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Abstract

The parity-violating asymmetry of the elastic scattering of highly polarized 3.84 GeV electrons
from unpolarized protons at @2 = 0.624 GeV? has been measured to high precision. The measure-
ment was carried out by the HAPPEX collaboration in Hall A of Jefferson Lab’s Continuous Electron
Beam Accelerator Facility. This precision measurement required careful control of any potential sys-
tematic effects, as well as a very precise determination of the absolute electron-beam polarization. In
order to obtain the required precision on the electron-beam polarization measurement, an upgrade
of the Hall A Compton polarimeter, and, in particular, the polarimeter’s photon-arm detector and
data acquisition system, was completed.

A parity-violating asymmetry of Apy = —23.80 & 0.78(stat) + 0.36(syst) ppm was measured.
The predicted parity-violating asymmetry in the absence of strange quarks is Ayg = —24.062 +
0.734 ppm. This allows for the extraction of the linear combination of proton strange-quark form
factors G% +0.517G%,; = 0.003+0.010(stat) £0.004(syst) £ 0.009(Axns), where the third error is due
to uncertainties in the nucleon electromagnetic form factors and radiative corrections. This measure-
ment is consistent with zero strange contribution to the proton form factors at Q2 = 0.624 GeV?2.
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Chapter 1

Introduction

The HAPPEX-III experiment was designed to measure the parity-violating asymmetry of elastic
electron-proton scattering to a precision of about 2.5% statistical and 1.4% systematic at high
(Q% = 0.624 GeV?) four-momentum-transfer squared. This parity-violating asymmetry can be
used to precisely determine a linear combination of the proton strange-quark form factors at the
given experimental kinematics (with a goal of extracting this linear combination with a precision of
£0.011). The motivation behind the HAPPEX-IIT experiment is given in Sec.1.1, and the theoretical
framework in which to understand this measurement is detailed in Sec. [1.2.

1.1 Background

Atoms, which bind together to form macroscopic matter, consist of a diffuse negatively-charged
electron cloud surrounding a very dense positively-charged nucleus. Nuclei are made up of nucleons,
protons and neutrons, and are held together by the strong force, which is described by Quantum
Chromodynamics (QCD) and can be modeled by meson exchange.

Nucleons are also composite particles, and are made up of three valence quarks (two up quarks
and one down quark in the proton, two down quarks and one up quark in the neutron), gluons, and
a “sea’ of virtual quark-antiquark pairs, as shown in Fig. [1.1. Again, the quarks in the nucleon
are held together by the strong force described by QCD. Gluons, the strong-force carriers, mediate
intra-nucleon quark-quark interactions, including the production of the sea quarks. Because up,
down, and strange quarks are the only quarks which are light enough (the strange quark, which is
the heaviest of the three light quarks, has a mass comparable to the scale of the strong interaction,
ms ~ 0.1 GeV), these are the relevant contributors to the nucleon quark-antiquark sea.

Interest in sea-quark contributions to proton properties followed the 1983 observation of the
disagreement between the total nucleon spin and the spins of the constituent valence quarks by
the EMC collaboration [2] in violation of the Ellis-Jaffe sum rule [3]. Strange quarks give direct
access to the quark-sea, since there are no strange valence quarks in the nucleon. For this reason,
although strange sea quarks do not necessarily have the same properties as up and down sea quarks,
nucleon strange-quark properties are of particular interest. In response to the surprising EMC result,
Kaplan and Manohar therefore suggested a method for extracting strange-quark form factors (which
are related to the nucleon radial charge distribution and magnetization density, and are denoted G¥%
and G3, respectively) from weak neutral-current (Z°-boson exchange) electron-nucleon scattering
[4].

There is currently substantial experimental evidence for strange quark contributions to nucleon
properties. This includes strange-quark contributions to the total nucleon momentum, a quantity
which is measured by charm-production in deep inelastic neutrino-nucleon scattering [5}6]. As shown
in Fig. 1.2, these parton-distribution-function measurements suggest that strange quarks carry ~2%
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Figure 1.1: The internal structure of the proton, including valance quarks, gluons, and sea quark-
antiquark pairs. Adapted from Parno [1].

of the nucleon momentum, about half of that carried by non-strange sea quarks. Strange-quark spin
contributions to the nucleon spin have also been measured. These are probed using spin-dependent
asymmetries in doubly-polarized deep inelastic lepton-proton scattering [7, [8], where a suggested
negative, ~10%, spin contribution from strange-quarks has been observed. Possible strange-quark
contributions to the nucleon mass of ~130 MeV (with large errors) have also been observed via
pion-nucleon scattering, which is used to measure chiral symmetry breaking in QCD [9, 10]. Finally,
an observed enhancement of ¢ production (where a ¢ meson consists of a s5 pair) in certain pp
annihilation channels is possibly due to knockout of strange quarks [11, [12].

A number of theoretical models (summarized nicely by Beck and Holstein [14]) have been used
to make predictions about the strangeness moment, us = G35;(Q*=0), and strangeness radius,
r? = —6[dG3%/dQ?)g2—0, of the nucleon. Any contribution to the nucleon form factors from s§
pairs must come from some physical separation of the two quarks, and are generally believed to
come from either loop (where the nucleon fluctuates into a K meson and a hyperon) or pole (where
the virtual boson fluctuates into a ¢ meson) effects [15], as shown in Fig. [1.3| (see, e.g., Ref. [16]).
Some theoretical analyses include either or both of these effects, while others also include QCD
approximation models such as an SU(3) extension of the Skyrme model, e.g. Ref. [17]. Unfortunately,
these models have the common difficulty that they all require certain substantial approximations.
These various theoretical analyses do not predict consistent values for the strangeness moment and
radius. However, the predicted values do trend towards a moderate negative moment (ps ~ —0.3)
and a small, and possibly negative, radius (72 ~ —0.010 fm?) (with notable exceptions) [14]. These
values, unfortunately, also do not appear to agree with the current experimentally measured strange-
quark contributions.

Several measurements of the proton’s strange-quark form factors have been carried out at various
values of four-momentum-transfer squared (denoted @2, where Q? > 0 is actually the negative of
the four-momentum-transfer squared) [18] 19, 20} 21}, 22} 23| 24} 125], and these measurements are
discussed in detail in Sec. 6.2. The linear combination of strange-quark form factors plotted as a
function of Q2 is given in Fig. 1.4 for the world data-set of these form factor measurements (not
including the HAPPEX-III measurement), and a fit to this world data is also given. The inconclusive
results of these form factor measurements, especially at high Q?, suggest that measurements of the
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Figure 1.2: The nucleon parton distribution functions multiplied by Bjorken x, x f(z), plotted as a
function of x, where Bjorken z is the nucleon longitudinal momentum fraction. Reproduced from
Moffit [13].

(a) (b)

Figure 1.3: Examples of contributing |(a)| loop and |(b)| pole diagrams which could cause some sepa-
ration between strange and anti-strange quarks in the proton.
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Figure 1.4: The linear combination of strange-quark form factors G, + nGY,, where n is given in
Eq. 6.10, plotted as a function of Q2 for previous parity-violation experiments (not including the
HAPPEX-IIT measurement). These experiments are discussed in detail in Sec. [6.2l The shaded
region gives a fit to the pre-HAPPEX-IIT world data. Adapted from Paschke [26].

strange-quark form factors to higher precision can give new insights into strange-quark contributions
to nucleon properties.

Strange-quark form factor measurements are made by taking advantage of parity violation in the
weak interaction, as described in Sec. [1.2.2l A parity conserving process is invariant under spatial
inversion (i.e. mirror reflection followed by a 180° rotation). While electromagnetic (EM) and strong
interactions conserve parity, weak scattering processes violate parity conservation (i.e. for a weak
process there is a different interaction probability depending on the “handedness” of the particles
involved). Helicity, the particle spin projection in the momentum direction,

h=3p, (1.1)

(where §is the particle spin and p is the direction of particle propagation) is a property which changes
sign under spatial inversion, and is therefore parity-odd. Since electron-nucleon scattering includes
the parity-violating weak scattering process, the scattering cross section (which is proportional to
the interaction rate) is helicity dependent; there is a measurable asymmetry between the scattering
rates for the two (positive- or negative-) electron-helicity states.

The third-generation Hall A Proton Parity Experiment, HAPPEX-III, an experiment which
measured the parity-violating asymmetry of longitudinally-polarized electrons scattering from un-
polarized protons at Q% = 0.624 GeV? to high precision, can thus give access to the strange-quark
form factors and provide insight into proton structure.
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Figure 1.5: Tree-level diagrams for electron-proton scattering for (a) single-photon exchange and |(b)
79 exchange.

1.2 Theory

A theoretical framework in which to understand parity-violating electron-proton scattering begins
with a general overview of scattering mechanisms and scattering theory (Sec. [1.2.1). Details about
parity violation and the parity-violating asymmetry are then given (Sec.1.2.2). Radiative corrections
to the measured data are also discussed (Sec. [1.2.3).

1.2.1 Electron-Proton Scattering

Electron-proton elastic scattering is dominated by the electromagnetic interaction in which (to lowest
order) a single virtual photon is exchanged, but also includes a weak interaction, where a Z°-boson
is exchanged. The tree-level diagrams for electron-proton elastic scattering are given in Fig. [1.5.

One measurable quantity in electron scattering is the scattered particle rate, which is proportional
to the scattering cross section. To use this measured scattering rate to understand the structure of
the (proton) target, the cross section must be related to some intrinsic proton properties. This is
done by decomposing the cross section in terms of form factors.

Cross sections are proportional to the square of a scattering amplitude, M, which is written in
terms of the current densities of the reacting particles; elastic scattering can be described by two
current densities of particles incident on one another [27]. These current densities, most generally,
have the form

=91y, (1.2)
where 1) and 9 are the incident and scattered particle wave functions respectively, and the quantity
contained in [- - - | must be some linear combination of scaler, vector (y#), tensor (o#¥, o = & [yH~y" —

YYAH]), axial-vector (v°#, 4% = i7°y1v243), and pseudoscaler (7°) quantities with coefficients which

are functions of Q2 (here, v* is a standard Dirac y-matrix). Spin-1/2 particle wave-functions must
be solutions to the Dirac equation

(79, —m) = 0, (1.3)

where m is the particle mass and _
Y =ue P (1.4)
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is the solution to the Dirac equation (where u is the particle spinor, p is the particle four-momentum,
and z is the position four-vector).

1.2.1.1 Electromagnetic Electron-Proton Scattering

The main contribution to the elastic electron-proton scattering amplitude is the electromagnetic
scattering amplitude. In the one-photon approximation, this quantity is written in terms of the
electron and proton transition currents and the photon propagator (which is proportional to q%) [27]

e )
M, o j (qZ) Jr, (1.5)

where ¢ is the four-momentum transfer for an initial- (final-) state electron with four-momentum p
(p') and an initial- (final-) state proton with four-momentum % (k')

q=p—p =k -k (1.6)

The electron transition current j can be written in terms of the vector quantity 7, and the incoming
and outgoing electron wave functions from Eq. 1.4

jl = _eﬂe(pl)’}/uue(p)ei(p_p/)-m' (17)

Here e is the electron charge and u, is the incoming electron spinor (where 7 = uf+° is the outgoing
spinor). The proton transition current, J#, is more complicated, since protons are composite par-
ticles. The most general form consistent with the transformation properties of the electromagnetic
current can be written in terms of only two unknown functions: Fy(g?) (the vector-current coeffi-
cient) and F(q?) (the tensor-current coefficient), the Dirac and Pauli form factors respectively. The
proton transition current is thus written

iR

2M,

TV = ety (K) [Fl(f)w“ + Fz(qQ)J“”q”] up(k)e! (1.8)

where & is the proton anomalous magnetic moment, M, is the proton mass, and ¢, is again (the yth
component of) the four-momentum transfer.
Use of these transition currents to calculate an electron-proton scattering cross section yields

do do 0 o0
5= (), (7 5rF9) o8 7Py i . )
where
(da> _ @’Ecos? 5 (1.10)
dY ) viott ~ 4F3sin? g '

is the Mott cross section, which describes the scattering of a spin-1/2 electron with initial (final)
energy F (E’) from a structureless Dirac particle at scattering angle 6. Here,
Q2

T= 7 (1.11)
4M?

is a kinematic factor where, of course, Q2 is the positive quantity
Q= (1.12)

and « is the fine structure constant.
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Particle | g™ gV [ gh
e~ —1 [ —1+4sin® 0y

u % 1—%51112914/ -1
d, s —% —1+%sin29W

Table 1.1: Electromagnetic and weak! charges for the electron and light quarks. The vector and
axial-vector weak charges are ¢¥ and g* respectively, and the charges for right- and left-helicities
are given by ¢ = ¢ + ¢4 and ¢* = ¢¥ — g*. The factor of sin? @y in the weak vector charge
comes from electromagnetic-weak mixing, where 6y is the weak mixing angle.

Writing the differential cross section in terms of the Sachs form factors

:‘<Lq2

G’EEF1+4M2

F (1.13)
and

is advantageous, since this eliminates the form-factor cross-terms from the cross section in Eq. 1.9,
yielding the Rosenbluth formula [28§],

do  (do (GL)? 4+ 7(G1,)? V2. 20
m = (d{))MOtt |: 1—|—T +2T(GM) tan 5 . (115)

Measurement of the scattering cross section at fixed Q? and variable scattering angle can thus be
used to determine the proton (and neutron) electric and magnetic form factors (a technique known
as Rosenbluth separation). This is done by extracting G},(Q?) from the slope of the Mott-cross-
section-normalized differential cross section plotted as a function of tan?(6/2), and determining
G%(Q?) from the intercept [29]. The Sachs form factors approximate the Fourier transform of the
nucleon radial charge distribution and magnetization density as Q% — 0, and at Q? = 0 G, and G},
coincide with the normalized electric charge and magnetic moment of the nucleon respectively. The
values of the form factors have been measured at various values of Q2 using Rosenbluth separation,
and GF(Q?), G17(Q?), and G} (Q?) can be approximated by a dipole fit [29]

G,YP(QQ) G'yn(@Q) Q2 -2
TYP(H)2) ~ M ~ M ~ P ep—
Gy(Q7) ~ 279 T —-191 (1 * 0.71GeV2> ’

(1.16)

while G3"(Q?) ~ 0. A more precise parametrization of G},'(Q?) has been given by Galster et al. up
to Q% = 0.6 GeV? [30]

1.917
GPQ*) ~ ———GP(Q?). 1.17
P @)~ e GY (@) (117)
Radiative corrections to these quantities are discussed in Sec. [1.2.3.1.
The proton electromagnetic transition current from Eq. 1.8 can alternatively be written consid-
ering the individual current contributions from the proton constituent up, down, and strange quarks
separately [31]

2 1- 1
JVH = —aytu — —dy*d — —SvyHs. 1.18
g u— gdy 357" (1.18)
Here, each numerical coefficient is just the individual quark electromagnetic charge given in Table

1.1/ (along with the light-quark weak charges and electron EM and weak charges), and the individual
quark wave-functions are given by u, d, and s.
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Using this new form for the proton electromagnetic current yields a new relation for the electric
and magnetic proton form factors [18]

2 . 1 .
G¥ony = 5Ck0n =3 (Chan + Can) (19

where now G%( M) GdE( M) and G%,,, are the up-, down-, and strange-quark electric (magnetic)
form factors respectively, and the numerical coefficients are again the quark electric charges. By
isospin symmetry (under v — d, d — u, s — s), the neutron electric and magnetic form factors can
be written as

w2 4 |
Gron = 3G80n ~ 3 (G%(m + GSE(M)) : (1.20)

where G;;’(djj) is still understood to be the same form factor associated with the u, d, and s quarks
in the proton.

1.2.1.2 Weak Electron-Proton Scattering

As in electron-proton electromagnetic scattering, the scattering amplitude for electron-proton Z°
exchange can be written in terms of the weak electron and proton currents and the Z boson mass,
MZ7

1
Z

Here, the electron weak current is expressed in terms of vector and axial-vector scattering cur-
rents, including the electron weak-charges from Table 1.1, as

jva = (—1 + 4sin? GW) eyue + evuyse (1.22)
for helicity-right electrons and
jva =(-1+ 4sin® Oy ) Ey,e — Ev,75€ (1.23)

for helicity-left electrons (the form for the weak electron current must be helicity dependent since
the weak interaction is parity-violating). The two forms for the weak current come from the electron
weak charges, where the right-handed weak charge is g% = ¢¥ + ¢” and the left-handed weak
charge is g = g — g4 (the V and A superscripts are for the vector and axial-vector contributions
respectively); thus the first term in both Egs. [1.22] and 1.23] is the vector current term, and the
second one is the axial-vector term, where a V 4+ A form for the current is required to describe a
parity-violating interaction. Since sin’ 6y ~ 0.23, the vector current term is suppressed by a factor
of 10 compared to the axial term, and therefore the axial term dominates in the electron transition
current.

As in Eq.[1.18 for the electromagnetic current, the proton weak current can be described in terms
of the proton constituent quarks [31]

4 _
JZm — (1 — §Sm2 9W> Ty u + <1 +3 sin? 9W> dy*d
4 .92 — — 5 ) 5 -, 5
+ (1 g sin® O ) 5yts — wytaSu - dyy d 4 5y, (1.24)

where again the coeflicients are the quark vector and axial-vector weak charges summarized in Table
1.1.

INote that here there is a multiplicative ambiguity in the way in which the weak charges may be written, as in
Ref. [31] compared to Ref. [15].
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This formulation for the weak proton current yields the proton vector weak form factors in terms
of the constituent-quark form factors

8 . w 4 . s
ijz()M) - <1 -3 sin? 9w) Ghouy + <—1 +3 sin® 9W> (GdE(M) + GE(M)) . (1.25)

Using Eqgs. [1.19/ and [1.20, each proton weak form factor can also be conveniently written in terms
of the proton electromagnetic form factor and the contributing strange-quark form factor

G%»p

Ban = (L—4sin®0w)GY 1y — Gl — G- (1.26)

E(M) E(M)

The proton weak form factor then gives access to the strange-quark electric form factor: since the
electric proton form factor is suppressed by a factor of (1 —4sin? fy) and G" is small, even a small
GSE( M) May be measurable. (Incidentally, the neutron weak form factors, which can be similarly
written in terms of the neutron, proton, and strange form factors using isospin symmetry,

GEiny = (L—4sin® 0w)G Ly — Gl — Ghus (1.27)

are large because of the large G}gp( M) Thus, the weak interaction should be a good probe of the

nuclear neutron distribution, a fact which was exploited in the PREx measurement [32] described
in Sec.[6.3.1)

The proton axial-vector form factor G247 is given, at tree-level, by' [31]

1 1
G2 = fiG(Al) + 1 Fi (1.28)

Here, GS) is the isovector axial form factor and is given by
G =ga(1+3.327)72 (1.29)

(with g4 being the proton weak axial charge) and F§ is the strange axial form factor, where
F5(Q?*=0) = 2As (with As being related to the experimentally determinable contribution of strange
quarks to the nucleon spin). Radiative corrections to the proton axial form factor are discussed in
Sec. [1.2.3.2.

1.2.2 Parity-Violating Asymmetry

The electron-prot