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ABSTRACT

This thesis reports results from the Thomas Jefferson National Accelerator Facility
(Jefferson Lab) Hall A experiment E91-011, which measured double-polarization observ-
ables in the pion electroproduction reaction from the proton. Specifically, the experiment
measured the recoil proton polarization, polarized response functions, and cross section
for the p (€, e'P') 7° reaction at a center-of-mass energy centered at W = 1232 MeV - the
peak of the A(1232) resonance - and at a four-momentum transfer squared of @ = 1.0
GeV?/c%. Both the recoil proton polarization and polarized response function results will
be presented in this thesis.

Data were collected at Jefferson Lab, located in Newport News, Virginia during the
summer of 2000. A 4.53 GeV polarized electron beam was scattered off of a cryogenic
hydrogen target. The recoil proton polarization was measured in the Focal Plane Po-
larimeter (FPP), located in one of the two High Resolution Spectrometers (HRS) in Hall
A. A maximum likelihood method was used to determine the polarized response func-
tions directly from the measured polarizations and cross sections.

A simultaneous fit of the cross sections, the recoil proton polarizations, and angular
distributions of the polarized response functions will provide a determination of individ-
ual multipole amplitudes. Some of these multipole amplitudes are related to the concept
of proton deformation. Both the recoil proton polarizations and polarized response func-
tions were compared to two phenomenological models: MAID and SAID, which have
all free parameters fixed, based on fits to previous world data. The measured helicity
dependent observables, which are dominated by imaginary parts of A(1232)-resonance
excitation multipole amplitudes, agree very well with the two models. The measured
helicity independent observables, which are dominated by real parts of background mul-
tipole amplitudes, do not agree completely with either model. These helicity independent
observables are being measured accurately for the first time, giving new insight to the de-

formation of the proton and into reaction mechanisms of pion production.
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CHAPTER 1

INTRODUCTION

1.1. Overview

The quest to find the fundamental building blocks of matter and to understand how
these elemental particles interact is the premise behind nuclear physics. As understand-
ing of physical laws improves, the view on what constitutes these basic building blocks
changes. For example, beginning with Rutherford’s discovery of the nucleus in 1911 [1],
it was assumed that the nucleus consisted of only fundamental particles called protons and
electrons. This list of elementary particles was expanded in 1932 with the discovery of
the neutron [2]. Experiments performed in the 1960s then discovered that protons and
neutrons appear to contain smaller, point-like particles called quarks [3].

Today, the list of fundamental particles contains two different types of particles: bosons
and fermions. Bosons are particles with integer spin, such as photons and gluons; fermions
are particles with fractional spin, such as quarks and leptons. Leptons are light particles,
such as electrons, that participate in electromagnetic (by exchanging photons) and weak
interactions (by exchanging W and Z bosons); quarks are the basic building blocks of
hadrons, such as mesons (e.g. pions) and baryons (e.g. protons and neutrons), that interact
with each other through strong (by exchange of gluons) and electro-weak interactions.
In their simplest form, mesons consist of a quark, anti-quark pair; baryons contain three
quarks. Because the nucleus is comprised of protons and neutrons (together called nu-
cleons), which in turn contain quarks, a complete understanding of the nucleus cannot
be truly achieved without first understanding quarks and their interactions. However,
difficulties lie in the direct observation of any properties of the quark because individual
quarks cannot be isolated. For this reason, single quark characteristics can only be in-
ferred from measurements made on groups of quarks interacting with outside forces as
well as with each other.

One area of current interest to nuclear physicists is how quark interactions affect the
shape of the nucleon, in particular the deviation of the proton shape from spherical. In-
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formation about the shape of the nucleon can be obtained by exciting the nucleon to a
higher energy state. This is analogous to experiments which excite the nucleus in order
to understand the effective interactions between protons and neutrons.

A proton can be excited to its first excited state, the A(1232) resonance, by a photon
through an electromagnetic transition, v + p — A(1232). This transition multipole can be
of three types: magnetic dipole (M ), electric (E;;) quadrupole, or Coulomb or scalar
(S1+) quadrupole.! The E;, and S;; multipoles are best measured as interferences with
the much more dominant M. The M;, term, a magnetic dipole transition operator con-
necting the proton and A(1232) wavefunctions by having total L = 0 between the quarks
in each wavefunction, is consistent with a simple spin-flip of one of the quarks inside
the proton, and therefore a “spherical” proton. If the transition is made with either the
electric or scalar quadrupole transition operator, some L > 0 components must be in-
cluded in both the proton and A(1232) wavefunctions to allow the transition [4]. These
resulting non-spherically symmetric spatially distributed wavefunctions are defined as
“deformed”. A measurement of the F;, and S, multipole terms is then an indirect mea-
surement of the proton’s deformation. Observables dependent upon the real parts of
the M, Eyy and M;,S;, multipole interferences are sensitive to these small quadrupole
terms (as will be shown in Eqns. (1.4.9)-(1.4.21)). Recoil-proton polarization observables
can be used to better understand the properties of nucleon resonances and the reaction
mechanism for pion electroproduction, because they can access both the real and imagi-
nary parts of the interference amplitudes.

Both recoil proton polarization and polarized response functions of the p (?, e ?) o
reaction near the A(1232) resonance, along with the differential cross section, were mea-
sured in the E91-011 (“N — A”) experiment performed in Hall A of the Thomas Jefferson
National Accelerator Facility (Jefferson Lab), located in Newport News, Virginia. This ex-
periment ran between May 19 and August 1, 2000 using a beam energy of £/ =4.53 GeV, a
central electron scattering angle of §, = 14.1°, and a central scattered electron momentum
of k' = 3.7 GeV/c. Data were collected for a four-momentum transfer squared centered
at Q% = 1.0 (GeV/c)?, a total center of mass (cm) energy centered at W = 1232 MeV, and
twelve different proton momenta and angles. Tab. 1.1 lists the nominal center of mass in-
plane’ (4,,) and out-of-plane (¢,,) angles, in-plane laboratory angles, and central proton
momenta for each kinematic setting. The total charge (beam on target or average current

IThe notation for the multipole terminology will be fully clarified later in this thesis.

2Throughout this text, for convenience, the “cm” labels on 877 and ¢;7* will be omitted, leaving simply 6,
and ¢p,.



TABLE 1.1. Summary of kinematics for “N — A”.

| 0pg | Ppg | 02 | pp (GeV/c) | charge (C) |

0° 42.3° 1.378 25.9
25° | 0° |38.1° 1.350 7.9
25° | 180° | 46.3° 1.350 4.6
50° | 0° |34.3° 1.270 18.9
50° | 180° | 50.2° 1.270 12.9
90° | 0° |29.8° 1.066 15.5
90° | 180° | 54.8° 1.066 20.1
135° | 0° |30.8° 0.819 14.6
135° | 180° | 53.6° 0.819 27.6
155° | 0° | 34.7° 0.742 13.9
155° | 180° | 49.7° 0.742 13.6
180° 42.3° 0.703 5

times time) collected for each setting is also listed. Notice that all ¢,, angles are either
0° or 180°; therefore in-plane. However, due to the acceptance of the Hall A spectrome-
ters, this experiment was able to measure a considerable amount of out-of-plane data, as
shown in Fig. 1.1.1.°

This thesis is separated into five chapters. The remainder of this first chapter will in-
troduce electron scattering and how it can be used to study nucleon resonances. Also
described in Chapter 1 is how the measurement of recoil proton polarizations, and po-
larized response functions, allow for the extraction of interference multipole amplitudes.
Chapter 2 outlines the current basic knowledge about the proton and gives the motivation
behind this particular experiment. The experimental equipment used by the “N — A” ex-
periment is discussed in Chapter 3, along with an outline of the experimental procedure.
The analysis method employed for recoil proton polarization and polarized response
function extraction are outlined in Chapter 4. The final chapter discusses the results of
“N — A” compared to predictions and other measurements, along with a synopsis of
what analysis still needs to be completed by the E91-011 collaboration in order to extract

the transition multipoles.

3Full, formal definitions of all kinematic quantities referred to in this paragraph will be provided later in
this chapter.
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FIGURE 1.1.1. Angular acceptance for “N — A” with cuts of W =1160-1360
MeV and @Q? = 0.8-1.2 (GeV /c).



1.2. Electron Scattering Formalism

In electron scattering an electron can exchange a virtual photon with a target nucleus
thus probing the electromagnetic structure of this nucleus. This scattering is advanta-
geous for several reasons:

O The electromagnetic coupling constant is relatively small (a = €?/(2e,hc) =1/137),
suppressing higher order perturbations. The reaction can then be described by
the one photon exchange approximation, where the photon has four-momentum
q = (w, ?) Fig. 1.2.1 shows the lowest order Feynman diagram for p (e, €'p) 7°
(of interest for this thesis), represented by:

e(k) + P(pi) — e (k') + P (pp) + 7° () , (1.2.1)

where the initial and final electron four-momenta, and the initial and final proton
— —

momenta are k = (E, k), k' = (E’, k’), pi = (B, 7:), and Dy = (Ep,ﬁp),

respectively and the pion four-momentum is p, = ¢ + p; — p, = (Eq, ?m) The

Lorentz-invariant four-momentum transfer squared is defined as:
0
Q*=—¢* = — (0 - ¢?) = 4FEE'sin? > (1.2.2)

where the electron mass can be neglected if the electron is ultra-relativistic, as will
be the case here. Large values of Q? are associated with very short wavelengths.
Virtual photons of these wavelengths are then able to probe the short-scale struc-
ture of the proton.

O The leptonic vertex, e(k) — e (k') + v*(q), is well understood in Quantum Elec-
troDynamics (QED), the fundamental theory of the electromagnetic interaction.
Experiments are therefore able to focus on the hadronic vertex, v*(¢) + P(p;) —
P (pp) + 7° (p;) and the unknown properties of the proton structure.

00 Though electrons can interact via both the weak and electromagnetic forces, the
electromagnetic force is much stronger, allowing for study of the electromagnetic
structure of the nucleus.

There are also disadvantages to the use of the electromagnetic probe. First, due to the
small mass of the electron, radiative corrections must be accounted for. Second, because
the cross section associated with electron scattering is so small, high beam intensities are
required.
There are two types of electron scattering experiments: inclusive and exclusive. Inclu-
5



K/

FIGURE 1.2.1. Leading order diagram for p (e, e'p) 7° in the one-photon-
exchange approximation.

sive measurements, in which only the scattered electron is detected, limit the amount
of nuclear structure information obtained because combinations of many final states are
possible. Exclusive experiments, in which a recoil hadron (or photon) is detected in coin-
cidence with the scattered electron, allow for determination of amplitudes to scatter into
a specific final state, namely a proton-pion final state in this experiment.

The “N — A” experiment reported in this thesis used exclusive electron scattering, the
kinematics of which are shown in Fig. 1.2.2, in which the scattered electron was detected
in coincidence with the recoil proton. Unlike the general formalism given above, here
the initial proton momentum is p; = 0. The scattering plane is defined by the incoming
and scattered electrons, where 6, is the angle of the detected electron with respect to
the incident electron beam. The reaction plane is defined by the momenta of the virtual
photon ¢ and recoil proton p,, where the recoil proton emerges at an angle of 6,, with
respect to g in the center of mass. The azimuthal angle, the angle between the scattering
and reaction planes, is ¢,,. The 7° was undetected, but its presence was verified using
missing mass techniques.

Additional information about nucleon structure can be obtained when one or more
of the particles is polarized. This allows the constraint of additional degrees of freedom
associated with spin and/or angular momentum. The “N — A” experiment utilized a
polarized electron beam incident on a proton target. The reaction of interest was when
the proton was excited to the A(1232) resonance, with some of the polarization being
transferred to the A(1232), and the A(1232) subsequently decayed into a proton and 7°,
with the recoil proton carrying away some polarization. The components of the recoil

6
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FIGURE 1.2.2. Kinematics for the exclusive scattering “N — A” experiment
in the lab frame.

~

proton polarization (s%) at the target, shown in Fig. 1.2.2, are expressed in terms of 7, [,
and ?, where 71 is perpendicular to the reaction plane, [ is along the direction of the proton

momentum, and ¢t =7 X [.

1.3. The Differential Cross Section

The electromagnetic structure of the nucleus can be characterized by a set of multi-
pole matrix elements of the electromagnetic current operator. These matrix elements are
directly related to the Fourier transforms of the corresponding current matrix elements
involving both the initial and final nuclear states, and can be experimentally probed. The
electron kinematics, along with the recoil proton momentum, can be chosen so that a par-
ticular transition between the nuclear states is investigated. For the “N — A” experiment,
these kinematics were chosen such that the transition between the proton and the A(1232)
was studied.

Following the conventions of Bjorken and Drell [5], the cross section in the labora-
tory frame for the electroproduction of polarized protons using polarized electrons on a
stationary target can be written as:

do = 2T [me“" (’s”R)} [ﬁ il } [@ &p, } [& p. } (13.1)
E ¢ m?2 E' (2m)?] | E, 27)3]| | E, (27T)3 ’
7




where m,., m,, and m, are the electron, proton, and pion masses, respectively, e is the
electron charge, 7, is the electron tensor, W* is the nuclear electromagnetic tensor, and
S’ is the spin vector of the ejected proton.

1.3.1. The Electron Tensor. The electron tensor describes the leptonic vertex. In the
Extreme Relativistic Limit (ERL), this tensor can be written as a combination of a helicity-
independent, symmetric, real part 75" and a helicity-dependent, antisymmetric, imagi-
nary part n'y” [6]:

" =ng"+ . (1.3.2)
These symmetric and antisymmetric pieces can in turn be characterized in terms of
K =k + k', ¢, and the initial electron helicity A:

2 u v
v v q v q q
ne = [K“K +Z <g“ — 7 >] (1.3.3)
y h oo
= e Ko, (1.3.4)
where the metric tensor is
1 0 0 0
0 -1 0 O
ny L, = , 1.3.5
g 9u 0 0 -1 ( )
0 0 -1

and €7 is the completely antisymmetric Levi-Civita tensor as defined by Bjorken and
Drell [5].

1.3.2. The Nuclear Tensor. The nuclear response tensor describes the hadronic vertex
and contains the nuclear structure information. It can also be decomposed into symmetric
and antisymmetric parts [7]:

W (Sg) = Wg" (Sg) + W4" (Sg) - (1.3.6)

When the constraints of parity invariance and current conservation are imposed, this ten-
sor can be defined in terms of eighteen independent elements, where
[A*BH|y 4 = A*BY + AVB* [7]:



WE 8g) = Wi+ Win-Sg) G + (Wy + Won -Sg) VHVY

+ (Ws + Wiii - 85) VIVY + Wy + Wi - 85) [VIVE]

+ (WJ' Sk + Wé/l\ /S\IR) (V£ ]

+ (Wit S + Wil -3 [VE€], (1.3.7)
W,I:U (/S\IR) = (W7 + Wéﬁ '/S\IR) [‘/;uvfu]A + (st' §IR + Wé/l\'/S\IR) [guv;v]A

+ (W S + Wil 35 [€V7],,, (13.8)

W; and W] are functions of momentum-space scalars, S}, is the direction of polarization of
the recoil proton, 7, t, and [ are the component directions as defined in Fig. 1.2.2,

Y ., qtq”
GH = g — 2 (1.3.9)

and V;, V3, 1% 7,and &* are a set of orthogonal, linearly independent four-vectors spanning

the four-dimensional space:

vi-d
q,

Vi = pi— (1.3.10)
q
Vi = p,,—71; ;?q, (1.3.11)
¢ o= &, (Vy), Vi), (1.3.12)
and 7 V}
Vy=Vi— LV (1.3.13)

2

1.3.3. Response Functions. The electron and nuclear tensors must now be contracted
in order to calculate the cross section [7]:

M W™ (85) = 15, W Ble) + s WA (). (1.3.14)

In the lab frame, after the contraction, the symmetric piece depends only on four com-

ponents of the nuclear tensor: W° (8%), Wa' (8) + W&* (8%), Wi' (5g) — W2 (s,), and

W (Sh) + W2 (S%). Due to the antisymmetric nature of 7/}’, the antisymmetric compo-

nent depends solely on two components of the nuclear tensor: W,° (8,) — W§* (8%) and

W32 (8%) — W3 (8;). These relevant nuclear tensors can be expressed in terms of a set of

eighteen arbitrary response functions R,, dependent on \7\, |7p\, w, and 6,,, but inde-
9



pendent of ¢,, [7]:

WY E,) = Rp+ Rin-sh, (1.3.15)
WHEL) +W2ER) = Re+ Rin -8, (1.3.16)
w2 (/S\IR) - wt (/S\IR) = (Rer + Ry '/S\IR) COS 2¢pq
+ (Rt S + Rl - i) sin 23, (1.3.17)
w2 (/S\IR) + W (/S\IR) = (Rpr + Rin '/S\’R) Sin @pq
+ (RfLT?- S+ RL,I- ’s*R) COS By, (1.3.18)
i [Wlo (glR) - w (gR)] = (RILT + R7yn 'gR) COS Ppq
+ (Rigt S+ Rigl -3 sin g, (1.3.19)
i (W2 (&) — W2 (8R)] = Rl S+ Rl -5 (1.3.20)

The superscripts of R, denote the components of the proton polarizations as defined in
Fig. 1.2.2, the subscripts L, T', LT, and T'T refer to the longitudinal, transverse, longitudi-
nal and in-plane transverse interference, and in-plane and orthogonal transverse interfer-
ence components of the virtual photon, respectively, and the primes indicate polarizations
dependent on the initial electron beam helicity.

After contracting the electron and nuclear tensors, the cross section from Eqn. (1.3.1)
for the ejection of spin 8%, protons (protons with polarization components of g, g, and g;)
from scattering of electrons with helicity i on a proton (spin 1/2) target can be represented
as:

do 1p,

s, ~ 2k,
+vrr [(Rrr + Riqon) €08 20y, + (Reppr + Repgr) sin 26,,]
+urr [(Ror + Ripon) cos dpg + (Re o + Ryrgr) sin épg]
+hvpr [(RILT + Rirn) sin ¢y + (R%T@t + R,[l/Tpl) cos d’pq}

+hvpy (Rippr + Rirgr) } (1.3.21)

{ve (R + R pn) + vr (Rr + Ryppn)

where k, = (W? —m2) /2W is the laboratory energy a real photon would need to ex-
cite the same transition. The kinematic factors v; describing the electron are defined as
follows:

VL, = €, (1.3.22)
vp = 1, (1.3.23)



vrT = € (1.3.24

)
vy = 2¢s (1 +¢), (1.3.25)
vir = V26 (1—e), (1.3.26)
v = V- &, (1.3.27)

with e = [1 4+ 2 (7?/Q?) tan® (0,/2)] ' being the transverse polarization of the virtual pho-
ton, and €, = (Q?/q?) € the longitudinal polarization.

1.3.4. Observables and Their Relation to Measurements in “N — A”. The spin de-
pendent part of the differential cross section for pion electroproduction can be rewritten
as a combination of physical observables [8]:

oy = 0, [1+1_3-7+h(Ah+1_3’-7)], (1.3.28)

where o, is the unpolarized differential cross section, A is the longitudinal beam polariza-
tion, A, is the beam analyzing power, 1_3) and ?’ are the helicity-independent (induced)
and helicity-dependent (transferred) recoil proton polarizations, respectively, and 7 is
the Pauli spin matrix. The net polarization of the nucleon can be expressed as a combina-
tion of the induced and transferred polarizations and the beam helicity:

oT=P+nP. (1.3.29)

Referring to Eqn. (1.3.28), one can see that without either a polarized electron beam or
a polarized recoil proton, only the unpolarized cross section o, is obtainable. However,
when polarized electrons are used as a probe, it is possible to determine the analyzing
power as well. If the probe is an unpolarized electron but the recoil proton is polarized,
it becomes possible to measure both o, and the induced polarizations. Using both a po-
larized electron probe and measuring the recoil proton polarization obviously allows for
the most information to be obtained: o,, A;, and both the induced and transferred polar-
izations.

The polarization observables can be decomposed into products of the kinematic fac-
tors from Eqns. (1.3.22)-(1.3.27) and the response functions from Eqns. (1.3.15)-(1.3.20) [9]:

O = o (ULRL + UTRT + UTTRTT COS 2¢pq - ULTRLT COS ¢pq) y (1330)
Ahao = U (_UILTRILT sin ¢pq) s (1331)
Poos = v (v R} + vr R} + vpr R €08 205, — vir R cOS ¢py) (1.3.32)

)

Paoe = vo (vrr Ry sin 205 — vir Ry sin gy ) (1.3.33
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Plo, = v, (—vppRrsindy,), (1.3.34)
Plos = v, <—U’LTRII{’% COS (pq + Vi 'l’}) : (1.3.35)

where v, = p,/k, in the center of mass.

The “N — A” experiment performed measurements of the electroproduction cross
section and of the recoil proton polarization centered at azimuthal angles of both
bpq = 0° and 180°, Q? = 1.0 (GeV/c)?, and W = 1232 MeV. These measurements, com-
bined with the beam helicil’y4 and the beam analyzing power, allow for the separation
of all response functions listed in Eqns. (1.3.30)-(1.3.35). In the case of in-plane kinemat-
ics the terms proportional to sin ¢,, vanish. However, for the “N — A” experiment the
out-of-plane acceptance was considerable, allowing for measurement of terms containing
sin ¢p, as well.

This thesis focuses on extraction of only those response functions dependent upon the
measurement of the recoil proton polarization: R}, R}r, Ryr, R, Ry, Riq, Ry, Ry,
RY., R, Rl and the combination of vy R? + vy R%. For details on the cross section
measurement and extraction of the remaining response functions see the thesis of Z. Chai
[10].

1.4. Multipole Expansion

The response functions can be expanded into combinations of electromagnetic mul-
tipoles. These multipoles are more closely related to the actual physics of the observed
processes. In general, an electromagnetic transition can be accomplished by any of three
possible electromagnetic multipole types: magnetic (M), electric (£), and scalar (S) or
Coulomb (C).

The proton is a spin 1/2 particle with positive parity (J" = 1/2T); the A(1232) has
positive parity, but is a spin 3/2 particle (J™ = 3/2%). In the A(1232) excitation process,
v*p — A(1232), spin and parity must both be conserved. For the proton to couple to a
A(1232), the overall J of the photon must be 11 or 2%, as shown:

1+ +
Mes =
JU = 1% 2% (1.4.1)

Since the intrinsic spin of a photon S is 1~ (being a vector particle), the coupling of the

4The beam helicity was monitored throughout the “N — A” experiment using a Compton polarimeter.
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proton with the photon’s angular momentum [ is written as:
STl = J"
I ®l = 1, 2% (1.4.2)

The parity due to [ is given by II = (—1)!, therefore to get the needed overall + parity,

must be odd. To obtain either J" =1t or 2%, [ = 1.

Three possible multipole types can incite the N — A(1232) transition: magnetic, elec-
tric, and Coulomb or scalar. The parity of these multipoles are determined using the
following equations [11]:

Mm(MJ) = (=1)"*, (1.4.3)
I(EJ) = (-1), (1.4.4)
nes) = (=17, (1.4.5)

The multipoles then making the N — A(1232) transition possible are M1, E2, and C2 (in
this notation of the initial reaction state).

The 7N final state is the direct result of the A(1232) decay, v*p — A(1232) — 7N.
The total angular momentum of the final state therefore must equal that of the A(1232),
Ja = 3/2. The final state total angular momentum is given by:

1
J=1+ 3 (1.4.6)
where [ is the orbital angular momentum of the system and 1/2 is the nucleon spin. The
spin of the pion is zero and therefore does not contribute to J for this final state. In order
for total angular momentum to be conserved, [ = 1 or 2. Since both the A(1232) and
nucleon have positive parity as previously stated, and the pion has negative parity, parity

conservation leads to:
(A) = II(N)-I(x) - (—1)'

(+1) = (+1) (=1) (1)
= (-, (1.4.7)

where [ must be odd. Therefore [ =1 is the only possibility for A excitation.

The notation used to describe the multipoles in terms of the final angular momentum
of the system are given by X;; where X = M, E, S referring to the photon’s multi-
pole character and =+ indicates whether the total angular momentum (J) of the final state

1" 4 " i

was formed using the “+” or sign in Eqn. (1.4.6). Using this convention, the three
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multipoles contributing to the N — A(1232) transition are My, Ei4, and Si4. These

correspond to the notation of the virtual photon angular momentum as such:

M1l M1+,
E2 E1_|_,
C2 « SH_,

where L = [ for the magnetic multipole term and |L —[| = 1 for the electric and scalar
multipole terms.

Finally, the response functions of Eqns. (1.3.30)-(1.3.35) can be further expressed as
Legendre polynomials P, (z) of the form:

o0

Ry=(1—-2%)""Y" A4,P (), (1.4.8)

n=0
where z = cos 0,,, o, are the leading angular dependencies for the response functions R,,
and each of the Legendre coefficients A,,, can be further expanded in terms of pairs of real
or imaginary multipole amplitudes. These full expansions in terms of the 6,,, angular de-
pendence and the bi-linear multipole amplitude combinations are given in Eqns. (1.4.9)-
(1.4.21). Note that these expansions are done with the limiting assumptions that:

(1) the M4 A-excitation multipole is the dominant amplitude, and thus only bi-
linear terms involving M;, are retained (except in the case of R} where no M,
contribution exists); and

(2) final-state proton-pion angular momentum is limited to [ = 0 (terms not due to
excitation of A-resonance) and ! = 1, thus assuming higher partial waves have
negligible contribution [9, 12, 13] (this assumption has been verified by fitting
cross section angular distributions with Legendre polynomials for the expansion
in proton-pion angular momentum [10, 14]).

R} = 2sinbpIm {S;_Sosr — 257, Sor — 6086, ST_S14}, (1.4.9)
R} = sinbpIm { M Ej, + 3cos by M M}, (1.4.10)
Tr = Im{Mi S{_ —2M; .St
—c08 Opy (M14.S;,. — 6cosOpgM14S1, )}, (1.4.11)
Ry, = sin@pIm{2M;,S;_ —4M; St
—3cos by, (M1+S§+ — 6 cos Hqu1+Sf+) } ) (1.4.12)
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Ry = Im{2M;Sj, + cosby, [Mi11S_ — 3cosbpe M S5,

—2(7—9cosb,) M1:57,]}, (1.4.13)
Rip = —sinbIm{3M E}, +3cosby, (M M7 —4AM E7,)}, (1.4.14)
Ry = =3sin’ O Im { M E}, — 6cosOy, M E}, }, (1.4.15)
R?T = —3Sin0pq1m{2M1+Ef+ +M1_|_M]>_k7

+ cos Opg (M1 Ej, — 6cosOp M1 ES )}, (1.4.16)
RP, = Re{M; S{_ —2M;.S;,

— €08 Opg M1 S5, + 6cos” O, M1 4S5, } (14.17)
Rl; = sinp Re {4M;, ST, —2M1S}_ + 3cos Opg M1, S5,

—18 cos? OquHSfJF} , (1.4.18)
Rl; = —Re{2M..5;, — 3cos” O M1, S5;,

+ cos Opg (M4 S7_ — 14M14.S7,) + 18 cos® O, M14. ST}, (1.4.19)
Rir = cosbpy |Myy|* + Re { My Ej, — 3cos’ My, By,

+18 cos® Opg M1 Ef . — cos by, [12M1, 4+ 2My M7 |}, (1.4.20)
Rip = —sinfp {2|M,|" — Re [6M:, B}, + My M}

4308 Opg (M1 Ef, — 6cosbpg M1 ET )]} (1.4.21)

As discussed previously, due to angular momentum and parity selection rules, only
the M., Ei4, and S;; multipoles can excite the A. All other contributing multipoles thus
represent an unavoidable “background” to accessing the A-excitation terms, and arise
from any reaction mechanism not involving the A-excitation intermediate state. These
limiting assumptions in the expansion of the nuclear responses in terms of multipole am-
plitudes have been standard in interpreting pion electroproduction data (see discussions,
for example, in Refs. [14, 15, 16, 17]).

This thesis only deals with the extraction of those response functions listed in
Eqns. (1.4.9)-(1.4.21), facilitated by the measurement of polarization observables. Further
analysis is underway to decompose the underlying multipoles, and will be discussed in
the conclusion of Chapter 5.
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CHAPTER 2

PHYSICS MOTIVATION

2.1. The Standard Model

The standard model considers there to be three types of fundamental particles: lep-
tons, quarks, and gauge particles' [18]. There are six different types of leptons: electrons,
muons (i), taus (7), and their corresponding neutrinos (e-neutrinos, y-neutrinos, and 7-
neutrinos). These leptons interact via the electro-weak force by exchanging v, W, and Z
gauge particles. Quarks come in six different flavors: up (u), down (d), charm (c), strange
(s), top (), and bottom (b). They interact with each other via the electro-weak and strong
forces, in which gauge particles called gluons are exchanged.

Quarks form particles called hadrons which can be of two types: mesons or baryons.
Mesons are bosons composed of a quark, anti-quark pair (e.g. pions). Baryons are
fermions composed of three quarks (e.g. protons and neutrons). Protons (p) and neu-
trons (n) are the only stable (particles not likely to decay) particles composed of quarks.
Because a single quark cannot be isolated, studies of the proton and neutron are the best
way to study constituent quarks and their interactions.

A core of three valence quarks, along with gluons and a “sea” of quark-antiquark pairs,
make up the proton and neutron. As Q? — 0, hadronic properties are determined mainly
by the valence quarks. The theory of Quantum ChromoDynamics (QCD) focuses on
quark interactions [19]. Due to the strength of the interactions, a complete calculation
in QCD of even the simplest hadronic process involves the consideration of an infinite
number of Feynman diagrams and is, therefore, intractable. Consequently, approxima-
tions must be made. When hadrons are probed with very high energy projectiles, QCD
with perturbative approximations makes predictions that seem to agree with observed
hadronic properties [20]. Because these approximations involve perturbative expansions,
however, it has been argued that they are invalid at @? on the order of a few GeV? or less
because the expansion parameter becomes large and the series does not converge. Sim-

1Gauge particles are those particles exchanged by leptons and quarks during interactions.

17



pler models must then be used to make inferences about low energy hadronic properties
[21, 22].

2.1.1. The Nucleon. Heisenberg first suggested in 1932 that the proton and neutron
were two states of the same particle [23]. Because they have many of the same prop-
erties, nuclear physicists still think of the proton and neutron in this way. Both have
spin 1/2 and nearly the same mass (m, = 938.3 MeV, m,, = 939.6 MeV). They differ in
their electromagnetic properties: charge (p*, n’) and magnetic dipole moments (, = 2.79,
iy, =-1.91) [24], and therefore in their electromagnetic interactions. In their strong inter-
actions, however, the two particles behave almost identically. The collective term for the
proton and neutron is the nucleon (N).

In the simplest Constituent Quark Model (CQM) (CQM - see Section 2.3) view of the
nucleon, the nucleon wavefunction can be written as a linear combination of the three
valence, spin 1/2, quarks (uud for the proton, udd for the neutron) in L =0 (s-wave) and
L =2 (d-wave) states (see, for example, [4]):

|N>=a5

1
S:§,L:0>+ad

S:;L:Q» 2.1.1)

where the spin S and orbital angular momentum L couple to give the total angular mo-
mentum J =1/2.2

2.1.2. The A(1232) Resonance. The first excited state (or resonance) of the proton is
the A(1232), with an invariant mass of W = 1232 MeV, charge of +1, and spin of 3/2. It
was first observed during 7N scattering experiments in the 1950s performed by Fermi
et al. [25, 26]. This resonance is also composed of three valence quarks (uud). The proton
can be excited to the A(1232) using an electron probe where a virtual photon interacts
with the proton thereby exciting it. Like all nucleon resonances, it has a short lifetime (on
the order of 7 = 10=2 s) [27]. It’s decay channels: Ny, nn™, or pm°, must then be studied.
The N+ decay is the least likely with a 0.6% probability [24]. The n7 and p7° decays are
equally probable, weighted only by the isospin.

The A(1232) wavefunction can also be written as a linear combination of its three
valence quarks in L = 0 and L = 2 states (again see, for example, [4]):

1A(1232)) = b,

3
S:?L:®+m

S:;L:2> (2.1.2)
where S and L couple to give J =3/2.

The p-wave (L = 1) state is also possible but much smaller than d-wave and therefore ignored here.
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Note that because of the relatively large energy widths associated with nucleon reso-
nance states (due to their short lifetime), in a given resonance region there are “tails” of
other resonances which could contribute to scattering in that region. Other higher lying
nucleon resonances close to the A(1232) mass region include N(1440) (the Roper reso-
nance), N(1520), N(1535), A(1600), A(1620), and N(1680). Fig. 2.1.1 is a proton scattering
spectra as a function of W showing some of these resonances (figure courtesy of K. Joo).

W(GeV)

oz G 0Lz 0.4 0.8 0.8 1 1.2 1.4

My (GeV)

FIGURE 2.1.1. An (e, €'p) scattering spectra showing three resonance re-
gions plotted against missing mass.

2.2. The N — A(1232) Transition

In the simplest models of pion structure, the three quarks in the nucleon are in s-states
and the charge distribution is spherically symmetric, or an electromagnetic monopole.
When d-states are added into the nucleon wavefunction (as in Eqn. (2.1.1)), a quadrupole
term is added to the charge distribution thereby deforming it. The quadrupole moment
should then be a measure of the deformation of the nucleon. This quadrupole moment is
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defined as:
Q. = /d?’rp (7) (32> =17, (2.2.1)

where z is the symmetry axis of the particle and r is the equatorial axis. If the charge den-
sity is concentrated along the symmetry axis, the 3z% term dominates and @, is positive;
the particle is prolate (cigar shaped) as in Fig. 2.2.1(a). If the charge density is concen-
trated along the equatorial plane, the 7 term dominates and @, is negative; the particle
is oblate (pancake shaped) as in Fig. 2.2.1(b). For the nucleon, however, the quadrupole
moment is zero due to angular momentum selection rules.> Information about nucleon
deformation must consequently be obtained by electromagnetically exciting the nucleon
to a higher spin state, such as a photon excitation of the proton to the A(1232).

z¢ Z

(a) Prolate shape. (b) Oblate shape.

FIGURE 2.2.1. Shape of particle charge density.

2.2.1. Pion Electroproduction. Since the A(1232) decays rather quickly, its residual
decay particles, N7, must be studied. In addition to A(1232) excitation, however, several
other processes contribute to this final state, as mentioned at the end of Chapter 1. Feyn-
man diagrams for other possible processes are shown in Fig. 2.2.2. The A(1232) resonance
corresponds to Fig. 2.2.2(a), while other resonance states, such as the Roper, are displayed
in Fig. 2.2.2(b). Besides the resonant terms, non-resonant terms exist. For example, it is
possible for the photon to interact with the proton which absorbs the photon, becomes
excited (but not to a resonance state), and emits a pion to decay back into it's ground

3Q, has angular momentum of 2 and positive parity, therefore:
it 1t
° = — 2 — =
(P|Qolp) <2 2% 5 > 0
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FIGURE 2.2.2. Pion production Feynman diagrams.

state energy as indicated in Fig. 2.2.2(c). The photon can also interact with a virtual me-
son, creating what are collectively called the Born terms exhibited in Figs. 2.2.2(d)-2.2.2(e).
Other possible contributors such as the contact diagram shown in Fig. 2.2.2(f) exist. This
term must be included to maintain electromagnetic gauge invariance for non-relativistic
theory.

For the case of A(1232) excitation, all terms other than the A(1232) resonance are con-
sidered background terms (since the goal of this experiment was to extract information
about the N — A(1232) excitation). The contribution of these background terms to the
M., E14, and S multipole amplitudes is mostly real, and relatively flat in . Other
possible electroproduction multipole amplitudes (M;_, Eo;, E1—, So4, and S;_) are due
only to the background terms. In order to extract the multipole amplitudes with some
confidence, the background terms must be measured or somehow constrained.

The results of neutral pion production experiments performed in the 1960s and 1970s
at the Deutsches Elektronen SYnchrotron (DESY) in Hamburg [28, 29, 30], at the electron
synchrotron at the Daresbury Nuclear Physics Laboratory (NINA) [31], and at Harvard
University’s Cambridge Electron Accelerator (CEA) [32] revealed that the M, amplitude
is dominant, with only small contributions from the F;; and S;; quadrupoles. This dom-
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inant M,y transition corresponds to a simple spin flip of one quark in the proton, an
“L =0" (from L =0 proton to L = 0 A(1232)) transition, thus is sensitive to only the spher-
ically symmetric parts of the nucleon wavefunction. Measurements of the E;; and S;;
quadrupole amplitudes (“L = 2” transition) then are a measure of the deformation from
spherical of the nucleon. Because these amplitudes are small compared to M;,, mea-
surements must be made of observables (the polarization observables from Section 1.3.4)
linearly dependent on interferences of the F;; and S;; quadrupoles with the M, dipole.
These measurements are typically quoted as ratios of the form:

Re (S}, M)

_|_
Re (E*, M
EMR = ﬁ (2.2.3)

where CM R (EMR) represents the Coulomb (Electric) quadrupole to Magnetic dipole
Ratio. Some measurements of these ratios will be discussed in Section 2.5.

It is interesting to note that at very high values of Q? for the A(1232) excitation, the
kinematic regime in which perturbative QCD (pQCD) calculations are possible and ap-
plicable, quark helicity conservation leads to the pQCD result that E, = M, as Q? = o0
[14].

2.3. Constituent Quark Model (CQM)

It is believed that two different sources may be the cause of any observed quadrupole
deformation in the nucleon. The first is a tensor force between valence quarks, creating d-
waves in the nucleon and A(1232). Small but nonzero values of E;, and S, are therefore
predicted [33, 34]. The second source believed to contribute to the nucleon deformation
is the presence of quark-antiquark pairs and gluons inside the nucleon, which adds addi-
tional degrees of freedom from the non-valence quarks [4]. These two contributions will
be discussed in the framework of the Constituent Quark Model (CQM).

The CQM is one of the most popular low energy models for nuclear structure. It has
met with some success describing experiment success and is an excellent tool for over-
viewing the current understanding of the structure of the nucleon. Like the full theory
of QCD, the CQM constructs baryons from three spin-1/2, positive parity quarks with
mass m, ~ my/3, a mass much larger than the “bare” m, used in QCD. These heavy
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constituent quarks can be surrounded by a cloud of light quark-antiquark pairs [35]. In
this model, nucleons are made of only two types of quarks: the u (charge +2/3) and d
(charge -1/3). In the CQM'’s simplest form, quarks are often treated as non-relativistic,
therefore the CQM is acceptable only in the non-perturbative QCD limit (low Q?).

2.3.1. The Single Quark Operator. The color hyperfine interaction® between
constituent quarks is given to lowest order in QCD by [33]:

g =2 % {8”? S .6% (7)) 35 “J? _3,. ?” 2.3.1)

hyp — 3.
3 m;m; 7“” r”

where a; is a (strong) coupling constant, m, ; is the mass of quarks i or j, ?Z] represents
the quark spins, and ?ij =7, - ?j is the relative vector position of the two interacting
quarks. The tensor part of this interaction, the second part of Eqn. (2.3.1), introduces a
d-state admixture in the single-quark wavefunction. A photon can induce a quadrupole
transition by lifting a single s-state quark inside the nucleon to a d-state in the A(1232), or
moving a single d-state quark in the nucleon to an s-state quark in the A(1232).

The one-body quadrupole operator, summed over the three valence quarks are inside
the nucleon, is written as follows [4]:

,/16”2 r2Y2 (7;) Zez (322 —r? (2.3.2)

where Y2 (72) is a spherical harmonic of rank two and e; is the quark charge opera-
tor. This operator needs d-waves in the nucleon or A(1232) in order to make a non-
zero quadrupole contribution. Sandwiching the one-body quadrupole operator between
the nucleon and A(1232) wavefunctions of Eqns. (2.1.1) and (2.1.2) gives a transition
quadrupole moment of:

4
Qnoa = —bQﬁ (asbg — aqbs) , (2.3.3)

where b is a harmonic oscillator parameter describing the spatial extension of the nucleon
wavefunction, and the small a4b; term has been neglected. Fig. 2.3.1 is a schematic of the
two terms of Eqn. (2.3.3).

The d-state admixture in the single-quark excitation thus leads to nonzero E;; and S+
transition amplitudes. However, this single-quark excitation may not be the dominant

quadrupole excitation mechanism. For the electromagnetic current to be conserved, the

4The color hyperfine interaction is the color analog of the magnetic-dipole, magnetic-dipole interaction of
electromagnetism.
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FIGURE 2.3.1. N — A(1232) quadrupole transition via the one-body
quadrupole operator @;) coming from the one-quark current.

total electromagnetic current operator must consist of these single quark currents and
various two-body exchange currents (see Refs. [4] and [35] for details). These two-quark

currents will be discussed in the next section.

2.3.2. The Two-Quark Operator. It has been shown that two-body exchange currents
lead to nonzero A(1232) and N — A(1232) transition quadrupole moments, even if the
wavefunctions have no d-state valence quark admixtures [35]. The two-body quadrupole
operator, generated by the gluon and ¢g pair currents shown in Fig. 2.3.2, is written as:

3
@[2] =B Z €; (3005, — 01 - 7}) (2.34)
i#j=1
where B is a constant containing the orbital and color matrix elements.This operator can
simultaneously flip the spin of two quarks in the nucleon, where both the nucleon and
A(1232) are in the s-state (L = 0), as illustrated in the example of Fig. 2.3.3. Even though
the @[2] quadrupole operator acts on the valence quarks, it does not describe the valence
quark core deformation. Instead, it shows the the nucleon contains ¢g sea quarks, the
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distribution of which is not spherically symmetric.

g T T

(a) (b) (c)

FIGURE 2.3.2. Feynman diagrams of two-body gluon and pion exchange currents.

5=1/2 5=3/2
N A
C2

FIGURE 2.3.3. The N — A(1232) quadrupole transition via the two-body
quadrupole operator @[y originating from the two-body gluon current.

Pion Cloud Model. One popular model of the two-quark currents is thus the pion cloud

model where the valence quarks are surrounded by a deformed pion cloud [4]. This model

states that all nucleon deformation comes from the pion cloud, not from the core of va-

lence quarks. The intrinsic quadrupole deformation of the nucleon and A(1232) in this

pion cloud model are exhibited in Fig. 2.3.4 where the z-axis is the direction of the proton’s

spin. The spherical region at the origin represents the component of the wavefunctions

coming from the constituent quarks themselves (the L = 0 spherically symmetric state),

while the non-spherical region corresponds to the component of the wavefunctions com-

ing from the pion cloud.
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FIGURE 2.3.4. Intrinsic quadrupole deformation of the nucleon and
A(1232) in the pion cloud model.

2.4. The Sato and Lee Meson-Exchange Model (SL)

Sato and Lee developed a meson-exchange model (SL) to help separate the reaction
mechanisms from the hadron structure in the YN — 7N (and YN — w7 N) reaction [36,
37]. This model was developed using pion photoproduction data taken at Brookhaven’s
Laser Electron Gamma Source (LEGS) and the MAinz MIcrotron (MAMI). It uses a unitary
transformation to derive an effective Hamiltonian to describe both 7V scattering and the
electroproduction of pions. The transformation is applied to a model Lagrangian with IV,
A, m, p, w, and photon fields.

Sato and Lee calculated the effects of a pion cloud on pion electroproduction as a
function of @Q?. These effects are shown in Fig. 2.4.1 [37]. The solid line shows their full
calculation, while the dotted line represents their calculation assuming no pion cloud. The
prediction is that the quadrupole amplitudes are dominated by the pion cloud at low Q2.
As @? increases, the effects due to the pion cloud decrease, leaving valence quark effects.
The SL model is in good agreement with pion photoproduction data in the A(1232) region,
but not with low @? electroproduction data taken at Bates near the predicted peak of the
pion cloud contribution [38].
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FIGURE 2.4.1. Q? dependence of Im (M;.), Im (E14), and Im (S;4) at W =
1232 MeV.

2.5. Existing Experimental Data

The EM R and C M R are typically small at low Q?, making them difficult to measure.
This is due to the fact that the background terms are of the same order of magnitude as
the resonant quadrupole amplitude terms. Experiments must therefore be precise enough
to separate the quadrupole signal from background contributions. The goal, then, of pion
photo and electroproduction experiments is to obtain accurate data with sufficient sen-
sitivity to not only determine the M., F;, and S;; amplitudes, but also with sufficient
coverage and sensitivity to determine (and separate) the background amplitudes which
are on the same order of magnitude as F;; and S;;. Such experiments are being per-
formed for a range of Q)* to provide a measure of the spatial distribution of the transition.

All analyses to date have had to rely on reaction models to extract the resonant M,
E,4,and Si4 amplitudes from the data, but model error can introduce much larger errors
than experiment [38]. Most older data (before 1985) also have relatively large statistical

uncertainties.

2.5.1. Photon Asymmetries. Pion photoproduction measurements made at Mainz
[17] and LEGS [39], 7p — 7°p, 7p — 7n, and 7p — p, were of sufficient sensitivity
to obtain both the small E;; and dominant A;; amplitudes. The results for the polarized
photon asymmetry are shown in Fig. 2.5.1 [39]. The curves are phenomenological pre-
dictions using the Mainz Unitary Isobar Model (MAID, discussed in Section 2.5.3.1) for
three different £, /M, ratios. There is good agreement between the polarized photon
asymmetries for the two measurements and the model calculations, showing significant
deformations of the N and A(1232) (EMR ~ -3%). Note there remains an unresolved
disagreement, however, in the unpolarized cross sections for the two measurements.
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FIGURE 2.5.1. Polarized photon asymmetries for the yp — 7°p and yp —
mtn reactions plotted versus 6,,,.

2.5.2. Electric to Magnetic and Coulomb to Magnetic Multipole Ratios. The ex-
tracted Coulomb and electric quadrupole terms for most of the available world data are
shown in Fig. 2.5.2. Values and errors from the plots for each measurement can be found
in the following corresponding subsection. Notice that of the more recent measurements,
some are from photoproduction experiments while others are from electroproduction ex-
periments and the bulk of the EM R and C'M R values have been extracted from unpolar-
ized cross section distributions. Because analysis of the data is complex and relies on the
validity of simplifying assumptions (e.g. see Section 1.4) and/or use of a model, different
measurement techniques must be compared to each other. Most of the older data has rel-
atively large uncertainties due to this model dependence. The preliminary cross section
distribution data from this “N — A” experiment have been analyzed using the same as-
sumptions as were used for these older data sets, and are found to be in good agreement
with the older data (see PhD thesis of Z. Chai [10]). The recoil polarization measurements
for “N — A” will help fill in intermediate @* values (0.8-1.2 (GeV/¢)?), with the combi-
nation of full angular distributions and polarization measurements greatly reducing the
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reliance on models for extraction of the CM R.
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FIGURE 2.5.2. @* dependence of the quadrupole amplitudes, CM R and
EMR, for yp — A(1232) — p + 7°.

2.5.2.1. CEA. The differential cross section for the p (e, €'p) 7° reaction was measured
near the A(1232) resonance at CEA in 1969 [32]. Data were taken at four values of Q%
0.05, 0.13, 0.25, and 0.40 (GeV/c¢)?. A multipole expansion of the cross section was done
to extract the EM R, the values of which are listed in Tab. 2.1. The quoted error is both sta-
tistical and systematic. This was one of the first measurements to observe the dominance
of the M, multipole, as mentioned in Section 2.2.1.
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TABLE 2.1. Values of EM R from measurements taken at CEA.

| Q% (GeV/c))| EMR (%) |

0.0463 | 9.0 £ 245101 oyst
0.130 6 £ Byratssyst
0.247 B 201 0yst
0.404 210 Lyparyst

2.5.2.2. DESY. Cross section measurements of the p (e, €'p) 7° reaction were performed
at DESY in 1970 and 1972 [28, 29, 30]. These measurements were made at three values of
Q?%:0.6,1,and 1.56° (GeV/c)?2. C MR and EM R were then extracted from fits to these mea-
sured cross sections. Their values are listed in Tab. 2.2. For the first two measurements
“The errors are statistical and systematic ones. An overall systematic error of about +£5%
should be added in addition” [29]. The final two measurements quote only statistical
errors. Only the errors listed in Tab. 2.2 are shown in Fig. 2.5.2.

TABLE 2.2. Values of CM R and EM R from measurements taken at DESY.

[Q”(GeV/e?’[ CMR(%) | EMR (%) |
0.60 16.9 & 355111 yst | 7-1 T 3-Bstatrsyst
1.0 5.2 £ 265015 syst | 78 £ Eyratssyst
0.583 6.0 £ 1.3,0; 2.6 £ 14,4
0.973 81 £ 1.7 10 5.6 +22,,

2.5.2.3. NINA. Cross section measurements of the p (e, €'p) 7° reaction were performed
at the 5 GeV electron synchrotron, NINA in 1971 [31]. These data were taken at four val-
ues of Q?%: 0.3, 0.45, 0.6, and 0.76 (GeV /c)?. The cross sections were analyzed in terms of
a multipole expansion, thus extracting CMR and EM R. Tab. 2.3 lists these values. The
errors have been “inflated by 1.42 at [@?] = 0.3, 1.55 at [@?] = 0.45, 1.41 at [@?*] = 0.60 and
[Q%] = 0.76 (GeV/c)? to allow for the systematic errors in the relative sizes of the c.m.
[center of mass] acceptances. We also quote ... the errors due only to the statistics of
the centre-of-mass [sic.] bin populations including the effects of the background subtrac-
tions.” [31] From this reference it is hard for this author to determine if the errors are

statistical or systematic.

The Q2=1.56 (GeV /c)? results are not quoted in the reference, even though they were mentioned as having
been measured.
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TABLE 2.3. Values of CM R and EM R from measurements taken at NINA.

[QZ(GeV/e?[ CMR(%) | EMR(%) |
0.3 6.5 £ 2.1 ia12syst7 | 2.7 £ LLotarssyst?
0.45 75 £ 1501 systr | 11 E Tgarssyorr
0.6 6.5 £ 235101 syst? | 1.9 £ L5 ar4 syotr
0.76 B0 £ 20utatssyst | 2:9 £ Lbytarssystr

2.5.2.4. ELSA. A measurement of the ratio of the out-of-plane cross sections for the
p (e, €'7°) p reaction at the A(1232) resonance was made at Bonn’s ELSA, and published in
1997 [40]. The C' M R was extracted from this data at Q* = 0.127 (GeV/¢)?. The analysis ne-
glected any background contributions, and reported a CM R = -11.0 & 3.74:%. Note that
this large CM R value (compared to the LEGS and MAMI @? = 0 EM R values) coming
from a “modern” experiment prompted a renewal in experimental interest (e.g. at MIT-
Bates, MAMI, and Jefferson Lab). It has been suggested [15] that a sizeable contribution
from the “background” Sy; multipole (neglected in the ELSA analysis) is responsible for
the large C' M R result.

2.5.2.5. LEGS. High precision measurements of p(7,7) and p(7,7) cross sections
and beam asymmetries were made at LEGS in 1997 [39]. These measurements were
combined with measured polarization ratios to simultaneously analyze both reactions
thereby greatly reducing the model dependence. The extracted EM R = -3.0 £ 0.35;41+syst
+ 0.2,04e:%. The model error is not displayed in Fig. 2.5.2.

2.5.2.6. MAMI. Two separate experiments to investigate the ratio of Coulomb and
electric quadrupoles to the magnetic dipole were made at MAMI. The first experiment,
published in 1997, was a measurement of the differential cross section for the p (7, p) m°
reaction, made with good accuracy in the A(1232) region [17]. From angular distributions
EMR = -2.5 4+ 02544 + 0.255:% was determined. The second experiment, performed in
2001, measured the recoil proton polarization for the p (?, e ?) m° reaction in parallel
kinematics at Q% = 0.121 (GeV/¢)? in the A(1232) region [16]. Like the ELSA analysis, this
analysis neglected the Sy, term. The value of CMR = -6.4 & 0.7 £ 0.85y5.%, was de-
termined for P,° measurement using the model frame work of MAID. Both the statistical
and systematic errors are shown in Fig. 2.5.2.

2.5.2.7. Hall C. The differential cross section of the p (e, €'p) 7° reaction was measured
in Hall C of Jefferson Lab in 1998 [41], the first experiment to measure this exclusive re-

6Pt in the convention of “N — A”.
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action with high statistical precision in this Q? range: 2.8 and 4.0 (GeV/ c)?. Effective La-
grangian fits of the cross sections were made, formulated by Davidson, Mukhopadhyay,
and Wittman [42], to extract the values of EM R and C M R which are listed in Tab. 2.4.
Both the statistical and systematic errors are shown in Fig. 2.5.2.

TABLE 2.4. Values of CM R and EM R from measurements taken in Hall C

of Jefferson Lab.
| Q% (GeV/c)? | CMR (%) | EMR (%) |
2.8 -11.2 135400 & Loyt | 2.0 £ 1.2 £ 0.5,
4.0 -14.8 £ 1.3510 £ Loyst | -3.1 £ 1.254¢ £ 0.55y5

2.5.2.8. Bates. High-precision measurements of the p (e, €'p) 7° cross section were per-
formed at Q? = 0.126 (GeV /c¢)?, at Bates in 2000 [38]. The values CM R = -6.5 & 0.25144 syst
£ 2.5m0de1% and EMR = 2.1 £ 024411 syst = 2.01m04e1% were then extracted by fitting these
cross sections to several models. The results are very model dependent, as is apparent in
quoted model error. The model errors are not plotted in Fig. 2.5.2.

TABLE 2.5. Values of CM R and EM R from measurements taken in Hall B
of Jefferson Lab.

[Q7 (GeV/c’ [E (GeV) |

CMR (%)

EMR (%)

0.40 1.645 | 5.6 & 0.4dy0r + 0.6,y5 | -3.4 04y + 0.4,y
0.52 1645 | -6.4 & 0.4y, + 05,55 | -1.6 = 0.4y, 104,
0.65 1.645 | -6.9 % 0.6501 + 05,51 | -1.9 & 05,01 + 0.5,
0.75 1.645 | 7.4 % 08,01 + 05,51 | 2.1 % 0.65101 + 0.7,y
0.90 1.645 | 8.4 % 0.9,0 + 0.4yy5; | -1.8 £ 0.65701 + 0.4y
0.65 2445 | -6.6 + 0.4y £ 02,5 | -2.0 £ 04y + 0.4,
0.75 2445 | -6.0 + 0.4y £ 02,5 | -1.6 £ 05,0 + 0.5,
0.90 2445 | 7.2+ 04yq £ 01,5 | -1.8 & 04y + 0.3,y
1.15 2445 | -7.9 + 05,14, £ 04,5 | -1.6 = 05,0 + 0.3,y
1.45 2445 | 7.7 % 09,101 £ 0.7,ysr | 24 £ 07,01 £ 0.4y
1.80 2445 | -11.6 + 1.640 + 15,51 | -0.9 £ 11,01 + 0.7,y

2.5.2.9. Hall B. Very recently, a large amount of experimental data has become avail-

able from measurements made in Hall B of Jefferson Lab [14], published in 2002. This ex-

periment investigated the p(e,e'p) m° cross section over a wide range of @* (from
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0.4-1.8 (GeV/c)?), W, and beam energy E. A summary of the relevant results is listed
in Tab. 2.5.Both the statistical and systematic errors are displayed in Fig. 2.5.2.

2.5.3. Models. All results from the current “N — A” experiment will be compared to
two phenomenological models: MAID and SAID. Both are computations using scattering
amplitudes with parameterizations derived either from the Mainz Unitary Isobar Model
(MAID) or a phase shift analysis of the world’s data (SAID). Both models can take any
quark model prediction for the N — A(1232) transition amplitude and embed it within
the reaction framework (i.e. include other multipole contributions), and provide predic-
tions for any experimental observable.

2.5.3.1. MAID. The 2000 version of the MAID model will be used as a comparison
to results from “N — A” [43]. It is a model for pion photo and electroproduction con-
taining Born terms, vector meson exchange, and nucleon resonance excitation up to the
third resonance region: A(1232), N(1440), N(1520), N(1535), N(1680), and A(1600). It is
unitarized using empirical 7 — N phase shifts. The resonances are parameterized in the
Breit-Wigner form for all relevant multipoles. The Q? dependence of electromagnetic res-
onance vertices is described with appropriate form factors in the electromagnetic helicity
amplitudes. MAID gives good agreement with existing pion photo and electroproduc-
tion data on the nucleon. Because it is inherently simple, this model is well suited for
predictions of the pion electroproduction data from this experiment, and further allows
for future “adjustment” of multipole amplitudes to achieve the overall best agreement
with all available data. This, then, provides one means for extracting the size of multi-
pole contributions.

2.5.3.2. SAID. The second model used as a comparison to the “N — A” results is
called SAID [44]. It was developed by the Center for Nuclear Studies (CNS) at The George
Washington University. This model uses available world data to make a phase shift anal-
ysis of the desired experimental results. SAID contains databases of both pion photo and
electroproduction experiments, along with 7N and NN scattering, n photoproduction,
and many other types of experiments. Over 20,000 data points from vp — 7tn, yp — 7°p,
yn — 7 p, yn — m°n, and 7 p — ny measurements are used to make pion photoproduc-
tion predictions. More importantly to this thesis, the database contains on the order of
40,000 data points from pion electroproduction experiments off a proton target.
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CHAPTER 3

EXPERIMENTAL SETUP

3.1. Overview

The “N — A” experiment was performed in Hall A of Jefferson Lab, shown schemat-
ically in Fig. 3.1.1 (taken from Ref. [45]). Nominal (central setting) kinematics were those

-———— 53 m Inside Diametet ————

; N

16.8 m :
Detector in
Crane Ht Service

Position

3 m Beam Line (Utility Platform Not Shown)
(HRS Shown in 0° Azimuthal Position)

FIGURE 3.1.1. Hall A layout.

discussed in Chapter 1: E = 453 GeV, 0, = 14.1°, k' = 3.7 GeV/¢, @Q* = 1.0 (GeV/¢)?,
W =1.232 GeV, and the twelve proton spectrometer settings listed in Tab. 1.1. Longitudi-
nally polarized electrons were obtained using a polarized source at the Continuous Elec-
tron Beam Accelerator Facility (CEBAF). The beam polarization was monitored almost
continuously by either a Moller or Compton polarimeter. Once inside the experimental
hall, the polarized electrons were incident on a liquid hydrogen target. Scattered elec-
trons and recoil protons were detected in coincidence in the two Hall A High Resolution
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Spectrometers (HRS). The hadron spectrometer (HRSh) contained the components of the
Focal Plane Polarimeter (FPP) used to measure the polarization of the recoil protons at
the focal plane. Full details on all Hall A equipment can be found in Ref. [45]. Details of
the equipment specifically relevant for the “N — A” experiment will be over-viewed in
the following sections.

3.2. The Continuous Electron Beam Accelerator Facility (CEBAF)

The Jefferson Lab accelerator system, displayed in Fig. 3.2.1, contains a set of two lin-
ear accelerators (linacs) in a race-track shaped design recirculated by magnets in a set
of recirculation arcs. The accelerator is capable of delivering a high-quality continuous
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FIGURE 3.2.1. Layout of CEBAF.

(100% duty factor) electron beam, either unpolarized or polarized, to three experimental
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halls, simultaneously. The maximum electron energy (at present) is 5.7 GeV, with a possi-
ble current of 70 1A delivered to both Halls A and C concurrently or 120 pA to either hall
alone.! The beam current over “N — A” , shown in Fig. 3.2.2, averaged approximately
45 A, with a world record peak of approximately 108 1,A at high polarization!
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FIGURE 3.2.2. Current over entire “N — A” experiment, showing a world
record high current with high polarization.

3.2.1. Injector and Accelerator. The electron beam can be unpolarized or polarized
with electrons originating from either a thermionic or polarized gun. The polarized
gun uses a strained gallium-arsenide (GaAs) cathode, illuminated by a 1497 MHz gain-
switched diode laser, operated at 780 nm. The polarization vector is determined by a
Wien filter which rotates the electron’s polarization angle, taking into account spin pre-
cession in the recirculation arcs, to optimize the longitudinal polarization once the beam
enters the experimental halls. By switching the circular polarization of the laser, the sign
of the beam helicity is switched pseudo-randomly at a rate of 30 Hz. This is accomplished
by changing the voltage on a Pockel Cell at the source.

In the injector, the electrons are accelerated through a set of cryomodules to 45 MeV,
then fed into the north linac. Each linac consists of twenty super-conducting cryomodules

lHall B requires currents only on the order of 1 nA.
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where the electrons are accelerated by 0.4 GeV per linac.”> After traveling through the
north linac, the beam enters a recirculation arc bending its trajectory to the entrance of
the south linac. The beam then enters the south linac, where it is again accelerated. Upon
exiting the south linac, the beam can be either recirculated again through the linacs, or
extracted into the experimental halls. The recirculation can occur up to four times (five
beam passes), allowing for a beam energy of up to 5.7 GeV. Once extracted from the
linacs, the beam is split at a beam switch-yard into the three experimental halls, using
three independent slits to control the current for each hall.

3.2.2. Beam Energy Measurements. The absolute beam energy for Hall A is mea-
sured by two different methods independently: the Arc method and the eP method [46].
Tab. 3.1 gives the values measured by both methods during “N — A”. The results for

TABLE 3.1. Absolute beam energy during “N — A”.

| Date | Arc Energy (MeV) (Uncertainty) | eP Energy (MeV) (Uncertainty) |

May 23 4530.6 (0.9) 4530.3 (1.0)
June 20 4531.0 (10) 4530.0 (10)

both methods are consistent. For this analysis, the Arc results were used as the beam
energy.

3.2.2.1. Arc Energy Measurement. The Arc method, developed by the group from Saclay
(France), measures the deflection of the beam in the section of the beamline between the
beam switch-yard and the hall entrance (the arc section) to determine the energy [47]. The
nominal bend angle of the beam in this beamline section is 34.3°. Fig. 3.2.3 presents the
setup used for the Arc measurement. Two measurements are made simultaneously of the
magnetic field integral, [ B 7[, in eight arc dipoles with respect to a ninth reference
dipole and of the actual bend angle, 6, of the beam in the arc based on a set of wire scan-
ners. The electron momentum can be calculated with a relative accuracy of better than

B-dl
p:ch,

where ¢ = 0.299792 is the speed of light in units of GeV-rad/Tm.

2x10~* using:

(3.2.1)

ZCryomodule improvements since 2000 now allow for an acceleration of 0.58 GeV per linac.
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FIGURE 3.2.3. Setup for the Arc method of absolute electron beam energy
measurement in Hall A.

3.2.2.2. eP Energy Measurement. The eP method, developed by the groups from the
Blaise Pascal University in Clermont-Ferrand (France) and Saclay, uses the stand-alone
device shown in Fig. 3.2.4 (taken from Ref. [45]) located along the beamline 17 m up-
stream of the Hall A target. Scintillators are used to trigger the system while Cerenkov
detectors are used for particle identification. Two identical arms containing a proton and
electron detector system made up of silicon micro-strip detectors (SSD) are placed sym-
metrically with respect to the beam along the vertical plane. The SSD are used to pre-
cisely measure the scattered electron and recoil proton angles, 6. and 6,, respectively, in
the elastic 'H(e, €'p) reaction. These angles are measured concurrently in both arms of the
detector. Uncertainties in the beam position and direction to first order are thus canceled.
The incident electron energy is related to the electron and proton angles by:
cosf, +sinf./tanf, — 1 m?

l—co/sﬁp 3 +O<ﬁ>'

E=M, (3.2.2)

The relative energy resolution is determined by the angular resolution of the micro-strips,
and is typically better than 2x 1074,
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FIGURE 3.2.4. The eP detector used to measure the absolute electron beam
energy in Hall A.

3.2.3. Beam Polarization Measurements. The beam helicity is a necessary piece of
the differential cross section for pion electroproduction measurements, as discussed in
Section 1.3.4. The Hall A beamline is equipped with two polarimeters to determine the
polarization: the Mgller and the Compton. Measurements made by the Meller polarime-
ter are invasive to the running experiment, thus for “N — A” they were performed only
as a cross check of Compton polarimeter measurements, which are not disruptive. Beam
helicity measurements made by the Compton polarimeter were taken almost continu-
ously throughout the “N — A” experiment.

3.2.3.1. The Moller Polarimeter. The Meller polarimeter, exhibited in Fig. 3.2.5 (taken
from Ref. [45]), was developed by the University of Kentucky and the Kharkov Institute
of Physics and Technology. It uses the process of Moller scattering of polarized electrons
from polarized atomic electrons in a magnetic foil: €~ + @~ — e~ +e~. The cross section
for this reaction depends on the polarizations of both the beam g, and the target p:

oocl+ Z (Aii - prgti - Pei) (3.2.3)
i=X,Y,Z
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FIGURE 3.2.5. Layout of the Moller polarimeter.

where i defines the projections of the polarizations and A;; is the analyzing power which
is dependant only on the scattering angle in the center of mass frame, 0,,.0 Tab. 3.2 lists
polarization measurements taken by the Mgller polarimeter during “N — A”. The sign
difference between the July 17 measurement compared to all others is due to the follow-
ing. The helicity of the beam is flipped by changing the voltage on the Pockel Cell at the
source. For each event, the state of the helicity signal is recorded and can have the value
-1,0,1, or 2: -1 (1) is when the pulse is low (high), 0 is an off period lasting about 500 psec
between the transition from plus to minus helicity, and 2 is when the state of helicity is
undetermined (rare). Ideally, -1 would correspond to a negative beam helicity and +1 a

3Maximum A;; occurs at 8., = 90°.
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TABLE 3.2. Beam polarization measurements taken by the Meller polarime-

ter during “N — A”.

| Date | Polarization (%) |
May 23 18:00 | -76.64+0.2+2.4
June 2 18:00 | -77.0+0.2+2.4
June 9 11:00 | -75.840.2+2.4
June 14 01:00 | -73.64+0.2+2.4
June 19 22:00 | -71.74+0.2+24
June 23 19:00 | -75.94+0.2+24
June 26 20:00 | -75.84+0.2+2.4
July 14 09:00 | -74.840.2+2.4
July 17 18:00 | 68.14+0.2+2.4

positive beam helicity. The beam spin rotation through the accelerator is such that, in the
Hall, it is rotated nearly 180° relative to its angle at the injector. The Moller, in the perfect
case, would measure at this point a negative beam helicity. Towards the end of “N — A”
running, however, the polarized source gun had to be switched and it seems that each of
the two polarized source guns have the Pockel Cell connected in such a way that the two
guns use opposite sign conventions.

3.2.3.2. The Compton Polarimeter. The Compton polarimeter was developed jointly by
Saclay, Jefferson Lab, and Clermont-Ferrand. It uses the process of Compton scattering:
¢ — e, to measure the beam polarization. This polarimeter is located just outside
the entrance to the experimental hall. It components, presented in Fig. 3.2.6 (taken from
Ref. [45]), consist of a magnetic chicane, a photon source, an electromagnetic calorimeter,
and an electron detector.

The polarized electron beam is deflected by the chicane and interacts with a photon
beam of known circular polarization. After the interaction, the backscattered photons
are detected in a calorimeter and the electrons in a Silicon Strip Detector (SSD). The in-
teraction is described by QED, allowing for calculation of the cross section of polarized
electrons scattered from polarized photons as a function of energy and scattering angle.
The counting rate asymmetry is proportional to the photon and electron polarizations
and the cross section asymmetry as such:

4 Nt — N~
P Nt 4+ N-

where Nt and N~ are the number of photons detected for the two beam helicity states, A,

= Acpype, (3.2.4)
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FIGURE 3.2.6. Schematic of the Compton polarimeter, showing the four
dipoles of the magnetic chicane, the optical cavity, and the photon and elec-
tron detectors.

is the cross section asymmetry calculated by QED, ., is the (known) photon polarization,
and g, is the measured electron polarization. All electrons that did not interact exit the
polarimeter and continue on to the Hall A target, making this an unobtrusive method.

The polarization as measured by the Compton polarimeter varied between 57% and
75% over the entire "N — A” experiment and are shown in Tab. 3.3 and Fig. 3.2.7. The
values in the table in parentheses correspond to periods where there was no Compton
measurement; the value was deduced from close measurements when no spot move oc-
curred. The absolute value of these measurements are plotted; the errors are the statistical
and systematic errors uncorrelated run by run; the vertical dashed lines correspond to a
spot move of the laser source or the GaAs cathode at the injector; and, the red (up to day 56)
and blue points (after day 56) correspond to the two different polarized source guns (fig-
ure courtesy of S. Escoffier). Full details of the Compton polarization measurements over
the entire “N — A” experiment were the focus of the PhD thesis of Stéphanie Escoffier
[48].

Notice that the sign of the Compton polarization values are opposite to the sign of
those given by the Moller. This is simply due to the convention the two detectors use
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TABLE 3.3. Beam polarization measurements taken by the Compton po-

larimeter during "N — A”.

Date

| Polarization (%) |

May 22 19:30 - May 23 10:30

73.78+0.22+1.0

May 23 21:00 - May 24 09:30

74.01+0.274+1.0

May 24 11:00 - May 25 11:30

73.68+0.19£1.0

May 25 15:30 - May 26 03:00

74.66+£0.24+1.0

May 27 21:30 - May 28 05:30

(74.16+0.67+1.0)

May 28 08:00 - May 29 04:00

(73.814+0.384+1.0)

May 29 06:00 - May 30 04:00

73.81+£0.38+1.0

May 30 06:00 - May 30 14:30

(73.8120.38+1.0)

May 30 14:30 - May 31 14:30

(70.744+0.284+1.0)

May 31 18:30 - June 1 13:30

70.74+0.28+1.0

June 1 17:30 - June 2 09:30

71.19+0.28+1.0

June 2 23:30 - June 4 00:30

74.03+0.21+1.0

June 4 02:30 - June 5 09:00

74.65+0.20+1.0

June 14 18:30 - June 18 12:30

74.57+0.15+1.0

June 18 12:30 - June 19 02:00

71.12+0.28+1.0

June 19 05:00 - June 20 05:00

71.39+0.18+1.0

June 20 05:00 - June 20 19:30

68.84+0.41+1.0

June 20 19:30 - June 22 01:30

66.83+0.14+1.0

June 22 03:30 - June 23 11:00

67.30+0.16+1.0

June 23 11:00 - June 24 07:00

71.81+£0.24+1.0

June 24 09:30 - June 26 10:00

71.93+0.17+1.0

June 26 10:00 - June 29 07:30

73.08+0.19£1.0

June 26 11:00 - June 30 07:00

72.90+0.30£1.0

July 12 22:00 - July 14 19:00

73.05+0.22+1.0

July 14 19:00 - July 17 10:00

-63.82+0.12+1.0

July 17 22:00 - July 21 10:00

-64.244+0.10£1.0

July 21 10:00 - July 21 17:00

-56.64+0.39+£1.0

July 21 20:00 - July 22 10:30

-56.744+0.28+1.0

July 22 10:30 - July 24 10:00

-63.92+0.11+1.0

July 24 10:00 - July 25 20:00

-64.85+0.16+1.0

July 25 23:30 - July 29 16:00

-65.58+0.10+1.0

July 29 19:30 - August 1 02:30 | -65.694+0.35+1.0

relative to each other. The convention used in the analysis to extract the recoil proton
polarizations was such that the sign of the beam for the plus helicity was taken from the

Magller measurement.
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FIGURE 3.2.7. Beam polarization measurements taken by the Compton po-
larimeter during "N — A”.

3.3. The Hall A Target

Once the polarized electron beam enters the experimental hall, it scatters from the
standard Hall A liquid hydrogen target [49, 50]. The cryogenic target (cryotarget) system
consists of a scattering vacuum chamber and a target ladder containing three cryogenic
target loops.

3.3.1. The Scattering Chamber. The scattering chamber is separated into three sec-
tions. The base, located on the pivot of the hall, is made of stainless steel and contains
several ports for vacuum pumps, visual inspection, and electrical feed-throughs. The
middle section, located at beam height, is composed of aluminum with 152 mm vertical
cutouts on each side of the beam covering the full angular range (12.5° < § <165°). These
cutouts are covered with thin aluminum foils of 0.38 mm. There are also entrance and exit
beam ports to insure the beam interacts only with the target. The upper section contains
the cryotarget system.

3.3.2. The Cryogenic Target (Cryotarget). The target system is mounted inside the
scattering chamber along with sub-systems for cooling, gas handling, temperature and
pressure monitoring, and target control and motion. The targets are arranged in a ladder
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like formation which can be controlled from the counting house to move the desired target
into the beamline.

This system consists of three independent loops: a liquid hydrogen LHj; loop, a liquid
deuterium LD, loop, and a gaseous helium loop. Both the LH; and LD, loops contain
two cylindrical aluminum target cells of 4 and 15 cm in length, with their axes along the
beam direction. Each cell has a diameter of 6.35 cm, an upstream window thickness of
0.071 mm, a downstream window thickness of 0.102 mm, and a sidewall thickness of
0.178 mm. The helium loop has a single vertical cylindrical aluminum cell. Its diameter
is 10.4 cm with a wall thickness of 0.33 mm.

This experiment utilized the 15 cm LH, cell, operated at a temperature of 19 K and
a pressure of 25 psi, giving a density of approximately 0.0723 g/cm?. The target coolant
(helium) was supplied by the End Station Refrigerator (ESR) at a temperature of 15 K.
It was used by the target and returned at a little over 20 K. The temperature was regu-
lated with a high-power heater to compensate for variations in the beam intensity and a
feedback circuit reading the temperature from a probe.

Besides the cryotargets, there were three ‘dummy’ targets and five solid targets. The
dummy targets were made of two thin pieces of aluminum separated by a distance of
4 cm, 10 cm, and 15 cm. They were used to mimic, and thus determine, contributions
from the target windows.

Because of the small size of the beam spot, damage to the target cell at high beam
current could occur. To minimize this damage, the beam is rastered. This is accomplished
using dipole magnets in both the vertical and horizontal directions. The raster mode
can be either amplitude modulated, producing a spherical shape in the plane transverse
to the beam axis, or sinusoidal, producing a square shape. For this experiment the latter
was used, where the magnet pairs were driven with a pure sine wave and a relative phase
of 90° at frequencies that did not produce a closed Lissajous pattern. The resulting square
was approximately 4x4 mm?, reducing the density fluctuation from beam heating to a

fraction of a percent.

3.4. The High Resolution Spectrometers (HRS)

The central piece of Hall A equipment is the pair of identical 4 GeV/c HRS. Both
are able to provide a momentum resolution of better than 2x10~* and horizontal angu-
lar resolution of better than 2 mrad. Each spectrometer consists of a vertically bending
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set of four super-conducting magnets in a quadrupole, quadrupole, dipole, quadrupole
(QQDQ) configuration, as shown in Fig. 3.4.1. This configuration was chosen based on
several considerations including: momentum resolution at the 10™* level in the
0.8-4.0 GeV/c momentum range, large acceptance in both angle and momentum, good
position and angular resolution in the scattering plane, an extended target acceptance,
and a large angular range. The 45° vertical bend helps to decouple, to first order, mea-
surements of the position along the target from the momentum. The main design charac-
teristics of the spectrometers are listed in Tab. 3.4 (taken from Ref. [45]).
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FIGURE 3.4.1. Layout of the Hall A HRS.
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TABLE 3.4. Main design characteristics of the Hall A HRS.

| Configuration | QQDQ vertical bend |
Bending Angle 45°
Optical Length 234 m
Momentum Range 0.3-4.0GeV/c
Momentum Acceptance -4.5% <dp/p< +4.5%
Dispersion at the Focus (D) 124 m
Radial Linear Magnification (M) -2.5
D/M 5.0
Angular Range 12.5°-165°
Horizontal Angular Acceptance +30 mrad
Vertical Angular Acceptance 60 mrad
Horizontal Angular Resolution 0.5 mrad
Vertical Angular Resolution 1.0 mrad
Solid Angle at op/p=0,y, =0 6 msr
Transverse Length Acceptance +5cm
Transverse Position Resolution 1 mm

3.4.1. The Detector Package. The detector packages of the two spectrometers are de-
signed to provide a trigger to activate the data-acquisition (DAQ) system, tracking infor-
mation, precise timing for time-of-flight (TOF) measurements and coincidence determi-
nation, and identification of the detected particles. Fig. 3.4.2 shows a side view of the
detector packages for the two HRS (taken from Ref. [45]). The timing information and the
main trigger are provided by scintillators. Particle identification (PID) is accomplished
using gas and aerogel Cerenkov detectors and lead-glass shower counters. Information
from the PID detectors can also be included in the trigger. Tracking information is pro-
vided by a pair of Vertical Drift Chambers (VDCs).

The main part of the detector package, the trigger scintillators and VDCs, are identi-
cal in the two HRS. The PID detector arrangement differs slightly in the two arms. The
HRSh contains an additional piece of equipment essential to this experiment, the FPP
used to determine the polarization of the recoil protons. The detector packages, along
with all DAQ electronics are located inside a Shield Hut (SH) on top of each detector arm
to protect them from background radiation present in the Hall.
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FIGURE 3.4.2. Side view of the HRS detector packages.
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3.4.1.1. Triggering. Timing and the main trigger are provided by scintillators. In gen-
eral, there are two primary scintillator planes, S1 and S2. These are separated by a dis-
tance of about 2 m. Each plane is composed of six overlapping scintillator paddles. Each
paddle is attached to two Photo-Multiplier Tubes (PMTs). An additional third scintilla-
tor plane, SO, was also used during “N — A” allowing higher trigger efficiency for the
hadron. The SO scintillator is thicker than the S1 and S2 (10 mm as opposed to 5 mm),
and is viewed by two PMTs. Additional information from the gas Cerenkov can also be
included in the trigger.

A coincidence between two PMTs is made for each scintillator paddle. A logical OR
of these signals is made individually for the S1 and S2 planes. The main trigger for one
spectrometer is formed by the logical AND of the S1 and S2 planes. The SO and Cerenkov
detectors are used to measure the trigger efficiency by requiring a hit in either the S1 or
S2 plane and a hit in the third (SO or Cerenkov) detector. A coincidence trigger (logical
AND) is then made from the time overlap of the two spectrometer triggers. The various
trigger signals go to the trigger supervisor module which starts the DAQ readout system.
Fig. 3.4.3 shows a typical “N — A” coincidence time spectrum between the HRS. The
structure seen in the background corresponds to the RF structure of the CEBAF beam
pulses.
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FIGURE 3.4.3. Sample coincidence time spectrum between the two HRS for
Opqg = 90°.
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3.4.1.2. Tracking. Information on the track of the particle, the position and direction,
is supplied by two VDCs described in detail in Refs. [51, 52]. Each chamber of the VDC is
composed of two planes, each containing 368 sense wires, oriented in a uv-configuration
(the wires of each plane are oriented at an angle of 90° with respect to each other). Each
plane is oriented at an angle of 45° with respect to the detected particle’s central trajectory
(see Fig. 3.4.4, taken from Ref. [45]). The chambers are filled with a gas mixture of 62%

Upper VDC

nominal particle trajectory

Lower VDC

(a) Side view.

SRR
SRR

000 % 288 mm

DRIRHRHRIRAX LA . . .
¢ .....,:¢:,:.::,:,:.:.0\\\ nominal particle trajectory
RSN

2118 mm
(b) Top view.

FIGURE 3.4.4. Layout of the VDCs.

argon (Ar) and 38% ethane. When a charged particle travels through the VDC, it ionized

the Ar gas atoms, leaving behind a track of electrons and ions. The electrons drift to the

sense wires where there is a field gradient of 1/r. They then ionize more Ar atoms causing

an avalanche. The electron avalanche is captured by the sense wires and a signal is sent
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to a LeCroy amplifier-discriminator card. The logic signal output is then sent to a FastBus
LeCroy Time to Digital Converter (TDC) module where the time data is put into the data
stream. The drift information, combined with the drift velocity of the electrons, is used to
calculate the perpendicular distance from the track to the wire that fired, as demonstrated
in Fig. 3.4.5.

HV cathode plane  #

cell 2

}%)erpendicjzular distaince

HV cathode plane

FIGURE 3.4.5. An example of a particle trajectory in a VDC plane.

3.4.1.3. Particle Identification (PID). A gas Cerenkov detector is mounted between the
S1 and S2 scintillator planes. This detector is filled with CO, gas at atmospheric pressure.
The pion threshold in this counter is 4.8 GeV/c allowing for identification of electrons
with an efficiency of 98-99%. For more information on the gas Cerenkov detector, see
Ref. [53].

Two layers of shower detectors are present in both HRS [54]. Fig. 3.4.6 (taken from
Ref. [45]) shows their configuration. The combination of these shower counters and the
gas Cerenkov provides a pion suppression factor of 2x10° with a 99% efficiency for elec-
trons on the HRSe. Also used during “N — A” was a diffusion type aerogel Cerenkov
[55]. The 9 cm thick aerogel material has a refraction index of 1.015, with a corresponding
pion threshold of 0.803 GeV /c.
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FIGURE 3.4.6. Shower counter configuration in both HRS.

3.5. The Focal Plane Polarimeter (FPP)

The most essential piece of equipment to the running of this experiment was the FPP

[56], developed jointly by Rutgers University, the College of William and Mary, the Uni-
versity of Georgia, and Norfolk State University. It was located at the focal plane of the
hadron spectrometer where it measured the polarization of the recoil proton. Following
momentum analysis and focusing in the spectrometer, the proton enters the FPP — the lay-
out of which is presented in Fig. 3.5.1. The proton’s initial trajectory is determined by a set
of front straw chambers. It then undergoes a secondary scattering in an analyzer. Finally,
the outgoing trajectory is determined by a set of rear straw chambers. If the protons are
polarized transverse to the momentum direction, an azimuthal asymmetry results from

the spin-orbit interaction with the analyzing nucleus. This asymmetry is proportional to
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FIGURE 3.5.1. Layout of the FPP.

the proton’s polarization.

For this experiment, the standard Hall A carbon (high purity graphite) analyzer was
employed. Considering cost, safety, and efficiency, carbon is ideal for measuring proton
polarization with a momentum up to 2.4 GeV/c [57, 58]. This analyzer consists of five
carbon doors of decreasing thickness: 22.9 cm, 15.2 cm, 7.6 cm, 3.8 cm, and 1.9 cm for
a maximum thickness of 51.4 cm. The thickness can be varied remotely from the count-
ing house so that there is greater geometrical efficiency at the lower energy where the
scattering distribution is less forward-peaked.

The straw chambers are a set of cylindrical tubes 1.0 cm in diameter with a thin wire
running along the central axis of each straw, as shown in Fig. 3.5.2. The straws are ori-
ented along the v and v directions, at 45° angles to the = and y directions. Each chamber
has 3 u and 3 v planes® positioned normal to the spectrometer’s nominal central trajectory.
The dimensions of the rear straw chambers were made large enough so that the geomet-
rical efficiency is close to 100% for events scattering at angles up to 20°. The dimensions
of all four straw chambers are listed in Tab. 3.5.

Each straw is supplied with a mixture of 62% Ar and 38% ethane gas. The sense
wire is maintained at positive high voltage relative to the straw. When a charged particle

4Chamber 3 has 2 u, 2 v, and 2 z planes. The z planes were added to aid in the analysis of multiple tracks.
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FIGURE 3.5.2. Six straws in two different planes of an FPP straw chamber.

TABLE 3.5. Dimensions of the FPP straw chambers.

| StrawChamber | 1 | 2 | 3 | 4 |
Active length (cm) || 209.0 | 209.0 | 267.5 | 292.2
Active width (cm) || 60.0 | 60.0 | 122.5 | 140.6
Wire spacing (cm) || 1.095 | 1.095 | 1.0795 | 1.0795

passes through the straw it ionizes the Ar gas atoms, leaving behind a track of electrons.
The electrons drift towards the anode wire at a constant velocity of about 50 pm/sec. As
the electrons approach the wire with a field gradient of 1/r they ionize more Ar causing
an avalanche of electrons. The wires capture the avalanche and send a negative analog
signal to the read out board, where it is preamplified and discriminated to give a logic
pulse. Fig. 3.5.3 is the block diagram for the logic of the FPP signal.

The straw around each wire forms a physical ground causing proton tracks to leave a
signal in only one wire. The signal is multiplexed into groups of eight neighboring wires
to reduce the number of TDCs necessary for the FPP. For a single event is is likely that
only one (or zero) wire fires for the entire group of eight, allowing each of the eight to be
read by the same multiplexing chip. This chip is setup to give a logic pulse whose width
depends on which wire fired. The 45 mV signal becomes 800 mV in a level shifter. The
signal is then sent to the FastBus TDC module whose output is added to the data stream.
This multi-hit TDC records two times: at the arrival of the leading (l.e.) and the trailing
(t.e.) edges of the logic signal. Reconstruction of the difference between these two times
allows for the identification of the wire that fired. The time difference between the leading

55



4.> Disc
4—> Disc,

proton track: only one hit per plane

Analog signal . Level Start
4>> Disc, Multiplex chifter e
from sense wire
U - te.
Preamp. 7) T
Le. te.
TDC
Event trigger Stop

FIGURE 3.5.3. Block diagram for the logic of the FPP signal.

edge and the trigger gives the drift time.

3.6. Overview of Runplan

For “N — A” data taking, a cycle of three types of runs were taken: a trigger efficiency

run, a set of pointing reference runs, and the pion electroproduction (production) runs.

3.6.1. Trigger Efficiency. The trigger efficiency was checked using the maximum beam
current on the LH,, target and about five minutes of data. For these runs electron arm and
hadron arm triggers were taken, while coincidence triggers were prescaled away.

3.6.2. Pointing Reference. A set of pointing reference runs were taken using each of
four targets: the carbon foil, the 4 cm dummy, the 10 cm dummy, and the 15 cm dummy:.
For each of these runs only 5 ©A of beam were used, without raster. Electron and hadron
arm singles triggers were both taken, with coincidence triggers prescaled away. These
runs were used to determine the mispointing of the spectrometers (discussed in detail in
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Appendix A). The 15 cm dummy target runs were also used to determine the contribution
of the target walls to the production data.

3.6.3. Production Running. Two sets of production runs were taken: with and with-
out a 6 msr collimator in the nose of the spectrometer. Cross section determination needs
to know exactly how many events leave the target, and how many of these events pass
through the HRS. The collimator reduces the detected beam envelope, giving a better
determination of the edges of the acceptance, and therefore a better cross section mea-
surement. Once sufficient statistics were obtained for good cross section measurements,
the collimator was removed. Measurements of polarization observables are not sensitive
to detailed knowledge of the acceptance, since they do not depend on knowing the frac-
tion of events leaving the target and passing through the HRS, but rely only on having
as many events as possible measured. All production data was taken so that all coinci-
dence events were recorded. Singles events from each HRS were prescaled before being
recorded in order to give low dead-time. Data were taken in three different run periods:
May 19 to June 5, June 8 to July 1, and July 11 to early morning August 1. Appendix Bis a
list of all data runs, and the type of information contained in each, taken during “N — A”.

3.6.3.1. Period 1: May 19 to June 5. The first few days of the Period 1 were dedicated
to:

(1) beam energy measurements,

(2) beam helicity measurements using the Moller polarimeter,

(3) calibrations of the Beam Current Monitor (BCM),

(4) target luminosity studies,

(5) checks of the spectrometer optics using elastic scattering off of the LH, target and
a sieve slit in the nose of each spectrometer,

(6) measurement of the analyzing power of the FPP (discussed in detail in
Section 4.4.5.1), and

(7) false asymmetry studies (discussed in detail in Section 4.5.1).

A first pass through all hadron kinematics settings shown in Tab. 1.1, except 0,, = 180°°,
was also made during this run period. All production data during this period were taken
with the 6 msr collimator in place to allow for good cross section determination. Data
from each hadron kinematic setting were taken in a cycle of:

°0,, = 180° data was not taken until the end of the experiment to ensure that all other kinematics had
sufficient statistics.
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(1) atrigger efficiency run,

(2) pointing reference runs using the 2C foil target, the 4 cm dummy target, the
10 cm dummy target, and the 15 cm dummy target, and

(3) production data.

3.6.3.2. Period 2: June 8 to July 1. During this second run period, a second pass of all
hadron kinematics was begun — except ,, = -25°° for which enough statistics were ob-
tained during Period 1. Trigger efficiency runs were not repeated for the second pass
through a particular kinematic setting. The spectrometer mispointing measurements,
however, were repeated since the mispointing changes each time the spectrometer moves.
The first two or three production runs taken for each kinematic were done so with the
6 msr collimator in as a cross check of the cross section. After these first one or two runs,
the 6 msr collimator was removed to allow more statistics for the extraction of polariza-
tion observables. Production measurements of 6,, = 0°, 25°, -50°, -90°, -135°, and -155°
were completed during this period, along with some 7 pointing and optics checks, and
measurement of the 'H(e, €'p) elastic cross section.

3.6.3.3. Period 3: July 11 to August 1. The second pass through the hadron kinemat-
ics was interrupted by the 4th of July holiday and a period of facility development time
(July 8 and July 9). Period 3 was then used to finish up the second pass through the pro-
duction data. Spectrometer mispointing measurements were also made with each kine-
matic change. Production measurements of 6,, = 50°, 90°, 135°, and 155° were completed
during this period along. Once adequate statistics for all planned” kinematics measure-
ments were completed, the 6,, = 180° production data was taken. Some electron optics,
dead-time studies, and elastic data used for false asymmetry studies were also taken dur-
ing Period 3.

®From this point forward, kinematics with ¢, = 0° will be denoted as positive 8,, while those with ¢, =
180° will be denoted as negative §,,.

78,, = 180° was unplanned. After adequate statistics for all other kinematics settings were achieved, it was
decided to add this final kinematic setting.
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CHAPTER 4

DATA ANALYSIS

4.1. Overview

Scattered electrons from the p (?, e 7) 7° reaction were detected in the HRSe in coin-
cidence with recoil protons in the HRSh. This chapter will discuss the detection of these
particles and how their information at the target is reconstructed, the identification of
each particle, the extraction of the recoil proton polarization, and the determination of
the polarized response functions.

Data were taken in a set of 12 different proton kinematic settings (those listed in
Tab. 1.1). The electron kinematics were fixed at 6, = 14.1° and &' = 3.7 GeV /¢, while
the recoil proton angle in the center of mass frame (measured with respect to the central
? direction) was set to 6,, = 0°, £25°, £50°, £90°, £135°, £155°, and 180° where +6,,
(-0pq) corresponds to ¢, = 0° (¢p, = 180°). The complete angular (6,, and ¢,,) kinematic
coverage for “N — A” is shown in Fig. 4.1.1(a). The W and Q? ranges covered were also
substantial, as displayed in Fig. 4.1.1(b).

The analyzed data were binned in cos §,, regions from -1 to 1 (in widths of 0.1 to 0.4),
¢pq regions of 30° or 60° widths, W regions from 1160 to 1360 MeV (in 40 MeV widths),
and Q? regions from 0.8 to 1.2 (GeV /¢)? (in 0.2 (GeV/¢)? widths). This binning is indicated
by the horizontal and vertical lines in Figs. 4.1.1(a) and (b). Data from several different
kinematic settings overlapped for most of these regions, with the overlapping data being
combined together in the analysis. Tab. 4.1 lists the individual kinematic settings con-
tributing to each cos ,, region.
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FIGURE 4.1.1. Angular kinematic coverage and W versus Q* coverage for
“N — A”, showing bins in 6,,, ¢, W, and Q?.

TABLE 4.1. Kinematic settings for each cos ,, region used in analysis.

‘ cos 6,, Region ‘ Kinematic Settings ‘

-1t0-0.9 +155°, 180°
-0.9 to -0.7 +135°, £155°, 180°
-0.7 to -0.4 +135°, £155°
-04to0 +90°, £135°
0to 0.3 £50°, £90°
0.3t0 0.6 0°, £25°, £50°, £90°
0.6 to 0.7 0°, £25°, £50°
0.7t0 0.8 0°, £25°, £50°
0.8t0 0.9 0°, £25°, £50°
09to1 0°, £25°, 50°
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4.2. Particle Detection and Target Coordinates

The standard Hall A physics event analyzer is a FORTRAN-based program called
ESPACE (Event Scanning Program for hall A Collaboration Experiments).1 It was origi-
nally developed at Mainz and later improved at the Massachusetts Institute of Technology
(MIT). It is capable of reading, decoding, and calibrating raw event data, reconstructing
wire chamber tracks, computing spectrometer focal plane coordinates and target quan-
tities, computing basic physics quantities (such as angles, four-vectors, and kinematics)
defining conditional tests and making the selection of events based on these cuts, and
creating histograms and event-by-event ntuples.

4.2.1. Scintillator Analysis. The raw data stream contains information from the Ana-
log to Digital Converter (ADC) and Time to Digital Converter (TDC) for the PMTs at the
ends of each scintillator paddle in both spectrometers. A typical signal for each is shown
in Fig. 4.2.1. The pulse height of the analog signal is a measure of the amount of energy
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A
12

3 1500 1

1000 |- 1

] 500 - i

0 P R T T I T TR TR Ty 0 I 1 L | I {
0 1000 2000 3000 1600 1800 2000 2200 2400
(a) ADC channel. (b) TDC channel.

FIGURE 4.2.1. ADC and TDC spectra from one side of a scintillator paddle.

the particle loses while passing through the paddle and recorded by the ADC. A coin-
cidence is required between the two PMTs on each side of the paddle, as well as with
'ESPACE is now being replaced by a C*+ analyzer.
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an additional paddle (located at a similar transverse position) of the second scintillator
plane. The timing of the event is defined from the right PMT of the second plane. The
trigger is defined using this timing information.

4.2.2. Vertical Drift Chamber (VDC) Analysis. Information about the particle trajec-
tory at the focal plane of each spectrometer is determined by raw wire hits and drift times
in the VDCs. These trajectories are transported from the focal plane to the target using
known optics information about the two spectrometers. The momentum and coordinates
of each particle at the target allows for the determination of the kinematics of the corre-
sponding event.

4.2.2.1. Converting from Drift Time to Drift Distance. Drift time information is used to
determine the perpendicular drift distance for a particular sense wire from the particle
track [52]. A typical drift time spectrum is demonstrated in Fig. 4.2.2. The number of
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FIGURE 4.2.2. Drift time spectrum.

counts in an interval of the drift time spectrum is given by:

AN _ dN ds
dt — ds dt’
where s is the path length of the drift electron, ds/dt is the drift velocity — essentially

(4.2.1)

constant except very close to the wire — and dN/ds is the effective flux through the drift
line. The three regions of Fig. 4.2.2 arise due to geometric effects and correspond to the
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tracks in Fig. 4.2.3. In the region closest to the cathode plane (1), the probability dN/ds

cathode plane / / 45°

field lines
LA
(1) \—;¢ ' '
equipotentials
(2)
sense wire

(3)

FIGURE 4.2.3. Drift cell ina VDC plane showing three tracks corresponding
to three different TDC signals.

that a particle will cause the wire to fire decreases because the corresponding volume
of the cell the particle travels through decreases. The plateau (2) is a region of uniform
field because both ds/dt and dN/ds remain constant. The peak region (3) is the result of a
combination of both a dramatic increase of ds/dt due to the avalanche effect discussed in
Section 3.4.1.2 and the shape of d N/ds which goes through a peak in the quasi-radial field
region next to the sense wire.

The optimal VDC track crosses five drift cells at 45° as exhibited in Fig. 4.2.4, making a
cluster.” The shortest drift time for each cell the track passes through is determined by the
arrival of the earliest electron, thus defining the geodetic.” The relative time ¢, is calculated
as such:

to = |t1 — to] — |ta — 5], (4.2.2)
where t;—_5 are the drift times of the five fired wires. A track is chosen from the cluster
with the lowest ¢;. The distance corresponding to the geodetic for this track is calculated
for each wire using knowledge of the drift velocity. The corrected perpendicular distance
is then extracted. A linear fit of these five distances is performed to get the position of the
cross-over point, the intersection point of the track with the wire plane.
2A cluster is defined as a set of several adjacent wires firing with the possible exception of one wire.
3The geodetic is the electron path corresponding to that shortest drift time.
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FIGURE 4.2.4. Typical VDC track crossing five drift cells in a VDC plane.

4.2.2.2. Determination of Focal Plane Coordinates. The position of the cross-over point is
defined for each of the four VDC planes: «1, 42, v1, and v2 (as shown in Fig. 4.2.5). From
the four cross-over points, a particle trajectory is determined. Because of the relatively
large distance between the two chambers, global angles for the two wire chambers, 1,
and 7, can be calculated:

tann, = u2_u1, (4.2.3)

tanny, = , (4.2.4)

where d; = 0.335 m is the distance between the two uv planes. The VDC coordinate system
is defined with respect to the u1 plane where u and v are defined as:

u = u, (4.2.5)
v = v —dytanne, (4.2.6)

dy = 0.115 m is the distance between the v and v planes in both chambers, and v is the
projected v; position on the ul plane.
Before they can be transported back to the target, these VDC track coordinates must
be expressed in the focal plane coordinate system. First, they must be rotated to the
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FIGURE 4.2.5. Side and top views of the VDC (uv) and detector hut (zyz)
coordinate systems.

coordinate system of the detector hut by a 45° rotation about the z-axis, again referencing
Fig. 4.2.5. The transformation from the VDC to the detector hut is then given by:

Tget = % (u+v), (4.2.7)
Ydet = % (—u+wv), (4.2.8)
tan By = % (tanm; + tanns), (4.2.9)
tan gge; = % (—tanm + tann,), (4.2.10)

The transformation from the detector system to the spectrometer transport system is
obtained by a clockwise rotation by the dipole bending angle of p, = 45.1° around the
y-axis given by:

Tirans = Tdet €OS Po (1 + Oirans tan po) , (4.2.11)
Ytrans = Ydet T SIN PoPtransTet, (4.2.12)
Orrans = %, (4.2.13)
Btrans = Paet (4.2.14)

COS Po — Bger Sin po
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Fig. 4.2.6 exhibits the resulting transport coordinates at the VDC.

FIGURE 4.2.6. Transport coordinate system at the VDC (side view).

4.2.2.3. Determination of Target Coordinates. The transport coordinate system at the tar-
getis shown in Fig. 4.2.7. Z'lies along the spectrometer axis, ¥ points vertically downward,
Y =72 X T, 1y and y, are the vertical and horizontal positions, respectively, ¢, is the hor-
izontal geometric angle, 6, is the vertical geometric angle, and ¢ is the relative deviation
from the central momentum p,, defined as:

p=p.(1+9). (4.2.15)

beam direction R,

spectrometer axis

FIGURE 4.2.7. Transport coordinate system at the target.

The optics tensor of the spectrometer is now well understood. It was determined using

(e, €') scattering from a thin '*C target and a 49 hole sieve slit positioned before the en-

trance to Q. It relates the focal plane coordinate vector (& fpp, Ypps Ofpps @ 1pp) to the target

coordinate vector (y.y, 644, ¢+, 6). The position of z,, is obtained using information from
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a beam position monitor located on the beam-line close to the target. The coordinates for
0;y and ¢ are then corrected for the displacement in z,.

Because of various misalignments-alignments of the VDCs, the focal plane coordinate
system does not necessarily coincide with the transport coordinate system. Offsets, Yoo,
Tooo, and Py are therefore calculated during the optimization of the optics tensor. Details
on the optimization procedure for this tensor can be found in Ref. [59] and Appendix C.
The transformation from the transport coordinate system to the focal plane coordinate
system is made as such:

Trpp = Ltrans, (4216)
Yrop = Ytrans — YE)OO; (4217)
et + Tooo
o, = Lo Tooo 4218
T faeTooo (4.2.18)
— P,
Dsop Pact = (4.2.19)

cos (arctan Tygp) — Bge sin (arctan Togg)

Using a first order approximation, target quantities are related to focal plane quantities
by the following matrix:

5 Glg)y ©6ly 0 0 .
0 Oz O o0 0 0
y 0 0 Wy W ||y (#.220)
o 0 0 (o) (@] o

tg fpp
Null matrix elements are a result of the mid-plane symmetry of the spectrometer. A set of

tensors, Yju, Tjxi, Pjri, and Djy, connects the focal plane coordinates to those of the target

as follows:
Yo = D VitV (42.21)
Oy = Zﬂklegéppy?ppqsljfpp’ (4.2.22)
P = D Pl (42.23)
0 = ZDjkleg;ppylﬁppqﬁlfpp’ (4.2.24)

where each tensor element is a polynomial in z s,

Yier = ) Uik, (4.2.25)
i=1
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P = E Pijki gpp;
i=1
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Dj = E digk1Z pp-
i=1

(4.2.26)

(4.2.27)

(4.2.28)

These tensor elements are obtained using a x* minimization procedure. A sample of the

resulting target coordinate distributions, reconstructed from the focal plane coordinates

and the tensor elements defined in Eqns. (4.2.25)-(4.2.28), are shown in Fig. 4.2.8.
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Recall that in the p (?, e ?) 7° reaction of interest, the scattered electron is detected in
the HRSe in coincidence with a proton in the HRSh. The 7°, however, remains undetected.
To ensure the correct reaction is being studied, it is necessary to verify the presence of the

o

™.

4.3.1. Missing Energy and Missing Momentum. Because the 7° is undetected, the
mass missing (mmiss) from the final state of the reaction should equal the mass of the
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pion, m, = 135 MeV, where

2 _ 2 2
Mpiss = Emiss — Pmiss>

(4.3.1)
where E,; s is the missing energy, and p,;ss is the missing momentum. Information from
both the electron and proton are used to reconstruct the E,;iss and ppss. A typical Epss

Versus Ppss spectrum is shown in Fig. 4.3.1. Events along the diagonal represent the
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FIGURE 4.3.1. E,;;s5 VErsus pp,ss spectra for 6,, = -50°.

presence of a photon (Mmy,;ss = 0) in the final state — p (e, ¢'p) v — originating by radiation
from the scattered or incident electron after elastic scattering. The events not along this
diagonal correspond to the 7°. A cut is placed around the 7° events, as demonstrated in
Fig. 4.3.1. The remaining events are discarded.

4.3.2. Velocity and Deposited Energy. It is possible for positively charged particles
aside from the desired proton (such as the 7t from A(1232) — n + 7" decay) to be de-
tected in the HRSh. Protons and pions recoiling from the target at the same detected
momentum have different velocities, with pions traveling faster, and thus also depositing
different amounts of energy in the scintillators (yielding different ADC signal strengths).
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In a plot of velocity versus energy deposited, the proton and 7+ signal should be easily
distinguishable. Fig. 4.3.2 shows a typical spectrum of § (where 3 = v/c, calculated from
time of flight information), versus ADC spectrum (with ADC signal being proportional
to the deposited energy). A cut is placed around the proton peak and the remainder of
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FIGURE 4.3.2. Sample 3 versus energy deposited in the ADC spectrum for
Opy = -155°.

the data thrown away. One may notice that the pions seem to have a velocity greater
than ¢. This is because 3 has been calculated from the observed momentum under the
assumption that the particle has the mass of a proton, and thus “optimized” for proton
detection. Details of this optimization procedure can be found in Appendix C.

4.3.3. Target Reconstruction. Once it has been determined that the proper reaction
has been identified, it must then be ensured that the detected particles originated from a
common coincidence reaction site at the target. This is done through examination of plots
of the corrected coincidence time*, tc,,,, and the position of the reaction vertex along the

4The coincidence time is corrected for differences in path length between the detected electron and proton.
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direction of the beam at the target, react,. These are shown in Figs. 4.3.3(a) and (b). Cuts
are then made to ensure the detected proton and electron originated inside the target, and
were detected with a short coincidence timing window.
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FIGURE 4.3.3. Sample plots of target reconstruction variables for ,, = -135°.

4.3.4. Effects of Different PID Cuts. Two typical m,,;,s spectra are shown in Fig. 4.3.4.
The different curves correspond to (1) no cuts added to the data, and then with cuts de-
tined from the various plots as just described in the three above sections: (2) tc,, and
react,, (3) § versus deposited energy, and (3) E,;ss Versus ppss. From these spectra it is
obvious that the above defined PID cuts are sufficient for determining clear identification
of the p (?, e’ 7) m° reaction.
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FIGURE 4.3.4. Missing mass spectrum for 6,, = 90° and -90° showing results
of cuts on tc.,, versus react,, B versus energy deposited, and E,,;ss; versus
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4.4. Extraction of Focal Plane Polarizations

Once the reaction has been identified, the polarization components of the recoil pro-
ton at the focal plane can be extracted. First, the scattering angles of the proton as it
traverses the carbon analyzer must be determined. This is accomplished by analysis of
the information recorded from the four FPP straw chambers: identifying the wires in the
FPP straw chambers that fired, calculating electron drift distances, and reconstructing the
proton tracks in the front and rear chambers. These calculations are all performed within
ESPACE. Detailed steps of the reconstruction of these scattering angles can be found in
Refs. [56, 60], and are over-viewed in the following subsections.

4.4.1. Demultiplexing. As discussed in Section 3.5, the charged proton passes through
straws in the FPP straw chambers, ionizing Ar gas atoms and leaving a track of electrons.
These electrons drift towards the anode wire at a constant velocity, ionizing more Ar
as they approach the wire, causing an avalanche of electrons. Signals from the wires are
multiplexed into groups of eight by assigning a different pulse width to each straw within
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the group. For analysis, the TDC signals must then be demultiplexed. The leading and
trailing edges of the signal are fed into ESPACE which then calculates the time difference
between them, thereby identifying the straw number that fired. ESPACE also determines
the difference between the trigger signal and the leading edge, giving the drift time. An
offset must be applied to the drift time to correct for various electronics delays.

4.4.2. Drift Distance. Once the drift time has been determined, it must be converted
into drift distance. The drift distance, d, is proportional to the drift time, ¢, except in the
region close to the anode wire. The longest drift time corresponds to the outer radius of
the straw, r = 0.522 cm. As the electron approaches the anode, the drift velocity increases.
In this region, d is obtained from a fifth-order polynomial in ¢:

5
d=> _T(j,n)t", (4.4.1)
n=0

where the coefficients 7'(j, n) are obtained by a fit to the integrated drift time spectra in a
plane j. These coefficients are stored in a data file, which is read in by ESPACE.

4.4.3. Track Reconstruction. After information on the straw number and drift dis-
tance have been obtained, the proton tracks through the straw chambers can be deter-
mined. The front and rear straw chambers are analyzed separately, giving independent
front (incident) and rear (scattered) tracks. In each set of chambers the v and v planes are
also analyzed individually.

First, hit clusters in the u planes of each straw chamber are identified. Cluster deter-
mination is made as follows, where a cluster is defined as having at most only one hit per
plane. Fig. 4.4.1 will help clarify the discussion. The three layers represent three u planes

FIGURE 4.4.1. Tllustration of the determination of a cluster in an FPP chamber.

in one straw chamber. The circles are cross sections of the straws and the colored straws
are those that have fired. The analysis code begins by looking at u-plane 1 of the first front
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straw chamber, detecting a hit in straw 12. It then looks at the straws in plane 2 adjacent
to straw 12, where a hit is identified in straw 21. Straws 12 and 21 begin to form a cluster.
Straws adjacent to straws 21 and 22 in plane 3 are then scanned. Hits are found in straws
31 and 33, both forming clusters with straw 12 (even though straw 22 has not fired): (12,
21, 31) and (12, 33). The code then moves back to the first plane to look for a second hit,
tinding that straw 15 has fired. The same procedure is followed, looking for hits in straws
24,25, 34, 35, and 36. Since none of these straws fires, straw 15 makes a cluster of its own:
(15).

After a scan of u-plane 1 is completed, the analysis code progresses to u-plane 2. Since
straw 21 is already included in a cluster, it is ignored. A hit is discovered in straw 26,
which forms a cluster with straw 37: (26, 37). u-plane 3 is then scanned but no hits not
already included in a cluster are found. The procedure is therefore complete for this straw
chamber with four identified clusters: (12, 21, 31), (12, 33), (15), and (26, 37).

The same procedure is applied to the u-planes of the second front straw chamber and
the v-planes of both front straw chambers. All possible combinations of pairs of clusters
in both front chambers are considered and several tracks reconstructed for each combi-
nation. These tracks pass left or right of the sense wire of every fired straw, at a distance
given by the drift distance, as illustrated in Fig. 4.4.2. Straight lines are fit and a x?* for

straws

FIGURE 4.4.2. Possible FPP tracks for two straws with drift distances d; and ds.
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each trajectory calculated. Because it is easier for a cluster with very few hits to give good
X2, a weight corresponding to the number of hits for the track is given to the x? value.
The track with the lowest x? is then chosen to be the good track.

4.4.4. Scattering Angle Calculation. The Cartesian coordinates and angles for an in-
cident track, 7 are shown in Fig. 4.4.3, where 7 is along the spectrometer axis at the focal
plane, 7 is downward perpendicular to Z in the vertical plane, §¥ = Z x Z, 6; is the angle
between the z-axis and the projection of the track on the zz-plane, ¢; is the angle between
the z-axis and the projection of the track on the yz-plane, and ; is the angle between
the track and its projection on the yz-plane. The relationship between the angles can be
written as:

tan; = tan 6; cos ¢;. (4.4.2)

projection on yz —plane

projectionon -—
xz —plane

FIGURE 4.4.3. Cartesian angles for FPP tracks.

The polar and azimuthal scattering angles are determined by rotating the coordinate
system event by event so that the z-axis lies along the direction of the momentum of
the incident track for that event. The scattered track can also be expressed in this new
coordinate system. First, the yz-plane must be rotated about the z-axis by an angle ¢;.
Then a rotation of the coordinate system by an angle ¢; is made. The new z'-axis lies
along the incident track 7. This projection is given by:

A 0 cost; 0 —sin; 1 0 0 I,
s | =10]= 0 1 0 0 cos¢; —sina; 1, (4.4.3)
I 1 siny; 0 cos; ) 0 sing; coso; ) I,
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where matrix 1 (2) corresponds to first (second) rotation. The new projection of the scat-
tered track ? is written similarly:

F] cost; 0 —sin; 1 0 0 F,
F, | = 0 1 0 0 cos¢; —sing; F, |. (4.4.4)
F! siny; 0 cos; 0 sing; cosd; F,

The polar, 0¢,,, and azimuthal, ¢,,, scattering angles can now be defined as the spherical
angles of the scattered track in this new coordinate system, as shown in Fig. 4.4.4, where
f’)o is the projection of F on the 2/ y'-plane,

F? = FP+Fp, (4.4.5)
F,

Oppp = tan™' (F) (4.4.6)
L (F

brp = tan 1(?) (4.4.7)
Y

VQ\>

=>

FIGURE 4.4.4. Spherical angles of the scattered proton in the FPP.

4.4.5. Focal Plane Polarizations. Proton polarization observables at the focal plane
are determined by measuring the angular distribution of events that scatter, via the strong
interaction, with the nucleus of an atom in the carbon analyzer. The strong interaction is
sensitive to the direction of the spin of the incident proton through a spin-orbit coupling.
Fig. 4.4.5 illustrates this principle, where vertically polarized protons interact with an-
alyzer nuclei and scatter with left-right asymmetry. The sign of the force between the
incident proton and the analyzer nucleus is determined by the sign of the scalar product
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FIGURE 4.4.5. Principle of polarimetry: the strong interaction between the
proton and carbon analyzer nucleus depends on the proton spin.

I TS’), where T is the orbital angular momentum of the proton with respect to the ana-
lyzer nucleus and S is the proton’s spin. As shown in Fig. 4.4.5, all spin up particles are
scattered to the left while spin down particles are scattered to the right. If more spin up
particles than spin down are incident on the analyzer nuclei, an asymmetry in the scatter-
ing angle will be observed. A left-right asymmetry corresponds to a vertical polarization
component, P{ PP while an up-down asymmetry corresponds to a horizontal polarization
component, BJ??.

The angular distribution for a large sample of incident protons with two polarization
components can be represented by a smooth sinusoidal curve:

1 .

L (prp, d’fpp) = o [1 + A (prpa Tp) (PJW S stpp - owpp COS ¢f;vp)] ) (4.4.8)
where A, (844, T,) is the analyzing power of the A(p, N)X reaction dependant upon the
polar scattering angle and kinetic energy of the proton, 7},. The analyzing power repre-
sents the strength of the spin-orbit coupling of the nuclear scattering and therefore the
sensitivity of the reaction to the polarization of the incident particle.
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4.4.5.1. Analyzing Power. Because of the limited range of energies accepted by the
HRSh, one can assume that at a given 60y,,, A. is constant over that energy range and
therefore independent of 7.

A parameterization of the analyzing power for a large solid angle polarimeter was
first outlined by Ransom et al. [61] in 1982. It was expanded in 1985 by McNaughton et al.
[62] for inclusive p'2C scattering experiments performed at Los Alamos (LAMPF). This
parameterization is divided into low (T}, <450 MeV /c) and high (T,, > 450 MeV /c) energy
regions, where T}, is the average proton energy at the center of the carbon analyzer. The
titting functions used for the two energy regions are given by:

low __ jT
A S TR (449)
i Jr .
A’Cl gh = m +m - psin (50fpp) y (4:4:10)

where r = psinfy,,, and p is the proton momentum at the center of the carbon in units of
GeV/c. The parameters j, k, [, and m are determined by an energy-dependent polynomial
tit. For the low energy fit:

4

o= ™ (4.4.11)
n=0
4

k= anp'", (4.4.12)
n=0
4

L= > Lp™ (4.4.13)
n=0
where p’ = p-0.7 GeV /¢; for the high energy fit:
3

o= )" (4.4.14)
n=0
3

ko= ) kap™, (4.4.15)
n=0
3

L= ) lpm (4.4.16)
n=0
3

m = Zmnpm, (4.4.17)
n=0

where p’ = p-1.2 GeV/c.
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This same parameterization was used to fit elastic p (¢, e'P) data from Hall A de-
tected with the FPP covering the entire range of proton momenta measured during
“N — A”. The procedure followed for this calibration can be found in Ref. [63]. Most
of this data was taken during experiments prior to “N — A”, with a few other points
measured during “N — A”, to fill in gaps of the “N — A” kinematics. The coefficients
determined by the Hall A elastic data are listed in Tab. 4.2, as well as the McNaughton
coefficients. Fig. 4.4.6 is a plot of A, versus 0y, for four different proton momenta com-
paring the McNaughton and Hall A fits to the A, values for the measured elastic data.
The Hall A fit is used in the remainder of this analysis.

TABLE 4.2. Coefficients of the McNaughton and Hall A analyzing power
parameterizations.

| | Hall A (ow) | McNaughton (low) || Hall A (high) | McNaughton (high) |

7o 4.576 5.3346 0.974 1.6575
j1 -0.78 -5.5361 -2.298 1.3855
Jo 14.6 2.8353 43.21 9.7700
Ja 98.7 61.915 19.44 -149.27
Ja -532 -145.54

ko -11.9 -12.774 -26.49 -16.346
k1 -131.7 -68.339 -30.29 152.53
ko 1682 1333.5 1048.7 139.16
ks -5574 -3713.5 2826 -3231.1
ky 6946 3738.3

lo 673 1095.3 750 1052.2
Iy 1866 949.50 -833 -3210.8
ly 7290 -28012.0 -861 -2293.3
l3 -38800 96833.0 7205 60327.0
Iy -55800 -118830.0
Mo 0.1402 0.13887
my 0.0414 -0.19266
mo -0.6052 -0.45643
ms 0.42 8.1528

p! (GeV /c) p-0.686 p-0.7 p-1.2831 p-1.2
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FIGURE 4.4.6. Analyzing power versus 6y,, comparing the McNaughton
and “N — A” parameterization fits.

4.4.5.2. The Cone Test. The rear straw chambers are of limited size, allowing for the
introduction of non-physical asymmetries near the edges of the chambers. A cone test is
applied to limit these effects. The requirement is made that a cone of angle 6y,,, about the
incoming track is fully within the acceptance of the rear chambers. Fig. 4.4.7 illustrates
this point, where the cone for track 2 is entirely within the rear chamber acceptance while
the cone for track 1 is not. Track 1 would therefore be rejected.
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FIGURE 4.4.7. FPP cone test to determine if a cone of angle 6y,, about the
particle track is entirely within the rear chamber acceptance.

O

Carbon analyzer

4.4.5.3. Coulomb Scattering. Coulomb scattering involves no spin-orbit coupling and
therefore has no analyzing power. This scattering is dominant at small angles (6;,, < 5°),
corresponding to the peak shown in Fig. 4.4.8. This region is therefore cut out of the data
analysis.

22500

17500 :—
15000 :—
12500 :—
1000 [

7500 |

FIGURE 4.4.8. Distribution of y,, at 6,, = 25°.
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4.4.5.4. Event Reconstruction. Due to multiple scattering and the smearing of the parti-
cle trajectories, some scattering events reconstruct as having originated outside of the car-
bon analyzer. By looking at the position along the beam of the reconstructed secondary
scattering verteX, z.se, it is possible to see these effects, as in Fig. 4.4.9. Cuts are made on

250 275 300 325 350 375 400 425 450

th_fpp VS. pazclose

FIGURE 4.4.9. Secondary scattering vertex versus polar scattering angle for
0pq = -25°.

the edges of the carbon analyzer to ensure the scattering occurred inside this region. Five
different carbon thicknesses, therefore five different cuts on z.,s., were implemented for
the “N — A” experiment, in order to keep the Coulomb scattering cone below 5°. The
analyzer thicknesses are listed in Tab. 4.3.

TABLE 4.3. Different >C thicknesses in the FPP for “N — A”.

| 0,4 | >C Thickness (cm) |
0°, £25° 49.5
+50° 34.3
+90° 22.9
+135°, £155° 11.4
180° 7.6
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4.5. Extraction of Target Polarization Observables

Polarization observables at the focal plane are related to those at the target by the
following relationship:
F=S-T, (4.5.1)

where F = (Fy, F,, F,) represents the focal plane polarizations;
T = (T, T,,T) = P + hP, P’ 4.5.2)

represents the target polarizations with ¢, n, and [ defined as in Fig. 1.2.2 with [ along
the proton momentum, n perpendicular to the reaction plane, and t = n x [; h and P,
denote the sign of the helicity and magnitude of the beam polarization, respectively; and
S is the spin transport matrix. The spin transport matrix is dependent on a sequence of
five transformations to project the focal plane coordinates to the target and is discussed
further in Section 4.5.2.4.

A maximum-likelihood method was used to extract the target polarization compo-
nents from the azimuthal distribution for scattering by the FPP analyzer. This was accom-
plished using an analysis code, PALM (Polarization Analysis using Likelihood Method),
developed by S. Strauch of George Washington University®, to determine the target po-
larization parameters.

In a sample of protons of focal plane polarizations P/?? and P/?,° the probability that
a proton 7 scatters with angles 6% and ¢’ in the carbon analyzer is given by the angular
distribution of Eqn. (4.4.8). The probability for the experimental angular distribution can
then be written as the product of the individual probabilities for each proton scattered in

the analyzer:
N

1 T i
L= H o (14 & —egsin gy, +eycos %) (4.5.3)
i1

where N is the total number of accepted protons, ¢y,, is defined as zero along the z-axis
and positive ¢y, rotates towards the positive y-axis, £ represents the false (instrumental)
asymmetry (discussed further in Section 4.5.1), and the coefficients ¢, are defined as:

€a=Ac(Ospp) Y _ SasTs, (4.5.4)
B

where o € {z,y,2} and 5 € {t,n,l} represent the polarization components at the focal

With Rutgers University at the time of code development.
®From this point forward the polarizations at the focal plane will be denoted P, , and those at the target as
P, thus dropping the fpp or tg superscripts.
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plane and target, respectively. Because of the variation in the spin transport within the
experimental acceptance, all three components of the target polarizations are accessible
even though the scattering probability of each event is independent of the longitudinal
polarization.

4.5.1. Instrumental Asymmetries. Because of its complexity and size, the Hall A FPP
is not ideal. Misalignments of the FPP chambers with respect to each other” and variations
in the efficiency of the chambers may introduce instrumental (false) asymmetries. A detailed
study of the false asymmetries was performed by this author.

The false asymmetry is parameterized by four coefficients describing the functional

dependence:
ot o~ ) .
ot 5= =14 acsindpy, + b, cos ¢y + Cosin 2¢ 1, + do €08 2¢ 4. (4.5.5)
207 20,

By summing over the plus and minus helicity states of the incident electron beam, the
results are the same as if an unpolarized beam were used. In the absence of false asym-
metries, the angular distribution of elastic ep scattering with an unpolarized beam should
be flat.

The false asymmetry was first examined as a function of spectrometer momentum 6 —

a so-called §-scan. Three sets of data were examined and compared:

(1) The radiative tail of the elastic H(e, ¢'p) reaction measured at the 6,, = -90° “N —
A” kinematics with p, = 1.066 GeV /¢, using the 7.6 and 15.2 cm carbon doors,

(2) Five different elastic H(e, ¢'p) runs taken at the beginning of “N — A” with p, =
0.786, 0.803, 0.819, 0.836, and 0.852 GeV /¢, using the 3.8 and 7.6 cm carbon doors,

(3) Elastic H(e, €'p) runs taken at the end of “N — A” with p, = 1.188 GeV /¢, using
the 7.6 and 15.2 cm carbon doors.

It is expected that the extracted false asymmetries for each set should be the same. The
d-scan was accomplished by binning the momentum from ¢ = -5% to +5% in bins of 1%.
The initial analysis was performed using standard (loose) cuts on the polar scattering
angle and the carbon analyzer: 3° < 6, <70° and 340 cm < 25 < 390 cm. An alignment
method that used software to translate and rotate the chambers for alignment, align s x 58
and where the raw track was dependant on %y, Y tpp, 01pp, and ¢, was implemented.
Fig. 4.5.1 shows the resulting false asymmetry d-scans for the three data sets. As previ-

"The FPP is also aligned to the VDCs so that the coordinate system of the FPP is the same as the transport
system.

8Named for Mark K. Jones, staff scientist at Jefferson Lab.
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FIGURE 4.5.1. d-scan of three data sets using a cut of 6y,, = 3°-70°.

ously mentioned, it is expected that all terms are zero in the absence of false asymmetries.
This was not the case.

Detailed studies were then performed on the FPP chamber alignment method by
S. Dieterich [64]. She compared aligny ks to a second method aligng 5 which used the
front track coordinates to determine the rear track alignment and where the raw track
was again dependant on = sy, Yspp, Ofpp, and @ypp. It was determined that both methods
were capable of obtaining the precision necessary for previous Hall A experiments but
neither method was adequate enough to allow for the extraction of induced polarizations
which rely on the false asymmetries.

Dieterich, along with S. Strauch, developed a new alignment method alignsssp. In
alignsssp, the front track coordinates are used to align the front chambers, rear track co-
ordinates to align the rear chambers, and the track is dependant only upon z,, and vy,
which eliminates large angle-position correlations. Fig. 4.5.2 compares ¢, versus zgse
for the three alignment methods. A plot such as this should show clearly the carbon ana-
lyzer region. The carbon should be “straight” in the z,,. dimension, with sharply defined
edges. Events not reconstructed inside the carbon analyzer must be rejected because they

9Named for Edward Brash of the University of Regina, Canada.
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are unphysical. aligngp produces a non-straight carbon region; alignu ks has a straight
carbon region but edges which are not clearly defined; alignsssp reveals a sharp, straight
carbon region, allowing for a clean cut on the edges of the carbon. As a result, alignsssp
is used in the remainder of the false asymmetry analysis.

50 1 1 1 1 1 1 1 0 1 1 1 | 1 1 1 50 1 1 1 1 1 1 1
320 30 30 380 40 40 40 40 480 20 30 360 30 400 40 40 460 480 320 340 360 380 40 40 40 40 480

ph_fpp VS pzciose ph_fpp VS p.zclose ph_fpp VS pzciose

(a) aligngs. (b) alignmk - (c) alignsssp.

FIGURE 4.5.2. Comparison of three VDC alignment methods.

The false asymmetry was then examined as a function of 6y, using a d-range of
-5% < § < +5%, aligngssp, and cuts on z,s at the edges of the carbon analyzer. The
result of this 6y,,-scan is shown in Fig. 4.5.3, where it is clear the false asymmetry changes
rapidly for 6y, < 5° and 6y, > 20°. A cut is therefore made so that events in the region
of 5° < 0, < 20° will be included in further false asymmetry analysis. This is consistent
with the known range of scattering angles with a good figure of merit, 0 A2, for the energy
ranges of Jefferson Lab [45].

Due to questions about the acceptance reconstruction of the spectrometer and matrix
elements outside the § range of +£4%, another J-scan was performed using the above
defined criteria: alignsssp, tight cuts on the carbon thickness in z,se, and 5° < 6y, < 20°.
The results of this scan are displayed in Fig. 4.5.4.

Fig. 4.5.5 compares the  and y coverage regions of the elastic data used in the false
asymmetry analysis and the z versus y coverage regions of the “N — A” production data
at the position of FPP straw chamber 3. As one can see, the false asymmetry analysis was
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FIGURE 4.5.5. Coverage region of elastic data for false asymmetry studies
compared to “N — A” production data coverage.

performed using a substantial region of the production focal plane. It is believed therefore
that the false asymmetries for the production data are well understood.

Fig. 4.5.6 is a plot of the average of the J-scan results from Fig. 4.5.4. The a, and
b, terms are also compared to a monte carlo simulation. The a, term seems to have a
significant § dependence. A straight line fit of the a, term was made, shown in Fig. 4.5.7.
The corresponding equation is given as:

a, = (—0.0045 & 0.0008)8 + (—0.0104 = 0.0018). (4.5.6)

This fit, along with the constant b,, ¢,, and d, terms, listed in Tab. 4.4, were used to account
for the false asymmetries in the “N — A” production data where the false asymmetry
term of Eqn. (4.5.3) is determined by:

& = aoSin @ ppp + b €OS P rpp + o SIN 200 1, + do COS 20 1. (4.5.7)
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TABLE 4.4. Average false asymmetry terms.

| False Asymmetry Term | Average Over Focal Plane |

b, -0.0057+0.0011
Co 0.0024+0.0011
do 0.0025+0.0011

4.5.2. The Spin Transport Matrix. The spin transport matrix is actually the result of
a sequence of five transformations:

S = RfPPCRspethallRW7 (458)

where:

(1) Rw first performs a Wigner rotation of the polarization vector from the center of
mass to the laboratory frame,

(2) Rpau performs a transformation from the laboratory frame to the hall frame,

(3) Rspec performs a transformation from the hall frame to the spectrometer frame,

(4) C transports the spin through the magnetic field of the spectrometer, and

(5) Rjpp performs a transformation to the FPP coordinate system.

The resulting spin transport matrix is determined event by event in the PALM analysis
code.

4.5.2.1. Wigner Rotation. The polarization vector must be transformed from the center
of mass to the laboratory frame because the spin is defined relative to a rest frame. In
both the center of mass and laboratory frames, the polarization vector is defined with T
along the direction of the proton’s momentum, T em and T iap, respectively. The rotation
between the two takes the form:

cosxw 0 sinxw
Ry = 0 1 0 (4.5.9)

—sinxyw 0 cosxw
where the Wigner-Thomas precession angle satisfies the following relationshiploz
Xw = bem — Oiap — Ow (4.5.10)

and )
/ch Sln gcm

Y (Berm €08 Oern, + B)’

tan Hlab = (4511)

10Recall, Opq = Ocm.
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B sin 0.,
Yem (6 COs Hcm + ﬁcm) ’
.m and 64, are the nucleon angle with respect to the momentum transfer ? in the cen-

tan 6y, = (4.5.12)

ter of mass and laboratory frames, respectively, 6y is the total rotation angle for spin,
Bem = Pem/ Eem 1s the nucleon velocity in the center of mass, and g = ¢/ (m, + @) is the
velocity of the center of mass with respect to the laboratory. The effect of this rotation is a
missing of the Tand t components of the proton polarization.

4.5.2.2. Transformation to the Hall Frame. The hall reaction frame is defined with z
along the beamline, i pointing vertically upwards, and Z = yx 2. The transformation from
the laboratory frame to the hall frame is most easily understood if one defines the Carte-
sian horizontal angle « in the zz-plane measured counterclockwise from z and Cartesian
vertical angle 5 with positive 5 being above the horizontal plane. The unit vectors gand p

along the momentum transfer and nucleon momentum planes, respectively, then become:
qg = ( sin o, cos By, sinf,, cosaycos B, ) , (4.5.13)

p = ( sin oy, cos B,, sin B, cosay,cos fy ) , (4.5.14)

where ¢, and «, are both negative because the proton spectrometer is on the right side of
the beamline. The laboratory frame basis ( S, N, L ) is now defined with L along the

nucleon momentum and N normal to the reaction plane:

L = p (4.5.15)
N o §xp, (4.5.16)
S = NxL. (4.5.17)

The transformation from the laboratory to the hall frame is then defined as:
Ry = ( 5 N, T ) (4.5.18)

where the previously defined unit vectors are the columns of a square matrix.
4.5.2.3. Transformation to the Spectrometer Frame. The spectrometer frame (transport
frame) is defined with 2" along the central axis of the spectrometer, ¥ downward, and
y = Z x 2. The transformation from the hall to the spectrometer frame is then accom-
plished using:
0 -1 0
Repee = | cosa, 0 —sina, (4.5.19)

sina, 0 COS Ol
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where o, is the central angle of the spectrometer which again is negative because the
hadron spectrometer is to the right of the beamline.

4.5.2.4. Spin Transport. The relationship between the target and focal plane polariza-
tions is made complicated as the proton passes through the spectrometer. Due to the
magnetic fields of the spectrometer magnets, the proton spin precesses around the axis of
the overall magnetic field.

If the spectrometer consisted of only a single perfect dipole, exhibited in Fig. 4.5.8, the
proton spin would precess around the transverse field by an angle x.:

Xo =7 (p — 1) po, (4.5.20)

where v = 1/4/1 — 2 and p, is the bending angle of the trajectory." The spin transport
matrix for this pure dipole would be written as:

cosXo 0 —sinx,
C° = 0 1 0 . (4.5.21)

siny, 0 cosy,

fpp

FIGURE 4.5.8. A simple perfect dipole approximation of the spectrometer model.

The actual magnetic structure of the HRS is much more complicated than this simple

HEor the HRS, p, = 45.1°, as mentioned in Section 4.2.2.2.
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dipole. First, the field inside the dipole is not uniform but distorted at the entrance and
exit faces due to fringe fields. Second, there are three quadrupoles in the spectrometer sys-
tem, with field components in both the z and y directions. A model of the spectrometer
magnetic fields must be made using the shape of the magnetic elements and the currents
in the excitation coils. This is done with the aid of a differential algebra based code created
for the simulation, analysis, and design of particle optics systems, called COSY [65]. The
dimensions and positions of the magnetic elements, the central momentum of the proton,
and measurements of the dipole fringe fields made during the original hall commission-
ing are fed into COSY where the rotation matrix is computed to fifth order. The output for
a given proton central momentum is a table of expansion coefficients, C’fjlm"p , of the rota-
tion matrix, which is then calculated event by event using each proton’s position, angle,
and momentum at the target in the transport frame:
Cij= Y CHm™ zkglymgrsr. (4.5.22)
k,l,m,n,p
4.5.2.5. Transformation to the FPP Frame. The proton polarization incident on the FPP
analyzer must be transformed into the FPP frame. The tracks before and after scattering
with the analyzer are defined in the FPP as:

k= ( sin o; cos B;, sinf;, cosq; cos f; ) ; (4.5.23)
k\f = ( sin oy cos B, sin By, cos oy cos B ) ; (4.5.24)

where « and 3 are Cartesian angles. The transformation of the incident proton from the
spectrometer transport frame to the FPP frame aligned with ,lgz is then given by:

Cos @y 0 — sin oy
Rppp = | —sinq;sinf; cosf; —cosagsinf; | . (4.5.25)

sinq; cos 3;  sinf3;  cos q; cos f3;

The polar and azimuthal scattering angles in the FPP are determined using;:

sin 0 ¢y, €OS P fpp

Sin 0, Sin | = Rpppks (4.5.26)
cos 0 ¢pp
so that
F iy = Fy 08 dpyp — Fosin 1y (4.5.27)

where 7 s,, is a unit vector normal to the FPP scattering plane.
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4.5.3. Extracting Target Polarizations. The terms of the likelihood function of
Eqn. (4.5.3) can be recombined as:

N
1
L=]15- (1 HE+DY NpPt Y A;,kP,;> : (4.5.28)
i=1 k k

where £ is the false asymmetry term defined in Eqn. (4.5.7), £ € {t,n,l} are the three
polarization components at the target, and

Nt = Ac (0,) (Syecos B, — Sarsin gy, ), (4.5.29)
Nz = Ac (07,) (Syn 008 B, — San 5in 6, (4.5.30)
Nig = Ac (0pp) (Syrcos 8y, = Susin i, ) (4.5.31)
ANig = hPAig, (4.5.32)
Nig = hPig, (4.5.33)
Nig = hPis. (4.5.34)

The idea of the maximum likelihood method is now to find the best parameters
(Pr=tm,i» Pyt ) to maximize this function. These parameters must satisfy the following

conditions:
oL
— =0 4535
oL
= 0. 4.5.
o7 0 (4.5.36)

However, this is a set of six non-linear equations with six unknowns where an exact solu-
tion cannot be determined. Taking the logarithm of the likelihood function to convert the
product into a sum, the following equations must also be satisfied:

OlnL

=0 4537
OlnL
— 4.5.38
where
N N

InL = "In(1+&+MP+ MPo+ NP+ NP+ X, Py + NP)) =Y In(2r).  (45.39)

i=1 i=1
Eqns. (4.5.37)-(4.5.38) are also a set of six coupled nonlinear equations. They are lin-
earized, as demonstrated in [66], by using the following relation:
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2
In(1+2) =2 - +0(?). (4.5.40)
Dropping the o (23) term and setting z = & + M P, + A\ Py + NPy + NP/ + X, P! + \|P],
Eqn. (4.5.39) then becomes:

N
InL = Y [£+ MNP+ AP+ NP+ NP/ + X, Py + NP,
=1

P, + APy + NP+ NPl + N, P + X))
C(EH NP MNP N 12+At (B F NP Ny om) . @5.41)

The derivative of Eqn. (4.5.41) can then be taken with respect to each polarization term.
For example, the derivative with respect to P, is written as:

D A= A€+ NP+ APy + NP+ X P + X, Py + \P])] =0, (4.5.42)
and therefore:
D A= =) (MNP A+ XAy + MNP+ MNP+ MNP+ MANP]) . (45.43)

If the derivative is taken with respect to each component of the polarization, the system

to solve becomes:

TSI =6T [TAd Shh SAN SAN SAN SANT R
YA (1=6) DAnA 2o AnAn DDA DAL DAL Do AN P,
A=) | | AN XA AN AN AN DDA Py
Aan=9 DN DA AN DDAN SN AN Py
YA (1=9) AN DA AN AN DAL DA Py

2N =89 1 L XN XN NN NN NN AN LB

(4.5.44)
where the As depend only on the spin transport matrix, analyzing power, incoming beam
helicity and polarization, and scattering angles in the FPDP, all which were determined
during the experiment. This is exactly the set of six linear equations solved by PALM,
using matrix inversion, to extract the six polarization components at the target.

4.5.4. Response Function Extraction. The response functions are directly related to
the polarizations, as demonstrated in Eqns. (1.3.32)-(1.3.35). They can therefore also be
extracted using the maximum likelihood method. The likelihood function for response

function extraction can be written as:
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N

L=1]
i=1

Rir, RPr, Rir, Riq,
on
a1
ans
[y
s
016
oy
o8
[y
010
01

012

1
— 1|1 % ’
(e gmn)

where Ry, are the response functions RY,, Ry, v R} + vr R},

AMVoVLT SIN @pq,
AMVoVrr SID 2¢p4,
)\2 Vo,

AoVoV T COS Ppq,
)\21/0 VT COS 2¢pq,
)‘3V0VLT sin ¢pqa
AsVoVrr SIN 2¢p4,
N\ VoV 1 COS Bpq
N vty

AyUo V1 SIN Ppg
AgUo VL1 COS Bpq

! /
AzVolrr

(4.5.45)

n 0 l ! 1t
LT’ RI'T/ RLT’ RTT/ RLT’

(4.5.46)
(4.5.47)
(4.5.48)
(4.5.49)
(4.5.50)
(4.5.51)
(4.5.52)
(4.5.53)
(4.5.54)
(4.5.55)
(4.5.56)
(4.5.57)

Vo = p,/k, as previously defined, and v, are the kinematic factors in the “standard” con-

vention from Eqns. (1.3.22)-(1.3.27).

The coefficients for the response functions depend on the unpolarized differential

cross section, @. For each kinematic bin of this experiment, the cross sections were mea-

sured for a central W, Q?, 6,,, and é,, of the bin'?. A fit to these measured cross sections

was included in PALM. Each event’s measured and predicted MAID cross sections were

determined at the central kinematics of the bin into which the event fell, based on the

event’'s W, 2, 6,,, and ¢,, values. To determine the cross section used in the response

function extraction for each event, the predicted MAID cross section was calculated at

the event’'s W, Q?, 6,,, and ¢,, and scaled by the ratio of the measured to predicted cross

section at the central kinematics of the bin.

The response functions are then determined in a way analogous to the polarizations,

where the response function parameters must satisfy a given set of conditions:

12These measurements were the focus of the PhD thesis of Z. Chai [10].
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OlnL
= 4.5.58

and
N

L = Y In[1+&+mRoy+nRhp +ms (v Ry, + vrRE) + mRiy + 115 Ry
=1

+n6 Ry + nr Ry + nsRy + mo Ry + moRTy + nuRis + ma Ry
N

—> In(27). (4.5.59)
=1

Eqgn. (4.5.58) is a set of twelve coupled nonlinear equations. This likelihood function has
to be linearized using the relation of Eqn. (4.5.40) and the derivative taken with respect
to each response function term. The result is a solvable system of twelve equations with

twelve unknowns:

[ 2771 (1 —5) ] [ 2771771 2771772 2771773 27717712 [ RtLT
Yo (1=¢) DM Y TRl MMzttt Y Tai2 R
Yoms(1=&) | = | Xmm domme Dommz vt D M3 viR} +vr Ry |
| Z e (1 - f) J | Z 2T Z Thatl2 Z Mafs - Z Thetz | L Rlll“T J
(4.5.60)

where the s depend on the cross section, electron kinematics, scattered proton angle in
the center of mass, again all determined during “N — A”. PALM then solves this matrix,

using matrix inversion, to extract the response functions.

4.6. Background Subtraction

The contribution of background events to the measured polarizations and response
functions had to be accounted for (subtracted away). To clarify, the background under
consideration in this section refers to events generated by separate p (e, e’) and p (e, p)
“singles” reactions that accidentally occur within a narrow time window, thus mimick-
ing true p (e, €'p) 7° reaction events. This background contribution was only significant
for a few 6,, kinematics. Fig. 4.6.1 shows the corrected coincidence time spectra for all
kinematic settings, along with the cut made on the data separating the in-time (peak) and
out-of-time (background) regions. The ratio of these regions for all kinematics are listed
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in Tab. 4.5.
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FIGURE 4.6.1. Corrected coincidence timing peaks for each “N — A” kine-

matic setting.
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TABLE 4.5. Peak to background ratios for all “N — A” kinematics.

| 0,y | Peak to Background Ratio | 6,, | Peak to Background Ratio |

0° 40:1 -90° 100:1
25° 10:1 135° 2:1
-25° 100:1 -135° 7:1
50° 5:1 155° 2:1
-50° 185:1 -155° 3:1
90° 2:1 180° 2:1

only necessary for the following kinematic settings: 90°, 135°, +155°, and 180°. However,
because certain kinematic settings overlap others in cos 6,, (as evidenced in Tab. 4.1) and
these overlapping kinematic settings are analyzed together in PALM, background sub-
tractions have also been performed on the overlapping kinematics for the cos 6,, regions
containing these “necessary” kinematics: -1.0 < cos ,, < 0.3.

Background subtraction can be summarized as follows:

(1) measurement of the polarizations for the out-of-time regions,
(2) estimation of the number of accidentals in the in-time region, assuming the po-
larizations for these accidentals are the same as the out-of-time polarizations, and

(3) subtraction of the accidental polarizations from the peak.

These steps were repeated for the response function background subtraction.

4.6.1. Measurement of Background Polarizations. The background contribution for
each kinematic setting was determined separately. The full coincidence time window
was from 200 to 225 ns. Cuts were placed around the peak in tc.,, to select the in-time
and out-of-time regions. The polarizations and response functions for the background
was determined by running PALM with a tc.,, cuts of 200-225 ns (the width of the full
coincidence time window) and on the peak, but this time rejecting all events under the
peak, therefore keeping the out-of-time background.

4.6.2. Estimation of the Number of Accidental Events in the Peak. The coincidence
time changed from one pass through a particular kinematic setting to the next due to some

changes in the timing of the DAQ logic circuit, '

thereby complicating the background
subtraction by involving more than one tc.,, cut for each kinematic setting. The different

timing window widths had to then be accounted for. This was done using using the

13The aerogel Cerenkov detector was added to the trigger, causing changes in the timing of the DAQ logic
circuit.
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following formula:
Y= Y (%) , (4.6.1)
Wy
where 7 represents the number (first pass, second pass...) of the timing window, Y}’ is the
raw background yield (the number of events in the out-of-time region), w, is the width of
the timing peak in ns, wy= 225 ns - w,, and Y;" is the background yield weighted by the
width of the timing window. The fraction of in-time yield due to the background for each
¢ was calculated by: '
}/;)/Z
= Ypi + Y;)/i ’
where Y}/ is the yield in the peak. The total fraction of in-time yield due to background

(4.6.2)

T

for one entire 6,, is then given by:

Ziri Y +Yli
= YZS:Y,,’ b ) (4.6.3)

where the sum is over the number of different timing windows for the kinematic and Y,
and Y} are the total peak and background yield for the entire set of 6, data.

4.6.3. Background Correction to Polarization Observables. The target polarization
values determined by PALM were corrected for background contributions using the fol-
lowing formula:

Py = 2730 (4.6.4)
1—r
where P, is the value of the polarization (either P, P,, P, P/, P!, or P/) determined by
PALM for the peak region and P, is the value of the polarization determined by PALM
for the background region.
The error for this background corrected polarization is determined by:

2 2
P2 — (1 L 7«) SP2 + ( 1__TT> 5P2. 4.6.5)

Fig. 4.6.2 shows a sample comparison of the measured polarization P, before and after
the background subtraction was performed. One can see that the background correction
is relatively small. This was the case for all polarization values for all kinematic regions.
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FIGURE 4.6.2. Sample comparison of P, before and after background subtraction.

4.6.4. Background Correction to Response Functions. The response function values
(Rir, Ryr, viRY + vr Ry, Ry, Riq, Rir, Rpr, Ry, Rir, Riy, Rir, Rir) determined by
PALM were corrected for background in much the same way:

Reor = Ry — 1 % Ry, (4.6.6)

where R, is the response function determined by PALM for the peak and R, is the re-
sponse function value for the background. The error was determined using:

SR?

2p = O0R2+ (—r)’0R;. (4.6.7)
Fig. 4.6.3 shows a sample comparison of the measured helicity dependent response func-
tions before and after the background subtraction.’* The background correction is also

small for all response functions.

YRecall: Background subtraction for 6, points lower than 62° was not necessary.
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FIGURE 4.6.3. Sample comparison of helicity independent response func-
tions before and after background subtraction.

4.7. Proton Form Factor Ratio

Using elastic calibration data from this experiment it was possible to extract the ratio
of the electric (Gg) to magnetic (G'ys) form factors. These form factors are used as a mea-
sure of the charge and magnetization distribution inside the nucleon. They describe the
internal structure responsible for the difference between electromagnetic electron scatter-
ing off of the nucleon to electron scattering off of point-like particles.

Polarimetry is a useful tool for measuring the ratio of electric to magnetic form factors
for the nucleon. The form factor ratio is given by:

Gy  hP,E+E 4,
—_ Ze, 47.1
Gy BB 2m "3 (47.1)

(The polarization terms P, and P, are the same as those extracted as described in Sec-

tion 4.5.3.) The first recoil polarization measurements of the ratio of the electric to mag-
netic form factors, performed at Bates at Q* = 0.38 and 0.5 (GeV/c)* [67, 68], helped
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prove the feasibility of the recoil polarization technique. Jefferson Lab, with its high
luminosity and polarized beam, have now allowed for precise measurements of this ra-
tio at Q% up to 5.6 (GeV/c)®. Calibration data from “N — A” have also allowed for
the extraction of this ratio. Fig. 4.7.1 is a plot of the current world data on the ratio of
wpGEp/Gup (Where i, is the proton’s magnetic moment and G, and Gy, are the electric
and magnetic form factors of the proton) along with the “N — A” data point, showing
only statistical errors. Along with the polarization measurements [67, 68, 69, 70, 71, 63]
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FIGURE 4.7.1. Measurements of the electric to magnetic form factor ratio.

discussed above, data from cross section measurements using Rosenbluth separation,
are also shown [72, 73, 74, 75, 76]. Because these calibration measurements agree with
G Ep/ Gy also taken in Hall A, there is confidence in the ability to deal with the spin
precession and extraction of the polarization observables.
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CHAPTER 5

RESULTS AND DISCUSSIONS

This chapter discusses the results of the analyses described in Chapter 4. The statis-
tical and systematic errors will also be discussed along with radiative effects on polar-
ization observables and response functions. The experimental results will be compared
with other data and theoretical predictions. The remainder of analysis issues needed for
extraction of the multipoles will also be outlined.

5.1. Statistical Uncertainties

The statistical uncertainties on the target polarizations and response functions are the
result of the propagation of the uncertainty of the amplitude of the asymmetries at the
focal plane A, (0f,,) P{** and A, (0f,p) PJ?. These asymmetries are directly proportional
to the square root of the number of events n that contribute to the amplitude, events for
which a track can be reconstructed and that have scattered in the carbon analyzer via the
strong interaction:

2
A [Ac (0ppp) PIPP] = A [Ac (Opyp) PIPP] =4/ =. (5.1.1)
n
This number reflects the overall efficiency of the polarimeter. Inefficiencies may be due
to the inefficiencies of some straws in the straw chambers or the lack of detection of neu-
trons ejected from the carbon nucleus when struck by the incoming proton. For a given
scattering angle 6y,,, the efficiency of the FPP can be defined as:
Nerr (0
e (Orpp) = 7”75 fow) (5.1.2)
where n, is the number of protons entering the FPP and n.sf (6y,,) is the number of out-
going proton tracks with a polar angle 6,, that pass the cone test (discussed in Sec-
tion 4.4.5.2). The number of events which participate in the measurement of the asym-
metry is then given by:
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Ners (Ofpp) = Mo (Oegy) - (5.1.3)

However, only those events that interact with the carbon analyzer via the strong interac-
tion contribute to the actual asymmetry. Furthermore, the sensitivity of these events to
the spin-orbit coupling varies depending on scattering angle. The number of measured
events neyy (0,,) must therefore be multiplied by A2 (6y,,) to give the number of events
contributing to the asymmetry at an angle of 6;,,:

n (Ofpp) = 1o (Ofpp) A? (0 1pp) - (5.1.4)

The total number of events then contributing to the asymmetry - and thus to the focal
plane polarization measurement and its associated uncertainty as given in Eqn. (5.1.1) - is

found by integrating Eqn. (5.1.4) over 6,,:

ama.T
n=n, / e (O709) A2 (8109) A6 ;0. (5.1.5)

amin

5.2. Systematic Errors

Systematic errors for the “N — A” experiment have yet to be studied in detail. It is
of importance to note, however, that for measurements of recoil polarization systematic
errors are much smaller than statistical errors and therefore should have little effect on
the accuracy of the results presented here. Errors associated with the uncertainty in beam
energy and proton momentum are negligible. The overall error on the beam polarization,
approximately 1.3%!, contributes directly to the overall systematic error on the extracted
helicity-dependent polarizations.

The largest source of systematic errors in this experiment is in the spin precession
as the proton travels through the magnetic field of the spectrometer. The precession is
described by the rotation matrix relating the polarizations at the target to the polarizations
at the focal plane, as outlined in Section 4.5.2:

P, Jpp Szct Swn Swl Pt
L | = P, |. (5.2.1)
P Sw Sm Su || p

The angle, position, and momentum of the proton at the target are used in calculating the

IFor details on this uncertainty see Ref. [48].
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spin matrix elements event by event; the spectrometer optics are then very important. The
Hall A spectrometer optics were studied extensively by N. Liyanage [59]. The resulting
resolutions are listed in Tab. 5.1. To first order, the spin matrix can be approximated so
that Eqn. (5.2.1) can be rewritten as:

pirr cos Xo 0 siny, Fi
P“}pp = 0 ) 0 P, |, (5.2.2)
Y B

where the precession angle is xo = (ip — 1) Openg- In order for the precession angle to be
determined precisely, the bending angle must be reconstructed accurately. The uncer-
tainty on the bending angle angle is approximately 3 mrad, corresponding to a deviation
of 1.6° in precession angle [69].

TABLE 5.1. Hall A optics resolutions at the target.

| value | resolution |

in-plane angular resolution 2 mrad
out-of-plane angular resolution | 6 mrad
transverse position resolution 4.0 mm
momentum resolution 2.5%x107*

The accuracy of the determination of the proton polarization at the focal plane de-
pends on the accuracy to which the scattering angle in the FPP is known. The rear straw
chambers of the FPP are 30 cm apart with a resolution of 0.3 mm. The resolution of the
FPP straw chambers is then

0.3 x 10 m
0.3m
in both the polar (6;,,) and azimuthal (¢y,,) scattering angles. The effect on focal plane

=10"%rad = 1 mrad (5.2.3)

polarizations due to this resolution has not yet been calculated for this experiment, but
studies for other polarization experiments performed using the Hall A FPP show the
effect to be small - much smaller than statistics (for example, see [63]).
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5.3. Radiative Corrections

There are three basic types of radiative effects: internal bremsstrahlung, external
bremsstrahlung, and Landau straggling. Internal bremsstrahlung occurs when the elec-
tron interacts with the Coulomb field of the target nucleus involved in the e (¢'p) reaction
by radiating real and/or virtual photons along with the virtual photon being exchanged
with the target. External bremsstrahlung occurs when the electron interacts with the
Coulomb field of a nucleus not involved in the e (¢'p) reaction. Landau straggling oc-
curs when the electron and proton lose energy due to ionization. Fig. 5.3.1 shows the
diagrams for internal bremsstrahlung effects.

FIGURE 5.3.1. Feynman diagrams for internal bremsstrahlung radiative effects.

For the measurement of polarization observables, the number of events that fall out-
side a particular kinematic range does not need to be accounted for when making radia-
tive corrections to data within that particular range. The issue, instead, is in determining
how the radiation shifts the actual interaction kinematics to the kinematics observed by
the spectrometer measurement (which are “post radiation” kinematics) (see, for example,
discussions in Ref. [77]). The shift depends on two factors: the width of the kinematic cut
made and the derivatives of the observables on the kinematic factors. If an observable is
strongly dependent on the kinematics of the interaction, a small shift in the kinematics
could lead to a large shift in the observable.

As of yet, radiative corrections have not been applied to the polarization observables
and response functions. However, initial studies have been made to investigate the shift
in the observables, and thus the overall size of effects from radiation on these observables,
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FIGURE 5.3.2. Sample comparison of Monte Carlo simulation with and
without radiative corrections.

has been investigated using MCEEP simulations. Results of this investigation are shown
in Fig. 5.3.2 where a sample of the P, polarization term for W = 1200-1240 MeV and Q? =
0.8-1.0 (GeV/c)? is shown. MCEEP was run with both radiative effects turned on (corre-
sponding to the red squares) and turned off (the purple circles). From this sample plot, it
seems that radiative effects are very small, if not negligible, in this analysis. Before pub-
lication these effects will be studied in more detail for all observables, and a correction
made to the results if necessary.

5.4. Target Polarization Results

Recall that bins in W were made for values from 1160 to 1360 MeV in widths of 40 MeV,
and in Q? from 0.8 to 1.2 (GeV/c)? in widths of 0.2 (GeV/c)?, as shown in Fig. 4.1.1(b).
The three induced (P, P,, and F,, defined in Eqns. (1.3.32)-(1.3.33)) target polarizations,
along with the three transferred (hP;, hP;, and h P defined in Eqns. (1.3.34)-(1.3.35)) target
polarizations, where to extract P/, P,, and P one must divide by the beam helicity b, for
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the W bin including the A(1232) resonance (1200 MeV < W < 1240 MeV) and the Q? bin
of 0.8 (GeV/c)? < Q? < 1.0 (GeV/c)? are shown in Figs. 5.4.1-5.4.6. Polarizations for all W
and @? bins can be found in Appendix D.

Recall that each polarization is binned in cos 6, regions from -1 to 1 (in widths of 0.1 to
0.4), as shown in Fig. 4.1.1, corresponding to the ten different panels for each polarization.
The solid circles are the measured polarization values placed at the average ¢,, value for
each ¢,, bin. The open squares correspond to the acceptance averaged MAID model (us-
ing MCEEP) predictions. MCEEP will be discussed in Section 5.6.1. The solid and dashed
lines corresponds to the MAID and SAID predictions, respectively. These polarization
observables are all sensitive to the interference of non-resonant and non-dominant reso-
nant amplitudes with the dominant M, amplitude, as discussed in Chapter 1 (see again
Eqgns. (1.3.32)-(1.3.35) and (1.4.9)-(1.4.21)).

5.5. Response Function Results

The eight induced response functions (v R? + vrR%, R?y, Ry 7, R, Rir, Rer, Rbp
defined in Eqns. (1.4.9)-(1.4.16)), along with the five transferred response functions (R},
R}, RY,., R, R, defined in Eqns. (1.4.17)-(1.4.21)), for the 1200 MeV < W < 1240 MeV
and 0.8 (GeV/¢)? < Q* < 1.0 (GeV/c¢)? bins are shown in Figs. 5.5.1(a) and (b). Response
functions for each bin in W and @? can be found in Appendix E. The solid circles are the
extracted response function values placed at the average 6,, value for each 6,, bin, the
open squares correspond to the acceptance averaged MAID predictions (using MCEEP),
and the solid and dashed lines corresponds to the MAID and SAID predictions, respec-
tively.

5.6. Comparison to Simulation and Models

5.6.1. Simulation: MCEEP Acceptance Averaging. Because it is insufficient to sim-
ply compare theoretical values evaluated at nominal kinematics, or point acceptance, with
experimental observables measured and averaged over a finite acceptance, a Monte Carlo
routine - MCEEP (Monte Carlo for (e, €'p)) developed by P. E. Ulmer [78] - was used to
average a theoretical model (MAID) over an experimental acceptance determined by the
acceptance of the spectrometer.
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MCEEP uses a uniform random sampling method to populate the experimental ac-
ceptance. Weights corresponding to the relevant observables (cross section, polarization,
response function, etc.) are computed according to a certain user selected physics model,
MAID in the case of this analysis. The reaction vertex (beam-target interaction point) is
chosen at random to be somewhere inside the target volume. Then, an event is chosen
by randomly selecting, somewhere in the experimental acceptance, a momentum, and
in-plane and out-of-plane angles for both the scattered electron and recoil proton. As a
result recoil polarization observables can be simulated, as well as cross sections. MCEEP
uses a COSY spin matrix file to account for spin precession of the proton’s polarization
through the spectrometer (as discussed earlier in Section 4.5.2.4).

The MCEEP simulation also allows for calculation and inclusion of the radiative ef-
fects discussed in Section 5.3. This allows the most direct comparison of the MAID predic-
tions with the measured data, since the data have also (naturally) experienced radiative
effects. All MCEEP simulation results displayed in Figs. 5.4.1-5.5.1 have included these
radiative effects.

Since MAID was used as the input cross section for the MCEEP simulation, the MCEEP
results in Figs. 5.4.1-5.5.1 would fall along the line corresponding to the MAID “nominal
kinematics” pred