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Foreword

I like to think of this thesis as actually 3 theses in one. I've had a wonderful experience here
at UVa and I wanted to cover the breadth and depth of the research I’ve been fortunate enough to
have participated in. I performed research in 3 areas during my tenure at UVa: preparation for
the upcoming PREXII experiment, source development for the future MOLLER experiment, and
analysis of a recently published 12C' transverse asymmetry measurement at Mainz. The Mainz
measurement is presented in the manner of a traditional experimental nuclear physics thesis:
physics context, experimental setup, data analysis, followed by published results and conclusion.
The source work is for MOLLER is presented in a manner akin to an atomic physics thesis:
the development of a novel precision laser-optics tool, followed by a demonstration of using that
new tool successfully in a precision measurement. In this case the new tool is an RTP crystal
Pockels cell with an innovative design. It was ultimately installed at JLab, a national accel-
erator facility, and was demonstrated to successfully generate polarized electron beam with the
desired precision properties to meet the stringent experimental requirements for MOLLER. In the
source development section of this thesis, the new RTP Pockels cell design and operating princi-
ples are described, its behaviors on the laser table fully predicted analytically and characterized
empirically, and finally it is demonstrated to successfully produce electron beam at JLab with
unprecedented properties: producing smaller position differences than have ever been documented
at JLab previously and achieving precision beam position difference control at the Inm-level. In
nuclear physics thesis fashion, the physics case for MOLLER is presented, as well as the case for
PREXII, the experimental design for both experiments is described (in greater detail for PREXII
because the experiment is happening imminently), and the results of source work development on
electron beam is shown for MOLLER while the results of PREXI and the impact PREXII results
will have in the greater context of both nuclear and astrophysics are described for PREXII. The
conclusion summarizes the progress made in all three experimental areas in the broader physics
context. There are also number of subsidiary Appendices, primarily just to serve as detailed
technical documentation for future students who will continue this work.

Abstract

Parity violating electron scattering (PVES) is a precision tool used in a broad
program of experiments which include studying the structure of protons and nuclei
and searching for new Beyond the Standard Model (BSM) physics. In parity
violation electron scattering experiments, a longitudinally polarized electron beam
is incident on an unpolarized target. The sign of the longitudinal polarization
is changed (making a parity transformation), and the fractional rate difference
between right and left helicity states, dor and doy, is measured. An interference

between the electromagnetic and weak amplitudes, M, and M respectively,

gives rise to a parity violating asymmetry Apy, = Zﬁ;gi , defined by the fractional
rate difference between right and left helicity states. Apy can be measured to
extraordinarily high precision and is proportional to the ratio of the weak and

electromagnetic amplitudes.



This thesis highlights three such PVES experiments as well as a new polar-
ized beam source which will improve their precision. The PVES experiments are
PREX-II, MOLLER, and a !2C transverse asymmetry measurement at Mainz.
Chapters 1-3 of this thesis cover introductions to MOLLER and PREX-II, Chap-
ter 4 contains the results of the 12C' transverse asymmetry measurement at Mainz,
and Chapters 5-6 contain the original work performed by this author. PREX-II,
the Lead Radius Experiment, measures the weak skin of the 28 Pb nucleus, pro-
vides a clean measurement of Ry, the RMS radius of neutrons in a heavy nucleus,
and constrains the equation of state (EOS) of highly dense matter which is impor-
tant for describing neutron star structure, heavy ion collisions, and atomic parity
violation experiments. The 2C transverse asymmetry measurement at Mainz,
and the future Mainz program of measuring the 2°® Pb transverse asymmetry as
well, addresses an important systematic correction for PREX and other PVES
experiments preformed with heavy-nuclei. MOLLER (Measurement Of Lepton
Lepton Electroweak Reaction) is an extremely precise PVES experiment search-
ing for new neutral currents in electron-electron scattering. It’s called MOLLER
because it will measure Apy in the Moller ee scattering process, and will infer the
weak charge of the electron Qf}, to extremely high precision. MOLLER is sensitive
to new Beyond the Standard Model physics at MeV and multi-TeV scales and will
serve as an indirect complementary measurement to direct searches at high energy
colliders. To achieve high precision measurements on Apy for MOLLER, we have
developed an innovative Rubidium Titanyl Phosphate (RTP) Pockels cell in the
polarized source to satisfy both statistical and systematic requirements as regards
the electron beam produced. This new ultra-fast RTP cell design uses electric field
gradients to provide unprecedented control over helicity correlated beam asymme-
tries and has been demonstrated to be capable of producing precisely controlled
polarized electron beam at Jefferson Laboratory, controlling beam steering down
to the nm-level. The precision reached with the RTP cell offers sufficient con-
trol over and minimization of helicity correlated beam asymmetries to perform
PREX II. The RTP Pockels cell system will provide fast flipping and suitable con-
trol helicity correlated beam asymmetries and parity quality beam for the future

MOLLER experiment, providing an unprecedented precision on the electron weak



charge and electroweak mixing angle.
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Chapter 1

Introduction

1.1 Parity Violation in the Weak Interaction

This history of parity violation in the weak interaction begins with Noether’s
theorem and the postulate of parity conservation. For every symmetry in nature,
there exists a corresponding conserved quantity - so says Noether’s Theorem of
1917 [51]. By Noether’s theorem, symmetry of interactions under spatial inversion
(x — —x) must lead to conservation of the parity quantum number of elementary
particles [16]. The postulate, generally accepted prior to the mid-1950’s, was that
mirror symmetry in nature was self-evident and parity was therefore conserved.
The sober view at the time was to assume parity was conserved in all physical
processes including the weak interaction, as well as the strong and electromagnetic
interactions, until proven otherwise |32].

In the early fifties, the so-called 7 — 0 puzzle came along to challenge the
postulate of parity conservation. The 7 — 0 puzzle was a disturbing paradox in
which two apparently identical mesons, which we now now as the K, decayed
into pionic states of opposite parity: 7 — 77 + 7%(P = 1) and 77 — 777" +
7 or 7wtrT 4+ 7 (P = —1). Lee and Yang addressed the 7 — 6 puzzle by

questioning the postulate of parity conservation: they suggested 7 and 6 were
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the same particle with parity just not conserved in one of the decay channels. A
thorough study of previous experiments found no evidence of parity conservation
in the weak interaction [32]. They proposed a test which lead directly to the
experimental demonstration of parity violation later that year[50].

Parity was ‘overthrown’ in 1956 when Madame Wu [53] carried out the fa-
mous, decisive Co-60 experiment which proved that parity was not conserved in
the weak interaction. ®°Co nuclei were polarized with the nuclear spins aligned
parallel to the magnetic field of a solenoid[50], underwent beta decay to an ex-
cited state of °Ni via ®°Co—%Ni +e~ + ., and Wu recorded the direction of the
emitted electron. Because the parity transformation reverses momentum p but
not angular momentum 7 X p or spin, if parity were conserved in this process, the
electron momentum would not depend on the nuclear spin. However, a ‘forward-
backward decay asymmetry’ was observed, and fewer electrons came out in the
forward direction of nuclear spin than in the backward direction. This experiment

established parity violation as a signature of the weak force [32].

! -
60N} 1 e E i 1 v
Weak d £ — H ! | Parity transformation
eak decay of € Bl o ! o
0 Co | réﬂectio I, Y,z r,—Yy,—z
Co Nucleus |7 , h Ie_ 5s-5. LI §3
1 1 - A s
v, e !
¢ observed ! not observed

. (©
(a) .

Figure 1-1: (a) Cobalt weak beta decay (b) Observation of ‘forward-backward
decay asymmetry’ in Co-60 weak decay (c) Parity transformation reverses mo-
mentum p but not angular momentum 7 x p’ or spin [69] [70]

The discovery of parity violation was profound in the history of weak interac-
tions because the effect is large. Once you look for it, parity violation is practically
the signature of the weak force [32]. Understanding of weak interactions is impos-

sible if parity violation is neglected [50)].
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1.1.1 Birth of Glashow-Weinberg-Salam(GWS) theory

The first theory of the weak interaction, presented by Fermi in 1933, contained
no mediating particle, treating the weak process as simply a contact interaction
occurring at a single point with no mediator exchange. It was widely recognized
that this model was limited to low energy interactions and would fail at higher
energies [32]. Any more general theory of the weak interaction would need to
contain an ‘intermediate vector boson’ , the W=’s, and the challenge for theorists
was to predict its properties. It was not until the emergence of the electroweak
unification model that a really firm prediction of the weak intermediate vector
mass was possible.

Armed with the new knowledge that parity was not conserved in the weak
interaction, Glashow, Weinberg and Salam, in the 60’s, formulated a theory uni-
fying the weak and EM interaction - defining the electroweak interaction - which
contained three weak intermediate vector bosons: W= and Z,. Crucially, the
Glashow-Weinberg-Salam (GWS) model was the first theory both containing par-
ity violation in the weak interaction and containing weak neutral current reactions
(the word ‘neutral’ referring to the charge of the exchange particle Z; in contrast
to weak charged current reactions exchanging charged W+ bosons). The theory
made new predictions concerning the existence of a heavy neutral vector boson Z
and neutral current, the masses of the W+ and Z, bosons, as well as the existence
of a new spin-0 boson, the Higgs boson as we now know it [50].

Of the many remarkable successes of the unified theory, one of particular signif-
icance was the firm prediction relating the masses of W+ and Z,. The masses of the
W and Z bosons were related through the so called “Weinberg angle”/“Weak-mixing
angle” Oy, via My = My, / cos Oy, where couplings in the model are determined by
the single parameter 6y, . The GWS model asserts that the W+, Z; and the pho-
ton v are produced by spontaneous symmetry breaking. The three weak isospin

T; currents couple to a weak isotriplet of intermediate vector bosons W+ WY,
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and W™, whereas the hypercharge Yy, current couples to an isospin singlet in-
termediate vector boson B° via independent couplings g and g’. The symmetry
breaking means the two neutral states WY and B° mix, via the “Weak-mixing
angle” Oy, to form the photon(massless linear combination) and Z, (orthogonal

massive combination) [32].
A = Bosly + Wsinfy,

Z = WP°cosby — Bsinby,

In the early days it was hard to estimate the 6y experimentally, hence the Z,
mass was quite uncertain.

GWS electroweak unification theory became part of the Standard Model. Basic
predictions of the GWS model were experimentally confirmed over the course of the
1970’s. The Gargamelle bubble chamber experiment showed the existence of the
neutral Zy in 1973. The E122 experiment at SLAC, which was the pioneering par-
ity violating electron scattering experiment, both verified parity non-conservation
in the weak interaction and measured sin? 6y = 0.2 + 0.03 in 1978 [29]. Several
other experiments in the late 70’s pointed to 6y ~ 29° and the weak force medi-
ator masses were calculated to be My = 82 £ 2GeV/c? and My = 92 4+ 2GeV /c?
[32]. Glashow, Weinberg and Salam were awarded the Nobel prize in 1979. Some-
time later, finally in 1983 , CERN did officially observe the W (at 81GeV) and the
Z (at 95GeV) as a direct confirmation of what was already established through

indirect methods.

1.1.2 Tests of the Standard Model: Three Regimes

There was no direct evidence for weak neutral currents for some time. The
trouble is that everything that the neutral Z; might couple to, the photon also cou-

ples to, and the weak force gets masked by EM force. Experimental strategies for
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detecting weak neutral currents can be understood by examining the amplitudes
for the competing weak and EM interactions. The general form of the amplitude
is

2%2
2\ _ g-h
M(q>_q2_M)2(CQ

(1.1)
where My is the mass of the mediator and g is the coupling constant. In weak
interactions, Mx = My z ~ 80GeV/c? and in the electromagnetic interaction,
Mx = M, = 0. So, even with comparable coupling guyesk = gem, the amplitudes
for the two interactions will only become of comparable size for |¢|*> ~ M%c?
[50]. Electroweak unification only becomes clearly manifest at high energies. But
experimentally reaching these high energies is usually very difficult and so indirect
low energy methods were usually used first. One such method which can be
employed at low energy is to use parity violation. There is a weak contamination
in every EM process, and even though these effects are minute, they carry a tell-
tale signature parity violation. The observation of these minute effects was further
unambiguous evidence for electroweak unification [32]

Measurements of the neutral weak interaction in tests of the Standard Model

followed a natural progression through what can be classified as 3 experimental

regimes:

1. Neutrino (Myear # 0, M, = 0) regime : First neutrino experiments were

performed in a regime where there was low signal and no EM background.

2. Indirect (Myesr << M,) regime: Then indirect experiments were per-
formed in a low energy regime, where the weak signal was small, EM back-
ground dominated, and parity properties were used to distinguish signal from

background

3. High Energy (Myeax ~ M.,) regime : Finally * direct’” high energy experi-

ments confirmed what had already been demonstrated indirectly.
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Neutrinos: Low (Isolated) Signal Regime

Neutral weak interactions were not detected for quite some time due to be-
ing obscured by electromagnetic processes. All observed weak interactions were
limited to those mediated the charged boson W* only [50]. However, neutrinos,
while difficult to detect, have no EM coupling, so the weak effects are not obscured
[32] . So, neutrino scattering was used to first confirm the existence of neutral
weak interactions in a regime where there was low signal and no EM background.
It was predicted that hadronic neutral current reactions between a neutrino and
a nucleon: v, + N — v, + X, where X is any set of hadrons, although difficult
to detect, could occur via the mechanism of neutral Z, exchange [50]. Leptonic
neutral currents, events involving the interaction of a neutrino with an electron,
were also predicted to occur. At last in 1973, the Gargamelle bubble chamber

experiment [31] observed such reactions and showed the existence of the neutral

Figure 1-2: Gargamelle Bubble chamber Experiment: uncovers v, +e~ — v, +e™,
shows neutral current exists. [70]

Fig. 1-2 shows the actual bubble chamber photograph where weak neutral
currents were first observed. The measurement uncovered neutrino electron events
where neutrino (or antineutrino) collides with an electron v, +e~ — v, +e~. The

neutrino has no charge, so the interaction has no EM component and the mediator
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is just the Zy. The scattering of neutrinos off electrons and nuclei was found to
yield amplitudes comparable to those of other weak charged current processes [50].

The v — e and v — N experiments demonstrated the existence of the neutral
current and Z,, but not its nature, or its properties, or to what extent, or even

whether, the weak neutral current was parity-violating. [10]

Indirect: Low Energy Regime

As stated previously, the Standard Model provided no way to calculate 6y, so
the Z; mass was theoretically uncertain and required experimental inputs. After
the existence of Z; weak mediator had been established, ‘indirect’ experiments
were performed in the low energy regime. Even though the weak signal was small
and EM background dominated, parity properties were used to distinguish signal
from background. The clean separation can be made by making use of the parity
violation in the weak interaction. Since the parity violating signal was predicted
to be small, high precision was required. A common attribute of precision ex-
periments is the interferometric nature of the measurement. In precision parity
experiments, it is the interference term between the EM and weak interactions
which gets detected and the parity violation property of the weak interaction
which distinguishes it.

In 1978, the E122 experiment at SLAC [29], verified the Standard Model GWS
electroweak theory, verified parity non-conservation in the weak interaction and
determined Oy, by measuring the parity-violating asymmetry Apy between the
Deuterium cross-section for incident right and left handed electron scattering.
The asymmetry was predicted to be only a few parts per million. Nevertheless,
a nonzero value was definitively established - verifying a weak neutral current at
play and ruling out various left-right symmetric gauge theories (which predicted
zero parity violation) [16]. Apy was measured to be Apy = 100 & 10ppm (to 10%
precision) and the weak mixing angle 6y, between the mass and flavor eigenstates

of the photon and the Z; could be extracted from this asymmetry [10]. Apy
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was also modeled as a function of the fractional energy loss of the initial electron
(Table 1.1). This is a function of the weak mixing angle and a value was found
for sin®0y = 0.2 £0.03 (to ~ 15% precision), consistent with GWS electroweak

unification [16].

A/ (Gewi)?

Figure 1-3: E122 result: Apy = 100 £ 10ppm — sin?Gy = 0.2 £ 0.03. Apy
modeled as a function of the fractional energy loss of the initial electron y =
1—FE'/E. Parity Non-Conservation in Inelastic Electron Scattering, C.Y. Prescott
et. al., 1978 [70]

Left Right
v Charge | q=0,+1,+3 42 | ¢=0,+1,+3, +3
W Charge T = j:% 7Zero
7 Charge T — gsin? Oy —gsin? Oy

Table 1.1: E122 provided a definitive answer on gauge structure of electroweak
interaction [70]

The precision of the E122 experiment which allowed it to distinguish the GWS
model from other gauge theories made it a foundational measurement upon which

the Standard Model was built. The Nobel Prize in Physics was awarded in 1979, a
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year after E122, jointly to Glashow, Salam, and Weinberg “for their contributions
to the theory of the unified weak and electromagnetic interaction between elemen-
tary particles, including, inter alia, the prediction of the weak neutral current”.
By measuring 6y, E122 and other experiments provided a definitive answer on
gauge structure of electroweak interaction, demonstrated the VA (vector axial) - V
(vector) structure of the weak current interaction, and showed that it is maximally
parity violating [16]. To this day, precise calculation fy, still currently stands as

a major challenge for any theory going beyond the SM.|[32]

High Energy Regime

At last in 1983, after the neutral weak force mediator had already been shown
to exist, after W and Z masses had been determined by indirect measurements,
CERN did officially observe the W (at 81GeV) and the Z (at 95GeV), directly
confirmed what had already been demonstrated indirectly. These high energy
measurements took such a long time to perform because a proton-antiproton col-
lider designed specifically to produce these extremely heavy particles (nearly 100X
the proton mass) had to be constructed first. The energy regime was specifically
in the neighborhood of the Z; mass, and total energy hits M at the Z, pole where
the denominator of the Z; propagator is small in Eq. 1.1 and the cross-section
blows up.

CERN’s measurement of the intermediate vector bosons W (at 81 4+ 5GeV/c?)
and the Zy(at 95 + 3GeV/c?) [51] was a technical triumph, and the experiment
added precision to the SM with mass and width measurements. The result was
long awaited and served as a confirmation of a crucial aspect of the Standard
Model[32].

Examining our scientific history informs our scientific future. At present, our
community has begun this cycle yet again: there are a variety of new puzzles and
a variety of new Beyond the Standard Model(BSM) theories. There are still these

three experimental regimes at play: neutrino experiments, low energy precision
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experiments, and high energy direct searches. Further studies using parity viola-
tion have continued to test the structure of the Standard Model in the low energy
precision regime. This regime is where the MOLLER (Measurement Of Lepton
Lepton Electroweak Reaction) experiment resides, which of particular interest in

this thesis.

1.2 Motivation: Parity Violating Electron Scatter-

ing

e P | ' P e € P
—_— ! g —~g e —e——
lon;itudinzl nfﬂectmh o= ‘ =
polarization o ! i
€ -] e e

Figure 1-4: Parity violation experiment [70]

In electron scattering parity violation experiments, the longitudinally polarized
electron beam is incident on an unpolarized target. Fig. 1-4 shows the COM
interaction and Fig. 1-5 shows an interaction with a target. We change the sign of
the longitudinal polarization (parity transformation), and measure the fractional

rate difference between right and left helicity states, dog and doy.

¥
longitudinally 2
polarized € o X |My + Mweak| ~|My|Z
0 + My(Mweak)*"'(My)*Mweak + |1|’Iweak|2
v.Z
unpolarized target (b)

(a)

Figure 1-5: Interference between weak and EM amplitudes, the weak interaction
carrying signature of parity violation [70)]

An interference between the electromagnetic and weak amplitudes, M., and
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M respectively (Fig. 1-5), gives rise to a parity violating asymmetry

OR — 0L |MZ|

Apy = x
PV O'R‘f‘O'L |M7|

(1.2)

defined by the fractional rate difference between right and left helicity states. Apy
can be measured to extraordinarily high precision and is approximately propor-

tional to the ratio of the weak and electromagnetic amplitudes.

1.2.1 Parity Experiments as a Precision Tool

The first parity violating electron scattering (PVeS) experiment, E122 in 1978,
served as a blue print for parity electron scattering experiments - even for those
experiments with much higher precision, probing BSM. A general description of a
PVeS experiment is shown in Fig. 1-6. An e~ beam may interact with target by
exchanging a mediator particle such as: the photon (EM force) or the Z, (weak
force). The electron polarization is flipped, and the mirror image, parity trans-
formed interaction is examined (Fig. 1-6). By looking at the differences between
the two types of interactions one can extract the size of the Zy contribution. This

can be compared to the SM and any deviations could be a hallmark of BSM.

Figure 1-6: Parity Experiment Blue Print: Mirror Image Parity Transformation
illustrated in electron scattering [73]

In the intervening years, PVeS has become a precision tool. There’s a broad
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program of experiments, studying the structure of protons and nuclei, and search-
ing for new BSM physics. Fig. 1-7 shows the precision of various experiments.
The measured or predicted asymmetry Apy is plotted on the x-axis and the un-

certainty on Apy is on the y-axis.

. ‘_ e Pioneering ) @q(',/,v \@5,.
107= o Strange Quark Studies e
F e Standard Model Tests o E122 .
e Neutron Radius . Jo
S .
10 E e
F 7, ® PVDIS’6
L ,\r[m'nz-B(-. i 0
105 _SAMPLE ,/_Ef\ 4 /SOLID
E T.17C L 4 o nT
~ F ”',\{ITA;E . ‘g.m
2 L . A4 - H-He
(% 107 P i & 1 S
E ~" PREXI® Crex’
C JEBE -
"PREX-II
8| - :
10 E. lQéreak.
- " GMESA-12€
9| . i
10 MOLLER
E o QMESAP2
10—10_HII|."‘/I Ll | Ll Ll |
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Figure 1-7: Precision of various parity experiments: measured or predicted asym-
metry Apy on x-axis and the uncertainty on Apy on the y-axis [70]

E122 is shown at the top of Fig. 1-7 as one of the less precise experiments,
being the first PVeS experiment after all. PREX-II, an experiment measuring
the weak skin of the 2°®Pb nucleus, is also shown Fig. 1-7. PVES provides a
clean measurement of Ry, the RMS radius of neutrons in a heavy nucleus, and
constrains the equation of state (EOS) of highly dense matter which is important
for describing neutron star structure, heavy ion collisions, and atomic parity vi-
olation experiments [161] . The Lead Radius Experiment (PREX) will measure
the parity violating asymmetry Apy for 1GeV electrons scattering from 2% Pb at
52, and should be sensitive to the neutron radius of the nucleus to 1% (£0.05fm)
precision [164]. An early iteration of this experiment, PREX-I, reached ~ 9%
precision on the neutron radius. PREX-II is expected to achieve higher precision
than PREX-I which was statistics limited.

MOLLER(Measurement Of Lepton Lepton Electroweak Reaction), shown in
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Fig. 1-7, is a search for new neutral currents in electron-electron scattering ex-
periments. It’s essentially a more precise version of the SLAC E158 experiment
[16] in Fig. 1-7, completed in 2005. As the name implies, this experiment will
measure Apy in the Moller ee scattering process, and will infer the weak charge of
the electron Q% to extremely high precision. MOLLER will extract sin® 6y at low
momentum transfer (Q% =~ 0.0056GeV?) by scattering a longitudinally polarized
electron beam off electrons in a liquid hydrogen target and examining the resulting
parity-violating asymmetry Apy to ~ 0.8ppb precision. It will thereby measure
the weak charge of the electron @, to 2.4% precision.

Both PREX-IT and MOLLER experiments will be performed at Jefferson Lab
(JLab), a national electron beam accelerator facility in Newport News, Virginia.
The upgraded 12GeV accelerator is depicted in Fig. 1-8. The electron beam is
generated at the injector where it is accelerated from 130keV to 5MeV before en-
tering the first pass and starting its first orbit. Magnets in the arcs steer the
electron beam from the straight section of the tunnel to the next for up to five
orbits (or passes), with each pass accelerating the electrons to successively higher
energies up to 12GeV. Each linear accelerator (LINAC) uses superconductors to
drive acceleration and a refrigeration plant provides liquid helium for supercon-
ducting operation. The electron beam is delivered to the experimental halls where

the experiments take place.
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Figure 1-8: Jefferson Lab 12GeV upgrade [/]

Summary

This thesis highlights the PVES experiments PREX-II, MOLLER, and a *2C

transverse asymmetry measurement at Mainz. Chapters 1-3 of this thesis cover

14

introductions to MOLLER and PREX-II, Chapter 4 contains the results of the

12C transverse asymmetry measurement at Mainz, and Chapters 5-6 contain the
original work performed by this author developing important experimental equip-

ment including an innovative Rubidium Titanyl Phosphate (RTP) Pockels cell in

the polarized source
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Chapter 2

MOLLER Experiment

2.1 Introduction

MOLLER is an extremely precise parity violating electron scattering (PVeS)
experiment searching for new neutral currents in electron-electron scattering. It’s
called MOLLER because it will measure Apy in the Mgller ee scattering process,
and will infer the weak charge of the electron Q)f;, to extremely high precision. It is
a low-energy test of the Standard Model, just as sensitive to new physics as com-
plimentary high-energy colliders experiments [16]. MOLLER will measure sin® 8y,
at low momentum transfer by examining the parity-violating asymmetry Apy in
the scattering of a longitudinally polarized electron beam off electrons in a liquid
hydrogen target. This measurement will determine the weak charge of the electron
Q5 to very high precision, will be sensitive to new neutral current amplitudes,
and has the potential to detect disagreement with the Standard Model [16] com-
petitively with any proposed experiment measuring a flavor- and CP-conserving
process over the next decade. MOLLER is sensitive to new physics at MeV and
multi-TeV scales and will serve as an indirect complementary measurement to

direct searches at high energy colliders [1].
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2.1.1 Mgller scattering

The idea to use Mgller scattering as a clean probe of the weak mixing angle
was pioneered at Princeton [3]. Unlike some high energy measurements in hadron
colliders, there’s no corrections due to hadron structure in ee scatting, so its less
limited by theoretical interpretation. This makes it appealing to the fundamental
symmetries subset of the physics community dedicated to precision measurements.

The process is described by

ey (p1,51) + €5 (p2, 52) = ep (P, 81) + €5 (P, 55)

where (p,s) denote 4 momenta and helicity of electrons, py, p2(p}, ph) denote incom-
ing (outgoing) momenta, and sq, $2(s}, s5) denote incoming (outgoing) helicities.
The helicity-independent differential cross-section for Mgller scattering (derived
in later sections) is approximately by

do o (3+cos’0)? o 1+y'+(1—y)?!
dQ  2mE  sin*0  4mE  y?(1—y)?

y=1—F/E

The tree level Feynman diagrams for Mgller scattering can be seen in Fig. 2-1.
Parity violating terms in Mgller scattering arise from the interference between
weak 7 and electromagnetic v exchange amplitudes. This interference produces
a parity violating asymmetry Apy which can be measured and the weak mixing

angle inferred as follows:

A Op — OL Gr 16sin 0 I Gr 4sin? 0
= — =m ee =m
P or+ oy V2o (3 + cos? 9)29

e

ﬁﬂ'a (3 + COS2 9)2 w

Gp 23/(1 - ZJ)
V2ral+yt+ (1 —y)!

measured by comparing left and right helicity states of the electron beam. In

=mkFE

Qw (2.1)

Eq.2.1, GF is the Fermi coupling constant, g.. is the pseudoscaler weak neutral-
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current coupling for Mgller scattering, and )f; is the electron weak charge. Within
the context of the Standard Model, at tree level g.. is the product of a vector
electron-photon vertex and an axial-vector electron photon vertex and takes the

value

1 .
Gee = P~ gV, - 94, = § —sin® Oy = Q% /4

where p( =1 within the SM) is the relative strength of the weak neutral and charged

current interactions and is defined as |. The measured asymmetry then

Mg,
MZcos?0y [
relates directly to the electron weak charge and weak mixing angle Apy — Qf, —

sin? Oy via the relationship
Q% =1 —4sin? Oy

Note that g.. is close to zero since sin? Oy ~ 0.023. Thus a small (relative) change

in sin? Ay introduces a much larger relative change in g.. and hence A%%,.

e P1 P1__—. e P1 ,
P1
Y N Y
€ P2 P2 ¢ € P2 :
e e e e R
P>
z + v4
¢ ¢ ¢ ¢ (b) COM frame

(a) Feynman diagrams

Figure 2-1: Moller scattering ey (p1,s1) + €5 (P2, 52) — e (P}, s1) + €5 (Ph, 55):
(a) Tree level diagrams for direct and crossed photon and Z boson exchange (b)
Kinematic variables in center of momentum frame. Arrows denote incoming and
outgoing electrons |!]
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EM unpolarized cross section

Here we show the derivation of the unpolarized cross section for EM Mgller
scattering from [16] [17]. The Mgller cross section at low Q? is dominated by
direct photon exchange between two electrons. The Feynman diagram for direct
photon exchange between the two electrons is shown in Fig. 2-1 as well as the
crossed diagrams and the Z exchange diagrams. The kinematic variables in center-

of-momentum (COM) frame are also defined for the reaction:

er (pr, s1) + €5 (p2, 52) = e (Pl 51) + e (P, 55)

In the COM frame, the differential cross section is given by[17]:

do 1 P2 |2

- - il 2.2
dQ| oy 647125 py (2:2)

where the four-momentum transfer ¢ = (p; — p})?, the invariant total energy of
the system is s = (p; + p2)?, |M|? is the invariant amplitude for the process and

p1 = |pi| and py = |p3|. The amplitude for the direct diagram is given by

_ng,y

(pl —PIQ)Q

_Zg}Ll/

(p1 _p,1)2

—iM = [ietyy uy] [ietiy Y ug] — [ietyy uy [ietiyy" ug)
The cross diagram amplitude is found by interchange of p| and p,. The amplitudes
from the direct diagram and the crossed are combined with a relative minus sign
following the antisymmetrization rule for exchange of identical fermions.

To calculate the unpolarized cross section, we average over the initial spin states

and sum of the final spin states to obtain the spin-averaged amplitude squared.

4
|MP=§Z|MP=%Z{

851,81/ 81,81/

u ”Ul g# ﬂg/ VUQ l_Lll “ul g# I_LQ/ VUQ *
[(t1y )(pl_p,l)z( ¥ ug)][(Urry )(pl_pll)2< v us)]
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_ Guv _ _ Guv _ "
H(wv“m)m(uw U2)][(Umuul)m(u1’7 us)]

Juv

u Py L Ugr VUQ Ugr “ul — (U7 VUQ *
_[<u1’7 1)(p1_p/1)2< Y )][( Y )(pl_p/2>2( Y )]

U “ul L 1_61/ VU,Q ﬂl/ “ul L ﬂg/ VUQ *
—[(aay )( 1_p,2)2( ¥ ug)][(ry )(pl_p,l)Q( v us)] }

where s; refers to the initial spin states and the superscripts s; in «;® indicating
the spin state of each electron are suppressed for clarity.

It is convenient to introduce the Mandelstam variables, which can be approx-
imated in the ultrarelativistic limit as: s = (p1 + p2)? =~ 2p; - poa = 2p| - ph,
t=(p1—ph)* = —2p1 - P} = 2py - ph, and u = (p1 — ph)* = —2py - Py = 2py - Pl

Contracting indices,

ME=53 {té@ul/v“ul][uw”ulf][uzf'mw][u?%w])

51,8/

1
+§([732'7”U1][711’7VU2'][@1'%U2][ﬂz%uy])—E([ﬁlﬁ“ul][7117'/”2'][712'%“2][?72%162'])

—i—% ([t ][y wr] [t yuus][tay,u]) }

Applying the completeness relation » _, , u*(p)u’(p) = p + m. and neglecting

the electron mass in the ultrarelativistic limit

4

1 / 1 /
M2 = e_{t_gTT[%’V”]”l’Y |Tr[poryupayy]

4

1 1
+ 5 Trlpy Py 1 Tripipa ] — —Trip ponpypan”]

1
il Y Py PLYup2 ] }

Applying standard trace theorems yields
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(D) -P5) (P1-p2) + (Ph - 2) (1 1)

2 64 8 / / / / 8
M| =7 t—2[(p1-pz)(pl-pz)+(p1-pz)(p1-p2)]+@

—%[(pl “p2) (1 - )] — %[(pl - p2) (P} 'Pé)]}

Using the Mandelstam variables, approximated in the ultrarelativistic limit,

we obtain |M]? in Lorentz invariant form

WS ur sE et 287
t2 u? tu

|IM|? = 2e

Inserting | M|? into Equ. 2.2 for g—g as well as noting that, in the COM

cM
frame, p; = p, and the Mandelstam variables are s = 4(p? + m?) ~ 4p* t =

—2p?(1 — cosBcyr), and u = —2p*(1 + cosfcar), we obtain the differential cross
section

do et (34 cos?Oon)?

dQY| oy ~ 16m2s  sin* oy
Expressed in terms lab frame variables, s = 2m.FEs and noting a = %

do
ds?

a? (34 cos?Ocn)?

cM 2meE2 sin4 QCM

Parity violation in electron-electron scattering

The differential cross section can be calculated using similar techniques as
above or by the helicity amplitude method shown in this section. Both direct and
crossed Feynman diagrams for identical particles for both the photon and the Z
must be used in this calculation.

Here we show the derivation of Apy from Derman [18]. Considering the process

ey (p1,51) + €5 (p2, 52) — e (P, 81) + €5, (P, 55)
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where (p,s) denote the 4-momenta and helicity states of the electrons. We
use the approximation that m, is small compared with the CM energy /s =
V(01 + p2)?. We define the variable y = —2! pl) = sin?(6cas/2), where 0 <
y < 1, representing the fraction of incoming electron energy imparted to the other
electron after collision, and where 6, is the CM scattering angle. This allows
the definition of momentum transfer as Q* = —(p; — p})? = ys.

In order to have a parity violating asymmetry, we must included both weak
and electromagnetic interactions in our assumed Lagrangian £ = |e|A,ev"e —
9o Zuey*(V + Avs)e. Where the photon field is included by A,,, the neutral heavy
boson field is included by Z,, |e| denotes the electron charge, e denotes the electron
field, and gg the coupling strength between the electron and the Z-boson of mass
M. The weak vector and axial vector components V and A must be included in

this calculation since they give rise to the parity violating asymmetry defined by

the helicity dependence in the differential cross-sections Apy = Z?;Zi
The individual amplitudes are denoted ./\/lf where ¢ = Z,~ for the weak and
electromagnetic amplitudes and 7 = d, ¢ for the direct and crossed Feynman dia-

grams. The total amplitude is given by

M = i(MI+ M + MG + M)

where we obtain crossed amplitudes by swapping p5, <> p), y <> 1 — y and per-
forming Fermi sign change as follows (where the spin state of each electron is

suppressed for clarity).

—62 6’2

M = — Gy - dgy uy ME = ————— Ty, - Gyt
y s UYply - Uy U T 1= y)s 2/ YplUy - Uy Uz

2
MY, = Mg2 [V + Ayyslua - o [VA» + Ayyslus
92
MG = 3 [V + Ay - e [VA¥ + Ay*qslus
Z
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We can approximately express the eigenspinors u$=' as

cos(Ocnr/2) —sin(fcnr/2)
L E sin(fcar/2) ol E cos(Ocnr/2)
PV cos@on/2) |V 2M | sinBea/2)
sin(fcar/2) —cos(fcon /2)

where 0y is the center-of-momentum scattering angle and, neglecting the electron
mass, £ = /s/2.

We organize the various contributions to M in the form of helicity amplitude
matrices, where R(L) denote +(-) electron helicity and matrix row(column) in-
dicate the initial(final) electron helicities. Diagonal components correspond to
interactions where helicity is conserved, the time reversal invariance is manifested
in the matrix symmetry, and rotational invariance due to identical particles is

expressed as Mpr g, = MR LR

RR RL LR LL
RR 1 0 0 0
My(d) = 553 | RL 0 1—y 0 0
LR 0 0 1—y 0
LL 0 0 0 1
RR 1 0 0 0
M (c) Q(I:ZZ;MQ x | RL 0 0 y 0
LR 0 y 0 0
LL 0 0 0 1
RR | (V + A)? 0 0 0
My(d) = %x RL 0 (1—y)(V2 - A2) 0 0
LR 0 0 (1—y) (V2 - A?) 0

LL 0 0 0 (V2 - A2)
RR | (V + A)? 0 0 0
My(c) = %x RL 0 0 y(V2 — A?) 0
LR 0 y(V2 — A?) 0 0

LL 0 0 0 (V2 - A?)

Table 2.1: Helicity amplitude matrices for direct and crossed contributions to ee
scattering via 7 and Z exchange [18]. Row(column) denote initial (final) electron
helicity states R(L), +1(-1)
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Helicity is conserved in the v, and 7,7s vertices and the vector and axial

currents are given by

v s /s 0—0"\ . [0+0
Uy Ylly = 5| COS 5 , sin 5 )

0—0 0+ 6
i(—l)(1+s)/2sin< 5 >,cos(—; ))65,8/

@z/%%u; = —(-1) (HS)/QT_L;/VMUZ

Using the scattering cross-section for an electron of helicity 7 incident on a
target j, oi; = >y |[Mijm|?, we can compute the scattering asymmetry for R(L)
polarized electrons incident off of an unpolarized target where we note that by

rotational invariance ogry, = opRg:

(cr +0rr) — (0LL + OLR) _ ORR — OLL
(0re +0rr) + (0L +0LR) OrrR+0LL+20LR

_ \Mgrrr|*> — Mrrocl?
IMgrrrl? + [Meirool? + 2lMig Lrl? + 2|M g RL|?

Apy =

From summing the elements of our table to leading order in g2/M?2, assuming
the coupling strength to the Z is small compared with M,, valid for low Q? where
CM energy /s << M., we obtain

295V AQ? l—y
Apy =~ 2 4 4
maM? 1+4+y*+(1—1y)

In the GWS Standard Model, go = —29— V = sin®6y — 1/4, A = 1/4 and

sin(20w )’
.. Gp _ le]? .. 22VA _ Gp . 9 .
the Z boson mass is given by 5 = mEanZ@nyy SVINE TR = Vhka (4sin” Oy —1).
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So the Standard Model prediction for Apy is given by

GrQ? 1—y Gr 4sin* 0
AGS ~ ZE (46?0 — 1 = mE ¢
P e T T B B om0 O

(2.3)

EM and weak charges

Apy in electron-electron scattering probes the electron’s neutral current. The
charges for the electromagnetic and weak neutral currents are shown in Fig. 2.2.
¢PM is the electromagnetic charge of the particle, while g4, ¢, ¢, and ¢*, are the
weak axial, vector, right-helicity and left helicity charges (with g% = ¢" + ¢ and
gt = g¥ — g?) |[16]. Different experiments address different charge combinations

and compliment each other. For example MOLLER addresses the weak charge of

the electron, and Qweak addresses the proton weak charge.

Particle | ¢"™ | ¢4 q” g" g"
e~ -1 }l —i + sin? Oy sin? Oy —% + sin? Oy
~ —0.02 ~ 0.23 ~ —0.27
U % —}1 % - % sin? Oy, —% sin? Oy, % — % sin? Oy,
~ 0.09 ~ —0.16 ~ 0.34
d,s —5 | 1 | —1+isin®Oy | isin’Oy | -1+ $sin’by
~ —0.17 ~ (.08 ~ —0.42

Table 2.2: Electromagnetic and weak neutral charges [10]

Radiative Corrections

As previously stated in Eq. 2.1, the parity-violating asymmetry in Mgller
scattering at tree level (Fig. 2-1) is given by:

B Gp 2y(1 - y)
V2ral+yr+ (1 —y)*

Apy =m

Qw
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where Q% = 1 — 4sin® Oy

MOLLER experimental precision (<0.8 ppb on Apy) requires that the Stan-
dard Model predictions for Apy and sin? 6@y must be carried out not only at
tree level, as shown in previous sections, but with full treatment of one-loop and
leading two-loop radiative corrections [33]. The 1st order contributions in the per-
turbative expansion Feynman treatment, are the tree-level diagrams in Fig. 2-1.
Higher-order one-loop corrections consisting of v — Z mixing diagrams and the
W-loop contribution to the anapole moment are shown in Fig 2-2 [16]. Leading
box diagram contributions involving two heavy bosons, are shown in Fig. 2-3.

The weak mixing angle and the electron weak charge are initially defined by
their relationship at tree-level Qf, = 1 — 4sin®fy. But when a measurement is
performed, it probes a sum over all orders of the perturbative expansion. The
relationship between Q% and sin® fy is modified at the 1-loop level [5] [6] [7] and
is dependent on the energy scale at which the experiment is carried out. In other
words, sin® 0y, “runs” with different Q2.[1].

The error on the SM prediction due to uncertainty on radiative corrections
is fairly small < 0.4 ppb. This is smaller than the expected MOLLER statistical
error. Even so, to further reduce the error on the prediction to <0.2 ppb [1 1], there
is an ongoing theoretical effort to investigate several classes of diagrams beyond
one-loop [8] [9] [10] at MOLLER kinematics. [1]. Theoretical uncertainties for the
Mpgller Apy are expected to be extremely well controlled by the time MOLLER

runs.

z z z
f Wi W W
Y Y Y

Figure 2-2: Significant 1-loop radiative corrections: v — Z mixing diagrams and
W-loop contribution to the anapole moment (reproduced from Ref. [5]) [!]
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Figure 2-3: Box diagram contributions to Mgller scattering involving two heavy
bosons. Crossed diagrams also contribute [10]

Running of sin?fy, and Renormalization

When including high-order terms, it is important to avoid divergent behavior.
In most cases, the high order terms aren’t divergent because the coupling constant
at tree level a/4m ~ 0.001 is small and higher-order terms are suppressed. When
there is divergent behavior, a renormalization procedure is employed which rede-
fines the coupling constants, used at tree level, in terms of experimental values
that inherently probe all orders. The weight given to certain higher-order dia-
grams in this scheme vary depending on the energy scale, defined by the Q? of
the experiment used. This energy dependence can intuitively be understood as
follows. Lower energies probe with poorer resolution than higher energies, they
probe less deeply, and suffer from a “screening” of the electron’s charge by a virtual
particle cloud. Higher energies probe smaller distance scales with deeper penetra-
tion and so see a larger effective value of the electron’s charge. As the energy
scale is varied, contributions from higher-order diagrams evolve via a change in
the effective value of the coupling constants [16].

This evolution of coupling constants in a renormalization scheme is shown in
Fig.2-4b as the running of the weak mixing angle sin? fy; from its value at the Z-
pole Q% = M2 to lower Q?, referred to as “screening” in Fig. 2-4a. Czarnecki and
Marciano [5] have calculated the 1-loop radiative corrections using the “Modified

Minimal Subtraction” (MS) scheme and defined the renormalized weak mixing
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angle at an arbitrary mass scale p as [12]

sinOw ()35 = € (1) 375/ 9% (1)7r5

analogous to the definition in Sec. 1.1.1. Different sin?fy, experimental inputs
at various g = |@Q| can be used in the MS renormalization scheme. If several
experimental inputs are used with Q? determined from each experiment’s average
momentum conditions, the discontinuous sin’ 6y, curve is obtained as shown in
Fig. 2-4a where discontinuities occur at p = |@| =particle masses.

A smooth curve can be obtained by only defining the renormalized weak mixing
angle at one energy scale, My, where Z-pole measurements have been performed
and the weak mixing angle measured to be sin® 8y (myz)gs = 0.2314[13] [14] ,
and incorporating perturbative v — Z mixing through vacuum polarization. The
running of sin® Oy by 3% of its Z-pole value from Q* = M2 to Q* << 1 arises
primarily from fermion vacuum polarization effects as shown in Fig.2-4b, whereas

the running beyond the Z-pole is dominated by boson vacuum polarization effects

— SM

e current Agg(lep) [Tevatron]
future

0.245

v deep-inelastic
scattering

0.245
- E158
0.240 -

Moller [SLAC]}

APV(Cs)

0235 APV (CS)I

sin26,(Q)

Moller [JLab] =
Qweak [JLab] |
0230 PV-DIS [JLab] T

(had) [SLC] 1
() LEP] ] 0.230 |-

Ay

R
Arg

ol vl vl il vl sl

1 10 100 1000 \ . \

1 [GeV] 0.0001 001 1 100 10,000
Q(GeV)

(a) (b)

0225

Figure 2-4: Running of sin? y (a) Ref. [33] (b) in 1-loop calculations by Marciano

[12]

Derivation of the Q? dependence of the weak mixing angle 0y is a challenge

for any theory going beyond the SM. Measurement of sin?fy at various Q2 is
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an opportunity for parity experiments to extend the reach of new physics. The
weak mixing angle played a central role in electroweak theory and testing it at
the quantum loop level has been the central focus of precision electroweak physics
over the past couple of decades|!].

Since sin? Ay runs as a function of Q? due to electroweak radiative corrections,
one can use sin” @y as a bookkeeping parameter to compare the consistency of the
full Q? range of weak neutral current measurements, as shown in Fig. 2-5. New
BSM mediators can not only affect the weak mixing angle at Q2 near their mass
scales, but at low Q? as well. Fig. 2-5b shows the running of sin? 6y with Q? as
well as a series of past and future experiments which aim to measure the weak
mixing angle at various Q? to very high precision.
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B 0.24/— E158
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% o5 |- Q(APV) - 0238 P ioood
o - - G APV(C)
Ne r ] & 0236]—
@ s 0234
0.230 |- sLD ] 24
r a 0232 N
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0.225 - | 023 | 4 SLAG
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Figure 2-5: Running of sin? f (a) Mogller precision goal is shown compared with
other past experiments (base figure [12]) (b) Past experiments are shown in black.
The precision goals for future experiments are shown in pink. EIC potential future
measurements are shown in multicolor [70)]

The goal of several parity experiments which measure sin? fyy is to extend the
reach for new physics beyond the Standard Model by performing ultra-precise
measurements sensitive to new parity-violating interactions. The best measure-
ments of the weak mixing angle at lower energies are the SLAC E158 measurement
[16], the measurement of the weak charge of 1*3Cs [17] [18] via studies of table-top

atomic parity violation, and the JLab Qweak measurement of the proton weak
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charge via electron proton scattering [15]. By comparison, the precision goal for
MOLLER is quite high, matching the precision of the best collider (Z-pole) mea-

surement shown in Fig. 2-5a.

High energy vs. Low energy Measurements

An important advantage of MOLLER is that it will be carried out at a low
4-momentum transfer scale Q? << M3, in contrast to the high energy SLC and
CERN measurements, which were carried out at the Z-pole. Near the Z-pole,
new physics can’t interfere with the Z-amplitude, but at low Q? << M2, the
interference term dominates such that Apy ~ QQ+M§ This difference of energy
scales in the MOLLER experiment and the Z-pole measurements enhances the
sensitivity of the MOLLER measurement dramatically to as yet undiscovered weak

interactions at the TeV scale, as discussed in the next section.

2.1.2 BSM and Sensitivity to New Physics

Historically both direct and indirect searches for new physics have compli-
mented one another in the development of electroweak theory [33]. The extreme
precision of indirect searches at low energies, like MOLLER, makes for probes of
new physics that would become dominantly manifest at super-massive high energy
scales. The MOLLER precision on Apy and the electron weak charge @y, is ca-
pable of probing new neutral current amplitudes as weak as 107G from Beyond
the Standard Model (BSM) undiscovered dynamics. It will be the most sensitive
probe of new flavor and CP conserving neutral current interactions in the leptonic
sector until the advent of a linear collider or a neutrino factory [33].

The MOLLER experimental goal on the weak mixing angle is as precise as the
best collider Z-pole measurements to date. This low ? measurement compliments
the Z-pole measurements because the two most precise independent determina-

tions of the weak mixing angle sin?y differ by 30 from each other. Choosing
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one or the other experimental value leads to inconsistency with other electroweak
measurements and constraints on the Higgs boson mass mpy, and implies very
different new high-energy dynamics and MOLLER, being at the same level of pre-
cision, could address this issue [33]. It is worth mentioning that this is superseded
a bit by expected LHC results which will be similarly precise at the Z-pole [22].
MOLLER is additionally complimentary to other precision low-energy experi-
ments and the energy frontier efforts at the LHC because it has sensitivities to a
specific linear combination of left- and right-handed four electron operators which
collider measurements are relatively insensitive to [1]. While intuitively, there can
be hidden physics at low E that only becomes manifest at high energies, there also
may be hidden physics at high energies measurements which only become manifest
in low-energy parity violation experiments. If the LHC sees agreement with the
Standard Model at 14 TeV, MOLLER will help in the discovery of hidden weak
scale BSM physics scenarios that could escape LHC detection: compressed super-
symmetry [23] , lepton number violating doubly charged scalar mediators [24], and
light MeV-scale dark matter mediators such as the “dark” Z [20] [21]. If the LHC
sees an anomaly, MOLLER will help provide constraints to choose between var-
ious BSM theories: Minimal Supersymmetric Standard Model observed through
radiative loop effects (R-parity conserving) or tree-level interactions (R-parity vi-
olating) [25] [26] and TeV-scale Z’ bosons which arise in many theories [27] [1].
These theories can be distinguished using low-energy precision measurements.
MOLLER has competitive sensitivity to a number of new plausible new-physics
scenarios each of which are discussed below briefly. While standing alone, MOLLER
measures a single number that cannot distinguish between various models, taken
in conjunction with existing measurements, it will constrain the parameter space
possible new physics scenarios[1(]. It has a unique window to provide a glimpse
of new physics beyond the SM and will compliment the information acquired in

experiments at the high energy frontier.[10].
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Running of sin? 6,y BSM

As stated previously the weak mixing angle sin?y runs as a function of the
energy scale at which measurements of it are carried out. The tree-level elec-
troweak theory prediction Q¢, = 1 — 4sin® fy, is modified as a function of Q? due
to electroweak radiative corrections within the Standard Model. There are further
corrections from Beyond the Standard Model dynamics which could become man-
ifest in low Q% measurements of sin® @y with enhanced sensitivity to new physics.
“Oblique corrections” [73,74] which come from very massive new particles could
modify low-energy coupling constants, and hence sin®#fyy, through higher-order
loop diagrams [16]. At mass scales Q% < M2, these corrections can be described

by a parameter X [77,78],
sin? Oy (M2) — sin? Oy (0) ~ a X

where « is the fine structure constant and X can be interpreted as a measure of
the running of sin®fy due to BSM physics [46]. MOLLER would be sensitive
to measuring the parameter X at an extremely high level of sensitivity, and if
nonzero, would indicate that the mass scale for new physics is not much higher
than My and that the new physics does not couple strongly to the Z°[16].

The weak mixing angle is a book-keeping parameter across various @ which
we can use to keep track of a variety of experiments at different energy scales (as
in Fig. 2-5). But we can also compare the value of sin? fy with other fundamen-
tal parameters such as the Higgs mass mpy or top quark mass m; and define how
individual experiments constrain the available parameter space, putting tighter
limits on BSM theories. Fig. 2-6 shows a comparison, both measured and cal-
culated, of sin? @y vs. Higgs mass my. The yellow band is the world average of
sin? @y, measurements. The black points are the two most precise measurements
at Q% << M%. The projected MOLLER error is shown in red. In this plot, we

observe how LHC experiments and MOLLER compliment one another in terms
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of confining the available parameter space. We also can clearly observe how the
high precision of MOLLER might resolve the strain between two fairly precise

experiments, E-158 and atomic PV shown here.
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Figure 2-6: sin?#y, vs my. The yellow band is the world average. The black
points are the two most precise measurements at Q* << M2%. The projected
MOLLER error is shown in red.|[!]
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Figure 2-7: The four best sin® f measurements and the projected error of the
MOLLER proposal. The black band represents the theoretical prediction for
mpy = 126 GeV' (Measured value mpy = 124.98 + 0.28 GeV [28]).[]

Figure 2-7 shows further experiments, the four best measurements of sin® fy,
from studies of Zy decays [37] , the projected uncertainty for MOLLER, and the
theoretical prediction for my = 126GeV (measured value my = 124.98+0.28GelV
[28]). The top point is the MOLLER uncertainty, which would achieve a sensitivity
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on sin® Oy of £0.00028 '. The bottom two points the Z-pole measurements of
sin? Oy A;(SLD) the left-right asymmetry in Z production at SLC and A% the
forward-backward asymmetry in Z decays to b-quarks. We can see the strain
between the Z-pole measurements, each of which implies different BSM dynamics
[38]. Given the scatter in previous measurements, MOLLER will be a particularly
useful measurement due to its comparable precision. MOLLER will be the first
low (Q? measurement to match the precision of the best high energy measurements

at the Z-pole, extending the discovery reach for new physics to the multi-TeV scale

[1]-

Precision of Moller

MOLLER is expected to measure the left-right parity violating asymmetry
Apy ~ 35.6 ppb in Mgller scattering to sub-ppb precision (<0.8 ppb). Including
both statistical and systematic uncertainties, this is an effective 2.4% measurement
on the electron weak charge )y, since Apy is directly proportional to the electron

weak charge (Equ.2.3) :

E GF 4sin26’(;M e
\/§7r04 (3 + COSQQCM)2 w

Apy =m,

We infer the precision on the weak mixing angle by examining the tree-level rela-

tionship between Q¢ and sin? Oy

Q?/V = 4966 = 4P'9Ve A, = 1 _4Sin29W

2
MW

——_—— As the weak mixing angle runs due to radiative corrections
M2 cos?0yy ’

where p =
sin? @y increases by 3% from its Z-pole value, but the electron weak charge Q%
decreases to 45% of its original Z pole value, due to its being very near zero.

A small fractional change in sin®fy introduces a much larger fractional change

!'Note that estimates of this sensitivity are subject to change
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in Q% and hence A”Y. Conversely, MOLLER’s sensitivity to sin® €y is greatly
enhanced compared to the fractional sensitivity on Qf;,. As previously stated in
Sec. 2.1.1, the closer Apy and Qf, are to zero, the closer sin?fy, is to 1/4, the
greater the enhancement of the corresponding fractional sensitivity on sin® 6@y : a

2.4% measurement of Apy yields a ~ 0.1% measurement of sin” Oy [16].

Mass Reach

In quantifying the significance of a precision low () experiment, we speak in
terms of “mass reach”. To compare various experiments, there is a need for a
model independent way to: quantify the effects of new high energy dynamics in
low-energy processes, translate the high precision at low-energy into the high en-
ergy regime, and express the ‘reach’ of a precision experiment in a standard way.
The typical standard way is to treat new low-energy neutral current interactions,
with Q% << M? of unknown mediator X, as contact interactions, where the de-
nominator in the Apy x ~ m ~ i—’;, is ~ (% independent, and is quantified at

a mass scale A, where here we have switched to using natural units.

A 1 £ 1
x & 2 2
0~ My — Contact
interaction
~ 47 n
O M

Figure 2-8: Fermion contact interaction with unknown weak mediator X [1] [70]

For each fermion and handedness combination, the interaction is characterized

by a ratio of the strength of the coupling g to the mass scale A [36] [33]

(9:7)?
L= Z #éu%@u@j%@zﬂ'
i,j=L,R ij
where er/p = $(1F ¥5)te
Taking the Mgller experiment as an example, a precision of 2.4% gives a sen-

sitivity of 7.5TeV for the ratio of mass to coupling strength.
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A 1
VI9kr = 911 \/ﬁGFyAQ;V\

= 7.5TeV

To define conventional “mass limits” for new contact interactions, to get at a
mass scale for the new mediator, we must assume some nominal coupling constant.
Based on models of lepton compositeness characterized by strong coupling dynam-
ics we let \/m = 27. We should emphasize this is a standard coupling
constant used for contact interactions which gives the mass reach scale for com-
parison with other measurements [2]. This standard coupling strength gives mass
reach scales of up to 47TeV for the new mediator from the MOLLER precision on
Apy .

Based on certain assumptions on isospin structure and strong coupling other
comparative estimates [35] for mass reach of various past and future precision
experiments are as follows: E158 ~17 TeV, PV- ~8 TeV, Qweak ~33 TeV, Mgller
~39 TeV, P2 ~49 TeV, Solid ~22 TeV . Compared with other experiments, the
mass reach scale of Mgller is quite high, matching the precision of the best collider

(Z-pole) measurement shown in Fig. 2-5.

Complimentary Measurements

Certain BSM dynamics can have a high impact on low ? observables while
having a suppressed impact collider observables. The low-energy measurements
are sensitive to interference effects which are suppressed at the Z-pole [1], so the
low-energy and high energy measurements can be complimentary. We take as an

example, the dynamics of a potential new Z’ boson at contact interaction scales.

Case: LHC observes an anomaly

If the LHC observes an anomaly, then MOLLER will have the sensitivity to
constrain various possible BSM scenarios to explain the anomaly [I]. MOLLER

will be sensitive to new, super-massive Z’ bosons, new particles predicted by the



2.1. INTRODUCTION 36

Minimal Supersymmetric Standard Model (MSSM), as well as electron compos-

iteness scenarios.

7' bosons

Many BSM theories predict the existence of new, supermassive Z’ bosons with
masses in the TeV range. Many GUTs and certain string theory models, allowing
for one or more large extra dimensions, predict additional Z’ bosons which are
Kaluza-Klein excitations of the SM photon and Z° with masses at the TeV scale
[16]. The LHC, while able to detect and measure the mass of such particles up
to bTeV, is unable to subject Z’-bosons to detailed measurements to learn about
their properties. If the LHC were to detect a super-massive Z’, the low-energy
precision electroweak MOLLER measurement would help to decipher what has
actually been discovered [33]. MOLLER would help disentangle all of the chiral
Z° couplings to SM particles [39] and providing important constraints [1].

Collider Z-pole measurements are only sensitive to the chiral couplings g%, and
the combination g%+ g%,. At best, LHC measurements would be able to measure
the ratio of the chiral leptonic couplings. Whereas MOLLER Apy is sensitive to
the parity violating coupling constant combination g4 — g%;. For example, for

the Z’ boson appearing in SO(10) Grand Unified Theories,

4oy
\VN9kr — 93l =1/ 5———~ 0.2
|9%r — 911 3c0520

implying MOLLER is sensitive to Z’ bosons with masses up to about 1.5 TeV [33].

In left-right symmetric models, the Zr boson couples with strength

09kr — 62.] = = ~ 0.24
9n — 9Ll \/00526W(1—281n26w) '

corresponding to a 1.8 TeV MOLLER mass reach [33].

Fig. 2-9 depicts, in two specific models [10], how the proposed Apy mea-
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surement and the SLHC would impact constraints on chiral Z’ couplings. The
difference in the parameter space constrained by MOLLER vs the SLHC data
shows how MOLER would provide an independent determination of the left- and
right-handed leptonic Z’ couplings, helping to distinguish between models [33]. 2

7' Leptonic Couplings, M;=1.5 TeV
SR T oot o ghunas — T / A

Moeller LR* Bounds ——

LHC x* Bounds = P

\~LHC IR® Bounds ~ &0~ /
SOl =

Figure 2-9: Future constraints on chiral Z’ couplings in two representative mod-
els for a 1.5 TeV mass. The hyperbolas are from a potential Apy measurement
while the hatched regions are from an SLHC. The latter were obtained assuming
a given model with the parameters as discussed including statistical errors and
uncertainties from parton distribution functions. There is a reflection symmetry
(a doubling of the bands) because of an overall unphysical sign ambiguity. For
technical reasons, masses and couplings have been scaled in the figure by a factor
of 1.25. (Figure courtesy of F. Petriello et al.)[33]

Electron Compositeness

Electron compositeness can be parameterized as a contact interaction, at an
energy scale where the internal dynamics of the electron have become important,

with a Lagrangian of the form [72] [10]

47

[’:Wge

ULL(@ZL’Yqu)Q + URR(@R’YuwRV + 277LR(&R7;L¢R)(&L7M¢L)

2We note that the 1.5 TeV mass shown in Fig.2-9 has been excluded. While new “general”
Z’s are no longer in reach for MOLLER, it could be useful for “designer” Z’s which would not be
seen at the LHC but would be light enough/couple strongly enough for MOLLER
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where A.. is the energy scale and |n;;| < 1. MOLLER has a large sensitivity to

any parity violating couplings in the contact interaction

gmeas _ gSM — T TNRR —TLL
SV A )
For ngg or ny 1 equal to +1, MOLLER sensitivity to electron compositeness reaches

TeV energy scales.

Minimal SUSY

MOLLER could be sensitive to new BSM particles predicted by Minimal Su-
persymmetric Standard Models (MSSM) via radiative loop effects or tree-level
interactions. Radiative loop effects are R-parity conserving (RPC) and tree-level
interactions are R-parity violating (RPV) [25] [26]. If nature is supersymmet-
ric, RPC and RPV interactions would affect the electron weak charge ()}, with
opposite sign. So SM deviations, as measured by MOLLER Apy would be able
to distinguish RPC and PRV versions of SUSY. Interestingly, while the presence
RPV interactions would suggest that neutrinos are Majorana particles, the pres-
ence of RPC interactions would suggest that the lightest supersymmetric particle

is stable, making it a non-baryonic dark matter candidate [1].

Case: LHC agrees with the Standard Model

There is a variety of BSM physics that could escape LHC detections. If the
LHC continues to agree with the Standard Model up to 14TeV, MOLLER could
help in the discovery of hidden weak scale scenarios such as compressed super-
symmetry, light MeV-scale dark matter mediators, and lepton-number violating

processes, such as doubly-charged scaler exchange [1].
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Doubly charged scalars

e’ e-

A++ /

e e

Figure 2-10: Exchange of a doubly-charges Higgs boson A*+

MOLLER will be able to probe lepton-number violating amplitudes mediated
by exchange of a doubly-charges Higgs boson A™* with a high level of sensitivity.
[16]. Doubly charged scalars can arise in certain extended Higgs sector models.
For example, the left-right symmetric model contains Apand Ag triplets with
doubly-charged components 5;} that can couple to two charged leptons via the
Lagrangian:

L~ WIS IO Pl 4+ W5 EC PRl + hec.

matter

The Mogller scattering process is unique because it is sensitive to an amplitude

that violates lepton number by 2 units:

|h5¢ gl
MPY ——ery.ererye
5 M(?L LYuELELY €L
which is equivalent to a contact interaction with A = Mj,, g7 L| = |h¢|*/2 and

grr = grr = 0. Hence MOLLER would have a mass reach of [1]

Ms,

~ 5.3 TeV
i

in the left-right symmetric model, making MOLLER one of the most stringent
probes of the left-handed charged scalar,above the LEP 2 constraint of ~ 3TeV,
as well as being a complimentary measurement to other lepton-flavor violation

and neutrinoless double-beta decay searches [21] [1].
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Compressed SUSY

Compressed supersymmetry [23] is a hidden weak scale scenario in which one
of the super-partner masses is relatively light. In that scenario, the LHC signa-
tures would be very challenging to disentangle from QCD backgrounds whereas

MOLLER would be sensitive to such a scenario [1].

Dark 79

It has been postulated [20] [21] that a dark matter mediator, denoted Z;, with
MeV scale mass my,, might exist and could couple to SM particles. In the presence
of a combination of kinetic and mass mixing with the photon and the Z°, with
couplings € and e; = Tn—zzdé , if 6 # 0 ‘dark’ parity violation arises [20] which is
negligible in high energy measurements of shifts in the weak mixing angle, but
apparent at low Q% [21].

Figure 2-11 shows the range of possible deviations of sin® 0y (Q) for Z; mass
of 100 and 150 MeV. A precise low Q% measurement on the weak mixing angle,
like MOLLER, has obvious discovery potential in this light dark matter mediator

scenario [1].
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I‘Oglo Q [GCV] Phys.Rev. D89 (2014) 9, 095006

Figure 2-11: Running of sin® fy, with various dark Z mediator masses [11] [12]
[43] [44]
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2.2 Parity Violation Experiments

2.2.1 Basics of PVeS Experiments

Fig. 2-13 illustrates the layout of the first PVeS experiment E122 that provided
further unambiguous evidence for electroweak unification. It measured the parity
violating asymmetry in deeply inelastic scattering of an e~ from a liquid deuterium

target at Q? ~ 1GeV?/c?, detecting the scattered electron.

Figure 2-12:  Apy in Deep Inelastic Scattering from liquid Deuterium (? =~
1GeV?/c%. Inclusive measurement which detected scattered electron only. [70]
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Figure 2-13: Experimental Layout of E122 (1978) [70]

To produce polarized electrons is a complicated multistage process. The Right
and Left handed longitudinally polarized electrons for this experiment come from
Right and Left Circularly polarized light. It starts with linearly polarized photons
from a laser source that are then converted to states with circular polarization
with a pockels cell electro-optic device. The light helicity (and the corresponding
electron polarization) is flipped rapidly with the pockels cell. At present, 1kHz
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fast flip rate is possible. This polarized light is used to pump a GaAs photocath-
ode to produce the polarized electrons, which was first developed for E122. The
current state-of-the-art superlattice cathodes produce electron beams of roughly
90% polarization, with high quantum efficiency and long lifetimes. The electrons

are accelerated and then sent into the experimental hall.

m=-1/2 +1/2

== Eg=143eV

Figure 2-14: Band structure of GaAs, showing how circularly polarized laser light
produces polarized electrons.|[33]
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Figure 2-15: High luminosity polarized electron source - GaAs photocathode [70]
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Figure 2-16: Helicity States driven through the Pockels Cell voltage setting [70]

Since a scattering asymmetry is being measured in this experiment, it is im-
portant to keep the electron beam symmetric between the two polarization states,
to minimize the “helicity correlated beam asymmetries”. Nowadays, through both

precision configuration and feedback, charge asymmetry A, in the e~ beam can
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be kept down at ppb level and position differences A, between helicity states can
be kept down at the nanometer level on target. E122 employed beam monitors to
measure the helicity dependent changes in current and position. Now they usually
are RF antenna or RF resonant cavities and can measure with precision charge at
30ppm and position at micron level at 250Hz. Even in 1978, a computer was used
for fast feedback to control beam asymmetries, a method which we still employ
NOW.

A high-power cryogenic target was used: 30cm of liquid deuterium for high
luminosity. Currently the high power target can handle 2300W of deposited beam
power, and noise from density fluctuations from “boiling” of the cryogenic fluid
are <40ppm at 250 Hz helicity flip rate. In the future MOLLER experiment, we
will use a 1.5m LH2 target, exposed to 4kW, with stability better than 25ppm at
1kHz flip rate.

Knowing the degree of e~ beam polarization was an important experimental
parameter. In E122 a Mgller polarimeter was used. Now multiple polarimeters are
used to 1% precision: Mott, Mgller and Compton (a continuous measurement at
0.7% precision). For MOLLER, we hope to have 0.5% precision on the polarimetry
measurements.

A magnetic spectrometer directs scattered e~ flux to a background-free region
and defines the kinematic acceptance. The electron flux was detected by quartz
bars and photomultiplier tubes. More generally the electron flux can be detected
by Cherenkov light in an optically transparent media like lucite or quartz, often
with a heavy material like lead or copper to create showering of the incident
election as shown in Fig. 2-17 for E158. The signal gets integrated during the
helicity window and is sent to ADCs. In E122, the detectors measured high
100kHz rates. Currently JLab Hall A parity experiments regularly have rates that
can approach 7TGHz. For MOLLER, we hope to detect rates of 500GHz.
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Figure 2-17: Concept of E158 Calorimeter - Integrating Detection of light from
quartz-copper sandwich |70]

2.2.2 Experimental Measurements of sin® 6y
E158

E158 (1997-2004) measured the electron weak charge to high precision through
parity violating Moller scattering at low Q2. It was the first measurement of the
electron-electron weak interaction.

E158 bore similarity to E122 in the overall experimental layout (Fig. 2-18).
A highly polarized, high current electron beam was incident on an unpolarized,
high luminosity target of LHy with ~ 15kW of beam power deposited. The target
was an 18% radiator. E158 employed a magnetic spectrometer system so the
detectors could distinguish between signal and background, in this case distinguish
Mpgller electrons from ep backgrounds. The spectrometer system consisted of a
dipole chicane to separate the primary and scattered beam and a quadrupole
spectrometer to separate the Mgller signal from the ep background. Beam energies
of 45GeV and 48GeV were used. The spectrometer accepted electrons from 4-
7mrad scattering angles corresponding to about 60 — 90° scattering angles in the

center of mass frame.

/7 collimator primary & scattered ¢ollimator detectors \
liquid wam M s
45,48 GeV | dgogen photons 1] @
L e i o . — 3=
béam gt = — Mollers gm0y ™
A7 LU T4
dipoles quadrupoles
60 m |
\_ J

Figure 2-18: Experimental layout of E158 [70]
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The parity violating asymmetry was measured to be
APV = (—131 + 14+ IO)ppb

which implied a precision on the weak mixing angle of

§(sin? Oyy)

~ 0.5
sin2 QW %

and mass-reach scales on the order of A%, _;, ~ 17TeV.

Quwearr Experiment

Quwear Was a measurement of the parity-violating asymmetry in elastic ep scat-
tering of longitudinally polarized electrons from protons in HallC [56]. It com-
pliments MOLLER because it measures the weak charge of the proton and is
therefore sensitive to hadronic couplings of the Z° rather than leptonic couplings
and therefore has a different response to new physics scenarios [16]. The experi-
ment measured a parity-violating asymmetry A., = —226.5+7.3(stat) £5.8(syst)
ppb [57].

The weak charge of the proton (! was determined from a global fit, shown
in Fig. 2-19a of parity-violating elastic scattering (PVES) results from nuclear
targets, since uncertainties of hadronic structure could be constrained by higher
Q? measurements [56]. The value extracted from the global fit is in agreement with
the standard model prediction QP (SM) = 0.071040.0007 [56]. The weak neutral
current quark vector couplings C4 and C1,, as constrained by Qcqr and the APV
measurement in '33Cs [15] are shown in Fig.2-19b. The exclusion limits are /g &~
7.5TeV, A =~ 27 TeV [57] with the usual convention for contact interactions g =
Var (see Sec.2.1.2). Finally, the Qyear result for sin? Ay, is shown in Fig. 2-19c.
Qweak result is plotted in red at the energy scale of the Qweak experiment, and

also in green as interpreted using lattice QCD strange quark results for form factors
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of the proton. Error bars (1 s.d.) include statistical and systematic uncertainties.
The modified-minimal subtraction (MS) scheme is shown as the solid curve [27]

together with experimental determinations. The result is consistent with SM

predictions.
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Figure 2-19: Qweak experiment results: (a) Q¥ as determined from a global fit
(b) Weak Neutral Current Quark Vector Couplings constraints (¢) Weak mixing
angle result interpreted from the Qweak measurement. Qweak result is plotted
in red at the energy scale of the Qweak experiment, Q = 0.158 GeV. Error bars
(1 s.d.) include statistical and systematic uncertainties. The modified-minimal
subtraction (MS) scheme is shown as the solid curve together with experimental
determinations. [19] [15] [57]

Atomic Parity Violation

Atomic parity violation (APV) experiments, also known as parity non-conservation
(PNC), measure the weak mixing angle using, for example, Cesium atoms [58].

The first APV SM test was performed with on 3Cs in 1983 by Bouchiat &
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Bouchiat [63]. Other atoms besides *3C's have also been used, such as Ytterbium,
Radium, 2%Pb [64] [65] , 2°9Bi, and molecules [63]. The best APV measurement of
the weak mixing angle at lower energies are those extracted from the measurement
of the weak charge of 133Cs, QS7, via studies of table-top atomic parity violation
obtained by Wieman in 1999 [17]. In a nucleus, the SM prediction for the weak

charge including EW corrections is given by [55] *
€ en « .
QR 9 Z(gT) + NI~ o) & 201 — s 67) ~ N

where g%, &~ —1 +2sin* 3™ and g%}, ~ 5. In an APV experiment, the transition
energy Fapy, an energy state that is shifted by the weak charge in an EM field, is
measured via an interference term in excited state transitions (“APV lightshift”)

and this energy is related to the nuclear weak charge

Eapy = kQw

The transition energy Fapy is measured, k is calculated from atomic wavefunc-
tions, and thus Qy is inferred. Constraining theoretical calculations of k is a
crucial steps towards higher precision in the interpretation of APV experiments.
The weak mixing angle measurement from the atomic parity violation (APV) in
133C's can be compared with the Standard Model prediction at low Q. Deviation
from the SM prediction implies new BSM physics:

Qw = Qw + rad.corr. + BSMphysics

For example, an extra Z’ boson in SO(10) GUTs produces a change to the nucleus

Qw of [63]
M3

0Qw ~ 2N + Z)ac(Oval&) 35
2,

BQEMFTadeorr — _9[7(g%, +0.00005) + N (g5 + 0.00006)] (1 — &)
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While APV measurements are sensitive to additional Z (Z’) bosons predicted in
grand unified theories (GUTS) [58], they are insensitive to SUSY loops (cancel-
lation of neutron and proton effects) [63]. As shown in Fig. 2-19b, the Cy,, Ci4
sensitivity is complimentary to PVES experiments like Qweak or MOLLER, be-
cause due to the dominance of the neutron weak charge, APV probes orthogonally
to PVES [03] using proton targets.

The largest uncertainty in APV measurement is the theoretical interpretation
and the calculation of k from atomic wavefunctions. Calculations of the atomic
wavefunctions evolve every few years, as additional atomic structure effects are
incorporated into the calculations and other measurements, such neutron radius
measurements, are taken into account [58]. So, historically the APV extracted
result on the weak mixing angle has moved significantly over the years, frequently
being updated [66] [18] [1], being mostly lower than the SM prediction [58]|. The

level of agreement with the SM prediction has changed with subsequent analyses

[07] [18] 1561

NuTeV

The NuTeV Collaboration extracted the electroweak parameter sin? 6y from
the measurement of the ratio of weak neutral current to charged current v and v
cross sections in neutrino-nucleus deep inelastic scattering (vDIS) [68] [56]. The
original reported value was sin? 0&0/”_5116”) = 0.2277 £ 0.0013(stat) £ .0009(syst), 3
standard deviations above the SM prediction [08], dubbed “the NuTeV anomaly”
[56]. While such a discrepancy would indicate new BSM physics, there are theo-
retical interpretability issues related to atomic and nuclear structure effects. The

issues highlight the importance of a theoretically clean experimental probe [50]

like MOLLER.
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Z-pole measurements

The two most precise measurements of sin® 6@y at the Z-pole (sin? 657 (M)
are the SLC collider measurement of the left-right asymmetry in Z production
A;(SLD) = 0.23070£0.00026 and the LEP1 collider measurement of the forward-
backward asymmetry in Z decays to b-quarks A%(LEP) = 0.23193 +0.00029 [1].
The two measurement aren’t consistent with one another, independently implying
very different BSM dynamics [38] but averaging to the Standard Model value.
The main systematic uncertainty is the interpretability of the measurement with
Parton Distribution Functions (PDFs), although recently Bodek et al. [19] have
found a method to reduce the PDF uncertainties in pp collisions, tightening up
the theoretical interpretations and enabling precision results from the LHC. This,
future planned hadron experiments, like LHC 14TeV, 300fb-1 with precision of
§sin? @y ~ 0.00036, will not be theoretically limited with PDF uncertainties.
One of the past appealing aspects of MOLLER would be to provide the reach of
the Z-pole measurements, with a precision of ¢ sin? @y, ~ 0.00028, comparable to
the Z-pole measurements uncertainties, but without the systematic uncertainty
from PDFs. Now that the PDF uncertainty has been reduced for pp collisions,
the appeal of MOLLER lies largely in that it is a low @? measurement, off of the
Z-pole, with improved sensitivity to new BSM physics.

2.3 MOLLER Experimental Design

2.3.1 Basic Conceptual Setup

MOLLER will improve on the precision of E158 by about a factor of 5. There
are a broad range of technical challenges to achieve high precision for MOLLER.
The experiment will be performed at 11GeV at JLab, with high luminosity and
high stability e~ beam, so that this large improvement on E158 is possible. The
design for MOLLER is shown in Fig. 2-20. In the Q? regime for this design, Apy
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is expected to be 35.6 ppb. The goal is to reach a statistical precision of 0.73 ppb
on Apy, to measure sin? Oy, with uncertainties of 40.00026(stat) 4= 0.00013(syst),
and obtain mass reach scales of up to 47TeV. In short, the goal is to perform
an experiment at low @Q? with a precision on sin? @y matching collider Z-pole

measurements.

Detector
Array

Upstream

' Toroid

Figure 2-20: Experimental Design for Moller |70]

The basic conceptual design is shown in Fig. 2-20. There is a LHy target,
followed by an upstream magnet that pre-focuses the Mgller scattered elections
so that they make it through the downstream hybrid toroid which is designed to

focus and maximize the kinematic acceptance.

2.3.2 Figure of Merit and High Acceptance

To obtain high statistical precision, high luminosity, high rates, high accep-
tance, and optimal figure of merit (FOM) are required. The figure-of-merit is

defined as FOM = R x A%,,, where R is the detected rate R ~ j—g, and where

1
Elap

Apy ~ EipQ rises with Ej,, and the cross-section o ~ decreases with
Ejp. The FOM is proportional the beam power and the experiment need high
energy but also high luminosity. The 11GeV JLab beam can be more precise than

the 45GeV SLAC measurements because of luminosity and systematic precision.
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The goal of the optimization of MOLLER kinematics is to minimize the runtime
required to obtain a high accuracy of 0.72 ppb on Apy ~ 35.6 ppb. The spec-
trometer is designed to separate Mgller electrons from ep scattered background.
There is a large phase space of relevant properties which go into the FOM such as

Mpgller and elastic ep rate and asymmetry, and ee and ep focus and separation.

Highest figure of merit at 6,, =90°

Asymmetry (ppb)

% 26 a6 60 # 100 120 140 180 180

Center of Mass Angle 6.,,(deg)

Figure 2-21: Moller Apy vs. Center of Mass Scattering Angle 0oy [71]

In this ee scattering experiment, the FOM contribution is highest for Ej,, =
11GeV and an e~ scattering angle of 90° in COM frame with optimum acceptance
from about 90° — 120° back scattered electrons as depicted in Fig. 2-21. This
is because, independent of gauge model [18], the maximal asymmetry occurs at
y = 0.5 due to y <+ 1 — y symmetry for identical particles, which corresponds to
a CM scattering angle 0oy = 90°. In the lab frame the two outgoing electrons
(Fig.2-22) from 0oy = 90° scattering emerge at a scattering angle 6,4, ~ \/m
where E is the incoming electron energy and each outgoing electron carries energy
E/2. This approximately corresponds to the optimum FOM region (yellow) in
Fig.2-22 which shows that the optimal detector would cover energies from 2.5-
5.5 GeV at 10-17 mrad to detect electrons backscattered in the center-of-mass
frame which are easier to isolate due to higher laboratory angles and lower energy

compared to their forward scattered partners.
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Figure 2-22: The FOM is highest at 0c); = 90°, with optimum acceptance
[90°,120°] in highly boosted lab frame. Forward and Backscattered electrons are
identical particles |71]

Ideally, all of the backscattered electrons would be accepted, but complete 360°
azimuthal coverage is not possible. The magnets and collimator in the spectrom-
eter must be placed somewhere and supported so azimuthal acceptance must be
lost. However, because these are identical particles, we can use a clever idea to
get an effective 100% acceptance shown in Fig. 2-22 :  Any region where back
scattered electrons (black) are lost, detect forward scattered electrons instead (grey)
at the opposite azimuthal angle. In this way, one of the electrons (either yellow
or gray) is always detected from each event. An odd number of octants are used
with only 50% azimuthal coverage, but 100% acceptance is achieved for seeing at
least one electron from each elastic event in the optimal FOM region.

A conceptual description of the components of the experiment follows.

2.3.3 Magnetic Spectrometer

The spectrometer must separate Mgller scattered electrons from backgrounds
while maintaining high acceptance. The dominant backgrounds are elastic and
inelastic ep scattering. The toroid spectrometer is designed to use the energy-
angle correlation of ee elastic scattering by focusing kinematic acceptance from
E, =25 -85 GeV and 60,4, = 0.3° — 1.1° onto a small region for detection. It

consists of two resistive (Cu non-superconducting) toroids each with 7 magnets
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Figure 2-23: Toroid Spectrometer: Upstream Magnet and Downstream Toroidal
Magnet [71]

@
S

N
@

»
o

-
=

o

I | |
9 10 1

Lab Scattering Angle (mrad)
4]

N T s
Scattered Electron Energy (GeV)

o
Nl
w|

e =" ! AR aarnara
% 5 10 15 20 25 30 £
meters

Figure 2-24: TIllustration of the radial and azimuthal focusing of the MOLLER
spectrometer. The figure on the right illustrates the colors for the forward and
back scattered events as used on the left [71].

arrayed azimuthally. The upstream magnet starts bending small scatters out to
larger angles. A second toroid continues this out bending, but uses 6 different
segments with progressively more magnet turns to vary the effective [ B - dl over
the range of acceptance, to bend the highest accepted energies without overbending
the lowest. The hybrid’s 6 segments are shown in Fig.2-23 where regions with
different NI's corresponds to different magnet segments.

As shown in Fig. 2-24; in addition to radial focusing from azimuthal fields,
radial fields defocus azimuthally the accepted distributions. The accepted events,
which are neat wedges just at the collimator, occupy the entire azimuth at a radius
of about 1 4 0.1m, approximately 35m downstream of the target. Critical factors
determining the desired optics are the ee focus at detector plane, the ep focus at
the detector plane, and the foci separation.

The Mgller electron distribution in the detector plane is shown in black, az-
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Figure 2-25: Mpller electron distributions in detector plane: (a) Transverse dis-
tributions showing azimuthal defocusing - bins for different ¢, different 6o (b)
Radial distributions - main Mgller peak is in Region 5 [71]

imuthally in Fig. 2-25a. Elastic ep backgrounds are shown in red. The background
for ep processes e + p(+7v) — e + p(+7) contributes < 0.3% fractional error to
the final result. The spectrometer succeeds in achieving high signal to noise ratio
at the main Mgller peak in the radial Mgller electron distribution shown in Fig.
2-25b at a 1m.

A prototype of the toroidal magnet has been built and is being tested at
MIT-Bates. The current density in the magnets (up to 204/mm? |59]) requires
more careful engineering. While the optics design is complete, the engineering
of the magnets is still in progress. There is a large phase space for the design:
strength of the field integral (from current density, length), coil positions (z, ra-
dius),collimator location/orientation /size, choice of primary collimator, detector
location/orientation. The system must keep the acceptance high, which allows
the un-scattered beam to exit to the beam dump *, and must keep the current
density as low as possible. In principle, small changes can be made to the current
density or otherwise improve the mechanical integrity at the magnets, perhaps by
exploring the phase space. It is worth noting that if higher current densities were

practically possible, better focus and separation could be achieved [59].

4The constraints on the magnet design are: obeying keep in zones (half azimuth between
tracks, full azimuth under tracks, no closer than 5X the multiple scattering radius)
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Figure 2-26: Proposed Detector Segmentation [71]

2.3.4 Detectors

The main Cherenkov detectors consist of quartz bars and photomultiplier-tubes
(PMT’s). Because of the azimuthal defocusing in radial fields, the detectors must
cover the full azimuth and have radial and azimuthal segmentation to detect both
signal and backgrounds. The radial segmentation is indicated in Fig. 2-25b and
the azimuthal segmentation is indicated in Fig. 2-26.

There are planned to be 28 azimuthal channels per radial bin in most regions,
with the except of the Mgller peak (region 5) which will have 84 azimuthal channels
per radial bin, giving a grand total of 224 channels. The rate per channel is
expected to vary considerable from a few MHz to several GHz, with a total rate
of 159 GHz. Each detector consists of quartz with air light guides and PMT’s
as shown in Fig. 2-27. One interesting consideration: to avoid introducing a
polarization sensitivity to the detectors, it is prudent to avoid excessive clamping
force on the quartz causing birefringence in the detector and potentially differential
light collection efficiency for polarized Cherenkov light.

In addition to the assembly of integrating quartz Cherenkov detectors, there
are a variety of auxiliary detectors surrounding the setup as shown in Fig. 2-
28. Pions and muons will be detected with a quartz sandwich behind shielding.
Luminosity monitors downstream will detect beam and target density fluctuations.

GEM-tracking chambers will be used upstream of the integrating detectors in a
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Figure 2-27: Quartz assembly of Cherenkov detectors with air light guides and
PMTs. [71]
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Figure 2-28: Conceptual illustration of detector arrangements for the MOLLER
experiment including Cherenkov detectors, GEMs, pion detectors, and luminosity
monitors [71]

special low beam-current calibration mode.

2.3.5 Polarimetry

The goal for MOLLER is to obtain robust 0.4% polarimetry using at least 2
different methodologies: Compton polarimetry and Mgller polarimetry Transverse
polarization uncertainties must also contribute < 0.2%. More detailed descriptions
of the Mgller and Compton polarimeters can be found in Sec. 3.5.10 and Sec. 3.5.9,
respectively. Here we will address the status of the equipment and error budgets
required for MOLLER.

The Compton polarimeter measures the degree of longitudinal electron beam



2.3. MOLLER EXPERIMENTAL DESIGN 57

polarization via Compton scattering from polarized laser light. The electron beam
crosses a laser beam in a high-gain optical cavity and some fraction of the electrons
Compton scatter with the laser photons. The scattered electrons are separated
from the primary e~ beam and get detected along with the scattered photons.
There are two detectors in the Compton: a tracking electron detector and a pho-
ton calorimeter. For full capabilities at 11 GeV during MOLLER, a radiation hard
electron detector is needed, as well as a large, dense, linear detector without phos-
phorescence, and control of synchrotron light and BremBremsstrahlungstrahlung
background at 11GeV [(1]. While Qweak achieved 0.6% precision polarimetry with
the electron detector at 1GeV, and HAPPEX-3 achieved 1.0% precision polarime-
try with the photon detector at 3GeV, for MOLLER, operation at high energy (11
GeV) with 0.4% precision is a very different challenge [61]. The error budget for

various uncertainties in the Compton at 11GeV is shown in Fig. 2-29.

Relative Error (%) electron | photon |

Position Asymmetries -
Eneam and Ajaser 0.3

correlated

Radiative Corrections 0.5

Laser Polarization 0.2

Background/Deadtime/Pileup 0.2 0.2
0.35
0.45 I

uncorrelated

Analyzing Power Calibration /

Detector Linearity 0.25

Total 0.38

Figure 2-29: Compton uncertainty goals for MOLLER at 11GeV [(1]

The Mgller polarimeter measures longitudinal electron beam polarization based
on Mgller scattering from ferromagnetic foil targets. A double-polarization spin
asymmetry in Mgller scattering is measured and employed to infer the electron
beam polarization.

To achieve <0.5% polarimetry, the Mgller polarimeter requirements include
knowing the target polarization to 0.25% with small temperature corrections due
to demagnetization from target heating of <0.05%. The upgraded Mgller po-

larimeter should achieve high fields, where the electrons in the ferromagnetic target
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foil are polarized by a strong magnetic field. A 4Tesla magnetic field will saturate
the magnetization of the iron foil target, for which the electron polarization is
well determined [55]. The simulation of the Mgller optics (the spectrometer tune
and magnet currents) and acceptance must be accurate. The analyzing power
averaged over the acceptance must be known to 0.2% and the Levchuk correction

must contribute <0.2% uncertainty.

2.3.6 Target

MOLLER requires a long, high-luminosity target with minimal noise from
target boiling/density fluctuations (<25ppm). The target will be a 1.5m long,
LH2 target with a beam current up to 85uA and a deposited energy of up to 5kW.
The difficulty with high luminosity /high power is that while you get high rates, you
also get higher noise from target boiling. When it comes to statistics, it’s possible
to be self-defeating with high-luminosity. However, one can get around target
boiling, by taking data quickly with fast helicity flipping, making fast comparisons
in measuring the asymmetry. This is the helicity flipping equivalent to using a high
speed camera. The choice of helicity flip rate can strongly impact the ultimate
precision of a parity experiment. Fig. 2-30, from a measurement by Qweak, shows
the luminosity noise level (in blue) decreasing at high frequencies. The density
fluctuations in the target get cancelled when asymmetries are formed at high flip

rates. For MOLLER, helicity reversal at 1-2kHz is required.

10°1
F 150 pA
20 pA

10-6;

107 W

L. 1 L 1 | 1 1 1
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Frequency [Hz]

Amplitude [V/uA]

Figure 2-30: Target boiling noise vs. frequency [71] [71]
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2.3.7 Polarized Source

To achieve high precision measurements on Apy for MOLLER, the Pockels cell
in the polarized source must satisfy both statistical and systematic requirements
as regards the electron beam produced. The asymmetry measurement is based on
the helicity switching, in which time windows are generated in the electron bunch
train at a selected flip rate, with the sign of the beam’s longitudinal polarization in
each window assigned on a pseudo random basis. Frequency selection for helicity
flipping affects the noise, and statistical errors significantly. Sec. 2.3.6 motivated
the need for a high helicity flip rate during high data rate experiments, like the
future MOLLER experiment, which requires a flip rate of ~2kHz. However, when
data is taken at a high helicity flip rate for improved statistics, it is also desirable
to have a short settle time for each transition to prevent downtime data losses.
The Pockels cell which controls the electron beam must switch helicity states very
quickly within 10us, with minimal dead-time <2%, to obtain sufficient statistical
precision at high data rates. We have developed a new Pockels cell for the polarized
source using RTP (Rubidium Titanyl Phosphate) crystals, described in Chapter
6.

Regarding systematics, the differential cross-section asymmetries are extremely
small in parity experiments, and so the symmetry between incident right and left
helicity beams is of increased importance. Since this type of measurement com-
pares electrons of opposite helicity and looks for changes in scattering, any change
in the polarized beam correlated with the helicity reversal can be a potential source
for systematic error, or a false asymmetry. This includes energy changes, position
changes, intensity changes, or spot-size changes. To first order, this can be written
as:

Avaw = Ader — Ag + aAE + Y~ BiAz; (24)

where A, 4, is the beam current normalized detector asymmetry, Ag is the beam

charge asymmetry, AFE is the helicity correlated energy difference, Az; are the
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helicity correlated position differences, and «, 3; are the coupling constants, both
calculated and measured through cross correlations and linear regression in data
analysis. Additionally, helicity correlated changes to the spot size of the beam can
also give rise to systematic errors. For precise comparisons to be made, the two

helicity state beams must be extremely symmetric: their intensity, position, and

spot-size must be very nearly identical.

Beam Assumed Accuracy of Required 2kHz Required cumulative Systematic
Property Sensitivity Correction | random fluctuations HCBA Contribution
Intensity 1 ppb/ppb ~ 1% < 1000 ppm < 10 ppb ~ 0.1 ppb

Energy —1.4 ppb/ppb ~ 10% < 108 ppm < 0.7 ppb ~ 0.05 ppb
Position 0.85 ppb/nm ~ 10% < 47 pm < 1.2nm ~ 0.05 ppb

Angle 8.5 ppb/nrad ~ 10% < 4.7 prad < 0.12 nrad ~ 0.05 ppb
Spot-size 12ppb/ppt - <106 —-10-% ~ 0.012 — 0.12 ppb

Table 2.3: MOLLER Beam Goals [71]

For MOLLER, there are more stringent requirements on the systematic er-
ror as shown in Table 2.3 with goals of a few parts-per-billion for the intensity
asymmetry, about Inm for position differences, and spot-size asymmetries at the
< 107° level. For each type of HCBA (helicity correlated beam asymmetry), the
table shows the assumed sensitivity of Apy on the beam parameter, the accuracy
of the corresponding beam correction which will be made to Apy in data analy-
sis, the required statistical noise given as asymmetry and helicity-pair difference
widths, and the implied correction for the expected helicity asymmetry. The last
column is the expected contribution to the systematic uncertainty on Apy given
the anticipated correction precision achieved in the results of Qweak (2011) and
HAPPEX-II (in 2005). Minimizing systematic experimental uncertainty begins at
the Pockels cell source and was the motivation for the design of a new RTP Pockels

cell to ensure both fast transition times and small helicity-correlated asymmetries

Table 2.4 shows a comparison of the HCBA goals for MOLLER with those
previously achieved during HAPPEX-II. The intensity asymmetry I, must be
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kept 3X smaller. Position differences, angle differences, and energy differences all
need about factor of 2X improvement on HAPPEX-II. The goal for MOLLER is
a 2kHz fast helicity flip rate with 10us settle time, whereas previously, Qweak
achieved 1kHz with a 60us settle time using a KD*P Pockels cell. This thesis is
focused on the RTP polarized source goals: (1) to develop a source that can flip
helicity states quickly, so we don’t lose statistics through deadtime (waiting for
the polarization to flip); and (2) also to get the beam stable - at the nm level on

target - and to control HCBA’s.

MOLLER previously achieved
Intensity Asymmetry < 10 ppb 30 ppb (Qweak)
Energy Asymmetry < 0.7 ppb 0.2 ppb (H-II)
Position Differences <1.2nm 2 nm (H-II)
Angle Differences < 0.12 nrad 0.25 nrad (H-II)
Spot-size Asymmetries | <1 x 107% | <1 x 10~% (PREX-I,Qweak)

Table 2.4: Comparison of MOLLER PQB requirements to those achieved during
HAPPEX-II, Qweak, and PREX-I [62]

Meeting MOLLER . goals for HCBA

Table 2.5 shows the path towards achieving the small HCBA’s required for
MOLLER. As regards the intensity asymmetry requiring a 3X improvement over
the past, this can be improved with better feedback, the longer run period, and
more strict data cuts for good long-term cancellation [62]. Nominally 10ppb in the
Hall is achieved from obtaining <10 ppm in the injector, which is then reduced
by a factor of 10X through slow helicity reversals such as the insertable half-wave
plate (IHWP) and the double Wien (see Sec. 3.5.1), and reduced again by another
factor of 100X by using feedback on the Pockels cell voltages to minimize A, finally
giving 10ppm/10/100 ~ 10ppb. We note the main hurdle for the RTP Pockels
cell was maintaining A, stability as there were slow drifts ( 100ppm in 30 min for
e~ beam, larger for laser) due to fluctuations in temperature difference between

the two RTP crystals in the cell (~ 50kppm/°C for AT and 100% analyzing).
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However, these slow drifts are easily corrected with A, PITA-voltage feedback
on the cell. Summer 2018 injector studies showed that feedback could used on

intensity fluctuations to cancel slow drifts.

Source Adiabatic Damping Slow Reversals Feedback
Intensity < 10 ppm (inj) - ~ 10x 100x
Position/angle | ~ 20 nm (inj) ~ 100x ~ 10x ~ 10x, control jitter
(Past) (50 — 200 nm) (30x, max 95X (~ 10x IHWP, ISM) (~ 10x, unused)
Spot-size < 1075 (laser) (synch light ~ 10x (IHWP, g-2, ISM)
(Past) (<1074 dilution) ( ~ 10x from ISM)

Table 2.5: Steps to achieving MOLLER PQB requirements compared with what
has previously been achieved [62]

Regarding position/angle differences, the ultimate goal is to achieve <1.2nm,
<0.12nrad in the Hall and this can be done by a combination of improvements
to position differences in the injector, adiabatic damping, slow helicity reversals,
and position difference feedback. The first goal is for position differences to be
kept < 20 — 30nm in the injector before acceleration. We have made significant
strides towards this goal using the an RTP design which utilizes new degree of
position difference control. We estimated the effect of the electric field gradients
in a polarization dependent steering model, calculated the E-field gradients for
different geometries with the dielectric crystals, and found a way to control the
E-field gradient to steer the beam. We have demonstrated the ability to use the
RTP cell for active, voltage controlled, position feedback. Summer 2018 injector
studies showed that in a particular selected bpm, electron beam position differences
could be controlled to within 1-5nm (Sec. 6.6). Overall in the injector, before the
chopper, the RTP achieved electron beam position differences < 70nm in 2018 and
< 30nm in 2019. Both charge and position asymmetries were well controlled, the
RTP cell shows promise for MOLLER, and it is being considered for installation
during PREXII.

In adiabatic damping, the area of the beam distribution in phase space is

inversely proportional to the momentum. If the electron beam is aligned well,
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acceleration from momentum pg to p can reduce position differences by a factor
of m. In the past adiabatic damping has been shown to reduce position
differences by a factor of 10-30X, at lower (3 GeV) energies. In principle, MOLLER
11GeV beam energy should provided up to 150X. However realizing the full benefit
requires improved injector performance and good optical transport through the
accelerator that has yet to be demonstrated (which is why only 10-30X damping
was observed instead 100X previously). We note that the improvements shown in
Fig. 2.5 in each of these steps are in total, overkill by a factor of 500X: for position
20nm/100/10/10 ~ 0.002nm> 1.2nm. So, if for example, very small position
differences are achieved in the injector, 100X adiabatic damping is unnecessary,
and vice versa. Furthermore, if the factor of 2X improvement (as compared with
HAPPEX-II) in beam position asymmetry were not achieved, it would be a small
hit on total error bar, or even zero net loss if correction precision can exceed
modest assumptions [62].

Spot size asymmetry contributions to the systematic error are nominally given
by 12 ppmxdo/o [I]. Based on this assumption, the spot size asymmetry for
MOLLER requires 10X improvement over the past (< 1 x 107° vs 10™* quoted in
Qweak and PREX), but incoherent emittance growth provides this factor. The
suppression between spot size asymmetry in the injector and spot-size asymmetry
contribution in the Hall, is due to the assumption of synchrotron light emittance
growth greatly suppressing the spot size asymmetry by a factor of A 1,/ A synch ~
25X —100X. We note that coherent beam size changes (damping, raster, focusing)
don’t affect the dilution, only stochastic processes help dilute the asymmetry.
With the RTP cell, Ao (on laser, estimated for e~ beam) was as good as 107 (for
the laser) and 1075 — 10~* in the e~ beam off the cathode.

MOLLER also depends on qualities of the beam beyond standard PQB re-
quirements shown in the above tables, most notably beam “halo”. Beam halo was
observed during Qweak in the small angle monitors as a beam asymmetry which

correlated with the BCM asymmetry, but which was not cancelled by normalizing
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to the BCM A,. It was theorized this was due to a small current density outside
the main beam profile RMS which had a large charge asymmetry, not reflected in
the central portion of the beam current as detected by the BCMs. However, the
asymmetry “halo” is not yet well understood and the collaboration needs to iden-
tify which parameters require development. A program of test plans on beam halo
should be defined before MOLLER and various ideas for “halo” monitors are in
development. Additionally, there are some suggestive beam test results as regards
the longitudinal structure of the e~ beam pulse. During beam studies in summer
2018, longitudinal bunch length asymmetries were observed to develop from in-
duced charge asymmetries via space-charge effects. The longitudinal asymmetries
in the e~ beam may potentially couple into the transverse HCBA’s that MOLLER
depends on minimizing.

To summarize: source considerations for MOLLER include fast flipping, short
transition times, noise assessments, injector position differences, injector spot
size asymmetries, adiabatic damping, couplings in accelerator, coherent emittance
growth, apertures, halo, longitudinal bunch length asymmetries, and longitudinal

position differences. °

2.3.8 Summary of Goals for MOLLER

MOLLER presents a number of experimental challenges to achieve high preci-
sion including stringent requirements on the properties for the polarized electron
beam, a high luminosity liquid hydrogen target with extremely small pulse-to-pulse

density fluctuations, and control of contributions from background scattering pro-

®We should note that before MOLLER, there will be an injector upgrade. A 200keV gun has
been installed, though it not used at that voltage yet. The new gun should improve cathode
lifetime and should improve transmission without RF pre-bunching.Two new source BPMs 2101
and 2102 have been installed just after photocathode. Other upgrades in the near future include
improvements to injector spin manipulation (double Wien) which will be upgraded to work at
200keV with improved optics elements/apertures, new electrodes and coils, and new HV supplies
[62]. The plan is to remove the prebuncher between elements for more reliable operation and
quicker setup. There will be a new 1/4 cryomodule (10 MeV, integrates RF capture) which will
reduce x/y coupling that has in the past been major impediment to optics match to design.
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cesses [16]. Fig. 2-31 shows a summary of the statistical and systematic error

goals for MOLLER : 2.1% statistical and 1.1% systematic.

| Error Source | Fractional Error (%) |
Statistical 2.1
Absolute Normalization of the Kinematic Factor 0.5
Beam (second order) 0.4
Beam polarization 0.4
e+ p(+7) = e+ X(+7) 04
Beam (position, angle, energy) 04
Beam (intensity) 0.3
e+ p(+y) = e+p(+7) 0.3
Y 4 p = (mop, K)+ X 0.3
Transverse polarization 0.2
Neutral background (soft photons, neutrons) 0.1
[ Total systematic | 1.1 |

Figure 2-31: Precision Goals for the MOLLER experiment [71]. All systematics
are required at the sub-1% level.

This work is primarily focused on the beam intensity asymmetry, position
differences, and 2nd order effects like spot size asymmetry. These goals translate
into helicity correlated beam asymmetry minimization down to the ppb-level in
intensity, and 1.2nm level in position difference between left and right helicity
states. If these HCBA goals are achieved, MOLLER is expected to measure Apy ~
35.6ppb with a goal to reach a precision of 0.73ppb on Apy, as precise as the best
collider Z-pole measurement and probe new BSM physics.

To summarize, source considerations for MOLLER include ambitious, but
achievable goals. The polarized source achievements using the RTP cell will be

discussed in Chapter 6 and in Chapter 5 beam studies.
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Chapter 3

PREX-II

3.1 Parity Violation

Our picture of the atomic nucleus comes from nuclear charge densities which
have been well measured by electron scattering experiments |[76]. However, neutron
densities in the nucleus are not so well known because the neutron is uncharged,
thus it is not probed directly in typical electron scattering measurements, as well
as due to uncertainties in the strongly interacting probes [164|. Donnelly, Dubach,
and Sick [78] suggested that parity violating electron scattering can measure neu-
tron densities |[77] in nuclei. As described in Sec. 1.2, in PVES experiments a
longitudinally polarized electron beam is incident on an unpolarized target, the
sign of the longitudinal polarization is changed making a parity transformation.
The fractional rate difference between right and left helicity states is measured,
forming an asymmetry Apy = (0gr —or)/(0r + 01) arising from interference term
between the electromagnetic and weak amplitudes, M., and Mz, which, in the
Born approximation, is proportional to the ratio of the weak and electromagnetic
form factors Fyeqr/Frn, closely related to the Fourier transform of the neutron
density. The reason PVES can provide information regarding neutron densities in

nuclei is that the Z0 boson, that carries the weak force, couples primarily to the
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neutron, rather than the proton, at low Q?, while M., is dominated by the electric
charge (proton) distribution, which is already well measured by electron scatter-
ing. Hence, the weak-charge density, and the closely related neutron density, can
be deduced from parity-violating asymmetry measurement in PVES experiments
[77]. PVES provides a clean measurement of Ry, the RMS radius of neutrons in
a heavy nucleus, and constrains the equation of state (EOS) of highly dense mat-
ter which has impact on neutron star structure, heavy ion collisions, and atomic
parity violation experiments [164] . The Lead Radius Experiment (PREX) will
measure the parity violating asymmetry Apy for 1GeV electrons scattering from
208Ph at five degrees, and should be sensitive to the neutron radius of 2®*Pb to 1%

(£0.05fm) precision [161]

3.2 Principles

3.2.1 Fundamental Considerations

The differential cross section for electron scattering off of a nucleus is dominated
by the electromagnetic interaction of the electron with the with proton distribution
in the nucleus, characterized by the form factor Fj,. In the born approximation,

the differential cross section can be written as [77]

do do
- F 2\12
ds) dQMott’ »(@7)]

where the Mott cross section consists of the electron Rutherford cross section, ap-
propriate for low energies, and additionally takes into account the election mag-
netic moment effect and nuclear recoil effect in the terms (1 + cosf)/2 in the

numerator and (1 — cos §) K E/Mc?* in the denominator, respectively.

do _do (1+cost)/2 m ( he 2 1
Ao dUr1 4 G=esOKE — 27 “ VR (1T cos0)?
Mc?
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which can be written as

do 4720*E?

Ao Q>
Our picture of nuclei comes from the electric charge distribution, which has
been very well measured already. As Q) increases, nuclear size becomes an impor-
tant correction to the differential scattering cross section. Neglecting relativistic
recoil, the form-factor F(q) is the Fourier Transform of charge density p(r). The

proton and neutron form-factors are defined in terms of the density distributions

as [77]

R(@) = 1= [ drintarin(r)

FA@) = - [ drintarpn(s

where jo is the 0th spherical Bessel function. The form factor is the Fourier
transform of charge density: The edge of the electric charge distribution in nuclei
gives rise to this diffraction as a function of Q (analogous to an airy pattern in

optics) as shown in Fig. 3-1 [70].
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Figure 3-1: (a) Cross sections at E=502MeV as a function of effective momentum
transfer. (b) Deviation between fit and data used. [70]

PREX and CREX are parity violating electron scattering experiments which
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aim to map the weak charge distribution in nuclei, which is much harder to mea-
sure than the electric charge distribution. Longitudinally polarized electrons scat-
tering off an unpolarized target produce a scattering cross-section containing an
interaction term between the electromagnetic and weak amplitudes.

longitudinally

polarized ¢ L
208p}),|

,Y le

unpolarized target

Figure 3-2: Electron scattering off 2°Pb target nucleus with Z-boson and photon
mediators [73]

o~ |M,+ Mypear|* ~ |M’Y|2 + 2M, (Muyear)" + - -

The resulting parity-violating asymmetry is measured by comparing left and right
helicity states, and can be shown to be proportional to the ratio of the weak and

electric charge form factors.

208Pb is the chosen target for the PREX experiment because it is notable
as the heaviest known stable isotope of any element , with Z=82, N=126, and
nuclear spin 0 !. This choice of a spinless target and low Q* makes for a more
straightforward calculation of Apy, as angular momentum can’t be absorbed by
the nucleus.

In the electron scattering process, the predominant couplings between the elec-
tron and the nucleus occur via the photon and z-boson mediators at tree-level with
propagators of the form [77]

11
Q>+ M; — Mj

lall nuclei with even Z and even N have nuclear spin I=0
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1 1

Q2+ M2 Q2
The photon couples largely to the protons in the nucleus, and the Z-boson

couples largely to the neutrons in the nucleus.

‘ proton ‘ neutron

electric charge 1 0

weak charge ~ 0.08 1

Table 3.1:  Electric and weak charges of spin-0 nucleus [73]

The weak form factor almost entirely couples to the neutron distribution and
the electric charge form factor entirely couples to the proton distribution, due
to the small weak charge of the proton and non-existent electric charge of the
neutron. In a spinless target, the photon, with its pure vector couplings, has
no contribution from magnetic components, and the Z-boson’s net axial vector
coupling is absent |77].The choice a a spinless, closed-shell, isospin 0 target nucleus
simplifies matters, and A,, is unaffected by relativistic corrections to the cross

section. In this scenario, the asymmetry is given by [79]

F(Q%)
Fp(Q?)

]

Apv = Apylgv + g¥
2. Neglecting radiative corrections, at tree level (in MS scheme),
g =1 — 4sin*Oy

gv = —1
Hence we can write the asymmetry as [77]

GFQ2 s 2 Fn(Q2)
4 Ow — 1+
47Ta\/§( ST

) ~ GrQ® F.(Q?)
dran/2 Fp(Q?)

Apy =

Fp(Q?)
GrQ®

2 0 _ _
where ALy, = yr—o1
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where G is the Fermi coupling, Q is the 4-momentum transfer in the process
3. Though not useful for realistic calculations, it is worth recalling the Born
approximation to Apv, as it nicely illustrates that Apv relates to the neutron and
proton nuclear form factors [117]. Measurement of the parity violating asymmetry
Apy is a direct measure of the Fourier transform of the neutron density at choice
of Q%

The Fourier transform of the proton density at a particular choice of Q? has
been determined by previous electron scattering experiments 76| as shown in Fig.
3-1 .The weak form factor (and corresponding neutron radius) are not as well
understood as the proton nuclear radius (and corresponding electric charge form
factor). However this ratio of weak to electromagnetic form factors is directly
related to the neutron skin thickness on heavy nuclei predicted by nuclear the-
ory as shown in this plot of proton/electric charge density vs radius in red and

neutron/weak charge density in black.

Density (fm )

E+M charge
—— Weak charge
Proton
------ Neutron

4 6
£ (fm)

Figure 3-3: Neutron and proton distributions in 2°Pb [73]

This neutron skin thickness is highly sensitive to the pressure of pure neutron
matter: the greater the pressure, the thicker the skin as neutrons are pushed
out against surface tension. Apv provides a clean measure of the neutron skin

thickness.

3We note that coulomb distortion effects must be accounted for in the calculation for 2°8Pb,
since the born approximation isn’t valid for the heavy nucleus [79]. The coulomb distortion
effects have been calculated([30],[31],[82],[33],[34],[79]) and that and other effects discussed [77].
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3.2.2 Neutron Skin, A,,, Symmetry Energy, and EOS

The basic property of the size of a heavy nucleus, both it’s neutron radius and
proton radius, is an important feature of all heavy nuclei [77]. However, the size
cannot be fully inferred from measured charge radii because of a neutron skin of
uncertain thickness [77] .We have derived above that the measured asymmetry in
polarized electron scattering directly relates to the ratio of neutron and proton
form factor distributions at particular Q?. How does this inform the neutron skin
thickness? At a single )%, how can this measurement determine the skin thickness
at a particular radius r where the edge of the nucleus in 2°Pb is? (r ~ 7yA'/3
where 7y = 1.2fm) How does one choose the Q?? These questions have been
theoretically explored extensively, and reveal a model independent solution. The
appropriate choice of Q% has been determined and the optimal kinematics of PREX
are an electron beam energy is 1.06 GeV and a scattering angle of 5° [121]. At
appropriate choice of @?, the neutron skin thickness is related to A,, via a linear
relationship. The neutron skin is furthermore related to the density slope of the
symmetry energy also via a linear relationship, thereby constraining the equation
of state in a model independent manner. The PREX measurement is unique in
that it constrains L. more than it constrains S at saturation density, and other
experiments constrain a different portion of the parameter space, that PREX cuts
across.

Qualitatively it makes sense that the neutron skin should relate to A,,: the
greater the pressure of pure neutron matter, the thicker the skin as neutrons are
pushed out against surface tension. Apv provides a clean measure of the neutron
skin thickness. Furthermore theoretically, quantitatively it does relate by a simple,
direct, linear relationship as shown in Fig. 3-4. Every existing model that predicts
a weak charge density and an electric charge density demonstrate that neutron
skin thickness and the parity-violating asymmetry are by no means independent

parameters. Rather, they are firmly dependent parameters. For sensitive (2,
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there is robust correlation between 2°*Pb Apy and the neutron skin over existing
nuclear structure models. Asymmetry in PVES provides a clean probe of the
neutron distribution, one is a direct measure of the other, and the precision on
one directly translates to a precision on the other. Note that in principle, the
weak radius is related to the derivative of the form factor evaluated at zero (QQ*:
OFw(Q?)|g2=0 ~ Rw |77], though in practice the measurement is at a non-zero Q?,
so since A, accesses the weak form factor, it makes sense it should relate to the
neutron radius directly. For PREX, an Apv precision of 3% directly translates to
precision on the neutron radius in 2°*Pb of 0.06fm. For CREX, an Apy precision

of 2.5% directly translates to precision on the neutron radius in 48Ca of 0.02fm.
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Figure 3-4: Parity-violating asymmetry for 2%Pb at the kinematics of PREX
against the neutron skin of *®Pb.The linear fit is 1074, = 7.88 — 3.75Ar,,. The
inner /outer colored regions depict the loci of the 95% confidence /prediction bands
of the regression. Also shown are the points calculated with the neutron densities
deduced from experiment. [117]

The manner in which A,,, the experimental result, is related to the weak form
factor and the neutron skin thickness through calculation is as follows. Since
the charge density is known, a Born approximation equivalent weak form factor
Fw(Q?) can be deduced from the measured asymmetry A,, at the Q? of the ex-
periment. One way this can be done is to adjust a range of model weak densities
until full distorted wave calculations reproduce A,,, then take the Fourier trans-

form of the weak charge density to calculate Fy(Q?). Since full distorted wave
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calculations need some information on Fy (Q?) for q different from the single mea-
surement, this procedure is slightly model dependent, but the model dependence
is expected to be very small [77].

Intuitively, the density distribution of protons and neutrons within a nucleus
must be energetically favorable, it must relate to the symmetry energy or energy
penalty for breaking N=7 symmetry. As the radius reaches the edge of the nucleus,
as the density falls off as in Fig. 3-3, the symmetry energy as a function of density
must play an important role in the determining the thickness of the neutron skin.
The slope of the symmetry energy at saturation density (corresponding to nuclear

densities) is defined as L

_095(p)

L a—plpo

50 T T T T T
| B.A. Brown [PRL 85, 5296 (2000)]
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Figure 3-5: A variety of models predicting the symmetry energy E/N vs. the neu-
tron density with the constraint of the well characterized value of the symmetry
energy at saturation density, but allowing for a range of L (slope os symmetry en-
ergy at saturation density) that leads to large divergence of theoretical predictions
at high densities, such as in neutron stars [115]

The value of py is found from the central density of heavy nuclei, such as 2°Pb,
corrected for surface tension and Coulomb interactions, inferring the saturation
density for infinite systems [77]. The saturation density is relevant parameter in
nuclear structure models, the nature of the interactions between nucleons, models
of heavy ion collisions, and applications of dense matter in astrophysics [77].

Quantitatively, mean-field predictions show a clear correlation between neutron

skin of a heavy nucleus and L the density slope of the symmetry energy as shown
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in Fig. 3-6. Just as the A,, and the neutron skin are deterministically linked,
so the neutron skin and the slope of the symmetry energy are deterministically
linked. So far the probes for stable medium and heavy nuclei have been strongly
interacting, having a somewhat more complicated interpretation. In contrast, the
neutron radius calibrates the EOS of neutron rich matter directly, and constrains
and guides models needed for heavy nuclei via L, the slope of the symmetry energy

at saturation density as shown in Fig. 3-5.
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Figure 3-6: Neutron skin of 2°®Pb against slope of the symmetry energy L. The
linear fit is Ar,, = 0.1014+0.00147L. A sample test constraint from a 3% accuracy
in A,, (as in PREX-I) is drawn|! 7]

3.3 Seminal Texts and Experiments

3.3.1 Neutron Density Theory and Corrections to A,,

Nuclear charge densities and charge radii can be calculated using various mean
field theory models. Two typical interactions used in MF models are a non-
relativistic zero-range Skyrme force and a relativistic mean field calculation, the
predictions of which are shown in Fig. 3-7 [120]. Across nuclei of various mass
number A, the relativistic MF calculation predicts a smaller neutron density and
larger neutron radius than the Skyrme interaction calculation. Such MF models
are not currently well constrained by measurements of neutron radii. But if a

neutron radius measurement, of 2°Pb for example, were performed precisely, it
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would constrain the MF models and allow for a variety of predications in other
highly dense matter scenarios, such as in unstable, exotic nuclei important for

astrophysics and radioactive isotope beams [77].
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Figure 3-7: Neutron skin thickness for various nuclei of mass number A. Black
diamonds are a calculation from the nonrelativistic zero range Skyrme skiii inter-
action and white diamonds are from the relativistic mean field NL1 interaction

[120]

PVES is a very clean measure of the neutron skin thickness, as can be demon-
strated by examining several corrections to A,, and demonstrating small uncer-
tainties on these corrections, as is done in the following section. The corrections
to the asymmetry are considered extensively by Horowitz, Pollock, Souder, and
Michaels [77]. Their analysis is summarized here.

Coulomb distortions: The most significant correction to A, comes from Coulomb
distortions, which arise from repeated EM interactions of the electron with the
ground-state nucleus. These corrections are on the order of ~ Za/m ~ 20% for
208Ph [77]. While Coulomb distortion corrections are larger than the expected
experimental error, they have been calculated [132] to an accuracy much smaller
than the experimental error, solving the Dirac equation numerically for an electron
in axial-vector weak and Coulomb potentials, as confirmed by many cross-checks
[137] [138] [130].

Strangeness and neutron electric form factors: The strange quarks contribution
to the neutron electric form factor, while relevant, are not significant for a neutron

radius measurement. The experimental result is the weak form factor Fy, which
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can be used to determine the weak radius Ry, which, only after appropriate
corrections for strange quark contributions, can be related to the neutron radius
R,. For a spin-0 nucleus, only the electric form factors for Z-coupling to the

neutron and proton need be considered

1 . 1
Gf = Z__l(Gp — Gn> — Sln2 ewGp — ZGS
7 1 . 9 1
Gr = —Z—l(Gp - Gp) —sin” Oy G, — ZLGS

The relationship between the weak distribution radius Ry, and neutron distribu-

tion radius R,, can be derived as |77]

Z(1 — 4sin’ Oy)

Rw =~ R, R,—R
v TN @by — 1)2( 2
1 Z + (4sin® Oy — 1)N N+Z
ey + ( 81'n2 w—1) r2 . -2|— 2)
2R, N + (4sin” 0y — 1)Z N + (4sin” Oy — 1)Z

where 7“12, is the mean square charge radius of the proton, 72 is the mean square

of the neutron charge radius, and 72 is the mean square strangeness radius. The

strangeness contribution to R, in 2*®*Pb is < 0.4% [140] [141] [142] [77]. Tt can be
shown [77] the neutron radius can be related to < 1% accuracy to the weak radius
via

R, =~ Ry — 0.06 fm

demonstrating the neutron radius R,, of a heavy nucleus can be accurately deter-
mined from the measured weak radius Ryy.

Parity admixtures: For elastic scattering from a spin zero nucleus, parity ad-
mixtures are a non-issue. A parity admixture refers to the ground state of 2*Pb
not being an spin zero parity eigenstate, but rather some admixture of 0. This
doesn’t affect the parity violating asymmetry as long as the initial and final states

are spin zero, and furthermore as long as the virtual photon exchanged is spin
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zero, there’s no PV interference. [77]

Meson exchange currents (MEC): Parity violating meson exchange currents
aren’t expected to change the measured R, significantly. This is because mesons
are expected to carry weak charge over just a short distance rypc << R,,, where
3 pc the square of the mean distance the weak charge is moved by MEC. By
the above equation relating Ry and R,,, the change to the neutron radius should
only be of order 72, /R, which should be quite small. Additionally, the effect of
MEC just slightly changes the surface thickness, softening the edge on the neutron
distribution, but not extending much further out in radius, so negligibly affecting
R, [77].

Dispersion corrections: Dispersion corrections are from multiple EM or weak
interactions where the nucleus is excited to intermediate states. At low Q?, the
elastic cross-section should be of order Z2, a coherently sum over Z protons, and
the inelastic transitions in an incoherent sum should be of order Z, so dispersion
corrections are expected to be ~ a/Z << 1, insignificant in 2°Pb.

Shape dependence and surface thickness: The weak radius as extracted from
the form factor may be sensitive to the surface thickness, or that shape of the
neutron distribution, as the density falls off. The weak density can be modeled in

208Ph as

pw (r) = po/(exp|(r —¢)/z] + 1)

where c is the radius and z ~ 0.55fm is related to the surface thickness. To achieve
1% precision on Ry, at Q% ~ 0.008GeV?2, the uncertainty on the surface thickness
parameter must be ~ 0.14fm, 25% of its calculated value, which is entirely feasible.
All mean field models have a spread in z of much less than 25%, cause they are
constrained well in this regard by known binding energies in various nuclei and
a too small surface thickness, a fast density change, results in a too high surface
energy. Furthermore, the surface thickness of the charge density is known, and

that further constrains the neutron surface thickness [77].
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Inelastic contributions: The separation of the inelastic and elastic peaks in the
high resolution spectrometer is planned to be very clean in PREX-II, as it was
during PREX-I. However, in principle one could run in such a way as to attempt
to increase rates at the expense of allowing for some inelastic contamination. We
consider the inelastic asymmetry. The first excited state in 2°Pb is at 2.6 MeV and
has spin and parity 3. The first excited state can be modeled as a deformation
of the ground state density. The elastic neutron density radius is R?, and the the

excited state has can be described by a density parameter RO (). The asymmetry

in this scenario can be derived [77] as
— GFQ2 ) N Rn J=3
ABB7)~ D dsin“Oy — 1+ = (=)'~
37) % DD s b~ 1+ Z ()

where D ~ 0.74 & 0.26 is a correction factor for Coulomb distortions at 850MeV

and 6° . For R, = R,, we obtain

Gr@Q? N

48in 0y — 1+ —
47r04\/§( v )

A3 )~ D
(3) .

But this is very similar to the equation that the elastic asymmetry also reduces

to, so the asymmetry for excited states is similar to the elastic asymmetry.

A(37) =~ 1.25A(elastic)

The inelastic cross sections at low Q? are considerably smaller than the elastic
cross sections, so the contamination is already expected to be small. Additionally,
as we just demonstrated, the asymmetry for the first excited state in 2%Pb is
similar to the elastic asymmetry, therefore the inelastic correction is reduced even
further.

Isospin violation: In the formalism used to treat a heavy nucleon, isospin sym-
metry in the nucleon is assumed, and isospin symmetry in a heavy nucleus with

N > Z is not assumed. Since good isospin in the nucleon is a good assumption,
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with only very small corrections, and since a formalism is used which treats pro-
tons and neutron separately, with independent densities, separately adding their
contributions to the weak charge density, with no isospin violation corrections, the
results aren’t impacted much by isospin violation [77].

Radiative corrections: Radiative corrections could potentially come into play
via axial current, vector weak current, or bremsstrahlung radiation. However,
axial current doesn’t contribute in a spin-0 target, vector weak current radiative
corrections at low (@ are constrained by current conservation, and the change
in beam polarization from bremsstrahlung is ~ AE/E (where AE is the energy
resolution) which is only about 0.5%. Hence, radiative corrections are negligible.

To conclude, we show a flow chart of the physics data analysis of PREX,
summarizing the corrections made in Fig. 3-8

Measured Asymmetry

“Undo” Coulomb distortions
(Charge density known)
Direct Weak density py(Q2) i

applicaty Y P! omparison

Gg" Neutron form fac. (ok) | | Mean
Atomic | | G Strange quarks (Ip,<5) Field
PNC | | MEC (Small given R, large) +
Exp. Other
Models

Neutron Density p,(Q?)

Assume surface thickness good to 25%
Constrained by measured:
surface energies, charge density.
Mean Field theory has very small spread

Neutron Radius R,

Figure 3-8: Flow chart of the physics data analysis of PREX [77]

3.3.2 Other Neutron Radius Measurements

Despite many measurements of neutron densities with strongly interacting
probes, due to theoretical systematic errors, there is no established consensus
in the community that any existing measurements of neutron densities or radii
are accurate to within 1%. Hadronic probes have uncertainty in the reaction
mechanism and therefore interpretation issues when inferring the neutron radius

R, [77]. Alternative measurements include Coulomb energy differences, pion or
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proton elastic scattering off heavy nuclei, Compton scattering, elastic magnetic
electron scattering, and neutron star observations.

Coulomb energy difference measurements [130] were initially used to infer neu-
tron radii, but isospin violating interactions preclude accurate interpretation. Pion
elastic scattering off heavy nuclei ([127] and pion production at Mainz), compar-
ing positive and negative pions, suffer from analysis uncertainties [129] [128] when
inferring indirectly the neutron density [77]. Elastic magnetic electron scattering
cannot directly determine the neutron radius because, while sensitive to the neu-
tron magnetic moment, most of the neutrons in heavy nuclei don’t contribute to
the magnetization as they are are coupled to spin zero |77]. Proton elastic scat-
tering experiments (such as in FRIB) could feasibly prove useful, but are limited
by theoretical analysis of the impulse approximation where nucleon-nucleon (NN)
interaction is folded with the nucleon density [131], as well as off-shell ambigui-
ties and distortion effects [124]. Enormous ambiguities yield an energy dependent
neutron skin [124|. For extracting neutron distribution from proton scattering,
or Compton scattering, in a variety of nuclei, one needs to accurately calibrate
to the neutron density in a stable nucleus using the electroweak technique, using
PREX-II and CREX as calibrating anchors (or full folding calculations which mit-
igate the necessary corrections from multiple scattering and modifications to the
NN interaction) [77] [124]. Hence, no hadronic measurement of neutron densities
has been generally accepted by the field due to uncertain systematic errors, and
modern mean field interactions are typically fit without using any neutron density
information|77].

There has been progress in experiment, theory, and observation. Fig. 3-9 shows
the constraints on the equation of state of highly dense matter as interpreted from
various types of measurements. Many of these constraints have uncontrolled sys-
tematics. The nuclear symmetry energy .S, is shown on the horizontal axis, and
L = 05/0p|,, the slope of the symmetry energy with respect to density evaluated

at saturation density is shown on the vertical axis. It should be noted that many
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assumptions go into the making of this plot, as interpreting certain measurements
to define these constraints is not altogether straightforward, so quantitatively,
this plot should be taken with skepticism. However, it is qualitatively and con-
ceptually useful in demonstrating how electroweak neutron skin measurements,
like PREX, cut across the phase space constrained by other measurements, and
PREX is almost orthogonal to these. Lattimer and Lim [119], by studying a wide
range of plausible density functionals, and Roca-Maza et al. [172], by studying
a series of relativistic and nonrelativistic interactions, deduced a relationship and
constraint between dipole polarizability ap, neutron skin thickness ,,, bulk sym-
metry parameter S,, and slope of the symmetry energy L [118]. In Fig. 3-9,
the black dashed region corresponds to astrophysical measurements of neutron
star radii. The yellow region, corresponds to the electric dipole polarizability
ap = 20.1 4 0.6fm3. of 2°Pb by Tamii et al. [173]. The red region corresponds
to measurement of the centroid energy of the giant dipole resonance (GDR) of
208Ph by Trippa et al. [175]. From the measured energy they inferred a symmetry
energy S at a particular density from which can be inferred a correlation between
S and L shown in the figure. The green region corresponds to Heavy-ion colli-
sion isospin diffusion measurements (HIC) [176]. The purple region corresponds
to excitation energies to isobaric analog states (IAS) [171] . The orange region
corresponds to measured nuclear masses is taken from Hartree-Fock calculations
which imply a correlation between L. and Sv. The dark blue regions labeled G
and H refer to the neutron matter studies of Gandolfi et al. [150] and Hebeler et
al. [151], respectively [148]. The light blue region corresponds to constraints for
the neutron skin thickness of ?°*Pbh taken from a study by Chen et al. [177], who
converted experimental results for Sn isotopes into an equivalent value for 2°*Pb
and performed a series of Skyrme Hartree-Fock calculations. The white region
corresponds to overlap, or agreement, six of these experimental constraints giv-
ing a for the slope of the symmetry energy: 44MeV < L. < 66MeV. Constraining

the nuclear symmetry energy and the slope of the symmetry energy is crucial for
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understanding the NN interaction near saturation and going beyond saturation

density to impact astrophysical systems [115].
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Figure 3-9: Experimental constraints for symmetry energy parameters, adapted
and revised from [119] [115].

3.3.3 Neutron Stars

Neutron stars are an excellent laboratory for nuclear physics. Neutron star
properties such as spin, mass, radius, crust, tidal deformability place constraints
on nuclear physics. Conversely, neutron density measurements have implications
for nuclear structure and neutron-rich matter in astrophysics [77]. There is a
complementarity between neutron radius measurements in a finite nucleus and
measurements of the neutron radius of a neutron star. Neutron stars have a
strong analogy to nuclei: symmetry pressure pushes against gravity in neutron
stars, whereas symmetry pressure pushes against surface tension in nuclei. Both
measurement of the neutron radius in heavy nuclei and of measurement of neutron
star mass-radius curves provide information on the equation of state of dense
matter [77].

Neutron stars have a maximum mass limit before they collapse. Thus far, there

have been just two neutron stars observed to have ~ 2 solar mass. Neutron stars
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(to better than 10%) all lie on one universal mass-radius curve [186]. There is 1:1
correspondence between the Mass-Radius curves, shown in Fig. 3-10b, and the
EOS as defined by pressure P and energy density € curves, shown in Fig. 3-10a,
where € refers to energy density of neutron-rich matter in beta equilibrium [125].
All observed neutron star radii lie between 10.4 and 12.9 km on the neutron star
mass - radius curves, as shown in Fig. 3-10c. which suggests suggests a neutron

skin thickness of R,,(**®*Pb) < 0.2fm. Conversely, PREX informs neutron star size
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Figure 3-10: (a) Equation of state pressure vs energy density of neutron-rich
matter in beta equilibrium. The shaded region displays observational constraints.
The solid black line (P = €) denotes the stiffest possible equation of state con-
sistent with causality [125] . (b) Mass-vs-Radius relation predicted by the three
relativistic mean-field models. (c¢) NS Mass-vs-Radius curve and connection to
PREX measurements at nuclear density py [117]
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3.3.4 R-process nucleosynthesis

R-process stands for rapid neutron-capture process, a predominant mecha-
nism for the nucleosynthesis of heavy elements. It is rapid in that the neutron
capture occurs faster than the nuclei have time to decay. when the increasingly
neutron-rich nuclei cannot physically retain another neutron, the sequence of neu-
tron capture ceases. There are two ways of synthesizing heavy elements: s-process
and r-process. The r-process contrasts with the s-process, the slow captures of
neutrons, which primarily occurs within ordinary stars. The r- and s-processes

account for almost the entire abundance of chemical elements heavier than iron.
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Figure 3-11: Abundance vs Atomic Mass: Solar system abundances shown in
black, Dynamical ejecta produces heavy elements, Disk outflows produce lighter
elements [194] [195]

Abundances of the chemical elements in the Solar System, as shown in Fig.3-11
is determined by the mechanism of synthesis. Nucleosynthesis can occur either by
nuclear fusion (including both r- and s-process multiple neutron capture) or nuclear
fission followed by beta decay. What is the astrophysical site of the r-process?
Neutron star mergers are believed to be a main source of r-process elements. A
visualizer predictions showing the development of chemical abundances vs mass

number over time is shown in Fig.3-12.
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Figure 3-12: Abundance visualizer: Video of nucleosynthesis [185] (a) Beginning
of nucleosynthesis of lighter elements (b) Convergence of nucleosynthesis on heavy
elements

Neutron star properties affect potential nucleosynthesis. Smaller NS radii lead
to higher electron fraction of the ejected material, more universal r-process produc-
tion, and larger amounts of ejected r-process material. Nucleosynthesis is nearly
independent of the electron fraction of the ejected material, however it is depen-
dent on the amount of material ejected, thus it depends on the EOS [197] [19].
PREX-II/CREX could assist in furthering our understanding of stellar processes
as well as helping us understand the formation of heavy elements in neutron stars

and their abundances in the universe.

3.3.5 Gravity Waves and EOS

In general relativity, mass-energy creates spacetime curvature and masses mov-
ing in curved space generate gravity waves. The recent gravitational wave detec-
tions of black hole and neutron star inspirals and have generated a lot of excitement

and have made the ability to interpret and understand the state of dense matter
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in neutron stars increasingly desirable.

=

Figure 3-13: Quadrupole

The gravitation wave luminosity, to first order, goes by the quadrupole formula

[1589]
Lew ~ Z(af’ Qi)

For binary NS mergers, there is strong emission for very compact systems

Law ~ M?*QCd* ~ (M/d)®

where d is the orbital distance, M is the NS chirp mass, and {2 is the frequency.
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Figure 3-14: Neutron star inspiral [201]

In NS mergers, the tidal field €;; created by companion stars induces a quadrupole
moment ();;. Tides in neutron stars cause large stars to merge faster [189]. An
example of the tidal induced phase shift is shown in Fig. 3-15. Waveform behaves
as if NS are point masses early on, then deformation occurs when inspiral rate
reaches 100Hz-1kHz range. The tidal dephasing (to leading order in ), assuming

a perfect waveform model [190] [191], is given by

d® ~ R°QP/3
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Gravitational wave signal from a NS merger measures the tidal deformity A. The
amount of deformation depends on stiffness of EOS via the tidal deformability
A and so the waveform is sensitive to the nuclear EOS for neutron stars. Ad-
ditionally, the post merger signal is at high frequency, more difficult to detect,
may provide info about the EOS and NS structure, including radius, etc. [136].
GW measurements are of tidal deformity-mass, as shown in Fig. 3-16 are nearly

equivalent to performing radius-mass measurements.
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Figure 3-15: Tidal deformation of GW waveform [192]
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Figure 3-16: Tidal deformity - Mass NS curve [193]

The PREX and CREX measurements are directly related to the equation of
state of highly dense matter and are important for modeling the collision of neu-
tron stars, which can now be detected by LIGO. It is potentially exciting to make
a comparison of PREX-II with LIGO observations. Measurement of the radius
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of the neutron distributions in nuclei has significance in stellar explosions and in
calibrating the equation of state for highly dense matter, which is an important in-
put parameter for modeling neutron stars and will undoubtedly enter into neutron

star inspiral collisions.

3.3.6 PREX I

PREX-I, which ran in 2010, measured the parity-violating asymmetry in the
elastic scattering of electrons off 2%*Pb. It was performed at 1.0 GeV and at a 5°
scattering angle. It measured an asymmetry of 0.6ppm and for the very first time
made the electroweak observation the the weak charge density is more extended
than the electric charge density, establishing there is indeed a weak skin around a
heavy nucleus at the 95% confidence level.|164].

PREX-I demonstrated successful control of systematic errors, as well as the
technologies needed for PREX-II. The systematic error goals (2%) were achieved
[164], however PREX-I was statistics limited and only 15% of the planned statistics
were taken because of various experimental difficulties. [164]. The results of

PREX-I are shown in Fig. 3-17
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Figure 3-17: PREX-I result [119] [120]

PREX-I measured the parity violating asymmetry in 2*Pb to be

Apy = 0.657 £ 0.060(stat) £+ 0.014(sys)ppm
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The corresponding neutron skin thickness was found to be R, — R, = 0.337013fm.
Interestingly the PREX-I central value is not consistent with measured neutron
star properties and existing models (though it is within o). Measurement of the
PREX quantity inspires significant interest from the community (the 2012 papers
collecting 250+ references on Inspire as of 2018). PREX-II expects to achieve a

factor of 3X improvement on the neutron skin thickness uncertainty.

3.4 Experimental Introduction

PREX-I was a major accomplishment as the first electroweak proof of neutron
skin with many milestones successfully achieved [164]. However, it ended before
reaching the proposed precision. PREX-II is a followup measurement to PREX-I
which will achieve 3X improvement on the Rn-Rp uncertainty. PREX-II is de-
signed with several improvements to achieve the originally proposed experimental
precision in Ry of £1% [164].

One issue for PREX-I that reduced the running efficiency, which will be recti-
fied in PREX-II, is the vacuum system. The vacuum system ran into difficulties
with radiation. Radiation caused the failure of a soft O-Ring in the pivot region
that was part of the vacuum coupling of the scattering chamber to the exit beam
pipe. It was a primary source of downtime during PREX-I, compromising the
statistical precision reached. This pivot region is redesigned so that the seals are
all-metal, not only for radiation hardness but also durability in thermal cycling
[164].

To reach the proposed precision, PREX-II will run at 1GeV, using the septum
magnet to attain the desired 5° scattering angle, for 35 days of running, including

5 days for commissioning and 5 days for polarimetry and auxiliary measurements

[164]
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3.5 Primary Components of the Experiment

3.5.1 Helicity Reversal

There are several methods to reverse the helicity of the electron. There are both
fast helicity reversals, controlled by the Pockels Cell, and slow helicity reversals
(the insertable half wave plate and the double Wien). Fig. 3-18 shows a diagram of
the polarized source. The Right and left handed longitudinally polarized electrons
for this experiment will come from Right and Left Circularly polarized light. A
Pockels cell is fed a randomized helicity control signal which applies either positive
or negative high voltages, producing either R or L circularly polarized light, which
is incident on a photocathode, producing consecutive windows of R-handed and L-
handed electrons.The electrons are accelerated and then sent into the experimental
hall. In helicity switching, time windows are generated in the electron bunch train
at a selected flip rate, with the sign of the beam’s longitudinal polarization in
each window assigned on a pseudo random basis. Frequency selection for helicity
flipping affects the noise, measurement widths, and statistical errors significantly.
The PREX-II flip rate will be 120Hz(or 2