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Abstract

The electroweak theory has been probed to a high level of precision at the mass scale of
the Z° through the joint contributions of LEP at CERN and the SLC at SLAC. The E158
experiment at SLAC complements these results by measuring the weak mixing angle at a
Q? of 0.026 (GeV/c)?, far below the weak scale.

The experiment utilizes a 48 GeV longitudinally polarized electron beam on unpolarized
atomic electrons in a target of liquid hydrogen to measure the parity-violating asymmetry
APV in Mgller scattering.

APV is proportional to 1 — 4sin? fyy. Since sin? 6y ~ 0.25,

The tree-level prediction for
the effect of radiative corrections is enhanced, allowing the E158 experiment to probe for
physics effects beyond the Standard Model at the TeV scale.

This work presents the results from the first two physics runs of the experiment, covering
APV

data collected in the year 2002. The parity-violating asymmetry was measured to be

APV = —158 ppb =+ 21 ppb (stat) + 17 ppb (sys). (1)

The result represents the first demonstration of parity violation in Mgller scattering. The

observed value of APV corresponds to a measurement of the weak mixing angle of

sin? 657 = 0.2380 £ 0.0016 (stat) + 0.0013 (sys), (2)
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which is in good agreement with the theoretical prediction of

sin 05 = 0.2385 £ 0.0006 (theory).
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Chapter 1

Introduction

The E158 experiment is designed to be a precision low-energy test of the electroweak theory,
complementing the substantial high-energy results obtained by the SLC and LEP colliders.
This introductory chapter provides a background to the experiment by briefly tracing the
evolution of the understanding of the weak force and its unification with the electromagnetic
interaction in the framework of the Standard Model. In addition, the methodology and

timeline of the E158 experiment are outlined.

1.1 Early Study of the Weak Force

The study of the weak force has its beginning in the year 1900 with the discovery of (3
radiation by Becquerel [1]. The process was understood as the decay of an atom in state X

to another state X’ through the emission of an electron e™:
X - X +e . (1.1)

The decay results in only two products, so conservation of energy dictates that all 5 decays
should emit an electron with the same energy.

In 1914, Chadwick made the surprising discovery that the energy of the particles emitted
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in # decay was not a single value, but a continuum [2]. To many scientists, the result
indicated that [ decays simply did not conserve energy. Pauli remedied the situation in
1930 by hypothesizing that there was another particle v!' emitted in 3 decay, along with

the electron, carrying off the missing energy [3]:

X —X+e +u (1.2)

The particle had to be very light and weakly interacting to have avoided detection. It was
clear that the v particle could not interact electromagnetically but only through a new
force, called the weak force.

Fermi dubbed the new particle the “neutrino” and in 1934 incorporated it into a success-
ful theory describing 8 decay. Figure 1.1 depicts the diagram representing Fermi’s model.

The four particles of the decay interact at a single vertex, with a coupling strength denoted

as G [4].
o e
n U

Figure 1.1: Fermi’s four-point interaction for § decay.

In 1949, it was realized that G was identical for many different weak decay processes.
This led Lee, Yang, and Rosenbluth to postulate that all weak interactions are mediated
by a massive boson, named the W~ (or its anti-particle, the W) [5]. Figure 1.2 represents

G decay with the introduction of the W ™. For energy scales below the mass of the W,

'Pauli actually named the new particle “neutron,” but that name was taken in 1932 with Chadwick’s
discovery of the neutral partner to the proton in the nucleus. Also, the particle v is actually called the
anti-neutrino 7 today.
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the process depicted in Figure 1.2 is indistinguishable from Fermi’s single-vertex process in

Figure 1.1.
pr e
W
n \J

Figure 1.2: The W™ incorporated into § decay.

1.1.1 Parity Violation

In the early 1950’s, it was observed that two particles called 7+ and 6% appeared to be
identical in all respects, except that they decayed to states of opposite parity. Lee and
Yang speculated in 1956 that the 7 and 0 particles were actually the same particle, with
the weak decay mode violating parity [6]. They pointed out that while there was ample
evidence that strong and electromagnetic interactions conserve parity, there was no such
evidence for weak interactions.

The following year, an experiment by C. S. Wu with polarized °°Co demonstrated un-
equivocally that indeed the weak force did not respect parity [7]. Since that time, parity
violation experiments have been an important probe of the structure of the weak interac-

tions.

1.1.2 Electroweak Unification

In 1961, Glashow presented the first work attempting to unify the weak and electromagnetic
interactions into a single framework [8]. In addition to the weak mediators W=, the theory
predicted a weak neutral current, mediated by the Z9. In 1967, Weinberg and Salam cast

the unified electroweak theory in the form of a gauge theory with spontaneous symmetry
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breaking to explain the difference in the masses of the weak mediators and the photon [9, 10].

The Glashow-Weinberg-Salam (GWS) theory contains a free parameter, the weak mixing
angle Oy, that determines the relative strengths of the electromagnetic coupling g. and the
weak couplings gy and gz through

— _Ge — Ge
gw = sin Oy and 9z = sin Oy cos Oy *

The theory also relates the masses of the weak mediators through

MW = MZ COSH{/V. (13)

The theory was bolstered in 1973 with the discovery of a weak neutral current event in

the Gargamelle bubble chamber at CERN [11]. They observed the interaction

U, te =T, +e, (1.4)

which could only be mediated by the Z° boson.

In 1978, the E122 experiment at SLAC observed the parity-violating asymmetry in
polarized electron scattering from a deuterium target. The results were in agreement with
the GWS theory, and ruled out competing models [12, 13]. The weak mixing angle was
measured to be sin?fy = 0.224 + 0.020.

The knowledge of sin?fy, and Gr are sufficient to calculate the masses of the W and
Z9 particles in the GWS theory. Using the result of the E122 experiment, it was found
that the W particle should have a mass of ~ 80 GeV/c?, while the Z° should have a mass
of ~ 90 GeV/c?. In 1983, the W* and Z° were found at CERN at the predicted energies,

dramatically supporting the GWS electroweak theory [14].



1.1.3 LEP and SLC

The SLC at SLAC and LEP at CERN were ete™ colliders that operated in the 1990’s to
test the Standard Model to high precision near the mass of the Z°. With few exceptions,
the results were in excellent agreement with the theoretical predictions. The precision of
the collider results can be appreciated by noting that the weak mixing angle was measured
to be

sin? Ay = 0.23113 £ 0.00015, (1.5)

combining all data [15].

1.2 The Role of the E158 Experiment

As with any coupling constant, renormalization causes sin?fy to run as a function of the
four-momentum transfer @) of an interaction. Figure 1.3 depicts the predicted running of the
weak mixing angle with energy. In order to fully explore the Standard Model, measurements
must be performed at several different ) values. The E158 experiment complements the
work done at the SLC and LEP by operating in an energy range far below the mass of the
ZY. Interference with the dominant electromagnetic diagrams allows low Q? experiments

unique sensitivity to physics effects beyond the Standard Model.

1.3 E158 Overview

The E158 experiment extracts sin?fy at a Q2 of 0.026 (GeV/c)? by measuring the parity-
violating asymmetry APV in Mgller scattering. The experiment is technically challeng-
ing because the asymmetry is expected to be very small, on the order of -150 parts-per-

billion. The measurement represents the first time that parity violation has been observed
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Figure 1.3: The running of sinfy, with four-momentum transfer Q.

in electron-electron scattering.

Figure 1.4 presents a general diagram of the E158 apparatus. The experiment utilizes
the 48 GeV polarized electron beam provided by the two-mile linear accelerator at SLAC,
scattering off of unpolarized atomic electrons in a fixed target of liquid hydrogen. The
scattered flux is then integrated with the E158 calorimeter, located in the experimental hall

APV

End Station A. The asymmetry is defined as the difference in the scattering rate for

each beam helicity, normalized to their sum, given by

do R _ dol

APV _ dQ dQ) 1.6
d_aR+d_aL7 ( )
dQ dQ

where L and R refer to the helicity of the incident beam.

€ [ H
LINAC —_—p 2 <> Spectrometer
48GeV Target | P

Calorimeter

Figure 1.4: General diagram of the E158 apparatus. The regions of the E158 calorimeter
are named as follows: A.) In ring B.) Mid ring C.) Out ring and D.) eP detector.
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The calorimeter is divided into four annular regions, designated as In, Mid, Out, and
eP. The E158 spectrometer focuses the scattered electrons so that the inner three regions
of the calorimeter are dominated by Mgller scattering events, while the outer eP ring is
dominated by electron-proton scatters. The In and Mid region together are known as the

Moller detector?, and are used for the measurement of AV

1.4 Experiment Timeline

The data for the E158 experiment was collected over four distinct periods, designated as
Run 0 through Run 3. Each data set is analyzed independently to determine sin?fy,. The
results of each Run are then combined to obtain the overall E158 result.

Table 1.1 presents the amount of data in each Run. This paper covers the combined
results of Run 1 and Run 2, representing slightly over half of the full E158 data set. The

analysis of Run 3 is still underway.

Dataset Time Total Data (pulses)
Run 0 | Winter 2001 Engineering Run
Run 1 Spring 2002 212 million
Run 2 Fall 2002 236 million
Run 3 | Summer 2003 360 million

Table 1.1: The E158 dataset boundaries.

2The Out region could have been included, but was found to be susceptible to large systematic uncer-
tainties (Section 6.7.2.2).



Chapter 2

Theory

The SLAC E158 experiment measures the parity-violating asymmetry in Mgller scattering
at a Q2 five orders of magnitude below the weak scale. The measurement probes the
Standard Model at the one loop level, providing insight into the running of the electroweak
observable sin6yy.

This chapter presents the theoretical prediction for the parity-violating asymmetry ATV

in Mgller scattering and its relation to the weak mixing angle. Additionally, previous low

Q? electroweak experiments and their results are described.

2.1 The E158 Experiment

The experiment utilizes a 48 GeV polarized electron beam on unpolarized atomic electrons
in a liquid hydrogen target to measure the parity-violating asymmetry in Mgller scattering,
at a Q% of 0.026 (GeV/c)?. Radiative corrections reduce the tree-level asymmetry by 40%.
The large relative size of higher-order effects allows the experiment to be a sensitive probe of
the Standard Model. Sections 2.3 and 2.4 present the theoretical calculation of the expected
asymmetry.

The effect from radiative corrections can be neatly accommodated by defining a Q2

dependent weak mixing angle. Figure 2.1 displays the running of sin?6y(Q?) as well as
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the results of several precision electroweak experiments. The NuTeV point refers to a

E158 ]
0.240 Projected 1

sLps @* ;
0.230 LEP y
0.01 0.1 1 10 100 1000

Q (GeV/c)

Figure 2.1: The running of sin®6y with Q.

neutrino experiment conducted at Fermilab [16], and the APV point represents atomic
parity violation studies performed by NIST and the University of Colorado [17]. These

experiments are described in Sections 2.2.1 and 2.2.2.

2.2 Previous Low ()?> Electroweak Measurements

It is clear from Figure 2.1 that the Z-pole experiments have measured sin®fy to high
precision, and the results are in agreement with the Standard Model. In contrast, the low
Q? regime has been probed by only two experiments, with much less precision. The lack of
electroweak measurements for low Q2 is the primary motivation for the E158 experiment.
Both the NuTeV experiment and the APV measurements require considerable theoreti-
cal input to extract the weak mixing angle. The E158 experiment is designed to complement
these experiments by examining the comparatively clean process of Mgller scattering. Also,
the energy scale is between the previous measurements, allowing the E158 experiment to

provide a unique point on the sin?fy (Q?) curve.
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2.2.1 NuTeV Experiment Overview
The NuTeV experiment compared neutrino and anti-neutrino scattering rates to determine
sin?fy [16]. The high purity neutrino beams were delivered by the Fermilab accelerator,
and cross sections were measured in a 120-foot-long steel detector. The relevant Feynman

diagrams are shown in Figures 2.2 and 2.3. The Q2 of the experiment was 20 (GeV/c)?.

Figure 2.3: Anti-neutrino scattering diagrams.

The weak mixing angle is extracted from the data by constructing the Paschos-Wolfenstein
ratio R~ [18], defined as

o(vuyN - v, X) —o(@,N - 7,X)

= o(wyN = p=X)—o(@,N — ptX)

(2.1)

The quantity R~ is directly related to the weak mixing angle through



11

The NuTeV Collaboration reports a value for sin?6y that is 30 above the Standard Model
prediction.

Many attempts have been made to reconcile the NuTeV result within the framework of
the Standard Model. The primary focus has been on understanding the parton distribution
functions used in the determination of R~. Nuclear effects are complex, and it is possible
to shift the value of sin?fy based on the assumptions of these distributions [19]. The
induced shifts have not yet been found to align significantly the NuTeV result with the
Standard Model prediction. However, a recent O(«a) re-analysis of deep-inelastic neutrino
scattering indicates that perhaps the theoretical uncertainties used in the extraction of
sin? Ay are enough to reconcile the 3¢ shift in the NuTeV result. The work in this area is

still ongoing [20].

2.2.2 Atomic Parity Violation Overview

Electroweak experiments in atomic physics measure the perturbation of electronic orbitals
induced by Z° exchange (Figure 2.4). The potential of the nucleus can be described as due
to the standard electric charge Z and the weak charge Qy . The Q? is very low, set by the

energy scale of the atomic orbitals.

Figure 2.4: Tree-level contributions to the nuclear potential.

The Z° diagram produces small mixings of the unperturbed orthogonal electron orbitals.

The overlap allows otherwise forbidden transitions to occur. In principle, atomic parity
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violation experiments measure transition rates among these states to obtain Q.

At tree level, the weak charge of the nucleus is given by

Qw = —N + Z(1 — 4sin? byy), (2.3)

where N is the number of neutrons and Z is the number of protons [21]. Since sin?fy,
is numerically very close to 0.25, Equation 2.3 essentially reduces the weak charge to the
number of neutrons N. Radiative corrections alter the tree-level prediction in Equation 2.3,
making atomic parity violation experiments sensitive to the running of the weak mixing
angle [22, 23].

Because the weak charge is proportional to the number of neutrons in the nucleus, heavy
atoms are the preferred subjects in APV experiments. However, to extract sin?fy, from a
measurement, it is necessary to have a precise model of the electronic wavefunctions involved
in the transitions observed. The determination of the wavefunctions in heavy atoms is
complex and is the greatest source of uncertainty for atomic parity violation measurements.

The most precise APV experiment utilized 33Cs [17]. Cesium is a good subject because
it is a heavy atom with a single valence electron. The experiment initially reported a weak
charge that was 2.50 below the Standard Model prediction. However, subsequent complex
electron wavefunction analyses [24, 25, 26, 27, 28, 29] have moved this value to within 0.5¢

of the theoretical prediction. The most recent result is plotted in Figure 2.1.
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2.3 E158 Experiment at Tree Level

The E158 experiment measures the parity-violating asymmetry ATV in Mgller scattering.

The asymmetry is defined as

doft  doL

APVE dS) dQ) 2.4
d_JR+d_JL, ( )
dQ) dQ)

where 3—6 is the differential cross section, and L and R refer to the helicity of the electron

beam. The target electrons are unpolarized. At tree level, there are four diagrams which

contribute to ATV, depicted in Figure 2.5. In the limit that m?. << Q% << mzzo, the

e—

+ Crossed Diagrams
Figure 2.5: Tree-level contributions to A"V,

asymmetry is given by [30]

-GL.Q° 1—y .
ALV — 1 — 4sin® Oyy), 2.5
Tree \/iﬂ'Oé 1+ y4 + (1 — y)4( S W) ( )

where

1 —cosfOcm

. (2.6)

<
Il

G, is the Fermi constant obtained from the muon lifetime formula [31], and the fine structure
constant « is roughly %7, as is suitable for low Q? measurements. The 0o term refers to
the center-of-momentum scattering angle.

Because sin’fy ~ %, APV is very sensitive to the weak mixing angle. The relation is
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made clear by noting

AAPY Asin? 6
= (2.7)
A 7 — sin“ Oy

The final E158 result is expected to measure APV to the precision of 12%, corresponding
to a determination of sin®fy to +0.0014.

It is important to note that the tree-level asymmetry given in Equation 2.5 is a very
small number. Even at its maximum (y = %), AEY is only -300 ppb (parts-per-billion).
It is the smallness of this number that presents the greatest challenge to the success of the

experiment.

2.4 Radiative Corrections to A"V

Because the tree-level asymmetry is suppressed by a factor of 1 —4sin? 6y, the contribution
of higher-order diagrams is effectively enhanced. This feature is responsible for the running
of the weak mixing angle in Figure 2.1, and allows the E158 experiment to be a sensitive

probe of the Standard Model.

APV

Marciano has evaluated including one-loop radiative corrections and found the

corrected asymmetry to be given by [32]

—pGLQ? 1—y ) Q
31 — 4sin? Oyy)

327 sin? Oy cos? Oy

47 sin? Oy

1+ (1 = 4 sin 0w)?) + Fi(y, Q%) + Fa(y, Q°) },

(2.8)

where

sin? Ay = sin? 9%(1\4%0) (2.9)
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The term in the braces now has a Q? dependence, producing the running of sin?fy depicted
in Figure 2.1. The precise definition of sin?fy(Q?) is given in Section 2.4.5.
The one-loop corrections reduce the tree-level prediction for APV by ~ 40%. The

expected asymmetry for the E158 experiment is then roughly -180 ppb, for y = % The
following sections describe the sources and sizes of the terms in Equation 2.8.

Because the effect of higher-order diagrams is large for low @2, the E158 experiment
can be used as a sensitive probe for physics effects beyond the Standard Model at the TeV

scale. Section 7.2 describes the new physics limits that can be set with the experiment, as

well as presenting the current limits set by previous experiments.

2.4.1 ~ — Z° Mixing Diagrams

The largest one-loop corrections are contained in the x(0) term in Equation 2.8. The
relevant processes are represented by v — Z° mixing diagrams and the W contribution to
the electron anapole moment, depicted in Figure 2.6. The Q? dependence of these diagrams

is contained in Fy(y, Q?).

+ Inverted + Crossed Diagrams

Figure 2.6: Photon-Z° mixing diagrams and the W contribution to the anapole moment.

The fermionic loop in the first diagram in Figure 2.6 presents the greatest calculational
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challenge. The quark contribution cannot be evaluated perturbatively and must be deter-
mined from ete™ —hadrons experimental data. The uncertainty on » represents the largest
contribution to the theoretical uncertainty on A"V, Evaluating the diagrams, & is found to
be

k(0) = 1.0301 £ 0.0025. (2.10)

The 3% correction to sin?fy by x(0) corresponds to a 37% reduction in AV, It should be

noted here that F(5,0.026 (GeV /c)?) = 0.00002, a negligible contribution.

2.4.2 Heavy Box Diagrams

Box diagrams containing heavy bosons comprise the next correction to ALY . These dia-

grams are depicted in Figure 2.7. The W diagram contributes the ﬁgg—w term in Equa-

+ Crossed Diagrams

Figure 2.7: Heavy boson box diagrams.

tion 2.8. It yields a 4% increase in APV over the tree-level expression. The Z diagrams

—3a(1—4sin® Oy)

DT —g [1+ (1 —4sin®Oy)?] term in Equation 2.8, resulting in a neg-

produce the

ligible 0.1% shift to the tree-level expression.

2.4.3 ~— Z" Box Diagrams

PV

Tree comes from box diagrams

The final contribution to the one-loop corrected value of A

containing both a photon and a Z° exchange. The relevant diagrams are depicted in Fig-
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ure 2.8. The Z° contribution to the electron anapole moment also contributes at this level,

shown in Figure 2.9.

+ Crossed Diagrams

Figure 2.8: Photon-Z° box diagrams.

+ Inverted + Crossed Diagrams

Figure 2.9: Anapole moment contribution from the Z°.

The contribution of these diagrams is contained in the F;(y, Q?) term in Equation 2.8.

Evaluating F) for the values appropriate for the experiment, it is found that
1
Py (5,0.02 (GeV/c)2) = —0.0041 £ 0.0010. (2.11)

The F; function constitutes a 6% reduction in A%‘fee, largely canceling the previous W box

diagram term.
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2.4.4 p Term

The p term in Equation 2.8 follows from the convention chosen for G, and renormalization

of the Z amplitude [33]. The explicit form is

«@ 3 7 3 m?
= 14— x{———logcos? Oy — + LS 2.12
P 47 { 4sin? Oy & W 4sin? Ow  4sin® Oy m%V ( )
2 2
3m2, log cos? HW% 1 log %
4 8in? HWmQZ cos? Oy — ﬂzi cos? Oy cos? By — TH ’
my my

where m; refers to the mass of the top quark, and myg denotes the mass of the Standard
Model Higgs. The dependence on these masses is very slight. The other masses, mz and
my , refer to the standard weak gauge bosons. Assuming m; = 170 GeV/c? and mpy =

200 GeV/c?, one finds p = 1.00122, a totally negligible correction to the overall asymmetry.

2.4.5 Definition of sin?fy, (Q?)

The precise definition of sin?6y(Q?) is a matter of convention. Often, only the terms due
to the 7-Z mixing and the W contribution to the electron anapole moment (Section 2.4.1)

are grouped into the definition of the weak mixing angle through

1— 4sin20M5(Q?) = 1 — 4k(0) sin? O35 (M2) + F5(Q?). (2.13)

The definition established in Equation 2.13 is typically preferred by theorists, and was used
to produce Figure 2.1.

On the other hand, experimentalists usually report an “effective” weak mixing angle.
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This amounts to defining sin?fy,(Q?) so that the tree-level asymmetry formula holds, with

1—4sin?657(Q?) = (2.14)

P {1 — 4£(0) sin? Oy + a

 3a(1 —4sin®*bw)
327 sin? Oy cos? Oy

+Fi(y, Q%) + Fa(y, Q) }

47 sin® Oy

[14 (1 — 4sin® Oy )?

Due to cancellations, the two definitions are very nearly equal for low Q2. For the parameters

of the E158 experiment, one finds sin? 9% = 0.2381 and sin? Hajﬁf = 0.2385.
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Chapter 3

E158 Beamline and Beam
Monitoring

This chapter describes the major components of the E158 apparatus, from the beginning
of the accelerator up to the final collimation before the detectors. The polarized beam,

precision beam monitors, the liquid hydrogen target, and the spectrometer are covered.

3.1 Polarized Source

The helicity of the primary electron beam is controlled at the polarized source, located
upstream of the linac (Figure 3.1). The source houses a complex optical system, depicted
in Figure 3.2, which is employed to produce high beam polarization while minimizing sus-
ceptibility to helicity-correlated systematic effects [34, 35]. The following sections detail the

components of the optical system and their relevance to the E158 experiment.

Source
D Linac

Figure 3.1: Location of the polarized source room.
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Figure 3.2: E158 optics configuration at the source.

3.1.1 Laser Bench

Laser light production and pulse-shaping occur on the laser bench. The system begins with
a Flash:Ti laser which generates 12 us pulses of linearly polarized light. A Brewster tuner
is utilized to control the wavelength of the laser, holding it to within 4 nm of the central
854 nm wavelength. At 120 Hz, the laser power is roughly 2 W.

The Slice Pockels cell is used to sample the 300 ns portion of the laser pulse with the
most favorable characteristics, balancing intensity with jitter. The Slice cell is a piezoelectric
crystal, with optical properties that are affected by the applied voltage. At zero Volts the
crystal is optically neutral, while at 3000 Volts it functions as a half-wave plate. The
Slice cell sits between two crossed linear polarizers. Biasing the Slice as a quarter-wave
plate allows the laser light to pass through both polarizers. When the cell is unbiased, an
extinction ratio of 500 is achieved.

The Tops Pockels cell is used to shape the time profile of the laser pulse, to match the

properties of the cathode. The Tops cell is placed between aligned linear polarizers and is
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pulsed at low voltage to produce mild light extinction.

3.1.2 Combiner Bench

The elements on the combiner bench are only used for diagnostics. The harmonic beam
splitter (HBS) diverts roughly 2% of the laser light to two separate beam monitors. The
spectrometer records the laser wavelength, while the photodiode is used to monitor laser

power.

3.1.3 Wall Bench

The components on the wall bench are used to define the helicity of the electron beam and
to suppress helicity-correlated beam asymmetries. The intensity asymmetry (IA) Pockels
cell is part of a feedback system designed to reduce the charge asymmetry of the electron
beam. Analogous to the Tops cell, the TA cell is operated at low voltage between aligned
linear polarizers. It is pulsed based on charge measurements performed early in the linac.

The circular polarizer (CP) and phase shifter (PS) Pockels cells are responsible for
defining the helicity of the beam that ultimately reaches the cathode. The CP cell is
pulsed at its quarter-wave voltage, converting the incoming light from linear to circular
polarization. The helicity of the light is reversed by changing the sign of the voltage bias.
The PS cell is run at lower voltages and is used primarily to correct for residual linear
polarization left by the CP cell.

The piezomirror is used to reduce helicity-correlated beam position asymmetries. Like
the IA Pockels cell, the piezomirror is controlled based on beam measurements using mon-
itors early in the linac. The voltage applied to the mirror changes the angle of reflection,

ultimately moving the laser spot on the cathode.
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The asymmetry inverter is used to combat helicity-correlated effects due to asymmetries
in the laser profile on the cathode. The inverter lenses can be moved as a unit between two
configurations. The settings complement each other, with one spatially inverting the beam
profile compared to the other. The lenses were toggled once in Run 1 and once in Run 2.

Following the wall bench, the laser light travels down the Optical Transport System
(OTS) to the cathode. The OTS is essentially a 20 m pipe, filled with nitrogen, linking the
source room with the cathode room. It contains several lenses configured to preserve the

quality of the beam.

3.1.4 Polarized Gun

The gun bench holds the final optics preceding the cathode. The lenses on the bench are
configured as a telescope, used to match the laser spot size to the dimensions of the cathode.
A mirror can be inserted after the lenses to divert the laser beam to a diagnostic target.
Optically, the target is in the same position as the real cathode. Centering light on the
target ensures that the light will be centered on the cathode when the mirror is removed.
The target is monitored remotely by a camera.

The final component on the bench is an insertable half-wave plate. It is used to combat
helicity-correlated systematic effects by reversing the helicity of the laser light defined with
the CP cell, while leaving the rest of the system unchanged. The wave plate is toggled once
every two days during E158 production running.

The cathode used for the E158 experiment is composed of a strained GaAs lattice [36].
This type of cathode has been found to provide the highest presently achievable beam
polarization along with high current. The polarization of the E158 electron beam was

measured to be ~85% (Section 4.2), with no evidence that the cathode was charge limited.
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3.1.5 Helicity Sequence

The helicity of the electron beam is defined in sets of four pulses. The helicity of the first
pair is chosen randomly, while the second pair is the conjugate of the first. Each quad of
pulses then contains two separate sets of pulses, with the first pulse paired with the third

and the second pulse paired with the fourth. Figure 3.3 illustrates the pulse sequence.

T+41

Pulse Pulse Pulse Pulse

Helicity

Figure 3.3: Helicity of the E158 electron beam.

Pairs of pulses, rather than single pulses, are the fundamental unit of the experiment.

Quantities of the form

Pulsef — Pulsel
Pulse® + Pulsel

(3.1)

are called asymmetries, where L and R refer to the helicity state. The results from the
detectors are reported as asymmetries. The units appropriate for the E158 experiment are

ppm or ppb, signifying parts-per-million or parts-per-billion. Quantities of the form

Pulse®® — Pulse® (3.2)

are called differences, but may also be referred to as asymmetries. Beam position monitor

results are reported in this form.
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3.1.6 Beam Asymmetries

The polarized source is configured to decrease the size of helicity-correlated beam asymme-
tries. For a full E158 dataset, careful calibration of the positive and negative CP cell bias
voltages suppresses the expected intensity asymmetry from ~1000 ppm down to ~100 ppm.
The intensity asymmetry feedback then reduces the asymmetry to ~100 ppb [35]. The large

APV

suppression is critical for controlling systematic uncertainties because is only ~ -150

ppb.

Figure 3.4 depicts the integrated charge asymmetry versus time for the toroid used for
the intensity feedback. The horizontal scale covers all of Run 1 and Run 2. The dotted line
indicates purely statistical scaling. The final asymmetry is at the level of a few hundred

ppb, as expected with the feedback asymmetry suppression.
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Figure 3.4: Integrated charge asymmetry measured near the source, spanning all of Run 1
and Run 2.

While the intensity feedback ensures that the charge asymmetry near the beginning of
the linac is suppressed, it is the asymmetry at the target, more than two miles away, that
is the relevant quantity for the E158 analysis. Figure 3.5 depicts the charge asymmetries
measured by the toroids just upstream of the target for both Run 1 and Run 2. The asym-

metry suppression due to the intensity feedback clearly translates into the target region,
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Run 1 Run 2

Parameter | Integrated Asymmetry Parameter | Integrated Asymmetry
Charge 210 4+ 319 ppb Charge 496 + 335 ppb
Energy -0.1 £ 1.4 keV E 0.9 £ 2.1 keV
X -16.3 4+ 5.6 nm X 13.0 £ 6.7 nm
Y -3.0 £ 4.0 nm Y -15.9 + 5.2 nm
X Angle 0.38 £ 0.23 nR X Angle 0.33 £ 0.22 nR
Y Angle 0.11 + 0.07 nR Y Angle 0.13 =+ 0.11 nR

Table 3.1: Integrated asymmetries for Run 1 and Run 2.

although the convergence is not as strong as at the source.
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Figure 3.5: Run 1 and Run 2 target region integrated charge asymmetry.

Since most beam parameters are correlated to charge, the intensity asymmetry feedback
also suppresses position asymmetries. (The position feedback with the piezomirror is also
employed, though it proved to be less effective than the IA feedback.) In the absence of
feedbacks, position asymmetries at the ~100 pm would be expected for an E158 data set.
The feedbacks suppress the asymmetries to the level of ~1 nm. Table 3.1 presents the
integrated asymmetries for Run 1 and Run 2. The asymmetry suppression observed is at

the level expected for the experiment [37].

The average asymmetry is computed by weighting the data with the resolution of the primary E158
detector. The asymmetries are then directly applicable to the analysis of the detector results.
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3.2 Beam Position Monitors

The position of the electron beam is measured with RF cavity beam position monitors
(BPMs). Figure 3.6 depicts the location of the E158 BPMs. The X and Y positions of the
beam at the target are measured with the target BPMs. The X and Y angles are computed
using the difference between the target and angle BPMs, which are separated by 40 meters.
The energy BPMs are located in an area of high dispersion so that a horizontal position
measurement actually corresponds to an energy determination. The three BPMs located

close to the source are employed for the source position feedback.

Angle BPMs Wire Array
Energy BPMs

3 BPMs

2 Toroids
[ R S
Polarized Linac 48 GeV
oo?.:Iczg Iileeg?:n Regi:n Momentum

Defining Slit

Figure 3.6: Location of E158 beam monitors.

3.2.1 BPM Operation

The beam position monitors are composed of three separate cavities [38]. Figure 3.7 is
a picture of an E158 BPM. When the electron beam traverses the device, it excites the
resonant electromagnetic modes of the cavities. The amplitude of the response is picked up
by an antenna in each cavity and read out as the signal.

The rectangular cavities are employed to measure X or Y position. The beam excites
either the TMs19 or TM99, with an amplitude that is proportional to both beam position
and charge. The position cavities are then normalized to beam charge with the E158 toroids

(Section 3.3), leaving only the sensitivity to position.
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The final BPM cavity is cylindrical, and is only sensitive to beam charge. In principle,
it could be used for the normalization of the BPM position cavities. The toroids were used

instead because they have superior charge asymmetry resolution.

Position Charge
Cavities Cavity

Figure 3.7: E158 beam position monitor.

Each E158 bea