9142 29-mm PMTs. The time
resolution of 0.15 ns allows reliable identification of the individual RF buckets in the beam
sent by the CEBAF accelerator. The detector will provide an accurate constraint on the
vertical location of the particle track for a starting point for the track reconstruction.
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5.2.5 Pb-Glass Calorimeter - Preshower and Shower

Preshower and shower components of the BigBite detector consist of lead glass blocks read
out by PMTs which collect the Cherenkov light from relativistic charged particles, including
the primary particles and secondary et /e~ produced in electromagnetic cascade events. The
preshower blocks are 9 cm x 9 cm x 30 cm and have radiation hard lead-glass (reused from
HERMES). The long axes of the preshower modules are oriented perpendicular to the pion
direction while the long dimensions of the shower blocks are oriented along the pion direction.
The energies deposited in the preshower and the shower modules will help distinguish between
electrons and pions in the detector. Signals in both layers of this detector will be used in
event selection for the DAQ trigger.

5.3 The Proton Arm

A schematic of the proton arm is shown in Figure [0

A ”“%I Ilr"_(ET'E“Hl‘\

Figure 9: The schematic view of the proton arm.

The components of the proton arm are the following:

5.3.1 48D48 Dipole Magnet

The 48D48 dipole magnet (the field integral is 1.7 Tm) provides momentum analysis of the
protons.
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5.3.2 GEM Charged Particle Trackers

The tracker includes two GEM planes with a size of 40 cm x 150 cm (built by INFN), two
similar size chambers with UV orientation of the readout strips and two bigger chambers
of 60 cm x 200 cm (built by UVa). The tracker allows us to track the protons produced
by interactions of the beam with the polarized He-3 target, for reconstructing the scattered
proton’s kinematics.

5.3.3 Hadron Calorimeter

The Hadron Calorimeter, or simply HCAL, will be used in the detection of the protons. It was
built by a collaboration led by CMU and INFN/Catania with contributions from JLab and
the SBS collaboration. It consists of a 12 x 24 array of 15 x 15 x 90.8 cm calorimeter modules
which are formed by alternating Fe and plastic scintillator plates. The total thickness of Fe
is 50.8 cm and of the plastic scintillator is 40 cm. Scintillation light will be collected by a
wavelength-shifting plastic and then transmitted to a PMT. The time resolution is expected
to be 0.5 ns (a combination of the time and energy information). The response to protons
and neutrons will be very similar and the efficiency is expected to be ~ 90% for the protons
in the proposed measurement.

5.4 The polarized He-3 target at JLab

The experiment will utilize the polarized *He target that was first constructed for E94-
010 that ran in Hall A, and has subsequently been modified and upgraded for a series of
experiments in both Halls A and C. In particular, we will utilize the target configuration
that will be used for E12-09-016, the SBS polarized *He G, experiment. Sometimes referred
to as the “Stage II” polarized *He target, the design incorporates a convection-based target-
cell design, making it possible to run at considerably higher luminosities. During the recent
Hall C experiment to measure A7, the figure of merit was typically a factor of two higher
than had ever been previously achieved. The only modifications to the polarized *He target
beyond the configuration that is planned for the G experiment will be those needed to
accommodate the longitudinal polarization direction.

5.4.1 The technique used in the polarized He-3 target

The target is based on the technique of spin-exchange optical pumping, which in its simplest
form, can be viewed as a two step process: 1) an alkali metal is polarized through optical
pumping, and 2) the *He nuceli are polarized through collisions with the alkali-metal atoms
through a hyperfine interaction. In fact, to increase he efficiency of the process, we use a
hybrid mixture of two alkali-metal species comprising a small amount of Rb and a larger
quantity of K. The Rb is optically pumped, and through collisions with the K atoms, the K
becomes quickly polarized as well. Sometimes known as alkali-hybrid spin exchange optical
pumping, this technique was first used during the last Hall A experiment to measure G,
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resulting in greatly enhanced performance of the target. Both the alkali-metal atoms and
the 3He are contained in a sealed glass cell.
The time-dependent polarization of the 3He can be described by

Pie(t) = Pa 5 (1= e 041), (9)

where Py is the nuclear polarization of the *He, Pay. is the polarization of the alkali-metal
vapor, s is the rate of spin-exchange between the *He and the alkali-metal vapor (averaged
over the entire target cell), and I is the spin-relaxation rate of the 3He nuclei due to all other
processes. The spin exchange between the alkali-metal vapor and the *He is quite slow, with
1/7se being on the order of 5 hours. From equation @ it can be seen that in order to achieve
high polarizations, we must have the relaxation rate I' << 7,. Some of the contributions
to I' are intrinsic to the various target cells. These intrinsic contributions include relaxation
due to 3He-3He collisions, and relaxation due to *He-wall collisions. Calling the intrinsic
component to the relaxation I'., it is desirable to have cells in which Fc_e}l, which we often
refer to as the cell lifetime, of ~ 25hours or longer. Producing a collection of target cells
with such long lifetimes is an important component of preparing the polarized *He target
for an experiment.

5.4.2 Components of the Polarized He-3 Target

At the heart of the target system are sealed glass “target cells”, shown in Fig. [I0} each of
which contains approximately 7.5 atmospheres of *He, around 70 Torr of nitrogen, and a
few droplets of a mixture of Rb and K. The cells have two chambers: an upper “pumping
chamber” in which the optical pumping and spin exchange take place, and a lower “target
chamber” through which the electron beam passes during the experiment. The chambers
are connected by two transfer tubes, one of which is held at a slightly higher temperature
than the other one. The temperature difference of the two transfer tubes causes convective
flow between the pumping and target chambers. In earlier polarized 3He target cells used
at JLab, only one transfer tube was used, and mixing between the two target-cell chambers
occurred due to diffusion. With the convective flow, higher beam currents can be used
because gas in the target chamber, that is depolarized due to ionization of the beam, is
replaced more quickly. The 3He is polarized in the pumping chamber, which is held at an
elevated temperature of approximately 235° C using a forced hot air oven. The elevated
temperature of the pumping chamber results in a 3He density in the target chamber (which
is much closer to ambient temperatures) of roughly 10 amagats, or the density corresponding
to 10 atmospheres at STP.

The magnetic holding field is roughly 25 Gauss, and is supplied by two large sets of
coils that are roughly in Helmholtz configuration. Because of the relative proximity of both
the BiBite and SBS magnets, there are fringe fields that can affect the homogeneity of the
magnetic field around the target. For this reason, the entire target, complete with the
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Figure 10: Shown is an example of a “convection-style” polarized *He target cell. The example shown is the geometry
used during the recent Hall C AT experiment which is somewhat smaller than the target cells that will be used for
both the SBS G and WAPP experiments. The upper spherical portion of the cell is the pumping chamber where
spin-exchange optical pumping takes place, and the lower cylindrically-shaped portion of the cell is the target chamber
through which the electron beam passes.

Helmholtz coils, is enclosed in a soft iron enclosure. Extensive magnetic field studies using
Tosca have shown that this arrangement is quite effective for providing the needed field.

Polarimetry is provided by two separate systems. One system is based on the NMR tech-
nique of adiabatic fast passage (AFP). During an AFP measurement, an RF field is applied
to the target while the magnetic holding field is swept through the resonance condition. The
resulting signal is detected by “pick-up coils”. The second form of polarimetry is based on
electron paramagnetic resonance (EPR). The EPR frequency of the K is measured using an
optical detection scheme, and a small frequency shift is observed due to the presence of the
polarized ®He. The size of the shift, which is proportional to the *He polarization, can be
determined in a manner that is quite free of systematics by reversing the polarization of the
3He with respect to the applied magnetic field. While somewhat more time consuming than
doing AFP scans, the polarimetry using EPR provides an absolute calibration of the AFP
system and the level of 1-2%.

5.4.3 Pre-run Target Preparation

The following list of items will have to be performed while transitioning from GEn to the start
up of the A,, experiment. These pre-run changes will allow for a longitudinal polarization
for a newly installed target cell after the GEn run.
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364 e Cell and target ladder removal.

365 e Rotation of the magnetic field coils for a longitudinal holding field.

36 e Magnetic field direction measurement (to 1° accuracy).

367 e Reconfiguration of the optics system to accommodate the longitudinal polarization di-
368 rection.

360 e A new 3He cell installation (if needed).

370 e Restoration of the target ladder.
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6 Proposed Measurements

The double polarization asymmetry A,, in the process ¥7 — 7~ p will be determined at
photon energies of 4.5, 6.0, and 7.5 GeV at high s, —t and —u, allowing for a test of the
variable’s sign, magnitude and kinematic dependence of the reaction mechanism on s.

6.1 Kinematics

As presented in section [ this experiment will run with three energies of the CEBAF
electron beam: 6.6, 8.8, and 11 GeV. With the 6.6 GeV beam we plan to take three kine-
matical points (A, B and C) as shown in table[l] Two additional data points (D and E) will
be taken with higher beam energies.

E, 0. E, Do 0, Dp 0. < s> < —t> < —u>
GeV | deg. | GeV | GeV/c | deg. | GeV/c | deg. | (GeV/c)? | (GeV/c)? | (GeV/c)?
Al 66 | 419 | 45 2.02 24.3 3.29 103 9.3 4.7 2.9
B| 66 | 30.0| 4.5 2.74 32.8 2.53 82 9.3 3.3 4.3
C| 6.6 |520]| 4.5 1.58 19.5 3.74 116 9.3 5.9 2.1
D| 88 | 372 | 6.0 2.61 21.9 4.23 103 12.1 6.4 4.0
E 11 33.7 | 7.5 3.20 20.2 5.15 103 15.0 8.1 5.2

Table 1: Kinematic variables for five settings with 3-, 4-, and 5-pass beam.

We propose to start with the same kinematic setting as the approved WAPP-K |, experiment
E12-20-008, with SBS at a central angle of 24.3° and BigBite at a central angle of 41.9°.
The combined acceptance of SBS and BB at these central angles is optimal for the detection
of m~p photoproduction events at simultaneously large values of s, —t, and —u. As an
example, Figure [11| shows the simulated distributions of the Mandelstam variables and the
CM scattering angle ,,,,, for photon energies above 4 GeV for kinematic setting A. Also,
Figure shows the distributions of the momenta p,. and p, of the pion and proton for
kinematic setting A. The distributions shown in Fig. [11| and correspond to the following
requirements on the signals in the detectors:

1. Energy deposition of at least 500 MeV in the BigBite shower calorimeter

2. Energy deposition of less than 100 MeV in the BigBite preshower calorimeter

3. Energy deposition of at least 1000 MeV in HCAL (80 MeV in the scintillator material)
4. Good 7~ track in the BigBite GEMs

5. Good proton track in the SBS GEMs.

In addition, the Gas Cherenkov counter will be used in off-line analysis to remove electron
events and tracker will allow to remove the photon induced events.

According to calculations by Kroll et.al.  [2] all of the Mandelstam variables in the
proposed kinematics are sufficiently large that one might reasonably expect the handbag
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Figure 11: Distributions of s, —t, —u, and cosf,, within the combined BigBite-SBS acceptance for kinematics A.

mechanism to play a dominant role in the observed cross sections and polarization observ-
ables.

6.2 Event Rate Analytical Calculations

The cross section of the process Yyn — w p is relatively well known and parameterized

as:
7

U ) 0o+ 2 (m/aev?),

S [Ge\/z]

do

%fyn%ﬂ—p

= 1.7x0.83 x (10)

where z = cosf,,,. The factor 1.7 was taken for the ratio of 7~ /7" yields from a deuteron
from Ref. [9], and the 7" production cross section is from Ref. [I].
The rate of events was calculated according to the formula:

do  p*_ AE, traa
Nep-p = —  T-AQ. fr L2 Loen 11
P dt n—p T f P |: E’Y Xo :| ( )
o AQ, - is the range of At for the given

where ‘fi—‘t’rp is the process cross section; the factor —=
kinematics expressed through the momentum of produced pion and the solid angle of the
pion detector; fr-, is the fraction of events detected in the proton arm for a given range

eff.
AE? t%‘j is the number of photons per incident electron in the photon

eff.
trad

of photon energy E.;

AE,
energy range —;
N

with the radiator thickness which includes the photons produced
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Figure 12: Distributions of p. momentum in BigBite, and p, momentum in SBS for kinematics A.

in the target and quasi-real photons; and L. , is the electron-neutron luminosity for a
projected beam current. The factor fr-, was estimated using J acobian coefficients for each

kinematics and accurately calculated using MC code. The value of & 7 obtained from the
s distribution is about 0.15. With 6% radiator the Value of tef I X, = O 082. The polarized
electron-neutron luminosity L., ~ 1.8 x 10%cm=2s71. The B1gB1te solid angle Q- is taken
as 50 msr for our calculations. The factor f.-, obtalned from simulations and the statistics
(without efficiency corrections) per hour are presented in table [2]

Kinematics A B C D E
Factor fr.—, 0.31 | 0.18 | 0.51 | 0.35 | 0.37
Statistics (per hour) | 6000 | 4600 | 5300 | 2100 | 510

Table 2: Estimated statistics of 7~ p events in each kinematics per one hour of running.

6.3 Additional Statistics Reduction Factors

The event rate shown in table [2| needs to be corrected for detection efficiencies of the pion
and proton triggers, the DAQ dead time (20%), and the requirement on |pss 1| to be
below 0.1 GeV/c, where |ppiss,1 | is the perpendicular component of the missing momentum.
Estimated statistics of 7~ p events in each kinematics per one hour of running after applying
pion and proton detection efficiencies, |piss.1| are presented in table .
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Kinematics A B (@ D E

Pion detection efficiency 0.41 | 0.38 | 0.37 | 0.42 | 0.37
Proton detection efficiency 0.86 | 0.81 | 0.88 | 0.92 | 0.93
High pyniss,1 cut loss 0.85 | 0.86 | 0.82 | 0.82 | 0.84

Rate of good events per hour | 1420 | 980 | 1150 | 530 | 120

Table 3: Statistics reduction factors and the final rate of good 7~ p events for each kinematics for one hour of running.

6.4 Trigger and Estimated Rates

In this section we discuss the trigger rates in the two spectrometers. It defines the DAQ
trigger rate. DAQ projected dead time is about 20% at a trigger rate of 5 kHz.

6.4.1 BigBite Charged Pion Trigger

The majority of particles at the BigBite shower detector are 7& and photons (from 7° de-
cay). The fraction of electron rate is below 5% for the particles with energy above 300 MeV
and scattering angles above 30 degrees, see Fig. [I3] The rates in Fig. were calculated
using GEANT-based DINREG MC code [36] with an electron beam on a 1 mm carbon target
(0.26 g/cm?). In this experiment the full electron-nucleon luminosity per incident electron
is half as much in DINREG MC calculations. But the pions and photon rates triple due
to the radiator on the beam line (according to our empirical observation). The resulting
prediction for the trigger rate in BigBite is ~ 500 kHz at 500 MeV threshold, which is close
to the value obtained using the prediction with the PYTHIA generator used in the proposal
for E12-20-008.

The standard BigBite trigger is designed to be highly efficient for electrons while sup-
pressing charged pions and low energy particles. To facilitate this, a trigger was developed
for the approved E12-20-008 experiment which focuses on optimizing charged pion detec-
tion. The design of such a trigger benefits from the structure of the BB shower detector
which has two layers allowing use of a difference in the longitudinal profiles for the pion and
photon/electron induced showers. By using two layers of the shower detector in the trigger,
the tracker, and the Gas Cherenkov in off-line analysis, we can select 7~ events with very
small contamination.

We plan to use the BigBite trigger, which requires an energy deposit in the shower greater
than 500 MeV and reject events if the signal in the preshower is larger than 100 MeV. Such
a logic allows ~40% efficiency to detect charge pions while reducing the BigBite trigger rate
to an acceptable 400 kHz (combined rate of pions, photons and electrons with the proposed
trigger logic).
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Figure 13: MC predictions for the particle rates (note the target thickness).

6.4.2 HCAL Trigger

The proton arm trigger is provided by the HCAL detector. Several MC calculations have
been performed for HCAL. They found that for nucleons with energy 2 GeV and higher the
detection efficiency of HCAL is close to 90% with a threshold of 80 MeV energy deposition
in the calorimeter scintillator material, see Figure
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Figure 14: Left: HCAL efficiency as a function of the nucleon momentum. Right: The amplitude spectra for a 3

GeV incident neutron (scale in GeV).

The HCAL trigger rate simulation is shown in Figure [15] For the 80 MeV threshold the
estimated rate is 400 kHz, which is also consistent with the DINREG calculation shown in

Figure [13]

6.4.3 DAQ Trigger Rate Estimates

We plan to use a coincidence time window of 30 ns for signals from BigBite and HCAL.
With 400 kHz in each arm this leads to an accidental rate of 4.8 kHz.
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Figure 15: HCAL rate vs. energy deposition. Left: Rate above the given threshold (figures is taken from E12-20-010).
Right: Rate per 10 MeV (figure is taken from E12-20-008). Figures are corrected to the luminosity of this proposal.

7 Exclusive Event Selection

In the proposed experiment, the trajectory of both final state particles will be recon-
structed with angular accuracy of a few milli radians and momentum resolution of about
1%. Offline analysis allows selection of the exclusive yn — 7~ p process by using two distinct
features of the photon induced exclusive reaction with two-body final state:

e The sum of the pion and proton momentum component which is transverse to the
beam direction is equal to the transverse component of the neutron momentum in *He
(ignoring tiny transverse momentum of the photon).

e The sum of the pion and proton energies is equal to the sum of the incident photon
energy and the mass of the neutron (ignoring off-shell correction).

The coplanarity between the 7~ and p production planes will also be used to isolate
exclusive events. The resolution in this parameter is limited primarily by the momentum of
a neutron in the *He nucleus. The total momentum of the pion and proton, p,-+p), projected
to the plane perpendicular to the beam direction is the missing perpendicular momentum,
Pmiss.. = Dr, 1 + Dp,1. The component of p,;ss 1 normal to the proton (or pion) production
plane, Diiss, 1 acomp, Drovides a measure of the event “acoplanarity”, which could also be
characterized by the angle between the pion production plane and the proton production
plane. Figure shows the distributions of the absolute value of p,,;ss 1 which will be used
to remove inelastic and other non-exclusive events by a cut: ppiss 1 < 0.1 GeV/c. An even
more effective cut is on Priss, 1 acomp- T hese distributions include the effects of Fermi motion
(dominant effect) and spectrometers resolution.

The incident photon energy £, in the case of the Y7 — 7~ p process is equal to E - +
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Figure 16: Missing perpendicular momentum distribution (Left) and its acoplanarity component (Right).

E, —m,. It also could be calculated using Eq. [12] as:

2
E = Ppr — M (12)
vy =
2(Er + E, — prcos b, — p,cosb,)
_ 2 2
Spr. = (Ep+ Er)” — (Pp + Pr) (13)
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Figure 17: Left: The reconstructed photon energy minus a true photon energy (in MC). Right: Distribution on the
missing mass square.

The E, will be reconstructed with an accuracy of 100 MeV (see Figure [17}eft), which
allows us to remove almost all background of events with two or more missing pions. Ad-

ditionally, the missing mass parameter M? = (P# + Pt + P+ P];L)2 < 0.05 GeV? will be
used to remove such background (Figure right).

7.1 Two-pion background

The photo-production processes with two pions in the final state present significant back-
ground. The missing perpendicular momentum is the effective parameter which can be used
to suppress such non-exclusive events. The missing mass parameter does not have the accu-
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racy needed for suppression of events with one pion missing but is productive in the case of
multi pion events.

Among all two-pion final state channels the events due to the reaction yp — 7~ A*T are
the most difficult to eliminate because of a relatively low momentum (~ 200 MeV/c) of the
7T in A*T decay. The cross section for yp — 7~ A*T process was measured at Bonn [32]
for the photon energies up to 2.5 GeV and at SLAC [I} [34] for the photon energy from 5 up
to 16 GeV (see Figure [L8).
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Figure 18: Cross section of ATt production. Figures are taken from Refs. [T} [32} [35].

We used data from the SLAC and JLab measurements to estimate the cross section for
kinematics in our experiment. The ratio do/ dt(z-a++) to do / dt(z-p) is ~ 1.4 at the param-
eters of the kinematics A. After selection of events with ppss 1 < 0.1 GeV/c, contribution
of this background is reduced by a factor of 4-5. The remaining background is sufficiently
small and its contribution to A, , could be taken into account by using data with high p,;ss, 1 -
The dilution of the A, asymmetry affects the statistical accuracy and should be taken into
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account in calculation of the required statistics.

8 Detector Calibrations

In order for us to accurately determine the produced pion direction, momentum, and the
position of the production vertex along the target, the optics of BigBite need to be checked.
The following calibration runs for each kinematic setting are essential to accomplish these
needs:

e Data from a multi-foil carbon target and a removable lead sieve located at the front face
of the BigBite magnet provide an accurate method to calibrate the angular coordinates
before magnetic deflection and a beamline scattering vertex position.

e Data from elastic electron scattering from hydrogen in the reference cell will calibrate
the BigBite momentum which will be performed for the 6.6 GeV beam energy setting.

e Data on an empty reference cell will have to be taken which will be used for background
subtraction from the glass cell walls.

As discussed in section [6.4] the BigBite spectrometer trigger in the GEn experiment is
optimized for detecting electrons. Additional beam time is needed at the beginning of the
experiment to perform a trigger checkout under beam conditions.
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9 Beam Time Request and Expected Results

We propose an experiment to measure the helicity correlation parameter, A,, for meson
photo-production in the wide angle regime for five different kinematic settings. This proposed
experiment will be performed in Hall A of Jefferson Lab using the SBS apparatus, a 60 cm
long polarized 3He target, a 6% copper radiator and three different CEBAF beam energies
at 20 pA beam current.

1.0
08| Krr
06 =
0.4
0.2 ALs
0 Kyis
-0.2
-0.4
-0.6
08 | A

.0
-1.0-08 -06 -04-02 0 02 04 06 08
cos 0

Figure 19: Projected results of this experiment for A,, (shown as red) as well as projected K, , data point from
approved E12-20-008 (shown as blue).

The total beam time includes the following items: the production at five kinematics (96
hours, which takes into account the photon polarization, neutron polarization, and dilution
due to remaining 7~ ATT events), four times two spectrometers angle change (16 x 4 =
64 hours), target polarization measurement every 4 hours (0.25 x (96/4) = 6 hours), one
measurement of the beam polarization (12 hours), BigBite spectrometer trajectory vertex
data with a multi-foil target for each kinematics (2 x 5 = 10 hours), three beam energy
changes with tuning of the beam position at the target (12 x 3 = 36 hours), trigger checkout
for pions detection in BigBite (4 hours). The full requested beam time is 236 hours or
~10 days. The projected result for A, is shown in Fig.[I9] Parameters of the measurement
are summarized in Tab. [l
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E, <s> < —t> < —u> | cosb,,, Beam on Time AA,,
[GeV] | [(GeV/c)?] | [(GeV/e)?] | [(GeV/c)?] target [hour| | [hour| | accuracy
4.0-5.5 9.3 4.7 2.9 -0.23 6 37 +0.05
4.0-5.5 9.3 3.3 4.3 +0.14 8 27 +0.05
4.0-5.5 9.3 5.9 2.1 -0.44 8 27 +0.05
5.0-7.5 12.1 6.4 4.0 -0.23 16 47 +0.05
6.5-9.0 15.0 8.1 5.2 -0.23 60 98 +0.05

Table 4: Parameters of the proposed experiment on polarization asymmetry in process Y@ — 7 p.

10 Summary

We propose to measure double spin asymmetry A,, for charged pion photoproduction
in the wide angle regime for the reaction (¥ — 7~ p). This proposed measurement will
provide essential complimentary information to the K,, measurement in an experiment
E12-20-008 approved by PAC48 in 2020. The wide angle charged pion photoproduction
is considered a challenging and productive test of calculations of cross sections from first
principles. Several calculations fall short of explaining the observed cross sections indicating
a lack of understanding of the nature of the interaction mechanism, particularly for the
wide angle regime. Only recently do calculations based on the handbag mechanism in the
framework of the GPDs agree with the observed cross sections. Hence, a test of the helicity
correlation observables, K,, and A,, in high s, —¢ and —u regime is timely and necessary
to verify the validity of this approach.

This measurement of A, will be the first of its kind and complementary to the K, , which
has been incorporated into the GMn run plan scheduled to take place during fall 2021. Pro-
posed is a pioneering measurement which will help establish the nature of the
interaction mechanism that is responsible for the exclusive single pion photopro-
duction from a nucleon in the wide angle regime.
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