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Abstract

The E-158 experiment at the Stanford Linear Accelerator Center (SLAC) measures the
parity-violating cross-section asymmetry in electron-electron (Mgller) scattering at low Q2.
This asymmetry, whose Standard Model prediction is roughly —150 parts per billion (ppb),
is directly proportional to (1 — 4sin®@y), where @y is the weak mixing angle. Measuring
this asymmetry to within 10% provides an important test of the Standard Model at the
quantum loop level and probes for new physics at the TeV scale.

The experiment employs the SLAC 50 GeV electron beam, scattering it off a liquid
hydrogen target. A system of magnets and collimators is used to isolate and focus the
Mgller scattering events into an integrating calorimeter. The electron beam is generated at
the source using a strained, gradient-doped GaAs photocathode, which produces roughly
5 x 10! electrons/pulse (at a beam rate of 120 Hz) with ~80% longitudinal polarization.
The helicity of the beam can be rapidly switched, eliminating problems associated with slow
drifts. Helicity-correlations in the beam parameters (charge, position, angle and energy)
are minimized at the source and corrected for using precision beam monitoring devices.

The parity-violating cross-section asymmetry Apy in Mgller scattering is measured to be
Apy = —160421 (stat) £16 (syst) ppb, at an average Q2 of 0.026 GeV2. This represents the
first observation of parity violation in Mgller scattering, and corresponds to the following

low-energy determination of the weak mixing angle:
sin” Oy (Q* = 0.026 GeV?)5g = 0.2381 + 0.0015 (stat) + 0.0014 (syst).

This agrees with the Standard Model prediction of 0.2385 &£ 0.0006. Roughly half of the
experiment’s total data set is represented here. This thesis provides a full description of
the experimental method and analysis procedure used to obtain the above result. It also

discusses the result’s physical implications in terms of possible extensions to the Standard

Model.
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Chapter 1

Theoretical Motivation

1.1 Introduction: The Standard Model

The modern theory of elementary particle physics, built upon the idea of imposing local
SU(3)cxSU(2)r, xU(1)y gauge invariance on a free Lagrangian, and then spontaneously
breaking this underlying symmetry via the Higgs mechanism, has emerged over the past
several decades as the simplest and most successful model for describing all of the fundamen-
tal particles of nature and their interactions (modulo gravity). It has thus truly earned its
place as the “Standard Model” of the field. Imposing the various local gauge symmetries on
the free Lagrangian automatically generates the force-mediating gauge bosons [1, 2]. In the
SU(2),xU(1)y electroweak sector, these acquire mass by the Higgs mechanism, in which
the self-interactions of a doublet of complex scalar fields in the original Lagrangian pro-
duce nonzero vacuum expectation values [3]. Perturbation theory can be applied around
a physical groundstate; this, however, spoils (or “breaks”) the symmetry of the original
Lagrangian.! A convenient gauge transformation can be performed whereby only a single
scalar Higgs field out of the original complex doublet remains. Diagonalizing the mass ma-
trices in the transformed Lagrangian, one finds that three of the four physically observable
vector bosons in the electroweak theory, the W* and Z, have acquired mass terms (or,
equivalently, longitudinal polarization states) [4]. The fourth vector boson, the photon,
remains massless, a reflection of the unbroken U(1)q symmetry.

The masses myy+ and myz are not completely independent parameters. The Standard

!Spontaneous symmetry-breaking also generates the fermion masses. In a sense, the starting Lagrangian is
not really “free,” since it does include Yukawa couplings between the fermions and the Higgs doublet. When
a nonzero vacuum expectation value is introduced by the Higgs scalar, mass terms directly proportional to
this value, but including the original Yukawa coupling strengths as multiplicative factors, result for all of
the different fermions.
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Model makes firm predictions for how they should relate to one another. First, the masses
of the W and the W~ are equal, so that my;+ = my. Second, my; and my are related
by the following equation:

mw

cos by = P (1.1)
7z

Here 0yy is the so-called weak mixing angle, which describes the degree of mixing between the
gauge bosons of the underlying SU(2);, and U(1)y symmetries. More specifically, after the
spontaneous symmetry-breaking procedure described above, the following mass eigenstates

for the electroweak vector gauge fields are found [4]:

1
+ _ 1 ;42
Wi = o (4} Fi42) (1.2)
Z, = —sinfwB, + cos HWAi (1.3)
A, = cosbwyB, +sin HWAi (1.4)

Here (AL, Ai, Az) is the original isotriplet of vector bosons needed for local SU(2);, gauge
invariance, and B,, is the original isosinglet vector boson needed for local U(1)y gauge
invariance. Writing the interaction Lagrangian in terms of these eigenstates, the combina-
tions Wui are recognized as the mediators of the charged weak current, while the combina-
tions Z, and A, are recognized as the mediators of the neutral weak and electromagnetic
currents, respectively. The SU(2);,xU(1)y electroweak theory is often referred to as the
Glashow-Weinberg-Salam (GWS) theory, after the three physicists who made significant
contributions towards its complete formulation [4, 5, 6].

At this point in any discussion of the Standard Model, it is customary to reflect on
its many impressive successes, beginning with its prediction of the neutral weak current.?
Unification of the charged weak and electromagnetic interactions into a single SU(2)xU(1)
symmetry group required the existence of a fourth gauge boson. At the time the model
was being developed in the 1960’s, however, no experimental evidence existed for such
a particle, presumably because it was predicted to be very heavy, with a mass of at least
80 GeV. Confirmation of its existence did not come until 1973, when the Gargamelle bubble
chamber at CERN finally gave the first evidence for a v,e — v, e scattering event, the

unequivocal sign of a neutral weak current interaction [8].

2The prediction of the neutral weak current actually goes back to 1958 [7]. However, it was not until the
GWS theory that its role was actually appreciated.
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In addition to correctly predicting a fundamentally new interaction, the theory also
predicted a very specific helicity structure, which could be experimentally tested. The GWS
theory incorporated left-handed quarks and leptons into isospin doublets, and right-handed
quarks and leptons into isospin singlets. Alternative theories also existed, an example being
the so-called “hybrid” model, wherein right-handed leptons were assigned to isospin doublets
instead of singlets [9]. Continued neutrino observations at CERN had proven unable to
rule out such alternatives. Thus, in 1978, a fixed target experiment at SLAC, involving
inclusive electron—deuteron deep inelastic scattering, measured the first-ever parity-violating
asymmetry in a neutral current interaction [10, 11]. In general, different theories — such
as the GWS SU(2);,xU(1)y theory and the SU(2);,xSU(2)rxU(1)y “hybrid” theory —
gave different predictions for the parity-violating asymmetry in this process [12]. The
value obtained by the experiment agreed precisely with that of the GWS theory, further
establishing the theory’s increasing reputation as the “standard model” of particle physics.

The final major piece of experimental evidence in support of the GWS theory came
in the early 1980’s, after the completion of CERN’s proton—antiproton collider ring. Used
in conjunction with the results of a variety of weak interaction experiments, including
additional neutrino scattering experiments at CERN and muon decay measurements, the
data from the SLAC parity-violating electron scattering experiment could provide a value
for sin? Ay that was good to within a couple percent.? The GWS theory made the following
prediction for how sin? 8y should relate to the coupling constant Gz of Fermi’s original beta,

decay theory [4, 13]:
T

B \/im%/v sin? Oy

Since Gr was already known fairly accurately from earlier nuclear experiments, a mea-

Gp (1.5)

surement of sin?fy could be turned into a prediction for myy and, using Equation (1.1),
myz:

my =82+ 2 GeV myz =92+ 2 GeV (1.6)

In 1983, a group at CERN announced the discovery of the W and Z vector gauge bosons
at 81 £5 GeV [14] and 95 £ 3 GeV [15], respectively. This was in stunning agreement with

3Specifically, the value obtained from this early electroweak data was sin® 6y = 0.207 & 0.005. However,
this result is quoted in the on-shell renormalization scheme, which is different from the modified minimal
subtraction scheme used throughout the rest of this thesis.
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the predicted values obtained from the combined analysis of the world’s electroweak data
and further confirmation of the GWS theory.

This example perfectly typifies the fundamental success of the Standard Model, which
contains only a finite number of free parameters (see below), but yet which must accommo-
date the findings of numerous different experiments. In general, each experiment provides
sensitivity to a different combination of the theory’s free parameters. Thus, combining re-
sults from multiple experiments tests the internal consistency of the model. Occasionally
it may even result in the predictions of particle masses before the particles themselves are
actually observed, as in the case of the W and Z. This in fact happened once again with
the top quark. By the mid 1990’s, the precision of the world’s electroweak data had im-
proved to the point that the mass of the as-yet-undiscovered top quark could be predicted
at m; = 177 £ 20 GeV [16]. In 1995 the elusive quark was discovered at the Tevatron, pre-
cisely where the electroweak data had predicted it to be [17]. Today its mass can be placed
at my = 174 £ 5 GeV [18]. Currently, a similar story could be unfolding with the Higgs
scalar, whose mass is proportional to the vacuum expectation value of its self-interaction,
another free parameter of the Standard Model (in one formulation, at least). A global fit
to all electroweak precision data yields the prediction 45 < mpy < 191 GeV (90% C.L.) for
the Higgs mass [18]. Meanwhile, direct searches at LEP provide a 95% C.L. lower bound
of mpg 2 114 GeV [19]. Run II of the Tevatron is currently extending this limit [20]. Ul-
timately, the Large Hadron Collider at CERN should be able to explore a mass range of
100 GeV to 1 TeV [21]. Should the Higgs be discovered somewhere in this range of energies
(and self-consistency within the model suggests that it should be), and should the discovery
agree with the prediction obtained from the electroweak fit, it would be yet another triumph
for the Standard Model.

Despite the unflagging and at times spectacular success of the Standard Model, it is
likely not destined to be a “final” theory. The reason is that it is too ad hoc and leaves
too many unanswered questions [22]. For instance, why the SU(3)¢, SU(2); and U(1l)y
gauge symmetries, and why is the SU(2)z, symmetry only left-handed? Why are there three
generations of fermions? Why is charge quantized? Why is the SU(2)zxU(1)y symmetry
spontanesouly broken by the vacuum down to U(1)q, providing masses for all of the fermions
as well as the weak gauge bosons? The puzzles surrounding the origin of mass naturally lead

to questions concerning the many free parameters of the Standard Model, of which there
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are 19. First, there are the three gauge couplings g3, g2, and ¢; of the underlying SU(3)¢,
SU(2)z and U(1)y gauge symmetries, respectively. Then there are the nine charged fermion
masses (or, equivalently, their couplings to the Higgs scalar). Also, there are the three angles
and one phase of the Cabibbo-Kobayashi-Maskawa quark mixing matrix. Then there is the
Higgs mass and its vacuum expectation value. Finally, there is the QCD parameter 6,
a measure of the degree of CP violation in the strong interaction.* It should be noted
that whereas the Standard Model has been formulated as a theory with massless neutrinos,
recently evidence has accumulated for neutrino mass. This can easily be accommodated
in the model, though at the cost of at least seven new parameters, three masses and four
mixing angles. Because there are so many free parameters that cannot be calculated from
first principles, and because it leaves so many fundamental questions unanswered, ultimately
the Standard Model leaves one unsatisfied.

Perhaps the most glaring problem with the Standard Model is that it is not truly uni-
fied, as one might hope a final theory would be. There are three separate gauge couplings,
each of whose values have been precisely measured by experiment and found to be com-
pletely different. In so-called grand unified theories (GUT’s), the three gauge couplings
are assumed to unify at some very high energy scale myx ~ 10 GeV, resulting in a single
gauge coupling of the larger symmetry group, in which the Standard Model is embed-
ded [23]. Below mx, the theory undergoes spontaneous symmetry breaking, ultimately
resulting in the SU(3)¢, SU(2)r and U(1)y symmetries of the Standard Model. Besides
unification, GUT’s also attempt to provide natural explanations for many of the questions
posed above by employing general symmetry arguments. The simplest such theory is the
SU(5) — SU(3)xSU(2)xU(1) model proposed by Georgi and Glashow in 1974 [24]. How-
ever, this theory, while aesthetically pleasing due to its simplicity, suffers from three major
defects. The first is that it predicts the proton to decay with a characteristic lifetime much
shorter than is experimentally allowed. The second is that the three gauge couplings, when
extrapolated to the supposed unification scale my using the renormalization group equa-
tions, actually fail to meet at a single point, indicating that unification is not attained. This
is illustrated in Figure 1.1(a), which shows the Standard Model prediction for the evolution

of the gauge couplings, assuming no new physics between u ~ m; and myx. The third is

“That @ is very nearly zero, even though in general one would not expect it to be, is one of the more
severe “fine-tuning” problems in the Standard Model.
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Figure 1.1: Gauge coupling evolutions in the Standard Model and in the minimal supersymmetric
extension to the Standard Model. Note that a; = g7?/4m. Based purely on the number of particles
contained in the model, the renormalization group equations can be used to extrapolate «;(u) to
any energy scale p given its value at any other energy. Figure (a) shows how ai_l evolve assuming
the Standard Model is complete (i.e., no new physics above the electroweak breaking scale). In
Figure (b), minimal supersymmetry has been assumed above ~1 TeV. Adapted from Reference [22].

that it introduces a severe gauge hierarchy problem. That is, why is the scale of the unified
symmetry breaking at ~10'5 GeV so vastly different from that of the electroweak symme-
try breaking at ~250 GeV? This would imply extremely large and seemingly coincidental
cancellations between the Higgs’ bare mass and its radiative corrections [25].

Refusing to give up on the beautiful idea of ultimate unification, some have sought to
rectify the situation by appealing to even higher symmetries in nature. This has given rise
to GUT’s involving more complicated symmetry breaking patterns, such as SO(10) and the
superstring-inspired Fg. Most notably, however, it has long been observed that by adding
supersymmetry to the simple SU(5) theory, in which spin-1/2 fermions have spin-0 boson
partners and spin-1 or spin-0 bosons have spin-1/2 fermion partners, grand unification can
be restored [26]. This is shown in Figure 1.1(b). Above the spontaneous supersymmetry
breaking scale mgysy, new particles appear and modify the renormalization group equa-
tions, changing the evolution of the gauge couplings. This has three intriguing consequences.
The first is that the unification scale my is raised to ~10'® GeV, which is even closer to
the Planck mass m, ~ 10! GeV, perhaps hinting at a role played by gravity. The second

035 years, safely beyond the experimen-

is that the proton decay lifetime is raised to ~1
tal limits. Finally, supersymmetry can provide an “explanation” for the gauge hierarchy
problem, as a Higgs boson mass term would violate chiral supersymmetry transformations.
The spontaneous breakdown of supersymmetry then allows the Higgs particle to acquire a

mass myg ~ msysy. 1t should be noted that models with mgysy = 1 TeV, as assumed in
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Figure 1.1(b), are fully consistent with precision electroweak measurements, though some-
what higher values for mgy sy are also allowed. If mgrsy gets much higher than 10 TeV,
however, not only does the consistency with the precision electroweak data start to suffer,
but the hierarchy problem is reintroduced.

There are thus theoretical reasons to expect new physics at the TeV scale. The physics
program should therefore proceed as it has for decades, with the various colliders exploring
the high-energy frontier and precision electroweak experiments testing the internal consis-
tency of the model. As has happened in the past, it may even be that a high-precision but
low-energy experiment will be able to reveal signs of new physics before it is eventually dis-
covered at a high-energy facility. Accordingly, the rest of this chapter motivates a precision
measurement of the parity-violating cross-section asymmetry in electron—electron scatter-
ing, describing the specific types of new physics signatures it might expect to observe. In
general, such a measurement is very sensitive to the helicity structure of new physics models,
and thus provides information complementary to that obtained from current high-energy
colliders. Chapter 2 details the experimental apparatus and methodology. Chapter 3 gives
a full description of the analysis procedure, with the results being presented in Chapter 4.
Finally, Chapter 5 discusses the findings in terms of the implications they have for various

possible extensions to the Standard Model.

1.2 Parity Violation in Mgller Scattering

The tree level diagrams representing the processes governing electron—electron (Mgller)
scattering are given in Figure 1.2. Since Mgller scattering is a neutral current interaction,
the only forces through which the process can occur are the electromagnetic, mediated by
the massless photon, and the neutral weak force, mediated by the massive Z. The helicity-

dependent cross section can therefore be written as:
2
o+ = |My+ Mz (1.7)

Here M, and Mz are the matrix amplitudes for the electromagnetic and neutral weak
processes, respectively, and the + denotes the helicity of the beam electron (positive for

right-helicity, negative for left-helicity). The target electron is unpolarized, so that any
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Figure 1.2: Neutral current amplitudes contributing to the parity-violating cross section asymmetry
Apy in Mgller scattering at tree level.

helicity-dependence in the cross section can only come from parity-violating terms in the
neutral currents, which themselves arise from the simultaneous existence of both vector and
axial-vector current components. However, the electromagnetic force conserves parity, so
that its matrix amplitude does not depend on the helicity of the beam electron. In contrast,
the weak force is known to violate parity, so that its matrix amplitude does depend on the
helicity of the beam electron. At low energies (Q? < m%), the electromagnetic amplitude,
which goes as a/Q?, completely dominates over the neutral weak amplitude, which contains
a 1/m?% suppression factor because of the massive propagator. Therefore, the ratio of the
Z amplitude to the electromagnetic amplitude should be roughly Q?/ mQZ, which is on the
order of a few parts per million (ppm).

Going further, one can use this extreme disparity in the relative strengths of the two
amplitudes at low Q2 to estimate the size of the accompanying parity-violating asymmetry
Apy in Mogller scattering. Defining the asymmetry as Apy = (o4 —o_)/(0+ + 0_), one
finds that the asymmetry is due to the interference between the electromagnetic and weak

neutral currents:

|M7 + MZ+|2 — |M7 + -MZ—|2

My + Mz 2+ M, + Mg |

2Re (M, (Mz4 — Mz)"}
M, [*

Apy =

(L.8)

Here the fact that Mz < M., appropriate for Q% < m%, has been used. This leads to
an order-of-magnitude estimate for Apy similar to that obtained for the relative sizes of

the amplitudes themselves, namely something on the order of a few ppm. A more precise
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Figure 1.3: Scattering kinematics in center-of-mass frame and laboratory frame. For an incident
beam energy of Epeqm = 48 GeV, the energy of each electron in the center-of-mass frame is approx-
imately 111 MeV.

calculation yields the following result [27]:

_2\/§G’FQ2 1+ cos®
T (34 cos?©)?

Apy = (1 — 4sin®Oy) (1.9)
where G =~ 1.166 x 10> GeV 2 is the Fermi coupling constant, determined from the muon
lifetime; o &~ 1/137.036 is the fine structure constant, determined by Thomson scattering
at Q% =0; Q> = (p — p')? is the square of the transfer four-momentum; © is the scattering
angle in the center-of-momentum frame; and sin? @y ~ 0.2311 is the square of the sine of
the weak mixing angle, more of which will be said below. The small size of the asymmetry
can now be seen to be due primarily to the tiny factor of GrQ? in the numerator, but also
in part to the 1 — 4sin? Ay, suppression factor. Finally, the following relation will often
prove useful:

Q*>=2-(1—cosO) = s-sin*(0/2) (1.10)

NNV

where s = 2mg + 2me Epeqm is the square of the total energy in the center-of-momentum
frame, with m, the electron mass and FEjeqy, the beam energy.

The kinematics for the scattering process are illustrated in Figure 1.3. For a given
incident luminosity, it is appropriate to consider which set of kinematic parameters (namely,
Ehbeam and ©) minimizes the the relative statistical uncertainty §(Apv)/Apyv achievable by
the experiment. The (spin-averaged) differential cross section for Mgller scattering is given

by the following formula [28]:

do _ o&* (34cos’0)
dQ  2meFEheqn  sin® O

(1.11)
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Figure 1.4: Figure (a) shows the differential cross section do/df? and parity-violating asymmetry
Apvy (both in arbitrary units) as a function of |cos ©|. Figure (b) shows the statistical uncertainty

-1
that can be achieved for a given luminosity, proportional to (APV\/ da/dQ) , as a function of

|cos ©]. Small values of |cos O] are seen to be optimal.

Combining this result with that of Equation (1.9), and substituting the variable © for the
variable Q2 using Equation (1.10), the relative statistical uncertainty may be expressed in

terms of Fyeym and © as:

(5(Apv) ~ 1 1
APV \/d?’/dQ APV (112)
x ———(3 + cos®O)

V Ebeam

From this equation, one can see that maximizing E corresponds to minimizing the relative
statistical uncertainty. Likewise, the function 3 + cos? ©, plotted in Figure 1.4(b), shows
a slow variation with respect to ©, with 90° scattering in the center-of-momentum frame
(|cos ©] = 0) being optimal.

The experiment uses the electron beam at the Stanford Linear Accelerator Center
(SLAC), which can generate electrons of energy up to 48 GeV. The experiment is designed
to integrate scattered events in the kinematic range © = 90 to 119 degrees, corresponding
to E' = 13 to 24 GeV, 64, = 4.4 to 7.5 mrad. This range of energies is wide enough to
allow for as much signal acceptance as possible, while just narrow enough to avoid double-
counting problems (since Mpller electrons come in pairs with Ef + EY = FEpear). It also
avoids the significant low-energy, wide-angle backgrounds. It should be noted that this
kinematic range corresponds to Q% = 0.023 to 0.036 GeV?2. The relationships between the

various kinematic parameters quoted here are illustrated in Figure 1.5.
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Figure 1.5: Transformations between various kinematics parameters. Figure (a) plots 644 vs. cos ©.
Figure (b) plots Ej., (the energy of the scattered electron) vs. 64. Figure (c) plots Q% vs. 0j4p.
These plots are useful for getting a feel for the kinematics. In general, wide angles in the lab frame
correspond to backwards scattering in the center-of-mass frame, lower scattering energies, and higher
momentum transfers.

1.2.1 Radiative Corrections and New Physics Sensitivity

Properly averaged over the experimental kinematics, the value of the tree-level asymmetry
is approximately Apy =~ —270 parts per billion (ppb). The asymmetry gets significantly
modified, however, by one-loop electroweak radiative corrections [29]. When discussing
radiative corrections, it is necessary to pick a set of renormalized parameters consistent
with a particular renormalization scheme. Here the modified minimal subtraction (MS)
scheme will be employed. In general, the definitions given earlier for & and G still suffice,
absorbing, for instance, many of the one-loop corrections to muon decay [30]. However, for
some of the less important one-loop effects (specifically, box diagrams involving two massive
bosons), a(mz) = 1/127.9, defined to be the Z-pole value of the fine structure constant in
the MS renormalization scheme, is a necessary substitute. Finally, the following definition

for the weak mixing angle will be used exclusively [18]:
sin” Oy = sin® Oy (mz)zg = 0.23113 + 0.00015 (1.13)

This is the sine-squared of the Z-pole value of the weak mixing angle in the MS renormaliza-
tion scheme, related to the “effective” definition of the weak mixing angle used at eTe™ col-
liders at CERN and SLAC by a simple translation, sin? Oy (m )5 = sin? 6§ —0.0003 [31].

The diagrams representing the most significant one-loop electroweak radiative correc-
tions are shown in Figure 1.6. These include y-Z mixing as well as the W loop contribution

to the anapole moment. In the y-Z mixing diagrams, mixing occurs through vacuum po-
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+ Inverted + crossed diagrams

Figure 1.6: Most signficant one-loop electroweak radiative corrections to the Mpgller scattering
asymmetry. Figures (a)—(c) show the vacuum polarization loops contributing to the v-Z mixing
diagrams. Figure (d) shows the W-loop contribution to the anapole moment.

larization loops involving either W bosons or fermions. In the fermionic loops, all leptons
and quarks with mass less than my contribute.® When evaluating the effects of these di-
agrams on the low-Q? experimental asymmetry Apy, one may use Q? ~ 0 with negligible
error [29]. The general contributions for non-zero Q? will be discussed later. The low-Q?
hadronic contributions, however, cannot be handled perturbatively, since at low energies
the strong coupling constant diverges. Rather, their contributions must be extracted from
ete” — hadrons data via a dispersion relation [33, 34].

The overall effect of one-loop radiative corrections for Q? ~ 0 is to reduce the size of
the asymmetry by roughly 40%, from —270 to —150 ppb [29]. Because the Standard Model
is a renormalizeable quantum field theory, potential “new physics” at higher energies can
introduce one-loop effects that modify Apy in a manner that is entirely analogous to the
way in which the standard electroweak radiative corrections do. For instance, “oblique”
corrections introduce their own vacuum polarization loops in the boson propagators, similar
to the y-Z mixing diagrams shown in Figure 1.6. These modify the self-energies of the
photon, W, and Z, as well as the y-Z mixing (parameterized by the vacuum polarization
functions I, Ilww, Il1zz, and II,z, respectively). Such corrections, caused, for example,
by a new generation of heavy fermions (m; > myz) found in many supersymmetric models
and possessing highly suppressed couplings to the light fermions e, i, 7, u, d, s, and ¢, can be
described by three new parameters S, T', and U [35]. Data from LEP at CERN and the SLC
at SLAC heavily constrain these new parameters [36]. However, if the new heavy fermions

instead have masses not much larger than the electroweak scale (m; ~ O(100) GeV), then

% According to the Marciano-Rosner convention adopted by many of the theory references [31, 32], the
top quark’s contribution is absorbed into the definition of sin? Ay .
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three additional parameters V, W, and X need to be introduced [37]. The X parameter, in
particular, is of interest, for it parameterizes the contributions of electroweak scale oblique
corrections to the off-shell value of the weak mixing angle, i.e.:

sin? Oy (0)

~ 1.032 — 0.033X 1.14
sin2 OW(mz) ( )

The current constraint on X is not nearly as tight as those on S and T', which are provided
by the Z-pole measurements at LEP and SLC, but roughly equal to the present constraint
on U set by the W mass measurement [36]. An off-shell measurement of the weak mixing
angle at the £0.001 level could actually improve the current constraint on X by a factor of
two or three.

So far only new phenomena that affect low-energy observables via radiative corrections
(and then only through “oblique” corrections) have been considered. New physics that
would contribute to the Mgller scattering process through non-radiative means can also be
probed by a measurement of Apy. For instance, many extensions to the Standard Model,
including many grand unified theories and models involving supersymmetry and/or extra
dimensions, propose the existence of new massive neutral gauge bosons, collectively referred
to as Z' bosons [18, 38, 39]. In order to explain the gauge hierarchy problem satisfactorily,
some models require such bosons to exist at the TeV scale. The current limits on the S and
T parameters discussed above require the mixing between the regular Z boson and any new
7' bosons to be extremely small. Nevertheless, a measurement of Apy provides sensitivity
to the possible existence of Z' bosons, provided there are parity-violating terms in their
interactions [34]. The limit on mys that could be placed by a ~10% measurement of Apy
varies depending on the model, but for typical models (such as SO(10) and Fs) energies of
600 to 900 GeV are explored. This is comparable to (if slightly less than) the discovery reach
equivalent of one or two years of Run II data at the Tevatron [40]. However, a low-energy
Mpgller asymmetry measurement complements the direct Z’ searches of the Tevatron and
other colliders in the following important ways. First, should a deviation from the Standard
Model prediction for Apy be observed, the sign of the relative shift would indicate whether
the supposed Z' (if indeed a Z' is respounsible for the shift) couples more strongly to right- or
left-handed electrons. Second, the size of the shift would depend strongly upon the details of

the particular model being considered, which could be very useful in discriminating between
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competing theories, should a collider yield a future discovery.

Finally, lepton compositeness has long been postulated as a possible extension to the
Standard Model [41]. In such models, quarks and leptons are comprised of constituents
held together by forces whose interactions become important at the scale of the binding
energies, parameterized by the quantity Ass (where f denotes the fermion type). Well
below the compositeness scale Ag., the general four-electron contact interaction takes the

following form, assuming that both helicity and flavor are conserved [41]:

4r

Lee = W [ULL (EL’YM'Q[)LV + Nrr (@R’YMPRV + 277LR (EL’YM’Q[}L)(ER'Y“’Q[}R):I (115)

Provided that there are parity-violating terms (i.e., ngrr # 7rL), a measurement of Apy
possesses great sensitivity to the possibility of electron substructure, probing A.. at a level
approaching 10 TeV. This is comparable to the current limits from ete ™ colliders [42].
However, even when in the future the limits are pushed to the 10 — 20 TeV range and
above, a measurement of Apy could provide important insight into the precise nature of

the new interactions, should they exist.

1.2.2 'Weak Mixing Angle

In order to facilitate comparisons to various theoretical predictions as well as to other
experimental results, it is convenient to cast the measurement of the parity-violating Mgller
asymmetry into a measurement of the weak mixing angle. This is accomplished through a
straightforward rearrangement of Equation (1.9), discussed further in Chapter 5. Because
of the electroweak radiative corrections discussed in the last section, however, the weak
mixing angle effectively becomes a function of energy. The following substitution for sin? @y

is therefore made in the tree-level expression for Apy [43]:
sin” Oy — sin® Oy (Q) = [L + Are(Q) + Arg(Q) + Ary(Q)]sin® Oy (mz)zs (1.16)

where Ary, Ary, and Ary, are the radiative contributions coming from the lepton, quark,
and W boson loops, respectively, in the diagrams depicted in Figure 1.6, namely the v-Z
mixing diagrams and the W loop contribution to the anapole moment. These are the only

radiative corrections described by the functions Ary, Ar,, and Ary.
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Figure 1.7: Electroweak radiative corrections to Mgller scattering plotted as a function of energy.
Figure (a) shows the contributions of lepton, quark, and W boson loops separately, but only for the
diagrams contained in Figure 1.6. The quark loop contribution can seen to be capped at low-Q2.
Figure (b) shows the effective running of sin? fy, along with some of its measurements.

The functions Ary, Ary, and Ar, are plotted versus @ in Figure 1.7(a). It is important
to recognize that these functions do not parameterize all radiative corrections modifying
sin? Oy (and, hence, Apy) at arbitrary energies. In particular, at large Q?, appropriate
for future ete™ or e~e” colliders, the effects of WW box diagrams must be taken into
account [43]. Nevertheless, Figure 1.7(a) gives a good general impression of the relative
contributions of each higher-order process over a wide range of energies. It is particularly
relevant for low energies, where the total radiative corrections are dominated by the dia-
grams described by the functions being plotted. One can readily see the “cap” placed on
the low-energy quark contributions, necessary since low-energy QCD is nonperturbative.
At the experimental kinematics, Q ~ 0.2 GeV, sin? @y has risen by roughly 3% from its
Z-pole value, which corresponds to a decrease in Apy of roughly 37% from its tree-level
value. Other radiative corrections, not parameterized by the functions Ar,, Ar,, and Ary,
reduce Apy by a further 3%, resulting in a total reduction of 40% as reported earlier.

In Figure 1.7(b), Equation (1.16) is plotted as a function of (). Various measurements of
the weak mixing angle are also shown on the plot. These include the ) = mz measurements
at LEP and SLC [42], the @ ~ 4 GeV measurement by the NuTeV collaboration [44, 45],
and the @) ~ 0 measurement by the cesium atomic parity violation experiment [46]. These
measurements all suffer from one or more drawbacks, however. In the case of the Z-pole
measurements, that drawback is limited sensitivity to new physics which does not couple

strongly to the Z. For on-shell Bhabha scattering, note that the matrix amplitude Mz of
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the Z-mediated process is large and purely imaginary, whereas the matrix amplitude M x
of a new physical process involving an undiscovered massive particle with mx > myz (to
which the Z couples only weakly) would be purely real and relatively small. Hence, the

total cross section would go as:

d
o (Mgt MxP o~ (Mo [ My
@=mz ) |MX|2 (117)
~ M 1+
M| ( |MZ|2>

No interference between the two processes occurs, and, since |[Mx|? < [Myz|? for Q% ~ m%,

the total cross section is basically the same as if the new interaction was not contributing
at all. Hence, the sensitivity of the Z-pole measurements to things like lepton composite-
ness, exotic Higgs particles, and Z’' bosons that do not couple strongly to the Z is highly
suppressed. Low-energy measurements offer much greater sensitivity.

One such low-energy measurement is provided by the NuTeV experiment at FNAL,
which measures the ratios of neutral current to charged current inclusive cross sections
in the deep inelastic scattering of neutrino and antineutrino beams from quarks in heavy
nuclei. Using the so-called Paschos-Wolfenstein relation [47], these ratios can be used to

extract a value for the weak mixing angle:

o(wyN »v,X)—o(@w,N—v,X) R'—-r-R" 1

.2
= = - — 0 1.18
o(wuyN = p=X) —o(@,N — ptX) 1—r g W (1.18)
where
R — o(vuyN — v, X)
o(uN = p=X) o(TuN — putX) 1 (1.19)
r= SR .
-~ o(@,N—->7,X) o(vuyN — p=X) 2

o(TuN = ptX)
While this measurement does a better job of providing sensitivity to many classes of poten-
tial new physics (such as new “oblique” radiative corrections or Z’ bosons, in addition to
quark compositeness), it suffers from theoretical uncertainties surrounding the complicated
hadronic interactions that must be included in its analysis. Use of the Paschos-Wolfenstein
relation in Equation (1.18) suppresses sensitivity to the considerable theoretical uncertain-
ties associated with charm quark production from scattering off low-momentum sea quarks,

which in the past has severely limited extraction of process-independent observables (such
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as the weak mixing angle) from the results of neutrino-nucleon scattering experiments.
However, there are still large uncertainties associated with the scattering process’s elec-
troweak and pure QED radiative corrections, calculated by Reference [48]. It has been
suggested that effects primarily related to the calculation’s treatment of initial and final
state radiation from quarks and the use of experimental energy cuts can significantly mod-
ify the interpreted value of the weak mixing angle, perhaps by as much as the total quoted
experimental uncertainty [49]. In addition, an independent study of the QCD corrections
relevant for the NuTeV experiment identified several important sources of uncertainty that
remain accounted for in the experiment’s published result [50]. For instance, this study
found that a small (1%) violation of isospin symmetry in the valence parton distribution
functions could by itself reduce the observed discrepancy by a factor of two. These and
other related issues may well be responsible for at least part of the 3 o deviation of the
NuTeV experiment’s result from the Standard Model prediction, without needing to invoke
a “new physics” explanation.

Proceeding further to even lower energies, the atomic parity violation group based at
the University of Colorado have reported on a measurement of the weak charge Qyw of the
nucleus of 133Cs, which can be related to sin? @y in the context of the Standard Model [46].
The measurement relies on the observation of the relative rates of the 6S5p—3 — 7Sp—4 and
6Sp—4 — 7Sp—_3 parity-violating hyperfine transitions in a spin-polarized atomic cesium
beam. The error bar on the measurement, however, is relatively large and is completely
dominated by systematics and theoretical uncertainties, chiefly those associated with the
proper computation of the atomic wavefunction [51]. In order to appreciate the magni-
tude of these uncertainties, it is instructive to consider a sampling (not comprehensive, but
fairly representative of the literature) of the published results interpreting Qu from the
measurements of Reference [46]. Such a sampling is pictured in Figure 1.8. First, in 1999,
Bennett and Wieman updated the two-year-old analysis of Reference [46] using newly avail-
able atomic structure data, resulting in a 2.50 deviation of Qw from the Standard Model
prediction [52]. In 2000, Derevianko included the Breit interaction in the wavefunction
calculations, while also using a new nuclear charge distribution, bringing the Qyy result to
within 1.00 of the Standard Model prediction [53]. In 2001, Derevianko further refined his
treatment of the Breit interaction, employing relativistic many-body perturbation theory

and further reducing the Qy discrepancy to 0.60 [54]. In 2002, however, Dzuba, Flambaum,
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Figure 1.8: Time-history of the theoretical corrections to the Qw (}*3*Cs) measurement of the
Boulder atomic parity violation group. Each data point corresponds to an updated analysis. The
error bars in each case are dominated by systematics and theoretical uncertainties. Significant
deviations from the Standard Model prediction have been reported over the years, but the mean
value has not yet settled, due to persistent theoretical difficulties.

and Ginges improved their methods for handling Coulomb screening effects, as well as im-
proved the overall numerical precision of their calculations. The result was a 2.00 deviation
from the Standard Model prediction, restoring the former discrepancy [55]. Around the
same time, Sushkov showed [56] that vacuum polarization effects in the electronic orbitals
were capable of inducing corrections as large as those found earlier by Derevianko, which
were due to the Breit interaction. Thus, in late 2002, Kuchiev and Flambaum reported on a
calculation that included these QED radiative corrections and brought Qw once again into
agreement with the Standard Model prediction, this time to within 0.80 [57]. Theoretical
work continues, however, with Derevianko suggesting that a fully self-consistent many-body
treatment of vacuum polarization effects has yet to be performed and could change the value
of Qw significantly [58].

The point of this discussion is not to reflect poorly on the results of the atomic parity
violation group, which after all has accomplished a significant feat, namely the first-ever
measurement of a nuclear anapole moment, whose existence was originally predicted by
Zel’dovich in 1958 [59]. Rather, the point is merely to emphasize that interpreting the
group’s measurements of the parity-violating 65 — 7S transition rates in cesium in terms
of fundamental physics parameters, such as Qy or sin? fy, remains a major theoretical
challenge. The original work quoted @y = —72.11+0.27+0.89 [46], compared to the Stan-
dard Model prediction of Qy = —73.10 = 0.03 [18]. Since then, the theoretical uncertainty
has been reduced and the central value has shifted to Quw = —72.71+£0.2940.39 [57]. From

the discussion above, however, it is quite clear that the theoretical uncertainty has mostly
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Figure 1.9: Conceptual design for the experiment. An intense, high-energy, polarized electron beam
impinges on a liquid hydrogen target, and the e"e~ — e~ e~ (Mgller) scatters are focused into an
integrating calorimeter for detection. By rapidly flipping the helicity of the incident electron beam,
the parity-violating scattering asymmetry Apy can be measured.

been underestimated.

The above discussion also serves to highlight the principle motivation for the mea-
surement of the parity-violating asymmetry Apy in Mpgller scattering. The interaction is
purely leptonic, and therefore the electroweak radiative corrections are conceptually simple
and have relatively small uncertainties. There are few hadronic effects to consider and no
atomic wavefunctions to compute. Interpreting the Mgller asymmetry Apy in terms of the
fundamental Standard Model parameter sin? @y is a relatively straightforward procedure
requiring comparatively few corrections and assumptions. Measuring this asymmetry is
therefore a very attractive means for obtaining a precision low-energy measurement of the
weak mixing angle, thereby testing the Standard Model at the quantum loop level and

continuing the search for new physics.

1.3 Experimental Goals and Requirements

The experimental goal is to measure the parity-violating Mgller asymmetry Apy, predicted
to be approximately —150 ppb (before accounting for initial and final-state radiation ef-
fects), to a precision of roughly 10%. This will allow for a nearly £0.001 determination of
sin? @y. The basic experimental design concept is shown in Figure 1.9. A beam of high-
energy, longitudinally polarized electrons impinges on a liquid hydrogen target. Some of
the electrons pass through unimpeded and proceed to the beam dump, while others scat-
ter off the target electrons or protons. Electron—proton (ep) scatters will have a different
energy-angle correlation than the electron—electron (Mgller) scatters. A system of magnets
and collimators can therefore be used as a spectrometer, purifying the signal (i.e., reducing

the backgrounds discussed below) for integration in an electromagnetic calorimeter. The
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polarized electron source at SLAC is able to deliver as many as 5 x 10'! electrons in a single
beam pulse. At 120 Hz, and for a liquid hydrogen target, this corresponds to a very high
luminosity £ ~ 4 x 10?® cm™2s~!. At the scattering angles being considered, which have
already been chosen so as to maximize the experiment’s statistical power, the total cross
section is approximately 10 pbarn, making the detector rate roughly 2 GHz.

The helicity of the electron beam can be manipulated between right and left states at
120 Hz, forming pulse-pairs of opposite helicity. The scattering rates for the two different

beam helicities can then be compared by constructing the following pulse-pair asymmetry:

Apy = 2B 9L (1.20)
OR t+ 0L,

where op and oy, are the scattering rates for the right and left helicity states, respectively.
The scattering rates are obtained by dividing the detector signal by the incident beam in-
tensity, as is described in much more detail in Chapter 3. Since each pulse is expected to
deliver approximately 20 million electrons into the detector, the statistical resolution of the
detector should be as low as (m . \/ﬁ)il ~ 160 ppm per pair. This implies that
an uncertainty on the asymmetry of roughly 15 ppb, corresponding to a ~10% measure-
ment of Apy, should be achievable after just over 100 million pairs. Of course, systematic
uncertainties will also contribute to the total uncertainty 0(Apvy).

As will be seen in Chapters 4 and 5, the primary systematic uncertainties contributing
to 0(Apy) arise from beam effects, physics backgrounds, and asymmetry normalizations. In
addition, theoretical uncertainties associated with the calculation of radiative corrections
(both electroweak and purely electromagnetic) contribute to &(sin? fy), but these are rela-
tively small and will not be discussed until Chapter 5. Asymmetry normalizations include
scale factors such as the beam polarization Py, and the detector linearity e. Both modify
the measured asymmetry in the following way: Apeqs = Areal - Pream - € That is, the mea-
sured asymmetry will at most be equal to, and in general smaller than, the real physical
asymmetry. Since these quantities enter so directly into the interpretation of A,.q from
Apeas, 1t 1s important to keep their relative uncertainties as small as possible. The beam
polarization uncertainty should therefore be kept below 5%, and the detector should be
linear to within 1%.

Because the scattering rate is dependent on the incident beam energy and on the scat-
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tering angle, as can be seen from the cross-section formula in Equation (1.11), helicity-
correlated differences in either the beam energy or in the beam’s trajectory will in general
produce false asymmetries via purely geometric effects. For example, a right-helicity beam
hitting the target at a position that is 10 nm different from that of the corresponding left-
helicity beam will have to scatter by a slightly different angle in order to make it into the
detector’s acceptance, resulting in a false asymmetry of, say, 10 ppb. The same logic applies
to all of the beam parameters E, z, y, 2/, and 4/, where 2’ and 3’ are the incident horizontal
and vertical beam angles, respectively. Hence, the right-left (or “helicity-correlated”) differ-
ences in all of the beam parameters must be carefully monitored throughout the experiment
to correct for beam-related false asymmetries.

The asymmetry correction procedure will be discussed in more detail in Chapter 3.
For now it suffices merely to motivate the goals for how small the various right-left beam
parameter differences should be kept over the course of the experiment. The correlation
coefficients parameterizing how sensitive the asymmetry is to each of the various beam

parameters are roughly of the following size:

0A
0A 0A
92 oy ~ 1 ppb/nm (1.21)
0A 0A
90" Oy ~ 50 ppb/nrad

If each correction is assumed to be accurate to roughly 10%, then right-left differences of
the sizes given below will generate a total contribution of roughly £3 ppb to the systematic

uncertainty 6(Apv) [60]:
AE < 2keV

Az, Ay < 10 nm (1.22)
Az', Ay < 0.25 nrad

The charge asymmetry must be handled differently. Since the detector signal is charge-
normalized, a large charge asymmetry should in theory have no real effect on the observed
asymmetry. However, as will become evident in Section 2.2, a large charge asymmetry hurts
the experiment in a number of ways. First and foremost, since charge couples to all beam

parameters at some level, a large charge asymmetry can produce helicity correlations in
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other beam parameters. In order to ensure that other beam parameters (most importantly
energy) do not develop large helicity correlations, one should start by nulling the charge
asymmetry. Second, a charge asymmetry can produce a residual false asymmetry due to
detector nonlinearities. This can be assuaged by performing an “extra regression” of the
measured asymmetry against the charge asymmetry. This detail will be left until Chapter 3
to be discussed further. For now, one can assume a detector nonlinearity of 1% in order to

set a limit on the maximum allowable charge asymmetry:

\/(3 ppb)2 + (0.01 - Ag)? < 4 ppb

— A < 200 ppb (1.23)

The same limit for Ag can be obtained by noting that beam loading® is estimated to
be as large as 10%, meaning that a 200 ppb charge asymmetry will tend to produce a
20 ppb energy difference. For a beam energy of ~50 GeV, this corresponds to a right-left
energy difference of AE = 2 keV, equal to the limit given in Equation (1.22). The beam
asymmetry limits given in Equations (1.22) and (1.23) have been calculated so as to keep
the total systematic uncertainty contribution from the asymmetry correction procedure at
the =4 ppb level, which is a reasonable goal.

The per-pair detector resolution o4 is defined to be the width of the detector asymmetry
distribution. The final statistical uncertainty on Apy will be governed by this resolution,
via the ordinary statistical averaging formula: §(Apv)stat = 0get/V'N, where N is the
total number of integrated pulse-pairs. The detector resolution receives contributions from
statistical fluctuations, electronics noise, and beam jitter. Beam jitter refers to the random
pulse-to-pulse beam fluctuations that naturally arise in the accelerator. While such random
fluctuations may end up averaging to zero when integrated over the course of the entire
experiment, they still contribute to the asymmetry width. The detector resolution o4, can
therefore be written as:

1
Ut%et = ﬁ + Uzlec + Ugeam (124)

e
where N, is the number of electrons reaching the detector per pair (N, ~ 40 million), o,

is the random electronic noise, and o, is the noise due to beam jitter. Carrying out the

5Beam loading is a measure of the degree to which the beam energy is coupled to the beam intensity. Its
origin is discussed in Section 2.3.
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asymmetry correction procedure on a pair-by-pair basis essentially removes opeq:n from this
equation, drastically reducing the detector resolution. This is of crucial importance, since
this produces a smaller statistical uncertainty.
In order to properly account for beam helicity correlations, the beam parameters must
be carefully monitored on a pulse-by-pulse basis. All first-order beam parameters E, z, y,
z', and y' are monitored, as are some second-order beam parameters. In general, precision
in beam monitoring is more important than accuracy. That is, calibration constants such
as offsets and scale factors, both of which determine accuracy, cancel one another when
composing asymmetry correction quantities such as (xg —zr) - 0A/0z. They help in inter-
preting beam measurements in terms of physical units, but do not contribute significantly
to the Apy measurement. On the other hand, high precision is essential, since any beam
correction is only as good as the resolution of the device making the beam measurement.
That is, systematic uncertainties will be produced that go as (o¢/V/N) - 9A/9¢ where o
is the per-pair resolution of a device monitoring beam parameter £, and N is the total
number of pairs. Given the approximate values for 0A/0¢ listed in Equation (1.21), and
assuming that these systematic uncertainties should be kept at or below the ppb level after
100 million pairs, the following per-pair device resolutions are required:

og <1 MeV Oz, 0y < 10 pm
o w0y S R (1.25)

Oz, 0y < 0.2 prad
Because of the “extra regression” against charge, the resolution of the charge monitoring
devices is not terribly important; per-pair resolutions of 50 ppm or lower will suffice. The
numbers provided in this section are meant merely to serve as approximate guidelines, not
as strict limits. For instance, if 200 million pairs are integrated instead of 100 million,
the resolution requirements for all beam monitoring devices can be relaxed by /2 without

having an impact on the final systematic uncertainty.

1.3.1 Physics Backgrounds

Besides Mpgller scatters, the detector will also have to contend with a number of different
background fluxes [61]. The primary backgrounds are electron—proton (or ep) scatters,

photons, and pions. Some of these backgrounds can be subdivided further according to the
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specific process by which they are created. Each background will be discussed briefly below,
along with the special requirements they may impose upon the experiment. More details
can be found in the next chapter.

The ep background represents the largest background, both in terms of absolute num-
bers and in terms of how it affects the asymmetry measurement. The ep scatters can be
divided into elastic and inelastic scatters. The spectrometer is designed to take advantage
of the differences in the energy-angle correlations for the Mgller and elastic ep (or Mott)
distributions, greatly reducing the Mott background flux. However, initial and final state
radiation is expected to alter the kinematics of the Mott scatters, thereby increasing the
number that make it into the Mgller detector’s acceptance region. The asymmetry carried
by the Mott scatters is roughly of the same order as the Mgller asymmetry itself. The
inelastic ep scatters, on the other hand, are harder to separate from the Mgller scatters
due to the lack of a well-defined energy—angle correlation. Furthermore, the asymmetry
carried by the inelastic ep flux can be very large (a few ppm), particularly in the A™ reso-
nance region. However, the cross section for inelastic ep scattering is much smaller than for
Mott scattering, so the bulk of the ep background in the Mgller detector comes from Mott
scatters [61]. Regardless, an accurate measurement of the Mgller asymmetry will require
a correction to be made for the ep background. The details of this correction are given in
Section 4.8.3.

The photonic background consists mainly of bremsstrahlung radiation emitted from the
target, as well as photons emitted when charged particles hit objects like collimators and the
beampipe. As the beam passes through dipole magnets in the spectrometer, synchrotron
radiation is also produced. All of these photons, which can be classified as either “hard”
(high-energy) or “soft” (low-energy), will add noise and possibly false asymmetries if they
are allowed to reach the detector. They are therefore blocked as much as possible by spe-
cial photon and synchrotron radiation collimators. Neutral hadrons produced by charged
particles interacting within the calorimeter can also present a small background. Correc-
tions must be made for the various photonic backgrounds, as well as the neutral hadron
background, by carefully measuring the detector’s response under a variety of different
experimental conditions, as is described in Section 4.8.2.

Finally, pions are produced in the target through real and virtual photoproduction,

as well as through deep inelastic scattering [61]. The total cross section for real photo-
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‘ Run ‘ Start date ‘ Stop date ‘ Pairs ‘
Run I 12 March 2002 28 May 2002 100 million
Run II | 10 October 2002 | 13 November 2002 | 86 million
Run III 8 July 2003 8 September 2003 | 155 million

Table 1.1: Summary of data collection periods. For each period, the number of pairs listed is the
approximate number of pairs remaining after all analysis cuts have been applied (analysis cuts are
discussed further in Section 4.3). This thesis focuses exclusively on the Runs I and IT data collection
periods.

production is large (~100 pbarn), but the asymmetry is of the same order as the Mpller
asymmetry [61]. On the other hand, the total cross section for virtual photoproduction and
pion production through deep inelastic scattering is considerably smaller (~2 pbarn), but
the asymmetry is much larger (at the level of a few ppm) [61]. The spectrometer acceptance
for the pions is very small, such that the total pion background is expected to contribute
to the primary detector’s signal at the sub-1% level. A simultaneous measurement of the
pion flux and asymmetry is made with a separate, dedicated pion detector. The details of

this correction are given in Section 4.8.4.

1.3.2 Summary of Physics Runs

The total data collection for the SLAC E-158 experiment has occurred in three periods,
referred to as Runs I, IT, and TI1. These are summarized in Table 1.1. This thesis concentrates
exclusively on Runs I and II, which together account for roughly one-half of the total data
set. In general, the experimental conditions were nearly identical for all three runs, with
one exception being the installation of several new collimators between Runs I and II. This
will be discussed further in the next chapter. Occasionally Run III will be referred to,
particularly in the discussion of beam-related systematics. In order to avoid confusion, the

data collection period being discussed will always be made explicit.
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Chapter 2

Experimental Method

2.1 Overview of SLAC Experiment E-158

Figure 2.1 gives a general overview of the setup for the SLAC E-158 experiment. A dis-
cussion of the experimental design naturally divides into seven basic parts: the polarized
electron source, the linac, beam monitoring devices, the target, the spectrometer, the de-
tectors, and the data acquisition system. This chapter describes each of these subsystems
in turn.

The longitudinally polarized electron beam is generated at the source and accelerated
up to an energy of nearly 50 GeV in the two-mile-long linac. When the beam has reached an
energy of 1.2 GeV, it enters an area known as the Accelerator System Setup for Experimental
Testing (ASSET), which houses beam monitoring devices used as part of feedback loops
intended to control helicity correlations in the beam. At the end of the linac, the beam

enters the Beam Switch Yard (BSY), at which point it can be steered in one of three
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Figure 2.1: Experimental overview. For purposes of clarity, the wire array and two toroids in the
alcove are omitted from the picture.
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Figure 2.2: Overview of polarized electron source. The mirror box (which brings the laser down to
the level of the photocathode immediately after the OTS) is not shown.

directions. For this experiment, it is steered into the A-line, which eventually brings the
beam to the main experimental area, known as End Station A (ESA). Along the way, the
beam’s current, position, energy, and spot size are monitored by various devices. The target,
spectrometer, and detectors are all housed in ESA. The spectrometer selects from the many
assorted particles that scatter from the target just those of physical interest, and focuses
them onto the main integrating calorimeter. Signals from all devices are both monitored

on-line and stored for subsequent off-line analysis by the data acquisition system.

2.2 Polarized Electron Source

The Polarized Electron Source (usually abbreviated as the PES, but often referred to simply
as “the source”) consists of two rooms, the Polarized Light Source (PLS) room and the
gun vault, separated by a 20 m long tube called the Optical Transport System (OTS).
An overview of the entire source can be found in Figure 2.2. The tunable pulsed laser
system generates a 300 ns pulse of left or right circularly polarized light, which first travels
through optics designed to minimize all helicity correlations, and then is brought into the
gun vault. Here the laser light impinges on the dc-biased photocathode to produce the

polarized electrons which travel into the injector and then into the linac. The following
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Figure 2.3: Source operating principle. When circularly polarized light strikes the GaAs crystal (the
laser wavelength tuned to the GaAs bandgap energy), selection rules exist that only favor certain
transitions (Am; = #1), thanks to the semiconductor’s direct-bandgap nature. A mechanical strain
lifts the degeneracy of the P3/, valence band, making some transitions energetically disallowed.

sections describe the entire source in a fair amount of detail. First, a description of the
physical setup will be given, starting with a discussion of the final stage of the source,
photoemission from the photocathode, and then proceeding with a description of the rest
of the source optics system. This will lead into a discussion of the major sources of beam

systematics and the methods used to control and correct for them.

2.2.1 Photocathode

The operating principle behind the source, illustrated in Figure 2.3, is basically the same
as it was for SLAC E-122 back in the late 1970’s [62, 63, 64]. A gallium arsenide (GaAs)
photocathode sits in vacuum in the gun vault, and circularly polarized laser light, its wave-
length (typically 780-850 nm) tuned to the bandgap energy of the GaAs crystal, enters
the gun vault from the PLS via the OTS, where it impinges on the photocathode. If the
band gap energy of the GaAs is close to its work function, then photoemission can occur.
If the band gap energy is less than the work function (a characteristic known as negative
electron affinity, or NEA), then photoemission is likely [65]. Because GaAs is a direct band
gap semiconductor, the electron is left with zero momentum (E = 0) after photoemission.
Consequently, the angular momentum of the photon goes directly into the spin of the pho-
toemitted electron. Selection rules therefore exist that govern the transitions between the
P3/, valence band and the S;/, conduction band when circularly polarized light is used.
For example, for right circularly polarized light, only Am = 41 transitions are allowed.

The extent to which this feature can be used to produce high polarization beams will be
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Figure 2.4: Photocathode structure for Runs I and II. The high doping level (5 x 10'® cm™2 Zn) in
the 10 nm GaAs surface overcomes the surface charge limit effect. The relatively low doping level
(5 x 10'7 cm™2 Zn) in most of the active layer is to ensure minimal polarization degradation.

discussed below.

The photocathode used for E-158 Runs I and II is illustrated in Figure 2.4 [66, 67].
The photocathode is grown by a process known as Metal Organic Chemical Vapor Deposi-
tion (MOCVD) on a GaAs substrate. In MOCVD, other Group V elements (for example
phosphorous) can be substituted for arsenic during the growth process, and these will take
the place of arsenic in the lattice (since they are chemically similar), thereby altering the
spacing of the lattice (since they are not of the same size). Immediately atop the GaAs
substrate is a 2.5 pm thick layer of a GaAs;_,P, binary mixture, where x varies linearly
from 0 at the bottom to 0.34 at the top. The 2.5 pym thick buffer layer immediately below
the active layer, from which the photoelectrons are drawn (and whose 100 nm thickness cor-
responds roughly to the penetration depth of the laser photons), consists of GaAsg g6Po.34.
The amount of phosphorous added during the growth process then suddenly changes going
from the so-called buffer layer to the active layer, causing the lattice constants of the two
respective layers to be different. This sudden lattice mismatch between the active layer
(which contains only 5% P) and the buffer layer (which contains 34% P) produces a small
mechanical strain in the system which lifts the degeneracy of the P3/, states of the valence
band electrons.

The lifting of the degeneracy of the P3/; valence band states via the strain mechanism
allows for beam polarizations of greater than 50% to be achieved [68]. For example, if the
degeneracy was not lifted, then either the —3/2 — —1/2 or the —1/2 — +1/2 transition
could occur during photoemission initiated by a right-circularly-polarized photon. The elec-

tron beam would still be longitudinally polarized, but its maximal polarization would then
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be only 50%. The lattice mismatch is thus essential for a precision parity violation experi-
ment like E-158 because of its need for high beam polarization, but it has the unfortunate
side effect of introducing a sensitivity in the response of the photocathode to residual linear
polarization in the incoming laser light [68, 69]. In other words, the photocathode will emit
more electrons for light that is linearly polarized along some preferred axis. Effectively, the
photocathode’s quantum efficiency gains an analyzing power of a few percent, which plays
an important role in producing unwanted beam asymmetries.

Negative electron affinity is induced by depositing cesium and nitrogen trifluoride (NF3)
on the photocathode’s heat-cleaned surface [70]. This treatment (part of the photocath-
ode’s activation procedure) increases the quantum efficiency (QE) of the photocathode by
several orders of magnitude. This enhancement, however, is very sensitive to the photo-
cathode’s complex surface chemistry and typically deteriorates over the course of several
days as residual gases interact with the NEA surface. To minimize such interactions, the
photocathode is kept in an ultra-high vacuum environment. Cesiations occur roughly every
three days to restore the QE, typically to ~0.4%.

Doping the active layer with zinc overcomes the phenomenon known as surface charge
limit [71, 72]. Too much doping, however, degrades polarization. In order to maximize
polarization, previous experiments tended to use relatively low doping levels. As these
photocathodes were hit with more and more laser power, they became saturated, emitting
fewer and fewer electrons per microjoule of incident beam energy. The solution was found
by doping most of the active layer (90 nm out of 100 nm) with relatively low levels, and

then increasing the doping level by a factor of 100 (to 5 x 10" cm™3) for the topmost 10 nm
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Figure 2.5: Comparison of surface charge limit for old vs. new photocathodes. Photocathode output

is plotted versus laser power for the old and new photocathodes. Because of the highly doped surface

layer of the new photocathode, its output remains linear when the laser power is increased.
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portion of the active layer. As can be seen in Figure 2.5, the new photocathode does not

exhibit any signs of charge limit.

2.2.2 Polarized Light Source

The functions of the PLS can be broken into two basic, separate parts: 1) production
of a stable pulse of laser light tuned to the band gap energy of the GaAs photocathode,
and 2) ensuring that it is as perfectly circularly polarized as possible at the photocathode,
and contains minimal helicity correlations in intensity, position, and angle. The first two
optics benches in the PLS room (the Flash:Ti and diagnostic benches) are largely concerned
with the former function, whereas the last bench (the helicity control bench) is exclusively

concerned with the latter. Each part will now be described.

Flash:Ti Bench

The Flash:Ti laser system is documented in much more detail elsewhere [73, 74, 75]. Inside
the laser cavity, designed at SLAC and built by Big Sky Laser Technologies, two flashlamps
are used to pump a rod-shaped Ti:Sapphire crystal. The flashlamps can fire at any rate
up to 120 Hz, with their firing rate of course determining the maximum beam rate (see
Section 2.3). The one-meter-long cavity is formed by an 85%-reflectivity planar output
coupler mirror and a 99.9%-reflectivity end mirror with a 42 m concave curvature, chosen
to minimize the effects of thermal lensing , thereby optimizing laser stability. A quartz
quarter-waveplate acts as both a Brewster plate, selecting out horizontal polarization, and
a birefringent tuner, which by rotation about its normal axis selects out a wavelength ap-
propriate for the GaAs band gap energy (typically in the range of 780 nm to 850 nm) with a
bandwidth of ~0.7 nm (FWHM). A half-wave plate was at one time required to compensate
for the arbitrary orientation of the Ti:Sapphire laser rod, thereby maximizing transmission
through the Brewster plate. However, between Runs I and IT modifications to the laser head
assembly procedure were made that allowed for control over the crystallographic orientation
of the laser rod, thereby eliminating the need for the half-wave plate (whose removal was
seen to further improve laser stability).

When laser light exits the cavity, it is horizontally polarized and has a temporal profile,
shown in Figure 2.6, largely determined by the pulse shape of the voltage signal driving the

flashlamps. It is then necessary to cut out a “slice” from this ~15 us long pulse, which is
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Figure 2.6: Laser temporal profile, before pulse shaping. On the time axis, ¢ = 0 corresponds to
when the flash lamp fires. After a settling time of a few microseconds, the relative energy jitter in
the laser steadily grows as a function of time (as the intensity drops). The timing of the SLICE high
voltage signal corresponds to a period in which the relative energy jitter is low (< 1%).

done with the slice-selection optics. The slice-selection optics consist of a Pockels cell sand-
wiched between two crossed polarizers. The first polarizer ensures horizontal polarization,
whereas the second naturally extinguishes all light. A Pockels cell is an electro-optical device
consisting of a crystal whose birefringence is proportional to the voltage applied across its
face. It can therefore act as a variable waveplate whose phase retardation (or advancement)
can be controlled electrically. For slice-selection, the so-called “SLICE” Pockels cell receives
a high voltage pulse of duration equal to the desired length of the electron beam pulse and
of amplitude equal to the half-wave plate voltage of the Pockels cell (about 2800 V). While
the high voltage pulse lasts, the orientation of the laser beam’s linear polarization rotates
by 90°, enabling it to pass through the second polarizer.

Using the slice-selection optics, the duration, intensity, and energy jitter of the laser
pulse can be controlled. For instance, lengthening or shortening the SLICE high voltage
signal lengthens or shortens the pulse. Typical sliced pulse lengths are 50-370 ns. Tweaking
the amplitude of the high voltage signal (away from the half-wave voltage) rotates the
polarization by less than or more than 90°, allowing less light to pass through the second
polarizer and lowering the intensity of the pulse. In fact, the amplitude of the SLICE high
voltage signal is used as part of a linac feedback intended to maintain constant intensity
in the electron beam, compensating for the slow decrease in the quantum efficiency of the
photocathode during its 3-day cesiation cycle. Lastly, changing the timing of the high
voltage signal relative to the flash lamp timing determines the energy jitter of the pulse, as

the relative jitter primarily grows over time. This can be seen in Figure 2.6.
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Figure 2.7: Example of pulse shaping waveform. Figure (a) shows the voltage supplied to the
TOPS Pockels cell versus time. Figure (b) shows the resulting time profile of the beam intensity.
Shaping the charge time profile in this way helps alleviate the effects of beam loading.

After the laser slice has been formed, it needs to be shaped in order to compensate
for beam loading effects in the linac (described more in Section 2.3). The pulse-shaping
optics consist of another Pockels cell, called the “TOPS” Pockels cell, sandwiched between
two co-aligned polarizers. The dc power supply for the TOPS cell is connected to a func-
tion generator allowing for modulation of the output high voltage signal according to an
arbitrary waveform generated in 25 ns steps. In practice, a waveform such as that shown
in Figure 2.7(a) is used, so that, as one moves along in time, the orientation of the laser
light’s polarization gets rotated by small amounts, meaning that less light passes through
the downstream polarizer. This configuration allows the controller to give the intensity of
the laser pulse a negative time gradient, as shown in Figure 2.7(b), reducing the overall

effects of beam loading in the electron beam.

Diagnostics Bench

Immediately downstream of the Flash:Ti bench, the diagnostics bench contains optics con-
nected to monitoring various aspects of the sliced laser pulse. Here and elsewhere, photodi-
odes are located behind the broadband NIR-coated high-reflectivity mirrors used to reflect
the laser beam along its designated path. These photodiodes monitor leakage light and
provide measurements of intensity, wavelength, and spot size. On the Flash:Ti bench, a
photodiode (sometimes called the long-pulse photodiode) located behind the mirror imme-
diately upstream of the slice-selection optics monitors the total laser output. Also on the
Flash:Ti bench, a CCD camera installed behind the mirror immediately downstream of the

pulse-shaping optics monitors the spatial profile of the sliced laser pulse. On the diagnostics



34
bench, a holographic beam sampler diverts two one-percent samples of the laser beam at
small angles to the primary beam path. One of these samples goes to a photodiode, while
the other can either be focused onto a scanning monochromator for wavelength measure-
ments or (if a remotely insertable mirror is used) can be imaged onto another CCD camera

for spatial profile monitoring.

Helicity Control Bench

By the time the laser beam reaches the helicity control bench, it is vertically linearly po-
larized and sliced into a short pulse of 50-370 ns. As discussed in Section 2.2.1, circularly
polarized light is needed in order to produce longitudinally polarized electrons. All of
the optical components located on the helicity control bench therefore have the dual and
intimately-related responsibilities of ensuring near-perfect circular polarization at the pho-
tocathode while also minimizing helicity correlations in all laser beam parameters (besides
polarization, obviously). Furthermore, they must allow for rapid helicity flips, for which
purpose electro-optical devices such as Pockels cells are ideally suited.

Immediately downstream of the intensity asymmetry (IA) Pockels cell and the piezomir-
ror (a description of whose functions will be deferred until Section 2.2.6), the beam encoun-
ters the polarization optics, consisting of a vertically aligned polarizer followed by two
Pockels cells. The so-called cleanup polarizer serves two purposes. First, it determines the
orientation of the linear polarization for all downstream optics, most importantly the CP
and PS Pockels cells, whose fast optical axes can be accurately set relative to this orienta-
tion, rather than that of some other optical element further upstream. Second, it is used
as the point of combination for the YLF:Ti beam that is used to generate electrons for the
PEP rings as part of the BaBar experiment, which collected data concurrent with this ex-
periment during Run I. Both the Flash:Ti and the YLF:Ti beams share a common path to
the photocathode after they are combined at the cleanup polarizer. The first Pockels cell in
the polarization optics is called the circular polarization, or just CP, cell. It is supplied with
a high voltage pulse of amplitude ~2800 V, corresponding roughly to quarter-wave voltage,
the sign of which determines the helicity of the pulse, either right or left. The fast axis of
the CP cell is oriented at 45° with respect to the vertical, so that, for vertical incoming
polarization, circular polarization of either helicity can be produced. The second Pockels

cell, referred to as the phase shift, or PS, cell, with a vertical fast axis, nominally operates
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at zero voltage. Small (on the order of 10 V) helicity-correlated deviations from zero are
used to correct for phase shifts in the downstream optics and maintain near perfect circular
polarization at the photocathode. The exact way in which the polarization Pockels cells’
voltages are set, and the importance of the choice of voltages, will be more fully explained
in Section 2.2.4, once the various sources of systematics have been described.

Two photodiodes on the helicity control bench monitor the total energy in the pulse.
One of these photodiodes detects leakage light from the cleanup polarizer, and so is sensitive
both to the Flash:Ti pulse as well as to the YLF:Ti pulse. The last optical element on the
helicity control bench, the insertable helicity filter is used when determining the optimal
operating voltages for the CP and PS cells. The helicity filter itself is a linear polarizer
affixed to a quarter-wave plate in such a way that the whole arrangement transmits right
helicity light while extinguishing left helicity light. In practice, the CP and PS voltages are
swept one at a time over an appropriate range while the helicity filter is inserted into the
beam path and a downstream photodiode monitors transmitted intensity. Fitting the data
to parabolas yields the voltages to use in order to maximize or minimize transmission, as
the case may be, thereby ensuring optimal circular polarization. An extinction ratio R is
defined by:

Tiight

R = ‘ught 2.1
Tleft ( )

where Tighy (Tier;) is the transmission for right (left) helicity light. An extinction ratio of
R > 1000:1, for instance, implies circular polarization better than 99.8%, which in turn
implies a linearly polarized component of less than 0.2%. We require that R satisfies this
criterion. Ifit does not, then realignment of the CP and PS cells is necessary. This procedure
does not finalize the CP and PS cells’ voltages, however. First, when the electron beam
becomes available (after initial commissioning and setup), a toroid early on in the linac is
used to measure the charge asymmetry as the CP and PS voltages are tweaked about their
nominal values. This procedure, which will be explained in Section 2.2.5, compensates for
various effects, such as phase shifts in the optics downstream of the CP and PS cell, and
minimizes the asymmetry in the linear polarization at the photocathode. Second, when the
electron beam has been successfully transported all the way down the linac machine and
into End Station A, the Mgller polarimeter is used to check that the Pockels cell voltages

are indeed those that result in the highest polarization at the target. Typical results of
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these types of scans will be given in Section 4.2.

Located just after the PS cell, the asymmetry inverter (sometimes abbreviated as the AI)
comprises two sets of lenses, a lens doublet and a lens quadruplet, which act as telescopes of
magnification M = +2.25. In the doublet configuration, which possesses the magnification
factor M = —2.25, the trajectory and spatial profile of the beam undergo a reflection about
the origin. This is useful in cancelling helicity-correlated position differences in the electron
beam. The two sets of lenses sit on an optics stage which can be slowly translated by
hand from one configuration to the other. Typically the experiment ran for a week in one
configuration and then toggled the AI into the other configuration, hoping in this way to
achieve some level of cancellation of position-related systematics. An insertable half-wave
plate is mounted just downstream of the asymmetry inverter. Along with another half-wave
plate located on the cathode diagnostics bench, this half-wave plate can be used to provide

cancellation of certain classes of beam asymmetries.

Optical Transport System

For practical reasons involving space, safety, and maintenance concerns, the source laser
room is located 20 meters away from the gun vault. It is the job of the optical transport
system (OTS) to transport the beam from the laser room to the optics bench located just
before the entrance to the vacuum containing the photocathode. The OTS consists of a
20-m-long pipe containing a single 5-m imaging lens and a mirror box that brings the laser
beam down to the height of the optics bench (the cathode diagnostics bench, described next)
located just in front of the entrance to the photocathode gun. The imaging lens compensates
for beam divergence. The mirrors in the mirror box are designed to preserve the high degree
of circular polarization. There are two pairs of helicity-compensating mirrors, with the
mirrors within each pair acting to interchange s and p—polarization upon reflection. In this
way, differences in phase shifts and reflectances for s and p—polarizations are cancelled out.

The OTS was once held under vacuum, with window plates installed on either end, to
eliminate air currents that could potentially steer the beam (there is a ~10°C temperature
gradient between the laser source room and the gun vault). However, for this experiment
the OTS was brought up to atmospheric pressure in order to eliminate the stress-induced
birefringence in the window plates, which could otherwise produce helicity correlations in

the electron beam (as will be discussed in Section 2.2.4).
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Cathode Diagnostics Bench

The first item on the cathode diagnostics bench, the imaging telescope, isn’t a diagnostic
at all, but is used to determine the beam spot size on the photocathode. The photocathode
is ~20 mm in diameter and, unlike previous photocathodes, does not need to be fully
illuminated in order to meet the experiment’s beam current requirements. This flexibility
allows one to reduce the spot size by almost half while simultaneously moving the object
point to within a few centimeters of the CP cell. This is a significant reduction of the ~20 m
lever arm actually separating the CP cell and photocathode, and reduces the sensitivity to
Pockels cell lensing effects. After the imaging telescope, another remotely insertable half-
wave plate is mounted. The position (in or out of the beam) of this half-wave plate was
toggled about every two days throughout the entire physics run. This was very important
for reducing the experimental sensitivity to certain classes of beam-related systematics.
Opposite the window leading out of the OTS and immediately after the remotely in-
sertable pick-off mirror (which will be described in a moment), the beam encounters the
vacuum window leading to the beam pipe connected to the photocathode gun. Inside the
gun, the photocathode is held in ultra-high vacuum at a dc bias voltage of —120 kV [70].
The photoemitted, polarized electrons are thus drawn away from the photocathode back the
way the light came in (the gun is thus said to operate in “reflection mode”), until a dipole
magnet bends them into the injector for bunching and subsequent acceleration. The HV
power supply recharges the photocathode in between every pulse as part of an RC-circuit.
The remaining optical elements on the cathode diagnostics bench come into play only
when a 50% pick-off mirror is inserted into the beam path just upstream of the vacuum
window. A paper target is monitored by a video camera. Multiple mirrors reflect the beam
so that the path length from the pick-off mirror to the cathode target is exactly the same as
to the real photocathode. The video camera thus gives an image of the beam spot exactly
as it appears on the actual photocathode. This is an extremely useful feature, especially
for mapping the quantum efficiency over the photocathode’s surface. A diagnostic HeNe
laser (having a very small ~1 mm spot) is used with the pick-off mirror inserted, and the
current drawn from the photocathode is measured as the beam is swept back and forth both
horizontally and vertically. The apparatus is also useful for determining the object point of

the imaging telescope. A wire mesh screen is placed in the beam path near the polarization
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Wavelength: 805 nm (750 — 850 nm)
Bandwidth: 0.7 nm FWHM
Repetition rate: 120 Hz (max.)
Cavity output: 45 mJ (5.4 W at 120 Hz)
Pulse length: 250 ns (50 — 370 ns)

60 pJ in 250 ns (typ.)

Pulse intensity: 600 11J in 370 ns (max.)

Intensity jitter: 0.5% RMS
Position jitter at photocathode: < 70 pm RMS
Circular polarization: > 99.8%

gradient-doped,
strained GaAs
Electron beam polarization: ~ 85%
5x 10" (typ.)
2 x 102 (max.)
Energy spread (e~ beam): ~0.15%

Photocathode type:

Electrons per pulse:

Table 2.1: Summary of the source performance. Unless otherwise noted, all items refer to laser
performance. The laser position jitter at the photocathode is given for a beam ~1 cm in diameter.
Electron beam performance is further discussed and summarized in Chapter 4.

Pockels cells on the helicity control bench, and its z-position is varied as the resulting image
on the cathode target is observed. By finding the position for which the wire mesh screen’s
shadow appears sharpest, the object point is determined to be within a few centimeters of
the CP cell, as noted above. Behind one of the mirrors on the cathode diagnostics bench,
a photodiode monitors leakage light and can be used to give measurements of transmission

and of the actual laser power reaching the photocathode.

2.2.3 Source Performance

A summary of the overall source performance appears in Table 2.1. This table mainly
summarizes the performance of the source laser system, but it also sheds light on three
key aspects of the electron beam — polarization, charge, and energy spread (related to
beam loading) — crucial to the success of the experiment and intimately related to the
performance of both the laser and photocathode. The feasibility of this experiment depends
on the ability to produce a high-charge, high-polarization, and high-energy electron beam,
making SLAC an ideal site for its implementation.

Serious demands were placed on the source to provide a highly stable electron beam of

high current and high polarization. These demands were indeed met, thanks to the new



39
gradient-doped photocathode structure, which SLAC developed, as well as to some of the
novel techniques employed in the source optics setup. For example, the TOPS pulse-shaping
is essential for minimizing energy spread due to beam loading, which in turn is essential for
the delivery of a stable, usable ~50 GeV electron beam.

One quantity that had an especially big impact on numerous aspects of the experiment
was the laser intensity jitter. Historically pulse-to-pulse laser intensity jitter was at the
level of 1 — 2% or even higher. Much effort was made to reduce the jitter, and thanks to
many small improvements in the Flash:Ti cavity, the laser power supply electronics, and
the photocathode,' the intensity jitter was gradually reduced to its present value of no
more than 0.5%. Minimizing laser intensity jitter, by lowering the intensity jitter in the
resulting electron beam, helps the experiment in many ways. It lowers energy jitter in the
electron beam, improves beam delivery as well as beam quality, and plays a part in reducing
systematic effects.

Table 2.1 contains information about the beam’s polarization, charge, and jitter, but it
makes no mention of any helicity correlations present in either its intensity, energy, position,
or spot size. Minimizing such helicity correlations, in addition to producing a high-current
beam that is both stable and of high polarization, is the primary concern of the source.
The next section describes how unwanted helicity correlations can arise in the electron
beam. The ways in which these potential sources of systematics are minimized will then be

discussed.

2.2.4 Sources of Systematics

Helicity correlations (wanted and otherwise) are introduced for the first time on the helicity
control bench, starting with the polarization optics. For the purposes here, it will be helpful
to use the Jones matrix formalism, whereby a 100% polarized beam is represented in vector

notation in terms of its electric field vector [76]:

‘E:> _ Ey (t) — B, ez'(szwt) cos ¢ (2‘2)
Ey(t) ' sin @

"Improving the photocathode doesn’t itself reduce laser intensity jitter, but it allows for modifications
to the laser system that can reduce its intensity jitter. For example, the new photocathode requires a
wavelength of 805 nm for peak polarization. This wavelength is much closer to the gain maximum of the
Ti:Sapphire laser crystal, which significantly enhances its performance.
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The varying amplitude term out front can be dropped since it is common to both compo-
nents. Using this notation, then, the laser light after the cleanup polarizer can be repre-

sented as follows:

‘E> _[° (2.3)

This defines the vertical axis. Next come the CP and PS Pockels cells. In general, the Jones

matrix for a Pockels cell pulsed at voltage V' can be written as:

cos(f) —sin(#) 1 0 cos(—60) —sin(—0)
sin(f)  cos(@) 0 &™V/Viw sin(—0)  cos(—0)
(2.4)
1 0
—re)| | R0
0 ezJ

where R(6) is a rotation matrix used to account for the orientation of the Pockels cell’s fast
optical axis with respect to the incoming polarization vector, and § is the phase retardation
introduced between the Pockels cell’s fast and slow axes. It follows that Vj,, is the half-wave
voltage of the Pockels cell, or the voltage for which the Pockels cell acts as a half-wave plate.
The CP cell has its fast axis at 45°, while the PS cell has a vertical fast axis. Using this
formalism, then, the electric field vector of the laser light after the PS cell takes on the
following form:

‘E> _ sin(dcp/2)

_ (2.5)
el (m/240P5) cos(6cp /2)

where dcp and dpg are the phase retardations for the CP and PS Pockels cells, respectively.
Under nominal conditions, the CP cell behaves like a quarter-wave plate (Vop = £V}4,/2),
whereas the PS cell is not pulsed with any voltage. This gives dcp = £7/2 and dpg = 0,
which from Equation (2.5) can be seen to produce perfect circular polarization of either
helicity. In order to generate perfect circular polarization at the photocathode, however, we
must be able to compensate for residual birefringence both in the Pockels cells themselves
as well as in various optical elements downstream of the polarization optics. Residual
birefringence throughout the transport system is a major concern and, coupled with any
analyzing power anywhere in the system (such as that of the strained photocathode), is

capable of producing large helicity-correlations in the electron beam.
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Figure 2.8: Effects of non-zero phase shifts acp, aps, Acp, and Apg. Polarization ellipses are
shown for the laser light at the photocathode. The solid red line denotes the left-helicity ellipse,
while the dotted blue line denotes the right-helicity ellipse. Only nonzero A parameters are capable
of producing linear polarization asymmetries at the photocathode.

In order to compensate for the imperfections produced by residual birefringence, devia-
tions from the nominal operating voltages are necessary. Four new parameters (acp, Acp,
aps, and Apg) are needed to completely span the choice of voltages. The right and left

phase retardations for the CP and PS cells can thus be written in the following manner:

dbcp = =+ (7T/2 + aCP) +Acp
dps = Faps+ Apgs

(2.6)

From this equation, one can see that acp and apg correspond to symmetric deviations (they
affect the voltages of both helicity states by equal but opposite amounts, keeping them
symmetric about the zero-axis), while Acp and Apg correspond to asymmetric deviations
(they ruin the symmetry about the zero-axis). Consequently the @ and A parameters are
often referred to as symmetric and asymmetric phase shifts, respectively.

Another, more physical way in which the phase shifts can be seen to be symmetric and
asymmetric is in the effects they have on the polarization of the laser light. Any deviations
from the nominal operating setpoints (docp = £7/2, dps = 0) distort the perfect circular

polarization, turning it into elliptical, but symmetric and asymmetric phase shifts differ in
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how they do this. The effects of non-zero a and A are shown in Figure 2.8. For o # 0 and
A = 0, the major and minor axes of the polarization ellipse are the same for right and left
helicity light. In other words, the linear polarization component has the same direction for
right helicity light as it does for left helicity light. By contrast, &« = 0 and A # 0 produces
elliptically polarized light with the major and minor axes of the ellipse being switched for
right and left helicity light. In other words, the linear polarization components for right
and left helicity light are orthogonal.

This turns out to be a very important distinction. On the one hand, for A # 0, one
has a linear polarization asymmetry at the photocathode, while for & # 0 one does not.
Consider what would happen if an element was introduced into the system that possessed
a higher transmission efficiency for linearly polarized light along some preferred axis. To a
very small level, at least, every optical element that is not perfectly normal to the beam will
possess a finite analyzing power. The dominant analyzing power in our system, however,
is that of the strained photocathode, which possesses a QE analyzing power on the order
of a few percent. Qualitatively, this will produce an intensity asymmetry equal to the level
of the linear polarization asymmetry (itself proportional to A) multiplied by the analyzing
power in the system. For instance, a linear polarization asymmetry of 1% coupled with an
analyzing power in the photocathode of 1% will naturally produce a charge asymmetry in
the electron beam on the order of 0.01 x 0.01 ~ 100 ppm.

Of course, this treatment just gives an order of magnitude estimate for the effects one
may expect to observe; the actual size of the effects will be larger or smaller depending on
the exact size of the linear polarization asymmetry, the size of the analyzing power, and the
orientation of the analyzer’s preferred axis with respect to that of the linear polarization
asymmetry. A derivation of the general form of the so-called PITA (Polarization Induced
Transport Asymmetry) effect can be found in several sources [75, 77], with the final result

being;:
Q= IR AL _ - Acp + mes - Aps (2.7)
qr + 4L
where Ag is assumed to be the charge asymmetry in the resulting electron beam, gr and
qr, are individual charge measurements for right and left helicities, respectively, and mcp
and mpg are referred to as the PITA slopes for the CP and PS Pockels cells, respectively.

To summarize, looking back at Figure 2.8, one realizes that by manipulating acp, aps,
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Acp, and Apg, it is possible to generate light with arbitrary elliptical polarization at
the photocathode. The symmetric phase shifts acp and aps produce linear polarization
components that are symmetric with respect to helicity. For aqp # 0 the linear polarization
is along the x or y axis, while for aps # 0 it is along the u or v axis (the u-v axis system
is the z—y axis system rotated by 45°). By contrast, the asymmetric phase shifts Acp and
Apg produce linear polarization components that are asymmetric with respect to helicity.
For Acp # 0 the linear polarizations are along the x and y axes (e.g., z-axis for right
helicity, y-axis for left helicity). For Apg # 0 the linear polarizations are along the u and
v axes (e.g., u-axis for right helicity, v-axis for left helicity).2

In addition to phase shifts that are controlled experimentally, imperfections in optical
components can give rise to their own contributions to Agp and Apg. These contributions
are called residual birefringences, and they will be the first source of systematics specifically
discussed below. Residual birefringences couple only to charge asymmetries and, because
of beam loading effects described in Section 2.3, energy asymmetries. Other effects will be
seen to produce helicity correlations in all of the various beam parameters. After describing
each effect and the types of beam asymmetries it is capable of producing, the next section

will turn towards the different ways in which these effects may be minimized.

Residual Birefringence

Up until this point, it has been implicitly assumed that there are no birefringences in
the system other than those possessed by the CP and PS Pockels cells, and that these
birefringences can be totally ascribed to the Pockels effect. In reality, not only do the
Pockels cells contain natural birefringence (which will not be proportional to the E field
applied to the cell), but so do many other optical elements in the source optics system. For
example, a typical glass window will produce a phase shift on the order of 5 nm/cm, which,
for perfectly circularly polarized light at 800 nm, can produce charge asymmetries in the
electron beam on the order of 1000 ppm, given typical photocathode QE anisotropies of
~ 5%. These natural birefringences are referred to as residual birefringence.

The residual birefringence of the Pockels cells themselves can be accounted for by sep-

“Readers familiar with the work of George Stokes will recognize these sensitivities as being to Stokes
parameter 1 (S;) and Stokes parameter 2 (S2), respectively.
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arating Acp and Apg in Equation (2.7) into two variables each, like so:

Acp = Acp + A
cP cP cP (2.8)

Aps = Apgs + AUPS

Here the A terms are the residual birefringences resulting from imperfections in the Pockels
cells, and Acp and Apg are the phase shifts actually controlled by the experimenter.
Substituting Equation (2.8) into Equation (2.7) clearly shows, given some finite amount of
residual birefringence, voltage offsets will be necessary from the nominal operating points
of Vep = £Vow and Vpg = 0.

In general, phase shifts in any optical component downstream of the polarization optics
can be accounted for by making the following substitutions in Equation (2.7):

Acp = Acp+ ALp + Al +--- + A} (2.9)

Aps = Aps+ Ahg + AL+ - + A

where the 7 superscript refers to the it" optical element being considered, and the sub-
scripts 1 and 2 denote sensitivity to the Stokes parameters S; and S, respectively (see the

discussion connected with the footnote on page 43).

Birefringence Gradients

Having introduced the variables A, it is natural to ask what would happen if these new vari-
ables possessed spatial variation. In this case, Equation (2.7) would gain spatial variation,
and the electron beam would thus have a charge asymmetry that varied with position. A
spatially varying charge asymmetry is immediately recognized as a helicity-correlated posi-
tion difference. An example scenario is illustrated in Figure 2.9, which shows a birefringence
with a linear position gradient and the helicity-correlated position difference in the electron
beam that it would cause, assuming a Gaussian laser beam profile. In general, higher order
moments in the spatial profile of the birefringence functions A’ produce helicity-correlated
differences in the higher order moments of the electron beam profile. The next higher order
moment is spot size. The effects that helicity-correlated spot size differences can have on
the physics asymmetry measurement will be discussed in Section 2.5.1.

Because of its natural birefringence, an improperly aligned Pockels cell is capable of
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Figure 2.9: Effects of birefringence gradients. A linear gradient in a birefringence A is shown on
the left. On the right, the effect such a birefringence gradient might have on right- and left-helicity
beams is shown. The birefringence gradient will produce a linear polarization asymmetry that varies
with position. The photocathode’s analyzing power will then transform this into a spatially varying
charge asymmetry, which is the same as a helicity-correlated position difference.

generating helicity-correlated position differences by a means very similar to that just de-
scribed. If a laser beam passes through a Pockels cell at an angle, different rays will travel
different lengths through the cell, and will therefore experience more or less retardation.
This then becomes exactly equivalent to the situation pictured in Figure 2.9. Likewise, a
diverging or converging beam, even if it is perfectly aligned with the Pockels cell, can pro-
duce a similar effect, as different rays will again experience varying amounts of retardation

depending on their location within the beam.

Photocathode Gradients

Gradients in the analyzing power of the photocathode can also produce spatial variations
in the electron beam charge asymmetry given in Equation (2.7), by effectively making the
PITA slopes mcp and mpg functions of position. This effect has been observed in special
tests in the Gun Test Lab (GTL) facility (which is a scale mock-up of the entire polarized
electron source, along with a reproduction of the first few meters of the injector), but
the observations indicate that the effects are of only moderate importance, being able to
produce helicity-correlated position differences on the order of 100 nm [75]. It should be
noted, however, that such effects will be proportional to Acp and Apg.

Another photocathode gradient to consider is one not in the QE anisotropy, but in the
QE itself. Given any helicity-correlated steering effects in the laser system (such as those
to be discussed immediately below), so that right and left helicity beams hit the cathode

at different spots, a QE gradient could cause unwanted helicity correlations in the electron
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Figure 2.10: Effects of photocathode quantum efficiency (QE) gradients. The contour lines rep-
resent a supposed map of the photocathode’s QE. The left-helicity laser beam is shown hitting a
spot on the photocathode with large QE gradients, while the right-helicity beam is hitting a spot
with small QE gradients. Such a scenario will generate a charge asymmetry in the emitted electron
beam.

beam, most noticeably in charge and position,? but to a lesser extent in spotsize as well.
All such effects will tend to be “averaged out” according to how much of the cathode the
laser spot illuminates, which for the current setup is roughly half. Nonetheless, some effects
likely attributable to this scenario, which is sketched in Figure 2.10, have been observed,

and are referred to briefly in Section 4.5.

Pockels Cell Lensing

It is known that Pockels cells can, to some extent, act as imperfect lenses, focusing and
steering the light that passes through them. What’s more, these steering and lensing effects
can be different depending on the voltage at which the Pockels cells are operated (in general
they become more apparent at higher voltage, and depend on the sign of the voltage).
This can have dire consequences, since the CP cell, in particular, continually flips between
£2600 V. Since this voltage determines the helicity of the electron beam, the CP cell is
therefore capable of introducing helicity-correlated steering effects into the source system.

Exhaustive studies of Pockels cell lensing effects were never carried out at SLAC, mainly
because they had been studied in detail in previous parity violation experiments [78] em-
ploying polarization optics systems on which the E-158 optics system has been modeled.

These studies suggested a simple and straightforward means of suppressing such lensing

3The position of the laser beam on the photocathode determines the position of the resulting electron
beam, so that helicity-correlated laser beam position differences inevitably show up in the electron beam.
However, a photocathode QE gradient would “muddy” the neat correspondence.
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effects — image the Pockels cell onto the photocathode. Observations in the E-158 op-
tics system seem to indicate that, uncorrected for, Pockels cell lensing effects can result in
helicity-correlated position differences comparable to, if not greater than, those produced
by birefringence gradients. Imaging the CP cell onto the photocathode has reduced the

electron beam’s sensitivity to lensing effects by a factor of 100 or more.

Electronic Cross Talk

Electronic cross talk refers to any unwanted communication of the helicity state of the
electron beam to the data acquisition (DAQ) system. It is of course necessary to transmit
the helicity state to the DAQ at least once, so that it can be recorded for data analysis.
However, special measures (described in the next section) can be taken to minimize the
chances of unwanted transmission of the helicity state.

Electronic cross talk can stem from the CP cell, whose perfectly helicity-correlated
voltage signal of £2600 V can act like an antenna, broadcasting the helicity for outside
“listeners” (other devices’ signals) to pick up. They can also arise from ground loops, which
surreptitiously connect the signals of other devices to the helicity controller. However
it arises, electronic cross talk can result in a mismeasurement of the detector asymmetry
and/or helicity-correlated beam differences. Because of the measures taken both to minimize
the chances of it ever occurring as well as to provide cancellation of whatever systematic
effects it may cause, electron cross talk is not expected to have a major impact on the

experiment.

2.2.5 Passive Systematics Minimization

The previous sections discussed how helicity-correlated systematics can creep into parame-
ters (such as intensity, position, angle, spot size, and in principle even more) of the electron
beam, summarizing the formal discussions provided by Ref. [75]. As was seen in Section 1.3,
such helicity-correlations cause false asymmetries (i.e., asymmetries caused purely by ge-
ometrical effects, and not new physical processes) to be measured by the detector, thus
obscuring the true underlying parity-violating asmmetry Apy. By setting a limit on the
systematic uncertainty of Apeqn at 4 ppb, where Apeqn was defined to be the total false

asymmetry caused by helicity-correlations in the beam parameters, the same section moti-
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‘ Systematic Source ‘ Charge ‘ Energy ‘ Position ‘ Spot size
Residual birefringence 1000 ppm 10 MeV — —
Birefringence gradients — — 1 pm 1 pm
Beam misalignment, divergence — — 1 pm 1 pm
Pockels cell lensing — — 1 pm 100 nm
Cathode gradients 10 ppm 100 keV | 100 nm | 100 nm
Electronic cross talk 1 ppm 10 keV 1 nm 1 nm

| TOTAL | ~1000 ppm | ~10 MeV | ~2 ym | ~1 pm |

Table 2.2: Summary of the potential sources of beam systematics. The estimates for the sizes of
all effects are only approximate (i.e., order of magnitude), and are intended to be representative of
the sizes of the beam asymmetries one would observe if no minimization measures (such as those
discussed in Section 2.2.5) were taken.

vated the following upper limits for the sizes of beam systematics:

Az, Ay < 10 nm
Ax', Ay' < 0.25 nrad

Ag < 200 ppb
AFE < 2keV

(2.10)

These limits represent extraordinary levels of parity between left and right helicity beams.
For instance, since the beam energy is nearly 50 GeV, a 2 keV limit on the right-left energy
difference corresponds to requiring that the energy of the right beam be the same as that
of the left beam to within 40 parts out of a billion.

Meeting the limits put forth in Equation (2.10) requires special attention to all potential
sources of systematics discussed in Section 2.2.4. All of the things one does with the
source optics setup before ever shining light on the photocathode and generating an electron
beam are known as passive systematics minimization, as opposed to active systematics
minimization, which is discussed in the next section.

If nothing was done to optimize the source optics system, one could expect to observe
charge asymmetries in the electron beam on the order of 1000 ppm and right-left position
differences* of roughly 2 um, as indicated in Table 2.2. Because beam loading effects couple
energy jitter to intensity jitter at roughly the 5% level, energy differences of 5 — 10 MeV
would also be observed. Beam helicity correlations of this size are clearly unacceptable,
given the limits of Equation (2.10), and must be reduced.

The Pockels cells used for the polarization optics are selected for the uniformity of their

“For the purposes of this discussion, the “right-left” in “right-left difference” (where “___ 7

to any beam parameter) will be dropped when its absence is judged not to cause confusion.

can refer
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residual birefringence. Multiple pairs of Pockels cells were studied, and those which gener-
ated the smallest helicity-correlated position differences in the laser light they transmitted
were picked for further commissioning. Because residual birefringence gradients are typi-
cally smooth and gradual, minimizing the spot size of the laser beam as it passes through
optics suspected of carrying them is generally considered a good idea, since this reduces the
sensitivity to their effects (by sampling a smaller area over which it may vary). However,
this conflicts with the requirement that the laser be well collimated when passing through
birefringent optics, since reducing the beam’s diameter tends to increase its divergence.

An improperly aligned Pockels cell or an uncollimated laser beam can mimic gradients
in residual birefringence. Therefore, when installing the Pockels cells, great care is taken to
ensure that they are perfectly aligned with the beam. The exact procedure by which this is
accomplished is documented in the SLAC source manual. In addition, three lenses are placed
throughout the system (these have their focal lengths clearly labeled in Figure 2.2) in order
to control the beam’s spot size and divergence at the polarization optics. A safe compromise
between the contradictory goals of reducing the beam’s spot size and divergence is found
by bringing the beam through a gentle focus at the CP and PS cells, with the optimal beam
width at the cells being ~1 mm.

Properly setting the voltages of the CP and PS cells provides the most important passive
means of minimizing systematics. Before laser light is ever brought to the photocathode, the
voltages of the CP and PS cell are scanned in order to find the best set that maximizes the
so-called extinction ratio R, defined in Equation (2.1). This procedure effectively finds the
best set of voltages that compensate for the asymmetric phase shifts A% p and AOPS caused
by the Pockels cells’ residual birefringence (see Equation (2.8) and related discussion). This
maximizes the beam’s circular polarization just after the PS cell. However, perfect circular
polarization is wanted at the photocathode. In essence, all of the various A’ variables in
Equation (2.9) must be found.

The practical way of accomplishing this is to measure the PITA slopes m¢p and mps.
Once the PITA slopes are known, they can be used to adjust Acp and Apg in order to
null whatever charge asymmetry is measured in the electron beam. The PITA slopes are
measured once the laser has been brought to the photocathode and electrons are being
accelerated at least part-way down the linac. A toroid (a beam measurement device sen-

sitive to charge, described in Section 2.4.1) is used to monitor the electron beam charge
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Figure 2.11: Example PITA scans. These data were taken with the half-wave plate (A/2) inserted
in the path of the laser beam. The charge asymmetry is plotted as either Acp or Apg is varied. The
PITA slopes mcp and mps are used to compensate for phase shifts downstream of the polarization
optics, resulting in near-perfect circular polarization at the photocathode.

asymmetry while Acp and Apg are varied. An example so-called PITA scan is shown in
Figure 2.11. From data like these, mcp and mpg are extracted. Finally, Acp and Apg
are adjusted in order to null the charge asymmetry measured at what were the nominal
operative voltages. This compensates for residual birefringence in optics downstream of
the PS cell, most notably that of the cathode vacuum window at the end of the cathode
diagnostics bench (which has unavoidable stress-induced birefringence).

When correcting for measured charge asymmetries using the PITA slopes, one in theory
has freedom to decide which lever, either Acp or Apg, to use. There exists a line in voltage
space, illustrated in Figure 2.12, upon which the charge asymmetry is zero. The slope of
this line is s = —mcp/mps. If a non-zero charge asymmetry Ay is measured at some nominal
operating point (which can be taken as the origin, and so denoted by the ¢ subscript), it
means that this operating point is not on this line. The most efficient change to Agp and
Apg will be that which brings one back to the Ag = 0 line via the shortest route possible

in voltage space:

A
min (Acp, _ 0 + s ACP)‘
Mps
—Ap - mep
Acr = mép + mi
— N ® (2.11)
Apa = —Ag - mps
PS 2
Mep + Mpg
Here the fact mep - Agp + mps - Aps = —Ap has been used.

Finally, the means by which the photocathode is imaged onto the CP cell has already

been described. This greatly reduces the beam’s sensitivity to Pockels cell lensing effects.
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Figure 2.12: Charge asymmetry vs. Acp and Apg. There exists a line in voltage space where Ag =
0. If a nonzero charge asymmetry is measured, changing A p and A pg according to Equation (2.11)
will move the charge asymmetry along a manifold back to the Ag = 0 line.

Helicity Selection and Timeslots

One of the key requirements of the electron source is that it be able to rapidly switch
between helicity states in order to minimize sensitivity to slow drifts. If not done properly,
however, rapid helicity switching can add unwanted noise to the measurements or even
generate false asymmetries via electronic cross talk. Measures must be taken in order to
ensure that neither of these possibilities result.

The helicity of each pulse is controlled by the Polarization Monitor (PMON) system.
PMON uses a 33-bit shift register algorithm [79] to generate two pseudo-random helicity
states, either 00, 01, 10, or 11. It then briefly halts using the pseudo-random bit shift
algorithm and automatically generates the complements of these helicity states. It then
recommences with the bit shift algorithm to generate two more pseudo-random helicity
states, and so on and so forth. It therefore operates in modified pair-wise pseudo-random
mode:

hihyhihy h3hgh3hy hshehshe ... (2.12)

Here the subscripts are used to denote the so-called pulse pairs, which consist of two pulses
with opposite helicities. Since the maximum repetition rate for the source is 120 Hz, it
is clear from this equation that the maximum rate at which pairs may be generated is
30 Hz. This shields out the considerable 60 Hz line noise that would otherwise add a large

amount of random noise into the experiment, ruining the statistical precision.® If 0 is used

5This line noise, however, would not bias the measurement in any way, since it would have no knowledge
of helicity and would therefore tend to cancel out when taking the average.
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to denote a left helicity state, and 1 is used for a right state, and these are denoted by L

and R, respectively, then a possible helicity sequence would be:

AN
LRRLRRLLRLLR... (2.13)

pair
As can be seen, the pairs are interleaved, and are said to inhabit two “timeslots,” each
timeslot effectively a completely separate experiment, since, in general, it sees a consistently
different phase of the 60 Hz line noise. Timeslots are an unavoidable but, as it turns
out, a very useful feature of the experiment. Much more about them will be discussed in
Sections 3.4 and 4.5.

In order to guard against the risks of electronic cross talk, all helicity bits are delayed
by one pulse and RF modulated prior to broadcast. In addition, ground loops are carefully
avoided in all data acquisition systems by using fiber optics (instead of copper cables) to
connect the various VME crates, which house the electronics used by the data acquisition
system. These measures greatly reduce the risks of false asymmetries arising from electronic
pick-up. Any effects that do show up can be cancelled by the insertion of either of the half-

wave plates.

2.2.6 Helicity-Correlated Feedback Loops

Passive systematics minimization can usually bring beam asymmetries down to the level
of roughly 100 ppm for charge and a few 100 nm for position differences. This is an
improvement of roughly one order of magnitude from where the systematics started, but
a huge amount of further reduction is still needed in order to reach the goals put forth in
Equation (2.10). This further reduction is achieved through the use of active feedbacks.
The source uses three active feedback loops on helicity-correlated measurements: an
intensity asymmetry feedback, a right—left position difference feedback, and a source phase
feedback. Each feedback works along the same principle: integrate measurements from a
particular device for a given number of pairs to average out statistical fluctuations, then

induce an asymmetry using a particular control device to compensate for whatever was
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measured. The procedure can be written out as:

Azlnd =0
(2.14)
ina = Aina =9 Aoy
where
Af)bs = Agnd + Aiyst + Aitat (2.15)

Here g is the gain of the feedback (g > 0), A;;q is the asymmetry induced using the
control device, A is the beam asymmetry observed in the measurement device, Agyq is
some underlying beam asymmetry caused by any of the sources of systematics discussed
in Section 2.2.4, and Agy is the random fluctuation measured due to beam jitter. If the
feedback loop integrates N pairs at each time interval ¢, the statistical fluctuations Ag ey will
decrease as o/ V/N, where o is the pulse-to-pulse beam jitter for whatever beam parameter
is being considered.

Following the prescription above cancels out the beam systematic Agyg, so that the
measured beam asymmetry Ags tends towards zero. What’s more, the measured beam
asymmetry can tend towards zero at a faster rate than normal statistical scaling would
seem to allow. This is because the statistical error bars A%,,, are all arranged to cancel one
another out, with the exception of the very last one, when taking the average of all observed
beam asymmetries Agbs. Therefore only one error bar enters into the error propagation
formula.® In this way, the error bar on the final averaged asymmetry will scale as 1/N, and
not as 1/ VN , where N is the number of time intervals.

The intensity asymmetry (IA) feedback uses the IA Pockels cell on the helicity control
bench to apply a helicity-correlated phase shift to the laser beam, rotating its polarization in
a helicity-correlated manner. The cleanup polarizer then transforms this helicity-correlated
phase shift into an intensity asymmetry. In this way, the IA cell and cleanup polarizer
combination is capable of producing charge asymmetries in the electron beam as large as a
few percent, limited by the TA cell’s HV power supply (currently able to produce voltages
up to 750 V).

5The correlation between the random error bars A%,,;, leading towards super-statistical 1/N scaling, is
only perfect for unitary gains (¢ = 1). Non-unitary gains will slow the rate of scaling.
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The position difference (POS) feedback uses a mirror mounted on a piezostack on the
helicity control bench as its control device. This piezostack is connected to three pairs
of voltages that can manipulate the mirror’s orientation on a pulse-to-pulse basis. The
so-called piezomirror can therefore induce helicity-correlated position differences on the
laser beam. The piezomirror can only generate small tilts, though, roughly +50 urad (the
voltages required are only +10 V). The point-to-point imaging of the photocathode onto
the CP cell leaves an effective lever arm of approximately 50 cm for the piezomirror, giving
it a dynamic range of ~50 ym at the photocathode.

Both the TA feedback and the POS feedback use measurement devices situated in an
early region of the linac where the beam has only been accelerated to 1.2 GeV. Feeding back
on the beam early, before it has been accelerated to very high energies, will hopefully sup-
press helicity correlations in beam parameters over which the source has no direct control.
For instance, beam loading couples intensity to energy. Nulling the intensity asymmetry in
the electron beam early in the machine should then also null the energy asymmetry, even
though no direct control over the energy is being exercised.

For much the same reason, a phase feedback is employed, which continually adjusts
Acp and Apg according to Equation (2.11) in order to compensate for whatever charge
asymmetry correction the TA loop has had to make. This keeps the average correction made
by the IA loop small, by maintaining near—zero residual linear polarization asymmetries at
the photocathode. In effect, whereas the IA feedback merely addresses the visible result of
a problem (a charge asymmetry in the electron beam, for instance), the phase feedback goes
after the root of the problem itself (a linear polarization asymmetry at the photocathode,
caused by residual birefringence). Photocathode gradients offer another example of a class
of systematic that benefits from the phase feedback’s habit of adjusting the CP and PS cell
voltages to null linear polarization asymmetries at the photocathode.

For each feedback loop, the number of pairs N integrated at each time interval is de-
termined by the dynamic range of the particular control device used and by the beam
jitter. For instance, the intensity asymmetry loop feeds back on a toroid that typically
measures pulse-to-pulse intensity jitter of 0.5%, which in turn produces jitter in the asym-
metry measurements of 0.5%/v/2 = 0.35%. Since this is far below the dynamic range of the
IA Pockels cell, which can easily produce charge asymmetries (with the cleanup polarizer’s

help, of course) as large as 3%, N need not be very large. Consequently, N = 800 pairs for
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the TA loop, corresponding to typical corrections on the order of 100 ppm.

On the other hand, the POS loop only has a dynamic range of roughly +1 pm at the
1.2 GeV region, due to adiabatic damping effects. © The pulse-to-pulse beam position jitter
is typically on the order of 10 gm. In order to avoid driving the piezomirror too hard,
voltages on the order of only 1 V are desired. Thus, the number of pairs the POS loop
should integrate at each time interval is N = (10 x 10)?> = 10k pairs. The exact value
of N was periodically adjusted during data taking to compensate for changes in jitter and
betatron phase adjustments that the linac operators occasionally made, but N always stayed
within the range of 10k—20k pairs.

The phase feedback has a very long time constant. At every step, it averages the previous
30 TA loop corrections, meaning that it effectively averages N = 30 x 800 = 24 kpairs.
The phase feedback is designed to compensate for slow drifts in the system, such as slow
birefringence drifts. In theory it is not strictly needed, yet it provides a valuable degree of
automation and flexibility.

The gain of each feedback is determined by the stability of its calibration. For instance,
the TA feedback can be calibrated very precisely simply by measuring the half-wave voltage
Viw of the TA Pockels cell, which does not fluctuate over time. Consequently, the gain of
the IA feedback is unity. The POS loop calibration, however, is extremely sensitive to small
changes in a number of system parameters, including the “beam tune” of the injector and
early linac and slow drifts in the phasing of the BPM’s.® For this reason, the POS feedback
is typically run with a gain of 0.25. In fact, because random phase drifts in the linac were
observed to be leading towards natural cancellations of position systematics in the beam by
the time it had reached the target, the POS feedback was actually found to be unneccessary.
As keeping it properly calibrated required careful attention, and if not calibrated it could
actually harm the experiment by producing gross systematics, the POS loop was turned off

for large portions of the data.

"Because of adiabatic damping, beam emittances scale inversely proportional to the beam energy, and
transverse beam sizes and divergences scale inversely to the square root of the beam energy [80].

8The “beam tune” refers to the betatron phase advance from the source to the 1.2 GeV region where
the POS loop’s measurement devices are located. BPM phases are discussed in Section 2.4.2, and, if not
carefully monitored and controlled, can drift due to day—night temperature fluctuations, among other things.
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‘ Systematic Source ‘ Passive Means ‘ Active Means ‘
. . . Null Ag with Acp, Apg;
Residual birefringence beam alignment at CP, PS IA, phase
c . Select CP, PS for uniformity;
Birefringence gradients minimize beam spot at CP, PS POS
- . Beam alignment, collimation
Beam misalignment, divergence at CD, PS POS
Pockels cell lensing Image photocathode onto CP POS
Cathode gradients Keep linear polarlzatlon phase
asymmetries small
. Delay helicity bits;
Flectronic cross talk rf modulate helicity signals
Charge asym: 100 ppm 100 ppb
TOTAL { Pos. diffs: 100 nm 5 nm

Table 2.3: Summary of the passive and active means of beam systematics minimization. The “active
means” column lists which feedback (IA, POS, or phase) specifically addresses which potential
systematic source. The “total” row lists the approximate levels of beam asymmetries that are to be
expected given either passive or passive + active minimization techniques.

2.2.7 Systematics Minimization Summary

Section 2.2.4 described the various ways in which helicity correlations can arise in the
electron beam parameters. Charge asymmetries mainly arise when residual birefringences
induce linear polarization asymmetries at the photocathode. The photocathode’s analyzing
power then transforms this linear polarization asymmetry into a charge asymmetry. The
dominant source of position differences in the electron beam arise mainly from birefringence
gradients and poor beam alignment and/or large divergence through birefringent optics, in
particular the CP and PS Pockels cells. Gradients in the photocathode’s analyzing power
can also play a significant role. As described in the Section 2.2.5, many precautions in
the initial setup of the source optics must be taken in order to reduce sensitivity to these
potential sources of systematics. Even after these precautions are taken, however, further
suppression is needed from active feedback loops. The descriptions contained in the previous
sections, regarding the minimization and control of helicity-correlated systematics in the

electron beam, are summarized in Table 2.3.
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2.2.8 Systematics Reversals

Devices that reverse the experiment’s sensitivity to certain classes of systematics, while
leaving its sensitivity to others unchanged, are often referred to as systematics reversals.
There are two basic types: ones that change the sign of the physics asymmetry Apy, and
ones that don’t. In addition, each reversal may flip the sign of various systematic contribu-
tions A,ys. Reversals that change the sign of the physics asymmetry can be termed physics
asymmetry reversals, while those that do not can be termed false asymmetry reversals.

Their respective effects can be tabulated as follows:

Measured asymmetry

A

~

Physics reversal False reversal
Reversal state 1: Apy + Aiys + Agys Apy + Aiys + Agys (2.16)
Reversal state 2: —Apy — Ay + A Apy + Ay, — A%,
1 x TOTAL: A Apy + Ay,
1 x DIFFERENCE: Apy + A}, A2
where Aiys is a systematic that flips sign like a physics asymmetry, and Agys is one that

is insensitive to the actual beam helicity, and so does not flip sign. The above equations
show that by taking roughly equal portions of data in both states of a reversal device, one
can cancel out at least some classes of systematics. It is useful to have as many systematics
reversals as possible, since different systematics sources will in general respond differently
to different kinds of reversals. The experiment implemented three types of systematics
reversals: a half-wave plate, the asymmetry inverter (AI), and an energy flip.

The half-wave plates, along with the asymmetry inverter, have already been described
in Section 2.2.2. Inserting a half-wave plate into the path of the laser beam between the
polarization optics and the photocathode simply reverses the relationship between the he-
licity bit (0 or 1), and by extension the voltages applied to the polarization Pockels cells,
and the actual orientation of the beam’s elliptical polarization at the photocathode. This,
in turn, can cancel out effects like those called by Pockels cell lensing and electronic cross
talk. It can also provide imperfect cancellation of the position and spot size helicity cor-
relations that result from birefringent gradients. There are actually two half-wave plates

downstream of the CP and PS cells. The one furthest downstream, located on the cath-
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ode diagnostics bench just before the vacuum window entrance to the photocathode gun,
provides the greatest level of cancellation for the greatest number of classes of systematics,
and is therefore the one used.

The asymmetry inverter, located on the helicity control bench, can essentially reverse
the trajectory of all the light rays contained in the laser beam. It does not affect the laser
beam’s polarization in any way, and so does nothing to the actual physical helicity of the
electron beam. Therefore it is a false asymmetry reversal. The asymmetry inverter can
provide cancellation for helicity-correlated position differences in the electron beam, caused
by effects like birefringence gradients, Pockels cell lensing, and beam divergence through
birefringent optics.

The electron beam must bend after the end of the linac in order to be directed into
End Station A (where the main experimental apparatus, including target and detector, is
located). While the beam is bending, the electrons’ spins precess about the dipole magnetic
field. At 45 GeV, the spins precess by 14w, leaving their longitudinal polarization at the
target the same as it was in the linac. At 48 GeV, however, the spins precess by 157,
reversing their longitudinal polarization at the target. This is an especially powerful type
of reversal, since it does not alter the source setup in any way. Consequently, all source—
related systematics should receive at least partial cancellation. In the nomenclature of

Equation (2.16), the energy flip is a physics asymmetry reversal wherein the greatest number
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of systematics sources as possible are of the AZ . type. Averaging data taken at both
energy states, multiplying the 48 GeV data by —1 to take into account the minus sign
that is picked up due to the spin precession, should therefore provide a large number of
systematics cancellations. Alternatively, if the same value for the physics asymmetry is
measured for 45 GeV data as for 48 GeV data (correcting for the ~6 ppb/GeV asymmetry
change with energy), then an upper limit can be placed on the systematic contributions, at

least at the level of statistics. The results of all of the systematics reversals will be discussed

in Section 4.4.

2.3 Linac

Electrons are drawn from the photocathode with longitudinal polarizations typically ~80%.

The beam must then be made ready for acceleration in the linac. The first step is called
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Figure 2.13: Linac rf time-structure. Each beam pulse consists of hundreds of electron bunches,
separated by distances determined by the rf structure of the klystron power.

electron capture, which happens in the bunchers and prebunchers. After the bunchers, the
beam has achieved roughly 250 keV of (kinetic) energy and is appropriately synchronized
with the frequency of the rf power provided by the machine klystrons (2856 MHz, in the
S-band). In other words, the electrons ride along in the troughs of the rf waves. The beam
is said to be “bunched,” or “rf modulated,” with the individual bunches of electrons often
referred to as buckets. The bunched beam is then ready for injection into the linac. In
the injector, the beam gains 40 MeV of energy. By the end of the linac, it will have been
accelerated up to a final energy near 50 GeV. Capture, injection, and acceleration do not
significantly degrade the beam polarization.

The relevant timescales for linac machine operation are illustrated in Figure 2.13. A
pulse refers to the 50 — 300 ns of time in which the electrons are mainly distributed. Usually
there are 1 —6 x 10'" electrons per pulse. It is sometimes useful to think in terms of physical
length as opposed to time. By the end of the linac, for instance, a 300 ns pulse will be over
270 feet long, weaving and winding its way through apertures and beam pipes. Again, the
rf modulation means that it will actually be composed of over 850 individual bunches of
electrons, each separated by roughly 4 inches.

The beam rate is defined to be the inverse of the time in between pulses (from the
start of one pulse to the start of the next). This rate is determined by the rate at which
the source laser’s flash lamps fire, as well as by the rate at which the klystrons deliver
accelerating power. The beam rate can vary between 0.5 Hz and 120 Hz. Physics data,
however, is taken almost exclusively at 60 Hz or 120 Hz. It should be noted, however, that
the experiment was designed to be able to run concurrently with the BaBar experiment,

which requires two entirely different beams during a PEP fill, one containing medium-energy
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(9 GeV) electrons, and another containing low-energy (3.1 GeV) positrons. These electrons
and positrons are extracted from the linac and stored in the SLAC PEP-II storage rings.
The pulses containing these beams are collectively referred to as PEP pulses. Although
the machine was upgraded in order to support so-called “interlaced” operation, wherein
the linac could rapidly switch between the very different be